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Abstract Bulk-surface partitioning of surface active species affects both cloud droplet activation by
aerosol particles and heterogeneous atmospheric chemistry. Various approaches are given in the literature
to capture this effect in atmospheric models. Here we present a simple, yet physically self-contained,
monolayer model for prediction of both composition and thickness of the surface layer of an aqueous
droplet. The monolayer surface model is based on assuming a finite surface layer and mass balance of all
species within the droplet. Model predictions are presented for binary and ternary aqueous surfactant
model systems and compared to both experimental and model data from the literature and predictions
using a common Gibbsian model approach. Deviations from Gibbsian surface thermodynamics due to
volume constraints imposed by the finite monolayer lead to stronger predicted surface tension reduction
at smaller droplet sizes with the monolayer model. Process dynamics of the presented monolayer model
are also contrasted to other recently proposed approaches to treating surface partitioning in droplets, with
different underlying assumptions.

Plain Language Summary Aerosol particles in Earth’s atmosphere are vital for the water cycle
and climate. Many of these particles contain surface active organic material with an innate tendency to
accumulate in water surfaces, including those of small cloud droplets. This may decrease surface tension
and promote growth of a droplet within a cloud, but it is challenging to capture the effect directly in
atmospheric simulations. Current models often rely on the time-tested Gibbsian thermodynamics, where
the surface accumulation of molecules is calculated with respect to an idealized two-dimensional surface.
Compared to experiments, this representation does not always capture the behavior of real solutions,
especially in case of small droplets. In this work, we develop an alternative model, where the surface is
treated as a thin layer with average thickness of a single molecule. This monolayer model gives physically
reasonable results, which can be directly compared to both experimental measurements of surface
properties, and assumptions used in climate and weather models. The monolayer model therefore
provides a new tool to address one the largest uncertainties concerning Earth’s energy balance and our
understanding of climate change.

1. Introduction
Partitioning of surface active species (surfactants) to aqueous surfaces has significant effects on hygroscopic
growth (Giddings & Baker, 1977; Hansen et al., 2015) and activation of atmospheric aerosol particles into
clouds droplets (Ovadnevaite et al., 2017; Prisle et al., 2010; Ruehl et al., 2016), as well as on heterogeneous
chemistry (Brüggemann et al., 2017; Öhrwall et al., 2015; Prisle, Ottosson, et al., 2012; Romakkaniemi et al.,
2011; Rossignol et al., 2016; Schwier et al., 2011) at droplet surfaces, all processes that directly affect the radia-
tive climate forcing due to aerosols. For concise reviews of various potential surfactant effects, we refer, for
example, to McFiggans et al. (2006) and Donaldson and Vaida (2006). In general, it is computationally too
expensive to incorporate an explicit treatment of surface partitioning directly into large-scale atmospheric
models. Instead, simulations using various parameterizations based on different physical treatments—or
thermodynamic frameworks—of surface partitioning suggest that surfactant effects contribute some of the
largest uncertainties to predictions of cloud droplet number concentrations and effective radiative climate
forcing due to aerosol-cloud interactions (Ghan et al., 2011; Prisle, Asmi, et al., 2012). According to Köhler
(1936) theory, the critical saturation ratio Sc required for activation of a (soluble) particle into a cloud droplet
is given by the maximum of
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S = aw exp
(

2𝜎vw

kTR

)
, (1)

where𝜎 is the surface tension of the droplet with radius R, vw the molecular volume of water in the droplet, and
k and T denote the Boltzmann constant and temperature, respectively (McFiggans et al., 2006). In confined
systems like activating cloud droplets, surface partitioning of various species within the solution can affect
both the water activity (Raoult) term aw and the exponential curvature (Kelvin) term (Prisle et al., 2008; Sorja-
maa et al., 2004). The latter effect is directly modulated by the resulting droplet surface tension, which similarly
to the droplet water activity is expressed as a function of the internal, or droplet bulk, composition. Whether
the surfactant effects on both Raoult and Kelvin terms, or mainly on either the surface tension depression
or water activity, are significant for cloud droplet formation in the atmosphere has been a recurrent research
topic over the past 20 years.

Here we review existing approaches for the treatment of bulk-surface partitioning in aqueous droplets and
present a new physically consistent partitioning scheme, based on a semiempirical relation between the sur-
face tension and surface composition and on the conservation of mass within a solution droplet. We restrict
our development to equilibrium surfaces, although it can be readily extended to nonequilibrium systems by
incorporating dynamic surface tension (Kristensen et al., 2014; Nozière et al., 2014). We also do not here con-
sider systems with nonequilibrium diffusion or solubility limitations (e.g., Pajunoja et al., 2015), which are not
likely be important for hygroscopic systems outside the coldest and driest atmospheric conditions (Rothfuss
et al., 2018). The presented framework may however be extended to include such processes as well. Finally,
we focus the present description on the partitioning processes within the droplet, rather than their effects
on cloud activation. Resulting effects on droplet activation thermodynamics will be the subject of detailed
treatment in future work.

2. Background

Already more than 40 years ago, Hänel (1976) proposed a correction to the surface tension of cloud droplets,
compared to pure water, due to the presence of surface active compounds in the droplets. Shulman et al.
(1996) and Facchini et al. (1999) later recognized the potential importance of reduced droplet surface tension
for the climatic impacts of clouds but did not consider the partitioning of surfactant molecules between the
droplet bulk and surface. Both Bianco and Marmur (1992) and Laaksonen (1993) noted how the bulk-surface
partitioning results in size-dependent surface tension of finite-sized droplets. This becomes important for
cloud microphysics when measured surface tensions are reported and parameterized as functions of (macro-
scopic) bulk solution composition, whereas bulk-surface partitioning changes the droplet bulk (and surface)
composition, and the resulting surface tension, for small droplets, even as the overall composition remains
the same (Prisle et al., 2008; Sorjamaa et al., 2004).

Several approaches to describe bulk-surface partitioning have been used in atmospheric models; an overview
is given in Table 1. Models are broadly classified according to their treatment of the surface as either a Gibbs’
dividing surface, a monolayer or a multilayer, and on the equation-of-state (EoS, understood in a wide sense
as a relation between surface tension and other variables of state) employed. Treatments beyond a thermody-
namic description, such as molecular dynamic simulations (e.g., Chakraborty & Zachariah, 2011; Daskalakis et
al., 2015; Li et al., 2010; Sun et al., 2013), are not considered here. Heterogeneous nucleation models including
bulk-surface partitioning (Djikaev & Ruckenstein, 2014; Gorbunov et al., 1998) are also not included in Table 1,
as the partitioning here is so deeply embedded in the overall thermodynamic description of the cluster that
it cannot be separated out in a straightforward manner.

The Gibbsian two-dimensional models are based on combining a given EoS with the Gibbs (1878) adsorption
equation (see also Adamson & Gast, 1997), which at constant temperature has the form

d𝜎 = −
∑

i

Γid𝜇i . (2)

Equation (2) gives the dependence of surface tension 𝜎 on chemical potentials 𝜇i and adsorptions Γi —in
the form of surface excess numbers of molecules with respect to the area of the chosen dividing surface—of
all droplet components i. The dividing surface is a two-dimensional mathematical concept separating two
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Table 1
Bulk-Surface Partitioning Schemes Used in Atmospheric Models

Author(s) EoS Notes

Gibbsian 2-D surface

Li et al. (1998); Abdul-Razzak and Ghan (2004) S–L Droplet equimolar with respect to water and salt

Sorjamaa et al. (2004); Sorjamaa and Laaksonen (2006) S–L No partitioning of salt with respect to water

Prisle et al. (2008, 2010)

Topping (2010); Raatikainen and Laaksonen (2011) S–L Analytic approximations for numerical models

Monolayer

Ellison et al. (1999) LLPS Full phase separation

Cai and Griffin (2005) B–S–P

Prisle et al. (2011) LLPS Full phase separation (can also be a multilayer)

𝜎 = 𝜎w

Prisle et al. (2011); Ruehl et al. (2016) S–L

Ruehl and Wilson (2014) 2DvdW

Ruehl et al. (2016) CF

Ovadnevaite et al. (2017) LLPS Allows partial surface coverage,

fixed surface thickness 𝛿min

Multilayer

Pöschl et al. (2007) KL

Note. EoS = equation-of-state; SL = Szyszkowksi-Langmuir; LLPS = liquid-liquid phase separation; BSP =
Butler-Sprow-Prausnitz; 2DvdW = 2-D van der Waals; CF = compressed film; KL = kinetic Langmuir.

phases, here the solution droplet and surrounding air. Therefore, Γi can assume both positive and negative
values, with sign and magnitude depending on the definition (including position) of the dividing surface.
Alternatively, the surface can be described in thermodynamic terms as a monolayer or multilayer (Defay et al.,
1966; Rusanov, 1978). In such monolayer—and by extension, multilayer—models, the surface is considered
as a finite layer of molecules with partial coverage 0 ≤ 𝜃 ≤ 1, and all adsorptions Γi are, by construction,
positive.

Previously, there has been some conceptual confusion regarding the physical interpretation of surface quan-
tities derived from two-dimensional versus finite surface (monolayer) models. To illustrate this, we consider
the often used semiempirical von Szyszkowski (1908) surface tension model (see also Adamson & Gast, 1997)

𝜎 = 𝜎w(T) − A ln
(

1 + B
Csft

)
. (3)

Here 𝜎w is the surface tension of the pure solvent—water (denoted “w”), in the case of atmospherically rel-
evant cloud droplets—and Csft is the volumetric molar or mass concentration of the surface active solute
(denoted “sft”). For the macroscopic systems involved in experimental measurements of surface tension
isotherms, Csft refers to the observed surfactant concentration in the system, which has a negligible contri-
bution from the surface. In finite-sized droplets, the surface contribution may become significant, and Csft

is thus interpreted as the concentration of surfactant specifically in the droplet bulk, for which the surface
tension relation is well-defined from macroscopic measurements. Currently, there are no standard meth-
ods to provide such a relation directly from measurements on droplet sizes relevant for cloud activation.
A and B in equation (3) are compound-specific parameters, which can be interpreted via equation (2) in
terms of surface excess quantities (Adamson & Gast, 1997; Langmuir, 1917). Alternatively, as a limiting case
of the monolayer model by Boyer et al. (2015) for strong surfactants with physically bounded quantities (i.e.,
a saturated monolayer, with maximum thickness of one monolayer, and nonnegative surface quantities),
parameter A can specifically be interpreted as the normalized maximum adsorptionΓ∞

sft
of the surfactant, that

is, the density of closely packed surfactant molecules per unit surface area. In the Gibbsian approach, this
interpretation also follows from equation (2) with a suitable definition of the dividing surface; however, this
specific condition may simultaneously result in negative adsorptionsΓi for other species in the solution, which
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contradict the concept of physical surface layer. Extra care must therefore be taken when comparing parame-
ters obtained from conceptually different surface frameworks, as well as when comparing model predictions
to experimental results.

Gibbsian surface thermodynamics were first applied in cloud microphysics by Li et al. (1998) to predict
bulk-surface partitioning for model systems mimicking the behavior atmospherically relevant surfactant
solutions. Another formulation was provided by Sorjamaa et al. (2004) to more comprehensively include par-
titioning effects in both terms of the Köhler equation (1) and later revised by Prisle et al. (2010). Each of these,
and related, approaches solve the adsorption equation (2) directly, whereas Topping (2010) and Raatikainen
and Laaksonen (2011) each provide an analytic approximation for a such solution to facilitate computationally
efficient implementation to larger-scale frameworks. The latter has, for example, been adopted by Petters and
Kreidenweis (2013) and Petters and Petters (2016) to include surface partitioning into the𝜅-Köhler framework.

For a finite monolayer, equilibrium between bulk and surface can be given in terms of the
Butler-Sprow-Prausnitz equation (Butler, 1932; Sprow & Prausnitz, 1966),

𝜎 = 𝜎i +
kT
i

ln
𝛾 s

i xs
i

𝛾b
i xb

i

, (4)

where i is the partial molecular surface area of compound i, 𝛾i and xi are the activity coefficient and mole
fraction of species i in each phase of the mixture, and superscripts “s” and “b” refer to the surface and bulk
phases, respectively, so that xb

i = nb
i ∕

∑
j nb

j , where nb
i is the amount of molecules of species i in the droplet

bulk, and similarly for the surface xs
i = ns

i∕
∑

j ns
j . Ming & Russell (2001, 2002) solved equation (4) for the surface

composition assuming linear dependence, xs
i = kix

b
i (where ki is a component specific constant), between

surface and bulk mole fractions, while Topping et al. (2005, 2007) solved it iteratively for each compound
using the condition

∑
i xs

i = 1 to retrieve 𝜎 and surface composition {xs
i }. Cai and Griffin (2005) presented a

numerical scheme connecting solution of equation (4) under the same condition with mass balance in the
form ns

i +nb
i = nt

i , where superscript “t” refers to the total amount of component i, to calculate the bulk-surface
partitioning within a droplet. For simplicity, they neglected the contribution of inorganic species to the water
activity and calculated 𝛾w for a pseudo-binary organic-water mixture. The partial molecular areai is typically
replaced in equation (4) by the molecular area of pure i, although evaluated xs

i are known to be sensitive
to this choice (Topping et al., 2007). In most atmospheric applications, equation (4) is used only to estimate
the surface tension of a mixed droplet, utilizing, for example, group contribution methods for obtaining the
relevant activity coefficients.

In the limiting cases of either a negligibly water-soluble surfactant or strongly surface avoiding ionic species,
complete liquid-liquid phase separation (LLPS; Freedman, 2017) of the bulk and surface may occur. In such
conditions, droplets may be envisioned to form a core-shell structure with two or more thermodynamically
distinct phases. Phase equilibrium conditions then follow from minimization of the free energy (Shiraiwa et
al., 2013; Zuend & Seinfeld, 2013). However, LLPS can also lead to other geometries than core-shell structures,
for example, partially engulfed organic- and water-rich phases, as was recently inferred from single particle
experiments in an optical trap (Stewart et al., 2015). A simple approximation similar to LLPS was proposed
by Prisle et al. (2011): Here the surfactant is assumed to form an insoluble (possibly partial mono-) layer on
top of the aqueous solution core, while the surface tension is assumed to remain that of pure water, 𝜎w . This
approach is a simple way to emulate the overall response of activating droplets to partitioning of strong sur-
factants, as observed in both laboratory experiments and results from more comprehensive models (Prisle et
al., 2010). A similar approach was also used by Ruehl and Wilson (2014), who presented the surface monolayer
as a film with 2-D van der Waals EoS: At low surface coverage, the adsorbed film is assumed to be in a “gaseous”
state with no interactions between surfactant molecules and a phase transition to a more densely packed
or “compressed” film takes place, when the full monolayer forms (Seidl, 2000). A simplified version of this
approach with compressed film EoS was described by Ruehl et al. (2016). Ruehl et al. (2016) and Forestieri et al.
(2018) also considered finite surface layer with surface tension given by the Szyszkowski-Langmuir equation,
equation (3). Several studies (e.g., Ellison et al., 1999; Gill et al., 1983) have employed the description of a
droplet with surface adsorbed surfactants as an “inverted micelle,” in order to relate droplet surface tension
depression to the existence of such an organic layer via surface pressure.
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Recently, Ovadnevaite et al. (2017) presented an approach allowing for partial droplet coverage by a fully
phase-separated organic-rich layer, similar to that of Prisle et al. (2011). Surface tensions of water- and
organic-rich phases are expressed as volume fraction weighted averages of pure component surface tensions,
while effects of concurrent bulk-surface partitioning of inorganic salts are neglected. Surface coverage by the
organic-rich layer is deduced from the estimated volume of the organic-rich phase and the minimum prede-
fined thickness 𝛿min of the surface layer. If the surface coverage is below a full monolayer, the effective surface
tension is calculated as the surface area weighted average of the respective water- and organic-rich phase
surface tensions.

There are currently no bulk-surface partitioning models fully based on multilayer adsorption isotherms used
in atmospheric aerosol models, although several approaches have been presented to quantify the adsorption
of water on mainly insoluble particles using such isotherms (e.g., Henson, 2007; Laaksonen & Malila, 2016;
Popovicheva et al., 2008; Sorjamaa & Laaksonen, 2007). The statistical mechanics model presented by Wexler
and Dutcher (2013) and Boyer et al. (2017) builds on multilayer adsorption concepts but, in practice, assumes
single monolayer adsorption (Boyer et al., 2015): This model includes the amounts of different molecules in
the surface and bulk as parameters and can therefore in principle provide information on surface partitioning,
given that (experimental) surface tension and information on (droplet) system geometry are known. In some
of the kinetic models following the framework of Pöschl et al. (2007), separate adsorption and surface layers
are presented based on flux and continuity equations of each species in a given layer.

In this work, we introduce a monolayer model, which shares some of the features presented by Prisle et al.
(2011), Ruehl and Wilson (2014), and Ovadnevaite et al. (2017), but is prognostic for both composition and
thickness of the surface. In contrast to most other suggested approaches, the present model simultaneously
evaluates the surface enrichment or depletion for all species within the droplet.

3. Theory and Computation

We consider an aqueous droplet with an (outer) radius R that can be divided into a surface monolayer of
thickness 𝛿 and an interior (bulk) with radius R − 𝛿 and apply the following relation between droplet surface
tension 𝜎, as a function of bulk composition, and surface composition xs = (xs

1, xs
2,…):

𝜎(xb, T) =
∑

i 𝜎ivix
s
i∑

i vix
s
i

. (5)

Here xb = (xb
1 , xb

2 ,…) are the bulk mole fractions nb
i ∕

∑
j nb

j of each species i in the droplet, xs
i are the cor-

responding surface mole fractions, and vi and 𝜎i are the molecular volumes and surface tensions of each
pure component i. Equation (5) is an extension of the Laaksonen-Kulmala equation (Laaksonen & Kulmala,
1991), which was previously found to provide a quantitative description of surface compositions for plane
and curved surfaces of different alcohol-water mixtures, when compared to both experimental (Raina et al.,
2001) and computational (Salonen et al., 2005) observations. We here adopt equation (5) as a semiempirical
approximation for the droplet solution surface tension, by regarding the relation as a generalization of the
Eberhart (1966) model or, alternatively, as a variation of the equations (13.16) derived for the surface tension
of an ideal mixture of different size molecules by Defay et al. (1966). In both cases, equation (5) can be inter-
preted to give the surface tension of the mixture as the surface volume fraction vix

s
i ∕

∑
j vjx

s
j weighted average

of pure component surface tensions.

The partitioning of molecules is calculated under the constraint of conservation of mass within the droplet,
such that for each species i, the partitioning of the total amount of molecules, nt

i = ns
i + nb

i , between the bulk
and surface phases is resolved.

Specifically, for a spherical aqueous droplet, bulk-surface partitioning is evaluated in terms of the set of bulk
xb and surface xs mole fractions for a given droplet radius R and total composition nt = (nt

1, nt
2,…). The

total amount of molecules in the monolayer ns = (ns
1, ns

2,…) is evaluated from the volume of the monolayer,
Vs = 4𝜋[R3 − (R − 𝛿)3]∕3, where the thickness 𝛿 of the surface monolayer is given from the equation:

𝛿 =

(
6
𝜋

∑
i

vix
s
i

)1∕3

, (6)
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which conforms with the weighting factor of equation (5). Assuming here that the monolayer can be
described as a liquid phase, with composition distinct from the bulk, mass balance of the surface phase can
be expressed as ∑

i

ns
i mi = 𝜌(xs)Vs, (7)

where mi is the molecular mass of each component i and 𝜌 is the density of a bulk liquid with composition cor-
responding to that of the monolayer 𝜌(xs, T). Equations (6) and (7) now give the absolute number of molecules
in the surface layer corresponding to mole fractions {xs

i } from equation (5).

In the following, we consider both binary and ternary aqueous systems, where component 1 refers to water,
component 2 to the (strongest) surfactant in the solution, and a possible component 3 to a general solute, for
example, a weaker surfactant or a salt. For simplicity, we here denote component 3 as “salt.”

For each droplet radius R, (total) volumetric solute concentrations Ct
2 and Ct

3 are determined from a prescribed
solute composition, that is, the total number of solute molecules nt

2 and nt
3, which are typically obtained from

a given size, shape, and composition of the dry particle serving as condensation nucleus for the droplet. The
total number of water molecules in the droplet is determined from the conservation of mass

nt
1 =

4𝜋𝜌(xb(nt
1), T)R3

3m1
−

nt
2m2 + nt

3m3

m1
, (8)

where 𝜌(xb, T) is the density of a mixture corresponding to the droplet bulk.

As it is not possible to directly solve equation (5) for all surface mole fractions with more than one independent
mole fraction, we proceed via pseudo-binary approximations. Considering the droplet as a pseudo-binary
solution of salt water (subscript “13”) and surfactant (subscript “2”), equation (5) reduces to

𝜎(xb
13, xb

2) =
𝜎13v13xs

13 + 𝜎2v2xs
2

v13xs
13 + v2xs

2

, (9)

where xb
13 = 1 − xb

2 = xb
1 + xb

3 and xs
13 = xs

1 + xs
3 are the salt water component surface and bulk mole fractions.

The bulk-surface partitioning of undissociated salt is evaluated from the binary version of equation (5) using
the corresponding pseudo-binary bulk and surface salt mole fractions x̃b

3 = xb
3∕(x

b
1 + xb

3) and x̃s
3 = xs

3∕(x
s
1 +xs

3),
that is, the mole fractions for the same droplet when neglecting the contribution of surfactant:

𝜎13(x̃b
3 , T) =

𝜎1v1(1 − x̃s
3) + 𝜎3v3x̃s

3

v1(1 − x̃s
3) + v3x̃s

3

. (10)

In equation (10), 𝜎13 is analogously the surface tension of the binary water-salt mixture, for which the effective
average molecular volume is approximated as

v13 =
x̃b

1 m1 + x̃b
3 m3

𝜌13(x̃b
3 , T)

. (11)

Here𝜌13(x̃b
3 , T) is the density of the binary water-salt mixture as a function of the pseudo-binary mole fractions.

We can then solve equation (10) for x̃s
3 and x̃s

1 = 1 − x̃s
3, and the surface mole fraction of surfactant in the

ternary solution can now be solved from equation (9) using equation (11), as

xs
2 =

(𝜎13 − 𝜎(xb, T))v13

𝜎(xb, T)(v2 − v13) − (𝜎2v2 − 𝜎13v13)
. (12)

Finally, the ternary surface mole fractions of salt and water are the given as the surface mole fraction of salt
water multiplied by the contribution of salt and water to the surface phase, that is, the pseudo-binary mole
fractions:

xs
1 = (1 − xs

2)x̃
s
1, and (13)

xs
3 = (1 − xs

2)x̃
s
3. (14)
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Surfactants can form micelles in solutions where the surfactant concentration exceeds the so-called criti-
cal micelle concentration (CMC) for the system in question. At this point, the slope of the surface tension
concentration adsorption isotherm changes dramatically. For droplet solutions where the surfactant bulk
concentration exceeds the CMC (xb

2 ≥ x2,CMC), we here assume that 𝜎(xb) = 𝜎CMC and apply the following
approximations

xs
2 = 1, and (15)

xs
1 = xs

3 = 0. (16)

Consequently, formation of pure monolayer with a surfactant surface mole fraction of unity, xs
2 = 1, is assumed

whenever xb
2 ≥ x2,CMC. When the surface tension of the pure surfactant is not known, it is here assumed to

be equal to the surface tension of the corresponding aqueous solution at the CMC, 𝜎2 = 𝜎CMC, in which case
equations (15) and (16) also follow directly from equation (5). In this formulation, the model therefore does
not treat micelle formation explicitly. This is similar to other existing approaches (e.g., Cai & Griffin, 2005; Li
et al., 1998; Prisle et al., 2010), and in general, more work is needed for a comprehensive treatment of micelle
forming systems in atmospheric droplets.

The outlined approach generalizes readily to mixtures with an arbitrary number of compounds by analo-
gously singling out each solute iteratively: For example, if the strongest surfactant in a quaternary system is
still the component 2, we first consider system of component 2 and pseudo-component 134, after which the
pseudo-component 134 is further split into components, say, 3 and 14.

The procedure outlined in equations (8)–(14) for solving equation (5) is however not readily linearized for
a computationally efficient solution. Instead, we solve the system in a two-step iterative manner (in case of
ternary systems discussed here) via equations (5) and (6) for the number of molecules in the surface layer

∑
i ns

i
and the number of molecules in the droplet bulk

∑
i nb

i =
∑

i(nt
i − ns

i ), respectively. The two key parameters
controlling this process are the convergence criterion, given, for example, in terms of bulk mole fractions or
surface tension and the iteration step length. The initial guess xb

0 for bulk mole fractions, and thus also for the
droplet surface tension 𝜎0 = 𝜎(xb

0), is given using the total composition of the droplet, {xt
i = nt

i∕
∑

j nt
j}. If the

chosen convergence criterion is too loose, or the iteration step length too short, this can lead to a numerical
solution underpredicting the extent of bulk-surface partitioning of surfactant (overpredicting xb

2 ) and under-
estimating surface tension. Conversely, if the convergence criterion is too tight, or the iteration step length
too long, no solution may be found. These parameters are specific to each studied system, depending on the
sensitivity of the surface tension parametrization on bulk mole fractions (see the supporting information S1
for further details), and have to be sought and optimized separately for each case.

4. Results and Discussion

In the following, we first present predictions of the monolayer partitioning model for two binary systems,
water-n-butanol and water-sodium dodecyl sulfate (SDS), and then for ternary aqueous mixtures of SDS or
succinic acid (SCA), respectively, with sodium chloride (NaCl). Experimental input data for the model calcula-
tions have obtained from the literature, in the form of pure compound and composition-dependent solution
surface tensions and densities. Surface tension relations are used in equation (5) and its derivates equations
(9) and (10). Density relations are used for obtaining molar volumes vi used in equations (9) and (11) and their
derivates and in the mass conservation relations equations (7) and (8). A detailed description of the thermo-
dynamic input data used in the calculations is given in supporting information S1. Monolayer model results
are compared to predictions with the Gibbsian model of Prisle et al. (2010; results consistently shown in red),
as well as experimental data from literature.

Figure 1 presents predictions for water-n-butanol mixtures with three different total volumetric concentra-
tions of n-butanol, Cbutanol = Ct

butanol, in the droplet (in following, all reported concentrations refer to the
total concentrations within the droplet). Droplet surface and bulk mole fractions of n-butanol are given in
Figures 1a and 1b. For the nonisotropic surfactant solutions, the values of xs

butanol and xb
butanol are gener-

ally different, reflecting the difference in composition between the surface and bulk phases arising from
surface activity. It is clear from Figure 1 that n-butanol is enriched in the surface, compared to the bulk
(xs

butanol > xb
butanol), at all droplet sizes and concentrations. Both surface and bulk mole fractions of n-butanol

decrease with decreasing droplet radius, due to the change in partitioning induced by the increasing relative
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Figure 1. Monolayer partitioning model results for water-n-butanol mixtures at 298.15 K with total n-butanol
concentrations 0.01 (dotted), 0.10 (dashed), and 1.00 M (full lines) as functions of droplet size. (a) Surface and (b) bulk
mole fraction of n-butanol, (c) surface thickness, and (d) droplet surface tension. In (b) and (d), corresponding results
from the Gibbsian partitioning model of Prisle et al. (2010, red lines) are included for comparison.

volume of the butanol-rich surface phase, with respect to the bulk volume. As a consequence, the predicted
surface enhancement factor of n-butanol (not shown), given by the ratio xs∕xb of n-butanol mole fractions in
the surface layer and in the droplet bulk, varies between 40 and 100 and increases with the decreasing total
n-butanol concentration and decreasing droplet size.

The numerical noise apparent in the calculated bulk mole fractions can be seen for all the systems studied
(in Figures 1, 3, and 4) and occurs for smaller droplet sizes and at the highest surfactant concentrations when
xb

sft
∼ 1∕(nb

w +nb
sft
+nb

salt). This can be considered as the lower limit for the model uncertainty in bulk composi-
tion, as it roughly corresponds to the addition or extraction of a single (surfactant) molecule from the droplet
bulk phase.

The surface thickness 𝛿 decreases with surface mole fraction of surfactant according to equation (6). This is
clearly reflected in Figure 1c, where the surface thickness decreases with both decreasing total n-butanol
concentration and droplet size, in a similar trend as observed for xs

butanol in Figure 1a. At droplet sizes above
approximately 1 μm, 𝛿 tends to the values for corresponding bulk systems (with planar surfaces). For larger
Cbutanol and xs

butanol, the surface thickness tends toward the thickness of a full n-butanol monolayer, 0.66 nm
(for predicted pure compound monolayer thicknesses of all studied surfactants and water, see Table 2).

The surface tension 𝜎 in Figure 1d increases with decreasing droplet size, due to the decrease in n-butanol
bulk mole fraction xb

butanol. The droplet surface tension is parametrized as function of droplet bulk composition
and tends toward the value for pure water as bulk depletion of surfactant molecules from surface partitioning
becomes more pronounced with the increasing surface-bulk volume ratio of decreasing droplet sizes. For
larger droplets, 𝜎 reaches the values for corresponding planar surfaces at each total concentration around 1
μm. For all properties shown in Figure 1, changes from bulk solution (planar surface) properties start to appear
for droplets in the submicron range and become more pronounced with decreasing droplet radius.

In Figures 1b and 1d, n-butanol bulk mole fraction and surface tension predicted for this work with the Gibb-
sian partitioning model of Prisle et al. (2010) are given for comparison. At each total n-butanol concentration,
the onset of surface tension increase from the planar surface-bulk values with decreasing droplet sizes occurs
in smaller droplets with the monolayer droplet model, compared to the Gibbsian approach. This means that
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Table 2
Limiting Surface Thickness 𝛿 for Water and Pure Surfactant Monolayers From
Equation (6)

Compound 𝛿 (nm)

Water 0.39

SCA 0.63

n-Butanol 0.66

SDS 0.93

Note. SCA = succinic acid; SDS = sodium dodecyl sulfate.

the droplet surface tension remains reduced, compared to pure water, down
to smaller droplet sizes in the monolayer model predictions. This is due
to the different approaches to evaluating bulk-surface partitioning in the
two model frameworks. In our monolayer model, only a finite amount of
(relatively large, compared to water) surfactant molecules can be accom-
modated into a surface monolayer with finite volume (thickness 𝛿), as
given by equation (6). This volume limitation restricts remaining surfac-
tant molecules at concentrations above this surface “saturation” limit to the
droplet bulk, thereby increasing the bulk mole fraction xb

sft
and decreasing

the droplet surface tension, which is parametrized in terms of bulk phase
composition. The monolayer model predictions are therefore sensitive to
the definition of surface layer thickness, imposing the limitation on the

absolute extent of surface partitioning. In the Gibbsian model, partitioning occurs with respect to a dividing
surface which has no volume and thus imposes no similar physical restriction on the extent of the surface
adsorption, as long as at least one of the remaining droplet components can attain a corresponding nega-
tive surface excess. The evaluated surface excess of surfactant can therefore be considerable in the Gibbsian
droplet model, which generally predicts larger surface excesses and smaller bulk concentrations, resulting
in higher droplet surface tensions, at a given droplet size and total composition, compared to our present
monolayer model. The effect is especially pronounced for intermediate droplet sizes with concentrations in
the surface tension transition region between pure water and bulk system values. This difference between the
monolayer and Gibbsian models is a general feature apparent for each of the four aqueous droplet systems
studied here, as seen Figures 3, 4, and 6 in the following.

In Figure 2 (see also Figure 5 of Raina et al., 2001), predictions of surface thickness (top) and surface mole
fraction (bottom) as functions of bulk mole fraction with the present monolayer model are compared to
measurements for planar surfaces (bulk systems) of water-n-butanol mixtures. Measurements are made at
room temperature using different experimental methods, including (i) neutron reflection (Li et al., 1996), (ii)
mass spectrometric probing of molecular clusters, presumably in equilibrium in the headspace above a liquid
surface (Raina et al., 2001), and (iii) analysis of experimental surface tension data based on Gibbs’ adsorption
equation (equation (2); Li et al., 1996). Together with (iv) X-ray photoelectron spectroscopy (XPS; Walz et al.,
2016), these methods have been used to probe the composition and thickness of water-n-butanol surfaces.

Figure 2. Comparison of predicted surface thickness and n-butanol surface
mole fraction for water-n-butanol mixtures from the monolayer model, to
experimental values from neutron reflection (circles), and Gibbs’ adsorption
equation based analysis of experimental surface tension data (diamonds; Li
et al., 1996) as recalculated by Bermúdez-Salguero and Gracia-Fadrique
(2015) assuming 𝛿 = 0.7 nm, and from mass spectrometry (squares; Raina et
al., 2001).

There are quantitative differences between the results obtained from the
different measurements; however, considering the complex nature of the
experiments, the qualitative agreement (numerically within about a fac-
tor of three) is quite reasonable. The quantitative differences may arise
from variations in measurement precision and accuracy but also that
the various methods probe the surface to different extent. The deter-
mined total amount of n-butanol in the surface layer is convoluted by
method-dependent assumptions regarding the surface thickness or vol-
ume producing the observed signal. Thus, the actual observable is the
product of the surface concentration—or, in case of neutron reflec-
tion experiments, the surface concentration dependent scattering length
density—and the probed surface volume, which for planar surfaces is
proportional to the surface thickness. This was recently highlighted by
Toribio et al. (2018), together with other potential challenges to obtaining
quantitative surface concentrations from XPS measurements on a 20-μm
liquid microjet (Walz et al., 2015, 2016). Toribio et al. (2018) reported sur-
face enrichment factors for aqueous n-butanol, modeled from a statistical
mechanics based surface model (Boyer et al., 2015; Wexler & Dutcher,
2013), which are of similar magnitude albeit somewhat smaller, compared
to the present monolayer model. Curiously, Toribio et al. (2018) find sim-
ilar discrepancies of about a factor of 3 between their model predictions
and experimental XPS-derived surface concentrations of aqueous alcohols
(Walz et al., 2016). This comparison was however done for n-butanol con-
centrations an order of magnitude higher than in the studies compared in
Figure 2.
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Figure 3. Same as Figure 1 for water-SDS mixtures, with total SDS concentrations 0.01 (dotted), 0.10 (dashed), and 1.00
mM (full lines). SDS = sodium dodecyl sulfate.

Considering the neutron reflection data, Bermúdez-Salguero and Gracia-Fadrique (2015) have noted a ther-
modynamic inconsistency in the values calculated by Raina et al. (2001; corrected values are given in Figure 2),
which highlights a yet another potential source of uncertainty.

Wyslouzil et al. (2006) used small angle neutron scattering to quantify the structure of water-n-butanol
droplets formed by adiabatic expansion at 235 K. As their measurements were made at significantly lower
temperatures, results are not shown together with the other studies in Figure 2. For 10-μm droplets, Wys-
louzil et al. (2006) inferred a core-shell structure with a 0.42-nm-thick pure n-butanol surface and resulting
surface enrichment factor 34 for the given total n-butanol concentration. This is slightly above the saturation
limit (in the solubility gap) of water-n-butanol mixtures and model results depicted in Figure 1 and thus in
line with our presented monolayer model, although it is not possible to directly compare these results to our
model predictions, due to lack of relevant thermodynamic data for performing model simulations at those
low temperatures.

In Figure 3, monolayer model results are presented for water-SDS mixtures with three different total con-
centrations CSDS. SDS is a significantly stronger surfactant than n-butanol (see supporting information S1 for
further details on material properties used in the calculations), and total droplet concentrations in Figure 3
are three orders of magnitude lower than those presented for n-butanol in Figure 1. In Figures 3a and 3b, SDS
surface and bulk mole fractions, xs

SDS and xb
SDS, are given as functions of droplet size for each CSDS, and the cor-

responding droplet surface thickness and surface tension values are presented in Figures 3c and 3d. Results
for aqueous SDS droplets are qualitatively similar to those for n-butanol, but as expected, the bulk-surface
partitioning response of SDS to increasing surface-bulk volume ratio with decreasing droplet size is much
stronger. Changes in both surface and bulk phase composition, and corresponding surface thickness and sur-
face tension, from the planar surface (infinite droplet size) limit start to occur already for droplets just below
10 μm. In particular, total SDS concentrations that result in a significant decrease of surface tension (e.g., by 10
mN/m) in the planar surface limit are essentially completely depleted from the droplet bulk by partitioning
of SDS into the surface layer for droplets with radii smaller than about 0.1 μm. As a result, the droplet surface
tension is the same as for pure water. This behavior represents the main underlying assumption of the simple
representation presented by Prisle et al. (2011) and explains the good performance of their model for aqueous
SDS droplets.

In contrast to results for n-butanol-water systems, predictions for SDS are qualitatively very similar between
the monolayer and Gibbsian partitioning models, as seen from the evaluated bulk compositions and surface
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Figure 4. Monolayer partitioning model results for ternary water-SDS-NaCl mixtures at 298.15 K with total SDS
concentrations of 0.01 (dotted), 0.10 (dashed), and 1.00 mM (full lines) and constant NaCl total concentration 0.1 M,
corresponding to relative solute mixing ratios of 10−4, 10−3, and 10−2, respectively. Size-dependent (a) surface and (b)
bulk mole fractions of SDS (black), NaCl (green), and water (blue), (c) surface thickness, and (d) surface tension of the
droplet. Results from the Gibbsian partitioning model of Prisle et al. (2010, red lines) for the droplet surface tension are
also included in (d) for comparison. SDS = sodium dodecyl sulfate.

tensions in Figures 3b and 3d, respectively. This is partly a consequence of the lower total concentrations con-
sidered. Furthermore, SDS is a sufficiently strong surfactant that the bulk phase becomes almost completely
depleted at small droplet sizes from partitioning into the surface monolayer. In the Gibbsian framework, par-
titioning occurs according to the adsorption equilibrium, and there is always a fraction of surfactant left in the
bulk, as seen in Figure 3b. This creates similar conditions in the two frameworks for the droplets in question.

Figure 4 present results for ternary water-SDS-NaCl mixtures with the same total SDS concentrations as in
Figure 3 and a constant total NaCl concentration of 0.1 M, as functions of droplet size. The monolayer model
evaluates bulk-surface partitioning of all molecular species in the droplet, and consequently, the surface and
bulk mole fractions, xs and xb, of water and undissociated SDS and NaCl are all given in Figures 4a and 4b.
Surface partitioning of SDS results in qualitatively very similar behavior of both xs

SDS and xb
SDS (green lines) in

ternary solutions, as seen for binary aqueous SDS in Figure 3. At the highest total SDS concentration (1 mM,
full lines), nearly a pure surfactant monolayer is formed (xs

SDS ∼ 1, full black line) at large droplet radii (in the
planar limit), and both water and NaCl are depleted from the surface layer, as indicated by decreasing surface
fractions xs

w (blue, full line) and xs
NaCl (green, full line) in Figure 4a. This depletion, however, has no significant

effect on the corresponding water and NaCl bulk mole fractions, xb
w (blue, full line) and xb

NaCl (green, full line),
in Figure 4b, due to the much smaller surface-bulk volume ratio of solutions in the planar limit. For smaller
droplets, water and NaCl surface fractions are unchanged across droplet sizes and between different total SDS
concentrations, due to smaller partial surface coverage of SDS.

The depletion of water and NaCl from the surface layer causes greater responses in both surface layer thick-
ness and surface tension of ternary droplets shown in Figures 4c and 4d, respectively, compared to binary
aqueous SDS solutions. For the two lower CSDS, where xs

SDS << 1, 𝛿 is comparable to the corresponding binary
cases. At the highest CSDS, the surface thickness increases significantly as water and NaCl are depleted from
the surface at larger droplet sizes. Here the absolute surface thickness is almost doubled compared to the

MALILA AND PRISLE 3243



Journal of Advances in Modeling Earth Systems 10.1029/2018MS001456

Figure 5. Surface tension predicted with the monolayer partitioning model
for different droplet sizes, as a function total concentration of SDS in ternary
water-SDS-NaCl mixtures at 298.15 K and with a total NaCl concentration of
0.1 M. SDS = sodium dodecyl sulfate.

salt-free binary case (Figure 3). This follows from the inverse relationship
between surface tension and surface thickness given by equations (5) and
(6), since the molecular volume assumed for SDS is significantly larger than
those of water and NaCl (see supporting information S1).

The SDS surface mole fraction and droplet surface thickness begin to
decrease from the planar surface limit already below droplet radii about
an order of magnitude larger (100 μm) than for binary aqueous SDS. This
reflects the significant surface activity of SDS, which is further enhanced by
salting out effects of NaCl on SDS surface partitioning. The corresponding
SDS bulk mole fractions and resulting droplet surface tensions are much
less sensitive to this effect, showing only slightly increased sensitivities to
droplet size, compared to the binary solutions in Figure 3. The absolute
surface tension decrease is however significantly greater for the ternary
solutions, both in planar limit and for droplet sizes in the surface tension
transition range, both as a consequence of salting out. The current frame-
work of the monolayer model does not consider dissociation of ions and
therefore also not the so-called “common ion effect” that may affect the
speciation of ionic surfactants and salts in solution due to an impact of
a common ion, here Na+, on cosolvation properties (Raatikainen & Laak-
sonen, 2011; Topping, 2010). However, the existence of the common ion
effect is still a matter of debate; Prisle, Ottosson, et al. (2012) and Öhrwall

et al. (2015) found no evidence for salting out specifically due to common Na+ ions in direct observations
of aqueous surfaces composing selected sodium carboxylate mixtures with various inorganic salts using
synchrotron-based XPS.

Droplet surface tensions from the Gibbsian model are included for comparison in Figure 4d; the correspond-
ing bulk mole fractions have been omitted from Figure 4b for clarity. In contrast to the binary case in Figure 3b,
monolayer model predicted SDS bulk mole fractions are now significantly higher, compared to the Gibb-
sian model (not shown). As surface partitioning of SDS is enhanced by salting out in the ternary mixtures,
monolayer volume restrictions on partitioning become more evident. The monolayer model therefore pre-
dicts significantly lower surface tensions for droplets in the transition size range, as seen in Figure 4d. For
the ternary systems, a minor opposing effect on surface tension may occur simultaneously due to surface
depletion of the inorganic salt, causing a slight relative increase in surface tension. However, the significant
decrease in overall ternary surface tension, compared to binary aqueous SDS droplets, shows that this effect
is not major for these strong surfactant solutions.

Figure 5 shows the dependency of predicted surface tension on total SDS concentration for ternary
water-SDS-NaCl droplets of various sizes. The smaller droplets display increasingly steep transitions to surface
saturation, as seen from constant reduced surface tension 𝜎 = 𝜎CMC,SDS, with increasing concentration of SDS:
The smallest droplets (10 nm) undergo nearly a step change in surface tension reminiscing the phase transi-
tion between gaseous and compressed surface layers described by Ruehl and Wilson (2014). As droplet sizes
increase, surface tension concentration dependencies change gradually to eventually resemble the regular
bulk behavior observed for macroscopic solutions in case of the largest droplets (100μm). This variation in sur-
face tension concentration isotherms with droplet size stems mainly from the varying influence of surfactant
bulk phase depletion from bulk-surface partitioning in droplets with different sizes and surface-bulk volume
ratios. A contributing factor is the approximation of pure surfactant surface tension with that of the aqueous
mixture at the CMC and the assumption of a pure surfactant monolayer for concentrations at and above the
CMC. This simplification exaggerates the transition from a saturated, pure SDS surface layer to a mixed sur-
face layer corresponding to low SDS bulk concentrations, according to equation (5). The effect is especially
pronounced at small droplet sizes, where only a few molecules of SDS in the droplet bulk can strongly influ-
ence the estimated surface tension. The change in surface tension concentration relation is accompanied by
a small but notable shift in apparent CMC to higher concentrations in the smaller droplets. In Figure 5, the
CMC is 1.09 mM for a 100-μm droplet and gradually increases to 1.24 mM for 10-nm droplets. The CMC for the
corresponding bulk system is 1.05 mM. Due to the logarithmic concentration scale, the effect is barely visible
for the water-SDS-NaCl system in Figure 5. It may be even more significant for stronger surfactants, just as the
atmospheric implications of even small changes in CMC for aqueous droplets could prove to be important.

MALILA AND PRISLE 3244



Journal of Advances in Modeling Earth Systems 10.1029/2018MS001456

Figure 6. Same as Figure 4 for water-SCA-NaCl solutions, with total SCA concentrations of 0.01 (dotted), 0.10 (dashed),
and 1.00 M (full lines) and a fixed total concentration of 0.10-M NaCl, corresponding to relative solute mixing ratios of
0.10, 1.0, and 10, respectively. SCA = succinic acid.

Monolayer model results for more atmospherically relevant water-SCA-NaCl mixtures with three different total
SCA concentrations and a constant total NaCl concentration of 0.1 M are presented in Figure 6. Surface and
bulk mole fractions of each droplet component are again shown in Figures 6a and 6b, and the corresponding
surface layer thickness and droplet surface tension are given in Figures 6c and 6d. SCA is a weaker surfac-
tant than SDS (see supporting information S1), and predicted size dependencies in droplet properties due
to bulk-surface partitioning are correspondingly much weaker, as was also noted when comparing binary
solutions of SDS and n-butanol.

For three orders of magnitude higher CSCA than considered for ternary SDS mixtures, partitioning effects on
SCA mole fractions, xs

SCA and xb
SCA (black lines), are only manifest for the smallest droplet sizes below 10–100

nm, as seen in Figures 6a and 6b, respectively. This is reflected in the corresponding surface thickness and
surface tension in Figures 6c and 6d, which resemble the planar limit (bulk) values for all but the smallest
droplet sizes.

Comparing surface tensions predicted with the monolayer and Gibbsian models in Figure 6d, an interesting
feature is the deviation of the two model predictions for the largest CSCA, when approaching the planar surface
limit. This behavior was also seen for n-butanol in Figure 1 but to a lesser extent than here for water-SCA-NaCl.
It is unlikely that such an effect could be due to fundamentally different surface thermodynamics between
the monolayer and Gibbsian models, as deviations are otherwise seen in the surface tension transition region
for intermediate droplet sizes. Instead, a more likely explanation are different assumptions regarding aqueous
solution ideality in the two models. The Gibbsian models in general require explicit input of droplet compo-
nent activities, which can be extremely difficult to obtain with high reliability over the entire relevant range of
droplet (bulk) compositions xb. Due to lack of explicit activity data, the Gibbsian model of Prisle et al. (2010) is
here run assuming ideal solution behavior for the ternary water-SCA-NaCl system, in the terms of unity mole
fraction based activity coefficients and partial molecular volumes of individual compounds in the liquid mix-
ture which are independent of the solution composition. For the water-n-butanol mixture, on the other hand,
activity coefficients needed for the evaluation of the Gibbs’ adsorption equation were obtained from van
Laar fits presented in the literature, see supporting information S1 for details. The monolayer model implicitly
accounts for droplet solution nonideality by using experimental surface tension and density concentration
relations in equation (5) and to evaluate vi . The treatments of droplet component activities in the Gibbsian
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model may therefore lead to differences between predictions with the two surface frameworks and greater
differences for the case of ternary SCA where nonideal activities are not treated at all in the Gibbsian model.

The Gibbsian model furthermore does not account for any bulk-surface partitioning of salt with respect
to water, which likely contributes to enhancing the effect for ternary water-SCA-NaCl, compared to
binary water-n-butanol. However, as the monolayer model does not predict any significant size-dependent
bulk-surface partitioning of either SCA or NaCl in Figures 6a and 6b, salt partitioning cannot be the main
reason for the deviation of planar surface tensions between models seen in Figure 6d. As this factor is
explicitly accounted for in the monolayer model, the extent to which each of these contributions to surface
thermodynamics affect the partitioning estimate is a subject of future studies.

Werner et al. (2014, 2016) recently studied surfaces of aqueous SCA with and without added salts, using syn-
chrotron radiation-based XPS in combination with molecular dynamics simulations. Experiments were made
with the same setup as used by Walz et al. (2015, 2016), and direct comparison between experimental and
modeled results and our monolayer model is affected by the same issues as pointed out by Toribio et al. (2018)
for water-alcohol mixtures. Nevertheless, surface enrichment factors for SCA, xs

SCA∕xb
SCA, predicted here from

the monolayer model are close to the lower range of the corresponding Cs
SCA∕Cb

SCA values reported by Werner
et al. (2014, 2016). Values are expected to differ somewhat, as the ratios are taken for different (mole fraction
vs. volumetric) quantities; however, with the same surface thicknesses, these differently derived enrichment
factors should agree in the planar limit. Furthermore, the surface thickness of 0.4 nm estimated by Werner et
al. (2014) from molecular dynamics simulation for the water-SCA mixture is very close to our predicted values
(between 0.38 and 0.40 nm) given in Figure 6 for the water-SCA-NaCl mixture. We especially note that these
different estimates are completely independent. Surface thicknesses inferred by Ruehl and Wilson (2014) for
dicarboxylic acid monolayers (0.39 nm for adipic acid and 1.02 nm for pimelic acid on SCA-ammonium sulfate
particles) are also in this same range.

Ruehl et al. (2016) and Ovadnevaite et al. (2017) in their droplet models assumed much lower surface thick-
nesses of 0.07–0.21 and 0.16–0.30 nm, respectively, corresponding to one or two carbon-carbon bond
lengths, for a dicarboxylic acid surrogate of atmospherically relevant surfactants. These values are also lower
than the molecular length of the organic surfactants in question and thus imply near-parallel orientation of
surfactant molecules at the surface layer, in contrast to the head-tail perpendicular orientation to the surface
commonly assumed for concentrated solutions of linear surfactants (Adamson & Gast, 1997). Experimental
observations have been reported of parallel-oriented surfactant molecules at plane aqueous surfaces at low
concentrations of some surfactant solutions, while a “gaseous-to-compressed” transition takes place at higher
concentrations, preceded by reorientation of surfactant molecules perpendicular to the surface (Prisle, Ottos-
son, et al., 2012; Richmond, 2001; Walz et al., 2016). Parallel orientation of surfactant molecules with respect
to the water surface will yield a much greater molecular footprint in the surface. This in turn would imply a
smaller maximum reduction in estimated surfactant bulk mole fraction due to bulk-surface partitioning, and
correspondingly higher surface tension, compared to the version of the monolayer model presented here.

In calculating cloud droplet activation for model surfactant aerosol systems, Petters and Petters (2016) found
droplet surface excesses corresponding to up to 15 monolayers, using the approximate Gibbsian approach
of Raatikainen and Laaksonen (2011). While greater surface enhancements of surfactant may be expected
in the Gibbsian surface framework, where surface partitioning is not restricted by volume limitations of the
surface phase, this directly contradicts the assumptions of the Szyszkowski-Langmuir surface tension model
used for the calculations. Indeed, in most cases, Petters and Petters (2016) found that restricting the surface
excess corresponding to much lower 1.5 monolayers improved their model predictions.

The monolayer surface framework can readily be included in a Köhler model to account for bulk-surface
partitioning in predictions of cloud droplet activation, analogously to previous work with Gibbsian models
(Forestieri et al., 2018; Prisle et al., 2010; Sorjamaa et al., 2004; Topping, 2010). Here, the differences in surface
dynamics between the droplet frameworks observed in Figures 1, 3, 4, and 6 may in turn lead to differences
in predicted activation behavior of aqueous surfactant droplets. To illustrate this, we consider the case of a
100-nm-diameter dry particle, consisting of 90% by mass SDS and 10% NaCl, for which the Gibbsian model
was found by Prisle et al. (2010) to give a good agreement with measurements of critical supersaturation
(SSc = Sc − 1). With the conditions used here, the full Gibbsian partitioning model predicts a critical radius
(Rc) of 0.24 μm and SSc of 0.31% from equation (1), together with a surface tension of 62.2 mN/m at the
point activation. The simple model of Prisle et al. (2011), where all surfactant is assumed to partition to the
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droplet surface, while assuming surface tension of pure water (72.0 mN/m at 298.15 K), yields Rc = 0.12 μm
and SSc = 0.58%. Most notably, the critical droplet size predicted by the simple partitioning model yields a
surface layer corresponding to 0.35 pure surfactant monolayers, assuming the same limiting value for a full
SDS monolayer thickness as given in Table 2. The present monolayer model predicts Rc = 0.39 μm and criti-
cal supersaturation of 0.18%, with a surface monolayer thickness of 0.48 nm (i.e., half of the pure surfactant
monolayer) and droplet surface tension of 55.0 mN/m at activation. Of the three droplet frameworks, the
monolayer model in this case predicts significantly higher cloud condensation nuclei activity, a larger critical
droplet, and lower droplet surface tension at the point of activation. Although a detailed discussion on these
differences is beyond the scope of this work, we note that the presented monolayer model, while allowing for
bulk-surface partitioning of all compounds, does give physically reasonable predictions concerning both the
nature of the surface layer as well as droplet activation behavior. Detailed results for inclusion of the mono-
layer model in Köhler predictions for both model surfactant aerosol and atmospherically relevant complex
mixtures are presented by Lin et al. (2018).

Finally, we emphasize that when comparing model predictions from approaches based on different treat-
ment of surface thermodynamics, it must be kept closely in mind that the magnitude of evaluated quantities
depend inherently on the assumed framework. In particular, the surface excess quantities Γi evaluated in the
Gibbsian framework are not immediately comparable with the surface mole fractions xs

i given by the present
monolayer or other physical surface layer models. For finite systems like small droplets, we see how this in
turn is reflected in different evaluated bulk properties between the frameworks. This is also case for the sur-
face excess free energy, that is, surface tension. Only the total free energy of the droplet (with respect to some
reference state) is truly invariant with the choice of thermodynamic framework, as well as with the choice of
dividing surface within the Gibbsian model (Rusanov, 1978; Vehkamäki, 2006). Therefore, when considering
outputs of different droplet models, or when comparing model predictions with experiments, direct compar-
ison of surface composition, surface enhancements, or surface tension must be done carefully keeping this
in mind. In particular, when considering the effect of bulk-surface partitioning on cloud droplet activation
by equation (1), this means that differences in predictions with different thermodynamic frameworks must
be taken into account simultaneously for both Raoult and Kelvin terms. Currently, direct measurements of
droplet surface tensions are highly nontrivial in the micron range and limited to systems above approximately
10 μm in radius (Bzdek et al., 2016). For the systems studied here, surface tensions approach or coincide with
the planar limit already at these sizes.

5. Conclusions

We have presented a simple monolayer model for predicting bulk-surface partitioning of especially organic
surfactants in aqueous droplets. The model was evaluated for droplets of varying size comprising commonly
considered butanol and SDS model surfactants and an atmospherically relevant dicarboxylic acid. The mono-
layer model is based on an extension of the Kulmala-Laaksonen surface tension model and the principle of
mass conservation. It is prognostic for bulk and surface concentrations of all species in the droplet, as well
as for the surface monolayer thickness, thus overcoming some of the chief limitations in other recent mod-
els (e.g., Ovadnevaite et al., 2017; Prisle et al., 2011; Ruehl et al., 2016). In its current form, the monolayer
model does not treat chemical dissociation (electrolytes and hydrolysis) explicitly and therefore cannot pre-
dict different surface propensities for dissociated and undissociated species or for the different ions from the
same salt or hydrolyzed organic (cf. Pegram & Record, 2006), potentially affecting heterogeneous chemistry
at droplet surfaces. The monolayer model predictions agree qualitatively with the Gibbsian droplet model of
Prisle et al. (2010) but generally predict higher bulk phase concentrations of surface active species in droplets
of the same size and total composition, especially for large surfactant molecules, due to the restricting con-
dition imposed on the extent of surface partitioning by the finite monolayer thickness. For smaller droplets,
this condition leads to behavior similar to the compressed-gaseous transitions in surface films described by
Ruehl and Wilson (2014).

The real advantage of the monolayer model is that it requires fewer inputs of specific thermodynamic data
than other alternatives, for example, droplet models based on the Butler-Sprouw-Prausnitz or Gibbs’ adsorp-
tion equations. Such required data are often not available for atmospherically relevant mixtures, which
remains a major limitation in atmospheric applications of surface partitioning frameworks. In particular,
composition-dependent activity relations are extremely challenging to measure directly for sparingly soluble
or low volatility solutes and inferences from measured solvent (water) activities via the Gibbs-Duhem relation
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fundamentally cannot be extended beyond binary solutions. In contrast, nonideal solution interactions are
implicitly included in the monolayer model via experimental, composition-dependent surface tension, and
density data, and explicit knowledge of activity coefficients for neither water nor surfactant and salt solutes
is required to capture real solution behavior. Although still nontrivial, these properties may be obtained with
significant accuracy from well-established and broadly available experimental methods. Furthermore, the
presented monolayer model is completely self-contained and requires no tunable parameters in addition to
thermodynamic input data. It lends itself readily for inclusion into cloud activation and atmospheric models
and provides a viable basis for further development of thermodynamic multilayer models that can also treat
micellization and post-CMC droplet behavior explicitly.

Appendix A: Data Sources

Experimental pure substance densities and surface tensions used in the calculations were taken from Wölk
and Strey (2001) for water, from Strey and Schmeling (1983) and Ghosh et al. (2008) for n-butanol, from
Hyvärinen et al. (2006) for SCA, from Kodama and Miura (1972), Persson et al. (2003), and Kumar and Ghosh
(2006) for SDS, and from Janz (1980) for NaCl. For binary aqueous mixtures of n-butanol, NaCl, and SCA,
relations for liquid densities as functions of composition were taken from Dawe et al. (1973), Rowe and
Chou (1970), and Hyvärinen et al. (2006), respectively, and for ternary water-SCA-NaCl mixtures from Van-
hanen et al. (2008); for other mixtures, ideal solution densities were assumed. Szyszkowski parameters for
composition-dependent surface tensions of water-n-butanol and water-SDS-NaCl mixtures were taken from
Krisch et al. (2007) and Prisle et al. (2010), respectively; for water-SCA-NaCl mixtures, parameters given by
Vanhanen et al. (2008) for the surface tension relation presented by Chunxi et al. (2000) were used. Activity
coefficients for water-n-butanol mixtures were obtained from the compilation of Gmehling and Onken (1977)
and in other mixtures assumed to be unity. Further details are given in supporting information S1.
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