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Sammanfattning
Luftföroreningar är gaser eller partiklar i luften som har en negativ påverkan
på människors hälsa och miljön. De vanligaste källorna till luftföroreningar
är vägtrafik, uppvärmning av fastigheter, skogsbränder och olika
industriprocesser. I Sverige och övriga Europa har utsläppen av många
luftföroreningar minskat betydligt under de senaste 50 åren, dock är de
luftburna partiklar fortfarande ett stort miljöproblem. Negativa hälsoeffekter
har kopplats till exponeringen för luftburna partiklar och speciellt
vedförbränning anses vara en viktig källa till dessa skadliga partiklar i
stadsluft och den omgivande miljön. Vedförbränning anses även vara en
betydande källa till en grupp av kemiska föreningar med misstänkta
hormonstörande

och

cancerframkallande

egenskaper,

nämligen

hydroxylerade polycykliska aromatiska kolväten (hydroxy-PAHer). Trots att
de negativa hälsoeffekterna av luftburna partiklar är relativt välkända, är de
bakomliggande biologiska mekanismerna inte helt klarlagda. Det är därför
av stor betydelse att öka kunskapen om luftburna partiklar, både vad gäller
deras kemiska sammansättning och deras fysikaliska egenskaperna.

Denna avhandling beskriver olika analysmetoder och strategier som har
utvecklats och använts för identifiering och kvantifiering av hydroxy-PAHer
i vedförbrännings- och luftpartiklar. De framtagna analysmetoderna har
använts för att undersöka inverkan av vedslag (asp, björk, gran, tall) och
förbränningsförhållanden (normala och höga förbränningshastigheter) på
utsläpp av hydroxy-PAHer. Utsläppen från förbränning med normala
förbränningshastigheter motsvarade i genomsnitt 14% av utsläppen från
höga förbränningshastigheter. De högsta utsläppen av hydroxy-PAHer
genererades vid förbränning av tall. Den kemiska sammansättningen av
förbränningspartiklarna har undersökts och 32 hydroxy-PAHer identifierades
preliminärt tillsammans med flera andra syreinnehållande lågmolekylära

föreningar. Förekomsten av hydroxy-PAHer i luftburna partiklar från
stadsluft och en biltunnel har också undersökts. Halterna av nio
hydroxylerade polycykliska aromatiska kolväten bestämdes och för 11
hydroxylerade polycykliska aromatiska kolväten gjordes en preliminär
identifiering.

Avhandlingen visar att vedförbränningen är en viktig källa till hydroxyPAHer

och

att

det

finns

övergripande

skillnader

i

kemin

hos

vedförbränningspartiklar, som beror på både förbränningsförhållanden och
vedslag. Att hydroxy-PAHer förekommer i luftburna partiklar från stadsluft
och en biltunnel tyder på att det kan finnas andra källor till dessa föreningar i
den urbana miljön, t.ex. trafiken. I avhandlingen diskuteras även valet och
lämpligheten av olika analysmetoder och strategier, utifrån syftet med
analysen och analyter som ska identifieras.

Abbreviations
1,8-DHAQ – 1,8-dihydroxyanthraquinone
1-HP – 1-hydroxypyrene
1-N – 1-naphthol
2-H-9-F – 2-hydroxy-9-fluorenone
2-HPh – 2-hydroxyphenanthrene
2-N – 2-naphthol
3-HBaP – 3-hydroxybenzo[a]pyrene
3-HPh – 3-hydroxyphenanthrene
6-HC – 6-hydroxychrysene
ANOVA – analysis of variance
API – atmospheric pressure ionization
APPI – atmospheric pressure photo ionization
ASE – accelerated solvent extraction
CID – collision-induced dissociation
CRM – charge residue mechanism
DC – direct current
ESI – electrospray ionization
EURACHEM – A Focus for Analytical Chemistry in Europe
FID – flame ionization detector
FLD – fluorescence detector
GC – gas chromatography
HB – high burn rate
HCD – higher-energy collisional dissociation
HPLC – high performance liquid chromatography
HRMS – high resolution mass spectrometry
IARC – International Agency for Research on Cancer
ICH

–

International

Conference

on

Harmonisation

of

Technical

Requirements for Registration of Pharmaceuticals for Human Use
IE – ionization energies
IEM – ion evaporation mechanism
IUPAC – International Union of Pure and Applied Chemistry
LC – liquid chromatography
LOD – limit of detection
LOQ – limit of quantification
m/z – mass-to-charge ratio
MAE – microwave assisted solvent extraction
MDL – method detection limit
MQL – method quantification limit
MS – mass spectrometry
MS/MS – tandem mass spectrometry
MS2 – tandem mass spectrometry
NAAQS – National Ambient Air Quality Standard
NB – nominal burn rate
OH-PAHs – hydroxylated polycyclic aromatic hydrocarbons
PAHs – polycyclic aromatic hydrocarbons
PCA – principal component analysis
PLE – pressurized liquid extraction
PM – particulate matter
PM10 – particles which pass through a size-selective inlet with a 50%
efficiency cut-off at 10 µm aerodynamic diameter
PM2.5 – particles which pass through a size-selective inlet with a 50%
efficiency cut-off at 2.5 µm aerodynamic diameter
Q1-3 – quadrupole 1 to 3
Q-OT-MS – quadrupole orbitrap mass spectrometer
QSRR – quantitative structure-retention relationship
RDBE – ring and double-bond equivalent
RSD – relative standard deviation

S/N – signal-to-noise ratio
SFE – supercritical fluid extraction
SPE – solid-phase extraction
SRM – selected reaction monitoring
TSP – total suspended particulates
UHPLC – ultra high performance liquid chromatography
US EPA – US Environmental Protection Agency
US FDA – US Food and Drug Administration
USE – ultra sound assisted solvent extraction
WHO – World Health Organization
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Introduction and aim of the thesis
Air pollution has been considered as a hazard to human health for centuries
and the health effects associated with exposure to air pollution have been
studied extensively. In 1960s and 1970s, “the clean air regulations” led to
the reduction of traditional air pollutants in many industrialized countries
(Valavanidis et al., 2008). However, one type of air pollution, the airborne
particulate matter (PM) is still of great concern. Adverse health effects have
been linked to exposure to PM, and wood combustion is considered as a
significant source of harmful PM in the urban air. Wood combustion is also
an important source of a group of compounds with carcinogenic and toxic
properties, hydroxylated polycyclic aromatic hydrocarbons (OH-PAHs)
(Traczewska, 2000; Kazunga et al., 2001; Yu, 2002; Wang et al., 2009).
Although the harmful properties of PM are well-known, the underlying
mechanisms are not fully understood. It is therefore of importance to
increase the knowledge about the physical and chemical properties of PM.
Furthermore, despite the toxic properties of OH-PAHs, there are few studies
that have investigated their sources, presence and formation in the urban air.

The primary aim of this thesis has been to develop analytical methods for the
identification and quantification of OH-PAHs in particulate matrices. In
Paper I, a method was developed for determination of target OH-PAHs in
wood combustion particles. The developed method was used in Paper II to
investigate the influence of wood type and burning conditions on OH-PAH
emissions. In Paper III, a combined suspect and non-target screening method
was developed to further characterize the wood combustion particles with
respect to OH-PAHs and other oxygen-containing small molecular weight
compounds. In Paper IV, a target and suspect screening method was
developed to investigate the presence of OH-PAHs in urban air particles.
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Background
Airborne particulate matter
Airborne PM consists of a mixture of solid particles and liquid droplets
suspended in the air with a particle size range from a few nm to around 100
µm in the aerodynamic diameter (Thorpe and Harrison, 2008). Air
particulates can be defined either by the particle size or the sampling method
and the most commonly used definitions are: total suspended particulates
(TSP), PM10, PM2.5, coarse particles, fine particles, ultrafine particles, black
smoke and black carbon. Until 1987, TSP was used to define the
(unintended) size-selectivity of the inlet for particle sampling. The size of
sampled particles varied with the wind speed and direction, ranging between
20 to 50 µm in the aerodynamic diameter (Chow, 1995). Between 1987 to
1997 the US Environmental Protection Agency (US EPA) revised the
National Ambient Air Quality Standard (NAAQS) for PM, introducing two
new categories; inhalable coarse particles, which pass through a sizeselective inlet with a 50% efficiency cut-off at 10 µm aerodynamic diameter
(PM10) and fine particles, which pass through a size-selective inlet with a
50% efficiency cut-off at 2.5 µm aerodynamic diameter (PM2.5). Ultrafine
particles are a subgroup of fine particles (Heal et al., 2012). Black smoke is
referring to the optical absorption of the PM and typically contains at least
50% respirable particles smaller than 4.5 µm in diameter (Latha and
Highwood, 2006). The optical darkness is dominated by the contribution of
elemental carbon particles and its use is recommended in areas where
combustion is the dominant component of ambient particles. Black carbon is
the most strongly light-absorbing component of PM and emits directly to the
atmosphere in the form of fine particles (Janssen et al., 2012).
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While coarse particles constitute of 90 – 95% of the total mass of PM, the
fine particles are greater in number and have also greater total surface area,
compared to coarse particles (Valavanidis et al., 2008). The fine and coarse
particles also differ in sources, composition, atmospheric-life times and
environmental and health impact. The sources of PM can be both
anthropogenic and natural. Evaporated sea spray, windborne pollen, dust,
forest fires and volcanic eruptions are all examples of natural sources of PM,
while the anthropogenic sources are different industrial and combustion
processes, as well as road traffic. The chemical composition of PM is highly
depending on the sources, but also on climate and seasonal variations
(Valavanidis et al., 2008). The major components of PM are volatile or semivolatile organic species adsorbed onto particles, metals, ions (sulfate,
nitrate), minerals, gases, and materials of biological origin (Valavanidis et
al., 2008).

The health effects associated with the exposure to PM have been linked to
the size of the particles. In general, PM10 and PM2.5 are considered to be
more potent in causing health problems, due to their ability to enter the
human lung. Several epidemiological studies have been able to link longterm exposure to PM to reduced lung function, respiratory symptoms,
chronic bronchitis (Bates, 1992), cardiovascular diseases (Donaldson et al.,
2001) and lung cancer (Vineis et al., 2004; Gallus et al., 2008). The shortterm health effects with emphasis on mortality and hospitalization have been
studied both in USA and European countries, showing that for each 10
μg/m3 increase in PM10 the all-cause daily mortality increased by
approximately 0.5% (Katsouyanni et al., 1995; Samet et al., 2000a; Samet et
al., 2000b; Katsouyanni et al., 2003). Recently, the International Agency for
Research on Cancer (IARC) classified the airborne PM as carcinogenic to
humans Group 1 (IARC, 2014). The World Health Organization (WHO) has
estimated that exposure to PM10 globally caused 3.7 million premature
19

deaths in 2012 (WHO, 2014). In Sweden, exposure to PM has been
estimated to cause between 3000 – 5000 premature deaths annually,
corresponding to shorter average life span of 6 – 12 months (Forsberg et al.,
2005).

Combustion related particles
Combustion is a high-temperature exothermic chemical reaction between a
fuel and an oxidant, usually atmospheric oxygen. Under ideal conditions, a
complete combustion process would result in the generation of CO2 and
water vapor. In real life, the combustion is almost always incomplete due to
oxygen deficiency that prevents the fuel to react completely. For most fuels,
e.g. diesel, coal or wood, pyrolysis occurs before combustion. In incomplete
combustion, products of pyrolysis remain unburnt; resulting in emissions of
a large number of particulate and gaseous matter, soot and organic
compounds (Simoneit, 2002). Combustion sources can be divided into area
or point sources, stationary or mobile sources, and outdoor or indoor
sources. Outdoor sources can be mobile including vehicles, aircrafts and
boats, or stationary including industrial sources, power plants, refineries, etc.
Indoor combustion sources are related to cooking, heating and tobacco
smoking (Morawska and Zhang, 2002). The emissions from combustion
depend on the composition of the fuels, the combustion conditions, and if
any gas cleaning devices are used, the effectiveness of those. It is however
assumed that combustion-related particles are more harmful to health than
PM that is not generated by combustion (Krzyzanowski et al. 2005).
Combustion products of coal were the first recognized chemical carcinogens
discovered by Sir Percival Pott in 1775 (Yuspa and Poirier, 1988). Since
then, adverse health effects have been linked to exposure to coal and
biomass combustion emissions, and IARC has classified the emissions from
household use of coal as Group 1 carcinogens, whereas emissions from
20

biomass have been classified as Group 2A probable carcinogens (IARC,
2010). Furthermore, the health effects of vehicle exhaust emissions have
been investigated thoroughly and both diesel and gasoline exhaust have been
classified by IARC as Group 1 carcinogens and Group 2B possible
carcinogens, respectively (IARC, 2013).

Wood combustion
When heated, wood does not burn directly, it first undergoes thermal
degradation or pyrolysis and its constituents start to hydrolyze, oxidize,
dehydrate and pyrolyze when the temperatures increase, forming volatiles,
tarry substances and highly reactive carbonaceous char (Simoneit, 2002).
The combustion process begins at the ignition temperatures resulting in both
partial and complete combustion of resinous compounds and decomposition
products of cellulose, hemicelluloses, and lignin, the three main constituents
of wood. The next step in the combustion is the flaming process where the
char formation continues until the combustible volatile flux drops below the
minimum level required for flame spread and the smoldering process starts.
During the smoldering the charring process continues and additional volatile
products are emitted (Simoneit, 2002).

There are three main mechanisms of conversion of wood constituents; char
formation, depolymerization and fragmentation (Collard and Blin, 2014).
The char formation occurs by intra- and intermolecular rearrangements of
the polymers and large polycyclic aromatic structures are formed by the
combination of benzene rings (McGrath et al., 2003). During the
depolymerization, occurring at temperatures between 250 °C and 500 °C, the
bonds between the monomer units of the polymers are broken until the
produced molecules become volatile (Mamleev et al., 2009; Van de Velden
et al., 2010). With increasing temperatures (>550 °C) the linkage of covalent
21

bonds of the polymer starts to fragment, eventually resulting in the formation
of incondensable gas and small chain organic compounds (Van de Velden et
al., 2010). If the formed volatile compounds are unstable they can undergo
secondary reactions, e.g. cracking (>600 °C), which is the breaking of
chemical bonds within the volatile compounds resulting in formation of low
molecular weight compounds (Morf et al., 2002; Van de Velden et al.,
2010), or recombination (>800 °C) which is the combination of volatile
compounds into higher molecular weight compounds (Morf et al., 2002).
During recombination reactions, the formation of polycyclic aromatic
hydrocarbons (PAHs) is favored (Morf et al., 2002). The operating
conditions and diversity in the composition of the wood also contribute to
the complexity of the final combustion products. It is known that a high burn
rate favors the formation of volatile compounds, whereas low burn rate
favors the production of char (Bridgwater 2003; Goyal et al., 2008; Collard
and Blin, 2014).

Wood combustion particles
Residential combustion is one of the main, important sources of wood
combustion particles and comprises various origins, e.g. open fireplaces,
wood and pellet stoves, masonry heaters, and boilers for wood, wood chips
and pellets (Bølling et al., 2009). The combustion process and air supply
varies between different appliances, as well as between old and new models.
Other parameters influencing the combustion are the fuel type and
combustion conditions (Johansson et al., 2004; Tissari et al., 2007).
Therefore, the physicochemical characteristics of wood smoke/combustion
particles vary significantly. They can however be divided into three classes:
spherical organic carbon particles, soot particles and inorganic ash particles.
The toxicity of these particles depends on their morphology, internal
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microstructure, solubility, hygroscopicity, and content of organic and
inorganic compounds (Bølling et al., 2009).

In order to characterize and estimate the contribution of residential wood
combustion to ambient PM, different markers have been used, e.g. the
content of organic and elemental carbon, specific organic compounds
(levoglucosan, 1,3-butadiene, benzene, PAHs) and metals (Jordan et al.,
2006; Gustafson et al., 2007; Saarikoski et al., 2008). In addition, several
studies have investigated the negative health effects associated with the
exposure to wood combustion particles. It has been demonstrated that the
wood/biomass combustion contributes to 10 – 40% of the fine particle
concentrations in large cities (Song et al., 2007; Wu et al., 2007; Saarkoski et
al., 2008) as well as to increased levels of PM2.5, organic particle fraction,
particle-bound PAHs and volatile organic compounds, locally (Hellén et al.,
2008). It has also been shown that in residences heated with wood stoves or
boilers, there is an increased exposure to particle-associated metals, black
smoke and organic compounds (Molnar et al., 2005). The health effects
associated with exposure to wood smoke beside carcinogenicity are
decreased lung function, reduced resistance to infections and increased
severity/incidences of acute asthma. In addition, inhalation studies of wood
smoke have shown a possible link to cardiovascular effects (Barregard et al.,
2008; Bølling et al., 2009).

Hydroxylated polycyclic aromatic hydrocarbons
PAHs are composed of two or more benzene rings fused together into a
larger aromatic system, and are formed during different incomplete
combustion processes. They are environmental contaminants and have been
shown to have carcinogenic properties, some of them classified by IARC as
Group 1, Group 2A and 2B substances (Rantanen, 1983; Mastrangelo et al.,
23

1996; Boffetta et al., 1997; el-Bayoumy, 2008; IARC, 2015). OH-PAHs are
oxidation products of PAHs, with one or more OH-group(s) attached (Figure
1). They are formed by microbiological and/or photochemical degradation of
PAHs in the urban environment, and in the human body as metabolites of
PAHs (Boström et al., 2002; Vione et al., 2004).

Figure 1: Structures of OH-PAHs
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The main metabolic formation of OH-PAHs in the body involves the
formation of an epoxide, catalyzed by the family of cytochrome P-450
enzymes (CYP1A1, 1A2, 1B1 and 3A4). The epoxide can then be converted
by epoxide hydrolase to a dihydrodiol or spontaneously isomerize to a
phenol (Jacob and Seidel, 2002), as shown in Figure 2. The carcinogenic
properties of PAHs originate from the formation of epoxides, very reactive
intermediates with the ability to covalently bind to DNA (Boström et al.,
2002).

Figure 2: Metabolic formation of OH-PAHs in the human body

When PAHs are released into the atmosphere they can react with different
species and substances present in the air, forming oxy-, hydroxy-, and nitrosubstituted PAHs (Vione et al., 2004). One of the possible pathways of OHPAH formation is the reaction with atmospheric OH-radicals followed by
further reaction with O2. During night time the reaction with the NO3-radical
is however one of the main sources of OH-PAHs (Vione et al., 2004). These
two formation mechanisms of OH-PAHs in the atmosphere are illustrated in
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Figure 3. They can also be formed during wood and coal combustion,
presumably through rapid radical reaction between hydroxyl radicals and
PAHs (Simoneit et al., 2007; Bi et al., 2008).

Figure 3: Atmospheric formation of OH-PAHs (Vione et al., 2004)

PAHs and their oxy- and nitro-substituted derivatives have been studied
extensively over the past decades, in contrary to OH-PAHs. For the latter,
most of the studies have focused on them as metabolic products and
biomarkers of PAHs (Jongeneelen, 2001; Jacob and Seidel, 2002).
Nevertheless, studies have demonstrated that they have toxic and
carcinogenic properties (Traczewska, 2000; Kazunga et al., 2001; Yu, 2002;
Wang et al., 2009). Several studies have also shown that OH-PAHs are
26

endocrine disruptors, among others 1-hydroxypyrene (1-HP), 2- and 3hydroxyphenanthrene

(2-HPh,

3-HPh),

2-hydroxychrysene

and

3-

hydroxybenzo[a]pyrene (3-HBaP) have been shown to exhibit estrogenic
activity (Hirose et al., 2001; Kamiya et al., 2005; Hayakawa et al., 2007),
while 8-hydroxybenzo[a]pyrene has been shown to have strong antiestrogenic activity (Hirose et al., 2001; Hayakawa et al., 2007).

Due to their lower volatility compared to the parent PAHs, OH-PAHs tend to
condense on particles and thus are mostly associated with particles (Vione et
al., 2004). They have been detected in both PM10 and PM2.5 air samples
collected from semi-urban areas (Kishikawa et al., 2004; Wang et al., 2007;
Barrado et al., 2012; Barrado et al., 2013), as well as in particles from wood
and coal combustion (Simoneit et al., 2007; Bi et al., 2008; Cochran et al.,
2013). Furthermore, OH-PAHs have been determined in soil (Bandowe et
al., 2011), and wastewater and suspended solids from sewage treatment
plants (Pojana and Marcomini, 2007).
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The analytical chain
Analytical strategy
Before the development and application of an analytical method, an overall
strategy should be considered, depending on the task, the sample matrix and
the analytes to be identified or determined. Three conceptually different
strategies can be used: target analysis for determination of known
compounds, semi-target (suspect) screening of suspect candidates, and nontarget screening of unknown compounds (Krauss et al., 2010). The target
analysis, used in Papers I, II and IV, is the most common and
straightforward, in which an analytical method is created and validated for
certain analytes using reference standards. Suspect screening (Papers III and
IV) is often performed when there are no reference standards available, but
other compound-specific information, e.g. exact masses, molecular formula,
isotopic pattern, structure and mass spectra can be used for tentative
identification of compounds of interest. Non-target screening (Paper III), in a
strict sense, is performed without any prior information on the analytes and
all compounds can be detected and identified without any pre-selection
(Gosetti et al., 2015).

Sampling
Sampling is the first step in an analytical procedure. If done incorrectly, it
will have a large impact on the accuracy and precision of the results. In order
to sample correctly, certain parameters need to be taken into account, e.g. the
physical and chemical properties of the target analytes, the properties and
complexity of the matrix, the environment where the sampling is done,
meteorological conditions, etc. Due to their high volatility, unsubstituted
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PAHs can be released both in the gas phase and be associated with particles
(Mastral et al., 2000). Generally, the low molecular weight PAHs containing
of two or three aromatic rings are mainly released in the gas phase, while
PAHs containing more than three rings are associated with particles (Liu et
al., 2007). As mentioned previously, OH-PAHs have lower volatility than
the unsubstituted PAHs and tend to be associated with PM (Vione et al.,
2004). This can be demonstrated by comparing the vapor pressures of
naphthalene, a two-ring PAH and the corresponding OH-PAH, 2-naphthol
(2-N). The latter one has a vapor pressure of 0.00032 mm Hg at ambient
temperature (Bidleman, 1988), while naphthalene has a vapor pressure of
0.085 mm Hg (Ambrose et al., 1975). However, the gas-particle partitioning
depends on a variety of parameters, such as the liquid vapor pressure, the
ambient temperature, the chemical composition and surface area of the PM
(Liu et al., 2007). These parameters, together with the volatility of OH-PAHs
determine the way in which they are emitted into the atmosphere. This in
turn determines the sampling strategy that should be used. In the work
presented in this thesis sampling of different types of particles, wood
combustion (Papers I – III) and airborne particles (Paper IV), was performed
using different sampling strategies.

Sampling of airborne particulates
Both passive and active sampling can be used for the sampling of PAHs and
their derivatives. The passive sampling is used for the collection of gas phase
PAHs, while particle-associated PAHs are collected using active sampling.
Airborne particle sampling is usually performed using a pump to force air
through a collecting medium, a filter and/or an adsorbent. A combination of
a filter and a solid adsorbent is often used to separately collect the particulate
and the volatile gaseous phase (Ravindra et al., 2008). The most commonly
used filters for the collection of particle-bound PAHs are glass fiber filters,
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quartz fiber filters and cellulose filters (Liu et al., 2007). Depending on the
size of the particles collected, different samplers can be used. PM 10 and
PM2.5 can be collected using both high and low volume-samplers. Two highvolume samplers equipped with PM10 inlets and glass fiber filters were used
in Paper IV. The sampling of particles from the urban background was
conducted at Torkel Knutssonsgatan, approximately 20 meters above
ground, at roof top level in the central parts of Stockholm (Sweden), while
roadside particles were collected in the southbound line of a car tunnel,
Söderledstunneln in Stockholm.

Several sampling artifacts are associated with conventional filter sampling.
The concentration of PAHs and their derivatives associated with particles
can be underestimated due to volatilization from particles to the gaseous
phase. The concentrations can be overestimated due to adsorption of gasphase PAHs on the filter substrates or the collected particles (Gundel et al.,
1995). Furthermore, it has been demonstrated that OH-PAHs can be formed
on filters via oxidative degradation of adsorbed unsubstituted PAHs (Brown
et al., 2012; Liu et al., 2014). However, it has also been shown that OHPAHs react faster with ozone compared to unsubstituted PAHs (Mieta et al.,
2009) and negative correlation has been observed between the ozone
concentration and the atmospheric concentrations of OH-PAHs (Barrado et
al., 2013). To avoid and reduce the sampling artifacts, modified samplers
equipped with ozone trap and denuder can be used. In a denuder equipped
sampler, the gas phase is trapped on a solid sorbent coated on the denuder
surface prior the collection of particles on a filter. As the sorbent remove the
gas phase, the oxidizing species present in the gas phase are also removed
(Ravindra et al., 2008).
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Sampling of wood combustion particles
The emissions from wood combustion vary significantly depending on the
appliances used, the fuel type (e.g. wood logs, chips or pellets), the condition
of the fuel (e.g. moisture content and log size), and burning conditions
(Tissari et al., 2007). In order to achieve reproducible sampling it is of great
importance with a controlled combustion process. The combustion and
sampling set-ups used in Papers I – III have been developed and described in
earlier studies (Pettersson et al., 2011; Eriksson et al., 2014), where each step
is standardized and monitored. The wood combustion particles were
generated using a conventional natural draft wood stove, operated in two
modes; nominal burn rate (NB) and high burn rate (HB). Recommendations
from the manufacturer for NB were followed, as well as for HB, but in the
latter case slightly overloading the stove with more and smaller logs without
exceeding the probable variations during real-life operation.

Dilution air

Porous tube

.................................................................

..................................................................
Sample flow

Figure 4: Schematic sketch of a porous dilution tube

The sampling started slightly before the addition of the logs and proceeded
until the last flame had extinguished itself. To improve the repeatability of
the burning cycles, a flue gas fan was used, resulting in a constant air flow
into the stove over the combustion cycle (Eriksson et al., 2014). The emitted
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particles were collected in the flue gas channel, approximately 2.5 m from
the top of the stove. A porous dilution tube, shown in Figure 4, was used to
simulate the atmospheric dilution process when the emissions enter the
atmosphere (Lyyränen et al., 2004).

Sample extraction
Following the sampling, a typical step in an analytical procedure is to extract
the analytes from the sample matrix. Various extraction techniques are
available, depending on the complexity of the matrix and the analytes to be
determined. The particulate matrices analyzed in this thesis are very
complex, often containing many different classes of compounds in varying
amounts, while the OH-PAH concentrations are low. Thus, the extraction
efficiency of the chosen extraction technique is of great importance. Other
important aspects are the reproducibility of the method, the simplicity, the
time- and cost efficiency, and the amount of organic solvents used. In order
to increase the extraction efficiency, heat, elevated temperature and pressure,
supercritical fluids, microwaves and ultra sound can be used. These
extraction techniques are commonly used for the extraction of PAHs and
their derivatives from particulate matrices (Liu et al., 2006). Soxhlet
extraction has traditionally been used due to its high extraction efficiency,
however, it normally requires large volumes of organic solvents, and is both
labor-intensive and time consuming (Dean and Xiong, 2000). Ultra soundand microwave assisted solvent extractions (USE and MAE), supercritical
fluid extraction (SFE) and pressurized liquid extraction (PLE) are more
convenient compared to the Soxhlet extraction due to their speed, relatively
low solvent consumption, the possibility of simultaneous extraction and
automation. However, USE and MAE are less reproducible and have lower
mass transfer rates compared to the continuous extraction techniques, such
as PLE, Soxhlet and SFE (Lundstedt et al., 2000). Although SFE is
32

convenient in many cases, for the extraction of PAHs it is necessary to add
modifiers to the supercritical fluid, making the development of the extraction
method tedious (Camel, 2001). Additionally, when performing a non-target
screening, there is a need for a more general extraction procedure in order to
extract as many compounds as possible. Taking into account the advantages
and disadvantages of the different extraction techniques, PLE was
considered as an appropriate extraction technique and was used for the work
performed in all Papers (I – IV).

Pressurized liquid extraction
Known under the trade name accelerated solvent extraction (ASE), PLE was
first introduced in 1995. It is an extraction technique which uses liquid
solvents at elevated temperature and pressure, enhancing the extraction
performance and shortening the extraction time (Figure 5).

Pump
Purging valve

Extraction cell

Oven
Static valve
Solvent reservoirs

Nitrogen

Collection bottle

Figure 5: Schematic sketch of a PLE system
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The temperature is one of the most important parameters affecting the
extraction efficiency (Mustafa and Turner, 2011). By increasing the solvent
temperature above its atmospheric boiling point, the analyte-sample matrix
interactions caused by van der Waals forces, hydrogen bonding and dipole
attraction can be disrupted (Richter et al., 1996). The surface tension
decreases, allowing analytes to dissolve faster in the solvent (Möckel et al.,
1987). The viscosity of the solvent decreases, enhancing its penetration into
the matrix. Furthermore, mass transfer of the analyte molecules into the
solvent is improved, yielding in faster extractions. The role of high pressure
during the extraction is that temperatures above the boiling point can be
reached while the solvent remains in its liquid state (Mustafa and Turner,
2011).

The temperatures that can be applied range from ambient temperature up to
200º C, and the pressures range from 500 to 3000 psi. The extraction is
performed in static or dynamic mode, in a stainless steel cell, after the
temperature and pressure settings have been reached. The static time and
extraction cycles are two other parameters that can be optimized, which was
done in Paper I, when OH-PAHs were extracted from wood combustion
particles. By the means of experimental design, four factors and their impact
on the extraction efficiency were examined: temperature (100°C or 200 °C),
pressure (1000 psi or 2000 psi), the number of extraction cycles (1 or 2) and
the static time of each cycle (5 min or 10 min). Accordingly, the main
conditions that affected the extraction efficiency were the temperature and
the pressure. The average recovery was increased linearly with increased
temperature and pressure and was highest at their maximum values, as
shown in Paper I. Methanol was chosen for the extraction of OH-PAHs,
since it has been shown to efficiently extract other oxygenated PAHs
(Mirivel et al., 2010). The extraction recoveries ranged from 70 to 102%,
where five out of eleven analytes exhibited recoveries around 100%. The
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lower yields were still acceptable since the extracted OH-PAHs had a rather
large difference in their chemical properties, such as different number of
rings, (two up to five rings), and some of them were also hydroxy-quinones,
with an additional double-bonded oxygen. The same extraction procedure
was successfully used for the air particulate samples in Paper IV.

Sample clean-up
In order to make the extraction procedure selective, additives, solvents and
solvent mixtures of different polarities can be used. Ideally, the extraction
solvent should have high selectivity and solubility of the target analytes and
no or minimal solubility of unwanted compounds. However, most of the
high-efficiency extraction techniques are rather non-selective, and unwanted
compounds are extracted from the sample matrix together with the target
analytes. For instance, due to the use of elevated temperature and pressure
during PLE, the amount of co-extracted analytes is greater, decreasing the
selectivity of the extraction (Mustafa and Turner, 2011). Thus, an additional
clean-up procedure of the raw extract is usually required before the analysis.
The clean-up is performed in order to remove the unwanted compounds that
can interfere with the target analytes. The interference of unwanted
compounds can result in co-elution, matrix effects, poor sensitivity and
higher detection limits. Particularly matrix effects are of great concern when
electrospray ionization (ESI) mass spectrometry (MS) is used for detection.
Matrix effects are defined as the alteration of ionization efficiency by the
presence of an interfering compound, resulting in suppression or
enhancement of the signal from the target analytes (Taylor, 2005). Several
clean-up procedures have been developed and used for the analysis of PAHs
and their derivatives in PM, including solid phase extraction (SPE), size
exclusion chromatography and liquid chromatography (LC).
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Clean-up utilizing solid phase extraction
In a SPE, a solid particle surface with bonded functional groups, placed in a
small cartridge acts as the stationary phase. The target compounds are
separated from other compounds in the sample by interacting with the solid
phase according to their physical and chemical properties (Christian et al.,
2014). The clean-up utilizing SPE is done by either retaining the analytes to
the solid sorbent stronger than the matrix, or vice versa. Depending on the
properties of the analytes and the sample matrix, the SPE clean-up can be
performed in a variety of operation modes using different types of sorbents.
However, three operation modes are more commonly used for organic
compounds: normal-phase with a polar sorbent, reverse-phase with a nonpolar sorbent and ion exchange-phase with a sorbent that contains a charged
group attracting the opposite charge. Normal-phase SPE is usually used to
remove polar matrix interferences from raw extracts of solid matrices. Two
commonly used polar sorbents for normal-phase SPE are silica, alumina and
magnesium silicate (Zuloaga et al., 2012). In Papers I, II and IV, the cleanup was performed using a SPE with unmodified silica sorbent in order to
retain compounds that were more polar than OH-PAHs.

The clean-up efficiency was evaluated by comparing the matrix effects of a
raw extract and a treated extract. Post-extraction standard addition
experiments were performed and the response factors obtained by these
additions were compared with the response factors obtained from pure
standard solutions. Ideally, the relative response factors should be 100%.
The initial matrix effect experiments performed on raw extracts in Paper I
showed that the developed method suffered from both signal suppression
and enhancement, with matrix effects ranging from 85 to 120%. After the
clean-up procedure the matrix effects decreased, ranging from 92 to 104%,
and were considered small.
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Instrumental analysis
The final separation and detection of the target analytes is usually performed
utilizing a chromatographic system coupled to a detector. During the
chromatographic separation the components to be separated are distributed
between two phases, a stationary phase and a mobile phase, while moving in
a definite direction (Ettre, 1993), usually in a column. Two types of
chromatography are frequently used for the determination of PAHs and their
derivatives, gas chromatography (GC) and LC. GC is optimal for gases and
volatile and non-polar organic compounds, but not for polar, thermo-labile
compounds, although they can be derivatized to make them more appropriate
for GC. Compared to GC, LC can be used for the separation of a wider range
of compounds; both small and large molecules, as well as polar, thermolabile, and non-volatile compounds. Furthermore, different types of
stationary phases and solvents are available for LC (a clear advantage over
GC), although normal- and reversed-phase types are the most commonly
used.

In order to detect the target analytes, GC and LC are coupled to a detector.
Different detectors are available for the detection of PAHs and their
derivatives for both GC and LC, some of them more common than others.
GC coupled to flame ionization detector (FID) or MS and LC coupled to
fluorescence detector (FLD) are the conventional analytical methods for
determination of unsubstituted PAHs. For thermo-labile and low-volatile
derivatives, LC-FLD or LC-MS can be used (Liu et al., 2007). MS is one of
the most powerful detection techniques in analytical chemistry, and different
types of MS are available for GC and LC. It is a technique that produces,
separates and detects ions in the gas phase. The ions produced are separated
according to their mass-to-charge ratio (m/z) in a mass analyzer; also here
different types are available.
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The increasing attention toward non-volatile and polar environmental
pollutants in recent years has been a result of the availability of LC-MS that
allows for the determination of these compounds. The low-volatile
properties of OH-PAHs have complicated their detection in the environment,
due to the use of GC and a required derivatization step. Furthermore,
coupling LC to high resolution mass spectrometers (LC-HRMS) has enabled
target, suspect and non-target screening of environmental contaminants,
something that before almost solely was done using GC-MS. LC-HRMS was
used in Papers III and IV for suspect screening of OH-PAH isomers and
non-target screening of other organic compounds in air and wood
combustion particles.

Liquid chromatography
In Paper I, the chromatographic separation was performed on a conventional
high performance liquid chromatography (HPLC) instrument, with back
pressures up to 400 bar. In Papers II-IV, another type of LC system, namely
ultra high performance liquid chromatography (UHPLC) instruments with
back pressures above 1000 bar were used. Conventional HPLC instruments
have limited peak capacity, resulting in inferior chromatographic resolution.
To increase the peak capacity, columns with smaller diameter and smaller
particle sizes can be used, both increasing the back-pressure of the system
(Novakova et al., 2006). UHPLC instruments have been designed to
withstand high back-pressures. When using UHPLC instruments, smaller
columns packed with smaller particles can be used and in combination with
higher flow rates, the speed and resolution of the separation are increased.
Furthermore, the efficiency of UHPLC instruments can be exploited, to meet
the challenges posed when the screening of complex matrices is performed
using HRMS (Gosetti et al., 2015). Other advantages with UHPLC
compared to HPLC are the decreased solvent consumption and increased
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sample throughput (Novakova et al., 2006).

However, the high back-

pressures in UHPLC systems can decrease the life time of the columns,
therefore it is important to use customized columns.

Revered-phase chromatography, the most commonly used form of LC, was
used for the separation of OH-PAHs. The separation occurs primarily
according to the “equal dissolves equal” principle. The columns used for
reversed-phase contain silica particles with residual silanol groups, providing
polar interaction sites. Functional groups, e.g. hydrocarbon chains, typically
with either 8 or 18 carbons, are attached to the surface of the silica particles.
Many

different

column

types

are

available

for

reversed-phase

chromatography, some of them endcapped, reducing the free silanol groups,
as shown in Figure 6.

Figure 6: An endcapped C8 stationary phase
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In Paper I, a C18 column was used with an inner diameter of 2.1 mm, 50 mm
length and 3 µm in particle size. Twelve compounds were separated within 7
min with a total run time of 12 min. Most of the peaks and all of the isomers
were well separated; only 2-hydroxy-9-fluorenone (2-H-9-F) could not be
separated from the naphthol isomers. However, these compounds had
different precursor and product ions and could be separated from each other
in the MS. The same compounds were separated within 5 min (total run time
of 8 min) in Paper II using a UHPLC, a C18 column with smaller particle size
(1.8 µm) and higher linear flow rate (0.5 mL/min), compared to the flow rate
(0.25 mL/min) used in Paper I.

Electrospray ionization
The ionization of the analytes occurs in the ion source of a MS. Different ion
sources are available for the different MS instruments. Conventional
ionization methods for GC-MS employ sources that operate at high vacuum.
For the LC-MS instruments, due to the liquid mobile phase, the ionization
occurs at atmospheric pressure, while high vacuum is maintaining in the rest
of the instrument, known as atmospheric pressure ionization (API). The most
commonly used API interface is ESI. It is well suited for the analysis of a
wide range of molecules, from small molecules to very large biomolecules.
The sample solution is sprayed across a high potential difference of a few
thousand volts from the electrospray needle, converting the solution into a
charged spray. The spray droplets are evaporated by nitrogen and heat,
leading the droplets to decrease and eventually release the charged ions. ESI
is a soft ionization technique. Both positive and negative ions are generated
depending on the electrospray needle polarity and the ions can be both
single- and multi-charged.
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The ionization mechanisms of ESI have been studied for many years and
two different mechanisms have been suggested (Figure 7); an ion
evaporation mechanism (IEM) and a charge residue mechanism (CRM)
(Dole et al., 1968; Iribarne and Thomson, 1976; Wilm, 2011). IEM is valid
for smaller molecules, suggesting that the constant evaporation of the
droplets will increase the field strength at their surface, which will lead to
consecutive splitting of the droplets and expel solvated ions from them
(Iribarne

and

Thomson,

1976;

Wilm,

2011).

CRM

applies

to

macromolecules, e.g. proteins and polymers and suggests that droplets only
contain one analytical ion and the charge excess is accommodated by the
molecule itself as the droplet evaporation reaches completion (Dole et al.,
1968; Wilm, 2011).
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Figure 7: Ionization mechanisms in ESI

For the non-target/suspect screening of OH-PAHs and other unknown
organic compounds in air and wood combustion particles (Papers III and IV)
ESI was considered to be an appropriate ionization technique. To be able to
detect as many compounds as possible, both negative and positive ionization
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modes were used for the suspect and non-target screening in Paper III. For
OH-PAHs, negative ionization mode was used as they form negatively
charged molecular ions [M–H]– by deprotonation.

Different additives can be used to enhance the ionization. For positive
ionization mode, different volatile acids e.g. acetic acid, formic acid or
trifluoroacetic acid can be added in the mobile phase to enhance the
protonation of analyte ions. Similarly, volatile bases e.g. ammonium acetate,
ammonium formate can be used to help deprotonation in negative ionization
mode. In Paper III, 0.1% formic acid was added to enhance the ionization in
positive ionization mode. In order to enhance the ionization further, also
different instrumental parameters can be optimized, usually by direct
infusion of the analyte solution and tuning of the parameters.

Atmospheric pressure photo ionization
Atmospheric pressure photo ionization (APPI) is another API interface, used
to a significantly lesser degree than ESI. Less polar compounds can be
ionized compared to ESI, as well as compounds that require harsher
ionization. An APPI ion source includes a heated nebulizer vaporizing the
analyte solution. The vaporized mixture enters the ionization region and the
ionization process is initiated by photons that are emitted by a high intensity
UV lamp. The emitted photons ionize molecules with ionization energies
(IE) below their energy (usually 10 eV), which includes larger molecules,
but leaves out most of the typical gases (oxygen, nitrogen, carbon dioxide)
and mobile phase solvents (Kauppila, 2004). However, the photons can
easily lose their energy in collisions with instrument surfaces and gas-phase
particles, and by using a large amount of a readily ionizable substance the
charge can be efficiently transferred to the analytes (Ketkar et al., 1991).
Thus, the ionization efficiency can be enhanced by the addition of a dopant
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that has lower IE than the emitted photons. The photo-ions that are created
from the ionization of the dopant initiate a cascade of ion-molecule
reactions, eventually leading to the formation of ionized analytes (Figure 8).

Sample inlet
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Figure 8: Schematic sketch of an APPI source

The selectivity of APPI is higher and background interference is lower,
compared to ESI. It has been shown that APPI is more tolerant to matrix
components that can interfere with the ESI mechanisms (Hanold et al.,
2004). Furthermore, in one study it was demonstrated that APPI is more
suitable for ionization of OH-PAHs than ESI (Grosse and Letzel, 2007). For
those reasons, APPI was used when target OH-PAHs were determined in
complex wood combustion particle matrices (Papers I and II). In Papers III
and IV, when also suspect and non-target screening was performed it was
more beneficial to use ESI. The ionization of OH-PAHs was examined in
both positive and negative ionization modes, where negative ionization
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mode showed to be better, due to loss of the phenolic hydrogen, generating
[M–H]– ions. The ionization process in negative APPI is thought to be
initiated by low-energy electrons released in the photo ionization of the
dopant that ionize oxygen which then ionizes the analyte directly or by
ionizing the solvent. When the analyte collides with the solvent molecule,
proton transfer, electron capture or charge exchange can occur (Reactions 1
– 5). A combination of anisole (IE = 8.20 eV) and toluene (IE = 8.83 eV) 1:1
v/v was used in Paper I as ionization supporting dopant, however, other types
of solvents and composition of solvents were also tested, e.g. acetone (IE =
9.70 eV) and methanol (IE = 10.84 eV). The dopant flow rate should be set
to approximately 5 to 10% of the eluent flow rate. Ammonium acetate buffer
was used to further enhance the ionization by deprotonating the target
analytes.
Dopant + hv  D+. + e-

(Reaction 1)

O2 + e-  O2-.

(Reaction 2)

Molecule + O2-.  [M–H]– + HO2

.

.

Solvent + O2  [S–H]– + HO2
-.

–

–

Molecule + [S–H] [M–H] + Solvent

(Reaction 3)
(Reaction 4)
(Reaction 5)

Triple quadrupole vs. high resolution orbitrap
The ions generated in the ion source are transferred to the mass analyzer.
Different types of mass analyzers are available, and the selection depends
upon the analytical task. Triple-quadrupole mass analyzers are suitable for
qualitative and quantitative analysis, ion traps for structure interpretation,
whereas high resolution mass analyzers, i.e. time-of-flight and orbitrap are
ideal for determination of molecular formulas of unknown compounds and
screening purposes. A triple-quadrupole consists of three quadrupole mass
analyzers. Each quadrupole consist of four rods connected pairwise. An
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alternating radio frequency voltage and a direct current offset voltage are
applied between the two pairs of rods. Ions travel down the quadrupole
between the rods and only ions of a certain m/z will reach the detector for a
given ratio of voltages (Yost and Enke, 1979).

+

+m/z

Q1

Q2

Q3

Figure 9: Schematic sketch of a triple-quadrupole in SRM mode

Different types of mass spectrometry scan experiments can be performed:
fullscan, selected reaction monitoring (SRM) shown in Figure 9, product ion
scan, precursor ion scan and neutral loss scan. As mentioned above, a triplequadrupole mass analyzer is very suitable for quantification and
identification of already known analytes with available reference standards,
therefore it was used for determination of OH-PAHs in Papers I and II. SRM
experiments were performed, increasing the selectivity and lowering the
limits of detection and quantitation (LOD and LOQ).

In Papers III and IV, screening of OH-PAH isomers and other organic
compounds without any available reference standards was performed,
requiring a mass analyzer that generates accurate mass and isotopic pattern
of both the precursor and product ions. The mass analyzers used for this
purpose should have high resolving power, and the high-field hybrid
quadrupole orbitrap mass spectrometer (Q-OT-MS) used in Paper III and IV
had a resolving power of up to 240 000 (at m/z 200 and lower). An orbitrap

45

is an ion trap type of mass analyzer consisting of an outer barrel-like
electrode and a coaxial inner spindle-like electrode (Figure 10).

HCD Cell

C-Trap

Z-lens

Orbitrap
Mass Analyzer

Figure 10: Schematic sketch of an orbitrap mass analyzer, the HCD cell and C-Trap

The ions are trapped in an orbital motion around the spindle when voltage is
applied between the outer and the central electrodes. The axial motions of
the ions are completely independent of the motion around the inner electrode
and all initial parameters of ions, except their m/z (Zubarev and Makarov,
2013). An external ion storage device, a C-trap is used to accumulate the
ions before they are injected into the orbitrap and a defined maximum
quantity of ions are trapped and analyzed at the same time (Figure 10).
When analyzing complex matrices, e.g. environmental samples, the
maximum capacity can be reached quickly due to the large amount of
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background ions, and the hybrid Q-OT-MS instrument has been developed
to overcome this issue (Lesur and Domon, 2015). By using the quadrupole
as a low resolution mass filter, only precursors of interest are accumulated
and then analyzed with the high resolution orbitrap. It has been shown that
hybrid orbitrap instruments have excellent detection and identification
capabilities for low molecular weight compounds in various matrices by
providing accurate masses in full scan for calculation of the most favorable
elemental composition, as well as accurate masses of the precursor and
product ions (Gosetti et al., 2015).

Collision-induced dissociation
Many techniques are available for fragmentation of ions in tandem mass
spectrometry (MS/MS, MS2). Collision-induced dissociation (CID) is one of
the most frequently used post-source fragmentation techniques. The analyte
ions are accelerated by electrical potential to high kinetic energies and then
allowed to collide with gases, e.g. helium, nitrogen or argon (Cooks, 1995;
Wells and McLuckey, 2005). The advantages with CID are that structural
information about the analytes can be gained, as well as more specific
detection, improving LOD. It can be performed in different ways, depending
on the instruments used. In a triple quadrupole MS, used in Papers I and II,
the collision occurs in a collision cell, the second quadrupole (Q2), while the
first (Q1) and the third (Q3) quadrupoles act as mass filters (Figure 9). In the
Q-OT-MS used in Papers III and IV, the CID technique used is called
higher-energy collisional dissociation (HCD) (Figure 10). In conventional
ion traps, CID is performed in the ion trap, while in orbitrap instruments
there is a dedicated collision cell. The ions pass through the C-trap and into
the HCD cell, where collision and dissociation take place. The ions are then
returned to the C-trap before injection into the orbitrap for mass analysis.
Fragmentation in HCD has no low-mass cutoff, high resolution ion detection
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and employs higher energy dissociations than those used in ion trap CID
(Olsen et al., 2007).

The fragmentation pattern of OH-PAHs in Papers I and II was similar to the
fragmentation obtained in another study using ESI-MS/MS (Xu et al., 2004).
A neutral loss of 28 Da (CO) was observed for all OH-PAHs when the
precursor ions were fragmented, as shown in Figure 11. The neutral loss of
CO was also observed in Papers III and IV, when target and suspect
screening of OH-PAH isomers was performed using Q-OT-MS. Unlike
MS/MS experiments where only certain SRM transitions are monitored, a
comprehensive MS2 spectrum of the precursor ions can be obtained when QOT-MS is used for acquisition.

Figure 11: Fragmentation pattern of 1-naphthol (1-N)

Method validation
When an analytical method has been developed it needs to be validated to
confirm that the analytical procedure employed is suitable for its intended
use. Method validation can be used to judge the quality, reliability and
consistency of an analytical method and the results and data derived from the
method. There are different guidelines available for validation of analytical
methods provided by The US Food and Drug Administration (US FDA), The
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International Conference on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH), International Union
of Pure and Applied Chemistry (IUPAC), A Focus for Analytical Chemistry
in Europe (EURACHEM), etc. Although not all of the validation
characteristics are applicable for all types of methods, there are some that
should be taken into consideration; selectivity, linearity, accuracy, precision,
linear range and LOD and LOQ (ICH, 1994; EURACHEM, 1998;
Thompson et al., 2002; FDA, 2013).

In order to study the linear range in Papers I, II and IV, six point calibration
plots in duplicate were constructed for all the analytes. The linear range of
the calibration curves spanned over more than two orders of magnitude with
coefficients of correlation, R2 ≥ 0.99. The instrumental LOD was calculated
from signal-to-noise ratios (S/N) of standard solutions near the LOD, using
the definition S/N > 3. The method limits of detection (MDL) and
quantification (MQL) were defined as S/N > 3 and S/N > 10, respectively
and were determined by spiked sample extracts for analytes with background
concentrations below MDL and MQL, while non-spiked sample extracts
were used for analytes with background concentrations above the MDL and
MQL. The instrumental LOD for OH-PAHs varied depending on the type of
instrument used. The older triple quadrupole mass spectrometer equipped
with an APPI source used in Paper I had the highest LOD, ranging from 9 to
52 pg. The Q-OT-MS with ESI used in Paper III and IV had LOD ranging
from 1.0 to16 pg, and the newer triple quadrupole with APPI used in Paper
II had LOD ranging from 1.6 to 7.7 pg.

The selectivity of an analytical method is the ability of the method to
identify and quantify the target analytes in a complex matrix without
interferences from other components present in the matrix. In Papers I and
II, SRM transitions were used together with the retention times to ensure that
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the signals originated from the target analytes. In Papers III and IV, accurate
masses of precursor and product ions together with isotopic pattern of
suspect and unknown compounds were used. The selectivity was further
examined by determining the matrix effects, as mentioned earlier.

The precision and repeatability of the developed method is usually
established through repeated sample preparations and analyses. The relative
standard deviations (RSD) for all target analytes in Papers I and IV ranged
from 2 to 12% and 1.6 to 8%, respectively. In Paper III, for the suspect and
non-target screening also batch control samples and injection replicates were
used.

The accuracy of a method can be evaluated using reference materials with
certified values of the target analytes. There are however no reference
materials or certified methods for determination of OH-PAHs in
environmental matrices. The mass accuracy of Q-OT-MS used in Papers III
and IV was ensured by calibrating the instrument with ESI positive and
negative ion calibration solutions weekly.

Data processing
The last step of an analytical procedure is the data processing step, which
depends on the analytical strategy used. A schematic overview of the
different screening strategies is shown in Figure 12. For the determination of
target analytes, the retention times and precursor and product ions are
compared to those of available reference standards and the target analytes
can be identified and quantified in the samples. Both low (Papers I and II)
and high resolution mass spectrometers (Paper IV) can be used for the target
analysis. When high resolution instruments are used for the target analysis,
comprehensive MS2 spectra of the precursor ions, usually containing several
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product ions are obtained, instead of only acquiring certain SRM transitions
when low resolution instruments are used.
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Figure 12: A schematic overview of different screening strategies

The large amount of data produced during suspect screening makes this
screening strategy a challenging task. To facilitate the process, different
software has been developed for interpretation of the acquired data. Software
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is available for automated peak detection, background subtraction and noise
reduction as well as algorithms that calculate molecular formula and isotopic
pattern (Krauss et al., 2010; Gosetti et al., 2015). In Paper III, the full scan
raw chromatograms of wood combustion particles were imported into the
freely available software TracMass 2 (Tengstrand et al., 2014) and processed
in several steps, including extraction of pure ion chromatograms, peak
detection, deconvolution and alignment. A final peak list was generated and
searched for accurate masses of monohydroxylated PAH ions. The selected
peaks were visually inspected for isotopic pattern, peak shapes and coelutions. The isotopic pattern for each peak was compared to the theoretical
isotopic pattern and elemental composition assignments were made. Ring
and double-bond equivalents (RDBE) were calculated to determine the
degree of unsaturation. Furthermore, the physicochemical properties of the
analytes were used for retention time predictions. The retention times of the
suspects were predicted by creating a linear correlation curve using the
retention times of available reference standards of OH-PAHs and their logP
values. Additionally, MS2 experiments were performed on the suspect
precursor masses to obtain structural information from the fragmentation
pattern. In Paper IV, another suspect screening strategy was used, a list was
created with the accurate suspect masses of interest, and MS2 experiments
were acquired only for those masses. Also in this case the peaks were
inspected visually, isotopic pattern of the peaks was compared to the
theoretical isotopic pattern, and elemental composition assignments were
made.
Furthermore, automated peak detection from the raw chromatograms can be
done for non-target screening (Paper III). After elemental composition
assignments, databases can be used to search for plausible structures for the
determined elemental formula. One of the main issues of non-target
screening is that the deconvolution process largely depends on the
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chromatographic peak intensity, resulting in information loss for peaks with
low intensities, which might correspond to relevant contaminants (Krauss et
al., 2010; Gosetti et al., 2015). In order to identify some of the unknown
compounds in Paper III, software for automated peak detection was used,
where elemental formula assignments and structural searches in databases
were integrated in the software. Even without structural information of the
peaks, statistical analysis can be performed to find trends and correlations
between different samples. In Paper III, analysis of variance (ANOVA) was
used to single out peaks having intensities depending on the type of wood
combusted and burning conditions. Furthermore, 95% Tukey confidence
intervals were computed to filter out compounds that were unique or
differently expressed depending on the wood type. A final non-target peak
list was generated with unique peaks for each wood type and combustion
condition, as well as a combination of both factors. Additionally, the peaks
present in all samples but not in blanks were analyzed with principal
component analysis (PCA).
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Applications and Results
Determination of OH-PAHs in wood combustion
particles
In Paper II, the OH-PAH emissions were determined from the combustion of
four wood types (birch, aspen, spruce and pine) at two burning conditions
(NB and HB). The emissions of OH-PAHs from NB samples were generally
lower, corresponding on average to 14% of the emissions from HB samples,
with average emissions of 27.9 µg/MJfuel and 203 µg/MJfuel for NB and HB
samples, respectively. PAHs were analyzed along with the OH-PAHs and in
accordance with OH-PAHs, the PAH emissions from NB samples
corresponded on average to 18% of the emissions from HB samples. The
OH-PAH emissions corresponded on average to 35 and 21% of the PAH
emissions from NB and HB samples, respectively. The levels of O2, NO and
CO together with burning times were monitored during the combustion
experiments. The indications were that there was a higher overall oxygen
deficiency during the HB conditions, with generally lower O2 and NO levels
and higher CO levels for HB.
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Figure 13: The relative OH-PAH emissions (in %) for NB and HB and the average
O2 levels for each wood type (in %)
54

The burning times for NB conditions were much longer compared to HB. An
overall increase of high molecular weight PAHs and OH-PAHs was
observed during HB conditions, suggesting that low molecular weight OHPAHs and PAHs are predominant during NB conditions, while higher
molecular weight OH-PAHs and PAHs are predominant during HB
conditions. This indicates that the formation of OH-PAHs and PAHs during
wood combustion depends on the amount of oxygen and the combustion
temperatures. Higher temperatures in absence of oxygen, favor the formation
of larger molecular weight PAHs. The findings were in line with other
studies (Ramdahl et al., 1982; Pettersson et al., 2011).
The influence of the wood type was also examined showing that spruce had
the highest OH-PAH emissions for NB, while birch, aspen and pine had
rather similar emissions. Pine had the highest OH-PAH emissions for HB
and an increasing trend from birch to spruce to aspen was observed (Figure
13). In similar fashion, spruce had the highest PAH emissions for NB, while
the other wood types had rather similar emissions and a clear increasing
trend was seen from birch to aspen to spruce and pine, with significantly
higher emissions during HB conditions (Figure 13). The elevated emissions
of both PAHs and OH-PAHs for pine during HB was most probably due to
the higher burn rates and periods of O2 below 2% during the combustion,
which was not observed for the other wood types (Figure 14).
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Suspect screening of OH-PAHs and non-target
screening of other organic compounds in wood
combustion particles
In Papers I and II, only OH-PAHs with available reference standards were
determined, showing a need to further investigate the composition of wood
combustion particles with respect to OH-PAHs, as well as other organic
compounds. In Paper III, suspect and non-target screening was performed in
order

to

characterize

the

combustion

particles.

Thirty-two

peaks

corresponding to 12 suspect OH-PAH molecular weights were tentatively
identified from the peak lists generated by the TracMass 2 software. The
tentatively identified OH-PAH isomer with the lowest molecular weight
corresponded to hydroxynaphthalene and the highest to hydroxypicene.
Many OH-PAHs have the same monoisotopic mass, thus more than one
structure was suggested for some of the detected masses. Some were
partially co-eluting and might be isomers of the same compound, and a
complete co-elution of peaks for some masses is also possible. As expected,
the RDBE (the degree of unsaturation) increased with increased masses and
number of benzene rings, ranging between 7.5 and 17.5. Furthermore, the
retention times for most of the suspects were in line with the predicted
retention times obtained from the retention time-logP correlation curve.
However, this was only a rough estimation and more sophisticated
techniques can be used, such as quantitative structure-retention relationship
(QSRR) models. As a last confirmation step, the masses corresponding to
OH-PAHs were fragmented and the theoretical product ions resulting in the
neutral loss of CO were observed in all cases. Some of the detected peaks
were further confirmed by using the reference standards used in Papers I, II
and IV, while the rest of the peaks were only tentatively identified.
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The data processing for non-target screening resulted in a mass peak list with
5500–12,000 peaks for negative ionization mode and 2700–12,000 peaks
for positive ionization mode in each sample, clustered into 25,000 and
16,000 different peak groups, respectively. Approximately 1100 of these
groups were found in all samples but not in blanks in negative ionization
mode and 340 were found in positive ionization mode. Of these groups 236
and 34 significant peaks, with intensities that varied with burning conditions
or type of wood, were found in negative and positive ionization mode,
respectively, with the cutoff of p-value < 10–5. A number of these significant
peaks were unique for each wood type (i.e. present in both NB and HB
samples); between 18 to 89 peaks in negative ionization mode, and between
1 to 43 peaks in positive ionization mode.

When peaks present in all samples but not in blanks were analyzed with
PCA, an almost orthogonal pattern for combustion conditions and type of
wood was revealed in the negative ionization mode. For positive ionization
mode, the burn rate induced a shift to higher scores when moving from NB
to HB, except for spruce displaying a completely different response with
lower scores for HB. There was also a tendency to grouping depending on
the type of wood, but this was less clearly seen compared to the negative
ionization mode. The statistical analysis of the non-target data shows that
there are overall significant differences in the chemistry of wood combustion
particles that depend not only on the burning conditions, but also the wood
type, with unique peaks for each wood type and combustion condition.
However, it should be emphasized that the findings are specific for the
combustion, sampling, extraction and the statistical analysis performed,
therefore the outcome is expected to vary depending on the mentioned
parameters.
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The last step of the non-target screening, the structural elucidation of
unknown peaks with a hit score > 85% resulted in 19 tentatively identified
compounds in negative ionization mode and six in the positive ionization
mode. Five of the compounds were identified in both modes. Most of these
tentatively identified compounds were oxygen-containing compounds with
small molecular weights of which some were acids, which is in line with
findings in other studies (Smith et al., 2008). Six of the tentatively identified
compounds have previously been detected in wood combustion or urban air
particles in other studies (Li et al., 2006; Cheng et al., 2006; Heitmann et al.,
2009; Ho et al., 2010; Vicente et al., 2011; Kitanovski et al., 2012; Iinuma et
al., 2016).

Target and suspect screening of OH-PAHs in air
particulates
In Paper IV, the presence of OH-PAHs in airborne particles from an urban
background and a heavy trafficked car tunnel were investigated. A combined
target and suspect screening strategy was used and the target screening
included simultaneous determination of nine OH-PAHs with reference
standards (also determined in Papers I and II), while eight additional OHPAH masses, from hydroxyacenaphthylene to hydroxycoronene, were
screened for using the suspect screening. All nine OH-PAHs were detected
and quantified using the target method with concentrations ranging from
20.7 to 96.9 pg/m3. Some differences in analyte concentrations were
observed between the different locations. Samples from the car tunnel (S6 –
S10) generally had higher concentrations of most of the target OH-PAHs
compared to the samples from the urban background (S1 – S5). Most of
these analytes were also more frequently present in samples from the car
tunnel. The most abundant analyte in urban background samples was 2-HPh
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with an average concentration of 70.1 ± 15.3 pg/m3, and the least abundant
analyte was 1-N with an average concentration of 33.1 ± 1.1 pg/m3 (Figure
15). The most abundant analyte in the car tunnel particles was 2-H-9-F with
an average concentration of 83.0 ± 9.7 pg/m3, and the least abundant analyte
was 3-HBaP with an average concentration of 28.6 ± 7.3 pg/m3 (Figure 15).
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Figure 15: The average OH-PAH concentrations of the target analytes (in pg/m3) in
urban background and car tunnel particles (6-hydroxychrysene (6-HC))

Eleven additional suspect OH-PAHs were tentatively identified and semiquantified using the suspect screening strategy. For two suspect masses, two
peaks were detected, and as they could be matched by isotopic pattern and
chemical formula, they were considered to be isomers. Peaks having the
same exact masses as 2-H-9-F, 1,8-dihydroxyanthraquinone (1,8-DHAQ)
and 3-HBaP were detected, assuming that they were isomers of the target
compounds. Most of the suspects were less frequently present in air samples
from the urban background than in particles from the car tunnel, and the
semi-quantified levels were slightly higher in samples from the car tunnel.
The highest OH-PAH mass detected (in one sample from the urban
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background) was 281.0966 Da, suggesting that high molecular weight OHPAHs were present in much lower concentrations. In the literature, wood and
coal combustion have been pointed out as important sources of OH-PAHs in
the atmosphere. The occurrence of OH-PAHs in particles from car tunnel
might be a result of direct emissions of OH-PAHs from fuel burning,
atmospheric reactions of PAHs and NOx/O3 or that they already are present
in the outside urban air entering the tunnel. Thus, further investigations are
required to fully understand the formation, sources and presence of OHPAHs in the atmosphere.
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Conclusions and future perspectives
This thesis demonstrates that the task and the analytes determine the choice
of the analytical strategy, which in turn affects the analytical procedure.
Several aspects need to be considered when developing analytical methods.
One of the most important is the availability of reference standards. If
available, reference standards can be used for developing methods for
determination of target analytes. For some compound groups there are many
reference standards available, for others only a few, raising the need to
investigate the presence of those compounds using other strategies.
Previously, the lack of available reference standards has prevented the
identification of unknown compounds. In this thesis, it has been shown that
compounds without available reference standards but with known chemical
formula and other compound-specific information (suspects) as well as
compounds without any prior compound-specific information (unknowns)
can be tentatively identified, if strict identification criteria are used.

The presence of OH-PAHs, a group of compounds with toxic and
carcinogenic properties was investigated in wood combustion particles
(Papers I and II). It was shown that OH-PAH emissions were affected by the
burning conditions and the type of wood, and that wood combustion is a
significant source of OH-PAH emissions. With only a few reference
standards available, a combined suspect and non-target screening strategy
was applied to further investigate the presence of OH-PAH isomers and
other organic compounds. Several OH-PAH isomers and 20 unknown
compounds were tentatively identified (Paper III). A drawback with the
tentative identification is that several OH-PAH structures can be assigned to
the same monoisotopic mass, while different structures can have different
biological activity. Nevertheless, the information about these compounds can
be used in future investigations on the presence of OH-PAHs in other
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environmental matrices. Two drawbacks with the structural elucidation of
unknown compounds in wood combustion particles were that the databases
available for data generated by LC-HRMS are mostly within the
pharmaceutical, metabolomics and proteomics research fields, and that they
usually contain recorded spectra of reference standards, which is not
sufficient for a true unknown screening of “new” compounds. In future, it is
therefore important to continue the buildup of larger databases with
compounds also present in other matrices. Furthermore, databases with
integrated algorithms can provide theoretical spectra for compounds without
available reference standards and in this way enable a true screening of new
compounds. Statistical analysis of the non-target data showed that the overall
chemistry of wood combustion particles is affected by the combustion
conditions as well as the wood type, and that unique peaks can be found for
each wood type and condition. Some of the unique peaks can be identified
and used as markers for the combustion of different wood types in future
investigations.

The presence of OH-PAHs was investigated in airborne particles from an
urban background and a heavy trafficked car tunnel using a combined target
and suspect target screening strategy (Paper IV). All of the target compounds
as well as several suspect OH-PAHs were found in both matrices. The
presence of OH-PAHs in these particles raises the need to further investigate
the sources, presence and formation of OH-PAHs in the urban air and
environment. It is also necessary to develop and refine the sampling
techniques for airborne particle sampling, as several sampling artifacts are
associated with conventional filter sampling. Additionally, it is important to
further investigate the tentatively identified compounds with respect to their
biological activity and toxicity. The new knowledge about the chemical
composition of wood combustion and airborne particles can improve the
toxicological research on particles in the future.
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