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Abstract. A differential scanning calorimeter (DSC) was 1 Introduction
used to explore heterogeneous ice nucleation of emulsified

aqueous suspensions of two Arizona test dust (ATD) saMyce (rystals in the atmosphere may form spontaneously

ples with particle diameters of nominally 0-3 and @, homogeneous nucleation of cloud droplets and agueous
respectively. Aqueous suspensions with ATD concentrationg,erosol particles or triggered by heterogeneous nucleation

of 0.01-20 wt% have been investigated. The DSC thermoy, gyrfaces of so-called ice nuclei (IN). Field measurements

grams exhibit a homogeneous and a heterogeneous freezing,,, that ice formation in cumuli- and stratiform clouds be-
peak whose intensity ratios vary with the ATD concentration ging at temperatures much warmer than those associated with
in the aqueous suspensions. Homogeneous freezing empgiy mogeneous ice nucleation in pure water (e.g. Hobbs and
atures are in good agreement with recent measurements qi(angno, 1985; Baker, 1997). Therefore, the partial glacia-
other techniques. Depending on ATD concentration, heterogiqn of these clouds is ascribed to heterogeneous ice nu-
geneous ice nucleation occurred at temperatures as high feation that may occur when insoluble particles come in
256 K or down to the onset of homogeneous ice nucleation,qnact with (contact freezing), are immersed in (immersion
(237K). For ATD-induced ice formation Classical Nucle- freezing) or act as cloud condensation nuclei for (condensa-
ation Theory (CNT) offers a suitable framework to param- ¢ freezing) water droplets (Pruppacher and Klett, 1997).

eterize nucleation rates as a function of temperature, experico,g droplet freezing on heterogeneous ice nuclei has been
mentally determined ATD size, and emulsion droplet volume ¢, nfirmed by the chemical identification of aerosol particles

distributions. The latter two quantities serve to estimate thefound in the center of ice crystals. These particles are of-
total heterogeneous surface area present in a droplet, wheregs, composed of insoluble material such as fly ash, kaolinite,
the suitability of an individual heterogeneous site to trigger y,ontmorillonite or further minerals (Kumai, 1961: Kumai

nucleation is described by the compatibility function (or con- 54 Francis. 1962: DeMott et al. 2003a), and may originate

tact angle) in CNT. The intensity ratio of homogeneous t04m |arge desert regions such as the Sahara (DeMott et al.,
heterogeneous freezing peaks is in good agreement with thgnnap. Sassen et al. 2003).

assumption that the ATD particles are randomly distributed Mi | surf K to effectively initiate ice f
amongst the emulsion droplets. The observed dependence Inéral surtaces are known 1o efiectively initiate ice for-

of the heterogeneous freezing temperatures on ATD concer@aﬁon' Water droplets of kaolinite and montmorillonite sus-

trations cannot be described by assuming a constant contaBng'ons V\fri obtserved t(: freeze betweé:l dandh—30;? ’
angle for all ATD particles, but requires the ice nucleation 3¢ EVEN NIgher temperatures are reported when the same

efficiency of ATD particles to be (log)normally distributed nuclei induced freezing in the contact mode (Pitter and Prup-

amongst the particles. Best quantitative agreement is reacheiﬁa(t:_her’ :fLQt?).”\II-Iowgver, In thesetrea;surfhment? the cofncen-
when explicitly assuming that high-compatibility sites are ration ot the and consequently aiso the active surtace

rare and that therefore larger particles have on average morgas hot qua_ntlfled. IHut_ng et tal. (2f003) fou_nd thatlftr][e helt-
and better active sites than smaller ones. This analysis Suqe_rogeneous Ice nucieation rates of ammonium sultate solu-

gests that a particle has to have a diameter of at leagtrfi.1 ion droplets with a mineral dust core depend, beside tem-
to exhibit on average one active site perature and ice supersaturation, on the size of the immersed

mineral particle. Size-dependent ice nucleation efficiencies
of different mineral dusts were also found when a supersat-
urated water vapor directly crystallized onto a solid surface
Correspondence to: C. Marcolli (deposition mode; Archuleta et al., 2005). The present study
(claudia.marcolli@env.ethz.ch) goes beyond the work by Hung et al. (2003) and Archuleta
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5082 C. Marcaolli et al.: Ice nucleation on surrogates of mineral dust

et al. (2005) by providing a comprehensive description of theral mineral dust particles in the atmosphere, given its com-
nucleation process and by quantitatively explaining the therposition is similar to that of dusts originating from deserts
mograms in terms of an active-site-based model of heterogeKrueger et al., 2005). It has also proven to be a potent IN in
neous nucleation. the deposition mode (Knopf and Koop, 2006pMer et al.,

In the derivation of a heterogeneous nucleation rate from2006).
an experimental dataset generally the stochastic hypothesis
(Pruppacher and Klett, 1997; Vali, 1994; Martin, 2000) is
applied, namely, that the ability to nucleate ice (its “activ- 2 Experimental
ity”) per surface area is the same for all IN, either because all ) )
IN have identical surface properties or because each aqueods!l Preparation of emulsions
droplet contains a sufficiently large number of IN so that dif- _ _ : .
ferences in their quality even out. Under these conditions,The (()amuIS|on§ used in thg DSC expenmgnts COI’]SIS.t of
the nucleation probability can be formulated analogously to80 wt% of a mixture of lanolin (Fiuka Chemical) and min-

the homogeneous case. In contrast, the singular hypothes\‘asral ol (Aldrich Chemical) and 20wt% of water or an aque-

(Pruppacher and Klett, 1997; Vali, 1994; Martin, 2000) as- ous suspension of Arizona test dust (made with distilled and
sumes that the activity of IN varies and that their total num-Olelonlzed water, 18.2K). The samples were emulsified

L . L . i~ by applying a rotor-stator homogenizer (Polytron PT 1300
ber within water droplets is insufficient to ensure statistical ) . .
homogeneity among the droplets. According to this hypoth—D with a PT-DA 1307/2EC dispersing aggregate) for 40s

esis, the freezing temperature of a droplet is determined b)?t 7000 RPMZ qu hpmogenequs fre_ezmg.expenments, two
that particle in the droplet whose activity is highest. To re- droplet size distributions were investigated:

produce cloud formation and precipitation, numerical mod-
els need to parameterize heterogeneous ice nucleation taking
into account the relevant nucleation modes and ice nuclei.
Most models use empirical relations based on the singular
hypothesis to parameterize the IN number concentration as _ “2 4-um-droplet emulsions”™: smaller droplets with di-

functions of temperature and/or ice saturation (e.g. Cotton ameters in the range of 0.5x8n with 23 wt% lanolin

et al.,, 1986; Meyers et al., 1992; Diehl and Wurzler, 2004, (gmaller droplets with higher surface area density re-
Lohmann and Diehl, 2006). A further improvement of these quire higher emulsifier concentrations).

models strongly relies on the availability of ice nucleation
data that assess the spread of activation thresholds withippproximately 3@:5mg of the emulsions was used for

acteristics of droplets have to be related to the surface area ¢fhecked in an optical microscope (Olympus BX 40).
the immersed IN.

When water-in-oil emulsions are cooled a high number of2.2  Droplet volume distribution of emulsions
water droplets nucleate independently from each other and
the freezing can be observed via the released latent heat uhe volume distribution of water droplets in the emulsions
ing a differential scanning calorimeter (DSC). This techniquewas established by analyzing transmitted-light microscope
has proven successful in measuring homogeneous ice nuimages of emulsion samples prepared on an objective slide.
cleation of water and solution droplets (e.g. Rasmussen and@he volume distribution of the emulsion with the smaller wa-
MacKenzie, 1972; Koop et al., 1999; Bertram et al., 2000;ter droplets was evaluated by counting the droplets with a bin
Zobrist et al., 2003) as well as heterogeneous nucleation ofize of 0.5um starting from um diameter droplets. The
agueous suspensions with immersed IN (e.g. Zuberi et al.droplet volume distribution of the emulsions with the larger
2001; Clausse et al., 1991, 2005; Zobrist et al., 2006). Thesdroplets was based on the evaluation of several emulsions
studies usually took the onset of the freezing peak as the icaith pure and ATD containing water droplets by counting
nucleation temperature. In the present study, we attempt ¢he number of droplets with a bin size ofiin starting from
full analysis of the shape of the freezing curve by taking into 2 um diameter. The preparation procedure of the emulsions
account the volume distribution of the water droplets in theled to reproducible droplet volume distributions with no de-
emulsions as well as the surface of IN within the dropletspendence on the ATD content. Therefore we used an aver-
and by parameterizing the results in terms of Classical Nu-aged volume distribution for all emulsions prepared by the
cleation Theory (CNT, Pruppacher and Klett, 1997; Zobristsame procedure. Figure 1 shows the volume distributions
et al., 2007). With such an analysis the spread of IN activityof the two types of emulsions. The emulsions with larger
in a sample can be assessed. droplets were well fit by a normal distribution with median

We perform this analysis for two different size distribu- diameter and variance of 10n and 14.8, respectively,
tions of Arizona test dusts (ATD). ATD is composed of var- while the emulsions with smaller droplets corresponded bet-
ious mineral species and may serve as surrogate for natuer with a lognormal distribution with median diameter and

— “10-um-droplet emulsions”; larger droplets with diam-
eters in the range of 2—20m were obtained with 5 wt%
lanolin in the lanolin/mineral oil mixture,

Atmos. Chem. Phys., 7, 5081-5091, 2007 www.atmos-chem-phys.net/7/5081/2007/
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Fig. 1. Normalized volume distribution of water-in-oil emulsions: Fig. 2. Normalized number distributions of Arizona Test Dust

microscopically determined distributions are given in red (small (ATD): measured size distributions are given in red (fine ATD;

droplets) and dark blue (large droplets), fitted functions in black squares: scanning mobility particle sizer (SMPS), triangles: aero-

(lognormal distribution, small droplets) and light blue (normal dis- dynamic particle spectrometer (APS)) and dark blue (coarse ATD;

tribution, large droplets). squares: SMPS, triangles: APS). Fitted distributions are in black
(fine ATD) and light blue (coarse ATD).

geometric standard deviation of 2.4th and 1.55, respec-

tively. In the following, we will refer to the emulsions with  measured size distributions together with the fitted ones are
smaller and larger water droplets as the 2m-and the 10-  shown in Fig. 2.

um-droplet emulsions, respectively. For the heterogeneous

freezing experiments in the presence of ATD only experi-2.4 DSC measurements

ments with the 1Qtm-droplet emulsion were carried out. _ . ] . ) )
Emulsion droplet freezing was studied with a differential

2.3 Particle size distribution of ATD scanning calorimeter (DSC; TA Instruments Q10) in which
nucleation is detected by the latent heat released during
Two samples of commercially available ultra fine Arizona freezing. The DSC temperature calibration was performed
test dusts (ATD, Powder Technology Inc.) were used in thewith the melting point of ice and the ferroelectric phase
experiments: one with nominal 0+3n particle diameters transition of (NH;)2SOs at 223.1K, leading to an accuracy
and one with 0—7:m. In the following, we will refer to the  of the reported freezing temperaturesde8.5 K. The preci-
one with 0-3um particle diameters as fine and the one with sion in temperature for a single emulsion is distinctly better
0-7um as coarse ATD. According to the distributor, both than 0.2K. In a typical DSC experiment, the first two freez-
products have the same chemical composition withb@i@  ing/melting cycles are run at a cooling rate of 10 Kmfrto
Al,03 as the main components. They have already been usecheck the stability of the emulsions. The third freezing cy-
to study heterogeneous ice nucleation bytiér et al. (2006;  cle with a cooling rate of 1 Kmin! was used for evaluation.
fine ATD) and by Knopf and Koop (2006; coarse ATD), who The slow cooling rate of this cycle allowed minimizing peak
also detailed the elemental composition. The size distribu-broadening due to instrumental heat flow limitations.
tions were measured with a scanning mobility particle sizer
(DMA Model 3081 and CPC Model 3010, TSI) and an aero- _
dynamic particle spectrometer (APS, TSI). A bulk density 3 Modeling
of 2.6 g/cn? was used to convert the aerodynamic diameter
measured with the APS into a mobility-equivalent diameter
for ﬁomp arison \IN'.th. the SMPS data. Particles were|d|sperse%though far from being an accurate or ab initio description
:,grt tre]eag\gé ZE dug;\jlle?’dSBrﬁngsE?ezer;aeta'[s(-r?ﬁyr%cézsi‘:ggg of nucleation processes, Classical Nucleation Theory (CNT)
. ) o ers a suitable framework to parameterize homogeneous
distribution O.f fmel ATD has. beef_‘ approximated by a log- and heterogeneous nucleation rates as a function of tempera-
normal function with a median diameter of 0,35 and a ture. It expresses the homogeneous ice nucleation rate coeffi-

geometric standard deV|at|o'n of 1.84. For coarse ATD tw.ocient for supercooled watejyom(T) (Pruppacher and Klett,
superposed lognormal functions were used to fit the size dls—1997) as

tribution: 17% of one with 0.8@m median diameter and 2.2
geometric standard deviation, and 83% of one with Q.81 kT AFyife (T) AG (T)
—exp| ———— | xny, exp| — (2)

3.1 Classical Nucleation Theory

median diameter and 1.73 geometric standard deviation. Théhom(T) = h kT kT

www.atmos-chem-phys.net/7/5081/2007/ Atmos. Chem. Phys., 7, 5081-5091, 2007



5084 C. Marcaolli et al.: Ice nucleation on surrogates of mineral dust

wherek andh are the Boltzmann and Planck constants, re-3.2 Modeling homogeneous emulsion freezing
spectively, T is the absolute temperature, the number
density of water molecules (typically,=3.1x10?2cm3), The number of droplets freezing homogeneously in an emul-
A Fgirt (T) the diffusion activation energy of a water molecule sion in a time intervat is given by
to cross the water/ice embryo interface, and;(7T) the . .
Gibbs free energy for the formiltion of the critical ice embryo nhom(t) = ny (1 = €Xp(=jhomV 1)) ©)
in the absence of a heterogeneous ice nucleus. The seconchere n; is the total number of (initially liquid) droplets
term in Eq. (1) (behind the times sign) describes the concenwithin a droplet size class given by volumeé of an indi-
tration of critical (viable) ice embryos; the first term is the vidual droplet. To model the DSC signal, the temperature
diffusive flux of water molecules to the ice embryos during was decreased at a cooling rate of 1 Kmiirand at each 1-
their nascency. s time step the fraction of frozen droplets for each droplet
In CNT, AG(T) is given by (Seinfeld and Pandis, 1998): size class was evaluated based on Eq. (6). For the.24-
droplet emulsion, droplet size bins from 0.3—/® diame-
16m w2 (T) o (T) 2 with 0.3um spacing and for the 1@m-droplet emulsion,
3 [kTInS(T)?’ bins from 1-25u.m diameter with Jum spacing were calcu-
lated. The latent heat released by each droplet size class was

where vice(T) is the volume of a HO molecule in ice, \eighted by its volume fraction in the droplet volume distri-
o4 (T) the interfacial tension between water and the ice e€M-yution of the emulsion and then summed up

bryo andS(T) the ice saturation ratio defined by

AG (T) =

The DSC technique monitors the differential energy re-
Ph,0 (T) quired to kegp both a sample and a refere;nce at the same tem-
-—(T)’ 3) perature while the average temperature is changing at a con-
Pice stant rate. The DSC instrument is therefore sensitive to the
where pn,0 and pice are the vapor pressures of supercooledlatent heat release due to the nucleation events. When water
liquid water and ice, respectively. Most recent parame-freezes, the time dependence of latent heat recorded by the
terizations for pn,0 and pice are given by Murphy and DSC follows an exponential decay laggxp(—¢/7)) given
Koop (2005). Temperature dependent parameterization oby the involved heat capacities of the sample and the instru-
AFyift (T), vice(T ) and o (T) used here are the same as ment itself. Therefore, the DSC still records a signal after
in Zobrist et al. (2007). the emulsion droplets are all frozen. For high enough cool-
In a generalization of homogeneous nucleation the heteroing rates, the damping of the heat transfer may considerably
geneous ice nucleation rate coefficient has been expressed Bsaden the freezing peak. Figure 3 shows that for a cooling

S(T) =

(Pruppacher and Klett, 1997) rate of 1 Kmin ! the freezing curve returns to baseline values
at 232 K and 233 K for the 2.4m and 10pm-droplet emul-
jhe(T) = kT exp[_w} sions, respectively. When the emulsions are measured with a
h kT cooling rate of 10 Kmin? the heat signal peaks at 232 K and

@) extends almost to 222 K. The comparison of freezing cycles
run at these two different cooling rates allows to evaluate the
time constant«) of heat transfer. Whereas in the cycle run

where n; (~10'°cm~2) is the number density of water at1Kmin ! nucleation is complete already above 232K, the

molecules at the ice nucleus/water interface and the compaticurve segment just above 230K in the 10 Kmimun is still
bility function fhet (<1) describes the reduction of the Gibbs affected by heat-induced retardation of nucleation (which we

energy barrier due to the presence of an ice nucleus. Theake explicitly into account), while the segment below 229 K

compatibility function may be expressed as (Seinfeld andis exclusively due to the instrumental time lag of heat trans-

AG (T) x fheti|
kT ’

X1 exp[—

Pandis, 1998) fer. We found that the latter follows indeed an exponential
1 decay law and a fit to this curve segment results in a time
Jhet= 2 (2 + cosa) (1 — cosa)?. (5) constant for heat transfer ofF11 s.

The retention of heat in the DSC sample leads to an in-

Here, « formally represents the contact angle between thecrease of the sample temperature. If this increase is ne-
ice embryo and the ice nucleus in an aqueous medium. Theglected, the model evaluates the nucleation rate at a lower
parameter may assume values between 0 and°1R@d-  than the effective emulsion temperature. Emulsion heating
ing to values forfhet between 0 (perfect compatibility) and is given by the difference between the latent heat released
1 (no compatibility), respectively. Equation (5) is valid for during freezing and the heat removed from the sample di-
plain surfaces and does not strictly apply to curved or roughvided by the heat capacity of the emulsion. The latent heat
surfaces. In the following, we will use as a fitting param-  released during water freezing depends on the freezing tem-
eter and do not intend to imply a microscopic picture of ice perature (Speedy, 1987; Johari et al., 1994). AT @Qhe

nucleation with this. excess enthalpy of waten! H, is 6.008 kJmot! while at

Atmos. Chem. Phys., 7, 5081-5091, 2007 www.atmos-chem-phys.net/7/5081/2007/
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—40°C it is 4.06 kJmot? (Speedy, 1987). The DSC signal

is therefore larger when a certain volume of water freezes at 23 /
0°C than when it freezes at40°C. We account for this by N ;'
multiplying the freezing events with the heat release at the '8 [

nucleation temperature. For convenience we fitted a fourth 3 I ’n'

234.9K P
‘l
\

grade polynomial to the excess enthalpy data tabulated by3™
Speedy (1987). The heat capacity of water increases from%
75.93JKtmol~! at °C to 116.55JK mol~! at —40°C = °]
(Speedy, 1987). The heat capacity of mineral oil, as the main
component of the emulsion, is 1.9663d 1 at room tem-
perature (Godfrey and Herguth, 1995). As a general trend, ' ' '
the heat capacities of hydrocarbons decrease with decreasin  2s 233 235 237 239 241
temperature. This decrease80% for G gH22-CooHa2 hy- Temperature (K)

drocarbons over a temperature interval of 40K (Perry and

Green, 1997). The heat capacity of the emulsion Should:ig' 3. Freezing experiment of water-in-oil emulsions with the 2.4-

- 5 E—fhe—1 um (red) and 1Q+m (blue) droplet emulsions for a nominal cool-
therefore be in the range of 2.0 2'5% and not vary ing rate of 1 Kmir L. Solid lines: differential scanning calorimeter

strongly with temperature. In addition, the s_ample .pan may DSC) measurements. Dashed lines: ice freezing curves modeled
alsq accommodatg a part of the h.eat, thus |_ncreaS|ng the e )y Classical Nucleation Theory (CNT) assuming strictly 1 Kmmiin
fective heat capacity of the emulsion. We will therefore usecooling rates. Dotted lines: ice freezing curves modeled by CNT
the heat capacity as a fit parameter to reproduce the DSaking internal sample heating and deviations from the nominal
signal in our model calculations. Furthermore, we assumeooling rate into account. Black lines: the intersection of the tan-
instantaneous heat release upon freezing using the tempergent drawn at the point of greatest slope at the leading edge of the
ture dependent excess freezing enthalpies by Speedy (198Wermal peak with the interpolated baseline is used as identifier for
and removal of heat following an exponential decay law with freezing onset.
a time constant of=11s.

During a high and sudden heat release, the effective cool- . _ .
ing rate as recorded by the DSC deviates from the nominaPinS from 1-25.m diameter at a cooling rate of 1 Kmih
one. For a cooling rate of 1 Kmirt, homogeneous water and time steps of 1s. For each droplet size class the freez-
freezing in an emulsion sample leads to a decrease of thid events for an ensemble of 1000 droplets loaded with
effective cooling rate to~0.6 Kmin—* followed by an in- randomly distributed ATD particles were calculated. As
crease to~1.7 Kmin—! thus maintaining the nominal value above, the latent heat released by each droplet size class was

of 1Kmin~! averaged over the whole cooling ramp. In our weighted by its volume fraction in the droplet volume distri-
model calculations, we will describe the observed deviationPution of the emulsion and summed up over all size classes.

from the nominal cooling rate as being proportional to the
heat flow registered by the DSC.

2374 K

4 Results and discussion

3.3 Modeling heterogeneous emulsion freezing 41 Homogeneous nucleation

To model heterogeneous freezing of the investigated emul-4.1'1 Observations

sions, the ATD surface area present in each droplet has to be
known. This quantity can be determined from the ATD con- Freezing of the 2.4em and 10um-droplet emulsions was
centration in the emulsion and the size distribution of ATD ,qnitored in the DSC with a cooling rate of 1 Kmih The
particles if one assumes that ATD is randomly distributed be-oqits of these experiments are presented in Fig. 3. The
tween droplets. For this calculation, the size distribution Offreezing curves of the 2.4m and 10um-droplet emulsions
ATD was divided into 80 logarithmic spaced size bins with g0 the onset of freezing at 236.5K and 237.4K and peak
particle diameters from 7 nm-20n. Heterogeneous nucle- o 34 9K and 235.9K, respectively. The observed freez-
ation rate coefficients were determined according to Eq. (4)ng temperatures are in good agreement with recent litera-
for ATD containing droplets while homogeneous freezing yre gata: kamer et al. (1999) measured freezing tempera-
was assumed for empty droplets. For heterogeneous nuclgy es petween 236 and 237K for water droplets in the 10—
ation, the number of freezing events in an emulsion per time;g ;i giameter range in an electrodynamic balance. In the
intervalz is given by AIDA chamber, Benz et al. (2005) observed homogeneous
nhed(t) = n; (1 — exp(— jhetda 1)), 7) freezing of cloud droplets with6 xm diameters in the tem-
perature range between 236 and 237.5K. This good agree-
where A, is the ATD surface present in a droplet. Droplet ment suggests that nucleation rates of water-in-oil emul-
freezing was evaluated for the 10n-droplet emulsion for  sions and of contact-free water droplets stem from the same

www.atmos-chem-phys.net/7/5081/2007/ Atmos. Chem. Phys., 7, 5081-5091, 2007



5086 C. Marcaolli et al.: Ice nucleation on surrogates of mineral dust

nucleation mechanism, namely formation of critical embryos

@) Z aowm in the bulk of the water, and are likely not affected by the
. T surfactant/droplet or vapor/droplet interfaces. Our results
3 1 wt% are also in agreement with an older DSC study performed
z - 092'2 "v% with water-in-oil emulsions with mean droplet diameters of
b= — 01wt% 3um and an observed freezing range from 232.65-235.65K
T :O%;’;":;:j with the most probable freezing temperature at 234.15K
= 0.01 wt%

(Broto and Clausse, 1976). Furthermore, the Figure indi-
cates that an increase of the mean droplet volume by a factor
of (10/2.4$=72 resulted in an increase of the ice nucleation
temperature by-1K, i.e. a slope&d 10g;q(jhom)/dT~—1.8,

b

®) which is in reasonable agreement with the slefie5 (£0.7)
given by Koop et al. (2000).
4.1.2 Modeling
The dashed and dotted lines in Fig. 3 show the modeled DSC
signals. The dashed lines were calculated based on the exper-
imentally determined size distributions, a constant cooling
rate of 1 Kmir®, nucleation rates parameterized with CNT

Heat flow (a.u.)

and temperature dependent freezing enthalpy that is immedi-
ately released upon nucleation. Conversely, the dotted lines
take sample heating caused by heat transfer limitation and
deviation of the effective cooling rate from the nominal one
into account. The dashed curves have their onsets at 236.3
and 237.1K and peak at 235.4 and 236.3K for the2#-
and 10xm-droplet emulsions, respectively. Compared with
the measured freezing peak, they are somewhat shifted to
higher temperatures and by about a factor two too narrow.
When sample heating and the deviation from the nominal
cooling rate are taken into account, the modeled DSC sig-
nals considerably broaden and their maxima shift to 234.7
and 235.6K for the 2.4em and 10pm-droplet emulsions,
respectively (dotted lines). This closely reproduces the mea-
sured curves. For this calculation, the increase of the emul-
sion temperature caused by heat transfer limitation was de-
termined as the difference between the latent heat released
during water freezing and the heat removed from the sam-
ple divided by the heat capacity of the emulsion. The heat
| release was described by a parameterization of experimental
230 235 240 245 250 255 260 data (Speedy, 1987), and the heat removal by an exponen-
Temperature (K) tial decay law with a time constant11s (see Sect. 3.2).
Optimization of the heat capacity to reproduce the DSC sig-

Heat flow (a.u.)

Heat flow (a.u.)

Fig. 4. Ice nucleation of fine ATD(a) DSC thermograms of freez- yielded a value of 2.75J# g~1. This value is 0.25-
ing experiments with nominal cooling rate of 1 Kmih of emul-

sified agueous suspensions of fine ATD with concentrations from_o,'75 K g_l hlgher.than esftlmates ba;ed on the heat capac-
0.01-20Wt%. Right group of freezing peaks: heterogeneous nulti€s of water and mineral oil as the main components of the
cleation; left peaks: remaining homogeneous nucleagionMod- emulsion, indicating that the aluminum pan also contributes
eled thermograms including heat-release-induced deviations fronto the heat capacity of the sample. With this formulation, the
the nominal cooling rate and assuming a constant contact angle aémulsion temperature raises up to 1.5K above the nominal
65°. (c) Modeled thermograms as in (b), but assuming a lognormalvalue thus temporarily reducing the nucleation rate by up to
size distribution of contact angle@) Modeled thermograms as in  three orders of magnitude.

(b), but assuming nucleation occurring on active sites. The effective cooling rate measured by the DSC was mod-
eled by adding a term to the nominal cooling rate that is
proportional to the calculated heat signal. Optimization
of the proportionality factor yielded satisfactory agreement
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between measured and modeled effective cooling rates. The i
close reproduction of the freezing curves shown in Fig. 3 @) — fg x:.,f’
demonstrates that the DSC signal of emulsion freezing can - 5wit%
be well described by CNT when sample heating and the de- 2.5 wt%
viation from the nominal cooling rate are taken into account. 1wtk

Heat flow (a.u.)

4.2 Heterogeneous ice nucleation with ATD
//

4.2.1 Observations Z/’
Heterogeneous ice nucleation was investigated for fine (0— - —

3 um diameter) and coarse (Oxrn diameter) ATD. Figs. 4a (b)
and 5a show the freezing of emulsified suspensions with
ATD contents of the aqueous phase from 0.01-20 wt% and
1-20wt% for fine and coarse ATD, respectively. The pres-
ence of ATD in the emulsions leads to a second DSC peak
caused by heterogeneous ice nucleation on the ATD surface
at higher temperature than that of homogeneous ice nucle-
ation. From this, we conclude that mineral dust partitions to
the water droplets and is not covered by the surfactant. To
our knowledge, interactions of lanolin or substances consist-

ing of the same functional groups as lanolin with montmo- :A
rillonite or kaolinite — main components of mineral dusts — (c)

have not been reported in the literature. Nevertheless, minor
adsorption of lanolin to the ATD surface can not be excluded
on the basis of the available evidence.

It can be seen from Figs. 4a and 5a that the heterogeneous
freezing peaks are generally broader than the homogeneous
ones, and they broaden further when the number of ATD par-
ticles per water droplet decreases. For the lowest concen-

trations, heterogeneous freezing extends all the way to the
onset of homogeneous freezing (e.g. cyan line in Fig. 5a).
The freezing peak maxima of the 1, 2.5, 5, 10, and 20 wt% S -

suspensions are at 248.5, 249.7, 250.1, 250.2, and 250.6 K (d)
for fine ATD compared to 245.1, 245.6, 246.8, 248.0, and
249.5K for coarse ATD. Moreover, for the same weight per-
cent of ATD, the freezing curves of coarse ATD are broader
than for fine ATD. For the 20wt% suspensions, the onset
of the freezing peak is for fine and coarse ATD at 252.8K
with a weak tail extending up to 256 K. Knopf and Koop
(2006) observed water droplet formation followed by freez-
ing at 260 K when coarse ATD deposited on a hydrophobic
substrate was exposed to supersaturated water vapor. This is g Z/
distinctly above the onset of freezing in our DSC experiment |

and indicates that for this IN condensation freezing might be 230~ 235~ 240 245 250 255 260
more efficient than immersion freezing. Temperature (K)

f FO'T the hlghesth,_AI\TD colnt_ent alrx[lr(])slt OILI%/_Seter(t)gE{{neousFig_ 5. Ice nucleation of coarse ATa) DSC freezing experiment
reezing occurs while emulsions with low CONENL Pré- ot emulsified agueous suspensions of coarse ATD with concentra-

dominantly freeze homogeneously, since the occurrence ofigng from 1-20 wt%.(b) Modeled freezing curve with a constant
at least one ATD particle is a prerequisite for heterogeneougontact angle of 65 (c) Modeled freezing curve with a lognormal
ice nucleation in an emulsion droplet. Whether this is thesize distribution of contact angle&l) Modeled freezing curve with
case strongly depends on the droplet size and the ATD susiucleation occurring on active sites.

pension concentration. Assuming that the ATD particles are

randomly distributed in the emulsion droplets, the average

Heat flow (a.u.)

Heat flow (a.u.)

Heat flow (a.u.)
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droplet occupancy can be calculated. In the case of a finear, quadratic, cubic, box, triangle, exponential, normal and
ATD concentration of 0.01 wt%, droplets with diameters up lognormal ones. Each ATD particle was assigned stochasti-
to 16m are predominantly empty, only 17% of the 16 cally a contact angle weighted with the occurrence probabil-
droplets contain an ATD particle and the prevailing num- ity function. A water droplet containing several ATD parti-
ber of droplets is only filled with 1 ATD particle. For the cles will now preferentially nucleate ice on the particle with
most concentrated emulsion with 20 wt% fine ATD, only the the highest IN activity, i.e. the lowest contact angle. The oc-
smallest droplets with diameters lower thaprd are pre-  currence probability function was optimized so that the mod-
dominantly empty. Sxm-droplets are on average filled with eled DSC curves match the measured ones best. Among the
60, 10um-droplets with 480, and 1m-droplets with 1630  investigated functions, lognormal and normal distributions
ATD particles. Given the same mass fraction the average ocwere found to yield similarly good agreement while other
cupancy of water droplets is lower for the coarse ATD thanfunctions generated DSC curves that were in clear discrep-
for the fine one. For 1wt% ATD suspensions, droplets areancy with measurements. Figures 4c and 5c¢ show the mod-
predominantly empty for diameters up tae6 and 3um for eled freezing curves for a lognormal distribution with a me-

coarse and fine ATD, respectively. dian contact angle of P6and a geometric standard devia-
tion of 1.083. This model is indeed capable of describing the
4.2.2 Stochastic hypothesis strong broadening of the freezing curve with decreasing ATD

content: for low ATD concentrations, the wide range of di-
In Figs. 4b and 5b the modeled freezing curves are shownverse IN qualities of the few particles present in an emulsion
These calculations were carried out taking internal sampledroplet produces a broad freezing curve, while for high con-
heating and limited heat conductivity into account. Assum-centrations the range of IN present in the droplets evens out.
ing that the ATD patrticles are randomly distributed in emul- To some extent, this model is also able to explain the broader
sion droplets and that all particles have an equal efficiencyfreezing peaks of coarse compared to fine ATD, although no
to nucleate ice, a contact angle of*G@®produced the mea- particle size dependence of the contact angle is parameter-
sured freezing temperatures best. A change of the contaézed. However, at high ATD loadings, it overestimates freez-
angle by 10 results in a shift of the freezing peak position ing peak differences between fine ATD concentrations, while
by ~5 K. Note, that changes of contact angle hardly affect theit underestimates the ones between coarse ATD concentra-
width of the freezing curves. The modeled curves representions. Moreover, it is not able to reproduce the tail of the
the ratio between homogeneous to heterogeneous freezirfgeezing curve extending to the onset of homogeneous nucle-
reasonably well, thus confirming the ATD patrticle size and ation. Nevertheless, the main features of the freezing curves
emulsion droplet volume distributions as well as the assump-of fine and coarse ATD can be described by the same model
tion of random distribution of ATD between the droplets. parameters, indicating that the observed differences in freez-
The modeled heterogeneous freezing curves shift to slightlying temperatures are a consequence of the size distribution
higher temperatures with increasing ATD content owing to rather than differences in IN quality between coarse and fine
the increase in heterogeneous surface. The calculated free2TD surfaces.
ing peak maxima of fine ATD are 0.3 K higher than for coarse
ATD, because of the larger surface present in the fine ATD4.2.4 Singular hypothesis: active site distribution
for the same ATD mass fraction. While the widths of the
measured homogeneous freezing curves are well represent&ince the assumption of contact angles varying between par-
by the model, the calculated heterogeneous freezing curveticles and being constant for the whole surface of a parti-
for low ATD contents are much narrower than the measuredcle might not be realistic for a material like ATD, we per-
ones. Under the stochastic hypothesis with the same contadbrmed a third calculation assuming that ice nucleation oc-
angle for all particles, the decrease of heterogeneous surfaaairs on active sites with varying IN quality (Fletcher, 1969;
with decreasing ATD content alone is clearly not able to ex-Han et al., 2002). An active site area 4f,=10 nn? was
plain the strong shift to lower freezing temperatures and theemployed for all active sites. According to CNT this area

concomitant broadening of the freezing curves. corresponds to that covered by a critical embryo at 244 K.
(We used this value at all temperatures although the criti-
4.2.3 Singular hypothesis: contact angle distribution cal radius varies from 1.2-3.1 nm in the temperature range

from 235-255K.) It was assumed that active sites with dif-
Given the above, we are forced to assume that the ability tderent ice nucleation abilities may be present on each individ-
nucleate ice differs between ATD particles. The contact an-ual ATD particle. Again we use a contact angl@s proxy
gle, a proxy for the IN ability of a dust particle, was therefore for the nucleation ability of an active site. The occurrence
allowed to vary between particles, while each individual dustprobability (P,;) of an active site depends then on its con-
particle was assumed to be characterized by only one contat¢act angle, i.eP, (). By means of this probability function,
angle. To describe the occurrence probability of contact anthe active area of each particle can be calculated in the fol-
gles, several probability functions were tested including lin-lowing way: for A,s <A, x Pss(a), the particle’s active area
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with a certaina is calculated asi, x Pys(cr), where A, is 10°
the particle’s surface area. Fdy;>A,x Pys(a), an active
site is assigned to the particle, if for a randomly chosen num-
bern, € [0,1] the conditiom, x A, <A, x Pys () is fulfilled,
otherwise the particle is assumed not to act as IN with con-
tact anglex. The contact angles are inserted into Eq. (5) and
the active site areas are inserted into Eq. (7) to calculate the
nucleation rates.

It was found that the observed freezing curves are repro-g
duced best when the occurrence probability of active sites§ 107
is low and decreases strongly with decreasing contact angles
Figures 4d and 5d show the resulting DSC curves for the oc- " - - - - - -

currence probability function that matched the measurements 40 50 60 70 80 90 100 110
best: contact angle o

bability P,¢

occurrence pro.

S
®
'

Fig. 6. Occurrence probability of active sites as a function of contact
anglea. This function was used to calculate the freezing curves in
Figs. 4d and 5d.

Pus(@) = 1072 exp(—51°/(a — 46°)) (8)

This function is shown in Fig. 6. It resulted from a selec-
tion process which involved the test of different functions
and the variation of their fitting parameters but can not be
considered as a unique solution. According to this probabil-mode IN. The measured DSC thermograms exhibit a homo-
ity function, only a minor part of the ATD surface acts as geneous and a heterogeneous freezing peak whose intensity
IN: a surface fraction of 8.210~7 exhibits contact angles ratios vary with the concentration of ATD in the aqueous sus-
of 60° or better, a fraction of 8:8310~° contact angles of Pension, such that larger ATD concentrations lead to a larger
70 or better, and a fraction of 1:3L0~% contact angles of heterogeneous peak. Heterogeneous ice nucleation strongly
110 or better. This means that particles with diameters ofdepends on ATD concentration with freezing temperatures
0.16m have on average one active site of 110 better,  UpP to 256 K and down to the onset of homogeneous ice nu-
while only particles with diameters of 0.62 and 2. con-  cleation.
tain on average an active site of at least @Ad 60, respec- To model the DSC freezing curves with CNT, the ATD
tively. In contrast to the assumption of a contact angle dis-size and water droplet volume distributions were determined.
tribution, larger particles are now on average better IN thanThe intensity ratio of the homogeneous to the heterogeneous
smaller ones because they contain more and also better acti¥eeezing peaks is consistent with the assumption of random
sites. The low number of active sites provides ATD particlesdistribution of ATD within the emulsion droplets. Excellent
with the wide range of IN activities that is needed to repro- agreement with the measured homogeneous freezing curves
duce the large spread of freezing temperatures observed fag obtained when sample heating and the deviation from the
ATD suspensions with low concentrations. The active sitenominal cooling rate due to latent heat release during freez-
model is therefore able to reproduce the strong broadeningng are taken into account. In addition, the strong depen-
of the freezing curve with decreasing ATD content including dence of heterogeneous freezing temperatures on the ATD
the tail extending to the onset of homogeneous nucleation. Itoncentration in the suspension can only be modeled by us-
shows a very good agreement for fine ATD. It also describegng a distribution of contact angles instead of one constant
the peak broadening of coarse ATD but underestimates thgalue, indicating that not all ATD particles are equal IN
shift of peak maxima to lower temperatures with decreasingand reinforcing the singular hypothesis. The measured DSC
ATD content. curves are in good agreement with the assumption that the
Neither the contact angle nor the active site distributionability of ATD particles to nucleate ice is (log)normally dis-
fully explain the tail to higher freezing temperatures that is tributed with some particles being very good and others being
visible especially in the measurements of the 20wt% sus{poor IN. Such distributions can be realized when ice nucle-
pensions. However, we did not try to further improve theseation occurs on few active sites of varying quality instead of
models because these discrepancies might also be due to ithe whole ATD surface. If the occurrence probability of ac-
accuracies in droplet volume and ATD size distributions. tive sites is a function of surface area, the number and quality
of active sites on a particle increases with particle size, mak-
ing larger particles better IN than smaller ones, although the
5 Conclusions ATD surface of all particles can be described by the same nu-
cleation parameters. The active site model that yielded best
DSC freezing experiments with emulsified aqueous suspenagreement with the measured DSC curves implies that only
sions of ATD showed that this mineral dust acts as immersiora very minor fraction of the ATD surface is indeed effective
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as IN. This result is in accordance with a study performed 5, 2617-2634, 2005,

by Anderson and Hallett (1976) who observed that ice nu- http://www.atmos-chem-phys.net/5/2617/2005/.

cleation occurred on preferred sites on Agl and Cu$S singleBaker, M. B.: Cloud microphysics and climate, Science, 276, 1072—
crystals. They also noted that each site required a critical 1078, 1997.

supersaturation for ice crystals to grow. Benz, S., Megahed, K., thler, O., Saathoff, H., Wagner, R., and

The considerable variation in IN quality between ATD par- Schurath, U.. T-dependent rate measurements of homogeneous
ice nucleation in cloud droplets using a large atmospheric simu-

ticles implies that reported activation temperatures strongly lation chamber. J. Photoch. Photobio. A. 176. 208—217. 2005
depend on the fraction of frozen droplets defining freezinggariram A K. K'OO'p T Molina L. T. and Molina. M. J.- Ice

and on the number of IN involved in a freezing event. In  tormation in (NHy)2SO4-H,0 particles, J. Phys. Chem. A, 104,
the atmosphere, where only a fraction of the water droplets 584-588, 2000.

contains one or few IN, the flat freezing curves obtained forBroto, F. and Clausse, D.: A study of the freezing of super-
the lowest ATD concentrations might be more realistic than cooled water dispersed within emulsions by differential scanning
heterogeneous nucleation bursts similar to the homogeneous calorimetry, J. Phys. C Solid State, 9, 4251-4257, 1976.

one. Parameterization within CNT offers the possibility to Clausse, D., Bouabdillah, D., Cochet, N., Luquet M. P., and Pulvin,
characterize an IN such as ATD by an occurrence probability S. I_ce crystallizatipn induced_ b)_/ silver io_dide and bacteria in mi-
function of contact angles that can be used to predict freez- crosize droplets dispersed within emulsions, Pure Appl. Chem.,
ing for other suspension concentrations or in the case of th%l 63, 1491-1494, 1991.

. . . R . ausse, D., Gomez, F., Pezron, I., Komunjer, L., and Dalmaz-
active site model, also other ATD size distributions. In this zone, C.: Morphology characterization of emulsions by differ-

S_t“‘?'y’ W? app,”eo_' thg active site parameterization to tWO_ quite ential scanning calorimetry, Adv. Colloid Interfac., 117, 59-74,

similar size distributions and therefore could not provide a g5,

rigorous test for the postulated size dependence. For a strict@fotton, W. R., Tripoli, G. J., Rauber, R. M., and Mulvihill E. A.:

validation, freezing experiments of size-selected ATD sam- Numerical simulation of the effects of varying ice crystal nucle-

ples are needed. Increasing IN efficiency with larger particle ation rates and aggregation processes on orographic snowfall, J.

sizes have been observed by Archuleta et al. (2005) for ice Clim. Appl. Meteorol., 25, 1658-1680, 1986.

nucleation on oxide and silicate partides_ DeMott, P. J., Cziczo, D. J., Prenni, A. J., Murphy, D. M., Krei-
A large IN activty range is in agreement with a recent - TEREER T T BTER L o ion of il fo

study of ice nucleation on ATD particles in the deposition ™ ) )

mode by Knopf and Koop (2006), who observed nucleation %Bussaformat'on’ P. Natl. Acad. Sci. USA, 100, 14655-14660,

occurring over a broad relative humidity range. On the other i

- L9 DeMott, P. J., Sassen, K., Poellot, M. R., Baumgardner, D., Rogers,
hand, Mohler et al. (2006) showed that significant number 5 ¢ Brooks. S. D.. Prenni. A. J.. and Kreidenweis S. M.:

fractions of ATD particles are active deposition IN at very  african dust aerosols as atmospheric ice nuclei, Geophys. Res.
low ice supersaturations and that this fraction increases ex- Lett., 30(14), 1732, doi:10.1029/2003GL017410, 2003b.
ponentially with decreasing temperature. Assuming an ex-Diehl, K. and Wurzler, S.: Heterogeneous drop freezing in the im-
ponential increase of active IN with increasing contact angle mersion mode: Model calculations considering soluble and in-
leads to modeled freezing curves that are in clear contrast to soluble particles in the drops, J. Atmos. Sci., 61, 2063-2072,
the DSC signals that we observed for ice nucleation in the 2004. o . .
immersion mode. However, this discrepancy might be due td:Ietcher, N. H.: Active sites and ice crystal nucleation, J. Atmos.
different nucleation modes and temperatures in the two stud- Sci., 26, 1266-1271, 1969. . . .
. L . . .__..Godfrey, D. and Herguth, W. R.: Physical and chemical properties
ies. It highlights the importance of a detailed characterization . R : . o

. . . . of industrial mineral oils affecting lubrication, Part 2, Lubr. Eng.,
of the parameters involved in heterogeneous ice nucleation. 51 493-496. 1995
We th_er_efore think that further experiments an_d _theoretlcaIHany J.H., Hung, H. M., and Martin, S. T.: Size effect of hematite
descriptions are needed to address the full activity range of and corundum inclusions on the efflorescence relative humidi-
these IN. ties of agueous ammonium nitrate particles, J. Geophys. Res.,

107(D10), 4086, doi:10.1029/2001JD001054, 2002.
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