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Oil-in-water emulsions with dispersed phase volumetric fraction up to 0.2 are prepared in a vertical cylindrical
vessel via catastrophic phase inversion emulsiﬁcation using the non-ionic surfactant Ethylan 1008. Two surfactant concentrations are selected in order to generate emulsions with diﬀerent droplet size distributions as
determined by optical microscopy. Electrical resistance tomography (ERT) and electrical impedance spectroscopy (EIS) measurements are carried out at four diﬀerent heights along the vessel during phase separation to
track the evolution of oil volumetric fraction. It is seen that EIS captures the physical phenomenon of cream and
aqueous phase separation with higher accuracy and sensitivity than ERT. Thus, the oil fraction evolution curves
derived by EIS at diﬀerent heights are mathematically treated, using an innovative technique developed here.
This delivers droplet size distributions that are directly associated with droplet motion and, therefore, characteristic of phase separation in the emulsion. The droplet size distributions retrieved from EIS at diﬀerent
heights (i) take into account a very large portion of the emulsion volume, (ii) are not subject to sampling and
image analysis errors, (iii) are user unbiased and highly repeatable, (iv) are obtained on-line and non-intrusively.

1. Introduction
Emulsions constitute a large part of commercial products including

⁎

foods, pharmaceuticals, cosmetics, agrochemicals etc. They are dispersed, multiphase systems produced by mixing an aqueous and an oil
phase in the presence of an emulsiﬁer (i.e. a surfactant). An important
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measurements via empirical correlations, i.e. Maxwell [9], Bruggeman
[10], Clausse [11]. Two electrical techniques are commonly used in
literature [4] to measure electrical conductance or capacitance of
emulsions in diﬀerent conﬁgurations, that depend on the nature of the
emulsions; electrical resistance/capacitance tomography [12] and
electrical impedance spectroscopy [8,13,14].
The aim of the present study is to apply electrical resistance tomography and electrical impedance spectroscopy to register phase separation of emulsions and, further, develop a mathematical model to
estimate volumetric droplet size distributions from the acquired time
records. Apart from certain operational diﬀerences, the two techniques
employ sensors of diﬀerent geometry which generate unlike electric
ﬁelds in the emulsion that lead to diﬀerent geometry of the eﬀective
measuring volumes. The above techniques are applied to oil-in-water
emulsions which have distinctively diﬀerent oil droplet size distributions as veriﬁed by optical microscopy. The innovation of this work is
twofold. For the ﬁrst time electrical impedance spectroscopy measurements are applied to four diﬀerent locations simultaneously along
the height of an emulsion during phase separation in order to track
evolution of oil fraction in a longitudinal tomographic mode. The results are compared with corresponding conductivity measurements
obtained by electrical resistance tomography at similar heights. In addition, a new mathematical inverse problem technique for transforming
the electrical signal to droplet size distribution is developed.

parameter for emulsions’ quality is their stability during storage, which
is governed by diﬀerent droplet separation mechanisms: gravitational
separation (creaming and sedimentation), droplet aggregation (ﬂocculation and coalescence), disproportionation and phase inversion [1,2].
Emulsions properties that are linked to their stability, and consequently
to their quality, can be divided to those dictated by the nature of the
materials that compose the emulsion (interfacial properties, droplet
charge, crystallinity and interactions) and those delimited by the
emulsiﬁcation process (droplet size distribution). Besides those, there is
yet another property related to emulsions stability, the dispersed phase
volume fraction. However, this property is usually prescribed and there
is no freedom to modify it in order to improve stability [3]. From all the
above properties, droplet size distribution is the most ambiguous to
measure albeit being the most useful in practical applications; an
emulsion that contains small droplets usually has a longer shelf life
(greater kinetic stability) than one containing large droplets, even
though it is more thermodynamically unstable (because it has a larger
interfacial area) [4].
Conventionally, droplet size distributions of emulsions are assessed
by optical techniques (i.e. microscopy, static light scattering, dynamic
light scattering and diﬀusing wave spectroscopy), electrical techniques
(i.e. electrical pulse counting), electroacoustic techniques (i.e. ultrasonic, dielectric spectroscopy), nuclear magnetic resonance, etc. [4].
However these techniques either provide local results (i.e. measure
small portion of the total emulsion, subject to sampling bias), or require
further processing of the obtained results (i.e. image analysis, which is
time consuming), or involve the use of expensive instruments (i.e.,
NMR) that are not easily available in industry [5]. Another important
matter that arises is the inability of direct comparison among results
from techniques with diﬀerent measuring principle, as some of them
provide size distributions based on number (i.e. image analysis of
droplets from a microscope photograph) whereas others provide distributions based on volume intensity (i.e. ultrasonic spectroscopy,
NMR) [6,7]. Transforming the number-based distributions to volumebased ones, or the opposite, is a vague process, as it includes certain
assumptions [7]. In number-based distributions each droplet has equal
weight to the ﬁnal distribution and so these are preferred in cases where
knowing the absolute number of droplets is important. However, it is
common that a small number of large droplets is missed in optical
images. On the other hand, volume-based distributions denote the
contribution of each droplet size to the total volume fraction of the
dispersed phase so they are more suitable from a commercial perspective [4]. In such distributions very small droplets are often overlooked
because of their insigniﬁcant volume contribution. So before measuring
droplet sizes, one should decide which type of droplet distribution describes best the emulsion property under question.
Apart from the aforementioned techniques, there exists another,
non-conventional technique [8], which employs electrical measurements to estimate dispersed phase fraction. The technique is based on a
mathematical analysis that estimate droplet rising velocities from
changes in the electrical resistance of the emulsion during phase separation because of the diﬀerent conductivity of the two phases (water
is conductive, oil droplets are non-conductive). This technique oﬀers all
the advantages of electrical measurements: non-intrusive, simple, inexpensive, independent of droplet size, and examines on-line a prescribed (even the whole) volume of the emulsion and not just a portion
of it. The dispersed phase fraction is deduced from electrical

2. Materials and methods
2.1. Materials and properties
Materials used for the preparation of oil in water emulsions are
deionized water, paraﬃn oil (Rajol, WP 80) and Ethylan 1008
(AkzoNobel, ethoxylated, nonionic surfactant, HLB: 16, CMC: 2 g/L) as
emulsiﬁer. Ethylan 1008 has been eﬀectively used in recent years to
replace nonyl phenol ethoxylates in producing eco-friendly emulsions
as it is an excellent wetting agent and emulsiﬁer. It is a biodegradable,
narrow range nonionic surfactant, based on a synthetic primary alcohol. It is soluble in water and non-soluble in oil.
Low (5 CMC, 10 g/L) and high (31 CMC, 62 g/L) surfactant concentration solutions constitute the aqueous phase of the emulsions and
are prepared by stirring for 15 min proper amounts of liquid Ethylan
1008 and water. These surfactant concentrations are as chosen to formulate two categories of emulsions with diﬀerent droplet size distributions (validated by optical microscopy analysis, see below). Basic
properties of the produced solutions are illustrated in Table 1. Conductivity is measured with a conductivity meter (Hanna Instruments,
HI-763100 Edge Digital EC Platinum 4 Ring Electrode, accuracy ± 0.05
μS/cm) and apparent viscosity with a rheometer (Anton Paar, Physica
MCR 301) ﬁtted to a cone-plate system (CP50-1/TG, D = 50 mm,
angle = 1°). The conductivity of either solution is suﬃcient to perform
electrical measurements (see below, section 2.3.2). Density is calculated by the nominal values of the two solutions at 25 °C. The accurate
measurement of the physical properties of the aqueous phase is essential since these parameters are used as input to the mathematical model
that predicts droplet size distribution.

Table 1
Properties of aqueous phase of the produced eco-friendly emulsions.

Low surfactant
High surfactant

Concentration of Ethylan 1008 (g/L)

Conductivity @25 °C (μS/cm)

Viscosity @25 °C (mPa·s)

Density* @25 °C (kg/m3)

10
62

217 ± 4
1220 ± 10

0.94 ± 0.03
1.34 ± 0.03

997.2
998.5

* Density @25°C: Water: 997 kg/m3, Ethylan 1008: 1021 kg/m3.
2
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the case for the number based size distribution, the application of the
argument to volumetric size distribution depends on the spread of the
distribution. For broad size distribution a much larger sample is needed
to ensure statistical signiﬁcance for the volumetric droplet size distribution [8].

Table 2
Phase ratios of the examined emulsions.

Low surfactant
concentration (5
CMC*)
High surfactant
concentration
(31 CMC*)

Volume
fraction of oil
to aqueous
phase, φ

Volumetric ratio
of water/ oil/
surfactant

Mass ratio of
water/ oil/
surfactant

0.05
0.10
0.20
0.05
0.10
0.20

100/
100/
100/
100/
100/
100/

100/
100/
100/
100/
100/
100/

5.3/ 1
11.2/ 1
25.2/ 1
5.6/ 6.5
11.8/ 6.5
26.6/ 6.5

2.3.2. Electrical measurements
Two electrical techniques are applied independently in order to
track the evolution of the oil fraction during phase separation of oil-inwater emulsions; (a) Electrical Resistance Tomography (ERT) and (b)
Electrical Impedance Spectroscopy (EIS) (see below for details). Both
techniques are on-line and non-intrusive employing a multi-sensor
measuring principle. Immediately after emulsiﬁcation, the total volume
of the emulsion (600 ml) is purred inside a plexiglass column of 7 cm
inner diameter and 26 cm height, reaching a free surface at 15.5 cm
height. The dimensions of the columns used in both electrical techniques are identical. Aqueous phase is the conductive phase, while oil
phase is the non-conductive phase. Electrical measurements from 4
independent sensors at diﬀerent heights in the columns capture simultaneously the change in resistance/impedance of the emulsion
during the separation of oil droplets from the aqueous phase. This
change is translated into change of oil droplet volumetric fraction via
the Bruggeman [10] equation, which is suitable for random dispersions
of spherical particles with a wide size-range, as the case of the examined emulsions [17]:

4.2/ 1
9/ 1
20.2/ 1
4.5/ 6.6
9.5/ 6.6
21.3/ 6.6

* 1 CMC of Ethylan 1008 in water 2 g/L.

2.2. Emulsiﬁcation process
Emulsiﬁcation is carried out at room temperature, 25−26 °C, and it
is implemented by adding drops of water in oil while mixing with an
impeller (Rushton turbine, d =4.6 cm) that rotates at the central axis of
a beaker (800 ml, d=9 cm) at 200 rpm (Heidolph Brinkmann Overhead
Stirrer, RZR 2101). The latter is the minimum speed required to ensure
adequate agitation of the two phases. This emulsiﬁcation process is
known as catastrophic phase inversion (agitated water-in-oil emulsion
reverts to oil-in-water due to the addition of excess aqueous phase) and
it has been shown to yield emulsions made of ﬁne droplets at low
mixing energy [15,16].
Three diﬀerent oil volume fractions, φ, are being examined in the
present study; 0.05, 0.10 and 0.20, for both low and high surfactant
concentration, resulting in six examined emulsions (Table 2); they are
selected to span the range of dilute emulsions (φ < 0.35) in order to
fulﬁll the assumption of no jamming and structural interactions between neighboring droplets [17]. The total volume of each emulsion is
600 ml. Once the addition of the aqueous solution is completed
(∼30 min), the emulsion is stirred at higher speed (280 rpm) for 15 min
to fully homogenize the dispersion. Each experiment is repeated at least
three times to ensure repeatability both of the emulsiﬁcation procedure
and of all measuring techniques. The produced emulsions have the
following characteristics:

Km =

1/R
= (1 − φ)3/2
1/R o

(1)

where Km is the ratio of the inverse resistance/impedance, 1/R, of the
emulsion (evolving with time) over the inverse resistance/impedance,
1/Ro, of the aqueous phase whereas φ is the oil volume fraction.

• Electrical Resistance Tomography (ERT)
Electrical Resistance Tomography (ERT) system (ITS, P2000)
(Fig. 1a) consists of the following. A test column (d=7 cm, h = 26 cm)
furnished with 4 plane electrodes sensors placed at diﬀerent heights
(each plane sensor has 16 stainless steel square electrodes of 7 mm side,
ﬂush mounted onto the inner wall of the column at equal distances
around the perimeter), Fig1a(i). A data acquisition unit with the excitation current source, Fig1a(ii). And ﬁnally, a computer with the
monitoring software and the reconstruction codes, Fig1a(iii). The distances of the 4 ERT electrodes planes, P1 to P4, from the bottom of the
column are 10.5, 7.5, 4.5 and 1.5 cm, respectively. Electrodes in each
plane alternate role in applying a constant current and reading the
resultant voltage pattern in the measuring volume. Voltage measurements are acquired from all combinations of electrode pairs within each
plane (104 independent measurements per plane) by injecting a current
of 15 mA at 9.6 kHz (these being the most suitable values for our system
according to P2000 instructions but also veriﬁed by tests in a range of
values) to obtain a cross-sectional distribution of electrical conductance. Recordings take place at the fastest achievable rate for four
active plane sensors with our conﬁguration, which is 1.7 Hz. Acquisition duration is not an issue and can be for as long as necessary (i.e.
10 min). Data analysis is performed via the Sensitivity Back Projection
(SBP) reconstruction scheme which provides good spatial resolution
when the diﬀerence in conductivity between the two phases is large, as
in our case. The selection of the reconstruction scheme was based on
P2000 instructions but was again veriﬁed as best choice by tests with all
other numerical schemes oﬀered by P2000.

• almost all cream separates from the aqueous phase in 10 min
• there is no droplet coalescence (no oil layer is observed at the top)
after one week.

The selection of system and process parameters to yield separation
of cream from excess water in 10 min is meant only for obtaining experimental data in short time for the needs of the present study and not
as representative for producing stable emulsions. As a matter of fact,
after the initial phase separation the cream remains stable for several
days, but this is not important for the present study.

2.3. Measurement techniques
2.3.1. Optical microscopy
Transmitted light optical microscopy (Axiostar plus, Zeiss, A-Plan
5x/0.12 ∞/-) at room temperature is used to obtain images (Canon,
PowerShot A640, 10 megapixels, resolution 1.2 μm/pixel) of oil droplets, via instant sampling of 0.5 ml of the emulsion immediately after
the completion of the emulsiﬁcation process when the emulsion volume
was fully homogeneous. Images are analyzed with a custom made
software for bubbles/droplets detection [18], for a population above
1000 droplets to ensure statistical signiﬁcance in the determination of
droplet size distributions. Optical microscopy analysis provides information about the number-based droplet distributions. The particular
number of droplets analyzed has been argued in literature to be enough
for accurate droplet size distributions [19–21]. However even if this is

• Electrical Impedance Spectroscopy (EIS)
Electrical Impedance Spectroscopy (EIS) system (IVED® patented)
[22]) (Fig. 1b) consists of the following. A test column (d=7 cm,
h = 26 cm) with 4 electrode sensors placed at diﬀerent heights (a
3
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Fig. 1. Photographs and schematic drawings of the electrical measurement devices (a) Electrical Resistance Tomography (ERT) and (b) Electrical Impedance
Spectroscopy (EIS) with non-intrusive ring electrodes and (c) EIS with intrusive linear probe.

in order to relax the need for engraving the wall to accommodate
electrodes. The linear probe is furnished with short horizontal copper
strips (4 cm long, 5 mm wide) at diﬀerent heights acting as electrodes.
The distances of the middle of the strip electrode pairs (P1-P4) to the
bottom of the column are 13.7, 9.7, 5.7 and 1.7 cm, respectively.
EIS/IVED technology scans the response of the emulsion in the
range 1−100 kHz to identify the excitation frequency value that suppresses electrodes polarization and minimize capacitance impedance.
Both these factors aﬀect the interfacial impedance between the conducting liquid and the surface of electrodes leading to spurious signals.
In this work, the identiﬁed best excitation frequency is 25 ± 4 kHz for
all the examined conditions. Therefore, measurements are performed
by applying a sinusoidal voltage signal with 25 kHz frequency and 1 V
peak to peak amplitude across each electrode pair. Recordings of the
raw voltage signal are taken at 96 kHz to avoid low frequency parasitic
noise from the mains and other electronic sources. This signal undergoes conditioning and treatment according to a suggested procedure
[20] and eventually delivers data at a rate of 4 Hz for all four active
planes. Each recording has 10 min duration, which is suﬃcient time to
track phase separation of the examined emulsions. Two key elements of
the employed IVED technology [19] are its capacity for obtaining recordings with high speed and high sensitivity. Sampling frequency can
be tuned up to several kHz (but this is not necessary here, so it is not
employed in order to avoid useless large data sets) whereas sensitivity
goes down to 10−5 volumetric fraction of the dispersed phase.

sensor consists of a pair of stainless-steel rings, ring width 1.8 mm,
placed 15 mm apart from each other along the height of the column and
ﬂush mounted onto the inner circumference of the column), Fig1b(iv).
A custom-built electromechanical switching device, allowing very low
insertion loss and high interchannel isolation; minimum switching time
per pair 125 ms), Fig1b(v). A function generator (Agilent, 33220A),
Fig1b(vi). A high-resolution 24 bit data acquisition card (E-MU 1616 m,
CREATIVE Professional, 96 kHz), Fig1b(vii). And ﬁnally, a computer
with the monitoring software, Fig1b(viii).
Details about the EIS technique can be found in [23], where it was
applied to measure volumetric fraction in two phase bubbly ﬂows. The
distances of the middle of the EIS pairs (P1-P4) from the bottom of the
column are 10.25, 7.25, 4.25 and 1.25 cm, respectively, similar to the
distances of ERT planes. The role of the width and separation distance
of ring electrodes in measuring multiphase dispersions has been discussed thoroughly by our group in the past [24,25], as they control the
current density distribution between electrodes and so dictate the effective measuring volume. These parameters were shown to aﬀect the
sensitivity of ring electrodes to angular, radial and axial non-uniformities of multiphase dispersions. To this end, selecting the width of
the rings to be about one tenth their separation distance conﬁnes the
electric ﬁeld almost exclusively between rings and makes it span satisfactorily the entire cylindrical segment between rings.
As an alternative to ring electrodes ﬂush mounted to wall of the test
column, an intrusive linear probe is also tested with the EIS technique,
Fig. 1c. This is inserted vertically in the center of the emulsion column
4
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3. Theoretical analysis of oil fraction evolution during phase
separation

u=

(4)
0.456

vb = u(1 + 3 Re/16)(1 − φ)(1.791 + 0.133 Re

3.1. General inverse problem

∂f(x, z, t)
∂vf(x, z, t)
+
=0
∂t
∂z

K
=(
Ko

where v is the velocity of droplets of volume x, at position z (measured
from the bottom of the column) and time t. This velocity has contributions from the gravitational (buoyancy) motion of droplets and
from water motion [26]. Water motion occurs downwards to counterbalance the upward motion of droplets. A simple mass balance leads to
the following relation for v:
∞

(3)

0

)/(0.359 + 0.093 Re

)

(5)

z2

ko
dz)−1
∫ k(φ)
z1

(6)

where K and k designates the electrical conductance and conductivity,
respectively. It is reminded that the subscript “o” denotes reference
values (i.e. in the absence of oil). In a pair of electrodes, the lower edge
of the bottom electrode and the upper edge of the top electrode are at
distances z1 and z2, respectively. For the range of oil droplet fractions of
the present work and since the oil has essentially no electrical conductivity, the Bruggeman relation (eq. (1)) is a good choice for estimating k from φ.
The direct problem is to solve the system of Eqs. (2) – (6) in order to
ﬁnd K(t) for a given initial condition f(x,z,0)=fo(x). The numerical
solution of the problem is not trivial since it is a hyperbolic partial
diﬀerential equation problem with three independent variables. The
inverse problem is to estimate fo(x) for a given K(t). Such inverse problems are well known to be ill-posed in the sense that they have multiple solutions so even a small error in K(t) (which is always present
since it is an experimentally measured quantity) can lead to completely
diﬀerent estimation of fo(x). Typical procedures to isolate realistic
functions fo(x) is to add regularization constraints or to parameterize
the unknown function [30]. The second approach was used in the past
for the particular problem assuming a bi-disperse fo(x,t) [8]. Here an
attempt is made to relax the degree of parameterization in order to get
more information for the droplet size distribution fo(x).

(2)

∫ xf(x, z, t)vbdx

0.456

where μ is the water viscosity, ρw, ρo are the water and oil density,
respectively, and d is the droplet diameter computed as (6x/π)1/3. It is
interesting to note that for relatively large values of φ and broad droplet size distribution, small droplets may move downwards.
Several size scales are engaged in the problem of computing the
conductance for a given droplet distribution. These scales are the droplet size, the distance between droplets, the electrode width and the
separation distance between electrodes. A detailed analysis can remove
the eﬀect of some of these scales. For example, according to known
theories for conductivity of composite media, the eﬀect of droplet size
distribution is rather insigniﬁcant; only φ aﬀects the conductivity [28].
The ﬁnite ratio of distance between droplets to electrode width, leads to
high frequency ﬂuctuations of the measured conductance [29]. Taking
simply time averaged values is enough to get rid of this ratio eﬀect. The
conductance value at each time instant can be computed by solving the
Laplace equation for the electrical potential in the liquid for a domain
of variable conductivity which is imposed by a spatial distribution of φ.
This is a cumbersome procedure involving a large amount of computations for each problem realization. Fortunately, by analyzing results
of a ﬁnite element technique corresponding to various distributions of
φ between a pair of electrodes from very smooth (linear) to very sharp
(step functions) it was found that the following resistances-in-series
model always gives a good approximation to the exact conductance
result:

The scope here is to formulate and solve the inverse problem of
deriving droplet size distribution from volume fraction evolution curves
estimated from electrical signals. To get a meaningful inverse problem,
systems exhibiting coalescence or ﬂocculation must be excluded.
Otherwise, the number of unknown parameters would be too many to
formulate a reasonable inverse problem. In addition, there must be free
motion of droplets which means that too high oil fractions (e.g. above
0.35) causing droplets jamming and structural interactions should be
excluded.
In order to analyze the inverse problem, we have ﬁrst to formulate
the direct problem, that is, compute the evolution of the signal measured by an electrical sensor located at a speciﬁc height of the column
for a given initial droplet size distribution. Herein, an electrical sensor
can be viewed as a pair of EIS ring electrodes located closely apart from
each other along the height of the column. The corresponding model
consists of two submodels: (i) Submodel for the computation of spatiotemporal evolution of droplet size distribution and (ii) Submodel for
transforming the information on droplet concentration to electrical
signal values, which for simplicity henceforth will be referred to solely
as conductance values.
Let us denote as f(x,z,t) the droplet concentration number density
function with respect to droplets of volume x at distance z from the
bottom of the column at time t. This function evolves in time and space
due to gravitational motion of the droplets. In principle, the droplet
concentration may vary in more than one spatial coordinates. The ﬁrst
layer of droplets adjacent to the wall has reduced velocity due to the
increased drag resistance induced by the presence of the wall. This effect in not present for the next layers since it is masked by the surrounding droplets. The number of droplets of reduced velocity is a small
fraction of the total droplet number in the region examined by electrodes so in a ﬁrst approximation the droplet velocity (and the corresponding concentration) non-uniformity can be ignored. The analysis
here is for droplets with diameter larger than 1 μm so Brownian motion
can be ignored. The evolution of function f is described by the following
partial diﬀerential equation:

v = vb −

(ρw − ρoil)gd2
18μ

where vb is the buoyancy velocity of droplets. This velocity depends on
∞

droplets volume x and on local oil droplets volume fraction φ =

∫ xfdx .

3.2. Dilute limit analysis

0

The next step is to ﬁnd a relation of the form vb=vb(x,φ). An important issue towards such a relation is the mobility of the water-oil
interface which is aﬀected by the presence of surfactant. Fortunately,
for the amounts of surfactant typically used in emulsions and for typical
droplet sizes an assumption of immobile interface is absolutely valid
[27]. So, for immobile interface the Richardson-Zaki approach can be
used to account for the hindering eﬀect of the oil volume fraction and
the Oseen correction to account for deviation from Stokes law. This
yields the following relation for the buoyancy velocity (u is the Stokes
isolated droplet velocity and it is used in the computation of Re) [8]:

A very interesting case that allows major simpliﬁcation of the inverse problem is that of exceedingly small oil fraction. The simpliﬁcation is twofold: In the domain of conductance data interpretation, a ﬁrst
order Taylor expansion of the integrand in Eq. (6) followed by analytical integration leads to the expression K/Ko = 1-1.5φav where φav is
the spatially averaged oil fraction in the region between the two ring
electrodes. In this way, φav can be directly computed from the ratio K/
Ko as φav = 2(1-K/Ko)/3. In the domain of governing eq. (2): (i) the
term of water motion disappears and (ii) in the limit of oil fraction
5
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speciﬁed function and then feeding the result to the inverse problem
solution procedure in order to check how close is the inversion result to
the speciﬁed function. The derivation of eq. (11) was based on the
Taylor expansion of the function F so smoothness of F is essential for its
validity. In this view, the worst-case scenario of a monodisperse F is
considered ﬁrst:

going to zero and at zero order approximation, the creaming velocity of
a droplet depends only on its size. This means that the population
balance equation takes the simple linear form which is amenable to
analytical solution:

∂f(x, z, t)
∂f(x, z, t)
+ v(x)
=0
∂t
∂z

(7)

• Testing of the inversion procedure I: monodisperse distribution

In order to simplify the analysis let us introduce the volume fraction
density function F(x,z,t)=xf(x,z,t). It can be shown that F is described
by the same equation with f. For a monodisperse initial droplet size
distribution with oil fraction φo, droplet size xo (i.e. F(x,z,0)=Fo(x)
=φoδ(x-xo) where δ denotes the Dirac delta function) and with vo=v
(xo), the solution of Eq. (7) is F=φoU(z-vot) where U is a step function
taking values zero and one for negative and positive argument, respectively. A further simpliﬁcation is possible by replacing Fo(x) with
the probability density function F(v) of oil fraction with respect to the
velocity v. This is possible in the inﬁnite dilution limit because there is a
one to one relation between v and x. The two functions are related to
each other as Fo(x)=F(v)dv/dx. The monodisperse solution can serve as
a basis to construct a solution for an arbitrary F(v) by applying the
superposition principle (in view of the linearity of eq. (7)). This leads
after some manipulation to:
∞

φ(z, t) =

For F(v)=φoδ(v-vo) the direct problem (eq. (9)) gives after some
algebra:
φav(t) = 0 for t ≤ z1/vo

φav = φo (t −

0

0

It is assumed that the above function can be determined experimentally. The inverse problem procedure through eq. (11) estimates the
following form of F:

F(v) = φo (

1
z2 − z1

(13)
In order to better understand the form of the extracted function F, Fig. 2
presents it for several values of the ratio L = z2/z1. The inversion procedure broadens the actual distribution. The physical explanation is the
following: In the real problem there is a time delay for the droplet front
to go from z1 to z2. The approximating procedure assumes that the
electrical signal corresponds to the point (z1+z2)/2 so it interprets the
time delay as diﬀerence in the velocities between droplets. The
broadening is smaller as the parameter L decreases because the degree
of the interpretation error becomes smaller. It is stressed that the error
in the inversion does not depend on the physical distance between the
electrodes but on the ratio of this distance to the distance of the electrodes from the bottom of the column.

z2 z/t

∫ ∫ F(v)dvdz
z1

0

z1 + z2
vo
)(
) for 2z1/(z1 + z2) < v/vo < 2z2 /(z1 + z2)
2v 2
z2 − z1

(8)

The physical interpretation of this solution is that at height z and time t
only the droplets with velocity smaller than z/t contribute to the oil
volume fraction. The average oil fraction between the two electrodes
(direct problem) is given as:

φav =

(12)

φav(t)=φo for t ≥ z2/vo

z/t

∫ F(x, z, t)dx = ∫ F(v)dv

z1
vo
)(
) for z1/vo < t < z2 /v0
vo z2 − z1

(9)

This is the simpliﬁed formulation of the inverse problem in the limit of
inﬁnite dilution. The function F(v) yields an evolving φav(t) which
should be matched with the experimentally determined spatially
average oil fraction in the region between the two ring electrodes. Although this problem is simpler than the original one, the unknown
function appears as integrand implying that still the inverse problem is
ill-posed.
In order to further simplify, the inner integral is expanded as Taylor
series around the point z=(z1+z2)/2 and only the linear term is retained. The positive and negative contributions of this term are counterbalanced during the outer integration leading to:

• Testing of the inversion procedure II: Gamma distribution

z1+ z2
2t

φav =

∫

F(v)dv
(10)

0

The physical interpretation is that the experimental measurement
refers to the plane at the middle between the two electrodes instead of
to an averaged region between them. Taking the time derivative of the
above equation (employing Leibniz rule) and continuing with some
algebra leads to the explicit result for the unknown function:

F(v) = −

z1 + z2 dφav
2v 2
dt

(11)

This is an explicit solution to the inverse problem and an arbitrary
distribution F(v) can be directly extracted from the experimental
measurement with no assumption for its shape. According to eq. (11)
what is actually measured with this technique is the function v2F(v)
which corresponds to the distribution of higher than third moment of
the droplet number probability density with respect to the droplet
diameter. This distribution is much more biased towards large droplets
than the volumetric distribution.
We continue now testing the eﬃciency of the inverse problem solution by using the classical approach of solving the direct problem for a

Fig. 2. Inverse problem prediction for the normalized droplet volumetric distribution with respect to their velocity for monodisperse size distribution in the
dilute concentration limit. The exact result is that all the droplets have velocity
vo .
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3.3. Relaxation of the dilute limit assumption

A distribution that is typically used to describe dispersed phase
populations and also allows analytical manipulation of the present
problem is the following member of the Gamma distribution family
[31]:

F(v) = φo c2ve−cv

Next, the issue on whether the dilute limit inversion procedure can
be applied in case of small, but non-zero, oil volumetric fraction is
discussed. In principle, the complete eq. (2) must be solved. Yet, it is
known that the solution of this equation produces a moving fraction
proﬁle which simply dilates in the z direction as it moves upwards [32].
So, it is assumed (as an approximation) that the droplet velocity distribution derived in the previous section corresponds to droplets located
in regions of constant oil fraction as they move upwards. In addition,
water motion once more is ignored as being insigniﬁcant for small
volume fractions, too. The assumption of a constant shape oil fraction
proﬁle does not hold during the creation of this proﬁle at the bottom of
the column. However, the inﬂuence of this initial stage is reduced if the
electrodes are far from the bottom (the formal condition is that the
thickness of the front should be much smaller than (z1+z2)/2). In
summary, the ﬁrst order eﬀect of having non-zero oil fraction is on the
droplet velocity- droplet size relation and an attempt is made below to
take it into account in the analysis of data.
The relation between droplet velocity v and droplet diameter d for
small droplets (smaller than 100 μm) is (c1, c2, n are parameters that
can be found from eq. (4) and (5)):

(14)

where c is an arbitrary positive parameter.
This is a relatively smooth distribution and of course more representative of a real emulsion than the monodisperse. The solution of
the direct problem leads after a lot of algebra to:

φ(z, t) = φo (1 − (1 +

φav (t) = φo [1 +

cz −cz/t
)e
)
t

(15)

z2
z2
2t
e−cz2 /t −
e−cz1/t +
(e−cz2 /t
z2 − z1
z2 − z1
c(z2 − z1)

− e−cz1/t)]

(16)

The value of the above function is assumed that can be found experimentally so the inversion procedure is applied to it and after a cumbersome but straightforward algebraic treatment it leads to
2
2L
F(v)
2L2 − 2L cv
2
(L + 1)
e− 1 + L cv +
(e− 1 + L cv
e 1+L − 2
= 2
φo c
L −1
L −1
(L − 1)c2v 2
2
2L
2
2
(Le− 1 + L cv − e− 1 + L cv )
− e− 1 + L cv ) +
(L − 1)cv

v = c1d2 (1 + c2 d3)−1 (1 − φ) n

(18)

The exponent n can be also a function of d but this dependence can be
safely ignored for the small droplets considered here. The value of n is 5
for small droplets [22] which means that the droplet velocity is very
sensitive to oil fraction and this is why it must be taken into account in
deriving droplet size distribution. The last (smaller z) droplet of velocity v is considered ﬁrst. The local oil fraction around this droplet
consists of all droplets with velocities smaller than v. According to the
above the relation between d and v takes the form:

(17)

The above is by no means similar to the assumed F(v) in eq. (14). The
computations showed that c (unlike L) does not have any contribution
to the deviation between assumed and derived F(v). These functions are
presented for c = 1 and several L values in Fig. 3. It is impressive that
despite their diﬀerent analytical expressions the inverted distributions
are very close to the exact one. The deviation increases as L increases
but up to the value v = 1.5 the inversion procedure is quite accurate.
Summarizing the results, one could argue that the inversion techniques
broaden the real distribution F(v) as the smoothness of F decreases and
L increases. In any case, for the degree of smoothness of a realistic
distribution and for L < 1.5 the inversion procedure can be considered
as very accurate.

d2 (1 + c2 d3)−1 =

v⎛
1, − ,
c1 ⎜
⎝

v

−n

∫ , F(y)dy⎞⎟
0

⎠

(19)

The above is a one-to-one relation between d and v which means that
the volumetric droplet size distribution can be computed from F(v)
using the relation
fd(d)=F(v(d))(dd/dv)−1

(20)

As an example, let us say that the procedure of the previous section led
to F(v)=φoc2ve−cv and the droplet size is of the order of tenths of
micrometers so c2 = 0. The zeroth order approximation is to ignore oil
fraction, and this leads to
2

f d (d) = c2c1d2e−cc1d

(21)

For a ﬁnite value of φo, eq. (19) and (20) must be used. The droplet size
distributions for c1 = 1 and several values of φo are presented in Fig. 4.
Even for oil fractions as large as 0.05 the ﬁrst order correction (deviation from the φo = 0) is not very large which implies that higher
order corrections will be even smaller, so the proposed procedure can
be safely applied.
3.3.1. Extension of the inversion technique to larger oil fractions
The aforementioned approach for the estimation of droplets size
distribution has been shown to be accurate enough for oil volume
fractions smaller than 0.05. However, this approach can be applied to
higher values of φo, too. The accuracy in this case may be reduced but
still it is more informative to use this approach than a presupposed
shape of the droplets size distribution. It is worth noting that the lower
accuracy is restricted only to the upper part of the size distribution.
Droplets with size up to a cumulative volume fraction of 0.05 are accurately determined. The ﬁrst step of the inversion procedure is again
the construction of F(v) as before.
The direct problem for conductance K gives:

Fig. 3. Inverse problem prediction and exact result for the normalized droplet
volumetric distribution with respect to their velocity for monodisperse size
distribution in the dilute concentration limit.
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Fig. 5. Predicted volumetric droplet size distributions for a Gamma shaped
droplet velocity distribution and two high values of oil fraction. Solid lines
correspond to the solution ignoring the liquid velocity.

Fig. 4. Predicted volumetric droplet size distributions for a Gamma shaped
droplet velocity distribution and several low values of oil fraction.

K
1
=[
Ko
z2 − z1

z2

−3/2

z/t

∫ ⎛⎜1, − , ∫ , F(v)dv⎞⎟
z1

⎝

φo < 0.05. This justiﬁes the choice of not taking it into account for
small values of φo. It is noted that Figs. 4 and 5 present the estimated
droplet size distributions for a given droplet velocity distribution (i.e.
for a given electrical signal) and diﬀerent values of φo. There are several combinations of droplet size distributions and oil volume fractions
that leads to the same electrical signal (i.e. creaming behavior) so there
is the need of φo knowledge to take the real droplet size distribution.
The outcome of the above analysis is a reliable (at least up to
φo = 0.2) procedure to transform the electrical signal K(t) to volumetric droplet size distribution fd(d). The limitation to the oil fraction
does not refer to the proposed experimental technique but to the simpliﬁed data analysis procedure developed. A denser emulsion of practical interest can be always diluted before the proposed technique to be
applied. Otherwise a much more cumbersome and computational demanding data analysis approach has to be developed.

dz] − 1
(22)

⎠

0

Approximating the integral taking the average values of z as before
leads to:

K
⎛
= ⎜1, − ,
Ko
⎝

z/t

3/2

∫ , F(v)dv⎞⎟
0

(23)

⎠

As it has been analyzed before, this approximation is better the broader
the F(v) and the smaller the ratio L = z2/z1 are. Based on eq. (23), the
quantity φav can be computed from the experimental conductance
signal as φav=(1-K/Ko)2/3. Then F(v) can be computed from eq. (11).
The main complication in the analysis as φo increases is that the
water motion (velocity) against buoyancy should be taken into account.
Thus, the relation between droplet velocity and droplet diameter takes
the following complicated form:

4. Results and discussion

v = [ub (d)
v

−

v

v

Droplet size distributions acquired by optical microscopy
Fig. 6 shows the number probability density function of droplet size
for the six emulsion formulations examined in the present study. By
deﬁnition, the integral under each curve takes a value of unity. Surfactant concentration, apart from inﬂuencing the viscosity of the aqueous phase, primarily aﬀects the size of droplets generated during
emulsiﬁcation. Emulsions with low surfactant concentration (Fig. 6a)
have larger droplet sizes (range 3−300 μm) compared to those with
high surfactant concentration (Fig. 6b) (range 3−140 μm). In addition,
it is observed that the peak of the distributions for the diﬀerent oil
fractions with the same surfactant concentration appears at the same
droplet size (20 μm for the low and 15 μm for the high concentration).
Yet, for both surfactant concentrations as the oil fraction increases from
0.05 to 0.20, larger droplets are also generated. This is not surprising
since for constant surfactant concentration as the oil fraction increases
the mass ratio of surfactant/oil decreases and leads to larger droplets.
An additional reason for the increase of droplet size with oil volume
fraction is the well known turbulence “damping” eﬀect created by the
oil [34]. This calls for reducing the droplets breakage during emulsiﬁcation and so lead to larger droplets as oil volume fraction increases.
The combination of emulsion’s droplets size and number determines
how fast the cream separates from the aqueous phase and is studied via
electrical techniques (ERT and EIS).
Oil fraction evolution during phase separation acquired by electrical

∫ F(y)ub (d)(1, −, ∫ , F(y′)dy′)n(d) dy](1, −, ∫ , F(y)dy)n(d)
0

0

0

(24)
where ub is the isolated droplet velocity including Oseen correction.
This is a non-linear integral equation which must be solved numerically for the function d(v). Alternatively, since it is expected that
the correction is not large, a ﬁrst order perturbation expansion using
the iterative method is attempted [33]. At ﬁrst, the correction is ignored and the approximating result (zero order solution) is substituted
in the correction term. The following much simpler equation is derived
in this way:
v

v = (ub (d) −

v

∫ F(y)ydy)(1, −, ∫ , F(y)dy)n(d)
0

0

(25)

This is an algebraic equation which can be solved numerically for d
(for each value of v). For relatively small droplets even an analytical
solution is possible. Let us apply the technique to the case of small
droplets (having ub=d and n = 5) with derived velocity distribution F
(v)=φove−v. The resulting droplet size distribution for two values of φo
with and without taking into account the water velocity is shown in
Fig. 5. It is apparent that the correction is relatively small justifying the
use of the ﬁrst term in the perturbation expansion of eq. (24). As φo
decreases the correction decreases also, being completely negligible for
8
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Fig. 6. Eﬀect of oil fraction on droplets number probability density functions (derived from optical microscopy) (a) for low (10 g/L) and (b) for high (62 g/L)
surfactant concentration. Representative microscope images are illustrated for each case.

Fig. 7. Oil fraction derived from ERT as a function of time during phase separation of 0.20 oil volume fraction emulsions with (a) low (10 g/L) and (b) high (62 g/L)
surfactant concentration.

The employed conﬁguration of Electrical Impedance Spectroscopy,
EIS, allows recordings at a bit higher sampling frequency and with
much higher resolution than ERT and this results in tracking the evolution of oil fraction (change in conductance) during phase separation
more accurately. However, what seems to be more signiﬁcant in the
present case is the conﬁned measuring volume of EIS sensors which
refers almost exclusively to the cylindrical segment volume between
ring electrodes. Fig. 9 shows the oil fraction time evolution for the six
examined emulsions. Initial oil fraction values (t = 0) are very close to
the true oil fractions of the emulsions. Some small deviations, seen
especially at φo = 0.20, may be attributed to wetting problems of the
electrodes a small part of which may be covered by oil as surfactant
concentration increases (this small problem may have occurred also
with ERT electrodes, but it can not explain the large discrepancies
observed there).
There are three distinct regions in each curve. At ﬁrst, there is a lag
phase of constant initial oil fraction, the duration of which increases
when moving away from the bottom of the column (from P4 to P1). In
fact, P4, the lowest pair of electrodes at 1.25 cm distance from the
bottom of the column, does not present this lag phase at all, because
large droplets ascending from this height, right after the emulsion is
purred in the test column, are not replaced suﬃciently by droplets
coming from below. The second region refers to the abrupt decrease of
oil fraction, which happens as oil droplets ascend forming a cream at
the top of the column, leaving the aqueous phase at the bottom. The
rising velocity of droplets determines the slope of these curves. In our
case, the emulsions with the lower surfactant concentration
(Fig. 9a,b,c) (and the larger and faster droplets) exhibit steeper slopes
than the emulsions with the higher surfactant concentration
(Fig. 9d,e,f). Another important observation coming from these graphs
is that the initial oil fraction of the emulsion aﬀects the duration of the
phase separation process. This is because the oil quantity included in
each emulsion inﬂuences buoyancy velocity [35]. The third region refers to the convergence of oil fraction to a plateau at φ = 0 when all

signals
Experiments with Electrical Resistance Tomography, ERT, showed
that low surfactant concentration emulsions separate faster (Fig. 7)
than those with high surfactant concentration, due to the presence of
larger droplets. However, it appears that the technique fails to capture
the true initial oil fraction; for t = 0 min, φ appears to be around 0.100.13 for both emulsions instead of 0.20. Apart from the above, measurements obtained by the topmost electrode sensor in the column, P1,
seem strange and erroneous (i.e. oil fraction increases after t = 0, which
is impossible; sudden rises and drops occur for the low surfactant
concentration) and cannot be explained by any physical phenomenon.
A common problem with the ERT technique is that it can’t estimate the
actual average conductance value exclusively at the plane (height) of
electrodes but instead it delivers a value representing a measuring volume extending appreciably above and below the electrodes plane. This
is due to the long separation distance between several electrode pairs
(i.e. the max separation distance occurs between electrodes located
cross-diagonally from each other), which cause part of the electrical
lines between electrodes to follow curved trajectories inside emulsion
regions much above and below the electrodes plane. Thus, for an
emulsion that destabilizes versus time inside a column, a non-uniform
distribution of the conductive and non-conductive phases develops
gradually along the column and in this case ERT fails to yield accurate
local measurements at an electrodes plane. Such an occasion is particularly apparent at the top electrode (P1), where although the separation line between the cream and the aqueous phase is always above the
location of P1 sensor, the estimated average values of oil fraction indicate the presence of cream at that location (lower conductivity than
the expected one) (Fig. 8). Even the values computed for the outer ring
zone 3 of the column’s cross-section (Fig. 8), where only neighboring
electrodes pairs are employed in the calculations to avoid long curved
electrical lines, indicate once more a much lower oil fraction than expected. More work is required to explain the above discrepancies, but
this is beyond the scope of the present study.
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Fig. 8. Tomograms showing variation of conductivity in the four ERT-planes (P1, P2, P3,
P4) during separation of the emulsion (high
surfactant, 0.20 oil volume fraction) at 0, 1, 2
and 10 min. Inside each tomogram two values of
the oil fraction are illustrated; one is the average
(av) value for the entire cross-section estimated
from all combinations of electrodes per plane; the
other value is the one estimated solely for the outer
ring zone 3 of the cross-section.

droplets, even the smaller and slower ones, have separated from the
aqueous phase. Again the time frame that this happens depends on the
number and size of droplets (hence their rising velocity) and this is the

reason why the phase separation process reveals information about
droplet sizes [8].
Fig. 10 compares the oil fractions determined by EIS with non-

Fig. 9. Oil fraction derived from EIS as a function of time during phase separation of emulsions; low surfactant concentration (10 g/L) (a) 0.05, (b) 0.10, (c) 0.20 oil
volume fraction, and high surfactant concentration (62 g/L) (d) 0.05, (e) 0.10, (f) 0.20 oil volume fraction. Representative microscope images are illustrated for each case.
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distribution of droplets, i.e. the integral under each curve yields the
initial oil fraction of the emulsion. Data from sensor P4 are excluded
because, as described in Fig. 9, they fail completely to capture the initial lag phase of constant initial oil fraction, since large droplets in the
P4 region start immediately to ascend without replenishment from
below. This occurs, but to a smaller degree, also for the P3 region and
this is the reason of missing large size tails in some P3 curves in Fig. 11.
The dispersion of the size distribution for P3 in comparison to P1 and
P2 (due to larger L values) is also evident in Fig. 2. The L values for P1
and P2 are small enough for deriving acceptable size distributions. As a
result, the estimated distributions from P1 and P2 data are quite similar.
The curves of the P1, P2 and P3 sensors are alike, as expected for an
initially (right after emulsiﬁcation) uniform dispersion of droplets
across the entire emulsion volume. This indicates that the selection of
measuring height is not critical inasmuch as there is adequate distance
from the bottom of the column. The initial lag phase of the oil fraction
curve (ﬁrst region) along with the beginning of the sudden drop (beginning of second region), provide information about the volumetric
contribution of large (fast in motion) droplets which are responsible for
the right tail of the size distribution curves. The rest of the declining
part of the oil fraction curve, just before the plateau (second region), is
associated with the population of the intermediate size droplets.
Finally, the near zero oil fraction part of the curve (plateau; third region) describes the remaining small (slow in motion) droplets in the
dispersion. This part is responsible for closing the left tail part of the
size distribution curves. It is noteworthy in Fig. 11, that this left tail part
can not be captured by the EIS data; distribution curves begin from 20
to 30 μm droplet size whereas in Fig. 6 droplets as small as 3 μm have
been seen. This can be explained by two arguments. First, although
Fig. 9 shows that after 10 min the cream has been separated from the
aqueous phase, in reality the conductance measured at all locations (P1-

Fig. 10. Comparison of oil fraction derived from EIS with non-intrusive ring
electrodes and with an intrusive linear probe during phase separation of an
emulsion for high surfactant concentration (62 g/L) and 0.20 oil volume fraction. Solid curves for ring electrodes, dashed curves for linear probe.

intrusive ring electrodes and EIS with the intrusive linear probe. The
agreement is fair for similar height sensors. In particular, P2 data from
the linear probe are closer to P1 data from ring electrodes because the
heights between them are closer than the distance between P2-probe
and P2-ring (also shown in the plot for comparison). So, one can argue
that the technique yields acceptable results regardless the intrusiveness
of the measuring probe. This is very signiﬁcant for practical applications.
Droplet size distributions derived from experimental oil volume
fraction evolution curves
The mathematical procedure described in the theoretical analysis
section is applied here to the experimental oil fraction evolution obtained by Electrical Impedance Spectroscopy, EIS. Fig. 11 shows the
computed distributions, which correspond to the volumetric size

Fig. 11. Eﬀect of initial oil fraction on volumetric droplet size distribution (derived from analysis of Electrical Impedance Spectroscopy data) for low surfactant
concentration (10 g/L) (a) 0.05, (b) 0.10, (c) 0.20 oil volume fraction, and high surfactant concentration (62 g/L) (d) 0.05, (e) 0.10, (f) 0.20 oil volume fraction.
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the size ranges deduced from the proposed new approach are higher,
due to the diﬀerent measuring principles of the two techniques. The
volume-based size distributions estimated by electrical impedance
spectroscopy are certainly more representative of the emulsion’s stability.

P4) after 30 min increases by a further 1%, which means that there are
still remaining droplets in the aqueous phase of very small size separating very slowly. This is manifested also by the opaque color of the
aqueous phase after 10 min separation (if there had been no oil, the
aqueous phase would have been transparent). Second, after 10 min of
separation the remaining very small droplets (i.e. < 10 μm) in the
aqueous phase represent a very small volume fraction which is within
the measuring tolerance of EIS and generate noise in the processed
results of the distribution curves (noise at the beginning of the distribution curves). In any case, registration of the phase separation for
longer time than 10 min and proper data smoothing would allow
closing the distribution. It is noted that due to the employed working
principle the technique cannot detect Brownian droplets (size less than
1 μm).
The volumetric-based size distribution curves (Fig. 11) obtained
from analysis of EIS data show the same qualitative behavior with the
number-based size distributions obtained by microscopy analysis
(Fig. 6). The eﬀect of the system parameters appears the same: lower
surfactant concentration and larger oil fraction yield larger droplet
sizes. Moreover, the peaks of the distributions for the same surfactant
concentration, but diﬀerent oil fractions, appear at the same droplet
size (∼130 μm for the low and ∼100 μm for the high concentration),
although the distributions vary in range, due to the diﬀerent surfactant/
oil ratio.
At this point it should be discussed which distribution, the numberbased from microscopy or the volume-based from EIS, is more relevant
to emulsions stability. As mentioned before, microscopy analysis relies
on number counts; therefore, the presence of a few large droplets does
not signiﬁcantly aﬀect the number size distribution, even though these
few large droplets may represent a major part of the cream volume.
Similarly, although small droplets may be high in number, they represent only a minor part of the cream volume; therefore, the emulsion
may be less stable than speculated by the number-based size distribution. Microscope image analysis and electrical signal analysis are expected to yield results that coincide for narrow size distributions [8] but
results for broad distributions can be quite diﬀerent. Of course, the
number distribution obtained by microscopy can be easily transformed
to volumetric one but this is a highly inaccurate procedure as it has
been extensively discussed in [8]. On the other hand, the volumetric
distribution obtained by EIS is fully representative of phase separation
since it is a direct outcome of the measuring process. Apart from the
above, optical microscopy has shown only moderate repeatability due
to manual collection of samples of the examined emulsions, ﬁnite volume sampling and image analysis errors, whereas electrical impedance
spectroscopy being on-line and non-intrusive is free of such user bias.
Thus, volume-based distributions obtained by electrical impedance
spectroscopy can be trusted to provide essential information about
emulsions stability.
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