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1. Introduction

Pickering emulsion, an emulsion stabilised by solid particles 
accumulated at the surface of droplets, has been extensively 
studied over the last decades. This is because such emul-
sions have generated and hold promise for many practical 
applications [1–7]. Much of the research on Pickering emul-
sions concerns describing the mechanisms involved in their 
stabilisation, the effects of the characteristics of particles on 

their physicochemical properties, and developing methods for 
Pickering emulsion characterisation and fabrication [8–10]. 
This research contributes to the area of emulsion formation, 
which is here achieved by electro-coalescing emulsion drop-
lets while simultaneously controlling the emulsion maturing 
using ultrasound.

There are many different routes for the fabrication of 
Pickering emulsions [11–17]. Yet, scientists are constantly 
developing new methods for more efficient formation of such 
emulsions. Recently, we proposed a new bulk approach, in 
which we used electric fields to quickly form stable oil-in-oil 
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We found that ultrasonic attenuation increased with the droplet size within the time frame of 
droplet stabilisation. Following these changes in ultrasonic attenuation enabled the study of 
macroscopic behaviour—for example, estimation of a time when droplets achieve their final 
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ultrasound propagation in particle-stabilised emulsions by comparing our experimental results 
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emulsions with narrow-size distribution of particle-covered 
droplets [18]. We presented qualitatively the development of 
Pickering emulsions through optical microscopy imaging. The 
optical microscopy technique was convenient when we used 
thin sample cells (i.e. with a short optical path). However, 
when we used thicker cuvettes (e.g. for yielding higher pro-
duction rates of Pickering emulsions), a large number of scat-
tering objects in the light path prevented meaningful optical 
observations, and we struggled with monitoring the fabrica-
tion process. When searching for a solution, we realised that 
the monitoring of emulsion preparation, for example, by 
detecting changes in droplet size, is generally challenging, and 
the development of a simple and cheap technique that would 
enable in-situ and real-time sampling of emulsions is vital.

Besides the conventional optical microscopy, different tech-
niques and tools have been used for emulsion droplet sizing, 
such as small-angle x-rays or neutron scattering (SAXS/
SANS) [19–23], nuclear magnetic resonance (NMR) [24–28], 
a Coulter counter [29–31], a particle video microscope (PVM) 
[32–34], focused beam reflectance measurement (FBRM) [35, 
36], and dynamic light scattering (DLS) [37–40]. Yet, each of 
the methods has one or (commonly) more of the following 
disadvantages: it is costly, time-consuming, slow, requires 
specific sample preparation before measurements (e.g. 
diluting droplet concentrations below 1%), requires usage of a 
specifically designed sample cell, is not readily available, or is 
unsuitable for sampling different kinds of emulsions. In addi-
tion, it is advantageous that the technique for observing the 
growth of Pickering emulsion does not impose any adaptation 
of sample cells, allows non-invasive sample measurements 
(e.g. no measuring probes should be placed inside measured 
samples), and is easy to adopt and operate.

Ultrasound-based methods can be considered here, as 
these are robust and easy to implement, and offer cheap and 
very reliable measurements. Typically, acoustic spectroscopy 
is employed for in-situ emulsion characterisation [41–43]. 
Venkataramani et al [44] and Tran et al [45] elucidated the 
use of acoustic spectroscopy to characterise emulsion stabi-
lisation and destabilisation mechanisms in particle-stabilised 
water-in-oil emulsions. In general, acoustic spectroscopy is 
a powerful technique, as it provides very accurate informa-
tion when experimental data are properly fitted to theoretical 
models. However, the commercially available spectroscopes 
use a variable gap method for acoustic particle/droplet sizing. 
Thus, collecting an acoustic spectrum usually takes several 
minutes. In addition, the transducers are typically immersed 
in liquid, which typically demands placing the sample in the 
special chamber to provide accurate data.

Here, we propose a route to overcome the abovementioned 
limitations, making it possible to easily monitor develop-
ment of Pickering emulsions in situ with ultrasound with 
satisfying precision. We use two transducers placed outside 
the sample cell that work in a transmission mode at a single 
ultrasound frequency (5 MHz). Single-frequency ultrasound 
has been used by several groups to characterise dispersions 
and emulsions [46–50], but little literature exists about its use 
for monitoring the growth of Pickering emulsions and studies 
of emulsion droplet coalescence. There are many reports 

presenting the use of ultrasound attenuation measurements for 
characterising surfactant-stabilised emulsions [51, 52]. Yet, 
there are very few works describing ultrasonic propagation in 
particle-stabilised emulsions despite a significant difference 
in their structure in comparison to surfactant-stabilised emul-
sions. The research results presented here aim to fill out the 
knowledge gap in this research area.

In our work, ultrasound exhibits a dual role. High-energy 
acoustic waves are used to form pre-emulsion in the process 
of ultrasonic homogenisation. Low-energy ultrasound is con-
venient for following the evolution of emulsion systems under 
electric fields. During the formation, changes in ultrasonic 
attenuation are measured and correlated with the average 
size of the coalescing emulsion droplets. The emulsion is 
also examined visually by optical microscopy. Similar optical 
observations were performed in our previous research [18], 
where the emphasis was placed on revealing physical mech-
anisms that led to emulsion stabilisation in the electric field 
for the limited coalescence regime.

2. Materials and methods

2.1. Materials

Oil-in-oil Pickering emulsions were prepared using silicone 
oil (Rhodorsil oils 47 V 50) for the dispersed phase, castor oil 
(MERLIN, MA-220-1) for the continuous phase, and polysty-
rene (PS) particles (Dynoseeds, TS10 6317, Microbeads AS, 
Norway) with average size ~10 µm as stabilisers. Polystyrene 
particles were surface modified using the procedure described 
in detail in [53]. The surface modification was done to 
increase particles binding energy at the silicone oil-castor oil 
interface so that moderate liquid shearing would not cause 
detachment of the interfacial particles. Because the experi-
ments on developing Pickering emulsions were carried out at 
50 °C, we experimentally determined the viscosity and den-
sity values of both oils at that temperature using a Brookfield 
DV-II+  viscometer and Anton Paar DMA 38 density meter. 
We also measured the speed of sound in the castor oil and sili-
cone oil using an OPTEL pulse-echo system. Table 1 presents 
all measured values, together with other parameters provided 
by the manufacturers or found in the literature. These values 
are later used for calculating the ultrasound attenuation coef-
ficient (see section 3.1).

2.2. Ultrasonication and electric-field-assisted formation  
of Pickering emulsions

Pickering emulsions were prepared according to the proce-
dure described in [18]. Unstable pre-emulsions—systems with 
droplets of small size and low particle coverage—were made 
first; from these, we formed the final stable Pickering emul-
sions via consecutive electro-coalescence events. We prepared 
nine pre-emulsions with three different mass concentrations 
of silicone oil to castor oil (5%, 10% and 15%), and three dif-
ferent mass ratios of PS particles to silicone oil (1:2, 1:4 and 
1:8). To form each pre-emulsion, we made a dispersion of PS 
particles in silicone oil. Subsequently, castor oil was added 
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to that dispersion (see figure 1(a)). Next, the substrates were 
mixed together using an ultrasonic homogeniser (Bandelin 
Sonopuls HD 3100 with KE 76 probe and a working frequency 
of 20 kHz) for 30 s, as illustrated in figure 1(b). Using the calo-
rimetric method [62], we estimated the intensity of acoustic 
waves to be ~17 W cm−2. The homogenisation resulted in 
an unstable pre-emulsion with small droplets (~10 µm) that 
were either particle-free or partially covered by particles (see 
figure 1(c)). Then, we applied electric fields (for 20 min) to 
form a Pickering emulsion (see figures 1(d) and (e)). Electric 
fields were used for more than enhancing coalescence; they 
also played an important role in surface particle manipulation 
and droplet rotation that further promoted the formation of 
stable particle-covered drops (as described in detail in our pre-
vious work [18]).

2.3. Experimental setup

Figure 2 shows a schematic illustration of the setup used 
for electro-coalescing droplets to form Pickering emulsions 
and for monitoring this process. The setup consisted of a 

sample cell placed on a mechanical XYZ translation stage, a 
signal generator (SDG1025, Siglent), a high-voltage bipolar 
amplifier (10HVA24-BP1, HVP), a digital microscope 
(AM7115MZTL, Dino-Lite) for either top or side viewings, 
an ultrasonic measuring system, and a computer for col-
lecting images and recording videos. We used two sample 
cells with the following heights, widths and thicknesses: 
30 mm  ×  18 mm  ×  1.3 mm and 45 mm  ×  10 mm  ×  10 mm. 
The height and width of the cells did not affect the optical 
measurements. However, their thickness was important for 
the optical observations (see figure S1). We used the thicker 
sample cell in all experiments except those presented in 
figures 6(a) and S1(a). Two copper plate-shaped electrodes 
were placed inside the sample cell and connected to the 
voltage amplifier. In the experiment, we alternated between 
two electric field strengths: 200 V·mm−1 and 600 V·mm−1 
were applied for 30 s and 5 s, respectively. As a result, it was 
possible to prevent droplet aggregation because of electroro-
tation occurring under higher electric field strength. It also 
prevented particle bridges formation, which is a common 
problem when Pickering emulsions are prepared. During the 
experiments, a temperature of 50 °C  ±  5 °C was kept inside 
the cell.

Table 1. List of physical parameters of oils (at 50 °C) and the pristine PS particles (at 25 °C).

Parameter and units Silicone oil Castor oil PS particles

Density (kg · m−3) 948 (measured) 925 (measured) 1043 [58]

Dynamic viscosity (Pa · s) 0.04 (measured) 0.13 (measured) —
Speed of sound (m · s−1) 906 (measured) 1376 (measured) 2320 [59]

Thermal conductivity (W · m−1 · K−1) 0.15 [54] 4.73 [56] 0.1 [60]

Thermal expansion (×10−4 K−1) 9.5 (data sheet) 7.7 [57] 0.7 [60]

Specific heat (J · kg−1 · K−1) 1460 [55] 1800 (data sheet) 1300 [61]

Electrical conductivity (pS · m−1) 5.0 (data sheet) 60.0 (data sheet) 0.1 (data sheet)

Figure 1. A schematic illustration of the fabrication of a Pickering 
emulsion. (a)–(c) In the first step, an initial emulsion is formed 
by ultrasonic homogenisation. The particle concentrations on the 
droplets’ surfaces are too low to prevent coalescence. (d) and (e) 
In the second step, an electric field is used to coalesce droplets 
and increase coverage by particles. Typically, process of final 
stabilisation of Pickering emulsion takes several minutes.

Figure 2. A scheme of experimental setup for ultrasound control of 
Pickering emulsion formation process. It consisted of a sample cell 
with two copper electrodes, a voltage amplifier for generating high-
voltage signals, a digital microscope, an ultrasonic measurement 
system with a transmitter and a receiver, and a computer for saving 
and displaying optical microscopy images and data from the 
ultrasonic experiment.

J. Phys. D: Appl. Phys. 53 (2020) 085301
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The ultrasonic measurement system consisted of two 
piezo electric transducers (OPTEL, operating at a frequency 
of 5 MHz and a diameter of 10 mm). The unipolar spike pulse 
(with an amplitude of 360 V, fall time 20 ns and pulse rep-
etition frequency 0.9 kHz) was generated by the transmitter 
(T) and, after travelling through the sample, was detected by 
the receiver (R) and recorded with the sampling frequency 
100  MHz. The two transducers were driven by a pulser/
receiver ultrasonic testing device (OPTEL, OPBOX 2.1) con-
nected to PC. Amplitudes of signals possible to obtain during 
measurements were small enough to not affect the structure 
of a tested system. Because of high acoustic frequency, high 
viscosity of the oils and small acoustic pressure, thermal and 
mechanical effects of ultrasound did not occur and did not 
influence the studied medium.

2.4. Ultrasonic measurements

As presented in figure 2, we attached a pair of piezoelectric 
transducers (a transmitter and a receiver) to the walls of the 
sample cell through a thin layer of gel to ensure good acoustic 
impedance matching. We used the transmission method of 
measurement, i.e. an ultrasound wave was emitted by one 
transducer and received by another after travelling through 
the sample cell filled with an emulsion. Measurements were 
performed at different times both before and during the appli-
cation of the electric field (0, 1, 2, 5, 10, 15 and 20 min). 
Figure  3 presents a scheme of the acoustic measurement. 
Before applying an electric field, an ultrasonic wave prop-
agated through the pre-emulsion with small energy loss 
(figure 3(a)). When an electric field was applied, the average 
size of emulsion droplets increased and the shape of the pulse 
of the ultrasonic wave changed (see figure 3(b)). The change 
of the magnitude of the ultrasonic attenuation is calculated 
using the following expression:

∆α = 20
l log At

A0
, (1)

where l is the path the wave travels from the initial location to 
the receiver (here, it equals the width of the sample cell), At  is 
the amplitude of the ultrasonic impulse measured at time t and 
A0 is the amplitude of the ultrasonic pulse measured before 
applying the electric field.

3. Results and discussions

3.1. Theoretical analysis

For the experiments presented in the current work, ultrasound 
was used to monitor the variations in droplet diameters via 
ultrasonic attenuation coefficient. The mechanisms of sound 
attenuation in colloids include the viscous mechanism related 
to the shear dissipative waves generated by the particulate 
(droplet, particle or bubble) oscillating in the acoustic field; the 
thermal mechanism related to the heat flow between the mat-
erial phases owing to the temperature gradient generated near 
the surface of the particulate; and the scattering mechanism, 
in which a part of the acoustic wave is redirected and does 
not reach the detector. Other mechanisms of attenuation such 
as absorption in pure components are treated as background. 
If the particulate radius R is small in comparison with wave-
length λ (long wavelength limit, kR � 1, where k = 2π/λ is 
the wavenumber), the viscous and thermal absorption mech-
anisms contribute mainly to the ultrasound attenuation; other-
wise, scattering dominates. A well-known theory describing 
the propagation of sound in particulate media is ECAH [63, 
64], which predicts the ultrasound attenuation that behaves 
according to the formula

α = − 3φ
2k2R3

∞∑
n=0

(2n + 1)ReAn, (2)

where φ is the concentration of the scatterers (droplets, parti-
cles). The coefficients An represent the amplitude of the com-
pression wave field diffracted by a suspended scatterers. The 
first in the series, coefficient A0 (zero-order term), describes 
the energy losses due to the thermal mechanism; the second, 
A1 (first-order term), describes the energy losses due to the 
viscosity mechanism. In the long wavelength limit, when 
the densities of the phases do not differ greatly (emulsions), 
the ultrasonic attenuation is dominated by zero-order term. 
But when the density ratio of the particulate and continuous 
phase exceeds 2 (suspensions), the first-order term tends to 
dominate, and zero-order term can be neglected. At higher 
values of kR, more and more coefficients An have to be taken 
into account to obtain complex diffracted field patterns of the 
scattered wave.

The problem of using ECAH theory here lies in the trans-
formation of our system, i.e. during the transition from simple 
emulsion (silicone oil droplets in castor oil) to droplets encap-
sulated by polystyrene particles. The ECAH theory is usu-
ally applied to stable systems where the physical parameters 
are constant in time. However, in our system, because of the 
adsorption of polystyrene particles onto the interface between 
silicone oil droplets and castor oil, the physical parameters 
of the scatterers (silicone oil droplets encapsulated by poly-
styrene particles) change their values continuously. This is 

Figure 3. A scheme of the acoustic measurements. (a) Before 
applying an electric field, an ultrasonic wave propagates through 
the pre-emulsion with small energy loss. (b) During the experiment 
under the electric field, emulsion droplets coalesce, affecting the 
magnitude of the ultrasonic attenuation.
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one reason for the changing of ultrasound attenuation with 
time—the effect that is difficult to quantify. The other reason 
for changing ultrasound attenuation in our system is the evo-
lution of the droplet size due to electro-coalescence, and this 
mechanism of ultrasound attenuation can be predicted by 
ECAH theory. Because of that, we decided to compare the 
experimental results with the theoretical predictions based on 
ECAH theory for the simple emulsion of silicone oil-castor 
oil, assuming the growth of the droplet size but omitting the 
effect of adsorption of polystyrene particles onto the interface. 
To determine the ultrasound attenuation coefficient, we meas-
ured the mean size of droplets at different times. The temporal 
evolution of droplet size in the theoretical model was then 
described by the average droplet diameter taken from micros-
copy imaging data for 10% mass concentration of silicone oil 
to castor oil at selected times.

Figure 4 presents the calculated dependence of ultrasonic 
attenuation coefficient on the kR. The first maximum relates to 
the thermal losses on the interfacial border, while the second 
relates to the scattering of the ultrasound wave. In our experi-
ments, the size of droplets is in the range of 10 µm–300 µm, 
which corresponds to the kR values of 0.1–3.5 when 5 MHz 
frequency ultrasound is used. According to the calculations 
presented in figure  4, the ultrasound scattering is the main 
contributor to the ultrasound attenuation.

Figure 5 presents the theoretical dependence of ultrasonic 
attenuation change on the droplet diameter in a simplified 
system of silicone oil-castor oil emulsion. It can be seen that 
the coefficient of attenuation is very sensitive to the change in 
droplet size from 100 µm to 300 µm at the 5 MHz frequency 
of the ultrasound.

In the next sections, the performed calculations presented 
above for predicting the attenuation of ultrasound in oil-in-oil 
emulsions will be discussed and compared with optical and 
acoustical experimental data.

3.2. Optical microscopy imaging and measurements by 
ultrasound

As long as the optical path for a light passing through a 
sample cell is short (typically up to a few mm), it is possible 
to use optical microscopy imaging to monitor the Pickering 
emulsion formation and to characterise the size of emul-
sion droplets [17, 18, 65]. Here, at first, we used a sample 
cell with a thickness of 1.3 mm that enabled optical micros-
copy observations of the emulsion maturing through electro-
coalescence. An emulsion with 15% silicone oil and a 1:4 PS 
particles-to-silicone (PS:SO) mass ratio was subjected to DC 
electric fields for 20 min. One minute after the electric field 
application, it was already possible to recognise droplets in 
the image, but hard to precisely resolve their sizes and par-
ticle shell structures. The droplets electro-coalesced and grew 
quickly to sizes a few times larger than the mean droplet size of 
the pre-emulsion. As the electro-coalescence progressed, the 
mean droplet size increased and the droplets’ concentration 
decreased. The small, densely dispersed droplets coalesced 
into several large drops with increased particle coverage; after 
several minutes, a stable Pickering emulsion was formed. 
Figure 6(a) presents optical microscopy images qualitatively 
showing the evo lution of the emulsion. We analysed optical 
microscopy images and estimated the average diameters of 
droplets at different times (see table in figure 6(a)). However, 
quantification was challenging and accurate image analysis 
could be done only towards the end of the process, i.e. when 
the droplets were large and their concentration was reduced, 
enabling their characterisation by optical imagining.

In our second experiment, we used a thicker sample cell 
(10 mm) and performed an experiment using the same pre-
emulsion and experimental procedures. Because of the strong 
light scattering in the thick sample cell, it was impossible 
to accurately estimate the sizes of droplets through optical 
microscopy. Figure S1 presents the images taken during the 

Figure 4. Theoretical dependence of the excess ultrasonic 
attenuation on mean diameter in the emulsion of 10% concentration 
of silicone oil droplets in castor oil. The first maximum corresponds 
to thermal losses, while the second corresponds to the ultrasound 
scattering. The calculations were carried out for 5 MHz ultrasound.

Figure 5. The theoretical dependence of ultrasonic attenuation 
change versus droplet diameter for the silicone oil-castor oil 
emulsion and for the three different concentrations of silicone oil. 
The frequency of ultrasound was 5 MHz.

J. Phys. D: Appl. Phys. 53 (2020) 085301
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experiment. However, we estimated the mean droplet size 
of the Pickering emulsion at the end of the experiment. We 
greatly reduced the number of light scatterers by diluting 
the emulsion with clean castor oil. The final mean size of 
Pickering droplets was similar to that of the Pickering emul-
sion formed in the thin sample cell. We expected the fabrica-
tion paths of the Pickering emulsion to be the same for sample 
cells with different thicknesses and the results strengthen our 
hypothesis.

During the experiment, we also collected data from the 
ultrasonic system, i.e. we monitored the amplitude of the 
transmitted ultrasound pulse. Then, we calculated the change 
of the magnitude of the ultrasonic attenuation coefficient using 
equation (1). The results are plotted in figure 6(b), where each 
black square data point is connected by a line.

The non-numeric data in figure 6(a) seem to reflect the data 
presented in figure 6(b) very well. According to the optical 
data, significant increase in droplet size is visible in the first 
minutes after electric field was turned on. Also, the ultrasonic 
results confirm this observation. From theoretical ultrasonic 
attenuation data presented in figure 5, the change in size of 
emulsion droplets in the first 2 min of measurement was around 
60 µm. It is almost the same value as in the inset table shown 
in figure 6(a). Over the subsequent minutes of stabilisation in 
electric field, the droplet size estimated from the theoretical 
attenuation data does not correspond that well to the optical 
data. This discrepancy can be explained by the presence of 
dense shell of polystyrene particles surrounding the droplets. 
Therefore, with time, the formed Pickering emulsion resem-
bles ‘pure’ emulsion less and less, which was model led in our 
theoretical calculations.

Nevertheless, we propose using ultrasound for monitoring 
emulsion formation, particularly when optical microscopy 
measurements become difficult either due to light scattering 
or the small size of emulsion droplets. Indeed, we found 
that for the emulsion systems studied here, it is impractical 
to use optical microscopy techniques for sample cells with 
thicknesses above 2 mm (see also figure S1 in supplementary 

materials (stacks.iop.org/JPhysD/53/085301/mmedia)). The 
next section  presents ultrasound data from the experiments 
carried out in a sample cell with a thickness of 10 mm, and 
discusses the influence of both the PS particle and silicone 
oil concentrations on the dynamics of Pickering emulsion 
formation.

3.3. Influence of particle and silicone oil concentrations on 
magnitudes of the attenuation coefficient

The limited coalescence approach utilised in this work allows 
designing Pickering emulsions with desirable average droplet 
sizes [66, 67]. It can be calculated through the equation:

Dd = 3.6 · Dp · ρp

ρd
· md

mp
. (3)

In this equation, the subscripts ‘d’ and ‘p ’ denote droplet and 
particle, respectively; D, ρ , and m  are diameter, density and 
mass, respectively. A derivation of similar formulas can be 
found in [68, 69]. In order to calculate the amount of par-
ticles needed to densely cover 80 µm, 160 µm or 320 µm 
silicone oil droplets with 10 µm PS particles, we assume 
that the particles are spherical and the three-phase contact 
angle is 90◦. For density ratio ρp/ρd = 1.1, we estimated the 
 particle-to-silicone oil mass ratios to be approximately 1:2, 
1:4 and 1:8, respectively [18].

We prepared three pre-emulsions with these mass ratios, all 
with the same concentration of silicone oil in relation to castor 
oil (15%). We monitored the process of Pickering emulsion 
formation using ultrasound. Figure 7 presents the changes in 
the magnitude of the attenuation coefficients as the electro-
coalescence progressed, leading to the formation of a stable 
emulsion. Schematic illustrations of final droplet sizes were 
placed for each of the PS:SO ratios. We fitted the data points 
to the following function:

∆α = ∆αmax − exp (B − τ · t) , (4)

which gives estimates of the characteristic time of emulsion 
development through parameter τ. This function describes the 

Figure 6. (a) Optical data collected from microscopy imaging showing the temporal change in emulsion appearance under electric field 
(for 15% silicone oil and 1:4 PS:SO mass ratio). The emulsion was studied in the sample cell with a thickness of 1.3 mm. The mean values 
of emulsion droplet size were estimated through analysis of optical microscopy images and are presented in the table. (b) Changes of the 
magnitude of ultrasonic attenuation plotted against time (15% silicone oil and 1:4 PS:SO mass ratio).

J. Phys. D: Appl. Phys. 53 (2020) 085301
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data well, especially specific saturation point, as long as the 
measured mean size of emulsion droplet is between ~10 µm 
and ~300 µm, i.e. for larger droplets the attenuation coeffi-
cient falls, rendering equation (4) inappropriate for fitting (see 
the theoretical results in figure 4 for kR � 5).

As expected, the magnitude of changes of the ultrasonic 
attenuation coefficient was the largest for the sample with 
the smallest concentration of particles (∆α > 30 dB·cm−1). 
This is because large emulsion droplets formed, contributing 
to stronger ultrasound wave attenuation, in accordance with 
the model presented in figure 4. The mean droplet sizes of the 
final Pickering emulsion were estimated (through the analysis 
of optical images) to be 106  ±  23 µm, 154  ±  34 µm, and 
273  ±  38 µm for emulsions with mass ratios of 1:2, 1:4 and 
1:8, respectively. These values coincide well with those pre-
dicted theoretically using equation (3). The fitting curves pro-
vided us with rough estimates of the times needed to develop 
nearly completed Pickering emulsions. We estimated these 
times (values at an arbitrarily chosen reference value of 99% 
of αmax) to be ~3 min, ~5 min and ~10 min for emulsions with 
mass ratios of 1:2, 1:4 and 1:8, respectively.

The propagation of ultrasound waves is sensitive to differ-
ences in droplet dimensions, which are reflected in changes in 
the ultrasound attenuation coefficient. Figure  8 presents the 
results of experiments carried out on emulsions with three dif-
ferent concentrations of silicone oil in relation to castor oil: 
5%, 10% and 15%. We fitted the data points to the function 
in equation (4). The magnitude of changes of the ultrasonic 
attenuation was the largest for emulsions with the highest con-
centration in the dispersed phase. This is because there are 
more inhomogeneous zones in the medium contributing to 
acoustic energy dissipation.

3.4. Dynamics of Pickering stabilisation process

In our previous work [18], we conducted experiments on the 
coalescence of emulsion droplets with and without an electric 
field. We observed that the electro-coalescence of droplets can 

be sped up by two orders of magnitude with the assistance of 
electric fields. We also observed the dynamic of a change in 
emulsion macrostructure. The bar chart in figure 9 graphically 
depicts the close correlation between parameter τ  (obtained 

Figure 7. Changes in the ultrasonic attenuation coefficient plotted against time for three emulsions with different PS:SO mass ratios. Solid 
lines correspond to the data fitted with equation (4). The concentration of silicone oil was 15%.

Figure 8. Changes in the ultrasonic attenuation coefficient as a 
function of time for emulsions with silicone oil concentrations of 
5%, 10% and 15%. Solid lines correspond to the data fitted with 
equation (4).
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by fitting the data in figure 8 to equation (4)) and the concen-
trations of silicone oil and PS particles.

As the concentration of emulsion droplets increases, the 
average distance between droplets decreases. The attractive 
electrostatic force between two droplets scales as s−4, where 
s is the separation distance between the droplets. This implies 
that electro-coalescence should occur at a faster rate for emul-
sions with higher droplet concentrations. Indeed, the fastest 
growth (expressed by the highest value of τ ) was found for 
emulsions with the highest concentration in the dispersed 
phase (black bars). As discussed above, particle concentra-
tion determines the size of Pickering droplets. Emulsions with 
the highest particle concentrations had the smallest Pickering 
droplets. Such emulsions should be formed faster than emul-
sions with lower particle concentrations, as the number of 

coalescence events is smaller. This is what we observed exper-
imentally, i.e. the emulsions with the highest particle concen-
trations evolved into Pickering emulsions at the fastest rate 
consistently for different concentrations of silicone oil.

Figure 10 shows the comparison of the experimental results 
with the theoretical prediction for the ultrasound attenuation 
in 10% emulsion of the silicone oil droplets in castor oil. It 
can be seen that the theory predicts, at least qualitatively, the 
evolution of the droplets size on the basis of the coefficient 
of ultrasonic attenuation. Certainly, the agreement could 
be better if the encapsulation of the droplets by the shell of 
polystyrene particles was taken into account. If the thermo-
physical properties of the shell were similar to those of the 
continuous phase, the change in ultrasonic attenuation would 
be small, but the silicone oil and polystyrene particles differ 
in their thermal properties, especially in the coefficient of 
thermal expansion (see table 1), so the change can be expected 
to be bigger. On the other hand, obtained differences in theor-
etical and experimental data may indicate the importance of 
presence of particle shell around droplets in ultrasonic attenu-
ation measurements.

The size range presented in figure  10 has been explored 
by many researchers studying either particle- or surfactant-
stabilised emulsions [70–74]. Emulsions with droplet sizes 
we formed in our experiment are also often used in industrial 
applications [75–78]. Previously reported results concerned 
characterisation of already prepared emulsions by using 
acoustic spectroscopy and corresponding scattering theory 
ECAH for droplet sizes of tens of micrometres [44, 45]. It is 
worth mentioning that the sensitivity of monitoring the droplet 
sizes by the ultrasonic attenuation is not limited to region of 
kR 10−1. The growth of attenuation in the region of thermal 
losses (10−3 � kR � 10−2)—see the first maximum plotted 
in figure 4—can be utilised to monitor the evolution of the 
small droplets of hundreds nm in size using the same single 
ultrasound frequency of 5 MHz. In principle, it is possible to 
study emulsions with other droplet sizes by using ultrasound 
with different frequencies. Because the intrinsic absorption of 
emulsion phases is strongly dependent on frequency [79], the 
model curve (in figure 4) shifts along the droplet size axis.

4. Conclusion

In summary, we have presented the use of ultrasonic mea-
surements as a convenient route for non-destructive studying 
of the formation of oil-in-oil Pickering emulsions stabilised 
by microparticles. By tracking the changes of the ultrasonic 
attenuation coefficient, we were able to characterise the 
dynamics of the evolution of emulsions. We showed exper-
imentally that ultrasound was particularly useful for studying 
emulsion droplets when the change in droplets’ size induced 
by electro-coalescence occurred in the range between several 
µm and a few hundred µm. This change was significantly 
more dynamic both for higher concentration of silicone oil 
droplets and higher amounts of particles used to stabilise the 
system, which was also depicted by quantitative parameter τ . 
It can roughly indicate the moment of bulk stabilisation of 

Figure 9. Parameter τ expressing the rate of change in ultrasonic 
attenuation for different concentrations of silicone oil and 
PS:SO mass ratios. The parameter was taken from fitting 
the experimental data (points from figure 8) to the function: 
∆α = ∆αmax − exp(B − τ · t).

Figure 10. The comparison of the experimental results with 
the theoretical prediction for the ultrasound attenuation in 10% 
emulsion of the silicone oil droplets in castor oil. The theoretical 
line was calculated for 5 MHz ultrasound.
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emulsion by particles, which is not possible utilising solely 
the optical measurements.

Finally, we note that the magnitude of ultrasound attenua-
tion calculated using the ECAH theory generally exceeds the 
value from the experiment. That is because the theory does 
not account for the presence of particle shell around emulsion 
droplets. There exist theories that include the third phase and 
allow more accurate calculations of the ultrasound attenua-
tion [80], though such calculations are non-trivial. Our work 
demonstrates that there is a need for developing models that 
would enable non-complex calculations and, at the same time, 
provide a satisfactory consistency between theory and experi-
ment for such three-phase systems of Pickering emulsions.
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