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Abstract. Atmospheric aerosol particles span orders of magnitude in size. In ultrafine particles, the energetic
contributions of surfaces and interfaces to the Gibbs energy become significant and increase in importance as
particle diameter decreases. For these particles, the thermodynamic equilibrium state depends on size, compo-
sition, and temperature. Various aerosol systems have been observed to undergo liquid–liquid phase separation
(LLPS), impacting equilibrium gas–particle partitioning, modifying physicochemical properties of the particle
phases, and influencing cloud droplet activation. Numerous laboratory experiments have characterized the on-
set relative humidity of LLPS in larger aerosol particles and macroscopic bulk systems. However, in sufficiently
small particles, the interfacial tension between two liquid phases constitutes an energetic barrier that may prevent
the formation of an additional liquid phase. Determining said small-size limit is a key question.

We introduce a predictive droplet model based on the Aerosol Inorganic–Organic Mixtures Functional groups
Activity Coefficients (AIOMFAC) model. This model enables size-dependent computations of surface and in-
terfacial tension effects on bulk–surface partitioning within phase-separated and single-phase particles. We eval-
uate four approaches for computing interfacial tension in multicomponent droplets, including a new method
introduced in this work. Of the approaches tested, Antonov’s rule best matches observed liquid–liquid interfacial
tensions in highly immiscible mixtures, while a modified Butler equation fits well in more miscible systems. We
find that two approaches substantially lower the onset relative humidity of LLPS for the studied systems.

1 Introduction

Atmospheric aerosols and their interactions with clouds and
radiation are a major source of uncertainty in global cli-
mate models (IPCC, 2014). The condensed particle phase
component of an aerosol, henceforth referred to as aerosol
particles or “aerosols”, varies in composition regionally and
with time (Jimenez et al., 2009). Organic compounds con-
tribute a substantial mass fraction to the total condensed ma-
terial within ambient aerosols. Organic-rich particles can be
emitted directly (primary organic aerosols) or formed from
gas-phase reactions involving volatile organic compounds
(VOCs). Aerosols which contain substantial amounts of sec-
ondary organic compounds are often referred to as secondary
organic aerosols (SOAs). For complete lists of abbreviations,
symbols, and their meanings, please refer to Tables S1 and S2
in the Supplement. SOA mixed with inorganic species such

as dissolved aqueous electrolytes form the majority of fine-
mode aerosols in many regions of the world (Zhang et al.,
2007). Therefore, understanding the properties of aerosol
particles is important for better constraints on global air qual-
ity and climate models and related future climate projections.

The effects of a population of aerosol particles on weather
and climate depend on the collective properties of the par-
ticles. Two properties which have been the focus of numer-
ous studies are the number of condensed phases present in
an aerosol particle and the morphology of the particle, i.e.,
whether said particle is of spherical or nonspherical shape or
consists of a combination of smaller three-dimensional struc-
tures (Kucinski et al., 2019; Ohno et al., 2023). Liquid–liquid
phase separation (LLPS) has been observed in numerous
laboratory-generated and atmospheric aerosols, with many
particles of varying compositions splitting into two distinct
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phases in contact with one another (Marcolli and Krieger,
2006; You et al., 2012; Ciobanu et al., 2009; Bertram et al.,
2011; Freedman, 2017). More recently, the presence of three
liquid phases within single aerosol particles has been ob-
served in laboratory mimics of urban aerosols (Huang et al.,
2021; Kucinski et al., 2019). The unique composition of
each liquid phase present in a particle determines a range
of the physicochemical properties of those phases and/or a
particle overall. These properties include the hygroscopic-
ity and related equilibrium water content, surface tension,
viscosity, acidity, and ionic strength, all of which may vary
as a function of environmental (thermodynamic) conditions
and phase-specific composition (Lilek and Zuend, 2022;
Gervasi et al., 2020; Schmedding and Zuend, 2023; Klein-
heins et al., 2023). Organic-rich phases may exhibit atmo-
spherically relevant physical properties similar to that of an
aqueous electrolyte-containing phase or properties which are
quite different from those of the aqueous ion-rich phase (Li
et al., 2021; Chan et al., 2006). These properties may affect
the growth and aging of aerosol particles by limiting the re-
active uptake of species such as isoprene-derived epoxydi-
ols or N2O5 (Gaston et al., 2014; Schmedding et al., 2020).
Aerosol–cloud interactions can also be affected by the pres-
ence of liquid–liquid phase separation in aerosol particles,
especially so if LLPS persists to high relative humidity (RH)
values (Ovadnevaite et al., 2017; Malek et al., 2023). The re-
duction in droplet surface tension typically caused by an en-
richment of organics at the gas–particle surface and the cou-
pled simultaneous modification to the bulk-phase composi-
tion due to bulk–surface partitioning have competing effects
on the water vapor saturation ratio and minimum dry parti-
cle size necessary for cloud droplet activation. This can ulti-
mately lead to a substantial shift in the critical saturation ratio
and diameter necessary for the activation of aerosol particles
into cloud droplets (Ruehl et al., 2016; Ovadnevaite et al.,
2017; Davies et al., 2019; Schmedding and Zuend, 2023).

Beyond changes to the physicochemical properties of
aerosol particles stemming from the formation of distinct
condensed phases within a particle, the three-dimensional
(3-D) morphology of a particle may be modified. Homoge-
neously mixed particles assume a spherical shape under equi-
librium conditions due to the impact of surface tension. In the
case of a phase-separated particle, deviations from sphericity
are possible (Kwamena et al., 2010; Gorkowski et al., 2020).
Some LLPS particles still form an overall spherical structure
with an organic-rich shell (phase β) covering an inorganic-
rich core (phase α). Other, more complex, structures are pos-
sible, such as a partially engulfed morphology, wherein the
particle is no longer radially symmetric or perfectly spheri-
cal. In a partially engulfed particle, phase β does not spread
completely over phase α and leaves a portion of phase α
exposed (Kwamena et al., 2010; Reid et al., 2011; Ciobanu
et al., 2009; Song et al., 2012, 2013; Shiraiwa et al., 2013).
Such particle geometries interact with radiation differently
than their core–shell counterparts (Lang-Yona et al., 2010).

It has also been observed that LLPS particles composed of
3-methylglutaric acid and ammonium sulfate, which have a
core–shell morphology at higher RH, form partially engulfed
particles at lower RH (Lam et al., 2021). Should additional
condensed phases be present beyond the simplest two-phase
case, various combinations of spherical shells and partially
engulfing phases are possible (Huang et al., 2021), leading
to geometric structures which may be highly complex. Un-
der equilibrium conditions, the sequence of these phases in
terms of the innermost to outermost phase of the particle is
determined by the configuration which minimizes the overall
Gibbs energy of the particle. Usually, this results in arrange-
ments that favor placing the phases with higher hypothetical
gas–liquid surface tensions closer to the center of the parti-
cle, while those with lower surface tensions are closer to or
at the gas–particle boundary.

Analogous to the surface between a gas phase and a con-
densed phase, the interface between two condensed phases,
particularly two liquid phases, might experience a similar
phenomenon with respect to the enrichment and depletion of
different compounds (Hua et al., 2016). Note that hereafter
in this article “surface” refers to a gas–liquid phase boundary
and that “interface” refers to the boundary between two con-
densed (liquid) phases. There have been several attempts to
quantify the relative contribution of the liquid–liquid (LL) in-
terface between two condensed phases to the overall energy
of a particle and whether bulk-phase depletion plays a role at
the LL interface. Until recently, it has been assumed that the
energetic contributions from LL interfacial tension in typical
aerosol particles are negligible for particles with diameters
larger than approximately 100nm for which the Kelvin ef-
fect is also relatively minor (Russell and Ming, 2002; Zuend
et al., 2010). Despite this, recent studies have found that the
contribution of a LL interface to the Gibbs energy of a par-
ticle may have a small but not insignificant effect on the RH
at which the particle will undergo LLPS upon dehydration
(Ohno et al., 2023).

In order to better understand the role of interfacial ten-
sion and its interaction with phase separation and particle
morphologies, predictive models of interfacial tension and
associated phase composition changes are necessary. Dif-
ferent approaches have been considered for the prediction
of liquid–liquid interfacial tension; a brief overview is pre-
sented in the following, with additional theory and methods
discussed in Sect. 2.

The simplest approximation for the interfacial tension be-
tween two phases α and β, σαβ , is by taking the absolute
difference of the hypothetical gas–liquid surface tensions of
the two phases (σα and σ β ) when each is considered in iso-
lation,

σαβ =
∣∣σα − σ β ∣∣ . (1)

Equation (1) is known as Antonov’s rule (Antonov, 1907).
While Eq. (1) may be a good first-order approximation of
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the interfacial tension for some systems, it is an empiri-
cal estimation method and not thermodynamically rigorous
(Makkonen and Kurkela, 2018; Winter, 1995). A distinct ap-
proach for determining the interfacial tension between two
liquid phases was proposed by Girifalco and Good (1957):

σαβ = σα + σ β − 2φ
√

σασ β , (2)

where φ is a system-dependent interaction/correction param-
eter. It has been shown that φ may be constrained by the fol-
lowing inequality:

φ ≥

(
1−

σαβ

σα

) 1
2

. (3)

The value of φ can be defined in the case of binary sys-
tems with molecules 1 and 2 of approximately equal size and
spherical shape in a hexagonal arrangement as

φ =
d1,1d2,2

d2
1,2

, (4)

where d is the equilibrium distance between the two
molecules denoted in the subscript (Girifalco and Good,
1957). In the case of binary systems with molecules of un-
equal sizes or shapes, the value of φ could be approximated
by the following equation:

φ =
4V 1/3

1 V
1/3
2(

V
1/3
1 +V

1/3
2

)2 , (5)

where V is the molar volume of molecule 1 or 2, respectively
(Girifalco and Good, 1957). Qualitatively, φ is described as
being lower in systems where the primary molecular inter-
actions are different, e.g., dispersion forces in phase β and
hydrogen bonding in phase α (Girifalco and Good, 1957).

Note that in the case of a single well-mixed phase, where

σαβ = 0, φ = 1 . In the limiting case where φ =
(

1− σαβ

σα

) 1
2 ,

Eq. (2) reduces to Eq. (1). However, the utility of this equa-
tion for systems with more than two components or with
compounds that are soluble in both phases remains an open
question (Makkonen and Kurkela, 2018). Equation (2) was
further refined to

σαβ = σα + σ β − 2
(
σα,disp

· σ β,disp
) 1

2
, (6)

where σα,disp and σ β,disp are the contributions from disper-
sion forces to the surface tensions of phases α and β, re-
spectively (Fowkes, 1962, 1963). Of course, such a model
relies on accurate constraints on the dispersive and nondis-
persive contributions to the surface energies per unit area of
both phases, thus limiting the utility of this approach.

As mentioned above, some atmospheric aerosol systems
have been observed to undergo LLPS for particles with large

diameters, yet particles of the same or similar composition
may not undergo LLPS should their diameters be substan-
tially smaller (Kucinski et al., 2019; Freedman, 2020; Ott
and Freedman, 2020; Ohno et al., 2023). Indeed, it is thought
that at sufficiently small diameters, the high surface-area-
to-volume ratios of atmospheric aerosol particles lead to a
sufficient energetic barrier from the combined effects of sur-
face and interfacial tensions such that the formation of an
additional phase is inhibited (Ohno et al., 2023; Freedman,
2020). It should be noted that the effect of aerosol compo-
sition, particularly the presence of different inorganic elec-
trolytes, complicates size-dependent LLPS; for example, Ott
and Freedman (2021) report that particles containing sodium
cations are phase-separated down to smaller sizes than simi-
lar particles which contain ammonium cations.

In summary, at the boundary between two distinct phases
there exists an energetic penalty. In the case of a gas–liquid
boundary, this penalty is often referred to as the surface ten-
sion. A similar tension exists at the boundary between two
liquid phases. If the gas–liquid interface can be thought of
as a finite-depth region, with a distinct composition from the
adjacent liquid phase beneath it, then there must exist an in-
terfacial tension at this boundary as well. The sum of this
interfacial tension and the surface tension at the gas–liquid
boundary form the measurable surface tension that can be
observed directly. Numerous methods have been proposed to
determine the interfacial tension between two liquid phases
using thermodynamic theory, semiempirical approaches, and
system-specific fits. The sum of the three energetic interfa-
cial contributions leads to differences in the total Gibbs en-
ergy for a well-mixed or phase-separated particle. Greater
differences in Gibbs energy occur in particles with higher
surface/interfacial-area-to-volume ratios. Such differences in
Gibbs energy may be sufficiently large that they lead to re-
ductions in the onset RH of LLPS or even the complete sup-
pression of LLPS. To our knowledge, no predictive model
exists that accounts for the coupled feedbacks of aerosol par-
ticle size and three-dimensional morphology on the condi-
tions under which a particle will separate into two (or more)
liquid phases or remain homogeneously mixed. As such, we
present a thermodynamic framework for exploring and quan-
tifying size-dependent LLPS in aerosol particles.

2 Methods

2.1 Modeling interfacial tension between two liquid
phases

In the case of a closed thermodynamic system with two or
more liquid phases, the Gibbs energy at constant temperature
and pressure can be expressed as follows:

G=
∑
φ

∑
j

µ
φ
j n

φ
j +

∑
ι

σ ιAι+ τ l. (7)
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Here,µφj and nφj are the chemical potential and molar amount
of species j in phase φ. σ ι is the surface or interfacial ten-
sion at phase boundary ι, and Aι is the area of phase bound-
ary ι. τ represents the energetic contribution of a three-phase
boundary line, sometimes referred to as the line tension, and
l is the length of the three-phase boundary line. Note that a
three-phase boundary line will only exist in a particle with
a partially engulfed morphology or when particles are de-
posited on a substrate for analysis in laboratory experiments.
Furthermore, given that measured and predicted line energy
contributions in complex systems are thought to be orders of
magnitude lower than those from LL interface contributions,
energetic contributions from the τ l term are usually assumed
to be negligible (Amirfazli and Neumann, 2004).

Schmedding and Zuend (2023) developed an approach for
predicting the equilibrium surface tension of a single-liquid-
phase droplet with a finite-depth Guggenheim interface of
radial thickness δs. Guggenheim interfaces are an alternative
approach to the classical Gibbsian treatment of interfaces,
the latter treating them as infinitely thin two-dimensional
surfaces located at the point where the excess concentra-
tion of some species in the system, typically the solvent,
is zero (Gibbs, 1906). Guggenheim interfaces instead treat
the surface of a solution as a thermodynamically distinct re-
gion from the bulk liquid phase beneath it and the gas phase
above it (Guggenheim, 1940). Such a definition allows for
more flexibility in defining the location of the interface and
its extent and composition, as well as accounting for the
feedback of bulk–surface partitioning on the bulk composi-
tion in small droplets. Their approach employed the Aerosol
Inorganic–Organic Mixtures Functional groups Activity Co-
efficients (AIOMFAC) model (Zuend et al., 2008, 2011; Yin
et al., 2022) to calculate activity coefficients in the surface
and bulk phases of an aerosol particle for application in the
Butler equation:

σi = σ
◦

i +
RT

Ai

ln

(
as
i

ab
i

)
. (8)

Here, σi is the surface tension of the droplet as predicted by
the right-hand-side expression based on component i, σ ◦i is
the surface tension of i in the pure-component case at the
same pressure and temperature, R is the universal gas con-
stant, T is the temperature, and Ai is the partial molar area
of i which depends on the surface phase geometry.
as
i is the mole-fraction-based activity of i in the surface

phase, and ab
i is the mole-fraction-based (or molality-based,

in the case of inorganic electrolytes) activity of i in the liq-
uid bulk phase. ab

i can be calculated as the product of the
concentration of species i, either in mole fraction or molality
as previously mentioned, and the activity coefficient, γi , at a
given temperature on the associated composition scale. For a
surface phase represented by a concentric shell on a spherical

droplet core, Ai is defined as

Ai =

(
∂A

∂ns
i

)
T ,P,ns

j ,σ

= Vs
i

2rp
2δsrp− δs2 ,

where A is the outer surface phase area, and ns
i denotes the

molar amount and molar volume of i, respectively, in the
finite-depth surface phase. rp is the particle radius, i.e., the
outer radius of the surface phase, and δs is the radial thick-
ness of the surface. For a derivation of Eq. (9), see Schmed-
ding and Zuend (2023).

Under equilibrium conditions, the surface tensions com-
puted via Eq. (8) for all k components in solution must be
equal, such that

σ1 = σ2 = . . .= σk. (9)

While the structure of a gas–liquid interface may be best
represented by a thin yet finite depth surface phase to ac-
count for bulk–surface partitioning, the structure of a LL in-
terface may be more easily represented by a two-dimensional
(2-D) dividing surface. The latter is the case since the abso-
lute material and density gradients across LL interfaces are
much smaller than across a gas–liquid surface. Therefore, un-
like the approach to bulk–surface partitioning described in
Schmedding and Zuend (2023), there is no depletion from
phase α or phase β to the LL interface between them as the
tightly coupled partitioning between phases α and β accounts
for the depletion of either phase with respect to the LL in-
terface. Note, however, that modifications to the equilibrium
partitioning of components between the two liquid phases
due to the presence of the interface can be accounted for. This
2-D LL interface treatment has the added benefit of simplify-
ing the approach used to determine the interfacial tension as
the interplay between partitioning and nonideal mixing may
be greatly simplified in the liquid–liquid interface.

Returning to the approach of Schmedding and Zuend
(2023), which utilized Eq. (8) to predict surface tension, we
now extend the same approach to account for the boundary
between two liquid phases. For a LL interface, Eq. (8) must
be modified, since the reference state surface tension values
(σ ◦i ) are inherently different from those found at the gas–
liquid surface. At a gas–liquid boundary, σ ◦i is assumed to be
the surface tension of a droplet of pure component i. Anal-
ogously, for LL interfaces, σ ◦i is assumed to be the interfa-
cial tension that exists between two molecular layers of pure
component i. Because the compositions of the two layers of
i are identical in the LL reference state case – a hypothetical
interface – any molecule present at this reference LL inter-
face would not experience an additional energetic penalty.
Therefore, in the case of a LL interface,

σ
αβ,◦

1 = σ
αβ,◦

2 = . . .= σ
αβ,◦
k = 0. (10)
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Consequently, in the case of a LL interface, Eq. (8) simplifies
to (Bahramian and Danesh, 2005, 2004)

σ
αβ
i =

RT

Aαβ
i

ln

(
a
αβ
i

ab
i

)
. (11)

Note that for a 2-D LL interface Aαβ
i = 2Vαi /r

α . Analo-
gous to Eq. (9), the interfacial tension values determined via
Eq. (11) for individual components must match at equilib-
rium, i.e.,

σ
αβ

1 = σ
αβ

2 = . . .= σ
αβ

3 . (12)

An approach developed by Bahramian and Danesh (2004)
utilized lattice theory and suggested that the activity coeffi-
cients present in a LL interface (γ αβ ) can be approximated
by the geometric mean of the activity coefficients in the liq-
uid phases α and β on either side of the interface:

γ
αβ
i =

√
γ αi γ

β
i . (13)

However, they note that the choice of 1
2 for the exponent

in this case is determined by the configuration of molecules
present in the interfacial region. This approach was also later
expanded by Wang and Anderko (2013) to account for the
effect of electrolyte species in mixed organic–inorganic sys-
tems with good agreement to experimental data. Therefore,
in this study, the geometric mean approach for activity coeffi-
cients was chosen as one option for multicomponent aerosol
systems containing mixtures of water, organic species, and
electrolytes.

If the assumption of Eq. (13) is used and recalling that
under equilibrium conditions xαi γ

α
i = x

β
i γ

β
i and

∑
x
αβ
i = 1,

Eq. (11) can be rearranged to the following form (Bahramian
and Danesh, 2004, 2005):

∑
i

√
x
β
i x

α
i exp

(
Aαβ
i σ

αβ

RT

)
= 1. (14)

This leads to a single unknown variable, σαβ , which must
be the same for all species such that the criteria given by
Eq. (12) are satisfied. Thus, the interfacial tension value can
be numerically solved in a direct manner rather than rely-
ing on a more complex bulk–interface partitioning algorithm
(unlike the case for bulk–surface partitioning). It should be
noted that the behavior of electrolyte species in solution may
require more complex treatments of their impacts on interfa-
cial tension (Wang and Anderko, 2013). However, many of
these treatments rely on semiempirical relationships fitted to
experimental data, thus reducing their predictive power and
flexibility. As such, in this approach we assume that elec-
trolyte components (here as neutral cation–anion combina-
tions) can be treated in the same manner as water and the
organic components.

2.2 Alternative models of interfacial tension

In order to determine the importance of a rigorous treatment
of interfacial energetic contributions in aerosol particles and
the resulting geometric morphologies, we introduce the fol-
lowing approaches, allowing for a quantitative comparison
(see Sect. 3). A first option is a model which allows for LLPS
and bulk–surface partitioning but assumes that the LL inter-
face is a 2-D dividing surface with an energetic contribution
of 0 (labeled as the “no IFE” approach).

A more thorough treatment includes assuming a 2-D LL
interface with the interfacial tension value estimated by the
difference in (hypothetical) gas–liquid surface tensions of
the organic phase and the aqueous phase (Eq. 1) (Antonov’s
rule). One caveat of this treatment is that it renders determin-
ing whether a particle is of core–shell or partially engulfed
morphology impossible. This is because of a known incon-
sistency of Antonov’s rule with the constraints imposed by
the triangle inequality necessary for calculating the contact
angles among the phases (Binyaminov et al., 2021). As a
similar option, Eq. (2) can be employed as a semiempirical
representation of the LL interfacial tension. This Girifalco–
Good equation can be tuned with a single, system-specific
parameter φ to improve agreement with pertinent experimen-
tal data.

A final semiempirical approach for the LL interfacial ten-
sion is based on a modified version of the approach of

Bahramian (2024), who stated that xαβi ≥
√
xαi x

β
i . In this

case, we treat the composition of the interfacial layer as
the weighted average of the compositions of a monolayer of
phase α and β on either side of the 2-D dividing plane such
that

v
αβ
i =

(
vαi v

β
i

)η
. (15)

Here, vi is the effective volume fraction of i in phase α,
phase β, or the two (mono)layers of α and β immediately
adjacent to the interfacial dividing plane (the hypothetical in-
terfacial bilayer). η is defined as the value that satisfies the

criteria that
∑(

vαi v
β
i

)η
= 1 and η > 0 in order to satisfy the

criteria of Bahramian (2024). A reference energetic contribu-
tion value for this bilayer system can be estimated by

σαβ,◦ =
∑(

vαi v
β
i

)η
σ ◦i . (16)

Given σαβ,◦, the energetic contributions from either phase
at the liquid–liquid interface may be estimated by applying
Antonov’s rule separately to each monolayer adjacent to the
interface, such that

σα,? =

∣∣∣σα,vf
− σαβ,◦

∣∣∣ and σ β,? =

∣∣∣σ β,vf
− σαβ,◦

∣∣∣ . (17)

Note that the superscript vf refers to the volume-fraction-
weighted mean of pure-component values. The sum of these

https://doi.org/10.5194/acp-25-327-2025 Atmos. Chem. Phys., 25, 327–346, 2025



332 R. Schmedding and A. Zuend: Size-dependent mixing states of aerosols

Table 1. Summary of interfacial tension treatments used for the interfaces between phases α and β as well as between the surface phase and
the liquid bulk phase just beneath it.

Name Equation Reference

No IFE σαβ = 0 –

Antonov’s rule σαβ =

∣∣∣σα,vf
− σβ,vf

∣∣∣ Antonov (1907)

Girifalco–Good equation σαβ = σα,vf
+ σβ,vf

− 2φ
√

σα,vfσβ,vf Girifalco and Good (1957)

Weighted mean approach σαβ =

∣∣∣σα,vf
+ σβ,vf

− 2
∑
i

(
vfα
i

vfβ
i

)η
σ ◦
i

∣∣∣ This work

Geometric mean activity coefficients
∑
i

[√
x
β
i
xα
i

exp
(
Aαβ
i σ

αβ

RT

)]
= 1 Bahramian and Danesh (2005)

two energetic contributions (σα,?+σ β,?) yields the effective
interfacial tension at the liquid–liquid interface:

σαβ =

∣∣∣σα,vf
+ σ β,vf

− 2 σαβ,◦
∣∣∣ . (18)

It is important to note that an interface also exists between
the exterior surface phase (which we treat as a 3-D Guggen-
heim interfacial phase) and the interior bulk of a particle (see
Fig. 1 for details). This interface, henceforth referred to as the
bulk–surface interface, can be treated in much the same way
as the liquid–liquid interface between phases α and β using
any of the approaches outlined in Table 1. This “ls” interface
contributes an additional energetic term, which scales with
σ ls, to the overall Gibbs energy of the particle in addition
to the interfacial tension contribution that scales with σαβ .
While the energetic contribution from this boundary is likely
small, it cannot be neglected categorically, since differences
in composition between the surface phase and the adjacent
bulk phase may become significant, especially at higher RH
at which the particle is well-mixed or when phases α and β
are similar in composition. At intermediate and lower rela-
tive humidities in the presence of LLPS, the compositions
of phases α and β tend to be more distinct from each other.
Under those conditions, it is likely that the α–β LL inter-
face plays a larger role than the bulk–surface interface (see
Fig. 3). The area of the bulk–surface interface can be calcu-
lated as follows:

Als
= 4π

(
rp− δ

s)2. (19)

The value of σ ls can be calculated using the same approaches
as for σαβ . For consistency, we always apply the same
method to both interfaces for a given case. Refer to Table 1
for a summary of the various interfacial tension approaches
applied in this work.

An important feature of σ ls is that it cannot be fully dis-
entangled from σ s as expanding the surface of a solution
droplet will expand both the boundary at the gas–liquid in-
terface as well as the boundary between the bulk phase and
the surface phase. Therefore, the expression for the chemical
potential of the surface phase as described in Schmedding
and Zuend (2023) must be modified slightly when account-

Figure 1. Schematic of phase and interface configurations consid-
ered in this study. In a liquid–liquid phase-separated aerosol particle
with two liquid phases α and β, there exist two energetic penal-
ties (σαβ and σ ls) due to interfaces between the condensed phases.
There is also an energetic penalty at the gas–particle surface (σ s).
The interplay between these three energetic contributions has an
effect on the composition of particle phases and, via gas–particle
partitioning, as well as the aerosol system overall.

ing for this additional interface. An exception is the case of a
pure-component droplet, in which case σ ls

= 0.
The following equations define the component-specific

and interface-aware chemical potentials in the surface phase
and an adjacent liquid bulk phase (Aston and Herrington,
1991):

µs
i = µ

◦,s
i +RT ln(as

i )+ σ
◦

i A
s
i − σ

sAs
i , (20)

µb
i = µ

◦,b
i +RT ln(ab

i )− σ lsAls
i . (21)

Equation (21) describes the chemical potential of compo-
nents (i) in a liquid bulk phase when additionally accounting
for the contributions of i to the 2-D LL interfacial energy per
unit amount of substance of the ls interface. Equations (20)
and (21) may be combined under equilibrium conditions
(µb
i = µ

s
i ) while assuming (defining) that µ◦,si = µ

◦,b
i . This
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leads to a coupled expression for the surface tension at the
gas–liquid interface:

σ s?
i =

RT

As
i

ln

(
as
i

ab
i

)
+ σ ◦i + σ

lsA
ls
i

As
i

. (22)

Note that σ s is now defined as σ s
= σ s?

− σ ls; when σ ls is
negligible, σ s?

i = σ
s
i . An alternative mathematically equiva-

lent option is to fold the effect of a LL interface into adjusted
bulk-phase activities (a′,bi ), as described in Sect. 2.3.

2.3 Coupled vapor–liquid–liquid and bulk–surface
equilibrium calculation

Using the coupled vapor–liquid–liquid equilibrium model-
ing approach of Zuend et al. (2010) and Zuend and Seinfeld
(2012), for a given overall condensed-phase composition, a
bulk liquid–liquid equilibrium (LLE) calculation is first per-
formed while ignoring any adjustments due to bulk–surface
equilibrium (BSE). This provides an initial guess in the form
of a condensed-phase equilibrium state for a given particle
composition. Given the overall composition and particle size,
an initial guess for the surface composition of the entire par-
ticle and the associated BSE problem can be generated using
the initial guess algorithm of Schmedding and Zuend (2023).
Rather than fully depleting species out of phase β or α, it is
assumed that both phases contribute material proportionally
to the total amount of surface molecules, ns, such that

ns
j = q

α
j εjn

tot
j + (1− qαj )εjntot

j , (23)

where qαj is the fraction of neutral component j in phase α,
(1− qαj ) is the fraction of j in phase β, εj is the ratio of j
in the surface phase to the total amount of j in the particle
phase or ns

j/n
tot
j , and ntot

j is the total amount of species j
in the liquid phases plus the surface phase while excluding
any amount of species j in the gas phase. Similarly, for elec-
trolyte component el, the contributions from phases α and β
can be written as follows:

ns
el = q

α
elεeln

tot
el + (qαlim,el− q

α
el)εeln

tot
el , (24)

where qαlim,el is the maximum fraction of species el, which
may partition into phase α. Returning to the uncoupled or
“BSE-free” calculation, these initial guess values are used
for a second liquid–liquid equilibrium calculation for the in-
terior bulk of the particle. Once a value of σαβ is obtained,
the energetic impact of the interface can be represented as an
additional contribution to each component’s chemical poten-
tial. In practice, this is equivalent to expressing the interfacial
tension effect as an adjustment factor to the activities of com-
ponents of phase α in the following form:

a′
α
i = a

α
i exp

(
σαβAα

i

RT

)
. (25)

Likewise, in order to accurately capture the equilibrium
partial pressures, pi , of gas-phase species over the curved
droplet surface and thus the equilibrium number concentra-
tion of gas-phase molecules, nG

i , the activities of each com-
ponent in the particle must be scaled by the Kelvin effect as
follows:

Si = a
′,α
i exp

(
2σ sVi
RT rp

)
. (26)

Here, Si = pi/p
◦,sat
i is the equilibrium saturation ratio, and

rp is the overall particle or droplet radius. The droplet’s equi-
librium RH (equal to Sw) is calculated using a′w. In the case
where the gas–particle partitioning of organic species is al-
lowed, the gas-phase quantity of species i (per m3 of air),
nG
i , is given by

nG
i =

a′i exp
(

2 σ sVi
RT rp

)
p
◦,sat
i V GRT

, (27)

where V G denotes the unit gas-phase volume (1m3).
At this point, for a given overall droplet composition and

temperature and with initial guesses established for both the
liquid–liquid equilibrium phase compositions (if predicted
to be present) as well as the bulk–surface equilibrium and
associated surface tension and interfacial tensions, we can
proceed to solve the fully coupled interior phase partition-
ing problem of a single droplet of given size. In our present
proof-of-concept implementation, which is not optimized
for best computational performance, we approach this as a
nested interior problem to the overall gas–particle partition-
ing solution as qualitatively described in the following. We
run a modified version of the BSE algorithm of Schmed-
ding and Zuend (2023) to solve the Butler equation itera-
tively while updating the interfacial tensions and LLE state
and phase compositions. In practice, the modification is to
embed the LLE refinement method by Zuend and Seinfeld
(2013) to solve the LLE problem within each iteration of the
parent BSE algorithm while accounting for adjusted amounts
available for phases α and β (due to changes in bulk–surface
partitioning) and using interfacial-tension-adjusted activities
for the components in phases α and β. This means that during
each iteration within the LLE solver (and hence also within
the BSE solver), the interfacial tensions are updated with the
selected method (e.g., Antonov’s rule or Girifalco–Good),
and the normalized Gibbs energy of mixing of the droplet
is updated as well. This procedure allows for a numerical
solution of these coupled systems of equations within a sin-
gle particle, and in conjunction with the vapor–liquid equi-
librium solver (the outermost nesting level), the full equi-
libration of the gas phase with a population of (monodis-
perse) particles within a unit volume of air. It also allows
for an initially assumed LLPS state (for the corresponding
bulk system) to disappear if it becomes unfavorable due to
bulk–surface partitioning and interfacial tension impacts on
adjusted component activities.
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Figure 2. Predicted σ s values using an approach based on the But-
ler equation by Schmedding and Zuend (2023), a surface phase
volume-fraction-weighted mean of pure-component surface ten-
sions, and a surface phase mole-fraction-weighted mean of pure-
component surface tensions as a function of solute concentration
for binary systems of (a) water and glutaric acid and (b) water and
NaCl. The cross symbols show measurements based on the opti-
cal tweezer method by Bzdek et al. (2016) at 298K. Surface phase
compositions were calculated using the Butler equation with the as-
sumption that σ ls

= 0mJm−2. Bulk–surface partitioning calcula-
tions were performed, assuming a water-free particle diameter of
5000 nm.

In summary, a coupled system of nonlinear algebraic equa-
tions needs to be solved, the solution of which must fulfill the
necessary condition that the interface-corrected activities (a′i)
are equivalent across all phases at equilibrium. These cor-
rected activities can be employed along with the relative mo-
lar amounts in each phase to determine the change in Gibbs
energy due to mixing and interfaces per mole of particulate
matter (GPM) for a given particle radius, rp. The following

expanded equation is employed:

GPM
=

1
nPM

(∑
j

(
nαjRT lna′αj

)
+

∑
j

(
n
β
jRT lna′βj

)

+

∑
j

(
ns
jRT lna′sj

)
+

∑
j

(
nPM
j

2σ sVj
rp

))
(28)

where nPM
j represents the moles of j in the particulate matter

(any condensed phase), and nPM
=
∑
jn

PM
j . Note that this

equation only applies to a monodisperse aerosol population.

3 Results

3.1 Interfacial and surface tensions

Throughout this study, we presume that both σαβ and σ ls can
be determined using one of the introduced methods. Several
of those methods rely on the assumption that hypothetical
gas–liquid surface tensions of the phases involved can be es-
timated based on a weighted average of the pure-component
surface tensions, σ ◦i . A complete list of all σ ◦i for the com-
ponents of the systems examined in this work can be found
in Table S3. Also reported in Table S3 are the organic-to-
inorganic dry mass ratio (OIR) values for each system. In
order to explore the validity of this assumption, volume-
fraction-based and mole-fraction-based approaches for esti-
mating the surface tension are compared to experimental sur-
face tension data. Figure 2 shows the predicted surface ten-
sions using the aforementioned weighted average approaches
based on the composition of the surface and bulk phases
as determined by the bulk–surface partitioning treatment of
Schmedding and Zuend (2023) along with the more thermo-
dynamically rigorous treatment of surface tension from that
same work. It is shown that all three approaches can reason-
ably approximate the measured surface tensions of the finite-
volume droplets, with the volume-fraction-based approach
performing better than the mole-fraction-based approach for
the water and glutaric acid system. Both weighted average
approaches give similar results for the aqueous NaCl system.

To compare the relative magnitudes of the different ap-
proaches laid out in this work, a 1000 nm dry diameter water–
PEG-400–ammonium sulfate system was modeled with each
of the four approaches described in Sect. 2.1 and 2.2. The po-
tential crystallization (efflorescence) of ammonium sulfate at
lower RH was ignored in our model calculations, hence ren-
dering predictions for RH <∼ 35% rather hypothetical but
allowing us to perform and interpret calculations over a wide
range in electrolyte concentrations. Shown in Fig. 3 are the
values of σαβ , σ ls, σ s, and σ s? for each of the aforemen-
tioned approaches. Antonov’s rule (Eq. 1, panel A) leads to
the largest predicted values of σαβ and σ ls along with the
smallest σ s. The other three approaches have minimal effects
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Figure 3. Predicted values of σ s?, which represents the measurable effect of expanding a finite-depth surface phase as defined in Eq. (23);
σ s; σαβ ; and σ ls (see legend) for a particle of 1000 nm dry diameter composed of water–PEG-400–ammonium sulfate at T = 298K. σαβ

and σ ls were calculated using (a) Antonov’s rule (Eq. 1), (b) the Girifalco–Good equation (Eq. 2), (c) the Butler equation with geometric
mean activity coefficients (Eq. 14), and (d) the weighted mean interfacial composition approach (Eq. 18).

on σ s, except near the onset of phase separation. In these pan-
els of Fig. 3, when viewed from high to low RH, the onset of
LLPS is the reason for the visible and related kinks in the σ ls

and σ s curves, as well as the more obvious onset of nonzero
σαβ values. The weighted mean interfacial composition ap-
proach (Eq. 18) (panel D) exhibits unique behavior with a
local maximum of σαβ at ∼ 50% RH and a local minimum
at ∼ 10% RH. Such behavior may be caused by the compo-
sitions of phases α and β becoming more similar as water is
removed from the system and other organic species become
dominant as solvents.

Given the lack of interfacial tension data for atmospheri-
cally relevant aerosol systems, it is difficult to compare any of
the approaches laid out in this work to direct measurements
for validation. However, Song et al. (2013) reported interfa-
cial tension values near the onset of liquid–liquid phase sep-
aration for a bulk water–PEG-400–ammonium sulfate sys-
tem. Shown in Fig. 4a are these measurements in compar-
ison to Antonov’s rule (Eq. 1), the Girifalco–Good equa-
tion (Eq. 2), the Butler equation with geometric mean ac-
tivity coefficients (Eqs. 11 and 13), and the weighted mean
approach developed in this work (Eq. 18). For this system,
which only included measurements near the onset of phase
separation, Butler equation with geometric mean activity co-

efficients (Eq. 11) best matches the measured interfacial ten-
sion followed by the Girifalco–Good equation (Eq. 2), while
Antonov’s rule (Eq. 1) performs most poorly. It should be
noted that adjusting the value of φ in the Girifalco–Good
equation (Eq. 2) may lead to a better match with measured
data; however, use of such adjusted parameters requires refit-
ting of φ for each specific system and thus reduces the pre-
dictive power and application of the model. Figure 4b shows
the predicted interfacial tensions from a water–benzene–
sodium chloride system along with bulk solution measure-
ments as a function of sodium chloride concentration in the
salt-rich aqueous phase. In this case, none of the models de-
scribed in this work are capable of reasonably matching the
measurements, with Antonov’s rule (Eq. 1) performing the
best and the other approaches yielding substantially lower in-
terfacial tensions, including at zero NaCl content. Similarly,
Fig. 4c, shows measured and predicted interfacial tensions
for a water–dodecane–potassium chloride system as a func-
tion of the aqueous-phase electrolyte molality. In this case,
Antonov’s rule (Eq. 1) performs the best of the various ap-
proaches and is capable of closely matching the measured in-
terfacial tension at high electrolyte concentrations, while all
of the other approaches fail to capture the measured behavior.
Finally, measurements of an electrolyte free system of water–
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Figure 4. Predicted σαβ values (curves) compared to measurements (solid circles). The x-axis scales correspond to those used in the
experimental data references. Data and predictions for all systems are for T = 298K. (a) A water–PEG-400–ammonium sulfate system
with experimental data by Song et al. (2013), (b) a water–benzene–sodium chloride system (Harkins and Humphery, 1915), (c) a water–
dodecane–potassium chloride system (Aveyard and Saleem, 1976), and (d) a water–benzene–methanol system (Pliskin and Treybal, 1966;
Paul and De Chazal, 1967). The four distinct parameterizations for interfacial tension from Table 1 are shown (except for the no IFE case).
The pure-component surface tensions of organic components can be found in Table S3.

benzene–methanol is shown in Fig. 4d. At high methanol
mole fractions, the measured interfacial tensions are most
similar to those predicted by the weighted mean interfacial
composition approach (Eq. 18), while the Butler equation
with geometric mean activity coefficients (Eq. 11) approach
underpredicts the interfacial tension but performs the sec-
ond best. At low methanol content, Antonov’s rule (Eq. 1)
is again the best method for this nearly completely phase-
separated system (as in Fig. 4b). In order to better understand
the importance of σ ◦i in determining the value of σαβ and
σ ls, predictions corresponding to those shown in Fig. 4 were
performed with adjustments to σ ◦org and σ ◦el = σ

◦
w; those are

shown in Fig. S1 in the Supplement. Briefly, minor adjust-
ments to σ ◦i lead to better agreement between the Girifalco–
Good equation (Eq. 2) and measured data from the water–
PEG-400–ammonium sulfate system in panel A. In panels
B and C, there is better agreement between Antonov’s rule
(Eq. 1) and the water–benzene–sodium chloride system and

the water–dodecane–potassium chloride system with the ad-
justments to σ ◦i . However, in panel D, Antonov’s rule (Eq. 1)
performs more poorly for the interfacial tension in compar-
ison to measurements for the water–benzene–methanol, as-
suming the same values of benzene and methanol as those in
panels b and c of Fig. S1.

The Girifalco–Good equation (Eq. 2) contains a single
semiempirical fit parameter, φ, which grants it some de-
gree of flexibility at the expense of predictive power. Har-
ris and Byers (1989) reported that fitted values of φ lie be-
tween approximately 0.55 and 1.15 for many systems. Note
that, as previously in Sect. 1, it is assumed that φ = 1 when
an interface-free LLE calculation predicts a homogeneously
mixed particle. If this were not the case, then nonzero in-
terfacial tension values between two identical phases would
be possible. Thus, φ is allowed to deviate from its default
value of 1.0 when the interface-free LLE calculation predicts
phase separation. Shown in Fig. 5 are the values of the pre-
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Figure 5. The effect of varying φ (see legend) on σαβ of a water–
suberic acid–ammonium sulfate particle with a water-free diameter
of 1000 nm as predicted by the Girifalco–Good approach (Eq. 2).
φmin = 0.55 and φmax = 1.15 as reported by Harris and Byers
(1989).

dicted LL interfacial tensions when φ is varied over the range
of 0.55 to 1.15 for a water–suberic acid–ammonium sulfate
system. Values of φ greater than 1 can produce unrealisti-
cally small σαβ values (including negative interfacial ten-
sions), while φ < 1 increases σαβ values. Overall, the tested
range in values of φ from 0.55 to 1 results in a relatively wide
range of physically feasible outcomes for the shown system,
e.g., spanning about 70mJm−2 in σαβ at 80% RH. Hence,
optimizing this parameter for a specific system could be a
successful approach for achieving a close match to measure-
ments, especially if a composition dependence is also consid-
ered. However, such a tuning approach is inconsistent with a
typical goal in atmospheric aerosol modeling, namely, that
of developing generally predictive methods (here of interfa-
cial tension) applicable to a wide range of multicomponent
aerosol systems and independent of any experimental data
required for specific tuning purposes.

3.2 Size-dependent phase separation in core–shell
aerosols

Figure 6 shows the predicted and normalized mole fraction of
water in the ammonium sulfate-rich phase α (xαw/x

α,no IFE
w )

for water–PEG-400–ammonium sulfate particles using the
four treatments for interfacial tension laid out in this work.
(see Figs. S2 and S3 in the Supplement for the plots corre-
sponding to the normalized mole fractions of PEG-400 and
ammonium sulfate in phase α). In order to better understand
the role of interfacial energy in terms of its feedback on par-
ticle phase compositions, the shown mole fractions are nor-
malized by those predicted by the no IFE treatment for the
same conditions. Even at RH values above the onset of LLPS,
where only σ ls affects the composition of the single liquid
phase (α) present, there is a reduction in the concentration
of water relative to the no IFE case. That is, the values of
xαw/x

α,no IFE
w are consistently≤ 1.0, indicating a reduction in

the relative water content of phase α when σαβ and σ ls are
accounted for. This indicates that interfacial tension effects in
aerosols are not only important for shifting the onset in LLPS
or for cloud droplet activation, but also impact the equilib-
rium compositions of the various particle phases, unlike in
macroscopic bulk systems (for which the no IFE case is a
better proxy). At lower RH values, the difference in composi-
tion is more pronounced, as all four approaches lead to differ-
ences of an order of magnitude from the interfacial energy-
free treatment. With each approach, there was also a notice-
able dependence on particle dry diameter. For the 10 nm par-
ticles, these differences in composition are most substantial,
while the 1000 nm particle and the 100 nm particle behaved
more similarly to one another. In Fig. 6a, the 10 nm parti-
cle exhibits complete suppression of LLPS, across the entire
RH range. However, all other interfacial tension treatments
lead to LLPS in a certain RH range, as marked by the sudden
change (kinks) in xαw/x

α,no IFE
w with decreasing RH.

Figure 7 shows the equilibrium water vapor saturation ra-
tio (i.e., RH) corresponding to the onset of liquid–liquid
phase separation (also denoted as SRH) for (a) a water–
PEG-300–ammonium sulfate system; (b) a water–1,2,6-
hexanetriol–ammonium sulfate system, both corresponding
to systems examined by Ohno et al. (2023); (c) a 12-
component complex SOA surrogate mixture (CSOA) with
succinic acid mixed with water and ammonium sulfate; and
(d) a water–α-pinene-SOA–ammonium sulfate system. Sys-
tems (c) and (d) correspond to those studied experimentally
by Kucinski et al. (2019). The α-pinene SOA surrogate sys-
tem used here for the model predictions is based on the com-
ponents and relative compositions tabulated by Rastak et al.
(2017). Shown for each system are the impacts of the four
interfacial tension estimation approaches on the separation
RH of LLPS: σαβ = 0, Eq. (1), the Girifalco–Good equation
(Eq. 2), and Butler equation with geometric mean activity
coefficients (Eq. 11). For all systems, applying Eq. (1) led
to the most substantial reductions in the onset RH of LLPS,
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Figure 6. Normalized mole fraction of water in the aqueous phase α for water–PEG-400–ammonium sulfate particles with dry diameters
ranging from 10 to 1000 nm at T = 298K. (a) Antonov’s rule (Eq. 1), (b) the Girifalco–Good equation (Eq. 2), (c) the Butler equation with
geometric mean activity coefficient treatment (Eq. 11), and (d) the weighted mean interfacial composition approach (Eq. 18). Kinks in the
curves are indicative of the onset of LLPS.

with noticeable decreases in the separation RH occurring in
particles with wet diameters between approximately 100 and
250 nm. In the case where σαβ = 0, our model predicts an
increase in the separation RH for small particle sizes, caused
mostly by an increase in effective equilibrium RH at small
particle diameters due to the Kelvin effect. It should also be
noted that the consideration of nonzero σ ls encourages the
occurrence of LLPS and shifts the onset of LLPS in smaller
particles to higher RH values as compared to particles with
the same initial composition but a larger dry diameter. In-
deed, relative to said larger particles, there is a slight increase
in the separation RH values in the sub-100 nm (wet diam-
eter) size range for the water–PEG-300–ammonium sulfate
system, while a more noticeable decrease in separation RH
is predicted for particles with diameters < 20nm. In com-
parison to observations of size-dependent LLPS behavior,
Antonov’s rule (Eq. 1) is the only approach that is consis-
tently capable of suppressing phase separation to below 20%
RH for small wet diameters (likely reported as complete sup-

pression in measurements) for all of the systems shown. The
application of Antonov’s rule (Eq. 1) also leads to measur-
able decreases in the onset RH of LLPS even for relatively
large particle wet diameters (> 200nm), in agreement with
the experimental data reported by Ohno et al. (2023) and
Kucinski et al. (2019). Indeed, for the α-pinene SOA sys-
tem shown in Fig. 7d, only Antonov’s rule (Eq. 1) leads to
a notable size dependence in the LLPS onset RH. The cor-
responding values of σαβ at the onset of LLPS are shown
in Fig. S4, and the water-free OIRs are listed in Table S3.
For treatments which predict stronger size dependencies on
the separation RH, there is less agreement between σαβ at the
onset of LLPS for the weighted mean interfacial composition
approach (Eq. 18). This is due to the fact that the predicted
σαβ exhibits a local minimum at low RH values (see Fig. 3d).
The location of such a local minimum is a function of parti-
cle size; thus, smaller particles may undergo LLPS at RHs
below the RH which minimizes σαβ .
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Figure 7. Predicted equilibrium separation RH versus particle wet diameter for particles of the same dry composition but different choices
of interfacial tension treatment; see legend. Systems shown are the following: (a) water–PEG-300–ammonium sulfate, (b) water–1,2,6-
hexanetriol–ammonium sulfate, (c) water–CSOA-with-succinic acid–ammonium sulfate, and (d) water–α-pinene-SOA–ammonium sulfate.
(a, b) Dashed horizontal lines indicate measured equilibrium separation RH values by Ohno et al. (2023). (c, d) Vertical lines show the
observed largest homogeneous and the smallest phases-separated particles, respectively, as determined by Kucinski et al. (2019). All calcu-
lations were performed at 298 K.

Figure S4 shows the value of σαβ at the SRH for the sys-
tems shown in Fig. 7. For all systems, σαβ at the SRH is
lower for larger particles and begins to increase with decreas-
ing particle size. This is due to the fact that these particles
experience a decrease in the SRH and therefore the com-
positions of phases α and β become more distinct at the
SRH. However, it should be noted that for very small par-
ticles the value of σαβ at the SRH begins to decrease. Said
trend is most clear when Antonov’s rule (Eq. 1) is applied.
This decreasing trend suggests that the compositional dif-
ferences between liquid phases at very small sizes and low
RH become less distinct as the overall water content of the
particle is low. Such a trend may be responsible for the be-
havior shown in Fig. 7b and c, wherein the smallest parti-
cles do not neatly decrease in SRH with respect to particle
size; indeed, the competing effects among σαβ , σ ls, and σ s,?

lead to weaker decreases in SRH and in the case of panel C
and either the Girifalco–Good equation (Eq. 2) or the Butler
equation with geometric mean activity coefficient treatment
(Eq. 11), a plateauing effect with a local maximum and then a

continued decrease in SRH. However, this effect is small rel-
ative to the overall decrease in SRH with decreasing particle
size.

Figure S5 shows the same systems as in Fig. 7 but with the
assumption that σ ls

= 0. For the more extreme treatments of
σαβ , such as with Antonov’s rule (Eq. 1) or the weighted
mean interfacial composition approach (Eq. 18), the exclu-
sion of σ ls has a negligible impact on the size-dependent
SRH. However, if σ ls

= 0 and a less extreme treatment of
σαβ , such as the Girifalco–Good equation (Eq. 2) or the But-
ler equation with geometric mean activity coefficient treat-
ment (Eq. 11), are used, then there is a positive increase in
the SRH that is very similar to the no IFE case. It is also im-
portant to note that the local maximum behavior discussed in
Fig. 7 is still present and thus cannot be attributed to the pres-
ence or absence of σ ls. Employing either the Girifalco–Good
equation (Eq. 2) or the Butler equation with geometric mean
activity coefficient treatment (Eq. 11) yields quantitatively
similar LLPS behavior. This suggests that the Girifalco–
Good equation (Eq. 2) may serve as a good approximation
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of a more thermodynamically rigorous treatment for the LL
interface – at least for qualitatively similar systems to the
ones studied in this work.

For particles of less than 100 nm in (wet) diameter, the hy-
pothetical minimum LL interfacial tension necessary to fully
suppress LLPS, σαβsuppr, was calculated based on the differ-
ence between the predicted molar Gibbs energy of the phase-
separated solution and that of the homogeneous solution in
the no IFE case. These values are shown in Fig. 8 for the sys-
tems from Fig. 7. Both the water–PEG-300–ammonium sul-
fate and the water–1,2,6-hexanetriol–ammonium sulfate sys-
tems exhibited weaker size dependence for σαβsuppr than the
water–CSOA-with-succinic acid–ammonium sulfate system
or the water–α-pinene-SOA–ammonium sulfate system. At
low RH (< 30%), both of these SOA-proxy systems required
large (> 100mJm−2) σαβsuppr values to inhibit LLPS, even in
the ultrafine size regime. As expected, at RH levels near the
onset of phase separation, very small values of σαβ already
exceed σαβsuppr in the case of all systems. However, the sys-
tems shown in Fig. 8 do not include any feedback from the
inclusion of σ ls treatments. The different treatments for σ ls

lead to differences in the composition of the particle before
the onset of phase separation and, as such, may lead to mod-
ifications to the value of σαβsuppr for the systems shown. The
comparison and size effects shown in Fig. 8 mainly serve the
purpose of demonstrating that a size dependence exists, yet
complete suppression of LLPS in the RH range from 40% to
80% is energetically rather difficult (at least when assuming
that AIOMFAC reasonably represents the molecular interac-
tions).

4 Discussion and atmospheric implications

The approaches for predicting LL interfacial tension de-
scribed and tested in this work can produce a broad
range of values for the system under, otherwise, the
same conditions. For mixtures in which there is a higher
degree of mutual solubility among components prefer-
ring either phase α or β (e.g., the water–PEG-300–
ammonium sulfate, water–PEG-400–ammonium sulfate,
water–1,2,6-hexanetriol–ammonium sulfate, and the water–
benzene–methanol systems), the Girifalco–Good equation
and the Butler equation with geometric mean activity coef-
ficients (Eq. 14) agree well with previously reported experi-
mental data. In the case of systems with more complete phase
separation (such as the water–benzene–NaCl system and the
water–dodecane–KCl system), Antonov’s rule (Eq. 1) ap-
pears to be an appropriate method. It is important to note
that such systems exhibiting nearly complete phase separa-
tion are not necessarily representative of atmospherically rel-
evant systems that may be found in ambient mixtures of wa-
ter, SOA, and inorganic ions (Zuend et al., 2011).

The inclusion of interfacial energy corrections mapped
onto the chemical activities of components in affected par-

ticles can be important for the resulting equilibrium particle
phase compositions, even for larger particles, as shown in
Fig. 6. The effects are more pronounced for smaller parti-
cles; however, the magnitude of the change in composition
in comparison to the no IFE case is approximately the same
for the four approaches of interfacial energy prediction dis-
cussed in this work.

Despite better agreement with interfacial tension measure-
ments, the application of the Girifalco–Good (Eq. 2) equa-
tion and the Butler equation with geometric mean activity
coefficient treatment (Eq. 11) does not agree well with ob-
served separation relative humidities as a function of par-
ticle size. Indeed, Antonov’s rule (Eq. 1) is the only ap-
proach which consistently predicts size-limited phase sepa-
ration for the systems examined in this work. Importantly,
the application of Antonov’s rule (Eq. 1) to the systems ex-
amined in Ohno et al. (2023) leads to relatively good agree-
ment with the observed size-dependent reduction in separa-
tion RH for both the water–PEG-300–ammonium sulfate and
the water–1,2,6-hexanetriol–ammonium sulfate systems. We
note that the no IFE simulations lead to higher separation rel-
ative humidities for larger particles in both cases. However,
in the case of the water–PEG-300–ammonium sulfate sys-
tem, Ohno et al. (2023) discuss limiting the upper bound of
the explored RH range in their experiments to 83 % to avoid
issues with condensation in their setup.

For the complex SOA system with ammonium sulfate ana-
lyzed by Kucinski et al. (2019), the application of Antonov’s
rule (Eq. 1) leads to a predicted reduction in SRH; however,
only particles with diameters below 20 nm exhibited com-
plete suppression of phase separation. Likewise, the α-pinene
SOA surrogate system only exhibited complete suppression
of LLPS for particles with diameters below 15 nm. For this
system, the components were based on those generated by
the Master Chemical Mechanism for a specific ozonolysis
case study (Rastak et al., 2017); therefore, most of the used
σ ◦org values were not available from measurements, and we
assumed a value of 35 mJm−2 for those organic products. It
is possible that better constraints on these values may lead to
larger σαβ values, which are capable of further suppressing
LLPS at higher relative humidities. However, for this system
the interfacial tension required to suppress LLPS becomes
quite high as the RH decreases. It is therefore unlikely that
realistic interfacial tensions of typically less than 100mJm−2

will completely inhibit LLPS across the full RH range for all
but the smallest ultrafine particles.

The energetic contributions of the LL interface and the
bulk–surface interface have competing effects on a parti-
cle’s internal mixing state. If an energetic contribution from
the LL interface is included and the bulk–surface interface
is neglected, then particles may exhibit decreases in SRH.
However, if both contributions are included and we assume
that the same treatment is used for both interfaces (e.g., the
Girifalco–Good equation, Eq. 2), then particles with smaller
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Figure 8. Predicted hypothetical σαβ values necessary to completely suppress phase separation in the no IFE case (σαβsuppr) as a function
of RH for particles with dry diameters of 10, 25, 50, and 100 nm (see legend) at T = 298K. Systems as in Fig. 7: (a) water–PEG-300–
ammonium sulfate, (b) water–1,2,6-hexanetriol–ammonium sulfate, (c) water–CSOA-with-succinic acid–ammonium sulfate, and (d) water–
α-pinene-SOA–ammonium sulfate.

diameters phase separate at the same or higher relative hu-
midities than larger particles in all but the most extreme cases
of interfacial tension. This is likely due to the fact that in a
particle in which phase separation is suppressed (compared
to the macroscopic bulk case), the composition of the surface
will be more distinct from that of the interior bulk, leading to
a larger energetic contribution at the bulk–surface interface.
Given that the area of the bulk–surface interface must inher-
ently always be larger than the αβ LL interface, a compa-
rable bulk–surface LL interface value would lead to a larger
total energetic contribution per particle. Thus, in many cases
it becomes favorable even for an ultrafine particle to form a
LLPS and thereby substantially lower σ ls while introducing
a nonzero σαβ .

The inclusion of surface energy, liquid–liquid interface,
and bulk–surface interface may also lead to a more complete
picture regarding the structure of the surface phase. Thicker
3-D surface phases of larger corresponding δs values typi-
cally imply higher surface energy contributions. However,
surfaces with thicker δs values tend to be of compositions
that are more similar to the interior bulk of the particle. This
would reduce the energetic penalties from the bulk–surface

Figure 9. The δs value corresponding to the overall minimum in
Gibbs energy of a 250 nm dry diameter particle for each interfa-
cial tension treatment. The particle was composed of water, 1,2,6-
hexanetriol, and ammonium sulfate with a 2 : 1 organic-to-inorganic
dry mass ratio. δs values between 0.1–17.5 nm were tested.
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interface and inhibit phase separation by increasing deple-
tion of species out of the interior bulk of the particle to the
surface phase. Likewise, the opposite effects likely would oc-
cur in a particle with a surface that has a small δs value. The
particle would have a lower surface energy coupled with a
higher bulk–surface LL interfacial tension and reduced inhi-
bition of LLPS. To explore this trade-off quantitatively, we
have run a range of predictions during which δs was allowed
to vary from 0.1 to 17.5 nm in surface thickness, and we eval-
uated the resulting normalized Gibbs energy of the system.
Simulations were not conducted above δs > 17.5nm as this
would represent an extreme case wherein the volume of the
surface could become substantially greater than the volume
of phase β. Figure 9 shows the determined optimum values
of δs for a water–1,2,6-hexanetriol–ammonium sulfate par-
ticle with a water-free diameter of 250nm as a function of
RH. For this system, the optimum δs value (δs

best) is cal-
culated for the various interfacial tension options for σαβ

and σ ls compared throughout this work: the no IFE case,
Antonov’s rule (Eq. 1), the Girifalco–Good equation (Eq. 2),
the Butler equation with geometric mean activity coefficients
(Eq. 14), and the weighted mean interfacial composition ap-
proach (Eq. 18). As the relative humidity is decreased, the
thickness of δs

best increases near the onset of LLPS. Values
of δs

best remain high and then decrease in all cases. In the
case of the weighted mean interfacial composition approach
(Eq. 18), the decrease in δs

best is more gradual at lower RH.
The application of Antonov’s rule (Eq. 1) leads to unique
behavior among the different methods tested, due to its sup-
pression of LLPS when δs is large. This causes δs

best to re-
turn to large values at lower RHs, which forces the particle
to form a single bulk phase with a very thick surface phase.
Such behavior is due to the particle trying to minimize com-
positional differences across phases α and β and the surface
by increasing the material present in the surface phase. The
relative changes in δs

best with decreasing RH near the onset
of phase separation are similar in magnitude for the no IFE
case, the Girifalco–Good equation, the Butler equation with
geometric mean activity coefficient treatment (Eq. 11), and
the weighted mean interfacial composition approach. Such
behavior suggests that the inclusion of bulk–surface parti-
tioning is more important for determining the structure of
the surface phase than the inclusion of σ ls. At RH values fur-
ther below the onset of LLPS, δs

best becomes much smaller
again for the no IFE case, the Girifalco–Good equation, the
the Butler equation with geometric mean activity coefficient
treatment (Eq. 11), approaching the physical limit of a three-
dimensional surface phase (δs

best = 0.1nm) in agreement with
Schmedding and Zuend (2023). This is likely due to the
fact that the energetic contributions of σαβ are much larger
than those of σ ls and that lower values of δs correspond to
lower values of σ s?. The results reported by Schmedding
and Zuend (2023), which did not account for the energetic
penalty of the bulk–surface interface, found that thinner sur-
faces are more energetically favorable for well-mixed parti-

cles. The inclusion of this interfacial contribution suggests
that the most favorable surface thickness is dynamic; typi-
cally favoring a thin surface phase in dilute aqueous droplets.
Moreover, in some cases a thicker surface is preferred to a
thinner one, especially close to the onset of LLPS. This could
suggest a potential mechanism wherein LLPS may occur ini-
tially as a form of bulk–surface partitioning with a gradual
thickening of the surface phase before an additional distinct
bulk-phase forms. It is possible that such behavior may be
responsible for some of the observed size-limited phase sep-
aration behavior reported in previous studies, since, with lim-
ited depth resolution in an experiment, it is difficult to distin-
guish between a thick surface phase that is enriched in or-
ganic species and a thin, organic-rich phase β in particles in
which such a configuration for the surface may be favorable.

5 Conclusions

Atmospheric aerosol particles may exhibit liquid–liquid
phase separation (e.g., You et al., 2014; Huang et al., 2021).
Recent observations have noted that some aerosol systems
may exhibit size-dependent LLPS wherein smaller particles
undergo LLPS under more extreme conditions (e.g., sub-
stantially lower RH) than large particles. This study aims
to explore the interactions between phase separation, bulk–
surface partitioning, and LL interfaces in aerosol particles
through the extension of a previously developed bulk–surface
partitioning model which now includes the coupling with a
liquid–liquid phase separation model. Various treatments for
the energetic contribution of LL interfaces are explored. For
systems with greater miscibility among the solution compo-
nents, the Girifalco–Good equation and the Butler equation
more accurately reproduce measured interfacial tensions. For
systems exhibiting increased immiscibility among compo-
nents, Antonov’s rule performs better than the other ap-
proaches. The inclusion of LL interfacial tension terms and
bulk–surface partitioning leads to a predicted lowering of the
separation RH of LLPS in many systems. This reduction in
the separation RH was most pronounced for particles with
wet diameters below 50–70 nm. The weighted mean com-
position approach and Antonov’s rule led to the largest de-
creases in the predicted separation RH for all of the systems
examined in this work. For the smallest particle sizes studied
(10–50 nm in wet diameter), these two approaches led to sub-
stantial suppression of LLPS to below 40% RH (around the
efflorescence RH of ammonium sulfate) or complete inhibi-
tion of LLPS. An energetic contribution from the LL bound-
ary between the surface phase and its adjacent bulk phase
was considered in this work. This interfacial tension contri-
bution is shown to be at its maximum near the separation RH,
where the difference in composition between the surface and
bulk phases is greatest.

While numerous studies have examined LLPS in larger
particles and macroscopic bulk solutions, studies on LLPS in
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submicron-sized particles are scarce (Kucinski et al., 2019;
Ohno et al., 2023; Ott and Freedman, 2020, 2021). For small
particles, it can be difficult to experimentally distinguish be-
tween a surface phase of more than monolayer thickness
phase and a thin bulk phase in a core–shell configuration,
since the minimum required thickness to call a surface layer
a “regular” liquid phase rather than a multilayer surface is
a matter of perspective. The interplay of bulk–surface par-
titioning, interfacial tensions, and LLPS hint at the difficul-
ties in conducting measurements on nanoparticles. Measure-
ments of size-dependent particle properties in the submi-
cron range should be contactless. Contact with the particle
(surface) will change the surface-area-to-volume ratio, may
generate additional interfaces, induce bulk–surface partition-
ing feedbacks, and indirectly influence the targeted particle
properties. The applicability of measurements performed on
macroscopic systems for microscopic droplets needs to be
considered carefully. Most LL interfacial tension measure-
ments are made using bulk solution techniques; therefore,
caution is warranted when extrapolating these data to sub-
100 nm particles for which deviations from bulk solution
are pronounced. This study highlights the interest in addi-
tional measurements covering sub-100 nm particles to pro-
vide guidance for constraining model parameters. This work
represents a step towards more physically realistic represen-
tations of aerosol particles accounting for LL interfaces and
size-dependent LLPS behavior. While offering options for
interfacial tension treatment, this model remains predictive
and broadly applicable in its design. It will allow for a pre-
dictive treatment of particles in the ultrafine aerosol regime
and aids in connecting measurements taken on larger parti-
cles to their smaller counterparts.

The interfacial tension at the αβ interface and the surface
energies of phases α and β may be used to predict if a par-
ticle’s equilibrium morphology is core–shell or partially en-
gulfed. Because partially engulfed morphologies require ad-
ditional considerations, these morphological questions are a
direction for future studies.
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