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Abstract. This study examines the interaction of clay min- large fraction of particles classified with a mobility diameter
eral particles and water vapor for determining the conditionsless than~ 300 nm are actually multiply charged, resulting
required for cloud droplet formation. Droplet formation con- in a much lower critical supersaturation for droplet activation
ditions are investigated for two common clay minerals, il- than expected. For wet-generated particles, deviation from
lite and sodium-rich montmorillonite, and an industrially de- KT is likely a result of the dissolution and redistribution of
rived sample, Arizona Test Dust. Using wet and dry particle soluble material. (2) Wet generation is found to be unsuitable
generation coupled to a differential mobility analyzer (DMA) for simulating the lofting of fresh dry dust because it changes
and cloud condensation nuclei counter, the critical activationthe size-dependent critical supersaturations by fractionating
of the clay mineral particles as cloud condensation nucleiand re-partitioning soluble material.

is characterized. Electron microscopy (EM) is used in order

to determine non-sphericity in particle shape. It is also used

in order to determine particle surface area and account for

transmission of multiply charged particles by the DMA. Sin- 1 Introduction

gle particle mass spectrometry and ion chromatography are

used to investigate soluble material in wet-generated samplea&tmospheric aerosols play a significant role in the earth’'s
and demonstrate that wet and dry generation yield compoelimate system, especially in the radiative budget and the
sitionally different particles. Activation results are analyzed hydrological cycle. Their influence on climate is via the so-
in the context of both-Kohler theory (-KT) and Frenkel-  called direct and indirect radiative forcing effects (Denman
Halsey—Hill (FHH) adsorption activation theory. This study and Brasseur, 2007). The direct effect of aerosols on atmo-
has two main results: (1§-KT is the suitable framework spheric radiation is through the scattering and absorption of
to describe clay mineral nucleation activity. Apparent dif- light in both the shortwave and long-wave regimes (Seinfeld
ferences inc with respect to size arise from an artifact in- and Pandis, 2006; Yu et al., 2006; Christopher et al., 2009).
troduced by improper size-selection methodology. For dustThis interaction with radiation depends on optical proper-
particles with mobility sizes larger than 300 nm, i.e., ones ties that vary significantly among different aerosols and de-
that are within an atmospherically relevant size range, bottpend on the wavelength of incoming radiation, relative hu-
«-KT and FHH theory yield similar critical supersaturations. midity, aerosol concentration, spatial distribution, and atmo-
However, the former requires a single hygroscopicity param-spheric dynamics (Seinfeld and Pandis, 2006; Yu et al., 2006;
eter instead of the two adjustable parameters required by th€hristopher et al., 2009). Aerosols indirectly affect climate
latter. For dry-generated particles, the size dependencesof via their role in the formation and persistence of clouds in
likely an artifact of the shape of the size distribution: there isthe atmosphere (Denman and Brasseur, 2007). As the avail-
a sharp drop-off in particle concentrationr-aB00nm, and a  ability and characteristics of aerosol particles vary, so do the
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formation, appearance, and persistence of clouds, which plagiroplets (Ma et al., 2004; Furutani et al., 2008; Herich et
a significant role in the climate system (Bergstrom et al.,al., 2009; Koehler et al., 2009; Sullivan et al., 2009, 2010;
2010; Logan et al., 2010; Lyapustin et al., 2010; Brock et al.,Lee et al., 2010; Kumar et al., 2011a, b). It is also impor-
2011; Hansen et al., 2011; Lambe et al., 2011; McFarquhatant for primary production in oceans and rainforests because
etal., 2011; Booth et al., 2012). air masses laden with crustal material often transport limit-
In earth’s atmosphere, the condensation of water vapoing nutrients like iron and phosphorus (Duce et al., 1991;
into liquid droplets does not occur in the absence of aerosolickells et al., 2005; Pett-Ridge, 2009). Mineral dust is lofted
particles. These particles, which provide a surface ontanto the atmosphere when wind blows over arid soil, via a
which the water vapor can condense, are called cloud conprocess known as saltation, and over half of wind-blown at-
densation nuclei (CCN) because they facilitate the nucleatioomospheric aerosol originates from such sources (Tegen et al.,
of droplets. Overall, the interaction of particulate matter and1996). Though mineral dust in the atmosphere mainly arises
water vapor in the atmosphere is important for examiningfrom naturally arid regions, it can also be mobilized anthro-
precipitation, cloud coverage, cloud persistence, and radiapogenically, via land-use change, and is an additional aspect
tive forcing (Twomey, 1977; Albrecht, 1989; Forster and Ra- of the climate system changing over time (Forster and Ra-
maswamy, 2007). maswamy, 2007). Recent satellite observations estimate that
According to the International Panel on Climate Change25 % of mineral dust comes from anthropogenic sources (Gi-
Fourth Assessment Report, scientific understanding of mostoux et al., 2012).
aerosol indirect effects on clouds and precipitation is consid- The behavior of mineral dust as a CCN depends on its
ered “very low” (Denman and Brasseur, 2007). Since cloudsphysical and chemical properties. This study investigates
are a significant factor in earth’s radiative budget, it is impor- the activation potential of two common clay minerals, il-
tant to understand how aerosol particles serve as CCN anlite and sodium-rich montmorillonite (NaMon), and an in-
influence the formation and persistence of various types oflustrially derived sample, Arizona Test Dust (ATD), com-
clouds. Aerosol particle size, chemical composition, mixing monly used in aerosol and CCN studies. The particular dust
state, and ambient environment are all factors thought to insamples considered in this study are commonly observed in
fluence CCN activity and are therefore of significant interestthe atmosphere (Usher et al., 2003) and/or have been stud-
(Forster and Ramaswamy, 2007). ied previously (Herich et al., 2009; Kumar et al., 2011a,
Field observations of aerosol particles indicate that theyb). The empirical results from both this and previous works
have variable size distributions and can be composed ofre interpreted with respect to the theoretical descriptions
organic material, inorganic material, or a mixture of both of warm cloud droplet activatiorng-Kohler theory -KT)
(Shaw and Paur, 1983; Noble and Prather, 1996; Middle-and Frenkel-Halsey—Hill (FHH) adsorption activation the-
brook et al., 1997; Dusek et al., 2006; Chou et al., 2008;ory. This study considers the effect of the generation method
Zhang et al., 2012). Therefore, laboratory studies of aerosobn activation potential using electron microscopy (EM), ion
particles are necessary for determining how their variouschromatography (IC), and Particle Analysis by Laser Mass
physical and chemical properties affect their ability to act Spectrometry (PALMS), comparing the results for dry- and
as CCN in the atmosphere. Many previous studies inveswet-generated aerosol. Though many studies in the literature,
tigated the nucleation potential both of individual types of e.g., Herich et al. (2009) and Koehler et al. (2009), have used
aerosol particles (Raymond and Pandis, 2002, 2003; Pettefsoth dry and wet particle generation, more recent work (Sul-
and Kreidenweis, 2007a; Koehler et al., 2009; Sullivan et al. livan et al., 2009, 2010; Kumar et al., 2011b) has indicated
2009, 2010a; Kumar et al., 2011a, b), and of simple mixtureshat wet atomization of mineral dust particles leads to anoma-
(Raymond and Pandis, 2002, 2003; Bilde and Svenningssorpus results in their activation. The effects of these artifacts
2004; Abbatt et al., 2005). Observations indicate that the sizare quantified, and their impacts on experimental results are
of an aerosol particle is the primary factor in determining its considered.
efficiency as a CCN (Dusek et al., 2006); but its composition,
though a secondary factor, should also be considered because
it can affect how the particle will change due to the chemical2 Theoretical framework
interactions with its surroundings (Petters and Kreidenweis,
2007a; Rudich et al., 2007). Such interactions may arise fromp.1  x-KT
the transport of aerosol particles or interactions with sunlight,
other particulate matter, or with water (Seinfeld and Pandis Kohler theory provides a theoretical basis for describing the
2006; Wong et al., 2011). equilibrium vapor pressure of a liquid droplet as it relates
Among the individual types of aerosol particles previously to the droplet’s diameter (Kéhler, 1936). It considers both
investigated, mineral dust is of particular importance becausehe effects on saturation vapor pressure due a curved sur-
of its high abundance in the atmosphere (Ganor and Maface (the Kelvin effect) and the presence of a solute (Raoult’s
mane, 1982; Gano and Foner, 1996; Chou et al., 2008; Cokaw) (Kdhler, 1936). Subsequently, this theory was adapted
et al., 2009) and its demonstrated ability to nucleate cloudto account for differing solute hygroscopicity and to allow
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for easier parameterization in models (Junge and McLarenglaims that including adsorption in a CCN activity model
1971; Fitzgerald, 1973). A recent approach to describe thenore accurately estimates the equilibrium growth of insolu-

relationship between a particle’s dry diametBy, and its

ble particles and better determines their critical supersatura-

activity as a CCN relates these two quantities by parametertion. To describe the formulation of FHH theosy, in Eq. (1)

izing a particle’s hygroscopicity with a single parameter,
(Petters and Kreidenweis, 2007a). Derivationk efT starts

is replaced with an FHH isotherna,, = exp(—A/©~58),
where® is the Brunauer, Emmet and Teller (BET) isotherm:

with the Kelvin relation for the saturation ratio over a curved
surface:

whereay, is the activity of water in solutiongy is the den-
sity of water, M,y is the molecular weight of wates, is the
surface tension of the edge of the droplRtjs the univer-
sal gas constant, is temperature, anf is the diameter of
the droplet. In the-KT parameterization, the hygroscopicity
parametek is defined via the dependence of the activity of
water in a solution on the solute hygroscopicity:

o= cS
T (1=-851A-S—-c8)’

4o My, (4)

RTpwD

S = aw exp( 1)

andA andB are parameters found using a least squares fit to
empirical data. In Eq.4), ¢ is a constant related to the heat
of adsorption ands is the saturation ratio of the gas. This
formulation provides the expression for the equilibrium sat-
uration ratio for a solution droplet according to FHH theory:

My

_B 4o
S=exp(—A/O~7)exp . (5)
RTpwD
i =1+ KE, (2)
aw Vi In this treatment of FHH theory, the water activity is re-

lated to the of thickness of the adsorbed water via the BET
multilayer equation of state for the adsorbed water layer
(Henson et al., 2007; Kumar et al., 2009b). Therefore, the
equilibrium saturation ratio for a droplet depends on the
thickness of the adsorbed water layer via the activity of wa-
ter. Ink-KT, however, the water activity in a solution instead
depends on solute hygroscopicity.

whereVs is the volume of the dry particulate matter avigl
is the volume of the water. The volumes in E8) ¢an be
expressed as equivalent diameters, siDﬁe: 6V;/m. Solv-
ing Eq. @) for ay and substituting the result into EdL)(
provides a relation fof in terms of Dy (the dry particle di-
ameter)x, S, andD:

Determined experimentally, values folie between 0.5 and

1.4 for the most hygroscopic CCN, such as salts; betweers-1 Samples
0.01 and 0.5 for moderately hygroscopic species; and ap- , . . ) ,
proach zero for non-hygroscopic species (Petters and Kreil '€ dust types investigated are “Nominal 0-3 um” ATD from
denweis, 2007a). Observational studies have shown that tyg=©wder Technology Inc., illite (rock chips from Clay Mineral
ical atmospheric aerosols havebetween 0.1 and 0.4 (An- S0ciety), and NaMon (unspecified size powder from Clay

dreae and Rosenfeld, 2008: Juranyi et al., 2010; Moore eMineral Society). In order to increase the number of par-
al., 2011; Friedman et al., 2013; Lathem et al., 2013). Forticles in the size range corresponding to the accumulation
the materials considered in this study, hygroscopicity tandenf’0d€ in the atmosphere (100-1000nm, in all cases diame-
differential mobility analyzer (HTDMA) measurements sug- (€"); &l samples are ground in a Fisher Model 8-323V2 Mor-

gest thatc = 0.003 for both dry- and wet-generated ATD tar Grinder, using agate pestle and mortar, for 3 h in ethanol.
illite, and NaMon (Herich et al., 2009). " This wet-grinding process is known to result in thinner crys-

talline sheets and is less likely to degrade clay crystallinity
than dry grinding (Cicel and Kranz, 1981). Though grind-
ing is required to generate particles of the desired sizes, it
Studies of cloud nucleation on insoluble particles have sugshould be noted that this grinding technique might not repro-
gested that condensation on such particles may occur viduce natural weathering processes and could lead to particle
multilayer adsorption (McDonald, 1964). FHH adsorption properties, such as surface roughness, that are different from
activation theory has recently been suggested as a framewotkose observed in nature.

to describe CCN activity because it includes the effects of To assess the effect that grinding has on the activation be-
water adsorption on the insoluble component of the dust parhavior of the resulting powder, CCN activation is compared
ticles. It, like x-KT, starts with the Kelvin relation (EdL). between ground and unground ATD. The size-dependent
However, the FHH framework includes an adsorption termcritical activation of the ground and unground ATD are iden-
in the Kelvin relation instead of the solute term, because ittical within measurement uncertainty (Table 1), affirming

S(D) = D?— Dy
D3 - D3(1—«)

w

( 4o M,
exp

RTpwD

3
3 Methodology

2.2 FHH adsorption activation theory
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that the grinding process does not change the activation beFable 1. Comparison of uncorrected critical supersaturations for
havior. Similar comparison with NaMon and illite is not pos- ground, unground, and wetted then re-dried ATD.
sible since the unground samples are too coarse for readily

aerosolizing. The IC experiments indicating similar soluble 100nm 200nm 300nm 400nm
material concentrations in ground and unground samples are Ground 062+ 0.04 0264002 024+002 019+0.02
detailed in a later section. Unground 0594+0.01 024+0.02 021+0.01 018+0.02

Re-dried 060+0.01 024+001 021+0.02 017+£0.02

3.2 Experimental setup

The Setup for CCN activation experiments (Shown in F|g 1) and filter are placed at its outlet to allow for the excess flow
consists of four parts: (1) aerosol generation, (2) aerosol siz& €scape.

selection, (3) particle counting, and (4) CCN counting. A . . .

complementary series of observations are made with Em3-2-2 Particle sizing and counting

IC, anc_j smgle_partlcle mass specirometry: EM is used forThe polydisperse flow (from either the dry or wet genera-
observing particle morphology, and the latter two are useoh

for i tiaating th i 4 abund £ solubl on) is fed into a BMI 2002 DMA, which is fitted with an
or investigating the composition and abundance ot solu elmpactor whose 50 % cut size is 650 nm at 1 L mirflow.
species in the samples.

Next, the flow passes through the neutralizer region of the
DMA, where the polydisperse flow is imparted with a known
(approximately Boltzmann) charge distribution using strips
of Polonium-210. The particles are then sized based on their
ielectrical mobility:

3.2.1 Particle generation

Dry generation of aerosols is accomplished via saltation
~ 4.5 g of mineral dust are placed in an Erlenmeyer flask tha
also contains three 1 cm Teflon-coated stir bars. This flask i? _ neCe ©)
shaken by a Lab Line 3589 Shaker to agitate the dust, and® ~ 37D’

I:Owllng?'r '3 'n_trr?dlﬁw to suspendhpartlclesl. Tfhe ml_et of theWheren is the number of elementary electrical charges car-
askis fitted with a filter to ensure that particle-free air enters . by the particlee is the charge of an electrofi is the

the system. This method generates polydisperse aerosol pa{funningham slip correction factqt is the dynamic viscos-
ticles with a size distribution that resembles naturally saltateq,[y of air, and Dy, is the electrical mobility diameter (BMI

dust (Lafon et al., 2006). Next, the flow is routed thro‘%gh aN2012). The output flow is pseudo-monodisperse in that it also
unshgken_ Erlenmeyer flask_, used as a buffer volum_e n (_)rd%ontains multiply charged particles with electrical mobility
to maintain a constant particle concentration and size distri-ji, oters that are much larger than the desired diameter
butions during an experiment. In order to assess the potentia(||_|urd and Mullins, 1962). Next, the particles pass through a
contribution of larger particles, this setup is compared to ON€j oy splitter, where a portion (0.36 L mirt) of the monodis-

that fgeds the saltated dust into two URG Corporation Cy-qqe fiow is routed to a BMI 1700 Mixing Condensation Par-
clone |mpa§:tolrs whose 50 % cut Slzes are 2.5um .and 1.0u cle Counter (MCPC) that records the total generated num-
at 16.7 L mirr = flow (red arrows in Fig. 1). To agitate the ber concentrationNt, at 1 Hz frequency. Over the course

. l . . .
dust, 2L min* of dry nitrogen is used and 14.7Lmihdry ¢ o experiment, the setup allows either for scans across a
nitrogen is added to form the remainder of the flow. Any ex- 10-1000 nm size range, i.e., scanning mobility particle sizer

cess flow that is not drawn into the differential mobility ana- (SMPS) scans, or to séf, to a desired value. The DMA
lyzer (DMA) is vented into a fume hood using a T-connector sheath flow is set to 5L mift to maintain a fixed ratio with

(Fig. 1). Dry generation using either of these methods PrO%he sample flow rate. Though this ratio of sheath flow to sam-

duces particle size distributions that are stable for sever le flow is smaller than the typically desired 10: 1 ratio, the
hours, even over several experimental days. The Results sefitoqance of undesired effects on the resulting size distribu-
tion reports averaged size distributions using measuremen ons are checked using EM and PALMS.

from before and after the activation experiments. With all
samples, the before and after size distributions were equiv3 2.3 CCN counting
alent within measurement uncertainty.

To wet-generate particles a Brechtel Manufacturing, Inc.The remaining 1L min! of monodisperse flow from the
(BMI) 9203 Aerosol Generator is used, which atomizes par-DMA is fed into a subsequent flow splitter whose termi-
ticles from a solution or slurry. In this study, slurries are nals feed into the two chambers in a Droplet Measurement
created from 1.0 grams of sample mixed with 250 mL dou- Technologies Model CCN-200 Cloud Condensation Nuclei
ble distilled deionized 18.2 k& Millipore (DDI) water. The  Counter (CCNC) (Roberts and Nenes, 2005; Lance et al.,
droplet-laden air stream enters an in-line dryer that desiccate2006). The CCNC measures the number concentration of
the droplets such that only their dry nuclei exit the device. particles that have condensed dropléls, via internal op-
Since the flow out of the atomizer is 2 L mih, a T-connector tical particle counters (OPCs) (Roberts and Nenes, 2005).
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14.7 L/min N,

Filter

2.5 pm cylone impactor
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. (with BMI 1700

inline dryer) MCPC

Figure 1. Diagram of experimental setup with flow rates. Blue arrows indicate the flow path and components used for particle generation
from a water/dust slurry (wet generation). Red arrows indicate the flow paths for using cyclone impaction upstream of the DMA. Purple
arrows show the configuration for CCN experiments.

Each of the two chambers in the CCNC draws 0.5Lmhin  3.2.4 lon chromatography
The sum of these flow rates plus that drawn by the MCPC
yields the total sample flow rate of 1.36 L mihthrough the ~ Examination of the soluble components of the mineral dust
system. The CCNC chambers are validated with 50, 80, ands accomplished using IC. Samples are prepared by mix-
100 nm ammonium sulfate particles to verify that they caning 0.5g of each of the ground and unground powders with
reproduce literature values of critical supersaturation and &0 mL of DDI water, and filtering the resulting supernatant
« for ammonium sulfate of 0.61 (Petters and Kreidenweis,successively though 0.45um, 0.2 um, and 0.02 um sterile sy-
2007a). The results of this validation is shown in Fig. 2. ringe filters to produce a solution of the soluble species in the
The two columns in the CCNC can be set to a range ofsample. Anions and cations are analyzed using a Dionex DX-
supersaturationss,S. For the purpose of this study, chamber 500 ion chromatograph equipped with electrochemical sup-
A scans oveSS = 0.07, 0.1, 0.3, and 0.05, while chamber B pression and a conductivity detector. For anions, a Dionex
scans ovefS = 0.7, 0.5, 0.3, and 0.71. The first three super- AS15 analytical column is used with a sodium hydroxide
saturations (for both chambers) have a six-minute durationgluent. For cations, a CS12A analytical column is used with
Each of the last three minutes at a given supersaturation ig sulfuric acid eluent. The measurable cations are sodium,
taken as a single data point, leading to three measurementighium, potassium, calcium, magnesium, strontium, and am-
per supersaturation. The final supersaturation in each chanionium. The measurable anions are chloride, bromide, ni-
ber (0.05 and 0.71, respectively) lasts for 2min and is in-trate, sulfate, and fluorine. This list accounts for the most
cluded for equilibrating the CCNC before starting the next likely ions to be leached from clay minerals (Wenk and Bu-
scan. TheSs values for this last step are selected to be out-lakh, 2004).
side the typical operational range of the CCNC so they can be
removed as adjustment periods in the data. Running a samp@2.5 Electron microscopy
at a specific size requires 18 min, with an additional 2 min to o . . _ .
equilibrate the column temperatures and switch to the nexfl’ansmission EM is used to investigate the morphologi-
size with the DMA. In a single scan, the fraction of activated €@l properties of the aerosol particles considered in this
CCN is reported at supersaturationsSsf = 0.07, 0.1, 0.3, sFudy. In order to analyze samples, they are generated and
0.5, and 0.7. The supersaturation at which 50 % of the parSize-selected as described above and then are collected us-
ticles activate into droplets is called the critical supersatu-Nd @ conventional impactor, similar to the Micro-Orifice
ration, SSerit, which is found by fitting a sigmoid curve to Uniform-Deposit .M135-10 impactor. Particles are |mpapted
the Na/Nt vs. SS data. Since both chambers simultaneously ©Nto Electron Microscopy Sciences FCF200 gold micro-
collect data forS S = 0.3, a comparison is made to verify that SCOPe grids with formvar carbon support film. Grid analy-

SS andN, are comparable between the chambers. sis is performed at the MIT Center for Materials Science
and Engineering using a JEOL 2010 Advanced High Perfor-

mance TEM for determining the sizes and aspect ratios of the

www.atmos-chem-phys.net/14/6003/2014/ Atmos. Chem. Phys., 14, 6@I&9 2014
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Figure 2. Left: AS Activation Curves for 50, 80, and 100 nm particles in the A and B columns of the CCNC. Right: critical supersaturation as
a function of mobility diameter from the interpolated 50% activation points from the curves on the ieftaldie of 063+ 0.11 corresponds
well with the literature value ofag = 0.61 (Petters and Kreidenweis, 2007a) and provides validation of the CCNC setup.

particles. Additionally, the energy-dispersive X-ray (EDX) 3.3 Data processing
spectroscopy functionality of this microscope enables char-
acterization of the samples based on elemental abundance.3.3.1 Charge correction

Approximately 50 particles per size per species per gen- ) o
eration method are used to perform the shape and charg@@riicles passing through the charge neutralizer in the DMA
corrections. Particle concentrations during experiments aréf€ imparted with an equilibrium charge distribution that can
~30-90 particles per cfn so using the number of parti- P& @pproximated by a Boltzmann distribution (BMI, 2012).
cles measured by the CCNC for a given data point (1 minAS done in Moore et al. (2010) and Kumar et al. (2011a, b),
of data) as the population size for an activation experimentn® fraction of particles with a particular charge can be cal-
givesN ~ 15000-45 000. Using a typical standard deviation cu_lated_usmg the calculat|0n§ in Wle(_jensohler et al._(1988).
of a lognormal fit to the EM data of = 35, the sampling W|th th|s.tec.hn|que, measuring the incoming polydisperse
uncertainty at the 95 % confidence level after population size>2€ distribution allows for the determination of the num-
correction is 10%. The sampling was randomized by choosPer of multiply charged particles in the monodisperse out-
ing a subsection of the microscope grid at low magnificationPUt: Specifically, since the larger particles will activate first,

and then proceeding to measure the particles in that sectionth® fraction of multiply charged particles for a given size is
subtracted from the activation curve, and the curve is then

rescaled to include only singly charged particles (Fig. 3). The
fraction of larger, multiply charged particles are observed
with EM and are compared to the calculated values.

PALMS (Murphy and Thompson, 1995; Cziczo et al., 2006) When determining the incoming polydisperse size distri-
is used to investigate the aerodynamic size and chemicabution into the DMA, charge corrections are applied that re-
composition of monodisperse dust particles. The chemicahssign multiply charged particles to the correct size bins, as-
differences in dry- and wet-generated particles are of particsuming that a known fraction of each bin is multiply charged
ular interest. Spectra are collected on a particle-by-particlgBMI, 2012). This procedure produces a charge-corrected
basis and 1000 spectra are gathered per sample per siz&ize distribution. This method is appropriate for size distri-
Aerosol particles enter PALMS via an aerodynamic inlet. butions that are smooth but creates an artifact for distribu-
An Nd:YAG laser beam is split into two beams to detect the tions that do not span the entire range of a scan, which is
particle, using the time between scattering events to providehe case for dry-generated mineral dust. As discussed in Pet-
aerodynamic size information. Next, a 193 nm excimer lasetters et al. (2007b), DMA-selected monodisperse aerosol must
is triggered to ablate and ionize the particle. The ions fromcome from the correct region of a polydisperse aerosol for
the particle are sent through a reflectron and registered on accurate hygroscopicity measurements. To this effect, Fig. 4
microchannel plate to record a mass spectrum for the partillustrates how selecting particles from the lower tail of such
cle. Both positive and negative mass spectra are recorded fa distribution yields only multiply charged particles, leading
the dust samples. to a significant data artifact. Since the selected particles are

3.2.6 Particle analysis by laser mass spectrometry
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Figure 3. Activation curves for the three dusts, size-selected at 400 nm. In black are uncorrected results, with sigmoid fits, and in red are
charge-corrected results with sigmoid fits. The calculations in Wiedensohler (1988) and EM observations both indicate that fraction of
multiply charged patrticles at this size-s0.4. The uncertainty associated with this charge correction technique is shown by the y-error bars
in all critical supersaturation vs. diameter plots in this work.

Artifact in Size Distribution due to Charge Correction 3.3.2 Shape correction

[| — Actual Distribution
Reported Distribution

: A particle’s electrical mobility diamete)y,, is defined as
: ] the diameter of a sphere with the same electrical mobility
- ] as the particle. Therefore, they, of a particle corresponds
| to its actual diameter if the particle is spherical (DeCarlo
: et al., 2004). For a non-spherical particle the electrical mo-
bility is insufficient for determining the surface area that is
available for interactions with water (DeCarlo et al., 2004;
Kumar et al., 2011a). The volume-equivalent diamelgg,
of a particle is defined as the diameter of a sphere with the
same volume as an irregularly shaped patrticle. The relation-
ship betweenDy, and D¢ is typically analyzed using tan-
dem electrical mobility and aerodynamic patrticle sizing in
Y order to determine the dynamic shape fackqrof the irreg-
0 — g — ¢ ularly shaped particle (DeCarlo et al., 2004; Kumar et al.,
Mobility Diameter (nm) 2011a). The character is defined as the ratio of drag force

Figure 4. Artifact introduced into a idealized step function size e_xperlenced by the wre_gularly_shaped particle to that expe-
distribution due to SMPS charge corrections. The “actual” ideal-rIenCed by a sphere with eqUIVQIent volume as both move
ized size distribution is shown in blue, and the size distribution through a gas at the same velocity (DeCarlo et al., 2004). A
reported by a DMA (after charge correction) is shown in dashedsSpherical particle hag = 1. Dy and Dye can be related by
green. The difference between the two distribution arises from mis-Dm/ Cc(Dm) = x Dve/ Cc(Dye), With x > 1. SinceCc mono-
assigning correctly sized particles to smaller size bins, as would bdonically decreases with increasing particle sipg, is al-
done for multiply charged particles. The two sloped regions in theways lager thamDye for non-spherical particles. Therefore,
green curve correspond to the singly charged particles misassigneghowing a particle’s electrical mobility diameter provides an
as doubly or triply charged. upper bound for the volume of a non-spherical particle.

The clay minerals considered in this study are non-
. . . . spherical. They have a layered chemical structure and a flat
much larger thar? th? deswe_d size, this artlfa_ct prevents th%r sheet-like morphology (Wenk and Bulakh, 2004). Mineral
accurate determination of size-dependence in m/grOSCOp'C(SIust particles are approximated as elliptical cylinders with

iy. tASI shpwn Ina Itatgrbsetlzztll\c/ljn, thl?t I"_’I(]’:k of Icoirfactlly S'prfld major axisdy, and minor axisdm, and maximum thickness,
particies 1s supported by resufts: for electrical mobil- hmax, Which is constrained by mobility sizing. The expres-

ity sizes sma_lller than- 30Qnm, EM shows only multiply sion for the maximum thickness is
charged particles whose diameters are much larger than the
desired size.

10 e

Normalized Concentration

L _ 2Dn
max = 3dem.

@)
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Electron micrographs provide a means of determining the Charge and Shape Corrections for Dry ATD
dimensions of the cylindrical face, and the particle’s mobility { T o Charge and shape correction
diameter provides an upper bound on the height by bound- ®7[ =% e Charge correction
ing its volume. The micrographs can also indicate whether = ® Uncorrected
a particle is being observed edge-on or face-on because aos
particle’s face does not exhibit the stratified structure that anc

edge does. For each sample, direct EM observations exist fo'g

1
1

dry-generated particles witBy, = 200 and 400 nm, and for -§ 1 1l
wet-generated particles @, = 50, 100, and 400 nm. Since § ** 2l 1 cc0001 |
wet-generated NaMon has a unimodal size distribution, EM2 I I T o
observations aby, = 50 and 400 nm are sufficient to inves- § 1
tigate its morphology as a function of size. S f
As a particle’s thickness approaches zero, its surface area
equals twice the face area. Per Kumar et al. (2011a) and Ku- x=0002
mar et al. (2011b), the surface area equivalent diambtgy, K=002- =001
is defined as the diameter of a sphere having the same sur- | . . : : o
face area as an irregularly shaped particle. Assuming parti- 100 D ameter (g 0 500 600 700
cles have a non-zero height and volume less than a sphere of
diameterDp,, the bounds oDse are Figure 5. Critical supersaturation as a function of size for dry-
generated ATD. Raw data (black) are shown along with charge
1 1 1 D?n corrections (magenta) and charge and shape corrections (green).
\V édem < Dse< \/Edem + é(dM +dm) dude (8)  Dashed cyan curves are lines of constanParticle sizes are cor-

rected for their non-spherical shape by estimating their surface area
The effects of charge and shape corrections for correcthffrom EM. After shape correction, particles are classified by their
sized, dry-generated particles are shown in Table 2, and thosgrface area equivalent diameters instead of by their mobility diam-
for dry-generated ATD are seen in Fig. 5. Charge-correcteceters. The y-error bars indicate th_e s_tandard deviation of mgasured
critical supersaturations are higher than uncorrected ones b&upersaturation. The x-error bars indicate the range of possible val-
cause the contribution of multiply charged particles is re- ues of surface area equivalent diameter as observed with EM.
moved. Shape-corrected surface area equivalent diameters

tend to be larger than their corresponding mobility dlame'with dry dispersion, i.e., atomized aerosols may contain sol-

ters because of particle non-sphericity. The effects of Charg%ble contaminants or metastable hydrates that are not found

and shape correction are of similar importance for ATD. Thein dry-dispersed aerosols (Sullivan et al., 2009, 2010; Kumar

shape corre<_:t|0ns for all the samples have similar INCreases 18, al., 2011b). With respect to the size distribution, this arti-
equivalent diameter, but the effects of charge correction forf
illite and NaMon are more significant because of their lower

uncorrected critical supersaturations.

act corresponds to the peak-att0 nm that is not present in
the dry distributions (Fig. 6).

The second row of Fig. 6 shows the charge- and shape-
corrected dust activation data. In order to determine if the
4 Results DMA output is sufficiently monodisperse, EM is used. Ac-

cordingly, squares show data where EM confirms the pres-
The size-dependent particle concentration for dry-generateeénce of correctly sized particles. Stars show data for which
(black squares), wet-generated (blue squares), and dryEM shows only multiply charged particles. Such particles
generated cyclone impacted (red squares) particles were dérave observed diameters that are much larger than the de-
termined using SMPS scans for each dust type and dispessired size. For the correctly sized dry-generated partigles,
sion method (Fig. 6). The dry-generated particles are mostanges from 0.001-0.01. For wet-generated and incorrectly
prevalent at larger sizes, and the concentration is significanthgized particles, the range far increases dramatically to
less for sizes below 300 nm. The wet-generated size dis- 0.01-0.45. For the larger sizes of illite and NaMon, wet gen-
tributions are all significantly different from their dry coun- eration did not have a drastic effect on the observed critical
terparts. The size distribution of the dry-generated cyclone-supersaturation. However for ATD, the critical supersatura-
impacted particles resembles that of the dry-generated partiion of the wet-generated dust is significantly lower than that
cles, but the overall concentration of particles is lower andfor dry-generated dust. This change in nucleation behavior
the peak concentration is shifted to a smaller size. For ATDusing wet generation is not observed when the dust is simply
and illite, the wet distributions are bimodal, and for NaMon wetted and re-dried. Nucleation experiments were repeated
the peak of the wet distribution is shifted to a smaller size. Aswith wetted and re-dried dust, and the results were identical
noted above, previous studies have indicated that wet genergwithin measurement uncertainty) to those of the original dry
tion methods introduce a significant artifact that is not founddusts (Table 1).
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Table 2. Charge and shape corrections to critical supersaturations of dry particles.

Uncorrected Charge- Shape-  Charge- and shape-

S Serit corrected corrected corrected

Serit,cc/Scrit -~ Dse/ Dm Dse $Srit,cc

?)TmD: s00nm 0-24%002 1.33 0.91-1.25 285;173842“ '
?)TmD: s0onm 019002 1.22 0.95-1.27 33:23;1038;1 ’
gi;ez s00nm 0-12+0.02 1.54 1.12-1.41 33{;125821 ’
gi;ez a00nm 0096+ 0.02 1.80 1.12-1.41 43?;1638? ’
’1\')1'\"20200 o 0.08+003 1.90 1.23-151 32?;15(?8? |
giMﬂoo o 0.06+003 1.99 1.23-1.51 4355103.8? ’

Shape determination using electron micrographs show thais closer to monodisperse (Fig. 7). The PALMS results in-
approximating particle geometry as flat and cylindrical is ap-dicate that the distributions peak at the desired size and that
propriate for the purpose of shape correction (Fig. 6). The im-the majority of doublets and triplets are removed even with
ages indicate that particles are often larger than their intended ratio of sheath to sample flow of less than 10:1. There-
mobility size. This is a consequence of the sizing artifact il- fore, when the influence of larger particles is diminished,
lustrated in Fig. 4. Incorrect sizing occurs when attemptingstandard charge correction procedures (Wiedensohler et al.,
to sample from the lower tail of the size distribution where 1988) are sufficient to account for the remaining particles.
most particles are incorrectly sized. Classifying particles byThough EM would be required for determining the exact de-
their mobility-equivalent diameters is only appropriate if the gree of shape correction required, these corrections are less
abundance of singlets is much higher than that of multiplyimportant when the larger particles are efficiently removed
charged particles in the actual size distribution. and no sampling is performed in the lower tail of the size

Accounting for multiply charged particles considerably in- distribution.
creases the required supersaturation for droplet activation The wet generation artifact manifests as a mode of solu-
even before considering the sizing artifact (Figs. 3 and 5).ble non-mineral particles whose influence is observable us-
Using observations of particle geometry for determining sur-ing IC, EM, and PALMS. Figure 8 shows the results from
face area also leads to an increase in particle size. Shape cdhe IC analysis of the soluble portions of the clay samples,
rections are applied only to particles that are sized correctlywhich likely comprises the smaller mode seen in the size
according to their electrical mobility (squares in Fig. 6). For distributions. The ground and unground results are similar,
correctly sized particles, the fraction of multiply charged and the grinding process does not systematically increase or
particles, as calculated using the equations in Wiedensohledecrease the amount of dissolved material. NaMon leaches
(1988), matches (within measurement uncertainty) the fracmore sodium but less significant quantities of the other ma-
tion observed using EM even with a ratio of sheath to sampleerials than the other clays. This increase is likely observed
flow of less than 10: 1. However, when EM results indicate because NaMon is a swelling clay, where the mineral layers
that the majority of particles are doublets and triplets (starsare less tightly bound and therefore hydrate more efficiently
in Fig. 6), mineral dust of the desired size is not present in(Foster, 1953; Poppe et al., 2001). The smallel00 nm)
the sample. In these cases no shape correction is performedobility diameter peak in the ATD and illite wet-generated
since the measurement would not be for particles of the corsize distributions is likely comprised of leached soluble ma-
rect size and/or composition. terial. Since water can more easily permeate between lay-

The EM results indicate the importance of characterizingers in NaMon, the unimodal wet-generated size distribution
the size distribution of particles output by a DMA, especially is likely a result of the retention of water by particles after
when there is an abundance of large particles in the polydiswetting. The sizes of salt particles formed from wet gener-
perse size distribution. Using cyclone impaction efficiently ation can be estimated by summing the concentration of all
removes the larger particles before applying a Boltzmanndissolved material measured by the IC and assuming a typ-
charge distribution, and the downstream particle distributionical density for the resulting salts of 2.3 gdc Since the
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Figure 6. Top row: size distributions for the wet-generated (blue), dry-generated (black), and cyclone-impacted dry-generated (red) samples.
Boxed numbers adjacent to the blue and black distributions indicate the sizes that were analyzed with electron microscopy. Note the difference
between wet and dry generation. For the non-swelling materials (ATD and illite) the wet-generated distributions are bimodal. For NaMon,
a swelling clay, the wet-generated distribution is unimodal. Cyclone impaction reduces the overall concentration of particles entering the
DMA and shifts the peak concentration to a smaller size. Middle row: charge- and shape-corrected results from this study in blue and black,
charge-corrected and cyclone-impacted data in red, lines of corstamtyan, and data from Kumar et al. (2011b) in green. The blue and

black squares represent particle sizes for which the shape correction in this paper can be applied. The blue and black stars represent partic
sizes for which the shape correction cannot be applied because only multiply charged particles with observed diameters that are much large
than the desired size, not singlets, are observable on the microscope grid. Bottom row: typical images from the EM analysis. The boxed
numbers on the left of the images correspond to the sizes indicated in the first row of this figure.
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Figure 7. Aerodynamic size distributions obtained from PALMS. Sizes are recorded downstream of the DMA, which is set to select 400 nm

particles. The peaks of the distributions are at the desired size, indicating that the majority of doublets and triplets are removed. Standard
charge correction procedures (Wiedensohler et al., 1988) account for the remaining large particles.
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Figure 8. Results from IC analysis for filtered supernatants of ground (magenta) and unground (black) samples of the three mineral dusts.
Bottom right panel shows unfiltered (black) and filtered (green) deionized (DDI) water control. The filtered slurry supernatants show signifi-
cantly higher concentrations of soluble material than the DI water control.

atomizer produces droplets whose mode size is 1.5 um, thé-igs. 6 and 11). The only exception is for the activation of
resulting particles are 40-50 nm. This size corresponds to théhe larger mode of wet-generated ATD. Kumar et al. (2011b)
smaller peak in the bimodal size distributions. report that the activated fraction of this larger wet-generated
Figure 9 shows the typical EDX peaks for each clay mode is~ 1, but in this study, the larger mode of wet-
species at several mobility-equivalent sizes from the EDXgenerated particles is observed to activate with critical su-
detector on the JEOL 2010 Advanced High Performancepersaturations of 0.15-0.2 %. Dry results from this study
TEM. There is little size dependence of soluble materialare similar to the dry HTDMA- and CCNC-derived results
content in both dry- and wet-generated mineral dusts. Wetreported in Herich et al. (2009). Since Herich et al. (2009)
generated particles have more elemental variety than dryshow results for particles with mobility sizes larger than
generated particles, further suggesting a redistribution of sol200 nm, this agreement is more likely to be expected. Repeat-
uble material to the surface of particles during atomizing.ing the CCN activation experiments with cyclone impaction
The PALMS spectral data in Fig. 10 further indicates redis- upstream of the DMA yields results that agree with those per-
tribution of soluble material. The figure shows histogramsformed without the impactors if the necessary corrections are
of the area under cation spectral peaks of 400 nm particlesnade. Impaction greatly reduces the concentration of multi-
which correlates with relative abundance of soluble mate-ply charged patrticles, bringing the post-DMA sizes closer to
rial in these particles. The wet-generated particles show ahe desired mobility size (Figs. 6 and 7).
shift toward smaller peak areas, suggesting less relative abun- In this study, dry-generated particles smaller thizn ~
dance of soluble material in large wet-generated dust parti300 nm are found to be incorrectly sized because of the high
cles. abundance of multiply charged patrticles. For sizes larger than
300 nm, the critical supersaturations in this study and Kumar
) ) etal. (2011a, b) are in agreement. The FHH fits from Kumar
5 Discussion et al. (2011a) include data from smaller-sized particles, but

For i | han 300 h v sized ic| these data may be biased by the size artifact observed in this
or sizes larger than nm, where correctly sized partic e%tudy. No direct observational evidence is provided to ensure

are expected 1o be founq, there 'S agrgem_ent in the charg%at these smaller particles are correctly sized. Since both
and shape-corrected activation results in this study and thOSEHH andi-KT agree at the larger sizes, the data from these
found in Kumar et al. (2011a) and Kumar et al. (2011b) ’
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Figure 9. Elemental abundances measured using EDX indicating minimal size dependence in the composition. The wet-generated particles
(right) exhibit additional elements (shaded in yellow) compared to dry particles (left), which may correspond to soluble material repartition-
ing. Color bars indicate size according to the legend.

sizes exhibit a narrow range eof and appropriate amounts icity of the dust particle can be estimated by the mixing rule
of soluble material are found using IC results (see next paraused for determining for a multicomponent particle (Pet-
graph),«-KT is found to be the suitable framework to de- ters and Kreidenweis, 2007a). The resulting hygroscopicity
scribe clay mineral dust nucleation activity. The value of of the dust particle imparted by the soluble component by this
x = 0.0041 for ATD, x = 0.0072 for illite, and« =0.0088  method iscqyst= 0.0014—0.0027. This estimate falls within
for NaMon (Fig. 11). These results also show the importancethe range of CCNC-derived values fayfyst values of 0.001—
of considering the appropriate data corrections to find correcD.01. The IC-derived results can also be compared to the one
values forx. Thek value for 200 nm ATD is higher than that estimated using the method from Kumar et al. (2009). Again
for larger sizes even after shape correction. Because ATD igassuming that the soluble material hagsa= 0.61 and tak-
an industrially derived sample that is mechanically grounding the CCNC-derivedqyst values of 0.001-0.01 observed
more than in either nature or in the laboratory, results forin this study, the soluble fraction estimated by this method
particles smaller than 300 nm are not representative of atmois ¢s = 0.16—1.64 %. This range is comparable to both the
spheric particles. They may be subject to unknown artifactsgs = 0.23—-0.45 % soluble mass fraction obtained from the IC
possibly compositional, that are responsible for the disconti+esults and the 2 % soluble mass fraction of ATD reported by
nuity. The data are provided here for reference but are omitVlasenko et al. (2005).
ted when determining. Furthermore, the range af values found in this study
The empirical evidence that-KT is the appropriate matches the range of resulis- 0.001-0.007) from the HT-
framework for dry dust nucleation also implies that soluble DMA and CCNC analyses of ATD, illite, and NaMon in
material on the surface of a mineral dust particle is responHerich et al. (2009). The main arguments for including ad-
sible for increasing the hygroscopicity of the particle. For sorption in CCN activity and hygroscopic growth (Kumar et
the samples in this study, the soluble mass fraction obtainedl., 2009b) are (1) a higher than expected soluble fraction
from the IC results igs = 0.23-0.45%. Assuming that the of dust usingc-KT and (2) differences in dust hygroscopic-
soluble material has & = 0.61 (that of ammonium sulfate) ity under sub- and supersaturated conditions (Herich et al.,
and the insoluble dust haskg = 0, the overall hygroscop- 2009). Therefore, since the results from this study show that
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Figure 10. Histograms showing peak areas spectra collected with PALMS. The IC results (Fig. 8) show that potassium is very abundant
in ATD and illite and that sodium is abundant in NaMon. Shifts toward smaller peak area (less relative abundance) can be seen in the
wet-generated samples (bottom).

both of these concerns are rectified if the correct range ofition methods and to determine whether FHH theowry-KiT
x = 0.001-0.01 is used and if the size distribution artifact is better predicts their critical supersaturationT is found
consideredi«-KT is found to be the appropriate framework to be appropriate for describing droplet activation on mineral
for describing dust activation. dust if charge and shape corrections are applied. With charge
Additionally, atomizing mineral dust from a slurry is deter- corrections, the size distributions of dust particles must be
mined to be an unacceptable generation method to simulateonsidered since abundant multiply charged particles could
saltation of fresh, unprocessed dust particles. Wet generatiohe misidentified as correctly sized smaller particles.
redistributes soluble material (Figs. 8 and 9), changing the The results of this study agree with recent work (Sullivan
size distributions and critical activations (Fig. 6). Especially et al., 2009, 2010; Kumar et al., 2011b) that finds that wet
in the smaller &£ 100 nm) mode of particles, wet generation generation introduces a soluble mode artifact at the smaller
increases the range measures dramatically from 0.001- mobility sizes (less thar 100 nm diameter) of ATD and il-
0.01to 0.01-0.45. At these smaller sizes, wet generation liblite. No dry-generated mineral particles below this size are
erates soluble material with a much higher hygroscopicityobserved. The wet generation process produces a mode of
than the original dust. Despite a less dramatic difference besoluble material liberated from the mineral. The effeciive
tween generation methods for NaMon (likely because it is aof these small soluble particles is different than thef the
swelling clay), it does not avoid the size-dependent partition-dust.
ing of soluble material (Fig. 10) despite its tendency to trap For swelling clays, such as NaMon, wet generation does
water between crystal layers. not change the droplet activation properties but it does
change the size distribution. Particles do not dehydrate ef-
) o ficiently, which is akin to the different deliquescence and ef-
6 Conclusions and atmospheric implications florescence points of inorganic salts. Although a secondary

soluble mode is not formed for swelling clays, the added up-

Understanding the nucleation of droplets on atmospherlctake of water implies that these particles are no longer unpro-

aerosols is a vital step towards describing their role in thecessed dust.

climate system. Laboratory StUdiE.ES fgci!itatg understgnqmg This study suggests caution in the use of wet-dispersion of
CCN activation potential af‘d prowde_msght Into descnbmg_ mineral dust slurries when a comparison to atmospheric par-
these phenomena theoretically and in climate models. Th'?icles is to be made. The wet-generated ATD results show that

StUdY investigates the r_:tctlvanor_\ po_tgnual of three dust SaMine critical supersaturation of atomized dust can be different
ples in order to ascertain the suitability of dry and wet gener-
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Intercomparison of Dry Activation Results
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Figure 11. Critical supersaturation vs. diameter of dry-generated particles from this study compared to results from previous studies. The
solid lines show fitted lines for particles larger than 300 nm. The dashed cyan lines show data that fall betwe®001 andc = 0.01.
The data in the yellow shaded regioa 800 nm) are unlikely to be correctly sized, as indicated by the EM results.

than that of the dry dust (a change that is not observed whestudy strongly supports-KT as the appropriate framework.
the dust is simply wetted and re-dried). No known atmo- Therefore, for representation in aerosol models, the results
spheric processes lead to the redistribution of soluble mafrom this study indicate that-KT is the appropriate descrip-
terial among large numbers of particles (100s or more), agion for dust activation, and mineral dust should be assigned
is the case in atomization of a slurry. This technique inad-a« value of 0.001-0.01.
equately represents a cloud process where mineral dust ac-
tivates a droplet and then is subsequently released to the
environment when the droplet evaporates, as is the case ificknowledgementsiVe acknowledge NOAA OAR Climate
virga. This study also suggests the simulation of cloud pro-Program Office, award number NA110AR4310159, for funding
cessed (i.e., previously wetted) mineral dust in the laboraton2"d the MIT Center for Materials Science and Engineering for
would be most correctly performed by activating droplets access to the EM facilities. We thank Rachel Keeler for assistance

. . with the EM analyses and the MIT Igneous Petrology Laboratory
with a CCNC and th_en evaporating the condensed phase Wa5, ,csistance with sample preparation.
ter downstream. This type of procedure could be useful to
simulate the physical or chemical processing of particulateggited by: A. Laskin
matter in clouds.
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