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Introduction

Atmospheric pollution is a current argument of debate. Among pollutants, atmospheric
aerosols (or Particulate Matter, PM) play an important role in human health and global
climate changes, being a central topic in atmospheric physics and chemistry. PM consists
of solid and liquid particles suspended in the atmosphere, with high variability in size,
composition, concentration, shape, life-time and sources (Maynard and Howard, 1999;
Seinfeld, 1986; Singh, 1995). Aerosols impact on climate and environment by modifying
the radiative forcing of Earth — atmosphere system and altering structure and functions
of ecosystems (Houghton et al., 2001; PAschl, 2005). PM impact on human health depends
on the level of penetration into the human body. Particles can enter not only the
respiratory system but also the circulatory, lymphatic and central nervous systems
(Bernstein et al., 2004; Brown et al., 2013).

Aerosols properties are typically investigated by field experiments, that means by directly
analizying real PM. This type of analysis is representative of real situations but it is affected
by difficulties in controlling parameters and distinguishing specific processes. In
opposition to field measurements, there are laboratory experiments that allow control of
operative conditions but they suffer from limitations in number of reproducible
parameter and in duration. The best experimental compromise are experiments
performed in Atmospheric Simulation Chambers (ASCs), as they allow to study
atmospheric processes under realistic but controlled conditions, for long enough time
periods to reproduce realistic environments, without the complication of typical field
measurements. My PhD took place in the Laboratory for Environmental Physics at the
Physics Department of the University of Genoa, where | performed ASC experiments with
the only atmospheric simulation chamber installed in Italy, ChAMBRe (Massabo et al.,
2018).

Among PM constituents, carbonaceous compounds cover a substantial fraction. My thesis
focuses on soot particles that are carbonaceous particles generated as by-products of
incomplete combustion of hydrocarbon fuels (Moore et al., 2014; Nordmann et al., 2013).
Soot particles are responsible of negative impacts, both on climate and health (Ackerman

et al., 2000; Bond et al., 2013; Ramanathan and Carmichael, 2008; Segersson et al., 2017).




Therefore, it is necessary to investigate their properties and behaviour in the atmosphere
in order to fully understand their adverse effects. The employ of a stable source of soot
particles is useful to perform experiments concerning them. In this context, soot
generators are introduced. They generate particles with controlled and known properties,
similar to the real atmospheric ones. During my PhD, the Mini-Inverted Soot Generator
“MISG” was used, fuelled with both ethylene and propane and varying the oxygen-fuel
ratio.

Soot particles generated with controlled and known properties can mimic the real
atmospheric soot particles and can be used to perform experiments in atmospheric
simulation chambers. The main objective of this thesis was to develop an experimental
setup and a procedure that allow to perform systematic studies on soot particles exposed
and maintained in different conditions thus investigating their properties, effects and
interactions with the other atmospheric pollutants. Firstly combustion conditions and
resulting flame shapes were classified, then a deep characterization of MISG exhaust, in
connection to ChAMBRe, was performed in terms of concentration of emitted particles
and gases, particle size distribution, composition and optical properties. The
comprehensive characterization of the MISG soot particles is an important piece of
information to design the subsequent experiments. Well-characterized soot particles
could be used to investigate the effects that atmospheric parameters can have on soot
particles, and to study the interactions between soot particles and other pollutants.
During my PhD work, preliminary studies on the soot oxidative potential and toxicological

effects as well on interactions between soot particles and bio-aerosols were performed.




Thesis Layout

In Chapter 1, the main characteristics of atmospheric aerosols are described, in
conjunction with their effects on climate, environment and health. Details about the
carbonaceous fraction of aerosol are reported, focusing on soot particles. Overviews on
bio-aerosol, oxidative potential and toxicological assays are given. Chapter 2 describes
experimental setup and procedures. The atmospheric simulation chamber and its
instrumentation, soot generator and offline instruments are detailed. In Chapter 3, the
characterization of soot particles is given, by comparing ethylene and propane
combustion exhausts. Chapter 4 shows preliminary applications of characterized soot

particles, in particular studies on their interactions with bacteria and on their toxicology.




CHAPTER 1

Atmospheric Aerosols

1.1 Overview

Atmospheric aerosols are a complex system of solid and liquid particles suspended in the
atmosphere, usually referred as Particulate Matter (PM). Particles have high variability in
size, composition, concentration, shape, life-time and sources (Maynard and Howard,
1999; Seinfeld, 1986; Singh, 1995). Particle size ranges between few nm to tens um
(Seinfeld, 1986). Particulate Matter mainly contains carbonaceous compounds and
usually also nitrates, sulphates, mineral dust, heavy metal traces (Cu, Cd, Ni, Pb, Zn), traces
of other elements (i.e., Ca, K, Mg, S). Liquid particles usually are considered spherical while
solid particles have irregular shapes or they are crystals. There are several aerosol sources
that can be distinguished as natural (i.e., fires, dust, volcanic eruption, sea salt, biological
materials, etc.) or anthropogenic (i.e., urban and naval traffic emissions, heating systems,
industries, etc.). In particular, particles are classified as “primary” or “secondary”
depending on their origin. Primary particles are directly emitted in the atmosphere from
specific sources. Typical sources are biomass burning, incomplete fossil fuel combustion
and anthropic activities. Secondary particles result from gas-to-particle processes (i.e.,
nucleation and condensation) and are formed in the atmosphere.

Particles suspended in the atmosphere are the result of balance between different and
competing processes: emission by sources, transport and deposition (Whitby and Cantrell,
1976). In the troposphere, for dry conditions, aerosols have bimodal distribution: most of
the mass is confined in two separate modes or fractions, the fine and the coarse
(Johansson et al.,, 1995). Formation of particles smaller than 0.1 um (i.e., ultrafine)
generally is by nucleation (i.e., condensation of low vapour-pressure substance or by
chemical reactions in the atmosphere to form new particles) and subsequent rapid growth
by coagulation (i.e., combination of two or more particles to form a larger particle) or by
condensation (i.e., condensation of gas or vapour molecules on the surface of existing
particles). Particles do not grow by coagulation or condensation beyond approximately 2
- 3 um. Particles smaller than 0.1 um are removed by diffusion. The range 0.1 — 1 um (i.e.,

fine) is called “accumulation range” because particles with these sizes tend to accumulate;




their life-time in atmosphere is up to 10 days so they can travel long distances. For wet
conditions, particles in that range are removed being incorporated into clouds. When
clouds incorporate acidic aerosols, acidic fog and acid rain can occur (Johansson et al.,
1995). Formation of particles larger than 2 um (i.e., coarse) is mechanical, by breaking-up
larger solid particles. This fraction includes wind-blown dust, road-dust re-suspended by
traffic, sea spray particles, pollens and spores. The removal of coarse fraction is usually by

settling and the life-time is of the order of hours.

1.1.1 PM classification

Since aerodynamic properties determine particle life-time in the air, particles can be
classified by their aerodynamic diameter (D_ae). D_ae is the size of a unit-density sphere
with the same aerodynamic characteristics of the particle under study (Marple and
Willeke, 1976). This parameter is used as size to describe particles and sampling, both in
scientific and law fields (Nemmar et al., 2002; Oberdorster et al., 2005). Formally, three
classes of PM are distinguished:

PM10: mass concentration of particles with D_ae < 10 um,

PM2.5: mass concentration of particles with D_ae < 2.5 um,

PM1: mass concentration of particles with D_ae <1 um.
The totality of solid matter observed in the atmosphere is referred as total suspended

particulate (TSP). PM fractions and their mass distribution are depicted in Fig. 1.1.
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Figure 1.1: Typical mass distribution of PM in function of D_ae. Also shown the most
used definitions of aerosol fractions (Slezakova et al., 2013).




Properties and effects of PM10 and PM2.5 are relatively well known: limits on the levels
of PM10 and PM2.5 are set to preserve the air quality (concentration limits set by
legislation in accordance with the European Directive 2008/50/EC) but aerosol grains with
aerodynamic smaller diameter are still little studied. While health and environmental risk
dues to the diffusion of fine PM is growing, specific monitoring techniques are still missing
and the scientific understanding of phenomena and effects is therefore scarce. Sub-
micrometric particles have a high surface/volume ratio and consequently they are very
reactive: studies to understand how they interact with other pollutants and atmosphere’s
compounds (i.e., NOx and O3z) are definitively needed.

My PhD work focuses on PM1 or on the fine fraction.

1.2 Carbonaceous Aerosol

Carbonaceous compounds often are the main fraction of PM and exhibit a wide range of
molecular structures. Since they cover up to 50 % of atmospheric aerosol mass in urban
areas, they strongly influence physicochemical, biological, climate and health related
properties, and effects of atmospheric aerosols (Finlayson-Pitts and Pitts, 2000;
Gelencsér, 2004; Henning et al., 2005; Kanakidou et al., 2005; Kulmala et al., 2004;
Seinfeld et al., 1998).

Total Carbon (TC) of PM is defined as the sum of all the carbon contained in aerosol
particles, with the exception of carbonates (Pdschl, 2005). TC is conventionally divided
into two main fractions: Elemental or Black Carbon (EC or BC) and Organic Carbon (OC).
These are operative definitions, depending on the analytical techniques used to
determine them. When investigated by optical techniques, the inorganic fraction is
generally referred as Black Carbon, BC (Petzold et al., 2013), while the result of thermal-
optical characterizations is referred as Elemental Carbon, EC (Bond and Bergstrom, 2006).
However, both BC and EC are operative terms that do not identify the same compounds
(Massabo and Prati, 2021) and often produce non-negligible differences in concentration
values. However, as first approximation, EC and BC are often assumed as equivalent.
Determination of carbonaceous compounds is usually performed by optical and/or
thermal-optical methods, due to their different properties. By the optical point of view,

EC is the most absorptive aerosol in the IR-VIS and near-UV range (Pdschl, 2003); OC is




assumed to have a neutral optical behaviour. By the thermal point of view (i.e.,
refractoriness), EC degradation and volatilization requires temperature higher than 550°C
and oxidative atmosphere, it is the graphitic and refractory fraction of TC. OC decomposes
and volatilizes in a temperature range of 200 — 350 °C, with both inert and oxidative
atmosphere (Huntzicker et al., 1982). However, there is a continuous decrease of thermo-
chemical refractoriness and specific optical absorption going from graphite-like structures
to non-refractive and colourless organic compounds, respectively (Poschl, 2003), as
shown in Fig. 1.2. An additional fraction with intermediate properties has been defined as
Brown Carbon (BrC). BrC is an organic fraction that resists in inert atmosphere up to 400
— 450 °C and it also absorbs IR-VIS radiation. Peculiarity of Brown Carbon is the
dependence of light absorption on wavelength: absorption increases when A decreases,
thus it is more relevant in the blue-UV range (A < 550 nm) and lends to a yellow/brown
colouration from which the name Brown Carbon. Absorption of BC is predominant for A >

550 nm (Andreae and Gelencsér, 2006).
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Figure 1.2: Thermal and optical classification of EC/OC and BC/OC (Péschl, 2003).

EC/BC is produced by fuel-lean combustion or by hydrocarbon pyrolysis; BrC is generated
by biomass (i.e., biodegradable fraction of biological products) burning (Kirchstetter et al.,
2004; PAschl, 2003); OC results from sources similar to EC/BC and BrC as biomass burning
and traffic, but also from secondary production (Saarikoski et al., 2008), and biogenic

emission (Favez et al., 2010).
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1.2.1 Focus on soot particles

My thesis investigated properties of soot particles. Soot particles are carbonaceous
particles generated as by-products of incomplete combustion or pyrolysis of hydrocarbon
fuels and more generally of fossil fuels and/or biomass burning (Moore et al., 2014;
Nordmann et al., 2013), the terms also indicates particles emitted from a flame and into
the exhaust stream or outlet from a reactor (Michelsen et al., 2020).

There are still significant lacks in knowledge on soot particles formation and their
evolution during combustion (DOE, 2006) due to a shortage in measurement techniques
and computational limitations in simulation models (Michelsen, 2017). Anyway, some
basic and fundamental steps in soot formation can be identified (Fig. 1.3). Firstly, a gas
phase chemistry occurs and soot precursor species (i.e., the molecular building blocks of
soot particles) are formed by the reaction of fuel and air (i.e., O2). Soot precursors are
molecular gas-phase species; they can be ions, radicals (i.e., OH, O, CH, CH), polycyclic
aromatic hydrocarbon (PAH) and oxygenated hydrocarbons (Bockhorn, 1994; Calcote,
1981; Frenklach, 2002; Homann, 1998; McEnally et al., 2006; Richter and Howard, 2000;
Wang, 2011). Precursors activity (i.e., they nucleate, react and combine, or grow)
generates incipient soot particles by a gas-to-condensed-phase conversion, termed soot
inception (Michelsen et al., 2020). Incipient soot particles grow by coagulation and then
agglomerate in more or less ordered structures, depending on the air:fuel combustion
ratio. Growing particles undergo dehydrogenation, through a high-temperature
carbonization process, and solidify, thus resulting in a graphitic random rotated layers
aggregation (Michelsen, 2017). This is the coalescence and agglomeration phase. As
consequence of the carbonization process of particles, their optical properties evolve and
they become able to absorb and emit light in the visible and near-infrared spectral regions
(Michelsen et al., 2020). Loosely bound agglomerates of quasi-spherical primary particles
are formed by particle collisions, they eventually become firmly bound, branched-chain
aggregates of primary particles (Michelsen et al., 2020). Aggregates become oxidized and
particle size decreases during oxidation (Megaridis, 1989; Puri et al., 1993). The oxidation

and fragmentation is the last phase.
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Figure 1.3: Scheme of soot formation (Michelsen, 2017; Propulsion and Clean Energy
Research Group).

Soot particles constitute an important fraction of anthropogenic particulate matter (PM)
especially in urban environments (Weijers et al., 2011), and are emitted by traffic,
domestic stoves, industrial chimneys and by any incomplete combustion process. Soot
highly absorbs in the IR-VIS range and does not volatilize at low temperature (T < 550°C)
and in inert atmosphere. This means that soot particles are included in the definition of
EC/BC.

The understanding of properties and behaviour of soot particles when they are suspended
in the atmosphere is thus necessary to fully assess their adverse effects and the use of

proxies with controlled and known properties can be useful.

1.3 Effects on climate and environment

Particulate Matter impacts on climate because it modifies the radiative forcing of Earth —
atmosphere system. Radiative forcing is the change in energy fluxes of solar radiation
(incoming energy, maximum intensity in the spectral range of visible light) and terrestrial

radiation (outgoing energy, maximum intensity in the infrared spectral range) in the
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atmosphere; it can be induced by anthropogenic or natural changes in atmospheric
composition, Earth surface properties, or solar activity. Variations of atmospheric
composition and terrestrial surface properties cause alteration of optical properties (i.e.,
absorption and scattering of radiation) thus impacting on the radiative forcing. Negative
forcings, such as scattering and reflection of solar radiation by aerosols and clouds, tend
to cool the Earth’s surface; positive forcings, such as the absorption of terrestrial radiation
by greenhouse gases and clouds, tend to warm it (Houghton et al., 2001). Absorption and
scattering of radiation by aerosol particles are classified as direct effects, while indirect
effects are the influence on clouds and precipitation, on trace gas emissions and
transformation. Properties relevant for both direct and indirect effects are determined by
aerosol particle size, structure, and chemical composition. In addition, effects are strongly
influenced by atmospheric processes as coagulation, chemical transformation and
different kind of interactions (i.e., water, solar and terrestrial radiation). A schematization

of PM effects on the radiative forcing of Earth — atmosphere system is given in Fig. 1.4.
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Figure 1.4: Schematization of PM effects on the radiative forcing of Earth — atmosphere
system (Kelly, 2016).

Furthermore, PM can alter structure and functions of aquatic and terrestrial ecosystems;

for example, aerosol deposition on plant’s surface can cause direct or indirect effects if
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particles remain on the leaf for a long time or if they are transferred to the ground. The
main environmental impact occurs when compounds contained in the aerosol reach the
ground and vary its chemical composition by wet or dry deposition processes. This can
lead to an increase in soil acidity with effects on bacteria and fungi growth, on biochemical

cycles and on vegetation growth (P6schl, 2005).

1.3.1 Focus on climate and environment effects of soot particles

Among PM constituents, the carbonaceous fraction is one of the most contributing to the
effects on climate and environment, as several works state (Ackerman et al., 2000; Bond
et al., 2013; Menon et al., 2002; Quinn et al., 2008; Ramanathan and Carmichael, 2008).
From the climatic point of view, soot particles absorb the solar radiation, causing a
positive radiative forcing and climate warming. BC is considered one of the most
significant radiative forcing agent, second only to CO; (Bond et al., 2013; Ramanathan and
Carmichael, 2008). Another positive effect on radiative forcing is related to the darkening
of glaciers surface due to the deposition of carbonaceous particulate matter whose
consequences are the decrease of the planetary albedo and the speed-up of ice melting
(Skiles et al., 2018). Soot contributes to air pollution also via reactions with NO, (Al-
Abadleh and Grassian, 2000; Finlayson-Pitts and Pitts, 2000; Kirchner et al., 2000; Nienow
and Roberts, 2006; Stanmore et al., 2008), SO> (Finlayson-Pitts and Pitts, 2000; Koehler et
al., 1999; Nienow and Roberts, 2006), and Os (Antinolo et al., 2015; Browne et al., 2015;

Lelievre et al., 2004; Nienow and Roberts, 2006).

1.4 Health effects

The impact on human health is clearly connected with the different capacity of the
particles to penetrate into the respiratory system. The level of penetration depends on
several factors such as airways size and structure, inhaled aerosol flow and volume (i.e.,
the breathing pattern, it depends on human factors such as age and sex) and particle size
(Brown et al., 2013). Particles with D_ae > 10 um are stopped in the first part of the
respiratory system and then easily expelled while particles with D_ae < 10 um are able to
penetrate into the respiratory system (inhalable particulate) (Hagens et al., 2007).

Penetration level is related to particle size: as D_ae decreases they are able to reach the

14



bronchial tract (thoracic particulate) and alveoli (breathable particulate), as reported in

Fig. 1.5.
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Figure 1.5: Penetration of respiratory system vs. particle size (Satsangi and Agarwal,
2019).

The behaviour after the deposition depends on the type of particle. It is clear which
physical and chemical particle properties (particle size, structure, number, mass
concentration, solubility, chemical composition, and individual components, etc.)
determine their adverse health effects. For example, soluble particles are dissolved while
insoluble particles move to other sites. In addition, another important factor contributing
to toxicity seems to be the surface area (Tran et al., 2000) because it determines how
much toxic gaseous species can be absorbed on particles (Wang et al., 2005). Also particle
morphology is relevant, it determines interactions between deposited particles and cells
(Oberdorster et al., 1994).

Removal efficiency could depend on particle size (Forbe et al., 2011; Oberdérster et al.,
2005). The removal of thoracic fraction usually is by swallowing while the removal of
breathable fraction occurs through the blood stream, which is generally more hazardous
than through the respiratory system (Bernstein et al., 2004).

Obviously, characteristics of the specific person determine the rate of every process.
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Diseases caused by inhaled particles do not concern only respiratory system, as
pulmonary inflammations. Indeed, smaller particles are able to enter in the circulatory
and lymphatic system by absorption across the lung epithelium. Absorbed particles can
reach cells in the bone marrow, lymph nodes, spleen, and heart causing several problems
such as heart attacks or cardiac-rhythm disturbances (Forbe et al., 2011; Nel et al., 2006;
Oberdorster et al., 2005). Some particles can also penetrate the central nervous system
and move in the olfactory nerves up to the brain by translocation (Gilmour et al., 2004;
Hagens et al., 2007; Oberdorster et al., 2004). In addition, particles with D_ae < 0.1 um
can reach other organs through the gastrointestinal system; it seems that smaller particles
pass through intestinal wall easier than the larger ones (Behrens et al., 2002).

Summarizing, numerous epidemiological studies show that fine air particulate matter and
traffic-related air pollution are correlated with severe health effects, including enhanced
mortality, cardiovascular, respiratory, and allergic diseases (Bernstein et al., 2004;

Gauderman et al., 2004; Pope et al., 2004; Samet et al., 2005).

1.4.1 Focus on health effects of soot particles

Soot particles contribute to PM impact on human health; some effects are shared with
other components but some works (Costabile et al., 2017; Fuzzi et al., 2015; Olstrup et al.,
2016; Segersson et al., 2017) hypotize that there may be other specific impacts. Although,
on the possible specific health effect a comprehensive and firm picture is still largely
missing.

Anyway, several works state adverse effects of soot on health (Anenberg et al., 2010;
Cassee et al., 2013; Gan et al., 2011; Lelieveld et al., 2015; Pope et al., 2002), which include
cardiopulmonary morbidity and mortality (Janssen et al., 2012). Typical size range of soot
particles is the fine fraction that in this field means breathable particulate. Thus these
particles are suspected to be particularly hazardous to human health, because they are
sufficiently small to penetrate the membranes of the respiratory tract and enter the blood
circulation or be transported along olfactory nerves into the brain (Nemmar et al., 2002;

Oberdorster et al., 2005).
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1.5 Overview on bio-aerosol

Another relevant component of the atmosphere is the atmospheric aerosol of biological
origin or primary biologic aerosol particles (PBAP or in brief “bio-aerosol”). PBAP, a mix of
vital and non-vital bacteria and other kinds of biologic material, is a reactive fraction of
aerosol particles. Bio-aerosols also seem to play an important role in the reactivity of
particulate matter: they can modify PM toxicity due to their ability to modulate the
oxidative potential of toxic chemicals present in it (Jones and Harrison, 2004; Samake et
al., 2017).

Among PBAP, bacteria have a crucial role (Bowers et al., 2011); they are part of the
atmospheric ecosystem (Fig. 1.6) and can impact the equilibrium of other ecosystems,
human health (Ghosh et al., 2015; Pearson et al., 2015; Sala Ferré et al., 2008) and the
formation of ice and cloud condensation nuclei (Amato et al., 2015; Bauer et al., 2003;
Deguillaume et al., 2008). Airborne bacteria are highly diverse, with complex variations in
their species diversity (Burrows et al., 2009; Gandolfi et al., 2013). PBAP composition
depends on many factors among them seasonality, meteorological factors, anthropogenic
influence and sources. Anyway, it is believed that bacteria suspended in the air often are
typical soil bacteria (Després et al., 2012). Their size are in the order of few micrometres
and concentration in the outdoor atmosphere ranges from 10% to 10° cells m~3 (Lighthart,

2000).
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Figure 1.6: Bio-aerosol cycling in the Earth system (Fréhlich-Nowoisky et al., 2016).

Bacterial viability (Tang, 2009) depends on the interaction between bacteria and other
organic and inorganic atmospheric constituents (Brotto et al., 2015; Deguillaume et al.,
2008; Hussey et al., 2017; Noda et al., 2021, 2019). Some pollutants as NOx and soot
particles are suspected to enhance bacteria viability by preventing from degradation
processes, for example during UV irradiation, or inducing structural changes in their
survival strategies (Hussey et al., 2017). However, soot particles can have a primary toxic
effect on bacteria (Noda et al., 2021, 2019). Therefore it is clear that such interplay is still
far from a satisfactory understanding (Jones and Harrison, 2004; Kellogg and Griffin, 2006)
and systematic studies are needed.

In this thesis, preliminary studies on interactions between soot particles and two bacteria
strains are discussed: bacteria are exposed to soot particles generated by propane

combustion, with the aim of investigating how this affect the bacteria viability.
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1.6 Overview on oxidative potential and toxicological assays

The existing link between PM and many adverse health effects, such as cardiovascular and
respiratory diseases, is already established (Delfino et al., 2013; Hamanaka and Mutlu,
2018; Lim and Thurston, 2019; Rajper et al., 2018; Rao et al., 2018), as well as the
dependence of PM induced biological effects from PM properties such as composition
and size (Dergham et al., 2012; Dieme et al., 2012; Oh et al., 2011; Peacock et al., 2011).
Even if the effect of PM on health is scientifically recognised, mechanisms by which this
occur are still under research (Abbas et al., 2013; Billet et al., 2007; Gargon et al., 2006;
Sun et al., 2012). However, these adverse effects are supposed to be caused by the
oxidative activity of PM. In particular, the interaction between PM and epithelial cells
produces reactive oxygen species (ROS) (Rao et al., 2020). ROS have high reactivity due to
unpaired electrons. PM can induce ROS in the human body by depositing oxidant species,
which are on the surface or contained in the particles. Another way of PM to induce ROS
is the stimulation of cells to produce higher concentrations of ROS by the interaction
between some chemical/biochemical compounds (Bates et al., 2019; Chen et al., 2019).
This happens because toxic pollutants absorbed on particle can enter the human
respiratory system (Badyda et al., 2013; Chuang et al., 2013; Wang et al., 2013) up to the
lung alveoli (Boublil et al., 2012; X. Li et al., 2013). In general, oxidative stress actives
redox-sensitive mechanisms that can lead even to inflammation and cell death: this is how
air pollution damages human health through inhalation (Lodovici and Bigagli, 2011).
Inflammation is the first response to the negative stress, it is a protective mechanism
whose goal is to induce cell killing. This means that at the beginning oxidant stress is
responsible of stress defence genes transcription and not of cell damage. Negative effects
of oxidation stress occur when ROS formation and individual antioxidant activity become
unbalanced. Damages can regard, for example, macromolecules (i.e., DNA and RNA),
lipids or proteins (Risom et al., 2005). Defence against ROS starts in lungs with
antioxidants (Kelly and Tetley, 1997). Composition and quantity of these antioxidants are
critical for the individual responsiveness to air pollutants (Behndig et al., 2006). Anyway,
it seems that the ability to upregulate protective scavenging systems determines the

susceptibility of the lung to oxidative stress.
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One way to investigate the toxicity of PM is the determination of oxidative potential (OP)
caused by PM. OP is defined as the ability of PM to oxidize molecules, that means ROS
generation and antioxidants depletion activated by inhaled PM (Bates et al., 2019; Leni et
al., 2020). Therefore, OP can be used as metric for PM toxicity (@vrevik, 2019),
representing the acute PM health effects (Weichenthal et al., 2016). These kind of studies
can be performed, but not only, by chemical (i.e., acellular) assays. Several chemical
assays exist and they differ in sensitivity to different PM characteristics (i.e., composition
and size distribution); PM composition and particle sizes lead to different OP results in
various assays (Bates et al., 2019; Rao et al., 2020). In addition, methods are also specific
for fractions of ROS or ROS-inducers and a standard method to determine the OP of PM
does not exist (Weber et al., 2018). Thus, the combined application of different assays on
the same PM sample is often considered advantageous in providing insightful assessment
of particles OP (Ayres et al., 2008; Frezzini et al., 2022, 2019; Lin and Yu, 2020; Manigrasso
et al., 2020). Some of the wider used assays are the ascorbic acid assay (AA assay), the
dithiothreitol assay (DTT assay) and the dichlorofluorescin assay (DCFH assay). Briefly, AA
assay measures the loss of endogenous antioxidant species; AA is one of the detoxifying
acid encountered by inspired particulate matter (Yang et al., 2014). OP of PM is reported
in terms of depletion rate of AA caused by the permanence with PM. DTT is a redox active
compound so DTT assay measures the loss of a proxy of cellular reductants. Here, OP
represents the depletion of relevant antioxidants by PM (Xiong et al., 2017). In DCFH
assay, the fluorescence intensity is used, since DCFH fluoresces when oxidized. The
fluorescence signal is then converted into equivalent H,O; concentration (Venkatachari et
al., 2005). DCFH assay exists also as cellular assay, to evaluate the oxidative stress induced
by ROS on cells.

Several studies report that atmospheric particles also contain genotoxic chemicals able to
react with cell genetic material causing changes and alterations (Aammi et al., 2017,
Dhawan et al., 2009; Traversi et al., 2015). In particular, PM exposure can induce higher
level of DNA strand breaks, DNA adducts formation, and increased mutation frequency
and genetic rearrangement (André et al., 2011; Lepers et al., 2014). It is clear that to
deeper investigate PM impact on health, genotoxicity analysis are needed (Aammi et al.,
2017). Study of DNA damage at the chromosome level is an essential part of genetic

toxicology. Among sources of genotoxic effects, there are mechanical interferences with
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cellular components (Daniel et al., 1995) that could lead to cell division dysfunction and
disturbed cellular trafficking. These effects are evaluated by the MicroNucleus assay (MN
assay). MN is a genotoxic assay considered a marker of cytogenetics damages (Kirsch-
Volders et al.,, 2003), verifying if a particular pollutant induces MN formation.
Micronucleus, also known as Howell-Jolly bodies, are fragments of nuclear material
expelled from the main nucleus; they can derive from double strand DNA breaks or
chromosome malsegregation (Fenech, 2000; Kirsch-Volders et al., 2002).

A significant assay to evaluate cytotoxicity is the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide assay (MTT assay). MTT assay estimates the metabolic activity of
living cells by the spectrophotometric determination of the enzymatic reduction of the
lightly coloured tetrazolium salt to its formazan of intense purple-blue colour. The
measured absorbance value is proportional to the number of living cells (Grela et al.,
2018).

In general, toxicity indicates the degree to which a substance can cause a negative effect
on a living organism at biochemical, physiological or behavioural level (Lionetto et al.,
2019). Information about biological effects of PM, provided by toxicological assays, are
complementary to physical-chemical characterizations.

During my PhD, preliminary studies on soot particles toxicological effects and dose-
response relationship were carried out. Laboratories at the University of Milan and Rome

performed OP and toxicological analysis on samples produced during the thesis work.
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CHAPTER 2
Experimental setup and methods

2.1 Soot Generator

The emission of soot particles is often simulated by combustion-based aerosol generators,
that are burners using gaseous fuels (Kazemimanesh et al., 2019). They are stable sources
of soot: emitted particles have controlled and known properties and are similar to
airborne soot particles. Because of their characteristics, soot generators are used in
laboratory activities to mimic soot particles and to study their behaviour in the
atmosphere.

| used the Mini-Inverted Soot Generator “MISG” (Argonaut Scientific Corp., Edmonton,
AB, Canada, Model MISG-2, Fig. 2.1) that is a combustion-based soot generator working

as inverted-flame burner (Stipe et al., 2005), introduced by (Kazemimanesh et al., 2019).

SCIENTIFIC

Figure 2.1: The Mini-Inverted Soot Generator (Argonaut Scientific).

An inverted-flame burner uses air and fuel flowing in an opposite way to the buoyancy
force of the hot exhaust gases, resulting in a co-flow diffusion flame. This configuration
leads to a better flame stability by reducing flame tip flickering (Kirchstetter and Novakov,

2007; Stipe et al., 2005), and consequently to a more stable soot particle generation.
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Specific cylinders of air and fuel fed the MISG. Gas flow rates to the inlet were controlled
by two mass flow controllers (MFCs, Bronkhorst High-Tech B.V., Ruurlo, Netherlands,
Models F-201CV-10K-MGD-22-V and FG-201CV-MGD-22-V-AA-000 respectively) operated
via a homemade National Instruments LabVIEW code. MFCs allow adjusting air flow rate
in the range 0 - 12 Ipm and fuel flow rate in the range 0 - 200 mlpm. The gas control system
(i.e., MFCs choice and user interface creation) was developed within this thesis work.
Different air and fuel flow rates lead to variation in concentration and size of the
generated particles. The maximum reachable concentration is about 107 particles cm™3
(Argonaut Scientific), while size can range from few tens to few hundreds of nm,
depending on burning conditions.

The MISG differs from other commercial generators by the fact that its operation does
not require an additional carrier gas (i.e., N2), since the air flow is internally split between
combustion and dilution of exhaust product. As consequence, the comburent:fuel is the
only adjustable ratio, while the comburent:carrier gas ratio is determined by the

instrument operation.

2.1.1 Global equivalence ratio

A generic combustion requests a fuel and a comburent: during my thesis both ethylene
and propane were used as fuel while air always was the comburent. Ethylene and propane
are fuels with a well-known capability of producing soot. The efficiency of combustion
process can be described by the global equivalence ratio, starting from the air-to-fuel ratio
(AFR):

nax Ma

AFR = =2 =

A Eq.2.1
Mma: air mass;

me: fuel mass;

na: number of moles of air;

ne: number of moles of fuel;

Ma: molecular weight of air;

Me: molecular weight of fuel.
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The stoichiometric AFR value for propane is 15.64 m3/m?3 (inverse value = 0.064 m3/m?3)
and for ethylene is 14.75 m3/m?3 (inverse value = 0.068 m3/m3). The ratio between

stoichiometric and actual AFR corresponds to the global equivalence ratio:

b= —(me/ma)

Eqg. 2.2
(mp/mp)st a

(me/ma): inverse of actual AFR;

(me/ma)st: inverse of stoichiometric AFR.

If > 1, the resulting flame is fuel-rich, it leads to an additional mode in the nucleation
size range (i.e., 10 - 30 nm) (Moore et al., 2014) and generates semi-volatile organics
(Mamakos et al., 2013). If ¢ < 1, the flame is fuel-lean, it produces soot particles with
larger mode diameter (about 100 - 200 nm) (Moore et al., 2014) and generates particles
with a large fraction of EC (Mamakos et al., 2013).

During my PhD, since the interest was on soot particles, | focused on fuel-lean conditions.
2.1.2 Flame shapes

Combustion processes produce flames with different shapes and characteristics, that can
be distinguished (Kazemimanesh et al., 2019; Moallemi et al., 2019) as:

- Closed tip flames (Fig. 2.2.a), which generate low concentrations of soot particles (i.e.,
around 103 particle cm3) and usually form particle aggregates at the nozzle of the MISG.

- Partially Open tip flames (Fig. 2.2.b), which are the transition between Open and Closed
tip.

- Open tip flames (Fig. 2.2.c), which generate high concentrations of soot particles (i.e., >
10° particle cm3).

- Asymmetric flames, which show a large variability (very short, flickering, etc.) and can
form particle aggregates at the nozzle of MISG.

- Curled Base flames (Fig. 2.2.d), which is a particular shape of asymmetric flames that

could also form particles aggregates at the nozzle of MISG.
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e

Figure 2.2: Examples of different flame shapes. (a) Closed tip; (b) Open tip; (c) Partially
Open tip; (d) Curled base.

In the thesis work, | investigated combustion conditions with the air flow rate in the range
2 -10Ipm, by 0.5 Ipm steps, and the fuel flow rate in the range 30 - 100 mlpm, by 5 mlpm

steps.

2.1.3 Combustion parameters

The characterization of the flame shapes was used to select the more interesting
combustion conditions to perform the subsequent experiments. Open tip flames were
considered since they produce higher soot particle concentration than other flames; some
Partially Open tip flames were also considered, in order to retrieve possible differences.
One of the objective of my thesis was to compare the exhausts of ethylene and propane
combustion. First of all, as comparable as possible combustion conditions for both the
fuels were selected. Once picked the operative conditions for propane experiments, those
for ethylene were established by keeping fixed air flow rates and global equivalence ratios
of propane, and consequently adjusting fuel flow rates; this supposing that a certain air
flow was split into combustion and carrier operations with the same ratio, regardless of
which gas was used for combustion.

Operating conditions selected for propane and ethylene are reported in Table 2.1 and 2.2,

respectively.
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Table 2.1: Combustion parameters and corresponding flame shapes selected for

propane.
PROPANE
AR flow  FUELflow Global
Equivalence Flame shape
[lpm] [mlpm] Ratio
7 70 0.244 Partially Open Tip
7 75 0.261 Open Tip
7 80 0.278 Open Tip
7 85 0.296 Open Tip
8 70 0.213 Partially Open Tip
8 75 0.228 Open Tip
8 80 0.244 Open Tip
8 85 0.259 Open Tip

Table 2.2: Combustion parameters and corresponding flame shapes selected for

ethylene.
ETHYLENE
AR flow  FUEL flow Global
Equivalence Flame shape
[lpm] [mlpm] Ratio
7 118 0.244 Partially Open Tip
7 127 0.261 Open Tip
7 135 0.278 Open Tip
7 144 0.296 Open Tip
8 118 0.213 Partially Open Tip
8 127 0.228 Open Tip
8 135 0.244 Open Tip
8 144 0.259 Open Tip

2.2 Atmospheric Simulation Chambers

Atmospheric Simulation Chambers (ASCs) are exploratory platforms which allow to study
atmospheric processes under realistic but controlled conditions. Inside an ASC,

atmospheric conditions (i.e., both chemical and physical parameters) can be maintained
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and monitored in real time for periods long enough to reproduce realistic environments
and to study interactions among their constituents (Finlayson-Pitts and Pitts, 2000).

ASC experiments merge advantages of both field and laboratory approaches. Field
experiments are representative because all the atmospheric constituents are involved in
the system; however, the system is very complex and does not allow to isolate and study
a single phenomenon or a specific process. In addition, working parameters are not
controllable but they depend on atmospheric conditions at the site of observation.
Instead, during laboratory experiments, operation conditions can be managed but on a
limited number of parameters only. Also limitations on timescale of observable processes
occur. ASC experiments are performed under controlled but realistic scenarios where the
complicated effects typical of field experiments are reduced.

The atmospheric simulation chamber ChAMBRe - Chamber for Aerosol Modelling and Bio-
aerosol Research - (Massabo et al., 2018) is installed at the Physics Department of the
University of Genoa, in collaboration with INFN. All the experiments performed during my
PhD took place in ChAMBRe. The chamber and its equipment is described in the following

paragraphs.

2.2.1 ChAMBRe: Chamber for Aerosol Modelling and Bio-aerosol Research

ChAMBRe (Danelli et al., 2021; Massabo et al., 2018) is built in stainless steel, it has a
cylindrical shape with total volume of about 2.2 m3; the body is made up of two domed
cylinders connected by a central ring (see Fig. 2.3). Scattered all over the main body, there
are 1SO-K flanges, with different diameter, which permit the access to the inner volume.
On one side, there is a movable shelf, hosted in a smaller horizontal cylinder connected
through a pneumatic valve to ChAMBRe, used to move specific samples inside the
chamber.

ChAMBRe was specifically designed for the research on atmospheric bio-aerosol (i.e.,
bacterial viability vs. air quality level) but the high versatility of the facility allows to cover

several fields of atmospheric science.
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Figure 2.3: ChAMBRe full view (a) and details on some connected instruments (b).

Connected to ChAMBRe, several instruments and online monitors complete the facility.
The whole set-up is managed by a custom NI LabVIEW SCADA (Supervisory Control And
Data Acquisition): sensors and instruments are connected and controlled by a remote
Ethernet connection and a NI Compact-RIO acquisition module (based on the NI cRIO-
9064 controller).

In the follow paragraphs, the equipment of ChAMBRe are presented. The most relevant

instruments for my thesis are described in sections 2.3, 2.4 and 2.5.

Pressure, Temperature and Relative Humidity

A HMT334 Vaisala® Humicap® monitors temperature and relative humidity (RH) inside the
chamber. The atmospheric pressure is measured both inside and outside ChAMBRe, using
a set of two pressure gauges. A MKS Instruments 910 DualTrans™ transducer measures
the internal pressure, with a measuring range of 5*10* to 2*103 mbar. A Vaisala
BAROCAP® Barometer PTB110 measures the pressure outside the chamber, with a
measuring range of 5*10% to 1.1*10% mbar. In Table 2.3 are listed the accuracy values of

the sensors.
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Table 2.3: Accuracy values of sensors.

Measured

Instruments . Accuracy Operative range
quantity
HMT334 Relative 1% 0-90 %RH
Vaisala® Humicap®  Humidity 1.7 % 90 — 100 %RH
transmitter Temperature  0.2°C 15 - 25 °C
Pressure Gauges Inner 0.75% 15— 1000 mbar
MKS 910 Dual- ressUre 5% 103 — 15 mbar
Trans™ P 10 % 5*104 — 2*10°3 mbar
Vaisala BAROCAP® Outer 5*%10%to 1.1*103
0.3 mbar
PTB110 pressure mbar

Gas monitors

Gas analysers, manufactured by Environnement SA, continuously monitor gas
concentrations inside the chamber or, alternatively, in the laboratory of: O; (0342e),
NO/NO2/NOy (AC32e), CO/CO2 (CO12e), SOz (AF22e) and BTEX (VOC72M). Detection limits

of the monitors are defined in Table 2.4.

Table 2.4: Detection limits of gas monitors.

Measured

Instruments quantity LDL
Envea AC32e NOx (NO3) 0.2 ppb
Envea 0342e (OF! 0.2 ppb
Envea AF22e SO» 0.4 ppb
Envea VOC72M BTEX 0.02 ppb
Envea CO12e CO/CO; 0.05 ppm

Mixing fan

A fan installed in the bottom of the structure favours the mixing of gas and aerosol species
in the chamber volume. The fan has four metallic arms of 25 cm length each connected
to an external engine through a rotating shaft, whose speed can be regulated by an

external controller and varied between 0.0 and 50 Hz in steps of 0.1 Hz (0 to 3000 rpm, in
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steps of 6 rpm). Mixing time for gaseous species is of about 180 s when the fan rotates at

about 1.6 revolutions per second.

Vacuum system

A composite pumping system is connected to ChAMBRe and it can evacuate the total
volume down to 10 mbar in about 15 minutes. The system consists of a rotary pump
(model TRIVAC® D65B, Leybold Vacuum), followed by a root pump (model RUVAC WAU
251, Leybold Vacuum) and a turbo pump (Leybold Turbovac 1000). Between the pumping
system and ChAMBRe is collocated a safety valve (Leycon Secuvac DN 63, Oerlikon
Leybold Vacuum) as a gate to prevent possible backwashes of the pumps oil inside the
chamber.

This system is used to clean up the chamber at the end of each experiment, to avoid
possible contamination in the further tests. Reached the needed vacuum level, ChAMBRe
can be re-filled with clean air and it returns to atmospheric pressure. To do this, pure N2
from a compressed gas cylinder is flushed in up to 5 mbar and then ambient air enters the
chamber through an absolute HEPA filter (model: PFIHE842, NW25/40 Inlet/Outlet —
25/55 SCFM, 99.97 % efficient at 0.3 um) and several pollutant traps (including a HEPA

filter and zeolite traps).

Lamps

The ChAMBRe equipment includes two different UV lamps. The first, with an 85W
radiation at A = 253.7 nm (UV-STYLO-F, Light Progress srl), is used to sterilize the chamber
volume without producing ozone. The second lamp (BHK Incorporated, Analamp models)

irradiates at A < 240 nm and works to the ozone generation via photoreaction.

Nebulization system

To inject particles into the chamber, there are three different nebulizer available. A
Blaustein Atomizer (BLAM, single-jet model, CH Technologies), connected to the facility
by a curved stainless-steel tube (length = 50 cm, diameter = 1.5 cm) can be used to spray
both bacteria and inorganic species. A Sparging Liquid Aerosol Generator (SLAG - CH

Technologies), directly connected to the chamber, can be used to nebulized bacteria due
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to its gently action. A Collison nebulizer (CH Technologies) is used to spray inorganic

particles inside ChAMBRe.

2.2.2 Soot experiments

The Mini Inverted Soot Generator was warmed for about 45 minutes before injecting soot
particles inside ChAMBRe, the exhaust was directed to the waste line. A three-way valve
selects the soot flow direction. Injection of soot particles inside ChAMBRe lasted 2 or 3
minutes, depending on the soot concentration required for the specific experiment. All
the connections (i.e., MISG-tubes and tubes-ChAMBRe) were made by Swagelok adaptors
or I1SO-K flanges to avoid any possible leak. Some fluid-dynamic evaluations were
performed with the Particle Loss Calculator (PLC) software tool (von der Weiden et al.,
2009): the geometry of the experimental setup, combined with particle size and used flow
rates, results in particle losses lower than 0.1 % in the dimensional range of 80 - 2000 nm.

The ChAMBRe setup to perform soot experiments is sketched in Fig. 2.4.
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Figure 2.4: ChAMBRe setup for experiments with the soot generator.

2.3 Size distribution

Particle concentration and size distribution inside the chamber are measured

continuously by two different instruments: a Scanning Mobility Particle Sizer (SMPS, TSI
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Inc., Shoreview, MN, USA, Model 3938) and an Optical Particle Sizer (OPS, TSI Inc.,
Shoreview, MN, USA, Model 3330).
SMPS classifies particles with diameter < 1 um, the size range of interest for this thesis

work.

2.3.1 SMPS: Scanning Mobility Particle Sizer spectrometer

SMPS is a scanning system to measure the size distribution of aerosol particles. Its
operation is based on the relationship between electrical mobility and particle size with
singly charged particles. Briefly, the system takes an air sample by a pump; an inertial
impactor is set at the inlet to prevent particles larger than a known size enter inside the
instrument. In this way risk of contamination and soiling of the internal parts are avoided.
The impactor has an orifice of 0.0508 cm, resulting in cut-off capability at 50 % of 940 nm.
Firstly, air sample flows throughout a soft X-ray (< 9.5 KeV) neutralizer that leads the
aerosol to a known charge distribution. The following step is the electrostatic classifier,
connected to the differential mobility analyzer (DMA), which divided particles by their
electric properties. Finally, selected particles are counted by the condensation particle
counter (CPC). Summarizing, the SMPS system is made up of three parts:

- Charge neutralizer by soft X-Ray: Advanced Aerosol Neutralizer (TSI model 3088)

- Electrostatic classifier: flow controller and Differential Mobility Analyzer (DMA, TSI

model 3081A Long DMA or TSI model 3085A Nano DMA)

- Water based Condensation Particle Counter (wCPC, TSI model 3789).
The instrument operates in the particle size range between 2.2 nm and 1000 nm. Its
sensitivity is 1 % at 100 nm, the maximum concentration is 107 particles cm™ and the
minimum scanning time is 10 seconds. Working flows range between 0.2 and 1.5 Ipm.
During the experiments described in the following, the SMPS was set to measure particles
having diameter from 34 nm to 649 nm; aerosol sample and sheath airflow rates were
fixed at 0.17 Ipm and 1.60 Ipm, respectively, while the scanning period for each cycle was

70 s.

Advanced Aerosol Neutralizer

The SMPS particle sizing operation is based on particles having a well-defined charge level

as a function of particle size; this charge distribution is reached by a bipolar diffusion
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charging process (Reischl et al., 1996). The neutralizer produces high concentrations of
both positive and negative ions by a low-energy soft X-ray (< 9.5keV) source that ionizes
air molecules. Sample particles through the neutralizer attract oppositely charged ions. In
this way, neutralization of excess charges occurs (Liu and Pui, 1974). lon-particle

interactions of charges exchanging are driven by diffusion processes (Reischl et al., 1996).

DMA: Differential Mobility Analyzer

The SMPS mounted a Long DMA 3081A that classifies particles having size between 10
and 1000 nm. Long DMA, schematized in Fig. 2.5, separates particles by an electrostatic
way, using the motion generated by the electric force on the charged particles and the
movement due to the transport in the airflow. In particular, inside the DMA, particles are
separated on according to their electrical mobility, a parameter that is proportional to
number of charges on the particles and inversely proportional to particle size.

On the top of Long DMA there are two inlets, one for the aerosol sample and another for
the sheath flow (i.e., particle-free air keeping sample centred to avoid wall-losses): the
resulting flow goes axially downward through the classifier region. Long DMA is made up
of two concentric cylindrical electrodes resulting in an internal electric field; the inner
cylinder has a negative voltage while the outer is electrically grounded thus creating an
electric field between the two cylinders. Negative charge particles are attracted by the
external electrode and positive charge particles are attracted radially by the inner
electrode while are flowing with the sheath flow. Neutral particles are removed with the
excess flow. In particular, the position to which a particle precipitates along the collector
rod depends on the particle electrical mobility: particles with higher mobility are collected
along the upper portion of the rod while particles with lower mobility along the lower
portion of the rod.

Monodisperse aerosol, composed by particles with quite the same electrical mobility,

exits the DMA from holes at the bottom of the inner electrode.
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Figure 2.5: Long DMA scheme, extracted from (TSI Inc., 2009).

Particles classified by their electric mobility diameter exit from DMA and enter a

Condensation Particle Counter (CPC) where their concentration is measured.

wCPC: water-based Condensation Particle Counter

The wCPC (see Fig. 2.6) is a water-based condensation particle counter. It measures
number concentration (i.e., particles cm=3) of sub-micrometric airborne particles. To
improve the detection process, particles are grown up to be droplets by condensation of
vapour onto them: wCPC uses deionized water as condensing fluid. In particular, this unit
is filled with technical demineralized water (Conductivity (20°C), max. 1.5 uS/cm; VWR
Chemicals INTERNATIONAL S.R.L.). After being grown, particles are detected by an optical
counting system. The instrument can measure particles with a diameter between about 2
nm and 1000 nm, in concentration up to 2*10° particles cm™.

Sub-micrometric particles are continuously sampled (inlet flow rate is 0.6 [pm). Two flows
are derived from the inlet flow: the aerosol sample flow (flow rate is 0.3 Ilpm) and the
sheath flow, after filtering the particles. Aerosol sample flows first through a cooled

conditioner and then through a heated condenser (growth tube); sheath flow keeps
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sample centred. In the growth tube, particles are enlarged into micro-metric droplets by
heterogeneous condensation of a supersaturated water vapour. A vapour surrounding
particles begins to condense onto them when it reaches a certain degree of super-
saturation (Keady et al., 1986). Vapour pressure is raised by heating wetted walls;
supersaturated conditions are due to water vapour diffusion to the centre of sample.
Exhaust water resulting from the condensation process is removed via the exhaust port
and collected in a dedicated bottle. Enlarged particles are optically detected. They enter
by a nozzle into a lighted viewing volume. Here, a laser beam illuminates particles that
scatter light. Scattered light pulses are collected by a photodiode, converted into electrical
signal and finally counted leading to the measure of particles concentration. The number

concentration is calculated following the formula:

C= Eq. 2.3

N = number of particles counted
Q = Sample flow rate [cm?3 s7!]

t = actual sample time [s]

Number concentration information merged with the diameter information from DMA,

gives the aerosol size distribution.
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Figure 2.6: wCPC scheme, extracted from (TSl Inc., 2019).

The SMPS has an automatic flow control: air pressure and temperature are continuously
monitored and integrated in the input air flow control, to ensure the correct air flow even
if air conditions are not stable. Pressure and temperature are included in the calculation

of the size distribution and both parameters are recorded in a data file.

2.3.2 OPS: Optical Particle Sizer spectrometer

The OPS (see Fig. 2.7) uses the principle of optical scattering from single particles to count
and classify particles by their size. The size measurement range goes from 300 nm to 10
um, overlapping the SMPS in the range 300 nm — 1 um. Particles bigger than 10 um are
only counted, not sized.

Particles throughout a sensing volume are illuminated by a thin laser beam (A = 660 nm).
Every particle passing through the laser beam scatters light: a flow of particles result in
pulses that are counted and sized. Scattered light is collected by an elliptical mirror and
focused to a photodetector where the electronic process the signal. Pulse intensity is

proportional to the optical particle size: by a calibration with monodispersed spherical
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particles every pulse intensity is related to a particle size. Measurement is binned on 16
channels. Optical parameters (i.e., refractive index) and density of particles under analysis

can be set by the operator.
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Figure 2.7: OPS scheme, extracted from (TSI Inc., 2011).

The number concentration of particles at size channel i is determined by the following

equation:

Eq. 2.4

Ni = number of particles counted at size channel i
Q = Sample flow rate [cm?3 s7!]

t = actual sample time [s]

While the concentration measured by the instrument depends on the flow rate, the flow
is maintained at 1.0 lpm + 5 % by measuring the pressure drop across orifices. Particles
are kept in the sensing volume by an independent sheath flow of 1.0 Ipm: this flow is

recirculating inside the instruments after being filtered by a HEPA filter to avoid
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contaminations. Both flows are measured, pump voltage is consequently modified to

maintain these flows stable.

2.4 Optical properties

Optical properties depend both on composition and aging of particles; the absorption
capability of aerosols is described by the absorption coefficient (b_abs).

Carbonaceous compounds (see. Par 1.2) are a significant constituent of PM and the
inorganic fraction (i.e., Black Carbon) is the most efficient light-absorbing aerosol species
in the VIS range (Lindberg et al., 1993; Rosen et al., 1978). Thus, the measurement of
b_abs in the VIS range is strongly correlated to the measurement of BC. The absorption

coefficient can be correlated with BC concentration by the following relationship:

babs = CBC - MAC Eq 2.5

b_abs: absorption coefficient [Mm™],
Csc: BC concentration, [pug m3],

MAC: Mass Absorption Coefficient, [m? g1].

Due to the variability in particle composition, different MAC values are reported in
literature (Bond and Bergstrom, 2006; Fuller et al., 1999; Horvath, 1993; Reche et al.,
2011).

2.4.1 PAX: Photoacoustic extinctiometer

Values of b_abs for soot particles suspended inside ChAMBRe are determined online by
three photoacoustic extinctiometers (PAXs, Droplet Measurement Technologies, Boulder,
CO, USA), working at A = 870, 532 and 405 nm. PAX is made up of two distinct
measurement cells, the sample inlet is placed between them and the sample flow (inlet
flow rate is 1.0 Ipm) is split towards both cells. The beam of a modulated laser diode
crosses the whole cells path. The operation scheme is reported in Fig. 2.8.

Absorption properties are determined by an acoustic detector: as particles absorb light

they heat up and, quickly release heat to the surrounding air resulting in acoustic waves
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(Moosmuller et al., 2009). An ultra-sensitive microphone receives the signal which
intensity is interpreted to infer the particle absorption coefficient. Value of b_abs is

calculated by the instrument as follows:

Pmic'Ares"l'lfz'fres
baps = W - cos(P) Eq. 2.6

Pmic: microphone pressure at fres,

Ares: cross-sectional area of the resonator,
fres: resonance frequency [Hz],

P.: laser power,

y: ratio of isobaric and isochoric specific heat,
Q: resonator quality factor,

¢: phase of b_abs signal.

Scattering properties are measured by using a wide-angle reciprocal nephelometer. A
nephelometer is made up of a laser diode, generating a beam, and a photodiode set at
90° with respect to the beam. Sampled particles reflect the incident radiation that is
detected by the photodiode. Value of scattering coefficient (b_scat) is calculated by the

instrument as follows:

Doy = 3cat Eq. 2.7

scat — Py

Pscat: calibrate readings from the photomultiplier tube,

P.: laser power.
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Figure 2.8: Operational scheme of PAXs, extracted from (Droplet Measurement
Technologies, LLC, 2020).
With very high concentration of soot particle inside ChAMBRe, a diluter (eDiluter Pro,
Dekati Ltd., Kangasala, Finland) was introduced before the PAXs inlet. Aerosol sampled
from ChAMBRe was diluted by dry air from a cylinder, with dilution factor of 1:100. No
significant discrepancy was observed in the results of experiments performed without and

with the diluter.

2.5 Sampling and offline analysis

During each experiment, soot particles inside ChAMBRe were also collected on dedicated
media to be analysed offline at a later time. | used, quartz fibre filters (Pallflex Tissuquartz
2500 QAO-UP, diameter of 47 mm). Quartz fibre filters are classified as depth-filter, which
means they trap particles in their matrix. The material of these filters is recommended for
thermal-optical analysis due to its capability of resisting high temperature. Filters were
held in a stainless-steel holder and operated at a fixed and stable sampling flow rate (i.e.,
10 Ipm or 13.7 depending on the experiment) by an electronically controlled flow rate
sampler (TECORA — Charlie). For each experiments, three filters with different volumes of

sampled air were collected.
2.5.1 Cyclone

To investigate the influence of particle size on particle properties, a series of experiments
was performed with a size cut. During such experiments, a cyclone (PM1 Sharp Cut

Cyclone - SCC 2.229, Mesalabs, Lakewood, CO, USA) was inserted upstream the PAXs and
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the filters sampler (Fig. 2.4). Cyclone operation is based on the inertial classification of
particles as function of their aerodynamic diameter. The cyclone used in this work has a
cut point at particle diameter of 1.0 um with a nominal flow of 16.7 [pm (Gussman et al.,
2002), this means that the 50 % of particles with diameter of 1 um are removed from the
sample flow.

The cyclone is composed of a chamber in which sample flow enters tangentially, and
follows a certain rotary motion. Particles are separated from the air flow according to
their inertia. Particles larger than the cut-off are collected on the walls, while particles
smaller than the cut-off follow the air flow towards the subsequent stages (i.e.,

instruments and/or samplers). In Fig. 2.9 a cyclone is schematized.

PM 10 AEROS0L FROM INLET

PM 1 AEROSOL TOFILTER

Figure 2.9: Cyclone scheme, extracted from (Mesa Labs, 2001).
2.5.2 Optical analysis: Multi Wavelength Absorbance Analyzer
The MWAA (Multi Wavelength Absorbance Analyzer, Fig. 2.10.a) is an optical analyser

designed and built at the Environmental Physics laboratory of the Department of Physics

(University of Genoa and INFN), for the non-destructive analysis of PM samples collected
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on filters (Massabo et al., 2015, 2013). MWAA operation is based on the light absorption
and scattering by PM components and provides information on the carbonaceous fraction
in the sample (Massabo et al., 2015, 2013).

The MWAA exploits five laser diodes (WSTech products, Fig. 2.10.b) covering the visible
spectrum, from IR to UV: infrared, A = 870 nm; red, A = 635 nm; green, A = 532 nm; blue,
A =405 nm; ultraviolet, A = 375 nm. One at time, a different laser beam is collimated to
illuminate a sample area of about 1 mm?. Filter samples are located on an aluminium
wheel (Fig. 2.10.c) with the sampled surface exposed to the laser beam. They are analysed
one at time. A stepper motor automatically moves the wheel changing the sample in
analysis; two translational motors allow the scanning of filter surface by 1 mm steps. Filter
partially transmits and partially scatters the incident laser beam: three photodiodes
situated at 0°, 125° and 165°, (Thorlabs products, Fig. 2.10.d) detect transmitted and
backscattered light fractions. Photodiodes, with spectral response in the range 200-1100
nm, detect light signal and produce an electric current whose intensity is proportional to
incident beam power and wavelength. The signal of photodiodes is driven to a current to
voltage converter (CVC), amplified with a selected gain and finally acquired by a
multifunction device (NI USB 6002), used as A/D converter.

The whole system is managed by a home written LabVIEW™ software.

Figure 2.10: MWAA: (a) setup; (b) laser diodes; (c) sample wheel; (d) photodiodes.
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The angular distribution of radiation scattered by the sample can be determined from
photodiodes signal by using analytical functions described by (Petzold and Schénlinner,
2004), which retrieves absorption coefficient (b_abs) from transmission and back-
scattering measurement. Transmitted light is detected by the 0° photodiode (forward
hemisphere) while back-scattered radiation is detected by the 125° and 165° photodiodes
(backward hemisphere).

Regarding quartz fibre filters, radiation is isotropically scattered in the forward
hemisphere (scattering angles: 0° < 8 < 90) and all the angular distribution follow the

Lambertian cosine law:

S (0) x cos(0) Eq. 2.8

Since angular distribution in the forward hemisphere does not depend on aerosol
composition, the transmitted radiation can be revealed by only one photodiode at 0°.

In the backward hemisphere (scattering angles: 90° < 8 < 180), angular distribution
depends on aerosol composition and can be treated as a linear combination of the
Lambertian cosine law of scattered radiation and Gaussian distribution of reflected

radiation:

2
S (0) x (0( —cos(@—m) + (1 —a)exp [_%(ep;x) D Eq. 2.9
o fraction of scattered radiation,

p: filter roughness, estimated p = 0.50 (Petzold and Schonlinner, 2004)

For a totally scattered radiation a = 1 while a = 0 for complete reflected radiation.

Following the analytical approach of (Petzold and Schoénlinner, 2004), only two
photodiodes (in this case at 125° and 165°) are sufficient to measure diffuse radiation.
Data analysis provides parameters about transmitted, diffuse and back-scattered
radiation for both the blank-filter (i.e., before PM sampling) and the same loaded filter

(i.e., after PM sampling). Following the data processing developed by (Hanel, 1994, 1987;
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Petzold and Schoénlinner, 2004), the absorbance value of each individual sample is

determined:
ABS = TpABS = (1 - (DP)TP Eq. 2.10

Tp, ass: aerosol absorption optical thickness,
wp: sample single-scattering albedo (i.e, ratio of light scattering to light extinction),

Tp: sample optical thickness

Merging absorbance value with filter geometry and sampling condition, the value of the

absorption coefficient is obtained:
A
babs = ABS - v Eq. 2.11

ABS: measured absorption,
A: filter area,

V: sampled air volume.

The b_abs value is measured at each wavelength of MWAA. Dependence of b_abs on light
wavelength (i.e., spectral dependence) is described by the Angstrom Absorption Exponent

(AAE) (Angstrom, 1964) with the power law:
baps(X) = K - A7A4F Eq. 2.12

AAE value depends on PM composition (Bond and Bergstrom, 2006; Kirchstetter et al.,
2004). In particular, BC from fossil fuel combustion (as soot particles) leads to 0.8 < AAE <
1.1 (Bond and Bergstrom, 2006; Kirchstetter et al., 2004; Schnaiter et al., 2005) while AAE
increase up to 1.5 - 7 when BrC from biomass burning is also present in the sample (Favez

et al., 2010; Hoffer et al., 2006; Sandradewi et al., 2008; Yang et al., 2009).
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2.5.3 Thermal-optical analysis: Sunset EC/OC Analyzer

Thermal-Optical Transmittance (TOT) methods are widely used to separate EC/OC and
guantify their concentration (Birch and Cary, 1996; Chow et al., 1993; Huntzicker et al.,
1982). These methods require that PM is collected on quartz fibre filters, since they resist
to high temperature (Huntzicker et al., 1982).
The Sunset EC/OC Analyzer (Sunset Laboratory Inc., Fig. 2.11.a, in the follow “Sunset”) is
the most widespread thermal-optical instrument. Its scheme is showed in Fig. 2.11.b.
Thermal-optical analysis is destructive: it is performed on a punch with area of 1 cm?,
extracted from the filter. The punch is inserted inside a quartz oven and exposed to a
controlled heating. In particular, the instrument follows a sequence of thermal steps
(namely a “protocol”), characterized by specific temperature, atmosphere and duration.
The EC/OC separation is based on the different thermal evolution of carbonaceous
fractions and it is determined by the two phases of the analysis:

- inert phase: the first heating phase occurs in He atmosphere and the OC fraction

volatilizes;
- oxidative phase: the second heating phase occurs in He - O, atmosphere (95 % He
—5 % 02) and the inorganic EC fraction volatilizes.

A FID (Flame lonization Detector) quantifies OC and EC fractions. A gas-carrier (He) line is
connected to the oven; heating products are fluxed through several reactive steps. Firstly,
they are oxidised to CO; by an oxidative atmosphere and high temperature (T = 870°C,
catalyst: MnO3). Then, inside the methanator, in a reducing atmosphere of H, (T = 500°C),
CO; is converted into CHa, detected by the FID. Inside the FID, CH4 is transformed in CH3
radicals by a potential difference producing a current. The proportionality between the
current intensity and the quantity of methane allows retrieving the initial concentration
of carbonaceous compounds on the filter. The instrument is calibrated at the end of each

measurement by sending to the FID a known quantity of methane.
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Figure 2.11: (a) Setup of Sunset EC/OC Analyzer. (b) Scheme of the instrument.

During the inert phase, a pyrolysis of the particulate deposited on the filter can occur. Part
of the organic compounds could be converted into pyrolytic carbon (PYRC) by thermal
energy, by a charring process. PYRC thermal properties are similar to those of EC, thus
meaning that pyrolytic carbon can evolve during the oxidative phase and not during the
inert phase. This can affect the EC/OC separation and resulting in an underestimation of
OC and an overestimation of EC (Chow et al., 2007). To solve the artefact, an optical
measurement is performed simultaneously to the thermal one. PYRC has also optical
properties similar to EC: it absorbs light. By monitoring the filter transmittance with a laser
diode (A = 635 nm, see Fig. 2.11.b), the evolution of PYRC is observed. During the He-
phase, as consequence of the pyrolysis, the transmittance decreases because sample
turns black; during the Ox-phase, as consequence of PYRC and EC evolution, transmittance
increases. A separation point between OC and EC fractions is set when the transmittance
reaches the same value registered at the beginning of analysis, assuming that a quantity
of EC equal to the formed PYRC has evolved in CO». This moment is defined as split point.
As operative definition, carbonaceous compounds evolved before the split point are

guantified as Organic Carbon while those converted in CO; after the split point are
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qguantified as Elemental Carbon. Fig. 2.12 shows an example of thermogram and the
different phases of the analysis. Thermograms can differ depending on the protocol.
Several protocol have been developed (Cavalli et al., 2010; Chow et al., 1993; Peterson
and Richards, 2002), they differ in temperature set points and in the residence times at
each temperature step. It is reported in literature (Massabo et al., 2019) that protocols
do not affect the quantification of Total Carbon (i.e., OC + EC) but the EC/OC separation.
However, during the thesis work, analysis performed using the EUSAAR_2 showed a non-
negligible signal of the FID is still present during the last part of the He-Ox analysis, so
basically overlapping the calibration peak, causing a non-complete combustion (and then
guantification) of EC. For this reason, EUSAAR_2 results have been considered as not
reliable and therefore excluded from the present work. In the last part of the oxidant
phase, NIOSH reaches higher temperature than EUSAAR_2 (i.e., 940 °C for NIOSH and 850
°C for EUSAAR_2), thus all the TC on the filter evolves in CO; being properly quantified. All
the analysis in this work were performed using the NIOSH protocol (National Institute for

Occupational Safety and Health: NIOSH, 1999).

Separation He-phase/Ox-phase SPLIT POINT
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18000 - i / " 1 "L 1w
.

e Charring: C-Pyr I — :

e

Temperature [°C]

Transmittance [T)and FID [A.U.]

] 100 200 300 “o %06 600 0
Time [sec)

— | 1o e FID T omp, — RNt DO

Figure 2.12: Example of thermogram: different phases of the analysis and the OC/EC
separation by the split point are reported. Time evolution of temperature (blue line),
transmittance (red line) and FID signal (green line) are also shown.
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2.6 Bacteria and soot experiments

Some experiments were designed to investigate the possible change in bacteria viability
under exposure to soot. Such experiments required dedicated instruments and protocols
(Danelli et al., 2021).

Bacteria strains used to perform these experiments are Escherichia coli (ATCC® 25922™,
Fig. 2.13) and Bacillus subtilis (ATCC® 6633™, Fig. 2.14). They are non-pathogen proxies of
typical atmospheric bacteria, respectively Gram-negative and Gram-positive; they are
extensively used as model organisms in microbiology and molecular biology fundamental
and applied studies (Lee et al., 2002). E. coli is rod-shaped, about 1-2 um long and about
0.25 um in diameter. It is a common inhabitant of the gastrointestinal apparatus of warm-
blooded animals, including humans. B. subtilis is rod-shaped with a length ranging
between 2.5 and 6.5 um. It is commonly found in soils but has been also observed in other

environmental matrices such as water and air (Earl et al., 2008).

Figure 2.13: Detail of Escherichia Coli in physiological solution, magnifications 2000x in
panel (a) and 100000x in panel (b) (Massabo et al., 2018).

Figure 2.14: Detail of Bacillus subtilis in physiological solution, magnifications 2000x in
panel (a) and 100000x in panel (b) (Massabo et al., 2018).
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At ChAMBRe, bacteria concentration is monitored by a Wideband Integrated Bioaerosol
Sensor (WIBS-NEO, Droplet Measurement Technologies Boulder, CO, USA). WIBS-NEO
detects the fluorescent emission, due to biological fluorophores present in airborne
microorganisms. Since bacteria have a typical fluorescence pattern (Hernandez et al.,
2016), their signal can be distinguished from the inorganic particle background to quantify
the airborne bacteria concentration.

A typical experiment proceeds as follow: bacteria are first cultivated on a non-selective
Tryptic Soy Broth (TSB) until they are sufficiently grown, resuspension in sterile
physiological solution (NaCl 0.9 %) and finally preparation of a suspension with an
adequate concentration of CFU ml? (Colony Forming Units). The suspension is then
nebulized inside ChAMBRe by using the SLAG (i.e., Sparging Liquid Aerosol Generator, by
CH Technologies) nebulizer. After the bacteria, also soot particles are injected in
ChAMBRe. Bacteria injection lasts 5 minutes and the concentration of injected bacteria
turned out to be about 10° cell m™ for the E. coli and 10° cell m™ for the B. subtilis
(measured by WIBS) pretty similar to the total average bacterial aerosol centration in
near-surface air, over lands, which are estimated to be between 10* and 10° cell m3
(Burrows et al., 2009). Soot injection lasts 1 minute and soot concentration inside
chamber reaches 400 — 660 pg m3 (measured by PAXs). MISG is fuelled with 70 mlpm of
propane and 7 Ipm of air. Experiments were at temperature in the range between 20 °C
and 25 °C, atmospheric pressure and relative humidity around 60 %-70 %. This range of
meteorological parameters was chosen to reproduce a suitable environment for bacteria
survival, as reported in several works (Benbough, 1967; Cox, 1966; Dunklin and Puck,
1948). Injections time and atmospheric conditions inside the chamber are the same for all
the experiments. Bacteria are collected by gravitational settling on four petri dishes, filled
with an appropriate culture medium, placed in the bottom of the chamber through an
automated shelf. The exposure time of bacteria to soot is of about 5 h, according to the
lifetime in ChAMBRe of particles with diameter around 1 um (Massabo et al., 2018). At
the end of the experiment, the Petri dishes are extracted outside and incubated at 37°C
overnight. The bacteria culturable fraction is determined by CFU visual counting. The
gravitational settling method was adopted to minimize microbial damage (Aydogdu et al.,
2010; Brotto et al., 2015; Xu and Yao, 2011). The living microorganisms in the aerosol were

expected to settle down without suffering any stress apart from those related to the
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permanence in the chamber atmosphere. In addition, losses due to particle bouncing
were expected to be minimal due to low impaction velocity. In this way, the number of
CFUs counted on a Petri dish was assumed to be proportional to the concentration of
viable bacteria in ChAMBRe.

Possible effects of soot particles on bacteria viability are determined by comparison with
baseline experiments performed in “clean” air, without the soot injection. These
experiments are described in the PhD thesis “Assessment of the impact of atmospheric
pollutants on bacteria viability by an atmospheric simulation chamber” by Silvia Giulia
Danelli (cycle XXXIV, University of Genoa) so baseline results are not described here, but

only cited as reference.
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CHAPTER 3
Characterization of the MISG soot generator

Before the present work, a few partial characterization of the exhausts of MISG fuelled
with ethylene (Kazemimanesh et al., 2019) and propane (Moallemi et al., 2019) were
reported in literature. In this thesis an extensive classification of combustion conditions
and resulting flame shapes was performed. The reproducibility and stability of soot
emissions were investigated, focusing on number concentration and size distribution of
soot particles and concentration of co-emitted gas species. Then, exhausts were
characterized in terms of optical properties. Finally, optical and thermal-optical
techniques were adopted to investigate particles collected on quartz fibre filters, thus
determining the absorption coefficient b_abs, and their composition in terms of
Elemental and Organic Carbon (EC and OC).

Most of the result discussed in this chapter were published in (Vernocchi et al., 2021).
3.1 Characterization of flame shapes

Different combustion conditions generate different flame shapes. Existing flames and
investigated combustion conditions are discussed in Par. 2.1.2 and 2.1.3, here the results
of flame observation are reported in Tables 3.1 and 3.2, for propane and ethylene
respectively. Propane flow rates higher than 85 mlpm were not investigated due to
instrumental limitation. It is noteworthy that no correlation could be found between
global equivalence ratio (¢) and the shape of the corresponding flame. This means that
the fundamental parameter describing the combustion process cannot be used to predict
flame shape.

From this observation, combustion conditions to use in characterization experiments

were selected (see Par. 2.1.3).
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Table 3.1: Flame shapes observed for different combustion conditions of propane. Flames
are identified as A — asymmetric, CB — Curled Base, CT — Closed tip, POT — Partially Open
tip and OT — Open tip; FL indicates if flickering. The dash indicates that the flame does

not ignite.
FUEL flow [mlpm]
30 | 35 | 40 | 45 | 50 | 55 | 60 | 65 | 70 | 75 | 80 | 85
2 A |asFL] A | a/rL] A |cB/FL|CB/FL|CcB/FL|CB/FL|CB/FL|CB/FL|CB/FL
2.5 | A/FL| A/FL| A | A/FL| A/FL |CB/FL|CB/FL|CB/FL|CB/FL| CB | CB |CB/FL
3 | a/FL|A/FL| A | A/FL| A/FL|CB/FL|CB/FL|CB/FL|CB/FL|CB/FL| CB |CB/FL
3.5 | A/FL| A A A A | cB| cB| cB| cB| cB | cB
4 A A A A A | cB | ¢B |cB/FL| ¢cB | ¢B | cB
45| A A A A A | cB| cB| cB| cB| cB | cB
T L5 A A A A A |ascB| cT | POT
Z | 55| A A A A A | cr | ¢t | POT
2 6 A A A Al cr || et cr
= 16e5] A A A Alcr | e | et cr
< 7 A A A A A |l cr | et cr
75| A A A A A | | cr | c
A A A |lcr | et | cr
A A A |l cr | et cr
A A A | c | cr | c
A A |lcr | et cT
A A | cr | cr | cT

Table 3.2: Flame shapes observed for different combustion conditions of ethylene.
Flames are identified as A — asymmetric, CB — Curled Base, CT — Closed tip, POT —
Partially Open tip and OT — Open tip; FL indicates if flickering.

FUEL flow [mlpm]
30 | 35 | 40| 45 | 50 | 55 | 60 | 65 | 70 | 75 | 80 | 85 | 90 | 95 | 100
2 | al ala| alar|a]l al alce|lccelcelce|c|clce
25| A | A | A |aslaila] A | A | ce| | Bl celce]| cel cB
3| a | a | a| A |arfam]| A | a |a/cel ce| cB| ce| ceB| cB| cB
35| A | A | A | A |aF|af| A | A |a/ce| B | ceB| ce| cB| ce | cB
a |l Al alalalalalal a] alacelce|cel| ce| celeeor
as| A | Al Al alalal al a]lce]| e/l cel| ce |ceorceorceor
el 5] Al alalAalalAal Al |cB|cB]|CB| CB |CBOTCEOTCE/OT
S lss| a| a| ala]|lal| al| a]| a | cs |ceorceorce/or|ce/or ce/or
2l 6| Al A Al A Aa| A |cT|cT|cT [cyporerror| POT | POT
“les5| A | A | alcr|cr|ecr|cr|cr POT
< | 7| al alalcr|cr]|cr| cr oo
75| A | Al Al alcr|ce|er|ecr
8| A | A | A |ct|cr| o] cr oo
85| A |l Al Alcrlcer|ler|er|er
9 | Al Aalcalerlerlea]er]er
95| A | A et |l et et |er|er| e
10| A |ct|cr|cr|cr| cr| cr |ayeo

In literature, a similar characterization for the propane-fuelled MISG is reported in

(Moallemi et al., 2019). Few differences occur especially in the transition range from
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Closed tip to Open tip flames, probably due to differences in experimental setups. Also
the subjectivity of the visual determination, that is user dependent, can lead to

differences.

3.2 Comparison between propane and ethylene combustion exhausts

3.2.1 Size distribution

The reproducibility of MISG emissions was investigated, in terms of number concentration
and size distribution of soot particles. For each selected combustion condition, four
experiments were performed and values of total particle number concentration and mode
diameter were recorded. Reproducibility was calculated as percentage ratio of standard
deviation and mean value of each series of repeated experiments. For propane
combustion, mode reproducibility resulted equal to 6 %, while total concentration
showed a 16 % of reproducibility. Ethylene combustion reproducibility was equal to 4 %
and 10 %, respectively for mode and total concentration.

Mean size distributions were determined for each combustion condition. To make all the
experiments comparable, curves were normalized to the same injection time (i.e., 3
minutes). Retrieved size distributions of all the four series of experiments are shown in

Fig. 3.1 and 3.2, for propane and ethylene respectively.
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Figure 3.1: Mean size distributions measured by SMPS. MISG is fuelled with propane

using air and fuel flows indicated in the plots frame.
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Figure 3.2: Mean size distributions measured by SMPS. MISG is fuelled with ethylene
using air and fuel flows indicated in the plots frame.

Values of total particle number concentration resulted in the order of 10° particle cm™ for
both propane and ethylene. For a better comparison between different experiments,
particle concentration values were normalized to the maximum value recorded during the
whole set of tests; thus results vary in the 0 — 1 range. Normalized results are reported in
Fig. 3.3 and can be summarized in few points:

- At fixed air flow, particle number concentration increased with fuel flow (i.e., with
global equivalence ratio).

- For the same combustion conditions (i.e., same air flow and same global equivalence

ratio), ethylene generated more particles than propane.
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- At fixed fuel flow, particle number concentration increased with air flow, with a much

larger effect on ethylene combustion.

10 +
E eIl -1
1 -
25 o
i | o E7-127 E7-135
si e E8- 118
o 0ET o
S
t o
52 .1
L~ - -
3 e PE-20
o c
E k P7-80 P7-85
= :
PT-70
0.0 | : : I
0.200 0.220 0.240 0.260 0.280 0.300

Global equivalence ratio (d)

Figure 3.3: Particle number concentration vs. global equivalence ratio. Values are
normalized to the highest of the whole set. Each point is labelled by E or P (ethylene or
propane) and a pair of numbers indicating air and fuel flow, respectively in [pom an mipm.
Lines aim to facilitate the reader eye.

A similar representation is adopted to particle mode diameters, as shown in Fig. 3.4.
Particle mode diameters resulted quite constant for ethylene and slightly increasing with
air flow for propane (at fixed fuel flow). In addition, at fixed global equivalence ratio, MISG

produced bigger particles when fuelled with propane. The mode diameters was about 180

nm for ethylene while ranged from 210 and 260 nm for propane.
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Figure 3.4: Particle mode diameter in function of global equivalence ratio. Each point is
indicated by E or P (ethylene or propane) and a pair of numbers indicating air and fuel
flow rate, respectively in lom and mlpm. Lines aim to facilitate the reader eye.
Significant differences between the two fuels emerged when considering the super-
micrometric range (i.e., diameter > 1 um) of generated soot particles, measured by OPS:
a number of big particles, likely super-aggregates, were produced by ethylene
combustion. This behaviour was not observed with propane combustion. Results on
particle number concentration, normalized to the total particle number concentration,
are shown in Fig. 3.5.a. The super-micrometric fraction of total number particle
concentration resulted to be about 3 % with ethylene and 0.2 % with propane. Particles

larger than 4 um were about 2 % with ethylene, and totally negligible with propane.

Considering the particle mass distribution (Fig. 3.5.b), the difference was enhanced: the
super-micrometric fraction resulted about 99 % of total mass concentration for ethylene
and only 9 % for propane. Particles larger than 4 um were 98 % and 1 % of total mass (and

hence of the soot concentration), for ethylene and propane respectively.
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Figure 3.5: Particle concentration normalized to the total vs. particle diameter, measured
by OPS, panel (a) shows number distribution, panel (b) shows mass distribution. MISG
was fuelled with 7 Ilom of air and 75 mlpm of fuel during propane experiment and 127

mlpm of fuel during ethylene experiment. No cyclone.

The super-aggregates probably formed in the stagnation plane at the bottom part of the

combustion cell of the soot generator (Chakrabarty et al., 2012). In an up-side-down flame

system, a stagnation plane formed at the lower end of the flame due to the buoyancy
effect. Buoyant forces opposed to the flow forces creating a zero-acceleration plane of
stagnation downstream from the flame zone (Bedat and Cheng, 1995). The aggregate
residence time is enhanced in the stagnation plane thus enhancing the growth mechanism

of the aggregates (Jullien and Botet, 1987). The hypothesis of the super-aggregates

formation in the stagnation plane was confirmed by dedicated experiments, performed
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only for ethylene, with the setup specifically modified and fuelling the soot generator with
the same flows used in Fig. 3.5 (i.e., 7 Ipm of air and 127 mlpm of ethylene). Three
different line lengths were used to connect the MISG to ChAMBRe; the “normal” line (i.e.,
the same used in Fig. 3.5) was 65 cm, “long” line was about 5 meters and “short” line was

III

30 cm. In addition, with the “normal” line, MISG exhaust was diluted just after the outlet
of the generator, by adding an extra air flow; the ratio between dilution air and MISG
generator was 4:1. Only the experiment with the longest line showed a significant
decrease in particle concentration, probably due to the losses inside the pipe (see Fig.

3.6).
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Figure 3.6: Comparison between mass size distributions measured by OPS. The MISG was
fuelled with 7 Iom of air and 127 mlpm of ethylene.

Anyway, super-aggregates formation by ethylene combustion can be partly reduced by

using lower air and fuel flow rates (see Fig. 3.7 for example).
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Figure 3.7: Comparison between mass size distributions measured by OPS.

The obtained results were compared with literature, in particular with (Kazemimanesh et
al., 2019) for ethylene and (Bischof et al., 2019; Moallemi et al., 2019) for propane.

All the quoted works observed that particle number concentration increases, at equal air
flow, with fuel flow. Even if they considered a lower range of global equivalence ratio, the
behaviour was the same here reported. Both works reported, (Bischof et al., 2019) for
propane and (Kazemimanesh et al., 2019) for ethylene, that particle mode diameter did
not depend on the global equivalence ratio, this is congruent with ChAMBRe observations.
However, (Moallemi et al., 2019) reported an opposite behaviour as they found that
higher air flow, at fixed fuel flow, led to a slight decrease of the mode diameter. Lastly,
(Bischof et al., 2019) and (Moallemi et al., 2019) obtained smaller particles than those
observed in this work, in particular with a diameter smaller than 200 nm. This discrepancy
could depend on differences in combustion conditions, since the experiments quoted in
the literature works were performed at lower global equivalence ratios. (Kazemimanesh
et al., 2019) observed super-aggregates formation but with smaller size (i.e., about 2 um)
than the observed in this work.

It should be noted that particles generated by both the fuels were larger than the typical
exhausts of modern engines, such as aircraft and diesel vehicle engines, which emit
ultrafine soot particles. In addition, soot concentrations inside the chamber were higher

than the limit of atmospheric PM (Standards - Air Quality - Environment - European
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Commission) of about ten times. Smaller particles and lower concentration will have to

be used to better mimic real conditions.

Lifetime evaluation

Reaction time of atmospheric processes varies from few seconds up to several days,
depending on kinetics. With experiments in an atmospheric simulation chamber is
necessary that aerosols remain suspended for a long enough time to allow the chemical
or biological interactions under investigation to occur. Lifetime inside chambers depends
on a combination of several factors, among them diffusion and mixing processes, wall
losses by adsorption or deposition, gravitational settling and obviously particle properties.
Inside ChAMBRe, lifetime of particles with diameters from few hundreds of nm to few pum
varies from 2 to 10 hours (Massabo et al., 2018).

Some experiments to evaluate soot particles lifetime (i.e., time after which concentration
is half reduced) were performed, by using SMPS to monitor both particle size and
concentration. Injected particles were left into ChAMBRe overnight. Soot particle lifetime
was determined for the size of mode diameter (i.e., about 200 nm), fitting the respective
concentration decay curve with a simple first order exponential law. Dilution caused by
sample flow through instruments connected to the chamber volume was considered and
corrected. The first time interval after each injection, when coagulation could take place,
was excluded in the analysis, thus considering the concentration values smaller than 10*
particle cm™ only. The lifetime observed for the soot particles was of 2 hours, according
to the wall deposition model described in (Lai and Nazaroff, 2000) and observations in
(Massabo et al., 2018). The comparison of obtained lifetime with those in literature is
shown in Fig. 3.8, reported also in terms of particle loss rate coefficient (B) that is the

opposite of the lifetime.
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Figure 3.8: Particle loss rate coefficient (8) and lifetime (secondary vertical axis), vs.
particle size measured in ChAMBRe.

3.2.2 Gaseous exhausts

Several gas monitors were connected to ChAMBRe (see Par. 2.2.1), however focus of
gaseous exhausts was on CO; and NO, since they were the most abundantly emitted gas
species. CO; is a typical gaseous product of combustion processes while NO emission
seems to be typical of MISG, since it is not a typical combustion product.

As for size distribution, reproducibility was determined for gas concentration. Variability
of COz and NO production was about 2 % and 3 %, respectively with propane and ethylene.
Comparison of gas concentration produced by ethylene and propane combustion was
performed as the same way of total particle concentration, which means by normalizing
to the maximum value recorded during the whole set of tests. Results are shown in Fig.

3.9 for CO; and Fig. 3.10 for NO. Both gases showed a similar behaviour: at fixed air flow,
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gas concentration increased with the fuel flow; at fixed fuel flow, no significant change in
gas emission was observed when varying the air flow. At equal operative conditions (i.e.,
same combustion conditions, injection time and time from the injection), gaseous
emissions were higher with ethylene than with propane. CO; concentration values were
similar for both ethylene and propane while NO concentration values were generally
higher for ethylene. Maximum values were 360 ppm and 980 ppb, respectively for CO;

and NO, after 3 minutes of soot injection, generated by 144 mlpm of ethylene and 8 Ipm

of air.
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Figure 3.9: CO concentration vs. global equivalence ratio. Each value is normalized to
the highest of the whole set. Data points are labelled by E or P (ethylene or propane) and
a pair of numbers indicating air and fuel flow, respectively in lom and mlpm. Lines aim to

facilitate the reader eye.
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3.2.3 EC/OC quantification

Elemental Carbon and Organic Carbon concentration values were determined by a
thermal-optical analysis, performed by the Sunset EC/OC analyzer (see Par. 2.5.3) on soot
particles collected on filters (see Par. 2.5). Reported data are the mean of measurements
on three filters with different volumes of sampled air, opportunely normalized to the
sampling volume.

The highest EC concentration was EC = 3517 pg m3: it was measured fuelling the MISG
with 144 mlpm of ethylene and 7 Ipm of air. EC concentration values were normalized to
the highest value measured in the whole set of experiments, the resulting EC
guantification is shown in Fig. 3.11. EC production was higher for ethylene than for
propane combustion; it increased with fuel flow (at fixed air flow), for both ethylene and
propane. Some differences between the two fuels appeared keeping fixed fuel flow: air
flow rate variations did not seem to alter the relative EC concentration for propane (i.e.,
EC variation of about 10 %), while concentrations increased by decreasing air flow rate for

ethylene (i.e., EC variation of about 40 %).
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Figure 3.11: EC mass concentration vs. global equivalence ratio, each value was
normalized to the highest of the whole set. Each point is labelled by E or P (ethylene or
propane) and a pair of numbers indicating air and fuel flow rate, respectively in [om and
mlpm. Lines aim to facilitate the reader eye.

The EC:TC concentration ratio is reported in Table 3.3 for the four sets of experiments: in

all the explored working conditions the MISG delivered a very high EC output.

Table 3.3: EC:TC ratio; mean values for experimental series without cyclone.

AIR
7 lpm 8Ilpm
PROPANE 0.69 +0.10 0.78 +0.05
ETHYLENE 0.89+0.03 0.89£0.07

FUEL

The soot sampling was repeated inserting a cyclone unit upstream with respect to the
filter: in this way only particles with diameter smaller than 1 um were collected. In this
configuration, the highest EC concentration, measured fuelling the MISG with 85 mlpm of
propane and 8 lpm of air, was of 1480 pug m3. The whole set of EC concentration values,
again normalized to the maximum value, are reported in Fig. 3.12. With the same
combustion conditions (i.e., air flow and global equivalence ratio), EC concentrations were
higher for propane than for ethylene, the opposite of the results obtained without

cyclone.
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Figure 3.12: EC mass concentration vs. global equivalence ratio, each value was
normalized to the highest of the whole set. Each point is labelled by E or P (ethylene or
propane) and a pair of numbers indicating air and fuel flow rate, respectively in Ilom and
mlpm. Experiments were performed with cyclone, which removed super-micrometric
particles. Lines aim to facilitate the reader eye.

The EC:TC ratio also showed some variations caused by the cyclone cut, as shown in Table

3.4. Values were around 0.8 with both fuels.

Table 3.4: EC:TC ratio; mean values for experimental series with cyclone.

AIR
7 lpm 8Ilpm
PROPANE 0.82 +0.07 0.85+0.04
ETHYLENE 0.78 £0.05 0.82+0.03

FUEL

Actually, with ethylene about 40 % of the EC concentration was associated with particles
larger than 1 um. With both fuels, the EC:OC ratio increased with the global equivalence
ratios whether the cyclone was present or not, in agreement with (Kazemimanesh et al.,
2019) and (Moallemi et al., 2019).

In all the experiments, the OC:EC ratio varied between 0.1 and 0.3. It is noteworthy that
the maximum OC:EC ratio always corresponded to the lowest fuel flow rate (i.e., 70 Ipm
with propane and 118 lpm with ethylene). Actually flames generated with low fuel flows

were Partially Open tip, with a reduced production of soot particles, and hence EC, with
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respect to Open tip flames. The OC:EC trend turned out to be in agreement with the
observations of (Kazemimanesh et al., 2019; Moallemi et al., 2019).

Investigations on the volatile fraction of OC were performed by adding a backup filter
behind the main filter during sampling. OC concentration on backup filters resulted
compatible with organic contamination of not-sampled filters. Mean OC concentration for
backup filters was 0.6 + 0.2 pug cm?; mean OC concentration for 13 blank filters was 0.5 +

0.2 pg cm™.

3.2.4 Optical properties

Optical properties of soot particles were determined in terms of absorption coefficient
(b_abs). Measurements were performed both on-line inside ChAMBRe by PAXs (see Par.

2.4.1) and on sampled filters by MWAA analysis (see Par. 2.5.2).

Online analysis

Absorption coefficient values provided by PAXs with the cyclone impactor upstream were
normalized to the total particle concentration measured inside ChAMBRe by SMPS during
each experiment. Each b_abs value resulted from the average of 1-second data recorded
for a specific time interval (i.e., 4 to 10 minutes). The normalized b_abs values are plotted
in Fig. 3.13 vs the global equivalence ratio, for the three PAX units (i.e., A = 870, 532 and
405 nm). The trend was similar for all the three wavelengths and for both the fuels.
Absorption coefficient values did not show any dependence on global equivalence ratio,
resulting almost constant. Soot particles produced by propane combustion were more
absorptive than particles produced by ethylene. The picture was not so different when
PAX data recorded removing the cyclone impactor were considered: particles from
propane generation were still more absorptive, with a smaller gap from ethylene. Optical
properties such as absorption depend on several parameters, mainly composition, mixing
state, aging, and size. Considering all the experiments reported in this work, no
differences in composition can be expected, since only EC particles were present: this
means that differences in absorption cannot depend on particle composition. Also mixing
state and aging cannot explain this difference: soot inside the chamber was fresh. We can

explain the higher light absorbing capability of propane by considering differences in: size
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distributions (see Figs. 3.1

—3.4) and morphology/density of the particles produced by the

burning of the two different fuels.
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Figure 3.13: Absorption coefficient at A = 870 (a), 532 (b) and 405 (c) nm, measured by
PAXs vs. global equivalence ratio. b_abs values are normalized to total particle number
concentration measured by SMPS in each experiment. Each point is labelled by E or P

(ethylene or propane) an

d a pair of numbers indicating air and fuel flow, respectively in

Ipm and mlpm. Data refer to PM1. Lines aim to facilitate the reader eye.

About propane combustion emissions of MISG, in the literature are reported data for the

IR-PAX in terms of Single S

cattering Albedo (SSA). SSA values measured in this work varied
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from 0.15 to 0.18, in agreement with those obtained by (Moallemi et al., 2019), which
ranged from 0.15 to 0.25.

Mass Absorption Coefficient

The b_abs and EC data can be used to determine the MAC of the produced aerosol (see
Par. 2.4). Such analysis can be performed both with the PAXS and MWAA b_abs values.
Results of the MWAA are reported in Fig. 3.14, separately for propane and ethylene, in
both cases without cyclone impactor upstream the filter. At all wavelengths, MAC values
were higher for propane than for ethylene. MAC values were compatible with those

previously reported in the literature for soot (Bond and Bergstrom, 2006).
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Figure 3.14: Absorption coefficient measured by MWAA vs. EC concentration measured
by Sunset, for (a) propane and (b) ethylene. The slope of each fit corresponds to the Mass
Absorption Coefficient, in m? g,
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MWAA results with cyclone selection upstream the filter are reported in Fig. 3.15,

separately for propane and ethylene. MAC values did not show any significant differences

depending on the fuel.
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Figure 3.157: Absorption coefficient measured by MWAA vs. EC concentration measured
by Sunset, for (a) propane and (b) ethylene. The slope of each fit corresponds to the Mass

Absorption Coefficient, in m? gL

A summary of all the measured MAC values is given in Table 3.5. MAC values obtained

with and without the cyclone selection were in substantial agreement except for those

retrieved from data collected in ethylene experiments without cyclone. With both the

fuels, MAC values increased when super-micrometric particles were removed by the

cyclone. Lower MAC values were probably due to the presence of super-aggregates in the
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atmospheric simulation chamber, because with equal mass, larger particles are less

absorptive.

Table 3.5: Summary of MWAA measured Mass Absorption Coefficient values, in m? g.

MWAA
FUEL
850 nm 635 nm 532 nm 405 nm 375 nm
PROPANE 5.22+0.06 7.22 +0.09 8.81 +0.09 10.55+0.09 10.86+0.12
PROPANE with cyclone 5.32 +0.06 7.37 £+0.07 8.95+0.08 10.91+0.11 11.59+0.14
ETHYLENE 3.78+0.08 5.00+0.09 5.91+0.11 690+0.12 7.28+0.14

ETHYLENE with cyclone 5.21 +0.06 7.62 +0.07 9.53 +0.08 12.26 £+ 0.10 13.03 +£0.11

Results of the PAXs are summarized in Table 3.6, for both the fuels and with/without
cyclone. MAC values turned out higher in the series with cyclone and the ethylene series
without cyclone showed the lowest MAC values for each wavelength, as observed with
the MWAA analysis. PAXs data showed a higher variability in MAC values, especially
depending on the use of the cyclone: MAC values measured by PAXs varied of about 35 %
while those measured by MWAA of about 19 %. This was likely due to a higher PAXs

sensitivity to particle size than filter based MWAA analysis.

Table 3.6: Summary of PAXs measured Mass Absorption Coefficient values, in m? g™1.

PAX
FUEL
870 nm 532 nm 405 nm
PROPANE 5.30+0.06 8.35+0.08 10.55+0.11
PROPANE with cyclone 6.27 +0.06 10.26 + 0.06 13.48 + 0.08
ETHYLENE 3.28+0.15 492+0.19 5.89+0.20

ETHYLENE with cyclone 5.41+0.08 10.42 +0.12 15.74 £ 0.15

Discrepancies between MAC values obtained from PAXs and MWAA, for the same
experiment, were compatible with the differences of measured b_abs values discussed

below.

PAXs and MWAA comparison

The b_abs values measured by PAXs and MWAA are directly compared in Fig. 3.16. Only
the three wavelengths shared by PAXs and MWAA (A = 870/850, 532 and 405 nm) were
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considered. The agreement between the two analytical techniques ranges from 1 % to 7

% and from 14 % to 25 %, without and with cyclone respectively.
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Figure 3.16: Correlation study between absorption coefficients measured by PAX and
MWAA.

Anqstrém Absorption Exponent

Spectral dependence of b_abs and consequently the Angstréom Absorption Exponent (see
Par. 2.5.2) were determined, both for PAXs and MWAA datasets. The averages of the
resulting AAEs for the different experimental conditions are reported in Table 3.7. The
AAE values measured in this work for the MISG exhausts were generally close to 1.0,
according to literature (Harrison et al., 2013), higher values were observed for the
cyclone-selected aerosol. AAE values from ethylene showed a certain variability,
depending on the presence of cyclone, while AAE values from propane were similar more
stable.

Discrepancies between AAE values retrieved for PAXs and MWAA were compatible with

the differences of b_abs values measured by the two analytical techniques.
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Table 3.7: AAE values obtained in different experimental conditions by the analysis of

PAXs and MWAA raw data.

EXPERIMENTAL CONDITIONS AAE - PAX AAE - MWAA
PROPANE 70 to 85 mipm - AIR 7 Ipm 0.88+0.06 0.92+0.04
PROPANE 70 to 85 mipm - AIR 8 Ipm 0.92+0.06 0.91+0.05
PROPANE 70 to 85 mipm - AIR 7 Ipm - cyclone 0.98+0.09 0.99+0.10
PROPANE 70 to 85 mipm - AIR 8 Ipm - cyclone 1.05+0.04 0.97+0.09
ETHYLENE 118 to 144 mlpm - AIR 7 Ipm 0.93+0.28 0.84+0.08
ETHYLENE 118 to 144 milpm - AIR 8 Ipm 0.76 £0.04 0.81+0.06
ETHYLENE 118 to 144 mlpm - AIR7 Ipm - cyclone 1.40+0.05 1.1910.09
ETHYLENE 118 to 144 mlpm - AIR 8 I[pm - cyclone 1.39+0.04 1.08 £0.05
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CHAPTER 4

Results

The soot characterization opens to various kinds of experiments in ASCs. Particles with
well-known properties can be used to investigate the possible interactions between soot
and other atmospheric pollutants (e.g., gaseous pollutants or bio-aerosol), the effects of
meteorological variables (e.g., temperature and relative humidity) on soot properties and
the oxidative and toxicological potential of soot particles.

To explore the potentiality of the coupling of soot generator with an atmospheric
simulation chamber, preliminary experiments on the soot oxidative potential and
toxicological effects as well on the interactions between soot particles and bacteria

viability were performed.

4.1 Soot particles oxidative potential and toxicological effects

Characterized soot particles were collected on filters to be analysed for retrieving

information on their oxidative potential and toxicological effects (see Par. 1.6). OP and

toxicological analysis were performed at the Department of Pharmacological and

Biomolecular Sciences of University of Milan and at the Chemistry Department of

Sapienza University of Rome.

Four series of samples were produced and analysed:

- Soot particles generated by propane combustion and exposed to a clean atmosphere
condition in ChAMBRe, that means no other pollutants introduced in the chamber
volume. This is considered the standard condition. In the following, this series is referred
as P-std.

- Soot particles generated by propane combustion and exposed to a condition in
ChAMBRe of relative humidity in the range 80 — 90 %RH and ozone concentration
ranging between 150 — 690 ppb. This is defined the polluted condition. In the following,
this series is referred as P-poll.

- Soot particles generated by ethylene combustion and exposed to standard conditions.

In the following, this series is referred as E-std.
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- Soot particles generated by ethylene combustion and exposed to polluted conditions. In
the following, this series is referred as E-poll.

Ozone has oxidant properties and it is responsible of atmospheric processing of several
species (Li et al., 2005); previous studies reported the effects of ozonisation on soot
physicochemical and toxicological properties (Daly and Horn, 2009; Han et al., 2012; Q. Li
et al., 2013; Liu et al., 2010; Niranjan and Thakur, 2017), even if interaction mechanisms
are still unclear (Zhu et al., 2019).

During both standard and polluted experiments, soot was injected inside ChAMBRe
following the procedure described in Par. 2.2.2, using an air flow rate of 7 Ipm and a fuel
flow rate of 70 mlpm for propane or 118 mlpm for ethylene. For each series, three filters
with different volumes of sampled air were collected, by using the cyclone (i.e., only the
aerosol fine fraction was collected). Mean particle number concentration and mode
diameter (both measured by SMPS) and BC concentration values (mean value of the three
PAXs measurements) inside the ChAMBRe volume during each experimental series are
reported in Table 4.1 and Table 4.2, for samples subjected to cellular and chemical assays
respectively. Within each subset of samples, no significant differences were observed in
particle concentration and size, hence excluding any possible dependence of effects on
particle size or concentration. BC concentration values were used to determine BC mass

on each sampled filter, multiplying the concentration itself by the sampled air volume.

Table 4.1: Mean particle number concentration, mode diameter and BC concentration
values inside ChAMBRe during the experiments to produce samples submitted to cellular

assays.
PARTICLE NUMBER  MODE BC
SERIES CONCENTRATION DIAMETER CONCENTRATION
#em nm ugm’

P-std 1.2E+05 + 2.3E+04 1798 66971
P-poll 2.0E+05 £ 7.6E+04 169 + 16 635+ 95
E-std 1.5E+05 + 3.0E+04 1719 462 + 41
E-poll 1.8E+05 = 5.3E+04 183 x4 457 + 49
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Table 4.2: Mean particle number concentration, mode diameter and BC concentration
values inside ChAMBRe during the experiments to produce samples submitted to
chemical assays.

PARTICLE NUMBER MODE BC
SERIES CONCENTRATION DIAMETER CONCENTRATION
# cm_3 nm ug m>3
P-std 1.1E+05 £ 2.3E+04 1756 634 *+ 88
P-poll 1.7E+05 £ 6.3E+04 17710 597 + 100
E-std 1.3E+05 £ 2.9E+04 1739 437 £ 54
E-poll 1.5E+05 £ 4.8E+04 1794 428 +58

It is the first time that a similar study has been carried out in the laboratory that hosted
my PhD work, and the OP-TOX laboratories had not performed the assays on similar soot
particles before. Therefore it was a preliminary and exploratory investigation, which
certainly need to be improved. The match of PM properties and toxicology is a
multidisciplinary growing branch of science, yet to be consolidated. Since the results
discussed below were exploratory, in agreement with whoever performed OP-TOX

analysis, the information obtained have to be considered interlocutory and qualitative.

4.1.1 Cellular assays

Three cellular assays were performed to evaluate oxidative stress (DCFH assay),
cytotoxicity (MTT assay) and genotoxicity (MN assay) of soot particles (see Par. 1.6) on
BEAS-2B cells (ATCC® CRL-9609™). BEAS-2B are epithelial cells of bronchial tract, extracted
from a situation of no disease, this implies that they are representative of typical
physiological responses. Results of all the assays are reported relative to a Control value
(C-value) that is the assay response of cell not exposed to the pollutant agents (in this case
the soot particles). No normalization for the volume of sampled air is applied.

Results disclosed below showed high variability among samples, and the interpretation is
not so clear. It is known that these assays have many limitations and suffer of artifacts
that produce false positives or false negatives (Holder et al., 2012; Le Hégarat et al., 2014).
Some typical mechanisms of interfering are connected to the particle optical properties
that can alter light absorption or fluorescence detection system (Pope and Dockery,
2006), as in MTT and DCFH assay. Even reactions between particles and assay compounds

can be responsible for artifacts (Lighty et al., 2000). Since soot particles are strong light
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absorber, they can induce artifacts confounding the results of the assays (Holder et al.,
2012). Hence in view of this, caution is required in data discussion, in order to avoid any

false cause-effect relation.

DCFH assay

DCFH assay is a marker of the oxidative stress induced by the exposure of cell to the
pollutants. Cells were exposed to the soot for 30 minutes and for 1 hour. Response values
higher than the C-value indicate a cell stress. The high variability of responses among
samples could depend on the time delay between sampling and analysis. ROS are reactive
and short-live components could be decayed before analysis (Bates et al., 2019; Fuller et
al., 2014; Zhang et al., 2021).

After 30 minutes (Fig. 4.1.a) both the propane series showed a certain percentage of extra
ROS production, without a dependence on the BC mass collected on filter. In particular,
P-std series resulted in higher values than P-poll, suggesting that the ozonisation of soot
particles reduced their ability to induce ROS production. For ethylene the scenario was
apparently confused: the majority of the samples had responses lower than the C-value,
suggesting that they did not induce any oxidative stress, however some values higher than
the Control also appeared. E-std(27) sample showed the highest response, since it was
significantly higher than the others, the presence of some artifacts was hypothesized. E-
poll(56) was the only ethylene sample that induced ROS production, it shall be further
investigated whether this is indicative of a BC-quantity threshold inducing oxidative stress
on cell.

After 1 hour of cell exposure to soot particles (Fig. 4.1.b), the level of ROS production was
decreased overall, if compared with the exposure of 30 minutes. This was because after a
certain time the damaging effects pass to other targets, such as cell viability or DNA. The
stress caused by the prolonged and/or high level of ROS exposure, typically induces blocks
of the cell cycle progression (Gartel and Radhakrishnan, 2005) or apoptosis mechanisms
(i.e., a form of programmed cell death) (Held, 2021). P-poll and E-std series responses
were all lower than C-value, thus no extra ROS production was induced by soot particle
exposure. P-std and E-poll values were correlated with the values of BC mass on filter,
suggesting a dose-response relationship with a threshold value. Since this trend was

observed only in certain situations, it needs to be further investigated.
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Figure 4.1: ROS production % vs. BC mass on filter. The red line indicates the Control
value. Pink is for P-std series, purple for P-poll, cyan for E-std and blue for E-poll.
Exposition time was 30 and 60 minutes, respectively for data in Panel (a) and (b).

MTT assay

MTT assay provides information on cell viability (i.e., cytotoxicity), cells were exposed to
the soot for 24 hours (Fig. 4.2). Only P-std results were compatible with the C-value, while
the other series showed a decrease in cell viability. Anyway, since the cell viability was still
higher than the 80 % of C-value, the reduction is not so large to imply huge damages. With

equal atmospheric conditions (i.e., standard or polluted), ethylene series showed a larger
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decrease in cell viability despite lower values of BC mass on filters, so ethylene was
supposed to generate more toxic particles than propane. Comparing standard and
polluted series for the same fuel, the oxidised soot particles caused higher decrease of

cell viability. Within each series, viability was not dependent on the BC mass collected on

filter.
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Figure 4.2: cell viability % vs. BC mass on filter. The red line indicates the Control value.
Pink is for P-std series, purple for P-poll, cyan for E-std and blue for E-poll.

MN assay

MN assay evaluated genotoxicity (i.e., DNA damages) of pollutants, by counting
micronucleous (i.e., extranuclear corpuscles generated by asymmetric cellular division
due to DNA damages). Cells were exposed to the soot for 24 hours. DNA damages are
more dangerous than oxidative and cytoxycal effects because they are transmitted with
cellular reproduction without any possibility of being repaired by the cell. Response higher
than C-value implies damages, even small increases have to be considered significant due
to the dangerousness of DNA damages. Samples cannot be compared among them
because they could have differences in cell viability, as depicted by MTT assay. This means
that different responses to the MN assay can depend on real effects but also on the fact
that the target was made of a different number of cells (i.e., cells could not respond to

the assay because they were already dead).
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All the samples showed a substantial formation of micronucleous (Fig. 4.3) suggesting that
both ethylene and propane generated particle, ozonised or not, were able to induce DNA
damages. Anyway, (Phillips and Arlt, 2009) reported that genotoxicity should be assessed
by a certain number of tests, because no single assay can detect all genotoxic agents

(Kirkland et al., 2003).
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Figure 4.3: Percent of micronucleus within cells vs. BC mass on filter. The red line
indicates the Control value. Pink is for P-std series, purple for P-poll, cyan for E-std and
blue for E-poll.

The MN assay was the only test showing a significant response for all the samples (i.e., all
the samples suggested an effect), this results suggests that soot particles generally could
be responsible for direct than for indirect effects. Effects are defined as direct if exerted
directly on DNA, affecting the cell ability of replication properly, or inducing alteration in
the information carried by the DNA molecule. Effects are indirect if they manifest
themselves as ROS production, inflammatory mediators or other mechanisms that not

necessarily damage the DNA.

4.1.2 Chemical assays

Three chemical assays were performed to evaluate the oxidative potential of soot
particles (see Par. 1.6): DTT, AA and DCFH are complementary assays since they are

sensitive to different species but all them are marker of the same oxidative stress. DTT
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and AA responses are expressed in terms of reagent depletion rate due to oxidation while
DCFH data refer to concentration of H,0,, a typical ROS species. Higher assay responses
correspond to higher oxidative stress effects.

Data obtained and here reported showed high variability among samples, probably due
to the storage and delivery operations. Standardized experimental procedures are not yet
available and several operating conditions influence responses of assays. Among them,
sample storage time and conditions were confirmed to be a very critical issue (Frezzini et
al., 2022). Another potential factor altering OP measurements is the time delay between
filter sampling and OP analyses, that seems to induce an underestimation of particles OP,
caused by a possible decomposition and/or chemical transformation of sampled PM
(Campbell et al., 2019; Fuller et al., 2014; Hedayat et al., 2015). The high variability among
samples made the results of difficult interpretation. No normalization for the volume of
sampled air is applied.

DTT assay results are depicted in (Fig. 4.4.a). The sample P-std(52) showed a very different
response respect the other samples of the same series, in particular it resulted compatible
with zero. This let reasonably assume that some analytical issue occurred. It was not
possible to repeat the measurement because the signal is time dependent and the
retrieved result would not have been comparable with the others previously obtained.
Therefore the sample P-std(52) was excluded from the data discussion. Anyway, E-std
series resulted in higher OP than E-poll and the same behaviour was shown by propane
series, suggesting a decrease of OP due to the particle ozonisation. Comparing equal
exposure conditions (i.e., standard or polluted), soot generated by propane led to an
higher ROS generation. It is noteworthy that BC mass on filters of the propane series were
higher than those of ethylene series, on average. It shall be verified if the differences in
DTT response depended on the BC amount or on particle properties.

Response to AA assay (Fig. 4.4.b) resulted very low and often compatible with zero. AA
assay is particle-size dependent, with higher responses for the coarse fraction of PM
(Perrone et al., 2019). Sampled particles involved in this work, belong to the fine fraction
and this is probably why assay responses were so low.

In DCFH assay (Fig. 4.4.c), both propane and ethylene generated soot showed higher
values for polluted than standard series, suggesting that soot ozonisation increased the

OP. This result is the opposite of the DTT assay, the difference probably depended on the
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different species sensitivity of the assays but it shall be deeper investigated. No significant

differences were shown by propane and ethylene if the same exposure condition was

considered.
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Figure 4.4: Results of DTT (a), AA (b) and DCFH (c) assays vs. BC mass on filter. Pink is for
P-std series, purple for P-poll, cyan for E-std and blue for E-poll.

82



4.2 Soot particles and bacteria viability

It is reported in literature (Noda et al., 2021, 2019) that soot particles can have a primary
toxic effects on bacteria, affecting their viability. The external layer of bacteria structure
consists of a complex mixture of several compounds. Soot particle affinity for bacteria
depends on the properties of this layer, leading to a specific selectivity (Noda et al., 2021).
In this work, possible effects on bacteria viability due to the exposure to propane
generated soot particles were investigated (see Par. 2.6).

Results are discussed in terms of bacteria viability changes in comparison with a set of
“baseline experiments”. During baseline experiments, bacteria were not exposed to
pollutants, thus their viability depended on their characteristics and experimental
procedures only. The baseline was retrieved by fitting results of several reproducibility
experiments. Viability was determined by comparing the number of CFUs counted on the
petri dishes and the concentration of bacteria injected inside chamber measured by WIBS
(see Par. 2.6).

BC concentration values (average value of 1-second data recorded for 1 minute, starting
3 minutes after the injection, by IR-PAX) inside the ChAMBRe volume during experiments

to evaluate the effects of soot on E. Coli viability are reported in Table 4.3.

Table 4.3: Mean BC concentration values inside ChAMBRe during the experiments to
evaluate the effects of soot on E. Coli viability.

BC
EXPERIMENT CONCENTRATION
ugm’
A 3941
B 529+ 8
C 5637

E. Coli (Fig. 4.5) counts were comparable with the baseline values, suggesting that soot

exposure did not affect their viability.
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Figure 4.5: E. Coli CFUs collected on petri comparing with bacteria concentration inside
ChAMBRe. The green line indicates baseline experiments, the letter indicates the
experiment.

BC concentration values inside the ChAMBRe volume during the experiments to evaluate

the effects of soot on B. Subtilis viability are reported in Table 4.4.

Table 4.4: Mean BC concentration values inside ChAMBRe during the experiments to
evaluate the effects of soot on B. Subtilis viability.

BC
EXPERIMENT CONCENTRATION

-3
ugm
420+ 15
533+8
553+9
562t7
588 + 10
659+ 10

m m OO W >

B. Subtilis (Fig. 4.6) showed a more complex scenario, bacteria viability generally
decreased even if data compatible with the baseline, or higher, also existed. Since most
of the results were lower than the baseline values, a toxic effect on bacteria viability by
soot can be reasonably supposed. However, data did not show any clear correlation

between BC concentration and impact on bacteria viability.
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Figure 4.6: B. Subtilis CFUs collected on petri comparing with bacteria concentration
inside ChAMBRe. The green line indicates baseline experiments, the letter indicates the
experiment.

Soot generation also produces gaseous pollutants, in particular NO (see Par. 3.2.2), that
can be responsible of the variations in viability. So, it will be necessary to determine if the
negative effects are due to soot particles, to gases or to a combination of both the

pollutants.

Differences in response between the two bacteria strains could be explained by their
different Gram classification. Bacteria are classified as Gram-positive and Gram-negative
depending on their response to the Gram staining procedure. Gram-positive bacteria
retain Gram’s stain while Gram-negative bacteria do not. The response to the test
depends on the structural composition of the cell envelope, which is a complex multi-
layered structure aiming to protect bacteria from the surrounding environment. The most
relevant difference between the two groups is the presence of the outer membrane in
the Gram-negative bacteria. The membrane is not present in Gram-positive bacteria, but
they have thicker peptidoglycan layers (Silhavy et al., 2010). Both the structures are
schematized in Fig. 4.7. The outer membrane is crucial to protect Gram-negative bacteria
from external species; thus, Gram-negative bacteria are generally more resistant than
Gram-positive bacteria (Breijyeh et al., 2020). E.Coli belongs to the Gram-negative group
and B. Subtilis is Gram-positive. This could justify why E. Coli seems to be not affected by

the exposure to soot particles while B. Subtilis results in viability variations.
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Figure 4.7: Layering of Gram-positive and Gram-negative cell envelopes.

In conclusion, these preliminary experiments led to interlocutory information, but
potentially interesting, so it is clear the need of a deeper and systematic study. In addition,
in this work the effects of fresh (i.e., just generated) soot particles were only investigated.
Aging (i.e., oxidant) processes could make soot more reactive and thus with a different
toxicity on bacteria viability. Effects of aged soot particles have to be considered for

further studies.
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Conclusions

The main objective of this thesis was to implement a setup and experimental procedures
to perform systematic studies on/with soot particles by using a soot generator in
conjunction with an atmospheric simulation chamber. In this context, a stable source of
soot particles, the MISG, and the instruments to characterize them were identified. The
methodological classification of combustion conditions led to the determination of the
most interesting operative parameters. A dedicated protocol for systematic experiments
in ChAMBRe was established and the soot generator was fuelled both with ethylene and
propane and with different fuel-air ratios. Thus, MISG exhausts were characterized to
determine their properties and highlight differences between the two fuels. The
understanding of properties and behaviours of soot particles inside ChAMBRe paved the
way to new and more complex experiments. For example, soot particles could be exposed
and maintained in different atmospheric conditions to observe whether their properties
encounter variations. In addition, effects on and interactions with other atmospheric
pollutants could be investigated.

In this thesis work, two possible applications of MISG-generated soot particles were
explored. In particular, soot particles exposed to different atmospheric conditions were
used in preliminary studies on toxicological effects and dose-response assessment. In
addition, a few experiments on the effect of soot particles on bacteria viability were also
performed. Both the experiments gave interesting but interlocutory results that will
require more in-depth analysis and systematic studies to be also designed as complement
of in-field experiments.

In conclusion, this thesis work led to a substantial methodological development which
made possible, within atmospheric simulation chambers, a new generation of

experiments on carbonaceous aerosols and their effects.
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