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Control over emulsion stability and phase separation is important for industries such as
oil and gas, where it is critical to remove all the oil content from oily wastewater before
discharging it into the environment or, conversely, to remove small droplets of water from
oil prior to upgrading. Prior work has qualitatively shown that it may be possible for
crude oil emulsions to be highly stable at rest and then rapidly destabilized by shearing
interactions between droplets due to a phenomenon that we coin shear-triggered coales-
cence in this paper. In this paper, we provide quantitative evidence of this phenomenon
using a cantilevered-capillary force apparatus to precisely manipulate two liquid droplets
within another immiscible liquid (i.e., mineral oil in water or water in mineral oil). We first
show that droplets in surfactant solutions clearly do not exhibit shear-triggered coalescence
because they have the same probability of coalescing when a head-on collision of the
droplets is compared to a shearing collision. In contrast, we show that when droplets
have spherical Janus microparticles adsorbed onto the interface, the droplets undergoing
shearing collisions coalesce faster than those undergoing a head-on collision. Similarly,
we show that when rod-shaped nanoparticles (cellulose nanocrystals) are adsorbed onto
the interface, with an intermediate salt concentration in the suspending phase, that shear-
triggered coalescence occurs in dramatic fashion. We offer mechanistic explanations for
why shear-triggered coalescence is possible in these two cases, but is not observed in other
cases such as with disklike microparticles, non-Janus spherical microparticles, or rodlike
nanoparticles without electrostatic screening or with strong electrostatic screening.

DOI: 10.1103/PhysRevFluids.9.023602

L. INTRODUCTION

An emulsion is a finely dispersed mixture of two or more immiscible liquids in which one
liquid (dispersed phase) is dispersed as droplets within the other liquid (continuous or bulk phase).
Due to their broad range of applications in various areas such as food, pharmaceutics, oil and
gas, and agricultural industries, emulsions have drawn enormous attention. Most emulsions are
thermodynamically unstable and eventually become phase separated via various mechanisms that
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can be rapid or slow. This subject has attracted significant attention from researchers in several fields
of research [1-6].

The known mechanisms of phase separation in emulsions include gravitational separation (sed-
imentation or creaming) and droplet-droplet interactions such as coalescence, Ostwald ripening,
and aggregation [7]. In this paper, we focus our attention on coalescence. In a typical coalescence
event, two liquid droplets approach each other, a thin film forms between the droplets (with or
without significant deformation of the droplet shape), and the film drains until one of two things
happens. First, the film may reach a critical film thickness where van der Waals forces dominate
repulsive ones (e.g., electrostatic, steric, etc.) and the film ruptures, resulting in the two droplets
merging into one [2]. Second, the film may reach a steady thickness where repulsive forces in
the film (resulting in the so-called disjoining pressure) balance the collision force and coalescence
happens more stochastically at some later time [8,9].

Researchers have employed various methods to study coalescence. One way of studying co-
alescence is to simply make an emulsion and monitor the droplet size distribution over time
[10-16]. However, this method can offer only limited insight into the specific mechanisms that
may influence coalescence, such as the rate and timescale of collisions between droplets, the
occurrence of Ostwald ripening, etc. Furthermore, this method lacks the capability of visualizing
microscale features, such as what happens in the thin film as droplets approach each other or
whether the droplets coalesce during approach or separation in a glancing collision of droplets;
knowledge of which is crucial for understanding coalescence. Thus, researchers have developed
a wide variety of microscale methods in recent decades to gain more insight into coalescence
[17-27], and some also attempt to directly compare the results of microscale and macroscale
experiments [28,29].

The impetus for the present paper comes from an intriguing result obtained by Yeung et al.
[24] when using a micropipette technique to study the coalescence of two bitumen droplets in
simulated process water. In that study, when collided head-to-head, the droplets did not coalesce
over a period of two minutes. The surprising result they found was that when the same two droplets
collided in a shearing fashion (done by oscillating the droplets with an axial offset between the
micropipettes), they coalesced very rapidly (after just two or three oscillations). The explanation for
this result, which we term shear-triggered coalescence, was hypothesized to be related to nanoscale
heterogeneity in the charge distribution on the surface of the droplets. In subsequent studies from the
same group, evidence was provided in support of this hypothesis, but the results were not conclusive
in establishing the mechanism [30,31].

Knowing that bitumen is a complex material containing high-molecular-weight compounds,
saturates, naphthenic and polar aromatics, asphaltenes, and possibly trapped fine solid particles,
one might suspect that other factors apart from surface charge heterogeneity could contribute
to droplet coalescence under shear. For example, previous studies with bulk emulsions un-
der shear have shown that solid, silica particles can act as emulsion breakers for both simple
oil-in-water [32] as well as more complex bitumen-in-water [33] emulsions. In the former
case, the effect was explained by the disruption of particle-droplet networks due to the flow
field (higher shear rates corresponding to more destabilization), and in the latter it is re-
lated to droplet bridging by the particles to form a gel-like network of droplets. Somewhat
similarly, proteins have been shown to act as emulsion stabilizers that then destabilize the
emulsion during mixing due to rupture of the relatively rigid, and brittle, surface layers on the
droplets [34,35].

Asphaltenes, in addition to being surface active at oil-water interfaces, are also known to form
nanoaggregates and larger clusters depending on the concentration and oil composition [36-39]. Shi
et al. showed that asphaltenes adsorbed at a toluene-water interface can result in adhesion between
two droplets and that occasionally coalescence of two droplets appeared to be triggered by shearing
of the droplets while in contact (similar to the study by Yeung et al.) [25,40]. They suggested that
because the interfaces are viscoelastic that shearing could cause yielding in the interfacial structure
and lead to coalescence. One strength of the work of Shi ef al. is the relative simplicity of the

023602-2



SHEAR-TRIGGERED COALESCENCE

composition of the system compared to crude oil; however, the results related to shear-triggered
coalescence were only qualitative.

Thus, in this paper, we hypothesize that shear-triggered coalescence can be reproduced in a
system of lesser complexity for systematic study: e.g., a three- or four-component system. We
further hypothesize that such a difference in coalescence time will not be observed for droplets
stabilized by small-molecule surfactants, as this has not been verified in previous studies. By
studying a simpler system, we expect that clarifying insight can be gained about the mechanism
responsible for shear-triggered coalescence. If successful, this has the potential to provide a low-cost
and practical tool to destabilize emulsions effectively in cases where emulsion breaking is crucial,
such as in crude oil processing.

II. MATERIALS AND METHODS
A. Materials

Puretol 6 Mineral Oil (Petro-Canada Lubricants Inc., Canada) and ultrapure water with
18.2 M2 - cm resistivity, obtained from an Elga purification system, were used as the oil and water
phases. Sodium dodecyl sulfate (Fisher Scientific, electrophoresis grade), Span 80 (TCI America),
and Triton X-165 (Sigma-Aldrich) were used as surfactants to stabilize emulsion droplets. Sodium
chloride, sodium sulfate, and sodium bicarbonate (Fisher Scientific) were used to screen electrostatic
charges and make simulated process water.

Sulfonated cellulose nanocrystals (CNCs) were purchased from Celluforce (Canada, Montreal,
QC). 300 mL dispersions of 0.5 wt % CNC were first stirred for at least three hours in a 500 mL
beaker with a 45 x 8 mm magnetic stirrer at 150 RPM until all visible CNC aggregates disappeared.
The CNC dispersion was then probe-sonicated for a total time of 15 minutes with 60% amplitude
on an SFX550 Branson sonifier with a 1/8” microtip (Branson Ultrasonic Canada, Markham, ON).
Sonication was done in an ice bath to prevent CNC desulfation.

Since there is residual salt from the production process of CNCs and the salt concentrations used
in our study are low, we then dialyzed the CNCs for seven days, changing the dialysis water each
day. Before pouring the suspension into dialysis tubes, we vacuum-filtered the suspension with a
0.7-micron glass microfiber Whatman filter paper [41]. In all cases, the conductivity of the dialysis
water was measured each day and, by the last day, reached that of the deionized water: 0.055 uS/cm
(18.2MS - cm).

Heavy kaolin powder with maximum chloride and sulfate amounts of 250 and 1000 mg/kg,
respectively, was purchased from Sigma-Aldrich (Canada, Oakville, ON). 100 mL of the powder
dispersion was stirred in a 200 mL beaker at 100 RPM with a 30 x 6 mm magnetic stirrer for one
hour. Then, the dispersion was probe-sonicated for ten minutes with 60% amplitude on a 1/8”
microtip in an ice bath (to prevent water evaporation) to form a translucent suspension. Laser
diffraction analysis using a SYNC Microtrac (U.S., York, PA) on the suspension reveals that the
kaolin particle size is in the range of 1 to 10 um, with a peak around 3 um. Measurements show that
D50 and D90 for kaolin particles are 3.198 um and 9.178 wm, respectively.

Spherical silica particles were purchased from U.S. Silica, Inc. (United States, Katy, TX). The
procedure for dispersing silica particles in water is similar to that for kaolin particles. We made an
initial dispersion by stirring the mixture of the powder at 100 RPM in water for at least one hour
using a 30 x 6 mm magnetic stirrer, followed by probe sonication with the same setting as that used
for kaolin. According to laser diffraction, the particle size in the suspension ranges from 1 to 3 ym,
with a noticeable peak around 2 um. Measurements show that D50 and D90 for silica particles are
1.842 um and 2.883 um, respectively.

Janus silica particles were prepared at Lehigh University employing the procedure briefly
explained here [42]. A silica particle suspension with a surface-area-weighted average diameter,
D3 5, of 1 wm was deposited as a monolayer roll to roll by Automated Langmuir-Blodget deposition.
The first coating of 50 nm Ni is then applied to the top half of the particle monolayer using e-beam
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TABLE I. Different surfactant and particle systems with their corresponding droplet and continuous phases.

Surfactantor particle Droplet phase Continuous phase
TX-165 Mineral oil Water

SDS Mineral oil Water

Span 80 Water Mineral oil

Silica Mineral oil Water

Janus silica Mineral oil Water

Clay Mineral oil Water

CNC Mineral oil Water

CNC Mineral oil 1, 10, 100 mM NaCl solution
None added Diluted bitumen Water

None added Diluted bitumen Simulated process water

evaporation. A 10 nm Au coating is then applied on top of the Ni coating using an e-beam evaporator
and the Janus particles are formed [43].

Bitumen used in our study was supplied by Connacher Oil and Gas Inc. (Canada, Calgary, AB).
The bitumen is diluted with Naphtha at 4:1 mass ratio to obtain the material commonly referred
to as dilbit. At 15°C, dilbit has a viscosity of 350 cP and density of 0.925 g/cm?. Dilbit droplet
coalescence experiments were done in both deionized water and simulated process water. A solution
meant to mimic process water found in one step of the refining of bitumen [24], denoted as simulated
process water, is used in this study and is composed of deionized water containing 25 mM NaCl,
15 mM NaHCOs;, and 2 mM Na,SO,4 with a pH of 8.2.

The concentration of surfactants and particles used in each set of experiments was chosen ac-
cording to experimental convenience. Specifically, the concentrations were systematically lowered
until the coalescence times were on the order of 300 seconds or less. All surfactants and particles
with their corresponding droplet and continuous phases are given in Table I.

B. Coalescence experiments

A Cantilevered Capillary Force Apparatus (CCFA) [27,44-50] was used to perform droplet-
droplet collision experiments. The instrument contains two capillaries that can be submerged in a
liquid, and the flow into and out of the capillary is adjusted by a pressure controller (Elveflow, Paris,
France). One of the capillaries is integrated with a piezoelectric stage (Thorlabs, Inc., U.S.), capable
of moving with constant velocity and oscillating sinusoidally with a precision of around 5 nm.

Using the CCFA, we were able to hold two droplets of the dispersed phase on the tip of the
capillaries and make them interact while submerged in the continuous phase. After positioning the
droplets on the capillary tips, a certain amount of time was needed to allow for the migration of
surface-active components to the interface to reach equilibrium. The value of the rest time needed
was determined from dynamic surface tension data using a Pendant Droplet Tensiometer. For SDS
and Triton X-165, a five-minute wait time was used, and for Span 80 and all particles a ten-minute
wait time was used. Cameras with orthogonal views of the droplets were used to align the capillaries
and record the droplet interaction.

As shown in Fig. 1, two different droplet collision types were used. For both collision types,
the droplet diameter, D, was kept constant and equal to 100 £ 2.5 um and the initial horizontal
separation was 100 um (L = 200 um). Also, for both collision types, the rigid capillary moved
toward the cantilevered capillary with a velocity of 10 um/s until L = 90 um. For what we denote
as head-on collisions, there was no axial offset between the droplets (H = 0 wm), while for what we
denote as shearing collisions, which is a combination of compression and shear, the offset was set
to H = 50 um so 6 is equal to 30° when the droplets first come into contact. Finally, for shearing
collisions, after the initial forward motion, the rigid capillary moved with a sinusoidal profile with an
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FIG. 1. (a) A schematic showing the geometric parameters used to define the collision of two emulsion
droplets. (b) Two dilbit droplets in contact in the head-on configuration (H = 0). (c) Two dilbit droplets in
contact during an oscillatory shearing collision (H = 50 um). See video in Supplemental Material [51]. Note
that the time-averaged droplet contact area in the shear configuration (1025 um?) is approximately the same as
the contact area in the head-on configuration (1060 um?).

amplitude of 5 um and frequency of 2 Hz. Note that throughout the shearing collisions, the droplets
remain compressed against each other, resulting in a force in the axial direction, as well as a film
area between the droplets, that varies periodically with time throughout the contact time.

Depending on the type of emulsion stabilizer, the resulting interfacial tension, and the collision
type, the average horizontal force between the droplets ranged from 200-350 nN during a shearing
collision and was higher at around 600 nN for head-on collisions. The force was measured by
detecting the capillary deflection with a laser; more details on this can be found in Ref. [27]. For
both collision types, the coalescence time was measured from the time at which the droplets first
come into contact (L = 100 um) to the time that they coalesce. Because of the stochastic nature
of the coalescence process when the drainage time is not the dominant timescale [52-54], it is
common practice to present the coalescence time data as a cumulative probability distribution. The
same approach was adopted here and all distributions are generated from at least 20 repeats for each
condition.

C. Droplet generation

To ensure that the droplet diameter was stable over very long periods of time, a unique droplet
generation method was developed and validated. The two approaching capillaries were filled with
the continuous phase, and small volumes of the dispersed phase were dispensed from an auxiliary
capillary filled with the dispersed phase, as shown in Fig. 2. Then, the pressure was controlled to
suck the desired volume of the dispersed phase into each of the two capillaries. Afterward, the
auxiliary capillary was moved away and the droplets were extruded to the ends of the capillaries

FIG. 2. (a) An oil droplet is formed at the tip of the auxiliary capillary (upper capillary in images) with
the chamber and capillaries filled with an aqueous solution. (b) A small amount of oil is sucked into the left
capillary. (c) The auxiliary capillary is moved away and an oil droplet is then extruded at the tip of the capillary.
The inner diameter of the left capillary is 50 um.
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where they were held in place with a small suction pressure of approximately 10 mbar. Using this
method, the droplet diameters were found to vary by less than 0.2% for up to 400 s (we did not
measure it longer).

After each coalescence event, one of two protocols was followed. In the case of systems with
solid particles, the chamber was completely emptied, rinsed first with isopropyl alcohol and then
water, and dried before refilling the chamber and placing the next two droplets on the tips of the
capillaries. This protocol ensured that the buildup of particles is not an issue and that the initial
conditions are repeatable. In the case of systems with small molecule surfactants, the coalesced
droplet was reused by breaking it into two equally sized droplets by applying the same amount of
suction in both capillaries, rather than making new droplets via the auxiliary capillary. This protocol
was more convenient and yielded reproducible results for the surfactants that we studied.

III. RESULTS AND DISCUSSION

In this section, we first compare the coalescence time for shearing and head-on droplet collisions
for surfactant-coated droplets (Sec. IIl A). As a reminder, our hypothesis is that no difference will
be observed and that these results will serve as a control for comparing with more complex com-
positions. Following surfactant-coated droplets, we present coalescence data for diluted bitumen
droplets (dilbit) in either pure water or simulated process water to attempt to reproduce the earlier
results of Yeung et al. [24] (Sec. III B). Finally, we report coalescence data for droplets coated with
four different types of particles to search for other systems where shear-triggered coalescence might
be observed (Secs. IIT C and 111 D).

To determine the relative importance of hydrodynamic drainage on the timescale for coalescence,
we estimated the hydrodynamic drainage time for droplets in our system using the following
equation, where it is assumed that the droplet interfaces have a zero-velocity boundary condition
[55]:

1y~ F1/4R7/4[My73/4AI;1/2]_ 1)

In Eq. (1), F is the force between droplets in contact, R is the droplet radius, p is the continuous
phase viscosity, y is the interfacial tension, and Ay is the Hamaker constant. Substituting the
relevant values, we obtain a drainage time on the order of 0.1 s. However, the range of coalescence
times in our study is generally much higher than this. Thus, we conclude that factors related to the
size of, and disjoining pressure within the film, rather than hydrodynamic drainage, are dominant in
determining the coalescence time [53,54].

A. Surfactant-coated droplets

In this section, we show the coalescence results for droplets stabilized by surfactants. As
mentioned before, the main aim of this section is to compare the influence of the collision type
on the coalescence time. Here it is worth noting that it is not our goal to produce equivalent
collisions from the point of view of dimensional analysis. For example, we do not attempt to match
the Capillary number (or other dimensionless force parameters) between head-on and shearing
collisions. Instead, our goal is to have fixed collision protocols that are both similar to the previous
work of Yeung et al. and reproducible for making quantitative comparisons between droplets with
different compositions. Many other collision protocols could be employed and compared, but that
is beyond the scope of the present paper.

The surfactants were selected so they were either ionic (SDS) or nonionic (Triton X-165 and Span
80), and either water soluble (Triton X-165) or oil-soluble (Span 80). Fig. 3 shows the coalescence
time as a cumulative distribution for water droplets in oil with 0.05%v/v Span 80, as well as oil
droplets in aqueous solutions of either 2 uM Triton X-165 or 1 uM SDS, all much lower than their
CMC values. Note that oil droplets in water (with no surfactants added) coalesce immediately after
contact, and this is one way that we verified that the chamber is clean between experiments.
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FIG. 3. Cumulative distribution for the probability of coalescence for water droplets in light mineral oil
containing 0.05 %v /v Span 80, light mineral oil droplets in 0.002 mM aqueous Triton X-165 solution, and
light mineral oil droplets in 0.001 mM aqueous SDS solution. Filled and unfilled symbols denote head-on and
shearing collisions, respectively.

From these data, we conclude that there is either only a very minor difference between head-on
and shearing collisions or that the coalescence is actually faster for head-on collisions than for
shearing collisions (opposite to shear-triggered coalescence) regardless of the surfactant type or
droplet type. In the latter case, which is observed distinctly for the water droplets in oil with Span 80,
the faster coalescence in the head-on collision might be related to the differences in the magnitude
of the collision force (i.e., it is lower for a shearing collision), but more work is needed to explain the
effect. Otherwise, this confirms our hypothesis that surfactant systems do not exhibit shear-triggered
coalescence and can serve as a good control for showing evidence of shear-triggered coalescence.

B. Diluted bitumen (dilbit) coalescence results

After confirming the validity of our method for varying the collision type, we attempted to
employ it to observe shear-triggered coalescence with bitumen droplets (as in the original study by
Yeung et al. [24]). Unfortunately, flowing bitumen through our capillaries at ambient conditions was
almost impossible due to its very high viscosity, so instead we used bitumen diluted with Naphtha
for our experiments (commonly referred to as dilbit). The dilbit droplets collided in either water
or in simulated process water with the same composition used in Ref. [24]. Thus, both conditions
represent an O/W emulsion. Note that the simulated process water is intended to simulate the water
found during processing of bitumen.

Interestingly, we found that the dilbit droplets in simulated process water do not coalesce even
after being in contact for up to six hours. On the other hand, in water, the majority of dilbit droplets
coalesced between 0 to 300 seconds. While we do observe coalescence without salt, Fig. 4 shows
that there is no evidence of shear-triggered coalescence in either case. Instead there is a slightly
lower probability of coalescence for the sheared case in water, possibly due to the lower interaction
force caused by the offset of the capillaries, as discussed previously. The lack of coalescence in the
simulated process water might be related to the higher pH influencing the interfacial properties, but
more work is needed to explain this result.

There are a couple of factors worth mentioning that might be responsible for the lack of
shear-triggered coalescence with dilbit droplets. First, it is well-known that the composition of
bitumen is highly variable, so there is little chance that the materials used here are identical to those
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FIG. 4. Cumulative distribution for the probability of coalescence of dilbit droplets in deionized water
or simulated process water (SPW). Filled and unfilled symbols denote head-on and shearing collisions,
respectively.

used in prior work. Second, diluting bitumen with naphtha will certainly alter the physicochemical
properties such as viscosity (which drops by several orders of magnitude), interfacial tension,
arrangement of charges, and fluidity of molecules and aggregates at the interface. Both of these
issues were known in advance of our work, but we had hoped that shear-triggered coalescence
would still be observed. Nevertheless, we maintain our hypothesis that shear-triggered coalescence
can be observed in a simple system.

C. Particle-stabilized droplets: Rotating particle mechanism

Similar to surfactant molecules, micro- or nanoscale particles can sit at fluid-fluid interfaces,
preventing coalescence by forming either a steric or repulsive barrier. Unlike surfactants, the particle
desorption energy is so high that they are considered irreversibly adsorbed components. If the
particles are spherical, they can rotate due to shear flow in the film or hard contact with another
particle as the droplets slide past each other [56].

If the contact line from the interface happens to be pinned on the particle, we hypothesize that
this could distort the interfaces and bring the interfaces close enough together to trigger coalescence
as in the cartoon depiction in Fig. 5(a). However, we expect that the shape of the particle and the
value of the contact angle will influence the possibility of this event. Therefore, we also test platelike
clay particles that will not rotate, as well as bare silica particles that have a lower contact angle.

To check if this particle rotation mechanism is in the realm of physical possibility, we performed
a scaling analysis to compare the two major torques involved in a particle under shear. The torque
causing particle rotation can originate from the shear stress in the bulk fluid [57], while the torque
opposing the droplet rotation is caused by surface tension [58,59]. Writing these two torques as a
dimensionless ratio, we have

.3

Tshear _ unya
= >

Tiension oa

2

Here, u is the bulk phase viscosity, y is the shear rate, a is the particle radius, and o is the interfacial
tension between mineral oil and water.

With Eq. (2), we can use order-of-magnitude estimates of each quantity to determine if the
particle rotation mechanism is feasible. The maximum possible shear rate caused by the flow can be
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FIG. 5. (a) Upper: A schematic showing how spherical particles with a contact line pinned at 90° (e.g., the
spherical Janus microparticles used in this study) might roll during a shearing collision to drag a thin layer of
oil and facilitate bridging between the two droplets. (a) Lower: A schematic showing the two other particles
used in this study that do not roll (disklike clay microparticles) or might roll without sufficient distortion of the
interface to trigger coalescence (spherical silica microparticles). (b) Cumulative distribution for the probability
of coalescence of mineral oil droplets in 0.001 wt% silica suspension, 0.0001 wt % Janus silica suspension, and
0.0007 wt % clay suspension. Filled and unfilled symbols denote head-on and shearing collisions, respectively.

estimated by the relative droplet velocity divided by the minimum gap width: 107> /10~% = 103 1/s.
The surface tension is O(1072) and the particle size is 0(107%). With these estimates, we see that
the torque from the shear flow is three to four orders of magnitude smaller than the torque required
to rotate the particle.

Thus, we see that a shear flow field due to the particles sliding past each other is highly unlikely
to produce the particle rotation mechanism. However, as mentioned above, it is also possible that
particles on opposing droplets can come into solid-body contact. In that case, we hypothesize that
there still exists the possibility of particle rotation during a shearing collision.

To test our hypothesis, we produced head-on and shearing collisions of oil droplets in aqueous
suspensions of three types of particles. Two of the particles were spherical with differing wettability
(and therefore contact angle) and size and the other was platelike. The platelike particles are
included as a control that is not expected to rotate significantly.

Knowing that the optimal contact angle for a particle to stabilize an emulsion droplet is 90°, and
also noting that this condition is ideal for particle rotation to bridge the gap between particles, we
employed Janus particles that are half hydrophilic and half hydrophobic. As shown in Fig. 5(b),
we see an apparent difference in head-on vs shearing collisions, with faster coalescence times for
shearing. However, the observed difference is not quite statistically significant for this number of
measurements (see Table II), and it is certainly not as dramatic a difference as observed in the prior
work.

Additionally, we see the interesting result that the probability distribution appears to be bimodal
for the shearing collisions and more monomodal for the head-on collisions. Conducting Hartigan’s
dip test on each of these distributions resulted in a p value of 0.08 and 0.15 for shear and head-on
distributions, respectively, indicating bimodality with marginal significance for the shearing colli-
sion and monomodality for the head-on collision. At present, we are not able to offer an explanation
for the bimodal nature of the coalescence times, though it definitely points to a difference in the
nature of the mechanism causing coalescence in the two cases. To conclude that this is proof of our
hypothesized mechanism would be inappropriate, but at least we can say that the evidence does not
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TABLE II. Statistical significance of the difference between the coalescence probability distributions for
head-on and shearing collisions for selected systems from those investigated. The p values obtained from three
different statistical tests are presented below, and in each case a p value of less than 0.05 indicates a statistically
significant difference. A * indicates that a significant difference was observed for that system.

p-value

Diluted bitumen

Test name TX-165 SDS Span 80* in water Clay Silica Janus silica CNC*

Kolmogorov-Smirnov ~ 0.75  0.78 0.27 0.83 0.81 0.99 0.15 4.2 x107°
Mann-Whitney U test 0.3 0.4 0.02 0.25 02 048 0.09 1.2 x 1073
Z test 0.9 072 0.05 0.69 0.49 0.96 0.3 2.6 x 107!

contradict it. We also note that Janus microparticles have been hypothesized to behave differently
from isotropic particles in other ways as well [60].

As another test of the mechanism, we used bare, spherical silica particles and found that they are
more effective at stabilizing oil droplets than the Janus particles (see Fig. 5). Comparing the head-on
and shear coalescence probability, we see a minimal difference between the two collision types
and therefore no shear-triggered coalescence. To explain this result, we note that, unlike the Janus
particles, the entire particle surface is hydrophilic and the three-phase contact angle for particles
at the oil-water interface will be significantly lower than 90°. Because of that, the aqueous phase
wets a greater portion of the particle, requiring the particle to rotate to a much larger degree to
bring the interfaces into contact. As a result, the applied shear appears not to be sufficient to trigger
coalescence and we suspect that the larger particle size may result in the more effective stabilization
due to an increased steric barrier.

With the platelike clay particles, we expect that neither shear forces nor hard contact will
be sufficient to cause any rotation of the particle [as shown in Fig. 5(a)] and so shear-triggered
coalescence should not be observed. Indeed, as shown in Fig. 5(b), the clay particles also do
not show evidence of shear-triggered coalescence. Again, while these data are not conclusive in
establishing the rotation mechanism, they do not contradict that mechanism and do suggest that
particle morphology can be tuned to produce shear-triggered coalescence.

D. Particle-stabilized droplets: Particle orientation mechanism

In addition to the potential for spherical particles to rotate, we hypothesize that rod-shaped
particles can be oriented on the interface by the flow. If the surface coverage of the droplet is
not too high, the reorientation could lead to more efficient packing on the interface and leave
some uncovered interface where coalescence can be triggered. To test this hypothesis, we study
rod-shaped CNCs, which have recently been used as promising emulsion stabilizers [61-65].

We first employed a 0.04 wt % CNC suspension in deionized water to stabilize mineral oil
droplets. The concentration is high enough to fully cover the droplets [62]. Even though we
performed 20 trials for each of the head-on and shearing scenarios, no droplet coalescence was
observed for five minutes of contact.

Previous CNC characterization shows that CNCs suspended in water are negatively charged,
so there is a strong electrostatic repulsive force between CNC particles. When many CNCs are
adsorbed at the interface, the net charge on the droplets can be sufficient to act as an electrostatic
barrier against coalescence [66]. Therefore, in the next step, we added NaCl to the CNC solution to
screen charges and reduce the electrostatic force.

We chose three different salt concentrations while keeping the CNC concentration constant. As
shown in Fig. 6(a), similar to the case without salt, low salt (1 mN NaCl) and high salt (100 mM
NaCl) concentrations did not allow any coalescence in either of the two different collision scenarios.
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FIG. 6. (a) Cumulative distribution for the probability of coalescence for mineral oil droplets in 0.04 wt %
cellulose nanocrystals in 0, 10, and 100 mM NaCl solution. Filled and unfilled symbols denote head-on and
shearing collisions, respectively. (b) A schematic showing how cellulose nanocrystals might reorient and align
during a shearing interaction in the presence of 10 mM NaCl.

However, when we added 10 mM NacCl to the CNC suspension, as shown in Fig. 6(a), not only did
we observe more than two times higher coalescence probabilities for the shearing case (compared
with head-on collisions), but also all the droplet pairs under shear coalesced in under 50 seconds.

Thus, there is obviously a nonmonotonic trend in the coalescence probability as a function of the
salt concentration. We suggest the following explanation for this effect. At very low salt concen-
trations, the CNCs are spaced relatively far apart on the interface, but still prevent coalescence by
electrostatic repulsion between the droplets due to a large Debye length. On the other hand, high
salt concentrations screen the charges between CNCs to such an extent that CNCs can fully coat the
interface and act as a strong steric barrier, preventing coalescence.

However, we suggest that there is a sweet spot at intermediate salt concentration where the
electrostatic force is not high enough to prevent coalescence (decreased Debye length) but there
remains enough electrostatic repulsion to maintain some space between particles on the interface.
This picture is consistent with calculations of the Debye length (not presented) as well as rheological
measurements on CNC dispersions in this range of salt concentrations [67]. In this configuration,
the interfacial coverage would be enough to provide a barrier against coalescence, yet the extra
space between randomly oriented particles can be consolidated through ordering by a shear flow as
shown in Fig. 6(b). This reorientation and consolidation could then leave some fresh interface on
oil droplets where there is no barrier to coalescence.

Thus, in effect, surface heterogeneity may be responsible for lowering the barrier for coalescence,
and shearing may enhance the heterogeneity enough to trigger coalescence. As with the previous
mechanism, our data suggest that this mechanism is correct, but are insufficient to prove it. Still,
alternate explanations are possible, and it is worth noting that interfacial rheology may play an im-
portant role by, for example, presenting a critical interfacial strain above which interfacial layers can
rupture leading to coalescence [68]. Nevertheless, we have clearly made a dramatic demonstration
of the existence of shear-triggered coalescence, showing at least an order of magnitude increase in
the rate of coalescence.

To further quantify the difference between coalescence probability for head-on and shearing
collisions, we performed three statistical tests as shown in Table II. The null hypothesis for all tests
is that both distributions are the same and there is no significant difference between them. With that,
we calculated p values for different systems in our study, where if the p value is greater than 0.05,
there is not enough evidence to reject the null hypothesis. Notably, the results of these tests confirm
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that for water droplets in mineral oil with Span 80, coalescence is significantly faster in the head-on
configuration, and for mineral oil droplets stabilized by CNC particles in 10 mM NacCl solution,
coalescence is significantly faster for shearing collisions.

IV. CONCLUSION

In an attempt to better understand the shear-triggered coalescence observed in a previous study
[24], we developed a method to systematically compare head-on vs shearing collisions between
two isolated emulsion droplets. Consistent with one of our hypotheses, we conclude that three
different small-molecule surfactants show no difference in the coalescence probability when com-
paring the two collision types. Further, droplets of bitumen diluted with solvent did not exhibit
shear-triggered coalescence in deionized water or in simulated process water. However, we did
observe shear-triggered coalescence for oil droplets coated with two different types of particles:
spherical, Janus microparticles, and rod-shaped nanoparticles. From this, we conclude that two
different mechanisms (particle rotation and particle reorientation) may be capable of resulting in
shear-triggered coalescence. These results show that solid particles can be selected and/or designed
to achieve both quantitative and qualitative differences in the coalescence probability for droplets
colliding head-on vs under shear.
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