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Emissions from road traffic and residential heating contribute to urban air pollution. Advances in emission

reduction technologies may alter the composition of emissions and affect their fate during atmospheric

processing. Here, emissions of a gasoline car and a wood stove, both equipped with modern emission

mitigation technology, were photochemically aged in an oxidation flow reactor to the equivalent of one

to five days of photochemical aging. Fresh and aged exhausts were analyzed by ultrahigh resolution

mass spectrometry. The gasoline car equipped with a three-way catalyst and a gasoline particle filter

emitted minor primary fine particulate matter (PM2.5), but aging led to formation of particulate low-

volatile, oxygenated and highly nitrogen-containing compounds, formed from volatile organic

compounds (VOCs) and gases incl. NOx, SO2, and NH3. Reduction of the particle concentration was also

observed for the application of an electrostatic precipitator with residential wood combustion but with

no significant effect on the chemical composition of PM2.5. Comparing the effect of short and medium

photochemical exposures on PM2.5 of both emission sources indicates a similar trend for formation of

new organic compounds with increased carbon oxidation state and nitrogen content. The overall bulk

compositions of the studied emission exhausts became more similar by aging, with many newly formed

elemental compositions being shared. However, the presence of particulate matter in wood combustion

results in differences in the molecular properties of secondary particles, as some compounds were

preserved during aging.
Environmental signicance

Epidemiological insights into the relation between levels of ne particulate matter (PM2.5) and public health lead to stricter emissions regulations for resi-
dential heating and road traffic, which are signicant PM2.5 sources worldwide. For compliance, manufacturers improve combustion technology and develop
new emission mitigation strategies, which alter emissions composition compared to older emission sources, with possible impacts on their behavior during
atmospheric aging. Laboratory-aging of urban combustion emissions of state-of-the-art devices and subsequent PM2.5 analysis with complementary ultrahigh
resolution mass spectrometry techniques shed light on the consequences of technological developments for the atmospheric fate and the composition of the
emissions on a molecular level and the consequent changes in particle properties regarding oxidation, aromaticity, and volatility.
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1. Introduction

Combustion emissions contribute signicantly to air pollution
by releasing airborne ne and coarse particulate matter (PM2.5
and PM10) as well as nitrogen oxides (NOx) to the atmosphere.
Consequently, they pose a threat to public health, linked to
respiratory or cardiovascular diseases and an overall increase in
premature mortality.1–5 In the last decades, countermeasures
have been applied to reduce health-relevant emissions from
road traffic and residential heating with wood, as those have
been frequently identied as main sources of ambient PM2.5 or
PM10.6–9 In addition to the three-way and oxidation catalysts for
Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309 | 1295
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gasoline and diesel vehicles, particle lters have become more
established to comply with stricter exhaust emission standards
to reduce tailpipe emissions.10,11 Furthermore, the addition of
oxygen-containing bioethanol or fatty acid methyl esters to
gasoline and diesel, respectively, suppresses soot particle
formation and consequently diminishes PM2.5 emissions.12,13

For continuously and batchwise red residential wood
combustion appliances, the development of a secondary air
supply by air staging may substantially reduce PM2.5, organic
carbon (OC), CO and, for continuously operated appliances,
NOx emissions because of improved oxidation of carbonaceous
aerosols and improved availability of NOx that acts as an oxidant
in fuel-rich combustion zones.14–17

Atmospheric processing (i.e., ‘aging’) of aerosols in the
presence of NOx produces photochemical air pollution by
increasing urban PM and ground-level ozone concentrations,
which is a long-term phenomenon in megacities such as Los
Angeles, Mexico City or Beijing, Shanghai, Xi'an, and
Guangzhou.18–20 Gases in primary emissions are oxidized by the
atmospheric oxidants, mainly hydroxyl radicals, ozone, and
nitrate radicals, and low volatility reaction products may parti-
tion to the particle phase.21,22 Moreover, peroxyalkyl radical
ðRO�

2Þ intermediates from the atmospheric degradation of
organic vapors may oxidize NO, forming NO2.23 During daytime,
photolysis of NO2 and produces triplet oxygen O(3P), which
reacts with molecular oxygen to form ozone.24 Therefore,
secondary air pollutants must be considered for an integrated
assessment of air pollution control strategies. However, both
ground-level ozone and secondary PM formation depend on the
aerosol composition, which vary depending on atmospheric
conditions such as relative humidity, the ratio of volatile
organic compounds (VOC) to NOx, and light availability (e.g.,
day- or night time).

Residential wood combustion and traffic emissions, namely
gasoline-fueled vehicles (e.g., cars and scooters), contain
substantial potential for secondary PM formation, including
both secondary organic and inorganic aerosol particles (SOA,
SIA).25–29 Aged emissions from individual primary sources
including cars,30 residential wood combustion,31 and single
combustion-related products like naphthalene32 or hydro-
carbon/NOx mixtures33 show distinct effects in in vitro and in
vivo models regarding several biological endpoints, such as
induction of oxidative stress, genotoxicity, cytotoxicity as well as
inammatory effects. Moreover, also epidemiological ndings
emphasize the negative effect of SOA on public health by linking
SOA to the rate of cardiorespiratory mortality in the United
States.34

Motivated by stricter legislation, improved combustion
technologies or emission mitigation strategies reduce emis-
sions of the regulated species. However, they may also induce
changes in emission composition and alter the atmospheric
transformation of the emissions. This study characterizes the
chemical changes in the composition of particulate emissions
of a gasoline car and a residential wood stove, both equipped
with commercial state-of-the-art emission mitigation technol-
ogies, aer photochemical aging in a high-volume oxidation
ow reactor. To understand the changes that occur in organic
1296 | Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309
emissions during atmospheric aging, ultrahigh resolution
Fourier-transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) in combination with atmospheric pressure
photoionization (APPI) and electrospray ionization (ESI)
provides complementary insights into non-/low-polar and polar
organic compounds, respectively.

2. Materials and methods
2.1. Emission sources and laboratory-aging

Wood stove emissions were generated by the combustion of ve
consecutive batches 2 kg of beech logwood in a modern non-
heat-retaining chimney stove (Aduro 9.3, Denmark). Each of
the individual batches lasted for 35 min while the combustion
experiment was completed by a residual char-burning phase of
30min as described previously elsewhere.35 In some of the wood
stove experiments, the primary particle emissions were ltered
by a tube-type electrostatic precipitator (ESP; OekoTube, Oeko-
Solve AG, Switzerland), located on the chimney of the oven, with
PM1 reduction efficiencies of 80–97%.36

Gasoline car emissions were generated by a turbocharged
light-duty gasoline direct injection (GDI) passenger vehicle
(Skoda Scala 1.0 TSI, model year 2021) on a chassis dyna-
mometer (Rototest VPA-RX3 2WD). The car was equipped with
a three-way catalyst and a gasoline particle lter (GPF), and was
compliant with the EURO-6 exhaust emission standard. It was
operated with commercial gasoline–ethanol blend fuel 95 E10
(gasoline with max. 10% ethanol content) under the following
cycle: cold start and idling for 5 min (no gear), 50 km h−1 for
15 min (4th gear), 100 km h−1 for 15 min (5th gear), 80 km h−1

for 15 min (5th gear) and idling for 5 min (no gear), which was
repeated four times. More information about the gases, VOC
and organic aerosol emissions can be found elsewhere.37

Fresh aerosol emissions were diluted by either a factor of 17
(gasoline car) or 60 (wood stove) by a porous tube ejector dilutor
(Venacontra, Finland) before sampling or laboratory aging.
PM2.5 of fresh and aged emissions were collected on pre-
conditioned quartz ber lters (47 mm, Munktell) over the
total experimental duration of 240 min with a ow of 10 or 5
L min−1, respectively.

Photochemical processing was conducted with the Photo-
chemical Emission Aging ow tube Reactor (PEAR),38 which is
a high-ow oxidation ow reactor with a laminar ow, designed
for the aging of transient combustion exhausts. The PEAR was
operated with a total ow rate of 130 L min−1. Relative humidity
and temperature were 57 ± 6% and 25 ± 2 °C downstream the
PEAR. Different photochemical ages were achieved by varying
the photon ux at 254 nm through different UV lamp voltages.
Initial ozone input to the PEAR was 9 ppm, and hydroxyl radi-
cals (OH) were created by the rapid photolysis of ozone to
excited singlet oxygen, which subsequently reacted with water
to form OH. OH exposure (OHexp) was traced from the
consumption of externally input d9-butanol, monitored by
a proton transfer reactor mass spectrometer (PTR-TOF 8000,
Ionicon, Austria).39

Car and wood combustion exhausts underwent two different
aging scenarios, representing either short aging or medium
This journal is © The Royal Society of Chemistry 2024
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Table 1 Overview on combustion and aging experiments with corresponding equivalent photochemical aging days and its average standard
deviation during a 4h experiments

Aerosol emission source No. of samples pooled Dilution ratio Equivalent age [d]
Standard deviation
of equivalent age [d]

Car, fresh 4 17 0
Car, short aged 4 17 2.1 1.7
Car, medium aged 4 17 5.0 2.0
Wood stove, fresh 4 60 0
Wood stove + ESP,a fresh 3 60 0
Wood stove short, aged 4 60 1.4 1.2
Wood stove + ESP,a short aged 1 60 2.2 1.5
Wood stove, medium aged 4 60 3.8 2.6

a ESP: electrostatic precipitator.
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aging in comparison to the maximum atmospheric particle
lifetime of two weeks. The atmospheric ages of gasoline car
emissions were equivalent to 2.1 or 5 days (based harmonic
mean decay of d9-butanol during a 4h experiments) of photo-
chemical OH exposure in the atmosphere assuming an average
ambient concentration of OH radicals of 1.5 × 106 cm−3. For
residential wood combustion emissions, the average ages were
1.4 or 3.8 equivalent days for the short and medium aging,
respectively. Arithmetic means and average standard deviations
of the OH exposures during each experiment type are given in
Table 1. OHexp reached in the PEAR is sensitive to the input of
OH reactive components, which consume the available radi-
cals.40 For both sources, the transient nature of the exhausts led
to natural variance in the rate of exposures to OH (Fig. S1†).
Similarly, there was notable variance in the ratio of photolysis to
OH exposure (Fig. S2†) and in the consequent reaction pathways
of the peroxy radicals (RO2) formed in the rst step of photo-
chemical reactions.41 Thus, a range of aging conditions is rep-
resented in each pooled sample.

The ratio of UVC photolysis to OHexp (F254,exp/OHexp) was
signicantly higher than in the atmosphere, leading to
enhanced photolysis of organics and limited RO2 isomerization
compared to atmospheric conditions. However, for most of the
operation time the F254,exp/OHexp remained below the limit of 1
× 107 cm s−1, which can be considered the upper limit in regard
of atmospheric relevant oxidative ow reaction operation
(Fig. S2†).42

The fates of low-volatile organic compounds (LVOC) in the
PEAR were assessed similarly as in previous studies.28,43 LVOC
lifetime regards to particulate condensation was below 1 s at the
PEAR exit (Fig. S3†), based on the particulate condensation sink
calculated from the particle number size distributions
measured aer the PEAR by a Scanning Mobility Particle Sizer
(SMPS Classier Model 3080, DMA model 3081, CPC 3776, TSI).
Consequently, the LVOCs condensed onto the particles during
the 64 s PEAR residence time in all experiments.
2.2. Filter extraction and ultrahigh resolution mass
spectrometry

For lter extraction, lter samples from repetitions of the same
experimental conditions were pooled and extracted together to
This journal is © The Royal Society of Chemistry 2024
minimize effects of experimental variation (Table 1). For each
experimental condition, in total eight 10 mm punches were
taken from replicate lters, representing 0.5 m3 aged or 1 m3

fresh diluted exhaust gas and placed in a pre-baked glass vial. A
mixture (1/1 v%) of methanol (LC-MS grade) and dichloro-
methane (LC-MS grade) was added to the vial and it was placed
in an ice-chilled ultrasonic bath for 30 min. Aer a nal ltra-
tion step (0.2 mm PTFE membrane, Sartorius, Goettingen, Ger-
many), the extracts were kept at −25 °C until further analysis.

Direct-infusion electrospray ionization (ESI) Fourier-
transform ion cyclotron resonance mass spectrometry (FT-ICR
MS) was carried out on a SolariX MRMS platform (Bruker Dal-
tonik, Bremen, Germany) equipped with a 7 T superconducting
magnet and an Innity Cell. All samples were analyzed by
electrospray ionization in positive (ESI+) and negative mode
(ESI−) as well as atmospheric pressure photoionization in
positive mode (APPI). The parameters of the FT-ICR were
similar to previous experiments and are described in detail
elsewhere.44 Briey, for APPI experiments (Kr discharge lamp,
10/10.6 eV) the ow rate was set to 600 mL h−1 with a vaporizer
temperature of 350 °C. For ESI experiments the spray voltage
was set to−/+ 3.5 kV with 1.4 bar nebulizer gas and a ow rate of
200/300 mL h−1 for positive and negative mode, respectively. For
all ionization techniques, 200 scans were collected in the range
of m/z 150–1000 with a resulting mass accuracy below 1 ppm,
root-mean square error (RMSE) between 0.15–0.4 ppm and
a resolving power >310 000 at m/z 400.
2.3. Data analysis in FT-ICR MS

Aer internal calibration based on known homologue series of
CHO compounds, the mass spectra were exported and further
processed by self-written MATLAB algorithms and routines
combined in the graphical user interface CERES Processing.
The following restrictions were set for the elemental composi-
tion assignment: CcHhNnOoSsNana, 5# c# 100, 5# h# 200, n#
4, o# 20, s# 1 (ESI+: na# 1, s= 0). Additional limitations were
set for H/C ratio (0.4–2.4), O/C ratio (0–1.4), and double bond
equivalents (DBE; 0–28). The minimum number of compounds
in a compound class was set to ve. An intensity based blank
removal was used to remove any signals of contaminations
originating from the lter sampling, extraction procedure, or
Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309 | 1297
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ionization source. Equations used for the calculation of
molecular properties: double bond equivalent (DBE), modied
aromaticity index (AImod) and saturation vapor pressure
(log(C*)) as well as denitions for the organic compound vola-
tility ranges are given in Section S1.†
3. Results and discussion
3.1. Compositions of fresh and aged residential wood
combustion emissions

Fresh wood combustion emissions already contain oxygen-
containing functional groups originating from the incomplete
combustion of mainly oxygen-containing biomass constituents
like lignin, cellulose, or hemicellulose.14 Atmospheric aging
distinctly shis the oxygen number distribution towards
a broader distribution with higher maximum and average
oxygen numbers (Fig. 1a–c), visible in all three ionization
techniques. Comparing short and medium aging experiments,
the prolonged equivalent age increases the average oxygen
number by two (Table S4†), which is higher than the observed
increase by one between fresh and short aging.

The photochemical aging of residential wood combustion
emissions, on a compound class level, results in a reduction of
the number of hydrocarbons (CH) and reduced nitrogen-
containing compounds (CHN), because of oxygen addition to
the carbon backbone in functional groups (Table S2 and
Fig. S4a†), such as alcohol, carbonyl, or nitro group, supported
by increasing abundance of oxygen-containing compound
classes (CHO, CHNO) in all ionization techniques. Sulfur-
containing species are detected in fresh wood combustion
Fig. 1 Number distributions of oxygen (left) and nitrogen (right) in
fresh (black), short aged (blue), and medium aged (red) residential
wood combustion emissions for each ionization technique (a: APPI, b:
ESI−, c: ESI+).

1298 | Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309
emissions (CHOS), and further increase with atmospheric aging
due to secondary reactions with NOX or SOX.45,46 Atmospheric
aging also leads to the formation of a new class of CHNOS
compounds. However, sulfur-containing compounds are over-
represented in the mass spectra due to particularly high sensi-
tivity by ionization in negative mode ESI.47 The chemical
complexity of the organic aerosol increased with additional
atmospheric aging, which can be observed in the mass spectra
of each dataset (Fig. S5†). The mass spectrometric pattern
changed from a lower number of distinct, higher intensity
peaks to a more continuous distribution of peaks in a homolog
series, with a broader range of oxygenation (e.g., C14H8O6–

C21H22O6: e.g., hydroxylated-anthraquinone like) and higher
number of oxidized nitrogen-containing compounds (e.g.,
C10H9N1O6–C18H25N1O6: e.g., nitro-phthalate like).

Short photochemical aging equivalent to 1.4 days signi-
cantly increases the average O/C ratio (DO/C: 0.10 (APPI), 0.11
(ESI+), 0.33 (ESI−)) compared to fresh emissions. Enhancement
of aging from short to medium causes similar differences in the
average O/C ratio for APPI and ESI+ (DO/C: 0.07 and 0.11,
respectively) as the initial aging step, while for ESI− the
increase is lower (DO/C: 0.13). The selectivity of each ionization
technique for certain compound classes explains this effect.
While APPI is selective for non- and low-polar compounds,
preferably containing unsaturated structures, e.g., aromatic
rings, and ESI+ is selective for polar compounds with basic
moieties, ESI− is selective for polar compounds with acidic
functional groups, e.g., carboxyl-, sulfate- or nitro-groups.

The number of nitrogen-containing compounds in the fresh
wood combustion exhaust was minor. Both short and medium
aging show a much higher number of nitrogen-containing
compounds compared to the fresh emissions due to the abun-
dant NOX taking part in the aging reactions in the PEAR
(Fig. S4†). The addition of nitrogen during atmospheric aging,
e.g., as nitro or nitrate moieties, has been frequently observed
and discussed in literature, with ozone-based photochemical
oxidation conditions applied in this experiment, enabling
pathways that readily form multifunctional organic nitrates
(RONO2).48–50 The less polar compounds detected by APPI show
an expected trend, as the nitrogen abundance increases with
more intense photochemical aging, while the polar compounds
detected by ESI show a different behavior. Especially in ESI−,
the number and the total intensity of nitrogen-containing
compounds is higher in short-aged wood combustion emis-
sions than inmedium-aged emissions. Atmospheric aging leads
to the degradation of organic compounds, e.g., due to photo-
oxidation, with some compounds being more sensitive to this
degradation than others. This is likely reected by the selectivity
of ESI− for acidic and nitrogen-containing compounds (e.g.,
nitrophenols), that seem to be more efficiently oxidized during
prolonged photochemical aging, than other compound
classes.51 This trend is also seen in the total number and total
intensity of detected compounds by ESI−, which is not
increasing but slightly decreasing for medium aged wood
combustion emissions (short aged: number (n) = 2614/total ion
current (TIC) = 1.7 × 1010, medium aged: n = 2050/TIC = 1.2 ×

1010, Table S3†).
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Van Krevelen diagrams of residential wood combustion emissions APPI results with fresh organic aerosol (left) indicated in black,
compounds newly formed during short aging (center) indicated in blue and compounds uniquely formed during medium aging (right) displayed
in red. Intensity-weighted average H/C and O/C ratios of each dataset are indicated by yellow bordered diamonds. (b) Double bond equivalent
(DBE) versus carbon number contour plots of the summedCHNO compound class in fresh, short aged andmedium aged ESI− data of residential
wood combustion emissions. (c) Calculated saturation vapor pressure (log(C*)) versus m/z ratio plots of assigned elemental compositions (ESI−)
with indicated compounds class (color) and relative intensity (dot size) and histogram of log(C*) distribution. Organic compound volatility ranges
of intermediate-volatile (IVOC), semivolatile (SVOC), low-volatile (LVOC), extremely-low volatile (ELVOC) and ultra-low volatile (ULVOC) are
indicated by dotted horizontal lines.
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The observed increase in O/C ratio as well as the decrease in
H/C ratio by photochemical aging are linked to decreasing
aromaticity and increased functionality (Fig. 2a, S6, and Table
S4†). For wood combustion emissions, the average AImod is
steadily decreasing with increasing equivalent photochemical
age, likely due to ring-opening reactions. The general chemical
This journal is © The Royal Society of Chemistry 2024
space of compounds that are newly formed during medium
aging is mostly overlapping with compounds that are already
formed aer short aging, with a small shi towards higher O/C
ratios with higher photochemical exposure. Still, the difference
in O/C and AImod between fresh to short aging is larger than
from short to medium aging despite the equidistance in age of
Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309 | 1299
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approximately 1.5 days. The formation of highly oxidized,
partially aromatic compounds, is best observed in ESI−
(Fig. S6b†) and is expected in the formation of SOA from
PAHs.52,53 In general, SOA formation by homogenous oxidation
and consequent condensation of the gas phase organics is
dominating at the beginning of atmospheric aging, being the
faster reaction compared to heterogenous oxidation of the
particle phase that becomes more relevant with increasing
aging duration.

The contour plot of DBE versus carbon number (Fig. 2b) for
all compounds in the CHNO class (ESI−) summarizes the
previously discussed trends. CHNO compounds with aromatic
rings are an important constituent of BrC due to their poten-
tially strong light-absorbing properties.54,55 Fresh emissions
contain the lowest number of CHNO compounds, with a narrow
elliptical distribution from 10–30 carbon atoms and DBE 5–23
as well as some dispersed signals and unsaturated species,
likely fatty acids. Aer short aging, only the elliptical distribu-
tion remains, but it is shied to lower DBE values, while at the
same time getting broader, as a result of the formation of
compounds with higher degree of alkylation. Aer medium
aging, the main elliptical distribution remains mostly the same,
but slightly shrinks at the high DBE end, which is explained by
photodegradation.56 The same trend is observed for the CHO
and CHOS compound classes (Fig. S7†). Similarly, compounds
formed during the step from short to medium aging show
elliptical distribution patterns that are already observed aer
short aging, including the main CHON and CHO compound
classes, as well as minor contributions of CHOS (Fig. 2b, and
S7†). Notably, for all compounds classes, most of the species
detected aer medium aging (3.8 days) are already detected
aer short aging (1.4 days), with the compounds occupying the
same chemical space, especially for polar organic aerosol
constituents. In ESI− and ESI+ only 22% and 35% of the
assigned elemental compositions in medium aged wood
combustion emissions are uniquely formed aer medium
aging, respectively, while most compounds are already identi-
ed in the short aging sample (77% and 64%, respectively). The
decline in the formation rate of new elemental compositions is
a result of counteracting mechanisms that, on the one hand,
form new compounds due to atmospheric oxidizing agents and,
on the other hand, degrade compounds via photooxidation that
leads to the formation of smaller products that are too volatile
for lter sampling or fall below the lower limit of the accessible
m/z range.

The formation of higher molecular weight secondary organic
compounds during photochemical aging, either due to func-
tionalization, radical recombination, or oligomerization reac-
tions, is necessarily accompanied by a reduction of the volatility
of product compounds.57 Fresh wood combustion emissions
contain mainly semi- or low-volatile organic compounds (SVOC,
LVOC), which during atmospheric aging are forming new LVOC
(Fig. 2c), extremely-low volatile organic compounds (ELVOC)
and even ultra-low volatile organic compounds (ULVOC). As
discussed before, this is mainly a result of oxidation reactions,
also including the addition of nitrogen-containing functional
groups, as well as a higher degree of alkylation, which is
1300 | Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309
highlighted by the width of the striped pattern of the CHO class
in the long-aged wood combustion emission (Fig. 2c). Each
CHO class band consists of compounds with the same oxygen
number. Compounds with higher oxygen number and lower
volatility are formed aer medium aging, compared to short
aging. Comparing short and medium aged emissions, an
increase of CHOS compounds is observed in the LVOC to
ULVOC region aer medium aging. These secondary reaction
products have O/S$ 4, which is an indicator for organic sulfate,
a main product of reactions with SO2. The very low volatility of
the organic sulfates means they are predominately partitioned
to the condensed phase of particles, where they impact the
ability to act as cloud condensation nuclei due to their high
hygroscopicity.58,59 The observed low-volatility CHON
compounds have a very high average O/N ratio of 7.7 aer short
aging and 9.3 aer medium aging. A variety of nitrogen-
containing functional groups as well as the combination with
oxygen-containing functional groups are known to result from
secondary aging reactions, e.g., nitro, nitro-phenols, organic
nitrates, acyl peroxyl nitrates and unsaturated hydroxy
nitrates.60,61 These structural modications of CHNO
compounds can determine the light-absorption properties of
aerosols, especially in the UV to visible light wavelength range,
and therefore have a signicant impact on the direct radiative
forcing properties of the aerosols.54,55
3.2. Effect of an electrostatic precipitator on the PM
composition

The ESP removed parts of the primary particles, leaving
a reduced number of particles as well as the mostly unaffected
volatile primary emission for SOA formation.36 In the compar-
ison of the mass spectra between fresh and short aged emis-
sions from the wood stove with and without ESP, no major
difference could be found (Fig. S8†). Therefore, the ESP mostly
has a quantitative, but not a strong qualitative effect on
particulate emissions.

One minor difference between the experiments with and
without an ESP is the higher number of oxygenated compounds
(CHO, CHNO, CHNOS, CHOS) that were detected at low inten-
sities in the samples with ESP, either uniquely or even in
common with emissions that have undergone short aging. The
observation of these compounds may be a result of the higher
ratio of oxidants to particles, as well as the formation of ozone
from the ESP that may have resulted in minor aging of the fresh
wood stove emissions.62 However, there were no strong differ-
ences in the observed mass spectrometric patterns of fresh
emissions. Van Krevelen diagrams of the respective datasets
(Fig. S9†) show that, for fresh and short aged experiments with
and without ESP, unique elemental compositions are found in
a similar chemical space (medium to high O/C, medium to low
H/C). The strong similarity of the fresh and aged wood
combustion emissions with and without the implementation of
an ESP is demonstrated also by the similarity in the averages
and distribution of values in volatility and carbon oxidation
states (Fig. S10†).
This journal is © The Royal Society of Chemistry 2024
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During the single short aging experiment with ESP, the ESP
had lower particle reduction efficiency than given by Brunner
et al.36 However, no quantitative effect on the aging is investi-
gated here and the similar chemical composition of the short-
aged aerosol meets the expected outcome from a similar
composition of the fresh emissions.

Fig. S9† shows an upset plot of the comparison of short aged
wood combustion emissions with and without application of
the ESP for short aging. Most elemental compositions in ESI−
(n= 2210) were detected regardless of the ESP, with only a small
number of compounds detected uniquely without an ESP (n =

400) or with an ESP (n = 487). A similar effect is observed with
the other ionization techniques (Fig. S9†). The lower number of
particles in the primary aerosol aer the ESP appears to not
affect the composition of secondary organic aerosol compounds
formed during the photochemical aging of wood combustion
emissions, although the TIC of detected compounds is gener-
ally reduced, e.g., in APPI roughly halved (TIC APPI short aging,
without ESP: 2.15 × 1010, with ESP: 9.99 × 109). It should be
noted that atmospheric pressure ionization techniques are not
necessarily quantitative and detected intensities may vary
largely due to ion suppression effects, especially in electrospray
ionization, but, to a lower extent, also in APPI.63
3.3. Composition of fresh and aged gasoline car emissions

Only few hundred compounds could be detected from the fresh
gasoline car emissions. These compounds are low in intensity
and predominately in the CHO class, with minor numbers of
CH, CHN, CHNO and CHOS species (Tables S2 and S3†). This
reects the effective removal of primary particles by the efficient
Fig. 3 Number distribution of oxygen (left) and nitrogen (right) in fresh
(black), short aged (blue) and medium aged (red) gasoline car emis-
sions for each ionization technique (a: APPI, b: ESI−, c: ESI+).

This journal is © The Royal Society of Chemistry 2024
combustion of commercial gasoline in the engine, combined
with exhaust gas cleaning by the in modern three-way catalytic
converter and GPF.10,37

Nevertheless, VOCs and inorganic gases, such as NOx and for
modern cars particularly NH3, act as precursors for secondary
particles and consequently contribute to the PM2.5 burden.64,65

The oxygen number distribution (Fig. 3a–c) shows a large shi
from fresh to short aged emissions in all ionization techniques,
regarding the observed number of compounds, as well as the
intensity-weighted average number of oxygen atoms and the
summed intensity of assigned signals (Table S4†). For both ESI
polarities, themaximum of the distribution is shied by a factor
of more than two from fresh to short aged emissions. For APPI
and ESI− the step from short tomedium aging is a continuation
of the increase in oxygen content observed in the step from
fresh to short aging, but with a lower increase of oxygenation. In
contrast, ESI+ shows the opposite effect, with the oxygen
number distribution shiing back to a similar range already
observed for fresh car emissions. To explain this effect, it must
be considered that most detected oxygen-containing
compounds aer short aging of car emissions also contain up
to three nitrogen atoms. Nitrogen-containing compounds,
detected in ESI+, were predominantly formed during short
aging, but some CHON were already degraded aer medium
photochemical aging (Fig. S11†). As this degradation of CHON
compounds is not observed in ESI− and APPI data, neither in
the oxygen nor in the nitrogen number distribution, the selec-
tivity of ESI+ must play a key role for the identication of
responsible structural features. ESI+ is selective for basic func-
tional groups, e.g., amine, amides, basic aromatic rings (pyri-
dine, quinoline). Nitrogen-containing compounds detected
aer short aging have a low average aromaticity (average AImod

= 0.06) (Fig. 4a and b). Therefore, short aging most likely
produces amine or amide functionalities that are consequently
degraded if the photochemical exposure is extended to the
medium level (number of CHNO + CHN: fresh: 217, short: 1333,
medium: 452).

In ESI− and APPI the number of nitrogen-containing species is
drastically increased aer short aging and even further increased
aermedium aging, with up to four nitrogen atoms permolecule.
These nitrogen-containing compounds are likely a result of the
high NH3 and NOx content of the emissions. Notably, the average
O/N ratio remains the same aer short or medium aging (APPI:
4.1 ESI−: 6.5) as both the average nitrogen and the average oxygen
number are likewise increased (Table S3†).

Therefore, the secondary reactions leading to the formation of
these compounds seem to continue constantly for the full expo-
sure range of the experiment. The matching addition of oxygen
and nitrogen functionalities can be driven, for example, by the
combination of OH-radical-initiated oxidation and ammonia-
driven carbonyl-to-imine conversion.66 This also enables radical
recombination and condensation reactions that increase the
carbon number of the aged PM. The number, intensity, DBE, and
carbon number are all continuously increased from fresh to short
and medium aged emissions for the CHON and the CHO
compound class, with the effects highlighted in the DBE versus
carbon number plots (Fig. 4b, and S7a†).
Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309 | 1301
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Fig. 4 (a) Van Krevelen diagrams of gasoline car emissions (APPI) data with fresh organic aerosol (left) indicated in black, compounds newly
formed during short aging (center) indicated in blue and compounds uniquely formed during medium aging (right) displayed in red. Intensity-
weighted average H/C and O/C ratios of each dataset are indicated by yellow bordered diamonds. (b) Double bond equivalent (DBE) versus
carbon number contour plots of the summed CHNO compound class in fresh, short aged and medium aged ESI− data of residential wood
combustion emissions. (c) Calculated saturation vapor pressure (log(C*)) versus m/z ratio plots of assigned elemental compositions (ESI−) with
indicated compounds class (color) and relative intensity (dot size) and histogram of log(C*) distribution. Organic compound volatility ranges of
intermediatevolatile (IVOC), semivolatile (SVOC), low-volatile (LVOC) extremely-low volatile (ELVOC) and ultra-low volatile (ULVOC) are indi-
cated by dotted horizontal lines.
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Fresh gasoline car emissions only contain a minor number
of CHOS compounds (n = 46) and CHNOS compounds (n = 9)
(Fig. S13a†). Due to the presence of NH3 and NOx in addition to
SO2 in the emissions, aer short aging, CHOS compounds
remain rare, while a small number of CHNOS compounds (n =

109) is newly formed with high DBE values (DBE > 10) and likely
1302 | Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309
containing at least one aromatic ring (average AImod = 0.62)
(Fig. S13b†). With higher photochemical ages, even more
CHNOS compounds, but also CHOS compounds are formed,
not only with aromatic structures but also in a second region at
lower DBE values reducing the average AImod of CHNOS
compounds to 0.44. CHOS compounds show almost the same
This journal is © The Royal Society of Chemistry 2024
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distribution in the DBE versus carbon number plot aer
medium aging but, with two separate regions at low and high
DBE values but a lower average AImod of 0.25. The CHOS
compounds only formed aer medium aging may be degrada-
tion products of CHNOS compounds, which undergo photo-
chemical degradation reactions leading to ring-opening and the
loss of DBE or rather aromaticity as well as nitrogen moieties.
The aromatic as well as aliphatic sulfur-containing compounds
are known for their hygroscopicity that modies the ability of
the aerosol particle to act as cloud condensation nuclei,59 as well
as the induction of adverse health effects and oxidative stress,
especially by aromatic sulfur-containing species.67

Aer medium aging, the main fractions are the uniquely
identied compounds (APPI: 59%, ESI−: 56%, ESI+: 83%,
compared to short aging PM) followed by the fraction of
compounds that are common in short and medium aged PM
(Fig. S11†). Compounds only formed aer medium aging also
display a lower volatility compared to compounds formed aer
short aging (Fig. 4c), enforcing the previously observed pattern
created from compounds aer short aging in the direction of
lower volatility and higher molecular weight in comparison to
fresh exhaust.68
3.4. Comparison of car and wood combustion emission
aging

The laboratory aging of two anthropogenic aerosol emission
sources representing current modern technologies highlights
the complex dependencies of secondary PM formation and
composition on the emitted primary organic aerosol composi-
tion and concentration. When comparing the effect of atmo-
spheric aging on car and residential wood combustion, both
emission types lead to the formation of a broad variety of
oxidized organic compounds and the molecular complexity
increases with ongoing photochemical aging. Increasing aging
duration enhances the average carbon oxidation state (OSC)
while decreasing the average volatility of OC (Fig. S10†).

Fresh residential wood combustion emissions contain
already a high number of low-volatile organic compounds from
incomplete thermal degradation of the biomass, while primary
gasoline car emissions contain only a minor number of
detectable compounds due to the efficient combustion of fuel
and the application of particle lters. During laboratory
photochemical aging both emission types undergo intense
photooxidation, adding oxygen- as well as nitrogen- and sulfur-
containing moieties to the primary organic aerosol, and form-
ing new compounds with higher O/C ratio (Fig. 2a and 4a). This
also results in a shi towards lower volatility which can be
observed for all compound classes alike (Fig. 2c and 4c). Inter-
estingly, both emissions show the same evolution in the Van
Krevelen space by keeping H/C of the fresh emissions and
increasing O/C. This corresponds to the addition of alcohol (–
OH) or peroxide moieties (–OOH).69 Since APPI is particularly
sensitive for aromatic compounds, we may infer functionaliza-
tion of aromatic hydrocarbons as well as further oxidation of
oxygenated hydrocarbons without fragmentation. While this
behavior is similar in ESI+ and ESI− for wood combustion
This journal is © The Royal Society of Chemistry 2024
emissions, aged gasoline car emissions show a decreasing slope
of −1 in the Van Krevelen space in ESI−; in ESI+, no slope can
be obtained because of a decreasing O/C from short to medium
aging. This untypical observation may be a consequence of
fragmentation reactions leading to the loss of nitrogen (Table
S3†), which is co-abundant with oxygen in e.g., nitro groups or
organic nitrates. When combining the average carbon oxidation
state (OSC) with the volatility (Fig. S10†), the center of the
distribution (intensity weighted average) is shied towards the
top le of the diagram, indicating higher average oxidation and
lower volatility with increasing aging intensity.

3.4.1. CHNO compounds. In contrast to the similar
increase in the oxygen number distribution for both emission
types the nitrogen number distribution is clearly elevated in the
aged car emissions compared to wood combustion. This is due
to the emission of NH3 and NOx, which enhances both the total
number of CHON compounds as well as the average number of
nitrogen atoms per molecule (Fig. 3). In comparison to the
aging of wood combustion emissions, the medium aging of
gasoline car emissions shows a smaller preservation of
compounds, that were present aer short aging (Fig. S7 and
S11†). More unique compounds are identied aer medium
aging, indicating a higher chemical conversion than wood
combustion emissions at comparable exposure to OH radicals.
For both emission types, ESI data shows a deviation from this
trend, with nitrogen numbers peaking aer short aging and
then decreasing (ESI−) or remaining constant (ESI+) aer
medium aging. The decreasing trend in abundance may be
explained by photodegradation of labile CHNO compounds,
e.g., nitrophenols,28 which are in the case of the gasoline car,
preferably ionized by ESI+ and in the case of the wood
combustion preferably ionized by ESI−. As both polarities are
selective for different types of compounds, the functional
groups formed during short aging of the two emission sources
must be different, with short aged gasoline car emissions con-
taining rather basic nitrogen moieties and short aged wood
combustion emissions containing more acidic nitrogen
moieties.

The concentrations of NH3 and NOX dictates the prevalent
atmospheric aging mechanism, as due to their higher levels in
the fresh emissions from the gasoline car, the number of
nitrogen-containing compounds is higher. CHNO compounds
can have distinct effects on the light-absorbing properties of the
aerosol due to the chromophore character of these compounds,
e.g., in combination with aromatic ring structures as nitro-
aromatics.70 Furthermore, aged wood combustion emissions
contain a larger share of aromatic as well as condensed
aromatic ring structures than car engine emissions (Table 2). In
both cases, the absolute number of aromatic compounds is
increased during short as well as medium aging, but the relative
number is steady or decreasing. While the increase in total
compound number from car emissions is higher compared to
wood emissions, mostly aliphatic or partially unsaturated
compounds are formed during photochemical aging and the
increase of highly aromatic compounds is limited (Fig. 4b), in
contrast to the aging of wood combustion emissions where
secondary compounds largely remain aromatic (Fig. 2b).
Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309 | 1303
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Table 2 Relative number of assigned elemental compositions in each
modified aromaticity index (AImod) bin of gasoline car and residential
wood combustion emissions in APPI data. AImod > 0.5 indicates
aromatic structures and AImod > 0.67 indicates condensed aromatic
structures

Type Aging

Rel. number (abs. number) AImod bins

0 # 0.25 0.25 # 0.5 0.5 # 0.67 0.67 # 1

Car Fresh 0.48 (295) 0.34 (213) 0.08 (50) 0.10 (62)
Short 0.63 (1027) 0.25 (411) 0.06 (101) 0.06 (98)
Medium 0.64 (2409) 0.26 (965) 0.08 (310) 0.03 (100)

Wood Fresh 0.16 (180) 0.11 (123) 0.17 (194) 0.56 (638)
Short 0.18 (374) 0.15 (326) 0.25 (525) 0.42 (902)
Medium 0.17 (493) 0.18 (517) 0.29 (814) 0.35 (1000)
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Regarding the volatility of aged organic compounds, species
from car emissions decrease in volatility with increasing
photochemical aging and more extremely-low volatile organic
compounds are formed, while wood combustion emissions
remain at a similar level of low volatility (Fig. 2c, 4c and S12†).
However, it should be mentioned that the applied analysis is
covering the extracted fraction of PM2.5 and, gas-phase volatile
compounds will be discussed in future studies. As wood is
a complex biopolymer with, e.g., large cellulose or lignin
macromolecules, higher molecular weight compounds can be
emitted by incomplete combustion of the biomass. In contrast,
the constituents of gasoline fuel are low molecular weight and
SOA formation during atmospheric aging has to start from
smaller molecular building blocks to form heavier, less volatile
species.

3.4.2. Sulfur-containing compounds. Negative mode elec-
trospray ionization reveals the distinct formation of oxidized
sulfur-containing compounds, some also containing nitrogen,
during atmospheric aging of both, gasoline car and residential
wood combustion emission. ESI− is especially sensitive for the
ionization and detection of these compounds, due to the acidity
of most sulfur-containing functional groups, therefore the
observed signal intensity does not reect the actual trace
amounts of these compounds. CHOS and CHNOS compounds
are well known as secondary atmospheric aging products
forming in the condensed phase of acidic sulfate seeds or by
reactions of SO2 with carboxylic acids.46,71,72 They are oen
identied as a major fraction in atmospheric aerosol samples,
especially under the inuence of anthropogenic emissions.73,74

SO2 is emitted in traces from the engine in gasoline cars and
originates mainly from the lubrication oil. Wood combustion
likewise releases traces of SO2 from the thermal degradation of
sulfur-containing biomass constituents like amino acids or
disulde-bonds.75 Also, small amounts of CHOS compounds
may be emitted directly due to incomplete combustion of these
biomass constituents.

During the aging of emissions, CHOS compounds are, to
a minor extent, formed aer short aging as well as medium
aging of wood combustion emissions, but for car emissions
they are only formed aer medium aging (Fig. S7†). In contrast,
CHNOS compounds in wood combustion emissions are only
1304 | Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309
formed aer short aging but are almost vanished aer medium
aging, while for car emissions they are continuously formed
aer short and medium aging. In the case of wood combustion
emissions, CHNOS compounds seem to face the same fate as
other nitrogen-containing compounds of the same source, that
degrade with ongoing photochemical aging, comparable to
a consecutive rst-order reaction. In gasoline car emissions
most sulfur-containing compounds only appear aer prolonged
aging, as they are predominately formed by secondary reactions
with SO2.

3.4.3. Primary emission ngerprints in aged emissions.
Primary organic aerosol emissions contain distinct molecular
markers that are used for identication in ambient atmospheric
studies, e.g., for source apportionment.76 Moreover, also
markers for aged emissions, such as 2,3-dihydroxy-4-oxo-
pentanoic acid (DHOPA) for toluene photooxidation, have
been established.77 Photochemical aging generated unique
aged emission marker molecules while, on the contrary,
increasing the number of common oxidation compounds that
are produced by secondary aging reactions regardless of the
combustion emission source. The similarity of elemental
compositions detected in short and medium aging of gasoline
car and residential wood combustion emissions (Fig. S14†)
reveals an increase in both, the emission-unique compounds,
and the emission-common compounds. Extensive atmospheric
aging, e.g., during long-range transport of mixed emission
sources from anthropogenic, biogenic and wildres emissions,
has been observed to result in the formation of a heavily
oxidized mixture of organic aerosol compounds that could no
longer be clearly assigned to one emission source.61 Notably, the
number of detected compounds common to the two emission
sources is, in this study, always lower than the number of
emission-unique compounds (e.g., short aging: unique wood:
1486/unique car: 996/common: 641) but the relative intensity
that is represented by the common elemental compositions is
always around 50% of the total intensity. This is also reected
by the change of molecular properties during aging (Fig. 2a–c
and 4a–c), that are consequently also responsible for properties
of the PM itself, for example, the light absorption, the hygro-
scopicity, and the ability of the particles to act as cloud
condensation nuclei. Eventually, short, and medium aging
alters the molecular ngerprints to oxidized organic species but
maintains some compositional differences between the two
aerosol emission sources. Fresh emission constituents are still
present in aged emissions, but with lower relative intensity.
Extrapolating these ndings toward the upper limit of atmo-
spheric particle residence, a further reduction in fresh emission
markers and a higher similarity in chemical composition can be
expected.

The two exhaust aertreatment technologies had different
effects of the composition of the aged emissions. While the GPF
virtually removed the total PM2.5 from the emissions, the ESP
only decreased the released amount of PM2.5. Therefore,
secondary PM2.5 formed during photochemical aging of car
emissions exclusively result from gas-to-particle conversion,
implying a substantial oxidation to lower the vapor pressure of
fresh emission constituents to form secondary particles. In
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00106k


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 1
2:

54
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
contrast, aged wood combustion emissions still contain a large
fraction of primary particulate emissions, which usually exhibit
slower oxidation kinetics than homogeneous gas phase oxida-
tion and may even be shielded from extensive photooxidation
by the formation of a protective organic layer on the particle
(i.e., “shielding effect”).78,79

However, wood combustion organic aerosol, i.e., biomass
burning organic aerosol (BBOA), has a higher OSC than aerosol
from the gasoline car, i.e., hydrocarbon-like organic aerosol.
Therefore, aer similar equivalent photochemical aging, both
types of combustion emissions feature similar bulk properties
(Table S4†) but maintain distinct different molecular compo-
sitions (Fig. 2 and 4).

4. Conclusions

Applying three complementary ionization techniques of
different selectivity (APPI, ESI+, ESI−) combined with ultrahigh
resolution mass spectrometry provides molecular insights into
the effect of short to medium atmospheric aging on the chem-
ical composition from modern combustion emission sources.
Sum formula assignment based on exact masses revealed that
photochemical aging produces most of the organic aerosol
constituents for both gasoline car and wood combustion
emissions already within short photochemical exposure
(average of 2.1 and 1.4 equivalent days, respectively). Prolonged
photochemical aging leads to the formation of new compounds
which are more oxidized with higher nitrogen and sulfur
content. In contrast, some nitrogen-containing compounds
appear to degrade when the photochemical exposure is
enhanced.

In the case of wood combustion emissions, medium atmo-
spheric aging decreases the aromaticity and increases oxygen-
ation, but with only a minor change in volatility, which remains
low. The total number of detected compounds increases faster
for the aged emissions from the EURO 6 gasoline car from fresh
to short and medium aged emissions, as fresh emissions are
comprised of gases, but virtually no PM2.5. The increase in
oxidated organic aerosol is accompanied by a substantial
addition of nitrogen, e.g., as organic nitrates, which likewise
increases with the equivalent photochemical age. Furthermore,
CHOS and CHNOS compounds are formed during short aging,
due to secondary reactions including SO2. SO2 is formed during
the combustion from sulfur-containing species in the fuels and,
for the car exhaust, lubrication oil.

The application of an ESP on the wood stove reduces the
total intensity of detected compounds, but the chemical
composition remains largely unchanged for both, fresh and
aged exhausts. Moreover, some primary wood combustion
markers in the particle phase survive short and medium
photochemical aging, protected from gas phase oxidants by
organic particle coating (shielding effect). In contrast, the low
amount of detected organic compounds in fresh gasoline car
emissions are predominantly semi-volatile species, which are
continuously evolving in the exhaust gas ow. Since the parti-
cles in the aged car emissions consist exclusively of secondary
compounds, traditional markers are not applicable anymore.
This journal is © The Royal Society of Chemistry 2024
Therefore, investigations of the changes in secondary emission
formation are required when new combustion or exhaust
aertreatment technology are being implemented on estab-
lished combustion emissions categories, such as residential
wood combustion or traffic emissions.
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A. Mesceriakovas, J. Bendl, R. Brejcha, A. Buchholz, D. Gat,
T. Hohaus, N. Rastak, E. Karg, G. Jakobi, M. Kalberer,
T. Kanashova, Y. Hu, C. Ogris, A. Marsico, F. Theis,
T. Shalit, T. Gröger, C. P. Rüger, S. Oeder, J. Orasche,
A. Paul, T. Ziehm, Z.-H. Zhang, T. Adam, O. Sippula,
M. Sklorz, J. Schnelle-Kreis, H. Czech, A. Kiendler-Scharr,
R. Zimmermann and Y. Rudich, Exposure to naphthalene
and b-pinene-derived secondary organic aerosol induced
divergent changes in transcript levels of BEAS-2B cells,
Environ. Int., 2022, 166, 107366.

53 M. Li, J. Li, Y. Zhu, J. Chen, M. O. Andreae, U. Pöschl, H. Su,
M. Kulmala, C. Chen, Y. Cheng and J. Zhao, Highly
oxygenated organic molecules with high unsaturation
formed upon photochemical aging of soot, Chem, 2022, 8,
2688–2699.

54 M. Xie, X. Chen, M. D. Hays, M. Lewandowski, J. Offenberg,
T. E. Kleindienst and A. L. Holder, Light Absorption of
Secondary Organic Aerosol: Composition and Contribution
of Nitroaromatic Compounds, Environ. Sci. Technol., 2017,
51, 11607–11616.

55 Y. Zeng, Y. Ning, Z. Shen, L. Zhang, T. Zhang, Y. Lei,
Q. Zhang, G. Li, H. Xu, S. S. H. Ho and J. Cao, The Roles of
N, S, and O in Molecular Absorption Features of Brown
Carbon in PM 2.5 in a Typical Semi-Arid Megacity in
Northwestern China, J. Geophys. Res.: Atmos., 2021, 126,
e2021JD034791.

56 R. Wu, S. Pan, Y. Li and L. Wang, Atmospheric oxidation
mechanism of toluene, J. Phys. Chem. A, 2014, 118, 4533–
4547.

57 V. J. Baboomian, Y. Gu and S. A. Nizkorodov,
Photodegradation of Secondary Organic Aerosols by Long-
Term Exposure to Solar Actinic Radiation, ACS Earth Space
Chem., 2020, 4, 1078–1089.

58 M. Brüggemann, R. Xu, A. Tilgner, K. C. Kwong, A. Mutzel,
H. Y. Poon, T. Otto, T. Schaefer, L. Poulain, M. N. Chan
1308 | Environ. Sci.: Processes Impacts, 2024, 26, 1295–1309
and H. Herrmann, Organosulfates in Ambient Aerosol:
State of Knowledge and Future Research Directions on
Formation, Abundance, Fate, and Importance, Environ. Sci.
Technol., 2020, 54, 3767–3782.

59 A. M. K. Hansen, J. Hong, T. Raatikainen, K. Kristensen,
A. Ylisirniö, A. Virtanen, T. Petäjä, M. Glasius and
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