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Crystallization of Aqueous Inorganic—Malonic Acid Particles: Nucleation Rates,
Dependence on Size, and Dependence on the Ammonium-to-Sulfate Ratio
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Using an electrodynamic balance, we determined the relative humidity (RH) at which aqueous irerganic
malonic acid particles crystallized, with ammonium sulfate ((NBOy), letovicite ((NHy)3H(SQOy)2), or
ammonium bisulfate (NFHSQO,) as the inorganic component. The results for g(NBO,—malonic acid particles

and (NHy)sH(SOy),—malonic acid particles show that malonic acid decreases the crystallization RH of the
inorganic particles by less than 7% RH when the dry malonic acid mole fraction is less than 0.25. At a dry
malonic acid mole fraction of about 0.5, the presence of malonic acid can decrease the crystallization RH of
the inorganic particles by up to 35% RH. For the M$O,—malonic acid particles, the presence of malonic

acid does not significantly modify the crystallization RH of the inorganic particles for the entire range of dry
malonic acid mole fractions studied; in all cases, either the particles did not crystallize or the crystallization
RH was close to 0% RH. Size dependent measurements show that the crystallization RH of aquepus (NH
SO, particles is not a strong function of particle volume. However, for aqueous)¢S&,—malonic acid
particles (with dry malonic acid mole fraction 0.36), the crystallization RH is a stronger function of particle
volume, with the crystallization RH decreasing byt63% RH when the particle volume decreases by an
order of magnitude. To our knowledge, these are the first size dependent measurements of the crystallization
RH of atmospherically relevant inorganiorganic particles. These results suggest that for certain organic
mole fractions the particle size and observation time need to be considered when extrapolating laboratory
crystallization results to atmospheric scenarios. For aqueoug{8IBj particles, the homogeneous nucleation

rate data are a strong function of RH, but for aqueous 4{p80,—malonic acid particles (with dry organic

mole fraction= 0.36), the rates are not as dependent on RH. The homogeneous nucleation rates for aqueous
(NH4)2SO, particles were parametrized using classical nucleation theory, and from this analysis we determined
that the interfacial surface tension between the crystalline ammonium sulfate critical nucleus and an aqueous
ammonium sulfate solution is between 0.053 and 0.0702 m

1. Introduction particles typically do not crystallize at the same RH as they
A | . f solid or liquid ticles i deliquescé. (Deliquescence refers to when particles take up
€rosols, suspensions of solid or fiquid particies in a gas, e 1o form solution droplets.) In the absence of a heteroge-

may play a S|gn|f|cant_role n the Earth’s atmos_phere. For neous nucleus, crystallization occurs by homogeneous nucle-
example, aerosol particles influence the chemistry of the _:

. ) ation.
atmosphere by providing a medium for heterogeneous reac- . . -
tions12 Aerosol particles also affect climate directly by absorb- Knowled_ge of Fhe cqndmons required for_ crystallization of
ing and scattering solar radiation and indirectly by acting as atmospheric particles is necessary to predict the phase of the
ice nuclei or cloud condensation nuclet: particles. This information is, in turn, necessary to predict the

Atmospheric aerosol particles can undergo several types Ofreactivity of par_ticle_sf the amount of light they scatter and
. : absorb, and their ability to act as ice nudiet.

phase transitions. An example of an atmospherically relevant “~~" o )
phase transition is crystallization, which here refers to the Field measurements have shown that a majority of the fine
crystallization of a solute in an agueous solution droplet at a Particulate mass (particles less thamr in diameter) in the
low relative humidity (in this case water is considered the troposphere consists of sulfate, ammonium, and nitrate ions, as
solvent). An example of crystallization includes the formation Well as organic materiéi? An average composition of urban
of crystalline ammonium sulfate from an aqueous ammonium fine particles, based on measurements at several sites, is 28%
sulfate droplet at a low relative humidity (RH). This process is Sulfate, 31% organic carbon, 8% ammonium, 9% elemental
also often called efflorescence. We use the general termcarbon, and 6% nitrate by weighOrganic material is believed
crystallization rather than efflorescence because the latter termt0 contribute approximately 2660% to the total fine aerosol
implies that water will completely evaporate from a droplet after Mass at continental mid-latitudéglso, composition measure-
crystallization, which is not always the case for a multicom- ments of single particles have shown that organic material is
ponent particle even at low RHCrystallization is a kinetic ~ often internally mixed with sulfate in the troposphéréz
process due to the free energy barrier associated with nucleation Over the past approximately 25 years the homogeneous
of a solute in aqueous solution droplets. As a result, aerosol crystallization of aqueous inorganic droplets such as aqueous
(NH4)2SOs has been studied extensively (see, for example, the
* Corresponding author. E-mail: bertram@chem.ubc.ca. review by Martif and references therein). More recently,
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researchers have investigated the homogeneous crystallization
of aqueous inorganic particles internally mixed with organic (A) I'I Lenses
surfactants®*14as well as agueous inorganic particles internally b

mixed with water soluble organic material (i.e., mixed aqueous
organic-inorganic particlesy.1*-26 Nevertheless, more research

is needed on this topic to completely understand crystallization
in aqueous organieinorganic particles in the atmosphere. In
particular, a better fundamental understanding of the underlying
physical chemistry is needed. In the following we investigate
crystallization of aqueous inorganicalonic acid particles
using a new electrodynamic balance recently constructed in our
laboratory, with the general aim of improving our fundamental
understanding of crystallization of aqueous inorgatgganic
particles. Malonic acid (MA) was chosen for these studies
because it is typically one of the most abundant dicarboxylic
acids observed in field studies and because dicarboxylic acids
are a significant component of condensed phase organic material
found in the tropospher&:2°

In the first series of measurements we investigated the
crystallization of aqueous (NHLSO,—MA particles with di-
ameters between 10 and g@n. Specifically, we determined  Figure 1. Panel A: electrodynamic balance (EDB) and optical system
the RH at which 50% of the particles partially or completely for determi_ning the phase of Ievitate_d particles. Panel B: elastically
crystallized, which we refer to as the 50% crystallization relative Scattéred light from a completely liquid agueous ¢NSQ,—MA
humidity (CRH50) for the remainder of the document. The Paticle recorded prior to crystallization at 35.7% RH. Panel C:

7N - . . lastically scattered light from the same particle recorded after
crystallization of these aqueous particles has been |nvest|gate(frysta"ization at 29.6% RH.

previously by several groups, but some of the results are in

AD

CCD
Camera

disagreemerft!9-2° From the analysis we determine the interfacial tension between
In the second series of measurements, we determined thethe crystalline ammonium sulfate critical nucleus and an aqueous
CRH50 of aqueous (NhsH(SQs).—MA and aqueous (Nkj- ammonium sulfate solution. Finally, the atmospheric implica-

HSO,—MA particles also with diameters between 10 and 30 tions of all these results are discussed.
um. Most previous studies on the crystallization of aqueous

inorganic-organic particles have used (W50, as the 2. Experimental Section

inorganic component. In this case the ammonium-to-sulfate ratio
is 2. In the troposphere, however, the ammonium-to-sulfate ratio

can vary from 2 to @.Studies on inorganticorganic particles 1, panel A). The EDB is a double-ring electrode configuration
with ammonium-to-sulfate ratios less than 2 are needed. with two end cap electrodes, based on the configuration used
In the third series of measurements we investigated the effectby the Agnes group at Simon Fraser Univerdfty?® which in
of particle size on the crystallization RH values of aqueous trn was adapted from that reported by Davis et’an ac
(NH4)2SO, particles and aqueous (NEASOQ,—MA particles, and fpotential (2.3 kV, 106-700 Hz) was applied to the double-ring
we determined homogeneous nucleation rates as a function ofg|ectrodes and dc potentials 10 to —100 V) were applied to
RH from the crystallization data. The homogeneous nucleation the end cap electrodes to balance the gravitational forces on
rate, Jnom is defined as the number of nucleation events (of he charged particles.
solid ammonium sulfate) per unit volume of aqueous solution  The EDB was located inside a stainless steel chamber and
per unit time. Note this value is also often referred to as the gperated at atmospheric pressure and ambient temperature with
homogeneous nucleation rate coefficient in the atmospheric 5| measurements performed between 295 and 300 K (as
literature. Previous laboratory studies suggest that the crystal-measured with a thermocouple inside the EDB). The stainless
lization RH of aqueous inorganic droplets relevant for the stee| chamber was located in the optical path of a transmission
atmosphere (such as aqueous (NBO, and NaCl droplets)  optical microscope with a 16 objective (not shown in Figure
are not very sensitive to particle size (see for example refs 3, 1 panel A). The optical microscope with a white light source
30, 31, and references therein). Also, previous studies thatyas used to measure particle diameter with an uncertainty of
combined results from several laboratories suggest that thegpout+1 um. Each particle was assumed to be spherical to
nucleation rate of crystalline (NjSOs in aqueous (NSO, calculate its volume.
particles is a strong function of RH.However, the size The phase of each particle was determined by analyzing the
dependence of the crystallization RH and homogeneous nucle-pattern of the elastically scattered light from a-Hée laser
ation rates as a function of RH for aqueous inorgamiganic (i.e., the angular distribution of light scattered by the particles).
particles have not been investigated. Information on the size Radiation from a linearly polarized 10 mwW Héle laser was
dependence and nucleation rates is necessary to accuratelysed to illuminate the levitated particles. The scattered light was
extrapolate laboratory results to the atmosphere and to underimaged on a charge coupled device (CCD) camera using a lens
stand the crystallization process in general. These data can als@ystem as shown in Figure 1, panel A. Both the laser beam and
serve as a test for theories on homogeneous nucleation. CCD camera were in the horizontal plane and the CCD camera
Often classical nucleation theory has been used to describewas positioned at an angle of 9@ith respect to the laser beam.
nucleation in aqueous inorganic particles (see, for example, refsThe lens system and CCD camera were adjusted so that the
3 and 31-33). In the following we also analyze our nucleation image of the particle was out of focus, resulting in a pattern
rate data for aqueous (NHSO, particles using this theory.  from the elastically scattered light. If the particles are completely

An electrodynamic balance (EDB) was used to study the
crystallization of single levitated, charged droplets (see Figure
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liquid, the elastically scattered light gives sharp lines (a fringe - r - T T T T T T T 1
pattern). If the particles contain crystalline material, the pattern 1 A 1
is irregular and fluctuates with a high frequency. Shown in 454 7
Figure 1, panels B and C are images recorded before and after 4] ]
crystallization. Panel B shows an image of the scattered light 1 3
for an aqueous (NB,SO,—MA particle prior to crystallization ®71 %
(the fringe pattern confirms that the particle is completely
liquid). Panel C shows an image of the scattered light for the
same particle just after crystallization (the irregular pattern
confirms that the particle contains crystalline material). From
the images of the scattered light we could determine directly if 15 ]
the particles were completely liquid or contained solid material.
This method is similar to the method used by others in the past 1 1
to elucidate the phase of single levitated partiéfe$! Note 5 -
that we cannot distinguish between partially crystalline and 1
completely crystalline from the scattering images. -
Solutions used in this study were prepared gravimetrically, 0.0 01 02 03 04 05 06
dissolved in 18.2 M2 water (Millipore Simplicity 185), and Xua
filtered twice with a 0.02um filter (Whatman Anodisc 25)  Figure 2. CRHS50 of (NH),SO:—MA particles as a function of
before use. Chemicals used were: MA (Aldrich, 99%), g)H xwa = (moles of MA)/(moles of MA+ moles of (NH).SQi). Key:

SO, (Fisher, 99.8%), NFHSO, (Alfa Aesar, 99.9%), and (%) Braban and Abbaft;(a) Choi and Char? (W) Parsons et af3
aqueous KSQy (Alfa Aesar, 50.0% V/v). (O) current data. The vertical bars indicate the range of RH over which

Particles were introduced to the system from a drop-on- crystallization was observed for the current data. Values of 0% RH

A . . :
demand patrticle generator (MicroFab Technologies, Inc.) loaded gr?/'%agﬁd}:;g;fss than 50% of the particles crystalized, even under
with a solution prepared as discussed above. A voltage pulse

was applied to the plezoglectrlc matgrlal of the droplet generator, ., cleation. However, if the particles contain some solid material
which caused the material to constrict around a glass tube inside

he dropl d e droplet th h " (either partially crystalline or fully crystalline), then ice
the droplet generator and eject a droplet through an orifice at e ation can occur by heterogeneous nucleation. The presence
the end of the glass tube. The glass tube in the particle generato

din this study had ifice di ¢ Charai bf solids can shift the mode of ice nucleation from homogeneous
used in this study had an orifice |§mete.r ofaQ. arging to heterogeneous and lower the supersaturation required for ice
of the droplets occurred by induction. Different droplet sizes

10-30 i di duced b ing th | formation. Also note that because we cannot distinguish between
( sdumin |a_1meter) were produced by varying the voltage partially or completely crystalline particles, we cannot determine
applied to the piezoelectric element on the particle generator.

- : . ) from our results if malonic acid crystallizes after the crystal-
The RH in the chamber, which was monitored with & dew ization of ammonium sulfate. However, previous measurements
point hygrometer at both the inlet and the outlet of the chamber, p,y, rapan et af.suggest that crystalline ammonium sulfate is

was controlled by the continuous flow of a mixture of dry and  5°y40r heterogeneous nucleus for the crystallization of malonic
humidified N, (99.999%, Praxair). Total flow rates ranged from  5qiq.

150 to 200 crd min~! at standard temperature and pressure.
Upon trapping a single particle, the RH in the chamber was
increased to above 85% RH to ensure the particle was
completely liquid. The RH inside the trap was then adjusted to
about 5-10% RH above the estimated crystallization RH for
the particle and then slowly decreased at a rate @2% RH
min~1. We also measured the deliquescence RH (DRH) after
some crystallization experiments by increasing the RH at a rate
of 0.2% RH mir®, Each particle was observed for a maximum
of about 1 h. RH uncertainty for individual measurements was
about+1% RH at low RH (near the crystallization RH) and
about+3% at high RH (near the DRH) based on the accuracy
of the RH monitoring equipment.

25 - -

CRH50 [%]

20 -

In Figure 2, the composition of the particles are described
by the dry mole fraction of MAxya = moles of MA/(moles
of MA + moles of inorganic). Because crystallization is a
stochastic process, droplets with the samg did not always
crystallize at the same RH. The open circles in Figure 2 represent
the CRH50 of the particles, and the vertical bars associated with
these symbols represent the range of RH over which crystal-
lization was observed for all particles tested. A total of-5%
individual crystallization events were observed at each composi-
tion. Note that the data points at 0% RH indicate that less than
50% of the particles crystallized, even under dry conditions.

Also included in Figure 2 are the results from our previous
measurements using droplets suspended on a hydrophobic
surface?® as well as the previous measurements that used an
EDB! and an aerosol flow tubeOur current results are in good

3.1. Crystallization of Aqueous (NH;),.SO,—MA Patrticles. agreement with our previous measurements obtained with
Shown in Figure 2 are the CRH50 results we obtained for particles on a hydrophobic surface. This confirms that our
particles of (NH),SOs mixed with MA with diameters between  previous measurements were not influenced by the surface
10 and 3Qum. As mentioned above, CRH50 refers to the RH supporting the particles. Our current results are significantly
at which 50% of the particles are partially or completely lower (with 95% confidence) than previous EDB measurements,
crystallized. From this type of information one can predict the which utilized 16-15 um particles withxya = 0.51° This
range over which particles in the atmosphere will be completely conclusion is based on a Student’s t-test, which takes into
liquid and the range over which they will contain some solid account the statistics of the current measurements and the
material. This information is, in turn, important for predicting statistics of the previous measurements. The particles studied
the ice nucleation properties and the light scattering propertiesin the previous EDB measuremelitmay have contained trace
of aerosols. For example, if the particles are completely liquid, amounts of impurities that acted as heterogeneous nuclei for
then ice nucleation in the particles will occur by homogeneous the crystallization process.

3. Results and Discussion
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Figure 3. CRH50 of inorganie-MA particles as a function otya = SO;; (@) (NH)2SO—MA (xwa = 0.36). The top abscissa indicates
(moles of MA)/(moles of MA+ moles of inorganic solute). KeyD) the diameter of each particle. The uncertainty in RH at which the

(NH24)2SOi—MA; (O) (NH4)sH(SQi)2—MA,; (4) NHHSO,—MA. The particles crystallize is approximatel#1% RH, and the uncertainty

vertical bars indicate the range of RH over which crystallization was associated with determining the particle diametet isum. Each data
observed for the current data. Values of 0% RH indicate that less than point represents one observed Crysta"izaﬁon event.

50% of the particles crystallized, even under dry conditions.

the DRH for the pure inorganic particles and they are consistent

The results for the submicron particles by Braban and Abbatt with theoretical calculation®-52

appear to be slightly lower than our results; however, this small ~ Our values of CRH50 as a function &fia show that for
difference can be explained by differences in particle size. ammonium-to-sulfate ratios of 1.5 and 2.0, malonic acid
Classical nucleation theory predicts that the crystallization decreases the CRH50 of the pure inorganic particles by less
relative humidity decreases with the volume of the particle, and than 7% RH wherkya < 0.25. Forxua ~ 0.5, malonic acid
the particle volume in the experiments by Braban and ABbatt can modify the CRH50 by up to 35% RH. For an ammonium-
was approximately 5 orders of magnitude less than the particle to-sulfate ratio of 1.0, the presence of MA does not significantly
volume in our studies. The results from other studies on modify the CRH50 for the entire range xjia studied. For these
submicron particles (not shown in Figure 2) are also consistent particles, crystallization was not observed with the exception
with our measurements if the difference in particle size is taken of two aqueous NEHSO, particles at about 3% RH.

into account®26 See Parsons et #l.for a full discussion. Note that the . for MA is 2.8553 Hence, MA is negligibly
3.2. Crystallization of Aqueous (NHy)sH(SO.),—MA and dissociated in supersaturated aqueous inorgaviik solutions.
NH4HSO;—MA Particles. Shown in Figure 3 are the CRH50  FOr €xample,n a 5 Maqueous solution of MA (close to the
values we obtained for (NBEH(SOs),—MA and NHHSO— concentration of MA in the aqueous inorganiA particles
MA with particle diameters between 10 and 3. A total of in our experiments)<2% of the malonic acid is dissociated,

nd the amount dissociated is reduced in acidic solutions.
3.3. Crystallization of Aqueous (NH,;),SO, and Aqueous
(NH4)2SO,—MA Particles as a Function of Particle Size.
Shown in Figure 4 are results from crystallization measurements
as a function of particle size for aqueous (M$Os particles
and aqueous (NPLSO,—MA particles withxya = 0.36. Note
here we are not reporting the CRH50, rather each data point
represents one observed crystallization event. For clarity, we
have not added error bars in this figure. As mentioned above,
¢ ) =X ) ' the uncertainty in RH at which the particles crystallize is
have investigated the crystalllz_atlon of these inorganic Par- approximately+1% RH and the uncertainty associated with
tIC|eS’30'42_4.9 and our results are in reasonable agreement with determining the particle diameter-sL um. The results shown
most previous data. For example, for an ammonium-to-sulfate i, Figure 4 llustrate that the crystallization RH for aqueous
ratio of 1.0, Spann and Richard$éand Cziczo et ai? did not (NH4)-SO, particles is rather insensitive to particle size as
observe crystallization under dry conditions and Tang and expected. Based on a fit to the data, the crystallization RH of
Munkelwitz*® noted that crystallization was not observed for aqueous (Nk),SOs particles decreases byt 1% RH (95%
some particles under dry conditions and was observed at anconfidence) when the volume decreases by an order of
RH as high as 22% RH for other particles. magnitude. As mentioned above, previous laboratory results
For an ammonium-to-sulfate ratio of 1.5 our observed CRH50 suggest that the crystallization RH of aqueous inorganic
was 30.9+ 2.7% RH. Tang and Munkelwit? observed particles, such as (NHLSO,, that are typically found in the
crystallization from 44 to 35% RH, and Spann and Richarilson atmosphere are relatively insensitive to particle volume (see for
observed crystallization at a value of 35% RH. However, Martin example, refs 3, 30, and 31, and references therein). Our results
et al*® estimated that crystallization occurred over the range of are consistent with these suggestions.
26—21% RH &3% RH), which agrees with our measurements  In contrast, the crystallization RH for (NjSO;.—MA
when the uncertainties are considered. We have also measureg@articles withxya = 0.36 is more sensitive to particle size.

6—10 individual crystallization events were observed at each a
composition. We have also included the current results for
(NH4)2SO,—MA for comparison. As noted above, the data
points at 0% RH indicate that less than 50% of the particles
crystallized, even under dry conditions, and the vertical bars
associated with the symbols represent the range of RH over
which crystallization was observed for all particles tested.

First we briefly discuss our results for pure aqueous,NH
HSO, and (NHy)3H(SOy), particles kua = 0). Several groups
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Figure 5. Panel A: numbe:(a);v;ar:i:;elsy:er]naining completely liquid dN(RH)/dRH by obtainindN versus RH from our experimental
as a function of RH for (NB,SQ. Panel B: number of particles data.N versus RH is illustrated in Figure 5. Then at each data

remaining completely liquid as a function of RH for (pS0;—MA point we calculate dN(RH)/dRH by the central difference
(Xa = 0.36). approximation, which is a numerical method for differentiation.
V-N(RH) was determined by summing the volume of all the
Based on a fit to these data, the crystallization RH for gyH liquid droplets (not including droplets that have partially or
SO,—MA particles decreases by 3% RH (95% confidence)  completely crystallized) at each crystallization RH measurement.
when the volume decreases by an order of magnitude. To ourFrom dN(RH)/dRH andV-N(RH) we determinelom using eq
knowledge, these are the first size dependent measurements of .
the crystallization RH of atmospherically relevant aqueous  Shown in Figure 6 islom Versus RH for aqueous (Nj3-
inorganic-organic particles. SO, and aqueous (NHLSO,—MA particles fua = 0.36)

3.4. Nucleation Rates in Aqueous (NSO, and Aqueous calculated using eq 1 and our crystallization results (Figure 5).
(NH4).SO,—MA Particles. For agueous (NEJ.SO, and aque- Clearly,Jnomfor aqueous (NK),SO; particles increases rapidly
ous (NH):SO—MA (xua = 0.36), we observed 55 and 39 with a decrease in RH for RH values less than approximately
crystallization events, respectively. Shown in Figure 5 is the 40% RH. In contrast, the homogeneous nucleation rate of solid
number of particles remaining completely liquid as a function (NH4),SO, in aqueous (N&),SO,—MA particles fya = 0.36)
of RH. Note that the data illustrated in Figure 5 are the same is less sensitive to RH, as can be seen by the slower increase in
data shown in Figure 4, but presented in a different way. From J,om with a decrease in RH.
the information shown in Figure 5 we can determine homoge-  The trends observed in Figure 6 are consistent with the size
neous nucleation rates of solid ammonium sulfate in aqueousdependent results shown in Figure 4 J}m is a very strong
(NH4)>SOs and aqueous (NHLSOs—MA droplets (see below).  function of RH, then one would expect that the crystallization
There appears to be a discontinuity at about 25% RH in Figure RH is a weak function of particle size. This is because a small
5, panel B. However, a discontinuity is not evident in Figure 4, change in RH will compensate for a large change in droplet
which displays the same data as in Figure 5 but in a different volume. However, ifl,omis a weaker function of RH, then one
format. Hence, the discontinuity in Figure 5, panel B is likely would anticipate that the crystallization RH is a stronger function
due to noise in the data. of particle size. In this case the RH would have to change

As mentioned above, the homogeneous nucleationJiaig, significantly to compensate for a large change in droplet volume,
is defined as the number of nucleation events of solid per unit based on the kinetics of homogeneous nucleation in aqueous
volume of solution per unit time. The homogeneous nucleation droplets.
rate in liquid droplets can be described with the following 3.5. Analysis of the Nucleation Rates Using Classical

equation®>* Nucleation Theory. In the following, we use classical nucle-
ation theory and the nucleation rates obtained in the aqueous
_ r dN(RH) (NH4).SO, experiments to calculate the interfacial tension
Jnon(RH) = — V-N(RH) dRH @ between a crystalline (NHLSO, critical nucleus and an aqueous

(NH4)2S0O, solution. Note we did not carry out the same analysis
where N(RH) is the total number of liquid particles (not for aqueous (N&),SO,—MA particles due to a lack of informa-
including droplets that have crystallized), and the product tion on the thermodynamic properties of concentrated 4pH
V-N(RH) is the total volume of liquid particles (again, not SOs—MA solutions.
including droplets that have crystallizedN@RH) is the number According to classical nucleation theory the homogeneous
of droplets observed to crystallize between RH and (RH nucleation rate can be described by the following equdion:
dRH), andr is the rate of change of the RH, which+9.2% )
RH min~1in our experiments. Equation 1 assumes that the rate AGi + AG'
limiting step is nucleation of the solute and that only one Jhom = Otpom €X Tk
nucleation event leads to the solidification of the droplet, which
is a reasonable assumption for our conditions. We determinewhereonomis the preexponential factor,is the temperatureg

()
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crit

is the Boltzmann constantAG,,,, is the free energy of N T T
formation of a critical nucleus, amiiG' is the activation energy

for molecular motion across the embryo-matrix interface, which
is a function of the viscosity of the solutiéh.For solids ]
crystallizing from solutions at constant temperature and assum- g |
ing a spherical critical nucleus, the free energy of formation of

a critical nucleus is given 5% 28

27 4

/m?®s")

Gcrit — 1675'}/37/2

hom m 3

NG,

26

wherey is the interfacial tension between the crystalline g¥H
SOy critical nucleus and an aqueous (BF50;, solution, v is

the molecular volume (124 Rfor (NH4).S0y),%° T is the

temperature, an@ is the supersaturatiol.S is described by
the following equation:

25+

24

23
314

= @

A5olute 30

sat

where asoute iS the activity of the solute andd,. is the 24
activity of the solute in a saturated soluticBwas obtained 1
directly from the model by Clegg et &:52for aqueous (Nk,-
SOy For convenience, we rewrite eq 2 as

28+

Im®s™)

274

hom

In(J

26+

AGH™ )

‘]hom = ‘]O,homeXF{_ KT 3 %)

254
where
24 4

(6)

_ AG'
‘JO,hom_ Qhom XA — KT 2 i . — N\ i i
2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6
Combining egs 3 and 5 gives the following: T In(S)2 [10° K]

Figure 7. Natural logarithm of the homogeneous nucleation ré&ig,
Jhom= ‘]o hom€ @) asa function off=3(In §~2 (whereSis the supersaturation as (_jefined
3k3T3(In 9? in eq 4 andT is temperature) for (NE.SQ; particles. The solid line in
panel A is a linear fit to the complete data set. The solid line in panel
Equation 7 suggests that the nucleation rate is a strong functionB is a linear fit to the data, excluding the data from the first 10% of
of supersaturationly nomis expected to be relatively insensitive ~ particles to crystallize (i.e., excluding the data with*(in §72 >
to changes in supersaturation and temperature, at least over 3:22 10°?K™). Dashed lines in panel B indicate the 95% prediction
. : and associated with the linear fit.
relatively narrow range of these variabR§s%°
In Figure 7, panel A, we have plotted Idm versus at high supersaturations and heterogeneous nucleation at low
T-3(In 972 for aqueous (NSO, particles, and the straight  supersaturations. However, the small quantity of data that fall
line is a linear least-squares fit to all the data. At first glace it outside the 95% prediction bands in Figure 7, panel B, precludes
appears that the data fit reasonably well to a straight line. Upon us from making any strong conclusions on the applicability of
closer inspection, however, it appears that perhaps the fit of aclassical nucleation theory and the underlying assumptions to
single straight line to the whole data set may not be appropriate.our experimental results. In the future we plan on automating
To explore this further, in Figure 7, panel B we have plotted our apparatus so that we can observe hundreds of crystallization
again InJyom versusT3(In §72, but in this case the first 10%  events routinely. This will provide a better test of the assump-
of the crystallization events were not included in the least tions involved in classical nucleation theory.
squares linear fit analysis. In other words, we neglected all To be conservative, we use both of the linear fits in Figure

crystallization events that occurredTatd(in 2 > 3.25x 107° 7, panels A and B, to determidg,omandy. From the intercept
K~3. We also show the 95% prediction bands from the linear and slope of the lines in these figures we deterndifygmand
fit. There are four data points dt3(In §=2 > 3.25 x 107° y, and we report the upper and lower limits determined from

K~3 that are systematically outside the 95% prediction limits, these two fits. Based on this procedure, the upper and lower
suggesting these data do not fit the straight line shown in Figure limits to In Jp homare 129 and 74, and the upper and lower limits
7, panel B. A possible explanation is thd¢nom Or y vary to v are 0.070 and 0.053 J 1A Note that this analysis also
significantly with a change i3 Alternatively the first 10% of takes into account the uncertainty in the fit parameters (95%
the crystallization events occurred by heterogeneous nucleation.confidence).

In the literature there are many studies where nucleation data In Table 1 we compare our range of values foddm.mand

also do not fall on a single line when Ijom is plotted versus y obtained from the linear fits in both Figure 7, panels A and
T-3(In 972 (or versus (I ~2 for isothermal experiment8).60-62 B, to values obtained in previous studies. Within uncertainty
Often these data in the literature exhibit two different kinetic limits, our result fory agrees withy from Mohan et af?
regions, and the trend is attributed to homogeneous nucleationHowever,y from Onasch et & are lower than our results and
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TABLE 1: Classical Nucleation Theory Parameters RH for these types of particles is rather insensitive to volume
currentstudy ~ Mohanet&.  Onasch et alt and, most likely, time. This simplifies predictions of crystal-
lization in the atmosphere. However, our results for aqueous
ltﬁr?oio(:) 72 2_51380 298 298 (NH4)2SO;—MA particles with xya = 0.36 suggest that for
y(@n?  0.053-0.070 0.05829572 0.052 certain organic mole fractions the crystallization RH can depend

strongly on particle size. In this case, ideally one would measure
outside our uncertainty limits. Onasch efhmeasured the RH  JhomiN the laboratory over a wide range of RH values and then
at which aqueous particles crystallized and then from an estimateuse these values to predict the RH at which droplets crystallize
of the induction time and an estimate &f they calculated a  In the atmosphere. The benefits of usidgm to predict
homogeneous nucleation rate (at one relative humidity) and ancrystallization in the atmosphere compared to using just
interfacial tension. They did not measure nucleation rates over crystallization RH values determined in the laboratory have been
a range of relative humidity. In our experiments, we measured discussed previously in the literatureOur studies further
nucleation rates over a range of relative humidity, and also from €mphasize the need for determinilgn for certain organic mole

an analysis of our experimental results we obtained Bgénd fractions. Further work is needed to determine the range of

the interfacial tension. organic concentrations where crystallization depends strongly
on particle size.

4. Conclusions and Atmospheric Implications Our homogeneous nucleation rate data show faat in

. aqueous (NB)2SO, is a stronger function of RH thadhom in
For aqueous (NE)>SO;,—MA particles, our current results  5que0us (NB),SO—MA (xua = 0.36). These observations are
obtained with an EDB were in agreement with our previous cqnsistent with the size dependent data and can be used to
experiments that utilized particles suspended on a hydrophobic,4iionalize the size dependent results discussed above. The

surface?® This confirms that the hydrophobic support used yea50n that the homogeneous nucleation rate in @ —
previously does not influence the crystallization measurements. \1a particles is a weaker function of RH may be related to

Our values of CRH50 show that for ammonium-to-sulfate yjiscosity. At low RH and high organic mole fractions, viscosity
ratios of 1.5 and 2.0, MA decreases the CRH50 of the inorganic may become significant and influence the nucleation rate
particles by less than 7% RH whega < 0.25. Forxua ~ (through AG'). When analyzing the homogeneous nucleation
0.5, MA can decrease the CRHS0 of the inorganic particles by rates for aqueous (N§SOs particles, we used eq 7 and
up to 35% RH. These results are consistent with results in our 35symed thahG' does not change significantly with a change
previous work that focused on (NHSO,—glutaric acid and 5 RH (see above). For aqueous (¥50,—MA particles, the
NaCQIS—qutarlc acid particle and (NH,),SQ,~organic parti-  yiscosity could increase significantly (increasings’) as the
cles™ on average, organics may change the crystallization RH R gecreases. This would resultJfm being less dependent
of pure inorganic particles, but only if the mole fraction of the  on RH. Experimental studies on the viscosities and supersatu-
organics is large. See Parsons et°dbr a detailed discussion  ations in mixed inorganieorganic aqueous solutions as a
in terms of the atmospheric implications of this finding. For an fynction of RH would be useful to help explain these observa-
ammonium-to-sulfate ratio of 1.0, the presence of MA does not tjons. Our combined results should be an interesting test for
significantly modify the CRH50 for the entire range xyia theories of homogeneous nucleation.
studied.
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