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A B S T R A C T

Residential combustion of solid fuels is a dominant source of indoor particulate matter (PM), with significant 
implications for human health. This study investigates the physicochemical properties and oxidative potential 
(OP) of indoor PM10 generated during the operation of different combustion appliances (woodstove, fireplace 
and coal stove) and fuels in real residential settings. Indoor and concurrent outdoor samples were analysed for 
water-soluble organic carbon (WSOC), elemental composition, particle morphology, and OP using both dithio
threitol (DTT) and ascorbic acid (AA) assays. Biomass combustion, especially in the fireplace, resulted in the 
highest indoor PM10, OC, and WSOC levels, with WSOC/OC ratios reaching up to 0.84, suggesting a large 
contribution from oxygenated organics. Morphological analysis by SEM-EDS revealed a mixture of carbonaceous 
soot, mineral ash, and spherical fly ash particles, with clear fuel dependence. Elemental analysis showed higher 
Ca, Cl, K, S and Mn concentrations during woodstove combustion, while indoor samples from coal burning 
displayed lower levels for most elements. The OPV of indoor samples was consistently higher during wood 
combustion compared with coal or background air, showing significant correlations with OC, WSOC, and 
potassium.

1. Introduction

Particulate matter (PM) is a major air pollutant with serious health 
and environmental consequences (Kelly and Fussell, 2015; Kim et al., 
2015; Mukherjee and Agrawal, 2017). Despite global efforts to transi
tion to cleaner energy, residential combustion of solid fuels (coal and 
biomass) remains widespread, representing a significant source of PM 
pollution (Jiang et al., 2024; Klimont et al., 2017; Leoni et al., 2018; Lin 
et al., 2019; Schwarz et al., 2019; Smołka-Danielowska et al., 2021; 
Weagle et al., 2018).

The incomplete combustion of solid fuels generates a complex 
mixture of airborne particles containing carbonaceous materials and a 
variety of organic and inorganic compounds. The physicochemical 
properties and toxicity of these emissions are influenced by multiple 
factors, including fuel type, combustion conditions, and stove technol
ogy (Kuye and Kumar, 2023; Vicente et al., 2024b; Vicente and Alves, 

2018). Studies have demonstrated that emissions from different coal 
types and biomass fuels exhibit distinct compositional and morpholog
ical characteristics. For example, Zhang et al. (2018) found that 
lower-maturity coals emitted predominantly soot-organic matter parti
cles during the flaming stage, whereas medium-maturity coals produced 
more abundant organic matter (OM) particles, and higher-maturity 
coals (e.g., anthracite and natural coke) generated mainly organic 
matter–sulphur (OM-S) particles. Overall carbon emissions decreased as 
coal maturity increased, as a result of both the intrinsic coal properties 
and higher burning temperatures, which favoured the formation of 
inorganic species (e.g., sulphates and other soluble ions) over carbona
ceous particles. Similarly, Liu et al. (2017) reported that PM emissions 
from biomass combustion displayed phase-dependent variability, with 
softwood burning producing mainly OM particles in the smouldering 
phase, while hardwood combustion was characterised by 
soot-dominated emissions. The morphology of particulate matter, 
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including shape, surface texture, and structure, plays a critical role in 
determining its toxicity and associated health effects. Irregular, elon
gated, or sharp-edged particles are more difficult for alveolar macro
phages to clear, often resulting in cellular damage, persistent 
inflammation, and the development of respiratory diseases (Shangguan 
et al., 2024). The morphology is also key to identify the origin of the 
particles, as shown by Maher et al. (2016), who identified two distinct 
types of magnetite nanoparticles in human brain tissue: spherical par
ticles with fused textures linked to anthropogenic (combustion-derived) 
sources, and angular, euhedral particles of biological origin. According 
to Maher et al. (2016), airborne magnetite particles with a diameter less 
than 200 nm can enter the body through the olfactory nerve and 
penetrate the brain. Due to their unique combination of redox activity, 
surface charge, and strong magnetic behaviour, these nanoparticles 
could contribute to the development of neurodegenerative diseases such 
as Alzheimer’s. The physical and chemical characteristics of PM, 
including morphology and surface composition, play a crucial role in 
determining its interactions with biological systems and overall toxic 
behaviour.

One of the primary mechanisms linking PM exposure to adverse 
health outcomes is oxidative stress, which occurs when reactive oxygen 
species (ROS) overwhelm the body’s antioxidant defences, leading to 
cellular damage and inflammation (Gurjar et al., 2010; Li et al., 2003). 
Particulate matter contributes to this imbalance either by generating 
ROS on its surfaces or through interactions with cells (Knaapen et al., 
2004; Mazzoli-Rocha et al., 2010). Although antioxidant enzymes can 
help mitigate oxidative stress, an insufficient response can lead to 
cellular damage, affecting DNA, lipids, and proteins. This process is 
linked to inflammation and the development of respiratory and car
diovascular diseases, including asthma, chronic obstructive pulmonary 
disease, emphysema, and heart conditions (Peixoto et al., 2017). The 
oxidative potential (OP) of PM, a measure of its capacity to generate 
ROS, has emerged as a key indicator of PM toxicity and a valuable metric 
for assessing health risks (Bates et al., 2019; Gao et al., 2020; He and 
Zhang, 2023; Øvrevik, 2019).

Various methods have been developed to evaluate the OP of PM, 
including both cellular and acellular assays (Bates et al., 2019; Gao et al., 
2020; He and Zhang, 2023; Vaccarella et al., 2025; Vicente et al., 
2024b). Cellular assays, such as electron spin resonance (ESR) and 
fluorescence-based methods, assess ROS production in biological envi
ronments, while acellular assays quantify the depletion of antioxidants 
such as ascorbic acid (AA), glutathione (GSH), and dithiothreitol (DTT) 
upon exposure to PM (Bates et al., 2019; Gao et al., 2020; Vaccarella 
et al., 2025; Vicente et al., 2024b). Acellular assays are widely adopted 
for their speed, cost-efficiency, and reproducibility, enabling large-scale 
assessments of the OP across diverse environmental settings. Their 
application has proven valuable in source apportionment and epidemi
ological contexts (Bates et al., 2019; Gao et al., 2020; Vaccarella et al., 
2025). The use of multiple OP assays provides complementary insights 
into PM toxicity, highlighting the importance of accounting for 
assay-specific sensitivities in health impact assessments (Gao et al., 
2020; Janssen et al., 2014). Among the various acellular assays used to 
assess the OP of PM, the DTT assay is particularly responsive to organic 
compounds and redox-active metals such as copper and manganese. On 
the other hand, the AA and GSH assays are more sensitive to the pres
ence of metals, especially iron and copper (Bates et al., 2019; Gao et al., 
2020). The high OP of PM is often attributed to its complex chemical 
composition, which typically includes transition metals, organic com
pounds, and black carbon (Brehmer et al., 2019; Li et al., 2019b; Verma 
et al., 2015). Water-soluble organic carbon (WSOC) has emerged as a 
key contributor to the oxidative activity of PM, exhibiting strong cor
relations with OP responses, such as those measured by the DTT and AA 
assays (Gao et al., 2020; Verma et al., 2012).

To date, most studies investigating the OP of particles emitted from 
residential solid fuel combustion through acellular methods have 
focused primarily on characterising emissions (Cao et al., 2021; Isenor 

et al., 2024; Li et al., 2019b; Utinger et al., 2025; Zhang et al., 2024b) 
rather than the indoor PM to which residents are directly exposed during 
appliance operation. Existing research has been conducted in China and 
India, where solid fuel combustion is predominantly used for cooking 
rather than heating (Brehmer et al., 2019; Sharma et al., 2024). These 
studies generally examine fuel-burning cookstoves situated in 
semi-enclosed or outdoor kitchens, conditions that differ markedly from 
European residential settings in terms of appliance design, fuel charac
teristics, building characteristics, and ventilation. In Alaska, Yang et al. 
(2024) compared the OP of indoor PM generated from pellet combustion 
with that from other common household activities (e.g., cooking, in
cense burning). Overall, studies examining the OP of indoor particles 
originating specifically from residential solid fuel combustion remain 
scarce, and virtually no work has addressed this issue within European 
homes, where the context of solid fuel use, and thus potential exposure 
pathways, differs substantially. This gap highlights a critical need for 
regionally relevant indoor exposure assessments to better understand 
potential health risks associated with solid fuel heating in Europe.

The present study aims to investigate the morphological and chem
ical characteristics of PM10 particles released during residential coal and 
wood combustion, as well as their OP. By comparing indoor and outdoor 
samples, as well as combustion and non-combustion periods (back
ground), this study provides valuable insights into the contribution of 
residential heating to indoor PM levels and their potential to induce 
oxidative stress.

2. Methodology

2.1. Sampling of PM10

PM10 sampling campaigns were conducted in uninhabited residential 
houses under controlled combustion conditions, focusing on coal and 
wood as fuel sources. Details about the combustion appliances and fuels 
employed can be found in the supplementary material (Table S1, 
Fig. S1). During the mineral coal-burning campaign, experiments took 
place in a detached house, where PM10 samples were collected indoors, 
specifically in an open-plan kitchen/living area. The combustion process 
involved burning coal using a small-scale stand-alone stove over a 5-day 
period. The combustion cycle started by igniting newspaper sheets and 
wood chips, followed by six batches of coal, with consistent intervals 
between refuelling.

The wood-burning campaign was carried out in two uninhabited 
houses, each equipped with a different heating appliance: an open 
fireplace and a cast iron woodstove, both located in the kitchen area. 
The combustion cycles used a mixture of pine and eucalypt logs, with the 
fireplace being refuelled three times and the woodstove five times. The 
wood bed was periodically stirred to maintain a hot charcoal base.

All experiments were designed to replicate real-world practices, 
including ignition procedures, fire management, and the typical daily 
combustion duration. The experiments lasted approximately 6 h 40 min 
for coal and 8 h for biomass. They were conducted under minimum 
ventilation conditions, with all doors and windows closed. Details about 
the experimental conditions can be found in the supplementary material 
(Table S2). Background PM10 levels were monitored in each house when 
the combustion appliances were not in use to assess baseline air quality. 
In both campaigns, indoor and outdoor PM10 samples were collected 
concurrently, with high-volume samplers (MCV, model CAV-A/mb) 
operating at a flow rate of 30 m3 h− 1. The quartz-fibre filters were 
pre-weighed and conditioned for 48 h in a controlled environment (T =
20 ◦C ± 1 ◦C, HR = 50 %) before and after sampling to ensure accurate 
gravimetric quantification.

2.2. Morphological and chemical characterisation of PM10

The carbonaceous components of PM10 were quantified using a 
thermo-optical transmission method, which enables the separation of 
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organic carbon (OC) and elemental carbon (EC). Circular punches from 
the collected filters were subjected to a temperature-controlled protocol: 
under 100 % N2, at the samples were heated at 150 ◦C for 4 min, at 
350 ◦C for 4 min, at 600 ◦C for 5 min, and from 600 to 250 ◦C within 3 
min. Subsequently, under a 96 % N2/4 % O2 atmosphere, the temper
ature was set at 350 ◦C for 1 min, from 350 to 500 ◦C within 7 min, and 
at 850 ◦C for 6 min. In the first atmosphere of pure nitrogen the OC 
thermally evolved and then, the EC was oxidised (O2/N2 atmosphere). 
The carbon released during each stage was converted to CO2 and 
quantified using a non-dispersive infrared analyser. A detailed descrip
tion of the method and results can be found in previous works (Vicente 
et al., 2024a; Vicente et al., 2020). Based on the variability observed 
across blank filter batches, the limit of detection for OC, defined as three 
times the standard deviation, was determined to be on the order of 
30–80 ng m− 3. Evaluation of the thermograms indicates that carbon 
masses below 1 μg cannot be reliably quantified with the applied 
methodology when particle loading on the filters is low. This corre
sponds to a detection limit of approximately 30 ng m− 3 for EC.

WSOC was extracted from the filters via ultrasonic agitation in ul
trapure water, followed by analysis using a TOC-L CSH analyser (Shi
madzu), which operates based on high-temperature catalytic oxidation 
at 680 ◦C. WSOC was measured as non-purgeable OC. For this deter
mination, the aqueous extracts were acidified with 1 M hydrochloric 
acid (PanReac AppliChem), to remove inorganic carbon that would 
interfere with the WSOC measurement and purged with ultrapure air to 
remove volatile organic compounds and dissolved inorganic carbon. 
Each extract was analysed in triplicate, and the mean value was re
ported. Calibration was carried out using a standard solution of potas
sium hydrogen phthalate (PanReac AppliChem), and quality control was 
ensured through the inclusion of procedural blanks in every batch 
(Gómez-Sánchez et al., 2024). The detection limit of WSOC, defined as 
three times the standard deviation of blank filters, was 0.3 μg C m− 3. 
Measurement precision, assessed through a repeatability test (N = 16) 
using standard solutions, was better than 8 %. For quality assurance, a 
standard solution was analysed in triplicate after every 10 samples.

The elemental composition of PM10 samples was determined by 
energy-dispersive X-ray fluorescence (ED-XRF) using an ARL Quant’x 
spectrometer (Thermo Fisher Scientific, UK) equipped with a Peltier- 
cooled Si(Li) detector. Elemental excitation was achieved via an air- 
cooled Rh-anode X-ray tube, operated under five optimised conditions 
using different beam filters and voltages to enhance sensitivity for 
various element groups. Measurements were conducted under vacuum. 
Calibration was performed with Micromatter thin film standards and 
periodically verified using the NIST SRM2783 standard. Spectral 
deconvolution was carried out using WinTrace software (Thermo Elec
tron Corp.) (Chiari et al., 2018). The detection limit for each element on 
quartz fibre filters was calculated as three times the standard deviation 
of the element concentrations measured in at least six different field 
blanks. The method detection limits for individual elements ranged from 
a few ng m− 3 to several tens of ng for light elements. The repeatability 
was better than 5 % for standards and better than 10 % for PM10 filters. 
Further details can be found in previous publications (Chiari et al., 2018; 
Unga et al., 2025).

For a detailed analysis of particle morphology and size at the indi
vidual level, two 5 mm diameter punches were extracted from each 
quartz filter and subjected to analysis using a Tescan scanning electron 
microscope (SEM, model VEGA LMU). This equipment is capable of 
operating in both high and low vacuum conditions and is equipped with 
secondary and back-diffused electron detectors to capture high- 
resolution images. Additionally, an Energy Dispersive Spectrometer 
(EDS) was employed for semi-quantitative chemical characterisation. To 
identify inorganic particles individually, the protocols proposed by Wu 
et al. (2016) were followed.

2.3. Oxidative potential analysis

Two 9 mm diameter punches were taken from each sample and 
immersed in 12 mL of Milli-Q water. The samples were then extracted in 
an ultrasonic bath for a total of 30 min. The extracts were filtered using 
PVDF syringe 0.2 μm pore size filters (Whatman™) and analysed 
immediately. The OP of the PM10 water extracts was assessed using the 
AA and DTT assays, as described by Gómez-Sánchez et al. (2024).

For the AA assay, 1.5 ml of the sample extract was combined with 
1.35 ml of 0.1 M potassium phosphate buffer (pH 7.4) and 150 μl of 2 
mM ascorbic acid and incubated at 37 ◦C. The absorbance at 265 nm was 
measured at 15, 30, and 45 min to monitor the depletion rate of ascorbic 
acid.

In the DTT assay, three separate aliquots of 0.45 ml of the extract 
were incubated at 37 ◦C with 90 μl of 0.1 M potassium phosphate buffer 
(pH 7.4) and 60 μl of 1 mM DTT. After 15, 30, and 45 min, respectively, 
the reactions were stopped by adding 0.5 ml of 10 % (w/v) trichloro
acetic acid. The mixtures were then treated with 2 ml of Tris–EDTA 
solution (0.4 M Tris with 20 mM EDTA) and 50 μl of 10 mM 5,5′- 
dithiobis-2-nitrobenzoic acid (DTNB), and the absorbance at 412 nm 
was recorded.

Both methods used an initial antioxidant concentration of 100 nmol 
ml− 1. Blank filter samples were analysed using the same procedures as 
for the PM10 samples and the depletion rate was subtracted. The OP 
values (OPAA and OPDTT) were calculated based on the depletion rates of 
AA and DTT, respectively, and expressed per cubic meter (OPV, nmol 
min− 1 m− 3) and PM mass (OPm, nmol min− 1 μg− 1). OP analyses were 
performed in duplicate, and any sample with a coefficient of variation 
exceeding 10 % was reanalysed. Limits of detection were calculated as 
three times the standard deviation of the slope (μmol DTT min− 1 or μmol 
AA min− 1) from blank filters. The resulting LODs were 0.22 μmol min− 1 

for the DTT assay and 0.37 μmol min− 1 for the AA assay.

2.4. Statistical analysis

Spearman’s rank correlation coefficients were calculated with SPSS 
software (IBM Statistics software, version 29).

3. Results

3.1. PM10 concentrations, chemical composition, and morphology

Indoor PM10 concentrations varied substantially depending on the 
appliance and fuel used (Table S3). Fireplace operation generated the 
highest PM10 levels indoors, averaging 319 μg m− 3, followed by the 
woodstove at 78.5 μg m− 3 and the coal stove at 75.9 μg m− 3. Background 
PM10 concentrations were much lower, with levels ranging from 19.3 μg 
m− 3 to 28.9 μg m− 3. Outdoor PM10 levels were generally higher than in 
background air but lower than indoor concentrations during combustion 
(Fig. S2). Organic carbon levels follow a similar pattern to PM10 con
centrations (Table S3), with indoor environments showing the highest 
concentrations. Fireplace use produced the most OC indoors, averaging 
128 μg m− 3, while woodstove and coal stove showed much lower OC 
levels at 15.9 and 14.3 μg m− 3, respectively. Background OC levels were 
markedly lower, ranging from 2.46 to 5.03 μg m− 3, while outdoor levels 
were slightly higher but remained below indoor concentrations 
(Fig. S2). The contribution of OC to PM10 was substantially higher 
during fireplace operation, averaging 40 %. This value is nearly double 
that observed for the woodstove (19.7 %) and coal stove (16.7 %), and 
clearly exceeds the outdoor OC/PM10, which ranged from 10.7 % to 
22.4 %. When compared to background indoor levels, measured when 
the appliance was not in use, the difference is even more pronounced. In 
this case, the OC/PM10 ratio averaged just 14 % for the fireplace setting, 
highlighting the considerable impact of active combustion on indoor PM 
composition. The observed WSOC concentrations also showed substan
tial variability across different combustion sources and environmental 
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settings (Fig. 1).
Indoor samples generally exhibited higher WSOC concentrations, 

particularly those associated with the fireplace, for which levels ranged 
from 14.7 to 175 μg m− 3. Indoor woodstove samples also showed vari
ability, with concentrations between 0.60 and 7.49 μg m− 3. Coal 
burning produced lower indoor WSOC levels, ranging from 0.65 to 6.75 
μg m− 3. Outdoor WSOC concentrations were generally lower than their 
counterparts, with concentrations ranging from 0.66 to 8.09 μg m− 3 

(Table S3, Fig. S2), reflecting variability in atmospheric conditions, 
emission sources and secondary formation processes (López-Caravaca 
et al., 2023; Snyder et al., 2009). WSOC in atmospheric aerosols origi
nates from both primary emissions (e.g., biomass burning) and sec
ondary formation through the oxidation of volatile organic compounds. 
Previous studies have shown that WSOC represents a major fraction of 
fine particulate organic carbon and is often strongly correlated with 
biomass burning tracers such as levoglucosan (Haque et al., 2021; 
Mayol-Bracero et al., 2002). At broader spatial scales, WSOC also re
flects secondary organic aerosol (SOA) formation, with contributions 
that vary seasonally and geographically (López-Caravaca et al., 2023; 
Snyder et al., 2009).

The WSOC/OC ratio offers valuable insight into the water solubility 
of organic carbon and helps identify potential contributions from 
different sources, such as biomass burning and SOA formation (Du et al., 
2014; Timonen et al., 2008; Wen et al., 2018; Zhang et al., 2022). In the 
present study, the WSOC/OC ratio was highly variable across different 
combustion sources and environment settings (Fig. 1). Indoor fireplace 
emissions exhibited the highest WSOC/OC ratios, reaching a maximum 
of 0.84, which suggests that a significant fraction of the emitted organic 
carbon is water-soluble. This is consistent with previous findings on 
biomass combustion (Kaskaoutis et al., 2022; López-Caravaca et al., 
2024; Mayol-Bracero et al., 2002; Ramya et al., 2023). In contrast, in
door samples from coal burning showed much lower WSOC/OC ratios, 
ranging from 0.11 to 0.36, indicating that coal combustion produces a 
smaller fraction of WSOC compared to biomass burning. This observa
tion aligns with previous studies reporting on emissions from residential 
coal combustion (Li et al., 2022). The differences in WSOC levels can be 
attributed to the distinct chemical compositions and combustion con
ditions of each fuel type. Biomass burning emissions are typically 
dominated by oxygen-containing organic compounds, which are more 
polar and water-soluble, while coal combustion emissions are enriched 
in sulphur- and nitrogen-containing compounds (e.g., CHOS, CHONS, 
CHON), many of which are less soluble and accumulate more in the 
water-insoluble OC fraction. Additionally, the higher nitrogen content of 

coal fuels correlates with a greater abundance of CHON compounds, 
further reducing the relative WSOC contribution. The combustion phase 
can also influence organic carbon composition. For example, 
sulphur-containing organic compounds tend to be more prominent 
during flaming conditions, which are common in coal burning (Zhang 
et al., 2024a).

Outdoor samples generally exhibited lower WSOC/OC ratios be
tween 0.07 and 0.77, although some exceptions were noted, particularly 
during coal combustion (Fig. 1). Indoor background samples showed 
negligible WSOC and WSOC/OC values (Table S3).

The average elemental concentrations of PM10 varied markedly 
across sampling conditions and combustion sources (Fig. 2). Indoor 
samples from woodstove combustion exhibited the highest concentra
tions overall, especially for Ca (averaging 2636 ng m− 3), Cl, K, S and Mn. 
Fireplace combustion also led to elevated indoor levels of Ca, K, Cl, and S 
with average concentrations ranging from approximately 320 (S) to 980 
ng m− 3 (K). Inorganic emissions from wood combustion depend on the 
element content in the fuel, its volatility, fuel bed temperature, and the 
presence of binding compounds (Czech et al., 2018). Since the same fuel 
was used in both the woodstove and the open fireplace, the higher in
door concentrations observed during woodstove operation are mainly 
due to its higher combustion temperatures. In contrast, indoor samples 
from coal burning exhibited lower average concentrations, with each 
individual element generally present at levels below 350 ng m− 3.

Additionally, trace elements including Ti, Zn, and Sr were detected 
indoors, with their concentrations varying depending on the combustion 
appliances. The Ti concentrations measured in indoor woodstove and 
coal samples may be attributed to the mineral fraction of the fuels or 
from the entrainment of soil-derived particles adhering to the fuel prior 
to combustion (Vassilev et al., 2010; Xu et al., 2004). Titanium is typi
cally regarded as a marker of crustal material and is commonly associ
ated with soil dust (Massimi et al., 2024). Zinc concentrations were 
slightly higher during coal combustion, although it was also detected 
during wood combustion in both appliances. Commonly associated with 
emissions from industrial processes and traffic-related sources (Alves 
et al., 2022; Councell et al., 2004), Zn is also naturally present in both 
wood and coal (Jones et al., 2014; Xu et al., 2004). Strontium was 
detected at very low concentrations in all samples, with slightly higher 
indoor levels in both the coal- and wood-stove measurements. Despite its 
low abundance, this element is a relevant tracer of mineral dust, marine 
aerosol, and anthropogenic inputs such as biomass burning and fossil 
fuel combustion (Desboeufs et al., 2018).

Background levels were consistently lower than those observed 

Fig. 1. Water-soluble organic carbon (WSOC) concentrations across different appliances (fireplace, woodstove, coal stove) and environments. Bars represent WSOC 
concentrations (mean ± standard deviation), while maroon points indicate the proportion of WSOC to OC.

E.D. Vicente et al.                                                                                                                                                                                                                               Environmental Pollution 390 (2026) 127510 

4 



during active wood or coal burning, often near or below 100 ng m− 3 for 
most elements. These baseline values provide a useful reference, 
stressing the substantial increases in elemental concentrations attribut
able to combustion activities. During biomass combustion events, indoor 
concentrations were consistently higher than outdoor levels, high
lighting the significant impact of residential combustion appliances on 
indoor air quality. In contrast, during coal combustion, higher outdoor 
concentrations were observed for certain elements, particularly Cl, Ca, 
and Fe. This pattern likely reflects the influence of local environmental 
conditions and outdoor sources. The sampling site, located in a rural 
coastal area and surrounded by forested terrain, is frequently influenced 
by marine aerosol and resuspended soil dust. The observed outdoor Cl 
enrichment is consistent with the contribution of sea-salt particles 
generated by wave breaking. Similarly, the elevated outdoor Ca and Fe 
concentrations are attributable to crustal inputs from the resuspension 
of local soil and dust particles (Cipoli et al., 2023).

SEM–EDS analyses of indoor samples collected during fireplace 
operation (Fig. 3a) revealed a consistent dominance of carbonaceous 
soot particles, representing 40–70 % of the analysed points. These par
ticles showed high C content (C >50 %), frequently occurring as ag
glomerates with embedded silica or aluminosilicate inclusions. Such 
morphologies are characteristic of incomplete biomass combustion, 
where soot is released and subsequently coated with mineral ash phases 
(Andreae, 2019; Janḧall et al., 2010). The indoor confinement effect 
amplifies soot accumulation compared to outdoor settings, where min
eral dust more strongly dilutes combustion signatures (Fleisch et al., 
2020; Vicente et al., 2020; Wolf et al., 2021).

Ca- and S-rich particles were abundant in all samples, consistent with 
biomass ash residues. These often exhibited gypsum- or anhydrite-like 
compositions (CaSO4 phases) or Ca-Si associations, indicating mineral
isation of biomass nutrients and secondary sulphate formation during 
combustion and subsequent indoor accumulation (Jahn et al., 2020; 
Perrino et al., 2022). The recurrent presence of K and minor P further 
supported a biomass origin, since these are characteristic markers of 

wood-combustion aerosols (Andreae, 2019; Vicente and Alves, 2018). 
Mineral dust contributions included quartz and feldspar/clay-derived 
aluminosilicate particles, many of which were coated with soot. These 
reflected indoor resuspension of soil, construction debris, or ash resi
dues, subsequently modified by deposition of carbonaceous matter. 
Such interactions between combustion emissions and background min
eral dust have been reported in domestic wood-burning environments, 
where confined air enhances particle accumulation (Chakraborty et al., 
2020; Vicente et al., 2020). Fe-rich particles were also identified, typi
cally as Fe-bearing aluminosilicates or oxides, consistent with both 
wood ash transformation and soil-derived dust inputs (Adachi et al., 
2022; Maschowski et al., 2019). Studies confirmed that stove type and 
burning conditions critically affect particle emissions (Bhattu et al., 
2019; Trojanowski and Fthenakis, 2019).

Trace anthropogenic signatures were occasionally observed, 
including In, Ti, and Zn. In addition to the possible sources described 
above, these elements may derive from metallic components of appli
ances, building coatings, or infiltration of external particles. They have 
been linked to In-Ti oxide (ITO) used in electronics and architectural 
materials, confirming potential anthropogenic contributions to indoor 
aerosols (Kim et al., 2021). Barite (BaSO4) was detected in one sample, 
likely reflecting non-combustion contamination near the sampling 
location (USGS, 2024). Ti-rich particles are compatible with TiO2 
paint/coating weathering (Nored et al., 2022), while In-bearing parti
cles suggest ITO-related sources increasingly reported in ambient envi
ronments (Xu et al., 2023).

Indoor samples collected during woodstove combustion (Fig. 3b) 
consistently showed a dominance of carbonaceous soot and char parti
cles. These particles were often observed as agglomerates with high 
carbon content (>40 wt%) and associated with oxygen, silica, and minor 
aluminosilicates. Similar morphologies and compositions have been 
reported in previous studies, in which soot has been described as 
forming primary carbonaceous aggregates coated with organic and 
inorganic ash phases (Fleisch et al., 2020; Janḧ;all et al., 2010). Soot, 

Fig. 2. Average elemental concentration of PM10 differentiated by type of residential heating appliances. The coloured dots denote different environmental settings.
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ash-derived silicate particles such as aluminosilicates, quartz-rich, and 
Ca-bearing silicates were abundant in all samples, reflecting the mineral 
fraction of biomass fuel and entrained soil or dust from firewood. Ca, K, 
Mg, and P were frequently detected, consistent with the wood compo
sition and their volatilisation-condensation during combustion (Vicente 
et al., 2020; Vicente and Alves, 2018). Calcic phases (e.g., CaCO3, CaO, 
and Ca-silicates) were prominent in two samples, highlighting the 
mineralisation of Ca from biomass. The K- and P-rich ash particles 
identified in other samples confirmed the nutrient imprint of biomass 
fuel. Quartz- and feldspar-derived particles were also found, often 

coated with carbonaceous layers, suggesting resuspension of mineral 
dust from fuel or indoor environment and subsequent interaction with 
soot. This process of mineral-dust–soot blending has also been docu
mented by Maschowski et al. (2019). Fe-rich particles detected in two 
samples consisted of Fe-oxides or Fe-bearing aluminosilicates that may 
derive from biomass ash transformation, soil entrainment, or possibly 
abrasion/corrosion of stove materials (Bhattu et al., 2019). Trace 
anthropogenic signatures were also found in specific cases, related to 
Na–Cl particles (halite-like), possibly linked to salt-treated wood or 
ambient deposition. In one sample, boron- and sodium-rich anomalies 

Fig. 3. SEM-EDS images for one day of experiment (indoor and outdoor sample) using the a) fireplace, b) woodstove and c) coal stove and image of (d) blank quartz 
filter fibres with no particles deposited, showing the spectra of the fibres (SiO2).
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could be associated with external contamination (e.g., glass or coatings).
These variations emphasise that while soot and ash are ubiquitous in 

these environments, the specific particle mixtures depend on 
combustion-related parameters and household conditions (e.g., venti
lation). Stove technology and burning practices are known to substan
tially influence particle emissions, altering the relative abundance of 
soot, inorganic ash, and salts (Chakraborty et al., 2020; Trojanowski and 
Fthenakis, 2019). Outdoor samples collected during woodstove opera
tion were dominated by mineral phases (quartz and aluminosilicates), 
with smaller contributions from soot/char and Fe-rich ash. Carbona
ceous particles often contained mineral inclusions, while Fe-bearing 
aluminosilicates, Fe-oxides with adhered soot, and alkali aluminosili
cates (feldspathic/clay-like) highlighted the coexistence of combustion 
residues with resuspended mineral dust. This mixed composition reflects 
the dilution of residential biomass combustion emissions by soil and 
construction dust, resulting in a higher mineral fraction outdoors than 
indoors, consistent with previous observations (Andreae, 2019; Janḧ;all 
et al., 2010; Liang et al., 2022; Vicente and Alves, 2018). Fe-rich sili
cate/oxide phases likely originated from biomass-ash transformations, 
soil inputs, or fly ash (Maschowski et al., 2019), while alkali enrichment 
(Na, K) in aluminosilicates reflected biomass-ash constituents incorpo
rated into silicate matrices during combustion. Variations among sam
ples showed shifts between mineral-dominated spectra and more 
ash/soot-influenced signatures, suggesting changing contributions 
from local sources (e.g., residential combustion), meteorology, and dust 
resuspension (Bhattu et al., 2019; Trojanowski and Fthenakis, 2019).

Indoor samples collected during coal combustion showed abundant 
fly ash particles with similar chemical composition and morphology, 
although particle sizes varied. Two major groups of particles were 
identified (Fig. 3c). The first group consisted of carbonaceous particles, 
characterised by high C content with associated oxygen and minor 
amounts of Cl, S, and Fe. These particles, including soot and char, are 
products of incomplete combustion and are often enriched through the 
adsorption of acidic gases such as HCl and SO2. Previous studies have 
shown that these particles are typical of small-scale coal combustion, 
and are strongly associated with light absorption and negative indoor 
health impacts (Li et al., 2019a). The second group included mineral ash 
particles, mainly silica and aluminosilicates, enriched in O, Si, and Al, 
with variable contributions of Ca, K, Na, Fe, and Mg, representing coal 
mineral fraction released during combustion as fly ash. 
High-temperature conditions are known to induce amorphization of clay 
minerals, leading to the formation of aluminosilicate glassy spheres and 
quartz residues (Adachi et al., 2022). Trace elemental signatures pro
vided additional insights of secondary transformations. Sulphates, e.g., 
CaSO4 and K2SO4, suggested by the presence of S, Ca, and K, were 
consistent with secondary formation during flue gas cooling (Dang et al., 
2022). Chlorides (identified Cl) likely resulted from reactions with HCl 
in emissions (Perrino et al., 2022). The Fe-rich aluminosilicates may 
contribute to enhanced reactivity and particle toxicity. The association 
between mineral and carbonaceous phases suggested the occurrence of 
heterogeneous reactions indoors. Outdoor samples contained carbona
ceous material but in smaller amounts than indoor samples. They also 
exhibited different quantities of aluminosilicates, amorphous glass 
spheres, Fe oxides, calcium sulphates, and other particles composed of 
Al, Si, Na, K and Ca.

Generally, indoor background air samples exhibited a significantly 
lower number of particles compared to samples collected during com
bustion events, and no carbonaceous fly ash was observed.

3.2. Oxidative potential

Table 1 presents volume-normalised (OPV) values for OPAA (ascorbic 
acid) and OPDTT (dithiothreitol) across different combustion appliances 
and sampling environments. Indoor OPAA levels during fireplace com
bustion averaged 18.5 nmol min− 1 m− 3, considerably higher than those 
measured for woodstove (4.06 nmol min− 1 m− 3) and coal combustion 

(2.43 nmol min− 1 m− 3). Background OPAA values were much lower, 
ranging from 0.11 nmol min− 1 m− 3 for the woodstove to 0.55 nmol 
min− 1 m− 3 for the fireplace, on average. OPDTT followed a similar 
pattern across indoor fuel combustion sources, with the highest values 
observed for the fireplace (9.06 nmol min− 1 m− 3), followed by the 
woodstove (4.29 nmol min− 1 m− 3) and coal burning (1.37 nmol min− 1 

m− 3). In contrast, background indoor levels were substantially lower: 
0.61 nmol min− 1 m− 3 for the fireplace, 0.88 nmol min− 1 m− 3 for the 
woodstove, and below detection limit for the coal stove. These results 
reinforce the growing body of evidence demonstrating that indoor ac
tivities significantly elevate the OP of PM. Similar findings were re
ported by Yang et al. (2024), who examined indoor air quality in a 
residential home in Fairbanks, Alaska, during winter. They observed 
that, in the absence of occupants, indoor OPDTT levels were lower than 
outdoor levels (I/O ratio of 0.53 ± 0.37). However, during indoor ac
tivities such as pellet stove use, cooking, and incense burning, PM2.5 
with highly variable oxidative potential was generated, with pellet 
stoves showing the highest and cooking the lowest OP values. The dif
ferences in OP across fuel types are also consistent with previous studies. 
For instance, Li et al., 2019b assessed the oxidative potential of black 
carbon emissions from residential coal combustion, biomass burning, 
and diesel exhaust in China. After isolating the BC and metal-rich frac
tion, they found that diesel exhaust produced the highest OPDTT, fol
lowed by biomass, and finally coal combustion emissions. This trend 
mirrors the present study, in which biomass-related emissions (fireplace 
and woodstove) showed higher OPDTT than coal. The higher OP asso
ciated with wood combustion PM10 compared with coal burning PM10 
probably reflects differences in chemical composition. Wood burning 
typically releases a greater proportion of highly oxygenated and 
water-soluble organic compounds (e.g., quinones and compounds with 
hydroxyl and carbonyl groups) that efficiently generate ROS through 
redox cycling. Moreover, biomass burning also emits large amounts of 
nitrogen-containing organic compounds including nitroaromatic and 
nitrogen-containing bases that could increase the ROS-generation ability 
(Ma et al., 2018). In contrast, coal combustion emits a higher fraction of 
more reduced CHOS and CHNOS compounds (Zhang et al., 2024a), 
which tend to be less soluble and exhibit weaker redox activity. Luo et al. 
(2023) demonstrated that CHO- and CHNO-dominated molecular sig
natures, characteristic of biomass burning, enhance DTT activity, 
whereas sulphur-containing CHOS/CHNOS species show weaker or even 
inhibitory effects. These compositional differences, combined with 
variations in soluble metal content, provide a mechanistic basis for the 
higher OP associated with wood-derived PM relative to coal-derived PM.

In the present study, indoor OPV values for the fireplace were 
markedly higher than their corresponding outdoor levels, with average 
OPAA and OPDTT approximately ten to four times greater indoors, 

Table 1 
Average, minimum, and maximum OPV (nmol min− 1 m− 3) levels in different 
environments.

OPAA OPDTT

Appliance Environment Average min - max Average min - max
Fireplace Indoor (N = 4) 18.5 3.83–27.6 9.06 3.57–17.4

Background (N 
= 4)

0.55 bdl - 1.33 0.61 0.072–1.83

Outdoor (N =
4)

1.91 1.28–2.26 2.06 0.97–2.83

Woodstove Indoor (N = 3) 4.06 1.56–7.35 4.29 3.13–6.03
Background (N 
= 2)

0.11 bdl - 0.22 0.88 bdl - 1.75

Outdoor (N =
3)

1.23 1.13–1.31 1.83 1.53–2.00

Coal stove Indoor (N = 5) 2.43 1.56–4.03 1.37 bdl - 3.35
Background (N 
= 2)

0.50 0.41–0.58 bdl –

Outdoor (N =
5)

2.14 1.74–2.03 1.01 bdl - 2.00
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respectively. The indoor-outdoor difference was smaller for the wood
stove (2 to 3-fold higher) while for the coal stove, indoor OP values (AA 
and DTT) were comparable to those measured outdoors (Table 1).

The outdoor OP values observed in the present study fall within the 
range reported by Massimi et al. (2024) for the Sacco River Valley in 
Italy, where OPDTT varied from 0.27 to 3.9 nmol min− 1 m− 3 and OPAA 

from 0.035 to 9.3 nmol min− 1 m− 3. Their 18-month monitoring 
campaign, conducted between October 2020 and May 2022, identified 
biomass burning as the primary source of OPDTT, while non-exhaust 
traffic emissions (e.g., brake and tyre wear) were found to signifi
cantly contribute to OPAA levels. Similarly, Molina et al. (2023), con
ducted a full-year assessment of aerosol OP across multiple PM fractions 
in two Chilean cities. They reported average volume-normalised OPDTT 

values ranging from 0.15 to 1.52 nmol min− 1 m− 3 for PM10 in Santiago 
and from 0.09 to 1.31 nmol min− 1 m− 3 in Chillán, with considerably 
higher values observed during winter due to intense biomass-burning 
emissions in southern Chile. OP was markedly higher during cold 
months in regions dominated by residential wood combustion, whereas 
in Santiago summer maxima were linked to enhanced SOA formation 
driven by photochemistry. On the other hand, the results of this study 
contrast with those of Pietrogrande et al. (2021), who carried out a 
sampling campaign at an Alpine rural site during winter 2016–2017 to 
assess the contribution of wood burning emissions to the OP of PM10. 
The mean OP values at this rural location were lower than those ob
tained in the outdoor environments of present study, with OPDTT aver
aging 0.33 ± 0.07 nmol min− 1 m− 3 and OPAA at 0.28 ± 0.08 nmol min− 1 

m− 3. Additional insight is provided by the large-scale synthesis of OP 
conducted by Weber et al. (2021), who analysed more than 1700 PM10 
samples across 14 French locations using DTT and AA assays. Their re
sults demonstrate that OPDTT is strongly driven by primary road traffic 
emissions, which exhibited the highest intrinsic OP among all identified 
sources, surpassing even biomass burning. On the contrary, OPAA was 
influenced almost exclusively by biomass burning and road traffic, with 
other sources such as nitrate-rich aerosols and aged sea salt showing 
negligible redox activity. Weber et al. (2021) also documented clear 
seasonal patterns, with OP values peaking in winter at Alpine valley sites 
due to thermal inversions and enhanced accumulation of wood-burning 
emissions, while traffic-related OP contributions remained more 
consistent throughout the year.

It should be noted, however, that direct comparisons between studies 
must be interpreted with caution, as differences in oxidative potential 
values may arise from the diversity of analytical protocols applied. 
Indeed, efforts are currently underway to harmonise OP measurement 
methodologies and improve cross-study comparability (Dominutti et al., 
2024). In addition to the variability introduced by the different 
analytical protocols used to determine OP, differences in sampling 
strategy, such as the sampling period, duration, and number of collected 
samples, can also substantially influence the obtained results. Further
more, environmental and source-related factors that affect PM levels and 
composition may consequently influence the measured OP.

The intrinsic oxidative potential (OPm, nmol min− 1 μg− 1) showed 
distinct patterns depending on the appliance type and sampling envi
ronment (Table S4). The highest OPAA values were recorded for the 
fireplace (0.057 nmol min− 1 μg− 1), followed by woodstove (0.052 nmol 
min− 1 μg− 1) and coal stove (0.044 nmol min− 1 μg− 1). In contrast, OPDTT 

values were higher for the woodstove (0.055 nmol min− 1 μg− 1), on 
average, more than twice those of the fireplace (0.027 nmol min− 1 μg− 1) 
and coal stove (0.021 nmol min− 1 μg− 1). OPAA values during fireplace 
operation were considerably higher than both background (0.023 nmol 
min− 1 μg− 1) and outdoor (0.024 nmol min− 1 μg− 1) environments. In 
contrast, OPDTT values were relatively similar across environments 
(0.024–0.027 nmol min− 1 μg− 1). For woodstove, both OPAA and OPDTT 

were clearly elevated in indoor and outdoor samples compared with 
background levels. Outdoor samples displayed the highest OPDTT values 
(0.065 nmol min− 1 μg− 1) and relatively high OPAA (0.045 nmol min− 1 

μg− 1). In the case of coal stove, the outdoor environment showed the 

highest OPAA values overall (average 0.065, up to 0.11 nmol min− 1 

μg− 1). The OPDTT values were generally lower and more variable.
The findings of the present study align closely with previous research 

on the OP of emissions from solid-fuel combustion. Isenor et al. (2024)
reported that for wood fuels, mass-normalised DTT activity (OPm) was 
sometimes higher in improved or forced-draft cookstoves than in 
traditional stoves (three-stone fire cookstove); however, OPV, a more 
relevant proxy for exposure, was substantially lower due to the mark
edly reduced PM emissions. The authors also compared wood and 
charcoal and showed that wood fuels produced higher OPV than char
coal. Regarding the fuel, Zhang et al. (2024b) compared emissions from 
raw biomass, coal, and biomass pellets burned in both traditional and 
improved stoves using the DTT assay. They reported that pellet emis
sions exhibited lower OPm than raw biomass; however, no statistically 
significant differences were observed between the OPm of coal smoke 
and pellet fuel. Although studies quantifying OP from PM exposure in 
real-world solid-fuel settings remain limited, some comparisons can be 
drawn. Sharma et al. (2024) conducted size-resolved DTT assays in rural 
kitchens in northeastern India and reported that OPV in firewood and 
mixed-biomass kitchens was enhanced by a factor of 5 relative to 
LPG-using homes. In contrast, OPm was similar between LPG and fire
wood kitchens, with mixed-biomass fuels exhibiting the highest intrinsic 
particle toxicity. Their size-distribution analysis further showed that 
biomass-burning emissions produced trimodal OPV profiles, with strong 
contributions from both ultrafine and coarse particles. Contrasting re
sults were reported by Brehmer et al. (2019). The authors evaluated the 
OP of personal and household PM2.5 in a rural region of southwestern 
China where biomass is widely used for cooking and heating. Using the 
DTT assay, the authors reported moderate and spatially variable OPm 
values, with no clear enhancement in homes relying on solid fuels 
compared with those using cleaner fuels. Their correlation analysis 
showed that DTT activity was driven primarily by transition metals such 
as Cu, Mn, and Zn, rather than by biomass-burning tracers. A key 
methodological difference relative to the present study is that Brehmer 
et al. (2019) analysed unfiltered PM extracts, thereby including both 
soluble and insoluble particle fractions in the DTT assay.

Spearman correlation coefficients between OPDTT, OPAA and PM10 
are reported in Fig. 4. OPDTT and OPAA exhibited a significant correlation 
(r = 0.587, p < 0.05) indoors, whereas no significant correlation was 
found outdoors (r = 0.179, p > 0.05). These findings are in line with 
previous studies reporting significant correlations between these two 
assays for ambient PM across diverse environments (Calas et al., 2019; 
Clemente et al., 2023; Gómez-Sánchez et al., 2024; Pietrogrande et al., 
2021). Regarding the correlation between OP and PM10 concentrations, 
no significant associations were observed in outdoor samples (p > 0.05), 
whereas both assays showed significant correlations with PM10 indoors 
(p < 0.05). The absence of significant correlations outdoors suggests that 
particle toxicity may be more strongly influenced by chemical compo
sition than by mass concentration alone (Yang et al., 2024). On the other 
hand, the significant correlations observed indoors may reflect the in
fluence of dominant indoor sources contributing simultaneously to PM 
mass and oxidative potential. In the literature, contrasting results have 
been reported (Calas et al., 2019; Fang et al., 2016; Kurihara et al., 
2022). For instance, Fang et al. (2016) examined the OP of PM samples 
collected across multiple seasons and contrasting environments in the 
southeastern United States. Sampling was conducted at seven outdoor 
sites, including urban, near-road (two sites adjacent to interstate high
ways), and rural locations. They found that AA activity was elevated at 
roadside and traffic-impacted sites but did not correlate with PM mass 
overall, whereas DTT activity showed a strong and consistent associa
tion with PM mass across the different sites and temporal gradients. In 
contrast, Calas et al. (2019) studied the OP of PM10 in seven urban 
background environments across France during different seasons. Their 
findings showed that both AA and DTT assays were consistently and 
significantly correlated with PM10, although the strength of the corre
lation varied by season and city.
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Indoors, both OPAA and OPDTT showed significant correlations with 
OC (r = 0.678 and r = 0.860, p < 0.05 and < 0.01, respectively). Sig
nificant correlations with WSOC (r = 0.846, p < 0.01) were observed 
only for OPDTT, whereas EC was correlated with OPAA (r = 0.741, p <
0.01). These associations support the contribution of carbonaceous 
fractions, particularly water-soluble organics, to oxidative potential 
(Bates et al., 2019; Gómez-Sánchez et al., 2024; Janssen et al., 2014; Li 
et al., 2025; Sharma et al., 2024; Wang et al., 2018; Zhang et al., 2024b). 
Previous studies have shown that the OPAA assay is generally less sen
sitive to organic fractions than OPDTT (Bates et al., 2019; Famiyeh et al., 
2023; Fang et al., 2016; Molina et al., 2020; Rao et al., 2020). Thus, the 
observed OPAA correlations with OC may result from co-emission of 
these species with redox-active elements. Sharma et al. (2024) explored 
size-resolved OP in Indian rural kitchens and found that, in 
firewood-using kitchens, WSOC and barium together accounted for 
nearly half the OPDTT variability. In the present study, both OP assays 
were significantly correlated with potassium (OPAA: r = 0.800, p < 0.01 
and OPDTT: r = 0.717, p < 0.05), indicating a potential contribution of 
biomass combustion to indoor particle toxicity. Similarly, Pietrogrande 
et al. (2021) investigated PM10 in a rural Alpine area, where wood 
burning is prevalent during winter, and found that both DTT and AA 
assays were strongly associated with biomass burning markers, 
including WSOC, polycyclic aromatic hydrocarbons, anhydrosugars, 
and soluble potassium. In a source apportionment study conducted by 
Fang et al. (2016) in the southeastern United States, biomass burning 
was identified as a major contributor to DTT activity, but not to AA 
activity. No other significant correlations were identified indoors.

Outdoors, only weak to moderate correlations were found between 
OP and OC, and none reached statistical significance. OPAA showed a 
significant positive correlation with calcium (r = 0.623, p < 0.05), ti
tanium (r = 0.758, p < 0.01), iron (r = 0.587, p < 0.05) and with 

strontium (r = 0.645, p < 0.05), indicating a likely influence from 
crustal or abrasion-derived particles. This is in agreement with previous 
studies highlighting that AA is more sensitive to PM components 
generated by mechanical or abrasion processes, which are more abun
dant in the coarse fraction (Massimi et al., 2020; Molina et al., 2020; Rao 
et al., 2020). Additionally, significant correlations were detected be
tween OPAA and manganese (r = 0.602, p < 0.05). Mn is redox-active, 
meaning it can cycle between oxidation states (Mn2+/Mn3+/Mn4+) 
and catalyse the formation of ROS (Martinez-Finley et al., 2013). For 
OPDTT, on the other hand, no significant positive correlations were 
detected.

These findings highlight the distinct chemical drivers of OP in indoor 
and outdoor air. The lack of significant correlations with commonly 
redox-active elements, specially indoors, may be explained by their low 
concentrations, insoluble forms, or competitive interactions in complex 
atmospheric matrices (Shahpoury et al., 2021; Yu et al., 2024, 2021). 
Additionally, the relatively limited number of samples analysed in this 
study may have reduced the statistical power to detect significant 
associations.

3.3. Limitations

While this study provides valuable insights into the composition, 
morphology, and OP of indoor PM10 from residential solid fuel com
bustion, some limitations should be acknowledged. The overall number 
of samples collected was relatively small, which may affect the robust
ness and representativeness of the results. A limited sample size reduces 
the stability of average values and the statistical power of correlation 
analyses between PM-bound constituent’s concentrations and OP. 
Furthermore, due to the small number of replicates, no statistical ana
lyses were performed to test for significant differences between 

Fig. 4. Spearman correlation coefficients between PM-bound constituents (μg m− 3) and oxidative potential (nmol min− 1 m− 3) by environment (N = 12 indoor and N 
= 12 outdoor). The upper panel displays the correlations using the AA method. The lower panel shows the corresponding correlations obtained with the DTT method, 
based on the same environments and sampling periods as in the AA analysis.
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combustion appliances and environments, which could have provided 
additional depth to the interpretation of the results.

Another important limitation concerns the experimental conditions, 
which were conducted under minimal ventilation (with doors and 
windows closed). Although this setup may resemble certain real-world 
conditions, it does not capture the full range of air exchange scenarios 
typical of occupied dwellings, such as the presence of open windows or 
the use of extractor fans. Ventilation strongly influences indoor PM10 
dynamics by affecting pollutant dilution, removal rates, and mixing with 
outdoor air. The absence of experiments under different ventilation 
scenarios therefore limits the extrapolation of these findings to diverse 
household conditions. Future studies should incorporate controlled 
ventilation scenarios to better quantify how air exchange rates modulate 
indoor PM levels, chemical composition, and toxicity.

Additionally, despite the application of a consistent operating pro
tocol (e.g., ignition procedure, batch number, and fuel mass), day-to-day 
variations in indoor PM concentrations, PM composition and OP were 
observed. These fluctuations are probably driven by subtle differences in 
stove operation, combustion dynamics, and meteorological conditions 
influencing the chimney’s natural draught. Variations in draught, gov
erned by factors such as flue-gas temperature, chimney height, and 
ambient air conditions, affect the air-to-fuel ratio and combustion 
temperature, thereby altering pollutant formation and emissions 
(Drozdzol et al., 2023; Endriss et al., 2021; Kausley and Pandit, 2010).

Although the contribution of secondary organic aerosols to indoor 
PM10 was not quantified in the present study, SOA can constitute a 
substantial fraction of indoor organic aerosol under certain conditions 
(Waring, 2014) and has been shown to exhibit notable oxidative po
tential (Jiang et al., 2016; Utinger et al., 2025). Given the short duration 
of the indoor combustion events examined in this study and the 
expectedly low oxidant levels and photochemical activity, substantial 
SOA formation is unlikely. Nevertheless, future work could evaluate 
potential SOA contributions to indoor PM composition and OP to refine 
the overall toxicity assessment.

4. Conclusions

This study investigated the chemical composition, morphology and 
oxidative potential of particulate matter (PM10) collected during the 
operation of common fuel-burning appliances (fireplace, woodstove, 
and coal stove) in indoor environments, outdoors and in the absence of 
the indoor source (background). Indoor air quality was affected by the 
type of fuel and combustion appliance used. Among the tested devices, 
the fireplace generated the highest indoor PM10, OC, and WSOC con
centrations, followed by the woodstove and the coal stove. These values 
were substantially higher than background levels, highlighting the 
impact of combustion sources on indoor air quality. WSOC/OC ratios 
were also highest for fireplace emissions, reaching up to 0.84, indicating 
a predominance of water-soluble organics typically associated with 
biomass burning. In contrast, coal combustion yielded much lower ratios 
(0.11–0.36), consistent with less soluble sulphur- and nitrogen-based 
compounds. Woodstove combustion contributed the highest indoor 
levels of elements such as calcium, chlorine, potassium, and sulphur, 
whereas coal combustion resulted in the lowest elemental concentra
tions. Outdoor samples displayed lower concentrations during indoor 
biomass combustion for most of the measured components, whereas 
higher levels of chlorine, calcium, and iron were observed outside dur
ing coal combustion. Morphological analysis revealed that fuel type 
strongly controls particle shape, composition, and inclusions, with 
biomass producing soot-rich emissions and coal producing abundant 
spherical fly ash and salts. Indoors enhanced soot accumulation was 
observed, while outdoor air showed less prevalence of soot particles and 
greater mixing with mineral dust. Background samples showed minimal 
particulate presence. The presence of soot-coated mineral grains, mixed 
aluminosilicate–carbonaceous aggregates, and sulphate-rich surface 
layers indicates that particle mixing and ageing processes occur indoors. 

These transformations likely contribute to the observed OP responses.
Oxidative potential (OPV), evaluated by the OPAA and OPDTT assays, 

was highest during fireplace use, indicating a greater oxidative burden. 
Indoors, both assays correlated strongly with PM10, OC and potassium. 
In outdoor air, the correlations were weaker and mostly non-significant 
for OPDTT, suggesting that either the lower concentrations or the specific 
chemical forms of redox-active species may limit their contribution to 
the overall oxidative potential. In contrast, OPAA exhibited significant 
correlations with several PM-bound elements (e.g., calcium, titanium, 
iron, strontium, and manganese). The OPm results from the DTT assay 
indicate that, on a per-mass basis, particles emitted during woodstove 
operation exhibited higher oxidative activity, and thus greater intrinsic 
toxicity, than those produced by the other combustion appliances.

It is important to clarify that the lower indoor PM10 concentrations 
and OP measured during coal combustion, compared with wood com
bustion, particularly in fireplaces, should not be interpreted as evidence 
that coal burning is a safer household heating practice. The apparent 
differences observed in the present study reflect the specific appliance 
design, combustion efficiency, and fuel characteristics under the 
controlled conditions of this study. Coal remains a major source of air 
pollutants such as sulphur oxides, polycyclic aromatic hydrocarbons, 
and trace metals (e.g., arsenic), not evaluated in the present work. 
Therefore, the present results should be viewed as a comparative 
assessment of indoor emission dynamics under distinct combustion 
scenarios, not as a recommendation for fuel substitution. From a public 
health perspective, reducing or eliminating the use of all solid fuels in
doors remains the most effective strategy for improving indoor air 
quality and reducing exposure.
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Kooter, I.M., Paulson, S.E., Patel, A., Perdrix, E., Pietrogrande, M.C., Mikuška, P., 
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Sources of water-soluble organic carbon in fine particles at a southern European 
urban background site. Atmos. Environ. 306, 119844. https://doi.org/10.1016/j. 
atmosenv.2023.119844.
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