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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, composition, 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 onset 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 interfacial tension effects
on bulk—surface partitioning within phase-separated and single-phase particles. We evaluate 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 climate mod-
els (Intergovernmental Panel on Climate, 2014). The condensed particle phase component of an aerosol, henceforth referred
to as aerosol particles or “aerosols” varies in composition regionally and over time (Jimenez et al., 2009). Organic com-
pounds contribute a substantial mass fraction to the total condensed material 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 secondary organic compounds are often referred to as secondary or-
ganic aerosols (SOA). For complete lists of abbreviations, symbols, and their meanings, please refer to Tables S1 and S2 in

the supplementary information. SOA mixed with inorganic species such as dissolved aqueous electrolytes form the majority
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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 quality 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 particles.
Two properties which have been the focus of numerous studies are the number of condensed phases present in an aerosol
particle and the morphology of the particle, whether said particle is of spherical or non-spherical shape, or consists of a com-
bination of smaller three-dimensional structures (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 com-
positions splitting into two distinct 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 observed 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 hygroscopicity and related equilibrium water content, the 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); Kleinheins et al.
(2023). Organic-rich phases may exhibit atmospherically relevant physical properties similar to that of an aqueous electrolyte-
containing phase or properties which are quite different than 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 reactive uptake of species such as
isoprene-derived epoxydiols, or NoOj5 (Gaston et al., 2014; Schmedding et al., 2020). Aerosol—cloud interactions can also be
affected by the presence of liquid-liquid phase separation in aerosol particles, especially so if LLPS persists to high relative
humidities (RH) (Ovadnevaite et al., 2017; Malek et al., 2023). The reduction in droplet surface tension typically caused by an
enrichment of organics at the gas—particle surface and the coupled simultaneous modification to the bulk phase composition
due to bulk—surface partitioning, have competing effects on the water vapor saturation ratio and minimum dry particle size
necessary for cloud droplet activation. This can ultimately 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. Homogeneously mixed parti-
cles assume a spherical shape under equilibrium 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 ) covering an inorganic-rich core (phase «). Other, more com-
plex structures are possible, such as a partially engulfed morphology, wherein the particle is no longer radially symmetric nor
perfectly spherical. In a partially engulfed particle, phase S does not spread completely over phase « and leaves a portion of
phase o 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
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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. Under 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 arrangements that favor placing the phases
with higher hypothetical gas—liquid surface tensions closer to the center of the particle, 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 condensed phase, the interface between two condensed phases, par-
ticularly 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 “inter-
face” refers to the boundary between two condensed (liquid) phases. There have been several attempts to quantify the relative
contribution of the liquid-liquid (LL) interface 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 100 nm,
for which the Kelvin effect 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 particle 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 tension and its interaction with phase separation and particle morpholo-
gies, predictive models of interfacial tension and associated phase composition changes are necessary. Different approaches
have been considered for the prediction of liquid-liquid interfacial tension; a brief overview is presented in the following, with
additional theory and methods discussed in Sect. 2.

The simplest approximation for the interfacial tension between two phases o and 3, 07, is by taking the absolute difference

of the hypothetical gas—liquid surface tensions of the two phases (c® and o) when each is considered in isolation,
JQB:|O'Q—O'ﬁ|. (1)

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

proposed by Girifalco and Good (1957):
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where ¢ is a system-dependent interaction/correction parameter. It has been shown that ¢ may be constrained by the following

inequality:

af %
¢ > (1—") . 3)

The value of ¢ can be defined in the case of binary systems with molecules 1 and 2 of approximately equal size and spherical

shape in a hexagonal arrangement as

¢=—"5—, “)

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 unequal sizes or shapes, the value of ¢ could be approximated by the following equation:
4, 1/3 % 1/3

ey N

where ¥ is the molar volume of 1 or 2 respectively (Girifalco and Good, 1957). Qualitatively, ¢ is described as being lower
in systems where the the primary molecular interactions are different, for example dispersion forces in phase 5 and hydrogen

bonding in phase « (Girifalco and Good, 1957).

Note that in the case of a single well-mixed phase, where o =, ¢ =1 . In the limiting case where ¢ = (1 — ‘%ﬁ) 5,

Eq. (2) reduces to Eq. (1). However, the utility of this equation 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
. . 1
O_QB — g® + O_B ) (Ua,(llsp . Uﬁ,dlsp) 2 , (6)

where 0@ 45P and ¢ 4I5P are the contributions from dispersion forces to the surface tensions of phases «v and 3, respectively
(Fowkes, 1962, 1963). Of course, such a model relies on accurate constraints on the dispersive and non-dispersive 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 substantially
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 surface and interfacial tensions that the formation of an additional phase is inhibited (Ohno
et al., 2023; Freedman, 2020). It should be noted that the effect of aerosol composition, particularly the presence of different
inorganic electrolytes, complicates size-dependent LLPS; for example, Ott and Freedman (2021) report that particles containing

sodium cations are phase-separated down to smaller sizes than similar particles which contain ammonium cations.
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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 tension. 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 interfacial 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 and
semi-empirical approaches and system-specific fits. The sum of the three energetic interfacial contributions lead to differences
in the total Gibbs energy 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 reductions in the onset RH of LLPS or even the complete suppression of LLPS.To our knowledge, no predictive model
exists that accounts for the coupled feedbacks of aerosol particle size and three-dimensional morphology on the conditions
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 quantifying the 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= Yt + Y AL o
¢ 7 ¢

Here, u? and nf are the chemical potential and molar amount of species j in phase ¢. o* is the surface or interfacial tension
at phase boundary ¢ and A* is the area of phase boundary ¢. T represents the energetic contribution of a 3-phase boundary line,
sometimes referred to as the line tension, and [ is the length of the 3-phase boundary line. Note that a 3-phase boundary line
will only exist in a particle with a partially engulfed morphology or when particles are deposited 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 7/ term
is 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 6°. 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 concentration 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 region from the bulk liquid phase beneath
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it and the gas phase above it (Guggenheim, 1940). Such a definition allows for more flexibility in defining the location of
the interface, its extent and composition, as well as accounting for the feedback of bulk—surface partitioning on the bulk
composition in small droplets. Their approach employed the Aerosol Inorganic—Organic Mixtures Functional groups Activity
Coefficients (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:

ai:af—l—gln(ﬁ). (8)

(2

Here, o; is the surface tension of the droplet as predicted by the right-hand-side expression based on component %, o7 is the
surface tension of 7 in the pure-component case at the same pressure and temperature, R is the universal gas constant, 7" is the
temperature, .7 is the partial molar area of ¢, which depends on the surface phase geometry.

a is the mole-fraction-based activity of 7 in the surface phase and a? is the mole fraction-based (or molality-based, in the
case of inorganic electrolytes) activity of 4 in the liquid bulk phase. a? 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, v;, at a given temperature
on the associated composition scale. For a surface phase represented by a concentric shell on a spherical droplet core, 7 is
defined as:

wm (M)
an? T,Pn3,0 2(557“p — 03

where A is the outer surface phase area, n] and denote the molar amount and molar volume of 4, respectively, in the finite-depth
surface phase. r,, is the particle radius, i.e. the outer radius of the surface phase and ¢* is the radial thickness of the surface. For
a derivation of Eq. (9), see Schmedding and Zuend (2023).

Under equilibrium conditions the surface tensions computed via Eq. (8) for all £k components in solution must be equal, such

that
01 =09 —=...=0L. (9)

While the structure of a gas—liquid interface may be best represented by a thin, yet finite-depth surface phase to account for
bulk—surface partitioning, the structure of a LL interface may be more easily represented by a two-dimensional (2-D) dividing
surface. The latter is the case since the absolute material and density gradients across LL interfaces are much smaller than across
a gas-liquid surface. Therefore, unlike the approach to bulk—surface partitioning described in Schmedding and Zuend (2023),
there is no depletion from phase « nor phase /3 to the LL interface between them as the tightly coupled partitioning between
phases « and 3 accounts for the depletion of either phase with respect to the LL interface. 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 simplifying the approach used to determine the interfacial tension

as the interplay between partitioning and non-ideal mixing may be greatly simplified in the liquid-liquid interface.
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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 (7)) are inherently different from those found at the gas—liquid surface. At a gas—
liquid boundary, o is assumed to be surface tension of a droplet of pure component ¢. Analogously, for LL interfaces, o7 is
assumed to be the interfacial tension that exists between two molecular layers of pure component <. Because the compositions
of the two layers of ¢ are identical in the LL reference state case — a hypothetical interface — any molecule present at this

reference LL interface would not experience an additional energetic penalty. Therefore, in the case of a LL interface,
o8P0 =gt = =gt =, (10)

Consequently, in the case of a LL interface, Eq. (8) simplifies to (Bahramian and Danesh, 2005, 2004):

o RT as?

K2

Note that for a 2-D LL interface %aﬁ = 27> /r®. Analogous to Eq. (9), the interfacial tension values determined via Eq. (11)

for individual components must match at equilibrium, i.e.,
0?62036:...=J?ﬁ. (12)

An approach developed by Bahramian and Danesh (2004) utilized lattice theory and suggested that the activity coefficients
present in a LL interface (y*?) can be approximated by the geometric mean of the activity coefficients in the liquid phases o

and [ on either side of the interface:

7=yl (13)

However, they note that the choice of % 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 systems with good agreement to experimental data. Therefore, in this study, the
geometric mean approach for activity coefficients 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 x§*y* = a:f 7? and ) m?ﬁ =1,Eq.(11)
can be rearranged to the following form (Bahramian and Danesh, 2004, 2005):

af _a
Z\/x?x? exp (ﬁiR; ﬁ) =1. (14)
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This leads to a single unknown variable, o®#, 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 solved for numerically in a direct manner, rather than relying 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 interfacial tension (Wang
and Anderko, 2013). However, many of these treatments rely on semi-empirical relationships fitted to experimental data, thus
reducing their predictive power and flexibility. As such, in this approach we assume that electrolyte components (here as neutral

cation—anion combinations) 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 following 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 interface is a
2-D dividing surface with an energetic contribution of 0 (labeled as “no IFE” approach).

A more thorough treatment includes assuming a 2-D LL interface with the interfacial tension value estimated by the dif-
ference 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 determining whether a particle is of core—shell or partially engulfed morphology
impossible. This is because of a known inconsistency 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 semi-empirical representation of the LL interfacial tension. This Girifalco-Good equation can be tuned with a
single, system-specific parameter ¢ to improve agreement with pertinent experimental data.

A final semi-empirical approach for the LL interfacial tension is based on a modified version of the approach of Bahramian
(2024), who stated that :c?"g > m?xf . In this case, we treat the composition of the interfacial layer as the weighted average

of the compositions of a monolayer of phase « and § on either side of the 2-D dividing plane such that
n
vio‘ﬁ = (vf‘vlﬁ) . (15)

Here, v; is the effective volume fraction of ¢ in phase «, phase 3, or the two (mono)layers of o and § immediately adjacent

to the interfacial dividing plane (the hypothetical interfacial bilayer). n is defined as the value that satisfies the criteria that
n

> (vf‘vf ) =1 and n > 0 in order to satisfy the criteria of (Bahramian, 2024). A reference energetic contribution value for

this bilayer system can be estimated by

oPe — Z (vf‘vf)naf. (16)
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Given 0®#:°, 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
o* = |govt Uo‘ﬁ’oy and P = ’Uﬁ’Vf —goBel, a7

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

energetic contributions (o®* 4 ¢*) yields the effective interfacial tension at the liquid-liquid interface:
oof = Uo"Vf+UB7Vf—20aﬂ’°|. (18)

It is important to note that an interface also exists between the exterior surface phase (which we treat as a 3-D Guggenheim
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 « and 3 using any of
the approaches outlined in Table 1. This “Is” interface contributes an additional energetic term, which scales with o', to the
overall Gibbs energy of the particle in addition to the interfacial tension contribution that scales with ®? . 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 phases « and (3 similar in composition. At intermediate and lower relative humidities in the presence of LLPS, the
compositions of phases « and 3 tend to be more distinct from each other. Under those conditions it is likely that the a—3 LL
interface plays a larger role than the bulk—surface interface (see Fig. 3). The area of the bulk—surface interface can be calculated

as follows:
A =47 (r, — 6°)°. (19)

The value of ¢'® can be calculated using the same approaches as for 0. 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 ¢'* is that it cannot be fully disentangled from o® as expanding the surface of a solution droplet will
expand both the boundary at the gas—liquid interface 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 accounting for this additional interface. An exception is the case of a pure-component droplet, in

which case o' = 0.
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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):

b = 7 RTIn(a2) + 0577 — 0° e
2 =+ BT (ab) — o 7 e

Equation (21) describes the chemical potential of components (%) in a liquid bulk phase when additionally accounting for the
contributions of ¢ to the 2-D LL interfacial energy per unit amount of substance of the Is interface. Equations (20) and (21)
may be combined under equilibrium conditions (2 = 1) while assuming (defining) that it = pf’b. This leads to a coupled

expression for the surface tension at the gas—liquid interface:

RT s o
o7 = ln <Zb> +of+ot 22)

K2

Note that o° is now defined as 0° = 0°* — ¢'*; when o' is negligible, o5* = 0%. An alternative, mathematically equivalent

option is to fold the effect of an LL interface into adjusted bulk phase activities (a;’b), as described in Section 2.3.
2.3 Coupled Vapor-liquid-liquid and bulk—surface equilibrium calculation

Using the coupled vapor-liquid-liquid equilibrium modeling approach of Zuend et al. (2010); Zuend and Seinfeld (2012),
for a given overall condensed-phase composition, a bulk liquid—liquid equilibrium (LLE) calculation is first performed while
ignoring any adjustments due to bulk—surface equilibrium (BSE). This provides an initial guess in 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 particle 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 3 or «, it is assumed that both phases
contribute material proportionally to the total amount of surface molecules, n®, such that

nS = qfent 4 (1—qf e ni, (23)

where ¢j' is the fraction of neutral component j in phase a, (1- q;X) is the fraction of j in phase §, ¢; is the ratio of j in the

surface phase to the total amount of j in the particle phase or nj / n§-°t, and n;-"t 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 electrolyte component

el, the contributions from phases « and 3 can be written as follows:
tot tot
nZl = qglEElne? + (ql?m,el - qgl)EElne? ) (24)

where ¢fj,,, ., is the maximum fraction of species e/, which may partition into phase «. Returning to the uncoupled or “BSE-

free” calculation, these initial guess values are used for a second liquid-liquid equilibrium calculation for the interior bulk

10
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of the particle. Once a value of 07 is obtained, the energetic impact of the interface can be represented as an additional
contribution to each component’s chemical potential. In practice, this is equivalent to expressing the interfacial tension effect

as an adjustment factor to the activities of components of phase « in the following form:

af 7o
o’ o, ) (25)

/o [e%
ai = a; exp (m

Likewise, in order to accurately capture the equilibrium partial pressures, p;, of gas-phase species over the curved droplet
surface and thus the equilibrium number concentration of gas phase molecules, n{’, the activities of each component in the
particle must be scaled by the Kelvin effect as follows:

_ |« QUS%
Si =a;" exp (RT?“I,)' (26)

o,sat

Here, S; = p;/p;

;. 1s the equilibrium saturation ratio and ry, is the overall particle or droplet radius. The droplet’s equilibrium

RH (= S,,) is calculated using a/,. In the case where gas—particle partitioning of organic species is allowed, the gas-phase

quantity of species i per m? of air, n is given by:

i)
p; " VGRT
where V& denotes the unit gas-phase volume (1 m?).

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 partitioning 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 partitioning solution as qualitatively described in the
following. We run a modified version of the BSE algorithm of Schmedding and Zuend (2023) to solve the Butler equation
iteratively 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 « and S (due to changes in bulk—surface
partitioning) and using interfacial-tension-adjusted activities for the components in phases « and 3. 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 single particle, and in
conjunction with the vapor-liquid equilibrium solver (the outermost nesting level), the full equilibration of the gas phase with

a population of (monodisperse) particles within a unit volume of air. It also allows for an initially assumed LLPS state (for

11
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the corresponding bulk system) to disappear if it becomes unfavorable due to bulk—surface partitioning and interfacial tension
impacts on adjusted component activities.

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

is employed:

gPMo L n®RTIna"?™) + n?RTInd?” )+ (n*RTInd"*) + M2 (28)
nPM J J J J J J J
j J J J

r
j p
P

where n; M represents the moles of j in the particulate matter (any condensed phase) and n*M =" j n?M. 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 0®# and ¢'® 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 estimated
based on a weighted average of the pure-component surface tensions, o;. A complete list of all o7 for the components 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) for each system. In order to explore the validity of this assumption, volume-fraction-based and mole-fraction-based
approaches for estimating the surface tension are compared to experimental surface tension data. Figure 2 shows the predicted
surface tensions 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 ther-
modynamically rigorous treatment of surface tension from that same work. It is shown that all three approaches can reasonably
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 approaches 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 Sections 2.1 and 2.2. The potential
crystallization (efflorescence) of ammonium sulfate at lower RH was ignored in our model calculations, hence rendering
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 0®?, ¢!, ¢®, and o** for each of the aforementioned approaches.

Antonov’s rule (Eq. 1, panel A) leads to the largest predicted values of o®# and o' along with the smallest o°. The other three
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approaches have minimal effects on 0%, except near the onset of phase separation. In these panels 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 o' and o® curves, as well as the more
obvious onset of nonzero 0®? values. The weighted mean interfacial composition approach (Eq. 18) (panel D) exhibits unique
behavior with a local maximum of 0®? at ~ 50% RH and a local minimum at ~ 10% RH. Such behavior may be caused by
the compositions of phases o and S 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 atmospherically 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 interfacial
tension values near the onset of liquid-liquid phase separation for a bulk water—PEG-400—ammonium sulfate system. Shown
in Fig. 4A are these measurements in comparison to Antonov’s rule (Eq. 1), the Girifalco-Good equation (Eq. 2), the Butler
equation with geometric mean activity coefficients (Egs. 11 and Eq. 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 coefficients (Eq. 11) best matches the measured interfacial tension 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 ¢ in the
Girifalco-Good equation (Eq. 2) may lead to a better match with measured data; however, use of such adjusted parameters
requires refitting of ¢ for each specific system and thus reduces the predictive power and application of the model. Figure 4B
shows the predicted interfacial tensions from a water—-benzene—sodium-chloride system along with bulk solution measurements
as a function of sodium chloride concentration in the salt-rich aqueous phase. In this case, none of the models described 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 interfacial tensions, including at zero NaCl content. Similarly, Fig. 4C, shows
measured and predicted interfacial tensions for a water—dodecane—potassium-chloride system as a function of the aqueous
phase electrolyte molality. In this case, Antonov’s rule (Eq. 1) performs the best of the various approaches and is capable of
closely matching the measured interfacial tension at high electrolyte concentrations, while all of the other approaches fail to
capture the measured behaviour. Finally, measurements of an electrolyte free system of water—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 second 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 o¢ in determining the value of ? and ¢'*, predictions corresponding to those shown in Fig. 4 were performed

o

with adjustments to og,.,

and og) = oy,; those are shown in Fig. S1. Briefly, minor adjustments to oy lead to better agreement
between the Girifalco-Good equation (Eq. 2) and measured data fro 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 adjustments to o;. However, in panel D, Antonov’s rule (Eq. 1)
performs more poorly for the interfacial tension in comparison to measurements for the water—benzene—methanol, assuming

the same values of benzene and methanol as those in panels B and C of Fig. S1.
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The Girifalco-Good equation (Eq. 2) contains a single semi-empirical fit parameter, ¢, which grants it some degree of flex-
ibility at the expense of predictive power. Harris and Byers (1989) reported that fitted values of ¢ lie between approximately
0.55 and 1.15 for many systems. Note that, as previously in section 1, it is assumed that ¢ = 1 when an interface-free LLE
calculation predicts a homogeneously mixed particle. If this were not the case then non-zero interfacial tension values between
two identical phases would be possible. Thus ¢ is allowed to deviate from it’s default value of 1.0 when the interface-free
LLE calculation predicts phase separation. Shown in Fig. 5 are the values of the predicted LL interfacial tensions when ¢
is varied over the range of 0.55 to 1.15 for a water—suberic acid—ammonium-sulfate system. Values of ¢ greater than 1 can
produce unrealistically small o values (including negative interfacial tensions), while ¢ < 1 increases c®” values. Overall,
the tested range in values of ¢ from 0.55 to 1 results in a relatively wide range of physically feasible outcomes for the shown
system, e.g. spanning about 70 mJ m~2 in ®# at 80 % RH. Hence, optimizing this parameter for a specific system could be a
successful approach for achieving a close match to measurements, especially if a composition dependence is also considered.
However, such a tuning approach is inconsistent with a typical goal in atmospheric aerosols modeling, namely that of devel-
oping generally predictive methods (here of interfacial 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 o (2 /2% IFE) for
water—PEG-400—ammonium sulfate particles using the four treatments for interfacial tension laid out in this work. (see figures
S2 and S3 in the SI for the plots corresponding to the normalized mole fractions of PEG-400 and ammonium sulfate in phase
«). In order to better understand the role of interfacial energy in terms of its feedback on particle phase compositions, the
shown mole fractions are normalized by those predicted by the no IFE treatment for the same conditions. Even at RH values

above the onset of LLPS, where only ¢ affects the composition of the single liquid phase (c) present, there is a reduction in

a,no IFE

the concentration of water relative to the no IFE case. That is, the values of & /2%

are consistently < 1.0, indicating a
reduction in the relative water content of phase o when 0®? and ¢'® are accounted for. This indicates that interfacial tension
effects in aerosols are not only of importance for shifting the onset in LLPS or for cloud droplet activation, but that they also
impact the equilibrium 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 composition is more pronounced, as all four approaches lead to
differences of an order of magnitude from the interfacial energy-free treatment. With each approach there was also a noticeable
dependence on particle dry diameter. For the 10 nm particles, 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 particle exhibits

complete suppression of LLPS, across the entire RH range. However, all other interfacial tension treatments lead to LLPS in a

a,no IFE

certain RH range, as marked by the sudden change (kinks) in < /22

with decreasing RH.
Figure 7 shows the equilibrium water vapor saturation ratio (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 and (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
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SOA surrogate mixture (CSOA) with succinic acid mixed with water and ammonium sulfate and (D) a water—«a-pinene-SOA—
ammonium sulfate system. (C) and (D) correspond to systems studied experimentally by Kucinski et al. (2019). The a-pinene
SOA surrogate system used here for the model predictions is based on the components 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: 0*? = 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,
with noticeable decreases in the separation RH occurring in particles with wet diameters between approximately 100 nm and
250 nm. In the case where 0®? = 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 o' 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. Indeed, relative to
said larger particles, there is a slight increase in the separation RH values in the sub-100 nm (wet diameter) size range for
the water—-PEG-300—-ammonium sulfate system, while a more noticeable decrease in separation RH is predicted for particles
with diameters < 20 nm. In comparison to observations of size-dependent LLPS behavior, Antonov’s rule (Eq. 1) is the only
approach that is consistently capable of suppressing phase separation to below 20 % RH for small wet diameters (likely reported
as complete suppression in measurements) for all of the systems shown. The application of Antonov’s rule (Eq. 1) also leads to
measurable decreases in the onset RH of LLPS even for relatively large particle wet diameters (> 200 nm), in agreement with
the experimental data reported by Ohno et al. (2023) and Kucinski et al. (2019). Indeed, for the a-pinene SOA system shown
in Fig. 7D, only Antonov’s rule (Eq. 1) leads to a notable size dependence in the LLPS onset RH. The corresponding values
of 0®# 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 o®? at the onset of LLPS for the weighted
mean interfacial composition approach (Eq. 18). This is due to the fact that the predicted 0 exhibits a local minimum at low
RH values (see fig. 3D). The location of such a local minimum is a function of particle size and thus smaller particles may
undergo LLPS at RHs below the RH which minimizes 0.

Figure S4 shows the value of ¢®? at the SRH for the systems shown in Fig. 7. For all systems, c®? at the SRH is lower
for larger particles and begins to increase with decreasing particle size. This is due to the fact that these particles experience a
decrease in the SRH and therefore the compositions of phases « and 5 become more distinct at the SRH. However, it should
be noted that for very small particles the value of c®” 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 differences 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 behavior shown in Fig. 7B and C, wherein the smallest particles do not neatly decrease in SRH with respect to particle
size; indeed, the competing effects among o8 !5 and o%* lead to weaker decreases in SRH and in the case of panel C and
either the Girifalco-Good equation (Eq. ??) orthe Butler equation with geometric mean activity coefficients treatment (Eq. 11)
, a plateauing effect with a local maximum and then a continued decrease in SRH. However, this effect is small relative to the

overall decrease in SRH with decreasing particle size.
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Figure S5 shows the same systems as in Fig. 7, but with the assumption that ¢'* = 0. For the more extreme treatments of
o8, such as with Antonov’s rule (Eq. 1) or the weighted mean interfacial composition approach (Eq. 18), the exclusion of
o' has a negligible impact on the size-dependent SRH. However, if ¢'* = 0 and a less extreme treatment of o*?, such as
the Girifalco-Good equation (Eq. 2) or the Butler equation with geometric mean activity coefficients treatment (Eq. 11) is
used, then there is a positive increase in the SRH that is very similar to the No IFE case. It is also important to note that
the local maximum behavior discussed in Figure 7 is still present and thus cannot be attributed to the presence or absence of
o'*. Employing either the Girifalco-Good equation (Eq. 2) or the Butler equation with geometric mean activity coefficients
treatment (Eq. 11) yield quantitatively similar LLPS behavior. This suggests that the Girifalco-Good equation (Eq. 2) may
serve as a good approximation 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 hypothetical minimum LL interfacial tension necessary to fully
suppress LLPS, agu@pr, was calculated based on the difference 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 systems from Fig. 7.
Both the water—PEG-300—ammonium-sulfate and the water—1,2,6-hexanetriol-ammonium-sulfate systems exhibited weaker
size dependence for aso‘uﬂppr than the water—CSOA-with-succinic-acid—ammonium-sulfate system, and the water—a-pinene-
SOA—ammonium-sulfate system. At low RH (< 30%), both of these SOA-proxy systems required large (> 100 mJm~2)
o;"u%pr 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 0®” already exceed oguﬁ,p, in case of all systems. However, the systems shown in Fig. 8 do not include
any feedback from the inclusion of ¢'® treatments. The different treatments for o' lead to differences in the composition of
the particle before the onset of phase separation and as such, may lead to modifications to the value of Jgﬁ)pr 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 that 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 interactions).

4 Discussion and atmospheric implications

The approaches for predicting LL interfacial tension described and tested in this work can produce a broad range of values for
the a system under otherwise the same conditions. For mixtures in which there is a higher degree of mutual solubility among
components preferring either phase a or 3, 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 coefficients (Eq. 14) agree well with previously reported experimental 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) appears to be an appropriate method. It is important to note that such systems exhibiting nearly
complete phase separation are not necessarily representative of atmospherically relevant systems that may be found in ambient

mixtures of water, SOA and inorganic ions (Zuend et al., 2011).
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The inclusion of interfacial energy corrections mapped onto the chemical activities of components in affected particles can
be important for the resulting equilibrium particle phase compositions, even of larger particles, as shown in Fig. 6. The effects
are more pronounced for smaller particles; 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 discussed in this work.

Despite better agreement with interfacial tension measurements, the application of the Girifalco-Good (Eq. 2) equation and
the Butler equation with geometric mean activity coefficients treatment (Eq. 11) do not agree well with observed separation
relative humidities as a function of particle size. Indeed, Antonov’s rule (Eq. 1) is the only approach which consistently predicts
size-limited phase separation for the systems examined in this work. Importantly, the application of Antonov’s rule (Eq. 1) to
the systems examined in Ohno et al. (2023) leads to relatively good agreement with the observed size-dependent reduction in
separation 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 relative humidities for larger particles in both cases. However, in
the case of the water—-PEG-300—ammonium-sulfate system, 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 analyzed 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 complete
suppression of phase separation. Likewise, the a-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

]

org Values were

Chemical Mechanism for a specific ozonolysis case study (Rastak et al., 2017); therefore, most of the used o,
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 0 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 100 mJ m~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 particle’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 assuming that the same treatment
is used for both interfaces (e.g., the Girifalco-Good equation (Eq. 2)) then particles with smaller diameters phase-separate
at the same or higher relative humidities 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 inherently always be larger than the o5 LL
interface, a comparable 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 o** while

introducing a nonzero o®%.
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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 6° values typically imply
higher surface energy contributions. However, surfaces with thicker §° 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 interface and inhibit phase
separation by increasing depletion of species out of the interior bulk of the particle to the surface phase. Likewise, the opposite
effects likely would occur in a particle with a surface that has a small §° value. The particle would have a lower surface
energy coupled with a higher bulk—surface LL interfacial tension and reduced inhibition of LLPS. To explore this trade-off
quantitatively, we have run a range of predictions during which ¢® was allowed to vary from 0.1 to 17.5 nm in surface thickness
and evaluated the resulting normalized Gibbs energy of the system. Simulations were not conducted above 6° > 17.5 nm as
this would represent an extreme case wherein the volume of the surface could become substantially greater than the volume
of phase 3. Figure 9 shows the determined optimum values of ¢° for a water—1,2,6-Hexanetriol-ammonium sulfate particle
with a water-free diameter of 250 nm as function of RH. For this system, the optimum ¢° value (0 .,) is calculated for the
various interfacial tension options for o*? and o' 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 approach (Eq. 18). As the relative humidity is decreased, the thickness of J} ., increases near
the onset of LLPS. Values of 4} .., remain high and then decrease in all cases. In the case of the weighted mean interfacial
composition approach (Eq. 18), the decrease in ¢} ., 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 it’s suppression of LLPS when §° is large. This causes
0}ost to return to large values at lower RHs which forces the particle to form a single bulk phase with a very thick surface
phase. Such behaviour is due to the particle trying to minimize compositional differences across phases «, (3, and the surface
by increasing the material present in the surface phase. The relative changes d3 ., 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 coefficients treatment (Eq. 11), and the weighted mean interfacial composition approach. Such behavior suggests
that the inclusion of bulk—surface partitioning is more important for determining the structure of the surface phase than the
inclusion of o'*. At RH values further below the onset of LLPS 6§ ., becomes much smaller again for the no IFE case, the
Girifalco-Good equation, the the Butler equation with geometric mean activity coefficients treatment (Eq. 11), approaching
the physical limit of a three-dimensional surface phase (63, = 0.1 nm) in agreement with Schmedding and Zuend (2023).
This is likely due to the fact that the energetic contributions of ¢®” are much larger than those of ¢! and that lower values
of §° correspond to lower values of ¢°*. The results reported by Schmedding and Zuend (2023), which did not account for
the energetic penalty of the bulk—surface interface, found that thinner surfaces are more energetically favorable for well-mixed
particles. The inclusion of this interfacial contribution suggests that the most favorable surface thickness is dynamic; typically
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 initially 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 separation behavior reported in
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previous studies since, with limited depth resolution in an experiment, it is difficult to distinguish between a thick surface phase
that is enriched in organic species and a thin, organic-rich phase /3 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. substantially 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 components, the Girifalco-Good equation and the Butler equation more accurately reproduce measured interfacial
tensions. For systems exhibiting increased immiscibility among components, Antonov’s rule performs better than the other
approaches. 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 composition approach and Antonov’s rule led to the largest decreases 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 lead to substantial suppression of LLPS to below 40 % RH (~ efflorescence RH of ammonium
sulfate) or complete inhibition of LLPS. An energetic contribution from the LL boundary between the surface phase and its
adjacent bulk phase was considered in this work. This interfacial tension contribution 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
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 between 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 partitioning, interfacial
tensions, and LLPS hint at the difficulties in conducting measurements on nanoparticles. Measurements of size-dependent par-
ticle properties in the submicron range should be contactless. Contact with the particle (surface) will change the surface area
to volume ratio, may generate additional interfaces, induce bulk—surface partitioning 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 measurements are made using bulk solution techniques; there-
fore, 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 additional measurements covering sub-100 nm particles to provide guidance

for constraining model parameters. This work represents a step towards more physically realistic representations of aerosol
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580 particles accounting for LL interfaces and size-dependent LLPS behavior. While offering options for interfacial tension treat-
ment, this model remains predictive and broadly applicable in its design. It will allow for a predictive treatment of particles in
the ultrafine aerosol regime and aids in connecting measurements taken on larger particles to their smaller counterparts.

The interfacial tension at the o interface, and the surface energies of phases o and 5 may be used to predict if a parti-
cle’s equilibrium morphology is core—shell or partially engulfed. Because partially engulfed morphologies require additional

585 considerations, these morphological questions are a direction for future studies.
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Figure 1. Schematic of phase and interface configurations considered in this study. In a liquid-liquid phase-separated aerosol particle with
two liquid phases o and S, there exist two energetic penalties (®° and o) due to interfaces between the condensed phases. There is
also an energetic penalty at the gas—particle surface (¢°). The interplay between these three energetic contributions has a feedback on the
composition of particle phases and via gas—particle partitioning, the aerosol system overall.
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Table 1. Summary of interfacial tension treatments used for the interfaces between phases « and S as well as between the surface phase and
the liquid bulk phase just beneath it.

Name Equation Reference
No IFE o =0 -
Antonov’s rule oP = |J°""f — 05""0‘ Antonov (1907)
Girifalco-Good equation 0@ = g®Vf 4 g8Vt _ 92¢\/gavigh vt Girifalco and Good (1957)
n

Weighted mean approach 0% = |g@vf oAV — 2% (Vf?vff ) af’ This work

af japf .
Geometric mean activity ). [\/ f 5 exp (di T )} =1 Bahramian and Danesh (2005)
coefficients
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Figure 2. Predicted o® values using the Butler equation based approach of (Schmedding and Zuend, 2023), a surface phase volume-fraction-
weighted mean of pure component surface tensions, 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 optical tweezer method by (Bzdek et al., 2016) at 298 K. Surface phase compositions were calculated using
the Butler equation with the assumption that ' = 0 mJ m~2. Bulk—surface partitioning calculations were performed assuming a water-free
particle diameter of 5000 nm.

23



140 .,A__ 140 B
'-\\
120 So 120
~
100 S 100
— \\ —
o~ o~
| ~ |
c 80 \\ c 80
E RN E
£ 60 \ £ 60 ~
S T T T T i 8 nna S [ S .
40 fEERaN . 40 ~
v S~
20 TSN 20 S~~a
Rl S~o
0 —-—-—'—"—-# 'l 0 \-)"ﬁ
0 20 40 60 80 100 0 20 40 60 80 100
Relative Humidity [%] Relative Humidity [%]
140 C 140 D
120 120
100 100
~ ~
IE 80 IE 80
é 00 ‘____.'-—"'/ é 60 y
B e} . - ", "
»
401 40 .
SN
20 ~ 20 o
ss,_. - S~o T
-~ - 1 SN
0 ; —_— e —— 0 —— . e e  —
0 20 40 60 80 100 0 20 40 60 80 100
Relative Humidity [%] Relative Humidity [%]
—_— gt wms gS [R— UGB — 0"5

Figure 3. Predicted values of o°*, which represent the measurable effect of expanding a finite depth surface phase as defined in Eq. (23);
0% 0®?; and o™ (see legend) for a particle of 1000 nm dry diameter composed of water-PEG-400-ammonium-sulfate at 7' = 298 K. 0%
and o' 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).
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Figure 4. Predicted 0®# values (curves) compared to measurements (solid circles). The x-axis scales correspond to those used in the ex-
perimental data references. Data and predictions for all systems are for 7' =298 K. (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).

Weighted Mean Approach

The pure-component surface tensions of organic components can be found in Table S3.
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Figure 6. Normalized mole fraction of water in the aqueous phase « for water-PEG-400—ammonium sulfate particles with dry diameters
ranging from 10 nm to 1000 nm at 7" = 298 K. (A) Antonov’s rule (Eq. 1), (B) the Girifalco-Good equation (Eq. 2), (C) the Butler equation
with geometric mean activity coefficients treatment (Eq. 11), and (D) the weighted mean interfacial composition approach (Eq. 18). Kinks in
the curves are indicative of the onset of LLPS.
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