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a b s t r a c t

Non-intrusive and continuous (on-line) techniques for the assessment of emulsion stability are of
increasing interest. In this context, this work examines the potential of a new electrical technique (non-
intrusive/continuous) against two traditional techniques, an optical technique (intrusive/intermittent)
and a volumetric technique (non-intrusive/intermittent), for the assessment of the stability of Pickering
emulsions. Surface modified hydrophilic particles (OS1, Sasol) were employed in making O/W Pickering
emulsions. Experiments were performed with different water/oil volume ratios and particles concen-
trations. Emulsions stability was registered simultaneously by: (i) Electrical conductance signals taken
continuously at a certain height inside the test vessel for determining the evolution of the local water
lectrical conductance

icroscopy
reaming index

fraction. (ii) Microscopy photos of samples withdrawn at regular intervals from the test vessel at the same
height as electrical measurements for determining the evolution of the local droplet size distribution.
(iii). Global volumetric measurements of the different phases (water, oil, emulsion) inside the test vessel
made at regular intervals for determining the evolution of the location of the phases separation interface.
Analysis of the results of each technique and comparisons among them are presented and discussed in

detail.

. Introduction

Emulsions are omnipresent. They dominate our daily life rang-
ng from cosmetic products over foods, cleaning, pharmaceutical
roducts to paint and oil industries [1]. Emulsions are heteroge-
eous mixtures consisting of at least two immiscible liquids [2]. The
ispersed phase is present in the form of droplets in a continuous
hase. Liquid/liquid immiscibility creates an interfacial tension at
he contact area between the two liquids. As a consequence emul-
ions are thermodynamically unstable systems since the increase
n the interfacial contact area results in an increase in chemical
otential. In thermodynamic terms the free energy penalty of emul-
ion can be reduced by the use of surface active agents components
surfactants), amphiphilic polymers or proteins, which sufficiently
educe interfacial tension [3].
The relative hydrophilic–lipophilic balance of these molecules is
nown to be the most important parameter dictating the emulsion
ype oil-in-water (O/W) or water-in-oil (W/O) [4]. However, surfac-
ants introduce complexities some times while trying to interpret
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their role, because of their incorporation into oil and water. In this
regard, surfactant-free emulsions are one of the most adequate
systems for scrutiny.

The so-called Pickering emulsions or more generally solid-
stabilized emulsions, can be obtained with a wide variety of organic
or mineral powders such as latex, silica, aluminum, and clays.
Although such emulsions have been studied since the beginning of
this century [5,6] their mechanism of destabilization is still under
investigation. Some general rules concerning Pickering emulsions
that arise from the different studies reported in the literature [7,8],
are the following: (i) the continuous phase of the preferred emul-
sion is normally the one in which the particles are preferentially
dispersed; (ii) the particle surfaces must be partially wettable by
both oil and water. This latter condition implies that the contact
angle of the three-phase system must be greater than 0◦ and less
than 180◦. More specifically, for O/W emulsions particles with con-
tact angles below 90◦ are preferred whereas for W/O emulsions a
contact angle of above 90◦ is crucial. A convenient way to tailor
contact angles is by mixing particles with surfactants [9,10].

The study of solid-stabilized emulsions has entered a very fruit-

ful period and in this paper we aim to present a new non-intrusive
method capable of registering their destabilization process. Sev-
eral methods have been employed in the past, e.g. light scattering,
laser diffraction, optical microscopy, to investigate the progress of
emulsification which determine droplets size from either direct

http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:karapant@chem.auth.gr
dx.doi.org/10.1016/j.colsurfa.2010.02.017
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Table 1
Oil-to-water volume ratios and concentration of OS1 particles in the water phase
used for emulsion preparation.

√
denotes conditions where emulsion destabiliza-

tion occurred in reasonable time (less than 5 h).

OS1 particles (w/w) Miglyol/water (v/v)

20/80 40/60
√ √

creamer was placed at the central axis of a Plexiglas taper vessel
(Fig. 1) 1.5 cm above the bottom of the vessel. The creamer motor
was connected to a variable voltage potentiometer in order to
adjust the rotation speed. Destabilization of emulsions was exam-
ined inside a cylindrical Plexiglas vessel having 11 cm height and
82 E.-M. Varka et al. / Colloids and Surfaces A:

isual observations, or from measurements performed on with-
rawn samples [11–15]. These methods are limited by the fact
hat they provide information of droplet sizes only from places
here there is either visual access or a sampling mechanism can

e inserted. Additionally, the often required significant dilution of
amples before measurement can modify some of the emulsion
haracteristics (e.g. destroy flocks or aggregates). Moreover, these
ethods cannot provide information on phase volume fraction dis-

ributions.
Electrical techniques appear to be a tempting option for mea-

uring non-intrusively the temporal evolution of local volume
ractions inside emulsions (opaque or transparent). Such tech-
iques have been used in the past for monitoring other applications
uch as mixing [16], bubble columns [17], multiphase flows [18,19],
olid–liquid filtration [20], and polymerization reactors [21]. A pair
f ring electrodes running the internal circumference of a vessel
nd separated by a certain distance in the axial direction consti-
utes a probe which, apart from being non-intrusive, is particularly
ensitive to phase distribution patterns in the cylindrical segment
etween the ring electrodes [22]. Ring electrodes have been suc-
essfully applied to a number of multi phase applications, e.g.
23,24]. Recently, an upgraded version of the technique has been
sed for monitoring foam drainage [25,26]. It has been reported
hat in cases of radially homogeneous dispersions the separation
istance between electrodes can be significantly reduced in favor
f more localized (axially) measurements.

To our knowledge there has been no systematic use of electrical
easurements for studying the phases’ distribution in emulsions.

n other words, to measure the evolution of local volume fractions
uring emulsion preparation or destabilization. Some papers used
onductance measurements more as an indicator of global emul-
ion condition rather than as a tool for determining local volume
ractions [27–29]. Recently, Kalogianni et al. [30] employed ring
lectrodes placed at different axial locations of a container to con-
inuously register variations of the local phase volume fractions
long the height of the emulsion in a tomographic fashion. Their
easurements covered only the emulsion preparation stage and

ot the subsequent destabilization.
In the present work, we examine the application of a non-

ntrusive, continuous monitoring, electrical conductance technique
or monitoring the evolution of local phase volume fraction inside
paque oil-in-water (O/W) Pickering emulsions during destabiliza-
ion. The structure of the work is as follows. The experimental
et-up and procedures are described first. Results from the three
imultaneous techniques (electrical, volumetric, optical) are pre-
ented next. An analysis of electrical signals to obtain average
roplet sizes follows. Finally, results are compared to each other
nd discussed in an effort to explain the underlying phenomena.

. Materials and methods

.1. Materials

Oil-in-water Pickering emulsions were prepared using a NaCl
queous solution, Miglyol oil and hydrophilic particles as stabilizer.
queous solution was prepared by dissolving NaCl at a concentra-

ion of 0.3 g/l into Millipore filtered water. After salt dissolution
he electrical conductivity of the aqueous solution was 125 �S/cm,
value common for tap water. Miglyol 812 oil is a neutral oil (CHG.
71 130, SASOL) typically used in cosmetics and pharmaceuticals.
Hydrophilic particles modified with p-toluene sulfonic acid
OS1, SASOL), were used as received. A relatively wide particle
ize distribution was found in dispersion with an average size
etween 60 and 90 nm. OS1 particles have a finite porosity with a
ET surface area of 112 m2/g. Besides micro-pores, the strong hys-
0.1%
0.5%

√ √
1%

√ √
2.5%

√
Very stable emulsion

teresis of nitrogen adsorption isotherms indicates the existence of
meso-pores in OS1 aggregates. This complex geometry of particle
pore spaces makes the estimation of particles’ wetting properties
extremely difficult. Using a modified Wilhelmy plate method, the
average advancing and receding contact angles – corrected accord-
ing to the Wenzel equation – were 62◦ and 61◦, respectively. Zeta
potential of OS1 particles was measured in 10−3 M KCl solution
using a Zetasizer Nano 3000 (Malvern, UK). OS1 particles were pos-
itively charged in a broad range of pH values, having the isoelectric
point at pH = 9. The stability of particles’ surface modification was
examined by charge compensating polyelectrolyte titration with
a particle charge detector PCD 02 (Mütek, Germany). After several
‘washing’ cycles, the surface charge was still positive, indicating the
surface modification stability. Surface charge quantification was
not possible.

The employed water/oil volume ratios and particles concentra-
tions are displayed in Table 1.

2.2. Procedures for emulsion preparation and destabilization

Emulsions were prepared by intense mechanical agitation
(whipping) with a coffee creamer. The impeller of the coffee
Fig. 1. Emulsification set-up. Coffee creamer is on top with Plexiglas taper vessel
underneath.
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ig. 2. Emulsion destabilization test vessel furnished with several electrodes. Only
he pair consisting of the first and third ring electrodes (from the bottom) is used in
his study.

.1 cm internal diameter (Fig. 2). The vessel was designed for elec-
rical tomography measurements and for this it was furnished
ith several stainless steel electrodes. All electrodes were care-

ully machined to be flush mounted to the inner wall of the vessel
n order to avoid disturbing the emulsions. For the present experi-

ents only one pair of ring electrodes (0.2 cm width) was employed
s a measuring probe. These electrodes were 1.05 cm apart from
ach other (half of the internal diameter of the vessel selected on
lectrical field considerations [22,25]) and were placed at the lower
art of the vessel with the lower electrode at 0.9 cm above the bot-
om of the vessel. The free surface of the emulsion was ∼8 cm above
he bottom of the vessel.

Initially, the taper vessel was filled with the appropriate volume
f alkaline aqueous solution and load of OS1 particles. The value
f the aqueous solution volume was different for different hex-
ne/water volume ratios so as to have always a final volume of 60 ml
f oil and water in the emulsion. The coffee creamer was operated
t 1260 rpm, a speed adequate to agitate and emulsify the mix-
ure without vortexing and air suction. Agitation was performed
n eight sequential runs of 1 min each (8× 1 min). This scheme
roved sufficient to achieve stable conditions with the electrical
ignal reaching a plateau value. Then, the appropriate volume of
iglyol 812 was introduced in the vessel and agitated at 1260 rpm

or 4× 1 min. After the end of the emulsification period, the pro-
uced emulsion was split into four parts. A first, large part (28 ml)

as decanted into the Plexiglas test vessel (Fig. 2) for electrical con-
uctance measurements during destabilization. Second, a 0.5 ml
ample was carefully withdrawn from the taper vessel from the
egion between electrodes using a 5 mm i.d. tube (wide enough to
cochem. Eng. Aspects 365 (2010) 181–188 183

prevent droplets jamming) and was added to a 20% (w/v) Tween
80 solution to prevent droplets coalescence. The sample was then
put under a microscope (AxionStar) which was coupled with a dig-
ital camera (CANON, PowerShot A640, 10 Megapixels). Finally, two
other parts of the emulsion (∼10 ml) were decanted into two small
glass containers (i.d. 1.6 cm) for taking global photographs of the
whole emulsion volume from which the height of the two sepa-
rating phases was detected with respect to time. One may wonder
why phase separation was not monitored directly in the Plexiglas
vessel of electrical measurements. The reason was that Plexiglas
was not so transparent for taking clear images as glass. This was
worse with the emulsion inside the vessel because of the different
wetting properties of water and oil against Plexiglas.

2.3. Water volumetric fraction from electrical measurements

Electrical conductance data were taken throughout the desta-
bilization process. The technique has been presented in detail
elsewhere [25], only a few essential elements are repeated here.
An a.c. carrier voltage of 0.250VRMS was applied across each
electrode pair at a frequency of 25 kHz. This frequency allows
suppressing undesirable electrode polarization and capacitive
impedance. The response of each probe was fed to an electronic
analyzer–demodulator. The analog d.c. output signal of the analyzer
from the different probes was acquired at a rate of 1 Hz with the aid
of a data acquisition card (ADAM 4018, Advantec) interfaced to a
PC. The acquired d.c. signals were then converted to apparent con-
ductance Kapp (the inverse of apparent resistance) of the emulsion
using a calibration curve based on precision resistors. Assuming a
uniform dispersion of oil in water inside the measuring volume of
each probe, the following holds:(

Kapp
dis

Kapp
aq

)
= �dis

�aq
(1)

where Kapp
dis and �dis denote the apparent conductance and con-

ductivity of the dispersion whereas Kapp
aq and �aq denote the

apparent conductance and conductivity of the aqueous phase. The
normalization of conductance measurements with respect to the
conductance of the aqueous phase eliminates errors owing to
variations of water conductivity. The normalized conductivity mea-
surements were then transformed into water volumetric fractions
(fw) using the equation of Bruggeman (assuming non-conducting
oil phase) which is quite popular for emulsion applications, e.g.
[29,30]:

�dis = �aq(fw)3/2 (2)

2.4. Creaming index from volumetric measurements

A still digital camera was employed to take photographs of the
entire containers with respect to time during emulsion destabi-
lization. These images were used to determine the instantaneous
heights of the emulsion and of the aqueous phase inside the
containers and from these values estimate the creaming index
according to the formula (Fig. 3):

CI = Haq

Htot
× 100 (3)

The creaming index represents the global volumetric water frac-
tion. It is a measure of the progress of droplet separation as a result
of buoyant movement, flocculation and coalescence.
2.5. Droplets size from microscopy photos

Several photos were taken by the microscope from different
parts of the withdrawn samples until a population above 300
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Fig. 3. Schematic representation of creaming index estimation.

roplets was collected for each sample in order to ensure statistical
ignificance in the determination of droplets size. A custom-made
oftware capable of handling even very dense emulsions [31] was
mployed to obtain droplet diameter distributions and from them
o calculate the Sauter average droplet diameter (defined as the
atio of the 3rd to the 2nd distribution moment).

. Experimental results

.1. Water volumetric fraction

Fig. 4 presents electrical measurements of local water volume
raction versus time obtained during the destabilization process of
0/80 (v/v) Miglyol-in-water Pickering emulsion at different OS1
articles concentrations. Water fraction starts from 0.8 at t = 0 s
hich corresponds to a well-mixed homogeneous emulsion (at the

nd of emulsification) and changes towards 1 which corresponds
o pure water since the measuring probe is located low in the emul-
ion. The curves are different but there is a common feature: a fast
ise at the beginning which soon turns into a slower rise at longer
imes. It is most likely that the initial fast rise corresponds to large
il droplets that separate rapidly from the aqueous phase whereas
he slow rise corresponds to small droplets that take longer to
estabilize. By increasing the OS1 particles concentration from 0.1%
o 2.5% the situation changes progressively towards a more stable
mulsion. The slopes of the curves reflect the above. The least stable
mulsion (0.1%) exhibits the steepest slope whereas the most stable

mulsion (2.5%) the gentlest slope. Intermediate particles concen-
rations correspond to intermediate slopes in a correct qualitative
rder. Interestingly, the variation of slopes is not proportional to the
ariation of particles concentration, an indication of the complex-

ig. 4. Water fraction (fw) as a function of time (t) during destabilization of oil-in-
ater Pickering emulsions with 20/80 (v/v) oil/water volume ratio and different OS1
article concentrations.
Fig. 5. Water fraction (fw) as a function of time (t) during destabilization of oil-in-
water Pickering emulsions with 40/60 (v/v) oil/water volume ratio and different OS1
particle concentrations.

ity of the system. It seems that as particles concentration increases
droplet size decreases (produced during emulsification) yielding
more stable emulsions and smaller slopes. Of course, if droplet size
decreases at constant oil volume this means higher interfacial area
but the increased number of particles appears to overwhelm the
effect of the increased interfacial area. In other words, at higher par-
ticles concentration small droplets produced during emulsification
are better covered and protected by particles against coalescence
so smaller droplets survive in the emulsion (see also Section 5).

Fig. 5 presents measurements of local water volumetric fraction
versus time obtained during the destabilization process of 40/60
(v/v) Miglyol-in water Pickering emulsion at different OS1 particles
concentrations. The arguments made with respect to Fig. 5 hold also
here. Only that now the water fraction at the beginning is 0.6 corre-
sponding once more to a homogeneous mixture and that the curve
for 2.5% (w/w) particles concentration is omitted because the emul-
sion is so stable that no variation of the electrical signal is measured
in 5 h. Again, two main slopes are observed that can be assigned to
two different main droplet sizes. For particles concentration 0.5%
and 1% (w/w)/a small “hump” is noticed in the measured curves.
This is observed in all repeatability runs but at different moments
along the curves. During this phenomenon, we observe visually
through the transparent vessel wall a rapid buoyant movement
in the emulsion as if a large drop or a large stable flock of small
droplets is rising faster than the rest. Unfortunately, the emulsion
is opaque so we cannot see deep inside the vessel. It is believed that
these complications are due to structural effects emerging from
the high volume fraction of the oil in the emulsion and the exis-
tence of the particles (this explains why the complications are more
pronounced as oil and solids fractions increases).

In a subsequent section it will be shown that the existence of
two main slopes in the shape of the water volume fraction curves
implies an approximate bidisperse size distribution of droplets. Yet,
the curves present additional complications. For example, a third
slope appears at the beginning of the curves which is smaller that
the first main steep slope. For equal solids load, this third slope
lasts longer in the 40/60 emulsions than in the 20/80 emulsions.
We believe that this slope is the combined effect of droplets enter-
ing the measuring volume of the electrical probe from below and
other droplets exiting the measuring volume to above. This notion
is supported by electrical curves obtained at the preliminary stage
of this work with probes at different heights along the test vessel
where it was seen that the lower the location of a probe in the ves-
sel the shorter the initial small slope. However, phenomena such as

rearrangement of voids between droplets and subsequent opening
of space for the motion of large droplets may also a play a role.

Fig. 6 compares the curves of the two series of Pickering emul-
sions with different oil/water ratios when particles concentrations
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Fig. 6. Comparison of water fraction (f ) as a function of time (t) during destabi-
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ization of oil-in-water Pickering emulsions with 40/60 and 20/80 oil/water volume
atio and different OS1 particle concentrations.

re the same. As the emulsion gets richer in oil it gets also more
table. This is more evident as particles concentration increases.
ased on arguments advanced above, these comments are rather
s expected.

.2. Creaming index

Fig. 7 presents the computed creaming index for 20/80
il-in-water Pickering emulsions and for different particles con-
entrations. The less concentrated emulsion with just 0.1% (w/w)
S1 particles destabilized quickly with the phase separation reach-

ng soon 80%. This means that the oil completely separated from
he water which implies that particles around oil droplets offered
imited protection against coalescence. As particles concentration
ncreased, destabilization rate decreased and, in addition, the emul-
ion experienced lower degree of separation between the two
hases. The much smaller than 80% final water fraction (at the time
cale of observation) implies stabilization of the emulsion against
oalescence leading to flocculation and creaming (see Section 5).
f course, coalescence may still occur but in a larger time scale.

When trying to compare volumetric with electrical measure-
ents an important observation must be taken into account. For

he 20/80 (v/v)/oil-in-water emulsion with 2.5% (w/w) particles the
hase separation interface was below the two electrodes during all
he measuring period. In other words, the electrodes were always
ubmerged inside the cream (flocculated region). This was not so

or the other emulsion compositions where the phase separation
nterface soon goes above the electrodes.

ig. 7. Creaming index versus time for 20/80 oil-in-water Pickering emulsions.
Fig. 8. Effect of OS1 particles concentration in Sauter mean droplet diameter.

3.3. Droplets size

Results obtained from the analysis of the microscope pho-
tographs are presented in Fig. 8. The Sauter mean diameter
dopt of the emulsion from samples taken from the region of
the electrical probe is shown against the solids concentration
for the two emulsion compositions. In accordance with stability
results from electrical and volumetric measurements, droplet size
decreases as particle concentration increases. One would expect
that droplet sizes would be smaller for the 40/60 than the 20/80
(v/v) oil-in-water emulsions. This is the case for 1% (w/w) particle
concentration. For 0.5% (w/w), data points for the two emulsion
compositions are close enough and can be considered comparable
given the statistical lack of confidence (at a 95% level). For 0.1% and
2.5% (w/w) particles concentrations, the determination was statis-
tically significant for a different composition each time so results
for the other composition are not included in the plot.

4. Analysis of electrical conductance data

A detailed and realistic model of the destabilization procedure
is very complex. Buoyancy velocity of each droplet is influenced
from its neighbouring droplets. In addition to this motion, dif-
fusion occurs (especially for small bubbles) simultaneously with
coalescence due to gravitational and Brownian motion. The the-
oretical description of each from the above phenomena involves
several parameters leaving many open issues to be resolved from
experimental evidence. Even so, the computational cost for exten-
sive parameter identification by fitting the model to experimental
data is high. An example of such a model was formulated in [32]
where several empirical parameters were employed in order to
match the model with the experimental droplet size distributions.
Due to the high computational cost the unknown parameter was
found by inspection and not through a deviation minimization
technique. The development of pressure build-up in a suspension
of dense non-coalescing particles makes the modelling procedure
even more complicated.

An alternative direct approach to extract problem parame-
ters (droplet sizes and relative volume fractions) from electrical
conductance data of the evolution of water volume fraction is devel-
oped here. In the following analysis, only the two main slopes
in the water fraction evolution curves are considered as it is
unknown at present what is the proper way to cope with other

less pronounced slopes. Another issue of concern is the effect of
coalescence between droplets during emulsion destabilization. If
coalescence is dominant then the observed slopes represent inte-
gral information rather than specific droplet sizes. Our creaming
index results show clearly that only for the case of 0.1% solids con-
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ig. 9. Schematic and notation for the motion analysis of the phase separation front.

entration, particles are not enough to prevent droplets coalescence
ince the observed phase separation interface attains rapidly a posi-
ion corresponding to total separation between oil and water. But
ven in this case it is reasonable to consider that only a very small
egree of coalescence occurs up to the low height position of the
lectrodes pair in the vessel and coalescence is restricted to upper
arts of the vessel where the oil phase accumulates. So, coalescence
uring emulsion destabilization is ignored in the analysis even for
he lower solids concentration.

In order to develop a simple technique for the estimation of
roplet sizes from the corresponding volume fraction evolution
urve, the simple case of a moving front separating two phases
ith oil contents ϕ1 and ϕ2 is considered first. Let us assume that

he “observation” volume is contained between the centres of the
wo electrodes. The distance between the centres of the two elec-
rodes is denoted L (Fig. 9). The motion of the front is upwards which
mplies that ϕ2 > ϕ1. The instantaneous distance between the front
nd the centre of the lower/upper electrode is x1/x2, respectively,
uch as x1 + x2 = L (Fig. 9). Instead of solving the complete electro-
tatic problem, it is assumed that two resistances in series with
onductivities given by the Bruggeman’s law as k1 = kw(1 − ϕ1)3/2

nd k2 = kw(1 − ϕ2)3/2 are contained between the electrodes. The
verage conductivity k of the medium contained in the observation
olume will be given according to the resistances in series model
s:

=
(

x1

k1L
+ x2

k2L

)−1
(4)

nverting the procedure followed to create the experimental ϕ
ersus t curves based on the Bruggeman’s equation leads to the
ollowing relation for ϕ, the oil volume fraction:

= 1 −
(

x1

(1 − ϕ1)3/2L
+ L − x1

(1 − ϕ2)3/2L

)−2/3

(5)

ssuming a constant velocity U of the front motion and an initial

ondition x = 0 at an arbitrary time value to, the evolution equation
or ϕ takes the form (to does not influence the analysis):

= 1 −
(

1

(1 − ϕ2)3/2
+ U(t − to)

L

(
1

(1 − ϕ1)3/2
− 1

(1 − ϕ2)3/2

))−2/3

(6)
Fig. 10. Approximating the water fraction evolution curve by two straight lines.

The second term in the parentheses is in general smaller than the
first term so expanding the power term in Taylor series and keeping
only the first term leads to:

ϕ = ϕ2 − (1 − ϕ2)
2Ut

3L

(
1 −

(
1 − ϕ2

1 − ϕ1

))3/2
(7)

Differentiating the above equation with respect to time and solving
for the front velocity U the following expression is derived relating
the front velocity with the ϕ(t) curve and with the characteristics
of the phases separated by the front:

U = −dϕ

dt

3L

2(1 − ϕ2)

(
1 −

(
1 − ϕ2

1 − ϕ1

)3/2
)

(8)

Assuming next a bidisperse distribution with small droplets hav-
ing diameter ds and volume fraction ϕs and large droplets having
diameter dL and volume fraction ϕL one can estimate the velocity
U1 of the front separating the initial dispersion from a dispersion
containing only small droplets and the velocity U2 of the front sep-
arating a dispersion containing small droplets from the continuous
water phase as:

U1 =
(

dfw
dt

)
1

3L

2(1 − ϕs − ϕL)

(
1 −

(
1 − ϕs − ϕL

1 − ϕs

)3/2
)

(9)

U2 =
(

dfw
dt

)
2

3L

2(1 − ϕs)
(1 − (1 − ϕs)3/2) (10)

Subscripts 1 and 2 at the derivatives indicate the slope of the first
and the second linear part of the experimental fw(t) curves. In
practice there is no slope discontinuity at the intersection of the
linear parts of the curves as the above theory predicts but instead
a smooth transition from one part to the other. This is mainly due
to the (ignored by the simplified model) sensitivity of the mea-
sured conductance to the front position when it is not between the
electrodes. The nominal (based on the emulsion generation) vol-
ume fraction of oil is denoted as ˚ = 1 − fw(0). The procedure to
determine the velocities U1, U2 and the oil volume fractions ϕL, ϕs

from the experimental curves is the following: First, the tangen-
tial lines at the two “linear” parts of the curve are drawn and their
intersection point corresponding to a water content ϕc is found (see
Fig. 10 as an example). Then the volume fractions of the two oil com-
ponents are computed as ϕs = 1 − ϕc and ϕL = ˚ − ϕs, respectively.
Finally, the corresponding velocities U1 and U2 are computed from
the relations (9) and (10) using the slopes of the two tangential

lines.

The next step is to relate the front velocities U1 and U2 to the cor-
responding droplet sizes dL and ds. This is a problem in the core of
the sedimentation theory. According to the general theories of poly-
disperse sedimentation [33] the velocity of each species (droplet
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ize) depends on the velocity of the other species. This interdepen-
ence of the two droplet sizes velocities can be ignored here since
i) regarding the first front, the small droplet velocity and volume
raction are too low to influence the velocity of large droplets and
ii) the second front occurs in the absence of large droplets. So the
il volume fraction for the first front is considered to be ˚ and for
he second front to be ϕs. What remains is to find a relation for the
uoyancy velocity of a droplet at a specified dispersed phase vol-
me fraction. The Stokes law for the buoyant velocity of droplets
ith immobile (due to the presence of solid particles) surface is

aken as the starting point.
Regarding the influence of the volume fraction of the dispersed

hase ϕ on the buoyant velocity of droplets, the empirical relation
f Richardson and Zaki was found as the most successful in corre-
ating experimental data. It is just a correction of the form (1 − ϕ)n

o the drag force relation where n is the so-called Richardson–Zaki
xponent. In many situations this empirical correlation was found
ompatible to theoretical expressions (for example n = 6.5 accord-
ng to low ϕ theory in [34]) but the value of n differs from
xperiment to experiment. It is a function of a single droplet’s
eynolds number (based not on the real velocity but on that
f an isolated droplet) and a correlation for this dependence is
= (1.791 + 0.133Re0.456)/(0.359 + 0.093Re0.456) [35]. Of course this
pproach can be used only for approximate computations as it is the
ase here since the correlation for the exponent is not the only one
nd also there is a large scatter in the exponent values found by fit-
ing experimental data. The Re number was taken into account for
he dispersed phase concentration correction but not for the basic
elocity computation. Fortunately, in the present experiments the
ingle droplet Re number is always smaller than 1 so the Oseen
orrection to the Stokes drag law can be applied. Employing the
ichardson–Zaki approach to the hindering effect of the oil volume

raction and the Oseen correction to the Stokes law yields the fol-
owing relation for the buoyancy velocity (u is the single droplet
elocity and it is used in computation of Re):

= (�w − �oil)gd2

18�
(11)

= u(1 + 3Re/16)(1 − ϕ)(1.791+0.133Re0.456)/(0.359+0.093Re0.456) (12)

eplacing the velocity values from the experimental results and the
orresponding oil fractions for each velocity, the large and small
roplet diameters dL and ds can be estimated.

. Discussion

The droplet size distribution resulting from the emulsification
rocedure is the outcome of the simultaneous processes of coa-

escence between droplets and droplet breakage. The addition of
articles reduces the coalescence process (stabilizing the water

lm between colliding droplets) and enhances the breakage pro-
ess due to the reduction of the effective surface tension of the
roplet in the presence of particles [36,37]. The combination of
hese effects results in the production of smaller droplets as parti-
le concentration increases. Apart from controlling the droplet size

able 2
etermination of droplet sizes and volume fractions via electrical curves and microscopy

Concentration of particles (OS1) (w/w) Miglyol (%, v/v) ϕL

0.1% 20 0.19
0.5% 20 0.18
1% 20 0.12
2.5% 20 0.2
0.1% 40 0.4
0.5% 40 0.36
1% 40 0.35
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during the emulsification stage, particles packed at the droplets
interface can also affect the destabilization procedure. This can be
done by increasing the apparent density of droplets and by mak-
ing the interface immobile and rough. All these features retard the
buoyant motion of droplets. However, in many cases the role of
droplet size may be dominant over the other features. Finally, the
oil fraction has a small effect on the emulsification process but it is
important during the destabilization process, hindering the motion
of oil droplets.

The volume fraction of small and large droplets (ϕL, ϕs), their
diameters (dL, ds) as computed from electrical conductance mea-
surements and the Sauter mean diameter of the droplet size
distribution dopt as computed by microscopy observation are
shown in Table 2. In general, dopt exhibits the same trends and
appears to attain similar values (taking into account the completely
different principles of the two techniques) with the large droplets
of the bidisperse distribution estimated electrically. The two cases
of low particle concentration 0.1% (for which the creaming index
experiments revealed that coalescence occurs) exhibit a negligible
to zero degree of bimodality whereas in the other cases (in which
particles prevent coalescence) the degree of bimodality appears
to be high. This behaviour is compatible with the well-known
arguments that simultaneous coalescence and breakage leads to
unimodal droplet size distributions [38] whereas breakage alone
leads to bimodal (fragments-parent droplets) droplet size distribu-
tions [39]. Only the results for the case of 40/60 emulsion with 2.5%
particles are incompatible to the whole picture. A unimodal distri-
bution (instead of the expected bimodal one) with particles much
smaller than d32 is predicted by electrical measurements. The most
pertinent explanation for this discrepancy is that in this particular
case the electrodes were submerged all the time inside the floccu-
lated region (cream) of the emulsion and under these conditions
the destabilization kinetic can be much more complex from what
has been considered in the present analysis of electrical signals.

It is noted that there is a threshold for particles concentra-
tion above which the water-oil interface becomes saturated with
particles whereas the remaining particles stay dispersed in the con-
tinuous phase increasing radically its apparent viscosity by creating
three-dimensional networks. This has a direct effect on the esti-
mation of droplet size by the electrical technique which is based
on droplets velocity. In general, ignoring an increased viscosity
of the continuous phase would make the conductance technique
estimate a smaller droplet size than the actual one. Based on the
above, for concentrations lower than the threshold value particles
stabilize the emulsion by controlling the droplet sizes created dur-
ing emulsification. For larger than the threshold concentrations, an
additional stabilization mechanism emerges: reduction of droplet
mobility due to increase of the continuous phase viscosity. In the
latter case, the analysis of electrical signals should incorporate the
new viscosity in the data reduction procedure.
We have estimated the droplets coverage by individual parti-
cles from simple geometrical considerations based on the average
droplet and particle sizes. It was found that particles were in excess
for all examined particle concentrations i.e., from ∼4 to ∼40 times
above the number required to saturate the droplets surface. Appar-

observations.

dL (�m) ˚s ds (�m) dopt (�m)

113 0.01 26.4 –
73.4 0.02 23.9 78
61.5 0.08 13.28 68
16.4 – – 50

112 – – 100
54.3 0.04 15.22 82
43.3 0.05 7.56 60
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ntly, the highest excess was for the 2.5% particles concentration.
owever, for nano-sized particles usually a multilayer rather than

ndividual particles covers droplets. If this is the case then it is per-
aps not so strange that only for the 2.5% concentration there is a
lear effect with the formation of 3D structures in the continuous
hase capable of delaying droplets mobility.

All in all, electrical conductance measurements open new
erspectives regarding the non-intrusive on-line (continuous)
onitoring of emulsion destabilization. Electrical signals are repre-

entative of phenomena occurring across the entire cross-section
f a vessel and not just the spot of immersing a sampling probe
r the region of the walls. This is particularly useful when dealing
ith opaque emulsions and large diameter vessels (e.g. of industrial

cale) where local information can be different from information
veraged over the cross-section. In addition, combination of several
lectrodes along the height of a vessel allows tomographic type of
easurements for the determination of the temporal and spatial

volution of phases distribution inside the vessel.

. Conclusions

In the present work, three experimental techniques were used
or the assessment of the stability of oil-in-water Pickering emul-
ions produced with different oil/water compositions and particles
oncentrations. Results from two classical techniques (the well-
nown volumetric measurement of phase separation and the
ptical measurement of droplet diameters from withdrawn sam-
les) and a new technique (a non-intrusive on-line electrical
onductance measurement of the local water fraction) were exam-
ned and compared to each other. The electrical technique, in
ddition to the direct assessment of the emulsion stability by mon-
toring the evolution of water fraction, can also be used for the
stimation of droplet sizes assuming a bidisperse droplet size dis-
ribution and a negligible increase of the apparent viscosity of the
ontinuous phase by the presence of particles. The droplet sizes
stimated by analyzing conductance data were found to be compa-
able with those resulting from optical observations of the droplets.
t is shown that the new electrical technique is advantageous over
he volumetric and optical technique since it can offer information
n fast local dynamic phenomena. The results and their discussion
n this work reveal that the new technique is a tempting choice for
tudying emulsion destabilization where fast, non-intrusive, on-
ine measurements are required from the entire cross-section of a
essel and not just from a specific internal spot or the region of the
alls.
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