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Abstract. Atmospheric aerosol particles play a key role in air pollution, health, and climate. Particles from
biomass burning emissions are an important source of ambient aerosols, have increased over the past few
decades, and are projected to further surge in the future as a result of climate and land use changes. Largely
as a result of the variety of organic fuel materials and combustion types, particles emitted from biomass burning
are often complex mixtures of inorganic and organic materials, with soot, ash, and charcoal having previously
been identified as main particle types being emitted. Despite their importance for climate, their ice nucleation
activities remain insufficiently understood, in particular for charcoal particles, whose ice nucleation activity has
not been reported. Here, we present experiments of the ice nucleation activities of 400 nm size-selected char-
coal particles, derived from the pyrolysis of two different biomass fuels, namely a grass charcoal and a wood
charcoal. We find that the pyrolysis-derived charcoal types investigated do not contribute to ice formation via
immersion freezing in mixed-phase cloud conditions. However, our results reveal considerable heterogeneous
ice nucleation activity of both charcoal types at cirrus temperatures. An inspection of the ice nucleation results
together with dynamic vapor sorption measurements indicates that cirrus ice formation proceeds via pore con-
densation and freezing. We find wood charcoal to be more ice-active than grass charcoal at cirrus temperatures.
We attribute this to the enhanced porosity and water uptake capacity of the wood compared to the grass char-
coal. In support of the results, we found a positive correlation of the ice nucleation activity of the wood charcoal
particles and their chemical composition, specifically the presence of (inorganic) mineral components, based on
single-particle mass spectrometry measurements. Even though correlational in nature, our results corroborate
recent findings that ice-active minerals could largely govern the aerosol—cloud interactions of particles emitted
from biomass burning emissions.
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1 Introduction

Biomass burning emits greenhouse gases and aerosol par-
ticles into the atmosphere. The term “smoke” is generally
used to describe all visible emissions of biomass burning, in-
cluding gases and particulates (Cofer et al., 1997). The car-
bonaceous particulate matter associated with biomass burn-
ing smoke makes up a considerable fraction of the global
aerosol burden (van der Werf et al., 2010; Schill et al., 2020;
Reddy and Boucher, 2004; Andreae and Merlet, 2001). Such
biomass burning aerosols are emitted from a wide range of
processes, including wildfires, residential biomass combus-
tion, and the industrial combustion of biofuels. As a result of
global warming, deforestation, and changes in agricultural
practices, the frequencies and intensities of biomass burning
in the form of wildfires have increased over the past and are
projected to further increase, enhancing the atmospheric bur-
den of biomass-burning-derived particles (Ford et al., 2018;
Moritz et al., 2012; Donovan et al., 2017; Westerling et al.,
2006; Marlon et al., 2008; Holden et al., 2018). Thus, under-
standing the properties and environmental impacts of aerosol
emitted from biomass burning is crucial. Owing to the com-
plexity of the various emission sources that particulate mat-
ter from biomass burning encompasses, the aerosol types can
display a range of different physical and chemical proper-
ties. Major particle types emitted into the atmosphere during
biomass burning include soot, charcoal, and (fly) ash parti-
cles that are formed through different processes and at dif-
ferent stages of the combustion process (Chylek et al., 2015)
and which are referred to as smoke particulates when consid-
ered to be a combined entity (Cofer et al., 1997). Sometimes,
the latter can also contain soil particles lifted into the atmo-
sphere in the case of strong wildfires (e.g., Wagner et al.,
2018).

Soot particles form during the flaming stage of the com-
bustion process in the presence of oxygen-containing air
and at high temperatures, usually above 1000 °C, through
the condensation of gas-phase intermediates (e.g., ben-
zene, acetylene, and polycyclic aromatic hydrocarbons), i.e.,
by gas-to-particle conversion, leading to graphitic carbon
spherules that cluster together into soot aggregates (Glass-
man et al., 2014). Characteristic for these soot particles is
their fractal morphology, water insolubility, and microstruc-
ture, which contains a high refractory graphitic carbon con-
tent (Petzold et al., 2013). This graphitic carbon causes
strong absorption of light in the near-visible spectral re-
gion due to the availability of non-localized electrons be-
tween the graphite layers. In contrast to soot, charcoal par-
ticles are formed from the pyrolysis of the biomass in the ab-
sence of, or limited access to, oxygen and during the smol-
dering stage of the combustion process. Compared to soot
particles, charcoal forms at considerably lower temperatures,
typically below ~600°C. At these temperatures the (or-
ganic) fuel material decomposes, usually at limited air (oxy-
gen) access, but the carbon does not vaporize, leading to in-
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completely oxidized pyrolysis products, including charcoal
particles (Chylek et al., 2015; Andreae and Merlet, 2001).
Thus, considering their origin, charcoal particles are primary
aerosol particles, constituting charred, solid biomass mate-
rial. Charcoal particles often retain the recognizable struc-
ture and morphology of their respective biomass fuel source
(Sharma et al., 2004; Masiello, 2004). This makes their mor-
phology more variable, with charcoal particles often hav-
ing irregularly shaped, platy morphologies compared to the
fractal-like morphology typically observed for soot aggre-
gates. In addition, charcoal particles are generally character-
ized by higher elemental ratios of oxygen-to-carbon (O/C)
and hydrogen-to-carbon (H/C; Hammes et al., 2007; Kim
et al., 2003) compared to soot particles, i.e., a less graphitic
microstructure, conferring a reduced absorbency (reduced
sp2-bonded carbon content causes a lower absorption of ra-
diation; Bond and Bergstrom, 2006) and reduced thermal
and oxidative stability. Thus, overall, atmospheric charcoal
and soot particles have different properties (e.g., Han et al.,
2010). A large fraction of the charcoal resulting from wild-
fires remains on the Earth’s surface. This sedimentary char-
coal is often used in the context of reconstructing the char-
acteristics of past fire and biomass burning (e.g., Adolf et
al., 2018; Marlon et al., 2012). Yet, some entrainment by the
wind erosion of post-burn areas can cause uplift and the at-
mospheric transport of surface charcoal particles, depending
on their size and density (Clark, 1988). More often, the emis-
sion of charcoal particles into the atmosphere occurs as a re-
sult of buoyant thermal convection in strong wildfires that
can result in considerable concentrations of charcoal parti-
cles and the long-range transport of these particles (Tinner et
al., 2006; Clark, 1988).

Another important category of particles often formed dur-
ing biomass burning is ash, which, in contrast to soot, con-
tains only a limited amount of carbon. Ash denotes the solid,
mineral-rich residuals remaining from combustion of organic
substances, i.e., the refractory inorganic material. These non-
combustible constituents often derive from mineral inclu-
sions or heteroatoms (excluding carbon and hydrogen) in the
biomass fuel material, such as, e.g., calcium (Ca), magne-
sium (Mg), and iron (Fe). While (bottom) ash describes the
powdery material remaining on the ground of the burning
site, the term “fine ash” (or sometimes “fly ash”) is more
commonly used in atmospheric science to describe the cor-
responding incombustible components that are emitted into
the atmosphere with the burning emissions (Cofer et al.,
1997). Fly ash particles are also emitted from coal combus-
tion (e.g., Umo et al., 2015). While a previous study has es-
timated that only about 1 % of the total biomass burned re-
sults in airborne charcoal particles (Cofer et al., 1997), other
work has suggested that up to 27 % of fire-derived carbon can
result in charcoal particles (Zimmerman and Mitra, 2017).
Nonetheless, an unambiguous discrimination and separation
of the various particles types from biomass combustion is not
always possible, and interdisciplinary accepted definitions
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are the matter of an ongoing debate (Andreae and Gelencser,
2006; Petzold et al., 2013; Cofer et al., 1997). In addition,
open wildfires are dynamic processes in which the differ-
ent flaming stages, i.e., stages of combustion processes and
pyrolysis, are often present at the same time. Thus, the as-
sociated smoke plumes usually entrain combined emissions
of the different particle types (i.e., smoke particulates). This
is consistent with observations from smoke plumes, includ-
ing organic and inorganic components (Maudlin et al., 2015;
Vassilev et al., 2010, 2012; Posfai et al., 2003; Li et al.,
2003; Adachi et al., 2022). Moreover, previous studies have
also shown that biomass burning particles can contain crys-
talline mineral phases that form during the combustion pro-
cess (Vassilev et al., 2013; Gao et al., 2014) and result from
elements that are present within the fuel, including aluminum
(Al), Ca, potassium (K), Fe, sodium (Na), and silicon (Si;
Currie and Perry, 2007; Vassilev et al., 2010).

It is widely recognized that biomass burning particles have
an important role in many environmental compartments. For
instance, aerosol particles from biomass combustion affect
the carbon cycle and biogeochemical processes when incor-
porated into surface reservoirs (e.g., Santin et al., 2016).
Biomass-burning-derived particles also affect visibility and
contribute to poor air quality, affecting human health (Red-
dington et al., 2015; Chen et al., 2017; Pardo et al., 2020).
Yet, biomass burning particles also play a central role in at-
mospheric processes (Crutzen and Andreae, 1990; Andreae
et al., 1994; Sokolik et al., 2019). For instance, they can
affect the hydrological cycle and climate directly, through
the absorption and scattering of light, and indirectly, when
acting as cloud nuclei, affecting precipitation formation and
cloud microphysical properties, with important ramifications
for the regional and global energy budget (Bond et al., 2013;
Bond and Bergstrom, 2006; Penner et al., 1992; Chylek and
Wong, 1995; Koren et al., 2004; Kaufman and Koren, 2006;
Kaufman and Fraser, 1997; Ditas et al., 2018; Yue et al.,
2022). Despite the surge in the emissions of biomass burn-
ing particles and their importance for climate, their aerosol—
cloud interactions, in particular their ability to act as ice-
nucleating particles (INPs; Vali et al., 2015), remain asso-
ciated with large uncertainties (Bond et al., 2013; Sokolik et
al., 2019).

Several previous field and laboratory studies have re-
ported the ice nucleation properties of particles derived from
biomass burning for conditions relevant for cirrus or mixed-
phase clouds (MPCs; Petters et al., 2009; Jahn et al., 2020;
Jahl et al., 2021; Korhonen et al., 2020; Levin et al., 2016;
McCluskey et al., 2014; Twohy et al., 2010; Chou et al.,
2013; DeMott et al., 2009; Adams et al., 2020; Barry et al.,
2021). For instance, DeMott et al. (2009) performed ice nu-
cleation experiments at cirrus temperatures, i.e., T <235K,
and found that ice formation on 100 nm diameter particles
emitted from combustion of a range of fuel types, includ-
ing rice straw, grass, and wood was, in most cases, indis-
tinguishable from the homogeneous freezing of aqueous-
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solution droplets. Similarly, studies investigating the ice nu-
cleation activity at mixed-phase cloud (MPC) conditions,
i.e., T>235K and relative humidities with respect to wa-
ter (RHy) greater than 100 %, have often found that parti-
cles emitted from biomass combustion have no or negligi-
ble heterogeneous immersion freezing activities within this
temperature regime (e.g., Petters et al., 2009; Adams et al.,
2020; Korhonen et al., 2020). Interestingly, biomass burn-
ing aerosols that formed ice via immersion freezing often
contained inorganic material (McCluskey et al., 2014; Pet-
ters et al., 2009; Jahl et al., 2021; Jahn et al., 2020). For ex-
ample, Petters et al. (2009) investigated the differences be-
tween the fuels that produced and did not produce INPs and
observed that the fuel types producing INPs had, overall, a
higher probability of containing K, nitrite (NO, ), and inor-
ganic material when compared to the fuels that did not show
heterogeneous ice nucleation but only provided correlational
evidence. Similarly, McCluskey et al. (2014) found that the
INPs from two different wildfires were dominated by mineral
or metal oxides, contributing 78 % and 67 %, respectively, to
the total number of INPs analyzed per wildfire event (50-60
individual particles analyzed per event), with a high abun-
dance of Ca and Al being characteristic features of these ice-
active particles. Consistent with these observations, Jahn et
al. (2020) recently attributed the immersion freezing activity
to the inorganic components present within bottom ash parti-
cles produced during biomass burning and biomass burning
aerosol particles sampled during the combustion of grass and
wood fuels. Specifically, Jahn et al. (2020) found crystalline
Ca- and Si-containing mineral phases that were both released
and newly formed during the combustion process to largely
govern the ice nucleation activity of these particles. Simi-
larly, a positive correlation between the presence of SiO»
and Ca and the immersion freezing activity of ash particles
has previously been reported (Grawe et al., 2016, 2018). The
overall conclusions emerging from these studies is that inor-
ganic mineral components are likely important for the ice nu-
cleation activity of biomass burning particles. Nonetheless,
due to the variety of different particle types emitted from
biomass burning and the range of associated physicochem-
ical properties, considerable uncertainty still exists regarding
the ice nucleation activity of biomass burning particles. One
particle type that is often emitted into the atmosphere dur-
ing biomass burning, but whose ice nucleation activity has
received little attention to date, is charcoal particles.

In this study, we investigate the ice nucleation ability of
charcoal particles at temperatures relevant for both cirrus and
MPC regimes in laboratory experiments. We studied submi-
cron charcoal particles derived from the pyrolysis of two dif-
ferent types of biomasses, i.e., wood and grass fuel, in an
attempt to cover different emission sources relevant for at-
mospheric charcoal particles. A suite of auxiliary measure-
ments, including particle water uptake and loss, morphology,
and chemical composition, complement our ice nucleation
data in terms of characterizing the particle physicochemical
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properties and exploring potential links to their ice nucleation
activity.

2 Materials and methods

2.1 Charcoal samples

Charcoal materials were obtained from the University of
Zurich, Switzerland. The samples investigated are from two
different biomass fuel types, including wood and grass char-
coal. The wood charcoal was sourced from the debarked
wood of chestnut trees (Castanea sativa), while the grass
charcoal originated from rice straw (Oryza sativa). Char-
coal particles from the chestnut trees were used as surrogates
for aerosols emitted from the biomass burning of larger tree
species. The Castanea sativa studied here is representative of
forest growth across Europe, where it covers approximately
2.25 x 10® ha (Conedera et al., 2004). By contrast, charcoal
particles from rice straw were used as surrogates for aerosols
emitted from biomass burning in agricultural fields. Rice is
one of the most important crops globally, and the burning
of its straw is commonly practiced in many regions around
the world to remove residues after harvest, or it is used as a
low-cost fuel in heating stoves (Singh et al., 2021).

Both types of charcoal particles were produced by py-
rolysis in a pure-nitrogen atmosphere at a temperature of
450°C, using a commercial furnace (Carbolite Gero GmbH
& Co. KG, Neuhausen, Germany; GERO GLO 11/40) oper-
ated at a nitrogen flow rate of 500 Lh~'. Pyrolysis describes
the thermochemical process in which the biomass is decom-
posed at elevated temperatures within an environment where
oxygen is limited (Lehmann and Joseph, 2015). In contrast to
pyrolysis, combustion describes the thermochemical process
involving the reactions of the biomass with oxygen, where
heat is released (Glassman et al., 2014). Biomass pyrolysis
generally leads to the formation of a range of different com-
pounds, including gaseous (volatile), liquid, and solid prod-
ucts, with the relative distribution of products being mainly
dependent on the pyrolysis conditions (e.g., temperature and
heating rate) and fuel material (Demirbas and Arin, 2002;
Williams and Besler, 1996). Charcoal particles encompass
the solid residue that is formed in a pyrolytic atmosphere.
Any organic material associated with the biomass fuel that
is volatile at the pyrolysis temperature was removed from
the sample by the purge flow during the particle prepara-
tion. The charcoal particles investigated here represent typi-
cal low-temperature charcoals (Hammes et al., 2006). Details
on the production method and a description of the physical
and chemical properties is given elsewhere (Hammes et al.,
2006, 2008). In brief, the O/C and H/C elemental ratios were
found to be identical for wood charcoal and grass charcoal
and were reported to be 0.3 and 0.7, respectively. In addition,
both samples were dominated by aryl functionalities, i.e.,
aromatic carbon (70 %), as found by nuclear magnetic res-
onance spectroscopy, indicating the overall low abundance
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of hydrogen. The specific surface areas were found to be
2.0m? g’1 +10% and 5.9 m? g’1 + 10 %, for the wood and
grass charcoal particles, respectively, as determined by nitro-
gen (N3) adsorption, following the Brunauer—-Emmett—Teller
(BET) method (Brunauer et al., 1938). Hence, the surface ar-
eas of the charcoal particles investigated here are about an
order of magnitude lower compared to other carbon-rich ma-
terials such as, e.g., soot (e.g., Ouf et al., 2019). We note that
these specific surface area values are characteristic for low-
temperature charcoals and that the properties of charcoal par-
ticles can strongly depend on the combustion conditions. For
instance, the specific surface area of charcoal samples has
been shown to increase with increasing maximum pyrolysis
temperature, reaching values of several hundred square me-
ters per gram of particle material for pyrolysis temperatures
higher than those used here (Brown et al., 2006). In addition,
the temperature of biomass burning in, e.g., real wildfires oc-
curs over a range of different temperatures (e.g., Mondal and
Sukumar, 2014). Thus, in the natural environment, biomass
pyrolysis at different temperatures can result in charcoal par-
ticles with different physicochemical properties. As such, at-
mospheric charcoal particles can have different properties to
the particles studied here.

For the ice nucleation experiments, the charcoal samples
were aerosolized using a rotating brush aerosol generator
(RBG; Palas GmbH, model 1000) and passed through a cy-
clone (URG Corporation; model URG-2000-30EHB; 50 %
cutoff diameter ~ 1 um at a flow rate of 16.7Lmin’1), in
order to confine the aerosol size distribution to mostly sub-
micron particles, before entering a 2.7m?> stainless steel
tank (Kanji et al., 2013). After filling the tank with char-
coal aerosol up to a number concentration of approximately
4000-5000 cm ™3, the particles were kept suspended with a
continuously stirring fan mounted at the bottom of the tank.
Particles for the ice nucleation experiments and for aerosol
analysis were directly sampled from the tank, and a make-up
flow of particle-free, high-purity nitrogen was used to keep
the pressure in the tank constant throughout the experiment.

2.2 lce nucleation measurements

Ice nucleation experiments were performed on size-selected
aerosol particles at conditions relevant for both cirrus and
MPCs. An aerosol stream sampled from the stainless-steel
tank was passed through a differential mobility analyzer
(DMA; TSI Incorporated, model 3080; polonium source
aerosol-to-sheath flow ratio of 1:7) to select a quasi-
monodisperse aerosol population with mobility diameters
(dm) of dyn =400nm. The fraction of double-charged par-
ticles at the used flow conditions was approximately 15 %
(dm = 699 nm, Wiedensohler, 1988).
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2.2.1 HINC measurements (cirrus temperature regime)

Ice nucleation experiments in the cirrus temperature regime
were performed using the horizontal ice nucleation chamber
(HINC), which is described in detail elsewhere (Lacher et
al., 2017). Briefly, in HINC, two ice-coated, horizontally ori-
ented copper plates are separately cooled to different temper-
atures by individual recirculating coolers, achieving a tem-
perature control along each of the continuous flow diffusion
chamber (CFDC) walls of + 0.1 K, corresponding to the ther-
mocouple uncertainty. By setting the two walls of HINC to
different sub-zero temperatures, a linear temperature gradi-
ent is established across the vertical extent of the ice cham-
ber. This results in a nonlinear water vapor supersaturation
profile across the vertical extent of the chamber, due to the
nonlinear relation between temperature and saturation wa-
ter vapor pressure, as described by the Clausius—Clapeyron
equation (e.g., Lohmann et al., 2016). The aerosol particles
are assumed to be mostly transported through the CFDC
within the so-called aerosol lamina at the center of the cham-
ber. The thickness (vertical extent) of the aerosol lamina is
constrained by the ratio of a particle-free nitrogen sheath flow
and the aerosol sample flow. For the experiments presented
here, aerosol-to-sheath flow ratios between approximately
1:10and 1 : 12 were used. The vertical extent of the aerosol
lamina decreases with decreasing values for the aerosol-to-
sheath flow ratio. The vertical extent of the aerosol lamina
controls the portion of the supersaturation profile that can be
experienced by the particles within HINC, i.e., it governs the
variations in 7 and RH that the particles are exposed to. The
RH conditions across the aerosol lamina at the center of the
HINC chamber were calculated from the linear temperature
profile between the two horizontal chamber walls, as per the
parametrization given by Murphy and Koop (2005), and a
maximum temperature uncertainty in either CFDC wall of
0.1 K, assuming a lower limit for the aerosol-to-sheath flow
ratio of 1 : 10. This translates to an upper limit uncertainty in
the relative humidity (RH), with respect to water (RHy,) and
with respect to ice (RH;), of approximately £3 % and 5 %,
respectively, at 7 = 218 K. At the same center temperature,
and for a center RHy, = 105 %, i.e., when the temperature
gradient between the two walls is largest, the 7" variation
across the aerosol lamina is approximately 1.1 K, again as-
suming an aerosol-to-sheath flow ratio of 1 : 10. These maxi-
mum RH and T uncertainties are conservative estimates and
decrease for ice nucleation experiments at higher tempera-
tures, as detailed elsewhere (e.g., Appendix D2 of Mahrt et
al., 2018). The particle residence time (7) within HINC can
be varied by adjusting the position of a movable aerosol in-
jector. Here, the position was fixed for all our experiments,
corresponding to an average residence time of approximately
10 s for the temperature range investigated. Ice nucleation ex-
periments in HINC were conducted as RH scans, where the
RH is slowly increased (<3 % RH; min~!) at a fixed center
temperature by increasing the temperature gradient between
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the two walls. The number of aerosol particles that act as
INPs and form macroscopic ice crystal (njc) at a given RH
are detected at the exit of HINC. By dividing n;c. by the to-
tal number concentration of aerosol particles entering HINC,
niot, We calculate the activated fraction (AF) of charcoal par-
ticles given as follows:

AF = e (1)

Ntot

For all HINC experiments reported here, njce is given by the
number of particles with diameters larger than 1 um, as de-
tected by an optical particle counter (OPC; model GT-526S;
Met One Instruments, Inc., Grants Pass, OR, USA) at the exit
of HINC. Given that the HINC experiments were all per-
formed at 7 < 233K, i.e., below the homogeneous ice nu-
cleation temperature of pure water droplets, all particles con-
siderably larger than that of the size-selected aerosols par-
ticles must be ice particles. Theoretical growth calculations
that have assumed the pure diffusional growth of idealized
spherical particles, using a conservative deposition coeffi-
cient of 0.1, suggest that ice particles grow to diameters be-
yond 1 um within the residence time of HINC (~ 10s) for a
wide range of temperature and relative humidity conditions,
as detailed in our earlier work (Mahrt et al., 2018). Given
the similar temperature and relative humidity conditions used
in our experiments herein, we expect the formation of suffi-
ciently large ice particles to be detected by the OPC. Concur-
rently, the decrease in the ice particle size due to sublimation
or melting during the transition from the exit of HINC to the
OPC is assumed to be negligible, given the short transit time
(< 1074 s). The value of ny, was determined by a condensa-
tion particle counter (CPC; TSI Incorporated; model 3776)
operating in a low-flow mode (0.3 Lmin~"!), in parallel to
HINC, and taking the dilution factor due to the aerosol-to-
sheath flow into account. Uncertainty in the AF is 14 %, re-
sulting from the propagated counting uncertainties of 10 %
from each the OPC and the CPC. Each AF curve is corrected
for background counts from, e.g., chamber internal frost par-
ticles, by measuring the AF for particle-filtered air at the start
and target RH of each RH scan for a period of 5 min and lin-
early interpolating the background OPC counts for the RH
range in between. All AF curves reported are averages of
two to three independent RH scans. In HINC, ice nucleation
experiments were performed at 218 < T' < 233 K, which are
relevant temperatures for cirrus cloud formation.

2.2.2 IMCA-ZINC measurements (MPC temperature

regime)

Immersion-freezing-mode experiments at 7>230K were
performed using a combination of the Zurich ice nucleation
chamber (ZINC; Stetzer et al., 2008; Welti et al., 2009) and
its vertical extension, the immersion mode cooling chamber
(IMCA; Liiond et al., 2010). The experimental setup has been
described in detail previously (Liiond et al., 2010; Welti et
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al., 2012). In short, the particles are first activated into cloud
droplets in IMCA at T = 313 K. High supersaturation with
respect to water of approximately 20 % at the top part of
IMCA ensures cloud droplet activation of all particles, so that
each aerosol particle becomes immersed into a single cloud
droplet. As the particles flow through IMCA, the droplets,
each with a single charcoal particle immersed, are continu-
ously cooled to the experimental (aerosol lamina) tempera-
ture of ZINC, lowering the supersaturation to a value slightly
above water saturation, in order to avoid the evaporation of
the droplets upon reaching the supercooled regions of ZINC.
In ZINC, a vertical CFDC with parallel-plate design, the
droplets are exposed to freezing temperatures between ap-
proximately 230 and 255 K. Immersion freezing experiments
were performed using so-called T scans, where the RHy, is
fixed to value of 104 %, and the temperature is decreased in
2 K increments, from low to high values. At each temperature
increment, the AF is used to determine the fraction of frozen
droplets at the end of ZINC, which is given by the following:

Mice
AFMcA-zINe =

(@)

ice + Rdroplets

Here, njce and ngroplets define the number concentration of
ice crystals and cloud droplets, respectively, formed within
IMCA-ZINC and detected with an OPC (LIGHTHOUSE;
Remote 5104) at the exit of the ZINC chamber. The un-
certainty in AF results from a counting uncertainty of 10 %
from both the OPC and the CPC, resulting in a 14 % rel-
ative error. The initial particle number concentration enter-
ing IMCA-ZINC was recorded by a CPC (TSI Incorporated;
model 3787) operated in parallel. In the case of IMCA-
ZINC experiments, njc. denotes the number of particles with
dp>2um, as determined by the OPC. All AF curves are an
average of three individual experimental runs and corrected
for background counts determined from sampling particle-
free air for a duration of 3 min at each temperature of the T
scan. The temperature uncertainty in IMCA-ZINC measure-
ments was £ 0.1 K, translating to a maximum uncertainty in
RHy, (RH;) of approximately 3 % (5 %) at 218 K. The aver-
age particle residence time within ZINC was t &~ 10s over
the temperature range investigated here.

2.3 Auxiliary measurements for sample characterization
2.3.1 Transmission electron microscopy measurements

Aerosol particles from each sample were collected for trans-
mission electron microscopy (TEM) analysis. Polydisperse
aerosol particles were sampled from the stainless-steel tank
and impacted on standard Cu-TEM grids with a continuous
carbon film and 400 lines per inch mesh (Quantifoil Mi-
cro Tools GmbH, GroBlobichau, Germany). Particles were
collected using the Zurich electron microscope impactor
(ZEMI; Mahrt et al., 2018), a rotating drum impactor allow-
ing for the individual control of the sample flow rate, sample
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time, and impaction distance. Collected particles were ana-
lyzed using a TEM JEOL JEM-1400 microscope (JEOL Ltd.,
Tokyo, Japan) equipped with a LaB6 (lanthanhexaborid) fil-
ament and operating at 120kV.

2.3.2 Water vapor sorption measurements

Particle hygroscopicity was characterized by dynamic vapor
sorption (DVS; Advantage ET 1; Surface Measurement Sys-
tems Ltd., London, UK). DVS gravimetrically measures the
amount of water being taken up by the bulk sample by de-
termining the relative mass change, Am, between the sample
under dry conditions (RHy = 0%) and at each RH,, value
during a DVS scan. The DVS instrument has a weighting
precision of 0.1pg, and the absolute uncertainty in RHy,
amounts to +0.5%. The flow rate through the DVS was
200mL min~! of high purity N, (5.0 grade) for our ex-
periments, and the RH was controlled by humidifying the
N, flow with Milli-Q water . The bulk sample water up-
take and loss were determined at 298 K by measuring the
adsorption and desorption isotherms in 5% and 3 % RH,,
steps in the range of 0 %—80 % and 80 %—98 %, respectively.
The value of Am was determined at each RH,, step after
quasi-equilibrium was reached, which was defined as a mass
change rate below 0.0005 % min~! over a period of 10 min.
If this criterion was not met, then the mass that was reached
after a maximum period of 1000 min at a given RHy, step was
used instead to calculate the amount of water that was taken
up during quasi-equilibrium. Prior to the DVS analysis, each
sample was dried directly within the DVS sample chamber
at a temperature of 298 K and over a period of 1000 min, in
order to outgas any pre-adsorbed water, followed by a full
sorption cycle, starting with the adsorption and subsequently
the desorption measurements.

2.3.3 Chemical characterization

The chemical composition of the particles was analyzed us-
ing single-particle aerosol mass spectrometry. Specifically,
we employed an aerosol time-of-flight mass spectrometer
(ATOFMS; model 3800; TSI Incorporated) to obtain the
chemical composition of individual aerosol particles as a
function of the particle size. A detailed description of the
ATOFMS can be found elsewhere (Gard et al., 1997; Noble
and Prather, 1996; Prather et al., 1994). In brief, aerosols are
sampled into the instrument through a critical orifice. Down-
stream of the orifice, an aerodynamic focusing lens (AFL),
inertially focuses the particles, which exit the AFL through
an acceleration nozzle, controlling the supersonic expansion
of the particle loaded air and causing a size-dependent ac-
celeration of the aerosols. Particle velocity is determined
from light-scattering pulses by measuring the transit time be-
tween two diode-pumped, solid-state continuous wave laser
beams operating at a wavelength of A = 405 nm (Livermore
Instruments Inc., model FMXL405). The vacuum aerody-
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namic particle diameter, dy,, is calculated from the mea-
sured velocity using a calibration curve obtained when us-
ing polystyrene latex spheres of known size and density. In
the mass spectrometry source region, a pulsed ultraviolet
neodymium-doped yttrium aluminum garnet (Nd: YAG) laser
(Big Sky Laser Technologies Inc., now trading as Quantel
USA; Ultra Series 230), with a wavelength of A = 266 nm is
used to ionize the particles. The ATOFMS employs a laser
ablation ionization technique, which allows the detection of
refractory aerosol components within the charcoal particles.
The beam diameter of the Nd: YAG laser used was ~ 2.4 mm,
and the energy of the pulse can be varied, enabling some
control over the fragmentation of the analyte. Here, a typical
pulse energy of about 1 mJ was used in order to allow for a
more complete ionization of the particles. Positive and nega-
tive ions are detected simultaneously, using a dual-reflectron
time-of-flight mass spectrometer.

The mass calibration of the time-of-flight signal was ob-
tained from analyzing the particles of a known chemical
composition prior to the experiments. Single-particle mass
spectra from the ATOFMS were imported into the TSI
firmware MS Analyze, where basic analysis, i.e., mass and
size calibrations were applied to the data sets. For the evalu-
ation of the single-particle mass spectral data, the calibrated
data sets were then imported and processed within the flexi-
ble analysis toolkit for the exploration of single-particle mass
spectrometer data (FATES; Sultana et al., 2017a). FATES in-
cludes different features for ATOFMS data postprocessing,
such as sorting the mass into groups, or converting the mass
spectra into spectra with unit mass resolution (i.e., stick spec-
tra), which is achieved by integrating the ion signal peak
width around integer mass-to-charge (m/z) values or calcu-
lating the average spectra for a given set of single-particle
spectra. Here, we report the average mass spectra in terms
of relative peak area and focus on the analysis of the aver-
aged stick spectra of each charcoal type, examining these
with respect to the presence of marker peaks. We note that
different ions can result in the same m/z ratio, and here a
peak assignment is informed by a comparison with the liter-
ature data, where different particles types of a known com-
position with instruments that use a A =266 nm Nd:YAG
laser for aerosol particle ablation and ionization, including
other (commercial) ATOFMS instruments and, for example,
the ALABAMA and the SPASS mass spectrometers (Brands
et al., 2011; Erdmann et al., 2005). The particle analysis by
the ATOFMS was achieved by directly sampling from the
stainless-steel aerosol tank, which is similar to the ice nucle-
ation measurements but using polydisperse aerosol. The ob-
jective of our ATOFMS analysis was to gain information on
the average chemical composition of the two charcoal types
studied here that could help to elucidate their ice nucleation
activities. In addition, by employing a single-particle mass
spectrometer, the degree of heterogeneity in the chemical
composition within a given charcoal type (aerosol popula-
tion) can be assessed. This is important for complex aerosols
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such as biomass burning particles, which often contain vari-
able amounts of organic carbon, elemental carbon, and inor-
ganic material. A total of 11135 and 12357 single-particle
mass spectra were obtained for grass charcoal and wood
charcoal, respectively.

3 Results and discussion

3.1 lce nucleation ability

Figure 1 shows the AF of wood and grass charcoal as a func-
tion of temperature (230-255K) relevant for MPC condi-
tions, as obtained from the IMCA-ZINC experiments. The
400 nm diameter wood charcoal and grass charcoal parti-
cles showed a similar ice nucleation activity in this range,
with the AF curves overlapping for both samples within ex-
perimental uncertainties, revealing a low immersion freez-
ing ability overall. Specifically, values of AF < 0.1 were ob-
served at 7>237 K for both wood charcoal and grass char-
coal particles. At T <237 K, the AF increased, reaching val-
ues of around 0.59 and 0.66 for wood charcoal and grass
charcoal particles, respectively, at T = 235K, i.e., at the ho-
mogeneous ice nucleation temperature (HNT) of small pure
water droplets. We indicate the homogeneous freezing condi-
tions in Fig. 1 with the gray shading, using the parametriza-
tion of Earle et al. (2010). As the temperature in ZINC was
further decreased below the HNT, the AF for both charcoal
types increased, reaching maximum values of up to ~ 0.96 at
T = 231 K. We note that particles leaving the aerosol lamina
within ZINC, outside of which they are exposed to different
conditions of 7 and RH, can cause AF values below unity
(DeMott et al., 2015; Garimella et al., 2017). The sharp in-
crease in AF below temperatures of 237 K likely results from
homogeneous freezing of soluble organic or inorganic ma-
terial associated with the charcoal particles. Given that the
maximum temperature during pyrolysis of the initial biomass
material was 450 °C, most of the organics should have vapor-
ized (Stratakis and Stamatelos, 2003) and carried away with
the N» purge flow during pyrolysis. Hence, the increase in AF
observed in our freezing experiments is likely caused by sol-
uble inorganic material. This is further corroborated by the
mass spectral signatures obtained from our ATOFMS sam-
pling discussed below. Overall, we conclude from our exper-
iments shown in Fig. 1 that the charcoal particles investigated
here are poor immersion mode INPs.

At first sight, our results appear in contrast to those of
earlier studies that reported the appreciable immersion freez-
ing activity of biomass burning particles, as discussed above.
One way to reconcile the results reported here with those of
previous studies is by considering the particle surface area
per droplet used to study the immersion freezing activity of
biomass burning particles that catalyzes their heterogeneous
freezing activities. By accounting for the particles surface
area, the AF values observed in our experiments can be nor-
malized, and values of ice-active surface site density, n5 (e.g.,
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Figure 1. Mean activated fraction (AF) of dy =400 nm charcoal
particles as a function of temperature, as determined with IMCA-
ZINC. The gray shaded region indicates homogeneous freezing
conditions based on Earle et al. (2010). Error bars denote the un-
certainty in the activated fraction due to particle counts of the CPC
and OPC. Also shown are freezing data for 200 nm ammonium sul-
fate particles from Hoyle et al. (2011) for reference.

Vali, 2014), can be determined for our experiments. The ng
values of our experiments can then be directly compared to
those of previous studies, with larger ng values of a sample
and at a given temperature, indicating higher (heterogeneous)
ice nucleation activities. We note that the normalization to the
surface area and comparisons among different studies only
works under the assumption that the particle composition
does not change with particle size. Nonetheless, the idea that
an atmospherically relevant amount of particle surface area is
present per droplet is an important parameter for evaluating
ice nucleation. This is because the presence of large particles
and large surface areas in a chemically inhomogeneous sam-
ple can trigger ice nucleation that would otherwise be absent
in submicron aerosol particles in the submicron range that
are typically present in cloud droplets.

Assuming spherical particle geometry for our particles,
one 400nm charcoal particle immersed in a single droplet
has a surface area of ~0.5um?. This value likely denotes
an underestimation of the (true) particle surface area due to
the complex morphology of the charcoal aerosols. Instead,
a more realistic surface area value can be estimated by us-
ing the N»-based BET-specific surface area of the charcoal
types reported in Hammes et al. (2006; 2.0m? g~! for wood
charcoal, 5.9m? g~! for grass charcoal), together with typ-
ical charcoal particle densities of 0.75gcm™3 (Sander and
Gee, 1990). Using these values and again assuming particle
sphericity, we estimate surface areas of ~ 50 and 140 um?
for a 400 nm diameter wood and grass charcoal particle, re-
spectively. The surface area values of 50 and 140 um? to-
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gether with the measured AF translate into ng values of ~ 10
to 80cm~2 at T = 244 K, which can be compared to those
reported by other studies. We note that previous studies that
have found biomass burning particles to be efficient immer-
sion freezing nuclei were mostly performed on polydisperse
combustion aerosol populations or by using droplets in cold
stage techniques. In such cases, each droplet can contain
multiple biomass burning particles. Thus, the particle (or
INP) surface area per droplet is considerably larger in such
cases, increasing the freezing probability compared to our
measurements. As an example, Jahn et al. (2020) reported ng
values of approximately 8.10 cm™? for their most ice-active
ash sample tested and at their lowest temperature investigated
of T =244K (see their Fig. 1b), which is several orders
of magnitude higher than the ng values of our experiments
at the same temperature (~ 10 to 80 cm~2 at T =244 K).
This comparison illustrates that the surface area of charcoal
particles per droplet in our experiments was likely insuffi-
cient to catalyze immersion freezing. Therefore, we conclude
that biomass burning particles with properties (composition
and surface area) similar to the pyrolysis-derived charcoal
types studied here can likely not compete with the immersion
freezing abilities of other atmospheric aerosol particles, such
as mineral dust (e.g., Murray et al., 2012). In addition, we
acknowledge that different physiochemical properties of the
pyrolysis-derived charcoal particle types studied here com-
pared to combustion-derived biomass burning particles in-
vestigated in other studies can further contribute to differ-
ences in observed ice nucleation activities.

Although the 400 nm diameter charcoal particles showed
negligible immersion freezing activity, they revealed an en-
hanced ice nucleation ability at temperatures below the HNT.
In Fig. 2, we show the complete AF curves for the differ-
ent cirrus temperatures investigated here, as obtained from
our RH scans performed in HINC. At T <233 K, the char-
coal particles showed a considerable ice nucleation activity
for RH < RHpom, where RHypom denotes conditions for ho-
mogeneous freezing of aqueous solution droplets (indicated
by the black dashed lines in Fig. 2). In addition, we observed
different ice nucleation activities between the grass charcoal
and the wood charcoal particles, with the latter being overall
more ice-active at the cirrus temperatures investigated. As an
illustration, the ice nucleation onset (corresponding to con-
ditions where a value of AF = 1072 is reached) at 218 K was
as low as RHy =78 % (130 % RH;) for the wood charcoal
particles, but for the grass charcoal particles, the onset was
observed around 83 % (138.5 % RHj). We discuss these ob-
served differences in more detail, deriving support from the
auxiliary measurements.

As far as the ice nucleation activity of the charcoal parti-
cles in the cirrus temperature regime is concerned, we inter-
pret this to result from a pore condensation freezing mecha-
nism (PCF; Christenson, 2013; David et al., 2019; Fukuta,
1966; Higuchi and Fukuta, 1966; Koop, 2017; Marcolli,
2014). During PCF, water is taken up into pores and cracks
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Figure 2. Mean activated fraction (AF) as a function of RHy, of the different size-selected charcoal particles (dm = 400 nm), as determined
from relative humidity scans in HINC for the cirrus regime temperatures of (a) 233 K, (b) 228 K, (¢) 223 K, and (d) 218 K. The black dashed
lines represent the expected homogeneous freezing conditions, according to Koop et al. (2000), and the gray shaded regions indicate the
calculated RHy, variation across the aerosol lamina in HINC (Mahrt et al., 2018). Uncertainties are only given for every fifth data point for

clarity.

available on the charcoal particles below water saturation, by
capillary condensation, due to the lower-equilibrium vapor
pressure in confined spaces, compared to bulk liquid water
(Kelvin effect; e.g., Marcolli, 2014; Fisher et al., 1981). At
T <HNT this pore water can freeze homogeneously. Once
formed, the microscopic pore ice can grow out of the pore
to form macroscopic ice crystals (David et al., 2019; Koop,
2017), which can be detected in our cirrus temperature ex-
periments with the OPC. An ice formation mechanism on
charcoal via PCF is consistent with recent studies report-
ing PCF as the dominant ice formation mechanism for other
combustion particle types including ash (Umo et al., 2019;
Kilchhofer et al., 2021) and soot (Mabhrt et al., 2018; Nich-
man et al., 2019; Jantsch and Koop, 2021; Marcolli et al.,
2021; Gao et al., 2022a). Ice formation via PCF is strongly
determined by the aerosol physicochemical properties (Mar-
colli et al., 2021; David et al., 2020). For instance, the study
by David et al. (2020) showed that when investigating differ-
ent synthetic silica particles with well-defined pore diameter
and varying their surface functional groups to mimic differ-
ent contact angles, during PCF, the pore filling with liquid
water and ice growth out of the pore is largely controlled by
the pore size and the contact angle between water or ice and
the particle surface (making up the pore wall material). Ad-
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ditional RH scans performed with HINC at temperatures of
243 and 238 K (see Fig. A1) confirmed the absence of ice for-
mation below water saturation for 7> HNT. Such a distinct
increase in the ice formation ability at 7 < HNT cannot be
explained by a classical nucleation theory assuming ice for-
mation via deposition nucleation, where a liquid water phase
is absent (Welti et al., 2014). Thus, the marked dependence
of ice formation on HNT suggests that the charcoal parti-
cles investigated herein form ice via PCF, where ice forma-
tion proceeds via the homogeneous freezing of liquid water
in pores for RHy, <100 %. These interpretations are consis-
tent with the observations of previous studies (e.g., David et
al., 2019). We further point out that the absence of ice nucle-
ation for RH < RHypom at 7 = 233 K is not inconsistent with
PCF but is explained by accounting for the negative pressure
(tension of the water meniscus) experienced by the capillary
condensate, i.e., the supercooled pore water (Marcolli, 2020).
Marcolli (2020) demonstrated that, at temperatures close to
the HNT, capillary condensates within pores only form close
to water saturation. At these humidity conditions, the pore
water experiences almost ambient pressure conditions, i.e.,
hardly any negative pressure. In turn, this causes the homoge-
neous ice nucleation rates to be lower compared to the cases
at 228, 223, and 218 K, where we observed ice nucleation on
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the charcoal particles at considerably lower relative humidi-
ties and below homogeneous freezing conditions (see Fig. 2).
At these temperatures, the charcoal pores fill at lower RH
compared to the case of T =233 K; hence, the pore water
experiences higher negative pressures (Marcolli, 2020) and
therefore higher homogeneous ice nucleation rates. We thus
conclude that, at T = 233 K, the homogeneous ice nucleation
rates are too low to observe ice formation within the particle
residence time of ~ 10s within HINC (David et al., 2019;
Marcolli, 2020).

Altogether, the high ice supersaturations required to nu-
cleate ice on these particles at T =233 K, and the absence
of (strong) heterogeneous ice formation at 7>233 K (Figs. 1
and A1), render it unlikely that ambient aerosols with physic-
ochemical properties similar to the pyrolysis-derived char-
coal particles investigated here contribute to heterogeneous
ice nucleation at 7> HNT. Yet, at T <HNT, the charcoal
particles revealed heterogeneous ice nucleation at conditions
well below those relevant for homogeneous freezing of so-
lution droplets, making the charcoal particles investigated
here considerably better cirrus ice nuclei compared to other
biomass-burning-derived particles investigated earlier (De-
Mott et al., 2009).

3.2 Water vapor sorption

Figure 3a shows the water vapor sorption and desorption
isotherms of the two charcoal samples, as determined by
DVS experiments. These measurements allow us to simul-
taneously infer information on the charcoal hydrophilicity
and porosity. During DVS, water uptake and loss is deter-
mined gravimetrically, and in Fig. 3a, we show the mass
change, Am, denoting the quasi-equilibrated (steady-state)
moist sample mass at each RHy, value relative to the dry
sample mass at 0 % RHy,. The solid lines and filled symbols
in Fig. 3a represent water uptake isotherms, and the dashed
lines and open symbols represent the water loss isotherms for
the same DVS run.

The grass charcoal sample exhibits a shallow water uptake
curve up to 80 % RH,y,, with Am<0.5 %. The correspond-
ing water-vapor-based, BET-specific surface area of the grass
charcoal sample was determined as BETH,0 =79gm™2
(see Appendix D). Between 83 % and 98 % RHy,, the grass
charcoal shows a more pronounced water uptake, with a
maximum in Am of around 3 % being reached at the largest
RH,, value (98 % RHy,). The absence of a plateau at these
high RHy, levels suggests that the formation of a water mul-
tilayer and free water would occur if the RHy, was further
increased. We interpret the gradual curvature of the water
uptake observed for the grass charcoal as a type II isotherm,
following the IUPAC (International Union of Pure and Ap-
plied Chemistry) classification recommendations (Thommes
et al., 2015; Sing et al., 1985). Type II isotherms are given
by the reversible physisorption of gases on macroporous ad-
sorbents, as discussed in detail elsewhere (Thommes et al.,
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2015). While type II isotherms are characteristic of macrop-
orous (pore diameter >50 nm) adsorbents, the abrupt change
in water uptake around 83 % and the enhanced water uptake
at higher RH,, indicates some water uptake by the filling of
mesopores (pore diameter between 2 and 50 nm, Thommes et
al., 2015). The presence of mesopores on the grass charcoal
is further supported by the (weak) hysteresis observed be-
tween the water uptake and the water loss curves. The pres-
ence of mesopores is consistent with (weak) PCF ice forma-
tion observed for the grass charcoal particles at some cirrus
temperatures (Fig. 2; T < 223 K). The hysteresis of the grass
charcoal is typical of a H3-type hysteresis, which is often
observed for adsorbents with a type II adsorption isotherm
(Thommes et al., 2015). Nonetheless, we note that, overall,
the observed hysteresis is weak; thus, the deviation from an
idealized type II isotherm, where adsorption is assumed to
be fully reversible, is low. This indicates that, while some
mesopores are present on the grass charcoal particles, this
sample is likely dominated by macropores. A H3-type hys-
teresis loop and a dominance of macropores is characteristic
for aggregates of plate-like particles (Thommes et al., 2015).
A plate-like particle morphology for the charcoal aerosols
is qualitatively supported by our TEM images, as shown in
Fig. 3b (see also Fig. Cl1), and is, furthermore, consistent
with previous studies reporting that charcoal particles mostly
sustain the shape of the fuel material to some degree (Sharma
et al., 2004).

The wood charcoal sample shows a distinctively differ-
ent water uptake and loss behavior compared to the grass
charcoal sample. Specifically, the water uptake curve of the
wood charcoal reveals a pronounced concave curvature with
an initial steep increase reaching values of Am =6.5% at
40 % RH,, and a more gradual uptake as the RH,, is further
increased. We attribute this to a type IV(a) isotherm (IU-
PAC classification recommendation). Nonetheless, we note
that a final saturation plateau at high RHy, a typical fea-
ture associated with type IV(a) isotherms (Thommes et al.,
2015), was not observed for the wood charcoal sample. The
strong increase in sample mass at very low RH,, is a com-
mon feature of samples that have micropores (pore diam-
eter <2nm Thommes et al., 2015) and/or a large specific
surface area. The H,O-based, BET-specific surface area of
the wood charcoal sample corresponding to the water up-
take isotherm of our DVS measurement was determined to
be BETH,0 = 161.3 gm~2 (see Appendix D). A similar ad-
sorption behavior has previously been reported for microp-
orous combustion particles (e.g., Popovitcheva et al., 2000;
Popovicheva et al., 2008). The relatively broad RH,, range
over which the concave shape of the water uptake isotherm
extends in our experiment suggests a broad range of differ-
ently sized micropores. We note that such micropores are
negligible for ice formation via PCF because micropores are
too narrow to accommodate a critical ice embryo needed for
ice formation when using classical nucleation theory to es-
timate the size of a critical spherical ice cluster. In fact, in
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Figure 3. (a) Water uptake (solid lines; filled symbols) and loss (dashed lines; open symbols) isotherms given as relative sample mass
change, Am, as a function of relative humidity with respect to water (RHy), as determined by dynamic vapor sorption. Sorption isotherms
were measured at 7 = 298 K, and the data points represent water uptake and loss at quasi-equilibrated RHy, conditions. Lines are to guide
the eye, and uncertainty in Am is 0.75 %. (b) Example transmission electron microscopy images of wood charcoal and grass charcoal.

a previous study, the smallest pore for which ice nucleation
was experimentally observed, in a setup similar to the one
used here, had a radius of » = 1.25 nm (David et al., 2020).
Nonetheless, our DVS measurements also contain character-
istic features that indicate the presence of mesopores on the
wood charcoal particles. Specifically, the initial increase in
water mass along the water uptake curve of the wood char-
coal initially proceeds via a similar path as the correspond-
ing part of the type II isotherm of the grass charcoal, even
at higher water masses. At around 40 % RH,,, the water up-
take rate increases, indicating pore condensation. In addition,
the wood charcoal DVS measurements are accompanied by
a clear hysteresis, typical of type IV(a) isotherms, and ab-
sent in the case of type IV(b) isotherms (Thommes et al.,
2015). We attribute this hysteresis to a H4-type hysteresis
that is typical of micro- and mesoporous carbonaceous ma-
terial (Thommes et al., 2015). The availability of mesopores
on the wood charcoal sample supports our interpretation of
ice formation via PCF on these particles, as described above.

Overall, our DVS measurements reveal that the wood char-
coal samples show a higher water uptake capacity compared
to the grass charcoal sample. For instance, at 98 % RHy, the
water uptake of wood charcoal is approximately a factor of
~ 4 larger compared to the grass charcoal sample. We inter-
pret the higher water affinity of the wood charcoal sample
compared to the grass charcoal to result partly from a lower
charcoal-water contact angle of the former, which is consis-
tent with the larger ice nucleation activity of the wood char-
coal particles at T < HNT (see Fig. 2). However, we point out
that the difference in (PCF) ice nucleation activity observed
between the wood charcoal and grass charcoal is not constant
across the cirrus temperatures investigated here, indicating
that it is not directly proportional to the hydrophilicity and
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mesopore volume observed in the DVS measurements. This
is consistent with previous DVS measurements and (PCF)
ice nucleation observations for soot particles (Mahrt et al.,
2020) and suggests that other aerosol properties such as the
chemical composition might need to be considered in order
to explain the observed ice nucleation activity.

3.3 Chemical composition

Figure 4 shows a summary of the chemical composition of
the charcoal particles, as obtained from our ATOFMS sam-
pling. Depicted are the average anion and cation stick spectra
of grass charcoal and wood charcoal, respectively, where the
peaks denote average ion intensities in terms of the relative
overall peak area particles that resulted in a detectable ion
signal upon being hit with the Nd:YAG laser. Major peaks
with relative area signals larger than or equal to 0.02 are la-
beled for clarity. We point out that the ATOFMS is a semi-
quantitative instrument and that the relative peak intensities
do not correspond to the actual mass fraction of the respec-
tive component.

The anion spectrum of grass charcoal (Fig. 4a) is marked
by peaks of organic ions, including the typical C, fragmen-
tation (C; —C5; m/z 12 ... 60), and peaks occurring at 25
(C2H™), 26 (C;H;, /CN7), 27 (CoH5 /NCH™), 49 (C4H™),
and 50 (C4H; ). The presence of a peak at 46 (NO;), al-
though at very low relative intensity, renders the presence
of nitrogen-containing ions at m/z of 26 (CN™) and 27
(NCH™) possible, which is further supported by the peak at
42 (CNO7). Ion peaks at 26 (CN7) and 42 (CNO™) have
previously been used as an indicator of biological aerosol
(Sierau et al., 2014; Creamean et al., 2013; Pratt et al., 2009),
which should be absent in the charcoal particles used here.
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Figure 4. Average ATOFMS mass spectra for grass charcoal particles and wood charcoal particles for different polarities, including negative
mass spectra for (a) grass charcoal and (b) wood charcoal and positive mass spectra for (d) grass charcoal and (e) wood charcoal. The panels
in the right-hand column compare the two charcoal types and show the difference in the relative peak area for the wood charcoal signal being
subtracted from the grass charcoal for anions and cations, respectively. A positive (negative) signal in panels (c¢) and (f) corresponds to a
larger (lower) relative peak area signal of the respective ions for the grass charcoal compared to the wood charcoal. All spectra are shown
in terms of relative peak area and for unit mass resolution. Each single-particle spectrum was first normalized, and then the average was
calculated over 11 135 (grass) and 12 357 (wood) spectra. Peaks with relative area signals larger than 0.02 are labeled with the corresponding

mass to charge (m/z) ratio.

Thus, the anion peaks at m/z of 26 and 27 in our average
grass charcoal spectra are more likely attributable to hydro-
carbons (CoH, and CyHy, respectively) or less likely, but
still possible, organic nitrogen (CN™ and HCN™), consistent
with these peaks being previously been observed for cellu-
lose particles and particles from biomass burning (Schmidt et
al., 2017). The small peak at 97 (HSO, ; low relative inten-
sity < 0.1) suggests the presence of further secondary ma-
terial on the grass charcoal particles. Additionally, the grass
charcoal contains a small peak at 79 (PO5). Overall, these
peaks are all typical marker ions occurring in aerosol parti-
cles from biomass burning emissions (Schmidt et al., 2017;
Zawadowicz et al., 2017).

Characteristic marker peaks for biomass burning aerosol
are also found in the average cation spectrum of the grass
charcoal (Fig. 4d), including peaks at 23 (Na™), 24 (C;‘ ), and
40 (Ca*/NaOH™). Yet, another ion typically occurring in
biomass burning aerosol is potassium (K™, m/z 39), whose
peak is dominating the average cation spectrum of grass char-
coal. This is consistent with previous studies showing that
mass spectra obtained by ablation and ionization mass spec-
trometers are often dominated by ions with low ionization
efficiencies such as alkali metals (Zelenyuk and Imre, 2005).

Atmos. Chem. Phys., 23, 1285-1308, 2023

In addition, the ionization efficiency can be impacted by the
particle matrix in laser ablation mass spectrometry (Gross et
al., 2000; Reilly et al., 2000) and the particle size and mor-
phology (Kane and Johnston, 2000). We further note that
non-uniform ablation and ionization, e.g., due to the Gaus-
sian intensity profile of the Nd:YAG laser beam, can cause
the resulting mass spectrum to not contain information on
the entire particle composition (Ge et al., 1998), making
the ATOFMS analysis a semi-quantitative method, as noted
above. In Fig. B1, we show the mass spectra depicted in
Fig. 4 in a complementary way, to better reflect the varia-
tion in the relative peak area across the entire charcoal par-
ticle population. Specifically, Fig. B1 shows what fraction
of the investigated particles contained a certain ion species,
together with the relative ion signal intensity. Even though
there is some variation in the relative peak intensities, we
note that a considerable fraction of the charcoal particles con-
tains the characteristic (average) ion peaks shown in Fig. 4.
Thus, we conclude that the variability in chemical composi-
tion within a given charcoal types is sufficiently low and that
the average spectra shown in Fig. 4 provide a reasonable pic-
ture of the composition of the particles investigated here. The
number size distributions of the particles contributing to the
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average spectra in Figs. B1 and 4 are shown in Fig. B2. For
both charcoal types, the mode of the particle size distribution
is in the submicrometer range, between 300 to 500 nm (vac-
uum aerodynamic diameter). Thus, we consider the average
spectra shown in Fig. 4 to be representative of the 400 nm
charcoal particles used for our ice nucleation experiments.

The average anion spectrum of the wood charcoal is shown
in Fig. 4b. The wood charcoal particles contained typical
marker ions at C; -C¢ (m/z 12 ... 72) and associated hy-
drocarbon peaks at 25 (C,), 26 (C;H, ), 37 (C3H™), 49
(C4H™), 50 (C4H; ), 51 (C4H3), 52 (C4H ), 73 (C¢H™), and
74 (CeH,), although some of these peaks have relative ar-
eas below 0.1 (see Fig. Blc). In addition, peaks of secondary
material were also present at 97 (HSO, ). A peak that was
present in the anion spectrum of wood but not in grass char-
coal appears at m/z of 76, which we attribute to AlIO,(OH) ™.
Alumina species are known to contribute to the ice nucleation
activity of ambient particles, as they form significant compo-
nents of atmospherically relevant mineral particles such as
illite, which are also known to be porous, ice-active aerosol
particles (David et al., 2019; Hiranuma et al., 2015; Welti et
al., 2009).

The presence of aluminum is further corroborated by
the average cation spectrum of wood charcoal depicted in
Fig. 4e, showing a prominent peak at 27 (AlT). The presence
of aluminum in the wood charcoal is compliant with earlier
observations of McCluskey et al. (2014), who reported alu-
minum to be abundant in ice nucleation particles from wild-
fires, as noted above. Next to aluminum, the cation wood
charcoal spectrum indicates the presence of other metals ions
such as 56 (Fe™). Also present are peaks at 23 (Na™), 24
(Mg™), and 40 (Ca™). These peaks are characteristic for min-
eral material and have previously been reported for, e.g., dust
samples (e.g., Gallavardin et al., 2008; Marsden et al., 2019).
The presence of calcium and magnesium within our charcoal
particles is also consistent with recent results of Adachi et
al. (2022), who have reported these species to be important
components of (fine) ash particles emitted by biomass burn-
ing.

The cation spectrum of wood charcoal is characterized by
the presence of 39 (K™) and a C,, fragmentation pattern (CT—
C;; m/z 12, 24, and 26). Overall, the peaks observed in the
anion and cation spectrum of wood charcoal contain ions of-
ten observed in spectra of fly ash particles, as reported pre-
viously (Zawadowicz et al., 2017; Grawe et al., 2018; Xu
et al., 2018). For example, similar peaks have previously
been reported by Grawe et al. (2018) when sampling aerosol
particles from different ash types sourced from coal-burning
power plants and also measured with a single-particle mass
spectrometer, where more than 80 % of all particles samples
(across all ash types) contained peaks at 27 (AlT) and 40
(Ca™). Similarly, recent findings have demonstrated inorgan-
ics (Ca and Mg) to be abundant in ash particles from biomass
burning (Adachi et al., 2022).
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Overall, our ATOFMS results clearly reveal the presence
of mineral components in the wood charcoal particles. The
availability of mineral ions in the wood charcoal correlates
positively with their enhanced ice nucleation activity com-
pared to the grass charcoal particles, where ion signatures
characteristic for mineral components were largely absent in
the average mass spectra. These results parallel the recent
findings by Jahn et al. (2020) that combustion-derived miner-
als, resulting from transformation of inorganic material that
is naturally present within the fuel material, might govern
the ice nucleation activity of particles emitted by biomass
burning. This is further supported by other studies suggest-
ing that inorganic or mineral components to play a key role
in the ice nucleation activity of particles emitted by biomass
burning (Petters et al., 2009; Jahl et al., 2021; McCluskey
et al., 2014). At the same time, we acknowledge that, while
our ATOFMS analysis provides valuable information on the
chemical composition of the charcoal particles, including
their refractory components, a detailed chemical mechanism
by which these minerals promote their ice nucleation activ-
ity cannot be explicitly derived here, given the correlational
nature of our data. Moreover, the presence of some cirrus
ice nucleation activity for the grass charcoal particles, where
mineral signatures were largely absent, underscores the need
for future studies to better understand the relative importance
of pores and active (mineral) sites for the ice nucleation ac-
tivity of charcoal particles and biomass burning particles in
general.

4 Summary and conclusions

In this study, we investigated the ice nucleation ability of
charcoal particles, an important class of aerosols generated
during biomass combustion. Two charcoal samples were
tested, as derived from pyrolysis of relevant biomass types,
namely wood and grass charcoal. Ice nucleation experiments
were carried out on 400 nm size-selected particles. Such sub-
micron charcoal particles are expected to be transported into
higher altitudes (Clark and Hussey, 1996; Gilgen et al., 2018)
where they can affect cloud formation. Ice nucleation ac-
tivities were tested over a temperature range of 218K <
T <253K. In the MPC regime (T >233 K), the ice nucle-
ation was tested in immersion freezing mode, while for the
cirrus temperatures (7 < 233 K), RH scans were performed,
covering a range of RHy, (RH;) 65 %—105 % (100 %—180 %).
The bulk aerosol water uptake and loss were characterized
gravimetrically by means of dynamic water vapor sorption
(DVS) measurements, allowing the inference of material
porosity, and the chemical composition of the particles was
characterized using a single-particle aerosol time-of-flight
mass spectrometer (ATOFMS).
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We found that the 400 nm charcoal particles investigated
here were poor immersion freezing INPs at MPC temper-
atures and independent of the charcoal type, even in the
presence of mineral components. In comparison to previ-
ous studies that often reported some immersion freezing of
biomass burning particles, we attributed this to the small
particle (INP) surface area available per droplet in our ex-
periments. By contrast, at cirrus temperatures, we found
a considerable heterogeneous ice nucleation ability of the
pyrolysis-derived charcoal particles at relative humidities be-
low those required for homogeneous freezing of solution
droplets. This dependence of the ice formation ability on
the homogeneous ice nucleation temperature of pure water
droplets (HNT = 235 K) provides ample evidence that ice nu-
cleation on charcoal proceeds via a pore condensation and
freezing (PCF) mechanism. At T <233 K, the observed ice
nucleation activity was higher for wood charcoal compared
to grass charcoal particles. In this temperature range, the cir-
rus ice nucleation activity correlated with both physical and
chemical particle properties. In terms of physical properties,
the ice nucleation activity positively correlated with the parti-
cle porosity. Specifically, the wood charcoal particles showed
higher porosity and water uptake capacity, consistent with the
higher ice nucleation activity via PCF of the wood charcoal
compared to the grass charcoal. In terms of particle chemical
properties, the cirrus ice nucleation activity positively corre-
lated with the presence of inorganic mass spectral features.
More specifically, the mass spectra of the wood charcoal
particles contained ions indicating the presence of mineral
components that were mostly absent in the mass spectra of
the grass charcoal. This is consistent with findings of earlier
studies that reported ice active particles generated from com-
bustion processes to contain mineral components (Jahn et al.,
2020; Petters et al., 2009; Grawe et al., 2018) and other stud-
ies that have reported mineral components of other aerosol
types to nucleate ice (e.g., Archuleta et al., 2005).

Overall, we found considerable similarities in the grass
and wood charcoal average mass spectra with those reported
in the literature for particles classified as biomass burning
particles and (coal) fly ash particles, respectively. This could
indicate that charcoal particles, as studied here, are atmo-
spherically more widespread and abundant than previously
thought. This is corroborated by recent findings of Adachi
et al. (2022), who reported fine ash particles (classified by
the authors as particles having Ca and Mg >0.5wt %) to
be a major constituent associated with biomass burning and
estimated their global emission to range between 8.8 and
16.3 Tgyr~!. Taken together, these studies reveal that clear
identification, differentiation, and quantification of the vari-
ous particle types associated with complex biomass burning
emissions remains a challenging task but is essential to con-
firm assumptions about their abundance and environmental
effects made in models.

In this regard, we recognize that our results are confined
to charcoal particles produced by low-temperature pyroly-
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sis and hence cannot necessarily be generalized to all at-
mospheric charcoal particles and other particles emitted by
biomass burning. Certainly, in real biomass burning events,
the temperature can vary considerably (Mondal and Suku-
mar, 2014), thus affecting pyrolysis yields and particulate
and gas product distributions (Demirbas, 2007; Safdari et al.,
2019). For instance, Safdari et al. (2019) have reported that
tar-like material makes up between 44 % and 62 % of weight
of the particulate products when investigating the pyrolysis
of 14 common plant species native to the United States; this
is consistent with other work that has reported tar particles
to be a dominant component of biomass burning emissions
(e.g., Adachi et al., 2019). The interaction of charcoal parti-
cles with particulate and gas components co-emitted during
biomass pyrolysis can alter their ice nucleation abilities. For
example, tar-like material and condensing organic vapors can
fill the pores available on the charcoal particles and hence
render them inaccessible for PCF ice nucleation, an effect
that has previously been observed for soot particles (e.g., Gao
et al., 2022b; Zhang et al., 2020). Moreover, it was recently
reported that biomass burning particles can undergo atmo-
spheric aging processes, leading to removal of organic coat-
ings that mask the aerosol’s ice-active sites and ultimately en-
hancing their ice nucleation activity (Jahl et al., 2021). Such
effects were absent for the charcoal particles studied here,
as the organic vapors formed during pyrolysis were contin-
uously removed in the experimental setup used do generate
the particles, as described above.

Therefore, future measurements with more realistic char-
coal particles, as studied here, are crucial to the further im-
prove our understanding of their physical and chemical prop-
erties in relation to their cirrus ice nucleation activities. In
particular, it will be important to better understand the role
of organic material associated with atmospherically realis-
tic charcoal particles in determining their ice nucleation ac-
tivity and how this is impacted by atmospheric aging pro-
cesses. Future studies are also needed to investigate the rel-
ative importance of the ice nucleation ability of pyrolysis-
derived charcoal to that of other particle types emitted during
biomass burning. Particular focus should be put on investi-
gating the ice nucleation abilities of such particles at cirrus
temperatures, where available data remain limited.

In the present study, we avoided generalizations about the
relative importance of physical over chemical particle prop-
erties in determining ice nucleation activities, given the cor-
relational nature of our ice nucleation results and the physic-
ochemical particle properties investigated here. Furthermore,
in view of INPs making up only a small fraction of the total
aerosols emitted, correlations with bulk particle properties
should be interpreted carefully. Therefore, for future stud-
ies it will also be crucial to more holistically understand
the physical and chemical properties of the highly complex
biomass burning aerosol on the level of single particles that
form and do not form ice. Such analysis could be achieved
by examining ice crystal residual particles, to attribute the

https://doi.org/10.5194/acp-23-1285-2023



F. Mahrt et al.: Ice nucleation of charcoal aerosols

ice nucleation activity to their properties with more certainty
and disentangle their relative contributions and importance,
by comparing them to properties of interstitial particles that
did not form ice crystals.

Appendix A: Ice nucleation
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Figure A1. Mean activated fraction (AF) as a function of RHy, of size-selected charcoal particles (dym = 400 nm), as determined from
relative humidity scans in HINC for mixed-phase cloud temperatures of (a) 243 K and (b) 238 K. The blue dashed lines represent water
droplet survival for a particle of initial diameter of 400 nm, a residence (growth) time of 10, and assuming pure condensational growth,
following Lohmann et al. (2016). Uncertainties are only given for every fifth data point for clarity.
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Appendix B: Aerosol time-of-flight mass

spectrometry
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Figure B1. Average positive and negative ATOFMS mass spectra for grass charcoal (a, b) and for wood charcoal (¢, d). In each panel, the
mass spectra are shown in terms of the fraction of particles out of all particles of a given charcoal type that contain a peak with relative peak
area values as indicated by the color code shown in panel (a).
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Figure B2. Histogram of particle size for grass and wood charcoal samples, based on the ATOFMS data, showing the vacuum aerodynamic
diameter (dva). Single-particle data were binned into 20 nm bins between O um <dya < 1.5 um.
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Appendix C: Transmission electron microscopy
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Figure C1. Exemplare transmission electron microscopy images
of representative charcoal particles, sampled from a polydisperse
aerosol population. Images show (a)—(f) grass charcoal particles and
(i)—(1) wood charcoal particles, respectively.

Appendix D: Dynamic vapor sorption

The specific particle surface area was determined from the
water vapor adsorption isotherms measured by DVS and
using the BET method. Specifically, the surface area val-
ues were determined from the linear BET plot of the H,O
isotherm (Fig. D1) up to between p/po =0.15 and p/po =
0.35, where p is the equilibrium pressure, and py denotes the
saturation vapor pressure, assuming a HoO molecular cross-
sectional area of on,0 = 0.114 nm? and using the linear form
of the BET equation as follows (Thommes et al., 2015):

4

I C_l(p)JrL. (D1)

n(I—2) " nuC \po) " nmC

Here n is the total amount of water vapor adsorbed on the
particles, np, is the specific monolayer capacity, and C is
a constant. The water-vapor-based BET surface areas were
determined as 161.3 and 7.9 m? g~! for wood charcoal and
grass charcoal, respectively.
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Figure D1. BET plot of the charcoal samples.
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