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Abstract The role of black carbon (BC) in ice crystal formation via immersion freezing relevant for
mixed-phase cloud formation is uncertain. Previous studies report either negligible or significant
contributions of BC particles to cloud glaciation via immersion freezing. Despite conflicting evidence,
immersion freezing by BC particles is included in several cloud models. Here we show that fossil fuel soot
and commercially available hydrocarbon BC is inactive as immersion freezing nuclei for atmospherically
relevant particle sizes and surface areas. Instead, temperatures <235 K are necessary for freezing droplets
with immersed soot particles, implying homogeneous freezing, rather than immersion freezing by soot. A
comparison of the results to previous studies using larger soot aggregates and dust reveals the ineffectiveness
of soot as immersion ice nucleating particles. We conclude that soot particles with properties like those
investigated here can be neglected for simulating ice nucleation in mixed-phase clouds.

Plain Language Summary Small subvisual particles in the atmosphere are responsible for cloud
formation. Some of these particles, called ice nucleating particles (INPs), promote the freezing of individual
cloud droplets. The chemical and physical properties that render particles INP are highly variable and
poorly constrained. Here we show carbonaceous nanoparticles also called soot or black carbon, produced
from various industrial processes and fossil fuel combustion do not contribute to ice crystal formation in
clouds that form at temperatures between 0°C and —38°C unlike, for example, mineral dust. The findings
suggest that climate and cloud models can neglect any contributions of soot to the formation of the ice phase
in the atmosphere for temperatures greater than —38°C.

1. Introduction

Heterogeneous ice nucleation of carbonaceous nanoparticles, including black carbon (BC) containing parti-
cles like soot, is poorly constrained, making the role of BC particles in mixed-phase cloud (MPC) glaciation
via primary ice formation highly uncertain (Bond et al., 2013; Hoose & Mdhler, 2012; Kanji et al., 2017,
Murray et al., 2012). A variety of freshly generated and chemically modified soot particles have been tested
for their heterogeneous ice nucleation properties but yielded a scattered and unconstrained picture (sum-
marized in Kanji et al., 2017). Some scatter in the results of soot ice nucleation can be explained by the
variation in particle properties such as size, composition (due to combustion conditions), or morphology.
Other differences arise from methodology or subjective and sometimes semiquantitative reporting of ice
nucleation activity using selected parameters such as a threshold value. For example, reporting a single
ice nucleation onset condition instead of the whole range of ice active fraction/frozen fraction (AF/FF) as
a function of relative humidity (with respect to water, RH,, or ice, RH;) or temperature (T). Such reporting
has resulted in the chosen parameters being used as thresholds in cloud modeling studies (Karcher &
Lohmann, 2003; Lohmann, 2002; Lohmann & Diehl, 2006) instead of a FF or AF as a function of T or
RH, respectively.

Soot particles sourced from the combustion of hydrocarbons or fossil fuels have a complex morphology and
composition, leading to a variety of characteristics that can affect ice nucleation. The type of fuel and com-
bustion conditions used to produce BC containing particles for ice nucleation experiments have often been
qualitatively correlated to their immersion freezing ability. Previous immersion freezing experiments report-
ing positive results on the ice nucleation ability of soot, investigated particles from acetylene combustion
(DeMott, 1990), commercially available lamp black particles (Brooks et al., 2014; DeMott et al., 1999;
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Dymarska et al., 2006) or n-hexane soot (Dymarska et al., 2006). The fraction of 70-90 nm acetylene soot par-
ticles nucleating ice reached up to 3% at 238 K suggesting soot particles do contribute to ice formation at
MPC relevant temperatures (235-273 K) (DeMott, 1990). Other studies investigating aging effects on ice
nucleation with soot also reported positive results. For example, effects of ozone oxidation on the immersion
freezing properties of lamp black soot particles showed average freezing at temperatures 2-3 K warmer than
untreated soot, with a small fraction of soot particles causing freezing at temperatures as warm as 263 K
(Brooks et al., 2014). In contrast to this, Dymarska et al. (2006) found no enhancement effect on the ice
nucleation ability of lamp black soot particles exposed to ozone in the temperature range 242-258 K.
However, the particle sizes used in the latter study were between 1 and 40 pum whereas in the former,
agglomerates of average 137 um in diameter were used. Both sizes call into question the relevance for atmo-
spheric cloud formation since realistic atmospheric soot has a median diameter of 50-300 nm with number
(mass) median size of 120 nm (200 nm) (Bond et al., 2013). The size of the investigated soot particles is deci-
sive to the results of the experiments. At 253 K, small fractions of soot particles with mass median size up to
1 um, produced from the combustion of benzene and toluene, were found to nucleate ice, and particles with
oxidized functional groups were more active than those with hydrophobic surfaces (Gorbunov et al., 2001).
Popovicheva et al. (2008) reported freezing of water droplets containing immersed soot particles at tempera-
tures as warm as 265 K but state that the atmospheric relevance is limited because in their study numerous
particles of soot were immersed in a single droplet that was being observed for freezing on a cold substrate.
Recently, Vergara-Temprado et al. (2018) found that the ice nucleation active site (INAS) densities of soot
particles produced from combustion of n-decane and eugenol (C;0H;,0,) were significantly lower than
those reported before for acetylene, lamp black, graphite spark, and combustion aerosol standard (CAST)
soot. Low INAS density implies that only a small fraction of atmospherically relevant sized soot particles
can nucleate ice, leading the authors to question whether ice nucleation from soot particles contribute to
MPC glaciation. In Mahrt et al. (2018), the ice nucleation activity for black and brown carbon from propane
combustion in a miniCAST burner, two types of lamp black soot, fullerene rich soot and carbon black soot, is
reported in the temperature range 218-253 K. For T > 235 K, no ice nucleation activity was observed for a
variety of relative humidity conditions including water saturated conditions relevant for immersion freezing.
Similarly miniCAST BC soot also exhibited no detectable ice nucleation at 243 and 253 K (Friedman
et al., 2011). Schill et al. (2018) report a negligible contribution of BC to immersion freezing at 243 K for
an externally mixed particle population containing illite and snomax®. Furthermore, they report a decrease
in ice nucleation activity when the BC was internally mixed with the particle population. Chou et al. (2013)
also found no ice nucleation activity on fresh and photochemically aged diesel soot particles for T > 235 K,
supporting a lack of contribution of soot particles to ice nucleation under MPC conditions.

In summary, the current state of knowledge suggests that for T > 235 K relevant for the MPC regime, com-
bustion generated BC particles could contribute to ice nucleation in the MPC regime. However, experiments
using particle or droplets sizes that are too large have limited atmospheric relevance. In this paper, we pre-
sent immersion mode freezing results from experiments with single immersed soot aggregates of atmo-
spherically relevant sizes (<400 nm) of five different BC samples including CAST black and brown carbon
which have been used as a proxy for commercial jet engine exhaust emissions (Ess & Vasilatou, 2019;
Marhaba et al., 2019).

2. Materials and Methods

Five different carbonaceous nanoparticle samples are investigated (see Table 1). The nanoparticles used in
this study were produced as follows. Two soot samples were produced by a commercial propane-burning
generator, the miniCAST model 00-4 as described in Corbin et al. (2014). One carbon black sample, Regal
Black (Cabot Corp USA, lot # GP-3901) was nebulized and dried. Another carbon black sample,
fullerene-enriched soot, was produced by heating graphite under Ar as described in Table 1. Finally, a spark
generator was used to produce carbonaceous aggregates with a low degree of graphitization (PALAS Spark
Generator, Gysel et al., 2012). These particles span a wide range of formation mechanisms, morphologies,
and surface chemistries. Although they are not all strictly BC, we refer to them as such for simplicity herein.
The particles, either dry generated or wet dispersed from an aqueous suspension, were fed into a mixing
chamber to homogenize the particle concentrations and allow coagulation to increase the concentration
of larger soot aggregates. The particles were then size selected in a differential mobility analyzer (DMA,
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Table 1
Sources and Properties of Bc Samples used for Immersion Freezing Experiments
Electrical mobility
Sample type Fuel source size selected (nm) Other remarks
CAST black aPropane, CAST burner 100, 200, 400 Propane flame; C/O = 0.25, 10% thermal OCb
CAST brown aPropane CAST burner 200, 400 Quenched propane flame; C/O = 0.41, 30% thermal OCb
Spark generator Graphite rods, PALAS Corp., 100, 200, 400 Small monomer sizes, low degree of graphitization compared to soot.
Germany “diesel-like” morpholoy®
Regal black (nebulized Black pigment, Cabot 100, 200, 400 Surface-oxidized carbon black; widely used for SP-AMS calibration?
from Milli-Q water) Corp., USA (lot # GP-3901)
Fullerene-enriched Sigma-Aldrich (lot # 100, 200, 400 Produced by heating graphite under Ar; Cgg and C;q (~6% and 1%) enriched

soot (nebulized from in
Milli-Q water)

MKBB8240V)

graphitic carbon aggregates®. Used for SP2 Calibration

4CAST model 00-4, Jing Ltd., Zollikofen.
etal, 2012). Kratschmer et al., 1990.

fSwitzerland. PSchnaiter et al., 2006. “Helsper et al., 1993. 9S00t particle aerosol mass spectrometer (Onasch
Single particle soot photometer (Laborde et al., 2012).

TSI Inc., Model 3081) for their electrical mobility diameters. Monodisperse particles were introduced into
the Immersion Mode Cooling chAmber (IMCA-ZINC, Liiond et al., 2010) connected to the Zurich Ice
Nucleation Chamber (ZINC, Stetzer et al.,, 2008). A schematic of the particle generation setup and
immersion freezing experiment is shown in Figure 1.

The cloud chamber IMCA-ZINC has been characterized and used in previous ice nucleation studies (Boose
et al., 2016; Hiranuma et al., 2015; Kanji et al., 2013; Liiond et al., 2010; Welti et al., 2012; Welti et al., 2019)
and thus is only briefly described here. In IMCA-ZINC, a particle flow of 0.6 1 min™" containing dried BC
particles is subjected to excessive RHy, of ~120% at T ~ 303 K for ~10 s allowing particles of all sizes and che-
mical properties to activate into cloud droplets of 18-20 um in diameter. The activated cloud droplets cool in
the transition from IMCA to the ZINC chamber and experience constant temperature and water saturation
to prevent droplet evaporation. Frozen and liquid droplets are detected in situ after a residence time of ~10 s
in ZINC, by the Ice Optical Depolarization Detector (IODE, see Figure 1) described in detail in Nicolet
et al. (2010) and Liiond et al. (2010). Counts of water droplets and ice crystals are used to determine the FF:

#ice crystals
#(crystals + water droplets)

frozen fraction (FF)= 1)
Uncertainty in FF is estimated by quantifying the uncertainty in classification of liquid droplets as ice crys-
tals and vice versa (see Liiond et al., 2010 for a detailed analysis). At each experimental temperature, the
FF is based on observations of ~3,000 particles, yielding an activation curve of FF versus temperature as
shown in Figure 2. The FF of homogeneous freezing of 20 um, pure water droplets (size of cloud droplets
in IMCA-ZINC) is plotted in Figure 2 (gray shading) as a comparison. The FF for homogenous freezing is
derived using the following equation:

FF=1—¢""Jron 2

where V is the volume of a droplet with diameter 20 um, ¢ = 10 s (residence time in the supercooled region
of IMCA-ZINC). Jyonm is determined using Equation 18 of Ickes et al. (2015) using parameters for Fit 3 in
Table 5 in Ickes et al. (2015). With our detection method, we are not able to resolve FF < 0.05 thus limiting
the ice nucleation activity to particle properties present on more than 5% of the particles.

3. Results and Discussion

The FF as function of temperature and particle size of the five BC samples investigated (Table 1) are shown
in Figure 2. All soot samples regardless of their source, O/C content, morphological properties, or aggregate
size, require homogeneous freezing temperatures (gray shaded in area in Figure 2) for droplets to freeze.
This indicates that the soot particles considered here are not detectably contributing to immersion freezing
at the investigated temperatures, but freezing occurs only at a temperature regime where the homogeneous
freezing rate of pure water droplets is high enough, regardless of the particle immersed in the droplets. By
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Figure 1. Schematic of experimental setup showing aerosol generation and ice nucleation, see text for acronyms.
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Figure 2. Immersion freezing results showing frozen fraction (FF) as a function of temperature, at water saturation for five BC samples. Homogeneous freezing
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parameterization (equation 18) of Ickes et al. (2015).
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increasing the particle surface area (increasing the diameter or number of particles per droplet), freezing at
higher temperatures (if any), could be possible if a small fraction of particles possess a rare occurring prop-
erty that causes ice nucleation at higher temperatures. For example, freezing observed above 235 K for n-
decane and eugenol soot in Vergara-Temprado et al. (2018) has been associated with a large surface area aris-
ing from soot particles with sizes of >1 um in the droplets, unrealistic for anthropogenic BC sources directly
emitting large quantities of soot into the atmosphere. In urban emissions dominated by fossil fuel combus-
tion both close to ground and in upper troposphere and lower stratosphere regions, mass median diameters
of BC containing particles are reported to be 120-160 nm while number median diameters range from 50-
80 nm (Bond et al., 2013). For biomass burning emissions, mass and number median diameters of up to
200 and 120 nm respectively are reported (Bond et al., 2013). The larger size in aged plumes resulting from
coagulation after emission also does not produce particles on the order of microns (Bond et al., 2013). Soot
particles from aviation emissions are reported to have mean diameters of 30 nm (Petzold et al., 2005).
Producing large aggregates of microns in size would only be possible due to a substantial amount of coagula-
tion (occurring only through large particle concentrations with longer mixing time scales in a constrained
volume), which is unlikely to occur in the atmosphere, since plumes rapidly disperse after emission.

For the CAST brown sample, we did not perform 100 nm particle experiments because of the lack of freezing
activity already observed for the 400 and 200 nm particles, seen as overlap of freezing temperatures with the
homogenous freezing regime. The extreme hydrophobic nature of this type of soot required RHy, > 140% in
IMCA to observe droplet activation. Absence of the soot aggregate-size dependence on the FF is a strong
indication that the droplets did not freeze due to the soot surface within them, but by homogeneous freezing.
The absence of size dependence of soot INPs at T > 235 K (sizes 100-400 nm) was also observed by Friedman
etal. (2011) and Mahrt et al. (2018), in agreement with our conclusion that soot particles do not substantially
contribute to heterogeneous ice nucleation under MPC conditions.

The samples investigated here cover a wide range of soot properties such as primary particle sizes, organic
content, morphologies, and hydrophobicity (Corbin et al., 2014; Mahrt et al., 2018). This strongly suggests
that any other types of soot or BC samples will not contradict the observation of an absence of heterogeneous
freezing in the MPC temperature regime.

In Figure 3, we plot the median immersion freezing temperatures (T'so, the temperature at which the
FF = 0.5) as a function of particle geometric surface area and diameter of the soot samples. As homogeneous
freezing does not depend on the surface of immersed particles, we excluded plotting T's, for the cases where
the FF = 0.5 data overlap (including uncertainties) with the homogeneous freezing regime shown in Figure 2
(gray shading). For comparison, the T’y as a function of soot particle surface area per droplet produced from
n-decane and eugenol (Vergara-Temprado et al., 2018), acetylene soot (DeMott, 1990), kerosene soot (Diehl
& Mitra, 1998), diesel soot (Schill et al., 2016), Cast soot (Ullrich et al., 2017), microcline particles (Atkinson
et al., 2013; Welti et al., 2019), and natural desert dust particles (Niemand et al., 2012) are shown. BC con-
taining particles in the atmosphere are predominantly in the Aitken and accumulation mode, mostly
<200 nm but can be up to 300 nm (Bond et al.,, 2013; Petzold et al., 1998; Petzold et al., 2005).
Considering spherical particles <300 nm (surface area 0.28 um?, green shading Figure 3), the Ts, is too
low for soot to compete with homogeneous freezing of aqueous droplets, rendering heterogeneous freezing
of BC negligible. By comparison, dust particles containing feldspar (microcline) with the same surface area
would be active as INPs, as shown by the 10 K higher Ts,. Similarly, the natural desert dust curve (N12 in
Figure 3) has intermediate Ts, between soot and feldspars but only for a dust particles larger than 0.3 um
(surface area > 0.28 um?). This is consistent with dust in the atmosphere, which typically ranges from
0.5-2 um (0.8-3 um?) (Knippertz & Stuut, 2014) and freezes at significantly warmer temperatures than those
required for soot or homogeneous ice nucleation.

Arguably, 0.28 um? based on the spherical geometrical surface area is an underestimate given the fractal nat-
ure of soot. Considering the Brunauer, Emmett, and Teller (BET ; Brunauer et al., 1938) gas adsorption sur-
face area of CAST black and measured single aggregate mass of different soot types found in the literature
(Mahrt et al., 2018), a 300 nm particle can have surface area up to 0.5 um?* (BET surface of 120 m* g™, par-
ticle mass of 4 fg). The green- and red-hashed regions in Figure 3 show relevant surface areas within a cloud
drop corresponding to particles <300 nm derived from the geometric and BET surface area, respectively. We
note that all studies showing soot to be an effective immersion INP with Ts, > 236 K fall out of this hashed
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Figure 3. Median freezing temperature (Tso) as a function of INP surface area (bottom axis) and INP diameter (top axis). Gray-shaded area: region where 50% of
droplets freeze homogeneously. In this region, freezing contribution of immersed particles is negligible. Any T'sy overlapping with the homogeneous freezing
curve is excluded. Hashed region: atmospherically relevant sizes of soot particles with geometric surface area of particles <300 nm (green) and BET surface area
for CAST black aggregates of <300 nm equivalent mobility diameter. Dashed continuations of lines represent extrapolations. D90 (DeMott, 1990), D&M98
(Diehl & Mitra, 1998), N12 (Niemand et al., 2012), A13 (Atkinson et al., 2013), S16 (Schill et al., 2016), U17 (Ullrich et al., 2017), VT18 (Vergara-Temprado

et al., 2018), and W19 (Welti et al., 2019).

region. The surface area per droplet required for soot particles to catalyze immersion freezing is larger than
~1 um?, corresponding to a size much larger (~600 nm) than found in the atmosphere (Bond et al., 2013 and
references therein) or requiring multiple soot particles per droplet. The probability of having such large
surface areas or aggregate sizes even after aging, coagulation (Bond et al., 2013) and accounting for wet
scavenging, is extremely low (Ding et al., 2019), to the point of being impossible. In cases of extensive
in-cloud wet scavenging and precipitation, residual soot particles were found with median diameters
<240 nm (Ding et al., 2019). The atmospherically relevant particle surface areas represented by the
hashed region (even considering the fractal surface of soot, red region) demonstrates that soot particles
will not have Tsg high enough to compete with immersion freezing by dust or homogenous freezing. In
summary, Figure 3 shows that for soot heterogeneous (immersion) freezing, surface areas larger than
those of 600 nm particles are necessary within a cloud droplet; however, there is no observational
evidence of such large airborne soot aggregates (surface area) (Bond et al., 2013).

A number of studies that used aerosolized single aggregate soot particles of atmospherically relevant sizes
immersed in droplets of atmospherically relevant sizes (see Table 2) report negligible to no ice nucleation
activity in the MPC temperature regime. However, significant ice nucleation in the cirrus regime at
T < 235 K is reported in the same studies (Table 2). Studies reporting immersion freezing of soot using large

Table 2
Studies Reporting Ice Nucleation Abilities of Suspended Single Soot/BC Aggregates for T > 235 K
Sampled MPC Contribution or fraction of soot forming
Study Soot type temperature range ice in the MPC regime
DeMott, 1990 Acetylene soot T> 238K Very weak (AF = 0.06% to 0.1% for high RH,, = 101.4-102%
Strong contribution from homogeneous freezing <238 K
Friedman et al., 2011 Cast black (100, 200, and 400 nm) 253 and 243 K No ice nucleation observed
Kanji et al., 2011 Graphite spark generator soot T<243K No ice nucleation observed for T' > 234 K.
Chou et al., 2011 Diesel soot 243 and 238 K No ice nucleation observed
Mabhrt et al., 2018 Div. (6 samples, 100, 200, 300, and 400 nm) 238-253 K No ice nucleation observed
This study (2020) Div (5 samples, 100, 200, and 400 nm) T>233K None, strong contribution from homogeneous freezing <236 K
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surface areas per droplet from large aggregates or coagulated particles or using large droplet sizes (Brooks
et al., 2014; Dymarska et al., 2006; Gorbunov et al., 2001; Popovicheva et al., 2008; Vergara-Temprado
et al., 2018), have been excluded from Table 2. The data from the literature and from this study support
the idea that soot particles derived from fossil and hydrocarbon fuel combustion are inactive INPs in the
immersion freezing mode relevant to the MPC regime. We note that the results presented here are relevant
for soot particles that are freshly emitted. However, organic acid coated (Friedman et al., 2011), photochemi-
cally aged (Schill et al., 2016) and cloud processed (Mahrt et al., 2020) soot particles also corroborate negli-
gible ice nucleation activity at T > 235 K.

4. Conclusions

We present experiments on the immersion freezing ability of five different soot/BC types derived from the
combustion of fossil and synthetic fuel sources and demonstrate that atmospherically relevant particle sizes
of these soot types do not contribute to immersion freezing at T > 235 K. This is consistent with previous
studies that used atmospherically relevant droplet and soot particle sizes. Contrary literature evidence sug-
gesting soot particles can actively cause freezing at 7 > 235 K are from experiments using larger soot aggre-
gates or particle numbers (i.e., surface areas) per droplet, thus representing atypical cases for the
atmosphere. We acknowledge that atmospheric soot widely vary in properties and argue, the samples inves-
tigated in this work together with literature data cover a wide range of BC and soot formation mechanisms,
morphologies and surface chemistries, representing a substantial body of negative results. The experimental
findings strongly suggest that hydrocarbon and fossil fuel derived soot is inactive to immersion freezing at
temperatures relevant for MPCs (T > 235 K). Based on this evidence, we recommend a careful review of
parameterizations for immersion freezing with soot used in climate models. Future experiments could focus
on characterizing soot particle properties and how they relate to ice nucleation in the cirrus regime, as there
is evidence that soot particles contribute to deposition ice nucleation at T < 235 K (Kulkarni et al., 2016;
Mohler et al., 2005; Nichman et al., 2019). Given that air traffic directly emits soot particles and water vapor
at cirrus relevant altitudes, atmospheric processing of soot particles through contrail or homogeneous freez-
ing of cloud droplets containing BC can occur. When the contrails sublimate and release processed BC resi-
duals, subsequent ice nucleation cycles could represent an important pathway of soot contributing to cirrus
cloud formation (Mahrt et al., 2020).
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