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Currently, the physical state of mixed organic/inorganic aerosol particles is not well characterized, largely
because of the still unclear chemical composition of the organic fraction and of its properties with respect to
mixing with the inorganic fraction. To obtain insight in the possible phases and phase transitions of such
aerosol particles, we investigated the ternary poly(ethylene glycol)-400/ammonium sulfate/water system as a
representative model system with partially immiscible constituents. For this purpose, we used optical microscopy
and micro-Raman spectroscopy on micrometer-sized particles deposited on a hydrophobically coated substrate.
The particles show liquid—liquid phase separations both upon decreasing (~90—85%) and increasing (during
ammonium sulfate deliquescence) relative humidities. In dependence upon the organic-to-inorganic ratio,
OIR (i.e., poly(ethylene glycol)-400 to ammonium sulfate dry mass), phase separation is observed to occur
by fundamentally different mechanisms, namely, nucleation-and-growth (OIR = 8:1 to 2:1), spinodal
decomposition (OIR = 1.5:1 to 1:1.5) and growth of a second phase at the surface of the particle (OIR = 1:2
to 1:8). For each of these mechanisms, after completion of the phase separation, the resulting morphology of
the particles is an aqueous ammonium sulfate inner phase surrounded by a mainly poly(ethylene glycol)-400
containing outer phase. We depict the various physical states of the ternary system in the relative humidity/
composition phase diagram, constructed from bulk data and single particle measurements. Given the complex
chemical composition of the organic fraction in tropospheric aerosols, it is expected that repulsive forces
between the organic and inorganic aerosol constituents exist and that liquid—liquid phase separations commonly
occur. The presence of liquid—liquid phase separations may change the partitioning of semivolatile species
between the gas and the condensed phase, whereas the predominantly organic shell is likely to influence
heterogeneous chemical reactions, such as N,Os hydrolysis.

1. Introduction

The physical state and structure of tropospheric aerosol
particles is still largely unknown despite their importance for
the aerosol radiative properties, for cloud formation, and for
multiphase and heterogeneous chemistry in and on aerosol
particles.! For example, optical properties of atmospheric
aerosols are influenced by aerosol phases and particle morphol-
ogy: owing their larger size, deliquesced particles scatter the
solar radiation more effectively than solid ones.> Whether the
aerosol particles are liquid or solid also affects heterogeneous
and multiphase chemistry:® e.g., the hydrolysis of N,Os was
shown to proceed much faster on liquid particles than on solid
ones.*3 Furthermore, a correct description of the aerosol phases
is required for estimating the partitioning of semivolatile species
between the gas and condensed phase.®

The physical state of an aerosol particle is determined by its
chemical composition and its ability to supersaturate with respect
to phase transitions, both in turn depending on chemical
constituents, on relative humidity (RH) and on temperature.”®
Tropospheric aerosols are complex mixtures of inorganic salts
such as ammonium sulfate and nitrate and organic substances.
The organic material contributes ~20—50% to the total fine
aerosol mass at continental midlatitudes and as much as 90%
in tropical forested areas.” An important fraction of the organic
matter (~20—70%) is water-soluble.!®!! The organic aerosol
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fraction is expected to be present in liquid form even at low
relative humidity (RH), because the very large number of
organic compounds depresses the temperature at which solids
form.” The inorganic salts may exhibit efflorescence (i.e.,
nucleation of a crystal followed by crystal growth and rapid
loss of water) when RH decreases, and deliquescence (sudden
water uptake with the formation of a saturated solution) when
RH increases. Because of the energy barrier that has to be
overcome for nucleation, the efflorescence relative humidity
(ERH) of aerosol particles is usually significantly lower than
the deliquescence relative humidity (DRH). The lifetime of
tropospheric aerosol particles is typically a week before washout;
therefore, the aerosol particles may experience several humidity
cycles, which complicates the prediction of their physical state.'

In the presence of organics, the deliquescence and ef-
florescence of the inorganic components may remain almost
constant or shift to lower values depending on the nature and
mixing ratio of the constituents.'?”!7 Efflorescence may even
be totally suppressed. Therefore, the water-soluble organic
fraction may extend the range of RH over which the aerosol
particles are totally liquid.

The diverse chemical composition of the organic fraction
complicates the characterization of the phases of mixed organic/
inorganic aerosol particles. Depending whether attractive or
repulsive interactions between organic and inorganic compo-
nents prevail, water-soluble organics may be miscible with the
inorganic constituents or form a separate phase within aerosol
particles.'®2° This behavior can be understood in terms of
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salting-out and salting-in effects that result from organic—
inorganic interactions. Salting-out interactions may also induce
liquid—liquid phase separations during humidity cycles.
Liquid—liquid phase separation has been observed in mixed
organic/inorganic solutions consisting of polyols or poly(eth-
ylene glycol)-400 (PEG-400) and salts such as NaCl and
ammonium sulfate (AS).'"® Measurements of micrometer-sized
particles levitated in an electrodynamic balance (EDB) consist-
ing of PEG-400 and AS did, however, not provide direct
evidence of liquid—liquid phase separation in such particles.®

In this study we have investigated PEG-400/AS micrometer-
sized particles deposited on hydrophobically coated slides during
hygroscopic cycles. This model system has been chosen due to
the low vapor pressure of the organic component, representing
a simplified system containing partly immiscible components
and being at the same time suited for our experimental setup.
PEG-400 has a typical molecular weight for HULIS?!*? and is
structurally similar to polyols, an important substance class that
has been identified in aerosols.'® The aim of this study is to
gain more information on the kinetics of liquid—liquid phase
separations and the resulting particle morphology.

The paper is structured as follows: the next section provides
a short overview on liquid—liquid phase separations. The
experimental setup used for characterizing the particles is
described in the third section. The fourth section presents the
sequence of phase changes for particles with different ratios of
PEG-400 to AS and the identification of the observed phases,
while the fifth section discusses the phase diagram of the PEG-
400/AS/H,O system and the morphologies of the particles.
Section 6 undertakes a first step toward applying the findings
to atmospheric aerosols and the final section presents the
conclusions.

2. Basic Aspects of Liquid—Liquid Phase Separations

Liquid—liquid phase separation is an important process that
has been investigated thoroughly for polymers, polymers and
inorganic salt solutions,?*** glasses®2® and alloy systems.?’
Regarding the kinetics of liquid—liquid phase separation, two
different mechanisms can be distinguished:

Nucleation-and-Growth Mechanism. A one-phase system
that may eventually separate into two phases by nucleation-
and-growth is metastable with respect to small fluctuations in
concentration and can become unstable to large concentration
fluctuations if these (1) are close to the concentration of the
second phase and (2) have reached a critical amplitude and size
(so-called critical nucleus).?>?® For the formation of a critical
nucleus an energy barrier has to be overcome. This process is
usually described by classical nucleation theory using an
Arrhenius-like expression to formulate the nucleation rate.
Subcritical nuclei build up randomly within a system (liquid)
and start to grow continuously once they have passed the critical
size. Besides the energy released by converting from the
metastable into the thermodynamically stable state (volume
energy) and the energy consumed by having to form a new
interface (surface energy), the nucleation is controlled by the
energy barrier against diffusion of monomers and subcritical
nuclei in the liquid phase while building the critical nucleus
(diffusion activation energy). Also the growth process subse-
quent to nucleation is controlled by liquid phase diffusivity of
the components to the interface regions, leading to a more or
less complete demixing. Furthermore, growth of phase-separated
regions by coalescence of these regions is possible. The surface
tension will work to minimize their surface. Since both phases
are liquids, spherical shapes minimize the surface for a fix
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Figure 1. Schematic representation of the experimental setup. The
abbreviation gr/mm refers to grooves per millimeters.

volume. Therefore, it is expected that these regions have
spherical shapes. Consequently, the morphology developed by
the nucleation-and-growth mechanism consists of spherical
droplets of the minor phase dispersed in the major phase.

Spinodal Decomposition. Besides the nucleation-and-growth
mechanism, phase separation can involve spinodal decomposi-
tion with subsequent dispersed cluster growth and cluster
aggregation (coalescence). In contrast to nucleation and growth,
where an energy barrier has to be overcome to form nuclei of
the second phase, spinodal decomposition occurs barrier-free
and therefore throughout the liquid medium.?>?* In this case
the system has become unstable and concentration fluctuations
of arbitrarily small amplitude suffice to induce phase separation
without the need to overcome an energy barrier. As the demixing
develops, the amplitude of fluctuations increases in time, causing
changes in the composition of the two evolving phases until
equilibrium compositions are reached. The ubiquitously occur-
ring small separated regions are observable in the form of
“schlieren”. Spinodal decomposition differs from the nucleation-
and-growth mechanism by the fact that the first occurs through-
out the whole solution volume as a concerted process, whereas
nucleation takes place in just a few nucleation centers.?® The
morphological structure expected for the earliest stage of
spinodal decomposition consists of highly interconnected
phases—the schlieren—which will change gradually in time until
an equilibrium arrangement is reached.

3. Experimental Section

There are a number of observational techniques allowing us
to detect and distinguish the nucleation-and-growth mechanism
and the spinodal decomposition in transparent media. These
comprise optical microscopy,” scattering techniques such as
phase contrast optical microscopy and polarized light micros-
copy, schlieren visualization as a highly sensitive method based
on the deflection of light by refractive index gradients,?' all the
way to more elaborate methods such as Raman microscopy.*?
The measurements reported on here rely on a combination of
optical and Raman microscopy.

3.1. Experimental Setup. In the present work, single particle
experiments were performed with a Raman microscope (Jobin
Yvon, model: Labram) equipped with a heating/cooling cell
(Linkam, model: LTS 120; see Figure 1) in which particles were
deposited on a microscope slide mounted on the sample holder.
The Raman system includes an external Nd:YAG laser (A =
532 nm) as excitation source which was operated at 100 mW
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power for illumination. The laser beam was fed into an Olympus
microscope (BX-40). The backscattered light from the sample
was analyzed by a spectrograph equipped with a grating (1800
grooves per millimeter) and a CCD detector. The Raman spectra
were collected in the range from 150—4000 cm™!, with a spectral
resolution of ~2—4 c¢cm™!. A black and white CCIR video
camera with an acquisition frequency of 25 frames/s was used
to acquire images and movies of the particles.

During the experiments, a constant temperature of 293.3 +
0.1 K of the sample and in the gas volume was maintained by
the cell’s integrated Peltier elements below the sample holder
and two additional Peltier elements mounted below the stage.
A constant flow (~130 sccm) of a No/H,O mixture with a
controlled H,O partial pressure was pumped continuously
through the cell. The water vapor mixing ratio of this flow was
varied by changing the mixing ratio of a dry and a humidified
nitrogen flow using automatic mass flow controllers. The
humidified nitrogen flow was obtained by passing dry nitrogen
over a temperature controlled water bath kept at 293 + 0.01 K.
The N,/H,0O flow entered the cell through a ~1 mm slit and
was directed over the particle. A humidity sensor, with a
capacitive thin film (Minicap2, Panametrics), was positioned
in the stage ~2 cm downstream of the particle. The sensor was
calibrated inside the stage in response to varying water vapor
mixing ratios of the humidified flow by changing the temperature
of the humidifying water bath. The relative humidity was
calculated as the ratio of the partial pressure of water vapor of
the flow to the saturated vapor pressure of water at 293 K (the
temperature inside the cell). The validity of the calibration curve
was additionally confirmed by measuring the deliquescence
relative humidity (DRH) of AS, NaCl, NH4;NO3, and KNO;
crystallites deposited on the microscope slide. The accuracy of
the humidity sensor is +1.5% RH. An Agilent VEE program
was used for adjusting the mass flow controllers, readout of
temperature and humidity, and the synchronization with the
video signal. As most experiments were performed with a low
rate of change of relative humidity (~0.2% RH/min), the particle
and the sensor were expected to react simultaneously to changes
in relative humidity. Over longer time scales (weeks) the
humidity sensor showed small drifts in the voltage values for a
given relative humidity, which translated in significant offsets
of relative humidity (up to 5% RH). Knowing from bulk
measurements that the deliquescence of AS in the presence of
PEG-400 is not changed,'® the RH data from the humidity cycles
were recalibrated frequently to the total deliquescence relative
humidity of AS (DRH¥*), the deliquescence of AS in the ternary
PEG-400/AS/H,0 system,'® namely, DRH* = 80% or water
activity a,, = 0.8 under equilibrium conditions (i.e., to the value
observed for bulk measurements).

3.2. Materials. Aqueous solutions (with water activity a, >
0.9) containing different ratios of PEG-400 (Fluka, 91893) to
AS (Fluka, 99.5%) were prepared using an analytical balance.
Micrometer-sized droplets of the aqueous solutions were
deposited on the microscope slide using a modified inkjet
cartridge (Hewlett-Packard 51633 (a)) as droplet generator. The
microscope slides were previously silanized (hydrophobically
coated) by exposing them for 1 day to gaseous dimethyldichlo-
rosilane. When the surface of the microscope slides is coated,
the aqueous solutions form droplets on the microscope slide
and heterogeneous nucleation due to surface contact is pre-
vented. The coating procedure and the operation principle of
the droplet generator have been described in detail in Knopf.*

3.3. Experimental Procedure. A typical experiment started
with the preparation of an aqueous solution, followed by the
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deposition of few particles on a hydrophobically coated
microscope slide using the droplet generator. One droplet was
chosen and monitored with a long working distance objective
(Olympus BX-40, magnification 50, aperture 0.7). At the
beginning of the experiment the particle was equilibrated at high
relative humidity (>90% RH). Subsequently, the relative humid-
ity was decreased below the efflorescence relative humidity of
AS and increased again to >90% RH. Optical images of the
particles were recorded continuously during the experiment on
an HD recorder and evaluated afterward. Raman spectra were
collected during the experiments to identify the chemical
composition of the liquid and solid phases of the particle. To
obtain spectra with a better signal-to-noise ratio, the particles
were equilibrated at relative humidities at which no phase
transition was expected and spectra were recorded for ~15 min.

4. Results

To establish the influence of the organic fraction on the AS
phase changes, we investigated single particles containing a
number of organic-to-inorganic ratios (OIR, expressed as PEG-
400/AS dry mass ratio) ranging from OIR = 1:8 to 8:1. In the
following, we present in detail the results for particles with OIR
= 1:1, 8:1, and 1:2, and briefly refer to other ratios with similar
behavior.

4.1. PEG-400/AS, 1:1 (by Weight). Figure 2a shows images
of a ~31 um (dry diameter) particle containing PEG-400/AS
in equal masses (OIR = 1:1) at different times while the relative
humidity is reduced from RH ~ 93.1% to 4.4% at a rate of
dRH/dt = —0.2%/min. At RH > 89.7% the droplet displays
only one liquid phase. Time O represents the first onset of phase
transition. Phase separation occurs at RH &~ 89.7%, when the
appearance of schlieren (Figure 2a, t = 3 s) is observed. The
schlieren develop into spherical droplets (t = 6 s), which
coalesce to form the inner phase of the particle. At RH =~ 89.5%
two clearly delimited liquid phases inside the particle can be
observed. The chemical composition of the liquid phases was
determined from Raman spectra (see section 4.4). The inner
phase is aqueous AS and the outer phase aqueous PEG-400 (and
this arrangement is observed not only in the case depicted here
but also in all investigated droplets). The satellite inclusions
observed in the outer liquid phase were spectroscopically
identified as being aqueous AS. A further decrease in RH leads
to the shrinkage of the particle due to water evaporation and to
a decrease in the number of satellite AS inclusions because they
coalesce with the inner AS phase. Both developments can be
seen in Figure 2a by comparing the particle’s images at RH ~
89.5% and 49%. At RH ~ 35% AS effloresces while PEG-400
remains liquid, forming an outer phase consisting mainly of
PEG-400 with small contributions of water and AS. Some PEG-
400 is also found to be trapped in the crystal. A movie showing
the changes of particle phases during drying conditions is
available (see Appendix B).

Upon subsequent moistening, liquid—liquid phase separation
develops when AS deliquesces, i.e., during deliquescence the
particle consists of the remnants of the solid (AS) plus two liquid
phases. When all AS has deliquesced, the two liquid phases
are distributed as in Figure 2a, = 16 s, except that there are
no satellite inclusions in the outer phase. A further increase in
RH results in the restoration of one liquid phase at RH ~ 89.5%.

Similar behavior was observed for other particles in the size
range 14—67 um dry diameter. The phase changes occur at RH
comparable to those shown in Figure 2 for 31 um (phase
separation upon drying between 88 and 90.3% RH, AS
efflorescence between 28.9 and 41.5% RH and one liquid phase
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Figure 2. Morphologies of PEG-400/AS particles at different times and different relative humidities (RH). Organic-to-inorganic dry mass ratios
(OIR) of PEG-400/AS are (a) 1:1, (b) 8:1, and (c) 1:2. Small numbers on particle regions indicate compositions of phases: 1, aqueous solution of
PEG-400 and AS; 2, aqueous PEG-400; 3, aqueous AS; 4, mainly PEG-400 (with small contributions of water and AS); 5, crystallized AS. The
length bar in the rightmost lower figure corresponds to 20 um and applies to all 18 images. For comparison with the movies see Appendix B.

(a) (b)

Figure 3. Morphology of PEG-400/AS particles upon moistening
directly following AS deliquescence: (a) 1:1 ratio; (b) and (c) 8:1 ratios
of PEG-400/AS. The bars indicate 10 4m in each panel. In panel c the
particle is out of focus and consequently the outer ring is observed.

formation between 88.1 and 89.6% RH). However, the smaller
droplets had fewer or no aqueous AS satellite inclusions
imbedded in the PEG-400 rich shell (e.g., the 17 um particle in
Figure 3a). Particles with OIR = 1.5:1, 1.2:1, 1:1.2, and 1:1.5
behave in the same manner as the 1:1 mixtures, the only
difference being the thickness of the outer phase (thicker for
particles with OIR = 1.5:1 and 1.2:1 and thinner for particles
with 1:1.2 and 1:1.5).

4.2. PEG-400/AS, 8:1 (by Weight). The behavior of organic-
rich particles with OIR = 8:1 (PEG-400/AS of dry mass)
exposed to decreasing RH is illustrated in Figure 2b. A rate of
dRH/dt ~ —1%/min was used for this experiment. While at
high RH the particle is present as one single liquid phase as in
the preceding case, phase separation occurs for this composition
by the consecutive formation of a finite number of isolated small
inclusions at RH &~ 88.7% randomly scattered throughout the
particle. These inclusions grow in time; some of them coalesce
and form larger inclusions. Upon decreasing the RH, these
inclusions coalesce to RH & 85.3% but continue to be generated
by nucleation from the mixed liquid to RH =~ 80.7%. Their
chemical composition was identified by micro-Raman spectros-
copy as mainly aqueous AS, while the major phase surrounding
them is aqueous PEG-400. As the AS remains distributed as
aqueous AS inclusions in the volume of the particle, we observe
a stepwise efflorescence in the range 27—23% RH. At the
beginning, some AS inclusions crystallize. Needles grow from
the resulting crystals and seed crystallization of other aqueous
AS inclusions. Other inclusions disappear without crystallizing,
presumably because AS diffuses from these inclusions to the
crystallized AS along the concentration gradients in the organic
particle’s phase. The morphology of the particle with completely
effloresced AS is presented in Figure 2b at r = 58 min.

For subsequently increasing RH, AS deliquescence occurs
at RH =~ 80%. As some AS crystals remained isolated after the

efflorescence (no needles connecting them), separated AS
droplets form after deliquescence (Figure 3b) in contrast to the
case with OIR = 1:1. Only at RH = 87% does the droplet again
convert into a single liquid phase. A movie showing the changes
of particle phases during drying and humidifying conditions is
available (see Appendix B).

Similar behavior was observed for particles in the size range
12—61 um dry diameter. Again, a decrease in the size of the
particle leads to a decrease in the number of AS inclusions (just
one remaining for a particle with 12 ym dry diameter, Figure
3c). On the other hand, an increase of the number of aqueous
AS inclusions and of their coalescence events is observed when
increasing OIR (e.g., for OIR = 2:1). The morphology of the
separated phases for OIR = 2:1 resembles that observed of OIR
= 1:1, see t = 46 min in Figure 2a despite the different
separation mechanism.

4.3. PEG-400/AS, 1:2 (by Weight). Figure 2c¢ shows the
morphologies of a PEG-400/AS particle with OIR = 1:2 (by
weight) at different times and RH. As in the previous cases, at
high relative humidity, the particle consists of one liquid phase.
Decreasing relative humidity leads to liquid—liquid phase
separation at RH &~ 89.7%. In this case the organic-rich phase
is observed to grow immediately as a shell from the liquid—gas
interface, surrounding the aqueous AS core (Figure 2c, t = 5
min). A further decrease in RH leads to shrinkage of the particle
and an apparent increase in the thickness of the PEG-400 phase.
After AS effloresced (at RH ~ 30.3%), the PEG-400 phase can
no longer be microscopically distinguished from the solid AS.
Raman spectra collected at different points of the particle reveal
weak band of PEG-400 suggesting that the liquid PEG-400 is
trapped within the crystalline phase. A movie showing the
changes of particle phases during drying conditions is available
(see Appendix B).

Upon subsequent moistening, the particle follows the same
route as observed for the OIR = 1:1 particles. Two liquid phases
form during the AS deliquescence and merge into one liquid
phase when RH = 89.3%. Similar phase changes have been
observed for particles in the size range 16—38 um dry diameter.
For particles with OIR = 1:4 and 1:8 the phase separation was
not always clearly detectable. In contrast to the 1:2 case where
the interface between the PEG-rich shell and AS-core was
detectable as a sharp ring, for particles with 1:4 and 1:8 ratios
of PEG-400/AS only an incomplete ring was observed, probably
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Figure 4. Raman spectra and microscopy images of a droplet with
organic-to-inorganic ratio OIR = 1:1 (PEG-400/AS dry mass ratio) at
RH =~ 90% (a), 78% ((b), (d), and (e)) and 5% ((g) and (h)). For
comparison, spectrum ¢ shows an aqueous AS and spectrum f an
aqueous PEG-400 droplet at RH &~ 78%. Spectra i and j show pure AS
and pure PEG-400, respectively. All spectra cover 150—4000 cm™!
and are vertically shifted for a better visibility. The dotted lines separate
regions with different relative humidity. Length bar indicates 20 um
applying to all three particle images.

due to lack of contrast resulting from the thinner PEG-rich shell
in the microscopic images.

4.4. Raman Spectra of 1:1 (by Weight) PEG-400/AS Par-
ticles. Representative Raman spectra and microscopy images
collected from a particle with OIR = 1:1 at RH ~ 90%, 78%,
and 5% are shown in Figure 4. The Raman spectra provide
information on the chemical composition of the particle’s liquid
and solid phases as well as on the mixing of components. The
assignments of the PEG-400 peaks was done according to Di
Noto et al.** and Matsuura and Miyazawa,* those of AS and
H,0 according to Dong et al.’® and Colberg® as reported in
Table 1.

The main features of spectrum a, collected at RH ~ 90%,
are the sharp peak at ~981 cm™! and the broad band between
~2785 and ~3016 cm™!, which correspond to the symmetric
stretching mode of SO4>~ and to the C—H stretching vibrations
of PEG-400, respectively. They provide clear evidence for the
presence of both AS and PEG-400 in one liquid phase. The
additional broad band in the range ~3020—3710 cm™' is due
to the symmetric and antisymmetric O—H stretching modes of
water molecules. A decrease in relative humidity leads to the
formation of two liquid phases and a decrease in the intensity
of the water band indicative of water evaporation.

At RH =~ 78% Raman spectra were collected from the inner
and outer phases, as well as from the satellite inclusions of the
outer phase. Spectrum b collected from the inner liquid phase
presents a spectral signature similar to that of an aqueous AS
solution as in spectrum c (see also Dong et al.*). Besides the
intense band at ~981 cm™!, the SO~ antisymmetric stretching
mode at ~1100 cm ™', and the bending modes at ~452 and ~617
cm™!, can be distinguished in the spectrum. The positions of
these peaks are similar to those of an aqueous AS particle at
RH ~ 78%, which we also determined with the present
experimental setup (see Table 1).

Spectrum d acquired from a satellite inclusion suggests the
presence of both AS and PEG-400 spectral signatures. However,

assignment®

05 (SO
O(CCO), 6(COC), r(CH,)

1(CH,), »(CO)
»(CO), 1(CH,)

v(CO), r(CH,)

635(80424)
(SO4™)
V,(S04*)
Vo (NHST)
t(CH,)
t(CH,)
sr(CHy)
vy(CH,)
Vas(CHZ)
v,(OH)
v,(OH)

ref v (cm™)

4527 (36), 451 (36)
1130 (34), 1143 (35)
1243 (34), 1235 (35)
1283 (34), 1282 (35)
1464 (34)

2869 (34), 2890 (35)

11047 (36)

9814 (36), 979.9¢ (36),
3136° (36)

6154 (37), 612¢ (36)
976° (37), 975¢ (36)
830 (34), 846 (35)
2932 (34), 2939 (35)
3248 (36)

536 (34), 537 (35)
880 (34)

3468 (36)

552 (w)
829 (w)
892 (w)
1134 (m)
1243 (m)
1288 (w)
1464 (m)
2874 (s)
2944 (s)

®
451 (w)
619 (w)
976 (vs)
1100 (w)
3141 (w)

(h)
553 (m)
821 (w)
887 (w)
1110 (m)
1247 (w)
1286 (w)
1464 (w)
2877 (s, b)
2944 (s, b)

(€9)
452 (w)
617 (W)
977 (vs)
1080 (w)
3132 (w)
1136 (w)
1242 (w)
1289 (w)
1462 (w)
2875 (w, b)
2941 (w, b)

()

3255 (m, b)

557 (w)
832 (w)
890 (w)
1134 (m)
1242 (m)
1289 (w)
1463 (m)
2885 (s, b)
2949 (s, b)
3443 (m, b)

(e
555 (w)
833 (w)
888 (w)
1128 (m)
1245 (w)
1286 (w)
1466 (m)
2888 (s, b)
2951 (s, b)
3248 (w, b)
3440 (w, b)

wavenumber in cm ™! and intensity®”
982 (w)

(d)
453 (w)
618 (w)
980 (vs)
553 (w)
837 (w)
1115 (w)
1247 (w)
1286 (w)
1465 (w)
2887 (s, b)
2953 (s, b)
3214 (m, b)
3443 (m, b)

(©)

453 (w)
1102 (w)
3147 (m,b)

620 (W)
981 (vs)
3422 (m,b)

(b)

452 (w)
3160 (m, b)

617 (w)
981 (vs)
1102 (w)
3427 (m, b)

(a)

450 (w)

618 (W)
981 (vs)
553 (w)
836 (w)
889 (w)
1122 (m)
1251 (w)
1289 (w)
1466 (W)
2894 (m, b)
2953 (m, b)
3212 (s, b)
3430 (s, b)

glycol)-400

sulfate

TABLE 1: Molecular Vibration Assignments of the PEG-400/AS/H,0 System

compound
ammonium
poly(ethylene

water
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¢ (a) PEG-400/AS particle at 90% RH; (b), (d), (e) PEG-400/AS particle at 78% RH; (c) aqueous AS solution; (f) aqueous PEG-400 solution; (g), (h) PEG-400/AS particle at 5% RH; (i) AS crystal;
(j) pure PEG-400. ” vs: very strong. s: strong. m: medium. w: weak. b: broad. ¢ v: stretching. o: bending; r: rocking. t: twisting. sr: scissoring. as: antisymmetric mode. s: symmetric mode. ¢ Aqueous AS

solution. ¢ Solid AS.
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on the basis of the physical behavior of these inclusions—namely,
coalescence with the inner phase and crystallization—they should
actually have the same composition as the inner phase. It is
most likely that PEG molecules of the outer phase contribute
to the Raman measurement of the satellite inclusions, because
these are relatively small and surrounded by the PEG-400 phase,
which is traversed by the laser light during the measurement.
While this interpretation is sensible, we cannot exclude that
small amounts of PEG-400 may be present within the satellite
inclusions.

The outer liquid phase was found to be mainly aqueous PEG-
400, most of the peaks belonging to the PEG vibration modes;
see spectrum e and compare with spectrum f taken from an
aqueous PEG-400 droplet. The v((SO,>") band at ~982 cm™!
appears in spectrum e, but with a very low intensity, indicative
of a low concentration of AS ions in the PEG-400 rich phase.

At RH ~ 5% the spectrum g collected from the inner phase
shows a shift for the v(SO,>") band from 981 cm™! (at ~90%
RH) to 977 cm™! (at ~5% RH), which is in agreement with a
previous study that showed such a shift for crystalline AS
compared with the aqueous solution, from 979.9 to 975 cm™!.3
The band corresponding to the C—H stretching mode of PEG-
400 is also present in spectrum g, which could be either due to
PEG-400 molecules of the outer phase (as in the case of satellite
inclusions) or from cavities with liquid PEG-400 embedded
within the AS crystalline matrix. Spectrum h of the liquid phase
surrounding the effloresced AS shows the same spectral features
as spectrum e for RH &~ 78%, except that the v(SO4>”) peak
and the water band are no longer visible. Spectrum h is also
similar to spectrum j acquired from pure PEG-400. Similar
spectral features have been observed for ratios of PEG-400/AS
of 8:1 and 1:2, only with differences in the relative AS/PEG-
400 band intensities.

5. Discussion

5.1. Phase Diagram of PEG-400/AS/H,0 System. The bulk
data together with the results of single particle measurements
are used to construct a combined RH/composition equilibrium
and metastability phase diagram® of the PEG-400/AS/H,0
ternary system (see Figure 5). The lower abscissa shows the
AS dry mass fraction, xas, as weighed in during solution
preparation, while the upper abscissa shows the organic-to-
inorganic ratio OIR = (1 — xag)/xas. The particulate water
fraction in the particles depends on RH and cannot be directly
derived with this setup. Three lines separate different regions
of the phase diagram: the AS efflorescence line, the two-liquid-
phases line, and the two-liquid-phases/one-liquid-phase boundary.

Bulk Measurements. The two-liquid-phases line and the two-
liquid-phases/one-liquid-phase boundary were both established
by Marcolli and Krieger'® and represent thermodynamic equi-
librium. At the two-liquid-phases line both liquid phases are
saturated with respect to AS. Above the two-liquid-phases line,
the stable state of the system is two liquid phases up to the
two-liquid-phases/one-liquid-phase boundary, above which the
two liquid phases merge into one liquid phase. The one-liquid-
phase region for the mixed PEG-400/AS is larger than, for
example, the one-liquid-phase region of PEG-1540/AS and
PEG-4000/AS systems (see Albertsson?®). In bulk measurements
efflorescence is triggered by heterogeneous nucleation; therefore,
single particle measurements are required to determine ERH.

Single Particle Measurements. During the humidity cycles
performed on single particles, the following phase transitions
are observed upon drying: one liquid phase is followed by two
liquid phases, and next by one liquid and one solid phase. Upon

J. Phys. Chem. A, Vol. 113, No. 41, 2009 10971

OIR
o 81 41 21 11 12 1418 0
100
1 liquid phase
90 - —_ M)!(—Xm:—i%—%\
] O o.

{ - 2 liquid phases ]
sot)(o—cz——o—otg— —g@—g*.go—(:—:ooot
70

Single particle measurements:
60+ - upon moistening: 1 liquid, 1 solid phase
g 50_‘ - upon drying: 2 liquid phases
I
o 40 '|' T v T
30+ vl v v
201
1 liquid, 1 solid phase
101
0'|'|'|'|'|'|'|'|'|'
00 01 02 03 04 05 06 07 08 09 1.0

XAS

Figure 5. RH/composition equilibrium and metastability phase diagram
of the PEG-400/AS/H,0 ternary system. Lower abscissa: AS dry mass
fraction xas. Upper abscissa: organic-to-inorganic ratio OIR = (1 —
Xxas)/xas. Open symbols indicate bulk measurements: O, two-liquid-
phases line; O, two-liquid-phases/one-liquid-phase boundary. Solid
symbols indicate particle measurements. Upon drying: @, one-liquid-
phase/two-liquid-phases by nucleation-and-growth; %, one-liquid-phase/
two-liquid-phases by spinodal decomposition; M, one-liquid phase/two-
liquid-phases by growth of the second phase from the surface; ¥, AS
efflorescence (the thin error bars represent the standard deviation for
the AS ERH). Upon moistening: @, beginning of AS deliquescence;
A, AS totally deliquesced/two-liquid-phases; x, two-liquid-phases/one-
liquid-phase (partly hidden by solid symbols). EDB measurements from
Marcolli and Krieger:'® I AS efflorescence and deliquescence ranges
(the thick bars give the range of AS DRHs and ERHs observed with
the EDB).

moistening, the same phase states are passed, but in reverse
order. The deliquescence of AS and the formation of two liquid
phases occur within the whole composition range at almost the
same relative humidity. Since we use the AS DRH* values as
recalibration points for the humidity sensor (DRH* = 80%,
corresponding to a water activity a,, = 0.8), they perfectly match
the two-liquid-phases line. The points indicating the beginning
of AS deliquescence (solid circles in Figure 5) are determined
by eye, namely, the RH at which the AS crystal starts to dissolve
partly (with a concomitant uptake of a small amount of water),
causing a noticeable change in its morphology without signifi-
cant growth of particle size. The water activity at which one
liquid phase forms shows a slightly stronger dependence on the
PEG-400/AS ratio. The RH at which one liquid phase forms in
micrometer-sized particles upon moistening, coincides with the
two-liquid-phases/one-liquid-phase boundary observed in bulk
solutions. Upon drying, liquid—liquid phase separation occurs
at the two-liquid-phases/one-liquid-phase boundary. The lack
of difference between the bulk and single particle measurements
suggests that liquid—liquid phase separation in this system
occurs at low or even negligible supersaturations.

In single particle measurements the state of the system
between the AS efflorescence and two-liquid-phases lines
depends on the humidity history. Upon drying, the system
remains in the two-liquid-phases state until AS effloresces, while
upon moistening, one liquid phase (mainly PEG-400) and one
solid phase (crystalline AS) coexist until AS deliquesces. Below
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the AS efflorescence line the system is always present as one
liquid (mainly PEG-400) and one solid (crystalline AS) phase.
The large hysteresis between AS deliquescence and efflores-
cence indicates that a high supersaturation is needed to overcome
the AS nucleation threshold. The values observed for AS
efflorescence (ERH = 18.9—43.5% are in the same range or
even lower than the ones observed in EDB experiments that
have been performed on micrometer-sized PEG-400/AS particles
(1:1 ratio by weight) (33—37% RH).'® ERH shows a consider-
able scatter due to the stochastic nature of the nucleation process,
with a similar range as the one for pure AS particles (ERH =
33—48%, Martin and the references therein?).

5.2. Liquid—Liquid Phase Separation Mechanisms Iden-
tified for the PEG-400/AS/H,O System. As indicated in Figure
5, liquid—liquid phase separation occurs upon drying at the two-
liquid-phases/one-liquid-phase boundary. The phase separation
mechanisms are identified according to the morphologies
developed at the onset of phase separation or during the growth
of the second phase. In the Results we showed that phase
separation occurred either via the formation of AS inclusions
(OIR = 8:1 to 2:1) or via the formation of schlieren, which
develop into AS inclusions upon coalescence (OIR = 1.5:1 to
1:1.5), or finally by the growth of a second PEG-rich phase
from the particle’s rim (OIR = 1:2 to 1:8).

In the following we use the chronological sequence of
appearance of the inclusions to substantiate our understanding
of the processes responsible for the observed phase separation.
Figure 6 illustrates the differences in the evolution of the number
of AS inclusions in dependence upon the organic-to-inorganic
ratio OIR. For OIR = 8:1 (Figure 6a) the inclusion number
increases over a time period of several minutes, followed by a
decrease due to coalescence. The lack of interconnectivity
between aqueous AS inclusions and the increase of their number
in time are typical for a nucleation-and-growth mechanism.
Similar behavior is observed for OIR = 2:1 (Figure 6b), but
for this ratio a larger number of nucleation and coalescence
events takes place, as one might have expected from the higher
abundance of AS.

Conversely, in the case of OIR = 1:1 there is a high
interconnectivity of the PEG-400 and AS phases observed at
the onset of phase separation, which is indicative of spinodal
decomposition (Figure 7). The phase separation occurs in a
concerted process yielding a high number of aqueous AS
inclusions, which coalesce within less than a minute (Figure
6¢c) to form a main aqueous AS inner phase surrounded by
satellite inclusions in the case of larger particles. The large
number of individual domains (schlieren), and their high degree
of interconnectivity, their rapid appearance, merging and
fluctuating decomposition renders a quantification of their
number during the earliest stages of phase separation impossible.
Also, this initial number may well be limited by the resolution
of our microscopic setup. However, if the spinodal decomposi-
tion develops into droplets of the second phase in a continuous
first phase, discrimination between nucleation and growth and
spinodal decomposition can become ambiguous unless the first
stage of phase separation can be visually resolved.

5.3. Particle Morphology. There are several factors con-
tributing to the observed morphologies of mixed PEG-400/AS
particles at different RHs. These will be addressed in the
following.

Considerations of Surface Tension. For PEG-400/AS par-
ticles consisting of two liquid phases, the outer phase was always
the PEG-rich phase. This behavior is in accordance with
considerations of surface tension: PEG-400 has a lower surface
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Figure 6. Evolution of the number of aqueous AS inclusions as a
function of time: (a) OIR = 8:1; (b) OIR = 2:1; (¢) OIR = 1:1. Time
0 corresponds to the onset of phase separation. The solid lines are to
guide the eye. Panel c: solid lines start at 2 s for both particle sizes,
when the number of AS inclusions has become countable (counting of
AS inclusions is uncertain because of still present interconnectivity):
solid symbols, total number of inclusions, whose evolution during the
first minute of phase separation is given in the inset; open symbols,
number of AS satellite inclusions that are present in the outer PEG-
400 phase after the inner AS phase has formed.

Figure 7. Snapshot taken at the beginning of phase separation of a
1:1 PEG-400/AS particle at r+ = 2s (first frame), illustrating the
interconnectivity between the two liquid phases (schlieren texture). The
length bar in the figure represents 20 um.

tension (44.5 mN/m)!® than aqueous AS solutions (88.8 mN/m
at a,, = 0.8).% The equilibrium shape (morphology) of a droplet
containing two immiscible liquids will strive to assume a
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minimum surface energy.*’ For liquids that are wetting each
other, this is achieved when the liquid with lower surface tension
is at the surface?’ and covers uniformly the inner phase.

Diffusion of AS Inclusions within the PEG-400 Phase. The
number of AS inclusions in the PEG-400 phase (outer phase or
major phase) was found to depend on the size of the entire
particles. Figure 8a shows a decrease of the number of AS
satellite inclusions in the outer phase with decreasing the size
of particles with OIR = 1:1, while in Figure 8b a similar
behavior is shown for the AS inclusions in the major phase for
particles with OIR = 8:1. In both cases diffusion of the AS
ions (NH,* and SO,>") to the inclusions limits the growth of
AS inclusions in a first stage, and the diffusion of the AS
inclusions themselves to the inner phase (for OIR = 1:1) or to
other AS inclusions (for OIR = 8:1) limits the growth in a later
stage. Since the ion mobility is much higher than that of the
inclusions, the later growth stage is the overall time-limiting
step. In the following we estimate the characteristic times for
these diffusion processes.

The characteristic times for diffusion of AS ions or inclusions
within a liquid phase particle and hence for the absorption of
the ions or the collision and coalescence of the inclusions is
given by

T=— (1)

where x is the typical distance between the ions and an inclusion
or between two inclusions (either between two satellite inclu-
sions or between a satellite and the central inclusion) and D is
the liquid phase diffusion coefficient.*' The characteristic time
for diffusion of AS ions at the onset of phase separation (water
is the predominant component at high RH) along a distance x
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Figure 8. Number of aqueous AS inclusions as a function of particle
size: (a) AS inclusions in the outer phase of particles with OIR = 1:1;
(b) AS inclusions in the volume of particles with OIR = 8:1. The same
type of symbol is used to represent data obtained for the same particle
during different drying cycles.
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= 0.1 x radius of the particle is estimated to be 0.7 ms (e.g.,
for a 20 um radius particle), when assuming D; ~ 107> cm?/s
approximated from D, of AS in aqueous solutions.*?> This short
time may explain the observed fast initial growth of AS
inclusions at high RH.

The diffusion of AS inclusions in PEG-400 is much slower.
Their diffusion coefficient can be estimated by means of the
Stokes—Einstein relationship, which reads*

kT

Dincl = 6‘7[77rAS (2)

where kg is the Boltzmann constant, 7 is the temperature, 7 the
viscosity of the medium, and rag is the radius of AS inclusion
(approximated here as a spherical particle).

As aforementioned, two cases are distinguished for the
diffusion of AS inclusions: (a) diffusion of AS satellite
inclusions to the inner aqueous AS phase and (b) diffusion of
AS inclusions toward each other in the PEG-400 phase.

(a) Diffusion of AS Inclusions to the Inner Aqueous AS Phase.
The AS inclusions in the PEG-400 outer phase for particles with
OIR = 1:1 are the result of spinodal decomposition and
coalescence of AS regions during the initial stage of phase
separation. The characteristic time for diffusion of these
inclusions to the inner phase can be estimated using eq 1,
where x represents in this case the distance between the satellite
inclusions and the inner phase and the diffusion coefficient is
given by eq 2. The sizes of AS inclusions are typically between
ras ~ 2 and 3 um and the viscosity of (water-free) PEG-400 is
~98 mPa-s,* which gives Dy,q ~ 107! cm?/s. The characteristic
time for diffusion for AS inclusions along x ~ 4 um distance
(e.g., Figure 2a) to the inner phase is 7 ~ 45 min. The estimated
characteristic times are long owing to the high viscosity of PEG-
400 and can explain why there is not much tendency of AS
satellite inclusions to diffuse readily to the inner phase. The
calculated characteristic time for the diffusion of AS satellite
inclusions to the inner phase is in agreement with the time scale
shown in Figure 6c¢, where hardly any change in the number of
AS satellite inclusions (shown as open symbols) is observed
after 40 and 56 min for the 64 and 45 um diameter particles,
respectively. However, a decrease in the number of AS satellite
inclusions at shorter times occurred due to diffusion to the inner
phase and/or coalescence with their neighbors. This can be
explained by a lower viscosity of PEG-400 phase at high RH
due to the water content.

(b) Diffusion of AS Inclusions toward Each Other in the PEG-
400 Phase. For particles with OIR = 8:1 the formation of AS
inclusions is initially the result of AS ions diffusing toward an
earlier created nucleus. Later growth of AS inclusions occurs
also by coalescence. The time required for two AS inclusions
to diffuse to each other can be estimated by eq 1 but in this
case x represents the minimum distance between two AS
inclusions ranging between 2—14 um (e.g., the situation shown
in Figure 2b, + = 28 min). However, AS inclusions are also
observed to be touching each other without coalescence. Either
these inclusions may be situated in different planes inside the
particle, so that their distance cannot be estimated microscopi-
cally, or they need to overcome an energy barrier to reduce
their surface area by coalescence. The radius of AS inclusions
and consequently D;,. are the same as in the previous case (ras
~ 210 3 um and Dj,q ~ 107! cm?s) which gives a characteristic
time for diffusion of 7 ~ 11 min and ~ 9 h for a distance of 2
and 14 um, respectively. Indeed, the estimated 7’s are of the
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same order as the time for decimation of inclusions in Figure
6a. The particles shown in Figure 2a,b show therefore more
than one AS inclusion. The increased number of coalescence
events immediately after phase separation, may be explained
by the lower viscosity of the major phase at high RH (when
water represents an important fraction of particle mass). As RH
is decreased, the viscosity of the major phase approaches the
one of pure PEG-400, which impedes the movement of AS
inclusions to each other, and consequently the number of AS
inclusions remains constant up to AS efflorescence.

6. Potential Implications for the Atmosphere

The PEG-400/AS particles investigated in this study can be
considered as representing mixed organic/sulfate particles that
dominate the aerosol in the accumulation mode in large parts
of the troposphere. The organic component may represent the
aged organic fraction, which is likely to be water-soluble, with
a rather low concentration of surfactants. Solutions containing
such organics are likely to show liquid—liquid phase separation
at low RH in the presence of inorganic salts, but are completely
miscible at high RH.'® To what degree such phase separations
occur in natural aerosol particles and what the resulting
morphology is depends on the kinetics of phase separation.
Particles in this study were much larger than accumulation mode
particles and were deposited on a substrate instead of freely
suspended in the air. Nevertheless, by scaling to the submi-
crometereter size range we will speculate on how our findings
may apply to the tropospheric particulate matter.

We have investigated particles with dry diameters in the size
range from 12 to 67 um. While these particles display the
common efflorescence—deliquescence hysteresis of the inorganic
fraction, liquid—liquid phase separation occurred with no
observable hysteresis for all particle sizes. This indicates that
the limits of metastability and instability are very close together
in terms of RH. We therefore believe that liquid—liquid phase
separation should occur readily also in submicrometer particles.

For the investigated size range, the particle morphologies
showed the following size dependence: particles with liquid—liquid
phase separation by spinodal decomposition and subsequent AS
satellite formation in the outer phase showed a decrease to zero
of the number of AS satellite inclusions for sizes below ~24
um. For particles with liquid—liquid phase separation by
nucleation and growth, the number of nucleation events
decreased with decreasing particle size to one (e.g., 12 um dry
diameter for the 8:1 PEG-400/AS ratio). No size dependence
of the morphology was observed for particles with AS dry mass
fraction xas > 0.65. The outer phase grew at the surface of the
particle with no satellite inclusions. Consequently, smaller
particles presented only one inner phase (aqueous AS) sur-
rounded by the outer phase (aqueous PEG-400) for all the
investigated ratios of PEG-400/AS. Due to the contact with the
surface, the two liquid phases can adopt different arrangements
in the deposited droplets (see Appendix A). However, for
submicrometer particles suspended in the air, we expect that
the particle morphology will always be a sphere in a sphere,
with the organic phase at the surface and without the formation
of satellite inclusions. In the absence of large fractions of
surfactants, more complex morphologies are thermodynamically
not favored because the interfacial energy of a system increases
with increasing interfacial area and with increasing curvature
of the interfacial area (Kelvin effect).

The composition of tropospheric aerosol is more complex
than the system that we have investigated, with a large number
of different organics. Marcolli et al.” showed that an increase
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of the number of organic components decreases their DRH and
may also decrease the DRH of inorganic components. When
the organic fraction covers a large variety from hydrophilic to
rather hydrophobic compounds, we expect that two liquid phases
will be present in the particles over a large RH range.

These results are representative for a warm atmosphere. At
very low atmospheric temperatures the organic fraction becomes
more viscous or even glassy,* which might influence the phase
separation kinetics and particle morphologies altogether.

7. Conclusions

We have shown that optical microscopy together with micro-
Raman spectroscopy can be used to investigate the phases and
phase transitions of micrometer sized particles as a function of
relative humidity. The use of micro-Raman spectroscopy allows
identification of the chemical composition of the liquid and solid
phases that can be directly observed with an optical microscope.
For the PEG-400/AS system, the v((SO427) and v(CH,) peaks
prove to be the most important features of the Raman spectra
to provide evidence on the mixing of the components at different
RHs.

This work brings clear proof of liquid—liquid phase separation
in micrometer sized particles containing partially immiscible
components. We identify two pathways to attain a two-liquid-
phases state in the mixed PEG-400/AS particles: (1) deliques-
cence of AS into a separated inner aqueous phase when the
RH above the particle was increased and (2) separation of one
liquid phase in two liquid phases when the RH above the particle
was decreased. The kinetics of phase separation depend on
particle size, the ratio of PEG-400/AS, surface tension effects,
and diffusion of AS sulfate ions and inclusions. These all
contribute to the observed morphologies of two-liquid-phases
particles upon drying. In dependence upon the organic-to-
inorganic ratio, OIR (i.e., PEG-400 to AS dry mass), phase
separation is observed to occur by fundamentally different
mechanisms, namely, nucleation-and-growth (OIR = 8:1 to 2:1),
spinodal decomposition (OIR = 1.5:1 to 1:1.5) and growth of
a second phase at the surface of the particle (OIR = 1:2 to
1:8).

Applying these findings to atmospheric conditions leads us
to speculate that submicrometer sized organic/inorganic mixed
aerosol particles may show frequently a core—shell structure
with an inner inorganic and an outer organic phase, but without
satellite inclusions as in the laboratory experiments.

Further research, using the same experimental techniques, will
have to focus on characterizing the phases and phase transitions
of more complex systems, such as mixed SOA—inorganic salts
(ammonium sulfate, sodium chloride, ammonium nitrate) sys-
tems. The main goal will be to probe the RH conditions and
the chemical composition (the ratio of organic-to-inorganic
fraction) under which liquid—liquid phase separation occurs in
such mixed particles.
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Appendix A. Hygroscopicity of Mixed PEG-400/AS
Particles

Raman spectroscopy has been previously employed for
describing the hygroscopic properties of mixed particles—such
as Ca(NO3),/CaCO;* and ammonium sulfate-adipic acid*’—
deposited on a hydrophobic substrate. In both studies the
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contribution of a second component (e.g., CaCO; and adipic
acid) to the water uptake was neglected. In the PEG-400/AS
system two liquid phases are present and PEG-400 also
contributes to the water uptake of the particles.'® Therefore, a
quantification of the water content during drying and humidify-
ing conditions by Raman spectroscopy is not feasible without
knowledge of the volume ratio of the two phases. In this study
we tried a different approach to estimate the hygroscopic growth
factors (GFs) of the mixed PEG-400/AS particles, based on the
shape of the deposited particles. To validate our calculations,
we compare the GFs with the GFs predicted with the
Zdanovskii—Stokes—Robinson approach.

A.1. Shape of Deposited Particles. With the present ex-
perimental setup, the optical microscope gives only the top view
of the particles, but no direct information on the side view. To
test whether or not the GFs of the mixed PEG-400/AS particles
can be estimated with our setup and to determine how the
substrate may influence the distribution of the two liquid phases
within the deposited particles, we attempt a reconstruction of
the particle shape. For this purpose we used the radius of inner
and outer liquid phases, the volume ratio of the two liquid
phases—determined for bulk solutions as a function of RH—and
contact angle measurements from side views of larger PEG-
400/AS droplets (1—3 uL) deposited on the hydrophobically
coated surface of the microscope slide. The contact angles
measured for 19:1 and 1:19 ratios (by weight) of PEG-400/AS
droplets at the two-liquid-phases/one-liquid-phase boundary
(~90% RH) are 52 £ 3° and 52 =+ 2°, respectively, whereas
for AS saturated droplets the contact angle is 83 &+ 5°. Using
these values, we calculated the droplet’s height, and the AS to
total volume ratio assuming different arrangements of the two
immiscible liquid phases in the particle. Figure 9 shows the
changes of the ratio of the inner phase volume (V,s) and total
volume (V) as a function of RH for the arrangements of the
two liquid phases in the particle as outlined in Figure 10. By
comparing the ratio of Vag/V,, in micrometer-sized particles and
in bulk solutions, we can attribute certain morphologies to the
deposited particles. For example, in a PEG-400/AS particle with
OIR = 1:1 the two liquid phases form most likely spherical
calottes of the same height (Figure 10c), with contact angles of
52° and 73 =+ 2° for the outer and inner calotte, respectively.
For this arrangement, the contact angle calculated for the inner
calotte is lower than the one of the AS saturated droplet because
the dimension of the inner phase is restrained by the height of
the particle. For a particle with OIR = 1.5:1 the volume ratio
is compatible with a half-sphere in a spherical calotte with
contact angle 52°. Because the volume of the inner phase is
lower than in the previous case, the particle is high enough so
that the aqueous AS phase can adopt a higher contact angle,
thus reducing the interfacial area of the hydrophilic phase with
the substrate. For particles with OIR = 8:1, there are two
morphologies that are similarly close to the bulk measurements,
namely, half spheres in a spherical calotte (contact angle 52°)
and spheres in a spherical calotte (contact angle 52°). On the
basis of this analysis, we can therefore not differentiate between
aqueous AS inclusions in contact with the hydrophobic surface
and those fully immersed in the volume of the droplet. For
particles with OIR = 1:2 there is no calotte in a calotte
arrangement that gives a Vs/Vi, close to the bulk measurements.
A morphology that is consistent with the bulk measurements is
half ellipsoid in a spherical calotte with a 52° contact angle
(see Figure 10d). One dimension of the half-ellipsoid is equal
to the height of the particle, and the other two dimensions are
equal to the radius of the inner phase. Because we suppose that
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Figure 9. Ratio of AS phase volume to the total volume (Vas/Vio)

from bulk measurements and for different particle morphologies, as
illustrated in Figure 10.

the contact angle controls the height of the particle, the inner
phase, has to adapt its shape to fit into the spherical calotte
with the 52° contact angle.

Particles and bulk solutions show similar behavior regarding
the evolution of AS and PEG-400 phase volumes with increasing
RH. Although for all compositions the Vas/Viy is almost
constant, when RH approaches the one liquid phase boundary
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Figure 10. Possible arrangements of the aqueous AS and PEG-400
phases within the deposited droplet: (a) half-sphere in half-sphere; (b)
half-sphere in a spherical calotte (contact angle 52°); (c) spherical calotte
in a spherical calotte (same height; contact angle of outer spherical
calotte 52°); (d) half-ellipsoid in a spherical calotte (same height; contact
angle of outer spherical calotte 52°). For the 8:1 PEG-400/AS particle
the following arrangements have been considered: (e) half spheres in
half sphere; (f) spheres in half sphere; (g) half spheres in a spherical
calotte (contact angle 52°); (h) spheres in a spherical calotte (contact
angle 52°).
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Figure 11. Humidity cycles for pure AS particles. Decreasing RH:
@, liquid; x, solid. Increasing RH: V¥, solid; @, uptake of water; A,

liquid. Symbols for Sjogren et al.: O, hydration PSI; O, dehydration
PSI; —, ZSR theory.

different behavior is observed for OIR = 1:1 and 1:2, namely,
an increase in the AS phase volume, whereas a decrease is
observed for OIR = 8:1 and 1.5:1.

A.2. Water Uptake and Release during Humidity Cycle.
To verify whether the GFs of the deposited particles can be
estimated with the present setup, we calculated the GF using
the wet and dry diameter (measured at ~10% RH) with the
assumption of a constant contact angle for the whole RH range.
Therefore, the changes in diameter to height during the cycles
are not captured in our calculation. As a first step we compare
the GF of pure AS with the results obtained in field measure-
ments, e.g., by the hygroscopic tandem differential mobility
analyzer (HTDMA) technique. During HTDMA measurements,
spherical particles grow equally in all directions whereas the
apparent growth in height and growth in diameter of particles
deposited on a substrate may differ. The comparison of GFs
measured in this study with HTDMA results from Sjoegren et
al.*® gives therefore an indication on how the particles on the
substrate grow and shrink during humidity cycles. Figure 11
shows the hygroscopic GF for pure AS as a function of RH
compared with the HTDMA measurements. Pure AS particles
deposited on a substrate show a lower apparent growth than

Ciobanu et al.

AS aerosols in HTDMA measurements. This is likely due to a
stronger growth in height than in diameter of the deposited
particles yielding the apparently lower water uptake. This
implies that the contact angle increases during water uptake and
decreases when water is released. Interestingly, AS particles
show no real efflorescence step (Figure 11), indicating that water
loss during crystallization is not accompanied by a reduction
of the particle’s diameter but rather its height. Compaction
occurs during water uptake, leading to shrinkage of the particle’s
diameter. However, for mixed PEG-400/AS particles shrinkage
of particle diameter was observed when AS effloresced. Because
no HTDMA data are available for this system, we compare the
GFs of mixed PEG-400/AS particles with the GFs calculated
according to the Zdanovskii—Stokes—Robinson approach*-°
using the following formula:

GF ixed = ( Z €kGFk3)l/3 (A.2.1)
k

where ¢ represents the volume fraction of the components in
the dry particle and the GFs are the GFs of the pure components.
We used for AS the GF parametrized by Sjogren et al.*® whereas
the GF of PEG-400 was derived from EDB measurements.'®
The mass GF was converted to a volume GF that was used to
determine the diameter GF as follows:

B m(RH)p,

1/3
=|—== A2.2
(WOP(RH)) ( )

where mg and py are the initial particle mass and density at dry
conditions (we used 1.1254 g/cm? for the density of pure PEG-
400) and m(RH) and p(RH) are the mass and the density of the
particle depending on the RH. The p(RH) was parametrized
between 30—95% RH using the bulk data, with the assumption
of additive volumes (o(RH) = a + b*RH + c*RH? + d-RH?,
where RH is given in percent and the coefficients a, b, ¢, and
d were fitted as +1.1473, —0.00159, +2.79905 x 107> and
—2.37842 x 1077, respectively).

Figure 12 shows the humidity cycles for PEG-400/AS
particles with OIR = 1:1, 1:2, and 8:1 as a function of RH at
~293 K. Each panel shows for each composition the humidity
cycles of three particles, with data for the first particle given in
detail (with indication of the observed liquid and solid phases).
The cycles all start and end at high RH. The GFs at 80% RH
(when AS is totally deliquesced) decrease with increasing
fraction of PEG-400 from 1.45—1.42 for OIR = 1:2 to
1.07—1.05 for OIR = 8:1. The comparison between particles
with the same composition shows differences in GF of up to
15%. We assume that the overall water uptake of all particles
is similar and that the observed differences represent the
variability in contact angle. At the end of the cycle, most
humidity curves reach again a value close to the original GF,
indicating the reversibility of the changes in particle morphology
during hygroscopic growth and evaporation.

The Zdanovskii—Stokes—Robinson (ZSR) mixing rule was
used to predict GFs using the GFs of the components in pure
form. The ZSR GFs for the drying branch are shown in Figure
12 for mixed particles with OIR = 1:1, 1:2, and 8:1. For 1:1
mixed PEG-400/AS particles the ZSR curve is higher at high
RH, but as RH decreases, it approaches the experimental curves.
These differences can be attributed to the way the particles grow
and shrink. Changes in the composition of the particles, due to
water release or uptake, may also change the contact angle and
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Figure 12. Humidity cycles for mixed PEG-400/AS with OIR 1:1,
1:2, and 8:1. Each panel shows data of three particles. Symbols for the
first particle: , one liquid phase decreasing RH; %, two liquid phases
decreasing RH; ¥, solid and liquid decreasing RH; @, solid and liquid
increasing RH; #, two liquid phases increasing RH; A, one liquid phase
increasing RH. Other symbols: O, second particle; O, third particle;
—, ZSR mixing rule.

therefore the height of the particle. The particles with a 1:2 PEG-
400/AS ratio show good agreement with the ZSR curve at higher
RH and higher GFs at lower RH. For this case it seems that
water release is accompanied by stronger shrinkage in particle
height than in diameter. For the 8:1 PEG-400/AS particles, there
was no significant change in the diameter of the particles
observed in the microscope. In this case the particles seem to
grow and shrink mainly in height and to retain almost the
original diameter during the whole cycle. As a consequence,
the experimental and the ZSR curve do not meet.

To summarize, whether water release and uptake leads to
changes of the particle’s diameter or height seems to depend
on the ratio of PEG-400 to AS. Particles change more in
diameter when AS is the predominant component and very little
when a low amount of AS is present. We conclude that with
the present experimental setup, an accurate prediction of the
GFs of deposited particles is not possible when assuming a
constant contact angle.
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Appendix B. Movies of PEG-400/AS Particles

Three movies showing liquid—liquid phase separation in mixed
PEG-400/AS particles with OIR = 1:1, 8:1, and 1:2 can be
downloaded. The movies are sped up after the first stages of
the liquid—liquid phase separation.

Movie 1 shows liquid—liquid phase separation via spinodal
decomposition and AS efflorescence in the mixed PEG-400/
AS particle with OIR = 1:1; shown in Figure 2a.

Movie 2 shows liquid—liquid phase separation via nucleation-
and-growth, AS efflorescence and deliquescence, and one liquid
phase formation in the mixed PEG-400/AS particle with OIR
= 8:1; shown in Figure 2b.

Movie 3 shows liquid—liquid phase separation by growth of
a second phase at the surface of the particle and AS efflorescence
in the mixed PEG-400/AS particle with OIR = 1:2; shown in
Figure 2c.
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