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Biomass combustion emits significant amounts of airborne particles, which have been recognized for their

environmental and health risks for decades. Oxidative potential (OP) is one of the health-relevant metrics

introduced frequently to assess airborne particles in recent years. This study investigates the OP offresh

particulate matter with an equivalent aerodynamic diameter of less than or equal to 1 mm (PM1) emitted

from a residential biomass boiler (15 kW). Four biomasses, including hardwood chips, softwood chips,

hardwood pellets, and softwood pellets, were studied. The sampled PM1 was characterized for its

physicochemical properties and analyzed with two OP assays, including ascorbic acid (AA) and

dithiothreitol (DTT). The average intrinsic OPAA
m ranged from 0.005 to 0.018 nmol min−1 mg−1, and

volume-normalized OPAAv was 304.0 to 583.5 nmol min−1 m−3. For DTT assay, the range was 0.0002 to

0.004 nmol min−1 mg−1 for OPDTTm , and 20.9 to 68.7 nmol min−1 m−3 for OPDTTv . More importantly,

biomass types with high combustion-emitted PM emissions did not necessarily exhibit high OP,

highlighting particle chemical composition as a key determinant of OP. Significant correlations were

observed between the organic carbon (OC) fraction and intrinsic OP, underscoring the role of particulate

organic components in driving OP from biomass combustion emissions. These findings emphasize the

importance of multi-assay OP approaches and provide critical insight into the contribution of

combustion emissions from different biomass fuels to ambient air.
Environmental signicance

Current standard measurement methods focus exclusively on particle mass concentration without incorporating health-relevant metrics for biomass
combustion emissions. The recent EU air quality directive (2024/2881) recommendsmeasuring oxidative potential (OP) at supersites for ambient air monitoring.
Understanding the relationship between OP and primary emission sources, particularly biomass combustion, is therefore essential. This study showed that
biomass combustion with high PM mass concentrations did not necessarily have high OP. More importantly, a signicant correlation was found between the
organic carbon (OC) ratio and OP values. Given the high carbonaceous compound emissions from biomass combustion, the particulate organic fraction is an
important contribution in understanding the role of emission sources in atmospheric pollutants and OP.
1 Introduction

Biomass combustion has long been recognized as a signicant
source of airborne particles, contributing to both environ-
mental and health concerns.1–3 With an emerging trend in
studying health effects related to biomass combustion parti-
cles,4 attention has been increased toward determining the
oxidative potential (OP) of these particles globally.5–9 OP is
dened as the ability of airborne particles to generate reactive
oxygen species (ROS).10 OP can be considered as a proxy of
oxidative stress, a critical mechanism underlying the adverse
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health effects of particle exposure.11 Growing literature has
found the association of oxidative stress with several adverse
health effects, such as acute respiratory distress syndrome
(ARDS), chronic obstructive pulmonary disease (COPD),
asthma, metabolic dysfunction, cancer, and cardiovascular
diseases.12–16 Oxidative stress is caused by the imbalance of free
radical generation17 such as excessive reactive oxygen species
(ROS) production, and a weakening of antioxidant defense in
cells and tissues.18,19 For instance, a depletion of reduced
glutathione (GSH) in exchange for a rise in oxidized glutathione
(GSSG) leads to a decreased ratio of intracellular GSH/GSSG.20

One of the possible causes of oxidative stress is the capacity of
particles to induce oxidation while in contact with the cells.
Thus, OP is recognized as an estimate of the capacity of PM in
inducing oxidizing reactions at the cellular and molecular
level.13
Environ. Sci.: Atmos., 2026, 6, 515–532 | 515
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According to the EU Directive (2024/2881), OP of PM is
currently included as an emerging concern to be measured in
supersites along with ultrane particles, black carbon,
elemental carbon and ammonia.21 OP is suggested to be one of
the highly relevant indicators of PM toxicity and has been widely
applied in PM assessment research.22,23 As OP involves chemical
compounds and redox activity of PM, it is considered more
relevant for assessing PM and its potential health-related effects
compared to particle mass concentrations alone.24–26 Various
assays are available for assessing OP of PM, acellular assays are
usually applied due to their practicality and cost-effectiveness.27

In this study, ascorbic acid (AA) and dithiothreitol (DTT) assays
were implemented. AA has been found to react with redox-active
transition metals, including Fe and Cu.28–31 DTT has been
observed to react with transition metals, organic compounds,
quinones, and secondary organic aerosols.32–35 It has been
suggested that the variations in OPAA and OPDTT were attributed
to antagonistic metal–organic and metal–metal interactions as
well.36 Consequently, the combined use of both assays is ex-
pected to capture the major range of oxidative-active compo-
nents in PM from biomass combustion.

As wood species and their compositions vary across regions,
the use of different solid biomass types leads to different
emission proles.37,38 Specically for particulate emissions, the
current requirement on residential wood burning in the EU is
40 mg m−3 for automatically stoked boilers.39 However, there is
growing debate about whether mass concentration is sufficient
for categorizing emissions. Since modern wood-burning appli-
ances tend to produce less mass compared to older technolo-
gies, the emitted particles were observed to have smaller
sizes.40,41 The emissions of residential wood combustion were
found to contribute to the presence of particles down to
20 nm.42 As smaller size particles such as PM1 (aerodynamic
diameter # 1 mm) and ultrane particles (aerodynamic diam-
eter # 0.1 mm) can penetrate deeper and translocate within the
human body, they retain longer and can cause more pulmonary
inammation.43 Recent research has surged in the PM1 study to
dene its health impacts, especially respiratory diseases.44

Although the OP metric has been increasingly applied to
assess PM emissions, critical methodological aspects remain
unresolved, including which PM size fraction should be
measured and how samples should be collected and processed.
The current OP application has remained largely focused on
ambient air measurements, for which the analyzed PM consists
of complex mixtures of fresh and aged aerosols from various
sources.22,32,35,45 Existing OP studies report highly variable
results, reecting differences in emission source characteris-
tics, PM compositions, assay sensitivity, and dominant drivers
of different OP assays.31,36 Previous OP investigations on
biomass combustion emissions have mostly examined specic
scenarios, such as heavily impacted ambient particles8,46 or
emissions from cooking and residential stoves,6,47 oen under
conditions that may include air mixing and secondary aerosol
formation. In contrast, the OP of primary combustion-emitted
PM from different wood-based biomass fuels used in residen-
tial heating remains scarcely addressed.
516 | Environ. Sci.: Atmos., 2026, 6, 515–532
To address this gap, the objectives of this study are to
investigate the OPAA and OPDTT of the primary emitted PM1

from biomass combustion, and to nd potential associations
with biomass and emitted particle characteristics. Four
different commonly used biomass fuels were studied to reveal
the differences in the emissions and OP. The biomasses were
characterized for their elemental compositions and burned in
a 15 kW residential heating boiler. The emitted PM1 of each
biomass combustion was measured and collected on quartz
lters, which were then analyzed with a scanning electron
microscope and energy-dispersive X-ray spectroscopy (SEM-
EDX), and a thermal-optical carbon analyzer (Organic carbon -
Elemental carbon). The sampled PM1 was extracted for induc-
tively coupled plasmamass spectrometer (ICP-MS) analysis, and
OPAA, and OPDTT assessment. By incorporating multi-analytical
perspectives, this study contributes to a better understanding of
the relationships between biomass fuel type, combustion-
emitted PM composition, and their potential implications for
combustion-related health effects.

2 Materials and methods
2.1. Biomass characterization

Four biomass fuels used in this study were hardwood chips,
sowood chips, hardwood pellets, and sowood pellets. All
biomasses were originated from the Pays-de-la-Loire region in
France. The biomasses were mostly a mixture of local wood
types, except for hardwood pellets which consisted of only
chestnut wood, an industrial waste product.

2.1.1. Ultimate analysis (CHNS-O). The ultimate analysis
was implemented to determine chemical elements, including C,
H, N, S, and O, bymass of the samples. All biomasses were nely
ground into powder by using ball milling (Mixer Mill MM400,
Retsch), and oven-dried before performing the ultimate anal-
ysis. The triplicate of 1 mg of biomass samples was tested in
a CHNS-O elemental analyzer (Flash EA1112, Thermo
Finnigan).

2.1.2. Ash content and inorganic elemental analysis. All
biomass samples were ground and dried for at least 24 hours at
105 °C. The triplicate of 5 g per each biomass was placed in
crucibles and taken into the muffle furnace (P330, Nabertherm).
The temperature was raised to 550 °C and kept for 5 hours, with
the heating rate of 10 °C per min. According to EN ISO 18122,
ash determination at 550 °C allows the retention of carbonates.
Aer combustion, the samples were le to cool down in
a desiccator then weighed. The ash content is expressed as the
percentage of ash weight over the oven-dried sample.

To determine the inorganic elements of the ashes for each
biomass, the X-ray Fluorescence Spectrometry testing technique
was used. The ash previously produced was inserted into the X-
ray spectrometer (EDX-800HS, SHIMADZU). The principle is
that X-rays irradiate the samples. Then, the elements in the
samples will emit uorescent X-ray radiation, which can be
measured and therefore allow us to characterize them.48

2.1.3. Proximate analysis. We performed proximate anal-
ysis with thermogravimetric analysis (TGA) to determine mois-
ture content (MC) following ASTM D4442-20 temperature
© 2026 The Author(s). Published by the Royal Society of Chemistry
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guidelines, volatile matter (VM), and xed carbon (FC) of the
tested biomasses. TGA is a measurement technique, which
measures the mass loss of a material or sample through
different temperatures.49 In this study, thermal degradation of
biomasses was analyzed by using a thermogravimetric analyzer
(SETSYS Evolution, SETARAM). A duplicate analysis was per-
formed for each sample using 15 to 20 mg of nely ground
biomass. The analysis chamber gradually increased the
temperature, where different biomass constituents were
decomposed. For proximate analysis, the temperature rst
increased from 25 to 105 °C with a step of 20 min to evaporate
the water content in the biomass. Then, the chamber was
heated to 950 °C with a heating rate of 10 °C min−1 and
a nitrogen ow rate of 20 ml min−1 to ensure the decomposition
of volatile matter.50 The samples were then cooled to 550 °C and
maintained under oxygen conditions for ash determination.
The mass losses at different temperature intervals correspond
to different components of the biomass. Fixed carbon was then
calculated by applying eqn (1).

FC = 1 − (MC + VM + AC) (1)
2.2. Particle sampling and analysis

2.2.1. Particle sampling and measurement. This study
used an HKRST 10N FSK 500 biomass boiler (REKA) with
a nominal power of 14.9 kW installed at the Energy Systems and
Environment Department (DSEE), IMT Atlantique, Nantes,
France. At 1 m from the combustion chamber, we implemented
the high-temperature sampling (180 °C) following ADEME (the
French agency for ecological transition) recommendations
based on the DIN+ standard51 to prevent condensation of semi-
volatile compounds. The boiler output power was maintained at
15± 3 kW, and the temperature difference between the ow and
return water was approximately 10 °C during sampling,
ensuring stable operating conditions. During the campaigns,
biomass consumption rates ranged from 3 to 4 kg h−1 for all
tested biomasses. The boiler operation was consistent with the
manufacturer's technical specications provided in the
supplementary material (Table S1).

Particle sampling was conducted using quartz lters
(Whatman™) with a PM10 impactor (DEKATI®) with three-
stages for size-segregated sampling of PM10, PM2.5, and PM1

fractions. Prior to the sampling campaign, all quartz lters were
pre-baked at 500 °C for 5 hours to eliminate organic contami-
nants. The lters were then conditioned for up to 24 hours in
the laboratory (20–21 °C, 40 ± 5% RH) before weighing. PM1

was collected on 47 mm quartz lters positioned at the
impactor's nal stage. Exhaust gas was drawn through
a temperature-controlled heating line at 180 °C with a ow rate
of 10 lpm, then passed through the impactor, which was
maintained at 180 °C using a heating jacket during 10 minute
sampling periods.

Particle number size distributions were measured by using
an electrical low-pressure impactor (ELPI, DEKATI®) with
aluminum substrates and a 47 mm quartz lter at the lter
stage. ELPI measures particles with an aerodynamic diameter
© 2026 The Author(s). Published by the Royal Society of Chemistry
size range of 7 nm to 10 mm. The operating principle of ELPI is
based on the electrical detection of charged particles.52 When
particles enter ELPI, they are initially electrically charged. Then,
the particles are classied in different low-pressure impactor
stages based on their inertia and size. Upon impaction on the
collection stages, the particles lose their charge, which is
detected by electrometers connected to each stage. The
measured current prole is converted into a particle number
size distribution in real-time. In this study, a double diluter
setup (DEKATI®) was used prior to ELPI to adjust a suitable
particle concentration for the ELPI. The dilution air was rst
ltered and dried, then heated to 180 °C before entering the
mixing chamber to be consistent with the drawn ue gas. The
dilution ratio at a pressure of 1013 mbar is 8.38. The
measurement was realized by drawing the gas through ELPI at
a constant ow rate of 10 lpm.

Fig. 1 illustrates the simplied particle sampling and
measurement system. For each biomass type, duplicate particle
samplings were performed aer the boiler achieved stable
operating conditions (15 ± 3 kW). Aer sampling, the quartz
lters were maintained at −20 °C throughout storage and
transportation prior to physicochemical and oxidative potential
analyses. The PM emissions in this study were expressed in dry
ue gas basis at 10% O2 and standard conditions (0 °C and 1013
mbar) to align with the Commission Regulation (EU) 2015/
1189.39

2.2.2. PM1 physicochemical characterization. The sampled
particles were analyzed using a eld-emission scanning electron
microscope with energy-dispersive X-ray spectroscopy (SEM-
EDX, JSM-7600F, JEOL Ltd.). The microscope has an acceler-
ating voltage of 0.1 kV to 30 kV, eucentric specimen stage, and 5-
axis motor control allowing stable and accurate tilting during
observation. The magnication ranges from 25 to 100 000 on
the image size 120 mm × 90 mm. As our samples were highly
concentrated emissions, we carefully took a small amount of
particles from the collected lters and placed them on the probe
for SEM-EDX analysis. For each sample, two types of imaging
were conducted. We performed the secondary electron imaging
(SEI) to observe the size, morphology, shape, and agglomeration
of the particles. In addition, a backscattered electron imaging
(BEI) was implemented to observe the different elements in the
samples.

To investigate the organic and elemental carbon (OC-EC)
contents of the particles, thermal-optical carbon analysis was
performed with an OC-EC laboratory analyzer (Sunset Labora-
tory Inc.) using the IMPROVE-A method. For each biomass fuel,
a lter punch size of 0.5058 cm2 was cut from the sampled
quartz lters to be analyzed. The detection limit of the analyzer
is 0.10 mg C cm−2.

Elemental compositions of the particle samples were ana-
lysed using an inductively coupled plasma mass spectrometer
(ICP-MS, NeXION 350D, PerkinElmer®). Nitric acid (65–68%,
Trace Metal grade, Fisher Chemical™), hydrouoric acid (40%,
Trace Metal grade, Fisher Chemical™) and boric acid (4%,
Suprapur grade, Merck) with MARS6 microwave digestion
system (CEM Corporation, USA) at 200 °C for 15 min were used
to digest the samples. Multi-element calibration standards
Environ. Sci.: Atmos., 2026, 6, 515–532 | 517
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Fig. 1 Particle sampling and measurement diagram.
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(TraceCERT Periodic Table mixture 1 and 2, Sigma-Aldrich)
were used as calibration standards, and scandium-45 and
lutetium-175 as internal standards. Blank samples and certied
reference material (1648a urban particulate matter) were
analyzed in the same way as the samples. Blank lters were
analyzed, and the results were subtracted from the sample
results. The limit of quantication is provided in the supple-
mentary material (see Table S2). It should be noted that the
particle samples analyzed with ICP-MS were extracted with
HPLC-grade methanol (Fisher Chemical™) and evaporated
under Nitrogen ow prior to the analysis, which is the similar
method used to retrieve the collected PM1 for oxidative poten-
tial (OP) assessment in this study.
2.3. Oxidative potential (OP) assessment

2.3.1. Ascorbic acid (AA) and dithiothreitol (DTT) assays.
Despite the various uses of OP assessment, a denitive stan-
dard method for the analysis has not yet been established to
the best of the authors' knowledge. We adapted the acellular
OP assessment method performed on heavily impacted aero-
sols from residential wood burning.8 This procedure was also
done in other previous OP studies.31,53,54 As we sampled our
particles in highly concentrated conditions, the solution's
concentration and volumes were adjusted and dened as
follows.

Particle extraction methods vary across oxidative potential
(OP) studies, with both aqueous and organic solvents
commonly applied. In this study, a quarter of sampled quartz
lters was cut and extracted with HPLC-grade methanol (Fisher
Chemical™) and evaporated under Nitrogen ow to retrieve the
collected PM1. Methanol was selected as the extraction solvent
based on previous ndings showing that its polar organic
properties enable efficient extraction of both hydrophilic and
moderately hydrophobic organic compounds, including redox-
active species relevant to OP measurements.35,55 In particular,
methanol has also been reported to recover DTT-reactive PM
components more efficiently than water, while yielding
comparable responses in the AA assay.56 Additionally, methanol
extraction has been recommended due to its low background
518 | Environ. Sci.: Atmos., 2026, 6, 515–532
contamination, cost efficiency, and its widespread and estab-
lished use in PM exposure for toxicology studies.1,57,58 Our
extraction protocol, including sonication, also mechanically
removes particles from the lters, and has yield in high gain of
PM mass from the lters, as described in detail in Jalava et al.1

Although the use of methanol may limit direct quantitative
comparison with studies employing aqueous extraction, this
approach provides a reproducible framework for assessing OP
and supports potential future integration with cellular-based
toxicological evaluations.

Following extraction, we added 0.1 M Potassium phosphate
buffer (pH 7.4) to reconstitute the extracted particles and
sonicated in an ultrasonic bath at 37 °C for 15 minutes. The use
of potassium phosphate buffer was to mimic the human-like
conditions. The extract solution was ltered on a syringe lter
(0.45 mm, CA, Whatman™) and adjusted to be equally 25 ml
with the buffer. The solution was divided into 2 tubes of 10 ml
each for AA, and DTT assays. For AA assay, 90 ml of AA solution
(10 mM in potassium phosphate buffer 0.1 M pH 7.4) was added
to 10 ml of particle extract and mixed well. Then, we pipetted
out 2.5 ml of the mixture into the quartz cuvette at 5, 10, 15, 20,
and 40 minutes. At each time interval, we measured the
absorbance with the UV-Vis spectrophotometer (UV-1800, Shi-
madzu) at the wavelength of 265 nm. For DTT assay, 90 ml of
DTT solution (10 mM in potassium phosphate buffer 0.1 M pH
7.4) was added to the other 10 ml of particle extract and mixed
well. Then, 1.5 ml of the mixture was pipetted into the semi-
micro PMMA cuvette at similar time intervals of 5, 10, 15, 20,
and 40 minutes. At each time point, 150 ml of DTNB (5,50-di-
thiobis-(2-nitrobenzoic acid)) solution (10 mM in potassium
phosphate buffer 0.1 M pH 7.4) was added and mixed before
measuring the absorbance with the UV-vis spectrophotometer
at the wavelength of 412 nm. Details of chemicals used in
solution preparations can be found in the supplementary
material (Table S3).

For each biomass fuel, we conducted the assessment on two
portions of each lter. As we sampled twice per campaign, we
therefore repeated the OP assessment four times for each
biomass. During each measurement, a blank quartz lter was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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processed with the same procedure as a controlled sample. AA,
DTT, and DTNB were freshly prepared on the same day as the
assessment. The assays were performed in a dark room, and
the solutions were covered with aluminum foil and kept in an
ice bath to avoid reacting with light and temperature before
use.

2.3.2. Mass- and volume-normalized OP calculation. Aer
the absorbance measurement, the concentration of AA and DTT
can be calculated from the calibration curve (y = mx), where y
represents the absorbance and x represents the compound
concentration (see Fig. S1). A linear calibration curve described
by y = 0.0121x (r2 = 0.993) was used for AA assay quantication
over the concentration range of 0 to 300 mM. For DTT assay,
a linear calibration curve described by y = 0.0264x (r2 = 0.990)
was used over the concentration range of 0 to 90 mM. The
depletion rates (nmol min−1) of AA and DTT were then deter-
mined using linear regression by plotting AA or DTT concen-
tration against time. The depletion rates were subtracted with
the blank lter's depletion rate of the same assessment day to
eliminate the effects of lters and artifacts.

In the OP assessment, two normalizations can be imple-
mented to investigate the depletion kinetics. The rst method
is mass-normalized OP (OPm) or intrinsic OP. OPm
(nmol min−1 mg−1), which is obtained by normalizing the
depletion rate by the mass of sampled particles introduced to
the assay (mg). The second method is volume-normalized OP
(OPv). OPv (nmol min−1 m−3) by normalizing the depletion rate
with volume of gas sampled (m3). Eqn (2) and eqn (3) present
both OP normalization methods implemented in this study.
Table 1 The characterization of biomass fuels expressed in % weight on

Composition

Wood chips

Hardwood

Ultimate analysis C 48.6 � 0.3
H 5.7 � 0.1
O 40.3 � 1.1
N <LQ
S <DL

Ash content 0.75 � 0.04

a “<LQ” is below the limit of quantication (0.2%), “< DL” is below the dete
biomass samples.

OPm

�
nmol min�1 mg�1

� ¼ Depletion ratesample

�
n

PM

OPV

�
nmol min�1 m�3� ¼ Depletion ratesample

�
n

Vo

© 2026 The Author(s). Published by the Royal Society of Chemistry
3 Results and discussion
3.1. Biomass compositions

Table 1 presents the characteristics of four biomasses analyzed
in this study. According to the results obtained by the ultimate
analysis, the CHNS-O compositions showed similar character-
istics among the tested biomasses. Nitrogen was detected only
in hardwood pellets, approximately at the minimum limit of
concentration quantication. Consequently, the amount is
considered insignicant. All biomasses were in compliance
with CHNS-O compositions determined in NF EN ISO 17225-2
standard for graded wood pellets, where N and S are limited to
less than 1 and 0.05% dry basis, respectively. For wood chips,
the CHNS-O results fell in the same range as an existing study
on wood chip characteristic investigation.59

Ash content is one of the factors affecting PM emissions
during biomass combustion.60 The presence of elemental
compositions such as K, Na, and trace metals in biomasses can
inuence the PM distribution and composition, as they are
among the ash-forming elements.61,62 Depending on the fuels
and combustion appliances, several heavy metals, including As,
Cd, Cu, Ni, Pb, Ti, and Zn, can be released within the PM from
biomass combustion.63 From all four tested biomasses, the ash
contents ranged from 0.16% to 0.75% dry basis, which were all
lower than 2% requirement in the NF EN ISO 17225-2 standard.
In addition, the ash-forming elements were analyzed from the
biomasses (see Table S4 for detailed composition results).
Despite the low quantity, we observed the distinct differentia-
tion between wood chips and wood pellets for Al and Fe. A
possible cause for the presence of these elements is the
dry basisa

Wood pellets

Sowood Hardwood Sowood

48.3 � 0.9 47.4 � 0.2 50.1 � 0.1
5.9 � 0.1 5.7 � 0.1 6.0 � 0.1
41.9 � 0.6 39.8 � 0.5 40.2 � 0.4
<LQ 0.2 <LQ
<DL <DL <DL
0.16 � 0.01 0.31 � 0.03 0.67 � 0.02

ction limit (0.06%). Ash content refers to ash determined at 550 °C from

mol min�1��Depletion rateblank
�
nmol min�1�

mass introduced to assayðmgÞ

mol min�1��Depletion rateblank
�
nmol min�1�

lume of gas sampledðm3Þ
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pelletizing process during wood pellet production. We found
that all of our tested biomasses had lower inorganic metals
compared to the same NF EN standard. The studied biomasses
had Zn from 3.77 to 28.9 mg kg−1 dry basis, while the standard
limit is at 100 mg kg−1 dry basis. For Cr, Pb, and Cu, none of the
biomasses presented higher than 10 mg kg−1 dry basis, as
limited in the standard requirement. In addition, we did not
detect Cd, Ni, As, and Hg, which also belong to the standard
limits' elements. As a result, our biomasses met the established
standards for their chemical compositions.

According to the thermogravimetric analysis (TGA), we
observed higher moisture content (MC) in wood chips (12.4%
and 15.8% for hardwood and sowood, respectively) compared
to wood pellets (6.7% and 7.5% for hardwood and sowood,
respectively). Since the pelletizing process has to ensure that the
nal products have lower than 10%moisture content to comply
with ENplus pellet quality requirements,64 the process involves
drying. This leads to lower MC observed in commercial wood
pellets compared to wood chips. However, as our boiler is
capable of burning solid biomass fuels with a moisture content
up to 30%, the MC of all tested biomasses falls in the acceptable
range. Sowood fuels were observed to have higher volatile
matter (VM) compared to hardwood fuels. Prior studies also
found higher VM in sowood with higher cellulosic content but
lower in lignin compared to hardwood.65,66 Nevertheless, we did
not observe a signicant difference among our tested
biomasses. Thus, the detailed ndings are presented in the
supplementary material (Fig. S3).
3.2. Particulate emissions

3.2.1. Particle mass concentration. Fig. 2 illustrates the PM
mass concentration from different types of biomass samples in
residential heating. For all biomasses, the mass fraction of their
emissions was majorly from PM1 contribution for approxi-
mately 90% in the total mass concentrations. The average PM1

mass concentrations in this study ranged from 17.31 to
115.51 mg m−3 at 0 °C, 1 atm, 10% O2 and dry gas. Hardwood
pellets were found to emit signicantly less mass concentration
compared to other biomass types, being the only biomass that
complied with the 40 mg m−3 particle emissions requirement
Fig. 2 PM mass concentration emitted from different biomass fuels.
The bar graph shows the average with error bars representing the
standard deviation of PM1 mass concentration.

520 | Environ. Sci.: Atmos., 2026, 6, 515–532
for automatically stoked boilers according to the European
Commission Regulation (EU) 2015/1189.39 Sowood pellets
emitted the highest PM1 mass concentration. A similar trend
was observed for wood chips, where hardwood emitted lower
PM mass concentration compared to sowood. Nevertheless,
the difference was not as signicant as in wood pellets. In this
study, sowood biomasses were found to emit high particle
concentrations compared to hardwood during combustion.
According to our TGA analysis, higher moisture content (MC)
and higher volatile matter (VM) (see Fig. S3) content were found
in sowood, compared to hardwood fuels, which inuences
their combustion characteristics andmay have led to higher PM
emissions. However, previous studies have found no clear
dependence between wood species and their emissions when
the comparison is done at comparable combustion
conditions.38,67

3.2.2. Particle number size distribution. The total particle
number concentration integrated over all sizes of combustion
emissions from four tested biomasses was from 2.35 × 107 to
5.25 × 107 particles cm−3 normalized to 0 °C, 1 atm, 10% O2

and dry gas condition. The geometric particle number mean
diameters (GMD) were 0.17, 0.12, 0.13, 0.18 mm for the emis-
sions of hardwood chips, sowood chips, hardwood pellets, and
sowood pellets, respectively. Particle number concentration
modes were observed for particles with aerodynamic diameters
of 0.12 mm for hardwood chips and pellets, and 0.20 mm for
sowood chips and pellets. Our GMD results fall in the
comparable range with previous studies in which the GMD of
particles emitted from wood combustion was measured to be
from 0.06 to 0.10 mmwith a 20 kW burner,68 and 0.13 to 0.19 mm
with a top-feed pellet stove.67 As shown in Fig. 3, the number
concentration of particle emissions from sowood combustion
is higher than from hardwood combustion. For sowood, wood
pellet combustion exhibited lower number concentrations but
larger in diameter compared to sowood chips, while hardwood
pellet combustion exhibited higher number concentrations, but
smaller particle sizes compared to hardwood chips.

3.2.3. SEM-EDX analysis of PM1. Fig. 4 presents graphical
results from SEM-EDX analysis. Secondary electron imaging
(SEI) results demonstrated that PM1 from wood chip
Fig. 3 Particle number size distribution from different biomass
combustion. The line graph shows the average with error bars rep-
resenting standard deviation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM-EDX results of PM1 emissions from different biomass combustion. (SEI: secondary electron imaging, BEI: Backscattered electron
imaging: BEI). Note: the red arrow points to the bright spot spectrum indicated in EDX graph. The white bar below each SEM image indicates the
equivalent scale of 100 nm.
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combustion consisted of particles with diverse morphologies,
whereas PM1 from wood pellet combustion exhibited a soot-like
agglomerate structure. These ndings align with previous
studies that reported biomass burning particles forming
aggregated structures.69,70 Backscattered electron imaging (BEI)
allows us to demonstrate the presence of different components
and elements within samples. As this imaging technique
produces varying grayscale intensities, heavy elements appear
as bright regions, while light elements are represented as dark
or black areas. The BEI results clearly demonstrate that all PM1

particles contain multiple elements.
To investigate the observed elemental variations within

samples, we performed EDX analysis at two scales, including
global view analysis for overall composition and localized anal-
ysis of bright regions. The resulting spectra were then overlaid for
comparison to identify potential heavier elements responsible for
the bright spots. From the global view spectrum of each sample,
we identied the existence of C as a major component with
others including O, Na, S, Cl, and K. Si peaks were observed in
some samples, possibly originating from the quartz lter mate-
rial. Pt presence was attributed to the metallization procedure
performed specically for EDX analysis. This coating process did
not interfere with SEM image quality. According to the bright
© 2026 The Author(s). Published by the Royal Society of Chemistry
spot spectrum, the bright regions of all samples in BEI images
corresponded mainly to areas enriched in O, Na, Cl, and K. It is
important to note that the EDX analysis conducted herein
allowed for qualitative elemental characterization. However,
quantitative compositional analysis of PM1 particles is limited
due to the nanoscale size of the particles. Thus, the relative
comparison of the spectra was implemented here.

3.2.4. OC and EC fraction of PM1. Given the high carbon
content observed in the sampled particle, OC-EC analysis was
conducted to distinguish between organic and elemental
carbon fractions in PM1. The OC/EC ratios of the analyzed PM1

samples ranged from 0.04 to 0.63. Among the tested samples,
hardwood pellet particles exhibited the highest OC/EC ratio,
while sowood pellet particles showed the lowest. Hardwood
chips' particles were found to emit a higher OC/EC ratio of 0.21
compared to sowood chips' particles of 0.18. For all PM1

samples, EC comprised more than half of the total carbon (TC)
content, where high EC/TC was observed for biomass combus-
tion with high PM emissions.

A large variability of OC/EC ratios of PM emissions from
wood and biomass combustion has been reported in the liter-
ature, and is strongly inuenced by fuel, combustion tech-
nology, and operating conditions.71–74 For instance, OC/EC
Environ. Sci.: Atmos., 2026, 6, 515–532 | 521
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Fig. 5 Organic matter (OM), elemental carbon (EC), and other frac-
tions of PM1 from different biomass combustion. Note: “Others” refers
to the remaining PM components not reported separately.
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ratios ranging from approximately 0 to 4 have been observed for
different types of woody biomass combustion in an automatic
25 kW pellet boiler,75 while much broader ranges of OC/EC
ratios (up to approximately 60) have been reported for wood
burning in a residential stove.76 OC and EC emissions from
biomass combustion are generally inuenced by combustion
efficiency and combustion conditions, which are strongly
affected by combustion temperature, residence time, oxygen
availability, and mixing in the combustion chamber.38,77,78

Lower combustion temperature is known to favor high OC/EC
ratios, while higher temperatures associated with improper
mixing typically promote high EC production.73,79,80 Recently,
Rinta-Kiikka et al. compared OC and EC emissions from a wood
stove red with wood made of different wood species.38 They
concluded that the differences in OC and EC might be due to
the different physical properties of the wood, which inuence
combustion conditions, rather than wood species-dependent
differences.38 This could potentially explain the variations in
OC/EC ratios observed in this study, indicating that combustion
conditions during boiler operation may be a key contributing
factor.

The particulate organic matter fraction (OM) can be estimated
with the OM/OC ratio.81 We implemented an average OM/OC
ratio of 1.82, established in residential biomass and wood
combustion literature82 (see Table S5). The comparable OM/OC
ratio was also observed in different wood burning literature
(ranging from 1.6 to 1.8).83 Fig. 5 showed the results of OM and
other compounds. Most samples contained 5–17% OM, except
for hardwood pellet emissions, which exhibited 44%OMcontent.
PM1 emitted from sowood chips and pellets consisted of more
Fig. 6 Elemental compositions of PM1 samples from different biomass c

522 | Environ. Sci.: Atmos., 2026, 6, 515–532
than 52% of EC. For hardwood chip combustion, the emitted
PM1 contained signicant amounts of other compounds, which
could be attributed to inorganic species.

3.2.5. Elemental compositions of PM1. The elemental
compositions of combustion-emitted PM1 from different
biomass fuels are presented in Fig. 6. The collected PM1

samples contained several inorganic constituents, with Na and
K being the most abundant elements. These alkali metals have
also been reported to dominate the inorganic fraction of PM
emissions from small-scale wood combustion in previous
studies.84,85 In particular, K in particle emissions has been used
as a tracer for biomass combustion in source apportionment
studies.86 In the present study, the highest presence of K in the
combustion-emitted PM1 samples was observed for hardwood
chips, which was also found to have the highest K content of the
ash-forming elements (see Table S4). However, K release during
combustion depends not only on its abundance in the fuel but
also on fuel composition parameters such as the ratios of Si to K
and S to Cl, which inuence reactions of K in the fuel matrix and
ultimately its volatilization during combustion.87

Interestingly, PM1 from wood pellet combustion contained
higher concentrations of metals, including heavymetals such as
Cu, Cd, and Pb, compared to emissions from wood chip
combustion. In addition, elevated Al and Fe concentrations
were observed in PM1 emitted from hardwood pellet combus-
tion compared to sowood pellet combustion. These elements
were also observed at higher levels among the ash-forming
components of the corresponding fuels (Fig. S2). Overall, the
elemental compositions of biomass combustion emissions are
inuenced by different factors, including the contents of ash-
forming elements in the fuel and their release during
combustion. Among the detected elements, Fe, Mn, Cu, Zn, and
Sr have been observed to correlate with the AA assay, while K,
Fe, Mn, Al, Zn, Cr, Cu, and Sr have been found to inuence the
DTT assay.8,31,32,36,56,88 Despite the low quantity of inorganic
contents in our sampled PM1, the different elemental proles
for each biomass combustion emission could contribute to the
variations of OP results.

3.3. Oxidative potential (OP) of PM1

3.3.1. OPAA. Fig. 7 presents the oxidative potential of AA
assay for PM1 samples. In this study, the mean intrinsic OPAA or
mass-normalized OPAA (OPAAm ) of PM1 from hardwood pellets
combustion was the highest (0.018 nmol min−1 mg−1) compared
ombustion.

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00177c


Fig. 7 OPAA results of combustion-emitted PM1 from different biomass fuels expressed in mass-normalized (nmol min−1 mg−1) and volume-
normalized (nmol min−1 m−3). The bar graph shows the average with error bars representing the standard deviation.
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to other samples. The average OPAAm for PM1 emitted from
hardwood chips, sowood chips, and sowood pellets were
0.009, 0.006, and 0.005 nmol min−1 mg−1, respectively. The
observed differences in OP results potentially resulted from
varying particle compositions, notably OC-EC and inorganics,
which produce different oxidative reaction mechanisms.89 The
elevated OPAAm observed for combustion-emitted PM1 from
hardwood pellets is likely associated with the high abundance
of redox-active transition metals, particularly Fe and Cu, in the
particle elemental composition. The AA assay is especially
sensitive to such metals due to their ability to undergo redox
cycling and catalyze ascorbate oxidation, with Cu(II) reported to
exhibit a higher ascorbate depletion rate than Fe(III),31 and
Fe(II).90 OPAA has also been frequently linked to carbonaceous
components (OC and EC) for particles collected during winter
or cold seasons when biomass combustion represents a major
anthropogenic emission source.45,53 In accordance with this
study, high OPAAm has been observed for combustion-emitted
PM1 with elevated OC fractions. For volume-normalized OPAA,
our average results range from 304.0 to 583.5 nmol min−1 m−3

for the four tested biomasses. According to the results, sowood
pellet combustion emissions had the highest OPAAv values, while
hardwood pellet combustion emissions showed the lowest. This
pattern resulted from the exceptionally high PM1 mass
concentration of sowood pellet combustion, which surpassed
other biomass samples on a volume-normalized basis.
Increased particle mass directly enhances the total availability
of redox-active species such as metals, which are capable of
catalyzing ascorbate oxidation. Consequently, samples with
moderate mass-normalized OPAAm may exhibit elevated
OPAAv . However, the response may deviate from linearity due to
Fig. 8 OPDTT results of combustion-emitted PM1 from different biomas
normalized (nmol min−1 m−3). The bar graph shows the average with er

© 2026 The Author(s). Published by the Royal Society of Chemistry
metal solubility, redox state, and interactions with co-emitted
organic components.

Although numerous studies have reported OPAA, most have
focused on particles collected under ambient air conditions,
resulting in a wide range of OPAA across different contributing-
emission sources.22,91,92 Pietrogrande et al. reported an average
OPAAm of 0.010 nmol min−1 mg−1, and an average OPAAv of 0.33
nmol min−1 m−3 for particles collected during autumn-winter
period in Central Mediterranean, with OPAA showing signi-
cant correlations with transition metals such as Fe, Cu, and
carbonaceous compounds (OC, EC).45 Consistent with these
ndings, Visentin et al. reported OPAAm values ranging from
0.007 to 0.03 nmol min−1 mg−1, and OPAAv values between 0.2
and 0.7 nmol min−1 m−3 for particles collected during warm
and cold seasons at an urban site in Bologna, Italy, where OPAA

was also associated with redox-active metals.31 For particles
strongly inuenced by wood combustion, reported OPAAm and
OPAAv values are 0.009 nmol min−1 mg−1 and 0.28 nmol min−1

m−3, respectively.8 Thus, the OPAAm values obtained in this study
are broadly comparable to those reported in the literature for
biomass combustion-inuenced particles. In contrast, the
OPAAv are not directly comparable, as most previous studies
implemented outdoor ambient sampling with lower PM
concentrations and longer sampling durations. Consequently,
OPAAv values reported in ambient studies are substantially lower
than those derived from highly concentrated emissions
measured under stack sampling conditions in this study.

3.3.2. OPDTT. Fig. 8 illustrates the OPDTT of PM1 emitted
from different biomass combustion. The intrinsic OPDTT of
combustion-emitted PM1 was 0.004 nmol min−1.mg−1 for
hardwood pellets, 0.0005 nmol min−1 mg−1 for hardwood chips,
s fuels expressed in mass-normalized (nmol min−1 mg−1) and volume-
ror bars representing standard deviation.
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0.0003 nmol min−1 mg−1 for sowood chips, and 0.0002
nmol min−1 mg−1 for sowood pellets. OPDTT has been widely
reported to correlate strongly with redox-active transition
metals, including Cu, Mn, and Fe, in PM.31,32,35 This behavior is
also observed in the present study, where elevated OPDTTm values
correspond to combustion-emitted PM characterized by higher
metal content. In addition, samples exhibiting high intrinsic
OPDTT also showed elevated OC fractions. Carbonaceous
components, organic compounds, and non-redox active metals
such as K, Ca, Mg, and Zn have also been reported to inuence
OPDTT.35 OC, water-soluble OC, and quinone-type compounds
have been frequently associated with enhanced OPDTT, reect-
ing their strong redox activity and ability to generate ROS
through redox cycling.93,94 In particular, quinoids can act as
catalysts that transport electrons from biological reducing
agents to dissolved oxygen, causing a continuous production of
H2O2 and superoxide radicals.35

OPDTT has been widely reported to correlate with both redox-
active transition metals and organic aerosol components, yet
reported values for particles from biomass combustion span
a broad range. Previous studies have reported OPDTTm values
ranging approximately from 5 to 150 nmol min−1 mg−1 for
biomass burning aerosols collected at different urban locations
and sampling conditions.46,94 In contrast, substantially lower
OPDTTm values have been reported for emissions strongly inu-
enced by combustion emissions, with values of 0.011
nmol min−1 mg−1 for heavily impacted wood combustion
particles,8 and 0.05 to 0.2 nmol min−1 mg−1 for traditional
cookstove-emitted PM,6 respectively. The relatively low
OPDTTm values observed in the present study fall within the lower
end of the ranges reported in the literature. Since the DTT assay
responds to organic tracers and metal compounds, the stack-
sampled PM, dominated by freshly emitted primary particles
collected at high temperature, limits the capture of volatile and
semi-volatile organic species that are known to contribute to
OP.95 Thus, the tested PM differs from particles examined in
previous studies, which likely included contributions from
secondary aerosols formed under atmospheric conditions.
Aerosol aging represents an additional factor that may inuence
OPDTT. Prior studies have demonstrated that oxidative aging
processes can alter PM oxidative potential through ozone-driven
oxidation of soot-bound PAHs, leading to the formation of
quinone-like species that enhance redox activity.35,96 Although
the absence of atmospheric aging and volatile partitioning in
the present study may partly explain the comparatively lower
OPDTTm values, the use of stack sampling reects standard PM
emission testing protocols and provides insight into the OP of
primary combustion particles. These ndings further highlight
the importance of particle sampling and measurement
standardization.

For OPDTTv , the PM1 of hardwood pellet combustion emis-
sions remained highest with an average of 68.7 nmol min−1

m−3 despite its low PM mass concentration. This results from
the exceptionally high intrinsic OPDTT that exceeded those of
particles emitted from other biomass combustions. OPDTTv was
20.9, 21.3, and 31.4 nmol min−1 m−3 for PM1 from sowood
chip, sowood pellet, and hardwood chip combustion,
524 | Environ. Sci.: Atmos., 2026, 6, 515–532
respectively. The interpretation of OPDTTv is inherently complex
due to the non-linear interactions between particulate compo-
nents and the DTT assay, particularly those involving metal
ions.31 As the assay response arises from the combined redox
activity of multiple PM constituents introduced to the reaction,
synergistic and antagonistic interactions among metals and
organic species can substantially inuence DTT consumption.36

OPDTT could be expressed as a multivariate non-linear function
of individual components. Given the wide range of OPDTTv values
reported in the literature, particles heavily inuenced by
combustion sources were selected for comparison with the
present study. The OPDTTv values obtained in this study
approach the higher values reported in the literature for wood
and biomass burning particles, which range from approxi-
mately 0.33 to 50 nmol min−1 m−3.8,46 All OPDTTv values for the
tested biomass combustion-emitted particles were substantially
lower than those reported for trash burning emissions, which
range from 98 to 3510 nmol min−1 m−3.97 It is important to note
that the differences in sampling strategies, PM concentration
levels, and assay protocols may limit the direct quantitative
comparisons across studies.
3.4. Association of biomass compositions, particulate
emissions, and OP

In this study, the emitted PM1mass concentration was observed
to be highest for sowood pellets, followed by sowood chips,
hardwood chips, and hardwood pellets, respectively. High
particle number emissions were measured from each fuel
combustion. Metal components in PM1 emitted from biomass
combustion are inuenced by the concentrations of ash-
forming elements in the fuels and their release during
combustion. OC and EC contents are inuenced by the
completeness of the combustion, where high PM1 mass
concentration observed from sowood combustion consisted
majorly of EC content. A summary heatmap was constructed
and presented in Table 2 to provide an overview of the analyzed
compositions of combustion-emitted particle emissions and
their OP.

We have found that biomass fuels associated with high PM
mass emissions did not necessarily exhibit high OP, whereas
some biomass combustion cases with relatively low PM mass
emissions produced PM1 with elevated OP. This indicates that
high OP values are not directly correlated with PM mass emis-
sions alone. Instead, biomass combustion-emitted PM1 with
high intrinsic OP appears to be strongly inuenced by particle
chemical composition, particularly organic and elemental
constituents. In the present study, redox-active transition
metals such as Fe, Cu, and Zn, along with elements including
Na, P, Mn, Ba, Tl, and the OC fractions, were observed to
inuence OPAAm . However, not all elemental inuences observed
for OPAAm were reected in OPAAv . Notably, the EC fraction showed
an inuence on OPAAv , consistent with previous studies report-
ing strong associations between EC and OPAAv ,36,56 suggesting
that OPAAv may be linked to EC dominance in our PM1 samples.
Exceptionally high PM1 mass concentrations from certain
biomass combustion substantially altered the observed trends
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary heatmap of combustion-emitted particle emissions, their characteristics and OP assessmenta

a Particle concentration (mass and number), and OP results are reported as “average (standard deviation)”. Elemental compositions of PM1 reported
in concentration (mg m−3) were calculated with PM1mass concentration. “<LOQ” is below the limit of ICP-MS quantication (Al 0.20809 mg mg−1, Ti
0.03964 mgmg−1, Fe 0.03624 mgmg−1, Cr 0.00039 mgmg−1, and Co 0.00005 mgmg−1). The color code was used to range from low (green) to high (red)
values within each analysis.
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Fig. 9 Correlation of intrinsic OP and OC fractions from combustion-emitted PM1 of different biomass fuels.
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of OPAA. For the DTT assay, contributions from similar
components were also observed for OPDTTm . These elements were
also found in other studies to contribute to the assay reac-
tion.8,88 Nevertheless, the interpretation of OPDTTv remains
challenging due to the non-linear and multivariate interactions
between particle components and the DTT assay, particularly
those involving metal ions.31 A recent study also observed
differing correlations between PM composition and OPDTT

normalized by mass and volume.98 Accordingly, trends observed
in elemental concentrations of emitted-PM did not consistently
reect OPDTTv behavior, highlighting the non-additive nature of
component interactions.

Furthermore, synergistic and antagonistic interactions
among PM constituents may occur when considering total
particle concentrations in OP assays. Previous studies have re-
ported antagonistic effects arising from metal–organic (e.g., Fe
and water-soluble OC) and metal–metal (e.g., Fe and Cu) inter-
actions, which can suppress measured OP responses.36 Addi-
tional parameters, such as the solubility of extracted
compounds, may further inuence OP measurements. As
mentioned in a previous study, the solubility of transition
metals determines the inuence on OP, as water-soluble metal
fractions are more readily mobilized and bioavailable than their
water-insoluble fractions, although both may contribute to the
overall OP responses.35 Additionally, atmospheric aging
processes can alter particle oxidative properties.99 Recent
research reported that oxidative aging can lead to the produc-
tion of oxygen-containing functional groups (quinone and
epoxide), which increase the OP in the carbon-containing
particles.100–102 These observations underscore the importance
of investigating OP in relation to both particle compositions
and emission source characteristics.

Since we found that the OC fraction, which belonged to the
major part (carbonaceous compounds) of our PM1 samples,
strongly inuenced both intrinsic OP metrics (AA and DTT
assays), the OC content of primary emitted particles is thus
important in inducing oxidative reactions. To further investi-
gate the OC fraction correlation with intrinsic OP, we plotted
OPAAm and OPDTTm against OC/TC and OC/EC for PM1 emitted
from each biomass combustion and presented in Fig. 9. Two
correlations are presented, including linear regression and
exponential models. The coefficient of determination (r2) of OC/
EC in linear regression was 0.972 and 0.95 for OPAAm and
OPDTTm , respectively. In addition, the r2 values from OP assays
526 | Environ. Sci.: Atmos., 2026, 6, 515–532
and OC/EC for the exponential model were also more than 0.97,
indicating an important relationship among the variables in
both models. For OC/TC, the data showed a better t to an
exponential model with r2 = 0.975 and r2 = 0.997 for OPAAm and
OPDTTm , respectively. In accordance with Segakweng et al., a high
correlation (0.69) has been reported for the OC ratio of PM1 and
OPDTTm from outdoor air sampling in urban settlements, sug-
gesting the inuence of domestic biomass burning.98 It is worth
mentioning that further biomass combustion parameters,
including alternative biomass types and combustion appli-
ances, are important to be investigated and analyzed. Given the
limited sample size in this study, the observed relationships
may limit the representativeness of the inferred trends. Future
studies would benet from a larger dataset encompassing
a wider range of biomass types, combustion technologies, and
operating conditions. This would enable robust statistical
analyses, which may facilitate future modeling approaches for
calculating and predicting both intrinsic OP and volume-
normalized OP relationships with particle composition-related
drivers, leading to an enhancement in the regulatory frame-
work for biomass combustion emissions.

4 Conclusion

This study presents the OP of PM1 emitted from biomass
combustion. The associations between biomass and PM1 char-
acteristics with OP results were also investigated. Although the
tested biomass samples complied with established chemical
composition standards, they demonstrated distinct emission
characteristics and varied potential impacts. In our case,
biomass samples with the highest PM mass concentrations did
not consistently exhibit the highest OP values. Our sowood
pellets emitted a substantial number of particles. However, the
intrinsic OP was found to be lower than that of hardwood
pellets, which contained signicant OC fractions and inorganic
elements. This suggests that chemical compositions of
combustion-emitted PM1, notably organic components, can
signicantly inuence their OP and potential impacts. A thor-
ough PM assessment should be incorporated into fuel selection
protocols for biomass combustion. Additionally, we found
a strong correlation between the OC fraction of carbonaceous
compounds and the intrinsic OP. In linear regression, OC/EC
strongly correlated with OPAAm , and OPDTTm demonstrated an r2

of approximately 0.95. OC/EC can be a benecial parameter in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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investigating the intrinsic OP of primary particles emitted from
biomass combustion. A potential prediction model could be
developed to facilitate the assessment of combustion-emitted
particles. We have also observed different trends from
volume-normalized OPAA and OPDTT. Since AA and DTT assays
target different components, particle–assay interactions may
lead to differing OP responses. Applying both OP assays to
assess the emissions of biomass combustion is found to give
prominent information to capture the different emission
compositions. Based on the ndings of this study, the differing
trends observed between assays and normalization approaches
reect themulti-dimensional behavior of OP, which depends on
particle compositions and assay sensitivities. Our results high-
light the need for standardization and harmonization of PM
sampling procedures and OP assessment methodologies to
ensure comparability across studies. Moreover, OP metrics
derived from acellular assays such as AA and DTT provide
complementary but not necessarily equivalent information, as
they undergo different redox-active particle components and
may not directly reect biological responses. To support
informed biomass selection, future studies should integrate OP
measurements with cellular-based toxicological assessments to
validate the relevance of OP indicators to health outcomes.
Given the complex relationships among biomass composition,
combustion-emitted particles, and their physicochemical
properties, an integrative framework that combines chemical
composition, OP assays, and health-impact indicators will be
necessary. Such an approach would enable more robust evalu-
ation of fuel choices, support the development of improved
emission control strategies, and contribute to minimizing
adverse health effects associated with residential biomass
combustion.
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J. Mäki-Paakkanen, A. Hukkanen, J. Jokiniemi,
I. Obernberger and M.-R. Hirvonen, In vitro toxicological
characterization of particulate emissions from residential
biomass heating systems based on old and new
technologies, Atmos. Environ., 2012, 50, 24–35.

2 K. Jiang, R. Xing, Z. Luo, W. Huang, F. Yi, Y. Men, N. Zhao,
Z. Chang, J. Zhao, B. Pan and G. Shen, Pollutant emissions
from biomass burning: A review on emission
Environ. Sci.: Atmos., 2026, 6, 515–532 | 527

https://doi.org/10.1039/d5ea00177c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00177c


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

0:
44

:1
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
characteristics, environmental impacts, and research
perspectives, Particuology, 2024, 85, 296–309.

3 L. P. Naeher, M. Brauer, M. Lipsett, J. T. Zelikoff,
C. D. Simpson, J. Q. Koenig and K. R. Smith, Woodsmoke
Health Effects: A Review, Inhalation Toxicol., 2007, 19, 67–
106.

4 M. Khedari, A. Villot, O. Sippula, P. Jalava and Y. Andres, A
comprehensive bibliometric analysis of research on health
and environmental impacts of particle emissions from
wood combustion in residential heating, Environ. Sci.
Pollut. Res., 2025, 32, 17897–17915.

5 Z. Fang, A. Lai, D. Cai, C. Li, R. Carmieli, J. Chen, X. Wang
and Y. Rudich, Secondary Organic Aerosol Generated from
Biomass Burning Emitted Phenolic Compounds: Oxidative
Potential, Reactive Oxygen Species, and Cytotoxicity,
Environ. Sci. Technol., 2024, 58, 8194–8206.

6 B. H. Isenor, J. P. Downey, S. A. Whidden, M. M. Fitzgerald
and J. P. S. Wong, Oxidative potential of ne particulate
matter emitted from traditional and improved biomass
cookstoves, Environ. Sci.: Atmos., 2024, 4, 202–213.

7 O. P. Kurmi, C. Dunster, J. G. Ayres and F. J. Kelly, Oxidative
potential of smoke from burning wood and mixed biomass
fuels, Free Radical Res., 2013, 47, 829–835.

8 M. C. Pietrogrande, I. Bertoli, G. Clauser, C. Dalpiaz,
R. Dell'Anna, P. Lazzeri, W. Lenzi and M. Russo, Chemical
composition and oxidative potential of atmospheric
particles heavily impacted by residential wood burning in
the alpine region of northern Italy, Atmos. Environ., 2021,
253, 118360.

9 M. Rinaldi, F. Manarini, M. Lucertini, M. Rapuano,
S. Decesari, M. Paglione, M. C. Facchini, C. Lin,
D. Ceburnis, C. D. O'Dowd, P. Buckley, S. Hellebust,
J. Wenger and J. Ovadnevaite, Important Contribution to
Aerosol Oxidative Potential from Residential Solid Fuel
Burning in Central Ireland, Atmosphere, 2024, 15, 436.

10 S. Yadav and H. C. Phuleria, in Measurement, Analysis and
Remediation of Environmental Pollutants, ed. T. Gupta, S. P.
Singh, P. Rajput and A. K. Agarwal, Springer Singapore,
Singapore, 2020, pp. 333–356.

11 P. Shahpoury, Z. W. Zhang, A. Filippi, S. Hildmann,
S. Lelieveld, B. Mashtakov, B. R. Patel, A. Traub,
D. Umbrio, M. Wietzoreck, J. Wilson, T. Berkemeier,
V. Celo, E. Dabek-Zlotorzynska, G. Evans, T. Harner,
K. Kerman, G. Lammel, M. Noroozifar, U. Pöschl and
H. Tong, Inter-comparison of oxidative potential metrics
for airborne particles identies differences between
acellular chemical assays, Atmos. Pollut. Res., 2022, 13,
101596.

12 J. Choi, J. Y. Oh, Y. S. Lee, K. H. Min, G. Y. Hur, S. Y. Lee,
K. H. Kang and J. J. Shim, Harmful impact of air
pollution on severe acute exacerbation of chronic
obstructive pulmonary disease: particulate matter is
hazardous, COPD, 2018, 13, 1053–1059.

13 Z. Leni, L. Künzi and M. Geiser, Air pollution causing
oxidative stress, Curr. Opin. Toxicol., 2020, 20–21, 1–8.
528 | Environ. Sci.: Atmos., 2026, 6, 515–532
14 C. C. Lim and G. D. Thurston, Air Pollution, Oxidative
Stress, and Diabetes: a Life Course Epidemiologic
Perspective, Curr. Diabetes Rep., 2019, 19, 58.

15 G. Pizzino, N. Irrera, M. Cucinotta, G. Pallio, F. Mannino,
V. Arcoraci, F. Squadrito, D. Altavilla and A. Bitto,
Oxidative Stress: Harms and Benets for Human Health,
Oxid. Med. Cell. Longevity, 2017, 2017, 8416763.

16 Y. Taniyama and K. K. Griendling, Reactive Oxygen Species
in the Vasculature: Molecular and Cellular Mechanisms,
Hypertension, 2003, 42, 1075–1081.

17 H. Sies, Oxidative stress: oxidants and antioxidants, Exp.
Physiol., 1997, 82, 291–295.

18 N. K. Binsaleh, R. Eltayeb, H. Qanash, M. A. Aziz,
R. Albaradie and M. W. A. Khan, Presence of Circulatory
Autoantibodies Against ROS-Modied Histone H1 Protein
in Lymphoma Patients, Front. Genet., 2022, 13, 909903.

19 N. Li, M. Hao, R. F. Phalen, W. C. Hinds and A. E. Nel,
Particulate air pollutants and asthma, Clin. Immunol.,
2003, 109, 250–265.

20 Q. Rahman, P. Abidi, F. Afaq, D. Schiffmann,
B. T. Mossman, D. W. Kamp and M. Athar, Glutathione
Redox System in Oxidative Lung Injury, Crit. Rev. Toxicol.,
1999, 29, 543–568.

21 The European Commission, Directive (EU) 2024/2881 of the
European Parliament and of the Council of 23 October 2024
on ambient air quality and cleaner air for Europe (recast),
https://eur-lex.europa.eu/eli/dir/2024/2881/oj, (accessed 8
November 2025).

22 L. J. Borlaza, S. Weber, A. Marsal, G. Uzu, V. Jacob,
J.-L. Besombes, M. Chatain, S. Conil and J.-L. Jaffrezo,
Nine-year trends of PM10 sources and oxidative potential
in a rural background site in France, Atmos. Chem. Phys.,
2022, 22, 8701–8723.

23 C. Molina, C. A. Manzano, R. Toro A. and M. A. Leiva G, The
oxidative potential of airborne particulate matter in two
urban areas of Chile: More than meets the eye, Environ.
Int., 2023, 173, 107866.

24 A. Bergomi, E. Carrara, E. Festa, C. Colombi, E. Cuccia,
B. Biffi, V. Comite and P. Fermo, Optimization and
Application of Analytical Assays for the Determination of
Oxidative Potential of Outdoor and Indoor Particulate
Matter, Atmosphere, 2024, 15, 772.

25 S. S. Khurshid, S. Emmerich and A. Persily, Oxidative
potential of particles at a research house: Inuencing
factors and comparison with outdoor particles, Build.
Environ., 2019, 163, 106275.

26 G. Melzi, L. Massimi, M. A. Frezzini, M. Iulini, N. Tarallo,
M. Rinaldi, M. Paglione, E. Nozza, F. Crova, S. Valentini,
G. Valli, F. Costabile, S. Canepari, S. Decesari, R. Vecchi,
M. Marinovich and E. Corsini, Redox-activity and in vitro
effects of regional atmospheric aerosol pollution:
Seasonal differences and correlation between oxidative
potential and in vitro toxicity of PM1, Toxicol. Appl.
Pharmacol., 2024, 485, 116913.

27 F. Hedayat, S. Stevanovic, B. Miljevic, S. Bottle and
Z. D. Ristovski, Review-evaluating the molecular assays for
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://eur-lex.europa.eu/eli/dir/2024/2881/oj
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00177c


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

0:
44

:1
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
measuring the oxidative potential of particulate matter,
Chem. Ind. Chem. Eng. Q., 2015, 21, 201–210.

28 J. G. Ayres, P. Borm, F. R. Cassee, V. Castranova,
K. Donaldson, A. Ghio, R. M. Harrison, R. Hider, F. Kelly,
I. M. Kooter, F. Marano, R. L. Maynard, I. Mudway, A. Nel,
C. Sioutas, S. Smith, A. Baeza-Squiban, A. Cho, S. Duggan
and J. Froines, Evaluating the Toxicity of Airborne
Particulate Matter and Nanoparticles by Measuring
Oxidative Stress Potential—A Workshop Report and
Consensus Statement, Inhalation Toxicol., 2008, 20, 75–99.

29 H. Sekine, H. Ito and Y. Sekine, Effect of Werner-Type
Complex Formation of Cu2+ and Fe2+ on Oxidative
Potentials Assessed Using Ascorbic Acid Assay,
Atmosphere, 2025, 16, 192.

30 J. Shen, P. T. Griffiths, S. J. Campbell, B. Utinger,
M. Kalberer and S. E. Paulson, Ascorbate oxidation by
iron, copper and reactive oxygen species: review, model
development, and derivation of key rate constants, Sci.
Rep., 2021, 11, 7417.

31 M. Visentin, A. Pagnoni, E. Sarti and M. C. Pietrogrande,
Urban PM2.5 oxidative potential: Importance of chemical
species and comparison of two spectrophotometric cell-
free assays, Environ. Pollut., 2016, 219, 72–79.

32 J. G. Charrier and C. Anastasio, On dithiothreitol (DTT) as
a measure of oxidative potential for ambient particles:
evidence for the importance of soluble transition metals,
Atmos. Chem. Phys., 2012, 12, 9321–9333.

33 A. K. Cho, C. Sioutas, A. H. Miguel, Y. Kumagai,
D. A. Schmitz, M. Singh, A. Eiguren-Fernandez and
J. R. Froines, Redox activity of airborne particulate matter
at different sites in the Los Angeles Basin, Environ. Res.,
2005, 99, 40–47.

34 H. Jiang, C. M. S. Ahmed, Z. Zhao, J. Y. Chen, H. Zhang,
A. Canchola and Y.-H. Lin, Role of functional groups in
reaction kinetics of dithiothreitol with secondary organic
aerosols, Environ. Pollut., 2020, 263, 114402.

35 D. Gao, S. Ripley, S. Weichenthal and K. J. Godri Pollitt,
Ambient particulate matter oxidative potential: Chemical
determinants, associated health effects, and strategies for
risk management, Free Radicals Biol. Med., 2020, 151, 7–25.

36 D. Gao, K. J. Godri Pollitt, J. A. Mulholland, A. G. Russell
and R. J. Weber, Characterization and comparison of
PM2.5 oxidative potential assessed by two acellular assays,
Atmos. Chem. Phys., 2020, 20, 5197–5210.

37 F. Fachinger, F. Drewnick, R. Gieré and S. Borrmann, How
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40 K. Křůmal, P. Mikuška, J. Horák, F. Hopan and K. Krpec,
Comparison of emissions of gaseous and particulate
pollutants from the combustion of biomass and coal in
modern and old-type boilers used for residential heating
in the Czech Republic, Central Europe, Chemosphere,
2019, 229, 51–59.

41 T. Salthammer, T. Schripp, S. Wientzek and M. Wensing,
Impact of operating wood-burning replace ovens on
indoor air quality, Chemosphere, 2014, 103, 205–211.

42 P. Krecl, E. Hedberg Larsson, J. Ström and C. Johansson,
Contribution of residential wood combustion and other
sources to hourly winter aerosol in Northern Sweden
determined by positive matrix factorization, Atmos. Chem.
Phys., 2008, 8, 3639–3653.

43 D. E. Schraufnagel, The health effects of ultrane particles,
Exp. Mol. Med., 2020, 52, 311–317.

44 Y. Hu, M. Wu, Y. Li and X. Liu, Inuence of PM1 exposure
on total and cause-specic respiratory diseases:
a systematic review and meta-analysis, Environ. Sci. Pollut.
Res., 2022, 29, 15117–15126.

45 M. C. Pietrogrande, M. R. Perrone, F. Manarini, S. Romano,
R. Udisti and S. Becagli, PM10 oxidative potential at
a Central Mediterranean Site: Association with chemical
composition and meteorological parameters, Atmos.
Environ., 2018, 188, 97–111.

46 S. Yadav, T. S. Kapoor, P. Vernekar and H. C. Phuleria,
Examining the Chemical and Optical Properties of
Biomass-burning Aerosols and their Impact on Oxidative
Potential, Aerosol Air Qual. Res., 2023, 23, 230102.

47 L. Shao, C. Hou, C. Geng, J. Liu, Y. Hu, J. Wang, T. Jones,
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L. Vettikkat, P. Yli-Pirilä, M. Shahzaib, M. M. Ruppel,
V. Vakkari, K. Jaars, S. J. Siebert, A. Buchholz, K. Köster,
P. G. Van Zyl, H. Timonen, N. Kinnunen, J. Jänis,
A. Virtanen, A. Virkkula and O. Sippula, Brown carbon
emissions from laboratory combustion of Eurasian arctic-
boreal and South African savanna biomass, Atmos. Chem.
Phys., 2025, 25, 16747–16774.

80 R. Saleh, Z. Cheng and K. Atwi, The Brown–Black
Continuum of Light-Absorbing Combustion Aerosols,
Environ. Sci. Technol. Lett., 2018, 5, 508–513.

81 H. Suhonen, A. Laitinen, M. Kortelainen, H. Koponen,
N. Kinnunen, M. Suvanto, J. Tissari and O. Sippula, Novel
ne particle reduction method for wood stoves based on
high-temperature electric collection of naturally charged
soot particles, J. Cleaner Prod., 2021, 312, 127831.

82 A. Hartikainen, P. Tiitta, M. Ihalainen, P. Yli-Pirilä,
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