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Abstract: Residential solid fuel combustion is an important source of atmospheric particulate matter (PM), yet
source-dependent characteristics in particle-bound reactive oxygen species (ROS) and their chemical drivers
remain poorly constrained. Here, we combined online ROS measurements using a Particle Into Nitroxide

20 Quencher with high-resolution aerosol mass spectrometry to systematically characterize real-time emissions from
six residential solid fuels under realistic residential burning conditions. Distinct fuel-dependent chemical
signatures were identified: wood-based fuels showed high contributions from oxygen-containing organic ions
(O/C = 0.61-0.63), whereas manufactured coals were dominated by hydrocarbon-rich fragments and stronger
polycyclic aromatic hydrocarbon (PAH)-related signatures (5-7% of OA). Importantly, these PAH-related ions

25 were strongly associated with mass-normalized ROS (ROS.,) across the six fuels (12 = 0.98 for burn-averaged
data), while weaker positive time-resolved correlations suggested additional influences from particle chemistry
and combustion conditions. Consistently, manufactured coals exhibited substantially higher ROS,, than wood-
based fuels and peat (2.2-2.9 vs. 0.2-0.6 pmol BPEAnit-Me equivalents pg™), together with greater within-burn
variability. However, air-volume-normalized ROS (ROS,) revealed contrasting pathways to elevated ROS burden:

30 coals exhibited the highest ROS, (140.1-305.4 pmol m™®) driven by their high intrinsic ROS activity, whereas peat
reached similarly elevated levels (107.5 pmol m™) primarily because of its high PM loading. Overall, by linking
real-time particle-bound ROS with aerosol chemistry across six solid fuels, this study reveals distinct chemical
and mass-loading contributions to ROS burdens, providing a basis for interpreting source-dependent oxidative
characteristics of atmospheric combustion aerosols.
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1 Introduction

Exposure to atmospheric particulate matter (PM) is associated with a wide range of adverse respiratory,
cardiovascular and mental health effects (Pope and Dockery, 2012; Liu et al., 2019; Nobile et al., 2023). However,
PM mass concentration alone does not adequately capture the variations in PM physicochemical properties, e.g.,
40  particle size, surface properties, and chemical composition, all of which may influence particle toxicity and
associated health outcomes (Kelly and Fussell, 2012; He and Zhang, 2022; Tassel et al., 2025). Oxidative stress,
arising from the imbalance between reactive oxygen species (ROS) and biological antioxidant defences, has been
considered an important mechanism linking PM exposure to adverse health effects (Moller et al., 2010; Liu and
Schauer, 2025). PM can contribute to excess oxidative stress through direct introduction of pre-existing ROS
45 carried on or within inhaled particles, commonly termed particle-bound ROS, which represents reactive species
already associated with airborne particles, including radicals and non-radical oxidants with widely varying
reactivities and lifetimes (Simdes et al., 2021; Carlino et al., 2023; Elkaee et al., 2025). In contrast, oxidative
potential (OP) describes the capacity of PM to drive oxidative reactions, including ROS generation and antioxidant
depletion, and is frequently investigated as a complementary indicator of particle toxicity (Bates et al., 2019; Liu
50 and Schauer, 2025). Particle-bound ROS and OP therefore represent distinct but complementary aspects of particle
oxidative properties, both of which have attracted increasing attention as health-relevant metrics for assessing
PM-associated health effects.
Despite growing interest in OP and particle-bound ROS, their accurate quantification remains challenging due to
the chemical diversity of redox-active aerosol components and assay-dependent sensitivity, as well as the high
55 reactivity and short lifetimes of certain particle-bound ROS species (Bates et al., 2019; Dominutti et al., 2023;
Carlino et al., 2023). Most established approaches rely on filter collection followed by offline extraction and
analysis using assays such as dithiothreitol (DTT) (Cho et al., 2005; Rinaldi et al., 2024), ascorbic acid, glutathione
(Godri et al., 2011; Fang et al., 2016), or fluorescent ROS probes (Dominutti et al., 2023; Vernocchi et al., 2025).
Such approaches are valuable for integrated exposure measurements but are labour-intensive and typically provide
60 low temporal resolutions of hours to days. More importantly for particle-bound ROS, some reactive species have
lifetimes of only a few minutes, making them susceptible to losses during prolonged sample collection, storage,
and extraction. For instance, Fuller et al. (2014) demonstrated that around 80% of ROS in lab-generated organic
aerosols decayed within minutes, while Campbell et al. (2025) showed that short-lived components accounted for
60-99% of the measured ROS and OP in several aerosol types, including combustion-generated particles,
65 highlighting their potential underestimation by conventional offline methods.
These limitations have motivated the development of online measurement techniques in recent years. For example,

Wragg et al. (2016) developed the Online Particle-bound ROS Instrument, using a 2',7'-dichlorofluorescin

(DCFH)-based fluorescence assay, and demonstrated its application in London, measuring ambient ROS
concentrations up to 24 nmol H>O; equivalents m at less than 12 min resolution. Zhou et al. (2018a) applied an
70  improved DCFH-based analyzer to ambient and wood-combustion aerosols, identifying substantial ROS losses
during offline analysis (60 + 20%). Using an automated online DTT system, Puthussery et al. (2018) obtained
hourly ambient OP measurements, revealing clear diurnal variations and a fourfold increase during a fireworks
pollution episode. However, these existing online ROS systems span temporal resolutions from several minutes
to hours, and some remain too slow to resolve rapid changes in strongly dynamic sources such as combustion. In

75 addition, many systems rely on aqueous particle collection or extraction and may incompletely capture water-
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insoluble particle material, which can also be an important contributor to aerosol toxicity (Verma et al., 2012; Gao
et al., 2017). The Particle Into Nitroxide Quencher (PINQ) was developed to address several of these limitations
by combining rapid particle collection with the profluorescent nitroxide probe 9,10-bis(phenylethynyl)anthracene
nitroxide (BPEAnit), enabling sensitive, highly time-resolved measurements of particle-bound ROS and improved
80 representation of insoluble particle components (Brown et al., 2019b). In laboratory chamber experiments, PINQ
measurements revealed both short- and long-lived ROS fractions in primary cigarette smoke (Brown et al., 2020).
Its application during an ambient campaign in Guangzhou further demonstrated its capability to capture short-
term ROS variability alongside real-time aerosol chemical measurements (Brown et al., 2019a).
Residential heating, particularly solid fuel combustion, remains an important source of wintertime air pollution
85 worldwide despite ongoing efforts to transition towards cleaner heating alternatives. In Ireland, residential
combustion of peat, wood, and coal has been identified as a major contributor to ambient submicron particulate
matter (PM,, particles with an aerodynamic diameter smaller than 1 pm), particularly during the heating season
(Kourtchev etal., 2011; Dall'osto et al., 2013; Lin et al., 2018; Ovadnevaite et al., 2021; Lei et al., 2026). Similarly,
domestic combustion of solid biomass and fossil fuels continues to affect air quality across Europe (Denier Van
90 Der Gon et al., 2015) and other regions (Chowdhury et al., 2023; Yun et al., 2020). Beyond its significant
contribution to ambient PM mass loading, growing evidence also identifies solid fuel combustion as an important
source of ambient aerosol oxidative activity. For example, Rinaldi et al. (2024) attributed the water-soluble DTT-
based OP associated with organic aerosol sources in Birr, Ireland, predominantly to residential wood (87%) and
peat (13%) combustion. At the European scale, Daellenbach et al. (2020) identified secondary organic acrosols
95 largely originating from residential biomass burning as important contributors to fine-mode OP. Similarly, Luo et
al. (2024) reported that biomass burning and coal combustion together accounted for over 52% of the methanol-
soluble DTT-based OP during the heating season in Xi'an, China. However, residential solid fuels encompass a
wide range of chemically and physically distinct materials. Differences in fuel composition, moisture content, and
combustion characteristics can substantially influence particulate emissions and aerosol chemical composition,

100 with potential implications for their health-related properties (Lin et al., 2017; Price-Allison et al., 2019;
Trubetskaya et al., 2021). Establishing source-specific ROS characteristics through controlled combustion
experiments, particularly alongside detailed aerosol chemical measurements, is therefore important for
understanding the potential contributions of individual fuels to ambient particle-bound ROS and providing an
experimental basis for future ROS source attribution.

105 In this study, we combined real-time PINQ measurements with high-resolution aerosol mass spectrometry and
collocated online instruments to investigate emissions from six commonly used residential solid fuels burned
under controlled open-fireplace conditions representative of real-world residential heating practices. We
characterized the fuel-dependent chemical composition of the emitted particles and quantify both mass-
normalized and air-volume-normalized particle-bound ROS. By resolving ROS and aerosol chemistry

110 simultaneously throughout individual combustion experiments, we further examined within-burn variability and
the chemical characteristics associated with particle-bound ROS activity. This combined approach allows us to
explore whether fuels producing chemically distinct particles also differ in their intrinsic ROS activity, and how
particle-specific ROS activity and particle loading together shape the particle-bound ROS concentration of
residential solid-fuel emissions.

115
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2 Experimental Methods
2.1 Solid fuels and combustion protocol

Six solid fuels commonly used for residential heating in Ireland were investigated in the combustion experiments,
including:

120 o Kiln-dried hardwood (birch, KDHW), with a relatively low moisture content (< 10 wt.%);

o Green softwood (spruce, GSW), which has a relatively high moisture content (> 30 wt.%);
e Wood briquettes (WB), a compressed biomass fuel;

e Sod peat (SP);

o Low-sulfur manufactured coal (LSMC, sulfur content <2 wt.%); and

125 o High-sulfur manufactured coal (HSMC, sulfur content > 2 wt.%).

Further details on the physicochemical properties of the six fuels are provided in Table S1, while photographs of
each fuel are presented in Fig. S1. All six solid fuels were sourced within Ireland, either directly from local
producers or through local suppliers and retailers.

All fuels included in the present study were burned in a custom-built open fireplace with internal dimensions of

130 60 x40 x 30 cm (H x L x W), which was designed to represent typical residential open-fire combustion conditions.
The fireplace was connected to a dedicated exhaust flue equipped with a downstream extraction system. During
combustion, the extraction system was operated to maintain a relatively stable flue draught and a slight negative
pressure (-15 to -12 Pa) within the flue relative to the surrounding environment, allowing continuous removal and
transport of the combustion emissions. A consistent general combustion protocol was applied to all fuels, with

135 minor fuel-specific adjustments where necessary. Combustion was initiated using 100 g firelighter, while about
500 g of kindling was additionally used for green softwood and wood briquettes, for which stable ignition was
more difficult to achieve. The initial fuel load and subsequent refuelling masses were fuel-specific and were
determined through preliminary combustion tests, taking into account the dimensions of the fireplace and the
combustion characteristics of each fuel. The selected fuel loads were intended to ensure stable combustion

140 throughout the experiment while avoiding an excessive number of refuelling events. Refuelling was carried out
only after the preceding fuel load had been entirely consumed and no visible flame remained. Each combustion
experiment lasted around 4 h from initial ignition. Overall, the experimental design was intended to reproduce
realistic residential heating conditions as closely as possible, while maintaining controlled and consistent
combustion procedures across the different fuels.

145 The measurements presented in this study were part of a broader residential solid fuel combustion campaign.
Additional replicate combustion experiments were conducted for the determination of emission factors, including
measurements using both the open fireplace and a traditional stove. However, these experiments are outside the
scope of the present study and will be presented in different manuscripts. The present work focuses exclusively
on the PINQ measurements conducted with the open fireplace. For the PINQ dataset, one independent combustion

150 experiment was performed for each fuel type, except for low-sulfur manufactured coal, for which two independent

combustion experiments were conducted.

2.2 Experimental setup and instruments



https://doi.org/10.5194/egusphere-2026-6574
Preprint. Discussion started: 6 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

The experimental setup used for the combustion experiments is illustrated in Fig. S2. Combustion exhaust was
sampled directly from the chimney through a 3/8-inch stainless-steel sampling line. Before reaching the
155 instruments, the sampled flue passed sequentially through a water trap, a PM, s cyclone, and a Dekati eDiluter Pro
(Dekati Ltd., Finland). The eDiluter was typically operated at a dilution ratio of 150. After cooling and dilution,
the conditioned emission was distributed to a suite of online instruments for simultaneous characterization of
aerosol properties and gaseous species. Aerosol filter samples were also collected for subsequent offline OP
analysis, however those results will be presented separately and are not discussed further here.
160 An eXtended-resolution time-of-flight Aerosol Chemical Speciation Monitor (ToF-ACSM-X, Aerodyne Research
Inc., USA) (Nault et al., 2025) was the primary instrument used to characterize the high-resolution non-refractory
PM; (NR-PM,) chemical composition, including organic aerosol (OA), sulfate (SO4), nitrate (NO3), ammonium
(NHy4) and chloride (CI). A quadrupole Aerosol Chemical Speciation Monitor (Q-ACSM, Aerodyne Research Inc.,
USA) (Ngetal.,2011) equipped with a PM, s aerodynamic lens was operated in parallel to provide complementary
165  unit mass resolution measurements of NR-PM.s. Despite their different sampling size ranges, the two ACSMs
provided a useful cross-check of the major aerosol components. In particular, the OA concentrations measured by
the two ACSMs showed good agreement across the seven combustion experiments included in this study (1> =
0.98, slope = 0.86), supporting the overall consistency of the measurements. Equivalent black carbon (eBC) mass
concentrations were measured using a seven-wavelength Aethalometer (model AE33, Magee Scientific, USA),
170 while particle number size distributions and total number concentrations over the 10-500 nm range were measured
using a scanning mobility particle sizer (SMPS, TSI Inc., USA). Gas-phase nitrogen oxides (NOx), sulfur dioxide
(SO,), ozone (03), and carbon monoxide (CO) were measured simultaneously using dedicated gas analyzers
(Teledyne API models 200A, T100, and T300 for NOx, SO», and CO, respectively, and Thermo Scientific model
49i for O3). Most online measurements were acquired at a time resolution of 1 min to capture the rapid variability
175 of combustion emissions, whereas the SMPS operated at a 5-min resolution because of the time required for a
complete particle-size scan.
A Particle Into Nitroxide Quencher (PINQ) was deployed for real-time quantification of particle-bound ROS. The
PINQ uses 9,10-bis(phenylethynyl)anthracene-nitroxide (BPEAnit) dissolved in dimethyl sulfoxide (DMSO),
typically at a concentration of 4 uM, as a pro-fluorescent probe (Brown et al., 2019b; Enarsson et al., 2026). Upon
180 reaction with a broad range of ROS, BPEAnit is converted into a stable fluorescent derivative, commonly
represented by its methyl adduct BPEAnit-Me. The vortex-based particle collector directly captures particles into
the liquid probe solution, enabling measurement of particle-bound ROS associated with both water-soluble and
water-insoluble particle fractions. The collected particles are rapidly mixed with the BPEAnit solution, after which
the reacted liquid is transferred through a flow-through fluorescence cell. In the cell, the sample is excited by a
185 450 nm laser (Thorlabs, USA) and the resulting fluorescence is detected spectroscopically (Ocean HDX, Ocean
Optics, USA). The rapid collection, reaction, and detection procedure enables the measurement of short-lived
particle-bound ROS. The fluorescence response is quantified in terms of BPEAnit-Me equivalents, with BPEAnit-
Me serving as the calibration standard. Following the combustion experiments, the PINQ was calibrated using a
series of BPEAnit-Me standards of known concentrations, from which a fluorescence-concentration calibration
190 curve was established (Fig. S3) and used to convert the measured fluorescence response into BPEAnit-Me-

equivalent particle-bound ROS concentrations. The PINQ has previously been applied in both laboratory and
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ambient measurements and has a reported detection limit of 0.08 nmol m™ at a time resolution of 1 min (Brown
et al., 2019b).
In this study, the PINQ was operated at a total flow rate of approximately 20 L min™'. Of this total flow, ~ 8 L min-
195 ! was drawn from the diluted combustion-emission sampling line to maintain isokinetic sampling, while the
remaining 12 L min™' was supplied as particle-free make-up air. The PINQ alternated between particle-containing
and gas-phase sampling modes with a HEPA filter, allowing the particle-phase ROS signal to be distinguished
from the gas-phase contribution. The effective time resolution of the PINQ measurements was 6 min in the present
study, accounting for the switching between the two sampling modes and the time required for the signal to reach
200 equilibrium after each transition. In addition, different from the original PINQ configuration described by Brown
et al. (2019b), the PINQ used in the present study was operated in a modified configuration without the
condensational growth chamber, with particles collected directly into the BPEAnit solution using the vortex
collector, to improve instrument performance and operational stability. Preliminary characterization using sodium
chloride particles indicated a size-dependent collection efficiency, increasing from ~50% at 50 nm to 90% at
205  around 90 nm. The particle number size distributions measured during the combustion experiments exhibited peak
diameters above 50 nm for all fuels, suggesting that a substantial fraction of the emitted particles fell within a size
range where the PINQ exhibited moderate to high collection efficiency. Although smaller particles generally
contribute less to PM mass, their contribution to particle-bound ROS remains uncertain because the size
distribution of ROS is unknown. Consequently, the lower collection efficiency for smaller particles may introduce

210 additional uncertainty into the reported ROS concentrations.

2.3 Data analysis

The ToF-ACSM-X and Q-ACSM datasets were processed using the standard ACSM data-analysis software
packages in Igor Pro (Version 1.6.1.1 for Q-ACSM and version 4.0.2b for ToF-ACSM-X respectively,
WaveMetrics, USA). Both instruments were calibrated for ionization efficiency (IE) and relative ionization

215 efficiency (RIE) before and after the combustion experiments. A collection efficiency (CE) of 1 was applied to
both ACSM datasets. In addition, high-resolution peak fitting was performed on the ToOF-ACSM-X dataset, during
which 21 selected polycyclic aromatic hydrocarbon (PAH)-related ions (listed in Table S2) were fitted following
established approaches (Dzepina et al., 2007) and quantified as PAH-related concentrations. The elemental ratios
of OA, including oxygen-to-carbon (O/C), hydrogen-to-carbon (H/C) and nitrogen-to-carbon (N/C), were

220 calculated from the high-resolution mass spectra using the Improved-Ambient (IA) elemental analysis method
described by Canagaratna et al. (2015). Unless otherwise specified, the aerosol chemical composition results
presented in this study were primarily derived from the ToF-ACSM-X measurements. eBC mass concentrations
were retrieved from the AE33 measurements using a mass absorption cross-section (MAC) of 7.77 m? g! at 880
nm.

225 The PINQ data were initially processed using custom-built software, in which the fluorescence signal was
synchronized with the valve-position record to distinguish between the filtered mode (gas phase only) and the
aerosol mode (particles + gas). Following each valve switch, the first 60 s of data were discarded to allow the
signal to re-equilibrate before averaging. Background fluorescence was subtracted, and data points affected by
bubbles or other obvious artefacts were excluded. The particle-bound ROS signal was obtained by subtracting the

230 filtered-mode signal from the corresponding aerosol-mode signal. The resulting particle-phase signal was further
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processed in Igor Pro and converted, using the BPEAnit-Me calibration and sampling flow information, into air-
volume-normalized ROS (ROS,) and particle-mass-normalized ROS (ROSy,).
All raw datasets underwent quality assurance and quality control, and only measurements that passed the data-
quality criteria were retained for subsequent analyses. Measurements with PM; mass concentrations below 10 pg
235 m -3 were also excluded to avoid large uncertainties in the mass-normalized ROS values at very low particle
loadings. This threshold was applied consistently across all datasets to ensure that subsequent analyses were based
on the same valid measurement periods. To minimize interference from firelighter emissions during ignition,
which were characterized by particularly high eBC concentrations (Lin et al., 2023), the first 10-15 min of each
combustion experiment were generally excluded. The exact exclusion period was adjusted for individual burns

240 according to the temporal evolution of the measured eBC concentration.

3 Results and discussion
3.1 Chemical fingerprints of residential solid fuel combustion aerosols

The health-relevant properties of atmospheric aerosols depend not only on particle mass but also strongly on their
chemical composition. This is particularly relevant for particle-bound ROS, as different organic and inorganic
245 constituents can differ substantially in their redox activity and ability to generate or stabilize ROS (Elkaee et al.,
2025). Therefore, the chemical composition of particles generated from the six solid fuels was first characterized
to provide a chemical context for interpreting the variability in particle-bound ROS discussed in the following
sections.
Figure la shows the average composition of the measured PM; mass (PM; = NR-PM; + eBC) during the
250 combustion experiments. OA was the dominant component for all six fuels, accounting for 67-97% of the PM;
mass. Particularly high OA fractions were observed for green softwood (97%) and sod peat (96%), whereas kiln-
dried hardwood exhibited a substantially larger eBC contribution of 26%. Wood briquettes, low-sulfur and high-
sulfur manufactured coal showed intermediate eBC fractions of 10-11%. The strong OA dominance is in good
agreement with previous residential solid-fuel combustion studies, where OA constituted approximately 80-90%
255 of particulate emissions from wood and sod peat and remained a major component of coal-derived particles (Lin
et al., 2017; Trubetskaya et al., 2021). Fuel moisture might be an important factor contributing to the differences
in the relative contributions of OA and eBC among the fuels. As listed in Table S1, green soft wood has the highest
moisture content among the six fuels (> 30%), followed by sod peat (16.5%), and they both produced strongly
OA-dominated particles with only minor eBC contributions (1-2%) in the present experiments. High fuel moisture
260 can reduce the energy available for fuel heating and oxidation, thereby impairing stable and efficient combustion
and favouring the formation of organic-rich particulate emissions (Shen et al., 2013a; Price-Allison et al., 2019).
Although the modified combustion efficiency (MCE) could not be calculated directly for the seven burns
investigated here because raw CO and CO, measurements were unavailable, repeated open fireplace experiments
conducted with the same fuels within the broader campaign provide supporting evidence for this interpretation.
265 In those experiments, green softwood and sod peat exhibited the lowest average MCE values, 0.89 + 0.02 and
0.86 £ 0.05, respectively, compared with 0.93-0.95 for other fuels (Table S1). These observations suggest that the
relatively high moisture contents of green softwood and sod peat may have contributed to their lower combustion

efficiencies and, consequently, to the OA-rich and eBC-poor particle composition observed here. Similar MCE
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values of 0.82-0.92 have been reported in previous studies of peat combustion, where burning was predominantly
270 characterized by smouldering conditions (Schneider et al., 2024). Nevertheless, other fuel-specific properties and
combustion conditions, in addition to fuel moisture, may also have contributed to the observed differences in
particle composition, reflecting the complex nature of residential solid fuel combustion.
A further compositional difference was observed for the manufactured coal fuels, which generally exhibited higher
sulfate fractions than the other fuels. This feature was particularly pronounced for high-sulfur manufactured coal,
275 where sulfate accounted for 19% of the measured PM; mass, compared with about 3% for low-sulfur
manufactured coal. The higher sulfate fraction in high-sulfur manufactured coal is attributed to its higher fuel
sulfur content (2.2 vs. 1.4 wt.%, Table S1). More broadly, residential coal combustion has been identified as an
important direct source of primary particulate sulfate, with sulfate accounting for a substantial fraction of emitted
particle mass in source measurements (Dai et al., 2019). However, the substantially larger difference in particulate
280  sulfate between high-sulfur and low-sulfur manufactured coal than in their bulk sulfur contents suggests that fuel
sulfur content alone may not fully explain the observed contrast. The fate of sulfur during combustion, including
its distribution between gaseous SO», particulate sulfate, and ash-retained sulfur, can also be influenced by sulfur

speciation, mineral and ash composition, and combustion conditions (Jia et al., 2016; Shen et al., 2021).
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285 Figure 1. Average chemical composition of (a) PM1 and (b) organic aerosol (OA) emitted from six residential solid fuels:
kiln-dried hardwood (KDHW), green softwood (GSW), wood briquettes (WB), sod peat (SP), low-sulfur manufactured
coal (LSMC), and high-sulfur manufactured coal (HSMC).
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Much clearer fuel-dependent differences emerged when the organic fraction was examined using the high-
resolution measurements from ToF-ACSM-X (Fig. 1b). The three wood-based fuels, kiln-dried hardwood, green
290 softwood and wood briquettes, showed remarkably similar OA signatures and were dominated by oxygen-
containing fragment ions. CHOLI ions, i.e., organic fragments containing carbon, hydrogen, and one oxygen atom,
accounted for 39-41% of the OA signal, while ions containing more than one oxygen atom (CHOgtl) further
contributed 21-25% of the total OA mass. In contrast, these oxygen-containing families accounted for only 7-8%
and 6-7%, respectively, of the aerosol mass emitted from the two manufactured coals. The coal-derived OA was
295 instead dominated by CH ions, which contributed 72-75% of the total OA mass. This contrast is consistent with
the fundamentally different chemical structures of the parent fuels. Wood consists largely of oxygen-rich
biopolymers, particularly cellulose, hemicellulose, and lignin, and their thermal decomposition produces abundant
oxygenated organic products (Yang et al., 2007; Shen et al., 2010a). In contrast, progressive coalification removes
oxygen-containing functional groups and increases the relative abundance and condensation of aromatic carbon
300 structures (Chen et al., 2012). The elemental composition of the fuels themselves showed a similar contrast, with

oxygen contents of 42.3-44.1 wt.% in the wood-based fuels compared with only 2.6-6.9 wt.% in the manufactured
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coals (Table S1). Importantly, the coal-derived OA also exhibited a much stronger aromatic signature, particularly
in the PAH-related ions, which represented 5-7% of the OA signal from the two manufactured coals but less than
1% for the other fuels. Consistently, residential coal combustion is well established as an important source of
305 particle-phase PAHs, and coal combustion OA factors measured by high resolution aerosol mass spectrometer
have been characterized by strong PAH-related ion signals (Sun et al., 2016). Sod peat exhibited an intermediate
chemical signature. CH ions accounted for 67% of the OA signal, substantially higher than for the wood-based
fuels but somewhat lower than for the manufactured coals, while oxygen-containing CHO1 and CHOgtl ions
together still accounted for 24%. This intermediate behaviour is chemically plausible given the origin of peat as
310 partially decomposed plant material, i.e., compared with fresh woody biomass, peat contains a larger contribution
from aromatic and chemically transformed organic structures, while retaining considerably more oxygen- and

nitrogen-containing material than more mature coal.
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Figure 2. Average high-resolution OA mass spectra obtained during the combustion experiments for each of the six
315 solid fuels. The corresponding average el tal ratios, including oxygen-to-carbon (O/C), hydrogen-to-carbon (H/C),
and nitrogen-to-carbon (N/C), are also presented. The most abundant organic fragment ions are labelled.

The differences in OA composition were further illustrated by the average high-resolution organic mass spectra
(Fig. 2). The three wood-based fuels displayed prominent oxygenated fragment ions, particularly CoH4O," at m/z
60 (6.9-9.7% of the total OA signal) and C3HsO," at m/z 73 (2.9-3.7%). These ions are well-established fragments
320 of anhydrosugars such as levoglucosan produced during cellulose pyrolysis and are widely used as characteristic
signatures of fresh biomass-burning OA (Weimer et al., 2008; Aiken et al., 2009). Other abundant oxygenated
ions, including CHO" (5.8-6.2%) and C,H3O" (6.9-7.1%), further distinguished the wood-derived spectra from
those of the manufactured coals. In contrast, the mass spectra of manufactured coals were dominated by
hydrocarbon fragments and contained much smaller contributions from oxygen-containing ions. They also
325 showed substantially stronger PAH-related ion signals than the other fuels (Fig. S4), providing online mass-
spectral evidence of the PAH-rich characteristics of residential coal combustion emissions previously reported in
offline studies (Shen et al., 2010b; Shen et al., 2013b). Consistent with these spectral characteristics, the wood-
derived OA showed substantially higher O/C ratios (0.61-0.63) than the manufactured-coal OA (0.07-0.09),
indicating a considerably greater contribution of oxygen-containing organic material in the wood-burning

330 emissions. The H/C ratios varied over a comparatively narrow range across the six fuels (1.74-1.88) and therefore

9
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provided much less differentiation among fuel types than O/C. sod peat again exhibited an intermediate chemical
signature, with an O/C ratio of 0.16, substantially lower than those of the wood-based fuels but higher than those
of the manufactured coals. Notably, sod peat also exhibited noticeable contributions from the two biomass burning
marker fragments CoH40," (1.9%) and C3HsO," (1.3%), which is also supported by previous observations of
335 levoglucosan in peat-burning emissions (Kourtchev et al., 2011). This result suggests that the presence of these
ions in peat emissions may introduce additional uncertainty when using them as tracers to distinguish wood-
burning contributions from other combustion sources. In addition, sod peat showed relatively strong contributions
from several nitrogen-containing fragments, including CHN-family fragments such as C¢H; 1N, and had the
highest N/C ratio among the six fuels (0.017 vs. 0.006-0.013). Previous molecular-level measurements have
340 similarly identified abundant CHN- and CHON-containing compounds in peat-burning aerosol (Zhong et al.,
2024). The combination of its intermediate O/C and enhanced nitrogen-containing features therefore provides
additional chemical information for distinguishing peat-derived OA from the wood- and coal-derived emissions.
While there were substantial differences between manufactured coals, sod peat and wood-based fuels, the mass
spectra within each fuel class were highly similar. The three wood-based fuel spectra showed tight correlations of
345 2> 0.95, while the low-sulfur and high-sulfur manufactured coal profiles were also strongly correlated r*> = 0.98.
Sod peat was more distinct from both groups, although its spectrum was more similar to the manufactured coal
profiles than to the wood-derived profiles (1> = 0.84-0.85 vs. 0.17-0.21). These results indicate that the high-
resolution organic spectra provide a strong chemical basis for sorting solid fuel emissions into broad categories
but distinguishing fuels within the same class remains a challenge which could be overcome with more source-
350 specific or molecular-level measurements.
Despite the limited number of combustion experiments included in the present ROS dataset, clear and systematic
fuel-dependent differences were observed in particle chemical composition, particularly in the high-resolution OA
signatures. Importantly, the major compositional patterns identified here were also consistently observed in a
separate set of repeated open fireplace combustion experiments using the same fuels, as shown in Fig. SS5.
355 Although the absolute contributions of individual components varied slightly among replicate burns, the overall
fuel-dependent chemical signatures remained consistent, supporting the representativeness of the patterns
observed in the present study. In particular, the oxygen-rich character of wood-derived OA, the hydrocarbon- and
PAH-rich signatures of coal-derived OA, and the intermediate characteristics of peat were sufficiently distinct to
differentiate the major fuel classes. Importantly, these systematic compositional contrasts provide a direct basis
360 for examining whether differences in ROS activity are associated with specific chemical signatures, while the
exact quantitative composition of individual fuels should be considered specific to the combustion conditions of

each burn.

3.2 Variability and chemical associations of particle-bound ROS activity

The particle-bound ROS levels of emissions from the six solid fuels were further investigated using real-time

365 PINQ measurements. Figure 3a shows the concentrations of particle-bound ROS across the different fuels,
expressed as PM;-mass-normalized ROS (ROS,,), which represents the intrinsic ROS activity of the emitted
particles. The ROS,, values reported here are expressed as pmol BPEAnit-Me equivalents per ug PM,; and
therefore specifically represent the fraction of particle-bound ROS detectable by the BPEAnit assay, rather than
the total abundance of all ROS species potentially present in the particles.
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Figure 3. Box plots showing the distributions of (a) mass-normalized particle-bound ROS (ROSwm) and (b) the mass
fraction of PAH-related ions in total OA across the six solid fuels. The circles in (a) and diamonds in (b) indicate the
mean values, while the horizontal lines indicate the medians. Boxes represent the 25"-75t" percentiles, and whiskers
extend from the 10™ to the 90" percentiles.

375 Clear differences in ROS,, were observed among the major fuel classes. The manufactured coals exhibited
substantially higher ROS,, than both the wood-based fuels and sod peat. More specifically, the average ROS,
reached 2.2-2.9 pmol pg™' for the manufactured coals, whereas the wood-based fuels and sod peat showed much
lower values of 0.15-0.59 pmol pg. Differences were also observed within the wood-based fuels, specifically,
wood briquettes showed the highest average ROS,, (~0.59 pmol pg™!), whereas kiln-dried hardwood and green

380 softwood showed similarly low values (~0.23 and 0.15 pmol pg™', respectively). The comparable ROS,, levels
between kiln-dried hardwood and green softwood is noteworthy given their markedly different moisture contents
and the clear influence of moisture on their OA and eBC composition discussed above. This suggests that fuel
moisture, although important for combustion behaviour and bulk particle composition, is not by itself a strong
predictor of the intrinsic BPEAnit-detectable ROS activity of the emitted particles. In addition, although a recent

385 study has reported potential interference from black carbon in BPEAnit-based ROS measurements, leading to
fluorescence suppression and possible underestimation of ROS (Enarsson et al., 2026), no clear indication of such
interference was observed in the present dataset.

In addition to their higher average ROS,,, the manufactured coals also exhibited considerably broader ROS,,
distributions than the wood-based fuels and sod peat, indicating greater within-burn variability in their intrinsic

390 particle-bound ROS. The pronounced within-burn variability observed here may reflect the dynamic evolution of
particle physicochemical properties during combustion. Such changes can be substantial over the course of a
single coal burn, particularly in particle loading, size distribution, OA composition, and OA oxidation state (Zhou
et al., 2016; Li et al., 2024). Combustion-stage-dependent differences in molecular composition and oxidative
potential (Cao et al., 2025) further suggest that evolving particle chemistry may contribute to variations in

395 oxidative characteristics during coal combustion. In the present study, one of the low-sulfur manufactured coal
experiments provides a clear example of substantial temporal changes in particle size and chemical composition
during combustion. As shown in Fig. S6, PM; mass concentrations ranged from 14.7 to 498.9 ug m™ and generally
decreased as combustion progressed following each addition of coal (Zhou et al., 2016). Meanwhile, the sulfate
mass fraction tended to increase towards the later combustion stages, reaching up to 44% of total PM; mass. In

400 contrast, eBC contributed a larger fraction during the early stages, while the PAH-related ion fraction generally
declined, varying between 2% and 15%. Concurrent changes were also observed in the OA oxidation state (OSc:
-2.0 to -1.5) and particle geometric mean diameter (50-109 nm). Alongside these changes in particle
physicochemical properties, ROS,, varied significantly, from near zero to 4.6 pmol pg™'. This case study highlights

11
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the dynamic nature of coal combustion emissions, demonstrating that considerable within-burn variability in

405  intrinsic particle-bound ROS accompanies the evolving chemical composition and physical characteristics of the
emitted particles. The broader ROS,, distributions observed for the manufactured coals therefore suggest that their
intrinsic ROS activity may be particularly sensitive to changes occurring during the combustion process. This also
has implications for the interpretation of particle-bound ROS measurements. Since ROS,, can vary substantially
over an individual burn, measurements obtained over different sampling intervals may place different emphasis

410 on periods with relatively high or low ROS activity, thereby contributing to variability in the reported ROS
characteristics. The real-time PINQ measurements used here provide an advantage in this respect by capturing the
real-time changes in the ROS,, during individual experiments. Such time-resolved measurements do not replace
independent replicate burns, but they enable within-burn variability and transient high-ROS periods to be
identified explicitly.

415 The burn-to-burn variability in ROS,, was also evaluated from the two independent low-sulfur manufactured coal
experiments (Fig. S7). A clear difference was observed between the two burns, with average ROS,, values of 4.8
and 1.9 pmol pg’, respectively. Substantial variability in ROS for residential coal combustion has also been
reported in previous studies, with ROS emission factors differing by nearly 20-fold across coal-stove source tests
(Luan et al., 2022), highlighting the sensitivity of coal-derived oxidative activity to fuel and combustion conditions.

420 Importantly, however, both low-sulfur manufactured coal experiments exhibited substantially elevated ROS,
relative to the wood-based fuels and sod peat. The repeat experiment therefore supports the broader conclusion
that manufactured-coal particles possess higher intrinsic ROS activity under the conditions investigated here,
while also demonstrating that the absolute magnitude of ROS,, can vary considerably between individual burns.
The repeated low-sulfur manufactured coal experiment also indicates that a systematic difference in ROS,,

425 between low-sulfur and high-sulfur manufactured coal cannot be established from the present dataset, since the
second low-sulfur manufactured coal burn showed ROS,, values comparable to high-sulfur manufactured coal
(1.9 vs. 2.2 pmol pg™). This finding is also in line with the highly similar OA composition of the two manufactured
coals, as demonstrated in Section 3.1. Although high-sulfur manufactured coal contained a substantially larger
sulfate fraction than low-sulfur manufactured coal, major inorganic ions such as sulfate are generally not

430 considered dominant direct contributors to particle-bound ROS activity (Zhou et al., 2018a; Bates et al., 2019).
The comparable ROS,, of the two manufactured coals therefore further points to the organic fraction as a more
relevant chemical basis for their similar intrinsic ROS characteristics.

To explore the chemical characteristics associated with ROSy, the burn-averaged ROS levels were compared with
major compositional and OA metrics measured during the combustion experiments. Among all the chemical

435 species, the PAH-related ion mass fraction exhibited a highly similar fuel-dependent pattern to that of ROS,, (Fig.
3b). Specifically, the average PAH-related fraction in OA was substantially higher for the manufactured coals (2.8-
5.6%) than for the wood-based fuels (1.1-1.3%) and sod peat (1.6%), and the coal emissions also exhibited
considerably greater within-burn variability. Consistent with these similar fuel-dependent patterns, burn-averaged
ROS,, was strongly correlated with the PAH-related ion fraction (1> = 0.98, p < 0.001; Fig. S8a), indicating a

440 strong association between PAH-rich organic emissions and elevated intrinsic particle-bound ROS activity. This
finding is consistent with previous ambient studies suggesting that PAHs can serve as useful indicators of particle
oxidative activity. For example, Pietrogrande et al. (2022) reported significant associations between particle

oxidative potential and total PAHs, indicating that PAHs may serve as markers of broader combustion-derived
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aromatic mixtures containing redox-active species, including oxygenated PAHs and quinone-like compounds.

445 However, a review of elemental-carbon-containing particles highlighted that PAHs, quinones, and other surface
organic functionalities may contribute differently to particle oxidative activity, with quinone-type functionalities
being particularly important (Liu and Chan, 2022). Therefore, the strong PAH-ROS association observed in our
study does not necessarily imply a direct contribution from parent PAHs alone, but may also reflect the presence
of co-emitted redox-active organic compounds and more complex chemical influences on particle-bound ROS.

450 Importantly, the PAH-ROS association was not confined to the burn-averaged level. When the time-resolved
measurements from all combustion experiments were included, ROS,, remained positively associated with the
PAH-related ion fraction, although the correlation was relatively weaker (1> = 0.52, Fig. S8b). This suggests that
the very strong fuel-level correlation may partly reflect the pronounced compositional contrast between
manufactured coal and wood/peat emissions. Nevertheless, a moderate positive relationship was retained when

455 the analysis was restricted to the coal-combustion periods alone (r? = 0.32), demonstrating that the association
was not solely produced by the broad separation between coal and non-coal fuels. The lower 12 values obtained
from the time-resolved measurements further indicate that PAH-related composition alone cannot account for the
full temporal variability in ROS,,, and that additional chemical species, combustion conditions, and mixture effects
are also likely to contribute.

460 Atmospheric aging is another important process that can substantially alter the oxidative characteristics of
combustion-derived particles. Previous studies have shown that particle-bound ROS can change considerably
during atmospheric oxidation, with the ROS content of secondary organic aerosol being related to its oxidation
state (Zhou et al., 2018b). The average carbon oxidation state (OSc), commonly approximated as (2 x O/C - H/C),
provides a bulk measure of the degree of oxidation of OA, with higher OSc indicating more oxidized OA (Kroll

465 et al.,, 2011). Since the absolute OSc differed substantially among fuel types, the analysis was performed using
within-burn deviations from the corresponding burn averages, i.e., AROS;,, = ROS, - ROS;,_avg and AOSc =0Sc
- OSc_avg), thereby removing the large between-fuel offsets and focusing specifically on temporal covariation
within individual burns. No clear relationship was observed between AROS,, and AOSc (1> = 0, Fig. S8c),
indicating that changes in bulk OA oxidation state did not explain the temporal evolution of particle-bound ROS

470 in these fresh combustion emissions. This result does not necessarily conflict with previous observations that
atmospheric oxidation can enhance particle oxidative activity. For example, aging experiments with residential
wood smoke showed that particle-bound ROS in secondary organic aerosol initially increased with increasing
SOA oxidation state, although further aging could subsequently lead to a decline in ROS (Zhou et al., 2018b).
More generally, oxidative activity appears to depend strongly on the chemical identity of the oxygen-containing

475 functionalities rather than on bulk oxygenation alone (Liu and Chan, 2022). Thus, a bulk metric such as OSc may
not resolve the relatively small subset of redox-active organic species that determine particle-bound ROS activity.
Taken together, these results indicate that the intrinsic particle-bound ROS activity cannot be explained simply by
the overall oxidation state or bulk chemical composition of the particles. Instead, PAH-related organic species
showed the strongest and most persistent association with ROS,,, from fuel-averaged differences to time-resolved

480 variations, while the weaker relationships with broader compositional metrics point to the importance of specific
redox-active constituents and complex chemical-mixture effects which needs further investigation in future

studies.

3.3 Contrasting fuel-dependent patterns in particle mass and ROS concentrations

13
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While ROS,, characterizes the particle-bound ROS activity per unit particle mass, the air-volume-normalized ROS
485  concentration (ROS,) also depends on the amount of particulate matter present in the sampled air. Figure 4
therefore compares the measured PM; mass concentration and ROS, across the six fuels during the valid
measurement periods. Substantial differences were observed in PM; mass concentration, with sod peat and green
softwood showing markedly higher mean concentrations of 546.2 and 440.2 ug m>, respectively, compared with
53.4-106.5 pg m™ for the other four fuels. Sod peat and green softwood also exhibited substantially broader
490 concentration distributions, indicating greater temporal variability in particle loading during combustion. The
elevated particle loadings observed for these two fuels are consistent with their less efficient combustion
characteristics, which likely indicates greater smouldering contributions than the other fuels. Smouldering and
otherwise inefficient combustion generally favour higher particulate emissions because a larger fraction of the
fuel carbon escapes complete oxidation. For green softwood, the high fuel moisture likely reduced combustion
495 temperature and MCE, while substantially increasing PM emission factors (Shen et al., 2013a; Price-Allison et
al., 2019). Sod peat also has a relatively high moisture content, and its combustion is often characterised by
smouldering, which can result in substantial particulate emissions (Wilson et al., 2025). However, it should be
noted that the absolute PM; concentrations reported here should not be interpreted as fuel-specific emission factors,
because they were not normalized to fuel consumption and the effective dilution ratios could not be reconstructed
500 quantitatively throughout the experiments. Nevertheless, the relative fuel-dependent pattern was independently
supported by PM emission factors obtained from six repeated open-fireplace combustion experiments using the
same fuels (Fig. S9). In these independent experiments, sod peat and green softwood again showed the highest
PM emission factors, whereas kiln-dried hardwood, wood briquettes, low-sulfur and high-sulfur manufactured
coal were substantially lower and more comparable. The agreement between the two independent datasets

505 therefore supports the representativeness of the broad relative differences in PM; loading observed in the present

experiments.
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Figure 4. Box plots showing the distributions of (a) PM1 mass concentration and (b) air-volume-normalized particle-
bound ROS (ROS,) across the six solid fuels. Please note that fuels are arranged in descending order of their respective
510 mean values in each panel. The circles in (a) and hexagons in (b) indicate the mean values, while the horizontal lines
indicate the medians. Boxes represent the 25""-75" percentiles, and whiskers extend from the 10" to the 90" percentiles.

In contrast to the PM; mass concentration, ROS, exhibited a clearly different fuel-dependent pattern (Fig. 4b).
The highest mean ROS, was observed for low-sulfur manufactured coal (305.4 pmol m™), followed by high-sulfur
manufactured coal (140.1 pmol m™), despite their comparatively low PM; concentrations (53.4-106.5 pg m™).
515 This is largely driven by the substantially higher ROS,, of the manufactured-coal particles (2.2-2.9 pmol pg™') and
demonstrates that high air-volume-normalized ROS concentrations can arise even when particle mass loading is

relatively modest. Sod peat showed the opposite behaviour, although its ROS,, was relatively low (0.28 pmol pg
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1, its much higher PM; concentration resulted in a mean ROS, of 107.5 pmol m, comparable to that of high-
sulfur manufactured coal. Similarly, green softwood, which exhibited the lowest ROS,, (0.15 pmol pg™), still
520 showed a moderate ROS, of 47.0 pmol m~ because of its relatively high particle loading. Conversely, kiln-dried
hardwood and wood briquettes combined relatively low PM; concentrations with low ROSy,, resulting in the
lowest ROS, levels (19.6-39.3 pmol m™) among the fuels. These contrasting patterns demonstrate that particle
mass loading alone is insufficient to describe the air-volume-based oxidative burden of combustion aerosol, i.e.,
ROS, is jointly determined by how much particulate matter is present and how much particle-bound ROS is
525 associated with each unit of particle mass. This distinction is also relevant to ambient aerosol source
apportionment. For example, Wang et al. (2020), found that biomass burning contributed the largest fraction of
particle mass in Bangkok, whereas fossil-fuel combustion dominated the volume-normalized oxidative potential,
demonstrating that source rankings based on particle mass and oxidative activity can differ substantially. Although
these studies employed different ROS/OP assays, the common implication is that particle abundance and particle-
530 specific oxidative activity represent complementary dimensions of aerosol exposure. In the present study, the
manufactured coals and sod peat illustrate two contrasting pathways to elevated ROS,: high intrinsic particle-
bound ROS activity for the coals, and high particle mass loading for sod peat. This highlights the importance of
considering both source-specific particle oxidative characteristics and mass contributions when interpreting

ambient particle-bound ROS and assessing the relative importance of different combustion sources.

535 4 Conclusions

This study provides a systematic investigation of the chemical composition and particle-bound ROS of emissions
from six residential solid fuels, combining real-time ROS measurements with high-resolution aerosol chemical
characterization under realistic residential heating conditions. Clear fuel-dependent chemical signatures were
observed in the emitted particles. The wood-based fuels were characterized by substantially higher contributions
540 from oxygen-containing organic fragment ions and higher O/C ratios (0.61-0.63), whereas the manufactured coals
exhibited much more hydrocarbon-rich fragmentation patterns, stronger PAH-related signatures (5-7% of total
OA mass), and enhanced sulfate contributions (3-19% of total PM; mass). Sod peat showed an intermediate but
compositionally distinct chemical profile, including elevated contributions from N-containing ions. These distinct
high-resolution chemical signatures can therefore provide experimentally derived anchors for better distinguishing
545 residential solid fuel combustion sources and supporting atmospheric aerosol source apportionment.
Pronounced differences were also observed in the mass-normalized particle-bound ROS activity (ROS,,). The
manufactured coals exhibited substantially higher ROS,, than the wood-based fuels and sod peat (2.2-2.9 vs. 0.2-
0.6 pmol BPEAnit-Me equivalents pg' PM;), indicating substantially greater intrinsic particle-bound ROS
activity. Considerable temporal variability in ROS,, was also observed within individual coal burns, indicating
550 that the oxidative characteristics of freshly emitted particles can evolve substantially over the course of a single
combustion event. The PAH-related ion fraction was found to be strongly associated with ROS,, across fuels (12
= 0.98 for burn-averaged data), with positive but weaker relationships in time-resolved measurements (r*> = 0.52
overall and 0.32 for coals alone). This suggests that PAH-related composition may serve as an important indicator
of fuel-dependent ROS activity. However, the weaker time-resolved relationships indicate that PAH-related
555 composition alone cannot fully explain the temporal variability in ROS,,, highlighting the potential contributions

of other redox-active organic constituents, combustion conditions, and matrix effects.
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Interestingly, when intrinsic ROS activity was considered together with particle mass loading, a different fuel-
dependent pattern emerged. The manufactured coals showed the highest average ROS, at 140.1-305.4 pmol
(BPEAnit-Me equivalents) m~, despite their comparatively modest PM; mass concentrations (53.4-106.5 pg m"
560 %), mainly driven by their substantially higher ROS. In contrast, sod peat reached a similarly notable ROS, (107.5
pmol m) despite its relatively low ROS,, driven instead by its much higher particle mass loading (546.2 pg m"
3). These contrasting behaviours demonstrate that elevated particle-bound ROS concentrations can arise through
different pathways, i.e., high particle-specific ROS activity, high particle mass loading, or a combination of both.
Therefore, PM mass alone may not adequately characterize the oxidative burden associated with residential solid-
565 fuel combustion. A more complete assessment should consider both the amount of particulate matter emitted and
the intrinsic oxidative characteristics of the particles.
Overall, integrating real-time ROS measurements with detailed aerosol chemical characterization provides new
insights into fuel-specific chemical fingerprints and temporal variability in particle-bound ROS during combustion,
offering valuable information for identifying combustion sources and chemical signatures associated with
570 enhanced ROS activity. The pronounced temporal variability further highlights the value of online measurements
for capturing rapidly evolving particle oxidative characteristics. However, as BPEAnit detects only a fraction of
particle-bound ROS, combining online PINQ measurements with complementary offline OP assays and
alternative ROS probes will be important for a more comprehensive characterization of the oxidative properties
of atmospheric aerosols.
575
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