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ABSTRACT
The destabilization of emulsions is important for many applications but remains incompletely understood. We perform squeeze ﬂow
measurements on oil-in-water emulsions, ﬁnding that the spontaneous destabilization of emulsions is generally very slow under normal
conditions, with a characteristic time scale given by the drainage of the continuous phase and the coalescence of the dispersed phase. We
show that if the emulsion is compressed between two plates, the destabilization can be sped up signiﬁcantly; on the one hand, the drainage is
faster due to the application of the squeezing force. On the other hand, creep processes lead to rearrangements that also contribute to the
destabilization.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0039097

I. INTRODUCTION
Emulsions play an important role in everyday life and can be
found in food, cosmetics, and paint. They consist of two immiscible
liquids where one liquid is dispersed in the other.1 Emulsions are thermodynamically unstable but can be kinetically stabilized by the addition of surface-active agents. Indeed, stabilizing or destabilizing
emulsions is of considerable industrial importance.2,3 For instance,
stabilization is needed to improve the shelf life of cosmetics, drugs,
and food products,4–6 while destabilization is a key step in oil recovery
by extracting water from the recovered crude oil. However, present
techniques to destabilize emulsions are often energy-intensive and/or
use chemical additives that end up in the water phase.7–10
Improving oil recovery by ﬁnding better ways to destabilize crude
oil emulsions is still an important research topic. However, most
research studies are based on improving already existing techniques,
instead of ﬁnding new ways to destabilize emulsions. In the past
decade, research has been focused mainly on the use of chemical additives. Various surfactants have been investigated for their ability to
induce destabilization,11–15 but in the past years, the focus has also
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shifted to using biosurfactants16–18 and surface active ionic
liquids.19–21 However, the main issue remains that these chemical
additives acquire additional steps to separate them from the water
phase. Other lines of research try to improve the technique of low
salinity water ﬂooding.22–25 This technique alone is not enough to
recover all the crude oil though. Research on mechanical or electrostatic destabilization of crude oil emulsions is much less extensive,9,26,27 which leaves a way to new chemical free techniques to
destabilize emulsions.
Many factors inﬂuence the stability of emulsions.28 One important phenomenon that drives destabilization of emulsions is Ostwald
ripening, a process that involves the diffusion of the dispersed phase
through the continuous phase. This results in the growth of bigger
droplets at the expense of smaller ones.1,29,30 However, this process is
usually very slow, especially when the solubility of the dispersed phase
in the continuous phase is small. Coalescence, which is coarsening by
droplets merging together, is another and faster destabilization factor.1
If coalescence is fast enough, its propagation through a concentrated
emulsion can even lead to full phase inversion of the emulsion.28
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Nonetheless, what governs the speed of coalescence is not very clear. It
was shown recently that rapid coalescence can be induced by the simple mechanical action of a rigid blade. The emulsion between the blade
and a surface destabilizes in the close vicinity of the contact line, and
in this way, a rapid phase separation is achieved.31
The central idea behind the blade technique is that the small gap
between the blade and the plate deforms the emulsion droplets until
they coalesce. Based on this idea, recently, a new technique was proposed for destabilizing emulsions using a simple squeeze ﬂow. This
allows us to investigate the destabilization mechanism of highly concentrated surfactant-stabilized oil-in-water emulsions in detail.32 By
decreasing the sample thickness of the emulsion, the oil droplets
deform and water is squeezed out, thereby creating very thin ﬁlms
between the droplets that eventually break. A ﬁrst ﬁlm rupture then
leads to a cascade of coalescence events, resulting in the destabilization
of the emulsion. While this technique can be of great interest for the
oil industry, scaling it up requires more insight into the characteristic
time scales that play a role in the destabilization.
In this article, we use the squeeze ﬂow technique for emulsion
destabilization as described in Ref. 32 to investigate the dynamics and
hence the characteristic time scales of the processes responsible for the
destabilization of the emulsion. We ﬁrst show the importance of the
boundary conditions by using smooth and rough walls and show that
wall slip avoids coalescence when using smooth surfaces. Second, characteristic relaxation times during the deformation and coalescence are
investigated by measuring the time dependence of the squeezing force
and comparing them to the time scales for creep of the emulsion and
Darcy ﬂow of the continuous phase through the network of the dispersed phase.
II. METHODS
A. Emulsion preparation
Silicone oil-in-glycerol/water emulsions stabilized by sodium
dodecyl sulfate (SDS) are used as model emulsions in the majority of
the experiments described in this paper. The continuous phase is prepared by dissolving 1 wt. % of SDS (Sigma-Aldrich) in a 50:50 mixture of glycerol and demineralized water. Nile red (Sigma-Aldrich) is
added to the silicone oil (VWR Chemicals, viscosity 500 cSt) as a
dye. The silicone oil is then slowly added to the continuous phase
while stirring with a Silverson L5M-A emulsiﬁer at 6000 rpm,
obtaining an 80 vol. % silicone oil-in-glycerol/water emulsion with
an average droplet diameter of 20 lm. Due to the addition of glycerol
to the water, the continuous phase is index-matched with the silicone
oil, making the emulsion transparent. The combination of the protein bovine serum albumin (BSA, Sigma-Aldrich) and co-surfactant
propylene glycerol alginate (PGA, Dextra) is used to stabilize 80
vol. % silicone oil-in-water emulsions. The continuous phase is prepared by dissolving 0.4 wt. % BSA and 0.4 wt. % PGA in water.
Rhodamine B (Sigma-Aldrich) is added as a dye to the continuous
phase. The mixing speed is kept at 6000 rpm, resulting in an average
droplet diameter of 42 lm.
For the water drainage experiments, a different emulsion of 40
vol. % castor oil in demineralized water with 1 wt. % is used. The emulsion is prepared in the same way as described before using 80 vol. % of
oil and afterward diluted with the continuous phase to obtain an emulsion with 40 vol. % of oil.
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B. Squeeze flow experiments
The squeeze ﬂow experiments follow the same protocol, as
described by Dekker et al.32 Imaging of the emulsions is done using a
confocal laser scanning microscope (CLSM, Zeiss LSM 5 Pa). Adding
a ﬂuorescent dye (Nile Red) that is soluble in the oil phase but insoluble in the continuous aqueous phase allows us to use ﬂuorescence
microscopy to distinguish between the dispersed and the continuous
phases in the emulsion layer and follow the deformation of the emulsion droplets under conﬁnement. A droplet of emulsion is placed on a
1 mm thick glass plate, strong enough to support mechanical stresses
of a few Newtons. In most of the experiments, the glass substrate is
sandblasted to obtain a roughness with a grit designation of P800. This
refers to a roughness of 22 lm, which is close to the average droplet
diameter in our emulsions. The rough substrate is used to avoid surface slip of the oil droplets during the experiments. A smooth cover
slide of 170 lm thickness is placed on top of the emulsion droplet,
thereby spreading the emulsion over the glass substrate. This results in
an emulsion layer of roughly 50 lm thickness. Nile red is excited at
488 nm with an argon laser (LASOS). We use an air objective with a
magniﬁcation of 40 and a numerical aperture (NA) ¼ 0.75 (Zeiss EC
Plan-Neoﬂuar), which allows us to observe the emulsion ﬁlm with a
depth of ﬁeld (DOF) of maximum 2 lm. The objective is corrected for
the 1 mm thick glass substrate.
To perform the squeezing experiments, a rheometer head (Anton
Paar DSR 301) is mounted on top of the inverted confocal microscope.
A parallel-plate geometry with a diameter of 10 mm is used as an
upper geometry. The rheometer is held on a controllable precision vertical translation stage, which allows us to manually alter the height of
the geometry while measuring the squeezing force using the normal
force transducer of the rheometer. A schematic overview of the setup
is shown in Ref. 32. The parallel-plate geometry is brought closer to
the glass substrate in a step-wise manner, with a step size of 1 lm–2
lm, thereby slowly squeezing the emulsion. The thickness of the emulsion layer is measured by scanning in the z-direction. The central
height of the emulsion layer is used to image the progress of deformation and destabilization of the emulsion.
C. Squeeze force measurements
To investigate the behavior of the squeezing force in a more controlled manner, squeezing experiments are performed using an Anton
Paar MCR302 rheometer where the sample thickness can be controlled more accurately than in the squeeze ﬂow experiments as the up
and down motion is controlled by using a step motor. The experimental setup is kept similar to the squeezing experiments described before.
A smooth cover slide of 170 lm thickness (20 mm length and width)
is glued at the end of a parallel-plate geometry with a diameter of
10 mm. A droplet of emulsion is placed on a rough (P800) substrate
and the gap between the geometry and the substrate is reduced from
45 lm to 5 lm in steps of 5 lm. A waiting time of 2000 s between
every change in the gap size is applied to allow the system to relax and
over which the normal force is recorded.
D. Creep measurements
For the creep measurements, an Anton Paar MCR302 rheometer
is used with a 50 mm-diameter parallel-plate measuring system. The
emulsion is deformed for a period of 20 s with a shear stress of 5 Pa.
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After this deformation, the emulsion is allowed to recover over a
period of 40 s. The gap size between the plates is varied from 45 lm to
5 lm in steps of 5 lm. During the creep experiment, the strain is
measured.
III. RESULTS AND DISCUSSION
A. Water drainage in emulsions
Water drainage is a familiar phenomenon in oil-in-water emulsions and is most efﬁcient at oil fractions below 64%. At this volume
fraction, the transition to jamming occurs. We therefore investigate
the water drainage in a 40 vol. % castor-oil-in-water emulsion by measuring the heights of the emulsion layer and the emergent water layer
as a function of time. As shown in Fig. 1, the water drains to the bottom of the vial, and consequently, the fraction of the total height occupied by emulsion decreases over time. The photographs in the inset of
Fig. 1 reveal that, on the bottom of the vials, a pink layer of water
emerges. The pink color is due to the presence of Rhodamine B. We
do not observe a layer of oil forming on top of the emulsion, so no coalescence of the oil droplets is observed. Similar experiments performed
on crude oil-in-water emulsions obtained during oil recovery33,34 do
show oil drop coalescence, implying that our model emulsions are
more stable to coalescence than the crude oil-in-water emulsions and
so are more difﬁcult to destabilize.
The decrease in the emulsion volume due to the drainage is well
ﬁtted with a simple exponential (solid line in Fig. 1), allowing us to
assess a characteristic time of the drainage and hence the partial emulsion destabilization. From the exponential ﬁt, a drainage time of
2.3  106 s is obtained, a huge time scale that is prohibitive when one

FIG. 1. Drainage of water from a 40% oil-in-water emulsion as a function of time,
as calculated by measuring the emulsion height as a fraction of total liquid height.
The emulsion has an oil fraction of below the jamming transition (64%). The solid
line is an exponential ﬁt with a drainage time of 2.3  106 s. Insets: photographs at
four consecutive times.
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needs to destabilize emulsions in industrial applications, e.g., in oil
recovery. We therefore investigate the squeezing technique as an alternative method for destabilization. We will show below that despite the
large stability of our emulsion, the squeezing technique allows us to
readily and completely destabilize our emulsion on a much shorter
time scale. We apply this to the most difﬁcult case, very concentrated
and very stable emulsions, and successfully destabilize them.
B. Squeeze flow
To destabilize our highly concentrated silicone oil-in-glycerol/
water emulsion stabilized by sodium dodecyl sulfate, we squeeze it
between two glass plates by lowering the position of a rheometer head
that is placed on top of a confocal microscope, as illustrated in Fig. 2.
Also shown in the ﬁgure are three stages of destabilization. First, the
emulsion layer is still larger than the average drop diameter and the
droplets are spherical. The oil droplets have an average droplet diameter of 20 lm with a dispersity of 20%. This rather high dispersity is the
result of using a standard emulsiﬁer. The emulsions studied here are
representative of emulsions encountered in the oil recovery process
and in food production. Then, the sample thickness is decreased,
resulting in one layer of emulsion droplets that deform to polygonal
shapes with very thin layers of water in between the droplets. When
the emulsion is squeezed further, coalescence events start to occur and
the emulsion becomes unstable.
The properties of the glass plate onto which the emulsion is
squeezed are of paramount importance for the destabilization behavior. In Fig. 3, we compare a smooth glass substrate (top row) with a
rough glass substrate (bottom row). The rough glass substrate has a
grit designation of P800, which refers to a roughness of 22 lm. We
choose this speciﬁc grit designation, as the roughness of the glass substrate is very close to the average droplet diameter in our emulsions.
Only slightly compressing the emulsion does not reveal differences. However, when the emulsion is squeezed further, the smooth
surface allows oil droplets to slide over the substrate, eventually being
pushed out from between the glass plates, without inducing coalescence of oil droplets, while the rough surface prevents gliding of the oil
droplets, causing only the water to be squeezed out from the emulsion.
This results in very thin ﬁlms between the oil droplets that can break

FIG. 2. Setup (left, not to scale) and typical microscopy images (right, dispersed
phase rendered bright) of emulsion destabilization by squeezing. Typical confocal
images reveal (from left to right) that strong deformations of the emulsion occur until
a critical thickness is reached, after which coalescence events in the emulsion are
observed. Scale bars correspond to 50 lm.
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FIG. 3. Squeezing experiments on a smooth (top) and a rough (bottom) glass substrate. From left to right, the squeezing force increases from 0 N to 1.05 N. Whereas the oil
droplets glide over the smooth substrate, they are pinned on the rough substrate, allowing for further deformation of the droplets and ﬁnally destabilization of the emulsion.
Scale bars are 50 lm.

and thereby induce coalescence events. An elaborate investigation in
the reason behind these coalescence events that result in emulsion
destabilization can be found in Ref. 32.
We use this rough plate in experiments with emulsions having
oil droplets between 10 lm and 50 lm,32 where the rough plate successfully immobilizes the oil droplets. This shows that the grit designation does not have to perfectly match the average droplet diameter to
immobilize the emulsion droplets. However, when much smaller or
much larger oil droplets need to be immobilized, a different grit designation will most probably work better. A more elaborate study on the
importance of surface roughness and surface chemistry on immobilizing oil droplets and preventing wall slip can be found in Ref. 35.
Furthermore, follow-up research on this topic focuses on the morphology and wettability of the surfaces used in the oil industry. Our results
give a good indication that ﬁnding the right morphology and wettability can greatly help in destabilizing the emulsions during oil recovery.
To validate this new emulsion destabilization technique, various
emulsions have been tested. Silicone oil-in-water emulsions with different oil droplet sizes, ranging from 10 lm to 50 lm, have been discussed in Ref. 32. All emulsions successfully destabilize in the same
way as presented here. Variations in the stabilizing agent have been
investigated as well. In Fig. 4, we show the results of a silicone oil-inwater emulsion stabilized by BSA and PGA. The destabilization behavior is very similar to the emulsion shown in Fig. 2. The confocal images
show the deformation of the oil droplets into polygonal shapes, the
increase in the oil/water ratio, and ﬁnally ﬁlm rupture leading to coalescence events of two droplets. However, the whole process is somewhat slower due to the formation of a rigid interface in the presence of
BSA and PGA. This rigid interface increases the droplet’s resistance to
deformation and slows down the drainage of water.
C. Measurements of the squeezing force
We now look at the time-dependence of the forces that are necessary to squeeze and ﬁnally destabilize the emulsion. To gain insight
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into the dynamics of droplet formation and coalescence, we measure
the squeezing force during destabilization experiments. Figure 5(a)
shows the results of a typical experiment. Each time the gap size is
reduced, the normal force increases, followed by a time-dependent
relaxation: a fast relaxation in approximately the ﬁrst 500 s followed
by a slow relaxation. We perform a bi-exponential ﬁtting of the normal
force for each sample thickness [see Fig. 5(b)]. From this biexponential ﬁtting, two relaxation times can be obtained: s1 on the
order of 100 s and s2 on the order of 104 s. The relaxation times are
plotted vs the sample thickness in Fig. 5(c).
It is worthwhile noting that that performing rheology and
squeezing experiments on conﬁned systems such as the one discussed
here is not always trivial. The alignment of the rheometer has to be
very good in order to obtain reproducible data, since any misalignment can generate secondary ﬂows. For the rheometer that we use, the
most sensitive test of the quality of the alignment is doing standard
rheology with a very small gap. The truncation of one of our 50 mm
cone-plate geometries is 15 lm, and this can be positioned with sufﬁcient accuracy to obtain very reproducible results. Rheology on high
volume fraction oil-in-water emulsions36 using this geometry showed
the formation of a master curve when scaling the shear rate and shear
stress with respect to the distance to jamming. This allows predicting

FIG. 4. BSA/PGA-stabilized emulsion destabilization by squeezing. Confocal
images showing deformation of the emulsion droplets and coalescence events in
the emulsion after a critical sample thickness is reached. Scale bars are 100 lm.
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and decreases roughly by a factor of 10. We therefore obtain a relaxation time s  1.5  103 s at e ¼ 50 lm and s  8.0  104 s at e ¼ 5 lm.
The relaxation time is indicated with a dashed line in Fig. 5(c).
We assume that the relaxation time increases linearly with the decrease
in the sample thickness. The predicted Darcy ﬂow times are in
reasonable agreement with the slow relaxation times from the squeeze
experiments.
To elucidate the fast relaxation process during squeezing, creep
measurements in simple shear are performed. These measurements
can give insight into the viscoplastic properties of the material. The
emulsion is deformed for a period of 20 s with a shear stress of 5 Pa
and then allowed to recover over a period of 40 s. This results in a
creep and creep recovery curve, as shown in Fig. 5(d). The behavior
during creep and creep recovery can be analyzed using Burgers’
model.38,39 This model is a combination of the Maxwell model and the
Kelvin–Voigt model.40 With this model, the creep recovery curve can
be ﬁtted to obtain a characteristic retardation time
 
   
s0
s0
t

1  exp
;
(2)
cðtÞ ¼ cmax 
K
G1
G2

FIG. 5. Squeezing force measurements. (a) Normal force and ﬁlm thickness as a
function of time during step wise increments of the squeezing force. (b) Normal
force relaxation ﬁtted by a bi-exponential (solid line). (c) Relaxation times and creep
retardation times as a function of the sample thickness. The dashed line is the theoretical prediction for the characteristic time of water ﬂow dynamics. (d) Creep experiment for a sample thickness of 45 lm.

the ﬂow properties of our highly concentrated emulsions from the
average droplet size and the volume fraction of dispersed phase but
also shows the high degree of reproducibility.
D. Creep and Darcy flow timescales
The slower of the two relaxation processes, with relaxation times
around 104 s, can be ascribed to the characteristic time for the water to
squeeze out of the emulsion, similar to what is observed for very open
bio-polymer networks.37 Here, elastic stresses drive the liquid out, and
the ﬂuid resistance is of the Darcy type, leading to
s’

gR20
;
/ G0 n2
3

(1)

with g being the viscosity of the continuous phase, R0 being the size of
the microscopy glass plate, / being the volume fraction of the dispersed phase, G0 being the shear modulus, and n being the pore size
between the oil droplets,37 with g ¼ 1 mPa s, R0 ¼ 20 mm, and G0
 G0 ¼ 145 Pa (measured on an Anton Paar MCR 302 rheometer
using a CP50 geometry at a strain of 1%). The volume fraction of the
dispersed phase and the pore size between the oil droplets strongly
depend on the sample thickness. As discussed in Ref. 32, the volume
fraction increases from 0.80 to almost 0.95 when coalescence events
start to occur. Due to the water being squeezed out of the emulsion,
the pore size between the oil droplets is much smaller at a sample
thickness of 5 lm than at a sample thickness of 50 lm. From the confocal images, we estimate that n  2 lm at the start of the experiment
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where G1 and G2 are the elastic moduli of both springs in the Burgers’
model, s0 is the applied stress during creep (in our case, s0 ¼ 5 Pa),
and K is the retardation time of creep recovery. Figure 5(d) shows the
ﬁt of the creep recovery curve according to the Burgers’ model, yielding a retardation time of 13 s for a layer thickness of 45 lm. The creep
time for each layer thickness is shown in Fig. 5(c) (green diamonds).
We ﬁnd that the faster relaxation time in squeeze ﬂow and the retardation time obtained from creep measurements are similar. This
indicates that the faster relaxation time observed in squeeze ﬂow measurements is due to the recovery of the system after deformation.
Differences between the times are likely due to the fact that, in squeeze
ﬂow, the emulsion is deformed in the direction perpendicular to the
plates, whereas in creep, the emulsion is deformed in the direction
parallel to the plates. However, in both measurements, the creep of the
emulsion resulting from a deformation is probed.
Compared to the drainage of water on a time scale of 106 s, this
process can be sped up signiﬁcantly by compressing the oil droplets
between two glass plates. Furthermore, creep on a time scale of
roughly 100 s is also observed, a process that does not take place in a
stationary emulsion like in Fig. 1. Creep deformation of the emulsion
leads to rearrangements of the oil droplets. Water drainage causes
thinning of the ﬁlms between the droplets. Together, these phenomena
lead to coalescence events and ﬁnally emulsion destabilization.
E. Squeezing force due to the Laplace pressure in the
drops
In order to quantitatively understand the normal force we measured during the squeezing experiments, we have developed a model
that considers the squeezing of individual droplets.
A stable spherical droplet of diameter D has a pressure gradient
over its interface given by the Laplace pressure, resulting from the curvature of its surface,
DP ¼

4c
;
D

(3)
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with c being the interfacial tension of the system. We assume that the
force required to squeeze a droplet is directly related to this pressure
and that this force is roughly equal to DP times the cross-sectional
2
area of the droplet pD4 . Furthermore, it is implied that only the droplets
with a diameter larger than sample thickness e are actually squeezed
and yield a normal force,
(
pcD
if D  e;
fdroplet ðDÞ ¼
0
if D < e:
To ﬁnd the total normal force exerted by all droplets in the emulsion, it is required to know the size distribution and the number of
droplets in the total area squeezed. This size distribution is obtained
from a confocal image before squeezing. Droplets with the diameter
between 5 lm and 40 lm are found according to the distribution plotted in Fig. 6(a). It can be noted that a high number of small droplets
(between 5 lm and 15 lm) are found. This is partly a result of the
confocal image showing only a single plane, whereas not all droplets
are positioned at the same height. In order to maintain the simplicity
of the model, we decided not to compensate for this optical effect. The
solid line in Fig. 6(a) shows a power-law ﬁt of the droplet size distribution. Considering that the distribution found in the confocal images is
uniform underneath the entire squeezing area of 20  20 mm2, we
estimate that droplet distribution v(D) is given by
 x
D
;
(4)
vðDÞ ¼ b 
D0
with b ¼ 1.67  105 lm1, D0 ¼ 10 lm, and x ¼ 1.5. The estimated
total number of droplets in the squeezing area with the diameter
between D and D þ dD is thus approximated by v(D)  dD.
The total force to squeeze the emulsion, Ftot, is the sum of the distribution of droplets times the Laplace force of a single droplet,
ð D¼Dm
fdroplet ðDÞ  vðDÞ  dD
Ftot ¼
D¼e
ð D¼Dm  x
D
¼ pbc
D
dD:
(5)
D0
D¼e
Notice that diameters smaller than the sample thickness, D < e,
do not have to be accounted for in the integral, as these droplets do
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not contribute to the force. The upper limit of the integral is manually
limited by a maximum diameter Dm, meaning that the no droplets
with diameter larger than Dm are present in the emulsion. Evaluation
of the integral yields the result
 2x  2x !
p
Dm
e
2
bcD0

:
(6)
Ftot ¼
2x
D0
D0
Figure 6(b) shows that there is good agreement between this formula and the measurements. The circles show the experimental normal force as a function of the sample thickness, retrieved from the
data in Fig. 5(a). The solid line shows Eq. (6), with the parameters
Dm ¼ 48 lm and c ¼ 9 mN/m. To validate this interfacial tension c,
we perform pendant drop measurements on our sample. These measurements yield an interfacial tension of 10 6 1.5 mN/m within the
experimental accuracy of the value obtained from the model ﬁt.
We are aware that this model is still very simpliﬁed and that certain parameters should ideally be determined more precisely, such as
the exact shape of the distribution and the maximum droplet diameter.
However, despite its simplicity, the theory does link the Laplace pressure within single droplets to the normal forces encountered during a
squeezing experiment in a way that predicts the correct trend and the
correct order of magnitude. This model is a ﬁrst step to estimate the
squeeze force necessary to destabilize the emulsion from the distribution of droplet sizes. Further research is necessary in order to see
whether the model still holds for a system with completely different
droplet sizes. This is beyond the scope of the current paper.
F. Scaling up the destabilization technique
Our squeeze ﬂow technique to destabilize emulsions gives opportunities in the oil industry for crude oil recovery in a surfactant-free
way. However, we are aware of the various complexities that arise
when going from a laboratory environment with only a few milliliters
of sample to the ﬁeld where tons of liters have to be processed. This
project is therefore performed in close collaboration with Shell, where
more research will be performed to scale up our technique to destabilize emulsions. Despite the ﬂow effects that start to play a role on a
large scale, we believe that the pressures and timescales that we measure are comparable to the values in the ﬁeld. Therefore, these results
are a big step in the right direction to use this new unique technique
on a large scale.
Besides, the technique is very suitable for fast screening of
emulsions in very small quantities. This allows for screening of
the effect of emulsiﬁers on the coalescence properties. The great
advantages of testing on small volumes, e.g., reduction in costs
and time and less safety issues, are the reason for companies to
have interest in testing destabilization techniques on small volumes. Understanding what happens on a microscopic scale is of
great importance for crude oil recovery.41
IV. CONCLUSION

FIG. 6. Relating the Laplace pressure to the normal forces during squeezing. (a)
Distribution of droplet sizes in an emulsion before squeezing. (b) Experimental normal forces during a squeeze experiment (circles) and a ﬁt based on the droplet size
distribution and Laplace pressures of these droplets (solid line).
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In summary, we studied the time scales for emulsion destabilization in highly concentrated oil-in-water emulsions induced by the
squeeze ﬂow technique. Whereas normally water drainage only occurs
in oil-in-water emulsions with oil fractions below the jamming point,
this process can be induced and sped up by squeezing the emulsion
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between two glass plates. Coalescence events eventually occur at high
oil volume fractions with very thin layers of the continuous phase
between the droplets. The emulsion used in this paper differs slightly
from the emulsions used by Dekker et al.32 In the latter paper, the continuous phases contained only water with 1 wt. % of SDS and
Rhodamine B was added as a dye to the continuous phase. Despite
these small differences, the observed behavior in squeeze experiments
is the same, indicating that the results reported here are quite general.
We show that the coalescence process is strongly affected by the
roughness of the glass substrate, with rough surfaces leading to pinning and coalescence of the oil droplets, while smooth surfaces allow
the emulsion to glide without coalescence.
Force relaxation measurements highlight two important processes during squeezing of an emulsion: ﬁrst, the drainage of water on
a time scale of 104 s, which leads to thinning of the ﬁlms between the
oil droplets, and, second, creep deformation on a time scale of 102 s,
which leads to rearrangements processes in the oil droplets. These two
processes together result in coalescence events and then full destabilization of the emulsion. We propose a model for the total force that
needs to be exerted on the emulsion to squeeze the emulsion that is
based on the Laplace pressure of single oil droplets and the size distribution of these droplets. This model allows us to predict the necessary
force to induce destabilization from the droplet size distribution in an
emulsion. The acquired insights in the time scales for creep deformation and water drainage and the squeeze forces can be used to guide
the scaling up of the process toward the use in large-scale crude oil
recovery.
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