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ABSTRACT: Adsorption of particles at oil−water interfaces is the
basis of Pickering emulsions, which are common in nature and
industry. For hydrophilic anionic particles, electrostatic repulsion
and the absence of wetting inhibit spontaneous adsorption and
limit the scope of materials that can be used in emulsion-based
applications. Here, we explore how adding ions that selectively
partition in the two fluid phases changes the interfacial electric
potential and drives particle adsorption. We add oil-soluble
tetrabutyl ammonium perchlorate (TBAP) to the nonpolar phase
and Ludox silica nanoparticles or silica microparticles to the
aqueous phase. We find a well-defined threshold TBAP
concentration, above which emulsions are stable for months.
This threshold increases with the particle concentration and with
the oil’s dielectric constant. Adding NaClO4 salt to water increases the threshold and causes spontaneous particle desorption and
droplet coalescence even without agitation. The results are explained by a model based on the Poisson−Boltzmann theory, which
predicts that the perchlorate anions (ClO4

−) migrate into the water phase and leave behind a net positive charge in the oil. Our
results show how a large class of inorganic hydrophilic, anionic nanoparticles can be used to stabilize emulsions in a reversible and
stimulus-responsive way, without surface modifications.

1. INTRODUCTION
Interfaces between immiscible fluids such as oil and water
occur in many aspects of daily life including food and
cosmetics. Under a wide range of conditions, particles
suspended in either fluid strongly attract fluid interfaces and
tend to bind or adsorb there.1−3 This phenomenon provides a
mechanism of stabilizing emulsions without the use of
molecular surfactants. These particle-stabilized (also called
“Pickering”) emulsions are used in food and oil-recovery
applications.4−14 Particle-coated interfaces also create new
opportunities to fabricate nanoparticle-based elastic capsules
(built around droplets) or sheets (built on planar interfaces)
that are soft and deformable and also endowed with the
electronic, optical, or catalytic properties of the particles.15−24

A prominent driving force for particle adsorption at the
interface is interfacial tension, often described using the model
of Koretsky, Kruglyakov,2 and Pieranski.3 At the continuum
scale, the binding energy is related to the Young−Dupre ́
equilibrium contact angle, where the two fluids and the solid
surface meet. This model accounts successfully for the (often
quite strong) binding of uncharged, partially hydrophobic
particles at interfaces, where the particles are partially
wetted.4,25 As has been noted previously,26 however, this
model does not account for interactions between charged
particles and the interface (which can spontaneously develop
negative charge27−38) or the image charge induced in the

dispersed fluid.39−43 Because of the charge, forming Pickering
emulsions from small, anionic, hydrophilic particles has proven
to be challenging because the particles tend not to bind or to
bind only weakly.44−46 Solutions to this problem include
adjusting the pH to reduce charge,47,48 making their surface
hydrophobic to partially wet the dispersed fluid,6,46 reversing
the particle surface charge,49 or adding a costabilizer that
causes the aggregation of the particles and enhances their
binding at the interface.44,50−52 In applications, these steps may
cause undesired consequences such as the aggregation of
particles in the bulk.
Adjusting the interfacial potential is a useful alternative way

to control particle binding. For example, an electric potential
can be applied across the interface using an electrochemical
cell, which drives particles to adsorb or desorb.24,53,54 Systems
of this kind are often referred to as “interfaces between
immiscible electrolyte solutions” or ITIES.55 In systems where
ions with only one sign of charge can transfer across the
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interface, a potential drop (Galvani potential) can arise
spontaneouslywithout an externally applied potentialand
thus drive or prevent particle adsorption.56−59 This effect is
similar to the Donnan potential that arises in the presence of a
membrane that is ion-selective; here, the different solubilities
of the ions play the role analogous to membrane selectivity.
The potential at the interface can be tuned via the total ion
concentration.55,59−61 There are several practical advantages of
tuning the interface potential via the ion concentration: there is
no need for electrodes, the stability of the particles in the bulk
suspension is not compromised (as it can be, for example, with
changing pH), and the ion concentration can be changed to
tune emulsion stability dynamically and recover the dispersed
phase in bulk. Leunissen and co-workers have investigated the
ion-partitioning effect in a suspension of weakly charged
particles in oil (cyclohexyl bromide and cis-decalin), in which
the water side of the interface gained the net charge from the
partitioning of anions from oil into the water phase.56,57

(These ions were present in the oil phase as a residual from
their manufacture.) More recent experiments showed con-
clusively that the charged, oil-dispersed particles provided
emulsion stability even without breaching the water−oil
interface,58 which can be explained by electrostatic image
attraction.41,58 Experiments also showed that adding ions to
the oil phase altered the charge on the colloidal particles so
that they spontaneously desorbed from the interface.58

Together, these studies showed that Pickering emulsions can
be formed by electrostatic plus van der Waals forceswithout
the capillary forces in the model of Koretsky, Kruglyakov, and
Pieranski.
The next step is to develop the use of ion partitioning with

added ions, to explore its effect on emulsion stability, and to
extend its application to water-dispersed hydrophilic particles.
Recent work by Zheng and co-workers showed that the
addition of tetraalkylammonium salts to water + octane + silica
nanoparticles led to particle adsorption and Pickering
emulsions above a threshold salt concentration.49 Intriguingly,
stable emulsions were found at salt concentrations low enough
that the particles’ zeta potential was unaffected,49 suggesting to
us the possibility that ion partitioning may have played an
important role. Remaining questions include the role of the
sign of the particles’ charge, the effect of the oil used, and a
comparison of emulsion stability to models that account for
ion partitioning.
In this article, we report on experiments with hydrophilic

silica nanoparticles, with silica microparticles, and with
millimeter-scale borosilicate glass beads. We found that
nonfunctionalized anionic nanoparticles could stabilize emul-
sions of dichloroethane, dichloromethane, or trichlorobenzene
only when a selectively partitioning salt was dissolved in the oil

phase. We chose tetrabutyl ammonium perchlorate (TBAP),
which has a large hydrophobic cation61−63 that remains in the
oil and a small hydrophilic anion (Figure 1A) that can transfer
to water. We varied the concentrations of TBAP in oil and of
NaClO4 in water and found a sharp threshold between
unstable and stable emulsions. We mapped the behavior in
terms of ion concentrations and particle concentrations for two
oils of different dielectric constants. From optical images, we
found that the microparticles adhered to the interface but
apparently did not breach it. We also found that stable
emulsions ruptured spontaneously (without shaking) when
NaClO4 salt was added to the aqueous phase, owing to an
adjustment of the ion partitioning because of the added ClO4

−.
Finally, we found the reverse behavior with cationic silica
nanoparticles: TBAP partitioning suppressed emulsion for-
mation. To model our results, we account for the free energy of
partitioning ions, then find the double-layer attraction between
the interface and the charged nanoparticles. The model agrees
reasonably well with our experimentally determined con-
ditions, leading to stable emulsions and may explain the results
of a prior study with octanol emulsions.49 Together, our results
show that stable emulsions can be formed using ions to control
interfacial charge. We also demonstrate particle-stabilized
emulsions that can spontaneously break up by the addition
of salt water, leading to the potential for stimuli-responsive
emulsions. These findings open the door to using water-
dispersed, hydrophilic anionic particles (which are inexpensive
and plentiful) as emulsion stabilizers, without chemical
modifications of their surfaces.

2. MATERIAL AND METHODS
Most of these experiments were performed with anionic nanoparticles
Ludox AS40 colloidal silica (Sigma-Aldrich, 7631-86-9), a 40 wt. %
particle suspension. The diameter of the Ludox AS nanoparticles is
approximately 22 nm,64 and the zeta potential ranges from −30 to
−18 mV at pH 5.7 when the NaCl concentration ranges from 4 ×
10−5 to 10−2 M (a range of salinity that is similar to the conditions in
our study).65 To prepare samples with lower wt. %, we diluted the
Ludox AS stock in pH 8 buffer containing NaOH, KCl, and boric acid
(Fisher Scientific, S25208G). Cationic nanoparticles were Ludox CL
colloidal silica (Sigma-Aldrich, 420,883), a 30 wt. % particle
suspension. The diameter of the Ludox CL nanoparticles is
approximately 12 nm (by TEM66), and the zeta potential is
approximately 40 mV near neutral pH.66 To obtain lower wt. %, we
diluted the stock suspension with filtered, deionized water. In some
experiments, we used 1.4 μm diameter “micropearl” silica spheres
(Sekisui Chemical Co., Shiga, Japan, type SI-H014), received in the
form of a powder and suspended in pH 8 buffer.

We used three different nonpolar solvents for the “oil” phase. (i)
1,2-Dichloroethane (DCE; Fisher Scientific, cat. no. E175−500; mass
density = 1.25 g/cm3 and dielectric constant ε = 10.4) (ii)
Dichloromethane (DCM; Fisher Scientific, cat. no. 75-09-2; mass

Figure 1. (A) Structure of TBAP, with its large hydrophobic cation and small anion. (B) Photographs of five samples, 1 h after shaking. Samples
had 1 wt. % anionic silica nanoparticles in the aqueous phase and TBAP in the DCE phase with concentrations as shown below in the images. The
two samples at the left separated into an aqueous phase floating on the oil (DCE + TBAP) phase. The three samples on the right retained oil
droplets suspended in the aqueous phase. These emulsions remained stable for many weeks and showed no visible signs of coarsening.
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density = 1.33 g/cm3 and ε = 8.9). (iii) 1,2,4-Trichlorobenzene
(TCB; Sigma-Aldrich, cat. no. 296104, mass density = 1.45 g/cm3 and
ε = 2.4).
TBAP (GPS Chemicals, 1923-70-2) was dissolved in the oil phase

prior to preparing emulsions. (Figure 1A shows the molecular
structure.) TBAP concentrations (denoted as [TBAP]) and
uncertainties were measured with a Mettler AE10 balance. TBAP
readily dissolved in DCE and DCM at concentrations up to 0.1 M. In
TCB, however, the TBAP solubility was below 0.01 M.
Samples were prepared in 15 × 45 mm glass vials precleaned with

methanol. For our state diagram studies, 1 mL each of the aqueous
and oil phases were added to each vial. Borosilicate glass pipets were
used to transfer all oil phases. This 1:1 volume ratio was maintained
to prevent a bias toward water-in-oil or oil-in-water emulsions. Vials
were sealed and shaken vigorously using hand with a timeline
described below. In some cases, after obtaining stable emulsions, we
subsequently added an aqueous solution of NaClO4 and either
agitated the sample or allowed NaClO4 to diffuse into the sample.
The results of these experiments are described below.

3. RESULTS AND DISCUSSION
We prepared emulsions by mixing an aqueous suspension of
anionic silica particles (Ludox AS) with an oil phase, either
DCM, DCE, or TCB containing TBAP. In all cases, the
emulsions were not stable if no TBAP was added or if the
TBAP concentration was <10−5 M. Instead, those samples
were phase-separated within minutes, as shown in the example
of Figure 1B, where the aqueous phase floats atop DCE. A
striking result of our experiments is that with TBAP present
above a threshold concentration, the emulsions were stable for
several weeks or longer. Figure 1B shows examples of oil-in-
water emulsions 1 h after shaking. The three samples with
[TBAP] ≥ 10−3 M had clearly defined opaque regions, which
consisted of DCE droplets that sedimented at the bottom of
the aqueous phase. These droplets were clearly visible to the
eye and via optical microscopy (Figure S1 of the online
supplementary materials). In the absence of silica particles,
emulsions were never stable even with TBAP up to 0.1 M.
Likewise, stable emulsions of DCE were never found using 1
wt. % cationic Ludox CL for any [TBAP] between 0 and 0.1
M.
3.1. State Diagrams. Figure 2A shows the regime in which

stable emulsions were obtained with anionic Ludox AS and

TBAP + DCE. The vertical axis is [TBAP] (defined as moles
per liter of the oil phase), and the horizontal axis is the
concentration of silica nanoparticles, which is defined as the
percentage weight in the aqueous phase. Each symbol
represents one sample. There were 97 samples in total, some
of which were at the same concentrations. In every case, there
were equal volumes of the oil and aqueous phases. To obtain
consistent results, samples were vigorously shaken by hand for
10−15 s, then shaken again every 15 min over a period of 1 h.
After shaking, samples were left undisturbed on a countertop.
We defined emulsions as “stable” (against coalescence) if there
was no visible droplet coarsening or coalescence 1 h after we
stopped shaking the samples. In practice, however, these
samples were stable for many weeks, except for those very close
to the stability boundary. As an example of the latter, a sample
containing 2.03 × 10−4 M TBAP and 1 wt. % was stable 1 h
after shaking (so it counts as stable in Figure 2A), but visibly
separated into bulk phases after a few hours.
On the plot, the dashed curve, drawn by the eye, separates

the regions of parameter space corresponding to stable vs
unstable emulsions. One sample, at 30% Ludox and
approximately 3 × 10−4 M TBAP, did not follow this trend
(i.e., lay within the unstable region but appeared to be stable).
This composition was repeated with a new preparation and
found to be unstable. Both symbols are shown on the plot, but
it seems likely to us that the first sample was made in error or
was contaminated. In DCE samples containing 1 wt. % silica
nanoparticles, the measured threshold concentration was (1.6
± 0.2) × 10−4 M. When the particle concentration was 5 wt. %,
the stability threshold increased to approximately (2.1 ± 0.2)
× 10−4 M. The threshold value of [TBAP] was monotonically
higher in samples with higher concentrations of nanoparticles,
increasing modestly up to 20 wt. % and then increasing quite
sharply at higher concentrations.
Figure 2B shows the stability diagram for DCM, which is

slightly less polar than DCE. We prepared 56 separate samples,
and their responses are shown in the plot. The overall trend is
similar, but in DCM, the threshold [TBAP] was noticeably
lower. For 5 wt. % nanoparticles, the threshold [TBAP] was
approximately (6 ± 1) × 10−5 M, which is lower than the
corresponding value in DCE by a factor of 3.5 ± 0.7. As was

Figure 2. Diagrams showing the regions of stability of oil-in-water emulsions stabilized by anionic silica nanoparticles. The concentration of Ludox
AS silica nanoparticles in the aqueous phase is on the horizontal axis. (A) DCE as the oil phase. The concentration of TBAP in the DCE phase is on
the left vertical axis, and its logarithm is on the right axis. (B) DCM as the oil phase. In both cases (A, B), we found a distinct boundary between
stable emulsions (higher [TBAP], lower particle concentration) and unstable emulsions. The dashed curves are a guide to the eye, separating the
regions in which the great majority of samples were stable vs unstable. The stability threshold curve for DCE was reproduced on the DCM plot for
comparison.
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found with DCE, there were three cases of outlying points,
which were repeated and found to follow the trend of the other
53 samples. In Figure 2B, we show a sketched threshold
between the stable and unstable emulsions (dash-dot curve).
We superimposed the threshold curve obtained from the DCE
data. Below, we show how that difference arose from the
dielectric constants of DCE and DCM.
3.2. Emulsification of TCB with Anionic and Cationic

Silica Nanoparticles. We repeated the emulsification test
using TCB as oil in place of DCE. Using 1 wt. % Ludox AS
silica as the aqueous phase, we found results qualitatively
consistent with those of DCE and DCM: emulsions were not
stable in the absence of TBAP, and they were stable for at least
a month with 0.007 M TBAP (Figure S2). Using 1 wt. %
cationic Ludox CL, we found the reverse: emulsions of just
TCB were stable for more than a month, while emulsions with
0.007 M TBAP coalesced and phase-separated in a few
minutes (Figure S2). In the absence of particles, emulsions
were not stable. As will be discussed below, these results
suggest that the TCB−water interface spontaneously devel-
oped a negative potential that attracted the CL nanoparticles
and that TBA+ partitioning reversed the sign of the charge at
the interface.
3.3. Optical Images of Silica Particles and a Glass

Sphere at the Interface. Evidence that Ludox AS silica
nanoparticles bind at the DCE−water interface was provided
by optical images. The nanoparticles are too small to see
directly using an optical microscope, but we found indirect
evidence of their adsorption by exposing DCE droplets to
bright illumination in the microscope, so that heating led to
DCE evaporation and droplet shrinkage. As the droplets
shrank, they adopted wrinkled and nonspherical shapes, which
we attribute to a jammed layer of particles. After further
shrinkage, sheetlike structures were seen delaminating from the
droplet surfaces, which indicate nanoparticles that adsorbed
and then aggregated at the interface (Supporting Information
Figure S1).
We repeated the imaging experiments using 1.4 μm diameter

silica spheres instead of the silica nanoparticles. In the absence
of TBAP, particles did not bind at the interface. With 1 M
TBAP, however, we found a close-packed monolayer of
microparticles bound at the surface of a DCE droplet, as shown
in Figure 3. The spheres spontaneously formed well-ordered
arrays because of their narrow size distribution (approx. 1%
size variation). We also found that the particle binding at the
interface was reversible: when the droplets were heated by the
microscope illumination, the droplets gradually shrank and
then disappeared, and the silica spheres freely diffused away
without aggregation.
We used confocal microscopy to distinguish whether the 1.4

μm diameter silica microparticles were bound to the interface
or, on the other hand, partially inserted into (breached) the
interface. We added a green, fluorescent fluorescein dye to the
aqueous phase and fluorescent Nile red dye to the DCE phase,
which also contained 0.01 M TBAP. Figure S3 of the online
supplementary section indicates that particles lay next to the
interface. They either did not breach the interface at all, or only
barely did so with a low contact angle.
Finally, we used millimeter-scale borosilicate glass spheres at

water−DCE interfaces. With these much larger particles, we
could obtain precise measurements of the contact angle. We
note, however, that the surface properties of borosilicate glass
are not the same as those of silica nanoparticles, so the

interfacial tensions differ. Indeed, we found that the glass
sphere was partially wet by DCE (i.e., it breached the
interface), which is in contrast to our result for the 1.4 μm
silica. To measure the contact angle, we attached a glass sphere
to a small glass rod and pulled the sphere upward through the
interface (water floating on DCE; see the Supporting
Information). On a few occasions during the process, we
halted the motion and allowed the flow to stop. This protocol
gave us the receding angle. For a pure water−DCE interface
(no TBAP), we found a receding contact angle of θR = 96°.
Using the same glass sphere with 0.05 M TBAP in DCE, we
found θR = 130° (Figure S4). These results indicate a
reduction in the interfacial tension between the particle and
the oil phase and a greater binding energy. As in the previous
cases, partitioning of TBAP anions is the key; however, here,
the particle is partially wet by the oil, so the interactions differ.
We return to this point below.

3.4. Competition with Water-Based Ions and Rever-
sibility. To see whether other ions in the aqueous phase can
compete with the favorable effect of TBAP, we added sodium
perchlorate (NaClO4) to the aqueous phase. We chose
NaClO4 because it has the same anion and replaces the
bulky hydrophobic cation with the small hydrophilic Na+. We
prepared samples with 1 wt. % silica nanoparticles and varying
[TBAP] and [NaClO4], mixed them, and assessed emulsion
stability as described above. Figure 4 shows the results for
DCE. We found that added NaClO4 prevented stable
emulsions with a monotonic trend shown in Figure 4B. The
dashed curve shows the boundary between stable and unstable
emulsions. At low concentrations, the boundary lies near the
line [NaClO4] = [TBAP]. Once the aqueous salt concentration
approached 0.1 M, a much higher [TBAP] was necessary to
stabilize the emulsions.
We also found that adding NaClO4 to a stable emulsion can

break the emulsion, leading to bulk-phase separation. When we
added NaClO4 to the aqueous phase and shook it by hand,
emulsions separated within approximately a minute. An
example is highlighted by the black box in Figure 4A, where
[NaClO4] was increased from 0.005 to 0.05 M. Remarkably,
the emulsions destabilized spontaneously even without
convection, when NaClO4 was gently added to the aqueous
phase without shaking. In the Supporting Information, we

Figure 3. Optical microscope image of a DCE droplet with 1 M
TBAP, coated using a layer of 1.4 μm diameter silica spheres. The
inset shows an expanded section of the center of the image in the
main panel.
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show images of a sample with 4 × 10−4 M TBAP in DCE with
and 1 wt. % silica nanoparticles with no added NaClO4. This
sample formed a stable emulsion. We then added 1 mL of 0.02
M NaClO4 to the top of the sample gently, without mixing. We
let the solution sit undisturbed and found that the droplets
coalesced and formed two separate fluid phases over a period
of 20 h (Supporting Information Figure S5). This slow rate of
coalescence might be limited by the slow rate of diffusion or by
the slow rate of escape of particles from the interfaces. In either
case, the reversibility indicates that the particles bound weakly
enough that they could escape by thermal fluctuations. The
mechanism by which NaClO4 reduces the binding will be
discussed below.
3.5. Discussion of Mechanisms that Control Particle

Binding. With anionic nanoparticles and TBAP concen-
trations between 0 and 10−5 M, we found no stable emulsions,
which indicates that nanoparticles adsorbed at low coverage or
not at all. We found by direct observation that the 1.4 μm silica
particles did not adsorb unless TBAP was present. With higher
[TBAP], nanoparticles adsorbed, and stable emulsions were
readily formed. The confocal images of 1.4 μm diameter silica
spheres indicated that particles adhere to but do not penetrate
into the oil phase (or only just barely did so). All of our
emulsions were oil droplets in water, consistent with the
common trend (Bancroft’s rule) in which the continuous phase
contains the stabilizing agents.
In the absence of TBAP, the lack of anionic silica particle

adsorption is attributed to the lack of wetting: the particles are
hydrophilic so that capillary forces disfavor breaching the
interface. There may also be a negative electric potential at the
fluid interface and hence double-layer repulsion of the
negatively charged particles (Figure 5A). Examples of a
negative potential at the fluid interface are found in previous
electrokinetic measurements,27−32,67,68 theory, and simula-
tion,33−38 which report potentials of approximately −30 mV
relative to the aqueous bulk, depending on the pH and salinity.
Examples include nonpolar solvents with dielectric constants
ranging from near 2 (alkanes, xylene, and benzene27−32,67,68)
to 25 (nitrobenzene29). The negative electric potential has
often been attributed to the adsorption of OH−28−30,32 or

other anions69 at the interface, although there may be
competing conclusions from nonlinear optical probes.70

Theoretically,37 ab initio computer simulations34 and molec-
ular dynamics simulations33,36 also support the idea that OH−

ions accumulate at the interface. In addition to the double-
layer repulsion, there should be an “image” repulsion arising
from the polarization of the lower-dielectric constant oil
phase.39,40,42,43

Figure 4. (A) Array of images with DCE + TBAP mixed with an aqueous phase containing varying amounts of NaClO4. The Ludox AS silica
nanoparticle concentration was fixed at 1 wt. %. Samples with higher [TBAP] and lower [NaClO4] tended to form stable emulsions, which are
visible as the white sediment. The sample with the box around it spontaneously separated when [NaClO4] was increased from 0.005 to 0.05 M. (B)
Same results in the form of a plot. The dashed curve is a guide to the eye, separating the regions in which samples were stable vs unstable. The gray
solid line shows the prediction of the theory described in the text.

Figure 5. (A) Schematic of the electric potential in the aqueous phase
with no added TBAP, leading to an electric field (E) that repels
negative particles in water. (B−D) Partitioning of the ClO4

− anions
from the DCE phase into the aqueous phase, while the hydrophobic
TBA+ ions remain in DCE. The charge separation gives rise to a
charge density shift, as illustrated in (C). The result is an electric field
to the right and an electric potential curve illustrated in (D).
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We found that cationic Ludox CL particles stabilized TCB
emulsions ([TBAP] = 0), indicating that this interface
developed a spontaneous negative potential. With DCE and
DCM, we never found stable emulsions with cationic particles,
which indicates that these liquids did not form a negative
potential or that it was too small to overcome image repulsion
of the particles.
By contrast, adding TBAP to the oil phase led to the

adsorption of anionic silica particles at the oil−water interface
with sufficient coverage to prevent coalescence of the droplets.
Conversely, TBAP led to the repulsion of cationic particles and
no emulsion formation. One might wonder whether anionic
particle adsorption is driven by the condensation of the TBA+
ions onto the particle surface, thereby making the particles
neutral and sufficiently hydrophobic to breach the interface (as
found in other systems71−73). Prior studies of the adsorption of
tetraalkyl ammonium ions into colloidal silica surfaces provide
insight into this point. For a five-carbon alkyl chain (which is
more surface-active than the 4-carbon TBAP), the zeta
potential of silica in aqueous suspension decreased from −65
mV when the ion concentration exceeded roughly 10−6 M, but
the reported change in zeta potential was low in magnitude.74

At 10−3 M in water, the zeta potential was still near −50
mV.74,75 Further insight comes from a recent study showing
Ludox-stabilized octanol emulsions in water when the
concentration of tetrabutyl ammonium nitrate exceeded a
threshold on the order of 10−5 M, which was well below the
concentration at which the particles’ zeta potential was
increased by the salt.49 In our experiments, the concentrations
of TBA+ ion in the aqueous phase are estimated on the order
of 10−6 M near the threshold of emulsion stability, hence the
effects of adsorption on zeta potential should be very small. As
further evidence, we found that adding TBAP caused cationic
silica to desorb from the interface (opposite to the behavior of
anionic particles); in this case, there is no electrostatic drive for
TBA+ to bind on the particle; hence, desorption of the
particles must have a different mechanism.
One might also wonder whether TBAP itself partitions to

the interface, owing to the presence of hydrophobic and
hydrophilic moieties. Prior measurements of the air−water
interfacial tension in the presence of TBA salts show a very
small effect on the air−water interfacial tension (<1 N/m) at
concentrations below approximately 0.001 M.76 In our work,
the threshold concentrations in oil are roughly 10× lower than
this, and the concentrations in the water phase are roughly
106× lower (see below). Therefore, at the aqueous-phase
concentrations that are relevant for our experiments, the
interfacial affinity of the TBA+ ions should be exceedingly
small, in terms of change in interfacial tension. (Indeed, no
emulsions formed with TBA and no particles.) Based on these
literature reports, therefore, we conclude that TBA+
adsorption at the interface or on the particle surfaces is not
the driving mechanism.
Instead, our findings are explained by the partitioning of the

perchlorate anions into the aqueous phase, where their electric
potential energy is lower and the entropy is higher. The TBA+

ions are retained in the oil phase owing to their hydrophobic
alkyl chains. This partitioning leads to a net positive charge in
the oil that attracts nearby anionic particles and repels cationic
particles. Figure 5 illustrates this mechanism, which is
described in the next section.
3.6. Model Based on Poisson−Boltzmann Theory.

Here, we describe a model to account for ion partitioning and

anionic particle adsorption. Our model follows approaches
taken earlier77,78 and, like them, we ignore the intermolecular
and interparticle correlations and specific-ion effects that have
been discussed elsewhere.59,62,79 To quantify the extent of
charge partitioning, we assume that the TBA+ ions are trapped
in the oil (which will be justified below) and consider only the
concentration profile of the anions (ClO4

−, in the experiment).
We follow a standard Poisson−Boltzmann approach, in which
the ions are treated as an ideal gas and their electrostatic
interactions are described by an electric potential, ϕ(z), that
depends on their spatial distribution. The z-axis is defined to
lie perpendicular to the interface, the oil phase lies at z < 0, and
the aqueous phase resides at z > 0 (Figure 5A). Because the
ClO4

− ions are the mobile species, their equilibrium
distribution is determined by a uniform chemical potential.
In the oil phase, the chemical potential μ(z) of the ClO4

− ions
is as follows:

μ ϕ μ= Λ + − + ϵ +z k T c z e z( ) ln( ( ) ) ( ) ( )B o
3

B,o solvation
(1)

where co(z) is the concentration of anions in the oil phase, Λ is
the thermal wavelength, kBT is Boltzmann’s constant times the
temperature (in Kelvins), and e is the elementary charge (a
positive number). The parameter ϵB, o is the Born free energy
for embedding a small, spherical charge in a low-dielectric-
constant medium. This term plays the key role in driving the
ions into the aqueous phase as described previously.80 Finally,
μsolvation is the contribution from rearranging the solvent (oil)
molecules around the ion. The bulk concentration of anions in
the oil is co

∞, which is the same as that of [TBAP] because a
negligible fraction of anions in the oil transfer to water (see the
Supporting Information).
In the water phase, we account for the anions that were

previously added to the aqueous phase at concentration cs; this
parameter corresponds to the vertical axis of Figure 4B. The
chemical potential of the ClO4

− ions in the aqueous phase is as
follows:

μ ϕ= + Λ + − + ϵz k T c z c e z( ) ln(( ( ) ) ) ( ) ( )w sB
3

B,w (2)

where cw(z) is the concentration of partitioning anions in the
aqueous phase, and ϵB, w is the Born energy for a charged
spherical ion in water.
Within these same approximations, the electric potentials

obey the Poisson−Boltzmann theory. Further assuming that
the potential is small everywhere (eϕ/kBT ≪ 1), we use the
Debye−Hückel approximation and obtain the following
equations:

ϕ ϕ

ϕ ϕ

= <

= − + ≥−

z e z

z w e w z

( ) , 0

( ) ( ) , 0

z l

z l

0
/

0
/

o

w
(3)

where ϕ0 is the electric potential at the interface, and w is the
potential far away in the aqueous phase. (Below, we note that
eϕ/kBT is not always≪ 1 near the interface, which may lead to
quantitative errors in our estimate of the threshold
concentration.) We have made sure that the electric displace-
ment field (commonly called D) is continuous across the
interface, which corresponds to assuming no space charge
bound at the interface (which is distinct from the ion clouds
near the interface). The parameters lo and lw are the Debye
screening lengths in the oil and aqueous phases, respectively.
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ε ε=α α αl k T c e/(2 )2
0 B

2
(4)

where α refers to oil or aqueous, εα is the dielectric constant of
the α phase, and ε0 is the vacuum permittivity. These
potentials are qualitatively sketched in Figure 5D.
To find the electric potential energy of a particle adsorbing

at the interface from the aqueous bulk, the key is to determine
the value of ϕ0−w, which we call Δϕ. This quantity can be
found by assuming that the total number of ions is conserved,
that Gauss’ law is satisfied, and that cw(z = ∞ ) = 0. (Recall
that cw refers only to the partitioning anions coming from
TBAP.) The result is as follows:
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The final factor on the right-hand side accounts for the
Debye lengths of the oil and water phases, which depend on
both ion concentrations and dielectric constants. This factor
has a noticeable effect on the results and should not be
neglected. The terms ϵB, o + μsolvation − ϵB, w were found from
electrochemical measurements tabulated by École Polytechni-
que Fed́eŕale de Lausanne (EPFL) (which were formerly
available online81). For ClO4

− ions transferring from DCE to
water, the tabulated value is approximately ϵB, o + μsolvation −
ϵB, w = 6.5 ± 0.4 kBT. We estimated the uncertainty from the
spread of tabulated values; see the Supporting Information.
Figure 6A, B shows plots of the predicted eΔϕ/kBT as a

function of co
∞, which is equivalent to [TBAP]. One should

expect strong electrostatic attraction between the particles and
the interface when eΔϕ/kBT is on the order of 1. We found the
closest agreement with the data with a threshold value of 1/2
(i.e., Δϕ ≈ −12.5 mV). When cs = 10−2 M, the predicted
threshold [TBAP] in DCE is about 12 × 10−4 M, which is in
reasonable agreement with the measured value of about (7 ±
2) × 10−4 M (Figure 4). Larger values for the threshold eΔϕ/
kBT shifts the trend toward larger threshold [TBAP] (e.g., to 4
× 10−3 M if eΔϕ/kBT = 1).

A more comprehensive comparison of our model to the
results is shown by the straight line in Figure 4B, which shows
the predicted boundary between stable and unstable
emulsions. The threshold value of eΔϕ/kBT = 1/2 gave a
reasonable agreement with the data at salt concentrations cs <
0.1 M. For nonpolar solvents that yield a spontaneous negative
interfacial potential, a larger threshold value of eΔϕ/kBT
should be expected.
For salt concentrations cs near 0.1 M or greater, the model

overstates the region of emulsion stability (Figure 4). In this
limit, our approximations break down because of the
correlation among the ions in bulk or near the interface,
where the ion concentration is high. The extent of ion
correlations can be estimated from the coupling constant Γ,
defined as Γ = lB/d, where lB is the Bjerrum length (=e2/
(4πεε0kBT)), and d is the mean distance between ions.82 Using
our model, we estimated Γ in the bulk and interface regions on
both the water and oil sides. (See the Supporting Information
for details.) For cs = 10−3 M and [TBAP] = 2 × 10−4 M in
DCE (near threshold), we estimate Γ = 0.07 and 0.87 at the
interface on the water and oil sides, respectively. The coupling
constants are lower in the bulk. In this range, the Poisson−
Boltzmann theory should apply with a reasonable accuracy. For
cs = 0.1 M and [TBAP] = 3.3 × 10−2 M, however (again near
threshold), the estimated Γ increased to 0.32 and 3.8 on the
water and oil sides, respectively. In this regime, we should not
expect the Poisson−Boltzmann theory to be accurate owing to
strong ion-ion correlations. Hence, our main conclusion is that
this model captures the essential physics and allows us to make
reasonable order-of-magnitude estimates for aqueous-phase
salt concentrations cS < 0.1 M.
Because of the Born energy that drives the smaller anions

into the aqueous phase, our model predicts that the ClO4
−

partitioning is stronger for oil with lower ε. We are not aware
of the reported measurements of the free energy of ClO4

−

partitioning in DCM, but we can make an estimate from the
tabulated DCE values. First, we assume that μsolvation is the
same, and then, we use the known Born energy to account for
the different dielectric constants of DCE and DCM. For this
purpose, we used the estimated ionic radius of ClO4

− as 2.41
Å.83 (See the Supporting Information for details). The result is
ϵB, o + μsolvation − ϵB, w = 8.4 kBT for DCM. This approach
predicts that the threshold TBAP for DCM should be about
1.5× smaller than that for DCE. Hence, DCM should show a

Figure 6. Plots of eΔϕ/kT from the model, eq 5. (A) Predictions for DCE for various values of aqueous-phase salt concentration, cs. (B) Predicted
results for DCE and DCM and cs = 0.001 M.
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stronger partitioning effect than DCE. The data of Figure 4
show that the threshold [TBAP] was indeed smaller for DCM
by a factor of 3 or more, which is qualitatively consistent with
the model. The difference between them might arise from the
fact that at threshold, eΔϕ/kBT is not ≪1. Additionally, it may
be that μsolvation is greater for DCM than for DCE, or image-
charge repulsion, which should be stronger for DCM than for
DCE, led to an increased [TBAP] that is not accounted for in
our model. (As suggested earlier, however, image-charge effects
should not predominate for these small particle sizes.40) In
general, our model leads us to expect that the ion-partitioning
effect should be stronger in less polar solvents such as
alkanesprovided that TBAP is soluble at the threshold
concentration. For low-dielectric constant solvents such as
alkanes, the latter constraint may be prohibitive.
We have assumed that TBA+ ions do not transfer to the

aqueous phase. This assumption is supported by the measured
transfer free energy for TBA+,81 which is 13 kBT different from
ClO4

− (strongly disfavoring TBA+ transfer to water). This
implies that the ratio of concentrations of TBA+ to ClO4

− in
water would be about e−13 or about 10−6. We have also
neglected the possibility that Ludox particles bound at the
interface might alter the potential nearby, as discussed
previously,59 or that the particle charge changes by ion
adsorption or charge regulation26 (as in oil-dispersed particles
of prior work57,58). These would be useful topics of future
study if combined with quantitative measurements of particle
surface coverage.
The time needed for the ClO4

− ions to repartition and for
Δϕ to reach equilibrium is not readily estimated, as it depends
on the details of the ion distribution at the interface itself.
From the experiments, however, it is clear that the timescale is
at least a few minutes because we had to continue shaking the
samples for at least this long in order to obtain repeatable
results. This remains an interesting topic for future study. If,
for example, the timescale for the buildup of the interfacial
charge can be made short enough, interfacial charging might be
an effective way to drive particles to interfaces and rapidly
stabilize the nonequilibrium structure such as bijels.21,22

3.7. Adsorption vs Breaching. Having established a
double-layer attraction between the interface and the silica
particles when TBAP is present, we now return to the question
of whether one should expect the particles to penetrate
partway into the oil phase. Neglecting electrostatic effects and
assuming equilibrium, particles should breach the interface
when there is a finite three-phase contact angle, that is, when
γpw − γow < γpo < γpw + γow (where γ is the interfacial tension
and subscripts o, w, p refer to oil, water, and particle,
respectively).2,3 Because the particles are hydrophilic, γpw is
very likely smaller than γow. Therefore, the left-most side of this
equality is likely negative, and the first condition should be
satisfied. For charged silica particles, however, the value of γpo
may be quite high because of the high free energy cost of
transferring the dissociated charges into oil. The rationale is
the same Born-energy argument described above. Thus, the
second inequality condition is likely violated (i.e., we expect γpo
≥ γpw + γow). Because of these surface charges, it is quite
reasonable that the silica particles would be electrostatically
attracted to the interface and yet not breach it. This argument
is consistent with our results, although we were unable to rule
out the possibility that microspheres bind with a low contact
angle. This argument also explains our finding that silica
particles could spontaneously desorb when the salinity was

increased. By contrast, charged latex particles often irreversibly
breach the interface, which we attribute to hydrophobic
patches on their surface that lower γpo and satisfy both
inequalities.
We found that a millimeter-scale borosilicate glass sphere

breached the interface and formed a finite receding contact
angle at the pure DCE−water interface. The angle, measured
through the aqueous phase, increased from 96° to 130° with
added TBAP. (The surface properties of borosilicate glass are
not the same as those of silica nanoparticles, so this result does
not contradict the silica results.) Using the Pieranski/Koretsky
model, we can estimate the binding energy for a particle
approaching from the aqueous phase: EB = πR2γow(1 − cosθ)2,
where θ is the contact angle measured through the aqueous
phase. From the measured θ, we find that EB increased by a
factor of approximately 2.2 when [TBAP] increased from 0 to
0.05 M. Here, unlike the nanoparticle case, the glass surface
was partially wetted by the oil, so there was no double-layer
attraction between the particle and the interface. Instead, we
propose that the high concentration of TBA+ cations in the oil
served as counterions for the surface-bound silanol groups,
leading to an entropic gain from the release of the water-based
counterions. This effectively reduces γpo and cosθ and thereby
increases EB.

4. CONCLUSIONS
We found that the anionic charge and hydrophilicity of silica
particles prevented the adsorption of anionic Ludox silica
particles, but that adding TBAP to the bulk oil drove
adsorption. As a result, nonfunctionalized hydrophilic, anionic
silica particles stabilized Pickering emulsions when the TBAP
concentration in the oil phase exceeded a well-defined
threshold concentration. The measured values of the threshold
[TBAP] were (2.1 ± 0.2) × 10−4 M for DCE and (0.6 ± 0.1)
× 10−4 M for DCM with 5 wt. % anionic Ludox AS in water.
We attribute this stabilization to the trapping of TBA+ cations
in the oil phase and partitioning of the ClO4

− ions into the
water phase, where the electrostatic energy is lower and the
entropy is higher. This partitioning leaves a net positive charge
from TBA+ inside the oil near the interface, and it increases the
electrostatic potential on the aqueous side of the interface
relative to the aqueous bulk. Correspondingly, we found that
cationic Ludox CL had a different trend: we found adsorption
and stable emulsions with pure-TCB droplets (attributed to
spontaneous negative interfacial potential) and no emulsions
with added TBAP.
We explained our results using the Poisson−Boltzmann

theory combined with previous measurements of the transfer
free energy of the TBA+ and ClO4

− ions. The model
successfully explains our results, agrees with the measured
threshold [TBAP] values within a factor of approximately 2,
and accounts for the different characteristics of DCE and
DCM. As long as TBAP or a similar electrolyte dissolves in the
oil phase, the same partitioning effects should be found for a
wide range of oils. A relevant comparison is the octanol-in-
water example reported earlier, where TBANO3 added to the
aqueous phase at 5 × 10−5 M led to silica-stabilized emulsions,
even though the silica zeta potential was apparently unaffected
by TBANO3. Octanol has a dielectric constant similar to DCE,
so it may be that the TBA+ cations partitioned into the oil
phase and created an interfacial charge, as described here. Our
model also accounts for the competitiveand reversible
effect of salt added to the aqueous phase at concentrations
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below 0.1 M. At higher concentrations, however, the model
greatly overestimates the emulsion-stabilizing effect owing to
correlations among the ions.
While it appears to be generally the case that hydrophilic

silica particles cannot emulsify oils near neutral pH and
without surface modifications,44−46 there is at least one
exception: the polar oil diisopropyl adipate.51 Even in that
case, lowering the pH (and hence the particle charge)
improved emulsion stability, presumably by lowering the
repulsion of the charged interface. As far as we are aware, it
remains unclear how to predict which oils spontaneously lead
to a high interfacial potential when dispersed in water. We
anticipate, although, that the addition of partitioning ions such
as TBAP will always favor anionic particle binding, and the
addition of competing salts such as NaClO4 will always tend to
suppress it.
Our results provide two important developments for

applications. First, tuning the electrostatic interfacial potential
allows Pickering emulsions to be formed with as-made silica
particles without modifying their surfaces to make them
partially hydrophobic. This approach opens the door to use a
large class of inorganic colloids (which are often hydrophilic
and anionic) without surface modifications. Second, particle
adsorption is reversible: adding salt to the aqueous phase
causes the particles to desorb spontaneously, the emulsion
droplets coalesce, and the oil and aqueous phases separate.
This means that emulsions can be stable even if particles do
not breach the interface, and the binding is reversible, as noted
recently41,58 and in contrast to earlier reports.51 This also
demonstrates that these emulsions are sensors of salinity, and
emulsion-based materials might be made to coalesce and
trigger chemical reactions in response to exposure to sea water.
More generally, this study provides new insight into ion-driven
electrostatic interactions that govern particle binding at fluid
interfaces.
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(81) Electrochemical Database (École Polytechnique Fed́eŕale de
Lausanne (EPFL), http://sbsrv7.epfl.ch/instituts/isic/lepa/).
(82) Laanait, N.; et al. Tuning ion correlations at an electrified soft
interface. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 20326−20331.
(83) Marcus, Y. Ionic Radii in Aqueous Solutions. Chem. Rev. 1988,
88, 1475−1498.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c02919
Langmuir 2022, 38, 2821−2831

2831

 Recommended by ACS

Adsorption Dynamics of Surface-Modified Silica
Nanoparticles at Solid–Liquid Interfaces
Mohammad Ali Khazaei, Azadeh Kordzadeh, et al.
SEPTEMBER 30, 2022
LANGMUIR READ 

How Particle Deformability Influences the Surfactant
Distribution in Colloidal Polymer Films
Toby R. Palmer, Joseph L. Keddie, et al.
OCTOBER 04, 2022
LANGMUIR READ 

Impact of Particle Sedimentation in Pendant Drop
Tensiometry
Roy J. B. M. Delahaije, Jack Yang, et al.
AUGUST 09, 2022
LANGMUIR READ 

Plant Latex as a Versatile and Sustainable Emulsifier
Hemant Kumar and Madivala G. Basavaraj
OCTOBER 21, 2022
LANGMUIR READ 

Get More Suggestions >

https://doi.org/10.1088/0953-8984/15/48/017
https://doi.org/10.1088/0953-8984/15/48/017
https://doi.org/10.1088/0953-8984/15/48/017
https://doi.org/10.1088/0957-0233/27/4/045007
https://doi.org/10.1088/0957-0233/27/4/045007
https://doi.org/10.1006/jcis.2000.7192
https://doi.org/10.1006/jcis.2000.7192
https://doi.org/10.1134/S1061933X18030080
https://doi.org/10.1134/S1061933X18030080
https://doi.org/10.1006/jcis.1994.1319
https://doi.org/10.1006/jcis.1994.1319
https://doi.org/10.1039/ft9928802031
https://doi.org/10.1039/ft9928802031
https://doi.org/10.1021/jz300805b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz300805b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja202081x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja202081x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1242852
https://doi.org/10.1126/science.1242852
https://doi.org/10.1126/science.1242852
https://doi.org/10.1021/nl502450j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl502450j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6SM01214K
https://doi.org/10.1039/C6SM01214K
https://doi.org/10.1016/0021-9797(89)90122-7
https://doi.org/10.1016/0021-9797(89)90122-7
https://doi.org/10.1016/0021-9797(89)90122-7
https://doi.org/10.1021/la00036a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/bcsj.47.2764
https://doi.org/10.1246/bcsj.47.2764
https://doi.org/10.1080/14786443908521199
https://doi.org/10.1080/14786443908521199
https://doi.org/10.1088/0953-8984/20/49/494238
https://doi.org/10.1088/0953-8984/20/49/494238
https://doi.org/10.1103/PhysRevLett.99.178301
https://doi.org/10.1103/PhysRevLett.99.178301
https://doi.org/10.1103/PhysRevLett.99.178301
http://sbsrv7.epfl.ch/instituts/isic/lepa/
https://doi.org/10.1073/pnas.1214204109
https://doi.org/10.1073/pnas.1214204109
https://doi.org/10.1021/cr00090a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c02919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01234?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02170?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01193?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c02229?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670519104&referrer_DOI=10.1021%2Facs.langmuir.1c02919
https://preferences.acs.org/ai_alert?follow=1

