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Hypothesis: Attractive and repulsive interparticle forces influence the stability and structure of Pickering
emulsions. The effect these forces have on emulsion behavior must be better understood to improve
Pickering emulsions for subsurface applications, including enhanced oil recovery and aquifer decontam-
ination. Past work demonstrates improved emulsion stability with increasing salinity and reduced elec-
trostatic repulsion, possibly because of interparticle networks. We hypothesize that emulsion stability is
similarly improved by reducing interparticle steric repulsion.
Experiments: We assessed the effect of interparticle forces on emulsion stability by generating decane-in-
water emulsions. We used polyethylene glycol (PEG)-coated silica nanoparticles with different diameters,
surface modification, and salinities to modify either vdW, steric, or electrostatic interactions. We mea-
sured emulsion stability using centrifugation, imaged emulsion droplets with optical microscopy, and
analyzed images with ImageJ to calculate droplet diameters.
Findings: Mildly aggregated particles with 0.5–1.0 lmol/m2 surface PEG exhibit the highest emulsion sta-
bility. This optimal surface concentration maximizes a trade-off between particle repulsion and aggrega-
tion. Droplet diameters are well explained by an energy balance limited coalescence model, generated by
solving DLVO equations. We find that while emulsion stability is influenced by interparticle forces, dro-
plet size is dominated by particle-droplet interactions. These results demonstrate the potential of surface
modification to significantly improve emulsion stability.
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1. Introduction

Nanoparticle-stabilized emulsions (i.e., Pickering emulsions)
are a particularly stable form of emulsification and are used
broadly [1–6], including the petroleum industry (in particular, for
enhanced oil recovery and aquifer decontamination) [7–11], food
science [12,13], biomedicine [14,15], and other fields [16,17].
Nanoparticles stabilize Pickering emulsions by partitioning to the
fluid-fluid interface and physically blocking droplet coalescence
[18,19]. This mechanism contrasts with more conventional surfac-
tants that stabilize emulsions by reducing interfacial tension
between fluids. The position of solid particles at a Pickering inter-
face is favorable because the particle occupies an area that previ-
ously separated two immiscible fluids. The change in energy
after particle attachment (the attachment energy, DE) is expressed
as [1]:

DE ¼ pr2cð1� cos hð Þj jÞ2 ð1Þ
where r is the particle radius, c is the fluid–fluid interfacial tension,
and h is the contact angle between the two fluids at the solid parti-
cle surface, measured from the wetting phase. The potential for high
attachment energies and consequently high emulsion stability
make nanoparticles attractive alternatives or additives to surfac-
tants as emulsifying agents, especially in extreme conditions (high
temperature, pressure, and salinity) [20].

The structure and stability of Pickering emulsions appear to be
influenced strongly by particle interactions, although the specifics
of these effects are unclear. Several studies observed that mild par-
ticle aggregation can improve emulsion stability greatly [21–25].
This phenomenon is thought to be caused by interparticle net-
works [26–28], a process where interacting particles arrange into
rigid three-dimensional networks between emulsion droplets that
increase the emulsion’s resistance to creaming and coalescence.
The specific conditions that lead to interparticle networks and
optimal emulsion stability are not fully understood. There is a
demand for very stable Pickering emulsions at low particle concen-
trations, especially in subsurface applications such as enhanced oil
recovery and aquifer contamination. Further study of this behavior
is needed to develop new approaches that increase emulsion
stability.

Building from the original DLVO theory [29,30], interactions of
nanoparticles in the bulk (i.e., unattached) and at the droplet inter-
face (i.e., attached) can be described in terms of an extended DLVO
theory [31–33]. Under the extended DLVO theory, the total interac-
tions between two particles arise from the van der Waals (i.e.,
vdW), electrostatic, and steric forces. The vdW force is a short-
range attractive force caused by the sum of interactions driven
by fluctuations in electron density between nearby atoms within
the two particles. Electrostatic forces act to repel particles with
electrical charges of the same sign. The steric force is a repulsive
force caused by overlapping electron clouds of atoms on particle
surfaces when two particles approach. Altogether, the total inter-
action potential, UT, is equal to the sum of the energies associated
with these three forces, given below:

UT ¼ UvdW þUE þUs: ð2Þ
UvdW, UE, and US refer to the vdW, electrostatic, and steric interac-
tion energies, respectively. A small or negativeUT between particles
is a predictor for particle aggregation; similarly, particles with large,
positive UT are expected to be stable.

The effect of electrostatic interactions on emulsion behavior is
well documented in the literature. There is substantial experimen-
tal evidence that Pickering emulsion stability increases with
increasing aqueous phase salinity [34–41]. As salinity increases,
the electrostatic field is screened by free ions in the aqueous phase,
825
the Debye length decreases, and UE trends towards zero [34]. As a
result, particles flocculate more easily and can produce very stable
emulsions [41]. This effect is observed in emulsions with oil–water
ratios less than 0.5 [35,37,40], although it appears to be most sig-
nificant at oil–water ratios of 0.5 or higher [34]. The effects of steric
and vdW interactions on emulsion behavior, however, are less
clear. Raghavan et al. demonstrated that colloidal interactions
between dispersed particles are varied with steric effects by
replacing Si-OH groups at the particle surface with non-polar alkyl
ligands [42]. Others have shown that steric interactions are altered
by surface modifications that induce particle aggregation [43],
optimize particle targeting [44], and stabilize uncharged
surfactant-stabilized emulsion droplets [45]. While vdW attraction
is known to cause particle aggregation in the absence of electro-
static and steric repulsion, it is difficult to manipulate vdW forces
in a controlled setting. Studies on the effect of particle diameter on
emulsion properties show that larger particles lead to larger, less-
stable emulsion droplets, holding particle concentration equal [46–
48]. From the Derjaguin approximation, attractive vdW forces are
expected to increase with increasing nanoparticle diameter [49].

This work examines the effects of steric repulsion on the forma-
tion and stability of Pickering emulsions. We hypothesize that
interparticle networks can be induced by controlling US, similar
to research demonstrating improved emulsion stability in high
salinity conditions with lowUE, thought to be driven by the forma-
tion of interparticle networks. First, to measure the importance of
steric forces, we grafted silica nanoparticles with 3-[methoxy(poly
ethyleneoxy)6-9]propyltrimethoxysilane (PEG-silane) and
adjusted the grafted surface density to manipulate US (holding
UvdW and UE constant). Using centrifugation to measure emulsion
stability, we discovered and quantified an intermediate grafting
density that maximized interparticle networks while preventing
excessive particle aggregation. Second, attempting to measure
the influence of vdW forces, we generated Pickering emulsions that
kept US constant while varying UE, and investigated if changes in
UvdW via different particle diameters affect emulsion stability.
Finally, we combined all three DLVO interactions into an energy
balance model to calculate emulsion droplet diameter, agreeing
with our experimental microscopy data. Our results help explain
emulsion stability in terms of interparticle DLVO interactions, but
show that emulsion droplet diameter is dominated by particle-
droplet interactions. Further, we observe large increases in emul-
sion stability with careful control of US, introducing a new consid-
eration of particle design to generate stable Pickering emulsions at
low particle concentrations.
2. Materials and methods

2.1. Materials

NexSil 6, 12, and 20 silica nanoparticles (CAS: 7631-86-9; Lot
No. 112820, 110178, and 105704; Nyacol) with average diameters
of 6, 12, and 20 nm, respectively, were used as the bare nanoparti-
cles for polymer grafting. Here, the particles are referred to by their
diameter, with properties given in Table S1.

The particles are spherical amorphous silica stabilized in a basic
aqueous solution. We used 3-[methoxy(polyethyleneoxy)6-9]pro
pyltrimethoxysilane (PEG-silane, CAS: 65994-07-2, >99% purity,
Gelest) to graft PEG ligands to the silica surface. n-decane (CAS:
124-18-5, >99% purity, Chevron Phillips) was used as the oil phase
in all emulsions. Sodium chloride (NaCl, CAS: 7647-14-5, 99.5%
purity, Fischer Scientific), calcium chloride (CaCl2, CAS: 7440-70-
2, 97% purity, Fischer Scientific), and deionized water (DIW) were
used to make 5API brine (4 wt% NaCl, 1 wt% CaCl2, 95 wt% DIW).
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DIW was produced from a Barnstead E-Pure Ultrapure Water
Purification System at 18.2 MX�cm.
2.2. Surface modification of silica nanoparticles with PEG-silane to
produce PEG-NP

The reaction to graft PEG-silane to the silica surface followed a
similar procedure to past work [32,50]. Stock nanoparticle solution
containing 2 g of silica was mixed with DIW and PEG-silane in a
vial at a combined mass of 20 g (10 wt% silica). The amount of
PEG-silane added to the reaction was proportional to the desired
PEG grafting density, and is described in more detail in Section 3.1.
The vial was sealed with PTFE tape and stirred overnight above
65 �C to hydrolyze and condense the PEG-silane to the silica
surface.

Following the reaction, the particle dispersion was pipetted into
an Amicon Ultra-15 30 k MWCO centrifuge filter and washed with
DIW eight times for 30 min at 5000 g. The retentate from the final
wash was sonicated in DIW to disperse the clean particles. We
refer to the final sonicated product as PEG-NP. Three samples from
each batch of PEG-NP produced were extracted, weighed, and
heated in an oven for 3 h at 120 �C to remove water and calculate
an average nanoparticle mass concentration (wt%) of the entire
batch. We used this reaction and filtration procedure to produce
6 nm, 12 nm, and 20 nm particles with various PEG grafting
densities.
2.3. Measurement of PEG surface density with thermogravimetric
analysis (TGA)

PEG grafting density was measured using thermogravimetric
analysis (TGA). We followed a method similar to past studies
[28,32,41]. A sample of containing 5–10 mg of PEG-NP was dried
overnight in an aluminum oxide crucible at 80 �C. The dried sample
and crucible were placed in a Mettler Thermogravimetric Analyzer
TGA/DSC 1. Under 50 mL/min of nitrogen (N2, CAS: 7727–37-9,
>99.99% purity, Praxair) flow, temperature was increased from
30 �C to 110 �C at a rate of 10 �C/min and held at 110 �C for
20 min to remove any remaining water. Temperature was then
increased from 110 �C to 800 �C, and the change in mass was
recorded. The organic fraction, fo, was calculated as the fraction
of mass lost during the transition from 110 �C to 800 �C with
respect to the mass at the start of the transition. The PEG grafting
density, ul, was calculated from fo using Eq. (3):

ul ¼
f o � f o;np

ð1� f o � f i þ f o;npÞSAMTGA
; f i ¼

ðf o � f o;npÞMiTGA

MTGA
: ð3Þ

Eq. (3) relates fo with SA, the specific surface area of the original
silica particles, MTGA, the molecular weight of the segment of PEG
ligand removed at high temperature (404 g/mol), fo,np, the apparent
organic fraction measured from unmodified silica nanoparticles,
and fi, the inorganic mass fraction. The final term, fi, represents
mass from the PEG ligands that remain attached to the silica sur-
face. We assume that the average molecular weight of the segment
of PEG ligand that remains at high temperature, MiTGA, is 52 g/mol.
2.4. Measurement of particle diameter and zeta potential

Particle diameters and zeta (f) potentials were measured using
a Malvern Zetasizer Nano ZS. A 1 wt% sample of nanoparticles was
prepared in either DIW or 5API brine. Particle diameters were mea-
sured in Malvern DTS 0012 cuvettes using dynamic light scattering
and reported as the Z-average diameter; f potentials were mea-
sured in a Malvern DTS 1070 zetacell.
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2.5. Measurement of particle three-phase contact angle

Particle contact angle was measured via the sessile drop
method on a spin-coated glass surface. We prepared microscope
slides by stirring them overnight with diluted 0.1 N hydrochloric
acid (HCl, CAS: 7647-01-0, 12.1 N, Fischer Scientific) on a hot plate
set to 70 �C. We further rinsed the surface with isopropanol
(C3H8O, CAS: 67-63-0, >99.5% purity, MilliporeSigma) and DIW,
and air-dried the slides. Once cleaned, we deposited enough
10 wt% aqueous nanoparticle solution to cover the glass surface
and spin-coated the slide for 60 s at 1000 rpm (1000 rpm/s accel-
eration) in a Laurell WS-650-23 spin-coater.

The spin-coated slide was placed in an empty plastic container
with flat edges, into which we pipetted decane as the continuous
phase. With a pipette tip positioned above the spin-coated surface
and below the decane-air interface, a 7.5 lL droplet of DIW or brine
was deposited onto the glass and recorded at 7.6 FPS. The first
frame of contact between the settled droplet and particle surface
was analyzed by running sessile drop calculations in the OneAtten-
sion software from Biolin. Multiple measurements were taken for
each batch of filtered particles and averaged into one data point
for both DIW and brine.

2.6. Particle imaging with transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was carried out with a
JEOL NEOARM electron microscope to visualize particle size distri-
bution and morphology. The imaging was performed using
aberration-corrected STEM at 80 kV. To prepare the particles for
imaging, a 20 lL sample of dilute PEG-NP (0.1 to 1 wt%) was
dropped onto a 300-mesh carbon-gold lacey grid. The grid and par-
ticles were heated to 100 �C for 30 min before imaging to mitigate
carbon contamination. Imaging was conducted for 6, 12, and 20 nm
PEG-NP, but not for ungrafted silica, which was unstable and floc-
culated when dried.

2.7. Emulsion generation

Emulsions were produced with tip sonication, following similar
procedures to past work [41]. First, we prepared an aqueous dis-
persion of DIW or 5API brine containing PEG-NP with the desired
diameter, PEG grafting density, and mass concentration in the
aqueous phase. We then combined 20 mL of the aqueous disper-
sion with 20 mL of decane in a 50 mL glass beaker. Sonication
was performed with a Branson 450 Digital Sonifier. A 5 mm micro-
tip was positioned in the center of the beaker at the aqueous/oleic
interface, and the sample was sonicated three times for 10 s at 50%
amplitude. The sample was lightly stirred after each 10 s pulse. The
final product was a fully emulsified oil-in-water mixture.

2.8. Centrifugation

Emulsion stability was evaluated with centrifugation, similar to
previous studies [39,41]. 30 g of freshly sonicated emulsion was
transferred to a Falcon 50 mL polypropylene conical centrifuge
tube. The tube was then centrifuged for 15 min in an Eppendorf
5810R Centrifuge at 5000 g. Centrifuge forces caused the continu-
ous aqueous phase to separate below the emulsion and caused any
coalesced decane to separate above the emulsion. The separated
decane was extracted with a pipette and the change in emulsion
mass was recorded. Emulsion stability was quantified as the vol-
ume fraction of decane separated and extracted during this pro-
cess, with larger volume fractions of decane being released in
weaker emulsions, and smaller or negligible volume fractions sep-
arating in stronger emulsions.
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2.9. Optical microscopy and droplet size calculation

To quantify emulsion size distributions, direct measurements
were enabled using optical microscopy. Emulsions were diluted
in the appropriate aqueous phase (DIW or 5API brine) to aid dro-
plet visibility and pipetted onto a glass microscope slide with a
cover slip. We used an optical microscope (Nikon Labophot-Pol)
and Nikon Digital Sight DS-Fil camera to take at least 10 images
for each emulsion at resolutions of 0.271 lm/pixel (40x magnifica-
tion), 1.08 lm/pixel (10x magnification), and 2.71 lm/pixel (4x
magnification). Over 3000 images were captured and analyzed in
total. We binarized the images in ImageJ and ran a particle ana-
lyzer on the oil droplets to obtain a distribution of droplet diame-
ters from each magnification. The droplet diameters were
combined into a single distribution, proportional to their coverage
on the microscope slide, from which we calculated the Sauter
mean diameter, D32, given in Eq. (4):

D32 ¼
Pn

i Di
3

Pn
i Di

2 ð4Þ

where Di refers to the diameter of droplet i in a distribution of n dro-
plets. For the purpose of this calculation, the cover slide height was
determined by measurement of focal planes to be approximately
50 lm; larger droplets that were flattened by this restriction were
converted by their apparent shape under the microscope into an
equivalent sphere from which their diameter, Di, was obtained.
3. Results and discussion

We investigated the effect of US and UvdW on emulsion stability
by generating two separate sets of nanoparticles. For the first set,
we grafted 6 nm silica nanoparticles with varying amounts of
PEG-silane. We expect similar UvdW for the particles given their
constant diameter, and different US as the PEG concentration
increased. For the second set, we varied the UvdW while keeping
US constant by grafting equal amounts of PEG-silane to particles
with different diameters.

We characterized both sets of PEG-NP, including long-term sta-
bility measurements of the first set dispersed in brine (to observe
differences in steric stability) and TEM images of the second set
(to observe differences in particle diameter and polydispersity).
These results are reported in Sections 3.1 and 3.2. From these
results, we separated our particles into three categories. Type I par-
ticles had low concentrations (0–0.5 lmol/m2) of PEG grafted to
the silica surface, low US, and consequently poor long-term stabil-
ity in brine, aggregating in under one minute. Type II particles had
moderate concentrations (0.5–1.0 lmol/m2) of surface PEG, inter-
mediate US, and intermediate long-term stability in brine, with
aggregation on timescales ranging from minutes to months. Type
III particles had high concentrations (above 1.0 lmol/m2) of sur-
face PEG, high US, and excellent long-term stability in brine, likely
requiring longer than one year to aggregate. The first set of PEG-NP
(variable US) consisted of all three types; the second set (variable
UvdW) contained only Type III particles.

In Section 3.3, with our first set of PEG-NP, we show that Type II
particles produced the most stable emulsions. Type I and III parti-
cles produced weak and moderately stable emulsions, respectively.
These results are explained by a trade-off between particle aggre-
gation and repulsion. When introduced to 5API brine, Type I parti-
cles aggregate and settle at the bottom of the solution on the order
of seconds. These aggregates do not disperse during sonication, and
as a result do not transfer to the oil–water interface when emul-
sions are first formed. The resulting Type I emulsions are weak
and coalesce quickly. Type III particles, on the other hand, likely
do not interact strongly enough to benefit from the increased sta-
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bility observed in mildly flocculated particles [21–25]. Type II par-
ticles have enough surface PEG and US to resist complete
aggregation, but slowly aggregate and mildly interact, leading to
very strong emulsions. These three particle types are illustrated
by Fig. 1. The results for the second set of PEG-NP were less conclu-
sive, and we discuss them in Section S.3 of the supplemental
material.

In Section 3.4, to understand the effect of DLVO interactions on
emulsion droplet size, we developed an energy balance model
based on DLVO equations to predict droplet diameter. We closely
matched our predictions with diameter measurements from
microscope images. Using this model, we explain key trends of
droplet diameter as a function of particle concentration, particle
diameter, and aqueous phase salinity from the perspective of
energy balance equations. We show that, by replicating limited
coalescence with an energy balance, emulsion droplet size is con-
trolled by particle-droplet interactions, and not by interparticle
forces.
3.1. Nanoparticle characterization

We reacted silica nanoparticles in the presence of PEG-silane,
ranging from 0.5 to 16 lmol of PEG-silane in the reaction per
square meter of particle surface area. Fig. 2 plots the TGA-
measured PEG grafting density for both sets of particles as a func-
tion of PEG-silane added to the reaction [51]. These measurements
demonstrate that our reaction conditions are repeatable and cap-
able of small changes in the PEG grafting density, allowing us to
precisely control US. The reaction does not produce a significantly
different result at different particle diameters.

Table S2 lists the PEG grafting density, Z-average particle diam-
eter, f potential, and contact angle for each filtered batch of PEG-
NP and stock NexSil particles [51]. The Z-average diameter
decreased slightly from the original nanoparticle to the grafted
PEG-NP for all particles. This decrease likely resulted from sonica-
tion after particle filtration, where aggregated particles were dis-
persed. Fig. 3 plots the (a) f potential and (b) three-phase
particle-decane-water contact angle of the first set of PEG-NP
(6 nm) as a function of the PEG grafting density. We observed a
small decrease in the magnitude of f potential with increasing
PEG grafting density, indicating that neutral PEG ligands replaced
negatively charged hydroxyl groups at the silica surface (error bars
represent the standard deviation of the zeta potential measure-
ment). The f potential does not become positive because there
are still several unreacted hydroxyl groups on the silica surface
(7.6 lmol/m2 of surface SiOH sites is often assumed). As described
by the interaction potential isotherm, a decrease in the magnitude
of f potential is associated with reduced hydrophilicity [52]. Corre-
spondingly, as the PEG grafting density increased, we observed an
increase in the three-phase contact angle with respect to the aque-
ous phase for both DIW and brine, indicating reduced hydrophilic-
ity. There was no significant difference between the contact angles
measured in DIW or brine. The shaded region represents two stan-
dard deviations of uncertainty in the coefficients of linear regres-
sion to the combined data.

The second set of PEG-NP (constant PEG grafting density of 1.
65–1.85 lmol/m2, varying particle diameter) was analyzed with
TEM. Fig. 4 displays TEM images of the 6, 12, and 20 nm PEG-
coated particles. Each image uses an identical scale for comparison.
The particles were monodisperse, with some variance in diameter
within each batch but no exceptionally large particles or aggre-
gates present. Particle diameters were approximately consistent
with their nominal sizes. These images demonstrate that the parti-
cles roughly correspond to spheres with predictable diameters and
should be well represented by the extended DLVO equations.



Fig. 1. Illustration of the effect of particle type on emulsion stability. Type I, II, and III particles refer to fast (<1 min), slow (days to months), and negligible (>1 year)
aggregation rates, respectively. Type I particles interact too strongly and aggregate, leading to weak emulsions. Type II particles mildly flocculate and produce very strong
emulsions. Type III particles are stable and brine and produce moderately strong emulsions; however, because they strongly repel each other with steric forces, they do not
exhibit flocculation.

Fig. 2. PEG grafting density at the silica surface measured by TGA, plotted as a
function of PEG-silane added to the reaction. The black line fits the data to a
Langmuir adsorption model with a maximum coverage of 2.37 lmol/m2.

D. Hatchell, W. Song and H. Daigle Journal of Colloid and Interface Science 626 (2022) 824–835
3.2. Effect of PEG grafting density on the long-term stability of
nanoparticles in brine

Before using our first set of PEG-NP (6 nm diameter, 0.28 lmol/
m2 to 1.90 lmol/m2 PEG grafting density) to study the effect of US

on emulsion behavior, we measured the long-term stability of the
particles in 5API brine. We then compared the stabilities to DLVO
calculations of the steric interaction to demonstrate that US was
changing significantly with the PEG grafting density.
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We mixed 1 wt% particles with 5API brine in a sealed vial and
allowed them to sit at room temperature for six weeks, periodically
measuring the DLS Z-average diameter of the samples and tracking
the growth of particle size over time. Fig. 5 (a) plots the particle
growth for different PEG grafting densities. The Z-average diame-
ters ranged from 10 to 20 nm to 10000 nm, the upper limit of
our measurement. The error bars for Z-average diameter represent
two standard deviations, based on previous repeat measurements
of similarly-sized particles. This error is approximately ± 10% of
diameter for smaller particles and ± 40% for larger particles.

Particle stability to aggregation in 5API brine depended on the
PEG grafting density. The particles with the smallest amount of
PEG (0.28 lmol/m2 PEG-NP, bare silica) aggregated immediately
in brine and were not measured. PEG-NP with 0.42 lmol/m2 PEG
grafting density aggregated in less than one minute. As PEG graft-
ing density increased, the timescale of aggregation increased by
orders of magnitude, with.

0.52 lmol/m2, 0.65 lmol/m2, and 0.81 lmol/m2 PEG-NP
respectively taking a day, a week, and several months to aggregate.
Above 1 lmol/m2, aggregation was negligible over six weeks.

We calculated a stability ratio, W, to quantify the aggregation
rate for each particle, using Eq. (5) [53]:
W ¼ 4kBTNot1=2
3l

ð5Þ
where T is temperature, No is the initial number of nanoparticles
present, t1/2 is the half-life of particle aggregation, and l is the vis-
cosity of the continuous phase. The time for the number of nanopar-
ticles to decrease by half, t1/2, is determined by calculating the
change in particle volume over time from the Z-average diameter.



Fig. 3. (a) DLS-measured particle f potential in DIW as a function of PEG grafting density for 6 nm PEG-NP; (b) Particle-decane-water contact angle with respect to the
aqueous phase (both DIW and brine) as a function of PEG grafting density for 6 nm PEG-NP. The two inset images show aqueous droplets on a spin-coated surface submerged
in decane. Along with other measurements, they were analyzed with the sessile drop method to calculate the contact angle.

Fig. 4. TEM images of 6 nm, 12 nm, and 20 nm particles grafted with approximately 1.75 lmol/m2 PEG surface density. Each image has an identical scale bar of 40 nm.
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Fig. 5 (b) plots the stability ratio of each particle as a function of
PEG grafting density. Error bars represent the slope error of an
exponential fit to particle number versus time when calculating
t1/2. Below 0.5 lmol/m2 PEG grafting density, particles aggregated
too quickly to get an accurate measurement of W; we refer to the
particles that aggregated in less than one minute as ‘‘Type I” and
plot the upper limit of W (4 � 103) with an arrow indicating the
direction of the true value. Between 0.5 lmol/m2 and 1 lmol/m2,
particles exhibited aggregation timescales between one day and
one year. We measured W values ranging from 2 � 106 to
1 � 109 for these particles with total error bars between ± 20%
and ± 30% ofW (large in the absolute sense, but small on a logarith-
mic scale). We categorized these particles as ‘‘Type II”. Above
1 lmol/m2, aggregation occurred too slowly to properly measure;
we plot the minimumW (4 � 109) of these ‘‘Type III” particles with
arrows indicating that the true W is likely far larger.

Fig. 5 (b) also plots the DLVO energy barrier of separation - the
difference between DLVO local maximum and local minimum
interaction energies (UT) between two identical particles for differ-
ent separation distances - as a function of PEG grafting density. The
calculation of these interaction energy curves is described in detail
in Section S.2 and Fig. S1 in the supplemental material (SM)
[49,54,55]. As PEG grafting density increased, steric repulsion
increased significantly, resulting in higher UT. The DLVO energy
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barrier of separation follows the same general trend as the stability
ratio, demonstrating that small amounts of PEG added to the par-
ticle surface greatly increased both steric repulsion and particle
stability to aggregation.

3.3. Effect of DLVO interactions on emulsion stability

Using the results from nanoparticle characterization and long-
term stability measurements, we verified that our first set of
PEG-NP had varying PEG grafting density and US, while our second
set of PEG-NP had different particle diameters, and as a result of
the Derjaguin approximation [49], differentUvdW. With these prop-
erties confirmed, we could test the importance of each interaction
on emulsion stability.

Our first goal was to use the first set of PEG-NP to determine the
effect of US on emulsion stability. Using PEG grafting densities
between 0.42 lmol/m2 and 1.90 lmol/m2, we generated decane-
in-water emulsions with our 6 nm particles in 5API brine over a
wide range of particle concentrations. The concentration range
was chosen such that emulsions were completely stable to coales-
cence in the centrifuge on the high end of the range, and com-
pletely unstable to coalescence on the low end (with the
understanding that increased particle concentration improved
emulsion stability to centrifugation). Then, by centrifuging each



Fig. 5. (a) DLS-measured Z-average particle diameter in 5API brine over time, plotted for 6 nm, 0.42–1.90 lmol/m2 PEG-NP. (b) Experimental stability ratio (W) and
theoretical pairwise DLVO interaction potential energy barrier of 6 nm, 0.42–1.90 lmol/m2 PEG-NP, plotted as a function of PEG grafting density. Arrows indicate that the
measurement is limited by the timescale of aggregation, and the true value likely lies in the direction specified. Type I, II, and III particles refer to fast (<1 min), slow (days to
months), and negligible (>1 year) aggregation rates, respectively.
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emulsion across this concentration range, we identified the con-
centration of nanoparticles required to partially stabilize exactly
50% of the emulsion, and used this midpoint as a point of compar-
ison. The results of this experiment are plotted in Fig. 6 (a) and
summarized by the midpoint in Fig. 6 (b) [51].

Fig. 6 (a) displays stability curves for emulsions from each
nanoparticle batch as a function of nanoparticle concentration.
‘‘Volume fraction of decane released” refers to the volume fraction
of decane that separated out of the emulsion during centrifugation,
and is a proxy for emulsion stability: less decane separated from
Fig. 6. (a) Volume fraction of decane released from decane-in-brine emulsions after cent
plotted for 6 nm, 0.42–1.90 lmol/m2 PEG-NP. (b) Nanoparticle number concentration in t
volume after centrifugation, plotted as a function of PEG grafting density. This plot is con
fast (<1 min), slow (days to months), and negligible (>1 year, extrapolated from the dat
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stronger emulsions than from weaker emulsions because there
were fewer droplet coalescence events. To account for small
amounts of decane evaporating during sonication, if the measured
volume fraction of separated decane was above 0.95, the volume
fraction was set at 1. Error bars represent two standard deviations
in the volume of decane released (approximately ± 9%), based on
previous repeat measurements of comparable emulsions. Nanopar-
ticle concentration refers to the number concentration of particles
by volume of the aqueous phase, calculated by dividing the mass of
particles in the emulsion by the mass of a single particle (estimated
rifugation as a function of nanoparticle number concentration in the aqueous phase,
he aqueous phase required to produce an emulsion that releases 50% of its decane by
structed from the horizontal line drawn across (a). Type I, II, and III particles refer to
a) aggregation rates, respectively.
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using the volume and density of amorphous silica, as well as the
added mass of PEG). We did not produce emulsions from the set
of 0.91 lmol/m2 PEG-NP.

Each particle transitioned from an unstable emulsion to a stable
emulsion as particle concentration increased. To compare these
particles, we took a horizontal slice of the data at 50% volume frac-
tion of decane released and plotted the result in Fig. 6 (b), which
shows the particle concentration required for 50% stability as a
function of PEG grafting density. Error bars in Fig. 6 (b) represent
the concentration of the nearest emulsions that released more than
60% or less than 40% of decane after centrifugation. The emulsions
exhibited an interesting trend: at low PEG grafting densities (Type I
particles), the emulsions were weak, with 0.42 lmol/m2 PEG-NP
requiring 1.7 � 1016 particles / cm3 for 50% stability; 0.28 lmol/
m2 PEG-NP and bare silica failed to stabilize emulsions in brine
at all. At moderate PEG grafting densities (Type II particles), the
emulsions were very stable, requiring 1 to 3 � 1015 particles /
cm3 for 50% stability. Particles with higher PEG grafting densities
(Type III particles) were less stable, needing 6–7 � 1015 particles
/ cm3 to achieve the same stability.

If we only considered the interaction between a particle and the
droplet interface, as described by Eq. (1), we would expect emul-
sion stability to increase monotonically with increasing PEG graft-
ing density and consequently increased contact angle (as observed
in Fig. 3 (b)). However, the trend from Fig. 6 (b) is better explained
by coupling between steric repulsion and flocculation. Type I par-
ticles had low steric repulsion and likely aggregated too quickly in
5API brine to act as effective emulsifiers. As a result, the Type I
emulsions were comparatively weaker. Type III particles, on the
other hand, strongly resisted aggregation with high steric repul-
sion. The stability of Type III emulsions was higher than Type I
emulsions. Type II emulsions were the strongest of the three; the
Type II particles sufficiently resisted aggregation over the time-
scale required to generate an emulsion, but steric repulsion was
low enough to allow for significant interparticle attraction, which
is associated with high emulsion stability [21–25]. The improved
emulsion stability was likely caused by interparticle networks
[26–28], where electrostatic repulsion is sufficiently screened to
allow particles to interact and flocculate partially. These findings
are the first known quantification of a particle surface coverage
that optimizes emulsion stability via changes in steric repulsion,
and present a new approach for optimizing Pickering emulsion sta-
bility at low particle concentrations.

Our second goal was to evaluate the effect of UvdW on emulsion
stability. We repeated similar centrifugation experiments for our
second set of PEG-NP, which are described in detail Section S.3
and Fig. S2. We found that smaller particles required a greater
number concentration per volume of aqueous phase to stabilize
an emulsion to the same extent as larger particles. We further
observed that emulsions in DIW required a greater number con-
centration of particles to achieve the same stability as emulsions
in 5API brine. This finding supports past work suggesting that
reduced electrostatic repulsion in 5API brine promotes interparti-
cle networks and increases emulsion stability [41]. Controlling
for these two factors, we found that emulsions with 6 nm particles
exhibited the smallest improvement in stability (1.5–2.4 times
fewer nanoparticles) when switching from DIW to 5API brine,
compared to emulsions with 12 nm (2.5–5.6 times fewer nanopar-
ticles) or 20 nm particles (2.7–4.3 times fewer nanoparticles). This
smaller improvement in stability with 6 nm particles may be evi-
dence of smaller vdW attraction leading to weaker particle floccu-
lation in brine, although the trend is unclear and needs additional
study.
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3.4. Effect of DLVO forces on droplet diameter

In addition to evaluating emulsion stability, we examined emul-
sion droplet diameter using microscopy. We took multiple micro-
scope images at different magnifications from each emulsion
presented in the previous sections and processed the images into
a single representative measure of diameter, the Sauter diameter
(D32). Fig. 7 (a) through (e) plots D32 values as a function of
nanoparticle mass concentration for different contexts: (a) varying
particle diameter in brine, (b) varying particle diameter in DIW, (c)
6 nm PEG-NP in brine and DIW, (d) 12 nm PEG-NP in brine and
DIW, and (e) 20 nm PEG-NP in brine and DIW. The solid and dashed
lines are an energy balance model fit to the data, explained below.
There was no significant trend in D32 for 6 nm particles with vary-
ing amounts of PEG grafting density, so those data points were
combined into a single ‘‘6 nm, brine” curve in Fig. 7 (a) and (c).
Fig. 7 (f), (g), and (h) represent emulsions generated particles with
different characteristics (1 wt%, 6 nm, brine, D32 = 9.34 lm; 1 wt%,
12 nm, DIW, D32 = 45.9 lm; and 0.185 wt%, 20 nm, brine,
D32 = 135 lm, respectively). These three emulsions are highlighted
to demonstrate the range of particle properties and emulsion
diameters observed under the microscope.

A few trends stand out from the D32 measurements. Emulsion
droplets were larger in DIW than in 5API brine, holding particle
diameter and concentration constant. Emulsion droplets also
decreased in size with increasing particle concentration, and with
decreasing particle diameter. Plots of D32 against particle concen-
tration fit reasonably well to linear relations on a log–log scale.
These observations agree with previous measurements [41], and
are consistent with the particle-poor systems considered by lim-
ited coalescence models and experiments [56–58]. In limited coa-
lescence models, the area occupied by an individual densely-
packed nanoparticle forming part of an interfacial monolayer is
multiplied by the number of particles at the droplet interface.
The product is the total droplet surface area, and can be combined
with the total volume of the dispersed phase to calculate an aver-
age droplet diameter. The number of particles at the droplet inter-
face can range from 0 to 100% of the total. Salt ions in the aqueous
phase act as a ‘‘promoter” and increase this percentage by sup-
pressing electrostatic repulsion and assisting the transition of par-
ticles from the bulk to the droplet interface [56,57].

To determine the importance of interparticle forces on limited
coalescence, we fitted a numerical energy balance model to the
data based on DLVO interaction potentials at the oil–water inter-
face. The energy balance model considers a starting condition of
small decane droplets dispersed throughout the aqueous phase,
analogous to assumptions made in emulsifier-poor limited coales-
cence models [56–58]. At the starting condition, all nanoparticles
reside in the aqueous phase; no particles are present in the decane
or at the brine-oil interface. We assume this starting condition is
caused by sonication, where the oil phase is broken into a collec-
tion of small droplets. Without nanoparticles, these droplets coa-
lesce rapidly (in a few seconds) into a continuous decane phase.

From the starting condition, we assume that a fraction of the
particles transition from the aqueous phase to the brine-oil inter-
face, until an energy equilibrium is achieved. The migration of par-
ticles to the interface in our model is governed by five energy
terms: (1) vdW attraction between closely packed particles at the
interface (UvdW

int ), which favors particle migration; (2) electrostatic
repulsion between closely packed particles at the interface (UE

int),
which hinders particle migration; (3) steric repulsion between clo-
sely packed particles at the interface (US

int), which hinders particle
migration; (4) reduced oil–water surface energy because of area



Fig. 7. Emulsion D32 diameter plotted as a function of nanoparticle concentration (wt%) and presented in the following contexts: (a) all brine emulsions plotted for different
particle diameters; (b) all DIW emulsions plotted for different particle diameters; (c) all 6 nm PEG-NP plotted for brine and DIW; (d) all 12 nm PEG-NP plotted for brine and
DIW; (e) all 20 nm PEG-NP plotted for brine and DIW. The solid or dashed lines demonstrate the energy balance model fitted to the droplet diameters. Particles with different
PEG grafting densities are combined in the above plots where applicable. Images (f), (g), and (h) showmicroscope images from the emulsions corresponding to the data points
indicated in plots (c), (d), and (e). The images are chosen to represent different particle diameters, salinity, and droplet sizes.
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occupied by the interfacial particle (DintG), which favors particle
migration; and (5) energy associated with the entropic demixing
and arrangement of particles from the aqueous phase to the inter-
face (DdemixG), which hinders particle migration. The total energy
ETotal of bringing a particle from the aqueous phase to the interface
can be described as the sum of these five terms, using Eq. (6):

ETotal ¼ Uint
vdW þUint

E þUint
S þ DintGþ DdemixG ð6Þ

The derivation of these five energy terms, as well as specific
parameters used in our calculations, are described by Eq. (S8)
through Eq. (S21) in Section S.4 of the SM, based primarily on
research by Aveyard et al. [59] and other past work [60–62]. In
practice, UvdW

int and UE
int are often insignificant in the final summa-

tion; Etotal is typically negative because of the large magnitude of
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DintG, and particles transition to the interface until there are no
more particles to attach to the interface (DdemixG approaches infin-
ity) or particles can no longer be packed into the surface area avail-
able by sonication (US

int approaches infinity). The two cases
represent the particle-poor and particle-rich regimes, respectively,
of limited coalescence models.

Once the equilibrium distribution between particles at the
interface and in the aqueous phase has been determined, we con-
sider the density of particles at the interface of our initial
sonication-generated oil droplets. For particle-rich systems, the
equilibrium density of particles at the interface already forms a
dense monolayer. In particle-poor systems, we assume that limited
coalescence occurs, in which the sparsely-coated droplets coalesce
and increase in diameter until the adsorbed particles form a dense



D. Hatchell, W. Song and H. Daigle Journal of Colloid and Interface Science 626 (2022) 824–835
monolayer [56–58]. The oil droplet diameter required to pack the
equilibrium number of interfacial particles into dense monolayers,
Dmodel, is the output of our model. A detailed list summarizing the
specific steps involved in our model is presented in Section S.5 of
the SM.

The solid and dashed lines in Fig. 7 (a) through (e) display the
results of our model fitted to the data, with three fitting parame-
ters: L, the ligand length; AFDIW, the particle attachment fraction
in DIW; and AFBrine, the particle attachment fraction in brine. Based
on the structure of PEG, L should be less than 4 nm. AFDIW and
AFBrine represent the fraction of particles permitted to transition
to the droplet interface by the model, and are introduced to explain
the differences of DIW and brine emulsions, as described in previ-
ous work with the concept of salt ‘‘promoters” [56,57]. Particle
radii are obtained from DLS measurements. The exact parameters
used to generate the model are listed in Table S3.

We see good agreement between our energy balance model and
the data. While the cases of DIW and brine were fitted separately
using AFDIW and AFBrine, the differences in droplet diameters pre-
dicted by 6 nm, 12 nm, and 20 nm particles arise naturally from
the model. Holding the particle concentration constant, larger par-
ticles have less available cross-sectional area to form a monolayer,
and therefore can only stabilize larger droplets. We find that UvdW

int

and UE
int are too small in proportion to DintG to meaningfully affect

emulsion droplet size, and can be neglected. As a result, our model
simplifies to a geometric limited coalescence model with particle-
poor (controlled by DdemixG) and particle-rich (controlled by US

int)
regimes. Given our low particle concentrations, all of our measure-
ments exist inside the particle-poor regime. One consequence of
this simplification is that the model is insensitive to changes in h,
explaining the lack of measurable trend of D32 as a function of
PEG grafting density for 6 nm PEG-NP. The energy balance model
demonstrates that – unlike emulsion stability, which is strongly
affected by interparticle forces – droplet diameter appears to be
dominated by particle-droplet interactions, with US

int and DdemixG
functioning only as boundary conditions.
4. Conclusions

We created PEG-coated silica nanoparticles with varying parti-
cle diameters and PEG grafting densities. We hypothesized that, in
a manner analogous to studies that show improved emulsion sta-
bility with increasing salinity by reducing electrostatic repulsion
[34–41], we could improve emulsion stability by reducing steric
repulsion.

By modifying the PEG grafting density of 6 nm nanoparticles,
we generated Type I (0 to 0.5 lmol/m2 PEG), Type II (0.5 to
1 lmol/m2 PEG), and Type III (1 to 2 lmol/m2 PEG) particles that
aggregated in timescales of less than one minute, from one minute
to one year, and several years, respectively. We found that Type II
emulsions were the most stable in 5API brine, requiring 1–3 � 1015

particles / cm3 to achieve 50% stability to centrifugation. Type III
emulsions required 6–7 � 1015 particles / cm3 to achieve the same
stability, and were less stable than Type II emulsions, even though
Type III particles have higher contact angles and attachment ener-
gies. This difference is explained by the reduced steric repulsion
and improved interparticle attractions between Type II particles,
likely leading to interparticle networks and improved emulsion
stability. The relative instability of Type I particles made Type 1
emulsions far less stable or completely unstable with 5API brine.
These results are consistent with past research showing that parti-
cle flocculation can be controlled by surface modification [42,43],
and that particle flocculation can lead to emulsion stability [21–
25]. To our knowledge, these findings represent the first quantifi-
cation of an optimal intermediate surface grafting density that bal-
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ances particle flocculation with Pickering emulsion stability. These
results introduce a new strategy for designing particles to generate
stable Pickering emulsions, especially at low particle concentra-
tions. Future work will attempt to reproduce these results on dif-
ferent grafting chemicals to see how the optimal coverage
changes as a function of ligand chemistry. We repeated these
experiments using particles with different diameters in DIW and
5API brine to isolate the influence of vdW attraction; however,
we did not see a conclusive trend of improved emulsion stability
at higher particle diameters. More sensitive experiments will be
required in the future to determine if increased vdW attraction
can improve emulsion stability.

We finally measured droplet diameters of our emulsions and fit
themwith an energy balance model, achieving a close match to the
data. These measurements demonstrate that droplet diameter
tends to increase with increasing particle size and decreasing par-
ticle concentration, consistent with past work [41]. This work
adapts interfacial DLVO equations described by past studies [59–
62] to a large experimental dataset, and builds on past limited coa-
lescence models [56–58] by taking the perspective of energy equi-
librium. Altogether, these results demonstrate that emulsion
stability can be greatly impacted by particle interactions, whereas
droplet diameter is unaffected by changes in UvdW

int and UE
int, and is

influenced by US
int only as a particle-rich boundary condition. Both

conclusions are important for informing particle selection for
applications.
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