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Those who desire to understand, who are looking to find
that which is eternal, without beginning and end, will
walk together with greater intensity, will be a danger

to everything which is unessential, to unrealities, to
shadows. They will concentrate. They will become the
flame, because they understand.

~ Jiddu Krishnamurti ~
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Abstract

Atmospheric aerosols are responsible for adverse health effects and uncertain climate
forcing. Depending on their composition, they can directly affect climate by scattering
or absorbing solar radiation and they can also indirectly affect by serving as cloud
condensation nuclei (CCN). While the chemistry and physical properties of the
inorganic components of the aerosols are more or less known, the same does not stand
for the organic components. Hygroscopic water soluble organic material can enhance the
water absorption of the particles, affecting their climate forcing. This dissertation
explores the hygroscopic properties of atmospheric organic aerosol, the first part of the
thesis is dedicated to the development and analysis of methods for the measurement of
water soluble organic aerosol, while the second part investigates the hygroscopic
properties and CCN activity of organic particulate matter emitted by different sources or

produced in the atmosphere through oxidation of volatile organic compounds.

Atmospheric particles can be directly emitted in the atmosphere (POA) or formed via
oxidation of volatile organic compounds in the atmosphere (SOA). The former (primary)
are in general less water soluble compared to the latter (secondary). The term water
soluble organic carbon (WSOC) has been operationally defined and has been often used
to estimate the concentration of SOA in the absence of biomass burning. Biomass
burning is an exception because the corresponding primary particles do contain
significant amounts of water soluble compounds. The traditional WSOC measurement
method is based on filter sampling followed by total organic carbon (TOC) analysis,

with varying volumes of water used for the WSOC extraction.

In order to estimate the mass fraction of a compound that will dissolve in water during

WSOC extraction, two models were developed. The ideal organic solution model is



based on the assumption that organic species form a single ideal organic solution within
the particle and each organic compound is dissolved in this organic phase. This model
predicts that the fraction of a compound that will dissolve in the available volume of
water depends on the aqueous solubility of the compound, the atmospheric concentration
of the rest water insoluble compounds and the P parameter. The P parameter is
introduced here to include all sampling parameters and is proportional to the water
volume available and inversely proportional to the sample volumetric flow rate, the
fraction of the filter’s surface used for the analysis and the sampling time. In general,

high P parameter values lead to the extraction of less water soluble material.

In the other extreme, the independent compounds model was developed based on the
assumption that the dissolution of a single compound is not affected by the presence of
others. In this case, the corresponding fraction of a compound in the WSOC will depend
on the solubility of the compound, its atmospheric concentration, and the P parameter.
Based on ambient measurements of the chemical composition of WSOC as well as
thermodynamic data based on both experimental and model findings we have concluded
that the predictions of the ideal organic solution are closer to the truth for the
atmospheric aerosol. A P parameter value of 0.1 cm® m™ is proposed to be used for
WSOC filter analysis, under typical atmospheric concentrations of organic aerosol in
order to achieve the extraction of water soluble species (e.g., sugars, mono- and poly-
acids, HULIS) and avoid the extraction of low solubility compounds (e.g., PAHSs,
alkanes). Higher values should be applied when measuring in high organic aerosol

concentrations.

A system for the continuous measurement of WSOC has been developed and tested. The

Steam Samper-TOC is based on the Steam-Jet Aerosol Collector and may also be



extended of the total organic aerosol measurement. The Steam Sampler-TOC uses steam
produced in a heated tube to condense on the particles of the sampled air forming
droplets. The liquid sample is driven by piston pumps to a TOC analyzer for the
estimation of the WSOC concentration. The system in its current configuration collects
PMj particles with a P parameter of 44 cm® m™. The Steam Sampler-TOC was evaluated
by producing sucrose particles which were dried and driven to the Steam Sampler and an
SMPS. The measurements showed a very good agreement, over a wide range of
concentrations (R?= 0.98). The instrument was also tested in a field site near Patras. An
average 2.5 ng m™ of water soluble organic aerosol concentration was estimated for the
period of sampling. The water soluble organic mass measurements had poor correlation
with the oxygenated organic aerosol and was in quite good agreement with the total
organic aerosol concentration measured in PM;. These findings were attributed to the
different cut-off point of the different instruments and the high P parameter of the
system. However, decreasing the P parameter is challenging because of the relatively

large volume necessary for the TOC sample analysis.

The CCN activity of SOA particles from both anthropogenic and biogenic sources is
investigated in the second part of the thesis. Biomass burning emissions are a major
source of fine atmospheric particles on a global scale. Wood burning has been
extensively used for domestic heating in many Greek cities over the last years. In
Chapter 4 the findings of a one month campaign at the center of Athens during January
of 2013 are presented. PM; particles were dominated by organics (58%) during the
study. The biomass burning aerosol levels peaked during the night shortly before
midnight. A smaller morning peak of hydrophobic OA observed in the morning was

attributed to traffic.



The average critical supersaturation diurnal profile of particles with diameter of 80-100
nm was rather flat with an increase during the morning due to the hydrophobic traffic
emissions. Smaller particles had larger variations of their critical supersaturation due to
differences in their sources and chemical composition. An average hygroscopicity
parameter x was estimated for these particles. The average diurnal profile of « had a
minimum in the morning when traffic emissions dominated and was rather constant
during the night when biomass burning emissions prevailed. The highest degree of
chemical heterogeneity and the lowest activated fraction were observed during the
morning rush hour. Hygroscopicity showed a weak correlation with the O:C ratio of the
organics. The hygroscopicity parameter of organic particles was found to range from
0.06 to 0.21. During the night when biomass burning particles were dominant the

average hygroscopicity parameter value was around 0.09.

The oxidation of volatile biogenic emissions is responsible for the formation of most of
the atmospheric SOA on a global scale. Monoterpenes are some of the most important
VOCs with a-pinene being the most dominant among them. This precursor can react
with ozone and consequently with other oxidative agents in the atmosphere forming
biogenic SOA. Ozonolysis and photochemical oxidation experiments by OH radicals of
a-pinene were conducted in an environmental chamber and the results are presented in
Chapter 5. Two types of experiments were conducted seeded and non-seeded. In the
former ammonium sulfate particles were used as seeds. A volume of a-pinene was
introduced into the chamber and then O3 was added. After a couple of hours OH radicals
were produced in the chamber by HONO photolysis. The CCN active fraction and the
activation diameter of the particles remained constant during the ozonolysis and aging
reactions. The hygroscopicity of pure SOA particles was estimated and was found not to

change significantly during each experiment. An average hygroscopicity of 0.12+0.02

\



was estimated for either fresh or aged a-pinene SOA. The relationship of the
hygroscopicity of the organic aerosol with the number of oxygen over the number of
carbon atoms ratio was also investigated. The hygroscopicity of pure biogenic organic
particles and the O:C ratio correlated well (R?=0.53) and k can be expressed as
k=(0.294£0.005) (O:C). The water soluble fraction of the a-pinene SOA was measured
using the Steam Sampler-TOC. The soluble fraction of the SOA after one hour of
ozonolysis exceeded 0.9 and reached 1 within 2 hours after the initiation of ozonolysis.
The photo-oxidation of the SOA with OH radicals did not affect the water soluble
fraction of the SOA however the fraction was already close to unity at the time of

HONO injections.

Vi
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Chapter 1

Introduction



1.1 Atmospheric aerosols

Atmospheric aerosols or particulate matter (PM) are suspended liquid or solid particles
in the Earth’s atmosphere. They are characterized by their size (diameter), mass,
chemical composition, physical and chemical properties and play an important role in

the physical and chemical processes occurring throughout the atmosphere.
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Figure 1.1: Principal components of the radiative forcing of our planet during the last
250 years. The error bars illustrate the range of uncertainty for each factor (IPCC, 2007).

The radiative forcing of aerosols is the most uncertain.

For example, black carbon (BC), one of the components of atmospheric PM, has the

ability to absorb light and consequently has a warming effect on climate (Hansen et al.,



2000). Particles composed of sulfates, organics, etc can scatter solar radiation, having a

direct cooling effect on climate (Charlson et al., 1992).

In addition to their direct effect, the indirect effect of aerosols on climate is also
important. Particles can serve as cloud condensation nuclei (CCN) on which water can
condense and form cloud droplets. The size and the composition of the particles
determine their ability to act as CCN. Thus, particles that consist of compounds with
high water affinity are better CCN compared to particles with hydrophobic components.
The impact of aerosols on climate forcing is still highly uncertain. Figure 1.1 illustrates
the principal factors contributing to the total radiative forcing of the Earth’s climate,
including the greenhouse gases and the aerosol’s direct and indirect effect (IPCC, 2007).

The indirect effect presents the highest uncertainty among all components.

Atmospheric particles have adverse health effects. An extreme example is the severe
smog event in London in 1952, which caused thousands of deaths in a few days
(Brimblecombe, 1987). Fine particle levels have been found to correlate with increased
mortality (Dockery et al, 1993). The adverse health effects are caused by both short and
long term exposure to high PM concentrations, according to the World Health
Organization (WHO) and are caused by the penetration of the particles to the thoracic
region of the respiratory system. Globally, 3% of cardiopulmonary and 5% of lung
cancer deaths are attributed to the atmospheric particles (WHO, 2013). An increase by
10 pg m* of PM,s (atmospheric particulate matter of diameter less than 2.5 pm) of
concentration leads to the increase of the long-term risk of cardiopulmonary mortality by
6-13%. These health effects, so far, appear to correlate mostly with fine particulate mass

and not with individual components. However, many components of PM are known to



be toxic. For example, polycyclic aromatic hydrocarbons (PAHSs) are known
carcinogens, while diesel exhaust engine has been classified as carcinogenic by the
International Agency for Research on Cancer. There is also evidence that combustion-

related particle emissions are more dangerous, compared to other sources (WHO, 2013).

The diameter of atmospheric particles ranges from a few nanometers to tens of
micrometers. A typical size distribution of atmospheric aerosols in an urban area is
shown in Figure 1.2.
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Figure 1.2: Typical number (upper) and volume (lower) distribution of atmospheric

aerosols in an urban area (Seinfeld and Pandis, 1996).

Most of the particles (in number) are smaller than 100 nm. Two different modes are

present in the number distribution, the nuclei mode, with particles less than 10 nm in
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diameter and the Aitken mode, with diameters ranging from 10 to 100 nm. The ultrafine
particles (diameter less than 100 nm) have though very small contribution to the total
aerosol mass, due to their small sizes. Most of the aerosol mass is contributed by
particles larger than 100 nm. The accumulation mode (Figure 1.2) spans diameters from
100 nm to 2.5 um and accounts for a significant fraction of the aerosols mass

concentration (Seinfeld and Pandis, 2006).

In general, atmospheric particles are classified in two major classes: “fine’” and “coarse”,
where fine particles have diameters less than 2.5 um in diameter and particles larger than
2.5 um are considered as coarse. The two modes have different origin, chemical
composition and optical properties, differ in their deposition patterns in the respiratory
tract and are removed from the atmosphere by different mechanisms. The composition
and size of atmospheric particles continuously changes due to reactions in the gas phase
and subsequent condensation of low volatility products, evaporation, coagulation, etc.
The chemical composition of atmospheric particles depends on the geographic area and
on the corresponding sources. In general, aerosol particles emitted naturally by
evaporation of water from sea spray, volcano eruptions, corrosion of materials (e.g.,
rocks, sand) belong to the coarse mode. Anthropogenic emissions are almost exclusively
in the fine mode with fossil fuel combustion, wood burning, industrial emissions and

transportation to be the most important sources.

Tropospheric aerosols contain sulfate, ammonium, nitrate, sodium, chloride ions, trace
metals, carbonaceous material, crustal elements and water. The carbonaceous fraction
consists of both organic and black (or elemental) carbon. Water is an abundant

component of PM and dominates the chemical composition of aerosols at relative



humidity higher than 80% (Hanel, 1976). The absorption of water by aerosols affects
their physical and chemical properties and strongly alters their interactions with solar
radiation, affecting their climate forcing and visibility. Activation of particles in a
supersaturated environment and transformation to cloud or fog droplets provides the
reacting medium for heterogeneous reactions in the atmosphere and increases the size of

particles (Seinfeld and Pandis, 1996; Khlystov et al., 2005).

1.2 Organic aerosols

Organic compounds are one of the most significant components of atmospheric PM,
representing 20-90% of the total aerosol mass concentration. There are tens of thousands
of different chemical species in atmospheric PM and only a small fraction of them have
been identified and quantified (Kanakidou et al., 2005). Organic aerosols are either
emitted directly in the atmosphere in the particulate phase and in this case are called
primary organic aerosols (POA) or are formed in the atmosphere through gas-to-particle
conversion processes (secondary OA or SOA). Atmospheric oxidants, such as O3, OH
and NOgs react with organic vapors forming more oxygenated and less volatile species,
which can then partition between the gas and the particle phases. Both biogenic and
anthropogenic precursors can lead to the formation of secondary organic aerosols (SOA)
with the biogenic volatile organic compounds (VOCs) being responsible for most of the

SOA globally (Tsigaridis and Kanakidou, 2003).

In general, POA components are hydrophobic, with the exception of biomass burning
emissions. SOA is in general more hygroscopic and water soluble, because oxidation

reactions lead to the formation of oxygenated species. The extent of oxidation, the



hygroscopic properties and the aqueous solubility of the organic compounds reveal

information about their sources, atmospheric processing, and age.

1.2.1 CCN properties of organic aerosols

Twenty years before or so the water uptake of the aerosols was attributed only to their
inorganic components. Saxena et al. (1995) stressed the potential role of water-soluble
organic species on the hygroscopic behavior of the particles. The Koéhler theory which
was developed in 1930s aimed at predicting the growth of a particle in an aqueous
supersaturated environment (Seinfeld and Pandis, 1996; Raymond and Pandis, 2002).
Kohler assumed that a particle is composed of a completely soluble salt, such as NaCl
and (NH4),SO4 and combined the solute or Raoult effect (decrease of water vapor
pressure because of the presence of the solute) with the curvature or Kelvin effect
(increase of the vapor pressure due to the curvature of the droplet) to predict the CCN
activation of the salts (Figure 1.3) by the balance between the two phenomena (Cruz and
Pandis, 1997). The Kohler equation gives the equilibrium saturation Seq as a function of

the radius of the droplet formed. The Kohler equation is expressed as follows:

20,M,,  3vmM,,

S, =In(RH) =
= In(RH) RTp,a 4zMp,a°

(1.1)

where Seq is the equilibrium saturation, oy the solution surface tension, M,, and Ms the
molecular weights of water and solute respectively, R the ideal gas constant, T is the
temperature, v the number of ions in which the solute dissociates, ms the solute mass, py,
the water density and a is the radius of the droplet. Equation 1.1 expresses the
equilibrium curve from which the critical saturation and the critical radius can be

derived:
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The critical saturation, S, expresses the saturation above which a particle will activate,
meaning that it will start absorbing water and grow to become a cloud droplet. The terms

A and B are expressed as follows:

B 6:‘;A'\2W (L5)

The radius a. expresses the corresponding size limit, above which the particles can
activate at saturation S.. Particles that can activate at a given saturation are defined as

CCN, for this saturation.

The water absorption by organics is highly uncertain. Laboratory and field
measurements have suggested that organic species in mixed aerosols can both increase
or decrease the water uptake of particles (Dick et al., 2000; Khlystov et al., 2005).
Organic compounds can alter the particle hygroscopicity by lowering the surface tension
or by gradual dissolution in the growing droplets, affecting the critical size. Other
studies found that only a fraction of the measured CCN could be attributed to the
inorganic species and that organic species can increase the water uptake of the particles

as well (Saxena et al., 1995; Shulman et al., 1996; Raymond and Pandis, 2002).
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Figure 1.3: Kohler curves (droplet diameter versus the water vapor supersaturation) of
pure water and different sized (NH,4),SO, particles (Andreae and Rosenfeld, 2008).

Organic compounds with high water affinity can have a hygroscopic behavior
comparable with the inorganic compounds, contribute to the water uptake of
atmospheric PM and consequently can act as CCN (Saxena et al., 1995; Ansari and

Pandis, 2000; Cruz and Pandis, 2000; Dick et al., 2000).

The diameter of a particle strongly depends on its water content which is a function of
the relative humidity and the chemical composition of the particle. The relationship
between the size and composition of the particles and the relative humidity are required
for climate predictions. In general, the increase of the mass fraction of the organic
species keeping the particle size constant leads to a decrease of the hygroscopicity and

the water uptake by the aerosols (Mochida et al., 2008). Since organics usually comprise



the dominant fraction of atmospheric PM, their water affinity is crucial for the overall

hygroscopic and CCN behavior of the aerosol.

1.2.2 Water Soluble Organic Carbon (WSOC)

The water soluble organic species present in atmospheric aerosols are usually referred to
as water soluble organic carbon (WSOC). The WSOC is an operationally defined
quantity, since the dissolution of a compound in water depends not only on the solubility
of the compound but on the amount of water or the concentration of the solution and
other extraction parameters as well (Sullivan and Weber, 2006). While there is no direct
method to estimate the levels of SOA, under certain conditions the oxygenated fraction
is expected to be comprised almost entirely of secondary organic species although some
fraction of the SOA may not be soluble (Zhang et al., 2005). WSOC measurements by
the existing methods have often shown a strong correlation of WSOC and oxygenated
organic aerosol (OOA) concentrations, revealing that the origin of WSOC is mostly
secondary (Miyazaki et al., 2006; Kondo et al., 2007). In general, WSOC is expected to
approximate the SOA, presenting similar seasonal and diurnal variations (Kang et al.,
2004; Zhang et al., 2007). In the absence of biomass burning WSOC has been used as an

indicator of SOA (Docherty et al., 2008).

Many identified components of WSOC, such as dicarboxylic acids or polyacids have
been found to enhance the CCN activity of particles. Other compounds that have been
found among the water soluble organic fraction are mono acids, sugars, humic-like
substances (HULIS, high molecular weight heterogeneous organic species found in
terrestrial and aquatic environments), alcohols, amines, phenols and polyconjugated

species (Graber and Rudich, 2006; Mayol-Bracero et al., 2002; Facchini et al., 1999).
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The methods for the measurement of WSOC can be divided in two major classes, off-
line and on-line. The off-line measurement includes sample collection on the surface of
a quartz-fiber filter which is afterwards immersed in a volume of water in order to
extract the water soluble species. A sonicator bath or mechanical shaking (shaker baths
or hand-shaking) are often applied in order to promote the extraction. However,
uncertainties concerning the effect of such procedures combined with the fact that there
IS no protocol or standard volume of water used in such extractions, can lead to
differences in the measured water soluble fraction. Furthermore, evaporation of
semivolatile species and contamination of the sample during the filter preparation or
during the analysis and absorption of organic species by the quartz filter media may

induce errors in the measured WSOC.

The on-line methods of the WSOC measurement present many advantages compared to
the off-line, filter based sampling of WSOC. They offer much higher resolution, which
from 24 hours (typical) decreases to a few minutes, allowing for the better understanding
of diurnal variations and of the sensitivity to sources. The positive and negative

sampling artifacts involved in the off line sampling are also avoided.

In this work, we have developed a novel instrumentation for the continuous
measurement of WSOC. The Steam Sampler is based on the Steam-Jet-Aerosol
Collector which has been used for the continuous monitoring of the concentration of the
main soluble inorganic species present in the aerosols. A full description of this

instrument is given in Chapter 2.
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1.3 Motivation and objectives of this thesis

Water is the single most important component of atmospheric aerosols and as a result its
interactions with the major pollutants are extremely important for both climate change
and air quality. The water affinity and hygroscopic properties of organic aerosols are
highly uncertain. While the hygroscopic properties of inorganic PM are well
characterized, organics behavior can range from hydrophobic to quite hydrophilic. The
range of solubilities of organics covers several orders of magnitude (Psichoudaki and
Pandis, 2013). The main goal of this work is to improve our understanding of the

hygroscopic properties of atmospheric particles of different types and sources.

While the term WSOC has been used for almost 20 years, it has only been operationally
defined. One of the objectives of this work is to define the WSOC by taking into account
its chemical composition and the solubility of contributing species. This work examines
the measurement methods of the WSOC and based on the thermodynamic behavior of
the particles and WSOC measurements a new definition of the WSOC is proposed. The
definition is in terms of water solubility rather than in terms of extraction parameters. A

new parameter P is proposed to describe the currently used techniques.

Even if the correct P parameter is applied for the measurement of WSOC, sampling
artifacts like gas-adsorption by the filter media or evaporation of volatile species and
low time-resolution sampling will still interfere. The second objective was thus to
develop and evaluate a simple and cost effective system for the continuous monitoring

of atmospheric WSOC.
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In the last part of this work the hygroscopic properties of particles emitted by different
sources were quantified. The financial crisis in Greece has created atmospheric pollution
problems in many cities due to the use of fireplaces. The hygroscopic properties of urban
aerosols, measured during winter in the center of the capital of Greece, Athens, during
winter were characterized. The approach adopted included combination of the CCN-
activation measurements with detailed chemical composition measurements by an

Aerosol Mass Spectrometer. The results of this work are presented in Chapter 4.

Biogenic VOCs are the most important organic aerosol precursors on a global scale. The
CCN behavior and the water soluble fraction of SOA from the ozonolysis and further
oxidation with OH radicals of the most important monoterpene, a-pinene was therefore

investigated.
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Chapter 2

Atmospheric Aerosol Water Soluble
Organic Carbon Measurement:

A Theoretical Analysis
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2.1 Introduction

Organic particulate matter represents one of the least understood components of
atmospheric aerosols, although it typically represents more than half of the fine (less
than 1 um) particle mass (Facchini et al., 1999; Kanakidou et al., 2005; Sullivan et al.,
2006). Organic aerosol emissions result from a wide range of both natural and
anthropogenic sources, such as biomass burning, combustion of fossil fuels, industrial
emissions, meat cooking operations, cigarette smoking and biogenic emissions (Schauer
et al., 1996; Jacobson et al., 2000; Donahue et al., 2009). Organic compounds can either
be emitted in the gas or the particulate phase. If the saturation concentration of a
compound is low enough, most of it remains in the particulate phase in ambient
conditions and is regarded as Primary Organic Aerosol (POA). On the other hand,
organic compounds with high saturation concentrations remain entirely in the gas phase,
where some of them can be oxidized to form species with lower volatility that can
condense and form secondary organic aerosol (SOA). Semivolatile species move from
phase to phase but also get oxidized forming more polar products (Donahue et al.,

2009).

In general, SOA constituents are more water soluble compared to their precursors and
POA components (Kondo et al., 2007; Kang et al., 2011). Thus, an indicator of whether
organic aerosol is primary or secondary is its water soluble fraction. The Water Soluble
Organic Carbon (WSOC) is considered to be a major fraction of the SOA, presenting
similar seasonal and diurnal variations (Sullivan et al., 2006; Kondo et al., 2007; Zhang
et al., 2007; Miyazaki et al., 2006). Some WSOC components are emitted as primary
particles, especially during biomass combustion, and others are produced as a result of

reactions in the gas and aqueous phases (Miyazaki et al., 2006; Sullivan et al., 2006;
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Kondo et al., 2007). WSOC has been used as a tracer for secondary organic aerosol
(SOA) in the absence of biomass burning (Docherty et al., 2008). WSOC concentrations
measured by a Particle-Into-Liquid Sampler (PILS) have been strongly correlated with
oxygenated organic aerosol (OOA) concentrations estimated from aerosol mass
spectrometry (Kondo et al., 2007). OOA is considered to be water soluble or partially
water soluble and is also regarded as a good approximation of SOA (Miyazaki et al.,

2006; Kondo et al., 2007).

Until the early 90s the water uptake of atmospheric particles was attributed solely to
inorganic species. Saxena et al. (1995) stressed the importance of water soluble
compounds in atmospheric particles and found that organic species can significantly
alter the hygroscopic behavior of particles. Saxena and Hildemann (1996) proposed a list
of compounds that can contribute to the water soluble fraction of the aerosols. At that
time, an effort to quantify the fraction of WSOC in atmospheric samples began, with
Facchini et al. (1999) publishing some of the first WSOC measurements in fog and
interstitial air. The aerosol samples were collected on pre-fired quartz filters and the
carbon content measurement was carried out by a Total Organic Carbon (TOC) analyzer.
Their findings revealed increased concentration of water soluble polar compounds in the
fog samples, compared with the interstitial air. Since then, numerous semiempirical
approaches have been used for the WSOC measurement, mainly based on quartz filter
sampling by a high or low volume sampler followed by TOC analysis, varying the
volume of water used for the compounds’ extraction, duration and technique of

extraction.
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The water soluble organic fraction of aerosols is likely to be composed of compounds
containing mostly oxygenated groups such as -COOH, -COH, -C=0, -COC-, -CNO;,
CONO,, and -CNH; (Sullivan et al., 2004). Although identified species account for a
small fraction of the measured WSOC, aliphatic dicarboxylic acids, sugars, aliphatic
alcohols, aliphatic and aromatic carboxylic acids, polyacids, aldheydes, and ketones are
expected to dominate the water soluble fraction (Facchini et al., 1999; Mayol-Bracero et

al., 2002).

WSOC can account for 40 to 80% of the total organic carbon, depending on the location
and season ((Sullivan et al., 2004; Anderson et al., 2008). WSOC is of major
importance, due to its ability to influence the interactions of aerosols with water and thus
alter the hydroscopicity of atmospheric particles and their ability to act as cloud
condensation nuclei (Saxena et al., 1995). Water-soluble organic compounds in aerosols
can be quite hygroscopic and organic particles therefore can act as CCN (Cruz and
Pandis, 1997). Shulman et al. (1996) have proposed that slightly soluble organic
compounds affect cloud droplet growth by two mechanisms: gradual dissolution in the
growing droplets which affects the critical size, and lowering of surface tension which

decreases critical supersaturation.

WSOC is generally operationally defined, since a variety of different off-line methods
have been developed for its measurement. Given the wide range of solubilities and
ambient concentrations of the organic compounds along with the variability of the
volume of water available for their extraction, different results by different methods are
expected. Research has revealed discrepancies between WSOC concentrations measured

by different techniques, which were attributed to sampling artefacts, differences in
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solution concentrations and incomplete extraction (Sullivan et al., 2004). It is not clear
whether the details of the extraction methods affect the result of the analysis for the
determination of WSOC, what is the solubility range of the compounds extracted by the
common extraction methods and therefore what chemical species are expected to be
measured by these methods. The goal of this work is to develop a theoretical framework
for the interpretation of WSOC measurements. The implications of this work for the

optimization of WSOC measurement methods are also discussed.

2.2 Off-line WSOC measurement

A typical off-line WSOC sampling technique includes sample collection on pre-
combusted quartz fiber filters followed by extraction, filtration and analysis. An amount
of water is used for the extraction of the filter and afterwards the liquid sample is filtered
through a 0.2 or 0.45 pum pore size filter to remove suspended insoluble particles and
filter debris (Facchini et al., 1999; Huang et al., 2006; Hagler et al., 2007; Duval et al.,
2008; Viana et al., 2006; Saarikoski et al., 2007). Filter samples are collected by either
low or high-volume air samplers. Sampling is usually carried out for 24 h, but the
sampling time can range from a few hours to several days. The duration of the extraction
can range from 5 minutes even to 36 hours and soaking, sonication and hand-shaking is
usually applied to promote the extraction (Facchini et al., 1999; Viana et al., 2006;
Saarikoski et al., 2007; Huang et al., 2006; Hagler et al., 2007; Duval et al., 2008). In
most cases, part of the filter is used for the WSOC analysis and the rest of the filter is

used for the measurement of the concentration of other compounds or repetitions.
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2.2.1 ldeal Organic Solution Model

Let us assume first that the organic species in the aerosol particles form a single ideal
organic solution. In this case, each organic compound is assumed to be dissolved in the
organic phase of the particle. If we define as ma(aqg) the mass of compound A from a
sample that will be dissolved in the water in the WSOC measurement, V,, the volume of
water used for the extraction of the filter, the aqueous concentration of A assuming

phase equilibrium will satisfy:

m,(aq) _ XS, (2.1)
VW

where x, is the mole fraction of A in the organic phase and S, its saturation

concentration in the aqueous phase.

Some of the other organic compounds of the aerosol will also dissolve in water. If moa
is the total mass of all the organic compounds collected on the filter and fysoc is the
fraction of the water soluble compounds, the mass of the organics that will remain in the
organic phase of the aerosol will be equal to moa(1-fwsoc). If ma(org) is the mass of
compound A that will remain dissolved in the organic phase, M, its molecular weight
and Moa the average molecular weight of the compounds that remain in the organic

phase then (1) becomes:

m, (org)
m, (@) M,
= S 2.2
Ve T,0010) _ Mg Fue) ¢2)
MA IVIOA

Assuming for simplicity thatM , = M,

mA(aq) — mA(Org) SA (23)
Vw mA (org) + mOA (1_ fWSOC )
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To further simplify the problem, the mass of a single compound in the organic solution
is assumed to be significantly lower than the mass of the organic phase (ma(org) <<

Moa(1-fwsoc)), resulting in:

mA(aq) — mA(Org) A (24)
VW Mo, (l_ fwsoc)
The total mass of the compound A, ma(tot) in both aqueous and organic phases is:
ma(tot)=ma(org)+ma(aq) (2.5)
Combining (4) and (5):
m, (tot) = m, (aq) Vi Sa +Mon (= fusoc) (2.6)
VW SA

The fraction, fa, of the compound A that will dissolve in water, is:

;, —Ma(29) 2.7)

m, (tot)
Combining equations (6) and (7):
VS 2.8)

h VWSA + mOA (1_ fWSOC)

If Q is the air sampling flow rate, At is the total sampling time, and f the fraction of the
filter analyzed, fa can be expressed in terms of atmospheric concentrations, by dividing

by Q-f-4t:
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VW SA
Qf At

fa= (2.9)
V,,S
QV¥ AAt + COA (1_ fWSOC)
Defining parameter P as:
P= Vi (2.10)
Q- f-At
The fraction fa of the compound A extracted in the WSOC, will be:
SaP (2.11)

f =
g SAP+COA(1_ fWSO(:)

The P parameter is expressed in volume of water per volume of air (cm® m™®) and
includes information about the sampling and the WSOC analysis. It practically
represents the availability of water for the extraction of the soluble organic compounds
of aerosols of the sampled volume of air. Table 1 summarizes the values of P for
different WSOC measurement approaches in the literature. P usually ranges from 0.01 to
1 cm® m™® and in many cases is around 0.1 cm® m™. Only in a few cases P exceeds
significantly 1 cm® m™. Higher P values will lead to the extraction of more compounds
and/or higher fractions of WSOC. According to Equation (11), the fraction of compound
A, that will be measured as WSOC, is practically independent of its concentration in the
particulate phase. It depends though on the total concentration of the other organic
compounds not dissolved in the water during the extraction, the solubility of the

compound and the P parameter.

The impact of the P parameter on the results of such WSOC analysis is presented in

Figure 1. The fraction of a compound that will be included in the WSOC is calculated
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for high, medium, and low P values. A high P parameter value of 1 cm® m™ allows the
total extraction (more than 90% of a compound’s mass) of organic species with
solubility exceeding 10 g L™, for typical ambient water insoluble organic aerosol

(WIOA) concentrations of 1 to 10 ug m.
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Figure 2.1: Fraction of a compound that will be extracted in the WSOC, according to
the ideal organic solution model, for three different values of the P parameter: 1 (blue),
0.1 (magenta) and 0.01 cm® m (cyan). The shown range for each P corresponds to water
insoluble organic mass concentration of 1 (left side) to 10 pg m™ (right side of each

shaded area).

Species start contributing partially to the WSOC (more than 10% of their mass) when
their solubility exceeds 10 g L™. Lower values of P lead to the extraction of fewer
compounds and/or lower fraction of their mass. The corresponding solubility thresholds
for total extraction, for the intermediate (0.1 cm® m™) and low (0.01 cm® m™) P values
are approximately 0.1 and 1 g L™ respectively. It is clear from Figure 1 that a change of
P by a factor of 10 can alter the contributing species solubility limit by 10. Also a

change by an order of magnitude on the insoluble organic aerosol concentration will
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have the same impact on the contributing solubility range. On the other hand, such a

change will not have the same effect on the fraction f4 of a specific compound.

Table 1: P parameter calculated for various sampling and extraction methods based on
the fraction of the filter used, f, the sampler’s flow rate, Q, the sampling time, At, and

the volume of water used for the extraction, Vy,.

Q At Vw P parameter

Study P mlmin) () em®  (emPmd)
Duarte et al. (2007) 1 1.13 168 150 0.01
Murasky et al. (2011) 0.25 0.5 96 20 0.03
Sullivan et al. (2011) 0.095 1.13 72 20 0.04
Huang et al. (2006) 0.75 0.03 72 5 0.05
Huang et al. (2006) 0.75 0.03 48 5 0.08
Wang et al. (2005) 0.027 1.1 24 4 0.09
Kumagai et al. (2012) 0.25 0.03 336 15 0.11
Wang et al. (2005) 0.027 1.1 24 5 0.12
Decesari et al. (2001) 0.5 0.05 24 6 0.17
Lietal. (2012) 0.034 1.13 24 10 0.18
Urban et al. (2012) 0.008 1.14 48 4.5 0.18
Yang et al. (2005) 0.056 1.11 12 10 0.22
Ram and Sarin (2011) 0.25 1.1 13 50 0.23
Ram and Sarin 2011) 0.25 1.1 11 50 0.28
Feng et al. (2006) 0.011 1.13 24 5 0.28
Rengarajan et al. (2012) 0.25 1.1 10 50 0.3
Hagler et al. (2007) 0.407 0.02 80 10 0.31
Kudo et al. (2012) 0.25 0.04 23 5 0.36
Pathak et al. (2011) 1 0.02 24 10 0.42
Viana, et al. (2006) 0.008 0.5 24 5 0.82
Kudo et al. (2012) 0.25 0.02 23 5 0.87
Salma et al. (2007) 0.024 0.31 12 5 0.92
Wozniak et al. (2012) 0.082 1.7 24 200 0.99
Zhang et al. (2012) 1 0.02 24 30 1.25
Urban et al. (2012) 0.008 1.14 6.5 4.5 1.3
Ruellan and Cachier (2001) 1 0.04 3 10 1.33
Prieto-Blanco et al. (2010) 0.125 0.04 24 10 1.45
Duvall et al. (2008) 0.38 0.02 23 16 1.83
Wozniak et al. (2012) 0.082 0.8 24 200 2.1
Saarikoski et al. (2007) 0.058 0.024 72 15 2.46
Cheng et al. (2011) 1 0.007 24 40 4.15
Mandalakis et al. (2011) 0.003 0.5 24 10 4.65
Park et al. (2012) 1 0.017 6 40 6.65
Saarikoski et al. 2007) 0.058 0.024 24 15 7.38
Ruellan and Cachier (2001) 1 0.04 0.5 10 8
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Regarding for example, a compound with a solubility of 102 g L™, by increasing the
concentration of WIOA from 1 to 10 pg m™, its fraction will decrease from almost 60%
to 10%. For WIOA=1ug m?, a change of P from 0.1 to 1 cm® m™ will increase the

contribution of the compound from 60% to 90%.

Figure 2.2 presents the aqueous solubility range of various chemical groups of organic

species that can be found in atmospheric aerosols.

Ideal
Organic Solution P=1
Model P =04

phenols

mono-, di-, cyclic acids

PAHs sugars
HULIS
large alkanes amines
10° 10" 10° 10° 10* 10° 107 1 10" 10° 10" 10° 10’
Solubility (g L
Independent | yelo P=0.01
Compounds
Model P=01
P=1

Figure 2.2: Solubility ranges of various organic compound classes found in atmospheric
aerosols and predicted solubility range for full extraction of a compound by the ideal
organic solution model and independent compounds model, for different P parameter
values. The lines above and below indicate the solubility limit above which all species

are fully extracted for typical organic aerosol concentrations.

When the P parameter of the method applied is 1 cm® m™, sugars, acids, alcohols,

phenols, humic and fulvic-like substances (HULIS and FULIS respectively), amines,
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and other highly water soluble compounds, such as poly-conjugated species, will be
included in the measured WSOC. Some polycyclic aromatic compounds such as pyrene
and fluoranthene will also contribute partially to the WSOC. Extraction methods with P
values close to 0.1 cm® m™? include in the WSOC all the above soluble species but
cannot extract any PAHs. Low P value methods which use low volumes of water for the
extraction of large areas of probably “over-loaded’ filters, tend to exclude organic

species from the WSOC.

In the case of P equal to 0.01 cm® m™, sugars, HULIS and amines will be included in the
WSOC, while some other highly water soluble species, like specific acids (e.g. succinic
or suberic acid) and phenols, will only partially contribute to the WSOC. These results
are based on no assumptions on Kinetics limitations or matrix effect, regarding the
dilution of the less soluble compounds. Kinetics limitations have been observed in soil
systems, however it is not known how similar this system can be compared with the

aerosols (Cornelissen et al., 1998).

Without the assumption that the average molecular weight of the WSOC compounds is
not equal to the average organic compounds’ molecular weight, and an equation between
these two is: Ma=aMoa, then equation 11 is transformed:

S,P

f, = (12)
* SAP+aCq, (L fisoc)

The predictions of the model can be different in some cases, e.g. when the compound A
is HULIS, which have been found to have molecular weights between 40-500 more or

less (Graber and Rudich, 2006). In this case, the « factor can reach 10 and the
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corresponding fraction fa will be affected as if the P parameter or the solubility would

decrease by one order of magnitude.

If the mass of compound A is not significantly lower than the total mass of the rest of
the organic species in the remaining organic solution, the result is a quadratic algebraic

equation. The mass of the compound A in the aqueous phase is thus given by:

M, (aq) = %{mA (108) 4V}, S + My (1 Fysoe ) [ (M (108) 4V}, S + Mgy (L Ty ) 4, 101V, S ]”2}
(13)

The fraction of the compound that will be extracted in the WSOC can be obtained by

dividing by ma(tot):

1/2

[ MA(t0D) +V4 S + Moy (1 fusec) - [(mA (tOt) VS + Mg, (L= fisoc) ) —4m, (tOE)V,, s}

14
A 2m, (tot) (14)

The fraction of the compound A that will be part of the WSOC in this case depends on

its ambient concentration as well.

For typical aerosol concentrations, we can now classify organic species into three

categories, based on the extent of their contribution (or lack of) to the WSOC.

Class I: Regardless of the sampling and extraction method and WIOA ambient
concentration, compounds the solubility of which exceeds 10 g L™ will be measured
(more than 90% of their mass) as WSOC. Sugars, many phenols, alcohols, amines, acids

and part of HULIS are members of this class.
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Class Il: Depending on the P parameter and on the concentration of the WIOA, species
which fall within the solubility range between 10 and 10 g L™, will be at least partially
included in the WSOC. The extent of the contribution of the members of this class
depends on their solubility, the total ambient concentration of the insoluble organic
species and the P parameter. Some phenols, acids (with more than 6-8 carbon atoms),
aromatic species and part of HULIS fall within this class. If the concentrations of these
intermediate solubility compounds are high, then significant differences between

different WSOC measurement methods will exist.

Class Ill: Regardless of the sampling and extraction method and of the WIOA
concentration, compounds with solubility lower than 10 g L™ will not be extracted (less
than 10% of their mass) in the WSOC. Most polycyclic aromatic hydrocarbons and

alkanes with more than 8 carbon atoms are members of this class.

For significantly elevated WIOA concentrations (>100 pug m™), relevant for source
sampling, the high total WIOA content of the samples prevents the extraction of various
compounds into water, according to Equation 11. Figure 3 depicts the fraction of a
single compound that can be extracted in the WSOC for an intermediate value of P=0.1
cm® m™ as a function of the WIOA. For a total WIOA concentration of 100 pg m>,
species with solubility that exceeds 10 g L™ will be measured (>90% of their mass) as
WSOC. Species with lower solubility, from 0.1 to 10 g L™, which is actually the
solubility range of most mono- and di-acids with less than 10 carbon atoms, will
contribute only partially to the WSOC in this case. Species with solubility less than 0.1 g
L™ will be practically excluded (contribute with <10% of their mass) from the WSOC.

For even higher WIOA concentrations of 1 mg m™, these thresholds are shifted higher
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by one order of magnitude. In this case, even highly water soluble small mono- and di-
acids, (see Table 2) are only partially contributing to the WSOC, while species with
solubility less than 1 g L™ will not contribute significantly. Consequently, WSOC
measurements under high organic concentration loadings often used during source

sampling will tend to give low WSOC values unless higher P values are used.
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Figure 2.3: Fraction of a compound that will be extracted in the WSOC, for an
intermediate P parameter value (0.1 cm® m™) for typical (1, 10 ug m™) and elevated
(100, 1000 pug m™®) concentrations of total water insoluble organic aerosol concentrations
(WIOA).

2.2.2 Independent Compounds Model

The above analysis has been based on the hypothesis that the organic components in the
aerosol form an ideal organic solution. In the other extreme it may be assumed that the
dissolution of a single compound is not affected by the presence of the other

components. It was also assumed that the aqueous solutions past the extraction will be

33



sufficiently dilute. This approach will be referred to as the independent compounds

model.

The mass mp of the organic compound A that can be dissolved during the extraction

(assuming that the system reaches equilibrium), will be equal to V,, -S, and ma(tot) in

this case will be equal to C,- f -Q-At. Now the fraction of A in the aqueous phase is

given by:
- % (for fa<1) (2.14)
A

or using the P parameter from equation (10):

f,=— (for fa<l) (2.15)

The independent compounds model predicts that the water soluble fraction of A is
proportional to the P parameter and the solubility of the compound, Sa and inversely
proportional to its ambient concentration, Ca. When the numerator exceeds the
denominator in Equation (15) then fa is equal to unity. This case corresponds to high
availability of water for the extraction of the specific compound, complete dissolution
and 100% contribution of the compound to the WSOC. Figure 4a depicts the water
soluble fraction of a compound, as a function of its solubility, for different ambient
concentrations, as predicted by the independent compounds model, for P=0.01 cm® m.
Despite the low P parameter value, the model predicts that organics with solubility
higher than 102 g L™ always contribute to the WSOC more than 90% of their mass,
regardless of their ambient concentration, while species with solubility less than 10 g

L™ do not contribute significantly. Alkanes are practically excluded from the WSOC in
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this case, while some relatively water soluble PAHSs, like pyrene, phenanthrene and
fluoranthene (Table 1) can contribute a significant fraction of their mass or even all of it
to the WSOC, depending on their ambient concentration. Organic acids, sugars, phenols,
amines, HULIS and other polyconjugated organic species can dominate the WSOC

composition in this case.

As P increases the corresponding curves for the intermediate (Figure 4b) and higher P
parameter values (Figure 4c) shift to the left. The P value of 0.1 cm® m™ permits species
with solubility that exceeds 10° g L™ to contribute partially and species with solubility
that exceeds 10° g L™ to contribute totally to the WSOC, regardless of their ambient
concentration. Species that have 10 ng m™ concentrations in the atmosphere and a
solubility that exceeds the value of 10° g L™ have at least 10% participation in the
WSOC, which can reach 100% if their solubility exceeds 10* g L™. Such compounds
include acids, sugars, phenols, HULIS and amines, but also anthracene, retene,
benzo[a]anthracene, pyrene, triphenylene, etc., depending on the solubility and

concentration combination of the species.

The high P parameter value of 1 cm® m™ leads to the extraction of organics with even
lower water solubility. Species with solubility more than 10”7 g L™ contribute to the
WSOC more than 10%, if their atmospheric concentration is 1 ng m™. Species that have
an atmospheric concentration of 10 ng m™ can contribute practically all their mass when
their solubility is higher than 10®° g L™ Thus, the elevated P value allows almost all
polycyclic aromatic compounds, present in the OA and regarded as water-insoluble, to

be included partially or fully, depending on their solubilities and ambient concentrations.
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Small or even long-chained alkanes, from decane to even hexacosane, will also be

measured as WSOC.
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Figure 2.4: Water soluble fraction of a compound as a function of its solubility and
ambient concentration, as predicted by the ideal compounds model: (a) for low, (b)

intermediate and (c) high value of P.
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Table 2. Solubilities of various organic compounds present in

aerosols, at 25°C.

Compound — Chemical Solubility  Solubility

Abbreviation Formula (gL Reference
Sugars
mannose CeH1206 2500 a
sucrose C12H1109, 2000 a
levoglucosan CsH100s 1000 estimated
glucose CeH1206 909 a
fructose CsH1206 407 a
lactose C1oH1102, 200 a
maltose C1oH1109 93 a
Acids
glutaric CsHgO4 1160 b
malonic C3H404 1161 b
citric CeHgO7 750 b
oxalic C,H,04 120 b
succinic C4HgO4 88 b
adipic CeH1004 25 b
L-aspartic C4H;NO4 5 c
benzoic acid C-/Hs0O, 2.1 d
suberic CgH140.4 2.4 c
azelaic CoH1604 1.8 d
decanoic C10H200- 0.15 d
palmitic C1H3,0, 7.210° d
Phenols
catechol CsHsO2 450 d
phenol CsHsO 82 d
o-cresol C/HgO 32 d
2,4,6 trinitrophenol CsH3N307 13 d
pentachlorophenol CsHCIsO 0.021 d
Polycyclic Aromatic
Hydrocarbons, PAHs
naphthalene CioHs 0.031 e
acenaphthene CioH1o 1.510° d
phenanthrene CuH1o 1.3 10° f
fluoranthene CisH1o 2.610" d
pyrene CisH1o 1.310* d
anthracene CiaH1o 45107 d
anthracene CusH1o 45107 d
chrysene CisH12 2.010°® e
perylene CaoH1o 40107 d
benzo [ghi] perylene CaoH1z 3.0107 f
coronene CaosH12 1.0 107 e
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Alkanes

cyclohexane CeH12 0.058 d
hexane CeHus 9.810° d
n-heptane C7H1s 2.410° d
octane CgHasg 7.310™ d
decane CioH22 15107 d
octadecane CigH3s 6 10° d
docosane CooHus 610 d
tetracosane CaaHso 410° d
HULIS 5-20 g

# Rosenorn et al. (2006)

® Saxena and Hildemann (1996)

¢ Huff Hartz et al. (1996)

¢ CRC Handbook of Chemistry and Physics 90™ edition (2010)
¢ Seinfeld and Pandis (1996)

"Pio et al. (2000)

9 Salma et al. (2008)

Even for the case of long-chained alkanes, which are traditionally regarded as insoluble
in water, the high P parameter applied could allow them to contribute to the WSOC.
Octadecane and docosane, which have similar solubilities of approximately 6x10° g L™,
can contribute more than half of their mass to the WSOC, for atmospheric
concentrations of 10 ng m™. Their fraction in the WSOC will be lower for higher
ambient concentrations, according to the independent compounds model. Using a low P
of 0.01 cm® m™ a wide range of polycyclic aromatic species with solubilities that exceed
10° g L™ are also included in the WSOC. High P parameter value of 1 cm® m™ can lead
to the extraction of an even wider range of PAHs (those with solubility higher than 10
g L™ as well as various long-chained alkanes containing up to 30 or even 40 carbon
atoms. Based on the above, we can now classify organic compounds into three main

categories, regarding their contribution to the WSOC fraction:
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Class | (Sa > 102 g L™): 100% of the compound mass will be included in the WSOC,
regardless of the P parameter and their ambient concentration, since the typical
concentration of a single compound in ambient organic aerosol rarely exceeds 100 ng
m™. Levoglucosan could be an exception, as it has been identified as the most abundant
water-soluble compound measured in aerosols emitted by biomass burning (Nolte et al.,
2001; Mochida and Kawamura, 2004). Its high expected solubility, however, allows

levoglucosan to fall within this class, even if its concentration exceeds 1 ug m,

Class I (107 g L < Sp <102 g L™): The water soluble fraction of a compound in this
case depends on the total ambient concentration of the compound, the P parameter and
its solubility as well. Increasing the solubility or the P parameter leads to the increase of
the contribution of the compound in the WSOC, while increase of its ambient

concentration leads to the decrease of its corresponding fraction in the WSOC.

Class 111 (S < 107 g L™): Species in this category are never present in the WSOC.

According to the hypothesis of non-interacting compounds in the aerosol, the fraction of
the organic species extracted in the WSOC depends on their atmospheric concentration.
According to Figure 4, an organic species can have a significant contribution (more than
90% of its mass) to the WSOC (thus referring to compounds with atmospheric
concentrations higher than 1 ng m™) if its solubility is above a threshold. This threshold
solubility in the case of the low P parameter value is near 10 g L™, for the intermediate

Pof0.1is10°gL"and is 10° g L™ for the value of 1 cm® m?,
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2.3 Synthesis of the Results

The independent compounds and the ideal organic solution models are two rather
extreme cases, with the truth lying probably between them. Regardless of the P value
and the atmospheric concentrations of the other organic species, compounds with
solubilities higher than 102 g L™ will always be included in the WSOC with more than
90% of their mass, according to the independent compounds model. The corresponding
threshold solubility according to the ideal organic solution model is 10 g L™. Thus, the
value of 10 g L™ is a robust threshold for participation in the measured WSOC (Figure
2) and such species can be treated as water soluble. In the other end, the lower
corresponding solubility threshold is 107 g L™ for the independent compounds model
and 10 g L™ for the ideal organic solution model. Such species can be treated as water
insoluble. This unfortunately leaves a wide range of 107 to 10 g L™ of compound
solubilities where their behavior in the WSOC measurements will depend on their
interactions with the other organic species, their atmospheric concentrations, and the

measurement protocol.

The existence of highly soluble organic species in the WSOC, such as small mono, di
and polyacids, such as citric, oxalic, adipic, glutaric, maleic or succinic acid is predicted
by both the independent compounds and the ideal solution models under normal
atmospheric concentrations. Sugars are expected as well to be included in the WSOC
due to their high solubility. Amines, along with various phenols, such as cresols and
catechol are also predicted to be part of the WSOC by both models. Furthermore,
species like keto-carboxylic acids and other multifunctional compounds will probably be
included in the WSOC. Humic and fulvic acids, which are considered to be natural

acidic organic polymers, are in the solubility range where they will be mostly part of the
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WSOC. The quantitative extraction of HULIS and FULIS can be assured by the use of
intermediate or high P parameter value. Although the water solubility of highly oxidized
compounds, such as hydroxyacids or deoxysugars, is in most cases unknown, such
species are expected to possess a high enough solubility in water (> 10 g L™), due to the
high extent of their oxidation and to their polarity and they participate in the WSOC

fraction. Both models predict the participation of the above species in the WSOC.

On the other hand, species like the large PAHSs, coronene, perylene and benzoperylene
that have solubilities of the order of 107 g L™ can be considered as water insoluble from
the WSOC measurement point of view. The concentrations of long-chained alkanes
(more than 10 carbon atoms) tend to decrease with increasing carbon number (Yang et
al.,, 2005; Xingru et al., 2009). As a result their solubility does not allow their

participation in the WSOC under all conditions.

A number of species with significantly high ambient concentrations (like fluoranthene,
benzoanthracene, and benzoperylene) have solubilities in the intermediate range from
10 to 102 g L™. In this range, the independent compounds model predicts even 100%
extraction of various PAHs (e.g., fluoranthene or pyrene) for intermediate and high P

values), while the ideal organic solution model less than 10%.

The ideal organic solution model also predicts that a wide range of long chained acids,
with more than 10 carbon atoms will contribute significantly to the WSOC, if P>0.1 cm®
m. Along with long chained acids, some polycyclic aromatic compounds, such as
phenanthrene or acenaphthene can also be found in the water soluble fraction, since

these compounds’ solubilities allow them to be extracted according to the ideal organic
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solution model. The independent compounds model predicts that these compounds are

fully contributing to the WSOC.

2.4 Application to Ambient Measurements

The experimental efforts to chemically characterize the water soluble fraction of
aerosols have all concluded that acidic compounds are a major fraction of WSOC.
Mayol-Bracero et al. (2002) using HPLC-UV and GC/MS found that half of the WSOC
measured in Amazonia was composed of monoacids, diacids, hydroxyacids, oxoacids
and polyacidic compounds. Around 20% of the WSOC that was not retained in the
HPLC column was characterized as neutral and was composed of anhydrosugars, sugars,
sugar alcohols and neutral aromatics, while the rest was unaccounted. Decesari et al.
(2001) analyzed the WSOC in the polluted Po Valley in Italy, by means of HPLC and
H-NMR and again found that 87% of the WSOC consisted of acidic and neutral
compounds. In another paper, Decesari et al. (2000) using IR and FTIR spectroscopy,
UV spectroscopy, fluorescence, H-NMR found that 77% of the water soluble
compounds in aerosol and fog samples were mono and di-acidic compounds,
neutral/basic and polyacidic. NMR spectra also revealed interesting information about
the structure of the compounds. A very low content of aromatic protons was found in the
neutral/basic class, suggesting that these compounds can be mainly hydroxylated or
alkoxylated aliphatic species, like alcohols and ethers. In addition, the relative
abundance of H-C-O protons compared to the unsubstituted H-C protons is indicative of
the presence of polyols, like deoxy-sugars, rather than aliphatic monoalcohols. Mono
and dicarboxylic acids were found to be the most abundant compounds in the WSOC
and aliphatic carboxylic acids, along with hydroxycarboxylic acids were dominant

among acids. Furthermore, a HULIS standard was tested and appeared to have a
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chromatographic behavior similar to the polyacidic fraction, suggesting the presence of
macromolecular humic-like organic compounds. Krivacsy et al. (2001) reported that
50% of the WSOC in Jungfraujoch, Switzerland, separated by a two-step solid phase
extraction (SPE), consisted of highly conjugated weak polyacids (humic-like
substances), slightly polyconjugated, very hydrophilic and neutral compounds. Kiss et
al. (2002) also employed SPE to separate WSOC collected at a rural site in Hungary into
moderately hydrophilic and strongly hydrophilic and found that the more hydrophilic
fraction is composed of small carboxylic acids, hydroxy-acids and polyhydroxy-acids
and lacked polyconjugated structures. Sullivan et al.® reported the existence of a
hydrophobic fraction in the WSOC along with the hydrophilic. The former consisted
mainly of monocarboxylic and dicarboxylic acids with more than 4 or 5 carbons,
aromatic-containing compounds, phenols, cyclic acids and humic-like substances, while
the latter included saccharides, amines, carbonyls and small acids with less than 3-4
carbon atoms. The measurement in this case was performed by PILS, which normally

uses high P parameter values.

In summary, the experimental findings agree that the WSOC fraction can be composed
of acids (mono-, di- and poly-acids), HULIS, polyols, like sugars, phenols and
polyconjugated species. Since there is no ability to distinguish single aromatic rings
from polycyclic aromatics, the NMR aromatic protons’ spectra imply the presence of
polycyclic compounds in the WSOC extracts. In general, the solubility of these species
exceed 10° g L™ The extraction of such species is predicted by the ideal organic
solution model for the intermediate P parameter value, which predicts the extraction in
the WSOC of the previously mentioned species, possibly along with a few PAHs of

relatively high solubility (anthracene, phenanthrene, acenaphthene). Thus, the previously
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described experimental findings combined with Figure 2, lead us to conclude that the

ideal organic solution model predictions are closer to reality.

For typical organic aerosol concentrations, the intermediate P value of 0.1 cm® m?
appears to be more suitable for the full extraction of the soluble species expected in the
WSOC. The species fully extracted by this value have solubility more than 0.1 g L™ and
include species found in primary biomass burning emissions (e.g., sugars) and in
oxidized secondary aerosol (e.g., acids). HOA-like compounds, such as aromatic species
and alkanes are excluded. Higher P values would lead to the extraction of more HOA

while lower values would exclude various acids.

A number of studies have provided support of the existence of one or two organic
phases in ambient particles. Donahue et al. (2011) based on a two-dimensioned
volatility-basis set (VBS) proposed that, when the background aerosol is mostly
hydrocarbon-like (HOA) or particles from biomass burning (BBOA) and thus not very
oxidized, then primary organic emissions can mix well with the organic aerosol and
form one organic phase. On the other hand, when the background aerosol is highly
oxygenated, non-polar reduced primary emissions will have a hard time mixing with this
background aerosol and instead will tend to phase separate and form two organic phases,
a polar and a non-polar one. Zuend et al. (2010) confirmed the above findings, asserting
that the total Gibbs free energy of the system is minimized in the case of the formation
of two phases instead of one. If the organic phase would consist of hydrophobic,
hydrocarbon-like organics and highly oxidized, hydrophilic organics, a further phase
separation of the organic phase into a low-O:C phase and a high-O:C phase could

become stable according to Zuend and Seinfeld (2012). Smog chamber experiments also
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confirmed the hypothesis that “like mixes well with like”. Asa-Awuku et al. (2009) and
Song et al. found that primary emissions of motor oil or diesel fuel and biogenic
secondary organic aerosol form two distinct organic phases when mixed. Also, studies
on the aqueous solubility of hydrocarbon mixtures support the formation of two phases
rather than one in hydrophobic-hydrophilic systems, suggest the limitation of a
compound’s solubility by the presence of other molecules and confirm the validity of the
organic solution model (Banergee, 1984; De Hemptine et al., 1998). The ideal organic
solution model assumes that all organic aerosol species form one organic phase. In the
case of formation of two different organic phases, the Coa(1-fwsoc) in Equation (11)
should be replaced by the amount of the corresponding phase that does not dissolve in
the water. The changes that this will cause to the above discussion should be in most

cases within a factor of two and will not change drastically the above picture.

2.5 Conclusions

The measurement of Water Soluble Organic Carbon (WSOC) in atmospheric aerosol is
usually carried out by sample collection on filters, extraction in ultrapure water,
filtration, and measurement of the total organic carbon. In this work, the role of different
conditions of sampling and extraction as well as the range of solubilities of the organic
compounds that contribute to the WSOC were investigated. The sampling and extraction
of WSOC can be described by a single parameter, P, expressing the ratio of water used
per volume of air sampled on the analyzed filter. Two cases are examined in order to
bound the range of interactions of the various organic aerosol components with each
other. In the first we assume that that the organic species form an ideal solution in the
particle and in the second that the extraction of a single compound is independent of the

presence of the other organics. The ideal organic solution model predicts that species
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with water solubility as low as 10 g L™ contribute to the measured WSOC. In the other
end, the independent compounds model predicts that low-solubility (as low as 107 g L™)
compounds are part of the WSOC. Studies of the WSOC composition are consistent
with the predictions of the ideal organic solution model. A value of P=0.1 cm® m™ is
proposed for the extraction of WSOC in typical organic aerosol concentrations (1-10 ug
m™) while higher P values should be applied in case of heavier organic aerosol loadings

(100-1000 pug m).
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Chapter 3

Development of a method for the
continuous measurement of the Water

Soluble Organic Carbon (WSOC) of

atmospheric aerosols
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3.1 Introduction

The organic fraction of atmospheric aerosols comprises a complex mixture of probably
thousands of chemical compounds. The complex chemical nature and the very low
concentrations of most individual organics do not allow their full chemical speciation.
Thus the classification of organic species into groups is essential for their

characterization and description of their properties.

The water soluble organic carbon (WSOC) is an operationally defined term used to
describe a water soluble class of organic aerosol components. WSOC can account for
the major fraction of the total organic content of the aerosols, ranging from 40 to 80%
(Anderson et al., 2008). WSOC compounds are formed in the atmosphere by oxidation
reactions of less soluble species, which in general lead to the formation of species with
higher aqueous solubility (Sullivan et al., 2006; Kondo et al., 2007; Miyazaki et al.,
2006). However, WSOC compounds are also emitted during biomass burning. Thus the

sources of WSOC are both biogenic and anthropogenic.

The measurement of WSOC has been traditionally carried out by filter sampling, which
includes sample collection on quartz fiber filters, extraction of the soluble fraction,
filtration and analysis of the total organic carbon with a TOC analyzer (Psichoudaki and
Pandis, 2013). Sampling duration is usually 24 hours, but can vary from a few hours to
several days. Although the filter-based non-continuous methods are widely used for the
measurement of WSOC, they exhibit several disadvantages. The preparation and
analysis of the filters require significant effort, thus limiting the frequency of the
measurements. Sampling artifacts can also occur, due to semi-volatile organic species

which may evaporate from the filter and so will not be accounted in the measurement.
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Positive artifacts can also take place because of the ability of the quartz fiber filters to
absorb gas-phase species or due to absorption of organic gases by the particles collected

on the filter (Sullivan et al., 2004).

A number of on-line methods have gained ground lately. In 1995 a system for
continuous water soluble inorganic aerosol composition measurements was developed in
the Netherlands Energy Research Foundation by Khlystov et al. (1995) for the collection
of the water soluble inorganic species. The system was equipped with two cyclones in
series made of high density polyethylene. The Steam Jet Aerosol Collector (SJAC) was
coupled with an anion and a cation chromatograph for the measurement of the water

soluble inorganic ions.

The Particle-Into-Liquid Sampler (PILS) developed in Georgia Institute of Technology,
was also initially designed for the continuous measurement of the major water soluble
inorganic ionic components of the aerosols (Weber et al., 2001) in combination with ion
chromatography. This instrument coupled with a TOC analyzer was used for the
continuous measurement of WSOC and is now commercially available (Sullivan et al.,
2004). PILS uses water vapor that condenses on the sampled aerosol thus leading to the
formation of droplets. The droplets are driven to an impactor and then are collected with
the help of additional water flowing though the instrument. The instrument has been
found to measure higher water soluble fractions of organic aerosol compared with filter
measurements, probably due to the high P parameter applied in this instrument (Sullivan

et al., 2004; Psichoudaki and Pandis, 2013).
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In the present work, the initial design of the SJAC for the continuous measurement of
WSOC combined with a TOC analyzer (Steam Sampler-TOC) was modified. The design
of the system did not include an impactor plate as the PILS, limiting particle losses
inside the system. This may allow the extension of its use for the alternative
measurement of WSOC and the total organic carbon (OC) and to the achievement of
continuous monitoring of the water soluble fraction of the organic aerosols. The design
of PILS does not allow OC measurements because insoluble particles may stick to the
impactor leading to serious OC underestimation (Peltier et al., 2007). The step by step
development and the evaluation of the system’s performance will be presented in the

following sections.

3.2.1 Description of SJAC

The initial design of the SJAC allowed the measurement of the major water soluble
inorganic ions, including sulfate, nitrate, ammonium, sodium, potassium, magnesium
and chloride, in combination with a pair of anion and cation chromatographs. The main
components of this original version of the instrument are shown in the schematic
diagram shown in Figure 3.1. SJAC consists of a steam generator, a mixing reservoir
made of glass, two glass cyclones in series, two peristaltic pumps, a condenser and an air
pump. The sampled air mixes with steam in the mixing reservoir, forming droplets. The
liquid sample is then driven to the cyclones from where it is directed to a test tube with a
peristaltic pump. The excess steam condenses in the condenser and the water is removed
from the system by a peristaltic pump. SJAC uses a three-neck flask containing ultrapure
water placed on an electric heating mantle, which heats the water to boiling. A peristaltic

pump continuously provides the flask with ultrapure water.
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Figure 3.1: Schematic of the steam Jet Aerosol Collector used for the measurement of

inorganic PM components (Kostenidou, 2010).

The air stream containing the aerosols rapidly mixes in the mixing reservoir with the
steam coming from the steam generator. The resulting supersaturation causes aerosol
particles to grow into droplets of at least 1 um diameter, containing the dissolved aerosol
components (Khlystov et al., 1995). The resulting solution is collected by the two
cyclones, from where it is constantly pumped out by a peristaltic pump and led to a test
tube and to an anion and/or cation chromatograph. The steam produced in the flask is led

to the top of the mixing reservoir through a narrow tube (Figure 3.2).

The steam exits the narrow tube (operating as an orifice) as a strong jet which causes
turbulence inside the reservoir. The resulting turbulence promotes the fast mixing of the
air stream with the steam and as a result, air is supersaturated before most of the vapor
condenses onto the reservoir walls. There is a competition between condensation on the

aerosol particles’ surface and condensation on the walls. Approximately 50% of the
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water vapor condenses on the walls of the mixing chamber (Khlystov et al., 1995). For
3-4 g of water injected per minute mixing with an air stream with a flow rate of 22.5 L
min™, the resulting supersaturation is estimated to be 200-250%. However, calculations
show that even if a 10% supersaturation is achieved, the residence time inside the
mixing chamber (around 0.1 s) allows particles with diameter more than 20 nm to grow
and form droplets. As a result the system can collect practically all hygroscopic aerosol

particles in the sampled air (Khlystov et al., 1995).
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Figure 3.2: Main parts of the SJAC: A mixing reservoir where air mixes with steam,

two cyclones to collect the liquid sample and a condenser to remove excess steam.

3.2.2 Modifications of the SJAC to measure WSOC

Our goal was to use the SJAC for the collection of the water soluble organic components
of the aerosols and measure continuously the WSOC of atmospheric aerosols using a
total organic carbon analyzer. The initial design of the SJAC was inappropriate for the
collection of the WSOC due to contamination from various materials present in the
system. The tubing of the peristaltic pumps, flange joints of the flask and other plastic

connectors resulted in high (> 2 ppm) and unstable TOC concentrations.
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In the new version of the Steam Sampler-TOC developed here the steam generation
system has been replaced by a 120 cm long spiral tube of 10 mm diameter in vertical
orientation, all covered by heating tape (Figure 3.3). Ultrapure water is continuously
provided to this water evaporation tube, using two piston pumps providing the mixing
chamber with a continuous steam flow. Each piston pump is equipped with a 5 mL glass
syringe and a piston made of Teflon and continuously dispenses a programmed volume
of water. The two piston pumps operate in a coordinated way so that the produced steam
has a steady flow rate. An example of the stability of the sample’s production flow rate

is shown in Figure 3.4,
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Figure 3.3: Schematic of the modified Steam Jet Aerosol Collector (Steam Sampler-

TOC) developed for the WSOC measurement.

A volatile organic compound (VOC) denuder has also been added at the inlet, in order to
collect the gas-phase WSOC and allow only the measurement of the particulate WSOC

content.
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Figure 3.4: Total volume of sample flow as a function of time for the modified SJAC.

3.3 Total Organic Carbon Measurement

A commonly used instrument for the continuous measurement of the total organic
carbon (TOC) is the Sievers GE TOC analyzer which offers the capability for fast on-
line measurements (4 min or 4 sec in turbo mode) of the TOC content of an aqueous
solution. The main parts of the instrument and the paths that the sample follows in the

instrument are shown in Figure 3.5.

During the on-line operation of the instrument the sample is introduced in the analyzer
via a sipper tube. After the sample introduction, a 6 M H3PO, solution is injected into
the sample in order to reduce the sample’s pH to 2. The acidified sample is then
combined with a 15% (NH,4)2S,0s (ammonium persulfate) solution to promote the
oxidation of the organic species present in the sample and the sample travels through a

mixing coil and into a stream splitter.
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Figure 3.5: Schematic of the Sievers Total Organic Carbon Analyzer.

At the stream splitter, the sample is divided in two streams: One stream is used for the
determination of the inorganic carbon content (IC) and the second for the measurement
of the total carbon content (TC). The TC stream then enters the oxidation reactor, which
is a spiral quartz tube wrapped around a UV lamp. The sample is thus exposed to UV
light from the lamp emitting in two different wavelengths, 185 and 254 nm, resulting in

complete reaction of the organic species (RH) to CO:

H,0 + hv (185 nm) > ‘OH + H' (3.1)
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S,08% + hv (254 nm) > 2 S04~ (3.2)
S04~ + H,0 > HSO, + ‘OH (3.3)

RH+ OH ->...-> CO, + H,0O (3.4)

Both the water content of the sample and the persulfate ions promote the production of
hydroxyl radicals, converting the carbon of the organic compounds to CO,. For low
TOC concentrations (< 1 ppm) the complete oxidation of the organic compounds can be

achieved using only the hydroxyl radicals produced from the photolysis of H,O.

While the TC stream is oxidized in the oxidation reactor, the IC stream passes through a
delay coil, in order to have the same transit time with the TC stream through the
analyzer. Afterwards, each stream is led to its respective CO, transfer module (Figure
3.6). The CO, module is a CO; selective gas-permeable membrane, which separates the
sample side from a deionized (DI) water side and allows the transfer of CO, from the

one side of the membrane to the other.

The DI water side is a closed loop consisting of two conductivity cells, one for the TC
and one for the IC stream, a DI H,O pump, a DI H,O reservoir and an ion exchange
resin bed. CO, from the sample side passes through the gas-permeable membrane into
the DI water side, while the interfering compounds and oxidation by-products remain in

the sample side.
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Figure 3.6: Schematic representation of the CO, transfer module.

The CO; can now form carbonic acid which rapidly dissociates to hydrogen ions and

bicarbonate ions, according to:

CO; + H,O & H,CO; & H + HCO3 (35)

The reason of the initial acidification of the sample to pH values below 2 is because at
this pH carbonic acid’s dissociation is negligible (Figure 3.7). Bicarbonate and carbonate
ion fractions are close to zero for pH below 2 and the dominant species is undissociated
carbonic acid. In this way it is assured that no CO, produced by the oxidation of the
organic species of the sample will dissociate in the acidified sample side. The produced
CO, can then pass through the membrane to the DI side with neutral pH. There it will
form carbonic acid which will dissociate to H* and HCOs. DI water which is
continuously pumped through the DI side collects the H" and HCOj3 ions from the CO,
transfer modules, delivering them to each cell for measurement of the respective
conductivity. The conductivity cells contain a thermistor so that all conductivity

readings are temperature corrected.

63



-
.-

0.81
_5 0.64
©
o
w 0.4l
0.21
0
b t t t t t t i
0 2 4 6 8 10 12 14
pH

Figure 3.7: Fraction of the chemical forms of carbonic acid in water equilibrium
depending on the pH. In low pH carbonic acid dominates while in pH>6 the HCO3™ and

CO3? ions are dominant.

Finally, the conductivity readings of the TC and IC stream caused by the CO, present in
each stream are converted to carbon concentration using calibration curves and the TOC

is calculated as the difference of IC concentration from the corresponding value of TC.

3.4. Evaluation — Sampling efficiency

In order to evaluate the sampling efficiency of the redesigned Steam Sampler the setup
of Figure 3.8 was used. A 0.01 g L™ sucrose solution was prepared and was used into a
syringe pump. The syringe pump provided the atomizer with a steady flow of the
sucrose solution. In the atomizer compressed air expands through an orifice, forming a
high-velocity jet in the atomizing section. There it meets with the liquid, leading to the

formation of solute droplets.
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Figure 3.8: Schematic of the setup used for the evaluation of the sampling efficiency of
the Steam Sampler-TOC.

The water droplets pass afterwards through a long silica gel diffusion drier where the
water evaporates. The dried particles are thereafter led to the Steam Sampler for the
measurement of the total water soluble organic content and to a Scanning Mobility
Particle Sizer (SMPS) for the measurement of the size distribution of the particles. Since
the solubility of sucrose is very high (2000 g L™) all particle mass should be measured
as WSOC. The volume concentration measured by the SMPS should then correspond to

the WSOC measurement.

An SMPS consists of two parts: a Differential Mobility Analyzer (DMA) and a
Condensation Particle Counter (CPC). First a radioactive bipolar charger (e.g., *°Po,
85Kr) establishes a bipolar equilibrium charge distribution on the particles. Particles
receive either positive, negative, or zero charge(s). Next, the particles enter the DMA
and they are separated according to their electrical mobility. This parameter is inversely
related with the particle size and is proportional to the number of charges present on the
particle. The classifier separates aerosol particles by size for high resolution
measurements of particle size distribution. The monodisperse aerosol exiting the
classifier passes to CPC which measures the particle number concentration. By scanning

quickly a wide size range (typically 20 nm to 500 nm depending on the configuration)
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the result is the size distribution of the aerosol particles generated from the atomization
system. Using the density of the particles the mass concentration of the aerosol sample

may be estimated.

The setup shown in Figure 3.8 enables the simultaneous measurement of the water
soluble sucrose particles in an air stream, by two different instruments, the Steam
Sampler which gives one measurement of WSOC concentration every 4 min and one by

the SMPS every 3 min.

The TOC analyzer measurements are expressed in mass of carbon per unit volume of the
liquid or air sample. In order to convert the carbon mass to organic mass, the relative
abundance of C in the sucrose (C12H2,011) molecule is used. One mole contains 144 g of
C and weighs 342.3 g. By multiplying the measured carbon mass concentration by 2.38,
the TOC readings are converted to sucrose mass concentration. The SMPS number
distribution is converted to volume concentration assuming spherical particles and then

to mass concentration by multiplying with the sucrose’s density of 1.59 g cm™.
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Figure 3.9: Mass concentration of sucrose particles measured by the Steam Sampler and

the SMPS.
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The time series of measurements of sucrose mass concentration by the Steam Sampler-
TOC and the SMPS are presented in Figure 3.9. The points correspond to 30 min
averages. The mass concentration of the sucrose aerosols measured by the Steam
Sampler and the SMPS are consistent. The two measurements are within 10% of each

other (Figure 3.10).

SMPS (ug m")
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Figure 3.10: Comparison of 30-min averaged simultaneous measurements of sucrose
particle mass concentrations by the SMPS and the modified Steam Sampler. Dashed

lines correspond to 10% deviation from unity.

3.5 Field-testing of the Steam Sampler-TOC

We tested this system in Patras, by sampling ambient aerosol during June 2012. The
sampling site was located approximately 10 km from the city center. Simultaneously, a
high-resolution aerosol mass spectrometer (HR-AMS) was continuously monitoring

non-refractory organic and inorganic mass in PM; particles.

A PM;;5 cyclone (URG) was placed in front of the sampler’s inlet. An activated carbon
denuder was used after the cyclone to remove organic vapors. The role of the cyclone is

to eliminate particles larger than its cut-off point. The URG cyclone used has a nominal
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cut-off point at 2.5 um for 16.7 L min™ sample flow rate. The steam sampler was
operating with an average inlet flow rate of 13.6+0.6 L min™ during the measurements,
leading to a cut-off point close to 3 um, according to Figure 3.11. The sample flow rate

was measured daily.

The P parameter discussed in Chapter 2 which describes the WSOC measurement from
filters, expresses the availability of water for the dissolution of the sampled aerosols on
filters (Psichoudaki and Pandis, 2013). For the on line measurement, the P parameter
may be estimated from Equation 3.1:

P=V,/Q (3.1)

where Vy, is the volume of liquid water ejected as steam per min and Q is the sampling

flow rate.
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Figure 3.11: Cut-off diameter of URG PM; 5 cyclone for different flow rates.

The system vaporizes 0.6 mL of water per minute, which is mixed with the air sample,
entering the instrument with an average flow rate of 13.6 L min™. Thus the P parameter

of the Steam Sampler is equal to 44.1 cm® m™. This is a rather high P parameter value,
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however, the order of magnitude of the P parameter is determined by the minimum
sample volume necessary for TOC measurement which is 0.5 mL and the cyclone which
operates with low sample volumes. The “ideal organic solution model” (Chapter 2)
predicts that using this P parameter in low organic aerosol concentrations (1-10 pg m™)
species with solubility exceeding 10 g L™ (Figure 3.12). In this case some relatively
soluble PAHs will be accounted as WSOC, such as naphthalene, phenanthrene and

acenaphthene (See Table 2.2).

OC
'olo_\

10 100 pg m;

WS
T

10N 1N
o
EN
1
T

o
N
|
|

Fract

o
?

b | LY | LLELELILLLL] |
107 107 10

Solubility (g L)

-2 1 O_

Figure 3.12: Fraction of a compound in WSOC versus its solubility, for different water
insoluble organic aerosol concentrations (1, 10, 100 ug m™) according to the ideal

organic solution model.
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Figure 3.13: Time series of the WSOC concentration measured by the Steam Sampler.
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The time series of the WSOC concentration is shown in Figure 3.13. The average

WSOC concentration during the sampling period was 1.24 + 1.4 ug C m>,

Analysis of the high resolution AMS data allows for the calculation of the organic mass
to organic carbon ratio, OM:OC. The organic aerosol (OA) mass may then be calculated,
by multiplying the WSOC concentration with the OM:OC ratio assuming that the same
ratio applies to both soluble and insoluble OC. This is clearly a zeroth order
approximation. The average OM:OC ratio for the total sampling period was 2.0. This
ratio was estimated with 2 hour time resolution and was multiplied by the WSOC
concentration. The water soluble organic mass (WSOM) time series is shown in Figure

3.14. On average, the WSOC measured was 66% of the total OA in PM.

m’-‘\12 1 | 1 | 1 | L | 1 | 1 | 1 | 1 | 1

m_

210 - —
WSOM

-] ol er»
b
L L |
10 12 14 16 18 20 22 24 26
June 2012

(0]
]

o

Mass concentration (u
N
|

Figure 3.14: Time series of the WSOC concentration measured by the Steam Sampler

and the organic aerosol mass (OA) measured by the AMS.

The diurnal profile of OA in PM; and the water soluble organic mass (WSOM) of PM3
are shown in Figure 3.15. OA concentrations presented a peak in the morning (7:00-
10:00), dropped in the evening and presented a second sharper peak at night between
20:00-23:00. The WSOM showed a peak in the afternoon (around 16:00) probably due
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to photochemistry. The weak correlation found between OA and WSOA (R?=0.25) was
expected as WSOM expresses part of the OA mass, however, WSOM and OA have

different sources.
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Figure 3.15: Diurnal profiles of the atmospheric organic aerosol (OA) and the water

soluble organic aerosol (WSOM).

Applying positive matrix factorization on the high resolution data from the AMS the

oxygenated part of the organics (OOA) can be estimated.
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Figure 3.16: Time series of the WSOC concentration measured by the Steam Sampler

and the oxygenated organic mass concentration measured by the AMS.
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According to Figure 3.16, from 10 to 15 of June the water soluble organic mass in PM3
was higher than the oxygenated fraction in PM;, while the opposite happens for the rest
of the sampling period. During the same time period WSOM concentrations correlate
significantly (R?=0.50) with OA (Figure 3.14), indicating that less water soluble species

compared with OOA can be measured by the Steam Sampler-TOC.

3.6 Conclusions

We developed a new system for the continuous measurement of the water soluble
organic carbon of the atmospheric aerosols. The system provides measurements of the
WSOC concentrations every 4 minutes and collects particles with diameter less than 3
um. The P parameter of this WSOC measurement method was estimated to be 44.1 cm®
m™. Evaluation experiments have been conducted in order to test the efficiency of the
system to sample water soluble species. Sucrose particles were measured by the Steam
Sampler and an SMPS. The corresponding measurements were in agreement (within

10%).

The instrument was also tested in field measurements in a background site outside of
Patras. The Steam Sampler measurements showed that WSOC concentration was on
average 1.2 pg C m™ during June 2012. This concentration corresponds to 2.46 pg m™ of
organic mass. The WSOM measured in PM3 corresponds to 66% of the organic mass
measured by the AMS in PM; particles, which was on average 3.7 ug m™. Since the
measurements were conducted during summer, a significant fraction of the organic mass
is expected to be water soluble and this percentage is reasonable. However, an accurate
estimation of the water soluble fraction was impossible since the two instruments

measure in different size ranges. The correlation between the WSOM and the OOA was
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poor (R%=0.17) and this can be partially attributed to the different cut-off point of each
system. Another reason could be the high P parameter of the system which may have
allowed the collection of low-solubility organics. However, the decrease of the P
parameter of the on-line techniques is challenging because of the relatively high
minimum liquid sample volume necessary for TOC analysis as well as the low air

sampling rate.
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Chapter 4

Hygroscopic properties of biomass
burning organic aerosol in Athens during

winter
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4.1 Introduction

Atmospheric aerosols play an important role in the Earth’s atmosphere, affecting the
local and global climate (Vestin et al. 2007). Aerosol particles can affect the global
radiation budget by scattering solar radiation and thus have a direct cooling effect on the
planet. On the other hand, depending on their physical and chemical properties, aerosols
can serve as cloud droplet condensation nuclei (CCN) becoming cloud droplets at water
vapor supersaturation conditions and can indirectly affect climate by modifying the
cloud reflectivity (Kaufman et al., 2002; Cerully et al., 2011 and references therein). The
indirect effect of atmospheric particles on climate depends on their size and hygroscopic
properties (Fors et al., 2010). Increased concentrations of CCN result in the formation of
more but smaller cloud droplets (Rose et al., 2005; Vestin et al., 2007) which can lead to
the suppression of precipitation and the increase of cloud lifetimes and cloud cover

(Vestin et al., 2007; Rosenfeld et al., 2008; Fors et al., 2010).

Biomass burning emissions are a major source of fine atmospheric particles on a global
scale (Andreae and Rosenfeld, 2008). Main sources include forest fires and domestic
wood burning for heating and cooking (Martin et al., 2013). These particles represent a
significant fraction of global CCN. Some of the highest CCN concentrations have been
observed in biomass burning influenced areas (Hennigan et al., 2012). Biomass burning
particles consist mainly of organic species and black carbon. They also contain low
concentrations of inorganic species, representing less than 15% of the particle mass. The
extent of the contribution of inorganic components depends on fuel composition and the
efficiency of the burning process (Reid et al., 2005). The chemical composition of
aerosols originating from biomass burning is in general related to the conditions of the

combustion of the fuel (Vestin et al., 2007).

77



Biomass burning organic aerosols (BBOA) can be both primarily emitted, but also can
be formed by the oxidation of gaseous organic emissions and subsequent condensation,
leading to the formation of secondary aerosol. The chemical aging process of BBOA
also includes heterogeneous oxidation of the organic aerosol, condensed-phase reactions
and cloud-processing. While primary combustion emissions are in general hydrophobic,
the BBOA is relatively hygroscopic and can serve as CCN (Semeniuk et al., 2007).
Atmospheric aging of combustion emissions can lead to the increase of their
hygroscopicity. In general, the hygroscopicity of organic aerosol increases as it is
oxidized in the atmosphere. The organic aerosol O:C (atomic oxygen to carbon) ratio is
an indicator of its oxidation state. Water soluble organic carbon (WSOC) represents a
large fraction of the BBOA emitted in poor combustion conditions. WSOC is quite

hygroscopic and increases the CCN ability of the particles (Vestin et al. 2007).

Biomass burning emissions have also important impacts on regional air quality. The
presence of an inversion layer often leads to the trapping of the particles in the lower
atmosphere where they can remain for extended periods of time. The contribution of
biomass burning to the concentration of the organic aerosols during air pollution
episodes was found to be around 40% in Beijing and 70% in a rural site in Austria
(Duan et al., 2004; Caseiro et al., 2009). BBOA was also found to be a significant
contributor to organic aerosol concentrations in Paris, with a contribution up to 15%,
while its contribution in the southeastern US close to 30% during winter (Zhang et al.,

2010; Crippa et al., 2013).

In order to understand the impact of biomass burning emissions on climate, the

hygroscopic properties of the corresponding particles must be known. The evaluation of
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the hygroscopic and CCN properties of BBOA is necessary to further understand the
role of such particles in cloud formation processes. In this work, we investigate the
hygroscopic properties of fresh and aged biomass burning particle emissions in an urban
environment, the center of Athens, during winter of 2013, when wood burning in

fireplaces for domestic heating was a dominant source.

4.2 Sampling site

Athens is a city of around 4 million residents. The city is surrounded by mountains to
the north, west and east. It has significant air quality problems due to its population
density, the meteorology and the morphology of the area (Andreou and Rapsomanikis,
2009). Sampling was conducted at the National Observatory of Athens (NOA site,
37°58'23.99"N 23°43'12"E) located on a hill, at the center of Athens, from 12 January to
7 February of 2013. The data from an almost continuously rainy week were excluded
from the following data processing in order to focus mainly on the effect of biomass
burning in the urban atmosphere of Athens. The following results are based on the data

collected during 10-15 January and 23 January to 7 February of 2013.

4.3 Experimental Setup

The hygroscopic properties of the aerosols were measured using a Cloud Condensation
Nuclei Counter (CCNC, DMT Technologies, Roberts and Nenes, 2005).
Simultaneously, a High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-
ToF-AMS, Aerodyne Research Inc, De Carlo et al., 2006) was continuously monitoring
the chemical composition of PM; particles. The AMS also provides the size distribution

of the particles.
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4.3.1 CCN counter description
The CCN counter used is based on the principle that the diffusion of heat is slower than

the diffusion of water vapors in air media. The basic part of the DMT CCN counter is its

column (Figure 4.1).
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Figure 4.1: Illustration of the DMT CCN counter column.

The column is designed in a way that a well-controlled and relatively uniform centerline
supersaturation is achieved. The aerosol sample is driven through the centerline of the
column and sheath air flows close to the column walls. The inside of the CCN column is
constructed of alumina bisque, is temperature controlled and wetted. The temperature of

the walls is lower close to the inlet of the column and increases towards the exit.

Water vapor diffuses from the warm wetted surface of the walls towards the centerline
(Figure 4.1) faster than heat does (Roberts and Nenes, 2005). In Figure 4.1, the diffusing

80



vapor mass originating from point B reaches C faster than the diffusing heat originating
from point A. Assuming that the column walls are saturated with water at all points and
the temperature at point A is lower than that at point B, the water vapor partial pressure
Is also greater at point B compared to point A. The water vapor partial pressure at point
C is equal to the partial pressure at point B. However, the temperature at point C is
lower than the temperature at point B, so more water vapor is present at point B than
thermodynamically allowed. Supersaturated water vapor condenses on cloud
condensation nuclei as the air sample travels through the column to form droplets. Based
on a size-scattering technology an optical particle counter records the counts and the size

of the activated droplets.

The column is placed vertically in the instrument and the aerosol sample enters the
column from the top. As column walls temperature increases from top to the bottom,
aerosol particles are exposed gradually to supersaturation. The sample stream travels
through the centerline where the supersaturation is highest as filtered humidified air
(sheath flow) flows around the sample. A total flow of 0.5 L min™ of air is sampled, part

of which is used to produce the sheath flow after filtration and humidification.

Roberts and Nenes (2005) showed that the centerline supersaturation depends on the
temperature difference between the top and the bottom of the column, the flow rate and
the pressure inside the column. Three temperature controllers are used to control
temperature so that it increases from the top zone to the bottom zone. This allows
supersaturation conditions to occur as well as to alter fast between different
supersaturations. In general, 30 sec are required for a supersaturation shift. The Optical

Particle Sizer (OPC) measures the number and the size of the activated droplets formed
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in the column. A diode laser emitting at 660 nm is used as a light source and the OPC
measures the number of droplets of a size range between 0.75 and 10 um and classifies

their size in 20 size bins.

4.3.2 Scanning Mobility CCN Analysis (SMCA)

The CCN counter was coupled with a Differential Mobility Analyzer (DMA) and a
Condensation Particle Counter (CPC) to provide additional information about the CCN
activity of ambient particles. Ambient air was dried by passing through a diffusion drier
(RH<5%) and afterwards was introduced in the DMA (TSI 3080). The size-classified
aerosol exiting the DMA was split in two, to the CPC (TSI 3787) measuring the total
number concentration of particles or Condensation Nuclei (CN) and to the CCN counter

(DMT Technologies) which measured the CCN number concentration (Figure 4.2).

The classifier and the CPC are parts of the Scanning Mobility Particle Sizer (SMPS).
The supersaturation in the column of the CCNC was stepped in increments of ~0.2%,
ranging from 0.19 to 0.91% and changed every 12 min, enabling the data collection of at
least 4 SMPS scans (total duration 135 sec each) for each supersaturation. The deviation
of the CFSTG flow chamber temperature from the nominal was checked for each scan

and scans with temperature deviation more than 15% were discarded.
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Figure 4.2: Schematic of the SMCA experimental set-up.

4.3.3 Chemical composition measurements — AMS

A High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) was
used in Athens 2013 campaign to measure the concentration of non-refractory species of
PM;: sulfate, nitrate, chloride anions, ammonium and potassium anions and organic
species (De Carlo et al., 2006). This instrument provides the mass concentration time

series of the above species, as well as the organic aerosol mass spectra, offering extra
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information about the “age” and the oxidation state of organic species. This additional
information include the atomic oxygen or hydrogen to carbon (O:C or H:C) ratios.
Positive Matrix Factorization was used to categorize the data in order to estimate
different particle sources (Ulbrich et al., 2009). The AMS also measured the
size/composition distribution of the aerosol. During the campaign, the AMS provided 6-

minute resolution measurements.

4.3.4 Analysis of SMCA data

The DMA was running from low to high voltages, enabling a monodisperse aerosol flow
to exit the DMA column each time. During a scan (135 sec) the DMA selected particle
sizes from 10 to 500 nm. The total number concentration of each size bin was recorded
by the CPC and the CCN concentration by the CCNC, thus the total number
concentration (CN) and CCN distributions were obtained. Afterwards the two

distributions were carefully aligned (Figure 4.3).
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Figure 4.3: Example of aligned SMPS and CCN measurements during the same scan.
The blue curve measured by the CPC represents the total number concentration and the

pink measured by the CCN counter the CCN number concentration.
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The Aerosol Instrument Manager (AIM) software (TSI, Inc) was used to convert the
particle number measurements to size distribution. The same inversion technique was
applied to the CCN time series to obtain the CCN size distribution. For constant
supersaturation of the instrument and by dividing the CCN number concentration by the
total number concentration of particles for each diameter d, the corresponding

activation fraction CCN/CN versus d, was obtained (Figure 4.4).
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Figure 4.4: Example of activation ratio CCN/CN (blue dots and sigmoid fit (black line)

versus particles dry diameter at a supersaturation of 0.8%.

The activation ratio function Ra(dp) was fit to a sigmoidal function:

CCN@,)  E
CN(d,)

R,(d,) = (4.1)

L+ (";”)C
p
where E corresponds to the asymptote of Ra(dp), d, is the particle diameter, dyso is the
characteristic dry diameter for which 50% of the particles activate (activation diameter)
and C an empirical coefficient. A similar fitting can be performed for the measurements

at a specific particle size using the supersaturation S as an independent variable. The

corresponding activated fraction R,(S) is expressed by Equation 4.2:
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_CCN(S,d,=const)  FE

R.(S)= = - (4.2)
CN(d, = const) 1+(SS*)<:

where E” refers to the asymptote of the sigmoid and expresses the maximum fraction of
particles that activate at high supersaturations, S is the instrument supersaturation, S is
the critical supersaturation, at which half of the particles activate. C is a fitting constant
which is proportional to the slope of the sigmoid function and expresses the chemical
heterogeneity of the activated particles. An example of the CCN ratio versus the

supersaturation is shown in Figure 4.5.
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Figure 4.5: Example of activation ratio function versus the instrument supersaturation.
The slope of the sigmoid C*, the critical supersaturation S* and the asymptote E* are
shown (Cerully et al., 2011).

The activation ratio function, R,(s) represents the cumulative distribution of critical

supersaturation of particles with a specific dry diameter dy.

Petters and Kreidenweis (2007) introduced as a measure of the hygroscopicity of the

material of an aerosol a hygroscopicity factor, «:
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4K
27d3s?

(4.3)
where A=4M,,ou/(RTpw), M, ow, pw IS the molecular weight, surface tension and
density of water, R the universal gas constant and T the average temperature in the

CCNC column. Equations 4.2 and 4.3 can be combined to provide the hygroscopicity-

dependent activation ratio function:

_ CCN(x.,d,) E*

R, (k) = .
(%) CN(x,d)) 1+(x /)"

(4.4)

The probability distribution function of k, p(x), can be estimated by differentiating and

normalizing Equation 4.4 (Cerully et al. 2011; Bougiatioti et al. 2011):

C wix)?
IR (45)

P = e~ T e (e )Y

The standard variation of «, o(k), is also calculated for the same set of measurements.
The dispersion of the hygroscopicity parameter expresses the degree of heterogeneity
(chemical dispersion) of particles with a diameter dp and is calculated as the square root
of the variance of the hygroscopicity around «* (Lance et al. 2007). One value of

Kk*+o(k) every one hour (5 different supersaturations x 12 min each) is obtained.

b
) = [ (e=x") px)dc “s)

j: p(x)dx

4.3.5 Calibration of the CCN counter

The basic part of a CCN counter is its column, where the supersaturation is achieved.
The calibration of the instrument supersaturation was done by the determination of the
critical diameter Dy of (NH.),SO, particles that activate at the nominal supersaturation

of the instrument.
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Figure 4.6: (a) CCN-column supersaturation versus AT and (b) nominal supersaturation
versus real supersaturation in the column. Error bars show the standard deviation of the

supersaturation which corresponds to 4 or 5 measurements.

A dilute ammonium sulfate solution was prepared and used in a syringe pump. The
syringe pump provided continuously with the solution an atomizer, which produced wet
ammonium sulfate particles. The air stream containing the particles afterwards passed
through the diffusion drier so that dried particles exited the drier and were introduced to
the classifier (Figure 4.2). As in the measurement mode (see section 4.3.2), total (CN)
and activated (CCN) particles were simultaneously measured as the nominal
supersaturation of the instrument was changing every 12 minutes, from 0.2 to 1% in
increments of 0.2. The activated fraction CCN/CN was then calculated. Repeating the
procedure for a wide range of sizes, from 10 to 460 nm, the sigmoidal activation curve
was obtained. This curve can provide the characteristic, critical diameter Dy. which can
be used in the Kohler equation (see Chapter 1) in order to estimate the corresponding
supersaturation in the instrument. For the calculation of the supersaturation an
(NH,),SO, density of 1770 kg m™, surface tension of eater solution of 0.0706 N m™,
molar mass of water 0.018 g mol™ and Van’t Hoff factor v equal to 2.5 were used

(Brechtel and Kreidenweis, 2000).
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4.4 Results and discussion
The chemical composition and the CCN properties of the aerosols in Athens during the

winter 2013 campaign are discussed in the following sections.

4.4.1 Particle composition

Organic compounds dominated the PM; composition during the campaign representing
58% of the PM; mass followed by black carbon (BC) with 20.4% (Figure 4.7). Sulfate
ions contributed with 10% to the total PM; mass, nitrates 5.1%, ammonium 4.2% and

potassium and chloride ions each 1.1%.

Cl 1.1%

K" 1.1%
4.2%

Figure 4.7: Pie chart of the PM; mass fractions of major PM; components measured by

the AMS plus the BC during the whole sampling period.

Their corresponding average composition was 6.5 pg m™ for organic species, 2.3 pg m™
BC, 1.1 ug m™ sulfate ions, 0.6 pg m™ nitrates, 0.5 ug m™ ammonium and potassium

and chloride 0.1 ug m™ each.

The average diurnal variations of organics and sulphate measured by the AMS, are
shown in Figure 4.8. Organic aerosol concentrations increase after 16:00-17:00
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continuously until 23:00 peaking a little before midnight. On the other hand, sulfate had
an almost constant average profile with an average concentration around 1 pg m™. This
constant profile is characteristic of species that are not produced locally but are

transported to the site.
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Figure 4.8: Diurnal profile of (a) organic aerosol and (b) sulfate ions in PM; particles in

Athens during the winter campaign of 2013.

Figure 4.9 represents the organic aerosol fraction in the total PM; mass. The organic
compounds dominate PM; mass composition throughout the day. A peak is observed in
the morning between 7:00-10:00 due to the traffic emissions, a smaller one in the
afternoon (14:00-16:00) and a major peak is at night with the organic average

contribution reaching 80% at 22:00.
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Figure 4.9: Average mass fraction of organic aerosol in PM; particles. The error bars

represent =1 of the corresponding fractions.

PMF analysis revealed 4 organic factors (Florou et al., 2014): biomass burning organic
aerosol (BBOA), cooking aerosol (COA), hydrocarbon-like organic aerosol (HOA) and
oxygenated organic aerosol (OOA). The average diurnal variations of the factors are
shown in Figure 4.10. Biomass burning particle concentrations were found to increase
after 16:00 until 23:00 when a peak of 10 ug m™ was reached. BBOA remained at high
levels during all night and dropped to almost zero at noon. HOA concentrations peaked
in the morning between 18:00-23:00, then remained low increasing again from 6:00-
11:00. The oxygenated organics which represent aged aerosol transported to the area had
an almost constant average diurnal profile. Corresponding to Greek eating periods,
cooking organic aerosol was observed from 13-16 pm and also increased from 18:00 to

23:00.
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Figure 4.10: Diurnal variation of the concentration of the four factors: biomass burning
(BBOA), traffic (HOA), oxygenated (aged) organics (OOA) and cooking (COA).

4.4.2 Particle CCN activity

The average diurnal variability of the critical supersaturation S; is shown in Figure 4.11.
The critical supersaturation expresses the necessary supersaturation for the activation of
particles. Same particle sizes may have different chemical composition throughout the
day. Particles of 40 nm have been discarded from the following analysis since their S¢
was found to be higher than the instrument’s maximum supersaturation (0.91%).
Smaller particles activate at higher supersaturation values, as expected from Kohler

theory.

The main characteristic of the average diurnal profile of particles S. is a sharp increase

in the morning, between 7:00 and 10:00. During this period there is a significant

contribution of HOA traffic emissions to the organic aerosol mass (Figure 4.10).
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Figure 4.11: Average variation of critical supersaturation for different particle diameters
from 50 to 100 nm.

The critical supersaturations of larger particles of diameters in the 70 to 100 nm range
were similar. Smaller particles had larger variations of their S during the day compared
to larger particles (70-100 nm). Such discrepancies of small particles with larger ones
could be due to differences in their sources and chemical composition. Consequently,
the CCN properties of the small particles do not represent the bulk composition of PM;

and vice versa.

The size distribution of the chemical components provided by the AMS showed
chemical composition differences in the diameter range targeted by the CCN counter.
Figure 4.12 represents the diurnal variations of the inorganic and the organic fraction
estimated for the time period 23 to 25 January for different particle sizes, ranging from
50 to 100 nm. The size distribution of the AMS was rather noisy, especially for the
smaller particle diameters. In accordance to Figure 4.11, smaller particles show a
different diurnal behavior compared with the larger sizes. Particles of 50 and 60 nm

consisted mainly by inorganic compounds during all hours of the day on average. Their
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average inorganic mass fraction was found to be 65% for the 50 nm and 56% for the 60

nm particles.
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Figure 4.12: Diurnal profiles of organic and inorganic mass fractions for selected

particle sizes. The black line indicates the total fraction of organic aerosols in PM;.

As particle diameter increases, the diurnal cycle of the organic fraction becomes more
similar with the cycle of the total organic fraction (Figure 4.12). Particles with dry
diameters 85 and 100 nm are dominated by organics (52 and 68% respectively) and both

organic fractions follow the diurnal pattern of the total organic fraction in PM;.

The hygroscopic properties of the particles are strongly affected by the presence of
inorganic compounds which are much more hygroscopic compared to the organics.

According to Figure 4.12, 85 and 100 nm dry particles follow the diurnal trend of OA in
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PM; and also have similar composition as the bulk PM;. For this reason, the averaged
hygroscopic properties of 80, 90 and 100 nm in diameter particles will be used here to

approximate the properties of PM;.

The average diurnal profile of the estimated hygroscopicity factor « for different particle
diameters is shown in Figure 4.13. The profile of an average «, (xay), of 80 to 100 nm
particles was also estimated. The total particle hygroscopicity depends both on the
hygroscopicity of the corresponding organic components and on the contribution of the

inorganic species to the particle mass.
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Figure 4.13: Diurnal profile of hygroscopicity « of 80, 90 and 100 nm particle diameter.
The dashed line indicates the averaged hygroscopicity of 80-100 nm particles.

Biomass burning emissions started increasing around 18:00 (Figure 4.10) and dominated
the number and mass concentration of the aerosols until midnight. During that period,
the average hygroscopicity has a steady profile with a x value around 0.15. After
midnight x increased and it started to sharply decrease around 6:00, when the
contribution of traffic emissions started becoming significant, according to the HOA
diurnal profile. Due to the hydrophobic nature of the HOA particles emitted from traffic,

hygroscopicity drops, increasing again due to dilution of these particles and
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photochemistry to values close to 0.25 after 12:00. The decrease of x5, from around 0.25
to 0.2 between 13:00-14:00 can be attributed to the presence of HOA particles, together
with the relatively hydrophobic cooking emissions that peak at the same time. The xay
values remained high (between 0.2 and 0.25) from noon till the beginning of biomass
burning early in the evening (around 17:00) when residents go back to their homes and

start using their fireplaces.
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Figure 4.14: Diurnal profile of averaged hygroscopicity and O:C ratio.

The 80-100 nm average hygroscopicity factor « presented similar diurnal profile as the
O:C ratio (Figure 4.14). However, the total time series of x« and O:C had a weak
correlation (R?=0.17). This can be explained by the fact that other factors (e.g. inorganic
PM; contribution) are more important than the organic O:C in determining the average
hygroscopicity of particles. Previous work (Massoli et al., 2010; Martin et al., 2012;
Lathem et al., 2013) has also suggested that organic hygroscopicity may not be

especially sensitive to O:C for values less than 0.5 encountered in this study.

The degree of heterogeneity of the particles can be expressed by the ratio of the standard

deviation (chemical dispersion) of the hygroscopicity, o(x) divided by x. The diurnal
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profile of the chemical dispersion o(x)/x is shown in Figure 4.15. This parameter was
found to peak between 7:00 and 11:00, around the same time when average
hygroscopicity drops. This can be attributed to the increase of HOA-like traffic

contribution to the total aerosol concentration during this period.
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Figure 4.15: Diurnal profile of the dispersion, o(x)/x, around x of 50, 60, 70, 80, 90 and
100 nm diameter particles and average hygroscopicity for all particle diameters.

This behavior is more pronounced for particles larger than 60 nm while the diurnal
profile of the smaller particles presents less variability. The smaller particles were
dominated by inorganic species and apparently had more consistent behavior than the
larger ones. Figure 4.16 presents the maximum activated fraction E” (see Equation 4.2)
of particles of different diameters. In general, the smaller the particle size, the lower the
corresponding maximum activated fraction. This is consistent with Kohler theory
predictions that bigger particles activate easier. This trend is opposite to that suggested
by the particle composition with organic fraction increasing with particle size in the

range of interest.
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Figure 4.16: Diurnal profile of the maximum activated fraction E* of 50, 60, 70, 80, 90

and 100 nm diameter particles.

4.4.3 Organic aerosol hygroscopicity

The particle hygroscopicity is equal to the sum of the hygroscopicities of all components
multiplied by their volume fraction (Petters and Kreidenweis, 2007). Despite the low
fraction of the inorganic species compared to the organics which dominate, the former
significantly affects the average hygroscopicity of the particles. In order to explore the
hygroscopic properties of the organic components of the aerosols, the hygroscopicity of

0organics, Korg Was estimated.

The model ISORROPIA 11 (Fountoukis and Nenes, 2007) was used in order to estimate
chemical composition of the inorganic fraction. This model requires as input the
concentrations of the inorganic ions (NH;, SO;", NO;, CI-, K*) relative humidity
and temperature conditions and can provide the concentration of the inorganic salts in
the aerosol phase (Fountoukis and Nenes, 2007). By dividing the corresponding salt
mass concentration by its density, the volume fractions of the inorganic components can
be calculated. According to Petters and Kreidenweis, (2007):

2EKi=K (4.7)
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where &; are the volume fractions of all particle components, «; their hygroscopicity and
x the total hygroscopicity measured. By using x,y for x, and assuming that black carbon
(BC) has a x=0, the hygroscopicity of the organic compounds, xorg Was estimated. The

average diurnal profile of ko is presented in Figure 4.17.
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Figure 4.17: Diurnal profile of the average organic hygroscopicity xorg. The error bars

represent =1c oOf the corresponding hygroscopicity.

The estimated xorg Varies from 0.06 to 0.21. During the night biomass burning emissions
dominate and the corresponding x is around 0.09. After 3:00 OOA becomes an
important OA component SO xorg increases. OOA dominated the organic aerosol
composition between 10:00-17:00 and is expected to be quite hygroscopic. Its x values
reported in literature are around 0.25-0.3 (Kreidenweis et al., 2008; Chang et al., 2010)
justifying the increase of the organic aerosol hygroscopicity at that time. Estimations of
Korg from open fires and lab measurements (Jimenez, 2009; Moore et al., 2011; Lathem

et al., 2013) also leaded to values around 0.1 for biomass burning organics.
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4.5 Conclusions

The composition and hygroscopic properties of atmospheric aerosol in Athens during
the winter of 2013 were studied. The PM; was dominated by organic species during all
the sampling period, with an average organic mass fraction of 0.58, followed by black
carbon with a corresponding fraction of 0.2. The PMF analysis revealed that the most
important contributor to the organic aerosol concentrations was biomass burning which
started in the evening and peaked during the night. HOA from traffic peaked during the
morning rush hour, affecting the total hygroscopic properties of organic aerosols. During
the HOA peak, the critical supersaturation of the particles studied here (50 nm<d,<100
nm) was lower due to the hydrophobic nature of HOA. The maximum chemical

dispersion of the particles is also observed during this period.

Size-resolved chemical composition data provided by the HR-AMS revealed
discrepancies on the composition of smaller (50-70 nm) and bigger particles (80-100
nm) and showed that the properties of the PM; bulk composition can be represented by
the properties of bigger particles. These particles were found to be quite hygroscopic,
with the maximum activated fraction reaching almost 1 during most of the day, except
for the morning traffic period. The average hygroscopicity of these particles, xay, ranged
roughly from 0.15 to 0.25. The lowest values are observed during the HOA peak, as
expected, while the highest were observed between 11:00-16:00 when oxygenated
organics dominated the organic mass. The average hygroscopicity x,, of the mixed
(organic/inorganic) particles during the night when biomass burning particles prevailed
was around 0.15. The diurnal profile of x,, was very similar with the profile of the O:C

ratio but no correlation was observed.
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Using a thermodynamic model to predict the inorganic chemical composition of the
inorganic fraction, the hygroscopicity of the 80-100 nm organic particles was estimated.
The organic particles hygroscopicity korg Was on average 0.12 while during the biomass

burning period was on average 0.09.
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Chapter 5

Hygroscopic properties of SOA formed
via ozonolysis and chemical aging of

a-pinene
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5.1 Introduction

Atmospheric aerosols strongly affect Earth’s climate by scattering solar radiation (direct
effect) and by serving as cloud condensation nuclei (indirect effect). Organic aerosol has
been found to contribute to the CCN concentrations (Novakov and Penner, 1993; Hegg
et al., 1995). The oxidation of VOCs in the atmosphere leads to the formation of
secondary organic aerosols (SOA). SOA gaseous precursors are both biogenic and
anthropogenic, with biogenic VOCs dominating on a global scale (Seinfeld and Pankow,
2003; Singh and Zimmerman, 1992). Biogenic emissions depend on temperature, light
intensity and vegetation type (Sun and Ariya, 2006) and are estimated to be around 800
TgC yr on a global scale which is about 5.5 times higher than the anthropogenic VOC
emissions (Tsigaridis et al., 2005). The most important biogenic VOCs (BVOCs) are
monoterpenes (CioHig), sesquiterpenes (CisHa4), and isoprene (Chung and Seinfeld,

2002). Terpenes are major precursors of biogenic SOA.

A-pinene (Figure 5.1), b-pinene, limonene and sabinene account for 40 to 80% of the
global monoterpene emissions (Kanakidou et al., 2005) with a-pinene having the highest
contribution, 25%, among the terpenes. A-pinene global emissions are estimated to be
around 50 Tg yr™* (Guenther et al., 1995; Seinfeld and Pankow, 2003). Ozonolysis is the
main reaction pathway of a-pinene. It is estimated that 80% of a-pinene reacts through
this pathway (Griffin et al., 1999; Pathak et al., 2007). The a-pinene yield depends on its
concentration, the oxidizing agent (O3, OH, NO3), the temperature and relative humidity
conditions (Yu et al., 1999; Presto et al., 2005; Pathak et al., 2007). This yield varies
from a few percent at low SOA concentrations to 70% at high concentrations (Hoffmann

etal., 1997).
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Figure 5.1: A-pinene and main oxidation products.

The ozonolysis reaction of a-pinene starts with the cycloaddition of O3 on the double
bond, leading to the formation of an ozonide which consequently decomposes to an
aldehyde or ketone and a Criegee intermediate which either decomposes in the gas phase
or continues to react (Criegee, 1975; Johnson and Marston, 2008). Typical o-pinene
oxidation products shown in Figure 5.1 include pinonaldehyde, cis-pinonic and pinic
acid (Donahue et al., 2012). Freshly formed SOA can undergo further chemical aging in
the atmosphere under the effect of oxidants and solar radiation. Aging can include
heterogeneous reactions of the condensed-phase with oxidants, repartitioning of
semivolatile species produced by gas-phase oxidation, and oligomerization within the
particle (Ellison et al.,, 1999; Ziemann, 2005; Robinson et al., 2007). Such
physicochemical processing drives alterations in the chemical composition,
hygroscopicity, optical properties and even the toxicity of the SOA (Asad et al., 2004;
Mmereki et al., 2004; Rudich et al., 2007). In this work, the hygroscopic properties of
the SOA formed from the ozonolysis and the chemical aging of a-pinene are

investigated.

5.2 Experimental method
The experiments were carried out in the Institute of Chemical Engineering

environmental smog chamber facility using a 10 m® Teflon reactor. The reactor was

suspended in a temperature-controlled room whose walls are covered by UV lamps.
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Table 5.1: A-pinene and initial O3 mixing ratios used in each experiment. The type of
experiment (seeded or non-seeded), the use of n-butanol (d9) and the existence of

WSOC measurement is also indicated. The shaded line indicates the blank experiment.

a-pinene Initial n-butanol (d9) (NH4)2SO,4
N° WSOC
(ppb) O3 (ppb)  (OH scavenger) seeds
0 0 490 no yes no
1 5.3 550 no yes no
2 19.3 500 no yes no
3 8.2 550 no yes no
4 8.2 530 no yes no
5 9.7 520 no yes no
6 6.1 390 no no no
7 16.5 460 no no no
8 17.5 410 no no no
9 15.7 400 no no no
10 11.7 580 yes no yes

Before each experiment, the chamber was cleaned and filled with dry, clean air. Clean
air was created by passing compressed ambient air through high-efficiency particulate
air (HEPA) and activated carbon filters to remove particles and organic vapors and also
through silica gel to remove moisture. In each experiment, a volume of o-pinene
(Aldrich, >99% purity) was directly injected in the chamber via a septum. Purified air
was used to evaporate and flush a-pinene from the line. After 30 min, a volume of O3
was added to start the ozonolysis. O3 was produced by an ozone generator (Azcozon, -
Azco Industries) which uses a supply of pure air or O, and a high voltage to produce O3
molecules. The experiments were conducted with an excess of Oz, ranging from 370 to
580 ppb. The SOA produced was then chemically aged using OH radicals which were
produced by photolysis of HONO. Nitrous acid was formed in a bubbler, using the

reaction:
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NaNO, + H,SO, = HONO + NaHSO, (51)

Clean air was passed through the bubbler thus injecting the HONO into the chamber.
The UV lights were consequently turned on, in order to photolyze HONO forming OH

radicals.

Two types of experiments were conducted: Seeded and non-seeded. In the first case, dry
(NH4)2SO,4 particles were produced by atomization (see Chapter 3) and were initially
introduced in the chamber in order to offer a surface for the SOA to condense. This

procedure simulates atmospheric conditions.

a-pinene
> n-butanol
2
_ \x ~ ™\
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Figure 5.2: Experimental set-up used for the oxidation of a-pinene.

The ammonium sulphate particles were produced using a 1 g L™ (NH,),SO4 solution
driven to an atomizer. In the non-seeded experiments the particles were created through
nucleation. N-butanol (d9) was used in selected experiments as OH scavenger, in order
to focus on the ozonolysis of the a-pinene. This isotopically labelled reagent was

selected so that it can be measured without interferences by the proton-transfer reaction
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mass spectrometer (PTR-MS) used for the volatile organic compounds measurements.

The experimental set-up used is shown in Figure 5.2.

5.2.1 Instrumentation

A CCN counter (DMT Technologies, Roberts and Nenes, 2005) was coupled with an
SMPS (DMA, TSI 3080, CPC, TSI 3776) in order to provide size-resolved CCN activity
measurements of a wide range of SOA particle size according to the SMCA technique
(see section 4.3.3). The details of the measurement are described in section 4.3.3.
Briefly, size-classified particles were exposed to different supersaturations within the
CCN counter, ranging from 0.2 to 1% (nominal) in steps of 0.2. A HR-ToF-AMS
(Aerodyne Research, Inc, De Carlo et al., 2006) was continuously measuring the size-
resolved chemical composition of the particles. A Proton-Transfer Reaction Mass
Spectrometer (PTR-MS, lonicon Analytik) was providing continuous measurements of
the a-pinene concentration in the gas phase. The concentrations of Oz, NO and NO;
were measured by gas monitors providing 5-sec measurements. For the last set of 3 non-
seeded experiments (Table 5.1), the Steam Sampler-WSOC described in Chapter 3 was

also employed for the measurement of the water soluble fraction of a-pinene SOA.

5.2.2 CCN counter calibration

The calibration procedure is the same as that described in section 4.3.5. The critical
diameter of size selected (NH,4),SO, particles was determined in order to calculate the
corresponding real supersaturation of the instrument. The CCN counter was calibrated

during the experiments twice.
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Figure 5.3: Real supersaturation of the instrument versus the nominal supersaturation.

The variability among calibrations did not exceed 5% for all saturations except for 0.2%,
where it reached 10%. The relationship between the nominal supersaturation of the
instrument and the real supersaturation is shown in Figure 5.3. The error bars correspond

to the standard deviation of the calibration measurements.

5.3 Results and discussion

In this series of experiments a-pinene was initially injected in the chamber. It was
allowed to stabilize and after 30 to 60 min ozone was introduced continuously for 2 min
in order to achieve a mixing ratio close to 500 ppb. The a-pinene was consumed and
SOA products were allowed to chemically evolve. After 2 hours a constant volume of
HONO was introduced in the chamber and UV lights were turned on in order to promote
photochemical aging. The HONO injection step was repeated after 2 hours. For the
seeded experiments, initially an (NH,4),SO, solution was supplied to an atomizer in order
to produce ammonium sulphate particles. This particle stream was dried and was driven

into the smog chamber to offer a surface for a-pinene oxidation products to condense on.
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5.3.1 Seeded experiments
The typical evolution of the concentrations of the main species in the particle phase
during the experiments where ammonium sulphate seeds were used is shown in Figure

5.4. The injection of the ozone and the initiation of the SOA production correspond to

time zero.
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Figure 5.4: Time series of organic aerosol (OA) produced by the a-pinene ozonolysis,
ammonium and sulphate concentrations for Experiment 5. The times of ozone and
HONO injections are also indicated. The shaded regions correspond to periods during
which the chamber was dark. During the rest experiment the lights were on. Time zero

corresponds to Oz addition and initiation of ozonolysis.

The initial decrease of the ammonium sulphate concentrations before the start of the
reaction is due to wall losses of the seed particles. The AMS data were not corrected for
the collection efficiency. This results in an apparent increase of the ammonium sulphate
levels which is actually due to an increase of the collection efficiency when particles are
coated by SOA. As SOA is formed the mean diameter of the particles increases. The
evolution of the mean diameter of the particles throughout the experiment obtained from

the SMPS is shown in Figure 5.5. The initial mean diameter of ammonium sulphate
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particles 15 min before the SOA formation is around 85 nm. Organic coating of the
inorganic seeds leads to rapid increase of the particle mean size to 110 nm. After the
sharp increase of the mean diameter which takes place during the first hour of the
ozonolysis, the mean diameter increases from 110 to 114 nm within the next two hours
of the ozonolysis. This is due to coagulation but also differences in the loss rates of
particles of different sizes on the walls. The first HONO injection causes a 4 nm increase

of the aerosol mean diameter while the second one another 3 nm (Figure 5.5).
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Figure 5.5: Time series of the mean diameter of the particles in the chamber during
Experiment 5. Time zero corresponds to Oz addition and initiation of ozonolysis.

Figure 5.6 presents the typical corresponding evolution of the mixing ratios of the main
gas species: a-pinene, Oz and NOy (NO plus NO;) present in the smog chamber. In
Experiment 5, a volume of 0.4 uL of a-pinene corresponding to 9.7 ppb in the gas phase
was injected in the chamber and after a few minutes ozone was added for 2 min in order
to achieve an excess concentration close to 500 ppb. The concentration of initially

formed SOA was around 12 ug m,
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Figure 5.6: O3, NOy and a-pinene mixing ratio evolution during Experiment 5. Dark

shaded areas correspond to dark conditions during the experiment, non-shaded areas
correspond to period when the UV lights were on. Time zero corresponds to O3 addition

and initiation of ozonolysis.

Right after O3 is introduced in the chamber its concentration is stabilized within a few
minutes and remains constant under dark conditions. A-pinene was consumed within an
hour. The first products in the particle phase, indicated in Figure 5.4 as OA are formed
within a few minutes. After 2.4 hours, HONO was injected in the chamber and the UV
lights were turned on after another half an hour. The HONO injection was repeated after
2 hours. Under dark conditions HONO is quite unstable and NOy is produced

(Finlayson-Pitts and Pitts, 2000):

2 HONO <> NO + NO; + H,0 (5.2)

HONO is then photolyzed to form OH and NO and the NO can react with Os:

NO + O3 — NO, + O, (5.3)
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By turning UV lights on, after almost half an hour, NO concentrations increase while

NO; decrease, according to:

HONO —™ 5 OH + NO (5.4)
NO, —™ 5> NO+ O (5.5)

5.3.1.1 Blank experiment

The evolution of the concentration of the main aerosol components during the blank
experiment is shown in Figure 5.7. In this test, we followed all steps of the rest of the
experiments including addition of O3 and two HONO injections except for the a-pinene

addition. This is a test of the degree of cleanliness of the set-up.
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Figure 5.7: Time series of main species in the particle phase during the blank
experiment (Experiment 0). Time zero corresponds to Oz addition and initiation of
ozonolysis.

The initial OA concentrations found was 0.4 pg m™. These low levels of organic
contaminants present in the particles together with the ammonium sulphate are probably
due to the injection system. The OA concentration did not exceed 3% of the total mass.

After the addition of HONO and its photolysis another 0.3 ug m™ were formed. These
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low levels of contamination are acceptable for experiments with more than 10 pg m™ of

OA like ours and did not influence the rest of the study.

5.3.1.2 CCN activity of seeded SOA particles

The evolution of the CCN fraction (CCN/CN) of SOA particles that activated at 0.42,
0.74 and 0.91% supersaturation formed by the ozonolysis and chemical aging of a-
pinene for Experiment 5 is shown in Figure 5.8. The low time resolution measurement
(6 min) used in this first set of experiments did not allow selected supersaturations to be

created in the CCNC column uniformly and this data was discarded.
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Figure 5.8: Evolution of the activated fraction of SOA particles under 0.42, 0.74 and
0.91% supersaturation during Experiment 5. Time zero corresponds to O3 addition and

initiation of ozonolysis.

Before time zero only ammonium sulphate particles were present in the chamber. The
average activated fraction for 0.42% supersaturation was 0.67. At time zero when SOA
formation from the ozonolysis of a-pinene started, the activated fraction increased to
around 0.75 within the next 2 hours. This initial increase of the activated fraction was
observed only for the lowest supersaturation (0.42%). For the other supersaturations

where the initial activated fraction was already close to unity no significant differences
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were found. This behavior was observed in all the seeded experiments. The activated
fraction was calculated for each stage of the experiment (ozonolysis, 1* aging, and 2™
aging) and the results are shown in Table 5.2. For ozonolysis at 0.42% we focus on the
final fraction after the initial increase. The t-test revealed no statistically significant

differences among supersaturations or among the aging steps.

Table 5.2: Activated fraction (CCN/CN) of SOA particles formed in different steps

in all supersaturations for Experiment 5.

0.42% 0.74% 0.91%
Ozonolysis 0.73+0.04 0.85+0.01 0.85+0.01
1% aging step 0.76+0.01 0.85+0.01 0.85+0.01
2" aging step 0.77+0.01 0.85+0.02 0.84+0.02

The corresponding activation diameter of the particles inside the chamber is shown in
Figure 5.9. The production of SOA and the formation of an organic coating on the
ammonium sulphate particles increased the activation diameter of the particles in all
supersaturations as soon as ozonolysis started. The average activation diameter of
ammonium sulphate particles before the ozonolysis step for supersaturations 0.42 and
0.74% was 50 and 28 nm respectively and increased to an average of 70 and 50 nm

respectively during the ozonolysis.

Similar trends were observed among all seeded experiments. Ammonium sulphate
particles are in general more hygroscopic compared to organic particles. The increase of
the activation diameter is due to the addition of less hygroscopic substances (SOA) to

the (NH,4).SO, particles, making the resulting mixed particles less hygroscopic.
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Figure 5.9: Evolution of the activation diameter of SOA particles under 0.42, 0.74 and

0.91% supersaturation for Experiment 5. Time zero corresponds to Oz addition and

initiation of ozonolysis.

On the other hand, the organic film formed on the pre-existing particles increased their
size, which according to Kohler theory reduces the necessary supersaturation for their
activation, so instead the activation fraction increased or remained stable. The changes
of the activation diameter are governed by the changes of particle chemical composition,
while the activation fraction behaviour is governed by both the size of the particles and

by their composition with the size dominating in these experiments.

5.3.2 Non-seeded experiments

The evolution of the concentrations of main species in the particle phase for a typical

experiment without seeds is shown in Figure 5.10.
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Figure 5.10: Time series of organic aerosol (OA) concentration during Experiment 7.

Time zero corresponds to O3 addition and initiation of ozonolysis.

SOA formation starts as soon as ozone is introduced in the chamber. Similarly to the
seeded experiments, SOA concentration reaches a maximum within an hour and then it
decreases due to wall losses. The HONO injections lead to the formation of a few
additional pg m™ of SOA. Figure 5.11 represents the evolution of the mean diameter of

the SOA particles during the same experiment.
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Figure 5.11: Mean diameter of SOA particles during Experiment 7. Time zero

corresponds to O3 addition and initiation of ozonolysis.
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The first step of the photochemical aging results in an increase of 3 nm of the mean
diameter of the SOA while the second in another 4 nm. This increase is comparable to

that observed in the seeded experiments (4 and 3 nm respectively).

Figure 5.12 presents the evolution of the concentrations of the main gas phase species
present in the chamber. A volume of 1 uL a-pinene is injected half at time -0.5 h and
was allowed to stabilize resulting in a mixing ratio of around 15 ppb. One hour after the
ozone injection (time 1 h) all a-pinene had reacted and ozone stabilized to a mixing ratio
close to 500 ppb. The first HONO injection which took place in dark conditions led to
the formation of NO and NO,. Exposure to UV light increased NO levels and reduced

NO; concentrations according to reactions 5.2 to 5.5.
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Figure 5.12: Evolution of the mixing ratio of a-pinene (right axis), NO, NO; and O3

(left axis). Time zero corresponds to O3 addition and initiation of ozonolysis.

5.3.3 Hygroscopic properties of pure SOA particles

For this series of experiments the supersaturation of the CCN counter was changing
every 12 min. This allowed 1 to 4 measurements in each supersaturation so that every
supersaturation was repeated every one hour. Figure 5.13 illustrates the time series of the

activated fraction of pure SOA particles produced by the ozonolysis of a-pinene and two
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aging steps using OH radicals produced by HONO photolysis. The UV lights were
turned on half an hour after the first HONO. The activated fraction of the SOA particles
increased during the first hour of the ozonolysis under all supersaturations. This increase
is attributed to the increase of the SOA particles size. During the rest of the ozonolysis
phase the activated faction did not significantly change because the change of particle

size was a lot smaller. Photochemical aging did not affect the activated faction.
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Figure 5.13: Evolution of the activated fraction of a-pinene SOA particles in different
supersaturations during Experiment 7. The time of the two HONO injections is also

indicated. Time zero corresponds to Oz addition and initiation of ozonolysis.

Figure 5.14 represents the evolution of the activation diameter of SOA during
Experiment 7. The average activation diameter was calculated for each step of the total
reaction: ozonolysis (dark reaction), first HONO injection and photo-oxidation step and
second HONO injection and photo-oxidation step. The t-test showed that the differences
of the averaged activation diameter of each step were not statistically significant at the
95% confidence level, so the activation diameter is not affected by the aging.
Photochemical aging had no significant impact on the activation diameter in this

experiment.
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Figure 5.14: Evolution of the activation diameter of pure SOA particles estimated for 5
supersaturations for Experiment 7. Time zero corresponds to O3 addition and initiation

of ozonolysis.

The hygroscopicity parameter x was calculated for the SOA particles (see also section
4.3.4) for the non-seeded experiments. Similarly to Chapter 4, x was calculated here for
different diameters of SOA particles. In order to estimate the average hygroscopicity of
SOA, a weighted x was calculated. This weighted kappa was estimated by multiplying
the number fraction of each size bin with the hygroscopicity of the specific size bin and

summing up these contributions.
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Figure 5.15: Evolution of hygroscopicity « during Experiment 7. Time zero corresponds

to O3 addition and initiation of ozonolysis.
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The hygroscopicity « was found to be around 0.13 during the experiment. The chemical
aging using OH radicals did not appear to induce any statistically significant changes to
the hygroscopicity. Similar behavior was observed in all unseeded experiments
(experiments 6 to 9). Aging did not affect hygroscopicity while both higher and lower
variability of x value compared to the experiment presented here was found. Table 5.3

summarizes the range of x measured in experiments 6 to 9.

Table 5.3 Average SOA hygroscopicity values for unseeded experiments

Experiment Kav
6 0.13+0.02
7 0.13+0.01
8 0.09+0.01
9 0.11+0.00

An average kappa of 0.12+0.02 was calculated for the pure SOA experiments 6 to 9
conducted under similar conditions (ozonolysis, 2 chemical aging steps, no OH
scavenger use). The hygroscopicity values estimated here are consistent with previous
findings for a-pinene SOA. Frosch et al. (2011) conducted a-pinene ozonolysis and
aging in smog chamber under different NOy conditions. They estimated an average «
value of 0.11+0.02 from CCN measurements and similarly to this work found no effect
of the HONO injections. Juranyi et al. (2009) estimated a CCN-derived average x of
0.09£0.01. Chang et al. (2010) estimated an overall « of 0.15 for organics from ambient
biogenic SOA at a rural site in Canada. Finally, Engelhart et al. (2008) reported a
hygroscopicity of 0.15+0.08 for monoterpene SOA and 0.11 for a-pinene SOA formed

solely by ozonolysis.
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The HR-AMS extracted data are useful to explore the oxidative state of the SOA
particles. The ratio of the number of oxygen to the number of carbon atoms of the
organic compounds provided by the mass spectra has been extensively used as a
measure of the extent of oxidation of the organic aerosol. Figure 5.16 shows the
evolution of oxygen to carbon ratio measured during the oxidation of a-pinene SOA in

Experiment 7.
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Figure 5.16: Time series of the oxygen to carbon number of atoms ratio during the

experiment 7. Time zero corresponds to Oz addition and initiation of ozonolysis.

The O:C ratio initially decreases and then remains relatively constant throughout the
experiment. Similar variations, decreasing or rather steady trend of the O:C ratio has
been observed in all experiments. This behaviour is qualitatively consistent with the
relatively constant x values measured. Hygroscopicity « and O:C time showed an
intermediate correlation for Experiment 7 (R°=0.31, Figure 5.17). Similar correlation has
been found in all experiments of this set, ranging from 0.2 to 0.5, except for Experiment
9 where no correlation was observed. However, the O:C ratio was practically constant
during this experiment, with average values ranging from 0.38 to 0.39. In Experiment
10, where n-butanol (d9) was injected in the chamber before the initialization of the
ozonolysis in order to react with the OH radicals produced during the ozonolysis of a-
pinene, the correlation was the strongest with R?=0.72.
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Figure 5.17: Evolution of the hygroscopicity and the oxygen to carbon ratio for
Experiment 7. Time zero corresponds to O3 addition and initiation of ozonolysis.

Figure 5.18 summarizes the relationship of the hygroscopicity parameter x with the O:C
ratio for all non-seeded experiments. The O:C ratio varied from nearly 0.27 to 0.47

while kappa ranged from 0.07 to 0.109.
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Figure 5.18: Relationship of hygroscopicity k with the O:C ratio for all non-seeded
experiments Each point corresponds to an average of 1 hour.
The hygroscopicity parameter kappa correlates well (R?=0.53) with the O:C ratio and
kappa can be expressed as:

Kk=(0.29+£0.005) (0:C) (5.6)
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Similar equations have been reported in the literature. Chang et al. (2010) reported
exactly the same relationship for field measurements in a forest in Canada. On the other
hand Frosch et al. (2011) reported that no relation between « and O:C ratio could be
established in their experiments and found a weak correlation between these two
(R?=0.25). This data was collected by smog chamber ozonolysis and consequent HONO
oxidation under low NOy levels as this work. The agreement with the ambient

measurements is encouraging.

5.3.4 WSOC measurements

The Steam Sampler-TOC was used in experiment 10 in order to measure the water
soluble fraction of the biogenic SOA formed by the ozonolysis and the impact of
chemical aging of a-pinene on the solubility of the final products. In this experiment n-
butanol (d9) was also used in the chamber as an OH scavenger in order to remove OH
produced by the ozonolysis of a-pinene. Figure 5.19 presents the time series of the water
soluble organic aerosol measurement by the Steam Sampler-TOC and the total organic
aerosol concentration measured by the SMPS during Experiment 10. The volume
distribution of the SMPS was converted to mass distribution using an average density of
1.5 g cm™ for the biogenic SOA which was estimated by Kostenidou et al. (2007) for

monoterpene SOA.
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Figure 5.19: Evolution of the water soluble organic aerosol concentration (green line)
and total organic aerosol concentration (red line) for Experiment 10. Time zero
corresponds to O3 addition and initiation of ozonolysis.

The initial soluble fraction corresponds to 66% of the total SOA mass but is highly
uncertain due to rapidly changing concentrations of both OA and WSOA during this
period. The water soluble fraction of the ozonolysis products is around 80%. The first
HONO injection which increases significantly the SOA mass (Figure 5.20) results in a
further increase of the water soluble fraction of the SOA, reaching practically unity
roughly two hours after the initialization of the reaction. The second photo-oxidation
induced by the consequent HONO addition does not affect the WSOC fraction of the
SOA however the soluble fraction had already reached one and there was no room for
improvement. Figure 5.21 presents the evolution of the water soluble faction and the

hygroscopicity of the SOA.
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Figure 5.20: Evolution of the 30-min averaged water soluble fraction of a-pinene SOA

for Experiment 10. Time zero corresponds to Oz addition and initiation of ozonolysis.

33 HONO HONO
c 1.0 1 'I 1 ] V I ] -— 0.20
S 0.9 o
=} _ soluble fraction 0.18
s 08 -0.16
v 0.74 o=
o K B
% 0.6 - 0.14
g 0.5 - —-0.12

0.4 T T T T T T 0.10
0 1 2 3
Time (h)

Figure 5.21: Water soluble fraction of a-pinene SOA and their hygroscopicity for

Experiment 10. Time zero corresponds to O3 addition and initiation of ozonolysis.

5.4 Conclusions

In all experiments photochemical aging did not have a significant effect on the ability of
the SOA to act as CCN. The activation diameter of pure a-pinene SOA particles

remained constant during the ozonolysis and aging reactions.
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The hygroscopicity of the particles did not significantly change during each experiment
but there was some variability from experiment to experiment. An average
hygroscopicity of 0.12+0.02 was estimated for either fresh or aged a-pinene SOA. This
value is consistent with other reported in literature estimated for fresh SOA produced by

ozonolysis and aged SOA produced in smog chamber studies.

The relation of the hygroscopicity of organic aerosol with the number of oxygen to
number of carbon atoms ratio was also estimated based on a series of experiments. The
hygroscopicity of pure biogenic organic particles and the O:C ratio correlated well
(R?=0.53) and « can be expressed as k=(0.29+0.005)(O:C). Previous findings vary from
no dependence of hygroscopicity on the O:C ratio to significant dependence as estimated

in this work.

The water soluble fraction of the a-pinene SOA was measured using the Steam Sampler-
TOC. The soluble fraction of the SOA after one hour of ozonolysis exceeded 0.9 and
reached 1 within 2 hours after the initiation of ozonolysis. The photo-oxidation of the
SOA with OH radicals did not affect the water soluble fraction of the SOA however the

fraction was already close to 1 at the time of HONO injections.

The average parameter k measured here can be used for the simulation of aerosol cloud
interactions in chemical transport models that simulate a-pinene SOA and its chemical
aging without keeping track of its chemical composition. Equation (5.6) can be used in

the models that simulate also the O:C of the SOA (e.g., 2-D Volatility Basis Set).
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6.1 Summary

The measurement of Water Soluble Organic Carbon (WSOC) in atmospheric aerosol is
usually carried out by sample collection on filters, extraction in ultrapure water,
filtration, and measurement of the total organic carbon. In this wok the role of different
conditions of sampling and extraction as well as the range of solubilities of the organic
compounds that contribute to the WSOC were investigated. The sampling and extraction
of WSOC can be described by a single parameter, P, expressing the ratio of water used
per volume of air sampled on the analyzed filter. Two cases are examined in order to
limit the range of interactions of the various organic aerosol components with each
other. In the first we assume that that the organic species form an ideal solution in the
particle and in the second that the extraction of a single compound is independent of the
presence of the other organics. The ideal organic solution model predicts that species
with water solubility as low as 10 g L™ contribute to the measured WSOC. In the other
end, the independent compounds model predicts that low-solubility (as low as 107 g L™)
compounds are part of the WSOC. Studies of the WSOC composition are consistent
with the predictions of the ideal organic solution model. A value of P=0.1 cm® m™ is
proposed for the extraction of WSOC in typical organic aerosol concentrations (1-10 ug
m™) while higher P values should be applied in case of heavier organic aerosol loadings

(100-1000 pug m).

A new system for the continuous measurement of the water soluble organic carbon of
the atmospheric aerosols was also developed. The system provides measurements of the
WSOC concentrations every 4 minutes and collects particles with diameter less than 3
um. The P parameter of this WSOC measurement method was estimated to be 44.1 cm®

m™. Evaluation experiments have been conducted in order to test the efficiency of the
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system to sample water soluble species. Sucrose particles were measured by the Steam
Sampler and an SMPS and the corresponding measurements were in agreement within
10%. The instrument was also tested in field measurements in a background site outside
of Patras. The Steam Sampler measurements showed that the WSOC average
concentration was 1.2 pg C m™ during June 2012. This concentration corresponds to
approximately 2.5 pg m™ of organic mass. The WSOM measured in PMj; represents to
66% of the organic mass measured by the AMS in PM3, which was on average 3.7 pg
m™. Since the measurements were conducted during summer, a significant fraction of
the organic mass is expected to be water soluble and this percentage is reasonable.
However, an accurate estimation of the water soluble fraction was impossible since the
two instruments measure in different size ranges. The correlation between the WSOM
and the OOA was poor (R?=0.17) and this can only be partially attributed to the different
cut-off point of each system. Another reason could be the high P parameter of the
system which may have allowed the collection of low-solubility organics. However, the
decrease of the P parameter of the on-line techniques is challenging because of the
relatively high minimum liquid sample volume necessary for TOC analysis as well as

the low air sampling rate.

The composition and hygroscopic properties of atmospheric aerosol in Athens during
winter of 2013 were also studied. The PM; was dominated by organic species during all
the sampling period, with an average organic mass fraction of 0.58, followed by black
carbon with a corresponding fraction of 0.2. The most important contributor to the
organic aerosol concentrations was biomass burning which started in the evening and
peaked during the night. HOA from traffic peaked during the morning rush hour,

affecting the total hygroscopic properties of organic aerosols. During the HOA peak, the
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critical supersaturation of the particles studied here (50 nm<d,<100 nm) was lower due
to the hydrophobic nature of HOA. The maximum chemical dispersion of the particles is
also observed during this period. Size-resolved chemical composition data provided by
the HR-AMS revealed discrepancies on the composition of smaller (50-70 nm) and
bigger particles (80-100 nm) and showed that the properties of the PM; bulk
composition can be represented by the properties of bigger particles. These particles
were found to be quite hygroscopic, with the maximum activated fraction reaching
almost unity during most of the day, except for the morning traffic period. The average
hygroscopicity parameter k of these particles ranged roughly from 0.15 to 0.25. The
average hygroscopicity parameter of mixed (organic/inorganic) particles during the night
when biomass burning particles prevailed was around 0.15. The diurnal profile of the
average hygroscopicity was very similar with the profile of the O:C ratio but no
correlation was observed. The organic particles hygroscopicity kg Was on average 0.12

while during the biomass burning period was on average 0.09.

In all experiments photochemical aging did not have a significant effect on the ability of
the SOA to act as CCN. The activation diameter of pure a-pinene SOA particles
remained constant during the ozonolysis and aging reactions. The hygroscopicity of the
particles did not significantly change during each experiment but there was some
variability from experiment to experiment. An average hygroscopicity of 0.12+0.02 was
estimated for either fresh or aged a-pinene SOA. This value is consistent with other
reported in literature estimated for fresh SOA produced by ozonolysis and aged SOA
produced in smog chamber studies. The relation of the hygroscopicity of organic aerosol
with the number of oxygen to number of carbon atoms ratio was also estimated. The

hygroscopicity of pure biogenic organic particles and the O:C ratio correlated well
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(R?=0.53) and « can be expressed as «=(0.29+0.005)(O:C). Previous findings vary from
no dependence of hygroscopicity on the O:C ratio to significant dependence as estimated
in this work. The average parameter x measured here can be used for the simulation of
aerosol cloud interactions in chemical transport models that simulate a-pinene SOA and
its chemical aging without keeping track of its chemical composition. Equation (5.6) can

be used in the models that simulate also the O:C of the SOA.

The water soluble fraction of the a-pinene SOA was measured using the Steam Sampler-
TOC. The soluble fraction of the SOA after one hour of ozonolysis exceeded 0.9 and
reached 1 within 2 hours after the initiation of ozonolysis. The photo-oxidation of the
SOA with OH radicals did not affect the water soluble fraction of the SOA however the

fraction was already close to 1 at the time of HONO injections.

6.2 Recommendations for Future Work

The current design of the Steam Sampler-TOC allows the air sample to enter the system
with an average flow of 13.6 L min™. Most PM; and PM, 5 cyclones operate at higher
flow rate (16.7 L min™) to provide their cut-off points. The field tests and the
comparisons of WSOC measurements with the AMS data focus on PM; in order to
facilitate the comparison of data between the instruments. The excess flow necessary to
achieve the nominal cut-off point of the cyclone can be obtained using the set-up shown

in Figure 6.1.
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3.7 L min S| pump
16.7 L mint. | cyclone 13 L mint _
> ?| denuder
v
Steam Sampler
TOC

Figure 6.1: Suggested set-up for PM; sampling and measurement by the Steam

Sampler-TOC.

Using a pump in order to increase the total flow rate passing through the cyclone the
appropriate flow rate necessary to achieve the nominal diameter cut-off point can be
reached. The set-up of Figure 6.1 allows the determination of the water soluble organic

mass present in PM; or PM; s, depending on the cyclone used.

The design of the Steam Sampler allows the measurement of OC alternatively with
WSOC. Figure 6.2 presents a simply modified version of the Steam Sampler-TOC.
Here, line 1 represents the typical pathway of the liquid sample collected in a vial by the
Steam Sampler as it is driven for WSOC measurement through a PTFE filter. This filter
prevents the entrance of insoluble, suspended species into the TOC analyzer. Line 2 has
been added in this set-up in order to bypass the filter so both soluble and insoluble
species will be driven to the TOC analyzer and will be measured. An electronically
controlled valve enables the transmission of the sample through each line alternatively

and the consequent measurement of WSOC (line 1) and total OC (line 2).
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cyclone
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denuder
»

vial

Figure 6.2: Proposed set-up for the measurement of WSOC and OC.

In this work, the CCN properties and the hygroscopicity factor x of fresh and aged
secondary organic aerosol formed ozonolysis and photochemical aging was estimated
under low relative humidity conditions (<10%). However, the ozonolysis products may
differ as well as their physical properties if water vapor is available (Poulain et al.,
2010). In real atmospheric systems the relative humidity is higher than that used here.
Similar smog chamber experiments should be carried out under intermediate (~50%) and
high (~90%) relative humidity conditions, in order to estimate the hygroscopic

properties of the SOA under more realistic conditions.

A two-necked flask on a heating mantle can provide the smog chamber with water
vapor. A thermally insulated PTFE tubing should be used to deliver water vapor inside
the chamber. The PTFE tubing will eliminate contamination of water vapors while the

insulation will prevent condensation of water vapor inside the tubing.

The hygroscopic properties of a-pinene SOA are often used to represent all biogenic

emissions. Ozonolysis and photochemical aging experiments can also be carried out
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using a different SOA precursor, such as another monoterpene (e.g., caryophylene,
limonene) or isoprene, in order to inspect any significant differences on the activation

and hygroscopic properties of the SOA.
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Appendix

20voyn AWWOKTOPIKNGS AtaTpiPnig
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1. IEPIAHYH

To awwpovpeVe cOUATIOW TG ATULOCEOLPOS ETOPOVV CNUAVTIKE TNV avOpdTvn vyeia,
™mv opatdTTA, 0AAE Kot 610 KAMpa Tov mAavitn. [Ipokoadlovv yoEn g atuOSOUPOG
okeddlovtag TNV NAMoKN] akTivofoAa TG 6TO SAGTNUA Kol dPOVTOC GOV TLPNVESG
ocvumHKVeOoNG oLvEP®V. To  VOATOSALTA KOl VYPOOKOMIKO GCULOTOTIKA TMOV
copatiov gival Kupiwg vrehBvva yoo TV Eppecn Opdon TOV CoOUATIOIOV 610 KA,
AMOY® NG KOvVOTNTAC TOVG VO TPOGEAKDOLV TO daTHooQopikd olabéopo vepo. To
péyeboc avtdv TV oAAnAemdpdcewv eivor apketd aféfaro ko mepropiler v

duvatodHTNTA paG v TPOPAEYOVLE TIG LEAAOVTIKEG KAUOTIKES OAACYEC.

210 TmPAOTO MEPOS VTG NG epyociog efetalovior Bempntikd ot VEAPYOVOES
NUepmepkés péEBodol HETPNONG TV VOATOJOAVTMOV OPYOVIKOV GUCTUTIK®OV TOV
coOpPoTinV. Avartoydnkav dVo BepnTiKd LOVTEAL Y100 VO TEPLYPAYOVV TN U] GLVEXT
pétpnon tov voatodiaAvtod avlpaxa. Bacilopevolr ce petprioelg g cVGTAONG TOL
VOATOINOAVTOD KAAGLOTOG TMV OPYOVIKOV GOUATIOIOV 0AAL Kol GE TEPOUATIKEG Kot
VIOAOYIOTIKEG €PYACIES MOV GTO GYNUOATICUO PAGE®V GTA GOUATIOW, 0dNyNONKALE
GTO GLUTMEPOUGHO OTL TO HOVTEAO TOL 1WOVIKOD Opyavikoy OlADHOTOS pmopel v
TEPLYPAYEL IKOVOTONTIKA TN O1001KaGT0. ZOUPOVO LE OVTO, TO KAACLO L0 OPYOVIKNG
£voong 610 VOUTOOAVTO eKyOAMou eEapTdTot amd TN O1AVTOTNTO TOV GLOTUTIKOV, TN
GLUYKEVTPMOOT TOV U1 SIOAVTAOV OPYOVIKOV Kot TNV TApAUETpo P mov g16dystal £0® yio
va weprypayetl ) uEBodo ¢ derypatoAnyiog. Zuykekpluéveg Tiég e P mpoteivovral

EMIONG Y10, TNV IKAVOTOMTIKY EKYOAMOT TV EMOVUNTOV OVGLDOV.

2N CLUVEXEWD TTEPTYPAPETOL 1) AVATTLEN TOL AEYHOTOANTT ATUOV Yoo TN UETPNOT TOV

VOUTONAAVTMOV OpYOVIKGOV. To cOGTNUO AVTO TOPAYEL ATUO O OTTOI0C OVOLLLYVOETOL LLE TO

146



ATHOGPALPIKO Oetypa mov @épel copatiow. O aTHdg CLUTVKVAOVETOL TAV® GE oVTJ,
ONUIOVPYDVTOS GTAYOVEG TOV GLAAEYOVTOL GE KUKAMVES KOl 001 yOUVTAL TTPOG HETPNON
TOV OPYOVIKOV (OPTIOL TOVG G€ £vay avaALT 0AlkoD opyavikoy dvOpaka. To cvotnua
avtd eAEyxOnKe o©TO €PYOSTAPO HE OCOUOTIOW YVOOTNG YNUWKNAG OGVOTOONG Kot

SAVTOTNTOG KO Xpnoomolidnke oto medio otnv Iatpa.

Metpnoeig mov deEnydnoav oto kévrpo g AOnvag to yeymva tov 2013 £dei&av 6Tt Tal
0PYOVIKA COUATION ETKPOATOVGAV GTNV OTULOGPOLPA TNG TOANG GE OO TO SIUCTNUO TOV
peTpnoemv, Wiaitepa katd tn dapkela g voxtoc. H onuaviikdtepn nnynq copatidiov
Nrav n kavon Propdlog ota taKia, Yoo Adyoug owlokng BEppavong, eved 1 Kivnon tov
OVTOKIVITOV OTOTEAEGE OMUOVTIKN TNy COUATOIOV Kuplog TG Tpowéc mpes. Ta
ocopatioln avtd elyov GNUOVTIKY] VYPOCSKOTIKOTNTO 1 00i0, TOGOTIKOTOMONKE pe v

YPNOM EVOG LETPNTH TUPNVAOV GUUTHKVMCTG CUVVEP®V.

[Tttikég opyaviKeg evDGES TPOoEPYOUEVES amd Ployevelc ekTOUTES 0EEWOMVOVTOL GTNV
atpoceapo oynuotiovtag opyavikd copatiown. Ta mepdpata mov deEnydncav otov
nepBoriroviikd BdAapo tov Epyaoctmpiov Atpocseaipwng Poravong tov ITE-IEXMH
£€0€1Eav OTL 1 VYPOCGKOTIKOTNTA TOV COUOTIOI®MV TOV TPOKVTTOLY Atd TNV 0LovOAlvon
avTOV TV Ployevav copatdiov eivor vynAn Ko 0ev petafdAietal pe mepeTaipm
QeOTOYMIKN 0&eidmon (ynuikn ynpavon). Emmdéov Bpédnke onpaviikn e£dptnon g
VYPOOKOTIKOTNTOS TOV SOUATOImV and tov atopkd Adyo O:C tov copotidiov Kot

VTOAOYIGTNKE 1 OYEoN LETOED TOVG,.
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2. EIZATQI'H

Ta owwpodueva copatidle ¢ aTHOCEOPOS Elval KOVA Vo ETWOPACOLV e
SLOLPOPETIKOVG TPOTOVG 6TO KAMpa ¢ I'mg, avarioya pe ™ ovotact| tovs. Kdmola and
TO. GLOTOTIKA TOVG (). avopyova GATA) TPOKOAOVV OKEDACY] TNG MPOCTIMTOVCOG
NMOKNG axTvoBoAlag yihyoviag T yNwvn atuoceopo, evd QAL (.Y, OTOUYELNKOC
avBpaxag) oamoppo@olV TNV okTvoPforion Kot TEMKG TPOKOAOVV avENom NG
Ggpum(pocciagl. EmumAéov, 1o copotidote umopodv va Spacovy o¢ TuPNVES GUUTUKVMOONG
cuwépav (CCN), Wwitepa OtV TEPIEXOVY VYPOCKOTIKEG EVAOGELS KOl VO GYNULOTIGOVV

otayoviola ta onoia Bo dNUIOVPYNGOLV TA GUVVEPQ.

H ymuu obdotaon tov atpoceaipikdv copatdiov meptlapfdavel ovopyova ovta
(appoviaxd, Besukd, vitpukd, yAopodyo K.o.) Kol YALboeg opyavikés evaocels. Ot
teAevTOoieg Umopovv  glte va  eKMEUMOVIOL OTNV  OTUOGQAPO TPOTOYEVDS OTN
COUOTOWKY Ao gite va £xovv Ppebel oe avtr| petd amd ofeidmon TINTIKOV EVOCEDV
omv atpdsearpa. Ta tpwtoyevi opyavikd agpolod (POA) sivar oyetikd vopopoPfa kot
UN-030TOOAVTA, EKTOC OV TPOKELTAL Y10 TPMOTOYEVEIS EKTOUTES COUATIOIMV ATd KOVOT)
Bropalog, eved ta devtepoyev (SOA) eivan meplocdTEPO VOPOEILD KOl SOAVTE GTO
vepd. Extunoeglg g vypookomkdttag TV copatdiov mov yivovtor pe PBaon v
KovOTNTo TOV copatdiov va Asttovpyobv wg CCN ypnouedovv oty ektipnon g
EUUEONG EMOPACTG TOVG OTO KAIHA, €V 1M UETPNOT TOL VLOATOSIHAVTOV OPYOVIKOD
TEPLEYOUEVOV TTPOGPEPEL EMTALEOV TANPOPOPIES, TEPT TOL KOTA TOGO ToL cOUATIOW Efvar

QpéoKa 1 0EEIOMUEVO APa. TPOTOYEVT 1| OEVTEPOYEVT] AVTIGTOTYOL.
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3. MH-XYNEXHX METPHXH TOY YAATOAIAAYTOY OPI'ANIKOY
ANOPAKA (WSOC) TQON ATMOXZ®AIPIKOQN XIOMATIAIQON - MIA
OEQPHTIKH ANAAYXH

H un ovveyme pétpnon tov vdoatodiaAvtod opyavikod avOpaxo (WSOC) yiveton pe
oLALOYT ToL delypatog mhve oe eidtpo wov yoialioa. Mépog tov 11 6A0 TO QilTpO
eumotiletal o LAAN e OPIOUEVO OYKO VITEPKAOBNPOV VEPOD MGTE VO YIVEL 1] EKYVAIOT
TOV VOATOSHAVTMOV OPYOVIKOV EVOGE®V. To AoVTPO LIEPNYWV, 1| UNXOVIKY OVAOELON
Kot 1 XEWPOoKiviTn avokivnon yPNOUOTOOVVTIOL GLUYVAE Yo VO OEVKOADVOLV TNV
exyoAon. To vOoTIKO eKYOMOUO OTN CULVEXEIDL QIATPAPETOL UECH COPLYYOS KoL

, . , 234
avalvetar og éva avouty TOC 234

Avoamtoydnkov dvo Bewpntikd poviéda Yo va TpoPAEYouV To €0POg TG SHAVTOTNTAG
TOV OPYOVIKOV EVOGEMV TOV EKYLALOVTOL GOV GLVAPTNGN TOV TOPAUETPOV TNG
eKYOMONG, OTwg 0 GyKoG SADTN, N EMPAVEIL TOL (IATPOL OV eKYVALETOL Kot O
xpOvog g derypotoAnyiag. Xto poviého tov  loavikod Opyovikod AiaAduorog
vrofécape OTL 01 OPYAVIKES EVDOELS OTO GOUATIOW Gynuatilovy Eva 10aviKO opyaviKod
OldAvpo Kot OTL Ol VOOTOOAVTEG OPYOVIKEG eVAGES Pplokovtal OlaAvpéveg otnv
vouTIKN edon tov copatwiov. To KAdopa g palog pag vrobetikng ovoiag A oy
VOOTIKN PACT OV TPOKVTTEL KATA TNV EKYVAIGT LTOAOYIOTNKE ®G TO YIVOUEVO TOL
Hoplokoy KAACUATOS TNG Oovciog A GTNV OPYOVIKN (PAGT, TOAAATANCIOGUEVO LE TN
OLYKEVTPMOOTN KOPECHOD 1TNG OLGIOG OTNV VOOTIKY] (AGT, TOV OVIIOTOYEL OTN
dtAvtomta . 'Etot Bpébnke 611 10 KAdopo g ovciog A mov Ba exyvMotel and T0
ocopotioto egaptdtot amd T SALTOHTNTA TNG, Sa, TN CLUVOAIKY GUYKEVIP®GN TOV UN
VOATOSIAVTDOV OPYOVIKOV EVOGE®MV, Cywioa Kot TNG TOPAUETPOL P Kol 1IGOVTOL LUE:

— S,P )
§ SAP +Cion
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‘Onov Vy 0 0YKOG TOL VEPOL TOV Ypnotponoteiton Katd v ekydion, Q n pon tov
delypotog otov aéplo derypatoinmrn, f 1o KAdopo ¢ empdvelng tov Giltpov TOL
YPNOLOTTOLEITOL Y10 TNV €KYOAoN Kot At 0 ypdvog tng derypatonyiog. H mapduetpog P
ekQpaleTat o€ €M M™ kot TPUKTIKG TEPIYPAPEL T1 «SLOESILOTITAN TOV SLHATH (vepd)
va  ekyvAloel TIc ovAlegybeiceg opyavikéc evooelg. Ta Tig  pebodoovg  mov
YPNOLOTOOVVTOL 1| TAPAUETPOG aVTH Ppébnke va €xel evpog mepimov and 0.01 péypr 1
cm® m3. YynAéc Téc e mopapétpov P odnyovv otV €KYLAICT] TEPICCOTEP®V
OPYOVIK®OV EVAGEMV N KOl GTNV av&Nnom TG cLVEISEopas ¢ kdbe évoong. A&ilet
eniong va onuewwbet to kKAdopa g palog piag ovsiog 6To VOUTIKO EKYVAICLO dEV
e€aptdtar amd v apykn cvykévipoon ™s A. H Ewova 1 cuvoyilel tic mpofréwelg
TOU HOVTEAOL Ylo TN ovvelsPopd wog ovciog oto WSOC cav cuvdptnon g

SLAVTOTNTOG TNG Y10, LLOL LIKPT], L0 EVOLALLEST KO Lo VYMAN TN TNG TapapETpov P.

2oppova pe v Ewdva 1, yio cvvnbeig atpoceapikés cvykevipooelg tov WIOA,
peta&d 1 xon 10 pg m>, n xpnon ™ g 1 g mapopétpov P €xel cov amoTéAeoia TNV
TANPN EKYOAIOT TOV OPYOVIK®OV EVAGE®V (cuvelspopd pe >90% g palog tovg 6to
WSOC) pe drohvtomra peyarvtepn and 0.01 g L™ Axépa, evdoeic pe Stahvtotnro
peyarotepn omd 10 g L™ pmopodv eniong va cuvelopépovy 6to WSOC pie cuvelopopd
peyorvtepn and 10%. Mwkpdtepeg TéG g P odnyovv oty ekyvAon Ayotepmv
OPYOVIK®V 1 Kol MKPOTEPN GLVEIGPOPA Ao [ kN évoon. Ta avtictoya opla yo
T exoion yroo P=0.1 kon P=0.01 cm*® m™ givar 0.1 ko 1 g L, evd evdoeig pe
SrohvtoTTa méve omd 107 ka 10%2g L™ 6a apyicovv va cvvelspépovv oto WSOC yia

P=0.1 ka1 P=0.01 cm* m> avtiototrya. Na onueimfel 6t o aAiayr g Topapétpov P
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Katd o téén peyébovg petafdiiel katd to 1010 o Opro NG dwAvtotntac. To 1610
ocvopPaivel pe avtiotoyn petaPoAr g ovykévipmong tov WIOA mov emiong 6Oa
petafaiiel katd o Taén peyébovg to Opro dtaAvtdtrag. Avtibeta, 10 KAAGHO TNG
péloc pog ovoiag oto WSOC ennpedleton oe pikpotepo Pabud. ‘Etorl to khdopo g
ouvelopopdg 6to WSOC piog ovsiog pe Stahvtdmra 0.01 g L™ propei vo petwbei amd

60 og 10% pe o adénon g ovykévipmonc tov WIOA and 1 oe 10 pug m™.

L1 1ilil L Ll EREETTT BT L1t L1 1iiil [EEEENI|

o ] [
% 0.8— —
Chal 3
S 0.4 —
'g - L
2 02— =
i - L

h 0__|_|_|'I'I'ITI'|_I_I‘|'|'I'ITI'|_| R T T TTTT] LRI | T T TITT] T T T LLNLRLLLLL
10" 10° 107 10" 10° 10’ 10° 10°

Solubility (g L'

Ewova 1: Kihdopo tov ovotatikod mov Ba exyviiotel 6to WSOC, copupmva e 1o
povtédo Idavikod Opyavikoh ALoADLOTOC, Y10l TPELS SIUPOPETIKEG TILEG TNG TOPAUETPOV
P: 1 (umhe), 0.1 (pop) xor 0.01 cm® m™ (kvavd).To edpoc ya TV kdbe Ty Tov P
avTIoTOl el 68 cLYKEVTPp®OT HAlag TV adldAvTOV opyovikav 1 (apiotepd dKkpo) péExpt

10 pg m (0€&10 dxpo TG oKCUEVNC TEPLOYNG).

Ymv Ewova 2 avamopiotdtor to €0pog NG O0ALTOTNTOG OlpOpPMOV KATNYOPLDV
OPYOVIK®V EVOCEMV TOL HUTOPOoLV va. BpeBodv 6e aTHOGPUIPIKE OElyLaTO KOl GTO ETAV®
UEPOC Ot TPOPAEYELS TOV HOVTEAOV Y10 OLOPOPETIKES TES TN Topapétpov P. T'a P=1
cm® m 1o HOVTEAO TTPOPAETEL TNV €KYOAIO COKYAPOV, auvav, eatvoinyv, HULIS kot
pe oelpd amA®dv opyovik®v ofémv, OKapPoELAIKOV Kol KUKMK®OV 0ofémv, &vd
OPIOUEVEG TOMVKVKAKEG EVAOGELS (T.y. TupEVio) Ba cuvelspépovy pepikmg oto WSOC.

H epappoyn mg tung P=0.1 cm® m? oonyel otV ekyOAon OA®V TOV TOPATAV®D
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EVOCEMYV, EVA OTOPEVLYETOL 1 GLVEIGPOPH TOAVKVKAIK®OV opyavik®v octoWSOC. H
Yprion S akopn xopmAdtepne tung P=0.01 cm® m™ ot pébodo g pétpnone tov

WSOC mepropilet T cuvels@opd apKETA VOATOIIAVTMOV EVAOGEWV, OO PAVOAEG KOl

oéa.
Ideal
Organic Solution P=1
Model P=01
P =0.01
11 |||||I 1 lllll.l.l] 1 llllll.l] 1 IllllLI] 1 III]Ill] 1 1111 1 1 L 1 lllll.l]] 1 lllIlI.lJ 1 Illll.l.ll
phenols
mono-, di-, cyclic acids
PAHs sugars
HULIS
| aeakanes T
||||||I'I'| T ||||I'I'I'| T |||||I1'| T |||||I'I'| LELRRLLLL ||||I'I'I'| T |||||IT| T |||||I'I'| T ||||I'I'I'| ||||||I'I'| T ||||I'I'I'|

10° 107 10° 10° 10 10° 10° 10" 10° 10" 10° 10°

- -1
| Solubility (g L )
Independent P=0.01
Compounds
Model P=01
P=1

Ewova 2: Evpog d1oAnToTNTog 01000p®V KATNYOPLDV OPYOVIKOV EVAOGEMV TOL UTOPEL
va Bpickovtol 6To ATHOGPUPIKE cOpTiO. XT0 XAV HEPOG PaivovTol ol TPOPAEYELQ
oV povtédov Idavikod Opyovikod AAVHOTOC Kot KAT® Ol aVTIGTOL(EG TOV LOVTEAOL
AveEbpTTOV ZVOTATIKOV, Y10 O1AQOopES TIES TNG TopapéTpov P. Ot Ypoppés Tave Kot
KAt vrodetkvoouy o Opto TG dAvtdtrag, mhve and to omoio ot gvaocelg Ha
exyvAilovtar TAnpwg oto WSOC.

H tun avt) e€aocparilel mpaxtikd v eKyOAION LOVO TOV VOUTOONAVTMV OPYOVIKDOV
EVOGEMV KOl ATOPEVYEL TNV EKYVAIGN VOPOPOP®V opyavik®dy. I'U avtd cvotivetan N
yprion e P=0.1 cm® m? vy perpriceic WSOC oe ovvifelc OTHOCOUPIKES
GUYKEVTPMOOELS. LTV TEPITTMOTN OOV 1 GLYKEVIPMOT] TWV U1 LOATOSNAVLTOV 0EPOLOA
gtvor ToAd vymAn (>100 pg m'3) OT®G T.Y. OTNV TEPITT®OOTN UETPNONG KOVTA g TNyN,

GLGTAVETAL 1] XPNON UG VYNAOTEPNC TIUNG P, apov 1 avénon tov WIOA repropiletl To
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€0pPOg TG OALTOTNTOS OV UTOPOVV VO £XOVV TOL OPYOVIKG TOL GULVEICPEPOVY GTO

WSOC.

To poviéro tov Aveloaptntwv Lvotatikdy YTav T0 OEVTEPO PLOVTEAO TOV OVOTTUYONKE,
otV mpoomdPela vor EKTIUNO0UV Ol OAANAETIOPAGELS TOV OPYAVIKMDY EVAOCEDY KOUTH TNV
EKYOAION Kol VO, VTOAOYIOTEL 1 GLVEICPOPA oG opyavikng évoong oto WSOC. Edd
Bewproape 6t 1 dtdAvon 6to vepd €VOC GLOTOTIKOD TOV GOUATIOIMVY dgv ennpedletan
oo TNV TOPOLGio GALDV GLGTATIKOV KOl OTL TO EKYOMOUO TOV TPOKVATEL Eivon TOAD
apod. ‘Etol vrodoyiotnke 01t 10 KAdopa piag ovoiag A oto WSOC Oa divetor amd
oyxéon

P-S
f = Al
A CA

omov C4 1 oLYKEVTP®OT TOV GLOTATIKOD A. X€ VTN TNV TEPITTMOOT, 1| GLVEIGPOPA TOL
A oto WSOC g&aptdrtan kot mdAt omd T SeAvTOTNT TG 0VGI0G Kot TNV TAPAUETPO P,
aALG Kot 0md TN GLYKEVIPWOGT] TOL cvoTaTikoy A. Ot TpoPAéyelc avtoh ToL HOVTELOL
Y10 SLUPOPETIKES TIUES NG Tapapétpov P eaivovtor oty Ewova 3. H gpappoyn g
Tiung P=0.01 cm®*m?® ot pébodo avérvong tov WSOC copgwva pe to povtéro, 0onyet
oV TANPN ekyVOAon (cvvelsopd peyoivtepn omd 10 90% g palog) evocewv pe
SrohvtdTTo. 670 VEPS peyaldtepn amd 0.01 g L™, aveEaptnro omd ™ cvykévipmor
T0VG, EVO eVHOEIS pe dlvTtotnTo pucpdtepn tov 10° g L™ Sev exyvriCovtar. ‘Etot
apketol PAHS (m.y. mopévio, @evavOpévio) PUmopovv vo. €KYLAMGTOVV UEPIKMG EVM
ocbhyopa, apiveg, HULIS, o&éa, @aivoreg Kot TOADVTOKATESTNUEVEG EVOCELG AVOUEVETOL
va Kvplapyovv oto WSOC. Avénon g tyung tov P og 0.1 cm® m* petaromilet Tig
aVTIOTOUYEG KAUTVAEG TPOG TO OPLOTEPA: EVAOCELS LE SOAVTOTNTA OV EEMEPVE TOL 10° g
L™ pmopotv va exppiiotody pepikdg kot va petpnfovv mg WSOC, dmog peyéhot PAHS
(a-BevloavOpakévio, Tpipevorévio k.a.). H de epappoyn g tung 1 cm® m?® oV
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TAPAUETPO P emTpEMEL TNV UEPIKN 1 TANPT EKYOAON GYEOOGV OA®V TOV TOAVKVKAIK®OV
EVOCEWMV, AVAAOYQ [E TNV ATUHOGPALPIKY TOVG GLYKEVIPMOOT Kot TN SAvTdTTd TOLG,
VO oKOMO Kot aAKavio, pmopovv va Bpebodv oto WSOC, chuemva pe Tig EKTIUNGELS

TOV LOVTEAOV.

O 1 1 1 IIlIIII 1 1 IlIIlII L L lIIIIIl L L IIIIIII 1 1 IIllIlI 1 1 IIIIlII
8 1 P=001em3m3 1 10 {100 ngm™3t
0.8— =
C - L
S 947 [
& 027 o)
a
LL 0 T ||||||| L ||||||| _(
10°® 107 10° 107° 107 107 1072
1 L 1 IIIIIII 1 1 IIIIIII L 1 IIIIIII 1 1 IIIIII| 1 L IIIIIII L Ll 1111l
L8) 1l P=01em3m3 1 10/ 100 ngm” L
0.8—
c 097
cC -
& o4 _
8 2]
[ i
T
1078 1077 10°° 107° 107 107 1072
1 L L IIIIIII 1 1 IIIIIII L L IIIIIII 1 1 IIIIIII L 1 IIIIIII 1 Ll il
508_ P=1em3m3 1 10/100 ngm X
©

-7

5

107° 10° 107 107° 10

Solubility (gL~

107 10

Ewova 3: Khdopo g palog pog ovoiog oto WSOC, cav ocuvvdptnon g
OLOALTOTNTOG KOl TNG GLYKEVIPWONG TOV GTNV OTUOGPOIPA, O™ TPOPAETEL TO LOVTELD
AveEaptntov Xvotatikov, ywoo (@) yaunin, (b) evoidupeon xor (C) vynAn T ™G

TopapETpoL P.
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Metpnoeig mediov Kot epYacTNPLOKE TEPALOTO £XOVV TPOCPEPEL PEXPL OTIYUNG OPKETES
Tnpoeopieg yuo ™ ynukn ovotacn tov WSOC. Mg yprion HPLC-UV kot GC-MS ot
Mayol-Bracero et al. (2002)® Bprikav 61t 10 WSOC ot0ov Apatovio meptéyet Kupimg o&éa
Kol TOALOEIVAL GUOTOTIKG, €VM HETPNONKOV GAKYOpPO KOl OAKOOAEG ocakydpwv. H
Tapovcio TotkiAiog povokapPoSuAkdv Kol TOAVKAPBOELAIKOV 0wV Kol GaKyip®mV
emPePordveran emiong kar omd tovg Decessari et al. (2000)’ ot omoiot pétpnoav kot
paxpopoprokég evooelg (HULIS) oto WSOC. AAlot gpeuvntég avaeEépovy 0Tt £xouv
petpnioet  o&éa, TOALVLTOKOTESTNUEVEG evmoels, ¢owvoreg, HULIS, apiveg o
obryapa.t*? To mapomive evpfpata cvpeovodv 61t 1o WSOC pmopei vo mepiéxet
povokapPoéuAikd kot moAvkoapPoSuAikd  oféa,  olKkyopa,  opiveg,  QULOIKEG

HOKPOLOPLOKEG EVAGELS, PAVOLEG KOl TOAVDVTOKATEGTIULEVES EVAOCELG.

H dmoapén pag 1 kot dVo opyovikov eacewv emiPePordvetal amd moArég Epgvvec. To
povtédo TNTkOTNTOS-Podpod o&eidwong VBS édeiée 611 dtav @péoka couatidlo Tov
ekméumovrol omd Kavon Propdlog Ko dev givor Wdaitepa 0Eed®UEVa, AVAULYVOOVTOL LE
TPOVTAPYOVTO VOPOPOPE COUATIOW ONUIOLPYDOVTOS KK OpYOVIKT @dor. Avtifeta, av
T TpoUTapYOVTa cOUATIOW Elval TOAD 0EEO®UEVA KAl Gpol TEPIGGOTEPO LOATOIIOAVTAL,
OEV  OVOULYVOOVTOL KOl ONUOVPYoLuVTIOL 000 OPYOVIKESG (pdcsagll. Oeppodvvapkoi
voAoylopoi g elebbepnc evépyelag Gibbs emiong £0eiov 0TL 0 Sloy®PIGUOS TOV
@aoemv elvarl otafepOTEPOG KOt ELVOEiTAL 1| ONoVPYic SO OPYUVIKMOV PACEWV, 0L TOV
TEPLEYEL TOL TEPIOGOTEPO OEEOWUEVOL KO VOOTOOOAVTO GCLGTOTIKA KO L0l TOV TEPLEYEL
TIC MyOTEPO 0EEWOMUEVES KOl VOPOPOPES avo’3081g12’13. O dwyopopds Tov edoewv £xel
mapatnpnOel ko melpapatikd oe melpapata teptPailovtikov Baidpov pe vOPOPOPa Kot
VOPOPIAD. COUOTIOW, OAAG KOl O TEPAUOTE VTOAOYIGHOV TNG VOUTOIAVTOTNTOG

, p 14,15,1 p . . , .
EVOCEMV 0 MElypoTo >0 Sta televtaio Bpébnke O6TL N mopovsio TV VIOAOITMOV
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evaoewv meplopilel ) ddAvon 1ov kdbe cvotatikod, vrootnpilovtag 6Tt T0 Moviédho
1oavikod Opyavikod AroAduotog €lvar To KOVTE GTNV TPAYHOTIKOTNTO OO 0VTO TOV

Aveéoptnrawv Lvotatikwv.

4. ANAINITYEH MEGOGOAOY TIA TH XYNEXH METPHXH TOY
YAATOAIAAYTOY OPrANIKOY ANOGPAKA TON ATMOXO®AIPIKOQN
YOMATIAIQN

[evikd M xpnon ™G TEQVIKNAG T GLAAOYNS @iltpwv Yoo T pétpnon tov WSOC éyxet
OPKETE LEIOVEKTALLOTA, OGS O HEYOAOG XPOVOS OEIYLATOANYING O OTTO10G ATALTEITOL Y10
TN GLAAOYN KOVOTOWMTIKNG TOoGOTNTAS delyuatog Yoo Tov mpocdiopiopud tov WSOC.
EmmAéov, n eEdriuon MUImTIKOV EVOCEOV OO TNV ETIPAVEIL TOL GIATpOL 1N M
TPOoGpOPNoN oepiwv amd 10 @iATpo umopel vo €xel ®C AMOTEAECHO. TN HETPNONM
Myotepng M mepiocdtepng palog oto WSOC. Xta mhaicia ovtig g epyaciog
avamTOYOnNKe [o vEa TEYVIKY Yo TN GLVEYN CLAAOYN Kol UETPNOT TOV LOATOIIOAVTOV
KAQGLLOTOG TV OPYAVIKAOV EVOGEMY GTO ATHLOGPUIPIKA GOUATIOW, oL B0 Lropovoe va
ypnoworomBel Ko yioo ™ HETPNON TOV GCLVOMK®OV OPYOVIKOV GLGTOTIK®OV TOV

OTHLOCPOIPIKOV COUOTIOIWV.

O Aswypatorqrng Atpod (SJAC) eivor pia ddtaén mov  avamtoydnke kot
ypNoporoOnke cL{ELYUEVO LE TOVTIKO YPOUATOYPAPO Yo T GUAAOYN KO TN HLETPNON
TOV avOpyovev vOATOSHALTOV 1OVTeV Tov Ppiokoviol oto copotiow. To cvoTnuo
avtd omotereiton amd Eva GUOTNUO TAPUY®YNS aTUOD, Eva YLAAIVO doyelo avAauelEng
Kol 0vo KukA®veG. H pon Tov detypatog cuvavtd v kdBetn pon} Tov ATHOV HECH GTO
doyelo avdpeltng 6mov dnuovpyoLVTOL crowovi&a.” AvTd 001y00VTOL GTOVG KUKADVES

OOV GLAAEYETOL TO VYPOTOMUEVO delyaL Kot oonyeital Tpog avaivon. Mio aviAio aépa
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elvar vrevbovn v ™V ewooywyn TOL 0épPov delyUaTOg ©TO GVoTNUO Kot pio
TEPICTAATIKY] OVTALQL Y100 TN HETOPOPA TOL JEIYUATOG Od TOVG KUKADVEG G€ doyelo amd

OOV E16POPOVV iYL OL XPOUATOYPEPOL.

H ¥éa edd Mtav n o0levén avtod ToL GLGTAUATOG HE VOV OVOAVTH OAKOV GvOpaka
(TOC) yia ™ pé€tpnon TV VOUTOSHAVTOV OPYAVIKOV TOV SOADOVIOL GTOV OTHO KOt
onuovpyovv otaydves. To ocvlevypévo ovotnua kpidnke OpmG OKOTAAANAO Yo TN
UETPNON TOV LOATOSIOAVTOV OPYaVIKOD AvOpaKa, AdY® TG TOAD VYNANG GLYKEVTPMONG
oL UETPOVGE OokOpo Kol Yo vrepkdbapo vepo. Ilapammpndnke Ot po oepd ond
TAOCTIKG HEPT GTO GUOTNUO TPOKAAODGOV OVENCT TNG WETPOVUEVIG CLYKEVIPMOONG
dvBpaxo Kot Yo T0 6Komd oVTO TpaypatoromOnkay o cepd ond tporonomoels. H
TpomomopéVN O1dtaln Tov SeryaToANTT aToV Qaivetal otnv Ewkdva 4. Ztnv apyikn
OITaEN TOV SELYUOTOANTTY VYPOTOMUEVOV GTAYOV®V YPTNCLLOTOOVVTAY Uid TpiAaiun
QoA maveo oe €éva Ppactipa Yy TNV Tapoymyn otpov. To Tuiua  avtd
avtikotaotanke omd pia avoleidwtn omneipo cuvolkod prkovg 120 cm, tvArypévn
eEwtepkd amd Beppovtikn tavio Kot torofetnuévn Kabeta doTE 0md TO KAT® PEPOG VL
e€hyeton atpoc. H meprotaltiky avtiia, vrevbovn yio ) petapopd tov deiypotog amd
TOVG KUKAMVEG TPOG TO d0YEl0 GLAAOYNG Kot TNV Ttapoyr| kabapoh vepov 610 GLOTNHA
TOPOYOYNG OTUOV OVTIKATOOTAONKE [E avTAieg moTovion, Omov 10 delypa £pyeTol o€
emaen pe yvdlwva povo pépn ko PTFE. Avo avtAieg miotoviod Aettovpyodv
GLUVOLIGUEVO £TCL MOTE VO TOPEYOLY ot 6Tafepn pon aTHOD GTO GUOGTNHA, EVAD Lo
tpitn eivor vredOBvvn Yy T peTapopd Tov delyparoc. EmmAéov mpootébnke €vog
OTOYVUVAOTNG OPYOVIKOV 0EPIOV GTNV 10000 TOV GLGTNUOTOS, MOTE VO GUAAEYETOL KOl

Vo LETPATAL LOVO 1 GLYKEVIPMOT) T COUOTIOWNKT QACT).
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Ewova 4: Adta&n Tov TpOTOoTOMUEVOD SEIYUOTOANTTY OTHLOV.

H pétpnon tov vdatodiaAvtod opyavikod davOpoka mov mepExetal 6to delyua mov
GLAAEyeTOL pe TV mopomdve Odtoln yiveton pe tn Ponfela evog petpnt) OAKov
opyavikov davOpaka (TOC). Xto Opyoavo avtd, To Oelyua €1GAYETOL KOl OUECHS
o&wiletanr amd H3PO4. X1 cuvéyela to detypa yopileton og dvo pépn: To Eva odnyeiton
katevBeiov ylio HéTpMom Kot TapEYEL T CLYKEVTIPMOOT TOL avOpyavov avOpako Kot To
ogvtepo  odnyeiton o €va  aviwpaotnpa ofeidwong. Exel veiotator 1t Opdon
VIEPL®OOVG aktivoPoliog mapovsio (NHg)2S,0s ko étol mapdyovror pileg OH mov
ofeldmvouv 10 opyovikd @optio TANpwg mpog CO,. Tt ocuvvéyeld ot dvo Poég TOL
delypatog odnyodvtar | kabe pa o€ éva cHotnua uétpnong tov mepeyduevovr CO,. H
apykn o&ivion Tov detypotog amotpénet ) didotacn tov CO; kat T peETAPOpPA TOV GTO
ocvoTnUa péTpnong oe avt) ™ poper. To chotnua pétpnong dwbétel o npumepatn
pepppdavn and v omoia to CO, Siépyetar Ko e16€pyeTOL 68 doyelo e Kabapd vepo,

OOV TEAIKA PETPATOL 1) AOENOT TNG ay®YIUOTNTAG TOV TTPpOoKOAEl N dtdotacon tov COL.H
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GUVOMKT] GLYKEVTPMGT TOV GLVOAIKOD 0pYaviKoD GvOpako VToAoYIleTal APAPOVTOGS TN

GLYKEVIPMOOT] TOL avOPYavOoL AvOpaKa omd TOV OAIKO TOL PETPTONKE.

4.1 Xopaxtnpiopoc AsrypatoMnty ATnov

Mo 10 YopakPIopd TOL OEIYUATOANTTN OTUOD ®G TPOS TNV IKOVOTNTO TOL OTN
GLALOYY] SAVTOV OPYOVIKOV COUATWIOV Tapdydnkav copatidie covkpolng pe
APNON EVOG OTOLOTONTH GTOV OTOI0 JLOYETEVOVTAY cLVEXDS dtdAvpa covkpolng 0.01 g
L ko KkaBapog memeopuévog aépag. Ta cowpatidl Tov Tapdyoviay GUVEXDS LE aVTO
TOV TPOTO OTN GLVEKELN dEpyovToy amd Enpaviipa minpouévo pe silica gel kot ot
CLUVEXEIL TO peLHO TOL aépa oL Teplelye Ta Enpd mALov copatidole covkpdlng
HETPOVVTAV TOVTOYPOVO, OO TO OELYLOTOANTTN LYPOTOMUEVODV GTAYOVAOV GLLELYUEVO
pe avoAivty olkov opyovikov dvBpaka (TOC) kot omd €vav avaivt) ocdpoong
kvntikdétrag (SMPS). 'Etor 10 wpdT0 oLGTNHO GULVEAAEYE Kol HETPOVSE TN
GLYKEVTP®OON WHALOC TOV VOATOONALTOV COUATIOIOV Kot TO OgDTEPO TN GLVOMKN
GLYKEVTPMOOT COUATIOIMY, TOV 6NV TTEPinTon avth Tavtiloviat. Ta armoteAéopata g
GUYKPIONG aVTNG NTOV aitepa evOOPLVTIKE, HE TN CLUPEOVIK TOV SVO OpYAvVAV Vo

napovclaletal o€ £va apkeTd peyalo evpog cvykevipmoemv (Ewdva 5).

2 ovvéyelo To oOoTNUO Tov Tpomomotnpévov avaivty WSOC ypnopomombnke og
petpnoelg mediov, mov deENydncav tov lovvio Tov 2012 oty meployn g [atpag. ‘Evag
kuklovag (URG), o omolog elvar vmedBuvog Yoo ToV omokAEIGUO cOUOTOIOV omd o
olquetpo ko mhve, tomofetnOnke pmpootd amd v €icodo TOoL cvoTHuUotog. To
GUGTNLO TOV TPOTOTOUNUEVOL OELYUOTOANTTN AEITOVPYOVGE e pon delypatog 13.6+0.6
L min™, N omoin EMTPENEL TN OLEAELON OO TOV KUKADOVO COUOTIOIOV IE SIAUETPO KAT®

amd 3 um.
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SMPS (ug m")

0 I I I I I
0 5 10 15 20 25 30

Steam Sampler (ug m-s)

Ewova 5: Zoykpion HETAED TG CLYKEVTIPMOONG OpYaviK®V couatdiov (uéocot opot 30
Aemt®V) wov peTpiinkav  TOLTOYPOVE OO TOV  TPOTOTMOMUEVO  OELYHOTOANTTY

VYPOTOMUEV®V GTOYOVOV KoL TOV avaALTH 6apmong kivntikotntag (SMPS).

H moapdpetpog P yuo T1¢ pebdd0vg HETPNONG TOV LAUTOSIHAVTOD OPYOVIKOD AvOpaKa,
OGNV TEPITTOOT TN GLVEYOVG LETPNONG OGS €00, UITOPEL VoL VTTOAOYIGTEL ATTd TN GYEOM
P=V,/Q, 6mov Vy givor 0 6ykog Tov vepod mov vypomoteital avd Aertd (ML) kot Q n
pon tov aepiov delypatog otov derypatornmen (L min'l). "Eto1 vmoloyiotnke 0TL otV
TEYVIKN o M TopapeTpog P elvan ion pe 44.1 cm® m?, Avt n Ty etvon opkeTd
VYNAN, Opmg 1 Taén peyéboug g P mpoaktikd kabopiletor apevdg amd tov A IGTO
oyko mov oamortei to TOC (0.5 mL) kot apetépov amd ™ younAn pon tov ogpiov
detypotog. Zopemva pe 1o povtého Idavikod Opyavikov Awaivuatoc (Kepdiaio 2), oe
cuviBelg atpoceupikés cvykevipaooelg (1-10 pg m?), oto WSOC UTOpOvV Vo,
GUHHETEYOVY evhoEelC pe Stahvtdtro mive ard 107 g L evéd exporilovian minpog
evioeg pe $>0.001 g L™ (Ewdvoa 6). Avtd TpokTikd onpaivel 6Tt akoun Kot 0piopévot
GYETIKA VOATOONAVTOT TOAVKLKAIKOL VOPOYOVAVOpOKES (Y. VaPBAAEVIO, PEVOVOPEVIO)

umopel va GuveIsPEPOLV 1 va peTEyovv tocotikd 6to WSOC.
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Ewova 6: Kihdopo evog ovotatikov oto WSOC wg mpog ) Sehvtdttd tov, yio
OLOPOPETIKEG GLYKEVIPMGELS adldALTOV opyavik®wv agpoloAd (1, 10, 100 pg m'3)
cOHQOVO e TO POVIEAO ldavikod Opyovikov AieAbuatos yw P=44.1 cm® m? 7ov
ypMNoonomdnke otig petpnoeig nediov pe tov avaivty WSOC.

Ymv Ewova 7 mapovcialetar n ypovocelpd tng ovykévipoong tov WSOC omwg

petpnnke omd tov tpomomomuévo avaivty WSOC. H péon ovykévipmorn tov

V80TS0V TOH 0pyavVIKoD GvBpaka frav 1.24 + 0.8 ug C m™.

8 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1
o 6 B
£
()}
2 44 -
0
: M
E M
1 |
0 i R,
T I T I T I T I T I T I T I T I T
10 12 14 16 18 20 22 24 26 28

June 2012

Ewova 7: Xpovooepd g ovykévipmong tov WSOC omwg petpndnke pe tov
tportonompévo avarvty WSOC oto ITE-IEXMH.

‘Evag pacpatoypdeog palag aepolod (AMS) petpovoce tavtdypova Tn ¥nUiKn cVGTOoN
Tov copotwiov PM;. And avdivon tov eacpdtov tov AMS mpokdnter o Adyog
OM:0OC (MOoyoc g opyovikng palog mpog palo opyovikoh GvBpaka) o omoiog
yYpPNOWoTolEiTOL Yoo Tr petatpomy] G ovykévipmong tov WSOC oe  pala

vooatodAvTOV opyavikov evocewv (WSOM). Zmv Ewdva 8 napovsialetar 1o péco
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NUePNolo0 TPoPik TG ocvYKEVIp®ONG TV opyovikdv (OA) Kot T®V VOATOSOALTOV
opyavikav (WSOM).

Ta véatodaivtd opyavikd akolovBovv 1o TpoPik tov OA Katd T dapKELD TNG
viytog, TV MUEPE OUMG SoPOPOTTOLEITOL AOY® TOV SPOPETIKOV TNYDOV TovG. To
WSOM oavédvetar to mpmi Adym TG QoTOYNUElNG TOL 00nYyel OTO OYNUOTIGUO
TEPLGGOTEPO OEEWDMUEVOV KOl VOATOONAVTMOV EVOCEWMYV, EVD TAPOVCIALEL LEYIGTO OTIC
16:00 6mov n potoynueia etvar évtovn. H ovoyétion tov WSOM kot OA ftov oyetikd
acOeviic (R%=0.25). Mn onpavikh frov 1 ovoyétion tov WSOM pe 1o o&vyovmuévo
KAaopa tov opyovikav (OOA), eved Tig mpadteg pépeg TV petpnocmv (10-15 Tovviov) 1
CLYKEVIPMOOT TOV VOOTOSWAVTOV TOVTICETOL GYEdOV LLE OLT TOV  GLVOAK®OV
0pYOVIK®V, TOAVOTOTO AOY® TNG VYNANG TIUNG TS Tapapétpov P, 1 omola emttpémet

UETPNOTN KO CYETIKA U1 SIOAVTOV EVOGEDV GTO VEPO.

«I)A 1 1 l 1 1 l 1 1 l 1 1 l 1 1 l 1 1 l 1 1 l 1 1

c 45

2 4.0+ OA u
[

S 3.5 L
©

3 3.0 WSOM B
5 2.5 u
(&)

(7]

% 2.0 T T I T T I T T I T T I T T I T T I T T I T T
= 0 3 6 9 12 15 18 21 24

Time of the day
Ewova 8: Huepnown petafoArn g ovykévipmong tov opyavikav (OA) kol tov

V3ATOSAVT®OV opyovikdv (WSOM).

5. METPHZEIX YI'POXKOIIKQN IAIOTHTQN TOQN ATMOX®AIPIKQN
YOMATIAION KAYXHY BIOMAZAX

H xavon Bopalag amotelel o ToAD GNUOVTIKY TNYY ATUOGPOIPIKOV COUATIOIMY Kot
TN CNUOVTIKOTEPT TTNYT TPOTOYEVAV GCOUOTOIWV o€ Taykoouo kKApaka. Ot kupldtepeg
MYEG TV cOUATIOIMV Koo Popdlag eivar ot dacikég mupkaylEg Kot 1 kavon EOAwV
v Oéppavon ko uowsipsuals. AVt T0 copatioln givol Kava vo AEITOVPYHGOVY M

nopnveg ovumvkvoong cvvwéemv (CCN) pe apépateg emmtdoelg 6to KAipa, yU' ovtd o

YOPAKTNPIGUOG TOV VYPOSKOTIKMY TOVS O10TNTOV ivar 1daitepa onuovtikds. H kavon
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EvAwv og TCaKa Yo T BEPULOVON TOV KOTOIKIOV VoL OPKETH SLOOEOOUEVT TOL TEAEL TN
ypévio otnv EALGSa pe aféfateg emmtmoelg oty avOpadmivn vyeia kot to kKAipa. Kotd
™ Odpkeln tov yewwmva tov 2013, mpaypotomombnkay evtaTikég UETPAOES OTNV

TEPLOYN TOV KEVTPOL TG ABNvag 6to didotnuo 10/1-10/2.

5.1 Anoteréopata - Zolntnon

Mo v exktigmon @V VYPOSKOTIKGOV  1O0THTOV TOV  COUATIOIOV
YPNOLOTOMONKE EVaG HETPNTNG TUPHVAOV GUUTOKVOCNS GUVVEP®OV GE GUVOLOGUO [LE
Evav  OVOALTH GOPOONG KIVNTIKOTNTOG, VO £vaG QOCHATOYPAPOoS MAlag agpolOA
TPOGEPEPE GLVEYEIG LETPNOELS YMIKNG cvoTaong kot peyéBovg. Ot opyavikég eVOGELS
Bpébnkav va amaptilovv T0 peyardtepo pépog g palos (58%) tov copatidiov PM;
KkaB’ OAn TN dudpkela TG pépag. O otoyelakdc dvBpakag akolovbovse pe 20% kot ta
feukd Ovra pe 10%. To muepnolo mPoeidk Tov HEGOL KAAGUATOS TMV OPYOVIK®V

napovotdletal otnv Ewkdva 9.

0 9 1 1 l 1 1 l 1 1 l 1 1 l 1 1 l 1 1 l 1 1 l 1 1

084 T |1 -
0.7 - -
0.6 -
054 || .

Organic fraction
/

0.4 T T I T T I T T I T T I T T I T T I T T I T T
0 3 6 9 12 15 18 21 24
Local Time (UTC+2)

Ewova 9: Huepriolo mpoeid g péong Tiung tov KAACUOTOS TMV OPYOVIKOV GTNV

ABMva to xeywmva to 2013.
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H epoappoyn Avdtvons Octkne Mripoasc (PMF) ota  dedopéva  tov
QUOHOTOYPAPOV HAlag aepolOA £5€1EE OTL TOL OPYAVIKA COUATIOW TPOEPYOVTAL KUPIWG
a6 kovon Propdlag ta onoia emtkpatovy Tig Ppadivég mpeg petd tic 18:00 (Ewdva 10).
H xivnon tov avtokivitov ivoal vrevbovn yio v tpov) avénon tov KAAGHOTOS TV
opYOVIK®V TIG TPpvEG opeg petasd 7:00 kor 10:00, evd copatidio mov exkmépmovtal
amd 1o poyeipepa gpeaviovror to peonuépt kat 1o Ppadv petd tig 18:00. To mpopik
TV 0EVYOVOUEVOV OpYoVIKGV glval apketd otabepd Kotd tn Sdpkelo TG HEPAS,
vrodelkvoovtag 0Tt ta. oSuyovouéva opyavikd dev  oynuatilovior amd TOmKY

QoToyMuEin, aAAd Exovv petapepbel amd dAheg mePLOyES.
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Ewova 10: Huepnowo mpoeid tov pEC®V CLYKEVIPOGE®V TOV 4 TOPOyOVI®OV TOV
vroAoyiomnkav ard to PMF: Kavon fopalog (BBOA), vopdeofa amd thv KukAogopio
avtokvitov (HOA) ofvyovouéva opyovikd (OOA) kot copotidio amd upayeipepo

(COA) oty Abnva to yeyumva tov 2013.

To muepnolo mpoPik TOL KPIGIHOVL VIEPKOPEGUOD VTOAOYIGTNKE Y10 COUOTIOW
opopetikng dwopétpov (Ewova 11). Ta peyordtepo copatioln evepyomolobviol G€

YOUNAOTEPO  LIEPKOPESUD, OM®MG MNTOV  avapevopevo. AvENGOM  TOLv  KPIGLHLOL
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VIEPKOPESLOV o€ KhBe ddpetpo mapatnpeiton petacy 7:00-10:00. To didotnpa avtod To
VOPOPOPa OPYOVIKA OO TNV KIVION TOV GLTOKIVIT®V ETIKPATOVV GTNV ATUOGOALPO,
TPOKOADVTOG TNV adENomn Tov VIEPKOPESUOD 7oV  €lval  amapoitntog Yo Tnv

€VEPYOTOINGN TOVC.

11 l 11 l 11 l 11 l 11 l 11 l 11 l 11
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R —————
G 0.2 - —— 100
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Ewova 11: Hueprioio mpo@id tov kpicipov vrepkopespob ava dtdpetpo oty Anva 1o

yeywova tov 2013.

XPNOUOTOUDVTAG TNV KOTAVOUN TNG 6V0TAoNS TV copatdiov PM; pe m owbpetpd
TOVG KOTOANEQUE OTL Ol VYPOOKOTIKEG OOTNTEG TOV OVTIGTOOLV OTN UECT] YNLUKY
ocvotaor Tov PM; prnopovv va e€ayxbovv and ta copotiowe 80-100 nm. To nueprclo
TPOPIA NG HEOTG VYPOSKOMIKOTNTAG TOV COUATIOIMV 0TV KaBMG Kot 1 LEGNS TIUNG
toug mapovstaloviot oty Ewova 12. H ehdyiot tiun g Héong vypooKomkOTNTOS Kay
napotnpeiton 1 TpwvES opes (7:00-10:00) 6mov 01 VOPOPOPES COUATIONNKES EKTOUTEG
tov avtokivtov (HOA) tapovsidlovv péyioto, evad To peonuépt mapatnpeitor advénon
g néong vypookomkdtTtag. To didotnua avtd ot 0EVYOVOUEVES OPYOVIKES EVAOCELS
(OOA) mov elval VYPOOKOTIKEG €XOLV UEYOADTEPT GLYKEVIPMON O GYECT UE TO
copatiow and T1g ALES TYEG, 00N YAOVTOG GTNV AHENCT TG VYPOSKOTIKOTNTOG. ATO TIg
18:00 péypt to. pesdvoyta, OOV EMKPUTOVV GTNV OTUOCEOPO TO COUOTIOW KOOGS
Bopdlog (BBOA) m péon vypookomkdtta epeoaviletor opketd otabeprn, Kot

Kopaiveror kovtd oto 0.15. T'evikd, to copatidio NTav apKeETd VYPOCKOTIKA KOl TO
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péyloto KAAGHa evepyomoinong mov petprinke mAnociale ) povada yio To peyoAvTep
amd avtd. Meimon tov evepyomompuévon KAAGIOTOG TMV GOUATIOIMV Tapatnpninke Kot

TEAL TIC TPOIVEG DPES KATA TO SIAGTNO TTOL VI PYAV VYNAOTEPEG cuykevTpoelg HOA.
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Ewova 12: Huepnoo mpogid g vypookomkotntog TV copatdiov dapétpov 80, 90
kot 100 nm. Zto 510 dtdypoappiol Le SIOKEKOUUEVT] YPOUUT QOIvVETOL 1) LECT] TIUT TOLG

oV ABnva 1o yeova tov 2013.

H cvvolikn vypookomikdtnta x evOg cOUATIOI0N GUVIEETAL [LE TO KAAGHO TOV GYKOV &;
TOV KABE GLGTOTIKOD KOl TNG VYPOSKOTIKOTNTAG TOV Kj pe TNV e&icmon Yeiki=k. T
TOV VTOAOYIGUO TNG VYPOCKOTIKOTNTOS TV OPYOVIKMY OPYIKA XPNCLOTOmOnKe 10
povtédo ISORROPIA 11.%° To HOVTEAO aUTO YPNOUOTOLEL TIS GUYKEVIPADGELS TMV
avopyavev Wdviev mov &ovv petpnbei (NHi', SO42 NO;z» CI, KY) vrnd yveoth
Bepprokpacio Kot oyeTikn vypaocic, LVToAoyilel ) CLYKEVIP®OON TOV OAITOV OO TO
omoia mponABav. YmoBétovtag 4Tt 1 VYPOSKOTIKOTNTO TOV GTOLYEKOD AvOpaKa givat
UNOEVIKT, M TLVKVOTNTO TOV opyowmo’av21 givar 1.5 g cm™ xat @0y VTOAOYIGTOVV TO.
avTioTor0 KAAGHOTO OYKOL TV OVOPYOVOV GLUGTATIKAOV, £Ivol EPIKTOG 0 VTOAOYIGUOG

NG VYPOGKOTIKOTTOG TMV OPYAVIKADV.
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Ewoéva 13: Huepnoo mpo@ik TG vYposKOmKOT TG TMV OPYOVIKOV COUATIOIWV.

H mopduetpog vypookomkdTTag £ TV 0pyovikav copatdiov kopdvinke and 0.06
¢wc 0.21. Katd ™ odpketo g vOytag OTov to cOUaTidn g Kadong emkpatodyv, M
VYPOCKOTIKOTNTO TAPEUEIVE 0pKETA oTafepn, YOpw oto 0.09. Ilponyodueves Letpioels
NG VYPOSKOMIKOTNTAG COUOTOIV Tpogpydpeva and kavon Propdlos katéAn&ay emiong
oe Tég kovtd oto 0.1. H adénom tov Korg mov mapatnprnke petd tig 3:00 opeiretan
610 YeYovog 0Tt o oEuyovopéva opyavikd apyilovv va yivovtor onpovtikd exeivn tnv

mepPiodo.

6. METPHZEIX YI'POXKOIIIKQN TAIOTHTQN AEYTEPOT'ENQN
OPI'ANANIKQN XOMATIAIQN ITAPATOMENQN AITIO OZONOAYXH KAI
OOQTOXHMIKH 'HPANXH TOY A-IIINENIOY

H ootoymukn o&eldwon mmrikdv opyavikdv evacewv (VOCS) oty atpoceaipa £xet
OG OMOTEAEGUO TO OYNUATIOUO OgvTEPOYEVDV O0pYaviK®V ocopatidiov (SOA). Ot
Bloyeveic VOCs amotelov 1t peyorvtepn iy SOA oe moykdopor kKAipoko Kot 1
TPy ToVG eEapTdTol amd TOALOHS TapdyovTeg OTMG 1 £VTAGT TOV NAOKOV GMTOG,
n Oepuokpocio kKor to €idog g PAdotnong. Ta tepmévia €ovv T peyaAdTEPN

GLVELSPOPE OTIC Plroyevelc TINTIKEG OPYOVIKES EVAOELS, LE TO O-TLVEVIO VO, EKTEUTETOL

167



OTNV  ATHOCOOIPO OTLS VYNAOTEPES OLYKEVIPOGELS. To a-mvévio avidpd otnv
atpocealpo Katd kopto Adyo pe 1o 6lov oynuartilovrag olovidlo mov JlCTATOL Kot
ocvveyilel va avtidpd Tpog To SYNUATIGUO AYOTEPO TTNTIKAOV EVAOGEWV Kol oynuatilovv
copotioe. To ocopotidlo ovTd UTOPOVV VO VITOGTOVV  TEPAUTEP®  UETAUPOAES
avTOpdvTag pe dAlo ofedmtikd péoa g atudseapas, Onwg ot voposviikég pilec.
210 mAaicto oG TG SaTpIPng £Yve Lol GEPE TEPAUATOV OVOTAPOYWYNG QLTS TNG
oelpdc avTdpdoenv péca oe £va mepiParioviikd Odiapo. O Bdlapog avtdg Ppioketal
oTlg gyKataotdoelg tov Ivetitovtov Xnuikng Mnyavikig ITE-IEXMH oty Ildtpa

péca o€ 101K S1OUOPPOUEVO YDPO KAALUEVO e Aaureg UV.

Yuvolkd éywav 10 mepdpato kot éva toeAd. [pv and ke meipapa, o Odlapog
kaBapllotav pe 0€po amaALAYUEVO aO COUOTIOW, VYPOCIO Kol OPYavIKG aépla. XTO
np®To 0T mEPaudTov, copotidw (NHg)SO4 ecdyoviav oto Odlopo ta omoia
nopackevdlovtay pe T ypNon atopomomtn. XN ocvvéxew mepimov 500 ppb O3
glodyovtov oto OdAopo kou 30 Aemtd apydtepa pa TocsdtTo a-mveviov. Ta Arydtepo
TINTIKE TPOTOVTIO £TGL CLUTLKVAOVOVTOL TV OTo TPOLTAPYOVTO GOUATIOW Beukol
appoviov. X ocvvéyela to copatiow avtidpovoav pe piteg OH, ol omoieg mapdyovtayv
amd TN QOMTOAVON VITPOOOLS 0EE0C KAT® Omd VLIEPIDOES QMG XTO OEVTEPO GET
TEPAULATOV TOPAKALPONKE TO OTASO TNG TAPACKELNG Kol €160Y®YNG oT0 OAAapo
copatdiov (NH4)2SO4 kot To opyavikd cmpotidio oynuatiotnkay and TupnvoyEVVeEST).
Xe OAn ™ SIPKEW TOV TEWPAUATOV EVOG QACHATOYPAPOog Mdlag aepolod mopeiye
OedOUEVOL YNUIKNG GVOTOOTG TOV COUATIOIMV KOl TNG KATAVOUNG TOL HEYEOOVE TOVG EVD
0 peTpnmc mupRvev copmvkvoonsg cuvvéemv (CCNC) oe cuvdvaoud pe éva avaivt)
ochpwong kvnrikomrag (SMPS) mapeiyav TAnpogopiec yio 10 KAAGHO EVEPYOTOINONG

TOV COUOTWIOV KOl  TO pnéyeBog tovg. O  derypotoAnmrng  atpold  emiong
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YPNOCLOTOMONKE Yo TN HETPNOT TNG CLYKEVIPMOOTNG TOV VOOTOIOAVTAOV OPYOVIKMOV

GLGTATIKAOV TOV COUATIOIMV GTO TEAEVTOIO TEIPALLOL.

[Tapdro mov To copatiow Beukod appmVIiov Tov TPOVTAPYOLVY GTO OBdAapo eivar
TEPLOCOTEPO VYPOOSKOMIKA OO TIG OPYOVIKEG EVDGELS, LUE TNV TPOCSONKN OEVTEPOYEVAOV
OPYOVIK®V 6T0 COUOTIOW omd v 0{ovOALGN TOL TveVIOL dev TapoTNPEiTal KAmol
OTOTIOTIKA OMUOVTIKN HETAPOAN TOL KAAGHaTOG evepyomoinong. Eniong n enidpaon g
QOTOYNUKNG YNPOVONS TV COUATIOIWV OeV EMEIPAGE GTO KAUCUN TV COUATIOIMV TOV
gvepyomolovvtal. Avtifeta, n Kpioun SGUETPOG TOV COUATIOIMY avEAvETaL HETA T
SLUTOKVOGT 0pYaVIKOV Thve ota copatiot (NH;)2SO4 (Ewova 14). Avtd cvpPaivet
ywti  kpioyn SaueTpog e&optdtol amd Tn GVoTUCT TV coORaTdiny. Avtifeta, 1o
EVEPYOTOMUEVO KAAGUO TOPOUEVEL OUEI®TO AOY® ™G avénong tov peyébovg tav
ocOUOTIOV petd v o{ovolvor), YEYOVOS TOV EMITPEMEL GTO, COUATIOW Vo cuveyilovv

VoL EVEPYOTOLOVVTOL.

Mukpn| avénom 1oV KAAGHOTOG EVEPYOTOINOoTMG TapaTnpEiTan otny apyn s 0LovoAvonG
AOY® avénong tov peyéBoug TV copaTdinv ved dgv mapatnpnonke kamolo PLeETaPoAN
tov CCN kAhdopotog TV mapaydymy e 0{ovorlveng LETA TV ENLOPUCT VOIPOELAMKDV

ptov ko UV aktivoforiog.
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Ewova 14: EE&EMEN tov KAAGUHOTOG €vePYOTOINOMG KOTA TN OPKELD TEPAUATOS
Tapovcio Tupvev Beukov appoviov. H okacpévn mepoyn avtiotolyel o ofnopéva
oot UV gvd n Aevkn og avoytd. H kokkvn, pumke Kot Tpdotvn KOUmTOAN ovTioToyel
oe vrepkopeopd 0.42, 0.74 wor 0.91% avrtictoyya. Xty ewodvo @aivovior emxiong ot

YPOVIKEG OTIYIES OTIS omoieg €yve mposBnkn Oz Yo va oynuatictodv SOA ko HONO
YLOL QOTOYN KT YPOVOT.

21 debtepn oepd mEPaUdT®V OTov OV TPOLIAPYOLV 6TO BAAANO cwpaTidO BeukoD
appoviov, mapotnpnOnke 61t Kot TEAL T0 KAAGUO EVEPYOTOINGNG TOV COUATIOIOV O
petafaiietor  katd T eotoynukn ynpavon. Ta avtictorye oamoteAéopota
napovstaloviar oty Ewova 15. H adénon mov mapovcialetar to mpota AEmTd Tng
olovoivong ogeidetor otn paydaio adénon g JSUETPOV TOV GOUATIOIMY TOV TO.
kabiotd evepyd. H duapetpog evepyomoinong tov copatidiov eniong Ppédnke va un

petafaiietol onuovtikd kotd Tn odpkeln tOGo NG olovoivong 0co Kol NG

QOTOYM KNG o&eidmong.

EmumAéov vmohoyioTnKe 1 VYPOCKOTIKOTNTO K TOV KOOUPADV 0PYOVIKOV COUOTIOIOV o
10 0e0TEpO oeT mepapdtov. H mapduetpog vypookomkdtntag x dgv PeToANOnKe

ONUAVTIKE Katd TN Odpkeln TG olovolvong Kot TG QOTOYNMKNG 0&eldmwong evd
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napatnpnOnke Koy cvoyétion pe to Adyo O:C oto chvoro tov mepaudtov (Ewdva
16). H vypockomikotnto umopel va ekQpactel mg cuviptmon tov Adyov O:C pe Bdon

mv e&icmwon: k=(0.29+£0.005) (0:C).
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Time (h)

Ewova 15: EEEMEN T0Lv KAGOHOTOG €vEPYOTOINONG KOTA TN OPKELD TEPAUATOS
amovcio TupNvev Beukod appmviov. H oklacpévn meployn avtiotolyel o€ ofnouéva
onto UV gvd n Aevkn og avoytd. H kokkvn, pumke Kot Tpdotvn KOUmTOAN avTioToyel
oe vrepkopeopd 0.42, 0.74 wor 0.91% avrtictoyya. Xty ewodvo @aivovior miong ot

YPOVIKEG OTIYUEG OTIG omoieg €yve Tpoabnkn O3 yia va oynuatietovy SOA kot HONO

YLOL QOTOYN KT YPOVOT.
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Ewova 16: Zyéomn g vypookomkOtNTog pe Tov atopikd Adyo O:C yia 10 chvoro Tov

TEPOUATOV OTOV NTAV EPIKTOC O VTOAOYIGUOG TNG VYPOCSKOMIKOTNTOS. AlAPOPETIKO

YpOUO avtioToryel oto kéBe meipapa.
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Téhog, pe ) Pondeta TOL SEIYUATOANTTN ATUOV VITOAOYIGTNKE TO VOUTOINOAVTO KAACLLOL
TOV 0PYOVIKOV cOUOTOIOV. MeTd amd o dpa and v évapén e olovoivong, 1o
V30TOdAVTO KAAoua Eemepvd to 0.9, evd petd amd dVo dpec kol TV enidpacn plov
VOpo&VAiov amd v mpwtn Tpocsnkn HONO to vdatododlvtd kidopo ayyiler
povada. H €€EMEN tov ¥d0T0d10AVTOD KAAGHOTOG TV COUOTIOIOV KOTA TN JldpKeLd

evog melpapotog eaiveton otnv Ewova 17.
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Ewova 17: EEEMEN Tov vO0TOO0ALTOD 0pYOaVIKOD KAGGLOTOS KATA TN SUIPKELD TOV
nepdapatog 10. H oxiacpévn meployn avtictolyel oe opfnopéva eoata UV evd 1 Agvkn

G€ avoyTd.
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