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Abstract. The hygroscopicity of an aerosol strongly influ- 1 Introduction
ences its effects on climate and, for smaller particles, atmo-
spheric lifetime. While many aerosol hygroscopicity mea- Several mechanisms by which aerosols affect climate have
surements have been made at lower relative humidities (RHpeen the subject of a great deal of recent study. These have
and under cloud formation conditions (RH00%), rela- broadly been classified as direct effects, in which particles
tively few have been made at high RH (99 to 100%), whereinteract directly with radiation, or indirect effects, in which
the Kelvin (curvature) effect is comparable to the Raoult (so-variations in aerosol properties cause changes in cloud prop-
lute) effect. We measured the size of droplets at high RHerties. The magnitude of both direct and indirect effects de-
that had formed on particles composed of one of seven compends strongly on aerosol hygroscopicity, which we define
pounds with dry diameters between 0.1 and 0.5 um. We reas the amount of water absorbed by a particle with a given
port the hygroscopicity of these compounds using a paramedry diameter at a given relative humidity (RH). Particles that
terization of the Kelvin term, in addition to a standard param-readily absorb water at elevated RH have larger scattering
eterization £) of the Raoult term. For inorganic compounds, cross-sectional areas than less hygroscopic particles, and are
hygroscopicity could reliably be predicted using water ac-also more likely to act as cloud condensation nuclei (CCN),
tivity data (measured in macroscopic solutions) and assumallowing them to indirectly affect climate. Accurate assess-
ing a surface tension of pure water. In contrast, most organment of the effects of aerosols on climate therefore requires
ics exhibited a slight to mild increase in hygroscopicity with a detailed description of their hygroscopicities. In addition,
droplet diameter. This trend was strongest for sodium do-wet deposition is the most efficient removal mechanism for
decyl sulfate (SDS), the most surface-active compound studparticles with dry diametersiry) less than 1 umTextor
ied. The results suggest that, for single-component aerosolst al, 2006, and therefore hygroscopicity and CCN activ-
at high RH, partitioning of solute to the particle-air interface ity strongly influence particle lifetime and consequently total
reduces particle hygroscopicity by reducing the bulk soluteaerosol burden.
concentration. This partitioning effect is more importantthan  Aerosol hygroscopicity depends on two properties of the
the increase in hygroscopicity due to surface tension reduccompounds present in a particle: their ability to lower the
tion. Furthermore, we found no evidence that micellization water activity ¢,,) of an aqueous solution droplet, and their
limits SDS activity in micron-sized solution droplets, as ob- influence on the surface tensiam)(of the droplet-air inter-
served in macroscopic solutions. We conclude that while theface. Measurements of botk, ando, however, have typ-
high-RH hygroscopicity of inorganic compounds can be reli- ically been made using macroscopic solutions. (Henceforth
ably predicted using readily available data, surface-activitywe use the term “macroscopic” to describe these larger so-
parameters obtained from macroscopic solutions with orutions with flat interfaces, in the same way that others have
ganic solutes may be inappropriate for calculations involvingused the term “bulk.” We reserve the term “bulk” for the por-
micron-sized droplets. tion of the droplet not at its surface.) Here, we explore the
suitability and limitations of applying properties of macro-
scopic solutions to micron-sized drops.

It has been argued that the surface activity of aerosols
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increase their hygroscopicity, resulting in higher cloud (Dinar et al, 2006 Asa-Awuku et al. 2008 Broekhuizen
droplet concentrations and consequently greater cloudtt al, 2004. Others have found that prediction of the CCN
albedo Facchini et al.1999. Many calculations of aerosol activity of known surface-active compounds did not require
particle hygroscopicity have used the redueetieasured in  any reduction inoc (Abbatt et al, 2005 Sorjamaa et al.
a macroscopic agueous solutions (ekggchini et al.1999 2009. Also, recent work on organic aerosol particles pro-
Shulman et a).1996 Lohmann and Leck2005 Rissman  duced from ozonolysis af-pinene has suggested that only
et al, 2004). Values ofo obtained in macroscopic solutions minor reductions inr at activation are required to be con-
have also been used in cloud parcel models (&€guens  sistent with hygroscopicity measured up to RH=99.6%ex
et al, 2005 Vanhanen et al.2008, with results indicating et al, 2009.
an increase in cloud droplet concentrations~df0% rela- In addition to the ability to partition and reduce surface
tive to those assumingn,o. However, even whea is mea-  tension, another property of many surface active compounds
sured in relatively small macroscopic aqueous solution, then macroscopic solutions is the tendency to form micelles (or
surface:volume ratio of the sample is much lower than foundmore generally, aggregates) above the critical micelle con-
in microscopic dropletsSeidl and Hanel1983. For exam-  centration (CMC). The CMC can be determined in macro-
ple,o has been measured in solution droplets with wet diam-scopic solutions by slowly adding a surface-active com-
eter (Dwet) ~2 mm, or a surface:volume ratio of 3000f  pound; at the CMC, the activity coefficient of that com-
(e.g.,Shulman et a).1996 Lima and Synovecl995 Varga  pound in solution, which can be conceptualized as the frac-
et al, 2007 Dinar et al, 2007 Taraniuk et al. 2008, but  tion of “free” (i.e., not in a micelle) molecules in solution,
the surface:volume ratio in-1 um droplets is greater than will decrease sharply, and other solution properties related
10°m~1L. It is therefore possible that surface activities mea-to micellization, such as turbidity, may begin to change.
sured in macroscopic solutions are not germane to the CCNabazadeh(2005 used accepted CMC values for typical
activity (i.e., hygroscopicity at the point of cloud droplet ac- surface-active compounds in theoretical calculations to argue
tivation) of submicron particles. that micellization occurs in aerosol solution droplets contain-
There are several techniques that have been used tmg surface-active compounds, which would lower their hy-
measure the hygroscopicity of droplets (as opposed tgroscopicity both by limiting the amount of solute available
macroscopic solutions). Most involve droplets not with to partition to the air-droplet interface and by raising the wa-
Dye:~1pum, but rather larger droplets with a smaller sur- ter activity in the droplet relative to a similar droplet in which
face:volume ratio, measurements made at-fRBH% recently  no micellization occurs. However, as with measurements of
using the LACIS instrument notwithstandingvéx et al, the surface tension of macroscopic solutions, it is not clear
2005 Ziese et al.2008 Niedermeier et al2008 Wex et al, that CMC values determined in such solutions are relevant
2009. For example, measurements of the hygroscopicity ofto micron-sized droplets, with curved interfaces and much
larger droplets, typically withDye; between 20 and 40 um, higher surface:volume ratios. In macroscopic solutions, the
have been made using electrodynamic balances @xgn  surface:volume ratio is small enough that the amount of so-
et al, 2008. High-resolution diameter measurements havelute at the interface can be neglected, and the CMC is deter-
also been made of droplets with,,.,~3 to 7 um at high RH  mined by the tendency of free molecules to form micelles.
using optical tweezerddanford et al. 2008. However, in micron-sized droplets, the amount of solute at
Recently, many studies have attempted to account for theéhe interface might no longer be negligible, meaning that
high surface:volume ratio of microscopic droplets by explic- “free” surface active molecules can either partition to the in-
itly modeling the adsorption of solute to the droplet-air inter- terface or form micelles, and thus the CMC would be deter-
face and the resulting depletion of solute in the droplet bulkmined by both of these processes.
phase (i.e. the droplet interior away from the air interface). In this study, we measure the hygroscopicity of aerosol
When this “partitioning effect” is taken into account, hygro- particles of known composition at high RH. We use droplets
scopicity can be reduced by one of two mechanisms: (1) ifwith D,.,~1 pm because, as discussed below, such droplets
insufficient solute is available to completely cover the inter- are most sensitive to the Kelvin effect; consequently, most
face,o is reduced to a much lesser extent than in a macro<loud droplets are approximately this size at the point of
scopic solution (i et al., 1998 Sorjamaa et al2004 Top- activation. Our primary purpose is to determine the extent
ping et al, 2007, and (2) depletion of solute in the bulk to which hygroscopicity determined for droplets of this size
droplet increases droplet water activifyqrjamaa and Laak- differ from predictions based on properties of macroscopic
sonen 2006. In both cases the modeled drop concentrationsolutions with much lower surface:volume ratios. Addition-
is much closer to that obtained using,o (Kokkola et al, ally, we address two general questions related to high-RH hy-
2006. Although the partitioning effect may strongly limit groscopicity. First, how well can aerosol hygroscopicity be
the increase in hygroscopicity due to solute surface activityrepresented with a single parameter, as has been done in nu-
some authors have argued that the CCN activity of organianerous recent studies (e.@etters and Kreidenwei2007,
material can only be accurately predictedifs reduced to  Hudson and Dal996 Wex et al, 2007, for relatively well-
values similar to those observed in macroscopic solutionstudied compounds at high values of RH (99.2 to 99.9%)?
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Second, if the hygroscopicity of individual compounds does 3 e ——— —————
vary within the range of experimental conditions, which pro- 20%
cesses might be responsible? - (a)

2 Theory

2.1 Sensitivity of Dyet to the Raoult and Kelvin effects

Dyet (um)

At elevated RH, atmospheric particles typically exist as solu-
tion droplets. Through condensation or evaporation of water, = 30%
these droplets grow or shrink until they reach equilibrium R I R
with ambient RH. Hygroscopicity is the amount of water ab- 3 ———————— —————
sorbed by a particle with a given dry diameter at a given RH, dD
and thus the more hygroscopic a particle, the greatdbits o (b) —wet
at a given RH andqry. Because hygroscopicity depends on dé

water activity @) and surface tensiorrj, these two vari- ’é‘ 2
ables appear in thedtler equation, which relates the ambi- =

ent RH in equilibrium with a droplet to various droplet prop- 5 [
erties: =
L Q1
40V,
RH = awexp| —0 v (1) i
RT Dyet
| I s i i
HereV,y is the molar volume of water (which approximates 80 90 99
the dilute droplet)R is the gas constant, arfd is tempera- RH (%)
ture. ayw depends on the composition of the dry particle, as
well as the molar ratio of solute to water in the droplet: Fig. 1. Sensitivity of Dwet to changes irfa) water activity andb)
surface tension. Contour interval is 5%.
Vv
aw = exp(—m> (2)
nw

: - - - , both Dwet and RH (Fig.1b), and only reaches 20% when
whereg is the osmotic coefficient; is the van't Hoff factor wet o .
¢ u RH>99% andDwet<2 um. This is because the magnitude

(the moles of soluble species per mole solute),ayghdn,y .

are the moles of solute and water, respectively, in the dropletgf'_:he 1'38';'” effe_zct Za g’op roacr(ljesltha(tj of tthethR aoult fszect as

The numerator of the exponential term in E2).i6 the num- - 0 Lewis, 9, and aiso due fo the greater cur-
vature of smaller droplets which increases the importance of

ber of osmoles in the solution droplet. he Kelvin effect. Simil lusi h
The Raoult effect is defined as the influence of the numbenI € Relvin eflect. similar conclusions were reac ecutts.::
et al. (2008, who found that the sensitivity QDyet to o is

of osmoles (for which we will use as a proxy) on hygro- negligible when RH95%, but increases sharply as RH ap-

scopicity, while the Kelvin effect is defined as the effectof 0 .
on hygroscopicity. The sensitivity ddyet to these variables prpaches 100%/ex et al.(200§ also found that the sensi-
ivity of Dyt to the number of osmoles was greater for more

can be defined as the ratio of the resulting fractional chang : . o ) .
in Dyet to a small fractional change in either variable, e.g.: ygroscopic particles; in our analysis as well the sensitivity
' of Dyetto ¢ increased when we assumed the dry particle was
dDwet dDwet o composed of ammonium sulfate instead of SDS.
~— — X

3
d¢ d¢ Dwet,o ( )
at some reference wet diametdet o) with a correspond-

ing osmotic coefficientdo). The sensitivity 0fDwet 10 0 Ajthough hygroscopicity is influenced by several physico-
can be defined analogous!y. To calculate. these Sensitivichemical properties (e.g. molar volume, aqueous solution ac-
ties, we assume a dry particle made of a single componeny, ;. s\rface tension), it has been represented for both am-
with a molar volume equal to a model surfactant (S0diumpyjient and jab-generated particles by a single parameter based
dodecyl sulfate, %r SDS).dghen Eqsl) (anfjl @ can be o4 Eq. (), defined similarly but not identically in several
used to solve fOId—d-—ge‘ and <2<, The sensitivity ofDwet  studies (e.g.Fitzgerald et al.1982 Hudson and Da1996

to ¢ increases gradually with RH, reaching 20% aroundWex et al, 2007 Petters and Kreidenwei2007). Because
RH=90% and 30% around RH=98% (Fitg). In contrast, hygroscopicity is more sensitive to the Raoult term than the
the sensitivity of Dyet t0 o is @ much stronger function of Kelvin term for all but the smallest particles at the highest RH

2.2 Parametrization of aerosol hygroscopicity
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(Fig. 1), most proposed parametrizations are defined through As can be seen in Egb), « is a parametrization of the
their effect on the water activityef,). To facilitate compar- Raoult term in Eq.1). To express observeBy; values as
ison with other studies, we employ the commonly-used « (when Dgry and RH are known), a surface tension must
formulation of Petters and Kreidenwe{2007), in which « be assumed. We also parametrize the the Kelvin term by
relatesay, to the ratio of the volume of wate#4,) to volume  defining a length scald éwis, 2008:

of solute in the droplet: _
(VS) p _ 4 UVW

8= 6
o= Ju (i—1> ) RT ©
Vs \aw and substitute into the d&hler equation:
In this formulation«x ranges from zero for an insoluble but P 5
wettable substance to a maximum of approximately 1.3 forRH = exp(— . S) exp(D ) ©)
w wet

sodium chloride. Trends in hygroscopicity with RH, which
are emphasized in this study, should be similar no mattetnwWe use Eq. ) to calculate § given experimentally-
which parametrization of the Raoult term is used. We wishdeterminedDyet, Dary, and RH, just as Eq.5] is used to

to incorporate all factors influencing hygroscopicity into a derive x from these same quantities. As before, we must
single parameter, without introducing additional parametersnake an assumption regarding the term that is not parame-
such as those in the Szyszkowski equati@zyskowski  terized, in this case the Raoult term. Specifically, we must
1908 which is typically used to express as a function of  assume the number of osmoles/fs) in the droplet (given
solute concentration. Our approach is therefore to assumearticle composition andgry). We use the relationship be-
o=oH,0, and we therefore insert the definition©ofEq.4)  tweenk and RH discussed above to determine this quantity.

into the Kodhler equation: Because any trend in hygroscopicity with RH has been re-
D3 _ 3 _ moved froms, it much more likely that any observed trend
RH — wet — Fdry ex 4 oH,0Vw (5) in § with Dyet is due to changes in surface activity, as op-
Dot — Dy (1—x0) RT Dyet posed to non-ideality. For an ideal droplet at 5with the

] . . surface tension of pure watér2.1 nm, and becausex o,
Our experiments involve measurigyet at selected values a5 hygroscopicity increases, deriiedecreases.
of RH andDyry. Equation §) is used to transfornbye¢ into

k. If the actual surface tension of the droplet is lower than2.3 Predicted values of

oH,0. k Will be overestimated becaud®yet, and therefore

Vi (Eq. 4), will be larger than that of an equivalent droplet Figure2 shows theoretical predictions of derivedor differ-

with o =oH,0. ent solute and RH conditions. Combining EQ.4nd @), it
Any variation in hygroscopicity, regardless of the cause,can be shown that, if RH100%,

will be reflected ink. For example, an increase inwith S —

RH could be caused by either non-ideal behavior at highef~"s®Vw/Vs (®)

concentrations (i.e., lower RH), or by a surface tension lowerFor an ideal, non-surface active solutds constant through-
than that assumed in theformulation (i.e.,on,0). Essen-  out the range of RH examined in this study (F&j.black
t|a”y, the issue is that RH anDdry are Controlled, and Only Curves)_ For non_idea'] non-surface active So|u/tes pro-
one eXperimental Variablé)wet, is measured. It is therefore portiona' to¢ (F|g 2a and b1 blue Curves)_ For surface-
impossible to cleanly separate the multiple effects (e.g., 0sactive solutesy is reduced, which in turn raises derive@n
molality and surface tension) affecting hygroscopicity. Nev- gmount that increases with increasing RH (Rgand b, red
ertheless, we attempt to distinguish between solute and sugyryes). While this increase inis sensitive to RH, it is rea-
face effects by defining an alternative hygroscopicity param-sonably insensitive t®qry (Fig. 2a). Not all dependence on
eter,é. First, we take the linear regressionofonto RH,  pg. is removed, however, unless the surface tension of the
and assume that this captures any variation in solution nongroplet equals the assumed surface tension used in5Eq. (
ideality that occurs over this RH range. We then incorpo-Note that the sensitivity of to Dgry is much greater if one
rate this variation into the definition @ described below. |ooks for a trend inc with Dyet (Fig. 2b).

é can thus be thought of as a hygroscopicity parameter that we compare our experimental valueskoto theoretical
has been detrended with respect to RH, and will be used t¢yredictions. Calculation of theoretical values fomounts
look for trends in hygroscopicity wittDyet which are likely g describingay as a function ofDgry and RH. We use
caused by surface effects. Still, while linear regression of anygq. (2), which requires assumptions fgrandv, as well as

single hygroscopicity parameter onto RHMyet has the ad-  calculations foms andny. ns depends on the size of the dry
vantage of simplicity and an ability to determine if trends are particle:

statistically significant, caution must be applied when inter- 5
preting results, and multiple causes of any observed trends 7 Dgyy
must be considered. " e

©)
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whereny, depends omDyet after the volume of solute has

b btracted:  (a _
een su r?c e . ) 0.2t (@) 4=1, =36

7 (D3e—D3y) =1, 6=72
ny = ——— 2 (10) ’ ]

" =0.75, 6=72
For most common solutes, including the ones examined ¢=0.75,

here,¢ as a function o% is well-known based on measure- . . . .
ments of the water activity of macroscopic solutions, even 99.2 994 99.6 99.8
at the upper end of the range @f that is the focus of this RH (%)

study. For sodium chloride, ammonium sulfate, and malonic ' ' '
acid, we used the E-AIM water activity model to determine (b) ¢=1, 6=36
(Clegg et al.1998 2007), and use Eqs2j and @) to calcu- 0.2} // |
latex as a function of RH. This model is based on experimen- ¥ k@/@%

tal water activities measured in macroscopic solutions, and g 15} ¢=1, 6=72 |

we compare our experimental results to it to determine how $=0.75,6=72
valid it may be for microscopic droplets. For sucrose and

glucose, we also compared our data to predictions based on 0L : : : : :

macroscopic experimental valuedlégg et al. 2001, Stokes (c) ' ' ' d;=0 75 'G=72

and Robinson1966, which indicate tha$>1 for these sug- — \‘\@\@ ’

ars. E 4r O\G\@ ]

2.4 Predicted values of “© 5l $=1, 0772
=1, 6=36

As discussed previously, we parametrize the Kelvin term in

the Kohler equation to examine trends in hygroscopicity with 0 : : : :

droplet diameter Dyet) using the length scalé, which is 1 1.2 1.4 1.6 1.8

proportional to surface tensiow) and defined in Eq.7). Dwet (um)

This is analogous to the use of Ed) {o parametrize the

Raoult term asc. We assume a relationship betwe¢n  Fig. 2. Theoretical variation ok with both (a) RH and(b) Dwet,
(again, a proxy for osmoles) and RH based on the regresand of(c) § with Dwet. Black curves are for ideal SDS solution
sion ofx onto RH, and so this dependence of hygroscopicitydroplets withop,o, red curves assume is reduced by half, and
on RH has been removed frotn By accounting for any  blue curves assumg=0.75. Dqyy is indicated by symbol size.
measured RH-dependence of the Raoult term, we can then

attribute remaining Varlablllty to the Kelvin term, which will Under the SDS concentrations observed here (110 to

show up as variation id. This is the primary motivation 340 molnt3), we assume that the surface is saturated, and
for using thes parameterization. If the surface tension of therefore:

a solution droplet is lower than that of pure water, but the surf )
partitioning effect is negligible, the observed valuesafill s = 7 Dyed” 12)
be lower than that of an ideal solution droplet with-on,0 SDS has a cross-sectional area 8042 per molecule

(Fig. 2c, red curves)s is also sensitive to the assumed value (Prosser and Franse2007), and therefore a monolayer of

of ¢; (Fig. 2c, blue curves). _ SDS is equivalent to an excess surface concentrafion (
The reduction ob in macroscopic aqueous surfactant so- ot .. 10-6 molm-2. Given a value 0fDary, T, and RH

lutions is typically limited by formation of micelles above a Eq. (12) can be solved iteratively fors"" and Dyet. This

certain certain bulk solute concentration. For SDS, this s0+1,5del of the SDS solution droplet with a complete coating
called Critical Micelle Concentratlor:ﬁ(CMC) is 8.2moPm o o1ute atthe droplet-air interface is similar to the “inverted
atwhich poinio is reduced te-40 mJnt. The range of SDS " model of solution droplets with organic solutes that

concentrations observed in this study is 110 to 340 molm has been previously describeiif et al., 1983 Ellison et al,

the entirety of which is more than 10 times greater than thelgga, and for which some observational evidence has been

CMC, §uggesting that for all SDS solution Qrpplets, eXCeSSpptained (e.gHusar and ShUL975 Tervahattu et al2002
SDS will be present to redueeto whatever minimum value  py,ssell et a).2002). However, this blurs the distinction be-

corresponds to saturation of the interface by SDS. _ tween soluble (e.g., SDS) and insoluble (e.g., fatty acids)
The partitioning effect can be accounted for by assuminggfactants oroi et al, 2004. For a soluble surfactant,

that the solute is distributed between the bulk solution a”dthe excess surface concentration is not expected to reside
the surfacegorjamaa et al2004 Li et al., 1998: exclusively at the interface (e.g., purely in a self-assembled

nlot = pBulk y j,surf (11)  monolayer), but rather as a concentration gradient between

www.atmos-chem-phys.net/10/1329/2010/ Atmos. Chem. Phys., 10, 13292010
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the bulk and surface phases. As a consequenaeay be  been operated in “CCN” mode, in which a positive tem-
greater than a monolayer equivalenBx 108 for SDS). To  perature gradientA7) was imposed in the direction of the
the extent that the partitioning effect does deplete solute fronflow (Ruehl et al, 2008 2009. Water vapor diffuses more
the bulk phase, hygroscopicity will decrease andll there- quickly from the inner wall to the centerline than does the

fore be greater. bulk gas (due to its lower molecular mass), causing a super-
N ) . saturation (RH100%) along the centerline. This technique
2.5 Specific questions addressed by this study of producing a supersaturation was describeRaerts and

. Nenes(2009. In the experiments of this study, the CFTGC
We compare observed hygroscopicity (as expressed by thﬁ/as operated in “high-RH” mode: a negatige in the di-

pararrtl.etersc andc;S') tot;]/altjes CaI,CUIattﬁd ;ndelrt dlff;fertent %S' rection of flow was applied, and water vapor diffused more
sumptions regarding the terms (i.e., the Raoult effect) an rapidly from the centerline to the inner walls, lowering the

o (i.e., the Kelvin effect) n Eq-JO-_We use _these observa- RH along the centerline below unity, to somewhere in the
tions to answer the following specific questions: range of 99.2 to 99.9% (depending AT). The overall flow
1. How well do ay, measurements made of macro- rate in the column was 0.94 L mif, of which 0.1 L min?t
scopic solutions describe the high-RH hygroscopicity of was the quasi-monodisperse flow along the centerline, and
micron-sized droplets? the remainder was a humidified, particle-free sheath flow.
Before exiting the CFTGC, the diameter and velocity of
oplets along the centerline was measured with a phase
3. How well do o measurements made using macro- Doppler interferometer (PDI) manufactured by Artium Tech-
scopic solutions describe the high-RH hygroscopicity of nologies, Inc. Bachalg 1980 Bachalo and Housef984).
micron-sized droplets? Diameters were binned at 0.1 um intervals. To get a sense
of the precision of these measurements, we measDyg¢
spectra atAT=1K for droplets formed on dry NaCl parti-
cles. The mobility diameter of the NaCl particles was in-
creased from 100 nm to 400 nm at 10 nm intervals (B)g.
Larger droplets formed on larger, multiply-charged particles
were resolved in most spectra. A bimodal (both normally-
distributed) fit was found for each spectra, and the smaller
3 Experimental Dwet mode (which was always the more numerous) was as-
sumed to be the singly-changed mode. The standard devi-
Particles of known composition were generated by atomiz-ation of this mode ranged from 0.10 to 0.42 um, or from 7
ing agqueous solutions with a high-pressure nitrogen jet. Af-to 22% of the mean. Replicate measurement®gd; stan-
ter atomization, particles flowed through two diffusion dri- dard deviation were made at sevef#ly, and ranged from
ers, which lowered the RH of the flow to below 10%. Af- 0.03 to 0.30 um (3 to 15% of the mean). However, when re-
ter drying, particles entered a differential mobility analyzer stricted toDyet<2.0 um, which includes all droplets in this
(DMA, manufactured by TSI), which selected particles of a study except those formed on the largest NaCl and AS par-
certain electrical mobility. While this quasi-monodisperse ticles, standard deviations of replicate measurements ranged
population was primarily made up of singly-charged parti- from 0.03 to 0.13 pm (3 to 9% of the mean).
cles with diametersfYqry) between 0.2 and 0.5um, italways  RH in the CFTGC was calibrated with NaCl particles,
included some larger, multiply-charged particles of equalwhich required an assumption of Based on the E-AIM
mobility. The sheath and sample flow rate in the DMA were 2 model Clegg et al. 1998 2001, we assumed NaGt in-
and 0.2 L min1, respectively. The quasi-monodisperse flow creased slightly over the relevant RH range, from 1.24 to
was split, with half going to a condensation nucleus counterl.27, and then used Ed)(to relate RH toDet of NaCl so-
and half going to a continuous-flow thermal gradient columnlution droplets at a givelnT. We found a linear relationship
(CFTGC). A dynamic shape correction factgy)(of 1.08 between RH ana\ T, but saw slight variation in absolute RH
was used for NaCl aerosol, 1.04 for ammonium sulfate (AS)(~0.05%) at the samAT on different days (Fig4). There-
aerosol, and no shape correction was magel] for any  fore instead of utilizing the linear regression of RH ont®,
of the organic aerosol testeddlenyuk et al.2006 Kramer  for all compounds besides NaCl we transfornmiggk into «
et al, 2000. using the NaCl-calibrated RH for the individual day of the
Flow in the CFTGC proceeds through 1 m of stainless steemeasurements. It should be mentioned that RH is very sen-
tubing with an ID of 0.022 m. Temperature is controlled at sitive to 7T, such that an increase inof only 0.015 K would
four locations along the tube with high-precision thermis- result in a decrease in RH of 0.1%. This calibration therefore
tors and thermo-electric coolers. The inside wall of the tub-suggests that the temperature in the view volume was stable
ing is coated with filter paper, which is saturated with wa- to within ~0.01 K, which is approximately the precision of
ter before use. In previous experiments, the CFTGC haghe thermistors.

2. Does the micellization of SDS limit its hygroscopicity? dr

4. And finally, for our model surface-active compound
(SDS), does partitioning of solute to the droplet-air in-
terface and the resulting depletion in the bulk droplet
(i.e., the partitioning effect) need to be taken into ac-
count to accurately predict hygroscopic growth?
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Table 1. High-RH hygroscopicity £ops) of the NaCl reference and
six other compounds. Alsqgea), the theoretical value at RH=100%
assuming an ideal solution, infinite solubility, and either complete
dissociation (NaCl, AS, and SDS) or no dissociation (malonic and
adipic acids, glucose, and sucrose). Also listed are the slapes (
and p-values for linear regressions efonto RH. p-values under

Fig. 4. RH vs. AT, with RH derived from observet)yet of NaCl
solution droplets, assuming=1.24 to 1.27 (based on the E-AIM
model) and shape-corrected diameter1.08).

5% are in boldface. ammonium sulfate (A$=0.572-0.074). Average A% was
21% lower than the ideal value (0.72) but in agreement with
Kobs Kideal 7 m P the value predicted from macroscopic observatidisner-
[% %] mans 1960. If the nonideality of AS is incorporated into
NacCl 1.27#+0.11 133 77 -12 084 the van't Hoff factor, this is equivalent to an average value
AS 0.572t0.074 0.72 54 20 0.068 of v=2.4, although as discussed below this value increases
malonic acid  0.2930.057  0.28 35 46 0.009 over the RH range studied here. Although not found in at-
adipicacid  0.18%0.040 0.168 13 100 0.050  mospheric particlesRacchini et al. 2007, sodium dodecyl
glucose 0.16%0.033 0.154 20 63 0.13 . ;
SDS 01340029 0147 53 272 086 §ulfate (SDS) is a commonly studlled surfactant, and as such
sucrose 0.1120.020 0084 27 _54 0028 it was used as a model surface-active compound. The average
high-RH hygroscopicity of SDS«E0.134+0.029) was only
* This value was fixed in the RH calibration. 9% lower than that predicted for an ideal solution (0.147). In
macroscopic solutions, however, SDS does not behave ide-
ally: ¢ drops sharply to 0.12 (equivalent t3=0.02) once
4 Results and discussion the critical micelle concentration (CMC, 8.2 motn) is ex-
ceeded, and remains-aD.12 for all [SDS] observed in this
4.1 Overall results study 110 moln13) (Widera et al. 2003. The values of

SDS« derived fromD,et Observations therefore suggest that
As expected, the high-RH hygroscopicity, expressed,as a lack of micellization in micron-sized solution droplets en-
of both inorganic compounds was greater than that of anyhances SDS aerosol hygroscopicity at high RH relative to
of the five organic compounds (Tably. NaCl was the that of a macroscopic solution. The relative hygroscopicity
most hygroscopic compound studied=(.2740.11, withthe  of the organic compounds was as predicted from their molar
mean value fixed by the CFTGC calibration), followed by volumes and assuming an ideal solution (TableMalonic
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linear regressions (red solid lines), data from macroscopic solutions 6t ' i
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acid was the most hygroscopic organic compour(29), 0.5 1 15

followed by adipic acid (0.19), glucose (0.17), sodium do-
decyl sulfate (0.13), and sucrose (0.11). Malonic acid Dwet (um)

was only slightly above the theoretical value assuming ide-

ality and no dissociation. Glucose hygroscopicity was alsorig. 6. SDS hygroscopicity, with linear regressions (red solid lines)
slightly greater than that predicted for an ideal solution. Inand values for ideal solutions with the surface tension of water
contrast, sucrose hygroscopicity was 25 to 50% greater thagblack dotted lines). Symbol size indicateg,y. Error bars indicate
that predicted assuming ideality. Adipic acid hygroscop- duplicate Dyet standard deviations(a) « vs. RH.(b) « vs. Dyet.
icity was relatively high, especially in light of negligible () 3§ vs. Dwet.

adipic acid hygroscopicity at RH up to 95% observed pre-

viously (Prenni et al.2001 Sjogren et al.2007). This could

be due to the relatively large siz®4ry>250 nm) of adipic . _
acid particles examined, which are not subject to the de|_5|gn|f|cance £=0.068, see Tablg), the excellent match be-

iquescence barrier to hygroscopic growth affecting smallerVeen _the ob_servatlons an_d the E-AIM predictions suggests
. . that micron-sized AS solution droplets can be described by

(Ddry<150 nm) particlesHings et al, 2008. . . . : .
macroscopic data. If this nonideality were to be incorporated

into the van't Hoff factor, it would increase from=2.2 to

2.5 as RH increases from 99.2 to 99.9%, suggesting that a

4.2.1 Inorganic compounds value larger than 2.5 should be used in calculations involving
activation of AS particles under supersaturated conditions.

Because NaCl was used as the reference substancel(Fig.

variation ofx with RH was determined by experimental NaCl 4.2.2 SDS

water activity data, as incorporated into the E-AIM water ac-

tivity model, and increased from 1.24 at RH=99.2% to 1.27In macroscopic aqueous solutions, the ability of SDS to

at RH=99.9%, a small variation relative to that due to ex- lower water activity &) is strongly limited by its tendency

perimental uncertainty (Figba). « of ammonium sulfate to form micelles, and therefore the hygroscopicity of an SDS

(derived from observations abyet) increased slightly as particle might be expected to increase with increasing RH, as

RH increased from 99 to 100%, as predicted using macrogreater dilution would reduce the proportion of SDS found in

scopic water activity measurements (represented by E-AlIMmicelles. However, as with NaCl, SD&did not vary with

see Fig.5b). Although this trend had only mild statistical RH (Fig. 6a). This indicates either that SOg&is relatively

4.2 Hygroscopicity variation with RH
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Fig. 7. Theoretical variation in SD% with RH (lines) for sev- 0.15} o O g
eral cases, with observations (black circles, size indicm@@). ’ r2=0.31 P -
(a) Predictedc for three cases: an ideal solution droplet with the 0.1t . . — ~ limited solubility
surface tension of pure water (black dotted line), a droplet with 99.2 994 99.6 99.8
set to match average observedand the surface tension of pure RH (%)

water (blue dashed line), and a droplet wghimited by micel-
lization and a surface tension of zero (red dash-dot line). Even
wheno =0, micellization would result in droplets Wiuhv% of the
observed values(b) Three cases related to surface activity: only

surface tension reduction £40 mJ mr), only surface partitioning lines). Marker size indicateBgyy. Error bars indicate the error in

_ 2 ;
andI'=6 umol nT= (dashed blue line), and both. When both sur- 5qq4ciated with an error in RH f0.05% (absolute)(a) malonic
face effects are considered, they tend to cancel out in terms of theig iy (b) glucose (c) sucrose(d) adipic acid.

influence onc vs. RH.

Fig. 8. Organic hygroscopicityx) vs. RH. With linear regressions
(red solid lines), values for ideal solutions with the surface tension
of water (black dotted lines), and theoretical values (green dashed

constant at high RH, or that variation #is roughly can-  SDS solutionsg is much smaller than in our observations
celed out by SDS surface activity in terms of its influence (Fig. 7a, red curve). Not even the assumption thas re-
on hygroscopicity. To further investigate this lack of varia- duced to zero can make the choicepef.12 consistent with
tion, we make several assumptions regarding the water ache observations. We therefore conclude that micellization in
tivity of SDS solution droplets, and compare the predictedmicron-sized SDS solution droplets does not incregsat
variation in SDSc with RH to observations. Some of these RH from 99 to 100% in a manner analogous to macroscopic
predictions are based on the CMC of SDS (8.2m#),rand  solutions:; and therefore, CMC values obtained from mea-
we note again that based on measuigg, and Dyet, the  surements of such solutions may not be appropriate for cal-
range of SDS concentrations observed in this study is 110 tgulations involving aerosol particles of typical atmospheric
340 mol nt3. sizes (e.g.Tabazadeh2005.

Our first two cases assume that SDS either behaves ide-
ally (¢p=1) or $=0.91 (as required to match observed In 4.2.3 Other organic compounds
both cases, the surface tension of the droplet is assumed to
be equal to that of pure water. The resulting values of 8DS The hygroscopicity of the remaining compounds, expressed
are constant with RH (Fig7a) both because is constant as «, increased with RH, with the exception of sucrose.
ando=72.8mJm? (the assumed value in the formula-  These trends were significant for malonic agig<0.01) and
tion, see Eqg5). Additionally, the theoreticak values are  sucrose <0.03, Tablel). Like AS, the increase of mal-
roughly consistent with the observed values. However, if itonic acid« with RH was consistent with the E-AIM activity
is instead assumed that0.12, as derived from macroscopic coefficient model (Fig8a), and values ok >kjgea around
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Table 2. Slopes ) and significance g-value) of trends in both
hygroscopicity parameters @nds) with Dyet. p-values under 5%
are in boldface.
my ms - pk Ps .
opml]  [muml]
NaCl 3.3 -8.1 0.13 0.26
AS 4.5 —-0.5 042 0.98
malonic acid 41 —120 0.001 0.014
adipic acid 47 —27 0.015 0.52
glucose 42 —76 0.033 0.085
SDS 65 210 1x107% 1x10°® 8t
sucrose 22 —100 0.26 0.051 -
EGT
=
w4t
RH=99.8% are likely due to dissociation (vas calculated 21
assuming no dissociation). 0

Glucosex increased slightly with RH (Fig8b). Unlike
the inorganic compounds, for glucoge-1 in aqueous solu-
tions (e.g.,Matubayasi and Nishiyam2006, from which
Kk >kideal follows. At the high RH observed in this study, Fig. 9. Hygroscopicity §) of (a) NaCl and(b) AS vs. Dyet. With
glucose concentration was between 0.11 to 0.45motkg linear regressions (red solid lines) and values for ideal solutions
which in macroscopic solutions corresponds to an increaseavith the surface tension of water (black dotted lines). Marker size
in ¢ of <2% (Stokes and Robinsp966, and thus this ef-  indicatesDyry. Error bars indicate duplicatdwet standard devia-
fect would have to be enhanced in micron-sized droplets tdions.
account for the observations.

Sucrose was the only compound studied in whicHe- _ )
creased with RH (Fig8c), although for all RH > kigeal fpr a seco_nd parameter. Calculationsofequires assump-
Like glucose, the osmotic coefficient of macroscopic su-ton of ¢ (i.e., the Raoult effect), and we allow to vary
crose solutions is greater than one, although sucrose devl¥ith RH according to the linear regressionobnto RH (red
ates further from ideality (which is consistent with our obser- IN€s in Figs.5, 6a, and8). Because$ accounts for varia-
vations). At the maximum sucrose concentration observedion of osmolarity with RH, it is less likely that any trend
(0.53molkgl), $=1.044 in macroscopic solution€legg in 8 with Dyet is due to solution non-ideality thanqﬁ‘were_
et al, 2001, again suggesting that this effect is enhanced inh€ld constant. We therefore expédb be a more appropri-
micron-sized droplets relative to macroscopic solutions. Thet€ metric of Kelvin effects. This can be seen by comparing
ratio of glucosex to sucrose increases towards 1.8 (the ra- thep values for these parameters (TaBJewhich are gener-
tio of their molar volumes, as assumed for ideal solutions) as!!y higher (less significant) fay. § for only two compounds
RH—>100%. The greater non-ideality of sucrose relative to (SPS and malonic acid) varied significantly £0.05) with
glucose is already apparent at R#99.5%. Dwe_t,_whlle variation ofk with Dyet was ;lgn|flc§nt fOf two

An increase in adipic acid with RH (Fig. 8d) could also ~ additional compounds (glucose and adipic acid). Fidire
at least partly be caused by its low solubility of 25kgin ~ @nd ¢ show the trend in SDS hygroscopicity wityet uSing
(Saxena and Hildemand99§. Again assuming=1, this ¥ and s, respectively. The trends are in opposite direction

solubility limit corresponds to an RH 0£99.7%. Adipic ~ P€cause hygroscopicity decreases withut the significance
acid« does decrease below this limit, although it is consis- (Table2) and the correlation are similar. Based on the results

from all compounds, we conclude that a parameterization of
the Kelvin term such a&, that is derived accounting for non-
ideality in the Raoult term, is a more conservative and useful
metric of Kelvin effects in micron-sized droplets.

tently larger than predicted without accounting for dissocia-
tion (or Kelvin effects).

4.3 Hygroscopicity variation with Dyet

4.3.1 Comparison ofc and § as a hygroscopicity 4.3.2 Inorganic compounds
parameter vs. Dyet
Neither NaCl nor AS varied with Dyt (Fig. 9), as expected
We first compared ands as a parameter for trends in hy- because these salts are not known to be surface-active. The
groscopicity withDyet to see if there was any justification finding that non-ideal behavior of AS, as opposed to surface
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8 As can be seen in Egg), § is proportional to surface ten-
o @¢=1.0 sion (). If SDS solution droplets behave ideally, with a sur-
6t ;o -------- e , face tension of pure wate¥|s equal to 2.1 nm, ang=0 if the
. °gd 6)8 O I'=12 umolm Kelvin effect is completely neglected (Figj0a). Taking the
£ ol O ©) =6 partitioning effect into account has the opposite effect: for-
56 ------ Ao §---0 ------ oy mation of a monolayer (surface excess concentraligrgf
i & ®o © O o,['=0,0=72 6 umol n?) causes to increase to 3.6 nm (Fid.0a). With
qu 2r ° ooé Qﬁ’ nU Y 5=40 a soluble surfactant such as SDS, the solute excess may ex-
@ ¢~ Os =0 m,im'z ist for some distance below the solution-air interface, and
o @) thus concentrations greater than one monolayer equivalent
are physically reasonable. Note that likethe influence of
5 . . . . O . I" on hygroscopicity goes as\,;gt, and thereforé is constant
With Dyet.
(b) (b) ¢ =0.75 Transformation of observedy; into § requires an as-
. 4r oo sumption of¢ for the solution droplets. As with all other
c 0, ]'O _ _ compounds, for SDS we assumed thataries with RH ac-
£, ® Ta' %@ @9] [=0,0=72 cording to the linear regressionmobnto RH (for SDS¢ was
R E o8 8 $» relatively constant, roughly 0.9). To test the sensitivity of the
E ol o+ O @gé & O trend in§ with Dyet to this assumption, we repeat the cal-
29) Q)@d) 0] culations assuming=0.75 (Fig.10b). This causes a slight
@ O downward shift in all§, but the trend in§ with Dyet is not
2r fundamentally altered.
o It can be seen in FiglOa that loweringo (blue curves)
_4 1 1 1 1 1 1

08 1 12 T2 o T8 > and accounting for the partitioning effect (red curves) have
' D ' ' opposite effects on SDS hygroscopicity (parametrized) as
wet When both are taken into account, they tend to cancel each

Fig. 10. (a)SDS$ both observed (black circles, size indicates other out, and if they are roughly in balance, no trend in hy-

Dyry) and predicted (lines) under several assumptions regardinggrOSCOp'C',ty with RH would be predicted (Figh). The lack
surface activity, versubwet. Surface partitioning (i.e['>0) tends ~ Of @ trend in SDS with RH therefore suggests the presumed
to decrease hygroscopicity, or increasevhile surface tension re- lowering ofo is roughly canceled out by the partitioning ef-
duction {72 mJ nT2) has the opposite effedh) Observed with fect.

all calculations o6 made assuming=0.75. This results in a down- As indicated above, we have not been able to model the
ward shift in alls, but has only a minor effect on the trendsimvith observed increase in SDS hygroscopicity (decreasegg)
Dyet. with Dyet assuming constant valuesgfo, andI™. This sug-

gests that at least one of these parameters variesijth
Because is roughly proportional t@, and the highest ob-
served values otsps are roughly 2 times greater than the
lowest, the range of observed SDS hygroscopicity could cor-
respond to an increase ¢nfrom 0.5 to 1. This could result
from micellization in smaller droplets, although not to the ex-

It is well-known that SDS reduces the surface tensonaf tent seen in macrpscopic SOIU“,O”S' Howevers typica}IIy
macroscopic aqueous solutions, and consequently one migfigought to vary with concentration, and thus a trenddps
expect SDSS to be lower than that of NaCl and AS. SDS with RH would be expected ip is not constant. It is there-

hygroscopicity did vary strongly wittwet (Fig. 6b and c), fore_ unlikely that the trend id is_the result of micellization.
although it is not immediately clear why its surface activity T 19ure7b demonstrates that if bothandI" are allowed to

causes its hygroscopicity to increase with increasing, vary with Dyset, they can do so in a way that their influenges

as a given reduction in surface tension would be expecte@” théx vs. RH trend cancel out. We found that the following

to cause a decrease dgps which does not vary wittDyet assumptions fit the observations: At the low end of our mea-
2

(Fig. 2¢). We next seek to explain the trendsinvith respect ~ SUrédDwet (0.8 um), we sef' to 18 pmol me and decreased

t0 Dywet as shown in Figéc (and reproduced in Fig0). To | linearly with Dye until '=0 whenDyei=1.8 um. We held

do so, we make a series of assumptions regarding SDS suf- constanj[ at 30 mj] nf. Under these assumption§,does
face activity, and discuss the theoretical variation iwith ~ NOt vary with RH (Fig.11a), buté would decrease witDwet

RH ands with Dyet resulting from these assumptions. at roughly the observed rate (Figjlb). We emphasize that
because two effects are opposing each other (surface tension

reduction and partitioning), we cannot isolate either effect

activity, causes variation in high-RH hygroscopicity is con-
sistent with LACIS measurement#/éx et al, 2005.

4.3.3 Sodium Dodecyl Sulfate (SDS)
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Fig. 11. Observed trends in SDS hygroscopicity with RH dhglet

(black circles, size indicateBqry), and predictions (blue dashed Fig. 12. Organic hygroscopicityd) vs. Dwet. With linear regres-

lines) assumingp =1, and that asDwet increases from 0.8 to  sions (red solid lines), and values for ideal solutions with the surface

1.8 um,I" decreases linearly from 18 to 0 umott o is held con-  tension of water (black dotted lines). Error bars, symbol size, and

stant at 30 mJ m2. color indicate duplicat®et standard deviations, dry diameter, and

RH, respectively.(a) malonic acid. (b) glucose. (c) sucrose.(d)
adipic acid.

and thus these values can not be considered independent es-

timates. In other words, this model is an ad hoc fit to the

data, and while we can conclude that SDS hygroscopicity inpure water. In contrast, a compressed film of insoluble sur-

creases with increasinBwet, the mechanism responsible for factant can substantially reduce evaporation rates from aque-

this trend remains unclear. ous solutionsNloroi et al, 2004. However the same effect
As discussed previously, a valuelotorresponding to the  could result from any mechanism causing a decrease in SDS

actual size of the SDS molecule is 6 pmot#if a monolayer  solution activity that goes aDWet However, ifo of these

is present. Previous investigations have characterized twdroplets is somewhere between the value for pure water and

types of organic films at aqueous interfaces: “condensedzero, and micellization is not occurring, then the most likely

films formed by insoluble organic matter, which resides only explanation for the observed trend is an increask iwith

at the aqueous-air interface, and “adsorbed” films formed bydecreasingDyet, €ventually reaching a value equivalent to

soluble organic matter. Because SDS is a soluble surfacapproximately three monolayers.

tant, its surface excess might occur both at the interface, but

also as an increased dissolved concentration near the inte#.3.4 Other organic compounds

face (i.e., a gradient from the interface to the bulk). In other

words, if the surface excess concentration is 18 umdlm The hygroscopicity of all other organic compounds increased

but only 6 pmol nT2 can reside in a monolayer at the inter- with size (i.e.,5 decreased withDyet, although none as

face, then for every SDS molecule in the monolayer, therestrongly as SDS (Figl2). As with the variation of hygro-

are two in solution near the interface in excess of the bulkscopicity with RH, this trend was strongest (Fi2a) and

solution concentration. This interpretation of the surface ex-most significant §=0.014, Table2) for malonic acid, fol-

cess concentration is supported by measurements of evaptwed by sucrose. These results therefore provide evidence

ration rates from SDS solutions, which are similar to those ofthat both the Raoult and Kelvin effects influence the high-RH
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hygroscopicity of malonic acid and, to a lesser extent, su- 4. No evidence for micellization of SDS is found in these
crose. It is also possible that the Kelvin effect contributes to drops, at least to the extent seen in macroscopic solu-
the hygroscopicity of both sugars. While glucose is known tions. SDS hygroscopicity was several times greater (in
to slightly raise the surface tension of aqueous solutions, su-  terms of water volume absorbed) than predicted based
crose has the opposite effedfigtubayasi and Nishiyama on macroscopic data.

2006, and this is consistent with sucrogdeing lower on
average than glucos® The change inr of macroscopic
solutions caused by these sugars is slight relative to SDS,
however, particularly at low concentrations. Furthermore,
without independent knowledge of the osmolarity of these
droplets, the importance of the Kelvin effect on sugar hy- aAcknowledgementsThe authors would like to acknowledge
groscopicity cannot be quantified. No impact of the Kelvin funding from the NASA Radiation Sciences Program and the NSF
effect on adipic acid hygroscopicity was seen once observegraduate Research Fellowship program.

variations ing with RH were accounted for (Fig.2d, Ta-
ble 2). Edited by: A. Laaksonen

5. Overall, these results suggest that extending the prop-
erties of macroscopic solutions to calculations of the
hygroscopicity of micron-sized drops can be very mis-
leading.
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