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Abstract. Atmospheric particles can serve as cloud conden-using modified versions of Raoult’s law that account for non-
sation nuclei in the atmosphere. The presence of surface agdeal solution behaviour. Because typical atmospheric par-
tive compounds in the particle may affect the critical super-ticles are composed of a multitude of different compounds
saturation that is required to activate a particle. Modellingwith different and often unknown molar volumes and solubil-
surfactants in the context ofdler theory, however, is dif- ities, simple single parameter expressions have been devel-
ficult because surfactant enrichment at the surface implie®ped to account for the effects of solutes on drop growth and
that a stable radial concentration gradient must exist in theactivation (e.g. Svenningsson et al., 1994; Rissler et al., 2006;
droplet. In this study, we introduce a hybrid model that ac- Petters and Kreidenweis, 2007; Wex et al., 2007; Petters and
counts for partitioning between the bulk and surface phase&reidenweis, 2008; Rissler et al., 2010). In this framework
in the context of single parameter representations of cloudhe effective cloud condensation nuclei (CCN) activity is de-
condensation nucleus activity. The presented formulation in-scribed by a hygroscopicity parameter, hereafter denoted
corporates analytical approximations of surfactant partition-that can be directly observed even if the particle composition
ing to yield a set of equations that maintain the conceptuais unknown.

and mathematical simplicity of the single parameter frame- The approximate relationship between the dry particle di-
work. The resulting set of equations allows users of the singleameter Dg), the critical saturation ratiaSt), andx is given
parameter model to account for surfactant partitioning by ap-by (Petters and Kreidenweis, 2007)

plying minor modifications to already existing code.

4A363 (T
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1 Introduction where A =8.69251x 10 Km3J1, oyT) is the

temperature-dependent surface tension of the solution/air
Kohler theory predicts the supersaturation that is required tonterface, andl’ is temperature. The so-found has been
activate a particle into a cloud droplet. Fundamentally, thisreferred to ascccn, Keffectives OF Kapparent(kapp) t0 specify
supersaturation depends on the number of moles of solute ithat the value has been derived from CCN measurements
solution and the surface tension of the aqueous solution/aiand/or that a constant temperature-dependent surface tension
interface. Simple textbook versions (e.g. Seinfeld and Pandisyas assumed in the calculation offrom an S., Dy pair
2006) of Kohler theory model the particle as composed of a(Pdschl et al., 2009; Sullivan et al., 2009a; Christensen
single compound that is non-volatile and infinitely soluble in and Petters, 2012). The semi-empirical characterization of
water. Moles in solution are computed from the molar vol- CCN activity in terms ofkapp if a self-consistent set of
ume of the compound and the activity of water is modelledsurface tension and temperature is applied when computing
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1082 M. D. Petters and S. M. Kreidenweis: Part 3: Including surfactant partitioning

Sc values from experimentally determineg,,, This holds ~ Good et al., 2010a; Irwin et al., 2010; Padro et al., 2010).
true even if the assumed value feg(T) is incorrect. In  This discrepancy has been attributed to a combination of sev-
this casexapp is simply a parameterization that implicitly eral effects, including gradual dissolution of sparingly solu-
accounts for surface tension effects. Equation (1) is validble compounds at high relative humidity (Petters and Krei-
for ¥ >0.2 (Petters and Kreidenweis, 2007), but may be denweis, 2008; Petters et al., 2009b), highly non-ideal so-
used fork > ~ 0.01 if small numerical errors are acceptable. lution behaviour (Prenni et al., 2007; Petters et al., 2009b),
One utility of kapp is that changes imapp can be related measurement uncertainties related to HTDMA operation in-
to changes in chemical composition via chemical reactionscluding residence time and other unresolved sources of dis-
(Petters et al., 2006; George and Abbatt, 2009; Jimeneagreements between instruments of similar design (Sjogren
et al., 2009; Sullivan et al., 2009b) or mixing with other et al., 2007; Good et al., 2010b), and unaccounted surface
compounds (e.g. Gunthe et al., 2009; Dusek et al., 2010) antkension effects when applying Eq. (1) to derig, (Moore
thus it can be used as vehicle to parameterize the effect oét al., 2008; Engelhart et al., 2008; King et al., 2009; Wex et
these processes on CCN activation in models (Lohmann andl., 2009; Good et al., 2010a; Irwin et al., 2010; Padro et al.,
Hoose, 2009). 2010).

Equation (1) can be derived from a model that describes It has long been known that surface active compounds are
the effect of the solute on the water activity of the solution present in the atmospheric aerosol (Seidl arichél, 1983;

(Petters and Kreidenweis, 2007) Shulman et al., 1996; Facchini et al., 1999, 2000). Based on
1 Ve Eqg. (1, the relative influence on critical supersaturation of
— =14x—, (2) variations inosja andx is dink = —3dInosa meaning that a

Aw Vw 10 % decrease ing/; has the same effect than does a 30 %

whereay, is the water activity, andfs andV,y are the volumes increase inc (Kreidenweis et al., 2009). Thus even small re-
of solute and water, respectively. The definitionkofised  ductions in surface tension are predicted to significantly re-
in Eq. (2) is independent of surface tension and if Eg. (2)duce the critical supersaturation. However, the exact value of
were used to represent non-ideal solutiongjould become  og/ entering Eq. (1) is not straightforward to calculate. Sur-
a function of the solute concentration. For aerosols of un-face active compounds are preferentially located at the solu-
known composition, this variable can be determined from tion/air interface resulting in a radial concentration gradient
hygroscopic growth measurements made by a humidifiedf the surfactant in the droplet. As the surfactant migrates to
tandem differential mobility analyser (HTDMA) or an elec- the interface, the bulk of the droplet becomes depleted and
trodynamic balance (Kreidenweis et al., 2005). It can alsothe surfactant concentration decreases. Because the amount
be determined from models or theories that predict the wateof surfactant in each patrticle is finite, and the surface-to-
activity as a function of chemical composition. Kappa valuesvolume ratio is large in small droplets, there are cases where
determined by such techniques describe the intrinsic abilitynot enough surfactant molecules are available to populate the
of the particles’ chemical composition to promote water up- surface even if all molecules would be allowed to partition to
take. To distinguish these values from the CCN derived techthe interface. The effect causes smaller particles to not fully
niques, thesa’s have been referred to @Raouls Kintrinsics express the surface tension reduction that would be expected
Kchem KAIM , OF kg Where the subscript denotes the origin of from the concentration of surfactant that is present in the
the data or model used in conjunction with Eqg. (2) (Raoultdroplet solution (Bianco and Marmur, 1992; Li et al., 1998).
= Raoult’s law, AIM = Aerosol Inorganic Model, chem Surfactants are generally organic compounds that have large
chemical composition, GE hygroscopic diameter growth molar volumes and thus lowchem (Petters et al., 2009a).
factor data). For example, AIM (Clegg et al., 1998) models In mixed particles that are composed of surfactant and in-
aw as a function of the mole fraction of water in electrolyte organic salts, the overatl:nem can be modelled as the vol-
solutions, from whiche can be inferred. Here we adopt the ume weighted average of the constituentsialues (Petters
broad termsappandkchemto distinguish if it was derived via  and Kreidenweis, 2007). As the volume fraction of surfac-
Egs. (1) or (2), respectively. tant in the dry particle increases, the mebf the particle
One question that has received attention in the literature iglecreases together with surface tension, resulting in a larger
the degree of agreement betwegRem and«app FOr many  critical supersaturation when comparing the mixed particle
systems, including pure compounds (Petters and Kreidento a pure inorganic particle of the same dry diameter (Rood
weis, 2007; Chan et al., 2008; Wex et al., 2010), complexand Williams, 2001). The decrease of the bulk phase solute
organic mixtures (Carrico et al., 2008; Duplissy et al., 2008; concentration increases the water activity of the droplet and
Petters et al., 2009c; Wex et al., 2007), and ambient aerosatan partially or fully compensate for the surface tension re-
(Vestin et al., 2007; Mochida et al., 2010, 2011), the agree-duction occurring at the droplet air interface (Sorjamaa et al.,
ment is within 10-30%. Other studies, however, have ei-2004; Prisle et al., 2008, 2010; Ruehl et al., 2010). These ef-
ther implicitly or explicitly reported significant discrepan- fects must be accounted for when altering the valygthat
cies betweenchem and kapp (€.9. Moore et al., 2008; En- enters into Eq. (1).
gelhart et al., 2008; King et al., 2009; Wex et al., 2009;
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The objective of this paper is to introduce within the  contrast, the compound partitions to the surface, the number
framework a hybrid model that accounts for surface tensionof moles/volume of solute in solution is reduced as described
lowering. The model can be used with surface tension datdy Gibbs adsorption theory. Generally the relevant equations
from bulk measurements while maintaining a thermodynam-must be solved numerically to find the concentration gradient
ically rigorous description of the surface-to-bulk partitioning of each compound or ion in solution (Sorjamaa et al., 2004).
process. The developed framework is consistent with, and~or the special case where only the surfactant partitions and
builds upon similar simplified treatments of the problem thata number of additional assumptions are introduced an ana-
were recently reported in the literature (Topping, 2010; Prislelytical solution exists (Eg. 11 in Raatikainen and Laaksonen,
et al., 2011; Raatikainen and Laaksonen, 2011). The result2011)
ing conceptual framework is useful for highlighting several

uncertainties that hinder our ability to precisely pinpointthe . 4(c+1/s2 146 VEBV Jasn)
role of surface tension in cloud droplet activation using cur- "s.i=sft — 2
rent measurement and data analysis approaches. : ®)

t
_ &sttVs _ _ ATlmax
T asft ﬂV v

2 Model
In Eq. (5),V is the volume of the solution which is equal
2.1 Basic equations to the droplet volume £ D3/6) if no undissolved com-
pounds are presenj = 7 D? is the droplet surface area,
In Gibbs surface thermodynamics the system is modeled aFa is the maximum surface excegs,is the inverse ac-
consisting of three phases, the gas phase, the surface phadty coefficient, asyt is the molar volume of the surfac-
and the bulk phase. To denote composition variables of theant, andv is the total number of cations () and anions
different compounds present in the various phases we adog_) resulting from the surfactants’ dissociation. In the for-
the following notation:F;; where F denotes the composi- mulation of Eq. (5) we adopted the molarity scale (moles
tion variable { = moles,c = concentrationy = volume),x per volume of solution) sinc@ is often reported in these
denotes the phasé & bulk, s = surfaces = total or bulk+ units. The mole quantities appearing in the original for-
surface),y denotes the component £ solute,w = water), mulation by Raatikainen and Laaksonen were converted to
and the index denotes the-th component in the mixture. volumes 62, = V&, _ i /aswandnl, o= V&, _/os=
For examp|eSVsk?i:sﬁ denotes the volume of the surfactant ¢4 V!/as) to aid the introduction into the final-equations.
in the bulk phase and), denotes the total number of moles  Using the result from Eq. (5), the surface tension can be
of water in the droplet. If the indekis omitted, the sum of computed from the semi-empirical Szyskowski equation
all components is implied; e.¢? and V! denote the volume

of all solutes in the bulk phase or the particle, respectively. Vb,
A list of symbols and their definition is provided in the Ap- og/a= 00— RT'maxIn <1+ &’—=Sﬂ) , (6)
pendix. asiBV
The saturation ratio§, over an aqueous solution droplet
can be calculated from whereoy is the surface tension at zero solute concentration.

Equation (6) is valid as long as< c¢cmc Where CMC denotes
3) the critical micelle concentration. Note that we have replaced
the molar concentration that is usually used in Eqg. (6) with

wherepy, is the density of wateit, is the molecular weight ¢ already defined quantitia@_ = ng:;n_
of water,R is the universal gas constant, apds the diame- It is useful to further define tlr;: rat'g;i Vb 7Vt which
ter of the droplet. For a system consisting of multiple solutes, S/ 7S

. . xpresses the fraction of solute of th¢h compohent that
Eq. (2) can be expressed as (Petters and Kreidenweis, 200 is present in the bulk relative to the total. For compounds

1 Vsb that do not partition between the bulk and surfgge- 1,
a =1+ Zkisiv—w, (4) while 1> &; > 0 holds for compounds that are present in
both phases. Using this definition Eq. (2) can be written in
whereg; is volume fraction of the of thé-th component in  terms ofV/{ since by definition the bulk concentration can be
the particle. Because compounds that are located in the sutomputed from the volume fraction in the mixture, the par-
face layer do not contribute to the water activity (Sorjamaatitioning ratio, and the total volume of solute in the droplet
et al., 2004), the volume of solute in the bulk phas@)( (VO _ = estitsitVY). Following the steps that are identical
enters in Eq. (4). For compounds that do not partition be-to those in Petters and Kreidenweis (2007), i.e. expressing
tween the surface and the bulk, the amount of solute in thqhe volumes in Eq (4) in terms of the wet and dry diameters,
surface phase is zer&/§; = 0) and there is no distinction  solving fora,, and combining the result with Eq. (3) yields
between bulk and total volumesg? =Vl= an/G). If, in thex-Kohler equation that is valid for surface active species:

405/aMW)

S =awex
w p(RT,oWD
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Table 1. Physicochemical properties of sodium-dodecyl sulfate.

D37DS’ Aog/a
S(D) = W expl 75 Property Value Reference
—D3(1—x
o 2.4518x 1074 m3 mol~!  based on the density reported
k=S ¢e& i in Sorjamaa et al. (2004)
Z iSiki : (7) v 2 Sorjamaa et al. (2004)
X T'max 5.71x 10~8 mol m—2 Prisle et al. (2010)
_ Vsi=stt B 9.5x 10~1 mol m3 Prisle et al. (2010)
0s/a= 00— RTTmaxIn <1 T 2BV Kchem 0.134 Ruehl et al. (2010)
osjalcemd  ~0.028JnT2 Rehfeld (1967)

If no surfactants are present, gll= 1, I'max = 0, os/a€quals
the value of pure water, and Eq. (7) is identical to that re-
ported in Petters and Kreidenweis (2007). Siege< 1gen- 2.3  Model inputs and execution

erally holds for surfactants (i.e. the bulk is depleted), the con-

tribution to the Raoult term, i.e. the netof the mixture, is  To computeS(D) from Eq. (7) for a ternary system consist-
reduced together with the surface tension. Equations (5) anéhg of surfactant a non-partitioning solute and water, a num-
(7) describe the Bhler curve that is predicted for multicom- ber of inputs must be specified. The surfactant is character-
ponent particles that include one surfactant. The set of equazed by the set of parametelisss, v, «sit, ['max 8, the non-
tions is easy to solve since all quantities entering the equatiopartitioning solute by{«soiute and the dry volume fractions
are clearly defined and can be determined from bulk meaby {¢ s, £solutd, Where it is understood thags; + esolute= 1.

surements. For a surfactant with known chemical identity, the molar vol-
_ ume gsit) and dissociable ionsyf are generally available.
2.2 Model assumptions The correspondingsi; may either be obtained from water

, , activity data or measurements of the surfactants hygroscopic
The model presented here is a hybrid of the models reporteglth factor at high relative humidity. If neither are avail-
in Petters and Kreidenweis (2007) and Raatikainen and Laakéble, kst can be estimated fromas; andy if the surfactant is

sonen (2011). A number of assumptions were made in theygiciently soluble in water (Petters et al., 2009a). The sur-

developmept of these equations and we explicitly state then?actant propertie§Tmax A} can be obtained from measuring
here. Equation (3) assumes that the volume of solute plus Wage gurface tension depression in bulk solutions for differ-

ter equals the total volume V\(hich allows using the pure watelgyt concentrations and adjustifgnay andg in Eq. (6) such
density to compute the partial molar volume of water in the 4t the residuals between the model and the data are mini-
Kelvin term (volume additivity assumption). Equation (4) as- yi-ed (e.g. Rehfeld, 1967; Tuckermann, 2007; Prisle et al.,

sumes that sum of the water contents for the individual COm—1 ) Taple 1 summarizes these properties for the surfactant
ponents at water activity, equals to the total water content sodium-dodecyl sulfate (SDS).

in the mixture (Zdanovskii, Robinson and Stokes or ZSR as- | hractice, the model calculations are then performed as

;umption). The use pfasinglg parameter for each compone%”OWS: (1) the propertiescst, Ksoute £sit and the dry par-
implies that the activity coefficient does not vary with the 4o diameterDq are specified, (2) a wet diameter is cho-

aerosol water content. In the derivation of Eq. (5) it was as-4, arbitrarily, (3) the surface area £ = D?), droplet (V =
sumed that there are no common counter ions. For exampl D3/6) and c,iry aerosol volumes/f = nD§/6) are com-

in a mixture of NaCl (solute 1) and sodium-dodecyl sulfate .
(solute 2), sodium ions (Ng are common to both solutes. In puted, (4_) the bulk vc.)lume of the SurgaCta%b%S“' Eq. 5)
this case, Eq. (5) is not valid because the activity of Nia ~ @nd fraction present in the bulk;(= Vg s/ (estVs)) are cal-

the bulk solution is increased due to the common ion, therebyUlated; (5) the surface tension of the solution is computed

changing the chemical potential gradient that drives the sep¥i@ EG: (6); if the computedsa is less than what is pre-

aration between the bulk and surface phases. As formulateficted for the critical micelle concentratiosa = os/a(ceme)

here, only one surfactant is allowed to partition between theS SPecified, and (6) the saturation ratio over the droplet is
bulk and the surface. Equation (5) implicitly assumes thatcOmPuted via Eq. (7). The procedure is repeated by stepping

the activity coefficient is independent of the water contenttrough a geometrically gridded array of wet diameters and

and that bulk solution concentration is directly proportional "€ maximum of§(D) vs. D corresponds to the critical satu-
to the number of moles of the surfactant in the droplet. Equal@tion ratio for the selected dry diameter.
tion (6) also assumes that only the surfactant partitions, i.e.

the other solutes do not affect the surface tension, and that

the chemical potential is well-modeled using concentration

(dilute solution approximation).

Atmos. Chem. Phys., 13, 1081091, 2013 www.atmos-chem-phys.net/13/1081/2013/
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2.4 Accounting for common counter ions (e.g., Sorjamaa et al. (2004) and Raatikainen and Laaksonen
(2011) assumednac)= 1.35 andksps= 0.11, T = 293K,

As discussed earlier, Eq. (5) is not valid for systems with 5, — 0.073 Jnm2). Calculation of the bulk concentration of

common counter ions (e.g. NaCl and SDS). Raatikainen anghe surfactant was performed using either Egs. (5) or (8). As

Laaksonen (2011, Eqg. 17) provide an analytical solution forexpected, the two models give identical results s = 1

this case also: since no NaCl is present. A strong increase in critical su-

n—  nt persaturation is predicted when accounting for the common
ky=1-+57 ion effect at 0.9%< esps< 1, which is also seen in the cal-

ky = E_”_ + E;”Jr culations presented by Prisle et al. (2010) and Raatikainen

- + and Laaksonen (2011). The magnitude of the deviation be-

ap = kznts’izsﬁﬂV tween the treatments with and without common counter ion

; ‘ depends on the choice of dry diameter; for 40 nm particles

ap =kang; s+ (vng ;g — k2) BV — k1Al max (8) this change should be easily observable with current state-

az=vnt,_—ka— VBV — Almax of-the science CCN instrumentation. We therefore suggest

Si=s that experiments specifically test this aspect of the theory by
az= —v contrasting observations of internally mixed SDS/NaCl and
SDS/KCI particles or similar systems. The rationale for this
ao+a1n2i:sﬂ+az(ng,-:sft)2 +a3(n2,,»=sft)3 =0 choice is that KCI hag that is similar to NaCl (Carrico et

. o ] al., 2010) but K would not provide a common counter ion.
where we have transcribed the original equation to adopt our

notation conventions. In Eq. (8" andrn™ denote the num- 3.2 Mixing rules
bers of moles of common cations and anions, respectively.

For SDS the number of cations(=1) equals the num- |, rjg 2 we converted the predicted critical supersatura-
ber of anions 1(._ =1). For a mixture tof SDS/NaCI., th.ere IS tion to kapp by converting calculated, Dy pairs shown in
no common anion{” = 0) andn™ =ng;_y,c (Raatikainen  rig 1 1o, using Eq. (1). For pure SDS particles, the pre-
and Laaksgnen, _2_011). For _practlcal cglculatlons, step 4icted kappsps= 0.18, which is 34% larger than the ob-
(Sect. 2.3) is modified by solving Eq. (8) instead of Eq. (5). servedichem at 9% RH, (Ruehl et al., 201@chemsps=
In practice this is achieved as follows: (1) the quantifies, 0.134). For comparison the CCN measurements of Rood and
n~wy, v} are determined based on the specifics of theyjjiams (2001) and Sorjamaa et al. (2004) can be described
system, (2) the mqle quantities are compyted from the volby Kappsps = 0.18 0.018 andkappsps = 015 0.014, re-
umes of the constituents anq _the respective molar VOI“me§pectiver, in apparent agreement with the calculations.
(ng; = € Ve/ai), (3) the coefficientsky, k2, ao, a1, az, as} From a theoretical perspective the basic ZSR mixing
are computed according to their definitions given in Eq. (8),je reported in Petters and Kreidenweis (2007)cis-
(4) the cubic equation is solved using a cube root solver al-ZEiKchemi and is derived from Eq. (4). In practice, however,
go.rithm of thg users choice, (5) all negative anq cpmplex SOmany investigators have applied= 3" &;kapp: successfully
lutions are discarded, (6) the volume of material in the bulkiy smbient CCN measurements (Gunthe et al., 2009; Shi-
is computed Vlaysbi;sft = O‘Sft"gizsft’ and (7) the algorithm o7k et al., 2009; Dusek et al., 2010; Cerully et al., 2011).
is completed following steps 5 and 6 described in Sect. 2.3. The results in Fig. 2 show that the mixing rule= 3" ;kapp:
approximately holds for cases where the volume fraction of
the surfactant is less than 0.5, which is likely the case in am-
bient aerosol. We had conjectured that this approximation
3.1 Results from calculations would be valid, based on mixtures containing the surface ac-
tive compound fulvic acid (Petters and Kreidenweis, 2007)
We now show that Egs. (5—-8) reproduce results that are comand the calculations presented here provide some theoreti-
puted from standard partitioning theory (Li et al., 1998; Sor- cal basis for applying the mixing rule in cases where surface
jamaa et al., 2004; Prisle et al., 2010; Raatikainen and Laaktension lowering plays a role. The validity of the mixing rule,
sonen, 2011). To demonstrate this we use the sodium dohowever, is less obvious when the surfactant volume fraction
decyl sulfate (SDS)/NaCl system that has been focused oexceeds~ 0.5 and common ions are present.
by many of the previous investigators. Figure 1 shows the There is a moderate dependencexgf, on the particle
predicted critical supersaturation for a dry 40 nm SDS parti-dry diameter indicated by the shaded areas in Fig. 2. This
cle that is internally mixed with varying volume fractions of dependence is most pronounced at large surfactant volume
NacCl. In our calculations we assum&d = 298.15K,0q9 = fraction. Currently available data are too scattered to resolve
0.072Jn7?, knaci = 1.28 (Petters and Kreidenweis, 2007) these differences. So far only two studies have investigated
and the relevant properties for SDS summarized in Table 1the CCN activity of internally mixed SDS/NaCl particles
These values differ slightly from those in previous studies(Rood and Williams, 2001; Prisle et al., 2010). Although the

3 Discussion
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with common
counter ion

0.8
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Critical supersaturation (%)

0.6
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P P - - \ oL . . ... O R
0 0.2 0.4 0.6 0.8 1 0 0.2 0.6 0.8 1
Surfactant volume fraction (-) Surfactant volume fraction (-)

0.4

0.4

Fig. 1. Dependence of the critical supersaturation on SDS volumeFig. 2. Apparent hygroscopicity parameter vs. surfactant volume
fraction for the NaCI/SDS system using partitioning theory without fraction the SDS/NaCl system. Data are taken from Rood and
common counter ion fobg = 40 nm (Eq. 5, red line) and partition- ~ Williams (O, 2001), Sorjamaa et al..[){ 2004), and Prisle et al.,
ing theory accounting for the common counter ion fgy=40nm (<, 2010). Kappa was computed from Eg. (1) for each combina-
(Eq. 8, black line). tion of supersaturation and dry diameter reported in the original
manuscript. Horizontal bars correspond-4toone standard devia-
tion of the retrievedapp values. The lines show model calculations

. . o . using the linear mixing rule with apparent kappa as inputs (long
data are broadly consistent with partitioning theory, i.e. theyyashed line), partitioning theory without common counter ion for

show convincingly that the surface tension lowering is not Dq = 40nm (Eq. 5, short dashed line), and partitioning theory ac-
expressed to the extent that would be expected from applycounting for the common counter ion féy = 40 nm (Eq. 8, solid

ing the lowered surface tension assuming no partitiohing line). The blue and grey shaded region shows the effect of varying
the data are too limited and too divergent to provide unequiv-the dry diameter between 40 nmDy < 200 nm in the calculations
ocal evidence that Eq. (8) is a sufficiently accurate model offor partitioning theory.

the process, particularly when also factoring in the similar

results found for the sodium fatty acid salts mixtures stud-

ied by Prisle et al. (2010) (data not shown here). We believe An arbitrary surfactant is described by the parameter set
that more data for the SDS/NaCl and similar systems will be{x, v, kchem I'max 8} @and values must obtained by measuring
helpful to guide theory, analogous to the investigation of thethe molecular formula, density, and water activity and surface
CCN activity of the sparingly soluble adipic acid which has tension as function of surfactant concentration. In particular,
been studied by at least eight independent research groupeliable data fokchem I'max, @andg are only available for a

(see Hings et al., 2008 and references therein). few systems. Measurements of the hygroscopic growth factor
at RH> 98 % (Hennig et al., 2005; Wex et al., 2009; Ruehl et
3.3 Model ambiguities al., 2010) can help constraignemfor not yet fully character-

ized surfactants. In generdlyax and g are relatively easily
Although a seemingly large number of approximations areobtained if a sufficient amount of material is available to do
present in the formulation of the partitioning problem that is bulk experiments. Their values are catalogued for a number
presented here, there are several advantages to our simplified atmospherically relevant compounds (Tuckermann, 2007)
approach. Specifically, the solution is straightforward to im-and can often be found in the literature for commercially
plement in practice, computationally fast, and conceptuallyavailable surfactants. Complications arise bec@ysed to a
simple. The latter allows us to highlight ambiguities inherent lesser exten'mayx, may depend on the other dry constituents
in the current modeling framework and to discuss the needRehfeld, 1967; Li et al., 1998; Prisle et al., 2010; Henning et
for future studies. al., 2005). This dependence can be accounted for by allow-

ing B to vary with the concentration of the other components

Lif no bulk/surface partitioning is assumed , surface tensionin solution, but this type of tregtment will remain intractab!e

is computed via Eq. (6), applied to thedkler equation with for all butgfew well-characterized ternary systems. Studies
kchemsps= 0.134, and the resultinge, Dy pair parsed through tha'\t expenmentglly prope the parameter space are needed to
Eq. (1) assuming the surface tension of pure watg,sps= 0.84  gain further confidence in the theory. _
and 1.82 would be expected for dry 100 and 40 nm pure SDS parti- The issue is further complicated when performing calcu-
cles. lations on the bulk-to-surface partitioning of all compounds.
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A complete thermodynamic description should include cal-conclusion would also be valid at the much longer timescales
culations of surface excess for each species in solution. Foavailable in actual clouds, will require further detailed inves-
the SDS/NaCl system this includes NeCl~, C1oH25S0,, tigation.
H,0, HT and OH (Pethica, 1954). In the simplified model = The equations presented here can used to perform simu-
presented here the implicit assumption is that = 0 (for lations to determine the degree of complexity that must be
the NaCIl/SDS system), which was confirmed experimentallyincluded in (global) model simulations. For example, Prisle
by Tajima (1971) but the generality of this finding remains et al. (2012) demonstrate that the sensitivity of simulated
unclear. These problems are related to our larger understandioud droplet number concentration to the presence of sur-
ing of the thermodynamic behavior of surfactant moleculesfactants is small in the ECHAM5.5-HAM2 model if surfac-
in multicomponent solutions. While it might be possible to tant partitioning is included. Aside from model applications,
numerically solve the necessary equations for selected sysur equations can be used as a starting point for process-
tems, and to verify the findings experimentally using bulk level diagnostic studies. For example, it is straightforward
measurements, it is unlikely that the radial distribution of to evaluate the extent to which discrepancies betweggsn
multiple and often unknown components in ambient particlesand«app can be attributed to surfactant properties. Absence
can be understood at that level of detail within the foresee-of closure within this simplified framework should trigger in-
able future. depth scrutiny of the underlying assumptions, e.g. non-ideal
An interesting, and perhaps provocative question isbehavior in all phases, the choice of the dividing surface, ki-
whether bulk-to-surface partitioning occurs at the timescalenetic limitation, or the assumption of zero surface excess for
of CCN experiments. Observations show that surface tensiothe non-surface active species.
gradually decreases with time until equilibrium is reached.
The timescale for SDS depends on its concentration, but
equilibration timescales for bulk solutions are generally

< 0.3 s (Kloubek, 1972). This slow equilibration time ap- . .
pears to be consistent with a model that includes kinet_We introduced a new set of equations that extends the kappa

ics of diffusion to the surface together with the adsorp- framework to account for bulk-to-surface partitioning of sur-

X . actant molecules. The extension is based on the analyti-
tion/desorption on the surface (Chang and Franses, 1995). L g

. : . al approximation presented by Raatikainen and Laaksonen
The timescale can be longer for certain surfactants and is no

. T 011) and leads to an additional ter&) (hat describes the
well understood when stable micelles limit the monomer flux S . .
. o fraction in the bulk phase and that enters into the kappa mix-
(Patist et al., 2001). However, equilibration timescales may.

be shorter for microscopic droplets having thin surface Iay-mg _ruIe. BOFhE gndaslacan be c.omputed' from a3|mple alge-
. . . braic equation if the bulk physicochemical properties of the
ers relative to those found in bulk solutions.

During typical CCN experiments an initially dry particle surfactant are known. At minimum, the surfactant properties

. ; . : . that must be specified are its molar volumeg,(the num-
is exposed to maximum supersaturation at timescales ranging - ¢ dissociating ionsvf, the kappa value desecribing the
from ~ 1-5 s (Snider et al., 2010). If there are no kinetic limi- '

) . . g : water uptake properties near the point of activatiedm,
tations to hygroscopic growth and micelle disintegration, andthe maximum surface excesBniag and the inverse activ-

kinetics are not affected by particle curvature, pure SDS par- o o :
ticles should have sufficient time to express their equilibriumIty coefficient ). Partitioning theory predicts a strong effect

surface tension in CCN experiments. Kinetic limitations to for ternary systems where common ions are present, e.g. the

hygroscopic growth, however, are observed for organic Com_system of sodium dodecyl sulfate and sodium chloride. By

pounds (Sjogren et al., 2007). Further, water contents in spgxamining the gmstmg Iaborat.ory data we show that. there
Seems to be neither enough evidence to prove nor to disprove

droplets at subsaturated relative humidity are well below the;, . ;
e : . A . this effect and we speculate that the timescales required to
critical micelle concentration. Kinetic limitations of micelle

dissolution, combined with kinetic limitations of water up- form the thermodynamically stable surface phase may not be

take may lead to non-equilibrium surface tension at the timeavallable in current laboratory experiments. Additional stud-

T ; ... “les with more precise measurement techniques are needed to
of CCN activation in laboratory experiments. One indication . . X
R o . further examine the role of surfactants in cloud droplet acti-
that kinetic limitation may exist is the absence of evidence

. L : vation.
of the non-linear mixing in the presence of counter ions. For
example, Prisle et al. (2010) present data for three sodium
fatty acid salts mixed with NaCl. The predicted increase in
the critical supersaturation at high surfactant volume frac-
tion is not evident in their data, hinting that the surface phase
might not have fully formed. The implication is that in the
laboratory, surfactants do not alter the surface tension and
simply behave like other organic molecules that are not sur-
face active. Whether this is indeed the case, and whether this

Summary
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Appendix A

Notation

A=
8.69251x
108Km3J1

™R < NUTx I

o

Fmax
V=vy+v_

pw= 997.1
kg m?

op =

0.0723 2

Osla

i=1,23...
sft

SDS
NaCl
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Symbols
modified A-parameter from &hler theory

particle surface area @n

activity of water in solution {)
solution concentration (mol T¥)
critical micelle concentration (mol n¥)
wet droplet diameter (m)

dry particle diameter (m)
molecular weight of water (kg mok)
number of moles (mol)

universal gas constant (J& mol~1)
relative humidity (%)

saturation ratio-{)

temperature (K)

volume (n¥)

molar volume (i mol—1)

inverse activity coefficient (mol m?)

volume fraction of dry component in the

particle )

fraction of solute volume present in the

bulk phase {)

maximum surface excess (mol )
hygroscopicity parameter

number of cationsy(;. ) and anionsi{_) the
surfactant dissociates into

density of water (kg f)
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