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ABSTRACT: Secondary organic aerosol (SOA) particles are a
major component of atmospheric particulate matter, yet their
formation processes and ambient properties are not well
understood. These complex particles often contain multiple
interfaces due to internal aqueous- and organic-phase
partitioning. Aerosol interfaces can profoundly affect the fate
of condensable organic compounds emitted into the atmos-
phere by altering the way in which ambient organic vapors
interact with suspended particles. To accurately predict the
evolution of SOA in the atmosphere, we must improve our
understanding of aerosol interfaces. In this work, biphasic
microscale flows are used to measure interfacial tension of
reacting methylglyoxal, formaldehyde, and ammonium sulfate
aqueous mixtures with a surrounding oil phase. Our experi-
ments show a suppression of interfacial tension as a function of organic content that remains constant with reaction time for
methylglyoxalammonium sulfate systems. We also reveal an unexpected time dependence of interfacial tension over a period of
48 h for ternary solutions of both methylglyoxal and formaldehyde in aqueous ammonium sulfate, indicating a more complicated
behavior of surface activity where there is competition among dissolved organics. From these interfacial tension measurements,
the morphology of aged atmospheric aerosols with internal liquid−liquid phase separation is inferred.

■ INTRODUCTION
Secondary organic aerosol (SOA) particles are nearly
ubiquitous in the atmosphere,1−3 and yet there remains large
uncertainties in their formation processes and ambient
properties.4,5 These particles are complex microenvironments
that can contain multiple interfaces due to internal liquid−
liquid phase separation and to the external liquid−vapor
surface. These aerosol interfaces can profoundly affect the fate
of condensable organic compounds emitted into the atmos-
phere by altering the way in which organic vapors interact with
the ambient aerosol. For example, organic thin films can shield
the core of the aerosol from the ambient environment, which
may disrupt equilibrium partitioning and mass transfer. To
further understand SOA behavior in the atmosphere, it is
necessary to investigate aerosol interfaces arising from liquid−
liquid phase separation within aqueous aerosol.6

The presence of surface active constituents (i.e., organic
acids, diacids, proteins, and humiclike substances) in
atmospheric aerosol leads to the formation of surface films
on aerosol particles due to hydrophobic groups preferentially
protruding out of the particle into the surrounding gas phase.7

Surface-active organics are known to reduce surface tension,8,9

inhibit gas-phase uptake into10−12 and evaporation from13−15

the bulk of the aerosol, enhance ice16 and cloud17,18

condensation nucleation, and modify heterogeneous chem-
istry19,20 and optical properties.21 Some studies have shown
that organic coatings actually do not have much effect on
particles’ ability to deliquesce or effloresce22−24 or act as ice

nuclei,25 suggesting that particle morphology (i.e., incomplete
coating of the organic) plays an important role in determining
how particles behave in the atmosphere. However, the exact
microphysical structure of ambient aerosol remains highly
uncertain and under-investigated.4 Traditionally, ambient
aerosol containing multiple condensed species has been
modeled as well-mixed, homogeneous liquid droplets using
volume- or mass-mixing rules for the different species (e.g., ref
26). Many recent studies, though, have observed liquid−liquid
phase separation in aerosol mimics in the laboratory,27−29

leading to the identification of other aerosol morphologies,
including thin-film (core−shell) structures,14,18,30−33 partially
engulfed lenses,34−36 micelle-like aggregates,37 solid inclu-
sions,38 liquid−liquid phase-separated islands (e.g., from
spinodal decomposition),39,40 and other multiphase-separated
structures.41,42 Predictions of ambient aerosol morphology are
further complicated by the dependence of particle-phase
chemical composition on environmental factors such as
temperature and relative humidity.
Recently, a thermodynamic model of equilibrium morphol-

ogy for an immiscible three-phase system of liquid drops in air
based on spreading coefficients43−45 was applied to mixed
inorganic−organic aerosol.29,33,34 The model assumes that the
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equilibrium configuration of a compound particle will have the
lowest-total surface free energy

∑ γ=G As ij ij (1)

where γij is the interfacial tension (IFT) between phases i and j,
and Aij is the interfacial area between those respective phases.
The spreading coefficient, Si, is defined by

= − ΔS G A/i s (2)

where ΔGs is the free-energy increase due to spreading of liquid
i over another substrate (solid or liquid).46 Thus, the spreading
coefficient is the difference in surface energy between a dry
substrate, in which no spreading takes place, and that of a wet
substrate over which liquid i has spread. If Si is positive, then
spreading takes place spontaneously and evenly over the
substrate; otherwise, the liquid will form a partial droplet, or
surface lens, on the substrate.46,47 Rewriting the spreading
coefficient in terms of interfacial tension, eq 2 becomes

γ γ γ= − +S ( )i jk ij ik (3)

For phase-separated aerosol particles in air, the three-phase
system is designated by the aqueous, organic, and gas phases
labeled 1, 2, and 3, respectively. Thus, S1 is the spreading of the
aqueous phase over the organic phase and, due to interfacial
tensions relevant to atmospheric aerosol, is assumed to always
be negative, or to cost energy, and will not occur naturally in
the atmosphere.34 The spreading coefficient of the organic
phase (S2) and of air (S3) can be positive or negative.
Therefore, the possible particle configurations for an aerosol
consisting of immiscible aqueous and organic phases are
nonengulf ing (S2 < 0, S3 > 0), where the two phases exist as side-
by-side droplets with minimal contact; complete engulf ing (S2 >
0, S3 < 0), where the organic phase completely surrounds the
aqueous phase; and partially engulf ing (S2, S3 < 0), the exact
nature of which then depends on the volumes of each phase
present in the whole particle.29,34,35 By calculating the
spreading coefficients for the relevant species in an aerosol
particle, one can determine if the aerosol morphology is core−
shell (i.e., completely engulfing) or partially engulfing. This
spreading coefficient framework for predicting aerosol
morphology has been validated for aerosols larger than ∼100
nm in diameter by comparison with molecular dynamics
simulations48 and experimental data.29 Thus, knowledge of the
interfacial tensions among the chemical constituents relevant
for ambient aerosol is important for predicting the morphology
of liquid−liquid phase-separated aerosol.
One important constituent in ambient aerosol is methyl-

glyoxal (MG, C3H4O2), an oxidation product of many
biogenic49 and anthropogenic50−54 volatile organic compounds
(VOCs) and found in the gas phase at ppbv mixing ratios in
urban atmospheres.55−57 MG also partitions to the aqueous
phase where it enhances cloud condensation nuclei (CCN)
activity58 and can be hydrated to form oligomers in
solution.59−61 MG has been detected in rain and cloud
drops62 and, with subsequent oligomerization, could result in
organic material that remains in the particle phase after the
evaporation of liquid droplets.63

Sareen et al. (2010)64 studied the aqueous reactions of MG
with ammonium salts and found that with reaction time (a
proxy for aging of atmospheric aerosol), light-absorbing
secondary products form in solution that additionally suppress
the bulk surface tension of the mixture. The surface activity of

species in these solutions is attributed to a methyl group, which
adds hydrophobicity to MG and its oligomer products.64 A
detailed study65 combining theory and measurements reveals
that in a MG−water system, it is the singly hydrated
methylglyoxal diol that populates the surface and is responsible
for the surface-tension depression relative to pure water
samples. The same singly hydrated MG was observed in a
MG−ammonium sulfate (AS) system,64 possibly explaining the
surface tension depression observed for those systems as well.
Likewise, formaldehyde (F, CH2O) is found at ppbv mixing

ratios in urban atmospheres66 and is both emitted directly and
formed during atmospheric oxidation of some VOCs.1,67

Reactions of formaldehyde with amines and carbonyls yield
relatively nonvolatile and chemically stable organic salts,68

which could explain the substantial amount of formaldehyde
signal in the aerosol phase.66 Aqueous formaldehyde can also
form oligomers in solution,67,69,70 similar to MG. Because of
these oligomerization pathways, a combined MG−F−AS
system was studied.71,72 It was found that ternary mixtures of
MG and either formaldehyde or acetaldehyde with AS exhibited
surface tension behavior similar to binary mixtures with only
MG with AS, indicating that MG is the dominant driver of
surface activity in these solutions, likely due to the presence of
the same singly hydrated MG molecule in solution.
The connection between surface-active organics and particle-

mixing state has not been well parameterized.7 In this paper, we
present an experimental framework to assess the interfacial
activity of dissolved species in MG−F−AS aqueous systems.
Specifically, we use biphasic microfluidics to measure the
interfacial tension between an aqueous and an oil phase. These
microfluidic experiments utilize high-speed imaging to monitor
interfacial phenomena at the microscale. From these observa-
tions of interfacial tension of aerosol chemical mimics, the
behavior and morphology of atmospheric aerosols due to
interactions of liquid−liquid phase-separated interfaces within
aerosol particles can be inferred.

■ MATERIALS AND METHODS
To measure interfacial tension, we fabricated a microfluidic
device following the design of Hudson et al. (2005).73 In the
microfluidic device, a steady flow of immiscible drops
(“dispersed phase”) in a carrier fluid (“continuous phase”)
travels through a series of channel contractions and expansions.
Each device is fabricated with multiple contractions and
expansions to determine any dependence on interface age.
The channel geometry sets up extensional flow fields
surrounding the droplets as they enter and exit narrow regions
of the device. The droplets deform from an unperturbed,
spherical shape to an elongated spheroidal shape due to the
extensional stress on the droplet. Hydrodynamic forces are
balanced by the interfacial tension at the boundary between the
droplet and the surrounding carrier fluid.
The behavior of drop deformation in an extensional flow

field is well-established,74−76 and these results apply to the
microscale.77 The deformation, D(x), is a scalar quantity
describing the shape of the droplet as a function of spatial
location, x, and is given by

=
−
+

D x
r x r x

r x r x
( )

( ) ( )

( ) ( )
major minor

major minor (4)

where x is the streamwise direction, rmajor(x) is the major
principal radius, and rminor(x) is the minor principal radius of
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the droplet. The principal radii and deformation are functions
of the x direction because the droplets experience a changing
extensional flow field as they travel through the device. For a
Newtonian fluid, the material change of deformation of a
spheroidal drop in steady, 1-D flow in the x direction is given
by73,77

η
ε γ

αη
∂

∂
=

̂ +
̇ −u x

D(x
x

x
x
a

( )
) 5

2 3
( )

D( )

c 0 (5)

where, u(x) is droplet velocity, η η η̂ = /d c is the relative
viscosity between the drop (ηd) and surrounding fluid (ηc),

ε ̇ = ∂
∂

x( ) u x
x
( ) is the surrounding fluid extension rate, γ is the

interfacial tension, a0 is the droplet equilibrium radius in the
low-shear region of the device, and α is a coefficient

α η η
η

= ̂ + ̂ +
̂ +

(2 3)(19 16)
40( 1) (6)

which is a function of the relative viscosity. Rearranging eq 5
yields
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where every term is known (α, ηc, η̂) or measured directly from
video-microscopy image analysis (u(x), ε̇(x), D(x), ∂D(x)/∂x,
a0), except interfacial tension, γ.
Droplet deformation is examined in the first contraction

region, about 0.15 s after droplet formation, where the device
geometry transitions from a wide (750 μm) to narrow (150
μm) channel width. For this study, we report measurements
from the first contraction only, as we did not find any
dependence on interface age between ∼0.15 and ∼0.71 s for
the systems studied. These steady-state measurements imply
that any depletion effects78 that may be occurring inside each
droplet are not affecting the equilibration time of the droplet
interface in our system. Further effects of depletion on the
absolute value of interfacial tension are not considered here, but
it should be noted that similar effects are also expected in
atmospheric aerosol of similar chemical composition to the
mimic systems studied here.
Upstream of the deformation region, droplets are generated

with a T-junction79 or co-flow80 geometry, both of which
produce monodisperse droplets ∼40150 μm in diameter at a
rapid, steady rate. Each droplet is essentially a single-particle
experiment that is rapidly repeated with each new droplet
formed. In the current configuration, the droplet sizes are larger
than the 220 μm diameter particles used in other single-
particle techniques and are well above typical Kelvin diameters
(<∼100 nm),81 below which droplet curvature effects are
important.
In the region of interest in the microfluidic device, a movie

records droplets traveling into the contracting region at high
frame rates (usually about 20 000 frames per second) and
captures droplet location and shape as it travels through the
channel. Movies are typically less than one second in real time
and contain ∼100 to 1000 individual droplets. Each frame of
the movie is analyzed to determine droplet location (center of
mass) and principal radii for all droplets in the frame. Analyzing
each frame successively to follow individual droplets across the
device determines droplet velocity and the change of these
derived variables with location.

The analysis follows previous work73,77 with modifications in
the mathematical treatment when poor phase contrast (e.g., see
the images for 3.1 M AS and 0.4 M MG droplets in Figure 1)
causes noise in the retrieved variables. After deformation and
velocity are determined for a droplet’s entire travel across the
image, from the wide region of low extensional shear to the
converging region of larger extensional shear, a polynomial of
order 7 is fit to both D(x) and u(x) for all points where D(x) <
0.1 along the droplet’s path. Derivatives of these polynomial fits

yield ∂
∂

D x
x
( ) and ε ̇ = ∂

∂
u x

x
( ) in eq 7. Interfacial tension is found by

plotting the left-hand side of eq 7 versus D(x)/a0, as shown in
Figure 1. On this “Taylor plot,”73 a line is fit over moderate
deformations of 0.3 ≤ D(x)/a0 ≤ 2, following criteria by Cabral
and Hudson (2006).77 The trend of the raw data at D(x)/a0 ≤
0.3 is dominated by the shapes of the polynomial fits and their
derivatives at the edges of the limits used in the fit and thus do
not represent physical phenomena in the drop deformation
dynamics. The slope of the linear regression yields interfacial
tension, γ, for each individual droplet, and there is negligible
change in the linear fit whether it is forced through the origin or
not. The range of deformation from 0.3 to 2 is large enough to
be above any small oscillations in D(x) and u(x) values in eq 7
but small enough to avoid droplet rupture and breakup events.
Note that despite the use of polynomial fits to smooth out
noise, the final linear fit to the data is still susceptible to
considerable variance when the image contrast is low. A
sensitivity analysis reveals that the retrieved IFT is more
sensitive to the droplet radii than to viscosity. For an
uncertainty in the major or minor radii of 1%, which for
these experiments is ∼2 pixels, the IFT can vary by as much as
15%. Fortunately, due to the large number of measurements
performed in a single experiment, the median IFT value does
not change significantly, although the variance (error) for that
median IFT value will increase as the radii uncertainty
increases. Viscosity, however, has very little effect on the
retrieved IFT. Even moderate uncertainties in viscosity of

Figure 1. Taylor plot (from eq 7) for four individual droplets (3.1 M
ammonium sulfate (AS), 0.4 M methylglyoxal (MG), and water) or
bubble (air) in silicone oil. Each symbol is from a single frame of a
movie tracking the individual droplets traveling through the micro-
fluidic device. The solid lines are linear regressions to the data for each
individual droplet, as described in the text. Bright-field raw images (not
to scale) of the deformed droplets and bubble (equivalent diameters
∼40105 μm) are shown to demonstrate the level of phase contrast
for each type of dispersed phase.
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∼30% yield a change in IFT of < ∼0.1%. For a single
experimental interfacial tension value, hundreds of individual
droplets are analyzed. The distribution of single-droplet values
are then compiled and a Gaussian function is fit to a histogram
(see inset, Figure 2) of these values to yield the median
interfacial tension with statistical uncertainty (the standard
deviation of the Gaussian peak). A broader distribution of
single-droplet values is typically observed for those samples
with poor phase contrast or with few sample drops.

Details of the microfluidic device fabrication are as follows.
From the device design criteria73 mentioned earlier, a
photolithography mask is drawn in DraftSight (Dassault
System̀es) and printed on a 20 000 dpi high-resolution printer
(CAD/Art Services, Inc.). A mold is prepared from this mask in
a clean-room facility using standard photolithography techni-
ques,82−87 producing a silicon wafer that becomes a reusable
master mold upon which the microfluidic devices are made.
The microfluidic devices are constructed out of poly-
(dimethylsiloxane) (PDMS, Sylgard 184 Silicone Elastomer,
Dow Corning Corporation), chosen for its ease in rapid
prototyping88 and successful applications in the microfluidic
community.73,79,84−86,89−96 PDMS is cured over the master
mold, and individual devices are cut from the wafer and sealed
to a glass microscope slide coverslip. The microfluidic
experiments are performed on an Olympus IX73 inverted
microscope with phase contrast and bright-field imaging.
Pressure-driven flow is generated by syringe pumps (Harvard
Apparatus) with gas-tight syringes connected to PFA tubing
and needles hermetically sealed to the PDMS device. Imaging is

done with a Photron FASTCAM Mini UX100 high-speed
camera.
To properly quantify IFT, we independently measured the

shear viscosity of the studied systems as a function of reaction
time on an AR-G2 Rheometer from TA Instruments using a
cup and bob geometry. A Mettler Toledo SevenExcellence
multiparameter pH/conductivity meter was used to measure
pH. Bulk-phase IFT measurements were performed on a Krüss
Advanced Drop Shape Analysis Tensiometer using the
pendant-drop method. Using this method, we measured the
IFT between water and silicone oil to be 24.27 ± 0.73 mN m−1,
compared to 25.04 ± 2.31 mN m−1 with the microfluidic
method. We also measured the IFT between 0.31 M
ammonium sulfate solution and silicone oil to be 26.57 ±
2.32 mN m−1, compared to 25.46 ± 1.98 mN m−1 with the
microfluidic method. These measurements are in agreement
with prior validations of the microfluidic tensiometer method.73

In all experiments, the continuous-phase fluid is silicone oil
(poly(dimethylsiloxane), Fisher Scientific, CAS 63148-62-9). In
general, silicone oils consist of a linear chain of siloxane
repeating units with various radical side groups,97 resulting in a
hydrophobic oil with a potentially high viscosity. In this study,
silicone oil is used as a proxy for an immiscible organic phase
that might be found attached to an aqueous phase in
atmospheric aerosol. We measured a viscosity of 45.08 ±
0.63 mPa s and a surface tension of 18.11 ± 1.28 mN m−1 for
the specific silicone oil used here.
The dispersed phase fluid contains the solutions of interest.

All water used in this study is HPLC-grade water (Sigma-
Aldrich, CAS 7732−18−8). Stock solutions containing 3.1 M
ammonium sulfate (AS, Avantor Performance Materials, CAS
7783−20−2) in HPLC water are mixed and used to make the
organic solutions. Aqueous solutions up to 3.1 M AS are used
to mimic ambient aerosol salt content.64,98−101 Methylglyoxal
solutions are prepared by adding the prescribed volume of a 40
wt % aqueous MG stock solution (Sigma-Aldrich, CAS 78-98-
8) to the AS solutions. Solutions containing formaldehyde were
added from a 37 wt % aqueous F stock solution (Sigma-Aldrich,
CAS 50-00-0). All dispersed phase solutions in this study were
stored in Pyrex jars with no special treatment to shield the jars
from visible light, similar to previous studies.64,102 Results will
be discussed in terms of reaction time, which is the time passed
since adding the organic(s) to 3.1 M AS solution.

■ RESULTS AND DISCUSSION
Previous work has established that the addition of methyl-
glyoxal to aqueous ammonium sulfate significantly suppresses
the surface (aqueous−air) tension of the mixture.64 Figure 2
shows normalized interfacial (aqueous−oil) tension as a
function of MG content in 3.1 M AS solution, showing a
similar trend as that of surface tension (cf. Figure 4, Sareen et
al., 2010).64 At low MG content, relative IFT is greater than 1
owing to the higher IFT for 3.1 M AS solution (38.13 ± 4.60
mN m−1) than for water (25.04 ± 2.31 mN m−1). As MG is
increased, IFT decreases and approaches a minimum value. The
dependence of IFT on MG content can be fit with a Langmuir-
like curve,64,103

γ γ= −
+

S
bM

bM10
0

0 (8)

where γ0 is the IFT with no MG, M0 is the MG concentration,
and S and b are fit parameters. For the fit shown in Figure 2, γ0,

Figure 2. Relative interfacial tension at a reaction time of ∼24 h as a
function of initial methylglyoxal (MG) content in 3.1 M ammonium
sulfate (AS) solutions. The interfacial tension (IFT) is reported
relative to that of water−silicone oil, γw. Marker colors indicate the
amount of formaldehyde (F) in the solution. Error bars indicate
statistical uncertainty of each measurement sample, given as the
variance of the Gaussian probability distribution (inset) of measure-
ments for hundreds of individual droplets at each concentration and
time. The solid line is a Langmuir-like curve (eq 8) fit to the data, with
parameters γ0 = 1.52, S = 1.21, and b = 3.13. The inset graph shows a
histogram (red) of droplet IFT values with a Gaussian fit (black), the
median and variance of which is used to plot the experimental IFT for
the solution of 0.162 M MG−0.338 M F−3.1 M AS (indicated with an
arrow).
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S, b = 1.52, 1.21, and 3.13, respectively. Over the range of MG
concentration used, the trends of IFT suppression are the same
as those previously reported for surface tension of this chemical
system.
The IFT results in Figure 2 are measurements taken ∼24 h

after the addition of the organic(s) to the AS solution. Over this
reaction time, solutions containing MG become progressively
darker (see pictures in Figure 3) due to the formation of light-
absorbing compounds in solution, resulting in a change in
solution alkalinity (Figure 3, left). Recall that the fluid
properties in eq 7 include solution viscosity as well as interfacial
tension, so a change with time of the deformation behavior of
the droplet could be due to a change in viscosity as the solution
ages. However, within measurement uncertainty, the viscosity
of the aqueous solutions containing varying amounts of MG
and AS does not change with reaction time (Figure 3, right).
Because the bulk solution viscosity is constant in time, any
differences in behavior of the droplet are explained through
differences in the interfacial properties alone.
Previously, the surface tension of ternary mixtures of MG

and F in 3.1 M AS solution have been shown to largely follow
(within ∼10%) a single-component Szyszkowski−Langmuir
curve.71,72 Although the more-comprehensive Henning
model104 has been shown to describe well the behavior of
surface tension for both nonreactive104 and reactive99 mixtures
of organics, when accounting for the formaldehyde component
in the Henning model, there is a larger deviation between
measured and modeled values of surface tension.71,72 These
results indicate that for a MG−F−AS system, surface tension is
largely governed by the amount of MG. As one might expect,
the interfacial behavior of the same system here (Figure 2)
behaves likewise, where the interfacial tension suppression is
driven by MG, not F, content.
Results for interfacial tension measurements as a function of

age are shown in Figure 4. Previous results for surface tension
have indicated that after addition of MG to aqueous AS
solutions, the measured surface tension will decrease over ∼24
h to a minimum value.64 In contrast, it was found that IFT
remained largely constant with reaction time for the MGAS
systems (Figure 4, top). MG has been shown to adsorb very
slowly to the air−water interface in aqueous solutions;65 thus,
the rapid equilibration of IFT to oil could be the result of the

Figure 3. Solution pH (left) and viscosity (right) as a function of reaction time. Markers are colored by total organic content (left) and ammonium
sulfate (AS) content (right) spanning the range of values used in this study. Error bars are one standard deviation; note that the error bars on the pH
data are small enough to be hidden by the markers. Solid lines (right) are the average viscosities for each system. The images are vials of 0.162 M
methylglyoxal in 3.1 M ammonium sulfate just after mixing (left) and after 24 h of reacting time (right).

Figure 4. Interfacial tension as a function of reaction time for
methylglyoxal (MG)−ammonium sulfate (AS) systems (top) and
methylglyoxal−formaldehyde−ammonium sulfate systems (bottom).
All solutions are in 3.1 M AS. Dashed lines (top) indicate average
values for each system over all measurement times. Solid lines
(bottom) connect the data points within each system as a guideline
and do not indicate any functional dependence. Each data series is
from a single solution allowed to react over the time displayed. Error
bars on all data points show statistical uncertainty in the measure-
ments.
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microfluidic technique using a much smaller volume of solution
than traditional bulk methods, where dissolved species need to
travel far to find the interface. Even in pendant-drop
experiments that can approach a similar droplet volume
(∼2−16 mm3)105 to those in this microfluidic study (∼3−
200 × 10−5 mm3), suggesting that equilibration time may be
similar, the pendant-drop method is such that the droplet
essentially has an infinite reservoir of surfactant available to the
droplet interface, whereas the microfluidic droplets do not.
To infer ambient aerosol morphology from these results, one

can use the measured IFT values in eq 3 in combination with
surface tensions previously reported.64 For the MG−AS
systems studied here, complete engulfing (S2 > 0, S3 < 0) is
predicted for all concentrations of MG, and the change in
surface tension with reaction time reported by Sareen et al.
(2010)64 is not a large enough change to cause a change in sign
of either S2 or S3.
Surprisingly, in the presence of formaldehyde, aging effects

on interfacial tension become apparent (Figure 4, bottom). At
the largest amount of MG content, the IFT remained constant
with reaction time, behaving largely like the system with 0.4 M
MG in 3.1 M AS displayed in the top of Figure 4. As the MG
content decreases and F content increases, the IFT of the fresh
mixture increases, and the change in IFT with age becomes
more pronounced. For all three MG−F systems, the total
organic content was fixed at 0.5 M and IFT suppression at ∼24
h reaction time for these systems is consistent with MG-only
systems of similar MG content (Figure 2). The F dependence is
a notable difference in these systems’ IFT behavior with oil
versus surface tension with air. Clearly, there is additional
complexity to the chemical aging of these systems that is
causing the surface activity to change with reaction time. To
elucidate these differences, a future study on the detailed time-
dependent chemistry of this system should be performed,
specifically to look for the behavior of surface-active species. As
has been established for MG systems, the singly hydrated MG
is a likely candidate as an important surface-active species.65

Although this compound was observed in MG−F−AS
systems,71 it is unclear if this product might be consumed in
later generations of reaction products, leading to an overall
decrease in surface activity of the mixture.
The increase in IFT with chemical age for this system is

consistent with an overall trend that lower-volatility oxidized
(aged) organic aerosol shows a smaller departure from the
surface tension of water than more hydrocarbon-like (fresh)
organic aerosol (cf. Figure 6, McNeill et al., 2014).7 Returning
to eq 3 to infer ambient aerosol morphology of these systems,
once again, complete engulfing is initially predicted for all
ternary MG−F−AS systems studied here. However, in contrast
to the binary MG−AS system, the large change in IFT with
reaction time for the 0.25 M MG−0.25 M MG F system is large
enough for S2 to trend from a positive to negative value (within
statistical uncertainty), meaning that this system is trending
from complete engulfing toward a partial engulfing morphol-
ogy.
This study has demonstrated the first use of a microfluidic

experimental platform to investigate the interfacial properties of
atmospheric aerosol mimics to assess the surface activity of
dissolved constituents. In the current configuration, this
platform allows rapid, repeatable measurements of interfacial
tension between two immiscible liquids in a parameter space
inaccessible to bulk measurements due to lengthy equilibration
time scales of either the interface or the measurement itself.

The results show that the interfacial tension of aqueous
ammonium sulfate−methylglyoxal solutions to silicone oil have
an interfacial tension depression similar to that of the solutions’
surface tension depression.64 However, unlike previous results
for surface (aqueous−air) tension, the behavior of interfacial
(aqueous−oil) tension of these solutions with the addition of
formaldehyde exhibits a dependence on reaction time,
indicating additional complexities as a result of species
competition within the solution. Future work will assess a
possible explanation for these complexities by considering the
effect that depletion78 might have on these chemical systems at
the scale of atmospheric aerosol, by exploring alternate
continuous phases for use in droplet microfluidic devices, and
by performing bubble microfluidic tensiometry (for aqueous−
air measurements).
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