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ARTICLE INFO ABSTRACT

Editor: Xavier Querol Here, the light absorption of brown carbon (BrC) emitted by wood combustion and denuded from volatile
organic carbon (VOC) at 300 °C is elucidated using a recently developed thermal decomposition platform
coupled with a suite of real-time aerosol instrumentation and time-integrated sampling systems. The BrC particle
size distribution, morphology and optical properties are closely controlled by increasing the combusted wood
mass from 50 to 600 mg to emulate those measured for “real world” wildfire particulate matter (PM) emissions.
Size-fractionation of such wildfire-like BrC reveals that the PMy ;25 fraction contains high molecular weight,
carcinogenic polycyclic aromatic hydrocarbons (PAHs) and absorbs up to five times more light compared to the
PMy,; fraction. Thus, increasing the combusted wood mass from 50 to 600 mg increases the PMy ;-2 5 concen-
tration by a factor of about eight and enhances the overall BrC mass absorption cross-section, MAC, up to a factor
of two at a wavelength of 405 nm. Condensation of VOC on BrC reduces its MAC up to 40 %. Still, the particle size
seems to largely determine the BrC light absorption, as large VOC-rich particles absorb more light compared to
small VOC-lean ones. The size-resolved BrC MAC measured here can be interfaced with climate models to es-
timate the climate impact of wildfire PM emissions.
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1. Introduction

The frequency and intensity of wildfires has increased substantially
due to climate change (Jones et al., 2022). Extreme wildfire incidents in
Western US (Liu et al., 2016), Canada (Kirchmeier-Young et al., 2019) or
the Mediterranean region (Kaskaoutis et al., 2024) result in large con-
centrations of particulate matter (PM) emissions that can be transported
over long distances, reach metropolitan areas (e.g. New York City
(Laurent et al., 2024)) and affect millions of people.

The exposure to PM emissions from wildfires is linked to respiratory
(Larson and Koenig, 1994), cardiovascular (Khraishah et al., 2022) and
neurological (Schuller and Montrose, 2020) disorders. At the same time,
wildfire PM emissions can cool (Zhang et al., 2017; Kelesidis et al.,
2025) or warm (Chakrabarty et al., 2023) the climate depending on their
physicochemical properties and change the wildfire dynamics (Yu et al.,
2019; Wang et al., 2024). So, a detailed characterization of wildfire PM
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emissions in terms of size-fractionation and chemical composition is
essential to quantify and mitigate their impact on public health and
climate change.

The PM emissions from wildfires contain mostly (>80 wt%) organic
carbon (OC) aerosols, as well as small concentrations (<20 wt%) of
black or elemental carbon (EC) (Chakrabarty et al., 2023; China et al.,
2013; Li et al., 2024). Brown carbon (BrC) is often considered a subset of
volatile OC (VOC) (Laskin et al., 2015). Here, BrC refers to the re-
fractory, light absorbing component of OC that is not vaporized after
thermal denuding at 300 °C (Moularas et al., 2024). Mobility (Wardoyo
et al.,, 2007) and microscopy image (Chakrabarty et al., 2023; China
et al., 2013) analysis revealed that BrC particles are rather spherical and
have a mean diameter ranging from 43 to 270 nm (Chakrabarty et al.,
2006). Laboratory (Samburova et al., 2016) and field (Laurent et al.,
2024; Vicente et al., 2012; Wentworth et al., 2018; Verma et al., 2007)
studies have shown that BrC particles emitted by biomass combustion
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during wildfires contain retene, as well as some of the 16 polycyclic
aromatic hydrocarbons (PAHs) that have been prioritized by the Envi-
ronmental Protection Agency (EPA). This has raised concerns regarding
the public health impact of BrC, given the recent wildfire events in the
US and elsewhere with extremely high concentrations of wildfire PM
impacting even major metropolitan areas, such as New York City
(Laurent et al., 2024) and Los Angeles (Kiinzli et al., 2003).

The climate effect of wildfire PM emissions is determined by their
light absorption that is quantified by the mass absorption cross-section,
MAC (Olson et al., 2015), and ranges from 0.4 — 0.75 mz/g (Carter et al.,
2021; Zeng et al., 2022; Kleinman et al., 2020; Washenfelder et al.,
2022; Bali et al., 2024; Marsavin et al., 2021). In this regard, the link
between the BrC MAC and its physicochemical properties has been
explored to reduce the uncertainty regarding the climate impact from
wildfire PM emissions. For instance, laboratory (Saleh et al., 2014) and
field (Shetty et al., 2023) studies indicated that the light absorption of
BrC particles increases with decreasing volatility. So, PAHs with rela-
tively low molecular weight (such as retene) account for just 0.03-0.16
% of the total BrC light absorption (Samburova et al., 2016). Size
exclusion chromatography coupled with UV-vis spectroscopy showed
that high molecular weight organic species with extremely low volatility
(Di Lorenzo et al., 2017) are the main contributors to the BrC light ab-
sorption (Di Lorenzo and Young, 2016). The light absorption of these
species is affected less by photochemical ageing compared to species
having lower molecular weights (Di Lorenzo et al., 2017; Wong et al.,
2017). Most importantly, size-resolved measurements of the BrC
composition showed that the concentration of the high molecular
weight compounds increases with increasing particle size (Di Lorenzo
et al., 2018).

The above findings highlight the need for climate models to account
for the variation of the BrC light absorption with the particle volatility
and size (Saleh, 2020). To this end, Saleh et al. (Saleh et al., 2014)
related the imaginary part of the BrC refractive index to the ratio of
black carbon or EC over the organic aerosol to account indirectly for the
variation of the particle volatility. However, this relation resulted in a
large overestimation of the BrC MAC measured in wildfires (Shen et al.,
2024). This indicates that new parametrizations are needed for the BrC
light absorption to account for both the particle size and composition.
Even though the light absorption of PAHs extracted from BrC particles
has been measured extensively (Shetty et al., 2023; Di Lorenzo et al.,
2017; Di Lorenzo and Young, 2016; Wong et al., 2017; Di Lorenzo et al.,
2018), the MAC of size-fractionated BrC particles has not been charac-
terized yet, to the best of our knowledge.

In this regard, a recently developed by the authors thermal decom-
position platform (called integrated exposure generation system, INEXS)
has been coupled with a variety of real-time monitoring and time-
integrated sampling instrumentation (Moularas et al., 2024; Singh
et al., 2022; Singh et al., 2023) to elucidate the BrC dynamics during
wood combustion. That way, the BrC aerodynamic, mobility size and
mass distributions, surface chemistry (Singh et al., 2022; Singh et al.,
2023) and light absorption (Moularas et al., 2024) have been measured
in real time for PM emissions from combustion of various wood types at
well controlled temperature and O5 conditions. Here, INEXS is used to
quantify the impact of particle size and VOC on the light absorption
dynamics of BrC emitted by combustion of the following wood types: i)
pine, a characteristic softwood containing mostly retene; and ii) oak, a
hardwood containing several high molecular weight PAH species. The
particle size distribution, morphology and optical properties are closely
controlled by varying the combusted wood mass to generate wildfire-
like BrC. The VOC content of the BrC particles produced here is also
varied by thermal denuding at 0-300 °C. Most importantly, the MAC of
size-fractionated BrC particles with and without VOC is obtained to
elucidate the effect of the coating and particle size on the BrC light
absorption, for the first time to the best of our knowledge.
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2. Materials & methods

The dynamics of BrC particles during wood combustion are investi-
gated using the INEXS platform (Fig. 1) that has been described in detail
previously (Moularas et al., 2024; Singh et al., 2022; 2023). The com-
bustion conditions used in the INEXS platform are varied to produce BrC
particles that are representative of wildfire PM. In brief, 50-600 mg of
pine and 600 mg of oak wood powder are produced by grinding com-
mercial wood pellets (Pine Mountain Starter Stikk Fatwood, Royal Oak
Enterprises LLC, Roswell, GA; oak wood procured from Home Depot)
and placed into a high-purity quartz crucible at the middle of a quartz
tube furnace (length: 100 cm; inner diameter: 5 cm) (Moularas et al.,
2024; Singh et al., 2022; 2023). Above the crucible, synthetic air (80 vol
% Ny, 20 vol% Oy) flows at 6 L/min. The furnace T is increased at a rate
of 40 °C/min reaching a maximum temperature of 800 °C at about 22
min. The temperature is held at 800 °C for another 8 min before the
combustion of wood has been completed and the reactor is cooled to
room temperature. Since the atmosphere in the tube furnace contains 20
vol% Oy, the dominant process is combustion rather than pyrolysis.
Detailed monitoring of the transition from smoldering to flaming wood
combustion conditions in tube reactors (Garg et al., 2023) indicate that
mostly smoldering combustion takes place when air flows at rather small
velocities (5 cm/s) above wood powder with rather low densities (~1.5
g/cm3 (Moularas et al., 2024)), such as those used here. Also, no flame
was observed visually at any of the conditions investigated here, further
confirming that smoldering wood combustion conditions are present.

The aerosol emissions exiting INEXS are directed to a real-time
particle monitoring and time-integrated PM sampling instrumentation
(Moularas et al., 2024; Singh et al., 2022; 2023). Most wildfire PM (~90
%) contains semi- and non-volatile BrC particles (Zheng et al., 2020). So,
the BrC particles generated here are thermally denuded at 300 °C to
facilitate consistent comparisons to field measurements of wildfire PM.
In particular, BrC particles are denuded from condensed volatile organic
carbon (VOC) aerosols using a thermal denuder (Dekati Thermode-
nuder, Finland) that is pre-heated at a temperature, T4 = 300 °C.
Thermal denuding at Tq = 300 °C is commonly used to quantify the BrC
light absorption in the absence of condensed organics (Saleh et al.,
2018). In addition, Ty is reduced from 300 to 0 °C to elucidate the impact
of VOC on the light absorption of BrC. The mass concentration of the
non-denuded BrC is practically identical with that obtained for BrC
denuded at Tg = 100 °C (see section 3.3), indicating that evaporation
does not affect the non-denuded samples. The emitted BrC particle size
distribution is monitored every 2 mins using a Scanning Mobility Par-
ticle Sizer (SMPS, model 3080, TSI) to obtain the total number con-
centration of particles with mobility diameter ranging from 5 to 200 nm
(Fig. S1). Due to the high emitted particle concentrations, a rotating disk
thermodiluter (model 379020A, TSI) is used before SMPS to dilute the
aerosol by a factor of 500. The BrC mobility size distribution obtained at
the peak number concentration is reported (Fig. S2). Note that SMPS
measurements were performed to compare the number-based mobility
size distribution of the generated BrC to those measured for wildfire PM.

The emitted aerosols are also fractionated into PMg 1, PMg1_25,
PMaz5 10, and PM.jo aerodynamic size fractions using a Compact
Cascade Impactor (CCI) (Demokritou et al., 2004; Sotiriou et al., 2015)
developed by the authors. The cutoff diameters are given in pm. The
PM, 5 size fraction can be also selected by removing the PMj ; stage. So,
the PMy; and PM; 5 fractions are directed to a photoacoustic extinc-
tionmeter (PAX, Droplet Measurement Technologies), where the ab-
sorption coefficient, byps, at 405 nm is monitored every 1 s (Fig. S3 & S4).
Since BrC absorbs mostly UV-visible light, a wavelength of 405 nm is
appropriate for the MAC calculation and has been already used both in
field (Carter et al., 2021) and laboratory (Shen et al., 2024) studies. The
light absorbing PM, ; and PMy 5 having bg,s > 0 Mm™! are collected on
Teflon filters (PTFE membrane disc filter: 2 pm pore size, 47 mm
diameter, Pall Corporation, Port Washington, NY), as described previ-
ously (Demokritou et al., 2004; Sotiriou et al., 2015). Lacey carbon
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Fig. 1. Schematic of the integrated and exposure generation system (INEXS) used for combustion of pine and oak wood powder. The INEXS platform is connected to
a variety of real-time monitoring and time-integrated sampling instrumentation, including a thermal denuder for removal of VOC, a scanning mobility particle sizer
(SMPS), a cascade compact impactor (CCI) for size fractionation and collection of particulate matter and a photoacoustic photoacoustic extinctionmeter (PAX).

transmission electron microscopy grids with a 200 mesh copper support
(LC200-Cu-150, Electron Microscopy Sciences) were placed in the
middle of the Teflon filter to collect particles from the PMy 5 fraction.
Gravimetric analysis of the collected PMp; and PMys (without the
presence of microscopy grids) is done using an analytical microbalance
(Mettler Toledo, Columbus, OH) to calculate the average mass concen-
trations Mppo.; and Mpyz 5 of the light absorbing particles in the PMg ;
and PM, 5 fractions, respectively. The average absorption coefficients,
<bgps>, for the different PM cutoff sizes, are measured sequentially in
two separate runs. To quantify the uncertainty, three independent by
measurements were done resulting in a relative error of about 13 %.
Each measurement was repeated three times for each wood mass. The
average MACppo.1 and MACpy2. 5 are obtained using the time-averaged
< bgpspmoa > and Mpyg.1 of the PMy 1 fraction (Islam et al., 2022):

MACpy01 =< basspmor > /Memoa (@)

and the < bgspmas > and Mppyz 5 of the PMy s fraction (Islam et al.,
2022):

MACpy25 =< basspmzs > /Mpuas 2

The mass concentration, Mpy.1_2.5, of the PMg 1_3 5 fraction is given by:
MPMOAI—Z.S = MPM2.5 - MPMO.] (3)
and, similarly, its < bgps pmo1-2.5 > by:

< bapspmoa-25 >=< bapspmas > — < bapspmor > (C)]

Based on Egs. (1), (2) and (4), the MACppp,.1_2.5 is obtained by:
MACpyo.1-25 = (MpyzsMACpumzs — Mppio 1 MACpuo.1) /Mpmo.1-2.5 5)

It should be noted that the BrC MAC estimated by integrating the bgys
curve over time results in identical MAC values with those obtained
using Eqgs. (1) and (2). The time-averaged MAC is about 20 % larger than
the instantaneous one due to variations of the BrC physicochemical

properties during wood combustion (Fig. S5). The light absorption of
BrC spheres with a diameter of 10-2500 nm and bulk density of 1.3 g/
cm?® was derived based on the Mie theory (Kelesidis et al., 2024) using
Maetzler’s MATLAB code (Maetzler, 2002). A BrC refractive index, RI =
1.55-0.017i was used as it has described accurately the MAC of wildfire
BrC at a wavelength of 405 nm (Kelesidis et al., 2025). The imaginary
part of the RI is also reduced by 65 % to elucidate the optical properties
of BrC containing VOC and other PAHs with small light absorption
efficiency.

The PAHs adsorbed on the sampled PMy; and PMjy 5 size fraction
were obtained using the protocol described in Tsiodra et al. (Tsiodra
et al., 2021) with slight modifications given in Laurent et al. (Laurent
et al., 2024). The analysis focused on the identification of 25 PAHs with
molecular weight between 178 to 302 g/mol. The analysis of elemental
and organic carbon (EC-OC) was done for the PMj 5 size fraction using
the thermal-optical transmission (TOT) technique with a Sunset carbon
analyzer (Sunset Laboratory Inc., Portland, OR, USA) and the EUSAAR2
thermal protocol described in detail by Cavalli et al. (Cavalli et al.,
2010). The microscopy grids containing the PMj 5 fraction of BrC were
imaged using transmission electron microscopy (TEM, JEOL-2010F).

3. Results & discussion
3.1. Generation and characterization of wildfire-like BrC PM> 5 emissions

Combustion of various wood types (pine and oak) and masses
(50-600 mg) is explored in this section to generate BrC particles with
controlled size distribution, morphology and optical properties that
emulate those measured for wildfire PM. For example, microscopy
analysis of PM; 5 emitted by combustion of 50 (Fig. 2a), 100 (b), 300 (c)
and 600 mg (d) of pine wood reveal that spherical BrC particles are
produced regardless of the combusted wood mass. Similar spherical BrC
particles have been identified in PM emissions from wildfires in New
Mexico (China et al., 2013) (e) and Western US (Chakrabarty et al.,
2023) (f). Smoldering combustion conditions were present during
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Fig. 2. Physicochemical characterization of Brown Carbon (BrC) particles from wood combustion and comparison to wildfire PM emissions. (a—f) Microscopy images
of BrC particles emitted by combustion of 50 (a), 100 (b), 300 (c) and 600 mg (d) of pine wood with air compared to those measured from wildfire emissions in New
Mexico (China et al., 2013) (e) and Western US (Chakrabarty et al., 2023) (f). (g-1) Mass concentration, Mpy2 5 (g), mobility size distribution (h) and carcinogenic
PAH concentration, C (i), measured for the PM, 5 fraction of BrC emitted by combustion of 50 (orange open bars & dotted line), 100 (blue dotted bars & broken line),
300 (green lined bars & dot-broken line) and 600 mg (red filled bar & solid line) of pine wood. The BrC mobility size distributions measured here are compared to
those measured from fresh wildfire PM in Australia (squares (Wardoyo et al., 2007)) and New Mexico, US (circles (China et al., 2013)). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

sampling of BrC particles from the New Mexico wildfire (China et al.,
2013) that are similar to those present in the INEXS platform. The
spherical BrC particles measured in this work are very similar to the so-
called tar balls identified in wildfire PM (Chakrabarty et al., 2010;
Corbin et al., 2019). These tar balls are often associated with strong light
absorption (Chakrabarty et al., 2023). The light absorption of single BrC
particles could not be measured with the available instrumentation and,
thus, the presence of strongly absorbing tar balls could not be verified.

Combustion of 50 mg of pine wood results in PM, 5 mass concen-
tration of 80 + 17 mg/m> emissions (Fig. 2g: orange open bar). The
number-based mobility size distribution of these emissions is multi-
modal, having a mean mobility diameter of about 41 nm (Fig. 2h:
dotted line & Fig. S2a). Multi-modal size distributions are typically
obtained when nucleation generates continuously new small particles,
while existing particles grow larger by coagulation and surface reactions
or condensation (Abid et al., 2008). This creates distinct peaks in the BrC
size distribution. The mobility size distribution obtained here by com-
bustion of 50 mg of pine wood is less smooth compared to that obtained
previously using the same set up and pine wood mass (Moularas et al.,
2024). This can be attributed to the larger combustion temperature
(800 °C vs 400 °C) and heating rate (40 °C/min vs 20 °C/min) used here.
Increasing the pine wood mass from 50 to 600 mg increases the PM mass
concentration by a factor of five (Fig. 2g: red filled bar). The large PM5 5
mass concentration obtained by combustion of 600 mg of pine wood
enhances the particle coagulation resulting in large BrC particles having
a mean diameter of 87 nm (Fig. 2h: solid line). The increase of the BrC
mass concentration and mean mobility diameter can be attributed to the
enhancement of the equivalence ratio with increasing pine wood mass.
Similar trends have been reported for soot nanoparticles produced in
premixed ethylene flames at increasing equivalence ratios (Maricq et al.,
2003). Similar variations of the BrC mobility size distribution with the
wildfire intensity (Wardoyo et al., 2007) and oxygen content (China
et al., 2013) have been observed in field measurements. Combustion of
600 mg of oak wood results in similar mass concentration with that
obtained for pine wood (~450 + 49 mg/m>) and slightly larger BrC
particles with mean diameter of about 99 nm (Fig. S6). The mobility size

distribution of BrC can be controlled well by varying the wood mass and
type and reproduce the size distributions measured for wildfire PM
emissions. For instance, the mobility size distributions measured for BrC
generated by combustion of 300 (Fig. 2h: dot-broken line) and 600 mg
(solid line) are in good agreement with those measured for emissions
from wildfires in Australia (Wardoyo et al., 2007) (squares) and New
Mexico, US (China et al., 2013) (circles), respectively.

Fig. 2i shows the concentration, C, of the carcinogenic PAHs bound
on PMj 5 generated by combustion of 50 (orange open bar), 100 (blue
dotted bar), 300 (green lined bar) and 600 mg (red filled bar) of pine
wood. It should be noted that the PM; 5 presented in Fig. 2i has been
thermally denuded at 300 °C to remove most of the adsorbed volatile
organic species (see discussion in section 3.3). The concentration shown
in Fig. 2i has been obtained by summing up the concentration of PAHs
found in the classification groups 1, 2a and 2b of the Internation Agency
for Research on Cancer. The concentration of these carcinogenic PAHs is
increasing with increasing pine wood mass. Such PAH species have been
measured previously in PMy s emissions from forest fires in Greece
(Tsiodra et al., 2024), Portugal (Vicente et al., 2012), western US
(Verma et al., October 2007) and Canada (Wentworth et al., 2018)
transported to Northeast US (Laurent et al., 2024). In addition to the
carcinogenic PAHs shown in Fig. 2i, large concentrations of retene were
measured also on the PM5 5 sampled from combustion of 50-600 mg of
pine wood (Fig. S7). This is expected, as retene is a standard molecular
marker of wood combustion (Ramdahl, 1983) and has been measured
previously in wildfire smoke (Laurent et al., 2024; Vicente et al., 2012;
Wentworth et al., 2018). Combustion of oak wood results in BrC parti-
cles containing similar concentrations of retene compared to those
measured for BrC from pine wood combustion, but larger concentrations
of carcinogenic PAHs (Fig. S8). In addition to these PAHs, BrC particles
emitted by oak wood combustion contain large concentrations of
oxygenated PAHs (Fig. S8).

Fig. 3a shows the mass absorption cross-section, MACppz2.s,
measured at 405 nm for the PM; 5 fraction of BrC emitted by combustion
of 50 (orange open bar), 100 (blue dotted bar), 300 (green lined bar) and
600 mg (red filled bar) of pine wood. During combustion of 50 mg of
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pine wood at 800 °C, BrC particles with MACpy2 5 = 0.3 £+ 0.08 m?/ g are
emitted, consistent with the MACpy2 5 of 0.27 mz/g obtained for BrC
from pine wood combustion at 400 °C (Moularas et al., 2024). Increasing
the fuel mass from 50 to 600 mg increases the BrC MACpy2.5 to 0.6 +
0.09 m?/g. Combustion of 600 mg of oak wood generates BrC particles
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with MACppy25 = 0.4 £+ 0.07 mz/g (Fig. 3b: red lined bar). The
MACpp25 = 0.3-0.6 mz/g measured here at 405 nm for BrC particles
from pine and oak wood combustion is in good agreement with the MAC
measured for emissions from wildfires in western US (Fig. 3b: yellow
(Carter et al., 2021), light blue (Zeng et al., 2022) and purple (Kleinman
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Fig. 4. Mass concentration and light absorption of size-fractionated BrC partcles. (a, b) Mass concentration, M, of the PMg; (solid bars), PMy 1 55 (open bars) and
PM 5 (lined bars) fractions of BrC emitted by combustion of 50 (orange bars), 100 (blue bars), 300 (green bars) and 600 mg (red bars) of pine (a) and oak (b: purple
bars) wood. (c, d) Mass absorption cross-section, MAC, measured at 405 nm for the PMy ; (solid bars), PMy ;_» 5 (open bars) and PM, 5 (lined bars) fractions of BrC
emitted by combustion of 50 (orange bars), 100 (blue bars), 300 (green bars) and 600 mg (red bars) of pine (c) and oak (d: purple bars) wood. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2020) open bars), Colorado (orange open bar (Washenfelder et al.,
2022)), Alaska (blue open bar (Bali et al., 2024)) and Oregon (green
open bar (Marsavin et al., 2021)). This indicates that the variation of the
wood mass and type could explain, at least to some extent, the large
variation of the BrC light absorption between various wildfire emissions.
It should be noted that the BrC MAC values measured here are smaller
than the MAC = 1.8 m?/g measured recently for wildfire PM
(Chakrabarty et al., 2023). This can be attributed to the large black
carbon or EC content (~20 wt%) of that wildfire PM (Chakrabarty et al.,
2023) that may enhance the measured MAC (Saleh et al., 2014). In
contrast, the BrC measured here contains mostly organic carbon (OC)
and negligible amounts of EC (<0.5 wt%; Table S1) that result in small
MAC.

The OC and EC content of the BrC particles generated here by pine
and oak wood combustion does not vary with the combusted wood mass
or type (Table S1). So, the enhancement of the MACpy2 5 with increasing
pine wood mass cannot be explained by the EC content of the BrC par-
ticles, as previous studies on biomass combustion have suggested (Saleh
et al., 2014). In this regard, the impact of particle size and volatile OC
(VOC) content on the BrC light absorption will be elucidated in section
3.2 and 3.3, respectively, to explain the MACpyz 5 variation between
various combustion conditions.

3.2. Light absorption of size-fractionated BrC particles

In this section, the size-resolved light absorption of BrC particles is
obtained, for the first time to the best of our knowledge. In particular,
Fig. 4a shows the mass concentration of the PM 1, Mpy9,.7, and PMg 1_5 5,
Mppmo.1-2.5, fractions of BrC emitted by combustion of 50 (orange open
bar), 100 (blue dotted bar), 300 (green lined bar) and 600 mg (red filled
bar) of pine wood with air. Combustion of 50 mg of pine wood (open
bars) results in comparable Mpyp ; and Mpy.1-2.5 of about 40 mg/m3.
Increasing the fuel mass up to 600 mg, increases both Mpy ; and
Mppmo.1-2.5. However, the fraction of large BrC particles increases with
increasing fuel mass. For example, the Mpyp, ;-2 5 obtained by combus-
tion of 600 mg of pine or oak (Fig. 4b) is about two times larger than the
Mppp0.1 measured at the same conditions. This is in line with the mass
concentrations of particles with diameter ranging from 10-200 nm
measured by SMPS (Fig. S9).

Fig. 4c shows the mass absorption cross-sections of the PMj 1,
MACpu0.1, and PMg 1_25, MACpuo.1-2.5, fractions of BrC emitted by
combustion of 50 (orange open bar), 100 (blue dotted bar), 300 (green
lined bar) and 600 mg (red filled bar) of pine wood with air. The
MACpp0.1-2.5 measured for BrC from combustion of 50 mg of pine wood
is about five times larger than the MACpyp ; measured at the same
conditions. Increasing the fuel mass enhances both MACpy ; and
MACpp0.1-2.5, but reduces the difference between them. Still, the
MACpp0.1-2.5 measured for BrC from combustion of 600 mg of pine wood
is about two times larger than the MACpyp ; measured at the same
conditions. So, the MAC enhancement with increasing pine wood mass
shown in Fig. 3 can be explained by the emission of large BrC particles
that absorb strongly light. The large BrC particles emitted by oak wood
combustion also absorb more light compared to the smaller ones,
resulting in MACpymo.1 = 0.25 mz/g and MACpppo.1-25 = 0.53 m2/g
(Fig. 4d).

It should be noted that the PMy ; fraction of the BrC generated here
by wood combustion contains more oxygenated surface groups
compared to the PMy; o5 fraction (Singh et al., 2022). Such groups
typically reduce the optical band gap of carbonaceous nanoparticles
(Chen and Wang, 2019) and thus enhance their light absorption
(Kelesidis and Pratsinis, 2019). Despite these surface effects, the
PMy.1-2.5 fraction of BrC exhibits significantly larger light absorption
efficiency compared to the PMj ;. So, the BrC MAC was estimated using
the Mie theory for spheres with diameter, d, = 10-2500 nm and
refractive index, RI = 1.55-0.017i (Fig. S10: solid line) and 1.55-0.006i
(broken line). Regardless of the BrC RI, the MAC of the PMy 1 25 size
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fraction is larger than that of the PMy ;. This indicates that the size
dependence of the BrC light absorption observed here is mostly due to
the Mie resonance. Reducing the imaginary part of the RI by 65 % de-
creases the BrC MAC up to 65 % at a given d,. So, changes of the BrC
chemical composition that alter its RI can explain the MAC variation
between similar PM size fractions generated at different combustion
conditions. The impact of chemical composition is corroborated, to some
extent, by the PAH analysis of the BrC particles generated here. In
particular, the concentration of high molecular weight (252-302 g/mol)
PAHs bound on the PMy; o5 fraction is larger compared to that
measured for the PMy; fraction (Fig. S11). In addition, the concentra-
tion of such high molecular weight PAHs increases with increasing wood
mass (Fig. S12). The enhanced light absorption of single PAHs with large
molecular weight extracted from PM emissions from wood combustion
(Wong et al., 2017) and wildfires (Di Lorenzo et al., 2017; Di Lorenzo
and Young, 2016) has been previously reported. Here, it is shown, for
the first time to the best of our knowledge, that the light absorption
efficiency of BrC containing several PAHs increases with particle size.
Similar MAC variations with particle size have been measured for flame
(Dastanpour et al., 2017) and engine (Corbin et al., 2022) soot.

3.3. Impact of volatile organic carbon on BrC light absorption

In this section, the impact of low molecular weight PAHs identified
here as volatile OC (VOC) on the BrC light absorption is elucidated. Such
VOC coatings can be formed during atmospheric aging of PM originated
from wildfires and its constituent tar balls, as revealed by recent field
studies (Cheng et al., 2024). To this end, the thermal denuding tem-
perature, Ty, is reduced from 300 to 0 °C. This increases the PM; 5 mass
concentration emitted by combustion of 600 mg of pine wood from 450
+ 49 to 1747 + 272 rng/m3 (Fig. 5a). The VOC to total carbon mass
ratio, VOC/TC, can be determined assuming that almost all VOCs are
removed at Ty = 300 °C (Saleh et al., 2018). As T4 decreases from 300 to
0 °C, VOC/TC increases from 0 up to 0.75. Reducing Ty also decreases
MACpp2.5 from 0.6 £+ 0.09 to about 0.35 + 0.08 mz/g (Fig. 5b). This
MACpp2.5 reduction can be attributed to the increase of VOC that mostly
scatters light, exhibits low absorption efficiency (Saleh et al., 2014) and
reduces the overall particle light absorption, as shown previously by
measurements (Schnaiter et al., 2006) and simulations (Kelesidis et al.,
2021) of VOC-containing soot light absorption.

Similar reductions of the MACpp2 5 with increasing VOC content
were obtained for BrC generated by combustion of 50, 100 and 300 mg
using T4 = 0 °C. In particular, BrC particles emitted by combustion of 50
mg of pine wood contained 24 % less VOC compared to those obtained
by combustion of 600 mg (Fig. 6a). Despite their larger VOC content, the
MACpy2.5 of BrC emissions from combustion of 600 mg of pine wood is
more than two times larger compared to that obtained using 50 mg
(Fig. 6b). This indicates that the particle size largely determines the BrC
light absorption even in the presence of VOC.

4. Conclusions

The dynamics of brown carbon (BrC) particles emitted during com-
bustion of pine and oak wood and denuded from volatile organic carbon
(VOCQ) are investigated here using an integrated incineration platform
connected with a variety of real-time PM monitoring and time-
integrated PM sampling instrumentation. This platform enables the
detailed physicochemical characterization of BrC emissions from ther-
mal degradation of wood at well controlled combustion conditions. So,
BrC particles with controlled morphology, size distribution and light
absorption were generated by varying the wood mass and type (pine and
oak) to emulate the physicochemical properties of real wildfire PM
emissions. That way, it is shown that increasing the wood mass from 50
to 600 mg enhances the BrC mass absorption cross-section, MAC. The
BrC MAC measured at 405 nm ranges from 0.3 to 0.6 m?/g, explaining
nicely the MAC variation observed in the field between different wildfire
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PM events.

Most importantly, the light absorption of size-fractionated BrC par-
ticles was quantified, for the first time to the best of our knowledge. This
reveals that the large PMy 1 25 size fraction of BrC contains carcino-
genic, high molecular weight PAHs and absorbs up to five times more
light compared to the small size PMy ; fraction. So, increasing the fuel
mass from 50 to 600 mg increases the PMy ;_» 5 mass concentration and
explains the enhancement of the overall BrC MAC. This is in line with
previous field measurements showing that the concentration of high
molecular weight PAHs exhibiting strong light absorption (Di Lorenzo
and Young, 2016) increases with increasing particle size (Di Lorenzo
et al., 2018).

The impact of VOC on the BrC light absorption is also quantified by
reducing the thermal denuding temperature from 300 to 0 °C. Increasing
the VOC mass concentration up to 75 wt% leads to reduction of BrC MAC
by up to 40 %. In this regard, BrC produced by combustion of 50 mg
contains 35 % less VOC compared to those emitted by combustion of

600 mg, but still absorb 50 % less light. This indicates that the particle
size largely determines the BrC light absorption even in the presence of
VOC.

The above findings highlight the large impact of particle size on the
optical properties of BrC and suggest that measurements of size-
fractionated BrC mass concentration and light absorption are essential
to determine accurately the climate effects of wildfire emissions. In this
regard, the size-resolved BrC MAC derived here can be used to obtain the
absorption function and assist the monitoring of the BrC mass concen-
tration using laser diagnostics (Kelesidis and Pratsinis, 2021). Further-
more, the MAC of the PM ; and PMy 1_» 5 fractions of BrC measured here
can be interfaced with global climate models to quantify the contribu-
tion of wildfire PM to global warming (Kelesidis et al., 2022).
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Appendix A. Supplementary data

Evolution of temperature and total number concentration of brown
carbon (BrC) nanoparticles as a function of time during combustion of
50 - 600 mg of pine wood; Mobility size distributions of BrC particles
emitted by combustion of 50, 100, 300 and 600 mg of pine wood;
Evolution of the absorption coefficient of the PMj 5 fraction of BrC as a
function of time during combustion of 50-600 mg of pine wood; Evo-
lution of the absorption coefficients of the BrC PM5 5 and PM ; fractions
as a function of time during combustion of 600 mg of pine and oak wood;
Time-averaged and instantaneous mass absorption cross-section of the
PMj; fraction of BrC emitted by combustion of 600 mg of pine wood;
Mobility size distribution of BrC emitted by combustion of 600 mg of
pine or oak wood; Concentration of retene bound on the PM, 5 fraction
of BrC emitted by combustion of 50-600 mg of pine wood; Concentration
of retene, carcinogenic and oxygenated PAHs bound on the PM, 5 frac-
tion of BrC emitted by combustion of 600 mg of oak and pine wood,;
Normalized mass concentration as a function of mobility diameter
measured for the BrC emitted by combustion of 50-600 mg of pine wood;
The mass absorption cross-section as a function of the particle diameter
using a refractive index of 1.55-0.017i and 1.55-0.006i. Concentration
of high molecular weight (252-302 g/mol) PAHs along with the MAC of
the PMy ; and PMy 1.2 5 fractions of BrC emitted by combustion of oak
wood; Evolution of the MACpy2 5 as a function of the concentration of
high molecular weight PAHs bound on the PM;, 5 fraction of BrC emitted
by combustion of 50-600 mg of pine wood; Elemental to total carbon
mass ratio of BrC emitted by combustion of various wood types and
masses. Supplementary data to this article can be found online at https
://doi.org/10.1016/j.envint.2025.109626.
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