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Abstract. Emulsion and bulk freezing experiments were per- on the exact type (location of collection and pre-treatment)
formed to investigate immersion ice nucleation on clay min- of the clay mineral. We suggest that apparently contradictory
erals in pure water, using various kaolinites, montmoril- results obtained by different groups with different setups are
lonites, illites as well as natural dust from the Hoggar Moun-indeed in good agreement when only clay minerals of the
tains in the Saharan region. Differential scanning calorimetersame type and amount per droplet are compared. The natu-
measurements were performed on three different kaolinitesal sample from the Hoggar Mountains, a region whose dusts
(KGa-1b, KGa-2 and K-SA), two illites (lllite NX and II- have been shown to be composed mainly of illite, showed
lite SE) and four natural and acid-treated montmorillonitesvery similar freezing characteristics (standard and best) to
(SWy-2, STx-1b, KSF and K-10). The emulsion experimentsthe illites. Relating the concentration of best IN to the dust
provide information on the average freezing behaviour char-concentration in the atmosphere suggested that the best IN in
acterized by the average nucleation sites. These experimentse Hoggar sample would be common enough downwind of
revealed one to sometimes two distinct heterogeneous freezheir source region to account for ambient IN number den-
ing peaks, which suggest the presence of a low number o$ities in the temperature range of 250-260K at least during
qualitatively distinct average nucleation site classes. We redust events.

fer to the peak at the lowest temperature as “standard peak”
and to the one occurring in only some clay mineral types
at higher temperatures as “special peak”. Conversely, freez- .
ing in bulk samples is not initiated by the average nucleationt ntroduction
sites, but by a very low number of “best sites”. The kaolinites
and montmorillonites showed quite narrow standard peak

with onset temperatures 238K 75! < 242 K and best sites .
with averaged median freezing temperatwﬁgtz 257K, mer typically occurs at temperatures belov238 K, the lat-

but only some featuring a special peak (i.e. KSF, K-10, K- _ter may_take place in the whole temperature range b_etween
SA and SWy-2) with freezing onsets in the range 240-248 K.\c€ ”.‘e'“”g at 273K and the onset of homogepeous Ice nu-
The illites showed broad standard peaks with freezing onsetgleatIon (DeMott etal., 1.997)' Heteroger_leous ice nucleation
at 244 K< Tosrgd < 246 K and best sites with averaged median can proceed through different mechanisms: contact freez-
freezing temperaturqggztz 262 K. The large difference be-

ing (when an ice nucleus initiates freezing by contacting a
tween freezing temperatures of standard and best sites Sho\ﬁgpercooled droplet), condensation freezing (when ice for-
that characterizing ice nucleation efficiencies of dust parti-

mation occurs during water condensation on a supercooled
cles on the basis of freezing onset temperatures from bul

|groplet), deposition freezing (when an ice embryo forms di-
experiments, as has been done in some atmospheric studierg,Ctly. by wate.r vapour condepsatlon on a surface) and im-
is not appropriate. Our investigations demonstrate that immerston freezmg (when freezm'g pf a wgter Qroplet occurs
mersion freezing temperatures of clay minerals strongly deon @ foreign pamCIe immersed in if). Va_rlous |_nsoluble par-
pend on the amount of clay mineral present per droplet and'cIes such as ml_neral_ dust, soot, metallic part_|c|es, vol_camc

ash, or primary biological particles may act as ice nuclei (IN)

SCloud glaciation in the atmosphere either happens via ho-
mogeneous or heterogeneous ice nucleation. While the for-
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with relevance for ice cloud formation (Pruppacher and Klett, clay particles only at much lower temperatures: eigiid et
1997; Szyrmer and Zawadzki, 1997; Hoose et al., 2010; Deal. (2010) report the onset of droplet freezing-&80°C and
Mott et al., 2010). Among these IN, mineral dusts plays amedian freezing temperatures betwee38® and—35°C for
predominant role (DeMott et al., 2010). droplets containing a kaolinite particle; Murray et al. (2010,
Desert dust aerosols strongly influence the Earth’s radia2011) measured freezing temperatures fro8¥ to —27°C
tive budget and climate either by direct interaction with so- for droplets of kaolinite and montmorillonite suspensions.
lar radiation (Haywood et al., 2003) or by acting as IN and Therefore, these recent measurements are not able to explain
thus modifying the optical properties of clouds and their life- the enhanced glaciation of clouds with cloud top tempera-
time (indirect effect) (e.g. Levin et al., 1996; Rosenfeld et al., tures from—10 to —20°C in air masses that contained min-
2001; Yin et al., 2002; Rudich et al., 2002, 2003; Sassen etral dust (Seifert et al., 2010). Similar discrepancies have
al., 2003; Toon, 2003; Mahowald and Kiehl, 2003). also been found for deposition mode ice nucleation: deposi-
Up to 2150 Mt of dust from deserts are injected into the at-tion ice nucleation experiments on different natural and sur-
mosphere every year (IPCC, 2007). Strong convection overogate mineral dusts (Salam et al., 2006; Knopf and Koop,
desert areas may lift these aerosols into the middle and up2006; Eastwood et al., 2008) indeed suggest a large variety
per troposphere (Kim et al., 2004), where they can be transef results depending on the size of the particles (Archuleta
ported over long distances (Glaccum and Prospero, 1980t al., 2005; Kaniji et al., 2008; Kanji and Abbatt, 2010), and
Wiacek and Peter, 2009). A previous study by Wiacek eton the mineral and/or elemental compositiondier et al.,
al. (2010), which examined forward air parcel trajectories 2006; Koehler et al., 2010; Kulkarni and Dobbie, 2010).
initialised over desert dust areas, showed that a significant In this study, we aim at resolving some of these discrepan-
fraction (10-20%) of the studied trajectories reached tem-cies by relating IN freezing temperatures to the mass concen-
perature and humidity regimes susceptible to mixed-phasération of the clay minerals in suspension and the droplet size.
cloud formation, indicating that freezing in the immersion We investigate immersion freezing of kaolinites, montmoril-
mode on mineral dust from these areas could be the modbnites and illites from different source regions and distrib-
relevant ice formation process. utors. For comparison, we also investigate a natural mineral
Residuals of ice crystals that formed7at- 238K are of-  dust sample from the Sahara region (Hoggar Mountains).
ten enriched in mineral dust (Kumai, 1961; Kumai and Fran- Using a differential scanning calorimeter (DSC) we can
cis, 1962; DeMott et al., 2003a; Twohy and Poellot, 2005; perform experiments on emulsified and bulk suspensions. In
Kamphus et al., 2010). Some polarization lidar measurethe emulsion experiments a high number of micrometer-sized
ments offer evidence of desert dust causing the glaciatiordroplets of mineral dust suspensions are emulsified in an oil
of supercooled water clouds (e.g. Sassen, 2002; DeMott etatrix. Each of the aqueous droplets contains between none
al., 2003b; Sakai et al., 2004; Seifert et al., 2010). How-and several dust particles, depending on the suspension con-
ever, there seems to be variability in the IN activity, pos- centration. The droplets in the emulsion freeze practically
sibly related to the history and chemical aging of the dust:independently. Therefore, this type of experiment is sensi-
Seifert et al. (2010) report that in central Europe for cloud tive to the freezing caused by average dust particles. In con-
top temperatures from-10 to —20°C an increased amount trast, bulk experiments of suspensions in a similar concentra-
of ice-containing clouds (25-30 % more) was observed in airtion range monitor the freezing caused by the best IN, since
masses that contained Saharan dust compared to air mass@se nucleation event causes the freezing of the whole sam-
that were advected from dust-free regions. This contrastple. The combination of these two types of experiments and
with lidar studies at Cape Verde (Ansmann et al., 2009) andvariation of the suspended mineral concentration allow for
in southern Morocco (Ansmann et al., 2008), where cloudthe investigation of a wide spectrum of freezing caused by a
top temperatures below20°C had to be reached before ice specific type of IN.
production could be detected.
Desert dust aerosols are mainly composed of varying
shares of illite, kaolinite and montmorillonite (Kumai, 1961; 2 Experimental setup
Kumai and Francis, 1962; O’'Hara et al., 2006; Zimmer-
mann et al., 2008; Chudnovsky et al., 2009) depending orimmersion mode freezing experiments using bulk and emul-
the source region (Avila et al., 1997; Ganor, 1991; Blancosion samples were performed with the Differential Scanning
et al., 2003; Moreno et al., 2006). These clay minerals haveCalorimeter (DSC) Q10 from TA Instruments. The freez-
frequently been used as mineral dust surrogates in ice freeang of droplets within the emulsion or of the bulk sample
ing experiments and their ability to act as IN is well estab-is detected by means of the associated latent heat release.
lished. However, there are large discrepancies between th&he DSC temperature calibration was performed with wa-
observed freezing ranges: while older studies report freezindger, adamantane, cyclohexane, ammonium sulfate and indium
onsets as high as12°C (Pitter and Pruppacher, 1973) and (Zobrist et al., 2008).
—13.5°C (Hoffer, 1961) for droplets loaded with clay min-  The emulsions consist of 80 weight percent (wt%) of
eral particles, more recent studies detected ice nucleation oa mixture of mineral oil (95wt%, Aldrich Chemical) and
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lanolin (5 wt%, Fluka Chemical) and 20 wt% of a suspension sy SO G 10um 5.0x10°
of the IN and distilled and deionised water (18.2%m). )bq,ﬁéﬁ‘o°“9ﬂ.‘d‘ ot (X i panelb
-

The samples were emulsified by using a rotor-stator ho-%?,- R 1)

mogeniser (Polytron PT 1300D with a PT-DA 1307/2EC dis- 5.2, °* 0'6'9.?0'0, ??)'.-',oc 2 a0 ]

persing aggregate) for 40 s at 7000 RPM. We performed tes,';?o' SRR S . 0 -

experiments (see Sect. 4.2) in order to verify that the surfac“_?’n_'g,..."., Sy ‘306. ‘-'5? s ° 1
£

tant does not affect the ice nucleation efficiency of the parti—",‘;-f-@;?,_. D5 2808 1ol |

cles. Voot SO e °<.).- i M 1
Following the method developed by Marcolli et al. (2007), *=*== el siafiig =ate T iae- e

each experiment comprised three subsequent cycles startir _ diameter (um)

from 20°C: the first and the last cycle with a cooling rate

of 10Kmin~! (used as control for the emulsion stability)

and the second cycle with a cooling rate of 1 K mir(used

for evaluation). In each experiment the pure water melting

point was measured during the heating part of the cycle aj,ining the dust was placed. Experiments with aluminium

- . . .
1Kmin™" heating rate, to check whether the melting point o5 \vere also carried out. The freezing temperature is given

was affected by species that might have dissolved from thg,, e abrupt onset of heat release which occurs when the
dust particles during sample preparation. Ice nucleation teMyhole droplet freezes instantaneously.

peratures of emulsion samples are derived from onsets of la- b ticle diameters of the clay minerals were measured us-

tent heat release peaks using the implemented software Gfq 5 fiyidized bed aerosol generator (TSI 3400A) and a scan-
the instrument (TA Umver_sal Analy5|_s) as fur'_[her explained ning mobility particle sizer (SMPS) as described biohd
by Zobrist et al. (2006) (i.e. as the intersection of the tan-o¢ 51 (010). The particle size distributions are given in Ta-

gent drawn at the point of greatest slope with the extrapoy,e 1 55 mode diameters and geometrical standard deviations
lated baseline). Onsets instead of peak maxima were chos%} lognormal distributions which were fitted to the data. Be-

because peak maxima are influenced by heat flow limitationg; se of the small sample size, the size distribution of the

which depend on cooling rate and absolute heat flows. ThEHoggar sample (see Fig. 2) was determined by evaluating
effect of heat flow limitations is illustrated in Fig. 3 of Mar- o jactron microscope images (Philips CM12 electron micro-
collietal. (2007) for homogenous ice freezing in an emulsionscope, ImageJ software for sizing and counting of particles).
sample. All heat flux curves were normalized by the amount gt (Brunauer, Emmett and Teller gas adsorption tech-

of suspension present .in the pan, aI.Iowing a comparison 0f‘lique; Gregg and Sing, 1982) surface areas listed in Table 1
peak areas between different experiments and, thus, of thg.e oty taken from literature. For illite SE no literature

relative fractions of freezing droplet volumes. _ value was available, therefore we used the one of illite NX.
Evaluation of freezing onset temperatures of dlfferent-l-he value for the Hoggar sample is from this study.
emulsions prepared from the same suspension showed typi-

cal standard deviations of 0.5 K and maximum standard devi-
ations of 0.8 K. These values characterize the reproducibilityg Clays and dust samples
of the emulsification process and limit the precision of our

DSC measurements. Three different types of clay minerals were investigated in
Photographic images of emulsions prepared with aqueoughis work: kaolinite, illite and montmorillonite. Additionally
suspensions of different clay minerals covering the full rangeg natural mineral dust sample collected in the Hoggar Moun-
of mineral concentrations used in this Study were taken Withtains (Sahara) was investigated_ In contrastto many other nat-
an optical microscope (Olympus BX-40) in order to mea- yra| samples, the Hoggar Mountain dust is suited for emul-
sure the size distribution of the droplets (Fig. 1). Droplet di- sjon experiments without prior artificial treatment besides
ameters were counted in approximately 40 images with thesjeving, because it contains a large percentage of very small

ImageTool program and the resulting size distribution of theparticles. A summary of the studied clays and their main
emulsion was fitted with a |Ogn0rma| diStribUtion, yleldlng a characteristics are shown in Table 1.

mode diameter of 1.9 um and a geometric standard deviation

of 1.8. There was no apparent dependence of droplet size di.1 Kaolinite

tribution on clay mineral type or concentration. In each DSC

experiment, 3—13 mg of the emulsions was transferred intdThis is a clay mineral represented by the chemical formula

the pans. Emulsion samples therefore contain approximatell>SiOs(OH),. It belongs to the phyllosilicate group. It is

4 x 10*-3 x 108 immersed water droplets. a layered silicate mineral, which has one tetrahedral sheet
Bulk freezing experiments were performed using poly- linked through oxygen atoms to one octahedral sheet of alu-

chlorotrifluoroethylene (PCTFE) coated sample pans, intomina octahedrals (a so called TO structure; see, for exam-

which a few milligrams (ca. 2.5 mg) of the suspension con-ple http://webmineral.com/data/Kaolinite.sh)miThis clay

Fig. 1. (a)Optical microscope image of a typical emulsi¢in) Size
distribution of the emulsion.
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Table 1.Samples examined in this study. Exchangeable cations are given in brackets where relevant. Measured SMPS size distributions were
fitted by lognormal size distributions.

Name Mineral Characteristics Lognormal distribution Surface aréay(m)
fitting parameters

Mode Geometric
diameter Standard
dm (nm) deviationo

KGa-2 kaolinite high defect 360.8 1.8 23.56:0.06
less than (Clay Mineral Society)
7 % impurities

KGa-1b kaolinite low defect 299.1 1.8 11.8:0.8
less than (Murray et al., 2011)
7 % impurities

K-SA kaolinite - 446.8 2.0 17.44

(Jiang et al., 2010)

Il SE illite illite 77 wt%; 327.8 1.9 104.220.72
kaolinite 10 wt%;
calcite 12 wt%;

quartz and
feldspar traces.
I NX illite illite 86 wt%; 370.7 1.9 104.220.7
kaolinite 10 wt%; (Broadley et al., 2012)
calcite 4 wt%;
quartz and
feldspar traces.
M STX-1b  montmorillonite  collected in Texas 301.4 2.1 83.7%0.22
(cat) (Clay Mineral Society)
M SWy-2 montmorillonite  collected in 288.2 2.0 31.820.22
Wyoming (Nah) (Clay Mineral Society)
M K-10 montmorillonite  treated with HCI, 412.0 1.9 24525
aluminosilicate (Sigma—AIdrict@)
sheets partially
disrupted.
M KSF montmorillonite  treated 438.7 1.8 36t 10
with HpSOy, (Sigma-Aldrict®)
completely
delaminated
Hoggar Saharan dust natural 35 1.1 46.3
340 11 (this study)
2100 14

2llite SE BET surface area is assumed identical to BET surface area of illite NX, because no more specific literature data was available.

b Hoggar tri-modal size distribution.
€ The BET surface was measured by-hbsorption.

mineral has a low cations exchange capacity in comparison t&Ga-1b is also provided from the Clay Mineral Society and it
other clay minerals, such as montmorillonite (Carroll, 1959).is classified as a low-defect kaolinite, i.e. a clay mineral that
Three types of this clay mineral were investigated, each ofpresents a well crystallized structure. K-SA is available from
them having different characteristics (see Table 1). KGa-2Sigma Aldrich; this company does not provide any further
(Clay Mineral Society) is a high-defect kaolinite; this means information about the clay (collection place, pre-treatments,
that the clay mineral presents a less crystallized structureetc.). Nevertheless, since its ice nucleation properties have
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100 T (Na,Cap.33(Al,Mg) 2(SigO10) (OH)2-nH20. Montmorillonite
: ] has a high cation exchange capacity (Carroll, 1959). Four
- o | kinds of Montmorillonite were investigated in this study.
10 & / N 3 M STx-1b and M SWy-2 were both provided by the Clay
g / A\ Mineral Society. While M STx-1b presents interlayer’Ca
/ AN 1 cations, M SWy-2 has Na interlayer cations. Acid acti-
1 A _\ E vated montmorillonite is widely used as catalyst://www.
i \ ] sud-chemie.com/and can be purchased, e.g. from Sigma
| Aldrich. M K-10 has been treated with HCI such that its
aluminosilicate sheets are partially disrupted (Ajjou et al.,
- A ] 1997). Such a strong acid treatment surely does not repre-
001 L i sent atmospheric conditions, however, since this montmoril-
: E lonite sample has been often used in ice nucleation experi-
[ ] ments (Welti et al., 2009; Eastwood et al., 2008; Salam et al.,
0.001 L——vurd LA L b Ll DL Db bl Db Dl Lo bl 01 2006; Kaniji et al., 2008), we investigate it for comparison.
10° 10’ 10° 10° 10° 10° M KSF (Sigma Aldrich) is a montmorillonite that was
particle diameter (nm) chemically treated with bBOy and therefore the crystal
structure is completely delaminated (personal communica-
tion from Sigma Aldrich), which means that the typical lay-
ered TOT structure of this clay is broken up. A melting point
depression to 272.4 K was detected for a 10 wt% suspension

been investigated in many previous studies (Eastwood et al9f this clay mineral, which would correspond to ca. 2.5wt%

2008; Liiond et al., 2010; Welti et al., 2009), a further study SulPhuric acid in solution assuming a purgS®, solution.
of K-SA is useful for comparison with literature data. The acidity of the suspension/solution was also confirmed by

measuring its pH using litmus paper. The melting point de-
3.2 llite pression starts to be detectable for a 2wt% suspension of M
KSF (272.9K).

It belongs to the phyllosilicate and the mica groups and )
tends to be an agglomerate of numerous individual crys-3-4 Hoggar mountain dust

tals or clusters. Its structure IS gven by the repetition Sources of Saharan dust emissions have been found to be
of an octahedral layer sandwiched between two tetrahe-

dral layers (TOT) (Viani et al., 2002).The interlayer mostly located in the centre of North Afrlpa (Schu!z et aI.z
. ' . . 1998). The Hoggar (or Ahaggar) mountains are situated in
space is mainly occupied by poorly hydrated potassium

. . ; southern Algeria as part of an area, which has been identi-
cations responsible for the absence of swellinglu- : )
X . ) fied as major source of desert dust aerosol (Laurent et al.,
mar et al., 2011). The chemical formula is given as

. . 2010). The Hoggar sample was kindly provided by L. i&ezh
(K,H30)(Al,Mg,Fe)(Si,A4010[(OH)2,(H20)] (Arginotec) (Johannes Gutenberg-Universitaet, Mainz). Previous studies
and it has a higher cations exchange capacity than kaOIInbf a sample from a similar location show that in this region
ite, but still less than montmorillonite (Carroll, 1959). Due to P 9

its small grain size and defective character, the crystal struc.Ehe clay fraction of the mineral dust is mainly composed of

g . . illite (87 %), followed by kaolinite (11 %) and montmoril-
ture of illite is poorly known (Nieto et al., 2010). Two differ- : 0 ]
ent types of illite from Arginotec were used: lll NX and IlI lonite (? %) (Ganor, 1991),-Morenc()) et al. (2006) reported
SE. These two samples mainly differ in their mineral com- that their sample also contained 19 % of quartz and diatoma-
. . . . ceous hydrated amorphous silica. Our sample showed rapid
position, since they are not entirely composed of illite (see” . . : : :
Table 1). Mineral composition of Ill NXX is given by the com- sedimentation when put in suspension, therefore we sieved

. . it (32 um grid) to remove the coarse particles. The size dis-
pany technical sheet, although in a recent study (Broadle)fribution of the dust was investigated after sieving giving a
et al., 2012) X-ray measurements showed slight differenc 9 g gving

es . . L. . .
in mineral composition of Il NX: 74.3 % of illite and illite- Els-mbggta :‘iltogl'nhci);n;lni;i d:;ggiﬂg; E‘fsritizlilginsir?gllezs)
. . 0 0 . 1 1
smectite mixed layers, 6.6 % of qugrt.z, 9.8% of femSpar’shows a reddish colour, indicating that iron oxide could be
2.1 % of carbonate and 7.2 % of kaolinite. present (Lancaster, 1995)

AN
I
p4

01F 3

number of particles per bin
~\
N\
P

Fig. 2. Tri-modal lognormal distribution: best fit to the Hoggar sam-
ple size bins.

3.3 Montmorillonite
It belongs to the phyllosilicate group and is a mem-

ber of the smectite family. Like illite it presents a
TOT structure and its chemical formula is given by

www.atmos-chem-phys.net/12/5859/2012/ Atmos. Chem. Phys., 12, 5&&¥§ 2012
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j/\\ KGa-2 b KGa-1b C K-SA
10 wt% 5 Wi%
24%.1 K — ESHTK 2:4!35;0 &

241.0K

5 wt%

287K ~ Swth
2478 K

2 wt%

0.5 with |

Heat flow (a.u.)

Heat flow (a.u.)
Heat flow (a.u.)

0.1 wt%
0.1 wt%

0.01 wt% 0.01 Wt% 0.01 Wit%

n P i e Ml o 1 (R et Fany ar
230 235 240 245 250 255 230 235 240 245 250 255 230 235 240 245 250 255
T(K) T(K) T(K)

Fig. 3. DSC thermograms of KGa-2 (par&), KGa-1b (paneb) and K-SA (panek). Curves are shown with different offsets for clarity.
Suspension concentrations and onsets of heterogeneous freezing are indicated above and below the curves, respectively. The onset of tl
freezing peaksTpn) is given by the intersection of the two tangent lines (thin black lines) for each curve.

4 Results 0.01wt% to 252.4K for 10 wt%, corresponding to a shift of
5K (Marcolli et al., 2007).

4.1 Emulsion experiments Figure 3b shows the DSC results obtained for the low-
defect kaolinite KGa-1b. Again 0.1 wt% represents the low-

4.1.1 Kaolinite est suspended mineral concentration for which heteroge-

) ) . neous freezing can be observed. An increase in mineral con-
Figure 3a—c shows the DSC freezing curves of the three ingenirations from 0.1 via 0.5 to 10wt% results in a minor

vestigated types of kaolinite for concentrations ranging from;~rease in freezing Onsefstrgd from 240.4 via 238.9 to
0.01 to 10wi% in suspension. The lowest mineral concen-41 ok, but all within the range of experimental uncertainty.
trations show one freezing peak with onset temperatures iRrpege heterogeneous onset temperatures of KGa-1b are in
the range 236.2-236.6 K. This freezing temperature is typithe same range as the ones of KGa-2. At the highest min-
cal for homogeneous ice nucleation and in good agreement 5| concentrations, KGa-1b and KGa-2 samples show quite
with freezing of pure water emulsion samples prepared by, heterogeneous freezing signals that peak before the
the same procedure (236.1-236.3K). Variations of this ho-,set of homogeneous ice nucleation, indicating that hetero-

mogeneous freezing temperature reflect the reproducibilitygeneous ice nucleation is fading away before homogeneous
of emulsion preparation, e.g. by variations in droplet size dis-jzg nucleation sets in.

tribution. DSC peaks that appear at higher temperatures are pgc curves for kaolinite from Sigma Aldrich, hereafter
considered to originate from heterogeneous freezing on thgsrmed K-SA. are shown in Fig. 3c. Surprisingly, two het-
clay and dust material. Small sharp peaks — so-called Spikeérogeneous freezing peaks appear: one which we term “stan-

— in the DSC thermograms are caused by freezing of sinya.q” 5t temperatures similar to the ones of the samples from
gle large droplets and are not reproducible features of a DSG,¢ Clay Mineral Society (238.7 K TS < 2391K), and
scan. Therefore, they are not considered for further evaluagne which we term “special” at mucohnhigher temberatures

tion. spcl . .
; . . (247.8K< Typ ' < 2485K). The evaluation of the freezing
Figure 3a shows the DSC curves of the high defect I(aOI"peak at lower temperature is hampered because its onset

nite KG_a-Z from _the Clay Mineral Souet;_/. The lowest con- verlaps with the tail of the preceding freezing peak. The
centration for which heterogeneous freezing can be observeaeezing peaks with onsets at239 K and~ 248K are ob-

) 0 . ] -
is 0.1wt% with a heterogeneous freezing onseﬂ"ﬁf‘_ served at lowest dust concentrations of 0.5 and 2 wt%, re-

e e e o an "y peciiel. A peak sooms  appear at ghor e
il 0, 1 H
the onset shifts by 3.5 to 242.1K at 10 wt%. A similar shift re for the 10wt% mineral concentration, but the data are

) ..~ " noisy (not shown) and no onset is evaluable. This could sug-
was also detected for Arizona Test Dust (ATD) in similar : : :
. : . ) h higher nsion concentration r
DSC experiments with an onset increasing from 247.4K forgeStt atathigher suspension concentrations dust aggregates

Atmos. Chem. Phys., 12, 585%878 2012 www.atmos-chem-phys.net/12/5859/2012/



V. Pinti et al.: Ice nucleation efficiency of clay minerals 5865

T T T T T T T T T

T T T T T
a oWt b lllite SE a M STx-1b M SWy-2
247K 5w ., ~ N Swt%
B T G _10wt% 10 wt% 2B77K - 2473K
249.9K :
o 5wi% \ 233.9K .
2wt% 2459K _ 5wi% 38.1 K 2wt
2448K 2 wt% T 2469 K

— ’; 245.7 K — =
S d =] S 0.5 wt%|
) . - 238.7K
S L;, S 8, 247.0K
2 2 2 2
el (e}
= = & =
s :(E.g § 3 0.1 Wt%
I 244.6 K I I 2386 K 457K
lllite NX
0.01 wt%
238.1 K
0.01 Wt% 0.01 wt% 0.01 wt%
P P 1 " 1 1 1 1 1 1 1§ 1 1
230 235 240 245 250 255 230 235 240 245 250 255 230 2:]55 2);0 2:15 2%0 255 230 235 240 245 250 255
T (K) T (K) T (K) T (K)

d M KSF

Fig. 4. DSC thermograms of lll NX (pane&l) and Ill SE (paneb).
Curves are shown with different offsets for clarity. Suspension
concentrations and onsets of heterogeneous freezing are indicate
above and below the curves, respectively. The onset of the freezing
peaks {on) is given by the intersection of the two tangent lines (thin
black curves) for each curve.

241.7K

237.9K
\. — 5 wt%

2422K

eat flow (a.u.)

promote the formation of larger emulsion droplets freezing at
higher temperatures. The presence of one additional heteroT
geneous freezing peak in K-SA might be due to the collec-
tion location or to the pre-treatment of the clay affecting the

IN efficiency. Unfortunately, Sigma Aldrich does not provide

more detailed information on their kaolinite characteristics, ‘ ; ; ‘ : ; ;
preventing further conclusions. 230 235 240 245 250 255 230 235 240 245 250 255

T(K) T(K)

Heat flow (a.u.)

0.01 wt% |

0.01 wt%
T

4.1.2 llite
Fig. 5. DSC thermograms of M STx-1b (pane@), M SWy-2

Figure 4a and b shows the DSC curves obtained for II-(P?r?z!?f)'Mf'lf? (‘:a?ek:)lan.d MSKSF (paned). Curvets ?.re Shov‘én

lite NX and SE, respectively. Both types of illite show a /It different offsets for clarity. Suspension concentrations and on-
het f . Kkatal t dust t sets of heterogeneous freezing are indicated above and below the
'e erogeneous reezmg pea % a lowest dust concen r‘%urves, respectively. The onset of the freezing pedkg) (is given
tion of 0.5wt% with 244.6 K< T5° < 2448 K (Il NX) and

g by the intersection of the two tangent lines (thin black curves) for
245.7K< T35 < 246 1K (Il SE). lll SE also presents a SEC- each curve.

ond heterogeneous freezing peak at a dust concentration of
10 Wt% with onseTSP® = 2499 K. Ill SE contains a higher

concentration of calcite, which might be a reason for the“acid—activated" montmorillonites from Sigma Aldrich. M

higher freezing temperature. However, calcite proved to beSTx-lb from Clay Mineral Society (Fig. 5a) shows a het-
a poor IN in deposition nucleation experiments (Eastwood et :

al., 2008). Both illite samples exhibit broad freezing peakserogeneous freezing peak at a lowest dust concentration of

0, ; ; std
that extend to homogeneous freezing temperatures sugges(%l1 Wt% with onset in the range 239.2KTgy < 2399K

ing that heterogeneous ice nucleation is still ongoing whe and a quite narrow peak width comparable to the ones of the
hogmo eneous igce nucleation setsin. [l NX and IIIgSE gre Iesrs]kaOIinite samples from the Clay Mineral Society.
moget . L The second natural sample, M SWy-2 (Clay Mineral So-
uniform in composition than the kaolinite samples (see Ta- . o
e o . ciety), shown in Fig. 5b clearly presents a heterogeneous
ble 1). This might result in higher freezing onsets and broadeqc . K for the | . .
freezing peaks. reezing peak even for the lowest suspension concentration

of 0.01wt% at an onset 237.7 K TS < 2387K. A sec-

4.1.3 Montmorillonite ond heterogeneous freezing peak with onset betWéé‘ﬂ:

2467 and 247.3K appears at 0.1 wt%. It was impossible to
Four different types of montmorillonite were investigated: create a suspension of 10 wt%, because a slurry formed that
two natural samples from the Clay Mineral Society and two could not be emulsified. While M STx-1b presents interlayer
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270 [ T K-SA and surfactant|
—o— K-SA and surfactant
L K-SA
L —o— K-SA
o 265) 7
g i
i 2 L
—~ © 260 —
S 3 i
e Q 247.3K qE) I ]
5 ﬂ = 255 N ]
= i
© i :
L 0.5 wi%) 250 ' ! : '
0 5 10 15 20
2471K
cycles
0.1 wt%
Fig. 7.Bulk measurements of freezing temperature for 5 wt% K-SA
| . __ 001wk suspensions mixed with lanolin (light and dark blue) and pure K-SA
230 235 240 245 250 255 suspensions (red and orange). The median of the values shown here

best
T (K) has been terme od

Fig. 6. DSC thermograms of a dust sample from Hoggar maun-

tains. Curves are shown with different offsets for clarity. Suspensionwith onsets betweefisid = 247.1 and 247.7 K. These onset
concentrations and onsets of heterogeneous freezing are indicatatlues are higher than the ones of all other investigated clay
above and below the curves, respectively. The onset of the freezingninerals, showing the importance to investigate natural sam-
peaks {on) is given by the intersection of the two tangent lines (thin ples. On the other hand, the Hoggar onset temperatures are
black curves) for each curve. still lower than those of Arizona Test Dust (ATD) character-
ized by Marcolli et al. (2007). The illite clay minerals come

" ) ) ) . closest to the Hoggar sample in terms of width and onset of
Ca* cations, M SWy-2 has Nainterlayer cations. This ;0 heterogeneous peak. This agrees well with the supposed

seems to be the major difference between the two clays, S¢,ineral composition of the Hoggar dust with a large share of
that the different interlayer cations might be a reason for thelllite

second freezing peak of M SWy-2. Systematic ion-exchange
experiments might be a way to support this hypothesis. 4.2 Bulk measurements
M K-10 and M KSF, two “acid-activated” montmoril-
lonites from Sigma Aldrich, both require high concentrations The emulsion freezing experiments were complemented by
to reveal heterogeneous freezing peaks. While most other inbulk experiments to assess the highest heterogeneous freez-
vestigated clays present detectable heterogeneous freezimgg temperatures that are reached when freezing of a large
onsets already at 0.1 wt% suspension concentration, M K-1@vater volume is initiated by a single best IN (see also Hoyle
and M KSF require 2 wt% and 5-10 wt%, respectively. This et al., 2011). For all clay minerals and the Hoggar dust sam-
could be due to the acid treatment, which partially disruptsple we performed up to twenty cooling and warming cycles
the crystal structure (Table 1). M K-10 in Fig. 5¢ shows two with 5wt% aqueous suspensions with sample masses of ap-
heterogeneous freezing peaks, the first appearing at 2 wt9roximately 2.5 mg. Figure 7 shows the twenty consecutive
with an onset in the range 237.9K7$9 < 2386 K, andthe  cycles of two such experimental runs, each performed with a
second at 5 wt% with onset zfﬁc' = 2404 K. Figure 5d for ~ fresh bulk sample of K-SA. No systematic change in freezing
M KSF shows also two heterogeneous freezing peaks witHemperature was detected between runs. This suggests that
onsets at 237.6 K Tgtr? < 2379K and 241.7 K< T(S)gcl < the fr.ee_zmg process dqes not S|gn|f|cantly change the char-
2422 K. In this case the heterogeneous freezing peaks appe&cterlstlcs of the IN during experimental runs. Freezing oc-
only at the highest suspension concentrations (5-10wt%). curred between 256 K and 269 K. As expected from the sen-
sitivity of a single best nucleus, the bulk experiments show a
4.1.4 Hoggar mountain dust broad and much higher temperature range than observed for
freezing of emulsion experiments.
As mentioned above, Hoggar Mountain dust is suited for To exclude the possibility that the much lower freezing
emulsion experiments without prior treatment besides sieviemperatures obtained for emulsion freezing are caused by
ing, because it contains a large percentage of very smalinteractions between the lanolin surfactant and the clay sur-
particles. Heterogeneous freezing peaks of the mineral dudace (i.e. coating of the clay), we performed bulk experiments
sample collected from the Hoggar mountains (Fig. 6) appeawith 5wt% K-SA suspensions in the presence of lanolin.
broad for the lowest suspension concentration of 0.5wt%A mix of 80 wt% of the suspension and 20 wt% of lanolin
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Fig. 8. Box and whisker plot of bulk measurements of the investigated samples with 5wt% of suspended clay mineral (except pure water
on the left). The upper and lower boarders of the box are given by the upper and lower quartile, respectively, and the horizontal line in the

middle of the box shows the value of the mediiﬁiﬁ5. The highest and lowest values in a particular experiment are shown by the ends of
the whiskers. Different clay minerals are separated by dashed vertical lines. The numbers on each box represent the number of cycles.

and mineral oil was stirred. In this proportion, no emulsion temperatures above 254 K. It can be seen from Fig. 8 that all
is formed and the water volume remains connected (bulk)jnvestigated 5wt% suspensions initiate freezing at or above
while the surfactant is able to interact with the clay. Figure 7this threshold. The averaged median values of the freezing
shows that the freezing temperatures for 20 cycles of sampleemperatures arﬁnﬁggtz 257.3K for kaolinites, 261.6 K for
with and without surfactant are all in the same temperaturdllites, 257.4 K for montmorillonites, and 260.9K for the
range. From this we conclude that interactions with lanolinHoggar dust sample. Considering the large spread in freez-
can be excluded as reason for the lower freezing temperaturag temperatures, a ranking of the IN efficiencies of the dif-
of emulsion samples. ferent clays based on this data is problematic. On the other
The freezing temperature distributions of all investigatedhand, differences are evident when comparing bulk freezing
bulk samples are represented as box and whisker plots itemperatures of different types of the same clay mineral, e.g.
Fig. 8. Each box and whisker plot represents the results obthe acid-treated M K-10 from Sigma-Aldrich freezes at sig-
tained from an “experimental run”, i.e. the up to 20 cooling nificantly higher temperatures than the natural samples from
and warming cycles performed with a particular sample. Sevthe Clay Mineral Society. This last finding indicates that high
eral experimental runs were made with samples of the sambulk freezing temperatures do not necessarily require an in-
suspension, to test the reproducibility of the results betweenact crystal structure.
samples of the same clay mineral type. Figure 9 shows that reducing the suspension concentra-
Also shown in Fig. 8 are results of bulk samples consist-tion in K-SA bulk samples by a factor of 10 and 100, (i.e.
ing of pure water, which typically freeze heterogeneously be-0.5wt% and 0.05wt% suspensions), leads to freezing in
tween 249.0K and 253.5K (Hoyle et al., 2011) due to thea similar temperature range as for “pure water samples”.
presence of minor impurities and interactions with the panTherefore, freezing cannot be unambiguously attributed to
walls. This limits the significance of our bulk experiments to heterogeneous ice nucleation on the clay surface. The distinct
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268 —1———— o T T T T T T Table 2. Summary of freezing peaks of emulsion and bulk experi-
[ | | 1 ments: onset freezing temperatures are given for standard and spe-
3 3 cial sites, average of median freezing temperatures for best sites
264 3 | ] (5wt% suspension concentration). Where the standard deviation is
< L 20 10 | 4 not shown, there were too few data for evaluation.
= L : 10 |
o [ 20 ,, 10 20 ! ‘ ]
e s 20 4 ? 1o ! Emulsions: Bulks:
'§ + E] é 103 10 10 ] Clay mineral ~ Standard sites Special sites Best sites (5 wt%)
qé 256/ | 0 g - Ton' (K) TR Tmed )
2 L i ! ’ ’ i KGa-1b 239.9:0.8 - 255.2
; ¢ Q KGa-2 238.6-2421 - 257.9
252 3 | l K-SA 238.8+0.2  248.2£04  259.0
L 3 | | I1NX 2447401 - 257.6
L L T : T ‘ T Il SE 245.9+0.2 249.9 264.8
248 : ‘ M SWy-2 238.2L0.4  247.0£0.2 256.9
K-SA 5wt% 3 ogstA"/ 0 géS'Lt\ty M STx-1b 2395£03 - 2555
i U.owt7 i U.UowWl7o M K10 238.1+0.4 240.4 261.1
. . M KSF 237.8 242.0 256.8
Fig. 9. Box and whisker plot of bulk measurements for K-SA sus- Hoggar 247.2-0.4 N 260.7

pensions with different concentrations. The blue rectangle repre-
sents the spread in pure water freezing temperatures. The numbetsThis clay mineral presents a shift in the onset temperatures depending on
on each box represent the number of cycles. concentration.

- 5 Discussion

8 8 ] 5.1 Freezing temperatures of emulsions and bulk
10 '° D samples

260
ﬁ ® 10
8

ssal 4 When taking bulk and emulsion freezing experiments to-

T T #1 10 gether, the heterogeneous freezing of the investigated clay
&

10 10 10 g ] minerals and the Hoggar dust sample spans the entire temper-
=R

Temperature (K)

252

ature range from well over 260 K down to the onset of homo-
EERIIENIEEIIERIIREIInEEn geneous ice freezing. Emulsion experiments revealed distinct
Hoggar 5wt% | Hoggar | Hoggar | Hoggar | Hoggar | pure water freezing peaks with almost concentration-independent onset

0.5wt% | 0.05wt% | 0, % % i i
owt 5wt | 0.005wt% |0.0005wt temperatures. A summary of standard, special and best sites

| : )
Fig. 10.Box and whisker plot of bulk measurements of Hoggar dust (Tae Ton', T,2¢%h of all investigated clays and the Hoggar

suspensions with different wt%. The numbers on each box represerlust sample is given in Table 2.
the number of cycles. Figure 11a shows the onset freezing temperatures for
emulsion measurements plotted as a function of the BET sur-
face areas (Table 1) per droplet. The dashed lines represent
reduction of the lowest freezing temperature-b K for a  calculated freezing onsets for a frozen fraction of 1% us-
decrease of the suspension concentration by a factor of 1fhg Classical Nucleation Theory (CNT, parameterization of
shows that indeed very few best IN are responsible for thezopyrist et al., 2007) with different contact angles. CNT de-
freezing events occurring at the highest temperatures. Bullscribes ice nucleation as stochastic process and predicts an
samples with 5wt% of K-SA contain approximately’Jar-  increase of freezing temperature with increasing heteroge-
ticles indicating that onIy about 1 per million of kaolinite neous surface given by the slope of the dashed lines. The
particles lead to freezing above 254 K. The reduction in av-heterogeneous freezing peaks of the emulsions show almost
erage freezing temperature with decreasing suspension colpnstant onset temperatures with the exception of the kaoli-
centration is much less pronounced for the Hoggar samplgjte KGa-2 clay mineral, which exhibits an onset shift from
(Fig. 10). The lowest suspension concentration for which238.6 to 242.1 K with increasing suspension concentrations
heterogeneous freezing is still well discriminated from wa- from 0.1 to 10 wt%. However, given the experimental uncer-
ter freezing is 0.005 wt%. From this, it can be estimated thatainties represented by the error bars, there is no direct con-
1 per 2700 particles are responsible for freezing above 254 Kjict between the almost concentration-independent constant
in the Hoggar sample. experimental$i9 and CNT.
Contact angles of the standard peaks of kaolinites and
montmorillonites correspond to 90-18nd 100-129 re-
spectively. Since kaolinites and montmorillonites show quite

2481 R
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Fig. 11. Freezing temperatures as a function of the BET surface area per di@plEmulsion experiments. Different clay minerals are

shown in different colours. Open and solid symbols represent standard and speciall@ﬁbked Tosrﬁ’d, respectively. Error bars indicate

the uncertainties associated with the emulsion reproducikfitijfEmulsion and bulk experiments. Symbols represent the average of median
freezing temperatures for bulk experiments (see Table 2 for the 5wt% suspenzjﬁgﬁyertical bars represent the spread in these tem-
peratures between freezing cycles. Grey dashed lines in both panels: cal@glafeda frozen droplet fraction of 0.01 (i.e. onset) using
classical nucleation theory (CNT, parameterization of Zobrist et al., 2007) with the contact angle indicated on the right side. For emulsion
experiments, the BET surface area per droplet was calculated by dividing the BET surface area present in an emulsion sample by the numbe
of droplets present in an emulsion sample. The BET surface areas of Arizona Test Dust experiments from Marcolli et al. (2007) (grey dots)
were calculated with values taken from Teipel et al. (2008).
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narrow freezing peaks in the DSC emulsion experiments5.2 Comparison with literature

these numbers should be representative for the whole dis-

tribution of contact angles responsible for standard freezingFreezing temperatures of our samples cover a similar tem-
The standard peaks in illites and the Hoggar dust samples angerature range as observed in older studies by Pitter and
much broader. The onset freezing temperatures corresporidruppacher (1973) and Hoffer (1961). Hoffer (1961) re-
to contact angles ranging from 75-88nd fall into a similar  ported freezing of 25-170 um droplets consisting of mont-
range as the contact angles of the special peaks of K-SA anthorillonite suspensions (with unspecified concentrations)
M SWy-2. Since the standard peaks in illites and the Hoggaibetween 237.7-260.0K, of kaolinite suspensions between
dust sample extend to the onset of homogeneous freezin®38.2-254.2 K, and of illite suspensions between 246.2—
these samples likely also contain nucleation sites with con255.2 K. Pitter and Pruppacher (1973) observed freezing of
tact angles in the same range as standard peaks of montm825 um droplets of kaolinite suspensions between 243.2—
rillonites and kaolinites (90— 12, 259.2 K and of montmorillonite suspensions between 245.2—

The bulk freezing experiments show a scatter of 2.6—7.2 K261.2 K. These authors do not give information concerning
between median freezing temperatures of individual experitheir suspension concentrations and type of clay minerals,
mental runs performed with the same clay mineral type. Thethus preventing a direct comparison. We can only state that
largest scatter between highest and lowest freezing tempesample volumes and freezing onsets of these older studies
ature of one experimental run varies from 258.5 to 266.8 K.cover a similar range as our bulk samples. Therefore, onset
This scatter in temperatures is comparable to the one founéteezing temperatures of these previous studies should not be
in similar freezing experiments on volcanic ash bulk samplestaken as IN efficiency of average clay particles. This conclu-
described by Hoyle et al. (2011) and consistent with resultssion is corroborated by more recent studies that found much
discussed by Vali and Stansbury (1966). The interpretatioriower freezing onsets for their experimental conditions: Zu-
given by these authors is thahé characteristics of a partic-  beri et al. (2002) measured heterogeneous nucleation of ice
ular nucleating site determine a range of possible nucleationin aqueous ammonium sulfate droplets of the size range from
temperatures for that sitethis means that each site shows a 10-55 um containing numerous particles of kaolinite from
probability function to freeze in a certain temperature range Fluka (which corresponds with K-SA from Sigma Aldrich)

In a recent paper Vali (2008) observed run-to-run changes irand of montmorillonite (M K-10). Extrapolation to the pure
heterogeneous freezing temperatures of single droplets corwater droplet case yielded average freezing temperatures of
taining suspensions of a soil sample<ofl °C for the major-  approximately 242 K for both clay mineral types. This freez-
ity of the events. His Table 1 (row 1) shows that 50 % of the ing temperature falls in between the freezing temperatures
changes were withig: 0.27°C and 80 % withint 0.53°C. of the standard and the special peaks of K-SA and M K-
For comparison, the run-to-run changes in freezing temperi10 and might indicate that for the concentration and par-
atures of the droplets containing suspensions of clay minerticle size range that Zuberi et al. (2002) used in their ex-
als (results shown in Fig. 8) and of the Hoggar dust sam-periments, freezing occurred sometimes on a standard and
ples (results shown in Fig. 10) were larger, namely 50 % ofsometimes on a special nucleation site of the clay minerals.
the changes were withitt 0.6°C and 80 % withint 1.8°C Ludnd et al. (2010) report on the onset of droplet freezing
as an average of all clay minerals, and 50 % of the changeat 243.2 K and median freezing temperatures of 240.2 K and
were within+ 0.6°C and 80 % withint 2.1°C for the Hog-  238.2 K for droplets containing one 800 nm and one 200 nm
gar dust sample. diameter kaolinite particle (K-SA from Sigma Aldrich), re-

In Fig. 11b emulsion and bulk freezing temperatures arespectively. These median freezing temperatures correspond
shown together as a function of BET surface area. In CNTwell with Tosrﬁd of K-SA in our experiments, indicating that
using the parameterization of Zobrist et al. (2007), the bulkfreezing dominantly occurs on standard sites when only
freezing temperatures correspond to contact angles rangingne clay particle per droplet is present. A tail to higher
from 40-70. This suggests that freezing temperatures offreezing temperatures that appears for the 800 nm diameter
bulk samples cannot be explained by scaling the emulsiorsample might be interpreted as arising from heterogeneous
freezing results to larger surface areas but that they have tireezing on special sites for this largest investigated parti-
originate from a different class of sites. cle size. Murray et al. (2010, 2011) measured median nucle-

Assuming that 1-10 particles are responsible for freezingation temperatures increasing from 236K to 24886 K
in bulk experiments, there is only 0.01-1 best sites pet cm for 10-40 um droplets of kaolinite suspensions (KGa-1b),
of clay surface. These best sites are so infrequent that thewhen dust concentrations increased from 0.005 to 1 wt%,
are below the detection limit of the emulsion experiments.and constant freezing at 245:8.6 K for montmorillonite
The freezing temperatures of the bulk samples show a largsuspensions (M SWy-2) covering the same droplet and con-
scatter between samples, which we attribute to the low numeentration range. These results are in good agreement with
ber of best IN leading to a large variation in quality of the our own findings, where KGa-1b shows 238.&I¢§tnd<
best IN present in a sample. 2410K. There is a slight shift to higher temperatures with

increasing concentrations, however within the range of our
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measurement uncertainties. Mean nucleation temperatures afmean diameter of 446.8 nm, supporting that kaolinites sus-
245.8+ 0.6 K for M SWy-2 coincide well with freezing on pended in water indeed form aggregates. Assuming an av-
special sites for this clay mineral. Broadley et al. (2012) mea-erage particle size of 8 um, the calculated volume fractions
sured freezing onset temperatures from 246 K to the homothat potentially freeze heterogeneousfy, would even be
geneous regime (236 K) for Il NX with droplet diameters be- much too low. lildnd et al. (2010) observed heterogeneous
tween 10 um and 56 pum, when dust concentration decreasdeeezing of approximately 80 % of droplets containing one
from 1.44 to 0.007 wt%. These results are in good agreemerkaolinite (K-SA) particle with diameter of 200 and 400 nm,
with our findings, 244.6 k< Tgtnd < 2448 K and broad freez- and 100 % when droplets contained an 800 nm particle. This
ing peaks for Il NX. indicates that almost all droplets that contain a K-SA patrticle
These results show that immersion freezing temperatureghdeed freeze heterogeneously.
of clay minerals strongly depend on the amount of clay min- Coagulation in montmorillonites is much less pronounced
eral present in the droplets and the exact characteristics (Iathan in kaolinites (Tom#éicz and Szekeres, 2006). In dilute
cation of collection and pre-treatment) of the clay mineral. aqueous solutions, sodium montmorillonite forms a stable
Results obtained from different groups with different setupssol of delaminated particles that turns into a gel at con-
are indeed in good agreement when the type of the clay is theentrations above- 3wt% (Abend and Lagaly, 2000). The
same and the loading of the droplets with particles is comparelatively good agreement of calculated and measured vol-

rable. ume fractions of water freezing heterogeneously in the DSC
- ] emulsion experiments of M SWy-2 (i.¢1 ~ fftd+ fzspd)
5.3 Occurrence probability of sites confirms that this clay mineral does not aggregate under

. ur experimental conditions and that the size distributions
Table 3 shows the comparison of calculated and measure

droolet fracti p ina het . For DSC | f droplets and particles are both valid. Calcium montmo-
ropiet ractions ireezing heterogeneously. or €MUiionites have a higher tendency to coagulate than sodium
sion measurements the water fraction freezing heteroge

| tified th tio bet h b montmorillonites, which might explain the larger discrepan-
neously was gquantified as the ratio between he area besqq panyeen calculated and measured heterogeneous freez-
low the heterogeneous peak and the area below the hom

. S (?hg volume fractions for the calcium montmorillonite M
geneous and heterogeneous peaks. This fraction is tefgned STx-1b. Assuming a similarly low degree of aggregation for
in Table 3. It can be compared to the fraction of droplets in

th Isi | taining dust particles. Th M K-10 and M KSF, the low heterogeneous peaks of these
€ emuision samples containing dust particles. The averagg, , vy qyillonites indicates that the acid treatment has indeed
number of dust particles per droplét, was calculated as the

. ; strongly decreased the capacity of these montmorillonites to
ratio between the number of particles and the total numbe gy pactty

; : P ®fnduce heterogeneous freezing.
olf dro_IE)IEtIS clierlvzdﬂ:rom thzis;zleb (:.'St”b?;fn‘:’j of tlhf Paf[tr']‘ Our calculations show that droplets in illite emulsions with
cles ( anle ) an [he size distribution of the droplets in esuspension concentrations of 5wt% or higher should on av-
emulsion, respectively. The volume fraction, which poten-

tally f het | lculated on the basi rage contain at least one clay particle. There is no clear in-
lally Ireezes heterogeneously, was calculated on the basis Gy 4tion available whether these clay minerals aggregate in
the droplet volume size distribution taking into account that

the d f i f particl | ith droplet si suspensions. The DSC thermograms of illites show that het-
€ degree oroccupation of particies scales with drople Slzeerogeneous nucleation is still ongoing when homogeneous

. L td spcl ; . .
This fraction is termeg7*or f,""in Table 3, for occupation  cleation sets in. We therefore assume that a part of the

with particles carrying standard or special sites, respectivelydrometS in these emulsions indeed freeze homogeneously al-
Our calculations suggest that droplets in the higher cony,oygh they contain illite particles.

centrated clay mineral emulsions are on average filled with  Te calculated number of particles per droplet is much

several particlesX) and that for the 10wt% concentrations |ower for the Hoggar dust sample reflecting the coarser na-
almost complete heterogeneous freezing should occur. Ofre of this Saharan dust sample compared with the clay min-
the other hand,_ the calculations of the_ fraction free2|_ng heterals (see Table 1). For this natural mineral dust the calcu-
erogeneously (i.ef1) generally overestimate the fraction of |ation even underestimates the relative intensity of the het-
droplets that frelezes heterogeneously in the experiments, i-%rogeneous peak in the DSC thermograms (fe< fzstd+

fi> 5194 £ One potential reason for this discrepancy £37%. We attribute this underestimation to the experimen-

might be aggregation of the clay particles in the emulsiony ncertainties connected with the determination of the size
so that more droplets are empty than our calculations SUGgstibytion of the droplets and the particles. For this sam-

gest. Strong aggregation at pH belon ! is, indeed reporteq fo le, one can assume that droplets that contain a dust particle
kaolinites (Kretzschmar et al., 1998; Toauz et al., 2004; indeed freeze heterogeneously.

Tombacz and Szekeres, 2006). In a recent paper, Wheeler

and Bertram (2012) determined a median diameter for K-5 4  Origin of active sites

SA of 8 um by measuring aqueous suspensions using static

laser light scattering. For the same clay mineral suspende®ur analysis of emulsion and bulk freezing experiments
in air using a fluidized bed aerosol generator we determinecguggests that nucleation in clay minerals occurs on three
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Table 3. Percentage of activated droplets depending on the mass concentration of the clay in suspension for all the minerals studied in this
work.

Mineral Suspension Average number  Calculated volume DSC Standard peak DSC Special peak

concentration  of particles per fraction freezing onset normalized onset normalized

(Wt%) droplet, N heterogeneously; 75 (K)  area, f51 7P (K)  area, fzs‘pCI
KGa-2 0.1 0.09 0.55 238.6 0.26 - -

0.5 0.45 0.83 239.7 0.34 - -

2 1.82 0.95 240.2 0.53 - -

5 4.70 0.98 240.5 0.75 - -

10 9.92 0.99 2421 0.84 - -
KGa-1b 0.1 0.15 0.66 240.4 0.09 - -

0.5 0.74 0.88 238.9 0.23 - -

2 3.02 0.97 239.6 0.37 - -

5 7.78 0.99 239.7 0.41 - -

10 16.43 1.00 241.0 0.85 - -
K-SA 0.1 0.02 0.22 £ - - -

0.5 0.10 0.57 238.7 0.06 - -

2 0.39 0.82 239.1 0.22 248.4 0.18

5 1.01 0.91 238.7 0.25 247.8 0.37

10 2.13 0.96 238.7 0.23 248.5 0.39
Il SE 0.1 0.07 0.50 245.8 0.17 - -

0.5 0.37 0.81 246.1 0.13 - -

2 1.49 0.94 245.7 0.69 - -

5 3.85 0.98 245.9 0.54 - -

10 8.13 0.99 - 0.20 249.9 0.09
1I'NX 0.1 0.03 0.32 244.6 0.21 - -

0.5 0.17 0.68 244.6 0.30 - -

2 0.68 0.88 244.8 0.48 - -

5 1.75 0.95 244.6 0.71 - -

10 3.70 0.97 2447 0.77 - -
MSTx-1b 0.1 0.03 0.33 239.6 0.10 - -

0.5 0.17 0.69 239.2 0.18 - -

2 0.71 0.88 239.6 0.52 - -

5 1.83 0.95 239.4 0.64 - -

10 3.87 0.98 239.9 0.78 - -
M Swy-2  0.01 0.007 0.09 238.1 0.22 - -

0.1 0.07 0.49 238.6 0.20 246.7 0.06

0.5 0.35 0.80 238.7 0.45 247.0 0.29

2 1.42 0.93 238.1 0.26 246.9 0.56

5 3.67 0.97 237.7 0.12 247.3 0.76
M K-10 0.1 0.04 0.36 - - - -

0.5 0.20 0.72 - - - -

2 0.82 0.89 238.6 0.32 - -

5 211 0.96 237.9 0.39 240.4 0.10

10 4.45 0.98 237.9 0.51 240.4 0.12
M KSF 0.1 0.05 0.40 - - - -

0.5 0.23 0.74 - - - -

2 0.95 0.91 - - - -

5 2.45 0.96 237.9 0.20 242.2 0.02

10 5.17 0.99 237.6 0.17 241.7 0.05
Hoggar 0.1 0.0014 0.018 - — - -

0.5 0.007 0.09 2471 0.34 - -

2 0.03 0.29 247.3 0.43 - -

5 0.07 0.51 246.7 0.68 - -

10 0.16 0.68 247.7 0.78 - -

* No heterogeneous peak detected.
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different types of sites, standard, special and best sites, witthat ATD particles have surface features which are affected
characteristic temperaturegSt, 7P and TPt respec- by the acid treatment. However such a special peak was not

tively. " detected by Marcolli et al. (2007) for immersion freezing ex-

The standard peaks in montmorillonites and kaolinites arePeriments with polydisperse ATD particles.
narrow and at similar temperatures, probably caused by sim- All investigated clay minerals and the Hoggar dust sam-
ilar surface features. Standard sites seem to be very frequeie exhibit a low number of best sites, which induce freez-
in natural clay minerals provided by the Clay Mineral Soci- ing above 254K as could be shown in the bulk experiments.
ety such that nearly all clay particles induce heterogeneoud hese best sites are very infrequent. They should not be mis-
freezing on standard sites. Destruction of the crystal latticetaken as “heterogeneous IN efficiency” of these clay mate-
by acid treatment (M K-10, and M KSF) seems to reducefials, as has erroneously been done in the past (Pitter and
their number so that a part of the particles that were expose&ruppacher, 1973, and Hoffer, 1961). Such sites seem to be
to acids lose their ability to act as IN. Acid treatment ap- more abundant, when the crystal lattice is partly destroyed
pears to mostly affect the edges of the clay particles (Suare2s the comparison of the montmorillonite samples suggests.
Barrios et al., 2001). We therefore speculate that mainly thelThe best sites are therefore most probably not related to the
edges are involved in ice nucleation on standard sites. Thigegular crystal lattice of the clay minerals, but due to random
argumentation gains some support by grand canonical Montéefects or to impurities such as lead inclusions (Cziczo et al.,
Carlo calculations performed by Croteau et al. (2008) that2009) or biological residues (Conen et al., 2011).
showed water adsorption on Al-surfaces and both protonated
and unprotonated edges of kaolinite at atmospherically rele5.5 Atmospheric implication
vant relative humidities. However, the hexagonal pattern of
water that adsorbed on the Al-surface and the basal plane ofhe number concentration of best IN in a bulk sample can
ice Ih showed a misfit strain. Hence, the ring structures thabe related to the amount of dust in an air parcel (Hoyle et
form on the Al-surface are not expected to be good building-al., 2011). Atmospheric dust concentrations (mass densities)
blocks for ice nucleation, rather ice nucleation might occurspan a wide range from 0.01-1000 ugh(Huneeus et al.,
on the edges. 2011) with large temporal and spatial variations. Monthly

The standard peaks of illite and the Hoggar samples arénean dust concentrations measured at Barbados (Prospero
much broader and extend to higher temperatures than thand Lamb, 2003) vary between 1-50 ughand might be
ones of kaolinite and montmorillonite. This might be related representative for transatlantic transport of Saharan dust (En-
to the defective character of the crystal structure or to thegelstaedter et al., 2006). The total suspended particle mass
mixture of minerals present in the illite and the Hoggar duston Cape Verde for dust periods measured during SAMUM
samples leading to less uniform surfaces with higher num+anged between 250-410 ug#(Kandler et al., 2011). In
bers of random defects that also might act as good sites fogentral Europe, dust free air masses from the North Atlantic
ice nucleation. and air containing Saharan dust alternate. Seifert et al. (2010)

Several clay minerals showed a second heterogeneougentify dust concentrations 2 ug n13 as dust episodes and
freezing peak at higher temperatures for higher concentraPresent a moderate dust outbreak with dust peak concentra-
tions in emulsion experiments. These special peaks are ndions of 160 ug m? at 4000 m measured at Leipzig. The vast
present in all types of the investigated clay: e.g. K-SA showsmajority of mineral dust particles transported through the at-
a second freezing peak at higher temperatures, while KGa-1p10sphere have sizes from 0.5 to 75um, with larger parti-
and KGa-2 do not. They therefore do not seem to be relate@les getting rarer with increasing distance from the source
to the regular crystal structure of the clay minerals, but rathefbecause of gravitational settling during atmospheric trans-
to sites or surface structures that are typical for a certain typdort (Maring et al., 2003). As rule of thumb, sedimentation
of a clay mineral. Since the special peaks are also quite naspeeds are ~ 1 m h~1x (r/umy for particles with effective
row, they are rather not related to random defects. In the castdiusr, resulting in roughly 1.5km sedimentation per hour
of the montmorillonite M SWy-2 the exchangeable cations Of particles with 75 um diameter. The Hoggar dust sample
might play a role, however more experiments are needed téncludes particles with diameters up to 32um and its size
establish such a relationship. distribution can be fitted with a tri-modal normal distribu-

A similar behaviour of the special peak was also detectedion with peaks at 35nm, 340 nm and 2100 nm. Particles with
by Niedermeier et al. (2011) for ATD quasi monodisperse diameters smaller than 1 um & 1mh?) contribute about
particles in the immersion mode. Pure ATD particles nucle-6 % to the surface area, and particles smaller than 10 pm
ated ice over a broad temperature range with their freezindv <100m ') about 50 %. This is somewhat coarser but
behaviour being separated into two freezing branches. Morestill comparable with dust aerosol surface area size distri-
over Niedermeier et al. (2011) also observed that the branchutions from the Canary Islands and Puerto Rico, in which
at higher temperature significantly decreased once the partiarticles smaller than 1 pm are responsible for half, and par-

cles were coated with sulphuric acid and therefore speculateticles smaller than 10 um for almost the entire dust surface
area (Maring et al., 2003). The 0.005wt% suspension of the
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Hoggar sample, which contained®5 x 10-*mg of mineral  special sites occur in addition to standard sites, but only in
dust froze in the temperature range 252-257 K. Dilution bycertain types of clay minerals, and are active at higher tem-
a factor of 10 caused freezing mostly below 252 K, which peratures. Best sites are very rare (0.01-1%mmay dif-
is indistinguishable from freezing of the pure water refer- fer greatly from sample to sample of the same type of min-
ence. We therefore assume that in the 0.005 wt% suspensiagral dust, and possibly originate from random defects. Ice
on average only 1-10 particles are responsible for freezingwucleation on best sites is accessible by bulk DSC experi-
above 252 K. This concentration of best IN per dust massments, whereas emulsion experiments are needed to investi-
(1-10 particles/25 x 10~4mg) can now be transformed to gate standard and special sites.
IN concentrations per air volume assuming typical values of The kaolinites show narrow standard peaks with onsets
dust loadings. Dividing the mass of dust in the 0.005wt% 239 K < ngd < 242K and best sites with averaged median
suspension of the Hoggar sample by the mass concentratidineezing temperatur bgg% 257 K. Only the kaolinite from
of dust in the air volume yields the volume of air, throughout Sigma Aldrich (K-SA) featured a special peak with freez-
which the mass of dust in the bulk sample would have beenng onsetTosr?Cl ~ 248 K. The illites showed broad standard
spread (i.e. ®>x 10-4m® for an upper limit of 410ug M peaks with 244 K< 759 < 246 K and best sites with?e5{~
and 63 x 10-2m? for 2 ug nT3 dust per air volume). This 262 K. Montmorillonites had standard peaks with onsets
yields number densities in the atmosphere of best IN that ar@38 K < Tgtr? < 240K and best sites Witmgggtw 257K. M
active above 252 K of 0.01-0.1% for low concentration dust SWy-2, M K-10, and M KSF featured special peaks with on-
events (2 pg m®) and of 3-3011 for high concentration dust setsT(frﬁ’Cl ~ 247K, 240K, and 242 K, respectively. M K-10
events (410 ug ). DeMott et al. (2010) presented data for ang M KSF both from Sigma Aldrich had less intense stan-
IN number densities from different campaigns ranging from 4,4 peaks compared to the ones from the Clay Mineral Soci-
0.1-10 '__1 for temperatures between 250K and 265K. The gty suggesting that a part of the standard sites are lost by the
best IN in the Hoggar sample are thus frequent enough to acsciq treatment. The acid treatment had however, no evident
count for ambient IN number densities at least during dustaffect on best sites.
events. . _ Our investigations demonstrate that immersion freezing
As we showed previously (Hoyle et al., 2011), assumingemperatures of clay minerals strongly depend on the amount
an IN layer thickness of 2km for a IN number density of 4 clay mineral present per droplet and the exact type (lo-
0.11*, atmospheric dehydration effect can be significant. cation of collection and pre-treatment) of the clay mineral.
This would suggest that already the few best IN have anRegyits obtained by different scientific investigators using
impact on water vapour or cloud formation; therefore they gifferent setups can be reconciled when the clay type is the
should be taken into account. A major effect could resultsame and the dust amount in the investigated liquid volumes
from higher IN number densltles, e.g. 108) which could g comparable. Our bulk measurements, which are just sensi-
lead to a complete dehydration of the column. tive to the best IN, clearly show that the high heterogeneous
freezing temperatures reported in the older studies by Pitter
and Pruppacher (1973) and Hoffer (1961) can be reached, but
6 Summary and conclusions should not be mistaken to be characteristic for the freezing
efficiency of the average dust particle.
We performed DSC emulsion and bulk freezing experiments  The natural sample collected in the Sahara (Hoggar
to investigate immersion mode ice nucleation of the C|aymountains) showed a broad freezing peak, with onsets
minerals kaolinite, montmorillonite, and illite from differ- std i i i
ent sources, and of a natural sample from the Sahara regiOﬁizg:th%nm;j;?u}jgg%tt;e;tfs?ts.s_I\{\;:t:sznf;’:leveezri«’:rl]%eghm;:cli_in
(Hoggar Mountains). All studied samples showed heterogeteristics are very similar to the ones of the illites, which is
neous freezing, but there were considerable variations in thg, agreement with the supposed mineral composition of the
freezing onsets and the frozen fraction depending on Cm}Hoggar dust sample with a large share of illite. A compari-
mineral type, source region and pre-treatment performed byqn of the concentration of best IN in the Hoggar sample to
the supplier. In combination, emulsion and bulk freezing ex-ghserved Saharan dust concentrations over Cape Verde sug-
periments on a single type of clay mineral reveal a very broadyests that these IN should be frequent enough to account for
temperature range for ice nucleation from well over 260 K gmpjent IN number densities, and that they could be active at
down to the onset of homogeneous ice nucleation. Such gmperatures between 250 K and 260 K during dust events.
broad freezing range can hardly be reconciled with the as- \ore mineral dust samples from different deserts and dif-
sumption of classical nucleation theory (CNT) that ice nucle-ferent |ocations in desert areas have to be sampled to enlarge
ation can be described as occurring stochastically on ahomane picture of IN efficiency of mineral dusts and to validate

geneous surface with uniform freezing probability. We there-he syitability of clay minerals as surrogates for natural dust
fore hypothesize that freezing is initiated on active sites andsamples.

discriminate between standard, special and best sites: stan-
dard sites are present in all types of a clay mineral, while
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