
 Environmental
Science
  Atmospheres
rsc.li/esatmospheres 

Volume 5
Number 8
August 2025
Pages 859–934

ISSN 2634-3606

COMMUNICATION
Elijah G. Schnitzler et al.
Dependence of black carbon restructuring on the volatility 
of biomass burning organic aerosol coatings at the 
wildland–urban interface



Environmental Science:
Atmospheres

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
13

/2
02

5 
4:

04
:4

7 
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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Dependence of b
Department of Chemistry, Oklahoma State

E-mail: elijah.schnitzler@okstate.edu

† Electronic supplementary informa
https://doi.org/10.1039/d5ea00049a

Cite this: Environ. Sci.: Atmos., 2025, 5,
879

Received 24th April 2025
Accepted 17th June 2025

DOI: 10.1039/d5ea00049a

rsc.li/esatmospheres

© 2025 The Author(s). Published by
lack carbon restructuring on the
volatility of biomass burning organic aerosol
coatings at the wildland–urban interface†

Christian A. Escritt, Katrina L. Betz, Micah R. Miles and Elijah G. Schnitzler *
Environmental signicance

Wildland res are a signicant source of primary organic aerosol, called
biomass burning organic aerosol (BBOA). When this material crosses the
wildland–urban interface (WUI), it can interact with urban black carbon
(BC), uncoated aggregates with fractal, highly branched structures,
emitted largely from diesel engines. Specically, it can partition onto BC,
resulting in restructuring due to surface tension and capillary forces.
Here, we show in saturator–condenser experiments that fresh BBOA from
sources close to the WUI is more effective by volume at restructuring BC
than evaporatively aged BBOA from sources far from the WUI. The
resulting morphologies dictate how the particles will interact with radia-
tion and water vapor, interactions that govern their direct and indirect
effects on climate, respectively.
Biomass burning organic aerosol (BBOA) and black carbon (BC) play

significant roles in climate, via their interactions with light and clouds,

as well as public health. BC in the urban atmosphere, largely emitted

by diesel vehicles, is initially highly branched and fractal, but it can be

restructured upon coating. Urban BC aggregates can be exposed to

the components of BBOA when wildfire plumes cross the wildland–

urban interface (WUI), which may partition to coat the BC. Here, we

investigate the effects of laboratory-generated BBOA from pine on BC

from an inverted diffusion burner. Initially 200 nmBC aggregates were

selected using a differential mobility analyzer (DMA) and exposed to

different volatility fractions of BBOA. These fractions were prepared by

evaporative aging in the laboratory, which mimics evaporative aging

with transport in the atmosphere, to give fresh, moderately aged, and

most aged BBOA. The resulting mobility diameters with and without

removal of the coating were determined using a second DMA. We find

that an exceedingly small coating volume of fresh (i.e., higher volatility)

BBOA causes complete restructuring while a significantly higher

coating volume of most aged (i.e., lower volatility) BBOA is necessary

for this same extent of restructuring. Our results highlight the

importance of evaporative age of BBOA as wildfire plumes are trans-

ported across the WUI into urban environments.
1. Introduction

Black carbon (BC) aggregates affect air quality as well as the
radiative balance of the atmosphere, through interactions with
light and clouds.1 BC aggregates are composed of spherical
primary particles of elemental carbon arranged in highly
branched, fractal morphologies,2,3 which dictate how the
particles interact with light.4,5 BC aggregates may also accu-
mulate coatings that alter these interactions through lensing
effects.6–8 These coatings may induce restructuring of the BC
University, Stillwater, OK 74078, USA.
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the Royal Society of Chemistry
aggregates, resulting in more compact, closely-packed
morphologies.9 Coatings that have been observed to induce
BC restructuring in laboratory experiments include water,10,11

sulphuric acid,12,13 and secondary organic aerosol (SOA) from
a wide range of gaseous precursors: e.g., biogenic isoprene and
a-pinene;14–17 anthropogenic benzene,18 toluene,18,19 ethyl-
benzene,18 and m- and p-xylene;18,20,21 and co-emitted combus-
tion byproducts.22,23 Water is important also for its ability to
plasticize solid organic coatings or deliquesce solid inorganic
coatings, such that the liquied coatings can go on to induce
restructuring.24,25 For some coatings, like water, the mechanism
of restructuring is evaporation of the coating;10,26 for others, the
mechanism of restructuring is a combination of condensation
and evaporation.27–29 Several models of restructuring have been
developed to represent the forces (e.g., capillary and surface
tension) acting on the primary particles in coated BC
aggregates.20,30–32 For initially monodisperse BC, the combina-
tion of restructuring and coating has been observed to result in
signicant absorption enhancement.13,19,33 In the atmosphere,
coated BC aggregates occur across a wide range of morphol-
ogies, differing the amount of BC (i.e., few or many primary
particles), the amount of coating (i.e., thinly or thickly coated),
the compactness of the BC (i.e., branched or closely packed),
and the distribution of the coating on the BC (i.e., centric or
Environ. Sci.: Atmos., 2025, 5, 879–888 | 879
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acentric).34–36 This wide range of morphologies further compli-
cates the physical and optical properties of BC.37,38

BC is an important component of the urban atmosphere,
where it is largely emitted from diesel vehicles.39,40 The initial
morphology of BC from diesel engines has been investigated
and shown to be highly branched.41–43 Branched aggregates
produced from diesel engines in the laboratory have been
shown to be compacted upon coating.44,45 Urban BC has also
been shown to be coated and compacted in the eld.46–48

Nascent, monodisperse BC introduced into an outdoor semi-
permeable chamber, where it was exposed to gaseous species
in two urban atmospheres, also was coated and compacted.33

The occurrence of BC in the urban atmosphere that is initially
largely bare contrasts with BC in wildre plumes that is initially
internally mixed with organic aerosol, called biomass burning
organic aerosol (BBOA),49 which inuences the physical and
optical properties of co-emitted BC across a range of mass
fractions, as described above.50–53 Wildres have been shown to
inuence the organic composition of suspended particles and
deposited lms in the urban environment;54,55 for example,
wildres increase the concentration of polycyclic aromatic
hydrocarbons (PAHs) in the urban atmosphere.55 Several PAHs
have been shown to restructure BC aggregates in the laboratory
as sub-cooled liquids.56 Consequently, when wildre plumes
cross the wildland–urban interface (WUI),57–59 urban BC is
exposed to the components of BBOA, which may alter the
morphology of the BC aggregates. Furthermore, BBOA is
a complex mixture of organic species with wide ranges of
physical and chemical properties,60–62 which may inuence its
interactions with urban BC.

Here, we focus on the following hypotheses: rst, compo-
nents of BBOA will partition to form coatings on nascent, highly
branched BC aggregates and, in turn, induce restructuring to
Fig. 1 Schematic of experimental setups for the (a) generation of BBOA
characterization of BC aggregates. The saturator–condenser apparatus c
collected and conditioned BBOA is placed at the base of the bubbler whil
mobility analyzer; CPC: condensation particle counter.

880 | Environ. Sci.: Atmos., 2025, 5, 879–888
give a more compact, closely-packed morphology; and, second,
the effects of BBOA on BC morphology will depend on the
physical properties of this complex mixture, which change
during transport in the atmosphere. BC was generated using an
inverted diffusion ame, and aggregates with an initial mobility
diameter of 200 nm were selected using a differential mobility
analyzer (DMA). BBOA was generated by thermal degradation of
pine wood in a tube furnace, and lter-collected samples were
conditioned by evaporative aging. Monodisperse BC was
exposed to conditioned BBOA in a saturator–condenser appa-
ratus, and the resulting mobility diameters with and without
thermal denuding weremonitored using a second DMA coupled
to a condensation particle counter (CPC). Our results and their
atmospheric implications are discussed below.
2. Materials and methods
2.1. Generation of BC

BC was generated using a miniature inverted soot generator
(Argonaut) with ethylene as the fuel.63,64 The owrates of
ethylene (Airgas, Ultra High Purity) and air (Airgas, Ultra Zero
Grade) were set to 0.1 and 10 L min−1, respectively, using mass
ow controllers (Sensirion, SFM5500 Series). The owrates
were veried using a bubble-based calibrator (Sensidyne, Gili-
brator 2). As shown in Fig. 1c, a small fraction of the output of
the soot generator, at a owrate of 0.3 L min−1, was directed
through a denuder with a length of 60 cm, consisting of
stainless-steel mesh packed in granular activated carbon
(Sigma-Aldrich, SBHL1410). This sample was then sent through
two diffusion dryers, the rst with a length of 43 cm and the
second (TSI, 3062) with a length of 44 cm, both packed with
indicating silica gel desiccant (Parker, DRP-14-10B). The
conditioned aerosol was then directed to an electrostatic
, (b) evaporative aging of BBOA, and (c) the generation, coating, and
onsists of a glass bubbler in a sand bath on the hot plate, and the filter-
e the hot plate temperature is ramped during coating. DMA: differential

© 2025 The Author(s). Published by the Royal Society of Chemistry
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classier (TSI, 3082), equipped with a 0.0457 cm nozzle
upstream of the inertial impactor, a so X-ray advanced aerosol
neutralizer (TSI, 3088), and a long DMA (TSI, 3081). The sample
and sheath owrates of the DMA were 0.3 and 3 L min−1,
respectively. The DMA voltage was set to select particles with an
electrical mobility diameter of 200 nm.
2.2. Generation and characterization of BBOA

BBOA was generated by thermal degradation, without aming,
of pine wood in a tube furnace (Across International, STF1200),
described previously.65,66 This method is an alternative to
combustion chambers, used for highly realistic burns in some
studies,67–69 and has been used extensively since it allows precise
control of temperature and ow velocity.70–72 A rectangular chip
of pine wood was placed at the center of the 5 cm diameter
quartz tube that is housed in the furnace. The average mass of
pine was about 3.5 g. Air (Airgas, Ultra Zero Grade) was directed
through the quartz tube at a owrate of 1.5 L min−1. The tube
furnace was programmed to increase in temperature from 25 °C
to 400 °C in 15 min. At 350 °C, the generation of BBOA began,
a polycarbonate lter holder (Pall, 1119) was connected to the
inlet, and BBOA was collected onto a pre-weighed 47 mm ber
lter (Pall, Emfab) for about 1 min (see Fig. 1a). The lter-
collected BBOA was then weighed to determine the mass of
BBOA collected on the lter paper and stored in a freezer
(Fisher, Isotemp) at −15 °C for later use in the coating
experiments.

In this study, BBOA was generated for the purpose of coating
BC; before the coating experiments, three categories of BBOA
were prepared, differing in conditioning, i.e., evaporative aging,
and the resulting volatility distribution. In the rst category,
called fresh, BBOA collected on a lter was used without further
conditioning. In the second category, called moderately aged,
BBOA on the same lter aer the previous experiment was
subjected to evaporative conditioning, passing 3 L min−1 of
clean, dry air from a zero-air generator (Aadco, 747-30) over the
lter in a 250 mL glass bubbler, heated to 60 °C, for 48 h (see
Fig. 1b). In the third category, called most aged, BBOA on the
same lter aer the previous two experiments was subjected to
further evaporative conditioning, passing 3 Lmin−1 of clear, dry
air over the lter, heated to 120 °C, for 48 h. The heating was
performed on a hot plate using a sand bath, in which the
bubbler was immersed about 3 cm from the base. Mass losses
with each step of conditioning were determined gravimetrically
using an analytical balance. Three replicates of this sequence of
conditioning were performed.

BBOA was characterized in terms of absorptivity using UV-vis
spectroscopy of bulk solutions of BBOA extracted into meth-
anol. Spectra were measured for three lter-collected samples,
conditioned respectively to give fresh, moderately aged, and
most aged BBOA. Each lter sample was placed in a vial con-
taining 10 mL of methanol (Fisher, >99.8%), and the vial was
placed on a roller mixer for 15 min at 60 rpm. The pre-weighed
lter paper was removed, dried, and weighed to determine the
mass concentration of BBOA in each solution. An aliquot of
each solution was used in a 1 cm quartz cuvette for
© 2025 The Author(s). Published by the Royal Society of Chemistry
spectroscopic measurements via a modular ber-optic-based
spectrometer, which consists of a balanced deuterium-
halogen light source (Ocean Optics, DH-2000-BAL), a cuvette
holder with lenses (Thorlabs, CVH100), and a grating-based
spectrometer (Ocean Insight, Flame-T-UV-vis). The measured
absorbances along with the known mass concentrations of
BBOA in each sample were used to calculate mass absorption
coefficients of the bulk solutions, MACbulk, using the following
equation:

MACbulk ¼ Asolution
10 lnð10Þ
lsolutionCmass

(1)

Here, Asolution10 is the absorbance of the solution at a given
wavelength, lsolution is the pathlength through the cuvette (i.e., 1
cm), and Cmass is the BBOA mass concentration in the solution.
The MACbulk values were not corrected for Mie resonances,
necessary to be applied to suspended particles.73–75
2.3. Characterization of particles upon coating

BC was coated by passing it over the BBOA collected on lters,
which was conditioned as described above. The size-selected BC
was directed through a clean 250 mL glass bubbler with the
selected category of lter-collected BBOA at the bottom (see
Fig. 1c). The owrate through the bubbler was 0.3 L min−1. Like
above, heating was performed using a sand bath. Here, the
temperature was increased incrementally, up to 142 °C for the
most aged, least volatile category of BBOA. Downstream of the
bubbler, which serves as the saturator, the sample was returned
to room temperature before being directed through one of two
paths, alternately. In the rst path, the sample was passed
through a 1.8 m thermal denuder, constructed from 1/400 copper
tubing, as described previously.66,76 The temperature of the
thermal denuder was set to 200 °C. The particles were then
directed to a second DMA, which was equipped the same as the
rst and operated at the same owrates, and a CPC (TSI, 3750).
The sample owrate of the CPC is 1 Lmin−1, so the difference of
0.7 L min−1 was sampled from the laboratory through a particle
lter. In the second path, the sample bypassed the thermal
denuder. In a control experiment, BBOA was also used to coat
spherical monodisperse polystyrene latex particles (Poly-
sciences, 64 000 Series), and sheath owrates of 3, 4.5, and 6
L min−1 on the second DMA gave the same mobility diameters
for coated particles (see Fig. S1†), suggesting that evaporation
between the condenser and DMA was insignicant.
3. Results and discussion
3.1. Evaporative aging of BBOA

The lter-collected BBOA was conditioned by preparatory
evaporation, owing clean, dry air through the lters, to
produce BBOA differing in evaporative aging and, in turn,
volatility and absorptivity. Here, pine was used as the source of
BBOA, as it is common in regions with increasing instances of
wildres (e.g., the northwestern US77) and has previously been
used in laboratory studies of other properties and processes of
BBOA,62,78,79 facilitating integration of our results into a broader
Environ. Sci.: Atmos., 2025, 5, 879–888 | 881
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understanding of BBOA from this source. The mass of fresh
BBOA collected on the lters was 110 ± 10 mg. Aer the rst
step of conditioning, to produce what is here called moderately
aged BBOA, 0.61 ± 0.02 of the fresh BBOA mass remained. Aer
the second step of conditioning, to produce the most aged
BBOA, 0.33 ± 0.04 of the fresh BBOA mass remained. The
fraction remaining for the most aged BBOA closely matches the
largest increment used in recent studies of the effects of evap-
orative aging on the viscosity and absorptivity of BBOA from
hardwood pellets, where this fraction was called PO3 to denote
the volume was reduced by a factor of three from that of the
initial pyrolysis oil.60,80 This preparatory evaporation mimics in
the laboratory the partitioning of BBOA components downwind
of a re,61,81 and is similar to approaches used previously to
simulate evaporative aging.66,82 Increased evaporative aging is
known to result in decreased BBOA volatility, with corre-
sponding changes in composition measured using high-
resolution mass spectrometry coupled to liquid chromatog-
raphy.60,80 The MAC of the remaining BBOA also increased with
evaporative aging, as shown in Fig. 2 for solutions in methanol.
All but 0.9 mg of each sample was soluble in methanol on
average (i.e., over 98% extraction efficiency). At 365 nm, MAC
was 0.26, 0.57, and 0.73 m2 g−1 for fresh, moderately aged, and
most aged BBOA. The mass of the most aged BBOA is precisely
one third that of the fresh, and theMAC at 365 nm of the fresh is
just slightly greater than one third that of the most aged. At
405 nm, MAC was 0.07, 0.18, and 0.32 m2 g−1 for fresh,
moderately aged, and most aged BBOA. The signicant increase
in MAC with evaporative aging indicates that the most volatile
components of BBOA, which partition out of the particle phase,
are much less absorptive than the components that remain in
the particle phase. This observation is consistent with previous
observations for BBOA produced from other fuels, i.e., hard-
wood pellets and eastern red cedar,60,66 supporting the use of the
material produced here as representative BBOA. The variable
absorptivity of BBOA will result in different effects on the optical
properties of BC aggregates upon coating.52,53,83
Fig. 2 Mass absorption coefficients for differently conditioned BBOA
fractions in methanol solutions.

882 | Environ. Sci.: Atmos., 2025, 5, 879–888
3.2. Restructuring of BC upon coating with BBOA

The conditioned BBOA was used to coat BC aggregates, which
were rst selected by size at a mobility diameter of 200 nm from
the polydisperse size distribution characteristic of the burner
and combustion conditions.63 The miniature inverted soot
generator produced a stable size distribution of BC, as shown in
Fig. S2.† We note that the particles selected at 200 nm occur to
the right, i.e., higher mobility diameter, than the geometric
mean diameter. This choice of initial diameter ensures that
singly charged particles are the most abundant, as opposed to
doubly or multiply charged particles with larger dimensions.
These sized particles are also representative of the average-size
BC particles from urban and wildre sources, as well as those
found in pyrocumulonimbus clouds.84 Monodisperse, size-
selected particles were monitored using the second DMA in
combination with the CPC, stepping through voltages and
measuring the resulting number concentration. Representative
size spectra are shown in Fig. S3.† Changes in morphology upon
coating and restructuring were determined by monitoring the
monodisperse particles. Each size spectrum was t to
a lognormal peak. The center of the peak was used to quantify
the change in mobility diameter, and the geometric standard
deviation was used to ensure the particles remained
monodisperse.85,86

A representative coating experiment with the moderately
aged BBOA is shown in Fig. 3b, in terms of the mobility diam-
eters of both denuded (i.e., coated–uncoated) and non-denuded
(i.e., coated) particles as a function of the saturator temperature.
The experiment can be divided into three stages. In the rst
stage, between 20 and 50 °C, the denuded and non-denuded
particles exhibited the same morphology as the initial size-
selected aggregates indicating no restructuring is caused by
thermal denuding. For these saturator temperatures and this
BBOA volatility fraction (i.e., moderately aged), the vapor pres-
sures of the components were too low to result in partitioning
onto the BC. During the second stage, between 50 and 70 °C, the
mobility diameters of both classes of particles began
decreasing. The denuded particles decreased in diameter
throughout this stage, until they approached a plateau for the
nal, fully restructured aggregates, resulting in a sigmoidal
curve. The non-denuded particles (i.e., with coating intact) also
decreased in diameter initially during this stage, demonstrating
that condensation rather than evaporation is driving most of
the restructuring in BBOA-coated BC. This is not the case for all
coatings; for example, water is known to cause signicant
restructuring only upon evaporation, a distinction that may be
attributed to whether a coating effectively wets the BC surface or
not.10 This observation also demonstrates that the BBOA
coating was a liquid. Fresh BBOA has previously been shown to
be liquid.62,66 While evaporative aging is known to increase the
viscosity of BBOA,60,87 attributed to greater mass contributions
of larger, more polarizable molecules (i.e., with stronger van der
Waals interactions), here it was still sufficiently low-viscosity to
restructure the aggregates on the experimental timescale, i.e.,
the residence time between the saturator and the second DMA.
The non-denuded particles followed the trend of the denuded
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representative experiments with (a) fresh, (b) moderately aged,
and (c) most aged BBOA, showing evolution of the mobility diameter
of particles with and without thermal denuding as a function of
increasing saturator temperature, which drives partitioning of BBOA
components onto the BC aggregates. Dashed lines represent the three
distinct regions of the experiments: little to no restructuring, significant
restructuring, and near-complete restructuring of the BC core,
respectively.
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particles until a saturator temperature of about 65 °C, at which
point they diverged, reaching a minimum and beginning to
grow. During the third stage of the experiment, between 70 and
110 °C, the mobility diameter of the denuded particles reached
its plateau, i.e., the aggregates could not restructure further, no
matter howmuch coating material partitioned onto the BC. The
mobility diameter of the non-denuded particles continued
increasing, as more material was added to the coating,
according to the temperature dependence of the vapor pres-
sures of the BBOA components (i.e., governed by the Clausius–
Clapeyron equation).88,89 The elevated saturator temperatures
are not meant to represent atmospherically relevant tempera-
tures but allow us to probe high volume growth factors with
© 2025 The Author(s). Published by the Royal Society of Chemistry
BBOA, much the same way that elevated precursor mixing ratios
allow others to probe high volume growth factors with SOA.18,19
3.3. Dependence of BC restructuring on BBOA volatility

These three stages of evolution are also observed for BC
aggregates coated with fresh and most aged BBOA, but the
temperatures associated with the three stages are different. For
fresh BBOA, the rst stage occurs only at very low temperatures.
Already at 30 °C, sufficient BBOA begins to partition to result in
some restructuring (see Fig. 3a). Again, the trends for denuded
and non-denuded particles overlap, indicating that the
restructuring occurs during condensation rather than evapo-
ration of the coating in the thermal denuder. For most aged
BBOA, the temperature required for restructuring to begin is
about 60 °C (see Fig. 3c). For fresh BBOA, the two series overlap
for the duration of the second stage of restructuring. It is only
when the BC cores are fully restructured, reaching the plateau at
the nal extent of restructuring, that the two series diverge (see
Fig. 3a). In other words, very little coating is required to fully
restructure the BC aggregates for fresh BBOA. For most aged
BBOA, the two datasets diverge halfway through the second
stage of evolution (see Fig. 3c), well before the aggregates are
fully restructured, indicating that the coating required to
induce complete restructuring is higher for this less volatile
fraction of BBOA. During the third stage of the experiments, the
exponential increase in mobility diameter of the fully restruc-
tured aggregates with coating intact is an indication that these
particles were spherical. The fully restructured aggregates
without coating are known to be not quite spherical, with mass-
mobility exponents (see ESI†) of about 2.7–2.8 (i.e., less than the
value of 3 expected for spheres),9,18,45 but in an approximation
they are taken as spherical here, such that their volume may be
estimated from their mobility diameter.

To estimate the volume of coating, we take the difference
between the volume of the coated particles and volume of the
restructured cores, with coating removed, both calculated
according to their respective mobility diameters (see ESI†). This
difference is shown in Fig. S4† for a representative experiment
with the fresh BBOA, the same as depicted in Fig. 3a. The
subtraction of volumes assumes spherical geometries, an
approximation that is only reasonable aer the BC cores
approach their nal diameter, during the third stage of the
coating experiment, described above. Another constraint is that,
at the initial saturator temperature, no BBOA partitioning onto
BC occurs, so the coating volume is zero at 25 °C. Fitting an
exponential function, meant to capture the temperature
dependence of the vapor pressures of the BBOA components, to
these rst and third stages of the coating experiment, we obtain
the curve shown in Fig. S4.† From this t, coating volume at any
temperature can be estimated by interpolation.

When the diameter growth factor of the restructured BC
aggregates without coating is plotted as a function of the
volume growth factor of the aggregates with coating intact (see
ESI†), differences between the BBOA volatility fractions are
further evident. As shown in Fig. 4, fresh BBOA (i.e., without any
evaporative conditioning before the coating experiment)
Environ. Sci.: Atmos., 2025, 5, 879–888 | 883
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Fig. 4 Diameter growth factor of coated-denuded BC aggregates as
a function of volume growth factor of coated particles for differently
conditioned BBOA coatings. Experiments were performed in triplicate,
and the shaded regions depict inter-experiment variance in terms of
one standard deviation. The individual replicate experiments are
shown in Fig. S5.†
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induced signicant restructuring at very low coating volumes.
At a volume growth factor of 1.1 (i.e., when the coating volume is
10% of the initial aggregate volume), the diameter growth factor
was already approaching its nal value of about 0.70. For
moderately aged BBOA, the diameter growth factor at the same
volume growth factor is about 0.75. In other words, at the same
coating volume, this fraction is less effective at restructuring the
BC aggregates than the fresh BBOA. For most aged BBOA, the
same volume growth factor of 1.1 leads to a diameter growth
factor of only 0.85, about halfway between the initially branched
and fully restructured aggregates. To reach the plateau for
completely restructured BC aggregates with most aged BBOA,
the coating volume must approach 100% of the initial aggre-
gates volume, ten times greater than for fresh BBOA.

How can these differences between the volatility fractions of
BBOA in terms of their ability to induce restructuring of BC
aggregates be rationalized? Based on their study of pure liquid
coatings, Chen et al. proposed a single-parameter framework of
soot aggregate restructuring.30 The single parameter, c, is
expressed as follows:

c ¼ lK

Rs

1

z
(2)

where lK is the Kelvin length, Rs is the radius of the spherical
primary particles, and z is the reduced (i.e., dimensionless)
vapor supersaturation of the coating species. In our experi-
ments, the conditions were carefully controlled to give the same
initial aggregate morphology,45 so the value of Rs is expected to
be consistent between experiments. The Kelvin length varies
with the surface tension of the coating species; however, this
effect is smaller than the effect of volatility, through changes in
z.20,30 When c is much less than unity, the coating partitions
uniformly across the surface of the soot aggregates; when c

approaches unity, the coating partitions preferentially into the
junctions between neighbouring primary particles, i.e.,
constituent spherules of the aggregates.30 By volume, coatings
884 | Environ. Sci.: Atmos., 2025, 5, 879–888
following this latter pathway are more effective at inducing
restructuring of BC aggregates. As volatility increases, c

increases, as well. Consequently, pure high-vapor-pressure
coatings (e.g., triethylene glycol and tetradecane) caused
aggregates to restructure to their nal morphology already at
mass growth factors of less than 1.1. In contrast, pure low-
vapor-pressure coatings (e.g., dioctyl sebacate and oleic acid)
caused aggregates to restructure only partially at the same mass
growth factors, a few percent opposed to the nal diameter
growth factor of 0.80 observed for the high-vapor-pressure
coatings. Note the nal extent of restructuring is highly
dependent on the initial morphology of the soot aggregates,
including the size and number of primary particles,45 so it is not
surprising that the nal diameter growth factor in our experi-
ments, about 0.70, is different than those reported in the earlier
study with pure liquid coatings. More importantly, the rela-
tionship between coating volatility and its distribution on the
BC aggregates allows us to rationalize our current results: fresh
BBOA components on average have higher vapor pressures than
evaporatively aged BBOA components, so they partition prefer-
entially in the junctions between primary particles, inducing
complete restructuring with little volume.

4. Atmospheric implications

Our results have broad implications on the interactions
between BBOA from wildland res and BC from urban sources
at the WUI. Each volatility fraction of BBOA induced restruc-
turing of BC aggregates upon partitioning, with the coating
intact, demonstrating that compaction occurs without coating
evaporation. This observation stands in contrast with restruc-
turing induced by water, which requires evaporation,10 and it is
an important feature of the interactions between BBOA and BC,
since many BBOA components, with lower volatilities, would
not be expected to partition from the coated aggregates back
into the gas phase. The restructuring induced by the most aged
BBOA also demonstrates that even the most viscous volatility
fraction acts as a liquid in the internally mixed particles.24,56

Furthermore, the differences observed between the fresh,
moderately aged, and most aged BBOA demonstrate that vola-
tility largely governs the impact of BBOA coatings on BC
aggregate morphology. Fresh BBOA, emitted fromwildres near
the WUI, is most effective at restructuring BC aggregates; i.e.,
coating volumes as little as 10% of the initial BC volume are
sufficient to induce complete restructuring of BC aggregates to
their nal, most closely-packed morphology. As the evaporative
age of BBOA increases, for emissions of wildres at increasing
distances from the WUI, the BBOA becomes less effective at
inducing soot restructuring. For the most aged BBOA investi-
gated here, 33% by mass of the initial BBOA, coating volumes
about 100% of the initial BC volume (i.e., doubling the total
particle volume) are required to induce complete restructuring
of BC aggregates to their nal morphology. Not only is more
coating required, less BBOA (i.e., primary) material is available
to partition upon dilution of the plume of wildre emis-
sions.61,81 This also suggests that BC emitted from wildres is
likely to be promptly restructured as high concentrations of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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fresh BBOA are co-emitted. This dependence on BBOA volatility
can be rationalized in the context of the single-parameter
framework of soot restructuring;30 by volume, less fresh BBOA
is required for complete restructuring because this material
partitions preferentially into the junctions between neigh-
bouring BC primary particles, whereas aged BBOA partitions
more uniformly across the BC aggregate surface. This applica-
tion of the single-parameter framework to complex mixtures of
atmospherically relevant organic species, specically those
emitted from wildland res, further emphasizes the utility of
this framework.30 Other processes, including irradiation and
oxidative aging, may also inuence the volatility of BBOA, so
these may be considered in the future.49,66 As wildres continue
to increase in frequency and severity in many regions,77,90

wildre plumes of BBOA are more likely to interact with urban
BC at the WUI. The morphology of coated BC aggregates
inuences their interactions with solar and terrestrial radiation,
water vapor, and the respiratory tract, so these volatility-
dependent impacts on morphology will inuence the effects
of BC on human health through climate and air quality.
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