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Phase Transitions in Emulsified HNOyH,O and HNO3/H,SO4/H>0 Solutions
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The liquid—solid phase transitions of emulsified binary HM@0 and ternary HNgH,SOy/H,0O acid solutions

have been investigated using differential scanning calorimetry in order to elucidate the mechanism of ice
formation from stratospheric aerosols. The results indicate that binary solution droplets with less than 33 wt
% HNGQO; freeze to form ice at temperatures-335 K below the equilibrium ice melting temperatures. Droplets

with higher concentrations (up to 65 wt %) do not freeze; instead, they form glasses at temperatures below
160 K. The results also show that the presence £g® in amounts corresponding to less than 5 wt %
depresses the freezing points of the3B wt % HNG; droplets by 5 to>30 K, in agreement with earlier
observations. The implications of the new data for our understanding of the formation of polar stratospheric
clouds have been investigated using a thermodynamic model. The results indicate that an ice saturation ratio
of greater than 1.65 is required for ice particles to form from ternary aerosols at stratospheric temperatures,

corresponding to a cooling of abio8 K below the ice frost point.

1. Introduction The use of emulsions for the investigation of homogeneous
) ] ~nucleation was first proposed by Vonnettin the late 1940s.

It is now well established that heterogeneous chemical gjnce then, this technique has been used for the study of
reactions on surfaces of stratospheric sulfate aerosols (SSAslsupercooling properties of a wide variety of materials such as
and polar stratospheric clouds (PSCs) in the lower stratosphereyateri2.13 jithium chloridel# gallium?® or tellurium-x copper
are responsible for the catalytic destruction of polar ozone gjjoys16 and acid solution&’ This technique also makes it
through the release of reactive chlorine species from their possible to vitrify molecular liquids, which were not previously
nonreactive reservoir fornis?2 It is therefore important to know thought to be glass-forminty.In general, the material under
the chemical composition and physical state of these particlesinyestigation is dispersed in stable micrometer-sized droplets
in order to estimate the appropriate rates of the heterogeneousn a medium containing an emulsifier. The medium is usually
reactions. Of particular interest are the conditions under which chosen in such a way that it freezes or vitrifies at a temperature
liquid—solid transformations occur. To date, the process that much lower than the expected maximum supercooling of the
has received the most attention is the formation of nitric acid dispersed phase. Also, the emulsifier should be strongly
trihydrate (NAT) particles (type la PSCs) from the background adsorbed at the droplet/medium interface while having negligible
sulfate aerosols during the polar winfer. solubility in the droplet phase. This turns out to be a crucial

Despite numerous experimental and modeling efforts, the requirement, as the presence of emulsifier in the dispersed
formation mechanisms of solid PSCs at temperatures above theaqueous phase could significantly alter its physical properties
ice frost point remain controversial. Evidence for the existence and hence the phase transition temperature. In this study,
of another kind of PSCs particles (type Ib), which consist of halocarbon oil is selected as the hydrophobic medium for its
liquid aerosols, has shifted most of the attention to the unusually inertness to acid and oxidizing agents, while lanolin, a proven
strong supercooling potential of ternary$O/HNOs/H,0 acid effective emulsifier for water, is used to decrease the surface
mixtures*82 Studies of the liquietsolid transition of this ternary ~ tension between the acid and the halocarbon oil.
mixture using bulk size samples have produced inconsistent
result§-19because of the existence of unavoidable heterogeneous?. Experimental Section
surfaces (e.g., suspended dust particles and container wall
surface). However, it is now generally agreed that these ternary
aerosols do not freeze above the ice frost pbiherefore, it is
of importance to understand under which conditions ice will
freeze from these mixtures. In this study we make use of
emulsified samples, i.e., micrometer-sized droplets in an inert
oil matrix, to study the nucleation of ice from stratospherically
relevant HNQ/H,O and HNQ/H,SOy/H,0 solutions.

2.1. Differential Scanning Calorimetry. Differential scan-
ning calorimetry (DSC) has been widely used for the charac-
terization of both isothermal and nonisothermal crystallization
behaviors. The unique feature of this particular technique is that
the temperature scan rate can be controlled with extremely high
accuracy. If the size of the sample is small enough and good
thermal contact is maintained with the sample pan throughout
the experiment, the thermal behavior of the system can be used

to accurately determine the phase transformation characteristics
*To whom correspondence should be addressed. of the sample.
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in this study; it operates on the power-compensated null-balance Lanolin is a natural compound extracted from sheep wool
principle (temperature precision &f0.1 K) to ensure that both  and consists mostly of a complex mixture of esters, and hence,
the sample and the reference cells have the same predetermineitis stability in concentrated acids is not well characterized.
rate of temperature change. In general, the technique involvesHowever, our control experiments indicate that there is no
monitoring the difference between the electric power supplied appreciable reaction between the acid samples and the halo-
to heat the sample cell and the reference cell so that thecarbon oil or the lanolin emulsifier. Lanolin did not appear to
temperature difference between the cells is always maintainedbe soluble in the nitric acid solution nor did it show any type
close to zero. The maximum sensitivity of the DSC-7 is around of chemical reaction. This is corroborated by the fact that the
0.1 mcal s? for a full-scale deflection. Normally, only a few  heating thermograms for two 52.8 wt % nitric acid samples,
milligrams of sample are required for each measurement. Theone without lanolin and the other an hour after adding lanolin,
operational temperature ranges from 100 to 450 K. The cell were essentially identical. For the sample containing the lanolin,
temperature was calibrated using a Perkin-Elmer two-point further heating thermograms were taken 2 days and 1 month
calibration program witm-dodecane (Fisher Scientific, Purified after sample preparation. The thermogram for the 2-day-old
Grade, mp 263.50 K) and cyclohexane GR (EM Science,solid sample was essentially the same as the one for the freshly
solid transition at 186.09 K) as the standards. This calibration prepared sample. Not only were the transition temperatures the
is used for both cooling and heating experiments. Recent same for both thermograms but the area ratio of the eutectic

studied®21using high-purity liquid crystals such as 99.9%){ peak to the melting peak remained the same as well. Only the
4-n-hexyloxyphenyl-4(2'-methylbutyl)biphenyl 4-carboxylate ~ 1-month-old sample revealed a slightly lower melting point,
andN-(4-n-octyloxy-2-hydroxybenzal)-4n-butylaniline, which implying that either a very slow reaction occurred between the

have no tendency to supercool, have shown that if the heatingacid and the lanolin or the evaporation of water may have

or cooling rate does not exceed 20 K/min, the standard deviationslightly changed the composition of the nitric acid solution.

of the accuracy of the measured transition temperatures during The same method was used to test the stability of lanolin in

cooling is only about:0.3 K. In this study, moderate scanning  sulfuric acid solutions (5 and 10 wt %); DSC measurements

rates of 3 and 1 K/min were chosen for the heating and Cooling were performed 6 days after the preparation of the Samp|es_
measurements, respectively. The eutectic and melting temper-The emulsion with lanolin remained clear even 2 weeks after

atures of the emulsion samples are practically the same as thosghe measurement. We found that there is essentially no differ-
obtained using bulk nitric acid solutions. ence between the transition peaks for the samples with and

Indium (99.99%,AHgysion = 28.48 J/g, mp 429.75 K) was  without lanolin. For the cases of extremely concentrated acid
selected as the calibration standard for the heat of transitiononly (e.g., 7783 wt % H,SOy), the emulsion developed into a
mainly because of its excellent reproducibility and well- dark-brown color almost instantaneously. The sudden change
established value oAH. The maximum deviation ofAH in color is most likely attributable to the dehydration of lanolin.
measured using the DSC-7 was found to be less than 0.1%.To prevent any degradation of the lanolin, all the DSC
Both the sample and reference cell compartments were purgedexperiments described below were performed withih after
with helium during the experiment to prevent any unwanted the preparation of the samples.
condensation at low temperatures. A closed platinum capsule QOther emulsion systems using fluorosurfactants (DuPont,
pan designed for volatile samples was used. It has the distinctzonyl FSN-100 and FSO-100) instead of lanolin were tested
advantage of retaining practically all the sample throughout the jnitially, as it appeared that the excellent chemical inertness of
experiment; the maximum weight loss was found to be less thanthe fluorosurfactants would be ideal for our purpose. Unfortu-
1%. nately, we soon found that the solubility of these surfactants in

2.2. Sample Preparation and Stability Bulk acid mixtures aqueous solutions is relatively higk@.1 g of solid/100 g of
were prepared by diluting 95.6 wt % sulfuric acid and 67 wt % solution), and hence, quaternary instead of ternary systems were
nitric acid (Mallinckrodt, Analytical Grade) with the appropriate  obtained. The DSC thermograms for these emulsions indicate
amount of deionized water. The accuracy of this method was that the freezing temperature depends strongly on the amount
estimated to be arount0.1 wt %. The emulsion samples used of fluorosurfactant in the emulsions. For instance, the freezing
in this study were made by mixing the acid solutions with an temperature for a 52.8 wt % HN{H,O emulsion decreases
oil phase containing approximately 80 wt % halocarbon oil from 215 to 193 K when the weight fraction of the fluorosur-
series 0.8 (Halocarbon Products Corporation) and 20 wt % factant FSN-100 increases from 0.095 to 0.915. Moreover, the
lanolin (Aldrich Chemical). Halocarbon oil series 0.8 is a blend equilibrium melting point of this system shifts slightly to the
of completely halogenated chlorofluoroethylene oils and is inert lower temperature side, indicating an enhanced solute effect of
to practically all acids, alkalis, and oxidizing agents. The weight the fluorosurfactants.
fraction of the dispersed acid phase in the emulsions-was 2.3. Analysis of the Data The extent of crystallization&,
for all samples. Emulsification was carried out by shaking the defined as the weight fraction of the crystallized phase, can be
volumetric flasks containing the acid-in-oil mixtures (A/O) at  accurately estimated by integrating directly the DSC exothermic
room temperature for about 1 min, first manually and then with  peak obtained during a temperature scan. The sensitivity of the
a high-speed mixer (Thermolyne Maxi-Mix Ill, type 65800). signals (i.e., the area under the peaks) is directly proportional
This procedure was repeated for every new sample loaded intoto the temperature scan rate. The entire transition process lasts
the DSC. Approximately 2@t 3 uL of the emulsion sample  typically 67 min. Figure 1 shows the DSC thermogram of a
were used for each measurement. ternary acid emulsion sample with 5 wt % HN@nd 1 wt %

The glass transition temperaturg) of the halocarbon oil/ H,SO, taken at a constant cooling scan rate of 1 K/min. The
lanolin mixture was determined to be around 123 K. For the onsettemperaturg (timet = 0), chosen arbitrarily in this case,
acidsTy is generally in the range from 140 to 160 K; hence, is defined as the temperature above which no crystallization
appreciable changes in the oil/lanolin system owing to its glass events are detected. The deviation of the curve from the baseline
transition can occur only 20 K or more below the glass points at some particular temperatuiieat timet = t' is simply a
of the aqueous phase. measure of the heat flow from the sample, i.¢i/dt, whereH
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. N Figure 2. DSC thermograms of a ternary acid emulsion containing 5

225 230 235 wt % HNO; and 5 wt % HSO,, recorded with varying cooling rates

Temperature [K] of 5 (upper curve with open triangles), 10, 20, 30, 40, 50, 80, and 100
K/min (lower curve with open circles).

Figure 1. DSC thermogram of a ternary acid emulsion containing 5

wt % HNO; and 1 wt % HSQ,, recorded with a cooling rate of 1 Cooling Rate [K min'1]

160

K/min.
105 2 1 0.5
is the sample enthalpy. As a first approximation, one can apply T T T T
the Borchard assumptiéh 23 wt% HNO;:
240 .
dH dé . . o
d — dt _ e s
and hence, the area above the curve and under the baselineg 290 - i
between time = 0 tot = t' (the shaded region in Figure 1) is E’ * ¢« 10
roughly proportional ta&(t'). The proportionality constant can 2
be readily determined from the normalization condition g . - * 15
00| g 200 » -
jg) % dt=1 > — 20
£
o
In general, all emulsion samples studied here exhibit the same @ r
crystallization curve depicted in Figure 1. “ g0 ld -
Temperature scan rates in the experiments described below e 25
were chosen to be 1 K/min. This was done with the consider- o
ation of two particular requirements in mind. On one hand, a
slower scan rate ensures that the sample is always in thermal i

equilibrium with the thermostated sample holder; i.e., there is , , ,
no thermal lag between the recorded temperature and the actual 0.0 05 1.0 15 2.0
sample temperature. On the other hand, faster scan rates yield
higher signal-to-noise ratios. Figure 2 shows a compilation of
thermograms for an emulsion sample at varying cooling rates. Fig‘l{re 3-thep‘t3”dence of Ithe freezitng _temger?%aon Ctjh(;e_ziréverse
; g cooling rate for ternary emulsions containing 5 w an

_The exper!ments Shqun in Figure 2 were repe_:ated _for wt % I—?Nos. The numbyers on the rightindica?e the HN€nNcentration
different solution compositions, and the resulting freezing points ¢ "o 1 data set.
are plotted in Figure 3 as a function of the inverse cooling rate.
As can be seen from Figure 3, a cooling rate of 1 K/min has a the droplets during the cooling and warming processes. This
negligible effect on the freezing point while revealing a good €nsures that the composition of the microdroplets remains the

signal-to-noise ratio. Hence, in all the experiments discussedsame throughout the experiment. Furthermore, the results
below a cooling rate of 1 K/min was used. obtained in this way already have a statistical meaning because

of the fact that a large number of aqueous droplets(f) are
involved in each DSC measurement. The morphology of the
3. Results and Discussion emulsified aqueous droplets at sub-zero temperatures was
studied using a transmission optical microscope equipped with
3.1. Droplet Size Distribution. One of the main advantages a cooling stage. Although most of the droplets appear to be
of studying phase transitions using the acid/oil emulsion system roughly spherical, some of them (especially the smaller ones)
is that all the aqueous droplets are isolated by the oil phase,are irregular in shape. The reason for this is not clear; it may
and hence, there is essentially no molecular exchange betweerbe related to the relatively high concentration of lanolin in the

Inverse Cooling Rate [min K"]
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Figure 4. Droplet size distribution and cumulative frequency for a 1 et
wt % HNO; emulsion. The weight fraction of the aqueous phase is
0.1, and the total number of droplets is 510. T T T T T

150 170 190 210 230 250 270
oil phase. The average distance between the centers of the Temperature [K]
droplets is estimated to be aroungi8n.

Since the nucleation probability is proportional to the volume, b T T T T T T T T T T
knowledge of the size distribution of the emulsion droplets
becomes important. Seven photographs taken with the optical
microscope were analyzed for the droplet size distribution of
the 1 wt % HNQ/H,O acid emulsion. In order not to
underestimate the average droplet size, the largest dimension 0.0

of an irregular droplet was chosen as the diameter. The resulting
droplet size distribution is shown in Figure 4. Droplets with a J\_,,_/w

diameter larger than 10m are very rare in the acid emulsions _%
and are not represented in the figure. The average radius of the 3(3‘, AN ——__ 100 |
510 droplets evaluated was found to be approximatelyt3 £ N —\____150 |
3.2. Freezing Points3.2.1. HNQ/H,0O SolutionsEmulsified /A — 20.0
samples of binary HN&H,O solutions have been investigated )/\—_/\
in the concentration range from 0 to 65 wt % HB®arts a 25.0
and b of Figure 5 show cooling and heating thermograms of 30.0
such solutions with concentrations smaller than 33 wt % HNO
During cooling, freezing of ice was observed for the composition 325
range 6-32.5 wt % HNQ. Crystallization upon heating was T
detected for the 35, 63.6, and 65 wt % nitric acid emulsions, 1é0 : 21'0 . 2:'50 . 26'_)0 . 2;0 . 29')0

while for the 40.3 wt % case, freezing upon cooling to NAT

and ice was observed only in some samples. In addition, the

glass transitionTgy) was observed during warming through the Figure 5. DSC thermograms for binary HN#,0 solutions 6-32.5

typical jump in heat capacity associated with the onset of fast Wt % in composition: (a) cooling runs; (b) heating runs.

molecular diffusion above the glass point for all samples that

did not crystallize upon cooling, with an uncertainty-52 K. HNO#/H,0 emulsion system. We found that both sets of data
Figure 6 depicts a summary of the freezing points measured ¢@n be approximated by a linear relationship, with the super-

for the binary HNQ/H;0 system. The freezing points of the ~cooling changing more rapidly witfm than Tr. This is in

emulsions were determined as the temperature where 90% ofdisagreement with the conclusions of Hallett and Letisho

the sample mass was frozen, i&= 0.9. This corresponds to ~ Suggested that in general the maximum supercooling for ice-

the freezing temperature for a droplet size of 28. Also, the forming solution droplets would be the same as the maximum

observed glass transition temperatures are shown for the moreSupercooling of pure water droplets40 K). As can be seen

concentrated solutions. As can be seen in the figlyimcreases [N the figure, Hallett and Lewis’ hypothesis does not apply to

linearly with the weight percentage of nitric acid. The experi- the case of binary nitric acid emulsions with acid concentrations

mentally observedT, values are in good agreement with ranging from 0 to 32.5 wt %. Instead, the equation

published values on the HNB1,0 systent’24By extrapolating

the freezing temperaturdij to lower temperatures arifj; to Ti[K] = 1.6457[K] — 214.15

lower concentrations, we determine the HNfOncentration for

which T = Ty to be ~39 wt %; hence, ice freezing during is found to be more appropriate. The homogeneous nucleation

cooling cannot occur for compositions greater than 39 wt %. temperatureT*) for a wide variety of glass-forming materials

Note that this concentration is slightly larger than the eutectic has been measured, and the results indicateTthédr nearly

concentration (33.5 wt %) of NAT/ice. all materials studied lies between 0Tgband 0.89,,.26 In the
Figure 7 shows the degree of supercooling as a function of binary nitric acid emulsion system studied here T* varies from

the melting Trm) and freezing Tr) temperatures for the binary  0.86Ty, for pure HO to 0.7, for 32.5 wt % HNQ.

Temperature [K]
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nucleation rate coefficients of 18102 cm2 s™! that were
observed in these experiments should be large enough to induce
freezing in our experiments. However, at present we have no
explanation neither for the fact that freezing is observed in these
aerosol measurements and not in our experiments nor for the

differences in freezing temperature between the settling chamber
and flow tube experiments.

3.2.2. HNQ/H,SQyY/H>O Solutions Sulfuric acid is known

to have a higher tendency to supercool than nitric acid, and

recent experiments in our laboratory have further corroborated
this finding3? The effect of sulfuric acid on the supercooling
properties of emulsified nitric acid solutions is also of interest.
Recent results from the freezing experiments of Koop &t al.
and Meilinger et af* on ternary HSOQYHNO3/H,O bulk
solutions have shown that even very small amounts of sulfuric
acid (e.g.,<2.5 wt %) can hinder the nucleation of NAT in the
ternary acid system. To investigate this effect for the case for
micrometer-sized droplets, we studied emulsified ternary acid
solutions containing 1 and 5 wt % of,HO,. For the solutions
containing 1 wt % of HSQ,, all samples except the one with
35 wt % HNG; show an exothermic (freezing) peak during the
cooling process. The area under the exothermic peaks decreases

Figure 6. Freezing points of binary and ternary solutions to form ice

as the acid concentration increases, implying the formation of

ice as the main phase transformation process during cooling.
as a function of HN@ concentration for 0, 1, and 5 wt %80, Only the binary ice/NAT eutectic and the ice melting peaks
l(\'/lne?;ﬁ]"ge‘;joi?ﬁ’stgfisg‘;jng'ﬁg'asrg“;;?vsr?gxn"f'g?g::%i;‘;Srse&‘gly)- are observed in the heating thermograms. The ternary eutectic
H>O system as solid lines. The ice melting point curves for ternary peaks are probably too small to be observable. D_SC thermo-
solutions containing 1 and 5 wt %,80, are shown for comparison ~ 9rams were also recorded for ternary acid emulsion samples
as dotted and dashed lines without symbols, respectively. The glassWith 5 wt % H;SOy and 0-35 wt % HNG;. Unlike the 1 wt %
points are indicated as open circles. H,SO, emulsion samples described in the previous paragraph,

the ternary eutectic transition peak can be clearly observed for

. many samples, especially those with a higher concentration of
nitric acid.

T T L T

701

The ice freezing points for the ternary emulsion system are
also plotted in Figure 6 as squares (1 wt ¥58)y) and triangles
(5 wt % H,SOy). As can be seen in the figure, the ice freezing
points of the ternary solutions are lower than the binary ones
(circles) by up to 25 K. However, this is mainly due to the fact
that the equilibrium ice melting points are also reduced by the
presence of bBO,, as indicated by the lines without symbols
] (dotted line, 1 wt % HSQy; dashed line, 5 wt % p8Oy). Thus,

taking into account this effect, the actual increase in supercooling

is only a few degrees Kelvin. This increase is shown more
explicitly in Figure 7; the solid line labeled “Melting” represents
the supercooling as a function of the equilibrium ice melting
temperature for the binary HNgH,O solutions. In addition,
the supercooling for the ternary solutions containing 1 wt %
H,SO, (dotted line) and 5 wt % bSO, (dashed line) is shown
in Figure 7 as well.

We can use Figure 7 to compare the degree of supercooling
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Figure 7. Supercooling as a function of freezing and melting for different solutions having the same melting temperature
temperatures for the binary HN®1,O emulsion system (circles and ~ and consequently, the same water activity. It is clear that the
solid lines). The freezing points are the experimentally determined solution containing the most 480, requires the highest
values while the melting points have been taken from the thermody- supercooling for the formation of ice, e.g., a supercooling of
namic model of Carslaw et &.For comparison, the supercooling as  gg 4 K for the 5 wt % HSO; solution, which has an ice melting

a function of the ice melting temperature is also shown for the ternary '

solutions containing 1 and 5 wt %,80, (dotted and dashed lines,

temperature of 240 K, in comparison to a supercooling of 59.3

respectively). K for the binary HNQ/H2O solution, which has the same
melting point. An even better approach is to compare the water

As mentioned above, we did not observe freezing upon activity of the different solutions at the freezing point rather
cooling of either NAT or NAD from their stoichiometric  than their weight fraction. This will be explained in the following
solutions (53.8 and 63.6 wt % HNQrespectively). This is in section.
disagreement with earlier aerosol measurements with a settling
chamber or with flow tube experiments:3! In these experi-
ments NAT and NAD formed at temperatures between about
163 and 180 R%3! or between 189 and 204 K:2° The

4. Atmospheric Implications

The ice freezing points described above can be used to
determine whether binary and ternary acid aerosols are likely
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TABLE 1: Parametrizations for the Critical Freezing Temperature (Tf) as a Function of HNO; Composition and for the
Critical Saturation Ratio ( Sce*) and the Cooling below the Ice Frost Point AT*) as a Function of Temperature

H,SO,

Y* X [wt %] Ao Ay A As Ay range of validity
Tt HNOs[wt %] 0 235.23 —1.0234 —1.054x 1072 0.068x 1072 —0.247x 104 0—32.5wt %
T¢ HNOs[wt %] 1 234.92 —1.1037 —2.509x 102 0.764x 1073 —0.377x 104 0—30 wt %
Tt HNOs[wt %] 5 231.00 —0.9845 —9.754x 1072 6.091x 103 —1.88x 104 0—25 wt %
e T 0 1.294 0.7222% 1072 —2.802x 10°° 185-235K
ce” T 1 0.851 1.2095¢ 1072 —4.083x 10°° 185-235K
ce” T 5 0.897 1.1581x 102 —3.940x 10°° 185-231 K
AT* T 0 —4.63 0.1005 —0.819x 1073 1.7645x 10°© 185-235K
AT* T 1 —-9.25 0.1807 —1.281x 1073 2.6351x 1076 185-235K
AT* T 5 —28.78 0.4640 —2.644x 1073 4.8101x 1076 185-231 K

aThe different critical parametersy*, are a function ofX and can be calculated front* = zi4:0 AX. The ranges over which these
parametrizations are valid are given in the last column.

to freeze in the lower winter polar stratosphere. To accomplish T ' T T J
this, we performed some thermodynamic calculations to relate o0k O (a) -
our freezing results to the atmosphere. We also compare our
results to data obtained from a model developed recently by
Tabazadeh et at® which they used to predict the conditions
under which ice particles (type Il polar stratospheric clouds)
would nucleate from stratospheric aerosols in the lower strato-
sphere. Since no laboratory measurements were available for
the HNQyYH,O system, these authors utilized instead the freezing
properties of the EBOy/H,0O system.

In the following we discuss how incorporating the new ice
freezing point data shown in Figure 6 affects the critical
parameters for the formation of ice particles from HN(@rosols
and also what effect small amounts 030, have on their
freezing properties. The water saturation vapor pressure and the
ice saturation vapor pressure were taken from Tabazadel¥et al.,
and the water activity in the liquid phase was calculated from
the model of Carslaw et &l The critical HNG; concentration
and the critical temperature for ice nucleation determined
experimentally were used as input data (see Figure 6). The two
most important parameters in terms of cloud modeling and
observations are probably the critical saturation ratio with respect
to ice, Sce*, and the critical cooling below the ice frost point,
AT*, needed to form the ice particleSc.* was calculated as

Critical Cooling AT" [K]

*

Critical Ice Saturation Ratio S,

See” = Proo™(TH W)/ Pieo(T¥) 1 ‘ , , M
180 190 200 210 220 230 240
Temperature [K]

wherePy0*(T*,wt*) is the equilibrium water partial pressure
of an HNGy/H,O or HNGs/H,SOW/HLO aerosol at the critical ] N ) ]
temperaturd™ and the critical composition wt*, anBice (T*) Figure 8. Critical parameters for the nucleation of ice from HMO

. . s . H.O and HNGQ/H,SOy/H,0 aerosols as a function of temperature: (a)
is the water vapor pressure of ice Bt The critical cooling critical cooling below the ice frost poinfT*; (b) ice saturation ratio,

below the ice frost pointAT*, was calculated from See*. Solid lines: HNQYH,O aerosols. Dotted lines: HN,0
aerosols with 1 wt % of bBQy. Dashed lines: HN@H,O aerosols
AT* =T (Pyoo®) — TF with 5 wt % of H,SO;,. Dash-dotted lines: calculations for HND

Hz0 aerosols by Tabazadeh e?ﬁNot_e that the values determined in
whereTice(PH2o*) is the atmospheric ice frost point temperature  this work are for aerosols 2/4m in diameter, while the calculations

for the critical water partial pressufo* at T*. by Tabazadeh et &.are for aerosols 0.2m in diameter.

Both Sce* and AT* are plotted as a function of temperature temperatures, its values ranging from 1.57 at 210 K to 1.67 at
in Figure 8. The solid lines indicat§.s* and AT* for binary 185 K. This difference is also obvious in the value of the critical
HNO3/H,O aerosols based on our experimental results and thesupercoolingAT*, which Tabazadeh et &'.estimate to be about
dotted and dashed lines for ternary HMI@,SO,/H,0 aerosols —3.5 K at temperatures around 230 K, with a minimum value
containing 1 and 5 wt % of 80y, respectively. Finally, the  of about—3.7 at 220 K, rising to approximately2.0 K at 185
dash-dotted lines indicate the results Tabazadeh &t dérived K (see Figure 8a); instead, our new values startai4 K at

for binary HNGy/H,O aerosols. Note that this parametrization about 230 K, with only a small increase #2.9 K at 185 K.

is for aerosols with a diameter of Qu2n while our parametriza-  This has important consequences for the formation of PSCs.
tion is derived for 2.5um aerosols, as determined experimen- A comparison of the experimental results with varyingsiy
tally. The parametrization of Tabazadeh et3alshows a compositions shows that slightly high§gs* and AT* values
maximum value forScge*of about 1.62 at 210 K, sharply are needed for the freezing of ice from ternary aerosols
decreasing to about 1.42 at 185 K (see Figure 8b); our new containing 1 and 5 wt % $8$0,. However, these differences
data show instead th&te* continues to increase with decreasing are within the combined uncertainties of the experimental



HNOs/H,O and HNQ/H>SOy/H0

freezing point determinations and the water activity model
calculations. Thus, the general behavior of increaSinywith
decreasing temperatures down tel85 K appears to be
independent of the $0, content of the HN@solutions. It is
interesting to note in this respect that thg* and AT* values

for the three cases with 0, 1, and 5 wt %3@; are essentially

the same over the entire temperature range while their actual

freezing points differ by up to 25 K (see Figure 6).

Table 1 shows the parametrizations for the critical freezing
temperature ;) as a function of HN@ composition and for
the critical saturation ratic;*) and the cooling below the ice
frost point (AT*) as a function of temperature. These param-

etrizations can be used to calculate the experimental data points

directly over the validity ranges given in Table 1. Since the

o~ and AT* values agree within experimental error with the
results for the binary k8O, system recently reported by Koop
et al.22 their parametrizations faBc.e* and AT* as a function
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