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Abstract. Organic compounds with surfactant properties arel Introduction
commonly found in atmospheric aerosol particles. Surface

activity can significantly influence the cloud droplet form- The influence of atmospheric aerosol particles on cloud for-
ing ability of these particles. We have studied the cloudmation and properties constitutes the single largest uncer-
droplet formation by two-component particles comprising tainty in assessing anthropogenic climate forcinBQC,

one of the organic surfactants sodium octanoate, sodiunzoo-,)_ Cloud droplets form when water vapor condenses
decanoate, sodium dodecanoate, and sodium dodecyl Sunto particle surfaces. In the process, particle constituents
fate, mixed with sodium chloride. Critical supersaturations may dissolve into the aqueous phase and form solution
were measured with a static diffusion cloud condensation Nugroplets. The ability of particles to act as cloud condensa-
cleus counter (Wyoming CCNC-100B). Results were mod-tion nuclei (CCN) therefore depends on chemical composi-
eled from Kohler theory applying three different representa- tion, as well as size. Surface active molecules (surfactants)
tions of surfactant properties in terms of surfactant surface.qgncentrate in the surface and can reduce the surface ten-
partitioning and reduced droplet surface tension. We hergion of an aqueous solution. Reduced surface tension, com-
confirm previous results for single-component organic SUr-pared to that of pure water, has been demonstrated in bulk
factant particles, that experimental critical supersaturation%ammes of atmospheric cloud and fog wafeadchini et al.

are greatly underpredicted, if reduced surface tension is usegdlggq 2000 and in aqueous extracts of collected atmospheric
while ignoring the effects of surface partitioning in droplets. aerosol samples from a wide variety of sources and environ-
Furthermore, disregarding surfactant properties by ignoringments, including biomas#6a-Awuku and Sullivan2008
surface partitioning and assuming the constant surface terngng coal burning Qros and Simoneit2000, and marine
sion of pure water can also lead to significant underpredic—(|\/|ochida et al.2002), rural (Kiss et al, 2005, and polluted
tions of experimental critical supersaturations. For the mixedenvironmentsll)inar and Taraniuk2006. The goal of this
particles comprising less than 50% by mass of surfactant, thigyork is to advance the fundamental understanding of the role
approach however still provides a good description of the obf syrfactants in cloud microphysics, which is essential for

served droplet activation. A comprehensive account for sur¢onsistent representations of aerosol effects in atmospheric
factant properties, including both surface tension reductionyggdels.

and effects of surface partitioning in activating droplets, gen-

. ) . . Fatty acids and their salts constitute an important class of
erally predicts experimental critical supersaturations well.

atmospheric surfactants and have been identified in aerosol
samples from both marineMochida et al, 2003, urban
(Yassaa et 812001), and continental@heng et al.2004) en-
vironments. We have previously addressed the cloud droplet

Correspondence t. L. Prisle formation of single-component particles comprising a se-
BY (nonne.prisle@nhelsinki.fi) ries of saturated fatty acid sodium salts and demonstrated
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the importance of a comprehensive account for surfactanli.able 1. Weighed surfactant solute mass-fractioh,(sgt [%]) in

properties in thermodynamic model predictioRsi¢le etal, o atomizer solutions.

2008. Atmospheric particles are however generally mix-

tures of both organic and inorganic specibifphy et al, SET ~20% ~50% ~80% ~ 95%
2006. In this work, we therefore proceed by investigat-

ing two-component particles comprising organic surfactants c8 20 o1 9 9

mixed with sodium chloride (NaCl). These particles can gig gg gg ;i gg’
be regarded as simple model systems for marine aerosols SDS 20 51 81 N

(O’Dowd et al, 2004.

We compare experimental observations of cloud droplet
formation by mixed surfactant-NacCl particles to thermody-
namic model predictions using different representations o
surfactant properties in activating droplets. Specifically, we
have studied the sodium salts of n-octanoic (caprylic), n-
decanoic (capric) and n-dodecanoic (lauric) acid. In addi-
tion, we included sodium dodecyl sulfate (SDS), which is a
strong industrial surfactant with well-quantified properties.
SDS is not found in the atmosphere but has previously bee
targeted as a model compound for water-soluble atmospheric
surfactants in cloud droplet formation studies of both single-

f2.1 CCN measurements

Critical supersaturations were measured with a static
thermal-gradient diffusion-type cloud condensation nucleus
counter (Wyoming CCNC-100B)Snider et al.200§. The
experimental set-up and procedures employed are described
in detail in previous workRrisle et al, 2008 and references
erein).

Particles were generated by atomization of aqueous so-

) : i . lutions using a constant output atomizer (TSI-3076), oper-
component particles and mixed particles with NaGk al. ated in recirculation mode. The wet aerosol produced was

1998 Rood and Williams2001, Sorjamaa et al2004). subsequently dried by passing through a set of two silica-

The fatty acid salts_, (FAS) and .SDS are amphiphiles. Eac el containing diffusion-driers in series, followed by dilution
molecular structure is characterized by a polar head-grou

. ith dry air. The relative humidity (RH) in the dry aerosol
the —COO™ or —OSQ; functional groups) and a non-polar : .
ﬁydrocarbon tail (thecgnbranchedgHz)E:C)Hg 6.8 1p0 was typically 5-8%, except during one measurement (for

hai To red destabilizing int ’ ith th about 1.5 h) where the RH increased to nearly 20%. Atom-
chain). To reduce establiizing interactions wi © PO jzer solutions were prepared with de-ionized and purified wa-
lar water molecules in the aqueous phase, the surfactal

lecul : tall late at the ai ter int r (18.2 M2 cm resistivity, produced in a Milli-Q Plus Ul-
molecules preterentially accumuiate at the airwater Intery . p e \water System). Total solute concentrations were
face, with the hydrophilic ends dissolved in the aqueous so

X L o >0.12—0.31gL~1. Compositions of the dried particles are as-
Iutl_oq and the_ hydroph(_)blc tails pom_tl_ng outwards to the air. sumed to reflect the weighed relative mass fractions of or-
This is the origin of their surface activity.

ganic and inorganic solutes in the atomizer solutions. Stud-
ied particle compositions thus comprise each FAS in approx-
2 Experimental imate mass fractions of 20, 50, 80, and 95%, and SDS in
approximate mass fractions of 20, 50, and 80%, relative to
We have measured the critical supersaturation as a fundNaCl. Exact weighed surfactant mass-fractions e [%)])
tion of dry particle diameter for two-component laboratory- are given in Tabld.
generated particles comprising organic surfactant (SFT) From the dried polydisperse aerosol, a narrow electrical-
and sodium chloride (NacCl) in different relative amounts. mobility particle size-fraction was selected with an electro-
Particle compositions included one of the surfactantsstatic classifier (TSI-3080). The number concentration of ac-
sodium octanoate (GHCH,)sCOONa; C8Na), sodium de- tivated particles (CCN [cml]) at selected water vapor su-
canoate (CH(CH2)sCOONa; C10Na), sodium dodecanoate persaturationss [%]) was then measured with the CCNC.
(CH3(CH»)10COONa; C12Na), and sodium dodecyl sulfate The total particle number concentration (CN [ch) was
(CH3(CH>)100SOsNa; SDS), mixed with NaCl. Chemicals measured in parallel, using a condensation particle counter
were obtained at the highest purities available from commer{TSI-3010). Particle electrical-mobility diametei3 () were
cial sources: sodium octanoate (Sigma, capillary GC, mini-25-140nm and CCNC supersaturations wer2—2.0%.
mum 99%), sodium decanoate (Fluka, purum. 98%), sodiunPurified and dried high-pressure air was used in all experi-
dodecanoate (Sigma, Sigma Grade 99-100%), sodium donents. Laboratory temperatureB)(were kept constant at
decyl sulfate (Sigmay99%), and sodium chloride (Riedel- 296-297 K during the course of each experiment by a ther-
deHan, >99.8%). Before use, all chemicals were baked mostat air-conditioning system.
overnight at moderate temperatures80°C) to evaporate
any volatile impurities.
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2.1.1 CCNC calibration and data fitting

The CCN experiments give the fraction of activated parti-
cles (CCN/CN) with a selected mobility diameter as a func-

5665

activated cloud droplets that will continue to grow into full-
sized cloud drops, only limited by the transport of water va-
por to the droplet surface. Below, we equivalently refer to the
water vapor supersaturatiofi§ /[100%d = S — 1, and analo-

tion of the supersaturation that the particles were exposed tayously to the droplet critical supersaturatioSs{( [%]).
These data were fitted with a four-parameter sigmoidal func-

tion, y=yo+a/[14+exp(—(x—xo)/b)] (Prisle 2006 Prisle
et al, 2008. Including correction for multiply-charged par-

3.2 Surface partitioning

ticles simultaneously selected in the classifier, the experSurfactant molecules preferentially accumulate at the air-

imental critical supersaturations§c " [%]) was then de-
termined from the midpoint of the singly-charged particle
activation step xp): the CCNC supersaturation was cali-

water interface of aqueous solutions. This generates a con-
centration gradient between the solution bulk (supers@&ipt
in the following) and surface (superscrif) phases. The

brated with a linear relation, obtained from measurementdelative distribution of surfactant molecules between these

using monodisperse ammonium sulfat®il,)>S0O,) and
NaCl particles Bilde and Svenningssr2004), such that
555P =0.6638x9—0.01168. Error bars given fatS; * de-
pict £2t (approximate 95%-confidence intervals), where

distinct solution phases is here referred to as the surfac-
tant (bulk-)surface partitioning: it can be thought of as gov-
erned by some equilibrium constark, o« aT'/dc?, where

I' (the surface excess) is the number concentration of sur-

is the combined standard deviation from the sigmoidal fit tofactant molecules per unit area in the surface, afidis
activated fractions and the linear supersaturation calibratiothe concentration per unit volume in the solution bulk-

(Prisle 2008.

3 Theory
3.1 Kohler theory

Cloud droplet formation is described inoKler theory
(Kdhler, 1936 by the equilibrium growth and activation of
an aqueous solution droplet. Théker equation relates the
equilibrium water vapor saturation rati§)(over a spherical
solution droplet to its diameted]:

)

where p,, is the equilibrium partial pressure of water over
the solution dropletpg is the saturation vapor pressure over
a flat surface of pure wated,, is the droplet solution water
activity, v, is the partial molar volume of water in the solu-
tion, o is the droplet surface tensioR, is the universal gas
constant, and” is the Kelvin temperature.

The water activity 4,,) in Eq. (1) is equivalently called the

4v,0
RTd

S= p—g =ay exp( (1)
Puw

phase. Surface partitioning thus depends on the intrinsic
propensity of surfactant molecules for the surface (from
the value ofK), as well as the relative dimensions of the
solution bulk and surface phases, due to the implicit de-
pendency ofdaI'/ac? on surface areaA) and bulk vol-
ume (V). For spherical liquid droplets with diameters of
d=0.1, 1, and 10pum, the surface-area-to-bulk-volume ra-
tio (A/V =6/d) is 60, 6, and 0.6 umt, respectively, and
A/V — 0 asd — oo for bulk solutions with flat surfaces.

The small solution droplets involved in cloud droplet for-
mation typically have sub-micrometer diameters, whereas
the dimensions of bulk solutions characterized by conven-
tional laboratory methods or collected in field samples are
much larger. We here denote bulk agueous solutions as
“macroscopic”, and activating droplets as “microscopic”.
The term “bulk” is generally used to designate the isotropic
bulk phase within an aqueous solution and distinguish it from
the anisotropic surface phase. A similar practice was used in
our previous work Prisle et al, 2008 and is also employed
by Ruehl et al(2010.

Due to surface partitioningd/V becomes a key factor
in determining surfactant solution properties. Equilibrium
water activity @,,) and surface tensiorr§ are expressed as

Raoult term and describes how the equilibrium partial pres-functions of solution bulk-phase compositior®}. How-
sure of water over an aqueous solution is suppressed froraver, surface partitioning depletes the bulk phase of surfac-
the pure water saturation vapor pressure by dissolved solutesnt molecules and thereby decreasés Given the same

according to (the extended) Raoult's Law, = a,, pg. The
exponential, or Kelvin, term of Eql) accounts for the vapor

surfactant concentration per unit of total (superscfipso-
lution volume ¢7), the largerd/V of microscopic droplets

pressure enhancement over a curved droplet surface by theauses a larger fraction of the total numbet ) of surfac-

Kelvin effect. A plot of water saturation ratio versus droplet
diameter §—d) gives the Kohler curve for a growing droplet
and its maximum defines the critical saturation rafig énd
corresponding critical droplet diametetf.]. Droplets that

tant molecules in solution to partition to the surfaeé)(and
a smaller fraction to remain in the bulk phasé®), com-
pared to macroscopic solutions. The change in bulk-phase
composition from the total surfactant concentration due to

have been exposed to ambient water saturation ratios largesurface partitioning is negligible for macroscopic solutions

than their respective threshold valu&s S.), and thus sur-
passed their critical diameterg £ d.), are assumed to be

www.atmos-chem-phys.net/10/5663/2010/

(cB~cT). In microscopic droplets, bulk-phase depletion of
surfactant molecules can on the other hand be significant
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(cB«eT). The importance of surface partitioning for chang- additivity of water and dry particle components within the
ing microscopic solution properties, compared to macro-aqueous droplets, as
scopic solutions of the same overall composition, has pre- ; pw T
viously been noted bgeidl and Hane(1983, Bianco and 1, = V-6
Marmur (1992, andLaaksoner{1993. v
Surfactant surface partitioning in microscopic droplets po-All particle components are assumed to be completely dis-
tentially affects cloud droplet activation through both Raoult solved in the droplet solution, equivalent to assuming full
and Kelvin effects. A smaller surfactant bulk-phase concen-water solubility of both surfactant and NaCl solutes. Chem-
tration will be reflected in a larger water activity (a dimin- ical reactions within the droplet solutions and physical re-
ished water partial pressure suppression by the Raoult effecgictions, such as condensation or evaporation of droplet and
and a larger surface tension (a diminished surface tension regas-phase components, are assumed to be absent. For each
duction). At a given droplet size, the latter thus leads to androplet size and corresponding total compositiofi,(n]),
amplified curvature enhancement of water vapor pressure bthe droplet bulk-phase molar compositimf( nB)is subse-
the Kelvin effect. A simple illustration of the effects of sur- quently determined, either without consideration of surface
face partitioning on surfactant bulk-phase concentration angartitioning, as simply equated to the total droplet composi-
surface tension in droplets of different sizes is presented irtion (22 =n!, n8 =nT), or from iterating the partitioning
AppendixA. equilibrium, as described in the following Seét2
Water activity and surface tension are evaluated as func-
tions of the droplet solution bulk-phase composition accord-
4 Thermodynamic model ing to relations for a macroscopic solution, such that=
_ _ aBnB,n8)ando =o8(n?,n8). Droplet solutions are as-
The details of our thermodynamic model have been degmeq to be ideal and bulk-phase concentrations are there-
scribed in previous workJorjamaa et al2004 Prisle etal.  ¢5ra sed instead of the appropriate activities for all droplet
2008 and references therel'n)'. Some modlflcatlon have beer&omponents. In particular, the droplet bulk-phase water ac-
made, compared to the original version; for completenessy i, js set equal to the corresponding water mole-fraction
the_model structure, equations and assumptions are therefo[?oncentrationc(g — xB). Both surfactant and NaCl solutes
reviewed here. are assumed to be fully dissociated in the droplet solution,
with dissociation factor8spr= dnaci= 2. Furthermore, the
partial molar volume of waterv(,) is approximated with
the molar volume of pure water, given by the water mo-
lar mass and mass density a,%: M, /py, according to
the assumption of volume additivity for all droplet compo-
nents. Droplet surface tension is either evaluated from a
concentration-dependent ternary SFT-NaCl aqueous solution
surface tension parametrization,= o (c8c1.c5,c). as de-
scribed in Sect4.3 below, or set equal to the constant value
for pure water § = 0,,). Then, the equilibrium water satu-
ration ratio () for the given droplet sized| is finally calcu-
lated from Eq. 0).
Kohler model predictions are made with three different
d representations of surfactant properties:

d*-D3) ®3)

4.1 Kohler calculations

Model calculations determine critical supersaturatiohs.{
for growing droplets formed on dry particles of known com-
position and diameter, by iterating the respectivéhier
curve maxima from Eq.1).

Dry particles are assumed to be spherical with (volume-
equivalent) diameters I, = D,) corresponding to the
electrical-mobility diameter mode selected by the DMA dur-
ing experiments. Particle volume is thus obtained/gs=
%Df,’, without any mobility shape-factor correction. Particle
compositions are given by the relative mass fractioig)(
of molecular surfactant (SFT) and NaCl, wheig, spr+
Wp.Naci=1. As mentioned in SecR.], these are assume
to reflect the weighed solute mass-fractions in the atomizer 1 (denoted #, p”) explicitly accounting for bulk-surface
solutions (see Tabld). The total molar amounts:() of partitioning in the droplets upon evaluating both Raoult
surfactant and NacCl solute £ SFT,NaCl) available in the and Kelvin terms in Eq.1) and using a concentration-
activating droplets are then calculated, assuming volume ad-  gependent droplet surface tension,
ditivity of the dry particle components, from

. 2. (denoted &,b") neglecting the effects of surface parti-
W7 — hzl)g (Wp,SFT+ Wp,NaCI) B tioning on droplet bulk-phase composition, but still us-

i M; 6 P\ pser PNaCl ing a concentration-dependent droplet surface tension,
that is, evaluating both Raoult and Kelvin terms directly
corresponding to a macroscopic (bulk agueous) solution
with the same total composition, and

Unit mass density is assumed for each of the fatty acid salts
(oras = 1gent3), owing to lack of bulk-density information
for the pure solid FAS.

For growing droplets, the total molar amount of wate] 3. (denoted &,") completely disregarding surfactant
is calculated as a function of diametéd),(assuming volume properties of the organic and treating it as a common

Atmos. Chem. Phys., 10, 5663683 2010 www.atmos-chem-phys.net/10/5663/2010/
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Table 2. Physical properties of the studied compounds used inPOth surfactantand NaCl solutes are assumed to be fully dis-
model calculations: molar masd [gmol~1], dissociation factor ~ SOciated, droplet solutions thus comprise watey, rganic

5, and bulk mass-densiy [gem—3]. In all cases we have assumed Surfactant anion (SFT), and inorganic sodium (Ng and
§ =2, and for the fatty acid salts we assumeggs= 1gcni3. chloride (CI") ions. Concentrations are still reported for the

respective formula units of both organic and inorganic salts,
3 since the droplet bulk and surface phases must each be elec-
trically neutral.

molecular formula M [gmol™1] § p[gem™

CH3(CH2)gCOONa 166.2 2 1 The number of independent variables in E5).i§ reduced
CHg(CHz)gCOONa 194.2 2 ! by noting that droplet component total molar amounts, as
CH3(CHp)10COONa 222.3 2 L evaluated from Eqgs2j and @) with the assumed dissocia-
CH3(CH2)100S0O3Na 288.4 2 1.176 . .
K cg 44 > 21en tion factors, are conserved upon partitioning
n]T = nf —I—nf- (6)

Assuming the partial molar volume of each droplet compo-
nent is the same in both bulk and surface phases, the parti-
tioning equilibrium also conserves droplet component total
volumes

solute, by neglecting surface partitioning and using the
constant surface tension of pure watey ) throughout
droplet growth and activation.

Calculations involved in the partitioning representation arey T — yB | S @)
described in more detail in the following Sedt2, andthe /7 7

concentration-dependent surface tension parameterizationshereV].T =an.vj and analogously foV,.B and VJ.S. Eq. @)
are given in Sect4.3 Model assumptions are summarized jmplies V5 = Zjns-vj = 0; thus, if some species has en-
in Sect.4.4. Physical properties of the surfactants and NacCl /

; . ; . hanced surface molar numberS(> 0), the correspondin
used in the calculations are given in TaBle J(> ) P 9

surface volume‘(f) must be balanced by simultaneous de-

4.2 Partitioning model pletion of an equivalent volume of the remaining species
from the surface. By furthermore assuming that water and

To determine the bulk-surface partitioning equilibrium, the NaCl have fixed molar ratiosSprjamaa et al2004

surface phase is defined as an infinitely thin region sep- 5 nT

arating the droplet bulk-phase from the gas phaGibl{s =7 (8)

et al, 1928. The position of the surface is selected to yield *Nacl  "!Nacl

the bulk-phase volumel(®) equal to the total (equimolar) ~only a single independent variable, the surfactant anion bulk-

droplet volume ') of all droplet components phase molar amount§_.. ), remains. This quantity is found
by numerically solvin
vE=3nfui=3 njui=vl=v @ Y soving
i i ;din@?) 4o
j

njRT —5—+A—5—=0 9
wherev; is the partial molar volume of. This ensures con- dnger dnger
sistency with the assumption that the droplet surface tensiofy each dry particle sizel{,) and composition W, sr7)
is independent of droplet siz&¢rjamaa et a|2004. and for one droplet sizel} at a time, corresponding to known

Bulk-phase concent_rationsl?’() of all droplet components  total molar amountsi(] ) of all droplet components.
are evaluated by solving the the Gibbs adsorption equation For a given value OthT(z nlS;FT*)' bulk-phase molar

(Gibbs et al. 1929 amounts of all other droplet specigsA SFT) are related to

Y nTRTdIn@?) +Ado =0 (5)  this quantity by
B B
where A[m?] is the spherical droplet surface area,— v MspTVSFT = k;S:FTnk ok (10)
o B[Nm~1] is droplet surface tension, given as function of B
bulk-phase composition, andf[mol] is the total molar = n_lT Z nkTvk (11)
amount analz;:!3 (= yJ.Bcf) is the bulk-phase activity (with cor- i k£SFT
responding activity coefﬁcierytf) of j. Mole-fraction based _ ﬁ T
activities are used for all droplet components and, equiva- - (V —ngprvsFr) (12)

1

lent to the Kohler calculations described in Seétl above,
bulk-phase activities are approximated with the correspond¥Vhence
ing concentrations by assumimﬁ’ =1forall species. Thus, T 1% —ng,:TvsFT (13)

B_ B B ; . . n:
aj =xj, wherexj is the bulk-phase mole fraction gf As ! Ly —ngFTUSFT

www.atmos-chem-phys.net/10/5663/2010/ Atmos. Chem. Phys., 10, 56832010
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Droplet surface tensiom€) and bulk-phase activities of dis-
sociated specieSaf) are given from the component mo-

N. L. Prisle et al.: Mixed surfactant-salt CCN

Table 3. Szyskowski (Eq.14) fitting parameters for ternary
FAS-NaCl agueous surface tension parameterizations. Units are

lar amounts, under the assumptions mentioned here and igjN m—L and mol kg2 for parametera andb, respectively.

Sect.4.1above. With these quantitiengT_ is iterated from
Eqg. 9), until a solution is found.

4.3 Surface tension parameterizations

Model representations, p ando,b employ concentration-
dependent equilibrium surface tensions for the grow-
ing droplets Prisle et al. 2008. Experimental ternary

surfactant-NaCl bulk agueous solution surface tensions wergespect to molar and molal concentrations,

obtained fromPrisle et al.(20101 for the fatty acid salts
(FAS), and fromRehfeld (1967 and Matijevic and Peth-
ica (1958 for SDS. Surface tensions were parameterize

as functions of both surfactant and NaCl bulk-phase con-

centrations by fitting data with the Szyskowski equation

(Szyskowski1908. Experimental surface tensions decrease

with increasing respective concentrations of both surfactan
and NaCl ¢sr1, cnacl), over the reported ranges. For a

al as as by bo b3
C8Na 36.82 1763 O 0.0119 0.0744 O
Cl10Na 40.10 8.06 —26.32 0.006 0.041 -0.034
Cl12Na 4898 -0.88 O 0.004 0.004 0
so that

donacl
denacl

(

) =1.61[mN m~1/mol L~1]. Fitted parameters are

ga =139mN m! and b = (9.27E—6 moP L=2)/(cnaci +

9.73E—3 mol L~1). A ternary SDS-NaCl aqueous solution
surface tension parametrization, based on the same data from
Rehfeld(1967 andMatijevic and Pethic&1958, is also pro-
yided byLi etal.(1998. This parametrization is however not
continuous, which would cause problems in our calculations,

given enacy, the surfactant strength in the ternary aqueous®nd therefore the new parametrization was made.

solutions, in terms of the surface tension reduction from the

pure water valued, — o) attained for a givensgr, increases
in the same order as for the corresponding binary surfacta
bulk aqueous solutions, as C8Na&10Na< C12Na< SDS.

For the FAS-NaCl solutions, the Szyskowski equation was

fitted to experimental surface tensions in the form:

o:aw+<

wherempnac) and meas are the NaCl and FAS molal con-

doNacl
dmpacl

>mNaC|—a|n(1+mFAs/b) (14)

centrations (moles of solute species per kilogram of water)

ando, = 722mNm 1 is the pure water surface tension at
296.65 K. The surface tension gradient for aqueous NaCl

_jngl =1.61[mN m~1/mol kg~1], is obtained by linear

fitting to data fromvanhanen et a[2008. Szyskowski equa-
tion fitting-parametera andb depend on the relative FAS
and NacCl solute mass-fractions, whergas+ wnaci= 1, as

(15)
(16)

2

a = a1+ a2wrAs+ a3wrAs
2

b = by +bowras+b3wras

Fitted parameters are given in TalBleNote that, due to sur-
face partitioningweas andwnac) are generallynot equal to
the corresponding total dry particle mass-fractios, gas
andW, nacl).

The SDS-NaCl solution surface tension parametrization is
obtained from the Szyskowski equation with SDS and NaCl

molar concentrations (moles of solute species per liter of so
lution) cspsandcenaci:

do
o — o+ < NaCl
dcNacl

As solutions are dilute,
used for the binary NaCl surface tension gradient with

)CNaCI —aln(1+csps/b) (17)

Atmos. Chem. Phys., 10, 5663683 2010

the same numerical value is

Surfactants can form micelles in concentrated aqueous
solutions above the so-called critical micelle concentration

ncmc). Micelles are aggregate structures in which the am-

phiphilic surfactant molecules are oriented with the polar
head-groups facing the aqueous medium, thus shielding a
core consisting of the non-polar hydrocarbon tal®ifin

and Harking1947. As micelles begin to form, the surface
tension gradient with respect to increasing concentrations of
dissolved surfactant sharply levels off and the surface tension
becomes approximately constant. Surface tension param-
eterizations were here obtained by fitting data correspond-
ing to surface tension values above those at the respective
ternary solution cmcs, estimated by visual inspection of the
data. In the Khler model calculations, these constant val-
ues are furthermore imposed as lower limits for the droplet
surface tensions evaluated from the resulting continuous pa-
rameterizations in each case. The minimum ternary solution
surface tensions estimated from the data were 24, 27, 22,
and 22 mNm! for C8Na, C10Na, C12Na, and SDS, respec-
tively. It must be noted, that ternary solution cmcs and mini-
mum surface tensions will in general depend on both surfac-
tant and salt solutes.

4.4 Summary of model assumptions

— Equilibrium is established between different phases
within the droplet solution systems and with respect to
the surroundings, and no kinetic effects influence solu-
tion properties or droplet growth and activation.

— Dry particles are spherical, such that the volume-
equivalent diameter equals the selected electrical-
mobility diameter and no mobility shape-factor is ap-
plied.
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— Dry particle mass-fraction compositions reflect those of should be noted that, in panel (8, ciona= 73% is some-
the solutes within the atomizer solutions from which what lower than for the other surfactants §0%), which af-
particles are generated. fects the apparent trend 52 with Mser.

We have previously observed single-component particles

— Allcomponents in the dry particle mixtures and agueousof these same surfactants to similarly activate v§isii™® in-
droplet solutions have zero excess mixing volumes. creasing in the order of increasindsgt (Sorjamaa et a|.

) ) » . 2004 Prisle et al. 2008. As noted in Sect4.3, surfac-

— Fatty acid sodium salt bulk mass-densities are all unity. tant strength also increases with increasiiger in both

binary SFT Campbell and Lakshminarayanal®65 and

ternary SFT-NaCl Matijevic and Pethical958 Rehfeld

1967 Prisle et al. 20108 bulk aqueous solutions. For ac-

— All dry particle components are infinitely soluble in the tivating solution droplets formed on pure surfactant pfarticles
aqueous droplet solutions. of a given D,{, any gffect of enhanced surface tgnsm.n.re—

duction with increasing surfactant strength was insufficient

— All species in solution are fully dissociated. to overcome the decrease in Raoult effect arising directly

from the increase idMsgt and possibly also from enhanced

— All components behave ideally in the agueous dropletdroplet bulk-phase depletion by surface partitioning of the
solution, by having unit activity coefficients on the con- stronger surfactants.
centration scales of their respective activity reference Inorganic salts can influence individual organic surfactant
states. properties, as seen for the ternary SFT-NaCl bulk agueous

solution surface tensions in Se&.3. Increased organic

— Droplet solution surface tensions are limited to the es-activity in an aqueous salt solution can decrease the cor-
timated minimum values at the approximate ternary responding solubility and lead to precipitation or enhanced
cmces. surface partitioning. This is often called the “salting-out ef-

. o . . fect” (Lin et al, 2005 Tuckermann2007 Vanhanen et al.

— The droplet surface is an infinitely thin spherical shell 5449 “|n macroscopic solutions, enhanced surface partition-
with zero volume, such that the droplet bulk-phase vol- ing may increase surfactant strength. In microscopic droplets
ume equals the total equimolar droplet volume. with large surface-area-to-bulk-volume ratios, it will how-

ever also increase bulk-phase depletion of dissolved surfac-

tant molecules. The resulting effect of organic-inorganic in-
teractions on droplet surface tension and surfactant activation
properties is therefore not immediately anticipated. Proper-

— The molar ratios of droplet species other than surfactanti€s of inorganic salts also directly influence cloud droplet ac-
tivation of the mixed particles. The molecular mass of NaCl

— No chemical or physical reactions change the overall
compositions of the droplet systems.

— The partitioning equilibrium conserves total molar
amounts and volumes of the individual droplet compo-
nents.

are fixed.
is lower than for any of the studied surfactants (see Table
Therefore, dissolved NaCl by dry particle mass-fraction con-
5 Results and discussion tributes a larger Raoult effect in the solution droplets formed
than the organics, even in the absence of surfactant partition-
5.1 Experimental observations ing.

The present results for mixed SFT-NaCl particles show
Figurel shows measured critical supersaturatiogfiss{) as  that, when NaCl comprises half, or more, of the dry particle
a function of selected dry particle mobility-diameteD ) mass, the larger Raoult effect of the inorganic salt appears
for the mixed surfactant-NaCl particles. Individual panels to dominate any mutual differences in surfactant molecular
(a)—(d) display results for increasing surfactant (SFT) massproperties for determining droplet activation. On the other
fractions in the dry particles,, ser). In panels (a) and hand, for particles with each surfactant comprising more than
(b), it is seen that witiV, srr<50%, differences irs sSSP half of the mass, the effects of individual surfactant proper-
for particles of a giverD, comprising different surfactants ties become evident. Still, at a givé#, srr, just as for the
are comparable to experimental uncertainties. Any potentiapure surfactant particles, any increased droplet surface ten-
differences in droplet activation behavior due to individual sion reduction with increasing surfactant strength evidently
molecular properties of the surfactants are thus dominated bgannot overcome the simultaneous decrease in Raoult effect
the presence of the inorganic salt. Panels (c) and (d), on th&om increasedV/ st and possibly enhanced surface parti-
other hand, show that, whelir, s,r > 50%, particles with  tioning.
a given surfactant mass-fraction for eabhy activate with Comparing results for the individual surfactants between
s8¢ increasing in the order of increasing surfactant molec-panels (a)—(d) in Figl shows thatss:™® for a given D,
ular mass ¥Msrt), as C8Na< C10Na<C12Na<SDS. It increases with increasing’, ser in the dry particles. This
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(a) ~ 20% surfactant + 80% NaCl

N. L. Prisle et al.: Mixed surfactant-salt CCN

(b) ~ 50% surfactant + 50% NaCl
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Fig. 1. Experimental critical supersaturatiorﬁssfxp [%]) as a function of dry particle diameteDb(, [nm]) for all dry particle compositions.
Individual panels show results for approximate surfactant mass fractiopsr) of (a) 20%, (b) 50%, (c) 80% and(d) 95%.

was also observed bood and Williamg2007) for mixed less strong surfactants. Howevet, can also lead to sig-
SDS-NaCl particles. Thus, as NaCl is gradually replaced bynificant underpredictions of experimental values, albeit to a
surfactant in the dry particles, any reduction in droplet sur-much lesser degree thanb. The partitioning representation
face tension and Kelvin effect is dominated by the decreasdo, p) generally describes experimental activation behavior
in Raoult effect, from increasing particle component meanwell. Specifically, for the mixed particles comprising SDS,
molecular mass (a®srt > Mnac) and potentially also from o, p is consistently superior to the bulk property representa-
an increased degree of bulk-phase depletion due to surfad#ons (@, » ando,,) over the full ranges of dry particle sizes
partitioning, as the surfactant comprises a larger fraction ofand compositions studied here. For particles comprising one
the total amount of solute within the droplets. of the fatty acid salts (FAS};, p in some cases overpredicts
$SSXP: generally, this occurs for the smaller particles com-
prising the larger mass fractions of the stronger surfactants.
For the largest particles comprising FAS, all surfactant
Experimental critical supersaturatiorssf™”) are compared  representations underpredisS®. For particles with FAS,
to Kohler model predictions with each of the three differ- the logSS. —logD,, slope is generally steeper for model pre-
ent surfactant representationss{”, 552, and S$82v) in dictions than observed experimentally. This suggests that
Figs.2 (C8Na),3 (C10Na),4 (C12Na), and (SDS). there may be some size-dependent effect not accounted for
Itis immediately clear that the bulk solution representationwith the equilibrium Kohler model used here. Possible size-
(0,b) greatly underpredictsSe® for all dry particle sizes dependent effects on dry particle properties and droplet acti-
and compositions studied here. Predicted critical supersatvation are discussed in more detail in Séct below.
urations §52°°) are well outside the range of experimental ~ Figure 6 shows measuredsg; ") and model predicted
uncertainty in all cases. The simple solute representatior{Ss;”, $52°, and $S¢v) critical supersaturations for par-
(o) in many cases predictSe P well, in particular for the  ticles of selected dry sizes as functions of dry particle

5.2 Comparison with Kdhler model predictions
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Fig. 2. Critical supersaturationsS§. [%]) as functions of dry particle diameteb, [nm]) for particles with sodium octanoate (C8Na) in
dry mass fractionsW,, cgna) of (&) 20%, (b) 51%, (c) 79%, and(d) 95%, measured in experiments and modeled with the three different
surfactant representations, p, o, b, andoy,).

surfactant mass-fractio{, srt). Each panel shows results contain significant surfactant mass-fractions (éVgy,srt >

for one of the surfactants studied. Upper curves and dat®0%).

points are results fab, =40nm, representing the “smaller”

particle sizes, and lower curves and data points are resultS.3 Evaluation of surfactant representations

for D, =100nm, representing the “larger” particles studied.

Experimental critical supersaturations reported for pure sur-Comparing model predictions using the different surfactant

factant particles$orjamaa et al.2004 Prisle et al, 2008 representations reveal some of the dynamics behind the ef-

and mixed SDS-NaCl particle®Rod and Williams2001) fects of surfactant properties on cloud droplet activation for

in previous studies, and critical supersaturations measurethe mixed particles. The partitioning representationp|

for pure NaCl particles during calibration of the CCNC in accounts for the influence of surface partitioning on droplet

the present work, are included for comparison. The perspecbulk-phase composition and uses reduced droplet surface

tive presented in Fig6 elaborates on the findings of Figs.  tension, as would be anticipated from the presence of water-

3, 4, and5. In all cases, the underpredictions $§5°° by soluble surfactants in the dry particles. It is therefore ex-

o,b increase with increasing surfactant mass-fraction in thepected to provide the most comprehensive and thermody-

dry particles. The partitioning representatien £) gener-  namically consistent description of surfactant properties ap-

ally describes experimental activation well, but overpredictsplied in the present &hler calculations. In our previous

$5:°® for the smaller particlesl§, = 40nm) with the largest  work, o, p and the simple solute representatian, ) nev-

mass-fractions~ 95%) of FAS. The simple solute represen- ertheless gave very similar predictions of critical supersat-

tation () also describes experimental activation well, in urations for single-component particles of the C8-C12 fatty

particular for the smalleW,, ser, but underpredictsss.®  acid salts Prisle et al. 200§ and of SDS Gorjamaa et al.

for the stronger surfactants (C12Na and SDS) when particle2004). This was due to mutual differences in the Kelvin
and Raoult terms nearly canceling at the respective points of
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Fig. 3. Critical supersaturationsS§. [%]) as functions of dry particle diameteby, [nm]) for particles with sodium decanoate (C10Na) in
dry mass fractionsW,, ciong Of (&) 20%, (b) 50%, (c) 73%, and(d) 94%, measured in experiments and modeled with the three different
surfactant representations, p, o, b, andoy,).

droplet activation, for the specific particle compositions stud-dicted effect of enhanced surface partitioning is in these cases
ied and component properties applied. Specifically, for pureeven greater on increasing the water activity in the activating
C12Na particles, predictesis. ”~SS7", whereas for pure droplets.
C8Na and pure C10Na§SS”>S$s7", and for pure SDS, Differences betweersS;"” and SS2* increase with in-
SSTP <§87v creasingW,, set, but the predictions eventually re-merge,
Predicted cloud droplet activation for the mixed particles @s particles become almost pure surfactant §rsrr—
in the present study depends on the properties of both surl00%). Based on our previous model results for pure surfac-
factant and NaCl. The Raoult effect of the inorganic salt, astant particles, predictedS. — W), srr curves witho, p and
well as the influence of NaCl on surfactant properties of theow Would thus be expected to cross at some point, for SDS
organic, will affect the relative importance of the predicted and C12Na. This cross-over is indeed observed for SDS (see
Kelvin and Raoult effects within the activating droplets. Fig- Fig. 5) at very high mass fractionsi{, sps~ 100%), but
ures2-5 and6 show that, for the mixed SFT-NaCl particles, not for mixed particles with C12Na. Model calculations in
o, p anda,, also produce similar results at the smaller sur- the present work were made with new ternary aqueous so-
factant mass-fractions (e.4, sr < 50%). This supports lution surface tension parameterizations, as opposed to the
the suggestion in relation to our experimental observationdinary surface tensions previously employed in calculations
that, for these particle compositions, the large Raoult ef-for pure FAS particlesRrisle et al. 2008 and the param-
fect of NaCl dominates any differences in activation behavior€terization used for SDS-NacCl solutions Bgrjamaa et al.
arising from the different molecular properties of the surfac- (2004. As a consequence, mixed particle predictions in the
tants (see Figl). As the surfactants comprise larger mass- limit of W;, ser=100% are here made for somewhat differ-
fractions within the dry particles (e.g¥, st > 50%), pre-  ent conditions than was previously applied for the pure sur-
dicted $5"7>5S52". Thus, even if NaCl increases surfac- factant particles.
tant strength in the macroscopic ternary solutions, the pre-
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Fig. 4. Critical supersaturationss§. [%)]) as functions of dry particle diameteb{, [nm]) for particles with sodium dodecanoate (C12Na)
in dry mass fractionsW,, ci2na of (&) 23%, (b) 53%, (c) 81%, andd) 95%, measured in experiments and modeled with the three different
surfactant representations, p, o, b, andoy,).

Predictions ofSSJ'? > §S7* may appear opposed to the  Other studies have considered surfactant properties in ac-
decrease in critical supersaturations that could immediatelyivating droplets by using reduced surface tensions corre-
be expected from the explicit dependency of the Kelvin termsponding to macroscopic (bulk) agueous solutions with the
on reduced droplet surface tensiddh(iman et aJ.1996. same overall compositiorSgulman et al.1996 Facchini
However, predicted activation with the different surfactant et al, 1999 Dinar and Taraniuk2006 Svenningsson et al.
representations generally occurs for different critical droplet2006. Calculations have also been simplified by assum-
diameters 4.). Even if the partitioning representation ac- ing droplets sufficiently dilute at the point of activation that
counts for the reduced droplet surface tension, predicted critthe constant surface tension of pure water could be applied
ical supersaturations can still beggherthan with the simple  (Bilde and Svenningsso2004 Hartz et al, 2005. Li et al.
solute representation that completely disregards specific suc1998 and Rood and Williams(2001) partially accounted
factant properties: this occurs when surface activity via sur-for surface partitioning in cloud droplet formation of mixed
factant partitioning causes an even greater suppression of tf8DS-NaCl particles, by including the effect of bulk-phase de-
droplet Raoult effect than the Kelvin effect suppression at-pletion on predicted droplet surface tensiamet al. (1998
tained from reduced droplet surface tension, at the respectivehowed that replacing NaCl with SDS in the dry particles
d.s predicted withs, p ando,,. Notably, when experimental increases predicted critical supersaturations. This result is
valuesSSeP> 557" for the mixed surfactant-NaCl particles, analogous to those of ourdler model predictions using
it thus suggests a real influence of surfactant partitioning efthe partitioning representation, although the detailed under-
fects within the activating cloud droplets. lying mechanism is inherently somewhat differeRtbod and

Williams (2001) thus argue that "surfactants similar to SDS
will inhibit the ability of NaCl particles to activate in clouds”.
Here, we confirm this suggestion experimentally and show
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Fig. 5. Critical supersaturationss§. [%]) as functions of dry particle diameteb{, [nm]) for particles with sodium dodecyl sulfate (SDS)

in dry mass fractionsW, spg) of (a) 20%, (b) 51%, and(c) 81%, measured in experiments and modeled with the three different surfactant
representations( p, o,b, andoy,). Experimental results frolBorjamaa et al2004) for pure SDS are shown in panel) and compared to
predictions with the model of the current study, using the compound parameters given i2.Table

for the first time, for a series of fatty acid sodium salts thatoc- For all mixed particles comprising SDS studied here, the
cur in the real atmosphere, that displacing NaCl with surfac-partitioning representatior(p) gives the best prediction of
tant significantly increases particle critical supersaturations. experimental critical supersaturationssf™”). For particles
Rood and Williamg2001) present experimental data for comprising FAS,o, p and the simple solute representation
the CCN activity of mixed SDS-NaCl particles with simi- (o) are both greatly superior to the bulk solution represen-
lar compositions as was studied in this work. Their mea-tation (@,b), but our current results do not provide a clear
sured critical supersaturations follow the same trends withdiscrimination betweew, p ando,, as the better represen-
dry particle size and surfactant mass-fraction as presentethtion for the studied FAS. Model calculations usiagp
here. Experimentad S, values given byRood and Williams  somewhat overpredict experimental critical supersaturations
(2007 for particles comprising SDS are however consis- (SS7” > SS&°F), especially for the smaller particles com-
tently lower than ours and appear to be best described byprising the highest mass-fractions §5%) of FAS. For these
our Kéhler model calculations using the simple solute repre-particles,o,, on the other hand tends to underpredict experi-
sentation ¢,,). As no experimental uncertainty estimates are mental values{s2* < SS&°¥).
given byRood and Williamg2001), we however cannot say . . . "
> . . Smaller dry particles activate with critical droplets cor-
if the differences between the two experimental data sets are

significant. Rood and Williamg2001) also do not provide responding to smaller diameter growth factotk/0,).

. . e ; . and thus with larger total solute concentrationd ¢
details of the experimental conditions and the differences in 3 .
(dc/Dp)~%). The larger surface-area-to-bulk-volume ratios

obseryed ac'uvatlon.could potentially be caused by temperaz A/V ocd~1) of the smaller critical droplets however also
ture differences during measurements. ¢

facilitate greater relative surfactant bulk-phase depletions
(c5/cB). The smaller particles with the higher surfactant
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Fig. 6. Critical supersaturationsS§. [%]) for particles with increasing dry mass fraction®( sr7) of (a) sodium octanoate (C8Na))
sodium decanoate (C10N4#¢) sodium dodecanoate (C12Na), gl sodium dodecyl sulfate (SDS), measured in experiments and modeled
with the three different surfactant representationg( o,b, andoy,). Experimental values frorSorjamaa et al2004 andPrisle et al.
(2008 for pure surfactant particles, and frdRood and Williamg2007) for mixed SDS-NaCl particles, as well as calibration data for pure
NaCl particles, are included for comparison. Results are shown for selected dry particleDgized0Onm (upper curves and data points)
andDj, =100nm (lower curves and data points).

mass-fractions thus accentuates the importance of a correcheasurements for bulk aqueous solution compositions cor-
description of surfactant concentration and concentrationfesponding to those predicted in the bulk-phase of activating
dependent surface tension and solution effects in the activatsolution droplets.
ing droplets. The sensitivity of our Khler model predictions was tested
The ternary FAS-NaCl solution surface tension parame-t0 selected properties of the experimental systems, in particu-
terizations applied in our model calculations (see S&&.  lar to uncertainties in FAS mass-density, dry particle compo-
are not constrained by measurements for bu”(_phase mas§jti0n, Size, and Shape, and droplet solution effects in terms of
fractions (uras) relative to NaCl below about 20%. In small non-ideality and solute dissociation and limited bulk-phase
dropietS, Surfactant Surface partitioning can however yie|d00ncentrati0n. The SenSitiVity calculations are described in
very low predictedwras (< 0.1%). The parameterizations detail and selected results are presented in AppdBidione
used may therefore not reproduce the correct surface tensio®f the tested effects proved capable of resolving the very
properties for such droplets. Test calculations indicate a siglarge underpredictions of experimental critical supersatura-
nificant effect of the surface tension parameterizations aptions by the bulk solution representatiosis{"” << Ss¢™).
plied on predicted critical supersaturations, in particular with Thus,o, b does not appear to provide a satisfactory represen-
o, p. Unfortunately, we do not at present have the experimeniation of the effects of surfactant properties on cloud droplet
tal data to obtain better constraints on the Szyskowski fittingactivation for the particles studied here.
parameters. Future work should emphasize employing sur- In principle, the differences betweessc® and predic-
face tension parameterizations that are well-constrained byions using eithew, p or o, might be explained by model
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sensitivity to uncertainties in various experimental parame-drying is enhanced in larger droplets with greater bulk vol-
ters. Conditions where the effects of surfactant propertiesumes.

become significant for &hler predictions and gauges forthe  Kinetic effects could also inhibit equilibrium droplet acti-
applicability of o, p ando,,, respectively, to particles com- vation in the CCN-counter. Properties of the activating solu-
prising different surfactants should therefore be investigatedion droplets could be affected by limited diffusion of surfac-
more closely in future work. Establishing explicit gauges tant molecules to the droplet surface or slow dissolution of
for the representation of surfactants in cloud droplet activa-the dry particle components into the droplet phase. Test cal-
tion, for example given with respect to dry particle parame- culations using a cloud parcel model (H. Kokkola, personal
tersD, andW,, srT, as well as surfactant molecular parame- communication, 2010) show that molecular diffusion pro-
ters like Mspr and Szyskowski parametessand b, would cesses within the aqueous droplets are an order of magnitude
be of great use for applications to atmospheric modelingfaster than characteristic activation time-scales for droplets in
When the mixed particles comprise less than 50% by masshe CCN-counter. It is, however, still conceivable that slow
of surfactant, representationsp anda,, give very similar  dissolution of dry particle components could kinetically in-
predictions of critical supersaturations and both describe exhibit droplet activation of preferentially the larger particles.
perimental values well. As a simple preliminary gauge, thein addition, film formation by surfactant molecules parti-
oy representation, which ignores surfactant properties altotioned to the surface could affect the rate of condensation
gether, thus appears to be a good first-order approximationf water vapor to the droplet. Concentration-dependent (ki-
for describing surfactant activation properties in these parti-netics of) chemical reactions of the droplet solution compo-
cles. nents, possibly with impurities present in the system, could
also influence droplet properties during activation. Currently,
we do not have the means to estimate the magnitudes of these

5.4 Particle size-dependent effects MR =
effects for predictions of droplet activation.

It was seen in Sech.2 (Figs.2-5) that theoretical lo§S. — 5.5 Fatty acids salts vs. SDS
logD, slopes are all close to the ideal value-e8/2 pre-

dicted from simple equilibrium Bhler theory Geinfeld and  Comparing our results for mixed particles comprising FAS
Pandis 2009. Thus, even for calculations with p thatin-  and SDS, respectively, some differences should be noted.
clude effects of size-dependent surface-area-to-bulk-volumesirst, experimental errors depicted for particles comprising
ratio for activating droplets, a significant variation of the re- pas are significantly greater than for SDS. Second, devia-
sulting activation properties with dry particle size is not evi- tjons of the |0§55pr— logD,, slopes from—3/2 are smaller
dent. On the other hand, experimental slopes are greater thg8y SDS particles than for FAS. In addition to the mecha-
—3/2 (more shallow) in all cases, and ineparticular for parti- hisms mentioned in Seck.4 above, the logsS® — logD,
cles comprising FAS. Witlr, p ando,,, SSc* are both seen  sjopes for FAS particles could therefore also be related to
to be smaller than predicted values for the smallgt and  yncertainties in activation curve fitting. Uncertainties in dry
larger for the largeD,,. We have not been able to identify particle surfactant mass-fraction would on the other hand be
a single mechanism that would simultaneously explain bothsimilar for FAS and SDS, and are therefore less likely to ex-
the overprediction ofS."” for the smaller particles and the pjain the observed differences. Significant$s§*—log D,
underprediction for the larger particles. Likely, a combina- sjope deviations were not observed for the pure FAS particles
tion of a number of different mechanisms is in effect. in our previous Studeris'e et aL_ 2008 The S|ope devia-
Size-dependent deviations 885 from theoretical pre-  tions in case of the mixed FAS-NaCl particles thus also seem
dictions may be caused by experimental conditions unaciess likely to be caused by uncertainties in FAS mass-density.
counted for in our equilibrium Khler model. In principle, Third, the overprediction a$ S¢* by o, p for high Wy sFT
any of the mechanisms mentioned in relation to model senis seen for FAS, but not for SDS. This suggests that observed
sitivity above (uncertainty in surface tension parameteriza-SS2” > SSc*® for FAS may at least partly be due to uncer-
tions, FAS density, dry particle composition, size and shapetainties in FAS properties (as opposed to failuresop to
and solution effects like non-ideality and solute dissociationcapture surfactant activation properties), in particular the dry
and limited bulk concentration, see also Afy). may also  mass densities and ternary surface tension parameterizations.
introduce size-dependent effects on activation. FurthermoreThese properties are well-known for SDS and future work
kinetic effects may influence the properties of generated parshould establish better constraints for FAS in order to im-
ticles with different sizes to different extents. For example, prove evaluation of the model predictions using against
size-dependent changes in produced particle compositionaboratory measurements. Molecular masses and surfactant
from that of the solute in the atomizer solution may result, if strengths are comparable for SDS and the studied FAS. If
organic evaporation from supersaturated droplets is enhancdtiis is also the case for water solubilities, vapor pressures,
from the larger surfaces of smaller droplets with smaller cur-and particle shape when mixed with NaCl, sensitivities of
vature radii, or if retention of residual water from insufficient model predicted activation related to these properties should
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be similar for SDS and FAS. Uncertainties in these proper- " .
ties would then be less likely to cause the differences in theTable Al. Surfactant bulk molaritiesc®), ratio of surfactant bulk

S . exp and total ¢7) molarities, and droplet surface tensien= o (c?),
ability of o, p to predictSS.™ for FAS. It must be noted, for droplets of different diameterg) created from the sameg =

however, that particles with/, sps>80% were not studied  40mmo|L~1 sodium decanoate (C10Na) solution. Surfactant sur-
here. Activation properties for these particle compositionstace excess is fixed 1 = 1018 m~=2 for all droplet sizes.

should be measured in future work to establish the predic-

tions of 57 for the highest mass fractions of SDS. 4 ALV B BT o
[um]  [pm=1]  [mmol L7 [mN m~1]
6 Conclusions 0.3 20 6.8 0.170 68
0.5 12 20.1 0.502 61
We have measured critical supersaturations for laboratory- 1 6 30.0 0.751 57
generated particles comprising the organic surfactants 10 0.6 39.0 0.975 54
sodium octanoate, sodium decanoate, sodium dodecanoate, 50 0.12 39.8 0.995 54
and sodium dodecyl sulfate, mixed with sodium chloride. oS 0 40.0 1.000 54

Results were modeled fromdKler theory using three dif-
ferent representations of surfactant properties. A compre-
hensive thermodynamic account of surfactant properties, in-
cluding the effects of surface partitioning and reduced sur-
face tension in activating droplets generally describes exper-
imental observations well. On the other hand, using reducedﬁ.j
droplet surface tension while ignoring surfactant surface par- 5
titioning in all cases greatly underpredicts experimental crit- E
ical supersaturations. This approach therefore does not pro‘H.:
vide an adequate representation of cloud droplet activation 5
£
£
8}—
Qm

Relative surfactant concentration in droplet bulk

0.8f

0.6f

properties for the studied particle compositions. Disregard-
ing surfactant partitioning and simply assuming the constant
surface tension of pure water for the activating droplets over-
all describes observed activation well, but can also lead to
significant underpredictions of experimental critical super-

saturation values. For these particles, surfactant proper- 100_1 0° 1(')1 0
ties indeed seem to affect the ability to activate into cloud Droplet diameter [um]

droplets. Still, for mixed particles comprising less than about

50% by mass of surfactant, the simple solute approach ap-

pears to be a good first-order approximation for representFig. Al. Ratio of surfactant bulk«®) and total ¢7') molarities as

ing surfactant properties in activating droplets. This entailsa function of droplet diameter§. Droplets of all sizes have fixed
a considerable simplification for model calculations of cloud total surfactant molarity” = 40mmolL~ and surfactant surface
droplet formation and properties. excesd" =108 m~2.

0.4r

o
[N

d=1 pm

Appendix A sumed for droplets of all sizes. The amount of surfactant in
the surface#® [mol]) is then calculated by simply scaling
Simple partitioning example I" to the spherical droplet surface area,nds=T'A. From

this, the size-dependent surfactant bulk-phase concentration
The effect of surfactant partitioning on the magnitude of both (c® [mmolL=1]) is ¢®(d) = ¢” —6x 10°T'/N,.d, whereN, is
water activity and surface tension, resulting from a given Avogadro’s number.
overall solution composition, can be illustrated with the fol- Representative values for surfactant surface excess and to-
lowing simple example. We assume that spherical dropletgal molarity are taken from our previous study on single-
of different diametersd [um]) are created from the same bi- component fatty acid salt particle®r{sle et al. 2008,
nary surfactant aqueous solution with a fixed total surfactanspecifically as the values at the point of activation for droplets
molarity (¢” [mmolL=1]). The total molar amount of sur- formed on 100 nm sodium decanoate (C10Na) parti¢les,
factant in the droplet«! [mol]) can be calculated from’ 108 m~2 andc¢” = 40mmolL~1. Droplet surface tension is
and the droplet volumeW{ [L]). We imagine the surface as calculated from the surfactant bulk-phase concentration us-
an infinitely thin spherical shell with are4 [m?]. A fixed ing the concentration-dependent parametrizaticao (c?)
surfactant surface exceds [m~2], the number area concen- for binary sodium decanoate aqueous solutions given in
tration of surfactant molecules in the surface phase) is asPrisle et al.(2008. We ignore non-ideal interactions in
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(a) Density, p: 40 nm C8Na + NaCl (b) Composition, shape: 40 nm C10Na + NaCl
15 ® CB8Na experimental 15 e C10Na experimental
© G, p © X=1.2
o, p/ p=1.1 glcm® X=0.8
3 e X=0.6
o, p/ p=1.2 g/lcm G,p
- 3 '
o, p/ p=1.3 g/cm3 o, p/ x=1.08 /]

o, p/ p=1.4 glcm

iy /f %
GW/ x=1.08 ~
05 ‘J{'%

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
C8Na dry mass fraction, Wp C10Na dry mass fraction, Wp

Critical supersaturation, SS_[%]
[

0.5

Critical supersaturation, SS_[%]
=

,C8Na ,C10Na
(c) Dissociation, &: 40 nm C12Na + NaCl (d) Non-ideality, y: 40 nm C12Na + NaCl
S . < :
215 ® CI12Na experimental A 215 ® Cl12Na experimental
o \ o
% G, p % G, p |
g G, pl 8i1.5 // - G, P/ Vger
S o, p/d=1 / /3 S o ply,
= c / b bH
5 " S GW
"Es‘ 1 o /d=15 ES‘ 1
i) " / o S,/ You
o o,/ 8=1 5 W
[oR Q.
> . >
2 Z 2
[ - <
2 o
(@) < (@) °
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

C12Na dry mass fraction, Wp,c12Na

C12Na dry mass fraction, Wp,clzNa

Fig. B1. Selected results of &ler model sensitivity calculations, illustrating the effects for predicted critical supersaturafiging4])

as functions of total dry particle surfactant mass-fractidiig ge7) of: (a) FAS bulk mass-densitypas=1.1,1.2,1.3, 1.4gcnt 3, (b) dry
particle composition, in terms of decreasing total surfactant mass-fraction from the nominaWglde-), and volume-equivalent diameter
(Df,), (c) surfactant dissociation factégrr=1.0,1.5, and(d) droplet solution non-ideality, in terms of decreased organic actiyity{)

and all droplet component activities predicted from Debyieke! theory {pH). Results are shown for different surfactants and surfactant
property representations. See individual Se8is-B4 for details.

the droplet solutions, such that droplet water activity,)(  tivity was tested to uncertainty in the FAS bulk mass-density
is given by the equivalent water mole fraction,j. Then, (Sect.B1). For both FAS and sodium dodecyl sulfate (SDS)
the ratioc? /cT provides a measure of how much surfactant particles, model sensitivities were furthermore tested to ex-
surface partitioning at a given droplet siz§ (liminishes the  perimental conditions leading to variations in dry particle
water activity suppression and surface tension reduction thasurfactant (SFT) mass-fractions and total amount of solute
can be achieved for the same total surfactant concentration.(Sect.B2), and to possible solution effects occurring within
Results of these simple calculations are presented in Tathe activating droplets, in terms of surfactant dissociation
ble Al and in Fig.Al. Surfactant surface partitioning in this (Sect.B3), non-ideal droplet component activities (Sé&t),
case becomes important for sub-micron dropléts (L.m). and limited surfactant concentration in the droplet bulk-phase
When the surfactant bulk-concentration decreases due to su¢Sect.B5). Selected results of the sensitivity calculations for
face partitioning, both water activity and surface tension in40nm dry particles are shown in Figs. B1 and B2. Due to
the droplet are increased accordingly. the larger total droplet concentrations predicted at the point
of activation, model sensitivity is generally greater for the
smaller particles. Moreover, as noted in S&c2, some size-
dependent effect may cause all model calculations to under-
predict SS:® for the larger particles comprising FAS, thus

The sensitivity of our Khler model was tested to a number of . L . T
. . . . L making the sensitivity analysis less representative in these
the assumptions listed in Sedt4, by making predictions for cases

selected ranges of the corresponding parameter values. For
particles comprising the fatty acid salts (FAS), model sensi-

Appendix B Model sensitivity
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(a) Kohler curves: 40 nm 81% C12Na (c) 40 nm C12Na + NacCl particles
______________________ .§. 15 ® C12Na experimental
S - - --—---—---—----- 0’ o, b/ 1st max
Y 0 o, b/ 2nd max d
n 5 o,/ 1st max
g 05 s 1 6 /2nd max {
= > w
g &
a B,max 4
8 0 (SW/ c Clé_ +
g Sw o 05§
@ o, by cBma 8
-05 ’ E=]
o, b 5
100 300 500 0 0.2 0.4 0.6 0.8 1
Droplet diameter, d [nm] C12Na dry mass fraction, Wp Cl2Na

Fig. B2. Model predictions with surfactant representatiens ando,, for dry sodium dodecanoate (C12Na) and NaCl particles of diameter
D, =40nm, testing the sensitivity to limited C12Na concentration in the droplet bulk-ph§§§,\(e): (a) individual Kdhler curves for
particles comprising 81% by mass of C12Na, &byl critical supersaturationsS§. [%]), given by the predicted &hler curve maxima,

as functions of dry particle C12Na mass-fractiof,(ciong- In panel (a), the experimental critical supersaturation with corresponding
95%-confidence interval is depicted with the solid and stipulated red lines, respectively. S&53ectetails.

Bl Fatty acid salt densities duce the volume-equivalent particle diametdinds, 1999
according to

Bulk mass-densities for the studied FAS were assumed D

to be unity pras = 1gcnm3), whereas for SDS the den- D§=—- (B1)

sity is 1176gcnT3 (see Table2). As FAS densities be- X

low unity are considered unlikelyPisle et al. 2008, and thus the available amounts of both surfactant and NacCl

the sensitivity of model predictions was testeddgns = solute in the droplets calculated from Eg).(Compositions

1.1,1.2,1.3,and 14gcnT3, respectively. Larger surfactant of dry particles produced in the experiments are assumed to
density implies more solute is available within activating reflect the solute composition within the atomizer solutions
droplets formed on dry particles of a given size. This mayfrom which the particles are generated. Actual particle com-
yield greater reductions in both water activity and surfacepositions could potentially deviate from these nominal values
tension, leading to larger critical droplets with smaller pre- due to several mechanisms. Surface partitioning upon atom-
dicted critical supersaturationSg_). ization could either in- or decrease surfactant mass-fraction

Results of varying surfactant density are shown in Fig. g1 relative to NaClin the inlitially prpdu_ced agueous aerosol_and
(a) for 40nm mixed sodium octanoate (C8Na) and NaCl par_thereby the corrgspondlng fracuon in the_dry aerqsol particles
ticles calculated with the, p representation. A density of (Wp,sF7). Organic evaporation from the increasingly super-
pcsna= 1.2gent3, very close to the corresponding value s_aturated solution droplets_upon drying or from the dried par-
for SDS, can resolve a significant amount of the discrep—t'des furtherdown-s_tream inthe aerqsolflowwould decr_ease
ancy between experiments andp model predictions. This Wp.sFT. If evaporation of the organic occurs after particle
is also seen for 40nm particles with sodium dodecanoatéZ€-Selection in the DMA, both dry particle sizb () and
(C12Na), whereas for sodium decanoate (C10Na) a density"».SFT are decreased.
of 1.4gent 3 is needed. For calculations with thg, repre- Vapor_ pressure data_for the dry and aqueous surfactgnt—
sentation (not shown), larger FAS densities lead to increasing!@C! mixtures in question are to our knowledge not avail-

underpredictions of S, compared to the unity base value. a}ble in the literature. Since bo_th organic and inorganic par-
ticle components are salts, neither are however expected to

have appreciable solid vapor pressures at ambient conditions.
Particle residence times in the production line after size se-
lection are~ 0.2s and, on similar time scales, evaporation
The predicted total amounts of surfactant and NaCl solute invas not observed from dried particles of the pure surfac-
the droplets are affected by the assumptions regarding dryants in our previous studyP(isle et al. 2008. It is there-
particle volume and composition. Dry particles selected infore not believed to be significant in the present experiments
the DMA are assumed to be spherical with diameters equagéither. Still, formation of molecular carboxylic acids from

to the electrical-mobility diameter mode. For non-spherical protonation within the aqueous droplet phase may lead to
particles, a (size-dependent) shape fagtor 1 would re-  some evaporation. The fatty acids are stronger surfactants

B2 Dry particle parameters
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than their salts Kainerman et al.2002 and may thus be Model sensitivity to surfactant dissociation is shown in
even more partitioned to the droplet surface. Due to the inFig. B1 (c) for 40nm mixed sodium dodecanoate (C12Na)
creased concentrations upon surface accumulation, evaporand NacCl particles, calculated with p ando,,. The value of
tion could here be enhanced compared to the bulk phase. I8sgT has practically no influence on activation properties cal-
addition, continuing evaporation from the droplet phase uporculated witho, p, due to very low surfactant bulk-phase con-
dilution of the gas phase with purified air may shift the sur- centrations predicted when surface partitioning is accounted
face partitioning and protonation equilibria according to Le for. With ,,, on the other hand, there are differences in
Chatelier’s principle. At the present, this effect however re- model predicted activation for the different surfactant disso-

mains purely speculative. ciation factors applied. In the case of 40nm mixed C12Na-
The effect of dry particle composition on the ability of NaCl particles, k dspr < 1.5 could in principle resolve the
exp

model calculations to predict experimental critical super-differences betweefiS. - andSSq. Bulk solution dissoci-

saturations £S¢F) was tested by shiftingSc® according  ation constants would be required to evaluate if such low dis-
to changes in effective surfactant dry particle mass-fractionsociation states for the organic electrolyte provide an equally
(W;?’SFT) from the nominal value thermodynamically consistent mechanism for the observed

activation as surface partitioning.
msFrX _ Wy, sFTX P 9

= (B2)

mserX +mNacl Wy seTX + W) Nacl B4 Droplet component activities

resulting from changes in surfactant mass Ey—= 1.2

W' gincrease) an?ji( —0.8and 06 (W’ dec):/rease). Model calculations assume droplet solution ideality in terms

Rebults are shown in Fig. B1 (b) for 40nrh mixed sodium de-Of unit bulk-phase activity coeffi-cieptslf =1) for all com-

canoate (C10Na) and NaCl particles, and compared to caICLpon;f,m,s' tExpefnm(e:r;?IL mean-!onlcbmoll:a_ll|Fy—tba}si38actlwty

lations witho, p ando,,. For the same particles, Fig. B1 (b) COE:) 'C'?_E Sk(/T'zhor ba are %Vﬁnk Digg" eCIa ( tj)l.

also shows the effect on critical supersaturations predicted by?€Pye-Hickel theory Debye and tickel 1923 Clegg et al,

o, p ando,, of decreasing, from D,, according to a mobil- 1993 gives excellent agrgement with these values up to the

ity shape-factor of¢ = 1.08, as would be the case for cubic Ccritical micelle concentration (cmc). _

particles for example formed by pure NaGlifids 1999. Model sensitivity to the ideality assumption was tested by

DecreasedV’, <. from the nominal value can in many cases two different approaches. First, ideality is assumed valid for
P .- exp . water while applying various concentration-dependent or-

e oo e o o 81 810 sl mean sty coefcentr). Second,

cage depicted in Fig. B1 (b% a factor B~ 0.6. and for \;er roplet component concentration-dependent bulk-phase ac-

large no?‘ninaIW 9. differences betweeé }7 and expe?/ tivity coefficients are predicted from Debyeiekel theory

. ; p,SFT: \ X . When surface partitioning is ignored, either increas-

iments in general cannot be resolved. On the other hand(yDH) P 91519 '

W’ W as well as a particle mobility shape-factor Ihg water activity or decreasing ionic activities will act to de-
p.SFT~ "p.SFT, P y P rease the Raoult effect and thus increase predi€sedin-

x > 1, can in some cases resolve the underpredictions o luding partitioning, mean-ionic activity coefficients below

exp s . .
i%ch:rxlligrlrv{s Ft?]ZaerttZ Zig'i'ﬁgéngnz?gxﬁgi‘%?Ceﬁ/:r?oéai::o;urgnity are expected to decrease the extent of surfactant sur-
- ) -hange | face partitioning. The combined effects on surface tension,

factant dry particle mass-fraction fro##i, st during parti-

; . o . Raoult term and ultimately on droplet activation are thus not
cle production could in addition be both mass fraction and y P

e d dent readily anticipated.
size dependent. Predicted effects of varying droplet component bulk-phase

B3 Surfactant dissociation activities are shown in Fig. B1 (d) for 40nm mixed sodium
dodecanoate (C12Na) and NaCl particles. For the first ap-
The studied surfactants are organic ionic electrolytes and agProach, calculations with,, are identical to the base case,
sumed to be fully dissociated in the droplet bulk-phase, acand only results fos, p are shown. For the second approach,
cording to a dissociation factéger= 2. The effecton model ~ calculations are shown for bo#h p ando,,. Considering
predictions of incomplete surfactant dissociation was tested®nly organic solute non-ideal activities, the effect is small
by applyingsser= 1.5 (half dissociated) and 1 (completely and within experimental error. Only when non-ideal water
undissociated). Witla, p, calculations were made by evalu- activity (a,) is also included, by using Debyetidkel theory
ating the partitioning equilibrium as usual, and subsequentlyfor all droplet solution components, is a discernable effect
applying the relevaniset to the surfactant solute remain- achieved. PredictedlS, values increase as, > x,, and re-
ing in the droplet bulk-phase. Organic dissociation thus af-sults foro, p consequently describe experiments less well.
fects the water activity, but not the surface tension at a giveron the other hand, the effect is unable to resolve the under-
droplet size. As a resuléset < 2 will yield a smaller Raoult ~ predictions ofs ¢ by o,,. This is seen over the entire range
effect and in turn a smaller critical droplet, with a corre- of dry particle sizes.
sponding larger Kelvin term and a larger predici].

!/
Wp,SFT=
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B5 Limited surfactant bulk-phase concentration The shapes of the calculatedKler curves are generally
affected by IimitingchT, in botho, b ando,, models. At low
Full water solubility within the activating droplets is assumed W, SET, predictedS S, are nevertheless unaffected, whereas
for both surfactant and NaCl solutes, despite that limited sol-the value at the critical point of droplet activation is indeed
ubility of the organic surfactants in bulk aqueous solutionsincreased at highe¥, seT. Foro, b, limited surfactant bulk-
may be expected from the carbon chain length, and is inphase concentration is still incapable of resolving the under-
deed observed upon preparation of the atomizer solutionspredictions ofSSS®. For oy, this mechanism can in some
Concentrations of free dissolved surfactant molecules in theases lead to better agreement with experiments, but more
droplet bulk-phase are furthermore assumed not to be limopften, and in particular for the highest, e, predicted
ited by formation of micelles, even as the cmc values of theSSch are raised far above experimenta| values. It may also
corresponding ternary bulk aqueous solutions are exceededeem somewhat counter-intuitive to effectively account for
If the surfactant concentration in the droplet bulk-phase wasorganic precipitation (or micelle formation) within droplets
limited to that of a saturated macroscopic solution, or to thewhere surface tension reduction and surface partitioning are
macroscopic ternary solution cmc, sufficiently small valuesnot considered. LimitedZ: is therefore not considered a
of these concentrations could inhibit droplet activation by||ke|y mechanism for exp|aining the activation behavior ob-
a mechanism analogous to that describechylman et al.  served in our experiments. As a consequence, we also do not
(1999. In model predictions, limited surfactant bulk-phase find it necessary to explicitly account for micelle formation
concentration imposes a maximum on the attainable watejyithin the activating droplets, to achieve a thermodynami-
activity and surface tension reduction. This can affect thecally consistent representation of surfactant properties in our
shape of the predicteddbler curve for the droplet and pos- model calculations.
sibly introduce a second local maximum, both of whichmay |n several previous studies, observed activation properties
in turn affect the predictesS.. for organic compounds with limited solubility in bulk aque-
To our knowledge, neither organic solubilities, nor cmc ous solutions indicate they are fully dissolved in the droplet
values, for the relevant ternary SFT-NacCl solutions are avail-solutions, including the pure organic surfactants studied here
able in the literature. The effect of limited surfactant (Sorjamaa et al2004 Prisle et al,2008. Mechanisms such
bulk-phase concentration for model predictions was thereas curvature-enhanced solubility of the sub-micrometer sized
fore tested by imposing a maximum on the evaluated bulk-dry particle mixturesPadro and Nene£007), retention of
phase concentration of dissolved surfactant in the activating/arious amounts of residual water within the dried particles
droplets ¢8-1 < c&:7™). This maximum concentration value (Hartz et al, 200§, and the presence of small amounts of sol-
was in each case obtained, such that the droplet solution sutible impurities Bilde and Svenningssgi2004, have been
face tension, as determined from the ternary surface tensioproposed to explain this observation. The latter effect may
parameterizations, was kept above the respective minimunpe further facilitated due to depression of the deliquescence
values observed in measurements for bulk agqueous solutionglative humidity by the organidfisle et al. 20109. Sur-
of each surfactant (see Sedt3). In cases where the to- face partitioning of the organic can also explain this observa-
tal amount of surfactant leads to concentrations higher thanion, by decreasing the amount of dissolved solute remaining
cg,’:?ax, additional surfactant solute is thus considered as dn the droplet bulk below the macroscopic solution solubility
solid phase. Due to the presence of the water-soluble inorlimit. This is exactly what is seen in the present sensitivity
ganic salt, droplet activation controlled by the onset of par-calculations using;, p.
ticle deliquescence, as describedBilde and Svenningsson
(2004, is not expected for the mixed particles studied in the AcknowledgementsThe authors gratefully acknowledge the fund-
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