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ABSTRACT: It is well known that atmospheric aerosol size and composition impact air
quality, climate, and health. The aerosol composition is typically a mixture and consists of a
wide range of organic and inorganic particles that interact with each other. Furthermore,
water vapor is ubiquitous in the atmosphere, in indoor air, and within the human body’s
respiratory system, and the presence of water can alter the aerosol morphology and
propensity to form droplets. Specifically, aerosol mixtures can undergo liquid−liquid phase
separation (LLPS) in the presence of water vapor. However, the experimental conditions
for which LLPS impacts water uptake and the subsequent prediction of aerosol mixtures
are poorly understood. To improve our understanding of aerosol mixtures and droplets,
this study explores two ternary systems that undergo LLPS, namely, the 2MGA system
(sucrose + ammonium sulfate + 2-methylglutaric acid) and the PEG1000 system (sucrose
+ ammonium sulfate + polyethylene glycol 1000). In this study, the ratio of species and the
O:C ratios are systematically changed, and the hygroscopic properties of the resultant
aerosol were investigated. Here, we show that the droplet activation above 100% RH of the 2MGA system was influenced by LLPS,
while the droplet activation of the PEG1000 system was observed to be linearly additive regardless of chemical composition, O:C
ratio, and LLPS. A theoretical model that accounts for LLPS with O:C ratios was developed and predicts the water uptake of
internally mixed systems of different compositions and phase states. Hence, this study provides a computationally efficient algorithm
to account for the LLPS and solubility parameterized by the O:C ratio for droplet activation at supersaturated relative humidity
conditions and may thus be extended to mixed inorganic−organic aerosol populations with unspeciated organic composition found
in the ambient environment.
KEYWORDS: hygroscopicity, organic aerosols, particle morphology, phase separation, aerosol mixtures

1. INTRODUCTION
Aerosol particles are tiny solid or liquid particles suspended in
the air, and they play a key role in health, climate, and air
quality.1 They can be emitted directly into the air from human
activities, such as burning fossil fuels, biomass, and agricultural
waste, or from natural sources, such as dust storms, oceans, and
volcanos.1,2 They are also formed via complex atmospheric
chemical oxidation and nucleation.3 As such, aerosols impact
air quality and have major consequences with regard to human
health.4

Small aerosols penetrate deep into the humid respiratory
system and cause adverse health effects.5,6 Exposure to fine
particulate matter (PM2.5) is associated with increased
hospital admissions due to cardiovascular and respiratory
diseases.6−8 In addition to their impact on health, aerosols in
humid environments can form haze and smog through their
ability to absorb and scatter light, leading to visibility
impairment.9,10 For example, a study conducted by Zhang et
al. investigated the effects of aerosols on visibility in various
cities in northwestern China.9 The study reports that increased

aerosol concentration leads to decreased visibility, with PM2.5
being the primary contributor to the visibility reduction.9 The
magnitude of their impact on health, air quality, and the
climate is dependent on aerosol composition and size.5,11

Furthermore, aerosol physical composition can be modified in
the presence of water, and such effects have traditionally been
studied in the context of effects of aerosols on the climate.
The aerosol effects on the climate stem from their ability to

impact radiative forcing either directly�through their ability
to absorb or reflect radiation�or indirectly�by acting as
cloud condensation nuclei (CCN), which enables them to take
up water and form cloud droplets.1,2 The CCN activity of
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aerosols remains uncertain in climate science due to the
complexity of their chemistry.1,12 For instance, the CCN
activity of aerosols depends on many factors, including
chemical composition, physical state, morphology, and
size.1,2,13−15 These factors will influence the amount of water
absorbed, which will consequently affect the scattering or
absorption of light, reduction in visibility, and human
respiration. Hence, insights into the effect of these variables
on aerosol−cloud interactions, water uptake, and droplet
formation would directly enhance our understanding of cloud
microphysics and, as a result, improve our knowledge of air
quality and the climate.11,16

Atmospheric aerosols consist of a mixture of organic and
inorganic components.1,17−19 Particle formation and atmos-
pheric chemical processes commonly result in the formation of
internally mixed organic−inorganic particles.17,19,20 Such
internally mixed systems can exist in different phase states
depending on aerosol composition (type of organic and
inorganic salts), average oxygen-to-carbon (O:C) ratio, and
environmental conditions [temperature and relative humidity
(RH)].14,21−25 An internal organic−inorganic mixture can also
undergo liquid−liquid phase separation (LLPS).14,21,26−29

Hence, knowledge of the aerosol chemical composition and
their subsequent mixtures can improve water uptake
predictions and has been the focus of several studies (including
but not limited to Hodas et al.,30 Altaf et al.,13

Razafindrambinina et al.,31 Massoli et al.,32 Vu et al.,33 and
Fofie et al.34).
While previous studies have helped highlight the effect of

aerosol mixtures on subsaturated hygroscopicity, the knowl-
edge of the effects of LLPS (due to aerosol mixing) on CCN
activity has been limited for it is often assumed that the mixed
particle fully deliquesces above 100% RH. In a recent paper by

Ott et al.,28 the addition of sucrose on different binary systems
that undergo LLPS was investigated through optical micros-
copy (particles >10 μm). The addition of sucrose shifts the
particle morphology from phase-separated to one well-mixed
phase (i.e., the LLPS was arrested with a sufficiently large
concentration of sucrose). This transition was attributed to the
increase in the average O:C ratio, which increased upon the
addition of sucrose.28 Multiple studies have experimentally
investigated the effect of the O:C ratio on aerosol water uptake
with varying results (Figure 1).27−29,34−51 Massoli et al.32

measured the CCN activity of generated secondary organic
aerosols (α-pinene, 1,3,5-trimethylbenzene, m-xylene, and
50:50 mixture of α-pinene and m-xylene) of varying O:C
ratios (0.3−1) and found that the CCN activity increased as a
function of the O:C ratio.32 Similar correlations have been
observed in other studies (including but not limited to Jimenez
et al.,42 Lambe et al.,44 Wong et al.,52 and Nakao41). Other
studies showed little to no direct correlation (including but not
limited to Alfarra et al.,53 Chang et al.,54 Suda et al.,55 and
Tang et al.43). This variability in results indicates that other
factors need to be considered to fully represent hygroscopicity.
One additional factor reported to be significant for CCN
activation is solubility, particularly in the range of 0.1−100 g
L−1.46,47,56 This solubility range was parameterized by Kuwata
et al.51 and corresponds to an O:C range of 0.2−0.7.41,51

To date, the relationship between the LLPS, O:C ratio, and
solubility is aptly described within the thermodynamic
framework of Gibbs free energy. LLPS occurs when the
Gibbs free energy of the phase-separated system is less than the
Gibbs free energy of the homogeneous, well-mixed system,
assuming that the activation barrier is sufficiently low for LLPS
to occur.45,48 Whether a system undergoes LLPS is correlated
with its O:C ratio, solubility, and, therefore, water uptake.

Figure 1. Review of known experimental trends between aerosol physicochemical factors (hygroscopicity, solubility, and LLPS) with the O:C ratio.
This work provides a comprehensive analysis and method to incorporate all four factors with experimental data. LLPS: liquid−liquid phase
separation; κ: single hygroscopicity parameter; and O:C: oxygen-to-carbon ratio.
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Roughly, compounds with more oxygen atoms tend to be more
soluble in aqueous solutions and more hygroscopic due to the
potential for hydrogen bonding with the solvent and are less
likely to undergo LLPS. Compounds with fewer oxygen atoms
(e.g., in the extreme, carbonaceous graphitic soot or primary
organic aerosol) tend to be less soluble in aqueous solutions
and are more likely to undergo LLPS.57 Note that the exact
functional groups and identity of the organic compound are
also important in determining whether LLPS occurs.28 While
predicting LLPS from first principles remains a challenge,
previous literature has utilized models like AIOMFAC to
predict LLPS formation in mixtures (including but not limited
to Zuend and Seinfeld,27 Hodas et al.,30 and Chang and
Pankow58). However, if unspeciated organic aerosol exists, as
observed in the atmosphere, it becomes increasingly more
difficult to predict Gibbs free energy and derived activity
coefficients. This is also particularly true for atmospherically
relevant systems with more than one organic species (ternary
or greater mixtures) where organic−organic interactions in
addition to organic−inorganic interactions must also be
considered. Additionally, while LLPS has been shown to
exist in subsaturated conditions,59 few studies have reported
the impact of LLPS under supersaturated conditions.13,60 It is
often assumed that particles are well mixed and deliquesce
above 100% RH. Hence, this study aims to elucidate these
factors by investigating the CCN activity of two ternary
systems containing sucrose, ammonium sulfate (AS), and one
organic compound (2MGA or PEG1000) that undergoes
LLPS with AS.28,61 AS is a major constituent of atmospheric
aerosols and a good proxy for inorganic compounds in model
mixtures, while sucrose is a good proxy for highly soluble
organic compounds with a high O:C ratio (Table S1). Organic
2MGA, a surface-active chemical and one of the most
abundant methyl-substituted dicarboxylic acids, is ubiquitous
in the troposphere.61−63 PEG1000 is a polymer and is less
atmospherically relevant. However, PEG1000 is also known to
undergo LLPS with AS and has a significantly higher solubility
than 2MGA (Table S1). The CCN activity of these two
different systems (the 2MGA system and the PEG1000
system) was measured at varying compositions using a cloud
condensation nuclei counter (CCNC) and compared to that of
different theoretical models. To help further enhance our CCN
results, optical microscopy images, cryogenic-transmission
electron microscopy images, and surface tension measurements
were reported. The following results provide insights into the
impact of solubility, O:C ratio, and phase transition on
measured droplet activations and, as a result, will help improve
theoretical CCN predictions of complex mixtures. Further-
more, the results presented may be extended to other humid
environments, such as supersaturated conditions found in the
respiratory system or humid fog conditions.

2. MATERIALS AND METHODS

2.1. Chemicals
All the chemicals were purchased and used as received without further
modification: AS [(NH4)2SO4, ≥99%, CAS 7783-20-2, Sigma-
Aldrich], 2MGA (C6H10O4, 98%, CAS 18069-17-5, Sigma-Aldrich),
PEG1000 (CAS 25322-68-3, Sigma-Aldrich), and sucrose
(C12H22O11, 99%, CAS 57-50-1, Fischer Scientific).

2.2. Solution Preparation
Two ternary systems, the 2MGA system (2MGA, AS, and sucrose)
and the PEG1000 system (PEG1000, AS, and sucrose), were prepared

at different weight percent compositions (Figures S4 and S5). For
each system, the three chemicals were weighed individually and
poured into a glass media bottle. Approximately 100 mL of
ultrapurified water (18 MΩ•cm, Millipore) was added to the
chemicals, and the solution was sonicated until all the chemicals
were dissolved. In both systems, a wide range of O:C ratios were
targeted to include experiments in regions where LLPS is present and
where LLPS is not present (Figure S1). The phase transition (the
absence/presence of LLPS) for each of the two systems (see the
yellow-shaded region in Figure S1) was based on the experimental
findings of the Ott et al.28 paper. In the case of the 2MGA system, Ott
et al. reported a halt to LLPS at an O:C ratio of 0.72 and above. As for
the PEG1000 system, the LLPS was halted at an O:C ratio of 0.91 and
above.28 It is important to note that Ott et al.28 conducted the
experiments at one ratio of 2MGA/AS (50−50 wt %) and one ratio of
PEG1000/AS (50/50 wt %) and the O:C ratio was increased by
incremental addition of sucrose. In addition to the Ott et al. paper, the
phase diagrams for both AS and 2MGA45 and AS and PEG100048

were also considered to identify where LLPS is observed for both
systems. By examining the hygroscopicity of particles from both
systems over a wide range of O:C values, we were able to determine
how the presence or absence of LLPS affects CCN activity.

2.3. Cloud Condensation Nuclei Measurements
The water uptake of the two ternary systems of different chemical
compositions was measured under supersaturated conditions using a
CCNC (Droplet Measurement Technologies64,65). A detailed
experimental setup is provided in Figure S3. In brief, aerosols were
generated using a Collison nebulizer (Atomizer; TSI 3076). The wet
aerosols generated were then passed through two diffusion dryers to
reduce the RH to less than 5% RH (measured using a Vaisala HMP60
probe). The dry polydisperse aerosols were size-selected (8 to 352
nm; 135 s scan time) by a differential mobility analyzer (DMA; TSI
3080). A stream of monodisperse aerosols exits the DMA and is then
split into two streams. One stream (0.3 L min−1) enters the
condensation particle counter (CPC; TSI 3776)�where the
concentration of particles (CN) is measured. The second stream
(0.5 L min−1) enters the CCNC�where the concentration of
activated particles (CCN) is measured. The scanning mobility CCN
analysis (SMCA), a widely used method for CCN analysis in previous
literature,66−69 was used to analyze the data. The SMCA performs a
charge-correction procedure and removes artifacts from multiply
charged particles.70 SMCA also calculates the activation ratio CCN

CN
at

every supersaturation. A sigmoid fit is applied to the activations data
to obtain the critical diameter, Dd, the size at which half of the
particles are activated. The Dd for each experiment was measured at
four different supersaturations (0.41, 0.59, 0.77, and 0.97%) (refer to
Figure S2 and Table S2 for CCNC supersaturation calibration). For
each experiment, an average Dd and its respective standard deviation
were reported at each supersaturation.

2.4. Optical Microscopy
The morphology of particles from the 2MGA system and the
PEG1000 system was investigated using an inverted optical
microscope with a home-built environmental chamber that enables
the phase transition characterization of micrometer particles. A
detailed experimental procedure has been described in previous
literature.28,50 In brief, ternary solutions of different compositions
(refer to Supporting Information, Section VI) were prepared in
HPLC-grade water. Droplets were generated by spraying aqueous
solutions onto hydrophobic glass slides. Particles of sizes ranging from
20 to 200 μm in diameter were observed using a Nikon Eclipse Ti2
microscope. The RH was altered by injecting a flow of wet and dry
nitrogen into the chamber containing the slide and sample. The RH
within the chamber was measured with a ±3% uncertainty using a
Vaisala HMP60 probe. After equilibrating the droplets, the RH was
decreased at a rate of ∼1% RH min−1 until the phase transition was
reached, followed by an RH rate decrease to ∼0.5% RH min−1 until
the phase transition was deemed finished. For each experiment, a
minimum of 30 particles were studied.
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3. RESULTS AND DISCUSSION
The water uptake of the 2MGA system and the PEG1000
system was investigated under four supersaturated conditions
(0.41, 0.59, 0.77, and 0.97%) using the CCNC. Both systems’
water uptake was measured at different chemical compositions,
and the average hygroscopicity parameter, κ, of each system is
reported in a ternary heat plot. For each system, the results of
our experimental κ-hygroscopicity values were evaluated with
respect to three different theoretical models, namely, the ZSR
model, the ZSR/O:C model, and the ZSR/O:C-LLPS model.
These models are each described in Supporting Information,
Sections VIII.
3.1. CCN Activity of the 2MGA System

Mixtures of AS, sucrose, and 2MGA of different chemical
compositions were prepared and investigated for their water
uptake efficiencies under supersaturated conditions. The
experimental κ-hygroscopicity value was calculated for each
mixture (Figure S4 and Table S3), and the results are
presented in a ternary plot (Figure 2A). Figure 2A shows the
experimental κ-hygroscopicity values with pure AS occupying
the bottom left vertex, pure sucrose occupying the top vertex,
and pure 2MGA occupying the bottom right vertex. The
experimental κ-values obtained for AS and sucrose are 0.61 ±
0.04 and 0.08 ± 0.02, respectively. The CCN activity of AS
and sucrose is widely studied, and our experimental κ-values
are consistent with those of previous literature.71,72 As for the
hygroscopicity of pure 2MGA, the experimental κ-value

obtained was 0.13 ± 0.02. To our knowledge, no previous
literature has reported the experimental water uptake efficiency
of pure 2MGA particles under supersaturated conditions. A
prior study by Marsh et al.73 investigated the hygroscopicity,
under subsaturated conditions, of 2MGA along with various
other carboxylic acids using a comparative kinetics electro-
dynamic balance. The κ-value for 2MGA was reported to be
0.102 ± 0.005 (RH = 95%), while the κ-values of glutaric acid,
3-methylglutaric acid, 2,2-dimethylglutaric acid, and 3-methyl
adipic acid were reported to be 0.144 ± 0.005, 0.103 ± 0.006,
0.116 ± 0.009, and 0.064 ± 0.002, respectively.73 This study’s
κ-value of 2MGA (0.13 ± 0.02) is higher than the reported
subsaturated κ-value of 2MGA (0.102 ± 0.005) reported by
Marsh et al.73 This higher κ-value can be attributed to the
difference in experimental systems; κ-values derived from
supersaturated conditions are typically larger than those
derived from subsaturated measurement. Various studies
have observed higher supersaturation-derived κ-values relative
to their respective subsaturated κ-values and attributed this
difference to the particle solute solubility or surface tension
depression by surface-active organic molecules under super-
saturated conditions.71,72,74−78 Adsorption-driven water uptake
mainly pertains to effectively water-insoluble solutes.77 Also,
since 2MGA is the only weakly water-soluble component (>10
g L−1), the surface tension effects of 2MGA are further
explored here.
The Köhler model assumes that surface tension is equal to

that of pure water (72 mN m−1); however, a surface-active

Figure 2. κ-hygroscopicity for the 2MGA system presented in ternary plots (the vertices of the triangles represent 100% pure compounds: bottom
left vertex = 100% AS, bottom right vertex = 100% 2MGA, and top vertex = 100% sucrose). (A) Experimental κ-values are determined at the nodes:
red circles represent experiments from this work; blue circles represent results obtained from the study by Razafindrambinina et al.,79 (B)
experimental contour plot of κ-values extrapolated from experimental κ-values at the nodes shown in A, (C) ZSR model, (D) ZSR/O:C model, and
(E) ZSR/O:C-LLPS model. (B−E) the color gradient shows the range of κ-hygroscopicity values in the ternary system. The region where LLPS is
assumed to exist is outlined in the dotted green lines.
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compound can impact the Kelvin effect by lowering the
droplet’s effective vapor pressure under supersaturated
conditions, which leads to a perceived higher κ-value.80,81 To
measure the magnitude of surface activity, the surface tension
of pure 2MGA was measured at different concentrations (0.1−
0.7 M) with a pendant drop tensiometer (Figure S11). The
results show that 2MGA is surface-active with a surface tension
depression of more than ∼25%. A previous paper has reported
a surface tension depression of 20% to have an impact on CCN
κ-values.76 Hence, the difference in this study’s κ-value of
2MGA and the κ-value reported by Marsh et al.73 can be
justified by the surface tension properties of 2MGA. Surface
tension is not the dominant effect for water uptake in the
subsaturated regime as the droplet interface is small.76

Experimental κ-values from Figure 2A were used to
extrapolate κ-values across the ternary plot and are presented
as a contour in Figure 2B. The κ-values in the experimental
contour plot also vary from 0.08 to 0.61 with respect to
chemical composition (Figure 2B). Specifically, in the region
where LLPS is predicted to occur (denoted by the area inside
the green dotted line), the experimental κ-values are ∼ ≥ 0.4
(Figure 2A,B). This value indicates that AS, and the most
hygroscopic compound, is the dominant chemical in the water
uptake process in the LLPS region. This trend has been
observed in a study conducted by Altaf et al.13 The study
reported that a 50:50 mixture of AS/succinic acid and AS/
pimelic acid with a partially engulfed/phase-separated
morphology results in CCN activity close to that of AS.13 As
for the region where LLPS is not present, our experimental κ-
values were observed to change linearly, indicating that all
three chemicals contribute to the water uptake�a trend that
agrees with results observed by Altaf et al.13 The study by Altaf
et al. investigated the CCN activity of mixtures of AS/pimelic
acid and AS/succinic acid with homogeneous morphology and
found the CCN activity to fall between the pure compounds�
indicating all components to be involved in the water uptake
process.13 Hence, our experimental results for the 2MGA
system indicate that the presence or lack of LLPS plays a key
role in droplet growth and CCN activity.
To help explain the experimental κ-values derived from the

2MGA ternary system, we compared our experimental values
to the theoretical κ-values obtained from the hygroscopicity
ZSR model (Figure 2C). Figure 2C shows that the ZSR κ-
values change uniformly with the volume fraction (note that all
three axes are in terms of weight %), indicating that all three
chemicals contribute equally to the water uptake. Comparing
the experimental κ-hygroscopicity results with the ZSR model,
which assumes contributions from all solutes based on their
molar volumes, visible discrepancies between the experimental
results and the ZSR model exist. Specifically, the experimental
κ-values around the LLPS region are observed to deviate from
the linearity found in the ZSR model within the same region. A
regression plot was generated to help quantitatively evaluate
the ZSR model to our experimental results (Figure 3). The
regression plot shows a poor correlation with an R2 value of
0.65. Specifically, less agreement between the experimental and
predicted κ-values is observed when the κ-values are >0.4. This
divergence between our experimental results and the ZSR
model once again suggests that LLPS might play a role in the
water uptake process.
Since the presence/absence of LLPS is correlated with the

O:C ratio, as seen in previous literature (Massoli et al.,32 Ott et
al.,28 Song et al.,45 and You et al.57 to name a few), a

theoretical model that integrates the O:C ratio into the
hygroscopicity ZSR model, namely, the hygroscopicity ZSR/
O:C model was employed. The hygroscopicity ZSR/O:C
model estimates κ-hygroscopicity based on the solubility of the
mixture as estimated with the O:C ratio. The solubility of a
mixture was parameterized through the average O:C ratio as
reported by Nakao.41 Like the ZSR model, the ZSR/O:C
model shows poor agreement with our experimental data
(Figures 2D and 3). The ZSR/O:C model also exhibits a linear
gradient of κ-values that is comparable to that of the ZSR
model but differs in the amounts that each chemical
contributes to the water uptake processes. In the ZSR/O:C
model, high κ-values (>0.4) occupy ∼50% of the ternary plot,
compared to only ∼30% in the ZSR model. This difference
indicates that AS has a stronger contribution to the water
uptake process in the ZSR/O:C model. Considering that the
solubility of each chemical is accounted for within the model,
AS having a strong contribution can be attributed to the high
solubility of AS relative to glucose and 2MGA. When
comparing the ZSR/O:C hygroscopicity model to the
experimental results, it is evident that the ZSR/O:C model
itself does not help explain the κ-values obtained from
experimental results. This difference is further highlighted by
the poor correlation between the two models, with an R2 value
of 0.63 obtained from the regression plot in Figure 3. However,
a visible similarity is observed within the LLPS region for both
our experimental results and the ZSR/O:C model. The ZSR/
O:C model results in high κ-values (>∼0.3) within the LLPS
region, which indicates that CCN activity is strongly influenced
by AS; a trend that agrees with our experimental data.
Despite the fact that the two aforementioned models do not

accurately describe our results, our experimental results show
resemblance with the ZSR model above the LLPS region and
some resemblance with the ZSR/O:C model below the LLPS
region. Thus, a third model, namely, the ZSR/O:C-LLPS
hygroscopicity model that accounts for LLPS was also
explored. The ZSR/O:C-LLPS model is shown in Figure 2E.
The ZSR/O:C-LLPS model assumes that the 2MGA is not

Figure 3. 2MGA system’s κ-experimental versus κ-predicted values
obtained from the ZSR hygroscopicity model (light blue triangles),
the ZSR/O:C hygroscopicity model (green squares), and the ZSR/
O:C-LLPS hygroscopicity model (brown circles). The black dotted
line is the 1:1 ratio line; the gray region shows a 95% prediction
interval across the 1:1 line.
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part of the aqueous phase (the phase responsible for the water
uptake) below a specific O:C ratio threshold defined via
bootstrapping. While above that specific O:C ratio threshold,
the water uptake is driven by all three solutes, and their water
uptake contribution is based on their molar volumes. The
model, through the bootstrapping method, estimated the
threshold O:C ratio to be 0.75 (i.e., LLPS is present when the
O:C ratio <0.75 and LLPS is not present when the O:C ratio
>0.75). This predicted O:C ratio threshold is close to the
experimentally attained O:C ratio of 0.72 from the work of Ott
et al.28 Additionally, the theoretical hygroscopicity obtained
from the ZSR/O:C-LLPS model (Figure 2E) shows a strong
resemblance to our experimental hygroscopicity results
(Figures 2B and 3). To quantitatively evaluate this model to
our experimental results, a regression plot was produced
(Figure 3), showing that all the experimental κ-values fall
within the 95% confidence interval of the κ-values generated by
the ZSR/O:C-LLPS model. Additionally, the ZSR/O:C-LLPS
hygroscopicity model agrees well with experimental κ-values
>0.3, whereas the previous models did not. The R2 value of
0.92 shows a strong agreement between our experimental
results and the ZSR/O:C-LLPS model, indicating that this
model is the best model for predicting the 2MGA system’s
ternary hygroscopicity. The strong agreement between our
experimental results and the ZSR/O:C-LLPS model provides
insights into the water uptake process of the ternary system. It
implies that below the theoretically predicted O:C ratio of
0.75, 2MGA is not part of the aqueous phase and is not
contributing to the water uptake, while at an O:C ratio >0.75,
all three components are involved in the water uptake process.
The absence of 2MGA in the aqueous phase (O:C ratio <0.75)
can be attributed to the poor water-solubility of 2MGA (40.6 g
L−1) relative to AS (74.4 g/100 g) and sucrose (824 g L−1).
To further our understanding of this system, optical

microscopy images of particles were obtained at different
regions within the ternary plot (Figure 4). The four
experiments that were performed to obtain microscale images

of particles were chosen to cover regions that have LLPS and
regions that do not have LLPS (Figure S6 and Table S5).
Figure 4A represents the morphology of a particle from a
mixture with an O:C ratio of 0.78. The image indicates that
there is no phase separation present, which is expected since it
is outside the LLPS region. Hence, the water uptake activity
depends on AS, sucrose, and 2MGA with respect to their molar
volumes. Figure 4B represents a particle obtained from a
mixture with an O:C ratio of 0.70. The particle consists of a
phase-separated morphology. The separation RH (SRH) was
65.2 ± 9.9 % RH. The Ott et al.28 paper reported the SRH for
a 50−50 wt % mixture of AS and 2MGA to be 79.4 ± 1.0 %
RH, and the addition of sucrose leads to lower values of the
SRH. Hence, the particle in Figure 4B has a lower SRH likely
due to the influence of sucrose. Figure 4C shows an image of a
particle obtained from a mixture with an O:C ratio of 0.74.
The particle consists of a phase-separated morphology but also
contains inorganic-rich inclusions. The SRH for this particle
was found to be 63.9 ± 4.7 % RH. A similar trend is also seen
in the particle (O:C = 0.69) provided in Figure 4D. The
particle has an SRH of 72.4 ± 2.2 % RH. Note that the
experimental O:C ratio value of 0.72 (obtained from the study
by Ott et al.28) as the region for phase separation is an estimate
based on one 2MGA-to-AS ratio and that this value may vary
slightly as a function of the composition of 2MGA, AS, and
sucrose. The presence of inclusions may indicate that the phase
separation process has not reached the thermodynamic
equilibrium,45,49 which may result in different compositions
in the inorganic-rich and organic-rich phases than at
equilibrium. However, inclusions are expected to be less likely
in submicron particles as these systems reach equilibrium more
rapidly.45,82 It is also important to note that the experimental
examination of morphology for the 2MGA system above has
focused on droplets 20−200 μm in diameter, and morphology
can be different for submicron aerosol particles. Specifically,
phase separation can be inhibited in sufficiently small aerosol

Figure 4. Optical microscopy images and illustrations of particles obtained from four different regions in the 2MGA ternary plot (for experimental
details, refer to Figure S5 and Table S4 in the Supporting Information). Image A was taken from a mixture of AS (39.7 wt %) + 2MGA (20.6 wt %)
+ sucrose (39.7 wt %); image B was taken from a mixture of AS (20.0 wt %) + 2MGA (58.3 wt %) + sucrose (21.7 wt %); image C was taken from
a mixture of AS (59.3 wt %) + 2MGA (20.4 wt %) + sucrose (20.3 wt %); and image D was taken from a mixture of AS (60.0 wt %) + 2MGA (31.4
wt %) + sucrose (8.6 wt %). The region where LLPS is assumed to exist is outlined in the dotted green line. The RH at which the images are
recorded is shown within each image. The size of all the particles shown is approximately 50 μm.
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particles, which may affect CCN measurements.26 A discussion
is provided in Supporting Information, Section VII.
3.2. CCN Activity of the PEG1000 System

The hygroscopicity of the PEG1000 ternary system was also
investigated under supersaturated conditions. The experimen-
tal κ-hygroscopicity was averaged across four different
supersaturations for each mixture (Figure S5 and Table S4)
and mapped using a ternary plot (Figure 5A). Figure 5A shows
the experimental κ-hygroscopicity values in a ternary heat plot
with pure AS occupying the bottom left vertex, pure sucrose
occupying the top vertex, and pure PEG1000 occupying the
bottom right vertex. The experimental κ-values obtained for AS
and sucrose are as reported above in the results of the 2MGA
system. As for PEG1000, the experimental κ-value obtained
was 0.04 ± 0.02. Hodas et al.83 investigated the CCN activity
of PEG1000 under 0.8% supersaturation and reported the κ-
value to be 0.07; no uncertainty value was reported. The
discrepancy between our experimental κ-value and the κ-value
obtained by Hodas et al.,83 may be attributed to the difference
in proportions of PEG1000 with varying chain lengths in the
sample. The length of the carbon chain has been shown to
impact the hygroscopicity of organic aerosols. Petters et al.84

reported that the hygroscopicity of hydroperoxyacids and
dihydroperoxides decreased with increasing carbon chain
length. Additionally, variability in polymer chain lengths
would lead to change in molecular weight�a property that
has been reported to impact aerosol hygroscopicity.37,85,86

κ-values derived from experimental data are shown in Figure
5A,B shows a contour plot of κ-values extrapolated from
experimental κ-values derived in Figure 5A. It is also evident
that mixtures of AS, sucrose, and PEG1000 at various weight
percent compositions result in different κ-values ranging
between 0.04 and 0.61. Like the 2MGA system, to analyze
the experimental κ-values obtained from the PEG1000 system,
we first compared our experimental results to the simplest
theoretical κ-values obtained from the ZSR hygroscopicity
model (Figure 5C). Figure 5C shows a ternary plot
representing the theoretical κ-values of mixtures containing
AS, sucrose, and PEG1000 at different chemical compositions.
The uniformity in κ-values shown in Figure 5C indicates that
the water uptake of a mixture is linearly additive�all three
chemicals contribute to the water uptake ZSR model. A
graphical resemblance is observed between the ZSR model
(Figure 5C) and our experimental results (Figure 5B). A
regression plot, provided in Figure 6, shows that there is a
good correlation between our experimental results and the
ZSR model (R2 = 0.84), with only one data point falling
outside the 95% confidence region. This indicates that the
hygroscopicity of the PEG1000 system can be aptly modeled
by the ZSR model. However, to investigate the potential effect
of the O:C ratio and LLPS, the ZSR/O:C model and the ZSR/
O:C-LLPS model were generated as well.
The ZSR/O:C hygroscopicity model (shown in Figure 5D)

was developed to explore the effect of the O:C ratio on the
PEG1000 system. The κ-values for the PEG1000 system
generated through the ZSR/O:C model indicate that AS is the

Figure 5. The κ-hygroscopicity for the PEG1000 system presented in ternary plots (the vertices of the triangles represent 100% pure compounds:
bottom left vertex = 100% AS, bottom right vertex = 100% PEG1000, and top vertex = 100% sucrose). (A) Experimental κ-values are determined at
the nodes: red circles represent experiments from this work; blue circles represent results obtained from the study by Razafindrambinina et al,79 (B)
experimental contour plot of κ-values extrapolated from experimental κ-values at nodes shown in (A), (C) ZSR model, (D) ZSR/O:C model, and
(E) ZSR/O:C-LLPS model. (B−E) the color gradient shows the range of κ-hygroscopicity values in the ternary system. The region where LLPS is
assumed to exist is outlined in the dotted green lines.
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dominant force in the water uptake process. This is highlighted
by κ-values of ≥0.5 in ∼90% of the ternary region�a
hygroscopicity pattern that does not match experimental
results (Figures 5B and 6). This poor correlation is further
emphasized by the R2 value of 0.23 obtained from the
regression plot in Figure 6. The ZSR/O:C-LLPS model was
also explored, and the generated heat map is presented in
Figure 5E. The O:C ratio threshold defined by the bootstrap
algorithm was 0.85�an O:C ratio lower than the O:C ratio of
0.91 reported from the experimental results of Ott et al.28 The
hygroscopicity heat map generated by the ZSR/O:C-LLPS

hygroscopicity model shows a resemblance to the experimental
heat map and to the ZSR model. The regression plot of the
ZSR/O:C-LLPS model versus experimental κ-values shows a
strong correlation with only one data point not within the 95%
confidence region. The R2 value associated with this regression
plot was 0.78 and indicates that the ZSR/O:C-LLPS model is
better at estimating the PEG1000 system than the ZSR/O:C
model (R2 = 0.23) but not as good as the ZSR model (R2 =
0.84). Both the ZSR model (R2 = 0.84) and the ZSR/O:C-
LLPS model (R2 = 0.78) may be used to predict the
hygroscopicity of the PEG1000 system. From Figure 6, the
ZSR model and the ZSR/O:C-LLPS model only had one data
point that was outside the 95% confidence region. While both
models show strong correlation with experimental results,
using the ZSR/O:C-LLPS model will not only provide
theoretical κ-values; it can also estimate an O:C threshold
where LLPS might be present.
The agreement between the ZSR model and the ZSR/O:C-

LLPS with experimental results indicates that the O:C ratio
does not play a role in CCN activity in the PEG1000 system.
This agreement is consistent with the water uptake of polymers
that are known to be driven by water interaction parameters
and not molar volume solubility alone.87,88 Subsequently,
despite the PEG1000 system being primarily in a LLPS form,
experimental data shows that LLPS has no effect on mixed
water uptake. This can be attributed to the high solubility and
water interaction parameter of PEG1000, and as a result,
PEG1000 is integrated into the aqueous phase with AS and
sucrose regardless of the presence of LLPS. To help elucidate
these results, we examined the morphology of particles.
Optical microscopy was used to explore the morphology of

particles in the ternary phase diagram (Figure 7). Experiments
were conducted at different regions within the ternary plot to
help explain the CCN activity results (Figure S7 and Table
S6). The particle presented in Figure 7A is representative of
those obtained from a solution with an O:C ratio of 0.91. The

Figure 6. PEG1000 system’s κ-experimental versus κ-predicted values
obtained from the ZSR hygroscopicity model (light blue triangles),
the ZSR/O:C hygroscopicity model (green squares), and the ZSR/
O:C-LLPS hygroscopicity model (brown circles). The black dotted
line is the 1:1 ratio line; the grey region shows a 95% prediction
interval across the 1:1 line.

Figure 7. Optical microscopy images and illustration of particles obtained from four different regions in the PEG1000 ternary plot (for
experimental details refer to Figure S6 and Table S5 in the Supporting Information). Image A was taken from a mixture of AS (40.0 wt %) +
PEG1000 (5.0 wt %) + sucrose (55.0 wt %); image B was taken from a mixture of AS (20.0 wt %) + PEG1000 ( 40.0 wt %) + sucrose ( 40.0 wt %);
image C was taken from a mixture of AS (60.0 wt %) + PEG1000 (4.1 wt %) + sucrose (35.6 wt %); and image D was taken from a mixture of AS
(60.0 wt %) + PEG1000 (20.0 wt %) + sucrose (20.0 wt %). The region where LLPS is assumed to exist is outlined in the dotted green line. The
RH at which the images are recorded is shown within the images. The size of the particles shown is ∼50 μm.
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SRH of particles produced from this composition is 81.6 ±
2.6%. The morphology of the particle indicates that there are
two larger inorganic-rich inclusions within the droplet. These
inclusions can also be seen in the particles shown in Figure
7C,D but vary in number and size. In particular, the particle in
Figure 7C has many smaller inclusions compared with Figure
7A. The inclusions seen in Figure 7A,C,D indicate that the
particle is not in its final equilibrium state, which may be
related to the viscosity of this system.28 As a result, the
composition of the organic-rich and inorganic-rich phases may
differ from the equilibrium compositions, which could affect
water uptake, leading to the high κ-values observed. The
particle in Figure 7B has a phase-separated morphology
although it is slightly outside the region where we predict
LLPS to occur. As stated above, this region is an estimate
based on one composition of PEG1000 and AS and may differ
as this composition is varied. Note also that as discussed for
the 2MGA system, the submicron morphology can differ from
the supermicron morphology (more details in Supporting
Information, Section VII).

4. SUMMARY AND CONCLUSIONS
The aerosol mixtures of different chemical compositions have
the ability to impact aerosol physical properties and
subsequent hygroscopicity. This study investigates the water
uptake of two ternary systems, namely, the 2MGA system (AS
+ sucrose + 2MGA) and the PEG1000 system (AS + sucrose +
PEG1000) that undergo LLPS as the O:C ratio is modified in
the aerosol. The mixtures are indicative of exemplary aerosol
sources (including but not limited to atmospheric, pharma-
ceutical, ambient indoor, and combustion) that contain
complex organic materials. To our knowledge, no previous
study has examined the ternary effect of LLPS on the κ-
hygroscopicity and droplet growth of internal aerosol mixtures.
Several previous studies have investigated binary aerosol
mixtures, and because it is assumed that full deliquescence
occurs above 100% RH, few studies have explored LLPS
ternary systems with CCN activation. Thus, the results here
advance our overall understanding of the impact of phase
transitions on water uptake in a wide range of environments.
Furthermore, the results here highlight that organic−organic
interactions must be considered in addition to inorganic−
organic interactions. For each ternary system, hygroscopicity
experiments on different chemical compositions were con-
ducted using a CCNC at four different supersaturations (0.41,
0.59, 0.77, and 0.97%). The κ-hygroscopicity values of the
2MGA system and the PEG1000 system were presented and
compared to single theoretical models. Our results indicate
that for mixtures that do not undergo LLPS, the κ-
hygroscopicity is linearly additive with volume fractions�all
chemicals are involved in the water uptake process based on
their volume ratio. Hence, the κ-hygroscopicity of well-mixed
aerosol can be predicted using the simple ZSR-based
hygroscopicity model for both the 2MGA system and the
PEG1000 system. However, for mixtures that undergo LLPS,
the hygroscopicity prediction is not as straightforward. For the
2MGA system, the LLPS that occurs at an O:C ratio <0.72−
0.75 needs to be accounted for when predicting κ-
hygroscopicity. The experimental κ-values obtained within
the LLPS region show that the three chemicals do not
contribute equally to the water uptake process. Instead, the
results show that 2MGA has only a negligible contribution to
the water uptake process, and this can be attributed to the

solubility limits of 2MGA. The solubility of 2MGA is less than
that of sucrose and AS, and as a result, 2MGA precipitates and
is likely not part of the aqueous phase that contributes to water
uptake. As for the PEG1000 system, the experimental κ-values
obtained within the LLPS region (O:C ratio <0.85−0.91)
show that all three chemicals contribute to the water uptake
process. Hence, the LLPS within PEG1000 mixtures show a
weak impact on hygroscopicity. This result is attributed to
PEG1000’s higher solubility compared to that of AS and
sucrose. The results of this work offer experimental evidence,
analytical insights, and a paradigm shift with regard to the
contribution of LLPS to supersaturated droplet activation.
Hence, this study highlights the importance of accounting for
the LLPS in mixtures. Solubility is not the only factor that
contributes to aerosol miscibility. The hygroscopicity of
aerosol mixtures that fall within the LLPS region varies
substantially based on the morphology, and the region can now
be approximated experimentally and theoretically. Mixtures
that fall above the LLPS region are likely to be well mixed in
the aqueous phase and, as a result, behave with ideal Raoult’s
law and ZSR hygroscopicity assumptions. This work is the first
to experimentally link and propose a method to relate O:C
composition, solubility, morphology, and hygroscopicity and
thus can be incorporated into droplet models and regional
cloud predictions of unspeciated inorganic−organic mixtures.
The experimental droplet activation approach to define the
relationship between LLPS, O:C, and solubility aligns with
previously defined LLPS from water activity coefficients
defined with AIOMFAC simulations because hygroscopicity
and droplet activities are also functions of water activity. It
should be noted that our study explores the CCN activation of
dry mixed particles and thus the activation of wet particles
exposed to an equilibrium RH above that of LLPS mixing may
be different. That is, well-mixed wet particles, when activated
into droplets, are unlikely to exhibit LLPS-like effects during
activation. Thus, the consideration of thermodynamics and the
kinetics of activation in the exhibition of LLPS needs to be
explored. Future work should also tackle the role of surfactants
in CCN activity. In our study, both 2MGA and PEG1000 were
shown to have similar surface tension properties; hence, the
difference in the observed results between the two systems
cannot be solely attributed to surface tension. Additionally, this
study parameterized solubility through the O:C ratio of the
mixture; however, this parameterization may not be robust for
nitrogen-containing organic species. The O:C ratio is a useful
parameter because it is readily measured in ambient studies
when the chemical speciation of the organic aerosol is
unknown, and in future work, it may be translated to predict
droplet growth. In this work, the theoretical ZSR/O:C-LLPS
hygroscopicity model that accounts for LLPS through the O:C
ratio can predict the hygroscopicity of internally mixed water-
soluble systems of different chemical compositions. Thus, this
work provides important contributions to link aerosol chemical
composition, air quality, hygroscopic growth, and aerosol−
cloud climate interactions.
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