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Abstract

Emulsions are mixtures of one liquid dispersed in another liquid and can be found in
numerous areas of daily life. These systems are inherently thermodynamically unstable and
undergo processes of aging. One of the possibilities to prevent the processes of emulsion
aging is to use solid particles that, via the coating of emulsion droplets, can halt the
coalescence of droplets and provide emulsion stability. Such emulsions are often called
Pickering emulsions. The use of solid particles does not only ensure stability but can also
provide intriguing applications of Pickering emulsions, such as the fabrication of colloidal
capsules in the pharmacy or food industry or the formation of emulsions responsive to the

external stimuli, e.g., magnetic fields.

In the last decades, an obvious scientific interest in Pickering emulsions can be observed.
One of the emerging key areas of focus has been on improving the efficiency of formation
methods. On the other hand, effort is constantly focused toward finding novel applications
of such colloidal systems. When it comes to the efficient formation of Pickering droplets, it
is generally challenging to fabricate them in large quantities with a narrow size distribution.
The series of publications presented within this Ph.D. thesis begins with the introduction
of a novel method for an efficient Pickering emulsion formation process. The proposed
approach consisted of two steps, with ultrasonic homogenization and electric fields playing
a pivotal role. The use of electric fields did not only lead to a dynamic coalescence of
droplets but also prevented the formation of droplet agglomerates. Moreover, it allowed
for the formation of Pickering emulsions with a narrow and controllable droplet size

distribution.

The process of fabricating Pickering emulsions can be observed by using optical
microscopy; however, it is not efficient to use for large quantities of emulsions. This issue
also concerned experiments on emulsions prepared using the above-mentioned method.
The search for another approach to follow the dynamics of the preparation process and
evaluate its stages led to the use of non-destructive ultrasonic measurements. This allowed
for following the changes in the fabricated emulsion under electric fields but did not
influence the process. The attenuation of an ultrasound travelling through the sample was

measured to show the stage of stabilization process in situ which has been limited in the



case of optical studies for larger volume of emulsion. What is more, a comparison of the
experimental and theoretical results revealed the evident impact of solid particles on the

acoustic properties of the emulsion.

Another aim of my Ph.D. project was to determine the differences in the properties of
particle-stabilized emulsions during different stages of production. The efficiency of
heating under an alternating magnetic field of non-stable emulsions, i.e., prepared only by
ultrasonic homogenization was compared with the efficiency of stable emulsion after
stabilization under the electric field. The efficiency of the magnetic heating deteriorated
after the process under the electric fields. Moreover, the cooling down dynamics after the
magnetic heating were also lower when investigating the Pickering emulsions stabilized in

electric fields.

The investigated efficiency of magnetic heating seems to be important due to potential
applications of Pickering emulsions in, e.g., in magnetic hyperthermia therapy. The process
under the alternating magnetic field is dynamic, which raised a reasonable question
regarding the eventual induced changes in the structure of the Pickering emulsions. These
changes were investigated by following the acoustic properties during and after the
application of an alternating magnetic field. For the Pickering emulsions and magnetic
dispersions, no significant changes occurred unlike the dispersions of the magnetic and
polymer particles. This was because polymer particles exposed to the high-temperature
increase melted and formed larger agglomerates. The sintering of temperature-responsive
particles under magnetic heating led to the development of a novel potential application

of magnetic Pickering droplets, i.e., the formation of colloidal capsules.

The presented studies show the potential of using ultrasound and electric fields to
efficiently prepare Pickering emulsions. On the other hand, these studies highlight the
interesting aspects of such prepared emulsions, such as heating and cooling rates in
magnetic heating experiments and the suitability of using magnetic Pickering droplets as
templates for colloidal capsules. Because of this, the results can contribute to the further
development of fundamental research on Pickering emulsions, and in the long run, they
can aid the practical usage of emulsions in, e.g., hyperthermia treatment or targeted

therapy.



My dissertation consists of several parts. In the beginning, a short introduction to relevant
literature through a series of published articles is presented. This is preceded by the list of
publications and the declarations of their authors. Chapters 1.1-1.7 describe the basic
concepts of particle-stabilized emulsions, ultrasonic homogenization, phenomena
occurring under the electric field, the theory behind ultrasound measurements in emulsion
systems, and heating under the alternating magnetic field, which are the most important
scientific topics highlighted in the aforementioned publications. All materials used in the
presented experiments are introduced in addition to details on the measurement
techniques used. Then, a summary of the papers constituting the thesis is given, showing
the connection between the papers and the overall logic behind the presented Ph.D.
project. Chapter 3 summarizes the introductory part of the thesis and is following by the
list of references used in the Introduction (Chapter 4). Chapter 5 presents the core of the
thesis, i.e., all published papers discussed in the presented dissertation and marked as
[Publication I-VI]. At the end, appendices featuring my other publications, most prominent

conference presentations, awarded distinctions, and scientific activities are presented.






Abstract in Polish

Emulsje to mieszaniny jednej cieczy w drugiej w postaci kropel, ktére mozna spotka¢ w
wielu obszarach naszego codziennego zycia. W swej istocie sg to uktady termodynamiczne
niestabilne, ulegajagce po pewnym czasie procesom starzenia sie. Jedng z mozliwosci
przeciwdziatania starzeniu sie emulsji jest uzycie czastek statych, ktére pokrywajac krople
emulsji, przeciwdziatajg ich fgczeniu sie i w ten sposdb zapewniajg stabilnos¢. Takie emulsje
nazywa sie czesto emulsjami Pickeringa, a uzycie czastek statych do pokrycia kropel
zapewnia nie tylko stabilnos¢ emulsji, ale moze takze dostarczac¢ ciekawych zastosowan
emulsji takich jak wytwarzanie z nich kapsutek na potrzeby przemystu farmaceutycznego
czy spozywczego, czy podatnos¢ na dziatanie czynnikdow zewnetrznych takich jak pole

magnetyczne.

W ostatnich dekadach obserwuje sie wyrazne zainteresowanie emulsjami Pickeringa, a
jedng z kluczowych kwestii stato sie zwiekszenie wydajnosci ich wytwarzania. Z drugiej
strony trwajg nieustanne prace nad znalezieniem nowych zastosowan takich emulsji. Jesli
chodzi o to pierwsze, okazuje sie, ze wytwarzanie w duzych ilosciach emulsji Pickeringa o
waskim rozktadzie wielkosci kropel nie jest tatwe do osiggniecia i jest to bez watpienia
wazny problem do rozwigzania. Przedstawiany w niniejszej rozprawie doktorskiej cykl
publikacji rozpoczyna sie od zaproponowania metody wydajnego takich wytwarzania
emulsji. Zaproponowano tutaj dwuetapowy proces, w ktérym istotng role odgrywata
ultradzwiekowa homogenizacja i pole elektryczne, ktdrego dziatanie nie tylko powodowato
szybkie faczenie sie kropel, ale takze przeciwdziatato taczeniu sie tychzie kropel w
aglomeraty. Pozwolito to ostatecznie na uzyskanie emulsji o waskim i kontrolowanym

rozktadzie wielkosci kropel.

Proces wytwarzania emulsji mozna obserwowac za pomocg mikroskopii optycznej. Jednak
w taki sposéb trudno kontrolowaé emulsje wytwarzane w duzej ilosci. Taki problem
rowniez dotyczyt eksperymentdw zwigzanych z rozwijaniem wspomnianej wyzej metody.
Poszukiwanie innego sposobu oceny dynamiki procesu wytwarzania i tego, czy proces jest
juz zakonczony, doprowadzito do zaproponowania nieniszczgcych badan ultradzwiekowych
jako metody, ktéra pozwala na sledzenie produkowanej emulsji, ale sama w sobie nie

wplywa na proces powstawania. Zbadano zmiane ttumienia fal ultradzwiekowych

v



przechodzacych przez emulsje stabilizowane w polu elektrycznym, co umozliwito
wyznaczenie etapu stabilizacji emulsji na biezgco, czego nie dato sie uzyska¢ wprost z badan
optycznych. Poréwnanie wynikdw eksperymentéw ultradzwiekowych z wynikami
teoretycznymi pokazato wyrazny wptyw obecnosci czgstek statych na wtasnosci akustyczne
emulsji, co uzasadnia potrzebe dalszych badan ultradzwiekowych nad emulsjami

Pickeringa.

Kolejnym etapem mojej pracy byto pokazanie réznic we wtasciwosciach emulsji na réznych
etapach jej wytwarzania. Pordwnana zostata efektywnos¢ nagrzewania w zmiennym polu
magnetycznym nie w petni stabilnej emulsji wyjsciowej (wytworzonej poprzez
ultradzwiekowg homogenizacje) ze stabilng emulsjg docelowg (wytworzong z
wykorzystaniem pola elektrycznego). Okazato sie, ze w magnetycznych emulsjach
Pickeringa efektywnos$¢ nagrzewania magnetycznego pogorszyta sie po stabilizacji w polu
elektrycznym. Takze dynamika chfodzenia po magnetycznym nagrzewaniu byta nizsza, gdy

zbadano emulsje w petni stabilne w poréwnaniu z emulsjami wyjsciowymi.

Efektywnos¢ nagrzewania magnetycznego emulsji Pickeringa moze by¢ istotna z punktu
widzenia potencjalnych zastosowan np. w terapii hipertermig magnetyczng. Samo
nagrzewanie magnetyczne jest procesem dynamicznym, co prowadzito do pytania, czy nie
powoduje ono trwatych zmian w strukturze emulsji Pickeringa. Ewentualne zmiany podczas
nagrzewania magnetycznego oceniono badajgc zmiany parametréw akustycznych podczas
i po wystawieniu emulsji na dziatanie zmiennego pola magnetycznego. Dla emulsji
Pickeringa, podobnie jak dla cieczy magnetycznych, nie zaobserwowano zmian w stosunku
do stanu przed nagrzewaniem. Zmiana byta jednak wyrazna dla wystawionych na dziatanie
wysokiej temperatury mieszaniny czgstek magnetycznych i polimerowych. Stato sie to
dlatego, ze czgstki polimerowe stopity sie i stworzyty wieksze struktury, ktére pozostawaty
trwate takze po schtodzeniu do temperatury poczgtkowej. Ten wazny fakt postuzyt do
wskazania potencjalnego zastosowania kropel Pickeringa wytwarzanych prezentowang

metodg - tworzenia kapsutek koloidalnych w polu magnetycznym.

Przedstawione w pracy badania z jednej strony pokazujg potencjat nowej metody
wytwarzania emulsji Pickeringa za pomoca ultradzwiekdw i pola elektrycznego, a z drugiej
wskazujg na interesujgce aspekty tak przygotowanych emulsji, takie jak efektywnos¢
magnetycznego nagrzewania, czy mozliwosé uzycia kropel Pickeringa jako podstawy do
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tworzenia kapsutek koloidalnych. Dzieki temu mogg przyczyni¢ sie do dalszego rozwoju
badan podstawowych nad emulsjami Pickeringa, ale takze w dalszej perspektywie pomdc
w praktycznym zastosowaniu emulsji np. w terapii hipertermicznej czy celowanej terapii

lekami.

Moja rozprawa doktorska sktada sie z kilku czesci. Na poczatku zostato przedstawione
krétkie wprowadzenie do opublikowanych artykutdéw naukowych. Rozdziaty 1.1-1.5 opisuja
zatem emulsje Pickeringa, zasady dziatania ultradZwiekowej emulsyfikacji czy zjawiska
wystepujgce w emulsjach poddanych dziataniu pola elektrycznego. Zostat takze przyblizony
sposOb propagacji fal ultradzwiekowych w uktadach takich jak emulsje oraz nagrzewanie
pod wptywem zmiennego pola magnetycznego. Uzyte materiaty i szczegdty techniczne
opisywanych w pracach eksperymentdw zostaty przedstawione w Rozdziatach 1.6-1.7,
a rozdziat 2 zawiera podsumowanie poszczegdlnych publikacji wchodzacych w sktad
niniejszej rozprawy. Wstep do rozprawy konczy krétkie podsumowanie przeprowadzonych
badan (Rozdziat 3) oraz spis uzytej bibliografii (Rozdziat 4). Gtéwny rdzen pracy doktorskiej
stanowig opublikowane artykuty naukowe, ktdre zawiera przedstawiono w Rozdziale 5.
Zostaty one oznaczone w tekscie rozprawy jako: [Publikacje I-VI]. Koricowe zatgczniki
zawierajg liste pozostatych publikacji, ktérych jestem wspdtautorem, wazniejszych

wystgpien konferencyjnych, zdobytych wyrdznien i innych aktywnosci naukowych.
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1. Introduction

Emulsions are omnipresent systems involved in numerous daily activities, ranging from
pharmaceutics, cosmetics, and even the dairy products we consume. However, even a simple
experiment mixing water and oil by hand-shaking shows that emulsion systems are inherently
fragile. Despite well-grounded approaches to preparing stable emulsions, there is still space
for scientific developments to, for instance, make the process more sustainable and eco-
friendly. The problems that exist today can be tackled by a synergetic combination of
knowledge from different disciplines. In a way, the whole science seems to be based on the
synergy between subdisciplines; between the new and old and those near and a far away from
each other. In my work, | take advantage of this approach and study Pickering emulsions with

the simultaneous use of ultrasound, electric, and magnetic fields.

In the last decade, several research groups have investigated Pickering emulsions. There are
interesting reports on using such particle-stabilized emulsions to prepare fruit-filled chocolate
candies [1] or gluten-free bread [2] that seem to be both tangible and practical. There are also
applications that are not as tangible but just as exciting, such as stimuli-responsive microscale
catalysts [3] or microcapsules used in biomedicine [4], which are developed with the
contribution of Pickering emulsions. Nevertheless, there is still a need for the development of
better routes for producing Pickering emulsions that allow for the emulsions to be produced
more rapidly, in larger quantities, and with a more defined droplet size, etc. The process of
fabrication (e.g., its dynamics) is often monitored by using optical tools. There is, however, a
problem with monitoring this process on industrial scale. Therefore, new ways of monitoring
emulsion maturing are needed. Finally, when the emulsion is already prepared, it still needs
to be characterized in terms of stimuli-responsiveness, long-term stability or possible

destabilization.

The development of scientific fields can be two-fold. On the one hand, an increasing number
of novel sorts of particles with unique properties could be proposed as efficient stabilizers of
emulsion droplets, opening an fascinating and unending story of science. On the other hand,
relatively basic and commonly used particles can be used in new applications. This is the
reason why the synergy between relatively narrow disciplines like ultrasound and

electrohydrodynamics was used for the efficient formation of Pickering emulsions in this



thesis. Regardless of the chosen strategy, the process of formation must also be characterized

and presented as important due to the potential applications.

The presented thesis ties together several aspects that, when considered separately, could be
considered quite distinct, such as: the physics of interfaces, the phenomena occurring under
the electric field, the efficiency of emulsification procedures, and the propagation of
ultrasound in particulate media or magnetic heating. This thesis is based on six scientific
papers published in peer-reviewed journals. The main linking point between the articles is the
method of emulsion preparation being based on ultrasonic homogenization and the
application of electric fields. The main contribution of the presented papers to the above-

mentioned fields of knowledge can be summarized as follows:

A. A new approach to the fabrication of oil-in-oil Pickering emulsions with a relatively
narrow droplet size distribution was developed.

B. The usefulness of ultrasound to characterize the process of Pickering emulsion formation
was demonstrated.

C. The dependency of magnetic heating efficiency on the solidity of the particle shell around
the droplets was shown in the case of magnetic Pickering emulsions exposed to
alternating magnetic fields.

D. A new potential route for the preparation of colloidal capsules via high-temperature

increases induced during the magnetic heating of Pickering droplets was demonstrated.

In the next sections (Chapters 1.1-1.5), the presented statements will be rooted in the context
of the current state of knowledge. To provide guidance regarding the published papers, some

some of their technical aspects are also commented on in Chapters 1.7-1.8.
1.1. Particle-stabilized emulsions (Pickering emulsions)

An emulsion is a class of disperse system in which one liquid phase is dispersed in another
liguid phase, wherein these liquids are immiscible. During the formation of emulsion droplets
(i.e., emulsification), the free energy of the interface changes due to the increase in the total
interfacial area and the configurational entropy of the dispersion [5]. As the free energy of the
emulsion is higher than that for the system before the emulsification, the (macro)emulsion is

inherently thermodynamically instable and, without stabilization, the emulsion droplets tend



to flocculate and merge (coalesce) over time. There are two approaches that provide stability
of the emulsion: (i) lowering the total surface energy by lowering the interfacial tension, as in
the case of surfactant-stabilized emulsions, and (ii) forming a mechanical barrier around the

droplets to prevent their coalescence. The latter is the basis for particle-stabilized emulsions.

Particle-stabilized emulsions have their origin in the pioneering works of Ramsden [6] and
Pickering [7]. In honor of the latter, these emulsions are commonly known as “Pickering
emulsions” but, in the literature, one can also encounter other terms referring to such
colloidal systems, e.g., “solid-stabilized emulsions”, “particle-laden emulsions” or “armored
emulsions”. In Pickering emulsions, the particles adsorb to the droplet surface, forming a layer
that prevents merging droplets (coalescence) by providing steric hindrance [8]. In
“conventional” emulsions, surfactants adsorb to the interfacial surface and reduce the
interfacial tension. At the same time, molecules develop either electrical double layer
repulsion or steric repulsion. Pickering emulsions are believed to provide better kinetic
stability, as the adsorption of particles at the droplet surface can be irreversible. In the
literature, this is usually evidenced through the comparison of the desorption energy (i.e., the

energy needed to detach the particle from the droplet surface) with a product of kg

(Boltzmann constant) and the temperature associated with thermal fluctuations.

Using the so-called Young equation, one can characterizes the contact angle, 8, based on the
respective interfacial tensions at the boundary between the solid, dispersed, and continuous
phase, i.e., ys_q (solid particle-dispersed liquid), ys_. (solid particle-continuous phase), and

Yc—q (continuous phase-dispersed phase), as [9]:

cos = Ys=d7Vs=c (1.1)
Ye-d

In Figure 1.1, an arrangement of the particles and the emulsion droplet with different contact
angles is presented. This directly shows that the contact angle quantifies the affinity between

the particles and the two liquids.
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Figure 1.1 The position of solid particles related towards an emulsion droplet for different contact
angles. (a) The affinity of the particle to the continuous phase is too large and the wettability of the
particle by phases of emulsion is nonconformant. (b) The contact angle is high and the particle is
toward a continuous phase but can still adsorb to the droplet. (c) The particle is equally wetted by
both phases of emulsion. (d) The contact angle is low and the particle is toward a disperse phase.
(e) The affinity of the particle to a dispersed phase is too large and the wettability of the particle by

phases of emulsion is nonconformant.

The energy needed to detach the single particle from the liquid-liquid interface can be written

as [9]:
AG = mrifyc_q(1 — | cos 6])?, (1.2)

where 1, is the radius of a solid particle. The form of expression, | cos 6], indicates that the
value of the contact angle governs the way the particle can be detached from the interface.
For instance, for 8 > 90°, a particle is detached toward a continuous phase rather than to a
disperse phase [10]. Eq. 1.2 is valid provided that the particle size allows for neglecting the

gravitational force, which is practically always fulfilled.

For contact angles close to 90 degrees and particle sizes larger than several nanometers, the
desorption energy can be several orders of magnitude higher than the Brownian energy, kgT
[11] which is evidence of a strong attachment to the droplet interface. However, it should be
noted that the contact angle strongly depends on the chemical properties of the solid particles
and a perfect match between the liquids constituting the emulsion phases and stabilizing
particles is challenging. In the context of the studies presented within this thesis, the emulsion
stability of emulsion will be always associated with a stability against coalescence, i.e., in

stable Pickering emulsions, the droplet does not merge after the formation process is finished.



This also means that the droplet size should not increase over a long period of time, although
some works have reported a change in the size of emulsion droplets during long experiment
durations, which was related to the breaking of droplet agglomerations rather than to

coalescence [12].

In the early 2000s, Aveyard et al. indicated in their review article [8] that there were only a
few reports on Pickering emulsions compared to the plenty of papers concerning surfactant-
stabilized emulsions. This was caused by inadequate developments in material sciences in
terms of providing a wide class of solid particles that could be used as emulsion stabilizers
[11]. Now, in 2021, the situation is entirely different. Pickering emulsions hold promise in
regard to applications in numerous fields, including the food industry [13, 14] and
cosmetology [15, 16], especially due to the harmful effect of surfactant-stabilized emulsion on
skin [17], as well as in pharmacy where Pickering emulsions can act themselves as drug
carriers [18] or be precursors for fabricating colloidal capsules [19]. Pickering emulsions and
derivative materials have been studied even in the context of the COVID-19 pandemic [20,
21]. Important in the case of Pickering emulsions (and derivatives) orally administered to the

I"

human body is the dynamics of digestion differing from those of “conventional” emulsions

[22], and this could be an additional reason for using particle-stabilized emulsion systems.

Among the materials used as particle stabilizers, one can find: silica [23, 24], synthetic and
natural clays [25-27], graphene oxide [28], polymers [29] and magnetite/maghemite [30, 31]
as well as a wide class of bio-originated particles, such as polysaccharides [32], starch [33, 34],
and cellulose [35]. This is, thereby, more significant because using sustainable, non-toxic, and
eco-friendly particles seems to justify the need for a Pickering emulsion approach to
counterbalance conventional surfactant-stabilized systems [36]. Not without significance is
what happens after the usage of particles; the end life of particle stabilizers justifies the use
of natural organic particles [37]. It is also worth noting that the term “Pickering emulsions”
does not include only particle-stabilized systems. This class of colloids is broader and it
incorporates emulsions that are not solely stabilized solely with solid particles but with, e.g.,
gels [38, 39] or proteins [40] as well. For this reason, (non-vegan) mayonnaise is also a kind of

Pickering emulsion in which lecithin present in the egg yolk covers the oil droplets [41].



Despite the certain competition between surfactant-stabilized emulsions and Pickering
emulsions generated by the sudden renaissance of Ramsden and Pickering concepts as well
as the enthusiasm for new perspectives on achieving fast development, there is an open
avenue for the combination of surfactants and particles as co-stabilizers. Surface-active agents
can alter the wettability of particles and, therefore, improve the stability of emulsion droplets
[42] or lead to the formation of switchable Pickering emulsions [43]. Even more recently, the
idea of oil-in-dispersion Pickering emulsions was proposed [44] which is also on the frontier

of studies on “classic” Pickering emulsions.

When the number of solid particles used as stabilizers is low from the beginning of formation
process, the interfacial area cannot be sufficiently covered by particles. In this case, so-called
“limited coalescence” occurs [45]. Each coalescence event leads to a progressive reduction of
the interfacial area and lasts until the moment when the density of the particle layer around
droplet is high enough to halt further coalescence [39]. The main feature of this experimental
regime is that the droplet size is governed not by the mean of preparation but by the mass
ratio between the dispersed phase and solid phase of emulsion. This relationship between
spherical particles and their monolayer-like arrangement at the droplet interface can be
described by the following formula [46]:

Dd - Z_nﬁd

=G (1.3)

pl

where Dy and dj, are the diameter of the droplets and particles, respectively; ¢4 and ¢, are
the volume fractions of the disperse and solid phase, respectively. After basic mathematical
transformations, Eq. 1.3 directly corresponds to the formula presented in [Publication I-Il]
and is derived in the Supplementary Materials to [Publication I-lI] as well as in other papers
[45, 46]. In Figure 1.2, such an example of the proportionality between the droplet size and

an inverse number of silica nanorods used as stabilizers is shown [47].
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Figure 1.2 The mean droplet size in the function of the inverse number of particles used as stabilizers.
The dotted line corresponds to the linear fitting according to the limited coalescence model (Eq. 1.3).
The large standard deviations are explained by the shape of the stabilizers that were not spherical.

Reproduced with permission from [47]. Copyright (2015) American Chemical Society.

From Figure 1.2, one can conclude that the more particles used for stabilizing the emulsion
droplets, the smaller the size of droplet. However, even a limited coalescence regime has its
limits. For instance, too much particle mass excess over the mass of the dispersed phase can
lead to a situation where “free” particles are mainly dispersed in the continuous phase and
the droplets are unevenly coated by particles [48]. Although the presence of particles in the
continuous phase can be beneficial for emulsion stability [8], it is not economically justified.
Some authors have also reported that the full coverage of the droplet surface is not required

for preventing coalescence and providing kinetic stability for the emulsion [49].

Already in 1954, Wiley collected existing reports, starting with Pickering original paper, in
which the limited coalescence of droplets was described but not necessarily called by name
[50]. Wiley indicated that violent mechanical stirring could lead to the formation of droplets
with narrow size distributions due to the process of limited coalescence. Additionally, the
work of Wiley reproduced above has directly shown directly that the idea of the stabilization

of emulsion droplets by particles was indeed known much earlier than the 2000s.

In the literature, oil-in-water or water-in-oil emulsions have mostly been investigated, with

oil-in-oil emulsions being remarkably less reported despite their potential use in cosmetics



and pharmaceutics [51]. Similarly, in the literature, when describing the principles behind
Pickering emulsions, the basic ideas, such as the contact angle and particle wettability, are
introduced by providing examples of systems containing water. However, non-aqueous
Pickering emulsions can be also prepared. Moreover, there are some unique features that
make oil-in-oil Pickering emulsions objects of interest. For instance, when the aqueous phase
is dispensed, a new type of polymer nanoparticle can be prepared from the Pickering emulsion
templates [52], and hydrophilic materials can be efficiently entrapped in the Pickering
emulsion droplets [53]. Besides, some model investigations benefit from a lack of water in the
tested system, e.g., studies on the electroformation of emulsions. This supports that oil-in-oil
emulsions can experience a renaissance in the near future [54], also these stabilized with solid

particles.

There exist several methods for fabricating stable Pickering emulsions. Most of them are one-
step in nature; however, there are also procedures in which several steps must be taken, e.g.,
mechanical blending preceded by ultrasonic homogenization or microfluidization [55].
Commonly, a coarse emulsion with large droplets is subsequently dispersed to smaller
droplets, as in the case of membrane emulsification techniques. It is worth noting that this is
reversed compared to the method of preparation used in the presented thesis. Table 1.1,

shows a short characterization of the Pickering emulsion formation techniques.

Table 1.1. An overview of the advantages and disadvantages of different Pickering emulsion

procedures. The table is partially based on [49].

Method Simplicity of the Duration of process Narrow size Formation of small
system distribution droplets
Microfluidics no long yes Depends on the
parameters
Membrane no long yes Depends on the
emulsification parameters
Mechanical yes short no no

homogenization
Ultrasonic yes short no yes

homogenization
High-pressure no short no yes

homogenization



There exist relatively new approaches to providing precise control over the droplet sizen
namely microfluidics and membrane emulsification, and these are receiving an increasing
amount of attention. In microfluidics, Pickering emulsion is prepared droplet-by-droplet via
the proper matching between the flow rates, interfacial tensions, and viscosities of phases in
corresponding channels of the microfluidic device. This enables the formation of emulsions
with very narrow size distributions. When the coefficient of variation (CV) is considered, i.e.,
the ratio between the standard deviation and the mean droplet diameter commonly used to
evaluate droplet size distributions, the microfluidic approach provides emulsions with a CV
below 5% [56]. It is worth pointing out that a narrow size distribution is believed to be an
important factor in the stabilization of Pickering emulsions as a variation in the size of the
droplets can facilitate their coalescence [11]. Another method that provides a quite narrow
size distribution of droplets is membrane emulsification. In this technique, the phases of
emulsion are pressed through the membrane, and the pore size governs the resulting droplet
sizes. In terms of the droplet size distribution, this varies depending on the literature reports.
For instance, a CV around 23% was achieved for O/W emulsions stabilized with chitosan-
coated alginate particles [57]. However, to achieve CV = 25% in the work of Thompson et al.
[58], the careful control of oil flux through the membrane must have been applied.
Nevertheless, the formation of Pickering emulsions with narrow size distributions is possible
using microfluidics and membrane emulsification, although it should be noted that there is an
inherent difficulty involved in obtaining high throughput, which narrows the current

application possibilities as presented in Table 1.1.

In comparison to the methods described above, there are also bulk methods based on
different kinds of homogenization routes, i.e., mechanical stirring, ultrasonic homogenization,
and high-pressure homogenization, although the latter is rarely used in studies of Pickering
emulsions despite its being used in the industry for “conventional emulsions” [49]. In these
techniques, shear forces are generated to disperse the inner emulsion phase into small
droplets. The process can be quick and result in bulk quantities of emulsions, but the droplet
size distribution is difficult to control. For this reason, there is still a need to propose new
methods of formation, especially ones that can link the precise prediction of the droplet size
and efficient particle usage with the high production rate provided by, e.g., ultrasonic

homogenization.



1.2. Ultrasonic homogenization

To disperse a liquid in another liquid and form an emulsion, the subsequent events of droplet
break-up must occur. For this purpose, mechanical energy must be provided to the system to
generate mechanical shearing that overcomes the Laplace pressure, i.e., a pressure that
causes the droplet shape to be dependent on the interfacial tension and droplet radius [59].
The required shearing needed to obtain small droplets can be achieved under a turbulent flow
that, according to the so-called Kolmogorov theory, is characterized by the sizes of the induced
eddies, i.e., local pressure fluctuations [60]. From the relationship between the possible eddy
sizes, one can obtain the formula for the maximum droplet size, Dq, that remains non-
fragmented under the turbulences induced by, e.g., mechanical stirring or high-intensity
ultrasonic waves:

3
/s
_ . Yc-d
Dd —_ C 62/5p1/5 . (1-4)

Eqg. 1.4 takes into account the parameters of homogenization, i.e., the energy dissipation rate
€ (energy dissipated in unit volume per unit time [46]) as well as the parameters of the media,
such as the density, p, and interfacial tension; C is the constant of the order of unity [59].
Despite the existence of experimental works on the above-mentioned relations, it is still
challenging to predict the droplet size after homogenization. This is because of the precise
determination of the energy dissipation rate that can vary in the whole volume of the sample.
It is also worth noting that, when Pickering emulsions are prepared, the presence of solid
particles surely affects the process of homogenization, e.g., the overall density and viscosity
increases. However, to the best of my knowledge, such an influence has been not directly

investigated in the literature.

Homogenization by using ultrasound is one of the common approaches to fabricating
emulsions in bulk quantities, including particle-stabilized emulsions. In principle, there are two
mechanisms involved in ultrasonic homogenization. First, larger droplets are formed by the
combined action of interfacial waves and so-called Rayleigh-Taylor instability [61]. In the
second stage, an acoustic cavitation occurs as a main phenomenon. When the high-intensity
acoustic wave travels through the medium, strong pressure fluctuations are generated there.

This leads to the formation and collapse of bubbles that generate local turbulence and shear
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forces. These contribute to the further fragmentation of the dispersed phase into smaller
single droplets. There are experimental works in which the influence of the sonication time
and acoustic intensity on the droplet size distribution were investigated, but this was more
often for “conventional emulsions” rather than for Pickering emulsions. For instance, in the
case of O/W emulsions stabilized with chitosan particles nanoparticles, 5 minutes of
sonication with an electric power of 600 W resulted in a droplet size of around 10 um and
quite a wide size distribution [62]. What was interesting, smaller droplets were achieved with
lower power and the same sonication time, which was related to the high-temperature
increase caused by the ultrasonic homogenization. It should be noted for the record that, in
many cases, the exact parameters of sonication are not fully characterized, e.g., by giving only
the electric power of the used device, which is an issue raised in the literature [63]. In this
work, the emulsions formed via ultrasound homogenization were characterized by the small-
angle X-ray scattering (SAXS) method in-line, during the process of preparation. The droplet
size decreased significantly with an increasing acoustic intensity. Additionally, the authors
directly showed that using homogenization to produce Pickering emulsions leads to a high
content (even 60%) of “free” particles floating in the continuous phase [63]. On the other
hand, Low et al. prepared O/W emulsions stabilized with cellulose nanocrystals with a CV

lower than 35%, even when using a traditional ultrasonic homogenizer [64].

As one can see, it is generally difficult to control over the size (and size distribution) of droplets
prepared by ultrasonication, as the process of cavitation is dynamic and inherently non-linear.
Knowledge regarding the predictable droplet size and distribution is, in turn, crucial from an
applicable point of view. In this context, it is important to note that there are theoretical
models that can precisely predict the droplet size presented on the basis of the example of
cellulose-nanocrystal-stabilized O/W emulsions prepared via sonication [65]. Taking into
account the convolution of the effects of dispersed phase and solid phase concentrations as
well as the acoustic intensity, it was possible to obtain the dependence between the mean
droplet diameter and the sonication duration which depends additionally on input energy
density. The exemplary dependence is presented in Figure 1.3. It should be noted that the
model is valid for situations when the pre-emulsification procedure is involved before the final

sonication.
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Figure 1.3 An evolution of droplet size as a function of the sonication time. Panel (a) shows the results

for high and (b) low potential of droplet break-up. Reproduced from [65].

Using ultrasonic homogenization can be beneficial over other emulsification techniques
because it is believed to be less energy-consuming [66] and can result in a significantly smaller
droplet size compared to mechanical stirring [67]; however, it seems to depend strongly on

the properties of the prepared emulsions, especially the stabilizers used [68].

Emulsions stabilized with particles can be efficiently prepared using ultrasonic
homogenization alone. However, when the mass of the particles is much smaller than the
mass of the dispersed phase (limited coalescence regime), directly after the bulk methods of
fabrication (including ultrasonic homogenization), the droplets cannot be fully coated by the
particles. By allowing for the limited coalescence of the uncoated droplets, a dense layer of
particles forms. However, such a process can be facilitated by, e.g., using phenomena
occurring when a Pickering emulsion with not completely covered droplets is exposed to

electric fields.
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1.3. Emulsions under the electric field

It is commonly known that two droplets immersed in a liquid medium tend to coalesce to
lower the free energy of the system. When these two droplets are additionally subjected to
the homogenous direct current (DC) electric field, the process of coalescence is facilitated due
to dipolar interactions between the droplets. For weakly conductive liquids (also called “leaky
dielectrics”), the presence of an electric potential difference causes the accumulation of free
charges at the droplet surface [69]. This allows for the induction of electric dipoles, and the
direction of the dipole moment is related to the ratios between the electric permittivity and
conductivity of the droplet and that of the surrounding medium; when these are higher for
the surrounding medium (for instance, for silicone oil droplets suspended in castor oil), the
direction is opposite to that of the electric field [70]. The strength of such interactions
between droplets can be expressed as [71]:

24me rOE?

T (1.5)

Fd=

As can be seen, the attraction of droplets depends on the electric field intensity, E, radius of
the droplets, 7, electric permittivity of the continuous phase, &., and separation between
droplets, d. Additionally, the properties of the medium such as the interfacial tension, must
also be taken into account in the moment of close vicinity of droplets. When the
electrocoalescence of two uncoated droplets was investigated, the time scale of the
coalescence event depended on the initial separation between the droplets, the viscosity of
the surrounding medium, and the electric field intensity [71]. The presence of solid particles
on the droplet surface, as in the case of Pickering droplets, results in retarded coalescence
because of the mechanical barrier of the particles. When a number of droplets constituting a
dispersed phase are suspended in another liquid (continuous phase), the situation is similar.
It is worth noting that the dipolar interactions and resulting electrocoalescence generally
should be undesired because of the acceleration of the emulsion aging. However, for limited
coalescence regime (Chapter 1.2), electrocoalescence ultimately leads to the stability of the

particle shell around the droplets due to “surface-volume gain” after each coalescence event.
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The applied voltage does not only cause dipolar interactions of droplets but also induces their
deformation. Such a deformation can be described by the so-called Taylor deformation

parameter [72]:

p =32 (1.6)

xj+xp

where xj and xprelate to the droplet dimension within the direction of the electric field and
perpendicular to the electric field, respectively. For a droplet surrounded by dielectric liquid,
this deformation can also be theoretically predicted as [69]:

9 gcgorE?

= A (1.7)

The parameter A is a complex relation of the ratios of electric conductivities, electric
permittivities (dielectric constants), and viscosities of the disperse and continuous phase.
These ratios govern the behavior of a droplet. For instance, for silicone oil droplet immersed
in castor oil, the deformation is positive, i.e., the droplet is elongated perpendicularly to the
electric field direction, but, for a reverse system parameter, D is negative [69]. It is important
to point out that, according to Eq. 1.7, the deformation depends on the size of the droplets,
and, for the same electric field intensity, smaller droplets are less deformable. As in the case
of electric dipolar interactions, the presence of solid particles changes the way the droplet is
deformed in the electric field. Considering the particle layer as a two-dimensional suspension,
the surface viscosities are increased due to dissipation arising from the particle motion.

However, the surface conductivity is not significant for the deformation of droplet [73].

Generally, the change in droplet shape is due to the free electric charges accumulating at the
droplet interface under the influence of an applied electric field that induces deforming
electrical stresses. Such electric stresses have two components: normal and tangential to the
curvature of the droplet. The first is responsible for droplet deformation and the latter induces
electrohydrodynamic (EHD) flows. As the tangential component is not balanced by any
capillary forces, these EHD flows can freely occur and lead to the shearing of the liquids inside
and outside the droplet. For instance, when the particles are located inside the droplet (e.g.,
during the formation of a single droplet by a mechanical pipette), the EHD flows push them
outside the droplet. The flows’ direction depends on the electrical conductivities of the

droplet and surrounding medium, i.e., when the droplet’s electrical conductivity is lower than

14



that of the surrounding liquid, the flows are from the droplet ends to the center of the droplet

[74].

The presence of particles at the droplet surface obviously influences the EHD flows. For non-
conductive particles, the induction of EHD flows around the completely covered droplet is
retarded [75]. In Figure 1.4, the velocity of the EHD flows around the silicone oil droplets
stabilized with non-conductive (polystyrene) particles and suspended in castor oil is visualized
for different particle coverages by particle image velocimetry (PIV) [75]. As one can see, the
increasing coverage by particles reduces the EHD flows. At the same time, the deformation of

the droplet is also clearly dependent on the surface coverage.
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Figure 1.4 The spatial distribution of electrohydrodynamic (EHD) flows around a silicone oil droplet
suspended in castor oil covered by polystyrene microparticles. The results in panels (a—d) differs with

the increasing coverage of the droplet by particles. Reproduced from [75].

It is beneficial for the formation of the orderly arranged stable particle shell when the EHD
flows are directed into the center of the droplet. Then, for the electric properties of the solid
particles similar to liquids, the EHD flows push the particles at the surface and arrange them
in a densely packed structure [69]. For two droplets partially covered by particles, the electric
field can play a dual role. The dipolar interactions make the droplets approach one another,
and droplet merging is enabled by the forming of particle free regions on the droplet flanks
through EHD liquid flows.
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When the intensity of the applied electric field is high, instability occurs, which leads to the
electrorotation of the droplets, which is sometimes also referred to as a “Quincke rotation”:
based on the German scientist who discovered this phenomenon for particles in the end of
19t century. For a higher electric field intensity, the induced electric dipoles can be misaligned
compared to the direction of the electric field, which leads to torque and results in a rotation
of the droplet [73]. The electric field intensity needed to cause the electrorotation of the
droplets is dependent on the electrical properties of the droplet and surrounding liquid. Also
in this case, particle shell affects the droplet behavior. The Quincke rotations are weaker with
higher particle coverage, which can be explained by the induced droplet asphericity [73] and
by the increased viscous effect that limits the rotation of the droplets in the presence of the
particles at the interface [70]. Apart from being an interesting phenomenon, such a rotation
of droplets can break droplet chains and agglomerates and, therefore, additionally contribute
to the stabilization of the Pickering emulsion. Formation of chains (dipolar interactions) and
agglomerates lead potentially to particle bridging, i.e., a situation where two droplets in a
chain are stabilized with the same particles. Such a bridge can be removed by altering the
wettability of the particles or by inducing shearing at different rates [46]. When the Pickering
emulsions are exposed to DC electric fields of different intensities, they experience a variety

of shear rates, which leads to the efficient breaking of the agglomerates.

The phenomena occurring in an emulsion under an electric field have been used in numerous
studies. For instance, water-in-castor oil emulsions were prepared using DC electric fields [76].
It was shown that the mean size of the droplets decreased with the increasing duration of the
emulsification and electric field intensities. More interesting is the process of emulsification
being very quick and lasting only several seconds due to very high intensity of the electric field.
High-intensity electric fields can be also used to destabilize emulsions, as shown with water-
in-oil Pickering emulsions [77]. For petrochemical industry applications, the process of
emulsion break-up can lead to the removal of water from the oil with the assistance of solid
particles [78] and reversely, the elimination of oil contaminants from water when O/W

emulsions are investigated [79].

Oil-in-oil emulsions are remarkably less investigated under an electric field. The use of oil
instead of water as a disperse phase can change the behavior of emulsion droplets due to the

different relations between the electrical properties of phases. For instance, the electrical
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conductivity of distilled water is 5.5 x 10° pS/m and 50 pS/m for castor oil [75, 76]. The
mismatch between electrical properties of two oils, e.g., silicone oil and castor oil, is much
smaller that brings about the consequences regarding the fundamental research on the

behavior of single droplets and oil-in-oil emulsions.
1.4. Propagation of ultrasonic waves in emulsions

As emulsions are ubiquitous colloidal systems needed in many scientific, industrial, and
medical fields, robust and efficient methods for their characterization are required.
Ultrasound can be used as one of the approaches allowing for the non-destructive and in-line
testing of emulsions. This has been utilized inter alia to follow the long-term stability of
emulsions via the determination of sedimentation or flocculation rates [80, 81] or to evaluate
the emulsion structure during process of emulsion formation [82], including the droplet size
distributions [83]. Regardless of the exact application, the use of ultrasound to characterize
emulsions is based on the link between the properties of a tested medium and its acoustic
parameters that can be experimentally measured and theoretically predicted. It is worth
explicitly pointing out that, to the best of knowledge, there are only a few studies concerning
such ultrasound studies on Pickering emulsions [84-86].

In a real, attenuating medium, the propagation of a plane ultrasonic wave of a given

frequency, f, can be described by the complex wave number:

2nf

k = T + ia. (1-8)

In Eq. 1.8, cis the speed of the wave propagation (in other words, the speed of the ultrasound
or ultrasonic velocity) and «a is the attenuation coefficient that describes a decaying wave
amplitude with the distance [87]. In homogenous media, i.e., when there are no scatterers as
for, e.g., pure oils or homogenous solid materials, an acoustic wave is attenuated due to the
viscosity of the medium and the thermal conduction, as is expressed by the well-known
Stokes-Kirchhoff equation. Eventually, the relaxation mechanisms relying on the distribution
of the energy of macroscopic motions induced by the propagating ultrasound wave to the
molecular motions should also be taken into account, e.g., in biological tissues [88]. The speed
of the ultrasound, in turn, obeys the so-called Newton-Laplace formula and depends on the
density and mechanical properties of the medium. For liquids, these properties are

characterized by a bulk elasticity modulus, but, for solid materials, the speed of the ultrasound
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additionally depends on shear modulus. It should be noted that, most often, the propagation
of the ultrasound is considered to be the propagation of longitudinal waves that can propagate
in media characterized by bulk elasticity. In comparison, transverse ultrasonic waves can travel

through media characterized by an elasticity of form, which is limited mostly to solids [89].

The situation changes the medium in which the ultrasonic wave is travelling is heterogeneous,
i.e., there is more than one phase. Examples include emulsions (liquid-in-liquid), sols (solid-in-
liquid), and composites (solid-in-solid). Then, apart from the properties of the phases, such as
the viscosity and density, the phenomena occurring at the phase boundaries must also be
taken into account. These result from differences in the mechanical and thermal properties
between the phases, which contribute to the attenuation of sound and alter the speed of
sound. When the compressibility of a particulate (i.e., droplet, particle, etc.) is different from
the compressibility of the surrounding medium, its compression and expansion in a response
to an ultrasonic wave is different than that of the surrounding liquid. When, in turn, the
thermal properties of the phases are different, there would be heat flow between them
uncorrelated with the phase of the cyclic pressure changes associated with an incident
ultrasonic wave. Last but not least, a density contrast between the phases can take place,
which leads to a difference in the inertia between the disperse and continuous phase [90].
Besides, the phases contribute to the absorption due to their intrinsic properties according to

“classic absorption”.

It should be noted that the contributions of the mechanisms described above to the
attenuation of the ultrasound are generally additive, and overall attenuation of the
inhomogeneous medium can be expressed as a simple sum of contributing attenuation

coefficients resulting from particular mechanisms [91]:

Qoveral = Xintrinsic T ascattering + Qyisco—inertial T Athermai- (1-9)

Over time, theories of different complexities were developed to quantitatively describe the
propagation of an ultrasound in complex media. One of the most established theoretical
models to date that has sufficiently described the propagation of ultrasound both in
dispersions and emulsions is the ECAH theory which combines the works of Epstein and
Carhart (1953) and Allegra and Hawley (1972) [92, 93]. This theoretical approach is based on

a calculation of wave numbers of incident and scattered waves, while the scattering can be
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not only due to the geometry of the objects, e.g., the size of the droplets or particles but

foremost due to the differences in the properties of the phases.

When the incident acoustic wave encounters a scatterer such as an emulsion droplet or a
particle, this gives a way to the new waves, i.e., the reflected wave, the wave inside the
scattering object, and, additionally, visco-inertial and thermal waves in the continuous and
dispersed phase [94]. Each of the mentioned waves can be expressed by corresponding wave
equations and solved by using spherical Bessel functions and Legendre polynomials. Then,
because of the boundary conditions for the inside and outside of the scatterer (e.g., on the
droplet surface), one can set six formulas, with the unknown coefficients usually denoted as
An B, Cn, A’ B’n, and C’n, respectively corresponding to the wave scattered into the
continuous phase, thermal wave and visco-inertial wave, and waves propagating in the inside
of the scattering object. This leads to a need to solve a complex matrix. However, it should be
noted that only the coefficients A, are important from the experimental point of view,
because only the wave scattered into the continuous phase can be experimentally studied by
ultrasonic measurements. The thermal and visco-inertial waves are attenuated completely in
a very short distance compared to the size of the objects [93], which excludes the possibility
of direct measurement of such waves. However, the contrasts on the phase boundaries still
contribute to the solution of the set of equations mentioned above. As the total attenuation
of the medium is only dependent on the values of 4,,, using the formula for the complex wave

number of the composite medium [95], the total attenuation can be derived as [96]:

a=——2_y* (2n+1)A,. (1.10)

2a3k?

As can be seen, the values of the attenuation coefficients vary with the size of
droplets/particles, a, the frequency of ultrasound and the number of scattering objects per
volume described by the concentration, ¢ [91]. The number of coefficients A,, needed for the
precise determination of the attenuation coefficient is practically limited, which simplifies the
calculations. This is also the case for silicone oil droplets immersed in castor oil where only the
thermal properties differ on the phase boundaries and the only thermal waves can be taken
into consideration; in the long wavelength limit (kR < 1), the ultrasonic attenuation is
dominated by the zero-order term because the values of A,, decrease very quickly for n > 2

[90].
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Despite its complexity and the fact that it requires numerical calculations rather than using
analytical formulas, the ECAH model is used in numerous works and can be successfully
compared with experimental results on emulsions [83, 97]. However, it should be noted that
the precision of obtained theoretical results is highly related to computational issues, as the
model requires solving complicated matrices. Even though, the model assumes a linear
relation between the attenuation coefficient and the concentration of scatterers in the
medium. To calculate the attenuation coefficient, the parameters are simply multiplied by the
concentration, which is rather an idealistic case. In concentrated emulsions or dispersions,
there is multiple scattering, i.e., the interactions of scattered waves with other objects, and
this should be taken into consideration [98]. Nevertheless, it is believed that the ECAH theory
is valid for low-concentrated systems. Another drawback of using ECAH is the vast amount of
data characterizing the properties of the phases that surely influences the results of the
modeling but is difficult to collect. This could be especially problematic for non-typical
experimental conditions, such as the temperatures higher than room temperature.
Importantly, based on reverse analysis, it is possible to obtain a size distribution of the
particulates (droplets, particles, bubbles, etc.) according theoretical predictions and

experimental results when obtained with a wide-band frequency range [94].

The most important issue in the context of the presented thesis is that the ECAH theory does
not consider three-phase systems. This means that Pickering emulsions cannot be efficiently
characterized by this model. In fact, in 1990s, Anson and Chivers developed an approach for
the modeling of so-called capsulated emulsions [99]. In this approach, droplets with a solid
shell around them were considered, and they were modeled by three-phase objects consisting
of a core material, shell, and surrounding medium. For each of them separately, the procedure
was very similar to the one proposed by ECAH, which complicated the solution of matrices.
The Anson and Chivers’ model did not seem to lead to extended scientific interest on the
ultrasonic testing of “non-conventional emulsions”. However, the examples of its usage can
be found in the work of Chen [100] and Guedra et al. [101]. Analogously, Pickering emulsions
could be considered as capsulated emulsions with loose capsule shell and modeled in the

future by the mentioned approaches.

When it comes to works that directly relate to ultrasound propagation in Pickering emulsions,

Venkataramani et al. [86] used a ultrasound spectroscopy device for the determination of the
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droplet size distribution in W/O emulsions stabilized with silica particles. The ultrasound was
sensitive to changes in the droplet size associated with the slow destabilization of emulsion
by droplet coalescence. In another work [85], ultrasonic waves were used to monitor the long-
term stability of magnetic Pickering emulsions. The observed changes in the shape of the
ultrasonic pulses observed in the following days of the experiment were correlated with
changes in the droplet size. ECAH theory predictions, in turn, were shown against
experimental results for W/O emulsions stabilized with silica particles [84]. While the
experimental and theoretical results were very similar for the suspension of particles, the
ECAH theory was not valid for the Pickering emulsions, and other models were used. The same
authors employed a reverse analysis of the ultrasonic spectroscopy data for the determination
of the size distribution of silica microcapsules [102], which was similar to the works by Anson

and Chivers.

As reports on the acoustical properties of magnetic Pickering emulsions are rather rare, some
relevant knowledge can be given by studies on magnetic fluids extensively studied by
ultrasound [103]. However, to date, in the literature there is no complex report on ultrasonic
studies of Pickering emulsions that characterizes such systems while being aware of the
limitations of existing theories when described three-phase systems. Pickering emulsions are
much more complicated systems compared to, e.g., magnetic fluids which make such direct
comparisons impossible. Simultaneously, magnetic colloids, i.e., both magnetic fluids and
Pickering emulsions, can be important objects of scientific interests because of their potential

for magnetic heating under alternating magnetic fields.

1.5. Magnetic heating of colloidal systems

The magnetic field is one of the stimuli that can be used to induce a specific response in
emulsion systems. When magnetic particles reside on the emulsion droplet surface, the
application of static (DC) magnetic fields can lead to, for instance, the spatial positioning of
the droplets [104] and the controlled separation of the phases [105]. This could be especially
applied to improve the efficiency of oil recovery, which is beneficial for combating the effects
of climate change. When the applied magnetic field is alternating (AC), e.g., is generated by
the alternating current flowing in a magnetic coil, the magnetic particles generate heat that

can be used inter alia to induce a response of the human body during magnetic hyperthermia
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[106] and enhance the permeability of the pores in Pickering emulsion-based colloidal
capsules [107]. Temperature increases may also destabilize an emulsion system [108]. It is
worth noting that, despite the presented examples, Pickering emulsions are not so thoroughly
investigated in the context of magnetic heating as, for instance, magnetic fluids, i.e.,
suspensions of magnetic particles in liquid. Simultaneously, studies on the magnetic heating
of magnetic fluids have been a popular scientific area, specifically focused on magnetic

hyperthermia therapeutic applications.

The generation of heat in magnetic colloidal systems occurs due to losses of the magnetic
energy in the magnetic particles through relaxation mechanisms, magnetic hysteresis, or the
induction of eddy currents. When it comes to magnetic relaxation, it can be modeled by the
Linear Response Theory introduced by Rosensweig [109]. The name of the theory refers to the
linearity between the intensity of the applied magnetic field, H, and the resulting
magnetization, M. If this relationship is fulfilled, the power density dissipated in the volume

of the magnetic colloid (e.g. magnetic fluid) can be expressed as:

2nft

T X (-4

— 2
Prelaxation = HoTfH

where p, is the magnetic permittivity of the empty space, f is the frequency of an alternating
magnetic field, and y is an equilibrium magnetic susceptibility. The parameter, 1, is an

TB+TN

effective relaxation time, 7 = , Which is dependent on the relaxation times related to the

TB'TN
two relaxation mechanisms the magnetic particle can undergo: Brown relaxation (tg) and Néel
relaxation (ty). The alternating magnetic field imposes the aligning of the oscillations of
magnetic moment of a particle to the alternating directions of magnetic field. In the Brown
mechanism, the magnetic moment oscillates with the whole particle, but, in the case of Néel
relaxation, the particle itself remains at rest [110]. The Brown relaxation is dominant with
bigger particles compared to the Néel relaxation mechanism. The Brown relaxation time is
proportional to the viscosity of the medium surrounding the particle. This means that in highly
viscous media, this mechanism can be sufficiently inhibited [111]. Eq. 1.11 is valid for particles
of a monodisperse size. As the magnetic susceptibility and efficient relaxation time differ for
different particle sizes, the size distribution function should be introduced to Eq. 1.11 [112].
Another assumption validating the Linear Response Theory is the size of the particles. When

the particle size exceeds the limit for single-domain particles, the application of alternating
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magnetic field leads to the movement of the walls between the magnetic domains inside the
particle rather than the flipping of the magnetic moment, which is an additional source of
energy dissipation [113]. Magnetic domains exist due to the lowering of the system energy.
The reorganization and motion of their walls lead to the hysteresis of the magnetization, which
is manifested as the loop in the magnetization curve, i.e., the relation between the
magnetization and magnetic field [114]. The limiting size when the particle becomes multi-
domain differs for different types of magnetic materials. For instance, for iron oxide particles,
this size is 160 nm [115], but other authors have indicated that particles consist of nanometric
domains already above the size of 100 nm [116]. The generation of eddy currents and,
consequently, Joule’s heating, in most used magnetic particles (including
magnetite/maghemite) is believed to be negligible because of high electrical resistivity of
particles and small particle size [114]. It is interesting that Joule heating can be an important
factor that limits the practical use of magnetic hyperthermia in clinics [117]. A schematic
illustration that summarizes the relaxation and hysteresis mechanisms of magnetic energy

losses is presented in Figure 1.7.

Magnetic hysteresis

Brown relaxation

Néel relaxation

single-domain size limit

Figure 1.7 A scheme of magnetic hysteresis and Brown and Neél relaxation losses when the magnetic

particle is exposed to an alternating magnetic field.

It is believed that the mechanisms of relaxation subside when the magnetic particle size
exceeds the limiting value. For larger particles, the relaxation times are very long and can last

even years [118]. However, for intermediate-size particles, both magnetic hysteresis and
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relaxation mechanisms contribute to the magnetic power dissipation especially for particles

with broad size distributions.

From Eq. 1.11, it is clear that the magnetic power dissipated into heat in small particles
depends on the intensity of the magnetic fields. This dependence is quadratic for relaxation
mechanisms, but, in the case of hysteresis losses, the dissipated power is proportional to H3
[119]. The magnetic power dissipation also depends on the frequency of alternation in the
magnetic field. Generally, under the Linear Response Theory, there is a local maximum in the
relationship between the power dissipation versus the frequency. This is dependent on the
particle size, resulting in the need for the optimization of the particle size to obtain the
maximum heating performance [120]. The optimization of the heating rate of particles in the
function of frequency is also important due to the safety of magnetic hyperthermia therapy
and resultant the so-called Hergt-Dutz limit [121] in terms of the possible magnetic field

intensity and frequency used in clinics.

Eq. 1.11 is valid for a single particle and the generated heat should increase proportionally
with the increasing number of magnetic particles. However, the increasing concentration
means that the interparticle distance becomes increasingly smaller with the corresponding
formation of agglomerates. As a consequence, the possibility of magnetic interactions
between the particles increases. Because of the numerous experimental conditions and the
possible differences between them, there is no consensus as to whether magnetic interactions

in the particle agglomerates deteriorate [122] or improve [123] the heating efficiency.

To aid the comparison of different magnetic heating experiments, the specific absorption rate
(SAR), also referred to as the specific power absorption (SPA) or specific loss power (SLP), is

commonly presented,. The exact formula is different in various reports, including:

SAR = ¢, () _ orSAR = —2—(T0) . (1.12)

Mmagnetic dt

In Eq. 1.12, ¢, relates to the specific heat of the sample. It is commonly calculated as the
weighted average of the specific heats of the substrates [124]. In turn, % is the rate of the

temperature increase during the application of the alternating magnetic field. There are
different approaches to determine this rate [125, 126], but one of the most common

procedure includes the fitting of the experimental temperature elevation curve to the so-
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called Box-Lucas equation: AT (t) = Tpax (1 - e_?) [126]. Then, the temperature increase

Tmax

. . d .
rate is dependent on the derived parameters as: d—: == [127]. Sometimes, the mass of the

magnetic material My, 4 gnetic is also used in the formula to determine SAR. Although it can be
beneficial to make the SAR dependent on the mass of the magnetic particles, it also generates
an inconsistency in physical units. When the mass of the particles is included in Eq. 1.12, the
SAR should be expressed in [W/kg/gmagnetic]. In numerous papers, e.g., [128, 129], the unit for

the SAR is simply expressed in [W/g], which is not consistent with units for physical quantities.

Regarding reports on the magnetic heating of Pickering emulsions, there are a few examples.
Brugger et al. reported the effective magnetic heating of O/W emulsions when magnetite-in-
gel nanoparticles were used as stabilizers [130]. Due to the thermosensitivity of the used gel
particles, the emulsions could be broken by increasing the temperature. Interestingly, the
temperature elevation was lower for the emulsions than for the dispersion of the particles,
which was explained by a difference in the heat transfer between samples. A similar difference
between emulsions and magnetic fluids was presented in a work featuring the heating of
magnetic droplets with an internal structure, so-called endosceletal droplets [131]. In turn,
Kaiser et al. used polystyrene-magnetite particles to stabilize emulsions and subsequently
destabilize them via temperature increases induced by the alternating magnetic field [132].
Due to the temperature elevation control, it was possible to establish the temperature of
switching the stability of emulsion as presented in Figure 1.8. Lahiri et al. performed extended
studies on the heating rate of magnetic Pickering emulsions in terms of the polydispersity,
concentration, and viscosity of the surrounding medium [106, 111]. Apart from providing
interesting results, these works are important because of their context in magnetic
hyperthermia. The important point is that probably due to the process of droplet formation,

the authors maintained that the magnetic particles were located inside the emulsion droplets.

25



sample temperature T/ °C

0 60 120 180 240
timet/s

Figure 1.8 The temperature versus time observed in the O/W emulsions stabilized with polystyrene-
magnetite particles and exposed to the AC magnetic field. The temperature of the transition between
the stable and broken emulsion is indicated. Reproduced with permission from [132]. Copyright (2009)

American Chemical Society.

In the new review article on magnetic particles confined to liquid interfaces [118], there is no
mention about magnetic heating, which confirms the general lack of this topic in such reports.
Although magnetic Pickering emulsions are rarely invoked in the context of magnetic heating,
the main observations concerning magnetic fluids could be helpful in further discussing the
results obtained for Pickering emulsions. The main difference between these colloidal systems
seems to be the existence of particles at the interface that can, due to the reduced distance
between the particles and the formation of a dense particle shell, negatively affect the heating

performance, as was suggested in [Publication IlI-1V].

1.6. Characteristics of liquids and particles used in experiments

The choice of materials for the emulsions studied in this thesis was, at the beginning, indirectly
dictated by a significant amount of experience with experiments on single oil droplets coated
by particles and their behavior under electric fields [69, 133]. Besides, the silicone oil—castor
oil emulsions due to the matched densities (964 kg/m3 and 961 kg/m?3, respectively, measured
for 20 °C, see also: Figure 1.9) were more resistant to sedimentation compared to water-based
emulsions. Such a stability was important for the further characterization of Pickering
emulsions via optical and ultrasonic methods, because enabled the in-line monitoring of the

formation process. Moreover, the use of oils opened opportunities for the showing
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fundamental processes that occur in Pickering emulsions under electric fields [Publication I].
This was important due to the fact that most studies on the influence of electric fields (e.g.,

discussed in Chapter 1.3) concern the behavior of single droplets rather than emulsions.

Silicone oil (SO) is a synthetic, polymeric liquid that constitutes silicon—oxygen bonds [134].
For all the experiments described in this thesis, silicone oil was purchased from VWR
Chemicals (Rhodosil Qils 47 V 50) and used for the dispersed phase of emulsions. Its kinematic
viscosity at room temperature was 50 cSt and its corresponding dynamic viscosity was ~0.05
Pa:s. In the pre-eliminary studies of [Publication I] (not published), silicone oils with other
viscosities (20, 100, 1000 cSt) were also used to identify the optimal parameters of Pickering
emulsions for their efficient formation. However, the change in the silicone oil viscosity did

not influence the formation process under the electric field.

Castor oil is a natural oil derived from the tropical plant Ricinus communis [135]. Despite its
natural origin and inherently inhomogeneous chemical content, its properties are believed to
be rather stable, which allows for the comparison of different studies. In the experiments, two
types of castor oil were used: purchased from Sigma-Aldrich Co. (no. 83912) [Publication I]
and purchased from Merlin Co. (MA-220-1) [Publication II-VI]. During the pre-eliminary
studies, the acoustic properties of both castor oils were investigated and no significant
difference was observed. This means that the choice of castor oil did not affect the

experiments, especially the formation process under the electric field.

To facilitate the process of electrocoalescence, in the experiments presented in
[Publication I-lll] and [Publication V], the emulsions were heated up to a temperature of 50
°C during the formation process under the electric field. The characteristics of the oils based
on the data sheets, literature, and measurements of the density and viscosity at a higher
temperature (50 °C) can be found in [Publication Il]. For both oils, according to the
predictions, the density decreased linearly and the viscosity decreased logarithmically with

the temperature as presented in Figure 1.9.
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Figure 1.9 (a) Densities and (b) dynamic viscosities of silicone oil and castor oil as a function of
temperature. In the case of density measurements, the experimental points at 45 and 50 °C were

extrapolated due to the limited temperature range of the density meter.

In the experiments presented in [Publication I-1l] and [Publication V-VI], polystyrene (PS)
microparticles provided by Microbeads AS (Dynoseeds, TS10 6317, average diameter ~10 um,
the density of ~1005 kg/m3) were used. Polystyrene is a commonly used type of plastic
obtained via the polymerization of styrene monomers [136]. It is rather low-cost, versatile and
resistant to external conditions, which makes this material a good model material for
fundamental research. Because of their rather weak affinity to silicone oil droplets suspended
in castor oil [137], the polystyrene particles used in [Publication I-1l] and [Publication VI] were
additionally modified by an acrylate polymer (FluoroPEL™, Cytonix Co.) at the laboratory of
the Institute of Physical Chemistry of Polish Academy of Sciences, Warsaw, according to the
procedure described in detail in [137]. As shown in [Publication VI], polystyrene can be
sintered under a high temperature. In the literature, the temperature of the so-called glass
transition, i.e., the temperature when the particles starts melting, is around 105 °C [138]. The
sintering of polystyrene (unmodified, average diameter of 40 ~um) was also shown by
ultrasonic measurements [Publication V] in which the formation of large sintered structures

resulted in a change in the ultrasonic properties.

Magnetic particles were used as stabilizers in the experiments described in
[Publication llI-VI]. They were either purchased from Sigma Aldrich or prepared at the
Institute of Experimental Physics of Slovak Academy of Sciences in KoSice, Slovakia. The latter

were fabricated via a co-precipitation method and additionally coated by oleic acid for

28



biocompatibility and better stability. At the same time, it was noted that the layer of oleic acid
resulted in the worse ability of such particles to be ultrasonically homogenized. In general,
pristine, i.e., non-surface-modified, magnetite particles are hydrophilic in nature, but the
presence of oleic acid may cause their hydrophobicity [139]. In the case of the experiments
presented within this thesis, all magnetic particles turned out to cover the silicone oil—castor

oil interface, but those modified with oleic acid exhibited worse performance [Publication Iil].

Regardless of the origin of the magnetic particles, their magnetic properties were
characterized in the Institute of Experimental Physics of Slovak Academy of Sciences in KoSice,
Slovakia. They consisted of iron oxide, which is usually believed to be a mixture of magnetite
and hematite [140]. The fact that the magnetic particles were not of one single chemical
substance probably caused the small differences between the saturation magnetization of the
particles of different sizes [Publication IllI]. The primary scientific interest in such particles is
nowadays driven by their potential biomedical application, namely magnetic hyperthermia
therapy. The capability of iron oxide particles to be a source of heat under alternating (AC)

magnetic fields is also the reason why these were used in the presented thesis.

Generally, the main focus should be on ensuring the stabilization of the magnetic particles,
especially when using them for medical applications. In the literature [110], one can find the

formula for the critical size of particle agglomerates:

_ 6 kgT
d= /R—Apgh : (1.13)

where Ap is the difference in the densities between the particles and surrounding medium,
g is the gravitational acceleration, and h is the height of the sample. Nevertheless, in the case
of the presented works, the magnetic particles were mostly stabilizers of the Pickering
emulsions [Publication IlI-V] or single Pickering droplets [Publication VI]. This means that the
stabilization of the particles was rather not crucial when compared with, e.g., magnetic fluid
hyperthermia experiments. However, sedimentation of the particles was noted with the
optical microscopy imaging of large single Pickering droplets. The difference in density
between the magnetic particles (~5000 kg/m3 [115]) and castor oil (~960 kg/m?3) was much
larger than with the polystyrene particles which caused the quick sedimentation of magnetite-
covered droplets and hampered the microscopy measurements. The same was the case for

the sedimentation in the dispersion of the magnetite particles in castor oil, which was used as
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either the comparable medium for investigating the acoustic properties of heated Pickering
emulsions [Publication V] or as a “heating bath” for the formation of capsules from single

Pickering droplets [Publication VI].

To compare the performance of the polystyrene particles as stabilizers and show the
versatility of the developed method for Pickering emulsion formation under an electric field,
other types of soft polymeric microparticles were also utilized, as presented in Supplementary
Materials of [Publication 1]. The following was purchased from Cospheric Co.: dyed
polyethylene (PE) particles (with a size of ~20 um and ~50 um) and silica particles (with a size
of ~8 um). Besides, the potential of sintering of the soft PS particles was contrasted with that

of the PE particles (with a size of ~30 um) [Publication VI].

In the presented experiments, the samples differed in terms of the content of the particles
and silicone oil (dispersed phase). In all cases, the mass concentration of silicone oil was

III

related to the castor oil, e.g., “10% of silicone oil” meant that the mass concentration of the
silicone droplets in relation to that of the castor oil was 10%. The concentration of the particles
was usually given as mass ratios between the particles and silicone oil, primarily to investigate
the limited coalescence regime (Eq. 1.3). The exception was the dispersion of the magnetic
particles used in [Publication V-VI]. In this case, the actual mass of the particles dispersed in

castor oil (magnetic fluid) was important to be noted.

1.7. Details of experimental techniques

1.7.1. Preparation of Pickering emulsions

Across all experiments, the procedure of fabricating stable Pickering emulsions was the same
and consisted of two steps: (i) ultrasonic homogenization that led to the formation of pre-

emulsion and (ii) the exposition of pre-emulsion into DC electric fields.

In the first step, all substances, i.e., both the stabilizing particles and oils, were mixed together
using an ultrasonic homogenizer (Sonoplus HD 300, Bandelin), which worked at the frequency
of 18 kHz and emitted an ultrasonic wave of an intensity of ~17 W/cm?. The acoustic intensity
was determined using the calorimetric method described inter alia in [141]. Briefly, the probe
of the homogenizer was placed inside the sample cell, which was filled with distilled water of

a known weight and specific heat. The temperature increase rate during the sonication was
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obtained and used to determine the acoustic power input throughout its duration.
Considering the area of the probe’s tip, the intensity was calculated as the ratio of the acoustic
power and this area. The acoustic intensity was the same in each presented experiment. The
sonication was brief (30 seconds in [Publication I-11] and 60-120 seconds in [Publication Ill]),
but this was a sufficient amount of time for the formation of small droplets merely coated
with solid particles. The indirect evidence of such a poor coverage in all the experiments was
that the droplet sizes increased significantly under the electric field. When the limited
coalescence regime is fulfilled, such unstable emulsion droplets (referred to here as pre-
emulsions) undergo a process of coalescence because of the insufficiently dense particle layer
acting as a mechanical barrier. According to Eq. 1.3, the size of the droplets depends on the
ratio between the mass of the dispersed phase and the mass of the solid particles. In the
experiments, such different mass ratios were used depending on the particular experimental
protocol. After pre-eliminary tests with a mechanical rotor-stator homogenizing device (not
published), ultrasonic homogenization was chosen, mainly because of the presence of air
bubbles produced in the pre-emulsion by the rotor-stator device and the amount of particles

sticking to its tip.

In the second step, the homogenized emulsion (i.e., pre-emulsion) was exposed to the DC
electric field. If possible, the same sample cell was used for both homogenization and
stabilization under electric fields, as in the case of [Publication Il]. Inside the sample cell, two
plane copper electrodes were placed and attached to the internal side of the measurement
cell walls. They were connected to a power supply, signal generator, and high-voltage
amplifier. In [Publication I-11], respectively, the used devices were: DF 1730SL (NDN Co.),
SDG1025, (Sigilent Technologies Co.), and 10HVA24-BP1 (HVP Co.); however, in the
experiments described in [Publication I1lI-VI], a DC-to-DC high voltage amplifier
(UltraVolt1AA12-P4, Advanced Energy Inc.) was used. Besides, the generated electric signal
was of a negligible frequency (i.e., practically a DC electric field was used), and the electric
field intensity inside the sample cell was from 200 V/mm to 600 V/mm. A higher electric field
intensity (600 V/mm) was used cyclically for a short period of time to induce electrorotations
(Quincke rotations) to break the droplet chains and provide a Pickering emulsion
homogenously distributed in the measurement cell. This was crucial inter alia for an efficient

characterization by both the optical and ultrasonic methods.
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1.7.2. Characterization by optical studies

In the described experiments, the emulsion samples were placed in different types of
measurement cells. The precision of the optical microscopy imaging required a relatively short
optical path and the transparency of the cell’s walls. Therefore, the sample cells used in
[Publication I] were made of glass, and their size was 30 mm x 18 mm x 1.3 mm, with the
camera directed along the shortest dimension. A comparison of the sample cells of different
dimensions is presented of Supplementary Materials to [Publication II]. The results provided
direct evidence of the noticeable worse quality of the optical imaging data obtained with a
longer optical path. This small glass cuvette was also used in other publications in cases when

the emulsions were characterized by optical imaging.

The experimental setup for the optical imaging consisted of a digital camera (UI-3590CP-C-
HQ, IDS) equipped with a zoom lens system with a high magnification (MVL12X3Z, Thorlabs).
Additionally, a light source was required for a better image quality recorded on the PC. Some
of the images presented in the discussed articles were acquired in the post-analysis of the
recorded videos. Because of the inherent high magnification of the optical system, to
determine the droplet size distribution after the process of formation [Publication 1], the
images were taken using diverging lens. This enabled the identification of a large number of

droplets within a single image.

The above-mentioned droplet size distribution was calculated based on a randomly chosen
part of the picture. The Imagel software, which is a common tool for the analysis of
microscopy imaging data [142], did not bring about satisfactory results, as the Pickering
emulsions presented in the obtained images had the tendency to form chains and the
software did not properly distinguish single droplets from each other nor particles from the
these droplets. The size of the droplets was therefore simply determined via calculation of the
droplet sizes in pixels and a comparison of this value to the length of the scale bar. Overall,
this turned out to be a simple but robust method. The analysis of the results, including the
procedure of fitting to the semi-logarithmic distribution curve, was performed in OriginLAB
2019. It is worth noting that OriginLAB software was used to analyze the raw data and visualize

it for all the presented experiments, including the optical, ultrasonic, and calorimetric studies.
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In the case of magnetic Pickering emulsions, the optical evaluation of the emulsion
appearance was impeded due to the poor transparency of the system with magnetite-
stabilized droplets. To obtain the images of the single droplets and evaluate the particle shell
around them, a multiple dilution of the system with pure castor oil was required. It is worth
noting that the structure of the emulsion, e.g., droplet agglomerates, was surely affected by
the dilution, and the obtained images could only roughly reflect the factual structure. It is
important to note that, as in the emulsions images in [Publication IlI-VI], the size of the
emulsion droplets seems to not be governed by Eq. 1.3 despite the use of the same formation

process as usual.

In [Publication Il], the optical imaging was supplemented by ultrasonic techniques that
allowed for following the process of formation under the electric field in-line even for thicker

sample cells (larger volume of emulsion).
1.7.3. Characterization by ultrasonic studies

As indicated in Chapter 1.4, an analysis of the ultrasonic waves propagating through the
medium can be used for characterizing the medium’s properties. In the presented works
[Publication 11] and [Publication V], piezoelectric ultrasonic transducers were used for this
purpose. To generate an ultrasound, piezoelectric crystals in the transducer must be driven by
an electric signal, which was achieved using the OPBOX 2.1 (Optel Co.) ultrasonic system
connected to a PC by a USB port. An unipolar spike pulse (with an amplitude of 360V, fall time
of 20 ns, and pulse repetition frequency of 0.9 kHz) was generated by the transducer and after
the propagation through the sample cell was detected and recorded with a sampling
frequency of 100 MHz. The software allowed for the export of raw data as ultrasonic A-scans

and the subsequent analysis of recorded ultrasonic pulses.

In opposition to optical imaging studies, in the case of analyzing an ultrasound wave, the
measurement cell cannot be too small. This was due to the fact that for too a short distance
between the ultrasonic transmitter and receiver, the ultrasonic pulses were poorly
distinguishable from each other. Additionally, the multiple reflections of the ultrasound inside
the glass cells’ walls contributed to the overall shape of the signal. This is why the sample cells
used for the ultrasound studies in [Publication 1l]] were made from polystyrene, and their

dimensions were 45 mm x 10 mm x 10 mm. Standardized cuvettes used for
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spectrophotometry were chosen. Due to the large difference in the acousticimpedance inside
and outside of the sample’s walls, the walls were covered by a thin layer of coupling agent, as
commonly used in ultrasonography for acoustic impedance matching. Then, a pair of
transducers was attached to the outside of the walls. A different experimental system was
used for the studies in [Publication V]. In this case, one piezoelectric transducer acted as both
a transmitter and receiver. The acoustic wave travelled through the tested medium and came
back after the reflection of the planar bottom side of the sample cell. Another difference was
that sample cell was made of glass and the acoustic signal propagated from the top to down
of the measurement cell. The reason for this was two-fold. First, the high temperature
increase during the magnetic heating prevented the use of temperature-responsive
polystyrene as the material. Additionally, the sample cell must have been large enough to
enable the immersion of the transducer. All measurements were performed at a fixed distance
between the transducer and the bottom of the sample cell, and this distance was determined

from the calculation of the speed of the ultrasound in distilled water at the given temperature.

In both described publications, the relative acoustics parameters were determined, i.e., the
change in the attenuation coefficient and the change in the speed of the ultrasound (sound
velocity). The reason for this was that both formation under an electric field and heating under
the alternating magnetic field are dynamic processes, and the change occurring (or not) during
them was important and interesting to be characterized. In [Publication Il], the change in the
ultrasonic attenuation was related to the beginning value, i.e., to the properties of pre-
emulsion freshly prepared via ultrasonic homogenization measured in the temperature of ~50
°C. Also, the theoretical predictions for the oil-in-oil emulsion with bare droplets were
presented as “excessive attenuation”. This means that only the contribution of the droplets
as scatterers was taken into account without an intrinsic attenuation caused by the properties
of the oils. In [Publication V], the speed of the ultrasound and attenuation coefficient were

related to the values before magnetic heating.

The change in the attenuation coefficient measured experimentally was expressed by:

Ay

Aa = Qloglo =, (1.14)

In the Eq. 1.14, [ relates to the distance acoustic wave travelled through the sample cell; in

the case of the transmission mode [Publication Il], it was the distance between two
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transducers, and, in the case of the pulse-echo mode [Publication V], it was the double
distance between the transducer and the bottom of a sample cell. Generally, the attenuation
coefficient is related to the ratio between the ultrasonic pulse amplitude observed at different
distances of propagation (different positions of the transducer). When only a change in the
attenuation coefficient for the given fixed distance is investigated, the ratio of amplitudes
observed for different times can be calculated. It should be noted that the form of Eq. 1.14
was not completely the same in both presented papers. In [Publication Il], it was intended to
follow the decreasing amplitude of the ultrasonic pulse during the electric field application
(A,) in relation to the amplitude measured just before the electric field was turned on (4;).
To show the stability of the emulsion during the magnetic heating in [Publication V], the
amplitude of the ultrasonic signal observed just before the AC magnetic field was applied (4,)

was related to the amplitudes measured every second after magnetic heating (4,).

The change in the speed of the ultrasound in [Publication V] was expressed by the simple

formula:

Ac=cy—cy,. (1.15)
The speed of ultrasound c, was calculated as the ratio of the distance acoustic wave travelling
through the sample cell [ and the time of propagation through the sample just before the AC
magnetic field application was initiated. Analogically, c¢,, was calculated using the same
distance and time of flight measured every second after magnetic heating. In the case of
[Publication V], the technical problem was the fast heating of the transducer chassis when it
was immersed in the tested medium during the application of the alternating magnetic field.
To overcome this, the ultrasonic pulse was measured before the magnetic heating and then

just after the magnetic field was turned off.

In both [Publication II] and [Publication V], most of the results were presented for a single
(central) frequency of the generated signal, which is generally a feature of any given
transducer. However, useful information that characterizes the tested system can be derived
when the acoustic parameters are expressed in a frequency domain. Such results are
presented in the Supplementary Materials of [Publication V]. The attenuation coefficient was
calculated based on Fast Fourier Transform of ultrasound pulses recorded in a tested medium
(in this case, the dispersion of magnetite and polystyrene particles in castor oil) and a
reference medium (distilled water). Generally, to calculate the absolute value of the
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attenuation coefficient, the attenuation coefficient of the reference medium should be
included in the equation. As the ultrasound attenuation of water is very low [143], it was
neglected in the presented case. It should also be stressed here that the analysis of the
attenuation coefficient and phase velocity in the function of frequency is powerful only when
the transducers generate a signal with a wide range of frequencies, but this was not the case
in the presented experiment. The spectra of the pulses were quite narrow due to the long

pulse length, as the testing signal consisted of several periods of a wave.
1.7.4. Magnetic properties of particles and emulsions

The heating rate of the medium under AC magnetic fields depends on numerous factors, as
discussed in Chapter 1.5. It is commonly known that a magnetization of material, i.e., the
density of the magnetic moments inside it, also influences its heating performance; weaker
magnetic properties of the material should result in worse magnetic heating. This is why the
characterization of magnetic particles (in the form of powders) was performed in addition to
the pre-emulsions and emulsions stabilized with them. The magnetization curves, i.e., the
relations between the magnetization and magnetic field, were determined using a vibrating-
sample magnetometer (VSM) device at the Institute of Experimental Physics of Slovak
Academy of Sciences in KoSice, Slovakia. In this technique, the magnetic moment information
is obtained from using Faraday’s law of magnetic induction [144]. When the magnetized
sample vibrates in the magnetic field, the voltage can be induced in the surrounding induction
coils, which is proportional inter alia to the magnetization. The magnetization curves are

presented in [Publication Ill]. Its abbreviated version was also presented in [Publication V].
1.7.5. Calorimetric measurements

To generate the alternating magnetic field in the experiments described in [Publication IlI-VI],
an induction heating system (EASYHEAT, Ambrell Co.) was used. Different magnetic field
intensities (from 5.2 kA/m to 16.2 kA/m) were induced inside the induction coil with
dimensions of 57 mm x 49 mm by changing the amplitude of the current in the coil. The values
of the magnetic field intensities given in the presented articles were calculated based on the
well-known Biot-Savart law [145]. In the experiments, both the time of heating [Publication
Il1] as well as the temperature above which the system automatically turned off [Publication

IV-V] could manipulate the magnetic field. The magnetic coil was internally cooled down,
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which diminished the effect of the induction heating of the coil on the temperature elevation

in the tested samples.

A thermometer with an optical fiber sensor (FLUOTEMP, Photon Control Inc.) was used in the
presented studies to measure the temperature increase inside the sample cells under the AC
magnetic field. Compared to other thermometry techniques, such as using a thermocouple,
in the case of the optical fiber sensor, the magnetic field with a high intensity did not influence
the results. The sensor was placed in the middle of a sample always at the same height. This
was important, as the results of magnetic heating measurements can be affected by the
different positions of the temperature sensor [126]. For experiments described in
[Publication V], the cuvette filled with the emulsion had to be larger regarding the dimensions
of the ultrasonic transducer. The presence of the transducer prevented the placement of the
temperature sensor directly in the middle of the sample. Therefore, the sensor was located in
a fixed position in the middle of sample height (as in the other experiments) but close to the
cuvette wall to not affect the ultrasound generated by the immersed transducer. The provided
by the manufacturer range of temperature was from -10 °C to 80 °C; however, for the
extremely high temperatures observed in [Publication VI], the optical sensor was not
sufficient to follow the temperature increase. This was overcome by using a simple

thermovision camera (VT02, Fluke Co.) and reproducing the temperature from the images.
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2. Overview of the publications constituting the dissertation

The previous chapters introduced the topic of Pickering emulsions and the use of ultrasound
and electric fields for their preparation; these briefly characterized the propagation of
ultrasonic waves in disperse media and the process of magnetic heating. Moreover, the
materials and methods used in the papers constituting this thesis were provided. These issues
needed to be given to justify the title of the thesis and show how [Publication I-VI] are linked

to each other. Below, the merits of each publication from [Publication I-VI] are presented.
[Publication I]:

In many reports, ultrasonic devices with different acoustic intensities and times of working
have been used alone to produce Pickering emulsions with a satisfactory droplet size and
coverage of the droplets by particles. In this publication, a novel approach to efficiently
fabricate oil-in-oil Pickering emulsions was proposed. It involved the ultrasonic
homogenization of oils and particles and the subsequent application of an electric field. The
several mechanisms occurring in emulsions under the electric fields, i.e., dipolar interactions
between droplets, their electro-coalescence, Quincke rotations and the induction of
electrohydrodynamic (EHD) flows (also discussed in the Introduction in Chapter 1.3), were
shown to efficiently form droplets covered by particles in bulk quantities. The optical
microscopy imaging revealed that the process of formation required using the above-
mentioned mechanisms to prepare Pickering emulsions in relatively short period of time
(several minutes). The distribution of the stable emulsion droplets measured via optical
imaging has proven to be narrow in comparison to other techniques allowing for the
formation of emulsions in bulk quantities, such as membrane emulsification or mechanical
stirring. At the same time, the mean droplet size followed the well-known relation between

the mass of a solid and disperse phase for a limited coalescence regime.
To summarize:

e Ultrasound and electric fields can be used to form stable oil-in-oil Pickering emulsions
with narrow size distributions.
e Viathedipolarinteractions, electrohydrodynamic flows, and electrorotations observed in

the emulsion under the electric fields, the output emulsion droplets were sufficiently
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coated by particles, and the agglomerates of droplets could be relatively easily broken by
the electric field of the high intensity.
e The method of formation is characterized by a high throughput compared to other

methods such as microfluidics.
[Publication Il]:

The process of the fabrication of the Pickering emulsion, as described in [Publication 1], was
monitored to provide quantitative information regarding the final droplet size and the
coverage of the droplets by solid particles. As long as thin sample cells were used (i.e., with a
short optical path), the optical microscopy technique was convenient. However, when using
thicker cuvettes (e.g., for yielding higher production rates of Pickering emulsions), a large
number of scattering objects in the light path prevented meaningful optical observations.
Therefore, in the search for a better approach to monitoring the growth of Pickering
emulsions, a simple and low-cost technique was proposed that enabled the in situ and real-
time sampling of emulsions. In the method, non-destructive ultrasound was utilized to
characterize the emulsion in different stages of the formation process without the need for
stopping the process. Although ultrasound methods are used in the industry for quality control
and provide insight into the structure of colloidal systems, surprisingly, until now, there have
been only a few reports about using ultrasound to characterize emulsions stabilized solely
with solid particles. Here, the ultrasound method was used strictly to follow the process of
formation introduced in [Publication 1], but general observations regarding the characteristics
of the Pickering emulsions gathered via the ultrasound were also drawn. When compared with
the optical microscopy imaging data, the change in the ultrasonic attenuation coefficient was
sensitive to the droplet size. This was in accordance with predictions because the processes
affecting the propagation of the acoustic wave in the emulsion are dependent on the size of
the scatterers. Theoretical predictions based on Epstein-Carhart-Allegra-Hawley’s (ECAH)
theory for silicone oil droplets suspended in castor oil revealed that, when the size of droplets
is within the range 10-300 um, the attenuation coefficient should increase monotonically.
This enabled following the process of emulsion formation under an electric field due to two
aspects: (i) in the process of formation, the size of the droplets increases along with the
coverage of interfaces by particles; (ii) the size of the droplets when polystyrene particles of

10 um as stabilizers was in the range 10—300 um. The change in the ultrasonic attenuation
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coefficient exhibited “saturation”, i.e., the attenuation stopped increasing after several
minutes of electric field application that was correlated with the stabilization of the Pickering
droplet shells. Additionally, this paper showed the discrepancy between optical data,
experimental data for the ultrasonic attenuation coefficient, and theoretical predictions based
on ECAH theory. Such a discrepancy highlights that, for Pickering emulsions, existing ultrasonic
theories for particulate systems are not valid. This also means that, to obtain a droplet size
distribution of Pickering emulsion based on ultrasonic studies, there is a need for the

development of more a sophisticated theoretical model.
To summarize:

e The change in the ultrasonic attenuation coefficient was correlated with the stabilization
process of the Pickering emulsions under the electric field.

e This change was not constant and the observation of its halting could be used for
establishing the time when the particle shell around the droplets is sufficient and halts

the further coalescence of droplets.
[Publication IIl]:

The method of formation by using ultrasound and electric fields was clearly sufficient for the
oil-in-oil Pickering emulsions. However, the combination of two separate steps in the method
also opened the unique possibility to characterize the properties of the emulsions in two
different stages: (i) for pre-emulsions (coarse emulsions) with insufficient coverage by
particles, and (ii) for stable Pickering emulsions. The resistance of emulsion droplets to the
coalescence events was evidence of a final stability after the application of DC electric fields.
From earlier studies on magnetic hyperthermia in agar phantom, it was clear that magnetic
heating is influenced by the surrounding medium, i.e., the internal structure of agar tissue-
mimicking phantoms inhibited the Brown relaxation process in magnetic particles. It was
hypothesized that a similar effect can occur when the magnetic particles reside in the droplet
interface and are densely-packed. In fact, the studies on magnetic heating in Pickering
emulsions stabilized with magnetite particles showed the difference between pre-emulsions
and stable emulsions, which was repeatable for different concentrations of magnetic particles
and different magnetic field intensities. The difference still existed for different particle sizes

and regardless of the surface functionalization of particles, which eliminated the inhibition of
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Brown relaxation as the main reason of a change in heating performance. In the study, the
term: “spherical cluster” was proposed to describe the Pickering droplet sufficiently coated by
a dense layer of magnetic particles. In such geometry, strong interactions between particles
can occur, and the heat transfer from the inside of droplet can be halted when the droplet is

armored by a solid particle shell.
To summarize:

e The heating rates of the Pickering pre-emulsions and emulsions under the AC magnetic
field were different for different sizes and concentrations of stabilizing magnetic particles
as well as for different the magnetic field intensities.

e Regardless of the content of the studied medium and magnetic field parameters,
temperature increases were smaller for stable emulsions compared to pre-emulsions.

e A hypothesis regarding the influence of the particle shell around the droplet on magnetic
interactions and the restrained heat transfer from the magnetic Pickering droplets was

proposed.
[Publication IV]:

In the case of studies on magnetic heating, cooling rate analysis is not as common as the
presentation of heating rates. Also in my studies, in the beginning, the investigation was
focused only on the heating process. However, to evaluate the hypothesis of the heat transfer
being affected by the stable particle shell around the Pickering droplets, the investigation of
what happens after heating was important. The differences in cooling rates between the pre-
emulsions and stable emulsions were less significant than in terms of the process of heating.
However, it was shown that the cooling rates were lower for the emulsions stabilized in the
electric field regardless of the intensity of the magnetic field and concentration of the particles
used in the experiments. It is worth noting that all samples were thermostated under the same
temperature (20 °C). The process of cooling down was sometimes surprisingly long, which may
suggest that heat transfer in stable Pickering emulsions is not only slower but also sustained.
Unfortunately, the clear evaluation of the temperature in the vicinity of the droplet interface
on the nanoscale is still challenging and, for performed calorimetric studies under non-

adiabatic conditions, it is impossible.
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To summarize:

e The temperature decrease after the application of an AC magnetic field was less dynamic
in emulsions than in pre-emulsions.
e When a magnetic field with a lower intensity was used for magnetic heating, the process

of cooling was also less dynamic.
[Publication V]:

During the studies on magnetic heating of Pickering emulsion, there was a repeatable pivotal
guestion: Does the process of magnetic heating alter the properties of emulsions? Because of
the fragile structure of emulsions and their poor optical transparency, evaluation via optical
microscopy imaging was impossible. To investigate the stability of Pickering emulsions in-line,
the ultrasound technique was proposed. As in the case of [Publication Il], the change in the
acoustic properties, i.e., the ultrasonic attenuation coefficient and speed of ultrasound, were
studied. The hypothesis was that potential structural changes of the emulsion when exposed
to the AC magnetic field should be reflected in the ultrasonic properties. The change in the
acoustic properties was therefore correlated with the temperature change during heating and
cooling. The emulsion results were compared with the magnetic fluid results and the oil
dispersions of the magnetic and soft (polystyrene) particles. When the temperature returned
to room value, the acoustic parameters were also comparable with those before the magnetic
heating of the emulsions and magnetic fluids. However, this was not the case for the
magnetite-polystyrene dispersions in castor oil. Under a high temperature, the polystyrene

particles sintered, and the structure of the medium was irreversibly changed.
To summarize:

e The changes in the speed of the ultrasound and ultrasonic attenuation coefficient were
used to follow the changes in the emulsions, magnetic fluids, and dispersions of magnetic
and soft particles under the influence of the AC magnetic field.

e As the ultrasonic properties are dependent on the temperature, these changes were
correlated with the temperature evolution.

e After cooling down to the initial temperature, the acoustic properties returned to the
initial values, which provided evidence that there was no permanent structural change

during magnetic heating.

42



e The formation of polystyrene-magnetite agglomerates and sintered polystyrene particles
was detected via ultrasound and proved the potential of magnetic heating in sintering

soft particles.
[Publication VI]:

The alternating magnetic field was shown to induce a high-temperature increase in oil-in-oil
Pickering emulsions stabilized with magnetic particles. When the temperature increase is
sufficiently high, particles susceptible to the temperature elevation can be sintered (e.g.,
polystyrene particles). In this work, Pickering emulsions were stabilized both with magnetic
and polystyrene particles to investigate the potential of the magnetic heating of Pickering
droplets in the formation of capsules, i.e., the droplets with rigid shells. Two approaches were
proposed: (i) the exposition of Pickering droplets covered simultaneously with two types of
particles to an AC magnetic field and (ii) the exposition of single droplets covered by soft
particles and immersed in a castor oil-based magnetic fluid to magnetic heating. In the case
of the second experimental protocol, the rigidity of the shell was evaluated by electric field

stress according to Eq. 1.6.
To summarize:

e The use of ultrasound and electric fields led to the formation of Pickering droplets
stabilized with both magnetic and polystyrene particles.

e Pickering droplets stabilized with soft particles can be transformed into colloidal capsules
due to the sintering of the particles under high-temperature increases induced by
magnetic particles exposed to the AC magnetic field.

e This work is also important as there are few reports using mixed particles as stabilizers in
Pickering emulsions, and using emulsions with multicomponent particle shell has been

indicated as the potential future direction of development in this field [146].
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3. Summary

This Ph.D. dissertation, i.e., the presented introduction and the papers constituting the core
of the thesis, indicates that particle-stabilized emulsions can be formed using ultrasound and
electric fields and that the characterization of such systems brings about an original and novel

contribution to the field of ultrasonic testing and magnetic heating.

It is clear that not all issues were fully addressed in this thesis. The outcomes of the presented
papers are expected to be further studied in future investigations regarding the optimization
of colloidal capsule formation under AC magnetic fields and their efficient characterization by
non-destructive testing. Moreover, this Ph.D. project lacked the development of a consistent
numerical model from which the Pickering droplet size distribution can be determined based
on ultrasound studies. Nevertheless, | believe that this work has already paved the way for
further ultrasonic studies, which is valuable, as ultrasonic studies on Pickering emulsions have
not yet attracted much scientific interest despite the presented potential of ultrasound-based

techniques in characterizing particle-stabilized colloidal systems.

The presented thesis has provided promising results regarding a novel method for preparing
Pickering emulsions and suggests the existence of interesting processes on the edge of
Pickering emulsions and magnetic hyperthermia experiments that have not been investigated
in the past. Therefore, | believe that the presented works can contribute to the development

of the field concerning novel colloidal systems.
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Efficient formation of oil-in-oil Pickering
emulsions with narrow size distributions
by using electric fieldst

Z. Rozynek, 2 * R, Bielas® and A. Jozefczak

Droplets covered by adsorbed particles are used in a wide range of research studies and applications,
including stabilising emulsions used in the food or cosmetic industries, and fabricating new materials, such
as microcapsules or multi-cavity structures. Pickering emulsions are commonly prepared by bulk
emulsification techniques, for instance, by ultrasonic homogenisation or mechanical stirring, by membrane
emulsification, or with the use of microfluidics. The latter two methods typically allow for more precise
control of the droplet size distribution, whereas the bulk techniques guarantee high throughput. Here
we propose a new bulk approach to fabricating Pickering emulsions by utilising electric fields. We prepare
oil-in-oil emulsions stabilised by microparticles and control the mean size of the Pickering droplets. In our
approach we take advantage of total surface area reduction of emulsion droplets by electrocoalescence.
This leads to an increase in particle coverage, and eventually to formation of densely packed particle shells
on Pickering droplets. First, we prepare an unstable pre-emulsion with droplets having small sizes and low
particle coverages, from which the final Pickering emulsion is formed via consecutive coalescence events
speeded up by application of electric fields. We monitor the development of the emulsions with optical
microscopy imaging. The results demonstrate that the utilisation of electric fields goes beyond the mere
role of enhancing coalescence; it plays an important role in surface particle manipulation and droplet
rotation that further promote formation of stable particle-covered drops.

1 Introduction

Pickering emulsions have received great research interest in
recent years because they have generated and hold promise for
a variety of practical applications in fields such as medicine,"
the food industry,” the oil industry,®> and biofuel processing.*
Pickering emulsions can also be used in material engineering,
e.g. for fabricating granular or colloidal capsules™® or multicavity
structures.” Moreover, particle-covered droplets (Pickering droplets)
possess physical characteristics that make them useful as model
systems, for example, for studying particle-layer buckling on curved
interfaces® or the mechanics,’ electrorotation, and collective
motion of deformable shells."®

Particle-stabilised emulsions can replace conventional emulsions
stabilised with surfactants, particularly in areas where surfactants
should be avoided, e.g. in home and personal care products that
cause skin and eye irritation,"" or where surfactants may cause
serious environmental pollution."” Lately, research on Pickering
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emulsions has gained momentum and led to academic results that
have paved the way for research commercialisation. Yet, to achieve
higher performance within both academic and industrial con-
texts, further understanding of Pickering emulsions is required.
This includes advancing techniques for more efficient formation
of Pickering emulsions.

There are different approaches to fabricating Pickering
emulsions. Bulk emulsification techniques are most commonly
used, and these include mechanical stirring*™ or shaking™® and
ultrasonic homogenisation."””'® When it comes to fabrication
efficiency, bulk emulsification methods are superior to micro-
fluidics®® or membrane emulsification.?! However, the latter two
approaches typically allow for more precise control of droplet size.>*

Here, we propose a new bulk approach to fabricating Pick-
ering emulsions by electric fields that are primarily used to
promote attraction of droplets. However, the application of
electric fields here goes beyond the mere role of enhancing
coalescence. Two electric field-induced physical mechanisms,
namely electrohydrodynamic (EHD) flows and Quincke rotation,
are important for surface particle manipulation facilitating easier
coalescence of droplets partially covered by particles. The above-
mentioned phenomena also ensure that the fabricated Pickering
droplets possess shells comprising very densely packed particles

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Formation of a Pickering droplet via subsequent coalescence of several small drops. We exploit the reduction of total surface area through

coalescence to increase particle coverage, ultimately leading to formation of a stable Pickering droplet. (b) A schematic illustration of the Pickering emulsion
fabrication process. In the first step, an initial emulsion is formed by ultrasonic homogenisation. Such an emulsion of very small droplets is unstable because
solid particles do not cover the entire drop surface (see the enlarged image on the left). In the second step, an electric field is used for coalescing droplets. It
typically takes several minutes to form a Pickering emulsion consisting of drops densely covered by particles (see the enlarged image on the right).

and prevent formation of droplet agglomerates or particle-bridged
droplets.”®** In this approach, we take advantage of the total
surface area reduction of coalescing drops. It is well known that
coalescence of two drops of similar size reduces the available
surface area by approximately 20%. Thus, coalescence of droplets
partially covered with particles results in an increase of surface
particle coverage, which may eventually lead to formation of a
stable particle-covered drop, as illustrated in Fig. 1a. In order to
form an unstable pre-emulsion, we use ultrasonic homogenisation.
Then, in the main step of the Pickering emulsion fabrication,
electric fields are used, as schematically illustrated in Fig. 1b.

With respect to fabrication, stabilisation, and manipulation
of non-Pickering emulsions by electric fields, there are many
research studies in which different electrostatic and electro-
kinetic phenomena are utilised. Electrospraying is used for
emulsion drop formation in different dispersing phases,>
electric field-induced drop breakup has applications in fine
emulsification,®® high-intensity electric fields may prevent droplet
coalescence,”” and dielectrophoresis or electrophoresis are used for
phase separation.”®

The literature on Pickering emulsions subjected to electric
fields mainly includes studies related to their destabilisation
and manipulation, e.g. studies on electric field-induced structural
changes of Pickering drops® or electric field-driven droplet
consolidation for production of porous materials.>® A plethora of
research results are available on individual Pickering droplets, or
Pickering droplet pairs, subjected to external electric fields. These
cover studies on arrested coalescence,***> deformation,**>*7°
breakup,® rotation,*® or the mechanics®’”*® of Pickering drops.
Electric fields can also be used to form individual Pickering
droplets by utilising electrohydrodynamic flows, and electro-
static interactions.*>*°

Here, we use electric fields to fabricate Pickering emulsion
drops in bulk quantities. The primary purpose of applying
external electric fields is to promote attraction of droplets,
enabling coalescence. In principle, emulsion drop coalescence
may occur spontaneously without the assistance of electric
fields, for example, through droplet collisions caused by liquid
convection or Brownian diffusion.*’ However, the process of a
droplet growing, for instance, from tens to hundreds of micro-
metres, may last several hours or days, depending on para-
meters such as the viscosity of the continuous phase, interfacial
tension, or droplet concentration (for more details, see ref. 42-44).

This journal is © The Royal Society of Chemistry 2018

Electric fields may greatly enhance the coalescence of emulsion
droplets.* % As we demonstrate in the Results section, the
Pickering fabrication process can be speeded up by two orders
of magnitude with the assistance of electric fields. The application
of electric fields here goes beyond the mere role of enhancing
coalescence. Two electric field-induced physical mechanisms,
namely electrohydrodynamic (EHD) flows and Quincke rotation,
are important for surface particle manipulation allowing particle-
laden drops to coalesce.

Below we will briefly discuss the physical phenomena involved
in the system studied here. All of the physical phenomena are
schematically presented in Fig. 2.

1.1. Electrohydrodynamic flows

When a silicone oil drop is immersed in castor oil and
subjected to a direct current (DC) electric field, free charges
accumulate at the drop interface so that the drop acquires a
dipole moment. Because the values of the silicone oil droplet’s
electrical conductivity and dielectric constant are smaller than
those of the surrounding castor oil, the droplet’s dipole
moment is in the opposite direction to the electric field. This
leads to drop compression along the electric field direction and
to the induction of EHD flows directed from the drop electric
poles to the drop electric equator (for more details, see the
ESIt materials). As long as the electric field strength is weak
(typically <300 V mm™ ") the induced EHD flows can be used to
convect surface particles away from the drop’s electric poles, as
presented in Fig. 2a, facilitating coalescence.

1.2. Dipolar interactions

Drop dipolar interactions together with EHD flows may contribute
to droplet attraction. After an external electric field is applied to a
silicone oil drop suspended in castor oil, the droplet acquires a
dipole moment. For droplets aligned along the electric field
direction, the dipolar interaction is always attractive, as shown
in Fig. 2b, which greatly aids drop coalescence. Theoretical
simulations show that the droplets’ dipole-dipole interactions
dominate at short separation distances, whereas EHD interactions
may dominate at greater drop separation distances.”’

Because the dipolar interaction decays rapidly with the
droplet separation distance, the attractive interaction is effective
only when the polarized drops are at close distances. Therefore, for
low concentrations of silicone oil, the electrocoalescence dynamics
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Fig. 2 Sketches illustrating the physical phenomena present in the experiments: (a) electric field-induced liquid flows (EHD flows) move surface particles
away from the droplet's electric poles, (b) the droplets’ dipole—dipole interactions aid coalescence by attracting the droplets to one to another,
(c) coalescence leads to the decrease of drop surface area and the increase of surface particle coverage, (d) droplets of emulsion can be bridged by
particle bridging—an undesirable effect that may lead to the formation of droplet clusters, (e) Quincke rotation of a particle-covered drop due to the electric
torque present when the charge distribution on a drop surface is imbalanced. The electric field is in the horizontal direction, as indicated by the black arrow.

will be very low. In fact, for dilute emulsions, there exists an electric
field threshold below which electrocoalescence occurs only to a
limited extent.” This is not the case here, as we use a silicone oil
concentration of ~10%, and the coalescence dynamics is high.

The properties of the droplet interface can be altered by the
presence of impurities retarding the rate of coalescence. In
addition, particle bridging (different droplets sharing the same
particles) can occur. Then, the dipolar interactions may lead to
drop chaining, i.e. particle-covered droplets aligning along the
electric field direction. We tackle this problem by inducing
liquid shearing, as will be described later in the text.

1.3. Coalescence

When droplets are brought into close proximity (e.g. by
mechanical liquid shearing, gravity, or electric fields as is the
case here) they may coalesce, leading to the increase of surface
particle coverage, as presented in Fig. 2c. As long as the electric
poles of the drops are particle-free, the mechanism for merging
two particle-laden droplets is the same as for pure droplets. The
presence of particles on the drop surface may affect the surface
tension; yet, in our system, the change is marginal® and we
neglect this effect. For droplets with greater particle coverage,
the coalescence can be impeded due to the presence of particles
at the electric pole regions, making a physical barrier between
droplets. In addition, surface particles may affect the capillary
pressure and rheological properties of the thin film of castor
oil, making it more difficult for droplets to coalesce.”’ As
already mentioned, in this work we use electric fields to
facilitate coalescence through EHD flows that aid to convect
particles away from electric poles. Besides electric field strength
and frequency, there are other parameters that influence
the electrocoalescence rate, and these include surface tension
and the viscosity of the dispersing phase. For experimental
and theoretical study results on electro-coalescence of leaky
dielectric fluids, such as the silicone and castor oils used here,
we refer the reader to these articles.*>®>® Another note on the
droplet coalescence is that when the surface particle coverage
of two original drops (to be coalesced) is sufficiently large, the
drop merging can lead to formation of arrested structures
(arrested coalescence) that may acquire aspherical shapes.>*>®

1.4. Particle bridging

Droplets in emulsions can be bridged by particles, i.e. one or
more particles are shared by two droplets as illustrated in Fig. 2d.

5142 | Soft Matter, 2018, 14, 5140-5149

This effect is often undesirable, as it may lead to the formation
of droplet clusters or large agglomerations, and to enhance-
ment of creaming rates. Particle bridging is sensitive to the
particles’ three-phase contact angle, and will likely occur at
intermediate contact angles between 30° and 70° due to the
surface particles having a slight preference for the continuous
phase. Particle bridges can be broken by shearing at low rates
(for more details, see ref. 23 and 24). We use strong electric
fields to induce convective flows in the cell and local liquid
turbulences through droplet electro-rotation to gently shear the
emulsion droplets.

1.5. Quincke rotation

In strong DC electric fields, pure silicone oil droplets suspended
in castor oil undergo electrorotation. Addition of surface particles
may decrease the value of the critical electric field for the onset
of Quincke rotation. Silicone oil droplets partly or completely
covered by non-conductive microparticles begin to Quincke rotate
at electric field strengths below 600 V. mm . Such electrorotation
of a droplet is a particular form of the aforementioned EHD flows,
and is driven by electric forces acting on free charges built up on
the surface of a droplet (for more details, see ref. 56 and 57). Here,
we use the Quincke instability to induce shearing for breaking
both particle bridges and droplet chains. A sketch illustrating
Quincke rotation of a Pickering droplet is shown in Fig. 2e.

2 Materials and methods
2.1. Experimental set-up

A schematic illustration of the set-up used for electrocoalescing
drops to form Pickering emulsions and for monitoring this
process is shown in Fig. 3. The set-up consisted of a sample cell
placed on a mechanical XYZ translation stage, a signal generator
(SDG1025, Sigilent), a high-voltage bipolar amplifier (10HVA24-
BP1, HVP), a CMOS camera (UI-3590CP-C-HQ, IDS) mounted on
a high-magnification zoom lens system (MVL12X3Z, Thorlabs),
an LED light source, and a computer for collecting images and
recording videos. The sample cell was made of glass, size
30 mm X 18 mm X 1.3 mm, and two copper plates constituting
electrodes were placed inside the cell. In the experiment, we used
two electric field strengths, namely 200 V mm™" and 600 V mm™".
The weaker electric field was used to assist coalescence of
droplets, while stronger fields were primarily used to break

This journal is © The Royal Society of Chemistry 2018
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droplet aggregations (or prevent their formation) and to further
promote droplet coalescence.

2.2. Oils and particles

In our experiments, we used silicone oil (6678.1000, Rhodorsil
Oils 47, density ~0.96 g cm ™ at 25 °C, and viscosity ~50 mPa s at
25 °C) as a dispersed phase, and castor oil (83912, Sigma-Aldrich,
density ~0.96 g cm " at 25 °C, and viscosity ~700 mPa s at 25 °C)
as a dispersing phase. Different particle materials were used to
make silicone oil Pickering droplets, and these include: green-dyed
and red-dyed polyethylene (PE) particles (with size ~20 um and
~ 50 pm, respectively, and density ~0.98 g cm ™, purchased from
Cospheric, USA); silica particles (with size ~8 pm and density
~1.8 ¢ em™3, purchased from Cospheric, USA), and polystyrene
particles (PS, Dynoseeds TS10 6317, with size ~10 pm and density
~1.05 g cm™®, purchased from Microbeads AS, Norway). The
pristine PS particles were surface modified (as described in
ref. 58) to change the three-phase contact angle and increase their
affinity towards silicone oil.

2.3. Preparation of the pre-emulsion

To form a pre-emulsion, from which the final Pickering emulsion is
made, we used an ultrasonic homogeniser (Bandelin Sonopuls HD
3100 equipped with a KE 76 probe, working at a frequency of
20 kHz). First, a dispersion of particles in silicone oil was formed
using the homogeniser for 5 s. The ultrasonic wave intensity
(estimated using the calorimetric method®®) amounted to
~17 W cm 2 Then we added castor oil and formed a pre-
emulsion by homogenising the three-phase sample for 30 s. The
droplet size distribution and droplet mean diameter of a pre-
emulsion were evaluated using optical microscopy, and the
results are shown in Fig. 7b, together with the results obtained
for the fabricated Pickering emulsions. As presented in the figure,
the droplet size distributions were fitted with log-normal func-
tions. However, for calculating the coefficient of variation (CV) we
used Gaussian functions (not plotted) that fit the data reasonably
well, i.e. the mean values of droplet sizes obtained by fitting the
experimental results with the Gaussian function were similar to
those obtained by fitting the data with the log-normal function.
We decided to do that for the convenient comparison of our data
with those reported in the literature, ie. the size distribution
of droplets in an emulsion is often presented as a CV value.
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Fig. 3 A schematic illustration of the experimental set-up, consisting of a
sample cell placed on a mechanical XYZ translation stage, a digital
microscope for viewing in the direction perpendicular to the electric field
direction, a signal generator and a voltage amplifier for generating high-
voltage signals, and a computer for recording videos.
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The mean diameter (D) for the pre-emulsion was 7.4 pm, the
standard deviation (o) was 5.2 pm, and the CV was ~70%,
calculated as CV% = (/D) x 100.

3 Results

3.1. Emulsion evolution

All the emulsions in this study are oil-in-oil emulsions (with or
without particles) prepared using silicone oil as the dispersed
phase and castor oil as the continuous phase. Initially, we
conducted experiments on coalescence of particle-free emulsion
droplets without and with the presence of an electric field (Fig. 4a
and b, respectively). This is to demonstrate the significance of
electric field activity on the evolution dynamics of the emulsions. In
the experiment shown in Fig. 4b, we used a direct current (DC)
electric field of 200 V mm ™" (the electric field was strong enough to
facilitate rapid droplet attraction leading to coalescence but weak
enough to avoid droplet breakup).

One minute after the electric field application, it was already
possible to resolve droplets in the image, i.e. droplets electro-
coalesce and grow quickly to sizes a few times larger than the
mean droplet size of the pre-emulsion emulsion. As electro-
coalescence progresses, the mean droplet size increases. The
small, densely dispersed droplets coalesced into several large
drops, and after 20 min, the emulsion had almost phase
separated. We observed that phase separation of the emulsion
through electrocoalescence is >100 times faster than without
the electric field (there is practically no change in Fig. 2a). In
Fig. 4c and d we present the evolution of emulsions made with
PS particles (size ~10 pm) and subjected to a DC electric field.
First, we performed experiments in which we applied an
electric field of 200 V. mm™'. Maintaining the same electric
field strength throughout the experiment resulted in formation
of unwanted droplet clusters (see Fig. 4c).

Such clustering may occur when droplets are bridged by
microparticles preventing droplets from coalescing further
(this effect will be investigated in the next section). To mini-
mize droplet clustering and enable droplets to coalesce and
eventually form a Pickering emulsion, we induced liquid shear-
ing by applying strong electric fields. Note that the shearing
process is only effective for a short time (several seconds). For
that reason, we designed an experiment (see Fig. 4d) in which
we alternate the electric field strength between 200 V mm ™'
and 600 V mm ™" every 15 seconds. Though the pre-emulsions
were similar to the experiment presented in Fig. 4c, the results
after applying 200-600 V mm ' were different compared to the
emulsion subjected to a 200 V mm™ " electric field. Only the
application of weak and strong electric fields in an alternating
fashion leads to the formation of a stable Pickering emulsion.

Fig. 5a presents a magnified optical microscopy image of the
emulsion subjected to electric fields (200-600 V mm ') for
30 minutes. No droplet clustering is observed in the image, i.e.
the particle-covered droplets are separated from one another.
A majority of the Pickering droplets have spherical or slightly
aspherical shapes. Turning off the electric field does not induce
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Fig. 4 Optical microscopy images showing the evolution of emulsions of silicone oil in castor oil (a and b) without and (c and d) with PS particles (size
~10 um). All the emulsions were prepared at a 1: 10 ratio of silicone oil to castor oil by weight. In the experiments with particles, the particle to silicone oil
ratio was 1:4 by weight. (@) When no electric field is present, there are no observable changes (within the 20 min experiment) in the emulsion without
particles, and de-emulsification takes approximately 100 times longer than when (b) an electric field of 200 V. mm™ is applied. (c) Application of an
electric field of 200 V mm~* to an emulsion with PS particles results in formation of undesirable droplet clusters. (d) Application of weak (200 V mm™)
and strong (600 V mm™) electric fields in an alternating fashion (every 15 seconds) leads to formation of a stable Pickering emulsion. Strong electric fields
are used to gently shear the emulsion droplets, which aids droplet coalescence and prevents clustering. All images were captured at the same
microscope magnification, and the scale bar is 500 um. The external DC electric field was in the horizontal direction. In all the experiments, the sample

cell was kept at ~ 50 °C.

observable particle movement within the particle shell of such
droplets because the surface particles are arranged in a
jammed, nearly hexagonal structure as shown in Fig. 5b.
Among the entire population of droplets, some droplets with
an oval shape are preserved after switching off the electric field.
Arrested coalescence occurs when the particle coverage of the
two original droplets (from which the oval-shaped Pickering
droplet is formed) is sufficiently high before coalescence. In
such a non-spherical Pickering droplet, the particles form a
rigid film that resists the Laplace pressure gradient, which
attempts to drive the coalesced droplet towards a spherical
shape. We also observed several droplets that were partially

X @

Fig. 5 (a) An optical microscopy image of a Pickering emulsion after the
application of an electric field (200-600 V mm™) for 30 min. The silicone
oil to castor oil ratio was 1: 10 by weight, and the PS particle (size ~10 pm)
to silicone oil ratio was 1:4 by weight. The particle-covered droplets are
separated from one another, i.e. no droplet clustering is observed. (b) The
majority of the Pickering droplets have spherical or slightly aspherical
shapes, and the surface particles are arranged in a jammed, nearly
hexagonal structure.
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covered with particles. Examples of an oval-shaped Pickering
droplet and a droplet partially covered by particles are presented
in Fig. S1 (ESIY).

3.2. Electric field phenomena in play

Droplets of the initial emulsion (just after homogenising) have,
on average, low particle coverage at their surfaces, which is
favourable for coalescence. As the Pickering emulsion is being
formed, the particle coverage increases, impeding droplet merging.
However, partially particle-covered droplets (even with high particle
coverage) may still coalesce, provided the regions near their contact
are particle-free. In our silicone oil in castor oil emulsion, the
presence of weak (<300 V. mm ') electric fields may induce local
(near a droplet) EHD liquid flows.

These flows aid to convect particles away from a droplet’s
electrical poles. Therefore, when two droplets with particle-free
electric poles are electrostatically attracted to one another,
they may easily coalesce. In Fig. 6a, we demonstrate EHD
flow-assisted particle convection on droplet surfaces enabling
two droplets to merge into a Pickering droplet (see also Movie S1,
ESIT). The figure shows two partially particle-covered silicone oil
droplets in castor oil. Initially, before applying the electric field,
the PS particles (size ~10 um) were distributed randomly on the
droplet surfaces. Application of a direct current electric field of
200 V. mm " (in the horizontal direction) induces EHD flows
from the droplet electric poles towards the droplet electric
equator (see the curved arrows in Fig. 6a). The flows convect
PS particles away from the droplets’ electric poles. Driven by
both the attractive EHD and the electrostatic forces, the two
droplets approach one another and eventually coalesce, forming

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) Droplet coalescence through EHD and ES interactions. The surface particles, initially randomly dispersed on the droplets’ surfaces (with no
electric field), are convected away from the droplets’ electric poles by EHD flows (induced by a DC electric field of 200 V mm™2). The two droplets attract
one another through both the EHD and electrostatic forces. Finally, the droplets coalesce, resulting in formation of a Pickering droplet with densely
packed surface particles (PS, sized ~10 um). (b) A droplet that is part of a disintegrating cluster propels away from it through electric field-induced

rotation at £ = 600 V mm~%. Lowering the electric field strength to 200 V. mm~

! enables droplet translation (through both the EHD and electrostatic

forces) towards another droplet partially covered by particles. Finally, the two droplets coalesce. (c) Breaking of droplet agglomerates through liquid
shearing. An electric field of 600 V. mm~! was used for 15 seconds to locally (through electrorotation) and globally (through electric field-induced
convective flows in an entire cell) shear the emulsion. This resulted in breaking the droplet agglomerates down to individual droplets.

a Pickering droplet with a densely packed particle shell (right-
most panel in Fig. 6a).

The two droplets presented in Fig. 6a have no close neighbours,
so the EHD flows are strong enough to move particles. The EHD
flows are reduced on the surface of a droplet in a crowded
emulsion. This is because when two (or more) droplets are “in
contact” (i.e. separated only by a thin layer of castor oil), a dipole
moment is formed on two sides of the agglomerated structure
rather than on each individual droplet. For example, if three
droplets are in contact and aligned along the electric field
direction, there will be no (or significantly reduced) flow around
the middle droplet. In addition, in crowded emulsions, droplets
are very densely populated, their locations are constrained, and
their motions are significantly impeded, as is the motion of
the dispersing phase. Thus, reducing the concentration of the
dispersed phase prevents such a situation. We experimentally
observed that emulsions with silicone oil concentrations below
30% are preferable. Droplets can be locally crowded even in low-
concentration emulsions. In addition, they can be bridged by
particles, and form large agglomerations. To tackle these pro-
blems, we simply increased the electric field strength (typically to
600 V. mm™') for several seconds to shear the liquid. In
such strong electric fields, Quincke electrorotation of individual
droplets and small aggregated structures can be induced.
Electrorotating objects shear the emulsion locally, which
helps to damage particle bridges between droplets and
re-position droplets. The subsequent application of a low-
intensity electric field (e.g. 200 V mm™') leads to dipolar
alignment and coalescence of droplets that before were either
misaligned or particle bridged.

This journal is © The Royal Society of Chemistry 2018

In Fig. 6b we show a possible route for droplet disintegration
from a cluster to allow merging with another available droplet.
A droplet, partially covered with particles, is initially attached to
a small droplet cluster. Application of a high electric field of
600 V mm ' causes the droplet to disintegrate from the cluster
and propel away through electrorotation. The droplet stops
rotating after we lower the electric field to 200 V. mm ™. Then,
the attractive dipolar forces and EHD flows bring the droplet
towards another droplet available for coalescence. After a short
time, two droplets coalesce (see also Movie S2, ESIt). In Fig. 6c,
we demonstrate breaking of large droplet agglomerates through
liquid shearing. In each “mixing” cycle we used a DC electric
field of 600 V. mm ™" for 15 seconds to locally (through electro-
rotation) and globally (through electric field-induced convective
flows in an entire cell) shear the emulsion. This resulted in
breaking the droplet agglomerates down to individual droplets,
and eventually led to formation of a stable Pickering emulsion
(see also Movie S3, ESIT).

3.3. Size of Pickering droplets

The following formula can be helpful when designing a Pick-
ering emulsion with specific droplet sizes (for the formula
derivation see ESI;t also see ref. 60 and 61).

Pp N4
P o

rqg = 3.6 )]

ra, Mg, pa — radius, mass and density of a desired Pickering
droplet. r,, mp, pp - radius, mass and density of particles

covering the droplet.
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In this formula, we assume that the surface particles are
spherical and densely packed within the monolayered particle
shell (particle coverage 0.9), and that the three-phase contact
angle is 90°. In order to fully cover either 80 pm, 160 um or
240 pm size silicone oil droplets with 10 um size PS particles, we
calculated (assuming that pp/pq = 1) the particle to silicone oil
ratios tobe 1:2,1:4, and 1: 8, respectively. We then designed an
experiment to verify whether the Pickering droplet size can be
tuned by choosing an adequate particle concentration.

In Fig. 7a we present optical microscope images of Pickering
emulsions at different particle to silicone oil mass ratios, namely
1:2,1:4,and 1:8. The emulsions were formed by applying a DC
electric field (200-600 V mm ') for 30 minutes. The silicone oil
to castor oil ratio was 1:10 by weight.

We visually inspected the three emulsions and found that
the majority (>90%) of droplets were densely covered by particles
and were spherical or slightly aspherical. As in the previous
experiment presented in Fig. 4d and 5, we found several oval-
shaped droplets, and some droplets partially covered by particles.
To quantitatively present the distribution of droplet size, we
measured 200 droplets in each emulsion using an optical micro-
scope and plotted diameter histograms, shown in Fig. 7b. The data
were fitted with log-normal functions. However, as discussed in
the Preparation of the pre-emulsion section, to obtain the values of
both the mean diameter and the coefficient of variance of the three
corresponding emulsions, we used Gaussian functions (not plotted
here). For the Pickering emulsions with particle to silicone oil
mass ratios 1:2, 1:4, and 1:8, the mean diameters are 78 um,
154 pm, and 263 um, respectively. These values are consistent
with the theoretical values calculated above.

The homogeniser-prepared emulsions typically comprise
droplets with different particle concentrations (because of the
stochastic nature of the process of homogenisation). Also,
using other methods of preparation leads to this result; for
example, in microfluidic systems, the particle concentration is
found to be Poisson distributed.®* For this reason, the droplets
fully covered by particles (formed through a stochastic process
of electrocoalescence) in the stable Pickering emulsion are
polydispersed in size. As presented in the histogram in
Fig. 7b, the initial emulsion also contains droplets of different
sizes. However, as long as the particle concentration in each
droplet is the same, differences in drop sizes should not affect
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the size polydispersity of the Pickering droplets. To fabricate a
Pickering emulsion with monodispersed Pickering droplets, it
is therefore essential to prepare an initial emulsion with
droplets of identical particle concentration. Unfortunately,
this is practically very challenging. For this reason, the size
distribution function of Pickering droplets in our experiments
has a finite width. The CV values (and ¢) are 20.5%, 18.2%, and
17.5% (and 16, 28, and 46 pum), for the Pickering emulsions
with particle to silicone oil mass ratios 1:2, 1:4, and 1:8,
respectively. These are relatively low CV values compared with
other bulk emulsifications methods (we will elaborate on that
in the next section) and are more than three times lower than
the CV values of the initial emulsion.

4 Discussion and conclusions

In this paper, we present an approach to efficient fabrication of
oil-in-oil Pickering emulsions by employing electric fields. The
route is straightforward, robust, and can be used to produce
Pickering droplets with narrow size distributions that are lower
than those achieved typically by bulk methods such as ultrasonic or
mechanical homogenisation,'*** and comparable to membrane
emulsification methods.®*®® There exist methods for producing
Pickering droplets with narrower droplet size distributions then
those presented here. However, in those methods Pickering
emulsions are typically formed via more complex processes,
and/or require preparation of pre-emulsions with very narrow size
distributions of droplets, and/or are very time consuming.**®” For
example micrometer-sized Pickering droplets produced with the
use of a microfluidic device by Subramaniam et al®” were of a
similar size (CV below 10%), but were produced with a frequency of
~0.2 Hz. To produce a few hundreds of mL would require
several years.

The limited coalescence approach utilized in this work was
used by other researchers for fabrication of Pickering droplets
(also in very concentrated emulsions),*®”* and it allowed them
to design Pickering emulsions with desirable average droplet
sizes. As in the other research contributions, in this work, we
also observed that the average droplet diameter was inversely
proportional to the number of solid particles. Interestingly, the
CV values of the Pickering emulsions were at least two times

B ore-emuision

I Psisilicone oil 1:2|
| Psisilicone oil 1:4|
[ PSisilicone oil 1:8|

)
S

number of droplets
N
o

=

droplet diameter [um]

1000

Fig. 7 (a) Optical microscope images of Pickering emulsions at different particle to silicone oil mass ratios by weight (1:2, 1:4, 1:8), and (b) the
corresponding histograms with size distributions. The Pickering droplet populations have log-normal distributions. The silicone oil to castor oil ratio was
1:10 by weight. An electric field (200-600 V mm™) was applied for 30 minutes. In all the experiments, the sample cell was maintained at ~50 °C. All
images were captured at the same microscope magnification, and the scale bars are 500 um.
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lower than those of the initial emulsion. At this point, we
cannot provide any explicit information on the narrow droplet
size distributions. We observed that the values of the CV
decreased as the limited coalescence progressed. Zou et al.”?
studied the evolution of the droplet size distribution during
coalescence induced by mechanical shearing. They found that a
bimodal size distribution of the initial emulsion disappeared
during the early stage of the coalescence leading to narrower
droplet size distribution, and that in all the performed experi-
ments the final distribution of the Pickering droplets was
Gaussian, as is the case in our work.

As was demonstrated here, a sensible usage of electric fields
(e.g. alternating the electric field strength) led to formation of
Pickering droplets that were well dispersed in the continuous
phase (not agglomerated), and the droplets’ shells were
composed of densely packed particles. We produced Pickering
droplets using various materials, and the method enabled
formation of Pickering droplets in a wide range of sizes without
needing any modification of the experimental set-up, as is the case
for microfluidic or membrane emulsification approaches, where
microfluidic chips or membranes have to be redesigned. Any type
of microparticle material can be used provided that the particles
bind strongly to the droplets’ interfaces and that their electrical
conductivity values are approximately the same order of magnitude
or smaller than those of the liquids. In our experiments we used
polystyrene, polyethylene, and silica particles (see Fig. S2, ESIT). A
subtle point is that if oils and particles are chosen so that there is a
large density difference between oils or between oils and particles,
the dispersed phase may sediment. However, this problem can be
tackled, for example, by introducing convective flows from the
bottom of the sample cell.

One of the strategies for producing Pickering emulsions
involves adsorption of particles initially located in the disper-
sing phase, after droplet formation. In such a scheme, to form a
Pickering emulsion quickly, the particle concentration in the
dispersing phase has to be much greater than theoretically
required for the formation of stable Pickering droplets. In
many studies, the utilization of particles was inefficient, e.g.
most particles (even up to ~90%) did not contribute to the
formation of Pickering droplets but instead resided in the
continuous phase.”"®® Unless desired (e.g. sometimes excess
solid particles are used for emulsion thickening),”* this is not
very beneficial economically. In this respect, our method is
superior. It allows for very efficient consumption of particles,
i.e. most of them, if not all, can be utilised for Pickering droplet
fabrication.

In our studies, we used silicone oil as a dispersed phase and
castor oil as the continuous phase. We also tested the reverse
configuration. However, when the system was reversed (i.e.
castor oil droplets were formed in silicone oil) and subjected
to electric fields, the castor oil droplets stretched, and the EHD
flows went from the droplets’ electric equators towards their
electric poles. Covering the droplets’ poles impeded their
coalescence. In addition, we faced some technical difficulties,
i.e. castor oil droplets wetted both the walls of a sample cell and
the electrodes. Generally, the castor oil in silicone oil Pickering

This journal is © The Royal Society of Chemistry 2018
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emulsion can be fabricated. For a review of the stabilisation of
silicone-in-vegetable oils and vegetable-in-silicone oils emulsions,
we refer the reader to the article by Binks and Tyowua.”

The method presented here can be further optimised by
adequately choosing the parameters: the electric field strength,
the periods at which the electric field is at higher or lower
voltage, or the electric field frequency. Here are two examples:
(i) we observed that at electric field strengths higher than
600 V. mm ™", it takes less time to break large aggregates
down. However, strong electric fields should be avoided when
Pickering emulsions with large Pickering droplets are of
concern. This is because large droplets may easily break up in
high electric fields, reversing the coalescence and slowing down
the Pickering emulsion fabrication; and (ii) when particles with
small permanent charges are to be used for Pickering droplets,
it is helpful to change the electric field polarity from time to
time to avoid droplet electrophoretic migration towards one of
the electrodes. We also note that reducing the viscosity of oils,
particularly the dispersing liquid (e.g. by replacing castor oil
with corn oil, or by increasing the temperature), speeds up the
formation of a Pickering emulsion. One final note on the
fabrication process is that the EHD convective organization of
particles at droplets’ interfaces not only promotes coalescence
but also ensures that particles in the shell are well packed.

We foresee that this convenient and easily scalable route for
fabricating Pickering emulsions will facilitate a foundation for
many applications in which Pickering droplets with narrow size
distribution need to be produced in large quantities. We also
expect many derivative methods to be developed soon. It would
be interesting to follow the dynamics of Pickering emulsion
formation. In our ongoing research we employ non-invasive
ultrasonic methods and optical microscopy, and the preliminary
data indicate that ultrasound can be easily and cheaply used to
monitor Pickering emulsion development.
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Fig. S1 Optical microscopy images of silicone oil droplets with PS particles (size of ~10 um), formed in castor oil. (a) Droplets with an oval shape can be typically found
at the end of the Pickering emulsion fabrication, as the arrested coalescence occasionally occurs. (b) An example of a partially particle-covered droplet. Several such

droplets were identified in the image at the end of the Pickering emulsion fabrication described in Fig. 4d.
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Fig. S2 Optical microscopy images of a Pickering emulsion after the application of an electric field (200<>600 V/mm) for 10 min. The silicone oil to castor oil ratio was
(a) 1:20 (b) 1:5, and (c) 1:10 by weight, and the following particles were used: (a) polyethylene (PE, sized ~20 um), (b) polyethylene (PE, sized ~50 um), and
(c) silica (SiO,, sized ~8 um). The particle-covered droplets are separated from one another, i.e. no droplet clustering is observed when PE particles are used. Droplets
with silica particles tend to agglomerate. This is because the three-phase contact angle is greater than that in the case of PE particles—compare the enlarged images.



Behaviour of silicone oil droplet in electric fields:

When a silicone oil droplet formed in castor oil is subjected to a DC (or slowly changing AC) electric field, free charges (ionic
impurities) in the oils accumulate at the drop interface, inducing a dipole moment. Because the electrical conductivity and
dielectric constant of a silicone oil droplet are smaller than those of the surrounding castor oil, the droplet’s dipole moment is in
the opposite direction of the electric field. The action of the applied electric field on the free charges at the silicone oil droplet
yields electric stresses that deform such droplet to obtain an oblate geometry. More specifically, at the electric poles of the drop
(surface areas closest to the electrodes), electric stress has only a normal component that is balanced by capillary forces and the
pressure difference across the drop interface. There are no free charges at the electric equator of the droplet, and thus there is
no electric stress at this area of the droplet. Everywhere else at the droplet interface, electric stress has two components:
normal and tangential to that interface. As a result of normal electric stress, the droplet is compressed along the electric field
direction, obtaining (within a second) an oblate shape. Tangential electric stress induces electrohydrodynamic (EHD) flows at the
droplet interface that shear the liquids inside and outside the droplet. In general, the direction of these EHD flows depends on
the free charge distribution at the drop interface. In the case of a silicone oil drop suspended in castor oil, the EHD flows at the
drop surface are directed from the drop poles to the drop equator (for more details, seel). As long as the electric field strength
is weak (typically < 200 V mm1), the induced EHD liquid flows can be used to convect and eventually assemble surface particles,
as we discuss later in this section. At strong DC electric fields, weakly-conductive drops may undergo electrorotationZ* or break
apart.> The accumulation of free charges at the interface of a drop requires finite time. For the drop system studied here, the
time for free charges to build up at the drop interface (the Maxwell-Wagner relaxation time)! was ~ 1 s. Therefore, when
applying alternating current (AC) electric fields with sufficiently high frequencies (above 1 Hz), the electric field changes
direction so quickly preventing free charges accumulation at the drop interface.

Calculation of Pickering droplet size (also see ¢8):

We wish to calculate the concentration of particles measured by mass (m %) that needs to be used to occupy entire
surface of a droplet of a specific radius.

m ppVy N, m PpTh
L =-LL_L here N; = 1thus -2 =-2EN, (1)
mq pPaVaNg mq PaTq

We need to find number of particles, Np,.

The area of a droplet with radius ry is: Ap = 4 - 7 - 2 and should be equal to the area occupied by N, circles (projection of
spherical particles with radius 7;, on a two-dimentional surface of a droplet) divided by the packing density factor @.

AD=Np'T['Tp2'% (2)

Packing density of circles on a sphere is generally a function of number of the circles. For an infinite number of circles, the
packing density approaches 0.906, i.e., achieve the same optimal packing density as for circles forming hexagonal pattern on a
2D plane. Since we assume here that Ry>>r,, the packing density @ can be assigned as approximately 0.9.

Thus
N. = 4-1’5 @ 3
PT ®
and
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For example, r; = 400 pm if %[%] =12%, pp = 0.3 g/cm3; pg=0.9 g/cm?; 1, = 40 pm;
d
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Abstract

Particle-stabilised emulsions are of interest to many scientists in both academia and industry
as they hold promise for numerous applications. There is a lot of research effort put into
developing new methods for their fabrication. Often, different experimental techniques

are used for monitoring the process of the emulsion formation. However, the control of

the emulsion fabrication and its real-time characterisation is generally challenging. In

this work, we propose a convenient method to control fabrication of Pickering emulsions
using ultrasound. The benefit of acoustical measurements compared to other techniques is
their ability to test the medium in a non-destructive way, without requiring special sample
preparation (e.g. dilution like in the case of DLS or NMR) nor a usage of thin sample cells
(e.g. in the case of optical microscopy). Here, ultrasonic measurements are able to follow
droplets growth during the emulsion development using the limited coalescence approach.
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
size and become fully covered by solid particles. These results are compared with the results
obtained from the optical measurements. We also make an attempt to theoretically describe
ultrasound propagation in particle-stabilised emulsions by comparing our experimental results

with the scattering theory ECAH for emulsions.

Keywords: Pickering emulsions, particle-stabilized emulsions, ultrasonic attenuation,

limited coalescence, electric field, ultrasound
Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

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

! Author to whom any correspondence should be addressed.
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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

© 2019 IOP Publishing Ltd  Printed in the UK
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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 er 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 sifu 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 pm 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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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~!- K1) 0.15 [54] 4.73 [56] 0.1 [60]
Thermal expansion (x10~* K1) 9.5 (data sheet) 7.7 571 0.7 [60]
Specific heat (J - kg ' - K1) 1460 [55] 1800 (data sheet) 1300 [61]
Electrical conductivity (pS - m™) 5.0 (data sheet) 60.0 (data sheet) 0.1 (data sheet)
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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.

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 20kHz) for 30, 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 ym) 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

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.

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:
30mm X 18mm x 1.3mm and 45mm X 10mm x 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~! and 600 V-mm™!
were applied for 30s and 5s, 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.
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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.

The ultrasonic measurement system consisted of two
piezoelectric 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 0.9kHz) 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:

Aa = Plog 4, (D

where [ is the path the wave travels from the initial location to
the receiver (here, it equals the width of the sample cell), A, is
the amplitude of the ultrasonic impulse measured at time 7 and
Ay 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 A (long wavelength limit, kR < 1, where k = 27/ 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
a= — 3.5 204 1)ReA

= TR n;() n+1)Re4,, 2
where ¢ is the concentration of the scatterers (droplets, parti-
cles). The coefficients A, represent the amplitude of the com-
pression wave field diffracted by a suspended scatterers. The
first in the series, coefficient Ay (zero-order term), describes
the energy losses due to the thermal mechanism; the second,
A, (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 A, 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
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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.

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 ym—-300 pm,
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 pm to 300 pm 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.
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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.

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
clectric ficlds for 20min. One minute after the clectric ficld
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 evolution of the emulsion. We analysed optical
microscopy images and estimated the average diameters of
droplets at different times (sce 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
(10mm) 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
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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).

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 pm. It is almost the same value as in the insct table shown
in figure 6(a). Over the subsequent minutes of stabilisation in
clectric ficld, 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 modelled 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 2mm (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 10mm, and
discusses the influence of both the PS particle and silicone
oil concentrations on the dynamics of Pickering emulsion
formation.

3.8. 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:

Dy=36-D, £ . m 3)

P pg my *

In this equation, the subscripts ‘d” and ‘p’ denote droplet and
particle, respectively; D, p, 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 pum, 160 pum or 320 pm
silicone oil droplets with 10 pm PS particles, we assume
that the particles are spherical and the three-phase contact
angle is 90°. For density ratio p,/pq = 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:

Aa = Aty —exp(B—71-1), 4)

which gives estimates of the characteristic time of emulsion
development through parameter 7. This function describes the
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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%.

data well, especially specific saturation point, as long as the
measured mean size of emulsion droplet is between ~10 um
and ~300 pm, 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 (Aa > 30 dB-cm™!).
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 um, 154 £+ 34 pum, and
273 + 38 um 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 aimax) 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
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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).

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 7 (obtained
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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.

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~*, 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 7) 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~'. The growth of attenuation in the region of thermal
losses (107> < kR < 107%)—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
pm and a few hundred pm. 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 7.
It can roughly indicate the moment of bulk stabilisation of
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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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sample cells. When the thicker sample cell was used, a large number of scattering objects in the light path prevented
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Received in revised form 17 September 2020
Accepted 20 September 2020
Available online 23 September 2020

placed in the alternating magnetic field can act as heating agents. The generation of thermal energy is owing to
magnetic energy dissipation caused by Néel and Brown relaxation, and hysteresis loss. These mechanisms de-
pend on the properties of the applied magnetic field and the characterization of magnetic particles used as
well. But, when residing on droplet surfaces e.g. as stabilizers in Pickering emulsions, magnetic particles some-
how can be found trapped and their movement can be limited. Also, the change in Pickering droplet sizes and
the increasing solidity of particle shell, e.g. through the coalescence events of droplets, can influence how mag-
netic energy is dissipated in such multi-phase system.
In our work, we investigate the efficiency of magnetic heating of oil-in-oil emulsions stabilized with magnetite
particles of various sizes. The results indicate that the temperature rise in such systems varied for different con-
centrations of particles used, but also for the different macroscopic appearance of emulsions, i.e. coarse emul-
sions, not fully-covered by particles and final emulsions with stable droplets demonstrated different heating
efficiency when placed in the alternating magnetic field. The emulsion droplets with different particle coverage
were obtained either by using only ultrasonic homogenization or using ultrasound and a subsequent coalescence
under the electric field. The presented study can help in the development of applications of magnetite-stabilized
droplets in heating, e.g. when magnetic Pickering droplets are used as thermal agents in hyperthermia treatment
or as templates for colloidal capsules.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Particle-stabilized emulsions (Pickering emulsions) have been re-
ported as very useful in various applications during last decades. The
constant and progressive development of material engineering science
allowed to produce particles of different sizes and shapes that can be
used as stabilizers in colloidal systems [1-3] what extends significantly
the possibilities of further applications, among others, in targeted drug
delivery systems [4] and water decontamination procedures [5,6]. Espe-
cially, emulsions stabilized with magnetic materials are considered a
good candidates for such applications because of their potential respon-
siveness to the external magnetic field.

Magnetic Pickering droplets were also reported to be used in appli-
cations where a crucial requirement is an efficient heating. The use of
small objects possessing magnetic properties enables inducing a tem-
perature elevation locally when the alternating magnetic field is

* Corresponding author.
E-mail address: aras@amu.edu.pl (A. J6zefczak).

https://doi.org/10.1016/j.molliq.2020.114388

applied. For example, such non-contact heating methods were pro-
posed for precise local heating of small liquid volumes using
magnetite-silica particles [7]. Such droplet system heated magnetically
overcomes a problem of other similar systems - a direct contact be-
tween elements. Additionally, magnetism of particles was used both
for heat generation and for further droplet manipulation. As it was
shown, such local, the non-contact-generation of heat could be useful,
e.g. for enhancing PCR (polymerase chain reaction) protocol [8]. The
use of magnetic materials placed in the alternating magnetic field is fa-
vorable comparing to other methods of non-contact local heating such
as using laser light [9]. The penetration depth is not limited in case of
magnetic heating. In the literature, there are some examples of evaluat-
ing heating efficiency of Pickering emulsions stabilized with magnetic
particles. In work of Kaiser et al. [10] the magnetic heatibility of
magnetite-polystyrene particles was observed and obtained tempera-
ture increase was utilized to cyclic stabilizing and destabilizing emul-
sion system. Lahiri et al. in their papers [11,12] produced effectively
nano-emulsions with magnetite particles and evaluated the influence
of various parameters on the magnetic heating efficiency. They also

0167-7322/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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suggested that magnetic nano-emulsions could be used as agents in
magnetic hyperthermia. However, it is worth pointing out that they de-
scribed a system with magnetic nanoparticles residing inside emulsion
droplets that introduced the additional issues such as limited convec-
tion from the droplet inside.

The capability of magnetic materials exposed to the alternating mag-
netic field to induce a local temperature increase results from a mag-
netic energy dissipation. Namely, Néel and Brown relaxation
phenomena, and hysteresis losses are responsible for energy loss
under high-frequency AC magnetic field [13-15]. The mechanisms of
relaxation are believed to be dominating in small particles. For magne-
tite and maghemite particles the boundary may be even up to
160-170 nm [16]. Rosensweig expressed the heat generated in a given
volume of the sample (Pr) due to relaxation mechanisms as [15]:

_ 5 2nfT
Pr = pomfHg 15 onfr? (2nfr)? Xo (1)

where [ is a magnetic permeability of free space, fis a frequency of the
AC magnetic field, Hp is a magnitude of magnetic field, y, is an equilib-
rium magnetic susceptibility. T is the effective relaxation time: T = %
7 and Ty are characteristic relaxation times corresponding for Brown
and Néel relaxation mechanism.

Bigger particles exhibit additional energy dissipation due to the
movements of domain walls that leads to the magnetic hysteresis in
the system [13]. The more significant hysteresis loop, the more mag-
netic energy is transformed into a heat [14]:

Py = o fPHo dM (2)

where the above integer describes the area of hysteresis loop (M - mag-
netization of the sample). The dependence obeys the third power law of
H according to the prediction by Lord Rayleigh and numerous of exper-
iments [17,18]:

4
Py = 3 HofateHg 3)

where o is a so-called Rayleigh coefficient.

Therefore, one can see that calorimetric effect under the AC mag-
netic field depends on the one hand on properties of magnetic materials
used, and on the other, on properties of the applied magnetic field. The
proper settings of parameters may cause an efficient heating as it is in
case of magnetic fluid hyperthermia [19], and in case of colloidal cap-
sules where cargo can be released due to the sufficiently high tempera-
ture induced by the AC magnetic field [20]. Recently, the potential of
using magnetically induced temperature rise for colloidal capsules for-
mation was also shown [21].

Pickering emulsions are believed to be more stable than surfactant-
stabilized emulsions [22,23]. The stability is a key requirement for pro-
duced emulsion and it is often understood as a prevention against aging
processes (mainly, emulsion droplets coalescence and their floccula-
tion). The presence of solid particle shell around Pickering droplet con-
stitutes a mechanical barrier what ensures effectively this prevention. In
this study, we will show that solid particle shell influences not only the
stability of emulsions against coalescence but also has an impact on
heating rate of emulsions stabilized with magnetite particles and placed
in the alternating magnetic field. For this purpose, we used coarse oil-in-
oil emulsions stabilized with magnetite nano- and microparticles
formed by ultrasound and compared them with those stabilized subse-
quently under the electric field.
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2. Materials and methods
2.1. Materials

In the experiments, we used a silicone oil (Rhodorsil,47 V 50, viscos-
ity of 50 mPa-s, electric permittivity of 5) and castor oil (MERLIN, MA
220-1, viscosity of 700 mPa-s, electric permittivity of 2.5) as an inner
and outer phase of the oil-in-oil emulsions, respectively We stabilized
the emulsions with different pristine magnetite particles (MPs): smaller
(nMPs, 50-100 nm in size, density of about 4800-5100 kg-m~—>) and
bigger (uMPs, <5 um in size, density of about 4800-5100 kg-m™>) pur-
chased from Sigma-Aldrich Co., and with magnetite nanoparticles pro-
duced by the co-precipitation method and functionalized with oleic
acid (OA-MPs, the size of about 10 nm). All particles used in the exper-
iment were in the form of powder.

2.2. Preparation of magnetite particles functionalized with oleic acid

To obtain the functionalized magnetic nanoparticles we used the
bottom-up approach. The nanoparticles with inverse spinel structure
were synthesized by the co-precipitation method using an aqueous so-
lutions of starting materials (FeSO4- 7H,0 and FeCls - 6H,0) and precip-
itating agent (NH4OH). Ferrous and ferric ions were precipitated in
alkaline solution with an excesses ammonium hydroxide in stoichio-
metric ratio 1:2. The nucleation and growth of the spherical magnetite
nanoparticles were carried out at 80-82 °C. During synthesis, the reac-
tion mixture was continuously stirred with a mechanical stirrer (IKA)
at 5000 RPM for 1 h. The precipitations of magnetic nanoparticles
were performed in the presence of oleic acid to prevent both agglomer-
ation and/or oxidation of the nanoparticles. After completion of the
chemical reaction, the resultant black precipitate (containing sterically
functionalized magnetite nanoparticles) was separated by a permanent
magnet and then the nanoparticles were washed with deionized water
and acetone. This procedure was repeated five times, and nanoparticles
without impurities were dried at 100 °C in an oven for 2 h.

2.3. Characterization of magnetic particles by using VSM

The magnetization curves were measured at T = 298 K using a vi-
brating sample magnetometer (VSM) installed on a cryogen-free
superconducting magnet from Cryogenic Ltd. Fig. 1 presents the room
temperature magnetization curves of powders consisting of different
magnetic particles. The saturation magnetization is close to bulk mag-
netite for multi-domain particles. The value of saturation magnetization
is below bulk magnetite for single superparamagnetic particles because
of iron oxidation [24]. The contribution of maghemite lowers the value
of the effective bulk magnetization. As an inset picture, we included
measurements of magnetization curves for small values of magnetic
field for nMPs and pMPs. They show the magnetic hysteresis in both
types of magnetic particles.

2.4. Preparation of the samples of pre- and final emulsions

In the first step, magnetic particles in a form of powder were dis-
persed in silicone oil by vigorous shaking. Such dispersion was subse-
quently mixed with castor oil using ultrasound that provided a
primary homogeneity of the mixture. We used the ultrasonic homoge-
nizer (Sonoplus HD 300, Bandelin, acoustic intensity estimated as
17 W-cm ™2, working frequency of 18 kHz) to produce coarse emulsions
what we termed pre-emulsions. The samples differed with magnetite
particles to silicone oil mass ratios (1:2, 1:4, or 1:10) and with a concen-
tration of silicone oil in relation to castor oil (5, 10, or 15% w/w). Due to
an acoustic cavitation under the high-intensity ultrasonic field, small sil-
icone oil droplets were produced. The sonication lasted 60 s when pris-
tine magnetic particles were used as stabilizers and 120 s for
functionalized nanoparticles as we noticed that the mixtures with
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Fig. 1. Magnetization curves of magnetic powders consisting of different magnetic particles. The measurements were performed for the temperature of 298 K. The inset picture presents

hysteresis loops established for nMPs and pMPs for small magnetic fields.

functionalized magnetic nanoparticles did not undergo emulsification
easily. The use of an acoustic homogenization alone did not lead to the
high enough coverage of droplets by particles to prevent further coales-
cence of droplets. Such a system was not completely stable [25,26]. So,
the ultrasonic homogenization was followed by the stabilization under
the electric field. The use of the electric field allowed us to obtain drop-
lets with higher coverage by particles as the silicone oil droplets coa-
lesced simply because of droplet-droplet dipolar interactions and
electrohydrodynamic flows, as in case of previous work where non-
magnetic soft particles were used as stabilizers [25]. The process of
electro-coalescence stopped when the particle shell around droplets
was sufficiently solid to prevent further coalescence events. The system
after several minutes under the electric field became more stable as
compared to the situation after ultrasonic homogenization. Conse-
quently, the further comparison of magnetic heating efficiency between
merely stable and more stable system was possible to perform. It is
worth noting that electrohydrodynamic flows facilitate the process of
merging droplets by changing the structure of particle coating around
the droplets, i.e. the particles are being packed in the vicinity of the cen-
ter of a droplet, whereas the droplet’ flanks remain uncoated which gen-
erally promotes the coalescence [25,27].

The process of structuring the particles on the droplet surface can be
compared with the aggregation of particles under the electric field re-
ported in studies on ferrofluids as there is the same responsible phe-
nomenon. However, in the process of the formation of stable magnetic
Pickering emulsions, we did not observe the patterns presented in
[28]. For our three-phase system with specific electrical permittivity of
each component, in the magnetic particles, more charges are produced
on the inside of the particle-castor oil interface and the net electric di-
pole across the magnetic particle is parallel to the applied electric
field. However, on the silicone oil-castor oil interface, more charges
are produced on the outside and the net dipole moment is pointed
against the direction of the electric field. Thus, the magnetic particles
can form the chains as a result of the dipole-diploe interaction. How-
ever, collision with the oppositely polarized silicone oil droplet may re-
sult in joining of the silicone oil droplet to the chain of magnetic

particles. This assumption would require a numerical simulation in the
future.

After ultrasonic homogenization, the glass measurement cell
(30 mm x 18 mm x 0.3 mm) was filled with a sample of pre-
emulsion and the copper electrodes were placed on its sides. The elec-
trodes were connected to DC-to-DC high voltage amplifier (UltraVolt
1AA12-P4, Advanced Energy Co.). The electric field intensity was from
200 to 600 V/mm. The process of stable Pickering emulsions formation
in the electric field was monitored using a CMOS camera (UI-3590CP-
C-HQ, IDS) connected to PC. However, because of the poor transparency
of magnetite-stabilized systems, the direct optical observations were
possible only after a dilution of the samples. That is why we did not ob-
serve pre-emulsions. To facilitate the dynamics of electrocoalescence
(due to lower viscosity of both emulsion phases), the temperature
within the sample was maintained as ~50 °C. The appearance of emul-
sions, i.e. the systems that underwent the electro-coalescence, is pre-
sented in Fig. 2.

Based on the presented images, droplet size distributions were cal-
culated. For emulsions with nMPs mean diameter, <D> = 47.38 um,
standard deviation, o= 19.56 pm, for these stabilized with OA-MPs
<D> = 79.97 um, standard deviation, o= 31.12 um, and for systems
with uMPs (<D> = 85.93 um, standard deviation, 0= 20.41 um. The
small difference in size between droplets coated by OA-MPs and
BMPs stems probably from the significantly weaker attachment of
OA-MPs particles to the oil-oil interface. Even though, in general,
using smaller particles should lead to smaller droplets, small particles
coated by oleic acid led to the formation of quite large droplets. Also,
droplets stabilized with OA-MPs seemed to tend to agglomeration, al-
though oleic acid is used to prevent agglomerations of particles. It
should be noted that surface modification altered properties of the par-
ticles, including colloidal electric charge. Additionally, the surfactant
layer changes the wettability of particles, and, as a result, OA-MPs pos-
sibly penetrate less the inner phase of the emulsion (silicone oil drop-
lets). It means that a bigger surface area is exposed to direct contact
with other particle surfaces what makes the chain-like structures
stronger.
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Fig. 2. Emulsions stabilized with different types of magnetic particles: (a) magnetic nanoparticles, nMPs, (b) magnetic microparticles, uMPs, and (c) prepared magnetic nanoparticles with
oleic acid coating, OA-MPs. The pictures were taken by optical microscopy imaging after stabilization under the electric field and a proper dilution. The initial magnetic particles - silicone
oil mass ratio was 1:4 and the concentration of silicone oil in relation to castor oil was 10% w/w. The scale bars represent 250 um.

2.5. Magnetic characterization of the samples of pre- and final emulsions

The magnetization curves for pre-emulsions and emulsions after an
application of the electric field were measured at T = 298 K using the
same vibrating sample magnetometer (VSM) as in Section 2.3. The sam-
ples varied with the type of magnetite particles used. The magnetic par-
ticles - silicone oil mass ratio was 1:4 and the concentration of silicone
oil in relation to castor oil was 10% w/w. The results are presented in
Fig. 3.

The magnetization occurred to be different for different types of par-
ticles what corresponds well to the results in Fig. 1. For the systems with
smallest particles (OA-MPs) practically zero hysteresis can be observed.
However, the differences are also clear between samples with pre-
emulsions and emulsions stabilized under the electric field. For OA-
MPs, this difference is the most significant that can arise from the fact
that in OA-MPs the ‘pure’ mechanism of magnetic relaxation exists.
This mechanism can be influenced by the attachment of particles into
the interface more strongly than for nMPs, where also magnetic hyster-
esis can play a role. Hysteresis should not be dependent on the potential
inhibition of oscillations of a particle in the alternating magnetic field.

2.6. Calorimetric measurements in the alternating magnetic field

To measure the calorimetric effect of the application of the alternat-
ing magnetic field in magnetite-stabilized emulsions we used a com-
mercially available induction heating system (EASYHEAT, Ambrell
Co.). In our experiments, the frequency of the field was 356 kHz and
the intensity was from 5.2 kA/m to 16.2 kA/m. We used a temperature
sensor system (FLUOTEMP, Photon Control Inc.) with an optic fiber tem-
perature probe, model FTP-NY2, to measure how the temperature in
sample cell increased in time of 30 s as a result of magnetic energy dis-
sipation. The optical fiber was placed centrally in the sample cell that
was located in the water-cooled induction coil and thermally insulated.
Therefore, one can assume that temperature rise from the coil was neg-
ligible. The schematic illustration of the experiment is presented in
Fig. 4.

3. Results and discussion

3.1. Magnetic heating measurements of Pickering emulsions stabilized with
MPs of different sizes

The effect of different-size magnetite particles on the heating effi-
ciency of Pickering emulsions was evaluated by preparing a series of
samples in which continuous phase and dispersed phase with magne-
tite particles of different MPs fractions were used. The results are pre-
sented in Fig. 5 and Fig. 6.

In Figs. 5 and 6 there are depicted significant differences in heating
for coarse and final emulsions, i.e. for emulsions prepared only by
using ultrasound versus emulsions additionally placed in the electric
field. For all of measurements, the systems exposed to the electric
field prior to the magnetic field exhibited weaker heating efficiency;
the temperature increase for emulsions are lower than for pre-
emulsions.

Besides, one can see that in the pre-emulsions and emulsions stabi-
lized with bigger particles (WMPs) the temperature increase was higher
comparing to the emulsions stabilized with smaller magnetic particles
(nMPs). Also, the amount of magnetic particles influenced heating effi-
ciency. In both Figs. 5 and 6, for each measurement, the maximum tem-
perature elevation within the sample was achieved for the highest
magnetic particles to silicone oil mass ratios that correspond to the
amount of particles used to stabilize silicone droplets. In the same
way, the higher concentration of silicone oil (inner phase) in relation
to castor oil (outer phase of the emulsion) caused the higher tempera-
ture increase during the measurements. In the systems with high con-
centration of silicone oil, more droplets covered by magnetic particles
resided in the sample and acted as sources of heat.

We also tested systems stabilized with magnetite nanoparticles
functionalized additionally with oleic acid (OA-MPs) to compare them
with emulsions and pre-emulsions stabilized with particles without
coating. We measured the temperature increase within 30 s under the
alternating magnetic field for one, chosen magnetic particles to silicone
oil mass ratio, 1:4, and three different concentrations of silicone oil in re-
lation to outer phase (castor oil). The results are presented in Fig. 7.
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Fig. 3. (a) Magnetization curves of pre-emulsions and emulsions with different magnetic
particles. The measurements were performed for the temperature of 298 K. (b) Hysteresis
loops established for the samples in the low magnetic field.

As for magnetic particles without any modification, the heating effi-
ciency was dependent on the concentration of silicone oil in relation to
the outer phase of the emulsion (castor oil) in the tested system. More
dense emulsions contained more magnetic material what means that
there were more sources of the heat. What is more important, for those
smaller particles, coated with oleic acid, the influence of additional stabi-
lization of the emulsion under the electric field was also proven. For each
concentration of silicone oil, the temperature increased faster and more
dynamic for pre-emulsions comparing to stable ones. It is worth pointing
out that the final temperature elevations presented in Fig. 7 were consid-
erably lower than for emulsions and pre-emulsions stabilized with other
particles (i.e. nMPs and pMPs). It was mainly because of smaller size of a
magnetic core in OA-MPs. However, the particle coating alone can be re-
sponsible for worse heating performance because the additional layer
around particle can increase relaxation time and, therefore, lower the ef-
ficiency of magnetic energy loss in nanoparticles [29]. On the other hand,
the studies show that additional coating can be helpful in enhancing
heating efficiency [30]. It should be noted that in literature the influence
of particle coating on the heating rate in magnetic heating was rather
not evaluated for Pickering emulsions.
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For comparing different types of stabilizers, the results from calori-
metric measurements for 1:4 magnetic particles to silicone oil (MPs:
S0) mass ratio were resumed in Table 1. This presents maximum tem-
perature increase in pre-emulsions and emulsions after 30 s in the alter-
nating magnetic field (AMF).

According to results presented above, one can see that the tempera-
ture increase within the sample depended on the stability of particle
shell around emulsion droplets and the size of magnetic particles used
as stabilizers. We want now to elucidate and discuss the reasons for
such results.

There are a number of scientific papers that have commented on
magnetic particle size as a factor influencing the efficiency of magnetic
heating, mostly regarding the magnetic fluids. As it was mentioned in
Introduction section, it is well-established that in small magnetite parti-
cles the magnetic relaxation is responsible for heating under the alter-
nating magnetic field. Both Néel and Brown relaxation times depend
on a size of magnetic particles (magnetic or hydrodynamic) that causes
that the magnetic energy loss is also sensitive to the differences in size
of magnetic particles. The results from Fig. 5 were taken for non-
modified magnetite particles with sizes of 50-100 nm (nMPs) that
should be regarded mostly as single-domain particles [16]. From those
results, one can also see that in pre-emulsions and emulsions stabilized
with nMPs the temperature elevation is higher for the increasing con-
centration of the samples.

The model presented by Rosensweig [15] explains the influence of
relaxation mechanisms on heating efficiency of magnetic particles
(see, Eq. (1)). However, this model is limited to non-interacting parti-
cles. The real magnetic colloids are in general concentrated and the pos-
sibility of interactions between particles must be taken into account
when determining heating efficiency for those systems[31]. To evaluate
the impact of interactions on the heating efficiency, magnetic fluids
with different concentrations were studied. But, it is difficult to draw
definite conclusions because of aforementioned dependence of relaxa-
tion times on size of particles. In general, for systems where Brown re-
laxation was dominating a higher concentration led to an increase in
heating efficiency. The opposite results were shown for smaller particles
[31] (i.e. where Néel mechanisms of relaxation dominated). So, it could
be said that for each sample exists an optimum concentration for
achieving maximum performance of magnetic heating [32]. Lahiri
et al. repeated this suggestion when analyzed heating in magnetic
nano-emulsions [12]. In our experiment, there is a significant increase
in heating efficiency for higher concentrations regardless of a size of
magnetite particles. So, existing in our pre-emulsions and emulsions in-
teractions between particles facilitate magnetic heating, at least for
values of magnetic field frequency we used (356 kHz). It can be related
to the relatively low mass concentration of particles in relation to the
mass of the whole emulsion what is in the range of 0.5-6.1% depending
upon the sample. For higher amount of magnetic material the maxi-
mum would appear provided that magnetic interactions between parti-
cles residing at the droplet interface also are distance-dependent.

Abovementioned facts do not explain the apparent difference in
heating between pre-emulsions and stable emulsions. The same parti-
cles were used with the same concentration for both systems but the
outcome of measurements was clearly different. We propose two po-
tential explanation for this. Firstly, the dominating relaxation mecha-
nism in samples stabilized with OA-MPs and nMPs is Brown
mechanism. It depends on viscosity of the surrounding medium and,
as it was shown, its inhibition drastically deteriorates the heating effi-
ciency in magnetic fluids [33] and in magnetic nano-emulsions as well
[11]. In our case, magnetic nanoparticles resided at the same time in
both viscous media (i.e. partially in the inner and the outer phase of
emulsions) that can lead to their immobilization against the changes
of magnetic field directions. After the stabilization in the electric field,
particles are more densely packed at the interface that, in our opinion,
makes the oscillations of particles harder comparing to the pre-
emulsions. The particles are arranged there in a less compact way.
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Fig. 4. A scheme of the magnetic heating measurements. Measurement cells before (pre-emulsions) and after (emulsions) the stabilization in the electric field were placed in the magnetic
coil. The temperature rise due to the magnetic heating was recorded in the function of time by using optical sensor placed in the middle of the cell.

Secondly and more importantly, there is a significant difference be-
tween pre-emulsions and emulsions when it comes to heat transfer be-
tween the inside and outside Pickering droplets. For stable emulsions,
particle shell around droplet is solid. It may cause very efficient heating
of magnetic particles towards the inside of droplet. Because of solidity of
particle shell, the heat transfer into outer phase of emulsion is impeded
as the very local temperature of the particle shell is much more higher.
Droplets in our system underwent the process of electro-coalescence
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and the change in solidity of particle shell went parallel to an increase
of droplet size. It also could influence the heat transfer as there are
less droplets dispersed in the carrier medium but more silicone oil is
entrapped within the particle shells. It is worth pointing out that in
our calorimetric measurements the thermometer is placed in the
outer phase. What is interesting, for colloidal systems stabilized both
with magnetite and soft particles (polystyrene), such differences be-
tween pre-emulsions and emulsions were not significant [21].
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Fig. 5. Temperature increase vs. time recorded in the samples of pre-emulsions and emulsions stabilized with nMPs placed in the alternating magnetic field for different concentrations of
silicone oil (SO) to castor oil: (a) 5%, (b) 10% and (c) 15%. (d) A summary of the values of temperature elevations after 30 s of measurements for pre-emulsions (P) and emulsions (E) with
different magnetic particles to silicone oil mass ratios. The intensity of magnetic field was 16.2 kA/m.
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Fig. 6. Temperature increase vs. time recorded in the samples of pre-emulsions and emulsions stabilized with pMPs placed in the alternating magnetic field for different concentrations of
silicone oil (SO) to castor oil: (a) 5%, (b) 10% and (c) 15%. (d) A summary of the values of temperature elevations after 30 s of measurements for pre-emulsions (P) and emulsions (E) with
different magnetic particles to silicone oil mass ratios. The intensity of magnetic field was 16.2 kA/m.

The results in Fig. 6 show the same dependence on the concentration
of magnetite particles used in the experiments as in Fig. 5. Also, the dif-
ferences between pre-emulsions and emulsions are clear for bigger
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Fig. 7. Temperature increase vs. time recorded in the samples of pre-emulsions and
emulsions stabilized with functionalized nanoparticles OA-MPs placed in the alternating
magnetic field for different concentrations of silicone oil (SO) to castor oil. Magnetic
nanoparticles - silicone oil mass ratio was constant (1:4) and the intensity of magnetic
field was 16.2 kKA/m.

magnetite particles. It must be noted here, that, due to the size of parti-
cles, the Brown relaxation does not dominate anymore, so this differ-
ence should not be explained with the potential inhibition of Brown
relaxations. The heating efficiency for systems stabilized with uMPs is,
however, much better. It is reflected in significantly higher temperature
increase when comparing the results for the same concentrations of sil-
icone oils and particles in Figs. 5 and 6. The reason is additional magnetic
energy loss in large particles due to the magnetic hysteresis. For the
same magnetic field intensity, magnetic energy loss is higher for the
mechanism of hysteresis (see, Eq. (3)). Hysteresis can occur also in
case of our smaller particles (nMPs) because of polydispersity, but it is
not dominating, so it does not help in better heating performance so
much.

In general, results that one can find in the literature on parameters
responsible for magnetic heating efficiency differs from study to study.
It is because the obtaining results depends on mutual connections

Table 1

Temperature increase after 30 s in the alternating magnetic field for pre-emulsions and
emulsions stabilized with different magnetite particles for magnetic particles - silicone
oil mass ratio 1:4. The intensity of magnetic field was 16.2 kA/m.

Particles AT for 5% SO AT for 10% SO AT for 15% SO

(for 1:4 MPs:SO, 30 sin  [°C] [°C] [°C]

AMF)

OA-MPs Emulsions 297 £ 0.10 6.43 + 047 8.08 + 0.42
Pre-emulsions 1.82 + 0.12 3.39 + 0.27 4.75 + 0.40

nMPs Emulsions 6.16 + 0.74 12.69 + 0.65 16.66 + 1.61
Pre-emulsions 3.80 + 0.09 9.11 + 0.89 14.81 + 1.39

UMPs Emulsions 11.79 + 1.24 2035 £+ 1.20 3250 + 1.79
Pre-emulsions 9.08 + 0.99 15.38 4+ 2.20 25.56 + 2.42
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between properties of magnetic materials and the magnetic field ap-
plied. However, we proved that the increasing concentration regardless
particle sizes leads to better efficiency of magnetic heating for Pickering
emulsions as well as increasing the size of particle. As different mecha-
nisms of heating (i.e. relaxation and hysteresis losses) can contribute to
the efficiency of the process at the same time, in the next paragraph we
evaluate this contribution.

3.2. The effect of magnetic field intensity on heating rate of Pickering
emulsions

As it was stated in Introduction section, the magnetic heating effi-
ciency does not only depend on properties of magnetic materials used
but also on properties of applied magnetic fields. Fig. 8 presents the de-
pendences of specific absorption rate vs. magnetic field intensity mea-
sured in pre-emulsions and emulsions stabilized with different
magnetite particles. Specific absorption rate (SAR) is a measure of
heating efficiency and is commonly used for comparison between dif-
ferent samples in magnetic heating measurements [34]. The most pop-
ular expression for SAR is:

(ol dr

SAR=—"F .=
mmugnen‘te dt

(4)

where ¢, is here a specific heat calculated for the mixture of magnetite,
silicone oil and castor oil, ‘é—{ is the initial temperature rise rate and
Mmagnetite 1S @ Mass of magnetite particles used in given sample. Most
of works present the results of SAR in [W/gmagnerite]. It is not a correct
unit for SAR, however we also expressed our results in such values in

this study.
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The dissipated magnetic power loss under the alternating magnetic
field (P) can be expressed as:

P=A-H" (5)

where H is an amplitude of the alternating magnetic field intensity, nis a
derived parameter and A is a coefficient. Many of authors suggest that
the value of n indicates the dominating mechanism of magnetic energy
dissipation (i.e. n = 2 for Brown and Néel relaxation, n = 3 for hyster-
esis loss), as was reflected also in Egs. (1) and (3). But, the curves fitted
in Fig. 8 do not increase with the power of 2 or 3. It means that our sys-
tems are much more complex than simple magnetic fluids and because
of additional mechanisms influencing the process of magnetic heating
such as interactions between particles, basic assumptions can be com-
promised [35]. A supporting influence of interactions may be reflected
in higher values of n both for nMPs and pMPs.

In Fig. 8, the differences in magnetic heating of pre-emulsions and
emulsions are the more significant, the higher amplitude of magnetic
field is used. For low values of H, both for droplets with stable particle
shell around them and for pre-emulsions, the functions increased in
the same way. This observation relates to nMPs and pMPs, however,
for nMPs the differences in temperature increase rate seem to be the
less significant. At the same time, according to the Eq. (3), the higher in-
tensity of the alternating magnetic field causes the higher contribution
of hysteresis mechanism comparing to relaxation [36]. What is interest-
ing, the heating of pre-emulsions stabilized with OA-MPs is significantly
higher even for very low values of the magnetic field intensity. It can
stem from the fact, that for this nanoparticles the effect of Brown relax-
ation was not restrained in non-completely stable emulsions, while
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Fig. 8. Specific absorption rate (SAR) vs. alternating magnetic field intensity for different magnetite particles used to stabilize emulsions systems: (a) nMPs, (b) uMPs and (c) OA-MPs. The
concentration of silicone oil in relation to castor oil was 10% w/w and magnetite particles to silicone oil mass ratio was 1:4 in each samples. The values for measurement points were fitted
to the function like in Eq. (5).
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after the stabilization in the electric field, the oscillations of particles
were inhibited.

4. Discussion

Our paper aimed to show the influence of the solidity of particle shell
on magnetic heating in the system with particle-stabilized droplets. As
it was shown above, this difference occurred regardless the particle
sizes, concentrations and magnetic field (although, for low intensities
it was merely observed, see Fig. 8). This lack of dependence of mecha-
nism on this key difference is depicted in Fig. 9, where specific absorp-
tion rates were plotted for three types of magnetic particles.

We already showed that the temperature elevation in our samples
was higher when bigger magnetite particles were used. At the same
time, the way the temperature increased for emulsions and pre-
emulsions seems to be similar. It can mean that both for stable and
merely stable emulsions this dependence is fulfilled. However, our sys-
tems are much more complicated than traditional magnetic fluids. Also,
the obtained results differ from those from other papers. The SAR values
for pre-emulsions ranged from 15 W/g to 40 W/g for the maximum set-
tings of our setup (16.2 kA/m). We find comparing pre-emulsions rather
than emulsions with the literature more reasonable since they are more
similar to two-phase systems such las ferrofluids. In works on
ferrofluids, scientists have obtained really diverse SAR values, ranged
from 120 to 750 W/g [37-40], sometimes only 20 W/g [41] or, on the
contrary, even 2000-3000 W/g [42,43]. It must be emphasized here
that results are strongly dependent on parameters used in the study,
mostly magnetite particle size, magnetic field intensity, and a carrier liq-
uid. For other magnetic material, for instance, in case of magnetosomes
used as magnetic material, maximum reported SAR values were about
500 W/g [44,45]. Also, SAR values, although usually presented, are cal-
culated using different formulas.

Some authors have suggested that for samples where particle-
particle interactions are negligible, SAR values (expressed in W/gnagnetite
units) increase linearly with the concentration of magnetic material
used in given dispersion [46]. For our emulsion systems there was no
significant dependence of SAR on mass concentration of magnetite.
However, after averaging the results, the SAR values were significantly
higher for pre-emulsions than for emulsions after electro-coalescence
as is presented in Fig. 9. What is interesting, the most significant differ-
ence is for droplets coated by OA-MPs what seems to correspond very
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Fig. 9. Specific absorption rate values (Eq. (4)) averaged for different mass concentrations
of magnetite (0.5-6.1% depending upon the sample) for different types of particles. The
intensity of magnetic field was 16.2 kA/m.
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well with the observed difference between magnetization for pre-
emulsions and emulsions (see, Fig. 3a).

Describing the heating efficiency of particles attached to the droplets
interface brings new aspects to be taken into account. At the droplet sur-
face, particles are in different spatial arrangement comparing to the par-
ticles dispersed in the fluid. We can term these structures as hollow
clusters. When clusters consisted of small magnetic particles dispersed
in a liquid were studied under the AC magnetic field, the heating effi-
ciency was better for single particles than for clusters [33,47]. The
same is for our results in Fig. 5-7. If we assume that in case of emulsions
after the additional stabilization in the electric field droplets are densely
covered by particles, their affinity to clusters is better that is reflected in
worse heating performance for emulsions comparing to pre-emulsions
stabilized with each kind of magnetic particles. Our droplets covered
by particles can be somehow compared to the systems described in
works of Taketomi et al. [48,49]. In that studies, particles were
entrapped in the micellar structures and interactions between particles
was found to be responsible for a decrease in a residual magnetization of
samples. Such interactions should be stronger for bigger particles, but,
as it was already stated in our paper, interactions do not always facilitate
a generation of heat [50].

As was shown in work of Hu et al. [51], mechanisms in the alternat-
ing magnetic field that occur for small particles (Brown and Néel relax-
ations) can be used not only to induce a temperature rise but also to
accelerate the microstructural evolution on the droplet interfaces be-
cause of stress developing in the thin shells. In our experiments, we
used radio-frequency magnetic field (356 kHz) to induce heating in
the magnetite-stabilized emulsions. However, also lower (or even ex-
tremely lower) frequencies can be used i.e. to alter the permeability of
colloidal capsules shell when consisting magnetic particles [52].

A number of studies provides insight into the properties and struc-
ture of magnetic Pickering emulsions. Some of these emulsions were
formed with sufficient stability by using ultrasonic homogenization
[53-56]. In our experiments, we showed that for O/O emulsions stabi-
lized with magnetite particles, the ultrasonic homogenization is not suf-
ficient for fabricating completely stable emulsions. Although, even
partial coverage of particles may, under certain conditions, lead to kine-
matic stability of droplets [57,58], the difference in coverage influences
also heating efficiency what is important when it comes to potential ap-
plications. What is more, for dense particle layer constituting a shell
around the droplet, the inside of droplet can be heated to the higher
temperature and this temperature can remain increased longer. The
thermal expansion is there more severe and it could cause loosening
the shell and enable a release from the inside. Such concept could be uti-
lized in theranostic applications - parallel imaging, heating and drug re-
lease by using the same carriers. It would be for particles that are not
soft particles. For soft particles mixed with the magnetic ones, the
rigid shell can be formed [21]. For droplets where magnetic particles
are entrapped inside and subsequently placed in the alternating mag-
netic field [12], heating up the droplet from the inside could also change
the thermal expansion of a droplet. But, Brown relaxation cannot be
inhibited because the oscillating movement of particles inside a droplet
is not hindered as it can be for the particles residing the oil-oil interface.
Heating efficiency measured macroscopically could be different com-
paring to the situation when the magnetic particle shell is around the
droplet and it can be significant especially for small particles where re-
laxation phenomena dominate in the process of magnetic heating.

When it comes to potential application in medicine, the important
issue seems to be the size of objects used as heating agents. On the
one hand, the small particles can be easily transferred through the arter-
ies in a body and form more stable colloids [31]. But, also relatively large
magnetic particles could be used because of better heating performance
and, what is more interesting in this context, difficulties with washing
them away the tumor comparing to smaller magnetic particles [35].
Also bigger objects, like droplets covered by magnetic particles with ev-
idenced heating performance are therefore worth being studied.
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Emulsion droplets could be used also e.g. to enhance ultrasound imag-
ing. Additionally, such droplets could be used in double modalities by
coupling at the same time heating and imaging (theranostics) [59]. Con-
sidering the potential application for systems consisting of magnetic
particles must be linked to the discussion on their toxicity. In general,
many studies have shown toxic effects in cells linked to the exposition
to nanomaterials, like DNA damage or oxidative stress with its long-
term consequences [60]. The main reason responsible for them is the
generation of free radicals. When the damage of cancer cells is the aim
of therapy, the toxicity of particles is desirable. However, magnetic par-
ticles used as heating agents should not be additionally toxic, among
others, because hyperthermia is an adjunctive therapy for other medical
procedures, namely radio-, and chemotherapy. Experimental studies
showed that magnetic nanoparticles generate greater toxicity for living
cells when they are not coated by a biocompatible layer [61]. Also, oleic
acid is used as a surfactant for the coating of magnetic particles to
achieve their biocompatibility [62]. The problem with the toxicity of
particles could be more serious for a large amount of magnetic material
used in therapy. Intravenous administration of therapeutic substances is
the primary way to introduce them into a body [63]. However, it was
found that only a small amount of provided substances was captured
in destined tissues [64]. That is why the significant amounts of magnetic
material must be applied to ensure their high enough concentration in
tissues. It could bear the risk of side effects for the whole human body.
The studies on mice on magnetic hyperthermia using ferrofluids show
that an excess of magnetic material accumulates in a liver, spleen and,
what is important in regards to our work, no differences in accumula-
tion of particles were detected comparing experiments without and
with magnetic heating [65].

5. Conclusions

In this study, we reported the differences in heating efficiency be-
tween emulsions with droplets barely and successfully covered by mag-
netite particles placed in AC magnetic field. The temperature elevation
recorded in Pickering emulsions stabilized under the electric field was
lower than for coarse emulsions prepared only during quick ultrasonic
homogenization. These results were observed for a wide range of
inner phase concentrations and for magnetite particles of different
sizes (tens of nanometers, hundreds of nanometers and micrometers).
The proposed explanation is that a dense particle shell around droplets
interfered the heat transfer in such system, i.e. the inside of droplet
enclosed by particles owing to a heating in nano- and microscale
remained the high-temperature zone, but the heat cannot transfer
into the continuous phase of emulsion where the temperature sensor
was placed. It can bring some implications when it comes to potential
magnetic hyperthermia therapy using magnetic Pickering droplets. As
we can see, the stable droplets, despite of their potential in drug delivery
via intravenous therapies, exhibit worse heating performance compar-
ing to colloidal systems more similar to magnetic fluids.
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Abstract: Pickering emulsions (particle-stabilized emulsions) are usually considered because of
their unique properties compared to surfactant-stabilized emulsions including better stability
against emulsion aging. However, the interesting feature of particle-stabilized emulsions could be
revealed during their magnetic heating. When magnetic particles constitute a shell around droplets
and the sample is placed in an alternating magnetic field, a temperature increase appears due to
energy dissipation from magnetic relaxation and hysteresis within magnetic particles. We
hypothesize that the solidity of the magnetic particle shell around droplets can influence the process
of heat transfer from inside the droplet to the surrounding medium. In this way, particle-stabilized
emulsions can be considered as materials with changeable heat transfer. We investigated
macroscopically heating and cooling of oil-in-oil magnetic Pickering emulsions with merely packed
particle layers and these with a stable particle shell. The change in stability of the shell was obtained
here by using the coalescence of droplets under the electric field. The results from calorimetric
measurements show that the presence of a stable particle shell caused a slower temperature decrease
in samples, especially for lower intensities of the magnetic field. The retarded heat transfer from
magnetic Pickering droplets can be utilized in further potential applications where delayed heat
transfer is desirable.

Keywords: Pickering emulsion; particle-stabilized emulsion; magnetic heating; magnetic field;
coalescence; calorimetric measurements

1. Introduction

Emulsions are ubiquitous systems utilized in a very broad range of industrial branches, in
medicine, and in our daily life. In the last decades, emulsions stabilized with surfactants have been
gradually replaced by Pickering emulsions, i.e., emulsions stabilized with particles rather than
surface-active chemicals. Such systems are indicated as more eco-friendly promising materials for
food processing [1,2], industrial applications such as oil recovery [3,4] or protection of wood [5], and
formulation of new pharmaceutics [6,7]. The unique properties of particles used as stabilizers open
new opportunities for practical use, such as a controlled release of cargo encapsulated in droplets
under external stimuli. In this context, magnetic Pickering emulsions are often invoked. The shell
around emulsion droplets consisting of materials susceptible to the magnetic field can result in the
controlled positioning of droplets [8]. The alternating magnetic field can induce relaxation processes
(namely Néel and Brown) or magnetic hysteresis in magnetic particles that lead to losses of magnetic
energy [9]. This energy dissipation is converted into heat, which is a well-known fact utilized, among
others, in magnetic hyperthermia therapies [10,11] and magnetically-induced catalysis to perform
reactions such as CO: methanation [12]. This fact also makes the heating generated in magnetic
Pickering emulsions the potential object of interest.
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In Pickering emulsions, particles adsorb to the droplet surface due to capillary forces. The solid
particle shell formed in such a way prevents coalescence of the droplets and Oswald ripening [13].
However, when magnetic particles are used as stabilizers, their presence alters not only the stability
of emulsion droplets. During the application of the AC magnetic field, every particle is a source of
heat. The fact that they reside in the interface between the droplet and surrounding medium results
in heating both the inside of the droplet and the layer around the droplet. The heat transfer from the
droplet inside might be somehow retarded, especially for the high-temperature increase, because of
solidity of the shell. This can influence the therapeutic effect when Pickering droplets would be used
in magnetic hyperthermia, but it can also open new applications of this material, that is, the material
having a heat transfer latency.

It is well-known that particles can enhance the properties of liquids serving as coolants e.g., in
transformers. Additionally, magnetic particles were used to enrich cooling transformer oils because
they may improve thermal conductivity [14], so the elements of the transformer can be better
protected against over-heating. In the case of Pickering droplets capsulated in a solid magnetic
particle shell, the situation can be opposite as the heat transfer through the emulsion with droplets
coated by magnetic particles and immersed in surrounding liquid is hindered. Potentially, the heat
entrapped within the droplet could be transported and released under external stimuli in the destined
place. To prove the existence of the aforementioned phenomenon, the comparison between emulsion
systems in two different stages, i.e., one with droplets poorly coated with magnetite particles and
another with a reinforced particle shell, was performed. The use of a two-step approach to fabricating
Pickering emulsions by using ultrasound homogenization and an electric field [15] gives us the
unique opportunity to test droplets with varying degrees of coverage by solid particles. As we will
show, this difference also influenced also the process of heat transfer that is reflected in different
cooling rates.

To investigate the process of cooling in a quantitative way the so-called Newton’'s law can be
used [16]. In the case of our study, the temporal temperature measured in the emulsion system after
the alternating magnetic field is turned off can be expressed as [17]:

T(t) = Tour + (To — Tur)exp (_ %)/ (1)

where Ty, refers to the temperature of the medium surrounding the sample, T is the temperature at
the beginning of the cooling process and 7 is a derived parameter, the cooling time constant that can
be considered as a measure of cooling rate. Another approach is also possible. Usually, to evaluate
the heating performance of a given medium, non-adiabatic setups are used. This is because the
measurements using adiabatic systems are time-consuming, expensive, and hard to construct.
However, the measurements under non-adiabatic conditions can be still be considered as reliable.
They are very common but, some reports suggest the strong need of including quantified non-
adiabatic losses into the calculation of the final results [18]. Under the non-adiabatic conditions of
calorimetric measurements commonly represented in scientific papers, the loss of provided external
energy from the sample to the environment starts when the temperature of the sample exceeds the
temperature of the surrounding medium. This loss is due to three main mechanisms, i.e., thermal
conduction, convection, and radiation. Because the effect of those mechanisms is dependent on the
temperature gradient inside the sample to varying degrees, the non-linear relation between the
temperature T and power loss can be expressed as [18,19]:

dT(t)

LT

where c, is the specific heat of the sample, P is the power provided in the process of heating, and the
parameters L, B, C, and R are coefficients in a fourth-order polynomial. The order of the polynomial
is motivated by the mechanism of thermal radiation that depends on the fourth power of temperature

difference and certainly occurs. According to [18,19], for small differences between the temperature
of the surrounding medium and the temperature of the sample, it should be possible to simplify the

= P + LAT + BAT? + CAT® + RAT* (2)

abovementioned expression to the linear relation.
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In this work, we performed the calorimetric measurements under non-adiabatic conditions on
two types of magnetic emulsion systems: the first system formed by using ultrasonic homogenization
with poor particle coating around the droplets and the second system formed by ultrasonic
homogenization and subsequent electro-coalescence that resulted in much better coverage of the
droplets. The measurements provided evidence showing that a difference in the solidity of magnetic
particle shells around emulsion droplets influenced not only heating but also cooling rates.

2. Materials and Methods

2.1. Particles and Oils

Three types of magnetic particles (MPs) were utilized in our experiments as stabilizers in
magnetite-stabilized emulsions: magnetic microparticles with declared sizes of <5 um (uMPs)
purchased from Sigma-Aldrich, magnetic nanoparticles with sizes of 50-100 nm (nMPs) purchased
from Sigma-Aldrich and magnetic nanoparticles with sizes of 10 nm (OA-MPs) synthesized in the
process of co-precipitation and additionally functionalized with oleic acid as a surfactant as described
in [20]. We prepared oil-in-oil emulsions where castor oil (MERLIN, MA 220-1) was the continuous
phase and silicone oil (Rhodorsil oils 47 V 50) was the dispersed phase. The basic characteristics of
the materials used are presented in Table 1.

Table 1. List of physical parameters of materials used in the experiments. The values were given for
room temperature. If not otherwise stated, the values were taken from data sheets.

Castor Oil _ Silicone Oil Magnetite Particles
Dynamic viscosity [mPa-s] 700 50 -
Thermal conductivity [W/m-K] 0.18 0.15 5.0 [21]
- 1
Specific heat [J/kgK] 1800 1460 950 (OA-MPs, caleulated 1)

650 (pristine MPs, [22])
63.67 (OA-MPs, measured, [20])
Magnetization saturation [emu/g] - - 89.46 (nNMPs, measured, [20])
85.06 (LMPs, measured, [20])

! In the case of magnetic particles functionalized with oleic acid (OA-MPs), we assumed that the oleic

coating accounts for 20% of the mass of magnetic material. The weighted value of specific heat was
calculated as in [22].

2.2. Ultrasound and the Electric Field in the Formation of Magnetic Pre-emulsions and Emulsions

The process of formation of the colloidal systems tested in this experiment was done based on a
two-step procedure involving ultrasonic homogenization and coalescence in an electric field first
developed in [15]. Briefly, an ultrasonic homogenizer (Sonoplus HD 300, Bandelin, Berlin, Germany,
working frequency of 18 kHz) was used for the sonication of samples with a fixed concentration of
substrates, i.e., 10% w/w of silicone oil and 2.3% w/w of magnetite particles. The sonication time was
60 s or 120 s for systems with non-functionalized particles and particles with oleic acid coating,
respectively. The acoustic intensity was estimated as 17 W/cm?2. As shown in our previous articles
[15,23], for oil-in-0il emulsions ultrasonic homogenization resulted in the formation of small droplets
barely coated by particles that we consistently called the pre-emulsion. An electric field was utilized
to stabilize these droplets via consecutive events of coalescence. As a result, after 20 min under the
electric field of 200-600 V/mm the coverage of droplets by particles increased significantly to the level
that prevented their further coalescence. The results from SEM (scanning electron microscopy
imaging) for particles used as stabilizers are presented in Figure 1. The examples of stable Pickering
droplets taken by optical microscopy were also included as inset pictures.
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Figure 1. Scanning electron microscopy data for (a) OA-MPs, (b) nMPs, and (c) uMPs. The inset
images present examples of emulsion droplets coated by these particles after stabilization in an
electric field.

The process of Pickering emulsion formation under the electric field is governed by the so-called
limited coalescence regime [15]. The final droplet size depends on the size of particles and their
concentration in relation to the dispersed phase. As we mentioned above, the concentrations of both
silicone oil and particles were fixed. This means that the size of fully covered Pickering droplets
should be related to the size of magnetic particles used as stabilizers. This is not fulfilled in the case
of emulsions with small particles functionalized with oleic acid (OA-MPs), which is caused by the
presence of a surfactant layer.

2.3. Idea of the Experiment

The heat generation under the AC magnetic field is due to the relaxation and hysteresis losses
occurring in magnetic particles and is influenced by several factors such as particle size, intensity of
the magnetic field used, viscosity of the hosting medium. In our previous work [20], we showed that
also a specific arrangement of particles at the oil-oil interfaces may change the heating performance
of emulsions. This change in our experiments is caused by electro-coalescence of emulsion droplets.
As the total surface of the dispersed phase decreases when droplets merge, the coverage of droplets
increases. This difference can also change the heat transfer after magnetic heating. The postulated
differences between pre-emulsions and emulsions that influence the process of heat transfer are
illustrated in Figure 2. They may lead to the differences in results from calorimetric measurements
when not only the temperature increased but also the cooling down is studied.

pre-emulsion emulsion

i weancsoa Q000

B5Fo

TIME

AMF OFF |

eased heat transfer’ prolonged heat transfar
to surrounding medium  to surrounding medium

Figure 2. A schematic illustration of the idea of experiments. Different colors relate to different
temperatures within the magnetic particle shell and outside this. When the alternating magnetic field
(AMF) is on, the red lines represent heat generated by particle excitation both toward inside and
outside the droplet. When the AMF is switched off, the red arrows represent heat transfer from the
particle shell to the surrounding medium. For a solid particle shell, the heat transfer might be
retarded, and in the emulsion the higher temperature is maintained longer.
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In Figure 2, when the AC magnetic field (AMF) is on, the temperature around the droplets is
different for the emulsion system with non-solid and more solid particle shells around droplets [20].
In both cases, the heat generated in magnetic particles is transferred into the droplet inside and from
the droplet’s surface, as shown schematically with red lines of various lengths. After turning off the
magnetic field, the macroscopic temperature in the medium decreases, but in different way due to
the varying difficulty of heat transfer from the inside of droplets to the surrounding medium for the
droplets in pre-emulsions and emulsions. This hypothesis is explained in the next paragraphs.

2.4. Calorimetric Measurements under an AC Magnetic Field

To evaluate the heating and cooling rates when magnetic emulsion systems were exposed to the
alternating magnetic field, a compact induction heating system (EASYHEAT, Ambrell Co., Rochester,
NY, USA) was used. The sample cell, filled with either pre-emulsion or emulsion, was placed inside
the container with distilled water. The temperature of the water was maintained at 20 °C using an
external thermostat. This allowed us to provide constant experimental conditions for all of the
measurements regardless of the room temperature. The induction coil was immersed in water, and
the sample cell was located in the middle of the coil. The temperature change during magnetic
heating was measured by a temperature sensor system (FLUOROTEMP, Photon Control, Burnaby,
BC, Canada) equipped with an optic fiber probe (FTP-NY2, ) and placed centrally in the cuvette. A
single measurement lasted 600 s. The scheme of the setup for calorimetric measurements is presented
in Figure 3.

OPTICAL

|
THERMOMETER |
PC A
INDUCTION | -
HEATING | Mow in EXTERNAL
SYSTEM |« | THERMOSTAT (20°C)
| | Mow cut

| inTERNAL COIL |

| THERMOSTAT (20°C)|

container
with distilled water

Figure 3. The scheme of the experimental setup for calorimetric measurements of magnetite-stabilized
emulsions under an AC magnetic field. The measurement cell filled with either pre-emulsion or
emulsion was placed in the induction coil. The induction coil was immersed in the thermostated
container with distilled water where the temperature of 20 °C was maintained by an external
thermostat. Additionally, the induction was water-cooled to efficiently diminish the effect of heating
of the coil.

3. Results

3.1. Temperature Increase and Decrease in Pre-Emulsions and Stable Emulsions under an AC Magnetic
Field

In our experiments, we were able to regulate the dynamics of magnetic heating and to
investigate its influence on the process of subsequent cooling. The dynamics were affected by the
type of magnetic particles and the intensity of the magnetic field, i.e., the size of particles influences
the heating efficiency owing to the increasing effect of hysteresis losses on the overall heat generation.
The increased temperature elevation when bigger particles were stabilizers occurred both for merely
stable and stable emulsion systems. To show the results to be independent of the dynamics of heating,
we conducted another experiment (scenario A) where the time of heating was 30 s. There were no
limits in maximum temperature. The different dynamics of heating are in turn clear when comparing
the time in which the final temperature was reached. In this experimental scenario (scenario B), the
final temperature realizable in the sample was fixed at 25 °C. Above this temperature, the heating
system turned off automatically.
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The comparison between the two scenarios is presented in Figure 4. The one type of magnetic
particles—OA-MPs, nanoparticles coated by oleic acid —was chosen as a stabilizer.

(b) 26

——OAMPs, pre-emulsion, 16.2 kA/m
25 - ——— OA-MPs, pre-emulsion, 10.7 kA/m N il Y Nl S
—— OAMPs, emulsion, 16.2 kA/m
———OAMPs, emulsion, 10.7 kA/m 2

T[°C]

23 F

T[°C]

22

21+
———OA-MPs, pre-emulsion, 16.2 kKA/m
——— OA-MPs, pre-emulsion, 10.7 kA/m
20 ———OA-MPs, emulsion, 16.2 kA/m 4
== O0A-MPs, %mu\s\on‘ 10.7 kA/m X

N
)
I
I
I
I
! L L
030 200 400 600 0 200 400 600

t[s] t[s]

Figure 4. The temperature versus time for measurements under the AC magnetic field of the
amplitude of 10.7 and 16.2 kA/m for pre-emulsions and stable emulsions stabilized with OA-MPs for
the situation (a) when the induction heating system was turned off automatically after 30 s and (b)
when the induction heating system was turned off automatically when the temperature was above 25
°C. The curves represent the process of heating and the subsequent cooling down process due to the
constant temperature in the thermostated container (20 °C) after turning off the magnetic field. The
mass concentration of silicone oil in relation to castor oil and the concentration of magnetite were the
same for each of samples (10% and 2.3%, respectively). The results had uncertainty values of 1-5%
that were not presented in the graph for better clarity.

As one can see, the temperature evolution in time differed for various magnetic field intensity
values and the level of particle shell solidity (pre-emulsions vs. emulsions). In Figure 4a, the highest
temperature increase after 30 s of heating was obtained for pre-emulsions under the magnetic field
with an intensity of 16.2 kA/m. The fact that pre-emulsions exhibit better heating performance than
emulsions was observed and discussed in our previous work [20]. For particles with a small magnetic
core such as OA-MPs, the potential reason can be the inhibition of Brown relaxation when residing
at the droplet interface. A lower intensity of the magnetic field (10.7 kA/m) led to a significantly
smaller temperature increase. When the temperature was limited, the most dynamic temperature
increase was achieved for pre-emulsions heated under the AC magnetic field with an intensity of 16.2
kA/m. For lower magnetic field intensity, the temperature elevation was significantly slower.

Interestingly, the temperature in samples decreased not always with the same dynamics, despite
the same temperature being maintained in the thermostated container where the induction coil with
samples was immersed (20 °C) and the same temperature was reached in the samples (25 °C). From
Figure 4 it is clear that the chosen scenario not only influenced the temperature increase but also the
way the sample is cooled down. In the next paragraph, we will take a closer look at only the process
of cooling for systems stabilized with different magnetic particles.

3.2. Cooling Process for Constant Time of Magnetic Heating

In the first experimental scenario (scenario A), the magnetic field was switched off after 30 s.
Figure 5 presents the temporal evolution of the temperature after the AC magnetic field was off (panel
I) and the temperature change rate (dT/dt) plotted as a function of the temperature change between
the maximum temperature Tmax reached during the heating process and the temperature observed
for the time after magnetic heating. The analysis of the cooling rate was performed not only
qualitatively but also quantitatively. In our case, the use of Newton’s law (see Equation (1)) for fitting
the experimental results of temperature decrease was not satisfactory. The coefficient of
determination, R? was in the order of 0.5-0.6, which is clear evidence of a poor agreement between
Newton’s equation and the way our system cools down. This is why we utilized the analysis
proposed in works of Wildeboer and Lahiri and their co-workers [18,19] based on the Equation (2) to
analytically describe the differences in cooling rates between samples.
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Figure 5. (I) The temperature versus time during cooling down after heating and (II) the temperature
change rate versus temperature difference after magnetic heating for pre- and emulsions stabilized
with (a) OA-MPs, (b) nMPs, and (c) uMPs particles for measurements under the AC magnetic field of
an amplitude of 10.7 and 16.2 kA/m. The experimental points representing dT/dt (recorded every
second) were fitted to polynomial from Equation (2) whose trending lines were added. The mass
concentration of silicone oil in relation to castor oil and the concentration of magnetite were the same
for each of samples (10% and 2.3%, respectively), and the operating time of the AC magnetic field was
30 s. The results had uncertainty values of 1-5% that were not presented in the graph for better clarity.

The results from Figure 5 show the differences in the cooling dynamics when various particles
and intensities of the magnetic field were used. The absolute temperature difference after 600 s of
measurement is most significant for the systems stabilized with uMPs and higher magnetic field
intensity. The temperature change during cooling down is simply dependent on the heating
efficiency of a given sample. For samples where the temperature increased more during magnetic
heating, the temperature maintains at a higher level after the AC magnetic field is off. That is why
the curves representing pre-emulsions with uMPs (Figure 5c) and higher magnetic field intensities
are in general higher than others. At the same time, there are also subtle differences between pre-
emulsions and emulsions for each sample, i.e., the temperature after dynamic decrease maintains
higher values for pre-emulsions than for emulsions. This is the other evidence of the difference in
heating efficiency resulting from the change in particle coverage of the droplets.
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The results from Figure 5 (panel II) reflect the cooling dynamics and show that is highest just
after the magnetic field is turned off. The temperature decreases, so the derivative dT/dt is negative,
and we obtained the lowest values of dT/dt for temperatures nearest the maximum temperature
recorded in the sample, i.e., the smallest values of Tmax — T. The experimental points were successfully
fitted to Equation 2 (R? = 0.99), which indicates that thermal conduction, convection, and radiation
occurred together during the process of cooling our systems for a wide range of temperature increase.
As we mentioned, fitting the curves showing temperature decrease vs. time to Equation (1) was not
satisfactory, which possibly indicates the strong influence of convection and radiation on the process
of cooling in our experiments [24]. Although the differences in the temperature between the
surrounding medium (20 °C) and the sample did not exceed a few degrees Celsius, in the case of our
emulsion systems, the linear approximation of the results did not bring a desired agreement.

3.3. Cooling Process for Constant Maximum Temperature

Much more interesting to understand is how the presence of a stable particle shell around the
droplets in Pickering emulsions influences the way heat is transferred is the situation when the
samples reach the same fixed temperature (25 °C) in each measurement, as is the case for the
experimental scenario B. In this case, the potential differences in cooling between samples cannot be
caused simply by the different temperature increase during magnetic heating. The results of the
temperature evolution in time after the AC magnetic field was off (panel I) and the calculated values
of dT/dt as a function of the temperature change (panel II) are presented in Figure 6.
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Figure 6. (I) The temperature versus time during cooling down after heating and (II) the temperature
change rate versus temperature difference after magnetic heating for pre- and emulsions stabilized
with (a) OA-MPs, (b) nMPs, and (c) uMPs particles for measurements under the AC magnetic field of
an amplitude of 10.7 and 16.2 kA/m. The experimental points representing dT/dt (recorded every
second) were fitted to polynomial from Equation (2) whose trending lines were added. The mass
concentration of silicone oil in relation to castor oil and the concentration of magnetite were the same
for each of samples (10% and 2.3%, respectively) and the time when the AC magnetic field was turned
on was when the temperature in the sample exceeded 25 °C. The results had uncertainty values
of 1-5% that were not presented in the graph for better clarity.

Figure 6 shows the reversion in temperature decrease (panel I) for intensities of the magnetic
field compared to Figure 5. The samples placed in the magnetic field of lower intensity (10.7 kA/m)
needed significantly more time to reach the temperature of 25 °C than samples heated in the AC
magnetic field of higher intensity. This difference influenced the way the samples cooled down. As
presented, this process is much slower for lower intensities, especially when OA-MPs and nMPs were
stabilizers.

One can also see that the process of cooling was evidently less dynamic for emulsions compared
to pre-emulsions regardless of the particles used as stabilizers and the intensity of the AC magnetic
field. Our explanation is that the heat transfer is indeed retarded for emulsions where droplets are
coated by a complete particle shell that influences the temperature measured in the whole sample.
The effect of particle coating seems to be less significant for uMPs (Figure 6¢), which can be explained
by a much higher heating dynamics and the subsequent effective process of transferring heat from
the particle shell into the surrounding medium. The abovementioned differences are also reflected in
the results of the temperature change rate versus temperature difference (Figure 6, panel II). It is
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significant that the temperature change rate takes lower values for pre-emulsions than for emulsions.
The dynamics of how these values of the experimental points change are also different for various
samples.

4. Discussion

As we presented above, the process of cooling after magnetic heating in emulsions strongly
depended on the factors affecting the heating, i.e., the magnitude of the magnetic field applied, the
size of particles, and the time of application of the magnetic field. Therefore, it is possible to adjust
parameters such as particle size so that the energy can be stored inside the Pickering droplets for a
while. The measured temperature decrease in systems with droplets with stable particle coating can
be, under certain conditions, slower compared to a situation where droplets are coated by particles
to a less extent. Then, the energy transfer is sustained. From the results (Figure 6), for this purpose it
would be better to use the particles with lower heating efficiency.

When the magnetic field is turned off, particles are no longer the sources of heat. Nonetheless,
the maximum temperature measured for scenario A exceeded the limit of 25 °C, especially for
emulsions stabilized with uMPs (see, the temperature for 0 s in Figure 6c, panel I). This could stem
from the fact that energy is entrapped inside the droplet for a while and heat transfer is halted to
some extent. It is worth noting that we did not observe this effect in ferrofluids, although the sources
of heat and the experimental equipment were the same. For magnetic particles suspended in either
castor or silicone oil, the temperature did not exceed that limit, which can be somehow more evidence
for the ‘energy capsulation” occurring in armored droplets. Potentially, the heat entrapped within
the droplet could be transported and released under external stimuli in the destined place.

In our paper, we considered macroscopic consequences of nano- and micro-heating from
magnetic particles. Nevertheless, the local temperature increase should be high enough to cause a
significant temperature increase in the surrounding medium. Additionally, although recent reports
suggested that it is not certain [25,26], our results confirm that the particles influence the heating and
cooling processes when assessing them in micro- and/or nano-scale.

5. Conclusions

In this work, we evaluated the process of cooling in emulsion systems stabilized with magnetic
particles. The way our samples cooled down depended strongly on the intensity of the AC magnetic
field used for heating, on the size of magnetic particles and also on the solidity of the particle shell
around Pickering droplets. The emulsions with droplets coated to a higher extent by magnetic
particles have already been reported to exhibit weaker heating performance [20]. However, as shown
in this work, they also cooled down slower compared to emulsions with poorly coated droplets. It
was especially clear when the comparison between different samples was performed for the same
maximum temperature. The results can be the evidence that emulsions with stable magnetic
Pickering droplets are good candidates as materials with sustained heat transfer. This could be
another application of oil-in-oil emulsions that have numerous advantages but are still understudied
[27].
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Magnetic heating of colloidal systems is becoming a more and more common route for inducing temperature rise,
especially in applications where very local temperature elevation is desired. Although the calorimetric properties
of magnetic colloids are extensively investigated, the influence of the alternating magnetic field on their
structure has rarely been reported. Meanwhile, potential permanent structural changes such as the formation of
agglomerates can affect the stability of magnetic dispersions or magnetic Pickering emulsions. In the present
work, we propose to use ultrasound as a technique to determine if such changes occur during magnetic heating.

Oil-in-oil emulsions with magnetite particle shells around the droplets and oil-based magnetic fluids were
exposed to alternating magnetic fields, and the changes in ultrasonic attenuation and the speed of ultrasound
were determined. Finally, changes in acoustic properties were investigated in dispersions of magnetic and
polystyrene particles after heating to the melting temperature of the soft particles.

1. Introduction

The generation of heat in colloidal systems under alternating current
(AC) magnetic fields has emerged as a research topic of interest in recent
decades. Different materials have been suggested for use in magnetic
heating, including magnetic fluids, i.e., dispersions of magnetic particles
in oils or water, and magnetic emulsions, although the latter has been
remarkably less investigated. At present, the heating efficiency of
magnetic fluids is of particular oncological interest because it is an
essential factor in the magnetic hyperthermia procedure [1,2]. Emul-
sions whose droplets contain magnetic particles have also been reported
in this context [3-5]. Despite interest in magnetic fluids and emulsions,
there remain key uncertainties in the behavior of magnetic Pickering
emulsions that can be investigated.

In Pickering emulsions, particles attach to the droplet interface
through capillary forces [6,7]. The particle and liquid phases of the
emulsion can be matched such that their properties allow wetting of the
particles by both phases, resulting in exquisite stability [8]. It is believed
that, in contrast to the surfactants widely used in emulsion stabilization,
the attachment of particles can be irreversible as long as a contact angle
is not close to the limiting value [9]. The free-energy change associated
with the transfer of a particle from the continuous phase to the liquid-
liquid interface depends on the size of the particle, the three-phase
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contact angle, and the interfacial tension; it reaches its maximum
value for a particle wetted to an intermediate extent by both phases
[10]. The presence of magnetic particles at the droplet interface offers
new opportunities such as droplet positioning [11], control of the
emulsion stability under an external static magnetic field, and/or mag-
netic heating [11-13]; further, it allows the relatively straightforward
re-use of particles through the application of external magnetic fields
[14]. Biocompatible magnetic cellulose particles were shown to be
efficient in targeting drug release and magnetic hyperthermia therapy
for colon cancer [15], and magnetic particles adsorbed to double Pick-
ering droplets can serve as microreactors with controllable motion [16].

Regardless of whether the magnetic particles are dispersed in a liquid
medium or are attached to the droplet interface, under an AC magnetic
field, they act as sources of heat due to the dissipation of magnetic en-
ergy into Néel and Brown relaxation processes, or into the magnetic
hysteresis when particle size exceeds the limit for of single-domain
particles [17]. Brown relaxation can be inhibited when particle move-
ment is locked, e.g., in a very viscous medium or gel network. For this
reason, testing magnetic heating in tissue-mimicking media is important
[18]. As we have shown in our previous works [19,20], the attachment
to the droplet interface can influence the heating performance of mag-
netic particles, i.e., heating and cooling efficiency were lower for
droplets with dense particle shells. The temperature increase under an
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AC magnetic field also varied with magnetic material concentrations
and magnetic field intensity. Although a temperature rise of 5-8 °C
above the temperature of a human body is sufficient for hyperthermia
therapy [21], significantly higher temperatures are needed for applica-
tions such as inducing thermal ablation of tissues. For adequately high
concentration of magnetic particles on droplet interfaces, it is possible to
utilize the temperature elevation above the glass transition temperature
of soft polystyrene or polyethylene particles allowing sintering to occur.
AC magnetic fields have been used to solidify particle shells around
droplets, thus fabricating colloidal capsules from Pickering-emulsions
precursors [22].

During the process of magnetic heating, various calorimetric mea-
surement methods are used, the most popular of which is optical ther-
mometry [23]. To monitor the temperature in tissues during medical
procedures, more sophisticated techniques have been developed such as
magnetic resonance imaging [24], magnetomotive optical coherence
elastography [25], and methods combining magnetomotive and ultra-
sound imaging [26]. However, a substantial question remains as to
whether the application of the alternating magnetic field induces only
temperature elevation or if it is accompanied by the possible changes in
the structure of the magnetic colloids, especially with regard to mag-
netic Pickering emulsions. This potential unintended consequence of
magnetic heating seemed not to be of scientific interest until now. The
generally efficient and robust approach for evaluating samples using
optical microscopy imaging must be considered deprecated here due to
the non-transparent nature of most magnetic colloids, i.e., the frequently
used iron oxide (magnetite or maghemite) particles are black-colored,
significantly limiting the possibility of direct optical evaluation. The
solution may be the use of ultrasound techniques.

The main advantage of using low-intensity ultrasonic waves is their
ability to penetrate a tested system without damaging its structure, and
they are used in numerous industrial applications such as the identifi-
cation of defects in materials [27,28] or measurement of their thickness
[29,30]. Colloidal systems, including magnetic fluids [31], are also
frequently characterized by ultrasound since tested samples do not need
to be prepared in a particular, refined way as with methods based on
light scattering, neutron scattering, and others in which the samples
have to be diluted before the measurements [32]. Specific acoustic pa-
rameters such as the attenuation coefficient and speed of ultrasound (i.
e., sound velocity) provide information about the properties of the
medium.

When a tested medium is homogenous, the ultrasonic waves propa-
gate with the speed dependent on compressibility and density. Viscosity,
in turn, mainly controls the absorption of ultrasonic waves by the me-
dium according to well-known Stokes-Kirchhoff formula [33]. These
parameters decrease with decreasing temperature. The presence of in-
homogeneities (scatterers) in a medium, e.g., the emulsion droplets or
particles, or both (as in the case of Pickering emulsions), alters the
average properties of the medium and causes the discontinuities in
properties across phase boundaries. These contrasts in properties such as
compressibility, thermal properties, and density [34] contribute to
additional attenuation of ultrasonic waves. The cyclic pulsation of par-
ticles and droplets due to differences in compression and expansion, in
response to propagating acoustic waves, can cause the additional sound
radiation that dissipates the energy of the propagating ultrasound. On
the other hand, the temperature change caused by local heating and
cooling of scattering objects as ultrasound propagates through the
sample can be different due to different thermal conductivities and
expansion coefficients. This leads to cyclic heat flow. Finally, so-called
visco-inertial effects can occur when particle/droplet motion relative
to the continuous phase is induced. The different types of colloidal
systems feature different responses, e.g., in emulsions without particle
shells the effect of differences in thermal properties is the most signifi-
cant [35]. These responses have been described by theories that consider
the abovementioned relationships and allow the calculation of attenu-
ation coefficients and the speed of ultrasound in emulsions, dispersions,
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and capsulated emulsions, as a function of frequency, particle size, and
particle concentration [36-38].

Despite great interest in the characterization of colloidal systems by
ultrasound, to the best of our knowledge, there have been no results
concerning the monitoring of structural changes during magnetic heat-
ing. Only a few studies have shown the possibility of using ultrasonic
spectroscopy to describe the properties of non-magnetic Pickering
emulsions [39,40]. In our past work, we show that ultrasound can be
used to assess the long-term stability of magnetic oil/water Pickering
emulsions formed using magnetic fluids [41]. Ultrasound was also used
in studies of structural changes in magnetic fluids under DC magnetic
fields [42,43]. However, it has not been used to show structural changes
after dynamic processes, of which heating under the AC magnetic field is
one example. In this paper, we use the measurements of the speed of
ultrasound and ultrasonic attenuation coefficient as tools for monitoring
changes in the properties of Pickering emulsions exposed to magnetic
heating. We compare the results for magnetic Pickering emulsions with
those for magnetic dispersions and magnetite-soft particle dispersions,
in which particles are partially sintered due to high-temperature
heating.

2. Materials and methods
2.1. Characterization of oils and particles

In this experimental work, we mainly prepared the emulsions of oil-
in-oil, stabilized with magnetite particles, with various mass ratios be-
tween magnetic particles and silicone oil. Castor oil (MA 220-1,
MERLIN, Spain) was used as a continuous phase in which silicone oil
(Rhodosil Oils 47V 50, VWR Chemicals, USA) were dispersed. The
emulsions were stabilized by magnetic nanoparticles in the powder form
(Sigma-Aldrich Co., USA) without any coating. To show the comparison
between magnetic fluids and magnetic Pickering emulsions, we per-
formed experiments on dispersions of magnetite particles in castor oil
using the above-mentioned substrates. Dispersions of both magnetite
and soft particles in castor oil were also prepared. For this, polystyrene
particles (Dynoseeds, TS10 6317, Microbeads AS, Norway) were used.
The scanning electron microscopy (SEM) images and calculated particle
size distributions for solid particles are shown in Fig. 1. For magnetic
particles, a magnetization curve is also presented.

2.2. Preparation of the samples

Magnetic Pickering emulsions were efficiently prepared by applying
ultrasound and electric fields, as was described in our prior work [44]. In
short, magnetite- emulsions were prepared by adding magnetic parti-
cles, silicone oil, and castor oil into a quartz cuvette (17.5 mm x 20 mm
x 32 mm) and mixing them via an ultrasonic homogenizer (Sonoplus HD
300, Bandelin, Berlin, Germany). The sample cell was sonicated for
three minutes with an ultrasonic probe (KE 76) with a diameter of 12
mm. The acoustic intensity was ~ 17 W cm ™2 and the working frequency
was 18 kHz. In previous work [44], we showed that a short ultrasonic
homogenization alone did not result in the fabrication of stable Pick-
ering droplets. For this reason, we used a DC electric field to ensure the
efficient formation of dense particle shells around the oil droplets.

The system of emulsion preparation under an electric field consisted
of the power supply (DF 1730SL, NDN Co., Warsaw, Poland), signal
generator (RSDG 800, Siglent Technologies Co., Cohran Rd Solon, OH,
USA), and high voltage amplifier (UltraVolt 1AA12-P4, Advanced En-
ergy Inc., Fort Collins, CO, USA), which were connected to two copper
electrodes placed inside the cuvette. The Pickering emulsions, stabilized
with particles, were achieved after 20 min. The fabrication process was
monitored using a CMOS camera (UI-3590CP-C-HQ, IDS). Fig. 2 pre-
sents the appearance of the magnetic Pickering emulsion after prepa-
ration using ultrasound and an electric field.

Fig. 2 shows that optical monitoring, especially the evaluation of



R. Bielas et al.

Measurement 178 (2021) 109431

(b) _
£ 2 = L
()
Q
g
S 10
O
0= —
36 46
10 (d) A
5 _ i 1
= _
(&)
<
25
3
(&)
o
NE
100 — — ——
(e)
/.__.-.—.—I—l—-—l—l—-
o
80 - g .
|
— |
D 60 ‘ -
2
e
2,
s 40 i
20 .
O " 1 " 1 1 " 1 " 1
0 10 20 30 40 50

H [kOe]

Fig. 1. Characterization of particles used as stabilizers: (a) scanning electron microscopy (SEM) images and (b) calculated particle size distribution for polystyrene
(PS) microparticles; (c) SEM images and (d) calculated particle size distribution for magnetite nanoparticles; (e) magnetization curve from vibrating sample

magnetometer (VSM) measurements [19].

particles forming shells around the droplets, cannot be accurate without
dilution. After dilution, agglomerates of particles and droplets are
visible. However, under the higher magnification (Fig. 2d), it is clear
that these agglomerates consist of Pickering droplets coated by particles
with evaluated mean sizes of roughly 7-11 pym. It must be stressed that
the dilution of the system can create a false image of the actual magnetic
emulsion structure. The situation is similar during, for instance, electron
microscopy imaging. To obtain SEM or transmission electron micro-
scopy (TEM) images with good quality, multiple dilutions of the sample
must be performed.

The samples of dispersions of magnetite particles in castor oil and
dispersions of mixed magnetic and soft particles in castor oil were pre-
pared in the same quartz glass cuvette by ultrasonic homogenization for
three minutes.

2.3. Experimental setup

In our experiments, we used an alternating magnetic field (AMF)
heating system and ultrasonic system combined to monitor changes in
acoustic parameters of magnetic colloids after magnetic heating. The
schematic illustration of the system is presented in Fig. 3.

To make the temperature inside the sample equivalent to the room
temperature for all of the experiments, a thermostated bath (PolyScience
Co., Niles, IL, USA) was used. The sample magnetic colloid was placed in
the induction coil of the heating system (EASYHEAT, Ambrell Co.,
Rochester, NY, USA), which has an alternating magnetic field intensity
of 16.2 kA m ! and frequency of 360 kHz. The magnetic field produced
an increase in the temperature of the sample. The change in temperature
was measured by a sensor with an FTP-NY2 optical fiber probe and 1-
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Fig. 3. A scheme of the experimental setup for following the magnetic heating
of Pickering emulsions. A sample cell with the emulsion after electro-
coalescence was placed in the magnetic coil of the alternating magnetic field
(AMF) system. An ultrasonic measurement system with a transducer connected
to OPBOX device and an optical thermometer followed the changes in the
colloidal system.

second resolution (FLUOROTEMP, Photon Control, Burnaby, BC, Can-
ada). Both magnetic heating system and temperature sensor were driven
by PC software. To obtain the change of temperature as a function of
time for each experiment, the starting temperature was subtracted from
the temperature measured in a given moment. The heating system
turned off automatically when the maximum temperature was exceeded.

The ultrasonic system consisted of a single piezoelectric transducer
(OPTEL Co., Wroctaw, Poland) with a centre frequency of 2.5 MHz and a
diameter of 13 mm driven by an ultrasonic testing device OPBOX 2.1
(OPTEL Co., Wroctaw, Poland) connected to a PC. A unipolar spike pulse
(with an amplitude of 360 V, fall time 20 ns, and pulse repetition fre-
quency 0.9 kHz) was used to generate the ultrasound. The system pre-
sented in Fig. 3 was operated in pulse-echo mode, i.e., the ultrasonic
wave was generated by the transducer and after traveling through the
sample cell and subsequent reflection by its bottom was detected again
by the transducer and recorded with a sampling frequency 100 MHz. To
prevent the influence of the heating of the transducer’s metal chassis
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Fig. 2. Optical microscopy image for the emul-
sions (10% silicone oil, 1:2 magnetite : silicone oil
mass ratio) after 20 min of an electric field
applied with an intensity of 600 V mm™: (a) the
images without sample dilution, (b) the images
after a dilution of the sample in castor oil with
original and (c) higher magnification. The images
with extreme magnification (d) show single
Pickering droplets (arrows). All images were
taken using quartz cuvette smaller than for other
measurements (30 mm x 18 mm x 1.3 mm).

when exposed to the AC magnetic field, the ultrasonic signal was
recorded before the AC magnetic field was turned on, and then the
transducer was placed away of the sample cell and induction coil. A
constant distance of 10 mm between the bottom of the sample cell and
the transducer was maintained when measuring, which means that the
acoustic path was 20 mm.

During the experiments, we investigated how acoustic parameters
differ during the process of magnetic heating and cooling. The software
recorded at every second the amplitude of the acoustic signal after
traveling through the sample and its travel time (time of flight).
Therefore, two acoustic parameters, i.e., the change in the attenuation
coefficient (Aa) and change in the speed of ultrasound (Ac) were
determined in relation to the value recorded before the start of heating
and cooling. The probable reflection loss did not affect the results as the
associated error was constant for each experiment, and its influence was
subtracted. The change in the attenuation coefficient was calculated
using the formula:

20 Ay

Aa = glOgmA_"

(€)]
where 2d = 20 mm relates to the acoustic path for a signal, A, is an
amplitude of ultrasonic signal observed before the process of magnetic
heating for starting temperature, and A, is the amplitude of the ultra-
sonic signal after magnetic heating, recorded every second.
The change in speed of ultrasound was calculated based on the
following expression:

Ac=cy—c, 2

where coand ¢, can be expressed as: 2d/t, and 2d/t,, respectively.
The times t, and t,refer to the time it takes for the acoustic signal to come
back to the transducer after traveling through the sample, (measured
before the process of magnetic heating, for the starting temperature) and
the time measured every second after the initiation of magnetic heating.

Each experiment was repeated at least three times and the mean
values of changes in temperature, attenuation coefficient, and speed of
ultrasound along with standard deviation values (error bars) are pre-
sented in the sections to follow. Fig. 4 presents example pulses before
and after magnetic heating, showing how changes in attenuation
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Fig. 4. The example ultrasound signals recorded (a) before magnetic heating and (b) during the cooling process after magnetic heating for magnetic dispersions. The
values of amplitudes and time of flight are indicated.

coefficient and the speed of ultrasound were calculated using measured means that our measurements were non-destructive.
ultrasonic signals after their return to the transducer.
It should be noted that our ultrasonic transducer emitted signals with
small amplitudes and high frequencies that combined with high vis-
cosity of a medium precluded the possibility of acoustic cavitation. This
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Fig. 5. (a) The temperature change for a magnetite dispersion in castor oil exposed to an AC magnetic field. (b) The change in ultrasonic attenuation coefficient and
(c) speed of ultrasound observed after an magnetic field was turned off. Samples differed in the mass of dispersed magnetic particles.
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3. Results and discussion

3.1. Calorimetric and ultrasonic measurements of castor oil-based
magnetic fluids

We first investigated the potential changes in ultrasonic properties of
magnetic fluids occurring due to heating by an alternating magnetic
field and subsequent cooling back to the starting temperature. Fig. 5
presents changes in temperature, ultrasonic attenuation, and speed of
ultrasound during magnetic heating and subsequent cooling for different
concentrations of magnetite particles. For all samples, the magnetic field
was turned off after the temperature in the sample exceeded 45 °C. Fig. 6
shows the results for the same mass of magnetic particles, but for
different heating durations, i.e., the magnetic field was turned off after
the temperature in the sample exceeded 25, 35, and 45 °C, respectively.

Over time, the results of temperature evolution show different
heating rates for different amounts of magnetic particles (Fig. 5). The
most dynamic heating was for the highest concentration of magnetite.
Due to the gradient between the room temperature and the current
temperature of the sample, the temperature started decreasing after the
AC magnetic field is turned off. In the beginning, the cooling process was
fast, but then it slowed down. Such slight changes in the temperature for
the latter phase of cooling did not influence acoustic properties.

Because of the high temperature that can be induced in a metal
chassis of the transducer when exposed to the AC magnetic field, the
values of acoustic parameters during heating were somehow recon-
structed (dotted lines in Fig. 5-Fig. 8). To reduce heating of transducer
chassis, we removed the transducer from the sample cell during the

(a)
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times when the AC magnetic field was on. The transducer was immersed
in the sample cell again after the AC magnetic field was turned off.
Owing to high intensities of magnetic fields, the high temperature in-
crease induced in the metal chassis of the transducer could certainly
affect the temperature rise observed in the tested sample. Thus, ultra-
sound was not used to follow the whole process of heating, but mea-
surements were performed for starting and maximum temperature, and
for the whole process of cooling down. Ultrasonic attenuation coefficient
and speed of ultrasound measured in this way differed significantly from
the starting values due to significant temperature change, and this was
clear for both for different concentrations of particles (Fig. 5) and
different temperatures when magnetic heating was turned off (Fig. 6). In
Fig. 5, one can observe that for a higher concentration of magnetite
particles the temperature reached the limiting value (45 °C) faster than
for samples with lower concentration. Ultrasound data also provided
this distinction, e.g., the difference in attenuation coefficient was around
1.6 dB/cm and in the speed of ultrasound was around 50 m/s between
samples with 400 mg and 100 mg of magnetite particles (Fig. 5b,c). The
effect of heating on acoustic parameters was evident for the constant
magnetite concentration experiment. For instance, the maximum dif-
ference in attenuation coefficient between samples heated to 25 °C and
45 °C was around 4 dB/cm (Fig. 6b) and in the speed of ultrasound was
around 110 m/s (Fig. 6¢). The ultrasound technique was therefore
sensitive to changes in the temperature of the sample. From a theoretical
point of view, both attenuation coefficient and speed of ultrasound are
dependent on the temperature because of the relation between tem-
perature, viscosity, and density, which explains the differences between
samples in Fig. 6. When the impact of temperature change on properties

30
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— 10 45°C
~
5
0 R .
0 500 1000 1500 2000 2500
t[s]
(b)
'g' ——
o .
B ——25°C
5, ——35°C
S ——45°C
~
-8 b . L . L . L . L .
0 500 1000 1500 2000 2500

t[s]

1000

1500 2000 2500

t[s]

Fig. 6. (a) The temperature change for a magnetite dispersion in castor oil exposed to an AC magnetic field. (b) The change of ultrasonic attenuation coefficient and
(c) speed of ultrasound observed after a magnetic field was turned off. The mass of magnetic particles was 400 mg, but the duration of application of the AC magnetic
field was different.
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of magnetic fluids has been investigated in the literature, the attenuation
coefficient decreased as the viscosity of the carrier fluid increased at
higher temperatures [31]. Others have shown similar dependence [45],
but additionally, the measured change in acoustic properties during the
process of non-magnetic heating of the magnetic fluid was higher than
expected based on the decrease of viscosity and density. The formation
of structures of magnetic particles in magnetic fluids under the influence
of static magnetic fields was indicated as a possible explanation.

Interestingly, for our study the amount of magnetic particles did not
affect the dependence of the acoustic properties of the magnetic fluid on
the temperature, such as the limiting temperature, i.e., the curves cor-
responding to different magnetic particle concentrations in Fig. 5 are
close each other, especially for the attenuation data. Although, the ab-
solute values of attenuation coefficient and speed of ultrasound surely
varied from sample to sample because of the presence of additional
scatterers, the relative coefficient did not necessarily vary.

While the temperature of the sample returned to the starting tem-
perature, the acoustic parameters presented in Figs. 5 and 6 returned to
these measured before magnetic heating. This indicates that no perma-
nent changes occurred in the structure of the castor oil-based magnetic
fluid as a consequence of magnetic heating. This would generally be
challenging to demonstrate using optical microscopy because of the
limitations for optically opaque systems and by other techniques such as
TEM, SEM, or dynamic light scattering (DLS) because of sample prepa-
ration. Our experiments demonstrate the sensitivity of ultrasonic waves
for monitoring the two-phase system, especially for constant concen-
trations of magnetite particles with different final magnetic heating
temperatures. The results for the three-phase systems (Pickering emul-
sions) are presented in the next section.
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3.2. Calorimetric and ultrasonic measurements of magnetic Pickering
emulsions

As the main goal of the study was to investigate the potential changes
in acoustic properties of magnetic Pickering droplets when exposed to
AC magnetic fields, after the preparation of an emulsion using ultra-
sound and electric fields, we performed the same experiment as for
magnetite particles dispersed in castor oil. The temporal evolution of the
temperature and ultrasonic parameters during and after magnetic
heating for different amounts of magnetic particles used as stabilizers is
presented in Fig. 7. Fig. 8 shows the results for different temperatures
when the magnetic field was turned off.

As one can see, the results from Figs. 7 and 8 are comparable to those
obtained for magnetic fluids. Most importantly, the acoustic parameters
returned to their value measured before magnetic heating along with
cooling, which indicates the absence of permanent structural changes
occurring under the AC magnetic field. In emulsions, coalescence of
droplets can occur under the magnetic field, analogically to electro-
coalescence. However, the change in droplet size would influence the
acoustic parameters [35], and at the end of measurements, the values
would not be close to those at the beginning of the experiment.

For Pickering emulsions, the lack of differences for samples with
various amounts of particles (Fig. 7) is more apparent than for magnetic
dispersions. When looking at changes in the speed of ultrasound change,
the data corresponding to different amounts of magnetite particles in the
emulsion samples overlapped especially well. However, when the sam-
ples with the same amount of magnetic material were heated up to
different temperatures (Fig. 8), the changes in attenuation coefficient
and speed of ultrasound exhibited differences for 25 °C and 45 °C around
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Fig. 7. (a) The temperature change for magnetite-stabilized emulsions exposed to an AC magnetic field. (b) The change of ultrasonic attenuation coefficient and (c)
speed of ultrasound observed after magnetic field was turned off. Samples differed in the mass of dispersed magnetic particles.
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Fig. 8. (a) The temperature change for magnetite-stabilized emulsions exposed to AC magnetic field. (b) The change of ultrasonic attenuation coefficient and (c)
speed of ultrasound observed after magnetic field was turned off. The mass of magnetic particles was 100 mg, but the duration of application of the AC magnetic field

was different.

3 dB/cm and 140 m/s, respectively. We should note that the amount of
silicone oil was the same for each experiment (1:10). The presence of
additional phases (inner phase, silicone oil) led to more significant de-
viations in the speed of ultrasound compared to magnetic fluids; the
change in attenuation coefficient between starting temperature and
maximum temperature was however smaller for emulsions than for
dispersions.

Different concentrations of magnetite were used to form magnetic
fluids and stabilize silicone oil droplets, and this affected the heating
rate, i.e., the same temperature was achieved faster when more mag-
netic particles were in the samples. However, the presence of the third
phase did not influence the structures of the colloidal systems and the
change in structures under the magnetic field. Despite the fact that, for
higher concentrations of magnetic particles, there are undoubtedly
stronger dipole-dipole interactions, the “relaxation of particles” when
the magnetic field was turned off was not reflected in ultrasonic mea-
surements. This observation supports the efficiency of our method of
using ultrasound and electric fields to form stable Pickering emulsions.
Even after applying the AC magnetic field and exposing it to higher
temperatures, the emulsion was still as stable as when formed, according
to the acoustic measurements.

3.3. The changes in properties of sintered soft particles dispersed in castor
oil

The above results provided evidence that the AC magnetic field did
not cause permanent structural changes in magnetic fluids and magnetic
Pickering emulsions as their ultrasonic properties did not change after

magnetic heating and cooling to the starting temperature. To show that
ultrasound is sensitive to such structural changes when they do occur,
we exposed the mixture of magnetic and polystyrene particles dispersed
in castor oil to magnetic heating. The appearance of such dispersion is
presented in Fig. 9.

Because of the high content of magnetite particles in the dispersion
and the long duration of magnetic field application, the temperature in
the sample was high enough to induce sintering of soft particles. After
cooling down, this resulted in changes in polystyrene particle size that
are evident when comparing particle size in Figs. 1¢ and 9c. The AC
magnetic heating also caused the formation of bigger structures con-
sisting of both magnetite and polystyrene, as shown in Fig. 9d. The
changes in the structure were permanent in this case, as shown by ul-
trasound measurements: in Fig. 10, the change of attenuation coefficient
and speed of ultrasound before and after magnetic heating of magnetite-
polystyrene dispersion is presented. The sample was consecutively
cooled down, so both values are for the same temperature.

The ultrasound technique was efficient to show the change in
structure caused by high temperature. The fusion of polystyrene parti-
cles and the formation of larger structures presented in Fig. 9 can be
considered a kind of coalescence; it influenced the size distribution of
scatterers in the medium, which led to a change in acoustic parameters
after the sample had cooled down. The difference in attenuation coef-
ficient is twice that of the magnetic emulsions and magnetic fluids after
cooling down. The difference in speed of ultrasound is much smaller, but
still more evident than for other colloids investigated in this work.

In this work, we analyzed the ultrasonic signals in the time domain to
the investigate acoustic properties of magnetic colloids over time.
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Fig. 9. Optical microscopy image of polystyrene-magnetite dispersions in castor oil: (a) before magnetic heating, (b) after 2 min of magnetic heating with H = 16.2
kA/m. The arrows indicate polystyrene particles. (c) An example of partially fused polystyrene particles and (d) is massive magnetite-polystyrene agglomerate
formed under extremely high temperatures. All images were taken after the dilution of the system.
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Fig. 10. The change in attenuation coefficient (black) and speed of ultrasound
(red) for polystyrene-magnetite dispersions in castor oil (a) before magnetic
heating and (b) after 2 min of magnetic heating with H = 16.2 kA-m~! and
subsequent cooling to the room temperature. The samples consisted of 3500 mg
of castor oil, 350 mg of polystyrene particles and 250 mg of magnetite particles.
The schematic macroscopic appearance of colloidal systems before and after
heating is also presented.

However, it is possible to use frequency analysis as a supplementary
method of monitoring colloidal systems [46]. When the ultrasonic
transducers generate the signals with a large enough broad-band fre-
quency range, not only signal amplitude and time of flight carry infor-
mation (see Fig. 4), but also the frequency, i.e., the frequency-dependent
attenuation coefficient can be also affected by changes in the tested
medium as well as the speed of ultrasound. It could be especially

interesting for the comparison of the colloidal system’s properties in two
stages, e.g., before and after sintering as in Fig. 10. In the case of ul-
trasonic pulses used to plot Fig. 10, frequency analysis did not reveal
significant changes either in the attenuation coefficient or speed of ul-
trasound (see, Supplementary Materials, Fig. S1). Nonetheless, such
analysis combined with theoretical descriptions such as Epstein-Carhart-
Allegra-Hawley’s (ECAH) theory can allow determination of the size
distribution of particles or droplets [47] when ultrasonic signals are
broad-band. This procedure is, however, complicated by the need for
exact parameters of the medium such as thermal expansion coefficient
or speed of ultrasound in each of the substrates.

Some groups have reported using ultrasound measurements of the
speed of ultrasound and the change in compressibility of a whole mag-
netic fluid to determine the formation of larger structures such as clus-
ters [48]. Assuming that the change in compressibility can be evidence
of structural change of the emulsion, Preetz et al. showed that absolute
values of speed of sound increased when the rigid shells around emul-
sion droplets were formed in the process of encapsulation [49]. Simi-
larly, the efficient fabrication of capsules from Pickering droplets due to
magnetic heating could be indicated by the difference in acoustic pa-
rameters since our results showed the suitability of the ultrasound
technique for showing changes occurring under the AC magnetic field.

Ultrasound is here shown as a tool to reveal structural changes
during the dynamic process of magnetic heating. However, ultrasound is
more and more often used to follow temperature changes [50] due to the
correlation between ultrasound velocity and temperature of the me-
dium, although rarely for magnetic heating [51]. Ultrasound has po-
tential to follow temperature deviations under magnetic heating.
Fig. 11 presents the change in the speed of ultrasound in the function of
temperature in the sample for pure oils, magnetic fluids, and magnetic
emulsions. The results for magnetic fluids and emulsions were obtained
in the experiment of magnetic heating.

There was no significant difference between pure oils and magnetic
colloidal systems regarding the dependence of the speed of ultrasound



R. Bielas et al.

20
0 I ?
20 |
40 |
E L
E 60|
S} L
~
-80 |
100 I B Magnetic fluid
- B ® Pickering emuslion
r A Pure silicone oil
-120 v Pure castor oil
-140 I 1 1 1 |
0 5 10 15 20
AT [°C]

Fig. 11. The change in speed of ultrasound versus temperature increase in the
sample. For magnetic fluids and emulsions, the same mass of magnetite parti-
cles was used (100 mg). The change in speed of sound is the difference between
the value obtained for room temperature and that obtained for temperature
measured inside the sample. For pure oils, the temperature increase was
induced by a thermostated bath.

on the temperature. However, the addition of magnetic particles (and
silicone droplets for Pickering emulsions) seemed to be more important
for more significant temperature deviations. A linear dependence of the
change of speed of ultrasound versus a change of temperature is well-
documented for pure oils and magnetic fluids [50,52]. It could be use-
ful for monitoring the temperature in the samples during magnetic
heating along with following the potential structural changes.

The difference in ultrasonic attenuation between magnetic suspen-
sions and emulsions indicates that the latter can be more useful for ul-
trasonic hyperthermia applications, i.e., when the absorption of acoustic
energy is transformed into heat. The presence of solid magnetic particles
at the droplet interface could be useful for simultaneously enhancing
acoustic contrast in ultrasonic imaging in what is a potential dual
theranostic application.

4. Conclusion

In this paper, we propose simple ultrasonic measurements for eval-
uating potential changes in the structure of magnetic colloids exposed to
AC magnetic fields. The results were different for emulsions stabilised
solely with magnetite nanoparticles and dispersions of mixed magnetic
and soft particles. The changes of ultrasonic parameters were correlated
with temperature changes. The heating and cooling rate depended on
the concentrations of magnetic particles and magnetic heating time;
irrespective of these, the ultrasonic parameters returned to the starting
values along with the temperature. We also showed the efficiency of
using ultrasonic measurements to monitor magnetite-soft particle dis-
persions in which particles are partially sintered under high tempera-
tures. In comparison to results obtained after cooling down magnetic
fluids and magnetic Pickering emulsions, a difference in acoustic pa-
rameters after magnetic heating and subsequent cooling was revealed.
This demonstrates that ultrasound was sensitive to the structural
changes such as the change in the size of soft particles due to their fusion
or the formation of larger structures consisting of sintered polystyrene
and magnetite particles, as we showed by microscopy imaging.

The presented results from ultrasonic measurements show that AC
magnetic fields can be used for heating colloidal systems in applications
where the stability during and after heating must be maintained. It is
particularly important for magnetic Pickering emulsions that are
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candidates for heating carriers in thermal therapies or facilitated
catalysis.
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1. The analysis of ultrasonic signals in frequency domain

When an ultrasonic signal is received on the transducer after propagation through the
medium, its time waveform, i.e. the amplitude versus time graph, is recorded. It provides the
information on the change of the amplitude of ultrasonic pulse and the time in which pulse
travelled in the sample cell. This leads to the determination of attenuation coefficient and
speed of ultrasound (ultrasound velocity) as was presented in Fig. 4. However, it is possible to
express the recorded signal also in the frequency domain using analysis based on Fourier
transformation.

Let us assume that the ultrasonic signal in the time domain is p(t) and its Fourier transform
calculated via Fast Fourier Transform (FFT) algorithm is expressed as F(f). As the results of
Fourier transformation are within the set of complex numbers, it is possible to obtain the
module (|F(f)|) and the argument (@) of F(f) to find the amplitude spectrum and the phase
spectrum of the signal p(t) respectively. To calculate the attenuation coefficient, a(f), and the
speed of ultrasound, ¢(f), one can use the following formula [1, 2]:

_ 20 IR ()
_ 2nf-2d
() = srmcoror (51.2)

In the equations, 2d relates to the acoustic path of signal and n is an integer associated with
the ambiguity of the phase shift. The indices (1) and (2) denote the spectra obtained for tested
medium and pure water, respectively. By using the so-called reference method [2], the
calculation of absolute value of attenuation coefficient and speed of ultrasound was possible
without obtaining data for different positions of the ultrasonic transducer. Instead of this, we
used the pulse recorded in distilled water as the reference signal, pz(t) with its FFT expressed
as Fy(f) for the same distance between the transducer and reflecting surface
(for the comparison, see Section 2.3).

It is worth noting that Eq. S1 is similar to Eq. 1 while the expression for the speed of ultrasound
(Eg. 2) is much less complicated compared to Eq. S2. The calculation of phase velocity in the
frequency domain demands determining not only the time of flight over the given distance
but also the phase shift between two signals what is generally challenging due to ambiguity of
phase expressed in radians.



2. The ultrasonic parameters in function of frequency for sintered soft particles dispersed in
magnetic fluid

Using the pulses recorded in the dispersion of soft polystyrene particles (Dynoseeds, TS10 6317,
Microbeads AS, Norway, ~40 um in size) and magnetic particles (Sigma-Aldrich Co., USA, ~150 nm
in size) in castor oil (see, Fig. 10), the frequency analysis resulted in the attenuation coefficient
and phase velocity spectra presented in Fig. S1. In comparison to the data presented in time
domain (Fig. 10), we had to use here the reference method to determine ultrasonic spectra.
Hence, two different curves are corresponding to the situation before and after magnetic heating.
Both of them were obtained by taking a pulse observed in the dispersion (p1(t)) and pure water
(p2(t)) into the Eqgs. $S1-S2.
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Fig. S1 The attenuation coefficient (a) and phase velocity (b) in the function of frequency for the signals
recorded before and after magnetic heating of the dispersion of magnetic particles, polystyrene
particles and castor oil. The time of application of the alternating magnetic field (16.2 kA-m?) was 2
minutes. The sample was cooled back to the room temperature, thus both measurements were
performed in the same temperature.



As one can see, both attenuation coefficient and phase velocity of ultrasound expressed in the
function of frequency was different before and after magnetic heating, similarly to the results
in Fig. 10. However, the frequency range for the results presented above is narrow. It is due
to the transducer we used for this experiment that did not generate wide-band frequency
signals. The analysis in frequency domain can be supplementary in the monitoring of dynamic
processes in colloidal systems. For wide-band transducers it is possible to observe
characteristic maxima and minima in the spectra that can lead to e.g. the determination of the
size of scatterers [3].
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ARTICLE INFO ABSTRACT

Pickering emulsions (particle-stabilized emulsions) have been widely explored due to their potential applica-
tions, one of which is using them as precursors for the formation of colloidal capsules that could be utilized in,
among others, the pharmacy and food industries. Here, we present a novel approach to fabricating such colloidal
capsules by using heating in the alternating magnetic field. When exposed to the alternating magnetic field,
magnetic particles, owing to the hysteresis and/or relaxation losses, become sources of nano- and micro-heating
that can significantly increase the temperature of the colloidal system. This temperature rise was evaluated in
oil-in-oil Pickering emulsions stabilized by both magnetite and polystyrene particles. When a sample reached
high enough temperature, particle fusion caused by glass transition of polystyrene was observed on surfaces of
colloidal droplets. Oil droplets covered with shells of fused polystyrene particles were proved to be less sus-
ceptible to external stress, which can be evidence of the successful formation of capsules from Pickering
emulsion droplets as templates.

Keywords:

Magnetic heating
Pickering emulsions
Colloidal capsules
Specific absorption rate
Magnetic particles
Alternating magnetic field

1. Introduction

Colloidal capsules have become the emerging class of structures due
to their applications, mainly in the pharmaceutical industry [1], where
they may provide great possibilities for controlled release of capsulated
species [2,3]. There are several routes for fabricating colloidal capsules
from particle-stabilized emulsions (Pickering emulsions), including the
use of polyelectrolyte complexation on the particle layers [4], gel
trapping [5], polymerization [6] or sintering [7]. The last one leads to
the formation of the capsule shell, as particles on the droplet surfaces
are fused under high temperature. An important factor here is the glass
transition temperature (T,). Above this value particles can fuse without
being completely melted [8]. Other factors, such as time of sintering
and particle concentration, should also be taken into account [9]. In
this paper, we propose the potential new technique of production of
colloidal capsules from oil-in-oil Pickering emulsions by using magnetic
particles in the alternating magnetic field.

Magnetic nano- and microparticles have long been known as
heating agents. When immersed in a medium, the heat from these
sources is then dissipated into their immediate surroundings [10]. The
generation of thermal energy by particles placed in the alternating
magnetic field is based on energy dissipation owing to three main
mechanisms: hysteresis, Néel, and Brownian relaxation, and induction

* Corresponding author.
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of eddy currents. The last one is, in principle, negligible for small ob-
jects such as nano- or microparticles of very low electrical conductivity
[11]. Energy dissipation due to hysteresis losses occurs for magnetic
particles of sizes above the critical value [12]. Magnetic energy is dis-
sipated into heat by movement of the magnetic domain walls, and heat
losses are proportional to the third power of the magnetic field’s am-
plitude [13]. Energy dissipation is also related to two independent re-
laxation mechanisms: Brown and Néel. In Brownian relaxation rotation
of a spontaneous magnetization vector causes rotation of the whole
particle. This rotation is being resisted by the surrounding medium due
to its viscosity and therefore relaxation occurs. In this mechanism re-
laxation time 73 depends on the hydrodynamic volume of a magnetic
particle V}, shear viscosity of the medium 7, and temperature T

_ 3V
T kT (€))

B
In Néel mechanism relaxation time 7y can be expressed as:

v = T exp(ﬂ)
N O T )
where 1, =~ 107° s and KV refers to the energy barrier that the magnetic
moment must overcome to reverse its direction within the particle. The
most typical situation is when both relaxation mechanisms and
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hysteresis losses arise at the same time. However, the size of the par-
ticles determines the dominating mechanism [12,13].

Magnetic heating has been commonly associated with the applica-
tion in magnetic particles-mediated hyperthermia that is a promising
modality to help cancer treatment [14]. However, this temperature rise
can also be used in other applications. For instance, magnetic heating
can help in fragmentation of cancer cells and destroying them directly
[15]. Temperature elevation may also enable reversible emulsion de-
stabilization, as in the work of Kaiser et al., where polystyrene-mag-
netite particles were used to stabilize emulsions [16]. Using the oscil-
lating magnetic field to affect the organization of so-called endoskeletal
droplets was also recently demonstrated [17]. Nano-heating, i.e. a
phenomenon allowing for heat to be delivered up to 100 nm away from
magnetic nanoparticle surface, were used in chemical procedures like in
flow reactors [18,19] or catalysis [20,21]. In the latter case, induction
heating by nanoparticles is currently a subject of increasing scientific
interest [22].

Various types of particles, e.g. silver [23], gold [24], silica [25],
polystyrene [26] or clay [27] can be utilized for fabrication of colloidal
capsules. Magnetic particles were also used for that purpose [28,29].
These attempts are of great importance, since the external magnetic
field is believed to be one of the methods to trigger a cargo release from
capsules [30]. In the literature, one can find some examples of the use
of different particles together to stabilize emulsions [16,31] and to form
colloidosomes [32]. In our work, we used polystyrene microparticles
along with magnetite particles that acted as heat sources. We primarily
investigated how the presence of magnetic material affects the tem-
perature rise in particle-stabilized emulsions (Pickering emulsions)
placed in the alternating magnetic field. Then, we performed experi-
ments for single droplets with a polystyrene-magnetite coating exposing
them to the magnetic field which resulted in a temperature elevation.
As we will show, magnetic field-induced heating can provide a new
potential method of fabricating colloidal capsules from Pickering dro-
plets. It is a novel contribution to the investigation of heating effect in
particle-stabilized emulsions. What is also important, there is a lack of
reports on usage of oil-in-oil emulsions for production of colloidal
capsules [33].

2. Materials and Methods
2.1. Materials

To form oil-in-0il Pickering emulsions we used silicone oil
(Rhodorsil oils 47 V 50, a viscosity of 50 mPas) for the dispersed phase
and castor oil (MERLIN, MA 220-1, a viscosity of 700 mPas) for the
continuous phase. As stabilizers we used polystyrene particles (PSPs,
Dynoseeds, TS10 6317, Microbeads AS) with average size ~10 um and
two types of magnetite particles in the form of powder (MPs, Sigma-
Aldrich Co.): smaller (nMPs, 50-100 nm in size, density of around
4800-5100 kg'm™) and bigger (uMPs, < 5 um in size, a density of about
4800-5100 kg'm™). Polystyrene particles underwent a surface mod-
ification according to the method described in [34]. Briefly, PSPs were
dispersed in the solution of acrylate polymer (PFC 502AFA, Fluor-
oPEL™, Cytonix as modifier) and methoxy-nonafluorobutane (7100
Engineered Fluid, 3M™ Novec™ as solvent). After the evaporation of the
solvent, the PSPs were thoroughly washed and dried. After this pro-
cedure, their affinity to the continuous phase of the emulsion was in-
creased that facilitated the stability of the particles at the interface.

2.2. Preparation of magnetite-polystyrene Pickering emulsions

Pickering emulsions were prepared according to the method de-
scribed in detail in one of our previous works [35]. Briefly, the mixture
of particles and oils was homogenized for 30 seconds using ultrasonic
device (Sonoplus HD 300, Bandelin, acoustic intensity estimated as 17
W-cm2, working frequency of 18 kHz) resulting in formation of a non-
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stable emulsion. The main mechanism involved in emulsification using
ultrasound is ultrasonic cavitation. The implosion of cavitation bubbles
occurs in the presence of high energy ultrasonic waves and causes
dispersion of the inner phase. In our case, the acoustic power was high
enough to produce what we call “pre-emulsion”, i.e. small silicone
droplets but barely covered by particles. In the electric field, due to
consecutive events of electrocoalescence, droplets formed during ul-
trasonication would get gradually covered with particles, up to the
point of complete surface coverage. The electric field was supplied to
the copper electrodes placed on the sides of a glass cuvette (30 mm x 18
mm x 1.3 mm) by DC-to-DC high voltage amplifier (UltraVolt 1AA12-
P4, Advanced Energy Co.). We followed the process of preparation of
Pickering emulsions using a CMOS camera (UI-3590CP-C-HQ, IDS)
mounted on a high-magnification zoom lens system (MVL12 X 3Z,
Thorlabs), a light source and a computer for collecting images and re-
cording videos. In each experiment, for each sample, we used the same
amount of the polystyrene particles, silicone oil and castor oil (silicone
oil to castor oil mass ratio 1:10, polystyrene particles to silicone oil
mass ratio: 1:4). However, samples differed in the amount of magnetic
particles used - from 1:8 to 1:1 polystyrene-magnetite mass ratios.

2.3. Calorimetric measurements in magnetic field

Calorimetric measurements were performed using a compact in-
duction heating system (EASYHEAT, Ambrell Co.) as a source of the
alternating magnetic field. The frequency of the field was 356 kHz and
the intensity was 16.2 kA/m. The temperature in the emulsion sample
was measured using a temperature sensor system (FLUOTEMP, Photon
Control Inc.) with an optic fiber temperature probe (model FTP-NY2)
and a pyrometer (VT02, Fluke Co.). During experiments, the fiber was
placed centrally in the sample. The sample cell was the same as the one
used for experiments in the electric field. Induction coil was cooled
efficiently by an external system, therefore the temperature rise from
the coil was found to be negligible (measured as ~0.12 °C). A single
measurement lasted 120 seconds. The scheme of the experiment is
presented in Fig. 1.

3. Results and Discussion
3.1. Magnetic heating measurements

In the first experimental step, we prepared Pickering emulsions
stabilized with magnetite and polystyrene particles used together, as it
was described in section 2.2. The optical microscopy measurements
were performed to characterize the appearance of emulsions after ul-
trasonic homogenization and subsequent stabilization in the electric
field. The results are presented in Fig. 2.

As one can see, there is no significant aggregation in the emulsion
and the droplets were covered sufficiently by both polystyrene and
magnetite particles (in size of micrometers) as it is evidenced by dark
and bright particles in Fig. 2b. Because of a difference in wettability,
magnetic particles (MPs) were more attached to the droplet interface
than polystyrene particles (PSPs). However, the distribution of particles
suggested that there was a potential for a fusion of polystyrene under
exposure to a high enough local temperature. In the experiment, the
concentration of silicone oil droplets (10% w/w) was low enough to
ensure direct optical observation without any dilution. Speaking of
which, we found the possibility of direct observation most significant
for our concept of Pickering emulsions formation in the electric field
[29]. After formation in the electric field, particles at the droplet in-
terface formed such a dense layer that ensured the stability against
further coalescence events.

In order to show the efficiency of heating induced by magnetic
particles in an external magnetic field, we investigated such low-con-
centrated Pickering emulsions (10% silicone oil to castor oil mass ratio)
stabilized with both polystyrene and magnetite particles, and compared
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Fig. 1. A schematic illustration of the magnetic heating measurements.

them with corresponding pre-emulsions (i.e. systems where silicone oil
droplets were not completely covered by PSPs and MPs) exposed to the
same conditions. The results are presented in Fig. 3.

The increase of temperature was more dynamic and the final tem-
perature increase was higher for the emulsions stabilized by magnetic
microparticles (Fig. 3b,d). It is in clear accordance with theoretical
predictions. The relaxation mechanisms responsible for the generation
of heat for small magnetite particles are hindered for sufficiently large
particles because the Brown and Néel relaxation times are dependent on
particle dimensions. For bigger particles, uMPs, relaxation times are
very long and the only hysteresis loss can contribute to the generation
of heat since particle sizes are above a critical value of the single-do-
main particles [36]. In Fig. 3, it is also clearly seen that the temperature
increase is determined by the amount of the magnetic material in the
sample (expressed as a mass ratio to the PSPs).

The efficiency of heating is often characterized by the specific ab-
sorption rate (SAR), expressed as initial temperature rise ‘Z—f multiplied
the specific heat c, of a sample:

& 500 um

dT
SAR = — =
@Cq = ®
We determined this parameter for emulsions stabilized with PSPs
and different MPs by fitting the experimental curves from Fig. 3 to the
Box-Lucas equation [37,38]:

AT(®) = Tyl = exp(—2)) @

The parameters T,,q, and 7 were derived from the fitting. Therefore,
the initial increase of the temperature during heating can be expressed
as a derivative: (‘;—f)t=0 = Tmf‘”‘

We also compared this data with results obtained for pre-emulsions,
i.e. emulsions that would only go through the process of ultrasonic
homogenization, but not the stabilization in the electric field. The re-
sults are presented in Fig. 4.

The tendency observed in Fig. 4 corresponds very well to the tem-
perature elevations. The most effective heating occurred for the emul-
sions stabilized with the highest concentration of the magnetite

Fig. 2. (a) Optical microscope image of a Pickering emulsion after ultrasonic homogenization and subsequent stabilization in the electric field for 20 minutes. The
silicone oil - castor oil mass ratio was 1:10, polystyrene particles - silicone oil mass ratio was 1:4 and magnetite particles (< 5 pm in size) to polystyrene particles
mass ratio was 1:8. (b) A single, non-sintered Pickering droplet extracted from the overall picture.
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Fig. 3. Temperature increase within 120 seconds under the alternating magnetic field for Pickering emulsions with (a) magnetic nanoparticles, nMPs, and (b)
magnetic microparticles, uMPs. Total temperature rise in 120 s of magnetic heating for (c) magnetic nanoparticles, nMPs and (d) magnetic microparticles, pMPs.
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Fig. 4. Specific absorption rate for emulsions and pre-emulsions stabilized with
magnetic particles of different sizes (micrometers vs. nanometers) and with
different mass ratios.

microparticles, pMPs. Again, it is due to an evident hysteresis loss that
is exhibited significantly only for bigger magnetic particles. Interest-
ingly, especially when uMPs were used, heating efficiency was higher
for the pre-emulsions than for the emulsions. It can mean that the in-
fluence of attachment of magnetic particles to the droplet interface and
their location simultaneously in both of liquids is reflected in our SAR
results. There are some explanations for this. In pre-emulsions, there are
no dense particle layers around the droplets and not all of the particles
are placed on the oil-oil interface. In case of small magnetic particles,
nMPs, rotation of a whole particle is not suppressed by the attachment

to the oil-oil interface, which allows the Brownian mechanism to have a
greater impact on the system. For stable Pickering droplets, the parti-
cles are packed at the interface so densely, that the particle rotation is
difficult due to friction between adjacent particles. For bigger particles,
those relaxation mechanisms do not occur.

The differences in heating efficiency between a pre-emulsion and a
stabilized emulsion can arise from contrast in thermal properties be-
tween the inner and the outer phase of the emulsion and the interac-
tions between stabilizing particles. In literature, the efficiency of
magnetic heating is reported to be dependent on the size of particles.
However, so far scientists have focused on nanoparticles. It was shown
that heating efficiency exhibits an explicit maximum that strongly de-
pends on experimental conditions [39,40]. The bigger particles, mi-
crometer in size, have in turn not been reported in magnetic heating
applications. Our results seem to indicate there is a difference in heat
generation by a single magnetic particle compared to a particle cluster.
Sufficiently large agglomerates cool down slower than the surface of a
single particle [41]. The closely packed particles attached to the droplet
surface — as in case of particle shell around oil droplets — could be
considered as a kind of such hollow sphere particle agglomerate. For
particle layer, the magnetic interactions between particles can influence
the heat generation as it is for clusters [42].

The temperature rise in samples of magnetic particles dispersed in
castor oil was also recorded. The magnetite concentration in these
samples was 0.6 % w/w.

The mass concentration of particles in each of the measured samples
was the same, hence a difference in temperature rise in Fig. 5 should be
linked to the difference in the mechanisms involved in the process of
magnetic heating. As for emulsions stabilized by particles, bigger par-
ticles (uMPs) were more efficient as sources of heat in magnetite sus-
pension. It was due to energy losses from magnetic hysteresis. In par-
allel, the temperature rise observed for suspensions was higher than for
the emulsions, regardless of the size of the particles used.

The obtained results indicate there is a high potential of efficient
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Fig. 5. Temperature rise in time of magnetic heating for different-size magnetic
particles suspended in castor oil.

heating when MPs are used as mediators. The longer the exposure to
the alternating magnetic field and/or the concentration of MPs, the
higher the observed temperature increase. This rise is significant and
occurs not only for the emulsions but also for the suspensions. This fact
is of importance for colloidal capsule formation that will be described in
the next section.

3.2. Formation of Pickering-emulsion-based capsules

In the previous paragraph, we showed that under alternating mag-
netic field magnetite particles acted as a good heat source in both
Pickering emulsions and suspensions. This insight could be applied to
the formation of Pickering-emulsion-based colloidal capsules if a suf-
ficiently high sample temperature can be achieved.

A conceptual scheme of colloidal capsules formation using the
magnetic field is presented in Fig. 6. In the first case (Fig. 6a), emulsion
droplets prepared as described in section 2.2. were placed in the al-
ternating magnetic field in a glass cuvette. The observed temperature
increase was high enough to facilitate sintering of polystyrene particles
attached to the droplets of the emulsion and enable formation of col-
loidal capsules. In the second case (Fig. 6b), a single silicone oil droplet
with a polystyrene particle shell was formed in castor oil under the
electric field using a mechanical pipette. At first, the particles were
located inside the silicone oil droplet. Due to the presence of electro-
hydrodynamic flows, the particles were moved to the droplet’s surface
and got attached to the interface [43]. After a few minutes in the
electric field, all particles were brought to the droplet’s surface and
formed a dense layer. This way we obtained Pickering droplet as those
presented in our emulsions.

The findings from paragraph 3.1. show clearly the efficiency of
heating when oil-in-oil Pickering emulsions were exposed to the ex-
ternal magnetic field. It was also proved that this efficiency depended
strongly on the amount of the magnetic material used. In case of par-
ticles used in this work, the obtained local temperature can exceed the
required temperature of glass transition of polystyrene as it is shown in
Supplementary Materials, Fig. S1. It presents mixtures of polystyrene
and magnetite particles in the form of a powder sprinkled onto the slide
(Fig. S1a). After 2 minutes in the alternating magnetic field (parameters
exactly the same as for other experiments) the transition into the glass
was clearly visible (see inset pictures in Fig. S1c¢). In addition, rough
pyrometer measurements (Fig. S1b) indicate that the temperature in
the mixture of powders was high enough for PSPs to be sintered. It is
worth pointing out that pyrometer measurements are sensitive only to
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the temperature of particle surface. Inside the mixture of powders, the
temperature observed would be even higher.

In section 3.1. we showed that the temperature rise is a function of
MPs concentration in a given emulsion system. Thus, high concentra-
tion of MPs in the emulsion is able to induce a sufficiently high-tem-
perature rise for sintering PSPs to occur. Fig. 7. presents the appearance
of a dense emulsion (1:2 silicone oil to castor oil mass ratio) after sta-
bilization in the electric field and following magnetic heating. In Fig. 7c
the corresponding temperature measured in this sample is depicted.

As one can see, the temperature increase in such a dense emulsion
(50% mass concentration of silicone oil, 7.5% mass concentration of
magnetite particles) was very dynamic and a high final rise was
achieved. For long heat treatment it was possible to reach the tem-
perature of PSPs allowing for their fusion. In this case, it is possible to
form numerous capsules at the same time. Because of small dimensions
of such droplets and capsules, there are no facile routes to prove evi-
dently that a robust shell around the droplet was formed and, as a re-
sult, a capsule was formed. However, in the future, non-direct methods
can be proposed to cope with this, e.g. an ultrasound technique [44].

Various types of colloidal particles, including magnetic, may be
used for formation of Pickering emulsions [45,46]. Here, we studied
those stabilized with magnetite particles due to their potential as
templates for fabrication of colloidal capsules in a magnetic field. In-
duced heat generation is their defining feature. Other groups have also
used magnetic particles in this context, for instance to laden bubbles
[47]. In addition, preparation of capsules containing magnetic mate-
rials is of great importance for magnetic hyperthermia applications [48]
and magnetic resonance imaging [49]. An important feature of such
droplets and capsules is that they can be administered to a specified
region in the patient’s body using static magnets. Then an alternating
magnetic field may be applied to induce heat generation and cargo
release, if thermally responsive soft particles were used in addition to
the magnetic particles [50,51].

Now we show a potential of formation of a single colloidal capsule
in a magnetite suspension in castor oil. In this case, the capsule does not
contain any magnetic particles on its surface. The experiment was
performed based on the scheme presented in Fig. 6b. A colloidal cap-
sule obtained this way differs from a non-sintered particle-covered
droplet in susceptibility to external stress. Because a particle-covered
droplet is less rigid than a capsule, a surface deformation should be
observed. In Fig. 8, we present results from the experiment where
droplets and subsequently formed capsules were subjected to the elec-
tric field of increasing intensity (from 0 V:mm™ to 195 V-mm™). The
pictures were recorded using the system described in section 2.1. As
HMPs provided a higher temperature rise in the emulsion system, we
used them in this experiment as well.

The quantitative evaluation based on the pictures was also per-
formed. The deformation was calculated using the equation:

X — Xp

X+ Xp 5)

where x; and x, are the dimensions of droplets in the longitudinal and
parallel direction to the electric field. The magnitude of D is determined
by the dielectric constants of the droplet, particles and the continuous
phase as well as surface tension [52,53]. We can observe how the de-
formation evolved as electric field intensity was changed. The values
are presented as the inset table in Fig. 8c.

The results indicate clearly that after heating treatment in the al-
ternating magnetic field droplet shell became rigid. Electric field stress
did not cause an increase of deformation D as it was in the case of a
droplet before heating. This is evidence that our approach to sintering
works properly. We performed these experiments using polyethylene
microparticles (27-32 pm in size) as well. Also, in this case, we man-
aged to induce a change in the appearance of the particle shell during
the heating in an alternating magnetic field. The results are presented in
Fig. 9. Because of the difference in glass transition temperature, PSPs
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Fig. 6. The concept of fabricating colloidal capsules in the alternating magnetic field.

were detached from the surface, whilst PE particles formed character-
istic patches.

Other example of using polyethylene particles is presented in
Supplementary Materials, Fig. S2. In this picture, one can see patches of
some sort on the droplet’s surface formed during the heating process.
Based on that observation we think that fabrication of not only colloi-
dosomes but also patchy colloidosomes may be possible, especially
when a combination of particles differing in thermal properties
(namely, glass transition temperature Tg) is used. Using the presented
method of capsule formation, it is possible to achieve results compar-
able to heating by using other methods, e.g. in a microwave device (Fig.
S3). However, by changing parameters such as concentration of mag-
netite particles in the process of capsule formation, one can achieve
greater control compared to heating in a microwave device while
making the procedure easier.

In our experiments, the temperature rise induced by the magnetic
particles exposed to an alternating magnetic field and immersed in a
carrier liquid was accompanied by convection flows observed in the
sample cell. These flows could be utilized e.g. to break agglomerates of
droplets in emulsions, analogically to breaking droplet chains by strong
electrohydrodynamic flows (as it was described in [35]). In the pre-
sence of a higher temperature-controlled destabilization of the emul-
sion systems is possible [16]. In addition, particles [54] and molecules
[55] were reported to be more efficient emulsifiers under those

conditions. Magnetic particles could be used as agents for providing
temperature elevation in these systems.

3.3. Discussion

In the presented study, the sources of heating were magnetite nano-
and microparticles. As indicated in section 3.1., the temperature ele-
vation measured in a system depended on a concentration and a size of
magnetic particles. Higher temperatures obtained in emulsions with
HMPs compared to those with nMPs can be explained by microparticles
being multi-domain and thus hysteretic loss being an additional me-
chanism of heat generation. In our calorimetric measurements, we only
changed the concentration and the size of particles with magnetic
properties, i.e. the amount of dispersed phase (silicone oil) and poly-
styrene particles (PSPs) remained the same for all tested samples.
However, the change in the concentration of silicone oil and PSPs could
affect the magnetic heating indirectly by changing heat capacity of the
sample and, in general, the mechanism of heat transfer through it. For
investigating the influence of different concentrations and sizes of
magnetite particles on the heating efficiency of emulsions, calorimetric
measurements were carried out for constant parameters of magnetic
field. The increase of the intensity of the alternating magnetic field
would facilitate the heating efficiency of emulsions and shorten the
time when the temperature of the sample exceeds the temperature of
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Fig. 7. (a) Appearance of a concentrated emulsion (1:2 silicone oil to castor oil mass ratio) after exposure to heating in the alternating magnetic field (suspension of
colloidal capsules). (b) An extracted single Pickering droplet after magnetic heating. (c) Temperature rise recorded in the emulsion sample for mass concentration of

magnetic particles equal to 7.5% w/w.

glass transitions.

PSPs undergo glass transition in the temperature above 100 °C [56].
The temperature of glass transition (T,) varies for different soft parti-
cles. For instance, polyethylene particles (the results presented in Fig.
S2) are believed to undergo glass transition in lower temperatures, i.e.
70-80 °C [57]. The process of capsule formation can therefore be op-
timized by using different particles with lower T, and better efficiency
of heat transferring, i.e. with lower heat capacity. Also, different con-
centrations and sizes of soft particles can have an impact on the
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effective process of rigid shell formation around droplets.

The influence of changing the frequency of the magnetic field on the
heating efficiency in magnetic hyperthermia has been documented in
the literature. For instance, for magnetic fluid with magnetite nano-
particles coated by a dextran layer Skumiel et al. indicated a significant
dependency of heating efficiency on frequency [58]. At the same time,
the Brown relaxation is strongly dependent on the viscosity of the
medium in which magnetic particles are immersed (see Eq. 1). The high
viscosity limits the ability of particles to rotate in samples under the
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Fig. 8. (a) Pickering droplets before and after alternating magnetic-field induced heating for ~40 seconds. Pictures are taken using an optical microscope (section
2.1.). (b) Temperature rise recorded by an optical thermometer and a pyrometer in a suspension of pMPs in castor oil during the fabrication of the capsule (c)

Deformations D calculated before and after magnetic heating treatment (Eq. 5).
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BEFORE AMF

AFTER AMF

Fig. 9. Pickering droplets covered by both polystyrene (PSPs) and polyethylene
particles (PEPs) (a) before and (b) after the application of the alternating
magnetic field (AMF). Pictures are taken using an optical microscope (section
2.1.).

alternating magnetic field [46,59]. Thus, using emulsions with different
outer phase i.e. oil-in-water emulsions, would increase the heating ef-
fect of a sample and speed up the process of capsule formation from
emulsions as templates. A subtle point was that particles resided at the
same time in the outer and inner phase of emulsion with different dy-
namic viscosity (700 mPa's vs. 50 mPa's respectively). In the case of
fabricating capsules from polystyrene-covered droplets immersed in
MPs dispersion, the situation is much simpler, i.e. the change of visc-
osity of carrier liquids to those of lower viscosity should facilitate the
process of heating because of the increased influence of Brown re-
laxation mechanism.

We conducted the appropriate and indispensable experiments to
evaluate calorimetric properties of Pickering emulsions with droplets
covered by soft particles (PSPs) and magnetic particles as well as to
investigate the potential of capsule formation from Pickering droplets
precursors. As indicated above, the process can also be optimized by
changing parameters connected to the alternating magnetic field and
emulsions. Our concept to use the heat generated under an alternating
magnetic field to increase the temperature of Pickering emulsions and
to fabricate sintered shells around droplets can be widely utilized in the
future as it is not limited to oil-in-oil emulsion systems. The other types
of particles, including those of biological origin, can be explored as
well. Our approach to the formation of Pickering emulsions takes ad-
vantage of limited coalescence that results in a facile control of the size
of droplets. With the use of smaller particles for the stabilization of
emulsion precursors, fabrication of much smaller capsules (micrometer
in size) will be also possible, further extending the applicability of our
method.

4. Conclusions

In this study, the formation of capsules by using magnetic heating
was proposed as a novel potential application of alternating magnetic
fields. Oil-in-oil Pickering emulsions stabilized by both magnetite and
polystyrene colloidal particles were exposed to the alternating magnetic
field. As a result, we observed a temperature rise in the emulsion system
that can be utilized to form colloidal capsules either from corre-
sponding single Pickering droplet precursors or from bulk Pickering
emulsions.

The results of the calorimetric measurements indicated that the ef-
ficiency of the heating depended on the size and the concentration of
magnetite particles used to co-stabilize emulsions. This efficiency was
also shown by the specific absorption rate (SAR) calculations that de-
livered almost 1.5 times higher values for bigger magnetite particles.

We showed two different but complementary approaches to capsule
fabrication. We managed to form droplets with partially fused PSPs
from stable emulsion droplets. Sufficient temperature increase was
observed for highly concentrated Pickering emulsion. Formation of a
single droplet covered by non-magnetic particles and further placing it

Colloids and Surfaces B: Biointerfaces 192 (2020) 111070

into magnetite suspension was also proved to work as intended.
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Fig. S1. (a) The mixture of particle powders sprinkled onto the glass slide before the magnetic
field was turned on. (b) The temperature rise measured in the mixture of particles during the
magnetic heating by the pyrometer. (c) The effect of magnetic heating on the glass transition
of polystyrene particles when mixed with magnetic particle powder. The insets present
fragment of sintered polystyrene particles after zoom in. The scale bars are 600 um.
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Fig. S2 Examples of magnetic heating for silicone oil droplet covered by other colloidal
particles. Silicone oil droplet was fully covered by PE particles. After heating the particles were
partially fused, as evidenced by lack of deformation under the electric stress. Pictures were
taken using an optical microscope (see section 2.1. in the paper). Polyethylene particles
(27-32 um) were purchased from Cospheric Co. Polystyrene particles (~10 um) were
purchased from Microbeeds Co.
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Fig. S3 Pickering droplets before and after heating in a microwave device. Silicone oil droplets
are covered by polystyrene particles (~10 um) purchased from Microbeeds Co.
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