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Coalescence in concentrated emulsions: Theoretical predictions and
comparison with experimental bottle test behaviour

Huy-Hong-Quan Dinh ∗a,b, Enric Santanach-Carreras a,b, Véronique Schmitt c and François
Lequeux d,e

Fusion between emulsion drops, also called coalescence, may be undesirable for storage or sought
after depending on the desired application. In this latter case, a complete separation of the two
liquids composing the emulsion is required. The same objective may be aimed in foams. We have
performed bottle test experiments on a model system of water in oil (w/o) emulsion stabilized by high
amount of the hydrophobic surfactant Span 80. We observe two regimes for emulsion separation:
after the first regime which is fast and includes sedimentation of the water droplets, the second
regime exhibits a very dense and stable emulsion zone. We predict the initial thickness of the dense
zone as a simple function of surfactant concentration and mean droplet size. From the assumption
that the coalescence rate depends only on the area of the thin film between two contacted droplets,
we quantitatively model the separation kinetics of the dense emulsion zone. Our results give rise to
a simple method that allows measuring the coalescence frequency per unit area, only by monitoring
bottle test experiments.

1 Introduction
Emulsion is a mixture of two or more immiscible liquids. Most of
the emulsion systems are often formed by blending an oily phase
with an aqueous one, in addition with the surface-active agents
to enhance their kinetic stability. The study of emulsion stability
plays a crucial role in many realms of technology such as foods,
cosmetics or petroleum engineering, which explains why numer-
ous studies have been devoted to this subject. The life time of
emulsions could widely vary from minutes to months depending
on the emulsion type. Emulsion destabilisation occurs via dif-
ferent mechanisms such as sedimentation/creaming responsible
for a phase separation between the emulsion and the continu-
ous phase or as Ostwald ripening and coalescence responsible for
emulsion destruction and a phase separation between the con-
tinuous and dispersed phases1. Whereas the first two processes
are well described in literature, the understanding of coalescence,
which is the major factor of the emulsion destabilisation, remains
highly debatable. In the absence of surfactant, the coalescence
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is fast and limited only by hydrodynamics, and occurs as soon as
the film of one phase, sandwiched in between two droplets of the
other phase, decreases to a thickness of a few tens of nanome-
ters where Van der Waal’s attraction leads to the piercing of the
film2,3. However, in the presence of surfactants the situation is
more confuse. Several scenarios have been suggested to describe
the coalescence mechanism of thin films in presence of surfac-
tants. The first one consists of the competition between capillary
pressure and disjoining pressure4,5; the thin film bursts when the
capillary pressure exceeds the disjoining one. However, no direct
proof of this effect has been reported to the best of our knowl-
edge. Moreover, this argument omits the role of surface elastic-
ity, which has been confirmed in most of the recent experimen-
tal works6–8. Indeed, the nature of surfactant is critical for the
film stability9. The coalescence is likely thermally activated as
suggested by De Vries10. This leads to the hypothesis that the
coalescence events are purely statistical, in which the probability
of coalescence is - for a given surfactant at a given concentration
- proportional to the thin film area11–13, as confirmed recently
in 2d emulsions14. The proportionality coefficient ω (namely
the coalescence frequency per unit area), which accounts for the
physico-chemistry of the studied system, is thus the key parame-
ter characterizing the whole coalescence process.

Classical bottle test consists in mixing oil and water in pres-
ence of surfactant and measuring the rate of phase separation. In
a bottle test, two successive regimes of emulsion separation can
be observed. The first regime corresponds to a fast, buoyancy-
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driven separation with simultaneously fast coalescence; the sec-
ond regime exhibits a dense and stable zone of emulsion, which
is not easily destructed even by centrifugation15–17. However, a
quantitative relation between the thickness of the dense zone and
the surfactant concentrations, has not been established yet. Fur-
thermore, the study of separation kinetics remains likely either at
the first regime level, or in the hydrodynamic contexts without
presence of surfactants18,19. The separation kinetics of the dense
zone per se, in which the droplets are fully covered by surfactants,
remains largely unknown.

In this paper, we bring a fresh eye for the study of coalescence
behaviour and of the characterisation of emulsion stabilized by
surfactants, through a classical and simple bottle test method. We
give evidence that the coalescence probability depending on thin
film area could greatly explain the observations from our bottle
test experiments. The latter leads us to introduce a simple and
inexpensive method to determine the coalescence frequency per
unit area ω of the system. A complete model for separation kinet-
ics of the dense emulsion zone will be proposed. In parallel with
the kinetics study, we directly model the amount of the generated
dense zone volume as function of surfactant concentrations.

2 Experimental section

2.1 Emulsion preparation

The oil phase of the emulsions consists of dodecane (Thermo
Fisher Scientific- Ref. 117590025) to which we add various con-
centrations of Span 80 (Fisher Scientific - Ref. 15474919) to favor
the formation of water-in-oil emulsions. Sodium Chloride (Fisher
Scientific) is added to deionized water (18 MΩ) for the aqueous
phase; to ensure the robustness of our results, we have performed
tests at 10 mM and 100 mM. The role of NaCl is two-fold: it al-
lows screening all possible electrostatic interactions that may be
due to traces of ionic surfactants20 and preventing Ostwald ripen-
ing to be the prevalent destabilisation mechanism by even further
reducing the dispersed phase solubility in the continuous phase.

For all bottle tests presented hereinafter, unless otherwise spec-
ified, we fix the water/oil volume ratio to 1:1 and the total volume
of fluids to 15 ml. The vials used have diameter of approximately
2 cm and 24 ml volume. First, we add 7.5 ml of water and then
we complete with 7.5 ml of oily phase. Since the solubility of wa-
ter in dodecane, and vice versa, is finite but not null, we let the
fluids equilibrate at rest for 30 minutes before proceeding with
the emulsification step.

Droplet size and size distribution are key parameters in emul-
sions. For this reason, and to add soundness to our model, we
prepare emulsions with either a Vortexer (IKA-MS1), working at
2500 rpm, and an Ultra-Turrax (IKA-T10) which is used with ro-
tational speeds ranging from 10000 rpm up to 30000 rpm.

2.2 Interfacial tension measurement

The stability of an emulsion greatly depends on the available
amount of surfactant. The type of surfactants present; their
amounts, absolute and relative to each other, and the induced
decrease in interfacial tension, will also play a critical role on the
initial state of the emulsion morphology: size of droplets, sta-

bility. The system under study in terms of interfacial tension for
the whole range of surfactant concentrations covered, is therefore
of upmost importance. To measure the water/oil interfacial ten-
sion, we use a commercial set-up (TECLIS) based on the pendant
drop method: we create a water droplet, a few µl in volume, in a
bath of Dodecane containing the desired Span 80 concentration.
The software finds the best fit to the curvature of droplet inter-
face using γ as the adjusting parameter. To avoid artifacts due to
mass transfer between the different phases, we contact the aque-
ous and oil phases for at least 24 hours prior to measuring the
interfacial tension for each condition in order to equilibrate the
partition of the surfactants between oil and water. By varying the
concentration of surfactant in the bulk, we construct the isotherm
curve for our system, which is used in our theoretical models. The
experimental data is presented in the SI.

2.3 Image acquisition and image treatment

To quantify emulsion stability, we follow the temporal evolution
of two interfaces: the emulsion/water interface (at the bottom of
the vial), which creates the water leg, and the oil/emulsion in-
terface (at the top of the vial) due to the gravity-driven settling
of water droplets induced by the density difference between oil
and water. The positions of these interfaces from the bottom of
the vial are noted as Hw and HS respectively and are shown in
Figure 1A (right). We take still pictures at regular time intervals
of the vials using a Nikon D5100 camera and backlighting to cap-
ture the position of these two interfaces at different stages of the
destabilisation process Figure 1B.

From each photography, we extract the position of both
oil/emulsion (HS) and emulsion/water (Hw) interfaces using a
Matlab program. The interfaces are not necessarily straight and
this can induce significant noise in the determination of the inter-
face position. This is particularly true for the Hw interface where
a meniscus is clearly observed (Figure 1B). For this reason, we
average the intensity of the image about the x-direction and look
at the intensity profile of this average along the direction of the
vial height. The noise in the HS interface, basically in the order of
1 droplet radius, is much smaller. Taking the derivative of this av-
eraged intensity profile allows then to readily extract the position
of both interfaces.

3 Results and discussion

The process of emulsion separation and destabilisation is a com-
plex one where both HS and Hw interfaces evolve with time. An
example is reported in Figure 1 for an emulsion stabilized by 800
ppm of Span 80 with 10 mM of NaCl in aqueous phase. For each
of these interfaces, at least two regimes can be identified. In the
case of HS, individual water droplets settle fast because of the
density difference of water with dodecane until the volume frac-
tion of dispersed phase reaches∼ 0.8. This dense emulsion is then
compressed at a much slower rate via the drainage of the intersti-
tial oil present between the water droplets. An interplay between
the weight of the emulsion and the permeability of this dynamic
porous media dictates the compression kinetics and leads to a
volume fraction gradient within this dense emulsion. The char-
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acteristic time scale of the settling is in the order of minutes and
hence HS position can be considered as being constant through-
out the irreversible destabilisation process described hereinafter;
This is clearly seen in the red curve in Figure 1C. It is important
to notice that the position of the HS interface is not indicative of
the stability of the emulsion and hence we will not further discuss
it in this work. We will focus on the evolution of the Hw interface
whose evolution is indicative of irreversible changes in the system
through coalescence.

3.1 Emulsion characterisation: Observation of a dense zone
and the existence of two regimes of separation

While observing the evolution of the Hw interface in water/oil
emulsions formed with high concentrations of Span 80, we clearly
identify 2 different regimes (Figure 1C). A first regime, of charac-
teristic time 101− 102 minutes, during which the emulsion sep-
arates rapidly. This regime is indeed due to the presence of
surfactant-unsaturated interfaces in the freshly made emulsion.
In order to increase surface concentration of surfactant molecules,
the emulsion naturally reduces its amount of surface through co-
alescence events. We will not focus on the kinetics of this first
regime, as it represents no more than 0.01 of the whole destabili-
sation process, which can last up to 105 minutes, id est 2 months,
as Figure 1C shows. In the second regime, the separation speed is
significantly slow compared to the first one. The emulsion is very
dense, average volume fraction of 0.8-0.9, with initially small and
compact dispersed droplets. The position of the two interfaces are

nearly flat, but we can observe that some of the droplets become
very large, an irrefutable prove of the occurrence of coalescence
events within the dense emulsion zone, as seen in Figure 1B (III
and IV in particular).

This dense zone is not easily destructed by centrifugation, even
at high accelerations. We claim that the dense zone is completely
thermally activated, in which the key parameter for the stability is
the coalescence frequency per unit area ω between the emulsion
droplets21. This parameter depends on the lifetime and the criti-
cal thickness of the thin film between 2 droplets undergoing coa-
lescence. The presence of surfactants like Span 80 on the droplets
surface reinforces the thin-film lifetime and hence increases emul-
sion stability.

The transition between the two regimes occurs at a time τ? and
at a position of the free-water interface that we call, H?

w. Beyond
this point, we observe a quasi-plateau where the height of free
water interface Hw increases very slowly (Figure 1C) and whose
length is described by the characteristic time, τC. After this quasi-
plateau, the separation kinetics seem to accelerate. Experiments
carried out by varying the concentrations of Span 80 show that
the quasi-plateau position, H?

w, correlates with surfactant concen-
tration c0 in the oil phase.

Considering the partition of Span 80 molecules between
droplet surfaces and the liquid bulk phases, we explain and pro-
vide a theoretical approach of this observation. One expects to
improve emulsion stability with an increasing concentration of
Span 80 molecules per unit droplet area. Moreover, we may as-

Fig. 1 (A) Definition of interfaces position measured in bottle test (B) Snapshots of bottle test photos during emulsion destabilisation (C) Interfaces
detected in bottle test: Sedimentation (Red) and Water-leg interface (Blue)
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sume that the emulsion becomes stable, and coalescence is sig-
nificantly hindered, when the droplets surface are covered by 80-
90% of surfactant molecules22. This condition will be satisfied
when the surfactant concentration in the bulk reaches a certain
value c?. Experimentally speaking, this is the minimum concen-
tration of Span 80 in oil needed to generate the dense zone. Be-
low this concentration, no dense zone will be observed. We find
that c? takes value around 20 ppm for our model system with
Span 80. It corresponds to a surface concentration Γ? ≈ 0.8Γsat .
The surface concentration Γ? at the transition point of 2 regimes
is calculated directly by a simple surfactant balance from the to-
tal concentration c0 of Span 80 added in the oil phase prior to
emulsification:

Γ
? =

V0

N?4πR2
0
(c0− c?) (1)

Where N? is the number of droplets, R0 is mean droplet radius
at the beginning of the second regime, V0 is the total oil volume.
The conservation of water volume gives:

N? 4πR3
0

3
+H?

W S = H0S =
Φ

1−Φ
V0 (2)

Where H0 is the height of water column when the both liquids are
completely separated, S is the cross section of the tube and Φ is
the volume fraction of water in our system (we focus on Φ = 50%
in most of the bottle tests). Combining equations (1) and (2), we
deduce an expression for H?

W :

H?
W

H0
= 1− 1−Φ

Φ

R0

3Γ?
(c0− c?) (3)

Equation (3) shows a linear relation between the quasi-plateau
position H?

w, concentration of Span 80, and R0. To validate our
explanation, we perform experiments at Φ = 50% by varying con-
centrations of Span 80, c0, and different mixing protocols that we
expect to result in different mean droplet radii R0. The outcome
of each experiment is H?

w, which can be easily measured from the
images. Our experimental measures obtained with emulsions pre-
pared with and Ultra Turrax at 3 different rotational speeds, 11
000, 15 000 and 30 000 RPM; as well as a Vortexer, indeed show
a linear relation between H?

w and c0 as can be seen in figure 2.
Interestingly, this implies a fixed R0 for a given mixing protocol.

The solid lines represent the best fit to our experimental data
obtained by fixing c? = 20 ppm and Γ? = 0.8Γsat , with Γsat =

5× 10−6 mol/m2. The latter is calculated directly from our in-
terfacial tension measurements (see SI for more details). From
the slope of these fits, we extract a typical value of R0 for each
mixing protocol, which is the only remaining unknown parame-
ter. Not surprisingly, increasing the mixing speed, and hence the
energy input to emulsify the system, results in smaller droplets.

Note that the droplets radius R0 at the beginning of the sec-
ond regime might be slightly different at different concentrations
of Span 80, even for the same mixing protocol. However the
overall ranges of variation of H?

w at different concentrations of
Span 80 is still correlated to the concentrations of Span 80. Equa-
tion (3) gives an estimation of droplets radius range for the 3
levels of Ultra Turrax, which are: R0 = 5− 7µm (30 000 RPM),
R0 = 8−10µm (15 000 RPM) and R0 = 11−20µm (11 000 RPM).

Fig. 2 Measure of H∗w for different concentrations of Span 80, and at
different mixing protocols (Ultra Turrax at 11000, 15000, 30000 RPM
and Vortexer at 2500 RPM)

Optical microscopy images of the formed emulsions confirm the
radii predicted with our model (See SI). This result allows us to
estimate the initial mean droplet radius within the dense zone at
the regime transition, by only knowing the plateau position H?

w
and the surfactant concentration c0.

Another way of confronting experiments to our model de-
scribed by equation (3), is to vary Φ keeping the same mixing pro-
tocol. According to our model, the experimental plots of H?

w/H0

versus (1−Φ)c0/Φ should be unified in a straight line, and this
is, indeed, what our experimental data shows as seen in Figure
3. We note on this figure that when the concentration of surfac-

Fig. 3 Measure of H∗w at different water volume fraction Φ, at mixing
protocol of Ultra Turrax 30000 RPM
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tant, normalized by the volume ratio of the two phases, exceeds
a given value, the thickness of the dense zone predicted by our
simple model exceeds the thickness of the bottle. Physically, this
means that the amount of surfactant present is large enough to
cover all the interfaces of the emulsion, and thus the emulsion is
already in the second regime at the end of its preparation.

3.2 Modeling the duration of the quasi-plateau

The separation time of our concentrated emulsion is very long; for
some of the Span 80 concentration conditions tested, separation
of 90% of the water volume could take more than 105 minutes.
Comparatively speaking, the first regime, which lasts only about
100 minutes, can be considered as fast. For this reason, we focus
on the separation kinetics of the dense emulsion zone in the sec-
ond regime. In particular, we concentrate on the duration of the
quasi-plateau since, as we will show, it can give valuable and in-
teresting insight on the coalescence of droplets within the dense
zone.

In our context, we neglect the effect of Ostwald ripening be-
cause of the presence of osmotic pressure that inhibits mass trans-
fer between the droplets. Therefore, droplet coalescence is the
main factor for the destabilization of the dense emulsion zone.
Our main hypothesis is that the probability of coalescence be-
tween two droplets i and j in contact is equal to the product of the
coalescence rate per surface unit, ω with the area of the contact
thin film Si j. This relation is the bridge from the microscopic scale
to the macroscopic one. For the sake of simplicity, we assume that
ω is fixed during the whole separation process.

We call z the depth counted from the upper interface of emul-
sion, i.e. with excess oil phase. The height of this interface
counted from the bottom is close to H0 because the volume frac-
tion of the dense zone is very high, as can be seen in Figure 1B
and we will for the sake of simplicity assume that the water vol-
ume fraction of the dense zone can be approximated by 1.

Fig. 4 Schema of dense zone and indications of lengths used in the model

The first ingredient in our model is the contact surface Si j be-
tween two droplets of size Ri and R j at the depth z within the
bulk of dense zone. Since the droplets are highly closed packed,

the droplet at a depth z feels a hydrostatic pressure ∆P≈ ∆ρgz,23

where ∆ρ is the density difference between the aqueous and oil
phases. Consider a small volume V at a depth z, the contact of
droplets within this volume yields the average stress tensor at the
droplets surface over the volume V by the Irwin Kirkwood tensor:

σ̂ =
1
V ∑

i, j contact

~fi j
⊗

~ri j (4)

where ~fi j is the contact force between droplets i and j, ~ri j is the
connected vector between these two droplets. The normal com-
ponent of this tensor is equivalent to the hydrostatic pressure,
hence:

∆P =
1
3

Tr(σ̂) (5)

The contact force between droplets is induced by the pressure in
the contact film. It has been established that the latter is sim-
ply a Laplace pressure γ

(
1
Ri
+ 1

R j

)
.24,25 This allows to explicit the

pressure from equation (4). The pressure thus writes :

∆P =
1

3V ∑ni jγ

(
1
Ri

+
1

R j

)
Si j(Ri +R j) (6)

Where ni j is the number of contacts between droplets i and j in
volume V, γ is the water/oil interfacial tension, Si j is the thin film
area between these droplets. The average over all the possible
droplets in contact ni j can be estimated as follows. Consider a
droplet i. It has a probability p(Ri) to have a radius Ri. It occupies
a volume 4/3πR3

i . Let also gc(R j,Ri) be the probability for the
droplet i to have a contact with droplet j of radius R j. The ex-
pression has also to be divided by two because each contact force
is counted twice, from i, j and j, i. This leads to the expression

∆P = ∑
i

p(Ri) ∑
j=1

gc(R j,Ri)
1

8πR3
i

γ

(
1
Ri

+
1

R j

)
Si j(Ri +R j) (7)

The sum over j has to be done over the all neighboring droplets
j in contact with droplet i - that may depend on the relative ra-
dius of droplets i and its neighbors as detailed in the Appendix
A. Due to polydispersity and droplets deformations, performing a
summation of the previous equation is extremely tough. We will
thus neglect the effect of polydispersity. For that, we will simply
assume that all the droplets have the average droplet radius that
we call R. This will allow to get the right scaling, under the as-
sumption that the polydispersity does not evolve too much during
coalescence. In fact, as shown in the Appendix A we expect the
polydispersity evolution to be weak because the fastest growth in
a mixture is expected to be the one of the average radius droplets.
Finally, we assume that each droplet i is surrounded by 12 other
droplets. Under these approximations, the previous expression
reduces to:

∆P = γSi j
6

πR3 (8)

This expression allows us to evaluate the contact area between
droplets at a depth z, expliciting the pressure field:

Si j =
πR3∆ρgz

6γ
(9)
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Note that the contact area Si j(R) =
π∆ρgz

6γ
R3 has to remain smaller

than 1/12 of a droplet’s total surface which is of the order of 4πR2.
Thus, expression (9) remains valid as long as R is smaller than
RL ≈ 2γ/∆ρgz. In our system, z ∼ 1cm then RL ≈ 330µm. This
radius is indeed much larger than the initial mean radius within
the dense zone, which takes a value around 5−10 µm.

We now can estimate the droplets growth rate. Continuing with
our assumption that the average size can be substituted to the
size of individual droplets, we can write the average increase of
volume of individual droplets. During each event of coalescence,
the droplets have a volume that increases by the quantity 4/3πR3.
So if we follow a given droplet i, its volume will increase with time
as following:

d
dt

(
4
3

πR3
)
≈ 12ωSi j

(
4
3

πR3
)

(10)

Combining equations (9) and (10) we get:

dR
dt
≈ 2πω∆ρgz

3γ
R4 (11)

We remark that the growth rate of the droplets is proportional
to the depth z, hence the droplets which are close to the wa-
ter/emulsion interface are generally bigger than the upper ones.
Intergration of equation (11) writes:

1
R3

0
− 1

R(z, t)3 =
2πω∆ρgz

γ
t (12)

So the droplets radius diverges in a time τC that depends on depth
z and that is given by :

τC(z) =
γ

2πω∆ρgR3
0z

(13)

The divergence time for the droplets which are close to the in-
terface between emulsion and water homophase (z≈ H0−H?

w) is
thus:

τC =
γ

2πω∆ρgR3
0L0

(14)

where L0 = H0−H?
w is the initial thickness of the dense zone (at

the beginning of the second regime). An important remark from
equation (12) is that the time evolution for the droplets at a depth
z is very sharp. The radius grows very slowly for t < τC, but di-
verges when t = τC. This behavior allows to understand the sep-
aration kinetics shown in Figure 1C. At the beginning of the sec-
ond regime, the separation is very slow (the quasi-plateau) until
a sharp increases of Hw appears. We claim that this characteristic
time, τC, corresponds to the duration of the quasi-plateau. This
duration τC is the lapse of time during which the droplets slowly
coarsen through coalescence events before being large enough to
exhibit a very fast coalescence. So from duration of the quasi-
plateau of the second regime τC, we can deduce the coalescence
rate ω:

ω =
γ

2πτC∆ρgR3
0L0

(15)

We have seen that in the section 3.1, the initial average size of
droplets in dense zone is related to the initial thickness of the

dense zone by the equation (3):

R0 ≈
3Γsat

c0

L0

H0
(16)

Substituting this expression of R0 in the equation (14) we get,

τCH0 =
γc3

0
54πω∆ρgΓ3

sat

(
L0

H0

)−4
(17)

Under the assumption where ω is fixed for a given concentra-
tion c0 of Span 80 within the dense zone, the plot of τCH0/c3

0 as
function of L0/H0 in a log-log scale is expected to have a slope
of exponent -4. Indeed, we plot this relation of different bottle
tests at 800 ppm and 1000 ppm of Span 80 that we have per-
formed, the slope of the best fit line is very close to -4 as Figure
5 shows. From a best fit of our experimental data, we estimate
ω ≈ 2× 105 (1/sm2), whose order of magnitude is in agreement
with the ones measured on other systems11. This scaling law be-
tween τCH0 and L0/H0 remains valid as long as H?

w > 0 or L0 <H0.
In the case of H?

w = 0, one expects from equation (14) that τC is
rather scaling with 1/R3

0. Note that only a limited reduction in
τC can be achieved by increasing the acceleration g or height of
liquid column H0 because the maximum available contact sur-
face, Si j in equation (9) is limited by the droplet’s total area as
previously discussed. Given the characteristic droplet size and in-
terfacial tension of our model system, an increase of g (or H0) by
a factor of 4 will be sufficient to reach this maximum amount of
contact surface Si j This explains why the dense zone is not likely
to be rapidly destructed by centrifugation.

Fig. 5 Experimental plot of τCH0/c3
0 as function of L0/H0 for different

bottle tests at 800 ppm and 1000 ppm of Span 80

3.3 Complete separation kinetics modelling of the dense
zone

In the previous section, we have seen qualitatively that the quasi-
plateau is the regime where the radius evolution is slow. In this
section, we will show a complete model for the whole separation
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kinetics of the dense zone.
Firstly, we remark that the change of dense zone thickness is

due to the coalescence of the water droplets in contact with the
water phase interface. We will now write the rate of coalescence
of water droplet with the water phase following the paths of the
previous analysis. Let SI be the contact area of a droplet of radius
Ri at interface to the water phase. Let L(t)≈ H0−Hw is the thick-
ness of dense zone, L(0) = L0 being its initial value. The contact
area SI can be estimated by the force balance (Figure 4):

∆ρgLπR2
i = Pf SI (18)

Where Pf is the pressure inside the thin film. We assume that the
surface contact is flat following26. Hence the pressure in the thin
film is equal to the Laplace pressure:

Pf =
2γ

Ri
(19)

From equations (18) and (19) we deduce the contact area SI :

SI(Ri) =
π∆ρgL

2γ
R3

i (20)

The coalescence of the last droplets to the water homophase in-
duces a change of L. Each droplet of size R has the probability
of coalescence ωSI(R). Let nS(Ri) be the density per surface unit
of droplets of radius Ri. The time evolution of this density is thus
given

dnS(Ri) =−ωnS(Ri)SI(Ri)dt (21)

When droplets coalesce with the water reservoir, the volume of
each droplet is added to the water reservoir volume. This leads
for L to the following evolution :

dL(Ri) =−dnS(Ri)4πR3
i /3 (22)

Combining the three previous equations, one gets

dL
dt

=
2ωπ2∆ρgL

3γ
∑R6

i nS(Ri) (23)

where the sum corresponds to all droplets at the interfaces. To
estimate this sum, let us remark that a droplet of radius Ri oc-
cupies a surface area of πR2

i . Thus if the density in number
of the droplets of size Ri near the interface is λS(Ri), we have
nS(Ri)' λS(Ri)

πR2
i

. We can thus rewrite the above equation:

dL
dt

=−2ωπ∆ρgL
3γ

〈
R4

i

〉
(24)

where the bracket corresponds to the average over all droplets
at the interfaces. We assume that the average of droplets size
at interface evolves with time as already showed in the equation
(12). Therefore the time evolution of dense zone thickness is
described by:

dL
dt

=−AL
τC

(
1− L

L0

t
τC

)−4/3
(25)

where A = R0/3L0. Equation (25) gives a complete time evolution
of the separation kinetics of the dense zone. The solution of this
equation exhibits 3 regimes as detailed in Appendix B:

• t < τC, L ' L0e−At/τC : Since A << 1 this evolution is very
slow and mostly flat. This corresponds to the quasi-plateau
as showed in the previous sections.

• τC ≤ t < τC/A: in that case L(t) exhibits a simple scaling :
L(t) ' L0τC/t. This evolution corresponds to the main part
of the separation kinetics after the quasi-plateau.

• t > τC/A: this last regime completes the separation of the
dense zone. It has an asymptotic form: L ' L0

τC
t e−At/τC .

Note that the time for observing this last regime is very long.
One should wait at least at time of 3L0τC/R0 to observe it.
This time is larger by one or more order of magnitude than
the quasi plateau duration.

Figure 6 below shows the experimental results of the 6 bottle
tests that we have performed at various L0 and τC. The black
straight line shows the complete numerical solution of equation
(25) for A << 1. In our experiments, A spans the range 1/3000 to
1/1000. The data points at the longest experimental times seem
to deviate from the model. This is most likely due to the precision
of these measurements, which is limited by the resolution of the
images. Indeed, at these times the thicknesses measured are only
a few pixels in height, ∼ 4, and hence the relative incertitude
for these measurements is high. Overall, the predictions of our
model are in very good agreement with the experimental results,
especially for the kinetics after the quasi-plateau where all the
experimental points are likely to be unified into the model curve
of L(t)' L0τC/t.

Fig. 6 Comparison between model and experimental data for different
bottle tests at various Span 80 concentrations c0 and mixing speed: (◦)
c0 = 800 ppm, U. Turrax 30000 RPM (4)(�)(?) c0 = 800 ppm, U. Turrax
15000 RPM (�) c0 = 600 ppm, U.Turrax 30000 RPM and (.) c0 = 600
ppm, U.Turrax 15000 RPM

4 Conclusion
To conclude, we have modelled the destabilisation of a surfactant-
stabilized concentrated emulsion submitted to gravity in the
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regime of thermally activated coalescence. The model is validated
by our experiments. We deduce that the simple measure of the
kinetics of an emulsion destabilisation can provide very relevant
and quantitative measure of physico-chemical quantities. Firstly,
after sedimentation, the height of the dense emulsion zone gives
an information on the surfactant coverage of the droplets. Sec-
ondly, the time evolution of this dense zone is at the beginning
extremely slow. It exhibits a quasi plateau whose duration gives
the coalescence rate, ω. After this plateau, a regime of fast coales-
cence is predicted and observed with a 1/t scaling for the dense
zone thickness.

Appendix A: Effect of polydispersity on droplets sur-
face contact

One may wonder how the polydispersity may affect colaescence.
For that we can do the following estimation. First we count the
number of neighbors of a droplet of radius Ri surrounded by
droplets of radius R j. The solid angle occupied by a droplet j
at the periphery of the droplet i is

σi j = 2π

(
1− cos

(
arctan

R j

Ri +R j

))
(26)

Note that for Ri = R j the fraction of solid angle take a value
of σii/4π and we know that in that case about 12 neighbors are
surrounding a droplet. We get them for the compacity on the con-
tacting neighbors a value of about Cσ = 3σii/4π, and we deduce
that the number of neighbors of radius R j around a droplets of
radius Ri can be estimated to

Zi j =
4πCσ

σi j
(27)

Thus expression 28 writes, for the droplet i

∆ρgz =
Zi j

8πR3
i

γ

(
1
Ri

+
1

R j

)
Si j(Ri +R j) (28)

Thus, the surface contact of droplet of radius Ri surrounded by
droplets of ridus R j writes :

Si j = ∆ρgzCσ

R3
i σi j

γ

(
1
Ri
+ 1

R j

)
(Ri +R j)

(29)

Note that Si j is maximum when Ri ' R j , so the polydispersity
may not be an important issue.

Appendix B: Analyze of the solution of equation for
separation kinetics

Let L̃ = L/L0, T = t/τC and A = R0/3L0, we thus can rewrite the
equation (25) in dimensionless form:

dL̃
dT

=−AL̃(1− L̃T )−4/3 (30)

with the initial condition L̃(0) = 1. Note also that A << 1
• If T is small, 1− L̃T ≈ 1 so L̃ ≈ e−AT . This regime is no longer
valid when T approaches 1.

• If T ≥ 1, an asymptotic solution for large T is

L̃' e−AT

T
(31)

In fact, a numerical solution of equation (30) shows that this
solution is a good approximation when T is larger than 1, as
shown in figure for A = 0.001. As long as AT << 1, L̃ can be
approximated by

L̃' 1
T

(32)

Fig. 7 Numerical solution of equation (30) and its approximation

Nomenclature
∆ρ Density difference of aqueous and oil phase

Γsat Saturated surface excess concentration of surfactant

ω Coalescence frequency per unit area

Φ Water volume fraction in the emulsion system

τC Length of the quasi-plateau in unit of time

c? Minimum surfactant concentration to generate the dense
emulsion zone

c0 Total surfactant concentration

H0 Height of water column prior to emulsification

H?
w Position of the quasi-plateau

L Thickness of the dense emulsion zone

L0 Initial thickness of the dense emulsion zone, at the be-
ginning of the second regime

R0 Mean droplet radius of emulsion

γ Water/oil interfacial tension
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