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ABSTRACT: Oceanic sea spray is one of the largest contributors of
atmospheric aerosol particles worldwide. The phase of aerosol particles is
known to impact radiative forcing and cloud nucleation. However, as chemically
complex aqueous systems that include mixtures of biological, organic, and salt
constituents, it is a challenge to predict the phase of sea spray aerosol especially
as they age in the atmosphere. In this study, phase behavior (liquid—liquid
phase separation, LLPS, and crystallization) of sea surface microlayer (SSML)
sample and chemical mimics are investigated using a microfluidic pervaporation
approach. Internally mixed aqueous droplets with varying compositions and
concentrations are trapped in microfluidic wells, and phase transitions of the
droplets are optically determined in a slow dehydration process. A system
containing SSML sample combined with an organic acid 3-methyl glutaric acid
(3-MGA) undergoes multiple phase changes, including two crystallization and
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two LLPS events. The added organic acid increases the sample’s organic-to-inorganic ratio and moves the system into the range
typical of aged SSA. To better understand the contributing constituents to the observed phase changes, control experiments
with inorganic salt components NaCl, MgCl,, and Na,SO, are performed with and without 3-MGA, at varying organic to
inorganic ratios. 3-MGA leads to LLPS, and the presence of Mg™* more readily facilitates LLPS than Na*. With the systems
studied, LLPS is more prevalent for the chemical mixtures in an intermediate OIR range. This study provides new insight into
sea spray aerosol phase as a function of composition and relative humidity and demonstrates multistep phase transitions for

these complex systems.
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1. INTRODUCTION

Sea spray aerosol (SSA) is a major fraction of atmospheric
aerosols in coastal and marine environments,' > with
important implications for our climate.*”” SSA particles are
primarily formed when bubbles popping at the sea surface eject
nanometer to micrometer sized aqueous droplets that consist
of inorganic salts and marine organic material.”— The sea
surface microlayer (SSML), the top 1—S00 pm of the sea—air
interface,'’ is particularly enriched with this surface-active
organic matter' "> and chemically distinct from the bulk
seawater.'” The SSML is responsible for the presence of a
substantial organic fraction in SSA formed by bursting of
bubbles.'*"'® The enrichment of organic content has an
impact on larger scale atmospheric processes. For example, the
number concentration of organic-containing SSA has been
shown to affect the cloud formation potential of the aerosols
more than particles containing sea salts alone.’

In addition to organics, seawater inorganic (e.g, NaCl and
MgCl,) and organic (e.g, from organic acids) salts are also a
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major component in SSA particles, enhancing properties such
as water uptake (hygroscopicity) of the particle. Hygroscopic
properties for sodium chloride—dicarboxylic acids have been
measured using a hygroscopicity tandem differential mobility
analyzer (HTDMA) system to study organic matters in SSA,
showing hygroscopic dependency on the type of organic
acid."” Laboratory experiments by Zieger et al'® using an
HTDMA and an electrodynamic balance (EDB), with artificial
seawater (in the absence of organics) and pure sodium
chloride aqueous solution, demonstrate that the hygroscopic
growth of the aerosol with the salt mix is lower than sodium
chloride alone, possibly due to the presence of hydrates (e.g.,
MgCl,-6H,0 and CaCl,-6H,0) in SSA." Electron microscopy
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Figure 1. (a) Microfluidic well in the device fabricated with soft lithography. The heights of all the wells are within 85—90 um. The exact height of
each well is measured with surface profilometer. (b) Schematic of trapped droplets in microfluidic wells (side view and enlarged top view). The
droplets are surrounded by silicone oil, resulting in a thin lubrication layer of oil near the upper and bottom walls.

and X-ray spectromicroscopy analysis of NaCl particles mixed
with organic acids™ reveal the formation of organic salts that
impact the chemical composition and hygroscopic and optical
properties of aged particles due to reactivity of SSA with
secondary organics upon drying,

The unique inorganic—organic composition of SSA can lead
to particles of varied phase, depending on atmospheric
temperature and relative humidity. In addition to liquid
(deliquesced) and solid (crystallized) phases, liquid—liquid
phase separation (LLPS) may also occur in these mixed ion—
organic systems during atmospheric humidity cycles.”! LLPS is
often caused by the salting-out effect, which reduces the
solubility of the organic compound with increase in the salt
mole fraction in the solution. Recent laboratory studies to
investigate morphological changes have shown the sea salt
particles undergo phase events such as LLPS at low relative
humidity (RH).22 An experimental study23 using laser mass
spectrometry shows evidence of the presence of organics
mostly internally mixed in SSA. However, since the precise
chemical composition of SSA is uncertain, comprehensively
linking chemical composition to climate relevant properties is
yet to be achieved.”* Additional laboratory studies by use of
cryogenic transmission electron microscopy (cryo-TEM)
demonstrate structural and chemical changes in SSA with
varying environmental conditions.” Mixing state exhibiting
core—shell morphology of aerosol particles containing NaCl
and glucose has been quantified by measuring the organic
volume fraction using atomic force microscopy (AFM) and
high-performance liquid chromatography (HPLC) techni-
ques.”® Besides LLPS, efflorescence of mixed particles is also
dictated by the interactions between salts and organic matter.
Varying organic—inorganic ratios (OIRs) of the mixtures can
alter the separation relative humidity (SRH) as well as the
efflorescence relative humidity (ERH),”” which leads to a
variety of aerosol particle phases (liquid, solid, LLPS, and
viscous phase states™), with a significant impact on gas-to-
particle partitioning.zg

The composition, phase, and mixing state of SSA result in
distinct impacts on cloud condensation nucleation (CCN). In
a laboratory study, Altaf et al. showed that liquid—liquid phase
separated systems have elevated levels of CCN activity,
compared to well mixed particles of the same composition.*’
Additionally, varied chemical compositions influences the
particle mixing state, whether they are external mixtures or
their corresponding equivalent internal mixtures, therefore
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impacting the CCN ac:tivity.?'l Global simulations performed
using the general circulation model have shown that sea salt
emissions increase the CCN concentrations.>” Global aerosol
model simulations to study the influence of organics in SSA on
CCN concentrations”® show that the organics decrease the
surface tension of CCN, enabling CCN activation and
increasing the cloud droplet number concentration, signifi-
cantly influencing the cloud albedo.>*

Important insights into aerosol particle phase and hygro-
scopicity have been obtained through laboratory study on both
aerosol samples and model chemical systems. For example,
Estillore et al.** have measured the hygroscopicity and studied
the surface microstructure by AFM imaging, for model systems
containing mixtures of sugars and inorganic salts, and
laboratory-generated SSA samples in order to examine the
impact of organics and morphology on the SSA growth factor.
The authors found that particles containing water-soluble
organics such as marine carbohydrates led to gradual
deliquescence, therefore growing more in size upon hydration
than particles containing sodium halides that deliquesce
spontaneously. This continuous growth in pure organics
leads to the same gradual hydration behavior in phase-
separated particles with an organic coating. Additionally, we
have used a microfluidic approach to study the aerosol droplet
phase of (NH,),SO, containing aqueous organic mixtures,*
which have composition similar to those of aerosol particles
from anthropogenic sources. Droplets are trapped in micro-
fluidic wells, and the high permeability of poly-
(dimethylsiloxane) (PDMS; the channel material) to water
allows slow dehydration of droplets. In due course, phase
transitions such as LLPS and crystallization can be observed
when the relative humidity reaches corresponding critical
values.

Here we employ the microfluidic approach to SSML samples
collected from a seawater mesocosm,’’ to further advance
understanding of SSA hygroscopicity and phase as a function
of chemical composition. Both environmental samples and
complex model systems containing organic acids, sea salts, and
laboratory-produced SSML are investigated. In addition,
synthetic seawater (SSW) droplets, with and without an
added organic acid, are studied to observe LLPS and
crystallization. The effects of the major salt components of
SSML on the phase transitions are discussed in terms of the
number and concentration of the solutes in SSML on the
microfluidic platform. This work demonstrates that multiple
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Table 1. Systems Studied, Organic-to-Inorganic Ratios (OIRs), and Phase Transitions

salt organic OIR (by dry mass) phase transition
SSML - “ carystallization
SSML 3-MGA “ carystallization —LLP S—crystallization—LLPS
SSW 3-MGA 1.39 carystallization —LLP S—crystallization—LLPS
NaCl - - crystallization
NaCl 3-MGA 1 crystallization
NaCl + MgCl, - - crystallization
NaCl + MgCl, 3-MGA 131 crystallization—LLPS
NaCl + MgCl, 3-MGA 1.68 LLPS—crystallization—LLPS
NaCl + MgCl, 3-MGA 1.86 LLPS—crystallization—LLPS
NaCl + MgCl, 3-MGA 252 crystallization—LLPS
NaCl + MgCl, + Na,SO, - - crystallization
NaCl + MgCL+ Na,SO, 3-MGA 148 LLPS—crystallization—LLPS

“Value unavailable.

phase state transitions occur in SSML in the presence of an
added organic acid and systematically explores how different
salts contribute to each of the transitions and resulting internal
structure.

2. EXPERIMENTAL METHOD AND SOLUTION
PREPARATION

A microfluidic platform is used to study LLPS and
efflorescence phase behavior of droplets containing organic
and inorganic mixtures. The device is made of PDMS (Sylgard
184 Silicone Elastomer, Dow Coming Corp.) on a wafer with
the molded microfluidic channels. The geometry of the
channel (Figure 1a) is designed in a computer-aided design
(CAD) based software, Draftsight (Dassault Systémes),
printed on a mask by CAD/Art Services, Inc., and fabricated
on a silicon wafer using soft lithography techxﬁques.38’39 After
wafer fabrication, the height of the channel is measured with a
surface profilometer. Then PDMS is poured over the wafer,
degassed, and cured at 75 °C, and each individual chip is cut
out from the wafer. Holes are punched at the inlet and outlet
of the device for all individual chips and cleaned using a plasma
cleaner. Finally, the PDMS device is sealed on a glass cover
slide and baked in the oven at 75 °C for over 2 h.

Once the microfluidic chip is complete, silicone oil (Sigma-
Aldrich, CAS Reg. No. 63148-62-9) is injected into the device
using tight syringes (Hamilton) to remove air. The sample is
then loaded with a pressure high enough to overcome the
capillary pressure at the well restriction, completely filling the
device with the test solution. Silicone oil is again injected,
removing all of the test solution that is outside the wells. What
remains is a droplet of sample in each well surrounded by oil.
The schematic of the trapped droplets in microfluidic wells is
shown in Figure 1b. The droplets remain trapped in the
microfluidic wells under laboratory ambient conditions (23 °C,
18—25% RH). Due to the permeability of PDMS to water and
the low RH outside the device, volumes of the trapped droplets
reduce with time as the water content decreases. The water
first diffuses through the lubrication oil separating the droplets
and the PDMS wells and then permeates out of the device
through the PDMS material. The increase in solute
concentration leads to changes in phase, observed optically.
An inverted microscope (Olympus CKXS53) and Lumenera
INFINITY2-2 M (mono) camera are used to capture the
images of the dehydration process every 10 s. The reported
images in this study are processed by Image] and MATLAB to
crop images and calculate the scale bar.

Microfluidic trap pervaporation experiments are performed
with SSML sample, with and without 3-methyl glutaric acid (3-
MGA; Tokyo Chemical Industry, CAS Reg. No. 0626-51-7).
The SSML was sampled from 400 L of seawater collected from
Ellen Browning Scripps Memorial Pier at Scripps Institution of
Oceanography on Sep. 25, 2017 at 11 AM. The seawater is
placed in a plastic drum outside, exposed to sunlight, and
phytoplankton growth medium at the £/50 level is added (see
Culture of Phytoplankton for Feeding Marine Invertebrates by
Robert R. L. Guillard;** Aquatic Eco-Systems Inc., Apopka, FL,
USA). The SSML was sampled on Sep. 27, 2017 using the
glass plate method'® and stored frozen.

For the chemical mimic systems, sodium chloride (NaCl;
Fisher Scientific, CAS Reg. No. 7647-14-5), magnesium
chloride hexahydrate (MgClL,-6H,0; Research Products
International Corp., CAS Reg. No. 7791-18-6), and sodium
sulfate (Na,SO,; Fisher Scientific, CAS Reg. No. 7757-82-6)
are used as the inorganic components. An atmospherically
relevant dicarboxylic acid,*"** 3-MGA, is used as the organic
component since it is present in both primary marine aerosols
(from enrichment in the SSML),* as well as in secondary
marine organic aerosols (e.g., from olefin oxidation).*** The
solutes are dissolved in HPLC-grade water (Fisher Scientific,
CAS Reg. No. 7732-18-5) to make mixture solutions for the
phase study. On adding the organic acid to the system, the
sample’s OIR (by dry mass) increases and moves the system
into the range of OIRs typical of SSA (typically 1—4," " after
aging). The concentration of binary 3-MGA solution for all
experiments is fixed at 50 mg/mL, and the concentration of
binary NaCl is 50 mg/mL. Salt solutions with at least two
components are set at an inorganic mass ratio consistent with
the standard ASTM D1141-98 for sea salt mix (https://www.
syntheticseawater.com/products/sea-salt-astm-d1141-98). The
salt and organic solutions are then mixed to achieve the
targeted OIR, by dry mass for each experiment. This study also
uses synthetic seawater (SSW; Ricca Chemical Co., R8363000,
ASTM D1141 substitute ocean water without heavy metals or
organics), with and without 3-MGA. For the systems used to
mimic phase transitions observed for 3-MGA + SSML droplet,
the SSW is mixed with 3-MGA with the volume ratio 1:1, the
same as the one used for the 3-MGA + SSML system. A
summary of all of the studied systems, with OIRs and observed
phase transitions, are reported in Table 1.
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3. RESULTS AND DISCUSSION

Crystallization, with the appearance of a possible liquid organic
coating, is observed for the SSML sample (Figure 2a).

Saturated  Crystal |<— Growth of crystal —PIDeh}rdration

Saturated 1* crystal

~ shefe) i

1#LLPS 2% crystal 2% LLPS Dehydration
well mixed

T TS

Figure 2. (a) Phase transitions observed in SSML: bright-field images
of the solution droplet; time span (from i to vi), ~1 h; scale bar, 50
pm. (b) Phase transitions observed in 3-MGA + SSML aqueous
solution (50% by volume, 50 mg/mL 3-MGA; 50% by volume,
SSML): bright-field images of the solution droplet; time span (from i
to vi), ~4 h; scale bar, 50 pm.

Although the dissolved organic carbon (DOC) was not
measured for the SSML sam!:bles, typically they contain 100—
200 umol/L (uM) DOC.’*" A cubic crystal nucleates and
grows while the droplet continues to dehydrate as water leaves
the droplet through the PDMS device. However, by adding a
single organic acid (here, 3-MGA) to the SSML sample to
increase the organic content, two crystallization and two LLPS
events occur (Figure 2b). Initially, the droplet becomes
supersaturated and a crystal nucleates (Figure 2b(ii) ), followed
by the first LLPS event (Figure 2b(iii)). Here, the organic
phase appears to coat the inner aqueous salt-rich phase. A
second crystallization is then observed (Figure 2b(iv)), where
many small cubic crystals are formed, and the liquid phase
once again becomes well-mixed, likely due to the sudden
reduction in the ionic strength of the aqueous phase. Finally,
the second LLPS (Figure 2b(v)) occurs after the second
crystallization and remains in this phase for the remaining
droplet dehydration process. This multistep phase transition is
also shown in Supporting Information Video S1.

Simplified chemical mimic systems are then used to
determine the key constituents for the multiple step transitions
observed in the 3-MGA + SSML system. The contribution
from the largely insoluble long-chain organic and biological
components in SSML is first excluded by using SSW. Using the
same mixing volume ratio of 3-MGA:SSW as 3-MGA:SSML,
the same phase behavior results are observed (Figure 3), which
indicates the insignificance of biological components to the
particular quaternary phase change sequence (crystallization—
LLPS—crystallization—LLPS). While the effect of insoluble

W v
\(’) \@ SO

1*LLPS 2™crystal 2 LLPS Dehydration
well mixed

Saturated 1% crystal

Figure 3. Phase transitions observed in 3-MGA + SSW aqueous
solution (50% by volume, 50 mg/mL 3-MGA; 50% by volume, SSW;
OIR = 1.39 by dry mass): bright-field images of the solution droplet;
time span (from i to vi), ~4.5 h; scale bar, 50 ym.

1263

long-chain organic and biological components in the mimic
system can be ignored, SSW itself contains 10 salts. To further
illuminate the role of the individual salts, the main salt
components of SSW (NaCl, MgCl,, and Na,SO,) are
separately studied with and without water-soluble 3-MGA.
NaCl is the most abundant inorganic component in seawater
(58.5% of the sea salt mix by mass). Aqueous NaCl solution
droplets undergo efflorescence (homogeneous nucleation of a
salt crystal) at a water activity of 0.44{ equivalent in the
atmosphere to a gas-phase RH of 44%.°>> For the binary
water + NaCl experiments shown here, cubic NaCl crystal
results as expected with dehydration as shown in Figure 4a.

Saturated  Crystal - Growth of crystal —bIDehydration

Growth of l&— Dehydration—vl
crystal

Saturated

Crystal

Figure 4. (a) Phase transitions observed in binary NaCl aqueous
solution (50 mg/mL): bright-field images of the solution droplet;
time span (from ii to v), ~3 h; scale bar, 50 um. (b) Phase transitions
observed in ternary 3-MGA + NaCl aqueous solution (50% by
volume, 50 mg/mL 3-MGA; 50% by volume, S0 mg/mL NaCl; OIR
= 1 by dry mass): bright-field images of the solution droplet; time
span (from i to v), ~21 h; scale bar, 50 ym.

Next, 3-MGA is added to the NaCl system, with a 1:1 dry mass
solute ratio, yet no liquid—liquid phase separation is observed
(Figure 4b). Instead, a crystal forms, with a modified
appearance presumably due to the formation of organic salts
surrounding the cubic-shaped NaCl core.”” The crystal
continues to grow while the droplet dehydrates completely.
It is worth noting that the crystal structure is similar in
appearance to that shown with the pure SSML samples in
Figure 2a. A similar phenomenon is also observed for OIRs
from 1.84 to 3.40 for 3-MGA + NaCl aqueous systems.

In order to observe LLPS, the second most abundant salt
component of seawater by mass, MgCl, (12.4% of sea salt
mix), is added to the NaCl solution with a mass ratio same as
the standard sea salt mix. Divalent cations, such as that in
MgCl,, have been found to ionically facilitate coadsorption of
soluble organic matter to SSML, subsequently increasing the
organic concentration in SSA.** In addition, compared to
monovalent cations, Mg** has been found by Wu et al.>® to
facilitate the occurrence of LLPS in mixtures containing
glutaric acid. For experiments with the ternary NaCl + MgCl,
solution, efflorescence is again observed (Figure 5a), with the
crystal growth continuing until the droplet completely
dehydrates. When 3-MGA is added to the ternary salt solution,
LLPS appears as the first phase transition (Figure Sb(ii)). At
low enough water content, salt in the aqueous core crystallizes,
which decreases the ionic strength of the remaining aqueous
phase. This allows for the remixing of the two liquid phases
into one well-mixed phase (Figure Sbf(iii)), similar to that
observed with the 3-MGA + SSML system in Figure 2b.
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Figure 5. (a) Phase transitions observed in NaCl + MgCl, (24.53
mg/mL NaCl; 5.20 mg/mL MgCl,) aqueous salt mixture: bright-field
images of the solution droplet; time span (from i to vi), ~3 h. (b)
Phase transitions observed in 3-MGA + NaCl + MgCl, aqueous
solution (50% by volume, 50 mg/mL 3-MGA; 50% by volume, salt
mixture; OIR = 1.68 by dry mass): bright-field images of the solution
droplet; time span (from i to vi), ~1.2 h; scale bar, 50 pm.

Likewise, a second LLPS event is observed with the 3-MGA +
NaCl + MgCl, system (Figure Sb(iv,v)), similar to Figure
2b(v) with further dehydration, highlighting the importance of
MgCl, in the droplet phase equilibrium. This second LLPS
may be explained by two contributions. One contribution is
the ultralow efflorescence point of MgCl,, meaning dissolved
MgCl, remains present in the aqueous solution at extremely
low RH,*® enabling a second liquid—liquid phase separation
before MgCl, has a chance to crystallize. Another comple-
mentary contribution is that the divalent Mg** facilitates LLPS
of salt solution and 3-MGA more readily compared to
monovalent cations,”’ such as Na*, which also explains the
absence of LLPS for the 3-MGA + NaCl system.

Although many similarities are found between the 3-MGA +
NaCl + MgCl, system and the 3-MGA-SSML system, a key
difference is that the first phase transition seen in the SSML
and SSW systems is crystallization, which is not observed in
the 3-MGA + NaCl + MgCl, system. Rather, a liquid—liquid
phase separation occurs first. To consider the potential effects
of OIR on the efflorescence and separation relative humidities,
and order of phase transitions, the OIR, by dry mass of 3-MGA
+ NaCl + MgCl, is varied by changing the mixing volume ratio
of 3-MGA to the fixed two-salt mix. Multiple possible
transitions are observed (Figure 6), with two critical OIRs
for the first transition type, and subsequent phase change order
of this quaternary system is found.

The mixing state of aerosol particles generally depends on
the OIR,***** and for the SSA in particular, the OIR varies
between 1and 4.7 % Starting at a relatively high inorganic salt
content with OIR of 1.31 (Figure 6a), crystallization is
observed first (Figure 6a(ii)). The crystal gradually grows;
then a LLPS occurs. Note that only one LLPS takes place in
the experiment, because only one salt remains after the first
crystallization. As the organic content increases, for OIR = 1.68
and 1.86, LLPS is observed first (Figure Sb(ii) and Figure
6b(ii), respectively), likely indicating enough 3-MGA is salted
out to form a phase before the efflorescence relative humidity
of one salt, presumably NaCl, is reached. After crystallization
(Figure Sb(iii) and Figure 6b(iii)), a second LLPS is observed
(Figure Sb(iv,v) and Figure 6b(iv,v)), though, again, no
second crystallization. As OIR is increased further to 2.52
(Figure 6c), efflorescence and LLPS change their order in the
dynamic phase change process again. This is similar to that
observed for the 3-MGA + (NH,),SO, system,*® where it was
found that while having more organic typically promotes the

(a)

Saturated 1% crystal j—— Growth of the crystal —| Dehydration
1*LLPS IMGA crystal

(b)

Saturated 19 LLPS

W10 Suiseaoug

1# crystal je—— 22 LLPS —»| Dehydration
well mixed 3MGA crystal

(c)
v

Saturated 1% crystal  Growth offe 19 LLPS »| Dehydration
crystal IMGA crystal

Figure 6. Phase transitions observed in 3-MGA + NaCl + MgCl,
aqueous solution by mixing 50 mg/mL 3-MGA and 24.53 mg/mL
NaCl + 5.20 mg/mL MgCl, aqueous salt mixture with different
volume ratios corresponding to distinct OIRs by dry mass: bright-field
images of the solution droplet; scale bar, 50 um; OIR, (a) 1.31, (b)
1.86, and (c) 2.52; time span (from i to vi), (a) ~3.2, (b) ~2, and (c)
~1 h.

occurrence of LLPS, at high enough organic content, LLPS is
suppressed. While Figure 6 demonstrates a few possible
transitions, only one crystallization event occurs for all OIRs
tested for the 3-MGA + NaCl + MgCl, system. Arguably, this
is also because of the low ERH of MgClz,56 which only
crystallizes in aqueous systems at extremely low water content.

In order to attempt to mimic the observed 3-MGA + SSML
system phase transitions, it is clear that at least three salts are
needed in the mixture solution. Na,SO, the third most
abundant salt component of the SSW (9.8% of sea salt mix by
mass), has a higher ERH than NaCl*® and is possibly one of
the crystals observed for the 3-MGA + SSML and 3-MGA +
SSW systems. Therefore, Na,SO, is added to the NaCl +
MgCl, and 3-MGA + NaCl + MgCl, systems, at the same salt
ratio mix as SSW. The NaCl + MgCl, + Na,SO, system
without added 3-MGA only shows the crystallization of the
salts (Figure 7a), as expected. With the organic acid added, a
surprising three-phase LLPS is observed for the 3-MGA +
NaCl + MgCL + Na,SO, system (Figure 7b(ii)). The
evolution of this three-phase LLPS is elaborated in Figure 7c
and Supporting Information Video S2. The droplet (Figure
7c(iii)) shows diffusion of molecules at the beginning of the
phase transition, which forms a two-phase LLPS (Figure
7¢(iv)). Then, another two-phase LLPS starts in the inner
phase of the droplet, forming what appears to be a three-phase
LLPS (Figure 7c(v)) state. Alternatively, perhaps the state is a
two-phase double emulsion system with the composition of the
innermost phase the same as the outermost shell. Next, when
one phase, presumably the NaCl-rich aqueous phase, becomes
concentrated enough, it forms the first crystal observed in this
experiment (Figure 7b(iii),c(vii)), accompanied by the
possible remixing of the other two phases (labeled as “well-
mixed” in the figures). Then a two-phase LLPS (Figure
7b(iv,v)) and further crystallization (Figure 7b(vii)) of the
inner phase are shown. One possible reason for a first
transition of LLPS instead of crystallization as seen in 3-MGA
+ SSW and 3-MGA + SSML is that Na,SO, also strongly salts
out |:organi|:s,61 similar to MgCl,, due to the valency of the
sulfate ion. It may be that the first crystallization can only be
seen when there are enough numbers of monovalent ions in
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Figure 7. (a) Phase transitions observed in NaCl + MgCl, + Na,SO,
(24.53 mg/mL NaCl; 5.20 mg/mL MgCl,; 4.09 mg/mL Na,SO,)
aqueous salt mixture: bright-field images of the solution droplet; time
span (from i to vii), ~4 h; scale bar, S0 ym. (b) Phase transitions
observed in 3-MGA + NaCl + MgCl, + Na,SO, aqueous solution
(50% by volume, 50 mg/mL 3-MGA; 50% by volume, aqueous salt
mixture; OIR = 148 by dry mass): bright-field images of the solution
droplet; time span (from i to vii), ~2 h; scale bar, 50 ym. (c) Higher
time resolution images of the same experiment as that in panel b,
representing evolution of the three-phase LLPS (b(i) to b(iii)):
bright-field images of the solution droplet; time span (from i to vii),
~14 min; scale bar, 50 pum.

the solutions, beyond those included here. The complex
interactions among the different salts and the organic acid,
while not fully understood, certainly impact the ERH and SRH
of the mixtures.

4. CONCLUSIONS

A multistep crystallization—LLPS—crystallization—LLPS tran-
sition pathway was observed for the first time for both 3-MGA
+ SSML and 3-MGA + SSW. A portion of the multistep
transition, LLPS—crystallization—LLPS, was successfully re-
peated with 3-MGA + NaCl + MgCl, droplets. Additional
mimic systems containing 3-MGA along with three sea salts
were studied, resulting in further complex phase observations,
including a surprising three-phase LLPS and two remixing
steps. The first crystallization step observed in 3-MGA + SSML
and 3-MGA + SSW, however, was not observed for the three
salt systems. Future work should entail additional salts and
OIRs, as well as a study of the impact of other key components
found in the SSML such as the biological and largely insoluble
long-chain organic carbons on phase, to more accurately model
SSA chemical complexity.

Sea spray aerosol is abundant in the atmosphere, yet the
impact of the chemical complexity on cloud properties is not
fully understood. It is vital to study the mixing state of sea salt
and organic mixtures to understand the fundamental aerosol
properties controlling cloud activation. This work highlights
different phase states of collected SSML samples; it also
separates the main sea salts in the samples to study the
contribution of each salt to the observed phase and internal
heterogeneities using a microfluidic platform. The work
highlights the complexity of the interactions among different
salts and an organic acid, affecting ERH and SRH, as well as
the number of transition pathways possible. The effect of the
solute concentrations on the phase behavior studied here
continues to emphasize the importance of OIR to the aerosol
particles—providing insight into the changing phase of sea
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spray generated aerosols in the atmosphere with changing
relative humidities.
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