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Abstract. Using an aerosol flow tube apparatus, we havel Introduction
studied the effects of aliphatic aldehydes (€ Ci10) and ke-
tones (G and G) on ice nucleation in sulfuric acid aerosols. Cirrus clouds, composed of water ice, form in the upper tro-
Mixed aerosols were prepared by combining an organic vaposphere and are generally thought to have an overall warm-
por flow with a flow of sulfuric acid aerosols over a small ing effect at the Earth’s surface. Since the occurrence of
mixing time (~60 s) at room temperature. No acid-catalyzed cirrus has increased beyond that attributable to aviation ef-
reactions were observed under these conditions, and physicéécts over the last few decades (Fahey and Schumann, 1999),
uptake was responsible for the organic content of the sulfuricchanges in other anthropogenically produced aerosols could
acid aerosols. In these experiments, aerosol organic contentoe another factor responsible for this increase. A more com-
determined by a Mie scattering analysis, was found to varyplete understanding of the critical factors involved in ice nu-
with the partial pressure of organic, the flow tube tempera-cleation is needed to better model cirrus formation in the up-
ture, and the identity of the organic compound. The physicalper troposphere and its impact on climate. Sulfate aerosols,
properties of the organic compounds (primarily the solubil- ubiquitous throughout the upper troposphere, are known to
ity and melting point) were found to play a dominant role in be important in the formation of cirrus clouds. Several labo-
determining the inferred mode of nucleation (homogenousratory studies, using a variety of techniques, have established
or heterogeneous) and the specific freezing temperatures oltomogeneous ice nucleation conditions for aqueous sulfuric
served. Overall, very soluble, low-melting organics, such asacid and ammonium sulfate aerosols over the tropospheri-
acetone and propanal, caused a decrease in aerosol ice ntally relevant concentration range (0-50wt%) (Bertram et
cleation temperatures when compared with agueous sulfurial., 1996; Bertram et al., 2000; Hung et al., 2002; Koop et
acid aerosol. In contrast, sulfuric acid particles exposed taal., 1998; Chen et al., 2000; Cziczo and Abbatt, 2001; Prenni
organic compounds of eight carbons and greater, of muclet al., 2001b). There is much less data available for ice nu-
lower solubility and higher melting temperatures, nucleatecleation from other inorganic and organic species. However,
ice at temperatures above aqueous sulfuric acid aerosols. Obased on physical data of melting and freezing temperatures
ganic compounds of intermediate carbon chain length, C of inorganic and organic compounds, Koop et al. (2000) have
Cy, (of intermediate solubility and melting temperatures) nu- proposed a model which posits that aerosol water activity is
cleated ice at the same temperature as aqueous sulfuric acitle controlling factor in determining ice nucleation tempera-
aerosols. Interpretations and implications of these results fotures in the atmosphere.
cirrus cloud formation are discussed. It is currently known that organic compounds can con-
stitute a significant mass fraction of individual upper tro-
pospheric aerosols (Murphy et al., 1998). It has also re-
cently been observed that atmospheric particles with high
organic content are not as efficient at ice nucleation (De-
Mott et al., 2003; Cziczo et al., 2004). The effects that or-
ganic compounds have on the ability of particles to nucleate
Correspondence tal. A. Tolbert ice has only recently begun to be studied in the laboratory.
(margaret.tolbert@colorado.edu) Prenni et al. (2001a) found pure dicarboxylic acids were not
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Fig. 1. Experimental setup for aerosol generation and measuring ice nucleation in mixed organic/sulfuric acid particles.
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as efficient ice nuclei as sulfate particles of the same sizein ambient Los Angeles air samples at levels ranging from
Wise et al. (2004) found that, in general, for internally mixed 0.41 to 1.09 ppb, with nonanal §Cbeing the most abun-
ammonium sulfate/dicarboxylic acid particles, the water ac-dant (Grosjean et al., 1996). Ketones such as acetone and 2-
tivity of the aerosol could be used to predict ice nucleationbutanone were observed at similar levels in the same study.
conditions, in agreement with the Koop et al. (2000) model.While laboratory studies have provided evidence for possi-
A recent modeling study has investigated the role of dicar-ble reaction of these carbonyl compounds with concentrated
boxylic acids in atmospheric ice formation and found that sulfuric acid at room temperature, there is no data available
changes in water uptake can affect the size of particles confor ice nucleation when these compounds interact with dilute
taining organics and thus can explain the observations thasulfuric acid aerosols at low temperature.
organic containing particles are less efficient atice nucleation If the water equilibrium is maintained in sulfuric acid
(Karcher and Koop, 2005). aerosols with significant organic content in the atmosphere,
While ice nucleation has mainly been studied for mix- the Koop et al. (2000) water activity model predicts that
tures of dicarboxylic acids with ammonium sulfate, other the ice nucleation temperatures for these complex particles
carbonyl-containing compounds, such as aldehydes and kewould be unchanged from the aqueous sulfuric acid aerosol
tones, have been investigated at warmer temperatures ttase. The Koop et al. (2000) model is also potentially appli-
probe acid-catalyzed reactions with sulfuric acid (Iraci andcable even if aerosols are not in equilibrium with atmospheric
Tolbert, 1997; Jang et al., 2002; Nér¢ and Riemer, 2003; water vapor, as long as the aerosol organic content can be
Michelsen et al., 2004; Garland et al., 2006; Liggio et al., determined and related to aerosol water activity. However,
2005; Nozere and Esteve, 2005; Zhao et al., 2005). An field measurements have indicated that mixed organic/sulfate
important characteristic of these acid-catalyzed reactions isierosol might be less efficient at ice nucleation (DeMott et
the ability to form products of lower vapor pressure and sol-al., 2003; Cziczo et al., 2004). One possible explanation
ubility as well as higher melting points than the initial re- for this observation is that the presence of organic com-
actant compounds. The atmospheric presence of these cgpounds modifies the water uptake properties of the aerosol,
bonyl compounds is due to both primary emission from bio-and serves to sever the equilibrium between aerosol water
genic and anthropogenic sources, and from photo-oxidatiortontent and atmospheric water vapor.
of other volatile organic compounds (VOCs). The series Given these possibilities and observations, a series of the
of aliphatic aldehydes, from 42C1p, have been measured straight-chain aliphatic £Cyo aldehydes, as well as two
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Table 1. Measured infrared absorption cross-sections for organic compounds used in this study. The frequency of measurement is also
provided. Cross sections for 2-nonanone and decanal could not be determined due to vapor pressure limitations. Infrared absorption cross
sections calculated from NIST data are also shown where available (Thermodynamics Source Database, 2005).

Organic Compound  Frequency used (¢ Cross section (cmltorr=1)  NIST Cross section (cmttorr—1)

acetone 2977 9.78E-04 1.45E-3
propanal 2720 2.13E-03 2.00E-3
butanal 2712 2.05E-03
pentanal 2712 2.49E-03
hexanal 2712 2.04E-03
heptanal 2712 8.11E-04
octanal 2712 1.58E-03
nonanal 2712 2.04E-03

ketones, acetone and 2-nonanone, were added to a singler most compounds in the present study and used to cal-
composition sulfuric acid aerosol of tropospheric relevanceculate partial pressures. An infrared gas cell, with a path-
(15wt% H,SOy) to determine the effects on ice nucleation. length of 8.25cm, was filled with the organic compound
The findings of the present work indicate that the physicalof interest to pressures ranging from 0.5 to 10.0torr, mea-
properties of the organics contained in the aerosol may playured with a baratron capacitance manometer. All spec-
a key role in determining atmospheric ice nucleation mechaira collected were referenced to the background spectrum
nisms and temperatures. of the empty gas cell. The absorbance peak height of the
aldehydic carbon-hydrogen stretch around 2712%twas
used to determine the cross-sections for aldehydes while the
aliphatic carbon-hydrogen stretch at 2977 ¢rwas used for
acetone. Measured infrared absorption cross-sections are
listed in Table 1. The NIST database reference spectra were

The experimental apparatus used for measuring ice nucledSe€d to calculate cross-sections of 2a0~3cm*torr*
ation from mixed carbonyl and sulfuric acid particles is @nd 1-_‘15(10_30m_1t0”_1 for propanal and acetone,
shown in Fig. 1. Submicrometer sulfuric acid aerosols were'®Spectively (Thermodynamics Source Database, 2005).
generated using an atomizer (TSI Model 3076) with a Har-Our measured values  of 2430 %cm 'torr* and
vard apparatus syringe pump. A 30wt% sulfuric acid so-9-78x 10~*cmtorr* for propanal and acetone, respec-
lution, prepared with distilled, deionized water, was fed t|vely, agree reasonably weIIW|th the NIST c_Jatabase. Cross-
at 0.3 mL/min through the atomizer with pre-purified (PP)- S€ctions could not be determined experimentally for 2-
N, as the carrier gas. After atomization, the sulfuric acid "onanone or decanal due to vapor pressure limitations.
aerosols were conditioned by passing through a sulfuric acid The particles and organic vapor were allowed to mix for
conditioning bath, which had the effect of adding water to approximately one minute before entering the aerosol flow
the particles to achieve the desired 15wt% composition. Atubes. After the mixing period, the organic/sulfuric acid par-
flow of organic vapor was merged with the aerosol flow by ticles entered the temperature-controlled flow tube appara-
passing PP-pthrough a reservoir of organic liquid. tus similar to that used by Prenni et al. (2001b) and Wise
The partial pressure of the organic vapor was controlledet al. (2004). The aerosol passes through three tubes, with
by holding the organic reservoir at fixed temperatures ranginner diameters of 4cm that are cooled with recirculated
ing from —78°C to +24C. In order to quantify the amount methanol from Neslab refrigerators. The first in the series
of organic to which the sulfuric acid aerosols were exposedof flow tubes (90cm) was held at a constant temperature
the actual partial pressures of organics were measured in thef —19.0°C (+1.5°C) for all experiments. This condition-
flow tubes using the infrared absorbance of the organic ining tube served to set and maintain the sulfate to water ratio
the absence of aerosols. Based on a calculation involvingf the aerosols and to precool the aerosols. Fourier trans-
aerosol concentration, aerosol growth, and partial pressuréorm infrared (FTIR) spectroscopy was used to observe the
of organic, the partial pressure in the absence of and in th@erosols in the third tube (80cm). The temperature in this
presence of aerosols was estimated to be the same, and wabservation region was varied over the range necessary to
used as such throughout this study. Although some infrareadbserve ice nucleation, from30°C to —75°C. A transition
absorption cross-sections were available in the literature, intube (~75cm) was used between the first and third regions,
frared absorption cross-sections were separately determinesghch end cooled to the temperature of the closest tube, in

2 Experimental

2.1 Ice nucleation
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order to ensure time for the aerosol to reach the observatiofreezing temperature, which may be caused by slightly vary-
tube temperature before detection with FTIR spectroscopying aerosol composition. Sulfuric acid aerosol composition
Flow tube temperatures were measured with thermocouplewas checked, using the infrared calibrations, at the end of
placed in the aerosol flow. The thermocouples were periodiimost experiments to ensure that a relatively constant base
cally calibrated against a reference temperature to ensure aaerosol composition was present throughout the ice nucle-
curate temperature measurements. Although standard err@tion experiment. Organic compounds used in this study
for thermocouples ist1.0°C, we never observed deviation were acetone, propanal, butanal, pentanal, hexanal, heptanal,
greater thant0.6°C from a reference temperature measure-octanal, nonanal, 2-nonanone, and decanal. All chemicals
ment, even at the coldest temperatures used. were purchased from Sigma-Aldrich and were of greater than

The aerosol composition in the observation region was de95% purity. All experiments were conducted using 15 wt%
termined using FTIR spectroscopy. The water to sulfate ratio(+2 wt%) sulfuric acid composition as the precursor aqueous
was determined using FTIR spectral calibrations of the ratiosulfuric acid aerosol.
of the OH peak (3650—2409 cmh) to the sulfate peak (1470—
820cntl) (Anthony et al., 1995; Bertram et al., 1996). 2.2 Organic content from Mie scattering analysis
The FTIR spectral calibrations were used to verify the wa-
ter to sulfate ratio remained constant after the addition ofln order to quantify the amount of organic incorporated into
the organic compounds. The organic content of sulfuric acidthe sulfuric acid particles, a Mie scattering analysis was per-
aerosols was determined using a Mie scattering analysis, aormed to determine aerosol diameter before and after or-
contributions from gas phase organics contribute to the organic addition. A Fortran program adapted from Bohren and
ganic absorbance bands. This process will be described ikluffman (1983) was used to calculate extinction spectra to
detail in the next experimental section. fit experimental spectra collected Bs~—49°C. This tem-

In a typical ice nucleation experiment, the initial obser- perature limit was imposed by the ice nucleation temperature
vation tube temperature is set well above the temperaturéor sulfuric acid at this composition, as the scattering analysis
at which the aerosol should nucleate ice. At this temperais valid for unfrozen aerosol only. All calculations were per-
ture, the aerosol composition is verified as described aboveformed assuming spherical particles with a log-normal size
Near the freezing point, the temperature of the observatiordistribution and a geometric standard deviation (GSD) of 2.0.
region is decreased in1.5°C increments. The phase of the The optical constants for sulfuric acid were taken from the
aerosol is monitored at each temperature using FTIR specaork of Myhre et al. (2003) who parameterized them over
troscopy. Several distinct spectral changes occur near ththe concentration range from 12-81wt%3$0, and tem-
freezing point including shifts of the -OH stretch, centered atperature range from 300-220 K. Due to the absence of optical
~3300cnTl, to lower frequencies and the,B librational ~ constants data for the organic compounds at the temperatures
band at~800cnT? to higher frequencies. Each collected used in this study, optical properties of sulfuric acid were as-
spectrum is subtracted from the previous, warmer spectrumsumed in this analysis. To most accurately fit the measured
A modified version of the Hung et al. (2002) formalism is spectra, only the region where scattering features dominate
used to quantify ice nucleation temperatures. Instead of théhe extinction was used, therefore values at wavenumbers
690-880 crm? region used by both Wise et al. (2004) and below 2000 cm! were excluded. Extinction values in the
Hung et al. (2002) for ammonium sulfate, a combination of region from 3000 to 2700 cnt were also eliminated due to
the variance of both the OH stretch and@libration re-  interferences from organic CH stretches, when present. The
gions from (3700-3200 cnt and 940-660 cmt) was used  region above 3500 crt was weighted more heavily than the
to determine ice nucleation temperatures. The product of theemaining portions of the spectrum because the extinction is
variance of the two spectra in these spectral regions was usegtally due to scattering in this region. To determine if a dis-
in order to give them equal weighting. This product was tribution of pure organic particles was present in these ex-
normalized by the change in temperature and then plottegheriments, investigative experiments were performed where
as a function of the temperature of the observation regionthe organic compounds were flowed through the low temper-
The onset freezing temperature was defined when qualitaature flow tubes in the absence of sulfuric acid aerosols, and
tive changes, due to ice nucleation, were observed in botfrTIR spectra were collected. Under these conditions, the
spectral regions. The peaks of these variances are defind® spectra indicated no nucleation of organic particles, i.e.
as the ice nucleation temperatures in this study. Thereforeno Mie scattering was observed in the 5000 to 3500tm
onset nucleation temperatures were on average, 183.0 region. These spectra were also identical to reference gas
warmer than those reported throughout. Although the organphase spectra.
ics used in this study do contain some absorption features in The results from this scattering analysis were used to de-
these spectral areas, no interference with the variance analermine aerosol organic molality (m = moles solute/kg of
ysis was observed. Steps of AGwere taken to construct solution). The difference in aqueous sulfuric acid aerosol
the variance plots because Abwas empirically observed mean diameters, before and after organic addition, was con-
to be the approximate uncertainty in the determination of theverted to an aerosol volume change. The increase in aerosol
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diameter was assumed to be due only to the incorporation of
organic into the aerosol. This volume increase, along with 1.0
the molecular weight of the organic compound, was used
to calculate moles of organic, in order to calculate organic
aerosol molaltiy. Then, the total aerosol volume with an esti-
mate of aerosol density based on sulfuric acid, water, and theg
organic compound densities, were combined with moles of
organic to calculate the aerosol organic molarity (M = moles
solute/L of solution).

0.8 1

on

0.6t

0.4 1

Normalized Extin

3 Results and discussion 0.2

3.1 Scattering results

0.0 T T T T T T T T
5000 4000 3000 2000 1000

In evaluation of the Mie scattering analysis, the choice of the

geometric standard deviation (GSD) has a strong effect on

the calculated aerosol diameter, the value of the GSD has no. o _ ) _

effect on the calculateglativeaerosol diameters for two dif- Fig. 2. Infrared extinction spectra for increasing partial pressure

ferent aerosol distributions. An investigation of the effects of exposure to acetone. 15wt%6 80y aerosol exposed to 0 Torr
N . . (dashed) and 0.435 Torr (solid). The spectra are normalized to max-

_GSD on percgnt organ!c IS summarlzed In Table 2. The C""Slqmum extinction. The region above 3500 thincreases in slope

input to the Mie scattering analysis was varied over the rang&yith increasing exposure to acetone.

of 1.4 to 2.6. Fits to spectra of sulfuric acid aerosol both be-

fore and after the exposure to 0.13 torr acetone were obtained

with the Mie scattering analysis. It can be seen that while the ] . ) )

absolute diameters varied widely over the range of GSD, the’rganic and organic molality calculations. However, the ac-

percent organic remained essentially unchanged. Therefor&uracy of this method is limited by the assumption that the

since our analysis depends only on changes in aerosol diam@ddition of organic compounds does not significantly modify

ter, the choice of GSD has no effect on the calculated resultshe optical constants of the aerosol.

The Mie scattering analysis used above assumes a log- Figure 2 shows the increase in the slope of the normalized
normal distribution. However, if the distributions are not log- extinction spectra above 3500 thupon exposure of sul-
normal, the calculated relative aerosol diameters might be irfuric acid aerosols to increasing partial pressures of acetone.
error. An alternative Mie scattering analysis (Zasetsky et al. Also, absorption features due to acetone are observed to grow
2004), one not assuming a log-normal aerosol size distribuin between 1000 and 2000 cth The increase in slope cor-
tion, was also used to analyze a portion of the data. From theesponds to an aerosol size increase caused by increasing
tests with this method, it was found that the aerosol distri-the partial pressure exposure of organic vapor. For exam-
butions were indeed log-normal. Therefore, the log-normalple, using the procedure discussed above to obtain the or-
distribution is a reasonable assumption in this case, and thganic molality from the diameter difference determined from
simpler scattering analysis model of Bohren and Huffmanthe scattering observed in the dashed spectrum (no acetone)
(1983) was used. Overall, in the spectral regions (i.e. thevhen compared to the scattering observed in the solid spec-
scattering region) used to determine mean aerosol diametetrum (0.435 torr acetone) leads to the result that the acetone-
there is good agreement between the observed and calculatedposed aerosol is 5.1 m in acetone, which corresponds to
spectra, and the differences in the two spectra are due to thapproximately a 30 nm increase in diameter. To determine if
absorption component of the optical constants. This agreethe organic uptake was due to acid-catalyzed chemistry, con-
ment is retained even upon addition of the organic to sulfurictrol experiments were performed with agueous ammonium
acid aerosols. The variation in diameter of the sulfuric acidsulfate (~30 wt%) as the base aerosol. A qualitatively sim-
aerosol among experiments, before the addition of organicilar diameter increase was observed, leading to the conclu-
determined by examining the Mie scattering fits, is 5.0%.sion that the uptake of the organic is due purely to physi-
In order to determine the uncertainty in the diameters cal-cal processes (the solubilities of organics in the dilute sul-
culated by the Mie scattering analysis, the RMS errors fromfuric acid and ammonium sulfate aerosols are probably near
calculated spectra over a range of diameters close to the bedtieir pure water values). This result is at odds with the pos-
fit diameter were compared. Then, a RMS error differencesibility that acid-catalyzed reactions on the time-scale (one
of 50% was chosen as an unacceptable fit. This differenceninute) and at the temperature conditions (room tempera-
translated into an approximate 5.0 nm uncertainty in diam-ture mixing) of these experiments are responsible for the or-
eter. This uncertainty was propagated through the percenganic uptake. Also, spectral changes that would be indicative

Frequency (cm™)
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Table 2. Investigation of the effect of geometric standard deviation (GSD) on calculated diameters (D) and % organic calculated using Mie
scattering calculations. Fits to spectra of sulfuric acid aerosol both before and after exposure to 0.13 torr acetone were obtained with the Mie
scattering analysis. RMS errors are the difference between the experimental spectrum and the calculated fit.

GSD 2.6 2.2 2.0 1.8 1.6 14

D (HpSOy, nm) 120.8 2102 2782 401.8 569.0 794.9
RMS error (final) 0.0192 0.0192 0.0192 0.0192 0.0192 0.0193
D (H,SOy with acetone, nm)  129.0 2245 2975 4293 607.8 848.1
RMS error (final) 0.0151 0.0151 0.0151 0.0151 0.0150 0.0151
% organic 179 180 182 180 180 177

90— organic composition at increased organic exposures. Experi-
ments were also performed to observe the organic uptake de-
pendence on observation tube temperature. A consistent size
increase was observed to occur with decreasing tube temper-
ature. Therefore, water activity was not fixed in the experi-
ments described in this paper, as it changed with observation
temperature, unlike the experiments by Wise et al. (2004)
on non-volatile dicarboxylic acids. Also as a result, organic
content determinations reported herein must be considered as
lower limits as all measurements were made at temperatures
above the freezing point of the particles.
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10 rl A hexanal 3.2 lce nucleation

The ice nucleation temperature for pure 15wt%S,
00 01 02 03 04 05 06 07 o8 aerosol was first measured and compared with previous re-
partial pressure (torr) sults. Previous studies have investigated the homogeneous
nucleation of 15wt% sulfuric acid using a variety of tech-
Fig. 3. Dependence of organic uptake (organic content) on organidliques including low temperature flow tubes with FTIR spec-
and partial pressure exposure. Percentage organic determined froff0SCOpY (Bertram et al., 1996; Cziczo and Abbatt, 2001;
Mie scattering analysis, and error bars reflect the uncertainty in thifrenni et al., 2001b), optical microscopy (Koop et al., 1998),
calculation. The curves shown are non-linear fits to the data. and a continuous flow diffusion chamber (Chen et al., 2000).
There remains some spread across the ice nucleation re-
sults for this composition using these various techniques.
of these acid-catalyzed reactions (i.e. carbonyl stretch shift)rhe freezing variance plot we obtain for 15wt%$0y is
were absent. In addition, ongoing bulk kinetics experimentsshown in F|g 4 with a freezing temperature 0b4.0°C.
in our laboratory indicate that the one-minute timescale inOf the previous studies that observed sulfuric acid aerosol
the present experiments is much too short for acid-catalyzegte nucleation temperatures, the result from this set of ex-
reactions to occur on 15wt% sulfuric acid aerosols at roomperiments agrees within error with results from a flow tube
temperature. study (Prenni et al., 2001b), an optical method (Koop et
The dependence of organic uptake on the identity of the oral., 1998), and a study using the continuous flow diffusion
ganic compound and partial pressure exposure can be seenghamber (Chen et al., 2000). These studies report freezing
Fig. 3. The lower vapor pressure organic, hexanal, achievesemperatures 0f-53.0°C for 15wt% HSQ, aerosol. The
higher uptake at lower partial pressure exposures when conkoop et al. (2000) water activity model predicts a freezing
pared to an organic of higher vapor pressure, propanal. Petemperature 0£52.0°C. Therefore, our results, within error
centage organic was determined from Mie scattering analy{+1.5°C), are in agreement with current literature values for
sis, and error bars reflect the uncertainty in this calculationsulfuric acid aerosol, as well as the Koop et al. (2000) model.
The curves shown are non-linear fits to the data. It has beepll subsequent ice nucleation results should be viewed as a

assumed that the addition of organic compounds does not sigzhange from the 15 wt% sulfuric acid aerosol ice nucleation
nificantly modify the optical constants of the aerosol. The result of—54.0°C.

error generated by this assumption is not included in the er-
ror bars. It can also be seen that the aerosols approach 100%
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Fig. 4. A variance plot for 15wt% HSO, aerosol. Fig. 5. Freezing temperature$) as a function of propanal partial
Tireezing=—54.0°C. Error in TireezingWas found to beb1.5°C due pressure (Torr). A single-phase aerosol is proposed for exposures
to slight variations in aerosol concentration. <0.15Torr, a linear fit to this portion of data is shown. At partial

pressures above this value, a two-phase aerosol is thought to exist,
saturated in propanal.

An extensive ice nucleation study of sulfuric acid aerosols
as a function of partial pressure exposure of propanal was
conducted, and the results are shown in Fig. 5. In gen-
eral, there are two regimes into which these results can be ]
divided. At propanal partial pressures less than 0.15torr, 561
the freezing temperature linearly decreased with increasing  -58
propanal pressure, while above 0.15torr, the freezing tem-¢ -60 -
perature remained constant. A linear fit is shown for the data P -62-
below 0.15torr. These results can be explained by the ex-=, 54
istence of a single-phase aerosol at partial pressures below § 4]
0.15torr, where propanal is soluble in the aqueous sulfuric ™ ]
acid aerosol. Therefore, as the partial pressure increases, the
molality increases, while the water activity decreases, qual-
itatively adhering to the Koop et al. (2000) water activity
model for homogeneous ice nucleation. The interpretation —
of the plateauing of the ice nucleation temperatures at about 00 01 02 03 04 05
0.15torr is that the aerosol apparently reaches the propanal acetone partial pressure (torr)
solubility limit. Therefore, any additional propanal added is
not soluble and forms an organic phase on the mixed sulFig. 6. Freezing temperatureSG) as a function of acetone partial
furic acid/propanal aerosol core, and the propanal molalityPressure (torr). A single-ph_ase_ aqueous a_lerosol exists at all partial
and water activity of the inner aqueous aerosol remains conpressures exposure fpr which |ce.nucleat|0n temperature could be
stant. This was tested to partial pressure exposures as high ggtermmed. Alinearfitto the datais shown. Error barsiates’C.
1.0torr. Beyond these exposure levels, quantitative ice nucle-

ation determination became increasingly difficult due to thej, Taple 3 is 306 g/L, which corresponds to 38% by volume
strong propanal absorption features in the infrared extinctiort5_3 M). Despite the differences in temperature, this compar-
spectra. ison is useful to relate the solubility limit determined by the
From these results, if the 0.15torr propanal-exposedMie scattering analysis to that known from bulk measure-
aerosols are taken as the case where the propanal is dissolvatents.
up to its solubility limit, then the results from the Mie scatter- A similar study of the effect of partial pressure expo-
ing analysis indicate that the propanal content of the aerosolssure on ice nucleation was also conducted for sulfuric acid
at—49°C is 25%, by volume (4.0 M and 230 g/L). The bulk, aerosols exposed to acetone. Figure 6 shows a plot for ace-
room temperature, solubility of propanal in water, as showntone similar to that shown in Fig. 5 for propanal, though

52
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ng

-68
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Table 3. Physical properties of organic compounds used in this study. Data compiled from Hazardous Substances Data Bank (2005) and
Thermodynamics Source Database (2005).

Organic Compound  Melting Temperatufe) Water Solubility (mg/L BHO) @ 25C

acetone -95 miscible
propanal —-80 306 000
butanal -97 71000
pentanal -91 11700
hexanal —56 6000
heptanal —43 1550
octanal —27 560
nonanal —18 96
2-nonanone -8 1.4
decanal -6 20
-50 acid than is propanal, the ice nucleation depression is more
52 pronounced.
54 Figure 7 shows the same aerosol ice nucleation tempera-
56.] ture data as in Fig. 6, but is plotted against aerosol acetone
58] molality. Aerosol acetone molality was determined from the
] aerosol size increase determined from a Mie scattering anal-
% 00 ysis of aerosol infrared extinction spectra. In order to quan-
S 027 tify the decrease in temperature with aerosol acetone mo-
264 lality, an analysis involving the empirical parameterwas
£ 66 used (Rasmussen and MacKenzie, 1972; Prenni et al., 2001b;

T

DeMott, 2002). The parameteris the ratio of the depres-
sion of the ice nucleation temperatures of solute-containing
droplets to bulk solute-containing solutions each relative to
74 pure water (i.e.Ar would be equal to unity in the absence of
increased supercooling effects over those of water). Accord-
ing to Eq. (1), the product of lambda, and the melting tem-
perature depressiomyT,,, equals the freezing temperature
depressionATy (Rasmussen and MacKenzie, 1972; Prenni
£t al., 2001b; DeMott, 2002). Then, Eqg. (2) is the empiri-
cal equation for bulk melting point depression due to solute
addition (Atkins, 1997).

— : :
0 1 2 3 4 5 6
m (acetone)

Fig. 7. Freezing temperature$Q) as a function of acetone molal-
ity. Molality is determined from aerosol size increase as determine
by a Mie scattering analysis of infrared extinction spectra. A linear
fit to the data is shown. Temperature error bars-ate5°C, and
molality error bars reflect the uncertainty in the Mie scattering cal-
culation of aerosol diameter. ATy =) ATy (1)

AT, =Ks-m )
over a smaller range of partial pressures. In contrast to the
propanal case, it can be seen that increasing amounts of ace-This equation relates the bulk melting temperature de-
tone cause a decrease in freezing temperatures over the epression,AT,, to the product ofK ¢, the solvent freezing
tire range studied. The increased solubility of acetone (agoint depression constant, amd molality. In this analysis
compared to propanal) in sulfuric acid aerosol is the likely method, the observed freezing (nucleation) point depression
cause of the difference. As a result, ice nucleation temper€an be related to solute molality, according to Egs. (1) and
atures could not be measured at any partial pressure expd2) wherek ¢ is the freezing point depression constant for, in
sures higher than 0.45tor+{71.5C) due to flow tube cool- this case, 15wt% kBO4 andATy andAT,, are the freezing
ing system limitations. As more acetone is taken up by theand melting temperature depressions, respectively.
particles, the molality increases while the water activity de- The literature values reported farrange from 1.4 to 2.2
creases, again qualitatively adhering to the Koop et al. (2000jor various salt solutions, with a typical value of 1.7 (DeMott,
water activity theory for homogeneous ice nucleation. In ad-2002). Using 1.7 fok andK ; for water, 1.86C/m, the slope
dition, because acetone is more soluble in 15wt% sulfuricof a plot of Tteezing VErsus molality of organic, should be
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: Eﬁg:gges Table 4. Ice nucleation results versus organic compound added to
36 15 wt% sulfuric acid aerosols. Ice nucleation was observed for
0] 1 15wt% sulfuric acid aerosol at54.0°C. Partial pressures of or-
| ganic compounds used were determined using the measured ab-
4 I sorption cross-sections. Partial pressure data are not available for
-48 | E + 2-nonanone and decanal due to the low vapor pressures of these
o 521 1 compounds.
g 56 P ' T e 15 W% H,S0)
‘_’5 0] E Organic added  Partial Pressure Exposure (torg)s (°C)
— e acetone 0.35 -71.0
] propanal 0.98 —61.1
1 I butanal 0.28 —-56.0
211 pentanal 0.25 —56.0
L e ———— hexanal 0.34 -56.1
2 3 4 5 6 7 8 9 10 N heptanal 0.39 —55.6
# Carbons octanal 0.15 -50.0
nonanal 0.02 —47.5
Fig. 8. Freezing temperature8() as a function of organic carbon 2-nonanone * —38.3
chain length. Results, except for acetone, are shown for aqueous decanal * —46.0

aerosols saturated with organic. The arrow indicates the possible
further decrease in ice nucleation temperature for the saturated ace-
tone/aqueous sulfuric acid aerosol. The water activity of particles

with C4 and longer compounds are likely of constant water activity, .
though a direct measure of the water activity of the particles wasvaIues range from 13800 M/atm to 21 000 M/atm with errors

not possible. Error bars on individual data points and the 15wtos'@nging from 33% to 50%. Also, no reaction is observed
H,SO, freezing result (shaded box) atdl.5C. in this acetone/dilute sulfuric acid aerosol system, which
may also reconcile the lower Henry's law constant for
acetone observed here when compared with the Henry’s law
around—3.2°C/m. The fit to the data from these experiments constant derived from a system in which acetone is reactive
gives a line with a slope 0f3.5°C/m. Alternatively, using  (40-50wt% sulfuric acid) (Kane et al., 1999; Klassen et
the experimental slope arki; for water, a value of 1.9 is  al., 1999; Imamura and Akiyoshi, 2000). These Henry’s
determined foi, which is well within the typical range. Un-  law results apply in the dilute solution regime, and cannot,
fortunately, melting point as a function of solution molality necessarily, be compared with bulk solubility data.
data is not available for these solutions, which is necessary to Results from the three carbon organics, propanal and ace-
calculate water activity values. Therefore, a direct compartone, demonstrate the depression of ice nucleation tempera-
ison to Koop et al. (2000) model predictions is not possibletures due to solubility effects. To further investigate the ef-
in this case. Despite this, using the empirical relationshipsfects of organics with different physical properties, the effect
described above, the experimental results can be fit. of increasing carbon chain length was also explored. Re-
Because the partial pressure of the organics is measureslilts from these experiments are summarized in Fig. 8 and
and the aerosol molarity is determined using the Mie scatterTable 4. All ice nucleation results, with the exception of
ing analysis, it is possible to carry out a Henry's law analysisacetone for which only an upper limit was established, are
to determine the solubilities of these gases in 15wi@8®.  shown for aqueous sulfuric acid aerosols saturated with the
Henry’s law is used, in the dilute solution limit, to define organic (i.e. in the plateau region of Fig. 3). For the organics
the solubility or concentration at equilibrium, of a gas, A, in from butanal (G) to heptanal (€), ice nucleation temper-
aqueous solutiongA]ag, as related to the partial pressure atures are, within error, essentially the same as for 15 wt%
of the gas above the solutiopa, according to Eq. (3). H,SO4 aerosols. In contrast, the compounds from octanal
_ (Cs) to decanal (&p) exhibited freezing temperatures higher
[Alag=Hapa 3) than that observed for 15wt%280, aerosols. The water
Henry's law solubilities, H, of 22000M/atm and activity of particles with G and longer compounds are likely
6600 M/atm were determined for propanal and acetonegqual to the value for pure sulfuric acid particles, though a
respectively, at-50.0°C in 15wt% sulfuric acid aerosols. direct measure of the water activity of the particles was not
No literature Henry's law values exist for propanal in possible.
sulfuric acid, while effective Henry’s law solubilites for  The physical properties of the organic compounds used in
acetone exist in the literature for 40 wtl,SO, W% these studies are shown in Fig. 9 and Table 3 and are use-
<50wt% solutions at around-50°C (Kane et al., 1999; ful to consider when interpreting these results (Hazardous
Klassen et al., 1999; Imamura and Akiyoshi, 2000). TheseSubstances Data Bank, 2005; Thermodynamics Source
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— T T T T T} 1000000 ature, relative to the sulfuric acid aerosol base case. Based
01 \ g on solubility properties, these compounds are much less sol-
\ /D [ 100000 uble than the € carbonyl compounds, and likely not solu-
204 - : ble enough to decrease the water activity of the sulfuric acid
\ a core, and, like the g£to C;o compounds, are likely to form a
coating on the surface of the aerosol. However, the freezing
temperatures of these intermediate chain length aldehydes
AN are apparently too low, due to the lower melting points and
'\ i some supercooling effects, to induce a heterogeneous freez-
07 / . [ 100 ing mechanism. As a result, the sulfuric acid core determines
_100_"k \j/“ \ the ice nucleatior_1 temperature in these fierosols. _
—>r o Because the time scale for the previously described ex-
' 2 3 4 5 6 71 8 9 10 1 periments was much too short to observe acid-catalyzed re-
# Carbons actions, an alternative set of experiments was performed in
which a bulk solution of sulfuric acid was reacted with bu-
Fig. 9. Melting points (open squares) and solubilities (filled tanal for an extended period of time 7 days) before being
squares) of aldehyde compounds used in this study. Data compilegitomized and used for ice nucleation experiments. Acid-
from Hazardous Substances Data Bank (2005) and Thermodynarrbata|yzed reaction products were verified usf'rig-NMR
ics Source Database (2005). analysis similar to that described by Garland et al. (2006).
Although it was not possible to determine the organic com-
position of the aerosols in these experiments, the water to
Database, 2005). The difference in the ice nucleation resyjfate ratio was fortuitously similar to the previous experi-
sults for acetone and propanal were discussed in the previnents. Therefore, the ice nucleation results could be com-
ous section as resulting from the difference in the solubility pared to the ice nucleation temperature-e54°C for the
of the two compounds. In both cases, the high solubility of hase case of 15 wt% sulfuric acid. Interestingly, these butanal
acetone and propanal likely results in a decrease in water agyy|k-reacted aerosols nucleated ice-&t1°C. This is~3°C
tivity. On the other hand, the ice nucleation results for theyarmer than the result observed for the gas addition of bu-
Ceg to C10 compounds can be explained by both differencesignal, G, to aqueous sulfuric acid aerosols, while oslg°C
in the solubilities and melting points of these organic com- cqgler than that observed for gaseous addition of octamgal, C
pounds. As can be seen in Fig. 9, these compounds haughich would be expected to have similar physical properties
drastically lower water solubilities and higher melting points g 2-ethyl-2-hexenal, the aldol condensation reaction prod-
than the organic compounds discussed earlier. It is a comgct of butanal. While preliminary, these experiments seem to
bination of these physical properties that we believe explainpgicate that acid-catalyzed reactions can indeed result in a
the apparent increase in ice nucleation temperatures over theéhange in the mode of ice nucleation for the case of butanal

sulfuric acid base case. Since these longer chain compoundgd lead to an increase in ice nucleation temperature.
are not very soluble, virtually no decrease in water activity

should occur and the aerosol might be expected to nucleate
ice at the same temperature as 15wt% sulfuric acid. How- |mplications and conclusions
ever, a coating of these low solubility organic compounds
likely forms on the aqueous sulfuric acid aerosols. Unlike Acid-catalyzed reactions could play an important role in de-
the shorter chain compounds, octanal, nonanal, 2-nonanongsrmining which ice nucleation mode might be operative in
and decanal have melting points all abevB5°C. As are-  mixed organic/inorganic aerosols in the atmosphere. In these
sult, the coating formed on the aerosols freezes at tempergeactions, shorter chain organic molecules react to create
tures warmer than the inner aqueous sulfuric acid core (as ifholecules of at least the sum of the carbon chain length. As
dictated by the water activity). Therefore, we believe thaticecan be see from Fig. 9, a doubling in carbon chain length
is heterogeneously nucleated by the frozen organic phase iftom C, to Cg, increases melting temperature by*@0and
these cases. The ice nucleation temperatures we find are ngecreases solubility by a factor of 100. From the inter-
the same as the bulk organic melting temperatures, whiclpretation of the present experiments, aqueous sulfuric acid
is likely due to supercooling of the organic phase. Unfor- gerosols exposed to butanal nucleated ice bgraogeneous
tunately, supercooling effects are not well known for thesemechanism, while octanal-exposed sulfuric acid aerosols nu-
organic compounds, and it is not possible to compare the obgleate ice via deterogeneoumechanism. Therefore, acid-
served supercooling in our mixed aerosols to supercooling icatalyzed reactions on sulfuric acid aerosols could play a role
the pure organic compounds. in transforming organic compounds from those that likely
The addition of the @to C; compounds to aqueous sulfu- depress or have no effect on ice nucleation temperatures to
ric acid aerosols causes no change in ice nucleation tempethose that actually elevate the ice nucleation temperatures
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through heterogeneous nucleation. However, if no reactiorBertram, A. K., Koop, T., Molina, L. T., and Molina, M. T.: Ice
transforms the shorter carbon chain organic compounds to formation in (NH;)2S04-H2O Particles, J. Phys. Chem. A., 104,
larger organic compounds, the solubility limit will likely not ~ 584-588, 2000.

be reached for the shorter carbon chain, highly soluble orBertram, A. K., Patterson, D. D., and Sloan, J. J.: Mechanisms and
ganic species in the atmosphere (Marcolli et al., 2004). temperatures for the freezing of sulfuric acid aerosols measured

. . by FTIR extinction spectroscopy, J. Phys. Chem., 100, 2376—
The present work has shown that addition of organic com- 2)3/,83 1996 P by y

pounds to 15wt% sulfuric acid aerosol can lead to a depresggpren, . F. and Huffman, D. R.: Absorption and Scattering of

sion, no change, or even an elevation in the ice nucleation Light by Small Particles, John Wiley & Sons, New York, 1983.
temperature. It has been shown that the physical properties afhen, Y., DeMott, P. J., Kreidenweis, S. M., Rogers, D. C., and
the organic compounds, in particular the solubility and melt- Sherman, D. E.: Ice formation by sulfate and sulfuric acid
ing point, can be used to interpret the observed ice nucleation aerosol particles under upper-tropospheric conditions, J. Atmos.
temperature. For example, very soluble organic compounds Sci., 57, 3752-3766, 2000.

can decrease the water activity of atmospheric aerosols urziczo, D. J. and Abbatt, J. P. D.: Ice nucleation in 30,

der non-equilibrium conditions (i.e. rapid cooling plumes; NH4NOs, and SO, aqueous particles: Implications for cirrus
Karcher and Koop, 2005), and lead to a decrease in ice nu- _cloud formation, Geophys. Res. Lett., 28, 963-966, 2001.

cleation temperatures. At some concentration, a solubilityczéf)zno‘ g ' ; g:&":ggg:é’r BI;OOI\(Izi’ISS().nD.j Pcrenr}z;e,ioaeJﬁ\,Nl'ir;org-

limit will be reached and a second organic p_hase will begin M., and Murphy, D. M.: Observations of organic species and
to form on tr_le aqueous aerosol. If the freezing _temperature atmospheric ice formation, Geophys. Res. Lett., 31, L12116,
of the organic phase is lower than that of the mixed aerosol {oj:10.1029/2004G1L019822, 2004.

core, then the organic phase is seen to have no effect on theemott, P. J.: Laboratory studies of cirrus cloud processes, in: Cir-
ice nucleation temperatures. However based on this inter- rus, edited by: Lynch, D. K., Sassen, K., Starr, D. O. C., and
pretation, if the freezing temperature of the organic phase Stephens, G., Oxford Univ. Press, 102-135, 2002.

is higher than that of the aerosol core, a heterogeneous nueMott, P. J., Cziczo, D. J., Prenni, A. J., Murphy, D. M., Krei-
cleation mode can occur and higher ice nucleation tempera- denweis, S. M., Thomson, D. S., Borys, R., and Rogers, D. C..
tures will be observed. In general, longer chain organic com- Mea_surements pf the concentration and_ composition of nuclei
pounds will induce heterogeneous ice nucleation due to thejr 1" €irrus formation, Proc. Natl. Acad. Sci. USA., 100, 14655~

) . . 14660, 2003.
high melting temperatures. Therefore, knowing the Chem-Fahey, D. W. and Schumann, U.: Aviation-produced aerosols and

ical speC|_at|on of the_ organlc_s present in u_pp_er trop_osphenc cloudiness, in: Aviation and the Global Atmosphere, edited by:
aerosols is valuable information when predicting their effects  ponner 3. E. Lister. D. H. Griggs, D. J., Dokken, D. J., and

on ice nucleation in dilute sulfuric acid aerosols. McFarland, M., Camgridge University Press, 373, 1999.
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