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Abstract 
 
Emulsions are inherently unstable systems that require emulsifiers to ensure their stability 
over 2me, and various types of emulsifiers exist, including surfactants and solid par2cles. 
Pickering emulsions refer to emulsion droplets stabilized by solid par2cles that accumulate at 
the droplet interface. Stabilizing emulsions with par2cles having magne2c proper2es leads to 
the transfer of these proper2es to Pickering droplets, making them responsive to external 
s2muli. However, Pickering emulsion stability depends on several factors, including par2cle 
weOability, concentra2on, size, and shape. Therefore, controlling the forma2on process is 
necessary to ensure droplet stability. In the last decades, efforts have been made to improve 
the forma2on process to achieve beOer stability, with reduced possibili2es of aggrega2on, 
creaming, or sedimenta2on. Several methods for monitoring and controlling the forma2on 
process of Pickering droplets involve microscopy imaging and analy2cal techniques, with 
ultrasound spectroscopy emerging as a promising tool for inves2ga2ng the internal structures 
of suspensions and emulsions. 

The publica2ons cons2tu2ng this doctoral disserta2on regard two main aspects of the 
study on magne2c Pickering emulsions: their characteriza2on and their possible applica2ons. 
Ultrasound waves are used to characterize oil-based suspensions and Pickering emulsions to 
provide valuable informa2on on internal structures, such as par2cle size and aggrega2on rate, 
especially in high-viscosity media. Ultrasound scaOering theory, based on the core–shell 
model, is employed to analyze measurement data from ultrasound aOenua2on spectroscopy, 
and the results demonstrate an ultrasound wave’s ability to detect the sizes of par2cle shells 
around Pickering droplets, which is hard to control using other non-destruc2ve methods. 
Magnetorheological measurements are also used to characterize oil-based magne2c fluid and 
magne2c Pickering emulsions, revealing changes in the viscoelas2c response of Pickering 
emulsions prepared by different methods. Moreover, the rheological results show good 
agreement with ultrasound predic2ons. 
 Control over the parameters of fabricated Pickering emulsions, especially the shell 
thickness and core radius, is significantly important in several industrial and medical 
applica2ons. Computa2onal approaches coupled with numerical simula2ons thus provide the 
opportunity to op2mize ultrasound hea2ng using par2cle-covered droplets of various shell 
thicknesses and core radii and to control their ultrasound aOenua2on. Computer simula2on 
results directly illustrate changes in temperature eleva2on and penetra2on depth inside agar 
phantoms doped with Pickering emulsions. Another poten2al applica2on of tested systems 
could be magne2c separa2on, successfully inves2gated using an ultrasound method under 
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various gradient magne2c fields. When magne2c fields change over 2me, magne2c hea2ng 
occurs, as shown in numerous reports on magne2c suspensions and among the magne2c 
Pickering emulsions herein. 

This PhD disserta2on consists of six chapters. Chapter 1 presents the fundamental 
concepts of Pickering emulsion forma2on and stability, along with the aspects of 
characteriza2on and ultrasound scaOering theory for two- and three-phase systems. Chapter 
2 covers the experimental techniques used in my research related to Pickering emulsion 
forma2on methods, ultrasound spectroscopy measurements, magnetorheological 
measurements, and rota2ng magne2c field applica2ons. Chapter 3 provides a concise 
summary of the papers cons2tu2ng the thesis, describing the final achieved results and their 
connec2ons with each other. Chapter 4 presents the conclusion of the PhD disserta2on, while 
Chapter 5 contains the literature references and Chapter 6 the papers that cons2tute the core 
of the disserta2on. The statements about the contribu2ons of the co-authors of the papers 
are included in Chapter 7. 
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Abstract in Polish 
 
Emulsje stanowią niestabilny z natury typ układów koloidalnych. Aby zapewnić im długotrwałą 
stabilność, konieczne jest zastosowanie dodatkowych materiałów zwanych emulgatorami. Do 
stabilizowania emulsji można wykorzystać zarówno substancje powierzchniowo-czynne 
(surfaktanty), jak i cząstki stałe. Emulsje stabilizowane przez cząstki stałe obecne na 
powierzchni kropel fazy rozproszonej nazywane są emulsjami Pickeringa. Jeśli cząstki 
stabilizujące taką emulsję posiadają własności magnetyczne, wówczas krople Pickeringa także 
uzyskują te własności, a cały układ staje się podatny na działanie zewnętrznych czynników, 
takich jak stałe pole magnetyczne. Stopień stabilizacji takich emulsji zależy od wielu 
parametrów, w tym rozmiaru, kształtu i zwilżalności cząstek, a także ich stężenia w układzie. 
Aby zapewnić stabilność emulsji Pickeringa konieczna jest zatem ścisła kontrola procesu jej 
otrzymywania. W ostatnich dekadach podejmowano liczne próby udoskonalenia procedury 
tworzenia emulsji w taki sposób, aby ograniczyć możliwość agregacji kropel, a także procesów 
sedymentacji i śmietankowania. Do tego celu wykorzystywano różne metody 
charakteryzowania emulsji Pickeringa, spośród których spektroskopia ultradźwiękowa 
pozwala na skuteczną analizę wewnętrznej struktury emulsji oraz zawiesin cząstek. 

Prace naukowe wchodzące w skład niniejszej rozprawy doktorskiej dotyczą dwóch 
głównych aspektów badań magnetycznych emulsji Pickeringa: opisu ich własności oraz 
możliwych zastosowań. Fale ultradźwiękowe zostały wykorzystane do zbadania zawiesin 
cząstek oraz emulsji Pickeringa, co pozwoliło na uzyskanie informacji na temat wielkości 
cząstek i kropel, a także stopnia ich agregacji w ośrodkach o wysokiej lepkości. Jest to istotne 
ze względu na nieliczne badania w takich ośrodkach. Do analizy danych, pochodzących ze 
spektroskopii ultradźwiękowej, wykorzystano teorię opisującą rozpraszanie fal 
ultradźwiękowych, opartą o tak zwany core-shell model. Uzyskano dzięki niej informacje na 
temat grubości powłoki wokół kropel Pickeringa, co jest trudne do osiągnięcia przy pomocy 
innych nieniszczących metod pomiarowych. Dodatkowo, do dalszego opisu własności cieczy 
magnetycznych oraz magnetycznych emulsji Pickeringa wykorzystano badania 
magnetoreologiczne. Wykazały one różnice we własnościach lepkosprężystych badanych 
emulsji, w zależności od sposobu ich wytworzenia. Wyniki pokryły się z rezultatami badań 
ultradźwiękowych. 

Kontrola parametrów emulsji Pickeringa, w szczególności wielkości kropel i grubości 
powłoki wokół nich, ma kluczowe znaczenie w zastosowaniach przemysłowych i medycznych. 
Obliczenia numeryczne w połączeniu z symulacjami komputerowymi pozwoliły na kontrolę i 
optymalizację efektywności nagrzewania ultradźwiękowego w fantomach z emulsjami, ze 
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względu na wielkość kropel oraz grubość powłoki wokół nich. Pokazano, że parametry te 
wpływają na tłumienie fal ultradźwiękowych, co skutkuje rożnym wzrostem temperatury i 
głębokością wnikania fal ultradźwiękowych. Za pomocą metody ultradźwiękowej zbadano 
także separację magnetyczną. Przy użyciu rotującego pola magnetycznego zaś 
scharakteryzowano efektywność nagrzewania magnetycznego w emulsjach Pickeringa. 

Niniejsza rozprawa doktorska składa się z sześciu rozdziałów. W rozdziale 1 
zaprezentowano podstawowe informacje dotyczące wytwarzania i stabilności emulsji 
Pickeringa, a także metody opisu ich własności. Przybliżono także wykorzystaną w 
przedstawianych pracach naukowych teorię rozpraszania fal ultradźwiękowych w ośrodkach 
dwu- i trójfazowych. Rozdział 2 zawiera opis metod eksperymentalnych wykorzystanych w 
pracy badawczej, związanych z wytwarzaniem emulsji Pickeringa, pomiarami spektroskopii 
ultradźwiękowej, pomiarami magnetoreologicznymi oraz zastosowaniem rotującego pola 
magnetycznego do uzyskania efektu termicznego. Rozdział 3 zawiera zwięzłe podsumowanie 
prac naukowych wchodzących w skład rozprawy, w tym opis uzyskanych wyników oraz ich 
wzajemne powiązanie. W rozdziale 4 przedstawiono końcowe wnioski rozprawy doktorskiej, 
natomiast w rozdziale 5 zestawiono wykorzystaną literaturę. Najważniejszą częścią całej pracy 
jest rozdział 6, który zawiera zbiór powiązanych tematycznie prac naukowych. W rozdziale 7 
przedstawiono oświadczenia współautorów dotyczące wkładu w proces przygotowania i 
publikacji tychże prac.  
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1. Introduc5on  
 
Emulsions are types of colloidal systems made from two immiscible fluids, with one being 
dispersed in the other in droplet form. These colloids exhibit the classic behaviors of 
metastable colloids, i.e., reversible phase transi2ons due to droplet coalescence and 
interac2on [1]. The most known emulsion system consists of oil droplets dispersed in water 
or vice versa, and it is widely used across many industries, such as the food industry, as 
encapsulated bioac2ve compounds [2]. Simultaneously, there are few reports on non-
aqueous emulsions [3] despite their wide variety of possible applica2ons, such as in cosme2cs 
[4] and the pharmaceu2cal industry [5].  

Emulsions are thermodynamically unstable and commonly require the presence of 
surfactants to improve their stability. These surfactants can be characterized in general as 
having a molecular structure and an associa2on with the amphipathic group. The type of 
surfactant needed is determined based on the hydrophilic–lipophilic balance method in the 
emulsion system [6]. As such, the process of fabrica2ng non-aqueous emulsions is more 
challenging, as it requires high-molecular-weight surfactants [7], which is why another 
method of stabilizing emulsion systems via the use of a solid par2cle is adopted. There are 
several advantages of using solid par2cles; for example, their stabiliza2on includes a low 
concentra2on of stabilizers, and inversion of the emulsion is much easier by changing the 
surface proper2es of the par2cles [8]. 
 A type of emulsion stabilized by solid par2cles accumulated on the droplet interface 
is called Pickering emulsion. In the last decade, the rapid development of materials 
technology has increased the variety of par2cles available, rendering Pickering emulsion an 
interes2ng technique in different industrial [9] and medical applica2ons [10,11]. Because of 
this increased scien2fic interest, determining the stability of Pickering emulsions has become 
crucial, including the sizes of Pickering droplets and the concentra2on of par2cles on the 
droplet interface. Since the discovery of an emulsion stabilized by solid par2cles at the 
beginning of the 20th century by Ramsden and Pickering [1], ongoing research to develop a 
forma2on process is s2ll in the improvement stage. Because of the addi2onal third phase 
(comparison to emulsions having droplets without a par2cle coa2ng), the characteriza2on 
process is more challenging. 
 Several methods enable the characteriza2on of Pickering emulsion proper2es, and 
these include small-angle X-rays or neutron scaOering [12], dynamic light scaOering [13], 
nuclear magne2c resonance [14,15], focused beam reflectance measurement [16], 
rheological measurement [17], and microscopy measurement [18], each of which has 
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limita2ons, one of the most common of which is the sample prepara2on requirement before 
tes2ng. The ultrasound technique is one method having the advantage of being a non-
destruc2ve method for tes2ng systems, and it does not require sample prepara2on. The 
ultrasound wave is successfully employed for characterizing emulsions and suspensions [19–
22], but regardless, few works use ultrasound spectroscopy to characterize and control the 
forma2on process and stability of oil-in-water non-magne2c Pickering emulsions [23]. 
Furthermore, there are essen2ally no studies yet in the literature on the ultrasound 
characteriza2on of oil-in-oil magne2c Pickering emulsions. This includes studies involving the 
calcula2on of the core radii of Pickering droplets, as well as the shell thickness of par2cles, 
which is significantly important in several applica2ons. 

This doctoral disserta2on presents a study of a theore2cal and experimental approach 
to ultrasound propaga2on in the colloidal system, including magne2c suspensions and 
magne2c Pickering emulsions, classified as follows: 
 

1. Characteriza,on objec,ves: 
A. Studying the agglomera2on rate in high-viscous-magne2c and non-magne2c 

suspensions. 
B. Inves2ga2ng sizes and stabili2es of magne2c Pickering droplets by ultrasound wave. 
C. Determining the magnetorheological effect in magne2c emulsion and fluid. 
2. Applica,on objec,ves: 
D. Op2mizing ultrasound hea2ng with magne2c and non-magne2c Pickering emulsion. 
E. Studying magne2c separa2on in magne2c Pickering emulsion using the ultrasound 

method. 
F. Studying the influence of a rota2ng magne2c field on magne2c Pickering emulsions. 

 
  The overall results of the PhD disserta2on provide essen2al informa2on regarding the 
internal structure of Pickering emulsions, such as their droplet stability, droplet size, and 
aggrega2on rate. Furthermore, both theore2cal and experimental methodologies for 
ultrasound wave propaga2on in colloidal systems were employed as an alterna2ve to, e.g., 
dynamic light scaOering, which is par2cularly beneficial for characterizing high-concentra2on 
and op2cally opaque systems, such as magne2c Pickering emulsions. The next sec2ons 
contain a literature survey of the forma2on and characteriza2on of Pickering emulsions, 
providing the basis for ultrasound wave measurements and for the implementa2on of the 
core–shell model for characterizing colloidal systems. 
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1.1.  Pickering emulsion 
 
An emulsion is a mixture of two (or more) immiscible liquids, that is, one liquid phase is 
dispersed in another liquid phase in the form of a droplet—commonly referred to as the 
dispersed phase—that is distributed in a carrier fluid (con2nuous phase). During the process 
of emulsion forma2on, known as emulsifica2on, the free energy of the interface changes due 
to an increase in the total interfacial area and configura2onal entropy of the dispersion. As 
the free energy of the emulsion is higher than that of the system before emulsifica2on, the 
emulsion droplet becomes thermodynamically unstable without stabiliza2on, one of the 
results of which is the tendency of the droplets to coalesce over 2me.  
 There are diverse ways of reducing the free energy in the system and preven2ng the 
coalescence of emulsion droplets. To stabilize emulsions, low-molecular-mass surfactants, 
surface-ac2ve polymers, or solid nano- and microscale par2cles have been used, all three of 
which are used to reduce the interfacial tension between the dispersed phase and the 
con2nuous phase. The surfactants are characterized as molecular structures, known as 
amphipathic structures, and they have a hydrophilic head and hydrophobic tail. The surfactant 
proper2es can vary with numerous varia2ons in the surfactant structure, such as single-tail or 
double-tail [24]. However, the concentra2on of the surfactant impacts the system’s stability 
and the size of the emulsion droplets, where an increased amount of surfactant leads to a 
decrease in droplet sizes of the emulsion, as small droplets are more favorable for emulsion 
stability [25].  
 In opposi2on to surfactant-based emulsions, Pickering emulsions refer to emulsions 
stabilized by solid par2cles. Ramsden [26] and Pickering [27] first inves2gated this system, 
which is why the par2cle-stabilized emulsions are named a~er them. Despite pioneering 
works published over 100 years ago, substan2al scien2fic interest in such emulsions has 
increased in the last decades with the increase in publica2ons. In Pickering emulsions, solid 
par2cles aOach to the droplet interface and reduce the interfacial tension. Thus, the energy 
needed to separate the single par2cle from a liquid–liquid interface can be wriOen as follows 
[28]: 
 

∆" = 	F#!
9$"#$(1 − |BJK%"|	)

9,       (1) 
 

where #! is the par2cle radius, $"#$  is the interfacial tension between the con2nuous phase 
and dispersed phase, and |BJK%"| is the absolute value of the cosine func2on of the contact 



 4 

angle, %". In the case of 90° > %", the par2cles will progress to the con2nuous phase; 
otherwise,  if as shown in  ,phase iondispersthe  progress to , the par2cles will%"<  °90  
Figure 1.  
 WeOability is a key factor in Pickering emulsion stability, characterized by the contact 
angle at the liquid–liquid interface, as described by the Young equa2on [29]. For instance, if 
the par2cles are highly weOed by water, they are suitable for oil-in-water emulsion forma2on; 
when weOed by oil, however, they are suitable for water-in-oil emulsion [30]. The weOability 
of the par2cle may also be affected by the par2cle size. The different penetra2ons of par2cles 
on the droplet interface increase with a smaller par2cle size, as shown by the contact angle 
measurement [31]. The par2cle diameter, from 100 nm to 220 nm, resulted in contact angles 
of %"  = 89.1 and 94.8, respec2vely. 
 

 
Figure 1 Schema2c illustra2on of the behavior of par2cles placed at the liquid–liquid 

interface, depending on their contact angles (%"). 
 

 Using solid par2cles to stabilize emulsion droplets has an advantage compared to 
surfactants. For example, it eliminates skin irrita2on in cosme2c products that appear due to 
the surfactant [32], as well as can reduce overall environmental pollu2on [33]. When 
emulsion stability is measured using surfactants and solid par2cles (Pickering emulsion) for 
aqueous systems, both techniques reduced the interfacial tension between the liquid–liquid 
interface [34]. However, u2lizing the solid par2cles for a stabilized non-aqueous system has 
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the advantage of being able to adsorb between the liquid–liquid interface, resul2ng in higher 
desorp2on energies [35]. 
 An oil-in-oil emulsion system was reported for the first 2me in the 1960s [36,37], 
having found several applica2ons in material science, such as the forma2on of polymer 
nanopar2cles [38]. However, there are few reports in the literature related to oil-in-oil 
Pickering emulsion forma2on and characteriza2on. For instance, the par2cle hydrophobicity 
was determined for oil-in-oil forma2on for fumed silica par2cles in a mixture of silicone oil 
and vegetable oil [3]. In turn, the two stages of fabrica2on were used to prepare Pickering 
emulsions and enhance the droplet stability of silicone oil droplets dispersed in castor oil 
stabilized by polystyrene par2cles [39], and ultrasound waves were used to follow this 
forma2on process in line [40]. The sedimenta2on rate of emulsion droplets was shown 
associated with the size of solid par2cles, and the increase in par2cle size had a propor2onal 
rela2on to Pickering droplet diameter [41]. The high par2cle concentra2on induced more 
par2cles adsorbed on the droplet interface, and this led to the oil-in-oil emulsion becoming 
more stable against coalescence [42].  
 The mass of stabilizing par2cles can be calculated from the following equa2on: 
 

M! =
7;

<
F#!'!#%

9(%,       (2) 

 
where #!	and #% 	are the radius of par2cles and droplets respec2vely,	'! is the par2cle density, 
and (%  is the assump2on of the droplet number distribu2on, where the total number of 

par2cles required to stabilize all droplets is (! =	
=.!"6!
.#"

 [42]. The rela2on indicates the 

increasing required mass of par2cles with a higher number of droplets, as well as the droplet 
radius. The density of packing the par2cles on the droplet interface was determined to 
prevent droplet coalescence, which is why, for example, for an oil-in-water emulsion stabilized 
by poly (lac2c-co-glycolic acid), the use of a par2cle with a radius of 330 nm lowers the 
interfacial tension compared with 1,150-nm par2cles [43].  

Dis2nct types of solid par2cles, including inorganic par2cles, polymer par2cles, and 
food-grade par2cles, have been found to stabilize emulsion droplets [44]. These include gold 
[45], silica [46], zinc oxide [47], 2tanium dioxide [48], and iron oxide [49,50]. In addi2on, 
stabiliza2on mechanisms are influenced by the different shapes and structure of the par2cle, 
such as ellipsoids, nanotubes, nanofibers, and other irregular shapes [51]. In addi2on to the 
shape and size of the par2cles, par2cle func2onaliza2on affects the long-term stability of 
emulsions. The compa2bility between the oil-in-oil system and solid par2cle type and 



 6 

func2on contributes significantly to the emulsion prepara2on. For example, the several types 
of surface groups of silica solid par2cles show the ability to form oil-to-oil double emulsion. 
The par2cles with higher hydrophilic proper2es (70% SIOH) were used to stabilize rapeseed 
oil or olive oil–silicone oil, where more hydrophobic par2cles (20% SIOH) enable the 
forma2on of a reversed system [52]. 
 In the next sec2on, iron oxide nanopar2cles, serving as inorganic stabilizing par2cles, 
are introduced. The discussion encompasses their forma2on process and recent applica2ons 
in the forma2on of colloidal systems.  
 

1.2. MagneOc Pickering emulsion 
 
Among many poten2al stabilizers, inorganic magne2c nanopar2cles play a significant role in 
fabrica2ng Pickering emulsions due to their variable func2onality, biocompa2bility, non-
toxicity, and suitability for delivery to the body, which are crucial requirements for emulsifiers 
in biomedical and pharmaceu2cal applica2ons [53]. Experimental results from Zhou et al. 
demonstrate that both unmodified and modified magne2c par2cles effec2vely stabilize oil-
in-water Pickering droplets [49,50], and numerous other reports detail the use of magne2c 
nanopar2cles to stabilize oil droplets dispersed in water [54] and water droplets dispersed in 
oil [55]. These droplets cons2tute a type of magneto-responsive colloidal system that can be 
influenced by external magne2c fields. For instance, magnetophoresis occurred for an oil-in-
water monodispersed magne2c Pickering emulsion during the applica2on of a sta2c gradient 
magne2c field, and the separa2on velocity was determined in the microscopic scale with 
different pH levels [56]. The oil-in-water emulsion, stabilized by hydrophobic light-sensi2ve 
2tanium dioxide (Ti	O9) and hydrophilic superparamagne2c iron oxide (Fe<O=), was u2lized 
as the microreactor [57], and the magne2c nanopar2cles coated with oleic acid were used to 
stabilize the water-in-oil Pickering emulsion; a~er that, water is dispersed in the con2nuous 
phase to fabricate a water-in-oil-in-water emulsion liquid membrane, which is used to extract 
the magne2c emulsion and remove wastewater [58]. 
 An important feature of magne2c nanopar2cles is their ability to func2on as heat 
sources under external 2me-varying magne2c field applica2ons. The applied external 
alterna2ng (or rota2ng) magne2c field leads to heat genera2on in the targeted system [59], 
where the heat dissipa2on of magne2c nanopar2cles depends mainly on three mechanisms: 
the relaxa2on mechanism, hysteresis mechanism, and eddy current losses, all of which are 
related to the par2cle size, as well as other proper2es, such as the viscosity of the con2nuous 
phase. The relaxa2on mechanisms are classified as either Néel or Brownian [60], where the 
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former occur due to the magne2c moment reorienta2on to magne2c field lines, and it can be 
expressed as: 
 

)& 	= 	 )'	S.?	 T
>?

@$5
U,      (3) 

 
where )' is a 2me constant, K is the anisotropy constant, V is the volume of the magne2c 
core, *( is the Boltzmann constant, and T is the temperature.  
 Meanwhile, Brownian relaxa2on occurs due to the rota2on of all nanopar2cles to the 
magne2c field lines, and the viscosity	+ and hydrodynamic volume ,) propor2onally influence 
2me relaxa2on as follows:  
 

)( 	= 	
<A?%
@$5

 .      (4) 

 
 The hysteresis mechanism is dominant, with a par2cle size exceeding the single 
domain size limit for par2cles (> 100 nm). In larger par2cles, induc2on of the eddy current 
mechanism also exists [61], domina2ng the par2cles with a cen2meter scale. However, they 
can be neglected for iron oxide nanopar2cles due to the low value of electrical conduc2vity, 
as well as the fast relaxa2on 2me of the nanopar2cles.  

Besides use in research on magne2c hyperthermia, magne2c hyperthermia combined 
with ultrasound thermal treatments is shown to op2mize the efficiency of thermal therapy. 
Magne2c nanopar2cle suspensions enhance ultrasound aOenua2on, as well as act as a source 
of heat under an external alterna2ve magne2c field. The coupling of magne2c and ultrasound 
hyperthermia leads to a beOer performance with lower magne2c nanopar2cle concentra2ons 
[62]. In the case of Pickering emulsions, control over the magne2c droplet size, as well as the 
magne2c concentra2on on the droplet interface, is needed to op2mize hyperthermia 
treatment, as well as capsule forma2on, as the alterna2ng magne2c field has been used 
recently for capsule forma2on via magne2c nanopar2cles [63].  
 There are several challenges of using magne2c nanopar2cles as a Pickering emulsion 
stabilizer, including the par2cle size and shape, par2cle–par2cle interac2on, and the 
aggrega2on rate in the system. Moreover, the black color of the par2cle led to difficult op2cal 
control of the forma2on of the Pickering emulsion. Thus, one of the main goals of this thesis 
is to control the process of forming magne2c Pickering emulsions by characterizing their 
internal structure. The next sec2on presents the methods available for Pickering emulsion 
characteriza2on and comparison to ultrasound spectroscopy. 
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1.3. CharacterizaOon of Pickering emulsion properOes 
 
Key features must be inves2gated during the process of preparing Pickering emulsions, such 
as the contact angle between phases, droplet size distribu2on, surface charge, and droplet 
interac2on resul2ng in coalescence or aggrega2on. The aspects of the characteriza2on of 
Pickering emulsion are presented in Figure 2. The internal structure of the Pickering emulsion 
is strongly connected to the Pickering droplet proper2es, and as such, several methods are 
used to evaluate the process of Pickering emulsion forma2on and their stability, including 
experimental methods, such as microscopy imaging and analy2cal instruments [64,65].  
 

 

 
 

Figure 2 Schema2c illustra2on of the various aspects of Pickering emulsion characteriza2on. 
 

There are several analysis methods combining the measurements with a 
mathema2cal model of material characteriza2on, as presented in Figure 3, such as analyzing 
the light-scaOering spectra to calculate the par2cle size distribu2on. The microscopy method 
is one of the types of experimental methods used to visualize the fine scale in the system, 
such as op2cal microscopy, electron microscopy, and atomic force microscopy. One of the 
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major limita2ons of microscopy is sample prepara2on, which involves altering the real 
structure of the material [66]. Another disadvantage is that microscopy measurement 
requires 2me, and 2me will vary based on the type of microscopy device. Analy2cal tools, on 
the other hand, such as dynamic light scaOering, measure the intensity fluctua2ons of the 
scaOering wave that occur over 2me. Light scaOering leads to a change in par2cles’ rela2ve 
spa2al loca2on due to Brownian mo2on, and the frequency of these par2cles depends on 
their size, where smaller par2cles move faster than bigger ones. The mathema2cal model is 
used to analyze the scaOering intensity of the par2cle size distribu2on [67,68]. For instance, 
oil-in-water Pickering emulsion was characterized in this way when using different 
concentra2ons of modified silica nanopar2cles [69]. However, a major limita2on is the 
requirement of a diluted sample to measure the scaOering intensity of dynamic light 
scaOering [67]. Moreover, there are recent results of using small-angle X-ray scaOering (SAXS) 
together with the corresponding core–shell model to characterize nanoflowers [70]. Finally, 
the scaOering model for analyzing the experimental data from SAXS, which characterized the 
stability of Pickering emulsion, was also used elsewhere [12]. 

 

 
 

Figure 3 Schema2c illustra2on of the methods of characterizing Pickering emulsions. 
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 Ultrasonic spectroscopy is another promising method of emulsion characteriza2on, as 
its proper2es, i.e., ultrasound aOenua2on and velocity, are primary proper2es of evalua2ng 
the internal structure, including the par2cle size distribu2on and concentra2on. Ultrasonic 
spectroscopy has a unique and important advantage over many tradi2onal par2cle size-
measuring technologies due to the possibility of the analysis emulsion which is a concentrated 
and op2cally opaque mixture without the need for any sample prepara2on in situ. Further, 
the determina2on of the crystalliza2on and mel2ng of the emulsion droplets was inves2gated 
by ultrasound wave [71]. However, a major limita2on of the ultrasound technique is the 
requirement of a number of physicochemical proper2es of each phase to interpret the 
measurements. A concentra2on higher than 15% must extend ultrasound scaOering theories 
to consider interac2ons between par2cles or droplets. The mathema2cal model of ultrasound 
propaga2on of the emulsion is thus used to convert ultrasound aOenua2on into informa2on 
on droplet sizes. In the next sec2on, the mathema2cal model of the ultrasound scaOering 
theory is discussed in more detail. 
 

1.4. Ultrasound propagaOon in a colloidal system 
 
Ultrasound spectroscopy is an effec2ve method for the characteriza2on of colloidal systems, 
such as suspensions and emulsions. This technique has several advantages compared to 
others, such as the ability to be used in concentrated and op2cally opaque mixtures. 
Moreover, ultrasound wave was used to evaluate viscoelas2c informa2on in a non-destruc2ve 
way without sample prepara2on requirements [72], which could provide informa2on about 
the solid and liquid transi2on in materials during the fabrica2on process. 
 The energy of ultrasound decreases during propaga2on in the media due to the 
influence of different mechanisms. As a result, the waves are aOenuated with a distance and 
the ultrasound amplitude decreases, as presented in the following formula [73]: 
 

- = 	-'S
+(
&
'C#D-)S#FC,      (5) 

 
where the -' is the ini2al amplitude, . is the propaga2on distance, / is the 2me, c is the wave 
velocity, and 0 is the wave aOenua2on coefficient. The behavior of the wave depends 
primarily on the medium proper2es, where compressional ultrasound waves exist in liquid 
material and shear waves of the mechanical wave exist in more elas2c/solid materials [74]. 
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 The experimental analysis of ultrasound velocity and aOenua2on are essen2al for 
physical interpreta2on purposes and material characteriza2on. The many approaches to 
ultrasound scaOering were used to reproduce the ultrasound proper2es and to analyze the 
experimental data in specific colloidal systems. The first inves2ga2on of the ultrasound 
scaOering theory was in the 19th century [75], when Lord Rayleigh inves2gated the scaOering 
of light or sound by par2cles. Rayleigh scaOering is thus considered the elas2c scaOering of a 
wave by an object par2culate much smaller than the wavelength of the incident wave [75]. 
Another type of scaOering (known as Mie scaOering) represents wave scaOering by objects of 
a similar or larger size compared to the incident wavelength [76]. The power func2on law 
developed by Rayleigh can also be used to predict scaOering amplitude, as shown in the 
following equa2on:  
 

-* ∝ -+
7GHIJ" K

L(
,       (6) 

 
where -* is the amplitude of the scaOered wave for the wavelength 1 at angle % with incident 
wave amplitude -+, and it is reversely propor2onal to the 1=. Rayleigh used the par2al wave 
expansion analysis of the sound wave scaOered with par2cles, and the zero-order term of the 
amplitude was related to the compressibility contrast between the two phases (par2cle and 
medium). The first term was related to the density contrast between phases. In the zero term, 
the par2cle acts as a monopole radiator, whereas in the first term, it behaves as a dipole 
radiator. 

Urick first developed the theore2cal model for calcula2ng sound aOenua2on, and the 
applicability of this calcula2on was examined by measurement of sand and kaolin suspension 
through the pulse–reflec2on method [77]. Moreover, Urick provided a simple method of 
determining the compressibility of a par2cle and liquid suspensions by measuring the sound 
velocity and density of both phases [78]. The weighted average was used to determine the 
effec2ve density '%,,	and effec2ve compressibility 2%,,	related to the ultrasound velocity 
from the so-called Wood’s equa2on:  
 

B = 	X
7

M!))N!))
.     (7) 

 
 The velocity and aOenua2on of the emulsion were calculated based on the complex 
wavenumber expression by Urick and Ament [79]. Meanwhile, the novel theore2cal 
development of the ultrasound scaOering theory was aOributable to Epstein, Carhart, Allegra, 
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and Hawley (ECAH) [80,81]. The ECAH theory describes the compressional ultrasound wave 
scaOered by suspended spherical objects in the con2nuous phase and propaga2ng toward an 
infinite distance. The theory was successfully used to characterize various colloidal systems, 
such as suspension [82] and emulsion [83]. The theory can also be used along with the 
measurement of the ultrasound pulses in emulsions and suspensions to obtain the 
characteris2cs of the medium, i.e., par2cle size, volume concentra2on, phase transi2on, 
par2cle interac2on, par2cle compressibility, and creaming and sedimenta2on [73]. 

The further improved ultrasound scaOering theory, including mul2ple scaOering 
effects (described by Lloyd and Berry [84] and Waterman and Truell [85]) has been u2lized for 
a wide range of concentra2ons for par2cle size determina2on [86]. Typographical errors in 
the original ECAH theory were further corrected by Challis et al. [22], and the boundary 
equa2ons were implemented in matrix form. In addi2on, the complex wavenumber 
modifica2on enabled the reproduc2on of the proper2es of polydisperse emulsions or 
suspensions using ultrasound data, which was also developed by Challis et al. [21,22], leading 
to an increase in characteriza2on precision. Recently, viscoelas2c ECAH theory has studied 
par2cle elas2city, demonstra2ng the ability to examine the mechanical proper2es of par2cles 
dispersed in a carrier fluid [20].  

The suspensions of coated par2cles known as core–shell objects (encapsulated 
par2cles) are also studied by ultrasound scaOering theory. The modifica2on of the ECAH 
model with an addi2onal shell phase was performed by Anson and Chivers in the ‘90s [87]. 
This model (known also as the core–shell model) can successfully calculate ultrasound 
proper2es in system, where classical ECAH was unable to or limited in inves2ga2ng the 
system. The core–shell model was used by Hipp et al. [88] to simulate the influence of both 
thermal and shear waves on neighboring par2cles [89], and the Anson and Chivers model was 
recently successfully implemented to inves2gate the stability of droplets stabilized by solid 
par2cles [23]. One of the objec2ves of this thesis was to implement the core–shell model to 
inves2gate the acous2c proper2es of magne2c Pickering emulsions, depending on their 
forma2on process.  
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1.4.1. The Epstein–Carhart and Allegra–Hawley theory  
 

The ECAH ultrasound scaOering theory describes acous2c wave interac2ons with single 
spherical par2cles, where the wave scaOers at the par2cle interface and propagates toward 
an infinity distance, such that the receiver is located at the infinity point to receive plane 
waves a~er scaOering, as shown in Figure 4. In this sec2on, the ECAH model is presented in 
detail. 
 The first work by Sewell et al. inves2gated the sound absorp2on of spheres dispersed 
as a fog [90]. A~er that, Epstein et al. modified the theory and calculated the influence of the 
densi2es between the dispersed phase and the con2nuous phase, which was correlated to 
the resul2ng viscous aOenua2on. A~er that, Epstein and Carhart [80] inves2gated a par2al 
wave analysis of ultrasound scaOering by fluid-suspended into a fluid con2nuous phase. The 
calcula2on included the thermal transport effect and shear effects of compressional wave 
propaga2on in liquid suspended in the liquid con2nuous phase. The total wave aOenua2on 
depends on the thermal, as well as on the viscous mechanism of aOenua2on, as shown in the 
following equa2on [21]: 
 

0 = 0-)%./01 + 02+*"34*.      (8) 
 
 Thermal aOenua2on is related to the heat cycles for hea2ng to cooling during 
ultrasound pressure changes from higher to lower pressure, known as pressure–temperature 
coupling, which depends on the thermal contrast between phases. The thermal wave is 
generated as monopole radia2on from the object, contribu2ng to wave propaga2on and the 
penetra2on depth of the thermal wave depends on the thermal proper2es [86]. Viscous 
aOenua2on is related to the par2cle oscilla2ng to the con2nuous phase during ultrasound 
wave propaga2on. The shear wave is generated around the spherical object as dipole 
radia2on due to the object’s movement, and this effect depends on the object’s density and 
con2nuous phase viscosity, poten2ally making a lesser contribu2on to overall wave 
propaga2on in the case of the highly viscous con2nuous liquid phase. Further, the dipolar 
mode dominates with solid par2cles, i.e., suspensions, while the monopole mode dominates 
with liquid droplets, i.e., emulsions [91].  
 The theore2cal calcula2on assumes the elas2c droplets are dispersed in the 
con2nuous phase at a low concentra2on to avoid interac2ons between thermal and viscous 
waves. As well, the spherical object should be smaller than the wavelength. Allegra and 
Hawley [81] extended the theore2cal calcula2on by introducing the influence of solid- and 
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liquid-dispersed par2cles in scaOering theory. The par2al wave analysis was used to calculate 
scaOering coefficients for the dispersed object in the con2nuous phase. 
 

 
 

Figure 4 Schema2c illustra2on of the compressional incident wave scaOered by a spherical 
object suspended in the liquid phase, resul2ng in inward and outward propaga2on of the 

compressional, thermal, and shear waves. 
 

The ultrasound scaOering model based on Epstein and Carhart [80], Allegra, and 
Hawley’s [81] calcula2ons is a common formula2on for modeling the scaOering of the 
compressional wave by single par2cles. The model describes the scaOering of the 
compressional incident wave by a single solid or liquid spherical object into thermal, shear, 
and compression waves. 

Wave equa2ons can be obtained from the conserva2on laws of mass, momentum, 
and energy and wriOen as three ordinary differen2al equa2ons, which can be solved 
separately to get the three wave poten2als, as follows [81]:  
 

(∇9 + *"
9)6" = 0,       (9a) 

(∇9 + *5
9)6- = 0,       (9b) 

(∇9 + **
9)-O = 0,       (9c) 

 
where 6", 6-, and -O are the poten2als of the compressional, thermal, and shear waves, 
respec2vely, and	*", *5, and ** are the wavenumbers of the compressional, thermal, and 
shear waves, respec2vely, represented as follows: 
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where 3, B, 0, ', 4!, 5, and + represent the angular frequency, ultrasound velocity, ultrasound 
aOenua2on, density, specific heat, thermal conduc2vity, and viscosity, respec2vely. In the 

case of a solid phase, +	 = 	 R

#+D
, where ^ is the shear modulus.  

     Par2al wave analysis is used to define the wave poten2al in both the con2nuous and 
dispersed phases, and the poten2al of incident wave can be described in the following 
equa2on:  
 

6' =	∑ ]6(2( + 1)76(*"7#);6(BJKΘ),
S
6T'      (11) 

 
where 6' is the incident wave poten2al, 76(*"7#) the spherical Bessel func2on represen2ng 
the inward wave, and ;6 the Legendre polynomial represen2ng the angular distribu2on of the 
field with several orders of n. Based on this, the monopole effect is related to n = 0, the dipole 
effect to n = 1, and the quadripole effect to n = 2 [21]. Moreover, the analysis with the 
spherical coordinators (r, %, z) is used. Here, % represents an angle toward the propaga2on 
direc2on, z. 

As presented schema2cally in Figure 4, 6"7, 6-7, and -O7 represent the poten2als of 
the compressional, thermal, and shear wave propaga2ng outside the scaOering object, 
respec2vely: 
 

6"7 	= 	∑ ]6(2( + 1)-6ℎ6(*"7#);6(BJKΘ)
S
6T' ,    (12a) 

6-7 	= 	∑ ]6(2( + 1)<6ℎ6(*57#);6(BJKΘ),
S
6T'     (12b)  

-O7 	= 	∑ ]6(2( + 1)46ℎ6(**7#)?6
7(BJKΘ),S

6T'     (12c) 
  
where ℎ6(*"7#) is the spherical Hankel func2on, which is the third kind of Bessel func2on 
used to represent wave propaga2on in the forward direc2on. The argument *"7# is the 
compressional wave number mul2plied by the object radius, and -6, <6, and 46 are the 
par2al scaOering amplitudes of the compressional, thermal, and shear wave outward 
direc2on, respec2vely. Further, the 6"9, 6-9, and -O9 represent the poten2al of 
compressional, thermal, and shear waves transmiOed to propagate within the spherical 
object: 
 

6"9 	= 	∑ ]6(2( + 1)-`676(*"9#);6(BJKΘ),
S
6T'       (13a) 

6-9 	= 	∑ ]6(2( + 1)<`676(*59#);6(BJKΘ)
S
6T' ,     (13b)  

-O9 	= 	∑ ]6(2( + 1)4`6ℎ6(**9#);6
7(BJKΘ),S

6T'      (13c)  
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where 76(*"9#) is the spherical Bessel func2on represen2ng the wave propaga2on inside, and 
the argument	*"9# is the wavenumber mul2plied by radius. In addi2on, -`6, <`6, and 
4`6represent the amplitudes of the transmiOed wave propaga2ng within the object.  

These six wave poten2al equa2ons (Equa,on 12-13) can be obtained by applying the 
six boundary condi2on equa2ons to the spherical object interface. The boundary equa2on is 
applied to each par2al wave order independently, whereas in Challis et al. [22], the six-
boundary equa2on is implemented in matrix form with six unknown parameters: 

 
 
 

 ,   (14) 
 
 
 
 
where [d] represents the six boundary equa2ons of the radial velocity, radial pressure, 
tangen2al velocity, tangen2al pressure, temperature, and heat flux, as derived by Epstein and 
Carhart [80] and Allegra and Hawley [81]: 
 
 
 
  

  (15) 
 
 
 
 

The column vector on the le~-hand side of Equa,on 14 represents the value of the 
unknown par2al amplitude of the wave propaga2on outward of the compressional (-6) 
thermal (<6), and shear waves (46), as well as inward of the compressional (-`6), thermal 
(<`6), and shear waves (4`6). Meanwhile, the right-hand side of the matrix in Equa,on 14 
represents the value of the incident field. 

The 6×6 matrix elements in Equa,on 15 are summarized in Appendix A in the form 
they were used in the Wolfram Mathema2ca 13.2 so~ware. In the matrix equa2ons listed 
there, c, T, and s refer to the compressional, thermal, and shear waves, respec2vely. Based on 
these,	>", >5, and >* refer to the wavenumber, normalized in the con2nuous phase of the 
compressional, thermal, and shear waves, respec2vely: 
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>" =	*"#,      (16a) 
>5 =	*5#,      (16b) 
>* =	**#.      (16c) 

 
In turn, >"?, >5?, and >*? refer to the normalized wavenumber according to the wavenumber 
of the dispersed phase for the compressional, thermal, and shear waves, respec2vely.  

The generalized Allegra and Hawley model, which calculates the par2al scaOering 
amplitude of either liquid or solid dispersion, refers to so-called wild-card variables 
represented in the Challis et al. version of the ECAH model as [22]:  
 

ll = 	+,      (17a) 
ll? = 	

R

#(+D)
,      (17b) 

 
where + is the shear viscosity and ̂  is the shear modulus. These wild cards can be determined 
depending on the material proper2es of the analyzed system using either solid or viscous 
terms. 
 

1.4.2. Core–shell model 
 
In the previous sec2on, the descrip2on of ultrasound wave scaOering by either solid or liquid 
was presented based on the ECAH theory. However, an ultrasound scaOering theory 
modifica2on, including the third phase, is calculated by Anson and Chivers [87] as a so-called 
core–shell model. This alterna2ve approach involves calcula2ng the acous2c proper2es of 
par2cles with addi2onal surface modifica2ons dispersed in the con2nuous phase, as 
presented in Figure 5. The thermal and shear effect are included in the model developed by 
Anson and Chivers, similar to the ECAH model, and the incident compressional wave is 
transmiOed to a par2cle covered with a shell. The thermal and shear waves are then produced 
at both interfaces, in addi2on to scaOered compressional waves. 
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Figure 5 Schema2c illustra2on of the incident compressional wave scaOered by a spherical 

core–shell object, resul2ng in inward and outward propaga2on of the compressional, 
thermal, and shear waves in the presence of the shell layer. 

 
Similar to the ECAH theory, there are three types of waves generated a~er the incident 

wave is transmiOed to the core–shell object, represented by three wave poten2als: 
compressional, thermal, and shear. These waves travel outward in the shell-con2nuous phase 
(phase 2-1) interface and the con2nuous phase (phase 1), and they travel inward in the core–
shell (phase 2-3) interface and core (phase 3), as shown schema2cally in Figure 5. 

Further, par2al wave analysis can be used to obtain the wave poten2al, such that the 
incident compressional wave is represented by: 
 

6' 	= 	∑ ]6(2( + 1)76(*"7#);6(BJKΘ)
S
6T' ,    (18) 

 
where 76 is the Bessel spherical func2on of the order n. The poten2als of scaOered waves in 
the con2nuous phase are given in the order of the compressional, thermal, and shear modes, 
respec2vely, similar to the ECAH model in Equa,on 12: 
 

6"7 	= 	∑ ]6(2( + 1)-6ℎ6(*"7#);6(BJKΘ),
S
6T'    (19a)  

6-7 	= 	∑ ]6(2( + 1)<6ℎ6(*57#);6(BJKΘ)
S
6T' ,   (19b)  

-O7 	= 	∑ ]6(2( + 1)46ℎ6(**7#);6
7(BJKΘ),S

6T'    (19c) 
  

where 6"7 is the poten2al of the scaOering wave for the compressional wave in the 
con2nuous phase,	-6 is the par2al scaOering amplitude in the con2nuous phase, ℎ6 is the 
Hankel func2on, *"7# is the complex wave number mul2plied by the object radius, ;6 is the 
Legendre polynomials of the order n, and m is the scaOering angle, similar to that presented 
in the previous sec2on. Similarly, the poten2al of the thermal and shear waves was calculated 
by considering the thermal and shear wavenumbers *57 and **7. Therefore, 6-7 is related to 
the poten2al of the thermal wave, and <6 is related to the par2al amplitude of the thermal 
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wave. In turn, -O7	is related to the poten2al of the shear wave in the con2nuous phase, and 
46 is related to the par2al wave amplitude of the shear wave. 

The wave scaOered outward (the boundary between the droplet shell and con2nuous 
phase) and inward (the boundary between the droplet shell and core), and it can be expressed 
as the following equa2ons for the compressional, thermal, and shear waves, respec2vely: 
 

6"9 	= 	∑ ]6(2( + 1)[n676(*"9#) + "6ℎ6(*"9#)];6(BJKΘ)
S
6T' ,  (20a) 

6-9 	= 	∑ ]6(2( + 1)[o676(*59#) + p6ℎ6(*59#)];6(BJKΘ)
S
6T' ,  (20b)  

-O9 	= 	∑ ]6(2( + 1)[q676(**9#) + r6ℎ6(**9#)];6
7(BJKΘ)S

6T' ,  (20c) 
 
where n6, o6, and q6 are the par2al wave amplitudes of the inward of the three poten2al 
waves, and "6, p6, and r6 are the par2al wave amplitudes for the three modes of the outward 
wave. 

In the core, the wave poten2als are wriOen similar to those in the con2nuous phase, 
but the outward propaga2ng waves (represented by the Hankel func2on ℎ6) are replaced 
with the Bessel func2on, similar to in ECAH model in Equa,on 13: 
 

6"< 	= 	∑ ]6(2( + 1)s676(*"<#);6(BJKΘ)
S
6T' ,    (21a) 

6-< 	= 	∑ ]6(2( + 1)t676(*-<#);6(BJKΘ)
S
6T' ,    (21b) 

-O< 	= 	∑ ]6(2( + 1)u676(**<#);6
7(BJKΘ)S

6T' ,    (21c) 
 

where s6, t6, and u6 are the par2al wave amplitudes of the inward of the three poten2al 
compressional, thermal, and shear waves, respec2vely. 

In the core–shell model, two sets of boundary equa2ons are used in the calcula2on. 
The first is the boundary equa2on between the shell (phase 2) and the core (phase 3), and 
the second boundary equa2on is between the shell (phase 2) and the con2nuous phase 
(phase 1), similar to the equa2on used in the ECAH theory. The two boundaries in the 
calcula2on resulted in 12 boundary equa2ons and 12 unknown coefficients, the former of 
which were formaOed as a 12×12 matrix equa2on, as follows: 
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.      (22) 

 
The le~-hand side of Equa,on 22 includes the mul2plica2on of 12 unknown parameters -6,	
<6,	46,	n6,	o6,	q6,	"6, p6,	r6,	s6,	t6,	and	u6	by [M1] represen2ng the boundary equa2ons for 
scaOered and transmiOed wave. The equa2on elements of the [M1] matrix in Equa,on 22 are 
presented in Appendix B in the form they were used in the Wolfram Mathema2ca 13.2 
so~ware. In Equa,on 23, the first three columns represent the wave propaga2on outward in 
the con2nuous phase, and the last three columns are related to the inward wave propaga2on 
inside the core material. Columns four through nine are related to the inward and outward 
wave propaga2ons in the shell material, and in some cases, the thermal effect can be 
neglected in the calcula2on that leads to a decreased number of matrix elements. The 
elements columns related to the thermal proper2es of the system are the second column, 
which represents the outward propaga2on of the thermal wave in the con2nuous phase, the 
column number eleven represent the inward thermal wave in the core phase, and the fi~h 
and eighth columns are related to the inward and outward thermal wave propaga2ons for the 
shell material. This modifica2on can be used to reduce the complexity of the calcula2on in 
the case of using a system in which the viscous effect dominates compared to the thermal 
effect. The same technique can simplify the matrix to neglect the shear wave in the case of 
the thermal wave’s contribu2on by removing the matrix element related to the shear effect: 
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 In the 12 boundary equa2ons, two radii are u2lized: the inner radius (b) and the outer 
radius (a). Therefore, the normalized wave numbers of the compressional, thermal, and shear 
waves were used for each phase based on these radii, as in the following equa2ons: 
 

." =	*">,       (24a) 

.5 =	*5>,       (24b) 

.V =	**>,       (24c) 
 

@" =	*"A,       (25a) 
@5 =	*5A,       (25b) 
@* =	**A.       (25c) 

 
 In the case of the matrix element for thermal mode, the thermal factors are needed 
and are referred to in the boundary equa2on as A"  and A5. In the solid phase, they can be 
presented as in following equa2ons:  

A" =
#W

"7"F8
[39 − (

"7"

W
+

=R

<M
)*"

9],    (26a) 

A5 =
#W

"7"F8
[39 − (

"7"

W
+

=R

<M
)*5

9],    (26b)  

Wave propagaAng in an 
outward direcAon 

(conAnuous phase) 

Wave propagaAng in an 
inward direcAon  

(core phase)  

Wave propagaAng in outward 
and inward direcAon 

 (shell phase) 
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where A"  depends on the compressional wavenumber *"  and A5  depends on the thermal 
wave number *5. The same thermal factors also exist in the liquid phase with the conversion 

of the shear modulus: ^ = 	−]3+. In addi2on, $ is the heat capacity ra2o $	 = 	1 +
""F8"5
P#

, 

where 4! is the specific heat, 0: is the thermal expansion coefficient, and T is the temperature 

in kelvins. As well, B' is the compressional velocity B' 	= 	XB	 −	
=

<
B*, and B* is the shear 

velocity. 
 In the liquid phase, the thermal factor can be described using the following equa2ons: 

 

A" =
#W

""F8
[39 − (

""

W
−

=+DA

<M
)*"

9],    (27a) 

A5 =
#W

""F8
[39 − (

""

W
−

=+DA

<M
)*5

9].    (27b) 

  
The main objec2ve of the boundary equa2on calcula2on is to determine the par2al scaOering 
amplitude -6. The coefficient -6 is required in the calcula2on of aOenua2on and velocity of 
the compressional wave, which could be used in analysis of the experimental results. 
 

1.4.3. Complex wavenumbers of two- and three-phase systems 
 
The acous2c wave is scaOered from the objects that are randomly distributed in the system, 
and the scaOering amplitude in the far field of the scaOerer depends on the angle related to 
the axis. In the effec2ve wavenumber calcula2on, it is necessary to calculate the par2al 
compressional wave amplitudes for both two- and three-phase systems: 
 

C(%) = 	
7

+@'
∑ (2( + 1)-6;6(BJKm)
S
6T' ,   (28) 

 
where C(%) is the far field scaOering amplitude, and -6 is the par2al scaOering amplitude 
calculated for either the ECAH or the core–shell model [22]. Waterman and Truell calculated 
the forward and backward scaOering of the wave by individual objects [85], as follows:  
 

T
N

@'
U
9
	= 	1 +

=X&

@'"
	C(0) +

=X"&"

@'(
[C9(0) − C9(F)].   (29) 
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 The forward scaOering wave, including just monopole scaOering C(0) 	= 	C(F), was 
derived by Foldy et al. [92]: 
  

T
N

@'
U
9
	= 	1 +

=X&

@'"
	C(0),      (30) 

 
where: 
 

C	(0) 	= 	
7

+@'
∑ (2( + 1)-6,
S
6T'       (31a) 

C	(F) 	= 	
7

+@'
∑ (−1)6(2( + 1)-6
S
6T' .    (31b) 

 
 A~er subs2tu2ng Equa,ons 31a and 31b into Equa,on 29, the effec2ve wave number 
equa2on can be finally developed as: 
 

2 = X*"
9 −

<+Y

(@'9)(.9)
(-' + 3-7 + 5-9).    (32)  

  
 Here, 2 = 	 D

":;:<!=
+ ]0*Z*-%/ is the complex wavenumber of the scaOered wave, D	is 

the volume frac2on of the dispersed phase D =	 =
<
F#<|, | is the number of objects 

(dispersed phase) distributed in the con2nuous phase, and # the radii of the object. In the 
case of the core–shell model, r = a, where a is the outer radius of the core–shell object. The 
scaOering coefficient -! is obtained by solving the matrix equa2on above. 

An additional modification of the wave number equation was performed by Challis et 
al. [22], which incorporates the polydispersity of the system: 
 

2 = X*"
9 − ∑

<+Y>
@'9.>

9 (-'[ + 3-7[ + 5-9[)
\
[T7 ,    (33) 

 
where j represents the change in the radius of the par2cles based on the histogram 
distribu2on. In addi2on, the par2al scaOering amplitude -6[  is also calculated with different 
values of j. 

The ultrasound scaOering theory, developed by Epstein and Carhart [80] and Allegra 
and Hawley [81], offers the ability to calculate the par2al scaOering amplitude of the 
compressional wave in the con2nuous phase a~er scaOering via a spherical suspension 
object. This model finds applica2on in the examina2on of both solid suspensions and liquid 
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emulsion droplets, including thermal effects. Moreover, Anson and Chivers [87] enhance the 
ECAH theory by considering the influence of a third phase, an addi2onal layer surrounding 
the core. Consequently, this PhD study is devoted to u2lizing the ultrasound scaOering theory 
to predict ultrasound aOenua2on in a suspensions and a magne2c Pickering emulsions.  

Employing solid par2cles to stabilize emulsion droplets presents a promising approach 
to oil-in-oil emulsions. Nevertheless, effec2ve control of the forma2on of solid par2cles on 
the droplet interface profoundly impacts the system’s stability efficiency. Emulsion 
characteriza2on encompasses several crucial techniques, including microscopy imaging and 
analysis methods, such as dynamic light scaOering and X-ray diffrac2on. In this PhD research, 
ultrasound spectroscopy was selected as the experimental technique for characterizing the 
forma2on process and internal structure due to its unique capability to inves2gate 
concentrated systems without requiring sample prepara2on.  
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2. Experimental techniques  
 

The experimental sec2on of this disserta2on describes the methods of the fabrica2on of 
magne2c Pickering emulsions, the measurement of ultrasound waves, magnetorheological 
tests, and the applica2on of rota2ng magne2c fields to magne2c Pickering emulsions as they 
were used in the papers cons2tu2ng this thesis.  
 

2.1. FabricaOon of magneOc Pickering emulsions 
 

As men2oned in sec2ons 1.1 and 1.2, this research focused on inves2ga2ng oil-in-oil 
emulsions, and in the case of magne2c Pickering emulsions, important factors must be 
inves2gated to improve the forma2on process, such as the number of par2cles on the droplet 
interface and droplet size distribu2on. Several factors make the oil-in-oil system an aOrac2ve 
choice, including the high viscosity of the con2nuous phase, providing long-term stability 
against sedimenta2on, especially during measurements. In addi2on, the oil polarity of the oil-
in-oil system helps to u2lize the direct current (DC) electric field to enhance droplet 
stabiliza2on by solid par2cles [39,40]. 

In the experiments, castor oil (MA 220-1, MERLIN, Spain), a natural oil produced from 
the castor seed plant, known as Ricinus communis, represented the con2nuous phase of the 
oil-in-oil emulsion [93]. The unique chemical structure and renewable proper2es of castor oil 
have led to its use in various industrial applica2ons, such as the chemical industry [94], as well 
as in medical applica2ons as a drug delivery vehicle for nonpolar drugs [95,96]. Silicone oil 
(Rhodosil Oils 47V 50, VWR Chemicals, USA) represented the dispersed phase of the oil-in-oil 
emulsion, which is the hydrophobic polymeric liquid that cons2tutes silicon–oxygen bonds 
[97]. The density match between castor oil and silicone oil provided beOer stability compared 
to, for instance, water-in-oil systems. Long-term stability is further crucial for accurately 
characterizing emulsions through op2cal and ultrasound measurements. Although oil-in-oil 
emulsions have not been extensively studied in the literature compared to oil-in-water or 
water-in-oil emulsions, it was presented recently that the nanopar2cle func2onality 
influences silicone droplet stability in castor oil. Meanwhile, stabilizers with hydrophilic 
proper2es showed beOer stability due to proper weOability, measured according to the 
contact angle between phases [98].  

In this disserta2on, iron oxide (iron [II, III] oxide) hydrophilic nanopar2cles, purchased 
in powder form from Sigma-Aldrich Co. (St. Louis, MO, USA, product no. 310069), were 
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u2lized as stabilizers for silicone oil droplets dispersed in castor oil. Ultrasound 
homogeniza2on is a popular method for fabrica2ng emulsions in bulk quan22es; therefore, 
the first method of fabrica2ng magne2c Pickering emulsions involved ultrasound 
homogeniza2on of all substances, including the stabilizing par2cles and oils, using the 
ultrasound homogenizer Sonopuls HD 3100 (Bandelin, Germany) at a working frequency of 
20 kHz, as illustrated in Figure 6a.  

Taking ultrasound homogeniza2on as a basic approach, addi2onal strategies could be 
employed to enhance droplet stability and increase the number of par2cles on the droplet 
interface. Several factors may also prevent droplets from being fully covered, such as a lower 
par2cle concentra2on compared to the dispersed oil, known as a limited coalescence regime, 
or varia2ons in par2cle shape and surface func2onality. An external DC electric field was 
applied to promote coalescence of par2ally stable droplets (prepared via ultrasound 
homogeniza2on), as depicted in Figure 6b, and interac2ons between droplets under a DC 
electric field occur in liquids of low conduc2vity subjected to an electrical poten2al difference, 
resul2ng in free charges on the droplet interface. 

 

 
Figure 6 Scheme of the two-step fabrica2on of magne2c Pickering emulsions: (a) ultrasound 

homogeniza2on and (b) electrocoalesence under a direct current (DC) electric field. 
 
In addi2on to using magne2c par2cles for stabilizing Pickering emulsions, a non-

magne2c material was tested in suspensions inves2gated using ultrasound spectroscopy. The 
silica par2cles from Sigma-Aldrich Co. (St. Louis, MO, USA, product no. 637246) were 
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dispersed in castor oil in one of the experiments, and silica par2cles were chosen, as they 
exhibit unique proper2es, including high chemical stability, biocompa2bility, and targeted and 
controlled release [99]. 
 

2.2. Ultrasonic measurements  
 
The ultrasound system consisted of two ultrasound piezoelectric broadband transducers—a 
transmiOer and a receiver (OLYMPUS, USA)—driven by an ultrasound generator (OPBOX 2.1 
from OPTEL, Poland, with UT probe adapter, model AD-1T, version RC-1N50). In all 
experiments, the technique based on the transmission method was used to measure the 
ultrasound aOenua2on in the system. A broadband ultrasonic signal was transmiOed through 
water to the sample cell and subsequently detected by the receiver, with the signal recorded 
at a sample frequency of 100 MHz. The ultrasonic waveform changed with the internal 
structure, such as the object size, sedimenta2on, and aggrega2on. As the ultrasound 
proper2es in the sample are temperature-dependent, all measurements were conducted at 
a temperature of 25 ± 0.2°C using a thermostat setup, and the ultrasonic wave propagated 
through the water and the sample, as shown in Figure 7. The system was designed using the 
AutoCAD so~ware and printed using a 3D printer, which enabled adjustments specific to 
experimental scenarios. The sample cell for suspensions and emulsions used in the 
experiments was the standard polystyrene sample cell used for spectroscopic measurements 
(45mm×10 mm×10mm). 
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Figure 7 Scheme of the ultrasound measurement system consis2ng of two piezoelectric 
broadband transducers immersed in thermostated sample cell at temperature of 25°C. 

 
 The ultrasound aOenua2on coefficient in the frequency func2on was calculated using 
the well-known formula (reference method) [100,101], as follows: 
 

0(C) = 0(C).%, +
7

$
ln

| *̂(,)|
| "̂(,)|

	,    (34) 

 
where 0(C) is the ultrasound aOenua2on coefficient in Np/m, and 0(C).%, = 	6.4 ∙ C7.U; is 
the aOenua2on spectra of the carrier fluid (castor oil), treated as the reference medium and 
f is expressed in MHz.  The expression for 0(C).%, was determined in another experiment for 
pure castor oil when silicone oil was used as the reference medium, and d is the acous2c path 
inside the sample cell (10 mm). Further, |q7(C)| is the absolute value of the fast Fourier 
transform (FFT) for the pulse recorded in the castor oil, and |q9(C)| is the FFT absolute value 
of the pulse recorded in the systems, such as suspensions or emulsions. 

The processing of ultrasound signals was achieved by determining the pulse posi2on, 
filtering the noise, and applying the Hamming window to mi2gate spectral leakage. A~er, the 
FFT algorithm was applied to convert the signal from the 2me domain to the frequency 
domain.  
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2.3. Rheological measurements 
 
The ultrasound technique is not the only one used to characterize suspensions and emulsions; 
it can also be used together with rheological measurements to characterize the internal 
structure and stability of colloidal systems, as the viscosity contribu2on is important in both 
techniques [102]. Magnetorheological measurements represent a branch of rheology that 
characterizes the flow behavior of magne2c materials under an external magne2c field. Such 
materials are o~en referred to as smart materials due to their capacity to alter their physical 
proper2es when subjected to the applica2on of an external magne2c field [103,104]. 
 During a six-month stay at the Ins2tute of Experimental Physics of the Slovak Academy 
of Science in Kosice as a part of a NAWA grant, the rheological proper2es of magne2c systems 
were studied using a magnetorheological system with a twin gap rheometer, provided by 
Anton Paar (MCR 502, Austria), with a dedicated magnetorheological cell (MRD170/1T) and a 
measuring system (PP20/MRD/TI). The magne2c field was generated by applying an electrical 
current to a coil located below the sample cell plate, and the magne2c field was uniform and 
oriented perpendicularly to the measuring system gap between the plates, the distance of 
which was constant (1 mm) in all measurements, and the volume of the sample placed 
between the plates was 0.3 ml. The temperature of the sample cell was maintained during 
the measurements at ~25°C, though a thermocouple sensor (GMH 3230, Germany) was 
u2lized to monitor the temperature of the systems during the measurement. Finally, a 
teslameter (FH 54, Germany) was u2lized to measure the magne2c field strength, where the 
magne2c flux density gradually increased linearly over 2me from 0 mT to 212 mT. 
 

2.4. RotaOng magneOc field measurements 
 
As men2oned in sec2on 1.2, the magne2c suspension and emulsion can be used a source of 
hea2ng under an alterna2ng-magne2c-fields applica2on [63,105]. Although the use of 
alterna2ng magne2c fields is common, a rota2ng magne2c field is another possible method 
of heat genera2on, poten2ally with a higher output [106,107].  
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Figure 8 Scheme of the four-coil setup for the genera2on of a rota2ng magne2c field. 

 
  In the experiments, the rota2ng magne2c field was produced by a magne2c circuit 

containing four separate magne2c fluxes shi~ed in space by an angle of 90°. As shown in 
Figure 8, the system used a closed magne2c circuit containing a ferrite torus with ferrite cores. 
Further, the amplitude of the magne2c field intensity was measured with a probe (measuring 
coil) inserted into the center of the magne2c system, and the range of magne2c field strength 
used was from 5.8 kA/m to 15.7 kA/m. 
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3. Summary of publica5ons  
 
The previous chapters introduced basic informa2on regarding Pickering emulsions and the 
use of magne2c nanopar2cles as stabilizers, and several system characteriza2ons were 
presented, including the thorough explana2on of ultrasound scaOering theory for two- and 
three-phase systems used in calcula2ons, and ultrasound spectroscopy experiments. Now, 
this chapter covers the link between papers that cons2tute the thesis: [Scien,fic Papers I–
VI]. The first three papers cover the characteriza2on of an oil-based magne2c suspension 
system, magne2c Pickering emulsion by ultrasound aOenua2on spectroscopy [Scien,fic 
Paper I–II], and magnetorheological measurements [Scien,fic Paper III], whereas the laOer 
three papers [Scien,fic Paper IV–VI] cover the applica2on aspects of the research on 
magne2c Pickering droplets concerning op2mizing and inves2ga2ng ultrasound hea2ng, 
magne2c separa2on, and magne2c hea2ng. 

 
[Scien,fic Paper I]: “Ultrasound study of magne,c and non-magne,c nanopar,cle 

agglomera,on in high viscous media” 
 
Ultrasound aOenua2on spectroscopy has been widely used in material characteriza2on, 
including in such colloidal systems as suspensions or emulsions, demonstra2ng the capability 
to detect volume frac2on, compressibility, and par2cle size distribu2on via a non-destruc2ve 
method without requiring sample prepara2on, making it suitable for low-cost measurements 
in op2cally opaque mixtures. Both magne2c and non-magne2c suspensions have found 
applica2ons in various industrial and medical contexts. Hence, understanding nanopar2cle 
proper2es, such as size and tendency for aggrega2on, is crucial to their applica2on-specific 
determina2on. 

In this paper, ultrasound scaOering theory based on the ECAH model, along with 
ultrasound aOenua2on measurements, enables the measurement of par2cle size for 
magne2te and silica nanopar2cles dispersed in a highly viscous medium (castor oil). The 
dis2nct physical proper2es of silica and magne2te par2cles significantly influence ultrasound 
aOenua2on values experimentally and theore2cally due to differing movements and heat 
exchanges between the carrier fluid and suspension par2cles, phenomena included in the 
ECAH model descrip2on. Upon comparison with electron microscopy images, the results 
indicate a higher tendency for aggrega2on in magne2c nanopar2cles compared to silica 
nanopar2cles, with an aggrega2on tendency propor2onal to the par2cle concentra2on. 
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The ultrasound results provide insights into the actual par2cle sizes in situ without 
necessita2ng sample prepara2on, and this finding lays the groundwork for the further 
explora2on of more complex systems, such as Pickering emulsions. 

 
The results presented in the paper can be summarized as follows: 

1. The change in the ultrasound aOenua2on value correlates to the par2cle size 
distribu2on, concentra2on, and aggrega2on rate. 

2. Silica nanopar2cles exhibit a lower tendency for agglomera2on compared to magne2c 
nanopar2cles due to the lower possibility of par2cle–par2cle interac2on. 

3. The ultrasound aOenua2on results indicate a higher rate of agglomera2on, with a 
higher par2cle concentra2on. 

4. The results show the poten2al applica2on of the ultrasound method for monitoring 
aggrega2on in systems, as well as for characterizing solid par2cles intended for 
stabilizing Pickering droplets. 

 
[Scien,fic Paper II]: “Ultrasound measurements of par,cle shells in magne,c Pickering 

emulsions” 
 
Ultrasound aOenua2on spectroscopy, as demonstrated in [Scien,fic Paper I], offers the 
possibility of calcula2ng the sizes of par2cles dispersed in an oil suspension using the ECAH 
model. However, in the case of Pickering emulsions, the calcula2on of ultrasound aOenua2on 
requires an extension of the ECAH model to account for the presence of a third phase of 
par2cles on the droplet interface. 
 The theore2cal data obtained from the core–shell model proposed by Anson and 
Chivers are u2lized to inves2gate the droplet radius and shell thickness of magne2c Pickering 
emulsions. The theore2cal calcula2on demonstrates the sensi2vity of ultrasound aOenua2on 
to different shell thicknesses, highligh2ng the necessity of use of this extended model to 
control the stability of Pickering droplets. Two fabrica2on methods are tested using the core–
shell model. The one-stage method for emulsion prepara2on employs ultrasound 
homogeniza2on individually. Furthermore, ultrasound homogeniza2on followed by a DC 
electric field is used to enhance droplet stability. The internal structure of magne2c Pickering 
emulsions is influenced by the concentra2on of the dispersed phase and the fabrica2on 
method. 
 The results show a notable change in the outer radius of Pickering emulsions with 
varying par2cle concentra2ons, and higher concentra2ons of magne2c nanopar2cles result 
in smaller outer radii of Pickering droplets, with aggregated magne2c nanopar2cles on the 
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droplet interface. Furthermore, droplet coalescence due to the applica2on of a DC electric 
field leads to a rela2vely thicker par2cle shell on the droplet interface. 
 
The results presented in the paper can be summarized as follows: 

1. A higher volume ra2o of magne2c nanopar2cles to silicone oil leads to a higher 
aggrega2on rate of par2cles on the droplet interface, resul2ng in an almost ten-fold 
thicker shell compared to a lower volume ra2o.  

2. The applica2on of a DC electric field results in a higher shell thickness of Pickering 
droplets that were also larger due to electrocoalesence events.  

3. Ultrasound aOenua2on can be an efficient alterna2ve method for characterizing 
three-phase systems, such as Pickering emulsions, without a sample prepara2on 
requirement. 

4. Ultrasound aOenua2on analyzed based on the core–shell model is suggested as a 
promising predictor for characterizing par2cle shell proper2es that could be crucial for 
drug release and magne2c separa2on processes. 
 

[Scien,fic Paper III]: “Magnetorheological characteriza,on of oil-in-oil magne,c Pickering 
emulsions” 

 
Rheological measurements are an important method of characterizing the flow behavior of 
emulsions and suspension systems. For this reason, it is used to inves2gate the internal 
structure and stability of oil-in-oil magne2c Pickering emulsions and can be compared with 
the outcomes of the ultrasound spectroscopy results in [Scien,fic Paper II].  
 The shear viscosity and dynamic yield stress as func2ons of the shear rate and 
magne2c field are measured for par2ally and fully stable magne2c Pickering emulsions, where 
magnetorheological measurements reflect changes in the internal structure under magne2c 
field applica2on. The emulsion fabricated using ultrasound and an addi2onal DC electric field 
applica2on exhibits a higher dynamic yield stress compared to the one-stage fabrica2on 
method. Furthermore, the results indicate different magnitudes of the magnetoviscous effect 
between par2al and stable emulsions, which is correlated with changes in the sizes of 
Pickering droplets and the shell thickness on the droplet interface. 

 
The results presented in the paper can be summarized as follows: 

1. The fully stable emulsion demonstrates a viscoelas2c behavior with a strong solid-like 
structure compared to the partly stable emulsion. This is aOributed to the higher 
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number of par2cles on the droplet interface, leading to stronger droplet interac2on 
under a homogeneous magne2c field. 

2. The ini2al flow of the emulsion, determined by the dynamic yield point, is higher for 
fully covered droplets compared to par2ally covered droplets. 

3. The results of the magnetorheological measurements can be used in conjunc2on with 
ultrasound to control the forma2on process of magne2c Pickering emulsion.  

 
[Scien,fic Paper IV]: “Op,miza,on of ultrasound hea,ng with Pickering droplets using 

core–shell sca[ering theory” 
 
Ultrasound hyperthermia is a medical treatment accomplished by the absorp2on of wave 
energy into heat. Several factors influence ultrasound-induced hea2ng, including the intensity 
of ultrasound waves, frequency, and thermal and acous2c material proper2es. The 
effec2veness of ultrasound can thus be enhanced using sonosensi2zers, addi2onal materials 
that significantly aOenuate ultrasound waves and dissipate energy in the form of heat.  

In this research, Pickering droplets are modeled to be stabilized by magne2te and silica 
nanopar2cles, serving as candidates for sonosensi2za2on in an agar phantom. A 
computa2onal approach based on ultrasound scaOering theory, shown to be efficient in 
Pickering emulsion characteriza2on in [Scien,fic Paper II], is u2lized to calculate ultrasound 
aOenua2on and velocity in agar phantoms with inclusions doped with Pickering droplets. 
Furthermore, numerical simula2ons of pure agar phantoms and agar phantoms incorpora2ng 
spherical inclusions are conducted to compute heat genera2on based on a bioheat transfer 
model. 

In the pure agar phantom simula2ons, the results indicate that temperature eleva2on 
and penetra2on depth vary with different frequencies ranging from 1 MHz to 10 MHz. 
Subsequently, magne2c Pickering droplets with varying core radii and shell thicknesses are 
dispersed in spherical inclusions with a diameter of 10 mm immersed inside the cylindrical 
agar phantom. It is observed that temperature rise and penetra2on depth change significantly 
with different core radii while maintaining a constant shell thickness. Nanodroplets with a 
radius below 400 nm exhibit higher temperature eleva2ons compared to microdroplets, and 
spherical inclusions doped with non-magne2c Pickering droplets (stabilized with silica 
nanopar2cles) yield lower temperature eleva2ons compared to magne2c Pickering droplets, 
aOributed to differences in physical droplet proper2es. 
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The results presented in the paper can be summarized as follows: 

1. The temperature increase depends on the ultrasound frequency, as well as on the 
thermal and acous2c proper2es of the agar phantom doped with sonosensi2zers. 

2. The op2miza2on of ultrasound hea2ng can be achieved by changing the core radius 
and shell thickness of Pickering droplets.  

3. Controlling the internal structure and size of the sonosensi2zer can help improve the 
heat eleva2on, as well as the penetra2on depth.  

4. The non-focused ultrasound wave propaga2on in the agar phantom doped with 
Pickering droplets of the proper size can enable similar localized hea2ng effects to be 
obtained for use in the focused ultrasound devices. 

 
[Scien,fic Paper V]: “Propaga,on of ultrasonic wave in magne,c Pickering emulsion under 

DC magne,c field” 
 
One of the unique features of Pickering emulsions stabilized by magne2c nanopar2cles is their 
ability to respond to an external magne2c field. The gradual migra2on of magne2c droplets 
under the influence of a sta2c gradient magne2c field is known as the phenomenon of 
magnetophoresis, and it can be used in industrial applica2ons.  

In this paper, the magne2c separa2on of an oil-in-oil magne2c Pickering emulsion is 
inves2gated under different intensi2es of the magne2c field and concentra2ons of magne2c 
par2cles. The low-gradient magne2c field, produced by permanent magnets, is posi2oned 
outside the sample cell, as illustrated in Figure 9. Ultrasound aOenua2on as a func2on of 
frequency provides informa2on about the movement of magne2c Pickering droplets from 
regions of lower to those of higher magne2c field intensity. In addi2on, ultrasound 
aOenua2on exhibits a significant difference a~er the applica2on of a magne2c field due to 
magnetophoresis. The velocity of magnetophoresis increases with a higher shell thickness 
and aggrega2on rate in the system, owing to the magnetophore2c force that pushes the 
Pickering droplets to a high region of magne2c field intensity. The purifica2on and velocity of 
Pickering droplet movement can be controlled by combining the ultrasound aOenua2on value 
a~er magne2c field applica2on with the reference oil aOenua2on. 
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Figure 9 Schema2c illustra2on of the experimental setup for magne2c separa2on under a 

sta2c low-gradient magne2c field controlled by the ultrasound method. 
 
The results presented in the paper can be summarized as follows: 

1. The magne2c field intensity and internal structure of the Pickering emulsion, including 
its size and aggrega2on, influence the magne2c separa2on in the system directly.  

2. A higher intensity or larger droplet radius correlates with an increased 
magnetophore2c force. 

3. The experimental results suggest that magne2c separa2on 2me and purifica2on can 
be controlled based on the reference value of the carrier fluid through ultrasound 
aOenua2on. 

 
[Scien,fic Paper VI]: “Magne,c pickering emulsions heated in a rota,ng magne,c field” 

 
Pickering emulsions stabilized by magne2c nanopar2cles can serve as a source of heat when 
subjected to an alterna2ng magne2c field. In addi2on, rota2ng magne2c fields can be 
efficiently employed for magne2c hea2ng purposes. The temperature eleva2on within a 
magne2c Pickering emulsion finds applica2on in magne2c hyperthermia, whereas in an 
alterna2ve magne2c field, oscilla2on leads to delays in the relaxa2on of the magne2c 
moment, resul2ng in temperature eleva2on, as described in Sec2on 1.2. However, in a 
rota2ng magne2c field, the par2cles can be rota2ng rather than oscilla2ng, and the fric2on 
between par2cles leads to a temperature eleva2on. In the case of large objects, such as 
magne2c Pickering emulsions, the movement of the domain walls was the cause of the 
temperature eleva2on in the rota2ng magne2c field. 
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In this paper, the efficiency of magne2c hea2ng is inves2gated using a rota2ng 
magne2c field, and the performance of the rota2ng magne2c field is compared with that of 
an alterna2ng magne2c field for both magne2c suspensions and magne2c Pickering 
emulsions. The experimental results indicate that a higher temperature eleva2on is achieved 
with a rota2ng magne2c field for both magne2c suspensions and emulsions, and the 
responsible mechanism of hea2ng is hysteresis loss. Magne2c hea2ng can be op2mized by 
controlling the internal structure of suspensions and emulsions, such as the aggrega2on and 
shell thickness of the Pickering emulsion, as presented in [Scien,fic Papers I and II]. 

 
The results presented in the paper can be summarized as follows: 

1. The rota2ng magne2c field is proven to achieve a temperature eleva2on higher than 
via the common method of an alterna2ng magne2c field. 

2. The study shows the ability to use a rela2vely low concentra2on of magne2c materials 
to induce a temperature increase sufficient for hyperthermia therapy applica2ons. 

3. The slight changes in shape of the stabilizing magne2c par2cles and their size influence 
the hea2ng effect.  

4. The experimental results indicate that a low concentra2on of magne2c nanopar2cles 
is enough to obtain the required temperature eleva2on, which is important in 
biomedical applica2on. 
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4. Conclusions 
 
Within my PhD project, I began my inves2ga2on by characterizing the internal structures of 
both magne2c and non-magne2c suspensions using the ECAH model, and the results yielded 
valuable insights into par2cle interac2ons within high-viscosity carrier fluids. However, the 
ECAH model's u2lity appeared limited for Pickering emulsions due to an addi2onal layer with 
dis2nct proper2es on the droplet interface, necessita2ng addi2onal boundary condi2ons for 
an accurate calcula2on. Consequently, the core–shell model was employed to compute 
ultrasound scaOering waves by core–shell objects, which facilitated the determina2on of the 
core size and shell thickness of Pickering droplets across various volume frac2ons and 
fabrica2on methods. In addi2on, magnetorheological measurements revealed changes in the 
viscoelas2c proper2es of the emulsion related to the shell thickness and aggrega2on rate, 
which were measured by ultrasound spectroscopy.  
 Based on these characteriza2ons, further research into the forma2on process is 
needed to enhance droplet stability, ensure proper encapsula2on, and mi2gate aggrega2on 
within the system. This is par2cularly crucial, as computer simula2ons indicate varying 
temperature eleva2ons with changes in the size of Pickering droplets, as well as in their 
par2cle shell thicknesses, which could be altered by op2mizing fabrica2on routes when 
different par2cle stabilizers are used.  
 This PhD research iden2fies ultrasound waves as a promising tool to control the 
forma2on process and detect the aggrega2on in both suspensions and Pickering emulsions, 
and they can be used in the future to enhance the fabrica2on process, offering a substan2al 
contribu2on to the applica2on of Pickering emulsions in the medical and industrial fields. 
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Abstract: Ultrasound attenuation spectroscopy has found wide application in the study of colloidal
dispersions such as emulsions or suspensions. The main advantage of this technique is that it can be
applied to relatively high concentration systems without sample preparation. In particular, the use of
Epstein-Carhart-Allegra-Hawley’s (ECAH) ultrasound scattering theory, along with experimental
data of ultrasound velocity or attenuation, provide the method of estimation for the particle or
droplet size from nanometers to millimeters. In this study, suspensions of magnetite and silica
nanoparticles in high viscous media (i.e., castor oil) were characterized by ultrasound spectroscopy.
Both theoretical and experimental results showed a significant difference in ultrasound attenuation
coefficients between the suspensions of magnetite and silica nanoparticles. The fitting of theoretical
model to experimental ultrasound spectra was used to determine the real size of objects suspended
in a high viscous medium that differed from the size distributions provided by electron microscopy
imaging. The ultrasound spectroscopy technique demonstrated a greater tendency of magnetic
particles toward agglomeration when compared with silica particles whose sizes were obtained from
the combination of experimental and theoretical ultrasonic data and were more consistent with the
electron microscopy images.

Keywords: magnetic nanoparticles; silica nanoparticles; suspension; ultrasound spectroscopy;
ultrasound scattering theory

1. Introduction
In the last few decades, nanoparticles (NPs) of different origins have been used

in numerous industrial and biomedical applications. The small size of magnetic NPs
combined with the possibility of surface modification [1,2] gave them the ability, among
others, to carry other compounds and deliver them in the site of interest. The additional
feature is that the shape of magnetic NPs is not limited to spheres, but can be extended to
the forms of wires, tubes, and disks [3]. One of the most often proposed applications of
magnetic NPs is using them to heat the medium when exposed to an oscillating or a rotating
magnetic field [4–7]. Additionally, magnetic NPs can be guided to the target location by
applying a static magnetic field [8] that makes them attractive for many applications,
such as separation techniques for water purification [9], bioseparation [10], and magnetic
resonance imaging [11].

Another application is to utilize magnetic NPs as stabilizers in so-called Pickering
emulsions, in which solid particles accumulate on the surfaces of droplets. The use of mag-
netic NPs can alter emulsion properties in response to external magnetic fields. Magnetic
separation is then possible when a low gradient magnetic field is used [12]. Moreover,
magnetic Pickering droplets can work as a source of heat under the application of an
alternating magnetic field [13]. However, knowledge of the particles’ properties, especially
their sizes, is crucial in the preparation of Pickering emulsions. The behavior of particles
suspended in a carrier liquid, especially their tendency toward agglomeration, is also of
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significance. Among the various experimental techniques, ultrasonic spectroscopy can be
used to obtain the characteristics of nanoparticles in oil suspensions.

Many previous studies have examined the potential of ultrasound techniques for
studying colloids [14,15]. Acoustic methods offer the possibility of non-intrusive, low-
cost measurements that can be used in optically opaque, undiluted particulate systems.
When a high-frequency sound wave (typically 1–20 MHz) travels through a sample, the
measurable parameters (i.e., ultrasound velocity and attenuation) depend on the various
properties of the medium. Therefore, ultrasonic measurements can be used to measure
the compressibility [16] and the volume fraction [17] of the dispersed phase. By applying
the inverse theoretical analysis of ultrasound attenuation spectra obtained in a particulate
medium, particle size distribution (PSD) can also be revealed [18], which is vital for practical
applications in medicine and industry.

Epstein-Carhart-Allegra-Hawley (ECAH) is the most popular existing ultrasound scat-
tering theory. It assumes that the objects scattered in a continuous medium (e.g., droplets,
particles, bubbles, etc.) are spatially separated [19,20]; however, this is idealistic because
the high free energy of the system, which is inherent in colloids, as well as the balance
of repulsive and attractive forces between interfaces lead to the tendency of the scatter-
ers to form agglomerates [21,22]. In contrast, in media where agglomerations occur, the
proper characterization in situ, without special sample preparation prior to measurements,
is particularly important for providing reasonable results. The process of dilution can
destroy agglomerated structures and change the images of the analyzed system. Therefore,
ultrasound experimental techniques supplemented by ultrasound scattering theories can
be a powerful tool for showing the tendency toward agglomeration and for providing
information about the real appearance of suspensions and PSD [23]. To determine the
tendency of agglomeration in suspensions, the zeta potential measurements are commonly
utilized [24,25]. However, it should be noted that such measurements also require special
sample preparation, mainly the dilution of the colloidal systems studied. That is why
techniques that enable direct in situ measurements are needed. Until now, only few stud-
ies have used ultrasound to characterize agglomerated systems. The rich literature on
two-phase systems of particle suspensions in oil and water focuses on systems with weak
acoustic contrast between phases and low-viscous carrier fluids (e.g., polystyrene in water).
In the present study, measurements of ultrasound attenuation in a castor oil suspension
of magnetite iron oxide NPs were compared with measurements of non-magnetic silica
dioxide NPs in suspension. The high viscosity of the carrier fluid, compared to water for ex-
ample, provided sufficient resistance against particle sedimentation during the experiment.
Thus, the analysis of ultrasonic waves as a function of frequency yields reasonable results
about the size of suspended particles. The experimental results of ultrasound attenuation
were analyzed within the framework of the ECAH theory, which considers contributions to
acoustical attenuation due to friction and heat exchange between particles, the surrounding
carrier liquid, and the scattering mechanism. The comparison of the ultrasound data with
the results of microscopy imaging demonstrated the presence of agglomerated structures
of particles dispersed in castor oil.

2. Materials and Methods
2.1. Preparation of Oil Suspensions of Magnetic and Non-Magnetic Particles

Porous silica dioxide nanoparticles (product no. 637246) and iron oxide (iron (II,III)
oxide) nanoparticles (product no. 637106) purchased in the form of powder from Sigma-
Aldrich Co., St. Louis, MO, USA were used to prepare the oil-based suspensions. The
surface of the NP was unmodified, and they were not coated. Castor oil was used as the
carrier fluid (MA 220-1, MERLIN, Logrono, Spain). Table 1 provides the basic physical
parameters of the continuous phase and the particles, including their viscosity, density,
thermal conductivity, and specific heat, as well as the acoustic parameters of ultrasonic
velocity and attenuation. The acoustic contrast factors [26] between the castor oil and the
silica nanoparticles and between the castor oil and magnetite nanoparticles were 1.59 and
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2.11, respectively. For magnetic NPs, the size distribution of particles in the form of powder
was calculated based on scanning electron microscopy (SEM) images with 200 nanoparticles.
PSD of silica NPs was obtained from transmission electron microscopy (TEM) for particles
dispersed in physiological saline solution and calculated with 150 nanoparticles [27]. As
the theoretical model requires volume concentration of particles, the PSD was converted to
volume distribution by taking into account the densities of particles.

Table 1. The physical parameters of the pure castor oil (continuous phase) and magnetic and non-
magnetic particles (dispersed phase) for 25 �C. If the references are not given, the values come from
either the measurements or data sheets. For the attenuation coefficient, the frequency, f, is expressed
in Hz units.

Parameters Castor Oil Silica NPs Magnetite NPs

Viscosity ⌘ (Pa·s) 580 ⇥ 10�3 � �
Density ⇢ (kg/m3) 957 1970 [28] 5180 [29]

Thermal conductivity  (W/mK) 0.180 1.6 [30] 52 [29]
Specific heat Cp (J/kg·K) 1800 728.5 [30] 653 [29]

Thermal expansion �T (1/K) 7.7 ⇥ 10�4 [31] 1.35 ⇥ 10�6 [30] 11.8 ⇥ 10�6 [29]
Ultrasound velocity c (m/s) 1455 5968 [30] 7157 [29]

Ultrasound atteuation coefficient ↵ (Np/m) 5.11 ⇥ 10�10 f 1.69 [32] 2.6 ⇥ 10�22 f 2 [33] 0.01 ⇥ 10�15 f 2 [29]
Shear module µ

�
N/m2� � 2.79 ⇥ 1010 [30] 6.03 ⇥ 1010 [29]

The suspensions were prepared using an ultrasonic homogenizer (Sonoplus HD
300 equipped with a KE 76 probe; Bandelin, Germany) at a working frequency of 18 kHz
and an acoustic intensity estimated at ~17 W/cm2. The mixture of particles and oil was
sonicated for 40 s. The suspensions were tested at two different mass concentrations of
particles: 5% and 10%. It is worth noting that the calculations in the ECAH theory required
conversion from mass concentration to volume concentration (i.e., volume fraction). Addi-
tionally, an optical microscope connected to a camera (UI-3590CP-C-HQ, IDS, Boston, MA,
USA) was used to take images of the suspension of magnetite in castor oil in a sample cell
(optical path = ~2 mm).

2.2. Experimental Setup
Figure 1 shows the scheme for the ultrasound measurement system used in the

experiments. The sample cell was designed using AutoCAD software and printed using a
3D printer. The temperature was maintained at 25 �C and controlled by a thermostat system.

The ultrasonic measurements were carried out using two piezoelectric broadband
transducers: a transmitter and a receiver (OLYMPUS, Waltham, MA, USA) driven by an
ultrasound generator OPBOX 2.1 (OPTEL, Wrocław, Poland). The ultrasound wave was
propagated through the water and sample cells. The signal was recorded at a sampling
frequency of 100 MHz.

2.3. Calculation of the Ultrasound Attenuation Coefficient Wave Based on FFT Spectra
The attenuation coefficient of ultrasound in the function of frequency was obtained

using the ultrasonic transmission spectroscopy technique. The raw experimental data
provided by the setup described in Section 2.3 were analyzed using the well-known refer-
ence broadband method [34,35]. The attenuation coefficient was derived from the follow-
ing equation:

a( f ) = a( f )re f +
1
d

ln
|F1( f )|
|F2( f )| , (1)

where a( f ) is the ultrasound attenuation coefficient in Np/m, a( f )re f is the attenuation
coefficient of carrier fluid (castor oil), d is the acoustic path inside the sample cell (10 mm),
|F1 ( f )| is the amplitude of the FFT for the pulse recorded in the castor oil, and |F2 ( f )| is
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the amplitude of FFT in the pulse recorded in our systems of interest, that is, the magnetic
and non-magnetic particle oil suspensions.
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Figure 1. Scheme for an ultrasound measurement system consisting of an ultrasonic testing de-
vice with two piezoelectric broadband transducers (transmitter and receiver). Ultrasound wave
propagated in the sample at a constant temperature of 25 �C.

Similar to our previous work [12], water was not used as the reference medium
because we investigated oil suspensions of magnetic and non-magnetic particles based
on castor oil. As the attenuation coefficient of the reference fluid in Equation (1) was
expressed as the function of frequency, we expressed a( f )re f as the power-law in the form
of 5.11 ⇥ 10�10 f 1.692 [19], where f is the frequency in Hz [32].

2.4. Ultrasound Wave Propagation in Two-Phase Systems
Ultrasound attenuation in particle suspension can be conveniently expressed as the

sum of four contributions: visco-inertial absorption (ah), thermal absorption (aT), scattering
losses (as), and carrier liquid (a0) attenuation:

a = ah + aT + as + a0. (2)

Epstein and Carhart [36] proposed the ultrasound scattering theory for droplets dis-
persed in liquids, and Allegra and Hawley [37] extended their calculation to solid particles
in a liquid continuous phase. The extended theory (ECAH) can be used to characterize the
structures of two-phase systems, such as suspensions and emulsions. Based on ultrasound
measurements, the scattering of the particle produces three wave modes both inside the
particle and in the surrounding fluid: compression mode with the wavenumber kc, thermal
mode with the wavenumber kT , and shear mode with the wavenumber ks:

kc =
w

c
+ ia , (3)
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ks = (1 + i)
✓

wr

2h

◆ 1
2

, (4)

kT = (1 + i)
✓

wrCp

2k

◆ 1
2

, (5)

where c, a, r, h, Cp, and k, w, are the ultrasound velocity, ultrasound attenuation, density, vis-
cosity, specific heat, the thermal expansion coefficient, and angular frequency, respectively.

In the long wavelength region, where |kcR| ⌧ 1 and in dilute systems the velocity csol
and attenuation asol of the scattered ultrasound wave can be calculated by the following
equation [28]:

b =

s

k2
c �

3if
k3

c R3 (A0 + 3A1 + 5A2), (6)

where b = w
csol

+ iasol is the complex wave number of the scattered wave, f is the volume
fraction of the dispersed phase, and R is the radius of the particle.

The distribution of particle size (PSD) is included in Equation (5) in the form of a
histogram with J discrete sizes of particles, RJ using the following formula:

b =

vuutk2
c � ÂJ

j=1
3ifj

k3
c R3

j

�
A0j + 3A1j + 5A2j

�
. (7)

The amplitude coefficient, A0, represents the pulsating motion of the scatterers,
which depends on the compressibility difference between the scatterer and the contin-
uous medium, and the difference in the thermal properties of the two media. Coefficient A1
results from inertial effects due to differences in density between the phases and from the
viscous drag of the surrounding fluid. In the long wavelength limit, because the amplitudes
of higher order, An, decay very rapidly they can be neglected [19].

3. Results and Discussion
3.1. Ultrasound Spectroscopy for Silica NPs Dispersed in Castor Oil

First, the non-magnetic silica NPs were characterized after being dispersed in pure
castor oil. Non-magnetic particles dispersed in the continuum phase should exhibit a
lower tendency toward clustering compared with magnetic particles. The knowledge of
the physical properties of silica particles (Table 1) allowed for the calculation of ultrasound
attenuation using the ECAH theory. The theoretical predictions of the ultrasound atten-
uation coefficient as a function of particle radius are presented in Figure 2a. Figure 2b–d
presents the ultrasound attenuation coefficients as a function of frequency.

As shown in Figure 2a, the theoretical results demonstrated the non-monotonous
dependence of ultrasonic attenuation on the particle radius (from 1 nm to 10 µm) in a
suspension of silica NPs in castor oil. At a constant frequency (10 MHz), the coefficient
of attenuation increased in the range of nanoscale from 10–200 nm, and the difference in
the attenuation coefficient was approximately 60 Np/m. The increase in attenuation was
due to thermal and viscous effects between the two phases, whereas the more significant
increase in particle radii above 1 µm was due to Rayleigh scattering. For the frequency
range of 1–20 MHz, Figure 2b shows the increase in the attenuation coefficient for the
increasing size of the silica NPs from 10–200 nm. It should be noted that castor oil used as
the carrier fluid is a high viscous medium that exhibits high ultrasound attenuation. Thus,
as shown in Figure 2b, the increase in the attenuation coefficient due to the presence of
particles was not high, and there was no significant difference in the theoretical attenuation
spectra in the size range between 10 nm and 200 nm. Figure 2c shows the attenuation
spectra without the contribution of background attenuation; that is, these results concern
only the calculations of the attenuation with the coefficients A0 and A1 (see Equation (6))
and the amount of ultrasound attenuation due to particle scattering. The thermal effect A0,
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can be usually neglected when the density contrast between the particles and continuous
phase exceeds > 2, when the effect linked to coefficient A1 tends to dominate [19]. However,
this happens mainly when particles are dispersed in low-viscous media, such as water. In
contrast, high viscous media, such as castor oil, showed significantly opposite results, in
which the contribution of the coefficient A0 was greater than that of A1. This surprising
result was because the contribution of A0 involved not only a pure thermal effect but also
the so-called material substitution between the silica particles and castor oil [19]. Figure 2d
clearly shows that ultrasound attenuation increased as the mass concentration of particles
dispersed in the continuous phase increased.
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Figure 2. Theoretical results of ultrasound attenuation in dispersions of silica NPs obtained from the
ECAH model. (a) Ultrasound attenuation coefficient versus particle radius at a constant frequency of
10 MHz. (b) Ultrasound attenuation coefficient versus frequency in different particle sizes. (c) Contri-
bution of thermal and viscous loss to the ultrasound attenuation coefficient without the influence
of background attenuation. (d) Ultrasound attenuation coefficient versus frequency in different
concentrations of silica NPs. The attenuation spectra of pure castor oil were obtained from [32].

The theoretical predictions presented above were compared with the experimental
data. Figure 3a shows the experimental results of ultrasound attenuation as a function of the
frequency obtained for a suspension of silica NPs. These results confirmed the expectation
that the attenuation coefficient would increase significantly after the nanoparticles were
added. Figure 3b shows the SEM image of the powder form of silica NPs. Figure 3c,d
presents the TEM image of the silica NPs [27] and the PSD calculated from this image. It is
worth noting that to obtain the TEM image, samples of the silica NPs had to be specially
prepared; therefore, the optical data used as a reference for the size of particles were not
fully based on in situ measurements. In comparison, SEM images taken without sample
preparation did not allow for measurement of the PSD as shown in Figure 3b.
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Figure 3. Experimental and theoretical results of ultrasound attenuation of silica NPs dispersed
in castor oil. (a) Ultrasound attenuation coefficient versus the frequency measured for the mass
concentrations of particles at 5% and 10%. (b) SEM image of the silica NPs. (c) TEM image of the
silica NPs [27]. (d) PSD of the silica NPs calculated from the TEM image. (e) Comparison of the
ultrasound attenuation coefficient versus frequency, measured and calculated based on the ECAH
model for mass concentration of particles at 5% and (f) 10%.

Using the PSD presented in Figure 3d, the ultrasound attenuation was calculated
using Equation (7) and directly compared with the experimental results. The results
showed a clear discrepancy between particle size in the TEM images and the ultrasound
experimental data, shown in Figure 3e,f as a dashed line. The NP mean radius that provided
the ultrasound attenuation spectra was comparable to the experimental results at around
200 nm. Therefore, based on the ultrasound spectroscopy results, the non-magnetic silica
particles showed little tendency toward the formation of agglomerations in the castor oil,
which is in line with Saleh et al., who also showed that silica particles existed in solution as
small spherically shaped clusters [38].

3.2. Ultrasound Spectroscopy for Magnetite NPs Dispersed in Castor Oil
The results of the non-magnetic silica NPs were then compared with the results of

the magnetic (iron (II,III) oxide) NPs without coating dispersed in pure castor oil. In this
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case, the ECAH model was implemented to calculate the ultrasound attenuation coefficient
using the physical parameters of castor oil and magnetite, as shown in Table 1.

Figure 4a shows the theoretical dependence of the ultrasonic attenuation coefficient
on the particle radii in a range of 1 nm–10 µm at a constant frequency of 10 MHz. The
increase in ultrasound attenuation in this case was around 44 Np/m when the values at
10 nm and 100 nm were compared. Similar to the results of the silica NPs, the thermal
and viscous effects on the boundaries between phases were responsible for this peak.
Regarding the influence of particle size on the attenuation coefficient, Figure 4b shows a
monotonous increase in ultrasound attenuation in the range of 2–20 MHz. In the magnetite
NP suspensions, the attenuation coefficient was higher than in pure castor oil, but it did
not change much between the different sizes. The probable reason is that in the silica
and magnetic suspensions, the attenuation of the carrier fluid was much higher than the
attenuation of water. Figure 4c presents the attenuation of ultrasound waves without
background attenuation in the two phases. The results showed the same behavior as
the silica particles, where A0 tended to dominate the attenuation of ultrasound waves
compare with A1. Figure 4d shows that in a constant particle radius of 10 nm, the ECAH
model predicted increased ultrasound attenuation and the mass concentration of particles
dispersed in a continuous phase.
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Figure 4. Theoretical results of ultrasound attenuation in dispersions of magnetite NPs obtained from
the ECAH model. (a) Ultrasound attenuation versus particle radius at a constant frequency of 10 MHz.
(b) Ultrasound attenuation coefficient versus frequency for different particle sizes. (c) Contribution of
thermal and viscous loss to the ultrasound attenuation coefficient without the influence of background
attenuation. (d) Ultrasound attenuation coefficient versus frequency for different concentrations of
magnetite NPs. The attenuation spectra for pure castor oil were obtained from [32].

Figure 5a presents the experimental results of the magnetite NPs dispersed in cas-
tor oil at the same mass concentration as the silica particles (Figure 4a). The ultrasound
spectroscopy results indicated that ultrasound attenuation increased with the mass concen-
tration of magnetic particles, and the attenuation coefficients clearly exceeded the values
in pure castor oil. The SEM image (Figure 4b) served to determine the PSD of the mag-
netite NPs shown in Figure 4c. This distribution was used to reproduce the ultrasound
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attenuation coefficient based on the ECAH model. Figure 5d,e shows a comparison of
the results of this calculation (Equation (7)) with the experimental results of two mass
concentrations: 5% and 10%. One can see the discrepancy in the attenuation coefficient
between the experimental results and the theoretical predictions in the range of frequency
from 1–12 MHz. The size distribution obtained from the SEM image did not refer to the real
size distribution of the particles suspended in castor oil. A possible reason is that the SEM
image was taken of the magnetite NPs in the form of powder, so the interaction between the
particles in dispersion was neglected. In the carrier fluid, magnetite particles formed much
larger structures than those detected by ultrasonic spectroscopy measurements, which was
confirmed by the results of further analysis shown in Figure 6.
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Figure 5. Experimental and theoretical results of ultrasound attenuation of magnetite NPs dispersed
in castor oil. (a) Ultrasound attenuation coefficient versus the frequency measured for the mass
concentrations of particles of 5% and 10%. (b) SEM image of the magnetite NPs used. (c) PSD for
the magnetite NPs calculated from the SEM image. (d) Comparison of the ultrasound attenuation
coefficient versus the frequency measured and calculated based on the ECAH model for the mass
concentration of particles at 5% and (e) 10%.
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Figure 6. Experimental and theoretical results of the ultrasound attenuation of magnetite NPs
dispersed in castor oil at different mass concentrations of particles: (a) 5% and (b) 10%. The theoretical
curves were determined based on Equation (6) for the best-fitted sizes of particle scatterers. (c) Optical
microscopy image of the dispersion of magnetite NP in castor oil (mass concentration at 10%).

Figure 6a,b presents the results of the ultrasound spectroscopy measurements of the
magnetic NPs dispersed in castor oil, as well as the theoretical curves. The best agreement
between the theoretical and experimental attenuation spectra was obtained at a particle
radius of 860 nm and 1 µm in lower and higher particle concentrations, respectively. This
result suggests that clusters of particles were formed in an oil suspension with a high
content of magnetite NPs. It is possible that agglomeration increases significantly as
concentration increases [39]. This study utilized very low concentrations to fabricate a
stable magnetic fluid based on oil. However, the real sizes of the objects dispersed in
castor oil were much larger than the microscopy data indicated. Our previous studies on
tissue-mimicking phantoms [40,41] showed that bare magnetic NPs, in the form of powder
without surface modification, strongly interacted and tended to agglomerate and form
larger structures, as shown clearly in the optical microscopy image in Figure 6c. The sizes
of the visible clusters were in micrometers, which corresponded well to the size estimated
from the comparison between the ECAH theory and the experiment. The cluster of particles
in dispersions highly influenced the physical, magnetic, and rheological characteristics as
well as their applications in magnetic and ultrasonic heating.

The magnetic and non-magnetic nanoparticles showed different behaviors after being
suspended in castor oil. The ultrasound technique facilitated the non-destructive detection
of the structure of particles in suspension and permitted determining whether the system
was clustered or not. In previous studies in the literature, silica particles have been used
to show the influence of different particle sizes and their concentrations in ultrasound
attenuation by using the ECAH model [42]. The results showed good agreement between
the experimental and theoretical approaches. However, it is worth mentioning that the
authors studied silica microparticles in aqueous solutions. In the present study, we used
particles of at least two orders of magnitude smaller in size, which were dispersed in a
high viscous medium. The difference in the viscosity of the carrier fluid could affect the
possibility that silica particles agglomerate according to the range of nanometer sizes.
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In the case of the magnetite NPs, magnetic dipole–dipole interactions easily occur,
which is responsible for the deteriorated stability of the magnetic fluid and the formation of
clusters [22,43]. Such interactions depend strongly on magnetic anisotropy, and the increase
in anisotropy constant leads to the stronger agglomeration tendency for smaller, single-
domain particles [44]. Additionally, the smaller magnetic and non-magnetic NPs have high
free surface energy that generally promotes the tendency of agglomeration [45]. Different
approaches may be used to avoid agglomeration in colloidal systems, including sonication
of dispersion by ultrasonic bath [46] and particles covered by charged surfactants [47]. The
use of the latter can be crucial for altering the affinity of the particles to the emulsion phases
in Pickering emulsions.

Knowledge about the real size of particles in situ, rather than the size provided by
techniques that require special sample preparation, such as electron microscopy imaging,
is important for the further characterization of complex systems that employ nanoparticles.
For instance, in Pickering emulsions, the number of particles accumulated at the droplet
interface plays an important role in many phenomena, such as magnetic separation and
magnetic heating. However, the suspension of nanoparticles must be prepared prior to the
production of Pickering droplets. Moreover, the presence or lack of particle clustering at
this stage may influence the appearance and properties of final Pickering emulsions.

4. Conclusions
In this study, the ultrasound attenuation spectra were used to determine the size of

non-magnetic and magnetic NPs suspended in high viscous media. We implemented the
scattering ECAH theory to calculate the ultrasound attenuation spectra with different con-
centrations and particle sizes using physical properties of the carrier fluid and a dispersed
phase. The combination of experimental and theoretical approaches used in this study
enabled the detection of particle clusters present in the studied systems. The silica NPs
showed a much lower tendency toward clustering compared with the magnetic NPs. In
contrast, the measured ultrasound attenuation coefficients of the magnetic NPs were much
higher than the theoretical predictions for the sizes obtained from SEM imaging. This
discrepancy occurred because SEM images generally show the real size of particles in a dry
powder form. This microscopy technique does not take into account the NPs interactions
that happen after dispersion, especially in high viscous oils. The change in particle sizes in
the theoretical predictions led to better agreement. Therefore, our approach was able to
demonstrate the presence of clusters of structures that were micrometers in size in the case
of magnetic particles.

The usefulness of the ultrasound method lies in its relative simplicity and non-invasive
application. Most importantly, it does not require special sample preparation because the
actual suspension is tested. In future research, it will be possible to use this method to
study the size of Pickering droplets and their behavior under external magnetic fields.
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Chair of Acoustics, Faculty of Physics, Adam Mickiewicz University in Poznań, Uniwersytetu Poznańskiego 2, 61-614 Poznań, Poland   
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A B S T R A C T   

A magnetic Pickering emulsion is an emulsion stabilized by magnetic nanoparticles that accumulate at the 
droplet interface to form a shell. The physical characterization of a Pickering emulsion, particularly the size of 
the stabilizing layer and the size of Pickering droplets, is essential for many applications. This report presents the 
findings of a theoretical and experimental study of ultrasound attenuation involving magnetic Pickering emul-
sions. Specifically, the ultrasound scattering theory based on the so-called core–shell model was utilized to 
interpret data obtained from ultrasonic measurements. In this model, the additional phase, i.e., the particle shell 
covering the oil core of a Pickering droplet, was considered for acoustic wave propagation in emulsions. The 
attenuation of an ultrasonic wave in the function of wavenumber multiplied by core radius (kb), wavenumber 
multiplied by shell thickness (kc), and frequency was numerically calculated for different concentrations of the 
droplets. The theoretical results and measurements were compared using a novel approach based on ultrasound 
spectroscopy to determine the stability and the size of the magnetic Pickering droplets.   

1. Introduction 

Emulsions are mixtures of two or more immiscible liquids and can be 
classified as oil-in-oil, oil-in-water, or water-in-oil emulsions. They are 
thermodynamically unstable systems that ultimately evolve toward 
phase separation over time. A molecular surfactant [1,2] or surface- 
active polymer with low molar mass [3] can be used to decrease the 
interfacial tension between the phases and thus stabilize emulsion 
droplets. Micro- and nanoscale colloidal particles can also be used to 
prepare and stabilize emulsions. These types of stabilized emulsions are 
known as Pickering emulsions [4]. Rapid technological developments 
for preparing Pickering emulsions and novel ideas for using Pickering 
emulsions have become crucial in various fields, including biomedicine 
[5,6], cosmetics [7], and pharmaceutical industries, among others [8]. 
Scientific interest in Pickering emulsions has significantly increased, 
partly because of the rise in nanotechnology and green chemistry [9]. 

The energy required for stabilizing dispersed droplets using spherical 
particles depends on the interfacial tension between the dispersed and 
continuous phases, the radius of the spherical particle [10], and particle 
wettability, which is characterized by contact angle [11]. Magnetic 
nanoparticles have attracted great research attention, especially in the 
biomedical field [12]. Recently, there has been increasing demand for 

utilizing them also in enhanced oil recovery [13] and water purification 
[14]. Unmodified magnetite nanoparticles are hydrophilic, and they can 
be turned into hydrophobic particles through surface modifications. 
Modified magnetite nanoparticles with increased hydrophobicity 
exhibit better stabilization behaviors than unmodified ones when 
considering oil-in-water Pickering emulsions [15]. Moreover, Zhou et al. 
[16] showed that hydrophilic magnetite nanoparticles could weakly 
stabilize polar oil at a contact angle close to 90◦. 

Literature on the stability of oil-in-oil magnetic Pickering emulsions 
(MPEs) is scarce. Therefore, there is a constant need to characterize 
MPEs by monitoring the preparation process and evaluating the final 
outcomes. First, droplet size has a strong impact on magnetic behavior 
under an external magnetic field, as the drag force during magnetic 
separation is proportional to the radius of the Pickering droplet [17,18]. 
Additionally, particle size and the solidity of the particle shell around a 
Pickering droplet influence the rate of magnetic heating and heat 
transfer during the cooling [19]. Therefore, it is particularly important 
to obtain reliable, accurate measurements of the sizes of Pickering 
droplets and their particle shells. While there are various methods for 
characterizing emulsions, such as laser diffraction [20], dynamic light 
scattering [21], optical microscope visualization [22], and near-infrared 
spectroscopy [23], none of these methods can provide information on 
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the stability of an MPE in a robust, nondestructive way. 
Low-intensity ultrasound spectroscopy has been utilized in materials 

science as in-line measurement technique for calculating the size dis-
tributions [24], determining the crystallization [25,26], and monitoring 
creaming and sedimentation [27]. Also, magnetic systems, such as 
magnetic fluids, were tested by ultrasound under different magnetic 
fields [28,29]. The change in ultrasound attenuation has revealed the 
magnetic interactions in magnetic fluids as important factors influ-
encing their internal structure. Although ultrasound techniques have 
been broadly used to characterize colloidal systems [30], there are only 
a few reports on using ultrasound spectroscopy to study particle- 
stabilized emulsions. A combination of experimental and theoretical 
descriptions is even less represented in the literature. This may stem 
from the fact that the commonly used ultrasonic scattering theory based 
on the works of Epstein and Carhart [31] and Allegra and Hawley [32] 
does not assume the presence of a particle layer around an emulsion 
droplet. As we showed in a previous work [33], not considering the 
contributions of particle shells in the theoretical framework leads to 
discrepancies between theoretical and experimental results. A possible 
solution to this issue could be the use of an extended version of the 
Epstein, Carhart, Allegra, and Hawley (ECAH) theory that describes 
capsulated emulsions, as proposed by Anson and Chivers [34] known as 
core–shell model. The practical implementation of Anson and Chivers 
model was the main goal of this work, following our previous research 
on magnetic and non-magnetic dispersion using ECAH model [35]. 
Fig. 1 presents the mechanisms of ultrasound wave scattering and ab-
sorption by core–shell object that could be the simplified model of a 
magnetic Pickering emulsion droplet. Recently, this approach was used 
to characterize Pickering emulsions by Kanamori et al. [36] that utilized 
the core–shell model to evaluate the stability of an oil-in-water emulsion 
stabilized by silica particles. 

In this study, the droplet radius and magnetic shell thickness of an 
MPE were investigated using ultrasound spectroscopy. Measuring par-
ticle shell size and evaluating Pickering droplet stability are necessary 
for controlling the formation process of a Pickering emulsion. Here, we 
used the experimental and theoretical data obtained from ultrasound 
attenuation spectroscopy as a nondestructive method for determining 
the important features of the MPE. The formation process of a highly 
viscous oil-in-oil MPE was influenced by particle concentration, 
dispersed phase concentration, and electric field application. Ultrasonic 
waves were employed in the transmission mode at megahertz 

frequencies, and they matched a range of Pickering droplet sizes, con-
firming that ultrasound is suitable for characterizing micro-sized Pick-
ering droplets. To interpret the experimental measurements and 
determine droplet size and shell thickness, the ultrasound scattering 
theory based on the core–shell model proposed by Anson and Chivers, 
which has paved the way for better characterizations of MPEs, was 
applied. 

2. Ultrasound scattering theory based on the core–shell model 

As the ultrasonic scattering theories have been extended over the 
past decades, it is necessary to break down the theoretical framework of 
this study on MPEs. An ultrasonic wave of frequency f that is scattered by 
an object suspended in a continuous phase can be described by a com-
plex wavenumber β :

β = 2πf
c + iα. (1)  

In Equation (1), the theoretical value of the imaginary part of β rep-
resents ultrasound attenuation α, and the real part includes ultrasound 
velocity c. The ultrasound scattering theory for spherical scatterers was 
first derived by Epstein, Carhart, Allegra, and Hawley [31,32], taking 
into account the thermal and shear waves produced during ultrasound 
propagation in the two phase system. In our previous work [35], the 
ECAH model was utilized to characterize the solid particles dispersed in 
a highly viscous medium, resulting in information about the aggregation 
of magnetic and non-magnetic nanoparticles. The main aim of the pre-
sent study, in the extension of our previous consideration, was to 
characterize magnetic Pickering droplets by considering the influence of 
the third phase in the model (particles). In their work, Anson and 
Chivers [34] used the core–shell model to analyze the ultrasound scat-
tering induced by a suspended sphere covered with a shell layer made 
from another material. The present study focused on an oil-in-oil Pick-
ering emulsion covered by magnetic nanoparticles. The scheme in Fig. 2 
illustrates the similarities between the core–shell object and the Pick-
ering droplet. In a Pickering droplet, the particle shell stabilizes the 
droplet interface, which can be approximated with a rigid layer as it is in 
the core–shell model. This approximation makes the core–shell model 
useful for characterizing MPEs. 

To calculate ultrasound attenuation in the MPE, an additional 
boundary condition was added to the ECAH model, which influenced the 

Fig. 1. The ultrasound wave scattering and absorption mechanisms of a core–shell object representing a magnetic Pickering droplet.  
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absorption and scattering of the wave after its interaction with the 
Pickering droplet. As shown in Fig. 2c, transmitting a compressional 
wave into a core–shell object led to the production of compressional, 
thermal, and shear waves in each interface, with backward and forward 
propagations to the direction of the incident wave. 

In line with the ECAH model, the three wave potentials for three 
wave modes can be written as follows: 
(
∇2 + k2

c
)
φc = 0 (2a)  

(
∇2 + k2

t
)
φt = 0 (2b)  

(
∇2 + k2

s
)
AΨ = 0 (2c)  

Here, φc is the potential of a longitudinal wave of the compressional 
mode, φt is the potential of a longitudinal wave of the thermal mode, and 
AΨ is the potential of a transverse wave of the shear mode. The three 
modes exist in a carrier fluid (Phase 1), a shell (Phase 2), and a core 
material (Phase 3), as shown in Fig. 2c. Additionally, kc, kt , and ks 
represent the wavenumbers for the compressional, thermal, and shear 
modes, respectively. 

kc =
ω
c + iα, (3a)  

kt = (1 + i)
(ωρCp

2κ

)1
2
, (3b)  

ks = (1+ i)
(ωρ

2η
)1

2
. (3c)  

These three wavenumbers depend on the physical properties of the 
component material that is taken into account for each of the three 
phases. The physical properties of the material are denoted by c, α, ρ, η, 
Cp, and κ, which represent ultrasound velocity, ultrasound attenuation, 
density, viscosity, specific heat, and the thermal conductivity, respec-
tively. Considering that solid magnetic particles would constitute Phase 
2, the value of ks was modified by replacing the shear viscosity η with the 
parameter μ

−iω, where μ is the shear module. 
The potential of the longitudinal incident wave in the compressional 

mode can be expressed using spherical coordinators as follows: 

φ0 =
∑∞

n=0in(2n + 1)jn(kcr)Pn(cosΘ) (4)  

Here,jn represents the spherical Bessel function, kcr is the normalized 
wave number of the compressional mode, r is the sphere radius, Pn is a 
Legendre polynomial of order n, and Θ is the angle of the spherical 
coordinator that indicates the angle of propagation direction. 

Fig. 2. A schematic representation of three phase object and the difference between (a) a core–shell object and (b) a magnetic Pickering droplet, with a and b 
indicating the outer and inner radii, respectively; (c) an illustration of the scattering primary compressional wave by the core–shell object into compressional, 
thermal, and shear waves, represented by their potentials (Equations (5)–(7)). 
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After scattering in the continuous phase (Phase 1), as shown in Fig. 2, 
the waves can be expressed as compressional, thermal, and shear modes, 
respectively, using the following expressions: 

φc1 =
∑∞

n=0in(2n + 1)Anhn(kc1r)Pn(cosΘ) (5a)  

φt1 =
∑∞

n=0in(2n + 1)Bnhn(kt1r)Pn(cosΘ) (5b)  

AΨ1 =
∑∞

n=0in(2n + 1)Cnhn(ks1r)P1
n(cosΘ) (5c)  

Here, hn denotes the Hankel function, which represents the forward 
wave propagation; and An, Bn, and Cn are the partial wave amplitudes of 
the scattered wave in the compressional, thermal, and shear modes, 
respectively, in a carrier fluid (Phase 1). 

Wave scattering in a shell leads to the production of waves in two 
interfaces—between the core and shell and between the shell and carrier 
fluid. These waves can be expressed as backward and forward waves 
based on their potentials as follows: 

φc2 =
∑∞

n=0in(2n + 1)[Dnjn(kc2r) + Gnhn(kc2r) ]Pn(cosΘ) (6a)  

φt2 =
∑∞

n=0in(2n + 1)[Enjn(kt2r) + Hnhn(kt2r) ]Pn(cosΘ) (6b)  

AΨ2 =
∑∞

n=0in(2n + 1)[Fnjn(ks2r) + Inhn(ks2r) ]P1
n(cosΘ) (6c)  

Here, jn is the Bessel function, representing the backward wave propa-
gation from the shell to the core; hn represents the forward wave prop-
agation from the shell to the carrier fluid; Dn, En, and Fn are the partial 
wave amplitudes of the compressional, thermal, and shear modes, 
respectively, of the backward wave, and Gn, Hn, and In are the partial 
wave amplitudes for the three modes of the forward wave. 

The wave potential in the core can be written as a backward wave 
represented by jn(Bessel function), with Jn, Kn, and Ln representing the 
partial amplitudes of the compressional, thermal, and shear waves, 
respectively (Phase 3). 

φc3 =
∑∞

n=0in(2n + 1)Jnjn(kc3r)Pn(cosΘ) (7a)  

φt3 =
∑∞

n=0in(2n + 1)Knjn(kt3r)Pn(cosΘ) (7b)  

AΨ3 =
∑∞

n=0in(2n + 1)Lnjn(ks3r)P1
n(cosΘ) (7c)  

Equations (5)–(7) were solved for spherical coordinators using series 
expansions of spherical Hankel and Bessel functions with variable co-
efficients. The 12 boundary equations and 12 unknown coefficients (An,

Bn, Cn,Dn, EnFn,Gn,Hn, In, Jn,Kn, and Ln) for the core–shell model were 
solved using a 12 × 12 matrix equation [34]. To calculate the ultrasound 
attenuation coefficient, the partial compression wave amplitude An had 
to be determined. 

The calculations could be simplified by assuming that only A0 and A1 
contribute to the calculated attenuation coefficient in the long wave-
length region. A0 describes the energy loss due to the compressibility 
difference and thermal contrast between the phases, while A1 describes 
the energy loss due to the density contrast between the phases. Partial 
compression wave amplitudes of higher orders An > 1 decay very rapidly 
at long wavelength limits; therefore, these were neglected. 

The attenuation and velocity of an ultrasound wave in the long 
wavelength region were finally calculated using the following equation 
for a complex wavenumber [37]: 

β =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k2

c −
3iϕSi

(k3
c)(a3)

(A0 + 3A1 + 5A2)
√

. (8)  

Here, β = ω
cemulsion

+iαemulsion is the complex wavenumber of the scattered 
wave, ϕSi is the volume fraction of the dispersed phase ϕSi = 4

3 πb3N, N is 
the number of silicone oil droplets (dispersed phase) distributed in the 
continuous phase, a and b are the outer and inner radii of the Pickering 
droplet, respectively. 

The volume fraction of the dispersed phase (silicone oil) ϕSi in the 
continuous phase (castor oil), as seen in Equation (8), was calculated 
using the following formula: 

ϕSi =
ϕm(

ρ2
ρ1

)
(1 − ϕm) + ϕm

(9)  

Here, ϕm is a mass fraction of the dispersed phase, ρ1 is the density for 
the dispersed phase (silicone oil), and ρ2 is the density of the continuous 
phase (castor oil) used in the experiments. 

3. Materials and methods 

3.1. Materials 

Castor oil (MERLIN, MA220-1, Spain) and silicone oil (Rhodorsil, 47 
V 50, USA) constituted the continuous and dispersed phases of the 
emulsion, respectively. Iron oxide (iron (II, III) oxide) nanoparticles 
purchased in powder form from Sigma-Aldrich Co., St. Louis, MO, USA 
(product no. 310069) were used as stabilizers of the emulsion droplets. 
The magnetic nanoparticles used in this experiment were unmodified 
and had a polydisperse size distribution, with an average size of around 

Fig. 3. (a) Scanning electron microscopy image of magnetic nanoparticles; (b) particle size distribution.  
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~178 nm; these are shown in the scanning electron microscopy (SEM) 
images in Fig. 3. The physical properties of the oils and magnetite par-
ticles that were considered for the theoretical model are provided in 
Table 1. The high viscosity of castor oil and the similar densities of castor 
oil and silicone oil helped maintain the emulsions’ stability against 
sedimentation. 

3.2. Magnetic Pickering emulsion preparation 

Oil-in-oil Pickering emulsions with droplets covered by magnetite 
particles were prepared using either a one-step method involving ul-
trasonic homogenization or a two-step method involving ultrasound 
homogenization and DC electric field application (see Fig. 4). In the one- 
step method, a suspension of magnetic nanoparticles in silicone oil was 
dispersed in castor oil, and after 1 min of ultrasonic homogenization 
(Sonoplus HD 3100, Bandelin, Germany) with a working frequency of 
20 kHz, magnetic Pickering droplets were formed inside the carrier 

fluid. In the two-step method, a DC electric field was applied after ul-
trasonic homogenization to increase the number of particles at the 
droplet interface via electrocoalescence [41]. A signal generator 
(SDG1025, Siglent, Germany), a high-voltage bipolar amplifier 
(10HVA24-BP1, HVP, Germany), and a digital microscope 
(AM7115MZTL, Dino-Lite, the Netherlands) were used to produce an 
electric field with an intensity of ~250 V/mm. The electric field was 
applied for 20 min. 

For the experiment, MPE samples with different volume fractions of 
silicone oil in relation to castor oil were prepared (0.5 % and 1 %). 
Different volume ratios of magnetic nanoparticles to silicone were tested 
(1:1, 1:2, and 1:4). An optical microscope connected to a digital camera 
(UI-3590CP-C-HQ, IDS, USA) was used to capture images of the MPE in a 
sample cell (optical path ~2 mm). Fig. 5 shows examples of optical 
microscopy images. The emulsion structure and numerous droplets were 
visible in the images after the application of high-intensity ultrasound. 

3.3. Ultrasound attenuation measurements 

The transmission method was utilized for the ultrasonic measure-
ments of the MPE. A broadband ultrasonic signal was passed through 
each sample, which caused the pulse of the ultrasonic waveform to 
change. Further, attenuation in the frequency domain was determined. 
Two piezoelectric broadband transducers—a transmitter and a receiver 
(OLYMPUS, Waltham, MA, USA)—driven by an ultrasound generator 
(OPBOX 2.1 from OPTEL, Poland) were used for this purpose. As the 
attenuation of an ultrasonic wave in a sample is temperature dependent, 
all measurements were carried out at a temperature of 25 ± 0.2 ◦C using 
a thermostat setup. The ultrasonic wave propagated through the water 
and the sample as shown in Fig. 6a. The signal was recorded at a sam-
pling frequency of 100 MHz. 

The signal processing of the ultrasound pulses included two steps. 

Table 1 
The physical properties of castor oil as the continuous phase, silicone oil as dispersed droplets, and magnetite nanoparticles as stabilizing particles at 25 ◦C.  

Parameters Castor oil Silicone oil Magnetite particles 
Viscosity η (Pa • s) 580× 10−3(measured) 50× 10−3(measured) – 
Density ρ(kg/m3) 957 (measured) 960 (measured) 5180 [38] 
Thermal conductivity κ (W/mK) 0.180 (data sheet) 0.15 (data sheet) 52 [38] 
Specific heat cp (J/kg • K) 1800 (data sheet) 1460 (data sheet) 653 [38] 
Thermal expansion βT (1/K) 7.7× 10−4[39] 9.5× 10−4(data sheet) 11.8× 10−6[38] 
Velocity c (m/s) 1455 1004 [40] 7157 [38] 
Atteuation α (Np/m) 2.79× 10−9f1.56(measured) 3.79× 10−13f2.02(measured) 0.01× 10−15f2[38] 
Shear module μ (N/m2) – – 6.03× 1010[38]  

Fig. 4. Schematic illustration of the one-step and two-step methods used to prepare Pickering emulsions stabilized by magnetic nanoparticles.  

Fig. 5. Optical microscopy images of diluted MPEs prepared using the one-step 
method for (a) 0.5 % volume fraction of silicone oil and 1:2 ratio of silicone oil 
to magnetic nanoparticles, and (b) 0.5 % volume fraction of silicone oil and 1:1 
ratio of silicone oil to magnetic nanoparticles. 
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Fig. 6. (a) The experimental setup of the ultrasound measurement system consisting of an OPTEL ultrasonic testing device with two piezoelectric broadband 
transducers (transmitter and receiver) and a thermostated sample cell for temperature stabilization at 25 ◦C. Ultrasonic pulses and the fast Fourier transform (FFT) 
modules for (b) the castor oil (reference) and (c) MPE. 
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Firstly, pre-processing of ultrasound signals was performed by deter-
mining the pulse position, filtering the noise, and applying Hamming 
window to mitigate spectral leakage. Secondly, we applied a fast Fourier 
transform (FFT) algorithm to convert the signal from the time domain to 
the frequency domain. The module of the complex spectrum output 
represented the amplitude spectra as shown in Fig. 6b–c for castor oil 
and magnetic Pickering emulsions, respectively. 

For the experiments, ultrasound attenuation was calculated using the 
well-known reference method, as given in the following equation: 

α(f ) = α(f )ref +
1
d ln |F1(f )|

|F2(f )|
(10)  

Here, α(f) is the ultrasound attenuation coefficient in Np/m, α(f)ref is the 
attenuation coefficient of the carrier fluid (castor oil) and is frequency 
dependent, d is the acoustic path inside the sample cell (10 mm), |F1(f)|
is the amplitude of the FFT for the pulse recorded in the castor oil, and 
|F2(f)| is the FFT amplitude of the pulse recorded in the MPE. 

4. Results and discussion 

4.1. Theoretical results of ultrasound attenuation in an oil-in-oil magnetic 
Pickering emulsion 

The theoretical calculations of ultrasound attenuation were pre-
sented for oil-in-oil MPE as a function of the core radius (i.e., silicone 
droplet size) multiplied by wavenumber (kb), shell thickness (i.e., 
magnetic shell size) multiplied by wavenumber (kc), and frequency. 
Based on these calculations, the core–shell model was used to interpret 

the experimental data obtained from ultrasound spectroscopy 
measurements. 

Fig. 7 provides the theoretical dependence of the ultrasound atten-
uation coefficient as a function of kb based on the core–shell model 
described in Section 2, where b is a silicone droplets radius and k is the 
wavenumber (k = 2π

λ ) in a range from 0.0001 to 0.2. Fig. 7a presents the 
results of the ultrasound attenuation calculations for different magnetic 
shell thicknesses at a constant frequency of 5 MHz and a volume con-
centration of 1 %. 

The ultrasound attenuation in the function of kb shows negligible 
changes at lower kb values. However, a distinctive peak emerges when 
droplet radius approaches the micro-size, notably at a kb value corre-
sponding to a core radius of 926 nm. The magnitude of the change also 
depends on the shell thickness of magnetic nanoparticles. A significant 
increase in the ultrasound attenuation appears as shell thickness in-
creases from 500 nm to 3 µm exceeding the background attenuation of 
castor oil, which corresponds to 78.8 Np/m for 5 MHz calculated from 
the power function 6.4× f1.56, where f is the frequency in MHz. From an 
experimental point of view, we focus on the micro-size range due to the 
expected Pickering droplets radius for used experimental conditions. 

Fig. 7b shows the theoretical results of ultrasound attenuation as a 
function of kb for different volume concentrations of silicone oil droplets 
covered by magnetic particle shells of 500 nm thickness. The results 
indicate that ultrasound attenuation increased as volume concentration 
increased. For example, ultrasound attenuation at a volume concentra-
tion of 1 % and with a droplet radius of 926 nm was around 100 Np/m, 
while attenuation at a volume concentration of 3 % and with the same 
droplet radius was around 160 Np/m. The observed increase was due to 
the increase in the number of scattering objects, which was represented 

Fig. 7. The theoretical ultrasound attenuation coefficient of droplets at 5 MHz frequency as a kb function for (a) various shell sizes at a constant volume fraction of 1 
% and (b) various volume fractions at a constant shell size of 500 nm. The schematic representations of the droplets are presented for better understanding the 
plotted values. 

Fig. 8. The theoretical ultrasound attenuation coefficient of droplets at the frequency of 5 MHz as a function of shell thickness for (a) different droplet core sizes at a 
constant volume fraction of 1 % and (b) different volume fractions at constant droplet core radius of 10 µm. The schematic representations of the droplets are 
presented for a better understanding of the plotted values. 

B. Jameel et al.                                                                                                                                                                                                                                  



Measurement 220 (2023) 113409

8

as a concentration and was proportional to the ultrasound attenuation as 
shown in Eq. (9). 

Fig. 8 shows the theoretical dependence of the ultrasound attenua-
tion coefficient as a function of kc, where c is a shell thickness, in a range 
of 0.0001 to 0.2, at a constant frequency of 5 MHz. In Fig. 8a, the effect 
of the silicone droplet radius on the ultrasound attenuation at a constant 
volume concentration of 1 % is presented. These results indicate that 
ultrasound attenuation decreased as the silicone droplet radius 
increased from 2 µm to 15 µm, which is consistent with the trend shown 
in Fig. 7a. An increase in attenuation was observed beyond a kc value of 
0.01, which corresponds to a radius of 463 nm at a frequency of 5 MHz. 
For micro-sized MPE droplets, a longer wavelength could be used for the 
characterization process as the ultrasound attenuation value depends on 
the relation between the wavelength and the object radius, where the 
wavelength should be smaller than the radius of core–shell object 
(ka≪1). 

The scattering and viscous mechanism are dominant against the 
thermal mechanism in the micro-size magnetic Pickering droplet at 
megahertz frequency. However, thermal loss could be dominant for the 
nanoscale objects. Fig. 8b shows the effect of volume fraction on ultra-
sound attenuation at a constant silicone droplet size of 2 µm, indicating 
that ultrasound attenuation increased with every increase in concen-
tration, as expected from Equation (9). This is also comparable to the 
results related to the function of the core radius. 

It was shown theoretically (Figs. 7–8) that ultrasound attenuation in 
core–shell systems highly depends on the core and shell sizes. This 
dependence is not monotonous—an increase or decrease in the 

ultrasound attenuation coefficient value depends on the relation be-
tween the core and shell size in a complex way. To determine, from the 
experimental data collected on the MPE, how many particles reside on 
the droplet interface and how thick a layer they form, ultrasound 
attenuation in the frequency domain was calculated. 

The theoretical results of ultrasound attenuation (see Fig. 9a) 
revealed the effects of the thickness of the magnetic shell around the 
silicone droplets when plotted in the function of frequency. Ultrasound 
attenuation was found to increase with an increase in the thickness of 
the magnetic shell when considering a constant droplet size of 10 μm 
and volume fraction of 1 %. This increase in ultrasound attenuation is 
consistent with the results shown in Fig. 8a, where an increase in ul-
trasound attenuation was observed for shells thicker than 463 nm at a 
constant frequency of 5 MHz. However, the differences between 100 nm 
and 500 nm particle shells seemed to diminish. 

As shown in Fig. 9b, in the low range of frequency, the ultrasound 
attenuation spectra decreased as the radius of the silicone oil increased 
from 5 μm to 15 μm when considering a constant shell radius of 500 nm 
and volume fraction of 1 %. These results are consistent with the find-
ings related to the droplet radius function (Fig. 7a), where a reduction in 
ultrasound attenuation was observed in the micrometer range. It should 
be noted that, in this case, the differences between the liquid core radii 
of 10 μm and 15 μm decreased. Furthermore, ultrasound attenuation 
was found to have a linear dependence on increasing droplet volume 
fractions, as shown in Fig. 9c; ultrasound attenuation increased as vol-
ume fraction increased for a shell thickness of 500 nm and core radius of 
5 μm. 

Fig. 9. The theoretical ultrasound attenuation coefficient in the function of frequency. (a) Ultrasound attenuation coefficient versus frequency for different shell radii 
at constant core radius of 10 μm and volume concentration of 1 %; (b) ultrasound attenuation coefficient versus frequency for different core radii at constant shell 
radius of 500 nm and volume concentration of 1 %; (c) ultrasound attenuation coefficient versus frequency for different volume concentrations. 
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Since magnetic nanoparticles tend to have a range of sizes, as shown 
in the SEM images in Fig. 3, the shell thicknesses chosen for our calcu-
lations were 100 nm, 500 nm, and 2000 nm. The radii of silicone 
droplets and the concentrations in Fig. 9b–c were connected to the 
experimental conditions, as presented in the next section. 

4.2. Ultrasound attenuation measurements of an oil-in-oil magnetic 
Pickering emulsion 

Fig. 10 presents the experimental ultrasound spectroscopy mea-
surements of the MPE, obtained using the one-step ultrasound homog-
enization method (see Section 3.2). The experiments covered two 
volume fractions of silicone oil (0.5 % and 1 %), with three different 
volume ratios of magnetic nanoparticles to silicone oil (1:1, 1:2, and 
1:4). The results indicate that ultrasound attenuation decreased with 
any decrease in the concentration of magnetic nanoparticles at a con-
stant silicone oil concentration (Fig. 10a–c). At a 1 % silicone oil con-
centration and 12 MHz ultrasound frequency, the average ultrasound 
attenuation value was 576.9 Np/m for the 1:1 volume ratio of magnetic 
nanoparticles to silicone oil. In contrast, ultrasound attenuation dropped 
to 427.1 Np/m for the 1:2 volume ratio of magnetic nanoparticles to 
silicone oil under the same conditions. The statistical analysis based on 
ANOVA indicated the significant differences between two silicone con-
centrations (0.5 % and 1 %) for three-volume ratios (1:1, 1:2, and 1:4). 
Therefore, the volume concentration of magnetic nanoparticles played a 
key role in ultrasound attenuation, likely due to its higher density par-
ticles compared to the liquid phases and its tendency for aggregation 

[35]. Additionally, for Pickering droplets, the volume concentration of 
particles determines the droplet size. A high concentration of magnetic 
nanoparticles leads to fast droplet stabilization, whereas a low concen-
tration results in a relatively slow stabilization process. This, in turn, 
affects droplet size and the density of particles on the droplet interface 
[41]. Based on the change in ultrasound attenuation, theoretical cal-
culations were used to interpret the experimental results through ul-
trasound scattering theory based on the core–shell model. It is important 
to note that low volume concentrations were used in the experiments to 
avoid the effects of multiple scattering of ultrasound waves and to 
minimize the aggregation rate in the system. 

4.3. Analysis of the ultrasound attenuation measurements using the 
core–shell model 

Fig. 11 provides a frequency-dependent comparison between the 
theoretical results and the average value for the attenuation coefficient, 
obtained from measurements involving three different volume ratios of 
magnetite nanoparticles to silicone oil (1:1, 1:2, and 1:4) and a constant 
silicone oil volume concentration of 0.5 %. As shown in Fig. 10, a higher 
number of particles led to significantly higher ultrasound attenuation. In 
the core–shell model, the number of particles is controlled by the 
thickness of the shell—that is, a thicker shell corresponds to a higher 
concentration or number of magnetic particles at the droplet’s interface. 

The fitting process was achieved via iterations with various shell 
sizes and core radii that best agreed with experimental data. The results 
of the fitting process (see Fig. 11a–c) suggested that shell thickness 

Fig. 10. Experimental results of the ultrasound attenuation coefficient of MPE for the various volume fraction of silicone oil 0.5 % and 1 % for three different 
magnetic nanoparticles-to-silicone oil volume ratios (a) 1:1, (b) 1:2, and (c) 1:4, respectively. Error bars are standard deviation values from three different 
measurements. 
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increasing as the magnetic nanoparticle-to-silicone oil ratio increased. 
Further, the mean radius of the droplets that best fitted the experimental 
data increased with decreasing number of particles used to stabilize the 
emulsion from 3 μm to 9 μm. Other studies of MPE have clearly shown 
that droplet size decreases with increasing magnetic nanoparticle con-
centration [16,42]; therefore, we concluded that ultrasound spectros-
copy is sensitive to changes during emulsion sample preparation. 

The volume concentrations of the magnetic nanoparticles in the 
tested emulsions were lower for the samples considered in Fig. 11b–c 
than those in Fig. 11a. The best fit in Fig. 11b–c suggests a magnetic 
shell thickness of around 1 μm or 650 nm, with a core radius of 8 μm and 
9 μm, respectively. In fact, the shell thickness was increased compared to 
the size of the magnetic nanoparticles used in the experiments (~178 
nm). This might suggest that our MPE consisted of droplets stabilized by 
the magnetic nanoparticles aggregated on the droplet interface The 
precision of measuring the shell thickness may be lower due to the non- 
capsulated nature of the Pickering emulsion, especially with a low vol-
ume ratio of magnetic nanoparticles. The core–shell model could be used 
to detect capsulated and non-capsulated droplets as well as to study the 
concentration of particles on the interface of Pickering droplets. The 
magnetic nanoparticles used in the experiment were unmodified to be 
able to stabilize the silicone oil – castor oil interface, while ideally 
separated capsulated droplets were the objects considered in the 
Anson–Chivers model [34]. When assuming aggregation in the system, 
the droplets obtained by ultrasound homogenization form large objects 
that the model can detect as microdroplets with micro-sized shell layers. 

The results of a comparison of the ultrasound attenuation measure-
ments and theoretical calculations for a high volume concentration of 
silicone oil (1 %) with three different volume ratios of magnetic 

nanoparticles (1:1, 1:2, and 1:4) are presented in Fig. 12. The results 
showed that the detected droplet radius decreased to ~2 μm when 
considering the 1:1 volume ratio (Fig. 12a). Furthermore, the standard 
deviations in the experimental measurements were generally higher 
when higher volume concentrations of droplets were considered, indi-
cating the complexity of the system. This may be evidence of the poly-
dispersity of the system for both droplet radius and shell thickness. The 
detected magnetic shell sizes associated with the magnetic particle-to- 
silicone oil ratios of 1:2 (Fig. 12b) increased when compared to lower 
silicone concentration Fig. 11b. Interestingly, an increase in the number 
of silicone oil droplets resulted in a lack of differences with the fitted 
mean radius of the droplets when the concentration of magnetic nano-
particles was low. 

4.4. Analysis of the ultrasound attenuation measurements after DC 
electric field application 

The experimental results obtained from fitting the ultrasound 
attenuation spectra and the core–shell model revealed a discrepancy 
between the actual size of the particles and the detected shell thickness. 
A stable emulsion can be obtained via electrocoalescence under DC 
electric fields [33,41]. Therefore, the core–shell model coupled with 
ultrasound spectroscopy measurements was tested in monitoring the 
coalescence process of the Pickering droplets and in estimating changes 
in the droplet size and particle aggregation at the droplet interface. 

Fig. 13 shows how ultrasound attenuation increased after electric 
field application for two different volume fractions of silicone oil (0.5 % 
and 1 %) when the volume ratio of magnetic nanoparticle to silicone oil 
was 1:2. For higher frequency (12 MHz), the difference in the 

Fig. 11. A comparison of the ultrasound attenuation spectra and theoretical calculations with a constant 0.5 % volume fraction of silicone oil and different magnetic 
nanoparticle-to-silicone oil volume ratios: (a) 1:1, (b) 1:2, and (c) 1:4. Error bars represent the standard deviation values obtained from three different experiments. 
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attenuation for average value before and after electric field was 54.1 
Np/m and 42.7 Np/m for 0.5 % and 1 %, respectively. This increase was 
due to changes in the internal structure of the MPE after electro-
coalescence events. Following electric field application, ultrasound 
spectroscopy showed that particle shell stability changed. The fitting of 
the measurement data to the core–shell model showed that the thickness 
of the shell increased from 1 μm to 1.5 μm when considering a 0.5 % 

volume concentration of silicone oil and from 2 μm nm to 2.7 μm when 
considering a 1 % volume concentration of silicone oil. The increase in 
the thickness of the shell suggests that the density of the shell or the 
number of particles on the droplet interface increased because of elec-
trocoalescence. It should be noted that the standard deviation values of 
the experimental measurements were higher after the electric field 
application than before. Therefore, ultrasound attenuation after electric 

Fig. 12. A comparison of the ultrasound attenuation spectra and theoretical calculations with a constant 1 % volume fraction of silicone oil and different volume 
ratios of magnetic nanoparticles to silicone oil: (a) 1:1, (b) 1:2, and (c) 1:4. Error bars represent standard deviation values obtained from three different experiments. 

Fig. 13. A comparison of the ultrasound attenuation spectra and theoretical calculations before and after electrical field application with a constant 1:2 volume ratio 
of magnetic nanoparticle to silicone oil and different volume concentrations of silicone oil: (a) 0.5 % and (b) 1 %. Error bars represent the standard deviation values 
obtained from three different measurements. Schematic representations of the droplets are presented for a better understanding of the plotted values. 
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field application may show a wide range of polydispersity of Pickering 
droplet radius and shell thickness, which can be predicted by changes in 
ultrasound attenuation as a function of frequency. 

The ultrasound attenuation measurements offer an alternative way 
of characterizing the three-phase system using a nondestructive method 
and without dilution. Although we tested an MPE prepared in a specific 
way, the core–shell model can serve as a useful tool for investigating the 
impacts of various preparation parameters, such as time, amplitude, and 
working frequency of ultrasound homogenization, on the MPE forma-
tion process. Moreover, the time and intensity of electric field applica-
tion can also affect the MPE formation process, similar to what was 
recently shown for pH-responsive Pickering emulsions that were more 
stable at higher pH levels [43]. These can be monitored using real-time 
ultrasound spectroscopy measurements and the core–shell model. 

Besides core–shell model, the different models have been tested for 
characterizing two-phase emulsions, i.e., without considering the solid 
phase. In the work of Silva et al. [44], such a comparison between the 
coupled phase model of Evans and Attenborough, elastic scattering, and 
multiple scattering models of Waterman and Truell were used for water- 
in-oil emulsion stabilized with polyglycerol polyricinoleate. For the 
concentration up to 30 %, the adaption of the multiple scattering model 
showed better agreement with measurements. However, for concen-
trations higher than 30 %, the combination of the coupled phase and 
elastic scattering better predicted the experimental data. 

Kanamori et al. [36] also performed a calculation using both EACH 
and Anson-Chivers core–shell models. The results indicated the limita-
tion of using the ECAH model to interpret the experimental result of 
three-phase systems such as Pickering emulsion that is in line with our 
previous findings [33]. Moreover, the authors used a modified core–-
shell model with a neglected thermal effect in the calculation due to the 
micro-size Pickering droplet. It simplified the complexity of the calcu-
lation, which is one of the disadvantages of the core–shell model. Here, 
we used the core–shell model with thermal effect was utilized to 
calculate the shell thickness of magnetic Pickering droplets. 

With respect to shell thickness, the ultrasonic technique has previ-
ously been utilized to monitor the shell elasticity of core–shell objects 
[45], which is important for drug release and magnetic separation 
processes. The same core–shell model could also be a useful tool for 
characterizing multilayer emulsions—that is, emulsions that possess 
multiple layers at the same time, perhaps with different surface modi-
fications for carrying active substances—and for monitoring the prepa-
ration process [46,47]. Monitoring of ultrasound attenuation could lead 
to revealing a linkage between magnetic properties and magnetic in-
teractions. In our previous work, ultrasound attenuation spectra were 
used for evaluating the magnetic separation in MPE under a gradient 
magnetic field [48], where the time of Pickering droplet movement and 
carrier fluid purification depended on magnetic field intensity and the 
magnetic properties of the tested system. 

This study was conducted to investigate the formation process of an 
MPE with different volume ratios of magnetic nanoparticles and silicone 
oil, using ultrasound attenuation spectra. While Pickering droplets can 
be stabilized with non-full coverage, which still provides efficient sta-
bilization against coalescence [49], knowledge of the concentration of 
particles on the droplet interface is important for determining the sta-
bility of an MPE. Pickering droplet stability and size as well as shell 
thickness, whether using magnetic or non-magnetic stabilizers, can alter 
the droplet response to external stimuli. 

5. Conclusion 

In this study, we characterized Pickering emulsions stabilized by 
magnetic nanoparticles by ultrasound spectroscopy measurements. The 
theoretical ultrasound attenuation was calculated based on the core–-
shell model by Anson and Chivers in the function of kb and kc at a 
constant frequency of 5 MHz. The theoretical calculation indicated that 
the attenuation coefficient was sensitive to the increasing shell size of 

the Pickering droplets and the droplet radii. Based on this, the ultra-
sound attenuation coefficient was calculated as a function of frequency, 
taking into account the influence of MPE core and shell sizes on ultra-
sound attenuation. A comparison of the calculations and measurements 
of ultrasound attenuation indicated an increase in ultrasound attenua-
tion with higher volume ratios of magnetic nanoparticles to silicone oil. 
Further, the number of particles on the droplet interface increased and 
the Pickering droplet’s radius decreased with higher volume ratios of 
magnetic nanoparticles. The formation of a Pickering emulsion upon the 
application of an electric field was also tested. Ultrasound attenuation 
increased due to changes in the internal structure of the emulsion; the 
shell thickness predicted by the core–shell model was higher after 
electric field treatment than before. These findings suggest that ultra-
sound spectroscopy is a valuable tool for detecting the number of par-
ticles at a droplet interface even in optically opaque, multiphase systems 
such as MPEs. 
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[40] A. Schröder, E. Raphael, Attenuation of ultrasound in silicone-oil-in-water 
emulsions, EPL (Europhysics Letters) 17 (1992) 565. 
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A B S T R A C T   

A magnetic Pickering emulsion is a type of emulsion stabilized by magnetic nanoparticles that accumulate at the 
droplet interface. This makes the emulsion easy to control using an external magnetic field, which, in turn, makes 
it useful in many applications. Research and development in this field are ongoing, but regardless of the 
application, control of the formation process is necessary. Rheological measurements are one of techniques used 
for evaluating the internal structure and stability of emulsions. The main focus of the current research is to 
investigate the magnetorheological effect of the rarely tested oil-in-oil (O/O) magnetic Pickering emulsions and 
compare them with better-characterized oil-based magnetic fluids. 

The magnetoviscous effect typically occurs when magnetic nanoparticles or magnetic Pickering emulsions 
align with the magnetic field, and this effect depends mainly on the internal structure, such as the size and shape 
of the particles and droplets. The experimental results indicate that the magnetic emulsion fabricated utilizing 
ultrasound and an additional electric field exhibits higher dynamic yield stress as a function of the magnetic field 
compared with the partially covered droplets. This suggests that the stable emulsion becomes a more rigid system 
and is more resistant to deformation when a magnetic field is applied. Besides that, the magnetoviscous effect of 
the magnetic emulsions was lower compared with that of magnetic suspensions with the same mass fraction of 
magnetic nanoparticles.   

1. Introduction 

A magnetorheological (MR) material consists of solid magnetic 
particles dispersed in a non-magnetic liquid. It can be considered a smart 
material due to its magnetically responsive behavior, in which the 
particles arrange themselves into chain-like structures when a magnetic 
field is applied [1,2]. In MR fluids, when a magnetic field is applied, 
randomly dispersed particles can rapidly form a solid-like network. 
These aligned mesoscale structural changes are responsible for an in-
crease in the apparent viscosity of the MR fluids by one order of 
magnitude in response to a magnetic field [3]. In a few milliseconds, the 
MR fluid can change from a liquid to a semi-solid state after magnetic 
field application [2], and requiring higher external forces exceeding to 
start the flow [4]. In the case of ferrofluids, the size of the dispersed 
magnetic particles is in the nanoscale range, with a single domain of 
approximately 10 nm dispersed in a non-magnetic fluid. In contrast, the 

size of the magnetic particles in MR fluids is in the microscale range [5]. 
In ferrofluids, Brownian and hydrodynamic forces work to disrupt the 
formation of chain-like structures [6,7]. Generally, large magnetic par-
ticles in MR fluids are more susceptible to creating chain alignment in 
the magnetic field, leading to an increase in viscosity. The difference 
between the behavior in the internal structures of ferrofluids and MR 
fluids makes them appropriate for different technical applications [5]. 
MR fluids are widely used in mechanical and civil engineering appli-
cations, such as MR dampers in automotive suspensions for shock ab-
sorption [8], seismic applications [9], and advanced prosthetics in 
biomedical fields [10,11]. The liquid cores stabilized by magnetic 
nanoparticles, known as magnetic Pickering emulsions, can also behave 
as an MR fluid. The micro size of magnetic Pickering droplets, stabilized 
by nanosized magnetic particles, can form a chain-like structure along 
with magnetic field lines. 

Magnetic Pickering emulsions have been in the scope of scientific 
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interest for the last decade, mainly due to their potential applications in 
oil recovery [12] and biomedicine [13]. There have been numerous 
reports on the use of magnetic particles to cover either the water [14] or 
the oil droplets [15] when fabricating emulsions and, in this way, 
forming magneto-responsive colloidal systems that can be easily sepa-
rated under the static gradient magnetic field. Furthermore, such 
particle-covered droplets can be used as sources of heat when placed in 
an alternating magnetic field [16–18]. Monitoring the processes under 
magnetic fields is crucial from an application point of view to ensure 
good stability. This can be performed non-destructively, as demon-
strated for magnetic fluids, using optical methods [19,20]. Recently, we 
showed that ultrasound can also be a powerful tool to obtain good 
characteristics of magnetic field-induced processes in colloids [17,21]. 
Pickering emulsion when compared with conventionally used 
surfactant-stabilized emulsions is believed to be more stable, as the 
principle of stabilization is the presence of particles attached to the 
droplet surface by capillary forces [22]. Long-term studies on Pickering 
emulsion stability have shown that the adsorption of the particles onto 
the droplets can be treated as irreversible, provided that the wettability 
of particles related to the three-system contact angle (Young’s equation) 
is carefully chosen [23]. However, the ability to persist against the 
processes of emulsion aging (coalescence, flocculation, sedimentation, 
etc.) is not the only important characteristic in the practical applications 
of magnetic Pickering emulsions. The rheological properties are also 
needed to accurately predict the behavior of emulsion droplets during 
industrial [24] or medical process [25]. 

When magnetic particles have been used as stabilizers, Pickering 
emulsions exhibit MR responses depending on the intensity of the 
applied static magnetic field and the Pickering droplet size. There are 
few reports in the literature on the MR properties of magnetic Pickering 
emulsions for either oil-in-water or water-in-oil emulsions. For instance, 
the viscoelastic behaviour of an oil-in-water emulsions stabilized by 
silane-coated magnetic nanoparticles was shown for polar and non-polar 
disperse phase [26]. The results indicated there was solid-like behavior, 
and the change in volume concentration and magnetic field strength 
were reflected in the shear viscosity and elastic modulus. In contrast, 
numerous studies have examined the rheological properties of core–-
shell structures synthesized using the Pickering emulsion polymeriza-
tion technique [27–29]. However, oil-in-oil (O/O) Pickering emulsions 
are also possible to prepare and are not yet characterized by rheological 
techniques. Their rheological properties with and without the applica-
tion of a magnetic field should also be investigated, as the viscosity of 
the liquids constituting the dispersed and continuous phase of emulsions 
is much higher. This viscosity, in turn, is believed to be important, for 
instance, in MR damper applications. 

Fig. 1 illustrates the three different systems that were characterized 
in this research. The behavior of Pickering emulsions was compared 

with simpler two-phase systems, specifically oil-based magnetic fluids 
(Fig. 1a). Additionally, the MR effect of two types of magnetic emulsions 
was investigated: a partially stable magnetic Pickering emulsion (pre- 
emulsion, Fig. 1b) and a stable magnetic Pickering emulsion (Fig. 1c). 
The main aim of the research was to investigate the rheological prop-
erties of the O/O magnetic Pickering emulsions by measuring both shear 
viscosity and dynamic yield stress under the application of a DC mag-
netic field. In the pre-emulsion, the Pickering droplets were not fully 
covered by particles, while in the stable emulsion, the Pickering droplets 
were fully covered after DC electric field application during the fabri-
cation process. Therefore, we also studied the comparison of the Pick-
ering droplet size and rate of aggregation for these two emulsion 
systems, as well as the examination of the influence of electro-
coalescence on the stability of emulsion reflected in rheological data. As 
the MR effect is one of the important characteristics of the emulsions, the 
increased magnetic particle density on the Pickering droplets interface 
after electric treatment led to different MR effects. 

2. Materials and methods 

2.1. Particles and oils 

Iron oxide nanoparticles (Sigma-Aldrich Co., USA) in powder form 
were used to prepare an oil-based magnetic fluid and stabilize the 
emulsion droplets. These particles were polydisperse in size, with a 
median value of approximately 175 nm. Castor oil (MERLIN, MA220-1, 
Spain) with a viscosity of 700 mPa⋅s formed the continuous phase, while 
silicone oil (Rhodorsil, 47 V 50, USA) with a viscosity of 50 mPa⋅s was 
used as the dispersed phase. These two types of oils were utilized to 
prepare an O/O magnetic Pickering emulsion due to their similar den-
sities (around 960 kg/m3), which was beneficial for the emulsions’ 
stability against sedimentation. 

2.2. Method of preparation of oil-based magnetic fluids 

Oil-based magnetic fluids were prepared by sonication using a ho-
mogenizer (Sonifier Cell Disruptor, Branson Ultrasonics, model 450, 
USA). The working frequency was 20 kHz, and the acoustic intensity was 
9.9 W

cm2. A 10-min application time and an output of 40 W ultrasound 
power were chosen for the preparation process. Two mass fractions of 
magnetic nanoparticles were used to prepare the magnetic fluid: 5 % and 
10 %. 

2.3. Method of magnetic Pickering emulsions preparation 

To investigate the differences in rheological behavior between 
emulsion droplets solely stabilized by magnetic particles and those with 

Fig. 1. Illustrations of the structures for (a) oil-based magnetic fluid, (b) pre-emulsion, and (c) stable Pickering emulsion. H and v represent the magnetic field 
direction and velocity of spin, respectively. 
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Fig. 2. Schematic of the MR measuring cell.  

Fig. 3. The optical microscopy images of magnetic Pickering emulsions with 1:1 mass ratio between dispersed and solid phase (a) before and (b) after electric field 
application. (c) The magnetic Pickering drops distribution, and (d) the magnetization of oil-based magnetic fluid, pre-emulsion, and stable emulsion. The standard 
deviation of the stable emulsion was ± 3.45 emu/g and for pre-emulsion ± 0.91 emu/g. 
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more stable particle shells, we employed a two-step approach to fabri-
cate Pickering emulsions, as developed and described in [30]. First, 
magnetic Pickering pre-emulsions with droplets barely covered by 
magnetic nanoparticles were prepared using the Branson homogenizer 
with the same application time and acoustic intensity as used to prepare 
the oil-based magnetic fluids. Second, to ensure the stability of the 
magnetic Pickering emulsion, a DC electric field was applied to the 
magnetic pre-emulsion for 20 min with an electric field intensity of 
approximately 250 V/cm. The mass fraction of silicone oil dispersed in 
castor oil was 5 %, with two different mass ratios of magnetic nano-
particles to silicone oil: 1:2 and 1:1. In particular, a 1:1 mass ratio was 
chosen for magnetic Pickering emulsion, as it allowed for a direct 
comparison with the magnetic fluid 5 %, given the same contribution of 
magnetic nanoparticles to silicone oil in the system with 5 %. The 
magnetization curves were measured at T = 298 K using a vibrating 
sample magnetometer (VSM) installed on a cryogen free super-
conducting magnet from Cryogenic Ltd, UK. 

2.4. Rheological measurements 

The rheological properties of oil-based magnetic fluids and O/O 
magnetic Pickering emulsions were studied by using a magneto- 
rheological system with a twin gap rheometer provided by Anton Paar 
(MCR 502, Austria) with a dedicated MR cell (MRD170/1T) and a 
measuring system (PP20/MRD/TI). During the measurements, the 
magnetic field was created by applying an electrical current to a coil 
located below the sample cell plate. The magnetic field was uniform and 
oriented perpendicularly to the measuring system gap. The gap distance 
between the plate was constant (1 mm) in all measurements. The volume 
of the sample placed between the plates was 0.3 ml. A non-magnetic 

plate with a diameter of 20 mm was placed on top of MR fluid as 
shown in Fig. 2. The temperature of the sample cell was maintained 
during the measurement at ~ 25 ◦C. A thermocouple sensor from (GMH 
3230, Germany) was utilized to monitor the temperature of the MR fluid 
during the measurement, and a teslameter (FH 54, Germany) was uti-
lized to measure the magnetic field strength. The magnetic flux density 
gradually increased linearly over time from 0 mT to 212 mT. 

3. Results and discussion 

3.1. Optical microscopy and magnetization characterization 

The optical microscopy images in Fig. 3a, b show the magnetic 
Pickering droplets, partially aggregated due to the aggregation of 
magnetic nanoparticles residing at the interface of silicone oil droplets. 
Additionally, the number of magnetic nanoparticles at the droplet 
interface was higher in the case of electric field application (Fig. 3b) 
indicated by a significant black color around the droplets. Apart from 
the optical imaging limited due to the poor optical transparency of 
magnetic samples, other techniques could provide information on the 
stability of Pickering droplets. In one of our research, ultrasound 
attenuation spectroscopy was used as a tool to measure the droplet size 
and the shell thickness of the magnetic shell in a magnetic Pickering 
emulsion [31]. The shell thickness was calculated based on core–shell 
model, and the experimental results indicated an increase in the ultra-
sound attenuation, which was attributed to a change in the internal 
structure of the system after the electric field application. The change in 
the mean size of 100 droplets estimated from optical microscopy images 
by ImageJ software is presented in Fig. 3c. For the tested emulsion, the 
outer radius of the Pickering droplets increased after electrocoalescence 

Fig. 4. Rheological properties of an oil-based magnetic fluid. Viscosity as a function of shear rate for (a) 5% and (b) 10% mass concentrations of magnetic nano-
particles at different magnetic field intensities. Viscosity as a function of magnetic field intensity for (c) 5% and (d) 10% mass concentrations of magnetic nano-
particles at different shear rates. 
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events. As one can see in Fig. 3d, not only the appearance of magnetic 
Pickering emulsions changed after the electric field application. Despite 
the same concentration of magnetic nanoparticles, magnetization satu-
ration values varied for various types of emulsion preparation systems 
that influenced further rheological measurements. 

3.2. Rheological properties of oil-based magnetic fluids 

First, the flow curve of the shear viscosity of an oil-based magnetic 
fluid was measured for different mass fractions of magnetic nano-
particles: 5 % and 10 %. 

Fig. 4a shows the viscosity as a function of shear rate for different 
magnetic field intensities for a 5 % mass fraction of magnetic nano-
particles. The results indicate that in the absence of a magnetic field, the 
behavior of a Newtonian fluid appeared, indicating a liquid-like state. 
However, when a magnetic field was applied, the viscosity increased due 
to pronounced particle–particle interactions, leading to a change from a 
liquid state to a semi-solid state by forming a chain-like structure. The 
particles in an oil-based magnetic fluid exhibited magnetic multidomain 
behavior, and the application of a magnetic field induced a magnetic 
dipole in each particle, initiating the formation of chains of particles 
and/or their aggregates [32]. Furthermore, as the shear rate increased 
from 10 1/s up to 100 1/s, the influence of the semi-solid state began to 
disappear due to the deformation of the internal structure, which was 
evidence of shear thinning behavior as it has been shown for other MR 
fluid [3]. The results presented in Fig. 4b indicate the influence of a 
higher mass fraction of magnetic nanoparticles (10 %) on the rheolog-
ical properties of oil-based magnetic fluid. For higher concentrations, a 
higher increase in viscosity appeared compared with that shown in 
Fig. 4a. In fact, increasing the concentration of the system led to higher 
particle interaction and a greater amount of chain formation compared 

with lower concentrations. This resulted in changes in the apparent 
viscosity, which induced a stronger magnetoviscous effect. Based on 
that, as shown in Fig. 4c, d the viscosity was a function of the magnetic 
field intensities for different values of shear rates. The viscosity 
decreased with an increase in the shear rate as the chain-like structure 
was broken for the higher shear rate due to hydrodynamic force [33]. 
Additionally, the viscosity was comparable between the 5 % and 10 % 
concentrations at a higher shear rate range of 100 1/s regardless of the 
strength of the applied magnetic field. In the literature, a higher content 
of magnetic material in the sample was not the only factor influencing 
the MR effect. The stabilized and non-stabilized magnetic fluids also 
showed different magnetoviscous effects due to the influence of aggre-
gation [34]. Another factor could be the polydispersity of the system 
that resulted in different magnetoviscous effects [35]. The free rotation 
of the MR fluid was prevented by counteraction of magnetic and me-
chanical torque, leading to an increase in viscosity [6]. 

3.3. Rheological properties of O/O magnetic Pickering pre-emulsion 

The MR effect for different mass ratios of magnetic nanoparticles to 
silicone oil (1:2 and 1:1) at a constant mass fraction of silicone oil (5 %) 
was studied for emulsions. Both pre-emulsions showed similar shear- 
thinning behavior regardless of the content of nanoparticles. Fig. 5a 
presents the viscosity as a function of the shear rate for the lower ratio of 
magnetic nanoparticles (1:2). After magnetic field application, the in-
crease in viscosity appeared similar to the magnetoviscous effect 
observed in magnetic fluid. However, this increase in viscosity was 
lower compared with a pre-emulsion with a higher ratio of magnetic 
nanoparticles to silicone oil (1:1), as shown in Fig. 5b. The mean value of 
shear viscosity for 49 mT was 1.8 Pa⋅s for a 1:2 mass ratio and 2.6 Pa⋅s 
for a 1:1 mass ratio at zero shear rate. The higher shear rate led to a 

Fig. 5. Rheological properties of O/O magnetic pre-emulsion. Viscosity as a function of shear rate for a 5% silicone oil concentration for (a) 1:2 and (b) 1:1 mass 
ratios of magnetic nanoparticles to silicone oil at different magnetic field intensities. Viscosity as a function of magnetic field intensity for (c) 1:2 and (d) 1:1 mass 
ratios of magnetic nanoparticles to silicone oil at different shear rates. 
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decrease in the value of shear viscosity and became close to the back-
ground viscosity of carrier fluid due to the magnetic separation and 
deformation of the Pickering droplets. Additionally, the increase in the 
magnetic field intensities from 49 mT and 212 mT does not show a 
substantial difference. The reason could be the same size of the chain- 
like structures despite applying different magnetic fields. The concen-
tration of magnetic nanoparticles had a significantly stronger effect on 
the chain structure behavior. 

Generally, the magnetoviscous effect can be influenced by several 
factors, such as magnetization of magnetic nanoparticles, size of parti-
cles or Pickering droplets, aggregation rate, external magnetic field, and 
concentration. The increase in the ratio of stabilized magnetic nano-
particles helped to improve the stability of magnetic Pickering emulsion 
and decreased Pickering droplets size [23]. As a result, this change in the 
internal structure caused different values of the magnetoviscous effect. 
Dipolar interactions between the magnetic droplets with a mass ratio of 
1:1 were higher than for emulsions with 1:2. This could lead to the 
formation of a network of magnetic droplets and/or agglomerates 
throughout the emulsion. This led to a greater change from a liquid to a 
semi-solid state, resulting in an increase in the magnetoviscous effect, as 
shown in Fig. 5b. Additionally, Fig. 5c, d show typically decreasing 
viscosity with an increase in the magnitude of the shear rate. The 
presence of a dispersed liquid phase did not influence the behavior of the 
hydrodynamic forces that existed for higher shear rates and became 
large enough for droplets deformation [26]. 

3.4. Rheology properties of O/O magnetic Pickering emulsion 

A stable magnetic Pickering emulsion was prepared after the appli-
cation of a DC electric field. The new approach for fabricating Pickering 
emulsion by electric field was first investigated by Rozynek et al. [30], 

where the coalescence of droplets partially covered after electric 
application resulted in an increase in the surface particle coverage of the 
droplets. This led to an increase in the stability of the Pickering droplets. 
Magnetic Pickering emulsions were also studied after AC magnetic field 
application [16,18]. Then, the results showed different amounts of heat 
induced between pre-emulsion and stable emulsion. 

Fig. 6a–b show the viscosity as a shear rate function for the stable 
magnetic Pickering emulsion with different magnetic field intensities for 
two mass ratios of magnetic nanoparticles to silicone oil (1:2 and 1:1, 
respectively). Generally, the magnetoviscous effect was higher for the 
sample with a 1:1 mass ratio due to the high concentration of magnetic 
nanoparticles in the system, and the exposition to a DC electric field did 
not change this relationship. This increase was found to be even higher 
than in pre-emulsion (Fig. 5a–b) when comparing the samples with the 
same magnetic nanoparticle content. This could be evidence of changes 
in the inner structure of the Pickering emulsion after electric field 
treatment. The shear viscosity value for the 49 mT magnetic field 
significantly increased in the case of a 1:1 mass ratio compared to the 
pre-emulsion. At zero shear rate, the value of shear viscosity was 5.2 Pa⋅s 
for stable Pickering emulsion compared to 2.6 Pa⋅s for pre-emulsion 
(without electric field application). However, there is no substantial 
difference for different magnetic field intensities. This is a piece of evi-
dence in the case of stable emulsion there are no influence on the size 
and the number of chains with different magnetic field application the 
same as in pre-emulsion. The significant change in magnetoviscous ef-
fect has appeared for different preparation methods or different mag-
netic concentrations rather than magnetic field applications. Fig. 6c–d 
shows similar behavior as observed in Fig. 5c-d for pre-emulsion. The 
shear viscosity decreased at a higher shear rate due to the deformation of 
the droplet and the potential break-up of the chain structure. 

Fig. 7 shows a comparison of the flow curves for three systems: oil- 

Fig. 6. Rheological properties of the O/O magnetic emulsion after electric field application. Viscosity as a function of shear rate for a 5% silicone oil concentration 
for (a) 1:2 and (b) 1:1 mass ratios of magnetic nanoparticles to silicone oil at different magnetic field intensities. Viscosity as a function of magnetic field intensity for 
(c) 1:2 and (d) 1:1 mass ratios of magnetic nanoparticles to silicone oil at different shear rates. 
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based magnetic fluid, pre-emulsion, and stable emulsion. The relative 
change in the viscosity of these systems for different magnetic field in-
tensities (49 mT, 109 mT, and 212 mT) was determined. The relative 
change can be expressed as: (ηmag −η0)/ η0, where η0 indicates the vis-
cosity with zero magnetic fields and ηmag refers to the viscosity of the 
system under magnetic field application. The magnetic fluid showed a 
higher increase in viscosity compared with pre-emulsion and emulsion 
for the same content of magnetic nanoparticles. The magnetic properties 
also influenced the performance of the MR fluid [36]. The relative 
change in the viscosity was recorded as 32 for oil-based magnetic fluid 
and 11, 12 for pre-emulsion and stable emulsion, respectively, for a 
magnetic field of 212 mT and zero shear rate. According to Kim et al., the 
higher appearance of the magnetoviscous effect with a series of mag-
netic field strengths provided evidence of the formation of a chain-like 
structure and the transition from liquid to solid state [28]. This means 
that the interaction between the magnetic particles was much higher in 
the magnetic suspension than in the magnetic emulsion, which led to the 
faster and easier formation of a chain-like structure aligned with the 
magnetic field line. Interestingly, a higher change in viscosity, accom-
panied by higher experimental error, for emulsion with fully covered 
droplets suggests stronger magnetic droplet interaction than in the case 
of partially covered droplets in the pre-emulsion. Regardless, there are 
no substantial differences between the magnetic field intensities. This 
means that the magnetoviscous effect did not only depend on the 
magnetic properties of the sample but also on its internal structure. The 
application of an electric field made the emulsion droplets more stable 
along with increasing in their size [30]. Larger “hollow magnets” with 
non-magnetic liquid cores were formed and could interact with the 
magnetic field. 

When describing the rheological properties of a system, the yield 
point is commonly determined as the point at which a material changes 
from a solid-like behavior to a liquid-like behavior under shear stress. 

The Herschel-Bulkley model is a fundamental model used to fit the flow 
curves and to extract the yield stress from the model parameters of non- 
Newtonian fluid that required stress to deform such as yield stress. This 
model is suitable for describing the flow behavior of materials that is 
more solid-like when the shear rate is below the yield point; after the 
yield point, the material behaves like a non-linear material [37]. 

The Herschel-Bulkley model is described by the following equation: 

τ = τdy +K γ̇n (1)  

where τ is the shear stress, τdy is the dynamic yield stress, K is the con-
sistency coefficient, γ̇ is the shear rate, and n is the flow index. 

Fig. 8a–c present the shear stress as a function of the shear rate for 
the emulsion before and after electric field application, respectively. To 
measure the yield point, the application of shear rate time was set at 150 
s with a shear rate of 0.01 1/s, and the time decreased gradually to 1 s at 
a shear rate of 1,00 1/s. A log scale was used to visualize the changes in 
the low range of shear rate with varying magnetic field strengths. 

After fitting the shear stress to the Herschel-Bulkley model (Eq. (1)), 
the dynamic yield stress values were determined. Fig. 8c shows a higher 
dynamic yield stress of approximately 39.4 % for stable emulsion than 
for pre-emulsion at magnetic field strength 109 mT. This is consistent 
with the dependence of the dynamic yield stress on the magnetic field. 
Fig. 8a. 

When the yield stress of a material increases, it means that the ma-
terial requires a higher level of stress to initiate permanent deformation. 
This increase in yield stress typically indicates that the material has 
become more rigid or resistant to deformation, resulting in a more stable 
emulsion. The application of an electric field to a magnetic emulsion 
improves the magnetic properties of the shell, leading to an increase in 
the surface density of Pickering droplets. As demonstrated in one study 
[27], the magnetically active shell on the polystyrene core with a higher 

Fig. 7. The relative viscosity as a shear rate function for (a) oil-based magnetic fluid, (b) magnetic Pickering pre-emulsion, and (c) magnetic Pickering sta-
ble emulsion. 
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surface density exhibited higher yield stress. In our work, one of the 
important differences between the pre-emulsion and stable emulsion 
was the magnetic particle density on the droplet shell as well as the size 
of the droplets. In our system, after electrocoalescence, the droplet size 
increased, as shown, e.g., by non-destructive ultrasound measurement 
elsewhere [31,38]. Fig. 8d shows that fully-covered droplets exhibited 
higher yield stress than partially-covered ones, resulting in a different 
MR effect. This observation further highlights the advantages of using 
solid particles as stabilizers over traditional surfactants. Beyond the 
enhanced ability to manipulate emulsion droplets under a magnetic field 
[21], a dense shell of particles at the interface seems to enhance control 
over the MR effect that could be crucial for practical applications. 
However, further investigation of the preparation process of magnetic 
Pickering emulsion is necessary to identify the dominant factor 
contributing to the change in MR properties attributed to electric field 
application: whether it results from better droplet stabilization or the 
simultaneous formation of complex structures, such as clusters of 
droplets and particles. 

Moreover, the yield stress is also affected by concentration; the 
transition from a liquid state to a solid state is different with increasing 
the concentration of magnetic nanoparticles, and the yield stress is one 
of the ways to investigate this. Therefore, the MR study showed that the 
O/O magnetic Pickering stable emulsion had a different viscoplastic 
response than pre-emulsion, and the system became more rigid to 
deformation after electric field treatment. However, obtaining a visco-
elastic response can reflect valuable information about the physical 
stability of the Pickering droplets. The comparison of different stages of 
stabilization, that is, the pre-emulsion and stable emulsion, showed that 
the yield point could be a valuable tool to evaluate the system with 
different magnetic field strengths. Furthermore, the rheological 

technique can help to improve the parameters of the formation process 
of the oil-in-oil magnetic Pickering emulsion, such as the time of soni-
cation, the intensity of electrical field application, and the concentration 
of stabilizing particles. 

4. Conclusion 

The study covered the comparison of the MR effect for three systems: 
oil-based magnetic fluids, magnetic O/O emulsions with partially 
covered droplets, and stable emulsions. The flow curve and yield stress 
describing viscoelastic behavior were measured experimentally. The 
results showed that all three systems exhibited a liquid-like state without 
a magnetic field application. However, under the magnetic field, the O/ 
O magnetic Pickering emulsion showed a lower magnetoviscous effect 
compared with the oil-based magnetic fluid for the same content of 
magnetic particles. Moreover, the emulsions treated with an electric 
field exhibited a higher magnetoviscous effect due to the change in the 
internal structure. Also, the values of the dynamic yield stress were 
higher for the stable emulsion when the magnetic field was applied, 
which indicates that the viscoelastic behavior of the stable Pickering 
emulsion exhibited strong solid-like characteristics compared with the 
partially stable Pickering emulsion. The study findings can be used to 
improve the formation process of O/O magnetic Pickering emulsions by 
optimizing sonication time, intensity of electrical field application, and 
particle concentrations. 
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Abstract:  
 

Nanopar@cles find widespread applica@on in various medical contexts, including targeted 

nanomedicine and enhancing therapeu@c efficacy. Moreover, they are employed to stabilize 

emulsions, giving rise to stabilized droplets known as Pickering droplets. Among the various 

methods to improve an@-cancer treatment, ultrasound hyperthermia stands out as an efficient 

approach. This research proposes Pickering droplets as promising sonosensi@zer candidates, to 

enhance the aNenua@on of ultrasound with simultaneous poten@al to act as drug carriers.  

The ultrasound scaNering theory, based on the core–shell model, was employed to calculate 

theore@cal ultrasound proper@es such as aNenua@on and velocity. Addi@onally, computer 

simula@ons, based on a bioheat transfer model, were u@lized to compute heat genera@on in agar-

based phantoms of @ssues under different ultrasound wave frequencies. Two types of phantoms 

were simulated: a pure agar phantom and an agar phantom incorpora@ng spherical inclusions. 

The spherical inclusions, with a diameter of 10 mm, were doped with various sizes of Pickering 

droplets, considering their core radius and shell thickness. Simula@on results present 

temperature changes for different frequencies, along with heat distribu@on and ultrasound 

penetra@on depth. Notably, spherical inclusions doped with magne@c Pickering droplets 

exhibited a higher temperature rise compared to non-magne@c counterparts. Furthermore, 

nanodroplets with a core radius below 400 nm demonstrated beNer hea@ng performance 

compared to microdroplets. The enhanced ultrasound energy dissipa@on could be, therefore, 

op@mized by changing the parameters of Pickering droplets as sonosensi@zers. Furthermore, 

Pickering droplets incorporated into agar phantom could allow obtaining a similar effect of local 

hea@ng as sophis@cated focused ultrasound devices. 

 

Keywords:  
Biomaterial; ultrasound hea2ng; ultrasound sca5ering theory; Pickering emulsion; sonosensi2zers; 
COMSOL simula2ons. 
 

Highlights 
• Ultrasound scaNering theory was used to study agar phantoms doped with the Pickering 

droplets. 

• The theore@cal ultrasound hea@ng efficiency was affected by the physical proper@es of 

Pickering droplets. 

• The adjustment of the core radius and shell thickness of the droplets gave improvement  

to the modeled ultrasound hea@ng. 

 



 2 

 

Graphical abstract  

 

 

1. Introduc#on  
 

Hyperthermia is a treatment approach that refers to the procedure of raising @ssue temperature 

to 40 °C – 45 °C for specific medical treatment purposes [1,2]. The effec@veness of thermal 

enhancement in therapy depends on both the temperature and the dura@on of exposure within 

biological cells [3]. Subsequently, hyperthermia exhibits direct cytotoxic effects in 

microenvironments characterized by low blood supply, hypoxia, and low pH, such as those 

commonly found in tumor @ssues [4]. Clinically, hyperthermia has been used for 

radiosensi@za@on, enhancing the effec@veness of radia@on therapy [5]. Over the past decades, 

numerous techniques have been employed to perform thermal therapies. Among others,  a high-

frequency alterna@ve electromagne@c fields [2] as well as the magne@c nanopar@cles under an 

alterna@ng magne@c field [6,7] are used as a source of heat for hyperthermia treatment. Using 

mechanical ultrasound waves, opera@ng within the frequency range of 1 MHz to 10 MHz, 

represents an alterna@ve method for inducing heat in biological @ssues [8–10].  

Ultrasound offers advantages over other treatment techniques, primarily in its non-invasive 

ability to generate heat in deep-seated @ssues. Addi@onally, the ultrasound technique stands out 

for its cost-effec@veness, simplicity, and energy efficiency. The direc@on of ultrasound waves can 

be controlled through the design of the transducer. Specifically, the applica@on of a focused 

ultrasound beam, emiNed from the curved surface of the transducer, involves converging mul@ple 

ultrasound waves onto a single point. The local temperature obtained using ultrasound is crucial 

in medical processes such as tumor abla@on [11–13] and targeted drug delivery [14]. The heat 

generated by ultrasound waves depends on several parameters, including acous@c intensity, 

frequency, and the absorp@on rate of ultrasound waves in the medium. Different wavelengths of 

the ultrasound wave contribute to dis@nct relaxa@on @mes. Lower frequencies correlate with 

reduced fluctua@ons in the medium, featuring longer wavelengths associated with lower 
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absorp@on and scaNering of the wave. These factors collec@vely influence heat genera@on and 

penetra@on depth [15]. 

There are various ways to op@mize the value of hea@ng produced by ultrasound waves. For 

instance, ultrasound wave frequency and intensity have a direct effect on effec@ve treatment 

plans [16]. The size of the treatment area can be op@mized by splifng the ultrasound beam to 

achieve a larger focal point [17]. On the other hand, the proper@es of the medium have also an 

effect on heat value, which might change depending on the human body parts. The medium 

proper@es modifica@on such as sonosensi@zers, i.e., addi@onal materials incorporated into the 

medium, offer an alterna@ve means to modify ultrasound absorp@on, facilita@ng rapid 

temperature increases for lower intensity and shorter sonica@on dura@ons. The ultrasound wave 

scaNered by nanopar@cles as sonosensi@zers has been used to control the ultrasound aNenua@on 

[18,19]. The par@cle radius is commonly comparable with wavelength, and the physical proper@es 

of the nanopar@cles provide different scaNering and absorp@on contribu@ons. For instance, the 

comparison of the magne@te and silica nanopar@cles showed different aNenua@on results 

theore@cally and experimentally, as the physical proper@es such as density contrast between 

phases and agglomera@on rate had a direct effect on the ultrasound aNenua@on [20]. This 

variability extended to different temperature increases observed in the agar phantom enriched 

with nanopar@cles under the ultrasound applica@on [21], where ultrasound velocity and 

aNenua@on were affected by the presence of nanopar@cles. In general, the addi@on of magne@c 

nanopar@cles into @ssue-mimicking material resulted in a significant increase in the specific 

absorp@on rate compared to the pure @ssue-mimicking material [22]. Poten@ally, the Pickering 

droplet stabilized by nanopar@cles can also alter the proper@es of the @ssue phantoms and 

func@on as sonosensi@zers. Similarly to the nanopar@cles, the presence of the Pickering droplets 

in the system was showed to lead to a change in the aNenua@on of the medium [23]. The 

influence of the Pickering droplet on ultrasound hyperthermia was not presented yet in the 

literature. However, there are studies inves@ga@ng the thermal effect of the Pickering droplet 

under the influence of an AC magne@c field [24–26]. In the case of Pickering droplets, we could 

have many more parameters to control for op@miza@on of the outcome of ultrasound 

hyperthermia such as the size of the liquid core, the size of the stabilizing par@cles, their 

mechanical and thermal proper@es, and even the shape, as non-spherical par@cles have been 

also inves@gated for Pickering emulsions [27]. 

In this research, we inves@gated theore@cally the effect of u@lizing the Pickering droplets in agar 

phantom as sonosensi@zers. The ultrasound aNenua@on and velocity of the silicone oil droplet 

stabilized with magne@te and silica nanopar@cles incorporated in pure agar phantom were 

calculated based on core–shell model proposed by Anson and Chivers [28]. Recently, this model 

was successfully used to analyze the experimental data of ultrasound spectroscopy in the 

Pickering emulsion. The output results theore@cally and experimentally indicated the changes in 

the absorp@on of the medium with different concentra@ons, Pickering droplet sizes, and other 

physical proper@es of the system such as density, specific heat, and thermal conduc@vity [23,29]. 

Consequently, in the current research, the difference in physical proper@es and the resul@ng 

different value absorp@on of the whole system (agar phantom doped with Pickering droplets) led 

to different amounts of generated heat. The maximum value of the scaNering and thermal 

absorp@on varied with various wavelengths and object sizes as well as carrier fluid proper@es. In 

this research, both a pure agar phantom and an agar phantom with a spherical inclusion were 
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simulated using COMSOL Mul@physics. Heat transport within the agar phantom was modeled by 

employing the classic Pennes bioheat equa@on [30]. The simula@on incorporated the physical 

proper@es of inclusions doped with either magne@te or silica Pickering emulsion, and examined 

the impact of varying droplet radius and shell thickness on the final hea@ng effect. This research 

lays the groundwork for understanding ultrasound wave propaga@on in agar phantom doped with 

Pickering droplets, sefng the stage for future experimental inves@ga@ons. The simula@on results 

offer insights into the poten@al of Pickering nano- and microemulsions, comparing favorably to 

the current use of nanopar@cles, to enhance thermal therapy.  

 

 

2. Theore#cal background  
 

2.1. Ultrasound sca:ering theory based on core–shell model  
 

The core–shell model is a model proposed by Anson and Chivers that describes the scaNering of 

the ultrasound wave by the core–shell objects that consist of a spherical core (solid or liquid) 

covered with another type of material as a shell and dispersed in con@nuous phase [28]. The 

Pickering droplet has a similarity to such core–shell structure which allows for using the Anson 

and Chivers model to calculate the ultrasound parameters of the Pickering droplets.  

As ultrasound wave travels through emulsion and suspension, it is aNenuated. The reason for the 

aNenua@on is the absorp@on and scaNering of the wave. The par@cles and droplets dispersed in 

con@nuous phase cons@tu@ng suspensions or emulsions have a direct effect on the ultrasonic 

proper@es and make the ultrasound aNenua@on and velocity dependent on the size distribu@on 

and volume concentra@on. The Epstein–Carhart–Allegra–Hawley (ECAH) theory [31,32] describes 

the ultrasound scaNering theory by solid or liquid suspension in the con@nuous phase caused by 

the viscous-iner@al and thermal transport mechanism. The viscous-thermal mechanism occurs 

the densi@es are different for both phases. The thermal mechanism occurs due to pressure-

temperature coupling due to the thermal contrast between phases. In the core–shell model, the 

addi@onal physical parameters of the shell material such as its aNenua@on coefficient are taken 

into considera@on in comparison to ECAH theory [28]. 

Similarly to the ECAH model, in the core–shell model, the wave equa@on for the propaga@on of 

compressional, shear, and thermal wave are derived as follows: 

 

(∇! + $"!)&" = 0,                                        (1a) 

(∇! + $#!)&# = 0,                                        (1b) 

(∇! + $$!)*% = 0.                                       (1c) 

 

The main part of our implementa@on of the core–shell model was to calculate the par@al 

scaNering amplitude for the compression wave in the con@nuous phase, which further was used 

for the calcula@on of the ultrasound velocity and the aNenua@on of the compression wave in the 

con@nuous phase The formula below shows the poten@al of compression ultrasound wave as 

series expansions that contain the scaNering coefficient: 

 

&"& 	= 	∑ .'(20 + 1)*'ℎ'($"&3)4'(567Θ).(
')*                               (2) 
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&"& is the poten@al scaNering wave equa@on for the compression wave in the con@nuous phase,  

*' is the par@al scaNering amplitude in the con@nuous phase, ℎ' is the Hankel func@on, $"& is 

the complex wave number of the compression wave, 3 is the object radius, 4' is the Legendre 

polynomials of the order n, and 9 is the scaNering angle. Similarly, the poten@al of thermal and 

shear wave were calculated by considering the thermal and shear wavenumbers $#& and $$&. 

Therefore, in Equa#on (3), &#& is related to the poten@al of the thermal wave, and the :' is 

related to the par@al amplitude of the thermal wave. In turn, in Equa#on (4), *%&	is related to 

the poten@al of the shear wave in the con@nuous phase, and ;' is related to the par@al wave 

amplitude of the shear wave. 

 

&#& 	= 	∑ .'(20 + 1):'ℎ'($#&3)4'(567Θ)(
')* ,                    (3) 

*%& = ∑ .'(20 + 1);'ℎ'($$&3)4'&(567Θ)(
')* .                       (4) 

 

The wave scaNered forward (the boundary between the droplet shell and agar phantom) and 

backward (the boundary between the droplet shell and core - silicone oil) can be expressed as 

the following equa@ons for the compressional, thermal, and shear wave: 

 

&"! 	= 	∑ .'(20 + 1)[='>'($"!3) + ?'ℎ'($"!3)]4'(567Θ)(
')* ,           (5a)              

&#! 	= 	∑ .'(20 + 1)[A'>'($#!3) + B'ℎ'($#!3)]4'(567Θ)(
')* ,            (5b)                

*%! 	= 	∑ .'(20 + 1)[C'>'($$!3) + D'ℎ'($$!3)]4'(567Θ)(
')* .               (5c) 

 

The =', A', and C' are the par@al wave amplitudes of the backward compressional, thermal, and 

shear modes, respec@vely. The ?', B', and D' are the par@al wave amplitudes for the three 

modes of the forward wave. 

 

The wave scaNered in the core (in our implementa@on in silicone oil droplet) is a backward wave, 

i.e., the wave propaga@ng back inside the core material, and can be represented as following 

equa@ons: 

 

&"+ 	= 	∑ .'(20 + 1)E'>'($"+3)4'(567Θ)(
')* ,                 (6a)               

&#+ 	= 	∑ .'(20 + 1)F'>'($#+3)4'(567Θ)(
')* ,                 (6b) 

*%+ 	= 	∑ .'(20 + 1)G'>'($$+3)4'&(567Θ)(
')* .                 (6c) 

  

The 12 boundary equa@ons and 12 unknown coefficients from the core–shell model 

(*', :', ;', =', A'	C', ?', B', D', E', F', and	G') were solved using a 12 x 12 matrix equa@on [28].  

This model was recently used for comprehensive theore@cal and experimental characteriza@on 

of oil-in-oil magne@c Pickering emulsions [23]. To calculate the ultrasound aNenua@on coefficient, 

the imaginary part of the par@al compression wave amplitude *, had to be determined. 

Furthermore, the real part of the compression wave amplitude *, was used to calculate the 

ultrasound velocity. In Table 1, the physical proper@es of the phases required for the core–shell 

model calcula@on are presented.  

 

The complex wavenumber equa@on was used to calculate the ultrasound aNenua@on and 

velocity of the Pickering droplets when placed in an agar phantom: 
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K = L$"! −
+-.!"

(0#$)(2$)
(** + 3*& + 5*!).                          (7) 

Here, K = 	 3

"%&'(	*+',-./
+ .P4526	892'#:; is the complex wavenumber of the scattered wave; the 

real part, 

3

"%&'(	*+',-./
 , is related to the ultrasound velocity and .P4526	892'#:; is related to the 

ultrasound attenuation. Q<- 	is the volume fraction of the dispersed phase, !!" =	
#
$$%

$&, where  

R is the number of silicone oil droplets (dispersed phase) distributed in the continuous phase 

(agar gel), S	and b are the outer and inner radii of the Pickering droplet, respectively. ** and *& 

are partial scattering amplitudes that depend on the thermal (monopole effect) and viscous 

mechanism (dipole effect), respectively. In turn, *! is related to the object resonance mechanism 

(quadrupole effect) that occurred due to the relationship between the wavelength and surface 

wave that is produced from the interface of compression and shear wave [33]. The mentioned 

mechanisms occurred due to the different physical properties of the components of core–shell 

objects.  

 

It is well-known that the shear wave of ultrasound wave has a higher contribution in the solid-

state material [34]. However, the existence of shear waves is negligible in soft tissues because 

soft tissues are approximated and considered liquid [9]. That is the reason why we did not take 

into account the influence of shear waves propagating in agar phantoms.  

 
Table 1 The physical proper2es of agar phantom as con2nuous phase, silicone oil as dispersed droplets, 
and magne2te nanopar2cles as stabilizing par2cles at 25°C. The frequency (f) is expressed in Hz unit. 
 

 

The values of ultrasound aNenua@on coefficient and phase velocity for Pickering emulsions with 

assumed different core size, shell thickness, and volume concentra@on in rela@on to con@nuous 

phase (agar gel) were calculated using the Mathema@ca (13.2). These were then expressed in the 

Parameters Agar phantom Silicone oil Magne;te 

par;cles 

Silica 

par;cles 

Viscosity, /	(Pa · s)  – 50 × 10%$ 
(measured) 

– – 

Density, < (kg/m$) 1040 [35] 960 (measured) 5180 [36] 1970 [37] 
Thermal	conductivity, E	(W/
m · K)  

0.616 [35] 0.15 (data sheet) 52 [36] 1.6 [37] 

SpeciKic	heat, L&	(J/kg · K)  3900 [38] 1460 (data sheet) 653 [36] 728 [37] 
Thermal	expansion, Q'	(1/K)  3 × 10%# [39] 9.5 × 10%# (data 

sheet) 
11.8 × 10%( [36] 1.35 ×

10%( [37] 
Velocity, c (m/s) 1547 [40] 1004 [36] 7157 [36] 5968 [37] 
Atteuation, W	(Np/m)  4.6 × 10%([ + 	8.7 ×

10%)#[* [40] 
3.79 × 10%)$[*.,* 

(measured) 
0.01 × 10%)-[* 

[36]  
2.6 ×

10%**[* 
[37] 

Shear modulus, _	(N/m*) 40 × 10$ [41] – 6.03 × 10), [36] 2.79 ×
10), [37] 
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func@on of frequency for the range of 1 MHz to 12 MHz. These frequencies were chosen based 

on the requirements for the frequencies used in the ultrasound hea@ng procedures [13,42,43]. 

2.2. Ultrasound hea#ng model implemented in computer simula#on 
 
Theore@cal calcula@ons of ultrasound hea@ng were carried out using COMSOL Mul@physics 6.1. 

Considering the high symmetry of the studied structure, 2-dimensional axisymmetric rota@onal 

geometry was used to reduce calcula@on @me. Pressure Acous@cs, Frequency Domain together 

with Bioheat Transfer modules were used to model the ultrasound hea@ng of the samples. In our 

simula@on, we assumed that the inclusion is filled evenly with Pickering emulsion droplets. 

Ultrasound was generated by the normal displacement of the transducer end with a diameter of 

10 mm, providing a dynamic source for the model. The cylindrical phantom (with a diameter of 

30 mm and a height of 30 mm) is placed 1 mm away from the transducer. The intervening space 

between the phantom and the transducer is filled with water, which serves as the coupling 

medium for the simula@on. Addi@onally, to account for wave reflec@ons and ensure accurate 

results, the whole system was enclosed by a Perfectly Matched Layer (PML). The scheme of the 

designed geometry for simula@ons is shown in Figure 1. 

 
Figure 1 The scheme of the simula2on design for (a) pure agar phantom and (b) agar phantom with an 
inclusion filled with Pickering droplets. 
 

In simula@ons, the transducer was driven at several frequencies from 1 MHz to 10 MHz with an 

applica@on @me of 180 seconds for each frequency. The output intensity of the ultrasound wave 

was determined by changing the displacement amplitude of the transducer with different 

frequencies to achieve the acous@c intensity of 2.5 W/cm
2
. This value was chosen to be similar to 

the intensity that was produced by the ultrasound transducer used commercially for medical 

purposes and in the research on ultrasound hyperthermia in @ssue-mimicking phantoms [30] as 

well as the ultrasound-triggered release of ac@ve substances from Pickering capsules [44]. The 

acous@c pressure implemented in COMSOL Mul@physics was used for the simula@on of 

ultrasound wave propaga@on and acous@c pressure change in an agar phantom. The classic 

Pennes bioheat equa@on was used in the simula@on to model heat transfer in the @ssue [30]. This 

is the mathema@cal model that describes the heat transfer in the biological @ssue, expressed as 

follows: 
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T;8
=>

=#
− $∇!U − V?5?(U2 − U) = W + W;.                                          (8) 

 

In the Equa#on (8), T and ;8 are the density and the specific heat of the @ssue, T and t are the 

temperature and the @me, respec@vely. $∇!U is the thermal conduc@vity mul@plied by the 

Laplacian operator that represents the spa@al temperature gradient. V? and 5?	are the perfusion 

rate and specific heat of the blood, respec@vely. In turn, W and W; are the heat source of the 

absorbed ultrasound energy and heat of the metabolism, respec@vely. The effect of blood 

perfusion and metabolic processes on hea@ng effect is omiNed (W; = 0) as the simula@on was 

performed in the agar phantom system where there was no vasculature.  

In our simula@on, as it was used elsewhere [45,46], the heat is generated by ultrasound waves 

that propagate perpendicularly through a cylindrical agar phantom. As an axisymmetric cylindrical 

coordinator, the temperature distribu@on in the phantom is along the axis of the beam: 

 

T;8
=>(6,A,#)

=#
− $ X =

=#
3! =>

(6,A,#)

=6
+ =0>(6,A,#)

=A0
Y = W.                           (9) 

 

The r, z, and t represent the distance from the center, the ver@cal distance from the top, and the 

applica@on @me. 

For the ini@al condi@on, the @me is equal to 0 and then, the temperature in the phantom is U*: 

 

ZU(3, [, 0) = U*.                                (10) 

 

The following boundary condi@ons for simula@ng the experimental condi@ons: 

 

=>(6,A,#)

=6
|6)* = 0,                                                       (11a) 

=>(6,A,#)

=6
|6)B = −	9

0
(U − U*),                                  (11b) 

 

=>(6,A,#)

=A
|A)* = −	9

0
(U − U*),                                  (11c) 

=>(6,A,#)

=A
|A)C = −	9

0
(U − U*).                                  (11d) 

 

In Equa#ons (11a-d), R and L are the cylindrical phantom radius and height respec@vely and h is 

the connec@ve heat coefficient. The heat map of the temperature distribu@on of height of the 

cylindrical agar L phantom as well as the different applica@on T @me was simulated for several 

frequencies (1 MHz, 2 MHz, 5 MHz, and 10 MHz).  
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3. Results and discussion  

 
3.1. A:enua#on spectra of Pickering droplets stabilized by magne#c nanopar#cles in 

agar phantom  
 

First, we inves@gated the acous@c proper@es of the Pickering droplets stabilized by magne@c 

nanopar@cles dispersed in agar phantom. This was further used to op@mize ultrasound hea@ng, 

by determining the ultrasound aNenua@on and velocity across various radii of silicone oil 

droplets, magne@c shell thicknesses, and volume concentra@ons of the dispersed droplets in an 

agar phantom. The results in Figure 2 and Figure 4 show the effect of acous@c proper@es of 

Pickering nano- and microdroplets with different shell thicknesses. In one of our previous studies, 

we showed that this parameter plays a crucial role in aNenua@on of the Pickering emulsion based 

on oils [23]. Addi@onally, Figure 3 reveals the differences resul@ng from the use of ultrasound 

scaNering theory based on core–shell model with and without the thermal contribu@on. For 

instance, Kanamori et al. [29], provide the calcula@on details of the core–shell model without 

thermal contribu@on. However, the considera@on of the contribu@on of thermal effects to the 

overall acous@c energy loss in the medium provides important knowledge of the difference in 

aNenua@on coefficient and ultrasound velocity between Pickering nano- and microdroplets that 

we simulated as doped in agar phantom.  
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Figure 2 The calculated ultrasound a5enua2on spectra based on core–shell model for the Pickering 
droplets stabilized by magne2c nanopar2cles and distributed in agar phantom for (a) different liquid core 
radii, (b) different par2cle shell thicknesses, and (c) different volume concentra2ons. 
 
The results in Figure 2 show the aNenua@on value strongly depends on the different parameters 

such as silicone oil droplet radius, par@cle shell thickness, and concentra@on. Then, controlling 

these parameters might op@mize the ultrasound hea@ng. Interes@ngly, the Pickering 

nanodroplets with a size of 200 nm show higher ultrasound aNenua@on compared with larger 

droplets (1 µm) at constant concentra@on and shell thickness (Figure 2a) for frequencies higher 

than 2.5 MHz. However, the ultrasound scaNering theory based on ECAH showed no significant 

increase in the ultrasound aNenua@on with different size of silicone droplets when were 
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dispersed in castor oil [47]. Addi@onally, the core–shell model for oil-in-oil magne@c Pickering 

emulsion, when silicone droplets were stabilized with magne@c par@cles, showed a maximum for 

ultrasound aNenua@on increase for 500-nm radius of the droplet [23]. Here, the physical 

proper@es of the agar phantom contributed to the calcula@on as well as the nano-size of the 

Pickering droplet. We expected that the thermal contrast contribute to ultrasound aNenua@on 

higher in the case of nanoscale objects. This is the reason why the non-thermal core–shell model 

needs to be inves@gated (Figure 3). 

The ultrasound aNenua@on is also affected by the shell thickness of magne@c par@cles around 

the silicone droplets. There is a significant increase in the aNenua@on between 100-nm and 400-

nm size of the shell as presented in Figure 2b. Addi@onally, the theore@cal result showed no 

significant differences between the 400-nm and 900-nm shell thicknesses in ultrasound 

aNenua@on in this range of frequency from 1 -12 MHz. Figure 2c shows the change in the 

ultrasound aNenua@on with different ranges of volume concentra@on. The higher volume 

concentra@on had a larger contribu@on to the ultrasound aNenua@on, with around 200 Np/m 

difference between 1% and 2%.  

 

 
 
Figure 3 The calculated ultrasound a5enua2on spectra based on core–shell model including thermal 
contribu2on and without including thermal contribu2on in the core–shell model for Pickering (a) 
nanoemulsion, and (b) microemulsion. 
 
The results in Figure 3 show that thermal contribu@on has a higher impact on ultrasound 

aNenua@on for Pickering droplets with a core radius of 200 nm and shell thickness of 100 nm 

compared with the micro-size Pickering droplets (1 μm droplet radius) when dispersed in an agar 

gel. For nano-size droplets, the calcula@ons of core-shell model should be done including thermal 

contrast between phases to provide beNer accuracy of the results. The thermal and viscous loss 

did not make linear changes in the ultrasound aNenua@on to corresponding par@cles or droplets 

sizes.   

The values of ultrasound velocity in the func@on of frequency also depended on the Pickering 

droplet sizes and were required in further COMSOL simula@on. The velocity increased with both 

the increasing radius of droplets and the thickness of the par@cle shell as shown in Figure 4a-b. 

Interes@ngly, the velocity of agar phantom doped with Pickering droplets was lower than the 

ultrasound velocity in pure agar which was 1546 m/s (Table 1).  The ultrasound velocity was also 
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influenced by the volume concentra@on of droplets. The change in the compressibility contrasts 

with different radii and shell thicknesses influences the velocity value resul@ng in these 

differences shown in Figure 4c. In a magne@c fluid, the ultrasound velocity also exhibited a similar 

trend depending on the concentra@on and temperature [48].  

 

 
 

Figure 4 The calculated ultrasound velocity in the func2on of frequency based on core–shell model for the 
Pickering droplets stabilized by magne2c nanopar2cles and placed in agar phantom for (a) different core 
radii (b) different shell thicknesses, and (c) different volume concentra2ons 
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3.2. A:enua#on spectra of Pickering droplets stabilized by silica nanopar#cles in an 
agar phantom  

 
One of the most important feature of the Pickering droplets is that, in prac@ce, they could be 

prepared with a variety of materials used as par@cle stabilizers. Here, we provide the comparison 

between the Pickering droplets stabilized with magne@c (Sec@on 3.1) and non-magne@c (silica) 

nanopar@cles to show how they change the ultrasound aNenua@on based on core–shell model 

when distributed in the agar phantom. The forma@on and func@onaliza@on of silica par@cles are 

quite well inves@gated and they have been widely used in medical applica@ons such as drug 

delivery [49] and bioimaging [50]. Using them as  stabilizers could extend the Pickering droplet 

applica@on [51,52].  

 
Figure 5 The calculated ultrasound a5enua2on spectra based on core–shell model for the Pickering 
droplets stabilized by silica nanopar2cles and distributed in agar phantom for (a) different liquid core radii, 
(b) different par2cle shell thicknesses, and (c) different volume concentra2ons. 
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The ultrasound aNenua@on value of the Pickering droplets distributed in the agar phantom and 

stabilized by silica nanopar@cles (Figure 5) was lower compared to the ultrasound aNenua@on of 

Pickering droplets stabilized by magne@te nanopar@cles as shown in Figure 3. Furthermore, the 

value of ultrasound aNenua@on decreased for the micro-droplets (core diameter of 1 µm) when 

comparing to those with a core of 200 nm as presented in Figure 5a. ANenua@on coefficient 

values were generally lower when compared to magne@c nanopar@cles with the exact same 

condi@ons such as core and shell sizes, volume concentra@on, and the range of frequencies. The 

main reason was the difference in physical proper@es between silica and magne@c nanopar@cles 

such as density and thermal contrast (Table. 1). This made Pickering droplets coated by magne@c 

nanopar@cles more aNenua@ng material compared to those stabilized with the silica 

nanopar@cles. That was even more clear in lower range of frequencies (e.g., for 2 MHz), which 

was important as this range of frequency is used in various medical applica@ons [53]. 

Addi@onally, the influence of shell thickness on ultrasound aNenua@on records significant 

changes between 200 nm and 400 nm (Figure 5b). Interes@ngly, the values of aNenua@on 

coefficient are quite similar for thicknesses of par@cle layer between 400 nm and 900 nm with 

constant droplet radius of 1 µm and concentra@on of 1%. Similarly to the results obtained for 

magne@c nanopar@cles, the increase in the volume concentra@on also provided higher 

aNenua@on in the ultrasound wave as presented in Figure 5c. 
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Figure 6 The calculated ultrasound velocity in the func2on of frequency for the Pickering droplets stabilized 
by silica nanopar2cles and distributed in agar phantom for (a) different core radii (b) different shell 
thicknesses, and (c) different volume concentra2ons. 
 
The Pickering emulsions stabilized with silica nanopar@cles showed a change in the velocity values 

for various droplet sizes (Figure 6a) and shell thicknesses (Figure 6b). These values were higher 

than those calculated for magne@c nanopar@cles stabilizing the droplets due to the difference in 

the compressibility contrast between phases when these two types of par@cles were considered 

(their shear modulus and ultrasound velocity). Furthermore, the higher volume concentra@ons 

revealed a lower value of ultrasound velocity in the frequency func@on (Figure 6c), which reflects 

the same trend as for the results for the magne@c Pickering droplets. 
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3.3. Computer simula#on   
3.3.1. Ultrasound hea#ng of the pure agar phantom  

 
In our approach, as shown in the scheme in Figure 1, the ultrasound waves generated by the 

transducer propagate through the water first and then entering the agar phantom. As an entry 

point, the simula@on of ultrasound propaga@on was performed for pure agar phantom with 

different frequencies (1, 2, 5, and 10 MHz). The chosen frequencies are within the typical 

ultrasound diagnos@c range (1-15 MHz). It should be noted that the level of accuracy of a wave 

propaga@on model is influenced by mesh density or, in other words, the number of elements per 

wavelength. The result for 5 elements per wavelength was chosen for the acous@c and thermal 

study [45].  

 

Table 2 The physical proper2es of the pure agar phantom and water used in the COMSOL simula2on. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameters Agar phantom Water 

Density	< (kg/m$) 1040 [35] 997 [37] 
Thermal	conductivity	E	(W/m · K)  0.616 [35] 0.5952 [37] 

SpeciKic	heat	L&	(J/KgK)  3900 [38] 4179 [37] 
Velocity c (m/s) 1547 [40] 1496.7 [37] 
Atteuation	W	(Np/m) (1 MHz) 4.69 [40] 0.025 [54] 
Atteuation	W	(Np/m) (2 MHz) 9.55 [40] 0.22 [54] 
Atteuation	W	(Np/m) (5 MHz) 25.2 [40] 0.63 [54] 
Atteuation	W	(Np/m) (10 MHz) 54.75 [40] 2.5 [54] 
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Figure 7 The COMSOL simula2on results of ultrasound hea2ng for the pure agar phantom. The heat map 
illustrates the temperature change in the middle of the cylindrical agar phantom a^er 180 seconds. 
Furthermore, the varia2ons in temperature over 2me are showcased for three dis2nct Z posi2ons (10 mm, 
15 mm, and 20 mm), and the temperature changes are presented in rela2on to Z for selected sonica2on 
2mes (10 s, 60 s, and 180 s) at frequencies of (a) 1 MHz, (b) 2 MHz, (c) 5 MHz, and (d) 10 MHz. 
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Figure 7a-d presents the change in temperature within pure agar phantom for different ver@cal 

posi@ons (10 mm, 15 mm, and 20 mm) and different applica@on @mes (10s, 60s, and 180s) for 

frequencies of 1 MHz, 2 MHz, 5 MHz, and 10 MHz. Moreover, the heat maps, i.e., the spa@al 

distribu@on of the temperature eleva@on, were presented for the 180
th

 second of ultrasound 

applica@on. In the heat maps, the Z = 0 mm represents the phantom in the transducer side, and 

Z = 30 mm represents the end of the agar phantom (see, Figure 1). The physical proper@es of the 

water and agar phantom used for simula@on were as listed in Table 2. As one can see, the rela@ve 

temperature (i.e., the temperature rise related to the room temperature of 25 °C) in the center 

(Z = 15 mm) of the phantom model was higher for higher ultrasound frequency; the temperature 

increase was of 6 °C for 10 MHz compared to 3.5 °C as shown in Figure 7d. Subsequently, 

temperature distribu@on was more homogenous for lower frequencies as shown both in 

temperature versus @me and temperature versus height graphs depicted in Figure 7a-b. 

Generally, it indicates higher depth with beNer temperature homogeneity can be achieved within 

the lower frequency range (Figure 7a-b). One can see that the ultrasound waves of higher 

frequencies such as 10MHz and 5 MHz can be used to raise the temperature two @mes more 

compared with the lower frequencies over a short distance. In general, each frequency range can 

be used in different applica@ons depending on the penetra@on depth required. The provided 

simula@on results indicate that using ultrasound of different frequencies improved control of the 

penetra@on depth by changing frequency of the ultrasound wave. The range of ultrasound in the 

@ssue can be changed from 1 cm to 12 cm by changing the frequencies from 1 MHz to 10 MHz as 

well as @ssue proper@es [42]. Nevertheless, as we will demonstrate in the next sec@on, achieving 

more precise control over the temperature increase in the phantom is feasible when the 

proper@es of the sonosensi@zers incorporated into the phantom are taken into account. 

 

3.3.2. Ultrasound hea#ng of agar phantom with inclusion agar phantom doped with 
magne#te Pickering droplets. 

 

The agar phantom with a spherical inclusion doped by magne@c Pickering droplets was simulated 

using COMSOL. Various physical proper@es were considered for the spherical inclusion, including 

thermal and acous@c proper@es. The ultrasound scaNering theory based on the core–shell model 

provided the ultrasound aNenua@on and velocity values in the func@on of frequency for different 

core radii and shell thicknesses. The 2 MHz frequency and 1% volume concentra@on of Pickering 

droplets were set as constant in the simula@on. The focus was on evalua@ng the different droplet 

radii and shell thickness of Pickering droplets for more efficient heat genera@on within the 

inclusion inside agar phantom.   

MG 1 and MG 2 were samples of magne@te-stabilized Pickering droplets. They had a consistent 

shell thickness of 100 nm, but their core radii differed, with MG 1 having a core radius of 200 nm 

and MG 2 having a core radius of 1 µm. MG 3 and MG 4 were samples with a constant Pickering 

droplet radius of 1 µm, but with varying shell thicknesses: 400 nm for MG3, and 900 nm for MG4. 

The physical proper@es of these samples implemented in the simula@on are presented in  

Table 3.  

The addi@onal materials dispersed in the phantom change its proper@es that are need for the 

simula@on of the temperature distribu@on. Apart from the changed aNenua@on and velocity 

depending on frequency determined based on core-shell model (Sec@on 3.1), also the effec@ve 
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density and the effec@ve specific heat were determined based on a weighted average of 

respec@ve values for phases. Effec@ve density can be calculated using the formula:   

 

TDEE = (Q& × T&) + (Q! × T!) + (Q+ × T+),                                (12) 

 

where T&, T!, and T+ refer to the density of agar phantom, silicone oil, and par@cle stabilizer, 

respec@vely and are mul@plied by the volume concentra@on of each phase Q. 

Similarly, the weighted average of specific heat in agar phantom with Pickering droplets was 

calculated as: 

 

;8& = ^Q& × ;8&_ + ^Q! × ;8!_ + ^Q+ × ;8+_.                                       (13) 

 
The ;8&, ;8!, and ;8+ are related to the specific heat of agar phantom, silicone oil, and par@cle 

stabilizer, respec@vely and mul@plied by the volume concentra@on of each phase Q. 
The weighted average of the thermal conduc@vity of two phases can be calculated from Equa#on 
14a (as used in [55] to calculate the thermal conduc@vity of an oil-in-water emulsion): 

 

 $DEE =	$&
&F!.GH!(&H.)IG0

&H.GH!(&H.)IG0
,	                                   (14a) 

 

where  

` = 	 00H01
00H!01

,                                                                   (14b) 

a = 0.21068Q − 0.04693Q!.                                   (14c) 

 

Here, k and Q represent the thermal conduc@vity and volume concentra@on, respec@vely.  

 

 

Table 3 The physical proper2es of agar phantom with magne2c Pickering droplets for samples MG 1 and 
MG 2 (constant shell thickness of 100 nm and core radii 200 nm and 1 µm, respec2vely) and MG 3 and 
MG 4 (constant core radius of 1 µm and different shell thicknesses of 400 nm and 900 nm, respec2vely). 
The parameters are provided for a constant temperature of 25 °C.  
 

Parameters 
   Phases 

`abcdef, 
g (kg/h.) 

ijakhlm	nobpqnedrdef, 
s	(t/hu) 

vwandxdn	jale, 
y/(z/{| · u) 

Velocity, c 

(m/s) 

}eeaqledob, 
~	(�w/h) 

Agar phantom 1040 [35] 0.616 [35] 3900 [38] 1547 [40] 9.55 [40] 

Water 997 [37] 0.5952 [37] 4179 [37] 1496.7 [37] 0.1 [54] 

MG 1 1080.6 0.975 3843.13 1484.8 96.21 

MG 2 1080.6 0.975 3843.13 1528.8 42.8 

MG 3 1080.6 0.975 3843.13 1529.4 94.28 

MG 4 1080.6 0.975 3843.13 1533.4 82,18 

 



 20 

In real medical applica@on, the ultrasound wave generated from the transducer must travel 

through mul@ple @ssue layers such as skin, fat, and muscle. Therefore, controlling low changes in 

the temperature in these layers is important to leave healthy @ssue untouched. A frequency of 

2 MHz can be used for this purpose due to the homogeneous temperature change in the system 

with a longer penetra@on depth as shown in Figure 7b.  
Figure 8 shows the dependence of the temperature on the dura@on of the ultrasound wave 

applica@on with the different posi@ons in the agar phantom (10 mm, 15 mm, and 20 mm). 

Addi@onally, the dependence of the rela@ve temperature at different heights within the agar 

phantom for different dura@ons of ultrasound exposi@on (10 seconds, 60 seconds, and 180 

seconds) for MG 1 and MG 2 samples. These samples showed the influence of the different core 

radii 200 nm and 1 µm of magne@c Pickering droplets, at a constant shell thickness of Pickering 

droplet of 100 nm and volume concentra@on of 1%. 
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Figure 8 The COMSOL simula2on results of ultrasound hea2ng for pure agar phantom with spherical 
inclusion filled with magne2c Pickering droplets for (a) MG 1 (magne2te–stabilized Pickering droplets with 
a shell thickness of 100 nm and core radius 200 nm) and (b) MG 2 (magne2te–stabilized Pickering droplets 
with a shell thickness of 100 nm and core radius 1 µm). The 2 MHz frequency and 1% volume concentra2on 
were set as constant in the simula2on. The spherical inclusion on the heat map represents a doped agar 
phantom at 180th seconds from sonica2on. The blue area represents the coupling medium (water).    
 
Figure 8a presents the results for the agar phantom doped with nano-size of Pickering droplets 

with a core radius of 200 nm and shell thickness of 100 nm. The part of agar phantom with 



 22 

distributed Pickering droplets (spherical inclusion) was placed in the center of the pure agar 

phantom, 10 mm away from the transducer posi@on (see, Figure 1b). The temperature change in 

the agar phantom auer 180 seconds above the spherical inclusion (Z = 2 mm) was 1.8 °C and 

below the inclusion (at the posi@on of Z = 28 mm) was around 1.4 °C, which corresponded to the 

temperature rises at 2 MHz frequency. However, as shown in Figure 7b, the maximum change in 

the temperature was around 1.6 °C for Z = 2 mm and 1.6 °C for Z = 28 mm. Moreover, the inser@on 

of magne@c Pickering droplets in the spherical inclusion resulted in a reduc@on of the penetra@on 

depth below the spherical inclusion and the crea@on of a shadow effect. The temporal evolu@on 

of the heat map between 0 and 180
th

 second of sonica@on for MG 1 sample is also presented in 

Supplementary Materials (Movie S1).  
Furthermore, at Z = 8 mm (2 mm above the inclusion), there are rising temperature changes 

(around 5.3 °C) due to the heat transfer from the inclusion itself as shown in Figure 8a. Inside the 

spherical inclusion, the gradient of the temperature change appeared, which was higher at the 

beginning of spherical inclusion @ll achieved the maximum at Z = 13.5  mm with a change in the 

temperature of 9.6 °C, and then started to decrease as presented in the change of the 

temperature in the func@on of Z in Figure 8a. In the case of the MG 2 (Figure 8b), the temperature 

increase in spherical inclusion was lower compared to the results for phantom doped with smaller 

droplets due to the reduc@on in ultrasound absorp@on value presented in Figure 2a. The highest 

change in the temperature of 6.5 °C was recorded at Z=14 mm. This led to lower heat transfer to 

the pure agar phantom around the inclusion compared to Figure 8a. Therefore, the temperature 

record at Z = 8 mm was 4.4 °C and for Z = 22 mm was 3.8 °C. As it was for MG 1 sample, the 

temporal evolu@on of the heat map between 0 and 180
th

 second of sonica@on for MG 2 sample 

is presented in Supplementary Materials (Movie S2). It is also worth no@ng that, when 

ultrasound hea@ng efficiency was experimentally inves@gated for @ssue-mimicking materials 

doped with magne@c micro- and nanopar@cles instead of Pickering droplets, nanopar@cles 

exhibited also higher aNenua@on and a greater temperature rise [56]. 

The influence of different shell thicknesses in Pickering emulsions stabilized with magne@c 

par@cles was also inves@gated for a constant core radius of 1 μm and concentra@on of 1%. The 

simula@on results showed no significant changes in the rela@ve temperature when different shell 

thicknesses were considered for MG 3 (Figure 9a) and MG 4 (Figure 9b). The Pickering droplets 

with shell thickness of 900 nm showed a bit lower aNenua@on compared to those with the 400-

nm par@cle layer as shown before in Figure 2b. However, the temperature rise was lower for 

thinner shells, e.g., when 100-nm 400-nm size were compared, as corresponding to ultrasound 

aNenua@on in Figure 2b. This is related to the monotonous change in the ultrasound aNenua@on 

with the size of scaNered objects. Therefore, determining the rela@on between the object size 

and wavelength of ultrasound waves could help to improve enhancement of the thermal 

efficiency during sonica@on provided by sonosensi@zers.  
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Figure 9 The COMSOL simula2on results of ultrasound hea2ng for pure agar phantom with spherical 
inclusion filled with magne2c Pickering droplets for (a) MG 3 (magne2te–stabilized Pickering droplets with 
a shell thickness of 400 nm and core radius 1 µm) and (b) MG 4 (magne2te–stabilized Pickering droplets 
with a shell thickness of 900 nm and core radius 1 µm). The 2 MHz frequency and 1% volume concentra2on 
were set as constant in the simula2on. The spherical inclusion on the heat map represents a doped agar 
phantom at 180th seconds from sonica2on. The blue area represents the coupling medium (water). 
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3.3.3. Ultrasound hea#ng of agar phantom based on silica Pickering droplet. 
As men@oned in Sec@on 3.2, silica nanopar@cles are one of the most aNrac@ve nanopar@cles due 

to their biocompa@ble and ease of func@onalizing in terms of surface chemistry [57].  That is why, 

as an example of non-magne@c material, silica nanopar@cles were used to stabilize silicone oil 

Pickering droplets incorporated into the agar phantom with spherical inclusion. The weighted 

average of the density, specific heat, and thermal conduc@vity of the doped agar phantom was 

calculated based on the physical proper@es of both pure agar and silica nanopar@cles using 

Equa#ons 12-14. The ultrasound scaNering theory based on the core–shell model was used to 

calculate ultrasound aNenua@on and velocity with different core radii and shell thicknesses. As it 

was for Pickering emulsions stabilized with magne@c nanopar@cles, the 2 MHz frequency and 1% 

volume concentra@on were set as constant in the simula@on.   

SI 1 and SI 2 were samples of silica-stabilized Pickering droplets. They had a consistent shell 

thickness of 100 nm, but their core radii differed, with SI 1 having a core radius of 200 nm and  

SI 2 having a core radius of 1 µm. In turn, SI 3 and SI 4 were samples of Pickering droplets with 

constant droplet radius (1 µm) and different shell thicknesses: 400 nm for SI 3, and 900 nm for  

SI 4. The physical proper@es of these samples are presented in Table 4 

 
Table 4 The physical proper2es of agar phantom with silica-stabilized Pickering droplets for SI 1 and SI 2 
samples (constant shell thickness of 100 nm and core radii 200 nm and 1 µm, respec2vely) and SI 3 and  
SI 4 samples (constant core radius of 1 µm and different shell thicknesses of 400 nm and 900 nm, 
respec2vely). The parameters were provided for at a constant temperature of 25 °C. 
 

Parameters 
Phases 

`abcdef, 
g (kg/h.) 

ijakhlm	nobpqnedrdef, 
	s	(t/hu) 

cwandxdn	jale	,	 
y0(z/u|u) 

Velocity,  

c (m/s) 

}eeaqledob,	 
~	(�w/h) 

Agar phantom 1040 [35] 0.616 [35] 3900 [38] 1547 [40] 9.55 [40] 

Water 997 [37] 0.5952 [37] 4179 [37] 1496.7 [37] 0.1 [54] 
SI 1 1048.5 0.975 3842.8 1521.3 38.50 
SI 2 1048.5 0.975 3842.8 1538,5 15.86 
SI 3 1048.5 0.975 3842.8 1535.05 33.79 
SI 4 1048.5 0.975 3842.8 1537.25 36.24 

 

 

The simula@on results in Figure 10 show the effect of inser@ng nano- and micro-size Pickering 

droplets with a constant shell thickness of silica nanopar@cles and volume concentra@on of 1%. 

Figure 10a indicates a higher change in the temperature observed for Pickering droplets with a 

core radius of 200 nm and shell thickness of 100 nm (sample SI 1). 
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Figure 10 The COMSOL simula2on results of ultrasound hea2ng for pure agar phantom with spherical 
inclusion filled with Pickering droplets for (a) SI 1 (silica–stabilized Pickering droplets with a shell 
thickness of 100 nm and core radius 200 nm) and (b) SI 2 (silica–stabilized Pickering droplets with a 
shell thickness of 100 nm and core radius 1 µm). The 2 MHz frequency and 1% volume concentra2on 
were set as constant in the simula2on. The spherical inclusion on the heat map represents a doped 
agar phantom at 180th seconds from sonica2on. The blue area represents the coupling medium 
(water). 
 

The temperature increased gradually in the spherical inclusion filled with silica-stabilized 

Pickering droplets. The highest rela@ve temperature of 6.3 °C was recorded close to the center 

of the inclusion at Z = 14.2 mm. This is correlated with the increase in the ultrasound 

aNenua@on of 200 nm core radius and shell thickness of 100 nm (Figure 5a). The decreasing 
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ultrasound aNenua@on with a core radius of 1 µm and shell thickness of 100 nm (Figure 5b) 

led to the reduc@on of the temperature eleva@on in the spherical inclusion as shown for the 

SI 2 sample in Figure 10b. The overall temperature of the SI 2 sample was close to this shown 

for pure agar phantoms Figure 7b as well as the ultrasound aNenua@on presented of the SI 2 

sample in Table 4 was close to the ultrasound aNenua@on of pure agar phantom presented in 
Table 1. 

 

 

 

Figure 11 The COMSOL simula2on results of ultrasound hea2ng for pure agar phantom with spherical 
inclusion filled with Pickering droplets for (a) SI 3 (silica–stabilized Pickering droplets with a shell thickness 
of 400 nm and core radius 1 µm) and (b) SI 4 (silica–stabilized Pickering droplets with a shell thickness of 
900 nm and core radius 1 µm). The 2 MHz frequency and 1% volume concentra2on were set as constant 
in the simula2on. The spherical inclusion on the heat map represents a doped agar phantom at 180th 
seconds from sonica2on. The blue area represents the coupling medium (water). 
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Figure 11 presents the simula@on results with different shell thicknesses of silica nanopar@cles 

with a constant droplet core radius of 1 µm at a constant volume concentra@on of 1%. Both 

samples SI3 and SI4 show comparable results. The maximum change in the rela@ve temperature 

for SI 3 was 5.9 °C at  Z = 14.2 mm. In contrast, the maximum change in the temperature of SI 4 

was 6.09 °C at Z = 14.2 mm. Moreover, there is also no significant change in the ultrasound 

aNenua@on between SI 3 and SI 4 samples presented in Table 4.  

The results show the different object sizes as well as different physical proper@es of the system 

have a direct impact on the ultrasound wave scaNering and absorp@on. In the literature, nano-

size emulsions with a mean diameter of 260 nm have been used to enhance the bio-effect of high-

intensity focused ultrasound [58]. The nano-emulsion also provided efficient and controllable 

thermal abla@on by using short pulses of high-intensity ultrasound wave 19 W/cm!
 tested in vitro 

[59]. Furthermore, the ultrasound wave applica@on to the system doped with microbubbles was 

used recently for enhanced ultrasound thermal therapy [60,61]. The heat genera@on biologically 

changed the oxida@on and the blood flow in the body leading to beNer treatment performance 

by following the radiotherapy with lower wave intensity. From prac@cal point of view, one should 

expect that the penetra@on of sonosensi@zing material will be higher at the nanoscale compared 

to the microscale. For this reason, the applica@on of the microbubbles in thermal therapy was 

limited. However, there s@ll remains the path for using nano-sized Pickering droplets that, as we 

showed, could enhance the thermal effect of applied ultrasound.  
The simula@on results showed the possibility of using magne@te and silica Pickering droplets as 

sonosensi@zers to enhance the thermal therapy  as an alterna@ve to the nanopar@cles. The 

capsulated structure of Pickering droplets can be beneficial to combine two types of treatment 

when the droplet contains specific medical drugs. As men@oned in the Introduc@on, the control 

to release the cargo with addi@onal temperature rise could be achieved by ultrasound wave [14]. 

The efficiency of such process may be controlled by determining specific Pickering droplet size. 

Addi@onally, the localized or general hyperthermia treatment could be achieved using different 

types of transducers. The local sphere doped by nano- or microdroplets showed an increase in 

the temperature locally by using a non-focused ultrasound beam with a constant intensity of 2.5 

W/cm!
 and a frequency of 2 MHz within penetra@on depth of 1 cm (Figure 8, and 9). Using 

specific physical parameters of Pickering emulsions i.e., droplet size distribu@on that can be 

obtained by op@miza@on of the process of prepara@on, for instance, by using different 

concentra@ons of stabilizing par@cles, it is possible to op@mize both the maximum temperature 

eleva@on and the distribu@on over the @ssue (or @ssue-like phantom). Different par@cle materials 

provide different contrasts between phases that, along with the size of droplets, contribute 

mostly to the overall acous@c energy dissipa@on according to core-shell model of Anson and 

Chivers. 
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4. Conclusion  
 

In this study, both the computa@onal approach and the numerical simula@on provided a way to 

effec@vely inves@gate the heat genera@on inside the pure agar phantom including spherical 

inclusion doped with magne@te and silica-stabilized Pickering droplets induced by ultrasound 

wave of the intensity of 2.5 W/cm
2
. The ultrasound aNenua@on and velocity of the agar phantom 

with Pickering droplets were calculated theore@cally based on core–shell model. The influence of 

different radii and shell thicknesses of Pickering droplets on the acous@c proper@es was 

inves@gated. Significantly reduced ultrasound aNenua@on was observed with silica-based 

Pickering droplets compared to those stabilized with magne@te from 96.2 Np/m of magne@te 

(sample MG 1) to 38.5 Np/m of silica (sample SI 1) at the frequency of 2 MHz. The main reason 

was the varying contribu@on of density contrast between phases to overall aNenua@on. 

Interes@ngly, the calcula@on showed the ultrasound aNenua@on of the nanoemulsion (sample 

MG 1) was above twice higher than microemulsion (sample MG 2) in the case of magne@te 

par@cles used as stabilizers.  

 

Numerical simula@ons further illustrated the impact of parameters of Pickering droplets on 

temperature changes within the agar phantom. Both magne@te and silica Pickering droplets 

dispersed in spherical inclusions exhibited higher ultrasound aNenua@on compared to the pure 

agar phantom. Notably, a greater temperature change was recorded for nanodroplets (the 

highest temperature change of 9.6 °C close to the center of the inclusion) than microdroplets 

when simulated droplets had a constant shell thickness of 100 nm, volume concentra@on of 1%, 

and ultrasound frequency was 2 MHz.  

 

The droplet radius and shell thickness emerged as crucial factors influencing the simulated 

ultrasound hea@ng efficiency. The precise control of these parameters, aligned with the 

ultrasound frequency and physical proper@es of the system, holds the key to enhancing thermal 

performance. This study emphasizes the importance of tailoring droplet characteris@cs to 

op@mize the efficiency of ultrasound-induced thermal effects. 
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A B S T R A C T   

A Pickering emulsion is an emulsion stabilized by solid particles accumulated at the surface of droplets. It is also 
possible to create a stable Pickering emulsion stabilized by ferromagnetic iron oxide nanoparticles to make it 
susceptible to magnetic fields. This type of emulsion has received great research interest in recent years because 
it has generated and holds the promise of a variety of practical applications. One interesting application is 
magnetic separation in the gradient magnetic field. However, the real-time characterization of magnetic Pick-
ering emulsions, especially under external stimuli such as magnetic fields, is generally challenging. We used a 
convenient method to control the properties of magnetic particle-stabilized emulsions via the ultrasound tech-
nique. In the experiments, we investigated the attenuation of ultrasound using ultrasonic spectroscopy as a 
function of the magnetic particle concentration and magnetic field intensity. The analysis of ultrasonic waves as a 
function of frequency provided information about the movement of magnetic Pickering droplets during magnetic 
separation. The results showed much weaker separation for a low magnetic particles concentration as the 
magnetic force was not sufficient to induce significant droplets movement, whereas for a high concentration the 
magnetic separation occurred very dynamically.   

1. Introduction 

Magnetic nanoparticles have been extensively studied as they show 
unique magnetic properties that lead to useful applications: water pu-
rification [1], oil recovery [2], and biomedical applications [3–5]. The 
ability to control the motion of the particles under an external gradient 
magnetic field shows considerable promise and gives information about 
the magnetic separation process [6]. This is based on the phenomenon of 
magnetophoresis, i.e. the gradual migration of magnetic objects to the 
place with the highest magnetic field gradient due to the spatial changes 
of the magnetic field intensity [7]. In fact, the magnetic separation can 
be further classified into high gradient magnetic separation (HGMS) and 
low gradient magnetic separation (LGMS), depending on the magnitude 
of the gradient in the fields applied to the magnetic samples. The setup 
for HGMS usually consists of a packed bed of magnetically susceptible 
wires placed inside the sample [8], which produces large field gradients 
that influence magnetic nanoparticles [9,10]. In the case of LGMS, the 
permanent magnets are located outside the sample cell and in this way 
generate a low gradient magnetic field [11]. During LGMS, the magnetic 
nanoparticles migrate from the lowest to the highest gradient of the 

magnetic field. During the migration some of magnetic nanoparticles 
may collide with each other and integrate larger aggregates [12,13]. As 
a result, the magnetophoretic velocity increases after a large aggregate 
of particles because the magnetophoretic force that pushes the particles 
to move is higher for the aggregate than for a single particle [14,15]. The 
movement of the particle depends therefore not only on the magnetic 
field intensity and the field gradient, but also on the size of the magnetic 
objects. 

Magnetic nanoparticles can be used as stabilizers in emulsions by 
accumulation at the surface of droplets. Such emulsions are known as 
magnetic Pickering emulsions and the presence of magnetic particles 
makes them both stable and susceptible to the magnetic fields. The 
emulsion system is considered as thermodynamically unstable due to the 
high free energy resulting from the existence of two phases [16]. 
Therefore, it is energetically favorable for solid particles with interme-
diate wettability to be attached onto the water–oil or oil–oil interface. 
This particle shell around the droplets makes the emulsions more stable 
because it constitutes a mechanical barrier against the coalescence 
[17,18]. Magnetic nanoparticles used as stabilizers can work also as a 
source of heat when an alternative magnetic field is applied [19]. In 
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turn, under the effect of the static magnetic field, magnetic separation at 
the magnetic Pickering emulsion can occur owing to the movement 
induced by magnetophoretic force, as was stated above for magnetic 
particles. The droplets’ diameter can be controlled via the concentration 
of particles used under a so-called limited coalescence regime [20]. This 
can be fulfilled also for magnetic particles. 

In the literature, magnetic separation is usually investigated for the 
dispersion of magnetic particles in liquids. However, magnetic Pickering 
emulsions have also attracted scientific interest in the last decade. When 
oil-in-water magnetic Pickering emulsions were exposed to a static 
magnetic field, the observed separation depended on the oil-to-water 
mass ratio and the wettability of the particles [21]. Additionally, in 
other research [22] the velocity of a monodispersed magnetic Pickering 
emulsion under the influence of different magnetic field gradients for 
various pH systems was discussed. The results show faster movement of 
Pickering droplets with velocity proportional to the magnetic field 
gradient. Destabilization of the Pickering emulsions occurred for a low 
concentration of magnetic stabilizers, but Pickering emulsions with a 
high concentration of magnetic particles turned out to be more stable. 
After longer application of a high-intensity magnetic field, the magnetic 
nanoparticles were practically torn away from the droplets, which 
enabled demulsification as the bare droplets are not resistant to coa-
lescence [21]. 

In this work, we investigated oil-in-oil magnetic Pickering emulsions 
exposed to DC magnetic fields. We studied how different intensities of 
the magnetic field and concentrations of magnetite influence the mag-
netic separation. By using ultrasonic homogenization and DC electric 
fields, we prepared oil-in-oil emulsions with droplets fully covered by 
magnetite particles. High-frequency ultrasound was used for non- 
destructive characterization of the emulsions during magnetic separa-
tion. In the literature, there are many reports on using ultrasound 
attenuation measurements to characterize conventional, surfactant- 
stabilized emulsion [23–25]. Yet, there are a few works describing 

ultrasonic propagation in particle-stabilized emulsions, despite the sig-
nificant difference in their structure in comparison to surfactant- 
stabilized emulsions, not to mention magnetic emulsions. The analysis 
was performed both for the time of application of magnetic fields but 
also in the frequency domain, by obtaining Fourier spectra of the ul-
trasonic signal. Real-time characterization without special sample 
preparation, especially under external stimuli (e.g., magnetic and elec-
tric fields), is generally challenging. Therefore, this study can offer 
important information about liquid purification and particles recovery 
by the magnetic separation technique. These procedures can be moni-
tored by measuring the attenuation coefficient of the ultrasound wave. 

2. Materials and methods 

2.1. Oils, particles, and magnets 

Two types of oils were utilized for the formation of oil-in-oil Pick-
ering emulsion. Castor oil (MERLIN, MA220-1, Spain) with viscosity of 
700 mPa⋅s and silicone oil (Rhodorsil,47 V 50, USA) with viscosity of 50 
mPa⋅s for 25 ◦C, constituted a continuous and a dispersed phase of the 
Pickering emulsion, respectively. Their densities were similar (around 
960 kg/m3), which was beneficial for the stability of the emulsions 
against sedimentation. Magnetic nanoparticles in the powder form 
(Sigma-Aldrich Co., USA) and with sizes of 50–100 nm were used as 
stabilizers of the emulsion droplets. Permanent magnets (Roller neo-
dymium magnet, Poland) with a diameter of 20 mm were used as a 
source of DC magnetic field. The change in the intensity of the magnetic 
field between different experiments was achieved simply by increasing 
the number of magnets. A teslameter (RX-21, Resonance Technology, 
USA) was used for measuring the intensity of the static magnetic field 
via immersion of the transverse probe inside the sample cell with 
magnetic Pickering emulsion under the application of magnetic fields of 
different intensities. The measurements with the teslameter indicated 

Fig. 1. Scheme of the experimental setup of ultrasound measurement system consisting of OPTEL ultrasonic testing device with two piezoelectric broadband 
transducers (transmitter and receiver) attached to the wall of the sample cell with a thin layer of gel for better acoustic impedance matching. The inset picture 
presents the dependence of the magnetic field intensity on the distance inside the sample cell along the Z axis. The diameter of the magnet is 20 mm. The center of the 
magnet is located in the middle of the sample cell in the Z direction (the edge effect of the magnet is negligible). 
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the gradient of the magnetic field inside the sample. The characteriza-
tion of the field is presented as an inset picture in Fig. 1. 

2.2. Preparation of magnetic Pickering emulsion 

As we showed in the previous works [26], magnetic Pickering 
emulsions can be efficiently prepared by applying DC electric fields to 
the pre-emulsions, i.e. emulsions with droplets merely covered by par-
ticles prepared via ultrasonic homogenization. In this study, Pickering 
emulsions with different mass ratios of magnetite particles to silicone oil 
(1:2, 1:4, 1:10) were prepared, while the mass concentration of silicone 
oil to castor oil was 5%. To form pre-emulsions we used an ultrasound 
homogenizer (Sonoplus HD 300, Bandelin, Germany) working at a fre-
quency of 20 kHz with acoustic intensity 17 W/cm2. The homogeniza-
tion time was 40 s. Next, stable Pickering emulsions were formed when 
the DC electric field was applied to the unstable pre-emulsion. The setup 
for the stabilization under electric fields consisted of the power supply 
(DF 1730SL, NDN, Poland), signal generator (RSDG 800, Siglent Tech-
nologies, USA), and high-voltage amplifier (UltraVolt 1AA12-P4, 
Advanced Energy, USA). The generated electric field supplied two 
copper electrodes immersed inside the sample cell with dimensions 10.2 
mm × 10.2 mm × 45 mm. A thermometer was used to measure the 
temperature inside the Pickering emulsion after applying the electric 
field to ensure the same temperature for all experiments. 

2.3. Preparation of single droplet with magnetic particle shell 

To show the behavior of the single Pickering droplet under the 
magnetic field, a silicone oil droplet covered by a magnetite shell was 
formed in castor oil. Briefly, two sample cells were used. The first sample 
cell was used for dispersing magnetic nanoparticles into the silicone oil, 
and the magnetic dispersion was formed with a specific magnetite 
concentration of 1:10 (magnetic particles to silicone oil). The concen-
tration of magnetic particles into castor oil should be high in order to get 
better coverage of the Pickering droplets. Sonication was employed for 
mixing the dispersion at a frequency of 18 kHz working with an acoustic 
intensity of ~ 17 W cm−2, similarly to the sonication procedure in the 
formation of stable Pickering emulsions The second sample cell was 
filled with pure castor oil and placed on an XYZ stage in front of the 
optical microscopy system for monitoring the changes. Using a me-
chanical pipette, we took a fixed amount of magnetic dispersion from 
the first sample cell and injected it into pure castor oil. The magnetic 
Pickering droplet was formed after application of a DC electric field. 
When the DC electric field had been applied for several minutes, the 
induced electrohydrodynamic flows pushed the magnetic particles from 
the inside of the droplet to its surface [27,28]. All processes were 
monitored optically using a CMOS camera (UI-3590CP-C-HQ, IDS, USA). 

2.4. Experimental setup for ultrasonic monitoring of magnetic separation 

Figure 1 presents a schematic illustration of the setup used to study 
the ultrasonic wave propagation inside the magnetic Pickering emul-
sion. The setup consisted of a sample cell with dimensions 10.2 mm ×
10.2 mm × 45 mm placed on a mechanical XYZ translational stage. An 
ultrasonic data acquisition system with integrated OPBOX 2.1 (OPTEL, 
Poland) was used for driving two piezoelectric broadband transducers - 
transmitter and receiver (OLYMPUS, USA). After traveling through the 
sample cell, the ultrasonic signal was recorded with the sampling fre-
quency of 100 MHz and the whole ultrasonic system was connected to 
the PC. The direction of ultrasound propagation was perpendicular to 
the direction of the magnetic field (k ⊥ H). 

2.5. The attenuation of ultrasound based on FFT spectra 

In this paper, the reference method was used to measure the atten-
uation of ultrasonic waves. As castor oil constituted the continuous 
phase of the tested emulsions, it was used as the reference medium 
because the acoustic attenuation of castor oil is known at room tem-
perature. The ultrasonic attenuation coefficient in homogeneous media 
such as pure oils can be expressed by the power law dependence on 
frequency: 

α(f ) = α0(f )y (1)  

where α0 is the power law coefficient and y is a power that typically 
varies in the range 0 < y ≤ 2. The measurement of the attenuation co-
efficient in castor oil was reported, for instance, by Tong and Povey [29], 
and for 25 ◦C, the attenuation coefficient as a function of frequency was 
expressed as 7.06f1.692, where f is expressed in MHz. This relation was 
used in our work as the reference attenuation coefficient, α(f)reference. 

In the ultrasonic broadband spectroscopy technique, the attenuation 
coefficient of the emulsion sample can be determined by the following 
equation: 

α(f ) = α(f )reference +
1
d ln |F1(f )|

|F2(f )|
(2)  

where α(f) is the attenuation coefficient as a function of frequency, 
α(f)reference is the attenuation coefficient for castor oil according to [29], d 
is the distance between the transmitter and receiver, |F1(f)| is the ab-
solute number for fast Fourier transform (FFT) for the pulse recorded in 
the castor oil, and |F2(f)| is the absolute number for fast Fourier trans-
form (FFT) for the pulse recorded in the Pickering emulsion. 

3. Result and discussion 

3.1. Single Pickering droplet under influence of DC magnetic field 

The optical microscopy results for the single silicone oil droplet 
coated by a magnetic particle shell and exposed to the DC magnetic field 
are shown in Fig. 2. To form the stable Pickering droplet, the dispersion 
of magnetic nanoparticles in silicone oil was injected by a mechanical 
pipette into the pure castor oil as described in Section 2.3. In Fig. 2a, the 
DC magnetic field was applied to one side of the sample cell to study the 
influence of the gradient of the magnetic field on the movement of the 
droplet in the continuous phase (castor oil). Additionally, the DC mag-
netic field was applied simultaneously to both sides of the sample cell to 
study the influence of magnetic force on the Pickering droplet in the 
condition of having two high regions of gradient magnetic field, as 
presented in Fig. 2b. In this case, the magnetic field intensity in the 
sample cell is as shown in the inset picture in Fig. 1. 

The motion and the shape of the Pickering droplet in castor oil can be 
controlled by external stimuli such as a magnetic field. Fig. 2a shows the 
possibility of Pickering droplet movement in the continuous phase, 
where the movement time depended on the magnetic force exerted on 
the particles residing in the droplet interface. Additionally, the shape of 
larger droplets may be deformed after magnetic field application from 
two sides of the sample cell (Fig. 2b). The pictures show clearly that 
there was no deformation before the application of the magnetic field. 
Deformation along the magnetic field gradient happened when the 
magnetic field was applied. Due to the geometry of the field, the droplet 
deformed in both directions, as the magnetic particles in two opposite 
regions of the droplet experienced opposite magnetic forces. At the same 
time, the droplet not only deformed but also moved to one or the other 
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sample wall, depending on the primary position in relation to the center 
of the sample cell. In the next section we present the influence of 
different magnetic field intensities on the magnetic emulsion, i.e., the 
system consisting of a large number of such particle-stabilized droplets. 

3.2. Ultrasonic spectroscopy analysis for the Pickering emulsion in 
different concentrations of magnetite 

The magnetic separation in the Pickering emulsion was investigated 
with ultrasonic spectroscopy. The ultrasonic attenuation coefficients 

were measured in the magnetic Pickering emulsions based on FFT (Eq. 
(2)). The results for various contents of magnetic particles related to the 
dispersed phase are presented in Fig. 3 for the magnetic field intensity of 
~ 70 kA/m measured in the center of the sample cell with an estimated 
magnetic field gradient ∇H of 2000kA/m2. The time of magnetic field 
application is marked in Fig. 3 a, b as a shaded area. The whole mea-
surement lasted 20 min, where 0 min indicates the time before the 
application of magnetic fields, and from the 3rd to the 20th minute the 
magnetic field was removed. 

As presented in Fig. 3a, the highest attenuation of ultrasound waves 

Fig. 2. A silicone oil droplet covered by magnetic nanoparticles after 5 min of application of DC magnetic field of different geometry. (a) Droplet movement from one 
side to another after the placement of a magnet. The magnetic field intensity was evaluated as 40 kA/m in the center of the sample cell and increasing gradually to ~ 
46 kA/m along the x-axis to the sample cell wall. (b) Deformation of the Pickering droplet before and after gradient magnetic field application. The mass ratios of 
magnetite particles to silicone oil were 1:10. 

Fig. 3. (a)Ultrasonic attenuation co-
efficient as a function of time for 3, 5, 
7, and 9 MHz at a magnetic particles 
(MPs) to silicone oil (SO) mass ratio of 
1:10 and magnetic field intensity of 
70 kA/m. (b) Ultrasonic attenuation 
coefficient for different concentra-
tions of magnetite particles calculated 
for the center frequency of the trans-
ducers, 5 MHz. The dotted lines in (a) 
and (b) represent the attenuation in 
castor oil for the corresponding fre-
quency, according to the equation 
described in section 2.5. (c) Ultra-
sonic attenuation coefficient as a 
function of frequency for different 
stages of measurements: before 
application of magnetic field, 2 min 
after application of magnetic field, 10 
min after removing the magnetic 
field, and 18 min after removing the 
magnetic field. (d) Ultrasonic attenu-
ation coefficient for different contents 
of magnetic particles after 2 min of 
magnetic field application. The error 
bar in panel (a) and (b) indicates the 
standard deviation for three indepen-
dent measurements.   
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was observed before application of the magnetic fields. During the 
application of magnetic fields (shaded area) the attenuation decreased 
significantly, but the decrease of the attenuation was remarkably slower, 
if any, when the magnetic field was removed. The change in ultrasonic 
attenuation for a wide range of frequencies reflected how the emulsion 
changed during the magnetic separation without the need for a special 
sample treatment such as dilution. The droplets started moving to the 
magnet side due to the gradient of field inside the sample. Because the 
intensity of the magnetic field in this experiment was not too high, not 
all the droplets moved to the magnet side during the application of the 
magnetic field and some of them stayed simply aligned to the magnetic 
field line. This explains why the value of attenuation did not attain the 
values for pure continuous phase, despite the separation of the droplets 
to the sample cell walls and visible purification of the continuous phase. 
However, in the case of a higher magnetic particle to silicone oil mass 
ratio (1:2), the decrease of ultrasonic attenuation (shown for one fre-
quency) was more significant than for emulsions with a lower content of 
magnetic particles, as shown in Fig. 3b. The difference in attenuation 
between the 1:10 and 1:2 mass ratios was around 30 Np/m when 
measured after two minutes of magnetic field intensity application. This 
showed clearly that Pickering emulsions are separated in the same 
manner as magnetic dispersions [12,14,30,31]. The subtle point is that a 
larger number of magnetic nanoparticles residing on the droplets leads 
to a smaller size of droplet due to the so-called limited coalescence 
regime which can additionally influence the rate of movement of small 
Pickering droplets to the magnets and change the efficiency of 
separation. 

From Fig. 3c, it is clear that, despite the rather significant difference 
in propagation of ultrasound before and after the application of the 
magnetic field (Fig. 3a), the attenuation spectra did not differ when 
monitoring the emulsion after application of the magnetic field. Over 
time, not only the temporal evolution of the attenuation coefficient but 
also the attenuation spectra seem to be stable. The differences in the 
shape of the attenuation spectra could suggest further changes in the 
structure, as the frequency dependence of the ultrasonic attenuation 

depends on the size of the scattering objects (i.e., droplets and particles, 
and their agglomerates). The results in Fig. 3d indicate such variations 
for different contents of magnetic particles that, as was stated above, 
influence not only the dynamics of the separation process but also the 
size of the Pickering droplets [20]. Nevertheless, the most clear is the 
influence of the magnetic separation, which explains why for the 1:10 
magnetic particle-silicone oil mass ratio the attenuation spectrum is very 
different and the value of attenuation is the highest. 

3.3. Ultrasonic spectroscopy analysis for the magnetic Pickering emulsion 
under different intensities of magnetic field 

The influence of different magnetic field intensities on the propa-
gation of ultrasound in magnetic Pickering emulsion is shown in Fig. 4. 
The magnetic field intensity was controlled by the number of thin bar 
magnets, so the obtained intensities were proportional to the number of 
magnets. Similarly to the results in Fig. 3, the magnetic field was applied 
for 2 min and the ultrasonic attenuation was measured before, during 
and after application of the field 

Figure 4a clearly presents the effect of the magnetic field of highest 
intensity (170 kA/m) measured in the middle of the sample cell on the 
magnetic Pickering emulsion. The attenuation of ultrasonic waves 
decreased faster 2 min after application of the magnetic field in com-
parison to the corresponding results in Fig. 3a. What is more, a higher 
magnetic field caused different dynamics of the change in attenuation 
for different frequencies of ultrasonic waves. The difference between 3 
MHz and 9 MHz in Fig. 4a is 284 Np/m, but the difference between 3 
MHz and 9 MHz in Fig. 3a is 418 Np/m, and these differences can 
provide information about the purification of the system after magnetic 
separation. 

The efficiency of the magnetic separation and the purification of the 
system can be tested by comparison with the attenuation of the reference 
system (castor oil) with magnetic Pickering emulsion after separation. 
According to the measurements by Tong and Povey [29], the attenuation 
of the ultrasound wave for 5 MHz was 107.5 Np/m. In Fig. 3a and 4a the 

Fig. 4. (a) Ultrasonic attenuation coef-
ficient in a time domain as a function of 
time for 3, 5, 7, and 9 MHz at a magnetic 
particles (MPs) to silicone oil (SO) mass 
ratio of 1:10 and magnetic field intensity 
of 170 kA/m at the center of the sample 
cell. (b) Ultrasonic attenuation coeffi-
cient for different magnetic field in-
tensities calculated for the center 
frequency of transducers, 5 MHz. The 
dotted lines in (a) and (b) represent the 
attenuation in castor oil for the corre-
sponding frequency, according to the 
equation described in section 2.5 (c) 
Ultrasonic attenuation coefficient as a 
function of frequency for different stages 
of measurements: before application of 
magnetic field, 2 min after application of 
magnetic field, 10 min after removing 
the magnetic field, and 18 min after 
removing the magnetic field. (d) Ultra-
sonic attenuation coefficient for 
different magnetic field intensities after 
2 min of magnetic field application. The 
error bar in panels (a) and (b) indicates 
the standard deviation for three inde-
pendent measurements.   
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attenuation of the ultrasound wave for 5 MHz was 188.9 Np/m and 
160.7 Np/m respectively after 2 min of magnetic field application. 

The rate of change in the attenuation coefficient at the intensity and 
frequency of 170 kA/m and 9 MHz, respectively, in Fig. 4a 2 min after 
application of the magnetic field is 1.56 Np/m⋅s, whereas the rate of 
change at the intensity of 70 kA/m in Fig. 3a is 0.85 Np/m⋅s. This in-
dicates clearly that the droplet moved faster to the magnet in the case of 
higher intensity of the magnetic field and the ultrasound can show that, 
regardless of the volume of the emulsion and its transparency. However, 
it may also show that the shape of the droplets changed during the 
separation process, as the size of scatterers influences the attenuation 
spectra. 

Figure 4b provides the results for three different intensities for the 
center frequency of the transducer of 5 MHz. The ultrasonic results 
showed clearly the influence of the magnetic field intensity on the dy-
namics of magnetic separation for the gradient magnetic field after 
application of the field. However, in the case of the intensity of 170 kA/ 
m, the ultrasound attenuation results indicated that the observed change 
was comparable with that for 70 kA/m and 120 kA/m. In Fig. 4c, the 
difference in attenuation spectra before application of magnetic field 
and after 2 min of magnetic field application is clearly observed. But 
when comparing the results after 2 min and 18 min from removing the 
magnetic field, there is no such significant difference. This suggests that 
the magnetic separation, i.e. the migration of Pickering droplets to the 
magnets, was stopped after removing the magnetic field, despite the 
high intensity of the applied fields. The difference in the values and the 
shape of the attenuation spectra before and after the application in-
dicates more structural changes in comparison to the results in Fig. 3. 
Additionally, the result in Fig. 4d shows that 2 min of application of the 
magnetic field in the case of 120 kA/m and 170 kA/m seems to be 
enough for efficient magnetic separation of a Pickering emulsion with a 
relatively low content of magnetic particles. In the case of the lower 
intensities of magnetic field, a longer time (more than 2 min) was 
required to obtain efficient magnetic separation in the Pickering 
emulsion. 

Other authors [32] studied the magnetic separation by showing the 
magnetophoresis of iron oxide nanoparticles under a low gradient 
magnetic field < 100 T/m. Different shapes and concentrations of 
magnetic nanoparticles were used. Additionally, an optical sensing 
system was employed to monitor the magnetic separation in the system. 
After exposure to DC magnetic field, the fastest magnetic separation 
occurred with a high concentration in around 150 s. In the case of our 
study, the ultrasound analysis based on FFT provides more information 
about the behaviour of the Pickering droplets during the application of 
magnetic field. The ultrasound technique could be especially powerful 
to study the influence of convection flow and momentum transfer of the 
magnetic nanoparticles shown in another study [15]. The important 
factor is that analysis of data with different frequencies can easily show 
us the rate of change during magnetic field application, as well as the 
ability to determine the speed of movement, the direction of movement, 
and the droplet size distribution. And the interesting point for using 
ultrasound is that it makes it possible to calculate the particles and 
Pickering droplet distribution theoretically by using the well-known 
ECAH theory and comparing it with experimental results, which we 
are planning to investigate in future work. 

4. Conclusion 

The attenuation of the ultrasonic wave obtained from FFT analysis 
was employed to monitor the magnetic separation in a Pickering 
emulsion stabilized by magnetic nanoparticles after exposure to a 
gradient magnetic field. The attenuation of the ultrasonic wave as a 
function of frequency provides information about the movement of 
magnetic Pickering droplets during magnetic separation. The experi-
mental results of the ultrasound attenuation showed weak separation in 
low magnetite concentrations because the magnetic force was not 

enough for droplets movement, whereas in a high concentration system 
magnetic separation occurred and the attenuation analysis as a function 
of frequency showed the change in the structure. By increasing the value 
of the magnetic field gradient, the ultrasound analysis shows significant 
differences before and after application of the magnetic field due to the 
fast movement of droplets in the direction of the intensity gradient of the 
magnetic field. Additionally, the study showed that ultrasonic wave FFT 
spectroscopy is sensitive to the changes occurring in the emulsion under 
high intensity gradient magnetic fields, which may lead in the future to 
the development of an ultrasound-based technique for determining the 
droplet size distribution during the separation process under different 
magnetic field geometries. 
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A B S T R A C T   

Emulsion stabilized by solid particles that accumulate at the surface of droplets is called Pickering emulsion. 
Depending on the application, solid particles of different properties can be utilized as stabilizers. Magnetic 
nanoparticles are interesting choice as they can stabilize the emulsion and become heat sources in the presence of 
external magnetic field. To generate heat, researchers commonly use easily accessible alternating magnetic field, 
however, the use of rotating magnetic field yields possibility of higher heat output. Our study presents results of 
calorimetric measurements obtained for oil-in-oil emulsion stabilized by magnetic nanoparticles under the in-
fluence of a rotating magnetic field. In our system rotating magnetic field is produced by four separate magnetic 
fluxes shifted in phase and space by 90◦. Results show that the use of rotating magnetic fields efficiently heat 
Pickering emulsion stabilized by magnetite particles. It also provides improved heating effect comparing to 
alternating magnetic fields, regardless of shape of the stabilizing particles. The results for magnetic emulsions 
were also compared to those for magnetic suspensions.   

1. Introduction 

Emulsions are inherently unstable dispersion systems. Therefore, the 
use of emulsifiers is indispensable to ensure the stability of the emul-
sions over time. Surfactants can be used as emulsifiers, however, the 
emulsion stability strongly depends on conditions such as the tempera-
ture, pressure, salinity, etc., which shortens the overall validity period of 
emulsion [1]. To overcome those issues, Pickering emulsions use solid 
particles to provide the stability of droplets. This stability depends on 
two mechanisms: the mechanical barrier mechanism and the three- 
dimensional viscoelastic particle network mechanism [1–3]. To make 
sufficient mechanical barrier against droplet coalescence, specific 
amount of particles with proper wettability is required. The literature 
presents numerous reports using different types of particles as droplet 
stabilizers. Kaolin, clay, montmorillonite and graphene oxide are used in 
the form of flakes and silicon dioxide, zinc oxide, iron oxide, titanium 
silicate, metal sulfate, polystyrene, Janus microspheres and starch 
nanocrystals in the form of granules etc. [1–3]. Use of magnetic nano-
particles (MNPs) as droplet stabilizers is very beneficial as well. MNPs 
thanks to their properties can be used as stabilizers for Pickering 
emulsions and as a source of heat under an alternating magnetic field. 
The temperature elevation generated by magnetic particles is used in 

many applications. The most widespread use of temperature increase 
applies to magnetic hyperthermia therapy in which the high tempera-
ture is utilized in the fight against neoplasms [4]. Although the use of 
magnetic Pickering droplets in hyperthermia applications has not been 
reported yet, the high temperature was recently used for the fabrication 
of Pickering-emulsion-based capsules [5]. 

In most magnetic hyperthermia experiments, including those with 
magnetic Pickering emulsions, the alternating magnetic field (AMF) is 
used to raise the temperature [6,7]. The main reason for this is the 
simplicity of generating alternating magnetic fields with the commonly 
accessible single or multilayer solenoids. MNPs exposed to an external 
AMF undergo magnetization by two main mechanisms which lead to the 
release of thermal energy to the environment, namely, the delay 
(relaxation) of the magnetic moment through the oscillation of entire 
magnetic particle (Brown relaxation) or through the rotation of only 
magnetic moment itself (Néel relaxation). For larger particles, the 
movement of the domain walls is the dominant source of energy losses. 
However, there exists another method for magnetic stimulation of 
magnetite particles leading to the induction of heat release. This method 
is based on the application of the rotating magnetic field (RMF). When a 
magnetic nanoparticle is placed in the RMF it can rotate rather than 
oscillate in a viscous carrier fluid, and the thermal energy is released due 
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to the friction leading to the temperature elevation. By principle, two 
moments of forces act simultaneously on the nanoparticle: the driving 
torque and the torque from the resistance forces of the surrounding 
medium. The presence of two torques leads to a rotation of the spherical 
MNPs suspended in a carrier fluid [8]. Potentially, the small Pickering 
droplets stabilized by MNPs can experience such movements as well. 
Fig. 1 schematically presents the difference in the appearance between 
MNPs and droplets stabilized with magnetic particles. It should be noted 
that, like in the case of the AMF application, the processes occurring 
under the RMF depend on the size of magnetic objects. It means that for 
larger objects, such as Pickering droplets, the losses of energy from the 
RMF are caused by the movement of the domain walls rather than the 
physical rotation of the objects. 

Theoretical considerations show that the RMF yields a higher heat 
output for MNPs dispersion than obtained with the AMF for the same 
values of the magnetic field intensity H and frequency f [9]. Magnetic 
fluids based on superparamagnetic iron-oxide nanoparticles placed in 
the RMF exhibited magnetic heating efficiency (expressed via the rate of 
temperature increase) more than twice as high as for the AMF [10]. It 
depended on the size of particles which can be explained by the domi-
nation of Brown relaxation, in calorimetric measurements using the 
RMF, for particles with a diameter greater than 24 nm [11]. Moreover, 
with the increase of magnetic field intensity, the relaxation losses 
decreased, while the losses resulting from the movement of domain 
walls increased [12]. 

RMF can be used in a variety of applications, e.g., for stimulation of 
the core–shell droplets. Raju and Koetz [13] showed an inner rotation of 
the silicone droplet when MNPs were fixed at the inner side of the 
droplet interface. This is an example of a controlled movement of the 
interior of complex double emulsions by magnetic manipulation via the 
interfacially confined magnetic nanoparticles [13]. Zhou et al. proposed, 
in turn, the use of magnetosome particles as nanoscale magnetic stirring 
bars, that can be encapsulated in micro-droplet and used to stir the so-
lution under an external magnet [14]. In our work, we investigated the 
heating efficiency of oil-in-oil emulsion stabilized by MNPs under the 
RMF. It has already been shown [15] that magnetic Pickering emulsions 
exhibit thermal efficiency under AMF. We additionally compared the 
temperature increase generated by magnetic materials placed in a 
rotating and alternating magnetic field. Our results show that the RMF 
can be effectively used for heating of Pickering emulsion stabilized by 
magnetite particles, however, the thermal effect in Pickering emulsion 
depends on the methodology used for the generation a magnetic field. 

2. Materials and methods 

2.1. Preparation and characterization of magnetic particle suspensions 
and magnetic Pickering emulsions 

Magnetic Pickering emulsions were prepared by applying ultrasound 
to the mixture of magnetic particles and two types of oil. The castor oil 
(MA 220–1, MERLIN, Spain) was used as the continuous phase, in which 
silicone oil (Rhodosil Oils 47 V 50, VWR Chemicals, USA) was dispersed 
in the form of droplets. The silicone droplets were stabilized by two 
different types of magnetite nanoparticles purchased from Sigma- 
Aldrich Co., US, and Nanografi Co., Turkey. Fig. 2a-b presents the 
scanning electron microscopy (SEM) images of MNPs, and Fig. 2c- 
d provides the particle size distributions (PSD) and magnetization 
curves, respectively. The size distribution of powder magnetite was 
calculated based on the SEM images containing 100 nanoparticles. The 
PSD histogram was fitted to a log-normal distribution function to 
calculate the average particle size as presented elsewhere [16]. The 
magnetization was measured using the vibrating sample magnetometry 
(VSM) technique with the VERSALAB commercial device (Quantum 
Design, USA) in an applied field from −3 T up to 3 T at 300 K with the 
known weight of the samples. 

The emulsions were prepared via the addition of magnetite nano-
particles, silicone oil, and castor oil into the sample cell and mixing them 
with the ultrasound homogenizer (Sonoplus HD 300; Bandelin, Ger-
many). The mixture was sonicated for 40 s with the ultrasound probe 
(KE 73) at a working frequency of 18 kHz. The magnetic particle sus-
pensions in castor oil were prepared with the same ultrasound homog-
enizer for the same length of time, 40 s. In our experiments, four types of 
samples were evaluated under the influence of the rotating and alter-
nating magnetic field as summarized in Table 1. The mass concentration 
of MNPs in magnetic Pickering emulsions and magnetic particle sus-
pensions was 10% in the relation to castor oil (10% w/w). The mass ratio 
of silicone oil to MNPs in magnetic Pickering emulsion was 1:1. To 
emphasize, both magnetic Pickering emulsions and magnetic suspen-
sions consisted of the same amount of magnetite. 

2.2. Methods of calorimetric measurements under rotating and 
alternating magnetic fields 

The system for generating the RMF used a closed magnetic circuit 
containing a ferrite torus with ferrite cores (Fig. 3). These two pairs of 
coils together with capacitors in parallel connected to them constitute a 

Fig. 1. A schematic illustration of magnetic particle suspension and Pickering emulsion stabilized by magnetic particles. The scale bar is 100 µm.  
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resonant LC circuit. They produce two separate magnetic fluxes of equal 
amplitudes with mutually shifted phases. Since the magnetic fluxes have 
also shifted in space by the angle of 90◦, the RMF is generated in the 

center of the device as a result of the superposition of both fluxes [12]. 
The amplitude of the magnetic field intensity was measured with a probe 
(measuring coil) inserted in the center of the magnetic system. From the 
oscilloscope reading of the peak-to-peak voltage value induced in the 
probe, Up, we obtained the value of the magnetic field intensity H ac-
cording to the formula: 

H
[A

m

]
=

Up
[
Vpp

]

4πSpf • μ0
(1) 

where Sp [m2] is the area of all windings for this coil, f [Hz] is the 
frequency and μ0 is the magnetic permeability of free space [12]. In our 
experiments, the intensity of the RMF was in the range from 5.8 to 15.7 

Fig. 2. The scanning electron microscopy images for (a) spherical MNPs and (b) non-spherical MNPs. The scale bar is 1 µm. (c) The particle size distribution for the 
spherical and non-spherical MNPs. (d) Magnetization curves of magnetic powders consisting of spherical and non-spherical MNPs. The inset graph presents zoomed 
area for the lowest magnetic field intensities and indicate the presence of a magnetic hysteresis loop. 

Table 1 
The description of the samples of emulsions and suspensions used in the 
experiments.  

Sample Description Magnetic particles 
S1 magnetic Pickering emulsion spherical, 175.3 ± 5.2 nm 
S2 magnetic particle suspension spherical, 175.3 ± 5.2 nm 
S3 magnetic Pickering emulsion non-spherical, 157.5 ± 3.7 nm 
S4 magnetic particle suspension non-spherical, 157.5 ± 3.7 nm  

Fig. 3. Experimental setup (magnetic circuits) used for generating a rotating magnetic field (RMF). (a) The scheme and (b) the actual image of the setup with 
presented cooling system stabilizing the temperature. During measurements with an alternating magnetic field (AMF), only one pair of magnetic coils was turned on. 
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kA/m for the constant frequency f = 38.3 kHz. The same system was 
used for generating the AMF. To achieve this, only one pair of coils, 
opposite to each other, is fed with the signal coming from the power 
amplifier and through a ferrite transformer (the second pair of coils is 
turned off) [12]. 

To obtain the temporal evolution of the temperature during magnetic 
heating, the samples S1-S4 were placed in the glass vials where the 
temperature was recorded every second using the optical fiber temper-
ature sensor FOT-L-SD (FISO Technology Inc., USA) immersed in the 
studied sample. The accuracy of the sensor was 0.10 ◦C and the reso-
lution of 0.01 ◦C. The temperature elevation of the samples caused by 
magnetic heating was expressed in relation to the room temperature. To 
thermostat the samples during measurements, they were placed in a 
cooler with flowing water as presented in Fig. 3b. Before switching on 
the magnetic field, the temperature of a sample was observed for 30 s. 
When the mean value of temperature fluctuations was less than around 
0.005 ◦C /s, the magnetic field was turned on. The stabilization of the 
sample temperature before measurements was crucial for the experi-
ments conducted for the lowest intensity of magnetic fields, as the 
observed experimental temperature elevations were relatively small. 

3. Results and discussion 

Fig. 4 presents the optical microscopy images for a single droplet 
covered by spherical MNPs exposed to the rotating neodymium magnet. 
The magnet was applied from the top of the transparent sample cell and 
rotated around it to simulate the low-frequency RMF during calorimetric 
measurements. It was easily observed that the Pickering droplet fol-
lowed the movement of the rotating magnet. Even though the rotation of 
the field in our RMF setup does not come from the motion of the mag-
nets, but the traveling magnetic fluxes, the behavior of the magnetic 
Pickering droplet was assumed to be similar. Fig. 4b-d provide insight 
into the possible motion of the nanoparticles floating inside the droplet, 
triggered by the rotating magnetic field. This motion could potentially 
extend the applicability of the RMF for experiments with droplets con-
taining nanoparticles, as has recently been presented by Zhou et al. In 
their work, magnetotactic bacteria played a role of nanoscale stirring 
bars entrapped inside the Pickering droplets, causing the chemical re-
actions to occur at a higher rate [14]. The Pickering droplets obtained 

from emulsification are much smaller (several micrometers in size) than 
those presented in Fig. 4, and usually fully covered by at least one layer 
of MNPs. However, that does not change the fact that the results pre-
sented in Fig. 4 prove the magneto-responsiveness of Pickering droplets 
to time-varying magnetic fields. 

To evaluate the thermal efficiency of colloidal systems exposed to 
magnetic fields generated by our setup, we carried out the calorimetric 
measurements in the RMF and the AMF mode for samples with two types 
of MNPs. MNPs used in this study were in the size of hundreds of 
nanometers (Table 1) but varied in shape. The inset images in Fig. 2a-b 
indicate that nanoparticles used in samples S3 and S4 exhibited higher 
asphericity compared to samples S2 and S1. For this study, we refer to 
the MNPs used in samples S3 and S4 as “non-spherical”. It was observed 
that the irregular shape of the particles has an impact on the thermal 
efficiency achieved during magnetic heating measurements. The results 
obtained for the samples of Pickering emulsion and magnetic dispersion 
containing spherical particles are presented in Fig. 5. 

In Fig. 5, the time-dependent temperature elevation obtained during 
magnetic heating followed a well-known trend typical for the mea-
surements under non-adiabatic conditions [17], both for emulsions and 
dispersions. During the initial seconds of the experiment, when the 
magnetic field was turned off, the temperature did not change notice-
ably. After magnetic fields were applied, the monitored temperature 
increased significantly, but the temperature increase rate was not con-
stant over the whole measurement. The highest temperature increase 
rate was observed for the highest intensity of the magnetic field. This 
dependence is consistent with various reports on the heating of magnetic 
fluids [17,18] and Pickering emulsions [6,15]. Another interesting fact 
that can be read from Fig. 5 is that the observed temperature increase 
under the RMF mode (for the highest intensity of magnetic field) was 
several times higher than the one obtained for the AMF mode, despite 
both modes having an approximately equal intensity of magnetic field. 
For sample S2, the temperature increased up to 0.4 ◦C for the AMF and 
up to 2 ◦C for the RMF. Even though in the current study we used large 
nanoparticles, of a size exceeding the superparamagnetic limit for 
magnetite which is around 100–160 nm, the presented results are 
consistent with those previously reported for magnetic fluids [19,20]. It 
proves that for used frequency and the range of magnetic field intensities 
the movement of magnetic domain walls, rather than the Brownian 

Fig. 4. (a) The schematic illustration of the experimental method for the rotating magnetic field. (b-d) Optical microscopy images of non-fully covered Pickering 
droplets stabilized with “spherical” MNPs exposed to the rotating magnet. The scale bar is 400 µm. (e-h) Optical microscopy images of fully covered Pickering 
droplets with spherical MNPs exposed to the rotating magnet. The scale bar is 1000 µm. The change in position of a red circle indicates the movement of a droplet. 
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movement of the whole magnetic objects, is a dominant mechanism of 
heating. Although the droplets covered by nanoparticles are larger than 
particles and the size of the Pickering droplet generally depends on the 
number of particles used as stabilizers, the exposition of Pickering 
emulsions stabilized with spherical particles to the RMF and the AMF 
provided comparable temperature increase to the ones obtained for 
magnetic suspension. This provides further evidence that in the pro-
posed experiment the rotation of the magnetic objects cannot be 
responsible for heating under the RMF. Recently, it also has been shown 
that the improved magnetic dipolar interactions result in more signifi-
cant ferromagnetic behavior of particles (hysteresis losses) that also 
increase with a higher levels of agglomerations [21]. As the magnetic 
particles used in our study have not been functionalized, the droplets 
and particles had a tendency to aggregate which could lead to improved 
contribution from the movement of magnetic domain walls to magnetic 
heating. 

The improved efficiency of heat generation obtained with the RMF 
compared to the AMF was expected based on the previous works per-
formed on magnetic fluids, where particles were covered with a layer of 
surfactant. However, the authors used different systems for generating 
the RMF and the AMF [10]. In our work, the same magnetic arrange-
ment was used for generation of the RMF and the AMF. The observed 
temperature elevation in Pickering emulsion under the AMF (sample S1, 
Fig. 5a) is much lower than what we have previously reported. The 
observed temperature elevation was up to 30 ◦C for a similar concen-
tration of magnetic material [15]. However, in the previous experiments 
we used a different system for generating the AMF. It consisted of one 
coil driven by the AC electric field of much higher frequency (around 
450 kHz versus around 40 kHz in the current paper). Additionally, for 
magnetic heating measurements, the mass concentration of magnetic 
material in the tested sample is a crucial parameter that influences the 
temperature elevation. Numerous works on magnetic fluid hyperther-
mia using the AMF have reported such dependence [22,23]. However, 
too high concentration of magnetic material can deteriorate the heating 
efficiency due to the increased magnetic dipole–dipole interactions 
[24,25]. Reported limits for the deterioration of the heating under the 
AMF vary and depend on several parameters such as the intensity and 
frequency of applied AMF and the size of particles [24,26]. In our ex-
periments, the content of MNPs was the same for all samples (10% w/ 
w). 

The temperature increase versus time of application of the RMF and 
the AMF was also investigated for non-spherical MNPs as presented in 
Fig. 6. Comparing the results presented in Fig. 5a and Fig. 6a, one can 
see that the Pickering emulsion stabilized with non-spherical MNPs (S3) 
exhibited lower temperature increase both under the RMF and the AMF. 

Surprisingly, the temperature increase in the sample with magnetic 
suspension was higher when non-spherical MNPs were used, especially 
for the application of the high-intensity RMF. 

According to Fig. 2d, both types of particles possessed practically the 
same magnetization saturation which is the predictor of the respon-
siveness to the external magnetic fields. The same dependency applies to 
the hysteresis loops presented in the inset of Fig. 2d. The mass con-
centration of magnetic material in each sample was also equal, there-
fore, the source of the observed difference in heating performance 
should be explained in another way. Some authors suggested that the 
crystal structure of magnetite nanoparticles and their shape influence 
the critical size for which the transition between single- and multi- 
domain particles occurs [27]. Others reported that the exquisite heat-
ing efficiency of octahedral [28] and cubic [29] nanoparticles exposed 
to the AMF was caused by the difference in the character of magnetic 
anisotropy for the non-spherical symmetry. Thus, it is clear that the 
shape of MNPs influences their behavior under the AMF. However, to 
our best knowledge, such an impact was not investigated in the context 
of the RMF. Furthermore, the importance of reported effects is rather 
negligible for our samples as the mean size of MNPs we used was in the 
range of 150 – 180 nm. Typically, Pickering droplets are much larger, 
and their size was estimated to be up to several micrometers [15]. Under 
the RMF, the packing of particles can influence the results similarly to 
the situation when MNPs are placed into the tumor, which was shown to 
deteriorate heating efficiency [30]. In our case, as the surface of parti-
cles is unmodified and the tendency of aggregation is high, such a 
deteriorating effect may occur [31]. On the other hand, as mentioned in 
the discussion of the results presented in Fig. 5, when the rate of 
agglomeration in the system increases, the particle–particle interactions 
increases as well leading to more pronounced hysteresis losses, that 
contribute to the overall magnetic heating process. Additionally, the 
Pickering droplet consists of the particle layer (or layers, especially in 
the case of uncoated MNPs) that can be referred to as “hollow clusters” 
[32]. Furthermore, it should be noted that for non-spherical MNPs the 
temperature elevation observed in suspension was comparable to the 
suspension with spherical MNPs (sample S4 versus sample S2). It cannot 
be explained only by the presence of particle clusters and requires 
further investigation due to the potential for aggregations. Also, the 
temperature elevation in emulsions stabilized with “non-spherical” 
nanoparticles, apart from the results under the RMF for the highest 
magnetic field intensity, is comparable (Fig. 5b versus Fig. 6b). Never-
theless, improved performance of the RMF compared to the AMF was 
proved also for the non-spherical particles. It suggests the promising use 
of the RMF in magnetic heating for a wide range of particle types. 

For the potential application of such samples in biomedicine, it is 

Fig. 5. Temperature increase measured in (a) magnetite-stabilized Pickering emulsions and (b) oil suspension of “spherical” magnetic particles under the rotating 
(RMF) and alternating (AMF) magnetic fields. 
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crucial to ensure a relatively low concentration of magnetic materials 
administered to the patient’s body [20,33]. For the concentrations that 
do not exceed several percent w/w, a deteriorating effect of dipole–di-
pole interactions on heating efficiency due to relaxation losses should be 
negligible. Therefore, in this range of concentrations, the increased 
number of particles is expected to provide higher temperature elevation 
in a sample. Not without significance is also the role of carrier fluid used 
as a suspension for magnetic materials. In this work, we used castor oil 
which is several hundred times more viscous than water. On the other 
hand, the specific limit proposed by Brezovich using the product of 
magnetic field intensity and frequency of time-varying magnetic fields is 
fulfilled in our measurements by almost one order of magnitude [33]. It 
means that the optimization of the parameters of the applied fields 
rather than the increase of concentration of particles could improve 
heating efficiency for all types of tested samples. 

Measurements of the temperature increase over time are not the only 
possible method used for evaluation of the heating efficiency in hyper-
thermia experiments. The rate of temperature elevation is also 
commonly evaluated. Such a parameter is also present in the expression 
for the specific absorption rate (SAR) and the specific loss power (SLP). 
The most common method is based on the calculations of the slope for 
the linear fitting of the curve to the initial seconds of experiments. For 
those seconds, the existing conditions are similar to the adiabatic con-
ditions due to the small heat transfer between the sample and the 

surroundings. For a better understanding of the source of differences in 
the heating efficiency between Pickering emulsions exposed to the AMF 
and the RMF, we calculated the temperature increase rate and plotted it 
in the function of the applied fields. Results are presented in Fig. 7. They 
were fitted to the power-law equation [34] by using linear fitting pro-
cedure. The results in Fig. 7 clearly indicate that not only the temper-
ature increase is higher for the Pickering emulsions stabilized with 
“spherical” MNPs. Simultaneously, the dynamic of temperature increase 
for RMF was confirmed to be much higher than for AMF. 

For the suspensions of small MNPs exposed to AMF, it has been 
shown in the literature [35] that the values of exponents derived from 
the fitting to the power-law formula can deviate from n = 2 when heat 
dissipation from the so-called ferromagnetic regime starts dominating. It 
was observed even for MNPs with sizes merely exceeding 10 nm. Here, 
the obtained values of n fall within the range of 1.5–5.5 and show the 
correlation neither with the applied magnetic field (AMF vs. RMF) nor 
the type of particles. It should be noted Pickering droplets are much 
larger than single magnetic particles and could form aggregates. This 
can also determine the observed deviations since, for the increased size 
of magnetic objects, the intensity of magnetic field that limits the 
superparamagnetic behavior decreased [35]. 

Previously, Pickering droplets have been investigated under the RMF 
mainly in the context of droplet manipulation rather than heat genera-
tion [14,36]. According to the results presented in our work, the RMF 

Fig. 6. Temperature increase measured in (a) magnetite-stabilized Pickering emulsions and (b) oil suspension of “non-spherical” magnetic particles under the 
rotating (RMF) and alternating (AMF) magnetic fields. 

Fig. 7. Temperature elevation rate versus intensity of the applied rotating magnetic field (RMF) for Pickering emulsions stabilized with (a) “spherical” and (b) “non- 
spherical” MNPs (samples S1 and S3, respectively). The inset figure shows the fitting procedure for the point indicated by the grey arrow. 
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can be also a promising tool to induce a heating in Pickering emulsions. 
In the future, the observed response of Pickering emulsion droplets to 
the RMF and the local induction of a higher temperature can be syner-
gistically used, e.g., for the release of substances from the inside of 
droplets and colloidosomes (i.e., armored emulsion droplets) or even 
from capsules formed with emulsion droplet precursors. The magnetic 
Pickering droplets were also shown to be responsive to the static mag-
netic fields which resulted in their magnetophoresis or deformation 
[37]. The combined use of static and time-varying magnetic fields could 
bring new possibilities for limiting the concentration of magnetic ma-
terials. What is more, also magnetic fields with different frequencies 
could be utilized. Recently, Konopacki et al. proposed the RMF with a 
very low frequency of 50 Hz to generate heat in samples of magnetic 
fluid with MNPs of the size of tens of nm. The heating efficiency clearly 
decreased with the increasing concentration of magnetic materials [38]. 
On the other hand, different researchers are working on the so-called 
frequency mixing magnetic detection for use in bio-sensing [39]. 
Therefore, the possibility of single setup to generate two different modes 
of magnetic fields is very important. 

The crucial requirement that needs to be fulfilled by magnetic 
heating procedures applied in biomedicine is their ability to provide 
repeatable conditions of heating. Recently, Wells et al. presented the 
comparison of various results for calorimetric measurements performed 
on the same type of magnetic fluids but in different laboratories and 
reported existing discrepancies. The authors suggested also the urgent 
need for unification of measurement protocols for magnetic hyperther-
mia studies. [40]. It is very important for complex systems such as 
Pickering emulsions, that are not broadly investigated in the literature in 
the context of magnetic heating. Thus, in the future, drawing definite 
conclusions on such systems should be done only by providing stable 
and repeatable experimental conditions. 

4. Conclusions 

In this work, MNPs were used as a base for magnetic suspensions and 
as stabilizers for Pickering emulsions. At the same time, magnetic par-
ticles acted as a source of heat in the high-frequency rotating magnetic 
field (RMF). The release of thermal energy was investigated in the 
alternating magnetic field (AMF) as well. The observed thermal effect 
depended on the mode of the generated magnetic field: alternating or 
rotating. For the suspension of MNPs in high-viscous castor oil, the 
temperature increase during magnetic heating was higher when the 
RMF was used. Similar results were obtained for Pickering droplets 
stabilized with the same magnetic nanoparticles. We showed that the 
heating efficiency under the RMF is also size-dependent and, for mag-
netic objects with sizes above the superparamagnetic limit, the move-
ment of magnetic domain walls within the particles rather than the 
movement of the whole objects dominates. Furthermore, the use of 
MNPs with nearly the same size and magnetization saturation, but more 
irregular shape resulted in the variation of the temperature increase 
both in the magnetic suspensions and Pickering emulsions. The reported 
findings show the promising role of the RMF application for the heating 
of magnetic Pickering emulsions when the dominating heating mecha-
nism is the movement of magnetic domain walls. 
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Appendix A: Elements of matrix used in ECAH 
model  
 
d11= ac	ℎ′[ac]; 

d12= −((( + 1)	ℎ[as]; 

d13= acp	7′[acp]; 

d14= −((( + 1)	7[asp]; 

d15= aT	ℎ′[aT]; 

d16= aTp	7′[aTp]; 

d21= ℎ[ac]; 

d22= −(ℎ[as] + as	ℎ′[as]); 

d23= 7[acp]; 

d24= −(7[asp] + asp	7′[asp]); 

d25= ℎ[aT]; 

d26= 7[aTp]; 

d31= XX((as9 − 2ac9)	ℎ[ac] − 2ac9	ℎ''[ac]); 

d32= XX2	((( + 1)(as	ℎ′[as] − ℎ[as]); 

d33= XXp((asp9 − 2acp9)	7[acp] − 2acp9	7''[acp]); 

d34= 2XXp	((( + 1)(asp	7′[asp] − 7[asp]); 

d35= XX((as9 − 2aT9)	ℎ[aT] − 2aT9	ℎ''[aT]); 

d36= XXp	((asp9 − 2aTp9)	7[aTp] − 2aTp9	7''[aTp]); 

d41= XX(ac	ℎ′[ac] − ℎ[ac]); 

d42= −
``

9
(as9	ℎ''[as] + ((9 + ( − 2)	ℎ[as]); 

d43= XXp(acp	7′[acp] − 7[acp]); 

d44= −
``a

9
(asp97''[asp] + ((9 + ( − 2)	7[asp]); 

d45= XX(aT	ℎ′[aT] − ℎ[aT]); 

d46= XXp(aTp	7′[aTp] − 7[aTp]); 

d51= bc	ℎ[ac]; 
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d52= 0; 

d53= bcp	7[acp]; 

d54= 0; 

d55= bT	ℎ[aT]; 

d56= bTp	7[aTp]; 

d61= 5	bc	ac	ℎ′[ac]; 

d62= 0; 

d63= κs	bcp	acp	7′[acp]; 

d64= 0; 

d65= 5	bT	aT	ℎ′[aT]; 

d66= κs	bTp	aTp	7′[aTp]; 
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Appendix B: Elements of matrix used in core–
shell model 
 
m11= (	ℎ[xd1] − xd1	h1[xd1]; 
m12= ( 7

bc79)((	ℎ[xt1] − xt1	h1[xt1]); 

m13= −T 7
bJ7U ((( + 1)	ℎ[xs1]; 

m14= (	7[xd2] − xd2	j1[xd2]; 
m15= ( 7

bc99)((	7[xt2] − xt2	j1[xt2]); 

m16= −T 7
bJ9U ((( + 1)	7[xs2]; 

m17= (	ℎ[xd2] − xd2	h1[xd2]; 

m18= T 7
bc99U ((	ℎ[xt2] − xt2	h1[xt2]); 

m19= −T 7
bJ9U ((( + 1)	ℎ[xs2]; 

m1,10= 0; 
m1,11= 0; 
m1,12= 0; 
m21= ℎ[xd1]; 

m22= T 7
bc79U ℎ[xt1]; 

m23= −( 7
bJ7)((( + 1)	ℎ[xs1] − xs1	h1[xs1]); 

m24= 7[xd2]; 

m25= T 7
bc99U 7[xt2]; 

m26= −( 7
bJ9)((( + 1)	7[xs2] − xs2	j1[xs2]); 

m27= ℎ[xd2]; 

m28= T 7
bc99U ℎ[xt2]; 

m29= −( 7
bJ9)((( + 1)	ℎ[xs2] − xs2	h1[xs2]); 

m2,10= 0; 
m2,11= 0; 
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m2,12= 0; 

m31=
dH7

dH9
	ℎ[xd1]; 

m32= T
dc7

dH9
U T

7

bc79
U ℎ[xt1]; 

m33= 0; 

m34= 7[xd2]; 

m35= T
dc9

dH9
U T

7

bc99
U 7[xt2]; 

m36= 0; 

m37= ℎ[xd2]; 

m38= T
dc9

dH9
U T

7

bc99
U ℎ[xt2]; 

m39= 0; 

m3,10= 0; 

m3,11= 0; 

m3,12= 0; 

m41=
dH7

dH9
((	ℎ[xd1] − xd1	h1[xd1]); 

m42= T
dc7

dH9
U T

7

bc79
U ((	ℎ[xt1] − xt1	h1[xt1]); 

m43= 0; 

m44= T
e9

e7
U ((	7[xd2] − xd2	j1[xd2]); 

m45= T
e9

e7
U T

dc9

dH9
U T

6	[[bc9]#bc9	i7[bc9]

bc99
U ; 

m46= 0; 

m47= T
e9

e7
U ((	ℎ[xd2] − xd2	h1[xd2]); 

m48= T
e9

e7
U T

dc9

dH9
U T

6	)[bc9]#bc9	j7[bc9]

bc99
U ; 

m49= 0; 

m4,10= 0; 

m4,11= 0; 

m4c12= 0; 

m51=
k7

k9
(Tx1	ℎ[xd1] −

=bl7	j7[bl7]

bJ7"
); 
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m52= (
k7

k9
)(

7

bc79
)((Tx1	ℎ[xt1] −

=bc7	j7[bc7]

bJ7"
)); 

m53= (
k7

k9
)(

7

bJ79
)2((( + 1) × ((( − 1)	ℎ[xs1] − xs1	h1[xs1]); 

m54=
((mb9)[[bl9])#(=bl9	i7[bl9])

bJ9"
; 

m55= (
7

bc99
)((Tx2)	7[xt2] −

=bc9	i7[bc9]

bJ9"
); 

m56= (
7

bJ99
)2((( + 1)((( − 1)	7[xs2] − xs2	j1[xs2]); 

m57=
((mb9)	)[bl9])#(=bl9	j7[bl9])

bJ9"
; 

m58= (
7

bc99
)((Tx2)	ℎ[xt2] −

(=bc9	j7[bc9])

bJ9"
); 

m59= (
7

bJ99
)2((( + 1)((( − 1)	ℎ[xs2] − xs2	h1[xs2]) 

m5,10= 0; 

m5,11= 0; 

m5,12= 0; 

m61= (
7

bJ7"
)((( − 1)	ℎ[xd1] − xd1	h1[xd1])

k7

k9
; 

m62= (
7

bc79
)(

7

bJ7"
)((( − 1)	ℎ[xt1] − xt1	h1[xt1])(

k7

k9
); 

m63= −(
7

bJ79
)(((9 − 1 −

bJ7"

9
)	ℎ[xs1] + xs1	h1[xs1])(

k7

k9
); 

m64= (
7

bJ9"
)((( − 1)	7[xd2] − xd2	j1[xd2]); 

m65= (
7

bc99
)(

7

bJ9"
)((( − 1)	7[xt2] − xt2	j1[xt2]); 

m66= −(
7

bJ99
)(((9 − 1 −

bJ9"

9
)	7[xs2] + xs2	j1[xs2]); 

m67= (
7

bJ9"
)((( − 1)	ℎ[xd2] − xd2	h1[xd2]); 

m68= (
7

bc99
)(

7

bJ9"
)((( − 1)	ℎ[xt2] − xt2	h1[xt2]); 

m69= −(
7

bJ99
)(((9 − 1 −

bJ9"

9
)	ℎ[xs2] + xs2	h1[xs2]); 

m6,10= 0; 

m6,11= 0; 

m6,12= 0; 

m71= 0; 
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m72= 0; 

m73= 0; 

m74= (	7[yd2] − yd2	j1[yd2]; 

m75= (
7

bc99
)((	7[yt2] − (

n

0
)xt2	j1[yt2]); 

m76= −(
7

bJ9
)((( + 1)	7[ys2]; 

m77= (ℎ[yd2] − yd2	h1[yd2]; 

m78= (
7

bc99
)((	ℎ[yt2] − (

n

0
)xt2	h1[yt2]); 

m79= −(
7

bJ9
)((( + 1)	ℎ[ys2]; 

m7,10= (	7[yd3] − yd3	j1[yd3]; 

m7,11= (
7

oc<9
)((	7[yt3] − yt3	j1[yt3]); 

m7,12= −(
7

oJ<
)((( + 1)	7[ys3]; 

m81= 0; 

m82= 0; 

m83= 0; 

m84= 7[yd2]; 

m85= (
7

bc99
)	7[yt2]; 

m86= −(
7

bJ9
)((( + 1)	7[ys2] − (

n

0
)xs2	j1[ys2]); 

m87= ℎ[yd2]; 

m88= (
7

bc99
)	ℎ[yt2]; 

m89= −(
7

bJ9
)((( + 1)	ℎ[ys2] − (

n

0
)xs2	h1[ys2]); 

m8,10= 7[yd3]; 

m8,11= (
7

oc<9
)	7[yt3]; 

m8,12= −(
7

oJ<
)(((( + 1)	7[ys3] − ys3	j1[ys3]); 

m91= 0; 

m92= 0; 

m93= 0; 



 XVIII 

m94= 7[yd2]; 

m95= (
dc9

dH9
)(

7

bc99
)	7[yt2]; 

m96= 0; 

m97= ℎ[yd2]; 

m98= (
dc9

dH9
)(

7

bc99
)	ℎ[yt2]; 

m99= 0; 

m9,10= (
dH<

dH9
)	7[yd3]; 

m9,11= (
dc<

dH9
)(

7

oc<9
)	7[yt3]; 

m9,12= 0; 

m10,1= 0; 

m10,2= 0; 

m10,3= 0; 

m10,4= (
e9

e<
)((	7[yd2] − yd2	j1[yd2]); 

m10,5= (
e9

e<
)(
dc9

dH9
)(

7

bc99
)((	7[yt2] − (

n

0
)xt2	j1[yt2]); 

m10,6= 0; 

m10,7=
e9

e<
((	ℎ[yd2] − yd2	h1[yd2]); 

m10,8= (
e9

e<
)(
dc9

dH9
)(

7

bc99
)((	ℎ[yt2] − (

n

0
)xt2	h1[yt2]); 

m10,9= 0; 

m10,10= (
dH<

dH9
)((	7[yd3] − yd3	j1[yd3]); 

m10,11= (
dc<

dH9
)(

7

oc<9
)((	7[yt3] − yt3	j1[yt3]); 

m10,12= 0; 

m11,1= 0; 

m11,2= 0; 

m11,3= 0; 

m11,4=
((mo9)	[[ol9])#(=ol9	i7[ol9])

oJ9"
; 
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m11,5= (
7

bc99
)((Ty2)	7[yt2] −

=(
?
@)bc9	i7[oc9]

oJ9"
); 

m11,6= (
7

bJ9
)(

7

oJ9"
)2((( + 1)((( − 1)	7[ys2] − ys2	j1[ys2]); 

m11,7=
((mo9)	)[ol9])#(=ol9	j7[ol9])

oJ9"
; 

m11,8= (
7

bc99
)((Ty2)	ℎ[yt2] −

=(
?
@)bc9	j7[oc9]

oJ9"
); 

m11,9= (
7

bJ9
)(

7

oJ9"
)2((( + 1)((( − 1)	ℎ[ys2] − ys2	h1[ys2]); 

m11,10= (
k<

k9
)((Ty3)	7[yd3] −

=ol<	i7[ol<]

oJ<"
); 

m11,11= (
k<

k9
)(

7

oc<9
)((Ty3)	7[yt3] −

=oc<	i7[oc<]

oJ<9
); 

m11,12= (
k<

k9
)(

7

oJ<9
)2((( + 1)((( − 1)	7[ys3] − ys3	j1[ys3]); 

m12,1= 0; 

m12,2= 0; 

m12,3= 0; 

m12,4= (
7

oJ9"
)((( − 1)	7[yd2] − yd2	j1[yd2]); 

m12,5= (
7

bc99
)(

7

oJ9"
)((( − 1)	7[yt2] − (

n

0
)xt2	j1[yt2]); 

m12,6= −(
7

bJ9
)(

7

oJ9"
)(((9 − 1 −

oJ9"

9
)	7[ys2] + ys2	j1[ys2]); 

m12,7= (
7

oJ9"
)((( − 1)	ℎ[yd2] − yd2	h1[yd2]); 

m12,8= (
7

bc99
)(

7

oJ9"
)((( − 1)	ℎ[yt2] − (

n

0
)xt2	h1[yt2]); 

m12,9= −(
7

bJ9
)(

7

oJ9"
)(((9 − 1 −

oJ9"

9
)	ℎ[ys2] + ys2	h1[ys2]); 

m12,10= (
k<

k9
)(

7

oJ<"
)((( − 1)	7[yd3] − yd3	j1[yd3]); 

m12,11= (
k<

k9
)(

7

oc<9
)(

7

oJ<"
)((( − 1)	7[yt3] − yt3	j1[yt3]); 

m12,12= −(
k<

k9
)(

7

oJ<9
)(((9 − 1 −

oJ<"

9
)	7[ys3] + ys3	j1[ys3]); 

C1= −((	7[xd1] − xd1	j1[xd1]); 

C2= −7[xd1]; 



 XX 

C3= −(
dH7

dH9
)	7[xd1]; 

C4= −(
dH7

dH9
)((	7[xd1] − xd1	j1[xd1]); 

C5= −(
k7

k9
)(Tx1	7[xd1] −

=bl7

bJ7"
	j1[xd1]); 

C6= −(
k7

k9
)(

7

bJ7"
)((( − 1)	7[xd1] − xd1	j1[xd1]); 

 

 

 


