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Abstract. Atmospheric particles can serve as cloud conden-
sation nuclei in the atmosphere. The presence of surface ac-
tive compounds in the particle may affect the critical super-
saturation that is required to activate a particle. Modelling
surfactants in the context of K̈ohler theory, however, is dif-
ficult because surfactant enrichment at the surface implies
that a stable radial concentration gradient must exist in the
droplet. In this study, we introduce a hybrid model that ac-
counts for partitioning between the bulk and surface phases
in the context of single parameter representations of cloud
condensation nucleus activity. The presented formulation in-
corporates analytical approximations of surfactant partition-
ing to yield a set of equations that maintain the conceptual
and mathematical simplicity of the single parameter frame-
work. The resulting set of equations allows users of the single
parameter model to account for surfactant partitioning by ap-
plying minor modifications to already existing code.

1 Introduction

Köhler theory predicts the supersaturation that is required to
activate a particle into a cloud droplet. Fundamentally, this
supersaturation depends on the number of moles of solute in
solution and the surface tension of the aqueous solution/air
interface. Simple textbook versions (e.g. Seinfeld and Pandis,
2006) of Köhler theory model the particle as composed of a
single compound that is non-volatile and infinitely soluble in
water. Moles in solution are computed from the molar vol-
ume of the compound and the activity of water is modelled

using modified versions of Raoult’s law that account for non-
ideal solution behaviour. Because typical atmospheric par-
ticles are composed of a multitude of different compounds
with different and often unknown molar volumes and solubil-
ities, simple single parameter expressions have been devel-
oped to account for the effects of solutes on drop growth and
activation (e.g. Svenningsson et al., 1994; Rissler et al., 2006;
Petters and Kreidenweis, 2007; Wex et al., 2007; Petters and
Kreidenweis, 2008; Rissler et al., 2010). In this framework
the effective cloud condensation nuclei (CCN) activity is de-
scribed by a hygroscopicity parameter, hereafter denotedκ,
that can be directly observed even if the particle composition
is unknown.

The approximate relationship between the dry particle di-
ameter (Dd), the critical saturation ratio (Sc), andκ is given
by (Petters and Kreidenweis, 2007)

κ =
4A3σ 3

s/a(T )

27T 3D3
d ln2Sc

, (1)

where A = 8.69251× 10−6 K m3 J−1, σs/a(T ) is the
temperature-dependent surface tension of the solution/air
interface, andT is temperature. The so-foundκ has been
referred to asκCCN, κeffective, or κapparent(κapp) to specify
that the value has been derived from CCN measurements
and/or that a constant temperature-dependent surface tension
was assumed in the calculation ofκ from an Sc, Dd pair
(Pöschl et al., 2009; Sullivan et al., 2009a; Christensen
and Petters, 2012). The semi-empirical characterization of
CCN activity in terms ofκapp if a self-consistent set of
surface tension and temperature is applied when computing
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Sc values from experimentally determinedκapp. This holds
true even if the assumed value forσs/a(T ) is incorrect. In
this caseκapp is simply a parameterization that implicitly
accounts for surface tension effects. Equation (1) is valid
for κ >0.2 (Petters and Kreidenweis, 2007), but may be
used forκ >∼ 0.01 if small numerical errors are acceptable.
One utility of κapp is that changes inκapp can be related
to changes in chemical composition via chemical reactions
(Petters et al., 2006; George and Abbatt, 2009; Jimenez
et al., 2009; Sullivan et al., 2009b) or mixing with other
compounds (e.g. Gunthe et al., 2009; Dusek et al., 2010) and
thus it can be used as vehicle to parameterize the effect of
these processes on CCN activation in models (Lohmann and
Hoose, 2009).

Equation (1) can be derived from a model that describes
the effect of the solute on the water activity of the solution
(Petters and Kreidenweis, 2007)

1

aw
= 1+ κ

Vs

Vw
, (2)

whereaw is the water activity, andVs andVw are the volumes
of solute and water, respectively. The definition ofκ used
in Eq. (2) is independent of surface tension and if Eq. (2)
were used to represent non-ideal solutions,κ would become
a function of the solute concentration. For aerosols of un-
known composition, this variableκ can be determined from
hygroscopic growth measurements made by a humidified
tandem differential mobility analyser (HTDMA) or an elec-
trodynamic balance (Kreidenweis et al., 2005). It can also
be determined from models or theories that predict the water
activity as a function of chemical composition. Kappa values
determined by such techniques describe the intrinsic ability
of the particles’ chemical composition to promote water up-
take. To distinguish these values from the CCN derived tech-
niques, theseκ ’s have been referred to asκRaoult, κintrinsic,
κchem, κAIM , or κGF where the subscript denotes the origin of
the data or model used in conjunction with Eq. (2) (Raoult
= Raoult’s law, AIM = Aerosol Inorganic Model, chem=
chemical composition, GF= hygroscopic diameter growth
factor data). For example, AIM (Clegg et al., 1998) models
aw as a function of the mole fraction of water in electrolyte
solutions, from whichκ can be inferred. Here we adopt the
broad termsκappandκchemto distinguish if it was derived via
Eqs. (1) or (2), respectively.

One question that has received attention in the literature is
the degree of agreement betweenκchem andκapp. For many
systems, including pure compounds (Petters and Kreiden-
weis, 2007; Chan et al., 2008; Wex et al., 2010), complex
organic mixtures (Carrico et al., 2008; Duplissy et al., 2008;
Petters et al., 2009c; Wex et al., 2007), and ambient aerosol
(Vestin et al., 2007; Mochida et al., 2010, 2011), the agree-
ment is within 10–30 %. Other studies, however, have ei-
ther implicitly or explicitly reported significant discrepan-
cies betweenκchem and κapp (e.g. Moore et al., 2008; En-
gelhart et al., 2008; King et al., 2009; Wex et al., 2009;

Good et al., 2010a; Irwin et al., 2010; Padro et al., 2010).
This discrepancy has been attributed to a combination of sev-
eral effects, including gradual dissolution of sparingly solu-
ble compounds at high relative humidity (Petters and Krei-
denweis, 2008; Petters et al., 2009b), highly non-ideal so-
lution behaviour (Prenni et al., 2007; Petters et al., 2009b),
measurement uncertainties related to HTDMA operation in-
cluding residence time and other unresolved sources of dis-
agreements between instruments of similar design (Sjogren
et al., 2007; Good et al., 2010b), and unaccounted surface
tension effects when applying Eq. (1) to deriveκapp (Moore
et al., 2008; Engelhart et al., 2008; King et al., 2009; Wex et
al., 2009; Good et al., 2010a; Irwin et al., 2010; Padro et al.,
2010).

It has long been known that surface active compounds are
present in the atmospheric aerosol (Seidl and Hänel, 1983;
Shulman et al., 1996; Facchini et al., 1999, 2000). Based on
Eq. (1, the relative influence on critical supersaturation of
variations inσs/a andκ is dlnκ = −3dlnσs/a meaning that a
10 % decrease inσs/a has the same effect than does a 30 %
increase inκ (Kreidenweis et al., 2009). Thus even small re-
ductions in surface tension are predicted to significantly re-
duce the critical supersaturation. However, the exact value of
σs/a entering Eq. (1) is not straightforward to calculate. Sur-
face active compounds are preferentially located at the solu-
tion/air interface resulting in a radial concentration gradient
of the surfactant in the droplet. As the surfactant migrates to
the interface, the bulk of the droplet becomes depleted and
the surfactant concentration decreases. Because the amount
of surfactant in each particle is finite, and the surface-to-
volume ratio is large in small droplets, there are cases where
not enough surfactant molecules are available to populate the
surface even if all molecules would be allowed to partition to
the interface. The effect causes smaller particles to not fully
express the surface tension reduction that would be expected
from the concentration of surfactant that is present in the
droplet solution (Bianco and Marmur, 1992; Li et al., 1998).
Surfactants are generally organic compounds that have large
molar volumes and thus lowκchem (Petters et al., 2009a).
In mixed particles that are composed of surfactant and in-
organic salts, the overallκchem can be modelled as the vol-
ume weighted average of the constituents’κ-values (Petters
and Kreidenweis, 2007). As the volume fraction of surfac-
tant in the dry particle increases, the netκ of the particle
decreases together with surface tension, resulting in a larger
critical supersaturation when comparing the mixed particle
to a pure inorganic particle of the same dry diameter (Rood
and Williams, 2001). The decrease of the bulk phase solute
concentration increases the water activity of the droplet and
can partially or fully compensate for the surface tension re-
duction occurring at the droplet air interface (Sorjamaa et al.,
2004; Prisle et al., 2008, 2010; Ruehl et al., 2010). These ef-
fects must be accounted for when altering the valueσs/a that
enters into Eq. (1).

Atmos. Chem. Phys., 13, 1081–1091, 2013 www.atmos-chem-phys.net/13/1081/2013/



M. D. Petters and S. M. Kreidenweis: Part 3: Including surfactant partitioning 1083

The objective of this paper is to introduce within theκ-
framework a hybrid model that accounts for surface tension
lowering. The model can be used with surface tension data
from bulk measurements while maintaining a thermodynam-
ically rigorous description of the surface-to-bulk partitioning
process. The developed framework is consistent with, and
builds upon similar simplified treatments of the problem that
were recently reported in the literature (Topping, 2010; Prisle
et al., 2011; Raatikainen and Laaksonen, 2011). The result-
ing conceptual framework is useful for highlighting several
uncertainties that hinder our ability to precisely pinpoint the
role of surface tension in cloud droplet activation using cur-
rent measurement and data analysis approaches.

2 Model

2.1 Basic equations

In Gibbs surface thermodynamics the system is modeled as
consisting of three phases, the gas phase, the surface phase
and the bulk phase. To denote composition variables of the
different compounds present in the various phases we adopt
the following notation:F x

y,i whereF denotes the composi-
tion variable (n = moles,c = concentration,V = volume),x
denotes the phase (b = bulk, s = surface,t = total or bulk+

surface),y denotes the component (s = solute,w = water),
and the indexi denotes thei-th component in the mixture.
For examples,V b

s,i=sft denotes the volume of the surfactant
in the bulk phase andnt

w denotes the total number of moles
of water in the droplet. If the indexi is omitted, the sum of
all components is implied; e.g.V b

s andV t
s denote the volume

of all solutes in the bulk phase or the particle, respectively.
A list of symbols and their definition is provided in the Ap-
pendix.

The saturation ratio,S, over an aqueous solution droplet
can be calculated from

S = aw exp

(
4σs/aMw

RTρwD

)
, (3)

whereρw is the density of water,Mw is the molecular weight
of water,R is the universal gas constant, andD is the diame-
ter of the droplet. For a system consisting of multiple solutes,
Eq. (2) can be expressed as (Petters and Kreidenweis, 2007)

1

aw
= 1+

∑
κiεi

V b
s

Vw
, (4)

whereεi is volume fraction of the of thei-th component in
the particle. Because compounds that are located in the sur-
face layer do not contribute to the water activity (Sorjamaa
et al., 2004), the volume of solute in the bulk phase (V b

s )

enters in Eq. (4). For compounds that do not partition be-
tween the surface and the bulk, the amount of solute in the
surface phase is zero (V s

s,i = 0) and there is no distinction

between bulk and total volumes (V b
s = V t

s = πD3
d/6). If, in

contrast, the compound partitions to the surface, the number
of moles/volume of solute in solution is reduced as described
by Gibbs adsorption theory. Generally the relevant equations
must be solved numerically to find the concentration gradient
of each compound or ion in solution (Sorjamaa et al., 2004).
For the special case where only the surfactant partitions and
a number of additional assumptions are introduced an ana-
lytical solution exists (Eq. 11 in Raatikainen and Laaksonen,
2011)

V b
s,i=sft =

αsft(g+

√
g2+4εsftV

t
sβV/αsft)

2

g =
εsftV

t
s

αsft
− βV −

A0max
ν

. (5)

In Eq. (5),V is the volume of the solution which is equal
to the droplet volume (πD3/6) if no undissolved com-
pounds are present,A = πD2 is the droplet surface area,
0max is the maximum surface excess,β is the inverse ac-
tivity coefficient, αsft is the molar volume of the surfac-
tant, andν is the total number of cations (ν+) and anions
(ν−) resulting from the surfactants’ dissociation. In the for-
mulation of Eq. (5) we adopted the molarity scale (moles
per volume of solution) sinceβ is often reported in these
units. The mole quantities appearing in the original for-
mulation by Raatikainen and Laaksonen were converted to
volumes (nb

s,i=sft = V b
s,i=sft/αsft andnt

s,i=sft = V t
s,i=sft/αsft =

εsftV
t
s/αsft) to aid the introduction into the finalκ-equations.

Using the result from Eq. (5), the surface tension can be
computed from the semi-empirical Szyskowski equation

σs/a= σ0 − RT 0maxln

(
1+

V b
s,i=sft

αsftβV

)
, (6)

whereσ0 is the surface tension at zero solute concentration.
Equation (6) is valid as long asc < ccmc where CMC denotes
the critical micelle concentration. Note that we have replaced
the molar concentration that is usually used in Eq. (6) with

the already defined quantities:cb
s,i=sft =

V b
s,i=sft
αsftV

.

It is useful to further define the ratioξi = V b
s,i/V t

s,i which
expresses the fraction of solute of thei-th component that
is present in the bulk relative to the total. For compounds
that do not partition between the bulk and surfaceξi = 1,
while 1> ξi > 0 holds for compounds that are present in
both phases. Using this definition Eq. (2) can be written in
terms ofV t

s since by definition the bulk concentration can be
computed from the volume fraction in the mixture, the par-
titioning ratio, and the total volume of solute in the droplet
(V b

s,i=sft = εsftξsftV
t
s). Following the steps that are identical

to those in Petters and Kreidenweis (2007), i.e. expressing
the volumes in Eq. (4) in terms of the wet and dry diameters,
solving foraw and combining the result with Eq. (3) yields
theκ-Köhler equation that is valid for surface active species:
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S(D) =
D3

−D3
d

D3−D3
d(1−κ)

exp
(

Aσs/a
T D

)
κ =

∑
εiξiκi

σs/a= σ0 − RT 0maxln

(
1+

V b
s,i=sft

αsftβV

) . (7)

If no surfactants are present, allξi = 1, 0max = 0, σs/aequals
the value of pure water, and Eq. (7) is identical to that re-
ported in Petters and Kreidenweis (2007). Sinceξsft < 1 gen-
erally holds for surfactants (i.e. the bulk is depleted), the con-
tribution to the Raoult term, i.e. the netκ of the mixture, is
reduced together with the surface tension. Equations (5) and
(7) describe the K̈ohler curve that is predicted for multicom-
ponent particles that include one surfactant. The set of equa-
tions is easy to solve since all quantities entering the equation
are clearly defined and can be determined from bulk mea-
surements.

2.2 Model assumptions

The model presented here is a hybrid of the models reported
in Petters and Kreidenweis (2007) and Raatikainen and Laak-
sonen (2011). A number of assumptions were made in the
development of these equations and we explicitly state them
here. Equation (3) assumes that the volume of solute plus wa-
ter equals the total volume which allows using the pure water
density to compute the partial molar volume of water in the
Kelvin term (volume additivity assumption). Equation (4) as-
sumes that sum of the water contents for the individual com-
ponents at water activityaw equals to the total water content
in the mixture (Zdanovskii, Robinson and Stokes or ZSR as-
sumption). The use of a single parameter for each component
implies that the activity coefficient does not vary with the
aerosol water content. In the derivation of Eq. (5) it was as-
sumed that there are no common counter ions. For example,
in a mixture of NaCl (solute 1) and sodium-dodecyl sulfate
(solute 2), sodium ions (Na+) are common to both solutes. In
this case, Eq. (5) is not valid because the activity of Na+ in
the bulk solution is increased due to the common ion, thereby
changing the chemical potential gradient that drives the sep-
aration between the bulk and surface phases. As formulated
here, only one surfactant is allowed to partition between the
bulk and the surface. Equation (5) implicitly assumes that
the activity coefficient is independent of the water content
and that bulk solution concentration is directly proportional
to the number of moles of the surfactant in the droplet. Equa-
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).

Table 1.Physicochemical properties of sodium-dodecyl sulfate.

Property Value Reference

α 2.4518× 10−4 m3 mol−1 based on the density reported
in Sorjamaa et al. (2004)

ν 2 Sorjamaa et al. (2004)
0max 5.71× 10−6 mol m−2 Prisle et al. (2010)
β 9.5× 10−1 mol m3 Prisle et al. (2010)
κchem 0.134 Ruehl et al. (2010)
σs/a(ccmc) ∼ 0.028 J m−2 Rehfeld (1967)

2.3 Model inputs and execution

To computeS(D) from Eq. (7) for a ternary system consist-
ing of surfactant a non-partitioning solute and water, a num-
ber of inputs must be specified. The surfactant is character-
ized by the set of parameters{αsft, ν, κsft, 0max, β}, the non-
partitioning solute by{κsolute} and the dry volume fractions
by {ε sft, εsolute}, where it is understood thatεsft + εsolute= 1.
For a surfactant with known chemical identity, the molar vol-
ume (αsft) and dissociable ions (ν) are generally available.
The correspondingκsft may either be obtained from water
activity data or measurements of the surfactants hygroscopic
growth factor at high relative humidity. If neither are avail-
able,κsft can be estimated fromαsft andν if the surfactant is
sufficiently soluble in water (Petters et al., 2009a). The sur-
factant properties{0max, β} can be obtained from measuring
the surface tension depression in bulk solutions for differ-
ent concentrations and adjusting0max andβ in Eq. (6) such
that the residuals between the model and the data are mini-
mized (e.g. Rehfeld, 1967; Tuckermann, 2007; Prisle et al.,
2010). Table 1 summarizes these properties for the surfactant
sodium-dodecyl sulfate (SDS).

In practice, the model calculations are then performed as
follows: (1) the properties,κsft, κsolute, εsft and the dry par-
ticle diameterDd are specified, (2) a wet diameter is cho-
sen arbitrarily, (3) the surface area (A = πD2), droplet (V =

πD3/6) and dry aerosol volumes (V t
s = πD3

d/6) are com-
puted, (4) the bulk volume of the surfactant (V b

s,i=sft; Eq. 5)

and fraction present in the bulk (ξi = V b
s,sft/(εsftV

t
s)) are cal-

culated, (5) the surface tension of the solution is computed
via Eq. (6); if the computedσs/a is less than what is pre-
dicted for the critical micelle concentration,σs/a= σs/a(ccmc)

is specified, and (6) the saturation ratio over the droplet is
computed via Eq. (7). The procedure is repeated by stepping
through a geometrically gridded array of wet diameters and
the maximum ofS(D) vs.D corresponds to the critical satu-
ration ratio for the selected dry diameter.
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2.4 Accounting for common counter ions

As discussed earlier, Eq. (5) is not valid for systems with
common counter ions (e.g. NaCl and SDS). Raatikainen and
Laaksonen (2011, Eq. 17) provide an analytical solution for
this case also:

k1 =
n−

ν−
+

n+

ν+

k2 =
ν+

ν−
n−

+
ν−

ν+
n+

a0 = k2n
t
s,i=sftβV

a1 = k2n
t
s,i=sft + (νnt

s,i=sft − k2)βV − k1A0max

a2 = νnt
s,i=sft − k2 − νβV − A0max

a3 = −ν

a0 + a1n
b
s,i=sft + a2(n

b
s,i=sft)

2
+ a3(n

b
s,i=sft)

3
= 0

(8)

where we have transcribed the original equation to adopt our
notation conventions. In Eq. (8)n+ andn− denote the num-
bers of moles of common cations and anions, respectively.
For SDS the number of cations (ν+ = 1) equals the num-
ber of anions (ν− = 1). For a mixture of SDS/NaCl, there is
no common anion (n−

= 0) andn+
= nt

s,i=NaCl (Raatikainen
and Laaksonen, 2011). For practical calculations, step 4
(Sect. 2.3) is modified by solving Eq. (8) instead of Eq. (5).
In practice this is achieved as follows: (1) the quantities{n+,
n−,ν+, ν−} are determined based on the specifics of the
system, (2) the mole quantities are computed from the vol-
umes of the constituents and the respective molar volumes
(nt

s,i = εiV
t
s/αi), (3) the coefficients{k1, k2, a0, a1, a2, a3}

are computed according to their definitions given in Eq. (8),
(4) the cubic equation is solved using a cube root solver al-
gorithm of the users choice, (5) all negative and complex so-
lutions are discarded, (6) the volume of material in the bulk
is computed viaV b

s,i=sft = αsftn
b
s,i=sft, and (7) the algorithm

is completed following steps 5 and 6 described in Sect. 2.3.

3 Discussion

3.1 Results from calculations

We now show that Eqs. (5–8) reproduce results that are com-
puted from standard partitioning theory (Li et al., 1998; Sor-
jamaa et al., 2004; Prisle et al., 2010; Raatikainen and Laak-
sonen, 2011). To demonstrate this we use the sodium do-
decyl sulfate (SDS)/NaCl system that has been focused on
by many of the previous investigators. Figure 1 shows the
predicted critical supersaturation for a dry 40 nm SDS parti-
cle that is internally mixed with varying volume fractions of
NaCl. In our calculations we assumedT = 298.15 K,σ0 =

0.072 J m−2, κNaCl = 1.28 (Petters and Kreidenweis, 2007)
and the relevant properties for SDS summarized in Table 1.
These values differ slightly from those in previous studies

(e.g., Sorjamaa et al. (2004) and Raatikainen and Laaksonen
(2011) assumedκNaCl = 1.35 andκSDS= 0.11, T = 293 K,
σ0 = 0.073 J m−2). Calculation of the bulk concentration of
the surfactant was performed using either Eqs. (5) or (8). As
expected, the two models give identical results atεSDS= 1
since no NaCl is present. A strong increase in critical su-
persaturation is predicted when accounting for the common
ion effect at 0.9< εSDS< 1, which is also seen in the cal-
culations presented by Prisle et al. (2010) and Raatikainen
and Laaksonen (2011). The magnitude of the deviation be-
tween the treatments with and without common counter ion
depends on the choice of dry diameter; for 40 nm particles
this change should be easily observable with current state-
of-the science CCN instrumentation. We therefore suggest
that experiments specifically test this aspect of the theory by
contrasting observations of internally mixed SDS/NaCl and
SDS/KCl particles or similar systems. The rationale for this
choice is that KCl hasκ that is similar to NaCl (Carrico et
al., 2010) but K+ would not provide a common counter ion.

3.2 Mixing rules

In Fig. 2 we converted the predicted critical supersatura-
tion to κapp by converting calculatedSc, Dd pairs shown in
Fig. 1 to κ using Eq. (1). For pure SDS particles, the pre-
dicted κapp,SDS= 0.18, which is 34 % larger than the ob-
servedκchem at 99 % RH, (Ruehl et al., 2010,κchem,SDS=

0.134). For comparison the CCN measurements of Rood and
Williams (2001) and Sorjamaa et al. (2004) can be described
by κapp,SDS= 0.18± 0.018 andκapp,SDS= 0.15± 0.014, re-
spectively, in apparent agreement with the calculations.

From a theoretical perspective the basic ZSR mixing
rule reported in Petters and Kreidenweis (2007) isκ =∑

εiκchem,i and is derived from Eq. (4). In practice, however,
many investigators have appliedκ =

∑
εiκapp,i successfully

to ambient CCN measurements (Gunthe et al., 2009; Shi-
nozuka et al., 2009; Dusek et al., 2010; Cerully et al., 2011).
The results in Fig. 2 show that the mixing ruleκ =

∑
εiκapp,i

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
would be valid, based on mixtures containing the surface ac-
tive compound fulvic acid (Petters and Kreidenweis, 2007)
and the calculations presented here provide some theoreti-
cal basis for applying the mixing rule in cases where surface
tension lowering plays a role. The validity of the mixing rule,
however, is less obvious when the surfactant volume fraction
exceeds∼ 0.5 and common ions are present.

There is a moderate dependence ofκapp on the particle
dry diameter indicated by the shaded areas in Fig. 2. This
dependence is most pronounced at large surfactant volume
fraction. Currently available data are too scattered to resolve
these differences. So far only two studies have investigated
the CCN activity of internally mixed SDS/NaCl particles
(Rood and Williams, 2001; Prisle et al., 2010). Although the
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Fig. 1. Dependence of the critical supersaturation on SDS volume
fraction for the NaCl/SDS system using partitioning theory without
common counter ion forDd = 40 nm (Eq. 5, red line) and partition-
ing theory accounting for the common counter ion forDd = 40 nm
(Eq. 8, black line).

data are broadly consistent with partitioning theory, i.e. they
show convincingly that the surface tension lowering is not
expressed to the extent that would be expected from apply-
ing the lowered surface tension assuming no partitioning1,
the data are too limited and too divergent to provide unequiv-
ocal evidence that Eq. (8) is a sufficiently accurate model of
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
that more data for the SDS/NaCl and similar systems will be
helpful to guide theory, analogous to the investigation of the
CCN activity of the sparingly soluble adipic acid which has
been studied by at least eight independent research groups
(see Hings et al., 2008 and references therein).

3.3 Model ambiguities

Although a seemingly large number of approximations are
present in the formulation of the partitioning problem that is
presented here, there are several advantages to our simplified
approach. Specifically, the solution is straightforward to im-
plement in practice, computationally fast, and conceptually
simple. The latter allows us to highlight ambiguities inherent
in the current modeling framework and to discuss the need
for future studies.

1If no bulk/surface partitioning is assumed , surface tension
is computed via Eq. (6), applied to the Köhler equation with
κchem,SDS= 0.134, and the resultingSc, Dd pair parsed through
Eq. (1) assuming the surface tension of pure water,κapp,SDS= 0.84
and 1.82 would be expected for dry 100 and 40 nm pure SDS parti-
cles.
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Fig. 2. Apparent hygroscopicity parameter vs. surfactant volume
fraction the SDS/NaCl system. Data are taken from Rood and
Williams (©, 2001), Sorjamaa et al., (�, 2004), and Prisle et al.,
(♦, 2010). Kappa was computed from Eq. (1) for each combina-
tion of supersaturation and dry diameter reported in the original
manuscript. Horizontal bars correspond to± one standard devia-
tion of the retrievedκappvalues. The lines show model calculations
using the linear mixing rule with apparent kappa as inputs (long
dashed line), partitioning theory without common counter ion for
Dd = 40 nm (Eq. 5, short dashed line), and partitioning theory ac-
counting for the common counter ion forDd = 40 nm (Eq. 8, solid
line). The blue and grey shaded region shows the effect of varying
the dry diameter between 40 nm< Dd < 200 nm in the calculations
for partitioning theory.

An arbitrary surfactant is described by the parameter set
{α, ν, κchem, 0max, β} and values must obtained by measuring
the molecular formula, density, and water activity and surface
tension as function of surfactant concentration. In particular,
reliable data forκchem, 0max, andβ are only available for a
few systems. Measurements of the hygroscopic growth factor
at RH> 98 % (Hennig et al., 2005; Wex et al., 2009; Ruehl et
al., 2010) can help constrainκchemfor not yet fully character-
ized surfactants. In general,0max andβ are relatively easily
obtained if a sufficient amount of material is available to do
bulk experiments. Their values are catalogued for a number
of atmospherically relevant compounds (Tuckermann, 2007)
and can often be found in the literature for commercially
available surfactants. Complications arise becauseβ, and to a
lesser extent0max, may depend on the other dry constituents
(Rehfeld, 1967; Li et al., 1998; Prisle et al., 2010; Henning et
al., 2005). This dependence can be accounted for by allow-
ing β to vary with the concentration of the other components
in solution, but this type of treatment will remain intractable
for all but a few well-characterized ternary systems. Studies
that experimentally probe the parameter space are needed to
gain further confidence in the theory.

The issue is further complicated when performing calcu-
lations on the bulk-to-surface partitioning of all compounds.
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M. D. Petters and S. M. Kreidenweis: Part 3: Including surfactant partitioning 1087

A complete thermodynamic description should include cal-
culations of surface excess for each species in solution. For
the SDS/NaCl system this includes Na+, Cl−, C12H25SO−

4 ,
H2O, H+ and OH− (Pethica, 1954). In the simplified model
presented here the implicit assumption is that0Cl− = 0 (for
the NaCl/SDS system), which was confirmed experimentally
by Tajima (1971) but the generality of this finding remains
unclear. These problems are related to our larger understand-
ing of the thermodynamic behavior of surfactant molecules
in multicomponent solutions. While it might be possible to
numerically solve the necessary equations for selected sys-
tems, and to verify the findings experimentally using bulk
measurements, it is unlikely that the radial distribution of
multiple and often unknown components in ambient particles
can be understood at that level of detail within the foresee-
able future.

An interesting, and perhaps provocative question is
whether bulk-to-surface partitioning occurs at the timescale
of CCN experiments. Observations show that surface tension
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-
ics of diffusion to the surface together with the adsorp-
tion/desorption on the surface (Chang and Franses, 1995).
The timescale can be longer for certain surfactants and is not
well understood when stable micelles limit the monomer flux
(Patist et al., 2001). However, equilibration timescales may
be shorter for microscopic droplets having thin surface lay-
ers relative to those found in bulk solutions.

During typical CCN experiments an initially dry particle
is exposed to maximum supersaturation at timescales ranging
from∼ 1–5 s (Snider et al., 2010). If there are no kinetic limi-
tations to hygroscopic growth and micelle disintegration, and
kinetics are not affected by particle curvature, pure SDS par-
ticles should have sufficient time to express their equilibrium
surface tension in CCN experiments. Kinetic limitations to
hygroscopic growth, however, are observed for organic com-
pounds (Sjogren et al., 2007). Further, water contents in SDS
droplets at subsaturated relative humidity are well below the
critical micelle concentration. Kinetic limitations of micelle
dissolution, combined with kinetic limitations of water up-
take may lead to non-equilibrium surface tension at the time
of CCN activation in laboratory experiments. One indication
that kinetic limitation may exist is the absence of evidence
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

conclusion would also be valid at the much longer timescales
available in actual clouds, will require further detailed inves-
tigation.

The equations presented here can used to perform simu-
lations to determine the degree of complexity that must be
included in (global) model simulations. For example, Prisle
et al. (2012) demonstrate that the sensitivity of simulated
cloud droplet number concentration to the presence of sur-
factants is small in the ECHAM5.5-HAM2 model if surfac-
tant partitioning is included. Aside from model applications,
our equations can be used as a starting point for process-
level diagnostic studies. For example, it is straightforward
to evaluate the extent to which discrepancies betweenκchem
andκapp can be attributed to surfactant properties. Absence
of closure within this simplified framework should trigger in-
depth scrutiny of the underlying assumptions, e.g. non-ideal
behavior in all phases, the choice of the dividing surface, ki-
netic limitation, or the assumption of zero surface excess for
the non-surface active species.

4 Summary

We introduced a new set of equations that extends the kappa
framework to account for bulk-to-surface partitioning of sur-
factant molecules. The extension is based on the analyti-
cal approximation presented by Raatikainen and Laaksonen
(2011) and leads to an additional term (ξ) that describes the
fraction in the bulk phase and that enters into the kappa mix-
ing rule. Bothξ andσs/acan be computed from a simple alge-
braic equation if the bulk physicochemical properties of the
surfactant are known. At minimum, the surfactant properties
that must be specified are its molar volume (α), the num-
ber of dissociating ions (ν), the kappa value describing the
water uptake properties near the point of activation (κchem),
the maximum surface excess (0max) and the inverse activ-
ity coefficient (β).Partitioning theory predicts a strong effect
for ternary systems where common ions are present, e.g. the
system of sodium dodecyl sulfate and sodium chloride. By
examining the existing laboratory data we show that there
seems to be neither enough evidence to prove nor to disprove
this effect and we speculate that the timescales required to
form the thermodynamically stable surface phase may not be
available in current laboratory experiments. Additional stud-
ies with more precise measurement techniques are needed to
further examine the role of surfactants in cloud droplet acti-
vation.
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Appendix A

Notation

Symbols
A =

8.69251×
10−6 K m3 J−1

modified A-parameter from K̈ohler theory

A particle surface area (m2)
aw activity of water in solution (−)
c solution concentration (mol m−3)

ccmc critical micelle concentration (mol m−3)

D wet droplet diameter (m)
Dd dry particle diameter (m)
Mw molecular weight of water (kg mol−1)

n number of moles (mol)
R universal gas constant (J K−1 mol−1)

RH relative humidity (%)
S saturation ratio (−)
T temperature (K)
V volume (m3)

α molar volume (m3 mol−1)

β inverse activity coefficient (mol m−3)

ε volume fraction of dry component in the
particle (−)

ξ fraction of solute volume present in the
bulk phase (−)

0max maximum surface excess (mol m−2)

κ hygroscopicity parameter (−)
ν = ν+ + ν− number of cations (ν+) and anions (ν−) the

surfactant dissociates into
ρw = 997.1
kg m3

density of water (kg m3)

σ0 =

0.072 J m−2
surface tension at zero surfactant concen-
tration (J m−2)

σs/a surface tension of the solution/air interface
(J m−2)

Subscripts
i = 1, 2, 3. . . component number
s solute
sft surfactant
w water
SDS sodium dodecyl sulfate (NaC12H25SO4)

NaCl sodium chloride (NaCl)
c critical

Superscripts
b bulk phase
s surface phase
t total solution phase (bulk plus surface)
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