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1. Introduction
Atmospheric aerosols are solid or liquid particles suspended in air, with size ranging
from 1 nm to 100 µm in diameter. Aerosol particles are emitted into the atmosphere
from both natural and anthropogenic sources and their quantity and quality depend
on location and time. Natural emissions are formed from processes in the nature e.g.
sea salt, desert dust, volcanic emissions, whereas anthropogenic emissions are formed
from human activities e.g. industry, combustion, traffic. Aerosol particles have direct
impact on Earth’s climate by scattering or absorbing the solar radiation. They can also
affect the climate indirectly by acting as cloud condensation nuclei (CCN) leading to
formation of clouds. Furthermore, aerosol particles can modify the optical properties of
clouds and their lifetimes [Seinfeld and Pandis, 1998]. Aerosol particles are estimated
to have net cooling impact on climate, even though the uncertainties concerning their
radiative forcing are rather high [Myhre et al., 2013]. In addition to the climate effects,
aerosol particles can reduce visibility significantly and cause health effects, such as
respiratory and cardiovascular diseases [Peters et al., 1997; Mills et al., 2008].
Organic aerosol (OA) containing organic matter contribute a significant fraction
to the sub-micron aerosol mass, yet its sources and fate in the atmosphere remain
uncertain [Jimenez et al., 2009]. Organic material in the aerosol can be divided into
primary organic aerosol (POA) and secondary organic aerosol (SOA) based on their
formation processes. Primary organic aerosol is emitted directly into the atmosphere,
while secondary organic aerosol is formed in the atmosphere from gas-to-particle conversions. SOA can be formed from either anthropogenic or biogenic precursors and
its contribution to the total organic aerosol is estimated to be up to 85 % [Spracklen
et al., 2011]. Therefore, SOA plays an important role in climate change. To estimate
the climate impacts of SOA it is essential to understand its formation and evolution
in the atmosphere. However, our understanding of these properties is lacking due to
complexity of SOA [Glasius and Goldstein, 2016].
It is known that secondary organic aerosol is formed through oxidation of volatile
organic compounds (VOCs). The oxidation products of VOCs include a wide range
of compounds with varying properties, such as volatility. Recently, it was discovered
that some VOCs form highly oxygenated organic molecules (HOM) via autoxidation
1
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process. These molecules are estimated to explain a large fraction of SOA formation
[Ehn et al., 2014]. In addition to HOM, SOA consists of many individual organic compounds with varying physicochemical properties. Figure 1.1 describes how interactions
of anthropogenic and biogenic emissions produce organic compounds that define the
properties of SOA, e.g. phase state, volatility and composition. The produced organic compounds can form new particles or condense onto pre-existing particles and
thus affect Earth’s radiation balance by scattering solar radiation or acting as cloud
condensation nuclei. These organic compounds determine SOA formation and growth
and thus knowledge of their volatilities and chemical compositions is required in order
to estimate the climate impacts of SOA. Thermal evaporation of aerosol particles is
commonly used method to investigate these properties.

Figure 1.1: Illustration of the processes leading to SOA formation and its effects on climate. Oxidation of SOA precursors lead to formation of low-volatility vapours that define the properties of
SOA. These vapours affect the formation, growth/evaporation kinetics and heterogenous/multiphase
chemistry of SOA particles. The particles can act as CCN and influence the properties and lifetimes
of clouds and through aerosol-cloud and aerosol-radiation interactions affect Earth’s climate. Figure
adapted from Shrivastava et al. [2017].
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Previously, thermal evaporation of organic aerosol have been investigated using
thermodenuder-aerosol mass spectrometer (TD-AMS) system to measure the remaining
mass fraction of the particles after heating and using factor analysis to identify several
organic aerosol types [Cappa and Jimenez, 2010]. Eichler et al. [2015] described the
chemical analysis of aerosol online (CHARON) inlet for chemical characterization of
aerosol. CHARON inlet consists of a gas-phase denuder, an aerodynamic lens and a
thermodesorption unit and can be coupled to low-pressure gas analyzers only. Thermal
desorption of SOA have been also studied by collecting sample particles with Filter Inlet
for Gases and AEROsol (FIGAERO) and analyzing the evaporated compounds with
high-resolution time-of-flight chemical ionization mass spectrometer (HR-ToF-CIMS)
[Lopez-Hilfiker et al., 2015; Schobesberger et al., 2018].
Here, thermally induced evaporation of secondary organic aerosol particles was
investigated with a method developed in this study. The method includes thermal
evaporation of particles followed by particle size distribution measurements and identification of particulate compounds. This method does not require sample collection
and can be used with different gas-phase analyzers and aerosol instruments. In this
study Scanning Mobility Particle Sizer (SMPS) is used to monitor the particle size
distribution and Chemical Ionization Atmospheric Pressure Interface Time-of-Flight
mass spectrometer (CI-APi-TOF) is used to identify the oxygenated compounds evaporated from particles. The main focus of this work is to understand the evaporation
behaviour of SOA particles and their chemical properties. Furthermore, contribution,
composition and volatility behaviour of HOM present in α-pinene SOA is examined.

2. Theoretical background
Secondary organic aerosol (SOA) is a complex system consisting of many individual
organic compounds partitioning between the gas and the particle phases. While SOA
contributes a significant fraction to the total atmospheric organic aerosol, only a small
fraction of the identities and properties of the compounds involved in SOA formation
are known [Hallquist et al., 2009]. Many atmospheric models have been simplified
due to computational complexity. Therefore, also the properties and sources of SOA
have been simplified in the models, resulting in inaccurate estimations of SOA climate
impacts [Tsigaridis et al., 2014; Liu et al., 2012]. To improve the models and get reliable
information of the climate impacts, knowledge of SOA sources, chemical composition,
properties and formation mechanism is needed.
In the following sections, the relevant theory behind thermal evaporation experiments is discussed. First, we present the organic compounds that are important in
terms of SOA formation and discuss their volatilities. After this, SOA formation from
α-pinene ozonolysis is described. Furthermore, we discuss the possible particle-phase
reactions that can alter SOA composition and properties.

2.1

Volatility of SOA

Volatility is a key parameter to understand the dynamics of secondary organic aerosol in
the atmosphere. It determines how efficiently the organic compounds within SOA evaporate from the particle phase [Glasius and Goldstein, 2016]. Compounds with higher
oxygen content tend to have lower vapour pressures and therefore lower volatilities.
However, amount of oxygen is not the only thing that affects the volatility; compounds
with identical elemental compositions might have large differences in volatilities due
to their molecular structure [Kroll and Seinfeld, 2008]. Furthermore, volatility of a
compounds depends on its size and functional groups. In general, volatility decreases
as the molecular mass of compound increases [Seinfeld and Pandis, 1998]. In addition to the gas-phase reactions forming the organic compounds within SOA, also the
particle-phase accretion reactions are able to affect the volatility of SOA, e.g. through
formation of low-volatility oligomers [Herrmann et al., 2015].
4
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Volatility classes of organic compounds

Atmospheric organic compounds can be classified into five different volatility classes
according to their effective saturation concentration (C*) (Table 4.1). C* describes the
volatility of a compound; compounds with lowest C* values are mainly in the particle
phase under atmospheric conditions and will condense onto surfaces [Donahue et al.,
2012; Bianchi et al., 2019]. Volatile organic compounds (VOCs) have high effective
saturation concentrations and thus exist in the gas phase at atmospheric temperatures.
VOCs are emitted into the atmosphere from both biogenic and anthropogenic activity,
but vast majority are produced by biological sources, such as vegetation. VOCs are
oxidized via reactions with ozone, chlorine and hydroxyl and nitrate radicals in the
atmosphere. Hydroxyl radical is the dominant oxidant at daytime, whereas during
nighttime nitrate radical dominates [Atkinson and Arey, 2003]. Oxidation of VOCs
can produce low-volatility vapours, that are able to contribute to particle nucleation
and growth [Ehn et al., 2014]. Intermediate volatility organic compounds (IVOCs) exist
mainly in the gas phase in the atmosphere, whereas semi-volatile organic compounds
(SVOCs) can exist in both gas and particle phases. Low volatility organic compounds
(LVOCs) and extremely low volatility organic compounds (ELVOCs) have the lowest
volatilities and will condense onto pre-existing particles and surfaces and therefore
contribute to particle formation and growth.
Table 2.1: Volatility classes and effective saturation concentrations of atmospheric organic compounds [Donahue et al., 2012; Bianchi et al., 2019].

Volatility class

C* (µgm−3 )

Extremely Low Volatility Organic Compounds, ELVOC < 3 · 10−5
Low Volatility Organic Compounds, LVOC

3 · 10−4 − 0.3

Semi-volatile Organic Compounds, SVOC

0.3 − 300

Intermediate Volatility Organic Compounds, IVOC

300 − 3 · 106

Volatile Organic Compounds, VOC

> 3 · 106

6
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Highly oxygenated molecules (HOM)

The low-volatility compounds formed from VOC oxidation include highly oxygenated
organic molecules (HOM); a recently discovered group of molecules that contribute to
particle formation and explain a large fraction of SOA [Ehn et al., 2014; Tröstl et al.,
2016]. HOM are formed through peroxy radical autoxidation, which is discussed in
more detail in section 2.4. Molecules that belong to the group of HOM are formed
in the gas phase under atmospherically relevant conditions, excluding the compounds
that are formed for example in combustion processes. HOM typically contain six or
more oxygen atoms, although in some cases molecules with five oxygen atoms may
be considered as HOM [Bianchi et al., 2019]. In this study HOM are defined as the
compounds detected with nitrate CI-APi-TOF mass spectrometer, which is highly
selective towards HOM.
HOM are able to condense onto pre-existing particles and thus contribute to the
growth of new particles leading to formation of SOA [Ehn et al., 2014]. Recently a study
from Kirkby et al. [2016] showed that HOM alone can form aerosol particles. Before
this finding it had been unclear if HOM are able to form clusters without sulphuric
acid under atmospheric conditions. Knowledge of the volatilities of HOM is required
to estimate their role in particle formation and SOA formation. However, uncertainties
in identification of HOM molecular structures complicate the determination of their
vapour pressures [Bianchi et al., 2019]. Kurtén et al. [2016] estimated HOM volatilities
using quantum chemical calculations. These estimations were used to show the relation
of HOM to other volatility classes and peroxy radical isomerization products in Figure
2.1. Majority of HOM belong to volatility class of ELVOC and LVOC, yet small fraction
of HOM may be more volatile and be part of SVOC.

Figure 2.1: Relation of HOM to other volatility classes and peroxy radical isomerization products.
Figure from Bianchi et al. [2019].
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α-Pinene ozonolysis

Biogenic VOC emissions in boreal forests are dominated by monoterpenes (C10 H16 )
from which α-pinene is the most abundant [Rinne et al., 2009]. α-Pinene is a hydrocarbon containing endocyclic double bond. Study from Jokinen et al. [2015] showed
that species with endocyclic double bond efficiently produce low-volatility vapours
from ozonolysis, which is the main α-pinene oxidation pathway [Griffin et al., 1999].
α-Pinene ozonolysis process leading to formation of low-volatility vapours and SOA
particles is described in this section.
One possible pathway for first-generation peroxy radical formation from α-pinene
ozonolysis is shown in Figure 2.2. Ozone reacts with the carbon-carbon double bond
of α-pinene, leading to the formation of a primary ozonide. Ozonide then decomposes
rapidly, resulting in formation of Criegee Intermediate (CI). CI undergoes an H-shift
isomerization and forms vinylhydroperoxide (VHP), which decomposes to form OH
and vinoxy radical. Addition of oxygen to vinoxy radical leads to formation of peroxy
radical (RO2 ) [Kurtén et al., 2015].

Figure 2.2: One possible pathway for first-generation peroxy radical formation from α-pinene ozonolysis. Figure adapted from Kurtén et al. [2015].

The subsequent steps of α-pinene ozonolysis are shown in Figure 2.3. RO2 radical
formed in the previous steps undergoes an H-shift isomerization forming a hydroperoxide and an alkyl radical. Rapid addition of oxygen to the alkyl radical forms a new,

8
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more oxidized, RO2 . This formed RO2 may then undergo H-shifts followed by oxygen
addition, leading to formation of more oxygenated intermediates. In the reaction sequence in Figure 2.3 loss of an OH radical leads to termination of the process and to
formation of dicarbonyl hydroperoxide. The chain reaction that starts from formation
of peroxy radical resulting in formation of more oxidized peroxy radical is called autoxidation [Crounse et al., 2013]. α-Pinene ozonolysis has been reported to produce HOM
with molar yields of around 7 % at 20 °C [Ehn et al., 2014; Roldin et al., 2019]. HOM
monomers formed in the gas phase through peroxy radical autoxidation reactions have
typically C10 carbon skeleton. HOM dimers have C20 carbon skeleton in general and
are formed through reactions between two peroxy radicals [Ehn et al., 2014].

Figure 2.3: Subsequent steps of α-pinene ozonolysis. Figure from Crounse et al. [2013].

After formed from α-pinene ozonolysis, the low-volatility vapours can nucleate
and form new particles or condense onto pre-existing particles leading to formation of
SOA. Nucleation is a process where small clusters are formed from gaseous precursors
and it can be homogeneous or heterogeneous. Homogeneous nucleation is a process
where supersaturated gas molecules form clusters by colliding with each other in the
absence of condensation nuclei or ions. In heterogeneous nucleation vapour condenses
onto pre-existing particles or ions. In this study particles were formed through homogeneous nucleation, without addition of seed particles. The nucleated clusters can grow
to larger sizes by condensation and lead to formation of SOA particles. Condensation
is the most important process to transfer mass between particle phase and gas phase.
Clusters formed in the atmosphere need to grow to 50-100 nm size in diameter in order
to act as a cloud condensation nuclei (CCN) and to scatter solar radiation and thus
have an impact on climate [Seinfeld and Pandis, 1998].

2.5. SOA particle-phase reactions
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SOA particle-phase reactions

After condensing into the SOA particle, the organic compounds are able to undergo
reactions in the particle phase leading to changes in SOA properties and composition.
The particle phase reactions include accretion reactions, e.g. oligomerization in which
monomers combine to each other and form larger compounds with lower volatilities. It
is challenging to identify the compounds that initially condensed into the particle phase,
as their molecular structure might have transformed via these reactions. Previous
studies have shown that SOA contains oligomers [Hall and Johnston, 2011; LopezHilfiker et al., 2015] and that oligomers can explain over 50 % of SOA mass [Gao et al.,
2004].
HOM are widely studied and observed in the gas phase, but their fate after
condensing into the particle phase is poorly characterized. Some studies of particulate
HOM have been conducted, providing indirect information of their fate after phase
transfer [Mutzel et al., 2015; Zhang et al., 2017; Pospisilova et al., 2020]. However,
the formation mechanisms of the particle-phase compounds remain unclear. Three
reaction pathways of condensed HOM have been proposed; condensation without a
structural change, fragmentation reactions resulting in short-chain carbonyl compounds
and formation of larger SOA components. It has been suggested that many HOM
undergo these reactions and that they occur simultaneously [Mutzel et al., 2015; Bianchi
et al., 2019].

3. Methods and experiments
3.1

Experiment setup

Thermally induced evaporation experiments of SOA required a suitable setup for particle formation and evaporation. A setup was built and it is described in Figure 3.1.
The main stages of the setup are SOA particle formation from α-pinene ozonolysis,
heating of the particles, measuring particle size distribution at different temperatures
and detecting the evaporated HOM.

Figure 3.1: The setup for thermally induced evaporation experiments of α-pinene SOA.

Ozone generator was used to produce ozone (O3 ) through chemical reactions of
ultraviolet light and oxygen molecules. α-Pinene was evaporated into a nitrogen flow
with a help of a syringe pump. Concentrations of ozone and α-pinene were kept constant during a measurement and they were injected into a flow tube using pressurized
air as a carrier gas. The flow tube utilised in this study is 3.5 m long quartz tube
with inner diameter of 222 mm. The total flow through the flow tube was 15 l/min,
10
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resulting in a residence time of 9 minutes inside the tube. In the flow tube, α-pinene
ozonolysis and particle formation took place. Ozone monitor was continuously measuring the ozone concentration from the end of the flow tube. After particle formation,
the remaining gas-phase compounds were removed with a filter consisting of a pipe
surrounded by activated carbon. The gas-phase compounds move into the activated
carbon by diffusion, while most of the particles pass through the filter. Effectiveness
of the filter is discussed more in section 4.1.2. After the filter, particles were directed
into a 60 cm long heated tube described earlier by Quéléver [2015]. The tube is surrounded by heated wire and the temperature of the tube is measured from the surface
of the wire. Temperature of the heated tube was changed between room temperature
(around 22 °C) and 200 °C in order to initiate particle evaporation. Evaporated HOM
were detected by Chemical Ionization Atmospheric Pressure Interface Time-of-Flight
mass spectrometer (CI-APi-TOF) and the particle size distribution was measured with
Scanning Mobility Particle Sizer (SMPS). Working principles and technical details of
these instruments are introduced in the following sections.
α-Pinene SOA evaporation experiments were conducted with two different lengths
of the cooling tube, which is placed between the heated tube and CI-APi-TOF. The
amounts of α-pinene and ozone were decreased when the short cooling tube was used.
Details of these experiments are summarized in Table 3.1. In both experiments the
minimum temperature of the heated tube was room temperature and Tmax describes
the maximum temperature.
Table 3.1: Details of the α-pinene SOA evaporation experiments.

Experiment

Air (l/min)

O3 (ppb)

α-pinene
(µl/min)

Tmax (C◦ )

Long cooling tube

15

40

0.7

200

Short cooling tube

15

10

0.2

100
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Chemical Ionization Atmospheric Pressure Interface Time-of-Flight mass spectrometer (CIAPi-TOF)

In this thesis highly oxygenated compounds were detected with Chemical Ionization
Atmospheric Pressure Interface Time-of-Flight mass spectrometer (CI-APi-TOF) using
nitrates as reagent ions. CI-APi-TOF is a high resolution mass spectrometer that
consists of three main parts; an inlet for chemical ionization (CI), an atmospheric
pressure interface (APi) and a time-of-flight mass spectrometer (TOF) [Junninen et al.,
2010; Jokinen et al., 2012].

3.2.1

Chemical ionization inlet (CI-inlet)

The sheath flow of the chemical ionization inlet (Figure 3.2) is saturated with nitric
acid (HNO3 ) and guided through an x-ray source, where HNO3 molecules are ionized
−
to nitrate ions (NO−
3 ), nitric acid-nitrate-dimers (HNO3 NO3 ) and nitric acid-nitratetrimers ((HNO3 )2 NO−
3 ). These formed ions are then directed into the sample flow
where they ionize the sample molecules via two different mechanisms [Jokinen et al.,
2012]. Nitrate ions are able to ionize sample molecules via proton transfer reaction,
in which a proton from the sample molecule is transferred to the nitrate ion according
to Equation 3.1. Nitrate is the conjugate base of a strong acid (HNO3 ), thus proton
transfer reaction occurs only if the sample molecule is stronger gas-phase acid than
nitric acid, e.g. sulphuric acid [Hyttinen et al., 2018].
N O3− + XH → HN O3 + X −

(3.1)

In addition to proton transfer reaction, sample molecules can be ionized via clustering the sample molecule to the nitrate ion (Equation 3.2), nitric acid-nitrate-dimer
(Equation 3.3) or nitric acid-nitrate-trimer (Equation 3.4) [Hyttinen et al., 2015]. In
this study HOM are detected as clusters with nitrate ion, which is the predominant
method to observe HOM. In these equations the dot (·) operator describes molecular
clustering.
N O3− + X

HN O3 N O3− + X

N O3− · X

HN O3 N O3− · X

HN O3 + N O3− · X

(3.2)

(3.3)

3.2. Chemical Ionization Atmospheric Pressure Interface
Time-of-Flight mass spectrometer (CI-APi-TOF)
(HN O3 )2 N O3− + X

(HN O3 )2 N O3− · X

2HN O3 + N O3− · X
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(3.4)

Figure 3.2: Schematic diagram of CI-inlet. Figure from Jokinen [2015].

3.2.2

Atmospheric Pressure Interface Time-of-Flight (APiTOF) mass spectrometer

After the ionization, sample ions are guided to the atmospheric pressure interface, in
which they go through three differentially pumped chambers (Figure 3.3). First and
second chamber use quadrupole ion guides at pressures of 2 mbar and 10−3 mbar and
third chamber contains ion lens assembly, which guides sample ions to TOF chamber
at pressure of 10−4 mbar. Ions reach pressure of 10−6 mbar in TOF, where they are
separated according to their mass-to-charge ratios (m/z) [Junninen et al., 2010]. Ions
are accelerated in TOF by voltage V , after which they travel distance d to reach
the detector. Flight time of the ion with certain m/z can be calculated according to
Equation 3.5 [Niessen and Falck, 2014].
r

t=d

m
2zeV

(3.5)

where t is the flight time of an ion, d distance, m mass of an ion, z charge of an ion, e
elementary charge and V voltage. Mass spectrum is obtained when ions are detected
and their signal intensity is plotted as a function of the m/z ratio.

14
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Figure 3.3: Schematic diagram of APi-TOF. Figure from Junninen et al. [2010].

3.2.3

HOM quantification

The signal intensity of ions detected by CI-APi-TOF can be converted to concentration
by calibration factor Cx according to Equation 3.6 [Jokinen et al., 2012]. A method to
calibrate CI-APi-TOF for HOM does not exist due to lack of suitable HOM standards.
Therefore, Cx value is usually determined with sulphuric acid assuming that HOM and
sulphuric acid have similar ionization efficiencies. It has been estimated that Cx value
for HOM is between 0.4 · 1010 and 9.5 · 1010 cm−3 [Ehn et al., 2014]. In this study
HOM concentrations were calculated by applying Cx = 1010 cm−3 .
(X)(N O3− )
−
i=0 (HN O3 )i (N O3 )

[X] = Cx · P2

(3.6)

where [X] is the concentration of the measured compound, the numerator describes the
sum of signals of compound X clustered with nitrate ion and the denominator describes
the sum of reagent ion signals.

3.3. Scanning Mobility Particle Sizer (SMPS)
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Scanning Mobility Particle Sizer (SMPS)

In this thesis the particle size distribution of the particles generated in the experiments
was measured with Scanning Mobility Particle Sizer (SMPS). SMPS consists of three
main components; a radioactive charger to charge the particles, a differential mobility
analyzer (DMA) to classify the particles according to their size and a condensation
particle counter (CPC) to count the particle number concentration. The working principles of these components are discussed in the following sections.

3.3.1

Bipolar diffusion charging of particles

In order to be classified in the DMA, particles have to be charged. Bipolar diffusion
charging is ideal for electrical mobility based particle size distribution measurements,
because with this method particles are able to achieve a predictable charge distribution.
In bipolar diffusion charging, sample particles are directed into a charger, in this
study radioactive 63 Ni -charger, which exposes them to high concentrations of positively
and negatively charged ions. Beta radiation produced by the radioactive 63 Ni ionizes
gas molecules. Formed ions collide with the sample particles, resulting in particles
obtaining a steady-state charge distribution [Yang et al., 2018; Kulkarni et al., 2011].

3.3.2

Differential mobility analyzer (DMA)

Differential mobility analyzer (DMA) classifies aerosol particles according to their electrical mobility. Schematic diagram of cylindrical DMA is shown in Figure 3.4. DMA
consists of a cylinder and a charged central rod, which creates an electric field between
the walls and the rod. Particle free sheath air flows through the DMA and aerosol
sample particles enter the DMA through a narrow slit in the cylinder. High positive
or negative voltage is applied to the central rod of the DMA and oppositely charged
sample particles travel towards it according to their electrical mobility. Particles with
higher electrical mobilities are deposited on the central rod whereas particles with lower
mobilities exit the DMA with the exhaust flow. Only particles with certain electrical
mobilities reach the entrance to the sample extraction port and exit the DMA with the
sample flow [Kulkarni et al., 2011].
Electrical mobility of particles classified in the DMA can be calculated according
to equation 3.7.
Z=

2
(Qsh + Qex )ln R
R1
4πV L

(3.7)

where Qsh is the sheath flow, Qex exhaust flow, R1 radius of the central rod, R2 radius
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Figure 3.4: Schematic diagram of DMA. Figure from The University of Manchester, Centre For
Atmospheric Science [2019].

of the cylinder, V applied voltage, L length between sample inlet and exit slit.
The mobility diameter of particle can be calculated according to Equation 3.8.
Dp =

neCc
3πηZ

(3.8)

where n is the number of charges carried by the particle, e elementary charge, Cc slip
correction factor and η gas viscosity [Kulkarni et al., 2011].

3.3.3

Condensation particle counter (CPC)

Condensation particle counter (CPC) measures the aerosol particle number concentration. Ultrafine aerosol particles are too small to be detected optically and due to
this CPC enlarges small particles to larger sizes by condensation of supersaturated
vapours. Different techniques are used to create supersaturation inside the CPC; adiabatic expansion, thermal diffusion and mixing of hot and cold streams [Kulkarni et al.,
2011].
In this study butanol-based TSI 3772 CPC was used to measure the particle
number concentration of particles larger than 10 nm in diameter. Schematic diagram
of TSI 3772 CPC is shown in Figure 3.5. CPC consists of three parts; the saturator,

3.3. Scanning Mobility Particle Sizer (SMPS)
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the condenser and the optics. Sample flow enters the heated saturator, in which butanol evaporates and saturates the sample flow with butanol vapour. In the condenser
the sample flow is cooled down, which leads to butanol supersaturation. The supersaturated butanol condenses onto the sample particles and they grow to larger sizes.
The grown particles pass the laser beam in the optics and each particle creates a light
pulse. The photodetector counts the pulses and the particle number concentration is
calculated according to Equation 3.9 [Kulkarni et al., 2011].
C=

n
Qt

(3.9)

where n is the number of particles counted in sample time t, Q aerosol flow rate and t
sampling time.

Figure 3.5: Schematic diagram of TSI 3772 CPC. Figure from TSI [2007].

4. Results and discussion
In this chapter, the main results of this study are presented and discussed. Characterization of the experiment setup is discussed first, including the background measurements. After this, HOM that evaporated from the particles are identified, followed by
an analysis of their mass spectra and volatility behaviour. Furthermore, the evolution
of particle size distribution and mass evaporated from the particles at different temperatures is discussed. Finally, the contribution of HOM to the particle mass is estimated
by comparing the results obtained with CI-APi-TOF and SMPS.

4.1

Background measurements

The experiment setup described in section 3.1 was characterized by performing some
background measurements. These measurements show that the α-pinene SOA evaporation experiments are reliable by proving that the compounds detected by CI-APi-TOF
are evaporated from the particles and not formed in the heated tube or evaporated
from any surfaces of the setup. In addition to this, the effectiveness of the activated
carbon filter was tested. The results of the background measurements are discussed in
the following sections.

4.1.1

Background mass spectra

These measurements were performed to see what compounds are present in the background mass spectrum. Pressurized air, ozone and α-pinene were injected individually
into the flow tube with the heated tube at 200 °C. When injecting ozone and α-pinene,
pressurized air was used as a carrier gas. Results are shown in Figure 4.1. For comparison, the bottom mass spectrum is obtained from α-pinene SOA evaporation experiment
with heated tube at 200 °C. Background measurement spectra are rather similar compared to each other, whereas α-pinene ozonolysis spectrum has considerably higher
signal intensities than background spectra. In addition, background spectra do not
show as significant signals in dimer and trimer region as α-pinene ozonolysis spectrum, even though there are some compounds with higher signals observed. Based on
18

4.1. Background measurements

19

these figures, the background seems to be stable and can be removed from the spectra
obtained from α-pinene SOA evaporation experiments.

Figure 4.1: Mass spectra obtained with CI-APi-TOF from individual injection of pressurized air,
ozone and α-pinene to the flow tube and from α-pinene SOA evaporation experiment.

The same pattern can be seen in Figure 4.2, in which the background spectrum
where only pressurized air was injected into the flow tube (4.1 a) is subtracted from αpinene ozonolysis spectrum at 150 °C. The peaks with positive signals were significantly
higher in the α-pinene SOA evaporation experiments than in the background measurements. These results indicate that the compounds detected with CI-APi-TOF during
α-pinene SOA evaporation experiments are evaporated from the particles. During these
background measurements particle formation did not occur according to SMPS data,
meaning that α-pinene and ozone were not in the flow tube concurrently and that the
heated tube does not generate particles larger than 10 nm when heated to 200 °C.

Figure 4.2: Background spectrum subtracted from α-pinene ozonolysis spectrum.
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Effectiveness of the activated carbon filter

If ozone and α-pinene remain in the gas phase after particle formation in the flow tube,
they might react with each other in the latter part of the setup. To make sure that the
compounds detected by CI-APi-TOF are evaporated from the particles and not merely
compounds already present in the gas phase, an activated carbon filter was placed into
the setup after the flow tube in order to remove the gas-phase compounds. To test
the effectiveness of the filter, α-pinene ozonolysis experiments without heating were
performed with and without the filter in the setup. Figure 4.3 shows the mass spectra
of these experiments. Ion signal intensity is mainly higher when filter is not in the
setup, but the filter is only able to filter small fractions of compounds. However, ozone
concentration monitored after the flow tube was zero throughout the α-pinene SOA
evaporation experiments, meaning that all injected ozone was consumed inside the flow
tube. As a consequence, α-pinene ozonolysis reactions probably did not happen in the
latter part of the setup, even though some α-pinene would have gone through the filter.
Therefore, the compounds detected by CI-APi-TOF are evaporated from particles.

Figure 4.3: Mass spectra obtained from α-pinene ozonolysis experiments performed with and without
the activated carbon filter.

4.2. HOM detected in α-pinene SOA evaporation experiments
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HOM detected in α-pinene SOA evaporation
experiments

A peak list of the identified compounds evaporated from α-pinene SOA particles was
created (4.1). The list summarizes compounds clustered with N O3− and their corresponding masses, including the mass of N O3− . The masses are expressed in units of
Dalton (Da). CI-APi-TOF is more sensitive to more oxygenated compounds and thus
in this study HOM are defined as the compounds detected with this instrument. Most
likely other compounds than HOM are also evaporated, but CI-APi-TOF is not able
to detect them. The peak list includes HOM monomers (C8−10 H10−16 O4−11 ), dimers
(C18−20 H28−34 O6−13 ) and trimers (C28−30 H30−50 O7−14 ) evaporated from the particles
during the α-pinene SOA evaporation experiments at different temperatures. All of
the compounds in the list were evaporated from the particles at 200 °C, whereas at
lower temperatures only certain compounds were evaporated. HOM evaporation at
different temperatures is discussed in more detail in the following sections.
The compounds marked with ? in Table 4.1 are reported to be present in αpinene SOA in previous studies [Zhang et al., 2017; Pospisilova et al., 2020]. Zhang
et al. [2017] identified the compounds within SOA from filter samples using an electrospray ionization (ESI) drift-tube ion mobility spectrometer (DTIMS) interfaced to
a time-of-flight mass spectrometer. Pospisilova et al. [2020] analyzed the compounds
within SOA with an extractive electrospray ionization time-of-flight mass spectrometer (EESI-TOF). The compounds marked with ◦ are observed in the gas phase during
α-pinene ozonolysis in previous studies [Ehn et al., 2014; Quéléver et al., 2019]. Majority of the monomers and dimers identified in this study are also observed in previous
studies, either in the gas phase or in the particle phase. Trimers are not previously observed in either phases. The compounds observed in this study but not in the previous
studies indicate occurrence of particle-phase reactions. Quéléver et al. [2019] detected
gas-phase compounds containing 7 to 19 oxygen atoms during α-pinene ozonolysis. In
this study, the oxygen content of the identified particle-phase compounds varied between 4 and 14 oxygen atoms. This indicates that the compounds identified here have
substantially different functional groups and molecular structures than those formed
in the gas phase, and thus are probably formed through particle-phase reactions. The
possible particle-phase reactions are discussed more in the following section.
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Table 4.1: Peak list of the identified HOM evaporated from α-pinene SOA particles.
? Detected in the particle phase in previous studies [Zhang et al., 2017; Pospisilova et al., 2020]
◦ Detected in the gas phase in previous studies [Ehn et al., 2014; Quéléver et al., 2019]

C8 H10 O5
248.0412

C9 H12 O5
262.0568

C10 H16 O4 ?
262.0932

C8 H12 O6
266.0518

C9 H10 O6
276.0361

C10 H14 O5
276.0725

C9 H12 O6
278.0518

C10 H16 O5 ?
278.0881

C8 H12 O7
282.0467

C8 H14 O7
284.0623

C9 H12 O7
294.0467

C10 H16 O6 ?
294.0831

C8 H12 O8
298.0416

C10 H14 O7 ?◦ C10 H16 O7 ?◦ C10 H14 O8 ?◦ C10 H16 O8 ?◦ C10 H14 O9 ◦
308.0623
310.0780
324.0572
326.0729
340.0521

C10 H16 O9 ◦
342.0678

C10 H16 O10 ◦ C9 H28 O10
358.0627
358.1566

C19 H30 O7
432.1875

C20 H34 O6
432.2239

C19 H28 O8 ◦
446.1668

C20 H32 O7
446.2032

C19 H30 O8 ?◦ C18 H28 O9
448.1824
450.1617

C20 H30 O8 ?
460.1824

C19 H28 O9 ?◦ C20 H32 O8 ?
462.1617
462.1981

C20 H34 O8
464.2137

C18 H28 O10 ◦ C20 H30 O9 ?
466.1566
476.1773

C20 H32 O9 ?◦
478.1930

C19 H28 O10 ◦ C19 H30 O10 ◦ C20 H34 O9
478.1566
480.1723
480.2086

C10 H16 O11 ◦ C9 H28 O12
374.0576
390.1464

C19 H30 O6
416.1926

C18 H28 O11 ◦ C20 H30 O10 ?◦
482.1515
492.1723

C19 H28 O11 ?◦ C20 H32 O10 ?◦ C20 H34 O10
494.1515
494.1879
496.2036

C20 H30 O11 ◦ C20 H32 O11 ?◦ C20 H30 O12 ?◦
508.1672
510.1828
524.1621

C20 H32 O12 ?◦ C20 H32 O13 ◦ C29 H38 O7
526.1777
542.1727
560.2501

C29 H36 O9
590.2243

C30 H40 O8
590.2607

C29 H38 O9
592.2399

C30 H42 O8
592.2763

C29 H42 O9
596.2712

C30 H46 O8
596.3076

C28 H42 O10
600.2662

C29 H46 O9
600.3025

C28 H30 O12
620.1621

C29 H36 O11
622.2141

C30 H40 O10
622.2505

C29 H42 O11
628.2611

C30 H46 O10
628.2975

C29 H44 O11
630.2767

C30 H48 O10
630.3131

C28 H46 O12
636.2873

C30 H44 O11
642.2767

C29 H42 O12
644.2560

C30 H46 O11
644.2924

C29 H46 O12
648.2873

C30 H50 O11
648.3237

C30 H44 O12
658.2716

C30 H46 O12
660.2873

C30 H48 O12
662.3029

C30 H46 O13
676.2822

C29 H44 O14
678.2615

C30 H48 O13
678.2979
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In previous studies, HOM detected during α-pinene ozonolysis in gas phase or in particle phase have been reported to include mainly monomers and dimers [Ehn et al., 2014;
Quéléver et al., 2019; Zhang et al., 2017; Pospisilova et al., 2020]. Surprisingly, in the
current experiments it was discovered that majority of the compounds evaporated from
α-pinene SOA at the highest temperatures are HOM dimers and trimers, monomers
being the minority. Mass spectra obtained from CI-APi-TOF during α-pinene SOA
evaporation experiments performed with both short and long cooling tube are shown
in Figures 4.4 and 4.5. In general, monomer, dimer and trimer signals increase as
the temperature increase. The amount of observed HOM monomers is minor in both
experiments, yet their signals are more visible in the short cooling tube experiments.
HOM dimers start to evaporate at 60 °C and their signals increase until the temperature reaches 100 °C. At 150 °C dimer signals have decreased and continue decreasing
as the temperature increases. Small increase of HOM trimer signals can be observed at
100 °C and at 150 °C a significant increase has occurred. Trimer signals also decrease
when temperature is increased to 200 °C. Decrease of signals is discussed in more detail
in section 4.4.
The fate of HOM in the particle phase is currently unknown, but it has been
proposed that HOM undergo reactions in particle phase, leading to formation of a large
variety of accretion products. The small amount of evaporated monomers and large
amount of evaporated dimers and trimers observed in this study could be explained
by monomers reacting in particle phase and forming the dimers and trimers. Another
explanation could be that monomers undergo structural changes in the particle phase
and due to that CI-APi-TOF is not able to detect them. It is also possible that the
observed evaporated compounds have not undergone any changes in the particle phase
and have remained unaltered during the experiment. HOM monomers are reported to
be more volatile than dimers, so the possibility that monomers do not evaporate at the
temperatures used in this study can be excluded. Previous studies have shown that
the monomer concentration is higher than the dimer concentration in the gas phase.
Here, we detected larger amount of dimers and trimers than monomers at the highest
temperatures. This indicates that the observed dimers and trimers are formed in the
particle phase. Some of the observed monomers and dimers have been detected also in
the gas phase (Table 4.1), suggesting that these compounds have initially condensed
into the particle phase and have not undergone particle-phase reactions. Previous
studies have not reported detection of trimers in the gas phase, this further supports
the formation of the observed trimers in the particle phase.
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(a)

Room temperature (22 °C)

(c)

80 °C

(b)

(d)

60 °C

100 °C

Figure 4.4: Spectra at different temperatures obtained from α-pinene SOA evaporation

experiments performed with short cooling tube. Shaded areas show mass ranges of HOM
monomers, dimers and trimers.
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(a)

Room temperature (22 °C)

(c)

(e)

25

(b)

60 °C

80 °C

(d)

100 °C

150 °C

(f)

200 °C

Figure 4.5: Spectra at different temperatures obtained from α-pinene SOA evaporation experiments
performed with long cooling tube. Shaded areas show mass ranges of HOM monomers, dimers and
trimers.
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4.4

Time series of HOM signals

The pattern of decreasing dimer and trimer signals at high temperatures observed in the
mass spectra of evaporated HOM can also be seen in Figure 4.6. This figure describes
the behavior of HOM monomer, dimer and trimer signals during the experiments with
long cooling tube. The decrease of signals at high temperatures could be explained by
thermal decomposition; dimers and trimers are not thermally stable and upon heating
may degrade to more volatile compounds that can not be detected by CI-APi-TOF.
Other possible explanation could be that warmer sample flow results in a volume
expansion inside CI-inlet. This leads to smaller amount of ions going through the inlet
and to a lower ion signal counted. Decrease of signals could be also due to nucleation
and condensation occurring in the cooling tube. When the evaporated compounds cool
down in the cooling tube they might form clusters and then grow by condensation,
which would lead to a decrease in gas-phase compounds and an increase in particlephase compounds.

Figure 4.6: Time series of HOM monomers, dimers and trimers at different temperatures.

Figure 4.6 shows that increasing temperature causes monomer signal to increase
slightly, whereas dimer signal starts to increase rapidly around 80 °C and trimer signal
have steep increase around 150 °C. This indicates that trimers have lower vapour
pressures and lower volatilities than monomers and dimers, while monomers are the
most volatile. This volatility behaviour is in line with the results of other recent HOM
volatility studies [Kirkby et al., 2016; Peräkylä et al., 2020]. Volatility behaviour of
specific HOM is discussed in section 4.6.

4.5. Particle size distributions
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Particle size distributions

Obtained size distributions from experiments with long cooling tube at different temperatures are shown in Figure 4.7. Peak of the particle size distribution shifts to smaller
sizes as the temperature increases and compounds begin to evaporate from particles.
At room temperature the peak is at 40 nm and stays there also at 40 °C as the temperature is not high enough to initiate evaporation from particles. At 60 °C compounds
with the highest volatilities start to evaporate and the peak shifts to 35 nm. At 80 °C
the peak is at 30 nm and at 100 °C the peak is already at 25 nm. Peak of the size
distribution at 150 °C and 200 °C can not be determined because the CPC used is not
able to detect particles smaller than 10 nm. There seems to be some particles that
have not evaporated at 200 °C, consisting of compounds with the lowest volatilities.

Figure 4.7: Particle size distribution at different temperatures.

Possibility of nucleation occurring in the cooling tube after particle evaporation
was discussed in section 4.4. Nucleation would result in high concentrations of very
small particles detected by SMPS. Such event is not observed in the size distribution
at 200 °C in Figure 4.7. Therefore, nucleation taking place in the cooling tube can
be excluded, unless the nucleated particles are so small that they can not be detected
with the CPC.
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Volatility behaviour of HOM

Volatility behaviour of specific HOM monomers, dimers and trimers is discussed in
this section. The data presented are obtained with CI-APi-TOF from α-pinene SOA
evaporation experiments performed with the long cooling tube. Similar results were
obtained with the short cooling tube.

4.6.1

HOM monomers

Time series of C10 H16 compounds with five to ten oxygen atoms at different temperatures is shown in Figure 4.8. In Figure 4.6 the total monomer signal did not seem
to undergo any significant changes, but here the variations in signal intensities of individual monomers are visible. The constant trend in the total monomer signal is most
likely due to the presence of compounds that are unaffected by temperature and the
signals of these compounds dominate the total trend. Seems that the signals of the less
oxygenated compounds C10 H16 O5 and C10 H16 O6 remain almost constant throughout
the experiment. These compounds are either evaporated from the particles or artifacts.
The artifacts could be produced by thermal decomposition or by evaporation from the
surfaces of the setup. The highest signal intensities for the compounds C10 H16 O7 ,
C10 H16 O8 , C10 H16 O9 and C10 H16 O10 are observed at 60 °C, 80 °C, 100 °C and 100 °C,
respectively. It can be noted that the compounds with the lowest oxygen contents have
the highest volatilities and vice versa.

Figure 4.8: Time series of C10 H16 Ox compounds.

4.6. Volatility behaviour of HOM
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HOM dimers

Time series of C20 H32 compounds with seven to thirteen oxygen atom at different temperatures is shown in Figure 4.9. HOM dimers follow the same trend as the monomers
in previous figure. The compounds with lowest oxygen contents C20 H32 O7 , C20 H32 O8 ,
C20 H32 O9 and C20 H32 O10 reach the highest signal intensities at 100 °C, whereas the
signals of the compounds with highest oxygen contents C20 H32 O11 , C20 H32 O12 and
C20 H32 O13 are at their maximum at 150 °C.

Figure 4.9: Time series of C20 H32 Ox compounds.

4.6.3

HOM trimers

Time series of C30 H46 compounds with eight to thirteen oxygen atom at different temperatures is shown in Figure 4.10. There are not large differences between the volatilities of the compounds with different oxygen contents. All of the compounds start to
evaporate at 80 °C reach the highest signal intensities at 150 °C.

30

Chapter 4. Results and discussion

Figure 4.10: Time series of C30 H46 Ox compounds.

4.7

Mass evaporated from SOA

Particle mass concentrations were calculated from SMPS data assuming particle density
of 1.4 g/cm3 . Evaporated mass from particles at different temperatures is shown in
Figure 4.11. The amount of evaporated mass increases as the temperature increases. It
needs to be taken into account that the particle masses are calculated from the particle
number concentrations and particles smaller than 10 nm were not detected at 150 and
200 °C. Therefore, the values of evaporated masses are overestimated for these two
temperatures.
Mass fraction remaining in the particle phase was determined from the particle
mass concentrations at room temperature and after heating to different temperatures
(Figure 4.12). The gradual decrease of the remaining mass fraction respect to the
temperature indicates that SOA consists of compounds with a wide range of volatilities.
At 80 °C roughly half of the particle mass was evaporated and at 200 °C almost all of
the particle mass was evaporated. It can be noted that majority of the particle mass
was evaporated in the temperature range of 40 – 100 °C. Based on the results discussed
previously in this study, trimers start to evaporate at temperatures higher than 100 °C.
Hence, the remaining mass at the highest temperatures can be explained by presence
of low-volatility oligomers or other large macromolecules.

4.7. Mass evaporated from SOA
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Figure 4.11: Time series of the mass evaporated in thermal evaporation experiments of α-pinene
SOA performed with long cooling tube.

Figure 4.12: Fraction of α-pinene SOA mass left after heating to certain temperature in experiments
performed with long and short cooling tube.
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Contribution of HOM to SOA particle mass

Comparison of evaporated mass calculated from SMPS and CI-APi-TOF data at different temperatures is shown in Figures 4.13 and 4.14. Increasing temperature increases
mass evaporation, except for the last data point in Figure 4.14, where temperature
was at 200 °C and CI-APi-TOF signals decreased as shown in previous results. At
lower temperatures CI-APi-TOF detected less mass than at higher temperatures. This
is because CI-APi-TOF is more sensitive to more oxygenated compounds and therefore was not able to detect the compounds with higher volatilities evaporated at lower
temperatures.
CI-APi-TOF detected at most 45 % of the evaporated compounds in the experiments performed with short cooling tube and 12 % of the evaporated compounds
when long cooling tube was used. These fractions are obtained at high temperatures.
It needs to be taken into account that the uncertainty in HOM concentrations and
thus in these fractions is large due to a lack of method to calibrate CI-APi-TOF for
HOM. In Figure 4.13, the slope of the line between the last data points is approximately one. This suggests that HOM dominates the evaporation of α-pinene SOA in
the temperature range of 80 – 100 °C.
In the experiments with short cooling tube less mass evaporated due to smaller
amounts of SOA formed, yet CI-APi-TOF detected larger fraction of the evaporated
compounds than when the long cooling tube was used. This could be explained by
smaller losses of the compounds inside the shorter tube than the longer tube. Furthermore, the amount of SOA is significantly larger in the experiment with long cooling
tube and can result in different SOA chemical composition than in the experiment with
short cooling tube.
These results suggest that HOM contribute a large fraction to α-pinene SOA
particle mass. There is a possibility that heating causes reactions, such as thermal
decomposition, that affect the contribution of HOM. Based on the results discussed
previously in this study, compounds within α-pinene SOA most likely undergo particlephase reactions. Therefore, the HOM contributing to SOA particle mass are either
initially condensed into the particle phase or formed through particle-phase reactions.

4.8. Contribution of HOM to SOA particle mass
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Figure 4.13: Mass evaporated from particles during α-pinene SOA evaporation experiments with
short cooling tube.

Figure 4.14: Mass evaporated from particles during α-pinene SOA evaporation experiments with
long cooling tube.

5. Conclusions
In this thesis a thermal evaporation method to study volatility behaviour of secondary
organic aerosol particles and their chemical properties was developed. SOA particles
were generated in a flow tube from α-pinene ozonolysis and then directed into a heated
tube to initiate particle evaporation. Size distribution of the particles was measured
with parallel identification of the evaporated HOM. The developed method was capable
of providing information of SOA evaporation behaviour and the particle-phase composition at different temperatures. The results obtained with this method suggest that
α-pinene SOA consists of compounds with a wide range of volatilities. Furthermore,
the results suggest that α-pinene SOA undergoes particle-phase reactions, altering its
composition and properties.
Before starting the measurements, the experiment setup was characterized and
background measurements were performed. We proved the reliability of the experiments by showing that the compounds detected by CI-APi-TOF are evaporated from
the particles and not merely compounds already present in the gas phase.
The results obtained from the α-pinene SOA evaporation experiments support
the previous findings of SOA consisting of oligomeric compounds. Large molecules
were observed to be present in α-pinene SOA, even HOM trimers. When α-pinene
SOA particles were heated, the peak of the particle size distribution shifted to smaller
sizes, as expected. It was noticed that the largest molecules evaporate at the highest
temperatures and thus have the lowest volatilities.
During the evaporation experiments, a wide variety of HOM were observed to be
present in α-pinene SOA; HOM monomers, dimers and trimers were detected. Trimers
evaporated at the highest temperatures, and thus have the lowest volatilities. Although
previous studies have proposed that HOM undergo particle-phase reactions forming
oligomers, HOM trimers are not previously reported to be present in SOA. Gas-phase
chemistry could explain formation of some of the detected HOM, whereas at least the
HOM trimers are expected to form through particle-phase reactions. These particlephase reactions can alter HOM composition and their contribution to SOA and thus
the properties of SOA. Our results suggest that HOM contribute a large fraction to
α-pinene SOA particle mass.
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Volatility behaviour of specific HOM monomers, dimers and trimers within SOA
was studied by plotting their signals at different temperatures. In general, HOM
monomers started to evaporate at the lowest temperatures and trimers at the highest temperatures. This indicates that HOM monomers have the highest volatilities,
dimers have the second highest and trimers have the lowest volatilities. Furthermore,
compounds with higher oxygen content evaporated at higher temperatures than the
compounds with lower oxygen content. However, the volatility behaviour of each HOM
is individual and their volatilities should be considered separately. These results support the previous findings of HOM volatilities.
The results obtained in this thesis gave insights into the evaporation behaviour
of SOA particles, compounds within SOA and the particle-phase chemistry occurring
in SOA. Future research should focus on determining the exact volatilities of the compounds within SOA and investigating the formation mechanisms of the particle-phase
compounds. The method developed in this study is a sufficient technique to investigate
these properties. Here, we used CI-APi-TOF to measure the evaporated compounds,
but also other gas-phase analyzers could be used in order to gain information of the
particulate compounds other than HOM. Furthermore, simultaneous measurements of
the gas-phase oxidation products and the particle-phase compounds could provide information of formation of the particle-phase compounds. The decrease of the HOM
signals at the highest temperatures needs further investigation.
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