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Ice freezing events in aerosols composed of {N&0,/H,0 particles are studied for 8 x < 0.12, wherex

is the salt mole fraction composition. A segmented flow tube is employed to cool the aerosol and to adjust
the aqueous particle composition in the first section, to freeze the aerosol in the second section, and to observe
particle phase and composition with infrared (IR) spectroscopy in the third section. For the described
experiments, three separate test aerosols are generated. The first test aeorsol is composed of aqueous particles,
while the other two aerosols contain a mix of aqueous and crystalline species. The IR spectra of these three
different aerosols are similar, and the same apparent mole fraction composition is indicated for each based
upon the ratio of band intensities. Although they have similar apparent mole fraction compositions, the observed
ice freezing characteristics of the aerosols differ markedly from one another. The first aerosol, which consists
entirely of aqueous particles, shows the deepest apparent supercooling. The freezing data, consisting of ice
mass fraction versus temperature, are inverted by a model simulation to obtain homogeneous nucleation rates
(J) as a function of temperatur&)(and compositionx). J(T, X) is provided for 0< x < 0.12 and 5< Log;0J

< 10, which is the range af that can be probed with the current apparatus. At lodvealues, which are
associated with warmer temperatures, one particle fnnl@leates ice homogeneously: the observed ice
freezing event is then due to vapor-phase mass transport from the numerous surrounding supercooled agueous
particles to the few ice particles. In contrast, at highealues, which are associated with cooler temperatures,

one particle in 10 freezes by homogeneous nucleation.

1. Introduction In the current work, a third generation aerosol flow tube
apparatus is constructed and experiments are conducted. Im-
portantly, apparent agreement is obtained with the three previous
AFT-IR studies of ice formation in (NLSQyH,O aerosold?14
The key variable, new to the current study, is the mixing state
of the aerosol. Three different kinds of aerosols are prepared,
species in the upper troposphere include sulfuric and nitric acids, including one a_e_rosol comp_osed Of. aqueous particles, a second
prepared by mixing crystalline particles with water vapor, and

which have recently been found to be partially or wholly third obtained by mixi e st P q
neutralized by ammonia in many cases. For these reasons? NIrA obtaineéd by mixing separate streams of aqueous an

quantification of the rates of homogeneous ice nucleation in crystalline particles. The IR spectra of these aerosols can appear

aqueous ammonium sulfate has recently been a major effortSimi_Iar (ie. gpparently Of. same _chemical composition) while
among laboratory groups. the ice freezing characteristics differ strongly.

The literature during the past two years shows that the 2 Experimental Approach
freezing results obtained for (N)3SOy/H,O appear to disagree
broadly. Several different techniques have been employed
including optical microscopy (OMY differential scanning
calorimetry (DSC)? continuous flow thermal diffusion chamber
(CFD)! and several different aerosol flow tube studies employ-
ing infrared spectroscopy for ice detection (AFT-fR)1* Even
for a single technique, such as AFT-IR, there is large
disagreementz~14 Cziczo and Abbatf and Chelf and Martit

Understanding and quantifying the mechanisms of cirrus
cloud formation are important steps in reducing uncertainty in
models of global climate chande? One important pathway in
cirrus cloud formation initiates with ice nucleation inside
supercooled aqueous droplét8.Common aqueous chemical

The phase transitions of (Nl3SOy/H,0O particles are studied
'by employing a segmented AFT (Figure 1), in which the
temperature and the aqueous particle composition are condi-
tioned by heat and vapor exchange with the AFT walls and in
which the freezing event is monitored by IR spectroscopy. The
aerosol flow tube is segmented into a conditioning cell, a
freezing cell, and an observation cell. IR spectroscopy is
report freezing temperatures much warmer than Prenni’ét al. employe_ql to determine the apparent aqueous mole fraction

composition x*) of the aerosol, as controlled by an aerosol

Hung and Martif® provide a model simulation of ice freezing conditioning temperaturd{). Candidate freezing temperatures
events for each technique to test the hypothesis that a single 9 P ) 9 P

homogeneous nucleation rate functidy ihight be consistent (Tf). are stepyvise reduced until the freezing event is appafent,

with the different apparent freezing temperatures. One cIearWh.ICh Is designated as the apparent freezing temperaIm?e ( .

result is that the three AFT-IR resuftsi4 cannot be reconciled. This vocabulary an.d the associated ideas are developed in detall
by Hung and Martir®
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aerosols characterized by different number size distributions.
The respective mode sizes and number concentrations of the
three aerosols in the earlier work are 150 nm and X340’
#-particles/crrgas, 300 nm and 1.92 10’ #-particles/cr

gas, and 400 nm and 4.34 1(° #-particles/cr-gas. Hung and
Martin® simulate the freezing properties of these aerosols and
find little difference in the apparent freezing temperatures (i.e.,
within 2—3 K).

Some concern has been expressed that the atomization method
for aerosol generation possibly yields the inclusion in the
aqueous droplets of insoluble impurities, which could behave
as heterogeneous nuclei toward (M$Os crystallization.
However, Chelf and Marti? find no difference between the
ice freezing events of aerosols generated by atomization and
aerosols generated by vapor condensation, which is an approach
that excludes impurities. The main difference is that atomization
Figure 1. Schematic diagram of the experimental apparatus. Key: A, of the (NH),SQ, solution produces an aerlosol with a higher
atomizer; B, preconditioning chamber; C, scanning mobility particle tOt&l water content, as compared to the drier aerosol produced
sizer (SMPS); D1 and D2, low-temperature circulators; E, modulated Via the vapor condensation approach.

IR source; F, MCT-A IR detector; 1, preconditioning cell £ 298 2.2. Aerosol Preconditioning.Several setups are employed
K); 2, conditioning cell T = To); 3, freezing cell T =Ty); 4, observation 5t 298 K to adjust the water content of the aerosol, after its
cell (T'=T; and 5, exit cell T = Tp). generation but prior to its entering the low-temperature flow
tubes of the apparatus. Depending on the type of experiment,
different aerosol characteristics are desired and can be obtained
gvith one of 0.1, 1, 2, 4,108 M H,SO; solutions (ca. 500 mL)
in a 6-L Erlenmeyer flask (i.e., the preconditioning chamber).
Aerosol entering the preconditioning chamber exchanges water
vapor with the solution (though without achieving equilibrium
dduring the short 2 min residence time), thus adjusting the aerosol
water vapor pressure and, in consequence, the condensed-phase
aqueous composition. To produce a dry aerosol containing

aerosol itself. The particles are fully deliquesced, which is crystalline particles (RH< 11%), solutions of either concen-

verified via a diagnostic indicator (g.v. section 2.4.2) in the IR trated HSQ, or saturated LiCl solution are emplqyed.
spectrum of the sulfate peak (1100 cthat 223 K. The second 2.3. Low-Temperature Flow Tubes.The experiments are
type of derivative aerosol (viz. mixed aerosol #1) is prepared conducted with a new AFT apparatus, based upon experience
by passing the flow of the primary aerosol through a drying 9@ined in our earlier work! The apparatus, suspended from
chamber (RH< 7%) and then mixing, in a baffled chamber at the cel_llng, consists of.seven sections of 2 in. i.d. s_tralght copper
298 K, this flow of dry aerosol with a regulated flow of water ~tubes joined by 2 in. i.d. “U-shaped” sections (Figure 1). The
vapor from a bubbler humidifier. For mixed aerosol #1, combined set of tubes is described succinctly by three functional
diagnostic indicators are present for both crystalline ammonium r€gions, including conditioning, freezing, and observation cells.
sulfate (viz. a shoulder at 1100 cfon the sulfate peak below The aerosol flows from the preconditioner (section 2.2) through
223 K) and agueous ammonium sulfate (viz. condensed-phasel/2 in. i.d. polyethylene tubing and enters the low-temperature
water at 1650 cm?). (LT) apparatus, where the diameter is increased to 2 in. The
The third type of derivative aerosol (viz. mixed aerosol #2) inlet of the LT apparatus is a single 100-cm long tubing section
is prepared by dividing the primary aerosol flow in half to create With no coolant flow in the outer coil (298 K). This section is
two Secondary flows. One Secondary flow passes through ad flow Straightener. PaSSing through the first U-Sectioh, the
drying chamber (RH< 7%) while the other remains humid. aerosol enters the conditioning cell, where the temperature is
The dry and humid Secondary ﬂOWS, respective|y’ referred to controlled by the first CirCUIating bath. The Conditioning cell
hereafter as Secondary flows #1 and #2, are remixed at low consists of three 2 in. i.d. tub|hg SeCtionS, tOtaIing 153 cm in
temperatures in the flow tube apparatus. Secondary flow #2 length. The temperature along the conditioning cell decreases
enters the apparatus via the main in|et, i_e., f|0W|ng through Steadily from 298 K at the jUnCtiOh with the flow Straightener
the preconditioning, conditioning, freezing, observation, and exit Until reaching the conditioning temperatufie)(at the junction
cells. Secondary flow #1 enters the cold region directly, through With the freezing cell.
an auxiliary port on the freezing cell; this aerosol flows through  Exiting the conditioning cell, the aerosol flows into the
the freezing, observation, and exit cells. Therefore, the two freezing cell (31 s residence time at 3 slpm flow), which is 76
aerosol flows are mixed together prior to entering the observa- cm long. The temperature drops over 30 cm to a candidate
tion cell. freezing temperatureT{), which is typically between 208 and
The number size distribution of the dry aerosol in the primary 233 K. When ice forms in the aerosol, it is detected downstream
flow is characterized by a scanning mobility particle sizer in the next AFT section, which is the IR observation cell. The
(SMPS) (TSI 3934). The aerosol in the current study has a dry observation cell (23 s residence time at 3 slpm flow) is 56 cm
mode diameter of 300 nm and a number density of 60° long and capped at the ends with AgCI windows. A collimated
#-particles/cri-gas. These values differ somewhat from our IR beam (Nicolet Nexus 670 FTIR), which is modulated by a
earlier experimental work! However, in that work no strong ~ Michelson interferometer, passes along the axis of the observa-
dependence is reported for the freezing characteristics of threetion cell and is collected with an off-axis parabolic mirror and

4 th

atomizer (35 psi, 3 slpm Nlow). A 1 M (NH4),SO, aqueous
reservoir solution is prepared in deionized water (182 bin).
The primary agueous aerosol is employed to generate three type
of derivative aerosols for detailed studies, including one aerosol
containing only aqueous patrticles, a second prepared by mixing
crystalline particles with water vapor (“mixed aerosol #1”), and
a third obtaining by mixing separate streams of agqueous an
crystalline particles (“mixed aerosol #2").

The first type of derivative aerosol is simply the primary
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focused onto the active area of a mercury cadmium telluride

(MCT-A) detector. 0.6 Ty=288K S04 !
The aerosol passing through the observation cell next enters 0.5 NHg* NH,*

the exit cell, which is a 100 cm long tube and which exhausts -~

the low-temperature flow tubes into laboratory hood lines E 04 208K

through 1/2 in. diameter polyethylene tubing. The temperature § 03 W

in the exit cell is not crucial; however, the exit cell is chilled to g

minimize temperature gradients in the observation cell, which 2 02

is in direct contact with the exit cell. The exit cell also preserves

the laminar flow through the observation cell by avoiding 0.1

upstream turbulence that would be associated with a more abrupt 0.0

exit. The junctions from the freezing tube to the observation 4000 3500 3000 2500 2000 1500 1000

tube and from the observation tube to the exit tube are smoothly Wavenumber (cm-1)

curved from a cut section of “U” tube. Although we do not

directly sample the flow field through these junctions, literature 0.6 Ty=288K A S04 b

supports that laminar flow should be maintained at the flow L i

rates employed in the experimenés. 0.5 NH; A
The flow tubes are cooled via copper tubing (1/4 in. o.d.) 04 - i

wrapped and soldered onto the outside of the flow tubes. Coolant 208K i
(Syltherm) flow passes from two low-temperature circulating
baths (Neslab ULT-80). As shown in Figure 1, connections are
made to provide a conditioning temperatufg) (controlled by

one circulator and a freezing/observation temperatdig (

Extinction (a.u.)
=)
(V)
1

<@
()
1

0.1
controlled by the second circulator. The flow tubes are insulated

with two layers of elastomer foam (1 in. thick) to slow the heat 0.0 T T . . T ==
transfer between the cell and the laboratory surroundings. The 1500 1400 1300 1200 1100 1000
coolant flow is split between the freezing and observation cells, Wavenumber (cm-!)

so they are isothermal (excluding the transition region from the Figure 2. Spectral changes with cooling of an aerosol containing

conditioning cell into the freezing cell), as verified by in situ (NH4250«(s) particles. (a) IR spectra of flowing crystalline
thermistor probes. (NH,).SO; aerosol as the freezing and observation cells are jointly

cooled fromT; = 288 to 208 K. (b) Expanded data for ammonium
The new apparatus offers at least four distinct advantages.(1450 cnt?) and sulfate (1100 cm) regions. Conditions:T, = 256
First, the constant 2 in. diameter throughout all cold regions K for Ty < 256 K andT. = T; for Ty > 256 K, 3 slpm, 0.3 g-particles/
supports laminar flow in the system while avoiding problems m?® gas, 6x 1CP #-particles/cri gas. Spectra are offset for clarity.
of ice build-up and plugging previously encountered with flow
tubes joined by smaller diameter sections. Second, the high1549 cn* water band to the 11861025 cn* sulfate band
thermal transfer coefficient of copper, as compared to glass, for aqueous (N&#2SO;. The calibration curve follows from the
reduces temperature gradients while also making pOSSibIeOPtlcal constants of (Np,SQ, solutions measured by attenua_lted
accurate external temperature measurements. The overall effeciotal reflectance IR spectroscopy.An advantage of this
is lower ultimate temperatures. Third, freezing and observation t€chnique is the minimal error<0.1 wt %) associated with the
are decoupled: the aerosol freezes in one tube and its IR2queous mole fractionk) of the solutions. A disadvantage is
spectrum is observed in the next. Fourth, the windows are that calibration beyond salt saturation is possible only by
housed in custom-made plastic cards that allow their easy extrapolation. The calibration curve is (the ratio of the water-
insertion and removal for cleaning (5 min procedure), which is Peak-area to the sulfate-peak-areap.112+ 1.49 g% +

. . . . : 181x i 7
an important practical improvement over earlier versions of our YNCI)-IY g ,Tk\]/vhere X is the kznole fraction gf agueous
apparatus because ice and salt deposit onto the windows. ~ (NH4)2SQs. The uncertainty in the composition determination

. increases with higher SO, mole fractions due to increas-
2.4. Infrared Spectra. Ten scans are typically collected at 4 gher (NpESO:

O lution in the absorb de. Th b ing uncertainties both in the calibration curve and in the peak
cm - reso ution in t '€ absorbance mode. The éppafe”t absSOl3rea ratio determination, which arise from the small integrated
bance is actually extinction, containing contributions both from

absorption of condensed-phase water at higherp8@0, mole
absorbance and from scattering by the particles. During datafractiop:ls. P gher

processing, spectral features fromQ{g) are routinely sub-
tracted. Spectra are usually presented with the(@Qwindow of (NH4),SO4(s) aerosol are shown in Figure 2a from 288 to

_omitte_d. The IR spectrg are employed for several purposes,sng k. As expected, large changes are appareft at223 K
including (a) the determination of the apparent aqueous COM-yhere the ferroelectric phase forms. Prior to this phase transition,
position of the condensed phase based upon the integrateqne 1100 cm? sulfate peak becomes sharper and more intense
intensity of the water band relative to the sulfate band, (b) the \yith cooling (Figure 2b), as expected from the decrease in
determination of the presence or absence of crystalline am-cystal phonon energy, which broadens the peak at warmer
monium sulfate in the aerosol (i.e., diagnostic indicator), and temperatures. The 1100 chpeak is symmetric because sulfate
(c) the determination of apparent ice freezing temperatures. in the paraelectric structure has tetrahedral symniéé§The

2.4.1. Determination of Apparent Aqueous Particle Concen- 1420 cnt! ammonium peak, including a high wavenumber
tration. The apparent aqueous mole fraction compositid) ( shoulder, similarly sharpens at colder temperatures. The ferro-
of the (NHy),SO/H,O aerosol is determined from the IR electric transition atT; < 223 K is accompanied by the
spectrum based on a calibration cifvelating the dependence  appearance of several shoulders on both the ammonium and
of aqueous composition on the peak area ratio of the £751 sulfate peaks.

2.4.2. Diagnostic IndicatorTemperature-dependent spectra
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As compared to (NB)>SOy(aq), the 1420 cmt ammonium
band of paraelectric (NBLSQu(s) is both red-shifted by 30 crh

Hung et al.
NH,* SO a
) NHg*

and asymmetric (i.e., the shoulder is absent in the aqueous
spectrum). This asymmetric characteristic of the crystalline
phase is a key spectral feature for distinguishing among aerosol
types (i.e., entirely aqueous aerosol versus mixed aqueous/
crystalline aerosols described in section 2.1).

2.4.3. Determination of Apparent Freezing Temperatures.
Prior to freezing, a3; falls, no significant IR spectral changes
are observed. Thus, when two spectra at different temperatures
are subtracted, the result is a flat line. (At sufficiently small
tolerance, small spectral changes can appear due to the
dependence of optical constants on the temperature.) In contrast,

l H,0
3 _\/~/\Tf.= 2146 K l

2179K

Extinction (a.u.)

)
i

Surwep

221.1K

2227K

<

225.7K

0 -

T T T T T
3000 2500 2000 1500 1000

once ice forms, there are large changes in the difference spectra. 40003300 Wavenumber (cm-)
To provide objective assignments of freezing temperatures, we
calculate the temperature-normalized variance of the difference 8 AQ14.6 K—2157K) b
spectra and plot that variance verdus* The apparent freezing 6
temperatureT;*) is defined as the local maximum. As a test of
this analysis methodi* values agree for three different spec- 2 4 AQITIK—-2I89K)
tral ranges, including 696880, 3296-3580, and 6564000 X 2
cm™L. Even so, the variance calculation at (328590 cn?) 8 o pALIRE2ISE)
region is strongly influenced by the coupling of scattering, §
hygroscopicity, and ammonium absorption. We find the-690 .““QE 2 AQ22.7K—2232K)
880 cnt! region is the most useful for delineating ice freezing -4 ]
events. -6 A(225.7 K—226.7 K)
2.5. Temperature Characterization. Temperatures in the - '
various regions of the low-temperature copper flow tubes are '840'00 3900 3000 2500 2000 1500 1000

measured by 10 thermistors, which are joined to the tubes with
thermoconductive tapd; is measured with a thermistor placed
at the coldest point in the freezing cell. Agreement between c
externally measured temperatures with temperatures inside the
AFT is verified periodically by inserting an additional thermistor
into the freezing and observation cells. Several readings are
taken at different depths along the cells and at different
temperature conditions. The agreement between the two different
sensors and among all tested positions in the freezing and
observation cells (i.e., total temperature gradients) is within 1
K.

Wavenumber (cm-t)

Warming

Variance (x 10> K1)

The ferroelectric phase transition at 223 K of (WO, -
provides a valuable diagnostic to assess temperature accuracy . "
and gradients. For these measuremengss fixed at 220 K to (At —a—n_2 5 R .
generate ferroelectric (N§pSOy. Ty is then increased stepwise 215 27219 221 213
from 217 K. The phase transition would be observed as a delta Temperature (K)
function at 223 K in a perfectly isothermal apparatus (excluding Figure 3. Apparatus temperature gradients are investigated by the
any kinetic effects in the phase transition and any particle size ferroelectric phase transition of (N}J4SC,. Some condensed-phase
effects on the thermodynamics). The IR spectra in Figure 3a water is also present in the aerosol, as seen in the sp&gtra220 K.

. e (a) IR spectra recorded as the freezing and observation cells are jointly
show actual observations of the transition in the apparatus. Aswarmed fromT; = 215 to 226 K. Spectra are offset for clarity. (b)

Tt Warms_ past 223_ K, the shoulders characteristic of the Difference spectra obtained after subtraction of consecutive IR spectra.
ferroelectric phase disappear (Figure 3a). To analyze the spectrasray bar marks the sulfate region (1650070 cnt?). (c) Temperature-

for the possible appearance of a delta function, we take the normalized variance of the difference spectra in the *QBIV0 cnr?
difference spectra at consecutive temperatures, as plotted irregion. Solid lines serve to guide the eyes and do not represent a model
Figure 3b. Large changes are apparent for the temperatureﬁt- Conditions: 3 slpm, 0.4 g-particlesigas, 8x 10° #-particles/
increase from 222.7 to 223.2 K. The temperature-normalized cm gas.

variance of the difference spectra in the 184070 cnv! region

(viz. the sulfate peak) highlights the spectral changes. The with that found by probing with inserted thermistors (under flow
variance as a function df is shown in Figure 3c. As expected, conditions). This gradient is a large improvement when com-
the maximum variance occurs at 223'Kyhich confirms the pared to the 10 K temperature gradient in the previous version
absolute accuracy of the temperature measurements, while thef our apparatu$! Measurements are also done in the reverse
half-height bandwidth is under 1 K. Because the ferro- to direction by settingT, = 230 K and stepwise coolings to
paraelectric transition is sharp (i.e., similar to ice melting at observe the para- to ferroelectric transition. Similar results are
273 K), any apparent temperature dispersion in the transition obtained. There is no kinetic inhibition in the phase transition,
(see Figure 3c), as compared to an idealized delta function, which is generally believed to be first-ord€r?! In short, Figure
reveals temperature gradients in the apparatus. The temperatur8 confirms accurate temperature measurement and acceptable
gradient ¢ 1 K indicated by the half-height bandwidth agrees temperature gradients in the apparatus.

A

T T
225 227
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The recorded extinction spectra (Figure 3a) also have s

NHgt X% =0.07040.008 a

contributions (a) from light scattering by the particles, as shown 3.54 By S0
in the sloping baseline toward higher wavenumbers, and (b) _ 3,0-W3_3K o\ o
from condensed-phase water in the aerosol. The condensed- g 25‘% 4
phase water arises in these spectra due to insufficient drying in =
the preconditioning chamber for the selected experiments. More £ 201 :
thorough drying procedures, including a longer residence time, § 1.51
yield spectra without condensed-phase water, as shown in Figure M 1.0
2. 0.5

2.6. Procedure and Operation.In a typical experiment], . . i . i y
andT; are first set equal and adjusted together to regulate the 4000 3500 3000 2500 2000 1500 1000

L . Wavenumber (cm-1)

apparent aqueous aerosol composition to approximately the
desired x* for a given experiment. For the range @af 2000 o
investigatedT lies between 250 and 271 K in all cases. Within ] Cooling 690-850 ot
the conditioning cell the aqueous aerosol exchanges vapor with 1000 <« = 0.03040.002

ice on the walls, which is deposited earlier during an apparatus
equilibration step at 215 K. Full equilibration, however, is not
obtained during the transit time (60 s) through the conditioning
cell. That is, the aqueous mole fraction composition of the
aerosol is not in equilibrium with the vapor pressure over ice.
The exact set point temperature for each investigated value of
x* is obtained by empirical feedback, in which we observe the J
IR spectrum and adjudt; until an aerosol with approximately 80
the desired apparent mole fraction composition is obtained (cf. 404
section 2.4.1). .
OnceT, is fixed, we then cool the freezing/obseryation cells 210 215 230 225 230 235 240
further. At warmT; values, the approximate* continues to T(K)
change ad is COOI?d' At SUfﬁCientl.y lowTr, however_,x* no. Figure 4. Detection of ice formation and assignment of apparent
Ionger. changes with further cooling (at least prior to ice freezing temperatureT(*). (a) IR spectra of flowing (NE}2SO/H,0
formation) because the water vapor pressures are sufficiently aerosol as the freezing and observation cells are jointly cooled Trom
low and the aerosol residence time is sufficiently short that = 223 to 216 K. Ice appears below 220 K. Spectra are offset for clarity.
vapor-phase mass transport from the walls does not affect(b) Temperature-normalized variance of the difference spectra in the
aerosol condensed-phase water content. This fact is verifiedregion of 696-880 cnt* (gray bar) forx* = 0.03, 0.07, and 0.11. The
through control experiments in WhICT} is dropped without respect_lve apparent fre_ezm_g temperatures qre taken as the maxima in
affecting the aerosol IR spectrum, as explained by Chelf and the variance plots. Solid lines serve to guide the eyes and do not

1A . . represent a model fit. Conditiond;; = 256 K, 3 slpm, 0.3 g-particles/
Martin.** At sufficiently low Ty, we then determine the exact ;s gas, 6x 10° #-particles/crh gas. Ratio of the liquid water band

x* for a given experiment. As a matter of coursejs typically (1650 cm?) to the sulfate band (1100 c#) in aqueous particles yields
determined in the range 233 T; < 243 K. These temperatures the apparent aqueous mole fractiort)(

are warm enough that freezing does not occur, while they are
cool enough that vapor exchange with the walls is not o ) )
significant. The latter fact is verified by the absence of spectral "ange. Changes in light scattering also accompany the ice
changes prior to ice formation. These temperatures are also cold€€zing event in this aerosol. To quantify the exact point of
enough that gas-phase water lines contribute negligibly to the the phase transition, we take difference spectra and plot the
observed spectra, for which correction (and associated experi-temperature-normalized variance for the 6880 cnttrange,
mental error) would otherwise be necessary. as shown in Figure 4b. The apparent freezing temperature is
Once the composition is determinef,is cooled to 208 K taken atthe maximum of the variance plot. To assist in further
and an IR spectrum (usually indicating ice) is recordBds analysis, the data points are approximated by an empirical fit

subsequently warmed stepwise to 240 K while IR spectra are to a Gaussian curve. Similar variance plots are also shown in
i * — * —
recorded. This approach of scanning temperature upward (ag 19uré 4b forx* = 0.030=+ 0.002 andk* = 0.110+ 0.016. It

opposed to downward) is convenient because temperature’S S€en thalli* falls steadily with increasing™. .
equilibrium is obtained more rapidly. Smaller temperature Figure 4b shows that the absolute variance (i.e. ytagis

, ) f N i
gradients are also observed throughout the AFT. After the scale) in the region 696880 cn1* decreases with increasing

experiments, the spectra are analyzed off-line by plotting Xr:' TEE prolbable e>|<p|anat|on for \{arlﬁnce ("e"l glgure 4b) is N
variance versus temperature (section 2.4.3). that the total aerosol water content in the aerosol decreases wit

increasingx*; the loading of (NH),SO, in the aerosol is
independent o*. Other contributions to the variance, especially
above 1000 cm!, are changes in light scattering, which
3.1. Ice Freezing Event in an Aerosol Containing Aqueous  accompany changes in aerosol number size distributions during
Particles. Figure 4 shows our approach to determining apparent the freezing event (i.e., growth of ice particles and shrinkage
freezing temperaturesT{). In Figure 4a, the IR spectra are of aqueous particles), and changes in aqueous mole fraction
shown for an aerosol containing aqueous particleg ef 0.070 composition (i.e., cryogenic pumping) that alter the infrared
+ 0.008 when cooled from 223 to 216 K. Spectral features of spectra.
ice?? (viz. a blue-shift and the appearance of a shoulder on the In our earlier modeling work® the ice freezing event is
3200 cn1! band and a blue-shift and intensity increase of the defined as 10% ice mass fraction freezing (i.e., the foot of Figure
650 cnT! band) are apparent at the lower end of the temperature 4b) based upon experimental work that defiffgdas the onset

N

(=3

(=}
I

Variance (x 106 K-1)
N

> 85

1 L

x*=0.110£0.016

3. Results
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Figure 5. IR spectra of mixed aerosol #1 &= 243 K. To form this
aerosol, flowing particles are equilibrated at 16, 24, 32, and 40% RH
at 298 K, passed through the conditioning c&ll€ 271 K), and cooled

to the observation temperatufg & 243 K) where the shown IR spectra
are recorded. Spectra are offset for clarity. Conditions: total water
content Tuzo, g/NP) = 2.8, 4.2, 5.6, and 7.0 at 16, 24, 32, and 40%
RH, respectively, 3 slpm aerosol flow, 0.3 g-particlesfgas, 6x 10°
#-particles/cri gas. Spectra are offset for clarity

of observed ice formation. In the present experimental work,
T¢* is redefined as the maximum in the variance plot, which
corresponds to approximately 50% ice mass fraction freezing.
Correspondingly, this new definition is also adopted for the
modeling work in this paper as the criterion of a positive ice
freezing event. The change in definitions shifts about 2 K
cooler in most cases.

3.2. Characterization of Mixed Phase Aerosols3.2.1.
Mixed Aerosol #1Figure 5 shows the IR spectra obtained by
steadily increasing the total water vapor content ¢@Hn-
gas) mixed with a dry aerosol at 298 K and cooled#es 243
K with T, = 271 K. The water bands at 3500 chand 1650
cmt increase in intensity while the gas-phasgOHfeatures
remain constant, which is consistent with the increasing conver-
sion from a crystalline to an aqueous phase at constant wate

activity (i.e., the deliquescence process). The asymmetric 1420

cm~!t ammonium peak also indicates the presence of JjNH
SOu(s). Besides these direct spectroscopic characterizations, w
note that the freezing behavior is entirely different from the
aqueous aerosol described for Figure 4 (see section 3.3).

For mixed aerosol #1, the mass balance for water suggests
that the ammonium sulfate should be completely deliquesced

even at the lowest water vapor loading of 2.8 gat3-gas,
which greatly exceeds the aerosol loading of 0.3 g-particles/

ms3-gas. However, the spectral evidence noted in the preceding
paragraph provides direct evidence of the presence of crystallineIO

(NH4)2SOy(s). The conclusion is that there must be other water
vapor sinks. A likely sink is the accumulation from previous

experiments of an ammonium sulfate detritus, which forms a
ubiquitous surface lining in the apparatus. At 298 K, vapor
exchange with walls is rapid (e.qg., the principle of the operation
of a diffusion dryer).

An important additional point is that*, when determined
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Figure 6. IR spectra of mixed aerosol #2 & = 230 K. (a) 1, IR
spectrum of an aqueous aerosgt (= 0.03, Ti* = 226 K). 2, IR
spectrum of dry aerosol. 3, IR spectrum of an externally mixed aerosol
when humid and dry flows are combinext (= 0.10, Ti* = 224 K).
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(1100 cntl) regions (gray bar). Arrows indicate spectral features
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6a-1) k* = 0.03,T* = 226 K), a second containing crystalline
particles (Figure 6a-2), and a third prepared by mixing secondary

lows #1 and #2 at 230 K (Figure 6a-3}*(= 0.10+ 0.015,

* = 224 K). Secondary flow #1 (dry) and #2 (humid) are
generated from the aerosols shown in Figures 6a-1,2, with the
exception of a decrease in flow rate from 3 to 1.5 slpm for
each secondary flow. The asymmetric 1420-érmammonium
peak (arrows shown in Figures 6b-2,3) shows the presence of
crystalline (NH),SOy. Further evidence for the presence of
(NH4)2SOqy(s) is shown in Figure 7-3, where the ferroelectric
hase is apparent at 210 K.

3.3. Freezing Characteristics of the Three Aerosol Types.
The freezing characteristics (bof¥f values and IR spectra) of
the three aerosol types differ markedly due to their distinct
physicochemical features. Figure 7 shows the IR spectra at 210
K after ice freezing is complete (cf. Figure 4b) for the three
aerosol types, all of which have = 0.11+ 0.01 according to
the composition calibration (which is carried out at warmer

by the water-to-sulfate ratio method (section 2.4.1), varies from temperatures during the same experiment but prior to any ice
top-to-bottom in Figure 5. In fact, the actual mole fraction of freezing; see section 2.6). Tfig' values are 216, 220, and 224

the aqueous phase is constant, as follows from Gibbs phase ruld for the aqueous aerosol, mixed aerosol #1, and mixed aerosol
(omitting Kelvin effects) for this binary system when two #2, respectively. The aerosol containing only aqueous particles

condensed-phases are present. This problethamises because

shows the deepest apparent supercooling.TPhealues at other

the IR spectra include contributions from both the crystalline x* values are summarized in Figure 8.
and the aqueous ammonium sulfate components of the aerosol, Figure 7b shows an expanded spectral region for the

whereas the calibration curve is only for the aqueous portion.
3.2.2. Mixed Aerosol #ZThe IR spectra shown in Figure 6

ammonium and the sulfate peaks of all these aerosol classes at
210 K. The solid arrows clearly indicate the formation of a

are recorded for one aerosol containing aqueous patrticles (Figurecrystalline ferroelectric phase in mixed aerosols #1 and #2. In
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Figure 7. Further evidence on the mixing state of the aerosol is
provided by the IR spectrum at temperatures below the ice freezing
event. (@) IR spectra as = 210 K of three aerosols with similar
apparent compositiork{ = 0.11 4+ 0.01) but composed of distinctly
different particles: 1, aqueous particlds:(= 216 K); 2, Mixed aerosol
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contrast, no crystalline ammonium sulfate is apparent at 210 K
in the aerosol initially containing only agueous particles.

4. Discussion

4.1. Estimation of Nucleation Rates by Inversion of
Freezing Data.In theory, the variance plots in Figure 4b track
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Figure 8. Summary ofTi* results reported for several aerosol flow
tube experiments. Present work: aqueous parti@é@sntixed aerosol
#1 (), and mixed aerosol #2). Also shown are Chelf and Marfih
(0), Cziczo and Abbatt (<), and Prenni et dP (»). Note that each
cited work definedli* somewhat differently. See sections 4.2 and 4.3.

interpretation to invert the freezing data to estimfg). The
process is shown in Figure 9a, in which an analytic function
(viz. a Gaussian fit to the data) approximates the data at a single
mole fraction composition. The integratEdis shown in Figure
9b. At 1 K temperature interval§; is simulated in an iterative
fashion for different tesf values until agreement is obtained
with Figure 9b. Repetition of this process at several temperatures
yields theJ(T) function. Similar calculations are carried out at
several other mole fraction compositions. The results are
summarized in Figure 9c. (THevalues forx* = 0 are calculated
according to Tabazadeh et%l

The simulation of the ice freezing event employs several
simplifications, which partially contribute to the uncertainty
indicated by the gray bars in Figure 9c. The simplifications are
as follows. Each simulation is initiated with the same dry
aerosol, whose number size distribution is measured with the
SMPS. The distribution is characterized by a 300 nm diameter
mode size having a geometric standard deviation of 1.7 and a
total particle concentration of & 10° particles/cri-gas). To
obtain the desired apparent mole fraction composition (g*g.,

the complete (i.e., 100%) conversion in the aerosol of aqueous= 0.07) for a simulation run, the dry aerosol is hydrated. The

water to ice. Figure 4b shows that the variance full bandwidth
of the ice freezing event is about 5 K, which is larger than the
apparatus temperature gradientd & (cf. section 2.5). The 5

K bandwidth then provides information about the details of the
ice freezing event itself. With the help of a model treatment,
we invert the freezing bandwidth data to estimate volume

nucleation rates as a function of temperature and composition,

J(T,X). The model, which is described fully in Hung and
Martin,'®> sequentially includes (1) hydration of the crystalline

simulation temperature is then dropped frdipto Tr. For
simplicity in these simulations, both the Kelvin effect and water
vapor condensation are omitted during the temperature drop.
At T, the homogeneous nucleation event occurs. The magnitude
of this event is regulated by the choice of thealue, which is
the parameter iteratively optimized, and by the time period
allowed for nucleation (40 s). Another critical uncertainty is
the decoupling of the nucleation and mass transfer evénts.
According to our previous modeling wotRthere is only a

particles, (2) homogeneous ice nucleation to form ice within weak sensitivity of the results on the time period (varied from
some of the particles (as determined by Poisson statistics, the30 to 120 s) for the homogeneous nucleation and vapor-phase
candidate)(T,x) value, particle diameter, and residence time), mass transfer events. The transit time of the particles from the
and (3) vapor-phase mass transfer gOHrom aqueous to ice  cold region of the freezing cell to the center of the observation
particles. cellis 40 s, though the extinction spectrum averages across the

The y-coordinate for the ice freezing event is the ice mass length (including the center region) of the observation cell. In
fraction of condensed-phase®lin the aerosolF,. The area comparison to the residence time, the freezing event is much
under the variance curve is thus understood as unity ice massmore sensitive tdI' because)(T), which regulates the homo-
fraction freezing. By this understanding, each temperature stepgeneous nucleation event, af,o(T), which regulates the
downward provides an incremental increas& inFigure 4b is vapor-phase mass transfer, depend hyperexponentially and
thus the first derivative of, with temperature. We employ this  exponentially, respectively, on.
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Figure 9. Inversion of the ice mass fraction freezing data to estimate
rates of homogeneous nucleation. (a) Gaussian fit to the differential
ice mass fraction freezing data (viz. variance plot from Figure #b) (
= 0.07). (b) Integration of the Gaussian fit. (&)values (cm® s%)
optimized in the simulation to agree with Figure 9b (i.e., data inversion)
(x* = 0.07). Calculations are also reported #or = 0.03 and 0.11.
Thex* = 0 data (i.e., pure water) are from the model of Tabazadeh et
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from the inversion calculation.

The single largest uncertainty in the model treatment is likely
the effective mass accommodation coefficienty ¢mployed
in the vapor-phase mass transfer event. &healues applied
in the inversion analysis are unity for all of the aqueous
concentrations and temperatures. Some support fer1 for
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water vapor condensation on ice is found for the case that ice rigyre 10. Simulation results for ice freezing events of (}s5OJ

growth in the aerosol flow tube is described as a “cold mixed
phase cloud.” In this case, according to Nelson and B#ker,
vapor diffusion is the dominant impedance in ice growth, and
oo = 1 for water vapor on ice is accurate. This scenario is
appropriate at the high far-field supersaturations and cold
temperatures inside the AFT.

4.2. Apparent Freezing Temperatures in Several Experi-
mental Apparatus. As reported earliet? we wish to know if
a singleJ-function can reconcile the differemf* values reported

H.O particles in several experimental apparatus. (a) Fhacleation
function (T X)) optimized to minimize the difference between observed
and simulated apparent freezing temperatures. Contours of constant log
J (cm3 s71) are shown. Gray bars show constraints imposed from the
inversion results (Figure 9c). (b) Comparison betwdgh values
experimentally reported and those simulated based upon the optimized
J-function. Points: ice formation in (NBLSO,/H-0 particles observed

by OM and DSC),'°CFD (v, v, V),**and AFT-IR (Prenni et al?
Cziczo and Abbatt? Chelf and Martint* and the current work)A, <,

O, @). The lines indicate the model simulation results based on the
J-function shown in part (a). (c) The figure notatidhis interpreted

in several experimental apparatus, including AFT-IR, CFD, OM, as follows. When one o particles nucleates ice homogeneously in

and DSC. Freezing events in each of these techniques occur a

he AFT-IR experiment, then there is sufficient residence time (40 s)
the observation cell for vapor diffusion from the remaining aqueous

different J-values for several reasons, including different particles such that an ice freezing event will be observed (i.e., 50% ice

characteristic particle sizes (e.g., 300 nm versus:i) and
different sensitivities to ice freezing events (e.g., 50% by mass
in DSC versus 1 particle in 1000 in CFD-0.001). Ice freezing
events for (NH).SOs/H-0 patrticles are indicated in the several
apparatus for thresholi#ivalues (cm® s™1), as follows: 16to

10 (revised for current work), F0to 102, 1C°, and 16,

mass fraction freezing).

respectively, for AFT-IR, CFD, OM, and DS (The J-value
range of 18to 13 for AFT-IR is the revised recommendation
based on the change from 10% to 50% for ice mass fraction

freezing as the definition of* [cf. section 3.1].)
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agreement between the bandwidths of the simulation (Figure

06 ] 11) and those of the measurements (Figure 4bxfor 0.07.

0.4 - (Cooling However, the simulated bandwidith is narrower than observa-
1 x=0030 tions forx* = 0.03.

0.2 4 Figure 11 shows that one particle in®lfdeezes by homo-

o] o geneous nucleation on the warm side of the Gaussian peak for

x* = 0.070; the remainder of the ice freezing event originates
from vapor-phase mass transfer from the remaining aqueous
particles to the ice particles. In contrast, on the cold side of the
Gaussian peak, homogeneous nucleation provides an important
direct contribution to the freezing event, in which one particle
in 10 freezes by homogeneous nucleation. These same general
230 235 240 features are also true at more dilute concentrations (e-.g=,

0.030 in Figure 11), though there is an overall relative shift
Figure 11. Simulation results of ice mass fraction freezing Bs favoring larger contributions from vapor-phase mass transport
decreases in the aerosol flow tube experimentxfor= 0.030 (top) in the freezing event due to the increase in water vapor pressure.
and 0.07Gt 0.003 (bottom). Thd-nucleation function shown in Figure  The associated effect is a sharpening in the freezing bandwidth
10 is employed. The particle size distribution is initialized from SMPS  from abou 5 K for x* = 0.070 b 2 K for x* = 0.030. Prenni

measurements. The ice freezing event is simulated at each temperatur: 12 i i i
for 40 s. TheN values are denoted for the results fgr= 0.070 (see Ets?(l* dl;aeé)r(;ratlsa;gecrease from 6 2 K in thefreezing bandwith

Figure 10 caption). Solid lines serve to guide the eyes and do not ’ ' ) ] ) )
represent a model fit. There is one final issue to emphasize with regard to sections

4.1 and 4.2. For the aqueous aerosol, common sense and the

Figure 10a shows the tridHfunction that is constrained by =~ model treatment both suggest than at sufficiently low temper-
the J values in Figure 9c and optimized to agree with e atures (e.g., 210 K), homogeneous ice nucleation in each
values of CFD, OM, and DSC. The optimizeH function aqueous particle should be rapid and 100% of the particles
minimizes the sum of the squares of the differences betweenshould form ice (i.e., 1 particle in 1 in relation to the preceding
the simulated and the reportef* values for the several discussion of 1 inN). In this case, we would also expect
experimental apparatus. The AFT-IR data of refs 13 and 14 areammonium sulfate to crystallize, and the ferroelectric form
omitted in the current analysis because we wish to focus on theshould then be present at low temperature. In fact, as reported
aerosol class containing only aqueous particles (see section 4.3)in section 3.3, the aqueous phase is still present at 210 K
A residence time of 40 s is employed for the homogeneous ice following the ice freezing event for the aqueous aerosol. From
nucleation and the vapor-phase mass transfer events, as corthis result, two conclusions can be reached. First, the model
sistent with the new apparatus (20 s shorter than our earliertreatment is not complete because its predictions differ from
work?9). some of the observations. Important factors that the model does

The comparison between the simulated and the repdted ~ not treat include physical mixing of air parcels, vapor-phase
values is shown in Figure 10b, based upon the optimized mass transfer to the walls, coupled freezing and vapor-phase
function in Figure 10a. Th&* values of the simulations and mass transport, and smooth cooling (i.e., the homogeneous
the experiments agree well for CFD-0.1 and CFD-0.01. How- nucleation event in the model simulation occurs only at the
ever, for CFD at the 0.1% detection level (viz. CFD-0.001), lowesttemperatures). In reality, a possible explanation consistent
the simulatedy* values are cooler than the experimental results. with the observations is that, due to the aforementioned omitted
In contrast, the simulateds* values are warmer than the factors, one particle in many nucleates ice prior to others and
observations for both OM and DSC. These results are consistentoegins to grow by vapor-phase mass transport gd From

Ice Mass Fraction Freezing (K'!)

with the conclusions of Hung and MartiA:the T¢* values evaporating aqueous particles. The remaining agueous particles
reported for ice freezing events in (MESOy/H,O particles for increase in their mole fraction composition and thus are less
several experimental apparatus do not appear to be self-likely to nucleate ice. These particles are physically separate
consistent. from ice and indefinitely metastable: there is no foreign surface

The numbem is provided next to selected points in Figure for the heterogeneous crystallization of ammonium sulfate.
10c. When one oN particles nucleates ice, then there is a According to this explanation, the aqueous phase is then still
sufficient residence time (40 s) in the observation flow cell for present at 210 K, as consistent with observations. Related to
vapor diffusion from the remaining aqueous particles such that this insight is the second conclusion: this explanation provides
an ice freezing event is observed (i.e., 50% ice mass fraction).indirect support of the validity of the vapor-phase transport
Figure 10c shows there is a monotonic decreasd iwith model such that the freezing of one particle in many yields an
decreasing temperatures, which results from the diminishing ice freezing event in the IR spectra.
contribution of mass transfer to the freezing event as water vapor The possibility of homogeneous nucleation of crystalline
pressure falls with temperature, as discussed by Hung andammonium sulfate in the aqueous particles at 210 K should also
Martin.> TheN values in the current study are about one decade be considered. If the aqueous phase is in equilibrium with ice
lower than the earlier worl§ which arises both from the shorter  at 210 K, its aqueous mole fraction composition is3.@bsent
residence time (40 s compared to 60 s) and the criteriof¢for Kelvin effects. The saturation ratio with respect to the paraelec-
(50% compared to 10% ice formation). tric phase is 23.2, yet crystal formation does not occur during

The J function from Figure 10a is employed to simulate the the residence time in the AFT. Onasch et’and Cziczo and
ice freezing fractions fox* = 0.03 and 0.07 as a function of  Abbatt® show that crystallization is not rapid until the saturation
temperature (Figure 11) (cf. Figure 4b). A residence time of 40 ratio approaches 35, at least at 233 K. Thermodynamic
s anda = 1 are employed. The plot shows the temperature- information on the ferroelectric phase is unavailable, but the
normalizedF, as a function ofT;. There is good qualitative  saturation ratio is certainly larger than 23.2, as pursuant with
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Figure 12. Comparison aly = 226 K, which is prior to the ice freezing 15'00 14|00 13|00 12'00 1100 1000
event, of the IR spectra of the aerosol of the current study with the IR Wavenumber (cr-1)
spectrum of the aerosol employed by Chelf and Mdktifa) IR spectra . . . S .
of four aerosols with similar apparent compositier & 0.114 0.01) Figure 13. Comparison afly = 214 K, which is cooler than the ice

Lot ; : . ; freezing event, of the IR spectra of the aerosol of the current study
but d of distinctly diff t particles: 1, tidle ; i
:uzti%m}gc_)sze n?ixelc? !::royso: :{18-{2 Eaglz%ei). 3 ar%?f;duzgrac:slol ;2( with the IR spectrum of the aerosol employed by Chelf and Maftin.

_ . . : _ IR spectra of two aerosols with similar apparent compositighs (
(Ti* = 224 K); 4, Chelf and Martin's preparati&h(Ti* = 223 K). (b) (_a) . . .

Expanded spectral region for ammonium (1420°8rand sulfate (1100 — 00|7 + 9.0_0&;)21anéj _a2 cryﬁtzlafllme f p'\j\rtlc_le’ reference_%l_,r aqueous
cm™1) regions (gray bar). Arrows indicate shoulders characteristic of partic ?5 T = ‘ ); 2, Chelf an artin’s preparatioh( =
crystalline ammonium sulfate. 227 K); 3, crystalline particles. (b) Expanded data for ammonium (1420

cm1) and sulfate (1100 cm) regions (gray bar). Arrows indicate

. L . . shoulders characteristic of crystalline ammonium sulfate.
the basic principles of thermodynamics for reasonable physical

parameters, because the paraelectric phase is metastable with
respect to the ferroelectric phase at 210 K. particles to the recorded IR spectra. Qualitative correction for
4.3. Comparisons with other Aerosol Flow Tube Experi- this error shifts thel+* curve of Chelf and Martin in Figure 8
ments.A compilation of the results obtained in the current study, {© more dilute concentrations, which is in better agreement with
as well as by other workers employing AFT-IR, is shown in the current study on aqueous aerosols. Quantitative correction
Figure 8 for the ice freezing experiments with (B)p50/H,0 requires a measure of* of the aqueous component of the
particles. Our current results for an aerosol containing solely aerosol; an estimate could be made if the fract!onal crystallllne
aqueous particles appear to agree with the work of Prenni otcontent of the aerosol were known. (The light scattering

al.»2 Our current results for mixed aerosol #2 apparently agree gogggfaugggahosgguéﬁaﬁz:;-4ir:sihrgugﬁnﬁzsnltﬁﬁge;nsitzle dicfstt?ii;u-
with the Chelf and Martiif results, as well as similar earlier tign A TS| 3076 atomizegr is em Ioped in the current studyv to
results reported by Cziczo and Abb#it. ’ ploy y

. o generate aerosol, whereas Chelf and Martin employed a vapor
4.3.1. Chelf and MartinAn explanation is now apparentto  -qndensation method.)

explain the warm freezing results of Chelf and Mafttifrigure An additional insight is provided by examining the spectra

12 shows spectra having in commegh= 0.11+ 0.01 atT; = of Chelf and Martin after the ice freezing event, as shown in
226 for the three aerosol classes employed in the current studyrigure 13. The aerosols in the current study and in Chelf and
and for a similar aerosol from the Chelf and Matfistudy. Martin are both characterized at temperatures prior to freezing

The presence of crystalline (N}4SQ; in the Chelf and Martin - and have similar apparent compositiors £ 0.070+ 0.008).
study is apparent in the 1420 cfrpeak shape of the ammonium  After ice freezing (e.g., 214 K), however, the aqueous aerosol
ion (arrow in Figure 12b-4). Furthermorg} = 223 K for Chelf of the current study retains aqueous ammonium sulfate particles
and Martin’s report/ which agrees well witiy* = 224 K for (cf. Figure 13a-1 and discussion of Figure 7 in section 3.3). In
the mixed aerosol #2 (g.v. section 3.3). We conclude that Chelf contrast, the spectrum of the Chelf and Martin aerosol shows
and Martirt* studied an aerosol containing both crystalline and crystalline phase features, as revealed by the ferroelectric
aqueous particles. The effect of a mixed state aerosol is thattransitions (cf. Figure 13b-2). The conclusion is again that Chelf
the reportedk* values for the agueous portion of the aerosol and Martin studied an aerosol containing both crystalline and
are systematically too large, due to the contribution of crystalline aqueous particles.
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4.3.2. Cziczo and AbbatiThe T¢* values of Czizco and The related question is why we find® = 0.036, whereas
Abbatt!® which are similar to those of Chelf and Marfif, Prenni et alreportx* = 0.018. Prenni et akstimate composi-
suggest that an aerosol containing both crystalline and aqueougion by assuming equilibrium with ice on the walls in the
particles was studied. Section 3.4, “Static Mode,” of ref 13 conditioning tube, whereas we estimate the composition from
appears to corroborate this conclusion. In that work the the spectroscopic features. We speculate that eithehanges
ferroelectric features appear in an aerosol cooled to 219 K. If from 0.018 in the conditioning cell to 0.036 in the observation
the aerosol were initially aqueous, crystallization by ef- cell of Prenni et alor the particles of Prenni et.ahre small
florescence would not be expected because the water activityenough that a water vapor pressure correspondingy +00.018
falls to only 0.61325Hence, the formation of the ferroelectric ~ over a flat surface equilibrates wittt = 0.036 over a curved
phase suggests that a paraelectric crystalline phase was initiallysurface due to the Kelvin effect. The second possibility seems
present. These results are analogous to the discussion of Figur&ery likely, requiring a 2% water vapor pressure correction. Such
13 of the current paper. Our detailed investigations (e.g., Figure @ correction corresponds to roughly 100 nm diameter aqueous
3) also reaffirm that the para- to ferroelectric transition is not particles for typical surface tensions, though measurements by
kinetically inhibited and occurs at 223 K; Czizco and Abbatt Prenni et alsuggest particles closer to 300 nm.
report the transition at 219 K, which probably indicates In a model treatment, Hung and Ma#dfrconsider howx*
temperature uncertainties in their apparatus. An additional point values might differ when estimated from the IR bands (AFT-
is that the efflorescence experiments (e.g., Figure 13 of ref 13) IR-1) (i.e., the current study) as compared to the assumption of
are also consistent with an aerosol initially containing a fraction equilibration with ice on the walls at higher temperatures (AFT-
of externally mixed crystalline particles (e.g., see Martin é¢al.  IR-2) (i.e., a method similar to Prenni et)alAll other factors
for F < 1, whereF is the fraction of total particles containing being equal, Hung and Martin conclude thk&(AFT-IR-1) <
a solid inclusion). That is, the accuracy of the efflorescence X*(AFT-IR-2). As described above, our analysis of the spectra
work in ref 13 precludes neither a mixed state aerosol nor the of Prenni et alprovides the opposite conclusion th&(AFT-
interpretation offered by us for the static mode experiments. IR-1) > x*(AFT-IR-2). To address this discrepancy, of first

For a mixed state aerosok* depends on the fraction of Importance is that the analysis in the two preceding paragraphs
crystalline material in the aerosol. The apparent close agreementS Pased upon the experimental observations and is thus the

between thd x*, Ti*} values of Czizco and Abba#tand those standard against which to compare the simulation results.
of Chelf and Martid* at first suggests similar quantities of Because those results do not agree with the observations, the

crystalline material in the aerosols. However, the evidence in Simulation appears to be missing a physical component. The
this regard is mitigated by two facts. First, the shallow slope MOSt notable omission is the absence of cryogenic pumping of
(i.e., dTy*/dx*) apparent in Figure 8 for these two sets of results water vapor from the aerosol to the ice on the walls (i.e., the
indicates a low sensitivity on the crystalline fraction. Second, Vapor pressure of the aqueous aerosol is greater than the vapor
the error bars on the* values also render less certain any pressure of ice on the walls). As such, when the aerosol cools,

apparent agreement. For these reasons the crystalline fractiong‘iat]le.lr \;apo;_ﬁonderés?s on tlh?. aertc;]sol (|nste|a<;§f;r|1:e_rvxllglls) and
in the aerosols studied by Czizco and Abbagnd those of x* dilutes. The model simulation then concludegAFT-IR-

. . ) o
Chelf and Martid* may still be somewhat different while still 12 ;F)':' I(éFlT IRdzz’ ::_? I:g ;hetreslgectgle detetrmmatl(:ns of
yielding results that appear similar in a representation such as’ (AFT-IR-1) andx*(AFT-IR-2) at cold and warm temperatures.
Figure 8. At the other extreme, if all excess vapor is scavenged by the

. . . walls, then we obtaix*(AFT-IR-1) > x*(AFT-IR-2) due to
4.3.3. Prenni et alFigure 8 shows that thex*, T} values e Kelvin effect, which is implicitly included in -IR-1 and

for the aqueous aerosol of the current work appear to agree witheylicitly excluded in -IR-2. That the observations obey this
those of Prenni et &F Prenni kindly provided us with high-  second inequality suggests that an improved future simulation
resolution spectra from his data in Figure 3 of ref 12, and the \yoyq include spatially dependent components, rather than the
features of crystalline ammonium sulfate are absent. The Prennicrrent box model implementation, to incorporate vapor ex-
et al. spectra agree with those shown by us in Figure 12 for an change with the walls. It is worth emphasizing that at the first
aerosol composed of agueous particles. level of inquiry the{x*, T¢*} values of this work agree well

This exceptionally good apparent agreement between ourwith Prenni et al., as well as with the simulation of Hung and
results for aqueous particles and those of Prenni et al. is Martin, and that the detailed considerations in the last few
unexpected: Prenni et al. repoff* values as the onset of paragraphs take the comparisons to a higher standard in a deeper
freezing (i.e., the foot in Figure 4b) whereas the values in level of inquiry.

the current work are reported for 50% ice mass fraction freezing.  4.3.4. Comparison with }$Q/H,0 AerosolsAs compared
According to Figure 4b, there is a3 K difference between  to (NH,),SO/H,O aerosols, the freezing results based on
these two endpoints. Such a difference does not occur in theAFT-IR measurements for 404/H,0 aerosols agree much
T¢* values shown in Figure 8. This result can be explained by betterl227-29 This consistency may arise because no solid phase
consideringx* for the two investigations. Analysis of the s believed to form in HSOy/H,O aerosols (i.e., SAT and SAH
provided spectrum by Prenni (viz. Figure 3 of ref 12) by the nucleation is usually kinetically inhibited) prior to the freezing
approach described in section 2.4.1 yields= 0.036, whereas  event. The consistency may also arise for a second reason, as
Prenni et al. repork* = 0.018 (12 wt %). When we extend follows: if H,SOy/H,0 particles homogeneously nucleate ice
this analysis to the results shown in Figure 8, the data points at lower temperatures than (INESOy/H20 (for samex*), then

for Prenni et alshift to higherx* values, which then places the  vapor-phase mass transfer will make a smaller gquantitative
reportedT¢* values of that work 2a 3 K warmer than the values  contribution to the ice freezing event o£80,/H,O aerosols.

of the current work. Based on Figure 4b, just that difference The implication is that AFT-IR differences in apparatus
would be expected based upon the differences in the definition geometry, aerosol loading, and other factors that affect mass
of T¢* (viz. the onset of freezing versus 50% ice mass fraction transfer, but not homogeneous nucleation, will play a smaller
freezing). role in the freezing events of430,/H,O aerosols. In this case,
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AFT-IR studies on HSOJ/H,0 aerosols would be more self- is indeed present. One possibility is that the metastable aerosol
consistent than for (Nf.SOy/H,0 aerosols. does not have sufficient residence time in the apparatus to
4.3.5. Differences among Apparatusis not obvious why complete vapor-phase mass transport from the aqueous particles
the experiments of Czizco and Abbatand Chelf and Martit to the crystalline particles. To address this possibility, we
yield aerosols containing both crystalline and aqueous particlescompleted model calculations.
while both the current work and that of Prenni ef@akield In the model, we treat the surface initiation step for
aerosols containing aqueous particles only. However, the deliquescence as instantaneous, at least by our available
spectroscopic and freezing results appear to clearly indicate theobservational techniques, because we believe there is no
differences. One key change in the new apparatus (see sectiomucleation barrier to the formation of a critical aqueous germ
2.3), and also a feature of Prenni et'dlis that the AFT is of (i.e., the deliquescence nucleation event is fa%ff.31After the
constant diameter throughout all cold regions, thus supporting formation of a germ, however, water vapor flux is required to
laminar flow while avoiding problems of ice plugging. The support the continued expansion of the aqueous phase. It could
apparatus of Czizco and Abbgtiand of Chelf and MartiH be possible that the residence time within the IR cells is
both employ narrow junctions between the conditioning and the insufficient for vapor-phase mass transfer to occur to an
observation cells. These junctions plug and promote turbulent appreciable extent from the aqueous to the deliquescing crystal-
flow, which may influence the physical state of a fraction of line particles. If so, the crystalline particles, due to the time
the particles in the aerosol. required for vapor-phase mass transport, would convert to a
4.4. Detailed Mixing State of Aerosols4.4.1. Description.  shell-core morphology of an aqueous outer layer and a crystal-
There are two likely scenarios for the detailed physical mixing line inner core.
characteristics of mixed aerosols #1 and #2: (a) some crystalline Figure 14 shows the results of the calculations for the mixing
particles deliquesce completely, yielding an externally mixed of two equal flows, the first containing aqueous particles and
aqueous/crystalline aerosol or (b) the outer regions of the the second crystalline particles. In the simulation, we omit the
crystalline particles deliquesce while retaining inner crystalline details of the mixing process and assume complete mixing at
cores to yield an internally mixed aerosol. In our present work, zero time, i.e., the model is initiated with two bin sets, one of
we do not discriminate between these two possibilities. Under aqueous and the other of crystalline particles. Equal flows of
either scenario, the* of the mixed aerosols depends on the aqueousx* = 0.03) and crystalline particles are mixed at 225
relative fraction of crystalline and aqueous particles and upon K for 5 s. Nucleation of deliquescence is assumed to be
the mole fraction composition of the agqueous portion. The instantaneous so long as the vapor-phase water activity is
apparent freezing temperatures depend both on the internal orsufficient thermodynamically. The time period (5 s) for vapor-
the external mixing state of the aerosol and on the aqueous molephase mass transfer from the aqueous to the deliquescing

fraction composition. crystalline particles is shorter than the combined residence time
If the aerosol is externally mixed, the points shown in Figure in the freezing and the observation cells (40 s) because water
8 for Chelf and Martid* may translate freely along the-axis vapor pressure falls once the ice freezing event is initiated by

at fixed Ti*, as dependent on the crystalline fraction of the homogeneous nucleation. The result is to squelch deliquescence.
aerosol. In this case, the results for Chelf and Martin can be In our simulation treatment, a decoupled model is implemented
rationalized to be consistent with the results of the present work in which a possible deliquescence event is treated separately
for aqueous particles. Alternatively, in the second case, if the from the ice freezing event. The decoupled treatment provides
aerosol is internally mixed, heterogeneous nucleation is likely some qualitative insights without the expectation of quantitative
important because the crystalline (WbQ, inside the aerosol  applicability. A decision is necessary about how long to run
particle may enhance ice formation at the interface. The the simulation, at first for possible deliquescence, before
complexity of heterogeneous nucleation is partially revealed in switching the simulation over to possible homogeneous ice
the recent paper of Zuberi et.®We do not further address  nucleation (which definitely occurs at 225 K amti = 0.03).
possible aspects of heterogeneous nucleation in this papern the current work the sensitivity of the results to the selection
because the range of current experiments is insufficient for of 5 s is notinvestigated. The number- and mass-size distribu-
informed considerations. tions for aqueous particles in the humid aerosol, prior to mixing
4.4.2. Modeling.When we suppose an externally mixed with the crystalline particles of the dry aerosol, are shown in
aerosol, we conclude that the: values determined from the ~ Figure 14a. The IR extinction is weighted by mass. The mass
IR spectra require that the aqueous particles must have diluteSize distribution shown in Figure 14a thus indicates that the
mole fraction compositions so that the IR spectra of this portion Supermicron particles contribute most significantly to the
of the aerosol, when combined with the contribution by recorded IR spectrum.
crystalline ammonium sulfate particles & 1), yields the Employing the simulation described by Hung and Ma#tin
observed*. A key point is that the aqueous composition must for several values af, Figure 14b shows the averaged aqueous
be more dilute than a saturated solution. Our conclusion is mole fraction composition in many size bins for the two
apparent from observing that tlk& values for many points are ~ components of the aerosol, including particles initially crystalline
less than 0.08 for mixed aerosols #1 and #2 in Figure 8. Along and initially dilute aqueous. At long times when the aerosol
the aqueous-crystalline coexistence ling/ddl is sharp; sug- approaches equilibrium (dotted ling;= 0.058 with Kelvin
gesting the coexistence mole fraction composition is ap- effect omitted), the two components of the aerosol are indis-
proximately 0.08 at the observation temperatures below 233 K tinguishable, provided a sufficient water reservoir exists in the
because the composition is 0.082 at the eutectic (253 K). Theaqueous fraction to fully deliquesce the crystalline fraction (as
mixed aerosols are thus metastable because the water activitys true in the present simulation). The average mole fraction
of a vapor-phase in equilibrium with the aqueous particles is compositions y-axis coordinate) for the bins of the initially
sufficient thermodynamically to initiate deliquescence at the crystalline aerosol are calculated from averaging the contribu-
surface of the crystalline particlé$3! We emphasize that the  tions of the crystalline and the aqueous components, while the
IR spectra for these aerosols indicate that the crystalline phaseaverage mole fraction composition for the aqueous bins is simply
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= Several arguments support the likelihood thatfor water
o 81 2 condensation on aqueous ammonium sulfate droplets is lower
E 2 than 0.06. First, to the extent that a salt may be regarded as an
Z 6 2 impurity, impurities usually reduce.3? Second, Prenni et &f
< — s note that the residence time in the conditioning region for
%4 =1 aqueous ammonium sulfate aerosol must be increased signifi-
':E) i % cantly, as compared to sulfuric acid aerosol, to obtain equilib-
3 Lo § rium with ice. If sulfuric acid, as an upper limit, is considered
g2 - equivalent to water, then the implication is thafor aqueous
:°E -1 z ammonium sulfate is smaller. Third, Shulman e€®ahave
0 : . J o & directly observed unexpectedly smallfor the evaporation of
0.1 05 1 2 3 aqueous ammonium sulfate droplets. Evaporation and condensa-
Diameter (im) tion coefficients are often taken as eqéflVhen taken together,
1.0 ————. T =TT =TT 5 these factors arguably suggest the mass accommodation coef-
225K ficient of water condensation on aqueous ammonium sulfate
0.81 naﬂ“ﬁ surfaces is less than 0.10 and likely less than 0.01.

There are several additional interesting features in Figure 14b.
According to the assumptions of our model, small diameter
crystalline particles do not deliquesce due to the Kelvin efféct.
This simulation result disagrees with recent experimental
observations, which find deliquescence of smaller particles more
favorable3” This disagreement probably arises because our
calculations include a Kelvin correction for the aqueous patrticles
! but omit a similar size-dependent effect on the free energies of
o 05 1 2 3 the crystalline particle®3°Figure 14b also shows that for high

Diameter (um) mass transfer rates (e.g.,= 1) water vapor rapidly hydrates

Figure 14. Simulation of vapor-phase mass transfer effects on particle the initially crysta!llne particles. Thg agqueous concentrations
composition when equal flows of aqueous and crystalline particles mix Of the largest particles (both crystalline and aqueous) undergo
atT; = 225 K (i.e., simulation of mixing secondary flows #1 and #2). the smallest changes due to the large mass reservoirs, as
(a) The number and mass size distributions for an aerosol containingcompared to the finite water flux. The competing Kelvin effect
aqueous particles prior to mixing{= 0.03). Because the IR detection  for small particles and mass transfer effects for large particles

method responds proportionally to mass, the mass size distribution yje|d composition accommodation most rapidly for intermedi-
shows that those particles greater thamicontribute mostly strongly ately sized crystalline particles

to an observed IR extinction spectrum of the aerosol. (b) The ) g . .
dependence on particle diameter of the bin-averaged aqueous mole 1he simulation results are sensitive to the composition- and
fraction composition (see text), both before and after mixing. The temperature-dependent aqueous surface tensions. However, the
distributions prior to mixing are indicated by lines for aqueous (line) aqueous surface tensions of ammonium sulfate, especially at
and crystalline (dashed line) particles. After mixing the symbols (large |ow temperatures and for supersaturated results, are not well
symbols for initially aqueous particles and small symbols for initially known3” We employ the function given in our earlier work.

crystalline particles) show the simulated aqueous concentrations (5 s g
residence time in freezing cell prior freezing).( = 1; A, o = 0.1; If the true aqueous surface tensions are greater than those

O, o = 0.01 for mass accommodation coefficiet If a < 0.1, these employed in the simulation, deliquescence is thermodynamically
calculations conclude that slow vapor-phase mass transfer inhibits less favorable (i.e., an extension of the Kelvin-effect-inhibited

deliquescence during the residence time in the aerosol flow tube atno-deliquescence line in Figure 14b to larger diameters) with
225 K. The dotted line shows the compositions at long times=( the associated effect thatcould exceed 0.1 while slow vapor-

0.058) (i.e., an equilibrated aerosol when the Kelvin effept is omitted). Hhase mass transfer would still inhibit deliquescence due to the
For the parameters chosen, the aerosol is composed entirely of aqueou creased surface tensions.

particles at equilibrium, which is not attained in the simulation.

<
~
L

<
[
L

Average Mole Fraction ((NH4),SOy4)
=3
L=
i

the aqueous mole fraction composition. The average mole > Conclusions

fraction is calculated from the number of moles of (¥$Q0s  The following conclusions are drawn from the current work.
in both the aqueous and the crystalline states divided by this (1) The differences in the apparent freezing temperatures of
quantity plus the moles of 0 in the aqueous phase. (NH4)-SO4/H,0 aerosols, as reported for several aerosol flow

The results show that the two components of the aerosolstube experiment® 14 arise principally from the physical
remain highly distinct (i.e., characterized by different mole makeup of the aerosol. For an aqueous aera$a$ accurately
fractions) fora. < 0.1, where the average mole fraction for the obtained from an IR calibration curve of band ratios. For a
initially crystalline particles remains significantly above the mixed-phase aerosol containing both crystalline and aqueous
equilibrium composition, especially in the mass mode, which particles,x* values obtained by the same calibration method
is the mode of importance both for the IR spectrum and the are in error. (2) When the ice freezing event is understood within
homogeneous nucleation event that begins the ice freezing eventihe paradigm of a homogeneous nucleation event followed by
The simulations thus indicate the aerosol is externally mixed a vapor-phase mass transfer event, the AFT-IR technique is
so long asa < 0.1. Particles smaller than 100 nm do not useful for measuring values for homogeneous ice nucleation
deliquesce in the model treatment because the Kelvin effect isof 10° to 10! cm=3 s7L. (3) Ice mass fraction freezing data
applied only to the aqueous particles, which has the effect of inferred from analysis of the IR spectra can be inverted by a
increasing the deliquescence relative humidity. model simulation to estimatd values as a function of

The true value ofx is uncertain. It is believed that of water temperature. (4) Due to vapor-phase mass transfer, the AFT-IR
vapor condensation on water droplets is approximately ¥.G6. technique can be sensitive to the freezing of one frphbticles,
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especially at low freezing ice mass fractions (i.e., the warm side

of the differential ice mass fraction freezing distribution, as in
Figure 11). (5) Although this paper appears to reconcile
qualitatively the AFT-IR results for (N,SO/H,0 aerosols,

Figure 10b shows further work is necessary to reconcile AFT-

IR, OM, DSC, and CFD measurements. (6) The experimental

Hung et al.

x. Mole fraction of solute.

x*: Apparent mole fraction of solute.

o Mass accommodation coefficient.
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