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Abstract. Air pollution is one of the largest environmental health risks and one of the leading causes of adverse
health outcomes and mortality worldwide. The possible importance of the oxidative potential (OP) as a metric
to quantify particle toxicity in air pollution is increasingly being recognised. In this work, the OP and reactive
oxygen species (ROS) activity of particles from fresh and aged petrol passenger car emissions and residential
wood combustion (RWC) emissions were investigated using two novel instruments. Applying online instruments
using an ascorbic acid (AA) and 2’,7’-dichlorodihydrofluorescein (DCFH) assay provides a much higher tempo-
ral resolution compared with traditional filter-based methods and allows for new insights into the highly dynamic
changes in the OP and ROS activity of these sources. Due to the efficiency of the particulate filter in the Euro 6d
car, almost no primary particles were emitted and, thus, no particle OP or ROS activity was detected in primary
exhaust. However, a substantial and highly dynamic OP and ROSs were observed after photochemical ageing due
to the formation of secondary particles. Increasing OP and ROS activity due to ageing was also observed when
comparing fresh and aged RWC emissions. Overall, RWC emissions had higher OP and ROS signals compared
with car emissions. This suggests that aged RWC emissions could be a major contributor to air pollution toxicity
and may be an intrinsically more harmful emission source than car exhaust, although the formation potential for
secondary particles from car emissions was still high. These measurements illustrate the strong differences and
highly dynamic nature of toxicity-relevant particle properties from two air pollution sources and could contribute
to more efficient air pollution mitigation policies.
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1 Introduction

Air pollution is a complex mixture of gaseous compounds
and aerosol particles composed of both natural and anthro-
pogenic constituents, with common anthropogenic sources
including fossil fuel combustion, non-exhaust traffic emis-
sions, industrial processes, and agricultural activities. The
specific composition and concentration of pollutants in the
ambient air varies depending on a range of factors like local
sources and meteorological conditions. According to numer-
ous epidemiological studies, there is a compelling associa-
tion between air pollution and various health effects (Hart et
al., 2015; Laden et al., 2006; Lepeule et al., 2012). Elevated
levels of ambient aerosol particles have been associated with
increased hospital admissions and deaths from a variety of
diseases, including cancer, respiratory illness, and cardiovas-
cular disease (Baulig et al., 2003; Donaldson et al., 2001;
Li et al., 2003; Offer et al., 2022; Prahalad et al., 2001). In
a recent report, the World Health Organization (WHO) has
recognised that air pollution and, specifically, aerosol par-
ticles are the single largest environmental threat to human
health (World Health Organization, 2021). Despite strong
evidence linking air pollution particles and negative health
outcomes, the specific mechanisms and properties by which
aerosol particles cause these effects are poorly understood.
Identifying the health-relevant particle properties, including
the most damaging chemical components and their emis-
sion sources, will allow for the development of more effec-
tive strategies to minimise exposure from the most harmful
sources (Brunekreef and Holgate, 2002; Kiinzi et al., 2015).
Current guidelines and legal regulations mainly address to-
tal particle mass concentration as the criterion to evaluate air
quality. However, there is proof that differences in the chem-
ical composition of particulate matter (PM) play a role in
its toxicity (Kelly and Fussell, 2012). There is also increas-
ing evidence that oxidising particle components might play a
role in particle toxicity (@vrevik et al., 2015).

Reactive oxygen species (ROSs) are highly reactive
oxygen-containing molecules and radicals such as hydrogen
peroxide, hydroxyl radical, superoxide, and organic perox-
ides and are formed in oxidation reactions in the atmosphere.
These can be delivered exogenously through particle expo-
sure (especially larger, less-volatile organic peroxides and
radicals) or can be produced endogenously when particles
are deposited on the lung surface after inhalation (such as
hydroxyl radical or superoxide) (Campbell et al., 2019). Ex-
ogenous reactive species also exist in the gas phase; how-
ever, in this study, we focus on particle exposure only. An-
other potential metric serving as proxy for particle toxic-
ity is the oxidative potential (OP) of particles, which is de-
fined as the ability of aerosol particle components to gener-
ate ROSs inside the body and, simultaneously, deplete an-
tioxidants (Kelly, 2003). The exceedance of the body’s an-
tioxidative capacity can lead to oxidative stress, which has
been linked to negative health effects (Pizzino et al., 2017).
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In recent years, the importance of the OP and ROSs in air
pollution research has gained increasing attention, as these
parameters might play a major role in PM-induced diseases
(Guascito et al., 2023). For example, the European parlia-
ment recently adopted a revised Ambient Air Quality Di-
rective for Europe (Council of the European Union, 2024).
It suggests the expansion of monitored pollutants at super-
sites to also include the OP among other pollutants of emerg-
ing concern next to the standard network of measurements
(Council of the European Union, 2024).

Traditionally, ROS and OP measurements have been based
on the collection of PM filters and subsequent laboratory
analysis. However, the time lag between sample collection
and analysis can be long, potentially leading to a severe un-
derestimation of the PM OP due to the instability and, there-
fore, short lifetime of ROSs. Recent studies have shown that
only a minor fraction (1 %—40 %) of particle-bound ROSs in
organic aerosol collected on filters is stable on a timescale
of up to a week compared with direct-to-reagent online mea-
surements, emphasising the need for the immediate analy-
sis of particles for accurate quantification of ROSs and the
OP (Campbell et al., 2023; Zhang et al., 2022). Other stud-
ies have also shown short half-lives of compounds contribut-
ing to ROSs and the OP in aerosol particles, such as radicals
(Campbell et al., 2019), peroxy acids (Steimer et al., 2018),
and hydroperoxides (Zhao et al., 2018), that range from min-
utes to hours. These findings indicate that online measure-
ment methods that utilise a direct-to-reagent sampling ap-
proach are required for robust quantification of the OP and
ROSs, particularly to capture the short-lived reactive compo-
nents.

PM originating from anthropogenic sources typically has
a higher OP than natural emissions, as evidenced by a recent
study which observed an OP that was a factor of 3 higher for
anthropogenic compared with biogenic secondary organic
aerosol (SOA) (Daellenbach et al., 2020; Zhang et al., 2022).
Two important classes of anthropogenic aerosols are emis-
sions from residential wood combustion (RWC) and traffic
emissions. The anthropogenic contribution from RWC is es-
pecially visible during winter, when most of the PM> 5 (parti-
cles with a diameter of less than 2.5 um) comes from biomass
burning (Denier van der Gon et al., 2015). Even at very low
ambient concentrations of PM attributed to RWC, there is an
observable health impact. A recent study estimated that an-
nual concentrations of RWC aerosol as low as 0.46 ugm™3
can lead to a decrease in life expectancy of 0.1 years (Orru
et al., 2022). Additionally, emissions from road traffic are a
major source of urban air pollution. While modern exhaust
treatment systems can reduce primary emissions of PM, the
formation potential of secondary emissions is still high, even
with engines complying to the newest regulations (Gao et
al., 2021; Hartikainen et al., 2023; Platt et al., 2017).

Recent studies have attempted to uncover the relation-
ship between the composition and potential biological effects
of PM (Campbell et al., 2024). The OP has emerged as a
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novel and biologically significant chemical metric that may
serve as a critical connection between the chemical composi-
tion of particles and their associated adverse health effects
(Bates et al., 2019). Specific components like organic/ele-
mental carbon and metals were associated with an increased
risk of negative health outcomes (Atkinson et al., 2015; Heo
et al., 2014). Thus, the composition of aerosol particles and
their emission sources play a key role in dictating the OP and
ROS formation. The sources and components that influence
the OP in the complex ambient aerosol are currently poorly
understood, but this knowledge would provide crucial infor-
mation for policymakers to more efficiently abate air pollu-
tion.

In this study, we address this knowledge gap and quantify,
for the first time, the highly dynamic particulate OP and ROS
characteristics of emissions of a petrol passenger car as well
as of a residential wood stove. Two recently developed online
instruments were used in this study that allow for unprece-
dented high-temporal-resolution (10 min) OP and ROS mea-
surements: the online oxidative potential ascorbic acid in-
strument (OOPAAI) measures the aerosol particle OP using
an online ascorbic acid assay (Utinger et al., 2023) and the
online particle-bound ROS instrument (OPROSI) quantifies
particle-bound ROSs (Wragg et al., 2016). Besides sampling
the emissions directly (i.e. primary emissions), they were
also passed through a photochemical flow tube reactor to
simulate two different atmospheric ageing conditions. Com-
bustion conditions have highly dynamic emission profiles,
and only online instruments, as used in this study, are able
to characterise the fast-changing OP and ROS properties of
particle emissions. Furthermore, we calculated, for the first
time, emission factors (EFs) for the OP (EFop) and ROSs
(EFRros), thereby enabling the assessment of health risks as-
sociated with exposure to PM emitted from these two sources
and providing information on a potential link between the at-
mospheric ageing of particles and oxidative stress.

2 Material and methods

2.1 Reagents

All of the following chemicals were obtained from
Sigma-Aldrich and were used without further purification
unless otherwise indicated: ascorbic acid (AA, 99.0 %),
dehydroascorbic acid (DHA, 99.0 %), hydrochloric acid
(HCl1, 0.1 M) sodium hydroxide (NaOH, 0.1 M) solution,
Chelex 100 sodium form, o-phenylenediamine (OPDA,
>99.5%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES, > 99 %), methanol (99.9 %), peroxidase from
horseradish (Type VI, HRP), 2,7-dichlorofluorescin diac-
etate (DCFH-DA, 97 %), 3 % hydrogen peroxide solution,
phosphate-buffered saline solution (PBS, 1 M), zero-grade
air (Model 737-250, Aadco Instruments Inc., USA), and N,
gas (99.999 %, Linde, Finland).
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2.2 Aerosol generation and characterisation

Here, only a brief overview of the experimental set-up of
emission generation, ageing, and sampling is given. More
details can be found in Mukherjee et al. (2024) and Paul et
al. (2024). Figure 1 illustrates a simplified schematic of the
experimental set-up. The raw exhaust was sampled directly
at the tail pipe of a EURO 6d petrol car (Skoda Scala 2021) or
the chimney of a residential wood stove (Aduro 9.3). Flowing
through a heated sampling line, a two-step dilution system re-
duced the concentration and temperature of the sample using
a porous tube and an ejection diluter. The dilution ratio was
setat 1 : 17 during the car emission experiments and at 1 : 60
during the RWC experiments because of the large difference
in PM and gas-phase concentrations of the two PM sources
and to ensure a final maximal PM concentration of between
500 and 2000 ugm~3 (Figs. 2, 5). The exhaust flow then
passed through the photochemical emission ageing flow tube
reactor (PEAR) to simulate atmospheric ageing (Ihalainen et
al., 2019). For primary experiments, the PEAR was not in op-
eration, but the aerosol was passed through it nonetheless to
have comparable results. The equivalent photochemical ages
were determined to be between 1.1 and 5.1 d by determining
the decay kinetics of fully deuterated butanol measured by
a proton-transfer-reaction time-of-flight mass spectrometer
(PTR-TOF-MS 8000, IONICON) (Paul et al., 2024; Schnei-
der et al., 2024). Furthermore, a scanning mobility parti-
cle sizer (SMPS, Model 3776 CPC, Model 3080 classifier,
TSI) and low-pressure impactor mass measurements (ELPI,
Dekati Ltd.) were used to quantify the particle number size
distributions. The OOPAAI and OPROSI were connected af-
ter the PEAR to measure the OP and ROSs from both primary
and secondary emissions. Primary emissions without oxida-
tive ageing by the PEAR were measured as well, to allow for
a comparison between primary and aged combustion parti-
cles. Due to high particle concentrations during the RWC ex-
periments, an additional porous tube diluter was connected
and set to a dilution ratio of 1 : 1.5 to 1 : 3, depending on ex-
perimental conditions. By passing the sample through a high-
efficiency particle-arresting (HEPA) filter (HEPA-CAP150,
Whatman), blank measurements were possible during ex-
periments to check for background drifts or gas-phase arte-
facts. Subsequently, two 1 m long home-built denuders filled
with activated charcoal (untreated, granular, Sigma-Aldrich)
as well as one denuder with eight honeycomb-shaped char-
coal elements (IONICON) were connected in-line to remove
any reactive gas-phase components that could contribute to
the online ROS or OP signals (e.g. O3 or oxidising volatile
organic compounds). The charcoal was regenerated at 230 °C
for 24h every second day. Having both instruments con-
nected to the same denuders allowed for a higher sample flow
through them, reducing particle losses, which were estimated
to be 10 %; thus, the data were corrected by 10 % (Fig. S1 in
the Supplement).
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Aerosol source Car or Stove

Dilutor H PEAR (OH aging)

OPROSI SMPS/ELPI

OOPAAI ‘ ‘ PTR-MS

Denuder

Figure 1. A simplified schematic of the components and analysis
instruments relevant for this paper. On its way from the emission
source to the PEAR chamber, the aerosol undergoes a first dilution
step before a second dilution and the removal of the reactive gas-
phase component are applied.

The car was operated following a driving cycle. One cy-
cle lasted for 1 h, and an experiment consisted of four cycles,
resulting in 4 h measurement periods. Every cycle consisted
of four different steady-state driving conditions starting with
5min of idling; followed by 15min of 50kmh~! (fourth
gear), 15min of 100km h! (fifth gear), and 15min of
80kmh~! (fifth gear), respectively; and ending with 10 min
of idling. For the RWC measurements, an initial batch of
beech wood logs (1.85 kg) with 150 g of beech kindling was
ignited. Similar procedures have been used in other studies
employing the same stove (lhantola et al., 2022; Leskinen et
al., 2023; Martens et al., 2021). After every 35 min, an ad-
ditional batch of 2 kg of beech logs was added for a total of
six batches. After the last addition, the wood was left to burn
out (ember phase) for 30 min, during which the supply of
fresh air was stopped. One RWC experiment lasted 4 h. Blank
OP and ROS measurements were performed before and af-
ter the experiments as well as at different time points during
the experiment to characterise potential gas-phase contribu-
tions, denuder efficiency, and instrument backgrounds. The
OOPAALI was started the day before an experiment day, and
blank measurements were run overnight to ensure a stable
blank. The OPROSI was started only 1 h before the start of an
experiment due to the higher costs for chemicals and a faster
stable blank. The cellulose grade-1 filters inside the liquid
systems of both instruments, which remove insoluble parti-
cles, were changed daily to avoid excessive contamination by
insoluble particles (see Sect. 3.2 for further details). Addi-
tionally, this was done between each 4 h run of the RWC ex-
periments for the OPROSI. The OOPAAI and OPROSI were
calibrated once a week to ensure consistent performance for
the duration of the measurement campaign, as described in
Wragg et al. (2016) and Utinger et al. (2023).

Aerosol Res., 3, 205-218, 2025

2.3 Chemical preparation

All chemical solutions used in this study were made imme-
diately prior to measurements, except where otherwise spec-
ified. Water used to prepare the solutions was purified by a
high-purification water unit (resistivity 18.2MS2cm™"). For
the ascorbic acid assay, the water was passed through a frit-
ted column filled with 100 g of Chelex 100 resin, to further
reduce the amount of contamination. The valve was adjusted
to a flow of one drop per minute through the resin. The treat-
ment was used to remove trace metals (i.e. copper and iron)
to avoid interference with the AA oxidation caused by the
sample. A 200 mM HEPES buffer stock solution, to adjust
the pH to a physiologically relevant range (pH 6.8), was pre-
pared monthly using Chelex-treated water and was stored
at 4°C. HEPES was used because it has a lower chelating
effect of transition metals than PBS (Utinger et al., 2023).
AA solutions were prepared the day before the experiments
in an effort to stabilise the background drift caused by the
auto-oxidation of AA. A total of 8.8 mg of AA was dis-
solved in 25 mL of HEPES stock solution and 225 mL of
Chelex-treated water to form a 200 uM AA working solution.
OPDA solution was prepared by dissolving 0.54 g of OPDA
in 250 mL of 0.1 M hydrochloric acid to form a 20 mM work-
ing solution. For the ROS measurements of the DCFH assay,
the HRP stock solution was prepared weekly by dissolving
5000 units in 500 mL of water and was stored at 4 °C. HRP
working solution was prepared using 100 mL of HRP stock
solution, 100mL of 1M PBS, and 800 mL of pure water.
DCFH-DA stock solution was prepared weekly by dissolv-
ing 50 mg of DCFH-DA in 50 mL of methanol and sonicat-
ing it for 15 s and was stored at —20 °C. DCFH working so-
lution was prepared by reacting 4 mL of 0.1 M NaOH with
4.872 mL of the DCFH-DA stock solution for 30 min in the
dark. Subsequently, 100 mL of 1 M PBS and pure water were
added to a total volume of 1 L. The HRP and DCFH working
solutions were prepared the night before and stored at 4 °C.
For both assays, a calibration was performed once per week,
as described in Utinger et al. (2023) for ascorbic acid and in
Wragg et al. (2016) for DCFH, to convert the raw fluores-
cence signal to the corresponding equivalents using known
concentrations of DHA and H,O».

2.4 Data analysis

The fluorescence spectroscopy data were first corrected for
the blank background and its drift over the 4h measure-
ment period. This was done by applying a fit across all
blank measurements and subtracting the fitted blank val-
ues from the raw signal. The drift was less pronounced in
the OOPAALI for the car exhaust measurements, and a lin-
ear fit was sufficient. However, for the stronger drifts dur-
ing the RWC measurements, the baseline was fitted using
a B-spline function in OriginPro (OriginLab 2023). For the
OPROSI corrections, a third-order polynomial fit was used
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for the car and RWC data. The data were averaged to 10s
to match the electrical low-pressure impactor mass measure-
ments (ELPI, Dekati Ltd.), providing total PM» 5 mass con-
centrations. The ELPI particle size range used for the car
measurements was PMg 3 (particles with a diameter of less
than 0.3 pm), whereas PMy ¢ (particles with a diameter of
less than 0.6 um) was used for the RWC emissions. These
size ranges were chosen because gaseous ions in the exhaust
gas would lead to measurement artefacts and a considerable
overestimation of total PM mass in the larger size bins of the
ELPI. This can be shown by the fact that no significant par-
ticle concentrations were present above these size ranges as
measured by the SMPS and ELPI (Fig. S2) (Paul et al., 2024).
Taking these ELPI size bins, the mass concentrations were in
a similar range to those measured by the SMPS, while still
offering a higher temporal resolution (Fig. S3). A constant
particle density of 1.6 gcm™3 was used for mass calculations
of the car measurements (Paul et al., 2024), whereas densi-
ties from Mukherjee et al. (2024) were used for PM emit-
ted by the stove. Average PM density values of 1.5, 1.75,
and 1.85gcm™> during the flaming and residual burning
phases were used for fresh, short-term ageing, and medium-
term ageing measurements, respectively. The methods to de-
rive ROS and OP EFs for car exhaust and for RWC PM
are described and derived in Paul et al. (2024) and Reda et
al. (2015), respectively, and calculated as shown in the fol-
lowing equation:

nmol ROSs

_ nmol ROSs  mg aerosol
N mg aerosol

EF =
kg fuel kg fuel

3 Results and discussion

The OP and ROS concentrations of tail pipe particle emis-
sions from a EURO 6d petrol car and from beech wood com-
bustion using a residential wood stove were quantified. Fresh
emissions were characterised, and changes in chemical prop-
erties caused by photochemical ageing in a flow tube reac-
tor were also studied. The OP and ROS results are presented
normalised to the sampled air volume (OPy and ROSy, re-
spectively) as well as normalised to the PM mass (OPy; and
ROSM, respectively).

3.1 OP and ROS concentrations of primary and
secondary car exhaust emissions

Four-hour experiments were performed and consisted of four
1h driving cycles with an idling phase and three engine
loads, as described in Sect. 2. Both instruments could not de-
tect any signal for the primary exhaust (Fig. S4). As part of
the EURO 6d regulations, the car’s exhaust system is fitted
with a petrol (gasoline) particle filter (GPF), reducing pri-
mary exhaust emissions (Paul et al., 2024). Thus, the possi-
ble particle OP and ROS activity in primary particulate emis-
sions were below the limit of detection (LOD) of our online
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instruments. LOD values (in units of nmol DHAm > and
nmol H,O> m™3, respectively) depend on the OP and ROS
content of the respective particle and are, therefore, variable.
For SOA, the LOD is around 5 ugm™3 (Utinger et al., 2023;
Wragg et al., 2016), which is much lower than any of the con-
ditions measured during this campaign where no GPF was
used. In contrast, as illustrated in Fig. 2, significant OPy and
ROSy values and particle mass (PM» s) were measured for
photochemically aged car exhaust for an equivalent atmo-
spheric ageing period of 2.1d in the PEAR chamber, with
OP and ROS concentrations of up to 800 nmol DHA m~3
and 2200 nmol H,O; eq. m~3 being measured. Aged particle
emissions consisted only of secondary organic and inorganic
particles. Figure 2 clearly demonstrates that both instruments
are sensitive to SOA, as has also been shown in previous
studies (Utinger et al., 2023; Wragg et al., 2016), while in-
organic secondary particles, mainly composed of NHy, SOy,
and NOs3, do not react with the AA and DCFH in our on-
line instruments (Paul et al., 2024). OPy and ROSy concen-
trations generally follow the particle mass closely, although
some changes in PM mass are not reflected in OPy and
ROSy. This shows that different engine loads not only cause
a change in the total aged PM mass concentration but also
in the particle OP and ROS activity. The highest mass con-
centrations and also OP and ROS signals were measured at
50kmh~!, compared with 80 and 100kmh~! where lower
OP, ROS, and mass concentration values were observed. Dur-
ing the last cycle (Fig. 2, after 3 h), blank OP and ROS mea-
surements were performed by removing all particles from the
exhaust flow with a HEPA filter in front of the OOPAAI and
OPROSI. These blank measurements clearly illustrate that
gaseous components in the aged exhaust were removed effi-
ciently by the charcoal denuders in our instruments (Fig. 1)
and do not cause any measurement artefacts, as both instru-
ments returned to blank-level values.

Two different ageing conditions were applied to investi-
gate the potential influence of photochemical ageing on the
intrinsic OP and ROS values. In Fig. 3, the averaged OPy
values of the two ageing conditions are shown. Photochemi-
cal ages of approximately 2.1d (Fig. 3a) and 5.1d (Fig. 3b)
represent short-term and medium-term ageing processes in
the atmosphere. Overall, the OPy; was similar between the
two ageing times. We observed peak OPy; concentrations
that were about 2 times higher during idling and at the be-
ginning of the 50 kmh~! period compared with the other en-
gine conditions, e.g. the 100 and 80 kmh~! loads during the
short-term ageing condition (0.31 £0.19 nmol DHA pg ! vs.
0.1540.03 nmol DHA ug ', respectively). This difference
was about 40 % larger during the medium-term ageing condi-
tion (0.41+0.29 nmolDHA ug~! vs. 0.12nmol DHA ug~!,
respectively). The idling and 50kmh~! periods also show
the highest variability averaged across the 15 driving cycles
due to fluctuations in the emissions. Interestingly, a consis-
tent, short 65 % increase in OPy at the beginning of the
100 kmh~! condition was measured (at about 00:25 LT); this

Aerosol Res., 3, 205-218, 2025
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Figure 2. OPy and ROSy measurement of secondary car emissions after an equivalent of 2.1d of ageing during four driving cycles as
well as the particle mass measured by an ELPI. OPy and ROSy are given in nanomoles of DHA per cubic metre and nanomoles of HyO»
equivalent per cubic metre, respectively. The last hour of measurements after 3 h was used for a HEPA blank, removing all particles from the

sample flow.

could have been due to the strong acceleration of the engine,
similarly to the transition from idle to 50kmh~!, causing
non-ideal combustion conditions.

The ROSy concentrations of the two photochemical age-
ing conditions are shown in Fig. 4. Overall, the ROS be-
haviour was similar to the OPy results across all driving con-
ditions: 40 % higher ROSy; values were observed during the
transition from idle to 50 kmh~! compared with the concen-
trations measured during 100 and 80 km h™! periods, and the
same slight and a transient increase of approximately 30 %
was noted at the beginning of the 100 kmh~"! (00:25 LT) con-
dition. Unlike the OPyg, the ROSy; signal decreased with
ageing and was 30 %-70 % higher during short-term age-
ing (Fig. 4a) compared with medium-term ageing (Fig. 4b)
across all driving conditions. A possible explanation for this
decrease in ROSs with increasing ageing time could be the
photolytic decomposition of peroxides over time. Other stud-
ies using an atmospheric simulation chamber have also ob-
served a decrease in ROS activity with longer photochemical
ages (several hours to days) for two-stroke scooter engine
emissions as well as biogenic SOA (Epstein et al., 2014; Platt
et al., 2014).

The OP and ROS activity values during cold starts at the
beginning of an experiment were not distinguishable from
the following driving cycles (warm start) during a 4 h exper-
iment. Because the cold start is very short (5 min) and, thus,
within the time resolution of both the OOPAAI and OPROSI
instruments, the difference from cold start could not be re-
solved; therefore, it was not analysed separately.

Aerosol Res., 3, 205-218, 2025

3.2 OP and ROS concentrations from residential wood
combustion (RWC) particles

For the RWC experiments, both primary emissions and two
ageing conditions were investigated. In Fig. 5, OPy and
ROSvy measurements are shown as well as the particle mass
measured by an ELPI during a 4h experiment with RWC
aged for an equivalent of up to 3.3d. Light- and darker-
blue background colours indicate the addition of a new wood
batch (see Sect. 2). The last batch was left to burn for an
additional 30 min as the ember phase (yellow background in
Fig. 5).

Both instruments observed an increase and subsequent
decrease in OPy and ROSy, respectively, with each batch.
OPy and ROSy reached peak values in the first half of a
35 min long batch that were approximately a factor of 10
higher compared with values at the end of a batch. This
again demonstrates how both online instruments are capa-
ble of capturing fast-changing emission characteristics. Af-
ter six batches of wood added to the stove, the ember phase
started, characterised by low emissions of OPy and ROSy
as well as particles. Compared with the car experiments,
the RWC results showed a higher batch-to-batch variability,
which was observed by both instruments as well as the par-
ticle mass concentration, as also reported in previous RWC
studies (Heringa et al., 2012; Vicente et al., 2015).

In contrast to the car emissions, where no primary particles
were emitted due to the GPF, both instruments responded to
the primary RWC emissions. The OOPAAI observed an OPy
signal for primary emission that was up to 3 times lower than
during the aged experiments (Fig. S6), as can be expected
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because ROSs are predominantly formed through oxidation
processes.

In contrast, the OPROSI showed a different response to
primary RWC particles, with negative ROS values (Fig. S5),
which might be a measurement artefact of the large fraction
of insoluble primary PM (e.g. soot). Due to the high PM and,
specifically, soot concentrations during these emission mea-
surements, particles accumulated inside the instruments and
potentially interacted with and deactivated the assay, causing
the ROS signal to fall below blank values. The hydropho-
bic and large surface area of the soot particles could adsorb
and inactivate reagents of the assay (e.g. HRP), causing an
apparent lower ROS concentration compared with the blank.
Enzymes are known to change their activity due to absorp-
tion onto a high-surface-area substrate (Khan, 2021) To test
this hypothesis in a qualitative way, activated charcoal was
mixed with the ROS assay as a proxy for soot, as it also has
a high hydrophobic surface area. Figure S6 shows a clear de-
crease in the ROS signal with higher concentrations of char-
coal, which is a fundamental limitation of the DCFH assay
at very high insoluble particle concentrations. Organic com-
ponents in the primary particles, e.g. antioxidant compounds
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frequently found in wood smoke such as phenols, could also
cause a signal decrease by reacting with HRP (Kjillstrand
and Petersson, 2001) The negative ROS peaks were less than
10 % of the positive signals for the aged exhaust; thus, any
uncertainties of aged ROS values related to the very high soot
or antioxidant conditions are likely in the same range.

In Fig. 6, the OPy of the primary aerosol and the two age-
ing conditions are shown with the standard deviation from
16-21 repeat measurements. Two different ageing condi-
tions with 1.4 0.2 d (short) and 3.3 4+ 0.4 d (medium) were
investigated. The ember phase is not considered in these
figures, as it did not show any detectable OP or ROS ac-
tivity (data not shown). The primary aerosol (Fig. 6a) re-
sulted in low (between 0 and 2 DHA nmol pg") and sta-
ble OPy; values in the same range as the car emissions for
the majority of a batch. Near the end, when the wood was
almost burned up and when no flames were visible any-
more in some cases, OPys increased sharply by up to a fac-
tor of 6 compared with the rest of the batch. A continu-
ous increase was observed during the short-term ageing con-
dition, with peak values being reached in the last 10 min
of a batch (Fig. 6b). For the short-term ageing condition,
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the average OPy values remained comparable to the pri-
mary aerosol during the same time period within a large
batch-to-batch variability (5.1949.48 nmolDHAug™! vs.
6.48 + 8.30 nmol DHA pg~!, respectively). For the medium-
term ageing condition, the large increase in OPy at the end
of a batch (as seen for primary emissions and short-term age-
ing) was no longer observed, while OP); concentrations still
increased continuously during the course of a batch, similar
to short-term ageing conditions (Fig. 6B). This resulted in an
overall lower OPy; with medium-term ageing.

The reduction in OPpg from short-term to medium-term
ageing could be due to chemical changes in PM compo-
nents caused by prolonged oxidation reactions. For example,
the oxidation of polycyclic aromatic hydrocarbons (PAHs)
in the atmosphere, formed during wood combustion, can
lead to the formation of quinone-type products (Walgraeve
et al., 2010), which are known to produce ROSs in an aque-
ous solution and, therefore, would also contribute to OP in
the OOPAALI (Charrier and Anastasio, 2012; Li et al., 2003;
Njus et al., 2023).

However, continued oxidation during medium-term age-
ing may result in further oxidation of such OP-active
quinones into inactive compounds, which would result in a
lower OP activity. This effect has been observed for markers
of biomass-burning SOA before via the breakdown of aro-
matic rings (Fang et al., 2024). Wong et al. (2019) observed
an overall decrease in OP in aged laboratory-generated
biomass-burning aerosol after a short initial increase, simi-
lar to our OP measurements with ascorbic acid. This over-
all decrease with higher ageing could also partially be ex-
plained by the decrease in quinone concentrations in wood
smoke observed with higher ages (Jiang and Jang, 2018).
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Moreover, for certain SOA types from the gaseous precursors
B-pinene and naphthalene, it was observed (using the DCFH
assay) that more ageing does not induce a higher OP (Offer
et al., 2022). Figure 6 shows the ROSy values for the two
ageing conditions. For the primary RWC aerosol, ROS sig-
nals could not be determined, as discussed above. Similar to
OPw, the highest ROSy; values were observed in later parts
of a batch for both ageing conditions. However, this trend
was more pronounced during the medium-term ageing exper-
iments, in contrast to OPy;. ROSy was 3 times lower during
short-term ageing (Fig. 7a) compared with the medium-term
ageing results (Fig. 7b). More oxidised aerosol is generally
associated with the more oxygenated fraction of PM such as
peroxides, to which the DCFH assay is especially sensitive
(Fang et al., 2024; Li et al., 2021; Nordin et al., 2015; Wang
etal., 2023; Zhang et al., 2022). This is in agreement with the
ageing of wood smoke in an atmospheric simulation cham-
ber, where ageing by OH also lead to an increase in ROS ac-
tivity (Wang et al., 2023). Furthermore, Zhang et al. (2022)
measured an increase in ROSs with higher ageing times for
two simple SOA systems using S-pinene and naphthalene as
precursors (Zhang et al., 2022).

3.3 Comparison of OPy; and ROSy; and emission
factors of car exhaust and RWC

Table 1 summarises the OPy; and ROSy; values that we ob-
served, covering a realistic range of atmospheric oxidative
processing times up to 5 d. The OPy; and ROSy; activity val-
ues measured during this study were highly dynamic, chang-
ing up to 2 orders of magnitude within minutes, and are com-
parable to other lab studies characterising pure SOA sys-
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Table 1. Overview of the measured OP)g and ROSy values, illus-
trating the large range observed within a cycle (car) or batch (RWC)
as a result of the high-temporal-resolution online measurements.
To determine the atmospheric age (in days) for the RWC measure-
ments, the average and standard deviation of five ageing condition
measurements are given, whereas only one measurement per age
was conducted for the car exhaust.

Source Age OPMm ROSMm
(days) (nmolDHA pgfl) (nmolH0» eq. pgfl)

Car 0.0 NA NA
2.1 0.1-0.4 0.4-1.0

5.1 0.1-0.4 0.2-0.7

RWC 0.0 0.2-5.7 NA
1.4+£02 0.5-6.8 0.9-6.1

33+04 0.0-3.1 2.4-18.6

NA: not available.

tems conducted with similar online instruments (Campbell
et al., 2023; Zhang et al., 2022).

A comparison of primary particles is not possible, as the
car has a GPF and, therefore, produces almost no primary
particle emissions, in contrast to the stove that produces more
primary particles. This means that the combined effects of
primary and secondary aerosols on the OP and ROS ac-
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tivity were observed during the stove experiments, whereas
only secondary car particles were measured. The lack of pri-
mary particles could partially be responsible for the higher
(up to 1 order of magnitude) OPy; and ROSyy values from
the wood stove. The large difference in OPy; and ROSy
between car and RWC emissions could also be explained
by the difference in the composition of the secondary par-
ticles. A compositional difference is the metal content of the
two aerosol types. Wood smoke is known to contain a wide
range of redox-active metals, including zinc, iron, and cop-
per (Erlandsson et al., 2020; Gongalves et al., 2010; Uski
et al., 2015) The total metal concentrations can reach up to
2.5 wt % of PM> 5 depending on the wood type and combus-
tion appliance, whereas car exhaust treated with a particu-
late filter only contains very low concentration of metallic
primary particles and consists mostly of secondary aerosol
(Alves et al., 2011). The presence of transition metals has
been shown to have an influence on the OP and ROS activity
of SOA. Campbell et al. (2023) observed synergistic effects
leading to higher OPy; when biogenic SOA and metals were
combined. In addition, differences in the SOA composition
from these two sources also likely contribute to the observed
differences in OPy; and ROSy.

Emission factors are calculated and used to estimate the
quantity of pollutants released into the atmosphere from vari-

Aerosol Res., 3, 205-218, 2025
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ous sources, thereby helping to assess environmental impacts
and guide regulatory compliance and mitigation efforts. To
the best of our knowledge, emission factors of OP and ROSs
have never been reported in the literature before. Figure 8a
shows EFop and EFRrog for different driving speeds and both
ageing conditions in picomoles of DHA per kilogram of fuel
and picomoles of HyO, equivalent per kilogram of fuel, re-
spectively. Similar to the PM-mass-normalised OP and ROS
results, the 50kmh~! condition resulted in the highest EF
values. Medium-term ageing led to an overall increase in
EFop and EFRps. The smallest change was observed for a
speed of 100kmh~!. Figure 8b shows emission factors for
RWC for fresh emissions as well as short-term and medium-
term ageing. Opposite effects of ageing on the two assays are
visible, similar to trends in the mass-normalised OPy; and
ROSy data (Figs. 6, 7): an increase in ageing leads to a re-
duction in EFgp but to an increase in EFgps. No clear trend
in EFrps between the two ageing conditions (blue denotes
short-term ageing and blue stripes denote medium-term age-
ing for the car and short-term and medium-term for RWC)
was detected. EFrpos and EFgp for petrol car emissions are
up to 8 times higher than RWC values, which is the oppo-
site compared with the mass-normalised OPy; and ROSy
concentrations. This can be explained, in part, by the very
different units used for normalising OPy; and EF. For OPy,
the mass of emitted particles is used to normalise OP val-
ues, whereas the mass of burnt fuel is used for EF. EFpp and
EFRros could be a useful metric to compare the OP and ROSs
per kilogram of fuel to assess the relative toxicity of emis-
sions from different combustion sources.

4 Conclusion

The OP and ROS concentrations of aged and fresh emis-
sions from a petrol car and a wood burning stove were char-
acterised with two online, high-temporal-resolution instru-
ments. On average, the RWC emissions had OPy; and ROSy
values that were up to 10 times higher compared with the car

Aerosol Res., 3, 205-218, 2025

emissions. Atmospheric ageing affects the OPy; and ROSy
content in the particle emissions of these two sources differ-
ently: for RWC, an increased OPy; was observed with short-
term ageing compared with the fresh emissions and medium-
term ageing; however, for car exhaust, longer ageing leads to
a slightly higher OPy;.

In contrast, the ROSy1 content decreased with longer age-
ing for the car emissions. For the RWC emissions, the oppo-
site was observed: the ROSy; concentration increased with
longer ageing.

The highly dynamic changes in OP and ROS activity
within one car driving cycle or wood batch and the large
batch-to-batch variability in values (often on timescales of a
few minutes) would not be detectable with traditional offline
methods.

Our data indicate that the contribution of RWC emissions
per microgram of particle emissions towards PM toxicity is
significantly larger than that from petrol car emissions. How-
ever, this is also due to the implementation of GPFs, which
prevent most primary car emissions.

Biomass burning is the main emission source from the res-
idential sector and can contribute more than 50 % of anthro-
pogenic PM> 5 emissions in some parts of Europe (Zauli-
Sajani et al., 2024) The PM> 5 mass contribution of biomass
burning was shown to be as high as that from traffic ex-
haust, even at traffic sites, in five European cities (Saraga et
al., 2021) Combined with the high OP and ROS activity of
RWC emissions, the potential detrimental effects on human
health should be considered in air quality efforts. In addition,
the SOA particle formation potential of car emissions with
high OP and ROS activities can be observed, even if there
are almost no primary particle emissions (as demonstrated in
this study). Overall, the results presented here show the im-
portance of measuring the OP and ROSs with a high tempo-
ral resolution to capture their dynamic nature and to consider
the different atmospheric ageing times of these potential PM
toxicity markers.
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