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Abstract

Aerosol particles in the atmosphere are known to influence the atmosphere's radiation balance by scattering sunlight and 
acting as condensation nuclei for reflective clouds. The particles are also known to possess negative health effects, since 
they may carry harmful compounds deep into the lungs. Aerosols are emitted from both natural and anthropogenic 
sources, such as combustion. Usually, the emissions at their sources are well known, but the behavior of emissions in the 
atmosphere needs to be further investigated, since the particles may undergo considerable changes in their composition 
and properties during their lifetime in the atmosphere.

This thesis presents experimental studies on different kinds of aerosols, their formation and aging. The examined aerosols 
were wood chip combustion aerosol, diesel engine exhaust, and mineral and metal dusts, and they were characterized ac-
cording to their particle size distribution, volatility at different temperatures and organic carbon content. The emissions 
from wood combustion and a diesel power aggregate were also monitored overnight in an environmental chamber in order 
to find out the changes in the properties during aging.

The geometric mean diameter of the particles from the combustion sources was found to be 63-115 nm, depending on the 
combustion conditions, engine type, speed and load, and fuel. The volatile fraction of the apparent volume of the freshly 
emitted particles at a temperature of 360 °C was found to be 20-32 % for wood combustion particles and 37-45 % for 
diesel particles. Both the geometric mean diameter and the volatility of the particles were observed to increase with aging. 
For wood combustion particles, the contribution of coagulation to particle growth was found to be higher than for the 
diesel engine exhaust particles. In the aging experiments also new particles were observed to form in the chamber. These 
particles were found to be almost completely (98-99 %) volatile. The new particle formation was also studied by 
conducting photooxidation experiments with xylene and nitrogen dioxide in an indoor smog chamber. In these 
experiments, intensive particle formation and fast subsequent growth was observed. From the experimental data, the 
concentration of condensable vapors was estimated by applying the concept of condensation sink, previously applied to 
atmospheric measurements. The vapor concentrations were found to be remarkably higher in the chamber than, on 
average, in the atmosphere. The high values in the chamber were observed to be the same magnitude as those observed in 
a highly polluted area.

The experiments in this thesis showed that the aging of combustion derived aerosols in the atmosphere can be simulated 
in environmental chambers. However, the processes in environmental chambers may overestimate the processes in the 
atmosphere due to higher concentrations of injected compounds or aerosols and more intensive UV radiation, and also 
experiments with lower concentrations and UV levels should be conducted in order to get more comparable results. The 
experiments also show that the volatility tandem differential analysis is a relevant on-line method for estimating the 
organic fraction of aerosol particles. This agreement was found qualitative in the aging experiments and quantitative in 
the passenger car exhaust experiments. In order to better the time resolution of the particle volatility measurements, a set-
up with several preset temperatures should be used.
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Tiivistelmä

Ilmakehän aerosolihiukkasten tiedetään vaikuttavan mm. ilmakehän säteilytasapainoon sirottamalla säteilyä (suora vaikutus) ja 
toimimalla tiivistymisytiminä pilvipisaroille, jotka heijastavat säteilyä (epäsuora vaikutus). Pienhiukkasilla on todettu myös 
haitallisia terveysvaikutuksia, koska ne kulkeutuvat helposti hengityselimistöön ja kuljettavat sinne haitallisia yhdisteitä. 
Ilmakehän hiukkaset ovat sekä luontoperäisiä että ihmisen toiminnan, kuten polttoprosessien, sinne tuottamia. Eri lähteiden 
tuottamia hiukkasia on tutkittu paljon, mutta myös niiden käyttäytymistä ilmakehässä tulisi seurata, koska päästöhiukkasten 
koostumuksessa ja ominaisuuksissa voi tapahtua huomattaviakin muutoksia niiden olinaikana ilmakehässä.

Tässä väitöskirjassa esitetään kokeellisia tutkimustuloksia erilaisista aerosoleista, niiden muodostumisesta ja ikääntymisestä. 
Tutkitut aerosolit olivat peräisin puuhakkeen poltosta, dieselkäyttöisistä moottoreista (aggregaatti ja henkilöautot) ja mineraali- ja 
metallipölyjen tuotosta ja niitä karakterisoitiin hiukkaskokojakauman, haihtuvuuden ja hiilisisällön perusteella. Puunpolton ja 
dieselaggregaatin päästöjä myös seurattiin vuorokauden ajan ulkona sijaitsevassa ympäristökammiossa muutosten selvittämiseksi 
hiukkasten kokojakaumassa, haihtuvuudessa ja hiilisisällössä.

Puunpolton hiukkasten koon (geometrinen keskihalkaisija) havaittiin olevan 72-86 nm, dieselaggregaatin päästöhiukkasten koon 
66-85 nm ja dieselkäyttöisten henkilöautojen päästöhiukkasten koon 63-115 nm. Tuotettujen hiukkasten kokoon vaikuttivat 
palamisolot, moottorin tyyppi, käyntinopeus ja kuorma, sekä polttoaine. Tuoreiden puunpolton hiukkasten tilavuudesta 20-32 % 
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1 INTRODUCTION

The recent changes in the atmosphere are partly due to anthropogenic activities, such
as combustion of fossil fuels. Scenarios of long-term effects on the global change in
the atmosphere suggest e.g. rise of the average temperature by several degrees Celsius
and enhancement of ultraviolet (UV) radiation in the lower atmosphere due to ozone
depletion in the upper atmosphere. Aerosol particles suppress the temperature rise by
scattering incoming solar radiation back to space and by acting as condensation nuclei
for cloud droplets, which increase the albedo of the atmosphere [IPCC, 2007]. The
particles are also reported to possess negative health effects [e.g. Pope and Dockery,
2006], because they penetrate deep into the lungs and may carry harmful compounds.

In deepening the knowledge of the aerosol effects in the atmosphere and on e.g.
human health, knowing the properties of aerosols from different emission sources is
essential. Also more knowledge on the aging of primary emission and formation of
secondary products in the atmosphere are needed. The aerosols emitted directly from
the sources or suspended in the air can be analyzed from stack or exhaust pipe, or at
atmospheric measurement stations. The influence of different burner or engine types,
fuels and loads on emissions can be studied in combustion laboratories or in vehicle
emission laboratories equipped with a dynamometer. Furthermore, the aging of par-
ticles in the atmosphere can be studied by monitoring the emission e.g. by aircraft or
balloon measurements, by taking samples at different points along the emission trajec-
tory [Hughes et al., 2000], or in controlled conditions in environmental chambers, as
in this work. Environmental chambers have been earlier used e.g. in studies of diesel
soot particles [Strommen and Kamens, 1999] and wood combustion aerosols [Kamens
et al., 1984]. Also pure organic compounds and their photooxidation have been studied
in smog chambers [e.g. Robinson et al., 2007]. Furthermore, in large environmental
chambers, several aerosol measurement and sample collection devices can be tested
in the same, usually predefined, conditions and aerosol concentrations simultaneously.
In such experiments, e.g. the effect of varying concentration and aerosol load on the
behavior of instruments can be studied in detail.

In this work, different kinds of aerosols, their formation and aging were studied.
The main objectives of this work were to

– characterize the particles emitted by a domestic wood combustion boiler, a diesel-
powered off-road engine and two types of diesel-fueled passenger cars, and those
suspended in the air of a talc production plant, a metal smelter, and a metal
foundry, based on their size distribution, number concentration, and volatility,

– find out the changes in the particle size distribution, concentration, volatility, and
organic carbon fraction of wood combustion emissions and diesel engine exhaust
after their release into the atmosphere during the next 24 hours,

– verify new particle formation and subsequent growth under controlled photooxi-
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dation of an organic compound and nitrogen oxides, and find out the source rates
of condensable vapors contributing to the particle growth with different concen-
trations of the ingredients.

Related to these objectives, the answers to the following specific questions were
searched:

1. Is the volatility tandem differential analysis (VTDMA) a relevant on-line method
for estimating the organic fraction of aerosol particles, at least qualitatively?

2. Do the aging of wood combustion aerosol and diesel engine exhaust differ from
each other?

3. How do the aerosol processes in environmental chambers compare to the pro-
cesses in the atmosphere?
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2 THEORETICAL CONCEPTS

2.1 BASICS ON AEROSOLS

An aerosol is defined as a suspension of fine solid or liquid particles in a gas [e.g.
Hinds, 1998]. In some contexts the term aerosol may refer to the particle phase only.
However, in this thesis it refers to both the gas and particle phases. Furthermore, the
gas phase refers to air, which is a mixture of nitrogen (N2), oxygen (O2), Argon (Ar)
and numerous trace gases. Typically air also contains vapors, such as water and organic
compounds. The concentration of the vapors in the air depends on the prevailing tem-
perature and pressure and on the physico-chemical properties of the component, such
as the vapor pressure.

Aerosol particles in the atmosphere originate from natural sources (e.g. wind blown
dust, sea spray, volcanoes and plants) and from anthropogenic sources (e.g. fuel com-
bustion) [e.g. Seinfeld and Pandis, 2006]. Aerosol components formed within a source
and emitted directly into the atmosphere are called primary aerosol components, whereas
those formed in the atmosphere by gas-to-particle conversion, either homogeneous
or heterogeneous, are called secondary aerosol components. Aging of the particles
may lead to the formation of multiple generations of secondary components. Further-
more, aged primary aerosol particles can contain secondary components and secondary
aerosol particles can contain primary components via coagulation of the original pri-
mary particles and the secondary particles [Fuzzi et al., 2006].

Aerosol components, such as organic compounds, fall into different categories
depending on their phase of existence in the atmosphere. Volatile components have low
molecular weights (carbon number less than five) and high vapor pressures and exist
at tropospheric conditions exclusively in the gas phase of a system. Components with
higher molecular weights can partition between gas and particle phases, depending on
their vapor pressure and are called semi-volatile components. Some components exist
almost exclusively in the (condensed) particulate phase and are therefore called non-
volatile components [Fuzzi et al., 2006].

When aerosol particles are concerned, their size usually refers to the diameter or
equivalent diameter of the particle. The size of aerosol particles ranges from approx-
imately 2 nm (1 nm = 10−9 m) to approximately 100 µm (1 µm = 10−6 m). The
diameter is unambiguous for liquid droplets, but for solid particles the diameter cannot
usually be measured directly and unambiguously. Generally, atmospheric particles are
non-spherical with an unknown shape and density, and for them, a series of equivalent
diameters have been introduced in the literature [e.g. Hinds, 1998]. The most important
of these from the point of this thesis is the electrical mobility equivalent diameter, as
the particle measurements have been carried out by using a differential mobility ana-
lyzer which classifies the particles according to their electrical mobility. The (electrical)
mobility equivalent diameter, db, is the diameter of a spherical particle of unit density
(ρ0 = 1000 kg/m3) having the same (electrical) mobility as the given particle. Other
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important equivalent diameters are e.g. the aerodynamic diameter, da, the diameter of
a unit density sphere having the same terminal settling velocity as the particle, and the
Stokes diameter, dSt, the diameter of a sphere having the same terminal settling veloc-
ity and density as the particle. It is worth noticing that if the particle is spherical, the
Stokes diameter equals the actual physical diameter.

The amount of particles is often characterized by the particle concentration, i.e.
the amount of particles per unit volume of air. The most usual are number, surface
area, volume and mass concentration, of which the most important are the number
concentration (e.g. particles/m3, particles/cm3) and the mass concentration (e.g. mg/m3,
µg/m3). In this thesis, the number concentration is under inspection almost exclusively.

A monodisperse aerosol contains particles that are all of the same size. This is,
in practice, never the case in the atmosphere, but is rather connected to test aerosol
production in the laboratory. The aerosol in the atmosphere is generally polydisperse
with statistical measures, such as the number of modes (size categories) and their rel-
ative intensities, geometric mean diameters and geometric standard deviations, which
characterize the aerosol over the particle size range in an easily representative way.

The size distribution of polydisperse aerosol particles is usually described by a log-
normal distribution in which the logarithm of particle size is normally distributed. For
a log-normal size distribution, the number concentration of particles having diameters
whose logarithms are between ln dp and ln dp + d ln dp is given as [Hinds, 1998]

dN =
N√

2π lnσg

exp

[
−(ln dp − ln dg)2

2 (lnσg)2

]
d ln dp, (2.1)

where N (cm−3) is the number concentration, dg is the geometric mean diameter, and
σg is the geometric standard deviation. For ambient aerosols the size distribution is
often described as the sum of n log-normal distributions, where n is the number of
modes.

The geometric mean diameter in Equation (2.1) can be calculated, in discrete sit-
uation, from the data obtained with an aerosol instrument, by

dg = exp

[∑j
i=1 (ln dp,i) ∆Ni∑j

i=1 ∆Ni

]
, (2.2)

where j is the number of size channels, dp,i = (dl,idu,i)
1/2 is the geometric mean diam-

eter of each size channel i, expressed as the geometric mean of the lower and upper cut
sizes, dl,i and du,i, of the channel i, and ∆Ni is the number concentration of particles in
size channel i.

The particle size of 2.5 µm is often used to divide particles into two modes: fine
particles (diameter less than 2.5 µm) and coarse particles. In some occasions, supermi-
cron particles (diameter more than 1 µm) are classified into the coarse particle fraction.
In general, the origin and behavior of these modes differ from each other, and the dis-
tinction into these two modes is justified by the underlying physical properties of the
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particles. Particles smaller than 0.1 µm in diameter are called ultrafine particles. In the
atmosphere this ultrafine particle fraction contains most of the particles by number. The
smallest ultrafine particles (below 20–25 nm) are called the nucleation mode. The nu-
cleation mode particles are formed via hot vapor condensation in combustion processes,
and via different mechanisms in atmospheric nucleation. The larger ultrafine particles
(20–100 nm) are often called the Aitken mode. Particles in the size range of∼0.1–1 µm
are called the accumulation mode. The accumulation mode usually contains most of
the surface area of a particle population and is important e.g. for heterogeneous reac-
tions occurring on the surfaces of the particles. The source of the accumulation mode
is coagulation and growth by condensation of the nuclei mode particles. The removal
mechanisms are the weakest for accumulation mode particles, and particles tend to ac-
cumulate into this size class, hence the name accumulation mode [Seinfeld and Pandis,
2006].

2.2 CONDENSATION AND EVAPORATION

In condensation vapor is transferred from the gas phase to the particulate phase and
in evaporation vice versa. Both processes change the particle diameter and the size
distribution of the particle population. The driving force for both condensation and
evaporation for a given compound arises from the difference between the vapor pressure
of the compound far from the particles (pi) and the equilibrium vapor pressure (peq,i).
The particle growth rate associated with condensation/evaporation can be expressed as
[Seinfeld and Pandis, 2006]

ddp

dt
=

4DiMi

RTdpρp

f(Kn,α) (pi − peq,i) , (2.3)

where Di is the diffusivity for compound i in air (m2s−1), Mi is its molecular weight
(kg/mol), R = 8.3145 J/(molK) is the ideal gas law constant, T is temperature (K),
ρp is the particl density (kg/m3), and f(Kn,α) is the correction due to non-continuum
effects and imperfect surface accommodation, characterized by the Knudsen number,
Kn, and the accommodation coefficient, α. For condensation the growth rate given by
Equation (2.3) is positive and for evaporation negative.

2.3 COAGULATION

Aerosol particle coagulation arises from aerosol particles coming into contact with each
other because of the difference in their relative motion. The particles may collide
due to their thermal (Brownian) motion, or due to motion caused by external forces,
such as electrical or gravitational forces. Opposite to the elastic collision between gas
molecules, the aerosol particles usually collide inelastically and stay in contact. Usually
the sticking probability of the two colliding particles is assumed to equal unity.



14

The coagulation rate depends on the particle number concentration and the dif-
ference in particle size. The coagulation rate is lowest when the two particles are of
the same size, and increases when the difference in particle size increases. This phe-
nomenon can be explained in the following way. The larger and slower particle provides
a large surface area for the smaller and faster particles for deposition. Collisions be-
tween two large particles happen slowly because of their slow speed. Small particles
move fast, but miss each other because of their small collision areas.

For an approximately monodisperse aerosol population the size and number con-
centration change rates due to coagulation can be expressed, assuming that the volume
fraction of particulate matter in the aerosol population is conserved and that the parti-
cles are spherical, as

ddp

dt
=

1

6
KNdp, (2.4)

and
dN

dt
= −1

2
KN2, (2.5)

where K is the coagulation coefficient, N is the particle number concentration (cm−3)
and dp is the particle diameter, i.e. the geometric mean diameter for the aerosol popu-
lation. From Equations (2.4) and (2.5) one can see that the particle size increases and
the number concentration decreases as the coagulation proceeds. For the coagulation
coefficient, a value of K ≈1–2×10−9 cm3s−1 is applicable for a wide size range for
nearly monodisperse aerosol populations [Hinds, 1998].

2.4 NUCLEATION

At suitable conditions, new particles can form from non- or low-volatile gaseous pre-
cursors via a process called nucleation, which is known to occur in the atmosphere and
in combustion. Usually, the exact nucleation mechanism is not known [e.g. Holmes,
2007]. Proposed nucleation mechanisms in the literature are e.g. kinetic "coagulation"
[Girshick and Chiu, 1990], binary (sulphuric acid and water) [Kulmala and Laaksonen,
1990], ternary (sulphuric acid–ammonia–water) [Korhonen et al., 1999], ion-induced
[Lee et al., 2003] and activation of existing clusters [Kulmala et al., 2007a, 2006] in
atmospheric nucleation, and condensation of the oxidation and/or pyrolysis products of
fuel molecules in combustion [Haynes and Wagner, 1981].

New particle formation in the atmosphere, i.e. nucleation and growth to detectable
sizes, has been detected qualitatively in as early as the 1890s by Aitken. During the
recent decades also quantitative analysis has become possible owing to the development
of measurement instruments that are capable of measuring down to 3 nm sized particles
[McMurry, 2000] and even below 2 nm for suitable material, such as sodium chloride
[Mordas et al., 2008]. Particle formation has been detected in a variety of locations
and environments all over the world, and over different time periods [Kulmala et al.,
2004], as well as in laboratory experiments in environmental chambers [e.g. Stern et al.,
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1987]. The majority of the atmospheric observations have been made at fixed sampling
points, which enables long-time measurements. Aircraft or ship measurements have
been carried out in investigation of the moving air parcel. The aircraft measurements
require fast measurement instruments, ones with typical response times of the order
of 1 s, which can be attained e.g. by using a condensation particle counter battery
presented by Kulmala et al. [2007b].

The main species believed to be taking part in the atmospheric nucleation process
are the above mentioned sulphuric acid and ammonia. Organic vapors have been pro-
posed to contribute very little to particle nucleation but they contribute predominantly
to the growth of the newly formed particles together with sulfuric acid (more effective
up to around 10–20 nm size) [Wehner et al., 2005]. The particle growth may also be
contributed by the growth of the non-volatile core material, which affects the volatility
of the particles [Ehn et al., 2007; Wehner et al., 2005]. The particles can grow further
to the size of cloud condensation nuclei, which makes nucleation an important factor
e.g. for global climate change models.

2.5 HETEROGENEOUS REACTIONS

Particles in the atmosphere also serve as active reaction sites for chemical (heteroge-
neous) reactions, which influence the partitioning of semi-volatile compounds between
the gas and particle phases, as the reactants and the reaction products usually have dif-
ferent vapor pressures. For example, oligomers or polymers with low vapor pressures
may be formed and partitioned into the particle phase in the reactions of two or more
monomers that alone would be partitioned into the gas phase [Vesterinen et al., 2007].
This polymerization is a long-term process that can last over more than 20 h [Kalberer
et al., 2004] and it can follow e.g. from acid-catalyzed (mainly sulfuric and nitric acid)
particle-phase reactions of atmospheric carbonyls and hydrates [Jang et al., 2002].

Also anthropogenic pollutants in the gas phase, such as SO2, NOx and NH3 may
react with primary aerosol particles, resulting in e.g. formation of sulfates and nitrates in
the particles, such as aged sea-salt and mineral aerosols [Song and Carmichael, 1999].
The mineral dust particles may also affect the photochemical oxidant cycles by inter-
acting with the radicals formed in the photochemical reactions [Dentener et al., 1996].

2.6 CLOUD PROCESSING

Cloud processing, i.e. activation into a cloud droplet and subsequent evaporation of
the cloud water, can also change the particle composition. For example, gaseous SO2

can become oxidized in the liquid phase of the activated particles into sulfate, which
remains in the particle phase even if the water evaporates. This in-cloud sulfate pro-
duction increases the dry particle size and has been observed to occur in clouds in the
atmosphere by Wang et al. [2007].
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3 METHODS AND EXPERIMENTAL SETUPS

3.1 APPLIED ANALYTICAL METHODS

3.1.1 On-line particle analyses

3.1.1.1 Scanning mobility particle sizer (SMPS)

The particle size distributions in the aerosol aging and passenger car exhaust experi-
ments [Paper I, Paper II, Paper III, Paper V] were measured with a scanning mobility
particle sizer (SMPS) [Wang and Flagan, 1990]. An SMPS consists of a differential
mobility analyzer (DMA) [Knutson and Whitby, 1975], which classifies particles into
narrow size channels based on their electrical mobility, a condensation particle counter
(CPC), which measures the number concentration of the classified particles, and soft-
ware, which controls the operation of the DMA and CPC. In the SMPS system the
particle size distribution is measured by scanning the DMA’s central rod potential from
the lower end to the upper end, and by measuring simultaneously the particle concen-
tration continuously. With help of a computer software, the size distribution can be
inverted from the data as the measurement proceeds.

Before the DMA the polydisperse particle sample is first charged with a radioac-
tive Kr-85 neutralizer into an equilibrium charge distribution [Wiedensohler, 1988].
The charge distribution is bipolar and depends on particle size. The fraction of nega-
tively charged particles is slightly larger than that of positively charged particles. Some
particles are able to carry more than one elementary charge and are therefore called
multiply charged particles.

The charged sample is introduced in an annular flow into the heart of the DMA, the
classifying tube, which consists of an earthed outer electrode and a high voltage central
electrode. In the beginning of the classifying tube, the aerosol flows in the vicinity of
the outer electrode in a thin layer, and is separated from the central electrode by a sheath
air flow. Between the two electrodes a nearly uniform radial electric field is developed.
As the particles enter the electric field, negatively charged particles are collected on the
outer electrode surface. Neutral particles carry on their straightforward movement in
the aerosol flow and positively charged particles penetrate through the sheath air flow
towards the central electrode. In the end of the central electrode, a selected fraction
of the particles exits through a narrow slit as quasi-monodisperse aerosol. The quasi-
monodisperse aerosol particles possess a certain electric mobility, which is determined
by the flow rates in the classifying tube and the by central electrode potential. As
electric mobility is a function of both particle size and charge, not all the particles
are of the same size. Roughly, the diameter of the multiply charged (n elementary
charges) particles is n times that of the singly charged particles. The appearance of
multiply charged particles must be taken into account when size dependent parameters
are measured. In size distribution measurements with an SMPS system this is normally
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handled by the software.
From the DMA, the quasi-monodisperse aerosol is transported to the CPC, in

which the working fluid can be butanol or water [Hering et al., 2005]. In this thesis,
butanol-based CPCs were used. In a butanol-based CPC, the sample flows first through
a saturator, where liquid butanol is heated in order to produce butanol vapor. The vapor
then mixes with the colder sample, and the particles and the vapor move along into a
condenser tube, where the vapor quickly condenses on the particles and the particles
grow. The grown particles move further into the optics where they are detected by a
laser beam. A CPC is capable of calculating the particles one by one when the particle
concentration is low (e.g. for TSI Model 3022A less than 104 cm−3). At higher con-
centrations the resolution of the optics will be suffered by a coincidence phenomenon,
i.e. multiple particles are detected as one particle. The correction for the coincidence
can be and usually is included in the CPC’s memory program.

The particle concentration limits vary from CPC model to another. The detection
size limits depend on the temperature difference between the saturator and the con-
denser, which is factory set to a certain value. For example, for TSI Model 3022A
the concentration range and factory set lower detection limit are 0–107 cm−3 and 7 nm
(50 % detection efficiency), and for TSI Model 3025A 0–105 cm−3 and 3 nm, respec-
tively. In both CPCs the upper detection limit is approximately 10 µm. By increasing
the temperature difference, even smaller particles, down to a limit specific to the CPC
model, can be detected.

In this thesis only the submicrometer particle size range was inspected. In the out-
door chamber experiments [Paper I, Paper II], two SMPS systems were used in parallel.
The measured size (mobility equivalent diameter) ranges for the SMPS systems were
3–75 nm (TSI Model 3085 DMA and Model 3025A CPC) and 14–777 nm (TSI Model
3071 DMA and Model 3022A CPC). In the overlapping size region of 14–75 nm the
data from the latter SMPS were used. The sheath air and aerosol volumetric flow rates
were 10 l/min and 0.3 l/min or 7.5 l/min and 1.5 l/min for the Model 3085 DMA and
3.0 l/min and 0.3 l/min for the Model 3071 DMA, respectively. In the indoor smog
chamber experiments [Paper III] the TSI Model 3071 DMA and Model 3022A pair
was used with sheath air and aerosol flows of 10 l/min and 1.0 l/min, respectively, in
the size range of 7–330 nm. In the passenger car exhaust measurements [Paper V] with
the same DMA-CPC pair the values were 6.0 l/min for sheath air flow, 0.6 l/min for
aerosol flow, and 10–480 nm for the size range.

3.1.1.2 Volatility tandem differential mobility analyzer (VTDMA)

A tandem differential mobility analyzer (TDMA) technique [Rader and McMurry,
1986] can be used to study various properties of (quasi-)monodisperse aerosols. The
TDMA consists of a classifying DMA, which selects a quasi-monodisperse fraction
of known size, a conditioning device, which alters the particles or the environment,
and a scanning DMA and particle counter, which together measure, as an SMPS sys-
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Figure 3.1. Schematic illustration of the volatility tandem differential mobility ana-
lyzer (VTDMA) system.

tem, the resulting particle size distribution after the conditioning process. As examples
of conditioning devices, a humidifier has been used in particle hygroscopicity studies
[McMurry and Stolzenburg, 1989], a reaction chamber in reactivity studies [McMurry
et al., 1983], and a thermodenuder (a heating unit and an absorbing unit) in particle
volatility studies [Rader et al., 1987; Rader and McMurry, 1986].

In this thesis, a TDMA system with a thermodenuder (a tube oven and an absorber)
(Figure 3.1; Figure 2 in Paper I), was used to estimate the volatile fraction at different
stages of particle aging in the environmental chamber for particles emitted from wood
combustion [Paper I] and diesel engine [Paper II], and the volatile fraction of particles
emitted from passenger cars [Paper V]. In this volatility TDMA (VTDMA) the quasi-
monodisperse aerosol selected with the DMA-1 was heated in a temperature-controlled
tube oven, cooled subsequently in a 50 cm long water-cooled (approximately at 10 ◦C)
active charcoal absorber, and the resulting aerosol was measured with an SMPS system
consisting of the DMA-2 and CPC. The active charcoal absorber was used in order
to minimize re-condensation of the evaporated compounds on the particles, although
thermodenuders without an absorber also can be used with a good removal efficiency
[Sakurai et al., 2003; Orsini et al., 1999].

The heating zone of the oven was 40 cm long and the aerosol was flowing in a
2.2 cm i.d. stainless steel tube with a volumetric flow rate of 0.6–1.8 l/min (liters per
minute). With these settings the average residence time in the heating zone was 5–15 s.
In the 50 cm long cooler/absorber the aerosol was flowing in a 1.2 cm i.d. metal grid
tube surrounded by the active charcoal (granular 3–5 mm) absorbent. The residence
time in the absorber section was 1.9–5.7 s.



19

In the outdoor chamber experiments [Paper I, Paper II] the VTDMA analysis was
performed at two or three stages of the aerosol aging process: (1) in the beginning for
fresh aerosol, (2) at one intermediate point for 8 or 16 hours aged aerosol and (3) in
the end for approximately 24 hours aged aerosol. The third stage was first checked
and the VTDMA analysis was carried out, if enough particles were left in the chamber.
At each stage, the volatile fraction of the particles was analyzed at four temperatures:
20 ◦C (base case), 140 ◦C, 250 ◦C and 360 ◦C. These temperatures were chosen based
on previous work [Leskinen, 1997] from a wider set of temperatures. At each tempera-
ture, 1–3 particle sizes between 50–200 nm were chosen, depending on the prevailing
particle size distribution in the chamber. For each sample, 1–2 scans with the SMPS
were performed. With these parameters, the total VTDMA analysis cycle at each stage
lasted two hours at its longest. This may have caused fluctuation in the results if the
combustion aerosol composition was changing during the analysis cycle. For better
time resolution several parallel preheated lines at selected temperatures can be used
[Philippin et al., 2004].

In the passenger car exhaust experiments [Paper V] the VTDMA analysis was
performed at different steady state driving conditions (engine speed and load) for the
inspected vehicles and fuels. In these experiments the temperatures of the denuding
unit were 20 ◦C (base case), 75 ◦C, 150 ◦C, 225 ◦C, and 300 ◦C.

By comparing the volatilities of particles obtained by the VTDMA method altered
primary particles can be distinguished from secondary particles formed by nucleation.
With the VTDMA method, as small changes as 0.3 % in particle size of sub-0.2 µm
particles can be detected [Rader and McMurry, 1986]. In some cases, when the particle
has a non-volatile irregular shaped core and volatile material on it, as may be the case
for diesel exhaust agglomerates [Sakurai et al., 2003], the VTDMA method has been
reported to underestimate the volatile fraction, because the volatile material released
from the interstitial spaces of the agglomerates can not be detected with the VTDMA
analysis, since the electrical mobility is conserved but mass is decreased. The under-
estimation of the volatile fraction for accumulation mode particles with low volatility
can be as large as 70-90 %. This underestimation has also been discussed when com-
paring the results of volatility analysis and organic carbon analysis of diesel passenger
car exhaust in Paper V.

Occasionally, also the polydisperse sample was analyzed with the thermodenuder
[Paper I, Paper II, Paper V]. This gives information on the volatility of the whole aerosol
population at the same scan. The analysis is much faster than VTDMA analysis, but
misses the information about the behavior of monodisperse particles. However, it is
very useful in fast changing situations and when long sampling times are not possible.

3.1.1.3 Electrical low-pressure impactor (ELPI)

An electrical low-pressure impactor (ELPI) [Keskinen et al., 1992] was used in order
to measure the particle size distribution of the generated mineral dust in the outdoor
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chamber [Paper IV]. An ELPI consists of a unipolar charger, a cascade impactor and a
multichannel electrometer. The charger is first used to charge the sample into a known
unipolar charge level. In the cascade impactor the charged particles are classified into
12 size fractions according to their inertia, and consequently according to their aero-
dynamic diameter. The stages of the cascade impactor are electrically insulated from
each other and each stage is connected to an electrometer. In some ELPI constructions,
a filter stage, also connected to an electrometer, is used after the cascade impactor in
order to collect the particles that have escaped the last impactor stage. The measured
currents from the electrometers are converted in real time into a particle size distribu-
tion by using the known response function of the charger and the efficiency curves, or
the kernels, of the impactor stages.

In this thesis the sample was drawn into the ELPI with a volumetric flow of
30 l/min and the size (aerodynamic diameter) range of 0.03–6.6 µm was monitored
[Paper IV].

3.1.2 Filter collection and off-line particle analyses

3.1.2.1 Filter sampling setup and gravimetric analysis

In the outdoor chamber and passenger car experiments [Paper I, Paper II, Paper V], sub-
micron particle samples were collected with a system consisting of a preimpactor and
subsequent parallel lines of Teflon-quartz and quartz-quartz filters in series (Figure 4 in
Ålander [2006]). The preimpactor was used before the filters in order to prevent larger
particles and e.g. re-entrained particle clusters from entering the filter system. In the
present sampling system the preimpactor had a 50 % cut point of 1 µm, which was cho-
sen in order to produce mass concentration data comparable with the submicron SMPS
analysis. After the preimpactor, the sample flow was divided equally between the two
parallel lines and through the 47 mm Teflon (Pall Zefluor Supported PTFE 1.0 µm or
Gelman Zefluor P5PL047) and 47 mm quartz fiber (Pallflex 2500QA(T/R)-UP) filters
held in stainless steel filter holders (Gelman 2220).

The applied parallel filter setup, introduced by Turpin et al. [1994], was employed
in order to correct for known positive artifact emerging from gas phase carbon adsorp-
tion on the quartz fiber filter. The sampling was continued until an analyzable amount
(approximately 100 µg) of particles was expected to be collected on the quartz fiber
filter. The sampling time ranged from 30–60 min for high particle concentrations to
2–4 h for lower particle concentrations in the chamber experiments [Paper I, Paper II].
In passenger car exhaust sampling, the sampling time was on the order of a few minutes
[Paper V].

Prior to sampling the quartz fiber filters were pretreated by "baking" them in a
furnace at 900 ◦C for 3 h in order to remove contaminants from the filters. The baked
filters were stored in acid-washed and baked glass Petri dishes, sealed with a laboratory
tape (Parafilm). Before weighing the filters with a microbalance (Mettler Toledo MT5,
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accuracy 1 µg), they were conditioned in a controlled room at 20±1 ◦C and 40±1 % RH
for 24 h. After preweighing, the filters were stored again in sealed Petri dishes, and just
before sampling they were inserted into the filter holders. In order to prevent filter
ruptures when tightening the holders, thin Teflon rings were used on both sides of the
filter. The inner diameter of the rings was 37 mm, which was thus the diameter of
the actual collection area on the filter. After sampling, the filters were conditioned
and weighed as described earlier, and stored in the Petri dishes in a freezer at –18 ◦C
in order to reduce loss of volatile material on the filters before organic and elemental
carbon analysis. In every step of the filter handling and weighing procedure the filters
were handled carefully and touched only with isopropyl alcohol rinsed tweezers on the
filter edge, outside the collection area.

For both pre and postweighing, air density corrections due to changes in weigh-
ing room temperature, humidity and pressure were carried out by using the equation
[Mettler, 1999]

m = R
1− a/8000kg/m3

1− a/ρ
, (3.1)

wherem is the corrected mass,R is the balance display, ρ is the density of the weighing
sample (800 kg/m3 for both Teflon and quartz fiber filters), and a is the air density
(kg/m3), given by

a =
0.348444p− (0.00252t− 0.020582)h

273.15 + t
, (3.2)

where p is the ambient pressure (mbar), and h and t are the relative humidity (%) and
the temperature (◦C) of the weighing room.

3.1.2.2 Organic/elemental carbon (OC/EC) analysis

In order to produce additional information on the volatility of the particles, selected
quartz fiber filters were analyzed with a thermal-optical transmission or reflectance
(TOT/TOR) analysis [Paper I, Paper II, Paper V]. The method is described in Paper V
and is described here only briefly. An 11 mm diameter (0.95 cm2) punch of each filter
was heated in an oven up to 800 ◦C in non-oxidizing Helium (100 %) atmosphere
(30–550 ◦C) and oxidizing Helium(98 %)-Oxygen(2 %) atmosphere (550–800 ◦C).
The released carbon was oxidized in a catalyst oven to CO2, which was subsequently
reduced to methane, which in turn was quantified by a flame ionization detector (FID).
By using a calibration procedure for each sample, the masses of organic and inorganic
carbon fractions and subfractions were obtained.

3.1.3 Analysis of gaseous compounds and meteorological parameters

In the chamber experiments [Paper I, Paper II, Paper III], inorganic gaseous pollu-
tant concentrations were measured in order to monitor the injection and transforma-
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tion of the aerosol, as well as ozone formation in the chamber. The gaseous com-
pounds were measured by a chemiluminescent NO-NOx analyzer (Environnement s.a.,
Model AC30M), a UV-absorption ozone analyzer (Dasibi, Model 1008-RS) and a UV-
fluorescence SO2 analyzer (Environnement s.a., Model AF21M). All analyzers were
operated in the 0–1 ppm range. The sample to the analyzers was drawn from the cham-
ber through a 4 mm i.d. Teflon line, which was 5 m long in the outdoor chamber exper-
iments [Paper I, Paper II] and 1 m long in the indoor chamber experiments [Paper III].
In the outdoor chamber experiments, the Teflon line was kept at a temperature of 40–
50 ◦C with a self-adjusting heating tape in order to minimize adsorption losses in the
long line. Furthermore, the sample was drawn through a single line and split to the
analyzers nearby in order to achieve the maximum sample flow rate (3.9 l/min) in the
Teflon line. In all experiments, a 0.45 µm pore size Teflon prefilter was used to prevent
particle transportation into the sample line and the analyzers.

In the outdoor chamber experiments [Paper I, Paper II], the total ultraviolet radi-
ation (TUVR) and total solar radiation (TSR) in the chamber were measured with an
Eppley Model TUVR radiometer (wavelengths 295–385 nm) and an Eppley Model PSP
precision spectral pyranometer (wavelengths 295–2800 nm), respectively. The chamber
air temperature and relative humidity were monitored with a Vaisala HMP233 meter in
all chamber experiments [Paper I, Paper II, Paper III].

3.2 EXAMINED AEROSOLS

3.2.1 Wood combustion aerosol

Wood chips were combusted with a stoker burner attached to a domestic heating boiler
of 20–40 kW nominal heat power output [Paper I]. The wood chips were spruce stem,
10–20 mm in size and irregular in shape. The water content of the combusted wood
chips was determined from the mass decrease of a sample pile of the chips (gross weight
100–200 grams) when heated in an oven at 110 ◦C until the mass remained unchanged.
The water content of the chips was approximately 20 % by mass.

In the stoker burner the chips are rationed from a container and transported by a
revolving screw to the burner grate. Primary combustion air is premixed with the fuel
in the transport screw. The screw rotation rate and combustion air flow rate can be
adjusted manually to achieve constant combustion. Secondary combustion air can also
be added to the flame zone through the secondary air hatch of the boiler.

The combustion was allowed to stabilize for 0.5–1 hours before injecting the
aerosol into the chamber. During the stabilization period the combustion was mon-
itored with a flue gas analyzer (Panametrics Model 300 Series) which measures the
concentration of oxygen and combustible compounds (CO+H2) in the flue gas. The
target excess oxygen concentration was 13 %. When the combustion had stabilized,
the combustion aerosol was transported to the chamber injection port through flue gas
lines, which were insulated with glass wool coating, but not heated. The flue gas tem-
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perature at the input to the chamber was approximately 40 ◦C. The flue gas residence
time in the lines in this combustion setup was approximately 10 s.

3.2.2 Diesel engine exhaust

Diesel engine exhaust aerosol for aging studies [Paper II] was produced by a jeep (Toy-
ota Land Cruiser), running at neutral gear at 1500 RPM. No specific attention was paid
to the diesel fuel, but it was a mixture of commercial summer grade diesel fuels. The
exhaust aerosol was transported to the chamber through the same flue gas lines as the
wood chip combustion aerosol. The flue gas at the injection point was apparently at
ambient temperature. In some experiments a diesel power aggregate (Perkins 103-10,
nominal output power 12 kW) was operated below the environmental chamber. Nei-
ther in these experiments the fuel (commercial light fuel oil) was inspected in greater
detail. In this setup due to shorter transfer line the residence time was 1–2 seconds and
temperature at the input to the chamber around 100 ◦C.

For studies on the effects of fuel reformulation, exhaust after-treatment and engine
operation on diesel engine exhaust particle volatility [Paper V], two diesel-powered
passenger cars of different ages and engine types, using different types of fuels, were
run on a chassis dynamometer. The exhaust was diluted in a dilution tunnel, equipped
with a constant-volume sampler. The sample to the analyzers, such as the SMPS and
VTDMA, was taken from the dilution tunnel. The sampling is described in more details
in Paper V.

3.2.3 Mineral and metal dust

In the experiments described in Paper IV, mineral and metal dusts were generated by
using a self-developed method exploiting an ejector, where pressurized air was pushed
through a nozzle into the "throat" of a mixing chamber, causing an underpressure to the
mixing chamber and suction from a dust container to the mixing chamber. A schematic
picture of the dust generation system is given in Figure 2 in Paper IV.

The dust was injected into the chamber periodically, in order to maintain a pre-
defined average dust concentration in the chamber. The concentration was monitored
in real time with the ELPI described in 3.1.1.3. The concentration of inhalable dust
varied between 0.8–8.7 mg/m3 for mineral dust (quartz) and between 7.8–13.6 mg/m3

for metal dust [Paper IV], with variations of ±16–23 % in the concentration levels.
The produced aerosol was monodisperse, with a calculated volume mean diameter of
2.9–3.0 µm for quartz dust and 3.4–3.6 µm for metal dust. For both dusts the calculated
geometric standard deviation was 1.5.
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3.3 ENVIRONMENTAL CHAMBERS

3.3.1 General

In as early as 1960s, smog chambers were used to demonstrate that certain atmospheric
processes, such as ozone formation, occur [Altshuller and Bufalini, 1971]. The name
“smog chamber” refers to studies of the processes which lead to photochemical smog
formation. Later, these smog chambers with controllable conditions have been used to
investigate e.g. the chemical and photochemical reactions of various mixtures of hy-
drocarbons and oxides of nitrogen in order to obtain experimental data for verification
of chemical and photochemical models [e.g. Finlayson-Pitts and Pitts, 2000, pp. 871-
886.]. In the first experiments only gaseous reactants and reaction products were under
inspection. During the last decades also studies on particle formation and dynamics in
the chambers have become popular.

Smog chambers are typically indoors, around 10 m3 of volume, and equipped
with UV lights, e.g. black light (350 nm) for photochemical reaction studies. The light
intensity can be (apparently) constant over time or it can be varied, simulating natural
diurnal sunlight changes. The results obtained in the smog chamber indoors with black
light irradiation have been observed to be comparable to those observed outdoors with
actual solar irradiation [Laity, 1971]. However, the results obtained in indoor smog
chambers cannot be directly extrapolated to e.g. an urban atmosphere without caution.

Larger environmental chambers have also been constructed outdoors into natural
conditions of light, temperature and humidity. In these chambers the conditions in
the troposphere can be better simulated, minimizing the influence of meteorological
phenomena and insertion of unwanted pollutants, which is an advantage compared to
e.g. direct atmospheric measurements by aircraft or balloon [Hughes et al., 2000].

The chamber walls may be fixed or the chamber may be collapsible. In a collapsi-
ble chamber, the sample air for analyzers need not be replaced, and the concentrations
in the chamber are not changed subject to sampling. However, the experiment time
is limited due to a limited volume of sample air. Collapsible bags can also be easily
divided into "study" and "control" sections.

In fixed wall chambers, different air pressures can be applied in order to study
the effect of pressure on the reactions, but the sample air has to be replaced e.g. with
filtered air. This causes dilution of the compounds in the chamber and may lead to
decreased reaction rates, at least in small chambers with a high sample flow rate.

The walls may also be permeable to gaseous compounds or gases, or particles
may be adsorbed onto or desorbed from the walls. The walls may also act as a catalyst
for some reactions. This is why the chamber material has to be as inert as possible.
The most common material is polytetrafluoroethylene (PTFE), referred also as Teflon,
which has been shown to suit well at least for high concentration experiments [Kelly,
1982]. Teflon is also available in very thin films which is important when considering
light penetration, which depends on the light wavelength. For example, 95 % of the
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350 nm UV light penetrates a 50 µm fluorinated ethylene-propylene copolymer (FEP
Teflon) film, whereas e.g. Pyrex glass is known to absorb UV light in larger extent
[Finlayson-Pitts and Pitts, 2000, p. 879], and is therefore not suitable for photochemi-
cal reactors. Of course, if for some reason, photochemical reactions are unimportant or
unwanted, a non-transparent chamber material, such as stainless steel, is preferred.

An important chamber characteristic is the surface-to-volume ratio when estimat-
ing the chamber wall effects. In rigid wall chambers the surface-to-volume ratio is
constant and the wall effects can be quite well estimated, but in collapsible chambers
the surface-to-volume ratio increases with experiment time and this enhances the wall
effects. In general, the lower the surface-to-volume ratio is, the lesser the wall effects
are. However, it must be kept in mind that also other surfaces, such as suspended
particulate matter, are usually available for heterogeneous reactions.

Wall effects, such as unknown heterogeneous reactions occurring on both fresh
and conditioned chamber surfaces and release of uncharacterized reactive vapors from
the previous experiments, are reported to be one of the largest uncertainties in chamber
experiments [Finlayson-Pitts and Pitts, 2000]. Also deposition of particulate matter on
chamber walls occurs, e.g. due to electrostatic effects [McMurry and Rader, 1985].
The wall materials, such as Teflon films, have been observed to emit contaminants
[Lonneman et al., 1981], such as carbon monoxide [Kelly, 1982]. Also ozone formation
from "clean" air in new chambers has been observed [Bufalini et al., 1977]. This is
why new chambers are recommended to be "baked" by irradiating the chamber and
leading simultaneously filtered air flow through the chamber for at least 24 hours. This
should remove most hydrocarbon, NOx and CO from the Teflon film. Also, in multiple
experiments, the chamber material should be baked between the experiments, which
was successfully employed e.g. by Stern et al. [1987].

3.3.2 Applied outdoor environmental chamber

The environmental (Figure 3.2) chamber at the University of Kuopio was constructed
in 1997 in a research project focusing on aging studies of combustion aerosols. The
chamber is mounted on a steel grating approximately 2 m above the university building
rooftop. The space under the chamber serves as a place for measurement devices and
a filtered air source, which consists of a powerful blower (1000 m3/h) and EU4, EU9
and EU14 classified filters. The filtered air enters through a hatch in the chamber floor
and the exhaust air exits through hatches in the chamber ceiling (see also Figure 1 in
Paper I). The volume of the rigid wall chamber is 143 m3 and the total surface area is
161 m2, i.e. the surface-to-volume ratio is 1.1 m−1. With the maximum filtered air flow
rate the chamber air can thus be changed seven times in an hour. For aerosol injection,
the chamber has a valve-controlled injection port equipped with a centrifugal blower
(0.5 m3/min).

The chamber walls and floor are made of 250 µm thick FEP Teflon film which
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Figure 3.2. The outdoor environmental chamber at the Laboratory for Atmospheric
Physics and Chemistry, University of Kuopio. The long walls of the cham-
ber are in NW-SE orientation, NW end near the building behind the cham-
ber. On the right is a wind shield.

is attached to stainless steel frames with aluminum profiles, using neoprene rubber
seals in the seams. An aluminum foil is inserted under the floor film in order to en-
hance radiation in the chamber, to reduce radiative heating of the floor, and to even
out temperature differences in the chamber. This is further enhanced by continuously
mixing the chamber air with a fan, which has two 0.5 m wings and rotates at the rate
of one revolution per second. The fan motor is located and operated outside the cham-
ber to prevent motor carbon particle and axle lubricant oil emissions from entering the
chamber. The exact temperature distribution in the chamber was not measured, but the
chamber air was observed to reach a temperature of 40–50 ◦C on sunny days.

The chamber has been leak-tested by injecting a tracer gas, carbon dioxide (CO2),
to the chamber and by monitoring its concentration with an FTIR CO2 analyzer at a
measurement range of 0–3000 ppm. The initial CO2 concentration was 2400 ppm and
the relative tracer gas concentration decrease rate was approximately 0.025/h. After
60 hours the CO2 concentration was 500 ppm and eventually reached the background
level (390 ppm in this measurement). From this the overall chamber air dilution rate
for CO2 was estimated to be approximately 50 per cent in 24 hours. It must be noted
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that the leak test was performed for one tracer gas only and may not be the same for
other gases or particles. As direct measurement of particle leakage is difficult because
of overlapping removal effects, such as wall losses and sampling, one has to estimate
the leakage on the basis of a tracer gas leak test.

Altogether 23 experiments, 13 with wood chip combustion aerosol [Paper I] and
10 with diesel engine exhaust [Paper II], were conducted in the outdoor chamber. Dur-
ing combustion generated aerosol injection, the ceiling hatches were kept open, in order
to keep ambient pressure in the chamber, and closed afterwards (Figure 1 in Paper I).
The injection times varied from 1 to 7 min, which corresponds to 0.5–3.5 m3 of flue
gas, and an estimated dilution ratio from 1:300 to 1:40, respectively, when the flue gas
mixed with the filtered air. The experiments started at various times of day and lasted
19–47 hours.

Prior to each experiment, the chamber was flushed for several hours with the parti-
cle filtered air and by exposing the chamber to sunlight, when available. This so called
baking process intensified the desorption of earlier deposited material from the cham-
ber walls. The desorbed material, as well as the suspended particles and vapors were
removed from the chamber air. Between the experiment sets with different fuels, the
chamber walls were cleaned with a mild detergent and rinsed thereafter with water by
using a power washer.

The outdoor chamber was also used in the laboratory tests for different sampling
methods and devices for inhalable and respirable dust [Paper IV]. In these experiments,
mineral dust was generated by using the method described in 3.2.3 and injected to the
chamber.

3.3.3 Applied indoor smog chamber

The indoor smog chamber (Figure 3.3) at the University of Kuopio is a 6 m3 collapsible
bag made of 50 µm thick FEP Teflon film. The bag is attached to stainless steel support-
ing frames and surrounded by two arrays of 34 pieces of 40-Watt Sylvania Blacklight
350 lamps on the opposite sides of the chamber. The produced 356 nm UV light pene-
trates the 50 µm FEP-teflon film almost completely (penetration 93 %). The lamps can
be switched on all at the same time, giving total UV irradiance of 48 W/m2, or in steps
of 8 W/m2. The chamber is also equipped with a fan with approximately 0.2 m wings
in order to equalize the concentrations in the chamber volume.

Altogether nine experiments with xylene (a mixture of o-, m- and p-xylenes) and
NOx were conducted in the indoor smog chamber [Paper III]. Between the experiments,
the chamber was flushed with dry, filtered air (temperature 20 ◦C, relative humidity
3 %) through injection and sampling ports. The filtered air was not completely free of
NOx, but the initial background NOx level, mainly of nitrogen monoxide, was typically
below 0.020 ppm.
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Figure 3.3. The indoor smog chamber at the Laboratory for Atmospheric Physics and
Chemistry, University of Kuopio.

3.4 COMPUTATIONAL METHODS

3.4.1 Growth rate calculations

The (total) growth rate for an aging aerosol in the environmental chambers [Paper I,
Paper II, Paper IV] was calculated as the change rate of the geometric mean diameter
dg during a time period of ∆t, i.e.

GRtotal =
∆dg

∆t
. (3.3)

The geometric mean diameter in Equation (3.3) was calculated by using Equa-
tion (2.2) and summing over all the measured size channels. The growth rate calcula-
tion was carried out in the beginning of each experiment and for the following night
(in outdoor chamber experiments) and for the time when the condensation sink was ap-
proximately constant (in indoor chamber experiments). The Equation (3.3) was applied
only when the particle size distribution was unimodal.

The growth arising from coagulation of particles in Paper I and Paper II was
calculated by using Equation (2.4). The coagulation rate was approximated as self-
coagulation for monodisperse aerosol with geometric mean diameter dg (nm) and num-
ber concentration N (cm−3).
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3.4.2 Condensation sink calculations

For the indoor chamber experiments [Paper III] the concept of condensation sink [Kul-
mala et al., 2001, 1998] was applied in order to estimate condensable vapor concen-
tration C (cm−3) and its source rate Q (cm−3s−1) as a function of time. These param-
eters were calculated from the size distribution data with geometric mean diameter of
dg (nm) and number concentration ofN (cm−3), giving the condensation sink [Kulmala
et al., 2001], and from the changes in the size distribution, giving the particle growth
rate (Equation 3.3). In the calculation of the source rate, the vapor concentration was
assumed constant and the source rate was approximated as the product of vapor con-
centration and condensation sink.

Calculating the vapor concentration and its source rate gives valuable additional
information on the formation and growth properties of nucleation mode aerosol parti-
cles. They can also be applied in estimation of the basic composition properties of the
newly formed particles. These quantities also serve as a measure when aerosol forma-
tion and growth in different environments, such as a heavily polluted urban area and a
very clean background area, are compared.
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4 MAIN RESULTS

4.1 PARTICLE SIZE AND GROWTH DURING AGING

The particle size distributions of the freshly emitted combustion aerosols were observed
to be unimodal, with a geometric mean diameter of 72–86 nm for the wood combustion
aerosol [Paper I], 66–85 nm for the diesel-powered off-road engine exhaust [Paper II],
63–77 nm for the exhaust from the passenger car with an indirect injection engine
[Paper V], and 102–115 nm for the exhaust from the passenger car with a direct injec-
tion engine [Paper V]. The particle size was observed to depend on the operation pa-
rameters of the wood combustion device and the diesel engines. For example, in wood
combustion, lower excess oxygen concentration in the flue gas (9 % vs. 13 %), i.e.
less oxygen in combustion, was observed to produce larger particles [Paper I], which
is similar to the observations of Hueglin et al. [1997]. The size of the particles from
the passenger car was found to depend on the engine speed, power output, type, and
fuel. For example, the passenger car equipped with a direct injection engine produced
approximately 30–40 nm larger particles than the passenger car equipped with an in-
direct injection engine [Paper V]. However, this finding differed from the findings of
e.g. Maricq et al. [2002] who observed significantly lower particle sizes from a light-
duty direct injection diesel engine. As discussed in Paper V, it was suggested that this
discrepancy may have emerged from the characteristics of the individual engine.

In the aging experiments of both wood combustion aerosol and diesel engine ex-
haust, the particles were observed to grow and their number concentration was observed
to decrease after they had been released into the environmental chamber. The particle
diameter growth rate was highest during the first hour, being 17–28 nm/h for the wood
combustion aerosol particles and 18–47 nm/h for the diesel particles. Later on, the
growth rate was observed to decrease, being lowest during the nights, less than 1 nm/h,
on an average. In the indoor smog chamber experiments for verification of particle
formation from gaseous precursors formed in the photooxidation of xylene and NOx,
the particles were observed to subsequently grow to around 100 nm size at a growth
rate of 8–26 nm/h. The growth rates observed in the chambers exceed those observed
in the atmosphere, and are even higher than those observed in a heavily polluted area
of New Delhi [Kulmala et al., 2005]. In order to sustain the growth rates observed in
the chamber experiments, condensable vapor concentrations of 1.1–3.6×108 cm−3 are
required, corresponding to vapor source rates of 0.15–4.4×107 cm−3s−1 [Paper III].
The calculated source rates of condensable vapors in the chamber are several orders of
magnitude higher than those observed in the atmosphere in the background stations and
correspond those in a heavily polluted area, as observed by Kulmala et al. [2005].

The main processes leading to the above mentioned growth of particles are coag-
ulation and condensation. For example, of the growth rates observed in the environ-
mental chamber, the contribution of coagulation to the particle growth was estimated to
be approximately 50 % in the wood combustion aerosol experiments [Paper I] but only
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12–35 % in the diesel engine exhaust experiments [Paper II]. These calculated results
together with the observations that the initial particle size and number concentration for
both aerosols were of the same magnitude (72–86 nm and 2.1–3.7×105 cm−3 for wood
combustion aerosol [Paper I], and 66–85 nm and 0.9–4.6×105 cm−3 for diesel engine
exhaust [Paper II], respectively) suggest that there were more condensable vapors in
the diesel engine exhaust particles than in the wood combustion aerosol particles. Also
polymerization of organic compounds in the particles may have occurred, leading to the
growth of the less volatile core of the particles, similar to that observed for atmospheric
particles by Ehn et al. [2007] and Wehner et al. [2005].

4.2 PARTICLE VOLATILITY AND ITS CHANGE DURING AGING

The volatility of fresh wood combustion aerosol particles was found to increase with
the oven temperature, i.e. the higher the temperature, the larger the size decrease at that
temperature. The volatility of fresh particles was found quite low, as only 20–32 % of
volume (6–10 % of diameter) evaporated at 360 ◦C. The low volatility of fine particles
from a similar kind of wood chip burner was also observed by Hueglin et al. [1997].
Furthermore, the degree of volatility was found to depend on the time of day when the
experiment started. The volatility of the fresh particles was highest in the experiments
that started in the afternoon and lowest in the experiments that started in the evening.
For example, the decrease in diameter of the fresh 200 nm particles was 20 nm in the
experiments that started in the afternoon, but 8–11 nm in the experiments that started
in the evening [Paper I].

The volatility of the wood combustion aerosol particles was also observed to in-
crease with aging to 14–71 % (10–68 % for diameter) for 8–12 h aged aerosol, and
to 98–99 % (74–86 % for diameter) for 24 h aged aerosol [Paper I]. Possible path-
ways leading to the higher volatility are discussed in Figure 6 in Paper I and include
e.g. change in particle composition by condensation of more volatile compounds on the
particles or photodegradation of less volatile compounds into more volatile compounds.

A similar kind of increase in the volatility of the diesel engine exhaust particles
with aging was observed, when the diesel engine was run without load [Paper II]. The
volatile volume fraction of the freshly emitted particles was 37–45 % and that of 8 h
aged particles 56–63 % at 360 ◦C. When the diesel engine was run with a 9 kW (75 %)
load, the fresh exhaust particles contained less volatile material, as only 10–24 % of the
apparent volume was found volatile at 140 ◦C and even a smaller fraction, 10–19 % of
volume, at 360 ◦C (Figure 3b in Paper II). The volatile fraction decreased further with
particle aging, being 7 % of volume at 140 ◦C and 14 % of volume at 360 ◦C after 18 h
of aging. This indicates that the fresh particles contained some volatile material that
evaporated into the chamber during the experiment.

Also the volatility of the particles from the jeep engine was found to increase when
the particles aged. The volatile fraction on the freshly produced particles was found to
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be 22–57 % at 360 ◦C, and on 24 h aged particles 78 % at 140 ◦C and 99 % at 360 ◦C
(Figure 3c in Paper II).

The volatile volume fraction of the freshly emitted particles was found to depend
on the engine load. By increasing the engine load from 0 kW to 9 kW, the volatile
fraction decreased from 37–45 % to 10–19 % at 360 ◦C [Paper II]. This is similar to
the observations by Philippin et al. [2004] and Kwon et al. [2003], who found that
an increasing engine load decreased the amount of volatile material on the particles
emitted by medium-duty diesel-fueled vehicles. A similar observation was made for
the jeep engine exhaust particles. For example, 50 % of the volume of fresh 50 nm
particles produced by the idling jeep engine was found volatile at 250 ◦C, which is
significantly more than the 2–25 % observed by Philippin et al. [2004] with higher
engine speeds.

For diesel passenger cars with higher load (3.5–20 kW) the change in particle di-
ameter due to heating was much lower than for the jeep engine exhaust in the chamber
experiments. The maximum change in particle diameter was 7 nm in 150 nm parti-
cles [Paper V], although higher volatility of diesel engine exhaust particles have been
observed in similar experiments by Kwon et al. [2003].

In the fresh diesel engine exhaust particles, the volatile fraction was found to evap-
orate already at the lowest oven temperature (140 ◦C). With aging, the particles were
transformed into less volatile, which was observed as smaller volatile fraction at 140 ◦C
but larger volatile fraction at 250 ◦C and at 360 ◦C than in the fresh particles at the
same temperatures (Figures 3a and 3b in Paper II). This suggests that during aging less
volatile compounds had been condensed on the particles, or that the lower volatility
was due to intra-particle oligomerization, as discussed in Paper II.

4.3 PARTICLE CARBON CONTENT AND ITS CHANGE DURING AGING

In this work, the mass fraction of organic carbon in the fresh wood combustion particles
was observed to be very low, 4.8 %. This is substantially less than the organic mass
fractions in biomass combustion aerosols observed by Iinuma et al. [e.g. 2007]. They
found that in the aerosol from the combustion of spruce with green needles the bulk
fine particle mass emission factor was 5800 mg/kg and of that 2120 mg/kg, i.e. 37 %
of mass was organic carbon. The observed low organic mass fraction in this work is
likely due to the quite efficient burning of the wood chips. The organic mass fraction
was, however, observed to increase with aging to 17 % for 8 h aged and 24 % for 24 h
aged particles [Paper I]. At the same time, the particulate organic to total carbon fraction
increased from 63 % (fresh) to 68 % (8 h aged) and to 79 % (24 h aged) and the fraction
of more volatile organic carbon (OC2 to total OC ratio) increased from 25 % to 33 %
and that of less volatile organic carbon (OC4 to total OC ratio) decreased from 16 %
to 13 % (Figure 4 in Paper I). One possible explanation for this is degradation of less
volatile compounds into more volatile ones, like the PAH photodegradation observed
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by Kamens et al. [1988]. The increasing OC fraction in the particles as they age agrees
qualitatively with the VTDMA analysis results.

The mass fraction of organic carbon in the fresh diesel particles was 13.1 % when
the engine was run without load and 7.1 % when the engine was run with 9 kW load.
The organic emissions are low but consistent with observations of e.g. Kittelson [1998].
The organic mass fraction, as well as the organic to total carbon fraction in the particles
from the diesel engine without load was observed to increase with aging. The organic
to total carbon fraction increased from 72 % to 91 % during a 8 h aging period, which
is consistent qualitatively with the VTDMA analysis results. In the exhaust particles
emitted by the diesel engine with 9 kW load, the organic to the total carbon fraction was
observed to decrease from 58 % to 39 % (Figure 4b in Paper II). This is in agreement
with the VTDMA analysis performed for the same aerosol (Figure 3b in Paper II) and
suggests that the fresh particles contained species which evaporated into the chamber
during the 18 h aging period.

4.4 NEW PARTICLE FORMATION AND GROWTH

In the outdoor chamber experiments, new particle formation was observed, usually in
the following morning, when the surface area of the pre-existing aerosol particles had
decreased low enough and when enough sunlight was available [Paper I, Paper II]. In
the indoor chamber experiments without these so called seed particles, the new parti-
cles were observed to form rapidly after the UV lights had been turned on [Paper III].
In the indoor chamber the new particle formation is linked to the photooxidation of
xylene. The oxidants were formed by the photochemical reactions of NO2 dissocia-
tion and subsequent oxygen radical and ozone formation. An ozone concentration of
0.010–0.038 ppm was observed in wood combustion aerosol experiments, when the
NO concentration in the chamber had sunk low enough [Paper I], but in the diesel en-
gine exhaust experiments, no ozone formation was observed regardless of lowered NO
concentration [Paper II]. On the contrary, in the indoor chamber experiments, ozone
formation was found intensive, and as high ozone concentrations as 0.79 ppm were
observed [Paper III].

When the new particle formation in the smog chamber experiments, by using an
estimated time when the particles were 3 nm in diameter, was coupled to the injected
HC/NOx ratio it was found that, in the inspected range of 3.5 to 30, the particle for-
mation is fastest with the HC/NOx ratio of approximately 10–20. With lower HC/NOx

ratios, the particle formation was estimated to have started 5–24 min later. Also, when
comparing the source rate with the initial HC/NOx ratio, it was found highest for the
HC/NOx ratio of 8. The initial NOx concentration was observed to influence the source
rate, but the initial hydrocarbon concentration not.
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4.5 ERRORS AND UNCERTAINTIES IN THE MEASUREMENTS AND

ANALYSES

The uncertainties in the on-line measurements arise from e.g. particle losses in the
sampling lines and particle instruments, as well as from the geometry and detection
capabilities of the instruments. In the off-line analyses the uncertainties arise from e.g.
losses of volatile material from the filters before the analysis.

The proposed mechanisms for the particle losses during the sample transport through
sampling lines and instruments are gravitational settling, diffusional deposition, inertial
deposition at bends, flow constrictions and turbulent regions, and electrostatic, ther-
mophoretic and diffusiophoretic deposition [e.g. Baron and Willeke, 2001]. In practise,
for submicron particles studied in this thesis, the diffusional deposition losses are the
most important while the others can be neglected, apart from the thermophoretic losses
in the thermodenuder arising from differences in the temperatures of the tube wall and
gas. Especially, in the beginning of the cooling section, where the wall temperature
suddenly drops below that of the gas, the thermophoretic losses may be increased.

The diffusional deposition in the sampling tubes depend e.g. on the tube diameter
and the flow rate in the tube. In the experiments in this thesis, a 4 mm (inner diameter)
tube was usually used for sample transport. The penetration through 1 m of this tube
was estimated to be 42 %, 91 % and 99 % for 3 nm, 15 nm and 200 nm particles, respec-
tively. The DMA types used in this thesis are reported to have a 51–99 % penetration
for 2–66 nm particles and a 89–99 % penetration for 15–750 nm particles [Pyykönen
et al., 2007]. The total penetration of the initially 50–200 nm sized particles through
the thermodenuder was estimated to be 97–99 % with the tube oven temperature of
360 ◦C. It must be noted that the penetration may be remarkably lower when the size
of the particles has decreased due to particle evaporation in the heating section of the
thermodenuder. For example, the penetration through the thermodenuder is 88 % for a
15 nm particle, and only 34 % for a 3 nm particle.

Some errors may also arise from the fact that the selected particles by the DMA are
not all of the same size, as described in 3.1.1.1. For example, approximately 20 % of the
"100 nm sized" particles at the DMA outlet are doubly charged, when a uniform particle
size distribution at the DMA inlet is assumed. In practise, the fraction of the multiply
charged particles may be even larger, depending on the particle size distribution at the
DMA inlet and the selected particle size. In this thesis, the multiple charge correction
of the SMPS measurement software was used in order to minimize this effect. The
aerosol at the DMA outlet also contains particles of different sizes due to diffusion in
the DMA [e.g. Alonso and Kousaka, 1996]. This effect is strongest for nanoparticles
and can be neglected for the particle sizes used in the VTDMA analysis in this thesis.

The condensation particle counters have been reported to suffer from coincidence
phenomenon, as described in 3.1.1.1. For example, in the CPC model used in this thesis,
the effect of coincidence becomes important at particle concentrations above 104 cm−3.
However, in the SMPS and VTDMA analyses, the concentrations registered by the CPC
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were well below this concentration level and therefore the effect of coincidence can be
neglegted. Also the counting efficiency of the used CPC was unity for the analyzed size
regions.

When the filters were prepared for the gravimetric and carbon analyses, some
loss of volatile material from the filters may have occurred, especially during the 24 h
conditioning period. This may have been the reason for very low masses of the observed
OC1 fraction, for which the evaporation losses are considered highest.
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5 REVIEW OF THE PAPERS

This thesis consists of five original papers. The major contributions of the individual
papers are as follows.

In Paper I the aging of emission from wood chip combustion in a stoker burner
was monitored in a 143 m3 outdoor environmental chamber (described in 3.3.2) for
19–27 h in order to study the size distribution, volatility and organic carbon content of
the combustion aerosol particles during aging. The analysis was based on the on-line
measurements of the particle size distribution with a scanning mobility particle sizer
(SMPS) system (described in 3.1.1.1) and the size evolution of different sized monodis-
perse particles with a volatility tandem differential mobility analyzer (VTDMA) sys-
tem (described in 3.1.1.2) and gaseous compound measurements, as well as the off-line
gravimetric and thermal-optical carbon analyses of collected samples on Teflon and
quartz fiber filters, respectively. The VTDMA analysis was performed in the begin-
ning, after 8–12 h of aging, and after 24 h of aging. The carbon analysis was performed
for the filter samples collected during the VTDMA analyses. The VTDMA and carbon
analysis results were compared with each other qualitatively.

Paper II describes overnight aging experiments in the environmental chamber de-
scribed in 3.3.2 with diesel engine exhaust from a diesel power aggregate, by applying
no or 9 kW load, and from a diesel-fueled vehicle. The volatilities of monodisperse
particles of several sizes were analyzed with VTDMA analysis described in 3.1.1.2.
The particulate organic to total carbon ratio and organic carbon subfractions (volatile at
120 ◦C, 250 ◦C, 450 ◦C and 550 ◦C) were analyzed with thermal-optical carbon anal-
ysis (section 3.1.2.2) for samples from fresh, 8 or 18 h aged and 24 h aged aerosol.
During the experiment also the particle size distribution, ozone and nitrogen oxide con-
centrations, temperature, relative humidity and total solar and total ultraviolet radiation
in the chamber were monitored.

In Paper III the formation and subsequent growth of pure organic aerosol parti-
cles were investigated in laboratory conditions. A mixture of an aromatic hydrocarbon
(HC) and nitrogen oxides (NOx) was irradiated with 350 nm UV light in a 6 m3 teflon
chamber (described in 3.3.3). Various mixtures with HC/NOx ratios from 3.5 to 30
were applied. The changes in particle size distribution were monitored in the range of
7–330 nm for 150–180 min with an SMPS system. The concept of condensation sink
was applied to the measured size distribution data in order to estimate the concentra-
tion and source rate of condensable vapor in the chamber with the method described in
3.4.2.

In Paper IV the performances of four sampling devices for inhalable dust and three
devices for respirable dust were investigated both in the laboratory and in the field.
The laboratory experiments were conducted in the outdoor environmental chamber.
Mineral and metal dusts were generated into the chamber by using a self-developed
dust blower. The introduced particle size distribution in the chamber was monitored
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continuously by using an electrical low-pressure impactor (described in 3.1.1.3) in the
size range of 0.03–6.6 µm. In the field measurements, which were carried out in a talc
production plant, a metal smelter, a metal foundry, and a peat-fired power plant, also
peat dust was examined. An IOM (Institute of Occupational Medicine) sampler was
chosen as the reference method for inhalable dust, and the IOM sampler provided with
the porous plastic foam media was used as the reference method for respirable dust.
The other instruments tested were a Button sampler, an optical Grimm aerosol monitor,
and a Dekati two-stage cascade impactor with cut-off sizes of 10 and 4 µm. The main
emphasis of the study was on the respirable sampling of the instruments.

In Paper V the effects of fuel reformulation, oxidation catalyst, engine type, and
engine operation parameters on diesel particle emission characteristics, such as particle
size distribution (SMPS), organic and elemental carbon fractions (thermal-optical car-
bon analysis), and the particle volatility (VTDMA), were investigated. The experiments
were carried out with two diesel-powered passenger cars, the other equipped with an
oxidation catalyst and an exhaust gas recirculation system, on a chassis dynamometer
in an engine laboratory.
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6 CONCLUSIONS

This thesis presents studies on different kinds of aerosols, and their formation and ag-
ing. The main findings of this work are as follows.

The particle size and number concentrations were typical for combustion aerosols
after dilution, and in all experiments the particle size distribution was unimodal. As the
particles aged, their size increased and concentration decreased [Paper I, Paper II, Pa-
per III]. The size increase arises from two typical processes in particle dynamics: con-
densation and coagulation. The latter also decreases the number concentration. From
the calculated fractions of the particle growth by coagulation for aerosols from different
sources, it was concluded that in diesel engine exhaust there were more condensable
vapors in the chamber than in wood combustion aerosol. This may well have been the
case, as the diesel engine exhaust was injected to the chamber at higher temperature
and through a shorter transfer line with less losses of condensable vapors to the transfer
line than with the wood combustion aerosol. It is therefore suggested that a transfer
line as short as possible is to be used in order to maintain the aerosol as unchanged as
possible until the actual measurements.

The volatility of the freshly emitted particles was found to change with the source
and with aging. The increased volatility due to aging can be explained with the growth
of particles by condensation, which increases the volatile fraction on the particles, or
it may have increased e.g. in photodegradation of the less volatile organic compounds
on the particles into more volatile compounds. The different possible pathways to
increased volatility have been discussed in more detail in Paper I.

The overall volatility of the particle population increased also when new particles
were formed. These new particles were high in number and they were found almost
completely volatile [Paper I, Paper II]. From this it can be concluded that new particle
formation plays an important role when volatility of an atmospheric particle popula-
tion is concerned. New particle formation was also observed in controlled conditions
as a result of photooxidation of known pollutants in urban environments, xylene and
nitrogen oxides [Paper III]. All these newly formed particles were observed to grow
subsequently to approximately 100 nm size.

The calculated vapor source rates were observed to depend on the initial concen-
trations of organic compound and nitrogen oxides, as well as the ratio of their con-
centrations. The source rate was observed to be highest and the particle formation was
observed to occur fastest at the same initial HC/NOx ratio. As the source rate was found
to be proportional of the initial NOx concentration it was concluded that oxidation pro-
cesses play an important role in particle formation.

The answers to the questions presented in Chapter 1 are threefold and as follows:

1. Is the volatility tandem differential analysis (VTDMA) a relevant on-line method
for estimating the organic fraction of aerosol particles, at least qualitatively?

Yes. In the chamber experiments with wood combustion aerosol [Paper I] and
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diesel engine exhaust [Paper II] a qualitative agreement between the on-line VT-
DMA method and the off-line carbon analysis was found. In Paper V also a
good quantitative agreement was observed between these two analysis methods.
These observations indicate that the VTDMA analysis is well applicable also for
estimation of the organic carbon fraction.

Suggestions for further work:

The method should be developed for better time resolution. For example, in this
work, the completion of the selected measurement set for the VTDMA analysis
lasted two hours. This is not a problem when performing the analysis for a steady
process, such as the passenger car exhaust by using a chassis dynamometer, but
for non-steady processes, such as aerosol aging, an improved analysis should be
used.

2. Do the aging of wood combustion aerosol and diesel engine exhaust differ from
each other?

Even if the aerosol from these two sources were almost similar according to their
size distribution and carbon content, differences in their aging were observed.
The contribution of coagulation on the growth rate was found to be higher for
wood combustion particles than for diesel engine exhaust particles, indicating
greater contribution of growth of diesel particles by condensation.

3. How do the aerosol processes in environmental chambers compare to the pro-
cesses in the atmosphere?

They might be overestimated. In the outdoor chamber the irradiation was, of
course, the same magnitude as in the atmosphere, but in the indoor chamber with
UV lamps the UV irradiation was stronger than usually in the atmosphere. This
results in increased reaction rates. Also the particle concentrations were higher
than atmospheric concentrations but rather represented the concentrations near a
stack or exhaust pipe, or those in a heavily polluted area.

Suggestions for further work:

More experiments with concentrations comparable to atmospheric concentrations
should be carried out. The chambers could also be divided into two halves in or-
der to enable simultaneous measurements of e.g. aerosols from different sources
or different reactants (including clean air), or same aerosols or reactants but with
different initial concentrations. This is important at least for experiments in the
outdoor chamber, as the prevailing conditions cannot be accurately reproduced.
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