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Abstract

The combustion of spruce logwood in a modern residential stove was found to emit polycyclic
aromatic hydrocarbons (PAH) and oxygenated polycyclic aromatic hydrocarbons (OPAH) with
emission factors of 404 pg MJ?' of 35 analysed PAH, 317 pg MJ™* of 11 analysed Oxy-PAH and
12.5 pg MJ™* of 5 analysed OH-PAH, most of which are known as potential mutagens and carcinogens.
Photochemical ageing in an oxidation flow reactor (OFR) degraded particle-bound PAH, which was
also reflected in declining PAH toxicity equivalent (PAH-TEQ) values by 45 to 80% per equivalent day
of photochemical ageing in the atmosphere. OPAH concentrations decreased less than PAH
concentrations during photochemical ageing, supposedly due to their secondary formation, while 1-
hydroxynaphthalene, 1,5-dihydroxynaphthalene and 1,8-naphthalaldehydic acid were significantly
increased after ageing. Furthermore, secondary organic aerosol (SOA) formation and aromatic

compounds not included in targeted analysis were investigated by thermal-optical carbon analysis



(TOCA) hyphenate to resonance-enhanced multi-photon ionisation time-of-flight mass spectrometry
(REMPI-TOFMS).

The commonly used PAH-source indicators phenanthrene/anthracene, fluoranthene/pyrene,
retene/chrysene, and indeno[cd]pyrene/benzo[ghi]perylene remained stable during photochemical
ageing, enabling identification of wood combustion emissions in ambient air. On the other hand,
benz[alpyrene/benz[e]pyrene and benz[alanthracene/chrysene were found to decrease with
increasing photochemical age. Retene/chrysene was not a proper classifier for the wood combustion
emissions of this study, possibly due to more efficient combustion than in open wood burning, from
which this diagnostic ratio was initially derived.

This study motivates in-depth investigation of degradation kinetics of particle-bound species on
different combustion aerosol as well as the consequences of photochemical ageing on toxicity and

identification of wood combustion emissions in ambient air.

Keywords: toxicity equivalent, EC/OC, PEAR, diesel exhaust particles, photoionization mass

spectrometry, wood combustion
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1. Introduction

Residential wood combustion has been identified as a substantial contributor to local air pollution at
many sites in Europe (Cordell et al., 2016; Gaeggeler et al., 2008; Glasius et al., 2018; Hovorka et al.,
2015; Qadir et al., 2014; Reche et al., 2012). The combustion of logwood in wood stoves can release
high levels of toxic air pollutants, in particular if operated under stove overload (Bruns et al., 2015),
low ratio of oxygen to fuel (Orasche et al., 2013), with high moisture content of logwood (Orasche et
al., 2013) or if prolonged ignition phases occur (Czech et al., 2018). Wood smoke may induce
toxicological effects in in vitro and in vivo models, such as DNA damage, cytotoxicity, inflammation
and oxidative stress (Kanashova et al., 2018; Kasurinen et al., 2017; Naeher et al., 2007), and was
assigned to group 2A (“probably carcinogenic to humans”) by the International Agency of Cancer
Research (IARC) (International Agency for Research on Cancer (IARC), 2019).

Among air pollutants such as carbon monoxide, benzene and black carbon (BC), polycyclic aromatic
hydrocarbons (PAHs) and oxygenated PAHs (OPAHs = Oxy-PAHs + OH-PAHSs) are emitted in the range
of 0.1% - 1% of the total particulate matter (PM) released from logwood combustion. These
compounds also include potent carcinogens, such as benzo[alpyrene and dibenzo[ah]anthracene
(Czech et al., 2018; Orasche et al., 2012). However, in the atmosphere primary aerosol undergoes
chemical and physical transformation, which changes the toxicological properties of wood
combustion emissions (Kiinzi et al., 2013; Nordin et al., 2015). The degradation of PAH is highly
dependent on whether they exist in gaseous or condensed phase. On the one hand, gas phase PAH
are efficiently oxidised in homogeneous reactions with OH radicals, O; and NO; radicals. On the other
hand, heterogeneous reactions of particles-bound PAH with the same reactants are substantially
slower and are affected by particle chemical composition and microstructure (Keyte et al., 2013).
Previous studies demonstrated that second-order reaction constants of OH radicals and PAHs on
kerosene flame soot (Bedjanian and Nguyen, 2010), graphite microparticles (Esteve et al., 2004), or
diesel exhaust particle (Esteve et al., 2006), span the range of two orders of magnitude. In addition to

chemical reactants, atmospheric degradation by photolysis and photo-initiated reactions is an



important pathway for particle-bound PAHSs, but insignificant for gas phase PAHs (Vione et al., 2006).
In contrast to PAHs, OPAHs are also produced by photochemical conversion of PAH precursors with
ambiguous net production rate from complex multiphase chemistry (Walgraeve et al., 2010).
Oxidation flow reactors (OFRs) have been widely used to study aerosol ageing and secondary organic
aerosol (SOA) formation from biogenic and anthropogenic volatile organic compounds (VOCs) as well
as combustion emission sources (Ezell et al., 2010; Keller and Burtscher, 2012; Pieber et al., 2018)
and ambient air (Palm et al., 2016; Tkacik et al., 2014). With high exposure of oxidising agents, OFRs
enable extrapolation of atmospheric ageing up to several days within time scales of usually minutes
in the photochemical reactors. Regarding chemistry, the recent modelling work on photochemical
ageing in OFR indicates that relative importance of different non-OH reactants may be kept
comparable to tropospheric VOC fate, despite the unnatural high oxidant exposure in OFRs (Peng et
al., 2016; Peng and Jimenez, 2017).

In this study, we aged aerosol from the combustion of spruce logwood with recently introduced high-
flow OFR “Photochemical Emission Aging flowtube Reactor” (PEAR) (lhalainen et al., 2019). We
investigated the fate of PAHs, Oxy-PAHs and OH-PAHs during photochemical aging and the effect of
ageing on PAH diagnostic ratios for emission source identification. Moreover, carcinogenity of the
emissions based on PAH toxicity equivalent (PAH-TEQ) (Nisbet and LaGoy, 1992) was determined and
compared to emissions from a non-road diesel engine as reference for carcinogenic emissions
“group 1” (“carcinogenic to humans”) by IARC (International Agency for Research on Cancer (IARC),

2019).

2. Material and Method

2.1.Combustion appliances and fuels

Five consecutive batches of 2 kg of dry spruce wood (Picea abies) were burned in a modern non-
heat-retaining chimney stove (Aduro 1.1, Denmark) featuring combustion air staging. The first batch

was ignited top-down by using 150 g of spruce sticks as kindling and lasted for 35 min, whereas the
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following four batches burned for 45 min. After the fifth batch, remaining ember was stoked and the
secondary air supply channels were closed according to manufacture instructions for 30 min. The
spruce logwood used in this study originates from two different suppliers and has slightly different
composition (Table 1), which might explain differences in emissions. However, the differences in
emissions between the two wood fuels were small and not significant at 5% (t-test for unequal
variances) for CO, NMHC and the sums of PAH and OPAH. For the four ageing experiments described
in the next section, only “sprucel” was used (Table 1).

The engine of this study was a EPA Tier 1/EU Stage Il (equivalent to EURO 2) water-cooled 24.5 kW
non-road diesel engine (Kubota D1105-T, 24.5 kW, 3000 rpm maximum speed, total displacement of
1123 cm’) fuelled with Finnish summer grade ultra-low sulphur diesel (EN590 diesel fuel). The Finnish
biodiesel content up to 7 vol-% consists of hydrotreated vegetable oil (HVO), therefore the oxygen
content remains comparable to diesel fuel of fossil origin. Although equipped with a super glow
system for shortening pre-heat time and quicker engine start-up in cold weather, the engine was
always started about 30 min before measurements begun to enhance reproducibility. Engine settings
comprise of four one-hour states including idling engine (Idle), intermediate 50 % with 39.92 Nm and
8.57 kW (IM50), rated 10 % with 7.07 Nm and 2.22 kW (R10), as well as rated 50 % with 35.55 Nm
and 11.1 kW (R50), which were set and controlled by an Eddy current dynamometer system (Froude

Consine Inc., Ml, USA). In total, six experiments were conducted with the diesel engine.

Table 1 Physico-chemical properties (proximate analysis) of spruce logwoods

Property Unit sprucel spruce2
Moisture mass-% 8.3 7.6
c mass-% 46.5 46.9
H mass-% 5.8 5.8
(0] mass-% 39.0 38.4
N mass-% <0.05 <0.05
S mg kg 60 110




K mg kg™ 568 912
Zn mg kg™ 12 39
ash mass-% 0.44 1.2
Net heating value Kl kg™ 17620 17470
Net heating value (dry) Kl kg™ 19430 19110

2.2.Photochemical Emission Ageing flow tube Reactor (PEAR)

The Photochemical Emission Ageing flow tube Reactor (PEAR) belongs to the class of oxidation flow
reactors for simulating atmospheric ageing within few minutes of processing. The PEAR basically
consists of a stainless steel cylinder, covering a total volume of 139 L, and is equipped with four
adjustable UV lamps (Osram, HNS 55W G13 HO; main emission at 254 nm, no emission at 185 nm).
Externally fed ozone (4 ppm) is decomposed by the 254 nm radiation into O, and O('D). The latter
subsequently reacts with water vapour to form OH radicals. The temperature and relative humidity
were set to 25°C and 50%, respectively, and controlled by HMP 110/65 (Vaisala, Finland). A total flow
of 100 L min™* gives a mean residence time of 62 s. Detailed descriptions of geometry, residence time
distribution, flow profile, particle and vapour losses are given in lhalainen et al. (2019).

All four ageing experiments were conducted at UV lamp voltage of 4x10 V equal to a photon flux of
2.99 10" photons cm™s™, decreasing ozone concentration of 4 ppm to 1.9 ppm (Model 49i Ozone
Analyser, Thermo Fisher Scientific Inc.,, MA, USA) in a blank experiment. Estimations of
photochemical ages and importance of non-OH radical fate of VOC were done by Oxidation Flow
Reactor (OFR) Exposure Estimator (v3.1)
(https://sites.google.com/site/pamwiki/hardware/estimation-equations, (Peng et al.,, 2016). Data
obtained from experiments with primary aerosol are consecutively denoted as “explp” to “exp4p”

and corresponding aged aerosol as “expla” to “exp4a”.
2.3.Gas measurements

For wood combustion experiments, flue gases were led from the stove outlet to a stack placed below

a hood. The stack draught was regulated by adjusting suction flow rate of the hood and with two
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dampers placed in the stack. Regarding diesel engine experiments, flue gases were analysed after the
tailpipe in the raw exhaust.

Gaseous emissions were continuously measured by Fourier-transform infrared spectroscopy with
integrated O, analyser (DX-4000N, Gasmet Technologies Oy, Finland), directly from undiluted stack
gas through an insulated and heated sampling line at 180 °C. Dilution for ageing experiments and
filter sampling was controlled by monitoring CO, concentration (Carbocap GMP343, Vaisala, Finland)
before and after a porous-tube/ejector dilutor (Venacontra, Finland). From the analysis of O, in the
flue gas, emission factors (EFs) were calculated based on the instruction of the Finnish Standard
Association method SFS 5624. Secondary EF were calculated in the same manner as primary EF, but
using PAH, Oxy-PAH and OH-PAH concentration after ageing. Therefore, secondary EFs are always

related to the equivalent of photochemical ageing and cannot be lower than zero by definition.

2.4 Filter sampling of PM2.5 and analysis

The aerosol emissions of the wood stove and the diesel engine were diluted at a dilution ratio of 30
or 15 and 10 or 8, respectively, by using a porous-tube/ejector dilutor (Venacontra, Finland) and
cooled to room temperature to enable condensation of semi-volatile species. Subsequently, diluted
primary emissions were segregated to an aerodynamic diameter smaller than 2.5 um (PM2.5) and
isokinetically sampled on quartz fibre filters (T293, Munktell, Sweden) over the total experiment
duration of 4 h. Filter sampling after the PEAR was performed in the same manner, but with an
additionally inserted ozone scrubber (Cordierite ceramic extrusion honey comb, BCE Special Ceramics
GmbH, Germany) filled with KNO, (purity 97%, for analysis, ACROS Organics, NJ, USA) to prevent
further oxidation of the sampled material. Finally, all filter samples were stored at —20 °C until

analysis.

2.4.1. Thermal-optical carbon analysis hyphenated to resonance-enhanced multi-photon

ionisation time-of-flight mass spectrometry (TOCA-REMPI-TOFMS)



The carbonaceous PM2.5 fraction was investigated by thermal/optical carbon analysis (TOCA)
coupled to resonance-enhanced multi-photon ionisation time-of-flight mass spectrometry (REMPI-
TOFMS) (Photonion GmbH, Germany) (Diab et al., 2015). A filter punch of 0.5 cm™ was placed into
the thermal-optical carbon analyser (DRI model 2001a) and analysed following the ImproveA
protocol (Chow et al., 2007). During the four thermal subfractions of OC (OC1 to OC4) with upper
temperature limits of 140 °C, 280 °C, 480 °C and 580°C, approximately 2% of the total flow enters the
TOFMS through a deactivated transfer capillary (inner diameter of 200 um), which is connected to
the carbon analyser oven by a modified quartz cross (Grabowsky et al., 2011). In the ion source, UV
radiation of 266 nm provided by the fourth harmonic generation of an Nd:YAG laser (Big Sky Ultra,
Quantel, France; 20 Hz repetition rate, 1064 nm fundamental radiation, energy of 2 mJ at 266 nm)
ionises selectively desorbed aromatic constituents of the particles in the REMPI process. In addition
to the optical selectivity, REMPI at moderate laser intensity denotes a soft ionisation technique
leading to predominantly molecular ions and low vyields of fragments (Gehm et al.,, 2018). The
generated ions were subsequently analysed by a TOFMS (compact reflectron time-of-flight
spectrometer I, Stefan Kaesdorf Gerate fir Forschung und Industrie, Germany) with unit mass
resolution and a limit of detection of 10 ppb for toluene at 1 s time resolution. Finally, the obtained
mass spectra intensities were summed up according to their occurrence in the four subfractions of

OcC.

2.4.2. In situ derivatisation thermal desorption gas chromatography mass spectrometry (IDTD-

GCMS)

For targeted analysis, in-situ derivatisation direct thermal desorption gas chromatography time-of-
flight mass spectrometry (IDTD-GCMS) with electron ionisation (Orasche et al., 2011) was applied to
quantify 35PAH, 11 Oxy-PAH and 5 OH-PAH bound on emitted PM (Fig.S1). Although 1,8-
naphthaldehydic acid does not strictly belong to any of the three groups, it is here treated as OH-PAH
for simplification. The Jin situ derivatisation is based on silylation with N-Methyl-N-

trimethylsilyltrifluoroacetamide (MSTFA) during the step of thermal desorption from a quartz fibre
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filter punch. Detected compounds were identified by library match of electron ionisation spectra as
well as retention index and quantified by isotope-labelled internal standards of the same substance

or chemically similar substances.

2.5.Data analysis

Statistical analyses by paired or unpaired Student’s t-test with or without Welch-Satterthwaite
modification for unequal variances and Levene’s test for variance homogeneity were performed in
Matlab (Version 2018b; The MathWorks Inc., MA, USA) using implemented functions from the
Statistic Toolbox. In all hypothesis tests, the level of significance was set to 5%. If not otherwise

stated, mean emission factors (EF) are given with one standard deviation as uncertainty.

3. Results and Discussion

3.1.Primary gases and VOC emissions from spruce wood combustion

Each of the single batches can be identified from the temporal evolution of main carbonaceous
combustion gases CO,, CO and non-methane hydrocarbons (NMHC) (Fig. 1). In the first batch, CO,
features a bell-shaped temporal trend with a slow increase due to slow ignition and still relatively low
temperature inside the firebox. When new logs are put onto glowing ember, the CO, concentration
sharply increases to 9 % and steadily declines to 3 % during the combustion until the combustion
procedure is repeated, while O, follows the inverse behaviour. Moreover, the majority of NMHC are
released during the first few minutes after the ignition of a new batch, after which they levelled off
below 50 ppm. CO follows the same concentration profile as NMHC, but with a substantial increase
during the end of each batch when the wood has been converted into charcoal and secondary air

supply channels were closed.
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Fig. 1. Example of temporal concentration profiles of CO, (grey), O, (yellow), CO (blue) and non-
methane hydrocarbons (NMHC, red) during five consecutive batches of spruce logwood combustion

and final 30 min of char-burning.

Mean concentrations of CO,, modified combustion efficiency (ACO, / (ACO + ACO,)) and emission
factors of single gases and VOC from the four hours combustion procedure are comparable to
literature data of conventional wood stoves and appear between EFs of open fireplaces and heat-
retaining modern masonry heaters (Czech et al., 2016; Evtyugina et al., 2014). Therefore, we regard
the emissions described in this study as representative for European wood stoves. Furthermore, all
emission factors of VOCs > 1 mg MJ™ have lower coefficients of variation than 50%, so we assume
that all combustion experiments followed the same concentrations profiles as exemplarily presented

in Fig. 1.

Mean CO, and O, concentrations spanned the narrow range from 5.76 to 6.27% and 13.1 to 14.1%,
respectively, while the CO emission was (2040 +420) mg MJ™". The most abundant nitrogen-
containing emission was NO with (35.5+3.7) mg MJ™ followed by one order of magnitude lower EFs
of NO,, NH; and HCN (Table S1). The highest emission factor for volatile hydrocarbons was obtained

for methane (34.6+9.9)mgMJ”, followed by benzene (26.0+4.1)mgMJ* and propene
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(14.0+2.6) mg MJ™, accounting for 41% of the total detected VOC emissions. Formaldehydes denotes

the oxygenated species with the highest mean EF of (6.7+1.8) mg MJ™.

3.2.Ageing conditions

The characterisation of gaseous and volatile primary emission constituents allows an estimation of
the oxidation conditions inside the PEAR and an assessment of its comparison to ambient air. Two
critical quantities are the ratio of photon flux to O; and external OH reactivity (OHR) to initial NO
concentration. While the first one gives information about the non-OH fate of gases and VOCs
including photolysis, ozonolysis and reactions with O(*D) and O(’P) (Peng et al., 2016), the second
one determines the NO-condition and associated dominant radical chemistry (Peng and Jimenez,
2017). Here, in all experiments oxidation conditions can be classified as low-NO. In order to compare
the PEAR to typical oxidation conditions in the troposphere, ‘good’, ‘risky’ and ‘bad conditions’ are
adapted from Peng and Jimenez (2017) and depicted in Fig. 2. Oxidation conditions of this study
mainly appear in the ‘risky’ range, but exceeds the limit to ‘bad’ oxidation conditions only shortly
during the ignition of a new batch with OHR up to 10*s™. At such high OHR, the amount of available
OH radicals for oxidation is significantly suppressed. Consequently, the resulting photochemical age
during batch ignition accounts for only 0.2 days (assuming an average OH concentration of
10° molec cm™) (Prinn et al., 2001), but for 4-5 days on average during flaming phase with reduced
OHR. Three of four combustion experiments with subsequent emission ageing led to mean
photochemical ages of 1.7 days, whereas the one ageing experiment (exp3) produced aged aerosol
with a significantly higher average photochemical age of 2.5 days. Emission factors for the four most
important OH reactants butadiene, propene, CO and ethylene, which account for > 80% of the total
OHR (Fig. S2), are entirely lower during the experiment of 2.5 days of ageing and may explain the

difference.
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Homogeneous gas phase reactions of volatile and semi-volatile PAHs in ambient air during daytime
are usually dominated by OH radical chemistry. However, photochemical ageing of particle-bound
PAH involves noticeable contribution from non-OH oxidising agents O; and NO,. Furthermore,
particle-bound PAH degradation is affected by their availability on the particle surface, the particle
composition, and the impact of direct photolysis (Keyte et al., 2013). Under typical tropospheric
oxidation conditions, O; and NO, can reach competitive importance in heterogeneous reactions
compared to OH radicals (Keyte et al., 2013). However, ageing conditions in PEAR exhibit higher
ratios of OH to O; and OH to NO, compared to ambient air. Thus, we continue assuming OH
dominance over Os- and NO,-driven reactions.

From Peng and Jimenez (2017) we derive that during the major time of ageing, the primary aerosol
was exposed to “risky conditions” by means of a photon flux to OH exposure ratio >10’ cm ™.
Therefore, photolysis can be the dominating degradation mechanism, e.g. for toluene at
OHR > 1800 s™ during batch ignition. Although photolysis of gas phase aromatic hydrocarbons in the
troposphere is negligible, direct photolysis may be important for particle-bound aromatic species
(Vione et al., 2006). For single particle-bound aromatic compounds, an estimation cannot be made
because of the unknown embedment of PAHs and OPAHs in the particle microstructure, light
absorbing properties of other particle constituents and interaction with the particle constituents. For
example, no trend was observed for single PAHs and OPAHs species in wood combustion and spark-
ignition engine particles exposed to natural sunlight (Kamens et al., 1988; Kamens et al., 1989). In
another study, the differences between the importance of photolysis for single aromatic species
decreases with stronger absorption of visible and near-infrared light, which is associated with an
increased content of soot (Behymer and Hites, 1988). Furthermore, it has been suggested that
elemental carbon (EC) of combustion particles can initiate photooxidation through electron transfer
on OC components and promote the generation of reactive species on the soot surface, leading to
enhanced degradation of particle-bound organic compounds (Li et al., 2018). Although the emission

spectrum of the UV lamps in this study covers blue to ultraviolet light and not the entire solar
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spectrum, substantial radiation at about 440 nm might be relevant for the photochemical ageing as
well (Li et al., 2018). Furthermore, it is possible that aromatic species are indirectly degraded by
photosensitisers, which are produced or activated by radiation. For example, methoxy-phenols and -
benzaldehydes, which are abundant and characteristic constituents of wood combustion aerosol, are

suggested to enhance photodegradation of particle-bound aromatics (Vione et al., 2006).

0 60 120 180 240

0 60 120 180 240

time [min]

0 60 120 180 240

time [min]

0 60 120 180 240

time [min]

Fig. 2. External OH reactivity of the four combustion experiments with subsequent ageing with
boundaries of ‘good’ (green), ‘risky’ (yellow) and ‘bad’ ageing conditions (red) according to Peng and

Jimenez (2017).
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3.3.Elemental (EC) and organic carbon (OC)

Fig. 3 illustrates the EF of elemental and organic carbon for all experiments as well as the gain in OC
after ageing (secondary organic carbon, SOC). Primary emissions sampled at dilution ratios of 30
revealed (43+20) mg MJ™ of EC and (9+6) mg MJ™" of OC. OC results are comparable with previous
studies of spruce logwood combustion of Czech et al. (2018) and Orasche et al. (2012). In contrast, EC
values were substantially higher by a factor of four and three respectively, which might be caused by
different combustion technologies. Eventually, the resulting ratio of OC to EC (OC/EC) for the
experiments with a dilution factor of 30 was 0.21+0.04. Such low OC/EC ratios have been usually
associated with traffic emissions or fossil fuel burning (Pio et al., 2011). However, recent studies
indicate that some modern small and mid-scale wood combustion appliances emit particulate carbon
with OC/EC ratios distinctly lower than unity (Kortelainen et al., 2015; Lamberg et al., 2013; Nuutinen

et al., 2014; Sippula et al., 2017).

In exp3, 40% less EC (30mg MJ™) and 50% less OC (4+1 mg MJ™) was emitted, leading to an OC/EC of
0.14+0.02. The divergent behaviour of exp3 was in accordance with the higher modified combustion
efficiency and lower mean CO concentration, which was 33% lower than in the other experiments.
Hence, we conclude that exp3 featured fast ignition and better burning conditions than other

experiments.

Photochemical ageing increased OC by 32%, 43 %, 39% and 26% for expl to exp4, respectively. For
expl, exp2 and exp4, EC decreased by less than 2%, whereas in exp2 EC declined by almost 10%.
Although the correction of wall losses in smog chamber experiments is often conducted based on BC,
we decided against this method deploying EC for three reasons. Firstly, the particle wall losses in the
PEAR, determined by using silver particles, were found below 2% (lhalainen et al., 2019). Secondly,
the split between OC and EC based on optical correction laser transmittance / laser reflectance can
be determined with 5-10% precision. Finally, EC might also change its optical properties during

ageing, which would bias the optical correction.
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It must be mentioned, that inorganic carbon (IC), i.e. carbonates, was not considered in this study,
which may lead to biased carbon fraction results. IC is classified as OC or EC, depending on the
decomposition temperature of the individual inorganic salt, and can account for up to 10% of total

carbon in batchwise wood combustion (Lamberg et al., 2011).
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Fig. 3. Emission factors of organic (OC), primary organic (POC), secondary organic (SOC) and
elemental carbon (EC) for primary and aged spruce combustion aerosol. For expl to exp4, both
primary (“p”, green) and aged (“a”, blue) particles were analysed while “+” and “x” denote further
combustion experiments with only primary particle sampling at dilution ratios of 30 and 15,

respectively.

3.4.Untargeted analysis of aromatic PM constituents

By hyphenation of resonance-enhanced multi-photon ionisation time-of-flight mass spectrometry
(REMPI-TOFMS) to thermal/optical carbon analysis (TOCA), the aromatic fingerprint of each single
thermal fraction can be rapidly obtained and without any sample preparation. The first two fractions

(0C1+0C2) from ImproveA protocol were combined due to the assumption that up to 280°C organic
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compounds mainly evaporate without substantial decomposition. The last two OC fractions
(OC3+0C4) were conflated as pyrolysis-like fraction 0OC34, in which mass spectra are
characteristically shifted towards lower m/z due to decomposition of low-volatile organic compounds
(Diab et al., 2015).

Most abundant peaks in the mass spectra of primary particles (Fig. 4, left) can be attributed to
pyrene/fluoranthene (m/z 202), benzo[a]anthracenes/chrysene (m/z 228) and benzopyrenes (m/z
252), which are also labelled with their homologue alkylation series (m/z +14). Peaks of OPAH, such
as naphthol (m/z 144), naphthoquinone (m/z 158), anthraquinone (m/z 208), benzonaphthofurans
(m/z 218) and benzanthraquinone (m/z 258) were observed, even when their intensities were up to
three orders of magnitude lower than the signal of the respective PAH core structure. The
assignment of single structures in the higher mass range (m/z 300 - 400) was not possible based on
unit mass, but due to the ionisation selectivity of REMPI at 266 nm we can assume at least one
aromatic ring. Detected signals at m/z 308, 318 and 344 might stem from lignans, PAH, PAH-
derivatives or thermal alteration products of di- and triterpenes (Czech et al., 2018). In this context, it
should be mentioned that absolute intensities in the spectra do not reflect the absolute composition
due different photoionisation cross sections, which may differ between up to two orders of
magnitude (Gehm et al., 2018). As already discussed in the former section, the experiment exp3
showed a different mass spectrometric pattern and 50 to 80% lower abundancies for primary
emission.

The parent PAH in a homologue series always stands for the most intense peak with declining
intensities towards a higher degree of alkylation. An exception of this finding denotes the alkylated
series of phenanthrene, where C4-phenanthrene showed 5-times higher peak intensity than C3-
phenanthrene. This can be reasoned by the formation of retene (m/z 234) by the thermal alteration

of diterpenoids in the resin of spruce wood (Simoneit, 2002).

During ageing, the intensities of all detected species decreased significantly (Fig. 4, right), which is in

accordance with the results of the targeted PAH and OPAH analysis of the subsequent section. The
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abundance of particle-bound pyrene/fluoranthene (m/z 202) and methylated derivatives (m/z 216)
were reduced by 95%, while chrysene/benzo[a]anthracene (m/z 228) as well as their methylated
derivatives (m/z 242) were detected with 80-90% lower intensity than in the primary emissions.
Benzopyrenes (m/z 252) and Cl1-benzopyrenes (m/z 266) decreased by approximately 80%.

Exp3 revealed higher PAH reduction rates due to the longer photochemical age of approximately 2.5
days in contrast to 1.7 days of the experiments expla, exp2a and expd4a. For example,
pyrene/fluoranthene was reduced by 98% and Cl-pyrene/-fluoranthene on the aged particles
appeared below the limit of detection. The 95% reduction of benzo[alanthracene/chrysene is also
higher in exp3 than in the experiments of 1.7 days of photochemical ageing. However, the ratio of
single PAH concentration in primary and aged particles may differ to that obtained from targeted
analysis in the following section because isobaric compounds cannot be separated only by their m/z.
The REMPI mass spectra of the pyrolysis fractions (OC3+0C4) of the primary emissions (Fig. S3, left)
were dominated by lower masses, which originated from the thermal degradation of low-volatile
organic compounds and belong predominantly to parent PAH and OPAH. Most abundant peaks can
be assigned to naphthalene (m/z 128), phenanthrene (m/z 178), pyrene (m/z 202),
benzo[alanthracenes/chrysene (m/z 228) and benzopyrenes (m/z 252). However, also aromatic
species of higher molecular weight such as benzo[ghi]perylene (m/z 276), coronene (m/z 300),
dibenzo[ae]pyrene (m/z 302) or dibenzo[cdim]perylene (m/z 326), which are incompletely volatilised
at 280°C in OC2, can be detected.

The pyrolysis-like fraction OC34 of the aged particles (Fig. S3, right) showed a very similar pattern to
0C34 of the primary combustion aerosol, but with generally lower intensities. Also in OC34, exp3a
generally exhibits lower abundancies than ageing experiments with 1.7 days of photochemical age.
Nevertheless, m/z 94, 118, 144 and 166 increased by 10 to 200% in two or three experiments of
1.7 days of photochemical age. These m/z values can possibly be assigned to oxygenated aromatics,

such as phenol (m/z 94), benzofuran (m/z 118), naphthol (m/z 144) and esters of methoxybenzoic
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acid (m/z 144, m/z 166), which may result from the thermal decomposition of larger aged organic

aerosol constituents.
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Fig. 4. Summed REMPI mass spectra during OC1 and OC2 (from room temperature to 280°C) of

primary spruce combustion aerosol (left) and corresponding aged aerosol (right).
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3.5.Targeted analysis of PAHs, Oxy-PAHs and OH-PAHs

3.5.1. Emission factors

I primary spruce
I aged spruce

-

o
(o]
X

EF [ng MJ™"]
801

10* }

35 PAH 11 Oxy-PAH 5 OH-PAH

Fig. 5. Mean emission factors (EF) of total analysed PAHs, Oxy-PAH and OH-PAH in primary (n=9)
and aged spruce combustion aerosol (n =4) with standard error of the mean (s.e.m.). Black circles
denote dilution factor of 30, black crosses dilution factor of 15 (not included in mean calculation).
Black lines show connection between primary and aged aerosol EF of the same experiment. See

Table S3 for details.

From the targeted analysis of 35 PAH, 11 Oxy-PAH and 5 OH-PAH (Table 2), total EF of 404 pg MJ™,
317 ug MJ' and 12.5ugMJ' were obtained, respectively (Fig.5). Furthermore, the order of
magnitude of the four most abundant PAH fluoranthene, pyrene, chrysene and
benzo[ghilfluoranthene, as well as dominant OPAH fluorenone and naphthalic anhydride are typical
for organic wood combustion emissions. However, in particular because the majority of the targeted

aromatic emissions from wood combustion are semi-volatile three- and four-ring-PAH and two- and

20



three-ring-OPAH, the sampling procedure may affect the gas-particle partitioning and consequently
the EF of particle-bound PAH and OPAH. In two additional experiments with dilution factor of 15
instead of 30, highest and third highest EF out of 11 EF for were observed. Moreover, the combustion
of solid fuels in general and changes in combustion conditions increase variances in EF even with
similar combustion technology, e.g. partially closed air inlets may increase especially PAH emissions
(Orasche et al., 2013). Therefore, EF of PAHs and OPAHs in the same order of magnitude can be
regarded as comparable to previously reported EF for common wood stoves fuelled with spruce
logwood (PAH: 126 pg MJ™", Oxy-PAH: 88.6 pg MJ™ (Nystrom et al., 2017); PAH: 319 pg MJ™, Oxy-PAH:
533 ug MJ! (Orasche et al., 2012); PAH: 126 pg MJ™" (Avagyan et al., 2016)). EF of total OH-PAHs
appear lower than in the literature (OH-PAH: 82.8 pug MJ™ (Avagyan et al., 2016)), most likely to due
to different selection of analytes and high dependence on burning conditions. Furthermore, EF of
primary emissions from the four combustion experiments with subsequent ageing appear within the
range of total PAH and OPAH EF of five combustion experiments at dilution of 30 without ageing,

thus being also representative for the entire combustion experiment series.

Photochemical processing of four wood combustion experiments revealed significant decrease in
PAHs, expressed as secondary EF for 1.7 to 2.5 days of photochemical ageing in the atmosphere.
Apart from phenanthrene and anthracene, all detected PAH were degraded by 37% to 99%.
Anthanthrene, acephenanthrylene, retene, perylene, and benz[a]pyrene were most affected by
photochemical ageing, whereas unknown PAH#2 of m/z 302, unknown PAH#1 of m/z 302, coronene,
benz[e]pyrene and naphtho[1,2-kb]fluoranthene were most stable. However, for some PAH
degradation by ageing could not be properly determined because of concentrations below the limit
of quantification. Despite different ageing conditions and particle compositions between different
experiments, benz[a]pyrene appears consistently the most reactive PAH amongst the PAHs with
more than four aromatic rings (Esteve et al., 2006; Jariyasopit et al., 2014). Additionally,
benzo[e]lpyrene and PAHs with more than five rings show consistently slower degradation, in

agreement with previous studies (Jariyasopit et al., 2014; Walgraeve et al., 2010). Consequences of
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these findings for carcinogenic effects of aged aerosol and emission source identification are
discussed in the following sections.

To normalise the degradation of PAHs per photochemical day for each experiment, we estimated
pseudo-first order rate constants k under constant exposure to oxidising agents (Fig. S4). Coefficients
of variation (CoV) for k of each targeted PAH show values between 11% and 66% with a mean CoV of
34%, demonstrating that ageing experiments were repeatable and the majority of variance results
from variation in primary emissions. Furthermore, CoVs for each targeted analyte remain almost
constant comparing primary and aged particles, hence variances mainly arise from the combustion

itself.

Although fewer OPAH than PAH were analysed, EF of PAH and Oxy-PAH were not significantly
different, highlighting wood combustion as an important source of OPAHs in ambient air. Among 11
analysed Oxy-PAHs, naphthalic anhydride was the most abundant aromatic compound and
accounted for 42% of the total Oxy-PAHs, similar to previously reported emissions from spruce
logwood combustion (Orasche et al., 2012). In contrast to airborne PAHs, which are assumed to be
predominantly formed in combustion processes, Oxy-PAHs may originate from both primary sources
and from atmospheric ageing of PAHs and other precursors (Walgraeve et al., 2010). In fact, Oxy-
PAHs concentration decreased less than those of PAH and even revealed a net increase for
benz[a]lanthracen-7,12-dione in two of the four ageing experiments, which emphasises the presence
of a source counteracting the photochemical sink.

OH-PAHs were less abundant than PAH and Oxy-PAH in primary PM, but increased after
photochemical ageing. In particular, for 1-hydroxynaphthalene, 1,5-dihydroxynaphthalene and 1,8-
naphthaldehydic acid the photochemical source dominated the photochemical sink in all
experiments with average enhancement ratios of 3, 13 and 36, respectively. OPAHs are regarded to
be more toxic than their PAH counterpart due to unnecessary enzymatic activation for direct
mutagenic potential (Fu et al., 2012) and might be a significant contributor to toxicity of aged aerosol

or ambient PM.
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Table 2 Mean emission factors (EF) and standard deviation (s.d.) of PAHs, Oxy-PAHs and OH-PAHs

emissions for primary spruce logwood combustion (n=9) and aged spruce logwood combustion

(n=4)in [ng MJ™].

Spruce primary

Spruce aged

Mean s.d. Mean s.d.
Phenanthrene 10000 9740 4710 2640
Anthracene 2260 2080 764 575
Fluoranthene 64400 59500 7690 5320
Acephenanthrylene 15800 15200 301 187
Pyrene 56200 51400 4630 3260
Benzo[c]phenanthrene 4380 3860 706 604
Benzo[ghi]fluoranthene 31800 29500 6640 5670
Benz[a]anthracene 17900 16500 1430 1340
Chrysene 30000 25400 7450 6320
3Benzo[b,k]fluoranthene 52600 47700 12700 10000
2,2"-Binaphthalene’ 3400 3050 619 606
Benz[e]pyrene 36400 36200 11400 8580
Benz[a]pyrene 10600 10700 515 413
Perylene 2910 2950 114 78.1
Anthanthrene 843 1010 14.5 14.5
Dibenz[ah]anthracene 1010 1060 213 168
Indeno[1,2,3-cd]pyrene 6500 6500 1820 1510
Picene 1000 1000 290 269
Benzo[ghi]perylene 14400 14900 3710 2950
Coronene 5570 6120 1650 1310
Retene 4400 2040 140 120
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unknown PAH m/z 302 #1

unknown PAH m/z 302 #2

Naphtho[1,2-kb]fluoranthene

Dibenz[al]pyrene

Naphtho[2,3-b]fluoranthene

Dibenz[ae]pyrene

Naphtho[2,1-a]pyrene

Naphtho[2,3-a]pyrene

Dibenz[ai]pyrene

Dibenz[ah]pyrene

9-Methylphenanthrene

4-Methylpyrene

2-Methylpyrene

1-Methylpyrene

9H-Fluoren-9-one

9,10-Anthracenedione

Cyclopenta(def)phenathrenone

1,8-Naphthalic anhydride

11H-Benzo[a]fluoren-11-one

7H-Benzo[c]fluorene-7-one

11H-Benzo[b]fluoren-11-one

7H-Benzo[de]anthracen-7-one

Benz[a]anthracene-7,12-dione

5,12-Naphthacenedione

Xanthone

252

201

6670

4430

4230

1460

2180

1720

684

357

320

2000

3610

3670

52500

26400

28400

132000

10200

3530

12500

30000

1880

1210

18100

249

207

6630

4320

4160

1510

2900

2000

806

379

409

1710

3150

3230

58000

15000

23200

53000

7760

2570

9480

25500

1320

1270

8450

96.5

66.7

1980

1210

939

311

278

533

<10

<10

<35

121

305

235

13800

17100

4070

128000

2890

999

4470

13000

1480

867

7540

70.8

45

1740

1050

803

241

420

698

105

270

206

4400

7850

2520

72200

2030

693

3210

10000

977

629

3030
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1-Hydroxynaphthalene 1070 787 3430 1640
2-Hydroxynaphthalene 2600 2010 2790 1420
1,8-Dihydroxynaphthalene 5260 2730 5560 2500
1,5-Dihydroxynaphthalene 667 629 4130 2400
1,8-Naphthalaldehydic acid 2880 4560 70600 52500

3.5.2. Reassessing PAH diagnostic ratios in primary and aged wood combustion aerosol

Table 3 Comparison of PAH diagnostic ratios from primary (n=11) and aged wood combustion
emissions (n =4) with literature values (Galarneau, 2008; Ravindra et al., 2008; Tobiszewski and

Namiesnik, 2012)

Galarneau Tobiszewski & Namiesnik
diagnostic ratio PAH source primaryb agedb
2008° 2012

0.72 - 0.83 -
PHE / (PHE+ANT) wood combustion 0.68 - 1.00 -

0.92 0.92

0.51- 0.61-
FLA / (FLA+PYR) wood combustion 0.35-0.67 >0.5

0.57 0.64

0.31- 0.14 -
BaA / (BaA+CHR) wood combustion 0.34-0.84 -

0.41 0.21

lcdP / wood, biomass and coal 0.67 -
0.40-0.76 >0.5 0.66 -0.69
(IcdP+BghiP) combustion 0.70

0.16 - 0.03 -
BaP / (BaP+BeP) photochemically aged particles - <0.5

0.31 0.06

0.03 - 0.00 -
RET / (RET+CHR) combustion coniferous wood - ~1

0.25 0.15

PHE = phenanthrene, ANT = anthracene, FLA = fluoranthene, PYR = pyrene, BaA = benz[alanthracene, CHR = chrysene,
IcdP = Indeno[cd]pyrene, BghiP = Benzo[ghi]perylene, BaP = benz[a]pyrene, BeP = benz[e]pyrene, RET = retene.
*standard deviation

®minimum - maximum
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Ratios of different PAH or PAH isomers have been used to estimate the dominant emission sources in
ambient aerosol as well as in water and soil (Tobiszewski and Namiesnik, 2012). However, due to
large variances in emissions and especially different reactivities of PAH species in the atmosphere,
this concept has been widely criticised (Galarneau, 2008; Ravindra et al., 2008). In the application of
six common PAH diagnostic ratios, found in Tobiszewski and Namiesnik (2012) and Galarneau (2008),
on the primary and aged spruce combustion aerosol, three diagnostic ratios turned out to give the
correct classification without constraints (Table 3). Diagnostic ratios from phenanthrene and
anthracene, fluoranthene and pyrene, and indeno[cd]pyrene and benzo[ghilperylene occurred within
the expected ranges with only minor effects from photochemical ageing. Considering the different
reactivity of phenanthrene and anthracene in homogeneous reaction with OH radicals, the
phenomenon of protection of particle-bound PAHs by the particle matrix towards oxidation (Keyte et
al., 2013) seems to dominate the photochemical degradation despite significant abundancies in the
gas phase for both semi-volatile PAH species (Keyte et al., 2016). However, photolysis may play an
important role for PAH degradation, in particular during the ignition of a new batch of logwood when
high levels of PAHs along wisth organic aerosol are released (Eriksson et al., 2014). Although
significant differences in means (paired-sample t-test with Dunn-Sidak correction, significance level
of 5%) were observed for the diagnostic ratio of fluoranthene and pyrene, it is still located in the
expected range for wood combustion aerosol. Benz[a]anthracene and chrysene also provide correct
classification, although very closely at the limit suggested by Galarneau (2008). On the other hand,
aged spruce combustion aerosol appears clearly outside the range. Therefore, the diagnostic ratio of
benz[a]anthracene and chrysene must be regarded as an appropriate classifier only for fresh wood
combustion emissions, whereas phenanthrene and anthracene as well as fluoranthene and pyrene
allows identification of wood combustion as source even after approximately one day of
photochemical ageing.

The diagnostic ratio of benz[e]pyrene and benz[a]pyrene were suggested to distinguish between

fresh and photochemically aged combustion emissions (Tobiszewski and Namiesnik, 2012).
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Apparently, diagnostic ratios of primary emissions in this study are already outside the suggested
range, likely because the data used to derive this diagnostic ratio limited the validity to traffic
emissions (Oliveira et al.,, 2011). However, benz[e]pyrene and benz[a]pyrene clearly enable
monitoring of the photochemical ageing of wood combustion emissions due to their substantial
difference in reactivity towards OH radicals, sunlight and ozone (Keyte et al., 2013; Ravindra et al.,
2008).

The diagnostic ratio of retene and chrysene involves analytes encompassing the backbone of di- and
triterpenoids in the wood. During combustion, di- and triterpenes are thermally degraded by
elimination of side chains and functional groups and form retene and chrysene. From the thermal
decomposition (pyrolysis) of resinoic acids, a variety of other products with both higher and lower
degree of substitution than retene is known (Fine et al., 2004). On the other hand, chrysene can be
formed by pyrolysis of triterpenoids as well, but also by the radical mechanism hydrogen-abstraction-
carbon-addition (Ravindra et al., 2008). The emission of these species follows different formation
mechanisms, thus combustion conditions such as fuel bed temperature and air supply likely play a
role, along with the varying resin content of different coniferous wood species (Nuopponen et al.,
2006). Furthermore, the proposed diagnostic ratio was derived from analysis of cores from lake
sediment in New York (NY, USA) in order to examine emission sources during approximately the past
100 years (Yan et al., 2005). In fact, data of fireplace emissions from the combustion of spruce and
pine revealed diagnostic ratios >0.9 (Fine et al., 2004), but emissions from present day wood stoves
do not seem to be covered anymore since advanced combustion technology decreases the emissions
of typical wood combustion markers (Czech et al., 2018). Although averages of obtained diagnostic
ratios for primary and aged emissions appear in the same range, all ratios decreased with ageing,
leading to significantly different means in a paired t-test. Hence, the diagnostic ratio of retene and
chrysene is not valid for current wood combustion emissions, but offers potential to follow the

aerosol age.
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3.5.3. PAH toxicity equivalent emission factors

The concept of toxicity equivalents (TEQ) was firstly used for polychlorinated dibenzo-p-dioxins and
polychlorinated dibenzofurans and eventually extended to PAH. It enables estimation of the
potential of a mixture to induce cancer by multiplication of each detected PAH concentration or EF
with its toxicity equivalent factor (TEF) and subsequent summation. In this concept, the well-
investigated carcinogenicity of benz[a]pyrene is set to unity (Nisbet and LaGoy, 1992) and
carcinogenicity of other PAH are set in relation. In the following, we refer to the TEF scale
recommended by the German Research Foundation (Greim, 2008) (Table S3). In addition to primary
and aged wood emissions, the PAH-TEQ of particulate emissions from a non-road diesel engine was
added as reference for combustion emissions, which are carcinogenic to humans (“group 1”

classification by IARC) (International Agency for Research on Cancer (IARC), 2019).

PAH-TEQ of primary spruce combustion aerosol, expressed as EF, covers a range from 11 to
230 pug MJ !, which is comparable to previously published PAH-TEQ, of spruce logwood combustion in
a wood stove (Orasche et al., 2012; Orasche et al.,, 2013). However, it is one order of magnitude
higher than in combustion appliances with advanced combustion technology (Czech et al., 2018).
Photochemical ageing, equivalent to 1.7 to 2.5 days, significantly decreased PAH-TEQ of the primary
emissions by approximately one order of magnitude. Nevertheless, it remains two orders of
magnitude higher than particulate emissions from a non-road diesel engine, a heavy-duty diesel
truck on a US driving cycle and a burner operated on diesel-like light fuel oil (Fig.6). From
extrapolating the degradation of PAHs observed in this study to higher photochemical ages, we
obtain that at least four days of photochemical ageing are necessary to reach the same PAH-TEQ
level as primary diesel engine emissions.

PAH-TEQ allow a rough estimation of the carcinogenic potential after photochemical ageing.
However, three basic aspects, which are in particular relevant for wood combustion emissions, are
not considered. Firstly, emission constituents interact with each other and affect the total toxicity of

an aerosol in both positive and negative directions. For example, on the one hand PAHs on wood
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combustion particles induced expression of CYP1A1 more potently than benz[a]pyrene applied in
suspension (Dilger et al., 2016). On the other hand, phenolic species are typical components of wood
combustion aerosol and suspected to counteract oxidative processes in the human body by, e.g.
scavenging reactive oxygen species, consequently decreasing oxidative stress or DNA modification
(Kanashova et al., 2018; Kjallstrand and Petersson, 2001) during carcinogenesis. Moreover, it has
been shown that the oxidative potential of particles comprised of naphthalene-SOA and copper is
not additive (Wang et al., 2018). Secondly, PAHs are oxidised depending on reactants and radiation
and largely transformed into OPAHs and nitro-PAHs, which are known for their carcinogenic effect on
human health as well (Fu et al., 2012), but not taken into account by PAH-TEQ. The same holds for
the heavy metals cadmium, chromium and nickel, which are also classified as carcinogenic to humans
(“group 1”) (International Agency for Research on Cancer (IARC), 2019) and found in similar
concentration ranges as PAHs with five or more rings in wood combustion aerosol (Czech et al., 2018;
Wiinikka et al., 2013). Finally, the particle size of the emission ultimately affects the location of
deposition and point of action during human exposure for particle-bound carcinogens (Bostrom et al.,

2002).
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Fig. 6. Top: PAH-TEQ referred to benz[a]pyrene for primary (green) and aged (blue) spruce

combustion emissions. Straight black lines denotes filter samples taken from primary and aged
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aerosol of the same ageing experiment. PAH-TEQ from a diesel engine is included as reference for
carcinogenic exhaust particles (red). Circles denote dilution ratio of 1:30 for filter sampling, while
crosses show filter samples taken at 1:15 dilution (not included in the average values). Diesel
emission filter samples were taken at 1:10 dilution ratio (diamonds). Literature data (right) was taken
from (a) (Orasche et al., 2012), (b) (Orasche et al., 2013) (CS: cold start; NL: nominal load), (c) (Lin et
al., 2011) (ULSD: ultra-low sulphur diesel; US-HDD: US engine cycle for heavy-duty diesel engines)
and (d) (Kaivosoja et al., 2013) (LFO: diesel-like light fuel oil). Bottom: PAH-TEQ (solid lines) and
extrapolated PAH-TEQ (dashed lines) with pseudo-first order kinetic constants derived from

experiments expl to exp4 with 1.7 to 2.5 equivalent days of photochemical ageing (Fig. S4).

4. Conclusion

Primary emissions from spruce logwood combustion were aged in a new high-flow photochemical
reactor (PEAR) with equivalent photochemical ages between 1.7 and 2.5 days in the atmosphere. OC
increased by 26 to 43% due to SOA formation, while EC remained stable. In TOCA-REMPI analysis, a
variety of aromatic species up to m/z of 400 was detected, including alkylation series of PAH and
OPAH. Targeted analysis by IDTDGC-MS revealed 404 pg MJ™ of 35 analysed PAH, 317 pg MJ™* of 11
analysed Oxy-PAH and 12.5 pg MJ™ of 5 analysed OH-PAH, emphasising the role of residential wood
combustion as an important source of PAHs and OPAHs in the atmosphere. Photochemical ageing
reduced the abundance of PAH by between 60 and 99% after 1.7 to 2.5 days of photochemical ageing,
whereas Oxy-PAH decreased less due to their additional formation via photochemical reactions. In
contrast, a substantial net increase of OH-PAH, in particular for 1,8-naphthaldehydic acid with a
factor 36, was observed after ageing, which motivates further investigations on their relevance in
toxicity of aged and ambient PM.

In both targeted and untargeted analysis, degradation of particle-bound aromatic compounds by

photochemical ageing revealed minor differences between single aromatic species in contrast to
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different reactivity of gas phase aromatics, Hence, further studies of PAHs and OPAHs degradation in
aerosol emissions from different sources are necessary in order to derive cause-effect relations
between properties of the substrate and photochemical decay of aromatic compounds.

PAHs have been widely used in diagnostic ratios to identify or to discriminate between wood
combustion and other emissions sources. Phenanthrene/anthracene, fluoranthene/pyrene,
retene/chrysene, and indeno[cd]pyrene/benzo[ghi]perylene were only slightly affected by
photochemical ageing due to the general protection of particle-bound PAH by the particle
composition and  microstructure. In  contrast, known  degradation  kinetics  of
benz[a]lpyrene/benz[e]pyrene are sufficient to monitor atmospheric ageing of wood combustion
aerosol. Moreover, the ratio of benz[a]anthracene/chrysene was also affected by ageing, despite
similar reactivity towards OH. A possible explanation might be the higher importance of ozone as
reactant, for which kinetic constants of benz[a]anthracene and chrysene differ by a factor of two.

The assessment of the carcinogenic potential of the wood combustion emission revealed that the
PAH-TEQ is reduced by 45 to 80% per day of photochemical ageing. Nevertheless, photochemical
ageing cannot be regarded as a process of net reducing carcinogenity of combustion aerosol due to
parallel formation of other carcinogens, such as nitro-PAH. Hence, the toxicological effect of
atmospheric ageing on combustion aerosols should be investigated in future studies by more
sophisticated approaches, such as air-liquid exposure of lung cells followed by toxicological and
multi-omics biological response analysis (Bauer et al., 2019; Kanashova et al., 2018; Oeder et al.,

2015).
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Highlights

e targeted and untargeted analysis of aromatics in primary and aged wood combustion PM2.5
e reassessment of PAH diagnostic ratios for source identification

e Oxy-PAH were less degraded by photochemical ageing than PAH

e increase of OH-PAH during photochemical ageing

e PAH-TEQ reduced by 90% after two days of photochemical ageing
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