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ABSTRACT: Atmospheric aerosols are complex with both inorganic and organic
components. The soluble inorganics can transition between aqueous and crystalline
phases through efflorescence and deliquescence. This study focuses on the efflorescence
of (NH4)2SO4/organic particles by seeded crystal growth through contact with a crystal
of (NH4)2SO4. Seeded crystal growth is known to effectively shut down supersaturation
of aqueous aerosols. Here, we investigate whether organics can inhibit seeded crystal
growth. We demonstrate that poly(ethylene glycol) 400 (PEG-400), which phase-
separates from the aqueous (NH4)2SO4 and forms a core−shell structure, did not
inhibit seeded crystal growth of (NH4)2SO4 at all relative humidity (RH) values below
deliquescence RH. The PEG-400 layer was not viscous enough to prevent the diffusion
of species through the coating. In contrast, we find that although raffinose, which stays homogeneously mixed with (NH4)2SO4, did
not inhibit seeded crystal growth at RH > 45%, it did inhibit heterogeneous efflorescence at lower humidities. Viscosity
measurements using an electrodynamic balance show a significant increase in viscosity as humidity was lowered, suggesting that
inhibited diffusion of water and ions prevented efflorescence. The observed efflorescence at the higher RH also demonstrates that
collisions can induce efflorescence of mixed aerosols that would otherwise not homogeneously effloresce.

1. INTRODUCTION
Atmospheric aerosols can be found in various phase states
including liquid, solid, and glass depending on temperature and
relative humidity (RH).1−4 For soluble inorganic salts, an
aqueous liquid droplet loses water to the surrounding air and
crystallizes, or effloresces, at a specific relative humidity termed
the efflorescence relative humidity (ERH). The reverse process
where a salt crystal absorbs water from the surrounding air to
form an aqueous droplet is called deliquescence, which occurs
at the deliquescence relative humidity (DRH). While the DRH
is thermodynamically determined, it is difficult to predict the
ERH due to kinetic barriers to nucleation.5 Thus, efflorescence
typically occurs at a lower relative humidity (RH) than
deliquescence, allowing salt solutions to be supersaturated
under many atmospheric conditions. While the homogeneous
phase transitions for salts have been studied in detail,5

heterogeneous efflorescence has yet to be fully examined.
Heterogeneous immersion efflorescence is initiated by an

insoluble particle inside an aqueous droplet that induces
crystallization from within. In heterogeneous contact efflor-
escence, a nucleus collides with the aqueous droplet and
induces efflorescence from the exterior surface of the droplet.
The presence of the heterogeneous nucleus, at the surface or
inside the aqueous droplet, has been shown to lower the
kinetic barrier to nucleation and is experimentally observed as
an increase in the ERH.6−9 The degree to which the ERH is
increased depends on the aqueous droplet’s composition and
the identity of the heterogeneous nucleus.6−9 In a study where
the supersaturated salt solutions were contacted with a solid

crystal of the same salt, seeded crystal growth eliminates the
need for nucleation and efflorescence occurs at an RH very
near the DRH, effectively shutting down hysteresis.6 While
seeded crystal growth has been observed for several inorganic
droplets,6 it is not clear if such a mechanism would be viable
for more complex droplets of atmospheric relevance composed
of inorganic/organic mixtures.
Organic aerosols typically do not crystallize but remain

liquid or amorphous even when the humidity and or
temperature has been lowered.10,11 Laboratory studies where
soluble inorganics were mixed with organic molecules have
shown that some organics will inhibit efflorescence by lowering
the ERH value when compared to the pure inorganic droplet12

or can even prevent efflorescence all together.13 Further, as
some organic aerosols are dried and/or cooled, they transition
into a glassy particle.11 Glasses are particles with an amorphous
structure whose viscosities have become high enough that they
are essentially solid.14 The temperature and humidity
conditions necessary for an organic molecule to transition
into a glass are different for each organic. While laboratory
studies measuring the viscosity of secondary organic aerosol
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(SOA) from different precursors have been conducted,15,16 the
diversity of SOA compounds has made it difficult to fully
characterize their impacts. Models that estimate the glass
transition of a compound have been suggested based on
molecular characteristics such as the atomic O/C ratio and
molar mass.17,18 In the atmosphere where the temperatures are
colder than earth’s surface, some studies have suggested that
organic glasses are more common, especially in the middle to
upper troposphere.11,19

When considering efflorescence of mixed organic/inorganic
droplets, the mixing state could be an important factor. For
example, for some organics, liquid−liquid phase separation
(LLPS) can result in an organic coating around an aqueous
inorganic core, but other organics may only partially engulf the
inorganic core.20−22 Studies have shown that the O/C ratio,
along with water activity, can be used as a predictor for
morphology.21 The aerosol pH has also been shown to affect
the separation RH for LLPS formation.22 More viscous
organics may promote glass formation.15,17 The mixing state
and phase state of complex aerosols are important factors that
determine their impact on climate through direct effects but
also indirect effects such as cloud aerosol interactions.1,2,23

Studies have shown that crystalline salts and sea spray aerosols
can act as heterogeneous ice nuclei, suggesting their
involvement in ice cloud formation.24,25 Studies examining
the impact of organics on cloud formation have shown that
organic liquid droplets and solid glasses can act as contact ice
nuclei.26 Additionally, long-chain alcohols have been shown to
catalyze the freezing of inorganic solutions.27 Understanding
how organics influence the phase state of inorganic aerosols
can further our understanding of the complex aerosol−cloud
interactions impacting climate.
Here, we examined the effect of two different model

organics, raffinose and poly(ethylene glycol) 400 (PEG-400),
on the efflorescence behavior of (NH4)2SO4. Specifically, we

probed whether the two organics would inhibit seeded crystal
growth of the (NH4)2SO4 fraction when contacted with a
crystal of (NH4)2SO4. Raffinose is a trisaccharide that has been
detected in atmospheric aerosols28 and has a high glass-
transition temperature (Tg = 397.5 K),11 allowing pure
raffinose to form a glass at room temperature when dried.
PEG-400 is a polymer whose average molecular weight is 400
amu and can also be described as a polyol. Polyols are organic
molecules containing multiple hydroxy groups, which have
been detected in atmospheric aerosols.28 PEG-400 was
specifically chosen due to it undergoing LLPS with
(NH4)2SO4 at a 1:1 weight ratio below 90% RH.29 We use
an optical trap to examine if either of these organics, when
mixed 1:1 with ammonium sulfate, will inhibit efflorescence of
ammonium sulfate by seeded crystal growth. Complementary
measurements using an electrodynamic balance (EDB)
technique were used to determine the viscosity of the mixed
particles with raffinose as a function of RH.

2. METHODS

2.1. Preparation of Droplets and Contact Nuclei. To
generate organic/inorganic droplets, solutions of 5 wt % total
of 1:1 (NH4)2SO4/raffinose and (NH4)2SO4/PEG-400 in
high-performance liquid chromatography (HPLC) grade water
(Sigma-Aldrich) were prepared. Purely inorganic or organic
droplets were generated similarly by creating a 5 wt % solution
of either (NH4)2SO4, PEG-400, or raffinose in HPLC grade
water. (NH4)2SO4, D-(+)-raffinose pentahydrate, and PEG-400
were all obtained from Sigma-Aldrich. The solutions were
filtered through a nylon filter with 0.45 μm pores. A droplet
generator (Microfab MJ-APB-20) was used to create droplets
by applying an alternating positive and negative voltage to a
piezoelectric ring near the tip of a glass capillary with a 20 μm
diameter orifice.

Figure 1. Arrangement of CCD cameras and LED to observe and record far-field and bright-field scattering. Arrangement of lenses, notch filter, and
fiber optic to obtain a Raman spectrum of levitated droplet is also shown. Sample images of a liquid and crystal particle for far-field and bright-field
are shown. A sample Raman spectrum is also shown. The beam profiles of the trapping lasers are shown. The beam from above has a Bessel profile,
while the beam from below has a Gaussian profile.
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Droplets are trapped inside a rectangular flow cell with
observational windows on all four sides. To control and
measure the RH inside the flow cell, two N2(g) flows are used.
One flows directly into a mass flow controller, while the other
passes through a water bubbler filled with HPLC water to
humidify the flow before going to a mass flow controller. The
two flows then are mixed and enter the flow cell from below
the trapping site and exit above the trapping site. Two probes
(Vaisala HMP60) are placed at the inlet and outlet of the flow
cell to measure RH. The RH at the trapping region is
calculated as the average of the two probes (±1 standard
deviation (SD)).
Heterogeneous nuclei of (NH4)2SO4 crystals are generated

by diverting the dry flow after the mass flow controller toward
a nebulizer (Omron NE-U22). The nebulizer is filled with 3−4
mL of a solution of 10 wt % (NH4)2SO4 and creates droplets
of the solution. The droplets are carried into a diffusion drier
causing efflorescence of the (NH4)2SO4 (ERH = 35%). The
gas carrying the particles of crystalline (NH4)2SO4 then mixes
with the wet flow before entering the flow cell. The time for
the (NH4)2SO4 particles to transit from the nebulizer to the
observation cell is approximately 5 min at a total flow rate of
15 sccm. Long retention times of several hours have been
shown to allow (NH4)2SO4 to transition from spherical to
rectangular morphologies.30 Due to our short transit times, we
expect most of the seed particles to be spherical in
morphology. Adsorption of water onto inorganic aerosols
below their DRH has also been shown to influence their
surface properties.31 In this study, we were not able to directly
determine the water adsorption or the crystal morphology, and
thus their impact on the seeded crystal growth is unclear.
2.2. Optical Trapping and Raman Spectroscopy.

Figure 1 depicts the optical trapping setup inside the flow
cell.32 Two counterpropagating 532 nm Nd:YAG lasers enter
above and below the droplet. The laser from below has a
Gaussian profile with a beamwidth of approximately 300 μm.
The wide beam profile increases the probability of a droplet
falling into the beam path and becoming trapped. However,
due to the wide beam profile, the trap from the Gaussian beam
alone is not axially robust. Thus, to enhance droplet trapping, a
Bessel beam with a narrow central core (∼15 μm) illuminates
the droplet from above. The trapped droplet is observed by
two charge-coupled device (CCD) cameras that are placed
perpendicular to the laser axis. One of the cameras takes
images of far-field scattering, while the other obtains bright-
field microscopy images using a light-emitting diode (LED) to
illuminate the particle. By adjusting the camera to focus on the
scattered light from the droplet, near-field scattering can also
be imaged onto the CCD cameras. Near-field scattering, as
shown in previous studies using the optical levitator, can be
used to detect collisions between the levitated droplet and
heterogeneous nuclei.31 However, due to the limited number
of cameras, seeded crystal growth experiments were run with
only far-field and bright-field microscopies. Near-field imaging
was used to determine the collision rate.
Raman spectroscopy has been coupled to the optical

levitator to obtain chemical information about the trapped
droplet. The light scattered by the aerosol from the trapping
lasers is collected and collimated by a plano-convex lens with a
focal length of 30 mm. The collimated light is filtered through
a 532 nm notch filter to remove the Rayleigh scattering and
allow the Raman signal to pass. The light is then focused onto
a fiber-optic cable with another plano-convex lens, which

carries the signal to a Raman detector (Teledyne Princeton
Instruments FERGIE). The lenses, filter, and fiber-optic
adaptor are joined by a cage system to form a single optical
assembly. The position of the joined optical assembly can be
adjusted in all three directions to maximize the signal collected
from the droplet. The spectra are collected at 1 s exposures per
frame, with each spectrum made up of 120 frames that are
averaged. Spectra are reported over the relative wavenumber
range of 500−4000 cm−1. To minimize stray light from
entering the detector, a black covering for the optical assembly
was applied. Additionally, a curtain is drawn over the entire
laser table and the laboratory’s lights are turned off during
acquisition to limit ambient light from entering the detector.

2.3. Observing Efflorescence. Efflorescence of the
droplet can be determined by observing the far-field scattering
pattern. As shown in Figure 1, the far-field scattering pattern is
distinctly different for a liquid droplet vs a crystalline particle.
Because the liquid droplet is spherical, Mie scattering is
observed as alternating bright and dark bands, which are stable
for constant RH and thus size. The crystal, however, scatters
light differently and, due to the multitude of crystal facets,
creates a mosaic pattern that changes in time as the crystal
rotates inside the trap. The bright-field microscopy images of
the trapped aerosol can also yield information about the shape
of the droplet and thus efflorescence. Example far-field and
bright-field images of a liquid and a crystal from the present
study are included in Figure 1. The liquid is shown to be
spherical with a Mie scattering pattern in the far-field, while the
crystal has a rectangular prism shape and a mosaic scattering
pattern in the far-field. While the crystal can have a
nonspherical or spherical morphology, inhomogeneities in
the bright-field image, due to light passing through the crystal
facets, can be used to determine efflorescence.

2.4. Experimental Protocol for Seeded Crystal
Growth Experiments. To observe seeded crystal growth, a
droplet of the (NH4)2SO4/organic solution is trapped in the
flow cell. The trapped droplet is exposed to a particle stream of
crystalline (NH4)2SO4 for a maximum of 25 s at a set RH. The
rate of collision was determined by counting the number of
contact events observed in near-field scattering imaging for a
trapped droplet exposed to a stream of crystalline (NH4)2SO4.
It was found that the trapped droplet encounters approx-
imately six collisions on average (from eight trials) within a 25
s exposure period for a collision rate of 0.24 collisions·s−1. The
video of the far-field images from the CCD cameras was
monitored during the exposure period to determine whether
the droplet effloresced during the exposure period. If the
droplet did not effloresce, the droplet was ejected from the trap
and a new droplet was captured for a new trial. The process
was repeated at different RH values to calculate a probability of
efflorescence (PEff) as the ratio of observed efflorescence events
to the number of total trials as a function of RH. For each RH
range, a total of four to five experiments were conducted. In
addition to the probability of efflorescence, the average
number of collisions needed to induce efflorescence was
calculated. For this, the exposure time needed to induce
efflorescence was multiplied by an average collision rate of 0.24
collisions·s−1.

2.5. Measuring Viscosity and Immersion Times. The
viscosity of (NH4)2SO4/raffinose droplets and the immersion
time scales for (NH4)2SO4 crystals into PEG-400 droplets
were studied in a dual-balance linear quadrupole electro-
dynamic balance (DBQ-EDB), as described extensively
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elsewhere33 and shown in Figure S1 in the Supporting
Information. In the DBQ-EDB technique, two particles can
be simultaneously levitated and equilibrated at the same RH
and then subsequently merged to infer viscosity and other
physical characteristics of the merged particles. As shown in
Figure S1a, droplets are generated from 5 wt % stock solutions
using piezo-driven droplet dispensers (50 μm orifice; Micro-
Fab) and injected into the DBQ-EDB through an induction
electrode, which charges the surface of the droplets. In the
DBQ-EDB, the linear quadrupole, with an applied oscillating
voltage (Vac ±600 V at 300 Hz typical), axially confines the
charged droplets. Two independent counterbalance electrodes
(Vdc ±200 V typical) counter the force of gravity and the drag
force from a humidified nitrogen gas flow (which controls the
RH within the DBQ-EDB). The levitated particles are
oppositely charged, with the particle in the bottom balance
having a higher net charge. When the voltage from the top
balance is removed, the two particles merge through
electrostatic attraction and the morphology of the merged
dimer is tracked as a function of time using far-field laser
scatter and bright-field imaging, as seen in Figure S1a.
Once two (NH4)2SO4/raffinose droplets are caught in the

trap, the droplets are allowed to equilibrate with the RH for 30
min before merging. Upon merging of two viscous liquid
droplets, the merged dimer exponentially relaxes to a spherical
shape to minimize surface energy. The time it takes to relax to
sphericity is related to the viscosity (η), surface tension (σ),
and density of the merged droplets, as well as the radius (r) of
the relaxed sphere.33,34 Above viscosities of ∼40 mPa·s, such as
the case in the present study (where the lower limit to our
measurements is limited by camera imaging frame rate within
our experimental setup), merged droplets are in the over-
damped regime where the characteristic time scale of
coalescence (τ) can be related to viscosity through eq 1

τ η
σ

≈ r
(1)

where τ is measured from an exponential fit to the relaxation of
dimer aspect ratio (in bright-field images) or far-field defect
image correlation values.32,33 With this measured τ, viscosity
can be calculated using the above equation. For the
calculations, σ was approximated as 55 ± 30 mN·m−1 and r
= 18 ± 2 μm.33

The DBQ-EDB technique was also used to provide insight
into the factors influencing the movement of crystalline
(NH4)2SO4 through liquid PEG-400. Thus, as shown in
Figure S1b, a 15 μm diameter crystalline (NH4)2SO4 particle
was merged with a 30 μm diameter PEG-400 droplet at 30%
RH. The particles used in these experiments are much larger
than those used for crystal seeded growth in the optical
levitator, which provides insight into the relative importance of
diffusion at the moment of contact between liquid PEG-400
and crystalline (NH4)2SO4.

3. RESULTS

3.1. Raman Characterization of Trapped Internally
Mixed Droplets. Figure 2 shows Raman spectra taken in the
optical levitator for droplets of aqueous (NH4)2SO4, raffinose,
PEG-400, 1:1 (NH4)2SO4/raffinose, and (NH4)2SO4/PEG-
400. For each droplet, the far-field scattering is shown to the
right indicating that each is spherical. As seen in the figure, a
sharp peak at ∼980 cm−1 for SO4

2− and a broad peak centered
at ∼3100 cm−1 for −NH are observed for the three droplets
containing (NH4)2SO4. A broad peak below 3000 cm−1

indicates organics for all of the droplets that contain raffinose
or PEG-400. Finally, a broad peak centered at ∼3500 cm−1

indicates −OH for water. From the spectra, it is clear that the
droplets prepared to be mixtures do indeed contain both
ammonium sulfate and the organic of interest, indicating we

Figure 2. Raman spectra of (NH4)2SO4 (red), raffinose (yellow), 1:1 (NH4)2SO4/raffinose (purple), PEG-400 (blue), and 1:1 (NH4)2SO4/PEG-
400 (black). The two mixtures are 1:1 by weight. For each spectrum, the RH and scattering image of the droplet is shown to the right. The relevant
peaks have been highlighted with colors. The SO4

2− (red) is a sharp peak at ∼980 cm−1, the organic −CH (yellow) is a broad peak below 3000
cm−1, the −NH (green) is a broad peak centered at ∼3100 cm−1, and the −OH (blue) is a broad peak centered at ∼3500 cm−1.
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are creating an internally mixed composition droplet. In Figure
2, the −OH peak did not appear strongly for the PEG-400 and
the raffinose droplets used in the figure, most likely due to
showing all of the spectra in one plot. Figures S2 and S3 in the
Supporting Information show expanded views of the spectra of

PEG-400 and raffinose at various RH, and it can be seen that
−OH-related peaks do appear for PEG-400 at ∼42% and for
raffinose at ∼70% RH.

3.2. Homogeneous Efflorescence of Mixed (NH4)2SO4/
Organic Droplets. A series of spectra and far-field scattering

Figure 3. Spectra and scattering images for dehumidification of 1:1 (NH4)2SO4/PEG-400. The droplet began at 74% RH and was lowered to 13%
RH. The spectra have been normalized to the SO4

2− peak and offset from each other. The SO4
2− (red) peak at ∼980 cm−1 and −OH (blue) broad

peak centered at ∼3500 cm−1 are highlighted. The sharp peaks seen near 2600 and 3500 cm−1 at 74% RH and 2700 and 3800 cm−1 at 13% RH are
likely due to cosmic ray radiation.

Figure 4. Spectra and scattering images for an efflorescence experiment on 1:1 (NH4)2SO4/raffinose by weight. The droplet began at 62% RH and
was lowered to 15% RH. The spectra have been normalized to the SO4

2− peak and offset from each other. The SO4
2− (red) peak at ∼980 cm−1 and

the −OH (blue) broad peak centered at ∼3500 cm−1 are highlighted.
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images for a dehumidification experiment of 1:1 (NH4)2SO4/
PEG-400 are shown in Figure 3. The droplet was first captured
at ∼74% RH, and the RH was gradually lowered to 13% RH
(see Figure S4 in the Supporting Information for RH
experimental trajectory). The droplet undergoes efflorescence
at 36% RH as seen by the change in the far-field scattering
patterns at 43 and 36% RH. The scattering pattern at and
below 36% RH consists of horizontal lines with major
interferences contorting the lines, suggesting some combina-
tion of sphericity and rigidity. Since PEG-400 remains liquid at
room temperature and does not crystallize (see Figure S2 in
the Supporting Information), the rigidity is likely due to the
effloresced (NH4)2SO4 crystal. We believe the scattering
pattern is due to the liquid PEG-400 coating the crystallized
(NH4)2SO4 particle. While we cannot confirm whether the
coating creates a core−shell or partially engulfed structure, a
study on 1:1 (NH4)2SO4/PEG-400 droplets on a plate shows
PEG-400 coating (NH4)2SO4 before and after efflorescence.29

The pattern also resembles the scattering image of an aqueous
droplet with mineral dust particles immersed inside taken from
the previous work in the optical levitator.7 The Raman spectra
also show the change in droplet composition with RH. As the
droplet is dried and loses water to the surrounding, the −OH
peak becomes less intense. For the effloresced particle at 36%
RH, the −OH signal is near zero, consistent with crystallization
of the aqueous core. Upon efflorescence of (NH4)2SO4, the
SO4

2− peak has been shown to shift to a lower wavenumber
and become narrower.35 As shown in Figure S5 of the
Supporting Information, the SO4

2− peak does seem to shift to a
lower wavenumber for the (NH4)2SO4/PEG-400 particle
below 36%, providing additional evidence that the
(NH4)2SO4 has effloresced. Our resolution is not sufficient
to observe any potential peak narrowing upon efflorescence.
The observed homogeneous ERH of a 1:1 (NH4)2SO4/PEG-
400 and the Raman spectra are also consistent with other
studies that investigated this mixture using a droplet on a plate
technique, which found a homogeneous ERH of 33 ± 4%
RH.29 The observed ERH of the mixed aerosol is also
consistent with the homogeneous ERH of pure (NH4)2SO4
near 35% RH.5

Figure 4 shows data for a similar experiment with a droplet
of 1:1 (NH4)2SO4/raffinose. In this experiment, the droplet
was first captured at 62% RH and was dried to 5% RH. While
pure raffinose, like PEG-400, does not crystallize upon drying
below the homogeneous ERH of (NH4)2SO4

13 (also see
Figure S3 in the Supporting Information), it seems to inhibit
efflorescence of (NH4)2SO4 when mixed. The efflorescence
inhibition at room temperature is consistent with a previous
study done on 1:1 (NH4)2SO4/raffinose droplets observed
previously.13 As seen by the scattering images, the linear Mie
scattering pattern remains even as the humidity is lowered to
single-digit values well below the homogeneous ERH of pure
(NH4)2SO4. There are some interferences to Mie scattering at
low RH, which could potentially be localized regions of
inhomogeneities impacting the refractive index. A study on a
droplet of (NH4)2SO4 mixed with sucrose, a disaccharide
formed from two of the three monosaccharides that make up
raffinose, in an EDB coupled with Raman microscopy, showed
that under dry conditions an enhancement of sucrose was
observed near the surface of the droplet.36 If raffinose were to
respond similarly at low RH, the enhancement at the surface
can create differences in refractive index within the droplet
causing the observed interferences to the Mie scattering.

Additionally, the inorganic ions and raffinose may be
interacting to form a gel-like state.37 Since gels are a liquid
within a porous solid network, this may cause nonuniform
density and refractive index and thus slight disruptions in the
Mie scattering. Despite the slight disruptions in Mie fringes at
low RH, the scattering is more consistent with an amorphous
phase formed through gradual loss of water upon decreasing
RH. The Raman spectra are also consistent with the gradual
loss of water indicated by the slowly decreasing −OH signal as
the droplet is dried. Note, however, in contrast to the PEG-400
system, water is still present in the droplet at 5% RH.
Homogeneous efflorescence was further probed using a self-

correlation technique to analyze the far-field images and
calculate a defect intensity as a function of time as discussed
previously in Davis et al.32 Briefly, self-correlation is achieved
by making a copy of the far-field image, shifting it 20 pixels to
the right and calculating the defect as the absolute difference
between the original and the shifted images. For Mie scattering
of a spherical particle, indicating either a liquid or amorphous
particle, the intensity is relatively constant in the horizontal
direction and thus the shifting does not cause a high defect
value. However, for a crystalline particle, the mosaic pattern
causes the shifted image to be significantly different from the
original, leading to a high defect value. Figure 5 shows a plot of

defect intensity vs time for a droplet of (NH4)2SO4/PEG-400
undergoing homogeneous efflorescence at 34.9% RH and a
droplet of (NH4)2SO4/raffinose at 4.7% RH. For the droplet
with PEG-400, the defect intensity is low until the droplet
undergoes efflorescence near 15 s when the defect intensity
increases significantly. The defect is highest right after
efflorescence due to the change in trapping position. As the
droplet settles in the new trap position, the defect stabilizes at a
higher value than before efflorescence. For the droplet with
raffinose, the defect intensity at 4.7% RH remains constant and
low, indicating that it has not effloresced despite the droplet
being dried to well below the homogeneous ERH of pure
(NH4)2SO4.

3.3. Seeded Crystal Growth of Mixed (NH4)2SO4/
Organic Droplets. Seeded crystal growth experiments for
(NH4)2SO4/PEG-400 were conducted at RH values ranging
from 41.6 and 82.9% RH. Experiments below 41.6% RH were
not performed because the mixed droplet homogeneously
effloresces at 36% RH. For droplets of (NH4)2SO4/raffinose,
seeded crystal growth was studied for RH values ranging from
16.9 to 84.2% RH. Figure 6 shows three sample seeded crystal
growth experiments: one at a high RH for a mixed droplet of

Figure 5. Plot of defect intensity with the elapsed time for
homogeneous efflorescence of a 1:1 (NH4)2SO4/PEG-400 at 34.9%
RH and a droplet of 1:1 (NH4)2SO4/raffinose at 4.7% RH.
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(NH4)2SO4/PEG-400 and two for mixed droplets with
raffinose at two different RH values with two differing results.
For each experiment, a plot of the defect intensity with elapsed
time is shown. The plots have been aligned at the collision
event, as determined by a significant change to the far-field
image. Far-field scattering images before and after the collision,
as well as the bright-field image after the collision, are also
shown. In the experiment with (NH4)2SO4/PEG-400 at 77%
RH, it can be seen that the defect intensity is at a stable and
low value before the collision, but upon collision, it increases
rapidly and then stabilizes at a higher level. The variance in
defect also increases greatly after the collision. The far-field
scattering pattern changes upon collision, and the bright-field
image of the droplet after collision indicates a rectangular
prism shape. The rigid shape of the particle is most likely due
to the crystallized (NH4)2SO4 core. As shown in previous
seeded crystal growth experiments with (NH4)2SO4, when the
crystallization RH was above 69% RH, the crystal formed a
rectangular prism.32 All of these criteria indicate that the
droplet effloresced rapidly upon collision. For the experiment
with (NH4)2SO4/raffinose at 65% RH, similar results are
observed. Upon collision, the defect increases, the far-field
scattering loses the Mie scattering pattern, and the bright-field
image of the crystal is less spherical, all indicating efflorescence.
In contrast, the experiment shown for (NH4)2SO4/raffinose at
35% RH has a different outcome. Upon collision, the defect
intensity does not rapidly increase although the variance in the
data increases. While there are interferences to the far-field
scattering image, it still maintains the Mie scattering pattern,
which suggests that the particle maintains a spherical shape.
The interference is believed to be due to the colliding crystal of
(NH4)2SO4 adhering to the surface without causing efflor-
escence of the droplet. The spherical bright-field image after
collision further supports our belief that the heterogeneous
nucleus did not induce efflorescence.
Seeded crystal growth experiments were repeated for both

organic mixtures over a range of RH values, and a summary of
the results is shown in Figure 7. The homogeneous ERH and
DRH of pure (NH4)2SO4 are shown as vertical dashed lines for

reference. For both mixed droplets, no efflorescence was
observed (PEff = 0) above the homogeneous DRH of
(NH4)2SO4 at 80% RH. This result is expected as the
thermodynamically favored state above 80% RH is the aqueous
solution of (NH4)2SO4. For every RH tested between the
DRH and ERH of (NH4)2SO4, the droplets mixed with PEG-
400 effloresced upon contact with PEff = 1. As seen on the plot,
the highest RH that efflorescence was observed for the

Figure 6. Defect intensity with time elapsed for three seeded crystal growth experiments. Two experiments are shown with 1:1 (NH4)2SO4/
raffinose at 35 and 65% RH. The third experiment is for 1:1 (NH4)2SO4/PEG-400 at 77% RH. The collision event, which causes significant change
to the defect intensity, has been shown as the dotted line on the graph. For each contact experiment, the scattering image for the droplet before and
after the collisions is shown. The bright-field image of the droplet after the collisions is also shown.

Figure 7. Summary of results for the seeded crystal growth of 1:1
(NH4)2SO4/raffinose (top) or 1:1 (NH4)2SO4/PEG-400 (bottom)
by a crystal of (NH4)2SO4.
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(NH4)2SO4/PEG-400 droplet was 77.8 ± 1.8% RH. The result
is consistent with the seeded crystal growth of pure
(NH4)2SO4 droplets by crystals of itself,6 suggesting that the
PEG-400 coating had minimal effect on the seeded crystal
growth of the aqueous core. The behavior of the (NH4)2SO4/
raffinose mixtures below 80% RH was similar to that of
(NH4)2SO4/PEG-400 until the RH was lowered to 45.5 ±
1.3% RH. For experiments conducted at and below 45.5 ±
1.3% RH, no efflorescence was observed upon contact (PEff =
0). Figure S6 in the Supporting Information shows the average
number of collisions needed to induce efflorescence as a
function of RH for those experiments where efflorescence was
observed. It can be seen that most experiments that resulted in
efflorescence required between one and two collisions.

4. DISCUSSION

4.1. Internally Mixed Ammonium Sulfate/PEG-400.
To determine why the PEG-400 coating did not affect the
seeded crystal growth, the diffusion times through the coating
were estimated. Figure 8a shows the estimated thickness of the
PEG-400 coating in μm as a function of the droplet’s diameter
(core plus coating) and humidity. To calculate the thickness, it
was assumed that all of the (NH4)2SO4 is in the aqueous core
and all of the PEG-400 is in the organic coating. The
assumption is not perfect as a study of a 1:1 (NH4)2SO4/PEG-
400 droplet on a plate showed that small satellites of aqueous
(NH4)2SO4 are contained in the PEG-400 coating.29 However,
due to a lack of quantitative data on the satellites, they were
not included. Additionally, it was assumed that the
concentration of (NH4)2SO4 in the aqueous portion was
determined by the RH. This assumption was based on the
observation that the homogeneous ERH of the (NH4)2SO4/
PEG-400 matched that of pure (NH4)2SO4. The density and
water content of (NH4)2SO4 as a function of RH were

obtained through the E-AIM model.38 For PEG-400, water
content as a function of RH was obtained from Marcolli and
Krieger,39 and densities as a function of mole fraction of PEG-
400 in water were obtained from Han et al.40 A detailed
description of the calculation is provided in the Supporting
Information. The black dotted line in Figure 8 represents an
example trajectory for a droplet that begins as a 15 μm droplet
at 80% RH as the humidity is decreased. As the droplet dries,
the overall diameter decreases while the organic layer’s
thickness also thins. The decrease in size and thickness of
the droplet and organic coating is due to both (NH4)2SO4 and
PEG-400 responding to changes in RH. Over the course of an
experiment, the organic coating decreases from around 1.8 to
1.5 μm as humidity decreases from 80 to 40% RH.
Based on the estimated thickness of the PEG-400 layer,

diffusion times through the layer for a molecule of H2O
(Figure 8b1) with a molecular diameter of 2.75 Å and a
heterogeneous nucleus with a diameter of 300 nm (Figure
8b2) were calculated. The heterogeneous nucleus size was
based on the size distribution of the crystalline (NH4)2SO4
measured in an SMPS (TSI 3010). The distribution is included
as Figure S7 in the Supporting Information and shows that the
mode diameter is approximately 300 nm. The diffusion time
(τ) was calculated as

τ = X
D2

2

(2)

where X is the organic layer’s thickness, and D is the diffusion
coefficient (cm2·s−1). The diffusion coefficient for a molecule
or particle traveling through the PEG-400 layer can be
estimated as

πη
=D

k T
r6

B

(3)

Figure 8. (a) Plot of the calculated thickness of the PEG-400 coating (in μm) as a function of droplet diameter and RH. Calculated diffusion times
(in seconds) for a molecule of H2O (b1) or a heterogeneous nucleus that is 300 nm in diameter (b2) as a function of droplet diameter and RH.
The dotted line represents the change in droplet diameter and coating thickness or diffusion times for a droplet that begins as a 15 μm droplet at
80% RH as RH is changed.
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where kB is the Boltzmann constant (1.381 × 10−23 J·K−1), T is
temperature (K), η is the viscosity of the PEG-400 coating (Pa·
s), and r is the radius of the diffusing molecule or particle. The
viscosity of PEG-400 as a function of mole fraction of PEG-
400 in water was obtained from Jerome et al.41 A plot of PEG-
400 viscosity as a function of RH and the resulting diffusion
coefficients for a water molecule and a 300 nm heterogeneous
nucleus are shown in Figure S8 in the Supporting Information.
As seen in Figure 8b1, it takes a fraction of a second for water
to travel through the PEG-400 layer under our experimental
conditions. The rapid diffusion time for a molecule of water
suggests that the coating of PEG-400 is not viscous enough to
prevent water from leaving the aqueous core upon
efflorescence and thus does not inhibit efflorescence of
(NH4)2SO4. The diffusion times for a heterogeneous nucleus
such as the crystalline particles of (NH4)2SO4 to travel from
the outside to the inner core are much slower, taking tens of
seconds to approximately 2 min. This time scale is longer than
the experimental observation of seconds for the droplet of
(NH4)2SO4/PEG-400 to effloresce upon collision.
To understand the discrepancy, we measured the time scale

for a crystal of (NH4)2SO4 of ∼15 μm in diameter to become
completely immersed into a droplet of PEG-400 that is ∼30
μm in diameter at 30% RH in the DBQ-EDB. As shown in
Figure S1b, it took the crystal less than 0.1 s to become fully
submerged into the PEG-400, suggesting that forces other than
diffusion can cause the heterogeneous nucleus to become
immersed into the PEG-400 layer and reach the (NH4)2SO4
core. Forces such as convection within the droplet created by
the air flowing around the droplet or capillary forces between
the particle and the PEG-400 could be responsible for carrying
the heterogeneous nucleus to the (NH4)2SO4 faster than by
diffusion alone. Additionally, the satellite pockets of aqueous
(NH4)2SO4 that are dispersed throughout the PEG-400 layer
could also play a role in crystallization. For example, the
crystalline (NH4)2SO4 seed could encounter a satellite first,
causing it to crystallize, which then continues to crystallize the
remainder of the aqueous portion.
4.2. Internally Mixed Ammonium Sulfate/Raffinose.

Raffinose inhibited the effloresce of (NH4)2SO4 both
homogeneously and during seeded crystallization at low RH.
Previous studies have shown that the viscosity of pure raffinose
increases as humidity is lowered.42 Specifically, the viscosity of
pure raffinose increases an order of magnitude for every 5%
decrease in RH (see Figure S9 in the Supporting Information)
to a point that at ∼40% RH the viscosity was too high for an
accurate measurement to be made.42 Here, the viscosity of a
1:1 mixture of (NH4)2SO4/raffinose was determined in the
DBQ-EDB by measuring the coalescence time for two droplets
of 1:1 (NH4)2SO4/raffinose to merge into one droplet. The
results for the viscosities as a function of RH are plotted in
Figure 9. The viscosities were also extrapolated up to 100%
RH. Based on the fit, the diffusion coefficient for molecules of
H2O and SO4

2− (ionic radius = 0.242 nm43) was determined
and is also included in Figure 9. We note that at low water
activity and high viscosity, the Stokes−Einstein relationship
may underpredict the diffusion of water,44 and thus the values
shown here likely represent the lower limit on D and thus an
upper limit on time scales. The diffusion coefficient for NH4

+ is
not shown since its ionic radius (0.154 nm45) is smaller than
SO4

2− and thus SO4
2− diffuses slower and would be the

limiting factor to crystallization. As shown in Figure 9, when
the mixed droplet reaches an RH of 35%, the homogeneous

ERH of (NH4)2SO4, the viscosity has already reached 106 Pa·s.
The high viscosity prevents the (NH4)2SO4 from crystallizing
at 35% RH, and thus the 1:1 (NH4)2SO4/raffinose aerosol
does not effloresce homogeneously at room temperature.
Seeded crystal growth experiments showed that the mixed

droplet of (NH4)2SO4/raffinose began resisting crystallization
between 45.5 ± 1.3 and 53.9 ± 1.2% RH. The viscosities at
45.5 and 53.9% RH are 1.2 × 104 and 450 Pa·s, respectively,
which suggests that the viscosity threshold necessary for a
droplet to undergo efflorescence is somewhere between those
limits. Calculated diffusion times are shown in Table 1 for a

molecule of H2O and an ion of SO4
2− to diffuse distances of

7.5 and 1 μm in a droplet of 1:1 (NH4)2SO4/raffinose at 45.5
and 53.9% RH, respectively. The 7.5 μm distance represents
the time it takes the molecule to travel out from the center of a
droplet that is 15 μm in diameter. The 1 μm diffusion time
represents the time for the molecules and ions to move
through the outermost layer of the droplet. Efflorescence is
initiated by the movement of ions from the aqueous to
crystalline phase, followed by loss of the water that had been
solvating the ions. However, as seen in the table for the droplet
of 1:1 (NH4)2SO4/raffinose, movement of ions and water is
significantly hindered at 45.5% RH. For a water molecule to
travel 1 μm, it would take approximately 1 h and approximately
2.5 days to travel through 7.5 μm. The viscosity is thus too
high for ions to diffuse to the heterogeneous nucleus and for
water to evaporate out of the droplet, thus inhibiting
efflorescence. For the droplet at 53.9% RH where seeded
crystal growth was observed, the times for H2O to travel 1 and

Figure 9.Measured viscosities of 1:1 (NH4)2SO4/raffinose droplets at
various RH values. Diffusion coefficients for molecules of H2O and
SO4

2− traveling through the mixture at various RH values are shown
on the right axis.

Table 1. Diffusion Times for a H2O Molecule and a SO4
2−

Ion Traveling 1 or 7.5 μm through a Droplet of 1:1
(NH4)2SO4/Raffinose at 45.5% and 53.9% RH

45.5% RH 1.2 × 104 Pa·s 53.9% RH 450 Pa·s

H2O SO4
2− H2O SO4

2−

D (cm2·s−1) 1.3 × 10−12 7.4 × 10−13 3.4 × 10−11 1.9 × 10−11

τ (1 μm) 1.1 h 1.9 h 2.5 min 4.4 min
τ (7.5 μm) ∼60 h ∼106 h 2.3 h 4.1 h
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7.5 μm are 2.5 min and 2.3 h, respectively. Based on diffusion
times, water near the surface of the droplet could evaporate
and cause efflorescence, while the water near the center of the
droplet probably could not. The surface enhancement of
sucrose for a mixed particle of sucrose and (NH4)2SO4
observed in a study by Chu and Chan36 could be a similar
phenomenon, where the surface has lost water, creating a crust-
like feature and trapping the components in the interior of the
particle.
4.3. Limitations of the Present Study to Atmospheric

Conditions. Secondary organic aerosols and inorganic
aerosols such as (NH4)2SO4 have been found together in the
atmosphere in significant amounts by in situ measurements.46

Over terrestrial regions, (NH4)2SO4 is one of the predominant
inorganic species and internally mixed aerosols of (NH4)2SO4/
organic droplets are expected to be found. Seeded crystal
growth of such aerosols can occur when two plumes with
different RH histories mix at RH conditions between the ERH
and DRH of (NH4)2SO4. If one of the plumes had come from
RH conditions that were low enough to effloresce (NH4)2SO4,
these crystals could act as seed crystals for the internally mixed
aerosols. While calculating the exact number of these specific
collisions is beyond the scope of this work, future studies using
realistic particle composition and concentration could
elucidate the importance of contact in atmospheric phase
changes.
Our present study examined how efflorescence is strongly

affected by changes in viscosity due to changes in RH at room
temperature. However, atmospheric conditions are much
colder, and it has been shown that glass formation and
viscosity of organic species are affected greatly by temper-
ature.19,47 In general, organics tend to be more viscous at lower
temperatures and thus we expect as conditions get colder,
organics will inhibit efflorescence of (NH4)2SO4 at higher RH
than found in this room-temperature study. Low temperatures
can also affect the phase state of the soluble inorganic.48−50 For
example, the tetrahydrate of (NH4)2SO4 is believed to form
under ice-saturating conditions below 220 K.48 Additionally,
NaCl dihydrate has been shown to form at temperatures below
∼250 K.49,50 The different inorganic phases can have different
ice-nucleating characteristics, changing their impact on
climate.49,50 The effect of temperature, specifically low
temperatures, on the phase state of aerosols is important,
and further studies should be conducted to further understand
the efflorescence of particles in the atmosphere.

5. CONCLUSIONS
Internally mixed aerosols composed of both organic and
inorganic aerosols are commonly believed to be in the liquid
state due to the incorporation of the organic fraction. The
assumption has been revisited as studies on organic
glasses,11−19,42 inorganic gels,37 and heterogeneous efflores-
cence of aerosols6−9 have shown other processes that can
influence the phase state of the aerosol. In this study, we
examined the effect of organics on the efflorescence of
(NH4)2SO4 by mixing with two model organics: PEG-400
and raffinose. PEG-400 phase-separates from the aqueous
(NH4)2SO4 and creates an organic coating. Raffinose can
transition into a glass at room temperature upon lowering the
RH. By contacting these mixed droplets with a crystal of
(NH4)2SO4, the study showed that viscosity is more important
than the morphology of the mixed droplet. The organic coating
of PEG-400 seemed to have little to no effect on the

efflorescence of (NH4)2SO4. By calculating the thickness of the
coating and using measured viscosities of PEG-400 from the
literature, we showed that the organic coating does not act as a
barrier for the transfer of water molecules out from the
aqueous core at room temperature. Additionally, the PEG-400
coating also allowed a heterogeneous nucleus to pass through
with ease, allowing heterogeneous efflorescence to occur.
Unless the heterogeneous nucleus is chemically transformed by
the interaction with the organic layer, it is unlikely that an
LLPS aerosol whose outer coating is not highly viscous will
have any effect on homogeneous or heterogeneous efflor-
escence. Raffinose, on the other hand, was highly effective at
inhibiting the efflorescence of (NH4)2SO4. The glassy organic
caused the viscosity of the mixed aerosol to be highly sensitive
to RH, where an ∼10% RH difference would result in changes
to the diffusion coefficient and diffusion times by ∼2 orders of
magnitude. In the middle and upper tropospheres where
aerosols are believed to be mostly glassy,19 homogeneous and
heterogeneous efflorescence are likely to have little impact.
However, in the lower troposphere where the aerosol phase
will be based on RH,19 homogeneous and heterogeneous
efflorescence can still be a major process affecting the phase
state of aerosols.
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