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hology and drastic viscosity
changes in biomass burning organic aerosol after
hydroxyl radical aging

Nealan G. A. Gerrebos, Lyle P. F. Browning, Sepehr Nikkho,
Evan R. Chartrand, Julia Zaks, Changda Wu and Allan K. Bertram *

Understanding the impact of wildfire-derived biomass burning organic aerosol (BBOA) on air quality,

climate, and atmospheric chemistry requires knowledge of its phase behavior and viscosity – properties

that remain poorly characterized after atmospheric aging. We investigated how hydroxyl radical (OH)

aging affects these properties in BBOA generated from smoldering pine wood. Samples were aged in an

oxidative flow reactor with equivalent atmospheric aging times of 1.3, 5.2, and 8.6 days. Phase behavior

was assessed using optical microscopy, and viscosity was measured using the poke-flow technique.

Across all aging times and relative humidities (0–90% RH), particles consisted of a hydrophilic core and

a hydrophobic shell. Under dry conditions, viscosity increased by 4–5 orders of magnitude with aging,

and the most aged particles became glass-like. Viscosity was strongly RH-dependent. From these

measurements, we estimated mixing times and glass formation in 200 nm particles throughout the

troposphere. Aged BBOA is predicted to remain well mixed in the boundary layer, but in the free

troposphere (∼1–12 km), mixing times often exceed 1 hour and particles are frequently in a glassy state.

These findings have implications for particle growth, evaporation, and ice nucleation, and suggest that

OH aging alone cannot fully explain tar ball formation in the atmosphere.
Environmental signicance

Biomass burning organic aerosol (BBOA), a major category of emissions from wildres, has large impacts on the climate and human health. To accurately
predict these impacts, modelers need to understand BBOA's viscosity and the number of phases. These properties evolve over time as BBOA is “aged” by
reactions with atmospheric oxidants such as OH radicals. We measured the viscosity of BBOA ranging from fresh to over a week old, and found the viscosity
increased by 4–5 orders of magnitude, eventually becoming glass-like under dry conditions, and always contained two separate organic phases. Both of those
ndings are contrary to what most chemical transport models currently assume. This means that in the free troposphere, predictions of BBOA may be
inaccurate.
Introduction

Aerosols are a signicant component of the atmosphere and,
without exception, are found throughout it.1 Biomass burning is
one of the major sources of organic aerosols to the
atmosphere.2–4 Biomass burning directly emits primary organic
aerosol while also emitting volatile organic compounds (VOCs),
which can be oxidized to become less volatile and condense into
secondary organic aerosol (SOA).5 The combination of primary
organic aerosol and SOA from biomass burning is referred to as
biomass burning organic aerosol (BBOA). The production of
BBOA from wildres is expected to rise as forest res increase in
frequency across the world.6–9 This expected increase in BBOA
h Columbia, Vancouver, British Columbia

bc.ca

1270–1281
emissions into the atmosphere increases the importance of
understanding the behaviour of BBOA.

BBOA has broad impacts on human health, the climate, and
stratospheric ozone,10–21 and modeling and predicting BBOA's
impact requires understanding its physical and chemical
properties. Viscosity is one key property needed to understand
the behaviour of BBOA. The viscosity of BBOA inuences its
reactivity by limiting the diffusion rates of reactants involved in
heterogenous chemistry,22–24 which affects the chemical
composition of BBOA over its lifetime in the atmosphere and
thus its hygroscopicity, light-absorbing properties, and
toxicity.25–29 High viscosity also slows the uptake and removal of
semi-volatile organic compounds by BBOA particles, especially
at colder and drier conditions, potentially affecting their growth
and evaporation rates.30 The number of phases present in an
aerosol is another property that inuences its behaviour and
impacts. Understanding the number of phases is important
© 2025 The Author(s). Published by the Royal Society of Chemistry
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because it may affect processes such as chemical reactivity,
optical properties, cloud nucleating ability, and the transport of
gases or other particles within or through the aerosol.31–34

Aer being emitted into the atmosphere, all aerosols
undergo “aging” – a set of chemical and physical changes driven
by processes such as mixing, evaporation, condensation, expo-
sure to sunlight, and reactions with atmospheric components,
particularly oxidants.35,36 The main atmospheric oxidants are
ozone (O3), hydroxyl radicals (OH), and nitrate radicals (NO3).
OH is the dominant oxidant during the day, NO3 becomes
important at night, and O3 is active both day and night.35 This
study focuses specically on aging caused by OH radicals.

Only a few studies have examined how OH aging affects the
viscosity of biomass burning organic aerosol (BBOA). Kiland
et al. investigated the viscosity of SOA formed by OH oxidation
of biomass burning VOCs in an environmental chamber.37 They
showed that the resulting SOA exhibited viscosities higher than
that of tar pitch at relative humidities (RH) below 10%. Xu et al.
measured the volatility of BBOA produced from 12 different
fuels before and aer the equivalent of 1.5 days of atmospheric
OH aging.38 Based on these volatility measurements and
changes in the oxygen-to-carbon ratio (O/C), they estimated
particle viscosity before and aer aging and found increases in
viscosity for biomass burning combustion emissions. Because
the study only examined up to 1.5 days of aging, the effect of
longer-term OH aging remains unknown.

There has been little research into the number of phases
within the organic portion of biomass burning emissions.
Models simulating the microphysics, chemical evolution,
concentration, or radiative properties of wildre smoke typically
assume that BBOA comprises only a single phase.25,39–41 However,
some recent studies have suggested otherwise. In transmission
electron microscopy studies, Jahn et al. found BBOA particles
with two separate organic phases in a core–shell morphology.42

Gregson et al. showed that fresh pine BBOA comprises two
separate organic phases, a polar core and a non-polar shell.32

More recently, we found that eld-sampled BBOA, collected 3 to
12 hours downwind of forest res, also had two phases.43

However, the precise age of the BBOA in that experiment could
not be determined, and the number of organic phases present in
BBOA aer aging for a day or longer is unknown.

To assess the effects of different aging times on the viscosity
and number of phases of BBOA, we generated BBOA from pine
wood under smoldering conditions and then used an oxidative
ow reactor (OFR) to age samples of BBOA for the equivalent of
1.3, 5.2, and 8.6 days of atmospheric aging. Following this, we
measured the aged BBOA's phase behaviour with optical
microscopy and its viscosity with the poke-ow technique.

Experimental
BBOA sample production

BBOA was generated by burning 0.4 g of pine wood in a custom
tube furnace following the design of Kim et al. (Fig. S1).44 The
tube furnace consisted of a glass tube surrounded by a ceramic
ring furnace that wraps around the tube. The pine wood was cut
into 2 mm-by-2 mm pieces and laid along the glass tube so that
© 2025 The Author(s). Published by the Royal Society of Chemistry
there was a continuous line of fuel along the tube for 5 cm. Zero
air (Purge Gas Generator, MTI Puregas) owed at 3 L min−1

through the tube. The ceramic ring furnace was mounted to
a custom track which moved along the length of the tube at
a speed of 1 cm min−1 to ensure constant production of BBOA
throughout the burning. The temperature of the furnace was
400 °C to simulate the smoldering conditions of a forest re and
produce minimal black carbon. During BBOA generation the
output of the tube furnace was connected to a 200 L steel barrel.
Aer all the wood had been burnt, the barrel was disconnected
from the tube furnace and connected to a Potential Aerosol
Mass oxidative ow reactor (PAM-OFR, Aerodyne Research Inc.).
To ensure proper mixing and to prevent settling, a brushless fan
(CG12038H12-IP67, Coolerguys) was placed at the bottom of the
barrel facing upwards and turned on for the whole experiment.
The barrel was electrically grounded to prevent enhanced
deposition of charged BBOA particles on the walls of the barrel.
Oxidative ow reactor

Fig. S2 details the set-up of the oxidative ow reactor. BBOA
samples were pulled from the barrel through the PAM-OFR using
a downstream vacuum pump (Varian, SH-100). The amount of
BBOA introduced was controlled by adjusting the vacuum pump
and the zero air owing into the OFR. Both sets of internal lamps
(185 and 254 nm) were turned on and their voltages changed to
adjust OH exposure. The RH in the OFR was roughly constant at
55–60%. The 185 and 254 nm lamps were always at the same
voltage as each other (Table S1). Aer a particle residence time of
173 s in the chamber, the BBOA owed through an ozone denuder
and was sent to a multi-orice single stage particle impactor
(MOSSI, MSP Corporation), aerosol mass spectrometer (HR-ToF-
AMS, Aerodyne Research Inc.), and scanning mobility particle
sizer consisting of a DifferentialMobility Analyzer (Model 3080, TSI
Inc., sheath gas ow of 1.8 L min−1) and an Ultrane Condensa-
tion Particle counter (model 3776, TSI Inc.) (detection range: 20.2–
947.5 nmdiameter). In the impactor, BBOA particles were collected
on 12 mm glass microscope cover slips (BoliOptics) with a hydro-
phobic coating (Flouropel-800, Cytonix). At the exit of the reactor,
the following gases were measured: ozone (UV-100, Eco Sensors),
CO (48i, Thermo Scientic) and SO2 (43i-TLE, Thermo Scientic).

OH exposure, with units of concentration-time, is a measure
of the concentration of oxidizing species and the length of time
that samples are exposed to these species. OH exposure was
determined by measuring the concentrations of gas tracers
passing through the OFR and monitoring their decay at
different UV lamp voltages. Pseudo rst-order rate kinetics were
then applied to the decays in gas tracer concentration to get the
OH exposure (see SI Section S1 for full details). For gas tracers,
we used CO generated from pine smoldering or pure SO2 gas
(Linde Canada Inc.) (SI Section S1, Fig. S3).

From the OH exposures, we calculated the equivalent
atmospheric age using the following equation:

Equivalent atmospheric age

¼ OH exposure

Average concentration of OH in the atmosphere
(1)
Environ. Sci.: Atmos., 2025, 5, 1270–1281 | 1271
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When calculating the equivalent atmospheric aging, we
assumed an average tropospheric OH concentration of 1.5 ×

106 molecules cm−3.45 Equivalent atmospheric ages used in our
experiments, calculated with the CO gas tracer-derived OH
exposures, were 0 days, 1.3 days, 5.2 days, and 8.6 days, which
are atmospherically relevant based on an average 8 day lifetime
of aerosols in the troposphere.46 The OFR settings used in our
experiments that gave these equivalent atmospheric ages are
given in Table S1.

In the OFR, VOCs from the smoke were oxidized to form low
volatility organic compounds (LVOCs). These LVOCs can: (a)
condense on aerosol particles, (b) condense on the chamber
walls, (c) exit the chamber in the gas phase and later condense
on tubing walls due to the high surface to volume ratio, and (d)
undergo further gas-phase reactions with OH, forming non-
condensable products.47,48 These fates should also apply to
semivolatile organic compounds.49

To assess the fate of LVOCs, we applied the calculations
described in Palm et al. (SI Section S2).48 Based on these
calculations, the dominant reaction pathway of the smoke
under OH exposure in the PAM was LVOCs condensing on
particles, contributing from 75% to 69% for equivalent atmo-
spheric ages of 1.3 days to 8.6 days (Fig. S4). Condensation onto
particles is the dominant fate of LVOCs in the atmosphere.48

Aerosol mass spectrometry

An aerosol mass spectrometer (HR-ToF-AMS, Aerodyne
Research Inc.) was used to measure the mass spectra of BBOA
aer the OFR.50–52 Spectra were collected with a time resolution
of one minute. The vaporizer current was set to 1 A. High-
resolution AMS data were processed using Squirrel v1.66 and
PIKA 1.26 in the Igor Pro soware environment (WaveMetrics).
Elemental ratios were estimated using the Improved Ambient
method using peaks up to m/z 240, which contained 99% of the
mass of all fragments for all samples.53 For each sample, we
report the mean oxygen-to-carbon ratio (O : C), hydrogen-to-
carbon ratio (H : C), and carbon oxidation state
ðOSC; z 2� O : C�H : CÞ(Table S1).54

Phase behavior

Phase behaviour was determined using an optical microscope
(Axiotech 100 HD, Zeiss) and camera (FMA050, Amscope)
coupled to a humidity-controlled cell with RH values between
0% and 90%.55 Pure air was humidied using a bubbler in
a refrigerated bath (NESLAB RTE-140, Thermo Scientic) and
passed through the cell held at 20 °C. RH was calculated from
the cell temperature and dew point temperature.56

Viscosity measurement

Viscosity was measured with the poke-ow method.57,58 The
apparatus is depicted in Fig. S5. The RH was controlled by
adjusting the ows of dry and humidied pure air while the cell
temperature was measured with a thermocouple (HH200A,
Omega) and the dewpoint of the air exiting the cell was
measured with a chilled mirror hygrometer (D-2, General
Eastern).
1272 | Environ. Sci.: Atmos., 2025, 5, 1270–1281
Following equilibration, a ne needle (0.25 mmdiameter with
a tip size <30 mm, 13561-10 Ted Pella) attached to a hydraulic
micromanipulator (MO-202, Narishige) was lowered into the
center of a selected particle to create a circular deformation. The
needle was then quickly withdrawn as a camera (MA1000,
Amscope) tted to an inverted optical microscope (ME1400TC-
INF, Zeiss) was used to record the droplet owing and the hole
closing as the particle returned to its original shape. The time
taken for the area-equivalent diameter of the hole to close by 1

2
was recorded as the experimental ow time, sexp.

To determine the viscosity, each BBOA particle deformed by
the needle was modelled as a half torus geometry using COM-
SOL Multiphysics soware. The modelled time for the hole to
close by 1

2 of its diameter is compared to the sexp for each BBOA
particle; the simulated viscosity is then adjusted from the initial
estimate until the modelled time matches sexp within 5%. The
comparison between the modelled time and sexp was done twice
per particle; once assuming that the surface tension and the slip
length are both large, which produces an upper limit to the
viscosity, and once assuming the opposite, thereby producing
a lower limit to the viscosity (see Table S2 for the parameters
used in the simulations). Two special cases arise in which either
only an upper limit or only a lower limit can be estimated. If the
hole fully closes faster than the camera can capture (2 frames
per second), then the upper bound of the viscosity is assumed to
be the maximum viscosity that would allow for the hole to fully
close in 0.5 s. We assume that the initial hole was the same area
as the tip of the needle, which can be seen when the needle is
fully depressed into the particle and touching the glass slide. On
the other hand, if no movement is observed in >12 hours then it
is assumed that the BBOA owed <0.5 mm (the resolution of the
camera), and the minimum viscosity required for the material
to ow only 0.5 mm is used as the lower bound of viscosity.57

This no-movement case is typically accompanied by cracking or
shattering of the particle upon being poked.

In all the experiments the BBOA contained two phases:
a larger inner phase, surrounded by a thin outer phase (see
Results and discussion: phase behaviour below). In the poke-
ow experiments, the needle pierced only the center of the
particles, creating a hole in the inner phase while leaving the
outer phase undisturbed (Video S1). No movement was
observed in the outer phase during or aer the poke, suggesting
that the measured sexp reects the properties of the inner phase.
Consequently, the viscosity obtained from simulations corre-
sponds to the inner phase. To validate this, we measured the
viscosity of the inner phase of unaged BBOA at 0% RH using
Fluorescence Recovery Aer Photobleaching (FRAP), as detailed
in SI S3. Unlike poke-ow, FRAP enables separate measure-
ments of the viscosity of each phase. However, FRAP is limited
to viscosities#104 Pa s and is not suitable for aged samples with
higher viscosities, which is why it was not the main method
used throughout this paper.

The viscosities obtained from FRAP were within the uncer-
tainty range of the poke-ow results (Fig. S6), conrming that
the poke-ow measurements reect the viscosity of the inner
phase in core–shell BBOA particles. Additionally, aer aging
and under dry conditions, particles oen developed visible
© 2025 The Author(s). Published by the Royal Society of Chemistry
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cracks when poked (as mentioned above and shown below).
These cracks extended from the hole all the way to the outer
edge of the particle, through both the inner and outer phase.
For such cases, we calculated a lower bound on viscosity. Since
it was clear that both phases cracked and did not ow, the
lower-bound viscosity applies to both phases, unlike the results
for particles that owed which can only be interpreted as
applying to the inner phase.

Prior to poking the particles, samples were conditioned to
the surrounding RH for at least 2 hours to allow for water to
diffuse in/out of the particles. For dry particles that cracked and
did not ow aer poking, longer conditioning could not make
a difference because it would only lead to less water content in
the BBOA, and therefore they would still crack. For particles that
owed aer poking and viscosities of 107 Pa s or less, we carried
out a separate set of experiments that showed that longer
conditioning times did not change poke ow results, indicating
that 2 hours is sufficient for these types of particles (SI Section
S3 and Fig. S7).25,59
Results and discussion
Chemical composition of the BBOA

AMS mass spectra of unaged and aged BBOA are shown in
Fig. S8. In all cases, the aerosol was composed of more than
Fig. 1 (A) Carbon oxidation states and oxygen-to-carbon ratios as
measured with an aerosol mass spectrometer, increasing with equiv-
alent atmospheric age in the oxidative flow reactor. Error bars repre-
sent 1 standard deviation. (B) Increase in viscosity with equivalent
atmospheric age. Error bars represent upper and lower limits of
viscosity. Upwards arrows indicate that the upper limit could not be
found and only lower limits are available.

© 2025 The Author(s). Published by the Royal Society of Chemistry
99% organic material. From these spectra, the average OSC and
O/C were calculated (Fig. 1A). Both OSC and O/C increased
substantially between 0 and 1.3 days of aging. Between 1.3 and
5.2 days, the values continued to rise but at a slower rate. From
5.2 to 8.6 days, there was only a very slight increase. These
results (when taken along with SI Section S2 showing that most
LVOCs still condense at high aging times) indicate that most
oxidation occurs within the rst few days of aging.
Phase behavior

All samples showed two phases from 0% to 90% RH, regardless
of the extent of aging (Fig. 2). For all particles, the morphology
appeared as one core phase surrounded by a second outer
phase, although the roundness of particles varied. The outer
phase generally appeared to be thin and did not make up as
much of the total BBOA as the inner phase did. The inner phase
was identied as the hydrophilic/more polar phase because it
grew when the RH was high, showing that it takes up more
water from the atmosphere.

Previous studies suggest that phase separation in organic
aerosols can be driven by polarity differences between phases,
which are oen approximated by differences in their O/C ratios.
Large differences in O/C ($0.47) are thought to promote phase
separation.60–62 Between the unaged and 8.6-day-aged samples,
the average O/C of the whole particles increased from 0.46 to
0.96. However, the O/C values of the individual phases are
unknown. With prolonged aging and oxidation, we expect the
O/C of both phases to increase and eventually converge as the
maximum oxygen content per carbon atom is approached.
Surprisingly, such convergence apparently does not occur even
aer 8.6 days of aging, as the two phases remained distinct.

Although no studies have directly visualized the number of
phases in BBOA aer explicit OH aging, phase separation has
been observed in both unaged and eld-sampled BBOA. Previ-
ously, we studied unaged pine wood BBOA generated using the
same method but with less dilution – likely representative of
BBOA near its source – and observed two phases.32 More
recently, we examined extracts of eld-sampled BBOA collected
3 to 12 hours downwind of forest res and also observed two-
phase BBOA.43 Together, these studies indicate that BBOA can
contain multiple phases, even aer atmospheric aging.

BBOA in the atmosphere and in our OFR consists primarily
of sub-micron particles, while the particles in Fig. 2 are super-
micron droplets formed by many sub-micron particles being
collected in the same area by the impactor. An important
question that remains is whether the two phases observed in
our experiments coexist in single sub-micron BBOA particles, or
if they originate as separate particles that are only combined
aer colliding on the substrate in the impactor; that is, the
degree of internal and external mixing of these two phases in
our experiments is unknown. Some studies on eld-sampled
biomass burning particles have investigated the mixing state
of individual sub-micron particles using scanning transmission
X-ray microscopy with near-edge X-ray absorption ne structure
spectroscopy (STXM-NEXAFS).63–65 These studies conventionally
focus on the broader classes of organic carbon, elemental
Environ. Sci.: Atmos., 2025, 5, 1270–1281 | 1273
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Fig. 2 Phase behaviour of unaged, 1.3, 5.2 and 8.6 days aged BBOA samples across a range of relative humidities (RH). Equivalent atmospheric
ages are shown on the left and RH is shown along the top. White circles in the middle of most of the droplets are caused by reflections of the
overhead microscope lamp, not separate phases.
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carbon, and inorganic aerosols, whereas our analysis herein is
focused on phase separation between two distinct types of
organic carbon. However, if the two phases have different
organic functionality, STXM-NEXAFS may be able to differen-
tiate them. This should be explored in future studies.
Impacts of photochemical aging on viscosity

Examples of particle images before and aer poking under dry
conditions are shown in Fig. 3. For unaged samples, the
recovery time aer poking was approximately 10 seconds. In
contrast, BBOA particles aged for 1.3 equivalent days took over
2.5 hours to recover. Particles aged for 5.2 and 8.6 days showed
no observable recovery even aer nearly 4 hours of monitoring.
These aged samples also exhibited cracks and shard-like
1274 | Environ. Sci.: Atmos., 2025, 5, 1270–1281
fragments aer poking, indicating that the particles shattered
like glass upon impact.

Viscosities were estimated from the recovery times aer
poking. Results for dry conditions are shown in Fig. 1B. For dry
conditions, the viscosity of the unaged sample was 104 Pa s
(comparable to peanut butter). Aer 1.3 days of aging, the
viscosity increased to 107 Pa s, corresponding to a rise of 3
orders of magnitude. Aer 5 days, the viscosity was $3 × 108

Pa s (exceeding that of tar pitch) – a remarkable increase of at
least 4 orders of magnitude compared to unaged BBOA. For
longer aging times, any additional increase could not be
detected, as the viscosity surpassed the upper limit measurable
by the poke-ow technique.

The increase in viscosity with aging under dry conditions can
be explained, at least in part, by the rise in OSC and O/C of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Images taken of unaged, 1.3, 5.2 and 8.6-days aged particles before and after being poked at 0% RH. The top two rows show the recovery
of the hole to 1

4 of its initial area after 11 s (1st row) and 9216 s (2nd row). The bottom two rows show the particles cracking after being poked,
indicating a potential glassy phase. The edges of the holes and cracks caused by the pokes are manually traced in red to increase visibility.
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BBOA material over time (Fig. 1A). As OSC and O/C increase, the
polarity of the molecules in BBOA is expected to rise as well,
leading to stronger intermolecular interactions and higher
viscosity.66–69 The leveling off in OSC and O/C between 5 and 8
days of aging suggests that viscosity may also level off during
this period. This interpretation is consistent with the lower-
bound viscosity estimates for the 5.2- and 8.6-day aged
samples (Fig. 1B).

Previous studies have used high resolution mass spectrom-
etry to relate chemical composition in biogenic SOA to
© 2025 The Author(s). Published by the Royal Society of Chemistry
viscosity.59,70,71 These methods are applicable to BBOA as well,
and will be used in a future study to better elucidate the
mechanisms responsible for aging.

Poke-ow experiments were conducted as a function of RH
(Fig. 4). For all aging cases the viscosity of the inner phase
strongly depended on RH. Take for example the results for 5.2
and 8.6 days of aging. Up to 10% RH, the inner phase viscosities
were $108 Pa s and the particles shattered. However, at
approximately 50% RH the viscosities were #103 Pa s –

a decrease of at least 5 orders of magnitude with a 40% increase
Environ. Sci.: Atmos., 2025, 5, 1270–1281 | 1275
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Fig. 4 Viscosities, measured by poke-flow, of unaged BBOA and BBOA aged for 1.3, 5.2 and 8.6 equivalent days. Upward pointing arrows show
that points are only lower limits of viscosity, due to cracking and a glass-like behavior. Downward pointing arrows show that points are only upper
limits of viscosity, due to the particles having such a low viscosity that closure of the poke hole was faster than the camera rate. Otherwise,
plotted points are themedian values between the upper and lower viscosity estimates returned by themodel (shown as the y-error bars). X-error
bars are due to the uncertainties in the hygrometers used for determining RH. Lines were determined by fitting a mass-based Arrhenius-type
mixing equation for viscosity, using hygroscopicity as a fitting parameter and assuming the viscosity at 100% RH is equivalent to that of water
(10−3 Pa s) (SI Section S5).
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in RH. The slopes of the viscosity versus RH plots in Fig. 4 get
steeper with higher aging times, which shows rising hygro-
scopicity as expected based on the rising OSC and O/C (Fig. 1A).
While the 1.3 day samples were less viscous than the 5.2 and 8.6
day samples under dry conditions, their viscosities are indis-
tinguishable by 40% RH due to the more aged samples' higher
hygroscopicities. The increase of BBOA viscosity due to
OH-aging should be expected to be more impactful in dry parts
of the atmosphere.
Fig. 5 Calculated mixing times as a function of altitude and latitude,
meteorological data, in a 200 nm diameter BBOA particle with (A) no agin
reactor and (C) 8.6 days of equivalent atmospheric aging in the oxidative
shaded with diagonal lines indicate conditions where the BBOA will be gla
the plots have mixing times of less than 0.01 h.

1276 | Environ. Sci.: Atmos., 2025, 5, 1270–1281
In Gregson et al., we showed that the viscosity of the outer
phase is different than that of the inner phase in unaged pine
BBOA.32 While the outer phase's viscosity can not be directly
measured by poke-ow, it is clear that aer 5.2 days and 8.6 days
of equivalent aging the outer phase's viscosity has also increased
to become$ 3× 108 Pa s, because the cracks extend all the way to
the outer edge of the particles (Fig. 3). Comparing to the outer
phase viscosity measured in Gregson et al. (102–103 Pa s), this
could represent a > 5 order of magnitude increase – although it
based on average relative humidity and temperature from MERRA2
g, and (B) 1.3 days of equivalent atmospheric aging in the oxidative flow
flow reactor. Black dotted lines indicate 1 hour mixing times. The areas
ssy, defined as >1012 Pa s, whereas blank white areas at the bottoms of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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must be noted that the BBOA in Gregson et al. was less diluted
before sampling so it should be expected to have a lower viscosity.

Kiland et al. oxidized phenolic VOCs (catechol, syringol and
guaiacol), thought to be similar to those emitted from biomass
burning, in a smog chamber with OH or O3 as proxies for
biomass burning SOA.37,72 Viscosities of the resulting single-
phased particles were measured with the poke ow method.
Our aged BBOA viscosities, especially those of the 5.3 and 8.6
day old samples, closely match the viscosities of all four SOA
proxies made by Kiland et al. (Fig. S9). This is consistent with
the increased viscosity in our experiments being caused, at least
partially, by the formation and mixing of secondary BBOA with
the primary BBOA.

Similarly to our study, Xu et al. found that OFR aging of pine
BBOA increases its viscosity.38 Pine BBOA from aming
combustion was aged for approximately 1.5 equivalent atmo-
spheric days in a PAM-OFR.38 The viscosity of fresh and aged
BBOA was estimated from volatility distributions and O/C
measurements. For dry conditions, their predicted viscosities
were 108 and 1010 Pa s for unaged and 1.3 day aged samples,
respectively (Fig. S9) – a two order of magnitude increase.
Notably, the calculated viscosities for their BBOA both before and
aer aging were higher than ours at comparable ages. A possible
explanation for the difference in viscosity and behaviour is the
differences in burning conditions, because we used lower smol-
dering temperatures while Xu et al. used aming conditions.
Furthermore, our study specically measures the viscosity of the
hydrophilic inner phase only, whereas volatility distribution
calculations assume that the whole particle is one phase.
Conclusions and atmospheric
implications

The presence of two phases in BBOA has important implica-
tions for predicting atmospheric processes relevant to air
quality and climate. For example, a hydrophobic outer phase
can enhance the ability of aerosols to nucleate liquid cloud
droplets.34,73 In another case, if the outer phase is more viscous
than the inner phase, diffusion of species into the inner phase
will be slower compared to a single-phase particle consisting of
only the inner phase material.32,74 Additionally, the equilibrium
partitioning of semivolatile organic compounds depends on the
number of phases: when only a single phase is present, the
activity of semivolatile species within the condensed phase is
lower, shiing equilibrium toward the condensed phase.60,74,75

However, it is possible that BBOA is not internally mixed, and
that the two phases we observed originated in two separate
types of particle that each contain only one phase, only merging
aer sampling. In such a case, some of those effects (slow
diffusion through the shell to reach the core) would not be
observed. It is likely that atmospheric BBOA would have some
mix of particles containing both phases and particles with just
one of the two phases. Future studies should investigate the
organic phase separation in sub-micron BBOA.

The viscosity of BBOA also has important implications for
atmospheric processes. For example, viscosity inuences both
© 2025 The Author(s). Published by the Royal Society of Chemistry
the heterogeneous chemistry and photochemistry of BBOA.
High viscosity slows the diffusion of reactive gases into particles
and the diffusion of unreacted condensed phase compounds to
the particle surface, thereby limiting reaction rates.76–79 It can
also inhibit photodegradation by limiting the mobility of
excited species within the particle.80,81 In the case of BBOA, high
viscosity can extend the atmospheric lifetime of brown carbon
chromophores, allowing them to absorb sunlight and warm the
atmosphere for longer periods.25,32 Similarly, it can prolong the
lifetime of carcinogenic polycyclic aromatic hydrocarbons,
increasing the distance over which they can be
transported.23,82,83

To further put the viscosity results into atmospheric context,
we used our room temperature viscosity results as a function of
RH to calculate viscosity and mixing times as a function of both
RH and temperature following the procedure outlined in
Maclean et al. and Schnitzler et al. (SI Section S5).25,84 We then
combined this information with average RH and temperature
values in the atmosphere to calculate mixing times of organic
molecules within 200 nm BBOA particles as a function of lati-
tude and altitude (Fig. 5). The latitudes and altitudes at which
the BBOA particles were in a glassy state (viscosity > 1012 Pa s)
were also identied from these calculations. Chemical trans-
port models oen assume that organic aerosols are well mixed
and in equilibrium with the gas phase on timescales shorter
than the model time step, which is typically 0.5 to 1 hour in
global models.41,85–88 For unaged BBOA, this assumption is valid
for most latitudes below 6 km, where mixing times are less than
one hour (Fig. 5A). Aer 1.5 and 8.6 days of aging, the well-
mixed assumption holds for most latitudes below approxi-
mately 3 km and 2 km, respectively (Fig. 5B and C).

These results suggest that BBOA, if similar to the material
studied here, will remain well mixed in the planetary boundary
layer (up to roughly 1 km), even aer extended aging. However,
the assumption of well mixed aerosol may not hold in much of
the free troposphere (roughly 1–12 km), particularly for aged
BBOA. Since BBOA plumes can rise above the boundary layer
and enter the free troposphere, the longer mixing times at
higher altitudes are relevant.89–91 Incorporating these effects
into chemical transport models may be important, as long
mixing times can limit the evaporation and condensation of
semivolatile organic compounds, thereby affecting SOA forma-
tion and loss.92,93

Glassy BBOA could also act as an ice nucleating substance in
the atmosphere, modifying the frequency and properties of ice
containing clouds.94–100 Freshly emitted BBOA is predicted to
only be glassy in the highest parts of the troposphere, mainly
above 8 km in altitude (Fig. 5A). Aer 1 day of aging, however,
glassy BBOA is likely to occur as low as 5 or 6 km (Fig. 5B). Aer
8.6 days of aging, BBOA should be glassy above an altitude of
only 4 km in many parts of the troposphere, and 3 km close to
the South Pole (Fig. 5C). The RH and temperature elds used for
Fig. 5 are averaged across seasons and longitude, so there are
likely times of year and regions where glassy BBOA occurs even
lower. Studies are needed on the ice nucleation ability of glassy
BBOA, since not all studies agree on the importance of glassy
organic aerosols to atmospheric ice formation.101
Environ. Sci.: Atmos., 2025, 5, 1270–1281 | 1277
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Tar balls are a well-documented class of particles associated
with biomass burning.102–105 They are highly viscous, carbona-
ceous particles that retain a spherical shape aer collection and
remain stable under electron beam analysis in a vacuum. Their
viscosity is estimated to exceed 109 Pa s, based on their “no
ow” behavior and the fact that they do not coalesce upon
coagulation.106 Observations indicate that tar balls do not take
up water until RH exceeds 75% RH,107 and oen much
higher.108,109 Electron microscope images of tar balls collected
from the atmosphere suggest they can form through aging of
BBOA, within ∼3 hours.104,105,110,111 Aging by OH radicals is
a possible formation mechanism.102 However, while our $ 5.3-
day aged BBOA samples exhibited viscosities similar to tar balls
under dry conditions, their viscosities at 50% RH were much
lower (<103 Pa s), indicating hygroscopicity that is inconsistent
with tar balls. Our results suggest that OH aging, under condi-
tions similar to those used in this study and for the types of
particles examined, cannot fully explain tar ball formation.
Alternative mechanisms include evaporation of volatile BBOA
components during dilution, nighttime aging by NO3 radicals,
or UV aging.71,112–115
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