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Abstract. Soot and blackarbon (BC) patrticles are generated in the incomplete combustion of fossil fuels, biomass,
and biofuels. These airborne particles affect air quality, humalthhe&rosolcloud interactions, precipitation
formation, and climateAt present, the climate effects of BC particles are not well understood. Their role in cloud
formation is obscured by their chemical and physical variability, and by the internalgnsigtes of these particles

with other compounds. Ice nucleation in field studies is often difficult to interpret. Nonetheless, most field studies
seem to suggest that BC particles are not efficient ice atiradeparticles(INP). On the other handalbboratory
measurements show that in some cases, BC particles can be highly aBtivedét certain condition8y working

with well-characterized BC particles, our aim is to systematically establish the factors that govern the activity of BC
INP. The current study focuses on laboratory measurements of the effectivenesscoh®&@ing aerosol in the
formation of ice crystals in temperature and ice supersaturation conditions relevant to cirrus clouds

We examine ice nucleation on BC particlesler watersubsaturatedirrus cloud conditions, commonly understood

to be deposition mode ice nucleation. We study a series othalhcterized commercial carbon black particles with
varying morphologies and surface chemistries, as well as ethylereedglamerated combustion soot. The carbon black
particles used in this study are proxies for atmospherically relevant BC aerosols. These samples were characterized
by electron microscopy, mass spectrometry, and optical scattering measurements. Ice nuatatiprnwas
systematically examined lamina temperature and saturation conditions ranginge¢ n 217 O T O 235
O 1.5;9 a@e©00598, usisgpaeSPdctrometdr for Ice Nuclei (SPIN) instrument, which is a
continuous flow diffusion chamber coupled with instrumentation to measure light scattering and polafiaatiody

the effect of coatings on I the BGcontaining particles were coated with organic acids found in the atmosphere,

namely, stearic acid, efgnonic acid, and oxalic acid.
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The results show significant variations in ice nucleation activity &metion of size, morphology and surface
chemistry of the BC particles. The measuiesl nucleatioractivity dependencies on temperatusapersaturation
conditions,and the physicochemical properties of the BC particles are consistent with anleaionanechanism

of pore condensation followed by freezing. Coatings and surface oxidation modifitideformation efficiency of

pristine ice crystalen BC-containing aerosol. Depending on the BC material and the coating, both inhibition and
erhancement in IR activity were observed. Our measurements at low temperatures complement published data, and
highlight the capability of some BC particles to nucleate ice undeidesupersaturation conditions. These results

are expected to help raé theories relating to soot IMNactivation in the atmosphere.

1 Introduction

Ice nucleating particle (INP) types in the atmosphere vary widely across the globe. Although their number
concentrations are typically low, their atmospheric impact, govgrige cloud formation and properties, is
significant. The role of soot in atmospheric ice nucleation (IN) processes remains poorly understood. The indirect
effect of soot particles, particularly on upper tropospheric cirrus clouds and aviation comagilsgsult in either

positive or negative forcing depending on the type of soot and the ambient conditions (Zhou & PenneBo2@d14).

et al. (2013) modelled the contribution of soot to clouds and climate and distinguished between the homogeneous and
hetrogeneous nucleation types. They showed that in the case of ice clouds when homogeneous nucleation dominates,
coverage of high clouds is reduced and cooling prevails while when heterogeneous nucleation of BC prevails, more
high clouds are formed that iarh contributes indirectly to the warming effééthile field studies tend to find limited
evidence for soot particles acting as efficient INP, laboratory studies have shown that some soot particles can initiate
ice nucleation. The increasing number amtcation of emitted soot particles since the preindustrial times (Bond et

al., 2013; Lavanchy et al., 1999), the emissions of soot particles in the upper troposphere from aviation (Lee et al.,
2009), and estimates that the concentration of soot will remgh in the near future (Gasser et al., 2017) underscore

the importance in understanding the efficiency of soot particles actihiPas

Current field results are inconclusive about the efficiency of soot particles in initiating ice nucleationtlyREten

et al. (2018) collected aerosol samples in a highly polluted environment and subsequently measured their IN activity.
The soot samples showed no correlation between IN activitplacl carbonBC) fraction of the aerosoLow BC

activity wasalsofound by Pratt et al. (200®) their analysis of airborne particle residuals in orographic wave ¢louds
andby ErikserHammer et al. (2018h mixed phase clouds at the highitude research station Jungfraujo€ither

field studies Bowed higher IN activity of soot (Petzold et al., 1998). Phillips et al. (2013) suggested that black carbon
is a major type of INP iglouds influenced by bioma#sirning particles however they coul dnot
INP species, internally mixkwith soot, might have nucleated the observed lidewise, Levin et al. (2014)
concluded that fires could be a significant source of INRikedphaseclouds.

Laboratory studies of sotitIP in the cirrus cloud regime reveal a widespread IN dgt{e.g. Kulkarni et al(2016);

Friedman et al. (2011); Ullrich et al. (2017); Cziczo et al. (2016); Demott @0&l9); Kaniji et al. (2017); Hoose and
Mohler, (2012)).Kulkarni et al. (2016) demonstrated the activity of 120 nm uncoated diesel atioteg at 3

temperatures below the homogeneous freezing line with evidence mpartture dependence belew0 °C. The
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reported effective density of these diesel soot particles was 0.58 graintheir compaction did not affect their IN
activity. Kulkarni et al (2016) concluded that the variability between their and previously reported values of soot IN
activity might be associated with size or radius of the curvature of soot nanostructures and the different physio
chemical surface properties. Moh&tral. (2005a) and Ullrich et al. (2017) showed a clear IN activity for soot particles,
we l | bel ow the homogeneous freezing |Iine in a 6U6 shap:t
BC of various diameters (190730 nm) and assaed the shape of the curve, at the higher temperatures, to the
transition from classical nucleation theory (CNT) to pore condensation and freezing (PCF) mechanism. On the other
hand, Friedman et al. (2011) observed purely homogeneous freezing for siotetpad0 400 nm in diameter. Their
measured droplet activated fractions and breakthrough of bare soot particles did show however, a size 2ifect at
and- 30 °C, with the largest sized particles showing droplet nucleation at relatively lower Rébvali- 40 °C,

Friedman et al. (2011) reported evidence for 400 nm soot particles heterogeneous freezing below the threshold for
homogeneous freezing, ltbeycould not validate the result due to the uncertainty in their RH measurement. Friedman

et al. (2011) also reported that oxidation of the surface of soot particleszbyolysis, surprisinglydid not
significantly change the activity of the uncoated soot INP. Another study by Demott et al. (2009) demonstrated
homogeneous freezing for biomass contiousparticles at 46,-51, and-60°C. However, they noted that the degree

of lowering of RH, for heterogeneous versus homogeneous freezing in the haze particle regime at temperatures below
- 40°C is not well known and may depend on patrticle size. Thexgetheir result could fall within the uncertainty of

their measurement and ssithe heterogeneous freeziAgaboratory stugt by DeMott et al. (1999) have shown that

the ice can form on soot, similarly to the formation of visible contrails (contiengeails) behind aircraft. The so

called soofinduced cirrus cloud formation is also described by Jensen and Toon (1997) and Kércher et al. (2007),
where the exhaust soot disperses to form or modify cirrus cloud. Persistent linear contrails andcindisced
cloudiness, also known as aviatimuced cloudiness, are predicted to increase in the coming years as the importance
of aviation, and its consequent climate impact, will continue to increase (Lee et al., 2009). Other laboratory
experiments indicatthat the heterogeneous IN activity of soot in the deposition mode may be minimal (e.g. DeMott
1990, Kanji and Abbatt, 2006) and therefore would not contribute to cirrus covAragee exhaustive list of studies

that demonstrate the currently known asgread in IN activity of soot can be found in reviews by Hoose and Mohler,
(2012), Cziczo et al. (2016), and Kanji et al. (2017).

Both field and laboratory studies indicate that coating of soot particles in the atmosphere, in most cases, decreases
ther IN activity compared to their bare counterparts (Kércher et al.,,200filer et al., 2005aFurther, Crawford et

al. (2011) showed that propane burner soot can be a highly active INP in the deposition mode if it has a sufficiently
low organic carbo content and is uncoated.

Modeling INPs requires quantitatiparameterization ahe IN activity. Two common approaches to parameterize IN

of atmospherically relevant particles include a stochadg®cription based on classical nucleatibeory and a
deterministic or singular descriptioddli, 2014;Knopf et al, 201&nd references thergir-or the latter, the pragmatic
description of active site densitys(nis often used@onnolly et al., 2009; Niemand et al., 2022li, 2014).As
demonstrated in Niemand et al. (2012), if the activated ice fraction is small (< 0. titleesite densitys expressed

asthe fraction of the ice particles out of the total aerosol concentration divided by the averaged particle surface area.
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This approach describesas a function of temperatue.g. Marcolli, 2014; Wagner et al 2016; Ullrich et al 2017;

Kanji et al 2017; Kiselev et al. 2017; Campbell 2QBpwing forintercomparisorbetween independent observations

and subsequent parametrizatidar modelling purposes, but does not take into account the kinetics (i.e. time
dependence) of nucleatiofWelti et al., 2012) In this study, we report results suitable for both types of
parameterizations, time dependeval{, 1994; Vali, 2014; Murray et al., 2013gct. 3.1) and time independent (Sect.

3.2), for INP representation in models.

A kinetic-basedPCF mechanism provides, at least in part, a possible explanation for the widespread IN activity
observed for sogparticles. This mechanism was formulated to explain ice nucleation by porous materials (Everett,
1961; Blachere and Young, 1972he PCF mechanism proposes that empty spaces between aggregated primary
particlesfill with water due to capillary condsation at relative humidities (RH below water saturath, which

freezes homogeneougMarcolli, 2014 Christenson (2013); Higuchi and Fukuta (1968he diameter of mesopores

(2-50 nm) and the surface properties of the pore substrate affecttidlensation process in the particles, especially

for pores less than 10 nm in diameter where the Kelvin effect is greatest. In large diameter pores (>> 10 nm), the water
vapor pressure is not sufficient to cause condensation below water saturatidh%=<Rl&,). On the other hand, in

pores with diameters too small (<4 nm), the growth of an ice embryo may be inhibited (Marcolli, 2014; Vali et al.,
2015). Pore diameters in soot materials range from micro (<2 nm pore diameter), through-&team(8iamete,

to macro (>50 nm diameter) and are dependent on the specific soot material. Manufactured carbon black material
(e.g., Kruk et al., 1996) can be produced with similar or higher surface areas and mesoporosity than cembustion
related soot particles (e.@Rpckne et al., 20004l else being equal, IN activity of a material is expected to increase

with increasing number of pores in the suitable diameter range. The PCF mechanism also predicts the observed
decrease in ice nucleation activity with increasiemperature over the temperature range about 210 K to 240K
(typical of cirrus cloudsHoose and Méhler, 2012)Porous materials such as mesoporous silica, zeolites, porous
silicon, porous glass, and carbon nanotubes have morphologies similar tofttsose particleg{Marcolli (2014,

2017); Wagner et al. (2016); Ullrich et al. (2017); Mahrt et al. (20IR)grefore, the PCF mechanism may be
applicable to soot particles all.

Soot particles are emitted directly into the atmosphere frontbastion processes such as agricultural burning, forest
fires, domestic heating and cooking, and transportation (McCluskey et al., 2014; Arora & Jain, 2015; Vu et al., 2015;
Sakamoto et al., 2016) and are ubiquitous in the Earth's troposphere (Heintz&888y&einfeld and Pandis, 1998;

Poésfai et al., 1999; Finlayseritts and Pitts, 2000; Murphy et al., 2006). The chemistry and structure of soot depends
on the type of fuel, combustion temperature, combustion kinetics and chemistry (M&@dlli andreferences

therein; Murr and Soto, 2005). In general, soot particles consist primarily of elemental carbon with-likkehain
structure of aggregated primary spherules, which are typically tens of nanometers in diameter (Buseck et al., 2014).
Soot and blaccarbon nomenclature is often used interchangeably for particles with negligible organic matter content.
The size or mass of a soot particle depends upon the number of primaryesgarat their arrangement as chiike
aggregates and agglomeratesgfiregates, as illustrated schematically in E&y Electrormicroscope images of an

aggregate and a compact agglomerate of ethylene combustion soot are shown in Figs. 1b and 1c, respectively



10

15

20

25

30

35

The compact agglomerate structures contain pores. ges @ the agglomerate might have some external branched

aggregates (Fig. 1c) that do not contribute to the porous structure. In this study we will refer to any confined empty

spaces between aggregates as pores. Note that in this view, pores can oceithivodnd on the surface of the

particle.

The critical factors that make some BC aerosols effective IN agents have not been established thus far. To elucidate

these issues, we measured the ice nucleation properties for a series of fakganagdteried commercial carbon black

samples (proxies of BC) with varying morphologies and surface chemistries, as well as for ethylengeflarated

combustion soot. The studies were performed under systematically varied temperature in the rangas2Kky

simuating cirrus cloueforming conditions (Kramer et al., 2016). In this connection, we studied the following factors

on soot particle ice nucleation activity:

1)

(2)

(4)

Effect of particle morphology. In the PCF mechanism, the dimensions and shape of the pores phagortant

role (Marcolli, 2017). In BC particles, it is not clear whether the PCF mechanism occurs in the empty spaces

between primary spherules or in the pores formed between the aggregates (see Fig. 1). Therefore, spherule size,

the degree of branag in a single aggregate, the stereo arrangement of the aggregates, and the location of the
pores may affect the IN activity of particles with similar mobility diameter. We studied the change in IN activity

in agglomerates of the same selected mobilityneier but different internal spatial configuration of aggregates

of spherules.

Effect of particle generation. A question has been raised whether water processing of soot in the atmosphere

and in the laboratory reduces the IN activity of soot. A posskfdanation to the IN activity discrepancies

observed in past laboratory studies of BC particles were ascribed to the technique of aerosol generation. The
technique of aerosol generation can often affect the morphology of the particle through a compedtamism

(China et al., 2015a), which can then change the density and therefore affect the IN activity of the particle. Some

laboratory studies (e.g. Ma et al., 2013; Friedbacher et al., 1999) showed that a water droplet that encloses an

aggregate followd by subsequent water evaporation in the diffusion dryer will lead to the collapse of the soot
structure driven by the water surface tension exerted on the aggregate core. However, this compaction from
aqueous suspensions was observed only in the labpiaid only for aggregates of approximately 200 nm in

diameter (e.g. Ma et al., 2013; Khalizov et al., 2013). Some suggest that it can occur also in the atmosphere (e.g.

China et al., 2015b). We examined both dry and wet particle generation techniques.

(3) Role of particle size.To test the role of particle size in the IN process, we compared IN activity of large BC
agglomerates with inner pores between aggregates (Fig. 1c) to IN activity of smaller size selected aggregates
(Fig. 1b) with similar chemistryral morphology bupotentially different pores sizes and numbers

The influence of surface oxidation.The influence of surface oxidation on IN activity of BC is still unclear.

Some studies (e.g. Koehler et al., 2009; Gorbunov et al., 2001; Marcolli 2014) suggested thatriexiarige

nucleation is favored on oxidized hydrophilic soot. However, others (e.g. Whale et al., 2015; Lupi et al., 2014a,

2014b; Biggs et al., 2017) suggested that a lower degree of oxidation leads to enhanced ice nucleation efficiency.

Our experimentgxplore the effect of oxidized surfaces.
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(5) The effect of organic coatingA higher organic carbon content has been observed in laboratory experiments to
suppress ice nucleation on soot particles (e.g. Mohler et al.b2G0&wford et al., 2011; Karchet al., 2007).
However, for some types of soot such a suppression of IN activity by coating is insignificant while in others it is
notable. On the other hand, some organic acids could enhance IN activity (Zobrist et al., 2006; Wang and Knopf,
2011). The cating material may first fill the pores, thus depending on the type, coating may bring about inhibition
or enhancement of IN activity. A series of experiments performed with a range of coatings on BC particles,

provides some clarification on the effectarfianics on the IN activity of BC particles.

2 Experimental Method
2.1 Materials Studied

In the present experiments, the ice nucleation properties of the six types of BC patrticles, listed in Table 1, were studied.
The first five of these materials axemmercial carbon black, a form of elemental carbon obtained from the incomplete
combustion of organics (typically liquid hydrocarbons) under controlled conditions. The first four were supplied by
Cabot Corporation, the fifth material, Raven 2500 UIR2500U) manufactured by Birla Carbon was chosen for its
relatively large specific surface area (high BET) vallieese uniform commercial powders withdwn physical
properties allow a systematic screening of selected particle properties important for ice nucleation in the
atmospherically releva 217235K temperature regime

Submicron soot particles were produced by an inverted burner soot generator (Argonaut Scientific Corp.) through
combustion of ethylene ¢8.). In the present study, we chose to maintain the flame at a |dwehequivalence ratio

of 0.017 to avoid the polydisperse size distribution mode shifting to larger sizes due to agglomeration and also to
avoid clogging of tubing by the soot. These particles were collected on a filter and reaerosolized for ice nucleation
measurements (see Sect. 2.2.1).

The BraunaueEmmettTeller (BET) and Oil Absorption Number (OAN) values showiTable 1 were provided by

the manufacturers. The BET test (Brunauer et al., 1938) measures the specific surface area of materiaigimygdeter

gas adsorption (usuallyN The BET value is affected by primary particle size. Higher BET is associated with smaller
primary particle size, in this case spherules. The OAN is an international standard measurement for characterizing
carbon black, btained by a welllefined test ASTM D2414 (ASTM, 2017) consisting of adding oil to the carbon
black sample. This parameter is associated with the degree of branching of the black carbon particle. Higher OAN
corresponds to more highly branched particlecstmes.

The surface chemistry and hydrophilicity can affect the IN activity of a particle (e.g. Koehler et al., 2009). To test this
effect, we included the surface oxidized Regal 400R carbon black pigment in this study, which was oxidized by the
manufactirer in a post combustion process. In order to test the acidity and solubility of surface groups on BC, we
measured the pH of agueous BC suspensions. We used an ultrasonic homogenizer and a sympHony B10P pH meter
(VWR Scientific). The pH measurements comfed the surface chemistries indicated by the manufacturers, with the
Regal 400R carbon black samples exhibiting an acidic suspension, whereas the other samples all generated near neutral

suspensions (Table 1). In situ characterization measurements eibelb the following sections.
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2.2 Experimental Setup
2.2.1 Aerosol generation and characterization

A schematic diagram for the experimental apparatus is shown.i@.Fitpe table inserted in the figure provides the

code to instrument abbreviabs. The BC particles which are in the form of a powder under dry conditions are
dispersed into a freflowing dry nitrogen gas using a novel printed fluidized bed generator with an acronym PRIZE
(Roesch et al., 2017). In addition to dry dispersion \éfiiidized bed, samples were also atomized from an aqueous
suspension with a-3et Collison Nebulizer (BGI) to assess the impact of aerosol generation techniques on IN
measurements. The atomized BC particles were dried inline in a diffusion dryer (TDPas/M/H) filled with silica

gel. Next, to study the effect of size and structure as outlingddh 1 we selected particles of two mobility diameters

(Dm), 100 and 800 nm. The size was selected by a Differential Mobility Analyzer (DMA, Brechtelpanttd by a

mixing condensation particle counter (MCPC 1710, Brechtel).

In a study of the effect afoating byorganic carbon content on IN, BC particles were coated either with stearic acid
(SA) (>99 % purity, Aldrich), ciginonic acid (98 % purityAldrich), or oxalt acid (>99 % purity, Aldrich).

Stearic acid (@Hs602) is one of the abundant saturated fatty acids and it is a common constituent of atmospheric
particles in urban areas that cook large amounts of meat (Katrib et al., 2005¢-&tehcoated particles are a gross
simplification of atmospheric particles since urban aerosol particles are composed of hundreds if not thousands of
organic molecules. However, these particles could serve as a proxy of the broader class of sootltdeaitgceids.
Humic-like substances are very efficient surfactants. One of the commonly used model surfactaptadasicigcid
(CioH1603). This compound originates from boreal forests, and blooming algae in the oceans yielded from the
photochemia | o xi dat i on -pifienetintle lowerapgsphera (Lue dnd Yu, 2010).

Dicarboxylic acids are another important group of organic compounds identified in the atmospheric aerosols. Their
contribution to the total particulate carbon rangesifabout 13% in the urban and seraiban areas to values close

to or even above 10% in the remote marine environment (Kerminen et al., 2000). Dicarboxylic acids have several
different sources, including primary emissions from fossil fuel combustionianthbs burning (Chebbi and Carlier,

1996). Here, we examine coatings with oxalic acigHiOs), an abundant dicarboxylic acid in the lower troposphere,
comprising a significant fraction of the total diacid mass comatot (Kerminen et al., 2000).

Size-selected BC particles were passed at a flow rate of 1.3l thimugh a heatedemperaturecontrolled reservoir

that contained the coating substance (Fig. 2). Temperatures during the coating process were adjusted for each organic
material, and kepbelow thehomogeneousucleation point of the cdiag substance. At temperatutaesiow 200 K,

the morphology of the BC aerosol would not change significantly (Bhandari et al., 2017). The phase and the thickness
of the coating material was not directlgtermined in these experiments. At the temperature and relative humidity
conditions of the ice nucleation experiments, coatings consisting of-copled aqueous solutions, as well as

crystalline or glassy solids, can form (Hearn and Smith, 2005; K&6@g Murray, 2008; Zobrist et al., 208

2.2.2 BC particle characterization

The DMA-selected800 nm)BC patrticles were characterized for chemical composition by the Particle Analysis by

Laser Mass Spectrometry (PALMS) instrument, described taild®y Cziczo et al., (2006) and Zawadowicz et al.,

7
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(2015). Briefly, particles are collimated in an aerodynamic inlet and pass through two 532 nm Nd:YAG laser beams.
The time difference between scattering signals corresponds to particle velocity, whisé canverted to vacuum
aerodynamic diameter. Particles are then ionized using a 193 nm excimer laser. Either positive or negative ions can
be detected. Particle vacuum aerodynamic diameter and chemical composition are measured in situ and in real time
atthe singleparticle level. Due to highly variable ionization efficiencies and matrix effects of common atmospheric
materials, single particlmass spectrometipstruments such as PALMS are not considered quantitdtharefore,

hundreds of singlparticle spectra are acquired to compare relative compositions between similar samples.

In addition, BC particles of 800 nm mobility diameter were collecte@@ihmesh copper lacy formvar grids (Ted

Pella, Inc.)andanalyzd offline in a scanning el&on microscope (Hitachi-8700 FESEM). While BC aggregates

are often considered highly branched (Fig. 1a), the microscopic images of the collected 800-seiecied
agglomerates generated by dry dispersion show compact clusters. Based on addisigairticles per BC particle

type, approimately 50% of the agglomerategere classified as highly compact, near spherical (Figs. 1c, A2); the
remaining were classified as compact, prolate agglomerates. For analysis purposes, we assume thesgéeagglomer

be highly compact spherical particl&his extrapolation to the whole agglomerate population will induce potential
statistical error and will define the upper limit of the effective surface area calculé@iopglement Sect. SIJhe
surfacearea is then used together with #ivatedfraction to calculate the density of the active sites (Vali et al.,

2015).The active site densityg(T), can bedefined as

\ o]
€

a 1)

where A(T) is the activated fraction at a given tempera(é€T) < 0.1) L¢ is a correction factor obtained in flow
calibrations, and & is the effective surface area, which is calculated from the sum of the areas of spherules that form
the outer shells of a BC particle of a given geometric volirhe.meardiameter of the circular-B shape was used

to calculate the volume of a geometric sphere having the same diameter in aWeaxassume that the geometric
volume of the spheroidal agglomerates is comparable with the volume derived from the seledigddiamheter.

This assumption may introduce an uncertainty factor of 3 due to the uncertainty in the number of outer layers that
contribute to the total surface ar€upplement Sect. S1The active site density analysis of the 800 nm particles

enable us to study the effect of complex agglomerate structures on the IN activi§ece8.

2.3 lce nucleation measurements

The ice nucleation measurement technique utilized here (blue dashed frame, Fig. 2), including the operation of the
SPectromedr for Ice Nuclei (SPIN, Droplet measurement Technologies), calibration of the laminar flow fraction, and

the minimization of uncertainty of IN measurements is described in detail elsewhere (Garimella et al., 2016, 2017).
Here, we describe only briefly tlexperimental steps. The SPIN instrument is a continuous flow diffusion chamber
consisting of two flat, parallel aluminum plates, cooled independently to create a temperature gradient. The plates are
covered with a layer of ice and due to the differencthé@ir temperature, a linear gradient in water vapor partial
pressure and temperature is set up between the two plates. Because of the nonlinear relationship between saturation
vapor pressure and temperature, supersatuaratith respect to ice, in watsubsaturatecdtonditions, is achieved

along the center of the chamber, allowingit@ nucleation

8
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The laminar flow in the chamber can reach temperatures as low as 213 K, with a fixed particle residence time of
approximately 10 s inside the chamberaatample flow rate of approximately 1 L firsuch that nucleated ice
crystals are able to grow to sizes of several microm@taimmeter In each experiment, the average temperature of

the laminar flow was held constant while the relative humidity was slowly increased from subsaturated to
supersaturated conditions with respect to ice and constantly subsaturated conditions with respect to water. We
investigated BC heterogeneous ice nucleation activity at temperatures of 217 to 235 K and relative humidity with
respect to ice (Rjibetween 100 ah150 %, typical to cirrus cloud&ramer et al., 2016)The SPIN was operated in

a supersaturation scanning mode, from low ®Hhigh RH at each fixed temperature.

Aerosol particles fed into the SPIN nucleation chamber in a lamina sample flavorareally constrained to the
laminawith a sheath flow of about 9.0 L minHowever, turbulence at the inlet causes a fraction of particles to spread
outside the centerline, decreasing the Ridy are exposed to. As these particles are ledy li@eactivate as IN, a
correction factorL: in Eq. (1),5.8 is applied to fractional activation data obtained from the machine learning
algorithm. Depending on experimental conditions, correction factors between 1.86 and 7.96 have been previously
reported (Gaimella et al. 2017; Wolf et aR018).

Nucleated ice crystals are detected in the SPIN by an optical particle counter (OPC, Droplet Measurement
Technologies) at the chamber outlet. The OPC measures particles from 500 nm to 15 um diameseharabHigy

to discriminate the phase of the particle by the 3 detected polarization components in 2 scattering angles using machine
learning algorithms developed by Garimella et al. (2016). Ice formation onset is reported as ahevRich ice

partides are identified by the machine learning algorithm.

Ice onset point is defined as the combination of supersaturation with respect to ice and temperature at which the
activated fraction threshold is reached. The activated fraction is defined as ther mam&entration of aerosol that

are activated to form ice crystals detected by the OPC divided by the total number concentration, counted by MCPC
(Fig. 2). This activation threshold does not have a universally agreed value (Kanji et al., 2017). ldyouveshave

setitat 1 %.

3 Results and discussion
3.1 Ice onset

The ice onset points for 800 nm particles, together with experimental errowhéi represent the variability of the
laminar conditions based on CFD simulations by Kulkarni and (R6k2),are presented in Fi§. This figure shows

a plot of water vapor supersaturation ratio over ice versus temperature at which (1 %) ice onset occurs. This time
dependent approach is based on kinetics in the ~10 s period of particle passing tiweocighmber and the set
supersaturation conditions. The most obvious aspect of these results is the bifurcation in the ice onset measurements
with decreasing temperatureBhe Regal 400R results remain indistinguishable from the homogeneous ice ancleati
line, whereas the other BC particle types all exhibit freezingtiasilbelow Koop line (i.e. theomogeneous freezing
and water saturation line in Fig. 3). The relationship between the ice nucleation aresed &®nperature is known

as ni s eFid MefiHodssand Mohler, 2012). More efficient INP have lower isolines
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Measurements of IN activity for nesxidized commercial carbeblack particles show the same trend in IN activity
of soot collected from ethylene combustidoth types demuastrated a temperature dependence of ice onset,
increasing ice onset point with increasing temperature in the range 235 K, similar to some of the earlier
observations of soot (e.g., Ullrich et al., 2017; Bond et al., 2013; Hoose and Mdohler, 20&8 previous reports
suggested that PCF mechanisms based on -satelensation prior to ice nucleation, and not classical deposition
nucleation mechanisms (i.e., vapor to solid), may account for these observations

Heterogeneous ice nucleation wasetved for the neoxidized BC proxies and soot with identical mobility diameter

of 800 nm. As is evident, the data differ for each sample. To understand these differences and to simplify the
discussion, we will address each issue outlingseict. 1 sgarately.

We extracted and replotted salient data from Figglated to the specific issues and display them in Bigs 7.An

additional set of measurements was obtained for the 10fanticles. Those results are presented inig

(1) Effect of particle morphology: The most notable feature in Figis the gradient between thata set$or BC
particlesR2500U (red squares) and Regal 330R (yellow squares), includiifthges in between. The displayed

onset supersaturation difference shows that the IN activity of R2500U is significantly higher than that of Regal 330R.
This is most likely due to the difference in the BET parameters for the two species; for R25002BE W<+ and

for Regal 330R BET = 90 hgL. As stated in Sect. 2.1, higher BET values correlate with higher surface areas, typically
implying smaller primary particle size. In turn smaller spherules tend to lead to higher branching within the BC
materal and hence a greater number of pores. Chughtai et al. (1999) showed that larger surface area of carbonaceous
material determines the adsorption capacity of water molecules at=R3#3 % Other studies demonstrated ice
formation in hydrophobic confimeents (e.g. Bampoulis et.a22016; Bi et al., 2017; Zhu et al., 2018herefore, a

higher number of smaller pores in BC particles may facilitate condensation of watersatstdied conditions and
subsequent freezing in ice sugsaturated conditionsn accord with the PCF mechanism, higher number of pores is
associated with greater IN activity as is consistent in our results.

A hint for the subtle influence of aggregate branching on IN activity can be found in the comparison of Monarch 880
(grey sqgares), Monarch 900 (blue squares), and R2500U (red squares) (Fig. 4), all have nearly the same specific
surface area (Table 1), while the OAN number, which is a measure of branching, is higher for Monarch 880 by 60 %.
Higher branching may contribute to $esompact structure and larger diameter pores that display a vieadese

Kelvin effectand therefore can only fill with water at higher RH herefore, in accord with the PCF mechanism, one
would expect Monarch 880 to display lower IN activitycmmparison to Monarch 900 and R2500U, as is observed.

The dimensions of the pores in the BC agglomerate, that is, the density of the BC agglomerate, in this case, is primarily
governed by the entangled contribution of the single spherule size and tiee @dédranching of the enclosed
aggregateThe ratio of the vacuum aerodynamic diameter, measured by the PALMS instrument for each air dispersed
BC sample, and the mobility diameter gives the effective density of the agglomerate (DeCarlo et al.,d@20®94). F
constant selected mobility diameter of 800 nm, we observed variability in the effective density (Tabhe 1)
aerodynamic diameter of the agglomerates is related to their mass, and the shape factor (DeCarlo et al., 2004; Jayne
et al., 2000). A simdr round shape of agglomerates was observed for numerous BC samples in the electron

microscope (Fig. A2). The variability in IN activity of particles that have the same mobility diameter and chemical
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composition (Fig. 4) carikely be explained by the viability in particle effective density (i.e. pore number
concentration and dimension$he variabilty in IN activity for temperatres greater than ~230 K (Fi¢), where the
measuredritical supersaturations at IN ongstreases with increasing temperature, appears to be inversely correlated
with their measured &fctive densities (Table 1Jhis same relationship @bserved in the temperature at which the
measured critical supersaturations for thiéedent BC particle types intersect with the homogeneous freezing line.
These observations suggest that for temperatures at or greater than 230 K, more effethirs B@&ve higher
effective densities (i.e., are more compact particles), implihag IN active pore sizes may be related to particle
effective densities.

Another method for physical characterization is the detection of the shift in polarization in the light scattered from
800 nm BC particles irhe OPC. A shift in polarization of the linearly polarized incident beam will occur if the particle

is optically anisotropic (having aspherical shape, branches, roughness, or variations in internal structure). This
polarization shift is used in classificatn of particles by their dédoptical shape
al., 2016; Kobayashi et al., 2014; ; Glen and Brooks, 2013). Even spheroidal shaped particles produce a urique shape
specific phase function distinctly different from thosedarced by other spheroidal particles (Mischenko et al., 1997).
Thus parallel and perpendicular polarization measurements can be used to differentiate between particles of the same
diameter. Francis et al. (2011) showed that both, agglomerate diametgrhendles diameter of soot, affect the
polarization within specific boundaries. In our study, the optical sphericity could shed light on the BC patrticle shape
(i.e. round and compact versus branched and lacy) and its influence on the IN mechanism in B€ratggoHigh

optical sphericity of a particle is determined by a low polarization shift in the light scattered from the particle. OPC
data median valuef singleparticle optical measurements for each BC sample are listed in Talbhe alur
experimeng, the most active INP (e.g. R2500U, Monarch 900) showed lower polarization shift signatures, which
suggests a more optically spherical shape.

(2) Effect of particle generation:In order to test the effect of aerosol generation technique on IN measuseme
measured the IN activity of BC atomized from a liquid suspension and dried in a diffusion dryer in comparison with
IN activity of the same BC drgerosolized. The results showed no visible sign of compaction effects on IN activity

of 800 nm BC pdicles (Fig. 5). The dagerosolized round compact shapes observed in Fig. A2 may explain the lack
of further compaction during the atomization process of 800 nm BC aerosol. Further qualitative support for the
hypothesis of initial compactness of the pdes was provided by the low values measured in the OPC (Table 1),
which are associated with the sphericity of the partidles. tolerance of these compact BC particles towards further
compaction is a very unigue feature of BC as compared to otherbisaompositions, e.g., dust surrogates (see
Sullivan et al., 2010).

(3) Role of particle sizeTo test the extremes of the aerosol diameters used in previous studies we selected 100 nm
and 800 nm BC particles. The results of experiments shown ir6Sigggest that thers aninfluence of the BC

particle size on its IN activity. The smaller mobility diameters of 100 nm, which are likely to be single aggregates
(Fig. 1b), do not nucleate as readily as the larger agglomerates of 800 nm of the same congpbstide, size, and
branching, The BC particles are hydrophobic and-ergstalline with particle sizendependent packing density as

shown in Zangmeister et al. (2014), therefore, according to the stochastic approach, an increase of the surface area
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shoull not affect their IN activity, however according to singular approtieh probability of active sites will be

higher for larger particles, increasing their probability to nucleateHeace, the enhancement of the IN activity in

each 800 nm BGample shown in Fig. 6 suggests a unique structural change as the mobility diameter is increased. It
is plausible that these particles nucleate via the PCF mechanism by capillary condensation in empty spaces between
soot aggregates due to the inverse Kelifect. The number of aggregates that form the agglomerate define the
number and the dimensions of pores that actuageation siteswhich in the extreme case of single aggregate (i.e.
without suitable pores)ucleateat or above the homogeneous freezing threstalgl greycircles in Fig. 6). The IN

activity of 100 nm ethylene flame soot is reduced in comparison to the 800 nm soot. Despite the reduction in activity,
the 100 nm soot has nucleated icebelow homogeneous freezing conditiohiss possible that a biastroduced by

doubly charged particles, passed at the same DMA voltage, maintained the high IN activity of hibifity
diametersoot.

(4) The influence of surface oxidationln Fig. 7, the oxidized sample of Regal 400R (green) is comparednalarsi
norntoxidized sample of Regal 330R (yellgv@nd ethylene sootVe measured the pH values (Table 1) obtained for
aqueous suspensions of the BC samples. Ethylene soot has a slightly lower pH, as expected for a combustion generated
soot. However, Rgal 400R particle type is the only BC sample in this study that had both an oxidized surface and
generated an acidic aqueous suspension. The surface acidity is likely due to-oufateoxygercontaining

functional groups; both the surface functionalup® and surface porosity have been shown to influence the amount

and the energetics of the water adsorbed to the carbon surfaces (Salame and Bandosz, 1999; Marsh and Rodriguez
Reinoso, 2006). Currently, we have no way of discriminating between the effesiisface oxidation and surface

acidity on the observed IN activity of Regal 400Raddition to pH values, we used the PALMS instrument to confirm

the oxidation state of dry particles. Negative and positive ion spectra of about 1000 particles wetedcoll each

BC sample. The oxygen negative ion peaks were then plotted against carbon negative ion peaksaukddtmr

each BC sample (Fig. Al). Regal 400R particles cluster demonstrates noticeably higher peaks of oxygen in comparison
to other BCsamples. This oxidized sample froze homogeneously even at temperatures as low as 219 K while the non
oxidized sample showeite nucleation activity, well below homogeneous freezing conditiblosvever, small

amounts of surface oxidation on soot doesappiear to significantly affect IN activityhese observatiosareinitially
counterintuitive due to the presumed hydrophilicity of the oxidized sample, however the ubiquity of oxygenated
surface groups on BC surfaces does not mean that sotggartill appear hydrophilic on a macroscopic sacale

nucleate ice (Friedman et al. 201Epr example, fresh, oxidized soot particles do not generally activate as cloud
condensation nuclei (CCN) under atmospherically relevant conditions (Corbin 20Hb). Moreover, molecular
dynamics calculations show that hydrophilicity is not a sufficient condition for IN (Lupi et al., 2014a, 2014b). In fact,
Biggs et al. (2017) reported an increase in the ice nucleation activity due to a decrease in hytrophédifieezing

behaior of water confined irpores of hydrophilic silica or hydrophobic carbon was similar, suggestingpdinat
hydrophobicity may play a limited role in P@¥pe freezing (Morishige, 2018H&usler et al. (2018) suggested that
agglomeration may lead to a favorable positioning of thetfonal sites and therefore to an increase in the IN activity,

even though a decrease in the surface area occurs. However, it was found that the increased proportion of oxygen

increases the hydrophilicity of graphene, reduces agglomeration and henceeistheasurface area and reduces the
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number of pores (Hausler et al., 201Bhus, it is possible that by oxidizing the surface of Regal 400R particles, the
micro structure of the particles changed (Cab&uafelix & Darling 2007), reducing the numbeREF active pores.
Fletcher (1959) noted that a highly polar surfaces could raise the free energy of formation of ice embryos, reducing
the efficiency of heterogeneous ice formation, providing another potential explanation. Finally, if the surfadg is high
oxidized, the Regal 400R particles may condense monolayers of water more readilgrtoaidized Regal 330R,
affecting the ice formation. All of these potential explanations are also consistent with the surprisingly high effective
density of Regal 400Rample

The combined contribution of single spherule size, particle size, surface oxidation, and morphology to IN activity
affects the spatial arrangement and thus the adjacent angles in the pores that dictate the formation, and perhaps the
type of the ice lattice (Bi et al., 2017; Zhu et al., 20H8)wvever, further screening of BC samples accompanied by
thorough characterization (e.g. BET, Atomic Force Microscopy, coategle, coldstage experiment$$ needed to

confirm these findings. .

(5) The effect of organic coatingSurface oxidation is not the only process altering the IN act@itgwford et al.

(2011) showed that alteration of the organic carbon content from minimum (5 %) to medium (30 %) results in a clear
transtion between heterogeneous and homogeneous freezing mechanism, respé&xtivibly. other hand, some
organic acids enhance IN activity (Zobrist et al., 2006; Wang and Knopf, 2011). Coating material may fill the pores,
and the extent of inhibition @nhancement of IN activity may imply the prevalent ice formation mechanism for BC
agglomerates. The efginonic and stearic acid when atomized, nucleate ice homogenébigs|$3). When used as
coatings they decreased the IN activity of R2500U (Fig.c3bThe pure atomized oxalic acid on the other hand,
nucleates ice heterogeneouslycatsupersaturation as low as 10 %. When used as a coating material, it has increased

the IN activity of a homogeneously nucleating BC sample, Regal 400R, to ~30e¥ststion at ice onset (Fig. 8a).

3.2 Active site density

As we mentioned isect. 1 two approaches to explain the IN data are commonly used: a stochastic description based
on classical nucleation theory and a deterministic or singularipgggor(Knopf et al, 2018). The tim@dependent,
singular approach is often used in models where a surface density of sites active on a particle surface (Eg. 1) can

initiate ice nucleation at a given temperature, assuming that one site gives risegte Eesiorystal.

Theleast square fitted isolines of the calculated active site densities (Eq.800 nm particle®f Monarch 900,
Ethylene combustion soot, and R2500U, the most active BC praexeepresented in Fi§ and lie in the rang8.6-

1.2 -16°m2. Shown in the figure as black dashed lines, are active site density isolitfas 100" m?2 and 102 nr

2) derived from empirical parametrization of ice nucleation on soot from five sources by Ullrich et al. (0li8s

of non-oxidized particles, as measured in this study, lie mostly within the boundaries confined b el 1B nr

2 active site density isolindsom Ullrich et al. (2017)The uncertainties in calculations of the effective surface area
together withactivated fraction uncertainties are propagated to a total uncertainty of less than an order of magnitude,
which may partially explain the gap between the isolines in both studies. Other plausible explanations may include

differences in composition, orgarcarbon content, and the spread of data points in Ullrich et al. (2017). For particles
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of 100 nm in diameter and the saiNeonset threshold (%), the effective surface area will be approximately 2 orders
of magnitude lower. Therefore, for these pdeticthe active site density isolines will have to be two orders of

magnitude higher, closer to the homogeneous freezing line.

In Fig. 10, theice onset pointef 800 nmBC proxiestested in our studgomplement the data reprodudeaim Kaniji
et al. (2017)or the lower temperature regime in water subsaturated condifitwss narrow spread of data points
indicate a clear increase in IN activity as a function of decreasing temperature. As we explained earlier, the bigger

diameterin our study may be the main explanation for higher IN activity in comparison to data from earlier studies.

4 Atmospheric implications

The carbon black, an industrial powder product, is potentially atmospherically relevant both dieetlypllution
component , especially when generated in a Achannel pro
2000; Hardman, 2017), and indirectly as a proxy for atmospheric particle as was recently studied by Dalirian et al.,
2018 and dters.Canagaratna et al. (2015) have shown that Regal black and flame soot appear very similar, at least
from the perspective of the mass spectrometry. However, in the ambient setting, BC particles can vary significantly
in terms of their physical and emical properties, and are usually mixed with other pollutants present in the
atmosphereThe widespread in IN activity of B@bscures understanding of the radiative properties of clouds and
Earthés climate. Our f i ndichnagabsessddnwildtiiresa(@hakrabartygeeal.,2@14),] o me r
could be a potential source of efficient heterogeneous IN via the PCF mechanism in cirrus cloud conditions in the
troposphere. While the concentration of such large pasiglesually low/imiting their detection, these efficient INP

may contribute to the warming effeets was shown by Bond et al. (2013) for heterogeneous nucleation GiuBC

study explained some of the main factors that affect the high variability in IN activity of diflé@ which can shift

between heterogeneous and homogeneous ice nucleation. For comparable oxidized-@idizeoh particles,

lower activity was observedin the oxidized particlesHence, the singular, time independeparameterization
approach in models should take into account the oxidation state and coating of the BC partjalgis.coatings not

only cover the outer layers of BC aggregates but may also fill the internal pores among primary spherules and have
the abilityto either inhibit orenhance IN activity.

We showed that our results BC ice formation below homogeneous freezing conditamesconsistent with the PCF
mechanism. However, these findings seem to contradict some field observations, wlaearnevidence of
heterogeneous IN activity of BC was found (see Introduction Section). Such contradictory observations between
laboratory and field measurements geantly be explained by ice multiplication processes (e.g. Ladino et al., 2017),

as wellas, decrease of IN activity by surface coatings (Friedman et al., 2011), instrumental limitations (Cziczo et al.,
2014), and scarcity of data from field measuremeht®ther possible reason is the surface oxidation of the particle

as part of the aging pcess down the timeline of its trajectory in the atmosphere. Several studies, including this one,
have shown that oxidation on carbonaceous surfaces can, in some cases, reduce the efficiency of ice nucleation
However, f PCF is to occur in atmosphef8C particles, less studied mechanisms of ice multiplication, resembling

supercooled droplet splintering upon freezing (Wildeman et al., 2017), may occur during pore condensation and
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freezing, inside the confined geometry (Vlahou and Worster, 2010; Kyakwalg 2010; Kyakuno et al., 2018)his
in turn could be another plausible explanation to the scarcity of BC in ice residuals collected in field measurements

and the reason for the underestimation of BC IN activity and its global IN importance.

5 Conclusions

In this study, we systematically examined the ice nucleating activity ofchatlacterized commercial carbon black
samples and soot generated in an inverted diffusion flame. A commercial continuous flow diffusion chamber (SPIN)
was used to simulate the temperature and humidity conditions of the in situ type cirrus clouds (Kramer et al., 2016).
Our results complement the ongoing research of IN activity of BC aerosol in atmospherically deditians. The
majority of BCsamples tested here showed IN activity at low supersaturation over ice with a strong dependence on
the temperature, in agreement with previous reported results. Our data suggests that the main IN mechanism in the
majority of the particles tested is consrdt with pore condensation and freezing, which occurs in empty spaces
between the aggregates. Our main observations are listed below:
0 Differences in the morphology of the agglomerate corresponded with differences in IN activity. Particles of
the same dimeter, with higher specific surface area and lower branching showed the highest IN activity.
0 Aerosol generation techniques (i.e. dry versusavigtd), and compaction, previously reported for ~200 nm
BC, did not seem to have a significant effect onlbhectivity of atomized 800 nm agglomerates.

0 While comparing particle size (i.e. agglomerate versus aggregfate¢ same BC sample, which has the
same IN efficiencywe observed bbwer IN activity at 100 nm mobility diameter versus 800.

0 Oxidized particles nucleated homogeneously for all tested temperatures.

0 Organic surface coatings demonstrated the capability of both enhancing and inhibiting the IN activity on BC

proxies.
Our study indicates that ice nucleation atyiwf commercial carbon black caake place well beloomogeneous
freezingconditions One can select a walkfined morphology of compact, naxidized agglomerates with high BET
and low OAN values, which correspond to smaller spheruledocandranching, respectively. Such a material will
allow controlled conditions for more efficient ice nucleation. In future studies, IN activity enhancement with size
should be tested in more detalil, in the rangei1®800 nm(e.g.Mahrt et al. (2018) This enhancement in naoxidized,
compact agglomerates of commercial carbon black should be similarly tested with other compounds of comparable
morphology to understand the impact of the PCF mechanism on atmospheric pracdgsesharacterization of IN

at low temperatures of theld cirrus temperature regime
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Table 1. Aerosol materials with selected properties. BET, OAN, and surface type information is provided by the
manufacturer and pertain to bulk properties. The datain the last four columns were collected in our laboratory; pH was
measured for the bul k s uw® OLEnasid, and GPC dad were cotlecteddor diyedisprersad BC (

particles.
Sample aBET 5OAN [ml/100 g] Surface type PH o g 9 Cm-3] PALMS foPC
[m2gy] (manufacturer) (manufacturer) emedian O:C ratio Log(S1), Log(P1)
(manufacturer) (Fig. A1)

Regal 330R 90 65 Non-oxidized 6.9 0.79 0.018 24,33
Regal 400R 90 70 Oxidized 4.9 1.24 0.057 23,32
Monarch 880 240 110 Non-oxidized 6.7 0.76 0.015 14,29
Monarch 900 240 70 Nonoxidized 6.8 0.84 0.024 14,29
Raven 2500 Ultra 270 67 e 7.0 1.12 0.036 14,28
Ethylene om0 s 6.4 0.59 0.037 20,31

combustion soot
5 3BET (BrunaueEmmett;Teller) method measures the surface adsorption area to mass ratio of the bulk powder.

POAN (Oil Absorption Number) is proportidna the absorbed oil volume to mass ratio of the bulk powder.
°pH measured for bulk suspension of BC materials with measurement precision of 0.1.

4" & is the effective density calculated from the ratio of the vacuum aerodynamic diamefem@sure by the
PALMS (Particlanalysishy-LaserMassSpectrometry) instrument and the constant mobility diameter)Df 800
10  nm, multiplied by the standard density of 1 g&m

®Median O:C ratio measured by PALMS instrument for selected mobility diametgiofB300 nm. On averagep

to 50 % deviatios from the mean valuesere observed

fOPC Optical Particle @unter. Logarithmic values of parallel (S1) and perpendicular (P1) polarization, measured by
the OPC for size selected 800 nm mobility samples, are shown in the last column.
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(a)  — Agglomerate

‘' ~1—100+ micron

Pores «— Aggregate
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~15—-300 nm

(Not drawn to scale)

8.8mm x25.0k SE(U)

Figure 1. (a) lllustration of agglomerate, aggregate, and spherule defimins, reproduced with permission from Long et al.
(2013). Electron microscope images of (b) Soot aggregate on a substrate, and (c) soot aggloménatee images, underlying
the soot, is the substrate, on which the soot is collected.

Aerosol generation
PRIZE - PRinted fluidIZed bed gEnerator
— PRIZE >— OPC [ PALMS Size selection
DMA - Differential Mobility Analyzer
L : DMA v > A=————————— Chemical composition
ATOMIZER 1 1 I I PALMS - Particle Analysis by Laser Mass
' 1
—zorvEr P 1 o 5| SPIN I Spectrometry
? '% | OPC | Ice nucleation
1 | | SPIN - SPectrometer for Ice Nuclei
L g |1 I
w® | | Optical properties
S I MCPC I OPC - Optical Particle Counter
L _: Concentration
mEmEmEmEmmme— MCPC - Mixing Condensation Particle Counter

Figure 2. Simplified diagram of the apparatus showing aerosol generation, coating, characterization (yellow dashed frame),
and ice nucleation measurements (blue dashed frame). The red frame is the flask containing the organic acid, which was
heated to a tempeature slightly lower than the onset of homogeneous particle nucleation of organic compounds. The blue
frame is a chilled condenser-20 °C) which promotes condensation of organic acids on BC.
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Figure 3. Ice nucleation onset conditions defing as 1% of the total aerosol to nucleate ice for 800 nm BC particlesSolid
black line is the homogeneous freezing threshold (Koop et al., 2000).

28



15 -
2
3 Regal 330R Eﬂ g O
3 |l Monarch 880 = a D |
c 1.4 Monarch 900 - m B
e B R2500U gy oo =
© B Ethylene combustion % N
=) —Homogeneous freezing .l =
© 1.3 ED = |
w = |
@ 0
S - gl
- - . L
n

120 = g |

218 223 228 233

Temperature [K]

Figure 4. Morphological effect on ice activity 6800 nm BC particles The black solid line is the homogeneous freezing
threshold.
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Figure 5. Aerosol generation technique effect on IN activity. The black solid line is the homogeneous freezing threshold.
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Figure 6. Effect of particle size on ice onseSquares represent data obtained with 800 nm patrticles, circles represent 100
nm particle data. The black solid line is the homogeneous freezing threshold.
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Figure 7. Influence of surface oxidabn on IN activity. Comparison of 2 BC compounds with identical BET and comparable
OAN values (Table 1), mainly differing in the degree of surface oxidation (Fig. Algnd a sample ofethylenecombustion
sootwith intermediate degree of oxidation The black solid line is the homogeneous freezing threshold.

1.5+ 1 1.5 1.5
) ® s [ ]
214 14 14
]
3 ] g o o
S13 130 ¢ o 130 © o
© e]
5 o © o) o °
©
P12 1.2 1.2
]
[=}
7
1.1 - | — Homogeneous freezing 1.1 R2500U 800nm ‘ 1.1
Regal 400R 800nm t id coating
Regal 400R 800nm with oxalic acid coating
1 : 1 1
48 -46  -44 42  -40  -48 46 44 42 40  -48 46 -44 42 40

Temperature [°C]

Figure 8. Modification of ice nucleation onset on BC particles by organic coating. (a) oxalic acid on Regal 400R. (b) cis

pinonic acid on R2500U. (c) stearic acid on R2500U.
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Figure 9. Leastsquares fitted active site density isolines of three most actiV®P in this study: Monarch 900, ethylene
combustion soot, and R2500U (0.61.2 -13°m?), plotted together with isolines(10% - 10> m?) reproduced from empirical
parametrization of soot IN activity by Ullrich et al. (2017). The black solid lne is the homogeneous freezing threshold.
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