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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.
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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.
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Abstract Sonochemistry refers to ultrasound-initiated chemical processes in lig-
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.

@ Springer 2 Reprinted from the journal
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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 (Pg) required to create a cavity of
radius R..

0.770

€

Pg~ Py +

()

o is the surface tension of the liquid and Pj, is the hydrostatic pressure (could be
approximated to atmospheric pressure under normal experimental conditions). The
equation is valid when 26/R. < Py, [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].

Reprinted from the journal 3 @ Springer
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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 ¢ < 0, a bubble of radius R, is at rest in an incompressible viscous
liquid and hydrostatic pressure is po which is constant. However, at r > 0 pressure p,
varies with time and is superimposed on py, so that the pressure of liquid at certain
point from the bubble, p,, = py + p, which results in a change of bubble radius to
some new value R,. During this process, the liquid shell around the bubble acquires
kinetic energy of

1 oo
Ep { PAnrdr (2)

where shell at radius r has thickness dr, mass = 47nr°pdr (p = density of liquid) and
7 is the speed.

Using the liquid incompressibility condition, #/R = R?/r* (where R is the radius
of the bubble when contracted, R is the wall velocity) Eq. 2 can be integrated to give
2mpR>R%. 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 py in the liquid outside
the bubble wall gives

R .
[ (pL — Pso)4nR*dR = 2nR*R?. (3)
Ro

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

AR _ 1 (%)

=~ 2 =2R 4
OR R Ot “)
PL — Px 3R2 5

T:T+RR (5)

where R is the velocity of the cavity, R is the acceleration of the cavity.
The liquid pressure p; for a pulsating bubble containing gas and vapour is given

as
20 Ry 3 20
= _— v e v 6
pL <po+R0 p)(R) oy - g (6)
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where p, is the vapour pressure of the liquid, o is the surface tension, p, is the
ambient pressure, v is the ratio of specific heat of gas at constant pressure to that of
constant volume.

Substituting py, from Eq. 6 and p., = po + p; into Eq. 4 gives

Rié+3R2—1 +2a Ro 3"+ 20 o
) —p Po Ro Pv R Pv R Po— Pt -

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.

RR+3R2—1 +2a Ro 3”"+ 26 4R ®
7 o Po Ro Pv R Pv R R Po — P:

where 7 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 p, and
circular frequency ®. Therefore,

D = —pa sin(z). 9)

Substituting Eq. 9 into Eq. 8 gives

R'R+3R2—1 +2‘7 Ro 3y+ 20 4R + pasin(t) p. (10)
T g Po Ro Pv R Pv Po T paSIN .

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

Reprinted from the journal 5 @ Springer
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Fig. 1 Schematic description of the growth of a bubble in an acoustic field by “area” and “shell” effects
(adapted from [35])

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

@ Springer 6 Reprinted from the journal
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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

1
R R 2
R\ (RR)YT,
Ry nDt
where H is given by

(@) e

C; is the concentration of dissolved gas in the liquid far from the bubble, p, , is
the instantaneous pressure of the gas in the bubble, C, is the saturation
concentration of the gas in the liquid, D is the diffusivity of the gas, and

4 4
<(1§0) (’;f—x‘“) >, <<1§o) > and <R%> 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

(e () () (- () G ()

(13)

(11)

an _ 4DR,C
dn _ 4
d[ 0Lo0

ar, _Da
dtiR()

where, d = kTCy/P., (K is the universal gas constant, 7T is the temperature).
The threshold acoustic pressure growth of a gas bubble is obtained by setting
dRy/dt = 0, and results in the equation

, (R3R)’ (1= @2/} +0 (0 3}) | (1 + 20 /RoPoc — €1/ Co) "
(3+4K)(C/Co) — { P24 4 (4 = 3)K } (1 +20/RoPoc)

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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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)]

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.

FXxR=~3 (15)

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

@ Springer 8

Reprinted from the journal



Top Curr Chem (Z) (2016) 374:56

1056 kHz

875 kHz
1136 kHz

r 647 kHz 1

355 kHz

Normalized Probability Densitiy

213 kHz

0 -
1.5 2 25 3 35 4 45

Bubble Radius [um]

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)]

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 ps), 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 R, and
when R = 0, the cavity would collapse, rebound and oscillate between maximum
radius R,,,x and minimum radius R,;,. R = R,, and R = 0 at the beginning of the
collapse. The pressure of gas inside the bubble is p,,, and temperature is Tfp,.
Assuming that there is no heat flow across the bubble wall, the gas pressure is given
by Eq. 16, which follows adiabatic law.

Ra\”
Pg = Pgm <;> (16)

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 R,, to R. The
energy balance is given as
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R R
— / PocATR*dR = 21R*R*p — / prATR*dR. (17)
Rm Rm

The work done can be expressed as

R
1 4nR3 R\ 7!

R

Therefore, Eq. 17 becomes
R
: 1 4nR} R\ 7!
/ PocATR?dR = 21R*R?p — y—l%Pgm{ (?> —15. (19)

R

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

Sl ) el )

This equation can be solved for calculating R,.x and R,,;, when the velocity R of
the bubble wall is zero.

o () e () (R))

where R = Ry.x O Ryin.
When R = R, and if R = Ry, < Ry, then Eq. 21 reduces to

R

Py (—)M: Pl — 1). (22)

Rmin

As PV’ and TV? Y are constant during the reversible adiabatic compression, the
maximum pressure P, and maximum temperature attained during collapse Tpax
can be obtained from Eq. 22 and are given as

Ru \” — )\
Pirax = Pgm (R—> ~ Pgm (%) (23)
min gm
3y—1 N
Toax = <Rm) ~ T <p°°(yl)) (24)
Rmin pg,m
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Fig. 4 Result of the numerical 20
simulation of the bubble radius |
as a function of time for one
acoustic cycle (3.3 ps) 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 um. 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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Equation 24 for calculating the Ty.x 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 x 10° 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 Thax- Misik et al. [50], using kinetic isotope effect of the sonolysis of H,O/D,O
mixtures, found that the cavitation temperatures determined were dependent on the
specific spin trap used and are in the range of 10004600 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:

CH; — CH; + H (Reaction 1)

H,O — H + OH (Reaction 2)
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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)
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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 ps. 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)

H +CH; — CH; + H, (Reaction 3)

OH' + CH4 — CH; + H,0 (Reaction4)
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Fig. 7 Rate constants for the formation of ethane and ethylene as a function of temperature (left) and
temperature dependence of the ratio kemyiene/kemane (right) [reprinted with permission from Elsevier [52];
copyright (1990)]

CH; + CH; — C,H¢ (Reaction 5)
CH; + CH; — CHy + H, (Reaction 6)

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 Kepyiene/kethane (ZYi€ldetnyiene/Yi€ldethane) 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 ¢-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
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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
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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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Fig. 11 Bubble radius distribution of SL and SC bubbles. Frequency = 575 kHz [reprinted with
permission from American Physical Society [44]; copyright (2009)]

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.

20H — H,0, (Reaction 7)
H,O, +2I" — 20H™ + 1, (Reaction 8)
L+I" =15 (Reaction 9)

5 Single Bubble Sonochemistry

In air-saturated water, a variety of radicals and molecular products such as H,O5,
HO,, O, O3, HNO,, HNO;, H, and OH radicals (Reactions 2, 7, 10-15) are
generated (Fig. 12c).

0, — 20 (Reaction 10)
O+ 0, — O3 (Reaction 11)
H+ 0, — HO, (Reaction 12)
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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. ¢ The intensity of the light emitted from a bubble [reprinted with permission from AIP Publishing
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2HO, — H,0, + O, (Reaction 13)
N, + O, — 2NO (Reaction 14)
2NO + O, — 2NO;, (Reaction 15)

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
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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;, HNO,, O
and H,O,. 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 x 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 x 10°, which is
consistent with the calculated result of 6.6 x 10°. The generation of NO, and
further reaction of NO, with H,O 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 NO, ™ ions produced in one acoustic cycle was experimentally
determined by Didenko and Suslick [90] as 9.9 x 10° (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 HNO, (4.0 x 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 x 10°. This suggests that the experimentally reported
production rate of NO,~ 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

Rinax (Lm) 28.9 30.5

Number of OH- radicals per cycle 6.6 x 10° 8.2 x 10°
Number of photons per cycle 8.1 x 10° 7.5 x 10*
Number of NO, ™ ions per cycle 3.7 x 10° 9.9 x 10°
Potential energy at Rpax (€V) 6.4 x 10" 7.5 x 10"
Energy to form OH radicals (eV per cycle) 3.4 x 10° 43 x 10°
Energy to form NO, ™ ions (eV per cycle) 1.6 x 10° 42 x 10°

Reprinted with permission from Nature Publishing Group [90]. Copyright (2002)
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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
HNO, 4.0 x 107
HNO, 3.7 x 107
o 1.6 x 107
H,0, 5.1 x 10°
0; 2.7 x 10°
HO, 23 x 10°
NO, 1.1 x 10°
H, 1.0 x 10°
OH 9.9 x 10°
NO, 3.9 x 10°
N,O 3.0 x 10°
NO 13 x 10°
H 1.1 x 10°
HNO 2.8 x 10*
N 27 x 10°
N,Os 6.8 x 107

Reprinted with permission from AIP Publishing LLC [89]; Copyright (2005)

radicals dissolving into liquid from an initial air bubble (9.9 x 10°) is not so
different from that from an SBSL bubble in a steady state (6.6 x 10°) and is
consistent with the experimentally reported value of 8.2 x 10°.

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).

0,+M—-0+0+M (Reaction 16)
OH+M —-O+H+M (Reaction 17)
N; +0; — O +N;0 (Reaction 18)
0, +N —- O+NO (Reaction 19)
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Fig. 13 Experimental results of I> (1MKI . 0.0005M AM)
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copyright (1985)]
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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 O,. In their experimental results (Fig. 13), the amount of I,
produced in aqueous KI solution was considerably larger than that of H,O,
generated in pure water (in the absence of O,). On the basis of this observation, they
concluded that there should be some oxidant such as O in addition to OH radicals
and H,O,. 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, Ti,,x, 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
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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 Ry = 5 pm. b 100 kHz and
Ry = 3.5 pm. ¢ 300 kHz and Ry = 3.5 um. d 1 MHz and Ry = | pum [reprinted with permission from
AIP Publishing LLC [48]; copyright (2007)]

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 H,O, 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 H,O, into OH radicals. It has
been shown that Ty, is proportional to R,,., 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 HO,. 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
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temperature is higher than 7000 K, and the main chemical products are HNO,, NO
and HNO; [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/cm? [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, ¢ 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,
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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 [S], 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 frans products in the same times and
with the same yields. The unsymmetrically substituted epoxide styrene oxide gave
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Ry = CH,0CH,CH=CH, NRR' = PhNH,,"BuNH,,{ |
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N
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Scheme 1 Ultrasound-promoted synthesis of -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 o 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 o-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
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R, = CO,Me, Ry = PhCH,,-CIC4H,CHy, 2-CICgH ,CH,,PhCH(Me), i-Bu, allyl, i-Pr  E = ester
R, = CO,Et, Ry =2-CICzgH,CH, R = Me, Et

Scheme 2 Catalyst-free synthesis of Rhodanines in water under ultrasonic irradiation (adapted from [21])
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Scheme 3 Catalyst-free ultrasound assisted synthesis in water of nitrogen heterocycles and derivatives
through the aza-Michael reaction

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

o Me
O O
J\/“\ 4>CAN R Ri + Ry—NH, LSRN " N-R
R Ry Solvent R Ry Ry = z
O O o) Me
R=R;=Me Solvent R = Me, R; = Me, R, = Ph, 4-Me(Ph), 4-OMe(Ph), PhCH,,
: = l\ge, RO1 =OEt  MeOH, H,0 R =Me, R, = OEt, R, = Ph, 4-Me(Ph), 4-Cl(Ph), PhCH,
= R, =OFEt

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,
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: -H0
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O R =H, 4-Br, 2-Cl, 4-Cl, 4-OH

R =H, 4-Br, 4-OH, 4-Cl
)))), f=40 kHz, P = 250 W, T = 60°C, Catalyst-free, H,0

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) Cl,
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/NH,Cl under stirring to the
glycerol/NH,C1 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 f-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 o, -
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-
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Scheme 6 Ultrasound-assisted Michael addition of amines to ferrocenylenones under solvent- and
catalyst-free conditions and at room temperature (adapted from [31])

Reprinted from the journal 37 @ Springer



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

A B BN @r C

o
)))), 60°C, solvent-free

| g S
o H ﬁ? NH
@xosr—o o N o OA@
N R ﬁ

0 Q N-N

S S 5 I

\:’

OMe CHj

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

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.
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2.3.2 Synthesis of o-Aminophosphonates

o-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 o-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
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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 o-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
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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 o-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 o-
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 R,
R, and R; 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).
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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 o-acyloxyamide synthesis-hydrolysis. After completion of the o-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; o-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

Rz 0 R = H, Ry = 4-NO,CgHy, 3-NO,CeHy, CoHs,
o) o 4-OMeCgH,, 4-CICgH , 3-CICgH 4, 4-BrCgH,,
)J\ R 4-CHOCgH,, 2-thienyl, 2-pyridyl, n-C/H;5
R + R H R

R = CHaz, Ry = 2,4-Cl,CeHy, 4NO,CeHy,
R 4-CHgCgH,, 3-OHCgH,, cyclohexyl
Qf; ), rt, solvent-free
(e] Ry O
R, Ry = CHg, Ry = 4-NO,CgH, isopropyl
é/\/§ . Ri Ry =Ph, Ry = 4-CHyCgH,, cyclohexyl

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, P,Os, InCl;, NH3;HSO;, BF;.0Et, 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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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])

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 S5 reacts finally with
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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 o-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,

~ Ry
R, " X N32003 o
1 P —_—> N
PEG400, )))) Rz@_( R,
\H, 0 02\( S
R;=H,Ry=H Ry =4-CHz Ry =H Ry =4-Cl,R;=H
R1 = H, Rz = 4'CH3 R1 = 4'CH3, Rz = 4'CH3 R1 = 4'C|1 R2 = 4'CH3
Ry = H, Ry = 4-C| Ry=4-CHy Ry=4-Cl Ry =4Cl,Ry=4Cl

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 (H,O, or O,) 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
(H3PW,040). 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 H,O,, 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 FeCl; and HNOj 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 Na,WO,, 2H,O under
magnetic stirring. This result is one of the best ever reached with H,O,. But,
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Scheme 14 Suggested mechanism for oxidation of benzyl alcohols with FeCl; and HNO; under
sonication (adapted from [51])
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Scheme 15 Depolymerization of Kraft lignin in the presence of a H,O, / Na,WO, system (adapted from
[52)

surprisingly, acoustic cavitation promoted the high coupling of phenoxy radicals
generated by superoxide radical HO,° 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 H,O, [54]. The screening of the catalyst led to
the choice of tungstic acid H,WO,; 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 p-glucose into p-gluconic acid. The
Sono-Fenton reaction occurred at low frequency in the presence of the H;O,/FeSO,
system [55]. This very efficient and regioselective reaction afforded the acid with
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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 H,O, 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 H,O, 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
PEGMES00 and 85-98 % of sulfones in acetonitrile, respectively, within
5-45 min (Scheme 16). Unsaturated carbon—carbon bonds remained unchanged.

H,0,, PEGME 54, or CH,CN o o
Or-e Otn e O

r.t., 5-45 min., )))) o
or or o 0
11 + 1

Bu—S—Bu Bu/s\Bu Bu—ﬁ—Bu
(0]

sulfides sulfoxides sulfones

R = alkyl, cyclopropyl, benzyl, phenyl, vinyl, propargyl

Scheme 16 Oxidation of sulfides with H,O, in organic solvents under ultrasound (adapted from [58])
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The advantage of using PEGMES500 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
H,0,. 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,
H,0, 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 H,0O,/NaHCOs/imidazole/
Mn(TPP)OACc oxidation system and [mopyrro][NTf,] 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

= UHP, ethanol/water
LN X _
RI—— | —R .
%z = r.t., 15-60 min., ))))
chalcones 78-93% yield

Scheme 17 Epoxidation of chalcones with urea-hydrogen peroxide (UHP) in a cleaning ultrasonic bath
(adapted from [61])
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Scheme 18 Ultrasonic-assisted epoxidation of olefins catalyzed by MnTPP(OAc) in [mopyrro][NTf,]
IL, and by chiral Mn porphyrin (adapted from [64, 66])

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.
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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. 1t 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 CALB™
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 y-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 6'-
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, 4'-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 4’ 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 CALB™ 10,000 at 40 kHz, increasing yield by 7.5 fold
compared to silent conditions. The kinetic model was still consistent with the
experiment.

CHy=CH-0,C—~(CH,),—CO,CH=CH,

alkaline protease

pyridine, 50°C, ))))
troxerutin R = CO—(CH,),—~CO,CH=CH, n=2,3,4,7,8,11 70% yield
' Ho o OH RC%2 1o o OH
Hﬂ RCO,CH=CH,, lipase PCL Hﬂ
o oH OH  pumso, 45°C, 6 h, )))) o oH OH
OH O OH O
. R=C1-C11 .
mangiferin 40-84% conversion

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 &-
caprolactone in IL [emim][BF,]. 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][NTf;] (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-

O H OH H
HO N S. marcescens N10612 HO N
HPMAE (R)-phenylephrine

Scheme 20 Enantiospecific ultrasound-assisted enzyme-catalyzed reduction of 1-(3-hydroxyphenyl)-2-
(methylamino)-ethanone (HPMAE) (adapted from [94])

@ Springer 54 Reprinted from the journal



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

ArC=0
Candida antarctica A AN
7 N\ - Ar . COLEt
NN Ty Tx r =— pH 7, 40°C, 2, )))) PN
o COLEt |,

Scheme 21 Ultrasound-assisted synthesis of indolizine by biocatalyzed one-pot cycloaddition (adapted
from [95])

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 novel materials 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
chemistry occurring inside collapsing bubbles), 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 the mixing 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
coupling of the sound waves to molecular species, as they occupy very different 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 acoustic waves, 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

a
2B
= ANNNNNNNNND
8k VVVVVVVVVV
Q=
oo
= 1504 b
g implosion
@ 100
- g™
@ shockwave
o 507
el rapid
E o] _formation hot spot quenching
0 100 200 300 400 500
time (us)

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 10" K s7' [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

3.3

o

Pressure atm)

10

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
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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_l, 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 N,) [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., O,), as shown below.

H,0 -))) - H + OH,
H + H — Ha,

H 4+ 0O, — HO,,

‘'OH + H — H,O0,

‘'OH + OH — H,0,,

Materials Applications of Ultrasound
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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(IIl) can be
reduced [19], as discussed in more detail later:

RH + OH/H — R + H,0/ H,,
Au(IIl) + 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)s, 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)3;NO,
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)¢ and subsequent sonication produces clustered and agglomerated nanopar-
ticles of MoS, [25]. This product has a higher edge surface area than conventionally
prepared MoS,, and the catalytic activity is only at the edges where Mo atoms are
exposed, not on the flat sulfur faces. MoS, is the predominant industrial hydrodesul-
furization catalyst, and the sonochemically prepared MoS, demonstrates compara-
tively high catalytic activity for hydrodesulfurization of thiophene as an example. The
sonication of Mo(CO)g [26] and W(CO)e [27] in an aliphatic solvent produces
molybdenum carbide and tungsten carbide, respectively. Sonication of Mo(CO)g in
the presence of air produces MoO3 nanoparticles. When these precursors are sonicated
in the presence of SiO, nanoparticles or other inorganic oxide particles, the catalytic
material can be directly deposited onto a support during synthesis.

SiO, 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,

Reprinted from the journal 63 @ Springer



Top Curr Chem (Z) (2017)375:12

e

™

Fig. 4 a TEM showing sonochemically produced amorphous iron nanoparticles. b SEM of agglomerated
amorphous iron nanoparticles. ¢ 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

amorphous iron oxide particles were formed from amorphous iron. Similarly, the
sonication of Mo(CO)¢ with silica nanoparticles and sulfur or in the presence of air
will produce hollow MoS, or MoOj particles, respectively [29]. An experiment
showed the hydrodesulfurization catalytic activity of the sonochemically produced
hollow MoS, nanospheres outperformed even the non-hollow sonochemically
prepared MoS,. Washing the particles with HF removes the silica, leaving hollow
nanoparticles. Annealing the MoOj 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 Miiller 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
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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

coworkers described that when aqueous solutions of HAuCl, are sonicated in the
presence of alcohols or a similar surfactant or organic additive, Au(Ill) 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(IIl) 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 AgNOj, 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
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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(IIl)
reduction observed at the same
frequency. Reproduced with
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followed by a Ru(II) solution in PVP or SDS [13]. Uniform bimetallic
nanoparticles have also been produced sonochemically, including PtCus; [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], St(OH), [48], Dy,0j3 [49], and Fe;0, [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
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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 SnO, 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 AgClI 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 (ZnsO(BTB),,
BTB=4,4',4"-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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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. ¢ 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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had similar properties. In a test of CO, 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
(Mg, (dhtp)(H,0),-8H,0, 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 um particles,
while the sonochemical method produced spherical 0.6 pum 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
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Fig. 8 a, b SEM images showing the cubic structure of the Ag/AgCL particles. ¢ 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

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 TiO,
nanoparticles deposited on graphene sheets by the ultrasonic irradiation of a
suspension of graphene oxide with TiCly, in ethanol, followed by reduction of the
graphene oxide [67]. The composite showed improved activity over TiO, 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 Fe;O, [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
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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 ecm™', 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 MWCNTSs was similar to that of SWCNTSs 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 SWCNTSs 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 M,, = 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(NOs3), and NaOH. The ZnO precipitated as interconnected nanosheets,
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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 ¢ emission spectra
of sonochemical carbon dots from various excitation wavelengths. Adapted with permission from Ref.
[75]. Copyright 2014 Royal Society of Chemistry

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 Zn>*-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
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Fig. 11 SEM images demonstrating the effect of ultrasound on the precipitation of ZnO materials. In a,
¢ 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

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]:

where D is the diameter of the droplet, y is the surface tension of the liquid, p 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 pm in
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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 pm) due to the very low surface energy of silicones; other
methods that can make small microspheres could only produce particles one at a

Furnace
| 50-1000 °C
| J
Carrier Bubblers
Gas
Household
Humidifier

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 um 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
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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’l, ¢ 20 mg mL’l, e 100 mg mL~! PDMS in hexanes. b, d, f Size distributions of
microspheres shown in a, ¢, e, respectively. Reproduced with permission from Ref. [84]. Copyright 2015
Wiley-VCH Verlag GmbH & Co. KGaA

Reprinted from the journal 75 @ Springer



Top Curr Chem (Z) (2017)375:12

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 Fe;O, 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 10° microspheres/cell.

Suslick and coworkers have used USP to produce hollow microspheres of
ZnS:Ni*" [85] and aluminum metal [86]. The hollow ZnS:Ni** 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 TiCl, 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 TiCly.

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 y-
alumina [87], titania [88], and TiN [89]. The synthesis of MoS, 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)>,MoS,. Silica in the microsphere product was etched away
with HF, leaving a highly porous MoS, 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(IT), Mn(II),
Fe(Il), and Ni(Il) 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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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. ¢ 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

[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 MoQOj; for lithium ion
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batteries [96], sulfur for lithium—sulfur batteries [97], and Na,FePO4F 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); and Na,COj3;, porous microspheres with a BET
surface area of 301 m* g~' were produced. In contrast, replacing Fe(NO;); with
FeCl; produces hollow porous spheres with a BET surface area of only 97 m* g~ .
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, ¢ 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 (NO,) in situ. Mixing the iron salts
produced microspheres with intermediate properties.

Suslick and coworkers have also developed porous MnO, microspheres for use as
a supercapacitor material [102]. Synthesis requires only a precursor solution of
KMnO, and HCI 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 Fg~'. 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~', 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, NalnS, nanoplates
were prepared [104]. To prepare these nanoplates, InCl; and excess Na,S are
combined in water and react to form In,S3 nanoparticles and dissolved NaCl. Upon
nebulization, the droplets are carried by a N, stream into a 625 °C furnace. The
water evaporates, leaving behind a molten salt flux. Within this flux, NalnS, crystals
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Fig. 16 Morphology of MnO, 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 ¢, 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 NalnS, 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 NalnS,
nanoplates were used to construct a photoanode. USP-produced NalnS, photoan-
odes outperformed the non-USP samples. The coupling of USP and molten salt
syntheses has been used to produce NaSbO; nanoplates [105], Fe,O3 nanoplates,
rhombohedra, and octahedra [106], and CoFe,O,4 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 Y,03;-ZrO,, Ni, Ag-Pd, CdS, ZnS, LiCoO,,
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Fig. 17 Comparison of NalnS, 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.
¢ An SEM image of NalnS, 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
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Lag gSrp,C00503.x [108], and CeO, [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 um 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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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

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 son