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EDITORIAL

Sonochemistry: from Basic Principles to Innovative
Applications

Gregory Chatel1 • Juan Carlos Colmenares2

� Springer International Publishing Switzerland 2016

The term ‘‘sonochemistry’’ is used to describe the chemical and physical processes

occurring in solution through energy provided by ultrasound (in the range from

20 kHz to 2 MHz). The effects of ultrasound are the consequence of the cavitation

phenomenon, namely the formation, growth, and collapse of gaseous microbubbles

in liquid phase. The intense local effects (mechanical, thermal, and chemical) due to

the sudden collapse of these micrometric bubbles lie at the origin of all applications

of sonochemistry. Use of ultrasound in chemical processes increased between 1980

and 2000, and the corresponding literature has increased enormously in volume

from 2000 onwards, reporting many applications in several areas including but not

limited to sonocatalysis, organic chemistry, materials preparation, polymer chem-

istry, biomass conversion, extraction, electrochemistry, enzymatic catalysis, and

environmental remediation.

The potential of sonochemistry is often directly connected to the choice of the

sonochemical parameters and experimental conditions. The first contribution to this

topical collection, provided by Prof. Ashokkumar’s research group, provides

theoretical considerations regarding the use of ultrasound in the laboratory, to better

This article is part of the Topical Collection ‘‘Sonochemistry: From basic principles to innovative

applications’’ edited by Juan Carlos Colmenares Q. and Gregory Chatel.

& Gregory Chatel
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understand the mechanisms involved and determine which parameters can affect the

observed results. Specifically, a detailed discussion on single-bubble sonochemistry

is provided in this contribution.

Further contributions highlight how sonochemistry represents a key area for

research and innovation in chemistry. Indeed, the conditions obtained in a medium

submitted to ultrasound can account for a large number of physicochemical effects,

such as enhanced kinetics of chemical reactions, changes in reaction mechanisms,

emulsification effects, erosion, crystallization, and precipitation, among others.

Sonochemistry is multidisciplinary, and recent advances highlighting this are

reported in this topical collection, in particular applications such as organic

chemistry (Prof. Draye’s group), synthesis of nanostructured materials (Prof.

Suslick), synthesis of photoactive materials (Prof. Colmenares’ group), advanced

oxidation processes (Prof. Neppolian’s group), and treatment of sewage sludge

(Prof. Zielewicz). Results in these areas show that the improvements achieved

require use of recently developed sonochemical processes.

The combination of sonochemistry with other innovative technologies is also

highlighted, using microwave irradiation (Prof. Cravotto’s group), ionic liquids as

solvent or catalyst (Dr. Chatel), and coupling with microfluidics (Prof. Rivas’

group). In all these cases, synergistic effects are observed, representing a new source

of innovation for further research.

The final contribution, provided by Prof. Gogate’s group, covers laboratory

equipment and the opportunity to scale up the technology for maximum process

intensification benefits. We conclude by stating that scientific rigor is essential in the

sonochemistry area to understand the associated mechanisms and benefit from the

full potential offered by ultrasound.

The editors kindly acknowledge the Topics in Current Chemistry editorial office

(Springer) for inviting us to compile this comprehensive topical collection on

sonochemistry. We would also like to extend our most sincere gratitude to

international experts for their time and consideration regarding this project, as well

as for their general contributions to sonochemistry science; It was pleasing and

instructive to work with them on this topical collection. Last but not least, we

sincerely thank our publishing editor, Elizabeth Hawkins, and assistant editor, Na

Xu, who patiently and kindly took us through the development of this topical

collection over the past few months to achieve this impressive final result, which

would not have been possible without such support.

We sincerely hope that this topical collection will be useful both to (bio)chem-

istry, chemical engineering, and materials science students, as well as to graduates

interested in green chemical technologies, and wish you an enjoyable and

satisfactory read.

  Top Curr Chem (Z) (2017) 375:8 

viii



Dr. Gregory Chatel received his Ph.D. degree in 2012 from the Université de
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Abstract Sonochemistry refers to ultrasound-initiated chemical processes in liq-

uids. The interaction between bubbles and sound energy in liquids results in

acoustic cavitation. This review presents the fundamental aspects of acoustic cav-

itation and theoretical aspects behind sonochemistry such as dynamics of bubble

oscillation, the rectified diffusion process that is responsible for the growth of

cavitation bubbles, near adiabatic collapse of cavitation bubbles resulting in extreme

reaction conditions and several chemical species generated within collapsing bub-

bles that are responsible for various redox reactions. Specifically, a detailed dis-

cussion on single bubble sonochemistry is provided.

Keywords Sonochemistry � Acoustic cavitation � Single bubble dynamics �
Sonoluminescence

1 Introduction

Ultrasound refers to sound waves beyond the frequency that can be detected by the

human ear. Sound waves with a frequency greater than 20 kHz fall into this

category. Ultrasound is divided into three main regions: low frequency

(20–100 kHz), intermediate frequency (100 kHz–1 MHz) and high frequency

(1–10 MHz) [1]; however, intermediate range is also sometimes referred to as

high frequency. Ultrasound interacts with gas bubbles in liquids to generate

chemical reactions and strong physical forces that can be used for various

This article is part of the Topical Collection‘‘Sonochemistry: From basic principles to innovative

applications’’; edited by Juan Carlos Colmenares Q., Gregory Chatel.
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processing applications and for promoting chemical reactions. The driving force for

the generation of chemical and physical forces is acoustic cavitation, which

generates extreme temperatures and pressures. The consequences of these extreme

conditions generated include radical generation, light emission-sonoluminescence

(SL), shock waves, microjets, microstreaming, shear forces and turbulence [1]. As a

result of these strong physical and chemical effects, various applications of acoustic

cavitation have been developed for commercial use including wastewater treatment

[2] and the formation of protein microbubbles which can be used for flavour

encapsulation and drug delivery [3].

2 History

The phenomenon of cavitation was first reported by Thornycroft and Barnaby [4] in

1895. In 1917 Rayleigh published the first mathematical model describing

cavitation in an incompressible liquid [5]. In the 1930s Brohult [6] and other

groups discovered that sonication can be used for the degradation of bio- and

synthetic polymers. In 1935 Frenzel and Schulze [7] reported for the first time that

light emission occurred in water when exposed to intense ultrasound. In 1944 Weiss

[8] observed that the sonication of water leads to the generation of hydrogen and

hydroxyl radicals, and in 1956 Parke and Taylor [9] provided the first experimental

evidence for the formation of OH radicals in aqueous solutions. The first

observations on chemical reactions in organic solutions were made in the early

1950s. It was found that methanol solutions containing diphenylpicrylhydrazyl were

decolourised, indicating the formation of free radicals [10]. Also, the first computer

calculations modelling a cavitation bubble were published by Neppiras and

Noltingk [11] in 1950. Makino et al. [12] used spin trapping agents and electron spin

resonance measurements to verify the formation of H and OH radicals during the

sonication of water. It was reported in 1987 by Henglein [13] that over 80 % of

primary radicals originally generated in the hotspot recombine to produce water

molecules. Since the 1930s, acoustic cavitation has gained popularity as it can be

used for the enhancement of chemical reactions, emulsification of oils, degradation

of chemical and biological pollutants, etc.

A number of books, review articles and book chapters have been published on

acoustic cavitation and its applications are available in the literature. The

fundamentals of an acoustic bubble have been discussed in detail by Leighton

[14] in his book The Acoustic Bubble. Mason and Lorimer [15–17] have published

various review articles and books dealing with different aspects of ultrasound such

as theory of sonochemistry, applications of ultrasound in food technology, uses of

ultrasound in chemical synthesis and physical aspects of sonochemistry. A review

by Leong et al. focuses on the fundamentals of ultrasound-induced physical

processes such as transient and stable cavitation, rectified diffusion, coalescence and

sonoluminescence [18]. The current review provides an overview of various

fundamental processes of acoustic cavitation with a particular emphasis on single

bubble sonochemistry.

Top Curr Chem (Z) (2016) 374:56
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3 Acoustic Cavitation

3.1 Bubble Formation

Acoustic cavitation is the phenomenon of formation, growth and violent collapse

induced by the pressure fluctuations generated by sound waves in a liquid medium.

If the intensity of ultrasound is enough to overcome the tensile strength of the

medium, there occurs a point where intermolecular forces are not able to hold the

molecular structure together. This point leads to the formation of a cavity in the

medium. A large amount of energy is required to create a void or cavity. Equation 1

can be used to calculate the critical pressure (PB) required to create a cavity of

radius Re.

PB �Ph þ
0:77r
Re

ð1Þ

r is the surface tension of the liquid and Ph is the hydrostatic pressure (could be

approximated to atmospheric pressure under normal experimental conditions). The

equation is valid when 2r/Re � Ph [19]. However, free gas bubbles and gas

molecules trapped in solid impurities are inherently present in liquids, which can act

as nuclei for cavitation. Hence, the actual pressure required for cavitation to occur is

far lower. Hence, in practical terms, acoustic cavitation refers to the growth of pre-

existing gas nuclei followed by the collapse of ‘‘grown’’ bubbles.

There are different mechanisms associated with the formation of bubbles [14].

Firstly, gas molecules trapped in crevices of the container walls, motes or on

hydrophobic dust particles [20] can act as bubble source. Harvey’s crevice model

depicts how an air bubble can be nucleated from cervices. A gas pocket, trapped in a

crevice, responds to alternating compression and the rarefaction cycles of the

applied ultrasound. The gas pocket expands considerably during the negative

pressure cycle. When the gas pocket grows sufficiently it gets detached from the

crevice and leads to the formation of a gas free bubble in the liquid [21]. Dissolved

gas in the liquid then fills the residual gas cavity under the applied sound field and

the cycle is repeated. The second mechanism is based on the skin model where

inherently present bubble nuclei are stabilized against dissolution when their surface

is completely covered with organic materials or surfactants [22]. It has also been

suggested that such bubbles can be stabilized by hydrophobic impurities present in a

liquid. These bubbles tend to grow in an acoustic field by coalescence or rectified

diffusion [23, 24]. Recently Yasui et al. introduced a dynamic equilibrium model for

the stabilization of bubbles covered with hydrophobic materials [25]; the chemical

potential gradient that exists near the edge of hydrophobic materials generates a

dynamic equilibrium state [25]. Another mechanism for the nucleation is

fragmentation of the active cavitation bubbles [26]. The shape instability of a

bubble which is mostly induced by asymmetric collapse leads to the fragmentation

of the bubble into several daughter bubbles which then act as new nuclei for

cavitation [27–30].

Top Curr Chem (Z) (2016) 374:56
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Before discussing the growth of an acoustic cavitation bubble, we discuss the

fundamental equations used to study the motion of bubbles in an acoustic field in the

following section.

3.2 Dynamics of Bubble Oscillation

This section focuses on the oscillation dynamics of a gas bubble in an acoustic field.

Further details on this can be found in the book The Acoustic Bubble by Leighton

[14]. The Rayleigh–Plesset equation is used to examine the dynamics of a bubble

oscillating at finite amplitudes [5, 14, 31]. The equation describes the motion of a

spherical bubble in response to a time-varying pressure field in an incompressible

liquid. When time t\ 0, a bubble of radius R0 is at rest in an incompressible viscous

liquid and hydrostatic pressure is p0 which is constant. However, at t[ 0 pressure pt
varies with time and is superimposed on p0, so that the pressure of liquid at certain

point from the bubble, p? = p0 ? pt which results in a change of bubble radius to

some new value Rt. During this process, the liquid shell around the bubble acquires

kinetic energy of

1

2
q r

1

R

_r24pr2dr ð2Þ

where shell at radius r has thickness dr, mass = 4pr2qdr (q = density of liquid) and

_r is the speed.

Using the liquid incompressibility condition, _r= _R ¼ R2=r2 (where R is the radius

of the bubble when contracted, _R is the wall velocity) Eq. 2 can be integrated to give

2pqR3 _R2. Equating this to the difference between the work done at a certain point

from the bubble by p? and the work done by the pressure pL in the liquid outside

the bubble wall gives

r
R

R0

pL � p1ð Þ4pR2dR ¼ 2pR3 _R2: ð3Þ

Equation (5) is obtained after differentiating Eq. (3) with respect to R, noting that

o _R
� �2

oR
¼ 1

_R

_R2
� �

ot
¼ 2€R ð4Þ

pL � p1
q

¼ 3 _R2

2
þ R€R ð5Þ

where _R is the velocity of the cavity, €R is the acceleration of the cavity.

The liquid pressure pL for a pulsating bubble containing gas and vapour is given

as

pL ¼ p0 þ
2r
R0

� pv

� �
R0

R

� �3c

þpv �
2r
R

ð6Þ

Top Curr Chem (Z) (2016) 374:56
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where pv is the vapour pressure of the liquid, r is the surface tension, p0 is the

ambient pressure, c is the ratio of specific heat of gas at constant pressure to that of

constant volume.

Substituting pL from Eq. 6 and p1 ¼ p0 þ pt into Eq. 4 gives

R€Rþ 3 _R2

2
¼ 1

q
p0 þ

2r
R0

� pv

� �
R0

R

� �3c

þpv �
2r
R

� p0 � pt

( )

: ð7Þ

The effect of viscosity on the above equation was considered by Poritsky [32],

who found that viscosity effects arise through boundary conditions and not through

the Navier–Stokes equation and obtained Eq. 8.

€RRþ 3 _R2

2
¼ 1

r
p0 þ

2r
R0

� pv

� �
R0

R

� �3c

þpv �
2r
R

� 4 _R

R
� p0 � pt

( )

ð8Þ

where g is the viscosity of the liquid.

Equations 5, 7 and 8 are commonly known as Rayleigh–Plesset equations and

they indicate that the motion of a bubble under the acoustic field is non-linear.

A spherical bubble is subjected to the time-varying pressure of amplitude pA and

circular frequency x. Therefore,

pt ¼ �pA sin tð Þ: ð9Þ

Substituting Eq. 9 into Eq. 8 gives

€RRþ 3 _R2

2
¼ 1

r
p0 þ

2r
R0

� pv

� �
R0

R

� �3c

þpv �
2r
R

� 4 _R

R
� p0 þ pA sin tð Þ

( )

: ð10Þ

Equation 10 is the fundamental equation used to describe the bubble motion at

different frequencies. Over the past few decades the equation has been extended

significantly to account for damping effects, solution compressibility, condensation,

non-linear evaporation etc. [33, 34].

3.3 Bubble Growth

Bubbles inherently present in liquids tend to grow to a critical size (which is

influenced by several parameters such as acoustic pressure, ultrasonic power and

frequency, viscosity of medium, etc.) in an ultrasonic field. The ultrasound-driven

growth is due to rectified diffusion which is defined as the slow growth of a

pulsating gas bubble due to an average flow of mass (dissolved gases and solvent

vapour) into the bubble as a function of time. Crum [24] explained this

‘‘rectification of mass’’ in terms of two effects, viz. ‘‘area effect’’ and ‘‘shell

effect’’, schematically shown in Fig. 1.

A gas bubble trapped in a liquid tends to expand when the surrounding liquid

experiences negative pressure of the sound wave. At this stage, the low internal

pressure of the bubble results in the evaporation of solvent molecules and diffusion

Top Curr Chem (Z) (2016) 374:56
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of dissolved gases into the bubble from the surrounding liquid. Therefore, the

rarefaction cycle leads to ‘‘intake’’ of gas and vapour molecules. The bubble is

compressed when the surrounding liquid experiences the positive pressure

(compression cycle) of the sound wave. At this stage, the internal pressure of the

bubble is high, which leads to the expulsion of the gas/vapour molecules from the

bubble into the surrounding liquid. Thus, the compression cycle leads to the ‘‘loss’’

of bubble mass. Since the bubble collapse is relatively fast and less surface area is

available for mass transport, the amount of material that diffuses out of the bubble

during the compression cycle is always less that which diffuses into the bubble

during the expansion cycle, thereby leading to the net growth of the bubble. This is

known as the area effect.

A change in the surface area of the bubble alone, however, is not sufficient to

explain rectified diffusion. The concentration of dissolved gases and thickness of the

liquid shell around the bubble change during the expansion and rarefaction cycle.

During the compression half cycle, the bubble contracts and the shell thickness

increases, thereby leading to a decrease in the concentration of gases within the

shell. This generates a concentration difference between the gas at the interface and

bulk. The rate of diffusion of gas in a liquid is proportional to the gradient of the

concentration of the dissolved gas. However, the gas concentration gradient lowers

as the shell thickness increases, which lowers the mass transfer of the gas coming

out of the bubble. When the bubble is in its expanded state, the liquid shell becomes

thinner (relative to the size of the bubble) with a relatively higher gas concentration.

Since the gas concentration inside the bubble is lower, material diffuses into the

bubble from the surrounding liquid shell. Two factors, i.e. gas concentration at the

bubble wall and the shell thickness, work together when the bubble is in the

expanded state and work against each other when the bubble is in the compressed

state, thus resulting in a net bubble growth over time.

Crum [24] noted that both effects have to be considered to theoretically model

the rectified diffusion process. The kinetics of the bubble growth and collapse is also

Fig. 1 Schematic description of the growth of a bubble in an acoustic field by ‘‘area’’ and ‘‘shell’’ effects
(adapted from [35])

Top Curr Chem (Z) (2016) 374:56
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a crucial factor and expected to control the rectified diffusion. Therefore, a

mathematical solution for the growth of a gas bubble by rectified diffusion requires

equations of bubble motion, diffusion equations and heat conduction equations for

both the liquid and bubble [24]. Consideration of these factors makes it complicated.

Hsieh and Plesset [36] and Eller and Flynn [37] have taken into account the motion

of the bubble wall and a diffusion equation for the concentration of gas dissolved in

the liquid alone. The diffusion of gas in the liquid obeys Fick’s law of mass transfer.

Eller and Flynn [37] showed that the rate of change of number of moles n of the

gas in the bubble with the time is given as

dn

dt
¼ 4pDR0C0

R

R0

� �
þ RjR0ð Þh i

pDt

� �1
2

" #

H ð11Þ

where H is given by

H ¼ Ci

C0

� R

R0

� �4
pg;m

p1

� �* +
R

R0

� �4
* +

: ð12Þ

Ci is the concentration of dissolved gas in the liquid far from the bubble, pg,m is

the instantaneous pressure of the gas in the bubble, C0 is the saturation

concentration of the gas in the liquid, D is the diffusivity of the gas, and

R
R0

� 	4
pg;m
p1

� 	� �
; R

R0

� 	4� �
and R

R0

D E
are the time averages.

Crum later extended Eq. 12 to obtain the rate of change of equilibrium bubble

radius as a function of time, which is given as

dR0

dt
¼ Dd

R0

R

R0

� �
þ R0

R=R0ð Þh i
pDt

� �1=2
" #

1þ 4r
3P1R0

� ��1
Ci

C0

� R

R0

� �4
pg;m

p1

� �* +

=
R

R0

� �4
* + !

ð13Þ

where, d = kTC0/P? (K is the universal gas constant, T is the temperature).

The threshold acoustic pressure growth of a gas bubble is obtained by setting

dR0/dt = 0, and results in the equation

P2
A ¼

qR2
0x

2
0

� �2
1� x2=x2

0

� �2þb2 x2=x2
0

� �h i
1þ 2r=R0P1 � Ci=C0ð Þ

3þ 4Kð Þ Ci=C0ð Þ � 3 g�1ð Þ 3g4ð Þ
4

h i
þ 4� 3ð ÞK

n o
1þ 2r=R0P1ð Þ

: ð14Þ

Figure 2 represents the rectified diffusion threshold as a function of radius above

and below the resonance values calculated using Eq. 14.

Later Fyrillas and Szeri [38] developed a new mathematical analysis for

describing the mass transportation during rectified diffusion. They extended the

analysis to incorporate the effect of interfacial resistance to mass transfer caused by

surfactants. Crum’s experimental data was used to estimate the rectified diffusion

growth of the cavitation bubbles. Lee et al. [39] and Leong et al. [18] studied

rectified diffusion growth in the presence of various surfactants. They reported that
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acoustic streaming, caused as a result of surfactant adsorption, plays a major role in

rectified diffusion growth of bubbles in addition to surface activity and the nature of

the head group of surfactants [18].

3.4 Bubble Collapse

Rectified diffusion leads to the growth of the bubble to a critical (resonance) size, at

which the natural bubble oscillation frequency matches that of the driving

ultrasound frequency. A simple relationship between the frequency of ultrasound

and the resonance radius of a bubble is given by Eq. 15, which is called Minnaert’s

equation.

F � R � 3 ð15Þ

F = frequency in hertz, R = radius of the bubble in metres

Yasui [26] suggests that resonance size is not a single value but consists of a

range. While Eq. 15 theoretically predicts the relationship between ultrasound

frequency and resonance size of the bubble, experimental data to support this

equation was only recently reported. A pulsed ultrasound technique can be used to

determine the resonance size range of sonoluminescence (SL) bubbles and

sonochemically (SCL) active bubbles [40–43]. Brotchie et al. [44] have shown

for sonochemically active bubbles that with increasing frequency the mean bubble

size becomes smaller, and the distribution becomes narrower (Fig. 3). SL and SCL

Fig. 2 Rectified diffusion threshold as a function of gas bubble radius at different dissolved gas
concentration ratios. The curves can be calculated by Eq. 14, the acoustic frequency used was 1 MHz and
the surface tension was 68 dyn/cm; the liquid is assumed to be water [reprinted with permission from
Elsevier [24], copyright (1984)]
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are discussed later in this review. Other experimental techniques used to measure

the bubble size are laser light diffraction [45], active cavitation detection [46] and

phase-Doppler [47].

Once a critical size is reached, the bubble grows to a maximum in a single

acoustic cycle and implodes (collapses). The bubble implosion, from a thermody-

namic consideration, is important because a large change in bubble volume occurs.

Since the bubble collapse happens in a very short time domain (approx. 1 ls), the
‘‘work done’’ (PdV) leads to a ‘‘near’’ adiabatic heating of the contents of the

bubble, which results in the generation of very high temperatures ([5000 K) and

pressures ([1000 atm) within the bubble.

Rayleigh initially developed the fundamental equation dealing with the collapse

of gas cavity in 1917 for an isothermal process, which can be easily extended for an

adiabatic process. The model was proposed for a bubble of initial radius of Rm and

when _R = 0, the cavity would collapse, rebound and oscillate between maximum

radius Rmax and minimum radius Rmin. R = Rm and _R = 0 at the beginning of the

collapse. The pressure of gas inside the bubble is pg,m and temperature is Tm.

Assuming that there is no heat flow across the bubble wall, the gas pressure is given

by Eq. 16, which follows adiabatic law.

pg ¼ pg;m
Rm

R

� �3c

ð16Þ

As a result of the presence of gases inside the bubble, the decrease in the

potential energy will be equal to the sum of kinetic energy of the liquid and amount

of work done in compressing the liquid when radius changes from Rm to R. The

energy balance is given as

Fig. 3 Bubble size distributions for 213, 355, 647, 875, 1056 and 1136 kHz. For 875, 1056 and
1136 kHz data have been scaled down by a factor of 4. The acoustic power of all frequencies is
1.5 ± 0.4 W [reprinted with permission from American Physical Society [24]; copyright (2009)]
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�
ZR

Rm

p14pR2dR ¼ 2pR3 _R2q�
ZR

Rm

pL4pR
2dR: ð17Þ

The work done can be expressed as

�
ZR

Rm

pLdV ¼ 1

c� 1

4pR3
m

3
pg;m

Rm

R

� �3c�1

�1

( )

: ð18Þ

Therefore, Eq. 17 becomes

ZR

Rm

p14pR2dR ¼ 2pR3 _R2q� 1

c� 1

4pR3
m

3
pg;m

Rm

R

� �3c�1

�1

( )

: ð19Þ

If in Eq. 19, vapour pressure and surface tension are negligible and external

pressure is constant, the energy equation described by Noltingk and Neppiras for the

collapse becomes

3q _R

2
¼ p1

Rm

R

� �3

�1

( )

� pg;m
1

1� c
Rm

R

� �3

� Rm

R

� �3c
( )

: ð20Þ

This equation can be solved for calculating Rmax and Rmin when the velocity _R of

the bubble wall is zero.

p1 c� 1ð Þ Rm

R

� �3

�1

( )

¼ pg;m
Rm

R

� �3c

� Rm

R

� �3
( )

ð21Þ

where R = Rmax or Rmin.

When R = Rmax and if R ¼ Rmin � Rm then Eq. 21 reduces to

pg;m
Rm

Rmin

� �3ðc�1Þ
¼ p1 c� 1ð Þ: ð22Þ

As PVc and TVðc�1Þ are constant during the reversible adiabatic compression, the

maximum pressure Pmax and maximum temperature attained during collapse Tmax

can be obtained from Eq. 22 and are given as

Pmax ¼ pg;m
Rm

Rmin

� �3c

� pg;m
p1 c� 1ð Þ

pg;m

� � c
c�1

ð23Þ

Tmax ¼
Rm

Rmin

� �3c�1

� Tm
p1 c� 1ð Þ

pg;m

� �
: ð24Þ
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Equation 24 for calculating the Tmax tends to overestimate the collapse

temperature because it does not take into account the heat leaking from the bubble

into the surrounding fluid or the thermal conductivity of the gases or the energy

consumed in the decomposition of the vapour/gas within the bubble. Figures 4 and 5

show the results of the numerical simulation of the pulsation of an isolated spherical

air bubble in water irradiated with 300 kHz and 3 bar as calculated by Yasui et al.

[48] using the bubble dynamics equations. The temperature at the end of the bubble

collapse (Rayleigh collapse) increased up to 5100 K (Fig. 5a) whereas pressure

reaches 6 9 109 Pa (Fig. 5b).

The results obtained by Merouani et al. are similar (Fig. 6) [49]. The temperature

and pressure calculated inside a bubble increase suddenly at the end of the bubble

collapse up to 4600 K and 1400 atm (approx. 140 MPa), respectively.

A number of techniques have been developed for the experimental determination

of Tmax. Mišı́k et al. [50], using kinetic isotope effect of the sonolysis of H2O/D2O

mixtures, found that the cavitation temperatures determined were dependent on the

specific spin trap used and are in the range of 1000–4600 K. Mean temperatures in

different regions of a ‘‘hot spot’’ were postulated by Suslick et al. [51], using

comparative rate thermometry in alkane solutions. They proposed a gas phase zone

within the collapsing cavity with an estimated temperature and pressure of

5200 ± 650 K and 500 atm, respectively, and a thin liquid layer immediately

surrounding the collapsing cavity with an estimated temperature of 1900 K [51].

Henglein studied the sonolysis of methane using a methyl radical recombination

(MRR) method to estimate the bubble core temperature [52]. Sonication of methane

leads to the following reactions in the liquid medium:

CH4 ! CH:
3 þ H: ðReaction 1Þ

H2O ! H: þ OH: ðReaction 2Þ

Fig. 4 Result of the numerical
simulation of the bubble radius
as a function of time for one
acoustic cycle (3.3 ls) when the
frequency and pressure
amplitude of an ultrasonic wave
are 300 kHz and 3 bar,
respectively. The ambient radius
of an isolated spherical air
bubble is 3.5 lm. The dotted
line is the acoustic pressure
(plus the ambient pressure) as a
function of time [reprinted with
permission from AIP Publishing
LLC [48]; copyright (2007)]
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H: þ CH4 ! CH:
3 þ H2 ðReaction 3Þ

OH: þ CH4 ! CH:
3 þ H2O ðReaction 4Þ

Fig. 5 Results of the numerical simulation. a The bubble radius (dotted line) and the temperature inside
a bubble (solid line). b The pressure (solid line) and the density (dotted line) inside a bubble with
logarithmic vertical axes. Reprinted with permission from AIP Publishing LLC [48]; copyright (2007)

Fig. 6 Bubble radius and temperature and pressure inside a bubble as a function of time during the
collapse phase of the bubble. The horizontal axis is only for 0.6 ls. A maximum bubble temperature and
pressure of about 4600 K and 1400 atm (approx. 140 MPa), respectively, are achieved at the end of the
collapse. Reprinted with permission from Elsevier [49]; copyright (2014)
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CH:
3 þ CH:

3 ! C2H6 ðReaction 5Þ

CH:
3 þ CH:

3 ! C2H4 þ H2 ðReaction 6Þ

The temperature dependence of the rate constants involved during the formation

of ethane and ethylene (Reactions 5, 6) is shown in Fig. 7. The rate constant for the

formation of ethylene increases with an increase in temperature, whereas that for the

formation of ethane has negligible dependence on the temperature. Figure 7 also

shows the dependence of the ratio kethylene/kethane (=yieldethylene/yieldethane) as a

function of temperature which can used to estimate the bubble temperature.

Temperatures in the range of 1930–2720 K have been estimated using this method.

Tauber et al. estimated the temperature in the range of 2300 and 3600 K using

the MRR method by studying the sonolysis of t-butanol [53]. Grieser and coworkers

[54, 55] noted that cavitation bubble temperature is affected by the surface activity

of alcohols used to generate methyl radicals.

4 Physical and Chemical Effects Generated by Acoustic Cavitation

The sudden violent collapse of a cavitation bubble gives rise to a number of physical

and chemical effects in the liquid such as microstreaming, agitation, turbulence,

microjetting, shock waves, generation of radicals, sonoluminescence etc. [19].

Shock waves are produced when the bubble collapses symmetrically [19]. However,

when the bubble collapses unsymmetrically (mostly at a boundary), it leads to the

formation of a jet in the liquid (Fig. 8) [56] due to the uneven acoustic field around

the bubble.

The microjets have velocities of the order of 100 m/s. The effect of shock waves

and microstreaming together with the transition from high to low flow velocities

away from the bubble surface generates extensive amounts of shear stress [57]. The

generation of very high temperatures on bubble collapse leads to local heating. The

Fig. 7 Rate constants for the formation of ethane and ethylene as a function of temperature (left) and
temperature dependence of the ratio kethylene/kethane (right) [reprinted with permission from Elsevier [52];
copyright (1990)]
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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 sonoluminescence [58]. It was

first observed in 1933 by Marinesco and Trillant [59]. Frenzel and Schultes [7] and

Griffing and Sette [60] were the first to detect sonoluminescence using photomul-

tipliers with accurate temporal resolution. Sonoluminescence can be divided into

two categories [61]. A large number of cavitation bubbles generates multibubble

sonoluminescence (MBSL). Single bubble sonoluminescence (SBSL) refers to

emission observed from a stably oscillating single bubble in a liquid. The change in

radius of a single bubble within one acoustic cycle is shown in Fig. 9 [1, 61–63].

The relative scattered intensity is proportional to radius of the bubble. A

stroboscopic technique was used to record the images of an oscillating bubble as

shown in Fig. 9. SL emission could also be observed at the end of bubble collapse.

The intensity of SL depends on the nature of the liquid medium [64, 65], amount

of dissolved gases [66, 67], hydrostatic pressure [68], acoustic pressure amplitude

[9, 60] and acoustic frequency [60, 69]. Different theoretical models have been

proposed for SL. One model is based on inward-moving shock waves during bubble

collapse: it is believed that light is emitted from the bubble centre where plasma is

created by the shock-wave convergences [70–72]. Another is quasiadiabatic

compression model, where a bubble is heated by the quasiadiabatic compression

[73, 74]. Both SBSL and MBSL originate from quasiadiabatic compression [62, 75].

However, Yasui proposed that sonoluminescence is originated by the heat generated

from the whole bubble rather than a local point [62, 74] and constructed a

Fig. 8 Microjet formation
when a bubble collapses near a
solid surface; adapted from [57]
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theoretical model for SL. Yasui suggested that SL is due to both electron–ion

radiative recombination and electron–atom bremsstrahlung [75]. The mechanism

behind the SL observed from noble gas bubbles is usually radiative recombination

of electrons and ions and electron–atom bremsstrahlung [62].

The intensity of light emission from cavitation bubbles can be increased

significantly by adding a small amount of luminol in aqueous alkaline solutions.

This emission is referred to as sonochemiluminescence (SCL) [76–79], which arises

because of the reaction between OH radicals and luminol. Thus, SCL indicates a

chemically active region in a reactor. Ashokkumar et al. [78, 79] showed that two

groups of cavitation bubbles exist: one group reaches higher temperatures for SL to

occur and the second group causes chemical reactions (Fig. 10). It can be seen in the

figure that SL occurs only in a small region closer to the liquid–water interface. It

was speculated that these bubbles experience relatively larger acoustic force due to

the reflected waves at the air–liquid interface. Note that chemical activity could also

be observed throughout the reactor from cavitation bubbles that reach a relatively

lower temperature enough to cause chemical reactions (OH radical generation).

The speculation that SL bubbles reach relatively higher temperatures is supported

by the experimental data published later. A comparison between the size

distributions of SL-emitting and sonochemistry-producing cavitation bubbles was

studied by Brotchie et al. [44]. They showed that SL-emitting bubbles are larger

than sonochemically active bubbles (Fig. 11) [44].

Another consequence of the extreme conditions of ultrasound is that it leads to a

variety of chemical reactions (formation of highly reaction radical species). When

an argon-saturated liquid is sonicated, formation of H� and OH� radicals

(Reaction 2) takes place as the majority of the bubble contents is water vapour.

H radicals are reducing in nature, whereas OH� radicals are oxidising in nature.

A number of techniques have been used to confirm the formation and

quantification of radical species. ESR spin traps and chemical dosimeters have

been used for the quantification of the radical produced during sonication

[50, 80, 81]. Another method is the reaction between terephthalic acid and OH�

Fig. 10 Sonoluminescence from a water and b an aqueous solution containing luminol;
frequency = 170 kHz; power = 12 W [reprinted with permission from John Wiley and Sons [78];
copyright (2010)]
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radicals which leads to the formation of fluorescent hydroxyterephthalic acid

[81, 82]. The intensity of fluorescence can be utilized to quantify the amount of OH�

radicals generated during cavitation. The Weissler method is a simple approach to

quantify OH radicals, which is based on the oxidation of iodide ions [1, 83]. In this

method, OH� radicals react to produce hydrogen peroxide (Reaction 7) which can

oxidize iodide ions to molecular iodine (Reaction 8). When excess iodide ions are

present, molecular iodine is converted into the triiodide complex (Reaction 9).

Triiodide has an absorption maximum at 353 nm which can be used to quantify the

amount of iodine, and hence the amount of OH� radicals generated.

2OH ! H2O2 ðReaction 7Þ

H2O2 þ 2I� ! 2OH� þ I2 ðReaction 8Þ

I2 þ I� ! I�3 ðReaction 9Þ

5 Single Bubble Sonochemistry

In air-saturated water, a variety of radicals and molecular products such as H2O2,

HO2, O, O3, HNO2, HNO3, H2 and OH radicals (Reactions 2, 7, 10–15) are

generated (Fig. 12c).

O2 ! 2O ðReaction 10Þ

Oþ O2 ! O3 ðReaction 11Þ

Hþ O2 ! HO2 ðReaction 12Þ

Fig. 11 Bubble radius distribution of SL and SC bubbles. Frequency = 575 kHz [reprinted with
permission from American Physical Society [44]; copyright (2009)]
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2HO2 ! H2O2 þ O2 ðReaction 13Þ

N2 þ O2 ! 2NO ðReaction 14Þ

2NO þ O2 ! 2NO2 ðReaction 15Þ

The quantification of primary radicals and molecular products in multibubble

systems has been extensively studied [26, 44, 55, 84–88]. Such information for a

single bubble system has also been theoretically studied [48, 49, 89]. Only in the

past decade, experimental details on the amount of radicals and molecular products

generated for single bubble systems became available [62, 76, 90].

Yasui et al. [89] numerically calculated the chemical reaction yield for a single

cavitation bubble. In Fig. 12a, the changes in bubble radius and temperature inside a

bubble are shown. It is seen that the temperature inside a bubble increases at the end

of bubble collapse up to 6500 K, which is much lower than that measured in argon-

saturated bubbles because the molar specific heat of nitrogen and oxygen is larger

Fig. 12 Calculated results for an initial air bubble at around the end of the bubble collapse only for
0.1 ms. a The bubble radius and the temperature inside a bubble. b The number of molecules inside a
bubble. c The intensity of the light emitted from a bubble [reprinted with permission from AIP Publishing
LLC [89]; copyright (2005)]
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than that of argon. Figure 12b shows the number of different molecules produced

inside a bubble. The bubble content mostly consists of nitrogen, oxygen and water

vapour, and the main chemical products obtained in this case are HNO3, HNO2, O

and H2O2. Figure 12c shows the intensity of the light emitted from a bubble. SL is

only emitted at the end of the bubble collapse and has a pulse width of about 60 ps.

The number of photons emitted is 1.53 9 104, which is 20 % less than in the case of

argon-saturated bubbles as the SL intensity is affected by the amount and nature of

the dissolved gases. Yasui observed that these results were consistent with the

experimental observation by Matula and Crum [91].

Didenko and Suslick determined the amount of different chemical products

experimentally. Table 1 shows the average amounts of chemical products per

acoustic cycle. It can be seen from the data shown in Table 2 that the main chemical

products are hydrogen molecule, oxygen atom, hydrogen peroxide, hydrogen atom,

and nitrous acid . According to Didenko and Suslick [90], the number of OH

radicals that diffuse into the liquid after one acoustic cycle is 8.2 9 105, which is

consistent with the calculated result of 6.6 9 105. The generation of NO2 and

further reaction of NO2 with H2O leads to the formation of nitric acid [92]. It is for

this reason that sonication of air-saturated water leads to a decrease in solution pH

[1]. The number of NO2
- ions produced in one acoustic cycle was experimentally

determined by Didenko and Suslick [90] as 9.9 9 106 (Table 1). A similar number

was reported by Koda et al. [93], which was found to be larger than the value

numerically calculated by Yasui et al. [89].

In Table 2, the average amount of chemical products diffusing into a liquid per

acoustic cycle for the case of an air bubble is shown. A single bubble trapped at the

pressure antinode of a standing ultrasonic wave initially consists mainly of air, and

its main content gradually changes to argon. Yasui et al. [89] showed that the

average amount of HNO2 (4.0 9 107) dissolving in the liquid per oscillation from

an initial air bubble is an order of magnitude larger than that from an SBSL bubble

in steady state (an argon bubble) and it is even larger than the experimentally

reported value of 9.9 9 106. This suggests that the experimentally reported

production rate of NO2
- ions may be the time-averaged value during the course of

the gradual change of the bubble content from air to argon. The amount of OH

Table 1 Amounts of chemical products obtained in a single cavitation bubble at 52 kHz, acoustic

pressure 1.5 atm

Conditions 22 �C 3 �C

Rmax (lm) 28.9 30.5

Number of OH� radicals per cycle 6.6 9 105 8.2 9 105

Number of photons per cycle 8.1 9 103 7.5 9 104

Number of NO2
- ions per cycle 3.7 9 106 9.9 9 106

Potential energy at Rmax (eV) 6.4 9 1010 7.5 9 1010

Energy to form OH radicals (eV per cycle) 3.4 9 106 4.3 9 106

Energy to form NO2
- ions (eV per cycle) 1.6 9 106 4.2 9 106

Reprinted with permission from Nature Publishing Group [90]. Copyright (2002)
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radicals dissolving into liquid from an initial air bubble (9.9 9 105) is not so

different from that from an SBSL bubble in a steady state (6.6 9 105) and is

consistent with the experimentally reported value of 8.2 9 105.

The main oxidants dissolved in the liquid are oxygen and hydrogen peroxide

besides the OH radicals. In a multibubble system, where a standing wave is

established, many bubbles behave as single spherical SBSL bubbles [87, 89, 94–97].

The reason behind this is Bjerknes force. The radiation force, which acts on the

bubbles, leads to the gathering of bubbles at the regions where the acoustic

amplitude is comparable to the cavitation threshold. It has been concluded that even

in a multibubble system oxidants produced are not only OH radicals but also oxygen

atoms and hydrogen peroxide irrespective of the effect of neighbouring bubbles on

the bubble dynamics, shielding of acoustic field, etc. [89, 98]. According to Yasui

et al. [89], O atoms may have been created by the dissociation of oxygen molecules

and water vapour molecules inside the collapsing bubble as given in Reactions 16–

19 (M is an inert third body).

O2 þM ! Oþ OþM ðReaction 16Þ

OHþM ! Oþ HþM ðReaction 17Þ

N2 þ O2 ! Oþ N2O ðReaction 18Þ

O2 þ N ! Oþ NO ðReaction 19Þ

Table 2 Average amount of chemical products that dissolve into the liquid from the interior of an initial

air bubble in one acoustic cycle

Chemical species Number of molecules per acoustic cycle

HNO2 4.0 9 107

HNO3 3.7 9 107

O 1.6 9 107

H2O2 5.1 9 106

O3 2.7 9 106

HO2 2.3 9 106

NO3 1.1 9 106

H2 1.0 9 106

OH 9.9 9 105

NO2 3.9 9 105

N2O 3.0 9 105

NO 1.3 9 105

H 1.1 9 105

HNO 2.8 9 104

N 2.7 9 103

N2O5 6.8 9 102

Reprinted with permission from AIP Publishing LLC [89]; Copyright (2005)
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Different methods to estimate the amount of oxygen atoms have been reported in

the literature [99–101]. In 1985, Hart and Henglein [102] suggested that O atoms

created inside a bubble may oxidize I- ions in an aqueous KI solution containing a

mixture of argon and O2. In their experimental results (Fig. 13), the amount of I2
produced in aqueous KI solution was considerably larger than that of H2O2

generated in pure water (in the absence of O2). On the basis of this observation, they

concluded that there should be some oxidant such as O in addition to OH radicals

and H2O2. Hart and Henglein [102] as well as Yasui [89] suggested that

considerable amounts of O atoms can be produced in an air-filled collapsing bubble.

Therefore sonochemistry can serve as an important tool to study the chemical

reactions of oxygen atoms in liquids [103].

6 Effect of Ultrasound Frequency on Sonochemistry

The extent of sonochemical reactions (e.g. yield of primary and secondary radicals)

and sonoluminescence intensity produced by acoustic cavitation depend on the

frequency, power, etc. Various methods have been used to estimate the cavitation

yield such as the amount chemical products obtained, Tmax, SL intensity etc. as a

function of acoustic frequency. Yasui et al. [48] estimated the average temperature

and rate of production of the main oxidant OH at different frequencies (20, 100, 300

and 1 MHz) as a function acoustic amplitude (Fig. 14). At lower frequencies (20

and 100 kHz), maximum temperature was reached at relatively lower acoustic

Fig. 13 Experimental results of
the rate of production of H2O2 in
pure water and I2 in 1 M KI
solution or 1 M KI ? 0.0005 M
ammonium molybdate solution
under different mixtures of
argon and oxygen dissolved in
the solution [reprinted with
permission from American
Chemical Society [102];
copyright (1985)]
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amplitudes. This is due to bubble expansion to a relatively larger volume caused by

the longer acoustic period, resulting in an increase in the amount of water vapour

inside a bubble [104]. For a vaporous bubble, which is defined as a bubble with a

molar fraction of vapour higher than 0.5 at the end of the bubble collapse, the main

oxidant created is OH radicals [48].

The amount of H2O2 produced at 100 kHz is higher compared to that produced at

20 kHz because a high temperature is maintained at 20 kHz for a longer time as

compared to higher frequencies, which can dissociate H2O2 into OH radicals. It has

been shown that Tmax is proportional to Rmax for frequencies greater than 16 kHz

[105]. It has been observed for a gaseous bubble that when the molar fraction of

vapour is less than 0.5, the collapse temperature ranges from 4000 to 6500 K and

the main oxidant is H2O2. However, when the bubble temperature is greater than

6500 K in gaseous bubbles, the main oxidant is O atoms. The consumption of

oxidants took place inside an air bubble by an oxidizing nitrogen when the bubble

Fig. 14 Numerical simulations of the rate of production of each oxidant inside an isolated air bubble per
second estimated by the first bubble collapse as a function of acoustic amplitude with the temperature
inside a bubble at the end of the bubble collapse (thick line): a 20 kHz and R0 = 5 lm. b 100 kHz and
R0 = 3.5 lm. c 300 kHz and R0 = 3.5 lm. d 1 MHz and R0 = 1 lm [reprinted with permission from
AIP Publishing LLC [48]; copyright (2007)]
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temperature is higher than 7000 K, and the main chemical products are HNO2, NO

and HNO3 [48, 106].

While Yasui’s calculations on frequency effect are based on a single bubble

system, the overall chemical activity in a multibubble system should be looked at

with a different approach. While single bubble dynamics calculations provide an

avenue to theoretically calculate bubble temperatures, chemical yield, sonolumi-

nescence intensity, etc., such calculations may not provide insight into multibubble

systems. Single bubble calculations tend to provide overestimates of bubble

temperatures and chemical yields when multibubble systems are considered. This is

due to various factors that include bubble clustering, bubble coalescence,

asymmetric collapse of bubbles, inhomogeneous nature of acoustic field, etc.

It is well known that with an increase in frequency, the number of antinodes and

hence the number of cavitation bubbles generated increase. Figure 15 shows the

schematic and photographic images of the standing waves observed at 37 and

440 kHz, which clearly illustrates the increase in the number of standing waves as

well as the bubble population. It has been noted that the radical yield increases with

an increase in frequency, reaches a maximum value and decreases with further

increase in the frequency. The highest sonochemical yield is obtained between 200

and 800 kHz as demonstrated in various studies [61, 86, 107–109].

Figure 16 presents the OH radical yield as a function of sonication time obtained

by sonicating water with different frequencies (20, 358 and 1062 kHz) at a power of

0.90 W/cm2 [110]. The amount of OH radicals produced was highest at 358 kHz,

whereas a decrease was observed when the frequency was increased to 1062 kHz.

This behaviour is due to a relatively lower bubble temperature generated at

higher frequency and a lower amount of water vapour that could evaporate into a

bubble during the expansion phase [110], as shown in Fig. 17 by theoretical

calculations.

Using the resonance radius of the bubbles at each frequency, researchers could

calculate the amount of water molecules in a monolayer on the surface of bubbles

[110]. As for the evaporation process, a finite time is required. From the time

required for evaporation and expansion cycle and the number of molecules at the

Fig. 15 a, c Schematic representation of the standing wave leading to increase in the number of bubbles
with increasing frequency; b, d Images of sonoluminescence profile at 37 and 440 kHz, respectively
[reprinted with permission from Springer [19]; copyright (2016)]
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interface, it can be seen that the mass that evaporates 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 the very short

expansion time available during bubble oscillations. Though a surge in bubble

population occurs at higher frequency, the size of bubble reduces, thereby leading to

a decrease in the bubble temperature and hence the radical yield. Thus, a

combination of lower bubble temperature and lower amount of water vapour present

inside a collapsing bubble is responsible for the decrease in sonochemical efficiency

at very high frequencies.

7 Summary

This article has provided an overview of the basics and fundamentals of

sonochemistry including the dynamics of bubble motion, growth and collapse as

well as different physical and chemical effects generated after the bubble collapse.

The primary and secondary radicals and physical effects such microjetting,

Fig. 16 Yield of OH radicals as
a function of sonication time for
different ultrasonic frequencies
(filled square 358 kHz, filled
inverted triangle 1062 kHz,
filled circle 20 kHz) at
0.90 W cm-2 [reprinted with
permission from Elsevier [110];
copyright (2008)]

Fig. 17 Mass of water
evaporated from a bubble
surface during a single
expansion phase at various
frequencies [reprinted with
permission from Springer [19];
copyright (2016)]
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microstreaming, shear forces and the shock waves generated during acoustic

cavitation have been used in material synthesis, sonochemical degradation of

pollutants, mass transfer enhancement, electrochemistry, food technology, phase

separation, alteration of enzyme activity and removal of deposits and biofilms

[111–116], which will be discussed in various articles of this journal.
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Abstract Over the past 15 years, sustainable chemistry has emerged as a new

paradigm in the development of chemistry. In the field of organic synthesis, green

chemistry rhymes with relevant choice of starting materials, atom economy,

methodologies that minimize the number of chemical steps, appropriate use of

benign solvents and reagents, efficient strategies for product isolation and purifi-

cation and energy minimization. In that context, unconventional methods, and

especially ultrasound, can be a fine addition towards achieving these green

requirements. Undoubtedly, sonochemistry is considered as being one of the most

promising green chemical methods (Cravotto et al. Catal Commun 63: 2–9, 2015).

This review is devoted to the most striking results obtained in green organic

sonochemistry between 2006 and 2016. Furthermore, among catalytic transforma-

tions, oxidation reactions are the most polluting reactions in the chemical industry;

thus, we have focused a part of our review on the very promising catalytic activity

of ultrasound for oxidative purposes.
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1 Introduction: General Interest in Ultrasound

At the turn of the twenty-first century, the chemical industry was one of the largest

manufacturing industries in the world [2]. At the same time, it is one of the most

polluting. It is from an awareness, at a global level, of the impact of human

activities on the environment that the field of sustainability neologism was born. A

key objective in current chemistry is thus to accommodate conventional procedures

by making them both economically and environmentally acceptable. This is made

possible through the design of solvent-free methodologies or by using fewer toxic

solvents, via the development of efficient and benign catalytic system, and/or via the

reduction of energy consumption using more energy-efficient activation techniques.

In this context, ultrasound is known to enhance the reactivity and kinetics of some

processes through a physical phenomenon called acoustic cavitation, which is the

formation, growth and collapse of micrometer-sized bubbles when a pressure wave

of sufficient intensity propagates through an elastic liquid [3]. By imploding, these

bubbles create locally extreme temperatures and pressures that lead to high-energy

radical reactions but also generate some interesting physical effects [4]. In addition,

ultrasound is associated with energy savings [5], avoids the use of catalysts [6] or

solvents [7], and leads to cleaner products with few or no by-products [5].

2 Use of Ultrasound in Green Solvents

The use of organic solvents in chemical laboratories, and more generally in the

chemical industry, is considered an essential issue regarding the health and safety of

workers and protection of the environment. Solvents represent at least half of the

material used in a chemical process to produce a drug substance, defining them as

having the largest impact on environmental performance, and affecting cost, safety

and human health [8]. Indeed, the chemical industry uses large volumes of solvents,

especially in the production of pharmaceuticals, biopharmaceuticals and agrochem-

icals [9]. Thus, governments, industries and research institutions are currently

seeking for sustainable solutions aimed at promoting the use of ‘‘greener’’ solvents

[10], solvent-free reactions [11] or alternative solutions [12–14] that would make

processes safer for human health and the environment.

A way to reduce the environmental impact of the large-scale use of organic

solvents is to use solvents with negligible vapor pressure such as ionic liquids (ILs),

to use benign solvents and especially water, or to not use solvents at all [15]. The

use of ILs as media for organic synthesis in combination with ultrasound will not be

addressed in this review; it is one of the topics of the review by Chatel and

coworkers in this issue.

2.1 Water

As stated by Sheldon in 1996 ‘if a solvent (diluent) is needed it should preferably be

water’ [16]. The first ‘‘historical’’ report in the area of sonochemistry in water
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appeared in 1927, with the seminal publication by Richards and Loomis [17]

describing the acceleration of chemical reaction using ultrasonic irradiation. Since

then, a substantial number of works has been published concerning sonochemical

effects when organic reactions are performed in water.

Water is an economically and environmentally attractive solvent because it is

cheap, abundant, readily available, non-toxic and non-flammable. Many organic

compounds present a low solubility in water; however, the unique structure and

physicochemical properties of water can greatly influence the course of reaction,

and water has been shown to enhance the reactivity and selectivity of some organic

reactions [18]. In addition, water is considered as the ideal solvent in sonochemistry

because it favors cavitation, which is optimum between 318 K and 343 K [19].

A large number of publications have dealt with ultrasound-assisted synthesis in

water. Nevertheless, we chose to focus on examples where ultrasound allows

dispensing with the use of catalysts and additives.

In that context, Abaee and coworkers [20] described the ultrasound-promoted

synthesis of b-aminoalcohols through aminolysis of epoxides in aqueous medium

free from additives or pH adjustment. These compounds are usually synthesized by

direct treatment of epoxides with large amount of amines at high temperature,

precluding the use of sensitive groups on the substrate, and aqueous procedures

commonly require additives or pH adjustment to proceed. Ultrasound-promoted

reactions were performed using an ultrasonic-homogenizer at frequency of 24 kHz

and a maximum output power of 400 W, without any additives (Scheme 1). The

only compound formed was b-aminoalcohol, indicating that nucleophilic attack

occurs regioselectively at the less hindered side of the epoxide. Of note, no change

in pH value was observed after sonication. Interestingly, control experiments

allowed possible simultaneous thermal activation to be excluded. In addition, the

presence of water was shown to be crucial because it probably activates the epoxide

through hydrogen bonding. The experimental conditions were extended to the

reaction of various epoxides with different aliphatic and aromatic amines yielding to

corresponding b-aminoalcohols in 10–30 min at 80–97 %. The more sterically

hindered cyclohexene oxide led to the sole trans products in the same times and

with the same yields. The unsymmetrically substituted epoxide styrene oxide gave

Scheme 1 Ultrasound-promoted synthesis of b-aminoalcohols in aqueous media (adapted from [20])
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rise to the formation of two regioisomers resulting from the attack at the less

hindered side of the epoxide with aliphatic amines, and at the a carbon of the

epoxide with aromatic amines.

When aniline is used in competition with piperidine, the exclusive formation of

piperidine-substituted products indicated a very high chemoselectivity. In the same

way, Rhodanines can be synthesized in good yields and short time in catalyst-free

conditions, using unusual experimental conditions. As an example, Rostmania and

coworkers [21] proposed a swift and efficient catalyst-free one-pot procedure for the

synthesis of Rhodanine derivatives using ultrasonic irradiation in water as the

reaction medium (Scheme 2). Dimethyl acethylene-dicarboxylate, carbone disulfide

and benzylamine were chosen as the model system and were reacted under

irradiation of an ultrasonic probe at a frequency of 20 kHz and a maximum output

power of 600 W. Surprisingly, under those conditions, with water as solvent, 94 %

of Rhodanines were obtained in 3 min of reaction, whereas 1 h was required in

silent conditions. Less than 10 % of product was obtained in silent conditions,

regardless of the solvent used. The method has been applied to various substrates

with success, leading to 86–94 % of Rhodanine derivatives in 5–3 min, probably

through the mechanism postulated by the authors (Scheme 2).

Banik and coworkers [22] also described a catalyst-free procedure for the

ultrasound-assisted synthesis of nitrogen heterocycles and derivatives in water

(Scheme 3). Interestingly, high yields were obtained in water, in organic solvents,

and also in solvent-free conditions; however, the reaction proceeded much faster in

water. In addition, six- and three-fold rate accelerations were observed when

reactions were conducted under ultrasound and solvent-free conditions rather than

in water at room temperature. Several amines and unsaturated ketones, nitriles and

esters were tested under the optimal conditions, leading to spectacular results: all

ultrasonically assisted reactions in water were very fast without need of a catalyst,

leading to excellent yields of 86–98 % with high regio- and chemo-selectivities and

without side product formation. The increase in the reaction rate in the presence of

water could be explained through hydrogen bond formation with the carbonyl

group, increasing the electrophilic character of the a-carbon of the unsaturated

compounds, which increases the nucleophilic attack by the amine. Moreover,

hydrogen bond formation between the hydrogen of the amine and the oxygen of the

water increases the nucleophilic power of the nitrogen atom of the amine. In

Scheme 2 Catalyst-free synthesis of Rhodanines in water under ultrasonic irradiation (adapted from [21])

Top Curr Chem (Z) (2016) 374:74

123 Reprinted from the journal32



addition, under ultrasonic irradiation, water acts as a pseudo-organic solvent at the

high temperature of the implosion of the cavitation bubbles. After completion of the

reaction, the mixture is cooled; this decrease in temperature leads to a decrease in

the solubility of the organic products, facilitating their isolation.

Similarly, Almeida [23] described a two-step protocol for the catalyst-free

synthesis of penta-substituted pyrroles in water (Scheme 4). In this protocol, the first

step was the dimerization of the 1,3-dicarbonyl derivatives using ceric ammonium

nitrate (CAN) as oxidant, to produce tetracarbonyl derivatives. The reaction was

carried out in methanol under silent conditions, and in water under silent and

ultrasonic conditions in a cleaning bath. Interestingly, 62–87 % of product was

obtained after 2–5 min of ultrasonic irradiation in water, whereas 1 h was necessary

to yield 45–56 % under silent conditions in water, and 61–80 % in methanol. The

resulting compounds are then reacted with amines in water and without catalyst

under ultrasonic irradiation to give the corresponding penta-substituted pyrroles in

37–70 % yield. Reactions performed with amines that bear electron-donating

groups proceed faster, because of the increase in nucleophilicity of the amine. It is

Scheme 3 Catalyst-free ultrasound assisted synthesis in water of nitrogen heterocycles and derivatives
through the aza-Michael reaction

Scheme 4 Catalyst-free two step synthesis in water of penta-substituted pyrroles under ultrasonic
irradiation (adapted from [23])
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noteworthy that this efficient, mild and eco-friendly procedure had never been

published in the literature before this paper.

In 2014, Jonnalagadda and coworkers [24] described an ultrasonic-mediated

catalyst-free multicomponent protocol for the synthesis of substituted quinolones in

aqueous medium. The synthesis of these compounds usually requires harsh reaction

conditions and tedious work-up procedures. In this latter paper, the authors turned

their attention to multicomponent (MCR) reactions that already present interesting

features, such as high bond forming, convergence, operational simplicity and

reduction in waste generation. In order to improve the sustainability of the reaction,

they studied the possibility of designing catalyst-free ultrasonic MRC using water as

the sole solvent. They first explored the reaction of benzaldehyde with 2-naphtol/

resorcinol and ammonium acetate as a model (Scheme 5A). In silent conditions, and

at room temperature, the reaction failed and the materials remained unreacted.

When the mixture in ethanol was heated up to 60 �C, the reaction was completed in

5 h, affording 55 % yield in dihydroquinoline. When the same mixture in ethanol

was irradiated using an ultrasound cleaner at a frequency of 40 kHz and a nominal

power of 250 W, the reaction was completed in 3 h, affording a good 75 % yield.

With the aim of further improving the green character of the reaction, the reaction

was ultrasonically activated, in aqueous medium at 60 �C; 96 % of the desired

product were obtained in a short time, without any by-product.

In order to broaden the scope of the reaction, various aromatic aldehydes were

subjected to these optimized experimental conditions. Excellent yields of 90–97 %

were obtained in 1.0–1.5 h. A mechanism occurring via a tandem system was then

proposed to explain the formation of the dihydroquinoline (Scheme 5B).

Recently, Ramazani, Rouhani and Joo [25] reported for the first time a novel and

swift, catalyst-free one-pot synthesis of highly substituted propanamide derivatives

in water from a three-component reaction. As a model reaction, an equimolar

concentration of cyclohexyl isocyanide, 4-methylcinnamic acid and 2-oxopropyl

benzoate in water were irradiated with an ultrasonic probe (frequency = 20 kHz,

Scheme 5 Four components reaction for the synthesis of dihydroquinolines and its probable mechanism
(adapted from [24])
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nominal power = 250 W). Various parameters, such as the time of reaction, the

ultrasonic power and the solvent, were then studied. A maximum yield of 92 % was

obtained when the three components were irradiated for 40 min in water at a

frequency of 20 kHz and a power of 100 W. To identify the role of ultrasound, the

reaction was extended to several substituted carboxylic acids, isocyanides and

2-oxopropyl benzoate under ultrasonic or silent conditions. In all cases, the

reactions carried out under ultrasonic irradiation led to higher yields in shorter time.

The authors explained the acceleration of the reaction by the action of the physical

effects of ultrasound, which increase mass transfer. However, they believe that the

acceleration of the reaction could be ascribed to the chemical effects of ultrasound,

which allow faster production of the conjugate base of the carboxylic acid.

Whatever the carboxylic acid and isocyanide derivatives, excellent yields

(87–95 %) are obtained in a short time of 40 min, without formation of undesirable

by-products. Finally, the authors gave a mechanistic explanation of the reaction,

which starts with the nucleophilic addition of isocyanide to 2-oxopropyl benzoate,

assisted by the protonation of benzoate by carboxylic acid, which leads to a

nitrilium intermediate. The intermediate is then attacked by the conjugate base of

the carboxylic acid to form an adduct that undergoes a Mumm rearrangement, to

give sterically congested propanamide derivatives.

Finally, the authors developed an easy, efficient and environmentally friendly

catalyst-free one-pot and three-component procedure for the synthesis of

propanamide derivatives in water under ultrasonic irradiation.

2.2 Ultrasound-Assisted Reactions in Glycerol

The use of green solvents from renewable resources has been the subject of huge

interest in recent years. Among such solvents, glycerol, which is a main co-product

of biodiesel and oleochemical production, can be considered a twenty-first century

commodity [26]. In addition, glycerol allows excellent cavitation, that makes its use

as a solvent for some reactions performed under ultrasonic irradiation very

interesting [26].

In this context, Cravotto and coworkers proposed for the first time in 2011,

ultrasound-assisted synthetic protocols using glycerol as solvent [27]. They first

carried out the catalytic transfer hydrogenation of benzaldehyde into benzylic

alcohol in glycerol as solvent and hydrogen donor, catalyzed by Ru (p-cumene) Cl2
dimer. They experimented with this dual usage of glycerol under microwave,

ultrasonic (ultrasonic horn, P = 30 W), and combined microwave/ultrasonic

irradiation. The crucial role of ultrasound was evidenced in the transfer

hydrogenation of benzaldehyde, for which the mixture was pre-sonicated (cup-

horn, f = 10 kHz, P = 100 W) and then heated up with a bath of oil. Indeed, under

those conditions the duration of the reaction was decreased by factor of two

compared to the same reaction without pre-sonication; however, the yields were

identical. Neither microwave irradiation nor combined ultrasound/microwave

irradiations could compete with ultrasonic irradiation, which led to 100 % yield

after 3 h.
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The authors then studied a series of metal-catalyzed C–C couplings in glycerol,

and compared the contribution of the different methods of activation. The coupling

between 4-iodoanisol and phenylboronic acid in glycerol, using ligand-free

palladium salts and palladium on charcoal, was used as a model reaction.

Ultrasonic/oil bath, microwave and simultaneous ultrasound/microwave irradiation

greatly improved the rate of the reaction. The optimal yields obtained under

ultrasonic/oil bath and ultrasonic/microwave irradiation were ascribed to both heat

input, and improvement of mass transfer.

The authors then used palladium-loaded cross-linked chitosan in place of ligand-

free palladium salts and glycerol as solvent. Under those experimental conditions,

ultrasonic, microwave/high pressure and ultrasonic/microwave irradiations mark-

edly increased the reaction yield.

Finally, the authors experimented the Barbier reaction by using benzaldehyde as

substrate; they compared the usual solvent system THF/NH4Cl under stirring to the

glycerol/NH4Cl system under ultrasonic irradiation. Ultrasound improved the yield,

and the kinetics of the reaction were increased by a factor 1.5. Nevertheless,

contribution of the cleaning bath on the reaction rate was negligible, whereas the

ultrasonic horn yielded 80 % of alcohol in 15 min and 100 % in 1 h, without

formation of by-product.

In conclusion, glycerol is a very attractive bio-sourced and non-volatile solvent

for many organic reactions. In addition, its smart combination with ultrasonic

irradiation solves its problems of solubility and high viscosity by an enhancement of

heat and of mass transfer in the organic reactions.

2.3 Solventless Synthesis

In the paper previously cited and devoted to the selective catalytic synthesis of fine

chemicals, Sheldon said that the best solvent is no solvent [16]. Given the multiple

roles of solvents in chemical processes, this is far from a dogma. For instance,

solvents dissolve reactants, bring them together to facilitate the reaction, and affect

chemical reactivity. Nonetheless, a couple of articles have reported ‘‘solvent-free’’

synthesis under ultrasonic activation.

2.3.1 Synthesis of b-Aminocarbonyls

In this context, b-amino carbonyls are versatile intermediates that are used for the

synthesis of a large number of organic compounds, such as amino alcohols, peptides

and lactams, and as precursors to optically active amino acids [28]. The Mannich

reaction provides one of the most basic and useful methods for their synthesis, while

presenting serious disadvantages in its classical version. Indeed, due to the drastic

reaction conditions and the long reaction times used, unwanted side reactions often

take place [29]. Alternatively, the acid- or base-induced Michael additions of a, b-
unsaturated carbonyls with amines have been used successfully. However,

drawbacks, including use of expensive reagents or organic solvents, or an excess

of catalyst and high temperature, still exist [30].
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In 2005, Ji and coworkers [31] proposed an ultrasound-assisted Michael addition

of amines to ferrocenylenones under solvent- and catalyst free conditions and at

room temperature (Scheme 6). By using an ultrasonic cleaner at a frequency of

40 kHz and a power of 250 W, the addition products were obtained almost

quantitatively in 0.5–2 h, except when the Michael acceptor was sterically hindered.

Secondary amines were shown to add better than primary amines; and when primary

amines such as n-butylamine, ethanolamine, or benzylamine were reacted with

ferrocenylenones, highly chemoselectivity was observed and only mono-addition

products were obtained. In addition, the reaction was extended successfully to

3-ferrocenyl chalcones, chalcones, ethylacrylates and acrylonitriles. In contrast to

the existing method, this simple methodology was very efficient, high yielding and

environmentally friendly.

Some years later, Zhao and coworkers [32] developed a new, solvent-free,

method for the Michael addition of nitrogen-and carbon-containing nucleophiles to

cyclic enones under ultrasonic irradiation. As model reaction, they used a mixture of

cylohexenone and benzamide that was irradiated at a frequency of 20 kHz and a

power of 675 W (pulse-on time, 1.2 s, pulse-off time; 1.5 s) and thermostated at

60 �C. These ultrasound-assisted solvent-free conditions led to an increase in the

rate of the reaction by a factor of 4 compared to when acetonitrile was used as

solvent, whereas the yield increased from 73 % to 96 % with a slight increase of

cyclohexenone (1.2–2 eq.); it was almost quantitative (99 %) when the amount of

para-toluenesulfonic acid catalyst was decreased from 10 % to 1 %. But, under

those optimal conditions, a decrease in temperature from 60 �C to 25 �C resulted in

a decrease in yield from 99 % to 48 %, probably due to the increased viscosity of

the medium. The authors then studied the generalization of the method to various

Michael acceptors with three N-centered nucleophiles including benzamide,

1-phenylurea, and p-toluenesulfonamide (Scheme 7).

Michael addition of nitrogen-containing heterocycles such as 1,2,4-triazole and

imidazole to cyclohex-2-enone and cyclopent-2-enone led to almost quantitative

yields, whereas the reaction of benzamide or 4-benzensulfonamide with cyclopent-

Scheme 6 Ultrasound-assisted Michael addition of amines to ferrocenylenones under solvent- and
catalyst-free conditions and at room temperature (adapted from [31])

Top Curr Chem (Z) (2016) 374:74

123Reprinted from the journal 37



2-enone yielded 78 % addition products. When cyclohex-2-enone was reacted with

aliphatic amides or aromatic amides bearing electron-withdrawing substituents on

the aromatic ring, the yield in addition product was decreased to 60–55 %.

Furthermore, it was necessary, in some cases, to increase the amount of catalyst or

to double the duration of irradiation. When an acyclic enone such as 1-acetyl-1-

cyclohexene was reacted with benzamide, a complex mixture was obtained

whatever the amount of catalyst used. These optimized experimental conditions

were used for Friedel-Crafts alkylation of electron-rich (hetero)arenes such as

indoles, furans and 1,3,5-trilethoxybenzenes to enones. The resulting yields were

good to excellent, in 30 min of ultrasonic irradiation by adjusting the catalyst

amount at 1 mol% or 10 mol%. In this work, the authors developed a solvent-free

efficient, convenient and environmentally friendly protocol for the Michael type

addition of nitrogen-and carbon-containing nucleophiles to cyclic enones under

ultrasonic irradiation.

Scheme 7 Michael-type addition of various Michael acceptors with three weak N-centered and carbon
containing nucleophiles under optimized conditions (adapted from [32])
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2.3.2 Synthesis of a-Aminophosphonates

a-Amino phosphonates are phosphorous analogs of a-amino acids, and transition

state mimics of peptide hydrolysis. They have a wide range of biological and

pharmacological activities, such as being peptide mimics, haptens of catalytic

antibodies, enzyme inhibitors, anti-cancer agents, anti-viral agents, anti-thrombotic

agents, anti-inflammatory agents, antibiotics, etc. [33], and are thus very interesting

scaffolds that have generated much interest in organic synthesis.

Since the first one-pot synthesis of a-amino phosphonates described in the

literature [34], many variations have been developed. Unfortunately, they all

displayed some drawbacks, such as environmental impact due to the use of volatile

organic solvents, and long reaction times.

In 2007, Xia and coworkers [35] described a one-pot procedure for a three-

component coupling of aldehydes, amines and diethylphosphite under ultrasound-

assisted solvent-free and catalyst-free conditions (Scheme 8). In order to investigate

the ultrasonic effect, the authors first used p-methoxyaniline and benzaldehyde as

model molecules together with diethylphosphite. The experiments were performed

in an ultrasound cleaning bath with a frequency of 40 kHz and an output power of

250 W. Under ultrasound irradiation, 97 % of a-amino phosphonate was obtained in

only 1.5 h whereas only 18 % was observed in silent conditions when the reaction

was run overnight. They then investigated the reactivity of aldehydes and amines,

pointing out both electronic and steric effects from aldehydes and no remarkable

electron and position effects from the amines on the three-component couplings.

Whatever the aldehyde, the yields were excellent, but aldehydes with an electron-

donating group could be accomplished in a much shorter time than those with an

electron-withdrawing group under ultrasonic irradiation. The impact of the steric

effect was more obvious, and, for sterically hindered aldehydes, reaction times were

greatly increased while yields of products were decreased, and were lower than in

silent conditions with the aliphatic isobutyraldehyde. Because of their lower

Scheme 8 Ultrasound-assisted one-pot coupling of aldehydes and amines with diethylphosphite under
solvent-free conditions and catalyst-free conditions (adapted from [35])
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reactivity, coupling reactions involving ketones had to be carried out at 70 �C under

solvent-free and ultrasound conditions, leading to good yields in short times, except

for acetophenone, for which only 25 % of product was obtained. Finally, using

ultrasonic irradiation, the authors described an environmentally friendly solventless

and catalyst-free convenient method for this three-component Mannich-type

coupling.

Following this work, Shungare and coworkers [36] proposed a solvent-free

procedure for the synthesis of a-aminophosphonates catalyzed by 1-hexanesul-

phonic acid sodium salt under ultrasonic irradiation (Scheme 9).

Various parameters such as catalyst amount, solvent need and effect of sonication

were optimized with benzaldehyde, aniline and triethyl phosphite as model reagents.

The use of 10 % mol of catalyst was sufficient to push the reaction forward. By

using an ultrasonic bath at a frequency of 35 kHz, and a nominal power of 200 W,

they observed an excellent 94 % yield under solvent-free conditions in 15 min of

irradiation. However, in silent conditions, 60 min of reaction were needed to obtain

a lower yield of 65 %. The presence of solvent decreased the yield to 68 % in the

best case with dichloromethane and to 20 % in the worst case with water. The

generality of the method was then examined by reacting different substrates with

triethyl phosphite and 1-hexanesulphonic acid sodium, in solvent-free conditions

and under ultrasonic irradiation. Satisfying yields were obtained except with

ketones, which gave very low yields of products even after prolonged time of

ultrasonic irradiation. In addition, under ultrasonic irradiation, whatever the

Scheme 9 Ultrasound-assisted synthesis of aminophosphonate catalyzed by 1-hexanesulphonic acid
sodium salt under solvent-free conditions (adapted from [36])
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substrate studied, the yield of product obtained was superior, or at least identical, to

that obtained under silent conditions. No remarkable difference in the reaction time

and yields of products were observed with aldehydes substituted by electron-

donating or -withdrawing functional groups.

2.3.3 Synthesis of a-Acyloxy Amides and a-Hydroxyl Amides

Depsides, depsipeptides and a-acyloxyamides are derivatives that show promising

biological activities including anti-bacterial, anti-viral, antifungal and anti-inflam-

matory properties [37]; they also have great potential for Boron Neutron Capture

Therapy (BNCT) applications [38].

A few years ago, Zhao and coworkers [39] published an ultrasound-promoted,

easy, efficient and environmentally friendly protocol for the synthesis of a-
acyloxyamides via sterically congested Passerini reactions under solvent-free

conditions. The experiments were performed using an ultrasonic probe at a

frequency of 25 kHz and 1200 W (pulse-on time = 2 s, pulse-off time = 2 s) for 1 h

(Scheme 10), and the results were compared to those obtained at a pressure of

300 MPa.

In general, the use of ultrasound was shown to accelerate the reaction, and the

reaction time decreased from 16.5 h at 300 MPa to 1 h under ultrasound, leading, in

most cases, to higher yields. In addition, variation in the sizes of the substituents R1,

R2 and R3 yielded 41–68 % of products under 1 h of ultrasonic irradiation compared

to 28–89 % when the reactions were carried out at 16.5 h at 300 MPa pressure.

Furthermore, when the reaction was performed in a low-polarity organic solvent, in

water, or in aqueous LiCl, use of ultrasound was inefficient, and the product did not

form. Under solvent-free conditions, 50 min of sonication of the mixture acetic

acid, 2,2,2-trifluoro-1-phenylethanone and 1-isocyanato-4-methoxy-2-nitrobenzene

led to a 49 % yield of product. An increase in the temperature of the mixture to

40 �C led to a maximum yield of 58 % in 40 min of sonication, whereas 24 h are

necessary without solvent under conventional activation to get 52 % of products. In

addition, the kinetics of the ultrasound-assisted procedure were 36-fold higher in

solvent-free conditions than in the presence of solvent. The authors then decided to

extend the optimized conditions to the reaction of several trifluorophenylethanones

with isocyanides and acetic acid, and, for some of them, compared the efficiency of

an ultrasonic horn to that of the ultrasonic bath (f = 40 kHz, P = 100 W).

Scheme 10 Synthesis of a-acyloxyamide under ultrasonic irradiation (adapted from [39])
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Good to excellent conversions were observed whatever the electronic nature of the

substituents of the trifluorophenylethanone, and of the isocyanide. Moreover, the

bath cleaner was as efficient as the ultrasonic horn but the reaction was 4.5 to 8-fold

faster when using the ultrasonic horn. With the objective of evaluating the

bioactivities of the resulting a-hydroxyl amides, the authors experimented with a

one-pot a-acyloxyamide synthesis-hydrolysis. After completion of the a-hydroxyl
amide synthesis, the medium was hydrolyzed by aqueous sodium hydroxide in

methanol under ultrasonic irradiation for 15 min, giving a-hydroxylamides in good

yields.

In conclusion, the authors described a new, efficient and environmentally

friendly, solvent-free procedure for the synthesis of a-acyloxyamides via sterically

congested Passerini reactions under ultrasonic irradiation; a-hydroxylamides were

readily obtained by in situ basic hydrolysis under ultrasonic irradiation.

2.3.4 Synthesis of Heterocycles Scaffolds and Precursors

Reactions leading to interesting scaffolds and their precursors are especially useful

for a large panel of ‘drug like’ molecules. 2H-Indazolo[2,1-b]phthalazine-1,6,11-

triones, 1H-pyrazolo[2,1-b]phthalazine-5,10-diones and benzopyrano[4,3-d]pyrim-

idines are important N-heterocycles possessing several biological properties,

such as anticonvulsant [40], cardiotonic [41] and anti-thrombotic [42] activities.

Due to their importance, various methods are available for their synthesis.

Unfortunately, several of these present some drawbacks, such as harsh reaction

conditions, use of toxic solvents, expensive catalysts, and low yield [43].

In 2011, Singh and coworkers [44] reported a swift and efficient solvent-free

synthesis of 2H-indazolo[2,1-b]phthalazine-1,6,11-triones, 1H-pyrazolo[2,1-b]ph-

thalazine-5,10-diones under ultrasonic irradiation, mediated by S-camphorsulfonic

acid at room temperature (Scheme 11).

The reaction was first performed with phthalhydrazide, dimedone and 4-ni-

trobenzaldehyde in the absence of catalyst under solvent-free silent conditions at

80 �C, and under ultrasound irradiation, (ultrasonic bath, P = 200 W) at room

temperature. In both conditions, the absence of desired product, even after 12 h of

reaction, confirmed the indispensable nature of a catalyst. The above model reaction

was then carried out under ultrasonic and silent conditions in the presence of various

Scheme 11 Solvent-free synthesis of 2H-indazolo[2,1-b]phthalazine-1,6,11-triones, 1H-pyrazolo[2,1-
b]phthalazine-5,10-diones under ultrasonic irradiation (adapted from [44])
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catalysts: L-proline, P2O5, InCl3, NH3HSO3, BF3.OEt2 and S-camphorsulfonic acid

(S-CSA). S-CSA was the most efficient and selectively provided the maximum

92 % of desired product in a minimum time of 20 min under solvent-free and

ultrasonic irradiation conditions. Indeed, the other catalysts led to the desired

product in lower yields, and to the Knoevenagel condensation product. The

generality and the synthetic scoop of this coupling protocol was then demonstrated

by synthesizing a series of 2H-indazolo[2,1-b]phthalazine-1,6,11-triones, 1H-

pyrazolo[2,1-b]phthalazine-5,10-diones under the optimized conditions. Main

aromatic, heteroaromatic or aliphatic aldehydes, and cyclic or acyclic 1,3-diketones

reacted successfully under the optimized conditions, although aliphatic aldehydes

led to lower yields. Surprisingly, cyclic 1,3-diketones such as indane-1,3-dione, 1,3-

dimethylbarbituric acid, and 4-hydroxycoumarin treated with phthalhydrazide and

aldehyde under optimized conditions led selectively to the Knoevenagel conden-

sation product.

Finally, in this work, the authors proposed a simple, eco-friendly and efficient

approach to build structurally diverse 2H-indazolo[2,1-b]phthalazine-1,6,11-triones,

1H-pyrazolo[2,1-b]phthalazine-5,10-diones through domino Knoevenagel conden-

sation / Michael addition / intramolecular cyclohydration sequence. This protocol

could be used directly for biological assays.

In 2015, Jeong and coworkers [45] became interested in the synthesis of

benzopyranopyrimidines in solvent-free conditions and under ultrasonic irradiation,

catalyzed by a solid supported catalyst at room temperature (Scheme 12). The

described strategy began with the development of the optimal conditions using

salicylaldehyde, malonitrile, and piperidine as models in solvent-less conditions

under silent and ultrasonic irradiation. A screening of various catalysts showed the

efficiency of polymer-supported Lewis acid catalysts, and especially of the

polystyrene p-toluenesulfonic acid (PS/PTSA) complex, the activity of which was

excellent under ultrasonic irradiation. Indeed, an optimal amount of 30 mg of

catalyst led to 94 % of product in 15 min of ultrasonic irradiation, whereas 50 min

was necessary to obtain 81 % of product in silent conditions. The effect of solvent

was then studied on the model reaction with 30 mg of catalyst, both under silent and

ultrasonic conditions; it was established that 15 min of ultrasonic irradiation at room

temperature in solvent-free conditions using 30 mg of PS/PTSA were the best

conditions for this reaction. In addition, PS/PTSA catalyst was shown to be

recyclable without significant loss of efficiency, and 87 % of product was obtained

at its fourth use. The condensation of malonitrile with different salicylic aldehydes

and various secondary amines under these optimized conditions led to a variety of

benzopyranopyrimidines.

Salicylaldehydes bearing either electron-withdrawing or electron-donating

groups reacted successfully with malonitrile and secondary amines under solvent-

free and ultrasonic conditions in the presence of 30 mg of PS/PTSA at room

temperature to give the corresponding benzopyrano[2,3-d]pyrimidines in 73–94 %

yield. Unfortunately, no information is given in the paper on the ultrasonic

conditions in terms of frequency, power, and material used.

The authors proposed a stepwise mechanism (Scheme 12), proceeding first via

Knoevenagel condensation of the salicylaldehyde 1 with the malonitrile 2 leading to
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an intermediate 3 on the acidic active surface of the catalyst. Then, a Pinner reaction
affords compound 4, the cyano function of which is readily attacked by the

secondary amine to produce intermediate 5. Intermediate 5 reacts finally with

Scheme 12 Synthesis of benzopyrano[3,4-d] pyrimidines in solvent-free conditions under ultrasonic
irradiation using polystyrene p-toluenesulfonic acid (PS/PTSA) as catalyst and hypothesis of the
mechanism (adapted from [45])
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another molecule of salicylaldehyde 1 leading to compound 6, which affords

benzopyrano[2,3-d]pyrimidine 7 by proton transfer through the surface of the solid

catalyst.

In conclusion, the authors describe an efficient and eco-friendly solvent-free

procedure for the synthesis of benzopyrano[2,3-d]pyrimidines in the presence of a

solid catalyst under ultrasonic irradiation at room temperature.

N,N-Bis(phenacyl)alanines are very important precursors of various N-con-

taining heterocyclic compounds [46]. Unfortunately, the classical methods for

their synthesis require organic volatile solvents, long reaction times, and lead

to low yields [47]. Hence, He and coworkers [48] reported a solvent-free

synthesis of N,N-bis(phenacyl)aniline under ultrasonic irradiation, using

polyethylene glycol 400 (PEG400) as a phase transfer catalyst (PTC)

(Scheme 13).

The reaction was first optimized using aniline, a-bromoacetophenone and sodium

carbonate in the presence of PEG400 at room temperature. The mixture was

irradiated using an ultrasonic probe at a frequency of 24 kHz, by increasing the

power from 200 W to 400 W. In the presence of 2 mol% PEG400, an increase of

the power from 200 W to 350 W led to an increase in yield from 38 % to 54 %, and

a decrease in reaction time from 150 min to 50 min. Moreover, at a power of

350 W, an increase in the amount of PEG400 to 5 mol% led to a decrease in the

reaction time to 30 min, and an increase in the yield to 81 %.

The optimized conditions were then extended to the condensation of substituted

anilines, with substituted a-bromoacetophenone, but no obvious electronic effects

of the substituents were evidenced. Yields of 73–83 % in the resulting N,N-

bis(phenacyl)alanines were observed in 30–50 min of ultrasonic irradiation.

Finally, the authors developed an efficient and environmentally-friendly solvent-

free procedure for the synthesis of bis(phenacylanilines) under ultrasonic irradiation

in the presence of PEG400 as PTC.

Summing up the above, ultrasound-assisted solvent-less synthesis has been

studied extensively for MCR reactions in the literature, but also for many other

reactions, such as in the protection of chemical functions [49]. The use of this non-

conventional activation method, in combination with solvent-less conditions, allows

significant improvements in terms of yield, reaction time, by-product formation,

Scheme 13 Solvent-free synthesis of N,N-bis(phenacyl)alanines under ultrasonic irradiation (adapted
from [48])
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chemoselectivity, ease of experimentation, and sustainability of the reactions, that

can often be performed in catalyst-free conditions.

3 Sustainable Catalytic Oxidations under Ultrasound

From among the numerous published works on sonochemistry, we choose here to

highlight organic transformations with a synthetic purpose. Thus, degradation of

organic pollutants, sludge or waste, desulfurization of fuel oil will not be reported.

We will restrict our investigation to the few papers dedicated to oxidative

transformations involving green oxidants (H2O2 or O2) associated, or not, with

green metals (Mn or W) as catalysts.

3.1 Synthesis of Carbonyl and Carboxylic Compounds

Aldehydes and ketones are of great interest in organic synthesis either as precursors,

fine chemicals or solvents. Their syntheses have required toxic and expensive

conditions, often unacceptable for polyfunctionalized compounds, that are no longer

considered adequate for sustainable chemistry. It is necessary to develop

environmentally benign and straightforward methods leading to such products. In

order to minimize further oxidation of aldehydes to carboxylic acids, a two-phase

system is often proposed.

Although ultrasound promotes micromixing, increased reaction rate and mass

transfer compare to silent conditions (magnetic or mechanical stirring), PTC is still

needed. Pandit and coworkers [50] applied such a strategy to benzaldehyde

synthesis, and showed that active oxidizing species are generated in the aqueous

phase containing hydrogen peroxide and dodecatungstophosphoric acid

(H3PW12O40). Aliquat-336, used as PTC, is able to transfer the oxidant to the

organic layer, thus allowing the reaction with benzyl alcohol, providing benzalde-

hyde with high selectivity in 125 min at 39 �C maximum. They studied the

influence of all the parameters (concentrations of alcohol and H2O2, amount of PTC

and of catalyst, effect of ultrasound), and obtained best yield and selectivity in the

sonochemically assisted process requiring a 22 kHz bath, and essential presence of

PTC although dichloromethane appeared to be unavoidable.

Substituted benzyl alcohols were converted quantitatively within 10–25 min at

room temperature, in acetone, using a mixture of the Lewis acid FeCl3 and HNO3 as

oxidants according to the suggested mechanism (Scheme 14) [51]. A 35 kHz

ultrasonic bath was revealed to be crucial in avoiding the overoxidized or nitrated

by-products obtained under silent conditions.

These works led Draye and coworkers [52] to envisage the oxidative

depolymerization of Kraft lignin (a paper industry waste) into four vanillin-based

monomers: vanillin, acetovanillone, vanillic acid and guaiacol (Scheme 15), in

silent but also acoustic conditions. This great renewable source of organic

compounds, and especially of aromatics, is so stable that only 0.51 % yield was

obtained with hydrogen peroxide and catalytic amount of Na2WO4, 2H2O under

magnetic stirring. This result is one of the best ever reached with H2O2. But,
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surprisingly, acoustic cavitation promoted the high coupling of phenoxy radicals

generated by superoxide radical HO2� at the end of polymer units, thus causing a

decrease in the number of monomers. Thus ultrasound is used in the pretreatment

and extraction of lignin rather than in an oxidative synthetic process [53].

This green transformation was also applied to cyclanols, which have five- to

eight-membered rings, leading to corresponding ketones with excellent selectivity

([ 99 %) in the presence of aqueous H2O2 [54]. The screening of the catalyst led to

the choice of tungstic acid H2WO4; however, despite this, the solventless reaction is

not efficient without PTC. Different ILs were added as co-catalysts, with

hydrophobic ILs predicted to give modest yields and displaying poor mass transfer

ability. In order to validate this hypothesis, Aliquat-336 was tested. Cyclohexanone

was then obtained almost quantitatively in 15 min with an ultrasonic probe at

20 kHz. A radical mechanism might occur under sonication.

This was again proven in the oxidation of D-glucose into D-gluconic acid. The

Sono-Fenton reaction occurred at low frequency in the presence of the H2O2/FeSO4

system [55]. This very efficient and regioselective reaction afforded the acid with

Scheme 14 Suggested mechanism for oxidation of benzyl alcohols with FeCl3 and HNO3 under
sonication (adapted from [51])

Scheme 15 Depolymerization of Kraft lignin in the presence of a H2O2 / Na2WO4 system (adapted from
[52])
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99 % conversion and 97 % yield, in a very short time at room temperature, releasing

no harmful waste.

Oxidative transformation of valeraldehyde into valeric acid with bubbling

oxygen and di-tert-butylperoxide as catalyst was carried out with a 30 kHz probe

[56]. The catalyst initiates the formation of a radical that traps oxygen to provide

valeric peracid as an intermediate. It then reacts with valeraldehyde to give valeric

acid at room temperature. This radical-chain oxidation is due solely to acoustic

cavitation.

This phenomenon is powerful and versatile, and is efficient in both degradation

and synthetic reactions.

3.2 Synthesis of Sulfoxides and Sulfones

Sulfoxides are important compounds that exhibit various interesting properties and

are thus used in many different domains of the chemical industry. They can be

produced by direct oxidation of sulfides with a very good selectivity, and with

environmentally benign methods.

Pandit and coworkers [57] investigated this reaction on thioanisole in water, with

hydrogen peroxide under sonication at 22 kHz. All reaction parameters have been

studied rigorously. For example, addition of H2O2 portionwise is more efficient than

adding the total amount at the beginning. In fact, under ultrasound, this oxidant

decreases because of homolytic cleavage occurring during bubble collapse. Thus, an

excess of H2O2 is often used. In this work, conversion of thioanisole into sulfoxide

was excellent and almost quantitative, and selectivity increased by the use of

catalytic amounts of b-cyclodextrin. By-products such as sulfone were then lower.

To achieve this goal requires 2 h at 32 �C, although water has replaced

methanol, making this new process more eco-friendly.

When Jain and coworkers [58] achieved this oxidation on various sulfides

(phenyle, vinyle, propargyle and alkyle ones) in two different solvents at room

temperature, they obtained 80–95 % of sulfoxides in polyethylene glycol

PEGME500 and 85–98 % of sulfones in acetonitrile, respectively, within

5–45 min (Scheme 16). Unsaturated carbon–carbon bonds remained unchanged.

Scheme 16 Oxidation of sulfides with H2O2 in organic solvents under ultrasound (adapted from [58])
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The advantage of using PEGME500 relies on its recyclability in several subsequent

runs without significant loss of conversion and selectivity.

3.3 Epoxidation of Alkenes

Epoxides represent a class of molecules produced either chemically or biochem-

ically that serve mainly as precursors for drugs and natural compounds. They are

often issued from alkenes, requiring hazardous and expensive reactants and

solvents. Selectivity might be low when polysubstituted substrates are used. It

became necessary to work out new sustainable and efficient processes for

synthesizing such intermediates, even in an enantioselective pathway [59, 60].

Jin and coworkers [61] developed a versatile and eco-friendly ultrasonically

assisted method for the epoxidation of chalcones in the presence of urea-hydrogen

peroxide (UHP) in ethanol/water. This oxidant is easy to handle, and safer than

H2O2. Sonochemical activation at 40 kHz leads to 78–93 % yield, in much shorter

times than magnetic stirring, whether unsaturated ketones are activated or

deactivated (Scheme 17).

Rayati and Sheybanifard studied the epoxidation of several alkenes using a

biomimetic strategy involving Fe-porphyrin catalyst grafted on carbon nanotubes,

H2O2 in large excess in ethanol [62]. The reaction improved when ultrasound was

used to activate the mixture, in terms of time, conversion (maximum 80 %) and

selectivity (epoxide towards aldehyde). The catalyst is even reusable four times

without loss of efficiency.

Exchanging iron for manganese led the authors to add acetic anhydride or acetic

acid to generate peracid in the reaction medium [63]. Alkenes then reacted even

faster, with better selectivity and conversion, especially for cyclooctene.

Draye and coworkers [64] combined both H2O2/NaHCO3/imidazole/

Mn(TPP)OAc oxidation system and [mopyrro][NTf2] IL under ultrasonic irradiation

to give an exceptionally favorable environment for Mn(TPP)OAc-catalyzed olefin

oxidations such as cyclooctene or styrene (Scheme 18).

Under these conditions, the porphyrin is protected by immobilization in the IL

phase, and the peroxymonocarbonate (generated in situ) has too short a lifetime

under ultrasound. The classical mechanism of oxidation via porphyrin can occur,

through the oxo-manganyl intermediate, which is the oxidizing species formed

in situ. These two conditions allow the mechanism of the epoxidation reaction to be

controlled. Thus, considering chiral epoxidation via design of the catalyst was

Scheme 17 Epoxidation of chalcones with urea-hydrogen peroxide (UHP) in a cleaning ultrasonic bath
(adapted from [61])
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obvious and successful [65–67]. (S)-styrene oxide was obtained in 16 % yield after

5 min with a 40 % ee.

Moreover, the effect of ultrasound in ILs was investigated and, for the first time,

some typical parameters of sonochemistry were determined in this solvent to better

understand the powerful combination of ILs / ultrasound in green organic synthesis.

This sophisticated oxidative system is imitating biocatalyst processes. Research-

ers have not hesitated in crossing the line to investigate enzymes and microorgan-

isms to improve organic transformations according to the principles of green

chemistry.

4 Enzymatic Transformations

The mechanical effects of low-frequency ultrasound (20–100 kHz) enhance organic

transformations by better micromixing due to microstreaming, better mass transfer,

and better diffusion, especially in heterogenous media [59, 60]. It is obvious that it

can also improve biotechnological processes, as ultrasound is known to alter cell

membranes, increasing diffusion of materials, or to disrupt cells, thus releasing

enzymes and proteins in the reactor, influencing kinetics [68, 69]. But submitting

those macromolecules to very powerful irradiation can cause irreversible damage by

means of oxidation with hydroxyl radical, breakage as a consequence of shear

forces, or local heat spots. Thus, it is essential to design the right reactor for the right

purpose: use of an ultrasonic bath, a cuphorn, or a directly immersed probe [60, 69].

Sonochemistry has already been widely applied to biocatalysis, such as in sludge

or waste remediation [70], decontamination [71], microbial fermentations [72],

anaerobic digestion [73], pretreatment of enzymes [74], or biodiesel production

[75]. We chose here to report ultrasonically enzyme-assisted synthetic transforma-

tions for pharmaceutical, agrochemical, food, fragrances and flavors, or cosmetics

applications. Indeed, research studies in these domains have not attracted as much

attention as the organic syntheses discussed above, even though they are relevant to

the principles of green chemistry.

Scheme 18 Ultrasonic-assisted epoxidation of olefins catalyzed by MnTPP(OAc) in [mopyrro][NTf2]
IL, and by chiral Mn porphyrin (adapted from [64, 66])
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4.1 Transesterification and Esterification

4.1.1 Transesterification

The most illustrative reaction in this context is transesterification carried out in the

presence of lipase. In general, and in aqueous media, this enzyme hydrolyzes

triacylglycerol esters. When the reaction is carried out in a non-aqueous organic

medium, lipase catalyzes esterification or transesterification. Under ultrasound, and

up to 70 �C, one of the most efficient is lipase B from Candida antarctica. It is

immobilized mainly on a macroporous poly acrylic resin, and in this form is known

as Novozym�435.

Despite the high cost of such enzymes, this synthetic strategy proved to be the

best in carbohydrate chemistry, displaying excellent regioselectivity and yields,

avoiding extra protection and deprotection steps [76]. Indeed, the natural

polysaccharide Konjac glucomannan (KGM) has been acylated on C6-OH positions

with vinyl esters (from C2 to C18) in tert-butanol with higher yields, higher degree

of substitution (DS) and higher initial reaction rate under sonication at 20 kHz in a

cleaning bath than with conventional methods. The acylated sugar appeared to be a

good emulsifier and a promising medicine.

Cinnamyl acetate—a natural fragrance and flavor extracted from the bark of

cinnamon—can be obtained successfully from transesterification between cinnamyl

alcohol and vinyl acetate in the presence of Novozym�435 at 25 kHz in 20 min,

solvent-free. Lipase is reusable seven times without any loss of activity [77].

In order to produce biodegradable polymers, the homopolymer poly(ethylene

glutarate) was obtained for the first time by the same solventless strategy [78]. The

reaction between ethylene glycol diacetate and diethyl glutarate was relatively fast

(7 h at 45 kHz v. 24 h under silent conditions) with almost quantitative conversion

of the monomer and a higher degree of polymerization. In this case, lipase B was

immobilized on a glycidyl methacrylate polymer and is known as Fermase CALBTM

10,000.

Lipase-catalyzed copolymer synthesis can be optimized in terms of rate, yields

and molecular weight by using ultrasonic activation. Annuar and coworkers [79]

succeeded in improving biodegradable copolymer production of poly-4-hydroxy-

butyrate-co-6-hydroxyhexanoate from c-butyrolactone and e-caprolactone in chlo-

roform. Screening of lipase was realized, and Novozym�435 afforded the best

results with the highest stability under ultrasound.

Transesterification with glycerol was first studied on methyl benzoate, with

catalytic amounts of Novozym�435 at 37 kHz in 2-propanol, modestly yielding

1-glyceryl benzoate [80], before applying it to glycerolysis of olive oil [81]. In the

latter case, mono-(MAG) and diacylglycerols (DAG), very good for prevention of

obesity, were obtained consistently with kinetic modeling, and without requiring

any separation of solvent.

Flavonoids display interesting pharmacological properties, but their low liposol-

ubility prevents them from crossing the blood–brain barrier. Thus, mono acylated

flavonoids have been synthesized to enhance this activity, thus requiring the

development of green processes. Divinyl dicarboxylates (C8–C17) were chosen as
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acyl donors along with troxerutin (also known as vitamin P4). Transesterification

was catalyzed by an alkaline protease from Bacillus subtilis in pyridine, leading to

high regioselectivity regardless of the activation system. Ultrasound frequency and

power was investigated, and 80 kHz provided an excellent yield, almost the double

(70 %) that of silent conditions (Scheme 19) [82].

Mangiferin, a xanthonoid extracted from mangoes and other plants, possesses

similar pharmacological potential. For the same reason, mono acylated derivatives

would exhibit greater activities. PCL enzyme, in DMSO at 45 �C, led to 84 % of 60-
OH acylation with vinyl acetate, under ultrasound (Scheme 19) [83].

Resveratrol, a naturally derived stilbene from grapes, berries and peanuts,

exhibits pharmacological properties such as anti-oxidant, cardioprotective, anti-

inflammatory and antitumor activities. However, 40-acetoxyresveratrol seems to

have enhanced metabolic stability, and can be achieved by same strategy, without

the need to protect or deprotect phenolic groups from the aromatic aglycone moiety

and hydroxyl groups from the sugar part. Novozym�435 catalyzed efficiently

acylation on the 40 position of the aromatic skeleton. Under ultrasonication, reaction

time is decreased drastically and conversion reached more than 95 % [84].

4.1.2 Esterification

If transesterification is a green process, direct esterification catalyzed by enzymes is

more eco-friendly in terms of atom-economy. Ultrasound is an effective activation

system, increasing rates being due mainly to mass transfer. Thus, flavors like

isoamylbutyrate can be produced almost quantitatively in solvent-free conditions

from isoamyl alcohol and butyric acid, in the presence of catalytic amounts of

Novozym�435 [85]. Rathod and coworkers [86] optimized such a reaction in order

to produce wax esters, used as cosmetic emollients. They synthesized cetyl oleate in

the presence of Fermase CALBTM 10,000 at 40 kHz, increasing yield by 7.5 fold

compared to silent conditions. The kinetic model was still consistent with the

experiment.

Scheme 19 Ultrasound-assisted enzyme-catalyzed transesterification of troxerutin and mangiferin with
vinyl esters (adapted from [82, 83])
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De Oliveira and coworkers [87] also envisaged trying direct ultrasonically

assisted enzymatic esterification to afford ascorbyl esters like palmitate (in modest

yields) and oleate (in very good yields, but with a large excess of oleic acid) [88].

They used tert-butanol to dissolve ascorbic acid and fatty acids.

Esters obtained from short chain alcohols display fruity flavors and are of great

interest in the fragrance and food industries. Biocatalyzed esterification could lead

to ‘‘natural flavors’’. Fernandez-Lafuente and coworkers [89] developed their own

strategy using phospholipase Lecitase-Ultra immobilized on styrene-divinylbenzene

beads (MCI-Lecitase), and a variety of short primary and secondary alcohols and

fatty acids from C4 to C18. Best results were obtained with C8 and C14 acids.

Ultrasound allowed a higher initial rate and the use of a higher substrate

concentration.

Enantioselective esterification was carried out by Zhi and coworkers [90] using

the immobilized thermophilic esterase APE1547 for the resolution of ibuprofen.

Enzyme is added to a stoichiometric mixture of 1-octanol and racemic ibuprofen in

n-heptane at 45 �C, in an ultrasonic cleaning bath (40 kHz). Ten cycles were

performed without any loss in APE1547 activity or enantioselectivity.

4.2 Transesterification and Esterification in Ionic Liquids

4.2.1 Transesterification in Ionic Liquids

Polyhydroxyalcanoates, PHAs, are easily biodegradable biopolymers. Annuar and

coworkers [91] reported ring opening, transesterification and polymerization of e-
caprolactone in IL [emim][BF4]. Such a solvent, with high viscosity, can limit mass

diffusion, but this can be overcome with the help of ultrasound. Indeed, the molecular

weight of the polymer was enhanced, increasing its crystallinity and reducing its

polydispersity compared to poly-6-hydroxyhexanoate obtained in silent conditions.

4.2.2 Esterification in Ionic Liquids

ILs are versatile tools for solubilizing, extracting or immobilizing natural molecules.

Ha and coworkers [92] decided to use ILs either in trans or direct esterification of

glucose (as a model) to produce fatty acid sugar ester with surfactant properties.

Indeed, glucose is hydrophilic while fatty acids are lipophilic. Two envisaged

strategies appeared to be efficient starting from vinyl laurate (90 % conversion) or

lauric acid (80 % conversion), catalyzed by Novozym�435 under ultrasonication. A

supersaturated solution of glucose prepared in ILs, [bmim][OTf] gave the best

results. In these conditions, formed monoester precipitated, thus limiting diester

synthesis and facilitating the work-up.

ILs were also screened to prepare alkyl caffeate, which exhibits biological

properties [93]. In this case, direct lipase-catalyzed esterification of caffeic acid in

methanol and [bmim][NTf2] (an hydrophobic IL) led to methyl caffeate in almost

quantitative yield, under ultrasound. Novozym�435 was the more suitable and

reusable lipase under such conditions (16 cycles), with significant decrease in yield

observed after 11 cycles.
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4.3 Other Organic Transformations

After dealing with oxidation, we now focus on enzyme-catalyzed enantiospecific

bioreduction to afford (R)-phenylephrine, a drug substitute of ephedrine

(Scheme 20) [94]. 1-(3-Hydroxyphenyl)-2-(methylamino)-ethanone (HPMAE)

was converted at 95 % by adding whole cells of Serratia marcescens N10612 as

biocatalyst; sonication enhanced cell permeability.

Lastly, we report a nice one-pot ultrasonically assisted synthesis of pure

indolizines catalyzed by lipase [95]. Candida antarctica A and B were used as

biocatalyst, but the former proved to give higher conversion ([70 %). Ultrasound

improved the reaction rate dramatically, leading to indolizine in only 2 h instead of

2 days under silent conditions (Scheme 21). This cycloaddition involved the in situ

generated ylide, which reacts even in aqueous media, making this strategy even

greener.

We have highlighted green organic transformations, mainly allowing biomass

valorization. Biotechnological processes activated with an ultrasound/enzyme

combination proved very efficient and encouraging. Reaction rates are increased

dramatically thanks to enhancement of mass transfer and diffusion. It is also

notable that enzymes, as macromolecules, remaining mostly unchanged by

ultrasonic chemical and physical effects, allowing recycling. Thus, future industrial

eco-friendly applications could emerge.

5 Perspectives

This chapter clearly demonstrates the huge potential of sonochemistry within Green

Chemistry. The phenomena induced by cavitation are well established but not

completely understood by the scientific community. Indeed, the use of ultrasound is

still not rigorous enough, and a lot of technical information, such as acoustic power,

frequency, etc., is missing from the experimental section of a large number of

papers published in the literature, precluding rigorous interpretation of all the

phenomena discussed above. In addition, this lack of information does not allow

other researchers to accurately reproduce published experiments. Sonochemists still

have a difficult task to accomplish before ultrasound can be used to its full potential,

and wisely as a green tool or for green purposes. Progress in sustainable

sonochemistry is based on the combined skills of various scientists, from chemists

to physicists. And although some industrial processes already involve the use of

ultrasound [96, 97], chemical engineers still have some hard work to do in the scale-

Scheme 20 Enantiospecific ultrasound-assisted enzyme-catalyzed reduction of 1-(3-hydroxyphenyl)-2-
(methylamino)-ethanone (HPMAE) (adapted from [94])
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up of green sonochemical methodologies and processes in order to make them cost

effective and transposable to the industrial scale.
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Abstract Recent applications of ultrasound to the production of nanostructured mate-

rials are reviewed. Sonochemistry permits the production of novelmaterials or provides a

route to known materials without the need for high bulk temperatures, pressures, or long

reaction times. Both chemical and physical phenomena associated with high-intensity

ultrasound are responsible for the production or modification of nanomaterials. Most

notable are the consequences of acoustic cavitation: the formation, growth, and implosive

collapse of bubbles, and can be categorized as primary sonochemistry (gas-phase

chemistryoccurring inside collapsingbubbles), secondary sonochemistry (solution-phase

chemistry occurring outside the bubbles), and physical modifications (caused by high-

speed jets, shockwaves, or inter-particle collisions in slurries).

Keywords Sonochemistry � Nanomaterials � Microspheres � Nanoparticles �
Ultrasonic

1 Introduction

The production of nanostructured materials through the effects of high-intensity

ultrasonic irradiation of materials has been a subject of interest for more than two

decades [1–5]. The ultrasonic irradiation of a liquid can cause effects over a large

range of size scales, from themixing and heating of the bulk liquid to the concentration

of energy in microscopic hot spots intense enough to produce high-energy chemical
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reactions. Both the physical and chemical effects of ultrasound have been utilized in

the production of nanostructured materials. The complex and wide range of processes

caused by ultrasound—both chemical and physical—provides a diverse palette for the

formation nanomaterials with a variety of compositions and structures.

The chemical effects of ultrasonic irradiation in a liquid are not the result of direct

couplingof the soundwaves tomolecular species, as theyoccupyverydifferent time and

length scales. Rather, sonochemistry arises as a consequence of the implosive collapse

of bubbles produced by acoustic cavitations [6]. The process of nucleation, growth, and

collapse of bubbles during acoustic cavitation is shown graphically in Fig. 1. When a

liquid is subject to sufficiently strong acousticwaves, dissolved gases or other impurities

nucleate cavities (bubbles) within the liquid during rarefaction. Through successive

cycles, the cavities grow through rectified diffusion—the decrease in cavity volume

during compression is less than the growth during rarefaction due to the reduced surface

area of the bubble during compression.When the bubble reaches a certain size (microns

for 20-kHz ultrasonic irradiation) it becomes resonant with the ultrasonic radiation and

can rapidly increase in size. Soon the bubble becomes unstable and violently collapses,

producing a hot spot within the liquid medium [7].

Spectroscopic studies of the light emitted during cavitation (i.e., sonolumines-

cence) by Suslick et al. have shown that these implosions generate conditions of

5000 K and 1000 bar in clouds of cavitating bubbles and even more extreme

conditions in isolated single bubble cavitation [6, 8–11]. It is within these regions of

extreme conditions that chemical reactions occur. Suslick et al. also studied the rate

of ligand substitution for metal carbonyl sonolysis as a function of metal carbonyl

vapor pressure and found the sonochemical reactions must be taking place in two

regions—gas phase and liquid phase [7, 12]. The liquid phase is mostly composed

of droplets injected into collapsing bubbles [12], and perhaps a thin shell

surrounding the collapsing bubble. Temperatures of the two sonochemical regions

in low vapor pressure alkanes were determined to be 5200 and 1900 K for the gas

Fig. 1 Graphical representation of the growth and collapse of acoustic cavitation bubbles. As a liquid is
irradiated with ultrasound, it is subjected to periodic compression and rarefaction (a). Bubbles formed in
the liquid undergo expansion and compression and the size of the bubble oscillates until resonance occurs
and implosive collapse follows (b). Reproduced with permission from Ref. [1]. Copyright 2012 Royal
Society of Chemistry
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phase and liquid phase, respectively. The extremely short lifetimes of cavitation

events results in heating and cooling rates of more than 1010 K s-1 [6, 12]. As

shown in Fig. 2, the conditions of sonochemistry are quite extreme in comparison to

other chemical processes.

This review will focus on recent examples of the use of ultrasound for the

synthesis of nanostructured materials and will be organized according to the

mechanisms by which ultrasound can be used for the production of nanomaterials.

Section 2 focuses on nanomaterials produced using the chemical effects of

ultrasound, and this section is further divided by the use of primary sonochemistry

or secondary sonochemistry. In Sect. 3, various methods for using the physical

processes of ultrasound to create nanostructured materials are explored. This section

is subdivided into (1) ultrasonic spray techniques to generate microdroplet reactors

for the generation of nanostructured materials; (2) sonofragmentation and

sonocrystallization; and (3) sonochemically produced protein microspheres, which

are created by a combination of chemical and physical effects.

2 Chemical Effects of Ultrasound

As a result of the extreme conditions during cavitation bubble collapse, both

physical and chemical processes are initiated. The implosive collapse of bubbles

generates a shock wave that propagates out into the liquid medium. Bubble collapse

near a solid surface disrupts the spherical symmetry of the bubble and causes the

formation of microjets that can impact the surface in addition to the shock wave.

These physical processes make ultrasonic irradiation an effective means to mix

Fig. 2 Graph showing the ‘‘islands of chemistry’’, a graphical comparison of the timescale, energy, and
pressure of various chemical processes. As shown in the graph, sonochemistry is a comparatively fast,
high-energy, and high-pressure process. These conditions allow for the sonochemical production of
various materials. Reproduced with permission from Ref. [1]. Copyright 2012 Royal Society of
Chemistry

Top Curr Chem (Z)  (2017) 375:12   

123Reprinted from the journal 61



liquids, erode solid surfaces, and facilitate interparticle collisions. Of course,

another consequence of ultrasonic irradiation is the eventual bulk heating of the

solution; with typical ultrasonic horns, ultrasonic intensities are *50 W cm-1, such

bulk heating can be significant in small liquid volumes.

Figure 3 provides a general scheme of the applications of sonochemical and

ultrasonic processes to materials chemistry.

The chemical effects of ultrasound mostly derive from the hot spots created by

collapsing bubbles. The effective compressional heating generates local tempera-

tures high enough to cause the dissociation of all chemical bonds (up to and

including N2) [13]. Volatiles and gases present inside the collapsing bubble can

undergo reaction and we refer to these as primary sonochemical reactions.

Secondary sonochemical reactions occur involving these initially formed species

after they have migrated into the surrounding liquid. Many radical species that will

be formed within an ultrasonic hot spot can undergo a variety of secondary reactions

with solutes in the surrounding liquid [14].

In the case where water is the sonicated liquid, sonolysis of water will generate

highly reactive hydrogen atoms and hydroxyl radicals, and upon diffusion out of the

hot spot, these species can initiate secondary sonochemical reactions (e.g.,

reductions, oxidation, hydroxylation of organics, etc.). The sonolysis of water is a

well-studied process [15] and involves a number of rapid primary and secondary

reactions that can also involve dissolved gases (e.g., O2), as shown below.

H2O �ÞÞÞ ! H� þ �OH ;

H� þ H� ! H2;

H� þ O2 ! HO2;
�OH þ H� ! H2O,
�OH þ �OH ! H2O2;

Fig. 3 This chart shows how the various physical and chemical aspects of ultrasound can be used in the
production of nanostructured materials. Reproduced with permission from Ref. [1]. Copyright 2012 Royal
Society of Chemistry
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Thus, during the ultrasonic irradiation of aqueous solutions, both strong oxidants

and reductants are formed, and the nature of the overall sonochemical reactions will

depend on the conditions. The sonication of nonaqueous liquids also produces

radical species [14, 16–18], which can undergo recombination, disproportionation

and elimination reactions (e.g., similar to high temperature pyrolysis of hydrocar-

bons following Rice Radical Chain mechanisms), as well as redox reactions. For

example, in the presence of a an organic additive, species like Au(III) can be

reduced [19], as discussed in more detail later:

RH þ �OH / H� ! R� þ H2O / H2;

Au(III) ? reducing species (H�, R�) ? Au(0) nanoparticles.

2.1 Primary Sonochemistry for Nanoparticle Synthesis

The production of metal nanoparticles from volatile precursors has developed from the

first report of amorphous iron nanoparticle synthesis [20].When a volatile organometal-

lic compound, such as Fe(CO)5, is dissolved in a low vapor pressure alkane solvent or

ionic liquid [21, 22] and subjected to intense ultrasound, conditions favor dissociation of

multiple metal–ligand bonds, and metal nanoparticles can thus be produced. Due to the

short lifetime of a cavitation event, the particle is so rapidly cooled that crystallization is

prevented, resulting in amorphous particles. The product appears as an agglomeration of

20-nm nanoparticles (Fig. 4). If oleic acid or a similar surfactant is added to the reaction

mixture, colloidal iron nanoparticles 8 nm in diameter are obtained, as shown in the

TEM image in Fig. 4 [23]. Using precursor compounds like Fe(CO)5 and Co(CO)3NO,

amorphous iron, cobalt and mixed nanoparticles have been made [24].

The synthesis of amorphous metal nanoparticles can be modified by the addition of

other reactants to yield a variety of nanomaterials. Addition of sulfur to a solution of

Mo(CO)6 and subsequent sonication produces clustered and agglomerated nanopar-

ticles of MoS2 [25]. This product has a higher edge surface area than conventionally

prepared MoS2, and the catalytic activity is only at the edges where Mo atoms are

exposed, not on the flat sulfur faces. MoS2 is the predominant industrial hydrodesul-

furization catalyst, and the sonochemically prepared MoS2 demonstrates compara-

tively high catalytic activity for hydrodesulfurization of thiophene as an example. The

sonication of Mo(CO)6 [26] and W(CO)6 [27] in an aliphatic solvent produces

molybdenum carbide and tungsten carbide, respectively. Sonication of Mo(CO)6 in

the presence of air producesMoO3 nanoparticles.When these precursors are sonicated

in the presence of SiO2 nanoparticles or other inorganic oxide particles, the catalytic

material can be directly deposited onto a support during synthesis.

SiO2 and carbon nanoparticles can also serve as removable templates to metal

oxides or sulfides. After the sonochemical production of amorphous iron in the

presence of carbon nanoparticles, exposure to air causes the particles to quickly

oxidize, forming hollow iron oxide nanocrystals [28]. The crystallization is

attributed to the energy generated during the combustion of the carbon nanoparticle

template upon air exposure. Figure 5 shows the hollow nature of the resulting

hematite nanoparticles. In a control experiment lacking the carbon template,

Top Curr Chem (Z)  (2017) 375:12   
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amorphous iron oxide particles were formed from amorphous iron. Similarly, the

sonication of Mo(CO)6 with silica nanoparticles and sulfur or in the presence of air

will produce hollow MoS2 or MoO3 particles, respectively [29]. An experiment

showed the hydrodesulfurization catalytic activity of the sonochemically produced

hollow MoS2 nanospheres outperformed even the non-hollow sonochemically

prepared MoS2. Washing the particles with HF removes the silica, leaving hollow

nanoparticles. Annealing the MoO3 particles forms hollow nanocrystals.

2.2 Secondary Sonochemistry for Nanoparticle Synthesis

Secondary sonochemistry, using a species produced within a cavitating bubble to

effect chemical reactions in the liquid phase is widely employed, in part due to its

ability to react with nonvolatile species. Even before the mechanisms of

sonochemistry were fully understood, Baigent and Müller showed that ultrasound

could be used as an alternative to traditional processes for the production of

colloidal gold sols [30]. For a detailed discussion of the sonochemical production of

metallic nanomaterials, refer to the recent review by Shchukin et al. [4]. Grieser and

Fig. 4 a TEM showing sonochemically produced amorphous iron nanoparticles. b SEM of agglomerated
amorphous iron nanoparticles. c The electron diffraction pattern of the as-produced iron colloid
demonstrates its amorphous nature. d Heating from the electron beam induces crystallization in situ, as
can be seen in the change of the electron diffraction pattern. Reproduced with permission from Ref. [23].
Copyright 1996 American Chemical Society
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coworkers described that when aqueous solutions of HAuCl4 are sonicated in the

presence of alcohols or a similar surfactant or organic additive, Au(III) is reduced to

Au(0), and gold nanospheres are formed. In a study of the effects of ultrasound

frequency on the formation of gold nanoparticles ranging from 20 to 1062 kHz, the

fastest rate of Au(III) reduction occurred using 213-kHz radiation [19] in the

specific apparatus that they used (which was also the optimized mid-range of the

instrument). The size of the gold nanoparticles was also smallest at 213 kHz, as

shown in Fig. 6, although the effect on size is rather small compared to the errors in

size measurement and may not be statistically significant.

Just as conventional nanoparticle syntheses are able to produce nonspherical

nanoparticles, so too can sonochemical syntheses. In the presence of cetyltrimethy-

lammonium bromide and AgNO3, gold nanorods can be formed [31]. Sonochemical

nanoparticle synthesis techniques have been used to make gold nanobelts [32], gold

nanodecahedra [33], and silver nanoplates [34]. Nie et al. have used the physical

effects of acoustic cavitation to create gold nanoparticles with cone-like shapes [35].

In their proposed mechanism, 2-ethoxyanaline, a reductant, is dissolved in hexane.

If mixed to with an aqueous gold solution, an emulsion forms. The gold is reduced

at the hexane–water interface, forming hemispherical particles. If the phases are

emulsified at much lower acoustic power with an ultrasonic bath, however, cone-

like particles are made. The authors propose this may due to be a consequence of

cavitation bubble collapse, although the exact mechanism is not at all clear; the cone

shape may derive instead from larger, irregularly shaped micelles formed from the

low acoustic intensities of a cleaning bath.

Ultrasound has been used to produce other noble metal nanoparticles as well.

Mizukoshi et al. produced gold–palladium core-shell nanoparticles [36]; Au–Ag

[37] and Au–Pt [38] have subsequently been produced as well. The sonochemical

production of these core-shell bimetallic nanoparticles is likely in part due to the

different reduction potentials for the different metal ions. In the Au–Pd system, the

gold is reduced first and the nanoparticles serve as a nucleation site for Pd reduction

[36]. Pt–Ru core shell particles were made by sequential sonication of a Pt solution

Fig. 5 TEM images of hollow hematite nanoparticles prepared sonochemically from iron pentacarbonyl
and carbon nanoparticles in hexadecane. a Bright field TEM and b dark field TEM images show the
nanoparticles and their hollow cores. The inset shows the selected-area electron diffraction pattern,
demonstrating the crystalline nature of the nanoparticles. Reproduced with permission from Ref. [28].
Copyright 2007 American Chemical Society
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followed by a Ru(III) solution in PVP or SDS [13]. Uniform bimetallic

nanoparticles have also been produced sonochemically, including PtCu3 [39],

PdAg [40], and Pd/first-row transition metal particles [41].

Using poly(methacrylic acid) as a capping agent and hydroxyl radical scavenger,

Suslick and coworkers were able to use high-intensity ultrasound to make extremely

small (\2 nm) silver nanoclusters [42]. These nanoclusters exhibited a strong

fluorescence at 610 nm, unlike larger silver nanoparticles, which do not exhibit

fluorescence. Sonochemically produced Ag nanoclusters have been used for the

detection of dopamine [43] and sulfide anions [44]. Gold nanoclusters [45] and

copper nanoclusters [46] have been produced as well.

Sonochemistry has been employed to synthesize a variety of materials other than

noble metals with a variety of structures. Among these materials, various metal

oxide and hydroxide nanoparticles have been produced sonochemically, including

MgO [47], Sr(OH)2 [48], Dy2O3 [49], and Fe3O4 [50]. Metal oxides may be formed

through sonochemical oxidation via radicals or through sonohydrolysis. Nanos-

tructured zinc oxide is a material of interest as a wide band gap semiconductor, for

use as a photocatalyst, and for its antimicrobial properties. Recently, a colloidal

suspension of ZnO was produced when zinc acetate was ultrasonically irradiated in

a basic solution with a colloidal stabilizer, poly(vinyl alcohol) [51]. The colloidal

particles were 10 nm in diameter as determined by dynamic light scattering

measurements.

To make a nanostructured ZnO layer as a matrix in an electrochemical sensor,

ZnO nanorods and nanoflakes were grown on a Si substrate by sonicating a zinc salt

with hexamethylenetetramine, which served as shape directing agent [52].

Similarly, ZnO nanoparticles have been sonochemically produced and simultane-

ously deposited on a textile surface in an effort to make an antimicrobial surface in a

one-step process [53]. Silver [54] and CuO [55] nanoparticles have also been

sonochemically formed on textiles and paper surfaces in a similar manner. The

specific mechanism by which these nanoparticles inhibit microbial growth is not

well understood, although it is well known that these metal ions are toxic to

Fig. 6 A graph of gold
nanoparticle size as a function of
ultrasonic frequency. The
particles size is minimized at
213 kHz, which corresponds to
the maximum rate of Au(III)
reduction observed at the same
frequency. Reproduced with
permission from Ref. [19].
Copyright 2005 American
Chemical Society
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bacteria. The ease of coating a variety of materials with inorganic nanoparticles

using ultrasound may be useful for other applications besides antibacterial activity,

such as modifying surface hydrophobicity.

Besides coating bulk textiles materials, sonochemistry can also be used to coat

nanostructured surfaces with nanoparticles. Hierarchically structured ZnO micro-

spheres were coated with sonochemically produced CdS nanoparticles as a

photosensitizer to make a hierarchical photocatalyst that was more active through

the absorbance of visible light than ZnO is alone [56]. While the ZnO was produced

through a hydrothermal synthesis, CdS nanoparticles were produced by the

sonication of an aqueous solution of cadmium chloride and thiourea with suspended

ZnO microspheres. The thiourea was sonochemically reduced to produce sulfide

anions, which precipitated with aqueous cadmium to form 50–100-nm spherical

CdS nanoparticles (Fig. 7). The interface between the ZnO and the CdS

nanoparticles is clean without a buffer zone between the two materials, as the

TEM image of Fig. 7c demonstrates. It was suggested that the physical effects of the

ultrasound may have a role in cleaning the ZnO surface and providing places for the

CdS to nucleate. In photodegradation tests with rhodamine B, the hierarchical ZnO/

CdS showed improved activity under solar irradiation than either material alone,

which the authors attributed to more efficient charge separation in the composite

material.

As with the metal nanoparticles, non-spherical nanoparticles can be made.

Examples include ZnO nanorods and triangles [57], as well as SnO2 nanobelts [58].

One example of this is the formation of Ag/AgCl nanocube plasmonic photocat-

alysts [59]. By sonicating a solution of silver nitrate, sodium chloride, and

poly(vinyl pyrrolidone) in ethylene glycol, uniform nanocubes of AgCl (edge length

115 ± 20 nm) were produced with inclusions of silver nanoparticles, as shown in

the SEM images in Fig. 8. The cubic shape was the result of particle growth in the

presence of PVP. While the physical effects of the ultrasound helped increased the

speed of Oswald ripening in the particles, some of the silver ions in solution were

reduced to form silver nanoparticles by the radicals sonochemically generated.

Some of these silver nanoparticles became embedded in the AgCl matrices of the

nanocubes, giving them a mauve color rather than the usual white of AgCl alone.

The Ag/AgCl nanocubes performed photocatalytic degradation of organic dyes

better than other reported Ag/AgCl materials.

The ability of sonochemistry to prepare small particles quickly has motivated

some research into the sonochemical preparation of porous materials as an

alternative to more conventional, and often lengthy, solvothermal synthesis. In a

comparative study, Jung and coworkers prepared MOF-177 (Zn4O(BTB)2,

BTB=4,40,400-benzene-1,3,5-triyl-tribenzoate) by solvothermal, microwave, and

sonochemical methods using 1-methyl-2-pyrrolidone (NMP) as the solvent [60].

Both the microwave and sonochemical syntheses required only an hour to complete,

in contrast to the 48 h required by the solvothermal method. Also, the particles

produced by microwave and sonochemical methods were smaller than those

produced using the conventional synthesis. The BET surface area of the microwave

particles was less than that of the sonochemical and conventional particles, which
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had similar properties. In a test of CO2 adsorption, the sonochemical particles

exhibited the highest uptake of the three methods.

In another report, a sonochemical method for the preparation of Mg-MOF-74

(Mg2(dhtp)(H2O)2�8H2O, dhtp=2,5-dihydroxyterephthalate) was adapted from the

conventional solvothermal method [61]. The sonochemical method did not work

unless triethylamine was added to the solution to encourage deprotonation of the

dhtp. Again, the sonochemical method was able to produce MOF particles with

similar BET surface area and performance to the conventional preparation method

in a reduced amount of time. The particle morphology differed between the

methods. The conventional method produced agglomerated needle 14 lm particles,

while the sonochemical method produced spherical 0.6 lm particles. Addition of

triethylamine for the solvotothermal method produced particles of intermediate

structure and size, showing that this likely has some effect on the particle formation

in addition to the ultrasound. The research of Ahn and coworkers has additionally

produced sonochemical methods for the preparation of MOF-5 [62], ZIF-8 [63], and

Fig. 7 ZnO/CdS hierarchical heterostructures. a SEM image showing CdS nanoparticles incorporated
into the porous ZnO structure. b TEM of the ZnO/CdS hierarchical heterostructures. c High resolution
TEM showing the heterojunction between a ZnO nanosheet and a CdS nanoparticle. The interface does
not show any buffer layers. d Powder XRD pattern of the ZnO/CdS structures includes peaks from both
phases. Reproduced with permission from Ref. [56]. Copyright 2012 Royal Society of Chemistry
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IRMOF-3 [64]. Other porous materials prepared by ultrasonic methods include

manganese dioxide octahedral molecular sieves (OMS) [65].

Sonochemical synthesis of high surface area carbon materials have been of

interest as well, as reviewed recently in detail by Skrabalak [66]. Much like the

examples mentioned above, efforts have been made to deposit sonochemically

produced nanoparticles onto a graphene substrate. Guo et al. prepared 5-nm TiO2

nanoparticles deposited on graphene sheets by the ultrasonic irradiation of a

suspension of graphene oxide with TiCl4 in ethanol, followed by reduction of the

graphene oxide [67]. The composite showed improved activity over TiO2 alone in

the photocatalytic degradation of methylene blue. The authors attribute this

improvement in part to the ability of the graphene to reduce the recombination of

electron-hole pairs. Sonochemistry has been used to couple graphene oxide and

graphene to other nanoparticles as well, including Au [68] and Fe3O4 [69].

Graphene nanosheets themselves have reportedly been produced from the reduction

of graphene oxide via the assistance of ultrasonic irradiation [70]. It was proposed

that in addition to dispersing and activating the graphene oxide surface, the radical

Fig. 8 a, b SEM images showing the cubic structure of the Ag/AgCL particles. c A histogram of the
distribution of particle edge lengths. d The X-ray diffraction pattern of the Ag/AgCl particles is shown.
The peaks match a cubic phase of AgCl, with the corresponding planes labeled. The arrow points to a
weak peak that matches the Ag(111) plane. Reproduced with permission from Ref. [59]. Copyright 2012
Wiley-VCH Verlag GmbH & Co. KGaA
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species produced during cavitational collapse might also play a role in speeding up

the reduction of graphene oxide by hydrazine.

Rather than prepare graphene through the reduction of graphene oxide, Xu and

Suslick used sonochemistry to exfoliate graphene from graphite and simultaneously

functionalize it with polystyrene to improve its dispersion [71]. Styrene was chosen

as a suitable solvent for graphite exfoliation since it has a surface tension of

35 dyn cm-1, which is a good match the surface energy of graphite. Also, under

sonochemical conditions, styrene will produce radicals that can chemically attach to

the surface of exfoliated graphene sheets and functionalize them, thus improving

their dispersibility. This method produced a colloid of single- and few-layered

graphene, as shown in the TEM of Fig. 9. The polystyrene-functionalized graphene

was soluble in dimethylformamide, tetrahydrofuran, toluene, and chloroform, and

the solutions were stable for months without precipitation. Other polymerizable

solvents, like 4-vinylpyridine, were also able to produce functionalized graphene.

Sonochemistry has been useful in the synthesis of other carbon nanomaterials as

well. Jeong et al. ultrasonically irradiated a suspension of silica powder in p-xylene

with a small amount of ferrocene to produce single-walled carbon nanotubes

(SWCNTs) [72]. The ferrocene decomposed as described above into amorphous

iron particles that were able to catalyze the formation of the SWCNTs, and the p-

xylene was the carbon source. Recently, Ha and Jeong reported the sonochemical

formation of multiwalled carbon nanotubes (MWCNTs) as well [73]. The synthesis

of MWCNTs was similar to that of SWCNTs but required a higher concentration of

ferrocene in the reactant mixture as well as the addition of a small amount of water.

With some adjustment, the authors propose this method may be modified to produce

fullerenes and carbon onions.

Sonochemistry can also play a role in traditional carbon nanotube syntheses.

Sonication is a popular method to disperse individual SWCNTs in solutions. Amide

solvents, such as N-methyl pyrrolidone (NMP), tend to disperse SWCNTs well. Yau

et al. investigated small impurities present when SWCNTs are dispersed in NMP

[74]. They found that these impurities could be produced in NMP alone after similar

ultrasonic treatment and are likely the result of sonochemical degradation of NMP.

Fig. 9 TEM images showing a single-layer and b trilayer polystyrene-functionalized graphene prepared
sonochemically. The insets in each image show the selected area electron diffraction patterns of the
graphene samples, confirming the specimen structure. Reproduced with permission from Ref. [71].
Copyright 2011 American Chemical Society
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Thermogravimetric analysis of the SWCNTs dispersed in NMP using ultrasound

exhibited significant decomposition at 350–500 �C, whereas as-received SWCNT

bundles and SWCNTs soaked in NMP without sonication lost only 10% of their

mass over the 200–850 �C temperature range. These results suggest that the NMP

degradation products adhere to or react with the sonicated SWCNTs, which may be

important for their dispersion but detrimental to their thermal stability.

The production of luminescent carbon nanodots (CDs) via ultrasound by Xu et al.

is both a further example of another possible carbon material made through

sonochemistry as well as an instance where the delineation of primary and

secondary sonochemistry becomes ambiguous [75]. The CDs were made from the

sonication of an aqueous solution of citric acid as the carbon source and

ethylenediamine as an N-doping source, both in rather high concentration

(0.5–1 M). Sonication of the solution for 8 h produced 3–7-nm particles, as

measured by TEM. X-ray diffraction suggested the particles were amorphous. The

CDs had an absorbance band at 354 nm and luminescence at 450 nm when excited

with 360-nm light. By optimizing the citric acid/ethylenediamine ratio and

concentration, particles with a quantum yield up to 77% were made. This is high

in comparison to other reported CD synthesis methods.

Xu et al. observed that the duration of sonication did not have a large impact on

the CD quantum yield. If the CDs were formed from secondary reactions in

solution, longer sonication should increase particle size and influence luminescence

properties. Thus, they proposed that the CDs are formed within the collapsing

bubbles. As shown in the diagram in Fig. 10, since citric acid and ethylenediamine

are not volatile, they are entering collapsing bubbles via the injection of

nanodroplets caused by unstable bubble collapse, as described earlier. In the

intense conditions of the collapsing bubble, the droplet solvent evaporates, and the

reactants are pyrolyzed to form the CDs. To further test this proposed mechanism,

the citric acid was replaced with Mw = 1800 Da polyacrylic acid, and CDs were

still formed. CDs have also been prepared in other studies using glucose and

poly(ethylene glycol) as the carbon source [76].

3 Physical Effects of Ultrasound for Nanoparticle Production

The physical effects of high-intensity ultrasound (microjet formation, turbulence,

rapid mixing, shock wave formation, and interparticle collisions in slurries) are also

often important in the formation of nanostructured materials. As discussed earlier,

cavitational collapse of bubbles generates shock waves that propagate out into the

liquid medium. Bubble collapse near a solid surface is non-spherical and causes the

formation of microjets that can impact surfaces and eject material out into solution.

Turbulent flow and microstreaming make ultrasonic irradiation an effective means

to mix liquids, erode solid surfaces, and facilitate interparticle collisions in

suspensions of solid particles in liquids [1, 3, 5, 77–79].

This is exemplified by the production of ZnO hierarchically structured

microspheres by Wang et al. [80]. They precipitated ZnO from an aqueous solution

of Zn(NO3)2 and NaOH. The ZnO precipitated as interconnected nanosheets,
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forming flower-like structures. In the absence of ultrasonic irradiation, however, the

structures took a longer time to form, were less uniform in size, and exhibited

morphology differing from the nanosheets in places. These structures are shown for

comparison in Fig. 11. The researchers attribute the structure of the ultrasonically

irradiated samples to improved nucleation and diffusion as a result of ultrasound.

They hypothesize that the hot spots generated via ultrasound increase the nucleation

of the ZnO nanosheets and the shockwaves and microjets improve diffusion and

dispersal of nanocrystals. A further experiment of interest would be to precipitate

the ZnO while using a high-speed mixer to assess whether improved nucleation

through hot spot generation is necessary for the formation of the hierarchical

structures or if improved mass transfer suffices.

Similarly, the changes of the size and distribution of ZIF-8 (ZIF = zeolitic

imidazolate framework, a Zn2?-imidazolate metal-organic framework) nanoparti-

cles under sonication utilizes the physical effects of ultrasound to alter the structure

of nanoparticles [81]. ZIF-8 is prepared through precipitation when methanol

Fig. 10 a Schematic diagram of proposed sonochemical synthesis of carbon nanodots from aqueous
citric acid. It was proposed that droplets containing citric acid are injected into collapsing cavitation
bubbles, where the solvent is quickly evaporated and the citric acid pyrolyzed in the extreme
sonochemical conditions, thus forming carbon dots. b UV/Vis absorption spectrum and c emission spectra
of sonochemical carbon dots from various excitation wavelengths. Adapted with permission from Ref.
[75]. Copyright 2014 Royal Society of Chemistry
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solutions of zinc nitrate and 2-methylimidazole are mixed together, making particles

about 200 nm in diameter. When these particles are subjected to sonication some

particles increase in size while others diminish, resulting in a bimodal distribution.

This bimodal distribution is evidence of Ostwald ripening. It is thought that

cavitation events near the surface of the nanoparticles help facilitate the dissolution

of the smaller particles, and the diffusion of materials in solution is also enhanced

by the ultrasound.

3.1 Ultrasonic Spray Pyrolysis for Nanomaterials

Another method that utilizes the physical effects of ultrasound to make nanostruc-

tured materials is ultrasonic nebulization (also known as ‘‘atomization’’, which of

course it is not!). Ultrasonic irradiation of liquids with sufficient intensity can cause

the ejection of liquid droplets from the crests of capillary waves on the liquid

surface. The droplets ejected are of a generally uniform size, and the average size

can be predicted from the Lang equation [82]:

D ¼ 0:34
8pc
qf 2

� �1=3

;

where D is the diameter of the droplet, c is the surface tension of the liquid, q is the

liquid density, and f is the frequency of the ultrasonic irradiation. For water neb-

ulized with a 1.65-MHz transducer, the average droplet size is about 3 lm in

Fig. 11 SEM images demonstrating the effect of ultrasound on the precipitation of ZnO materials. In a,
c ultrasound was not used, resulting in ZnO precipitates that vary widely in size and structure. In contrast,
b, d show ZnO precipitates that were produced with sonication. The particles show a more uniform size
distribution and exhibit nanosheet structures at higher magnification (as in d). The authors attribute these
differences in morphology to the enhanced mixing caused by ultrasound, minimizing local
inhomogeneous diffusion and nucleation. Reproduced with permission from Ref. [80]. Copyright 2013
American Chemical Society
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diameter. Each droplet is a small, individual chemical reactor that can be flowed

through heat, light, or other stimuli to induce chemical reactions. One of the

advantages of ultrasonic nebulization is that dense mists can be formed independent

of gas flow rate. In addition, it is an easily scaled technique for both laboratory and

pilot plant production. By varying reactants, solvent, auxiliary additives, reactor

temperature, etc, a variety of different materials with nanostructured morphology

can be produced.

Ultrasonic spray pyrolysis (USP) sends an ultrasonically nebulized precursor

solution into a carrier gas stream through a heated region, where thermal

decomposition can be used to create nano- and micromaterials [2, 3]. A diagram

of a typical apparatus used for USP reactions is given in Fig. 12. A more detailed

review of the principles and variations of USP has recently appeared [83]. Besides

the obvious similarity of both sonochemistry and USP utilizing ultrasound, the two

techniques also both restrict reaction zones into sub-micrometer regions—

sonochemistry occurs in hot gaseous regions within the cavitation bubble a liquid

medium, while USP uses hot liquid droplets isolated in a gas flow. A wide variety of

nanostructured materials can be made with ultrasonic spray techniques, such as

metals, metal oxides, carbon, semiconductor materials, and polymers.

The simplest forms of particles that USP will form are compact, solid

microspheres and hollow shells. Whether solid or hollow particles are made can

in part be described by the Peclet number, or the ratio of the solvent evaporation rate

to the rate of solute diffusion through the droplet. If solvent evaporation is fast or the

material quickly precipitates and forms, hollow shells can be produced. These shells

may break apart, forming either a dense agglomeration of particles or small

fragments, depending upon the material.

In a recent example of the formation of solid particles by an ultrasonic spray

method, Suslick et al. prepared silicone microspheres [84]. The production of

polydimethylsiloxane (PDMS) microsphere through emulsion polymerization (the

typical method of making polymer microspheres) results in polydisperse particles

with large sizes (100 lm) due to the very low surface energy of silicones; other

methods that can make small microspheres could only produce particles one at a

Fig. 12 Simplified diagram of the apparatus used for ultrasonic spray pyrolysis. The household
humidifier has a 1.7-MHz ultrasonic transducer to induce nebulization of the reactant solution
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time. By generating individual particles through an ultrasonically generated mist,

however, microspheres of a uniform size can be readily prepared in quantity.

Generally, PDMS oligomers were diluted in hexane or toluene solutions. The mist

of this solution was conveyed through a 300 �C tube furnace on an Ar stream, where

the solvent evaporated and the PDMS oligomers crosslinked to form solid

microspheres\2 lm in diameter with a narrow size distribution. The size of the

PDMS microspheres could be controlled by varying the concentration of the

precursor solution, as shown in Fig. 13.

In order to explore the potential utility of the PDMS microspheres, several

modifications were made to the basic preparation to produce a variety of

microspheres. Incorporating Nile red into the precursor solution resulted in

fluorescent PDMS microspheres. Even after thorough washing, the dye was still

retained within the microspheres and made the microspheres fluorescent. To test

whether the microspheres could be used for drug delivery, Rhodamine 6G was used

Fig. 13 The size of PDMS (polydimethylsiloxane) microspheres can be controlled by varying the
concentration of PDMS in the precursor solution. These SEM images show PDMS microspheres prepared
using a 4 mg mL-1, c 20 mg mL-1, e 100 mg mL-1 PDMS in hexanes. b, d, f Size distributions of
microspheres shown in a, c, e, respectively. Reproduced with permission from Ref. [84]. Copyright 2015
Wiley-VCH Verlag GmbH & Co. KGaA
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to assess the loading and release properties of the PDMS microspheres with small

hydrophobic molecules. The microspheres exhibited only 25% release after 200 h in

phosphate buffered saline, likely due to the inhibition of particle wetting owing to

the hydrophobicity of the PDMS. Incorporation of polar side chains or copolymers

improved release properties. Magnetic cores could be incorporated into the PDMS

microspheres by adding Fe3O4 nanoparticles to the precursor solution, which may

make PDMS microspheres a possible platform for MRI contrast agents. Cytotox-

icity studies showed that PDMS microspheres are not toxic to cells, even at a

concentration of 105 microspheres/cell.

Suslick and coworkers have used USP to produce hollow microspheres of

ZnS:Ni2? [85] and aluminum metal [86]. The hollow ZnS:Ni2? were formed from

the removal of a colloidal silica core with HF etching. The segregation of ZnS

toward the surface of the microsphere is attributed to low solubility of ZnS and its

precursors in the aqueous precursor solution, causing it to precipitate out of solution

soon after heating. The thin shell aluminum metal particles were formed by a

slightly different mechanism, owing to the reaction of gaseous TiCl4 as a reductant

with trimethylamine aluminum hydride at the surface of the nebulized droplets.

Conditions can be adjusted to form shells that are nonporous and trap some of the

precursor solvent and TiCl4.

Materials made with USP are often porous. Porosity can be produced from the

decomposition of the precursors, or it can be introduced through the use of

templates. Some porous microspheres produced using aerosol procedures include c-
alumina [87], titania [88], and TiN [89]. The synthesis of MoS2 by USP exemplifies

the use of colloidal silica templates making porous nanostructured microparticles

[90]. Microspherical particles were made from an aqueous precursor solution of

colloidal silica and (NH4)2MoS4. Silica in the microsphere product was etched away

with HF, leaving a highly porous MoS2 microspheres. Highly porous metal oxide

particles can also be prepared using USP with template nanoparticles. The use of a

colloidal silica template has been used to make porous titania microspheres [91].

When Suslick and coworkers added other transition metals [Co(II), Cr(II), Mn(II),

Fe(II), and Ni(II) salts] to the Ti/Si precursor and partially etched the silica, the

resulting microspheres had a ball-in-ball structure of a silica sphere within a porous

titania shell, shown in Fig. 14.

Besides colloidal silica, other template materials can be used as well to increase

the porosity of USP-produced particles. Colloidal polymeric particles, such as

polystyrene, have been used in the production of porous silica microspheres.

Polystyrene templates can be removed in the heated reaction zone through

pyrolysis, thus requiring no additional removal steps after the product is collected.

Suslick and Suh used styrene in a sequential heating setup to template worm-like

pores into silica microspheres [92]. The styrene polymerized in the first heated zone,

then a second hotter zone was used to decompose and remove the template.

Porous carbon microspheres have also been prepared through the use of colloidal

silica templates. Lu and coworkers have used a sucrose precursor solution with

different types and amounts of silica to produce carbon microspheres with a range of

structures [37, 93, 94]. Recently, Choi and coworkers adapted a procedure to

produce porous carbon microspheres to include the addition of silicon nanoparticles
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[95]. Ultrasonic nebulization of an aqueous sucrose solution containing silicon and

silica nanoparticles followed by subsequent pyrolysis and HF etching produced

porous carbon microspheres with embedded Si nanoparticles. This composite

material was tested as an anode in a lithium ion battery since Si is known to have a

large theoretical capacity. The microspheres exhibited high capacity, and retained

91% capacity over 150 cycles. The incorporation of Si nanoparticles in the porous

carbon network allowed room for the Si to expand during electrochemical cycling.

The coupling of porous carbon for the development of battery electrode materials

using USP has also produced microspheres incorporating MoO3 for lithium ion

Fig. 14 Electron microscope images of ball-in-ball hollow titania microspheres produced by USP.
a SEM images of titania and silica microspheres as prepared by USP and b after HF etching. c SEM of
silica and titania microspheres prepared with cobalt shows cobalt oxide particles on the surface of the
microsphere, and d the microspheres after etching. The ball-in-ball morphology of the etched
titania/cobalt oxide microspheres is demonstrated by e SEM and f TEM. Reproduced with permission
from Ref. [91]. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA
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batteries [96], sulfur for lithium–sulfur batteries [97], and Na2FePO4F for sodium

ion batteries [98],

Another templating method is to use precursor materials that form in situ

templates upon reaction. For example, porous carbon microspheres have not only

been produced through the use of colloidal templates, but also by in situ templates

generated by the decomposition of the precursor materials. Porous carbon

microspheres have been produced via USP using alkali carboxylates [99] and

sucrose [100] as precursor materials. Salts generated by the decomposition of these

precursors can act as templates for porosity which are dissolved away upon

collection in a suitable solvent. Gaseous products generated by the precursor

decomposition may also act as porogens. The nature of the precursor affects the

nanostructure of the carbon microspheres. Figure 15 demonstrates the effect of

using different alkali metal chloroacetates to produce very different structures in the

resulting carbon microspheres.

Despite the production of a variety of porous metal oxides by USP, porous iron

oxide had not yet been successfully prepared until recently. Suslick and Overcash

were able to produce highly porous iron oxide microspheres using ferritin core

analogs (Spiro–Saltman balls) as the precursor material [101]. When the precursor

was prepared by mixing Fe(NO3)3 and Na2CO3, porous microspheres with a BET

surface area of 301 m2 g-1 were produced. In contrast, replacing Fe(NO3)3 with

FeCl3 produces hollow porous spheres with a BET surface area of only 97 m2 g-1.

This difference is attributed to the lack of nitrate decomposition, which acts as a

Fig. 15 SEM images of porous carbon microspheres produced by USP. The different morphologies of
the microspheres result from the use of different precursor materials: a lithium chloroacetate (LiCA),
b NaCA, c KCA, d lithium dichloroacetate (LiDCA), e NaDCA, and f KDCA. Reproduced with
permission from Ref. [99]. Copyright 2006 American Chemical Society
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porogen during pyrolysis by releasing gases (NOx) in situ. Mixing the iron salts

produced microspheres with intermediate properties.

Suslick and coworkers have also developed porous MnO2 microspheres for use as

a supercapacitor material [102]. Synthesis requires only a precursor solution of

KMnO4 and HCl in water. Depending on the reaction temperature, porous or

crystalline microspheres could be formed. The different microspheres produced by

varying the temperature are shown in the TEM images in Fig. 16. Optimized

reaction conditions yielded microspheres which demonstrated a specific capacitance

of 320 F g-1. While the microspheres performed best at low charging and

discharging rates, coating with poly(3,4-ethlenedioxythiophene) (PEDOT)

improved the microsphere performance at higher charge/discharge rates. PEDOT

microspheres themselves were also prepared by ultrasonic spray polymerization of a

solution of EDOT and an oxidant [103]. The choice of oxidant affected the

morphology of the microspheres, yielding either solid, hollow, and porous

microspheres. The microspheres had a specific capacitance of 160 Fg-1, which is

comparatively high relative to other reports of PEDOT materials.

While generally microspherical morphology predominates the products of USP,

Skrabalak and coworkers were able to produce crystalline nanoplates using USP.

Through the combination of USP with a molten salt synthesis, NaInS2 nanoplates

were prepared [104]. To prepare these nanoplates, InCl3 and excess Na2S are

combined in water and react to form In2S3 nanoparticles and dissolved NaCl. Upon

nebulization, the droplets are carried by a N2 stream into a 625 �C furnace. The

water evaporates, leaving behind a molten salt flux. Within this flux, NaInS2 crystals

Fig. 16 Morphology of MnO2 microspheres produced via USP varies according to reaction temperature,
as demonstrated by comparison of materials produced at a–e 150 �C and f–j 500 �C. As shown in the c, d,
h, i TEM images, increasing the reaction temperature causes the formation of larger crystals. Also shown
are b, g SEM images, and e, j electron diffraction patterns. Reproduced with permission from Ref. [102].
Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA
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nucleate and grow to form hexagonal plates. After collection, the salt flux was

removed from the nanoparticles with simple washing, yielding individual single-

crystalline nanoplates. Figure 17 shows the NaInS2 plates in comparison to the same

material produced through a non-USP method. Without using USP, a similar

reaction produced particles without any particular structure or size. The NaInS2
nanoplates were used to construct a photoanode. USP-produced NaInS2 photoan-

odes outperformed the non-USP samples. The coupling of USP and molten salt

syntheses has been used to produce NaSbO3 nanoplates [105], Fe2O3 nanoplates,

rhombohedra, and octahedra [106], and CoFe2O4 nanoplates and octahedra [107].

With this technique, scalable flow chemistry can be used to produce unagglom-

erated, shaped colloidal particles.

The method used by Skrabalak bears similarity to the salt-assisted aerosol

decomposition technique developed by Okuyama et al. [108]. This technique

involves the production of nanoparticles via USP by preparing single salt or eutectic

mixtures of alkali chlorides and nitrates along with the nanoparticle precursor salts

so that nanoparticles could nucleate within the molten salt droplet during droplet

heating. They reported the synthesis of Y2O3–ZrO2, Ni, Ag–Pd, CdS, ZnS, LiCoO2,

Fig. 17 Comparison of NaInS2 produced by conventional means and molten salt-assisted USP. a SEM
and b TEM images of the nanoplates produced via USP show the hexagonal shape of the nanoplates, and
the inset electron diffraction pattern in B demonstrates the single-crystalline nature of the nanoplates.
c An SEM image of NaInS2 prepared through a non-USP method for comparison. d X-ray diffraction
patterns of the USP and non-USP materials, as well as a reference for comparison. Reproduced with
permission from Ref. [104]. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA

  Top Curr Chem (Z) (2017) 375:12 

123 Reprinted from the journal80



La0.8Sr0.2Co0.5O3-x [108], and CeO2 [109] nanoparticles using this method, with

these nanoparticles exhibiting higher crystallinity than particles produced without

the additional salt.

Another similar technique for the production of nanoparticles by USP is chemical

aerosol flow synthesis (CAFS), a method developed by Suslick and Didenko [110].

Rather than using salts and aqueous solutions, CAFS is performed with organic

solvents. Precursor solutions are prepared with a solvent mixture composed of a

high boiling solvent that will served to establish liquid droplets in the heated zone

where nanoparticles can form and a low boiling solvent that can dilute the precursor

so that it can be nebulized. This method was used to produce semiconducting

nanoparticles (i.e., quantum dots) of CdS, CdSe, and CdTe. As a specific example,

for the production of ternary CdTeSe quantum dots [111], the Cd and chalcogenide

precursors were prepared in octadecene with oleic acid and diluted with toluene.

The toluene evaporates as the droplet is heated, and oleic acid-stabilized

nanoparticles form in the hot droplets. Particle size could be changed by adjusting

the temperature of the tube furnace, giving particles with emissions through the

visible region. A blue shift in fluorescence was also observed for the ternary

quantum dots due to photo-oxidation, as shown in Fig. 18. The CAFS synthesis of

ternary quantum dots allowed emissions to be tuned into the far red and infrared

regions as well.

3.2 Sonocrystallization and Sonofragmentation

The application of ultrasound to the preparation of crystalline materials has been an

area of interest since the 1950s [112]. Sonocrystallization, using ultrasonic

irradiation to aid in the crystallization of materials, is able to produce small

crystals of uniform size distribution. The exact means by which ultrasonic

irradiation aids in the crystallization of materials is not entirely clear; however,

ultrasonic irradiation has been observed to reduce the induction time of crystal

nucleation. Also, the width of the metastable zone, the region on a solubility graph

between the temperature where equilibrium saturation is reached and the

temperature where nucleation is observed, is reduced as well by the use of

ultrasound [112]. Bubble collapse may produce areas of increased concentration that

may increase the rate of nucleation. Also, the cavitation bubble surface itself may

serve as a site for heterogeneous nucleation of crystals. Secondary nucleation can

result from the erosion of crystal surfaces during cavitation.

Sonocrystallization has is a promising technique for the pharmaceutical industry.

The size and uniform dispersity of pharmaceutical agents can be very important for

its intended function, affecting the rate of solubility, how well the material can be

delivered, and even its toxicity during use; in other circumstance, control of particle

size is critical for efficacious delivery: for example, aerosol delivery of PAs has an

optimal particle size, and for parenteral (e.g., intravenous) administration, crystals

must be\5 lm to avoid embolisms. Sonocrystallization has been used to prepare

crystals of acetylsalicylic acid [113], ibuprofen [114], cloxacillin benzathine [115],

and paracetamol [116] in recent studies. For both the ibuprofen and paracetamol

studies, sonocrystallization not only produced nano- and microcrystals, but these
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crystals exhibited better compactibility when forming tablets than conventionally

made crystals. The properties responsible for improved compactibility are not

entirely clear for either material, although in the case of the ibuprofen the

researchers point to slight differences of the powder x-ray diffraction pattern from

the reference crystalline material as an indication of possible differences of crystal

habit.

Suslick et al. recently developed a spray sonocrystallization method for the

preparation of 2-carboxyphenyl salicylate (CPS) [117]. An ethanol solution of CPS

was mixed with water, an antisolvent, while passing through a specially prepared

ultrasonic horn with a hollowed bore, shown schematically in Fig. 19. This

produced well-dispersed crystals with an average size of 91 ± 5 nm. Crystals were

also prepared in the presence of polyvinylpyrrolidone and sodium dodecyl sulfate to

improve redispersibility after centrifugation. When ultrasound was replaced by

mixing or when crystals were prepared without solvent flow, large crystals or

aggregates were produced. Ultrasonic power, antisolvent flow rate, solvent flow

rate, and the solvents used did not greatly influence the size of the particles

produced by spray sonocrystallization. Only the initial concentration of CPS in the

Fig. 18 USP-prepared CdTeSe quantum dots exhibited a blue-shift in fluorescence due to photo-
oxidation. The a photoluminescence spectra and b photographs show the change in fluorescence with
time as the CdTeSe quantum dots are exposed to light and air. Reproduced with permission from Ref.
[111]. Copyright 2008 American Chemical Society
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solvent seemed to affect the size of the crystals produced. From this, spray

sonocrystallization seems like a robust flow method to produce nanoscale

pharmaceutical crystals with a narrow size distribution.

The effects of ultrasound on crystalline materials area not only limited to the

nucleation of crystals but also to the fragmentation of crystals in an ultrasonic field.

The physical effects of ultrasound on a metal powder suspension were first

investigated by Doktycz and Suslick [78] and quantitatively explained by Prozorov

and Suslick [79]. Sonication of a slurry of zinc powder in decane produced fused

agglomerations of particles. Figure 20 shows an example of two ultrasonically fused

Zn particles. Fe, Sn, Cr, and Mo powders also produced fused particles when

sonicated, but W powder did not. It was determined that this fusion was the result of

interparticle collisions driven by cavitational shock waves.

In contrast to metal particles (which are malleable), the sonication of molecular

and ionic crystals (which are friable) as slurries results in fragmentation of the

crystals. Suslick et al. conducted a series of experiments to determine the

mechanism of sonofragmentation [118]. To test the influence of interparticle

collisions, different concentrations of aspirin crystals were suspended in decane and

sonicated. Surprisingly, as Fig. 21 shows, it was found that the average particle size

after sonication for 10 s did not vary with initial particle concentration, as would

have been expected if interparticle collisions were the predominant factor of

sonofragmentation. Other experiments were conducted to decouple the horn from

the crystal suspension and the suspension from the vessel walls. In both cases, only

minimal differences were observed in particle size in comparison to the normally

sonicated crystals, ruling out particle–horn and particle–wall interactions as

predominating sonofragmentation. These results suggest that shock wave–particle

interactions is the major contributor to sonofragmentation.

Fig. 19 Schematic diagram showing the apparatus used for spray sonocrystallization. A solution of the
material to be crystallized is pumped through a tapped ultrasonic horn into a mixing cell full of a flowing
antisolvent. Reproduced with permission from Ref. [117]. Copyright 2015 American Chemical Society
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A phenomenon related to sonocrystallization and sonofragmentation is the ability

to produce enantiomerically pure crystals from a chiral mixture. Chen and

coworkers first reported the growth of NaClO3 crystals consisting predominantly of

one enantiomer or the other if a supersaturated solution is ultrasonically irradiated to

crystal nucleation and growth [119]. Ultrasonic chiral symmetry breaking in the

crystallized portion is thought to be a modified example of Viedma ripening [120],

where instead of mechanically grinding the crystals, ultrasound is used to reduce

crystal size, i.e., sonofragmentation. In an experimental comparison of deracem-

ization of NaClO3 by ultrasound and by glass bead grinding, Stefanidis et al.

subjected racemic suspension of crystals to one of the two methods [121]. The

crystals exposed to ultrasound showed a faster initial rate of deracemization, but

leveled out before reaching enantiomeric purity. The leveling was attributed to the

particles all reaching uniform minimum size. The addition of enantiomerically pure

crystals to an ultrasonically irradiated slurry resumed the deracemerization, and

enantiomeric purity could be reached in this manner.

Coquerel et al. were able to demonstrate the deracemization of chiral organic

crystals [122]. They synthesized a precursor of paclobutrazol, a plant growth

inhibitor and fungicide. The prepared crystals were suspended in a methanol–water

mixture with NaOH as a racemizing agent for the compound. Experiments were

both conducted by mixing the crystal suspensions with glass beads and

Fig. 20 SEM image showing two fused Zn metal particles. A Zn powder slurry in decane was irradiated
with ultrasound, and the resulting shock waves caused interparticle collisions with enough force to fuse
the metal particles together. Reproduced with permission from Ref. [78]. Copyright 1990 AAAS
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ultrasonically irradiating the crystal suspensions. For these crystals, ultrasound was

able to completely deracemize samples, and using ultrasound was faster than glass

bead abrasion. The rate of deracemization was also found to increase with

increasing power of ultrasound applied to the suspensions.

The bulk convection of liquids resulting from cavitation is potentially useful for

the self-assembly of colloidal crystals. The formation of colloidal crystals requires a

particle to have sufficient energy to move around until it can find a stable config-

uration relative to the other particles. For small particles, Brownian motion from the

thermal energy of the system can drive the self-assembly of colloidal crystals, but

larger particles tend to settle due to gravitational effects before a thermodynamically

stable configuration can be arranged. Thus, other more complicated methods are

usually required to direct the self-assembly of non-Brownian (i.e., larger) particles.

The agitation provided by low power ultrasonic irradiation, may serve as an

alternative means for larger particles to self-assemble by sedimentation. For

example, the use of ultrasonic agitation to facilitate the formation of colloidal

crystals was successfully demonstrated by Lash et al. [123]. Ultrasound provides

two main advantages in this application. The force exerted by the acoustic waves

can counter gravitational effects on particles, allowing the particles to move both

macroscopically and microscopically. Second, the convection caused by cavitation

also facilitates particle motion and collisions, which enhances the rate at which

colloidal crystals form. When the ultrasonic amplitude is optimally set, the particles

cluster together in a mechanism similar to inelastic collapse, where collision and

Fig. 21 Graph showing the volume of aspirin crystals as a function of total crystal mass loading as a
suspension in dodecane after 10 s of sonication at 5.5 W. The negligible effect of mass loading on the
final volume of the crystals is evidence against interparticle collisions as a major contributing mechanism
to the sonofragmentation of molecular crystals. Reproduced with permission from Ref. [118]. Copyright
2011 American Chemical Society

Top Curr Chem (Z)  (2017) 375:12   

123Reprinted from the journal 85



viscous dissipation promote the formation of crystalline structures. Both Brownian

and non-Brownian crystals can be formed on the order of minutes.

3.3 Sonochemically Produced Protein Microspheres

The sonochemical production of oil- and gas-filled protein microspheres is an

example of both the physical and chemical effects of ultrasound being used to create

a nanostructured material [124]. When a mixture of oil and water are irradiated by

high-intensity ultrasound, the turbulence generated can produce an emulsion. When

an aqueous protein solution is sonicated with an immiscible liquid, protein

microspheres are formed. As the oil is emulsified into droplets within the water,

proteins attach to the oil–water interface. Meanwhile, cavitation is producing

radicals through the sonolysis of water. In the presence of oxygen, superoxide

radicals are formed, and these radicals crosslink the proteins through the formation

of disulfide bonds. Thus, non-aqueous materials can be encapsulated in a thin,

robust protein shell. If an ultrasonic probe is applied to the surface of a protein

solution, a thin protein shell can similarly encapsulate gas bubbles [125]. The

proteins composing the shell of the microsphere are not denatured by the process of

shell formation.

Air- and oil-filled protein microspheres have been greatly studied for possible

applications in drug delivery and medical imaging. Gas-filled protein microspheres

can be used as a contrast agent for medical sonography [125]. Albunex� and

Optison� are commercially available sonographic contrast agents composed of a

protein microsphere encapsulating air or octafluoropropane, respectively [126, 127].

Protein microspheres have been used to encapsulate hydrophobic drugs to be

used as passive delivery agents [128–130]. Most notably, VivoRx Pharmaceuticals

commercialized AbraxaneTM, albumin microspheres with a paclitaxel core, which is

the predominant current delivery system for Taxol chemotherapy for breast cancer

[131]; VivoRx became Abraxis Bioscience, which was acquired recently by

Celgene for $2.9 billion.

The surface of protein microspheres can be modified post synthesis using layer-

by-layer techniques [132]. This technique was used to noncovalently attach peptides

made to target integrin proteins overexpressed in some tumor types. The

incorporation of gold, carbon, and melanin nanoparticles into the core or shell of

the protein microspheres produced contrast agents for optical coherence tomogra-

phy [133]. The inclusion of dyes or iron oxide nanoparticles in the oil phase

produced protein microspheres with fluorescence imaging contrast and MRI

contrast, respectively [134].

The sonochemical synthesis of albumin protein microspheres has inspired the use

of ultrasound to make microcapsules of different proteins, other biopolymers, and

even synthetic polymers. Using ultrasound to produce microspheres does not

necessarily need to form covalent crosslinks in order to form somewhat

stable microspheres. Biopolymer-stabilized emulsion droplets can be held together

by noncovalent interactions (e.g., hydrogen bonding, hydrophobic interactions, and

electrostatic interactions) in a manner similar to particle-stabilized pickering

emulsions [135]. Avivi and Gedanken were able to produce streptavidin
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microspheres despite the fact that streptavidin does not contain cysteine residues.

The microspheres did not form under neutral pH but rather in a slightly acidic (pH

6.0) solution, which the authors attributed to hydrophobic interactions stabilizing

the microspheres.

Suslick et al. were able to similarly use sodium polyglutamate (SPG) to form

microspheres at neutral pH [136]. The presence of added radical scavengers did not

affect the formation of the SPG microspheres, and MALDI-MS analysis showed no

difference between sonicated and unsonicated SPG, thus showing that covalent

bonding did not seem to be responsible in microsphere formation. Rather, hydrogen

bonding is an important factor in the stabilization of SPG microspheres. To test

whether hydrogen bonding or ion pairing influence microsphere stability, the ionic

strength of the SPG solution was adjusted by the addition of NaNO3. Even moderate

increases in ionic strength (e.g., adding small 0.1 M NaNO3), which disrupts

hydrogen bonding, significantly diminished microsphere stability and formation.

Despite the effect of moderate ionic strength on microsphere formation, if

microspheres were washed to remove excess counter ions, they were stable when

placed in physiological condition buffer solutions, indicating their potential use in

medical applications. The robustness of the microspheres was demonstrated by

encapsulating and subsequently removing toluene, as shown in Fig. 22. The SPG

shell wrinkled like a raisin, but still maintained its integrity.

While polypeptides with and without disulfide crosslinking have been shown to

make stable microspheres using ultrasound, there have also been examples of using

different biopolymers to sonochemcially form core-shell microspheres. Tzanov and

coworkers have made covalently cross-linked nanocapsules using thiolated chitosan

[137]. Like the protein microspheres, the thiolated chitosan nanocapsules are

stabilized by the formation of disulfide bonds. It was shown that a higher degree of

disulfide bond formation could be achieved through increasing the pH of the

reactant solution and increasing the degree of chitosan thiolation, resulting in

nanocapsules that showed a greater stability against lysozyme degradation. The

Fig. 22 TEM image (left) showing a cross-sectional view of vegetable oil-filled sodium polyglutamate
microspheres. SEM image (right) of a single sodium polyglutamate microsphere that was prepared using
a mixture of toluene and vegetable oil. As the toluene is evacuated, the microsphere contracts, but the
shell maintains integrity, demonstrating its robust nature despite the lack of covalent crosslinking.
Reproduced with permission from Ref. [136]. Copyright 2006 American Chemical Society
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nanocapsules ranged in size from 250 to 570 nm in diameter, depending on the

reaction conditions.

Research interest in sonochemically produced protein microcapsules has recently

spread to include the remediation of heavy metal-contaminated water [138]. Waters

and coworkers tested protein microspheres made from bovine serum albumin and

chicken egg white protein, both proteins high in cysteine residues, as a means to

remove copper ions from an aqueous solution. This idea was inspired from solvent

extraction methods that use air bubble to increase the surface area between the

aqueous solution and the extracting solvent. The cysteine residues, which allow for

protein crosslinking in the sonochemical production of protein microspheres, should

also have the ability to sorb metal ions. Air-filled protein microbubbles were

prepared according to the Suslick method, and they were placed in an aqueous

solution of copper(II) sulfate. A series of experiments varying temperature, copper

concentration, microsphere concentration, and pH were conducted to determine the

utility and optimum conditions of protein microbubble metal ion removal. Infrared

and X-ray photoelectron spectroscopy of the microbubbles seemed to indicate that

thiol, amine, amide, and carboxylate functional groups present on the surface of the

microbubbles, and that all were involved in the sorption of copper ions. Under the

best conditions tested, 10 g l-1 microspheres were able to remove 80% of copper

ions from a solution of 1 g l-1 copper. Higher loading of microspheres actually

resulted in poorer copper removal, possibly due to the formation of microsphere

aggregates.

4 Conclusions

High-intensity ultrasound can be a powerful tool for the production of nanostruc-

tured materials, in large part stemming from the intense local conditions generated

by acoustic cavitation. Such cavitation hot spots can be used to perform chemical

reactions that can produce and modify materials. Ultrasound and cavitation also

physically affect an irradiated fluid, causing increased mixing and shearing, heating,

shock waves, microjets, and droplet nebulization. These processes can affect

reaction rates, crystallization, and particle size. This complex variety of chemical

and physical effects of ultrasound can be used in a multitude of ways by a

discerning chemist, resulting in the wide range of nanostructured materials produced

by sonochemical and ultrasound-assisted methods.
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Abstract In recent years, a good number of methods have become available for the

preparation of an important group of photoactive materials for applications in

photocatalysis and solar cells. Nevertheless, the benefits derived from preparing

those materials through unconventional approaches are very attractive from the

green chemistry point of view. This critical review work is focused on sonication as

one of these promising new synthetic procedures that allow control over size,

morphology, nanostructure and tuning of catalytic properties. Ultrasound-based

procedures offer a facile, versatile synthetic tool for the preparation of light-acti-

vated materials often inaccessible through conventional methods.
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USP Ultrasonic spray pyrolysis

ESR Electron spin resonance spectroscopy

QDSCs Quantum dot sensitized solar cells

PSCs Perovskite solar cells

PCE Power conversion efficiency

DSSCs Dye sensitized solar cells

CdTe Cadmium telluride

NPs Nanoparticles

QDs Quantum dots

ROS Reactive oxygen species

HSs Hierarchical structures

UST Ultrasound treatment technique

SVADC Substrate vibration-assisted drop casting method

ITO Indium tin oxide
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1 Sonochemical Preparation of Photoactive Catalytic Materials

The phenomenology of fabrication of highly efficient photocatalysts through an

ultrasound route represents a very interesting and important area in science and

technology, and it holds great potential for photocatalysts preparation in the near

future [1–3]. In comparison with traditional sources of energy, ultrasound ensures

unusual reaction conditions in liquid phase reactions due to the cavitation

phenomenon (extremely high temperatures and pressures are formed in very short

times in liquids) [3, 4]. Furthermore, application of ultrasound irradiation to a

photocatalytic system might enhance both the bulk and localized mass transport and

consequently expedite the molecular contact and the photocatalytic activity

[1, 2, 4–6]. A considerable number of novel photocatalysts with novel nano-/

microstructures (e.g., ZnWO4 [7], CdMoO4 [8], V2O5 [9], CuMoO4 [10], TiO2/

Bi2O3 [11]) have been prepared by means of ultrasound-assisted methodology. In

this subsection, we would like to focus the readers’ attention on ultrasound-

promoted procedures for the preparation of photocatalysts, and the potential

application of these materials in the photocatalytic degradation and selective

oxidation of organic compounds.

1.1 Sonochemical Synthesis of TiO2 Photocatalyst

The current status of outstanding progress made by titanium dioxide (TiO2), as the

most widely used oxide semiconductor, has attracted considerable interest owing to

its various applications in solar-driven hydrogen production, photocatalytic

decomposition of pollutants, solar cells and so forth [12–14]. It is well known

that overall efficiency for the solar-driven photocatalysis is very limited, because of

its wide bandgap in the UV region, which accounts for less than 5 % of the total
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solar irradiation [15]. Currently, hydrogenated TiO2 nanoparticles (e.g., blue [16],

brown [17] and black [18]) have opened a new avenue to the long-wavelength

optical absorption and greatly enhanced photoactivity of the catalysts. Hydro-

genated TiO2 is intensively investigated due to its improvement in solar absorption,

but there are major issues related to its structural, optical and electronic properties,

and therefore an easily compatible method of preparation is much needed [19].

Recently, disorder-engineered TiO2 nanocrystals treated in a hydrogen atmosphere

under 20 bar of H2 atmospheres and 200 �C for approximately 5 days showed a

colour change to black with a reduction in the bandgap energy up to *1.54 eV

[20]. It should be pointed out that band gap narrowing may be traced back to the

surface disorder without the formation of Ti3? centres. In other words, formation of

surface disorders, oxygen vacancies, Ti3? ions, Ti–OH and Ti–H groups, and band

edge shifting are responsible for the optical properties and photocatalytic activity of

black or hydrogenated TiO2. Interestingly, Ti3? is not responsible for optical

absorption of black TiO2, while there is evidence of mid-gap states above the

valence band edge due to hydrogenated disorders [21–23]. It should be also noted

that hydrogen doping induced a high density of delocalized Ti3d electrons leading

to improved charge transport properties [24]. Furthermore, the hydrogenated black

TiO2 exhibited highly efficient activity for the photocatalytic splitting of water [25].

Moreover, hydrogenation procedures need a high annealing temperature (over

400 �C) or high-pressure (e.g., 20 bar) and H2 is flammable and explosive

[16, 17, 23–26]. The first attempt to prepare amorphous hydroxylated TiO2 with

various degrees of blackness was based on the ultrasonic irradiation of high power

intensity with enhanced photocatalytic activity of acid fuchsin degradation [27]

(Table 1, Entry 1). A key feature of this system is that power density of employed

ultrasonic irradiation was as high as 15 W mL-1, and a low ultrasonic power

density could not make such changes in colour. Furthermore, ultrasound was

employed to modify the original TiO2, which prepared amorphous hydroxylated

TiO2 with black appearance, large surface area (328.55 m2 g-1) and enhanced

photocatalytic methylene blue decomposition. It was found out that ultrasonic

irradiation could accelerate the hydrolysis of TiO2 and reduce its particles size and

form amorphous hydroxylated TiO2 by long time ultrasonication, giving rise a

material with higher absorbance intensity through the whole visible light and near-

infrared regions.

Worth mentioning is the work by Mao et al. [28] on the preparation of

mesoporous titanium dioxide (TiO2) inside the periodic macropores of diatom

frustules by sonochemical condensation of titania precursor, and then thermal

treated at elevated temperatures, resulting in hierarchical macro/mesoporous

materials. Furthermore, hierarchical structure provides a large number of accessible

active sites for efficient transportation of guest species to framework binding sites. It

was found that a high photocatalytic degradation of methylene blue as compared

with P25 can be achieved with the composite having a certain loading amount of

TiO2 (30 wt%), attributing to its hierarchical macro/mesoporous structures. It

should be also noted that mesoporous titanium TiO2 with wormhole channel

together with interconnected 3D structures inside diatom pores prepared by

sonochemical synthesis with organic surfactant as structure directing agent has
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potentially important structural features for photocatalytic reactivity, because

channel branching within the framework may facilitate access to reactive sites on

the framework wall, which is most critical for its use as photocatalyst.

In terms of improvement of TiO2 photocatalytic properties under solar light by

means of a suitable modification, enhanced photocatalytic activity of TiO2

nanocomposites for the degradation of dyes and Gram negative bacteria

(Escherichia coli) was obtained by doped TiO2 with Al2O3, Bi2O3, CuO and

ZrO2 [29] and synthesized via sonochemical method. It is interesting to notice that

Table 1 Selected research studies of ultrasound assisted processes in the synthesis of photocatalysts and

photoactive catalytic materials

Entry Photocatalyst Ultrasound

source

Reaction conditions Remarks Refs.

1 Black TiO2 15 W mL-1 0.5, 1, 2, 4 and 8 h at

80 �C, 100 mL

Totally disorder structure of

amorphous TiO2 both before

and after ultrasonic treatment

was observed

[27]

2 CaTiO3,

BaTiO3,

SrTiO3

45 kHz,

60 W

Ambient conditions

for 10 h, glass tube

sealed with a screw

cap

CaTiO3 and BaTiO3

nanoparticles with almost

regular spherical shape and

uniform particle size

(*20 nm) were observed.

SrTiO3 particles were found to

agglomerate more strongly

leading to cubic-like

aggregates with edge lengths

varying (100–300 nm)

[31]

3 ZnO/

Ag3VO4

12 mm

diameter

Ti horn,

75 W,

20 kHz

1, 1.5, 2, 3, and

4 h at RT, 150 mL

The nanocomposites prepared

by 2 h ultrasonic irradiation

have the best activity

[40]

4 ZnO/AgI/

Fe3O4

12 mm

diameter

Ti horn,

75 W,

20 kHz

0.5, 1, 2, and 4 h

at RT, 150 mL

Photocatalyst prepared by

ultrasonic irradiation for

1 hour has superior activity

compared to other samples,

and has remarkable stability

and excellent magnetic

filtration from the treated

solutions

[41]

5 ZnO/AgI/

Ag2CrO4

12 mm

diameter

Ti horn,

75 W,

20 kHz

0.25, 0.5, 1, 2, and

3 h at RT, 150 mL

Material prepared by ultrasonic

irradiation for 1 h has the

superior activity

[42]

6 g-C3N4 12 mm,

33 Hz,

150 W

5 h at ambient

temperature, 150 mL

g-C3N4 sheet possesses porous

structure with high surface

area and large pore volume

[43]
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Bi2O3–TiO2 nanocomposite is more efficient toward the degradation of the dyes

under solar light and TiO2 is the least efficient photocatalyst; the efficiency is in the

order: Bi2O3–TiO2[Al2O3–TiO2[CuO–TiO2[ZrO2–TiO2[TiO2. It should

be also noted that the antibacterial activity of all the five synthesized nanocom-

posites was tested against Gram negative bacteria (E. coli) by varying the

concentrations (250, 500, 750 and 1000 lg). Among them, Al2O3–TiO2 shows some

significant zone of inhibition around the film under dark condition. Recently, certain

novel promising photocatalysts prepared by ultrasound-assisted method have been

described in several research papers and review articles [1–3].

1.2 Sonochemical Synthesis of Selected Photocatalysts

Sonochemical method has been used extensively to generate novel materials with

unusual (photo)-catalytic properties, due to its unique reaction effects. For example,

addition of titanium iso-propoxide induces the generation of new linear polymeric

chains type nickel-titanium-ethylene glycol (Ni–Ti–EG), as revealed by the color

change (from green to light blue). This light blue polymer coagulates to form a

uniform rod-like precursor by van der Waals interactions [30]. Another elegant

strategy to prepare ternary CaTiO3, SrTiO3 and BaTiO3 materials by a one-step

room-temperature ultrasound synthesis in ionic liquid for photocatalytic applica-

tions (photocatalytic hydrogen evolution and methylene blue degradation) was

recently described [31] (Table 1, Entry 2). It is also important to note that the use of

ionic liquids in sonochemistry is advantageous due to their low measurable vapor

pressure, low viscosity, low thermal conductivity, and high chemical stability,

which are all significant parameters to generate efficient cavitation.

Photoactive materials such as SrZrO3have been recently explored because they

exhibit suitable properties for photocatalytic hydrogen evolution from water

splitting [32]. The results confirm that SrZrO3 was stable with time of hydrogen

evolution and a very high rate (35 lmol g-1 h-1) was exhibited by SrZrO3 prepared

by ultrasound-assisted synthesis. Recently, multiferroics such as BiFeO3 (BFO) are

worthy of notice due to their unique and strong coupling of electric, magnetic, and

structural order parameters in terms of practical applications, since both ferroelec-

tric and antiferromagnetic ordering temperatures are well above room temperature

(Curie temperature 830 �C and Neel temperature 370 �C) [33]. Moreover, other

researchers have applied BFO materials prepared by sono-synthesis with high

photocatalytic activity under solar light in degradation of various compounds such

as Rhodamine B [34], methylene blue [35], Reactive Black 5 (RB5) [36] and

phenolic compounds [37]. As anticipated above, BiFeO3 nanoparticles with

measured band gap of 2.0 eV synthesized with ultrasound exhibited higher

crystallization, smaller crystallite size and higher photocatalytic activity than the

material synthesized with conventional methods.

In order to improve the photocatalytic activity of a semiconductor and exploit its

advantageous properties, Fe3O4/ZnO magnetic nanocomposites were synthesized

via a surfactant-free sonochemical method in an aqueous solution (Fig. 1) and

applied in the photo-catalytic degradation of various organic and azo dyes aqueous

solution under UV light irradiation [38]. Surprisingly, these results showed that OH
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radicals generated by ultrasonic treatment were responsible for inducing the

oxidation of Fe2? into Fe3?. As soon as the required hydroxyl groups were available

in the solution, the already-produced Fe3? became saturated, and increasing the

ultrasonic time did not help the dispersion of the formed nuclei. Additionally,

prolongation of the reaction up to 30 min caused oxidation of most of the Fe2?–

Fe3? and as a result, brown FeOOH nanoparticles which are more likely to

agglomerate were also obtained. Moreover, it was shown that ultrasonic power

(100 W) had a significant but rather unpredictable influence on the mean magnetite

particle size (agglomeration size decreased to 100–500 nm). Nanocomposites with

10 % of ZnO exhibited a super-paramagnetic behavior.

Previous research [39] showed that orthorhombic stannous sulfide (SnS)

nanoparticles synthesized via a sonochemical route by 20 kHz sonication had

smaller crystalline size (4 ± 1 nm) in comparison to the nanoparticles that were

synthesized by 50 kHz sonication (6 ± 1 nm). An optical investigation confirmed

that the SnS particles had strong emission bands located at the UV and visible

regions, suggesting that they have the potential to be used as optical devices.

It is known that n–n heterojunctions between two n-type semiconductors can

effectively promote separation of photogenerated electron–hole pairs, due to

formation of internal electric field. Hence, preparation of ZnO/Ag3VO4 nanocom-

posites prepared by an ultrasonic-assisted one-pot method led to the enhanced

photocatalytic activity for organic pollutants degradation under visible-light

irradiation [40] (Table 1, Entry 3). Interestingly, photocatalytic activity of ZnO/

Fig. 1 a Fe3O4 nanoparticles,
b Fe3O4–ZnO nanocomposite
prepared by surfactant-free
sonochemical method.
Reproduced from Ref. [38] with
kind permission from Springer
Science and Business Media
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Ag3VO4 nanocomposite under visible-light irradiation is about 21, 56, and 2.8-fold

higher than that of the ZnO sample in degradation of rhodamine B, methylene blue,

and methyl orange, respectively. Furthermore, it was revealed that the photocat-

alytic activity was attributed to greater generation of electron–hole pairs due to

photosensitizing role of Ag3VO4 under visible-light irradiation and the efficient

separation of the photogenerated electron–hole pairs due to formation of n–n

heterojunction between the counterparts. Previous studies [41] (Table 1, Entry 4)

showed that photocatalytic activity of the ZnO/AgI/Fe3O4 nanocomposite in

degradation of rhodamine B, methylene blue, and methyl orange is about 32-fold

higher than that of the ZnO/Fe3O4 sample prepared by ultrasonic irradiation method.

The highly enhanced activity of novel ternary ZnO/AgI/Fe3O4 magnetic photocat-

alyst was mainly attributed to visible-light harvesting efficiency and decreasing

recombination of the charge carriers as well. It should be noted that ultrasonic

irradiation time and calcination temperature largely affect the photocatalytic

activity. In another investigation [42] (Table 1, Entry 5), it was found that ternary

ZnO/AgI/Ag2CrO4 photocatalyst with 20 % of Ag2CrO4 is active in rhodamine B

degradation, with nearly 167-, 6.5-, and 45-fold higher conversion than that of ZnO,

ZnO/AgI, and ZnO/Ag2CrO4, respectively, materials also prepared by ultrasonic

irradiation method. Furthermore, visible-light activity of ZnO/AgI/Ag2CrO4 is

about 6.5-, 16-, and 33-fold higher than that of the ZnO/AgI, whereas 45-, 22-, and

136-fold higher than that of the ZnO/Ag2CrO4 in degradation of rhodamine B,

methylene blue, and methyl orange, respectively. It should be pointed out that

photocatalyst prepared by ultrasonic irradiation for 60 min has the superior activity.

Recently, metal-free graphitic carbon nitride (g-C3N4) was synthesized via facile

template-free sonochemical route and enhanced photodegradation of rhodamine B

[43] (Table 1, Entry 6). The authors found that mesoporous g-C3N4 (112.4 m2 g-1)

has almost 5.5 times higher photoactivity than that of bulk g-C3N4 (8.4 m2 g-1)

under visible-light irradiation, which is attributed to the much higher specific

surface area, efficient adsorption ability and the unique interfacial mesoporous

structure that can favor the absorption of light and separation of photoinduced

electron–hole pairs more effectively. Additionally, reactive oxidative species

detection studies indicated that the photodegradation of rhodamine B over

mesoporous g-C3N4 under visible-light is mainly via superoxide radicals.

Zhou et al. [44] prepared Zn3V2O7(OH)2(H2O)2 and g-C3N4/Zn3V2O7(OH)2(H2-

O)2 using sonochemical method with high photocatalytic activities in degradation of

methylene blue. Interestingly, the absorption edge of g-C3N4/Zn3V2O7(OH)2(H2O)2

had red shift reaching 450 nm, and a significantly enhanced photocatalytic

performance in degrading methylene blue, which increased to about 5.6 times that

of pure Zn3V2O7(OH)2(H2O)2. During the ultrasound process, the heterojunction

structure of g-C3N4/Zn3V2O7(OH)2(H2O)2 was formed and this special structure

increased the separation efficiency of photogenerated electron–hole pairs, resulting

in the enhancement of photocatalytic performances. Table 1 shows some detailed

information about ultrasound assisted synthesis methods of photocatalysts made by

selected research groups.

Another approach offering prospects for preparation of nanostructured TiO2/

STARBON�-polysaccharide-derived mesoporous materials by means of
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ultrasound-assisted wet impregnation method was investigated [45]. Interestingly,

carboxylic acid groups can be formed on the surface after initial thermal treatment

at 400 �C under an oxygen-deficient atmosphere. Each carboxyl acid group acts as

an individual nucleation site for TiO2 formation, which is possible under hydrolysis

and condensation reactions promoted by sonication. Finally, the hybrid material

(TiO2/STARBON�) is consolidated after thermal treatment at 400 �C. These

conditions preserve pure, highly crystalline anatase phase (ca. 30 nm), leading to a

reduction in the electron–hole recombination rate at the Starbon surface. TiO2

nanoparticles are strongly anchored and have good contact with the STARBON-800

structure (i.e., no leaching after 240 min of photocatalytic degradation of phenol),

believed to enhance the photoelectron conversion (i.e., as compared with Norit and

Graphene oxide supports) of TiO2 by reducing the recombination of photo-

generated electron–hole pairs.

A similar study using a simple and effective ultrasound-assisted wet impregna-

tion method was developed for the preparation of magnetically separable

TiO2/maghemite-silica photo-active nanocomposites tested in the liquid phase

selective oxidation of benzyl alcohol [46]. Interestingly, photocatalytic selectivity in

organic media (90 % in acetonitrile) towards benzaldehyde was achieved at a

benzyl alcohol conversion of ca. 50 %. Solvents played a significant role in the

photo-oxidation process with materials showing very good conversion and

selectivity in acetonitrile but not in aqueous conditions. Additionally, spatially

ordered heterojunction between TiO2 and c-Fe2O3 and a potential co-catalytic

incorporation of Fe3? into the TiO2 structure might significantly increase the

sensitization and decrease the band gap energy of TiO2, effectively improving the

photocatalytic activity and selectivity of these photocatalysts.

In an attempt to better understand the sonophotodeposition method (SPD), the

iron-containing TiO2/zeolite-Y photocatalyst for the selective oxidation of benzyl

alcohol was investigated [47]. Generally, photocatalyst prepared by the sonopho-

todeposition method showed better results, in terms of alcohol conversion and yield

of benzaldehyde, in comparison with the photocatalyst prepared by an ultrasound-

assisted wet impregnation method. Furthermore, sonication probe and sun-imitating

Xenon lamp were tested, and for the first time, a non-noble metal was deposited on

the TiO2 surface by using visible light, but with the help of ultrasound. It is worth

noting that sonophotodeposition method is an innovative, simultaneous combination

of ultrasonication and ultraviolet irradiation, and is highly energy efficient.

Reactions can be carried out at room temperature and atmospheric pressure, very

short reaction times and without using strong chemical reduction agents. Addition-

ally, a considerable number of novel mono and bimetallic photocatalysts (e.g., Pd/

TiO2 [48], Pd-Au/TiO2 [49], Pd-Cu/TiO2 [50]) have been prepared by sonopho-

todeposition methodology for selective oxidation of volatile organic compounds

(VOCs).

1.3 Ultrasonic Spray Pyrolysis for the Preparation of Photocatalysts

Ultrasonic spray pyrolysis (USP) method is a low-cost, continuous operation, and

environmentally benign process with short processing time, which has been used to
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synthesize functional materials [51]. A distinctive feature of the method is that it can

produce porous microspheres of various compositions without template and with

good phase purity, and the morphology can be easily controlled during the process

to ensure homogeneous composition distribution in the spheres [52, 53]. In this

approach of ultrasonic spray pyrolysis, Suslick et al. [54] synthesized BiVO4

powders with particles ranging from thin, hollow and porous shells to ball-in-ball–

type structures. Interestingly, materials prepared by USP are more active for oxygen

evolving photocatalysts under visible-light irradiation (k[ 400 nm) in AgNO3

solution than commercial BiVO4 and WO3 powders, likely due to differences in the

particle morphology. It was found that the increase of photocatalytic activity is

likely due to the short distances electron–hole pairs must move to reach the surface

in order to perform the desired redox reactions. Recently, USP was adapted to

fabricate hierarchical porous ZnWO4 microspheres and evaluated by the degrada-

tion of gaseous NOx under simulated solar light irradiation [55]. It was found that

synthesis temperature (650–750 �C) was a key factor influencing the microstruc-

tures of resulting ZnWO4 samples, eventually affecting their photocatalytic activity,

and which could be explained by improved optical absorption capability, high

specific surface area, and fast separation/diffusion rate of the photogenerated charge

carriers. Additionally, electron spin resonance spectroscopy (ESR) method indicated

that O2
�- and �OH radicals function as the major reactive species for NOx

decomposition. Compared to solid spheres, hollow PbWO4 spheres, which combine

the merits of hollow and porous structures, could present improved mass transfer

and high surface areas [56]. Moreover, hollow structured PbWO4 spheres exhibited

superior photocatalytic activity to solid spheres (NO removal rate is 35 ppb min-1),

due to the differences in microstructure and morphology.

Worth mentioning is the work by Tavares et al. [57] on the enhancement of the

photocatalytic efficiency for the photodegradation of methylene blue applying the

white emission of CaIn2O4 nanocrystals (band gap energy 3.83 eV) prepared by

ultrasonic spray pyrolysis at 950 �C (Fig. 2). It should be noted that, USP provides a

feasible approach for preparing shape- and size-controlled CaIn2O4 nanocrystals

using short production times that hold great potential for photocatalytic applications

and as photoluminescent materials capable of emitting white light. Moreover, the

surface/bulk defects can influence the separation of photogenerated electrone–hole

pairs on the CaIn2O4 under irradiation, and the purity of the products is high and the

composition of the powders is easily controlled.

On the other hand, pure and Al-doped ZnO nanostructured thin films were grown

at 400 �C on glass substrates by ultrasonic spray pyrolysis after 30, 60 and 120 min,

using a 0.5 M zinc acetate precursor solution (Fig. 3a) and 0.5 M zinc nitrate

precursor solution (Fig. 3b). The authors [58] found that both pure and Al-doped

ZnO nanostructured thin films show good photocatalytic activity regarding the

degradation of stearic acid under UV-A light illumination (365 nm), a behavior

which is mainly attributed to their good crystallinity and the large effective surface

area.
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Fig. 2 Schematic representation of CaIn2O4 nanocrystals prepared by ultrasonic spray pyrolysis.
Reproduced and modified from Ref. [57] with kind permission from Springer Science and Business
Media

Fig. 3 ZnO growth mechanism using ultrasonic spray pyrolysis after 30, 60 and 120 min of spraying
time, using a 0.5 M Zn acetate, b 0.5 M Zn nitrate precursor solution. Reproduced from Ref. [58] with
kind permission from Springer Science and Business Media
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2 Perovskite Solar Cells and Quantum Dots Photovoltaics

The interest in sonochemistry as a versatile tool for materials synthesis has been

increasing, especially in the case of preparation of nanostructured materials for

energy conversion like quantum dots, solar photovoltaic cells and dye-sensitized

solar cells [59, 60]. The application of ultrasound allows to obtain a uniform shape

and highly pure nanoparticles with a narrow size distribution, which has influence

on the unique characteristics of photovoltaic devices. Additionally, ultrasound-

assisted methodologies can decrease the time of synthesis, consequently reducing

operating costs and develop effective manufacturing processes [60, 61]. Hence, it is

a promising inexpensive alternative for the production of the next generation of

solar cells such as quantum dot sensitized solar cells (QDSCs) or perovskite solar

cells (PSCs) [62]. Perovskites are a class of compounds that possess well-defined

crystal structure with formula ABX3, where, the A and B sites are engaged by

cations and the X site is occupied by the anion. Depending on the type of the ions,

they can form various perovskite crystal geometries with different features. The

cations in the lattice are able to enhance and modify the band structure, which is

particularly important from the point of view of photophysical properties [63, 64].

Thus, perovskites as an active layer in photovoltaic systems can deliver high open-

circuit voltages and lead to the harvesting of light from a broad spectrum [64].

Perovskite solar cells are able to absorb the shorter wavelengths of visible light

corresponding to photons with higher energy. Consequently, they can reach the

maximum voltage of cells adequate to the maximum electrical power that comes

from incident photons. Therefore, PSCs that stem from dye-sensitized solar cells

(DSSCs) are considered as a forerunners of emerging photovoltaic technology

[64, 65].

Perovskites first used for solar applications were documented in a seminal article

by Miyasaka and co-workers in 2009 [66], and then by Park and co-workers 2 years

later [67]. In all cases, the perovskite solar cells emerge as long-running, durable

photovoltaic devices with high efficiency, and have been increasing from 10 to

20 % in the last few years [68, 69]. Due to fact that PCSs possess an enhanced light-

harvesting system, improved charge separation process as well revised charge

transfer and charge collection [68, 69], the power conversion efficiency (PCE) of

perovskites solar cells is remarkable higher compared to the previous generation

solar cells devices [i.e., wafer-based silicon devices or thin film SCs made from

cadmium telluride (CdTe)]. The properties mentioned above can be attributed to the

special structure of these materials, which mainly reflect on their application of

photovoltaic technology as well as of other domains [70].

The next interesting possibility leading to more efficiently working solar cells is

the development of quantum dot sensitized solar cells. It is worth noting that the

energy conversion of solar cells directly depends on their structure, i.e., conductive

substrates, semiconducting layers and in particular, sensitizing molecules (dye or

quantum dots). The structure of DSSCs is similar to that of QDSCs; however, the

power conversion efficiency (PCE) is remarkably lower in the case of QDSCs.

Nevertheless, due to the relatively low cost related to using inexpensive
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semiconductors and a simple fabrication, possible approaches for improving PCE

are still under debate [61, 62, 71].

In this subsection, we would like to focus the readers’ attention on the use of

sonochemical methodology as a convenient tool for the preparation of solar cells

with higher power conversion efficiency; indicating the influence of ultrasounds on

the formation of quantum dots and perovskite solar cells, and pointing out the

current state of the art.

2.1 Sonochemical Synthesis of Perovskites and Quantum Dots

The wide range of sonochemical methods used for the synthesis of perovskite-type

oxides ABO3 have been well reviewed by Colmenares group [72]. Among the most

effective sonication-based processes, we can distinguish mainly co-precipitation

methods, sol–gel methods, and hydrothermal methods as well aerosol synthetic

techniques [e.g., the ultrasonic spray pyrolysis (USP)]. In comparison with

conventional methodologies, which are mentioned above, the USP allows for

control over size and shape of particles in a simple and more reproducible way. The

selection of optimal parameters (such as ultrasound frequency, characteristic of the

precursor solution and temperature) allows a nanomaterial with desirable properties

to be obtained. However, it is not the only effective approach for the preparation of

thin-films and ultrafine nanostructures in terms of manufacturing photovoltaic

devices. An interesting concept that involves combination of ultrasonic spray

technique and thermal evaporation process was reported by Xia et al. [73]. The

modified deposition method assisted by ultrasonic spray coating used for the

formation of CH3NH3PbI3 thin film layers enables control of morphology. The

obtained perovskite film possesses larger crystal size ([500 nm), which result in

higher carriers mobility and lower charge recombination. Thereby, uniform

coverage prevents an undesirable short circuit between the top and back surface

contacts of a solar cell, resulting in an increase in the power conversion of

photovoltaic devices [73].

CH3NH3PbI3 nanoparticles (NPs) can also be synthesized by another sonochem-

ical technique (Table 2; Entry 1) [74]. The method applied in this work involves

ultrasonic irradiation for the preparation of ultrafine nanocrystal sensitizers for solar

applications. The sonochemistry reaction is carried out in a non-aqueous solution,

leading to the generation of nanoparticles with polygonal shapes in the narrow size-

range. The sonochemical synthesis of methylammonium lead halide takes place

only in isopropanol medium, and the presence of water reduces the reaction rate

[74, 75]. Additionally, it has been shown that the morphology of the particles

strictly depends on the irradiation time [74]. The nanoparticles obtained during

10 min of reaction exhibited irregular shapes, whereas the particles achieved after

20–30 min showed an opposite trend and formed hexagonal or triangles configu-

ration [74]. Nevertheless, the shape of perovskites can be changed when the

synthesis step is preceded by ultrasonic pretreatment of the precursor solution.

Kesari and Athawale [75] demonstrated that ultrasound-assisted method arranged to

CH3NH3PbI3 synthesis allows to obtain a rod shape and a tetragonal crystal

structure. Results indicate that the preparation route has an important impact on a
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sample’s morphology and hence on its optical properties. It has been found that the

band gap of the CH3NH3PbI3 hybrid materials synthesized by ultrasonic method

(from standard 1.5 to 2.25 eV) shifted into the blue region, which can be a sign that

the materials possess features of quantum dots [74]. A similar behaviour of NaTaO3

perovskite was observed by Vázquez-Cuchillo et al. [76], when the crystalline

materials were more light sensitive in the UV-range compared to the same materials

obtained by other technique (i.e., solid-state method). On the other hand, the defects

forming on the surface due to cavitation effects can also turn to light electron

capture centres and decrease the band-gap energy, which is rather more favorable

from the photocatalytic point of view [77].

The application of ultrasound in perovskites’ synthesis allows to obtain the

required products using low temperature synthesis methods. The great number of

cavitation active sites generated under ultrasonic irradiation led to materials that

possess a small particle size and a uniform bulk [77, 78]. However, the formation

and growth of nanosheets and face-like particles depend on ultrasound as well as on

calcination conditions. The calcination temperature affects the crystallinity,

Table 2 Selected examples of sonochemical methods applied for the synthesis of active solar cells layers

Entry Ultrasound source Key parameters Remarks Refs.

Perovskites

1 The ultrasonic transducer

(frequency 20 kHz) was

operated at an amplitude of

60 %

Time of irradiation

increased from 10

to 30 min

The CH3NH3PbI3 nanoparticles

of polygonal shapes in the

size range of 10–40 nm were

obtained until 20 min

reaction, whereas the shorter

time of irradiation resulted in

non-uniform shapes

[74]

2 A multiwave ultrasonic

generator equipped with

titanium oscillator

(12.5 mm) operating at

20 kHz

Power of ultrasound

was adjusted in

the range from 50

to 70 W

The particle size of CuInS2 was

about 100 nm when the power

of ultrasound was equal to

50 W—increasing the power

led to formation of uniform

particles with size of 60 nm

[81]

3 A sonication system operated

at 59 kHz and a power

output of 99 W

Concentration of

precursor and

sonication time

(various variants)

The desired kesterite phase of

CuZnSnS2 was obtain using

longer time of irradiation and

higher precursor

concentration

[82]

Quantum dots

4 A ultrasound probe (frequency

20 kHz, 130 W/cm2)

operated at 50 % amplitude

The effect of

ultrasound on the

reduction process

The reduction process of

tellurium does not exceed

15 min and allows to obtain

CdTe QDs with the band gap

value (2.3 eV)

[85]

5 Ultrasound horn with 1.9 cm

diameter (20 kHz, output

acoustic power 45.5 W)

The sonication time

(0–45 min) and

temperature

(40–60 �C)

The CdS nanoparticles have

uniform spherical

morphology with size around

2 nm (60 �C after 45 min of

irradiation).

[86]
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microstructure, optical and dielectric features of the samples. Consequently, the

particles that were synthesized under the same ultrasonic conditions and calcined at

different temperatures exhibited diverse properties as proved by various researcher

groups [79, 80]. Interesting is the fact that contrary to previous studies, Wirunchit

et al. [80] presented a facile sonochemical synthesis of perovskite oxides without

any sintering and calcination step (Fig. 4). In this case, the formation of

nanoparticles with a spherical morphology and a narrow particle size distribution

occurs through the sonocrystallization process, whereas the effect of ultrasonic

irradiation generates and promotes the nucleation as well as inhibits or delays the

crystal growth process [80]. Furthermore, the crystal size and morphology of

nanostructures also depend on the power energy of ultrasound (Table 2; Entry 2).

Results presented by Amiri et al. indicate that increasing the power of ultrasound

causes the production of uniform CuInS2 nanoparticles with small size (*60 nm),

whereas using the lower ultrasonic energy led to the creation of bigger aggregated

particles with a lump-like structure [81].

The one-step sonochemical method proposed by Liu et al. [82] can be applied for

the production of Cu2ZnSnS4 perovskites (Table 2; Entry 3). By this way, the

propitious shape of nanoparticles can be obtained by facile and rapid synthesis

through the selection of an optimal precursor’s concentration as well the above-

mentioned sonication time [82]. However, in the event of the production of high

quality inks for solar-cells fabrication, a more suitable methodology seems to be the

ultrasound-assisted microwave solvothermal method. Unlike the others, the

nucleation–dissolution–recrystallization mechanism allows to obtain Cu2ZnSn4

Fig. 4 Schematic diagrams illustrating formation of the crystal growth mechanism. Reproduced from
[80] with permission of The Royal Society of Chemistry
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nanosized particles with hexagonal prisms structure, due to fact that the synergistic

effect of ultrasound and microwave plays a key role in the growth process of

wurtzite phase [83, 84].

Ultrasound-assisted processes are also used to prepare quantum dot particles

(QDs) for solar cells application. The simple and fast sonochemical methodology

provides monodispersed CdTe QDs with a strong quantum confinement regime

(Table 2; Entry 4). The application of ultrasound allows one to control the

morphology and reduce the surface defects of quantum dots. As a result, this

allowed the production of nanoparticles with only one fluorescence band, which is

beneficial in terms of photovoltaic devices [85]. Furthermore, it is clearly shown

that the application of ultrasound, in particular the sonication time, has an influence

on the particle size distribution and the growth kinetics (Table 2; Entry 5) [86].

Results indicate that the increase of particle size at longer time is attributed to the

diffusion-limited coarsening process, which is accelerated by cavitation. Thus, the

effect of ultrasound irradiation causes that the synthesis of QDs nanoparticles occurs

in shorter time using low temperature methodology such as the micro-emulsion

method [86]. Additionally, sonochemically synthesized QDs possess better optical

properties and are able to produce a large amount of reactive oxygen species (ROS),

which may influence a further course of the photochemical processes [87].

2.2 Sonochemical Solar Cells Fabrication

Sonochemical methodology can be used as the first step toward the synthesis of

photoactive layers or as the second step for the preparation of solar cells devices.

The wide range of ultrasound parameters (i.e., ultrasonic power, frequency and

time) have a positive influence on the size, morphology, structure or the surface

area, and in consequence on optical as well as electrical properties of photovoltaic

devices [81]. It was proven that the ultrasound irradiation accelerates the nucleation

process, and promotes ionic and mass diffusion, which permit the synthesis of

structures with desirable features in terms of the photovoltaic application [88]. For

this reason, ultrasounds play a crucial role in the preparation of solar cells structures

and cells’ components.

The photoactive layers can consist of perovskite nanoparticles, quantum dots or

hierarchical hollow spheres which can improve the efficiency of dye-sensitized solar

cells (DSSCs), or quantum dots solar cells [89]. The DSSCs type of solar cells

exhibited significant better parameters (i.e., a short circuit current density, open

circuit voltage and fill factor) in comparison to standard nanoparticle photoelec-

trode, consequently increasing the power conversion efficiency and photocatalytic

performance [90]. The hierarchical structures (HSs) (mainly ZnO, TiO2, SnO2)

synthesized through the sonochemistry methodology demonstrate required proper-

ties caused by their nano/micro combined architectures. They enable fast electron

transport due to an ideal network created by nanosheets connection. Additionally,

HSs possess a large surface area, which improves the accessibility for incident

photons [88, 91]. Furthermore, dye-sensitized solar cells based on hierarchical

structures are able to enhance the light harvesting capability and improve the
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efficiency of SCs [91]. Using ultrasound treatment technique (UST), the change of

the solar power efficiency can be improved up to 50 % [92].

Among many sonochemical methods used for the fabrication of solar cells, we

can spot the ultrasonic spray coating method (USP). The USP allows one to deposit

uniform perovskite thin films on glass substrates (Fig. 5) [93, 94]. The formation of

dense films having a surface coverage above 85 % guarantees maximum device

efficiency. For this reason, the USP coating leads to an increase of the power

conversion efficiencies of perovskite-based photovoltaics devices [94]. Concur-

rently, ultrasonic spray coating with various rates provides the quick optimization of

thickness, precursor ratios and resulting pinhole-free layer crystallinity [95].

Furthermore, USP provides high-performance flexible perovskite solar cells by

using a combination of ultrasonic spray-coating and low thermal budget photonic

curing [94].

Fig. 5 Schematic of pumped ultrasonic spray coating for perovskite precursor deposition. Reproduced
from [94] with permission of The Royal Society of Chemistry

Fig. 6 Scheme of the automated manufacturing of SVADC process for solar cells fabrication.
Reproduced and modified from Ref. [96] with kind permission from Springer Science and Business
Media
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As the next promising tool for the fabrication of micro-thin as well as nano-thin

films, the substrate vibration-assisted drop casting method (SVADC) has emerged.

Due to fact that the SVADC is scalable casting methodology, it can be used to

prepare an array of thin-film solar cells, perovskite, and quantum-dot solar cells or

other thin-film devices through an automated fabrication process (Fig. 6). The same

manufacturing process allows several layers of a thin-film solar cell to be deposited.

It is worth to note that the solution properties, surface wettability, impingement

conditions as well as substrate vibration have influence on the maximum effective

and uniform surface of solar cells. Due to the fact that this method allows one to

obtain a simple structure (possessing efficiency over 3 %) without requiring an

optimization process and the application of expensive materials or treatments, the

SVADC might replace the old generation techniques of ultrasound-assisted methods

used for the fabrication of silicon wafers [96].
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Abstract This chapter describes the use of ultrasound in remediation of wastewater

contaminated with organic pollutants in the absence and presence of other advanced

oxidation processes (AOPs) such as sonolysis, sono-ozone process, sonophoto-

catalysis, sonoFenton systems and sonophoto-Fenton methods in detail. All these

methods are explained with the suitable literature illustrations. In most of the cases,

hybrid AOPs (combination of ultrasound with one or more AOPs) resulted in

superior efficacy to that of individual AOP. The advantageous effects such as

additive and synergistic effects obtained by operating the hybrid AOPs are high-

lighted with appropriate examples. It is worth to mention here that the utilization of

ultrasound is not only restricted in preparation of modern active catalysts but also

extensively used for the wastewater treatment. Interestingly, ultrasound coupled

AOPs are operationally simple, efficient, and environmentally benign, and can be

readily applied for large scale industrial processes which make them economically

viable.
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1 Introduction

The greatest challenge in the 21st century is to make a clean environment.

Biological degradation processes are one of the most efficient and cost effective

techniques to remove organic pollutants from wastewater. However, these systems

have some limitations when persistent organic pollutants are present in the aquatic

medium. Hence, new processes are required to degrade potentially hazardous toxic

compounds from wastewater or effluents from industries. Advanced oxidative

processes (AOPs) are efficient in the degradation organic pollutants in aqueous

environment [1]. These AOPs generally produce stronger and non-selective

hydroxyl radicals (�OH) which, apart from fluorine, is the most powerful oxidant

known [2, 3]. �OH radicals react with toxic organic pollutants and degrade them into

smaller non-toxic molecules or in many cases fully mineralized to CO2 and H2O [4].

The frequency range of ultrasound is in the region between 18 kHz

and[10 MHz. Sonication of water produces cavitation bubbles, which on collapse

generate local heating. During acoustic cavitation, highly reactive hydrogen atoms

(H�) and �OH radicals [5] are generated. Organic and inorganic molecules present in

the solution undergo oxidation or reduction depending on their reactivity. Ultrasonic

effects on general/specific degradation processes are published as review articles

[6–10]. In the past decades, the use of ultrasound in the degradation (oxidation) of

variety of organic pollutants attracted many researchers because of its simple

operational conditions [11–13].

It is generally accepted that sonochemical reactions occur in three zones: core of

cavitation bubble, bubble–liquid interface, and bulk solution. The chemical

industries discharge contaminated wastewater into aquatic environment. These

waste effluents require proper treatment before safe discharge into the environment.

Most effluents are toxic in nature, due to the presence of aromatic compounds like

benzene, toluene, xylene, etc. There are many reports available in the literature for

generating �OH radicals using AOPs. In this chapter only the ultrasound based

AOPs for the wastewater treatment is discussed in detail.

2 Advance Oxidation Processes (AOPs)

Glaze and co-workers established the concept of ‘‘advanced oxidation processes’’ in

1987. AOPs are defined as the oxidation processes assisted by strong oxidants such

as hydroxyl radicals which could be used in waste water treatment. Hydroxyl radical

(�OH) is a powerful, non-selective chemical oxidant that cleave carbon–carbon,

carbon–nitrogen, carbon–sulphur and also the other chemical bonds. These kinds of

free radical assisted systems are categorized under this broad definition of AOP. In

general, such free radicals could be generated using various methods such as

ozonation (O3), hydrogen peroxide (H2O2), potassium perdisulfate (KPS), catalysts

(transition metal ions, noble metals or photocatalysts), light illumination (either

ultraviolet light or visible light), ultrasound (US) or electron beam. Typical AOPs

are listed in Table 1.
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Generally, photo-AOP techniques involve the use of ultraviolet light in the

presence of H2O2, ozone, Fenton’s reagent or a semiconductor surface [14, 15].

Some less common methods such as c-radiolysis is also used as AOPs [16–18].

Ultrasound is one of the important AOPs, which could be operated either

individually or coupled with other AOPs such as O3/US, H2O2/US, UV/US and so

on. As mentioned earlier, sonication of water leads to the formation of radicals

[19, 20]. The chains of reactions that occur during sonication of pure water are

shown in Reactions (1–4).

H2O þÞÞÞ ! �OH þ �H, ð1Þ

�OH þ �H ! H2O, ð2Þ

�OH þ �OH ! H2O2; ð3Þ

�H þ �H ! H2: ð4Þ

Additional radicals are also produced in the gas phase when the solution is

saturated with oxygen [21]. Reactions (5–8).

O2þÞÞÞ ! O þ O, ð5Þ

O þ H2O ! �OH þ �OH, ð6Þ

O2 þ �H ! �HO2; ð7Þ

�HO2 þ �HO2 ! H2O2 þ O2: ð8Þ

Ultrasonication of organic pollutant in aqueous medium results in thermal and

chemical degradation either in the gas phase of liquid phase or at the gas–liquid

interface.

Table 1 List of typical AOP

systems [1–13]
Non-photochemical Photochemical

O3 at elevated pH ([8.5) H2O2/UV

O3/H2O2 O3/UV

O3/US O3/H2O2/UV

O3/AC (activated carbon) H2O2/Fe
2?/UV (photo-Fenton)

O3/catalyst UV/TiO2

Fe2?/H2O2 (Fenton system) H2O2/TiO2/UV

Electro-Fenton O2/TiO2/UV

Pulsed plasma UV/US

Ultrasound (US) Vacuum UV

H2O2/US

Microwave

Wet air oxidation

Supercritical water oxidation
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3 Effect of Ultrasound in AOPs

3.1 Sonolysis

In 2005, Marechal et al. published a review article to illustrate some fundamentals

of the ultrasound and its broad application in textile wet processes [22]. They listed

some of the important sonolysis processes for the degradation of textile dyes,

mineralization of organic pollutants, degradation of volatile organic matters, heavy

metal removals and oxidation of radioactive metals such as As(III). Ince and co-

workers investigated the degradation of four different kinds of textile dyes in

aqueous solutions by 520 kHz ultrasonic irradiation [23]. The cleavage of aromatic/

olefinic carbon–carbon bonds in azo dyes was slower than that of color to be

attributed to the priority of hydroxyl radical attack on the nitrogen–nitrogen bonds.

This is mainly evident from the formation of numerous oxidation intermediates of

organic character during the course of dye degradation. Significant reduction in

toxicity of the dyes was accomplished along with color and aromatic carbon

degradation.

Cephalexin is one of the most popular antibiotics which are produced in great

quantities in pharmaceutical industries. A large amount of this drug is detected in

aquatic environment. Guo and co-workers firstly studied the effect of ultrasound

irradiation to improve the biodegradability of cephalexin in wastewater [24]. They

evaluated the ultrasonic degradation of cephalexin in aqueous medium and

investigated the biodegradability of the ultrasonically treated solution by the

BOD5/COD ([biological oxygen demand]5/[chemical oxygen demand]) ratio. The

results confirmed that the BOD5/COD ratio value increased from zero to 0.36 after

ultrasound treatment.

Figure 1 shows the chemical oxygen demand (COD) removal of ultrasonic

irradiation of cephalexin in aqueous solution. 24 kHz ultrasonic frequency was used

Fig. 1 Chemical oxygen demand during sonolysis of cephalexin in aqueous solutiona (Reprinted with
permission from Ref. [24]. Copyright 2010 Water Research Commission)
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for this sonolysis studies. A pH value of 7.5 was maintained under air atmosphere at

25 �C. It is evident from Fig. 1 that cephalexin was degraded by ultrasounic

irradiation and the COD value decreased gradually with respect to the irradiation

time. The COD value decreased to 70 % of the initial value after 150 min of

ultrasound irradiation.

The effects of pH and ultrasonic power on the degradation process were studied.

It was reported that the optimal ultrasound power for cephalexin degradation in the

system was 200 W. This might be due to the increase in the number of cavitation

bubbles at 200 W. This resulted in the increase of extend of degradation of

cephalexin. Similarly, a higher rate of cephalexin degradation was observed in the

pH range of 6.5–8.5. This is because the cephalexin mainly exists in zwitterionic

form in solution at this pH range, which could have increased its concentration at

the bubble surface. A higher interfacial concentration allows the compound to be

effectively degraded by �OH radicals generated during acoustic cavitation. The

degradation kinetics of cephalexin in aqueous solution under different experimental

conditions was also investigated. They reported that the degradation followed

pseudo-first order kinetics.

Leachates are generally augmented by rainwater or snowmelt and reaches the

landfill [25]. The leachates more often possess a large volume of organic matter that

is hazardous pollutants [26]. Biological degradation methods are efficient when

applied to relatively younger leachates [27–32]. However, biodegradation is less

efficient for the treatment of older leachates [33].

In recent years, ultrasonic technique is largely used for the mineralization of

organic compounds from wastewater [34, 35]. Very few reports have been published

on the sonochemical treatment of heavily polluted wastewater like landfill leachates

contaminated with ammonia nitrogen. Wang et al. carried out ultrasound irradiation

for the removal of organic matters and also ammonia nitrogen from landfill leachate

wastewater [36]. The effects of ultrasonic power input, pH, aeration and initial

concentration were studied in detail They observed that sonolysis of organic

compounds took place via reaction with �OH radicals. A small contribution to the

degradation was noted with thermal decomposition within the bubbles. The rise of

COD was explained by the complexity of sonolysis of organic pollutant in landfill

leachate. The ammonia nitrogen present in the landfill leachate was also effectively

removed by sonolysis. Nearly, 96 % of the ammonia nitrogen was removed under

ultrasonication after 180 min. The authors’ analyzed the intermediates and found

that the concentrations of NO2–N and NO3–N were increased which might be due to

the formation of NO and NO2 in cavitation bubbles from the N2 and O2 dissolved in

water, which ultimately dissolve in water to generate nitrous and nitric acids.

Further, they studied the reaction pathway of ammonia nitrogen removal by

sonolysis proceeds via pyrolysis due to the high temperature developed within the

cavitation bubbles. The authors concluded that the ammonia molecules in leachate

enter into the cavitation bubbles and transform into N2 and H2 via pyrolysis under

instant high temperature and high pressure in the cavitation bubbles.

The effect of ultrasonic power input on COD reduction in landfill leachate is

illustrated in Fig. 2. It is clearly evident from Fig. 2 that ultrasonic power affected

the COD removal in landfill leachate. The efficiency of COD removal increased
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with an increase in ultrasonic power. This is due to an increase in the number of

cavitation bubbles with an increase in ultrasonic power, which results in enhanced

�OH formation [37–41].

Similar to the above pollutants, namely, cephalexin and ammonia nitrogen in

landfill leachate, arsenic is also a toxic metalloid. Arsenic is naturally found in ores

and soil in many parts of the earth, and is released into the groundwater through

natural processes [42, 43]. People live in Southeast Asian countries (e.g.,

Bangladesh, Nepal, West Bengal in India and Vietnam) and western U.S. are

adversely affected by arsenic contamination in ground water [44–48]. Many

important organs of the human body are very much sensitive towards the long term

exposure to arsenic poisoning [49]. Hence, it is important to develop a

suitable method for the oxidation of acutely toxic As(III) to the less toxic As(V).

Neppolian et al. studied the effect of different operational parameters sono-

oxidation of As(III) to As(V), such as power density and pulse mode [50].

Figure 3 shows the sono-oxidation of As(III) solutions (75 mL) over the different

concentration range of 0.0013–0.0268 mM. It can be observed from Fig. 3 that

complete oxidation of As(III) to As(V) was achieved within 15–50 min of ultrasonic

irradiation.

In comparison to the continuous mode of operation, pulsed sonication showed

significant effect on the oxidation of As(III) to As(V). As the amplitude of

ultrasound was increased, the rate of oxidation also increased. The H2O2 production

was considerably reduced as compared to that observed during the sonication of

water alone [without As(III)]. This suggested that �OH radicals were involved in

As(III) oxidation process. The sono-oxidation process was independent of the initial

pH of the solution in the range of 3–10. The involvement of dissolved oxygen in

As(III) oxidation was proven by performing experiments in nitrogen saturated

solutions, where oxidation process was not observed. Hence, the authors concluded

that the sonolysis treatment process is an effective technique for the oxidation of

As(III) to As(V) without the use of external chemicals or catalysts.

Besides, the authors studied the effect of initial pH on the sonochemical

oxidation of As(III). In general, the initial pH value of the solution greatly

influenced the oxidation reaction rate. Nonetheless, in the present system it is

observed that the rate of the reaction was not significantly changed by adjusting the

initial pH of the As(III) solution. However, very interestingly, the final pH value

Fig. 2 Effect of power input on
COD reduction efficiency
(initial concentration 4770 mg
L-1; initial pH 8.1; without
aeration) (Reprinted with
permission from Ref. [36].
Copyright 2008 Elsevier)
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dropped almost to 3–4 in all the experiments performed. This is one of a better

example for the sonochemical reaction was which not remarkably stimulated by

initial pH value.

The same research group also studied the effect of addition of peroxydisulfate ion

(PDS) towards the sonochemical oxidation of As(III) [51]. Along with �OH radicals,

sulfate anion radicals produced during acoustic cavitation also involved in the

oxidation of As(III) to As(V) in an aqueous environment. A tenfold enhancement

was observed by the addition of PDS. The dissolved oxygen content also played a

vital role in this oxidation process which was proved by nitrogen sparging

experiment. Continuous aeration of oxygen (10 mg L-1) increased the oxidation to

80 % over 5 min sonication. The addition of humic acid (HA) retarded the

oxidation rate of As(III), but the effect could be offset by using larger amounts of

PDS. Influence of ultrasound input power and frequency on the oxidation rate was

examined. The authors found that rate of oxidation of As(III) was lower at the

ultrasound frequency of 211 kHz as compared to that of at 20 kHz.

3.2 Ultrasound/Ozone Mineralization

Ozone (O3) based AOP can be coupled with other AOPs such as photocatalysis,

photolysis, Fenton reaction based processes and sonolysis The key difference

between the ozonation and AOP processes is that the ozone process relies mainly on

the direct oxidation with aqueous ozone while AOPs rely primarily on oxidation

with hydroxyl radicals. Ozone-sonolysis hybrid AOP is discussed in detail in this

section.

Fig. 3 Effect of the different initial concentrations of As(III) on the oxidation of As(III) to As(V).
Experimental conditions: pH = 7, tip diameter = 19 mm, power = 36 W (Reprinted with permission
from Ref. [50]. Copyright 2009 American Chemical Society)
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Ozonation of water either in presence and absence of UV illumination is

extensively reported in the literature [52–54]. Depending up on the solution pH, O3

can react with organic pollutants either directly by electrophilic attack or indirectly

by radical chain reactions. Combination of ozone with UV or US results in a net

enhancement in the degradation of toxic organic pollutants due to direct and indirect

production of �OH radicals. O3 in aqueous medium generates H2O2 which in turn

produces �OH that actively participate in the degradation process (Reactions 9–12)

[55]

O3 þ hv ! O2 þ O 1D
� �

; ð9Þ

O 1D
� �

þ H2O ! �OH þ �OH, ð10Þ

O 1D
� �

þ H2O ! H2O2; ð11Þ

H2O2 þ hv ! �OH þ �OH: ð12Þ

In the hybrid process, O3 undergoes thermal decomposition within collapsing

bubbles providing additional �OH radicals, as given in Eqs. (13, 14) [56].

O3þÞÞÞ ! O2 gð Þ þ O 3P
� �

gð Þ; ð13Þ

O 3P
� �

gð Þ þ H2O gð Þ ! �OH þ �OH: ð14Þ

In a typical case study, the hybrid O3/US AOP was used for the degradation of a

textile dye C.I. Acid Orange 7 [57]. To facilitate the degradation process further,

UV light illumination was also used. The degradation reaction was monitored by

UV–visible absorbance of the solution, total organic carbon analysis and five-day

biochemical oxygen demand (BOD5) of the solution. The authors varied the

concentration of O3 from 10 to 60 g m-3. The rate of color decay with respect to the

concentration of O3 is depicted in Fig. 4.

Besides, the authors performed a comparative study with various coupled AOPs

namely O3/US, O3/UV and O3/UV/US for the degradation of C.I. Acid Orange 7

Fig. 4 The relation between
time rate of color decay and the
ozonation with ultrasound
(subscripts of k refer to the
ozone outputs of the generator
as g m-3) (Reprinted with
permission from Ref. [57].
Copyright 2004 Elsevier)
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dye and the results are depicted in Fig. 5. Based on the degradation rate constants,

the authors made a conclusion that no significant improvement in decolourization

was provided by the simultaneous operation of the three AOPs (O3/US/UV).

Similarly, the degradation of sulfamethoxazole was investigated using ultrasound

(US), ozone (O3) and O3/US oxidation process [58]. Guo et al. showed that

ultrasound significantly enhanced sulfamethoxazole ozonation by assisting ozone in

producing more �OH radicals in O3/US oxidation process. The rate of degradation

was increased by 6–26 % by combining ultrasound and ozonation processes under

different pH conditions. The formation of different intermediates during the three

AOPs namely US alone, O3 alone and O3/US hybrid oxidation process was

identified and the results clearly revealed that the major intermediates in O3 alone

and O3/US hybrid oxidation process are similar. However, the introduction of

ultrasound in O3/US hybrid oxidation process significantly improved the cleavage of

C–S bond. Under the optimal reaction condition the degradation of sulfamethox-

azole was much easier. Noticeable enhancement in sulfamethoxazole removal rate

was observed by the O3/US oxidation process as compared to the other two

examined processes (US alone and O3 alone).

The role of individual (US alone and O3 alone) and coupled AOP (O3/US)

processes were examined towards the sulfamethoxazole removal. The authors

discussed the ultrasonic energy using the calorimetric method, in detail [59]. As can

be seen from Fig. 6, only 3 % of the sulfamethoxazole was removed in the presence

of US alone process. O3 alone system showed comparatively better efficiency. The

O3/US hybrid oxidation process exhibited superior performance than the individual

AOP system. Hence, the authors concluded that it was paramount important to

combine ultrasound with other technologies to improve the removal rate.

Fan et al. examined the influence of ultrasound on O3 based AOP for the

degradation of methamidophos and dichlorvos which are organophosphorous

pesticides that commonly used for pest control in agriculture to obtain better yields

[60]. The authors varied various experimental parameters including O3 flow rate,

water temperature, treatment time and initial concentration of organophosphorous

pesticides to evaluate their effects on the degradation rate under O3/US condition. A

maximum degradation rate of 82 % was observed with the O3/US oxidation process

Fig. 5 Comparative profiles of
color decay rates in O3/UV, O3/
US and O3/UV/US schemes (C1
and C2 show performances of
the two controls, i.e.
individually applied US and
ozone schemes, respectively)
(Reprinted with permission from
Ref. [57]. Copyright 2004
Elsevier)
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under optimal experimental conditions. Figure 7 illustrates the schematic of the

experimental set up for the O3/US oxidation process used for the degradation of

methamidophos and dichlorvos organophosphorous pesticides.

Temperature of the system played a vital role in O3/US oxidation process. The

degradation of methamidophos and dichlorvos (the model organophosphorous

pesticides) showed a significant difference with respect to the temperature of the

system. The authors varied the initial water temperature from 8 to 32 �C and studied

the O3/US oxidation process for the degradation of organophosphorous pesticides.

Higher temperature increases the rate of chemical reaction between oxidant and

substrate which promotes the reaction faster. However, too high temperature

possibly decreases the partial pressure of dissolved O3 in the reaction medium

which in turn decrease the O3 concentration. This resulted in less production of �OH

Fig. 6 The sulfamethoxazole degradation curve under US-alone, ozone-alone and O3/US oxidation
process (UOOP) systems (Reprinted with permission from Ref. [58]. Copyright 2015 Elsevier)

Fig. 7 Schematic representation of the O3/US combination cleaning apparatus (JY-92-II ultrasonic
generator, frequency rate 25 kHz, ultrasound power 0–1000 W; DHX-SS-1G ozone generator) (Reprinted
with permission from Ref. [60]. Copyright 2015 Royal Society of Chemistry)
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radicals. Based on the observation the authors concluded that the most favourable

temperature for the degradation of organophosphorous pesticides under O3/US

oxidation process is 8 �C.
Very often, the combination of more than two AOPs resulted in a very good

performance. To support this, three AOP components viz, US, UV and O3 were

utilized for the lab-scale degradation of aryl-azo-naphthol dye and C.I. Acid Orange

8 [61]. Simultaneous and single operations of US and O3 operations in presence of

different wavelength light illumination for 30 min were studied and the results are

presented in Fig. 8. A remarkable decay profile was observed by the combined

process. This is due to generation of excess �OH radicals and other oxidative species

such as singlet oxygen, peroxy and/or superoxide.

In contrary, single AOP processes were found to show better efficiency as

compared to the combined AOPs in other studies. For instance, ultrasound assisted

O3 based degrataion of pararosaniline (C.I. Basic Red 9) was studied under different

AOP conditions [62]. It was observed that ozonation of pararosaniline solution was

more efficient than ultrasonic irradiation alone or in combination with O3. The

intermediate compounds formed by degradation process of the pararosaniline was

analysed by GC–MS and some of the oxygenated by-products such as long-chain

carboxylic acids and alcohols were identified [63]. Authors prepared a comparison

table to understand the efficacy of the system based on the identified intermediate

compounds (Table 2).

3.3 Sonophoto Degradation

Combinations of different AOPs for environmental detoxification have recently

been exploited, especially for waste water treatment [65–73]. Among the different

hybrid AOPs, the so-called sonophotocatalysis, i.e., the simultaneous use of

ultrasound (US) and photocatalysis, is one of the widely studied systems under

different experimental conditions [74–76]. The simultaneous use of the two

Fig. 8 Profiles of visible and UV absorption decay during 30 min contact of AO8 with US, O3 and O3/
US combined schemes (Reprinted with permission from Ref. [61]. Copyright 2006 Elsevier)
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techniques was reported to be more effective than their sequential combination in

many instances [77–79]. Synergistic effects between the two techniques were more

often observed when employing small particle size semiconductors or when

operating at relatively low US frequency for the degradation of organic species [80].

Mrowetz et al. investigated the degradation of 2-chlorophenol and two azo dyes

in aqueous solutions under sonolysis, photocatalysis in the presence of TiO2 and

simultaneous sonolysis and photocatalysis, i.e., sonophotocatalysis [81]. Ultrasound

significantly influenced the rate of photocatalytic degradation by promoting

deaggregation of the photocatalyst. Ultrasound greatly induced desorption of

organic matters and intermediates from the photocatalyst surface. The degradation

result for the acid orange 8 under different hybrid AOPs is given in Fig. 9. It is

evident that sonophotocatalysis showed significantly better efficiency.

A similar trend was observed with sonophotocatalytic degradation systems

developed for the mineralization of different organic pollutants namely salicylic

acid, methyl tert-butyl ether and 2,4,6-trichlorophenol [82–85]. In all these systems,

the degradation efficiency increased by the introduction of ultrasonic irradiation.

Table 2 Comparison of the by-products generated from ozonized aqueous solutions of the two different

dyes (Reprinted with permission from Ref. [62]. Copyright 2006 Elsevier)

Dye Pararosanilinea Reactive Red 120b

References [62] %c [64] %c

[Dye]0 1.2 9 10-5 M (19 mg L-1) 1.4 9 10-4 M (200 mg L-1)

Aldehyde/ketone

Formaldehyde (lM) 0.94 57 n.i.

Acetaldehyde (lM) 0.26 16 n.i.

Acetone (lM) 0.45 27 n.i.

Others (lM) n.d. n.i.

Total (lM) 1.7 100

[Carbon]0 (%) 0.9

Carboxylic acids

Formic (lM) 9.11 75 20 14

Acetic (lM) 1.00 8 0.0 0

Glycolic (lM) 0.28 2 n.i

Pyruvic (lM) 0.54 4 n.i.

Oxalic (lM) 1.25 10 125 86

Total (lM) 12.2 100 145 100

[Carbon]0 (%) 8.2 2.4

Nitrate (lM) 97 200

[N]0 (%) 73 10

n.d. Not detected, n.i. not informed or not measured
a Dye ozonized (7 mg O3 L

-1) during 15 min
b Data from unpurified dye ozonized (8.9 mg O3 L

-) during 150 min
c Percentage contribution of individual compound to each specie’s classes
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In some cases, the efficacy of the sonophotocatalysis system was increased

greatly by the doping of the catalysts with noble metals. For example, the

photocatalytic and sonophotocatalytic efficiencies of Au–TiO2 photocatalysts

prepared by three different procedures were evaluated towards the degradation of

a representative organic pollutant, nonylphenol ethoxylate surfactant in aqueous

environment [86]. No synergistic effect was observed with the as-synthesized Au–

TiO2 photocatalysts towards the sonophotocatalytic degradation of Teric GN9

which might be due to the interference of the degradation products generated during

the simultaneous irradiation by light and ultrasound.

The concentration of Teric GN9 was monitored by high performance liquid

chromatography (HPLC). Sonolytic, photocatalytic and sonophotocatalytic degra-

dation of Teric GN9 is shown in Fig. 10. The �OH radicals were found to be the

responsible species for the degradation of Teric GN9 surfactant under all the three

Fig. 9 First order kinetic plots of AO8 degradation under (filled upright triangle) ultrasound in the
presence of TiO2 particles (US/TiO2), (filled square) photocatalysis (UV/TiO2) and (filled circle)
sonophotocatalysis (US/UV/TiO2). Initial dye concentration: 4 9 10-5 M; TiO2 amount: 0.1 g L-1

(Reprinted with permission from Ref. [81]. Copyright 2003 Elsevier)

Fig. 10 The degradation plot for Teric GN9 surfactant (1.5 9 10-4 M) using conventional Au–TiO2

nanoparticles by photocatalysis (filled diamond), sonophotocatalysis (filled square) and sonolysis (filled
upright triangle) methods (Reprinted with permission from Ref. [86]. Copyright 2009 Elsevier)
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AOPs i.e. sonolysis, photocatalysis and sonophotocatalysis [87]. Based on the

previous studies and the experimental data, the authors confirmed that the initial

step of this degradation is the attack of �OH radical on the surfactant [88, 89].

A hybrid AOP by means of coupling the sonolysis and photocatalysis was

developed for the degradation of p-chlorobenzoic acid in ambient air saturated

aqueous solutions [90]. Under the sonophotocatalytic degradation experimental

conditions, 20 % synergistic enhancement was evidenced compared with the sum of

the individual processes. Individual and hybrid AOPs were performed for the

degradation of p-chlorobenzoic acid under different pH conditions and the results

are depicted in Fig. 11. All the systems followed a pseudo-first-order reaction

kinetics for degradation process [91–95].

Ultrasound mediated UV light induced ZnO sonophotocatalytic system was

demonstrated for the enhanced degradation of Chrome Intra Orange G in aqueous

solution [96]. A high intensity ultrasonic treatment was applied for the degradation

of chitosan polymer in the presence of TiO2 under UV light illumination and found

an additive effect by the combination of sono- and photocatalytic systems [97]. A

similar TiO2 based sonophoto degradation system was used for the degradation of

malachite green in water by Berberidou et al. [98]. The accelerated sonophotocat-

alytic degradation of Reactive Red 120 dye under visible light using dye sensitized

TiO2 activated by ultrasound was carried out to illustrate the effect of ultrasound in

photocatalysis in dye sensitized system [99]. The results emphasized that the

oxidative species such as singlet oxygen (1O2) and superoxide (O2
-�) radicals are the

responsible species for the effective degradation of Reactive Red 120 dye in the

Fig. 11 Pseudo-first-order
kinetics curves observed during
the sonophotocatalytic
degradation of an aqueous
solution containing 100 lM p-
chlorobenzoic acid at a pH 2 and
b pH 10. (condition: TiO2

loading was 1 mg mL-1. The
applied ultrasonic power was 55
mW mL-1 and frequency was
213 kHz. The detector
wavelength used in HPLC was
238 nm) (Reprinted with
permission from Ref. [90].
Copyright 2011 American
Chemical Society)
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presence of oxygen. Sonophotocatalytic degradation of an azo dye namely Reactive

Black 5 was also investigated under ambient reaction condition [100]. The hybrid

AOPs (combined sono- and photo- catalytic system) showed superior degradation

performance than that of the individual AOPs (sono- alone and photo- alone).

The sonophotocatalytic AOP system was not only efficient for the textile dyes but

also for the colourless organic hazardous pollutants. Oxidative degradation of

4-chlorophenol by sonolytic, photocatalytic and sonophotocatalytic processes was

studied in aqueous solutions using Bi2O3/TiZrO4 as a visible light driven

photocatalyst and with 20 kHz ultrasound [101]. A cumulative effect was observed

by the coupled method for the oxidative degradation of 4-chlorophenol which is an

added advantage of the system.

Very recently, Babu et al. demonstrated that diffused sunlight is an effective light

source for the efficient degradation and mineralization of methyl orange dye by

sonophotocatalytic degradation [102]. They used reduced graphene oxide (rGO)

supported CuO–TiO2 photocatalyst for the sonophotocatalytic degradation process.

It is worth to mention here that they achieved a tenfold synergy for the first time by

combining sono- and photocatalytic degradation under diffused sunlight. The

addition of rGO augmented the activity of bare CuO–TiO2 more than two fold. This

sonophotocatalytic system shows similar activity for the degradation of methylene

blue and 4-chlorophenol which clearly indicating the versatility of the sonopho-

tocatalytic system.

For comparison, they performed the sono-, photocatalytic and sonophotocatalytic

degradation studies and the results are shown in Fig. 12. Only 3 and 6 %

degradation was observed with the sono- alone and individual photocatalytic

reaction under diffused sunlight. However the combination of these two systems,

i.e., sonophotocatalytic reaction increased the degradation percentage to 89. The

synergistic index was found to be tenfold. The synergistic effect is mainly due to the

production of �OH radicals by both ultrasound and CuO–TiO2/rGO photocatalyst. In

previous reports, a maximum of 1–1.5 fold synergistic by the ultrasound assisted

photocatalytic process [103].

Fig. 12 Synergistic effect of
ultrasound on photocatalytic
degradation of methyl orange
dye under diffused sunlight
(Reprinted with permission from
Ref. [102]. Copyright 2015
Elsevier)
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Neppolian et al. studied the oxidative degradation of 4-chlorophenol (4-CP) by

sonolytic, photocatalytic and sonophotocatalytic processes in aqueous solutions

using Bi2O3/TiZrO4 as a visible light driven photocatalyst and with 20 kHz

ultrasound [104]. The authors claim that Bi2O3/TiZrO4 photocatalyst is a potential

catalyst for the degradation of 4-CP by both photocatalytic and sonophotocatalysis

processes. They studied the formation of intermediates by the sonolyis of 4-CP

using HPLC. Interestingly, there were no intermediates identified during the

sonophotocatalytic degradation of 4-CP solution using Bi2O3/TiZrO4 photocatalyst

under visible light illumination. Rapid mineralization of 4-CP during the

sonophotocatalytic process was confirmed by total organic carbon (TOC) studies

and found to be superior to that of sonolysis alone. Furthermore, the initial pH of

4-CP was not affected the sonophotocatalytic degradation. However, the situation

for sonolysis alone was greatly influenced by the initial pH values where the

degradation rate decreased as the pH was raised from acidic to basic conditions.

Based on the results, the authors reported a cumulative/additive effect for the hybrid

sono- and photo- catalytic degradation of 4-CP using Bi2O3/TiZrO4 photocatalyst

under visible light illumination.

The additive effect of the sonophotocatalyis is clearly evidenced from the

Fig. 13. This is because the degradation efficiency of sonophotocatalysis was the

sum of the efficiencies of sonolysis and photocatalysis of the same system.

Furthermore, among the three methods used, sonophotocatalysis (coupled sonolysis

and photocatalysis AOPs) showed excellent activity than that of the individual AOP.

Moreover, the authors studied the effect of initial pH on the sonocatalytic

degradation of 4-CP. It is observed that sonolytic degradation of 4-CP was higher at

lower pH value, especially showed utmost degradation at the initial pH 3.

Controversially, the photocatalysis displayed lower efficiency at pH 3. However, no

Fig. 13 4-CP degradation (%) with respect to reaction time by using three different processes
(Experimental conditions: [4-CP] = 1.25 9 10-4 M, pH = *5, 20 kHz horn diameter = 19 mm,
power = 51 W) (Reprinted with permission from Ref. [104]. Copyright 2001 Elsevier)

Top Curr Chem (Z) (2016) 374:75

123 Reprinted from the journal132



notable influence of the pH was observed during the sonophotocatalytic degrada-

tion. This clearly evidenced the advantage of the coupled sono- and photo- catalytic

system for the effective degradation of 4-CP at any pH below 10.

Similarly, Kritikos et al. also observed a cumulative effect while coupling the

sono- and photocatalytic system for the degradation of reactive black 5 (RB 5), a

representative diazo dye found in textile effluents, by means of ultraviolet

irradiation (9 W UVA) over TiO2 suspensions and ultrasound irradiation (80 kHz,

135 W) [105]. They investigated several commercial TiO2 catalysts and an anatase

Hombicat UV 100 TiO2 photocatalyst exhibited considerable activity in terms of

solution decoloration, COD and ecotoxicity reduction. With their operational

conditions, complete degradation was achieved within 60 min of reaction.

Additionally, the external addition of H2O2 up to 0.01 M hindered degradation by

scavenging the photogenerated holes (h?) and �OH radicals. Nevertheless, only

10 % of the decolorization was observed with sonolysis of RB 5 by continuous

sparging of oxygen (O2). The simultaneous application of ultraviolet and ultrasound

irradiation resulted in increased decoloration compared to that achieved by

individual photocatalysis and sonolysis. The overall sonophotocatalytic effect

clearly revealed that the process was slightly higher than additive effect of the two

processes.

The beneficial effect of coupling photocatalysis with sonolysis was attributed to

the increased production of hydroxyl radicals in the reaction mixture arising from the

sonolytic cleavage of water, enhanced mass transfer of organics between the liquid

phase and the catalyst surface, catalyst excitation by ultrasound induced lumines-

cence, increased catalytic activity due to ultrasound de-aggregating catalyst particles

(which increased the surface area) [106–108]. It is really difficult to distinguish the

contributions from the above effects. However the overall total effect resulted in the

slight enhancement in additive effect and the results are given in Fig. 14.

Fig. 14 Decoloration–time profiles during combined sonochemical and photocatalytic
(sonophotocatalytic) degradation at 0.25 g L-1 catalyst loading and (filled circle) 40 mg L-1 RB 5;
(filled square) 60 mg L-1 RB 5. Open symbols show the cumulative effect of the respective individual
sonochemical and photocatalytic runs (Reprinted with permission from Ref. [105]. Copyright 2007
Elsevier)
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On the other hand, Lirong et al. experienced a very high synergism in a

sonophotocatalytic system for the degradation of organophosphate pesticide [109].

A magnetic sonophotocatalyst namely Fe3O4@SiO2@TiO2 was synthesized and

well characterized by physicochemical techniques. The as-synthesized catalyst was

tested against the degradation of the commercial organophosphate viz dichlorvos

(DDVP). The degradation efficiency of the sonophotocatalytic systems were

identified by measuring the chemical oxygen demand and also by the enhancement

in biodegradability. The highest synergistic effect was observed in the combined

sonolysis and photocatalysis which was proved to be significant than that of the solo

photocatalysis. Based on the results, the author reported a very high synergism for

the sonophotocatalysis which can be applied as a pre-treatment step for the

biological degradation of pesticide wastewater. Very importantly, the reported

Fe3O4@SiO2@TiO2 photocatalyst showed very good performance and also

stable under reaction condition.

3.4 SonoFenton Process

In recent years, AOPs which involved in situ generation of highly potent chemical

oxidants such as �OH radicals find much attention [110]. Among the AOPs, Fenton

and sonochemical reactions are widely used for the destruction of recalcitrant

organic contaminants in wastewater. The classic Fenton reagent is a combination of

Fe2? and H2O2 (Fe2?/H2O2). The combination of Fe3? and H2O2 is known as

Fenton-like reagent (Fe3?/H2O2). As Fe3? can be produced from Fenton reagent

during reactions, Fenton chemistry and Fenton-like chemistry often occur simul-

taneously [111, 112]. The following reactions show the mechanism of �OH formed

when either Fe2? or Fe3? is present (Eqs. 15–19) [113, 114].

Fe2þ þ H2O2 ! Fe3þ þ �OH þ OH�; ð15Þ

Fe3þ þ H2O2 ! Fe HO2ð Þ2þþ Hþ; ð16Þ

Fe HO2ð Þ2þ! Fe2þ þ HO2; ð17Þ

O2� þ Fe3þ ! Fe2þ þ O2; ð18Þ

�OH þ H2O2 ! HO2 þ H2O: ð19Þ

The main drawback of these systems for the application on a large scale is the

high cost of H2O2 which limits the practical applicability of these systems.

However, combination of sonolysis with these Fenton and Fenton-like reagents are

the suitable solution to overcome this drawback.

Hence many researchers studied the ultrasound assisted Fenton and Fenton like

systems for the degradation studies [115–124]. For instance, Iordache et al. explored

the potential application of ultrasound in Fenton based oxidation process for the

wastewater treatment [125]. They studied the individual Fenton and the hybrid

sono-Fenton decomposition systems for the degradation of different pesticides such
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as 2,4-dichlorophenoxyacetic acid, 4-(2,4-dichlorophenoxy)butyric acid, 4-chloro-

o-tolyoxyacetic acid, 3,5-dibromo-4-hidroxybenzonitrile and 3-(4-chlorophenyl)-

1,1-dimethylurea. In all the cases, the ultrasound irradiation improved the wet

oxidation process.

Similarly, Fe3O4 magnetic nanoparticles were synthesized as heterogeneous

catalysts for the effective degradation of bisphenol A in presence of ultrasonic

irradiation [126]. The ability of Fe3O4 magnetic nanoparticles in US/Fe3O4/H2O2

system under different operational condition was investigated in detail. They also

found that the �OH radicals were promptly generated due to the catalysis of the

Fe3O4 MNPs and are responsible for the degradation. Very importantly, the

ultrasound augmented this Fenton degradation system.

For comparison, degradation of bisphenol A was studied under different

individual and hybrid combinations such as US/Fe3O4/H2O2, US/Fe3O4, US/H2O2,

US, Fe3O4/H2O2, Fe3O4 and H2O2 with different initial pH values. The result is

given in Fig. 15. In control experiments (individual AOPs, Fe3O4 alone or US

alone), no significant degradation was observed. Nevertheless, a higher degradation

efficiency was obtained in US/H2O2 system compared to H2O2 alone system. This

might be due to the fact that the complex chemical and physical processes caused by

collapse of cavitation bubble increases the formation of reactive radicals, but due to

Fig. 15 Bisphenol A degradation in different system at different pH condition of a pH = 3, b pH = 7,
c pH = 9 (concentrations of Fe3O4 and H2O2 were 585 mg L-1 and 160 mmol L-1, respectively)
(Reprinted with permission from Ref. [126]. Copyright 2012 Elsevier)
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the low volatility of H2O2 in water limited ultrasonic degradation rate [127, 128].

However, a strong synergistic effect was observed with US/Fe3O4 system which

was attributed to the continuous formation of H2O2 in the solution under ultrasonic

irradiation [129, 130]. A maximum degradation was evidenced with US/Fe3O4/

H2O2 system.

A novel sono-Fenton system was developed based on Fe@Fe2O3 core–shell

nanowires for the degradation of pentachlorophenol [131]. The effect of individual

and combined AOPs for the degradation is illustrated in Fig. 16. The authors noted

that pentachlorophenol cannot be degraded by either ultrasonic irradiation or

Fe@Fe2O3 core–shell nanowires alone. However, the combined sono-Fenton system

based on the Fe@Fe2O3 core–shell nanowires showed phenomenal degradation

efficiency against pentachlorophenol. More than 40 % of the pentachlorophenol was

decomposed after 60 min by this sono-Fenton system.

Similar sono-Fenton systems were developed for the degradation of diethyl

phthalate, dichlorophenol and Rhodamine B by different researchers [132–134]. In

all the systems, a maximum degradation was experienced with the hybrid sono-

Fenton process.

Ultrasonicator power plays a vital role in many of the ultrasound assisted AOPs.

For instance, Khim et al., examined the degradation rate as a function of power

density [132]. The results clearly revealed that the first order degradation rate

constant increased linearly with increasing power density in both sonocatalytic

system and sonoFenton process. The increased cavitation activity at the higher

power level increased the sono-oxidation process. The cavitation activity greatly

influenced by the number of bubbles generated, in addition to the temperature and

pressure inside the bubble. Besides, the degree of enhancement mainly depends on

the cavitation, pyrolysis and/or radical reaction.

Fig. 16 The degradation curves of PCP in the solution during the sono-Fenton process based on
Fe@Fe2O3 core–shell nanowires. The inset is the UV–vis spectral changes of PCP with reaction time at
neutral pH (Reprinted with permission from Ref. [131]. Copyright 2008 American Chemical Society)
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3.5 Sonophoto-Fenton Systems

Sonophoto-Fenton process represents a combination of sonolysis with homogeneous

or heterogeneous Fenton and heterogeneous photocatalysts. The major advantage of

this coupled AOP is that to achieve faster degradation efficiency. The formed Fe2?

species during the sonolysis mimics the Fenton’s reagent as the sonolysis of water

produces hydrogen peroxide (H2O2). The corresponding reactions are given in

Eqs. (20–22) [135–137].

H2O ! H þ �OH, ð20Þ

�OH þ �OH ! H2O2; ð21Þ

Fe2þ þ H2O2 ! Fe3þ þ OH� þ �OH: ð22Þ

Besides, the regeneration of Fe2? can be achieved by the light (\450 nm)

induced reaction as it is sonophoto-Fenton process (Eq. 23).

Fe3þ þ H2O !hv Fe2þ þ Hþ þ �OH: ð23Þ

This photo and Fenton AOPs coupled with ultrasound (US), i.e., sonophoto-

Fenton reaction continuously produces the reactive �OH radicals. This in turn

assisted the complete degradation of toxic pollutants of both hydrophilic and

hydrophobic nature. The �OH radicals formed through both band gap excitation of

TiO2 photocatalyst under light illumination, as depicted in Eqs. (24–26), as well as

sonolytic splitting of water molecules [138]. The significant benefit of this

combination process is that US continuously cleans the surface of the photocatalyst

and is useful in preserve its reactivity over longer irradiation times.

TiO2 !hv TiO2 e�ð Þ þ TiO2 hþð Þ ð24Þ

hþ þ OH�
ads ! �OH, ð25Þ

e� þ O2 ! O��
2 ; ð26Þ

where e- is photogenerated electron in the conduction band, h? is the valence band

hole and OH�
ads is the hydroxide ion adsorbed on the TiO2 surface.

The sonolytic, photocatalytic and sonophotocatalytic degradation of Monocro-

tophos (MCP), an organophosphate insecticide, in the presence of homogeneous

(Fe3?) and heterogeneous photocatalysts (TiO2) were studied in detail by Madhavan

et al. [139]. Poor degradation results were observed with photocatalysis by TiO2

than the sonoloysis which might be due to the interference of phosphate ions formed

as an intermediate product. Nevertheless, a 15 fold increase was observed by the

addition of Fe3? ions into the photocatalysis system. The authors found the synergy

indices of 0.62 and 0.87 by the sonophotocatalytic degradation of MCP in the

presence of TiO2 and Fe3?, respectively. Complete mineralization of MCP was

identified by the TOC and HPLC analyses. The sonication of MCP led to the
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formation of dimethyl phosphate, dimethylphosphonate, 3-hydroxy 2-buteneamide

and N-methyl 3-oxobutanamide as the intermediate products which were evidenced

by the LC–MS analysis.

Babuponnusami and Muthukumar focused on the oxidative degradation of

phenol in aqueous medium using Fenton, sono-Fenton, and sono-photo-Fenton

[140]. The authors noticed that during the sonophoto-Fenton process the Fe2?

concentration was reduced by 30–50 % and the H2O2 concentration was decreased

by 12.5 %. Furthermore, the phenol degradation was found to be 71.0, 55.8 and

50.5 % for sonophoto-Fenton, sono-Fenton and Fenton methods, respectively. The

results clearly revealed that the sonophoto-Fenton technique was superior to that of

the Fenton and sono-Fenton processes for the oxidation of phenol under operational

condition. Figure 17 shows the effect of reaction time on phenol degradation under

three processes (Fenton, sono-Fenton and sonophoto-Fenton) studied. Very

interestingly, the sonophoto-Fenton process was found to be efficient compared to

the other two processes. This might be due to the additional formation of H2O2 and

Fe2? by combined effect of UV and US [141]. The phenol degradation percentage

observed for sonophoto-Fenton, sono-Fenton and Fenton methods were 71, 56 and

51 %, respectively.

Sonophoto-Fenton process was studied for the degradation of ethylenediaminete-

traacetic acid (EDTA), a commercial chelating agent that used for decontamination

purposes in nuclear industry, by Chitra et al. [142]. The authors investigated the

kinetics of degradation of EDTA by employing either photo-Fenton process using

UV light or sono-Fenton process using ultrasound (130 kHz) or simultaneous

sonophoto-Fenton process. The results confirmed that EDTA is effectively degraded

by the synergistic effect of both photo-Fenton and sono-Fenton process. All the

processes were found to follow a first order reaction kinetics. The loss of chelating

ability of EDTA during this oxidative degradation was proved by change in the pH

value. Amide formation during the oxidation process was also observed.

Fig. 17 Effect of reaction time on phenol degradation for Fenton, sono-Fenton, and sono-photo-Fenton
processes (conditions: initial phenol concentration = 200 mg L-1, Fe2? = 45 mg L-1, pH = 3,
H2O2 = 1000 mg L-1) (Reprinted with permission from Ref. [140]. Copyright 2011 Wiley online
library)
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Bisphenol A was also degraded by the combined AOPs, sonolysis, Fe2? and TiO2

photo-assisted route [143]. Researchers experienced a pronounced synergistic effect

that led to the complete and rapid degradation of bisphenol A. In the present system,

ultrasound was found to play a principal role in supplying H2O2 to enhance the

degradation process. However, the photo-Fenton and TiO2 photocatalysis are

mainly responsible protocols for the mineralization of the intermediates to generate

CO2 and H2O.

Homogeneous sonophoto-Fenton process (US/UV/Fe2?) was investigated against

the degradation of di-n-butyl phthalate (DBP) [144]. To illustrate the exclusive

performance of the sonophoto-Fenton process, different hybrid AOPs such as US/

Fe2?, US/UV, and UV/Fe2? processes were examined and the results were

compared. A maximum performance was evidenced by the sonophoto-Fenton, US/

UV/Fe2?, process. The DBP degradation was found to be inversely related to pH

and greatest at an optimal Fe2? concentration for the US/UV/Fe2? process. Because

at lower pH values the formation of [Fe(OH)]2? was facilitated and increased the

concentration of Fe3? and thereby promoting the �OH generation. As a result, the

DBP degradation was favorable at lower pH levels.

Figure 18 illustrates the DBP degradation by the photo- (UV), photo-Fenton

(UV/Fe2?), sono- (US), sonophoto- (US/UV), sonoFenton (US/Fe2?) or

sonophoto-Fenton (US/UV/Fe2?) processes. Except in photo-Fenton (UV/Fe2?),

the degradation of DBP generally followed pseudo first-order kinetics in all other

processes. The results showed that a complete and best degradation performance

was obtained with the hybrid process of sonophoto-Fenton (US/UV/Fe2?) within

75 min. The relative degradation performance was found to be in the order: US/

UV/Fe2?[US/Fe2?[US/UV[US[UV/Fe2?[UV. A maximum synergism

of 1.43 was observed with the US/UV process [145]. The active involvement of

Fe2? in the US/Fe2?, UV/Fe2? and US/UV/Fe2? processes greatly increased DBP

degradation compared to the corresponding processes without Fe2? (i.e. US, UV,

and US/UV). This clearly indicates the beneficial role of Fe2? ions in these hybrid

processes. Besides, the rate constants of these hybrid AOPs processes were

Fig. 18 DBP degradation
performance under different
processes (conditions:
[DBP]0 = 0.01 mM;
[Fe2?]0 = 0.1 mM;
[pH]0 = 6.5 ± 0.05) (Reprinted
with permission from Ref. [144].
Copyright 2014 Elsevier)
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ksonophoto-Fenton[ ksono-Fenton ? kphoto[ kphoto-Fenton ? ksono. This clearly inferred

that there may be complex synergistic mechanisms present in the US/UV/Fe2?

process.

Combination of ultrasound with other AOPs not always resulted in additive

effect. In some cases more than additive effect, i.e. synergistic effect also

experienced. For example, Dural et al. studied the ultrasound based degradation of

antiepileptic drug carbamazepine (CBZ) and experienced a synergism [146]. They

examined the degradation reactions under different coupled AOPs condition

namely UV–H2O2, US–UV–H2O2 and US–UV–H2O2–Fe systems. An utmost

synergism of 27.7 % was quantified while coupling sonolysis and UV irradiation.

Besides, the carbamazepine degradation followed first order rate kinetics.

Degradation of carbamazepine pursued radical mechanism which was strongly

evident by the scavenger experiments. Based on the TOC results, the authors

claim that during the first 10–15 min, carbamazepine is completely degraded.

Furthermore the complete mineralization was observed afterwards by degrading

formed the intermediates. During this process the dissolved oxygen remained low.

The �OH radicals are the responsible species for the degradation of relatively

stable intermediates. The important contribution of �OH radicals was confirmed by

performing the degradation reaction under the US–UV–H2O2–Fe system condi-

tion. A maximum of 93 % was observed after 35 min with this system. A detailed

study of the flow pattern inside the reactor augmented that mineralization rate

increased with ultrasound radiation that cannot be attributed to a positive effect in

mixing.

In order to find the synergism of this degradation reaction, CBZ degradation was

performed under different conditions such as UV, US and UV/US and the results are

depicted in Fig. 19. The rate constant values by photolysis (UV), sonolysis (US) and

sonophoto (UV/US) process were found to be 0.028, 0.001 and 0.0401 min-1,

respectively for CBZ degradation. Based on this value the synergistic value was

found by following the Eq. (27) [147].

Fig. 19 Degradation of CBZ under different processes (UV, US and UV/US) (conditions:
[CBZ]0 = 78.2 ppm; pH = 2.7) (Reprinted with permission from Ref. [146]. Copyright 2016 Elsevier)
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Synergy %ð Þ ¼ kUSþUV � ðkUV þ kUSÞ
kUSþUV

� 100 %: ð27Þ

In the same way, to achieve high synergism, Chakma et al., prepared zirconium

ferrite (ZrFe2O5) and tested as a catalyst in advanced oxidation processes (AOPs)

using decolorization/degradation of azo and non-azo dyes as model processes [148].

They compared the activity of the present catalyst, ZrFe2O5, with the conventional

TiO2 catalyst which prepared by sonochemical sol–gel process. From the UV–

visible diffused reflectance spectral results the authors confirmed that ZrFe2O5

photocatalyst has lower band gap energy than TiO2. Sonochemically synthesized

ZrFe2O5 phtocatalyst also exhibit high adsorption capacity for the textile dyes

which assists their effective degradation through Fenton and photocatalytic process.

To illustrate the phenomenal synergistic activity of ZrFe2O5 phtocatalyst, the

degradation studies were performed under individual AOPs such as sonolysis,

photocatalysis, Fenton and also by the combination of these AOPs. The combined

AOPs for ZrFe2O5 phtocatalyst showed superior performance as compared to the

photocatalytic performance of pristine TiO2. Nonetheless, the Fenton activity of

ZrFe2O5 overcomes the photocatalytic activity in dye degradation. The sono-photo-

Fenton hybrid AOPs was registered as an efficient system in which both photo- and

Fenton- activities of ZrFe2O5 are utilized.

Several mechanisms may occur simultaneously that contribute to the overall

degradation for any particular degradation procedure. The synergies between the

mechanisms were resulted the enhancement in degradation in any hybrid AOPs. The

synergies obtained by the ZrFe2O5 phtocatalyst-catalyzed degradation of acid red B

(ARB) and methylene blue (MB) is illustrated in Fig. 20. The synergy effect in

hybrid advanced oxidation processes (HAOPs) was calculated with Eq. (28).

Synergy factor SFð Þ ¼ hybrid AOP½ �� hybrid AOP½ � þ ½adsorption�f g
individual AOP½ � þ ½adsorption�f g : ð28Þ

Fig. 20 Synergism of hybrid AOPs: a synergistic effect for decolorization of ARB (azo dye), and
b synergistic effect for decolorization of MB (non-azo dye). Note: while calculation of the synergies, the
extent of adsorption of the dye onto the photocatalyst (after total reaction time of the advanced oxidation
treatment) was accounted (Reprinted with permission from Ref. [148]. Copyright 2015 Royal Society of
Chemistry)
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4 Conclusions and Future Directions

The application of ultrasonic technology has received world-wide attention in

environmental remediation. The beneficial effects of ultrasound include a reduction

in reaction time in waste water treatment processes. It is well known fact that

ultrasound alone is generally not feasible in environmental remediation because not

all the cavitational energy can be transferred into chemical and physical effects.

Hence, the efficiency of the sonolysis can be enhanced by adding external oxidants

such as H2O2 and potassium persulfate. On the other hand, the combinations of two

or more AOPs along with ultrasound showed pronounced enhancement in

performance without the addition of expensive external oxidizing agents. Very

interestingly, hybrid AOPs showed synergistic effect as compared to individual

AOP systems, in most cases. In summary, there is no doubt that ultrasound is a

powerful tool in the area of AOPs.
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Abstract Breaking down sludge floc (sonodyspergation effect) and destruction of

the cell membranes of microorganisms forming floc is a direct effect of ultrasonic

disintegration of sludge excess. This results in release of organic material by liquid

sludge (the sonolysis effect). Desired technological effects of the disintegration are:

to shorten the hydrolytic phase of fermentation, to increase the production of biogas

(source of renewable energy) and an increased mineralization (stability) of fer-

mented sludge. The presented study demonstrates research covering thickened

excess sludge of various physicochemical properties, collected from nine municipal

sewage treatment plants. The sludge was subjected to ultrasonic disintegration using

three differently constructed disintegrators and different proportions of sonification

area. Direct effects of disintegration were monitored and recorded using selected

indicators describing changes in the properties of sludge and increase of substance

dispersed and dissolved in the supernatant liquid to be filtered. Studies have

demonstrated that those (direct) effects of ultrasonic disintegration depend on the

physicochemical properties of the sludge (foremost the concentration of dry solids)

that determine their variable susceptibility to the disintegration methods. The direct

effects also depend on optimal process conditions (which consist of the construction

of the ultrasonic disintegrator), the geometric proportions of the sonication area and

the operating parameters of disintegration (which could be appropriately matched to

the characteristics of sludge). The most preferable results were obtained for ultra-

sonic disintegration of sludge with a dry matter concentration C0\ 4.2 %. The
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highest effect of sonolysis—an almost 30-fold increase in the COD dissolved in the

supernatant—was obtained for the sludge of lowest dry matter (C0 = 2.0 %), which

was sonicated in a reactor with a short transducer of the largest radiating surface

area, as well as the lowest ratio between this area and area of reactor. The best

effects of disagglomeration of flocks have corresponded with the high value of

power density UUD = 880–900 WL-1.

Keywords Ultrasounds � Excess sludge � Lysis � Disagglomeration � Cell

disruption � Disintegration � Fermentation � Volumetric energy � Specific energy

1 Introduction

Sludge produced in biological wastewater treatment is considered waste and should be

processed. One of the main processes used in large wastewater treatment plants

(WWTPs) involves stabilization by methane digestion. In this biochemical process, part

of the organic matter of sludge is converted to mineralized substances, water and biogas.

Mesophilic digestion is a complicated process that requires expensive and complex

installation, and thus considerable investment. Nonetheless, it is perceived as a

suitable method of sludge processing due to heat and energy gains. Easily fermenting

preliminary sludge and difficult to the biodegradation process of excess sludge of

aerobic microorganisms are compounds of digested sludge. Deterioration of biodegrad-

ability of excess sludge is associated with two important technological challenges.

Firstly, after several years of operation in wastewater treatment plants using

biological removal process of biogenic substances, difficulties with hydrolysis under

aerobic conditions were observed.

Secondly, a significant part of the excess sludge entering the digesters in present-

day WWTPs is mechanically thickened to a concentration of 3–6 % TS, which

reduces the size of the digesters and amount of heat required to heat up sludge,

although it has negative impact on transport, stirring of the sludge and heat

exchange. Large, compact sludge flocks that form from the polyelectrolyte help with

thickening process and hinder the biodegradation of organic matter during

biochemical stabilization; especially during first hydrolytic phase of digestion,

which limits the entire process and extends processing time [1]. That results with

extent of time and decrease of efficiency of mesophilic digestion (also affecting

extent of mineralization and biogas production). Intensification of excess sludge

digestion has been on the agenda of researchers and engineers.

One of the methods of improving the susceptibility of excess sludge for

biodegradation includes disintegration, considered as the introduction of a

determined quantity of energy into excess sludge, enough to produce what are

called direct disintegration effects by the author (Zielewicz 2010) [2]. First, the

particle agglomerates of the sludge are brought up, which isolates activated sludge

microorganisms from the flocks and floccules, and thus makes it susceptible to

degradation. Next, cell matter, proteins, and enzymes among others, are released to

the liquid phase as a result of microbial cell disruption, i.e., liquefaction of the solid

phase—hydrolysis [2–6]. Contemporary disintegration methods can be divided into:
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• Mechanical—(ball mills, hydrodynamic reducers, lysis centrifuges, high-speed

stirrers, ultrasounds),

• Non-mechanical methods, which include:

• Physical (heat treatment, freezing, osmotic shock, decompression, plasma)

• Biological (enzymatic lysis, autolysis)

• Chemical (action of acids or bases, detergents, ozone, oxygen)

Hybrid methods are also employed. They are a combination of two (or more)

techniques mentioned above (i.e., thermal and pressure, thermal and chemical,

mechanical and chemical). Zielewicz at all [7] showed that hybrid disintegration that

combines the mechanical destruction of sludge particles with ultrasonic cell lysis is

most efficient due to better direct disintegration effects with lower energy

consumption; hence, ultrasonic energy is not wasted during floc size reduction—

this effect can be achieved using simpler and less energy-consuming methods, such as

homogenisation. Research of chemical and ultrasonic disintegration in which lysis is

supported by NaOH or ozone was also carried out [8, 9]. A review of mechanical

disintegration technologies (including ultrasounds) along with schematics of the most

common equipment and its applications in German wastewater treatment plants from

1993 to1996 were presented in publication by scientists from Brunswick and Munich

[10–12]. In Poland, 15 out of 17 installations of excess sludge disintegration are

mechanical, with eight of them using ultrasonic disintegrators. Figure 1 shows

schematics of disintegrating installation of excess sludge before entering digesters

(based upon Müller’s scheme [3]). Each type of disintegration of thickened excess

sludge brings specific technological benefits and should be presented to designers,

investors and operators of wastewater treatment plants. Mechanical disintegration,

notably ultrasonic disintegration, is still most common [13–16].

Fig. 1 The placement of ultrasonic disintegration at WWTP
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An important advantage of the ultrasonic technique (despite its high energy

consumption necessary to obtain the required effects of disintegration) is not only

almost 100 % lysis of cells of microorganisms [17], but also that it brings about a

number of sonochemical phenomena that help with decomposition of non-

biodegradable sewage sludge compounds. Ultrasonic treatment of sludge attracts

lot of attention due to the wide area of applications in multiple disciplines, i.e.,

chemistry, biology, medicine [18–21] and environmental science and research

carried out for many years.

The author’s own research (Kowalska, Bień, Zielewicz) [22–24] conducted on

various types of sludge (from municipal and industrial WWTPs) in the 1970s and

1980s proved that ultrasound preconditioning of raw or digested sludge, prior to its

conditioning with polyelectrolytes, can improve sedimentation, thickening and

dewatering. Those researches focused on the effect of frequencies used and

exposition time found that the best effect is obtained in the field of 20 kHz and

exposition time of 1.5–2.0 min [22, 23]. It is known that an ultrasonic field with

strictly defined parameters changes the physical and chemical properties of sludge,

i.e., the structure of components, surface of solid particles and stability of its

hydration layer, and, in consequence, its sedimentation properties [24]. A sequence

of sonochemical and biochemical changes initiated in ultrasonic field forms the

basis for the introduction of ultrasonic disintegration techniques to intensify the

stabilization of sludge. Since the 1990s, the author’s research has focused on

supporting the biochemical degradation of organic compounds in excess sewage

sludge by ultrasonic disintegration.

2 Fundamentals of Ultrasonic Disintegration and its Evaluation

Despite various technological applications, processes of ultrasonic disintegration of

sludge are still an area of intense research [25–27]. However, the effects of sludge

disintegration in an ultrasonic field are not yet fully recognized due to complex,

multiphase, polydisperse and biochemical composition of sludge, which has

characteristics that differ between wastewater treatment plants and within the same

installation.

Both main effects of disintegration of sludge in ultrasonic field—dispergation

and lysis—are mainly attributed to ultrasonic cavitation, which is recognized as the

primary cause of changes in ultrasonic treatment of sludge. This phenomenon is

proportional to the value of the parameters of the ultrasonic field, such as frequency,

power, energy versus time of sonication, location of transducer with batch and

others which determine the acoustic field [28–34].

2.1 Ultrasonic Disintegration Conditions

The practical applications of ultrasounds for disintegration, homogenization,

washing, welding and the like, focus on the determination of the actual size of an

ultrasonic field. Usually, the quantity of electrical energy EUD that enters a medium

and characterizes the system of transducer–medium is given. It is very important,
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for both researchers of the process and operators of wastewater treatment plants, to

know the amount of energy needed to measure a required effect of disintegration.

The energy consumed during disintegration (usually understood as electrical energy

or heat) is described in relation to the volume of disintegrated sludge as volumetric

energy EV. Quantitatively, EV corresponds to the density of ultrasonic energy with

respect to the power of the generator PG (kW), or the power consumed by a head

during disintegration—PUD (kW) in ultrasonic disintegrators.

EV ¼ EUDV
�1 ¼ PUDtUDV

�1 kWhm�3; kJm�3; kJL�1
� �

ð1Þ

Specific energy ES is another popular energy indicator in relation to the dry

weight of disintegrated sludge TS (kg) [35, 36].

ES ¼ EUDTS�1 ¼ PUDtUDTS�1 kWh kgTS�1
� �

ð2Þ

Mues [35], like other designers of disintegrators and operators of wastewater

treatment plants, thinks that this indicator should not exceed the value of ES = 0.5

kWh kg TS-1. The amount of consumed energy may also relate to a disintegration

effect produced, e.g., increase in DSCODUD of the matter dissolved in sludge liquid

after disintegration as the indicator of lysis energy—EL (kWh kg DSCODUD
-1 )

[2, 37]. Similarly, other indicators of energy consumption can be related to the

amount of biogas benefit, loss of organic matter and the like, e.g., indicators of

biodegradation energy suggested by Benabdallah et al. [38].

The benefits obtained during the digestion of sonicated sludge depend first of all

on:

• Physical and chemical properties of excess sludge before sonication, such as:

size and structure of the particles, concentration of dry substances, COD of

sludge, SCOD of sludge liquid, concentration of volatile fatty acids (VFA) and

others [2, 20, 39],

• Characteristics of ultrasounds, such as: frequency f (kHz) and intensity

I (Wcm-2) which for the most of investigated sludge were about 20 kHz and

above 1 Wcm-2, respectively,

• Construction of sonochemical reactor, such as kind of transducer his field AE and

the field of the reactor chamber perpendicular to the irradiation direction AC,

location of transducer/transducers inside reactor [33, 34, 40],

• Volumetric energy Ev (kWh m-3) as well as specific energy ES (kJ kg TS-1);

both are related to the time of sonication and ES is connected with the

concentration of total solids (TS). Researches in field of ultrasonic disintegration

conducted by Kopp et al. (1997), Lehne and Muller (2002), Bougrier et al.

(2005), Zhang et al. (2008) [36, 41–43] emphasize that qualitatively significant

disintegration effects can be expected after a use specific energy of ES C 1000

kJ kg TS-1 (i.e., 0,28 kWh kg TS-1) and most disintegration research is carried

out over a range of ES = 1000–100,000 kJ kg TS-1.

Sewage sludge disintegration involves use of ultrasounds of low frequency and

high power capable of inducing ultrasonic cavitation in the sludge liquid that might
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result in a number of physical, chemical and biochemical processes mentioned

above [41].

The author’s own researches (Zielewicz-Madej 2003, Zielewicz 2007, Zielewicz

2010) [2, 6, 37] show that the basic design parameters of disintegrator should

ensure:

• Frequency in a range of f = 20–25 kHz,

• Sonication time tUD (corresponding to the hydraulic retention time in the

disintegration chamber) providing appropriate energy density EV for specific

sludge ranging from 5 to 25 kWh m-3 in commercial installations.

• Thickness of a sonicated sludge layer should not exceed 5 cm in static

conditions, without exchanging the sludge layer in the sonicated area, and 10 cm

in dynamic conditions. It was found that the best disintegration results were

obtained for a layer of 3 cm [2, 37].

2.2 Indicators of the Direct Effects of Ultrasonic Disintegration

Cavitation induced by acoustic wave passing through sludge causes a number of

mechanical and sonochemical effects, called (by the author) direct effects of

disintegration. They include destruction of structure of excess sewage sludge—

flocks are fragmented and broken down (dispergation) and there is disruption of

microorganism cells, releasing the cell matter to the sludge liquid (lysis). The

maximum release of organic matter from the dead microorganism cells is achieved

when the size of the particles resulting from disintegration is not larger than 100 lm

[44, 45]. Dispersion and lysis alter a number of other physicochemical properties of

sludge (not only the susceptibility to biochemical decomposition), e.g., sedimen-

tation abilities and rheological properties, which may help assess disintegration

effectiveness. The first well-known important effect of ultrasonic disintegration is

defined as the dispersive effect. Zielewicz [2, 37] suggests that the fragmentation of

flocks and sludge particles (sonodispergation) can be described by changes in

susceptibility to dewatering of sludge which can be described based on the capillary

suction time—CST (s) test [46, 47]. The changes of filterability has been expressed

as the indicator defined by Zielewicz [2], indirectly being the sonodispergation

indicator:

kdCST ¼ CSTUDCST�1
ND ð3Þ

where:

kdCST—indicator of dispergation, (-)

CSTND—capillary suction time of unsonicated sludge, (s)

CSTUD—capillary suction time of sonicated sludge, (s)

The effect of mechanical dispergation of sludge is best shown by the changes in

size of particles. A number of authors describe a method of quantifying the size of

sludge particles with a laser particle size analyser [48–50]. Authors highlight the

importance of determining the size of particles directly after disintegration and after

1 h, because of substances released by microorganism cells may affect the sludge
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particles in a way similar to polyelectrolytes, causing re-flocculation, especially if

the disintegration is accompanied by stirring. The phenomenon of re-flocculation

was observed by Biggs and Lant [47], who found that the greater the cell lysis, the

greater the susceptibility to re-flocculation. Effect of dispersion can be described by

comparing the amount of very fine particles, e.g., changes in the percentage

contribution of d\ 100 lm particles in a microscopic image, and also by

researching SCODcf of supernatants after centrifugation and filtration through a

filter with a specified pore size. Zielewicz [2, 37] suggests the indicator described by

the equation:

kdCODcf ¼ CODcfUDCODcf�1
ND ð4Þ

where:

kdCODcf—sonodyspergation indicator, (-)

CODcfUD—COD of supernatant of sonicated sludge, (s)

CODcfND—COD of the supernatant of unsonicated sludge, (s)

‘‘cf’’ denotes that the fluid was separated by centrifugation and filtration through

a 3-lm quality filter (as opposed to the methodology for the determination of SCOD

of dissolved matter).

Destruction of microorganism cell membranes and the release of cell matter into

sludge liquid, i.e., cell sonolysis, are the most expected effects of ultrasonic

disintegration of sludge and are the main effects of this process. Because of this,

ultrasonic pretreatments were proposed as a strategy to accelerate the first,

hydrolytic phase of digestion. Cell sonolysis effect can be observed as an increase in

soluble chemical oxygen demand (SCOD). The most common indicator of this

direct effect used thus far was defined by Müller [3] as disintegration degree. It is

based on SCOD determination in sludge liquid after centrifugation of sludge at

20,000 rpm and filtration through a 0.4-lm cellulose acetate membrane [3, 13].

DDCOD ¼ SCOD1 � SCOD2ð Þ SCOD3 � SCOD2ð Þ�1
100 ð5Þ

where:

DCOD—disintegration degree (lysis/sonolysis indicator as well), (%)

SCOD1—COD of soluble substances in disintegrated sludge liquid, (mg O2 L-1)

SCOD2—COD of soluble substances in untreated sludge liquid, (mg O2 L-1)

SCOD3—COD of soluble substances in chemically disintegrated sludge liquid,

(mg O2 L-1) in various preparations (a, b, c)

(a) using 1-mol NaOH solution, 1:1 ratio, at 90 �C, for 10 min or

(b) using 0.5-mol NaOH solution, 1:1 ratio, at 20 �C, for 22 h or

(c) using 0.5-mol NaOH solution, 1:1 ratio, at 20 �C, for 24 h.

Zielewiczr [2] suggests using a simpler indicator (patterned after indicator of

solubilisation by Baier and Schmidheiny (1997) [51], which compares soluble COD

of disintegrated sludge liquid (SCODUD) to the SCOD of untreated sludge liquid

(SCODND):
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kdðCODÞ ¼ SCODUDSCOD�1
ND ð6Þ

where:

kd(COD)—indicator of sonolysis (-)

SCODND and SCODUD values describe changes in the concentration of soluble

substances in sludge liquid on account of sonolysis, (mg O2 L-1).

The author’s own research revealed that cell lysis (sonolysis) was the

predominant direct effect of ultrasonic disintegration and was not always

accompanied by the mechanical break-up of sludge particles. Instead, another

effect strongly associated with sonolysis occurred, i.e., an increase in the

concentration of volatile fatty acids (VFAs) directly after ultrasonic treatment.

The absolute increase in VFAs was frequently accompanied by an increase in

acidification, defined as a ratio between VFAs and SCOD of the matter dissolved in

sludge liquid (gA = VFAs/SCOD). This indicates that the higher concentration of

organic matter before ultrasonic treatment, expressed as SCOD, was converted into

simple organic matter as a result of ultrasonic treatment, which is the product of

phase II or phase III of digestion. This effect, named sonoacidification by Zielewicz

[2, 37], was separate from the effect of the cell sonolysis, and the conditions for its

best results were determined.

kdVFAs ¼ VFAUDVFA�1
ND ð7Þ

where:

kdVFAs—indicator of sonoacidification determined by the author, (-)

VFAUD and VFAND—describe a change in the concentration of VFAs in sludge

liquid on account of sonoacidification (mg CH3COOH L-1).

There are a number of other values whose changes after disintegration can be

used to assess the direct effect of disintegration (as indicators), e.g., concentrations

of biogenic matter, nitrogen and phosphorus in supernatants. Liquids, returned to the

technological cycle in a wastewater treatment plant, may affect the quality of

sewage and effects of its treatment. Instead of commonly used SCOD liquefaction

of sludge, investigations into the liquefaction of only organic matter present in the

sludge (VS) were conducted and are described by the following equation (Eq. 15)

[44] are suggested:

XVS ¼ 100 VS�VS0ð ÞV�1
S0 ð8Þ

where:

XVS—indicator expressing the degree of organic matter solubilisation, (%)

VS—concentration of organic matter dissolved in disintegrated sludge, (mg L-1)

VS0—concentration of organic matter dissolved in non-disintegrated sludge,

(mg L-1)

The effect of protein increases in the sludge liquid as a degree of protein

liquefaction during disintegration—DDP can be expressed by the equation [52]:

DDP ¼ Psup � Psup0ð Þ Ptotal�1 ð9Þ

where:
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DDP—degree of disintegration based on protein measurements, (-)

Ptotal—proteins in an uncentrifuged sample, (mg L-1)

Psup0—proteins in the leachate of a non-disintegrated sample, (mg L-1)

Psup—proteins in the leachate of a disintegrated sample, (mg L-1)

The degree of microorganism disintegration can also be assessed on the basis of

the velocity of oxygen uptake [49]:

As ¼ 1 � OV OV�1
0

� �
100 ð10Þ

where:

As—degree of aerobic bacteria destruction, (%)

OV—rate velocity of oxygen intake for the sludge after disintegration,

(mg L-1 min-1)

OV0—velocity of oxygen intake for the sludge prior to disintegration,

(mg L-1min-1)

The indicators used to describe the direct effects of ultrasonic disintegration

herein are presented in Sect. 3.

3 Methods

The main focus of this study was to determine the susceptibility of sludge collected

from various wastewater treatment plants to ultrasonic disintegration, using

disintegrators of different construction.

3.1 Materials

The research was conducted on waste-activated sludge (excess sludge) collected at

nine Polish municipal wastewater treatment plants of RLM[50,000. The sewage

treatment lines in those plants contained activated sludge tanks that exploited the

technologies of integrated removal of BOD5, N and P. The samples of waste

activated sludge collected after mechanical thickening enhanced by flocculation

were stored at 4 �C during analysis. Apart from the concentration of total solids

(TS), organic matter (VS) and total COD0 of sludge (determined according to

standard methods [53]), the examination of the samples prior to disintegration also

covered all other parameters whose changes are monitored during disintegration

processes, such as the concentration of dissolved (SCOD, VFAs, P, N) or dispersed

matter (CODcf) in supernatants and filterability measured by the capillary suction

time test (CST), according to the methods used by Baskerville and Galle

methodology, based on the measurements of transition of frontal boundary layer

of the filtrate as a result of the effect of suction forces in the used paper (Whatman

17) [47]. The physical and chemical characteristics of excess sludge and its

supernatants prior to disintegration are given in Table 1 (in order of increasing total

solids).
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3.2 Characteristics of Ultrasonic Disintegrators Used in the Research

The ultrasonic disintegration of excess sludge was carried out, using three

sonochemical reactors (DEZ1, DEZ2 and DEZ3) of different design and technical

operating parameters. Their characteristics are given in Table 2 and Fig. 2. The

WK-2010 ultrasonic reactor with novel piezoelectric transducer (mosaic head) was

called DEZ3. It works on the operating parameters as frequency of 20–30 kHz and

power of 100–1500 W. The generator and conical transducer of big radiating

surface area were developed in the Scientific and Teaching Centre of the Silesian

University of Technology and manufactured by Semiinstruments for the grant

N N523 756440 awarded by the Polish Ministry of Science and Higher Education

[54]. The DEZ3 generator was equipped with a ‘‘TFT touch panel,’’ which enabled

tasks and results to be set, checked and displayed, and a ‘‘LED panel,’’ which

displayed the current mode of operation. The device was also fitted with an RS-232

connector and software, allowing for the device to be operated with a PC. The

software offered adjustments of the device’s parameters and operation with respect

to the type of sonicated medium. The workstation equipment allowed setting up the

frequency of irradiation fUD, corresponding power PUD, as well as monitoring and

registration data of process. Prior to and after disintegration, the sludge was tested to

compare the changes in its properties (parameters listed in Table 1). The parameters

were used to calculate direct disintegration effects, such as: kdCST, kdCODcf, kdSCOD,

kdVFA and DDCOD, following the definitions and equations given in Sect. 2.2.

The stand for the disintegration heads allows change of location in the sonication

chamber, depending on specified process parameters. In this research, the location

of the emitter at the bottom of the tank and the thickness of sludge layers were

constant: hE = 3 cm and hO = 6 cm, respectively (Fig. 2). This location was

determined in previous researches [2, 6, 16]. Disintegration effectiveness was

compared to results in horn type reactor DEZ2 (WK-2000), as well as in Washer

(DEZ1) with a flat emitter at the bottom, produced by InterSonic (Poland).

Sonication was carried out in static conditions, using times of irradiation tUD,

relative to volumetric energy Ev = 100 kWh m-3. This value of volumetric energy

is five times higher than the one usually applied on industrial scale, but was used in

the author’s research as the boundary value determining the susceptibility of sludge

to ultrasound disintegration. The tests were carried out on excess sludge samples,

mechanically thickened with polyelectrolytes to various concentrations of dry

solids, which meant different consumption of specific energy ES [kWh kg TS-1]

(presented in Table 3) due to the different concentrations of dry solids.

4 Results and Discussion

The main purpose of this study was to show that the direct effects caused by the

ultrasonic cavitation depend on two main agents: physicochemical parameters of the

medium subjected to ultrasonic treatment as well as the construction of sonochem-

ical reactor (disintegrator) and the parameters of sonication.
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Fig. 2 Schematics and photographs disintegrators
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Under technical conditions in a WWTPs, using a commercial disintegrator of a

specific construction and ultrasonic operating parameters, special attention should

be drawn to that physicochemical properties of excess sludge, which determine their

susceptibility to ultrasonic disintegration. In this study, usage of very high energy

EV = 100 kWh/m3 output (the level not acceptable in technical applications) was

very helpful to demonstrate that some sewage sludge, e.g., SLG1, is susceptible to

this kind of disintegration, but some, e.g., SLG4, is not. The susceptibility of sludge

was determined on a basis of three groups of direct effects of ultrasonic

disintegration, i.e., sonodispergation, sonolysis and sonoacidification, and some

well known indicators describing these effects as disintegration degree DDCOD,

which were defined in Sect. 2.2.

A comparison of direct effects after the disintegration of nine investigated

sludges in the DEZ3 (its best efficiency will be demonstrated in further discussion)

is presented in Table 4, and Figs. 3 and 4. The susceptibility of the nine different

types of sludge to ultrasonic disintegration appeared to be extremely diversified.

SLG1 showed the highest susceptibility in every aspect, as mentioned earlier.

Determining which sludge showed the lowest susceptibility was not that obvious

after examining all the indicators. Indicators of sonodispergation kdCST and kdCODcf

pointed out that SLG9 was less susceptible to dispergation in an ultrasonic field

(Fig. 3). On the other hand, a comparison of indicators of sonolysis kdSCOD and

DDUD indicates the weakest lysis in sediments SGL4 and SGL8. A similar

susceptibility to lysis, but slightly lower than for SLG1, was demonstrated by SLG2,

SLG5 and SLG6 (Fig. 4); however, the indicators mentioned above did not correlate

with increase in TOCUD and NUD. This research revealed release of volatile fatty

acids (VFAs) during sonolysis and confirmed previous findings by the author [2].

Like sonolysis, the highest sonoacidification was typical of SLG1, while the lowest

of SLG8 and SLG4 (Fig. 4). This study shows typical parameters of sludge that

influenced the differences in susceptibility, but were neither the concentration of

organic matter in dry solids (VS/TS), SCODND nor other parameters of supernatants

of non-disintegrated sludge. However, considerably better effects were observed for

the lower values of TS, COD0 and CODNaOH, when considerably less satisfying

outcome was observed for high values of these parameters. This indicates that the

direct effects of ultrasonic disintegration were inferior at very high concentrations of

dry mass (SLG8 and SLG9), as was already observed in the author’s previous

studies [2, 37, 55–58]. More commending ramifications of ultrasonic disintegration

at low TS concentrations resulted from the corresponding high values of ES, but also

the physical properties of the medium—lower TS indicates lower wave damping

Table 3 Juxtaposition of specific energy ES and TS

Sludge (acronym) SLG1 SLG2 SLG3 SLG4 SLG5 SLG6 SLG

7

SLG8 SLG9

TS g L-1 20.4 37.2 40.0 40.6 41.1 41.8 56.5 62.1 66.6

Specific Energy

ES

kWh

kgTS
-1

5.0 2.7 2.5 2.5 2.5 2.4 1.8 1.6 1.5
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and higher hydration favours cavitation. Nevertheless, as shown by the previous

author’s own research [37], very low concentrations of TS\ 1 % indicate a smaller

amount of released matter in the form of SCOD, and hence a decrease in lysis

effects. These studies confirm earlier observations that the most beneficial lysis

occurs for hydration at about 98–96 % [2, 37].

A second object of observation was the impact of sonochemical reactor design on

the effectiveness of disintegration of the sludge. Therefore, four sludge with various

physicochemical properties were chosen to show the impact of three-reactor design

on all direct effects of disintegration. The study compared the effects obtained for

SLG1 of the lowest concentration Co = 2 % (at the same time the most susceptible

to an ultrasonic field), and, in turn, the sludge with the average and highest
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concentrations of dry solids which corresponded to the decreasing values of specific

energy ES (Table 5).

Analysing the results of disintegration, with the same energy consumption of

EV = 100 kWh/m3, proved that higher efficiency of sonodispergation was obtained

in the DEZ3 (WK-2010) and the less satisfying effects were obtained in DEZ1

(washer), which can be seen in Fig. 5. It means that dissagglomeration of flocs

(sonodispergation) was more effective when power density was high, regardless of

the type of disintegrator, e.g., for common horn reactor DEZ2 (UUD = 900 WL-1)

and new type reactor DEZ3 (UUD = 880 WL-1). These are also suitably high

values of intensity (with respect to chamber area) IUD(CH) & 5.4 Wcm-2 for DEZ2

and IUD(CH) = 1.7 Wcm-2 for DEZ3.

Sonolysis and sonoacidification appeared to be the best in DEZ3 and the worst in

DEZ2, i.e., in horn reactor (Fig. 5). It was found that these effects of disintegration

strongly depended on the design of a disintegrator mainly with respect to the

emitters area AE and the area of the reactor’s chamber ACH, as well as the volume of

the chamber (Table 2). These parameters determined the intensity IUD(E), IUD(CH)

(Wcm-2) and power density UUD (WL-1). As shown in Table 5, the best effects of

sonolysis were obtained in a reactor with transducer of the biggest radiating surface

area as well as the lowest ratio between this area and the area of reactor. The degree

of lysis is dependent on the cavitational activity, which in the multiphase medium as

sludge can be found out by measuring the change in SCOD and other substances

such as VFAs, N, and P dissolved in supernatants. It has been shown in researches

conducted by other authors and described by Sutkar and Gogate [33] that the

cavitational activity is maximum very near to the transducer, so this could be

explained best effect of sonolysis and sonoacidification for the largest emitters’

surface area (Figs. 6, 7).

The best effects of sonochemical phenomena were obtained in DEZ3 and the

worst in DEZ2, which may also indicate that the effects presented above are

dependent upon the temperature increase during sonication and the achieved final

temperature (Table 5). Cavitation, when it occurs in a reactor, generates conditions

of very high temperatures and pressures (500–15000 K of temperature and

100–50000 atmospheres of pressure) locally [33], which by dissipation increases

the temperature in the sonicated medium. During sonication with a Washer (DEZ1),

of a relatively low power, the temperature of the sludge increased slowly with

increase of irradiation time tUD. The long sonication -1800 s, was necessary for

achieving the same, as in other reactors, constant density of energy EV. Comparable

and even slightly higher increase in temperature was obtained during a short

sonication, using a high-power head (DEZ3). This means that for sonochemical

reactor DEZ3, more cavitational activity was obtained. The two disintegrators had a

common feature, i.e., low values of the chamber field/emitter field ratio: ACH/

AE = 6.2 for DEZ1 and ACH/AE = 3,5 for DEZ3 (while the ratio ACH/AE for DEZ2

equaled 16.9), and it played an important role in achieving higher temperatures [57]

and therefore more efficient lysis of microorganism cells.
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5 Conclusions

The susceptibility of excess sludge collected at various wastewater treatment plants

to ultrasonic disintegration may vary, and therefore the decision to employ that

particular method in a given plant must be preceded by tests and sampling carried

out by scientific research institute offering appropriate equipment.

Ultrasonic disintegration is a ‘‘clean’’ process that does not require any other

energy sources apart from electrical energy, but it is very sensitive to the changes in

the physicochemical characteristics of sludge, because its effect depends on the

occurrence of cavitation in a liquid medium. Then, it should not be considered if

operator of wastewater treatment plant considers thickening excess sludge
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substantially by employing flocculation with cation-active polyelectrolytes, which

results in generating large, compact flocks causing damping of ultrasonic wave. In

such media, ultrasonic energy is ‘‘wasted’’ on disagglomeration of flocks that should

be treated mechanically [7]. Ultrasonic energy should be utilized to achieve the

most desirable effects, i.e., sonolysis and sonoacidification, which initiate

biochemical hydrolysis—the first limiting stage of digestion. Apart from sludge

susceptibility to ultrasonic disintegration, it is important to match operating

parameters to the characteristics of sludge. The best direct effects of sewage sludge

disintegration were usually achieved at low frequencies of 20–25 kHz; however,

there is a suitable resonance frequency for each generator–transducer–sludge

combination, which improves disintegration efficiency. The best matching combi-

nation was used in the DEZ3 disintegrator. Adjustment of the sonochemical

reactors’ operating parameters to properties of medium (thanks to the equipment

used) improved the effects of sludge disintegration, compared to the effects for the

other disintegrators, which is clearly seen for SLG1 sludge, the most susceptible to

disintegration, notably to sonolysis.

The interest in disintegration expressed by operators of WWTPs may bring this

process as a standard element of the technological line of sludge treatment and will

improve efficiency. This will depend on investors’ approach to disintegration and

their understanding of the importance of conscious selection of installations and

operating parameters (not only ultrasonic ones) in terms of the physicochemical

properties of sludge.
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sewage sludge and influence on anaerobic digestion. Water Sci Technol 38(8–9):425–433

11. Müller J et al (2000) Verfahrenund Anwendungsgebiete der mechanischen Klärschlammdesinte-
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Abstract The combination of microwave heating and ultrasound irradiation has

been successfully exploited in applied chemistry. Besides saving energy, these

green techniques promote faster and more selective transformations. The aim of this

review is to provide a practical overview of the complimentary and synergistic

effects generated by the combination of microwaves and either ultrasound or

hydrodynamic cavitation. This will begin with a brief history, as we outline

pioneering achievements, and will also update the reader on recent developments.

Such hyphenated techniques are able to offer reliable and efficient protocols for

basic chemistry, organic and inorganic synthesis as well as processing. The

development of dedicated hybrid reactors has helped scientists to find solutions to

new synthetic challenges in the preparation of nanomaterials and new green cata-

lysts. This research topic falls within the confines of process intensification as it

facilitates the design of substantially cleaner, safer and more energy efficient

technologies and chemical processes.
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1 Introduction

The use of ultrasound (US) in chemical reactions in solution provides specific

activation based on the physical phenomenon of acoustic cavitation. US irradiation

causes compression of the liquid followed by rarefaction and a sudden pressure drop

that form small oscillating bubbles of gaseous substances. The bubbles expand until

they reach an unstable size; they can collide and/or violently collapse. Moreover,

the interaction of acoustic waves with a chemical system is not merely a way for

improving dissolution and dispersion as it involves complex physico-chemical

phenomena, which are currently a matter of advanced research. What makes

sonochemistry unique is the remarkable phenomenon of cavitation, which is

strongly dependent on the solvent vapour pressure, currently the subject of intense

research that has already yielded thought-provoking results (Fig. 1).

Microwave (MW) irradiation has been successfully applied in organic chemistry.

Spectacular accelerations, higher yields under milder reaction conditions and higher

product purities have all been reported. Indeed, a number of authors have described

successful reactions that do not occur by conventional heating and even

modifications of selectivity (chemo-, regio- and stereoselective). The effect of

MW irradiation on organic synthesis is a combination of thermal effects arising

from the heating rate, superheating or ‘‘hot spots’’ and the selective adsorption of

radiation by polar substances. Such phenomena are not usually accessible by

classical heating and the existence of a non-thermal effect of highly polarising

radiation is still a controversial topic. Due to the electromagnetic nature of MW

non-polar solvent are not fully eligible for this kind of application (Fig. 2).

In 1995, Japanese researchers first described the surprising synergistic effects that

occurred in sono- and chemi-luminescence experiments carried out under simul-

taneous MWs/US (MW/US) irradiation [1]. This now-typical hyphenated technique

gives remarkable improvements in mass transfer, in particular in heterogeneous

catalysis or biphasic aqueous systems [2, 3]. Sonochemistry can boast of a longer

history than the other techniques; however, MW applications have seen impressive

growth over the last 2 decades. While popular wisdom simply associates MW with

superior heating and US with efficient agitation, these techniques are capable of

Fig. 1 Representation of acoustic cavitation
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doing so much more and this potential has provided additional impulse to their

increased use in chemical processes [4]. Combined MW/US irradiation can be

performed in simultaneous mode or otherwise sequentially by circulating the

reacting mixture through the two compartments [5].

2 Combined MW/US Reactors

US can be conveyed inside a modified MW oven by inserting a non-metallic horn

through its wall and down into the reaction vessel. These US horns are typically

made of ceramic material, quartz, Pyrex� or special PEEK� containing glass fibres

[6]. Simultaneous MW/US irradiation (SMUI) usually requires constant cooling,

which can be provided by a circulating refrigerating fluid that is transparent to MW

and thus avoids increasing the temperature to the boiling point, which would result

in negligible cavitation. The first prototype, made at the University of Turin (2004),

was built around a probe that held a cylindrical quartz horn inserted into a modified

domestic oven inside which the PTFE vessel was cooled by a fluid circulating

around an external jacket (Fig. 3). Chemat et al. avoided subjecting the horn to the

electromagnetic field by using decalin (a low-viscosity apolar liquid) to convey the

US waves to the reaction mixture, which was placed in a double-jacketed Pyrex

vessel inside the oven [7].

As part of the authors’ collaboration with Milestone Srl (Bergamo, IT), a more

professional system was created, seen in Fig. 4, which can monitor and record all of

the main parameters.

Combined irradiation can otherwise be achieved using flow loop reactors for

sequential MW/US treatment, meaning that commercially available metallic horns

can be used. In these reactors, a pump circulates the reacting mixture through two

separate reaction cells, one placed inside the MW oven and the other (fitted with a

Fig. 2 Effect of MW on polar substances
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US probe) outside it (Fig. 5). The Suzuki homo- and cross-couplings of aryl halides

and arylboronic acids carried out in this reactor afforded products in higher yields

than reactions performed under MW or US alone. Commercially available Pd/C or

Pd(OAc)2 were used as the catalysts and neither phosphine ligands nor phase-

transfer catalysts were required. Even electron-deficient aryl chlorides gave

acceptable yields [8].

Fig. 3 First prototype of SMUI with a cooling system (authors’ laboratory)

Fig. 4 SMUI with a cooling system (authors’ laboratory)

Top Curr Chem (Z) (2016) 374:79

123 Reprinted from the journal178



A 5-l hybrid MW/US loop reactor prototype has also been used to decontaminate

water [9]. The degradation of 2,4-dibromophenol (0.1 g/l) by Fenton’s reagent was

achieved by pumping the aqueous solution through a MW oven and an ultrasonic

reactor that consisted of two generators working at 20 and 300 kHz.

Fig. 5 Loop reactor providing
MW and US irradiation
(authors’ laboratory)

Fig. 6 Loop MW/US reactor for simultaneous and sequential irradiation. 1 US non-metallic horn, 2MW
oven, 3 optical fibre thermometer, 4 pump, 5 flow meter, 6 thermometer, 7 inlet and sampler, 8 heat
exchanger and 9 external flask
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The degradation of phenol under combined MW/US irradiation, tested in both

simultaneous and sequential loop systems, gave impressive synergistic effects, with

and without the addition of H2O2 (Figs. 6, 7) [10].

Instead of placing the flask into a MW oven, Ragaini et al. used a coaxial dipole

antenna as a MW wave guide to deliver MW. A titanium horn was placed

Fig. 7 Synergistic effects of SMUI phenol degradation. Reaction conditions: Phenol (1250 ml of
1 mM). MW: 360 W irradiated. US: 850 kHz, 40 W at 27 �C, flow rate 140 ml min-1. R1: without
H2O2, TMW 93 �C, 4 h. R2: 20 mmol H2O2, TMW 60 �C, 4 h. R3: 20 mmol H2O2, TMW 93 �C, 2 h
(reprinted with permission from Ref. 10; copyright American Chemical Society)

Fig. 8 SMUI with MW antenna and US horn (reprinted with permission from Ref. [11]; copyright
Elsevier)
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orthogonally to the antenna in the same vessel (Fig. 8) [11]. This kind of reactor

enables the SMUI of chemical reactions using metallic horns, although its volume is

limited.

3 Organic Reactions Under Combined MW/US Irradiation

Thirty years ago, Otteson and Michl described a pioneering gas-phase dehalogena-

tion of organic dihalides using alkali metal vapours in excess argon under MW/US

irradiation [12]. Several examples of this marriage appeared in the literature in the

decades that were to come as innovative approaches to classical organic reactions

and metal-assisted catalysis were described [13].

3.1 Transesterification Reaction

Of the several methods for enhancing oil transesterification that have been reported

in the literature, simultaneous MW/US has given excellent results. Besides the high

yield and shorter reaction time, superior biodiesel quality and lower energy

consumption were observed thanks to optimal mass and heat transfer. The

combination of MW and US irradiation is extremely effective in oil transesteri-

fications because of the fast and selective MW heating, whereas US produces

efficient mixing. Heat and mass transfer are strongly enhanced by combining the

two different techniques in a single reactor that is well suited for the transester-

ification of waste vegetable oils. Martinez-Guerra et al. have developed a very fast

protocol for waste vegetable oil to biodiesel production (in 82 min) under

simultaneous irradiation [14]. Best conditions were: a 6:1 methanol/oil ratio,

0.75% sodium hydroxide, MW/US power 100 W (each source), giving a 98% yield,

which was higher than MW (87%) or US (90%) alone. Besides efficiency and

selectivity, safety, cost, robustness and environmental impact were all improved

(Fig. 9).

Fig. 9 Experimental set-up for transesterification reaction under US/MW (reproduced with permission
from Ref. [14])
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The same authors published another work on MW/US-assisted transesterification

under heterogeneous catalysis with BaO, with evident advantages for work-up and

separation processes [15]. Very recently, they evaluated the effect of different

alcohols on oil transesterification. Under simultaneously MW/US irradiation, the

biodiesel yields for methanol and ethanol were comparable, whilst ethanol gave

higher yields by individual MW or US irradiation [16].

Response surface methodology (RSM) has been used by Cravotto et al. to

optimise simultaneous MW/US-assisted palm oil transesterification; the methanol/

oil ratio, catalyst concentration, reaction temperature and irradiation time were all

improved [17] (Fig. 10). Full conversion (yield 98%) was achieved in about 2.2 min

at 58 �C (1.09% catalyst concentration, 7:3.1 methanol/oil molar ratio), whereas the

reaction time under classic conductive heating and stirring was about 40–50 min.

This work demonstrated that simultaneous irradiation provokes an additive effect

via an increase in contact area between oil and alcohol, leading to an increase in

reaction rate. Simultaneous application can also address the issues that are found

when carrying out consecutive irradiation. Total energy consumption was much

lower than in the conventional method [0.36 MJ/l vs. 1.92 MJ/l (heating ? stirring

400 W for 40 min)].

Fig. 10 Transesterification under SMUI (authors’ laboratory)
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3.2 C-C Coupling

The Heck reaction, one of the most useful protocols in organic synthesis, has

become a veritable classic over the last few decades. It has been carried out in all

manner of reaction media (organic solvents, water, supercritical CO2, ionic liquids)

and, of course, under US and MW irradiation. In 2007, Palmisano et al. [18]

reported Heck couplings that they had carried out without ligands in air and with

very low catalyst loads under simultaneous US/MW irradiation. Ligand-free

palladium (II) acetate (0.01–0.1 mol%) or palladium-on carbon (Pd/C 10%), in the

1.0–2.0 mol% range, gave most aryl iodides and bromides in high yields under

conventional heating (120 �C) in 18 h. Combined US/MW, however, strongly

promoted the reaction and generally decreased reaction times to 1 h. Even barely

reactive electron-poor aryl chlorides, such as 4-chloroacetophenone and 1-chloro-4-

nitrobenzene, reacted with styrene to afford high product yields (Scheme 1). In

several cases, the addition of a co-catalyst, either 0.005 mol% rhodium tris(triph-

enylphosphine) chloride or 2.0–4.0 mol% copper (I) salt (iodide or bromide),

proved highly advantageous. It is worth noting, however, that 4-bromo- and

4-chloroacetophenone gave up to 15% oxidation products, namely the correspond-

ing 4-halobenzoic acid and 4-styrylbenzoic acid. This drawback was avoided by

working under a nitrogen atmosphere.

Glycerol is a very suitable solvent for both MW and US promoted reactions.

Although glycerol alone can be a valid alternative in environmentally friendly

organic transformations, its use is still limited in most organic protocols because of

the intrinsic reactivity of the –OH groups and the poor solubility of most organic

compounds in it. The micellar catalysis approach may well be an alternative for

improving the solubility of organic substrates, while enhancing their diffusion in

this particular medium and inhibiting the reactivity of its polyol system. The

fascinating possibility of applying SMUI hybrid technology to micellar catalysis in

glycerol could lead to the much wider use of green protocols in synthesis and

processing. This approach can simultaneously boast of the effective heating of

glycerol under MW irradiation, efficient mixing under US and also avoiding side

reactions. In 2014, Sacco et al. [19] described the application of SMUI to this

approach using a monomodal apparatus equipped with a semiconductor generator

and a coaxial cable. The monomode resonant MW cavity was also irradiated with

US from the bottom using a suitable sonotrode (indirect sonication).

The authors reported on the efficient SMUI-assisted Ru-catalysed ring-closing

metathesis of diethyl diallyl malonate in glycerol hydrophobic micellar conditions

Scheme 1 Schematic representation of a Heck reaction under SMUI (Ref. [18])
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by means of a dicationic surfactant (Fig. 11). The SMUI reaction (US 200 W and

MW 10 W) occurred in around 18 min, faster than with MW alone.

Epoxide cleavage by nucleophiles in aqueous media can generally incur

competition from water itself, yielding the diol as the by-product. However, under

high-intensity US or MW, the attack by the nucleophile was strongly promoted and

water no longer reacted. In 2007, Palmisano et al. [20] reported the syntheses of a

series of commercially available oxiranes, at different degrees of substitution, using

sodium azide and 1-(3-chlorophenyl)piperazine in water at neutral pH without a

metal catalyst. Four different reaction conditions were compared: (1) ‘‘on water’’

conventional conditions at 50 �C; (2) under MW irradiation at 50 �C; (3) under US

Fig. 11 A modified monomode SAIREM Miniflow cavity for SMUI and an example of ring-closing
metathesis (reproduced from Ref. [19] with permission from the Centre National de la Recherche
Scientifique (CNRS) and The Royal Society of Chemistry)

Scheme 2 Schematic representation of epoxide opening under SMUI (Ref. [20])
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at 45 �C; (4) under SMUI at 45 �C. The last set of conditions strongly accelerated

the cleavage and gave high regioselectivity for unsymmetrical epoxides. The N-

nucleophile attack took place on the less hindered epoxide carbon, except for in

2-phenyloxirane. Reactions carried out in these conditions are completely anti-

stereoselective, as shown by the exclusive formation of the anti-products in the

cyclic epoxide reactions. An example can be found in (?)-(1R,2S,4R)-cis-limonene

1,2 epoxide, which exclusively afforded the 1R,2R,4R stereoisomer in moderate

yield (51%) via reaction with sodium azide, as seen in Scheme 2.

The Huisgen 1,3-dipolar cycloaddition of azides and acetylenes leading to 1,2,3-

triazoles and catalysed by Cu (I) salts is one of the most versatile ‘‘click’’ reactions.

In 2007, the authors reported a series of optimised protocols and new applications of

this reaction starting from several substrates [21]. Comparisons of heterogeneous vs.

homogeneous catalysis [as based on charcoal-supported Cu (II) or Cu (I)] as well as

conventional heating vs. MW irradiation vs. SMUI were made. Excellent results

were obtained even with bulky molecules, such as azido b-cyclodextrins (b-CD),
which afforded triazole cycloaddition with benzyl bromide and phenylacetylene.

MW and SMUI dramatically accelerated the reaction in all cases (Scheme 3), the

latter by means of a non-metallic US horn placed in the MW cavity. Very interesting

results have also been achieved using metallic copper (turnings) instead of Cu (I) or

Cu (II) salts [22]. The simultaneous use of US and MW promotes the reaction

between CuO and Cu on the metal surface to give the catalytic species Cu2O (US

promoted reaction), while allowing the temperature required for 1,3-dipolar

cycloaddition (MW enhanced reaction) to be reached at the same time. The

combined MW/US approach gave better yields (in the same reaction time) than MW

or US used alone. This new protocol was successfully applied to the derivatisation

of 6-monoazido-6-monodeoxy-b-ciclodextrin and 6-monoazido-6-monodeoxy-

2,3,6-O-permethyl-b-ciclodextrin with phenylacetilene.

Cinnamic acid and its derivatives are important reagents in organic synthesis as

both intermediates and final products. They are routinely obtained from the reaction

between aromatic aldehydes and malonic acid (Knoevenagel-Doebner reaction) in

Scheme 3 SMUI promoted CuAAC reaction (Ref. [21])
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organic solvents, catalysed by either primary or secondary amines. SMUI furnished

significant rate enhancements and improved yields in the heterogeneous organic

reactions. The SMUI technique has been applied by Peng and Song [23] for the

preparation of 3-aryl acrylic acids in aqueous media with excellent yields (73–93%),

as seen in Scheme 4. The presence of electron-withdrawing or -releasing groups on the

substrates only had a slight influence on the yields. Results showed that the SMUI

reaction proceeded much faster than under classic reflux, 65 s vs. 7 h. An additional

advantage of using water as the solvent is the fact that many organic products can be

separated via simple filtration or decantation from the resulting mixture.

3.3 C-Heteroatom Bond Formation

The Williamson synthesis of ethers usually makes use of an alkali-metal salt of the

hydroxy compounds and halides working in either organic solvents or under phase

transfer catalysis. The direct etherification of phenols with an alkylating agent and a

base is, however, troublesome; the etherification of nitrophenols requires aprotic

solvents if large excesses of alkylating agents and side reactions are to be avoided.

Moreover, the selective monoetherification of bisphenols is not an easy task because

it is inevitably accompanied by bietherified products. In this context, Peng and Song

[24] reported an SMUI-assisted etherification that afforded a series of benzyl phenyl

ethers and diphenyl ethers in good yields without the need for phase-transfer

catalysis (Scheme 5). Control experiments, which were carried out under conduc-

tive heating and stirring, clearly displayed the great advantage of SMUI; benzyl

phenyl ether was obtained in 16 h vs. 2 min and at 41 vs. 83% yield, respectively.

The solvent and surfactant free SMUI procedure was applied to the synthesis of

hydrazides from esters and hydrazine monohydrate by the same authors [25]. Acyl

anhydrides and acid chlorides both react rapidly with hydrazine to give hydrazides,

but it was not possible to stop the monoacylation reaction. The most widely used

method for the preparation of hydrazides is the hydrazinolysis of the corresponding

esters with hydrazine monohydrate. This is, however, a reaction with some

Scheme 4 Knoevenagel-Doebner reaction promoted by SMUI (Ref. [23])

Scheme 5 SMUI promoted Williamson ether synthesis (Ref. [24])
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drawbacks, such as the long reaction time and the diacylation products. Using the

hydrazinolysis of methyl salicylate as a model system, the reaction was studied

under a number of different reaction conditions (US, MW and SMUI), as seen in

Scheme 6. Results clearly show that SMUI achieved the best results in terms of both

reaction time and yield (84 vs. 73% in 40 s instead of 9 h under conventional

heating with reflux).

Aromatic azo and azoxy compounds are important dyes and are widely used as

analytical reagents, reducing agents, stabilisers and polymerisation inhibitors in

biological and chemical research. Aromatic azo compounds are traditionally

synthesised via the coupling of diazo compounds with amines or phenols, the

oxidation of hydrazine and hydrazo compounds, the reduction of nitro compounds

in alkaline solution or the molecular rearrangement of diazoamines. The formation

of azobenzene via the oxidation of aniline in basic solution has been known since

1960 and the mechanism was explained using sonochemical experiments in water.

US generated H� and OH� radicals that converted aniline to PhNH� and PhN�
radicals that combined to yield PhNHNHPh and PhN = NPh. The oxidation of

aniline using MnO2/SiO2 under MW irradiation (420 W) for just 4 min gave

azobenzene in an 84% yield. In 2008, Ondruschka et al. [26] reported an efficient

MW/US procedure for the preparation of azo and/or azoxy compounds from

primary aromatic amines (Scheme 7). p-Methylaniline and p-ethylaniline conver-

sions of more than 70% were obtained in 20 min under MW or SMUI, whereas 57

and 54% p-ethylaniline conversions were observed under US irradiation and plain

heating in a water bath, respectively. SMUI significantly enhanced the conversion of

p-chloroaniline as well. DMF is commonly used in MW irradiation chemistry as it is

a good polar, aprotic solvent with a high boiling point. However, when present, it

leads to the formation of formamidine and other by-products resulting in poor

selectivity towards azo and azoxy products. No by-product was formed when the

amount of water in the medium was increased from 15 to 35 ml. However, the

yields of azo and azoxy compounds also decreased in this case. Other solvents such

Scheme 6 Schematic representation of the synthesis of hydrazide under SMUI (Ref. [25])

Scheme 7 Schematic representation of the synthesis of azo and/or azoxy compounds (Ref. [26])
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as dimethyl sulphoxide (DMSO), acetonitrile and ethanol have been studied with the

aim of avoiding the formation of formamidine and other by-products.

3.4 Heterocyclic Compounds

Interest in the synthetic applications of SMUI in palladium-catalysed reactions with

very low catalyst loads [27] led the authors to investigate the efficiency of this

technique for the selective functionalisation of 3,5-dichloro-2-(1H)-pyrazinones in

2010. In spite to the poor reactivity in Pd-catalysed Suzuki and Heck reactions

owing to the 5-chloro atom, SMUI strongly promoted the reaction leading to good

yields by reducing the extent of degradation that can arise from prolonged heating.

SMUI requires an efficient cooling system if strict temperature control is to be

achieved and superheating, which would hamper cavitation, is to be prevented. This

can be attained by circulating a MW-transparent refrigerated fluid such as Galden�,

a perfluoropolyether with a high boiling point and low viscosity. A Heck reaction of

3,5-dichloro-2-(1H)-pyrazinones with styrene was carried out using three different

techniques: conventional heating, MW and SMUI (Scheme 8). Reactions were

carried out in dimethylacetamide (DMA) under a nitrogen atmosphere in all cases.

Yields were generally low because of partial degradation and the formation of by-

products when the reaction was stirred under conductive heating, whereas yields

were greatly improved under MW irradiation and were even better under MW/US

irradiation. Complete conversion was observed after only 20 min with excellent

reproducibility. The same 3,5-dichloro-2-(1H)-pyrazinones were subjected to

Suzuki-Miyaura cross-couplings with phenylboronic acid in dimethylacetamide

Scheme 8 Heck reaction of 3,5-dichloro-2-(1H)-pyrazinones with styrene (Ref. [27])

Scheme 9 Preparation of 3,5-dichloro-2-(1H)-pyrazinones (Ref. [27])
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using very low catalyst loading (0.005 mmol of tetrakis (triphenylphosphine)

palladium) and caesium carbonate as the base, as seen in Scheme 9. Yields

increased from 7 to 14% under conventional heating to 63–86% under SMUI, which

proved itself to be a fantastic tool for the chemical decoration of pyrazinones.

Simultaneous MW/US irradiation greatly improved the kinetics and yields of these

chemical modifications because of the optimal heat- and mass-transfer that they

provide.

The first generation of ionic liquids (ILs) that saw widespread use was mainly

composed of cations, such as dialkylimidazolium and alkylpyridinium derivatives,

and anions, such as chloroaluminate and other metal halides that have been

described as toxic and non-biodegradable. This generation of ILs was also oxygen-

sensitive and can only be handled under inert-gas atmosphere. Research was thus

directed towards the synthesis of air- and water-stable ILs, the second generation of

ILs. The water- and oxygen-reactive anions were replaced by either halides (Cl-, Br-

, I-) or anions, such as BF4-, PF6- and C6H5CO2, which are stable in water and air.

This second generation of ILs attracted a great deal of attention from the wider

scientific community and has been providing interesting and novel applications in a

number of areas. The ‘‘green’’ properties of ILs are linked to their negligible vapour

pressure and flammability as well as their ease of recycling. However, their

biodegradability is still open to debate and further toxicological studies are required

if we are to ascertain their complete safety. They are usually prepared over two

consecutive steps: (1) the quaternarisation of a nitrogen-bearing compound

(Menshutkin reaction) and (2) the exchange of the halide with a different anion

(metathesis). Non-conventional techniques, such as irradiation with MW and power

US, have been successfully employed in the synthesis of ILs and have cut down

reaction times and improved yields. In 2007, Cravotto et al. [28] described an

efficient one-pot synthesis of second-generation ILs (Menshutkin reaction and anion

metathesis) under SMUI; a series of ILs with 1-methylimidazole or pyridine cores

were obtained in high yields in just a few minutes (80–97% isolated). The yields for

the Menshutkin reaction are strongly temperature-dependent, meaning that strict

temperature monitoring, using either optical-fibre thermometers or infrared (IR)

Scheme 10 Preparation of
ionic liquids (Ref. [28])
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pyrometers, is required (Scheme 10). Preliminary experiments were also carried out

on chloroalkanes. The one-pot synthesis of [C8 mim][PF6] from 1-chlorooctane

under SMUI for 10 min (140 �C) only gave a moderate yield (55%). Work on

optimising the protocol for use with notoriously poorly reactive chloroalkanes is in

progress. An efficient cooling system, which allows MW and US power levels to be

increased sufficiently, was used. The reaction yield rose to 97% when carried out

under external cooling at 140 �C (10 min).

3.5 MW/US Assisted Digestion

Ammonia and organic nitrogen can be analytically determined using the Kjeldahl

method, which requires a previous sample digestion. A systematic study was carried

out by Domini et al. [29] on a series of amino acids and on real samples where the

classical Kjeldahl approach and MW/US combined method were compared. The

total nitrogen values determined by the MW/US combined digestion method are

closer to theoretical ones than those obtained using the classical approach.

Furthermore, the mineralisation time was reduced from 30 min (classical approach)

to 7 min (MW/US). The process was carried out in a glass round-bottom flask

heated in a professional MW oven. A Pyrex horn was inserted into the flask to

simultaneously irradiate the sample with US and MW.

4 Nanoparticles

Nanoparticles (NPs) are becoming key components of a wide range of applications.

Research encompasses numerous disciplines, including nanotechnology, pharma-

ceuticals manufacture, chemistry, physics, optical components and polymer science.

The size, morphology and dimensionality of NPs can strongly affect the properties

of nanostructured materials. Nanostructured metallic and semiconducting materials

of various structures and morphologies have recently received a great deal of

attention because of their novel applications, peculiar properties and quantum size

effects [30]. Nanostructured materials have thus been prepared via a variety of

synthetic methods, including gas phase techniques, liquid phase methods (e.g.,

reduction of metal salts) and mixed phase approaches (e.g., synthesis of

conventional heterogeneous catalysts on oxide supports). However, reducing agent

strength as well as interactions with stabilising agents and solvents can affect the

size and shape of metal nanoparticles in the production of metallic NPs. The use of

MW irradiation in this context is not affected by safety concerns because of the high

dilution of the metal in the ab initio preparation of nanoparticles. Of particular

interest here is the use of MW radiation as the heat source as it can produce high-

quality nanoparticles in a short time [31]. Moreover, US irradiation has been

extensively examined in this field over many years [32, 33] and is now positioned as

one of the most powerful tools in nanostructured material synthesis. It was only

natural to consider the combination of MW and US irradiation, which has, in fact,

recently been used to synthesise nanoparticles in a short time and was also able to

tune particle properties and size [34].
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SMUI has been used to generate copper nanoparticles via Cu(OAc)2 reduction by

hydrazine hydrate in ethylene glycol [35]. The nanoparticles were fully charac-

terised using X-ray diffraction (XRD) and transmission electron microscopy (TEM)

to confirm that the spherical nanoparticles were made of pure metallic copper. Cu

nanoparticles then catalysed nitrobenzene reduction with hydrazine hydrate. The

reaction was repeated with Cu(OAc)2 under SMUI to obtain the reduced aniline and

Cu nanoparticles that were isolated by centrifugation. The optimised protocol was

performed with 20% Cu(OAc)2 and 3 eq of hydrazine hydrate and was heated at

105–110 �C in ethylene glycol. The same reaction, performed under conventional

conditions lasted 12 h and had a yield of 52%, whereas the SMUI promoted reaction

took 4.5 min and the yield was 97% (Scheme 11).

US and MW irradiations were also used sequentially to obtain a solid supported

Pd catalyst for the semi-hydrogenation of alkyne to alkene [36]. Pd was reduced

using US irradiation and supported under MW promotion to obtain Pd clusters of

approximately 100 nm. This catalyst showed enhanced activity in the semi-

hydrogenation reaction and high selectivity. This method is truly a novel and green

route to the production of Pd nanoparticles, even in the absence of a surfactant.

The beneficial effects of MW and US irradiation in the preparation of CuO

nanoparticles has also been demonstrated by Zhu et al. as they aimed to obtain

nanofluids with enhanced thermal conductivity [37]. In this study, Cu(OH)2 was

converted to CuO in water under SMUI. The suspension was treated for 30 min in a

US disrupter for the conversion from green to puce, while a subsequent 3 min of

MW irradiation was enough to obtain the black nanofluid. The authors demonstrated

that the transformation was not completed and the particles were aggregate when

only US was used and that, analogously, some large aggregates were obtained when

MW irradiation alone was used.

Nanostructures, such as wires, tubes and ribbons, have fast become the focus of

intensive research in recent years because their small dimensions can be employed

for both the efficient transport of electrons and optical excitation. Nowadays, light-

emitting diodes, solar cells, single-electron transistors, lasers and biological labels

are currently making full use of these ideal one-dimension nanostructures.

Developing an efficient and sustainable approach to their preparation is,

understandably, a subject of great interest and the MW/US combination is showing

great promise in their environmentally benign production. Surfactants and ionic

liquids are commonly used as templates to promote the formation of nanostructures.

The combination of MW and US irradiation and the use of 1-butyl-3-methylim-

idazolium bromide [BIMB]Br has been successfully employed for the rapid the

synthesis of Pb(OH)Br nanowires [38]. Pb(OAc)2�3 H2O and [BIMB]Br were

Entry Catalyst Method Time Conv (%)
1 Cu(OAc)2 MW+US 4.5 min 97
2 Cu(OAc)2 Conven�onal hea�ng 12 h 52
3 Cu(OAc)2 MW 30 min 83
4 Cu(OAc)2 US 3 h 48
5 Metallic Cu MW + US 5 min 35

Scheme 11 Reaction scheme and conversions of the copper-catalysed reduction of nitrobenzene under
differing conditions (Ref. [35])
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dissolved in deionised water and irradiated for 10 min by MW-US (50–50 W)

irradiation. A comparison of nanowires obtained via conventional heating (70 �C,
24 h), those by MW irradiation and US irradiation alone and finally by the

combined method highlighted the drastic differences in diameter and length of the

nanowires produced by the differing methods. Under conventional conditions,

Pb(OH)Br typically crystallised as a multiangular prism of 20–30 lm diameter and

2–3 mm of length. MW irradiation alone produces a uniform and smooth

morphology, while US alone resulted in less uniform wires. Under combined US-

MW irradiation furnished increased yields of straight and smooth wires (80–800 nm

diameter and 50–100 lm length). A dramatic reduction in crystallisation time (24 h

to 80 s) was also observed, which confirms that SMUI leads to the fast growth of

crystal seed masses and causes a depletion in reaction nutrients over a short period

of time, producing thinner and shorter wires (Fig. 12).

Of the different types of absorbing material used for thin-film solar cells,

Cu2ZnSnS4 (CZTS) is one of the most promising as it contains earth-abundant, low-

cost and nontoxic elements [39]. Many approaches to prepare CZTS thin films have

been described in the literature in an attempt to reduce preparation costs. High cell

efficiency is currently obtained via a non-vacuum-based approach in the absence of

hydrazine, which is highly toxic, reactive and requires delicate handling and storage.

The main methods for the preparation of CZTS nanoparticles include hot injection

[36], solvothermal [40], mechanochemical [41] and MW irradiation [42]. MW

irradiation has been combined with US in order to reduce nanoparticle aggregation;

Wang et al. obtained CZTF nanoparticles by exposing a solution of zinc acetate

dihydrate, tin (II) chloride dihydrate, copper (II) nitrate trihydrate and thioacetamide

in polyethylene glycol 400 to simultaneous MW–US irradiation (MW power 800 and

400 W). The precursors were irradiated at different temperatures, from 130 to 180 �C,
for 30 min and, after the nanoparticles had been characterised, it was observed that

crystallinity, to form hexagonal-plate-like-nanoparticles, increased with increased

temperature [43]. Long et al. described the preparation of wurtzite, rather than the

kesterite phase, CZTF via the addition of a solution of thiourea in polyvinylpirroli-

done to a solution of copper (II) acetate monohydrate, zinc acetate dehydrate and tin

Fig. 12 Schematic representation of Pb(OH)Br nanowire formation (Ref. [38])
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(IV) chloride dihydrate in PVP at 150 �C under SMUI. The crystalline structure of

CZTF was fully characterised by XRD, FESEM, EDS and TEM and the hexagonal

prisms obtained were found to measure 0.5–2 lm wide and 5–12 lm long [44].

Europium or terbium activated phosphors, with characteristic lanthanide

luminescence, were assembled under SMUI to obtain nanocrystals [45]. Bi(NO3)3-
5H2O, Ln(NO3)3�6H2O and NH4VO3 were irradiated by MW and US (MW power

400 W) in water at 80 �C for 1 h (Ln = La, Lu, Tb, Eu). The ultrasonic probe

worked in pulsed mode (0.1 s and inter-pulse 0.2 s). SEM images showed quasi 1-D

nanounits of BiVO4: Eu
3? of 60–80 nm average diameter (Figs. 13, 14). When

SMUI was exploited to prepare GdBO3: Eu
3?, a spontaneous nano-assembly was

formed in flower-like morphology. Characteristic Eu3? emissions were detected

upon excitation. The Lax-Lu1-xPO4:Tb
3? particle exhibited strong green emissions

under UV excitation.

Yttrium aluminium garnet (YAG, Y3Al5O12) is a chemically stable laser

material. Highly dispersed ultrafine YAG powder is necessary to obtain transparent

YAG ceramics of high density. Si et al. described the preparation of YAG under US

irradiation as well as under US and MW sequential irradiation [46]. Al and Y metal

particles, isopropanol, AlCl3 and NH4CO3 were sonicated for 3–4 h. Several

Fig. 13 SEM images of BiVO4: Eu
3? (reaction time: 60 min upper; 100 min bottom) (reproduced with

permission from Ref. [44])

Fig. 14 SEM images of Gd2(MoO4)3: Eu
3? (reproduced with permission from Ref. [45])

Top Curr Chem (Z) (2016) 374:79

123Reprinted from the journal 193



samples were irradiated with MW before calcination for the sake of comparison.

The TEM images of the different YAGs thus obtained demonstrated that US-MW

irradiation produced a narrower distribution size and a more uniform shape than US-

assisted precipitation. Interestingly, it was demonstrated, using HRTEM images and

FFT patterns, that single crystalline and crystal grains were grown in the same

direction under US-assisted synthesis, while the US/MW-assisted synthesis gave

crystal grain growth in random orientations (Fig. 15). MW irradiation produced

molecular movement and has an effect on the energy distribution of the crystal

planes meaning that the YAG particle size was finer and uniform so as to avoid the

addition of agents that suppress the agglomeration.

ZnO is a common photocatalyst that is active under ultraviolet light irradiation.

In fact, nanoscaled ZnO is of very great interest indeed thanks to its unique optical

and elective properties. ZnO microstructures exhibit enhanced performance over

nanoparticles, nanorots and nanosheets. However, their preparation involves a

complicated procedure and the addition of a surfactant or structure directing

reagent. The synergic effect that MW and US provide allows for the preparation of

well-defined flower-like nanostructures in surfactant-free conditions [47]. The

optimised procedure entails sonication for 5 min, at a power of 1000 W, of a

solution of zinc acetate in hydroxide aqueous solution, followed by treatment with

MW heating combined with discontinuous US irradiation (1 s sonication and 2 s

interruption) at a power of 500 W for 30 min (Fig. 16). The flower-like ZnO

nanostructures showed superior methylene blue degradation catalytic activity to

ZnO microrods.

Another attempt at obtaining ZnAlO nanoparticles was carried out with an eye to

evaluating sterilisation activity [48]. A homogeneous and stable dispersion of the

crystal structure was obtained upon the subsequent US and MW irradiation of

Al2(SO4)3�18H2O, Zn(NO3)2�6H2O (molar ratio: Al2O3:ZnO = 1:100) in deionised

water with a dispersant. The smallest nanoparticles, of 20 nm, showed the highest

sterilisation activity against the proliferation of DH 5a bacteria.

Fig. 15 Schematic diagram of the growth mechanism of YAG prepared by US-assisted synthesis (I) and
US-MW-assisted synthesis (II). Reproduced with permission from Ref. [46]
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The micro- and nano-particles of bismuth vanadate (BiVO4) have recently

become the object of some interest as they show promise as visible light-driven

photocatalysts. Various BiVO4 nanostructures have been reported as promoting the

degradation of numerous organic pollutants and microorganisms under visible light

irradiation, and it has been documented that the shape and size of the nanostructures

both have a significant effect on activity. The controlled fabrication of the m-BiVO4

nanostructure generally requires harsh conditions: high temperature, long reaction

time, and the addition of organic additives or a template. Combined MW/US

irradiation is an attractive technique here as it enables the preparation of BiVO4

nanoparticles with an average size of 150 nm at pH = 2. At higher pH values, the

growth process leads to microspheres with a diameter of 3 lm (pH = 8) [49].

Different shapes were obtained with different solvents leading to a variety of

nanostructures with differing optical properties and photocatalytic activity. The

optimised procedure for BiVO4 micro-/nanostructure preparation is performed in a

MW/US combined reactor at 110 �C (HC-300A, Beijing Xianghu Technology Co.,

Ltd., MW power 500 W, US 800 W, 2 s sonication and 1 interruption).

Cadmium sulphide (CdS) is an important direct band gap material that is widely

used for optoelectronic applications. The preparation of the pure crystal is an object

Fig. 16 SEM images (a, b), TEM image (c) and SAED patterns (d and insets of c) of the flower-like
ZnO nanostructures (reproduced with permission from Ref. [47])
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of interest in the fields of non-linear optical devices, lasers, thin-film transistors,

light emitting diodes and also hydrothermal processes. Guo et al. used SMUI to

control the syntheses of high-purity nanostructures [50]. CdCl2 and either CS(NH2)2
or C2H5NS and sulphur were dissolved in ethylene glycol and heated at 140 �C for

45 min by MW irradiation and sonicated in pulsed mode with a titanium horn. The

CdS obtained was deeply characterised and hexagonal wurtzite crystals combined to

obtain a nanoflower. A mixture of hexagonal and triangular pyramid nanostructures

was observed when MW irradiation was used alone. The photoluminescence spectra

of the obtained CdS showed a large blue shift in the flower nanostructure as

compared to the simple 2D CdS nanostructure. In 2010, the same authors applied

the optimised procedure to the preparation of Ag-doped CdS nanoparticles in an

attempt to enhance their efficacy as photocatalysts [51]. CdS was doped with 1, 3

and 5% Ag?, which led to spherical crystals of *5–15 nm being obtained. This

work investigated the contribution of US and MW to the phase evolution and it was

observed that MW alone cannot induce chemical reaction while simultaneous

pulsed US allows Ag to dissolve into the CdS matrix. The photocatalytic

degradation of rhodamine B occurs under visible light irradiation and only showed

a slight improvement over the doped material when compared to CdS because the

doping ratio was not optimal.

Goethite and akageneite are ferric oxyhydroxides (a- and b-FeOOH) employed

in the degradation of organic compounds with hydrogen peroxide under relatively

weak UV irradiation. Xu et al. published a paper on the preparation of a-FeOOH via

the SMUI of a FeCl3�6H2O solution in urea and deionised water [52]. A high-

intensity ultrasonic probe (from Xinzhi Co., China, JY92-2D) with a 10-mm-

diameter titanium horn of 20 kHz in a pulsed mode was used in this process. It had a

duty cycle of 1 s and was directly immersed 1 cm into the solution. For the sake of

comparison, the akageneite was also prepared under conventional conditions, under

US and MW irradiation alone and using the combined method. The samples were all

characterised by XRD and TEM. It was shown that morphologies depended greatly

on the heating technique. As already observed for the preparation of Pb(OH)Br

nanowires, the crystals are biggest under conventional conditions, while the smallest

are obtained under SMUI. US used alone reduces crystal size and aggregation, while

larger agglomeration was observed under MW irradiation alone. The b-FeOOH
sample, prepared using SMUI (MW 400 W, US 200 W) at 70 �C for 3 h, gave the

highest catalytic activity under visible light irradiation and shows promise for use in

practical photo-Fenton-like processes, which degrade organic pollutants (Table 1).

Transition metal oxides such as iron and titanium oxide show superior

thermoelectric properties and high stability. Combining oxides with conducting

Table 1 Comparison of

conventional heating, MW, US

and SMUI in the synthesis of b-
FeOOH

Preparation technique Width (nm) Length (nm)

Conventional condition 75 250

MW 25 80

US 50 175

MW-US combined 35 35
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materials, such as graphene, or doping polymers with graphene and an oxide

provides significant increases in electric conductivity, as demonstrated by Dey et al.

[53–55]. MW/US irradiation was used sequentially to obtain excellent oxide

nanoparticle (TiO2 and Fe2O3) dispersion over graphene. Anatase TiO2 nanopar-

ticles were supported on graphene and the composite was studied as a burn rate

enhancer and a combustion catalyst for the decomposition of ammonium

perchlorate. The graphene-TiO2 and Fe2O3 nanocomposites were then dispersed

in 20% polyvinyl acetate and used successfully as thermoelectric polymers.

The MW/US combination has also been used for the preparation of zeolite with

the aim of making it mesoporous and improving its catalytic activity [56]. The

strategy for the preparation was based on the addition of an ionic liquid (1-methyl-3-

[30-(trimethoxysilyl) propyl] imidazolium chloride) for use as a mesoporous

structure directing template (Fig. 17). SMUI facilitated the hydrothermal crystalli-

sation of the Al silicate gel containing IL at 80 �C for 10 min (200 W) and did so in

a shorter crystallisation time than the conventional process. A detailed character-

isation of the zeolite showed that the structure obtained under SMUI had increased

surface area and pore volume. The micro-mesoporous zeolite exhibited a well-

dispersed, cauliflower-like morphology and a more uniform particle size. Catalytic

activity was investigated on the alkylation reaction of styrene with o-xylene. The

SMUI-obtained catalyst gave higher yields as well as improved stability and

reusability.

Nano-hydroxyepatite has been obtained using the combined MW-US technique,

which was used with an eye to improving its performance in adsorbing fluorine from

contaminated water [57, 58]. The two published procedures solubilised Ca(NO3)2-
4H2O in water at pH values from 10.8 to 9.0. After the addition of KH2PO4 or

(NH4)2HPO4, the sample was treated with SMUI until a white agglomerate mass

was produced. One of the procedures pre-treated the mixture with US (50 W,

30 Hz) for 1 h before SMUI. Ultrafine and highly crystalline particles of uniform

size were obtained.

The sorption capacity of nano-HAp for the removal of fluoride ions from test

solutions of fluorine in water was found to be higher than that of other synthetic nano-

Fig. 17 Schematic representation of micro-mesoporous zeolite Y synthesis by SMUI and conventional
synthesis
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HApmaterials reported in the literature. Analogously, Liang et al. obtainedmesoporous

hydroxyapatite nanoparticles using SMUI [59]. In this publication, it was found that

flake-likemorphologywithout amesoporous structurewas recovered at lowMWpower

and temperature (10–50 �C), while a clear mesoporous derivative was observed when

the reaction was carried out from 50 to 90 �C. An increase in MW power, from 50 to

200 W, furnished amoremesoporous structure,whereas prolonging theMWirradiation

from 10 to 30 min did not influence the morphology of the nanoparticles.

5 Plant Extraction

Both MW-assisted extraction (MAE) and US-assisted extraction (UAE) have been

used independently in the extraction of vegetable matrices [60] and in efficient

green extractions [61]. US alone improves extraction as cavitation disrupts cell

walls, thereby releasing soluble components into the solution and increasing mass

transfer. MW causes efficient in-core heating and promotes the migration of

dissolved ions and polar species. Combined irradiation increases the solubility, and

hence yields, of extracted compounds and requires less time than either source

alone. Prolonged irradiation, however, may lead to the partial degradation of

sensitive molecules. Simultaneous irradiation has thus been successfully employed

in the extraction of essential oils from soybean germ and marine microalgae [62].

6 Conclusion

A number of papers have reported on environmentally friendly applications that use

combined MW-US irradiation in a number of fields, including organic/inorganic

synthesis, pollutant degradation, chemical digestion and even plant extraction.

Besides nanoparticle preparation and heterogeneous phase reactions, a pre-

dictable reaction rate enhancement under SMUI is expected for radical reactions.

MW and US generate hot spots, and these harsh localised conditions promote the

formation of reactive radicals and electron-transfer paths. The present review

summarises such developments and gives insight into future possibilities in

particular in nanoparticle preparation and heterogeneous catalysis. Process imple-

mentation and scale-up to pilot plants have also been highlighted, although

industrial applications will need a specialised engineering design. We believe that,

as time passes, non-conventional hyphenated techniques and hybrid reactors will be

recognised still further as a powerful ally to green synthetic chemistry and beyond.

Acknowledgements The University of Turin is warmly acknowledged for its financial support (Fondi

Ricerca Locale 2015).

References

1. Maeda M, Amemiya H (1995) Chemical effects under simultaneous irradiation by microwaves and

ultrasound, New. J Chem 19:1023–1028

Top Curr Chem (Z) (2016) 374:79

123 Reprinted from the journal198



2. Cravotto G, Cintas P (2007) The combined use of microwaves and ultrasound: new tools in process

chemistry and organic synthesis. Chem Eur J 13:1902–1909

3. Cravotto G, Borretto E, Oliverio M, Procopio A, Penoni A (2015) Catalysis in water or biphasic

aqueous systems under sonochemical conditions. Catal Commun 63:2–9

4. Cintas P, Cravotto G, Canals A (2012) Combined ultrasound-microwave technologies, in Handbook

on Applications of Ultrasound: Sonochemistry for Sustainability. CRC Press, Boca Raton,

pp 659–673

5. Cravotto G, Cintas P (2006) Power ultrasound in organic synthesis: moving cavitational chemistry

from academia to innovative and large-scale applications. Chem Soc Rev 35:180–196
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Abstract Ionic liquids (ILs) as reaction media, and sonochemistry (US) as acti-

vation method, represent separately unconventional approaches to reaction chem-

istry that, in many cases, generate improvements in yield, rate and selectivity

compared to traditional chemistry, or even induce a change in the mechanisms or

expected products. Recently, these two technologies have been combined in a range

of different applications, demonstrating very significant and occasionally surprising

synergetic effects. In this book chapter, the advantages and limitations of the IL/US

combination in different chemical applications are critically reviewed in order to

understand how, and in which respects, it could become an essential tool of sus-

tainable chemistry in the future. Fundamental aspects and practical considerations

of the combination are discussed to better control and demonstrate the brought

synergetic effects.
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1 Introduction

The combination of ultrasound with other innovative technologies starts to bring

some synergetic effects (note that synergetic effects are defined as greater effects

than the sum of parts considered separately). Some exciting routes are reported in

this book by coupling ultrasound irradiation with microwave, electrochemistry or

enzymes. This chapter is focusing on the combination of power ultrasound with

ionic liquids as solvents.

In the recent years, the use of ionic liquids (often abbreviated ‘‘ILs’’), salts with

low or no melting point (typically less than 100 �C at atmospheric pressure), have

attracted a lot of attention in different areas of chemistry, especially from the green

chemistry community [1]. ILs have indeed been identified as a new class of solvents

offering opportunities to transfer the traditional chemical processes to new, clean

and eco-friendly technologies [2]. ILs present some unique properties often

unavailable with traditional solvents including, in various cases, negligible vapour

pressure, air and moisture stabilities, high polarity, chemical and electrochemical

stabilities, etc. [3, 4].

Their applications as reaction media is an area of very active research, and new

approaches involving ILs have been proposed for aspects of organic and

pharmaceutical chemistry [5], preparation of materials [6], analytical chemistry

[7], energy chemistry [8], electrochemistry [9], microextraction [10], biomass

valorization [11], etc. Holbrey and Seddon made the estimation of nearly one

million simple ILs that can be easily prepared in the laboratory, leading to 1018

possible ILs, and even more if multi-ionic systems are considered [12, 13]. This

represents a great advantage in terms of tunability for these solvents, but also a

limiting drawback in terms of the lack of theoretical and fundamental data about

their properties to guide their use.

The most used ILs are generally composed of a bulky organic cation

(ammonium, phosphonium and sulfonium) with an alkyl chain associated to an

organic or inorganic anion (several cations and anions in the case of Double-Salt

Ionic Liquids, DSILs [13]). The synthesis of ILs is generally performed through the

first alkylation of an amine or phosphine (through a quaternization reaction, called

Menshutkin reaction) or sulfide leading to an intermediate salt, followed by anion

exchange with a Lewis acid, a metal salt, a Brønsted acid or via an ion exchange

resin (Fig. 1) [2–4]. The purification of ILs during and after their synthesis is a

Fig. 1 Principle of the synthesis of ammonium based ILs
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challenging step since impurities can have important effects, even at trace levels, for

example when biomass is involved in ILs-based processes [14].

The most commonly used cations are 1-alkyl-3-methylimidazolium, 1-alkylpyri-

dinium, 1-alkyl-1-methylpyrrolidinium, tetraalkylammonium, tetraalkylphospho-

nium and trialkylsulfonium (Fig. 2) and the common anions are chlorides,

chloroaluminates, hexafluorophosphate, tetrafluoroborate, triflate (or trifluo-

romethanesulfonate), thiocyanate, dicyanamide, bis(trifluoromethylsulfonyl)imide,

etc. (Fig. 3). The alphanumeric nomenclature allows naming an IL as a function of

the cation and its alkyl chain and the nature of the anion [4]. For example, the

1-butyl-3-methylimidazolium chloride is noted [C4C1im]Cl and N-octylpyrroli-

dinium hexafluorophosphate is noted [C8pyrr][PF6].

Ionic liquid media as well as sonochemistry are two technologies recently widely

developed in different fields of chemistry. Often, their uses in a reaction or process

produce improvements in terms of efficiency, selectivity, yield, reaction time,

recycling, and/or, in some cases, other unexpected results. The idea of combining these

two efficient technologies was innovative and produced clear synergies in some cases,

but it is important to look closely at the literature to understand how this unique

combination can be optimized as a highly effect approach to a number of chemical

processes [15]. To better understand how the IL/US combination has developed

recently, we studied publications reporting the combined use of these two technologies

(Fig. 4). Thus, the main applications involving the ILs/ultrasound combination are

about: (1) the use of ultrasound for the synthesis of ILs; (2) the synergetic effects found

in organic chemistry; (3) for materials preparation (catalysts, nanoparticles, nanotubes,

etc.); (4) for extraction and micro-extraction; (5) for biomass processing such as

dissolution or pretreatment of lignocellulosic feedstocks and (6) others applications

(electrochemistry, sonochemical degradation of ILs, fundamental studies, etc.).

Fig. 2 Main used cations in ILs

Fig. 3 Main used anions in ILs
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2 Synthesis of Ionic Liquids Under Ultrasound

In the 2000s, Varma’s and Lévêque’s groups proposed separately the use of

ultrasound to improve the synthesis of ILs [16, 17]. The first group developed a

solvent-free sonochemical protocol for the preparation of some 1-alkyl-3-

methylimidazolium halides ILs, comparing both the use of an ultrasonic bath

(40 kHz, 320–881 W), a probe system (20 kHz, 750 W) and oil bath conditions

(Fig. 5) [16]. From methylimidazole and chloro-, bromo- and iodoalkanes, yields up

to 92 % were obtained in reduced times (from 0.25 to 6 h under US against 25–34 h

under traditional conditions). Interestingly, butyl, hexyl and octyl dicationic salts

were also efficiently prepared though this method from dihalides.

Lévêque et al. reported the US-assisted synthesis of several 1-butyl-3-

methylimidazolium salts ([BF4]–, [PF6]–, [OTf]– and [BPh4]–) as shown in Fig. 6

[17]. The maximal isolated yield (80–90 %) was obtained after only 1 h under

ultrasound 30 kHz at 20–24 �C (maintained by a cooling bath) while was 30 h were

needed in the absence of US at room temperature. Indeed, the salt metathesis

(anions exchange) was clearly enhanced under ultrasonic conditions.

Fig. 4 Evolution of publications found for ‘‘ionic liquid and ultrasound’’ SciFinder� search, classified by
applications and by year. (Data of June, 2016). Publications dealt with ultrasonic velocity in ILs were not
included in this diagram (about 18 % of total publications)

Fig. 5 Synthesis of 1-alkyl-3-methylimidazolium halides under low frequency ultrasonic irradiations
[16]
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The use of ultrasound during the syntheses of ILs were widely reported by Zhao

[18] Cravotto [19, 22, 23], Li [20] Varma [21], Lévêque [22, 23], and more recently

by Messali [24–28], Punjabi [29] and Moldoveanu [30], leading to important

reductions of reaction time compared to traditional methods (called ‘‘silent

conditions’’). For example, Punjabi et al. showed the advantages of ultrasound

(40 kHz, nominal power of 115 W) in the three steps of preparation of ILs: (1) N-

alkylation of imidazole with n-butyl lithium in ethanol (3 h, US, room temperature);

(2) quaternization of 1-butylimidazole with 1-bromobutane (2.5 h, US, 10 �C); (3)

anion metathesis with silver/sodium/potassium salts (US, room temperature to

50 �C) [29]. Some reviews have also discussed the use of low-frequency ultrasound

or/and microwaves as activation methods for ILs syntheses [31–33]. Interestingly,

Deetlefs and Seddon assessed the green credentials of the syntheses of ILs promoted

by US [34]. Indeed, the reduced preparation times induced by cavitation

phenomenon, represent a significant green advantage compared to traditional

methods, especially when the preparation is performed solvent-free. However, the

authors noted that the coloration and slight decomposition sometimes observed

when ILs are exposed to ultrasound is an issue [35, 36]. From an industrial point of

view, this could be very limiting since the purification and decolorization of the salts

that is required as a consequence leads to poor E-factors. In resume, the main

challenge for the US-assisted synthesis of ILs is the scale-up, in regards to the

possible slight degradation of the ILs under ultrasound and the optimization of

ultrasound based processes.

3 Applications in Different Fields of Chemistry

3.1 Organic Sonochemistry

The first example of ILs-based organic sonochemistry was reported by Srinivasan

et al. [37] to promote C–C bond formation via a Heck reaction under ambient

conditions in 1,3-di-n-butylimidazolium bromide ([C4C4im]Br) and 1,3-di-n-

butylimidazolium tetrafluoroborate ([C4C4im][BF4]) with an ultrasonic cleaning

bath (50 kHz) [37]. The ultrasound assisted Heck reaction of the iodobenzenes with

alkenes at 30 �C showed complete conversion in less than 3 h to afford the desired

products in excellent isolated yields (73–87 %, Table 1). No reaction under similar

ultrasonic conditions was observed when the ILs were replaced by molecular

solvents such as dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP)

and no product, even at a trace level, was observed under ambient conditions in the

absence of ultrasound. This example confirmed that both IL and US are required for

Fig. 6 Synthesis of 1-alkyl-3-methylimidazolium salts under 30 kHz ultrasonic irradiations [17]
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the reaction, showing an enhancement of reaction rates and a decrease of reaction

times, compared to the classical and silent conditions.

The same research group reported several organic reactions in an ultrasonic

cleaning bath (50 kHz) such as the nitration of phenols [38], the Suzuki cross-

coupling [39], the synthesis of 3,4-dihydropyrimidin-2-(1H)-ones [40], the acety-

lation of alcohols [41], the synthesis of 1,8-dioxo-octahydro-xanthene derivatives

[42] and the Sonogashira reaction [43]. For all these reactions, authors systemat-

ically compared their results to those under silent conditions during several hours in

the IL medium and under sonication in molecular solvents such as acetonitrile,

methanol, ethanol, THF, DMSO, hexadecane, PEG-400 and/or dichloromethane to

show the synergetic effect brought by IL/US combination.

For example, the Suzuki coupling reaction in [C4C4im][BF4] under ultrasonic

conditions showed significant conversions (42–52 % from chlorobenzenes,

82–92 % from bromo- and iodo-benzenes, see Fig. 7) [39]. The coupling reaction

of iodobenzene with phenylboronic acid performed at 30 �C in the absence of

ultrasound showed only 25 % conversion even after 10 h vs. 92 % after 20 min

under US. The authors explained these results by the acceleration of the formation

of a Pd-biscarbene complex from interaction of the Pd and the [C4C4im]? cation and

the subsequent in situ generation of a zero-valent Pd-species as the active catalyst

(Fig. 8).

Table 1 Heck reaction of iodobenzenes with activated alkenes under 50 kHz in [C4C4im]Br/[C4C4im]

[BF4] ILs [37]

Entry R R0 Sonication

time (h)

Isolated

yield (%)

1 –H –COOMe 2.0 81

2 –H –COOEt 1.5 87

3 –H –Ph 1.5 82

4 –OMe –COOMe 3.0 82

5 –OMe –COOEt 3.0 79

6 –OMe –Ph 3.0 80

7 –Cl –COOMe 1.5 79

8 –Cl –COOEt 1.5 77

9 –Cl –Ph 1.5 73

Fig. 7 Suzuki coupling reaction in [C4C4im][BF4] under 50 kHz ultrasonic irradiations [39]

Top Curr Chem (Z) (2016) 374:51

123 Reprinted from the journal208



The choice of the IL can be crucial. For example, the sonochemical O-acetylation

of alcohols (50 kHz, 120 W output power, ultrasonic bath) performed in

imidazolium based ILs (Fig. 9) in the absence of any catalyst was tested in other

types of ILs such as ethylammonium nitrate and 1-n-bytylpyridium tetrafluoroborate

[41]. In these conditions, the conversion decreased to less than 50 % even after

several hours of sonication, while 80–95 % isolated yields was obtained in

5–30 min in the presence of imidazolium based ILs. The authors showed that

hydrogen bond (Lewis/Brønsted acid) interaction of the C2-hydrogen of the

imidazolium cation with the oxygen of the acetic anhydride was essential in the

mechanism of the reaction. In addition, the reaction time decreased under ultrasonic

conditions compared to silent ones (4–12 times shorter). The synergistic role of the

IL was confirmed by the fact that there was no reaction after several hours in a series

of molecular solvents under ultrasonic irradiation [41].

Interestingly, the IL/US combination was also efficient in the phase-transfer

catalysis based synthesis of butyl salicylate or mandelic acid [44, 45]. For example,

mandelic acid was prepared under ultrasound (40–80 kHz, input power of 120 W)

in [C4C1im][PF6] from benzaldehyde with chloroform in the presence of tetrabutyl

ammonium bromide as a phase transfer catalyst [44]. In the absence of ultrasound,

the reaction must be performed for 8 h to produce only 42 % yield, while it reached

90 % after 2 h under 60 kHz ultrasound irradiation. Here, it is possible that an

additional effect of the ultrasound is to increase the dispersion of the phase transfer

catalyst, increasing its surface area.

In previous studies, we worked on the epoxidation of cyclohexene, cyclooctene,

styrene and a-pinene with good yields in only 1 h in the presence of a manganese

tetraphenylporphyrin and hydrogen peroxide, using the hydrophobic

Fig. 8 Pd-biscarbene complex
proposed by Srinivasan et al.
[39]

Fig. 9 Sonochemical O-acetylation of alcohols in [C4C4im] based ILs [41]
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methyloctylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([C8C1pyrr][NTf2])

under 20 kHz ultrasound irradiation [46]. The results suggested a switch of reaction

mechanism according to the chosen experimental conditions (Fig. 10): (a) acetoni-

trile/silent stirring or (b) IL/US activation (Fig. 10). In the first case, the

metalloporphyrin was quickly degraded and its recycling was not possible. In the

optimized conditions (b), the IL prevented the degradation of the catalyst.

Moreover, the reaction time was significantly reduced under US. In the latter

conditions, the epoxidation reaction could occur via a classical high-valent oxo-

manganese porphyrin complex.

To unambiguously prove the proposed routes represented in Fig. 10, a chiral Mn

porphyrin complex was used as catalyst for the enantioselective epoxidation of

styrene: in the classical conditions (a), the racemic mixture of epoxides was

obtained while in the conditions (b), the ultrasonic asymmetric catalysis in IL

clearly showed that the mechanism involves the metalloporphyrin catalyst route

[47]. Thus, the IL/US combination improved the yields and decreased reaction

times, but also involved a new reactivity for this epoxidation reaction.

In summary, it is clear that, in a wide range of organic reactions, the IL/US

combination is often described in catalytic reactions as improving the yield, the

selectivity and the global efficiency of the process. However, the contribution of

physical and/or chemical effects of these outcomes may be several-fold depending

on the sonochemical conditions and equipment, as well as the nature of the studied

reaction [48–54]. A valid and systematic comparison with classical conditions is

Fig. 10 Proposed routes for olefins epoxidation reaction a in acetonitrile/silent conditions and b in IL/US
conditions [47]
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required to prove the true synergy of the IL/US combination. In addition, we

recommend all researchers studying these fascinating effects to provide a clear set

of control experiments to provide a basis for unambiguous conclusions.

3.2 Material Preparation

The combined use of ILs and US was investigated in the synthesis and the

preparation of different materials such as methanofullerene derivatives, [55, 56]

graphene sheet [57, 58], nanocrystals (ZnS, ZnO, Sb2S3, SnS, etc.) [59–65],

nanoparticles (SnO2, CuS, PbS, CdS, TiO2, Ag, Fe2O3, etc.), [66–72] energetic

materials [73, 74], mesoporous silica [75], specific photocatalysts, [76] etc.

For example, a stable graphene suspension was prepared in [C4C1im][NTf2] from

a dispersion of graphite under 20 kHz ultrasonic irradiation (60 min) with a high

concentration up to 0.95 mg.mL-1 [57]. The preparation of an IL-Pd-graphene

nanocomposite was also reported through a sonoelectrochemical route, as an

efficient electrochemical sensor for chlorophenols [58]. In this case, the ILs played

the role of a linker and enhanced the catalytic activity [77]. Sonication presents

known effects on the synthesis and modification of graphene, including the

exfoliation of the graphite into discrete graphene sheets, suppressed aggregation in

the reduction of graphite oxide compared to classical mechanical stirring [78]. Liu

et al. also reported the exfoliation of graphite into graphene sheets in 1-butyl-3-

methylimidazolium cholate, and their stable dispersions that were achieved under

20 kHz ultrasonic irradiation [79]. They also applied this technique to achieve a Pd-

nanoparticle-graphene hydrid, which was used as a catalyst for CO oxidation [80].

Numerous papers have reported nanoparticle synthesis and stabilization in ILs

[81–83], and their sonochemical activation was observed in catalytic processes via

dispersion improvement and surface depassivation [84–87]. Associating both

technologies led to synergetic effects in many cases. For example, Jin et al.

developed a sonochemical method for the preparation of gold nanoparticles capped

by a thiol-functionalized IL using hydrogen peroxide as a reducing agent [88]. In

this case, ultrasound (40 kHz, 80 W) accelerated the formation of gold nanopar-

ticles and helped their dispersion in the IL. The function of the thiol groups in the

selected IL was used to prevent Au0 particles from aggregating and the 1-(20,30-
dimercaptoacetoxypropyl)-3-methylimidazolium 300-mercapto-100-propanesulfonic

acid IL controlled the subsequent growth of nanoparticles in the aqueous media,

thanks to the thiol groups both in the cation and anion [89]. Behboudnia et al.

applied their sonochemical preparation method in a 1-ethyl-3-methylimidazolium

ethyl sulfate/water mixture for the synthesis of several nanoparticles such as SnO2,

CuS, PbS, CdS [66–69]. In all cases, the preparation was fast, efficient and led to

very small and highly dispersed nanoparticles. Others examples have reported the

same advantages in different ILs [70–72].

Recently, Li et al. prepared BiOCl/m-BiVO4 heterojunctions under ultrasound

(probably low frequency ultrasound) with different BiOCl content by changing the

amount of [C4C1im]Cl during the preparation process [90]. Authors reported that

the amount of IL has a significant effect on the structures of the obtained samples

based on XRD patterns. The surface morphology of the prepared samples was
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examined by scanning electron microscopy (SEM, Fig. 11). In fact, pure m-BiVO4

consisted of a large number of irregular nanoplates with smooth surfaces. With the

proposed method of preparation, square blocks with approximately the same

diameters were observed (10–20 nm). TEM and EDS analyses showed that the as-

prepared heterostructures are composed of BiOCl nanoparticles growing on the

BiVO4 nanoplates. These materials were efficiently used in photocatalytic reactions,

showing a significant improvement activity. In this study, the advantage of using

ultrasound was the short preparation time (\2 h), but no specific investigation on

the role of US was performed.

In resume, low frequency ultrasonic irradiations have been extensively used for

the synthesis of materials in ILs, in particular to improve the dispersion of the

Fig. 11 SEM images of BiOCl/m-BiVO4 heterojunction samples prepared under ultrasound from
different amounts of IL: a 0 g (blank sample), b 1.0 g, c 2.0 g, d 3.0 g, e 4.0 g and f 5.0 g [90]
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particles. The main consequence of this combination is the reduction of preparation

times, and often, a better quality of the synthesized materials.

3.3 Extraction and Microextraction

Nowadays, the extraction and microextraction area represents the main application

of IL/US combination [15]. Extensive literature is available in the area and reports

some advantages compared to the sometimes laborious, time- and volatile solvent-

consuming heat-reflux extraction. In particular, ILs have been widely investigated

for extraction processes for their solvation properties, high chemical stability and

the tuning opportunities that they offer [91–93]. On another hand, ultrasonic

extraction have been also efficiently developed to rapidly extract polysaccharides or

active ingredient, as a function of the chosen ultrasonic parameters [94–96]. For

some years, the IL/US combination for extraction has become an efficient approach,

especially to reduce the reaction time and facilitate the procedures. For example,

Cao et al. extracted piperine from white pepper via an ultrasonic pretreatment

(ultrasonic bath, 40 kHz) in imidazolium based ILs [97]. The procedure only

consisted of treating the sample powder in a water/IL mixture with low frequency

ultrasound, and after filtration and dilution, the solution was analyzed by UPLC. No

effects attributable to the ILs were observed on peak resolution, elution order and

elution time. Liquid-phase micro-extraction for determination of aromatic amines in

water samples also used the same kind of procedure showing the performance,

simplicity, stability, low cost, ease of operation and low consumption of organic

solvents offered by this method [98].

In resume, a synergistic IL/ultrasound combination has been extensively

demonstrated in the efficient extraction and microextraction of organic compounds

from liquid or solid products, coupled to different analysis techniques such as

chemiluminescence detection [99], GC–MS [100, 101], HPLC [102–106], high-

speed counter-current chromatography [107], flame atomic absorption spectrometry

[108–110], liquid chromatography-quadrupole-linear ion trap-mass spectrometry

[111], fluorescence detection [112], etc. The origins of this synergy is certainly

related to mass transport effects at the micro- and nano-levels, the ultrasound

compensating for the elevated viscosity of the ILs.

3.4 Electrochemical Processes

Ultrasonic electrochemical applications using ILs have also shown some advantages

in the recent literature. Hardacre et al. compared the electroreduction of N-

methylphthalimide to 3-hydroxy-2-methyl-isoindolin-1-one in ILs using phenol as a

proton donor under silent and ultrasonic conditions [113]. The rate of electrore-

duction increased under 25 kHz ultrasound irradiation (3 mm diameter titanium

probe, 95 W cm-2). It is noted that some darkening of the IL phase was observed

during the reaction and the identification by ion chromatography of fluoride from

the anion decomposition [113].

Fuchigami et al. worked on the electrochemical fluorination of ethyl a-

phenylthioacetate in fluoride and imidazolium based ILs under 45 kHz ultrasound
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irradiation via an immersible transducer positioned at the level of the anode during

the electrolysis [114, 115]. The mass transfer was improved in these experimental

conditions, leading to increased yield and selectivity of the corresponding a-

monofluorinated and a,a-difluorinated products, as a function of the imposed

current. In addition, sonication changed the stereoselectivity of the anodic

fluorination of 4-thiozolidinone.

Electrochemistry and sonochemistry have also been combined, successively, for

the synthesis of imidazole-2-thiones [116]. In this case, the electrochemical

reduction of 1,3-dialkylimidazolium ILs gave first the corresponding N-heterocyclic

carbenes that, after reaction with elemental sulfur under ultrasound (22.5 kHz,

100 W), led to 1,3-dialkylimidazole-2-thiones in very high yields in very short

times.

In general, low frequency ultrasound activation appears to improve electro-

chemical processes mainly via stirring effects (increase of mass-transfer coeffi-

cients) [117], continuous cleaning of the electrode surface and enhancement of

reaction rates [118]. For these reasons, some examples of ultrasonic-electrodepo-

sition processes in ILs were reported by B. Zeng’s [119–122] and J. Zheng’s

[123, 124] research groups.

3.5 Biomass processing

The IL/US combination has been also investigated in the biomass conversion field,

since numerous advantages of the use of ILs and US have been widely showed

separately [125]. Indeed, IL based strategies allow generally (1) a simple dissolution

of cellulose, and possible regeneration for development of advanced materials (2) a

direct dissolution of lignocellulosic biomass with separation of major components

for direct use of the resulting biopolymers (3) a homogeneous dispersion for a facile

depolymerization into low molecular weight chemicals, and (4) a facile pretreat-

ment of wood for the access of enzymes or chemicals to react more easily [126].

Ultrasound irradiation can meet the challenge of processing recalcitrant and

multicomponent lignocellulosic biomass, providing a severe physico-chemical

environment that is difficult to obtain with other engineering methods. After

treatment, no remarkably change in the chemical structure of biomass and in

mechanism reactions is generally observed [127], but reaction kinetics are often

accelerated, enhancing the efficiency and economic aspect of the biomass

conversion processes [128, 129].

In 2007, Mikkola et al. functionalized microcrystalline cellulose, cotton linters

and Kraft cellulose in the presence of 2-chloropropanoic acid or 2-chlorobutanoic

acid using low frequency ultrasound [130]. The process involved 1-allyl-3-

methylimidazolium chloride or 1-butyl-3-methylimidazolium chloride which are

able to dissolve the biopolymer in a few minutes (\25 min) under ultrasound. In

this case, ultrasound enhanced the dissolution procedure, without any negative

effects on the cellulose units.

Rogers et al. also reported that an ultrasonic pretreatment (42 kHz ultrasonic

bath, 135 W) improved the dissolution of cellulose in 1-ethyl-3-methylimidazolium

acetate ([C2C1im][OAc]) [131, 132] and facilitated the separation of lignin and
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hemicellulose components in choline acetate ([Cho][OAc]) [133]. The same IL was

used by Takahashi et al. for IL/ultrasound-assisted pretreatment and in situ

enzymatic saccharification of bagasse [134]. The cellulose and hemicellulose

saccharification percentage was 80 and 72 %, respectively, when the in situ

saccharification was performed for 48 h in the presence of 10 % [ChO][OAc].

These percentages reached 72 and 53 %, respectively, even in the case of 20 %

[Cho][OAc]. In this case, ultrasound was irradiated for 60 min at 24 kHz (output

power of 35 W) using an ultrasonic probe in a water bath maintained at 25 �C, only

for the first step, improving the pretreatment of bagasse.

Liu et al. used an ultrasonic probe (frequency not indicated, probably less than

50 kHz, 20–75 W) to dissolve cellulose in 1-butyl-3-methylimidazolium chloride

([C4C1im]Cl) [135]. The authors showed that ultrasound with high power results in

oxidative degradation of the cellulose. Ju et al. explained that ultrasonic treatment

improved the solubility of cellulose because it facilitated the penetration and

diffusion of 1-allyl-3-methylimidazolium into the structure of the samples [136].

In the biomass conversion area, the most studied application of the IL/US

combination is in the pretreatment of cellulose or lignocellulosic biomass to

enhance enzymatic reactions [137–144]. ILs could access the cellulose and disrupt

the hydroxyl bonds more efficiency during sonication through mass transfer

improvement. Yu et al. showed that, in the sonochemical driven enzymatic

isomerization of glucose to fructose in imidazolium ILs, the association of the two

technologies helped to off-set the disadvantages of the cavitation effect on the

enzyme caused by ultrasound as well as the mass transfer limitations caused by the

high viscosity of the IL [145].

Hernoux-Villière et al. converted starch-based industrial waste (potato peels) into

reducing sugars in 1-allyl-3-methylimidazolium chloride and 1-(4-sulfobutyl)-3-

imidazolium chloride [146]. Microwave and low frequency ultrasound activations

were investigated to perform the depolymerization of the raw starch based material;

only microwaves appeared to reduce the reaction time by reaching the required

temperature in a short time period. The ultrasonic bath was not powerful enough to

allow the mixing of a highly heterogeneous and viscous system that requires the use

of an ultrasonic probe directly immersed in the solution for a direct irradiative

mode.

Guo et al. used a Bronsted acidic IL as catalyst instead of as a solvent for the

production of biodiesel from soybean [147]. Thus, in methanol and under

ultrasonic conditions (24 kHz, 200 W), the methyl ester conversion reached

93.2 % after 60 min. It appears that the IL/US combination should be, after

optimization of all the parameters, an efficient and eco-friendly tool for synthesis

of biodiesel [148].

In resume, many advantages have been already showed for the pretreatment of

biomass for fuels production and extraction processes, but the possibility to produce

high-value chemicals is, in many cases, not identified or reported [125]. The IL/US

combination should provide innovative results in the next future.

Top Curr Chem (Z) (2016) 374:51

123Reprinted from the journal 215



4 Effects of Ultrasound on Non-Volatile ILs

A classical observation during the sonication of ILs is their darkening from colorless

to amber as a function of the irradiation time, indicating some decomposition of the

IL. Generally, the IR, 13C NMR, 19F, fast atom bombardment mass (FAB-MS), UV–

visible spectra and elemental analysis of irradiated ILs contained no significant

difference before and after sonication. Suslick’s group investigated the sonochem-

istry and sonoluminescence of some imidazolium based ILs ([C4C1im]Cl, [C4C1im]

[BF4], [C4C1im][PF6]) and decylmethylimidazolium tetraphenylborate ([C10C1im]

[BPh4]) under 20 kHz irradiation (60 W.cm-2) for 3 h at 85 and 135 �C under an

Ar flow [35]. After sonication, the 1H NMR spectrum of the ILs showed some

additional peaks in the imidazole region amounting to 0.44 % of total hydrogen.

Interestingly, the headgas over each sonication was analyzed by GC–MS (Table 2).

During sonication, the imidazolium based ILs produced gases containing traces of

light hydrocarbons and nitriles, clearly due to the degradation of the imidazolium

rings. Headgases from sonication of [C4C1im][BF4] and [C4C1im][PF6] contained

no detectable fluoride-containing species and from [C10C1im][BPh4] contained

72 % benzene and traces of other cyclic products.

Suslick et al. also compared the multibubble sonoluminescence (MBSL) spectra

of [C4C1im]Cl, 1-methylimidazole and 1-methylimidazole with 1.5 % n-butyl

chloride, showing molecular emission from excited states of C2 carbon and CH.

They concluded from the products analyzed by 1H NMR, that the headgases and the

MBSL spectra are a result of the ultrasonic decomposition of both the ILs

themselves and of their primary sonolysis products [35, 149]. The primary

decomposition products for the imidazolium based ILs are N-alkylimidazoles and

1-alkylhalides.

Interestingly, the identification of the degradation products of hydrophobic

bis(trifluoromethylsulfonyl)imide [NTf2]- -based ILs irradiated under 20 kHz

ultrasound allowed to determine the mechanisms of degradation via the formation of

the primary and secondary sonolysis products [36]. Pyrolysis reactions were

suggested at the site of collapse of the cavitation bubbles. No product of oxidation

by HO� radicals was detected. For the irradiation of [C8C1pyrr][NTf2], analyses

reported degradation products of the octyl chain (44 %), benzene derivatives

Table 2 Headgas composition during sonication of ILs [35]

Entry IL Headgas components

1 [C4C1im]Cl Chlorobutane (25.6 %), chloromethane (51.1 %), imidazole decomposition

products (23.3 %)a

2 [C4C1im][BF4] Imidazole decomposition productsa

3 [C4C1im][PF6] Imidazole decomposition productsa

4 [C10C1im][BPh4] Benzene (71.6 %), toluene (7.8 %), cyclopentadiene (1.4 %), 1-hexene

(0.5 %), 2,4-hexadiene (0.7 %), imidazole decomposition products (18 %)a

a Imidazole decomposition products : 1,3-butadiene (0.4 %), 1,3-butadiyne (2.2 %), acetonitrile/iso-

cyanomethane (21.9 %), 2-methylpropane (60.7 %), 2-propenenitrile (7.4 %) and pent-3-en-1-yne

(7.4 %)
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obtained through reforming mechanisms (20 %), derivatives of acrylonitrile

obtained from ammoxidation of propene under air (6 %) and sulfur-containing

compounds resulting from the degradation of the [NTf2]- anion (3 %). The

temperatures and pressures required for pyrolysis reactions fit with the intense local

heating (about 5000 K) established when cavitation bubbles collapse.

These results obtained on ILs [35, 36, 149] are consistent with the two-site model

of sonochemical reactions involving the bubble’s gas-phase interior and the

immediately surrounding shell of liquid phase [150]. Ashokkumar et al. determined

a temperature of about 3500 K generated in the imploding cavitation bubbles in

1-ethyl-3-methylimidazolium ethylsulfate ([C2C1im][EtSO4]) and observed an

enhancement in the sonoluminescence intensity with increase in bulk fluid

temperature and the corresponding decrease of the IL viscosity [151].

To limit the degradation of hydrophobic ILs under ultrasonic irradiation, we

proposed a water/IL biphasic system leading to a reduction by 20 times of the

amount of degradation products [36]. In this case, the hot spots could be

preferentially located in the aqueous phase rather in the IL, mainly due to their

difference of viscosities and vapor pressures. We also determined the acoustic

power of some [NTf2]- -based ILs submitted to ultrasound [152]. Despite very

different specific heat capacities (cp) for water and for ILs, the measured acoustic

powers were very similar for both media. Thus, the faster heating up of the ionic

liquids compared with water can lead to interesting effects as a solvent for organic

reactions. Further investigations are needed to probe whether the cavitation model

can be applied more broadly to all non-volatile ILs.

Physico-chemical characterizations of ILs such as heat capacities, enthalpies,

entropies of vaporization, H-bonding abilities, etc., are increasing [153, 154] and

should be of importance to further better understand physical and chemical

reactivity under ultrasound.

5 Sonochemical Degradation Treatment of Ionic Liquids

With their growing use as solvents and their high chemical stability, ILs could be

detected in technological wastewasters, and they could break through classical

treatment systems into natural waters, becoming persistent pollutants [155]. In

addition, it is difficult to exactly determine the toxicity towards cells and

environment with the current data, and the millions of possible cation/anion

combinations lead to a complex evaluation of their impact on health and

environment [156, 157]. Hence, degradative processes that could be applied as a

waste treatment strategy are of importance to the field.

Li et al. developed an efficient process for oxidative degradation of 1,3-

dialkylimidazolium ILs in hydrogen peroxide and acetic acid medium under high

frequency ultrasound (330 kHz, 750 W) [158]. The authors achieved a degradation

efficiency of 93 % after 12 h, and 99 % after 72 h. Degradation products were

determined using GC–MS to propose a possible mechanism of degradation

(Fig. 12).
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Wang et al. developed a zero-valent iron activated carbon micro-electrolysis

system under low frequency US (ultrasonic bath, 45 kHz, 300 W) to degrade

1-butyl-3-methylimidazolium chloride residues in water [159]. More than 81 % of

[C4C1im]Cl was mineralized after a 110 min degradation reaction. The authors

suggested that the imidazolium ring was oxidized to 1-butyl-3-methyl-2,4,5-

trioxoimidazolidine, and then the ring was opened to form N-butylformamide and

small molecular compounds. The authors demonstrated the efficiency of this method

on different ILs showing that the degradation mechanism was dependent of the

nature of the IL [160]. However, this technique has only been applied to treatment

of low concentrations of IL in water (about 1 mmol L-1) and investigation of higher

concentrations would be an important step.

6 Conclusions and Outlook

In the two last decades, the use of ultrasound has been increasingly investigated in

the presence of, or for the synthesis of ILs. The main areas where this synergistic

combination are applied are organic chemistry, the synthesis of ILs, and more

recently for materials preparation (catalysts, nanoparticles, nanotubes, propellants,

etc.), for extraction and micro-extraction, electrochemistry, biomass processing,

sonochemical degradation of ILs, etc. For instance, the use of low frequencies is

predominant with IL media, probably for its ease of processing and its accessibility

at lab. Most often, the beneficial consequences of the IL/US combination are the

decrease of reaction/preparation times with improvements in yield, selectivity and/

or quality of the products, compared to silent conditions. In some cases unexpected

results can also be obtained under ultrasonic irradiations, thereby offering the

potential for new synthesis pathways. Increasingly, low frequency ultrasound in an

IL medium is also particularly valuable in the extraction area, offering significant

benefits in terms of processing time and energy reduction, efficiency in mass and

energy transfer, high reproducibility and simplification of manipulations.

The potential for further promising opportunities to emerge from the ILs/

ultrasound combination is already based on numerous examples. We especially

identify some important issues, trends and potentials for this combination:

Fig. 12 Oxidation degradation mechanism of [C4C1im]? cation under high frequency ultrasound [158]
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6.1 Rigorous Experimental Data About Ultrasound and ILs

It is true for all uses of ultrasound, but even more so when ILs are chosen as

propagation media: all the ultrasonic parameters should be reported in the literature

to better understand the phenomenon occurring in ILs during the cavitation. The

purity of ILs, the identification of impurities and the water content also represent

significant issues and should be clearly specified in all experimental sections. The

more systematic physico-chemical characterizations of ILs should lead to collect

crucial data to better understand the behaviours of ILs under ultrasonic irradiations.

6.2 Investigation of Mechanisms

Ultrasound activation is not a simple tool of stirring and ILs have not the classical

behaviours of organic solvents. It is a huge challenge to collect more detailed

investigations of the mechanisms involved under ultrasonic irradiation in ILs in

order to better understand the phenomena and better control the expected effects.

6.3 Right Balance in Terms of Energy

At low frequencies, it is necessary to provide enough energy to favor the physical

effects. In many cases, the highly heterogeneous and viscous systems obtained in

ILs require a direct irradiative mode via an ultrasonic probe directly immersed in the

solution, since ultrasonic baths are not always sufficiently powerful. However,

depending on the IL nature and purity, an acoustic power that is too high can cause

partial degradation of the IL. Many papers reported the darkening of the irradiated

IL as a function of the time; this represents a real issue for industrial applications.

6.4 Water Amount in ILs Under Ultrasound

The presence of water or organic impurities in irradiated ILs may impact

significantly the acoustic cavitation phenomenon. This direction needs to be

investigated in depth and could represent an opportunity to avoid the darkening and

degradation of ILs under US.

6.5 Investigation of High Frequency Ultrasound

As described previously, high frequency ultrasound seems currently to be mostly of

interest as a means for IL degradation via advanced oxidation processes. However,

the use of high frequency ultrasound needs to be further explored in order to provide

a basis for optimising reactivity in the presence of IL based media, for organic and

catalytic reactions.

6.6 New Opportunities for IL/Ultrasound Combination

This combination opens the door to interesting opportunities in new research areas.

The combination with other technologies represents a great potential in term of
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innovation, for examples coupling with enzymatic catalysis for enhancing

enzymatic activity in ILs [161, 162]. In these cases, it will be important to study

silent, coupled and non-coupled conditions separately, for comparison and to

highlight the synergetic effects. The combination with microwave can also bring

new insight in the area [163–165].

Based on the numerous advantages discussed in this chapter, in terms of time

reduction, yield improvement, energy economy and innovation, the US/IL

combination clearly has a strong potential to contribute to innovation broadly in

green and sustainable chemistry.
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Abstract A compact snapshot of the current convergence of novel developments

relevant to chemical engineering is given. Process intensification concepts are

analysed through the lens of microfluidics and sonochemistry. Economical drivers

and their influence on scientific activities are mentioned, including innovation

opportunities towards deployment into society. We focus on the control of cavita-

tion as a means to improve the energy efficiency of sonochemical reactors, as well

as in the solids handling with ultrasound; both are considered the most difficult

hurdles for its adoption in a practical and industrial sense. Particular examples for

microfluidic clogging prevention, numbering-up and scaling-up strategies are given.

To conclude, an outlook of possible new directions of this active and promising

combination of technologies is hinted.
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1 Introduction and Definitions

1.1 The Basics of Ultrasound

We present in Fig. 1 a comprehensive diagram with terms and concepts that will be

described and expanded in the text. After reading this work, it will be clearer to the

reader how synergy, understood in the framework of process intensification (PI), has

the largest relevance when analysing the combination of microfluidics and

ultrasound applications.

Ultrasound effects on matter are widely known in academic and industry circles.

There are several practical applications that have been extensively covered in the

literature, ranging from mechanical and chemical processing, medicine, food

industry, to cleaning. Use of ultrasound can be either continuous or pulsed and

across a broad range of frequencies (20 kHz up to 1 MHz) and acoustic pressures

depending on the application [1–6]. Frequencies higher than 1 MHz are known to

be used, especially when talking about particle handling and acoustic stream-

ing [7, 8]. Sonochemistry describes the chemical effects of ultrasound on molecular

transformations. Different from other energy sources to drive reactions, the

chemical effect of ultrasound in liquids is not linked to a direct interaction with the

molecules [9]; instead, the energy contained in the sound is channeled into acoustic

Fig. 1 Diagram with terms and concepts described in this chapter. The relative sizes of the items
described on the left increase from top to bottom. On the right we connect the different sizes where the
process intensification concepts have the greatest influence
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cavitation, i.e. the formation, growth, and subsequent collapse of bubbles in a

liquid [10]. These collapse events lead to temperature and pressure hot spots inside

the bubble (high temperatures[5000 K and pressures[1000 atm), which in turn

activate chemical transformations without altering much the liquid medium [9, 11].

Actually, although the high temperatures and pressures are inside the bubble, most

of the relevant chemistry happens in the liquid phase. The importance of bubble

collapse is such that it appears that chemical reactions as a result of cavitation might

have played a role in producing complex organic molecules in prebiotic times [12].

We can fairly say that ultrasonication, or the exposure of matter to ultrasound, has

reached a state of maturity.

Despite the wide use of cavitation, the borders between the physical and

chemical phenomena remain blurred, which contributes to an extended use of

sonochemistry in a black-box manner. The reason behind this is that cavitation

effects such as of liquid jets, streaming, chemical radical molecules production,

plasma formation with light emission, and shockwaves, are intertwined in complex

dependencies that are hard to resolve in space and time [13]. Often, users of

sonochemistry and outsiders tend to confuse the definition of a bubble (gas in a

liquid, or gas in gas as in soap bubbles) and cannot correlate a given effect with a

specific phenomenon. This situation has not prevented sonochemistry from being

widely exploited in several useful applications, yet we think it could be done more

efficiently.

1.2 The Basics of Microreactors

Using microstructured devices in chemical engineering provides several advantages

over conventional, and mostly batch, reaction systems. Because of the decrease in

characteristic length scale, an increased surface-to-volume ratio ðm2=m3Þ is

obtained, with benefits such as enhanced heat and mass transfer coefficients, as

well as improved energy conversion efficiencies [14–19]. In addition, the typically

small volumes allow a safer handling of hazardous materials and reduced risk when

performing high-parameter reactions (pressure and temperature). Early studies

showed the potential of using microreactors for chemical synthesis in small-scale

flows [14, 15]. Research over the past decade focused on developing complex

microchemical systems to enable multi-step processes, especially focusing on

transformations involving multiphase flows. A prime example of such a multi-step

microchemical synthesis is the continuous flow, multi-step Heck synthesis

performed by integrating microreactors, liquid–liquid extraction, and microfluidic

distillation [20]. These early studies highlight the potential and the usability of

microchemical devices, especially for rapid experimentation and shortening product

development cycles.

In order to define the size range of microchannels or capillaries it is not sufficient

to consider only their characteristic dimension, e.g. in terms of their hydrodynamic

diameter DH. Also, the wall roughness of microfluidic devices ðDH �Oð10�6 mÞÞ
cannot be neglected at this scale, and it is associated with the tolerances of

microfabrication techniques [21]. The roughness and hydrophobic properties of a
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surface have a strong influence in the existence of small gas pockets that can

eventually serve as nucleation of bubbles, as will be discussed further in this text.

The existence of surface nanobubbles is related to the pinning of the three-phase

contact line at chemical or geometric surface heterogeneities, and such bubbles can

form when the liquid comes into contact with the surface, but also from gas

supersaturation during the immersion process [22].

On the other hand, concentration, temperature, and other gradients are reduced

significantly when compared to equivalent conventional devices. Singular behaviour

of matter at the microscale is rather attributed to the application of models derived

for large-scale geometries, describing pressure drop and transport processes

(e.g. wall heat transfer) that deviate considerably when applied to microchannels.

An important observation of chemical processes in microchannels is that the two-

phase flow regime is independent of the channel orientation, i.e. the phase

distribution will be the same in horizontal and vertical channel alignment. These

differences between macro- and microchannels arise from the relative importance of

gravity and interfacial forces: interfacial effects dominate phenomena at the

microscale. Consequently, the definition of microchannels does not just depend on

their physical size, but also on the properties of the considered fluid system. One

proposed criterion is to calculate the Laplace length scale k [23], which uses the

ratio of interfacial and gravitational forces to quantify a cut-off dimension below

which the effect of gravity can be neglected

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðqL � qGÞ

r

ð1Þ

where r denotes the interfacial tension, g is the acceleration due to gravity, and qL
and qG are the densities of the liquid and gas (or second immiscible liquid) phase,

respectively. If the hydrodynamic diameter of the flow channel is smaller than this

Laplace length scale (DH\k) it can be considered a microchannel, and this

dependence on the fluid properties results in a rather wide size range.

Table 1 shows selected (and commonly encountered classes) of two-phase flow

systems and their corresponding values of the Laplace length scale. Gas-liquid

systems are characterized by large density differences, but also large interfacial

tension, which then results in Laplace constants of k� 3mm. In liquid–liquid

systems the determining parameter is interfacial tension, as the density difference

between two liquid phases is negligible. Table 1 quantifies one example each for

Table 1 Fluid properties and associated Laplace length scale for selected two-phase flow systems

[24, 25]

Property Water Nitrogen 1-Butanol Toluene DMSO

Density q (kg m�3) 998 1.25 810 867 1100

Interfacial tension r (N m�1) 0.072 0.002 0.037 0.057

Laplace length scale k (mm) 2.71 0.98 5.33 7.65

Values for the interfacial tension and Laplace length scale assume water as the primary phase
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low (1-butanol), intermediate (toluene), and large (DMSO) interfacial tension, and

the accompanying wide size range below which gravitational effects can be

neglected.

It is known that acoustic cavitation relying on nuclei does not occur easily in

microfluidics because the static pressure inside the microchannels is high, which

tends to promote the fast dissolution of gas bubbles [26]. For a cavity or bubble to

be formed in a liquid, the energy required theoretically is extremely high. For a

small bubble forming in water with a radius *10-10 m, the minimum negative

pressure (also referred to as Blake threshold pressure) required to overcome water

molecule cohesion forces is ca. 1400 atm [27]. The pressure inside a gas bubble

pg tð Þ is a result of the sum of the ambient pressure P0 and the Laplace pressure (not

considering the vapor pressure)

pg tð Þ ¼ P0 þ
2r
R tð Þ ð2Þ

where r is the surface tension and R tð Þ is the bubble radius. When the first term in

the right hand side of Eq. 2 dominates, bubbles can be considered ‘‘large’’, meaning

that the gas pressure inside the bubble is dominated by the ambient pressure; as a

reference, R � 2r=P0, corresponds to a radius R � 1:4lm, for air in water at

ambient pressure. For small bubbles the Laplace pressure dominates. During the

expansion phase (lower pressure) of a sound wave, bubbles can be formed (see

Fig. 2).

In practice, values much smaller than the Blake threshold pressure (1–3 atm) are

sufficient to create bubbles [28]. This is due to the presence of small particles or

defects in the container holding the liquid, that can entrap gas nuclei, which serve as

a weakening spot for molecular cohesion. Once a bubble is formed and reaches a

resonance size depending on the ultrasonic frequency, it can suddenly grow to a

larger size, become unstable, and violently collapse, hence the term transient

cavitation. Alternatively the bubble may oscillate during several cycles at its

resonance size, meanwhile generating large local streaming; this is known as

Fig. 2 Schematic representation of a free bubble and a bubble close to a wall, oscillating due to pressure
variations imposed by an ultrasound transducer. At the moment of collapse, radicals, shockwaves and
light emission (sonoluminescence) can be produced as detailed in the text. When near a surface or another
bubble, jetting can also occur. Repeated collapse events against a surface can lead to erosion of surfaces
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stable cavitation. Acoustically driven capillary waves can also induce cavitation in

microfluidics. Capillary waves travel on the surface of a liquid while restoring

forces are provided by the interfacial tension when the wavelengths are short

enough for gravity to be neglected. There are comprehensive works covering several

aspects of the types of bubbles, and cavitation, for which we refer to the

literature [22, 26, 27, 29].

1.3 Synergistic Effects When Combining Ultrasound with Microreactors

The use of the term synergy is not always correct in specialised literature. Most

definitions or examples fail to illustrate how two or more techniques are able to

produce a combined effect greater than the sum of their separate effects, particularly

in sonochemistry [30–32]. The concept of process intensification is highly linked to

modern chemical engineering as it aims for a more sustainable and efficient way to

manufacture chemical products [33]. This is achieved by the introduction of

innovative principles in both process and equipment design, which will then lead to

significant improvement in process efficiency and product quality, that in turn

further reduces waste streams.

Figure 3 depicts the main goals of PI together with the associated length scales:

1. Maximize the effectiveness of intra- and intermolecular events,

2. Give each molecule the same processing experience,

Fig. 3 Fundamental view on process intensification showing the connection between the involved scales,
approaches and goals [33]. The approaches to successfully intensify a process can be categorized in four
domains: spatial, thermodynamic, functional, and temporal. These approaches need to be applied on all
the relevant time and length scales depicted in the green bar. These scales range from the molecular level
to the size of a chemical plant. Reprinted with permission from [33]. Copyright 2009 American Chemical
Society
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3. Optimize the driving forces at every scale and maximize the specific surface

area, and

4. Maximize the synergistic effects from partial processes.

Given its inherent properties, microfluidic systems can address all these goals, and

in parallel chemical engineers have assimilated the fact that ‘‘larger’’ equipment is

not always necessary to reach an economy of scale. In the past three decades several

academicians and companies have adopted a ‘‘scaling-down’’ strategy of pro-

cesses [34–36]. In addition to the benefits mentioned earlier in Sect. 1.2,

microfluidic systems represent a well-defined reaction platform for a wide array

of chemical manipulations and synthesis. Among other properties, the residence

time of species and the reactor temperature can be precisely controlled [37, 38].

This also allows rapid experimentation in terms of high-throughput screening (e.g.

reaction conditions, catalysts) [39–41] and automated optimization [42–44]. In

addition, microfluidic systems open novel process windows [45], as they allow safe

synthesis in harsh conditions [46] and increase the achievable reaction space by e.g.

performing synthesis in supercritical solvents [47–49]. All these studies highlight

the potential of using micro-reactors for chemical synthesis in small-scale flows, and

consequently more complex microchemical systems to enable multi-step processes

have been developed [20, 50].

Owing to the small length scales and associated small fluid penetration depths,

microfluidic devices also allow the integration of various external energy sources,

and thus open up novel routes for PI. Selected applications include photo- and

electrochemistry [51, 52], and acoustic microfluidics [53]. While acoustic

microfluidics is mostly related to the manipulation of particles via the

acoustophoretic force [54], here we focus on the synergistic effects of microfluidics

and ultrasound. Since quantifying the separate effects of using microfluidics with

ultrasound and comparing the results with their combined effect is required to

demonstrate a synergy, we perform a mind experiment. Take a microfluidic reactor

that can operate for 1 h until it clogs. The application of ultrasound (even below the

pressure amplitudes that yield cavitation) will have improved mixing, heat, and

mass transfer, but no direct effect whatsoever in the reaction progress (radicals,

light, etc). Most likely, the clogging of the microreactor will be reduced and the

reactor will be able to operate for a longer time. This has a clear synergy result, in

terms of mechanical effects, since the combination of both techniques will lead to

the desired products and longer operation time.

Progress in the field of continuous manufacturing has also been well received by

industry. In a collaborative paper co-authored by several major pharmaceutical and

fine chemistry companies (GSK, DSM, Boehringer Ingelheim, Pfizer, AstraZeneca,

Eli Lilly, Johnson & Johnson, Merck) the need for further research efforts in process

intensification was already identified recently [55]. This also includes the demand

for novel concepts for continuous reaction systems to enable fine chemicals

manufacture.

Despite the many advantages of microchemical systems and their successful

applications in chemical engineering research and pioneering companies, one major

practical drawback greatly limiting their use in commercial environments and larger
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scales, is their susceptibility to channel clogging for flows containing particulate

matter. This is especially problematic when solid particles are formed as a by-

product of a particular chemical reaction, as the amount of solid matter gradually

increases along the axial extent of the microchannel. Integrating microfluidic

reactors with ultrasonic actuators has been proven successful to mitigate clogging

and to ensure long-term operation [56–58]. We expect that more attention to the

potential of combining microfluidics and ultrasound will be given in the coming

years, and more studies able to highlight the ‘‘real’’ synergy will see the light. Other

examples will also be given in Sect. 3.

2 Economical Drivers and Scientific Impact

Fundamental transformations have taken place in the ways that society and the

economy influence each other over the last decade. The current growth model has

been exhausted as we observe a slowdown in the global economy. A possible

alternative to the ways we produce and exploit the natural resources in a sustainable

way can be supported by technological changes or innovations. Ecological aspects,

such as the impact on the environment and other phenomena such as global

warming and the realization that natural resources are not unlimited, has triggered a

more conscious approach on how we can continue exploiting natural resources in a

sustainable, safer, and responsible way. Ultrasound and microfluidics separately

have contributed to significant advances in this respect [30, 59, 60]. Scientific

innovation is being accelerated both in globalised markets and our more

interconnected world, at a pace not reported before. Some experts credit the Fourth

Industrial Revolution for which enabling technologies such as alternative fuels, 3-D

printing, and nanotechnology, have already been linked to microfluidics and

ultrasound [61–68]. On the other hand, with the current power of social media,

some scientists team up with designers, marketing and other professionals across

disciplines, in such a way that it is possible to address better the existing needs of

society. This can result in a market-pull approach where new ideas and products are

tailored to specific costumers, and in turn will accelerate deployment into society.

Currently, the ultrasonics and microfluidics communities are induced to innovate

and revisit existing knowledge toolboxes in order to ensue a technology-push with

the hope to commercialise new inventions. Since 1996, the number of research

publications and patents having as keywords ‘‘microfluidics’’, ‘‘chemistry’’, and

‘‘ultrasound’’ indexed in Scopus is 1908 and 1262 respectively. The number of

articles in 2015 was 357, and the number of patents was 128, with an estimated

10 % increase per year in both categories over the last 5 years. Microfluidics as a

commercial activity is in its hype phase, where established companies and new spin-

offs amount to an estimated 670 according to industrial observers [69]. An

interesting trend is seen towards integration of platforms such as plug-and-play

components and standardisation. Further, several universities are active in the

creation of spin-offs that can eventually be bought by larger companies (e.g. phar-

maceutical and electronic) depending on their potential to produce components, and

the services they can provide.
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We refer the reader to some references and interesting developments around

microreactor technology given by Sigma-Aldrich’s product manager [70], including

the possibility to buy generic ‘‘all-in-one solution’’ microreactors, which are labeled

as ‘‘the chemist’s round bottomed flask of the twenty-first century’’. Several

companies provide commercial micro- and milli-reactor solutions, e.g. Chemtrix,

Corning, ESK, Micronit and Velocys. Among the companies involved in the

commercialization of ultrasound integrated reactors we are aware of, Hielsher

commercialises an Ultrasonic Mini flow cell and a GDmini2 Ultrasonic Inline

Micro-reactor; Prosonix has catered to larger scale reactors in its Prosonitron project

for Aughinish Alumina (Glencore) [71].

Conversely, some larger transnational companies are shedding their research and

development groups that sometimes become start-ups on its own. The spun-out

researchers that assemble in new companies toughen the competition between

academics and other institutes for subsidies or research funds. Shorter product-life

cycles, together with continuously changing market trends and offer-demand

balance are the new normal in most commercial activities [72]. This situation has

had a tremendous impact worldwide on the chemical industry and research as a

whole, twisting, or skewing governmental financing towards private investment in

many countries. Since subsidies and funding scheme for research are drying out, the

advent of social campaigns has become an alternative. Researchers are increasingly

more active in social media and stream their research and products to meet non

conventional demands, such as for cooking [73, 74]. Non-traditional ways to fund

research such as for innovative ultrasonic equipment for cleaning applications have

been funded through crowd-sourcing schemes [75].

Nevertheless, there are certain risks that need to be addressed and minimized. To

begin with, the regulations and amount of information ruling the use of US

equipment are scarce. Logically, until they are not clarified, it will be hard to expand

the current industrial applications of ultrasound and sonochemistry towards the

consumers market with revolutionary ultrasonic equipment [76].

3 Overcoming Challenges and Opening New Opportunities

3.1 Integrating Ultrasound with Microfluidics

Going ‘‘micro’’ with ultrasound is not straightforward, neither is interpreting the

results of experiments or processes, yet its potential for different chemical uses has

already been identified [77]. Microfluidics enable the manipulation of chemical

reactions using very small amounts of fluid, and ultrasound offers a good ‘‘non-

invasive’’ alternative for several processes. Additionally, the small quantities of

reagents, solvents, and waste, a precise control of reaction conditions, as well as the

integration of functionality for process intensification, have all been highlighted as

greener, safer, and often faster protocols [30]. On the other hand, answering the

perennial question on how to process or produce larger volumes of liquids with

microfluidics, several numbering-up and scaling-up strategies, as well as manifold-

ing have been explored with varied success [78–81].
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In designing the experimental setups that researchers have used to perform

microfluidics and sonochemistry we can identify two main directions based on the

final objective of the researchers and availability of resources of each group:

• Use of commercial existing equipment, where a capillary or microfluidic device

is placed inside ultrasonic baths or in close contact with ultrasonic horns (see

Fig. 1) [82–84].

• Tailor made ultrasonic setups, where a transducer or set of them are glued or

clamped against the microfluidic device (see Fig. 4 Bottom) [85–90].

While using commercial devices will lead to fast implementation in the lab, bespoke

setups allow an additional degree of customization and optimization in terms of

energy efficiency, but also reaction yield. One key design parameter is the coupling

between the ultrasound transducer and the microfluidic reactor [91], and such

designed systems can then be applied to microfluidic liquid–liquid extraction [89],

degradation of contaminants [92–94], and particle synthesis [95, 96].

The large number of techniques at hand and disparate existing knowledge on its

effects, has detrimentally influenced the modest utilisation and adoption of

ultrasonic cavitation and microfluidics in industry. Furthermore, the differences in

experiments designed by chemists and physicists are as varied as the ways a lab

researcher and a plant engineer interpret their results. Because of the complex

interrelation of physicochemical phenomena resulting from the collapse of a bubble

or a cluster of bubbles, replicating results and the choice of quantification

techniques (calorimetry, chemical dosimetry, acoustics, optics, etc.) has been

troublesome [97–103]. In the particular case of sonochemistry, it has reached the

point of being labeled a ‘‘black art’’ [104]. Overall, there is an increasing interest in

exploring the potential positive results brought up by combining these two

techniques (ultrasound and microfluidics), as observed in specialized conferences

Fig. 4 Top Diagram illustrating
the main phenomena associated
to acoustic cavitation: radical
production, shockwaves,
sonoluminescence, jetting, and
erosion. Bubbles are formed
from crevices existing in the
walls of the reactor or dissolved
solid particles. Bottom A tailor-
made ultrasonic setup in which a
transducer (piezo-element)
converts electricity into
mechanical oscillations that are
transferred to the liquid
contained in the reactor. This
configuration has been used for
microfluidics studies
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and other media. It is still in its early phases, and the reason why the progress is

modest will be made more clear in the subsequent sections.

3.2 Entangled Effects of Cavitation

Acoustic cavitation can produce phenomena difficult to explain since it has

interconnected variables with non-linear dependencies. The acoustic frequency,

pressure amplitude, and other complex physicochemical parameters dictate the

creation (or nucleation) and dynamic interaction of collapsing bubbles. The collapse

of a bubble can be stable or transient, bubbles inside a cluster can be shielded by those

outside; interaction forces between the acoustic field and bubbles (Bjerkness forces)

are affected by the liquid properties (gas content, surface tension) and the geometry

and materials of the reactors, to name a few [105, 106]. All of the above is further

complicated ‘‘going down’’ in scale by confinement effects due to small scales, heat,

and mass transfer phenomena. For example, when comparing 1D, 2D and 3D

equivalent sonochemical reactors [107], an apparent increase in the reaction rate over

the volume change was suggested to be due to the relaxation of space confinement

when changing from 1D to 2D geometry. The reaction rate increased by 10 times

while the volume increased by 57 times from 2D to 3D. A logical explanation was

given by the fact that the total volume of a 3D reactor is not used as efficiently as the

thinner layered channel, where nodes and antinode planes are not present. The power

input dependencies also exhibit behaviours difficult to explain without a proper

understanding of the underlying physicochemical mechanisms of cavitation (e.g.

adiabatic compression of gas content dependence on the maximum and minimum

radius, number, and spacial distribution of bubbles, shielding effects, etc.). In the

same study, a decrease in the production rate of hydro-terephthalic acid (HTA) at

higher input power density was found for 2D and 3D, but not in the 1D channel. In

later studies, other puzzling correlations of power and an unexpected drop in radical

production efficiency [85, 108] were explained by the change in the sphericity of

bubble collapses. More details will be provided in the following Sect. 3.3.

From the chemical engineering and practical point of view, themost difficult hurdle

for the wide acceptance of ultrasound and sonochemistry as a useful tool has been the

measly energy efficiency values. The acoustic transducers transform electrical power

into mechanical energy which is transmitted to the liquid. Part of the energy generates

cavitation and another heats thewhole system, hence not all of the energy produces the

desired chemical and physical effects, making it difficult to establish a robust energy

balance. For simplification purposes and using a relation reported in the litera-

ture [82, 109], we can define the sonochemical efficiency (or yield) as XUS ¼
measured effect/input power; which in our particular case we define it as:

XUS ¼ DHðDNrad=DtÞ
PUS

ð3Þ

where DH is the energy required for the formation of OH� radicals, which is equal to
the enthalpy of formation of the chemical reaction with a value of 5.1 eV per

molecule [110]:
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H2O �
DH¼5:1 eV

OH � þH� ð4Þ

PUS is the electric power absorbed by the transducer which can be obtained from the

measured voltage, current and their phase difference. This is clearly an underesti-

mated value that can help in practical as well as in academic comparisons. Other

‘‘measured effects’’ can be used depending on the specific case, e.g. color dye

degradation, mixing efficiency, calorimetric measurements. Depending on the

specific study, on average the values reported for OH� radicals are in the order of

XUS �Oð10�6Þ [4, 85, 100, 111].
Ultrasonic cavitation is known to be difficult to reproduce since bubbles are

normally created from impurities randomly distributed inside the reactor. Impurities

such as defects on the walls (crevices) or dissolved solid particles are efficient traps

for gas nuclei, and the acoustic nucleation threshold for bubbles trapped in cavities

has theoretically and empirically been predicted [29, 112, 113]. The event of

nucleation of a bubble from a crevice serves as a seed for subsequent cavitation.

Depending on the acoustic conditions characteristic clouds of bubbles, also known

as streamers, can persist for long periods [106, 114–117]. Effects such as inertia,

surface tension, and viscous forces in a liquid influence the generation of micro-

bubbles and have been studied with the help of non-dimensional numbers such as

the ultrasound Weber number (We) and the ultrasound Womersley number (Wo).

We ¼ qf 2d3in=r ð5Þ

Wo ¼ dinðf=mÞ1=2 ð6Þ

where q is the density of the liquid, f is the ultrasound frequency, din is the diameter

of the pinned bubble, r stands for the interfacial tension and m is the kinematic

viscosity. The ratio of inertial and surface tension forces is given by the Weber

number, We, and the Womersley number, Wo, represents the ratio of pulsatile to

viscous forces. According to a particular study [114], a uniform diameter of bubbles

is obtained when 8:16\We\300 and 2\Wo\5. For Wo[ 5, the inertial effect

dominate the viscous effect, resulting in bubbles of various sizes being released

from the gas-liquid interface. When Wo\ 2, the interface was not distorted suffi-

ciently to release bubbles. When We[ 300, the inertia dominates surface tension

effects producing bubbles of various sizes. For small We, the interface oscillations

are stable without strong distortion, and no bubbles are produced due to dominating

surface tension effects.

In general, it has been possible to study to a good level of detail physicochemical

exotic phenomena such as plasma formation inside the bubbles, the emission of

light (sonoluminescence), radical production, shockwaves, streaming and jetting

(see Fig. 4) [11, 98, 106, 111, 118–120]. The interaction of individual bubbles or

clusters as they collapse among themselves and against nearby surfaces (see Fig. 2)

has also been studied given its importance for applications such as erosion

prevention, cleaning, surface modifications, biology, and several chemical

processes [13, 121–126].
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In the particular cases that acoustic cavitation takes place close to a surface (see

Fig. 5), interaction forces among the bubbles and the acoustic field alter the

otherwise ‘‘ideal’’ spherical collapse. Oscillating bubbles, and bubble clusters

oscillating close to a surface are attracted to their ‘‘image’’ on the virtual mirrored

space. Jets and shockwaves emitted at different instants during acoustic cavitation

are the main mechanisms responsible for the erosion of surfaces (see Fig. 4)

[6, 13, 122, 127].

3.3 Controlling Cavitation with Microscopic Crevices

For a newcomer to the sonochemistry realm, it is important to understand that the

rationale behind all the effects of cavitation begins with considering each bubble as

a reactor in itself. Then, a working ultrasonic bath or horn will produce an

undetermined number of bubbles of different sizes, and consequently each collapse

will result in different temperatures and pressures inside of the bubble. It should be

no surprise that as a result, the chemical or physical effects have a broad distribution

of values, simply because all bubble-reactors behave different.

Despite the careful experimental precautions, the number of bubbles can be

underestimated since some large bubbles overlap, and many smaller bubbles are not

counted due to the optical resolution [108]. Nevertheless the qualitative and

quantitative measurements of their number, coupled to the radical formation values

can give relevant information to compare with other reports. Dividing the radical

production per cycle by the average number of bubbles per cycle, gave bubble

radical productions in the same order of magnitude measured by Didenko and

Fig. 5 Simplified representation of forces and colors associated to them represented in arbitrary units in a
bar plot for two different power settings (higher to the right). The top chart depicts the case of a single
crevice and how the bubbles around it interact with each other. The bottom chart shows similar
information, but when two crevices are etched and how the clusters of bubbles interact (see Fig. 6 for
more details)
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Suslick [111] who reported data for a single bubble of maximum radius of 28.9 lm
driven at 52 kHz producing OH� radical generation at a rate of 6.6 � 105 per cycle.

These values for radical production can be taken as a reference of the order of

magnitude that can be produced by a generic bubble in an ultrasonic reactor [128].

The quest to trap bubbles for the study of nucleation and collapse was initially

driven by fundamental research questions. Different approaches have been used,

from acoustic trapping to geometrical confinement of conical bubbles or microma-

chined crevices [86, 111, 114, 129, 130]. Focusing on aspects relevant for the

chemical engineering community, we will elaborate on a series of recent results

motivated by two practical questions:

1. How can the energy efficiency of sonochemical reactors be improved?

2. How can bubble generation be controlled reproducibly?

The challenge was, not surprisingly, conquered as a result of an interdisciplinary

collaboration between microfabrication experts, physicists, and chemists. A

microfluidic sonochemical reactor was designed, modeled and tested under

laboratory conditions [85, 108, 131, 132], and more recently the same concept

has been patented, scaled up, numbered up, and commercialised [133–135]. We

consider this case a good example of the positive outcome of the synergy of

microfluidics, ultrasound and process intensification concepts.

Fig. 6 Left Images showing top and side views of the bubble structures generated from micromachined
silicon surfaces for different configurations (1, 2, and 3 crevices) and for increasing power level. Low
(electrical) power corresponds to 74 mW, medium power to 182 mW, and high power to 629 mW. Right
Corresponding Luminol luminescence in dark room conditions. The scale bar represents 1 mm of a
microreactor with total volume of ca. 250 l‘. Reproduced with permission from [85]. Copyright 2010
Wiley-VCH Verlag GmbH & Co. KGaA
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3.3.1 Batch Micro-Sono-Reactor

The structure of a batch ultrasonic reactor was modified by micromachining

artificial crevices of ca. 30 lm diameter and 10 lm depth, unto the surface of silicon

substrates. This passive modification was used as a trap for a determined number of

bubbles (see Fig. 4). Upon sonication, the bubbles served as a seeding gas volume

that ensured continuous formation of smaller bubbles (streamers) containing a

mixture of gas and water vapor. This continued formation of bubbles can be

sustained by virtue of a phenomenon termed ‘‘rectified diffusion’’ [27, 136]. This

phenomenon occurs as a bubble expands, and gas-solvent molecules diffuse–

evaporate into the bubble; conversely, when the compression part of the sound field

arrives, gas-solvent molecules diffuse–condense out of the bubble. Because of an

unbalance in the area in the expansion (larger) and compression phase (smaller),

there is a net gain inside the bubble which can compensate any mass loss as the

smaller bubbles are created from the crevice.

In the first report of a series of studies based on the same device [85], the

streamers were demonstrated to produce hydroxyl radicals (OH�) by imaging its

reaction with luminol. The reaction rates were measured as a function of electrical

power with terephthalic dosimetry (see Fig. 6).

As introduced in Sect. 3.2, though the efficiency when crevices were present was

higher at the three powers tested (about one order of magnitude), at the highest

power there was an unexpected drop. The efficiency values calculated with Eq. (4),

are shown in Fig. 7. From a speculative analysis it was concluded that at high

power, when the bubble pattern changes (see Fig. 6) a different radical generation

Fig. 7 Experimental efficiency values (XUS) for different number of crevices and different US powers
calculated from Eq. (3) [108]. For each power the presence of crevices results in an increase in efficiency
as the number of crevices is increased. As the power is increased from low to medium the trends increase
for any number of crevices, except for high power, as it seems to decrease in all cases. Whether this result
corresponds to true differences in the acoustic and sonochemical processes or to a decreased efficiency of
conversion from electrical to mechanical power has not been clarified. Reprinted from [108]. Copyright
2013, with permission from Elsevier
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distribution over the reactor volume could take place. Looking at each bubble as

individual reactors, the energy efficiency of each collapse is strongly determined by

the sphericity of the collapse, and the maximum size reached before collapsing. The

smaller bubbles were thought to be stiffer due to a surface tension contribution and

were not expected to grow considerably large during expansion. This leads to a

consequently weaker compression and lower maximum temperatures reached after

each collapse. Conversely, larger bubbles do not collapse spherically especially

when close to a solid surface, hence limiting its maximum compression potential.

To clarify these assumptions, two complementary studies were devised. In the

first one, the light emission from the collapse of bubbles (sonoluminescence) and as

the result of the reaction of OH� with luminol (sonochemiluminescence) was

measured with a photomultiplier [131]. Transient cavitation conditions were

verified by measuring the SL intensity in propanol solutions. The different light

intensities of SL and SCL helped to establish a difference in the bubble population

able to emit light and those chemically active. This type of photosensitive study is

important when is impossible to capture the fast dynamics of bubble collapse with

the available equipment. The second study was directed at taking short exposure

images and fast-imaging movies for the determination of the number and sizes of

bubbles [108]. The quantification of radicals was correlated with the number of

bubbles and radius-time evolution in an acoustic cycle. The main conclusions from

this study were that at higher powers, hence larger pressure fields in which bubbles

expand and collapse, the shape of each bubble deviates from the ideal sphericity

which corresponds to a maximum conversion of potential energy into sonochemical

effects (shockwaves, liquid jets, sonoluminescence, and radical formation, see

Fig. 8). Those bubbles that collapse towards each other, or in the proximity of an

interface, deform and result in jet formation. As a result, not all the energy that

could heat the bubble content is available for the rupture of chemical bonds, such as

that of water molecule which is measured by the formation of OH� radicals.
From the reactor design perspective, the fact that bubbles remain close to the

surface from which they were created can have negative consequences. With this

microreactor that allows control over cavitation, the erosion caused by bubbles

collapsing in the vicinity of different silicon substrates could be studied right from

the initial incubation period and through more advanced stages [127]. The same

effect of various sources of damage formation such as jetting, shock waves, direct

bubble impact, and surface stress corrosion that can cause the damage observed for

three crystallographic silicon surfaces studied, was later used for another useful

application: the rapid removal from substrates of deposited organic and inorganic

materials, such as biofilms [137]. The practical relevance of these results will be

continued in the following subsection.

Contrary to what happens with most commercial ultrasonic equipment, tailor-

made devices can in principle be operated at different frequencies. The studies of

this micro-sono-reactor were conducted at one frequency (200 kHz) where it was

more active. Based on what was discussed in Sect. 3.2, for the case of water and air

on a 30 lm crevice we have We ¼ 15 and Wo ¼ 13:4, indicating that relatively

small interface oscillations of the bubble in the crevice (small We) are unbalanced

by inertia dominated effect resulting in bubbles of different sizes (large Wo).
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Snapshots of videos from experiments of this system indeed show significant bubble

deformations of the bubbles ejected from the bubble stabilised on the crevice (see

Fig. 8) [108, 117]. We have not found in the literature other studies reporting on

such large values for both numbers, hence a parametric study in this direction would

be highly valued for future applications. Similar studies addressing the effect of

different frequencies in the same reactor will shine more light into the challenging

‘‘black’’ field of sonochemistry.

Fig. 8 Top Short time exposure image at high power settings (0.981 W) where the deformation of
bubbles and jetting phenomena is visible. Bottom Bubble size distribution histograms at a power of 0.981
W for three pits. The axis to the extreme right represents the normalized pressure for the acoustic cycle.
Reprinted from [108]. Copyright 2013, with permission from Elsevier
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3.3.2 Scaled-Up Non-Conventional Batch Reactor

Scaling-up or numbering-up are the most frequent strategies used in microfluidics

whenever there is an interest in practical applications beyond the lab-scale. Small

volumes ca. 250 l‘, such as the ones used in the studies mentioned in the previous

sections are of limited relevance for practical or industrial uses. Making larger

crevices or higher amplitudes to obtain larger bubbles before collapse does not

correlate linearly with better results, as explained in Sect. 3.3.1. Additionally,

despite the unique control over the location of bubble clouds, it is difficult to

envisage any commercial appeal that the presence of a few crevices etched on the

bottom of a batch reactor can produce. Even when the numbering-up of crevices

might be possible by drilling crevices on the surfaces of ultrasonic baths or the tips

of horns, it seems like an improbable option for all manufacturers of baths and

horns.

In trying to find a universal solution that could be used in most ultrasonic

equipment, the new concept of the Bubble Bag was devised [134]. The inner surface

of a bag that serves as a container can be indented with crevices for gas entrapment

(see Fig. 9). It has been described as a cavitation intensifying bag since it enables a

production of bubbles that does not takes place on a simple bag. The Bubble Bag

can be interpreted as sophisticated beaker, initially made of plastic, but it can be

manufactured in any other material since the principle for creating bubbles from

crevices has already been demonstrated in silicon and glass. The first and most

versatile advantage is that it does not depend on a particular frequency for cavitation

to happen as demonstrated with several pieces of ultrasonic equipment; see in Fig. 9

the results of two ultrasonic baths with different frequencies with and without

crevices. The second advantage schematically represented in Fig. 10 is that

numbering-up of such a beaker is straightforward.

Designed originally for cleaning arbitrary objects [135], the current dimensions

and potential use for radical generation allows us to classify it as a milli-

reactor [138]. Using the same configuration, the bags can also be used for other

applications such as emulsification, and presumably for any physicochemical

processes where ultrasound is currently used [139, 140]. The most relevant

scientific advantage is that reproducibility of results and energy efficiency are

considerably better than when compared with a bag not having crevices. The

standard deviation of radicals detected was reduced by 22 %, accompanied by an

increase of 45.1 % in efficiency (see Fig. 9). The number of pits and bags can be in

principle as large as the ultrasonic equipment allows for. New optimisation and

characterisation studies will be required to find the best position or configuration of

transducer-bag positioning. So far, the Bubble Bag has been operated in batch

mode; we expect to provide more results as a flowing reactor in the near future in a

multiple-stage assembly. We believe this concept will lead to new applications and

improved versions to be reported in the specialised literature.

To conclude with this section, in Fig. 10 we illustrate the trends identified up to

now and where we believe the future developments will head to: intensified

continuous flow and industrial scale sonochemical reactors.
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3.4 Acoustic Streaming

A phenomena increasingly exploited in microstructured devices is acoustic

streaming. In general terms, acoustic streaming is the generation of a convective

motion (i.e. fluid flow) through the presence of an acoustic field [141]. Real fluids

exhibit a viscous attenuation towards an acoustic wave traveling through them,

which in the case of an oscillatory acoustic field results in a time-averaged

displacement of individual fluid elements. This local displacement can develop into

a steady fluid flow, termed acoustic streaming [142]. Depending on the location and

length-scale of the fluid motion several sub-categories of acoustic streaming can be

defined, such as boundary layer driven streaming (Schlichting and Rayleigh

streaming), Eckart streaming in the bulk fluid, and cavitation microstreaming

[141, 143]. In the following we will discuss each streaming phenomena and provide

application examples in microfluidics.

Boundary layer driven streaming Because of the no-slip condition at a solid

interface, the fluid flow in the boundary layer is characterized by a steep velocity

gradient. In turn, this steep velocity gradient is also responsible for a larger viscous

dissipation of acoustic energy compared to bulk flow [144]. Applying a standing

acoustic wave parallel to the solid interface results in spatially fixed pressure nodes

Fig. 9 Left Clouds of bubbles inside a cavitation intensifying bag; right sonochemiluminescence as a
result of the radicals produced by the bubbles upon reaction with luminol. The arrow indicates the bubble
clouds emerging from the crevices. The scale bar corresponds to 5 mm. Bottom Radical production in
bags with and without pits, as a function of time and for a large (45 kHz, 364 kPa and 33.3 W/L) and a
small (35 kHz, 427 kPa and 24.2 W/L) ultrasonic bath. Reproduced with permission from [134].
Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA
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and antinodes, which leads to a steady vortical fluid motion in the boundary layer

(termed Schlichting streaming). These vortices in the inner boundary layer will

excite counter-rotating vortices in the outer boundary layer, and this induced

streaming motion is termed Rayleigh streaming [145].

Boundary layer driven streaming in microfluidics is often employed for particle

trapping, e.g. to either control local particle concentration [146], particle aggrega-

tion [147], or to separate particles based on their size (in combination with the

acoustic radiation force acting on the particles) [54, 143, 148]. However, it can also

be used to overcome one of the disadvantages of microstructured devices, i.e. that

the only means of mixing is by diffusion due to the predominant laminar flow.

Rayleigh streaming has been shown to improve micromixing [149].

Eckart streaming When the dissipation of the acoustic energy takes place in the

bulk of the fluid, Eckart streaming is observed. However, as microstructured devices

are characterized by a large surface-to-volume ratio, their hydrodynamics is

governed by boundary layers, and bulk flow is rarely encountered [141]. In general,

Eckart streaming will only occur when high frequency ultrasound is applied, and

when the characteristic dimension (defined as the propagation direction of the

acoustic wave) is in the order of millimeters.

Consequently, the applications of Eckart streaming are limited in microfluidics.

However, based on the experimental observation that the resulting convective

motion is characterized by high velocity jets [150], it has been used to design a

valveless ultrasonic pump [151].

Fig. 10 Left pane conventional and lab-scale uses in which existing ultrasonic devices such as horns and
baths are used to promote reactions. Right pane An example of scaling-up a micro-sonochemical reactor
by increasing its volume and numbering-up the amount of crevices and the Bubble bag
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Cavitation microstreaming Cavitation microstreaming is generated by the

acoustically driven oscillations of microbubbles in a liquid. These oscillations are

transferred via the boundary layer surrounding the bubble and generate vorticity and

convective motion in the fluid [152]. In addition to the streaming motion, oscillating

bubbles will also create stress fields in their surrounding, which largely depend on

their mode of oscillation [153].

These stress fields coupled with the streaming effect enable the therapeutic use of

microbubble-mediated ultrasound. An increased permeability of cell membranes has

been observed, which allows e.g. targeted drug delivery. In addition, the combi-

nation of microbubbles and ultrasound have been shown to accelerate the

breakdown of blood clots (thrombolysis) [154]. Furthermore, cavitation

microstreaming is also applied to enhance mixing in microfluidic devices [155].

3.5 Clogging Prevention

In this section we will review the handling of solids in microfluidic systems. The

solid material can either be comprised of an unwanted and insoluble by-product of a

reaction, or the target compound (e.g. nanoparticle synthesis or crystallization of

organic molecules). In general, managing solid particles in flow represents a major

challenge for the upstream, continuous processing of fine chemicals in microreac-

tors [56]. Many synthetic organic reactions either involve the use or the generation

of insoluble compounds [57]. In the following we will discuss the ultrasound

application strategies to control the particle formation within the microchannel.

The impact of channel clogging on continuous manufacturing is best illustrated

with a study conducted at Lonza [156]: In a screen of 86 different reactions it was

found that 59 % would benefit from a continuous process, however, this number

reduced to 19 % due to the presence of solids. Consequently, to assist the transition

from conventional batch to continuous manufacturing processes exploiting

microreaction technology, reliable solids handling needs to be established.

Figure 11 depicts the main interactions governing particle behavior in

microfluidic channels, namely particle-fluid, particle-particle, and particle-surface

interactions [58].

The relative importance of these interactions differs on a case by case basis,

which leads to several phenomena discussed below: Deposition of particles

(Fig. 11a) is initiated by particle-fluid interactions transporting the solid to the

microchannel wall where it finally sticks due to a dominating particle-surface

interaction. Increasing the particle-fluid interaction by e.g. increasing the fluid

velocity will lead to resuspension (Fig. 11b). The particles will agglomerate in the

bulk of the fluid by particle-particle interactions (Fig. 11c); however, agglomerate

break-up can again occur when the particle-fluid interactions overcome the inter-

particle interactions. As we will discuss later, this is one of the main avenues where

ultrasound comes into play, as the induced cavitation will give rise to hydrodynamic

forces on the agglomerates and thus decrease their size. The clogging phenomena

itself (Fig. 11d) is governed by all three interactions, and usually occurs via bridging

of a constricted microchannel cross-section [56, 57].

The most used passive means to prevent microchannel clogging are:
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• Application of two-phase flow, allowing the introduction of a secondary phase

which dissolves the solids. However, this also introduces additional mass

transport limitations.

• Increasing the wall shear stress by increasing the fluid velocity.

• Reactor surface modification, mostly based on fluoropolymers, to achieve non-

sticking reactor walls.

The passive techniques are reviewed elsewhere [56–58], here we primarily focus on

active clogging prevention using ultrasound.

The integration of acoustic actuators with microstructures is a new and emerging

area, where the acoustic energy is mostly supplied using transducers or piezoelectric

microdevices with different sizes and geometries [77, 157–161]. One application of

ultrasound integration in microfluidics is the excitation of a standing acoustic wave

in the fluidic channel [53]. Particles in an acoustic standing wave field will

experience an acoustic radiation force [54], which can be exploited for the

manipulation of their trajectories [162]. This concept can even be extended to

controlling the trajectory of single bubbles [163].

At increased power, acoustic irradiation has been shown to be successful in

reducing agglomerate particle size, which is essential to prevent clogging

[158, 159, 164]. A well studied reaction system and also a challenge under flow

conditions due to clogging is that of Pd-catalyzed CN cross-couplings [158]. Under

typical reaction conditions inorganic by-products precipitate immediately in the

non-polar solvents needed for this transformation. Furthermore, the recent

Fig. 11 Interactions governing the behavior of solid particles in microchannels [58]. Particle-fluid,
particle-particle, and particle-surface interactions are always present, but their relative importance differs
widely depending on the considered case (deposition, resuspension, agglomeration, and clogging).
Reproduced with permission from [58]. Copyright 2014 Tekno Scienze Srl
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developments of highly active palladium catalysts which allow for extremely fast

reactions, and thus also a fast generation of these inorganic salts.

One approach to prevent clogging is to immerse Teflon tubing in an ultrasonic

bath for irradiation, as shown in Figs. 10 and 12a [159] and discussed in Sect. 3.1.

However, when using an ultrasonic bath, one has to be aware of the fact that not a

single frequency is excited, but the resulting waveform can be quite complex [158].

Furthermore, the emitted ultrasonic waves first need to couple with the media in the

bath before transferring to the microreactor. As such, integrating a piezoelectric

actuator directly into the microfluidic assembly to directly transmit the acoustic

waveform to the reactor is energetically more efficient, as mentioned in Sect. 3.1.

An example of such a layered microreactor system is shown in Fig. 12b, which was

also successfully applied to the aforementioned Pd-catalyzed CN cross-couplings

and allowed for long term operation [160]. High-speed imaging revealed the

formation of gas bubbles upon ultrasonic irradiation via the mechanism of

stable cavitation, and the pressure forces associated with this formation lead to the

breakup of the particle agglomerates [165–167]. This phenomena is clearly depicted

in Fig. 13, which shows the fragmentation of a calcite crystal due to the collapse of

a bubble.

Furthermore, using piezoelectric actuators allows for a precise control of the

operating frequency, which is important to control the resulting size of the

agglomerates. Figure 12c depicts the particle size distribution of inorganic

precipitates subject to the applied ultrasound frequency, and for the particular

setup the identified optimum frequency corresponded to 50 kHz.

3.6 Microfluidics As a Tool for Particle Synthesis

Microfluidic systems have also seen an increase in use for cases where the

particulate matter is the desired product. Continuous manufacturing enables the

formation of particles with narrow size distribution, which is an important property

for their final application. In general, particles of similar properties will be formed

when they experience similar conditions in the reactor, which is difficult to achieve

in batch systems due to mixing limitations associated with their large size, but

feasible on the micro-scale using continuous flow.

However, focusing on particle formation processes, these devices need not only

overcome clogging of themicrochannels, but also ensure kinetic control of nucleation,

growth, and agglomeration. The same Teflon reactor design with integrated

piezoelectric actuator as outlined above was applied to the crystallization of

hydroxyapatite (HAp) in continuous flow [168, 169]. Compared to the batch process

(stirred tank reactor), the HAp particles formed were more crystalline and less

carbonate contaminated. The sonication strategy also lead to a reduction in particle

aggregation and primary particle size; however, the resulting particle size distribution

was poly-modal, which strongly suggested that the nucleation, growth and agglom-

eration processes were not precisely enough controlled in this system.A decoupling of

nucleation and growth of particles in the reactor will increase this kinetic control, and

one example to achieve this is the use of an ultrasonic horn next to the microchannel

[95]. This will create a spatially localized zone within the reactor for the generation of
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crystal nuclei. Using a similar setup, Rossi et al. [96] studied the effect of

supersaturation and ultrasound power on nucleation in more detail, and it was

concluded that the transient cavitation of bubbles is a significant mechanism for

enhancing crystal nucleation.

4 Outlook and Future Applications

We aimed to cover most of the recent examples of the use of microfluidics and

ultrasound in which given processes have been intensified. As mentioned in the text,

we shared our conclusion that synergy, as described in process intensification terms,

Fig. 12 Examples of the use of ultrasound in microfluidic systems to prevent clogging. The methods of
ultrasound integration range from immersing the reactor in an ultrasonic bath (a) to a full reactor
assembly with the ultrasound transducer positioned next to the microfluidic channels (b). a Using an
ultrasonic batch to handle solids formed during palladium-catalyzed amination reactions [159].
Reproduced from [159] with permission of The Royal Society of Chemistry. b A Teflon microreactor
with integrated piezoelectric actuator to handle solid forming reactions [160]. Reproduced from [160]
with permission of The Royal Society of Chemistry. The latter design eliminates the need of a transfer
medium for the acoustic wave, and allows precise control of the applied ultrasound frequency and power.
c The final precipitate particle size depends on the applied ultrasound frequency, and consequently a
precise control of the operating parameters is desired for the combination of ultrasound and microfluidics
[160]. Reproduced from [160] with permission of The Royal Society of Chemistry
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plays the largest role in the combination of microfluidics and ultrasound

applications.

We have highlighted the emerging availability of commercial devices, but also

stated that customisation leads to increased efficiency and product yield. As such,

we see the future need for a plug-and-play approach, with readily available off-the-

shelf components, which allow custom designed experimental setups. We speculate

that market and society requirements will be the drivers for the developments we

might see along this line, particularly in the food processing, nanomaterials

synthesis, cosmetics, medicine, and other relevant applications.

On the scientific front we identified several developments which warrant further

investigation to gain a more fundamental understanding. In terms of cavitation, we

pose the following research questions:

• Is it possible to control further processes and applications such as the synthesis

of nanomaterials, exfoliation of nanoparticles, or the improved properties of

emulsions of relevance in food processing, coatings, etc.?

• How much more can a sonochemical reactor based on artificial crevices be

scaled-up efficiently with a continuous flow operation? This is of relevance for

applications where large volumes need to be processed as in water treatment or

food processing.

• Can the surface of bubbles be further used as a ‘‘meeting point’’ for reactive

species, so that bubbles can act as catalytic reaction spots with higher control

than currently achieved?

In the field of particle synthesis and solid precipitation the following questions

should be addressed:

• What is the influence of cavitation intensity on crystal nucleation rates? Using

crevices for obtaining controlled transient cavitation could improve crystal

nucleation mechanisms, and hence will be worth addressing in future studies.

• Is there a critical cavitation bubble size to enhance nucleation?

Fig. 13 Images of an oscillating cavitation bubble that nucleated on the surface of a calcite crystal. The
single crystal fragmentizes as a result of the violent collapse of the bubble [165]. Reprinted from [165].
Copyright 2013, with permission from Elsevier
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• What is the effect of ultrasound irradiation on crystal growth; e.g. can we exploit

acoustic streaming to enhance convective mass transfer to achieve increased

growth rates?

Our vision of where the field is going is open to debate and we invite colleagues to

enrich it with future ideas.
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125. Lajoinie G, De Cock I, Coussios CC, Lentacker I, Le Gac S, Stride E, Versluis M (2016)

Biomicrofluidics 10(1):011501
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Abstract Sonochemical reactors are based on the generation of cavitational events

using ultrasound and offer immense potential for the intensification of physical and

chemical processing applications. The present work presents a critical analysis of

the underlying mechanisms for intensification, available reactor configurations and

overview of the different applications exploited successfully, though mostly at

laboratory scales. Guidelines have also been presented for optimum selection of the

important operating parameters (frequency and intensity of irradiation, temperature

and liquid physicochemical properties) as well as the geometric parameters (type of

reactor configuration and the number/position of the transducers) so as to maximize

the process intensification benefits. The key areas for future work so as to transform

the successful technique at laboratory/pilot scale into commercial technology have

also been discussed. Overall, it has been established that there is immense potential

for sonochemical reactors for process intensification leading to greener processing

and economic benefits. Combined efforts from a wide range of disciplines such as

material science, physics, chemistry and chemical engineers are required to harness

the benefits at commercial scale operation.
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1 Introduction

Cavitational reactors, are a novel and promising form of multiphase reactors, based

on the principle of release of large magnitudes of energy due to the violent collapse

of the cavities in the liquid medium. Cavitational reactors used for intensification of

physical and chemical processing applications are generally classified into

sonochemical reactors and hydrodynamic cavitation reactors. In the case of

sonochemical reactors, the pressure variations induced by the passage of ultrasound

results in the generation of cavities which undergo subsequent growth and finally

collapse releasing large magnitudes of energy over a very small volume resulting in

very high energy densities [1]. In the case of hydrodynamic cavitation, cavities are

generated using the pressure variations induced by an interchange in the flow and

local pressure based on inserting a cavitating device in the fluid flow. Another

classification of cavitation, which is based on the nature of the radius-time profile

for the different phases of cavitation, is the stable and transient cavitations. These

two forms of cavitation, which differ significantly in the collapse conditions, can be

obtained both in sonochemical and hydrodynamic cavitation reactors based on

suitable adjustment of the operating parameters. In the case of stable cavitation, the

bubbles oscillate around their equilibrium position over several refraction/com-

pression cycles and the maximum growth is only about 2–10 times the original size

of the cavity. As such, the collapse is also not too violent, and intermittent pressure/

temperature pulses are generated corresponding to each cycle of partial collapse. In

transient cavitation, the bubbles grow over one (sometimes two or three) acoustic

cycle to a maximum size which can be a few hundred times the initial size and

finally collapse violently over a quick time duration generating local hot spots and

very high energy densities.

Cavitation generated by the passage of ultrasonic waves is also described as

acoustic cavitation. Ultrasound induces alternate compression and rarefaction cycles

in the liquid. In the compression cycle, the average distance between the molecules

decreases and during the rarefaction cycle, the distance increases as the liquid

molecules are typically pulled apart. If adequately large negative pressure is applied

to the liquid so that the average distance between the molecules exceeds the critical

molecular distance required to hold the liquid intact, cavities are formed [2]. These

formed cavities grow in size through oscillations until a maximum size is obtained

which would be dependent on the operating conditions in the reactor and

subsequently undergo a rapid collapse phase over a very small interval of time

(of the order of few microseconds). The collapse of cavities typically induces

localized supercritical conditions such as high-pressure and high-temperature pulse

ranging to about a few thousands, as well as intense turbulence coupled with high

levels of fluid shear and liquid circulation. The magnitude of the pressure pulse or

the intensity of shock waves (together described generally as the cavitational

intensity) depend on various factors, namely the operating parameters such as

ultrasound frequency and intensity, the initial radius of the nuclei which is typically

decided by the liquid physicochemical properties and the compressibility of the

cavitating medium [2]. In addition to the cavitational intensity, the active volume of
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the cavitation is also very important particularly deciding the feasibility of using

sonochemical reactors at a large scale. The active volume is mainly decided by the

geometric parameters viz. the area of the transducer (unit used for transmission of

ultrasonic waves into the liquid medium and for transfer of supplied electric energy

into the vibrational energy) and the number of transducers. The aim of the design

engineers should be to maximize both these parameters of cavitational intensity and

the active volume.

The benefits obtained due to the use of sonochemical reactors in chemical and

physical processing are many. The different applications which can be intensified

due to the use of sonochemical reactors include chemical synthesis (with benefits of

shorter reaction time, higher yields, better selectivity and use of ambient

conditions), wastewater treatment (oxidation of complex pollutants, molecular

rearrangement leading to enhanced biodegradability), enzymatic reactions (en-

hanced enzyme activity as well as intensification due to improved transfer

processes), crystallization (better crystal characteristics and obtaining correct

polymorphs sometimes without seeding), emulsification (better droplet size

distribution), etc. [3–15]. It is also important to note that though there are so many

successful applications demonstrated at laboratory- and pilot-scale capacity,

successful operation at a commercial scale has not been well established, though

some success has been reported for water treatment and crystallization. There are

various factors providing hindrance to successful application of sonochemical

reactors on an industrial scale. The main factor is that intense cavitational activity is

concentrated very close to the transducer which could prove harmful to the

functioning of the transducer (possible erosion of the surface) and also there would

be a large fraction of dead zones in the large-scale reactor resulting in lower overall

yields. Reduced energy efficiency at larger scales of operation is also another

challenge for the conventional designs. The use of multi-frequency multiple

transducer reactors (can be tailored to have a capacity over the range of 5–500 L)

has tried to address some of these issues with good effectiveness for a variety of

applications as compared to the conventional designs.

The present work provides useful discussion on the mechanisms for intensification

in different applications, an overview of different sonochemical reactor configura-

tions, the effect of operating parameters with guidelines for achieving the maximum

benefits and some typical illustrations of success stories in recent years. The possible

combinations of the sonochemical reactors with microwave, ultraviolet (UV) and

hydrodynamic cavitation have also been discussed and, finally, the scope for future

work required to achieve commercial applications has been elucidated. Overall, the

work has focused on providing the state-of-the-art understanding into the current

status with possible recommendations for the future work for establishing the scale-up

strategies.
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2 Effects/Mechanisms of Acoustic Cavitation Governing Intensification

In general, the acoustic cavitation phenomenon, which provides the controlling

mechanism for intensification due to the use of sonochemical reactors, is dictated by

the following steps:

• Liquid is exposed to the acoustic field of varying intensity (type of liquid mainly

in terms of presence of heterogeneity in the form of dissolved gases or solid

particles decides the critical intensity required for inception).

• Formation of cavities due to fluctuations in the pressure field which contains

small quantities of dissolved gases and vapors from the surrounding medium

(the fraction will be dependent on the type of liquid medium, especially the use

of vaporous solvents).

• Growth of the cavity due to compression and rarefaction cycles of ultrasonic

waves.

• Achieving a maximum cavity size depending on the operating conditions.

• Collapse of the cavity releasing a large magnitude of energy creating conditions

with extreme pressures and temperatures (duration of collapse will determine the

intensity and, also, the overall intensity will be dependent on the number of

cavities generated in the reactor).

Before exploring the possible use of sonochemical reactors for process

intensification, it is very important to understand the cavitational effects and the

controlling mechanism governing the specific application under question [16, 17].

Cavitation typically results in generation of very high temperatures (in the range of

500–10,000 K) and pressures (500–5000 bars) often described as hot spots coupled

with generation of highly reactive free radicals due to the dissociation of molecules

exposed to hot spots. Generally, these effects are described as the chemical effects

and are useful for intensification of chemical processing applications such as

chemical synthesis and wastewater treatment, which are, most of the time, limited

by intrinsic chemical kinetics [17]. On the other hand, cavitation also results in the

generation of high-intensity turbulence coupled with liquid streaming and intense

shear. These effects are described as physical effects and are useful for

intensification of physical processing applications such as enzymatic reactions or

other biotechnological applications, crystallization and emulsification, which are

often limited by the transport processes. Sometimes, the physical effects also can

contribute to intensification of chemical reactions (catalytic and heterogeneous

reactions). The physical effects can lead to an increase in the surface area of the

solid catalysts and also continuous cleaning of the catalyst surface which can

improve the efficiency of catalytic reactions. Also, enhancement in the mass transfer

rates due to turbulence generated as a result of acoustic streaming can yield

intensification of heterogeneous reactions limited by the resistances between two or

more phases. It is important to understand that the typical operating parameters

(intensity and frequency of irradiation) can be optimized so as to obtain the

dominating physical or chemical effects suitable for the specific application under

question [16], though, in reality, both these effects will be existent and contribute to
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the net intensification of the process. Typically, lower frequencies of irradiation

(20–100 kHz) would result in dominating physical effects whereas higher

frequencies (200–2000 kHz) would result in generation of dominant chemical

effects. A combination of multiple frequencies can also be tailored so as to suit the

specific applications.

Bubble dynamics analysis which usually predicts the radius time profiles for

different phases of the cavitation can be used to predict the chemical and physical

effects as a function of different operating parameters [18–21]. The simulations can

be performed under different assumptions (single cavity approach or the cluster

approach, incompressible or the compressible nature of liquid and type of the cavity

generated, i.e. void or vaporous) and the behavior of the cavity can be predicted

quantifying the maximum growth of the cavity as well as the temperature and

pressure pulse generated at the collapse of the cavities. Integration of the chemical

reaction kinetics for the typical dissociation or thermal pyrolysis reactions based on

the expected components in the collapsing cavity can also give an idea about the

quantum of free radicals that are likely to be generated in the reactor. Three reaction

zones have been identified for the chemical reactions as inside the collapsing cavity

(mainly dissociation reactions leading to formation of radicals, intensity is

maximum here), interface between the cavity and liquid (lower intensity as

compared to the center of the collapsing cavity, the radical concentration is still

higher and radicals can attack the molecules present in the vicinity) and, finally, the

liquid bulk itself where the migrated radicals will react with the chemicals present in

the bulk (the rate of reaction would be lower as compared to the center or the

interface, also the quantum of migrated radicals is limited). The bubble dynamic

simulations can also be used to predict the pressure field distribution as well as the

zones with maximum cavitational intensity in the reactor, and this approach can be

effectively used for optimization of the designs for large-scale operations as well as

in deciding the placement of reactors with a coupling fluid in the main sonochemical

vessel.

The observed sonochemical effects are generally explained on the basis of hot-

spot theory [22] and electrical theory [23]. According to the hot spot theory, a small

gas bubble or cavity subjected to acoustic pressure amplitude of more than a few

bars experiences violent pulsation, such that the bubble wall velocity for a

collapsing bubble approaches the velocity of sound. At this point, the bubble

shatters upon collapse and results in significant adiabatic heating resulting in

conditions similar to hot spots (thousands of degrees of temperature and thousands

of atmospheres of local pressure). These hot spots result in the dissociation of the

water molecules or other chemical species entrapped in the cavitating bubble and

result in the formation of the free radicals. Margulis [23] reported that some

observations could not be completely explained by the ‘‘hot-spot’’ theory and

proposed an alternative electrical theory, which considers the charge distribution

due to dipoles in water and their distribution around a bubble. It was reported that,

during the bubble formation and collapse, enormous electrical field gradients of

about 1011 V/m are generated which are sufficiently high to cause bond breakage

and induce chemical activity. It is important to note that the hot spot theory is the
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most common accepted explanation for the intensification of chemical reactions

involving cavitation [22, 24].

After understanding the important effects that can be induced using cavitation

and its role in deciding the degree of intensification, it is important to provide some

guidelines regarding the usage of sonochemical reactors. While thinking about the

application of sonochemical reactors, the first important point to be considered is

whether the given application is homogeneous or heterogeneous. Typically, for the

heterogeneous systems (involving two or more phases), stronger intensification

benefits can be obtained due to simultaneously acting mechanisms involving both

the physical and chemical effects. Further, the application of sonochemical reactors

can be either as an addition to the existing reactors or as a complete replacement.

The decision would be dependent on the controlling mechanism of the expected

intensification and the nature of problems in the conventional processing. For

example, if the conventional processing is only limited by mixing issues or lower

surface areas for the solid materials, intermittent application of sonochemical

reactors as an add-on facility would be sufficient as this can provide the necessary

activation as well as enhanced surface areas based on deagglomeration or particle

breakage. Such an intermittent application would give the desired intensification

benefits but, more importantly, at much lower energy inputs. The application time

and the duration of each pulse treatment using ultrasound will have to be decided

based on the detailed understanding of the controlling mechanisms. The scale-up

issues for the pretreatment vessel might be minimal as ultrasound is to be used only

as a supporting technique to the existing stirred reactor configuration. An easier

design approach would be to use transducer attached to the walls of a stirred reactor.

If the controlling mechanism for intensification is truly based on the chemical

effects involving requirement of continuous formation of free radicals or hot spots

improving the intrinsic chemical kinetics, application of sonochemical reactors

would be required continuously and the design needs to consider all the aspects

from chemical reaction engineering, multiphase reactor and the material science

prospects.

Analysis of the scientific database available in the open literature or the data

generated using laboratory-scale investigations for an entirely new application can

help in identifying the scale-up strategy in terms of obtaining an efficient design and

selection of the effective operational window for the important parameters such as

frequency and power dissipation. The proper selection of these parameters as well

as the design configuration of sonochemical reactor is a must to achieve the

expected levels of process intensification for the desired application. The liquid

physicochemical properties decide both the ease of inception and the collapse

intensity and, hence, play a decisive role in the expected intensification. It is also

important that this intensification is achieved at minimum possible levels of energy

consumption. Overall, a detailed analysis of controlling mechanisms for the

progress of the specific application and interactions between the operating and

design parameters is very important to balance the degree of intensification and the

associated costs for the operation.
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3 Overview of Sonochemical Reactor Designs

Various sonochemical reactor designs, differing in terms of the basic configuration

in terms of geometry, number of transducers and position of transducers, are

available and reported in the literature. We now discuss some of the important

reactor configurations, also commenting on the suitability for the large-scale

operations. Ultrasonic horns and ultrasonic baths were the most commonly used

reactor designs, especially in most of the literature illustrations. More recent

developments have employed direct bonding of the transducer to the surface of the

vessel and different arrangements such as a triangular or square pitch in the case of

ultrasonic bath [25], parallel plate reactors with each plate irradiated with either the

same or different frequencies [26], tubular reactors with two ends either irradiated

with transducers or one end with a transducer and other with a reflector [27], and

flow cell-type configurations with transducers on sides of the vessel [28] can be

constructed. It is important to understand that while selecting a sonochemical

reactor for the specific application, the aim of the design engineer should be to

achieve uniform distribution of cavitational activity and maximize the cavitational

yields (typically defined as the net effects per unit energy consumption).

3.1 Ultrasonic Horn

A basic configuration of sonochemical reactors is the ultrasonic horn which is

mostly used for the laboratory-scale characterization studies. Typically, an

ultrasonic horn operates at a fixed frequency and only variable power dissipation

(controlled by varying the amplitude) is possible to control the cavitational intensity

in the reactor. The ultrasonic horn has to be directly immersed into the liquid

medium as shown in Fig. 1 (vertical horn as well as horizontal horn) and very high

cavitational activity is obtained close to the transducer, especially in the case of

vertical configuration. It is also observed that the cavitational activity decreases as

one moves away from the transducer [3] and, hence, there is a possibility that

considerable dead zones will be obtained if a large volume is used for the treatment.

In the case of vertical configuration, the recommended capacity for obtaining

desirable effects is over the range of 50–500 mL, whereas, for the horizontal

configuration (also described as the longitudinally vibrating horn), capacity can be

over the range of 1–10 L. It is also important to understand that the power density

(power dissipation per unit volume) will be reduced at higher processing volumes,

and lower intensity of cavitational activity would be obtained which may not be

suited for chemical processing applications such as oxidation of complex molecules

or the synthesis reactions. Another disadvantage of the ultrasonic horn is that due to

the direct exposure of the horn to the liquid medium, there is a possibility of

contamination of the processed liquid due to the erosion of the transducer surface

which may not be allowed in the case of pharmaceutical or food-processing

applications.

Most of the operations with ultrasonic horns have been in a batch mode but a

continuous mode of operation is also possible based on the use of an ultrasonic horn
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in a flow loop. Ultrasonic horns can be inserted at multiple locations using T joints

and this can give flexibility of enhancing the active treatment zone based on the use

of a number of ultrasonic horns. It is important to note that such a configuration also

suffers from uncertainty about possible leakage, especially in the case of high-

pressure systems.

3.2 Ultrasonic Bath

The ultrasonic bath is typically a cleaning tank type configuration and the schematic

representation has been shown in Fig. 2. The capacity of the tank can be varied and,

based on the capacity, a desired number of transducers can be introduced at the base

of the reactor. This flexibility also allows maintaining the desired power density for

the specific application. Also, as multiple transducers are being used, there is

flexibility in terms of deciding the arrangement of transducers which can aid in

obtaining uniform cavitational activity distribution in the reactor [29]. An ultrasonic

Fig. 1 Schematic representation and actual photograph of ultrasonic horn (a) vertical configuration
(b) horizontal configuration
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bath can be operated in a batch mode or in a continuous mode based on the overflow

type of operation. Also, direct and indirect modes of irradiation can be used with an

ultrasonic bath. In the case of direct mode of irradiation, the liquid is taken in the

directly in the bath whereas in the case of indirect mode of irradiation liquid is taken

in a reactor which is immersed in the ultrasonic bath using a coupling fluid. The

required cavitational intensity for the specific application would decide the selection

of mode of irradiation. If intense cavitational activity is required, say, for

applications such as wastewater treatment, a direct mode of irradiation will be

preferred. Consequently, if milder cavitational activity is essential and intense

cavitation is detrimental, such as in the case of enzymatic reactions, an indirect

mode of irradiation will be recommended. Usage of coupling fluid for the indirect

mode also implies restriction on the operating conditions, especially temperature, as

this cannot exceed the boiling point of the coupling fluid which, most of the time,

would be water.

Fig. 2 Schematic representation and actual photograph of an ultrasonic bath
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3.3 Multiple-Frequency Flow Cell

For large-scale applications of sonochemical reactors, it is a must to design a

continuous configuration and a flow cell offers good potential in this respect. The

flow cell is based on the attachment of transducers to the wall of the reactor, and

different geometries, such as rectangular and hexagonal, can be used as depicted

schematically in Fig. 3. The dimensions of the vessel can be decided based on the

processing conditions and the length of the flow cell can be adjusted so as to extend

treatment times. A modular unit can also be constructed which can be replicated as

the scale-out philosophy. Adjustment of the pitch of the multiple transducers can

help in achieving uniform distribution of the cavitational activity similar to an

Ultrasound 

T1
T2

T3
T5

T6 Quartz tube

Transducers

U.V. tube

Quartz tube

Feed

Fig. 3 Schematic representation of multiple-frequency flow cell (a) dual-frequency rectangular
configuration (b) triple-frequency hexagonal configuration
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ultrasonic bath. Also, due to the lower power dissipation per unit transducer, the

decoupling losses can be reduced which means that a higher magnitude of energy

will be available for the desired transformations. The design of the multiple-

transducer units also allows concentrating the intensity at the central zone away

from the transducers which reduces the problem of surface erosion and localized

operation of cavitation. It is also important to understand that the use of multiple

transducers in different sets allows using multiple frequencies of irradiation. The use

of a multiple-frequency operation can help in achieving both the chemical and

physical effects (for example, a combination of 20 and 500 kHz would give both

physical and chemical effects) and also can result in intense cavitation as compared

to the use of only one frequency at the same power dissipation. The design of flow

cells can also be modified to insert an annual quartz tube at the center of the reactor

(Fig. 3b) which can be equipped with an UV lamp. Such a modification can allow

simultaneous energy dissipations based on the use of ultrasound and UV

irradiations, which can give synergistic results for the applications with similar

controlling mechanisms such as chemical synthesis or wastewater treatment

governed by hydroxyl radical oxidation [30].

It is important to note that most of the research dealing with application of

sonochemical reactors for process intensification has been at the laboratory scale

and only recently some illustrations of large-scale designs can be seen in the open

literature. Mhetre and Gogate [31] reported a rectangular box type configuration

(length = 30 cm, width = 30 cm and height = 80 cm) which can be operated in

both batch and continuous mode. The ultrasonic flow cell has an operating capacity

of 72 L and all the transducers operate at a fixed driving frequency of 40 kHz. The

schematic representation of the flow cell with the arrangement of the transducers has

been given in Fig. 4. The ultrasonic flow cell has been reported to operate at four

different input power dissipation levels as 600, 1200, 1800 and 2400 W based on

the use of a different selector switch provided on the generator. Son et al. [32] also

reported the use of a large-scale design with a rectangular type cross-section and

having capacity of 250 L. The reported dimensions of the reactor are

1.2 m 9 0.6 m 9 0.4 m and a transducer module having nine transducers has

been introduced on the wall. The transducers are capable of operating at different

frequencies over the range of 35–170 kHz and have a fixed power rating as 400 W

per transducer. Asakura et al. [33] also reported a similar design having a capacity

of 120 L with use of multiple transducers having fixed frequencies of 500 kHz and

maximum power rating of 620 W. The actual power dissipated into the liquid

measured using the calorimetric studies revealed energy efficiency of 70 %. It was

also reported that the liquid height in the reactor played an important role in

deciding the cavitational activity as established using the Weissler reaction. The

iodine yield was reported to be the maximum for the liquid height over the range of

400–435 mm. Also, the iodine yield increased with an increase in the power

dissipation. The sonochemical efficiency obtained for this large scale reactor was

also reported to be similar to a laboratory scale reactor which confirmed the proper

scale-up procedures.

As part of providing a discussion on large-scale configurations, it is also

important to provide an overview of the applications with continuous operation of
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sonochemical reactors as this is the main requirement for large-scale processing.

Palanisamy et al. [34] investigated the synthesis of cadmium sulfide nanoplatelets

having a thickness of less than 10 nm in a continuously operated ultrasonic horn

reactor with use of inserts for reducing the residence time of the liquid mixture as

well as to form a narrow film around the surface of the horn. It was reported that the

Fig. 4 Schematic view and actual photograph of pilot-scale ultrasonic flow cell with different locations
of transducers [31]
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use of inserts allowed reduction in the available volume from 65 mL to only 8 mL.

It was also reported that the continuous configuration allowed synthesis of the

desired form of platelets with significant (around eight times) reduction in the

overall processing time and giving good control over the final product character-

istics. Shirsath et al. [35] reported the continuous synthesis of calcium carbonate

using a stirred reactor in the presence of ultrasonic irradiations. The reactor

assembly consisted of a sequential operation of a continuously stirred reactor

followed by an ultrasonic horn which was immersed in a continuous-flow reactor. It

was reported that the use of ultrasound resulted in production of smaller particles of

calcium carbonate as compared to only stirring which was attributed to the

enhanced nucleation and reduced agglomeration of the formed particles. Jolhe et al.

[36] investigated the synthesis of peracetic acid in a combination of a sonochemical

and a continuous-flow microreactor. For the combination approach, the microre-

actor was immersed in the ultrasonic bath in the presence of water as the coupling

fluid provided with temperature control. Comparison of the results obtained for the

continuous reactor with the conventional batch reactor revealed significant

intensification with the reaction time being reduced from 100 min in the batch

operation to only 10 min and, also, the final product yield was about 50 % higher. It

was also reported that the role of ultrasound was to provide the formation of

hydrogen peroxide in situ which helped in acceleration of the reaction. An

additional benefit of ultrasound was enhanced activity for the solid catalyst, and it

was also demonstrated that the deactivation of catalyst was reduced in the presence

of ultrasound.

4 Effect of Operating Parameters

The cavitational intensity generated in the sonochemical reactors which also decides

the degree of the obtained intensification for any chemical or physical processing

applications is strongly dependent on the different operating parameters such as

intensity of irradiation, frequency of irradiation and power dissipation in addition to

the geometry of the reactor and arrangement of the transducers. The liquid phase

physicochemical properties that decide the size of the nuclei generated as well as the

ease of generation of cavities also affect the cavitational intensity but not much

variation can be obtained in these parameters due to the fixed conditions of the

processing. The current section deals with understanding the effect of different

parameters and presents guidelines for the optimum selection of the same.

4.1 Intensity of Irradiation

The intensity of irradiation is defined as power dissipation per unit area of

transducers used for irradiation. The intensity can be varied by either changing the

power dissipation into the reactor which also affects the power density or by

changing the area of transducers (this may not be always possible as an operational

parameter once the given geometry for the reactor is fixed). Typically, bubble

dynamics studies have confirmed that intense cavitational collapse can be obtained
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using lower operating intensity [2] and, also, the number of cavities formed is

directly dependent on the levels of power dissipation into the reactors. Considering

these two counteracting effects, usually an optimum power dissipation level exists

and it is also recommended to dissipate same power through higher areas of

irradiation (of course this has to be considered at the design stage). Entezari and

Kruus [37] have reported that the rate of iodine liberation at constant power input

increased with an increase in the area of irradiating surface. Auzay and Naffrechoux

[38] compared the use of different dosimetry techniques as nitrite, nitrate and the

more commonly used iodine dosimetry to understand the effect of power density on

the sonochemical efficiency. It was reported that the sonochemical efficiency

increased with an acoustic power for all the dosimetry approaches though, more

importantly, the extent of increase was different in each of the approaches. This

observation allows understanding that the use of enhanced power dissipation will be

dependent on the specific application and usually optimum power dissipation levels

specific to the application needs to be selected.

4.2 Frequency of Irradiation

Frequency of irradiation usually dominates the type of cavitational effects as

physical or chemical. Typically, an increase in the frequency of irradiation leads to

more intense collapse resulting in stronger chemical effects in term of radical

formation. At a constant intensity and for a fixed initial radius of the nuclei, the

magnitude of pressure pulse generated at the end of collapse of a single cavity

increases with an increase in the frequency of irradiation, as demonstrated using the

bubble dynamics studies [2]. Furthermore, as the collapse is adiabatic, increased

collapse pressures naturally increase the maximum temperatures reached in the

cavity and, hence, in accordance with the hot-spot theory, the rate of chemical

reaction increases. Seymore and Gupta [39] reported that oxidation of KI

significantly enhanced with an increase in the frequency of the ultrasound.

It is important to note that the use of a multiple-frequency operation can give

more intense collapse as compared to the single-frequency operation and, also, a

combination of physical and chemical effects can be obtained. Servant et al. [40]

reported that the volume fraction of cavitation bubbles was significantly higher in

the case of dual-frequency operation as compared to the single-frequency

sonochemical reactors. Tatake and Pandit [41] also reported similar results for

multiple (both triple and dual) frequencies with higher intensity of cavitational

collapse as compared to the single-frequency operation. It was also reported that the

use of multiple frequencies with lower magnitude difference and in phase gives

higher cavitational intensity.

4.3 Operating Temperature

The effect of temperature is usually complex due to the multiple effects induced by

the changes in the temperature on the liquid phase physicochemical properties and

the rates of chemical reactions. An important effect of temperature is on the vapor

pressure which allows easy generation of cavities but at the same time, presence of
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vapors in the collapsing cavity results in lower cavitational intensity due to the

cushioned collapse. In the case of applications involving chemical reactions,

presence of vapors in the collapsing cavity will lead to higher dissociation rates and,

hence, enhanced product yields. Usually, it is recommended to select an optimum

temperature beyond which either marginal effects or reduced yields will be

obtained. Enhancing the temperature for a large-scale operation also means

additional operating costs for heating and, hence, it becomes even more important to

weigh the intensification benefits obtained due to the use of higher tempera-

tures against the associated costs.

4.4 Operating Pressure

Usually the operating pressure is kept fixed as the atmospheric pressure in the

operation of sonochemical reactors. An increase in the pressure generally results in

a marginal increase in the sonochemical effect till an optimum pressure, though this

needs to be quantified for the specific application and compared against the higher

operating and capital costs required for maintaining the higher pressures. There

have not been many reports dealing with understanding the effect of operating

pressure using different experimental systems and, to the best of our knowledge,

only one such report could be seen. Yotsumoto et al. [42] investigated the effect of

pressure over the range of 0.03–0.3 MPa (gauge) on the sonochemical reaction

using a flow reactor and reported that maximum sonochemical efficiency was

obtained at an optimum pressure of 0.1 MPa and temperature of 333 K.

4.5 Sonication Time

Cavitational yields typically increase with the time of operation but, beyond a

certain time, only marginal changes or even reduced yields can be observed. One of

the contributing factors for this trend is the presence of dissolved gases in the initial

period, which assists the formation of cavities, but the degassing action of

ultrasound results in lower cavitational effects in the subsequent operation.

Subjecting the process fluids to ultrasound over extended time periods can be

detrimental such as in the case of enzymatic reactions or the food-processing

applications or the crystallization of pharmaceutical products and, in such cases, it is

very important to establish clearly the optimum treatment times.

4.6 Liquid Physicochemical Properties

The important physicochemical properties of the liquid affecting the cavitational

intensity as well as the ease of generation of cavities are viscosity, vapor pressure

and surface tension. Usually, most of the applications rely on the use of water or

aqueous solutions as the process fluid and this meets the optimum criteria for

maximum benefits. For the other cases involving solvents, some decision-making

factors need to be considered. Typically, lower viscosity would be more beneficial

and excessively high viscosity such as in the case of oils would completely arrest the

generation of cavitational events. Similarly, liquids with lower surface tension will
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also be recommended as the ease of formation of cavities will be enhanced due to

considerable ease to overcome the natural cohesive forces. Higher surface tension

effects mean that higher threshold pressure and, hence, energy will be required for

the inception of cavitation.

Presence of dissolved gases or any other impurities including solids is beneficial

for the cavitation till an optimum quantum. Dissolved gases or solid particles

provide nucleation sites for cavitation thereby reducing the threshold energy

requirement and, also, the number of cavitation events increases. Bubbling gases

through the mixture, again at an optimum rate dependent on the geometry of the

sonochemical reactor [43], would enable obtaining higher cavitational effects as this

also helps in counteracting the negative effects of degassing. The type of gas used

also plays a major role in deciding the cavitational intensity and, in general, gases

with a high specific heat ratio give a higher cavitational effect. On the other hand,

gases with higher solubility reduce the cavitational intensity due to cushioned

collapse. Presence of solid particles gives similar counteracting mechanisms in

terms of enhanced surface cavitation and reduced effects due to scattering of the

incident sound waves leading to reduced energy dissipation. Thus, an optimum

loading of the solid particles will also exist [44] and the other decisive factors would

be the size of solid particles and the nature of the solids (whether it can act as a

catalyst to enhance the rates of chemical reactions).

4.7 Geometry of the Sonochemical Reactor

The geometry of the reactor in terms of the configuration of the transducers (number

and position), ratio of diameter of transducer to the reactor diameter, liquid height

and shape of reactor decides the cavitational activity distribution and, hence, the

observed degree of process intensification due to the use of sonochemical reactors.

The following important guidelines can be given for maximizing the effects:

• Usually, a higher number of transducers provides the beneficial effects in terms

of uniform cavitational activity distribution with the required intensities.

Selecting parallel plate reactors is recommended as this allows interactions of

the incident sound waves, giving resonating effects and continuous processing

can also be obtained. Theoretical analysis in terms of the pressure field mapping

based on the numerical simulations of the wave propagation equations is very

useful for obtaining an optimum design configuration [45–47]. The use of

multiple transducers also allows controlling the hydrodynamic conditions and

the mixing characteristics in the reactor which will be very important for the

physical processing applications and also chemical processing applications

limited by mass transfer.

• An increase in the diameter of transducer immersed in the reactor till an

optimum is beneficial resulting in an increase in the cavitational activity. The

ratio of horn diameter to the reactor diameter mainly affects the intensity of

liquid circulation, including the turbulence, and is more important for the

physical processing application as the controlling mechanisms are based on the

physical effects of cavitation.
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• Similar to the diameter of the transducer, the depth of the transducer in the liquid

also decides the intensity of the physical effects, mainly on the basis of the

degree of reflection of the incident sound waves from the base of the reactor and

from the reactor wall. It is also important to understand that an optimum depth of

the transducer also exists.

• For continuous operation, the flow cell type configuration is more suited and the

ability to arrange the transducers on the opposite faces gives flexibility in

controlling the intensity of cavitation based on the formation of standing waves.

In the literature, rectangular or hexagonal cross-sections have been demon-

strated to give excellent results both in terms of the theoretical simulations and

experimental measurements of the cavitational activity distribution.

5 Applications of Sonochemical Reactors

It is useful to overview the different applications, where sonochemical reactors can

be used efficiently. There are large illustrations available in the literature where

spectacular effects of cavitation have been successfully harnessed for a variety of

applications worldwide, although mostly under laboratory-scale operations. Few of

the important applications are now discussed briefly.

5.1 Biochemical Engineering/Biotechnology

The foremost application in the area of biotechnology is cell disruption for release

of intracellular enzymes, as the conventional devices, mainly the mechanical

disintegrators such as high-speed agitator bead mills and high-pressure homoge-

nizers, result in energy efficiencies of only about 5–10 %. Application of ultrasound

as a cell disruption approach allows intensified recovery with lower energy

requirements as compared to the conventional approaches. Balasundaram and

Pandit [48] reported the beneficial effects for the release of invertase enzyme by

disruption of S. cerevisiae cells using sonication, whereas Kurokawa et al. [49]

reported similar enhanced efficiency of ultrasonic disruption for the case of

Chaetocerosgracilis, Chaetoceroscalcitrans, and Nannochloropsis sp.

Sonochemical reactors also offer immense potential for the microbial disinfec-

tion, either operated individually or in combination with chemical methods. The

physical effects of cavitation in terms of turbulence associated with liquid

circulation are dominant, though chemical and heat effects also play a supporting

role. The use of ultrasonic reactors for microbial disinfection has been substantially

investigated [50–52]. Phull et al. [50] investigated the application of ultrasound in

combination with chlorine as a disinfection technique for E. coli and reported that

sonication was seen to amplify the effect of chlorination and the combination was

significantly better than sonication alone. Blume and Neis [52] also reported similar

beneficial effects for sewage treatment plant (STP) effluents with different

concentrations of suspended solids after exposure to sonication in combination

with chlorine.
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Sonochemical reactors can also be used as a pretreatment to biological oxidation

with the objective of reducing the toxicity of the effluent or, in other words, increase

the biodegradability. Sangave and Pandit [53] and Sangave et al. [54] reported the

enhancement effects on the biodegradability of distillery wastewater due to the use

of ultrasonic reactors. Though there is not much reduction in the actual chemical

oxygen demand (COD) of the effluent during the pretreatment using ultrasound,

there is a significant rearrangement in the molecular structures with formation of

lower molecular weight compounds which are easily digested by the

microorganisms.

In biological wastewater treatment, a major problem is the production of large

quantities of sewage sludge which are highly susceptible to decay and, hence,

proper disposal approaches are required. The sludge has to be stabilized by

anaerobic digestion in order to enable environmentally safe utilization and disposal.

Ultrasonic reactors have been reported to be effective in improving sludge

hydrolysis [55] based on the reduction in the size or the deagglomeration of the

microbial flocs, giving significant reduction in the digestion time. Ultrasonic waves

at low frequency and low energy are also reported to enhance the bioreactor

performance, giving higher microbial activity [56]. Zhang et al. [57] reported the

use of an external sonication chamber in combination with the activated sludge

system and demonstrated significant reduction in the generation of sludge during the

treatment, which can control the overall treatment costs effectively.

5.2 Chemical Synthesis

The different beneficial effects induced by use of sonochemical reactors in the case

of chemical synthesis are reaction time reduction, increase in the reaction yield, use

of less forcing conditions as compared to the conventional routes, reduction in the

induction period of the desired reaction, possible switching of the reaction pathways

resulting in an increased selectivity and increasing the effectiveness of the catalyst

used in the reaction [1, 5, 58]. For the case of homogeneous reactions, cavitation can

intensify reactions proceeding through radicals, whereas ionic reactions are not

likely to be affected. In the case of heterogeneous reactions, reactions proceeding

through ionic intermediates can also be intensified using the physical effects of

cavitation.

Ultrasound forms very fine emulsions in systems with immiscible liquids, which

is very beneficial and can result in intensified processing even in the case of phase

transfer-catalyzed reactions. When very fine emulsions are formed, the surface area

available for reaction between the two phases is significantly increased, thus

increasing the rate of the reaction. Similarly, in the case of heterogeneous systems

involving solids, application of sonochemical reactors can give enhanced surface

area and also avoid the deactivation or fouling of the solid particles which is

especially important when solids are the catalyst for the reaction.

In the case of aqueous systems, the intensification effects of ultrasound in organic

systems are not directly related to thermal effects but are instead a result of

acceleration of the single-electron transfer (SET) process. The SET step is required

as an initial step in several reactions, such as cycloadditions involving carbodienes
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and heterodienes [59]. The application of ultrasound can also alter the stereose-

lectivity of a particular reaction, as observed in the case of the cyclization of the

tetracyclic 19-iodotabersonine to the vindolinie epimers [60].

5.3 Crystallization

The use of ultrasound provides a non-invasive way of improving the crystal

properties and process controllability, mainly in terms of controlling the size

distribution and the habit and morphology of the crystals [61–63]. Ultrasound can

also be used to replace seeding and provide enough formation of the nuclei in the

difficult-to-nucleate systems. By varying the power and duration of ultrasonic

irradiation, the crystal size distribution can be tailored to optimize downstream

processing, which is very important in the case of pharmaceutical processing.

Ultrasound also results in reduction in the induction period and the metastable zone

width providing the desired crystallization conditions. It is important to note that

low-frequency ultrasound (20–50 kHz) is most favorable with optimum levels of

power dissipation and the irradiation time as application of higher operating

frequency ([100 kHz) coupled with high power and extended time periods can lead

to radical-induced degradations.

Crystallization is one such operation where commercial-scale application of

sonochemical reactors has also been reported with many successful results,

especially for pharmaceutical compounds. The scale-up is usually recommended

based on the modular flow cell type configurations where the number of modules

can be decided on the basis of required residence time and the capacity of the

operations. For small-capacity specialty chemicals, an external loop containing the

sonochemical reactor can also be constructed where the liquid mixture can be

circulated through the sonication unit at predesigned time intervals and with desired

residence times.

5.4 Wastewater Treatment

Sonochemical reactors can also be used effectively for the destruction/degradation

of the pollutants in water because of the localized high concentrations of the

oxidizing species such as hydroxyl radicals and hydrogen peroxide, higher

magnitudes of localized temperatures and pressures and the formation of the

transient supercritical water. The hydrophobic compounds react with OH� and H� at
the hydrophobic gas/liquid interface, while the hydrophilic species react to a greater

extent with the OH� radicals in the bulk aqueous phase. Optimization of organic

compound degradation rates can be achieved by adjusting the energy density, the

irradiation intensity and the nature and properties of the saturating gas in solution.

The variety of chemicals that have been destructed using sonication using different

equipments and on a wide range of operating scales are imidacloprid, p-nitrophenol,

rhodamine B, 1,1,1 trichloroethane, methyl parathion, pentachlorophenate, potas-

sium ferrocynide, phenol, CFC 11 and CFC 113, o-dichlorobenzene and

dichloromethane, potassium iodide, sodium cyanide, carbon tetrachloride etc.

[64–66].
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5.5 Extraction

Considering the growing importance of the natural products, extraction of active

ingredients using a specific solvent with the desired affinity has become an

important operation in many of the food and pharmaceutical sectors. The extraction

process is extremely difficult as the fraction of the active ingredients in natural

sources is very small and harsh conditions cannot be used for extraction due to the

possible loss of the activity of the compounds. Considering the complex structure of

the natural sources, the mass transfer resistances often dominate the recovery

resulting in a requirement of significant treatment times and also possibly

incomplete recoveries. The use of ultrasound, based on its dominant physical

effects, can give significant process intensification benefits such as enhanced

recovery, reduced time and lower energy consumption. The collapse of cavities near

the solid surface creates micro-jets at significantly higher velocities which, coupled

with the shear and turbulence, results in a reduction in the particle size and surface

peeling providing higher access for the solvent to the active ingredient. Application

of ultrasound for intensified recovery has been reported for a variety of compounds

such as aroma compounds, flavonoids, natural dyes, pigments, essential oils, citrus

compounds and medicinal products [67, 68].

5.6 Medicinal Uses

The use of ultrasound for medicinal purposes has also been on a significantly

increasing trend. Though, this forms an entirely different field of analysis, some

important possibilities are illustrated here. Ultrasound promotes the production of

free radicals in a given solvent and this fact has been used in the improved

production of hydroxyl radicals from two anticancer drugs, adriamycin and

mitomycin C [69], which lead to better management of the introduced drug.

Ultrasound was also used in a patented process in which pharmaceuticals were

delivered to the body using the preformed porous polymeric microparticles [70].

Ultrasound-assisted atomization has also been applied for obtaining encapsulated

drugs with proper morphological characteristics so as to result in the improved drug

delivery systems. Use of ultrasound has been reported to yield uniform particle size

distribution with enhanced encapsulation efficiencies confirming the utility of

ultrasonic atomization in the pharmaceutical field [71].

6 Combinations with Microwave, UV and Hydrodynamic Cavitation

Ultrasound can be effectively combined with different techniques like microwave,

UV and hydrodynamic cavitation resulting in intensified processing with better

energy and cost efficiency. These combinations can yield synergistic results due to

the complimentary effects and sometimes similarity in the controlling mechanisms.

For example, a combination of microwave and ultrasound can be effective due to

complimentary action resulting into elimination of heat and mass transfer barriers.

Microwave is based on rapid dipolar moment of a polar molecule, which helps in
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diminishing heat transfer barriers. The physical effects associated with ultrasound

removes the mass transfer limitation in the system. The combination of microwave

with ultrasound techniques can improve the process chemistry, and reduce the

process time by 2–10 fold as compared to the individual operations. Development of

this combination is also dependent on the material of construction for the ultrasonic

horn. The presence of metal in microwave cavity produces an electric arc and,

hence, it is difficult to use a simultaneous operation of microwave and ultrasound

[15]. Most of the studies have been based on the use of sequential operation or using

a Teflon-based ultrasonic horn, but this gives reduced efficiency for the

sonochemical operation. Boukroufa et al. [72] studied the extraction of essential

oil, polyphenols and pectin from orange peel using microwave and ultrasound

technology without adding any solvent but only water which was recycled and used

as solvent. It was reported that combination of microwave, ultrasound and the

recycled water of citrus peels allows one to obtain high value compounds in shorter

time and lower energy with reduced generation of wastewater. Gude [73] reported

that individual, sequential, as well as simultaneous applications of microwave and

ultrasound irradiations can be utilized for process intensification of various biofuel

productions and selective recovery of high-value products from natural sources.

The efficacy of sonochemical reactors for intensification can be enhanced based

on the use of UV irradiations either in sequential operation or simultaneous

operation. The combination results in the enhanced generation of hydroxyl radicals,

which can result in higher extents of oxidation [30]. Another advantage of the

combination approach is that the problem of deactivation of the photocatalyst due to

the product inhibition can be avoided due to the continuous cleaning action induced

by the ultrasound. Degradation of phenol at a pilot scale of operation was

investigated by Khokhawala and Gogate [74] using the combination of UV

irradiations with ultrasonic (US) irradiations. It was reported that combined

operation of US and UV leads to much better results in terms of enhanced

degradation. Tenster et al. [75] also reported that combination of high-frequency

ultrasound and UV resulted in rapid disinfection for the application of cleaning

microbially contaminated surfaces. In the sequential mode, a contaminated surface

was pretreated with sonication and then irradiated with UV light. It was reported

that high-frequency ultrasound exposure time and UV doses for complete

inactivation decreased by a factor of 2 and 6 to 7, respectively, compared to

high-frequency ultrasound or UV alone. Tezcanli-Giiyer and Ince [76] investigated

the individual and combined application of ultrasound and UV irradiation for the

degradation of azo dye. It was reported that combination of UV with ultrasound

induced a synergistic effect, which was attributed mainly to the formation of an

enhanced quantum of OH radicals due to the photolysis of US-generated H2O2.

A novel combination of hydrodynamic and acoustic cavitation (hydrodynamic–

acoustic cavitation/HAC) has been reported by Franke et al. [77] with investigated

application as the decomposition of chloroform. In the combination reactor, an US

horn was introduced in the recirculation loop used for the hydrodynamic cavitation

reactor just after the cavitating device. Using such an arrangement allows for the

collapse of the cavities generated using hydrodynamic cavitation under the influence

of ultrasound, which is considered to be more violent as compared to the
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hydrodynamic cavitation-induced collapse. The distance between the sonochemical

reactor and the cavitating device needs to be properly optimized so as to achieve

proper interactions between the two modes of cavitation. It was reported that the

hybrid method is the most efficient method in terms of energy transformation

efficiency and the individual application of ultrasound was less efficient as

compared to the combination approach. Franke et al. [78] also reported the use of a

combined hydrodynamic–acoustic cavitation reactor for the transesterification of

rapeseed oil with methanol for the production of the biodiesel. Studies related to the

understanding of the effect of different parameters such as the molar ratio of

methanol to oil, ultrasound amplitude, catalyst loading and temperature revealed

that the catalyst loading and the US amplitude are the parameters with maximum

influence on the biodiesel production. It was also reported that a biodiesel yield of

96.5 % was achieved in just 10 s of operation using the combined operation.

Beneficial results have also been reported for other applications such as degradation

of carbamazepine in environmentally relevant concentrations in wastewater [79].

Gogate et al. [80] described the development of a combined reactor based on the

simultaneous use of acoustic cavitation, hydrodynamic cavitation, electrochemical

oxidation/precipitation and ozonation. The reactor has been reported to have

successful applications for water treatment and recycling of ‘‘frac’’ water (used

water in the hydraulic manufacturing operations that need to be recycled back) at

over 1200 installations across the USA and Canada. The hybrid oxidation reactor is

described to give process intensification benefits and about 10–20 times higher

processing rates as compared to use of ozone or the sonochemical reactors alone

which has been attributed to the generation of additional oxidants in situ during the

treatment and also elimination of mass transfer resistances leading to enhanced

utilization of the introduced oxidants (ozone). Apart from disinfection of the

microorganisms and reduction in COD introduced due to the presence of organic

contaminants, passage through a hybrid reactor has also been reported to reduce

scale formation and also result in increased flowability, which can lead to energy

savings for the actual fracturing operations.

7 Efforts Needed in the Future

In spite of extensive potential for different applications with many proven results

from laboratory-scale operations, only limited illustrations of successful application

of sonochemical reactors at a commercial scale can be seen. The main reasons for

poor translation are identified as lower rates of processing, uneven distribution of

cavitational activity, material problems for high power application and lower energy

transfer efficiencies leading to higher treatment costs. It is also important to

understand that suitable design strategies linking the theoretically available

information with the experimental results are lacking, which has restricted the

optimum scale-up and operation of sonochemical reactors. Some of the guidelines

for the required future work for transforming the successful laboratory-scale

approach into commercial-scale technology include:
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1. There is a current need to design reactors with uniform cavitational activity

above the threshold required for inception of specific application. The design

should be optimized based on the theoretical simulations of the pressure field

distribution and understanding the effect of operating/geometric parameters on

the activity distribution.

2. Experimental investigations at different scales of operation are needed to

understand the dependency of the flow field, turbulence characteristics and the

collapse intensity on the scale of operation with an objective of establishing

well-defined scale strategies.

3. The significant problems related with the efficiency, power and scaling up of the

transducers have been the root cause in delaying industrial development.

Further research should be directed in terms of development of transducers

operating with high power capacity and minimum erosion. The problem has

more of a material science background, though inputs from chemical engineers

and chemists will always be required.

4. The combination of sonochemical reactors with the hydrodynamic cavitation

reactors as well as with microwave and UV need to applied for variety of

applications so as to establish clearly the expected synergism. Development of

hybrid designs capable of operating in continuous operation and as simulta-

neous combinations is very essential.

5. Development of user-friendly computer codes (similar to modern CFD codes)

to predict the expected chemical effects as a function of the different operating

parameters would be useful which can avoid trial-and error-type

experimentation.

6. The effect of process-intensifying parameters such as the presence of dissolved

salts, suspended solids and gases should be studied in detail at different

operating scales with the aim of intensification so as to minimize the operating

costs and to increase the applicability of cavitational reactors.

8 Concluding Remarks

Analysis of different aspects of sonochemical reactors including the mechanism of

generation, the key effects, the reactor configurations and the existing literature on

different applications has revealed the following key considerations:

1. Passage of ultrasound into the liquid medium generates cavitating conditions

and subsequent effects classified as physical and chemical which can drive the

intensification of different applications.

2. Identification of the key controlling mechanisms for the specific application and

subsequent optimization of the use of sonochemical reactors is very important

to maximize the benefits in a cost-effective manner.

3. Almost all the operating parameters including intensity and frequency of

irradiation as well as the operating temperature show an optimum dependent on
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the specific application, which needs to be established using laboratory/pilot-

scale studies maintaining the geometric similarity.

4. Theoretical simulations can be effectively used to predict the cavitational

activity and the pressure field distributions in the reactor which can also help in

arriving at an optimum design for the large-scale operations. Multiple

transducer reactors with flow cell type arrangement is the recommended

configuration for successful commercial-scale installations with already proven

results for some applications such as water treatment and crystallization.

5. It has been conclusively established that application of sonochemical reactors

can give intensified processing with the use of greener conditions and reduced

energy requirements as compared to the conventional approach.

6. The suggested guidelines for the possible work in the area of material

development, understanding the controlling mechanism and developing scale-

up strategies would be very helpful in efficient design and operation of large-

scale sonochemical reactors.
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