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Abstract
Atmospheric aerosols, defined as a suspension of solid or liquid particles in air, have
an important influence on human well-being. Exposure to high aerosol concentrations,
e.g. during smog events, can lead to direct adverse health effects. In addition, longterm exposure to moderate aerosol concentrations has been associated with increased
mortality and was found to increase the risk of cardiopulmonary and lung cancer.
Furthermore, biogenic and anthropogenic aerosols influence the Earth’s climate by
reflecting and absorbing solar radiation and changing the cloud’s optical properties
and lifetime. Therefore, better characterization of the ambient aerosol is necessary to
reduce the uncertainties in future climate predictions and to make better estimations of
various health effects. In addition, information about the contribution of different
sources to the ambient aerosol is needed to identify and quantify main sources of
ambient particulate matter (PM) to form a solid basis for future legislations.
Atmospheric aerosols are a complex mixture and their composition depends
on local and regional sources. In general the predominant chemical components of
PM with an aerodynamic diameter < 1µm (PM1) can be grouped into nitrate, sulfate,
ammonium, organic aerosol (OA) and black carbon (BC) with the carbonaceous
aerosol (OA+BC) being a significant or major fraction. OA can consist of primary
organic aerosol (POA), which is directly emitted as particles, and secondary organic
aerosol (SOA) which is formed in the atmosphere through the oxidation of gaseous
organic precursors followed by condensation of the less volatile products. Emissions
from domestic wood burning in winter have a major influence on PM1 levels in
Alpine valleys but also contribute to total PM levels in major cities.
Several measurement campaigns were performed to characterize the primary
emissions, the secondary aerosol formation and the aging process of the emissions of
different types of residential wood burners using an Aerodyne high resolution aerosol
mass spectrometry (HR-TOF-AMS). The AMS was deployed for the on-line
quantification and characterization of the bulk OA. The high resolution organic mass
spectrum (MS) can be used as a fingerprint of different types of OA and gives
information about the elemental O:C ratio which can be used as an estimate for the
degree of oxygenation of the OA and its hygroscopicity.
Characterization of the primary emissions from a pellet boiler and a log wood
burner was performed at the wood burner test facility of the Lucerne University of
Applied Sciences and Arts. Emissions from a 15kW pellet boiler were dominated by
BC and OA during the startup phase and bad burning conditions whereas refractory
inorganic components like potassium salts were the main fraction of the PM
emissions during stable burning conditions. The emissions from the log wood burner
consisted mainly of OA and BC. Generally, OA concentrations peaked directly after
the wood was ignited/added followed by an increase in BC. Overall, BC was found to
be the largest fraction of the PM. The O:C ratio of the OA from the pellet burner
during stable conditions was 1.6 which is higher than the 0.8 - 1.0 found for highly
aged SOA found in ambient aerosol. The O:C ratio of the log wood burner was in the
range of 0.2 - 0.6 during the high concentration periods with increasing values up to
1.7 during the burnout or smoldering phase. The Van Krevelen plot revealed that the
OA properties produced by both burners fall on a single line with a slope of -0.56 and
an intercept of 1.7. The intercept indicates a backbone for the hydrocarbons (O:C = 0)
with an average of 2.5 double bond equivalents (DBE) for a 10 carbon molecule or 4
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DBE for a 20 carbon molecule. The DBE for the oxygen containing molecule CxHyOz
follows the formula 0.15x + 0.28x · O:C + 1.
Emission factors, SOA formation and the aging of OA under simulated
ambient conditions were tested using two different log wood burners and a residential
pellet burner. Experiments were performed during three smog chamber campaigns at
the Paul Scherrer Institute. All three burners, an old log wood burner (1960), a
modern log wood burner (2009) and a modern pellet burner (2005), showed higher
emission factors for BC, POA and SOA during the startup phase compared to the
flaming phase. Total emission factors after five hours of aging, defined as
BC + POA + SOA, were found to be very similar for the two log wood burners during
the starting phase. However, when the flaming phase was reached, the emissions of
the old log wood burner decreased by only 37% whereas the modern log wood burner
showed a decrease of 86%. In comparison, the average emission factor during the first
four minutes after the start of the pellet burner was ~4 times lower compared to the
starting phase of the two log wood burners. During stable combustion, the
carbonaceous emission factor of the pellet burner was 10 to 60 times lower compared
to the modern log wood burner and the old log wood burner, respectively. After five
hours of aging, the OA was dominated by SOA having an average contribution of
77% for the starting phase and flaming phase experiments with the log wood burners
and the starting phase of the pellet burner. No SOA formation was observed for the
stable burning phase of the pellet burner. Primary organic emissions from the three
different burners showed a wide range in O:C atomic ratio (0.19 - 0.60) for the
starting and flaming conditions, which also increased during aging.
Different sources of POA have been successfully extracted from ambient
AMS data using positive matrix factorization (PMF). However, SOA sources and
their contributions to the ambient OA are still unknown. SOA produced from the
filtered emissions of three different anthropogenic sources, a log wood burner, a
Euro 2 diesel car and a 2-stroke scooter, were characterized and compared to the SOA
from α-pinene, a biogenic SOA precursor. At unit mass resolution (UMR), SOA
spectra of these four sources showed high similarity with Pearson’s r values > 0.94 for
the correlations between the different SOA types. Similarly to the relatively fresh
semi-volatile oxidized OA in the ambient aerosol, the dominant peaks in the HR-MS,
m/z 43 and 44, are dominated by the oxygenated ions C2H3O+ and CO2+, respectively.
The atomic O:C ratios were found to be the range of 0.25 - 0.55 where, on average,
the diesel SOA showed the lowest O:C ratio followed by SOA from wood burning, αpinene and the scooter. Grouping the ions based on their carbon number revealed that
there was a negative correlation between the fraction of small ions and the O:C ratio.
The HR data of the four sources could be clustered and separated using principal
component analysis (PCA). The model, explaining 79% of the variance, showed a
significant separation of sources and clustering of the duplicate experiments on the
first two principal components. Projection of ambient SOA spectra resolved by PMF
showed that the approach is useful to identify large contributions of the tested SOA
sources to ambient SOA.
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Zusammenfassung
Atmosphärische Aerosole, definiert als eine Suspension fester oder flüssiger Partikel
in
Luft,
beeinträchtigen
das
menschliche
Wohlbefinden.
Hohe
Aerosolkonzentrationen, z. B. während Smogepisoden, können zu direkten negativen
Auswirkungen auf die menschliche Gesundheit führen. Zudem wurden längerfristige
moderate Konzentrationen mit erhöhter Mortalität und einem erhöhten Risiko von
Herz-Lungen-Krankheiten und Lungenkrebs in Verbindung gebracht. Im Weiteren
beeinflussen biogene und anthropogene Aerosole das Klima der Erde durch Reflexion
und Absorption von Solarstrahlung sowie durch Veränderung der optischen
Eigenschaften und der Lebenszeit von Wolken. Eine bessere Charakterisierung von
Feinstaub in der Umgebungsluft ist nötig, um die Unsicherheiten in Klimavorhersagen
zu reduzieren und die verschiedenen gesundheitlichen Auswirkungen besser
abzuschätzen. Zudem ist das Wissen über den Beitrag verschiedener Quellen zu
Feinstaub notwendig zur Identifizierung und Quantifizierung der wichtigsten Quellen
und somit zur Schaffung solider Grundlagen für zukünftige Gesetzgebungen.
Atmosphärische Aerosole sind eine komplexe Mischung, und ihre
Zusammensetzung hängt von lokalen und regionalen Quellen ab. Die dominierenden
chemischen Komponenten von Feinstaub mit einem aerodynamischen Durchmesser <
1 µm (PM1) sind Nitrate, Sulfate, Ammonium, organische Aerosole (OA) und
schwarzer Russ (BC). Der kohlenstoffhaltige Anteil (OA + BC) ist bedeutend, oft gar
dominierend. OA kann aus primärem Aerosol bestehen (POA), welches direkt in die
Luft emittiert wird, oder aus sekundärem OA (SOA), welches in der Atmosphäre aus
der Kondensation von weniger flüchtigen Produkten der Oxididation gasförmiger
organischer Vorläuferstoffe gebildet wird. Emissionen aus Holzheizungen haben im
Winter einen grossen Einfluss auf die PM1-Konzentrationen in den Alpentälern, sie
tragen auch zu den Feinstaubkonzentrationen in Städten bei.
Mit einem hoch-auflösenden Aerosol-Massenspektrometer (HR-TOF-AMS)
wurden mehrere Messkampagnen durchgeführt, die zum Ziel hatten, die primären
Emissionen, die sekundäre Aerosolbildung sowie den Alterungsprozess der
Emissionen verschiedener Typen von kleinen Holzöfen zu untersuchen. Mit dem
AMS wurde die Quantifizierung und Charakterisierung der Aerosolgesamtmasse
vorgenommen. Die hoch-aufgelösten organischen Massenspektren (MS) können als
Fingerabdruck verschiedener OA-Typen verwendet werden, und sie liefern
Informationen über das elementare O:C-Verhältnis, welches zur Abschätzung des
Grads der Oxidierung und der Hygroskopizität von OA verwendet werden kann. Die
Charakterisierung der primären Emissionen aus einem Pellet-Heizkessel und einem
Holzofen wurde an der Holzofen-Test-Einrichtung der Fachhochschule Luzern
durchgeführt.
Während der Startphase und während schlechter Brennbedingungen waren die
Emissionen eines 15 kW Pellet-Heizkessels dominiert von BC und OA.
Schwerflüchtige anorganische Komponenten wie zum Beispiel Kaliumsalze machten
den Hauptteil der Feinstaubemissionen während stabiler Brennbedingungen aus. Die
Emissionen eines Holzofens bestanden zu einem Grossteil aus OA und BC. Im
Allgemeinen machten die OA-Konzentrationen den höchsten Anteil an PM aus. Das
O:C-Verhältnis von OA aus dem Pellet-Heizkessel während stabiler Bedingungen
betrug 1.6 und war somit höher als die Werte von 0.8 – 1.0, welche in stark gealtertem
Feinstaub gefunden wurden. Das O:C-Verhältnis des Holzofens lag in den Phasen mit
hohen Konzentrationen im Bereich von 0.2 – 0.6 und erhöhte sich in der AbbrandV

und der Schwelphase auf 1.7. Das Van Krevelen-Diagramm zeigte, dass die
Eigenschaften von OA aus den beiden Öfen auf eine einzelne Linie fallen, welche
eine Steigung von -0.56 und einen Achsenabschnitt von 1.7 aufweist. Der
Achsenabschnitt deutet auf eine Hauptkette der Kohlenwasserstoffe (O:C = 0) mit
durchschnittlich 2.5 Doppelbindungsäquivalenten (DBE) für ein Molekül mit 10
Kohlenstoffatomen oder 4 DBE für ein Molekül mit 20 Kohlenstoffatomen hin. Das
DBE für sauerstoffhaltige Moleküle CxHyOz folgt der Formel 0.15x + 0.28x · O:C + 1.
Emissionsfaktoren, SOA-Bildung und das Altern von OA unter simulierten
Bedingungen wurden mit zwei verschiedenen Holzöfen und einem privaten PelletOfen getestet. Die Experimente wurden am Paul Scherrer Institut während drei
Smogkammer-Kampagnen durchgeführt. Alle drei Öfen, ein alter Holzofen (1960),
ein moderner Holzofen (2009) und ein moderner Pellet-Ofen (2005) zeigten höhere
Emissionsfaktoren für BC, POA und SOA während der Startphase im Vergleich zur
Brennphase. Die Emissionsfaktoren für BC + POA + SOA nach fünf Stunden
Alterung waren für die beiden Holzöfen während der Startphase sehr ähnlich. Wenn
jedoch die Brennphase erreicht wurde, verringerten sich die Emissionen des alten
Holzofens nur um 37%, diejenigen des modernen Holzofens jedoch um 86%. Der
durchschnittliche Emissionsfaktor während der ersten vier Minuten nach dem Start
des Pellet-Ofens war im Vergleich zu der Startphase der zwei Holzöfen ~4 mal tiefer.
Während stabiler Bedingungen waren die Kohlenstoffemissionsfaktoren des PelletOfens im Vergleich zum modernen und alten Holzofen 10 bis 60 mal tiefer. Nach fünf
Stunden Alterung war OA dominiert von SOA, mit einem durchschnittlichen Anteil
von 77% für die Start- und Brennphase-Experimente mit den Holzöfen und der
Startphase des Pellet-Ofens. Für die stabile Brennphase des Pellet-Ofens wurde keine
SOA-Bildung beobachtet. Die atomaren O:C-Verhältnisse der primären organischen
Emissionen der drei verschiedenen Öfen variierten zwischen 0.19 – 0.60 für die Startund Brennbedingungen, und sie erhöhten sich während des Alterungsprozesses.
Mittels der Anwendung von positiver Matrizenzerlegung (PMF) auf AMSDaten wurden verschiedenen Quellen von POA in der Umgebungsluft erfolgreich
extrahiert. Die SOA-Quellen und ihre Beiträge zu OA sind jedoch noch weitgehend
unbekannt. SOA aus den gefilterten Emissionen dreier verschiedener anthropogener
Quellen - einem Holzofen, einem Euro 2 Diesel-Auto und einem Roller mit
Zweitaktmotor - wurde charakterisiert und mit dem SOA von α-Pinen, einem
biogenen SOA-Vorläufer, verglichen. In Einheitsmassenauflösung (UMR) zeigten die
SOA-Spektren dieser vier Quellen hohe Ähnlichkeiten (Pearsons r Werte > 0.94 für
die Korrelationen der verschiedenen SOA-Typen). Ähnlich wie bei relativ frischem,
halbflüchtigem, oxidiertem OA in Umgebungsluft sind die dominanten Peaks in den
HR-MS, m/z 43 und 44, dominiert von den oxidierten Ionen C2H3O+ und CO2+. Die
atomaren O:C-Verhältnisse liegen im Bereich von 0.25 - 0.55. Das Diesel-SOA wies
das kleinste O:C-Verhältnis auf, gefolgt von SOA von Holzfeuerungen, α-Pinen und
dem Roller. Die Gruppierung der Ionen nach ihrer Kohlenstoffatom-Anzahl zeigte
eine negative Korrelation zwischen dem Anteil kleiner Ionen und dem O:CVerhältnis.
Die
HR-Daten
der
vier
Quellen
konnten
mittels
Hauptkomponentenanalyse (PCA) gruppiert und getrennt werden. Das Modell erklärte
79% der Varianz und zeigte eine signifikante Trennung der Quellen und ein
Clustering der duplizierten Experimente auf den ersten beiden Hauptkomponenten.
Die Projektion von PMF-Spektren aus Feldmessungen zeigte, dass der Ansatz für die
Identifikation grosser Beiträge der getesteten SOA-Quellen zu SOA nützlich ist.
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Chapter 1. Introduction

1.1. Atmospheric aerosols
An aerosol is technically defined as a suspension of fine solid or liquid particles in a
gas and includes both the gas phase and the suspended particles (Seinfeld and Pandis,
2006). However, common usage refers to the aerosol as the particulate component
only. The size range of particles observed in the earth’s atmosphere spans many
orders of magnitude, from a few nanometers for small molecular clusters to several
millimeters for fine sand or raindrops. An overview of the different types of particles
and their sizes is shown in Figure 1.1.

Figure 1.1. Characteristics of aerosols and particles in the atmosphere (Finlayson-Pitts and
Pitts, 2000).

When using the term “atmospheric aerosol”, the lower end of the size range is in most
definitions not strictly defined since there is no accepted criterion for when a cluster
of molecules can be seen as a particle. On the other side of the spectrum, particles are
excluded based on the rapid fallout of large particles. The most important particles
with respect to atmospheric chemistry and physics are in the range of 2 nm to 10 µm
(Finlayson-Pitts and Pitts, 2000). The definition of aerosols used by the
Intergovernmental Panel on Climate Change (IPCC) is described as: “a collection of
airborne solid or liquid particles, with a typical size between 0.01 and 10 µm that
reside in the atmosphere for at least several hours” (IPCC, 2007). Although we use
the term “atmospheric aerosol”, we usually mean the lowest ~10 km called
troposphere. The troposphere can be divided into the planetary boundary layer (PBL),
extending from the Earth’s surface to a height that ranges from 100 to 3000 m, and the
free troposphere above it. The PBL is directly influenced by the presence of the
Earth's surface and human activities. Under stable winter conditions, persisting
temperature inversions can lead to a build-up of emissions in this relatively shallow
layer.
3
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The concentration of these aerosol particles with an aerodynamic diameter of 10 µm
or less (PM10) is measured and regulated. In Switzerland the yearly average PM10
concentration should not exceed 20 µg m-3 and a daily average of 50 µg m-3 should
not be exceeded more than once a year (Swiss Federal Council, 2010). For the
European Union these limits are 40 µg m-3 per calendar year and 50 µg m-3 per day,
where the daily limit should not be exceeded more than 35 times a year (European
Parliament and the Council, 2008).

1.2. Aerosol sources and aerosol removal
In urban areas, aerosols consist of a mixture of primary particles, which are released
directly into the atmosphere and secondary particles which are formed by chemical
processing of gaseous precursors prior to condensation. Primary particles are
produced by biogenic sources, like sea spray, mineral dust, plant spores or volcanic
activity, or by anthropogenic activities like industrial or combustion processes. Also,
the gaseous precursors leading to secondary aerosols are emitted by biogenic sources
or anthropogenic activities.
The atmospheric aerosol consists of a dynamic and complex mixture of gases
and particles. New particle formation by homogeneous nucleation, particle growth by
condensation and particle coagulation are three processes that can occur during the
lifetime of particles. In addition, particles may take up water and form cloud droplets
which can be a reversible process depending on the local relative humidity. There are
several properties of particles that are important for their role in atmospheric
processes. These include, in addition to their number concentration, their mass, size,
chemical composition, and aerodynamic and optical properties. Of all these
properties, particle size is the most important. It is not only related to the source or
processing of the particles, as is shown in Figure 1.2, but also to their effects on
health, visibility, and climate (Finlayson-Pitts and Pitts, 2000).
For a spherical particle, size can be simply characterized by the geometric
diameter. For aerosol particles, which often have a fractal or irregular shape, an
equivalent diameter is used. The equivalent diameter is the diameter of a spherical
particle of unit density having the same value of the measured physical property as the
irregularly shaped particle.
Particles with a diameter < 2.5 µm (PM2.5) are generally referred to as “fine
particles” whereas particles with a diameter > 2.5 µm are called “coarse particles”.
The fine particles can be further classified into three groups: particles with diameters
< 10 nm, 10 nm - 100 nm and 100 nm - 2.5 µm; the nucleation mode, Aitken nuclei
range and accumulation range respectively (Baron and Willeke, 2005; Finlayson-Pitts
and Pitts, 2000).
Once particles are emitted or formed in the atmosphere, their size, number and
chemical composition can change by several mechanisms until they are finally
removed by natural processes. Atmospheric removal processes can be divided into
two groups: dry deposition and wet deposition. Dry deposition refers to the direct
transfer of species to the earth’s surface without the aid of precipitation. Wet
deposition encompasses all processes by which species are transferred to the earth’s
surface in aqueous form like rain, snow or fog (Seinfeld and Pandis, 2006).

4
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Figure 1.2. Schematic of an atmospheric aerosol size distribution. The solid line shows a
typical ambient size distribution. The dashed line shows a fourth mode, the ultrafine or
nucleation mode, as well as the bimodal distribution which is sometimes observed in the
accumulation range (Finlayson-Pitts and Pitts, 2000).

1.3. Effects of aerosols
Over the past decades, there has been increasing recognition of the environmental and
health impacts of human activities on local, regional and global scale. This is
particularly true of changes to the composition and chemistry of the atmosphere
caused by anthropogenic activities. A short summary of the health effects of aerosols
and their effect on the earth’s climate is given below.

1.3.1. Health effects
In the last half of the twentieth century, several acute episodes of lethal smogs
provoked a public awareness of the hazards of air pollution. One of the best known
and documented episodes occurred from the 5th to the 9th of December 1952 in
London, England. Stable meteorological conditions combined with the high emissions
from local coal burning lead to the accumulation of sulfur dioxide (SO2) and total
particulate matter (PM) up to 5 - 19 times above current regulatory standards.
According to government reports, this episode resulted in 3,000 more deaths than
normal during the first three weeks of December and a total of 12,000 excess deaths
were estimated for the period December 1952 through February 1953 (Bell and Davis,
2001).
5
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Also long-term exposure to moderate concentrations of PM has been associated with
increased mortality (Dockery et al., 1993; Laden et al., 2006) and was found to
increase the risk of cardiopulmonary and lung cancer (Pope et al., 2002). Figure 1.3
shows the correlation between increased mortality and PM2.5 levels found for six
cities in the US. An increase of 10 µg m-3 in the concentration of fine particulate
matter was found to lead to a decrease in life expectancy of 0.61 ± 0.20 year (Pope et
al., 2009).

Figure 1.3. Estimated adjusted rate ratios for total mortality and PM2.5 levels in the Six Cities Study.
Data is scaled to the city Portage (P) (Laden et al., 2006).

The justification to base air quality standards on smaller particles like PM10 or PM2.5
is evident since these particles fall in the respirable size range and can be deposited in
the respiratory tract. Figure 1.4 shows how aerosol particles deposit at different
positions in the respiratory tract depending on the particle size.

Figure 1.4. Penetration of aerosol particles into the human respiratory tract (UGZ, 2004). and
deposition probability in the respiratory tract (Maynard and Kuempel, 2005).

There are several mechanisms by which particles can be deposited in the respiratory
tract. The three main mechanisms are inertial impaction, gravitational settling and
diffusion.

6
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Inertial impaction is the process occurring when the airstream changes direction and
the particle is carried forward by inertia whereon it impacts at the surface.
Gravitational settling refers to the settling of particles under the action of gravity.
Diffusion results from the random Brownian motions of the particles, caused by
collisions with gas molecules, which carry them to the lung surface. As shown in
Figure 1.4, particles with diameter larger than 5 µm are deposited in the upper
respiratory tract whereas small particles in the range 0.1 µm - 1 µm can penetrate all
the way into the alveoli. Particle retention is determined by the balance between the
rate of deposition and the rate of clearance. Particles that deposit in the
tracheobronchial region are cleared by mucociliary clearance and ultimately
swallowed. The retention half time of 24 - 48 hours is relatively rapid compared to the
slow clearance of the alveolar region which is in the range of months to years (Bailey
et al., 1985). Longer clearance times for particles deposited in the alveolar region
result in increased potential health effects.

1.3.2. Climate effects
The term “radiative forcing” (RF) refers to an induced change in the earth's radiation
balance of incoming and outgoing energy. Positive forcing tends to increase the
surface temperature while negative forcing tends to reduce it. Radiative forcing from
aerosols can be categorized into direct and indirect effects which can cause either a
positive or negative forcing depending on their properties. The IPCC reported that, on
a global scale, aerosols have a net negative RF. Figure 1.5 shows the RF and their
estimated uncertainty of various components that influence the total net radiative
forcing.

Figure 1.5. Global average radiative forcing estimates in 2005 (IPCC, 2007).

7
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The direct effect is the result of the scattering and absorption of solar and infrared
radiation by aerosol particles. Key parameters are the aerosol optical properties like
the single scattering albedo which vary as a function of wavelength, relative humidity
(RH) and aerosol composition. Scattering aerosols have a net negative direct RF,
while partially absorbing aerosols can have a positive or negative RF depending on
the absorbing properties of the earth’s surface below.
The indirect effect is the mechanism by which aerosols modify the
microphysical and hence the radiative properties, amount and lifetime of clouds
(IPCC, 2007). At elevated RH, aerosol particles can take up water and act as cloud
condensation nuclei (CCN) and serve as a seed in cloud droplet formation. Key
parameters to determine the ability of particles to act as CCN are the particle size,
chemical composition, its mixing state and the ambient environment. The various
indirect effects can be classified as the first indirect effect, the second indirect effect
and the semi-direct effect. A schematic of the direct and indirect effects is shown in
Figure 1.6.
The first indirect effect, called the cloud albedo or Twomey effect, describes
the influence of the aerosol on the cloud droplet number concentration. For a certain
amount of water available, the water is distributed among the particles that act as a
CCN. With an increased CCN number concentration, the same amount of water is
distributed over a larger number of particles resulting in an increase in cloud droplet
number concentration with a smaller average size. This leads to an increase in total
droplet surface area and a higher cloud albedo, i.e. the cloud appears whiter and
reflects more solar radiation back to space with a cooling effect as a result. The
second indirect effect, or cloud lifetime effect, describes the effects of the increased
CCN concentration on the liquid water content, cloud height and cloud lifetime. The
smaller droplets experience less coalescence leading to a decrease in precipitation and
an increased cloud lifetime. Also the second indirect effect results in an overall
cooling of the atmosphere.

Figure 1.6. Schematic diagram showing the radiative mechanisms of clouds that have been
identified as significant in relation to aerosols (IPCC, 2007).

The semi-direct effect is the mechanism by which absorption of radiation by aerosol
particles leads to heating. Particles containing light absorbing material like black
carbon (BC) will heat up due to incoming solar radiation which then leads to a
decrease in RH and droplet evaporation. The semi-direct effect leads to heating of the
troposphere but can also lead to a warming effect at the earth’s surface due to the
reduced cloud thickness and lifetime. A complete review of the various indirect
effects is given by (Lohmann and Feichter, 2005).
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1.4. Aerosols composition
The concentration, composition and size distribution of atmospheric aerosol particles
are temporally and spatially highly variable and depend on local and regional sources,
biogenic and anthropogenic, as well as temperature and meteorological conditions.
However, in general the predominant chemical components of PM1 can be grouped
into nitrate, sulfate, ammonium, organic matter (OM) and BC (Pöschl, 2005). BC, as a
product of incomplete combustion, is exclusively a primary aerosol constituent. On
the other hand, nitrate and sulfate are mostly formed in the atmosphere through the
oxidation of NOx and SO2 to nitric acid (HNO3) and sulfuric acid (H2SO4) and
subsequent neutralization by ammonia (Baltensperger and Prevot, 2008). Produced by
gas phase precursors, ammonium nitrate (NH4NO3) and ammonium sulfate
((NH4)2SO4) are secondary aerosol constituents. OM can be both primary as well
secondary and will be discussed in detail in Chapter 1.5.
Aerosol chemical composition has an important influence on properties such
as hygroscopicity (Gysel et al., 2007) and toxicity (Reiss et al., 2007; Schlesinger and
Cassee, 2003). Information on these properties is therefore needed to estimate their
influence on climate and health. The hygroscopic properties and health effects of the
inorganic constituents are relatively well known; since they have known molecular
formulas and are commercially available which makes laboratory studies
comparatively easy. On the other hand, the mixture of compounds present in the
organic fraction is complex and usually unknown.
More than 10,000 individual organic components were isolated by GCXGCTOF-MS in an aerosol sample collected in London, England (Hamilton et al., 2004)
and it is estimated that up to 100,000 different organic compounds are present in the
atmosphere (Goldstein and Galbally, 2007). Identification and quantification of all
these organic aerosol constituents is an almost impossible task and cannot be
combined with any available on-line measurement techniques.
One possible route to the simplification of this analytical challenge is the use
of a small group of marker compounds or “tracers”, which may be used to extrapolate
the properties of all other compounds, or their emission factors based on known ratios.
Levoglucosan, a product of wood burning, has been used as a tracer for biomass
burning (Simoneit et al., 1999) and hopanes as a marker for diesel truck emissions
(Schauer et al., 1999). However, wood burning is a variable process and the emission
ratios of levoglucosan is dependent on the type of wood and the burning conditions,
increasing the uncertainty of this method (Weimer et al., 2008). Another possible
approach is bulk analysis, where the average chemical composition of the aerosol is
measured. The Aerodyne aerosol mass spectrometer (AMS) was developed for on-line
analysis of the non-refractory PM1 aerosol components (Allan et al., 2003; Jayne et
al., 2000; Jimenez et al., 2003). The AMS measures the ammonium, nitrate, sulfate
and organic concentrations where the organic mass spectrum (MS) gives information
about the bulk properties of the OM. A detailed description of the AMS can be found
in Chapter 2.
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An overview of the PM1 aerosol composition of the AMS measurement campaigns in
the Northern Hemisphere is shown in Figure 1.7. The pie charts show the spatial and
seasonal variability of PM1 aerosol composition. Organic aerosol (OA), with 18 to
70% (average 45%), has the largest average contribution to the PM1 aerosol mass,
followed by sulfate (10 - 67%; average 32%), ammonium (6.9 - 19%; average 13%)
and nitrate (1.2 - 28%; average 10%) (Zhang et al., 2007).

Figure 1.7. Total mass concentration and mass fractions of non-refractory PM1 measured
with the AMS in the Northern Hemisphere (Zhang et al., 2007). Orange: ammonium, blue:
nitrate, red: sulfate, green: organic.

OA can consist of primary organic aerosol (POA), which is directly emitted as
particles, and secondary organic aerosols (SOA) which is formed in the atmosphere
through the oxidation of gaseous organic precursors followed by condensation of
these less volatile products. Although the AMS mass spectrum represents the bulk
property of the organic aerosol, recent developments made it possible to deconvolve
the spectrum into different sources by factor analytical modelling (Lanz et al., 2007).
Contributions from hydrocarbon-like OA (HOA) from traffic, biomass burning OA
(BBOA), and oxygenated OA (OOA) were distinguished in many datasets (Jimenez et
al., 2009; Lanz et al., 2010). HOA and BBOA are the two most important POA
sources worldwide, whereas SOA is assumed to be the main contributor to OOA.

1.5. Aging of organic aerosols
The properties of OA change due to physical and chemical processes happening on
timescales ranging from seconds to days. The organic compounds observed in the
atmosphere range from very low volatility compounds, which are in the aerosol phase,
to highly volatile compounds, which are mainly in the gas phase. Of intermediate
volatility are the volatile organic compounds (VOC) and semi-volatile organic
compounds (SVOC) which can be in the particle phase or in the gas phase depending
on parameters like temperature and OA mass (Robinson et al., 2007).
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Wood combustion emits a wide range of VOCs, SVOCs and particulate matter,
consisting mainly of OM and BC (McDonald et al., 2000; Schauer et al., 2001). When
these emissions are released into the atmosphere they undergo rapid cooling which
leads to a reduction of the saturation vapor pressures of the chemical species present,
driving the SVOCs into the particle phase. At the same time, the emissions are diluted by

ambient air reducing the SVOC concentration which, under isothermal conditions,
will reduce the fraction of semi-volatile material in the particle phase (Lipsky and
Robinson, 2006). The effects of cooling and dilution on the gas-particle partitioning
are anti-correlated and their influence should be taken into account when
characterizing PM emissions.
Donahue and co-workers have proposed the use of a “volatility basis set”
(VBS) to describe these effects. The VBS bins compounds according to C*, a measure
of the saturation vapor pressure. The VBS comprises up to 9 such bins each separated
by one order of magnitude in C* (Donahue et al., 2006; Hallquist et al., 2009). If COA
= 1 µg m-3 and a given compound has a C* of 1 µg m-3, 50% of the mass of that
compound is found in the condensed phase and 50% in the vapor phase. Figure 1.8
shows an example of how the gas-particle partitioning of cooled emissions would
change upon dilution and mixing with ambient air.

Figure 1.8. Partitioning of semi-volatile compounds. Total organic loadings are shown with
bars (µg m-3), the condensed phase fraction with the filled bars. Compounds are distributed
according to their saturation concentration C* (µg m-3). The brown bars show the change in
partitioning before and after dilution of fresh emissions and after mixing with ambient OA
which is presented by green bars (Donahue et al., 2006).
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Once the particle and gas phase organics are in the atmosphere they undergo oxidation
reactions which are generally called “aging”. Although the most abundant oxidants in
the atmosphere are oxygen (O2) and ozone (O3), these molecules are generally less
reactive than the hydroxyl radical (·OH) which is the primary oxidizing species in the
atmosphere (Seinfeld and Pandis, 2006). However, ozone does play a role in the
oxidation of unsaturated compounds. The main production pathway of the hydroxyl
radical is the photolysis of O3 (λ < 320nm) shown in reaction 1.1, producing both
ground-state (O) and electronically excited (O(1D)) oxygen atoms. The excited O(1D)
can lose its excess energy by collision quenching with N2 or O2 or it can react with
H2O to form two hydroxyl radicals as shown in reaction 1.2.

O3 + hv → O2 + O(1 D)

(1.1)

O(1 D) + H2O → 2 ⋅ OH

(1.2)

A variation on the VBS, the 2D framework for OM aging, can be used to describe the
fate of organic compounds when they undergo oligomerization or oxygenation
reactions in the atmosphere (Jimenez et al., 2009). The 2D framework, presented in
*
Figure 1.9, shows the atomic O:C ratio vs. the saturation concentration C together
with the reaction pattern of a compound for reaction step “n”. Oxygenation of this
compound can lead to functionalization, resulting in a product with a higher O:C ratio
and lower volatility, or to fragmentation which can lead to an increase in the O:C ratio
but an increased volatility of the formed products. Another possibility is the formation
of oligomers which can lead to a decrease in volatility but without an increase in the
O:C ratio.

Figure 1.9. 2D framework for OM aging. The x axis is volatility (log10 of C* at 298 K). The
y axis is oxidation state, approximated by O:C (adapted from Jimenez et al., 2009).

Fragmentation, functionalization and oligomerization are processes that can take place
in either the gas or condensed phase, and may change the properties of the reacting
compounds as well as the bulk property of the aerosol particle. Generally, during
aging the volatility of OA will decrease and the O:C ratio will increase by
heterogeneous oxidation and/or the condensation of low volatility products in the
form of SOA.
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Although the aging of OA is a continuum process, positive matrix factorization (PMF)
separates ambient OA into a semi volatile oxygenated OA component (SV-OOA) and
a low volatility OA component (LV-OOA), also known as OOA-II and OOA-I
respectively (Lanz et al., 2007). Generally, SV-OOA is associated with relatively
fresh SOA that evolves into the less volatile LV-OOA with aging. Since the O:C ratio
can be calculated from the data of the high resolution AMS, this parameter is
commonly used to make the distinction between fresh and aged OA. Although there is
no strict boundary, SV-OOA can usually be assigned to OA with an O:C ratio in the
range of 0.25 - 0.60 while LV-OOA commonly has O:C ratios > 0.60 (Jimenez et al.,
2009). Based on these numbers the regions of SV-OOA and LV-OOA are marked in
the 2D framework shown in Figure 1.9.

Figure 1.10. Example of the LV-OOA and SV-OOA spectra found in the Pittsburgh dataset
(Ng et al., 2010).

A characteristic feature of highly aged LV-OOA is the high contribution of the CO2+
fragment at m/z 44 , known to be mainly formed by thermal decomposition and
fragmentation of acids at the heater of the AMS (Alfarra et al., 2004). The typical
mass spectral features of SV-OOA and LV-OOA are shown in Figure 1.10.

1.6. Aerosols from biomass burning
Wood burning for domestic heating and cooking is very common and, by estimation,
three billion people use small-scale appliances (three-stone fires or cooking stoves)
that are both inefficient and highly polluting (World Energy Council, 2007). On a
global scale, biomass burning is estimated to contribute up to 90% of the combustion
generated primary particulate organic carbon (OC) (Bond et al., 2004) and more than
30% of the particulate carbonaceous matter in Europe (Simpson et al., 2007).
Carbon flux estimates by Hallquist et al. (2009) show that the sum of the
biomass burning emissions equals 42 Tg carbon / year which represents about 28% of
the total carbon flux. The overview of the carbon flux for different sources of organic
aerosol is shown in Table 1.1.
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Table 1.1. Flux estimates (Tg carbon/year) for different sources of organic aerosol. S1 and S2
represent two scenarios based on global constraints. See Hallquist et al. (2009) for details.

Cellulose, hemicellulose and lignin are the three main components of biomass
(McKendry, 2002). Cellulose, with a mass fraction of 45 - 50% the largest component
of hardwood, is a glucose polymer consisting of linear chains of (1,4)-Dglucopyranose units. Hemicellulose, present at 20 - 25%, is a mixture of
polysaccharides composed almost exclusively of sugars like glucose, mannose, xylose
and uronic acids. Lignin, also present at 20 - 25%, can be regarded as a group of
amorphous, high molecular weight compounds.

Figure 1.11. Levoglucosan formation from the pyrolysis of cellulose (Simoneit et al., 1999).

Figure 1.11 shows the formation of levoglucosan, a product of the pyrolysis of
cellulose, a substantial constituent of POA from biomass burning (Fraser and
Lakshmanan, 2000; Simoneit et al., 1999). AMS mass spectra recorded in Roveredo, a
village in a Swiss Alpine valley where the ambient aerosol is dominated by residential
wood burning emissions, featured a significant signal at characteristic fragment ions
at m/z 60, 73 and 137 which have been suggested as marker fragments for biomass
burning generated primary OA (BBOA) (Alfarra et al., 2007).
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Although the relative intensity of m/z 60, the base peak in the AMS mass spectrum of
levoglucosan, is dependent on burning conditions and wood type (Weimer et al.,
2008), high correlations were found between the BBOA concentrations based on m/z
60 and the BBOA factor retrieved by PMF (Aiken et al., 2009). An AMS mass
spectrum of nebulized levoglucosan recorded by a high resolution AMS (HR-AMS) is
shown in Figure 1.12.

Figure 1.12. High resolution AMS mass spectrum of levoglucosan. The colors indicate the
elemental composition of the ions (see Chapter 2).

Although the sentiment that wood smoke is a natural substance and therefore not
unhealthy is still heard, several studies have shown that wood smoke is damaging to
health. Numerous toxic and carcinogenic compounds have been found in biomass
smoke including free radicals and PAH’s (Naeher et al., 2007). Several in vivo and in
vitro studies related wood smoke exposure to inflammatory response and oxidative
stress (Bolling et al., 2009). Klippel and Nussbaumer found that burner type and
burning conditions strongly influence PM cytotoxicity. These results, shown in Figure
1.13, indicate that the automated wood stove has the lowest toxicity, followed by the
log wood burner under optimal conditions. Operation of the log wood burner under
bad burning conditions leads to an order of magnitude increase in toxicity compared
to good burning conditions. The tested diesel engine (2003) showed slightly higher
toxicity than the log wood burner under optimal conditions.

Figure 1.13. Cell survival as a function of particle concentration for different types of burners
and burning conditions (adapted from Klippel and Nussbaumer, 2007).
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As summarized in Table 1.1, besides a significant contribution of BBOA, there is also
an important contribution of biomass burning SOA to the overall ambient OA.
Aircraft measurements of aging wildfire plumes showed significantly increasing OA
concentrations upon aging (DeCarlo et al., 2010; Yokelson et al., 2009), however, this
phenomenon was not observed in other aircraft studies (Capes et al., 2008). Further,
emissions from a small wood burning appliances have been shown to form significant
amounts of SOA during irradiation with UV light (Grieshop et al., 2009). Such an
aged OA closely resembles the OOA spectrum, which makes it difficult to extract the
total contribution of wood burning to ambient OA.

1.7. Scope of the thesis
Better characterization of the ambient aerosol is necessary to reduce the uncertainties
in future climate predictions and to make better estimations of various health effects.
In addition, information of the contribution of different sources to the ambient aerosol
is needed to form a solid basis for future legislations. This can be done by: 1) the
determination of emission factors or 2) the identification of sources in the ambient
aerosol. The latter can be done with e.g. marker compounds or deconvolution of data
by mathematical models.
The aim of the thesis is to characterize and quantify the primary emissions, the
secondary aerosol formation and the aging of OA from residential wood burning
appliances. For the characterization and quantification of the OA, an Aerodyne high
resolution time of flight aerosol mass spectrometer (HR-TOF-MS) was used. Since
this instrument played a key role in all measurements, a detailed description is
supplied in Chapter 2.
Time resolved measurements of the primary emissions from a log wood burner
and a pellet burner were performed at the wood burner test facility of the Lucerne
University of Applied Sciences and Arts (Chapter 3). These tests provide insight in
the primary aerosol composition during the different phases of the burning cycle.
Emission factors, SOA formation and the aging of OA under simulated ambient
conditions were tested during several smog chamber campaigns at the Paul Scherrer
Institute (Chapter 4). An old log wood burner (1960), a modern log wood burner
(2009) and an automated pellet burner (2005) were tested during their startup phase
and during flaming conditions.
Because of their similar physiochemical properties, SOA from different
biogenic and anthropogenic sources are usually grouped together and reported as
oxygenated organic aerosol (OOA). Chapter 5 describes a series of experiments where
only gas phase emissions were introduced into the smog chamber in order to
characterize the aging of the SOA component and to retrieve SOA reference spectra
from different combustion sources. SOA from wood combustion, diesel car emissions,
2-stroke moped emissions, and the biogenic produced α-pinene could be separated by
principal component analysis.
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The Aerodyne high resolution time-of-flight aerosol mass spectrometer (HR-TOFAMS) is an on-line instrument used for size-resolved quantification of submicron
(PM1) non-refractory aerosol components. The term ‘non-refractory’ is assigned to
those species that evaporate rapidly at 600°C under vacuum conditions (Allan et al.,
2004). These species are grouped into five standard AMS species: organics, nitrate,
sulfate, ammonium and chloride. A detailed description can be found elsewhere
(DeCarlo et al., 2006), however a brief description of the instrument and its data
output is given here.

2.1. Instrumental setup
The AMS, shown in the Figure below, consists of five individual differentially
pumped chambers: the aerosol sampling chamber, the particle sizing chamber, the
particle evaporation and ionization chamber (consists of 2 chambers) and the mass
analyzer.

Figure 2.1. Schematic representation of the HR-TOF-AMS, adapted from DeCarlo et al.
(2006).

The aerosol particles are sampled through a 100-µm critical orifice at a flow rate of
approximately 1.4 cm3/s. The aerodynamic lens focuses particles in the size range
~ 35 nm to 1.5 µm into a narrow particle beam (Zhang et al., 2004). The lens has
nearly 100% transmission efficiency in the diameter range of 70 - 500 nm and
substantial transmission in the 30 - 70 nm and 500 nm - 1 µm ranges (Liu et al.,
2007). In the expansion of the air at the exit of the aerodynamic lens into the first
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vacuum chamber, the particles are accelerated to a terminal velocity that depends on
their vacuum aerodynamic size.
The particles enter the particle sizing chamber through a skimmer cone which
skims off most of the air and concentrates the particles with respect to air by a factor
of ~ 107. The particle beam is modulated by a mechanical chopper wheel spinning at
constant speed. The chopper has three positions: “open”, “closed” and “chopped”.
When the chopper is in the “open” position, a continuous particle beam is transmitted
to the evaporation and ionization chamber resulting in the average spectrum of the
ensemble of particles. When the chopper is in the “closed” position, the particle beam
is blocked and the recorded spectrum represents the background of the AMS and can
be subtracted from the “open” spectrum. In the “chopped” position, two radial slits
transmit small packages at a frequency of 150 Hz. Particle size information is
obtained by collecting the complete mass spectra as a function of particle time of
flight where the mass spectrometer is synchronized with the chopper position
(Drewnick et al., 2005). The particle time of flight (pTOF) measurement relies on the
fast particle evaporation and detection compared to the particle flight time. The pTOF
size calibration is performed at the start of a campaign using a series of polystyrene
latex spheres (PSL) with a known size. An example of the pTOF size calibration is
shown in Figure 2.2.

Figure 2.2. Size calibration using PSL spheres. The x-axis shows the measured traveling time
from the chopper to the heater.

After traveling through the particle sizing chamber, the particles enter the particle
evaporation and ionization chamber where the non-refractory components of the
particles flash vaporize upon impaction at the 600 °C tungsten element. The gas phase
molecules are ionized by electron ionization (IE) at 70 eV. Since approximately 10 eV
is enough to ionize most organic compounds, the excess energy leads to extensive
fragmentation. The positive ions are extracted from the ion source and focused into
the extractor of the TOF mass analyzer (H-TOF series, Tofwerk, Thun, Switzerland).
The ions drift through the extractor before they are orthogonally extracted into the
TOF drift tube by a high voltage pulse.
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The kinetic energy Ek of the ions accelerated by a potential Vs can be calculated by:
(2.1)

Ek = zeVs

where z is the number of charges and e the elementary charge. The velocity v of an
ion with mass m leaving the extractor is constant during the flight and described by

v=

2 zeVs
m

(2.2)

The traveling time t for a flight path with distance L is shown in equation:

t=

L
2 zeVs
m

(2.3)

This equation can be rearranged to equation 2.4 where the terms in parenthesis can be
considered as an instrument specific constant. Therefore, the m/z ratio scales linear
with t2.

m ⎛ 2eVs ⎞ 2
= ⎜
⎟ × t
z ⎝ L2 ⎠

(2.4)

The H-TOF mass analyzer includes ion optics for two modes of operation, referred to
as V- and W-mode. V-mode is a standard reflectron-TOF-MS configuration in which
the ions follow a trajectory from the extraction region to the reflectron and back to the
multichannel plate (MCP) detector. In W-mode, the ions leaving the reflectron are
directed into a hard mirror, which focuses them back into the reflectron for a second
pass before traveling to the MCP detector. The effective path lengths for the V- and
W-mode are 1.3 and 2.9 m respectively. The increased flight path in W-mode
increases the resolving power but decreases the signal and therefore the signal-tonoise ratio.
Signals from the MCP detector are sampled at a rate of 1 GHz with an 8-bit
analog-to-digital converter (AP240, Acqiris, Geneva, Switzerland) with the ability to
do digital thresholding and co-averaging.

2.2. Peak integration and quantification
The raw spectra recorded by the HR-TOF-AMS can be analyzed at unit mass
resolution (UMR) or at high resolution (HR). For both methods all spectra are preprocessed, which includes baseline corrections and m/z calibrations. At UMR, all
peaks around the nominal m/z are integrated where the integration area is increased
with increasing m/z. For the HR data analysis, the first step is the determination of the
peak width and peak shape. These are used to fit a list of ions to the raw spectra to
minimize residuals. An example of the UMR integration and the HR fitting is shown
in Figure 2.3.
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An m/z calibration with high accuracy and sufficient mass resolving power are two
important prerequisites to achieving reliable ion fittings during the HR data analysis.
The m/z scale is calibrated using fragment peaks present in the instrument background
spectrum. Typical background peaks with little interference include C+, O+, O2+, Ar+
and the tungsten isotope 184W+.

Figure 2.3. Comparison of the peak integration at UMR (left) and the ion fitting of the HR Vmode data (right) for a typical peak at m/z 55.

Using the background-based calibration, a mass accuracy of 28 ppm and 7 ppm is
achieved for V-mode and W-mode, respectively. The resolving power of the AMS,
defined as m/Δm, with m being the nominal m/z and Δm being full-width at halfmaximum, is 2100 and 4300 for V-mode and W-mode, respectively (DeCarlo et al.,
2006).
From the peak area, from either the UMR peak integration or the HR fit, the
ion rate signal is derived using the single ion (SI) detector response. The ion rate I is
converted to the ambient mass concentration C using the following formula (Jimenez
et al., 2003):

C=

1 1 MW
I
IE Q N A

(2.5)

where MW is the molecular weight of the parent species, NA is Avogadro’s number, Q
is the volumetric flow rate and IE is the ionization efficiency, defined as the ratio of
ions detected to the number of molecules vaporized at the heater. The IE for nitrate
(IENO3) is determined on a regular basis using ammonium nitrate (NH4NO3) particles
of a known size. The IE is calculated using the particle density of NH4NO3
(2.725 g/cm3), the particle size (350 nm), the shape factor (0.8) (Jayne et al., 2000)
and the SI response of the MCP. The AMS spectrum of ammonium nitrate shows two
major ions for nitrate at m/z 30 (NO+) and m/z 46 (NO2+). To measure the total mass
of nitrate, both fragments are summed according to:

CNO3 =

1 1 MWNO3
IE NO3 Q N A

∑I

f

(2.6)

f =30,46

The calibration is also applied to calculate the concentration of an unknown chemical
species Cs by summing the mass fragments arising from the ionization of the species.
The assumption is that the ionization cross section of the molecule is proportional to
the number of electrons, which scales approximately with the molecular mass.
Therefore, the IEs/MWs is assumed to be equal to IENO3/MWNO3. The fact that the
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number of electrons of a molecule is highly correlated with the MW of the molecule is
due to the similarity in the ratio of the atomic number to atomic weight for most of the
atoms involved: 0.50 for C, N, O and S; 0.49 for K and Mg; and 0.48 for Na and Cl.
With a ratio of 0.99, H forms an exception. However, since the contribution of
hydrogen to the MW and to the number of electrons is in general very small, the effect
of this higher ratio is not of a large influence.
If the chemical nature of the species is known, e.g., a hydrocarbon or an
inorganic salt, IEs/MWs is estimated by dividing the calibrated IENO3/MWNO3 by the
response factor Rt:

IEs
1 IENO3
=
MWs Rt MWNO3

(2.7)

where 1/Rt is also known as the relative ionization efficiency (RIE). The response
factor accounts for the differences in IE per unit of mass of species s relative to
nitrate. Including Rt in equation 2.6, the general formula to calculate the concentration
of chemical species Cs can be written as:

Cs = Rt

1 1 MWNO3
Q N A IENO3

∑I

sf

(2.8)

f

If Rt is omitted, generally in mass spectra plots, the resulting mass concentration is
known as the “nitrate-equivalent mass”.
To illustrate that the ionization cross section of molecules within a class of
compounds scales with the number of electrons in that molecule, the data for EI at
70 eV is shown in Figure 2.4. It shows that, within a class of compounds, there is a
high correlation between the ionization cross section and the number of electrons. The
differences in the slope for the different classes of compounds are corrected in the
RIE.

Figure 2.4. Electron ionization cross section of small molecules vs. the number of electrons
(Jimenez et al., 2003).
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2.3. Spectrum interpretation
Several peaks in the UMR mass spectrum have contributions from more than one
species and/or contributions from air. An example is the peak at m/z 30 which often
has a contribution from nitrate (NO+) and organic (CH2O+). To separate the
contributions of different species to one m/z, fractions of the peak area can be
assigned to species using a “fragmentation table” (Allan et al., 2004). This table uses
known relationships between fragments from the same species to assign fractions of a
peak area at a specific m/z. To measure the gas phase contributions to the mass
spectra, filtered air was sampled and the fragmentation table was modified
accordingly. The high intensity peak from nitrogen in the air (N2+) prevents an
accurate determination of the CO+ fragment originating from organic acids.
Laboratory studies showed the relation between the CO2+ fragment and the fragments
CO+, H2O+, OH+ and O+. Therefore the fragmentation table was adjusted as suggested
by Aiken et al. (2008) where the following fragmentation patterns were used in
relation to the measured CO2+ signal: CO+ = 100%, H2O+ = 22.5%, OH+ = 5.625%
(25% of H2O+), O+ = 0.90% (4% of H2O+).
HR integration of the organic ions with the elemental composition CxHyOzNp+
gives information on the elemental ratios of O:C, H:C, N:C as well as the OM:OC
ratio (Aiken et al., 2007; Aiken et al., 2008). Based on their elemental composition,
ions can be grouped into four different families: CxHy (x≥1 and y≥0), CxHyOz,
CxHyNp and CxHyOzNp (x≥1, y≥0, z≥1 and p≥1). Time series of these families, CH,
CHO, CHN and CHON, can be used either to visualize how the composition of the
bulk aerosol changes, or for a more detailed comparison of two spectra than is
possible from UMR spectra. An example of a HR family spectrum is shown in Figure
2.5.

Figure 2.5. High resolution family mass spectrum of the POA from a wood burning smog
chamber experiment.
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Abstract
Primary emissions from a log wood burner and a pellet boiler were characterized with
on-line measurements of the organic aerosol (OA) using a high-resolution time-offlight aerosol mass spectrometer (AMS) and of black carbon (BC). The OA and BC
concentrations measured during the burning cycle of the log wood burner were highly
variable and generally dominated by BC in contrast to many previous studies
probably due to more dilution in these experiments and less artifacts compared to offline analyses. The emissions of the pellet burner had, besides inorganic material, a
high fraction of OA and a minor contribution of BC. However, during induced poor
burning BC was the dominating species at ~80% of the measured mass.
The elemental O:C ratio of the OA was generally found in the range of 0.2 - 0.5
during the startup phase or after reloading the log wood burner. During the burnout or
smoldering phase, O:C ratios increased up to 1.6 - 1.7, which is similar to the ratios
found for the pellet boiler during stable burning conditions and higher than the O:C
ratios observed for highly aged ambient OA. The organic emissions of both burners
have a very similar H:C ratio at a given O:C ratio and therefore fall on the same line
in the Van Krevelen diagram. Using the measured slope (-0.56) and intercept (1.70),
an average number of double bond equivalents (DBE) can be calculated at a given
O:C ratio based on an estimation of the number of carbon atoms.

3.1. Introduction
Organic aerosols (OA) from domestic wood combustion can have an important
contribution to the ambient concentration of PM1 (particulate matter with an
aerodynamic diameter da < 1 µm) in residential areas. During winter time, wood
burning emissions were found to be an important source of PM1 in Switzerland (Lanz
et al., 2010) and the dominant PM1 source in Swiss Alpine valleys (Sandradewi et al.,
2008; Szidat et al., 2007). In summer, wood burning and biomass burning related
emissions originating from outdoor fire places or forest fires can have major impacts
on ambient PM levels.
Log wood burners emit a wide range of volatile organic compounds (VOCs),
semi-volatile organic compounds (SVOCs) and PM, which consists mainly of OA and
black carbon (BC) (McDonald et al., 2000; Schauer et al., 2001). The VOCs emitted
by these burners can undergo oxidation reactions and form secondary organic aerosol
(SOA) leading to enhanced PM concentrations (Grieshop et al., 2009; Heringa et al.,
2011). Automated pellet burners, due to their high efficiency, produce less OA and
BC leaving inorganic compounds like potassium salts as a dominant fraction of the
PM (Oser et al., 2001). In addition, less gas phase hydrocarbons are emitted leading to
much lower SOA formation compared to a logwood stove (Heringa et al., 2011). The
composition of the OA emissions from wood burning depends on the type of burner,
as well as burning conditions and the type of wood (Weimer et al., 2008).
Short-term exposure to high PM concentrations influences human well-being
(Bell and Davis, 2001). Long-term exposure to moderate concentrations has been
associated with increased mortality (Laden et al., 2006) and an increased risk of lung
cancer (Pope et al., 2002). Besides the mere quantity, adverse health effects also
depend on the OA properties. Reactive oxygen species (ROS) were found in the
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emissions from a log wood burner whereas no ROS were found in the emissions from
a pellet boiler suggesting that the emissions from the pellet boiler have a lower
toxicological potential than the emissions of a log wood burner (Miljevic et al., 2010).
In this study, we characterized the emissions of an automated pellet boiler and a
residential log wood burner operated at the wood burner test facility of the Lucerne
University of Applied Sciences and Arts in Switzerland. The evolution of the OA and
BC concentrations were measured at a 10 s time resolution with an Aerodyne highresolution time-of-flight aerosol mass spectrometer (HR-TOF-MS) and a multi angle
absorption photometer (MAAP), respectively. The sum of the PM concentrations
measured by the AMS and MAAP was compared to measurements by a tapered
element oscillating microbalance (TEOM) for the determination of the fraction of
refractory inorganic compounds. Based on the high-resolution AMS spectra, the OA
was characterized and compared to the characteristics of ambient OA.

3.2. Experimental section
3.2.1. Wood burning appliances and sampling setup
A series of wood burning experiments were performed with a log wood burner and a
pellet boiler at the wood burner test facility of the Lucerne University of Applied
Sciences and Arts (Good and Nussbaumer, 2010). The log wood burner (Carena,
Tiba, Switzerland), typically used for domestic heating, had a nominal power output
of 8 kW and was fired with beech logs (moisture content ~20%). For a typical batch
wise burning cycle of approximately four hours, the first batch (2 - 3 kg) was ignited
from the top using small pieces of wood. After the burnout, the fire was restarted by
adding ~3 kg of wood followed by two standard batches of 2 - 3 kg which were added
on top of the glow bed. This top-down burning procedure during the cold start reduces
the PM emissions for the first batch by 50 - 80% compared to the traditional bottomup start (Nussbaumer et al., 2008).
The pellet boiler (LPK 15, Liebi, Switzerland), typically used for heating
apartment buildings, was a 15 kW boiler automatically operated using wood pellets (8
x 15 mm, moisture content 6.8%). The pellet boiler was equipped with a controlled
two-stage air system injecting a primary airflow in the fuel bed and a secondary
airflow in the combustion chamber. A typical test run consisted of a cold start, a stable
burning period (λ 1.5 - 1.6) followed by a warm restart. In addition, poor burning
conditions induced by restricting the air intake were tested (λ 1.2 - 1.3).
Both appliances were running at a test rig connected to a 150-mm diameter
chimney equipped with a controlled draft system operated at 12 Pa as described in the
European type test (EN303-5). Emissions were sampled from the chimney through a
PM10 cyclone using a 2-stage ejector dilution system (VKL 10, Palas, Germany). The
sampling line, cyclone and first dilution stage (factor ~1:17) was operated at 150°C to
prevent condensation of SVOCs. The second dilution stage (factor ~1:17) was
operated at room temperature. Actual dilution ratios were determined during the
burning experiments by CO2 measurements sampled directly from the chimney and
after dilution and was in the range of 293 - 350. A schematic representation of the
setup is shown in Fig. 3.1.
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Figure 3.1. Schematic representation of the sampling system.

3.2.2. Instrumentation
An Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-TOFAMS) was used for the on-line characterization and quantification of the submicron
non-refractory aerosol components, i.e., species that evaporate rapidly at 600°C and
10-7 torr (Allan et al., 2004). A detailed description of the instrument can be found
elsewhere (DeCarlo et al., 2006). The high mass resolution and accuracy made it
possible to determine the elemental composition of the ions (DeCarlo et al., 2006)
which allows the calculation of the elemental ratios like O:C and H:C as well as the
ratio of the organic matter to organic carbon (OM:OC) (Aiken et al., 2007; Aiken et
al., 2008). Based on their elemental composition, ions were grouped into four
different families: CxHy (x ≥ 1 and y ≥ 0), CxHyOz, CxHyNp and CxHyOzNp (x ≥ 1, y ≥
0, z ≥ 1 and p ≥ 1) which will be referred to as CH, CHO, CHN and CHON families
from hereon. The AMS was operated with a time resolution of 10 s to 1 min
depending on burner type and burning conditions. Data analysis was performed using
Igor Pro 6 (Wavemetrics, Lake Oswego, OR) with the Squirrel TOF analysis toolkit
v1.51B and the TOF HR analysis toolkit v1.10B. A dynamic gas phase CO2
correction was applied to the AMS fragmentation table (Allan et al., 2004). A CE of
one was found based on the comparison of the sum of the AMS species and BC with a
TEOM (Series 1400a, Thermo Scientific) operated at 50ºC and a time resolution of
10 s. The MAAP (Model 5012, Thermo Fisher Scientific) was used to determine BC
based on the light absorption at 630 nm using a mass specific absorption cross section
of 6.6 m2/g (Petzold et al., 2002). The MAAP was operated at a time resolution of 1 s.
Carbon dioxide (CO2) and gas phase hydrocarbons (HC) were measured at a one
second time resolution using a differential, non-dispersive, infrared (NDIR) gas
analyzer (LI-7000, Li-Cor Biosciences) and a flame ionization detector (FID)
operated at 180 ºC, respectively. The pellet burner setup was equipped with a VE7,
J.U.M. engineering FID, and the log wood burner setup with the Hartmann & Braun
FIDAS 3E.
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3.3. Results and discussion
3.3.1. Particle measurements
The PM emissions of log wood burners are dominated by OA and BC (Fine et al.,
2004) while automated furnaces and pellet burners due to their more complete
combustion emit less OA and have large fractions of inorganic compounds like
potassium salts (Oser et al., 2001). Figure 3.2 shows the concentration (corrected for
dilution) measured by the TEOM (PM10), versus the sum of the concentrations
measured by the AMS and the MAAP for a typical test cycle of the pellet burner and
the log wood burner. The pellet burner data is scattered around the 1:1 line for the
data points taken during the startup and the induced poor burning period indicating
that during these phases the emissions are dominated by the non-refractory
components measured by the AMS and BC. However, during the stable burning phase
only 32% of the concentration measured by the TEOM could be attributed to the sum
of the AMS species and BC indicating a dominant contribution of inorganic salts
during stable combustion. Even if the CE were lowered by the high salt fraction, e.g.
to 0.5, the AMS species would contribute only up to 48% of the total mass. The log
wood data follows closely the 1:1 relation which confirms the small contribution of
inorganic salts to the PM emissions from log wood burners and therefore the sum of
the AMS species and BC is a representative measure of PM from the log wood burner
tested here.

Figure 3.2. Comparison of the sum of the AMS species and BC vs. TEOM. The pellet burner
data (top panel) is separated in stable burning conditions (in blue) and the startup and poor
burning conditions (in red).
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3.3.2. Emission composition
The concentrations (measured after dilution) of the AMS species, BC and HCs for a
typical experiment cycle of the pellet burner and log wood burner are shown in Fig.
3.3. The emissions of the pellet burner showed several peaks in OA and BC
concentration during the first ~15 minutes of the cold start before it reached the stable
burning phase where the concentrations were constant at a relatively low level. The
warm restart resulted again in a short spike in the OA concentration, which is about a
factor of two lower compared to the cold start and shorter in duration. During the poor
burning test phase the concentrations of OA and BC increased and showed rapid and
large fluctuations. During stable burning the OA was the dominant carbonaceous
species whereas the poor burning phase was dominated by BC. After the startup phase
the gas phase HCs decreased rapidly to ~4.0 ppm carbon (ppm C) equaling
approximately 3.4 mg/m3 at an OM:OC ratio of 1.7 (found for the data in Heringa et
al., 2011). This low level of HCs, compared to the 5.1 mg/m3 OA, is in agreement
with the observation that no SOA was formed during smog chamber experiments on
the emissions from an automatic pellet burner (Heringa et al., 2011).

Figure 3.3. Temporal evolution of the AMS species and BC (top panel), their relative
contributions (middle) and the HC concentration as ppm carbon (lower panel). The stars
indicate the addition of wood logs to the fire. Concentrations are corrected for dilution.

The log wood burner emissions were dominated by BC except for the first minute
after reloading the burner where the concentration of OA showed spikes generally
preceding the spikes of BC. Low OM:BC ratios (< 1) were also observed during other
wood burning experiments (Weimer et al., 2008) and during most of the smog
chamber experiments described in Heringa et al. (2011). These OM:BC ratios are at
the lower edge of the range found by Grieshop et al. (2009) and about an order of
magnitude lower than the values reported for off-line measurements (Szidat et al.,
2006 and references therein). The high dilution factor used here is expected to lower
the OM:BC ratio as a result of the change in partitioning of the SVOCs upon dilution
(Donahue et al., 2006). Possible positive artifacts in the offline techniques may also
explain some of the differences. For the log wood burner the highest concentrations of
gas phase HCs were observed directly after adding wood logs to the existing
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glow bed. However, even during the low emitting smoldering phase, HC
concentrations were an order of magnitude higher than measured for the pellet burner
under stable burning conditions.

3.3.3. OA characterization
Figure 3.4 shows the normalized high-resolution organic mass spectrum (MS) for the
pellet burner and the log wood burner during different burning phases of the test
cycle. The MS of the starting phase emissions of the pellet burner showed
significantly more oxygen containing ions than the starting phase of the log wood
burner which had a stronger signal for the hydrocarbon series at m/z 41, 55, 69, 83 and
m/z 43, 57, 71 typically assigned to cycloalkanes or alkenes (CnH2n−1+) and normal or
branched alkanes (CnH2n+1+) respectively (Alfarra et al., 2004; Canagaratna et al.,
2004; Weimer et al., 2008). The ion C2H4O2+ at m/z 60, used as a marker for wood
burning (Alfarra et al., 2007), was most abundant during the startup phase of the pellet
boiler (1.5%) followed by the flaming phase (0.6%) and the starting phase (0.4%) of
the log wood burner. The stable burning phase of the pellet burner, as well as the
smoldering phase of the log wood burner, was dominated by the CO2+ ion
contributing up to 38% of the total organic signal. During poor burning conditions, the
pellet burner MS was still dominated by CO2+ but showed a clear increase in the
CnH2n−1+ and CnH2n+1+ series at m/z 41, 43, 55, 57, etc.

Figure 3.4. Comparison of the normalized high-resolution family mass spectra during
different burning conditions. The numbers indicate the contributions of the CH, CHO, CHN
and CHON families to the organic mass spectrum.
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3.3.4. High resolution analysis
The variability of the elemental O:C ratio during the experiment cycle is shown in
Fig. 3.5. The O:C ratio of the OA emitted during the startup of the pellet burner was
~0.5 and increased after the first minutes to reach a plateau at 1.6 during the stable
burning phase. When the air intake was restricted to achieve poor burning conditions,
the O:C ratio decreased to ~1. The O:C ratio of the OA produced by the log wood
burner spanned a wide range during the different parts of the burning cycle.
Generally, when the temperature inside the burning chamber was increasing or stable
an O:C ratio in the range 0.2 - 0.6 was found. At the end of the burning cycle, when
the flames were dying and the temperature was decreasing the O:C ratio increased up
to 1.7. However, this increase was not observed at the same magnitude for all burning
cycles. A mass weighted average O:C ratio of 0.46 and 0.49 was found for the two log
wood burner experiments shown in Fig. 3.7. This shows that the low emitting periods
with high O:C ratio do not have a major influence on the O:C ratio of the total emitted
OA.

Figure 3.5. Temporal evolution of the OA and its O:C ratio (10 points (2.5 - 10 minutes) box
smoothing). The stars indicate the addition of wood logs to the fire. The temperature
represents the temperature measured inside the combustion chamber.

The fractions of two major ions in the mass spectrum, m/z 44 (CO2+) and m/z 43
(mostly C2H3O+) are used as a diagnostic tool to follow the aging of the oxidized OA
(OOA) component in the atmosphere (Ng et al., 2010). The f44 vs. f43 plot was
described to span a triangular space in which the OOA moves towards the apex during
the aging process. Figure 3.6 shows the projection of the pellet burner data during
normal operation and the complete log wood burner data as shown in Fig. 3.3 and 3.5.
All data points have a characteristic low fraction of C2H3O+ for a given CO2+ fraction
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compared to ambient OOA, which is consistent with results from smog chamber
experiments on wood burning emissions (Heringa et al., 2011; Heringa et al., 2012).
The color scale reveals that the data points start at low fCO2+ during the startup phase
(or after adding a new batch) and move parallel to the triangle to higher fCO2+ when
the burning continues. The highest fCO2+ for the pellet and log wood burner OA
exceeds the fraction found for ambient low volatility OOA (LV-OOA). However, as
described before, these high fCO2+ particles are only responsible for a small fraction
of the total emitted OA.

Figure 3.6. Fraction plot of f CO2+ vs. f C2H3O+. The triangular space found to accommodate
the OOA component of ambient organic aerosol (Ng et al., 2010) is shown as well; all wood
burning emission points are found to the left of this atmospheric triangle. The data points are
colored according to the burning duration (pellet burner) or to the time after the start /
addition of wood.

The Van Krevelen diagram (Fig. 3.7) shows the relation of the H:C and O:C ratio for
the wood burning experiments shown before. Although the range in H:C and O:C
ratio exceeds the range found for ambient data (Heald et al., 2010; Jimenez et al.,
2009), a linear relation was found throughout the whole range. In addition, emissions
from both burners were found to behave very similar in this plot with an average slope
and intercept of -0.56 and 1.7, respectively.
Based on the linear relation between the O:C and H:C ratio the average
molecular formula of CxHyOz can be calculated for molecules with carbon number x.
Since the number of nitrogen containing compounds is very small (Fig. 3.4), the
average number of double bond equivalents (DBE) for compound CxHyOz can be
calculated using the formula DBE = 1 + x - 0.5y.
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Figure 3.7. Van Krevelen diagrams for two pellet burner experiments (left) and two log wood
burner measurements (right). The pellet burner data is colored by the burning time (%)
separated for normal operation and bad burning conditions. The log wood burner data is
colored by the time after start or time after reload (h).

The 2-dimensional space presented in Fig. 3.8 shows the average number of DBE as a
function of the O:C ratio and the number of carbon atoms. As these values are
averaged over all compounds present in the OA, non-integer values are possible. The
intercept of the Van Krevelen diagram indicates a hydrocarbon backbone (O:C = 0)
with an average of 2.5 double bond equivalents (DBE) for a 10 carbon molecule or 4
DBE for a 20 carbon molecule. The DBE for the oxygen containing molecule CxHyOz
follows the formula 0.15x + 0.28x · O:C + 1. For a constant number of carbons atoms,
the DBE increases with increasing O:C ratio. Additionally, DBE is increasing at any
O:C ratio with increasing carbon number where the increase at higher O:C ratios is
steeper than at lower O:C ratios. Additional information on the molecular weight, e.g.
from a soft ionization mass spectrometry method like chemical ionization, would be
useful to narrow the range of the predicted DBE and retrieve more accurate data
information about the average structural features of the OA.

Figure 3.8. Average DBE as a function of the O:C ratio and the number of carbon atoms in
the molecules. The numbers in the graph indicate the DBE range of the specific band. A
double bond equivalent can be a double bond between two carbon atoms, a carbon and an
oxygen atom as well as a ring-structure.
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Abstract
A series of photo-oxidation smog chamber experiments were performed to investigate
the primary emissions and secondary aerosol formation from two different log wood
burners and a residential pellet burner under different burning conditions: starting and
flaming phase. Emissions were sampled from the chimney and injected into the smog
chamber leading to primary organic aerosol (POA) concentrations comparable to
ambient levels. The composition of the aerosol was measured by an Aerodyne high
resolution time-of-flight aerosol mass spectrometer (HR-TOF-AMS) and black carbon
(BC) instrumentation. The primary emissions were then exposed to xenon light to
initiate photo-chemistry and subsequent secondary organic aerosol (SOA) production.
After correcting for wall losses, the average increase in organic matter (OM)
concentrations by SOA formation for the starting and flaming phase experiments with
the two log wood burners was found to be a factor of 4.1 ± 1.4 after five hours of
aging. No SOA formation was observed for the stable burning phase of the pellet
burner. The startup emissions of the pellet burner showed an increase in OM
concentration by a factor of 3.3. Including the measured SOA formation potential,
average emission factors of BC+POA+SOA, calculated from CO2 emission, were
found to be in the range of 0.04 to 3.9 g/kg wood for the stable burning pellet burner
and an old log wood burner during startup respectively. SOA contributed significantly
to the ion C2H4O2+ at mass to charge ratio m/z 60, a commonly used marker for
primary emissions of wood burning. This contribution at m/z 60 can overcompensate
for the degradation of levoglucosan leading to an overestimation of the contribution of
wood burning or biomass burning to the total OM. The primary organic emissions
from the three different burners showed a wide range in O:C atomic ratio (0.19 - 0.60)
for the starting and flaming conditions, which also increased during aging. Primary
wood burning emissions have a rather low relative contribution at m/z 43 (f43) to the
total organic mass spectrum. The non-oxidized fragment C3H7+ has a considerable
contribution at m/z 43 for the fresh OA with an increasing contribution of the
oxygenated ion C2H3O+ during aging. After five hours of aging, the OA has a rather
low C2H3O+ signal for a given CO2+ fraction, possibly indicating a higher ratio of acid
to non-acid oxygenated compounds in wood burning OA compared to other
oxygenated organic aerosol (OOA).

4.1. Introduction
Wood burning for domestic heating and cooking is very common in many parts of the
world, and, because of its importance as a source of renewable energy, there is
currently an increasing interest in its usage. By estimation, three billion people use
small-scale appliances (three-stone fires or cooking stoves) that are both inefficient
and highly polluting (World Energy Council, 2007). Wood combustion emits a wide
range of volatile organic compounds (VOC) and particulate matter (PM) which
consists mainly of organics and black carbon (BC) (McDonald et al., 2000; Schauer et
al., 2001). On a global scale, biomass burning is estimated to contribute up to 90% of
the combustion generated primary particulate organic carbon (OC) (Bond et al.,
2004). Wood burning is responsible for more than 30% of the particulate
carbonaceous matter in Europe (Simpson et al., 2007) and was shown to be the
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dominant source of PM in Swiss Alpine valleys in winter (Sandradewi et al., 2008).
These gas phase and PM emissions contribute to various adverse effects on human
health (Nel, 2005; Pope and Dockery, 2006).
Organic aerosol (OA) is an important fraction of the non-refractory PM1 (PM
with an aerodynamic diameter da < 1µm) in many parts of the world (Zhang et al.,
2007). The OA mass spectra from the Aerodyne aerosol mass spectrometer (AMS)
can be deconvolved to give information about sources contributing to the total OA
mass (Lanz et al., 2007). Hydrocarbon-like OA (HOA) from traffic, biomass burning
OA (BBOA), and oxygenated OA (OOA) were distinguished in many datasets where
secondary organic aerosol (SOA) is assumed to be the main contributor to OOA (Lanz
et al., 2010; Jimenez et al., 2009). OOA can be further separated into a low volatility
fraction (LV-OOA), which is more aged and exhibits a higher O:C ratio, and a semivolatile fraction (SV-OOA) which represents fresher OOA with a lower O:C ratio
(Lanz et al., 2007; Aiken et al., 2008; Ng et al., 2010; DeCarlo et al., 2010).
Levoglucosan was found to be a substantial constituent of primary organic
aerosol (POA) particles from biomass burning (Fraser and Lakshmanan, 2000). The
AMS mass spectrum of nebulized levoglucosan is highly correlated with ambient
measurements at a wood burning dominated site in Roveredo, Switzerland. Three
fragments, m/z 60, 73, and 137, have been suggested as marker fragments for wood
burning generated aerosols (Alfarra et al., 2007). The fragment at m/z 60 was
observed for open burning (Lee et al., 2010) as well as for residential wood burners
where the markers were found to depend on burning conditions and wood type
(Weimer et al., 2008).
Aircraft measurements of aging wildfire plumes showed significant increasing
OA concentrations upon aging (Yokelson et al., 2009; DeCarlo et al., 2010).
However, other aircraft studies report no increase in OM for aging wildfire plumes
(Capes et al., 2008). Recent smog chamber studies investigating different types of
open biomass burning emissions showed an average increase in OM by a factor of 1.7
(Hennigan et al., 2011). Emissions from a small wood burning appliance have been
shown to form significant amounts of SOA during irradiation with UV light (Grieshop
et al., 2009b). Such an aged OA closely resembles the OOA spectrum, which makes it
difficult to extract the total contribution of wood burning in ambient OA. Smog
chamber experiments are suitable to give insight into the properties of POA and to
characterize the SOA from wood burning exhaust.
In this paper, we describe the POA, the SOA production, and OA aging
processes from three different residential wood burning appliances during the startup
and flaming phases using measurements from a high resolution time-of-flight aerosol
mass spectrometer (HR-TOF-AMS). SOA production and estimated emission factors
for BC, POA, and SOA are reported for all three burners separated by starting phase
and flaming phase. We present a correlation between O:C ratio and m/z 44 obtained
from unit mass resolution (UMR) mass spectra, which can be used to estimate the O:C
ratio of wood burning aerosols, POA and SOA, from UMR data. In addition, results
from pure SOA experiments, where only the gas phase emissions are injected into the
chamber and processed, are presented.
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4.2. Materials and methods
4.2.1. Experimental setup
The experiments were performed in the smog chamber of the Paul Scherrer Institute
(PSI). The PSI chamber is a 27-m3 Teflon bag suspended in a temperature controlled
housing. The smog chamber was operated at 20ºC and a relative humidity (RH) of
~50% during all experiments described here. Four xenon arc lamps of 4 kW each
were used to simulate the atmospheric light spectrum and intensity during a typical
Swiss winter day at noon. The smog chamber housing is covered with a reflecting
coating to increase light intensity and light diffusion. A more detailed description of
the PSI smog chamber and its standard instrumentation can be found elsewhere
(Paulsen et al., 2005).
The experiments were performed with two different residential log wood
burners and one residential pellet burner. The first burner is an old style log wood
burner (WESO Duplex, built around 1960) with a small (~0.018 m3) combustion
chamber. The second burner is a modern log wood burner (Attika Avant, 2009,
combustion chamber ~0.037 m3) with well defined air flows to reach optimal
combustion efficiencies. The wood used for these burners, 100% beech, was obtained
from a local distributor, cut into ~400 g pieces and stored in a dry place. The logs
were positioned on top of the kindling and lit from below. Emissions were injected
into the smog chamber either during starting, flaming or smoldering phases of the
burning cycle. For the starting phase experiments the kindling was lit using a small
gas torch immediately before chamber injection. Experiments on the gas phase only
emissions were performed by filtering the hot emissions through a heated filter
(150ºC). These experiments are referred to as pure SOA experiments throughout the
rest of this paper and are a combination of starting and flaming phase emissions. The
pellet burner (Rüegg KEA, 2005, Pmax 9 kW) was operated at 80% of its maximum
power using wood pellets. The burners were connected to a chimney with a diameter
of 0.16 m and a height of 3.5 m. Pictures of all three burners can be found in Sect. 8.2.
The introduction of the wood burning emissions into the chamber was done
from a pickoff point in the middle of the chimney at a height of approximately 2 m.
To avoid particle coagulation, the emissions were diluted by a factor of ~7 using a
heated ejector diluter (Dekati Ltd., Tampere, Finland). The preheated dilution air was
provided by a pure air generator (737-250 series, AADCO Instruments, Inc., USA).
The dilution system, dilution air, and all sampling lines were usually operated at
150ºC to prevent condensation of semi-volatile organic compounds (SVOC’s).
Finally, the emissions experienced a second dilution (~220 times) and cooling to 20ºC
when entering the smog chamber. A schematic representation of the inlet system and
the smog chamber setup is shown in Figure 4.1. The filling time and/or the flow into
the smog chamber were varied to achieve atmospherically relevant concentrations (1 30 µg/m3) of POA. The smoldering phase emissions generally produced low POA
emissions and therefore only one smoldering experiment, which showed a high
organic emission, is described in this paper.
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Figure 4.1. Schematic representation of the inlet system and smog chamber setup.

After injection and a 15-minute homogenization/mixing period the primary emissions
were measured for 30 - 60 minutes before the xenon lamps were switched on to start
photo-oxidation. After each experiment the smog chamber was cleaned by the
addition of several ppm of ozone for ~3 hours and flushing the chamber with zero air
for at least 36 hours. Blank experiments were performed to make sure that the organic
matter (OM) produced during the experiments is not significantly influenced by
background impurities in the smog chamber. An overview of the experiments
described in this paper can be found in Table 4.1. The table in the supplementary
material (Table 4.3) describes additional parameters for all experiments.
Table 4.1. Overview of several parameters for the different smog chamber experiments.
Experiment
Old log wood burner
1 flaming + smoldering
2 flaming
3 flaming
4 starting
5 starting
6 smoldering
7 flaming
Pellet burner
8 stable burning
9 starting
10 starting
Modern log wood burner
11 flaming
12 flaming
13 flaming
14 gas-phase onlyb
15 starting
16 starting
17 starting
18 gas-phase onlyb
19 gas-phase onlyb
20 flaming
a

b

POA
(µg/m3)

OA5h / POA
(WLC)

POA
O:C

OA5h
O:C

POA / CO
(µg/m3 ppm-1)

MCEa

ΔO3 t5h - t0h
(ppb)

3.8
4.4
28
27
6.5
17
7.6

1.6
3.8
5.1
6.9
5.7
0.7
3.8

0.51
0.38
0.19
0.32
0.23
0.87
0.25

0.58
0.50
0.36
0.42
0.46
0.79
0.36

3.9
n/a
11
7.6
6.4
14
38

0.986
n/a
0.960
0.943
0.959
0.909
0.994

32
59
111
52
65
16
10

4.2
3.6
3.5

1.0
2.8
3.7

0.23
0.52
0.59

0.50
0.72
0.84

48
29
22

0.999
0.992
0.988

n/a
26
24

1.4
4.9
6.1
31
3.9
20
2.0

3.6
5.3
2.7
4.2
3.4
2.3
2.1

0.48
0.37
0.35
0.37
0.41
0.33
0.50

0.62
0.50
0.41
0.50
0.56
0.62
0.51
0.36
0.39
0.54

2.5
3.1
11
20
28
16
5.8

0.993
0.987
0.995
0.989
0.958
0.979
0.966
0.994
0.993
0.995

79
3
73
23
12
25
10
25
2

Modified combustion efficiency defined as [CO2] / ([CO2] + [CO]).
Gas-phase only experiments were performed on a mixture of starting and flaming phase emissions.
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4.2.2. Instrumentation
4.2.2.1. High resolution time of flight aerosol mass spectrometer
An Aerodyne high resolution time-of-flight aerosol mass spectrometer (HR-TOFAMS) was used for the on-line quantification of the submicron (PM1) non-refractory
aerosol components. The term ‘non-refractory’ is assigned to those species that
evaporate rapidly at 600°C under vacuum conditions, e.g. OM, NH4NO3 and
(NH4)2SO4 (Allan et al., 2004). Potassium salts like KNO3 or K2SO4 can not be
quantitatively measured with the AMS. A detailed description can be found elsewhere
(DeCarlo et al., 2006), however a short description is given here.
The aerosol particles are sampled through a 100-µm critical orifice into an
aerodynamic lens which focuses the particles into a narrow particle beam (Zhang et
al., 2004). The inlet system shows 100% transmission for particles in the vacuum
aerodynamic diameter range 70 - 500 nm and substantial transmission for particles in
the range of 30 - 70 nm and 500 nm - 1.5 µm. The largest mass concentration mode
observed in the AMS pTOF mode was ~400 nm which is well within the transmission
window of the AMS. The expansion at the exit of the aerodynamic lens into the first
vacuum chamber accelerates the particles towards a heated tungsten element. The
particles are vaporized on impact and ionized by electron ionization (EI) at 70 eV.
The produced ions are extracted from the ionization region into the TOF (H-TOF
series, Tofwerk, Thun, Switzerland) followed by the orthogonal pulsed mass analysis.
The high mass resolution and accuracy of the HR-TOF-AMS made it possible
to determine the elemental composition of the ions up to approximately m/z 100
(DeCarlo et al., 2006). Integration of the organic ions with the elemental composition
CxHyOzNp+ gives information on the elemental ratios of O:C, H:C, N:C as well as the
OM:OC ratio (Aiken et al., 2007; Aiken et al., 2008). Based on their elemental
composition, ions were grouped into four different families: CxHy (x≥1 and y≥0),
CxHyOz, CxHyNp and CxHyOzNp (x≥1, y≥0, z≥1 and p≥1). These families will be
referred to as CH, CHO, CHN and CHON from hereon.
Data analysis was performed using Igor Pro 6 (Wavemetrics, Lake Oswego,
OR) with the Squirrel TOF analysis toolkit v1.48 or later and the TOF HR analysis
toolkit v1.07 or later. During every experiment, after filling and before lights on,
HEPA filtered air was sampled from the smog chamber to measure the gas phase
contributions to the mass spectra. The AMS fragmentation table (Allan et al., 2004)
was modified accordingly for m/z 16, 18, 29 and 44. In addition, the improved
fragmentation table (Aiken et al., 2008) was used with the following fragmentation
patterns in relation to the measured CO2+ signal: CO+ = 100%, H2O+ = 22.5%, OH+ =
5.625% (25% of H2O+), O+ = 0.90% (4% of H2O+). The contributions of these ions
are added to the CHO family. A particle collection efficiency (CE) of 1 was used to
estimate the non-refractory aerosol mass concentration. This CE was based on the
comparison of the sum of the AMS species and BC with a tapered element oscillating
microbalance (TEOM, Series 1400a, Thermo Scientific) during a separate
measurement campaign where primary emissions from a complete burning cycle of a
log wood burner were sampled.
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4.2.2.2. Black carbon instrumentation
BC was measured using an aethalometer (AE31, Magee Scientific Company,
Berkeley CA) at 880 nm using a specific attenuation cross section of 16.6 m2/g and an
empirical correction for the shadowing effect (Weingartner et al., 2003) during the
first five experiments (Table 4.1). For the other experiments BC was measured with a
multi angle absorption photometer (MAAP) (Model 5012, Thermo Fisher Scientific).
BC concentrations were calculated at a one-minute time resolution using a mass
specific absorption cross section of 6.6 m2/g at the wavelength 630 nm.

4.2.2.3. Gas phase instrumentation
The evolution of several gas phase species was measured during the experiments.
Carbon dioxide (CO2) was measured using a differential, non-dispersive, infrared
(NDIR) gas analyzer (LI-7000, Li-Cor Biosciences) operated with a time resolution of
one second. Carbon monoxide (CO) was measured with an ultra fast fluorescence
analyzer (AL5002, Aero-laser GmbH). A chemiluminescence NOx analyzer (Monitor
Labs model ML9841A) was used to measure NO and NOx (NO+NO2) and ozone (O3)
was measured with an ozone analyzer (Monitor Labs Inc. Model 8810).

4.3. Results and discussion
4.3.1. Primary emissions
The starting phase and flaming phase emissions from the old log wood burner were
dominated by BC with an average OM/BC ratio of 0.21 ± 0.06. The OM/BC ratio for
the modern log wood burner changed significantly between the starting phase and the
flaming phase, with values of 1.2 ± 0.4 and 0.12 ± 0.04, respectively. The emissions
from the pellet burner showed an average ratio of 2.5 ± 0.9 for the starting phase and
during stable burning conditions. OM/BC ratios were found to be lower than
published values for off-line methods (Szidat et al., 2006 and the references therein)
and on the lower end of previously published smog chamber data (Grieshop et al.,
2009b). Two possible explanations can be given. Our experiments were at lower
concentrations (1 - 30 µg/m3 as compared to ≥ 40 µg/m3), which affects the
partitioning of organics between the gas and particle phase (Lipsky and Robinson,
2006), and the modified combustion efficiency (MCE, defined as [CO2] / ([CO2] +
[CO])) was higher (Table 4.1) which has been shown to lead to lower OM/BC ratios
(Grieshop et al., 2009b).

4.3.2. Secondary organic aerosol production
Figure 4.2 shows the evolution of OM, NO3, SO4 and BC for a typical experiment
(No. 5 Table 4.1) with log wood burner emissions. After the injection, 15 minutes
mixing time and the characterization of the primary emissions, the smog chamber
lights were switched on. During the dark phase the concentrations of BC and OM
decrease due to wall loss. The total PM mass as measured by the AMS was dominated
by OM for all experiments. On average, the highest OM fractions were measured for
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the starting phase of the log wood burner (93%), followed by the starting phase of the
pellet burner (86%), the flaming phase of the log wood burners (76%) and the stable
burning phase of the pellet burner (53%). After the lights were switched on, the
production rate of OM is greater than the wall loss rate, resulting in a rapid OM
concentration increase from SOA formation in the first hour. In the second hour of
lights on, the OM production rate slows down and OM reaches its maximum
concentration once the SOA production rate equals the wall loss rate. After two hours,
the wall loss rate dominates, resulting in a slow decrease in the measured OM
concentration.
The wall loss rate was determined using BC as an inert tracer. Based on the
assumption that the aerosol is internally mixed and that particles deposited at the walls
are in equilibrium with the suspended material, the wall loss rate of BC can be used to
correct the concentrations of other particulate species (Grieshop et al., 2009b). The
wall loss corrected concentration of OM (OMWLC) can be derived using the equation:

⎡ BC(t0 ) ⎤
OM WLC (t ) = OM meas (t ) × ⎢
⎥
⎣ BC(t ) ⎦

(4.1)

where OMmeas(t) refers to the concentration of OM measured at time t. BC(t0) and
BC(t) are the concentrations of BC when lights were switched on and at time t,
respectively.
During some experiments, as shown in Figure 4.2, an apparent increase in the
BC concentration was seen after lights were switched on and OM increased
substantially. This observation due to increased light absorption by BC with thicker
coatings is in agreement with findings in the literature. An increase in light absorption
efficiency due to an organic coating up to a factor of ~2 has previously been reported
(Schnaiter et al., 2005; Shiraiwa et al., 2010). In similar experiments using diesel
exhaust in the PSI smog chamber this increase of black carbon concentration was not
observed, likely due to a thinner coating (Chirico et al., 2010). This increase in
absorption leads to an underestimation of the wall loss rate and consequent
underestimation of the SOA production if the BC concentration calculated from the
absorption measurement is used. To get a representative wall loss rate the BC data
was fit for the time period prior to lights on using an exponential fit to zero. Equation
(4.1) can be modified to:

⎡ BC (t0) ⎤
OM WLC (t ) = OM meas (t ) × ⎢ fit ⎥
⎣ BCfit (t ) ⎦

(4.2)

where BCfit(t0) and BCfit(t) are the concentrations of BC derived from the exponential
fit when lights were switched on and at time t respectively. The pure SOA
experiments were not used to quantify the SOA formation and therefore were not
corrected for wall losses.
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Figure 4.2. Temporal evolution of the AMS species and BC (aethalometer) for the starting
phase emissions of the modern log wood burner (experiment No 5). BC data was fitted for the
time period prior to lights on. Wall loss corrected (WLC) time series are calculated according
to Eq. (4.2).

The relative increase of OM in relation to the concentration of POA is expressed as
the OM enhancement ratio (OMER). Taking the wall loss correction as shown in Eq.
(4.2) into account, the OMER at time t can be calculated by:

⎡ OM meas (t ) ⎤ ⎡ BCfit (t0) ⎤
OM ER (t ) = ⎢
⎥ × ⎢
⎥
⎣ OM meas (t0) ⎦ ⎣ BCfit (t ) ⎦

(4.3)

The temporal evolutions of the OM enhancement ratios for all smog chamber
experiments are shown in Figure 4.3.
All log wood burner experiments show a substantial increase in OM for both
starting and flaming phase emissions. The average OMER for these experiments after 5
hours of photo-oxidation was found to be 4.1 ± 1.4. During injection for experiment
No. 1, the fire stopped flaming and started smoldering which may be the reason for
the lower OMER of 1.6. In contrast, the high emission smoldering event (No. 6)
showed an OM loss of 54% (after wall loss correction) within the first hour and a
slow increase during the following hours. The mass loss during this experiment is
discussed in detail in Sect. 3.5. The pellet burner produced an average OMER of 3.3 ±
0.6 during the starting phase whereas no SOA formation was observed for the flaming
phase, which is explained by the very stable and controlled burning conditions for the
pellet burner in contrast to the log wood ovens.
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Figure 4.3. Wall loss corrected OM enhancement ratios for the different burners and burning
conditions.

4.3.3. Emission factors
To perform smog chamber experiments at atmospherically relevant OM
concentrations it was necessary to adjust the filling time and dilution factor to the
type of burner and burning condition to stay below 40 µg/m3 primary OM
concentration. Therefore the concentrations of the measured aerosol species need
scaling before they can be compared or averaged. Two abundant gas phase products
from wood burning, CO2 and CO, were found to be useful scalars for dilution effects
and emission factors. The average concentrations of BC, POA and SOA, normalized
by the increase in the CO2 concentration, for the different burners and burning
conditions are shown in Figure 4.4.
Since there was no information on the mass of wood burned during injection,
an estimate of the emission factors were calculated based on the increase in CO2
concentration. The mass of wood burned was calculated using the following formula

mWB =

P ×V
1
× ΔCO 2 × M W C ×
R ×T
fC

(4.4)

where mWB is the mass of wood burned (g), ΔCO2 the increase in concentration
(ppm), MWC the molecular mass of carbon, and ƒC the carbon fraction of wood. P, V,
R and T are the pressure (Pa), volume (m3), universal gas constant, and temperature
(K) respectively.
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Using a carbon fraction of 50% for beech (Joosten et al., 2004), a 1-ppm increase in
CO2 per cubic meter air in the smog chamber corresponds to 1 mg burned wood.
These estimated emissions factors, in g/kg wood burnt, are shown on a second axis in
Figure 4.4.

Figure 4.4. Average concentrations of BC, POA and SOA after 5h of aging normalized by the
increase in CO2 concentration. The right axis shows the estimated emission factor in g/kg
wood burnt.

All of the burners tested showed higher emission factors for BC, POA and SOA
during the startup phase compared to the flaming or stable phases. The old log wood
burner produced the highest total emissions during the starting phase and flaming
phase followed by the new log wood burner and then the pellet burner. All values
from Figure 4.4 as well as their standard deviations are presented in Table 4.2.
Table 4.2. Emission factors of BC, POA and SOA normalized to the amount of wood burned
(g/kg) and their relative contribution to the total PM emissions (OM+BC) after 5h of aging.
Experiment

a,b

BC
(g / kg)
Old start
1.51 ± 0.11
Old flaming
1.3 ± 1.2
Modern start
0.53 ± 0.02
Modern flaming
0.34 ± 0.05
Pellet start
0.10 ± 0.03
Pellet stable
0.014
a
Old = old log wood burner
b
Modern = modern log wood burner

BC
(%)
39
53
16
71
10
33

POA
(g / kg)
0.36 ± 0.13
0.25 ± 0.19
0.73 ± 0.19
0.03 ± 0.01
0.25 ± 0.03
0.027
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POA
(%)
10
10
22
7
27
67

SOA
(g / kg)
2.0 ± 1.0
0.88 ± 0.59
2.1 ± 0.9
0.10 ± 0.11
0.57 ± 0.23
0

SOA
(%)
51
37
62
22
63
0
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The old log wood burner showed a similar BC production during the starting and
flaming phase. Total OM (POA + SOA) showed a slightly smaller emission factor
during the flaming phase. The similarity between starting and flaming phases may be
explained by the small combustion chamber, which leads to relatively inefficient
combustion even under flaming conditions. The modern log wood burner showed
similar BC emission factors during the starting phase and flaming phase, but was
roughly a factor of 3-4 lower than the old wood stove. The emission factor of OM for
the modern log wood burner was significantly lower during the flaming phase. This
indicates that the new design with a large combustion chamber and sophisticated
airflows decreases the emission factors for OM once the burner reaches operating
temperatures. The improved design of the new log wood burner thus influences both
the primary emissions and secondary formation of organic aerosol. The emission
factors of the pellet burner were dominated by OM and were considerably lower
during stable burning compared to the starting phase. A wide range of POA/CO ratios
(3.9 - 48 µg/m3 ppm-1) were observed for the different burners and burning conditions
(Table 4.1). This range is in agreement with the average OM/CO ratio of 38 that was
found for the wood burning dominated site in Roveredo, Switzerland (Gaeggeler et
al., 2008) and with values found for other smog chamber studies (Grieshop et al.,
2009a; Grieshop et al., 2009b).

4.3.4. High resolution analysis of primary and aged organic aerosols
The high resolution organic mass spectra were fitted with a fitting procedure resulting
in a peak separation by fragment ions (DeCarlo et al., 2006). These ions were grouped
into CH, CHO, CHN and CHON families. In general, the CHN and CHON families
have only a small contribution (<10%) to the total organic spectrum from the tested
wood burners. The two dominant classes for all conditions were the CH and CHO
families.
Emissions from wood burning are highly variable in quantity and properties as
shown above. An example of the family spectra of the POA and of the aged organic
aerosol is shown in Figure 4.5. Experiment No. 15 was chosen as it is in the middle of
the observed range in SOA production and O:C ratio. POA is dominated by CHO
(51.9%) followed by CH (43.6%), CHN (3.2%) and CHON (1.3%). After 5 hours of
aging, CHO showed an increase to 63.3% whereas CH decreased to 31.1%. CHN
increased from 3.2% to 4.4% and CHON stayed constant at 1.3%. The POA spectrum
shows a strong signal for the ion series at m/z 27, 41, 55, 69, 83 and m/z 29, 43, 57, 71
which are often assigned to cycloalkanes or alkenes (CnH2n−1+) and normal or
branched alkanes (CnH2n+1+) respectively (Alfarra et al., 2004; Canagaratna et al.,
2004; Weimer et al., 2008). However, the high resolution data shows that, except for
m/z 27 and 41, the signals are dominated by oxygen containing ions and cannot be
assigned to either of these hydrocarbon series alone.
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Figure 4.5. Mass spectra of the starting phase log wood burner experiment (No. 15). The top
panel shows the POA and the lower panel the organic aerosol after 5 hours of aging. Ions are
grouped into the families CH, CHO, CHN and CHON based on their elemental composition.
The pie charts show the relative contributions of the families.

Levoglucosan, a product from wood burning and biomass burning, has been used as
molecular marker in ambient organic aerosol (Fraser and Lakshmanan, 2000;
Simoneit et al., 1999). The ion at m/z 60, a dominant fragment in the mass spectrum
of levoglucosan, has been used as a wood burning marker for AMS measurements in
order to estimate the wood burning contribution to the ambient organic aerosol
(Alfarra et al., 2007; DeCarlo et al., 2008). An ideal molecular marker is specific and
inert, however, recent studies showed that levoglucosan is not stable under
atmospheric conditions with an atmospheric lifetime of 0.7 - 2.2 days at an OH
exposure of 1x106 molecules cm-3 (Hennigan et al., 2010; Hoffmann et al., 2010).
This reactivity can lead to an underestimation of the wood burning contribution to
ambient OM. Conversely, m/z 60 is not a unique fragment of levoglucosan and was
found to contribute ~0.3% to ambient OA during non-fire periods (Aiken et al., 2009;
DeCarlo et al., 2008; Docherty et al., 2008). In addition, m/z 60 was also found in
OOA spectra retrieved by PMF which are generally assumed to be dominated by
SOA. Cubison et al. (2011) reported that only a minor fraction of the fragment at m/z
60 is from levoglucosan, mannosan or galactosan and hypothesized that m/z 60 may
also result from similar molecules, and may include dimers and trimers.
AMS reference spectra of levoglucosan (≥ 98%, Fluka) showed that the signal
at m/z 60 corresponds to the ion C2H4O2+ fit at m/z 60.0211. The wall loss corrected
evolution of this ion for all smog chamber experiments is shown in Figure 4.6. A
decrease in C2H4O2+ was observed for the pellet burner experiments and the
smoldering experiments. One log wood burner experiment showed a decrease,
whereas the remaining 11 experiments showed an increase in C2H4O2+.
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This increase in the signal must result from SOA products that contribute to the same
C2H4O2+ fragment as levoglucosan. These SOA products depend on the burning
conditions and were not observed during the aging experiments performed with the
pellet burner. The contribution of SOA to the C2H4O2+ ion at m/z 60 can
overcompensate for the degradation of levoglucosan, thus leading to an
overestimation of the contribution of either wood burning or biomass burning to the
total OM if this ion is used as a tracer for primary wood burning or biomass burning
aerosol in ambient measurements. Concurrent measurements of levoglucosan and
aerosol mass spectra were recently performed in our chamber and will be analyzed
and published in the near future.

Figure 4.6. Wall loss corrected enhancement ratios of the C2H4O2+ ion at m/z 60.0211 for the
different burners and burning conditions.

4.3.5. Elemental ratios
From the high resolution AMS spectra the average elemental composition and
different atomic ratios can be derived (Aiken et al., 2007). The bulk organic aerosol
properties can change by condensation of SOA and/or heterogeneous chemistry.
During oxidation OA becomes more oxygenated, less volatile, and more hygroscopic
such that the O:C ratio can be used as an approximation for the degree of oxidation of
the organic aerosol (Jimenez et al., 2009).
Figure 4.7 shows the evolution of the O:C ratio for all smog chamber
experiments. The O:C ratios of the freshly emitted organic aerosol were highly
variable and spanned the range of 0.19 - 0.58 for the different starting and flaming
phase experiments. There was no separation in O:C ratio possible between the starting
and flaming phases, nor between the different burners. The smoldering experiment
(No. 6) showed a significantly higher O:C ratio, of 0.87, compared to the starting and
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flaming phases. All experiments on the primary emissions showed an increase in the
O:C ratio after lights on, with the exception of the smoldering phase experiment.
Different rates for the increase in the O:C ratio were found for the first two hours after
lights on compared to the last period (3 - 5 hours). For the log wood burners the O:C
ratio increased initially by 0.055 ± 0.020 and 0.036 ± 0.012 per hour for the starting
phase and flaming phase respectively. This is 3 - 5 times faster than for the latter part
of the experiments where it increased by 0.016 ± 0.004 and 0.007 ± 0.010 per hour for
the starting phase and flaming phase respectively. The O:C ratio of the start-up
emissions from the pellet burner increased by 0.086 ± 0.010 during the first two hours
and 0.007 ± 0.010 during the last two hours of the experiment. The pure SOA
experiments did not show an increase during the first two hours (-0.03 ± 0.03) and no
significant increase during the last two hours (0.003 ± 0.005), indicating that the O:C
ratio of the OM stayed constant during the first five hours of the experiment, which is
the period where the OM concentration increase was most prominent. This increase in
OM drives more volatile compounds with a lower O:C ratio into the OM which could
compensate the expected increase of the O:C ratio by SOA addition. During a long
pure SOA experiment, an increasing O:C ratio was observed after 6.5 hours when the
effect due to aging became more important than the one related to the addition of new
mass. The fact that some experiments showed POA with a higher O:C ratio than the
SOA produced during the pure SOA experiments could be the result of the influence
of the burning conditions to the O:C ratio of the VOC’s similar to the OM.

Figure 4.7. Evolution of the O:C ratio for the different burners and burning conditions.

During the smoldering experiment No 6, an increase in the O:C ratio was observed
during the first 1.5 hours, which was then followed by a gradual decrease, while the
OM had exactly the opposite trend. This peculiar behavior could potentially be
explained by the fact that the POA seems to have a fraction of highly oxygenated OM
and a smaller fraction of less oxygenated compounds. The loss of mass in the first
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hour of the experiment (Figure 4.6) suggest that these less oxygenated species
fragment upon oxidation and thus less likely partition into the OA (Jimenez et al.,
2009). In the later phase semi-volatile species with a lower O:C ratio than the existing
OM condense on the aerosol resulting in a decrease in the O:C ratio (Figure 4.7).
The fraction of m/z 44 at unit mass resolution can be used to estimate the O:C
ratio when their relationship is known. This relationship has been published for an
analysis of ambient datasets (Aiken et al., 2008), but not for primary and secondary
aerosols from domestic wood burning. Figure 4.8 shows the data for all starting and
flaming phase experiments as well as from the pure SOA experiments. The slope of
the separately fit starting and flaming phase experiments were very similar with
values of 0.033 and 0.030 respectively. The intercept found for the starting phase
experiments is higher than the intercept for the flaming phase experiments and is
therefore more sensitive to the number of experiments fit for each condition. The
fitting shown in Figure 4.8 is based on the average slope and intercept from the
separate fittings of the starting and flaming phase experiments. It shows a slightly
lower slope and higher intercept than reported for the ambient data.

Figure 4.8. Scatter plot of the O:C ratio vs. the percentage m/z 44 of the normalized organic
spectrum. The red line shows the correlation found for different ambient studies (Aiken et al.,
2008). The black line shows the average of the fittings of the starting and flaming phase
experiments (0.0316 ± 0.0005 x + 0.132 ± 0.006).

Recently a new mass spectral diagnostic tool was developed to follow the aging of the
OOA component in the atmosphere (Ng et al., 2010). The fractions of two major
masses, m/z 44 (CO2+) and m/z 43 (mostly C2H3O+) were used to create a triangular
space f44 vs. f43 in which OOA moves towards the apex during the aging process.
Thermal decomposition of acids at the heater of the AMS is known to be an important
origin of the CO2+ fragment whereas Ng et al. (2010) hypothesized that the C2H3O+
fragment is dominated by non-acid oxygenates. In Figure 4.9a the POA at lights on
(t = 0 hours) and the bulk aerosol after five hours of aging is plotted in this two65
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dimensional space. Most data points are within this triangle close to the left margin
whereby aging moves the data to higher f44 for most experiments, whereas only a
small increase or decrease was observed in the f43. However, in contrast to OOA, the
POA of wood burning has a significant contribution from the non-oxygenated ion
C3H7+ at m/z 43, increasing the m/z 43/44 ratio. Using the HR data, it is possible to
plot the fractions of the particle CO2+ (pCO2+) and C2H3O+ ions (Figure 4.9b) which
represent the OA functionalities better than the UMR data. The figure shows that the
POA from all wood burning experiments have a characteristic low C2H3O+ signal for
a given pCO2+ fraction compared to ambient OOA. During the SOA formation, the
pCO2+ and C2H3O+ fraction of the bulk aerosol increases, resulting in a shift in this
space up and to the right. After 5 hours, about one third of the experiments were
found at the lower edge of the f C2H3O+ vs. f pCO2+ triangle found for ambient OOA,
while the others were still outside the triangle.

Figure 4.9. Fraction plot of (a) mass ƒ44 vs. ƒ43 and (b) high resolution fit f pCO2+ vs.
f C2H3O+. The triangular space found by Ng et al. (2010) to accommodate the OOA
component of ambient organic aerosol is shown as well.
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4.4. Conclusions
In this study, we present the results from photo-oxidation smog chamber experiments
on two different log wood burners and a residential pellet burner under different
burning conditions. OM increased by SOA formation on average by a factor of 4.1 ±
1.4 for the starting and flaming phases of the two log wood burners. The startup phase
of the pellet burner showed an increase by a factor of 3.3 ± 0.6, whereas no
measureable SOA formation was observed for the stable burning phase. This implies
that the gas phase emissions from log wood burners play an import role in the total
contribution of OM from residential wood burning appliances to ambient OM and
should be considered to be included in future legislations.
The primary organic emissions from the three different burners showed a wide
range in the O:C atomic ratio of OA (0.19 - 0.60) for all burning conditions and
showed an increase during aging. The increase in the O:C ratio was significantly
faster during the first two hours compared to 3 - 5 hours after lights on. After five
hours of aging, the O:C ratio of the bulk aerosol reached values > 0.6 for several
experiments, which is close to the O:C ratio of LV-OOA found for aged ambient OA.
The O:C ratio of the pure SOA experiments stayed relatively stable during the entire
experiment. One smoldering event with high emissions was captured, which showed a
decrease of the OM concentration accompanied by an increase in the O:C ratio (0.87
to 0.95) during the first 1.5 hours, followed by an increase of the OM concentration
and a decrease in the O:C ratio. This exemplifies the complex combination of
processes that are involved in aging (partitioning including condensation and
evaporation, and oxidation coupled to either fragmentation or functionalization).
The wood burning marker at m/z 60 (C2H4O2+ fragment of levoglucosan)
showed an increase in concentration for more than 90% of the log wood burner
experiments for the starting and flaming phases. This increase is attributed to SOA
species also contributing to this fragment. The formation of the precursor leading to
this SOA contribution depends on the burning conditions, and is not observed during
the pellet burner experiments. The contribution of SOA to the C2H4O2+ ion at m/z 60
can overcompensate the degradation of levoglucosan, thus leading to an
overestimation of the contribution of either wood burning or biomass burning to the
total OM if this ion is used as a tracer for primary wood burning or biomass burning
aerosol in ambient measurements
The fractions of C2H3O+ and pCO2+, when projected onto the two-dimensional
space described by Ng et al. (2010), was found to initially be outside of the triangle
found for ambient OOA, but on aging moved up and to the right, towards the triangle.
After five hours of aging, the OA has a rather low C2H3O+ signal for a given CO2+
fraction, possibly indicating a higher ratio of acid to non-acid oxygenated compounds
in wood burning OA compared to other OOA.
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Abstract
Organic aerosol (OA) represents a significant and often major fraction of the nonrefractory PM1 (particulate matter with an aerodynamic diameter da < 1µm) mass.
Secondary organic aerosol (SOA) is an important contributor to the OA and can be
formed from biogenic and anthropogenic precursors. Here we present results from the
characterization of SOA produced from the emissions of three different anthropogenic
sources. SOA from a log wood burner, a Euro 2 diesel car and a two-stroke Euro 2
scooter were characterized with an Aerodyne high-resolution time-of-flight aerosol
mass spectrometer (HR-TOF-AMS) and compared to SOA from α-pinene.
The emissions were sampled from the chimney/tailpipe by a heated inlet
system and filtered before injection into a smog chamber. The gas phase emissions
were irradiated by xenon arc lamps to initiate photo-chemistry which led to nucleation
and subsequent particle growth by SOA production.
Duplicate experiments were performed for each SOA type, with the averaged
organic mass spectra showing Pearson’s r values > 0.94 for the correlations between
the four different SOA types after five hours of aging. High-resolution mass spectra
(HR-MS) showed that the dominant peaks in the MS, m/z 43 and 44, are dominated by
the oxygenated ions C2H3O+ and CO2+, respectively, similarly to the relatively fresh
semi-volatile oxygenated OA (SV-OOA) observed in the ambient aerosol. The atomic
O:C ratios were found to be in the range of 0.25 - 0.55 with no major increase during
the first five hours of aging. On average, the diesel SOA showed the lowest O:C ratio
followed by SOA from wood burning, α-pinene and the scooter emissions. Grouping
the fragment ions revealed that the SOA source with the highest O:C ratio had the
largest fraction of small ions.
The HR data of the four sources could be clustered and separated using
principal component analysis (PCA). The model showed a significant separation of
the four SOA types and clustering of the duplicate experiments on the first two
principal components (PCs), which explained 79% of the total variance. Projection of
ambient SV-OOA spectra resolved by positive matrix factorization (PMF) showed
that this approach could be useful to identify large contributions of the tested SOA
sources to SV-OOA. The first results from this study indicate that the SV-OOA in
Barcelona is strongly influenced by diesel emissions in winter while in summer at
SIRTA at the southwestern edge of Paris SV-OOA is more similar to alpha-pinene
SOA. However, contributions to the ambient SV-OOA from SOA sources that are not
covered by the model can cause major interference and therefore future expansions of
the PCA model with additional SOA sources is recommended.

77

Chapter 5. Discrimination of secondary organic aerosols

5.1. Introduction
Particulate matter (PM) in the air consists of a complex mixture of organic matter
(OM), elemental carbon (EC), inorganic salts as well as trace elements and mineral
dust. Primary aerosol particles are directly emitted as particles from sources like
biomass burning and the use of fossil fuels as well as volcanic eruptions or the
suspension of soil and dust. Secondary aerosols, however, are formed by the reaction
of gas phase precursors from biogenic or anthropogenic origin, which leads to a
decrease in volatility resulting in a shift in partitioning from the gas phase to the
particle phase with increased PM levels as result (Donahue et al., 2006). Atmospheric
aerosols contribute to various adverse effects on human health (Nel, 2005; Pope and
Dockery, 2006) and have an important impact on visibility (Watson, 2002) and
climate (IPCC, 2007).
Organic aerosol (OA) represents a substantial and often major fraction of the nonrefractory PM1 (PM with an aerodynamic diameter da < 1µm) mass in many parts of
the world (Jimenez et al., 2009; Zhang et al., 2007). Primary OA (POA), as well as
secondary OA (SOA) produced by the oxidation of volatile organic compounds
(VOC) in the atmosphere, contributes to the total OA concentration where SOA
generally comprises the major fraction of atmospheric OA (Robinson et al., 2007).
Biogenic emissions, like isoprene and terpenes, are an important source of VOCs in
the atmosphere and constitute a major SOA source. However, it has recently been
shown that the gas phase emissions from major POA sources such as wood
combustion (Grieshop et al., 2009; Heringa et al., 2011), diesel cars without emission
abatement devices (Chirico et al., 2010) and scooters (Platt et al., 2012) can produce
SOA concentrations that exceed the initial POA emissions. The global SOA formation
from volatile organic precursors is estimated at 115 TgC/yr which comprises
approximately 70% of the organic carbon (OC) PM mass of which 23% is from
biomass burning and anthropogenic activities (Hallquist et al., 2009). However,
depending on the emission profile on a regional scale, the importance of the various
sources of SOA can be substantially different.
Quantification of the contributions of different ambient OA sources was performed by
the deconvolution of the OA mass spectra from the Aerodyne aerosol mass
spectrometer (AMS) by positive matrix factorization (PMF) (Lanz et al., 2007). POA
sources such as hydrocarbon-like OA (HOA) from traffic and biomass burning OA
(BBOA) were distinguished in many datasets (Lanz et al., 2010; Jimenez et al., 2009).
More recently, cooking was identified as a major POA source (Allan et al., 2010; Sun
et al., 2011; Crippa et al., 2012; Huang et al., 2010; Mohr et al., 2012). However,
SOA is typically represented only as a linear combination of low volatility and semivolatile oxygenated organic aerosol factors (LV-OOA and SV-OOA, respectively).
LV-OOA is considered more aged and exhibits a higher O:C ratio, while SV-OOA
represents fresher OOA with a lower O:C ratio (DeCarlo et al., 2010; Lanz et al.,
2007; Ng et al., 2010); however, these factors typically provide limited information
regarding the identity of their source emissions. Smog chamber and field studies
showed that the correlation between the AMS spectra of different OA sources and
ambient LV-OOA increases with aging, implying that the original fingerprint is lost
and the various SOA types converge to produce a general, highly oxidized LV-OOA
signature, reducing the utility of fingerprint-based apportionment techniques such as
chemical mass balance (Capes et al., 2008; Jimenez et al., 2009). In addition, it is
likely that the diurnal variation of the SOA from different sources is driven by the
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level of oxidizing species in the atmosphere, reducing the temporal differences
necessary for their deconvolution by receptor modeling techniques (e.g. PMF).
Although other techniques, like organic tracers, PMF and modeling can supply
information about different POA and SOA sources (Kleindienst et al., 2007;
Lewandowski et al., 2008; Schwartz et al., 2010; Farina et al., 2010; AndreaniAksoyoglu et al., 2008), the high time resolution of the AMS in combination with the
ability to measure quantitatively the major fraction of PM1 OA, AMS data could
supply important information for the quantification of SOA from different sources.
In this paper, we describe the properties of fresh and aged SOA from the gas phase
emissions of a log wood burner, a Euro 2 diesel car without emission abatement
devices and a Euro 2 scooter. Mass spectral features of SOA are depending on many
parameters like VOC/NOx ratio, concentration and temperature. Therefore, the models
shown in this manuscript, based on the results of laboratory studies on real emission
sources, are not necessarily identical to the results that can be expected during all
ambient conditions. Additionally, variability in emissions from sources like wood
burning adds to the uncertainty described above. The mass spectral features of these
anthropogenic sources were measured with a high-resolution time-of-flight aerosol
mass spectrometer (HR-TOF-AMS) and compared to the spectra from SOA produced
by the ozonolysis and photo-oxidation of α-pinene. Principal component analysis
(PCA) was applied on all ions to separate the different SOA spectra. A new method is
presented to group the ions of the organic mass spectrum based on the number of
carbon and oxygen atoms of the fragments which helps to facilitate the comparison of
different spectra and to present a simplified method to separate the different SOA
sources presented in this paper.

5.2. Materials and methods
5.2.1. Experimental setup
The SOA experiments were performed in the smog chamber of the Paul Scherrer
Institute (PSI). The PSI chamber is a 27-m3 Teflon bag suspended in a temperaturecontrolled housing. The smog chamber was operated at 20ºC and a relative humidity
(RH) of ~50% during all experiments described here. Four xenon arc lamps of 4 kW
each were used to simulate the solar light spectrum and intensity during a typical
Swiss winter day at noon. During one experiment, the UV light intensity was
increased by 80 black lights (Philips, Cleo performance 100W/R) positioned at the
floor of the smog chamber housing to accelerate the aging process. The interior of the
smog chamber housing is covered with a reflecting coating to increase light intensity
and light diffusion. A more detailed description of the PSI smog chamber and its
standard instrumentation can be found elsewhere (Paulsen et al., 2005).
The experiments were performed on the gas phase emissions of a modern
residential log wood burner (Attika Avant, 2009), a Euro 2 diesel car without
emission abatement devices (Volkswagen Transporter TDI Syncro, 2000) and a Euro
2 scooter (Piaggio Liberty 50 2-stroke, 2010). More information about the wood
burner, the diesel car and the scooter as well as details of the specific smog chamber
setup can be found in Heringa et al. (2011), Chirico et al. (2010) and Platt et al.
(2012), respectively.
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The introduction of the emissions into the chamber was done from a sampling point in
the middle of the chimney or at the back of the tailpipe. Emissions were diluted in the
inlet system by a factor of ~7 using a heated ejector diluter (Dekati Ltd., Tampere,
Finland) using preheated dilution air provided by a pure air generator (737-250 series,
AADCO Instruments, Inc., USA). The diluted emissions were filtered through a
heated filter (borosilicate glass microfiber filter, HC free and H131R, Headline filters)
right before the injection point at the smog chamber. The dilution system, dilution air,
filter system and all sampling lines were operated at 150ºC to prevent condensation of
semi-volatile organic compounds (SVOCs) in the inlet system. Finally, the gas phase
emissions experienced a second dilution and cooling to 20ºC when entering the smog
chamber.
The α-pinene experiments were performed by injecting 7.2 - 9.0 µl α-pinene
(98%, Aldrich) in a preheated tube (80ºC) which is continuously flushed by pure air
into the smog chamber for ~15 minutes after injection. A schematic representation of
the inlet system and the smog chamber setup is shown in Fig. 5.1.

Figure 5.1. Schematic representation of the inlet system and smog chamber setup.

The α-pinene ozonolysis experiment was performed by injecting the α-pinene
into the smog chamber containing 500 ppb of ozone. For all the photo-oxidation
experiments, after injection of the combustion emissions or α-pinene, a 15-minute
homogenization period was taken into account before the starting conditions were
analyzed and the xenon lamps were switched on to start photo-oxidation. For each
source, wood burning, diesel, scooter and α-pinene, a five-hour and a ten-hour
experiment was conducted. An overview of the experiments described in this paper
can be found in Table 1.
After each experiment the smog chamber was cleaned by the addition of
several ppm of ozone for ~3 - 4 hours and flushing the chamber with zero air for at
least 36 hours. Blank experiments with no aerosol input were performed to make sure
that the organic matter (OM) produced during the experiments was not significantly
influenced by impurities in the smog chamber.
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Table 5.1. Overview of the experimental parameters for the different smog chamber
experiments.
Experiment

Experiment
type

Duration
(h)

SOA5h
(µg m-3)

SOA5h
O:C

NOx (t0)
(ppb)

Log wood burnera
1 Start and flaming phase
Xenon
5
5.3
0.36
27
2 Start and flaming phase
Xenon
10
14.2
0.39
44
Diesel car (Euro 2)b
1 Cold start idle
Xenon
10
4.1
0.39
153
2 Cold start idle
Xenon
5
8.4
0.29
142
Scooter (Euro 2)
1 Low engine load
Xenon/BL c
10
15.1
0.48
29
2 Low engine load
Xenon/BLd
5
74
0.54
31
α-Pinene
1 40 ppb α-pinene
500 ppb O3
10
41
0.36
<1
2 63 ppb α-pinene
Xenon
5
20
0.42
270
a
Wood burning experiments 1 and 2 correspond to experiments 18 and 19, respectively in Heringa et
al. (2011).
b
Diesel experiments 1 and 2 correspond to experiments 18 and 19, respectively in Chirico et al. (2010).
c
Start with 4 xenon arc lamps. After 5 hours 80 black lights (BL) were added.
d
Start with 4 xenon arc lamps and 40 black lights (BL). After 3.75 hours 40 additional BL were added.

5.2.2. Instrumentation
5.2.2.1. High resolution time of flight aerosol mass spectrometer
An Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-TOFAMS) was used for the on-line quantification of the submicron non-refractory aerosol
components. The term ‘non-refractory’ is assigned to those species that evaporate
rapidly at 600°C and ~10-7 torr, e.g. OA, NH4NO3 and (NH4)2SO4 (Allan et al., 2004).
A detailed description of the HR-TOF-AMS is given in DeCarlo et al. (2006).
The high mass resolution and accuracy of the HR-TOF-AMS made it possible to
determine the elemental composition of the ions up to approximately m/z 100
(DeCarlo et al., 2006). Integration of the organic ions with the elemental composition
CxHyOzNp+ gives information on the elemental ratios of O:C, H:C, N:C as well as the
OM/OC ratio (Aiken et al., 2007; Aiken et al., 2008). Based on their elemental
composition, ions were grouped into four different families: CxHy (x ≥ 1 and y ≥ 0),
CxHyOz, CxHyNp and CxHyOzNp (x ≥ 1, y ≥ 0, z ≥ 1 and p ≥ 1). These families will be
referred to as CH, CHO, CHN and CHON from hereon.
Besides the family groups, a new method was used to group the ions of the
organic mass spectrum based on the number of carbon and oxygen atoms of the
fragments. Per carbon atom number x, the following three groups were defined: Cx,
CxO1 and CxO>1. Grouping the ions with a number of carbon atoms up to 7, the 21
groups covered > 95% of the signal of the organic mass spectrum in the m/z range
12 - 120.
Data analysis was performed using Igor Pro 6 (Wavemetrics, Lake Oswego,
OR) with the Squirrel TOF analysis toolkit v1.48 and the TOF HR analysis toolkit
v1.07. During every experiment, after filling and before lights on, HEPA filtered air
was sampled from the smog chamber to measure the gas phase contributions to the
mass spectra. The AMS fragmentation table (Allan et al., 2004) was modified
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accordingly for m/z 16, 18, 29 and 44. In addition, the improved fragmentation table
(Aiken et al., 2008) was used with the following fragmentation patterns in relation to
the measured CO2+ signal: CO+ = 100%, H2O+ = 22.5%, OH+ = 5.625% (25% of
H2O+), O+ = 0.90% (4% of H2O+). The contributions of these ions were added to the
CHO family. A particle collection efficiency (CE) of 1 was used to estimate the nonrefractory aerosol mass concentration.
Principal component analysis (PCA) was applied to the AMS spectra in order
to classify the different types of SOA produced in the smog chamber. Statistical
calculations were carried out in the R-statistical environment (GNU project) with the
“ade4” package (Dray and Dufour, 2007).

5.2.2.2. Additional instrumentation
The evolution of several gas phase species was measured during the experiments.
Carbon dioxide (CO2) was measured using a differential, non-dispersive, infrared
(NDIR) gas analyzer (LI-7000, LI-COR Biosciences) operated with a time resolution
of one second. Carbon monoxide (CO) was measured with an ultra fast fluorescence
analyzer (AL5002, Aero-laser GmbH). A chemiluminescence NOx analyzer (Monitor
Labs model ML9841A) was used to measure NO and NOx (NO+NO2) and ozone (O3)
was measured with an ozone analyzer (Monitor Labs Inc. Model 8810). Total particle
number concentrations were measured with an ultrafine condensation particle counter
(CPC, model 3025A, TSI) with a detection limit (50% efficiency) of 3-nm particles.

5.3. Results and discussion
5.3.1. Secondary organic aerosol production
Figure 5.2 shows the evolution of the OM and total particle number concentration for
the wood burning, diesel and scooter experiments as well as the α-pinene ozonolysis
and α-pinene photo-oxidation experiments. The wood burning experiments showed
almost instantaneous particle formation after the lights were switched on indicating
that possibly one single oxidation reaction of precursors is enough to lower their
saturation vapor pressure enough to trigger nucleation. Similar behavior was observed
for the diesel experiments. The photo-oxidation of the scooter emissions and the αpinene showed nucleation after ~1.5 hours. The latter experiments did not reach their
maximum concentration of OM within the first five hours after the lights were
switched on, in contrast to the former (Fig. 5.2).
Wall losses, as the result of the finite size of the smog chamber, lead to a decrease in
the OM concentration when the production rate becomes slower than the wall loss
rate. This phenomenon is clearly seen during the α-pinene ozonolysis experiment
where the maximum OM concentration occurs after one hour, followed by a slow
decrease. The focus of this paper is on the chemical properties of the SOA from the
different sources and therefore no wall loss correction routines were needed.
Quantification of the SOA formation and the emission factors of the wood burner,
diesel car and scooter can be found in Heringa et al. (2011), Chirico et al. (2010) and
Platt et al. (2012), respectively.
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Figure 5.2. Temporal evolution of the organic species normalized to the maximum
concentration observed during five hours of aging and the number concentration. The time
axis for the ozonolysis α-pinene experiment represents the time after the α-pinene addition to
the chamber containing 500 ppb ozone.

5.3.2. High resolution AMS data interpretation
Photochemical aging experiments on wood smoke and diesel exhaust showed that the
unit mass resolution (UMR) AMS spectra become progressively more similar to SVOOA and LV-OOA by the formation of SOA. Jimenez et al. (2009) demonstrated that
the correlation between the spectra of these two sources and an ambient SV-OOA
spectrum showed an increase in correlation (r2) from ~0.6 to ~0.9 for wood smoke and
~0.4 to ~0.8 for diesel exhaust after only three hours of aging.
The high resolution organic mass spectra (HR-MS) were fitted with a fitting
procedure resulting in a peak separation by fragment ions in the m/z range 12 - 120
(DeCarlo et al., 2006). These fitted ions were grouped according to their molecular
composition into the CH, CHO, CHN and CHON families. The CHN and CHON
families have a minor contribution to the SOA spectra after five hours of aging. The
sum of the CHN and CHON was found to be < 7% for all spectra shown in Fig. 5.3.
The CHO family dominated all four spectra with contributions of 50%, 51%, 64% and
54% for wood burning, diesel, scooter and α-pinene ozonolysis spectra, respectively.
Remarkably, the scooter SOA showed the highest fraction of oxidized hydrocarbons
with the C2H3O+ ion at m/z 43.0184 being the largest peak at 12.4% of the HR-MS.
The peak at m/z 43 is also a dominant peak in the diesel car and scooter POA,
however, in the POA spectrum it is dominated by the C3H7+ fragment. All four HR
spectra showed that the major peaks at m/z 43 and 44 are dominated by the
oxygenated ions C2H3O+ and CO2+, respectively, also observed for SV-OOA in the
ambient aerosol (Ng et al., 2010).
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Figure 5.3. Comparison of the normalized high resolution family mass spectra after five
hours of aging. Ions are grouped into the families CH, CHO, CHN and CHON based on their
elemental composition. The spectra shown for wood, diesel and scooter are averages of the
two experiments. The α-pinene spectrum is from the ozonolysis experiment.

Based on the high resolution AMS data the elemental composition and the atomic
ratios of the bulk OM can be calculated (Aiken et al., 2007). The O:C ratio of the OM,
an approximation for the degree of oxidation, can be used to estimate the
hygroscopicity and generally increases with aging time. This bulk organic property
can change by condensation of SOA, accretion reactions and heterogeneous
chemistry. In addition, molecules in equilibrium between the particle phase and the
gas phase can evaporate, oxidize in the gas phase and condense again as more
oxidized species.
Figure 5.4 shows the evolution of the O:C ratio for the different experiments.
With an aging time of up to ten hours the produced SOA is relatively fresh compared
to the possible lifetime in the ambient atmosphere. The overall range of O:C ratios
observed during all the experiments, 0.25 - 0.55, is in the same range as the ambient
SV-OOA (Jimenez et al., 2009). Upon nucleation, compounds with the lowest
volatility are expected to form the first aerosol particles. As the mass concentration of
OA increases the subsequent condensing SOA is slightly more volatile and, as
suggested by Duplissy et al. (2008), therefore has a decreasing effect on the bulk O:C
ratio, which is indeed observed during the first hour of most experiments. During the
following hours, the further increase in OM continues to change the equilibrium of the
SVOCs and to drive more volatile compounds into the particle phase, counteracting
the expected increase in the O:C ratio by aging and yielding a relatively constant O:C
ratio. After this period an increase in the O:C ratio is observed when the effect due to
aging becomes more important than the one related to the addition of new mass.
These effects are influenced by the concentration as well as the saturation vapor
pressure distribution of the SVOCs.
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Figure 5.4. O:C ratio vs. experimental time for the different sources. The time axis for the αpinene ozonolysis experiment represents the time after the α-pinene addition to the chamber
containing 500 ppb ozone.

Compared to the other sources, SOA from the scooter emissions showed the highest
O:C ratio in the initial phase of the experiment as well as during the full experiment
duration, with an average value of 0.51 after five hours. The values for wood burning,
diesel and α-pinene were more similar with averaged ratios of 0.37, 0.34 and 0.39,
respectively. The high O:C ratio of the scooter SOA compared to the diesel SOA
might be the result of smaller hydrocarbons comprising the gasoline fuel. Smaller
hydrocarbons would need a higher degree of oxidation to reduce the saturation vapor
pressure enough to partition to the aerosol phase. Although differences in OH
exposure can be expected between the different experiments no major change in the
order of O:C ratio was observed for the different photo-oxidation experiments.
Factor analyses of ambient AMS spectra have typically described SOA in
terms of oxygenated organic aerosol (OOA) factors. Two prominent peaks in the
factor mass spectra of OOA, m/z 43 and 44, were used to show the dynamic evolution
of OOA in the atmosphere during aging (Ng et al., 2010). The peak at m/z 44 is
dominated by the CO2+ fragment formed by the thermal decarboxylation of carboxylic
acids, with an increasing fraction m/z 44 (f44) caused by an increasing number of
carboxyl groups (Alfarra, 2004; Duplissy et al., 2011). Typically for OOA, the peak at
m/z 43 has only a minor contribution of C3H7+ and is dominated by the oxygenated
fragment C2H3O+ which is expected to be mainly formed as a fragment of noncarboxylic oxygenated organic compounds (Ng et al., 2010). A triangular shape,
shown in Fig. 5.5, was observed to accommodate ambient OOA when plotting the f44
vs. f43 space (Ng et al., 2010). Relatively fresh, semivolatile OOA (SV-OOA) was
found at the lower range of f44 (up to ~0.10) whereas the more aged, low-volatility
OOA (LV-OOA) was found at higher f44.
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Besides this movement towards the upper left corner of the triangle during the aging
process of OOA, the f44 vs. f43 space also shows some discrimination based on the
source or precursor of the OOA. In chamber studies, SOA from α-pinene and isoprene
was located at the right side of the triangle (Chhabra et al., 2011) while aged wood
burning emissions were found at the edge of the left side of the triangle (Heringa et
al., 2011). These findings are confirmed in Fig. 5.5. The SOA from the diesel car
emissions as well as the SOA from the scooter exhaust gases show up in the middle
region. All four types of experiments have a relatively constant f44 during the five or
ten hours of aging with f44 ranging from ~0.04 to ~0.10 making it similar to
SV-OOA.
In contrast to the similarity in f44, a large range in f43 was observed for the
different types of SOA. In addition, f43 was highly variable during the aging process
indicating changes in the composition of the non-carboxylic oxygenated organic
compounds. Although the different types of SOA showed a large range of f43, the
dynamic behavior of this fragment during aging makes it not ideal to estimate the
contributions of the different SOA types to ambient OOA.

Figure 5.5. Fraction of the high resolution fit f pCO2+ vs. f C2H3O+ (f44 vs. f43). The
triangular space found by Ng et al. (2010) to accommodate the OOA component of ambient
organic aerosol is shown as well.

5.3.3. Simplified approach for SOA separation
Because of their similar AMS mass spectral properties, SOA from different biogenic
and anthropogenic sources are usually grouped together and reported as OOA. In
some data sets a relatively fresh SV-OOA and a highly aged LV-OOA could be
distinguished. However, the contribution of specific sources to these OOA classes is
often unknown. The AMS spectra of different types of SOA become more similar
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during aging and lose their original fingerprint when reaching the highly oxidized
state (Jimenez et al., 2009) making it impossible to identify the contributions from the
different sources. However, as shown in Fig. 5.3 and 5.5, the relatively fresh SV-OOA
still contains differences that may be used for the differentiation of the different types
of fresh SOA.

5.3.3.1. Grouping of ions
With the large number of ions present, the HR spectra not only contain more
information than the UMR spectra, but are also more difficult to interpret. To simplify
the HR mass spectrum, ions were grouped based on the number of carbon atoms of
the fragment ion (C1 - C7) and its oxygenation state (Cx, CxO1, CxO>1) resulting in 21
groups. An advantage of grouping ions is the fact that the random noise will be lower
due to the averaging effect of several ions and that spectra with non-identical lists of
fitted ions can easily be compared. On the other hand, single ions with a very unique
signature will be “diluted” by other ions within the same group resulting in a trade-off
between the number of variables and the level of information. The grouped spectra for
the four SOA sources after five hours of aging are shown in Fig. 5.6.

Figure 5.6. Averaged normalized bar graphs for the different sources after five hours of
aging. The bars represent the ion groups Cx, CxO1 and CxO>1 for the number of carbon atoms,
x, in the range of 1 to 7. The individual bars are split in the contribution of carbon (black),
oxygen (blue) and all other atoms, e.g. H or N (orange).

Since the ions were grouped according to their number of carbons, the bar graphs
show a carbon number based fragmentation distribution for the groups Cx, CxO1 and
CxO>1. All four SOA sources show a maximum for the Cx group for fragment ions
with three carbons. In general, the Cx group distributions for diesel, wood and
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α-pinene are similar with 58%, 62% and 64% of the Cx groups at x ≤ 3 respectively.
Scooter SOA, with 70% of the Cx group at x ≤ 3, had the largest fraction of small
fragments. The same trend is seen for the accumulated signal of all three groups (Cx,
CxO1 and CxO>1) up to three carbon atoms with 66% for the diesel SOA and 68%,
72% and 76% for the SOA from wood, α-pinene and the scooter, respectively. The
observation that the scooter SOA had the highest O:C ratio and the largest fraction of
small ions could be explained by the higher degree of oxygenation needed for smaller
molecules to reduce their vapor pressure enough to partition to the particle phase, as
explained above. This is consistent with the relatively long period between lights on
and nucleation observed for the scooter and α-pinene photo-oxidation experiments.
However, neither more severe fragmentation of more oxygenated molecules nor
variations in OH concentrations for the different experiments can be excluded as
possible causes.
Based on the calculated ion groups, the four SOA types were projected in a
two-dimensional space. With the ratio of C2/C2O1 vs. C3O1/C3O>1 the four different
types of SOA could be separated. Figure 5.7 shows the one-hourly averages of all
eight experiments. The variation between the duplicate experiments is the largest for
the C3O1/C3O>1 ratio. This variation could not be attributed to differences in
concentration as it acts in opposite directions for the different experiment types. In
addition, the duplicate experiments on the scooter emissions, which have the largest
concentration variation, show the best clustering. Therefore the variation is assumed
to be the result of the variation in the composition of the emissions and the aging
conditions. The different sources could be separated without overlap but the duplicate
experiments do not cluster very well together showing that the model is lacking
robustness.

Figure 5.7. SOA separation based on grouped ions. The symbols represent hourly averages of
experiment 1 (squares) and 2 (circles) and are colored according to the aging time. Colored
ovals are added to guide the eye and group the duplicate experiments. PMF resolved OOA
spectra measured in SIRTA (Paris) and Barcelona are colored according to the season.
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This is also seen when PMF-resolved ambient SV-OOA spectra from Barcelona
(Mohr et al., 2012) and the Paris SIRTA site (Crippa et al., 2012) are projected. A
short description of these measurement sites is given in Sect. 5.3.4.2. The Barcelona
SV-OOA spectrum, expected to have significant contribution of SOA from diesel
emissions (see Sect. 5.3.4.2) does not cluster close to the diesel car SOA or any of the
other SOA types. The SV-OOA from the SIRTA site (see also Sect. 5.3.4.2) falls in
between the diesel car SOA and the α-pinene SOA clusters. With an HOA
contribution of ~16% to OM a contribution of diesel car SOA is expected, but not as a
dominant source. The produced smog chamber SOAs are relatively fresh and
therefore can only be compared to SV-OOA. The LV-OOA spectra were added to
show where they fall on the graph compared to the SV-OOA spectra, but are not
further taken into account.
Although the diesel SOA cluster in Fig. 5.7 falls in between the cluster found
for wood burning SOA and α-pinene SOA, it cannot be concluded that the MS of a
mixture of these SOA types is similar to diesel SOA. Spectral features not used for the
separation shown in Fig. 5.7, like the typically low signal of the C1 group in the diesel
SOA, could be used in addition to this data space projection. However, this suggests
that AMS SOA spectra from different sources cannot easily be distinguished using
only a few ions. A more comprehensive approach is therefore applied in the sections
below.

5.3.4. Separation by principal component analysis
Principal component analysis was applied on the AMS spectra to improve the
separation of the four different types of SOA produced in the smog chamber. This
approach could also be applied to data from other instruments or data from a set of
instruments. In addition, PCA can be used to reduce the dimension of the data set to a
limited number of latent variables, called principal components (PCs). The different
approaches that were tested are described in the following section.

5.3.4.1. Building the PCA model
As a first exploratory study, four different models were created. The first model was
based on the averaged UMR spectra of the duplicate experiments recorded after five
hours of aging. The spectrum of each experiment was averaged after five hours using
an average time period of 16 minutes. The second model was based on all the HR
spectra from one experiment per SOA type whereas the third model contained all the
HR spectra of all eight experiments. The last model was built with the averaged HR
spectra of both duplicate experiments recorded after five hours of aging. The averaged
UMR spectra were prepared by averaging the normalized organic using the m/z range
12 - 250. Because the PCA model attempts to explain the total variance, the timeresolved spectra of the experiments for model 2 and 3 were normalized as well to
exclude the influence of varying concentrations. The averaged HR spectra were
prepared by averaging the normalized organic HR spectrum of the duplicate
experiments after five hours of aging using the ions fit in the m/z range 12 - 120. Ions
that were not fit during the HR data analysis of all experiments were added to align
the HR spectra of all eight experiments.
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The signal of these ions was set to zero based on the assumption that the ion was not
fit because it was below detection limit in the HR spectrum. A score plot of the two
first principal components (PC1 vs. PC2) of these four models is shown in Fig. 5.8.

Figure 5.8. Score plots of the four PCA models based on the average unit mass resolution
spectra (Avg UMR), four high resolution experiments (4 Exp), all eight high resolution
experiments (8 Exp) and the average high resolution spectra (Avg HR). The colored circles
represent the data point from the α-pinene (aP), diesel car (D), scooter (S) and wood burning
(W) experiments. The black dots represent the averaged mass spectra. The percentage of
variance explained by PC1 and PC2 are shown in the graphs.

PC1UMR and PC2UMR explained 89% of the variance between the four averaged UMR
spectra. Projecting the experimental data in the model showed that the duplicate
experiments were clustered together and that the α-pinene and scooter SOA were well
separated from the diesel and wood burning SOA which showed significant overlap
such that an additional PC is required for the latter two. The first two PCs of the
model based on the HR experimental data of four experiments explained 43% of the
variance. The model showed good separation of the four different sources and fair
clustering of the duplicate experiments projected in the model. The model based on all
eight experiments yielded similar results as the previous model and explained 42% of
the variation with the first two PCs. The scooter experiments are well separated from
the three other experiments by PC18exp, and in the same way, α-pinene experiments
are well separated by PC28exp. Like the UMR model, a third PC is necessary to
achieve the separation between the diesel SOA and the wood burning SOA. The
averaged HR spectra model showed a significant separation of the four SOA types
and a decent clustering of the duplicate experiments on the first two PCs, PC1HR and
PC2HR, which explained 79% of the total variance.
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Although the first two PCs of the model based on the averaged HR spectra explain a
lower fraction of variance than the model based on the averaged UMR spectra, it
provides better clustering (therefore robustness), making it more suitable for
predictive purposes. This is likely because the additional information included in the
HR spectra compared to the UMR spectra enhances the discrimination between the
SOA types, even though a larger fraction of the total variance is not explained.
Therefore, from here on the results will be presented in the model built on the
averaged HR mass spectra. The loading plot (Fig. 5.9 and 5.11), shows that only a
small number of ions are found in the center region of the plot, i.e., have a weak
contribution to the first two PCs. This implies that almost all ions contribute similarly
to the separation of the first two PCs and that HR spectra that were fit using a smaller
m/z range than the 12 - 120 used for the model cannot be displayed with this model
due to the large number of missing ions relevant for the model. The PCA procedure
can also separate SOA mass spectra using a reduced m/z range (e.g. 12-100), but
better separation was achieved with a larger range.

Figure 5.9. Loading plots (PC2 vs. PC1) of the HR PCA model. The first panel shows the
337 ions that were fit in the m/z range 12 - 120 (see the supplementary information for a
larger version). Panel b, c and d show the loading plot colored by the mass of the ions, the
number of carbon atoms and the number of oxygen atoms respectively.
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The loading plot colored by the m/z’s of the ions (Fig. 5.9b) indicates that the largest
fragments have a positive contribution to PC1HR where the smaller fragments have a
negative contribution. Scooter SOA, the source with the largest fraction of small ions
in the grouped mass spectra (Sect. 5.3.3.1) had the lowest score on PC1HR. This
agreement was also found for the other three sources with the diesel SOA having the
largest score on PC1HR. Figure 5.9c,d reveals that the ions with high carbon numbers
have in general a positive contribution to PC1HR where the ions with two oxygen
atoms have a negative contribution to PC1HR. This is in agreement with the high O:C
ratio of the scooter SOA having the lowest score on PC1HR and the lower O:C ratio of
the diesel SOA having the largest scores on PC1HR.
Although there are general trends observed in Fig. 5.9, ions that are similar in
m/z, number of carbon or number of oxygen atoms, can have opposite contributions to
the PCs. This effect is likely to reduce the resolving power of models using ions that
are grouped based on their similarity in these properties. An Excel file with the
parameters of the HR model can be found in the supplementary information and used
to calculate the coordinates of a spectrum in the modeled space.

5.3.4.2. Projection of ambient OOA spectra
The PCA model based on the averaged HR spectra was used to project OOA spectra
that were extracted by PMF from ambient datasets. Figure 5.10 shows the four
averaged HR spectra, the eight projected chamber experiments and the set of OOA
spectra from the ambient data. Summer (2009) and winter (2010) data were taken at
“Site Instrumental de Recherche par Télédétection Atmosphérique” (SIRTA) as part
of the “MEGAPOLI” project. The measurement site was located in a semi-urban
environment 20 km south of Paris, France. A detailed description of the measurement
site, sampling setup and the data analysis can be found elsewhere (Crippa et al.,
2012). The third data set, acquired during the winter 2009 “DAURE” campaign in
Barcelona, Spain, is from a measurement station located in the northwestern corner of
the city centre at a distance of ~300 m from one of the main traffic arteries crossing
the city (Mohr et al., 2012; Pandolfi et al., 2012).
Total OOA (SV-OOA + LV-OOA) in Barcelona was found to have a fossil
carbon fraction of 40% (Minguillόn et al., 2011; Mohr et al., 2012). Based on the
large number of diesel cars (> 45% (Reche et al., 2011)) a significant contribution of
SOA from diesel car emissions to OOA can indeed be expected. The projection of the
Barcelona SV-OOA spectrum in Fig. 5.10 showed that it is positioned in between the
α-pinene and diesel SOA but closer to the diesel cluster. The projected SV-OOA
spectrum recorded in summer at the SIRTA site shows high similarity with α-pinene.
Based on the 16% HOA contribution to OM a larger influence of diesel SOA was
expected for this site. However, a SOA source not present in the model, e.g. cooking
or gasoline cars, could in general cause interferences and change the position of the
spectrum in the graph.
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The projection of the PMF retrieved POA spectra found at the SIRTA site and in
Barcelona is shown in Fig. 5.12. Although the PCA model was not built for primary
spectra, it shows that the cooking OA (COA) factor found in Barcelona and SIRTA
cluster well on the graph. HOA spectra are found close to the diesel SOA cluster with
the Barcelona HOA factor at the edge of the plot close to the first data points after
nucleation. The two primary biomass burning factors (BBOA) do not show high
similarity in the PCA model and appear at different positions.

Figure 5.10. PCA model based on the HR source spectra after five hours of aging. The data
points of all eight experiments are projected and colored according to the aging time. The
ovals are added to guide the eye and define where ~95% of the data points fall. PMF resolved
OOA spectra from different field campaigns are marked in red and blue text indicating
summer and winter respectively.
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5.4. Conclusions
A series of smog chamber experiments were performed to investigate the SOA
characteristics produced from the emissions of three different anthropogenic sources.
The mass spectral features of a log wood burner, a Euro 2 diesel car and a Euro 2
scooter were acquired by an Aerodyne HR-TOF-AMS and compared to SOA from
α-pinene.
The averaged UMR mass spectra of the duplicate experiments in the m/z range
12 - 250 showed Pearson’s r values > 0.94 for the correlations between all four SOA
types after five hours of aging. HR mass spectra showed that the dominant peaks at
m/z 43 and 44 are dominated by the oxygenated ions C2H3O+ and CO2+, respectively,
also observed for the relatively fresh SV-OOA in the ambient aerosol (Ng et al.,
2010). The atomic O:C ratios were found in the range of 0.25 - 0.55 with no major
increase during the first five hours of aging, which is likely due to the fact that the
expected increase by aging is compensated by the change in gas-to-particle
partitioning by the increase in the OM concentration. On average, the diesel SOA
showed the lowest O:C ratio followed by the SOA from wood burning, α-pinene and
scooter. Grouping the fragment ions based on their carbon number revealed that the
SOA source with the highest O:C ratio had the largest fraction of small ions.
Fragment ions containing up to three carbon atoms accounted for 66%, 68%, 72% and
76% of the organic spectrum of the SOA produced by the diesel car, wood burner,
α-pinene and the scooter, respectively. This observation could be explained by the
higher degree of oxygenation needed for smaller molecules to reduce their vapor
pressure enough to partition to the particle phase. However, a higher degree of
fragmentation for more oxygenated molecules cannot be excluded.
Principal component analysis showed that it is possible to separate the four
types of relatively fresh SOA produced by photo-oxidation/ozonolysis in a smog
chamber. Using this first exploratory analysis, ambient SV-OOA spectra retrieved by
PMF can be projected and, if dominated by one of the modeled sources, give
information about source type. A more sophisticated multivariate analysis using a
larger set of SOA sources could lead toward classification methods for prediction
purposes. However, this can only be achieved when PMF is able to assign all the SOA
source specific features to the SV-OOA factor. As an alternative approach, these HR
SOA spectra from different sources might be used to constrain expected SOA factors
in ambient data using the multilinear engine (ME-2) as was shown to be successful for
primary sources (Lanz et al., 2008).
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Supplementary material

Figure 5.11. Loading plot (PC2HR vs. PC1HR) of the PCA model on the averaged high
resolution spectra. The labels show the 337 ions that were fit in the m/z range 12 - 120. Ions
with a weak contribution are found in the center of the graph (e.g. C5H10N, C2H6O2), ions with
a strong contribution are found at the edge. The direction indicates to what direction the ion
contributes on PC1 and PC2.
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Figure 5.12. Projection of the SOA and POA spectra retrieved in Barcelona (BCN) and
SIRTA (SRT) in summer (red text) and winter (blue text). The primary sources are marked as
HOA: hydrocarbon-like OA, BBOA: biomass burning OA, COA: cooking OA and MOA:
marine OA. A detailed description of the Barcelona and SIRTA data can be found in Mohr et
al. (2012) and Crippa et al. (2012) respectively.
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Figure 5.13. Screenshot of the parameters of the PCA model which can be downloaded from
http://www.atmos-chem-phys.net/12/1/2012/acp-12-1-2012-supplement.zip
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Atmospheric aerosols have an important influence on human well-being as well as on
the Earth’s climate. In urban areas, aerosols consist of a mixture of primary particles,
which are released directly into the atmosphere and secondary particles which are
formed by chemical processing of gaseous precursors prior to condensation.
Especially the organic fraction of the aerosol is a dynamic system with contributions
from biogenic and anthropogenic sources. Therefore the identification and
quantification of the main sources of the organic aerosol (OA) is difficult but of key
importance to form the basis of future legislation and to reduce ambient PM levels.
The work presented in this thesis was supported by the Swiss Federal Offices
for the Environment and Energy and was performed as part of the IMBALANCE
project (impact of biomass burning aerosol on air quality and climate) of the
Competence Center Environment and Sustainability of the ETH Domain (CCES) to
characterize the aerosol emissions from domestic wood burning. Within this scope,
measurement campaigns were performed at the test facility of the Lucerne University
of Applied Sciences and Arts and at the Paul Scherrer Institute (PSI) smog chamber.
Primary emissions, secondary aerosol formation and the aging process of the
emissions of different types of residential wood burners were investigated.
Emission factors are generally based on the PM sampled from the chimney of
the burner. However, reactions of gas phase precursors can lead to a decrease in
volatility resulting in a shift in partitioning from the gas phase to the particle phase
with increased PM levels as result. Smog chamber experiments on the emissions of an
old log wood burner (1960), a modern log wood burner (2009) and an automatic pellet
burner (2005) showed that secondary OA (SOA) can exceed the primary OA (POA)
after only five hours of aging. For both log wood burners SOA contributed 77% to the
total OA for the starting phase and flaming phase experiments. SOA was also the
important OA fraction for the startup phase emissions of the pellet burner whereas no
SOA formation was observed for the stable burning phase. Emission factors of the
POA, SOA potential and black carbon (BC) from these three burners showed that
with modern technology a reduction in carbonaceous PM emissions can be achieved.
All three burners showed higher emission factors for BC, POA and SOA during the
startup phase compared to the flaming phase. During the startup phase the two log
wood burners showed similar emission factors, however, when higher operating
temperatures were reached the emissions of the modern log wood burner decreased by
87% where the old burner showed only a minor decrease. The pellet burner
outperformed the modern log wood burner by a factor of 4 during the startup phase
and a factor of 10 during the flaming phase. In addition, the continuous operation of a
pellet burner will be advantageous over the batch-wise burning method of the log
wood burners where peaks in the emissions occur each time new wood is added to the
burner.
OA:BC ratios < 1 were measured during most of the log wood burner
experiments which is an order of magnitude lower than reported for off-line
measurements and for ambient observations in winter. This might be the effect of a
change in partitioning of the semi-volatile organic compounds (SVOCs). The high
dilution ratio used for the online measurements is driving the SVOCs out of the
particle phase and therefore decreasing the OA:BC ratio. When the emissions are
diluted in ambient air in winter, the cooling will counteract the effect of the dilution
depending on OA concentrations and temperature. In the ideal case, emissions are
sampled from the top of the chimney, diluted to ambient relevant concentrations and
aged at a representative temperature. Such experiments are difficult to perform, but
are needed in the future for a full assessment of the aerosol contribution by wood
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combustion. The new PSI mobile smog chamber opens the door to such aging
experiments at low temperatures and to perform aging experiments on the emissions
of residential wood burners in real-life use under winter time conditions.
Different sources of POA have been successfully extracted from ambient
AMS data using positive matrix factorization (PMF). However, SOA from different
sources are very similar which makes it more difficult to distinguish. SOA
experiments on the gas phase emissions of the modern log wood burner, a Euro 2
diesel car, a 2-stroke scooter and the biogenic SOA precursor α-pinene were
performed to compare the mass spectral features of these four SOA sources.
Using the high-resolution mass spectra (HR-MS) the four SOA sources can be
separated using the ratio of different ion clusters. Although the different sources could
be separated without overlap, duplicate experiments do not cluster very well showing
that the model is lacking robustness. With principle component analysis (PCA) on all
337 ions of the HR-MS, a significant separation of sources and clustering of the
duplicate experiments was achieved on the first two principle components. Using this
exploratory analysis, ambient SOA spectra retrieved by PMF can be projected and, if
dominated by one of the modeled sources, give information about SOA source type. A
more sophisticated multivariate analysis using a larger set of SOA sources could lead
toward classification methods for prediction purposes. However, contributions from
other SOA sources not covered by the model, e.g. cooking or gasoline cars can cause
major interference and therefore expansion of the PCA model with additional SOA
sources is recommended.
Log wood burners have a large burn-to-burn variability in the emission factors
and aerosol properties as well as within one burning cycle. Besides the type of burner,
old vs. modern or log wood burner vs. pellet burner, the person operating the burner
has an important role since wood quality and correct operation is important to reduce
the emissions to minimum levels. Sampling and processing of combustion aerosols is
still a delicate task as temperature and dilution will affect the organic aerosol.
Therefore these parameters should be adjusted according to the situation that is
simulated.
Wood burning, as a source of renewable energy, can be used with a reduced
impact on ambient PM levels when log wood burners are equipped with flue gas aftertreatment devices like catalysts and electrostatic precipitators (ESP). Catalysts have
their optimal performance at high temperature and therefore are not optimal to reduce
emissions during the startup phase, which is the period where the emission factors
peak. An ESP operates well during the startup phase but weak adhesion of BC can
lead to re-entrainment while high adhesive organic compounds may lead to cleaning
problems and a shorter lifetime of the ESP. In addition, the importance of the SOA
formation is decreasing the overall effectiveness of the ESP in reducing the ambient
PM levels as results of log wood burning.
As alternative, a reduced impact on ambient PM levels can be achieved when
the transition is made from log wood burners to pellet burners. Besides the
improvement in PM emissions by a factor of 10 - 60, co-measurements (not described
as part of this thesis) showed that the emissions from a pellet burner likely have a
lower toxicological potential than the emissions of the log wood burner. Although the
pellet burner outperforms the log wood burner, the transition from log wood burners
to pellet burners will probably take decades because of the long life cycle of the
burners and the charm of firing a log wood burner. Therefore wood burning emissions
are expected to stay an important source of ambient aerosols in the near future.
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8.1. Acronyms and abbreviations
AMS
APS
BBOA
BC
CCN
CPC
CE
DBE
DMA
EC
EI
ESP
FID
fM
FMPS
HOA
HR
HR-TOF-AMS
HULIS
IE
IPCC
LV-OOA
MAAP
MCE
MCP
MFR
MS
MW
NMHC
OA
OC
OM
OOA
OOA-I
OOA-II
PAH
PBL
PC
PCA
PMx
PMF
POA
pTOF
RDI
RF
RH
RIE

Aerosol Mass Spectrometer
Aerodynamic Particle Sizer
Biomass Burning Organic Aerosol
Black Carbon
Cloud Condensation Nuclei
Condensation Particle Counter
Collection Efficiency
Double Bond Equivalents
Differential Mobility Analyzer
Elemental Carbon
Electron Ionization
Electrostatic Precipitator
Flame Ionization Detector
fraction of Modern carbon
Fast Mobility Particle Sizer
Hydrocarbon-like Organic Aerosol
High Resolution
High Resolution Time Of Flight Aerosol Mass Spectrometer
Humic Like Substances
Ionization Efficiency
Intergovernmental Panel on Climate Change
Low-Volatile Oxygenated Organic Aerosol
Multi Angle Absorption Photometer
Modified Combustion Efficiency
Multichannel Plate / Microchannel Plate
Mass Fraction Remaining
Mass Spectrometer / Mass Spectrum
Molecular Weight
Non-Methane HydroCarbons
Organic Aerosol
Organic Carbon
Organic Matter
Oxygenated Organic Aerosol
Old name for LV-OOA
Old name for SV-OOA
Polycyclic Aromatic Hydrocarbons
Planetary Boundary Layer
Principal Component
Principal Component Analysis
Particulate Matter with an aerodynamic diameter < x µm
Positive Matrix Factorization
Primary Organic Aerosol
particle Time Of Flight
Rotating Drum Impactor
Radiative Forcing
Relative Humidity
Relative Ionization Efficiency
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ROS
SMPS
SOA
SV-OOA
SVOC
TC
TEOM
UMR
VBS
VOC
WLC

Reactive Oxygen Species
Scanning Mobility Particle Sizer
Secondary Organic Aerosol
Semi-Volatile Oxygenated Organic Aerosol
Semi-Volatile Organic Compound
Total Carbon
Tapered Element Oscillating Microbalance
Unit Mass Resolution
Volatility Basis Set
Volatile Organic Compound
Wall Loss Correction / Wall Loss Corrected
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8.2. Burners used for the smog chamber experiments

Old log wood burner
WESO Duplex (~1960)

Modern log wood burner
Attika Avant (2009)
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Automatic pellet burner
Rüegg KEA (2005)
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8.3. SOA separations by ion groups

Figure 8.1. Plots that were tested for the separation of the SOA sources by grouped ions. Two
duplicate experiments per SOA source are shown. For more information about the procedure
see Sect. 5.3.3.1.
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