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INTRODUCTION ICE NUCLEATION RESULTS INTERPRETATION OF RESULTS
The ice nucleation properties of size-selected mineral dust particles were obtained using the CIC. Figures Hypothetical scenarios of interactions between dust and sulfuric acid
below present F., of bare and coated ATD and other dust particles, respectively, as a function of RH,, at vapor, and possibility of such interactions deduced from tfjt\eT'BdEPOS't(')?p‘gy dust
Mineral dust particles contribute to a major component of global aerosol fraction, and substantial different temperatures:-25, -30 and -35 degC. The results show that dust particles can nucleate ice in I VRS e ng,
evidence indicates that dust particles are most effective ice nuclei (IN). However, the ice nucleating deposition mode of ice nucleation (water sub-saturation; < 100 RH,) and activate to form droplets in e e yes
ability of mineral dust particles could be altered if they are coated with soluble materials such as condensation freezing mode of ice nucleation (above water saturation; = 100 RH,). In discussing these e Jeien
sulfates. We report ice nucleation laboratory experiments showing that IN properties of coated dust results we assume that coating mechanism (involving exposing the particles to hot vapors of sulfuric acid) Complete surface no
particles depends upon the mineralogy of the dust particles. The ice nucleation ability of uncoated does not alter the particles’ original ability to nucleate ice. ?Od'gcj.t'ontgd”;e {yiaphobic irace i
. . . . O acCl igestion '
and coated dust particles was investigated at three temperatures: -25, -30, and -35 degC. Particles _ ¢ measurements|
were size-selected and coated with sulfuric acid, and coating thickness was estimated by measuring The F.., spectra showed different behaviors in the water sub-saturated regime depending on temperature and Parg‘_":‘c! Sutfface (depe},/d?i{,?fh’e
the hygroscopicity properties of dust coated particles. Only coated Arizona test dust particles showed dust particle type. All dust types were observed to initiate ice phase at RH, ~ 80%, at both -25 and -30 degC. ‘ H.SO ?Ot'l :ca |]cc)n coating efficiency)
suppression of IN ability, the ice nucleating ability of other particles such as illite, kaolinite, At lower temperature (-35 degC), however, the ice nucleation onset was observed at RH,, ~ 75%. Efficient ice 2 o nfor d';icsa“tgoanczn . o
montomorillonite, and quartz was not altered. This suggests mineralogical compositions dictate the nucleation occurring at lower temperatures implied that low equilibrium ice vapor pressures assist in forming acid condensation  deauescence bt
chemical reactions with sulfuric acid that affect the ice nucleating abilities. the ice embryo, such that water vapor molecules have low mobility that increases the probability of ice (island effect) nucleation)
formation. Different dust species exhibited different F,., spectra, see below (legends). These discrepancies S ves/no
among the dust types to induce ice nucleation could be attributed to the variability in the efficiency of active condensation (depends upon the
sites present on the surface that promote ice embryo formation. (island effect) Galiqugseance it
Complete acid no
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PAST STUDIES Recent studies investigated ice nucleating properties of various mineral dust R ATD conted (25 5 e B Alp D00 @?ﬁ AT bare (35 der) T
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species that are bare and coated with sulfuric acid (Tab'e 1)’ and a majonty of the o\g 3 ,_._._. o\g 3 § Addlng sulfuric acid to the ATD partICIeS r.edUCEd their ablllty to nUC|.eate IC?,
studies conclude that surface processing leads to surface modifications and thus s L . ] L —— 1 £ but for the other four dust species we did not observe this reduction. This
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reduction in the heterogeneous ice nucleation ability. E | T%_ N ER: ‘ '5 : demonstrates ’Fhat sulfurlc_ acid reapﬂwty_ depends upon thg mmerangy of
2ol rr Il Lo fgl | ] 2ol T ] - the dust species. We think sulfuric acid cannot react with certain dust
Table 1: Summary of past studies that investigated the influence of sulfuric acid coating on IN activation ability of mineral dust 3 : ’._;"H B 3 ] F 3 : : species effectively to displace the ordered water structures at the mineral-
particles above -38 degC. oof o | | -:&f L] Y h_’&ﬁ_ d ] 0o L | L agueous acid interface (Yang et al.,, 2011), resulting in no/slight surface
P80 s e o 10010 D o0 o 100 10s D 5o 8080 95 100 10s D modifications even after the treatment, and therefore the ice nucleation
Reference IN investigation | Mode of ice | Temperature Mineral dust Particle Coating confirmation | Coating reduces REL(%) REL(%) RHL(%) roperties of certain dust species mav still be retained
technique nucleation or (degC) generation technique IN activation prop P y )
[freezing Type Diamerer technigque efficiency? _ _ _ _
() Ice nucleation properties of the different mineral dust
Cziczo et al. Expansion type | Deposition, Dry particle Single particle mass Depends upon : :
(2009) cloud chamber INMErs10n, ATD, Illste <~1 suspension/ spectroscopy the mineralogy Species were also Compared by C&lCUlatlng the onset 30 . . . . 1
condensation generation contact angles. Contact angles were calculated at 1%
Neidermeter Continuous Dry particle CCN activation. Depends upon - . . i i
etal (2010) flow cooling Immersion -34 to -40 i suspension’ aerosol mass the coating nUCIeate_d fraction fO”OW”j]g Kulkarni et al"_ (2010I 2012) 25
- chamber genmticc? spectrometry thickness formulations and assuming curvature adjustments are @20 ‘- .
Neidermeier Continuous Dry particle CCN activation. . . . T LV & ]
etal (2011) flow cooling Immersion i susp-ensi_nﬂf aerosol mass Yes neg“glble (Flet.C-her, 1962) and all dUSt partICIeS have the %n /i‘
chamber _ generation spectrometry equal probabilities to nucleate ice. Contact angles S 15} "l -
Salam et al. Continuous Deposition, Dry particle Transnussion ill . d ith th . s y
(2007) flow diffusion | condensation Montmornillonite <~ suspension’ | Electron Microscopy illustrate (Flg 3) goo agreement wit the previous g 10k 4 i
: cham]}er _ gﬂﬂﬂaﬁﬂﬂ _ Studies (Wang and Knopf, 2011 and references therein) 6 : AﬁTD Fig. 1 SEM images of polystyrene latex spheres uncoated (left) and coated with oleic acid (right).
Sullivan et Continuous Deposition, Dry particle CCN activation. i . . . . — }(algiinite
al (2010) | flow diffusion | immersion/ | -25and -30 _ suspension/ aerosol mass showing little temperature dependence and distribution sk — Montomorillinite- Garland et al., PCCP, 2008
o — C;h‘:mb” ‘:g“df“?z“““ TR ;ﬁmiﬂc? Cg‘;‘:““;‘l@g&' over a range of ~ 14 to 22 degrees. Contact angles for i = Quartz Also, it is possible that ice nucleation properties remained because some dus
oD €1 al. TININNMONS CPOsIlOn, -2, - P L ACTIVanon, oo 0 0 1 1 ] 1 1 . - o . . 0 5 g g
(2012) flow diffusion | immersion/ and -34 _ suspension/ aerosol mass kaolinite particles varied from 14 to 17 degrees and for 000 110 120 130 140 150 160 paItches did not contain sulfurl_c acid or were partially coatec! with sulfuric acid
S c(l;;::]ﬂ}:lr Condensation ngz?ﬂﬂ iﬁgﬁf ATD particles, from 18 to 22 degrees, showing kaolinite Onset RH._ (%) This could be caused when acid condenses into the form of islands rather tha
Koop (2006) microscope Deposition -13 to -76 atomization spherical core shell particleS are effective In nUC|eating ice COmpaFEd to ATD depositing uniformly over the surfaces (Garland et al. 2008).
with a flow cell maodel articles
Eastwood et al. Optical Wet Assumption of P )
(2009) MICTOSCOpe Deposition Kaolite atomization spherical core shell 100 100 100
with a flow cell model B I I T T ! I | B I I I T I I | B 1 ] I e ea—g
E : 3 E : 3 - Illite bare (-35 degC : E
Chernoff _Dptic,al N Kaolinite, Illite. Wet Ass_umptinn of F m Illite bare (-25 degC) "ﬁ F W llite bare (30 degC) ﬁ : I”i:e Coate(d (-35 geg)c) - S e SU M MA RY
and Bertram mICcroscope Deposition -26 to -39 Quartz, atonuzation spherical core shell 10k W Illite coated (-25 degC) i 4 10k W [llite coated (-30 degC) ; 4 10k - 5 4
2010 rith a flow cell Montmorillonit del S e E S : ] S e ] : : : :
L2010 mcﬂi@f;;;e 25 S0 md Aﬁ,’ Raolinite Dry paricl m“_ | 5 1§ g - = = The ice nucleation properties of bare and coated dust particles
Present study | flow diffusion | Deposition -35 Illite, Quartz. : suspension/ CCN activation 21F E 2F ie-na i E g ! were investigated experimentally in the deposition ice nucleation
chamber Montmorillomte generation o 3 o 3 v . . . . .
5 : P 5 mode. ATD, Iillite, kaolinite, montomorillonite and quartz dust
01 F - 01 F - 0.1 . .y .
: é : species of mobility diameter 150 nm were used as a surrogate for
oo L || C ] ool -t 1] 0o | natural mineral dust. The particles were coated after passing
75 80 85 93Hw(%?5 100 105 110 75 80 85 93Hw(%?5 100 105 110 75 80 85 QgHw(%‘;S 100 105 110 through Coatlng appal’atUS Where the Sulfurlc aC|d bath was
maintained at 75 degC. The total sulfuric acid mass condensed
upon the particles was estimated by determining the
100 | | T T | 100 | | T T | 100 T | | T . - . .
 m Kaolinie bare (25 degC) ' E w0 Kaolinie bare (-30 degC) ’ﬁ ; : hygroscopicity with a CCNC, and we estimate ~ 2.7e-18 kg of
EXPERIMENTAL METHOD ) ) [ W Kaolinite coated (-25 degC) »—ﬁ.ﬁ [ @ Kaolinite coated (-30 degCl)_H: ] [ ﬁ mass was Condensed er al'tIC|e
Figure shows the schematic of the - 0 - 3 0 3 o 0f e =Ll perp -
i : ER: — = 1 < ' O = - ' indi i i of
experimental setup. Dust particles were = — = - = Our results indicate that different dust species act efficiently as IN
. . S e S 15 %“—« - -
Differential genera‘ted in a dust dlsperser and passed % IE 3 % 3 % 15 fOI’ the temperature I’ange fl’0m 25 tO 35 degC A tl’end Of
Dust disperser mg:allzlg through a coating apparatus that had a Emg - 1 3 ] 201E m Keoline bare (35 ded) increase In the Fi, of dust particles with increasing RH,, was
y : reservoir of sulfuric acid heated to 75 degC. k] 1. ; _ _ ; f W Kuoliieconed (33deg0) observed. It was also observed that ice nucleation properties
FRrleles o eblly slEmeier L0 T were ool 7]5 0 85 90 95 1(i)0 105 1;-0 ool 7-5 80 85 90 95 1(i)0 105 1;-0 oot 7-|5 © 85 90 9 1&0 05 110 depend UI_OOII the dust Comp(')SItlon and temp'er'ature. Addmg
—> transported to the condensation particle RH. %) RHL(%) RH.%) sulfuric acid onto the ATD particles reduced their ice nucleation
counter (CPC), cloud condensation nuclei ability compared to bare particles; however, for other dust species
—>\| counter (CCNC) and compact ice chamber " " . we did not find this effect. | | |
Coating (CIC). Dashed line indicates CCNC was used Fa Mowomorilinie bare (25 deeC) | ] L R e r— In addition to deposition Iice nucleation experiments, keeping
. . e . . [ ontomorillinite coated (=25 de ] [ et w- - oy [ i ] 1mi i i1 i i
apparatus during initial experiments to estimate the mass o [ Montomorlinecosed (25 dexC)_ . Wl R N similar experimental conditions (coating technique, temperature
fraction of sulfuric acid condensed per particle. ' - ] and size-selected dust species), we investigated the droplet
Vacuum CIC was connected to the optical particle activation efficiency of bare and coated particles. This was carried

pump counter (OPC) and further to the vacuum out to measure the maximum fraction of particles that can activate
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pump. Fraction of dust particles that nucleated B Montomorilinite bare (.30 degC) E m Montomorilinie bare (35 degC) Into droplets under given experimental conditions. Results indicate
. . i ; ] - B Montomorillinite coated (-30 degC) - B Montomorillinite coated (-35 degC) I 1 —_~ 0 1
ice were calculated using CPC and OPC N A B N A T N A T that the fraction varied from ~20 to 80%, depending on the
. N measurements. see text for details. 580 85 90 95 100 105 10 58 85 90 95 100 105 110 8 85 90 95 100 105 110 temperature and composition of dust species, but never reached
ATD (Al Ultrafine Test Dust), Iillite, ’ RHC) RHLO) RO 100%.
montmorillonite, quartz, and kaolinite
mlneral dust particles were dry- Dust Chemical formula Supplier 100 g , . . T ! | : 100 g ' ! ' ' R 1005. Quartz bare (-35 degC) - l '
3 : 1 ] 3 : E 3 uartz bare (-35 de ; 1
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