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Abstract. Recent work has demonstrated that organic and
mixed organic—inorganic particles can exhibit multiple phase
states depending on their chemical composition and on am-
bient conditions such as relative humidity (RH). To ex-
plore the extent to which water uptake varies with particle-
phase behavior, hygroscopic growth factors (HGFs) of nine
laboratory-generated, organic and organic—inorganic aerosol
systems with physical states ranging from well-mixed liquids
to phase-separated particles to viscous liquids or semi-solids
were measured with the Differential Aerosol Sizing and
Hygroscopicity Spectrometer Probe at RH values ranging
from 40 to 90 %. Water-uptake measurements were accom-
panied by HGF and RH-dependent thermodynamic equilib-
rium calculations using the Aerosol Inorganic-Organic Mix-
tures Functional groups Activity Coefficients (AIOMFAC)
model. In addition, AIOMFAC-predicted growth curves are
compared to several simplified HGF modeling approaches:
(1) representing particles as ideal, well-mixed liquids; (2)
forcing a single phase but accounting for non-ideal in-
teractions through activity coefficient calculations; and (3)
a Zdanovskii-Stokes—Robinson-like calculation in which
complete separation of the inorganic and organic components
is assumed at all RH values, with water uptake treated sep-
arately in each of the individual phases. We observed vari-
ability in the characteristics of measured hygroscopic growth
curves across aerosol systems with differing phase behav-
iors, with growth curves approaching smoother, more con-
tinuous water uptake with decreasing prevalence of liquid—
liquid phase separation and increasing oxygen : carbon ratios
of the organic aerosol components. We also observed indirect

evidence for the dehydration-induced formation of highly
viscous semi-solid phases and for kinetic limitations to the
crystallization of ammonium sulfate at low RH for sucrose-
containing particles. AIOMFAC-predicted growth curves are
generally in good agreement with the HGF measurements.
The performances of the simplified modeling approaches,
however, differ for particles with differing phase states. This
suggests that no single simplified modeling approach can be
used to capture the water-uptake behavior for the diversity of
particle-phase behavior expected in the atmosphere. Errors
in HGFs calculated with the simplified models are of suffi-
cient magnitude to produce substantial errors in estimates of
particle optical and radiative properties, particularly for the
assumption that water uptake is driven by absorptive equilib-
rium partitioning with ideal particle-phase mixing.

1 Introduction

Atmospheric aerosols alter the Earth’s radiation budget, re-
duce visibility, and are associated with adverse health ef-
fects (Finlayson-Pitts and Pitts, 2000; Pdschl, 2005; Sein-
feld and Pandis, 2006). The magnitude of these impacts is
influenced by aerosol water content, as this is a major deter-
minant of aerosol particle size. Furthermore, aerosol water
can impact gas-phase photochemistry and secondary organic
aerosol (SOA) concentrations by serving as a sink for reac-
tive gases and as a medium for aqueous-phase and heteroge-
neous reactions (Ervens et al., 2011, 2013). As a result, clear
understanding of the hygroscopicity of atmospheric aerosols
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is key to representing aerosol properties and behavior in at-
mospheric models and to improving our understanding of
their impacts on climate and air quality.

Organic aerosol (OA) comprises a substantial fraction of
total aerosol mass (20-90%; Seinfeld and Pandis, 2006).
Moreover, particle formation and transformation processes
commonly lead to the formation of internally mixed organic—
inorganic particles (Seinfeld and Pankow, 2003; Marcolli et
al., 2004; Zhang et al., 2005; Murphy et al., 2006; Goldstein
and Galbally, 2007; Hallquist et al., 2009). Multiple studies
have sought to elucidate the hygroscopic properties of OA,
as well as the influence of organic aerosol components on
the hygroscopic behavior and phase transitions of inorganic
salts. Much of this work has focused on single- and multi-
component aerosols comprised of carboxylic, dicarboxylic,
and humic acids (e.g., Prenni et al., 2001; Choi and Chan,
2002a; Brooks et al., 2004; Chan et al., 2006; Moore and
Raymond, 2008; Hatch et al., 2009; Pope et al., 2010; Lei
et al., 2014), as well as mixtures of organic acids with in-
organic salts (e.g., Cruz and Pandis, 2000; Choi and Chan,
2002Db; Prenni et al., 2003; Wise et al., 2003; Brooks et al.,
2004; Svenningsson et al., 2006; Sjogren et al., 2007; Gao
et al., 2008). Recent studies have explored water uptake by
sugars, higher molecular weight organics, and polymers (Gy-
sel et al., 2004; Mochida and Kawamura, 2004; Tong et al.,
2011; Zobrist et al., 2011; Lei et al., 2014; Xu et al., 2014).
Such studies have aimed to characterize the hygroscopicity
of biomass burning aerosols, highly oxygenated aged SOA,
and oligomers. This body of research has demonstrated that
the water-uptake behavior of OA components and their influ-
ence on the phase transitions of inorganics depend on multi-
ple factors, including the composition and relative amounts
of the organic and inorganic aerosol fractions, the physio-
chemical properties of the organic components, and ambient
conditions. Controlled laboratory studies have also served as
a basis for the development and evaluation of thermodynamic
models (Clegg et al., 2001; Chan et al., 2005; Raatikainen
and Laaksonen, 2005; Clegg and Seinfeld, 2006; Marcolli
and Krieger, 2006; Svenningsson et al., 2006; Moore and
Raymond, 2008; Zardini et al., 2008; Zuend et al., 2011; Lei
et al., 2014), with the aim of representing water uptake by
organic and mixed organic—inorganic aerosols.

Current regional and global chemical transport models
include a simplified treatment of aerosol hygroscopicity.
In CMAQ (Community Multi-scale Air Quality model),
for example, only water uptake by the inorganic fraction
is considered (Binkowski and Roselle, 2003; http://ww.
epa.gov/AMD/Research/Air/aerosolModule.html). In WRF-
Chem (Weather Research and Forecasting model coupled
with Chemistry), aerosol hygroscopicity depends on the
aerosol module implemented. In MADE (Modal Aerosol Dy-
namics model for Europe) and MOSAIC (Model for Simulat-
ing Aerosol Interactions and Chemistry), only the inorganic
aerosol components are considered in estimates of aerosol
liquid water (Zaveri et al., 2008). In GOCART (Goddard
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Chemistry Aerosol Radiation and Transport), however, the
influence of water uptake on the optical properties of OA
is prescribed in tabulated relative humidity (RH)-dependent
growth factors (Koepke et al., 1997; http://acmg.seas.
harvard.edu/geos). The modal aerosol module (MAM) as-
sumes the hygroscopicity of primary and secondary organic
aerosols can be described with a single parameter based on
Kohler theory («; Petters and Kreidenweis, 2007). Similarly,
aerosol water associated with organic aerosol components is
considered in GEOS-Chem (Goddard Earth Observing Sys-
tem coupled with chemistry) using a set of RH-dependent
hygroscopic growth factors (HGFs) for total particulate or-
ganic carbon (http://wiki.seas.harvard.edu/geos-chem/index.
php/Aerosol_optical_properties). In the advanced particle
microphysics (APM) module of GEOS-Chem, hygroscop-
icity is again parameterized based on Kdéhler theory (Yu et
al., 2012). When water uptake by both inorganic and organic
components is taken into account in these large-scale chem-
ical transport models, total aerosol liquid water concentra-
tions are commonly calculated either assuming particles are
externally mixed or using a volume- or mass-weighted aver-
age of the « values or water contents of all simulated com-
ponents (Drury et al., 2008; Yu et al., 2012). This simplified
treatment of water uptake leads to substantial uncertainties in
predicted direct and indirect radiative forcing of atmospheric
aerosols (Chung and Seinfeld, 2002; Kanakidou et al., 2005;
Liu and Wang, 2010). Furthermore, the assumption of exter-
nal or additive mixing of the aerosol components fails to ac-
count for the influence that particle mixing state and particle-
phase morphology can have on aerosol hygroscopicity and
optical properties.

Recent work has demonstrated that organic and mixed
organic—inorganic particles can exist in multiple phase states
depending on their chemical composition and on ambient
conditions such as RH and temperature (Cappa et al., 2008;
Zobrist et al., 2008; Ciobanu et al., 2009; Virtanen et al.,
2010; Bertram et al., 2011; Koop et al., 2011; Krieger et al.,
2012). For example, non-ideal interactions between aerosol
components can result in a liquid-liquid phase separation
(LLPS) in which an inorganic-electrolyte-rich phase and an
organic-rich phase co-exist within a single particle (Erdakos
and Pankow, 2004; Ciobanu et al., 2009; Zuend et al., 2010;
Bertram et al., 2011; Pohlker et al., 2012; Song et al., 2012a;
Zuend and Seinfeld, 2012; You et al., 2012, 2013, 2014).
Laboratory studies have demonstrated that ambient OA can
exist as a highly viscous liquid, semi-solid, or glass under at-
mospherically relevant conditions (Zobrist et al., 2008, 2011;
Mikhailov et al., 2009; Koop et al., 2011; Tong et al., 2011).
Amorphous solid (glassy) SOA has been observed both in
a laboratory chamber and in the field (Virtanen et al., 2010;
Saukko et al., 2012). Such complex phase behavior has major
implications for the partitioning of water and semi-volatile
organic species to the particle phase (Ciobanu et al., 2009;
Koop et al., 2011; Krieger et al., 2012; Mikhailov et al., 2009;
Bones et al., 2012; Song et al., 2012a, 2014; Zaveri et al.,
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2014). Diffusion coefficients in solid or semi-solid particles
have been estimated to be up to 7 orders of magnitude smaller
than in liquids (Vaden et al., 2011; Abbatt et al., 2012), re-
sulting in the inhibition of mass transfer through the aerosol
bulk and delayed uptake and evaporation of water (Koop et
al., 2011; Bones et al., 2012; Shiraiwa et al., 2011, 2013;
Lienhard et al., 2014). Assuming that multi-component par-
ticles exist as well-mixed single-phase liquids when two sep-
arate phases are actually present can result in errors as large
as 200 % in predicted particle mass formed through the par-
titioning of organic vapors to the condensed phase (Zuend et
al., 2010; Zuend and Seinfeld, 2012). The present study ex-
plores the extent to which phase separations and other com-
plex phase behavior influence the partitioning of water vapor
to the particle phase.

A variety of methods have been used to characterize
the factors that influence the prevalence of LLPS and
amorphous solid OA. Coupling single-particle techniques
with microscopy has enabled the observation of particle-
phase transitions with changing ambient conditions (Krieger
et al., 2012). Song et al. (2012a), for example, evalu-
ated the prevalence of LLPS as a function of RH and
characterized the chemical composition of phases present
within mixed organic—inorganic aerosols using a high-speed
video camera and Raman microscopy. Moisture-induced
glass transitions have been observed for sucrose solutions
using single-particle techniques and differential scanning
calorimetry (Zobrist et al., 2008, 2011). Similarly, phase
states (solid/semi-solid vs. liquid) of SOA as a function of
RH have been inferred based on the fraction of particles
that bounced when impacted on a steel substrate (Sauuko
et al., 2012). A combination of bounce-fraction measure-
ments and electron microscopy of newly formed OA in a
boreal forest provided the first evidence that SOA formed
in the atmosphere can behave as amorphous solids (Virta-
nen et al., 2010). These analyses have also shown that phase
separation and particle viscosity vary with chemical compo-
sition (e.g., the organic: inorganic mass ratio), the molecu-
lar properties of the organic fraction of the aerosols (e.g.,
oxygen: carbon [O:C] ratio, molar mass, hydrophilicity),
and RH (Bertram et al., 2011; Song et al., 2012a, b; You
et al., 2013).While these studies have provided valuable in-
formation regarding the influence of RH and particle water
content on particle-phase state, investigations of the influ-
ence of complex phase behavior on water uptake are lim-
ited. Furthermore, the single-particle techniques commonly
used to study particle-phase morphology generally require
particle sizes on the order of 1-10 um (Krieger et al., 2012).
There is a need for the study of the properties and behavior
of submicrometer particles with complex phase morpholo-
gies. Herein, we explore variability in the hygroscopic behav-
ior of accumulation-mode particles with phase morphologies
ranging from well-mixed liquids to phase-separated particles
to amorphous solids or semi-solids and evaluate the impor-
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tance of accounting for such complex phase states and related
phase transitions when modeling water uptake.

2 Methods
2.1 Hygroscopic growth factor measurements

Diameter hygroscopic growth factors of nine laboratory-
generated aerosol systems that serve as atmospheric aerosol
surrogates were measured at RHs ranging from 40 to 90 %
with the Differential Aerosol Sizing and Hygroscopicity
Spectrometer Probe (DASH-SP). The DASH-SP has been
described in detail previously (Sorooshian et al., 2008).
Briefly, in the DASH-SP, aerosols are dried in a Nafion dryer,
pass through a 21%Po neutralizer, and are then size-selected
with a differential mobility analyzer, resulting in a monodis-
perse aerosol population. The size-selected aerosols are split
into four flows in which they are exposed to humidified air
in parallel Nafion humidifiers at four different controlled RH
values. Residence times in the Nafion dryer and in each of
the humidifiers are 1 and 4 s, respectively. The aerosols were
also sent through a silica gel diffusion dryer with a residence
time of ~ 3-5s prior to entering the DASH-SP. The size dis-
tributions of the particles following humidification are mea-
sured with four dedicated optical particle counters (OPCs).
A data processing algorithm that accounts for the depen-
dence of the OPC signal on particle diameter and refractive
index has been developed to calculate wet particle diame-
ter (i.e., particle diameter after exposure to humidified air)
from the OPC signal (Sorooshian et al., 2008). This calcu-
lation requires knowledge of the refractive index of the dry
particle. One of the flow regions of the DASH-SP is kept dry
(RH<89%) to enable calculation of the effective refractive
index using an empirical relationship between OPC signal
height, refractive index, and particle size. This empirical re-
lationship was developed using calibration salts with known
refractive indices (Sorooshian et al., 2008). It is assumed that
the particles are spherical and that they scatter, but not do
absorb, light. Hygroscopic diameter growth factors are cal-
culated as the ratio of the mode diameter of the wet par-
ticle size distribution (i.e., at a 40-90% RH set point) to
the dry-mode particle diameter (HGF = Dyet/ Dgry). In this
work, HGFs were measured for particles with dry mobility
diameters of 250 nm. HGF measurements were performed
at room temperature (~ 298 K). A minimum of 1500 parti-
cles were counted and sized at each RH value to produce the
dry and wet size distributions. Experiments were repeated
10 times for each aerosol system and reported growth fac-
tors were calculated as the average across those 10 runs. The
overall average uncertainty in DASH-SP-measured HGFs is
approximately 5% but can approach 8 % at lower values of
RH (Sorooshian et al., 2008).

With the aim of exploring the extent to which water uptake
varies with particle-phase state, hygroscopic growth curves
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were measured for chemical systems for which particle-
phase behavior as a function of RH has previously been char-
acterized. For all systems studied here, RH-dependent phase
states had previously been observed at room temperature.
Most of those studies were based on single-particle tech-
niques, in which a single-particle (typically supermicron-
sized) is isolated in a controlled environment and probed with
various optical and microscopy techniques (Tong et al., 2011;
Zobrist et al., 2011; Song et al., 2012a; You et al., 2013).
Briefly, You et al. (2013) explored the prevalence of liquid—
liquid phase separations as a function of RH for internally
mixed organic—inorganic aerosol systems comprising one or-
ganic compound and one inorganic salt. Single particles were
deposited on a glass slide coated with a hydrophobic sub-
strate that was then mounted in a RH- and temperature-
controlled flow cell. Phase transitions during RH cycling
were observed with an optical reflectance microscope. Song
et al. (2012a) studied the phase behavior of more complex
particle mixtures, each consisting of three dicarboxylic acids
with 5, 6, or 7 carbon atoms (Cs, Cg, C7) and ammonium
sulfate, deposited on a glass slide using a Raman microscope
equipped with a high-speed camera. Zobrist et al. (2011)
and Tong et al. (2011) studied the phase-state and water-
uptake behavior of sucrose particles using an electrodynamic
balance coupled with various optical techniques and optical
tweezers coupled with bright-field imaging, respectively.

Seven aerosol systems with RH-dependent phase mor-
phologies ranging from well-mixed liquids to phase-
separated particles to amorphous solids or semi-solids were
chosen for study in the present work from the above-
described studies. Table 1 summarizes the compositions and
phase behaviors of these chemical systems as determined in
these prior studies. Two additional chemical systems con-
sisting of sucrose and ammonium sulfate with varying or-
ganic : inorganic ratios were also studied here. A concurrent
study (Robinson et al., 2014) also explored the hygroscopic
behavior of submicron sucrose—ammonium sulfate particles,
with the aim of characterizing the influence of glassy aerosol
components on the optical properties of organic—inorganic
particles. Sucrose was selected as a model compound in that
work and in the present study due to its high glass-transition
temperature (T, = 331-335.7 K), as characterized by Zobrist
et al. (2008) and Dette et al. (2014). The phase behavior of
these systems as a function of RH, however, has only been
characterized for a sucrose : ammonium sulfate dry mass ra-
tio of 2:1 (You and Bertram, 2015, Table 1). The phase be-
havior of the 1: 1 sucrose—ammonium sulfate system has not
been characterized with single-particle techniques.

In addition to differences in phase behavior, the aerosol
systems represent variations in their complexity (in terms of
dry composition). Particle compositions range from single-
component organic systems, to two-component systems con-
sisting of one organic and ammonium sulfate, to more com-
plex systems consisting of dicarboxylic acid mixtures and
ammonium sulfate (Table 1). To evaluate the performance
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of the DASH-SP and the HGF-calculation algorithm, con-
trol runs were also performed for pure ammonium sulfate
aerosols. For all chemical systems, aerosols were generated
by atomizing aqueous solutions prepared by dissolving the
organic and inorganic components with the mass ratios given
in Table 1 in Milli-Q water (resistivity > 18.2 M cm). Am-
monium sulfate (purity >99 %) and ACS reagent-grade su-
crose were purchased from Macron Fine Chemicals; all other
organic components were purchased from Sigma-Aldrich
(purity > 98 %).

2.2 Modeling hygroscopic growth

Hygroscopic growth curves were modeled for the nine
aerosol systems with the Aerosol Inorganic-Organic Mix-
tures Functional groups Activity Coefficients (AIOMFAC)
model (Zuend et al., 2008, 2010, 2011; Appendix A). AIOM-
FAC is a thermodynamic model that explicitly accounts for
molecular interactions between all components in an aque-
ous solution through the calculation of activity coefficients.
A group-contribution concept based on UNIFAC (UNIversal
quasi-chemical Functional group Activity Coefficients), in
which the thermodynamic properties of organic compounds
are determined on the basis of their molecular structures, is
employed to account for interactions among organic func-
tional groups, inorganic ions, and water (Zuend et al., 2008,
2011). In these AIOMFAC-based equilibrium calculations,
the potential existence of a LLPS is determined and cor-
responding liquid-phase compositions are computed by the
method of Zuend and Seinfeld (2013). Diameter growth fac-
tors are calculated for RH values ranging from near O to
99 % for both dehydration (from high RH to low RH) and
hydration (low RH to high RH) cycles for all systems. For
dehydration-branch calculations, growth factors at RH val-
ues lower than the particle/inorganic salt deliquescence point
are representative of metastable conditions, where a super-
saturated solution is present with respect to the dissolved
inorganic salt. Hydration calculations include the presence
of a solid inorganic phase at RH values before the full deli-
quescence of ammonium sulfate and the partial dissolution of
ammonium sulfate into the aqueous organic solution (solid-
liquid equilibrium; SLE). The hydration calculations are the
most relevant to the hygroscopic growth experiments, as the
atomized aerosols were dried before being exposed to ele-
vated humidities in the DASH-SP. AIOMFAC-calculated di-
ameter growth factors are compared to measured values to
provide a detailed evaluation of the interactions likely to be
occurring between aerosol chemical components.

Following Zuend and Seinfeld (2012), in addition to the
full AIOMFAC-based equilibrium calculations, several sim-
plified calculations were performed to explore the influence
of phase separation and the effects of other non-ideal in-
teractions on hygroscopic growth. These comparisons also
evaluate the need for accounting for such interactions in
modeling the water-uptake behavior of atmospheric aerosols.
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Table 1. Aerosol systems studied.

Aerosol system Organic-component Organic- Organic: inorganic ~ Previous References

structures component density  dry mass ratio experimentally

(kgm=3) determined phase
behavior
Citric o ° g 1.580 No LLPS observed  Bertram et
acid + ammonium . . al. (2011), You et
sulfate on al. (2013)
Diethylmalonic 2 1.131 LLPS at You et al. (2013)
acid + ammonium RH <89%
sulfate HO%OH
o

2-Methylglutaric i i 1.169 LLPS at You et al. (2013)
acid +ammonium  +o oH RH<75%
sulfate
Cs dicarboxylic M 1.219 No LLPS observed  Song et al. (2012a)
acids mixture Ho on
(glutaric, methyl- f
succinic, Ho.
dimethylmalonic o
-+ ammonium 00 o
sulfate

HO)%‘\OH
Cg dicarboxylic I i 1.169 Transition from Song et al. (2012a)
acid mixture Ho oH LLPS with
(2- o . partially engulfed
methylglutaric, W morphology to
3-methylglutaric,  +o oH single liquid phase
2,2- i atRH=74%
dimethylsuccinic) o on
+ ammonium
sulfate ©
Cy7 dicarboxylic . i 1.131 Transition from Song et al. (2012a)
acid mixture (3- °W‘\OH LLPS with
methyladipic, 3,3- ° . core-shell mor-
dimethylglutaric, )J\X/U\ phology to single
diethylmalonic) Ho on liquid phase at
+ammonium t RH =89-90 %
sulfate

o
Sucrose o~ 1.309 not applicable Glass transition Tong et al. (2011),
. At at RH =24-53 %, Zobrist et al. (2011)
o depending on
N timescale of RH

A@ change
Sucrose 1:1 Unknown This study
-+ ammonium
sulfate
Sucrose 2:1 No LLPS observed  You and
+ ammonium Bertram (2015)
sulfate
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Two hygroscopic growth calculations in which no LLPS was
allowed to occur were performed: (1) one in which non-
ideal interactions are taken into account through AIOMFAC-
calculated activity coefficients and (2) one in which it is as-
sumed that the condensed phase behaves as an ideal mixture.
Water-uptake calculations were also performed in a mode
in which complete separation between an aqueous inorganic
electrolyte phase and an organic phase is assumed and, thus,
no organic—ion interactions are accounted for. This latter
case is similar to a Zdanovskii—Stokes—Robinson (ZSR) re-
lation assumption, since the water uptake of individual com-
ponents (here two separate phases) are added up to estimate
the HGF. In our ZSR-like calculation case, the influence of
non-ideality on water activity, and therefore water content, is
accounted for within the individual phases with AIOMFAC-
based activity coefficients. A calculation in which a solid or-
ganic phase is assumed at all RH values was also performed
for comparison against the DASH-SP measurements in order
to evaluate whether the presence of a solid organic phase was
likely in any of the chemical systems studied. All growth-
curve calculations were performed at 298 K.

Note that AIOMFAC predicts phase compositions, which
can be used to derive mass growth factors but not the den-
sities of the phases necessary to calculate diameter growth
factors (assuming spherical particles). Solid and liquid-state
densities of ammonium sulfate were taken from Clegg and
Wexler (2011). The density of citric acid was calculated
based on the data and parameterizations of Lienhard et
al. (2012). The densities of all other organic compounds
were estimated using the structure-based method of Giro-
lami (1994) with the online density-calculation tools avail-
able on the E-AIM website (http://www.aim.env.uea.ac.uk/
aim/aim.php). Densities of mixtures within particles and
those of individual phases were calculated assuming addi-
tive molar volumes of each component (i.e., ideal mixing in
terms of density). Organic component densities are given in
Table 1.

3 Results and discussion

3.1 Experimental hygroscopic growth curves and
AIOMFAC modeling

3.1.1 Two-component carboxylic acid-ammonium
sulfate systems

Measured and AIOMFAC-predicted HGFs for the two-
component carboxylic acid-ammonium sulfate systems (or-
ganic: inorganic dry mass ratios =2 : 1) are shown in Fig. 1.
Panels below the hygroscopic growth curves illustrate
AIOMFAC predictions of the occurrence of phase sep-
aration and the composition of each phase. All of the
two-component carboxylic acid—ammonium sulfate systems
demonstrate suppressed water uptake at high RH values com-
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pared to pure ammonium sulfate (Figs. la—c, B1). This is
expected because, based on approximately linear additiv-
ity in water uptake by the different particle components,
a lesser degree of water uptake by the organic fraction in
comparison to inorganic salts (per unit mass) is typically
the case. At RH =80%, ratios of the HGFs for the mixed
organic—inorganic aerosols to those for pure ammonium sul-
fate were 0.88, 0.86, and 0.89 for the systems containing di-
ethylmalonic acid, 2-methylglutaric acid, and citric acid, re-
spectively. Similarly, these values were 0.90, 0.88, and 0.88
at RH=90%. At low to moderate RH values (40-70 %),
however, the shapes and characteristics of the growth curves
vary across the systems due, at least in part, to differences in
phase behavior, as is discussed below.

Mixed diethylmalonic acid—ammonium sulfate particles
demonstrated little to no water uptake (HGF = 1.0) before
the particle deliquesced at an RH of approximately 80 %
(Fig. 1a). This suggests the presence of a viscous semi-
solid, an amorphous solid, or a crystalline solid organic phase
(with no water uptake on the timescale of the 4 s residence
time in the humidifier). The presence of a solid organic
at low to moderate RH is supported by a comparison be-
tween measured and AIOMFAC-calculated growth factors.
For RH = 40-70 %, model-measurement agreement is clos-
est for the case in which diethylmalonic acid is assumed
to be solid. Measured values then approach the full equi-
librium AIOMFAC calculation in which the organic is as-
sumed to be in a liquid state. Note that all AIOMFAC-based
calculations shown by the solid curves assume that the or-
ganic compounds are in a liquid-like state at all RH levels.
For this system, AIOMFAC predicts a SLE state, with di-
ethylmalonic acid dominating the liquid phase and with the
solid phase fully comprised of ammonium sulfate. Following
the deliquescence of ammonium sulfate at RH=79.75 %,
the particle is predicted to undergo LLPS. The organic-
dominated and the ammonium sulfate-dominated phases are
then predicted to merge to a single phase at RH =94 %. The
AIOMFAC-predicted RH at which merging of the two phases
occurs is 5% higher than that observed by You et al. (2013).
Itis likely that this small discrepancy can be attributed to un-
certainty in modeled organic—ion interactions. However, it is
also possible that optical methods cannot discern the pres-
ence of two phases at RH > 89 % if one of the two predicted
liquid phases is small in mass or volume compared to the
other phase.

In addition, You et al. (2013) performed dehydration ex-
periments to explore the onset of phase separation (from high
to low RH), while the present study focused on hydration ex-
periments (from low to high RH). AIOMFAC predictions are
made under the assumption that there is no hysteresis be-
tween LLPS and the merging of two liquid phases to a single
phase in terms of the onset RH. This is because experiments
(e.g., Song et al., 2012a) show that there is little to no hystere-
sis in such a phase transition, at least for systems with liquid-
like viscosities. In contrast to the typical hysteresis behavior
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Figure 1. Top panels: Measured and AIOMFAC-predicted hygroscopic diameter growth factors for (a) diethylmalonic acid-ammonium
sulfate particles, (b) 2-methylglutaric acid—-ammonium sulfate particles, and (c) citric acid-ammonium sulfate particles, with dry or-
ganic : inorganic mass ratios of 2: 1 for all systems. The black circles indicate the average growth factor measured across ten experiments
and error bars indicate the standard deviation of the measured growth factors. Panels below the hygroscopic growth curves indicate the
AIOMFAC-predicted composition of each of three possible phases present in the particles (liquid phase 1, liquid phase 2, and a solid phase)
as a function of relative humidity. Empty boxes indicate that no second liquid phase is predicted.

of liquid—crystal/crystal-liquid phase transitions (i.e., deli-
guescence vs. crystallization), liquid-liquid to single-liquid
phase transitions involve only disordered phase states (rather
than crystalline solids with long-range order). Exceptions to
this may exist for some systems in a particular composition
range involving the metastable region of a liquid—liquid equi-
librium phase diagram (e.g., Zuend et al., 2010). However,
the energy barrier for the nucleation and growth of a new lig-
uid phase is small in comparison to the larger energy barrier
that needs to be overcome when a new crystalline phase is
formed. Because the merging of the phases is predicted to
occur at an RH at which aqueous diethylmalonic acid is ex-
pected to be of low viscosity (Fig. 1a), no hysteresis behavior
is expected. Thus, we do not expect that a hysteresis behav-
ior influenced the disagreement in the RH of phase merging
discussed above.

Like the diethylmalonic acid-ammonium sulfate sys-
tem, the 2-methylglutaric-containing aerosols demonstrate
a marked increase in water uptake at RH =80 %; however,
more gradual and continuous water uptake was observed
prior to particle deliquescence (Fig. 1b). Good agreement
was achieved between measured and AIOMFAC-predicted
growth curves at all RH values. AIOMFAC again predicts
a SLE state prior to the deliquescence of ammonium sul-
fate at RH=79.25%. This is followed by the presence of
two liquid phases before full merging of the phases into a
single liquid phase at RH=282.25%. As was true for the
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diethylmalonic acid—-ammonium sulfate system, this LLPS
phase transition value is higher than the RH of 75% ob-
served by You et al. (2013). As noted above, this could be
related to uncertainty associated with the parameterization of
the AIOMFAC group-contribution method. In addition, with
the gradual merging of the phases, it is possible that a remain-
ing LLPS was not visible in the experiments at RH > 75 %.
Again, as is explained above, no hysteresis is expected for
the phase separation and merging for hydration and dehydra-
tion conditions for this system.

For the citric acid-ammonium sulfate particles, measured
growth factors suggest gradual, continuous water uptake
at all experimental RH values (Fig. 1c). This is in agree-
ment with measurements for this system at different dry
organic : inorganic ratios reported by Zardini et al. (2008).
The AIOMFAC-predicted growth curve indicates a small in-
crease in slope with the deliquescence of ammonium sulfate
at RH = 70.25 %, lower than that for pure ammonium sulfate.
This is expected in the presence of a hygroscopic organic
compound like citric acid (O:C=1.17) due to the partial
solubility of ammonium sulfate in the aqueous, citric-acid-
rich phase. Measured and predicted growth factors are in
very good agreement at all RH values. For this system, a sin-
gle, well-mixed liquid phase is predicted following the com-
plete deliquescence of ammonium sulfate. This is in agree-
ment with the experimental results of You et al. (2013) and
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Bertram et al. (2011), who observed no evidence of LLPS for
citric acid-ammonium sulfate particles.

A comparison of hygroscopic growth curves across the
three two-component systems suggests that growth curve
shape reflects phase behavior in mixed organic-ammonium
sulfate systems. Growth curves approach smoother, more
continuous water uptake with decreasing prevalence of LLPS
(i.e., looking from left to right for Fig. la—c). In addition
to higher miscibility of the aerosol components for particles
with no LLPS or those for which LLPS persists for only a
small range of RH values, this can likely be attributed to
the fact that both the prevalence of LLPS and aerosol hy-
groscopicity vary with the O: C ratios of the organic com-
ponents of mixed organic—inorganic particles (Massoli et al.,
2010; Bertram et al., 2011; Duplissy et al., 2011; Song et al.,
2012a; You et al., 2013). Note that the O : C ratios of diethyl-
malonic, 2-methylglutaric, and citric acid are 0.57, 0.67, and
1.17, respectively. Thus, the smoothing of the growth curves
with increasing O : C (and, incidentally, lower prevalence of
LLPS) is consistent with the higher propensity of the more
polar compounds to take up water and dissolve some ammo-
nium sulfate (in an SLE) at lower RH.

3.1.2 Complex mixed dicarboxylic acid-ammonium
sulfate systems

In general, water-uptake behavior was similar across the
more complex dicarboxylic acid—ammonium sulfate mix-
tures, regardless of the carbon number of the acids included
in the system and the differences in the phase morpholo-
gies of the particles observed previously in experiments by
Song et al. (2012a). All systems demonstrated gradual wa-
ter uptake with growth factors increasing from 1.0 to ~ 1.05
prior to a rapid increase in particle diameter of ~30-45%
at RH~80% (Fig. 2). This is in agreement with the re-
sults of Song et al. (2012a), who observed nearly complete
or complete particle deliquescence at RH values of 79-80 %
for all three systems. At RH > 80 %, suppressed hygroscopic
growth as compared to ammonium sulfate is evident, but to a
lesser degree than for the two-component systems discussed
above, with reductions in diameter growth factors ranging
from 1 to 7%. This is likely attributable to the smaller or-
ganic : inorganic ratios of these systems as compared to the
two-component systems (dry mass ratios of 1:1 rather than
2:1). In addition, mixing effects due to the presence of multi-
ple organics, which can inhibit crystallization (Cruz and Pan-
dis, 2000; Marcolli et al., 2004), likely influenced the water-
uptake behavior of these systems. One constituent of the Cy
acid mixture, diethylmalonic acid, demonstrated behavior in-
dicative of the presence of a crystalline solid or highly vis-
cous organic phase in the two-component mixture discussed
above. In the more complex C7 acid mixture, however, it is
possible that there is limited, but more gradual, water uptake
at low to moderate RH, suggesting a liquid (perhaps moder-
ately viscous) phase. Owing to their complexity, the multi-
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acid aerosol systems may provide a better analog for the
majority of mixed organic—inorganic atmospheric aerosols
than the two-component systems. As was true for the two-
component carboxylic acid-ammonium sulfate systems, we
observed a smoothing of the growth curves with increasing
O: C ratio of the Cs, Cg, and C7 dicarboxylic acid mixtures
(0:C=0.80,0.67, 0.57, respectively).

As determined both through previous experimental work
and with the AIOMFAC modeling, there is variability
in phase behavior across the mixed dicarboxylic acid—
ammonium sulfate aerosol systems. For the Cs dicarboxylic
acid—ammonium sulfate system, AIOMFAC predicts an SLE
state of ammonium sulfate prior to complete deliquescence at
RH=77% (Fig. 2a). At this point, ammonium sulfate fully
dissolves into the organic-dominated liquid phase. For the
Cs and C7 systems, however, AIOMFAC predicts LLPS fol-
lowing the complete deliquescence of ammonium sulfate at
RH=79.25 and 79.75 %, respectively (Fig. 2b, c). For the
Cs system, the inorganic- and organic-dominated phases are
then predicted to merge to a single phase at RH =83 %,
while LLPS persists up to RH=92.75% for the C; sys-
tem. AIOMFAC predictions of phase behavior are in qualita-
tive agreement with the observations of Song et al. (2012a).
In agreement with AIOMFAC predictions of particle-phase
state during the humidification process (i.e., starting from dry
conditions), no evidence of LLPS was observed for the Cs
system (Song et al., 2012a). Contrary to the experiments re-
ported by Song et al. (2012a), AIOMFAC does predict LLPS
at RH values below 80 % for the dehydration process of the
Cs system (i.e., when no solid ammonium sulfate phase is
allowed to form). For both the Cg and C; systems, AIOM-
FAC overpredicts the RH at which separated phases merge
to a single phase by 10 and 3%, respectively, in compar-
ison to the observations by Song et al. (2012a). Song et
al. (2012a) also observed differences in the morphology of
the LLPS states of the Cg and C7 systems. For the Cg Sys-
tem, an ammonium sulfate core was partially engulfed by an
organic-dominated outer phase containing ammonium sul-
fate satellite inclusions. The C; system displayed a distinct,
fully engulfed core—shell morphology. Despite the small de-
gree of model-experiment disagreement in the RHs at which
merging of two liquid phases occur in the Cg and C7 sys-
tems, good agreement between measured and AIOMFAC-
predicted growth curves is achieved for the Cs, Cg, and C;
systems (Fig. 2a—c). This suggests that the presence or ab-
sence of LLPS, as well as the morphology of LLPS (which is
not taken into account in AIOMFAC), might influence water
uptake to a lesser degree than other thermodynamic proper-
ties. This is explored subsequently when we compare various
modeling methods that vary in the degree to which they con-
sider thermodynamic non-ideality and LLPS.
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Figure 2. Top panels: measured and AIOMFAC-predicted hygroscopic diameter growth factors for (a) Cs dicarboxylic acid mixture—
ammonium sulfate particles, (b) Cg dicarboxylic acid mixture—ammonium sulfate particles, and (c) C7 dicarboxylic acid mixture—ammonium
sulfate particles, with dry organic : inorganic mass ratios of 1 : 1 for all systems. The black circles indicate the average growth factor measured
across 10 experiments and error bars indicate the standard deviation of the measured growth factors. Panels below the hygroscopic growth
curves indicate the AIOMFAC-predicted composition of each of three possible phases present in the particles (liquid phase 1, liquid phase 2,
and a solid phase) as a function of relative humidity. Empty boxes indicate that no second liquid phase is predicted.

3.1.3 Sucrose-containing aerosols

The pure sucrose aerosols demonstrate continuous, but lim-
ited, water uptake with growth factors reaching only 1.25
at RH=90% (Fig. 3a). Consequently, as RH approaches
100 %, the growth factor is expected to show a steep increase.
Such a steep increase is predicted by the AIOMFAC-based
equilibrium model at RH~95%. For RH <50 %, average
measured values of HGF fall below the equilibrium calcu-
lations of AIOMFAC; however, this deviation is within ex-
perimental uncertainty. Previous studies demonstrated that
the glass transition RH of sucrose droplets at room tem-
perature (~298K) ranges between 25 and 53 %, depend-
ing on the rate of dehumidification (Zobrist et al., 2011,
Tong et al., 2011). Thus, it is possible that a glass transi-
tion occurred with the rapid drying of the atomized sucrose
droplets (total residence time in the silica gel diffusion and
Nafion dryers ~5s). However, no quantitative conclusions
can be drawn about the extent to which this affected HGFs in
our measurements. Nevertheless, such a glass transition may
have influenced the growth factor measurement at RH <53
% and could partially explain the observed discrepancy be-
tween the measured and modeled growth factors at those RH
levels. Measured HGFs are in agreement with equilibrium-
condition measurements and modeling of Tong et al. (2011)
and Zobrist et al. (2011), as well as AIOMFAC-modeled
HGFs, particularly at RH > 60 %.
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Like pure sucrose, the sucrose—ammonium sulfate systems
demonstrate continuous water-uptake behavior, with smaller
HGFs compared to pure ammonium sulfate at RH =80 and
90 % (Fig. 3b, ¢). The magnitude of the deviations in HGF
for the sucrose-ammonium sulfate particles from those for
pure ammonium sulfate varies with the organic : inorganic
ratio but is within the range observed for the other aerosol
systems. At RH =80 %, ratios of the HGFs for the sucrose—
ammonium sulfate particles to those for pure ammonium
sulfate were 0.86 and 0.91 for the 2:1 and 1:1 sucrose—
ammonium sulfate systems, respectively. These values were
0.85 and 0.89 at RH =90 %.

Evidence for the influence of a highly viscous phase state
on hygroscopic behavior is stronger for the mixed sucrose—
ammonium sulfate aerosols. While for stable thermodynamic
equilibrium AIOMFAC predicts distinct deliquescence be-
havior at RH=280% for both organic : inorganic ratios, we
observed smooth, continuous water uptake for RH=40-
90% in the DASH-SP experiments (Fig. 3b, c). Note that
before entering the DASH-SP, particles were dried after at-
omization from a solution, at which point ammonium sul-
fate crystallization may occur. Since the viscosity of the so-
lution is expected to increase considerably toward lower RH,
however, the high viscosity (potentially accompanied by a
glass transition) may suppress the crystallization of ammo-
nium sulfate in these systems. The corresponding AIOMFAC
calculations for the humidification process are shown by the
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Figure 3. Top panels: Measured and AIOMFAC-predicted hygroscopic growth factors for (a) sucrose particles, (b) mixed sucrose—
ammonium sulfate particles with an organic:inorganic ratio of 1:1, and (c) mixed sucrose—-ammonium sulfate particles with an or-
ganic : inorganic ratio of 2:1. The black circles indicate the average growth factor measured across 10 experiments, and error bars indicate
the standard deviation of the measured growth factors. Solid lines indicate the hydration curve calculated with the AIOMFAC-based equilib-
rium model, while dashed lines illustrate the dehydration branch in which a supersaturated solution is present with respect to the dissolved
ammonium sulfate. The three panels below the hygroscopic growth curves indicate the AIOMFAC-predicted composition of each of three
possible phases present in the particles during the hydration process (liquid phase 1, liquid phase 2, and a solid phase) as a function of relative
humidity. Empty boxes indicate that either no second liquid phase or no solid phase is predicted.

solid curves in Fig. 3 (where ammonium sulfate is in a crys-
talline state at low RH), while the dashed curves show the
model predictions of HGF for the case where both sucrose
and ammonium sulfate are present in a liquid (potentially
viscous) solution. This latter scenario is often observed ex-
perimentally during a dehydration process (starting at very
high RH with a homogenous liquid solution). The measured
HGFs are in good agreement with the metastable conditions
of the AIOMFAC-modeled “dehydration branch.” This is in
agreement with the results of Robinson et al. (2014), who
also observed continuous water uptake and evidence for the
inhibition of the crystallization of ammonium sulfate in the
presence of viscous sucrose. Minor differences (< 10%) in
the HGFs reported in their work (RH = 60-80 %) and those
described here can likely be attributed to differences in tech-
nique, as they derived growth factor based on light extinction
using Mie theory, or to variances in particle drying and/or
humidification times (humidification residence time = 1s vs.
4s in this work). Our results suggest that rapid particle dry-
ing within HGF instrumentation can induce a steep increase
in particle viscosity, potentially even leading to a glass tran-
sition. As a result, such measurements may not accurately
reflect the equilibrium water-uptake behavior of viscous par-
ticles. This has implications for the measurement of HGFs
for ambient aerosol such as the highly oxygenated SOA for
which sucrose serves as a surrogate in these experiments.
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The formation of a highly viscous liquid or semi-solid
phase may also lead to Kinetic limitations, affecting the loss
of water by evaporation during the drying process prior to
humidification in the DASH-SP. There is increasing evi-
dence from laboratory and field studies that viscous liquid
or semi-solid SOA components may be present in atmo-
spheric aerosol (e.g., Virtanen et al., 2010; Vaden et al., 2011;
Saukko et al., 2012; Renbaum-Wolff et al., 2013). Thus, ac-
counting for kinetic limitations to water uptake and release is
crucial to accurately modeling the dynamic hygroscopic be-
havior of SOA. However, the good agreement between mea-
sured HGFs and the AIOMFAC-based dehydration-branch
equilibrium calculations indicates that water loss was not
substantially inhibited during particle drying. If a glassy su-
crose shell had formed in these particles and this shell was of
sufficient thickness to inhibit water evaporation during the
~ 55 residence time in the dryers, the measured effective
“dry” reference diameter would have been affected by the
higher water content. This oversized shell would, in turn, af-
fect all the experimental HGFs obtained at higher RH due
to the normalization by the “dry” particle diameter. If this
were the case, HGFs from the experimental data would likely
be lower and discrepancies from the AIOMFAC-based cal-
culations of the dehydration growth curve would be larger.
Another possible factor contributing to model-measurement
disagreement for the sucrose—ammonium sulfate systems is
the lower confidence in the treatment of ether groups by
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AIOMFAC as compared to functional groups present in the
other systems studied here. This is due to limited experimen-
tal data for the development of parameterizations of ether-
group—ion interactions (Zuend et al., 2011). This might also
contribute to uncertainty in the predicted phase behavior of
the sucrose—ammonium sulfate aerosols, which indicates an
SLE prior to the complete deliquescence of ammonium sul-
fate at RH=280%. It is predicted that LLPS then persists
up to RH=94.25% for both organic:inorganic ratios ex-
plored here (Fig. 3b, c). The predicted occurrence of LLPS
for sucrose (O : C = 0.92) contrasts with previous studies that
suggest that LLPS is unlikely for organic compounds with
0:C>0.7-0.8 (Bertram et al., 2011; Song et al., 2012b;
You et al., 2013) as well as the experimental results of You
and Bertram (2015), in which no LLPS was observed for
sucrose—ammonium sulfate particles with an organic to in-
organic dry mass ratio of 2: 1.

3.1.4 Measurement and modeling limitations and
uncertainty

As noted above, data availability limitations and variability
in experimental conditions for the data sets used in devel-
oping parameterizations of functional-group—ion interactions
in AIOMFAC contribute to uncertainties in ether—ion inter-
actions and other functional-group—ion interactions. In addi-
tion, other measurement and modeling limitations can con-
tribute to uncertainty in measured and predicted HGFs. Be-
cause experimental data regarding the densities of organic
compounds are limited, the densities of many of the organic
compounds studied in this work were estimated with a group-
contribution method (Girolami, 1994). Furthermore, for all
aerosol systems and all phases present within the particles
it was assumed that the molar volumes of the aerosol com-
ponents are additive (i.e., ideal mixing in terms of volume
and density contributions), regardless of the thermodynamic
properties of the mixture under consideration.

Complex particle-phase morphologies can also present
unique sources of error and uncertainty in HGF measurement
methods that use optical methods, such as the DASH-SP.
For example, the algorithm that calculates diameter growth
factor assumes that the refractive index of the non-water
aerosol components is constant at the value measured in the
dry DASH-SP channel. For systems with non-uniform sur-
faces (e.g., the Cg dicarboxylic acid—-ammonium sulfate sys-
tem, which has been shown to have an organic outer shell
with satellite ammonium sulfate inclusions or partially en-
gulfed morphology; Song et al., 2012a), this assumption
might not be accurate. In addition, the effective refractive in-
dex of the organic and inorganic particle components might
evolve upon humidification as previously separated phases
merge. This behavior has the potential to influence hygro-
scopicity measurements for systems that have core—shell
morphologies at low to moderate RH that then transition
to a single liquid-phase state with increasing water content
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and might contribute to the greater model-measurement dis-
agreement at RH =80% observed for the C; dicarboxylic
acid—ammonium sulfate system. However, the overall agree-
ment achieved between measured HGFs and AIOMFAC-
calculated values in this work suggests that these factors, and
their corresponding uncertainties, are not a substantial issue
for the measurement of HGFs for the aerosol compositions
and particle size range studied here.

In addition, as noted above, the DASH-SP HGF experi-
ments were performed with particles much smaller than those
used in the microscopy or electrodynamic balance experi-
ments that had previously been used to directly characterize
LLPS and glass transitions in the particle systems studied.
Thus, the phase behavior of the particles studied here was not
characterized directly. There is some limited evidence that
the prevalence of LLPS can vary with particle size. Veghte
et al. (2013) observed that LLPS did occur in larger particles
comprised of ammonium sulfate and succinic acid or pimelic
acid (diameters > 170 and 270 nm, respectively); however,
that LLPS was not evident in smaller particles with the
same composition and organic : inorganic mass ratios. While
the DASH-SP experiments do not directly reveal whether a
phase separation is present in the particles, the observed hy-
groscopic growth in comparison to the model calculations is
in agreement with such phase behavior in the corresponding
LLPS RH ranges. Finally, the timescale of humidification in
our experiments differs from that in the single-particle stud-
ies. For example, in the mixed dicarboxylic acid—-ammonium
sulfate single-particle experiments, RH was changed at a rate
of 0.14-0.34% min~! (Song et al., 2012a). The extent to
which the timescale of humidification influences the occur-
rence of phase separation is unknown; however, again, agree-
ment between the measured hygroscopic growth and those
calculated under equilibrium conditions suggests the humid-
ification timescale did not have a substantial impact on phase
behavior.

3.2 Evaluation of simplified thermodynamic
assumptions

For the multicomponent systems for which we expect that
observed water-uptake behavior is governed by thermody-
namic equilibrium conditions (i.e., excluding the sucrose-
containing systems, which display evidence of kinetic lim-
itations to the crystallization of ammonium sulfate), we
compared the rigorous thermodynamic modeling of the
AIOMFAC-based equilibrium HGF predictions (“AlOM-
FAC, equilibrium” in Fig. 4) to that based on several simpli-
fied thermodynamic assumptions: (1) representing particles
as ideal, well-mixed liquids (“ideal — well-mixed liquid™),
(2) forcing a single liquid phase following the deliquescence
of ammonium sulfate but accounting for non-ideal interac-
tions through activity coefficient calculations and allowing
for a SLE of ammonium sulfate (“no LLPS — non-ideal”),
and (3) a ZSR-like calculation in which complete separa-
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Figure 4. Comparison of simplified thermodynamic assumptions to the full AIOMFAC hygroscopic growth calculations for the multi-
component systems for which we expect observed water-uptake behavior to be governed by thermodynamic equilibrium conditions. Or-
ganic : inorganic dry mass ratios, which can substantially influence the extent to which non-ideal interactions affect water uptake, are given in
parentheses. The performance of the simplified modeling approaches varies across the systems with variations in phase behavior. Disagree-
ment between the full AIOMFAC-based equilibrium calculations and the simplified models is greatest at low to moderate RH (RH = 20—

80 %).

tion of the inorganic and organic components is assumed at
all RH levels (“complete phase separation (ZSR)”). Water
is the only component allowed to partition to both phases
in this ZSR-like calculation case. In all of these simplified
calculation cases, the formation of a solid ammonium sul-
fate phase is allowed to occur (below its deliquescence point
at the given temperature), except for the single-phase, ideal
mixture case. We evaluate the extent to which these simple,
relatively computationally inexpensive modeling approaches
capture the hygroscopic behavior of particles with varied
and complex phase states. Note that for the diethylmalonic
acid—ammonium sulfate system, we first focus on the calcu-
lation for which the presence of a solid organic is predicted
prior to particle deliquescence (“solid organic” in Fig. 4).
At RH > 80%, we then consider the full AIOMFAC equi-
librium calculation in our discussion of model error, as this
offered the best agreement between measured and modeled
values (Fig. 1a). For all other systems, we focus on the full
AIOMFAC-based equilibrium calculations at all RH values.

Figure 4 shows a comparison of the AIOMFAC-predicted
HGFs for the hydration branch of a humidity cycle and those
calculated with the simplified modeling approaches. The per-
formance of each of the simplified modeling approaches dif-
fers for particles depending on phase state. This suggests that
a single simplified modeling approach cannot be used to cap-
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ture the water-uptake behavior for the diversity of particle-
phase behaviors expected in the atmosphere. For all systems
except the citric acid-ammonium sulfate particles, the as-
sumption that the particles could be represented as thermo-
dynamically ideal liquid mixtures leads to the greatest devia-
tion from AIOMFAC-predicted growth curves. We also note
that such discrepancies depend on the organic : inorganic dry-
state mass ratios. Generally, the smaller the ammonium sul-
fate mass fraction, the lower the degree of hysteresis behavior
of hydration/dehydration processes. Overpredictions of di-
ameter growth factors increase from those at low RH to a
maximum just prior to the rapid increase in water uptake as-
sociated with deliquescence of ammonium sulfate, then drop
to within ~ 5% of AIOMFAC values (Fig. 4). Maximum er-
rors for the assumption of ideality ranged from 10 to 26 %
and increased with increased prevalence of LLPS (i.e., look-
ing from right to left from Fig. 4a to ¢ and from left to right
from Fig. 4d to f). For the citric acid—ammonium sulfate
system, which does not undergo LLPS, ideal and AIOM-
FAC calculated growth curves are in good agreement for
RH < 80 %. Error then increases slightly to ~ 5 %.

Not surprisingly, the forced single-phase calculations, in
which non-ideal interactions are taken into account but LLPS
is not, perform well for the Cs dicarboxylic-ammonium
sulfate and citric acid-ammonium sulfate systems, which
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demonstrated no LLPS (Fig. 4c, d). For these systems, the
ZSR-like calculation leads to the largest disagreement, with
maximum errors of between 10 and 18 % occurring between
RH values of 60 and 80 %. This can be attributed to delayed
particle deliquescence in the ZSR-like calculations, since the
partial dissolution of ammonium sulfate in the aqueous or-
ganic phase is not considered in this case. Similarly, for
systems for which LLPS persists for only a small range
of RH values, the single-phase assumption performs well,
with errors never exceeding 5% (e.g., the 2-methylglutaric-
ammonium sulfate and Cg dicarboxylic acid—ammonium sul-
fate systems; Fig. 4b, e). The single-phase assumption also
performs well for the systems for which LLPS does occur
over a wider RH range, but delayed prediction of particle
deliquescence leads to a large spike in underprediction of
particle diameter at RH~80%. The good performance of
the single-phase assumption at most RH values suggests that
accounting for LLPS in calculations of hygroscopic growth
might be less important than accounting for other non-ideal
interactions between condensed-phase components. How-
ever, this result is likely not applicable to mixed organic—
inorganic systems with less water-soluble (i.e., less hygro-
scopic) organic components, where LLPS is more prevalent
and water uptake by the organic fraction is limited (Zuend
and Seinfeld, 2012).

For systems that do undergo LLPS, the ZSR-like calcu-
lation also performs relatively well across the range of RH
values studied but displays discrepancies to the AIOMFAC-
based equilibrium prediction of 12-18% at moderate RH
values due to deviations in the predicted SLE and deliques-
cence transition of ammonium sulfate. For these systems,
the ZSR-like calculation also underpredicts water uptake at
RH values above the point at which separated liquid phases
merged to a single phase, with relative deviations approach-
ing 10%. As expected, growth curves begin to converge
towards the AIOMFAC equilibrium predictions as RH ap-
proaches 100 % for all systems, as the solutions become very
dilute (Fig. 4). Our results suggest that a lack of account-
ing for non-ideal interactions and phase separations leads to
errors in predicted sub-saturated hygroscopic growth. Note
that while maximum deviations in HGFs for the simplified
approaches (compared to the AIOMFAC-based equilibrium
calculation) are generally on the order of 10-25 %, the corre-
sponding errors in particle size and refractive index can sub-
stantially impact estimates of aerosol scattering and radiative
forcing (Finlayson-Pitts and Pitts, 2000).

4 Conclusions

Measurements and detailed thermodynamic modeling of
the water uptake of model organic—inorganic atmospheric
aerosol systems demonstrate variability in hygroscopic be-
havior across aerosol systems with differing RH-dependent
phase behavior. Measured and modeled growth curves ap-
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proach smoother, more continuous water uptake with de-
creasing prevalence of LLPS and increasing O: C ratios of
the OA components. AIOMFAC-predicted growth curves re-
produce the measured hygroscopic behavior reasonably well
for all systems. A comparison of measured and modeled
HGFs for the sucrose—ammonium sulfate particles indicates
the presence of a viscous semi-solid phase that inhibits the
crystallization of ammonium sulfate. We conclude that parti-
cle drying within HGF instrumentation may induce the for-
mation of a highly viscous, amorphous phase (potentially ac-
companied by a moisture-loss-related glass transition). As a
result, such measurements may not accurately reflect equilib-
rium water-uptake behavior. This is an important considera-
tion when applying similar instruments to measure the hy-
groscopic behavior of ambient aerosols, particularly for the
highly oxygenated SOA for which sucrose serves as a sur-
rogate in our experiments. Our results add support to the
growing body of literature suggesting that accounting for the
influence of viscous liquid or semi-solid phases to water up-
take and release can be important for accurately modeling the
hygroscopic behavior of atmospheric aerosols. The perfor-
mance of simplified approaches for modeling water uptake
differs for particles with differing phase states/equilibria,
suggesting that a single simplified modeling approach cannot
be used to capture the water-uptake behavior for the diversity
of particle-phase behavior expected in the atmosphere. Errors
in HGFs calculated using the simplified models are of suffi-
cient magnitude to contribute substantially to uncertainties
in estimates of particle optical and radiative properties. Pa-
rameterizations of LLPS and other complex phase behavior
based on commonly measured variables such as O:C (e.g.,
Bertram et al., 2011; Koop et al., 2011; Song et al., 2012a)
may prove valuable in applying the simplified HGF calcu-
lation approaches explored here in large-scale models. Av-
erage carbon oxidation state (OSc) has also been presented
as an indicator of the degree of aerosol oxidation (Kroll et
al., 2011) and may be a useful measure when the goal is to
track changes in hygroscopicity with the progression of ox-
idation and fragmentation of organic molecules in an atmo-
spheric chemistry model. Parameterizations of hygroscopic-
ity based on OS¢ might also lead to advancements in the
modeling of aerosol water uptake for complex organic and
mixed organic—inorganic systems and should be a considera-
tion in future work. Finally, while the majority of field-based
hygroscopicity studies focus on relatively high RH values,
future measurements could also focus on the growth factors
of atmospheric aerosol at low to moderate RH values, as this
is the region where water-uptake behavior demonstrates the
greatest variability with particle-phase behavior.
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Appendix A: AIOMFAC model and phase equilibrium
calculations

AIOMFAC is a group-contribution, thermodynamic model
for the calculation of component activity coefficients in bi-
nary and multicomponent mixtures. It was developed to ex-
plicitly account for molecular interactions among organic
functional groups and inorganic ions in aqueous solutions
relevant to atmospheric aerosol chemistry. Descriptions of
model details and parameterizations are available elsewhere
(Zuend et al., 2008, 2010, 2011; Zuend and Seinfeld, 2012;
http://www.aiomfac.caltech.edu). Herein, we provide a brief
overview of the key aspects of the AIOMFAC model.

Within the model, organic molecules are represented as
assemblies of functional groups. This treatment of organic
molecules is based on the concept that the physiochem-
ical properties of organic compounds can be related to
their chemical structure and characteristic structural groups,
which allows for treatment of the hundreds to thousands
of organic compounds that characterize atmosphere organic
aerosol. The organic functional groups included in AIOM-
FAC (alkyl (standard), alkyl (in alcohols), alkyl (in hy-
drophobic tails of alcohols), alkyl (bonded to hydroxyl
group), alkenyl, aromatic hydrocarbons, hydroxyl, aromatic
carbon-alcohol, ketone, aldehyde, ester, ether, carboxyl, hy-
droperoxide, peroxy acid, peroxide (organic), peroxyacyl ni-
trate, organonitrate) allow for the representation of a large
variety of compounds observed in atmospheric aerosols. In
addition, AIOMFAC includes seven atmospherically relevant
cations (H*, Li*, Na*, K*, NH, Mg?*, Ca?"), five anions
(CI-, Br—,NO;, HSO, , SO37), and water.

Non-ideality (i.e., deviations from Raoult’s law) in
organic—inorganic aqueous solutions is accounted for
through the calculation of activity coefficients for all com-
ponents in a given mixture. When considering the partition-
ing of water vapor to a multicomponent liquid mixture, the
vapor pressure of water (py) over the mixture is related to
water activity by

Pw = payy). (A1)

where p = pQ(T) is the saturation vapor pressure over pure

liquid water at temperature 7' and aly is the water activ-
ity defined on a mole fraction basis. Under thermodynamic
equilibrium conditions, relative humidity and water activity

are related by
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RH = a$" = p$9xw, (A2)
where y\,(v") is the activity coefficient of water on a mole

fraction basis and x,, is the mole fraction of water in the
particle-phase liquid mixture (here, for the case of a single
liquid phase). Similarly, activity coefficients are key to ac-
curately describing the partitioning of semi-volatile organic
compounds between the gas and particle phases under ther-
modynamic equilibrium.

In AIOMFAC, activity coefficients are derived from ex-
pressions for the long-range, middle-range, and short-range
molecular interactions that contribute to total Gibbs excess
energy, which is a descriptor of the overall non-ideality of
a thermodynamic system. In addition to their application
in calculations of the gas-particle partitioning of water and
other semi-volatile species (i.e., vapor-liquid equilibria), ac-
tivity coefficients of all components in a multi-component
mixture are required for the calculation of solid-liquid (SLE)
and liquid-liquid equilibria. The prevalence of liquid-liquid
phase separation and the composition of each phase is calcu-
lated in this work by application of AIOMFAC to compute
activity coefficients in distinct liquid phases based on a reli-
able and efficient algorithm for finding the phase composi-
tions that correspond to an equilibrium state. A liquid-liquid
equilibrium state of a closed thermodynamic system is a state
of minimum Gibbs energy of that system. The same ap-
plies to SLE and, likewise, to coupled vapor-liquid-liquid—
solid equilibrium calculations, such as those performed in
this work at given temperature and relative humidity to de-
termine the number and composition of the particle phases
at equilibrium. Hence, while the AIOMFAC model is at the
heart of such equilibrium calculations, the distinct phases
and their compositions are determined using a more general
thermodynamic equilibrium model, as described by Zuend et
al. (2010) and Zuend and Seinfeld (2012). For the calculation
of a potential liquid-liquid phase separation, the equilibrium
model essentially solves a system of nonlinear equations nu-
merically to determine the phase state (i.e., one liquid phase
vs. two liquid phases) that achieves a minimum in Gibbs en-
ergy for a given overall particle-phase composition at con-
stant temperature and pressure. Full details regarding the al-
gorithm used to diagnose the prevalence of LLPS and to cal-
culate the corresponding phase composition are available in
Zuend and Seinfeld (2013).
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Appendix B: Control hygroscopic growth experiments

Following the same methods as described in the main text
of the paper, control hygroscopic growth experiments were
conducted for pure ammonium sulfate aerosols with dry
mobility diameters of 250 nm. HGF experiments were con-
ducted at room temperature (~ 298 K). The control exper-
iments were conducted for comparison against the mixed
organic—-ammonium sulfate aerosol systems (i.e., to explore
the influence of the organic species on the mixed organic—
inorganic particle hygroscopicity when starting with the
same dry size) and to evaluate the performance of the
DASH-SP and the growth-factor-calculation algorithm using
this well-characterized aerosol system. DASH-SP measure-
ments reproduced previous experimental characterizations
of ammonium sulfate aerosol hygroscopicity (e.g., Tang,
1980; Sorooshian et al., 2008) and are in agreement with
AIOMFAC-predicted diameter growth factors (Fig. B1).
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Figure B1. Measured and modeled hygroscopic growth factors for
ammonium sulfate particles with dry mobility diameters of 250 nm.
The black circles indicate the average growth factor measured
across 10 experiments and error bars indicate the standard devia-
tion of the measured growth factors.
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