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Sonochemistry and sonocatalysis: current
progress, existing limitations, and future
opportunities in green and sustainable chemistry
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Sonocatalysis is a specialised field within sonochemistry that leverages the interaction between ultrasound
and solid catalysts to enhance the rate and selectivity of chemical reactions. As a non-traditional catalytic
activation method, sonocatalysis can profoundly modify reaction mechanisms and unlock novel activation
pathways that are not typically accessible through standard catalysis. This unique approach offers new
opportunities for driving reactions under milder conditions while potentially improving selectivity and
efficiency. This review highlights the recent progress of sonocatalytic applications in green chemistry and
their contribution to the United Nations’ Sustainable Development Goals (SDGs), including environmental
remediation, sonotherapy, and biomass conversion. In these applications, we explore the underlying
sonocatalytic mechanisms and the interaction between solid catalysts and ultrasound, which drive the
enhanced reactivity. A key feature of this manuscript is its comprehensive analysis of the primary technical
challenges in sonocatalysis, specifically its low energy efficiency and the complexity of reaction control.
To address these hurdles, we examine various effective strategies, such as the incorporation of nano-
structured catalytic cavitation agents and the design of advanced microfluidic sonoreactors. These inno-
vations improve energy transfer, control bubble dynamics, and enhance catalytic activity under ultra-
sound. Furthermore, we implement molecular modelling to gain fundamental insights into the mecha-
nisms fundamental to the effectiveness of sonocatalysts. This approach provides a deeper understanding
of how nanostructured catalysts interact with ultrasonic fields, guiding the design of next-generation
catalytic materials. The integration of nanostructured catalytic cavitation agents, microfluidic reactor
technologies, and computational molecular modelling forms a trilateral synergistic platform that unlocks
new potential in sonocatalysis. This multidisciplinary framework paves the way for significant advance-
ments in green and sustainable chemistry, offering innovative solutions to global challenges in energy,
health, and environmental sustainability.
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1. We discussed the crucial role of sonochemistry and sonocatalysis in advancing green chemistry by enabling energy-efficient, solvent-free, and environmen-

tally friendly chemical processes.

2. Sonochemistry utilizes highly reactive species from the cavitation events to facilitate chemical reactions and eliminate the need for harsh chemicals or
extreme conditions. The combination of sonochemistry and a catalyst, called “sonocatalysis”, leverages its contribution to green chemistry and allows to
access chemicals that are not reachable by conventional routes. Its ability to intensify reactions while reducing energy consumption and waste generation

makes it a powerful tool for sustainable and eco-friendly chemical manufacturing.
3. Despite their great potential, there exits several decisive technical hurdles of sonochemistry and sonocatalysis. This tutorial review identifies promising
strategies to overcoming these problems which could allow unlocking the full potential of sonocatalyis for green and sustainably chemistry.

1. Introduction

Sonochemistry is an evolving field that explores the unique
effects of ultrasound on chemical systems, with profound
implications for industrial, environmental, and biomedical
applications.’™ Sonochemistry plays a crucial role in advan-
cing green chemistry by enabling energy-efficient, solvent-free,
and environmentally friendly chemical processes. The use of
ultrasonic cavitation generates localized hotspots of high
temperature and pressure, producing highly reactive species
and radicals. These species drive oxidation, degradation, and
synthesis reactions, eliminating the need for harsh chemicals
or extreme conditions. Additionally, sonochemistry supports
green synthesis of nanomaterials, promoting catalyst develop-
ment with improved efficiency and recyclability. Its ability to
intensify reactions while reducing energy consumption and
waste generation makes it a powerful tool for sustainable and
eco-friendly chemical manufacturing.

In recent years, the ability of ultrasound to enhance various
chemical processes has led to its adoption in many fields such
as ultrasound-assisted extraction, crystallisation, chemical syn-
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thesis, material fabrication, and non-invasive therapies.” ™!
The operational frequency range for sonochemistry typically
lies between 20 kHz to 1 MHz, enabling a wide array of chemi-
cal transformations and material processing techniques that
are otherwise challenging under conventional methods. The
versatility and effectiveness of ultrasound have made it an
indispensable tool in industries like food processing, pharma-
ceuticals, material science, and environmental
remediation.’* One of the most striking features of sono-
chemistry is its ability to accelerate reaction rates, alter reac-
tion pathways, and modify physical properties under relatively
mild conditions. Unlike conventional chemical reactions,
which often rely on high temperatures and/or pressures, sono-
chemical processes occur via the non-thermal effects of ultra-
sound, thereby providing more energy-efficient and selective
routes for chemical transformations.

The primary mechanism driving many sonochemical pro-
cesses is acoustic cavitation—the formation, growth, and
violent collapse of bubbles in a liquid medium under ultra-
sonic irradiation. The random and uncontrolled nature of cavi-
tation, both spatially and temporally, poses significant chal-
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lenges in optimising sonochemical processes. Cavitation
events can occur unpredictably, leading to side reactions,
unintended material degradation, and inefficient energy
usage. These limitations become particularly problematic in
industrial applications, where process consistency and
efficiency are critical. To address these challenges, researchers
have explored various strategies to better control cavitation.
Traditionally, exogenous gas nuclei, such as micro- and nano-
bubbles, are introduced to initiate cavitation. However, micro-
bubbles have inherent limitations, such as their short circula-
tion half-life and rapid destruction under ultrasound. More
recently, alternative nucleation agents like phase-change dro-
plets and solid cavitation agents have been proposed. Phase-
change droplets provide a more stable platform for cavitation
initiation, but they still suffer from size limitations and are not
suitable for long-term applications.”>'® Solid cavitation
agents, particularly those developed for biomedical appli-
cations, offer more promise than other techniques.'””™*° These
materials, often composed of metal oxides or nanostructured
surfaces, provide stable nucleation sites for cavitation and are
able to be engineered for use in broader industrial appli-
cations. These agents enhance cavitation by reducing the
threshold acoustic energy required, allowing for more precise
control over where and when cavitation occurs.
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Sonocatalysis, an emerging sub-field of sonochemistry, was
developed to leverage the efficiencies of sonochemistry by inte-
grating a heterogeneous catalyst into the ultrasonic field. The
solid catalyst interacts with the ultrasound-induced radicals
and absorbs the cavitation energy, thus facilitating more con-
trolled reactions.>*>® However, the physical distance separ-
ating cavitation events and the catalytic surface limits the
efficiency of energy transfer. Cavitation primarily occurs in the
bulk liquid, while catalytic reactions take place on the solid
surface, meaning that the full potential of the combined ultra-
sound-catalyst system is not realised. To overcome these chal-
lenges, several approaches are being explored. The use of
nanostructured catalytic cavitation agents provides one avenue
for increasing the surface area available for cavitation while
reducing the energy barrier for bubble formation. These nano-
structures can serve as both nucleation sites for cavitation and
as active catalytic surfaces, thereby bridging the gap between
ultrasound energy and catalytic activity. Another promising
development is the design of microfluidic sonoreactors, which
offer enhanced control over cavitation events by confining the
reaction space and optimising the flow of reactants. In micro-
fluidic systems, the interaction between ultrasound and the
fluid can be precisely controlled, allowing for more uniform
cavitation and reducing energy losses. In addition, the inte-
gration of computational molecular modelling is becoming
increasingly important for understanding the fundamental
mechanisms of sonocatalysis to better guide the design of
novel nanostructured materials. By simulating the interaction
between ultrasound and solid catalysts, researchers could opti-
mise the system parameters to maximise the efficiency and
selectivity.

In this review, we describe the recent developments of sono-
chemistry and sonocatalysis for green and sustainable chem-
istry. We analyse in detail the existing technical hurdles for
further developing these technologies and give a perspective
on harnessing the nanostructured catalytic cavitation agents
and the power of microfluidics in sonocatalysis. The contri-
bution of sonochemistry and sonocatalysis to the principles of
Green Chemistry is also discussed in detailed in section 5. In
this review, computational molecular modelling, nano-
structured catalytic cavitation agents, and microfluidic solu-
tions are proposed to be integrated into a sonocatalytic plat-
form for the first time. The result is a three-pronged approach
that leverages different aspects of sonochemistry to accelerate
advancements green and sustainable chemistry.

2. Introduction of sonochemistry
2.1. Application of sound waves in chemistry (sonochemistry)

Sonochemistry refers to the use of sound with high-frequency
vibration in the ultrasonic range as the energy source for
chemical processes. The frequencies of sound are expressed in
units of Hertz (Hz), where 1 Hz corresponds to one cycle of
sound per second. The audible range of sound (human
hearing range) is from 20 Hz-20 kHz, while sound with higher

Green Chem.


https://doi.org/10.1039/d5gc01098e

Published on 08 April 2025. Downloaded by Griffith University on 4/22/2025 2:11:50 AM.

Tutorial Review

View Article Online

Green Chemistry

a

20 Hz 20 kHz

100 kHz
sound wave frequency

Fig. 1 (a) Frequency range of sound and their applications, reproduced with permission from McKenzie et al.>” Copyright 2019, John Wiley and
Sons. (b) Comparison of the parameters that control chemical reactivity (time, pressure, and energy) for various forms of chemistry, reproduced with
permission from Suslick et al.?® Copyright 2018, American Chemical Society.

frequencies (20 kHz-200 MHz) cannot be heard by human
ears and is called “ultrasound” (Fig. 1a).>” At very high fre-
quencies, there is significant energy loss of ultrasonic
irradiation due to molecular motion, resulting in negligible
chemical effects. Consequently, the frequency range higher
than 1 MHz is mainly used for medical imaging applications.
On the other hand, the frequency range from 20 kHz to 1 MHz
is of particular interest to the chemistry community since it
retains enough chemical effects to carry out chemical reac-
tions.>” Under ultrasonic irradiation, cycles of bubble nuclea-
tion, growth, and collapse (referred to as cavitation) occur con-
tinuously and generate highly active radicals which are very
useful in facilitating chemical reactions with high activity and
selectivity.”® The collapse of cavitation bubbles creates extreme
local conditions of ultra-high temperature and pressure, initi-

Green Chem.

ating free radicals which can catalyse chemical reactions.
Therefore, the field of sonochemistry aims to study the effect
of acoustic cavitation in liquids for enhancing chemical
activity, and how cavitation affects chemical reactions and pro-
cesses. The history of sonochemistry is summarised in Fig. S2
of the ESL.}

In conventional thermochemical approaches, operating
parameters such as temperature, pressure, and reaction time
are tuned to control the equilibrium of the chemical process.
The temperature determines the amount of kinetic energy
inherent in the system, and the pressure controls the intera-
tomic collision density. Temperature, pressure, and reaction
time form the three-dimensional (3D) space over which reac-
tion conditions are tuned in order to optimise a given chemi-
cal application (Fig. 1b). However, in many cases, simply

This journal is © The Royal Society of Chemistry 2025
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tuning these parameters does not enable adequate control of
the reaction rate and selectivity or the optimal parameters
require too much energy expenditure to be a viable solution.
Thus, alternative chemical pathways have emerged in an
attempt to solve this bottleneck. The cornerstone of these
alternative chemical pathways is that chemical reactions are
driven by external triggers, such as electrical potentials
(electrochemistry),  photons  (photochemistry), plasma
(plasma-chemistry), and ultrasound (sonochemistry). Among
these external triggers, ultrasound holds great promise due to
its unique combination of short reaction times, high generated
pressures, and high reaction energies compared to other tra-
ditional energy sources (Fig. 1b).

Fig. 1b shows that sonochemistry is characterised by the
high energy amount (from 1 to 10 eV) which is introduced in a
very short time (~107'® s) and under an extremely high
pressure (up to 10° atm). These features provide an energy
equivalent comparable to shock-tube chemistry and photo-
chemistry, except for the fact that the energy provided by ultra-
sound is thermal in nature. Other approaches, such as flame-
chemistry in flash pyrolysis, thermochemistry, or geochemistry
(the chemistry behind major geological systems), produce
lower levels of energy and feature with a longer reaction dur-
ation of more than 6 orders of magnitude. Due to its unique
characteristics, sonochemical reactions can occur in extreme
temperature-pressure conditions in a very short duration (on
the order of microseconds), resulting in unprecedented high
activity and selectivity.

2.2. Acoustic cavitation: the engine of sonochemistry

Ultrasonic waves locally change the density of the fluid and are
measured as pressure perturbations. With sufficient acoustic
intensity, these waves disrupt the tensile forces of the liquid,
forming a vapor cavity, or bubble, in the liquid.** During the
propagation of ultrasound in liquid media, bubbles are
expanded and compressed in response to the alternate rarefac-
tion and compression cycles of the ultrasound. This process
results in the accumulation of energy inside the bubbles as
their radius changes (Fig. 2a and b).*'* At a certain size,
bubbles implode and release their stored energy. The for-
mation of bubbles and their subsequent size oscillation are
called “cavitation”. Cavitation events are accompanied by
sudden increases in local pressure (up to several MPa) and
local temperature (up to thousands of degrees Celsius).***
The extent of the effect of imploding cavitation bubbles in a
liquid depends on the applied frequency. For instance, Low
Frequency Ultrasound (LFUS) (20-80 kHz) generates few large
cavitation bubbles (~170 um at 20 kHz).*> Bubble implosion
during LFUS irradiation mainly induces physical effects, such
as shock waves and high speed jets.*® Therefore, LFUS is often
used in applications such as the erosion/deagglomeration of
particles and the breaking long chain polymers.

In contrast, High Frequency Ultrasound (HFUS, >100 kHz)
generates a large number of small sized cavitation bubbles
(5-6 pm).>® The implosion of these bubbles pyrolyses the
solutes to radicals and is substantially accelerated by the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Cavitation events under ultrasonic irradiation, reproduced
with permission from Chatel et al.*' Copyright 2016, Elsevier. (b) The
change of bubble size during the cavitation, reproduced with permission
from Xu et al.3! Copyright 2013, Royal Society of Chemistry. (c) Chemical

and physical effects induced by acoustic cavitation, reproduced from an
open access publication.*?

inertia of the surrounding fluid, propelling those radicals into
the bulk solution (Fig. 2¢). The propelled radicals can initiate
further chemical reactions. Under an appropriate acoustic
intensity, cavitation bubble implosion results in emission of a
short flash of light (50-500 ps), a phenomenon known as
sonoluminescence.’’?® Light emission with wavelengths
between 200-800 nm suggests a high local temperature of
approximately 5000 K at the cavitation site.>® Suslick et al.
investigated the sonoluminescence of a single bubble and
reported that the energy released during cavitation bubble
implosion is strong enough to induce chemical reactions.>*3*
Reactions induced by this energy release include the homolytic
dissociation of water to H' and "OH radicals (water sonolysis)
and the formation of NO,™ by N, dissociation and its sub-
sequent oxidation by O, or H,0.** The size (3-200 pm), life-
time (0.4 ps at 500 Hz, 10 ps at 20 kHz), and stability of cavita-
tion bubbles depend on various factors, including the acoustic
frequency, the acoustic intensity, physicochemical properties
of the liquid, the presence of a dissolved gas, and the bulk
solution temperature and pressure.>®*°

Green Chem.
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The radical composition inside a cavitation bubble depends
on the gaseous atmosphere, the identity of the surrounding
liquid, and the presence of dissolved solutes.**** For instance,
high vapor pressure liquids or solutes can diffuse inside of the
cavitation bubble where they are instantaneously pyrolysed.
These pyrolysis reactions form additional radicals and co-pro-
ducts from radical recombination. Once these cavitation
bubbles implode, the radicals are propelled into the solution
where they can recombine (e.g. forming H,O, and H,, during
water sonolysis) or oxidise the solutes.*” The chemical effect
induced by sonochemistry can be significantly leveraged when
it is controlled using heterogeneous catalysts. In some cases,
the integration of sonochemical reactions with heterogeneous
catalysts resulted in a reactivity increase by nearly a million-
fold.*® The ESIf summarises the general application areas of
sonochemistry without the assistance of a catalyst. The next
section is dedicated to more detailed applications of sonocata-
lysis, where the sonochemical reactions are facilitated by the
presence of solid catalysts.

3. Sonocatalysis
3.1. What is sonocatalysis?

Sonochemical reactions can be classified into three types
according to the nature of cavitation: homogeneous sono-
chemistry, heterogeneous sonochemistry, and sonocatalysis,
which represents the intersection of the two (Fig. 3). In homo-

Homogeneous sonochemistry
Cavitation occurs in liquid phase

Heterogeneous sonochemistry
Cavitation occurs in liquid-liquid or solid-liquid
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Fig. 3 Classification of sonochemical reactions (top) and number of
publications with the keyword “sonocatalysis” in different years, from
Scopus search, September 2024 (bottom). Insert image shows the con-
tribution of two primary effects that enhance sonochemical reactions
(physical effects by shear force and chemical effects by reactive radicals)
at different ultrasound frequencies, reproduced with permission from
McKenzie et al.?” Copyright 2019, John Wiley and Sons.
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geneous sonochemistry, cavitation events occur in the liquid
phase, generating active radicals that facilitate chemical reac-
tions. Therefore, the key features of homogeneous sonochem-
istry are the chemical effects occurring in the liquid phase. In
heterogeneous sonochemistry, the cavitation events occur in
immiscible liquid-liquid or solid-liquid systems. The cavita-
tion collapse generates shockwaves and microjets that
enhance mass transport and accelerate chemical reactions.
Sonocatalysis is a special application area where both the
chemical and physical effects of ultrasound are leveraged to
accelerate reactions in heterogeneous systems. In sonocataly-
sis, either phase of a liquid-liquid system, or the solid phase
in a solid-liquid system acts as a catalyst to accelerate the
chemical reaction occurring in the bulk liquid. The presence
of this catalytic phase significantly enhances the rate of the
reaction under ultrasonic irradiation, which has the potential
to reach a million-fold enhancement in the reaction rate when
compared to conventional process using the same catalyst in
the absence of ultrasound.

Whether the physical or chemical effects of ultrasound are
dominant depends on the operating conditions of the process.
The most important parameter is the applied frequency of the
ultrasound. At the lower frequency range (<100 kHz), physical
effects dominate, while radical formation is often negligible
(insert image in Fig. 3). These processes are called low fre-
quency ultrasound (LFUS). In LFUS systems, the physical
effects of cavitation, such as mixing, catalyst dispersion, and
coke removal, are exploited for improving reaction rates. For
example, LFUS has been used to accelerate the iron-catalysed
oxidation of glucose by hydrogen peroxide. The formation of
radicals increases when higher frequency ultrasound is used,
but radicals’ production decreases beyond a threshold value
(Fig. 3). At elevated frequencies, cavitation bubbles collapse
long before reaching their resonant size, thus decreasing the
efficiency of active radical production. In addition, at higher
frequencies, the energy supplied by ultrasonic irradiation is
predominantly transformed into kinetic energy for molecular
motion/vibration, resulting in the suppression of chemical
effects. Consequently, the range from 200-500 kHz, called
high frequency ultrasound (HFUS) is considered to be the best
range for maximising the chemical effects of sonocatalysis. In
the presence of nanoparticles, the formation of cavitation
bubbles occurs preferentially on the nanoparticle surface via
heterogeneous nucleation. In this way, radicals produced
inside cavitation bubbles can be transferred to a nano-
designed catalytic surface by the high-speed jets generated
from the implosion of cavitation bubbles, offering promising
tools for better control of the reaction selectivity.

Suslick et al. were the first to introduce the term of sonoca-
talysis in 1981.* In their study of olefin isomerisation under
ultrasonic irradiation, they observed that the rate of isomeriza-
tion of 1-alkenes on organometallic iron carbonyl compounds
was 10° times higher than that of traditional thermal reac-
tions. Starting from 2015, sonocatalysis witnessed a renais-
sance in response to the urgent need for the development of
new emerging green technologies that could address the

This journal is © The Royal Society of Chemistry 2025
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United Nations Sustainable Development Goals. Since then,
sonocatalysis has steadily received a great deal of attention
from the global research community, as evidenced by the con-
tinuous upward trend in scientific publications (Fig. 3). In the
following sections, we describe in more detail the recent
success of sonocatalysis in wastewater treatment, medical
therapy and biomass conversion. We focus on analysing the
mechanism by which sonocatalysis outperforms conventional
approaches in these applications to emphasise its potential in
establishing a more sustainable society.

3.2. Sonocatalysis in wastewater treatment

The increasing accumulation of organic contamination in
wastewater effluents, including organic dyes, antibiotics, pesti-
cides, and pharmaceutically active compounds, poses a severe
threat to the living ecosystem, biodiversity, and human
health.***” The UN Sustainable Development Goals (SDG 6)
states that ensuring accessibility to “clean and accessible
water” will be crucial for the sustainable development of
humans by 2030.*® Therefore, it is an urgent task for the
research community to develop efficient methods to tackle this
challenge. Sonocatalytic approaches to wastewater treatment
has attracted great interest as a highly effective and green
alternative. Since those processes are usually carried out at
ambient temperatures in water and use the catalyst to enhance
the rate, yield, and selectivity, they align well with many prin-
ciples of green chemistry, including the “Prevention”, “Design
for energy efficiency”, “Safer solvent and auxiliaries”, “Catalysis”,
“Inherently safer chemistry for accident prevention” and “Design
for Degradation”. The recent integration of microfluidics
sensing into sonocatalysis represents the “state-of-the-art”
technology in environmental monitoring, allowing the precise
control of sample collection and facilitating the rapid and
highly sensitive detection of various analytes, further satisfying
the principles “Real-time analysis for Pollution Prevention” of
green chemistry.**" Excellent recent reviews in the appli-
cations of sonocatalysis in waste water treatment can be found
by Wang et al.,”* Soni et al.,”® Liu et al.,> Abdi et al,>® and
Dhull et al.>®

There are two mechanisms by which sonocatalysts elimin-
ate organic contaminants in wastewater: (1) direct contami-
nant degradation by the catalyst under ultrasound and (2) cata-
lyst-enhanced sonolysis, which in turn decomposes contami-
nants (Fig. 4a). Jun et al. demonstrated these two mechanisms
in the removal of methylene blue (MB) and acid blue 80 (AB)
on the Ti;C,T, MXene catalyst under ultrasonic irradiation.’”
In the first mechanism, enhanced the mass transfer caused by
cavitation bubble implosion facilitated the adsorption of
methylene blue (MB) on the catalyst surface and significantly
increased its degradation activity. While acid blue 80 (AB)
could not be degraded directly using Ti;C,T, MXene catalysts
under silent conditions (i.e., without ultrasound), the presence
of Ti;C,T, MXene catalysts enhanced the rate of water sonoly-
sis, resulting in a higher density of ROS (H,O, and ‘OH rad-
icals), which in turn caused degradation. In order to make
sonocatalysts more efficient in wastewater treatment, they are

This journal is © The Royal Society of Chemistry 2025
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engineered to have different morphologies that maximise their
activity.

Ucar fabricated Cu-dopamine nanoflowers that exhibited
high specific area and good activity for the degradation of
methylene blue.®® Dastborhan et al. prepared the nano-
composite MoS,/carbon nano tubes in flower-like shapes as an
efficient catalyst for the sonocatalytic degradation of hydroxy-
chloroquine (Fig. 4b).”® Similarly, Saravanakumar et al. pro-
duced sonocatalyst microrods of CoTiOs/Ti;C,T, MXene that
had high activity in bisphenol A (BPA) degradation (Fig. 4c).>
Materials ranging from metal oxides,>®*®* substrate-supported
metal nanoparticles, metal sulphides,®® metal phosphides,
porous organic polymers, metal-organic frameworks
(MOF)>**® and MXenes®” have been broadly developed for
sonocatalytic water remediation. Recently the combination of
different semiconductor phases with suitable valence band
and conduction band potentials to construct a Z-scheme
heterostructure is a research “hotspot” in sonocatalysis due to
the fact that the presence of conductive channels, broaden the
optical response range and intensify the redox driving
force.®®*”! Qiao et al. has managed to prepare the Z-scheme
KTaO;3/FeVO,/Bi,O; nanocomposite (Fig. 4d), which showed
excellent sonocatalytic activity for the degradation of antibiotic
ceftriaxone.®’

In order to properly evaluate the performance of sonocataly-
sis, Qiu et al. collected experimental data from the sonocataly-
tic degradation of several microorganisms in water and plotted
the rate constant of sonodegradation with and without the
presence of the catalyst, Fig. 4e.”” The database includes the
sono-elimination of Escherichia coli (E coli) at 39 kHz (Study
1),”? Legionella pneumophila at 36 kHz (Study 2),”* E-coli at 36
kHz (Study 3),”* and salicylic acid oxidation (Study 4) at 36 kHz
on Al,O; and TiO, catalysts. Fig. 6e shows that the sonocataly-
tic activity of Al,O; is at least 10-fold higher than of ultrasound
alone. Since Al,O; does not have any catalytic activity for con-
taminant degradation without ultrasonic irradiation, the
enhancement of sonocatalytic contaminant degradation was
attributed to the catalyst enhancing cavitation. Fig. 6e also
shows that the efficiency of TiO, is 1.4-3.8 times better than
that of Al,O3, and this was attributed to the synergistic effect
between TiO, and ultrasound in generating higher density of
ROS (enhanced cavitation by TiO,) and in inducing the photo-
thermal-catalytic effect (enhanced catalytic activity of TiO, by
sonochemistry).”” A more quantitative method to show the
power of sonocatalysis involves benchmarking sonocatalytic
efficiency against the effects of sonolysis, adsorption, and the
summation of those two individual effects (adsorption + sono-
lysis), as in Fig. 4£.°"”> In the sonocatalytic degradation of sul-
fadiazine on a MXene-MOF catalyst, Ranjith et al.®" measured
the rate constant of contaminant removal via catalytic adsorp-
tion (in the absence of ultrasound) and via sonolysis only (in
ultrasound without catalysts), and via both contaminant
removal methods combined. In Fig. 4f, the degradation rate
coefficient obtained for sonocatalysis far exceeds the result
obtained for all other experiments, highlighting the synergy
between catalysts that are active under ultrasound and sonoly-
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sis. A synergy index, which is computed using the formula in ment via molecular modelling. Ruiz-Baltazar et al.”” conducted

Fig. 4f, is a convenient metric for expressing the synergy of
sonocatalysis, which can be used to benchmark the perform-
ance of different catalysts for the sono-degradation of the
same contaminant.

Finally, efforts have been made to obtain a more detailed
understanding of the sonocatalytic mechanism for water treat-

Green Chem.

a comprehensive characterization of Au/Fe;O, catalysts and
proposed a mechanism for the sonodegradation of methyl
orange using computational simulations (Fig. 4g). Their
results showed that cavitation bubble implosion generates
sufficient light and heat (via sonoluminescence) to create elec-
tron-hole pairs in the conduction band (CB) and the valence
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band (VB) at the interface between Au and Fe;0,. These elec-
tron-hole pairs were active in facilitating water sonolysis, pro-
ducing a high density of ‘OH radicals, which are essential for
methyl orange degradation, Fig. 4g. Experimental results
showed that an excellent sonocatalytic efficiency of 91.2% was
obtained after a short reaction time of 15 min. This detailed
mechanistic understanding of sonocatalyst operation is
helpful in aiding the design of other sonocatalytic wastewater
treatment methods in the future.

3.3. Sonocatalysis in medical therapy

Another important application area of sonocatalysis is medical
therapy. This application addresses the UN Sustainable
Development Goal 3 (Good health and well-being), ensuring
“healthy lives and promoting well-being for all at all ages”. In
this field, sonocatalysts are being applied in cancer therapy,
antibacterial therapy, and therapeutic nanomedicine.
Previously, sonochemistry was used to enhance the pene-
tration range and drug efficiency in photodynamic therapy,
which is a well-developed stimuli-responsive and non-invasive
method for tumour treatment.”® In photodynamic therapy, a
photo-responsive drug is activated with photoenergy, releasing
active radicals that kill cancer cells with minimal side effects.
However, the penetration depth of light in photodynamic
therapy is up to 1cm and is therefore only able to access skin
and prostate cells. Consequently, photodynamic therapy is not
effective to treat cancer cells for major internal organs (e.g.,
liver, pancreas, kidney) which would require a penetration
depth larger than 7 cm. On the other hand, the penetration
depth of radiation therapy is much larger than photodynamic
therapy, allowing it to be applied in treating deeper tumour
sites. However, the downside is that the strength of the radi-
ation is too strong, causing severe damage on neighbouring
normal tissues. The penetration depth of sonotherapy (therapy
using ultrasound) is ~10 cm, which is ideal for accessing the
major organ tissues without using harmful radiation. Recently,
the application of sonocatalysis in medical therapy, called
sonodynamic therapy (SDT), has been receiving a lot of atten-
tion from researchers, especially in cancer treatment, both as
an individual strategy or in cooperation with photodynamic
therapy. Cancer is considered a global health challenge, and it
is among one of the most common threats to human health.
The risk of cancer is intensified due to the fast-changing
climate and intensive industrialization that drastically change
our living environments. Therefore, the development of sus-
tainable technologies, like sonodynamic therapy, that are
highly effective for cancer treatment are vital to the improve-
ment of human health. The applications of sonocatalysis in
medical therapy also satisfy principles of green chemistry such
as “Atom economy”, “Designing Safer Chemicals”, “Design for
energy efficiency”, “Safer solvent and auxiliaries”, “Catalysis” and
“Inherently safer chemistry for accident prevention”.

Due to the complex reactions occurring inside of cancer
cells, the detailed mechanism for the effectiveness of sonoca-
talytic therapy is not yet fully understood. Despite this, exten-
sive efforts are being made to gain more insight into the pro-

This journal is © The Royal Society of Chemistry 2025
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cesses occurring during catalytic sonotherapy. It is widely pro-
posed that therapy mechanisms including sonocatalysis func-
tion via mechanical, chemical, and thermal effects.
Mechanical effects, such as microstreaming, microjets, and
shockwaves, are produced by acoustic cavitation and act on
cell structures, causing necrosis or cell death. Thermal effects
result from the release of heat stored inside a bubble during
implosion, activating thermal necrosis of the tumour tissues
located in proximity to the cavitation bubbles. However, the
most impactful factor of sonocatalytic therapy is its chemical
effect, stemming from the production of highly active radical
species. Reactive oxygen species (ROS) generated during
bubble collapse can destroy tumour cells through cell apopto-
sis. However, the presence of these ROS triggers two sub-
sequent feedback reactions from the tumour microenvi-
ronment (TME): hypoxia which suppresses the production of
ROS and an over-expressed glutathione (GSH) which consumes
the existing ROS, resulting in decreased therapeutic efficacy.
These two feedback reactions and the high level of H,0, accu-
mulated from water sonolysis can have the undesired effect of
actually promoting the growth and metastasis of cancer cells.
After periods of sufficiently long exposure, this might even-
tually cause the tumour cells to become drug and immune
resistant. Therefore, another important role of the catalyst is to
regulate the TME to reduce these risk factors and enhance the
efficiency of sonotherapy. Designing sonocatalysts that gene-
rate a high density of ROS and are able to tune the TME is vital
to the improvement of sonocatalytic therapies.

Liu et al. succeeded in preparing ultrathin-FeOOH-coated
MnO, nanospheres (denoted as MO@FHO) that were used as
bifunctional sonocatalysts that both promoted ROS generation
and inhibited the TME.”® Fig. 5a presents the anticancer
mechanism of this material. Fig. 5b shows the in vivo experi-
mental efficiency of tumour treatment on mice. MnO, acts as
the catalytic center, and its catalytic activity is accelerated by
the FeOOH phase, jointly producing a high density of ROS,
including "OH, "0,”, and singlet 'O, species, under ultrasonic
irradiation. In addition, the interaction between the MnO,
core and the FeOOH shell created intrinsic multivalent metal
ions at the interfacial zone of MO@FHO that catalysed H,O,
decomposition to relieve tumour hypoxia and reduce the GSH
(Fig. 5a). In vitro experiments showed that the ROS yield of
MO@FHO under ultrasound was much higher than compared
to the control case without the catalyst. The MO@FHO was
also able to disrupt the metabolic equilibrium of the cells and
regulate the TME. In vivo tests on mice with MBA-MD-231
breast cancer cell indicated a significant inhibition of tumour
growth (Fig. 5b). Alleviation of tumour hypoxia was confirmed
by immunostaining assays analysing the indicators HIF-1a and
VEGF. This study created a strategy for designing highly
effective nano-catalysts for sonotherapy that are active in ROS
generation and are capable of regulating the TME.

The light (via sonoluminescence), heat (via solvent pyrol-
ysis) and piezoelectric potential (via piezoelectric effect) gener-
ated during cavitation events also enhance the activity of sono-
catalysts. In particular, bubble collapse has the ability to
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modify the electronic properties of the catalytic material by
changing its bandgap and/or improving the separation of elec-
tron-hole pairs, increasing the production of ROS. As a result
of these effects, the sonocatalytic nanoagents (SCNs) used in
therapeutic applications are also called “sonosensitisers”.
Advanced SCNs with high therapy efficiency are constructed
from a wide range of materials, including organic materials
(e.g., phenothiazine compounds, fluoroquinolone antibiotics,
porphyrins, and xanthenes), inorganic materials (e.g., noble
metal nanoparticles, transition metal oxides, sulphides,
carbon-based nanomaterials, quantum dots, piezoelectric
materials, and Z-scheme and S-scheme heterostructures), and
organic/inorganic hybrid nanoparticles (e.g., metal organic
frameworks (MOFs), zeolitic imidazolate framework (ZIFs),
and covalent organic frameworks (COFs)). The efficiency of
sonocatalytic nanoagents (SCN) in generating ROS and their
effect in TME regulation can be greatly enhanced by combin-
ing SDT with other techniques. These techniques incorporat-
ing SDT include high-intensity focused ultrasound-based SDT,
SDT-assisted  sonoporation, SDT-assisted photothermal
therapy (SDT-PTT), SDT-assisted chemotherapy (SDT-CDT),
SDT-assisted gas therapy, and SDT-assisted photodynamic
therapy (SDT-PDT) (Fig. 5¢).”” The recent development of novel
sonocatalytic nanoagents and DFT-assisted therapy processes
are summarised in excellent reviews by Son et al,”® Feng
et al.”” and Yang et al.”®

Among the three types of SCNs shown in Fig. 5c, small
organic SCN molecules are traditionally used for sonotherapy.
However, disadvantages, such as low stability, weak tumour
enrichment abilities, inhomogeneous distribution, and low
efficacies in generating ROS, hindering their wider application.
In recent years, the self-assembly of organic SCNs with bio-
compatible components to form nanosystems emerged as a
promising method to address the above problems, improving
sonotherapy efficiency. Excellent candidates for SDT are hybrid
organic/inorganic materials (MOFs, ZIFs and COFs), which are
crystalline and porous materials with large surface area, high
stability, and tunable electronic features. The morphology of
these hybrid organic/inorganic SCNs is of particularly impor-
tance for sonotherapy applications since it affects the delivery
of the SCN into the tumour cells and the generation of the
ROS. Great efforts have been made in literature to control the
synthesis of hybrid organic/inorganic SCNs to achieve a
desired morphology. Liu et al. developed a facile two-step pro-
cedure to synthesise a library of hollow COFs with diverse
nanostructural morphologies, including the bowl-like, yolk-
shell, nanosphere, nanorods, capsule-like, and flower-like
structures (Fig. 5d).5° Each of these morphologies has its own
targeted application corresponding to a particular sonody-
namic cancer therapy.®?

Inorganic materials compose one third of SCNs and are the
most widely used material in SDT, owing to their versatile com-
positions, excellent stability, high activity, and selectivity.
Usually, inorganic catalysts in SDT are heterostructures built
from two solid phases. The activity and electronic properties of
these materials can be fine-tuned via doping, alloying,

This journal is © The Royal Society of Chemistry 2025
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functionalization or via metal/support interactions. This offers
great flexibility for fabricating highly efficient catalysts for tar-
geted applications in SDT. Chen et al. prepared nanoflowers of
the Au-Bi,O; nanoheterojunction (called ABO) for the therapy
of 4T1 tumour cells.** The plasmonic resonance effect
between metallic Au and semiconductor Bi,O; phases induced
the separation of electrons and holes of ABO under ultra-
sound, promoting ROS generation and enhancing photother-
mal effects of the Bi,O; phase. Elevated ROS generation sub-
sequently disrupted the redox balance of tumour cells by con-
suming their intratumoral overexpressed glutathione.
Combined, these effects cooperatively induced immunogenic
cell death, which was reflected in the in vitro therapeutic test
via a 2',7-dichlorodihydrofluorescein diacetate (DCFH-DA)
probe, calcein acetoxymethyl ester (Calcein-AM)/propidium
iodide (PI) staining, and a JC-1 assay in 4T1 cells (Fig. 5e). In
vivo antitumour therapy was also conducted on mice and the
combination of ABO + US was responsible for inhibiting the
growth of both primary and distant tumours (Fig. 5e), empha-
sising the efficiency of this material in sonocatalytic therapy
treatments.

Applied ultrasonic frequency and power are the most
important parameters for sonocatalytic cancer treatment since
they greatly influence the generation of ROS, Fig. 5f.%* There is
a need to optimise the ultrasonic frequency to find the con-
ditions that maximise the ROS yield (often at moderate fre-
quency around ~500 kHz) and also the penetration depth,
which decreases as a function of increasing frequency. The
best practice is to choose the frequency that corresponds most
strongly to the type of tumour cells under treatment. Despite
its potential, sonocatalytic therapy is still in an early techno-
logical readiness level (TRL) or laboratory stage and has not
been clinically tested or approved for cancer treatment.
Extensive development in this field is still needed to connect
experimental observations with clinical applications. More
interdisciplinary studies will be required to fully understand
the mechanism underlying sonocatalytic therapy processes.
Ultimately, the goal is to design novel sonodynamic nanoa-
gents with better biocompatibility and higher -catalytic
efficiency, and to evaluate side effects and long-term toxicity
before the scale-up.

3.4. Sonocatalysis in biomass conversion

According to the United Nations, the world population will
grow to 9.8 billion by 2050.%* This population growth will dras-
tically increase the demand for energy, food, and chemicals.
Sustainably meeting these demands while protecting our
environment has become one of the highest priorities.®> The
progressive incorporation of renewable biomass resources,
including lignin, carbohydrates, and polysaccharides, in the
chemical industry is a revolutionary transition towards build-
ing a green circular and sustainable chemical supply
chain.®®™®* This contribution is driven by the carbon-neutral
nature of biomass and its huge capacity to produce a wide
range of fuels and chemicals that are essential for human life.
However, controlling the selective conversion of the polyfunc-
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tional substrates comprising biomass is a grand challenge,
and currently limits the potential of biomass transformation
into high value-added specialty chemicals, such as bio-based
products. To address this selectivity challenge and facilitate
biomass conversion, a new concept of assisted catalysis has
emerged, wherein chemical reactions are driven at room temp-
erature by external triggers like electrical potentials,”
photons,*®%¢ plasma,®**” and ultrasound.’®*°

Among these driving forces, ultrasound, in particular, is
experiencing a renaissance. At high applied frequencies, ultra-
sound-generated radicals can participate in chemical reac-
tions. Paquin et al. used ultrasound at a frequency of 170 kHz
to significantly improve the cellulose oxidation to carboxylic
acids.'®® Amaniampong et al. found that the carbohydrate con-
centration had a strong effect on the mechanism of the
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radical-driven conversion of biomass substrates (Fig. 6a)."""
The conversion of glucose under 550 kHz ultrasonic
irradiation occurred via a pyrolysis-like mechanism at the
liquid-bubble interface. Levoglucosan was generated in situ as
the key intermediate species and ultimately led to the for-
mation of alkylpolyglycosides (APGs) as the main products,
which have important applications in the food, cosmetics,
detergent, and pharmaceutical industries.’®> The key advan-
tage of ultrasound-assisted glucose conversion to APGs is its
reaction at 40 °C without the use of (bio)catalysts as in conven-
tional methods, therefore preventing the degradation of carbo-
hydrates. In contrast, at concentrations lower than 10 wt%,
glucose is oxidised by "OH radicals produced from water sono-
lysis, resulting in the formation of either gluconic or glucuro-

nic acid under different gas atmospheres.*® However, control-
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ling the rate and optimising the selectivity of the reaction
under high frequency ultrasonic irradiation remain significant
technological challenges. Therefore, in the absence of cata-
lysts, the homogeneously generated radicals of high frequency
ultrasound (HFUS) are mainly used for the total oxidation of
aqueous pollutants.

In the presence of nanoparticles, the formation of cavita-
tion bubbles occurs preferentially on the nanoparticle surface
via heterogeneous nucleation. In contrast to symmetrical cavi-
tation bubble implosion in a homogeneous solution, the asym-
metrical implosion of cavitation bubbles on a solid surface
generates high-speed jets of liquid directed towards the
surface. The enhanced mass transfer resulting from the high-
speed jets is an effective means to concentrate radicals on the
surface of catalysts, which allow them to participate in chemi-
cal reactions. So far, this strategy has mostly been applied in
LFUS (<20 kHz) systems, where radical formation is negligible
and the physical effects of cavitation (e.g., mixing, catalyst dis-
persion, and coke removal) are dominant for improving reac-
tion rates.'®™'% For instance, Rinsant et al'® and Napoly
et al.**® used LFUS (20 kHz) to accelerate the iron-catalyzed oxi-
dation of glucose by hydrogen peroxide. Sarwono et al.'®® and
Marullo et al.'*° obtained a high conversion rate when using
an ionic liquid with HY zeolite catalysts to convert a wide
range of biomass substrates (glucose, fructose, sucrose, cell-
ulose, and raw bamboo biomass) to a promising platform
chemical, 5-hydroxymethylfurfural (HMF), under LFUS at 20
kHz. The transformation of biomass-derived platform chemi-
cals (such as HMEF, vanillyl alcohol, and glyoxal) to higher
value-added  chemicals by
reported.'*>'!!

Sonocatalysis is also effective for the conversion of lignin
which constitutes 15-20% of lignocellulosic biomass.'**™'*?
Second generation lignocellulosic biomass, consisting of
lignin, cellulose, and hemicellulose, is the largest renewable
source of carbon.'*® The introduction of these feedstocks in
the chemical industry promotes the production of environ-
mentally friendly chemicals and a wide range of sustainable
consumer products. Du et al. transformed lignin to bio-oil
using a phosphotungstic acid (PTA) sonocatalyst under ultra-
sonic irradiation at 35 kHz."'”""*° In this study, 94.79% lignin
depolymerization was achieved, with bio-oil composing 90.6%
of the product yield and the remainder being a small quantity
of phenolic monomers. Due to the low quantity of radical
species produced in low frequency ultrasound, H,0, typically
needs to be added into the reactant mixture to provide a
higher density of ROS,'”"*>*?! which makes the process less
“green”. However, if catalysts can be designed so that they
generate higher amounts of ROS species, biomass conversion
can be facilitated even at LFUS conditions. Recently,
Amaniampong et al. carried out the conversion of cellulose
under LFUS on a catalyst composed of Au nanoparticles on a
Fe,0; support (Au/Fe,03). They observed a 45% yield of oxalic
acid, which is an industrial platform chemical with appli-
cations for polymers, leather manufacturing, celluloid pro-
duction, and the synthesis of pharmaceutical intermediates

sonocatalysis was  also
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(Fig. 6b).”° The presence of ultrasonic energy was vital for frag-
menting the cellulose particles (inserts in Fig. 6b), cleaving the
f-1,4 glycosidic bonds and simultaneously generating H,0, via
cavitation events. The generated H,O, was subsequently acti-
vated at interfacial sites of the Au/Fe,O; catalyst to produce
reactive surface atomic oxygen species (O*) that were respon-
sible for cellulose oxidation. Most applications of LFUS in
sonocatalysis primarily enhance the reaction rates, while con-
trolling the reaction selectivity under LFUS is more
challenging.

On the other hand, sonocatalysis using HFUS provides a
better alternative for improving both the reaction rates and the
reaction selectivity of biomass conversion. This is due to the
high density of active radical species produced during rapid
cavitation and simultaneously transferred to the catalyst
surface. With an appropriate catalyst design, the affinity of the
radicals to the catalyst surface can be increased. Tailoring
these relative affinities can reduce parasitic reactions (e.g
unselective free radical annihilation) in the bulk solution,
offering better control of the selectivity of the reaction towards
the formation of a desired product. Recent progress has been
made in the field of biomass conversion based on applying
sonocatalysis under HFUS.’®*'*? In 2019, guided by density
functional theory (DFT) calculations, Amaniampong et al
reported that using a CuO nanoleaf catalyst under HFUS sig-
nificantly increased the selectivity of glucose oxidation to glu-
curonic acid, which is an important pharmaceutical intermedi-
ate in the production of drugs for blood coagulation inhibi-
tors, and antioxidants (Fig. 6¢).”® Under optimised conditions,
a total yield of 88% glucuronic acid was achieved. The catalyst
remained highly stable even after 6 catalytic cycles (Fig. 6c).
This discovery represents a significant advancement since the
conventional catalytic oxidation of glucose usually produces
gluconic acid, a lower-value product used to make industrial
cleaners, via oxidation of the anomeric position.'**'** Before
this study, the heterogeneously catalyzed selective oxidation of
glucose to glucuronic acid (oxidation via the C6 position) was
not possible. This work also highlighted the importance of
optimising the size of CuO nanoleaves for sonochemistry
under HFUS. The efficient transfer of radicals from cavitation
bubbles to the catalyst surface required nanostructured CuO
with a specific size and morphology.”® Recently, Bahry et al.
reported the highly selective demethylenation of benzyl
alcohol, a biomass-derived intermediate compound, on CuO
catalysts at 578 kHz and an acoustic power of 0.11 W mL™*.**?
The use of HFUS changed the selectivity of the products from
benzaldehyde, typical for conventional thermal catalytic reac-
tions, to phenol. Sonocatalysis using HFUS can even be
applied for the conversion of raw cellulose, since it was
reported that cellulose was selectively depolymerised to
glucose by ultrasonic irradiation in water at high ultrasonic fre-
quencies (Fig. 6d).**®'"> These discoveries pave the way
toward effectively fine-tuning reaction selectivity in the trans-
formation of biomass-derive feedstocks to high value-added
specialty chemicals, enabling access to chemicals that are gen-
erally not synthesizable by conventional routes. This approach
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opens new pathway for sonocatalysis aligning with green
chemistry principles “Use of Renewable Feedstocks” and “Reduce
Derivatives”. Recent successes in synthesising nanocatalysts via
sonochemical approach as the “green method” with high
control over morphology and particle size with superior activity
and stability (ESIf) further facilitate the principle of “Less
Hazardous Chemical Syntheses”,'>* enabling the applications of
sonocatalysis in biomass conversion to satisfy 10 over 12 prin-
ciples of green chemistry, except “Design for Degradation” and
“Real-Time Analysis for Pollution Prevention”.

3.5. Sonocatalysis in other green and sustainable chemistry
applications

With the increasing accumulation of CO, and greenhouse gas
emissions in the atmosphere causing a severe impact on
climate, significant efforts are being made in the field of CO,
reduction, decarbonization, and the development of carbon-
free, renewable energy sources to replace fossil fuels. This
section introduces recent approaches using sonocatalysis for
H, production, CO, activation, and N, fixation. These
approaches are typical case studies of how sonocatalysis can
contribute to green chemistry by addressing climate change
and promoting renewable sustainability. The activation of CO,
is the first step for its utilisation, which in turn contributes to
the reduction of CO, levels in the atmosphere.'**'?” H, is a
high-density fuel source and its production is considered a
promising energy alternative since its combustion only yields
water. Therefore, producing H, from green methods will help
to promote the development of a “hydrogen economy”.'?%3?
N, fixation is a chemical process that activates molecular N,
and converts it to other useful nitrogenous compounds, like
ammonia. Currently, N, fixation is a highly energy intensive
process that produces a large amount of CO, emissions.
Therefore, developing greener method of N, fixation via sono-
catalysis can also help to address climate change.'?*'3*
Sonocatalysis accelerates those reactions at near-ambient
temperatures without external additives, reducing the reaction
induction periods and the number of reactions steps and
finally directing the reactions to alternative pathways.

Under the influence of ultrasound, cavitation events occur
that result in the production of "H and "OH radicals via water
sonolysis. These radicals diffuse into the bulk liquid and par-
tially recombine to form H, and H,0,, which can be measured
experimentally. While the ROS generated from cavitation
events are used as oxidising agents in sonocatalysis, the gene-
ration of gaseous hydrogen has received less attention from
researchers. However, the production of H, during sonochem-
istry has received more attention since the perspective article
by Rashwan et al. was published in 2019,"*> coining the term
“sono-hydro-gen”. The same term was later used in the review
article “The Sono-Hydro-Gen process (Ultrasound induced
hydrogen production): Challenges and opportunities”.'®
These papers highlighted the potential of H, production via
sonochemical processes in comparison with thermochemical,
electrochemical, photobiological, and photoelectrochemical

Green Chem.

View Article Online

Green Chemistry

technologies.'***?”

sono-hydro-gen are:

The key reactions for H, production in

HZOQ-H + +OH (1)
))
‘H + -H&H, (2)
)
*H + -OH&H, + +0 (3)

wherein reaction (1) is water sonolysis and reactions (2) and (3)
are the two main reactions responsible for producing H,.
Merouani et al. measured the chemical kinetics of water sono-
lysis in combination with bubble dynamics in an acoustic
field. They reported that reaction (3) contributed to 99.9% of
hydrogen production,'®® while reaction (2) only had a minor
contribution and occurred at the interface of the bubble."**
With sono-hydro-gen, the average hydrogen production rate is
only ~0.8 uM min~", which is much lower than the level appli-
cable for commercialization, thus further improvements in
performance and efficiency are necessary.'?®14%:141

Catalysts can be used to improve the H, production in a
sono-hydro-gen process. In fact, utilising catalysts to enhance
sonocatalysis-mediated hydrogen therapy has been reported
recently.**** Yuan et al. used Pt-Bi,S; catalysts to facilitate
the hydrogen evolution reaction (HER) under ultrasonic
irradiation, which subsequently induced mitochondrial dys-
function and disrupted the tumour’s antioxidation defence
system, leading to cell death.'*> However, the use of sonocata-
lysis for direct H, production is still in its infancy, despites
some promising recent studies. Wang et al. reported that Au/
TiO, sonocatalysts were active for promoting water sonolysis
and producing H, under untrasonic activation at 40 kHz.'**> Qi
et al. carried out sonocatalytic H, production on flower-like
CosN nanowires. The engineered nanostructures with rich
nitrogen-vacancies led to stronger adsorption of the "H radicals
generated by cavitation on the surface of the catalysts, facilitat-
ing H, production (Fig. 7a)."*® Ultrasonic irradiation at 40 kHz
and 100 W achieved a H, production rate of 28.5 pmol g h™*
(Fig. 7b), while only a trace amount of H, was detected without
ultrasound.'*® Pollet et al. recorded the HER on a Pt catalyst
with a high-speed camera (Fig. 7c) and observed a H, pro-
duction efficiency increase of 250% under ultrasound.'*’
Foroughi et al. also reported that the HER was facilitated on
RANEY®-Ni catalysts under ultrasonic irradiation at 408 kHz
(Fig. 7d)."*® Zhang used BaTiO; nanofluid catalysts under
ultrasound to achieve a high rate of 270 mmol h™" ¢~* for H,
evolution.”® These studies illustrate the promising role of
sonocatalysis in H, production.

Activation of CO, is the first step in reutilising CO, to
reduce its atmospheric concentration. The bond energy in CO,
is extremely stable at ~800 kJ mol™*,"** therefore it only can be
activated under high energy input or using extremely active
catalysts. Recently, Islam et al. reported that the conversion of
CO, to hydrocarbons (i.e., the Sabatier reaction) was feasible in
the presence of ultrasonic irradiation and this discovery was

subsequently named the “Islam-Pollet-Hihn process”.'>

This journal is © The Royal Society of Chemistry 2025
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(a) Sonocatalytic mechanism of H, production and (b) influence of ultrasonic power on the H, production rate in the presence of catalytic

2023, American Chemical Society. (c) Hydrogen evolution reaction (HER)

on a Pt wire with and without ultrasound, reproduced with permission from Pollet et al.*” Copyright 2020, Elsevier. (d) HER on a RANEY®-Ni cata-
lyst under silent conditions (without ultrasound) and under ultrasonic irradiation at 408 kHz, reproduced from an open access publication.*® (e)
Amount of CO produced via CO, sono-reduction using MIL-101(Cr)@CoO, catalysts, reproduced with permission from Zhang et al.*>° Copyright
2024, John Wiley and Sons. (f) NH3 formation rate via sonocatalysis, photocatalysis, and sonophotocatalysis using composite N-TiO,/TizC, catalysts,

reproduced with permission from Ding et al.*>* Copyright 2024, Elsevier.

Using a sonoreactor coupled with a 488 kHz ultrasonic trans-
ducer, Islam et al. obtained the large amount of CO and a
mixture of hydrocarbons, including CH,, C,H, and C,Hg, as
the main products. This study, reported in 2022, demonstrated
that sonochemical activation could be used to convert CO,,
but the reaction efficiency was low and left a lot of room for
improvement.'*® It is probable that the process could be made
more efficient through the introduction of catalysts. The
concept of sonocatalysis in CO, activation has already been
reported in ultrasound-assisted sonodynamic gas cancer
therapy.’>>'>* Zhang et al. synthesised nanocatalysts by inte-

This journal is © The Royal Society of Chemistry 2025

grating CoO, into metal-organic frameworks (called MIL-101
(Cr)@Co0,) and observed that these catalysts were active in
transforming endogenous CO, to CO under ultrasonic
irradiation (Fig. 7e).">® The enhancement of CO supply inhib-
ited cancer cell proliferation, resulting in a tumour regression
rate of 86.4%, demonstrating the high efficiency of sonody-
namic therapy. Despite this promising result, only few recent
studies have utilised sonocatalysis to facilitate direct CO, acti-
vation. Islam et al. reported that Cu catalysts converted CO, to
CcO, CH,, C,H,;, HCOOH, and C,H;OH under ultrasonication
at 24 kHz, whereas these products were absent under silent
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conditions.’® Ma et al investigated the sonocatalytic
reduction of CO, using H,TizO, catalysts.">® Applying ultra-
sound at 80 kHz resulted in the reduction of CO, to CO with
100% selectivity at a rate of 8.3 pmol g~* h™" using H,Ti;0,
catalysts.'®® The high activity was caused by the synergy
between the electronic properties of the catalyst and the sono-
luminescence generated by the cavitation events. The H,TizO-,
catalysts also had good stability, with their activity remaining
high after four consecutive cycles. The success of this
approach is encouraging for future applications using sonoca-
talysis for CO, activation.

Finally, we introduce the perspective of using sonocatalysis
in N, fixation. N, fixation (i.e., activation of the N, molecule) is
a very important application due to its crucial role in agricul-
ture. Similar to CO, activation, the N=N bond is extremely
strong with a bond energy of 911 kJ mol ™" that often requires
the activation of a catalyst. Due to the high energy input
required, N=N bond activation occurs at elevated temperature
(~500 °C) and pressure (~300 bar). These severe operating con-
ditions make the process extremely energy intensive, thus con-
tributing negatively to climate change. Several novel processes
are being investigated to facilitate the activation of N, under
ambient conditions, including electrocatalysis and plasma-cat-
alysis. Sonocatalysis is also a promising approach to address
this challenge. Recent works combining sonocatalysis and
photocatalysis have demonstrated that this approach is feas-
ible. Ding et al. synthesised N-TiO,/Ti;C, composite sonocata-
lysts and obtained good activity in converting N, to NH;.'*!
The efficiency of sonocatalysis was further synergised with
photocatalysis, achieving a NH; production rate of 415.6 pmol
h™ ¢! under ultrasonic irradiation at 53 kHz (Fig. 7f).
Maimaitizi et al. also reported the effectiveness of flower-like
Pt/N-MoS, microspheres in the sonocatalytic conversion of
N,."”” Ranjith et al. prepared the hybrid structure by intercalat-
ing WS, into MXene Ti;C,T, stacked with TiO, (called TizC,T,/
TiO,-WS,), which had an excellent charge transfer rate and
high activity for sonophotocatalytic N, fixation."”® The pro-
duction rate of NH; from N, fixation on Tiz;C,T,/TiO,-WS,
reached 526 pmol g* h™" at 40 kHz. These studies indicate
that the development of sonocatalysts is a promising alterna-
tive for N, fixation.

4. Harnessing the power of
microfluidics and materials
nanostructuring in sonocatalysis

4.1. Current technical hurdles in sonocatalysis: energy
efficiency and reaction control

Despite the promising synergy between heterogeneous cataly-
sis and HFUS, the energy efficiency of current sonocatalytic
processes is suboptimal. In sonochemical processes, the
energy required to induce cavitation is supplied from electri-
city, which is converted by the piezoelectric transducer to gene-
rate ultrasound. Thus, electrical energy needs to be trans-
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formed to mechanical energy before producing the ultrasonic
irradiation. Moholkar et al. described the chain of energy con-
version from electrical energy to the cavitation energy.'®® This
process includes the transformation of electrical energy into
mechanical oscillations of the piezoelectric crystal in the trans-
ducer. The kinetic energy of the vibration subsequently con-
verts to the acoustic energy of ultrasound waves before finally
transforming into cavitation energy, inducing physical and
chemical effects upon bubble collapse. Rashwan et al. esti-
mated that approximately 80-90% of electric energy could be
transferred to the liquid via acoustic waves,'*® but that the pro-
portion of acoustic waves that release cavitation energy is
much smaller. The energy efficiency, 7, is expressed by the
ratio of the ultrasonic energy, Qus, to the total supplied electric
Qus 160

energy, Q., in the equation: 1 =
€

The term Qus can be directly measured using calorimetry,
and is determined from the rate of temperature increase
during the ultrasonic irradiation using the equation:
Qus = CpM(jj—f, where Cp,, M, and dT/dt are the heat capacity of
the solvent, the mass of solvent, and the rate of temperature
rise, respectively.'®*™*%> This method is based on the assump-
tion that mechanical energy in the transducer is fully con-
verted to heat via cavitation and is solely responsible for the
temperature change in the solution.'®® From the perspective of
sonocatalysis, only the efficiency of the chemical effects result-
ing from cavitation events, e.g. the formation of ROS, is rele-
vant. In some processes, only a small amount of total supplied
energy is transformed into cavitation activity (<20%) to
produce the desired chemical effects.'®*'%* Therefore, other
criteria, including sonochemical efficiency (SE),’**™®” cavita-
tion yield'®®'®® and G-value,'’® are used for calibrating the
efficiency of sonoreactors. The most popular criterion is the
sonochemical efficiency, calculated as the number of "OH rad-
icals produced per unit of supplied energy via the equation:

n CxV

SE=—=
Q. Pxt

the moles of "OH radicals produced, molar concentration of
OH radicals, sonoreactor, supplied ultrasonic power, and
irradiation time, respectively. The concentration of ‘OH rad-
icals generated during ultrasonic irradiation can be detected
using several methods, including potassium iodide (KI) dosim-
etry (Weissler method), ferrous sulphate dosimetry (Fricke
dosimetry), terephthalic acid dosimetry, and TPPS dosimetry
(monitoring the decomposition of porphyrin
derivatives).'®>7!

The sonochemical efficiency is influenced by many factors,
including reactor design, applied ultrasonic frequency, power,
temperature and choice of solvent.'®>16%19%175-177 The three
types of sonoreactors commonly reported in the literature are
the emerged ultrasonic horn (Type-A), the bottom plate trans-
ducer/horn probe ultrasonic bath (Type-B) and the indirect
ultrasonic bath (Type-C) (Fig. 8a)."*® Existing sonochemical
techniques rely on the inception of cavitation bubbles in the
liquid phase under the influence of an acoustic field to induce

. In the previous equation, n, C, V, P, and ¢ are

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (a) Three typical configurations of a sonoreactor, reproduced with permission from Rashwan et al.**¢ Copyright 2019, Elsevier. (b) Pressure
profile (left) and temperature contour (right) from cavitation bubble collapse under ultrasonic irradiation at 300 W, reproduced with permission from
Rashwan et al.%¢ Copyright 2019, Elsevier. (c) Active cavitation zones in a sonoreactor with oil-water phases, reproduced with permission from
Niazi et al.1”? Copyright 2014, Elsevier. (d) Sonochemical activity at different applied powers, expressed via chemiluminescence imaging, reproduced
with permission from Son et al.”®> Copyright 2012, Elsevier. (€) Sonochemical luminescence at different ultrasonic frequencies and liquid heights of
the cylindrical sonoreactor, reproduced with permission from Asakura et al.”* Copyright 2008, Elsevier.

sonochemical effects. Kim et al. investigated cavitation bubble
collapse under ultrasonic radiation at 300 W and showed that
the pressure and temperature profiles were not homoge-
neously distributed within the entire volume of the reactor.'”®

This journal is © The Royal Society of Chemistry 2025

Even though pressure oscillations radiate perpendicularly away
from the probe tip to the bottom of the reactor, hot spot
regions were concentrated around the ultrasound probe
(Fig. 8b)."*® similarly, Niazi et al. simulated the ultrasonic acti-
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vation of an aqueous solution saturated with oil at 25 °C in a
glass cylindrical sonoreactor and obtained the formation of
discrete active cavitation zones (Fig. 8c).'”*

Due to the spatiotemporal unpredictability and stochastic
nature of the bubble nucleation,'® extremely high ultrasonic
intensities and prolonged continuous ultrasonic irradiation
are often required to generate a sufficiently high density of
inertial cavitation events in the fluid. The resulting rapid
bubble implosion is essential for generating radicals, such as
‘OH. However, these conditions lead to several undesirable
side reactions and also induce unwanted secondary effects,
such as high fluid shear stress and thermal effects.>”"'”°
Furthermore, ultrasonic waves are quickly attenuated when
propagating through the fluid at high ultrasonic intensities,
resulting in the loss of acoustic energy to thermal energy as
the liquid temperature increases during prolonged
irradiation.'®® Son et al. examined the sonochemical activity in
a reactor at different applied powers via chemiluminescence
imaging with luminol."”? The study found that the attenuation
of ultrasound waves was stronger at higher applied ultrasound
power. At a relatively high power (90 W), large cavitation
bubbles were formed near the transducer.'®" The highly con-
centrated cloud of bubbles hindered the transmission of ultra-
sonic waves, leading to their attenuation (Fig. 8d). The sono-
chemical efficiency also depends on the ultrasonic frequency.
Asakura et al. visualised the sonochemical reaction field via
chemiluminescence at different applied frequencies.'”* At
higher ultrasonic frequencies, the intensity of sonochemical
luminescence was stronger due to the production of more rad-
icals. Sonochemical activity was even observed far away from
the transducer (Fig. 8e). However, the energy consumption,
materials cost, and material stability are major concerns at
high frequency operation."®* At its current level, the sono-
chemical efficiency is still below its desired performance."®”"'%
Therefore, optimising the efficiency of sonocatalytic reactions
by localising cavitation near the surface of the catalysts
remains an important milestone in the field of sonocatalysis.
The two most promising approaches for improving the energy
efficiency of the sonochemical reactions are: (i) using nano-
structured cavitation agents and (ii) optimising the design of
sonoreactors. These two approaches are described in the sub-
sequent sections.

Other challenges of sonocatalysis are the difficulty in exer-
cising control over the reaction and in optimising the reactor
performance. Due to the short lifespan of the active radicals
generated from cavitation bubble collapse, very little mechan-
istic understanding has been gleaned for sonocatalytic reac-
tions. The exact mechanism by which reactive radicals interact
with the active sites of a catalyst remains largely unknown.
This lack of knowledge represents a significant challenge for
the optimization of sonocatalytic reactions and the design of
highly active catalysts. Furthermore, due to the discrete distri-
bution of active cavitation zones in the sonoreactor, effective
mass and heat transfer within the entire reactor volume is
sometimes difficult to achieve. This is especially true in the
sonochemical synthesis of high value-added specialty chemi-
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cals which require fine control over the reaction parameters.
Optimisation of a sonoreactor is difficult since the overall
sonochemical efficiency of a chemical process is influenced
both by primary factors, such as frequency, intensity, and
pressure, and secondary factors, like temperature and the
choice of solvent. These complications lead to serious issues
in the reproducibility of sonocatalytic research, hindering the
development of its application. Finally, as most current sonor-
eactors are operated in batch-mode at laboratory-scale, scaling
up the process poses an additional challenge. Significant time
investments are necessary to perform the technical and econ-
omic evaluations of a sonocatalytic process, as well as the life
cycle assessment of its sonoreactor. It is also important to
evaluate the stability and durability of sonocatalysts to ensure
a consistent performance and longer lifespan. Future investi-
gation will likely focus on integrating sonocatalysis with renew-
able energy resources to make the technology more sustainable
and more suitable for industrial-scale trials.

4.2. Designing catalytic cavitation agent to improve the
energy efficiency of sonocatalysis

As described above, efficiently utilising ultrasonic energy for
radical generation and chemical synthesis remains a key tech-
nical hurdle in the field of sonocatalysis. One method to over-
come this problem is through the use of nanostructured cavita-
tion agents that have engineered surface features to facilitate
and localise cavitation. This method provides a convenient
pathway to lower the acoustic energy consumption since the
cavitation agent is able to compensate for the reduced energy
input. In essence, cavitation events are confined near the
active sites of these nanostructured materials, while no cavita-
tion occurs in the bulk liquid. Indeed, spatial and temporal
control of cavitation at specific ultrasonic frequencies and
intensities is an issue that has already been addressed in bio-
medical acoustics, where HFUS cavitation is typically used for
enhanced drug-delivery  and ultrasound contrast
enhancement.'®*'%¢ Importantly, the advances made in bio-
medical acoustics may have direct relevance in addressing the
challenges in sonocatalysis using HFUS. Within the bio-
medical acoustics community, nanostructured cavitation
agents are used to reduce the energy required for inertial cavi-
tation by orders of magnitude.'®'®>*¥”718% Thus, in a well-
defined acoustic field, one could control the acoustic energy at
a suitable level so that cavitation only occurs at the sites pre-
defined by the cavitation agents.

Kwan et al. succeeded in designing polymeric nanocups
that trapped and nucleated inertial cavitation bubbles on their
surfaces (Fig. 9a).'°® High-speed imaging provided evidence
that the implosion of the cavitation bubbles was occurring in
close proximity of the cavitation agent, emphasising the effec-
tiveness of this approach. Furthermore, the size of the nano-
cups could be easily tuned to make it suitable for various ultra-
sonic activation conditions. These nanocups improved the
energy efficiency of sonochemical cavitation 30-fold. In other
words, the inertial cavitation threshold is reduced from 30
MPa without the cavitation agents to only 1 MPa when the cavi-

This journal is © The Royal Society of Chemistry 2025
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tation agents are included. Mannaris et al. prepared Au nano- efficiency (Fig. 9b)."®* Mesoporous silica have also been used
cones acting as cavitation agents and reported that their as cavitation agents to enhance sonochemical efficiency.'*""**
unique morphology was able to trap nanobubbles and facili- However, despite the increased research into solid cavita-

tate inertial cavitation, greatly improving the sonochemical tion agents in biomedical engineering, there have been very
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few reports using nanostructured cavitation agents to promote
industrially relevant sonochemical reactions. Cavitation agents
are usually engineered to have a large quantity of gas-stabilising
sites, which are capable of nucleating, growing, and maintaining
cavitation bubbles on their surface. However, in order to be used
as a cavitation agent in sonocatalysis, the material also needs to
be constructed from a catalytically active substance and/or
possess a high density of active sites on its surface to facilitate
chemical reactions. Therefore, to the nanoscale cavitation agents
typically used in biomedical applications need to be redesigned
to have dual functionality: as ultrasound-responsive cavitation
agents and as heterogeneous catalysts.

Recently, progress has been made in this field with the
introduction of the “catalytic cavitation agent”.'**% Su et al.
employed Au nanocones, which were established as effective
cavitation agents, to catalyse the sono-degradation of water
pollutants using 4-nitrophenol and methylene blue as model
compounds (Fig. 9¢)."”® The synergy between the ROS gener-
ated from cavitation events and the sonoluminescence-
enhanced electron transfer resulting from the Au nanocones
caused an 87-fold increase in the sonochemical degradation
efficiency when compared to existing studies in literature. This
demonstrates the vital role of localised cavitation events in
sonocatalytic reactions. Jonnalagadda et al. synthesised TiO,
fractured nanoshells that could serve as both effective cavita-
tion nucleation agents and catalytically active sites.'®* The
study showed that cavitation occurred locally on the TiO, frac-
tured nanoshells, facilitating the in situ generation of active
radicals that consequently degraded the organic pollutants
(methylene blue) in the aqueous fluid, resulting in an
enhancement of three orders of magnitude as compared to
conventional methods (Fig. 9d). The sonocatalytic efficiency of
TiO, fractured nanoshells was further improved after being
decorated by AuPd nanoparticles that promoted both site-
specific cavitation and high activity in the oxidation of benzyl
alcohol to benzaldehyde (Fig. 9¢). Jonnalagadda et al. reported
that AuPd nanoparticles supported on TiO, fractured nano-
shells (called AuPd/TONSs) significantly reduced the energy
requirement whilst achieving the same or even faster reaction
rates when compared to the current advanced methods."®
Most recently, Mahendran et al. engineered the CuO with mul-
tiple gas-stabilizing sites (called CuO-MC) to act as both an
effective cavitation nuclei and a highly active catalysts.'®” This
material selectively facilitated the transfer of acoustic energy to
the catalyst surface, minimise the loss of this energy into the
bulk solution while remaining efficient cavitation properties at
lower acoustic pressure amplitudes. Xie et al. utilised this syn-
thesised CuO-MC and demonstrated that the selective sono-
oxidation of glucose towards glucuronic acid could be achieved
at minimised acoustic energy input.’®® These examples illus-
trate the great potential of synthesising cavitation agents using
catalytically active materials to enable the direct utilization of
radicals generated by cavitation for selective chemical reac-
tions. The key point is that overall energy consumption of the
process can be significantly reduced using these tailored nano-
structured cavitation agents.

Green Chem.

View Article Online

Green Chemistry
4.3. Harnessing the power of microfluidics in sonocatalysis

Reengineering the reactor is another approach to improving
the energy efficiency of sonocatalytic processes. Existing sono-
chemistry techniques induce sonochemical effects by relying
on inception cavitation in the liquid phase in poorly defined
acoustic fields. In conventional sonochemistry setups (consist-
ing of an ultrasonic bath, probe sonicator, and plate sonicator
reaction chambers), predicting and controlling the occurrence
of cavitation events is difficult due to the complex acoustic
fields that arise from overlapping acoustic interferences. An
appropriate reactor design with well-defined acoustic fields
could achieve a means to control the frequency and location of
inertial cavitation, significantly improving the energy
efficiency. Wong et al. built a sono-reactor (called SonoCYL)
with a cylindrically converging design that was capable of gen-
erating an intense and localised high acoustic pressure region
(Fig. 10a)."*° This innovative sonochemical reactor had a much
higher "OH radical generation rate and energy efficiency than
conventional reactors, demonstrating the crucial effect of
reactor design son sonochemical activity.

Microfluidic reactors, also called microreactors are an
important subset of sono-reactors. A microreactor is designed
with channel sizes ranging from tens to hundreds of
micrometers, allowing for fine control of chemical processes
with a drastically reduced fluid volume. Whitesides has even
stated that “microfluidics seems almost too good to be true: it
offers so many advantages and so few disadvantages” in his
Nature paper in 2006.°° The core advantages of microfluidics
can overcome most challenges of conventional sonocatalytic
reactions, such as controlling heat transfer, optimising dis-
crete active zones, and scaling up batch-mode operation.
Another benefit of microfluidic reactors is that they can
handle reactions involving unstable or hazardous reactants.
Microreactors in chemical processes using heterogeneous cata-
lysts have been widely reported in Yao et al.,”**' Suryawanshi
et al,>®® Tanimu et al.**® and Feng et al.>** The combination
of microfluidics and sonochemistry started to receive attention
during the 2000s and early 2010s.>*>'! Rivas et al. mentioned
the term “micro-sono-reactor” as a green and efficient platform
in his feature article in Chemical Communications in 2012,***
and later analysed the synergy of microfluidics and ultrasound
as a process intensification concept in 2016.>'* One prominent
advantage of microreactors for sonochemistry is their reprodu-
cibility, which is an issue that has often plagued conventional
sonoreactors.

Recently, the combination of sonochemistry and ultrasound
witnessed a surge of development thanks to the advances in
acoustic engineering. With many new configurations possible
for sono-micro-reactors, the energy efficiency has been signifi-
cantly improved.'®"*'*?'” The confined space within the
microchannels allows for uniform distribution of active cavita-
tion zones and generates well-defined acoustic fields and a
means to control the frequency and location of inertial
cavitation.>'®?'? Nieves et al. reported an enhancement of cavi-
tation bubbles during the formation of mini-emulsions in
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microchannels, resulting in the reduction of droplet polydis-
persity by 24%.*%° Liu et al also obtained a significant
increase in the mixing efficiency when using the ultrasonic
cavitation in microchannels.”*' Zhao et al. monitored cancer
cell spheroids in a vascularised microfluidic model and found
that microbubbles generated under ultrasonic irradiation in
microchannels greatly enhanced the efficiency of cancer
therapy.>®*> Liu et al. obtained higher cavitation activity and
better quality organic nanoparticles in a microfluidic device
under ultrasonic irradiation at 20 kHz than when the same
synthesis was performed via conventional methods.”*® Zhao
et al. observed an improved energy efficiency in the extraction
of vanillin from water by an order of magnitude in a sono-
micro-reactor.”>* Thanks to the development of the interdigital
transducer (IDT), extremely high frequency ultrasound (from
several to hundreds of MHz) can now be generated in micro-
fluidic devices. This research field has come to be known as
“acoustofluidics” and has been extensively used in nano-
materials synthesis, material processing, and biomedical
applications.>**>*° However, the applications of acoustoflui-
dics mainly relies on utilising the physical effects of sono-
chemistry, since the radical production at these extremely high
ultrasonic frequencies is almost negligible (Fig. 3).

The combination of microfluidics and sonochemistry
creates a platform that is highly effective and easily tuneable.
Besides controlling the ultrasonic irradiation parameters (fre-
quency and power), the flexibility of being able to use different
transducer configurations and microchannel designs provide
move degrees of freedom over which to optimise sonochemical
reactions. The two main configurations of ultrasonic transdu-
cers inside a microreactor are Bulk Acoustic Wave (BAW) and
Surface Acoustic Wave (SAW). In a BAW setup, the acoustic
wave generated from the transducer is transferred to the bulk
liquid and induces resonance modes in the microchannel
(Fig. 10b).>*' In a SAW setup, the acoustic waves generated
from the transducer or interdigitated transducer (IDTs) propa-
gate along the surface of the substrate and radiate into the
liquid along its path (Fig. 10c).®*> BAW microreactors are
simpler, better characterised, and usually operate at a lower
ultrasound frequency (tens kHz to 10 MHz) than SAW. SAW
microreactors, on the other hand, require a more complicated
fabrication process (patterning the transducer/IDT and
bonding the microreactor on the substrate) but are often more
precise, versatile, and flexible. More importantly, SAW micro-
reactors are more energy efficient than BAW microreactors
since the acoustic energy generated in SAW microreactors is
confined to the surface of a substrate, whereas the acoustic
energy generated in BAW microreactor is distributed through-
out the bulk of substrate.>** Furthermore, the combination of
multiple transducers/IDTs, even with different frequencies,
can be used in SAW microreactors to generate different types
of SAWs, such as the “travelling surface acoustic wave” (TSAW)
and the “standing surface acoustic wave (SSAW)”.*** This capa-
bility allows for precise control of the generated acoustic wave,
thus maximising the efficiency of manipulation processes,
such as mixing, separation, concentration, sorting, trapping,
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and patterning.”****® These unique features make SAW micro-
reactors a promising platform for the continued development
of sonocatalysis.

In addition to the flexibility in setting up the configuration
of the transducers/IDTs, the microchannels for fluid flow
inside microreactors are amenable to numerous designs.>**>*°
To enhance cavitation during sonochemical processes, a
higher density of microbubbles must be generated. Novel
setups in gas/liquid mixing and microreactor geometries have
been developed using microfluidics, allowing for the pro-
duction of microbubbles with uniform size (Fig. 10d).>*’
Changing the identity of the gas and tuning the gas and liquid
flow rates allow for more precise control over the density and
compositions of microbubbles.>*' Microchannels can also be
designed inside special structures to enhance the cavitation
efficiency, as is the case in sharp-edge acoustofluidics.>*?
Rasouli et al. constructed sharp-edge structures along the
length of a microfluidic device and achieved superior perform-
ance in the synthesis of polymeric nanoparticles and liposome
in a low-power and highly controllable process.”**> Bachman
et al. designed a SAW acoustofluidic device consisting of Tesla
structures and periodic sharp-edge patterns, as depicted in
Fig. 10c(i) and (ii).>**> This device exhibited a much higher
mixing efficiency than conventional passive hydrodynamic
mixers and was able to operate at a wide range of operating
conditions. The subfields “micro-elastofluidics” and “stretch-
able microfluidics” were recently developed in Nguyen’s group
at Griffith University. These microfluidics domains seek to
manipulate the fluid-structure interactions of the sono-
microreactor’**?*  to  influence their  sonochemical
performance.

Despite recent reports of the enhanced energy efficiency of
sono-microreactors, studies of the improved sonochemical
efficiency of microfluidic devices are not as prevalent, despite
their direct effect on sonocatalytic performance. In 2004, Iida
et al. pioneered the quantification of "OH radical formation
inside microreactors under the influence of ultrasound using
fluorometry and obtained the first confirmation of cavitation
events at the microscale. Tandiono et al. investigated the cavi-
tation activity driven by capillary SAW in a microfluidic device
made from PDMS and glass.>®® The plate transducer was
attached at a distance of 5 mm from the microreactor and pro-
duced ultrasonic waves at 103.6 kHz (Fig. 10e). High-speed
images showed that strong inertial cavitation occurred at
136 ps and that most of the cavitation bubbles collapsed at
752 ps. Chemiluminesence experiments using luminol were
carried out using the same setup, confirming the intensive for-
mation of "OH radicals at the confined gas-liquid interfaces
(Fig. 10e).>*® This study provided direct evidence that cavita-
tion bubbles do not occur randomly in the bulk liquid (as in
conventional sonoreactors) but only within a well-defined
region in the microreactor, allowing for the spatial control of
sonochemical reactions. Rivas et al. designed a BAW micro-
reactor engineered with cylindrical pits acting as gas trapping
sites to nucleate cavitation and computed the sonochemical
efficiency for the formation of "OH radicals from water sonoly-
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sis occurring under different applied powers.”'"**° They
observed that the sonochemical efficiency was increased by an
order of magnitude thanks to the presence of the designed
pits, and that medium power delivered the highest perform-
ance in all cases. This study illustrates that the appropriate
design of microchannel walls has the potential to intensify the
formation of radical formations inside a sono-microreactor.
Verhaagen et al. successfully scaled-up this pits-microreactor
in 2016, increasing the sonochemical efficiency of the reactor
by 45.1% and scaling up the capacity of the reactor by a factor
of 25.' Thangavadivel et al evaluated the sonochemical
efficiency of the 4-channels microreactor via the degradation
of methyl orange.”®® The formation of ROS from cavitation
events was quantified by Fricke dosimetry and operational
parameters including solution temperature, flow rate, and
ultrasonic power were optimised to obtain the highest
efficiency of the microreactor.

Heterogeneous catalysts need to be distributed homoge-
neously inside the microreactor in order to facilitate the reac-
tion inside a microfluidic device as intended. Despite the chal-
lenge of mass transfer inside a narrow channel, several
approaches have been developed to help accomplish this. The
most popular approach is coating or immobilising solid cata-
lysts on the wall of microchannels. Zhang et al. coated polydo-
pamine (PDA) on the inside of a glass microchannel and used
this PDA layer to anchor the Ag nanoparticles to the channel
wall before bonding it with another glass cover to make the
catalytic microreactor (Fig. 10f).>*° Other approaches include
loading the solid catalyst in a packed bed inside a microreactor
or depositing catalysts via the functionalised monoliths in the
microchannel.?®*?*" Recently, solid nanocatalysts were incor-
porated into the continuous phase of the microreactor, orig-
inally a mixture of liquid and gas, through the formation of
Pickering emulsions, slurry Taylor segments, colloidal suspen-
sions, and catalyst slurries. The homogeneous distribution of
catalyst particles within the microfluidic channels helps to
facilitate the reaction, enhancing the efficiency and overall
conversion of microreactors.>”*>** This approach is highly
successful in leveraging the dual functionality of catalytic cavi-
tation agents inside microfluidic devices in order to achieve
the best efficiency for sonocatalytic reactions.

4.4. Density functional theory (DFT) calculations to assist in
studying the mechanism of sonocatalytic reactions and
designing catalytic cavitation agents for sonocatalysis

One challenge in the development of sonocatalysis is the lack
of insights into the reaction mechanism. Without this crucial
information, designing sonoreactors and sonocatalysts that
maximise the production of desired products is reduced toa
“trial-and-error” approach, which is costly and ineffective.
Mechanistic insight into sonocatalytic reaction mechanisms
by experimentation is very challenging due to the short life-
span ROS and the large and inter-connected reaction network
produced in ultrasonic irradiation. Computational studies via
density functional theory (DFT) calculations provide a more
tractable approach to gain a detailed understanding of sono-
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chemical reactions at molecular level.>**°® Several DFT
studies were reported recently that deliver novel insights into
the reaction mechanism of the sonochemical transformation
of biomass to high value-added specialty chemicals, signifi-
cantly advancing the knowledge in this field and leading to
the development of more efficient catalytic processes.

Glucose oxidation using heterogeneous catalysts usually
results in the formation of gluconic acid as the main
product.*® Gluconic acid is used to make consumer products
like household cleaners, industrial cleaners, inks, paints, dyes,
and metal finishing, and its market price is AU$92 per kg.
However, it is also possible to produce glucuronic acid, a
much more valuable chemical building block, from glucose
oxidation. In fact, the market price of glucuronic acid is AU
$2.2M per kg because it is such a vital pharmaceutical inter-
mediate in the production of drugs for blood coagulation
inhibitors and antioxidants for immune system support.
Glucuronic acid has been traditionally produced via enzy-
matic-catalysed routes and its production via heterogeneous
catalysis was never effective enough to be commercially viable.
However, in 2019, a successful strategy to produce glucuronic
acid through the selective oxidation of glucose using a solid
catalyst was developed by Amaniampong et al. as is shown in
Fig. 11a.”® Their work suggested that by using a CuO catalyst
and tuning the reaction conditions, the glucose ring opening
was inhibited and instead, selective oxidation at the C6 posi-
tion was preferred, yielding glucuronic acid (Fig. 11a(i)).

DFT calculations showed that the ring opening of glucose
was suppressed by the oxygen surface lattice of the CuO cata-
lysts, which was able to trap the "H radicals produced by water
sonolysis, as shown in Fig. 11a(ii).”® DFT calculations predicted
an activation barrier of 47 k] mol™" for glucose ring opening on
a clean CuO(111) surface, but that the barrier increases to 121 kJ
mol™ under ultrasonic irradiation. Therefore, sonochemical
conditions are a plausible alternative to controlling the opening
of the glucose ring. Once glucose ring opening is suppressed,
glucose in the closed-ring structure can be readily oxidised by
‘OH radicals, resulting in the highly selective production of glu-
curonic acid. The detailed reaction mechanism and computed
activation barriers for all elementary steps are presented in
Fig. 11a(iii). The presence of "OH radicals (from water sonolysis)
on CuO(111) provides an alternative pathway with lower acti-
vation barriers (highlighted by blue arrows) for oxidising the
glucose molecule. The mechanistic understanding reported
herein is beneficial in thinking about how similar protocols can
be implemented in modelling the conversion of other biomass
resources via sonocatalysis.'**

Another challenge for sonocatalysis is that the active sites
of the catalyst are not always well-defined, hindering the
improvement and development of novel catalytic materials. In
2022, DFT calculations were applied to study the sonochemical
conversion of cellulose to oxalic acid using Au/Fe,O; cata-
lysts.”® The predicted adsorption energies and electronic pro-
perties calculated for different sites revealed that only the
atoms located at narrow interfacial zones were active for cell-
ulose oxidation (Fig. 11b(i)). DFT calculations showed that
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Fig. 11 (a) DFT investigation on the selective oxidation of glucose to glucuronic acid on CuO(111) surface under ultrasonic irradiation: (i) strategy to
control the oxidation; (i) inhibition of glucose ring opening under the activation of ultrasound; (iii) detailed mechanism of glucose oxidation to glu-
curonic acid with and without the ultrasound conditions, reproduced with permission from Amaniampong et al.°® Copyright 2019, American
Chemical Society. (b) Binding energies (i) and ROS formation mechanism (ii) at the interface of Au/Fe,Os3 catalysts in ultrasonic activation conditions,

reproduced with permission from Amaniampong et al®®

Copyright 2022, Royal Society of Chemistry. (c) Reaction sono-oxidation network of glyoxal

that yields C, acids, reproduced with permission from Fischer et al.2>° Copyright 2024, John Wiley and Sons.

charge transfer between the Au nanoparticles and the Fe,O;
support induced a stronger stabilization of ROS at interfacial
sites, facilitating the generation of oxidising agents ("OH,
'OOH and 'O) (Fig. 11b(ii)). This investigation established
methodology for the rational development of sonocatalysts. It

Green Chem.

particularly in the design of novel catalytic activation agents.
This methodology was implemented in many studies using
DFT calculations in order to design catalysts with higher
activity and stability via doping and/or tuning the metal/
support interactions.>®°~>%8
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Finally, DFT calculations also provide useful predictions of
sonocatalytic efficiency. All kinetic and thermodynamic para-
meters for each elementary step in a sonochemical reaction
can be computed and used as input data for validating a
microkinetic model.>*>**° Consequently, this yield estimates
of rate constants and rate efficiencies under different reaction
conditions. Fischer et al. performed extensive DFT calculations
for all elementary steps pertaining to the oxidation of glyoxal
of hydroxyl radicals and constructed a detailed microkinetic
model (Fig. 11¢).>* This model was used to evaluate the sono-
chemical efficiency of the reaction and optimised operating
conditions, such as pH and the ultrasonic frequency, in order
to obtain the desired product composition. All of their theore-
tical predictions were consistent with experimental measure-
ments. It is expected that DFT calculations will become a key
tool in accelerating the development of sonocatalysis and sus-
tainable chemistry.

5. The contribution of sonochemistry
and sonocatalysis to green chemistry

Following the official release of the “Twelve principles of
Green Chemistry”,”’° Cintas and Luche highlighted the contri-
bution of sonochemical approaches to green chemistry in the
field of chemical synthesis, materials science, and environ-
mental science due to the use of less or non-toxic reagents or
solvents under ambient conditions and their unique capabili-
ties in controlling the selectivity and enhancing the rate of the
reactions.””" Indeed, sonochemistry is even called “distinctive
chemistry”®>”> and continuously considered nowadays as a
green activation techniques in organics synthesis, as demon-
strated clearly by Draye et al.>”*>"?”> and Machado et al.>’® The
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green context of sonochemistry has been recognised and dis-
cussed in details in environmental applications,"” food proces-
sing,”’” and many other fields (polymer synthesis, nano-
materials, and pharmaceutical sciences...).>”® The contribution
of sonochemical approaches to green chemistry could be
observed via the many principles, such as: (i) “Atom
economy”: incorporating initial ingredients into the final
product via mass transfer enhancement’ (ii) “Less hazardous
chemical syntheses”: using a lower initiators and solvent
inventory; (iii) “Safer solvents and auxiliaries”: using water as
solvent; (iv) “Employing Renewable Feedstock”; (v) “Design for
energy efficiency”, and (vi) “Inherently safer chemistry for acci-
dent prevention”.>”® Fig. 12a illustrates the integration of sono-
chemistry into 12 design principles of Green Chemistry.
Besides contributing to green chemistry, sonochemistry
also found applications in green engineering. According to the
“12 principles of Green Engineering” which outline how to
scale-up the production and make chemical processes
greener,”®® Mason et al. revealed the “green-link” between the
physics, chemistry and engineering features of sonochemistry
by analysing different industrial scale environmental pro-
cesses.”® The main advantages of sonochemistry are its poten-
tially tuneable selectivity, enhancement of process efficiency,
avoidance of toxic chemicals, reduction of waste, and con-
sumption of renewable energy resources such as solar energy.
Above features make sonochemistry a safe and energy-efficient
discipline. Furthermore, Chatel et al. analysed the relation-
ships between sonochemistry and green engineering focusing
on different chemical processes and their energy efficien-
cies.*®* Sonochemistry also induced “green processes” in ali-
mentary industry (filtrations, fermentations, sterilizations,
emulsifications, extractions, dehydrations,...) due to its high-
quality products, energy and solvent savings, lower mainten-
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Fig. 12 (a) The integration between sonochemistry into 12 design principles of Green Chemistry, reproduced from an open access publication.?”®
(b) The concept of “7E" for evaluating ultrasonic efficiency in processing systems.
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ance costs, shorter processing time and fewer wastes. Recently,
Sivakumar et al. introduced the concept of “7E” to rationalise
the seven different aspects of efficiency when analysing the
implementation of sonochemistry in industries.”®® The seven
categories include efficiencies of process, product and scale-
up, environment, productivity, energy, cost, and sustainability
(Fig. 12b).

The combination of sonochemistry and a solid catalyst,
called “sonocatalysis”, further leverage its relevance to green
chemistry. Heterogeneous catalysis is a cornerstone of green
chemistry,””® owing to its unique features such as: utilising a
small amount of materials for significant enhancement of
process efficiency, controlable selectivity of the reaction,
reduction of waste and increasing atom economy. Chatel also
mentioned that if the experimental parameters could be opti-
mised, the majority of sonocatalytic reactions would be in favour
of almost all principles of green chemistry and often greener
than those carried out without the application of ultrasound.?®*
Benefiting from the distinctive synergy effects, sonocatalysis has
a great potential in converting various renewable feedstocks to
high-value specialty chemicals which are generally inaccessible
by conventional catalytic routes.'® Sonocatalysis facilitates the
production of those specialty chemicals with unprecedented
high selectivity and efficiency, promoting principles of green
chemistry such as “atom economy” and “reduce derivatives”.

Finally, the combination of sonocatalysis and microfluidics,
as analysed in section 4, represents an additional innovative
perspective in term of green chemistry. The greenness of
microfluidics was clearly emphasised by its capabilities in
handling small quantities of reagents and solvents and there-
fore reducing the waste, precisely controlling reaction con-
ditions, facilitating faster and safer protocols. A debate exists
in literature about the compatibility between green chemistry
and sonochemistry for reactions involving hazardous
compounds.?***%¢ However, this problem can be easily over-
come with microfluidic solutions. The application of microflui-
dics in sonocatalysis also enhances the spatial control of sono-
chemical reactions, confining the reactions closely to the inter-
face of gas-liquid, leading to better yield and higher atom
economy.

Microfluidic

solutions Fuels

Renewable Pharmaceutical

biomass
feedstock

» Polymer precursors

Cosmetic agents

Food additives

Molecular
modelling

Nano-catalytic
cavitation agent

Fig. 13 The synergy between microfluidics, catalytic cavitation agents,

and molecular modelling in the sustainable transformation of renewable
biomass to high value-added products.
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6. Conclusions and perspectives

This review provides a comprehensive picture of the current
status and future perspectives of sonocatalysis, an important
subsection of sonochemistry. Sonochemistry is now widely
considered to be a vital green technology. Much progress has
been made in tuning the selectivity of products, minimising
the use of harmful chemicals or reagents, reducing waste, and
shifting to renewable energy resources. Sonochemistry is
highly effective in cleaning and extraction applications,
environmental remediation, organic synthesis, biomedical
treatment, and nanomaterial synthesis.

Sonocatalysis is based on the synergy between hetero-
geneous catalysis and ultrasound in order to facilitate chemi-
cal reactions. The core of this approach relies on generating
highly reactive radicals via rapid cavitation under high fre-
quency ultrasonic irradiation in the presence of a solid cata-
lyst. Recent advances in wastewater treatment and sonotherapy
via sonocatalysis were presented in this manuscript. In
addition, the sonocatalytic mechanism was analysed, high-
lighting the synergy between solid catalysts and ultrasound,
and giving insight into the design of more efficient sonochem-
ical processes. This manuscript also focuses on the appli-
cations of sonocatalysis in biomass conversion, which is a
promising approach for addressing climate change and pro-
moting the development of a circular economy through sus-
tainable chemistry. The introduction of renewable biomass
resources in the chemical industry promotes the sustainable
production of environmentally friendly chemicals and a wide
range of products essential for human life (Fig. 13). The appli-
cation of sonocatalysis in biomass conversion allows for fine-
tuning of the product distribution in order to transform
biomass-derived feedstocks into high value-added specialty
chemicals and access to chemicals that are generally imposs-
ible to produce by conventional routes. This research reviewed
was compiled with the intention of analysing the current state
of sonocatalysis, as well as highlighting the potential for
further development in the future.

The major technical hurdles of sonocatalysis in its current
state are the low efficiency in utilising ultrasonic energy for
radical generation, and the difficulties in reaction control.
These challenges have been reviewed and analysed in detail.
Several promising approaches to overcoming these problems
have been identified, including the use of catalytic cavitation
agents and the design of microfluidic sonoreactors. Using tai-
lored nanostructured catalytic cavitation agents causes a sig-
nificant reduction in the energy consumption of sonocatalytic
processes. Implementing catalytic cavitation agents in a micro-
fluidic sonoreactor with a well-defined acoustic field allows for
fine control over the acoustic energy so that cavitation only
occurs at the site of the nanostructured cavitation agents. In
this way, the majority of radicals produced inside the cavita-
tion bubble are transferred directly to a nano-engineered cata-
Iytic surface, enhancing the activity and selectivity of the reac-
tion. The application of molecular modelling via density func-
tional theory (DFT) calculations results in fundamental insight
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into the sonocatalytic reaction mechanism at the atomic scale.
Microkinetic models supported by DFT calculations and vali-
dated by experimental measurements guide the design of
novel bifunctional nanomaterials that serve as both effective
cavitation agents and active catalysts. The integration of nano-
structured catalytic cavitation agents, microfluidic solutions,
and molecular modelling forms a trilateral methodology that
allows researchers to unlock the full potential of sonocatalyis
for sustainably chemistry.
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