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Preface

Ultrasonic technology has been increasingly used in synthetic applications despite
its existence over a century for traditional industrial applications such as cleaning,
extraction and emulsification. Over the past few decades, the potential use of
ultrasound in synthetic reactions has been explored in laboratory-scale experiments.
Due to unique and extreme reaction environment generated within cavitation
bubbles, in otherwise a room temperature liquid, a variety of functional materials
could be synthesised.

A number of books and review articles are available in the literature highlighting
the benefits of ultrasound-driven chemical reactions including synthesis of mate-
rials. However, a textbook-style Brief on the use of ultrasound for synthesising
functional materials is not available. As discussed in this Brief, functional materials
are used by the human society for various purposes that include catalysis, energy
conversion, biomedical applications, nutritional foods, etc. Ultrasonic synthetic
methodology offers a relatively simple and green route to synthesise such functional
materials.

Chapter 1 of this Brief provides fundamental science involved in ultrasonic
synthesis of functional materials. How sound waves interact with gas bubbles in
liquids and what are the consequences of such interactions that lead to the gener-
ation of a variety of chemical reactions are discussed in this chapter. Specific
examples of ultrasonic synthesis of functional materials that include inorganic and
organic nanomaterials, core–shell microspheres and functional foods have been
highlighted in Chap. 2. The advantages, disadvantages and challenges of ultrasonic
technology are briefed in Chap. 3.

The Brief on ultrasonic synthesis of functional materials will benefit wider
academic and student communities as it provides a snapshot of both fundamental
and applied aspects of past and recent developments in this developing research
area. In addition, it may also benefit various industry sectors willing to embrace a
novel technology in materials synthesis and food processing.
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Chapter 1
Introduction

Abstract The fundamental science responsible for chemical and physical effects
caused by ultrasound in a liquid medium is discussed in this chapter. Various
events that occur when sound waves of appropriate frequency and power interact
with a liquid medium are explained. Acoustic cavitation process and the genera‐
tion of strong physical forces and highly reactive radicals have been described in
simple terms. Also, the effect of acoustic frequency on the physical and chem‐
ical effects is discussed. Overall, this chapter provides a simplistic view of
acoustic cavitation and associated events that is required to fully understand the
processes discussed in Chap. 2.

Keywords Ultrasound · Acoustic cavitation · Cavitation bubbles · Ultrasound
frequency · Bubble temperature · Sonochemistry

Functional materials are integral part of human life [1, 2]. Considering the health of
human beings, drug delivery vehicles and materials possessing antimicrobial activ‐
ities and nutritional properties come under this category. Delivering nutritional
compounds and pharmaceuticals through commonly consumed food matrix is in
practice. For example, non-polar nutrients are dispersed as emulsions in water-based
drinks including milk [3]. Similarly, inorganic and organic nano- and micro materials
with functional properties are increasingly being used in various applications. For
example, metal and semiconductor nanoparticles are used as catalytic materials
[4, 5].

Novel methodologies for synthesising functional materials have been constantly
developed. Nanomaterials for energy conversion and biological applications could
be synthesised by sol-gel methods and conventional chemical reactions to precisely
control their size and size distribution [6–10]. Layer-by-layer method to generate
core-shell materials for drug delivery applications is a well-known procedure [11]
that primarily works on electrostatic or hydrophobic interactions between functional
molecules. Emulsion polymerisation is another commonly used method to generate
core-shell functional materials [12–14]. Strong shear forces are applied and surfac‐
tant/polymer based stabilisers are used to stabilise for example an oil-in-water
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emulsion droplet. The emulsion droplet itself could be a nutrient dispersed in a food
or drink matrix [15]. Such emulsions are also used to generate functional polymer
latex particles [16].

Ultrasonic synthesis of functional materials has been widely reported and is a
growing methodology that has significant potential to generate large-scale functional
materials. This Brief is aimed at providing the fundamental science involved in
ultrasonic synthesis of functional materials with specific examples. The advantages,
disadvantages and challenges of this technology have also been highlighted.

1.1 Sound

Animal kingdom communicate with each other using soundwaves. Soundwaves can
be divided into various frequency range based on their uses/applications [17].
Accordingly, below 20 Hz frequency range is referred as subsonic or infrasonic
waves. Human ear cannot detect this frequency range. Sometimes, such frequency
range can be felt as shock waves, for example during earth quakes. About 20 Hz–
20 kHz is in the range of human hearing. Soundwaves above 20 kHz frequency are
referred as ultrasound, which are subdivided into power ultrasound, used in a variety
of physical and chemical applications and magasonic, above 1 MHz, used in medical
diagnostics. Most of the studies dealing with material synthesis use 20 kHz–1 MHz
frequency range.

The speed of sound varies depending upon the medium. In air, sound travels at a
speed of about 320 m/s and its speed in water is 1500 m/s. Sound travels relatively
faster in solids—for example, the speed of sound in steel is about 5000 m/s. The
mechanical vibrations generated by sound waves have been used in various appli‐
cations [18, 19]. For example, rate of dehydration of specific materials could be
enhanced by ultrasonic vibration [20]. Acoustic reflection and scattering techniques
have been used in quality control of food and other materials [21, 22]. Ultrasonic
imaging is a well-known technique in diagnostic medicine [23]. Ultrasonic cleaning
of small and large equipment is a well-known industrial application [24]. Ultrasonic
cleaning is also a common practice in dental clinics [25]. Ultrasonic extraction and
emulsification are used in food and pharmaceutical industries [26–30].

While soundwaves are commonly used for communication through various
media, some unique events occur in liquids when soundwaves interact with the
medium. In particular, when ultrasound passes through a liquid medium, it strongly
interacts with small gas bubbles that exist in the liquid. Such interaction between
ultrasound and gas bubbles leads to a phenomenon known as acoustic cavitation
[31, 32].
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1.2 Acoustic Cavitation

Cavitation literally means creation of a cavity. Hence, acoustic cavitation literally
refers to the formation of a cavity using acoustic (sound) energy. Such a process
requires significant amount of energy. For example, to separate water molecules
apart overcoming intermolecular forces to a distance in the order of nanometres
requires a negative pressure of hundreds of atmospheres [17]. Equation 1.1 can be
used to calculate the critical pressure (PB) required to create a bubble of radius, Re.

PB ∼ Ph +
0.77σ

Re

(1.1)

σ  is surface tension of the liquid and Ph is hydrostatic pressure (could be approxi‐
mated to atmospheric pressure under normal experimental conditions). Note that this
equation is valid when 2σ∕Re ≪ Ph .

However, cavities could be formed from pre-existing gas nuclei at much lower
power levels [33–35]. Gas nuclei, inherently present in liquids, are forced to oscillate
under the fluctuating pressure field when ultrasound passes through a liquid. Gas
bubbles formed from such oscillations grow over a period by a process known as
rectified diffusion [36, 37]. Bubble growth by rectified diffusion can be understood
by area and shell effects. During the growth phase of a bubble, solvent vapour and
dissolved gas molecules diffuse into the bubble. Since the surface area of the bubble
wall increases during the growth phase, more molecules diffuse into the bubble. The
opposite process occurs during the compression phase—molecules diffuse out of the
bubble. However, the surface area decreases in the compression process and hence
a relatively lower amount of molecules diffuse out of the bubble. For each expansion/
compression cycle, more vapour/gas molecules stay inside the bubble resulting in a
net growth of the bubble size. Another aspect that needs to be considered is the time
scale involved for the expansion and compression phases. While an acoustic cycle
has equal time for rarefaction and compression half cycles, single bubble dynamics
experiments have shown that the growth phase of a bubble is a relatively slow process
resulting in a higher amount of gas/vapour molecules diffusing into a bubble. In
addition, dissolved gas concentration in the liquid shell surrounding an oscillating
bubble varies significantly. In the compressed state of a bubble, gas molecules diffuse
out of the bubble into the liquid shell surrounding a bubble. The diffusion of gas
molecules becomes relatively slow and hence less gas molecules diffuse out of the
bubble. The process works favourably during expansion process. Gas molecules can
freely diffuse into the bubble. The shell effect is a very complex process than what
is described above. A combination of area and shell effects and the time scale
involved in these processes lead to rectified diffusion growth of bubbles in an acoustic
field. Detailed models have been developed to theoretically estimate the growth of
bubbles by rectified diffusion process [38].

Bubble growth by rectified diffusion is not an infinite process. The growth of the
bubble is restricted by the applied frequency. The wall of a free gas bubble in a liquid

1.2 Acoustic Cavitation 3



oscillates at a given frequency depending upon the size of the bubble. The relation‐
ship between oscillation frequency and radius of a bubble is given by a simplified
form of the Minnaert’s Equation (Eq. 1.2) [39].

f ∗ R ∼ 3 (1.2)

where, f is frequency in Hz (s−1) and R is resonance radius of the bubble in m. For
example, the wall of a 150 μm radius bubble oscillates at a resonance frequency of
20 kHz.

Note that despite a single resonance size is expected theoretically for a given
frequency, a size range exists [40]. Using pulsed sonoluminescence and sonoche‐
miluminescence methods, the resonance size range of SL and sonochemically active
bubbles have been estimated [41, 42]. Lee et al. developed a novel pulsed sonolu‐
minescence (SL) technique [41] to determine the resonance size range of cavitation
bubbles. By systematically increasing the pulse off time, they could see a decrease
in the SL intensity due to the dissolution of active cavitation bubbles below the
resonance size during this period. Beyond a certain pulse off time, no more SL
intensity could be observed indicating the dissolution of all cavitation bubbles below
the resonance size. This is schematically shown in Fig. 1.1.

Taking the pulse off time at which SL disappeared, the resonance size of the
cavitation bubbles was calculated. Epstein Plesset equation, (Eq. 1.3) which relates
bubble dissolution time to its radius, was used for this purpose.

(
DCs

𝜌gR2
o

)
t =

1
3

(
RT𝜌gRo

2M𝛾

)
+ 1 (1.3)

Fig. 1.1 Schematic representation [Adapted from Ref. 41] of pulsed sonoluminescence technique
to determine the resonance size of cavitation bubbles. Bubbles grow during pulse on (T) and dissolve
during pulse off (To). With increasing To, steady-state SL intensity decreases (top right) eventually
to zero—the corresponding To is used to calculate the bubble size using Eq. 1.3
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D—diffusion coefficient; Cs—dissolved gas concentration; ρg—density of gas;
Ro—initial bubble radius; t—dissolution time; M—molar mass of gas; γ—surface
tension of the liquid; R—gas constant and T—solution temperature. Replacing t with
To, Ro (assumed to be equal to resonance size) can be determined. The resonance
size of cavitation bubbles at 515 kHz was found to be in the range 2.8–3.8 μm.

A follow up work by Brotchie et al. [42] noted that the resonance sizes of sono‐
luminescence and sonochemically active bubbles are different. The sonochemilu‐
minescence, resulting from the reaction between OH radicals generated within cavi‐
tation bubbles and luminol molecules, intensity was used to determine the sono‐
chemically active (SCL) bubbles. The resonance size of SL bubbles are found to be
relatively larger than that of SCL bubbles. In addition, Eq. (1.2) shows that the reso‐
nance size decreases with an increase in ultrasonic frequency. Brotchie et al. [42]
have also confirmed this experimentally. The sizes were found to be 3.9, 3.2, 2.9,
2.7 and 2 μm at 213, 355, 647, 875 and 1056 kHz frequency, respectively. Another
important aspect that needs to be mentioned is the difference between theoretical and
experimentally determined resonance sizes of the cavitation bubbles. Equation (1.2)
provides a theoretical value of 14 μm at 213 kHz whereas the experimental value is
found to be 3.9 μm. This is also known from single bubble work at 20 kHz where
the experimental resonance size was found to be about 5 μm compared to the theo‐
retical value of 150 μm [43]. The difference between the resonance size determined
by Eq. (1.2) and experimental value is due to the fact that Eq. (1.2) is a very simplified
one that does not consider the physical properties of the liquid or bubble contents.

When bubbles reach the resonance size range, they grow to a maximum size
within one acoustic cycle and implode. Bubble implosion/collapse is a near adiabatic
process. In simple thermodynamic terms, the volume of the bubble decreases instan‐
taneously resulting in the generation of extreme heat within the bubble. Theoretical
estimates predict greater than 15,000 K [44, 45]. However, experimental methods
estimate about 1000–5000 K [46–50]. A number of techniques have been used to
calculate the bubble temperatures. First, the bubble temperature could be theoreti‐
cally calculated using Eq. (1.4).

Tmax = Tm

(
Pm(𝛾 − 1)

Pv

)
(1.4)

Tmax—bubble temperature on collapse; Tm and Pm are solution temperature and
pressure, respectively, Pv is pressure inside the bubble and γ is heat capacity ratio of
the gas inside the bubble. A theoretical temperature of about 12,700 K could be
calculated by using γ = 1.66 (ideal gas), Tm = 298 K, Pm = 2 atm, Pv = 0.031 atm.
Replacing γ of an ideal gas by that of water (1.32), the temperature drops to 6150 K
highlighting the importance of the heat capacity ratio of the gas contained in the
collapsing bubbles. Suslick and coworkers [46, 47] have used sonoluminescence
spectra to calculate bubble temperatures in multibubble systems and found to be in
the order of 1000–5000 K. Henglein and coworkers [48] have used methyl radical
recombination method and determined the cavitation bubble temperatures to be in a
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similar range. Independent of the accuracy of these methods, it could be realised that
the extreme temperature conditions are generated within cavitation bubbles.

1.3 Physical and Chemical Effects of Acoustic Cavitation

When bubble collapse occurs, a number of physical and chemical events are gener‐
ated. High intensity shock waves are generated when bubbles collapse symmetrically
[51, 52]. The energy associated with shock waves are extremely high that could be
used to increase mass transfer processes in liquids. Suslick and coworkers have
shown [53] that shockwaves could drive particle-particle collision generating
temperatures as high as 3500 K on the surface of the colliding particles. Another
significant force that is generated during the asymmetric collapse of a cavitation
bubble is microjet [54]. When a bubble is near a boundary, it experiences uneven
acoustic force around it and undergoes asymmetric collapse with a liquid jet rushing
towards the middle of the bubble hitting the surface/boundary with a speed of greater
than 100 miles per second. Such high-speed jets possess enormous kinetic energy
that could make pits or holes on the surface of a metal plate or particle. Other physical
forces that are generated during acoustic cavitation are microstreaming, agitation,
turbulence, etc. that could be used to enhance mass transfer effects in a medium [55].
Ultrasonic synthesis of polymer latex particles and core-shell biomaterials need
strong shear forces and a small amount of radicals to initiate polymerisation or cross-
linking reactions. 20 kHz horn system is found to be suitable for such applications
[56–60].

The generation of very high temperatures on bubble collapse has already been
mentioned. The heat generated can raise the temperature of the core of the bubbles
to thousands of degrees for a short period (micro- to nanoseconds). Such extreme
thermal conditions lead to light emission from the bubbles, referred to as sonolumi‐
nescence [61], which will not be discussed in this book. Another consequence of the
high temperature conditions within the core of the cavitation bubble is the induction
of a variety of chemical reactions [62–70]. In organic solvents, the heat generated
has been used to synthesise amorphous metal nanoparticles (see Sect. 2.2). In
aqueous solutions, water and other volatile compounds could diffuse into the bubble
and pyrolysed/decomposed by the extreme temperatures of the bubble. If it is pure
water saturated with argon, only H and OH radicals are predominantly generated
and are referred to as primary radicals (Reaction 1).

H2O → 𝐇 +𝐎𝐇 (Reaction 1)

The primary radicals may undergo recombination reactions to for molecular
products (Reactions 2–4).

𝐇 +𝐎𝐇 → H2O (Reaction 2)

6 1 Introduction
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𝐎𝐇 +𝐎𝐇 → H2O2 (Reaction 3)

𝐇 +𝐇 → H2 (Reaction 4)

In air-saturated water, a variety of radicals and molecular products are generated
(Reactions 5–8)

𝐇 + O2 → 𝐇𝐎
𝟐 (Reaction 5)

𝐇𝐎
𝟐
+𝐇𝐎

𝟐
→ H2O2 + O2 (Reaction 6)

O2 → 2𝐎 (Reaction 7)

O2 +𝐎 → O3 (Reaction 8)

The reaction between N2 and O2 within cavitation bubbles has been shown to
produce nitric acid, responsible for lowering the solution pH [71]. When an organic
solute such as alcohol is dissolved in water, secondary reducing radicals are gener‐
ated [72] (discussed in Sect. 2.1).

In simple terms, a variety of redox radicals are generated within the cavitation
bubbles and hence each cavitation bubble could be compared to an electrochemical
cell. For certain applications, only reducing radicals could be preferred: for example,
for the reduction of metal ions to form metal nanoparticles (discussed in Sect. 2.2).
In this case, the addition of a small amount of organic solute could convert all
oxidising radicals (OH for example) to secondary reducing radicals. For reactions
involving oxidation only, purging the solution with oxygen could convert the
reducing radicals into oxidising radicals (Reaction 5).

The primary and secondary radicals could also be used in polymerisation and
other chemical reactions [72–80]. Specific examples are discussed in Chap. 2. Prior
to looking at such examples, it should be highlighted that the choice of right
frequency is important to achieve optimal efficiency for every reaction. For this
purpose, reactions/processes could be grouped into 3 categories: reactions that
primarily depend upon the physical effects of ultrasound, reactions that primarily
depend upon the chemical effects of ultrasound and reactions that depend upon both
physical and chemical effects. For example, ultrasonic depolymerisation reactions,
ultrasonic emulsification, ultrasonic extraction and ultrasonic cleaning primarily
depend upon the physical forces (shear forces, microstreaming, microjetting, shock
waves, agitation, etc.) generated during acoustic cavitation [81–85]. Ultrasonic
synthesis of nanomaterials in aqueous solutions, sonochemical degradation of pollu‐
tants, etc., depend primarily on the amount of primary and secondary radicals gener‐
ated during acoustic cavitation [86–90]. Ultrasonic synthesis of polymer latex
particles and core-shell biomaterials depend upon both physical and chemical effects
[91–95]. The mechanism behind such reactions/processes will be discussed later.
However, it is worth noting that the physical forces generated at 20 kHz in a horn-
type sonicator is significantly stronger. For this reason, applications such as extrac‐
tion, cleaning and emulsification use a horn-type sonicator. The amount of radicals
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generated in such system is significantly lower compared to that generated at high
frequencies where plate-type transducers are used.

At 20 kHz, most of the cavitation activity occurs at the tip of the horn and hence
the number of active bubbles generated is relatively lower. Despite the amount of
radicals generated per bubble is higher, the overall yield is lower. At 20 kHz, the
heat generated within the bubble could be significantly higher compared to that
generated at higher frequencies since the bubble size is larger. Equation 1.2 shows
the relationship between resonance bubble size and frequency. Accordingly, the
amount of radicals generated per bubble decreases with increasing frequency. On
the other hand, the number of bubbles generated increases with an increase in
frequency (for a given volume and power input) leading to an increase in the amount
of primary and secondary radicals with an increase in frequency. The increase in
number of active cavitation bubbles is due to an increase in the number of standing
waves as schematically and photographically shown in Fig. 1.2.

Hence, for achieving redox reactions, higher frequencies are found useful. It
should also be noted that the radical yield reaches a maximum level in the frequency
range, 200–800 kHz beyond which the yield is found to decrease [96–100]. The
amount of primary radicals generated during acoustic cavitation could be quantified
using a relatively simple iodide oxidation process. OH radicals generated react
among themselves to produce hydrogen peroxide (Reaction 2). In the absence of any
additive (in pure water), the amount of H2O2 produced remain reasonably stable for
a short period of time. However, in the presence of iodide ions, H2O2 could be used
to oxidise iodide ions to molecular iodine, which is useful to quantify the amount of
OH radicals generated [100].

Figure 1.3 shows that the amount of OH radicals generated is the highest at
355 kHz among the three frequencies investigated [100]. The decrease observed at
the highest frequency is due to a relatively lower bubble temperature and a lower
amount of water vapour that could evaporate into cavitation bubbles during the
expansion phase (due to relatively less time available for rarefaction cycle) at very
high frequencies. A detailed discussion on this is available elsewhere [101].

In brief, for a given solution volume and acoustic power, a change in acoustic
frequency results in an increase in the number of active bubbles and a decrease in
the resonance size of the bubble. This would have two opposing effects. A decrease
in bubble size means a decrease in collapse intensity and hence lower bubble temper‐
ature. This leads to a decrease in the amount of primary and secondary radicals
generated per bubble. In the meantime, an increase in the number of bubbles (due to
an increase in the number of standing waves) leads to an increase in the amount of
radicals generated. It has been shown in many studies [96–100] that the sonochemical
reaction yield peaks around 200–800 kHz beyond which a decline in the yield is
observed.

Despite an increase in the number of bubbles, a decrease in bubble temperature
and very short time available for volatile molecules to diffuse into the bubbles during
the expansion cycle leading to the observed decrease in radical yield. This has been
theoretically demonstrated in Fig. 1.4. It is known that solvent molecules adsorb on
the surface of cavitation bubbles. Using the resonance radius of the bubbles at each
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frequency, the amount of water molecules in a monolayer on the surface of bubbles
could be calculated [101]. Also, there is a finite time required for the evaporation
process to occur. Using the number of molecules at the interface and the time required
for evaporation and expansion cycle, it could be shown that there is enough time
available for the evaporation of one monolayer of water at low frequencies, whereas
not enough time is available at high frequencies for the evaporation of one monolayer
to be completed.

Fig. 1.2 Left Schematic representations of standing waves leading to an increase in the number of
cavitation bubbles; Right photographic images of SL observed at 37 and 440 kHz

1.3 Physical and Chemical Effects of Acoustic Cavitation 9



It could be seen in Fig. 1.4 that the transition occurs around 200 kHz and gap
widens at higher frequencies. However, the decrease in radical yield per bubble is
compensated by the increase in number of bubbles until about 800 kHz as observed
in many studies.

Fig. 1.3 OH radical yield as a function of sonication time at 20, 355 and 1056 kHz Adapted from
Ref. [100]

Fig. 1.4 Theoretical data shown mass of evaporated from bubble surface during a single expansion
phase at various frequencies. It could be seen that the mass that could evaporate exceeds the amount
present in a monolayer on the bubble surface at lower frequencies. At higher frequencies, the amount
that could evaporate is less than a monolayer, which is due to very short expansion time available
during bubble oscillations. Further details are available in Ref. [101]
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In summary, this chapter provides a simple overview of the various physical and
chemical effects generated during acoustic cavitation and how different experimental
parameters could be manipulated to control such effects.
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Chapter 2
Ultrasonic Synthesis of Functional Materials

Abstract Acoustic cavitation generates both physical and chemical effects. In this
chapter, it has been discussed that some chemical reactions need the physical forces
only where mass transfer effects are dominated. Some chemical reactions are caused
primarily by the reactive radicals generated during acoustic cavitation. Reactions
involving immiscible liquids, such as emulsion polymerisation process, need both
the physical and chemical forces generated during acoustic cavitation process.
Synthesis of functional inorganic, organic and biomaterials using ultrasound has
been discussed in detail with specific examples. In addition, ultrasonic processing
of food matrices to increase their functionality has also been included.

Keywords Ultrasound · Acoustic cavitation · Sonochemistry · Functional
materials · Nanoparticles · Polymer latex · Synthesis of functional materials ·
Food processing · Core-shell materials

As mentioned in Chap. 1, the physical and chemical forces generated during acoustic
cavitation could be used to synthesise a variety of functional materials. A functional
material refers to an organic or inorganic material possessing specific functional
properties. For example, some metal nanoparticles possess catalytic or antimicrobial
properties [1, 2]; some metal oxides could be used in energy conversion applications
[3–5]; some core-shell materials could be used for drug delivery applications [6–9].
The aim of this Brief is to provide a snapshot of the use of ultrasound in preparing
functional materials with selected examples. A number of review articles [10–19]
and edited books [20–24] are available on individual topics covered in this book that
provide extensive literature review on various aspects discussed here.

2.1 Functional Inorganic Nanoparticles

Numerous studies have been carried out on synthesising metal and metal compound
nanoparticles using acoustic cavitation process in organic and aqueous solutions.
The fundamental mechanism involved in generating metal or metal compound
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nanoparticles is the heat generated within the cavitation bubbles. In organic liquids,
volatile metal complexes are used to generate metal and metal oxides. In aqueous
solutions, metal salts are used. These two methodologies have completely different
mechanisms to produce functional nanoparticles, which are schematically shown in
Fig. 2.1. The reaction sequence schematically shown in Fig. 2.1 also highlights the
key events. Suslick and coworkers [13], Gedanken and coworkers [11] and other
researchers [25] have used volatile coordination compounds containing zero valent
metal atoms to generate metal nanoparticles.

When cavitation bubbles expands during the rarefaction cycle of the sound wave,
volatile compounds evaporate into the bubble. In one example, Fe(CO)5 dissolved
in octanol diffused into the bubble and decomposed during bubble collapse due to
high temperature conditions leading to the formation of Fe nanoparticles. Due to a
high cooling rate (of the order of 109 K/s), the material generated was amorphous in
nature and showed high catalytic activity compared to commercial samples [26].

It has been noted that the ultrasonically generated iron nanoparticles showed
higher catalytic activity towards specific reactions. Suslick and coworkers [26] tested
the catalytic activity of sonochemically synthesised iron particles for Fischer-
Tropsch hydrogenation reaction and compared the activity with that of commercial
samples. The efficiency of the sonochemically produced iron particles was about 2–
5 times higher than that of the commercial samples.

In addition to making metal nanoparticles such as Fe [26], Co [27], Pd [28] and
Ni [29], the method was also applied for synthesising carbon nanotubes and lumi‐
nescent silica nanoparticles [30]. Authors have speculated that black carbon polymer
could be produced under the extreme heat generated within the cavitation bubble by
the decomposition of organic compounds followed by fast annealing process by the
turbulent flow and shockwaves generated on bubble collapse. Sonochemical
synthesis of nanostructured MoS2 was achieved by the ultrasonic irradiation of

Fig. 2.1 Schematic representation of the formation metal nanoparticles (Mx): Left from metal
carbonyl compounds (M(CO)n within the collapsing bubbles in an organic solvent; Right by the
reduction of metal ions in aqueous solutions by reducing radicals (RR) generated within the bubbles.
M—neutral metal atom; CO—carbon monoxide ligand; M+—metal ion; RH—organic solute
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Mo(CO)6 and sulphur in tetramethylbenzene, which were found to be excellent cata‐
lysts for thiophene hydrosulfuization [31].

Extensive work has been carried out on the sonochemical synthesis of metal and
metal oxide nanoparticles in aqueous solutions. As mentioned earlier, the reaction
mechanism is completely different to that observed in an organic medium. In the
examples discussed above, the formation of metal nanoparticles occurs within the
hot zone of the cavitation bubbles (Fig. 2.1). Whereas in aqueous solutions, the metal
nanoparticles are generated either at the bubble/solution interface or in the bulk
solution. As per Reaction 1 (Sect. 1.3), H atoms are generated, which could be used
as a reducing agent. When an aqueous solution containing dissolved metal ions is
sonicated, H atoms generated within the bubbles diffuse out into the bulk and react
with metal ions to generate metal atoms (Reaction 9) which could agglomerate to
form metal nanoparticles.

M+ +𝐇 → M + H+ (Reaction 9)

Henglein and coworkers [32] have cleverly used a small amount of volatile
organics (simple alcohols, RHOH) to capture the primary radicals to generate rela‐
tively large amount of secondary reducing radicals (Reaction 10), a technique
commonly used in radiation chemistry.

𝐇∕𝐎𝐇 + RHOH → 𝐑𝐎𝐇 + H2∕H2O (Reaction 10)

ROH radicals (alcohol radicals), strong reducing agents, react with metal ions to
generate metal atoms which then agglomerate to form metal nanoparticles (Reac‐
tions 11 and 12). It is also known that alcohol or other volatile organic molecules
that diffuse into the cavitation bubbles get pyrolysed within the bubbles and generate
a variety of reducing radicals (R), which could also be involved in the reduction
reaction (11).

𝐑𝐎𝐇 + M+ → M + Other products (Reaction 11)

nM → Mn (Reaction 12)

Okitsu et al. [33–35] and Grieser and coworkers [36–39] have carried out exten‐
sive research work on the sonochemical synthesis of metal and metal compound
nanoparticles in aqueous medium. Most of their studies focussed upon controlling
the size, size distribution and shape of the nanoparticles by manipulating various
experimental parameters. One of the key findings of these investigations is the
correlation between the rate of radical formation and the size and size distribution
of the metal nanoparticles [35]. As discussed in Chap. 1, the amount of primary and
secondary radicals generated during acoustic cavitation depends on the operating
frequency when other experimental parameters are kept unchanged. As discussed in
Sect. 1.3, the amount of primary radicals generated during acoustic cavitation is very
low at 20 kHz, increases with an increase in frequency and then decreases beyond a
certain frequency. The rate of gold formation is found to increase with an increase
in frequency initially followed by a decrease at very high frequencies (Fig. 2.2).
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This trend correlates well with that of primary radical formation. In the same
work, Okitsu et al. [35] also measured the size and size distribution of Au nanopar‐
ticles and found that the average size of Au nanoparticles decreased with an increase
in frequency initially and increased at very high frequencies—a similar trend to that
of primary radicals and rate of Au formation. Further analysis of the data showed
that it is not the acoustic frequency that controls the average size of the particles but
the rate of Au(III) reduction.

It can be seen in Fig. 2.3 that the size has a linear relationship with the rate of
reduction, which in turns depends upon the amount of reducing radicals generated
at various frequencies. This is an important finding since it reinstates the general
principles with regard to particle size control. When crystals are produced, two
processes control the size, namely nucleation and growth. If the rate of nucleation
is faster than the rate of growth, then smaller particles are produced and vice versa.

Fig. 2.2 Rate of Au(III)
reduction and the
corresponding size of Au
nanoparticles as a function of
ultrasound frequency
(Adapted from Ref. [35])
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Fig. 2.3 Size of Au
nanoparticles generated in
relation to rate of Au(III)
reduction at various
frequencies. Adapted from
Ref. [35]
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The observation in Okitsu et al.’s study [35], higher the rate of radical formation
smaller the particle size, indicates that the general principles of crystal formation
and growth are valid under sonochemical synthetic conditions.

A second aspect that is of interest in sonochemical synthesis of metal nanoparti‐
cles is the formation of core-shell bimetallic particles. Vinodgopal et al. [40] have
tried to synthesise Pt-Ru bimetallic alloy particles aiming at using them in methanol
oxidation fuel cells. It is known that CO-poisoning lowers the efficiency of fuel cells
when Pt is used an electrode material. The use of Ru-Pt alloy would prevent CO-
poisoning. However, when a mixture of Pt and Ru salts was sonicated in aqueous
solutions, Pt-core-Ru-shell nanoparticles in the size range 2–20 nm were formed
(Fig. 2.4a). The issue here is the relative ease of the reduction of Pt ions compared
to the reduction of Ru. The Pt nanoparticles are first produced by the sonochemically
generated reducing radicals, which then act as electron pools to reduce Ru(III) ions.
Ru(III) ions are reduced on the surface of Pt nanoparticles forming a shell around
them. Vinodgopal et al. have also successfully generated Ru-Pt alloy nanoparticles
using PVP as the stabiliser. The prepared alloy nanoparticles were tested for their
catalytic efficiency in methanol oxidation fuel cells. This work was later followed
by Anandan et al. to make Au-Ag [41] and Au-Ru [42] core shell particles, in order
to demonstrate the versatility of this methodology.

Exfoliated graphene sheets have found applications in fuel cells and sensors.
Functionalised reduced graphene oxide (RGO) nanoparticles were sonochemically
synthesised by Vinodgopal et al. [43]. High frequency sonication (211 kHz) of an
aqueous solution containing GO, gold chloride and PEG resulted in the simultaneous
reduction of GO to RGO and deposition of gold nanoparticles on the surface of RGO
sheets (Fig. 2.5). In a follow up study, the authors have used a dual frequency
approach to generate exfoliated RGO-Pt nanocomposites with better efficiency
towards methanol oxidation process [44]. In this case, the strong physical forces
generated by 20 kHz ultrasound was used for the exfoliation of GO and the high
frequency ultrasound was used to achieve reduction reactions necessary for the
generation of RGO-Pt nanocomposites.

Neppolian et al. [45] have further developed this process for synthesising Pt-Pd
bimetallic particles loaded RGO nanosheets for methanol oxidation fuel cells. These
composite particles showed very high electrocatalytic activity. In particular, this
study focused on varying the molar ratio of Pt/Pd bimetallic particles on the catalytic
activity. They have observed that 1:1 Pt/Pd-loaded RGO showed optimal electroca‐
talytic activity with a minimum onset potential and maximum current density.

It could be seen from the discussion provided so far in this chapter that sono‐
chemical synthesis of functionalised nanomaterials show superior catalytic proper‐
ties demonstrating the versatility of this methodology. In particular, the sonochem‐
ical method generates very small nanoparticles in the size range 2–10 nm, which is
normally difficult to be generated by chemical methods in aqueous medium. Another
advantage here is the in situ generation of the metal nanoparticles for loading onto
other surfaces.

In addition to catalytic properties, the sonochemically synthesised metal nano‐
particles have also been found useful in biomedical applications. It has been shown
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that sonochemically synthesised gold nanoparticles could be used in biosensing [46].
The gold nanoparticles seem to electronically interact with Adenine Thymine-DNA
(AT-DNA) and Guanine Cytosine-DNA (GC-DNA). Such interactions could be
monitored by the photoluminescence properties of the biomolecules.

TiO2 has been used as a photocatalyst in numerous studies [47–49]. The photo‐
catalytic properties of TiO2 strongly depend upon the method of preparation and
hence numerous investigations have focused on establishing a relationship between
the functional properties of TiO2 and the method of preparation [50–54]. Ultrasonic
methodology has been extensively used in the preparation of TiO2 nanoparticles in
various forms [55–58]. In addition to TiO2, other metal oxide nanocomposites have

Fig. 2.4 a Pt-Ru core-shell nanoparticles generated by the sonochemical reduction of Pt and Ru
ions in aqueous solutions at 211 kHz; b Schematic representation showing the formation of Pt core
followed by Ru shell. Adapted from Ref. [40]
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also been synthesised using ultrasonic methodology. For example, the sonication of
a solution containing a mixture of copper(II) acetate and bismuth(III) nitrate in the
presence of sodium hydroxide and polyvinylpyrrolidone (stabilizing agent) has led
to the formation of Bi2CuO4 nanoparticles possessing flake-like morphology [59].
The formation of such unusual morphologies is due to the unique and extreme
experimental conditions generated during acoustic cavitation. These nanostructured
composite materials have been found to possess high photocatalytic activity
compared to individual oxides (CuO and Bi2O3).

One of the major issues in using nanoparticles for the degradation of organic
pollutants in aqueous environment is the removability of these materials after
processing. Due to their very fine size, filtration of the photocatalytic nanoparticles
from aqueous solution is a difficult and energy intensity process. For this reason,
there is significant interest from both research and industrial communities for synthe‐
sising micron sized catalytic particles possessing nanoporos structures. The nano‐
porosity would provide the advantage of high surface area required for a high photo‐
catalytic efficiency and the micron size would help for easy removal from the solution
following the catalytic process.

Zhou et al. [60] have recently developed a novel methodology to synthesise
nanoporos TiO2 microspheres. It involved the dispersion of either hydrophilic TiO2
particles in an aqueous chitosan solution or hydrophobic TiO2 particles in an organic
solvent layered on an aqueous chitosan solution followed by sonication using a
20 kHz horn. As shown in Fig. 2.6, porous TiO2-shelled microspheres or TiO2-rich
core microspheres could be prepared by choosing appropriate experimental

Fig. 2.5 TEM micrograph of the RGO-Au composite prepared by the sonochemical reduction of
GO and Au(III) ions using 211 kHz. Adapted from Ref. [43]
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conditions. The procedure involved calcination of chitosan which was used to form
the microsphere skeleton. A detailed mechanism for the formation of these micro‐
spheres with two different morphology has been discussed.

In order to demonstrate the functionality of the TiO2 microspheres, their antimi‐
crobial property was studied using growth of E. coli as a model system. The growth
of E. coli was completely inhibited by TiO2 microspheres up to 24 h compared to a
control. TiO2 microspheres containing nanoporos structures have shown similar
photocatalytic activity compared to Degussa TiO2 nanoparticles with added
advantage of easy removability. This study has established the fact that ultrasonic
method could be used to prepare density controlled porous catalytic materials for a
variety of potential industrial applications that include paints possessing antimicro‐
bial properties, adsorption of dyes from industrial effluents, drug encapsulation and
delivery, etc.

Fig. 2.6 Top Cross-sectional TEM images of Left TiO2-rich-shell-loaded chitosan microspheres
[60]; Top Right TiO2-rich-core-loaded chitosan microspheres; Bottom SEM images of Left Chitosan
microspheres before calcination and Right TiO2 hollow/porous microspheres after calcination
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2.2 Functional Organic Nanoparticles

Ultrasonic/sonochemical synthesis of polymer latex particles has shown several
advantages over conventional polymerisation process [61]. Enhanced rate, particle
size control, polymerization in the absence of an initiator, high and uniform molec‐
ular weight distribution and low temperature polymerisation process are some
advantages that could be highlighted. The mechanism of ultrasonic polymerisation
process involves both the physical and chemical forces generated during acoustic
cavitation. Initially, the shear forces and interfacial capillary forces generated help
generate nanometre sized monomer emulsion droplets in aqueous phase. The
primary and secondary radicals generated within cavitation bubbles diffuse into
monomer droplets initiating polymerisation thus converting each monomer droplet
into a polymer particle. These events are schematically represented in Fig. 2.7. Often
surfactants are used to stabilise monomer droplets.

The reaction mechanism of ultrasonic polymerisation has been elucidated by
Bradley and Grieser [62]. They have suggested that the initial reaction step is the
reaction between the primary radicals generated in Reaction 1 and monomer mole‐
cules to generate monomer radicals (MR; Reaction 13) in the aqueous phase. These
radicals then enter into a monomer droplet (MD; Reaction 14) and initiate the

Fig. 2.7 Acoustic cavitation-induced polymerisation of a monomer to generate polymer latex
particles using 20 kHz ultrasonic horn [61]. The shear forces generates emulsion droplets. Radicals
generated within cavitation bubbles react with monomer molecules to generate monomer radicals
that diffuse into monomer droplets to initiate polymerisation process
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polymerisation (propagation) reaction (14). Termination of the polymerisation
process occurs when growing radicals (PC(i) and PC(ii)) react among themselves as
shown in Reaction 15. Detailed kinetic models for ultrasonic polymerisation reac‐
tions are available in the literature [63, 64].

𝐇∕𝐎𝐇 + M → 𝐌𝐑 + H2∕H2O (Reaction 13)

𝐌𝐑 + MD → 𝐏𝐂(𝐢) + 𝐏𝐂(𝐢𝐢) (Reaction 14)

𝐏𝐂(𝐢) + 𝐏𝐂(𝐢𝐢) → PF (Reaction 15)

Most of the ultrasonic polymerisation studies involve miniemulsion polymerisa‐
tion process where both shear and radicals generated by acoustic cavitation at 20 kHz
are important. However, Teo et al. [65] have also used high frequency (213 kHz) to
successfully carry out microemulsion polymerisation. By manipulating the concen‐
tration of surfactant used to stabilise the emulsion droplets, shear forces needed to
generate emulsion droplets could be avoided.

Teo et al. [66] have developed a novel methodology to control the molecular
weight of polymers generated by ultrasonic emulsion polymerisation process. In this
procedure, an organic solvent was mixed with the monomer in different proportions.
When various amounts of toluene were mixed with the monomer, the rate of poly‐
merisation decreased with an increase in the amount of toluene. This is due to the
formation of donor/acceptor complex between propagating monomer/polymeric
radical and toluene molecules slowing down the propagation rate. A number of
aromatic organic liquids (halobenzenes and xylene) showed similar effects. What is
interesting is that when aliphatic organic liquids were used, no such effect of
retarding rate of polymerisation was observed. Hence, the presence of an aromatic
ring is important for the formation of the complex mentioned above. Another inter‐
esting observation in this study is that the molecular weight of the polymer was
influenced by the presence of both aromatic and aliphatic organic liquids. Teo et al.
[66] have related the change in molecular weight to chain transfer constant which
could be obtained by plotting 1/DP (degree of polymerisation) against the ratio
between organic liquid and monomer amounts.

They have also synthesised thermoresponsive [67] and magnetised [68] polymer
latex particles. For the later, butylmethacrylate (BMA) monomer containing pre-
synthesised magnetite nanoparticles of 10 nm in size was ultrasonically emulsified
in an aqueous surfactant solution. The subsequent formation of poly-BMA latex
particles resulted in the homogeneous incorporation of magnetic particles within the
latex particles. The colloidal solution containing magnetite-loaded poly-BMA
showed strong magnetic activity (Fig. 2.8).

The supramagentic properties of magnetite-loaded poly(BMA) particles were
evaluated using vibrating sample magnetometry technique. It has been suggested
that the one-pot synthetic methodology could be used to synthesise such functional
composite materials for potential applications in separation technologies and encap‐
sulation and controlled release of drugs and food flavours.
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Bradley et al. [69] have extended the sonochemical polymer latex formation
technique to synthesise fluorescent and phosphorescent latex particles. The method,
schematically shown in Fig. 2.9, simply involved the ultrasonic emulsification of
methylmethacrylate monomer in an aqueous surfactant solution where a fluores‐
cence or phosphorescent solute was pre-dissolved in the monomer phase. When
pyrene was used as a fluorescent solute, the dielectric constant of the latex particles
could be evaluated. Due to the incorporation of the fluorescence solutes into the
polymer latex matrix, the interaction between excited state and ground state
monomer could be avoided resulting in the lack of dimer emission and domination
of monomer emission.

Using the ratio between band intensities of pyrene emission at specific wave‐
lengths, the dielectric constant of the latex could be evaluated. Phosphorescent poly-
MMA particles were also produced using 1-bromonaphthalene.

Atobe and coworkers [70, 71] have used Tandem acoustic technique to make
transparent emulsions and extended this technique to synthesise latex particles with

Fig. 2.8 Left Photograph showing the magnetic properties of magnetite-loaded poly(BMA) latex
particles; Right TEM image showing the magnetite-loaded poly(BMA) latex particle. Adapted from
Ref. [68]

Fig. 2.9 Schematic diagram showing the incorporation of pyrene into MMA monomer droplet
resulting in the incorporation of the fluorescence solute into the latex particles that makes the latex
particle with fluorescence properties [69]
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controlled size range. The synthesis of size controlled polymer nanoparticles
involved the sonication of monomer aqueous solution at 20 kHz followed sequen‐
tially by 500 kHz, 1.6 and 2.4 MHz—such procedure generated emulsion droplets
of 103 nm after 20 kHz sonication, then 87, 61 and 47 nm, respectively. Such
monomer droplets were found very stable in the absence of any surfactant. The
addition of a chemical initiator to the transparent emulsions initiated polymerisation
reaction converting the monomer droplets to polymer particles without significant
changes to their size range.

2.3 Functional Microspheres

Encapsulation and delivery of drugs and nutritional compounds is an active area of
research. In general, most functional compounds such as drugs and nutrients are
nonpolar and hence delivery in the form of aqueous solution is an issue. Conventional
emulsification techniques such as homogenisation including ultrasonic homogeni‐
sation is used to prepare an emulsion of the functional compound, protected by
emulsifiers using surface active agents. However, such emulsions are not stable and
long-term storage is an issue. Protein/lipid/carbohydrate-shelled microspheres
encapsulating air or other functional materials have been found useful in numerous
applications involving encapsulation and delivery. Suslick and coworkers [72, 73]
used ultrasonic technology to prepare air-filled protein microspheres that could be
used as ultrasound contrast agents. The process not only generated protein-coated
air-filled microspheres but also formed a strong protein shell due to cross-linking of
proteins by cavitation generated radicals. The process involved is schematically
shown in Fig. 2.10 [74].

Typically, an aqueous solution containing 5% BSA (bovine serum albumin) is
sonicated at 20 kHz using a horn-type sonicator at relatively high acoustic power

Fig. 2.10 Schematic representation of air-filled microsphere formation in an ultrasonic field.
Partially denatured protein molecules adsorb at the ultrasonically-generated bubble solution
interface. Superoxide radicals generated during acoustic cavitation leads to inter-molecular cross-
linking of proteins resulting in the formation of stable protein-shelled microbubbles [74]

28 2 Ultrasonic Synthesis of Functional Materials



levels. There are a few key steps involved in this process. First, partial denaturation
of the protein should be carried out to increase the surface activity of the protein. In
its natural globular state, the surface activity of these proteins is low. Proteins in their
natural state have globular structure held together by intramolecular forces such as
disulphide bonds or hydrophobic interactions. Partial denaturation could be achieved
either thermally or by chemical means [72–74]. Such partial denaturation of proteins
leads to aggregation followed by adsorption at bubble/solution interface. The posi‐
tioning of the horn is also important in this process. If air is to be encapsulated, the
tip of the horn should be positioned at air/solution interface. If an organic liquid (or
functional liquid material) needs to be encapsulated, the tip of the horn should be
positioned at organic liquid/aqueous solution interface. Figure 2.11 shows SEM
images of liquid-filled microspheres.

While the above-mentioned procedure is similar to conventional emulsification
process, ultrasonic technology leads to the cross-linking of the proteins to form a
stable shell around air or liquid core. The partial denaturation process in general
breaks inter-molecular disulphide bonds present in the protein leading to the forma‐
tion of free thiols. As mentioned earlier (Reaction 5), HO2 radicals are generated
during acoustic cavitation in air-saturated aqueous solutions, which are used to
generate inter-molecular disulphide bonds between protein molecules adsorbed at
the bubble or liquid droplet surface. Such cross-linking provides strength to the shell
making the microspheres very stable [74].

While inter-protein molecular disulphide bonds are shown to strengthen the shell,
Gedanken and coworkers [75] have used proteins that do not possess –SH functional
groups. Using streptavidin and avidin as the shell materials, they prepared functional
microspheres. A recent work by Cavalieri et al. [76] has performed a systematic
study on the importance of cross-linkable functional groups in order to produce stable
microspheres. They prepared poly(methacrylic acid) (PMA) containing different
degree of –SH moieties (0, 5, 10 and 30 %). Using PMA and PMASH, microspheres
were ultrasonically prepared and characterised. It was found out that microbubbles
made of pure PMA and 5 % –SH were not stable whereas PMASH microbubbles
containing >10 % –SH were found to be very stable. It was also found out that the

Fig. 2.11 SEM images of lysozyme microspheres (left), encapsulated liquid flowing from a broken
microsphere (middle) and hollow shell (right) following liquid removal
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physical and functional properties of PMASH microspheres depended upon degree
of thiolation. For example, the size of microbubbles almost doubled (8 μm) when
30 % –SH was present compared to those produced with 10 %. In addition, the surface
morphology was found to be smoother with a thin shell when 10 % –SH was used
whereas a rough and thicker shell was observed when 30 % –SH was used. The
authors have also bio-functionalised these PMASH microcapsules and microspheres
using doxorubicin and demonstrated their usefulness as targeted drug delivery vehi‐
cles (Fig. 2.12). The biofunctionality of lysozyme microbubbles has also been
extended in a follow up study [77] that involved loading of gold nanoparticles on
PMASH microsphere shell. In this case, the gold nanoparticles-loaded microbubbles
showed a higher efficiency in biosensing applications.

Using phantom as a tissue mimicking structure, ultrasound backscattering
capacity of gold nanoparticles-loaded lysozyme microbubbles (Fig. 2.12) was
demonstrated. In addition, alkaline phosphate conjugated lysozyme microbubbles
were shown to possess biosensing capabilities to detect small quantities of paraoxon.

Melino et al. [78] carried out further work to demonstrate the viability of using
protein microspheres for drug, gene and nucleic acid delivery. One of the important
factors that determines the potential viability of using any drug delivery vehicle is
its biodegradability following delivery of drugs. In particular, partial denaturation
of lysozyme during microsphere preparation may lead to protein aggregation and
hence amyloid fibrils formation that is known to cause Alzheimer’s disease. For this
reason, the biodegradability of lysozyme microbubbles was evaluated using limited
proteolysis using trypsin and the observed results are schematically shown in
Fig. 2.13.

Using SDS-Page and HPLC, this study showed the fragmentation of lysozyme
protein from the microbubble shell. As a control experiment, denatured lysozyme

Fig. 2.12 Left PMASH microcapsules and microbubbles loaded with doxorubicin for drug delivery
applications [76]; Right TEM image of gold nanoparticles-loaded lysozyme microbubbles used as
a biosensor [77]
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formed by heat was found to be resistant to trypsin proteolysis. In the same work,
Melino et al. [78] have also demonstrated the capacity of lysozyme microbubbles to
carry other functional biomolecules such as lactoferrin, DNA and dextran.

In all applications where protein microbubbles are used, the control over the size,
size-distribution and stability (shell thickness) are crucial factors. Detailed investi‐
gations have been carried out on controlling such properties under varying experi‐
mental conditions. It has been shown that ultrasonic power, post-sonication proce‐
dure, duration of sonication, etc. have significant control over the physical properties
of microbubbles. One novel finding reported recently [79] was the control of size
and size distribution of protein microspheres by tuning the properties of the ultra‐
sonic horn. It has been shown in this study that there is a strong correlation between
active cavitation zone and the size distribution of microspheres. In this work, lyso‐
zyme microspheres were prepared using ultrasonic horns of varying tip length and
also using a flow-through horn as shown in Figs. 2.14 and 2.15.

The size distribution of microspheres obtained using these horns are also shown
in this figure.

It could be seen in that there is a direct correlation between diameter of the horn
tip and size/size distribution of the microspheres. Smaller the horn tip diameter
narrower the size distribution and smaller the average size of microspheres. In order
to understand the mechanism for such a correlation, the active cavitation zone was
analysed for these systems using sonochemiluminescence images (Fig. 2.15).

Fig. 2.13 Digestion of lysozyme from microbubble surface (LSMB) by proteolysis in the presence
of Trypsin. Native lysozyme is resistant to proteolysis. Adapted from Ref. [78]

2.3 Functional Microspheres 31



It could be seen that the size/volume of active cavitation zone decreases with a
decrease in the diameter of horn tip. Using these observations, the authors speculated
that the physical effects generated during acoustic cavitation are more homogeneous
when the cavitation zone is narrower, which leads to the formation of smaller micro‐
spheres with a narrow size distribution. The reason for the formation of very narrow
sized nanospheres when a flow through horn was used is speculated to be due to the
2-dimensionaly active cavitation zone.

Recent work on starch-based microspheres [60], as discussed earlier, suggests
that ultrasonic preparation procedure is a versatile method that could be used for the
preparation of microspheres with a variety of shell and core materials. Chitosan

Fig. 2.14 SEM images showing lysozyme microspheres prepared using Left 1 cm tip, Middle 3 mm
tip and Right flowthrough horns. The corresponding size distributions are shown in the plot. 1:
Flowthrough horn; 2: 3 mm tip and 3: 1 cm tip. Adapted from Ref. [79]

Fig. 2.15 Top Photographs of side views of 1 cm, 3 mm and flowthrough horns. The last image is
a view from the bottom showing the hole in flowthrough horn. Bottom Corresponding SCL images
showing active cavitation zones. Of interest is the absence of an active cavitation zone from side
view for the flowthrough horn. Only two-dimensional active zone could be observed when viewed
from the bottom. Adapted from Ref. [79]
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microspheres encapsulating organic liquids also paves a pathway to prepare targeted
drug delivery vehicles.

2.4 Functional Foods

Delivering nutritional food has positive impacts on human health. Food industries
have been focusing on making functional foods to improve their nutritional benefits
and quality. Various technologies such as high pressure processing, high shear
homogenisers, etc. are in used in food processing. In recent years, the use of ultra‐
sound technology in food processing has been explored [80, 81]. While most of these
studies look into extraction of nutraceuticals and high value compounds such as
vitamins, a few have focussed on modifying the functional properties and synthesis
of functionalised foods [22, 80, 81].

Food emulsions are traditionally used to incorporate nutraceuticals in complex
food matrix. Ultrasonic dispersion of omega-3 oils in milk and juice has been
reported recently. Conventionally, homogenisers have been used for this purpose.
However, food emulsions generated using homogenisers are relatively less stable.
Shanmugam and Ashokkumar [82] have used 20 kHz ultrasound to generate stable
flaxseed oil emulsions in skim milk with a loading of up to 21 %. The key advantage
of ultrasonic emulsification process in a milk system is that there is no need for the
addition of external stabilisers. The physical forces generated during acoustic cavi‐
tation lead to partial denaturation of about 1 % of milk proteins, which act as stabil‐
isers of the emulsion droplets. The emulsions generated were found to be stable for
at least 9 days. Flaxseed oil emulsions in carrot juice was also successfully prepared
[83] ultrasonically with a loading of about 1 %. It should be noted that FDA’s GRAS
notification number GRN000256 has indicated the level of use of high linolenic acid
flaxseed oil in processed fruit/vegetable juices which should not exceed 0.9 %.

Homogenisation of milk using the physical forces generated during acoustic
cavitation has been studied extensively [84]. It has been shown that sonication at
20 kHz has led to the reduction of fat globule sizes in milk, much smaller than that
could be achieved by conventional homogenisers. It has been suggested that the shear
forces generated by acoustic cavitation are responsible for the reduction in the size
of fat globules in milk (Fig. 2.16).

It should be noted that ultrasonic technology is a non-thermal process and hence
very little changes to the physical and functional properties of dairy system is
observed due to sonication. In most studies, the processing time required is a few
seconds to less than a minute. In order to evaluate the effect of sonication on the
constituents of milk, Chandrapala et al. [85] and Shanmugam et al. [86] carried out
extensive research in recent years. Their studies have shown that sonication of a
dairy system causes very little changes to the physical properties of whey
proteins. They observed reversible changes to partial denaturation of whey
proteins. In order to see the effect, the constituents of whey proteins, namely,
pure- and 3:1 mixtures of β-Lactoglobulin (β-LG) and α-Lactalbumin (α-LA)
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were sonicated up to 60 min [85]. They observed an increase in surface hydro‐
phobicity and free thiol as a function of sonication. Therese changes were found to
be reversible on storage overnight. The secondary structure of the proteins was not
significantly affected.

Ashokkumar and coworkers [85–93] have also looked at the functional properties
of various dairy and starch systems following sonication. They have shown that gels
made of sonicated whey proteins showed better functional properties in terms of gel
strength and syneresis. As mentioned earlier, sonication leads to partial denaturation
of whey proteins. When heat-induced gelation process is applied on sonicated whey
protein systems, a better gel network is produced leading to firmer gels. Due to the
stronger protein network, the water holding capacity is found to be significantly
higher for the sonicated samples, which refers to reduced syneresis. Both these
properties are important for developing commercial products such as yoghurts and
smoothies.

Another important functionality improvement that was achieved in dairy systems
is heat stability of dairy proteins [87]. It is well-known that heat-induced aggregation
of dairy proteins is one of the major issues in dairy industry when spray-dried milk
powders are produced. Heating of high protein content solutions prior to spray drying
leads to a significant increase in viscosity, sometimes leading to formation of a gel.
This is highly undesirable in a processing plant which reduces production efficiency
and increases cost in dairy industry. A simple solution to overcome this issue has
been developed using ultrasonic processing technology. It can be seen in Fig. 2.17
that heating of whey protein solution leads to a significant increase in solution
viscosity. This is due to the formation of protein aggregates by denatured whey
proteins. Sonication of these aggregates reduced the viscosity back to the starting
level. No more than a maximum sonication of 1 min was required to bring down the
viscosity to almost initial level. This is important for an industrial process to mini‐
mise the energy requirement, if it to be adopted by dairy industry. What is more
interesting and important is the post-heating effect on these samples. If the non-
sonicated sample is heated further, viscosity increases significantly (Fig. 2.17).

Fig. 2.16 Micrographs of milk samples, Left non-homogenised; Middle: homogenised and Right:
sonicated (20 kHz). Average sizes of fat globules are ~5 μm, ~2 μm and ~1 μm for non-
homogenised, homogenised and sonicated samples, respectively. Adapted from Ref. [84]
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However, post-heating of the sonicated samples did not increase the viscosity
suggesting that the protein system was heat stable, which is what dairy industry
needed.

Follow up work on similar systems including skim milk, high protein content
solution, etc. provided further support to the claim that sonication could lead to
improved functionality in terms of heat stability of dairy systems. Extending the
work from lab scale to a pilot scale study [90], it has been shown that sonication is
a viable technology for improving the heat stability of dairy proteins in dairy
processing industry. To further support this process, Chandrapala et al. [91] also
looked at the functionality of whey protein powders prepared by spray drying after
sonication. The whey powder was stored for some days and reconstituted in water
and its heat stability was evaluated. It was observed that the sonicated-reconstituted
whey protein solution shows heat stability even after storage. Again, this is an indus‐
trially important process. One could prepare heat-stable whey protein concentrates
using ultrasonic technology, store and ship them to anywhere for reconstituting heat-
stable dairy systems.

The ultrasonic processing to reduce viscosity has not only found to be useful for
proteins, but starch system have also shown similar behaviour. It has been shown
that heating of a starch slurry in aqueous solutions increase the viscosity significantly
due to heat-induced gelation [92]. However, the physical forces generated during
acoustic cavitation have disrupted such aggregation process leading to a significant
reduction in solution viscosity. This is again an important process as the pasting
properties of starch are important in some applications such as in the preparation of
starch based confectionery. A detailed study by Zuo et al. [93] has shown that the
pasting property of starch could be improved without affecting the molecular weight
of the polymeric constituents in starch. In a separate study, Zuo et al. [93] have used
high intensity low frequency ultrasound to study the surface damage caused by soni‐
cation. The focus of this study was to quantify the physical effects of cavitation on

Fig. 2.17 Effect of sonication (20 kHz) on the viscosity of preheated WPC (9 % aqueous solution).
The viscosity of sonicated samples remains unchanged following post heating. Adapted from Ref.
[87]
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the surface of starch granules. A strong correlation between the surface properties
of starch granules and the number of pits generated up on the impact of cavitation-
generated microjets was observed.

It could be clearly seen that ultrasonic technology offers a versatile avenue for
synthesising a variety of functional materials. In addition, the physical effects of
acoustic cavitation have been shown to be beneficial for processing food and dairy
ingredients to increase their functionality.
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Chapter 3
Advantages, Disadvantages and Challenges
of Ultrasonic Technology

Abstract Examples discussed in Chap. 2 are primarily based on lab-scale processes
reported in the literature. Integrating ultrasound technology in industrial processes
is challenging, which has been the focus of this chapter.

Keywords Ultrasonic technology · Industrial processes · Sonochemistry

Collision theory in chemical kinetics suggests that rate of a chemical reaction
strongly depends upon the number of collision between reactant molecules. This is
one of the main advantages of using ultrasound in chemical reactions—it generates
mass transfer effects at macroscopic and microscopic levels. Even without the chem‐
ical effects of ultrasound (such as radical production), mechanical effects generated
by ultrasound, turbulence, shock waves, microstreaming, etc. increase mass transfer
within the medium that may positively influence chemical reactions and other
processes. Another advantage is the possibility of initiating reactions without
external reagents. Since the collapsing bubbles generate radicals that could do redox
reactions, external reagents are not required. In addition, some processes such as
emulsion polymerisation and microsphere formation require both physical and
chemical effects that could be generated by sonication. Products generated in the
absence of external chemical reagents would be purer and also the reaction envi‐
ronment is “greener”. Ultrasonic polymerization reaction have been shown to
generate polymer particles with high molecular weight in addition to the relatively
faster reaction rates and higher monomer to polymer conversion rates. The size and
size distribution of metal nanoparticles could be easily controlled by tuning the
ultrasound frequency and power. Core-shell and alloy bimetallic particles could be
generated at room temperature conditions which otherwise would require extreme
temperatures and longer reaction times. Ultrasound technology offers non-thermal
processing option for food industry. Viscosity modification, functionality improve‐
ment, nutrient delivery, etc. are some processes that could not be effectively achieved
in food industry without subjecting the food ingredients to extreme processing
conditions. As discussed in various examples, ultrasonic technology offers unique
reaction conditions that could be used for synthesising functionalised materials.
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With the benefits highlighted above, which are primarily based on laboratory scale
reactions, progressing this technology into industry scale processes remains a big
challenge. Some industries such as dairy industry and other food processing indus‐
tries are slowly exploring the possibility of introducing this technology into their
processing plants. However, lack of the availability of large scale ultrasonic reactors
is an issue. Currently, ultrasonic equipment have to be custom made for specific
applications that increases the cost of implementation of this technology in indus‐
tries. Also, direct contact between processing liquids and ultrasonic horns is found
to be an issue in some applications. This could be overcome by short residence times
using a flow through ultrasonic reactor and designing non-contact reactors.

Despite such drawbacks in terms of developing large scale equipment at present,
it is highly likely that this barrier would be overcome when various industrial sectors
realise the potential advantages of this technology in materials synthesis and
processing. A strong collaboration and commitment between academic researchers
and industries could overcome such issues and introduce the innovative ultrasonic
technology in various industrial applications that would ultimately benefit human
beings across the globe.
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