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ABSTRACT: Well-mixed atmospheric aqueous aerosol droplets containing multiple chemical species can undergo processes such
as liquid−liquid phase separation (LLPS) and crystallization depending on the ambient temperature and relative humidity (RH). So
far, only a handful of single droplet studies have examined the effect of temperature in conjunction with the organic to inorganic
ratio (OIR) on the separation RH for LLPS. In this work, we present a temperature-controlled microfluidic static trap approach to
study the LLPS and efflorescence phenomenon in multiple ternary systems in a quasi-equilibrium manner. Ammonium sulfate or
sodium chloride is used as the inorganic phase and 3-methylglutaric acid (3-MGA), poly(ethylene glycol), poly(propylene glycol), or
poly(ethylene glycol) diacrylate is used as the organic phase. Results show a clear trend in droplets containing 3-MGA with either
salt of the initial LLPS and efflorescence events occurring at higher RH at lower temperatures, while this trend is less obvious for the
other organics. The organic to inorganic ratio (OIR) of the system also affected the type of first phase transition, which can be either
LLPS or efflorescence. Finally, the rate of RH change also had an impact on the temperature dependence of the formation of either
anhydrous or dihydrous crystals of sodium chloride upon efflorescence. These results help inform the effects of temperature, OIR,
and rate of RH change on the phase state of aqueous aerosol droplets containing multiple species.
KEYWORDS: model aerosols, organic to inorganic ratio, liquid−liquid phase separation, microfluidics, temperature-dependent,
dehydration rate, separation relative humidity

■ INTRODUCTION

Atmospheric aerosols are complex chemical systems subject to
a varied range of ambient conditions.1−3 These particles play a
key role in the earth’s climate directly by controlling the
absorption and scattering properties of the atmosphere4 or
indirectly through forming clouds by acting as cloud
condensation nuclei (CCN).5,6 Unfortunately, aerosols are
also the largest source of uncertainty in predictive models for
climate change.7 A single aerosol particle can contain a
multitude of chemically distinct components depending on its
origin, including inorganic salts; volcanic ash or dust;
combustion products; organic acids, bases, or even micro-
organisms; and biological byproducts.3,8−15

In addition to chemical complexity, aerosol particles in the
atmosphere can exist in multiple overall phase states classified
according to their viscosity as liquid, semisolid, and solid1,16 or
according to their internal phase morphology as mixed, liquid−
liquid phase separated (LLPS), and partially or fully
effloresced.16−18 LLPS occurs according to the equilibrium
conditions among the separated or mixed phases in an aerosol.

Particles can transition among these states depending on their
chemical composition along with ambient conditions, such as
temperature and relative humidity (RH). LLPS and efflor-
escence/deliquescence of particles play a crucial role in aerosol
properties, such as their optical properties,19,20 hygroscopic-
ity,16,21 and heterogeneous chemistry including atmospheric
aging or uptake of gas-phase molecules like N2O5.

22,23

Additionally, the phase state of a particle can also influence
its surface properties and hence its ability to activate into a
CCN24 or ice nucleating capabilities.25−27

Methods to quantitatively measure the phase state of aerosol
particles include bulk measurements in cases where the
separation relative humidity (SRH) of the particle is higher
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than the deliquescence relative humidity (DRH). However,
this is a rare occurrence, and supersaturation is needed to study
LLPS in most relevant aerosol systems. Supersaturation can be
achieved in single-particle phase state measurements at the
supermicron scale using optical microscopy on droplets on a
substrate,28 electrodynamic balancing,29 or optical traps.30

Submicron-scale single-particle phase can be studied using
scanning electron microscopy with energy-dispersive X-ray
analysis,31 transmission electron microscopy,32 and scanning
transmission X-ray microscopy/near-edge X-ray absorption
fine structure methods.33 Phases of larger populations of
particles can be measured directly using particle water uptake
and growth in hygroscopicity tandem differential mobility
analyzers,34−36 microresonators,37 interdigitated electrodes,38

and quartz crystal microbalances39 or indirectly by measuring
particle bounce using impactors.40−43 A comprehensive review
by McMurry et al.44 lists most physical and chemical
characterization techniques used for submicron aerosols. The
substrate used in contact-based methods can influence the
particle morphology during the initial impaction as well as
phase transitions. Hydrophobic surfaces are commonly used to
minimize this effect. Single-particle trap-based methods often
require highly complex instrumentation to obtain measure-
ments and can become cost-prohibitive and time-consuming.
Recently, microfluidic measurements have been used to look

at statically trapped single-particle phase transitions45−47 and
ice nucleation.48 Aerosol droplets are trapped in microfluidic
wells that are surrounded by a thin layer of carrier fluid and
sandwiched between highly permeable poly(dimethylsiloxane)
(PDMS) and nonpermeable glass layers. Morphological
changes including LLPS and efflorescence can be observed
as droplets evaporate slowly over time in a quasi-equilibrium
manner and the changes are recorded in a time-lapse video.
Microfluidics offers an advantage over the substrate-based
methods since the droplets are encased in a layer of liquid and
hence reduce the probability of heterogeneous nucleation from
a solid substrate. It also provides a two-dimensional (2D)
Hele-Shaw-type geometry, which makes it easier to determine
LLPS and the resultant morphology using optical microscopy.
In addition, there is usually no need for external relative
humidity control during an experiment as the drying process
occurs slowly until the droplet RH equilibrates with the
surrounding RH. By careful design of flow channels and wells,
it is even possible to rehydrate droplets or control the
dehydration and rehydration rate by flowing water through
channels adjacent to the trapped droplets.45,49 The disadvan-
tages of this method are that droplet dehydration usually takes
a long time, on the order of days. So, the collection of a large
number of data points can be challenging. Also, the droplet RH
needs to be calculated based on droplet concentration using
equilibrium thermodynamic models as direct measurement of
water activity or RH in a microfluidic well is not readily
feasible.
Factors including temperature as well as the initial

composition of a mixed organic−inorganic liquid droplet itself
can decide whether an aerosol droplet undergoes LLPS and at
what SRH. Among the chemical composition aspects, a
universally acknowledged key factor is the oxygen to carbon
ratio (O/C) of the organic component.50−52 Other factors that
have been studied are sulfate ratios, molecular weight of the
organic,53 multiple organics,54 and secondary organic aerosols
created from atmospheric aging55 of the primary aerosols.
Certainly, not all systems undergo LLPS before efflorescence.

You et al.53 showed that particles with O/C below 0.57 readily
undergo LLPS, whereas particles with O/C between 0.83 and
0.57 undergo LLPS only for certain organics, and particles with
O/C above 0.83 do not undergo LLPS. A recent study by Ott
et al.56 on ternary aerosols with added sucrose has expanded
the upper limit of the O/C ratio for LLPS to 0.92. Results from
more complex systems with more than three components and
field samples also agree with this narrow range of O/C
necessary for LLPS.50,54,55

However, while the effect of chemical composition on LLPS
is becoming more extensively understood, the effect of
temperature on LLPS is less well-characterized. It was
theorized that droplet viscosities at lower temperatures in the
troposphere (<298 K) would increase and lead to inhibition of
phase separation.57 In contrast, a recent study on the effect of
low temperatures down to 244 K showed that for most of the
systems that do undergo LLPS at room temperature, inhibition
of LLPS was not noticeable, i.e., SRH was not dependent on
the droplet temperature. Furthermore, in some cases, the SRH
even increased with a reduction in temperature.53 Organic to
inorganic mass ratio (OIR) of the aerosol also plays a part in
the morphology of these phase transitions and generally varies
between 0.2 and 3.5 in atmospheric particles.58−60

In addition to LLPS, the crystal structure and subsequently
the morphology of the aqueous droplet upon efflorescence
have also been known to depend upon temperature and drying
conditions, specifically, the dehydration rate. Sodium chloride
forms two possible crystal structures upon efflorescence,
namely, anhydrate (NaCl(s)) and dihydrate (NaCl·2H2O(s)).
The equilibrium phase diagram shows that at temperatures
above 0 °C, the NaCl(s) form and below 0 °C, the NaCl·
2H2O(s) form are thermodynamically favorable.18 However, in
experiments on droplets on a substrate, it was shown that only
NaCl(s) is formed at temperatures as low as −20 °C.61 In
another study,25 the range of temperatures where the transition
from NaCl(s) to NaCl·2H2O(s) occurs was found to be between
about −20 °C, where 0% of the particles were in the dihydrate
form, and −32 °C, where 100% of the particles observed were
the dihydrate. Another study on particles suspended in an
electrodynamic balance (EDB)27 reported the transition to be
in a similar temperature range. Some studies have also reported
a different efflorescence crystal structure in seawater depending
on the rate of decrease of RH due to different number of water
molecules trapped in the dried particle.62,63

Here, we investigate a range of model aerosol systems in the
range −20 to +25 °C that covers a significant portion of
tropospheric temperature (−60 to +25 °C) for O/C ratios
between 0.38 and 0.67, which are below the critical O/C <
0.92 for LLPS. We varied the organic to inorganic ratio (OIR)
of the systems to estimate the effect of the organic and
inorganic components on the LLPS morphology temperature-
dependence. The systems studied consisted of either
ammonium sulfate (AS) or sodium chloride (NaCl) as
inorganics and organic acid and polyalcohol organics in an
aqueous solution with OIRs ranging from 1:10 to 10:1. We
also studied the binary solution of sodium chloride and water
to find the effect of temperature and drying rate on the
efflorescent crystal structure. This work uses a novel and low-
cost, quasi-equilibrium technique to shed new light on how
temperature and the OIR of these systems affect the phase
separation morphology as well as the total solute concentration
or conversely the SRH at which these systems undergo phase
separation.
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■ MATERIALS AND METHODS

Chemicals. Solutions of AS (Fisher Scientific) and NaCl
(Fisher Scientific) were prepared by dissolving crystals into
high-performance liquid chromatography (HPLC)-grade water
(Fisher Scientific). Organics with the O/C ratio below 0.83
were mixed with this salt solution to make experimental
samples. The organics used were 3-methylglutaric acid (3-
MGA, Tokyo Chemical Industry) with O/C = 0.67, poly-
(ethylene glycol) (PEG, molecular weight = 200 g/mol, Sigma-
Aldrich) with O/C = 0.63, poly(ethylene glycol) diacrylate
(PEGDia, Sigma-Aldrich) with O/C = 0.50, and poly-
(propylene glycol) (PPG, Sigma-Aldrich) with O/C = 0.38.
The organics were mixed with the salt solution in three
different ratios by mass, namely, OIR 1:10, 1:1, and 10:1.
Experiments for the ammonium sulfate and 3-MGA system

were performed at four different temperatures, +25, +5, −10,
and −20 °C, and three different OIRs, 1:10, 1:1, and 10:1. The
same initial concentration C0 for a given mixture system was
used at all temperatures. In the AS + 3-MGA system, C0 values
were 1.42, 2.33, and 0.92 M for OIR 1:10, 1:1, and 10:1,
respectively. Ammonium sulfate and other organics were
studied at +25 and −20 °C at OIR 1:1. C0 was 2.56, 0.98, and
0.67 M for AS + PEG, AS + PPG, and AS + PEGDia systems,
respectively. NaCl and 3-MGA systems were studied at all
three OIRs but only at +25 and −20 °C, with C0 of 1.67, 1.15,
and 0.56 M for OIR 1:10, 1:1, and 10:1, respectively.
Microfluidic Device Fabrication. The microfluidic device

used for this study was adapted from ref 64 and has been used
previously in refs 46 and 47 studies from our group to examine
LLPS and efflorescence in different models and real systems at
room temperature. Each device consists of a single inlet and
outlet, along with nine microfluidic traps (Figure 1a). Each
trap consists of a 200 μm wide inlet, a 450 μm diameter well,
and a 40 μm wide restriction. Additionally, there is a bypass
path for the carrier oil to pass through. The heights of all
individual wells were measured to be between 85 and 95 μm
with a KLA Tencor P16 surface profilometer.
To fabricate the device, the photomask in Figure 1a was

designed in CAD software (AutoCAD, Autodesk Corp.) and
printed on a vinyl transparency (CAD/Art Services Inc.). A
device master on a 4 in. diameter silicon wafer was fabricated
using well-established photolithography techniques65,66 using
the photomask. Subsequently, the microfluidic device was
made by pouring a mix of uncured PDMS (Sylgard 184
silicone elastomer, Dow Corning Corp.) and a linking agent in

a 10:1 ratio by weight into the mold. Then, the mold was
degassed before baking in a 75 °C oven to cure PDMS. Next,
the PDMS device was cut out from the mold, and holes were
punched for the inlet and outlet. Finally, the device was sealed
to a 25 × 75 × 1 mm3 glass slide (Corning) after oxidative
plasma etching of both the glass and PDMS surfaces.

Droplet Loading. The as-prepared mixed organic and
inorganic aqueous sample was injected into the device to fill
the microfluidic channel completely, including the wells and
the bypass paths. Silicone oil (Sigma-Aldrich) was then
carefully injected into the device, which scavenged all of the
excess sample from the bypass channels and pushed it out
through the outlet. The sample droplet already inside the well
was not pushed out, since the restriction in front of the sample
was small enough to prevent the droplet from squeezing
through. This resulted in droplets trapped inside the wells and
the rest of the channel being filled with silicone oil.

Dehydration Experiment. After droplet loading, the
device was placed on the cold plate of a temperature-controlled
stage (LTS 420, Linkam Scientific, U.K.) and the lid was
closed. The cold stage was placed on the XY stage of a
reflective microscope (SZX10, Olympus) and imaged using an
acA1600-60gm camera (Basler) every 10 s throughout the
duration of the experiment. Water from the droplets slowly
diffused through the silicone oil and pervaporated through
PDMS during an experiment. A schematic of the droplet
trapped inside the device is shown in Figure 1b.
Trapped droplets were pancake-shaped and the volumes, V,

were calculated using the method described in ref 67

i
k
jjj

y
{
zzz

π π π= + − + −V
h h

D h
h

D h
6 4

( )
2

3

(1)

In eq 1, D is the diameter of the droplet and h is the channel
height. The volume of the droplet is used in eq 2 to calculate
the solute molarity, C (M or mol/L), of the droplet at any
point during the experiment46 by assuming that only water
leaves the droplet during the experiment

=V C VC0 0 f f (2)

where the subscripts 0 and f correspond to measurements
taken initially and finally at the phase-transition point,
respectively. The droplet solutions were always prepared
with a fixed initial concentration at a given OIR and to allow
for a comparison between different temperatures at the phase-
transition points. The RH was not directly measured; instead,

Figure 1. (a) Microfluidic static well device schematic. (b) Schematic of the microfluidic device inside the cold stage showing a pancake-shaped
droplet surrounded by silicone oil in a PDMS device and the water pervaporation path through the oil and PDMS layers. For details on the
microfluidic device design and fabrication, see ref 47.
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the droplet solute concentration was used to predict the RH at
phase transition through a thermodynamic model that relates
concentration to water activity, similar to Nandy and
Dutcher46,68 in an almost identical microfluidic setup. Using
this method, the calculated efflorescence RH (ERH) of 33−
35% for binary AS solution at room temperature matches
closely to literature data.69,70 We followed a similar method-
ology to calculate the RH of phase transitions in ternary
droplets using the thermodynamic models E-AIM71,72 (http://
www.aim.env.uea.ac.uk/aim/aim.php) model II and III and
AIOMFAC73,74 (https://aiomfac.lab.mcgill.ca/model.html)
between the initial droplet loading point and the point
where the first phase transition (LLPS or nucleation of crystal/
efflorescence) occurred. The modeling could not be extended
beyond this as the droplet did not remain well-mixed and the
composition of the phases was unknown after this transition
point. Both models are widely used in aerosol science. E-AIM
has been used previously to study mixed organic and inorganic
systems in refs 75−78. AIOMFAC is also often used for studies
of mixed systems,77,79−81 with long- and medium-range
interactions between organics and inorganics in aqueous
solutions incorporated. For the RH calculation, 3-MGA and
other organics were created as new compounds in E-AIM with
activity equations defined using the group contribution
method from UNIFAC. E-AIM density output was used to
convert the solution molarity from eq 2 to molality and mass
fraction, which was used for calculating the equilibrium RH of
the droplet at the phase-transition point from both
thermodynamic models. More details on the calculation
methodology and results are reported in the Supporting
Information.
Raman Spectroscopy (Microfluidic). For some of the

samples, 2D confocal Raman spectroscopy was also performed
on an AS and 3-MGA droplet trapped inside microfluidic wells
at room temperature to qualitatively map the organic and salt
before and after LLPS inside the droplet. The system consisted
of an α 300R microscope with a UHTS300 spectrometer and a
DV401 charge-coupled device detector with 600/mm grating
(WITec, Germany). A 532 nm Nd:YAG laser was used for the
excitation with a 100× objective (Nikon Instruments, NY).
Each image had a resolution of 58 × 58 pixels with a pitch of 3
μm and an integration time of 0.1 s/pixel.
Environmental Cell Raman Microscopy. For fast drying

experiments, a Raman microscope (Horiba, LabRAM HR
Evolution) coupled to an environmental cell (Linkam, LTS
120) was used to collect spectra and optical images of
substrate-deposited NaCl particles following deliquescence and
efflorescence at both −21.0 and −25.0 ± 0.4 °C. A detailed
description of the experimental setup has been described
previously.82 In this experiment, a 10% (w/w) aqueous
solution of NaCl (≥99% Fischer Scientific) was passed
through an atomizer (TSI Inc., model 3076) and impacted
on to a hydrophobically coated (RainX) quartz substrate (Ted
Pella Inc., no. 16001-1). The sample was then placed in the
environmental cell and first dried under a flow of N2 until the
dew point had stabilized (measured using a hygrometer, Buck,
CR-4), following which, the temperature was reduced to either
−21 or −25 °C. Once equilibrium had been reached for both
temperature and RH in the cell, the RH was increased to 85 ±
2% by altering the ratio of wet/dry N2, and the particles were
deliquesced. Following this, the wet N2 line was turned off and
the samples were rapidly effloresced, which took between 30
and 45 min at −21 °C and 75 and 90 min at −25 °C. Once the

RH stabilized, optical images of the particle ensemble and
spectra of individual particles were collected. Images were
collected with an optical microscope (Olympus BX41) and a
100× super long working distance (SLWD) objective. Spectra
were taken using a 532 nm Nd:YAG laser excitation source
with seven exposures of 15 s each averaged to obtain individual
spectra.

■ RESULTS
Droplets consisting of water, AS, and 3-MGA mixed with OIR
1:1 undergo LLPS while continuously dehydrating in the
microfluidic trap. As shown in Figure 2a,d, following the initial

phase transition, the phases undergo a bulk transition into a
core−shell morphology with the core comprising an inorganic-
rich phase and the shell comprising an organic-rich phase. This
morphology was also observed in a previous study on mixtures
of AS and 3-MGA.46 Finally, the droplets undergo
efflorescence at a sufficiently low water content. Similar
transitions occur at all experimental temperatures. Figure 2e
shows the normalized concentration (Cf/C0) from eq 2. Since
the C0 was constant for all droplets for a given OIR, this figure
shows that droplets become comparatively more concentrated
at higher temperatures before undergoing phase separation.
Later in Figure 6, after application of the thermodynamic
model calculator, the results are recast in terms of relative
humidity. Error bars in all figures indicate the standard
deviation between 3 and 9 droplets.
Figure 3a again shows a brightfield image of a trapped

droplet with ammonium sulfate and 3-MGA and an OIR of 1:1
in the Raman setup. The droplet has undergone LLPS with a
core−shell morphology. The contour plot in Figure 3b shows
the normalized sum intensity of a 60 cm−1 wide band centered
around the peak at 1650 cm−1 (for the carboxylic acid group)
from 2D confocal Raman microscopy. The colors indicate that
the 3-MGA is distributed mostly in the outer shell phase. The
40 cm−1 wide band centered around the peak at 975 cm−1 is
indicative of the SO4

2− ion, and Figure 3c shows that
ammonium sulfate is present in a larger concentration in the

Figure 2. (a−d) Typical phase transitions in an aqueous AS and 3-
MGA droplet with an organic to inorganic ratio (OIR) of 1:1 at 25 °C
inside a static microfluidic trap. (e) Phase transitions reported as a
function of normalized total droplet solute concentration at different
temperatures. C0 was 2.33 M for this OIR.
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core structure. Interestingly, the 60 cm−1 band centered
around the peak at 2903 cm−1 indicates the presence of CH3
groups and is present in very high concentrations around the
droplet and at somewhat lower concentrations inside the outer
shell structure of the droplet (Figure 3d). The outer high-
concentration region is indicative of the silicone oil the droplet
is immersed in, while the inner low-concentration region
indicates the CH3 groups of 3-MGA. The nonuniform halo of
CH3 encroaching inside the circular edge of the droplet in
Figure 3d is an artifact of the confocal imaging system due to
the pancake shape of the droplet, with a circular edge of
hemispherical cross section. This causes the edge to have
silicone oil at the top and bottom of the image focal plane and
it shows up as nonuniformity of the signal around the edges.
Similar to OIR 1:1, droplets with AS and 3-MGA with an

OIR 1:10 also undergo LLPS prior to efflorescence at all
temperatures during experiments (Figure 4a−d). The

inorganic-rich tiny inclusions undergo some coalescence but
do not form a large inner core structure. We also could not
discern any differences among the inclusion coalescence
behavior at different temperatures. Once again, the LLPS
and efflorescence happen at lower concentrations at lower
temperatures (Figure 4e).
However, in droplets of AS and 3-MGA at an OIR 10:1, no

LLPS is observed (Figure 5a−d). The droplets initiate an

apparent opaque coating, which progresses to efflorescence.
We use the term “coating” here to indicate an event where
there appears to be a progressing solid sheet growing over or
through the droplet, while a portion of the droplet remains
liquid. This is similar to observations in ref 46 for cases where
the organic component was present in larger amounts than the
salt. Even though these phase transitions are dissimilar to the
other two OIRs, Figure 5e shows that there is still a
temperature dependence of the RH at which the coating
starts. This coating initiation event is the onset of efflorescence
and called the phase-transition point in this article.
The phase-transition morphologies observed for different

OIRs correspond well to a study by Song et al.80 who studied
ternary mixtures of AS as the inorganic phase and three
different carboxylic acids with six carbon atoms as the organic
phase. At OIR 1:1, the authors observed core−shell formation
similar to our microfluidic droplet. At an OIR of 11:1, droplets
effloresced with needlelike growths of ammonium sulfate being
initiated from the edge of the droplet, in a similar morphology
to our OIR 10:1 droplet.
The SRH values for all of these cases calculated from E-AIM

are plotted as a function of temperature in Figure 6. The RH
values reported here for OIR 1:1 are close to the SRH reported
in similar model aerosol systems in refs 50 and 53.
Additionally, these three graphs show that regardless of the
OIR, the phase transitions occur at a higher RH at lower
temperatures. The systems with OIR 1:1 and 1:10 have a much
lower RH of phase separation than the system with OIR 10:1.

Figure 3. (a) Optical image of a phase-separated droplet of AS and 3-MGA with OIR 1:1. (b−d) Raman images for different chemical species in
the sample. The spectral regions used for generating the heatmaps are indicated in the images.

Figure 4. (a−d) Typical phase transitions in an aqueous AS and 3-
MGA droplet with an organic to inorganic ratio (OIR) of 1:10 at 25
°C. The droplet undergoes LLPS but there is no subsequent core−
shell formation. (e) Phase transitions reported as a function of
normalized total droplet solute concentration at different temper-
atures. C0 was 1.42 M for this OIR.

Figure 5. (a−d) Typical phase transitions in an aqueous AS and 3-
MGA droplet with an organic to inorganic ratio (OIR) of 10:1 at 25
°C. The droplets do not undergo LLPS but instead a solid coating
forms directly from a well-mixed state. (e) Phase transitions reported
as a function of normalized total droplet solute concentration at
different temperatures. C0 was 0.92 M for this OIR.
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A comparison between E-AIM and AIOMFAC models for
these points shows a difference of about 2−5% for the cases
studied here (Figure S1 and Table ST1 in the Supporting
Information). This discrepancy is well within the margin of
uncertainty of our experimental methods described later on as
well as the uncertainties within the models themselves related
to the activity of group contribution, the temperature
dependence of activity coefficients, and the temperature
dependence of the density of the ternary solutions. However,
we note that both methods show a comparable trend in the
transition RH values as a function of temperature.
Results from experiments performed with AS as the

inorganic phase and poly(ethylene glycol) with a molecular
weight of 200 g/mol (PEG) as the organic phase with an OIR
of 1:1 are also plotted in Figure 7a−d. The SRH of the PEG
200 system at the temperatures studied is in the range of 79−
83% according to E-AIM, similar to that by You et al.50 at
room temperature for a 2:1 OIR system. The SRH is lower

than that reported by Ciobanu et al.83 in AS and PEG 400,
though the differences in higher PEG molecular weight and
lower O/C ratio used in their study may explain the higher
tendency to phase-separate leading to larger SRH. Normalized
concentrations of the LLPS transition of this system along with
additional systems where the organic phase was swapped with
poly(propylene glycol) (PPG) and PEG diacrylate (PEGDia)
are plotted in Figure 7e. The lines in Figure 7f show that the
SRH for the PPG and PEGDia systems do not increase, and
perhaps even decrease with lowered temperature, but the SRH
of the PEG system does rise with a reduction in temperature.
In the NaCl and 3-MGA system, there is no LLPS at any

OIRs and at any temperatures studied. Instead, Figure 8a−d
shows that there is crystal nucleation, which eventually leads to
drying out of the complete droplet for both OIR 1:1 and 1:10.
In this case, the first appearance of the crystal (i.e., the
efflorescence point) was designated as the phase-transition
point in our subsequent calculations. The crystal that grew at
−20 °C at OIR 1:1 and 1:10 visually resembled anhydrous
cubic crystals. The crystal eventually led to complete droplet
efflorescence with some organic efflorescing on the crystal
faces as the water evaporated. There was no LLPS in the 10:1
OIR system either, however, the crystal growth morphology
was quite different with multiple crystals nucleating inside the
droplet, followed by an amorphous efflorescent structure
formation, as shown in Figure 8e−i. Figure 8i shows that, like
the AS and 3-MGA systems, the concentration at which the
initial crystal appeared is affected by the temperature of the
experiment quite monotonically across all OIRs. Finally, Figure
8j shows that the RH for this phase transition also increases
with lowered temperature. Unlike AS and 3-MGA, these OIR
1:1 and 1:10 systems have much lower RH of phase transition
than the OIR 10:1 system. Possible reasons for this behavior
are discussed later on.
A sensitivity analysis for measurement uncertainty in

different parameters and their influence on the model
calculated RH values were also carried out. Typical uncertainty
in droplet diameter measurement was about ±5 μm due to the

Figure 6. Relative humidities of phase transition at different organic
to inorganic ratios and at different temperatures for AS + 3-MGA
droplets. For the OIR 1:10 and 1:1, phase transition refers to LLPS
and for OIR 10:1, phase transition refers to efflorescence by
nucleation of a solid coating as there is no LLPS.

Figure 7. (a−d) Typical phase transitions in an aqueous AS and PEG droplet with an organic to inorganic ratio (OIR) of 1:1 at 25 °C. Droplets
undergo LLPS followed by core−shell formation similar to the AS + 3-MGA systems. Similar behavior is observed in AS + PPG and AS + PEGDia
systems as well. (e) LLPS concentrations normalized by initial concentrations for AS and PEG and PPG and PEGDia solutions as a function of
temperature. C0 was 2.56, 0.98, and 0.67 M for AS + PEG, AS + PPG, and AS + PEGDia systems, respectively. (f) Relative humidity of phase
transition to an LLPS state reported for these systems at different temperatures.
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available camera resolution and contrast. Uncertainty was
about ±1% in the initial solution concentration. Uncertainty in
microfluidic channel height was about ±5 μm due to variations
during fabrication between different wells in a single
microfluidic device. As a result, the uncertainty in droplet
final concentration was ±10.4%. This led to an average of 5.2,
4.1, and 9% uncertainties in RH prediction for AS + 3-MGA

systems at OIR 1:1, 1:10, and 10:1, respectively, using the
thermodynamic models. A similar analysis led to about 5.7, 4.5,
and 5.2% uncertainties in RH prediction for the NaCl + 3-
MGA system at OIR 1:1, 1:10, and 10:1, respectively. Another
source of uncertainty in the thermodynamic models can be the
density of the solutions where an error of about 0.01 g/cm3

leads to an error in concentration prediction of 6% on average

Figure 8. (a−d) Typical phase transitions in an aqueous NaCl and 3-MGA droplet with an organic to inorganic ratio (OIR) of 1:1 at 25 °C.
Droplets undergo a single crystal growth at efflorescence. (e−h) Phase transitions for the same compounds at OIR 10:1 at 25 °C. Droplets undergo
multiple salt crystal nucleation triggered possibly by organic efflorescence followed by complete efflorescence. (i) Normalized concentrations of
NaCl and 3-MGA at initial crystal growth. C0 was 1.67, 1.15, and 0.56 M for OIR 1:10, 1:1, and 10:1, respectively. (j) Relative humidity of initial
visible crystal formation or efflorescence is reported for these systems at different temperatures.

Figure 9. (a) Raman spectra of NaCl·2H2O(s) (red) and NaCl(s) (blue) and optical images of these particles deposited on the environmental cell
substrate and fast dehydrated at (b) −21 °C and (c) −25 °C with colored circles indicating the different crystals. NaCl(s) efflorescence observed at
(e) −25 °C and (f) −35 °C in a microfluidic well at a very slow dehydration rate. (d) Comparison of the lowest temperature at which all of the
crystals were anhydrous with the literature. The asterisk over the microfluidic device column indicates the lowest-temperature experiment
performed. Dihydrate crystals were not observed at this temperature. Lower temperatures may produce dihydrate crystals in this experiment but
were not performed.
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and final RH prediction error of about 3, 2.5, and 5.2% for the
AS + 3-MGA systems at OIR 1:1, 1:10, and 10:1, respectively.
Experiments were also performed to investigate the effect of

temperature and dehydration rate on the efflorescence of
binary sodium chloride water solution. Faster dehydration rate
experiments (∼2.5% RH/min at −21 °C and ∼1% RH/min at
−25 °C) were performed on the environmental cell. Figure
9b,c shows that at −21 °C, 15.3 ± 0.1% of the droplets formed
NaCl·2H2O(s), which went up to 98.5 ± 0.6% at −25 °C.
Raman spectra (Figure 9a) were used to confirm the hydration
state of the particles. Slow dehydration rate experiments were
performed over a period of about 5−6 days in the microfluidic
trap, and Figure 9e,f shows that at both −25 and −35 °C, the
efflorescent form was NaCl(s).

■ DISCUSSION
Previous studies on model aerosols have shown that the SRH
is affected only weakly by temperature and molecular weight of
the organic compound53 and instead dominated by the O/C
ratio of the organic compound. While no direct comparisons
are possible between the studies due to the vastly different
molar ratios of solutes and dehydration rates as well as specific
temperatures studied, the trend in the results can be
commented upon. For example, efflorescence RH of AS with
different organics shows a slightly increasing or constant trend
at lower temperatures.84,85 Similarly, the deliquescence RH of
mixed organic and AS systems show an increasing trend with
reduced temperatures.86 Here, in a similar fashion, we see a
clear trend toward higher SRH at lower temperatures for the
AS + 3-MGA systems studied. This could be explained by
reduced solubility of pure organics as well as salts at lower
temperatures.87 However, this trend is not always present
across all systems studied and it cannot be positively asserted
that reducing the temperature of LLPS would lead to a higher
SRH across the board, which is in agreement with ref 53. More
likely, the type of organic including the functional group
(alcohol, carboxylic acid, etc.), molecular weight, as well as the
solubility of the organic in the salty droplet leads to a nuanced
behavior with no generalizable trend in terms of temperature
dependence.
While we did not see any dependence of the actual series of

morphological phase transitions on temperature, we did see
different morphologies depending on the droplet OIR.
Droplets with more salt than organic resulted in small
inclusions containing the salt-rich phase formed inside the
droplet, which did not fully separate from the outer organic
phase. We noticed this same trend where metastable inclusions
in the OIR 1:10 droplets formed after LLPS, which coalesced
to form larger inclusions but not a central core before
efflorescence. Fard et al.88 previously observed temperature-
and drying rate-dependent inorganic ion diffusivity and organic
inclusion coalescence in mixed AS and carminic acid droplets
at OIR 1:3 after LLPS. We could not discern any temperature
dependence of the inclusion coalescence in our drops. This
could be due to several reasons. The fastest rate of dehydration
in our experiments was an order of magnitude slower than the
slowest rate reported by Fard et al. Also, the OIR and the
organic acid itself are very different, which perhaps suggests
that a coalescence temperature dependence is possible at a
different temperature rate and OIR in our system. We also
cannot rule out the possibility that we missed out on small
variations in coalescence behavior due to limited resolution
and contrast in the droplets. In systems with comparable

amounts of salt and acid, fully separated core−shell formation
is observed. For droplets that contained significantly larger
amounts of acid than salt, it was observed previously46,80 that
the droplet did not spontaneously change phase all at once, but
rather a progressive solidification or coating formed through
crystallization from a given point on the droplet surface.
Similar behavior was also observed here for OIR 10:1, where
the crystallization started from a given point on the droplet and
no LLPS was observed. Finally, in addition to the phase-
transition events, a noticeable difference in the critical value of
the SRH was observed here for systems with different OIRs. In
AS + 3-MGA systems containing more organic than salt,
specifically for OIR 10:1, the ERH was much lower than the
SRH reported for the systems with OIR 1:1 and 1:10. This is
probably caused by the efflorescence of the AS phase as has
been previously suggested by Song et al.80 After the initiation
of the coating at a low RH, the whole droplet effloresces
quickly, which we believe is the organic crystallizing
heterogeneously on the already effloresced AS since the
amount of organic is 10 times larger in the droplet than the
salt.
Experiments performed on the NaCl and 3-MGA systems

showed a completely different phase-transition morphology in
contrast with AS, as expected. For the systems studied here, the
NaCl droplets did not undergo any LLPS but started an
anhydrous crystal growth before efflorescence, resulting in an
organic coating on and around the salt crystal. It has been
shown previously89 that AS has a larger SRH than NaCl in a
large study of mixed salt and organic droplets. This indicates
that AS has a larger tendency of salting out the organics from
the droplet than NaCl, thus favoring LLPS over crystallization,
potentially explained by the Hofmeister series90 where the
abilities of ions to salt out proteins are classified in a linear
order. Since there was no LLPS in our study, we were able to
report the concentration and RH at which the NaCl crystal
first appeared or the start of efflorescence as a function of
temperature. At OIR 10:1, multiple NaCl crystals started
efflorescing at a larger RH close to the DRH of pure NaCl
(∼75%) than the other OIRs, indicating possible heteroge-
neous nucleation of NaCl due to formation of a few organic
crystals. Studies have shown that the presence of a nucleating
surface is able to crystallize inorganic salts close to their
DRH.91,92 Following this, droplets rapidly formed an opaque
amorphous coating without significant crystal growth or
droplet dehydration, indicating an organic coating due to the
comparatively large amount of organic in the droplet. This
contrasts with the RH of the crystallization for the AS system
where the droplets crystallized closer to the ERH of pure AS,
indicating that the AS crystallized first. More work is needed to
understand this differing behavior between the two systems. At
all OIRs, the appearance of the crystal was at a lower
concentration (and higher RH) at lower temperatures,
indicating again perhaps the reduced solubility of the
components as the temperature reduced. It is interesting to
note that we observed the anhydrous form of the NaCl crystal
during the experiment rather than the thermodynamically
stable dihydrous form, which resembles a circular shape with
irregularities.27

We noticed a similar behavior in binary NaCl water systems.
In this case, NaCl droplets without a ternary organic phase and
dehydrated at two very different rates showed a dependence of
the rate of change of RH as well as the droplet surroundings on
the crystal structure formed. The slower dehydrating micro-
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fluidic droplets formed cubic NaCl(s) crystals down to −35 °C,
whereas the faster dehydrating environmental cell droplets
formed irregular NaCl·2H2O(s) crystals even at −25 °C. This is
perhaps a combined effect of the vastly different dehydration
rates as well as the droplet surroundings in the two setups. It
has been reported previously93 that at higher rates of
dehydration, NaCl droplets form a dendritic and irregular
crystal structure upon nucleation, whereas slower dehydration
leads to the single cubic crystal structure. The authors
postulated that slower dehydration leads to related slower
homogenous nucleation and growth, which favors the singular
anhydrous crystal rather than rapid crystal growth, inducing
trapped water molecules and a random structure. It has also
been theorized previously that the presence of heterogeneous
nucleation sites on a solid−droplet interface and higher
dehydration rates are capable of inducing the transition to
NaCl·2H2O(s) at higher temperatures by reducing the energy
barrier for the transition to this state.27,94 No consensus exists
in the literature about the temperature range of this transition
in droplets with the range being dependent on size,
dehydration rate, and overall method; for example, in the
study by Wagner et al.,94 the highest temperature for the
transition was about −37.45 °C, whereas Peckhaus et al.27 and
Wise et al. reported −23 and −21 °C, respectively, for the
same transition. This highlights the fact that while speculative,
differences in droplet size, shape, substrates, as well as the
other factors discussed above could all potentially be
contributing factors while comparing the transition temper-
atures between the methods presented here. The rate of
dehydration has also been shown to be a major factor affecting
the morphology of efflorescing particles in previous studies on
seawater62,63 as well as studies on pharmaceutical com-
pounds95,96 and could be the biggest cause of the different
crystal structures at the same temperature seen here and needs
to be investigated further.

■ CONCLUSIONS
We used a PDMS-based microfluidic device to trap aqueous
chemical systems relevant to atmospheric aerosol droplets. The
device was placed inside a hermetically sealed temperature-
controlled cell, and the temperature of the cell was held fixed
throughout the experiment. The droplets dehydrated as water
pervaporated through the PDMS and left the microfluidic
device in a quasi-static manner. Droplet solute concentrations
were calculated based on optical microscopy data and the
concentration was used with the E-AIM model to calculate
relative humidities at the first phase transition. Concentrations
and relative humidities of phase changes of the droplet were
reported as a function of temperatures ranging from +25 to
−20 °C. Additionally, a study on the effect of dehydration rates
on efflorescent crystal structure was performed on binary
sodium chloride and water systems with two vastly different
dehydration rates.
It was observed that the changes in phase occurred at a

lower total solute concentration at lower temperatures in most
droplets. The relative humidity of the first phase transition in
all systems was calculated using the E-AIM model, showing
that the SRH increased as the phase-transition temperature
was lowered. The SRH results are somewhat contradictory to
previous studies with similar systems, which show weak or no
appreciable trend in SRH at lower temperatures. While the
SRH for supermicron droplets does not depend on their size,
slow time scales for water transport may play a role in phase

transitions in a microfluidic well when compared to other
methods. However, the trend of lower total solute concen-
tration and higher RH at phase separation with lowered
temperature is clearly visible in the AS and 3-MGA system.
The effect of the organic to inorganic ratio on SRH was also
shown to be temperature-dependent. Rate of dehydration and
the droplet surroundings also had an impact on the phase
transition with NaCl crystals formed at slower dehydration
rates in our microfluidic device favoring the metastable
anhydrous form than the dihydrous form which was
predominant at faster dehydration rates at the same temper-
ature on a cold plate device.
A shortcoming in the methodology includes the need to use

a thermodynamic model to calculate the equilibrium RH of the
droplets instead of directly measuring it. This adds to the
experimental uncertainties (droplet concentration, volume, and
density) by introducing modeling related uncertainties for
activities of the mixed organic and inorganic systems at low
temperatures. Future device designs with either a controlled
RH environment surrounding the PDMS device or flow
channels that allow for droplet rehydration to identify
deliquescence behavior for further benchmarking to known
transitions would be helpful to overcome this shortcoming.
This study provides a novel look at the temperature, OIR,

and dehydration rate dependence of phase changes in
atmospheric aerosol relevant chemical systems using a low-
cost microfluidic apparatus. Ultimately, the temperature- and
RH-dependent phase of aerosol droplets influences various
cloud and atmospheric processes, such as gas-particle
partitioning of certain compounds, cloud condensation nuclei
activation, optical properties, and heterogeneous chemistry.
Future work with environmental samples would involve
studying environmental samples of sea surface microlayer,
seawater, and sea spray aerosol samples in our microfluidic
setup to observe their phase-transition temperature depend-
ence.
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