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Abstract 

Intensification of ultrasonic processes for diversified applications, which include 

environmental remediation, extractions, food processes, synthesis of materials among others, 

has received attention from both the scientific community and industry. The mechanistic 

pathways involved in intensification of ultrasonic processes that include the ultrasonic 

generation of cavitation bubbles, radical formation upon their collapse, and the possibility of 

fine-tuning operating parameters for specific applications are all well documented in the 

literature. However, the scale-up of ultrasonic processes with large-scale sonochemical 

reactors for industrial applications remains a challenge. In this context, this review provides a 

complete overview of the current understanding of the role of operating parameters and reactor 

configuration on the sonochemical processes. Experimental and theoretical techniques to 

characterize the intensity and distribution of cavitation activity within sonoreactors are 

compared. Classes of laboratory and large-scale sonoreactors are reviewed, highlighting recent 

advances in batch and flow-through reactors. Finally, examples of large-scale sonoprocessing 

applications have been reviewed, discussing the major scale-up and sustainability challenges.  
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1. Introduction 

Ultrasound, a developing technology for chemical and processing applications, is classified as 

a process intensification approach. Process intensification comprises a pool of innovative 

approaches that improves process efficiency, and provides opportunities for feedstock 

substitution, energy transition, in particular for the electrification of the chemical industry.  

Ultrasound is sound waves of frequencies above 20 kHz, i.e., the upper audible limit of human 

hearing. Ultrasound is generally classified into low frequency (20-100 kHz, corresponding to 

wavelengths in water between 7.4 cm and 1.5 cm), intermediate frequency (100 kHz-1 MHz, 

corresponding to a 15-1.5 mm wavelength range in water) and high frequency (1-10 MHz, 

with wavelength in water down to ca. 150 μm). In a liquid medium, ultrasound waves induce 

the growth of bubbles (cavities) via nucleation of pre-existing dissolved gas bubbles or gas 

sacs trapped in solid impurities, at surfaces or appositely machined pits. Ultrasound imposes 

on the formed bubbles an oscillatory sound (pressure) field, which causes cycles of high 

pressure, compressing the gas within the bubble, and low pressure, forcing the bubble to 

expand. Under the effect of the ultrasound field, bubbles tend to grow via rectified diffusion 

of dissolved gases and solvent molecules to the oscillating bubble1 and coalescence of bubbles2. 

When a bubble reaches the (frequency dependent) resonance size (usually in the range of 

micrometers), it couples strongly to the acoustic field and grows to a maximum in a single 

acoustic cycle 3. At this point, it implodes, fragmenting into smaller bubbles that can either 

dissolve or repeat the process (Figure 1). Overall, the phenomenon of ultrasound-induced 

nucleation, growth and collapse of micro-bubbles is referred to as acoustic cavitation. Under 

specific experimental conditions, a single bubble may continue to grow and collapse without 

fragmentation and repetitively undergo growth and collapse for each acoustic cycle (single 

bubble cavitation). 
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Figure 1. Schematic representation of the acoustic cavitation process. 

 

For most of the oscillation cycles, there is a possibility for an almost unrestricted heat exchange 

between the bubble and the exterior 4. However, at the end of the bubble collapse, when the 

velocity of the wall collapse approaches speed of sound, negligible heat transfer to the liquid 

medium occurs, leading to a near adiabatic heating of the bubble content 5,6. Extreme 

conditions can be achieved at the end of the bubble collapse 7, with temperature of few 

thousands K  and pressure up to several thousand bar 7-9, leading to the formation of active 

radical species (such as hydroxyl radicals due to the decomposition of water molecules), which 

can activate sonochemical reactions 10. These hotspots within the collapsing bubbles give rise 

also to light emission (sonoluminescence) 11. Moreover, the bubble implosion creates shock 

waves within the liquid: these shock waves, on the one hand, promote mass transfer by strong 

turbulent mixing, while on the other hand, they accelerate suspended solid particles causing 

violent collisions, which can induce fragmentation of brittle materials (sonofragmentation), 

exfoliation of layered materials, and agglomeration of malleable materials 12,13 . When the 

bubble collapse occurs asymmetrically, usually at boundaries or surfaces, high speed liquid 

jets (called microjets) propagate from the bubble towards the nearby surface, leading to surface 

erosion, pitting, and deformation phenomena. Nevertheless, microjets can also be utilized for 

cleansing, metal surface activation and surface engineering14. Moreover, ultrasound irradiation 
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during the crystallization step can generate crystal seeds (sonocrystallization), thereby 

decreasing the induction time, increasing crystallization yields, promoting selectivity towards 

a desired crystal morphology, and resulting in smaller crystals with more uniform size 

distribution 13,15-17.  

Due to the extreme and transient phenomena produced during acoustic cavitation, ultrasound 

has been adopted for the intensification of physical and chemical processes in numerous fields, 

including: 

• synthesis of chemicals 18-21 and materials 22-27, where sonication can accelerate reaction 

rates, boost yield and selectivity, enable the use of milder reaction conditions, shorten 

reaction time, enhanced nanoparticles dispersion during decoration of a matrix 28,29, 

promote crystallization 30 and control particle morphology 31-33; 

• wastewater treatment by disinfection and degradation of recalcitrant pollutants, also in 

combination with other advanced oxidation techniques 34-41; 

• electroanalysis by promoting mass transfer efficiency and accelerate analytical response 

42-44; 

• food industry and biotechnology 45-48  for extraction, homogenization, emulsification, 

foam control in bioreactors, cell disruption, and promotion of enzymatic reactions;  

• pharmaceutical industry where sonocrystallization can be used as alternative for the 

conventional approach of crystal seeding to induce nucleation in a reproducible way 49. 

• cleaning, leaching, textile processing, biofuel production, in polymer chemistry and in the 

petrochemical industry, etc.50,51.  

Despite the numerous studies and proven advantages over conventional alternatives, 

cavitation-based technologies are mostly restricted to laboratory-scale and industrial 

applications are limited due to scalability issues. Moreover, the sonochemical process 

efficiency is limited by the acoustic impedance of the system, secondary effects (such as 

streaming, heating and bulk mixing) and other effects (e.g. noise emission, erosion of emitter 

and reactor surface, sound-field attenuation, by-product formation). A dense cloud of bubbles 

usually generates in the vicinity of the emitter. These bubbles incorporate into a fluid stream 
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in motion, which is termed acoustic streaming 52. Acoustic streaming is the steady state fluid 

flow caused by the absorption of acoustic oscillations and can be visually observed near sound 

emitters and can be visualized by particle image velocimetry as streams of fluid originated 

from the emitting surface. Acoustic streaming can decrease the number of acoustic cavitation 

phenomena, hence the acoustic activity 52.    

As a matter of fact, cavitation is a complex phenomenon, which is affected by numerous 

parameters, including the ultrasound operating conditions and medium properties, and reactor 

geometry. These parameters often display a non-linear and interlinked effects on the 

performance of the sonochemical system: an optimal set of parameters for one application will 

often fail to yield the same performance when applied to another. Nonetheless, general trends 

can be identified for individual parameters and a range of characterization methods of the 

cavitation phenomenon and its effects can guide the optimization.   

The purpose of this review is to provide an overview on the parameters involved in the 

experimental design and optimization of sonoreactors. Although most of the literature 

investigating the role of individual operating parameters is based on lab-scale studies and 

theoretical investigations, the lessons we draw from these studies are instrumental in guiding 

the development of large-scale reactors. Sonoreactors for processing large volumes especially 

suffer from issues such as the erosion of sonicator surfaces at high power intensities required 

for industrial operations and wide variations in the energy dissipation rates in the reactor. Some 

of these issues can be addressed by combining mapping techniques for the characterization of 

the cavitation activity and numerical methods to simulate the acoustic pressure distribution. 

The main methods and experimental procedures for the characterization of the cavitation 

activity in sonoreactors are presented in Section 3, along with numerical methods adopted to 

simulate the acoustic pressure distribution. The most common reactor geometries in practice 

have also been discussed with a view to distinguishing batch and continuous configurations. 

In this respect, a special emphasis is given to the reactor characteristics and limitations with 

respect to a desired application. We have reviewed current and emerging applications, 

highlighting their advantages, limitations and on-the-market solutions. Finally, the key issue 



12 

of the actual sustainability of sonoprocessing technologies is discussed, with reference to 

environmental and energy aspects, as well as cost analysis.  

Although other means to achieve cavitation exist (namely hydrodynamic cavitation), the 

present review focuses only on acoustic cavitation. The interested readers can find recent 

overviews of hydrodynamic cavitation reactors in refs 36,53.  

2. Guidelines for experimental parameters   

2.1 Ultrasound physical characteristics 

2.1.1 Frequency 

The frequency of the sound field influences the pressure cycle, affecting the bubble population 

in terms of: 

• number of bubbles: increasing the frequency leads to a higher number of antinodes, 

hence increasing the number of cavitation bubbles, as represented in Figure 2. 

• bubble size and size distribution: according to the Minnert equation, the resonance size 

of a bubble is inversely proportional to the applied ultrasound frequency: 

𝑓 =
1

2𝜋𝑅
(

3𝛾𝑝

𝜌
)

1 2⁄

         (1) 

where f is the resonant frequency in Hz, R is the radius of the bubble in meters, γ is the 

polytropic coefficient, p is the ambient pressure in kPa, and ρ is the fluid density in kg/m3. 

In the case of water at atmospheric pressure, the equation simplified to: 

f R ≈ 3.26 m/s             (2) 

Experimentally, it has been reported that with an increase in frequency, average size of 

bubbles becomes smaller and the size distribution becomes narrower (Figure 3). This 

can be understood considering the duration of the rarefaction phase, during which 

cavitation bubbles grow, is inversely proportional to ultrasound frequency. Therefore, a 

higher frequency entails a shorter expansion phase during oscillation growth, leading to 

a lower amount of vapor diffusing into the bubble and resulting in smaller bubbles [6]. 
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• time of collapse: at higher frequency, the oscillation period is shorter, hence collapse and 

fragmentation occur more quickly. For instance, if ultrasound irradiation at 20 and 500 

kHz are compared in otherwise constant conditions (10 W/cm2 ultrasound intensity in 

air saturated water), the bubble average diameter is 330 and 13 μm and the collapse 

duration is 10 and 0.4 μs, respectively 54. 

 

Figure 2. (a, c) Schematic illustration representing the effect of standing waves at different 

frequencies on the number of bubbles: low (a) and high frequency (c). (b, d) Sonoluminescence 

profile images at 37 (b) and 440 kHz (d). Reprinted with permission from Ref 55  . 

 

Figure 3. Bubble size distributions at different frequencies at 1.5 W (for 875, 1056 and 1136 

kHz, data have been scaled down by a factor of 4); reprinted with permission from Ref 56. 

 

These phenomena have important consequences in terms of the cavitation activity: 
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• Generation of radical species: The size of the collapsing bubble affects the maximum 

temperature reached during implosion. In particular, theoretical calculations predict that 

the maximum temperature is proportional to the maximum bubble radius for frequencies 

greater than 16 kHz 56. However, larger bubbles obtained at lower frequencies contain a 

larger amount of water vapor due to the longer acoustic period 57. As a result, the 

temperature during collapse at low frequency is decreased by heat consumption by 

endothermic chemical reactions 58. Both effects (collapse temperature and vapor 

composition inside the bubble) have a crucial role on the amount of radicals generated 

at bubble collapse 59.  

On the grounds of what is discussed above, the number of primary radicals generated 

per collapsing bubble is larger at lower frequencies. However, the observed, overall 

radical yield depends also on the total number of bubbles, which is larger at higher 

frequencies. As a result, the radical yield increases with frequency up to a maximum 

value, which is generally in the range 200–600 kHz 60-65, then decreases with a further 

frequency increase due to the already discussed shorter oscillation time and reduction in 

collapse intensity.  

• Prevalence of physical or chemical effects: At low frequencies (20 - 100 kHz), cavitation 

bubbles are relatively few although large in size: hence, cavitation at low frequency 

results mainly in physical effects on liquid circulation and turbulence, whereas chemical 

effects are less significant.  

Indeed the intensity of cavitation collapse decreases with an increase in ultrasound 

frequency 66. At high frequency, cavitation is more difficult to be induced since cycles 

of compression-rarefaction can be too short to enable bubble nucleation and growth. As 

a result, with increasing frequency, larger power intensities are required to generate 

cavitation.  

Low frequency operation is thus preferred for applications where intense physical effects 

are required, such as in extraction, cell disruption, textile processing, polymer 

degradation, etc. At frequencies up to 500 kHz, the increased number of bubbles promote 
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the overall radical yield and chemical effects become more prominent 19. As a result, 

frequencies in the range from few hundreds of kHz to 1 MHz should be selected for 

applications such as chemical synthesis and pollutant degradation in wastewater 

treatment. For these applications, the optimal frequency often depends on a balance 

between chemical effects (responsible for radical formation) and physical effects (which 

promote mass transfer) 19.  

Figure 4 summarizes the frequency range best suited for different applications; it should be 

noted that the exact optimal frequency is reactor and system specific 67. 

These selection criteria are valid for single frequency operation. It should be noted that an 

alternative approach makes use of a combination of same or different frequencies (multi-

frequency operation) to enhance the overall cavitation activity thanks to synergistic 

enhancements 68,69. 

 

Figure 4. Schematic of the optimal frequencies for several cavitation-induced processes: dark 

colors indicate elevated process rates; redrawn with permission from 49. 

 

2.1.2 Acoustic power 

The acoustic power is related to the pressure amplitude of the sound wave and should supply 

the pressure needed for cavitation (cavitation threshold). Increasing the acoustic power 

increases the number and size of cavitation bubbles, the maximum bubble collapse temperature 
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and the sonochemical yield 64. For instance, in sonochemiluminescence experiments, the 

increasing light intensity with power clearly displays how higher power amplitudes yield more 

chemically active bubbles: luminol reacts with the •OH radicals formed upon implosion of the 

acoustic bubbles, generating light emissions (Figure 5). Studies using chemical dosimetry (see 

Section 3.2) have shown that, irrespective of the chosen dosimeter, sonochemical efficiency 

increases with acoustic power 70.  

However, increasing the acoustic power promotes cavitation activity only up to an optimum 

level, beyond which either marginal effects or even reduced performances are observed 71-74. 

The optimum value depends on the reactor configuration and on the specific application. For 

instance, when working with high viscosity liquids such as oils, higher amplitudes are 

generally required with respect to aqueous solutions. 

 

 

Figure 5. Sonochemiluminescence as a function of power intensity in multibubble 

sonochemiluminescnece; adapted with permission from 75. 

 

The occurrence of an optimum value of power dissipation can be attributed to shielding and 

acoustic decoupling effects 76. The former effect is related to the large number of bubbles 

formed at high-pressure amplitude, which leads to the formation of bubble clouds around the 

transducer surface and at antinode regions. These bubble clouds can absorb or scatter the 
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incident sound waves resulting in attenuation of the sound field and decreased energy transfer. 

Decoupling losses refer to change in acoustic impedance of the medium due to the increased 

bubble presence, which lowers the energy transfer efficiency from the ultrasound source to the 

liquid. 

The determination of the optimum power value for a specific application and experimental 

conditions is thus a crucial step to optimize the process while minimizing the operating costs. 

In addition, it should be noted that operating at high power can cause a rapid deterioration of 

the ultrasonic transducer, resulting in poor ultrasound transmission through the liquid media 

and liquid contamination.  

2.2 Operating parameters and reactor characteristics 

2.2.1 Transducer type 

A transducer converts electric current into acoustic vibrations. Generally, transducers are 

based on piezoelectric materials, driven by a power amplifier, which is seeded by a signal 

generator. Two common types of transducers are ultrasonic plates and ultrasonic horns (Figure 

6). The ultrasonic horn, mostly in rod form with shrinking diameter toward its end, is directly 

submerged into the medium to generate ultrasonic cavitation; it is also known as sonotrode, 

ultrasonic probe or disintegrator. More details about the sonotrode types available are 

discussed in Section 4.  

The bubble dynamics and distribution depend strongly on the type of ultrasonic source. Plate 

transducers deliver sound wave diffusely, giving rise mainly to stable (repetitive transient) 

cavitation due to standing wave formation, where active bubbles are localized at the antinodes. 

In Figure 6a sonochemilumiscence emission characteristics distinguish two zones with 

different acoustic activity peculiarities: the zone with the travelling wave field is characterized 

by a higher macroscopic acoustic pressure in the lower region (closer to the transducer), but 

lower chemical activity (lower •OH radicals concentration); the zone farther from the 

transducer displays a standing wave with zones of higher chemical activity than the travelling 

wave area, despite a lower acoustic pressure. Conversely, horn transducers generate a 
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concentrated ultrasound irradiation, leading to a conical zone of highly concentrated cavitation 

activity just under the sonotrode tip (Figure 6b). The intense cavitation activity promotes 

radical production and induces violent agitation of the liquid medium, but the layer of bubbles 

generated at the transducer surface impedes the sound wave propagation, decreasing the 

energy efficiency of the process.   

 

 

 



19 

 

Figure 6. Experimental setup and sonochemiluminescence images of reactors based on a plate 

transducer (a) and horn transducer (b); reprinted with permission from 77 (a) and 75 (b).  

2.2.2 Material of transducers 

The choice of the transducer material is critical for reactor designs where the transducer is in 

direct contact with the solution, such as ultrasonic horns. In this respect, the material of choice 

of probe emitters is usually a titanium alloy (Ti-6Al-4V), owing to its good fatigue strength, 

excellent acoustic properties, and good surface hardness. Nevertheless, this material suffers 
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erosion during usage, leading to the release of metal particles into the liquid medium and 

ensuing sample contamination 78. For applications requiring high amplitude and harder surface, 

titanium horns can be coated with materials such as polytetrafluoroethylene, titanium nitrides, 

carbides or nickel 79. Less costly alternatives include stainless steel, hastelloy and aluminum. 

To overcome sample contamination issues, probe tips made of quartz, Pyrex, or polymers 80 

can be used, although these materials present some limits especially at high amplitudes. These 

materials have also the advantage of being compatible with microwave (MW) irradiation, 

hence they can be adopted in ultrasound-MW combined treatments 81. Alternatively, an 

indirect sonication strategy can be selected, where ultrasound is irradiated through the walls 

of the sample container, such as in cup-horn setups (see Section 4.1). The latter approach does 

not benefit from high intensity focused ultrasound directly in contact with the sample. 

2.2.3 Reactor configuration  

Cavitation activity is non-homogeneous in nature. This entails that, beside active cavitation 

areas, dead zones exist within sonochemical reactors. Dead zones are areas where no transient 

cavitation can be observed and only non-cavitation behavior (e.g., bubble motion, acoustic 

streaming, etc.) can be detected.  

The distribution of active and dead zones within a sonoreactor as well as the total cavitationally 

active volume are related to the reactor configuration. The latter plays a pivotal role on 

ultrasound attenuation, i.e., a decrease in pressure intensity as a function of the distance from 

the transducer. Sound wave attenuation occurs due to absorption, reflection and refraction as 

sound waves propagate through the liquid medium, contributing to the spatial variability of 

cavitation intensity. The attenuation factor, α, is proportional to the square of frequency, hence, 

attenuation is much higher at higher frequencies: 

𝛼 =
8𝛱2𝜇𝑓2

3𝜌𝑐3          (3) 

where μ is the viscosity of bulk liquid, f is the ultrasound frequency, ρ is the liquid density and 

c is the speed of sound in liquid. 

The major parameters in reactor design include:  
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• Vessel/transducer diameter ratio: In the case of horn transducers, attenuation of 

ultrasound waves occurs both radially and axially. As a result, the vessel diameter should 

guarantee enough space to the oscillating probe to avoid unwanted collisions with the 

container walls, while minimizing the distance between the horn and the vessel walls to 

reduce radial attenuation. Thangavadivel and coauthors reported that a vessel/transducer 

ratio of 1.45 optimized sonochemical and acoustic energy transfer efficiency across a 

range of liquid heights 82.  

• Number and position of transducers: In order to promote a uniform distribution of the 

cavitation activity, multiple transducers can be used to dissipate the total power using a 

larger irradiation surface. The use of multiple transducers is especially crucial in large-

scale reactors, where a single transducer would fail in dissipating the entire required 

power with good efficacy due to the inherent limitations in the construction materials of 

piezoelectric elements. A multiple transducer setup also enables a multiple frequency 

operation. The optimum number of transducers depends on the power requirement, 

reactor volume, and dimensions of each. The position of the transducers in the reactor 

should maximize the active cavitation area and intensity. The transducer number and 

position also affect the hydrodynamic behavior and the mixing characteristics in the 

reactor, which are crucial aspects especially in physical processing applications. More 

details about this point will be provided in Section 4. 

• Shape of the reactor: Sound waves are reflected by solid surfaces. In order to reduce 

attenuation, the thickness of the vessel should be optimized (Figure 7). In addition, the 

shape of the container has been reported to play a crucial role on sound wave attenuation. 

When the transducer is placed close to the bottom of the reactor, flat-bottomed vessels 

are generally the reactors of choice. However, Fukunaga et al. 83 have recently showed 

that while the fragmentation performance in a flat bottom vessel largely depends on the 

horn position, it varies much less in a spherical bottom vessel. They concluded that 

spherical bottom vessels provide a large areas of high acoustic pressure regions 

regardless of the horn position. Also, Capelo et al. 84 reported that containers with conical, 
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fan-shaped and spherical bottoms gave rise to better extraction efficiency with respect 

to flat bottom ones.  

 

Figure 7.  The calculated spatial distribution of the acoustic amplitude for rigid wall, and glass 

wall of 2 and 7 mm in thickness; reprinted with permission from 85. 

2.2.4 Liquid height and transducer immersion depth 

The immersion depth of the transducer horn or, in the case of plate transducers, the liquid 

height greatly influences the reflection of incident sound waves from the walls of reactors and 

liquid surface. Such reflections can cause the formation of hot spots of cavitation activity in 

regions far from the horn tip 86 or close to the liquid surface in plate transducer set-ups 87. 

Placing the transducer horn close to the reactor bottom has been shown to increase reflection 

of sound waves88,89, extending the active cavitation areas (as shown by 

sonochemiluminescence images, Figure 8). On the other hand, by placing the horn tip far from 

the bottom of the vessel, attenuation of the sound waves increases, which reduces the 

ultrasound reflection. The strong reflection at the bottom is due to the vicinity of the probe to 

the boundary. In this case, not only the overall acoustic zone increased in volume, but also the 

chemical activity was higher in case of a deeper position of the probe: the concentration of 
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•OH radicals at 60 mm of immersion depth was seven times higher than that observed at 

immersion depths < 30 mm (Figure 8). 

In the case of plate transducers, Laborde et al. 90 reported that optimal liquid height matches 

an odd multiple of the fourth of the wavelength so that the air/water interface falls at an anti-

node point 91, thus reinforcing the standing wave component. Asakura et al. 87 reported an 

optimal sonochemical efficiency when liquid height was 15 times the wavelength.  

Indeed, the optimal value seems to depend on geometrical and operating parameters 82,88,91,92  

as well as on the type of application, especially when liquid flow or foam formation are desired 

93,94.  

 

Figure 8.  Sonochemiluminescence images at different probe immersion depths; reprinted 

with permission from 75.  

 

2.2.5 Signal type and duty cycle 

The ultrasound signal can be delivered in a continuous, pulsed or sweeping modes. When a 

continuous signal is applied, sound waves may produce an excessive amount of bubbles, which 

can agglomerate in clouds; these bubble clouds can attenuate the sound wave, resulting in a 

lower cavitational efficiency. Continuous irradiation can also result in bubble growth via 

coalescence, which can promote degassing of the liquid medium. 
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Other sonication modes allow overcoming these issues. Beside frequency sweeping, which is 

less common and shows mixed performance 95, pulsed sonication presents a series of 

advantages with respect to continuous operation: lower erosion of the transducer, more limited 

local temperature rise 96, lower coalescence and signal attenuation, increased zones of active 

cavitation 97. The explanation of these effects might reside in the movement of the bubbles 

during the off time of the pulsed signal, during which bubbles can move away from one another 

or migrate from the antinodes 98. In this respect, the choice of the duty cycle is crucial to 

optimize these effects 97,99. The optimum value of duty cycle is dependent on the reactor 

configuration and type of application. 

 

2.2.6 Liquid flow 

Liquid flow can play numerous fundamental roles in sonochemical reactors: it has been 

reported to limit coalescence and clustering of cavitation bubbles, preventing degassing of the 

solution 100,101, shown to disperse bubbles from dead zones 102, it can promote bubble collapse, 

increasing the overall cavitation activity and can increase mass transfer 103. 

It should be noted that, without stirring or circulation pumping, ultrasound-assisted reactions 

can suffer poor reaction kinetics and overall yield 104, since ultrasound-induced liquid 

circulation cannot provide uniform bulk mixing, especially for large scale operations and 

heterogeneous systems 105. 

However, it has been reported that an optimal flow rate exists for sonochemical reactions, 

which offers good conversions at reduced energy consumptions 100,106,107. This value depends 

on the individual system and applied parameters, in particular the applied frequency, power 

and adopted method to promote liquid flow 100,108. For instance, the shape, size and position 

of a stirrer can affect the sound field, possibly reducing the cavitation areas. Moreover, in 

certain power and frequency conditions, excessive liquid circulation has been reported to 

negatively affect sonochemical yield by preventing the wave propagation and reducing the 

standing wave portion of the field 109. 



25 

 

2.3 Medium characteristics 

2.3.1 Solvent 

It is important the choice of a suitable liquid medium having the following physico-chemical 

parameters:   

• Viscosity: higher viscosities induce an increase in cohesive forces within a liquid, raising 

the cavitation threshold 110. Moreover, high viscosity liquids are responsible for a more 

severe attenuation of the sound wave intensity, reducing the active cavitation zones and 

the process yield (see Equation 3). As a result, liquids with lower viscosity are 

preferable and, alternatively, amplitudes should be increased when working with high 

viscosity liquids. 

• Vapor pressure: solvents with low vapor pressure are generally preferred as they lead 

to stronger cavitational effects with respect to high vapor pressure liquids. This can be 

explained considering that the vapor content of bubbles increases with the vapor pressure 

of the liquid: a higher vapor content lowers the energy released during the collapse 

(cushioning effect) and, consequently, hampers cavitation activity 111.  

• Surface tension: liquids with high surface tension provide more resistance to nucleation 

of cavitation bubbles 112, but after nucleation surface tension tends to stabilize the growth 

of the bubbles, which are then more likely to grow to active size. As a result, high surface 

tension solvents, such as water, present higher cavitation intensity. The surface tension 

can be modulated by addition of surfactants and/or electrolytes (see next points).  

2.3.2 Solution temperature  

Solution temperature strongly affects the physicochemical features of the liquid medium. In 

particular, higher solution temperatures cause a decrease in both liquid viscosity and surface 

tension, while increasing the vapor pressure. In addition, higher temperatures decrease gas 

solubility in the liquid, limiting the number of available cavitation nuclei. As a result, 

increasing temperature has generally a negative impact on cavitation intensity.  



26 

Conversely, a temperature increase can promote the reaction kinetics via conventional reaction 

mechanisms, so an optimum temperature exists depending on the specific system 19. 

Considering that ultrasound irradiation causes the release of substantial heat to the medium, 

systems for temperature control (e.g., jacketed reactors, Rosett cells, flow reactors) are usually 

applied to limit temperature rise, which could also cause the degradation of thermolabile 

compounds/specimen.  

2.3.3 Static pressure 

Working with higher static pressures leads to a shift of the cavitation threshold to higher 

acoustic pressure 113. However, once the cavitation threshold is reached, the intensity of the 

cavitation bubble collapse can be enhanced. Experimental and theoretical studies have shown 

an initial promoting effect of increasing the static pressure on sonochemical yields, up to an 

optimum value above which a detrimental effect is observed 114-116. 

2.3.4 Dissolved gases 

As cavitation bubbles form starting from gas (vapors) dissolved in the liquid, the presence of 

dissolved gas bubbles facilitates cavitation, while degassing inhibits nucleation and reduces 

sonochemical yields.  

It should be noted that sonication can cause degassing of the liquid medium: when bubbles 

grow by coalescence to a size greater than the resonance size, they oscillate out of phase and 

move towards the nodes, becoming inactive due to the decrease in pressure variance 117. These 

inactive bubbles, often called degas bubbles, eventually float to the liquid surface, causing a 

loss of dissolved gas in the liquid medium. Therefore, gas bubbling into the medium can be 

used to maintain a sustained cavitation. 

Gas bubbling can also be exploited to control the composition of cavitation bubbles in order 

to modulate the sonochemical response. The maximum temperature reached in a collapsing 

bubble depends on the thermal conductivity of the gas and vapors present within the bubble; a 

higher thermal conductivity translates into lower temperatures due to the quicker heat 

dissipation to the liquid medium. In this respect, argon enables to achieve high temperatures 
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in the collapsing bubble 118, hence it is bubbled into the liquid medium to promote pyrolytic 

reactions 119. At the other end of the scale, pure CO2 bubbling is known to have a quenching 

effect on sonochemical processes 120. 

2.3.5 Salt addition 

The presence of electrolytes in the liquid medium is known to impact sonochemistry. In 

particular, salt content causes the bubble size to decrease 121, inhibits bubble coalescence 122,123, 

and the sonochemical yields vary with the electrolyte content 124,125. However, the mechanisms 

underlying these effects are still debated. As a matter of fact, the addition of salt has multiple 

effects. Electrolytes reduce the gas solubility (salting out effect) 126, limiting the population of 

active bubbles. On the other hand, salt addition increases the surface tension and viscosity of 

the liquid, which have been linked to lower vapor content within the bubbles and consequently 

to a higher intensity of the bubble collapse. Finally, it should be noted that, depending on the 

chemical nature of the ions, electrolytes can elicit new chemical reactions, such as chlorides 

and bicarbonates, which are known to act as radical scavengers 127. 

2.3.6 Dispersed solids 

The addition of dispersed solids, such as powders, has mixed effects on the cavitation activity 

128. A promoting role of the presence or generation of solid particles on cavitation has been 

suggested 129-131 due to powder surface and pores acting as source for cavitation nuclei. On the 

other hand, other studies reported a decrease in cavitation activity upon addition of solid 

particles, possibly due to attenuation of sound waves via scattering 132.  

2.3.7 Surfactants 

Surfactants, as the name suggest, adsorb preferentially at interfaces. As a result, during 

acoustic cavitation, surfactant molecules in solution tend to adsorb at the bubble-liquid 

interface. The presence of surfactants, particularly ionic ones, at the bubble interface is known 

to reduce bubble coalescence 133, resulting in cavitation bubbles of smaller size. Conversely, 

when a single bubble is considered, the growth rate is higher in surfactant solutions compared 

to pure water 134. This phenomenon has been attributed to an increased resistance to mass 
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transfer during the compression phase of rectified diffusion. In this respect, surfactants with a 

longer chain length showed higher growth rates, in keeping with their greater mass transfer 

resistance 135, whereas the type of surfactant headgroup played a notable role only at high 

surface loadings 135.  

3. Characterization methods of ultrasound systems 

Cavitation activity has a non-homogeneous and dynamic nature, utterly dependent on the 

operating parameters and reactor design (see Section 2). In order to identify the active and 

dead zones in a sonochemical reactor and to optimize the design parameters, it is fundamental 

to characterize the cavitation activity in sonochemical reactors. 

Cavitation activity can be experimentally quantified by means of primary effects, such as 

temperature or pressure changes ensuing bubble collapse, using techniques like calorimetry, 

thermal mapping and hydrophone measurements. Alternatively, secondary effects can be 

monitored, such as radical formation, acoustic streaming or microjets, using characterization 

methods such as chemical dosimetry, sonochemiluminescence, fluorescence measurements, 

electrochemical diffusion, particle image velocimetry, and aluminum foil erosion. Other 

methods include quantification of radical species by electron paramagnetic resonance spin 

traps 136, polymer degradation 137-139, high-speed cameras 140,141, Laser Doppler Anemometry 

(LDA), also known as Laser Doppler Velocimetry (LDV) 142 and laser tomography 143,144. As 

summarized in Table 1, the provided information varies with the characterization technique, 

both in terms of spatial resolution (global characterization of the whole system vs. mapping 

techniques) and of its qualitative/quantitative nature.  

Beside experimental characterizations, numerical simulations can support data interpretation 

and guide the optimization of acoustic field distribution inside the sonoreactor. In this respect, 

most of the literature aims at modeling acoustic pressure distribution by solving the Helmholtz 

equation for the linear propagation of sound waves. This latter aspect will be only briefly 

treated in this review. The interested readers can find a recent overview on numerical methods 

for the simulation of acoustic pressure in sonoreactors at reference 85. 
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3.1 Physical methods 

3.1.1 Calorimetry 

Ultrasound waves propagating in a liquid are absorbed and, and to a lesser degree, scattered 

by the medium. Sound wave absorption results in energy transfer to the liquid, increasing the 

temperature of the liquid medium. Measuring the change in the bulk temperature of the liquid 

medium provides information about the total amount of energy entering the reactor.  

The effective calorimetric power (Pcal) can be calculated from the temperature increase of a 

weighted amount of ultrapure water as a function of sonication time (Figure 9a,b) according 

to Equation 4: 

𝑃𝑐𝑎𝑙 = 𝑚𝐶𝑝
𝑑𝑇

𝑑𝑡
  (4) 

where m is the liquid mass, Cp is the specific heat capacity of the liquid (4.184 J g-1 K-1 for 

water) and dT/dt is the rate of liquid temperature increase 145. The effective calorimetric power 

can be used to quantify the energy transfer efficiency of the sonochemical reactor.  

Gogate at al. 146 proposed a modification of this equation to distinguish between the energy 

actually utilized to raise the bulk liquid temperature, from the energy absorbed by the reactor 

components (walls and transducers), which can account to 5% of the overall energy 

consumption, and energy lost to ambient air by convection, which is significant especially 

when large reactors are considered. They proposed the following Equation 5:  

𝑃𝑐𝑎𝑙 = (𝑚𝐶𝑝∆𝑇)
𝑙𝑖𝑞𝑢𝑖𝑑

+ (𝑚𝑖𝐶𝑝𝑖∆𝑇)
𝑖𝑛𝑛𝑒𝑟𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑤𝑎𝑙𝑙

+ (ℎ𝐴∆𝑇)     (5) 

where m is the mass of liquid, Cp is specific heat of liquid at constant pressure, ΔT is change 

in temperature, mi is the mass of reactor/transducers, Cpi is the specific heat of the reactor 

material, h is the convective heat transfer coefficient and A is the area of heat transfer. The 

interested readers can find more information about the modeling and experimental 

determination of the convective heat transfer coefficient in sonoreactors in ref. 147. 

Special care must be taken when investigating power dissipation in immiscible reaction 

systems (such as in emulsification operations), since the amount of energy dissipated in those 

systems corresponds to the sum of the energy dissipated in each individual phase 148. 
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The power determined according to the calorimetric method can be used to determine the 

energy efficiency of the system as the ratio between the power dissipated in the system and 

the supplied electrical power. 

 

 

Figure 9. (a) Calorimetric calibration curves at three different amplitudes (20 (circles), 30 

(squares), and 40% (triangles)); (b) dependence of the ultrasound calorimetric power on the 

instrument amplitude; (c,d) thermal mapping by infrared camera of a four-way-type reactor (c) 

and of a microchannel reactor (d). Images reproduced with permission from 105 (a,b), from 149 

(c) and 150 (d).   

 

3.1.2 Temperature mapping 

Bubble collapse generates very high temperatures, which cause local heating. As a result, 

measuring the local temperature in the liquid provides quantitative information about the local 
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cavitation activity. Temperature mapping allows to determine the location of cavitation zones 

(hot spots), as well as dead zones 151. 

Temperature mapping can be carried out by thermocouples/thermisters, but this approach has 

several disadvantages as the probe can be damaged by cavitation, its size prevents mapping of 

small channels, and the probe surface can affect cavitation activity distribution 152. Recently, 

thermal cameras have been proposed as non-invasive alternative for real-time, thermal 

imaging of reactors, also with complex shapes 150 (Figure 9c,d).   

3.1.3 Hydrophone measurements 

Hydrophones enable a quantitative measurement of the acoustic pressure field in a reactor, 

which can be used to locate cavitation regions via frequency spectral analysis.  

The noise emitted by a liquid medium irradiated with ultrasound comes from the oscillation 

and collapse of cavitation bubbles. In an ideal system, without dissipation, the signal captured 

by a hydrophone is a sinusoidal sound signal, indicative of bubble oscillation according to the 

fundamental driving frequency, f (Figure 10a). With increasing power input, bubble 

oscillation departs from this ideal behavior producing convex waveforms. In the acoustic 

emission spectrum, peaks appear at various frequencies, either subharmonic (f/n), harmonic 

(nf) and ultra-harmonic ((2n + 1)f/2) of the fundamental driving frequency. While harmonic 

peaks are generated by bubble oscillation before collapse 94, higher harmonics can be 

explained in terms of the forced non-linear bubble oscillations and subharmonic frequencies 

have been related to bubbles with an equilibrium radius greater than the resonance value 153. 

Physical effects due to bubble collapse (shock waves, micro-jets, and micro-streaming) 

increase the degree of irregularity of acoustic waveforms, generating a broadband signal (i.e., 

an elevated baseline), which is indicative of transient cavitation.  

Therefore, by repeated hydrophone measurements at different locations within the sonoreactor, 

a mapping of the acoustic pressure can be obtained (Figure 10b) and cavitation zones can be 

identified by analyzing the features of the broadband signal. When the ultrasonic horn is placed 

at positive values in the Z plane, a region of broad acoustic pressure is observed, with the 
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highest intensity below the tip (Z = +4 cm in Figure 9b). For negative values of Z the intensity 

is more uniform with a discrete distribution 154. 

There are different types of hydrophones: the most common type is based on a piezoelectric 

transducer, which generates an electric potential upon exposure to a pressure change, such as 

a sound wave. A less common alternative is represented by fiber-optic probe hydrophones, in 

which detection is based on a change in refraction index modulated by the acoustic pressure 

field 155.  

The main disadvantages of hydrophones derive from their being immersed into the sonoreactor: 

they can be damaged by the cavitation activity as well as affect the cavitation activity 

distribution (for instance, by acting as nucleation sites for cavitation bubbles). Finally, the 

probe size limits the hydrophone applicability to the mapping of reactors with complex shapes, 

such as microchannels. 

Despite these limitations, hydrophones can be adopted to probe the acoustic field distribution 

of sonoreactors at both the laboratory scale and at large scale (see e.g. Figure 27). For instance, 

Wang et al.156 adopted a miniaturized hydrophone to determine the acoustic field distribution 

along the radial and depth directions within a multi-frequency, cylindrical sonoreactor with 

capacity of 17 L. 
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Figure 10. (a) Ultrasonic waveforms (left) and relative frequency spectra (right) observed in 

water under ultrasound irradiation at different power intensities; (b) 3D (top) and contour 

(bottom) mapping of hydrophone measurements in a sonochemical reactor. The probe is 

located in the Z plane at Z = +4 cm; reprinted with permission from 154. 

 

3.1.4 Aluminum foil erosion 

The observation of the erosion patterns of an aluminum foil immersed into the sonochemical 

reactor can be used to qualitatively estimate the distribution of the acoustic pressure. The 

indentations/erosions observed in the aluminum foil indicate active zones of cavitation. The 

active zones of cavitation can be compared with numerical modeling that calculates the overall 

volume fraction of cavitation bubbles as in Figure 11. While the aluminum foil method is 

really easy and inexpensive, it is a qualitative technique, although some attempts of semi-

quantitative comparisons have been reported based on the aluminum foil weight loss 155. 

Moreover, owing to its reliance on physical effects due to micro-jets, this approach can be 

used only at low frequency operation, where physical effects are significant. Another 
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drawback of this method is the possible alteration of the cavitation activity due to the presence 

of the aluminum foil in the liquid medium.  

 

Figure 11. Aluminum foil erosion (a) and relative modeled active areas of cavitation (b); (c) 

time-averaged particle image velocimetry images showing the spatial distribution of average 

acoustic flow structures right below the transducer tip; reprinted with permission from 157 (a,b) 

and 158 (c). 

 

3.1.5 Particle image velocimetry 

Particle image velocimetry is a non-intrusive, optical method used to study fluid dynamics. In 

particular, particle image velocimetry measures flow velocity vector fields in a plane, 

providing information on the uniformity of the cavitation activity in the reactor 159,160 . 
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This method is based on the determination of particle displacement in time using a double-

pulse laser technique 159. Before the measurement, the liquid medium needs to be seeded with 

luminescent tracer microparticles, which can be excited by the laser and monitored with a CCD 

camera. As a matter of fact, cavitation bubbles cannot act as reliable tracers due to their 

different size. During the measurement, a laser light sheet illuminates a plane in the flow and 

a digital camera records the luminescent particle positions in that plane. After a fraction of a 

second, a second laser pulse illuminates the same plane, producing a second image of the 

particle positions. The couple of images using data analysis technique can determine the 

particle displacements in the entire flow region. Knowing the delay time between the two 

images and the spatial calibration, a velocity vector field can be determined, thus quantifying 

the local liquid circulation currents. Figure 11c displays a typical time averaged plot of particle 

image velocimetry. The time averaged distribution changes with changing operating condition, 

among which applied power (amplitude). In particle image velocimetry images, different 

colors represent different velocity magnitude, in m s−1, while the arrows indicate the flows 157.  

3.1.6 Electrodiffusional method 

Changes in the mass transfer coefficients due to cavitation activity can be determined by 

voltammetry using a sonoelectrochemical cell with a stationary working electrode 161. A quasi-

reversible redox couple, Fe(CN)6
3-/ Fe(CN)6

4-, is generally used to this purpose due to its fast 

quasi-reversible electron transfer, which allows to consider the electrode kinetics under mass 

transfer control. Hihn and Pollet 161 have proposed an equation to convert the electrochemical 

values obtained by this method into so-called equivalent velocities, corresponding to normal 

flows directed toward the electrode surface resulting in the same electrochemical signal than 

in the presence of ultrasound. Using this method, the acoustic activity can be mapped by 

systematically moving an electrode in an ultrasonic field 41.  

3.1.7 Sonochemiluminescence 

Sonochemiluminescence is a widely used technique for the visualization of active cavitation 

zones in a reactor.  
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The most common sonochemiluminescence reagent is Luminol (3-aminophthalhydrazide) 162 

in alkaline conditions. Upon ultrasound irradiation, oxidizing species, such as •OH radicals, 

generated from sonolysis of water molecules, transform luminol to excited-state 3-

aminophthalate (3-APA), which emits fluorescence light in the blue region (Figures 5 and 7) 

(Equation 6): 

Luminol + •OH → 3-APA* → 3-APA + light      (6) 

As this reaction is activated by hydroxyl radicals or other oxidizing radical species generated 

by cavitation, the brighter regions indicate the active cavitation zones and the luminescence 

intensity is proportional to cavitation intensity (i.e., the number of collapses) 151. 

 

3.2 Chemical methods 

3.2.1 Chemical dosimeters 

Chemical dosimetry measures cavitation activity in terms of radical species formed upon 

collapse of transient cavitation bubbles. These reactive species are used to activate chemical 

reactions that can be monitored via a change in either light absorption, fluorescence emission 

or HPLC measurements. From chemical dosimetry measurements, the sonochemical 

efficiency can be obtained as the ratio of the number of reacted molecules to the ultrasound 

energy.   

These techniques, while broadly adopted in the literature, have some limitations: they provide 

only a global quantification of the cavitation activity of the system (no local activity), have a 

relatively large experimental error, and are not sensitive to the contribution of oscillating 

bubbles to the cavitation activity (which can be significant for physical processing). 

The most commonly employed techniques are: 

• Weissler reaction or KI dosimetry: when KI solution is irradiated by ultrasound, I- 

ions are oxidized to I2 by highly reactive species generated by acoustic cavitation, such 

as •OH radicals and H2O2. The produced I2 reacts spontaneously with excess I- ions to 
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form the triiodide ion complex, I3
-. The latter can be quantified by UV 

spectrophotometry at 353 nm. 

In the present method, the sonochemical efficiency value corresponds to the average 

I3
- liberated per unit amount of utilized energy, which is given by Equation 7: 

𝑆𝐸 =
𝐶𝐼𝑉𝐼

𝑃𝑐𝑎𝑙𝑡
        (7) 

where SE is the sonochemical efficiency, CI is the measured I3
- ion concentration, VI 

is the KI solution volume, Pcal is the calorimetric power and t is the irradiation time 87. 

This method is very popular as it is simple, fast and requires no expensive equipment. 

However, it should be noted that KI dosimetry lacks specificity, as various radicals can 

readily oxidize I- ions: for instance, sonolysis of water in the presence of N2 forms 

HNO2, which can oxidize iodide ions, catalyzed by dissolved O2 
163. 

• Fricke dosimetry is based on the oxidation of Fe2+ to Fe3+ under ultrasound irradiation 

164, activated by oxidizing species formed by acoustic cavitation (•OH radicals and 

H2O2): 

Fe2+ + OH• → Fe3+ + OH-                 (8) 

Fe2+ + OH• + H+ → Fe3+ + H2O       (9) 

 Fe2+ + H2O2 + H+ → Fe3+ + H2O + OH•       (10) 

The amount of Fe3+ ions can be measured by UV-vis spectrophotometry at 304 nm. 

• Terephthalate dosimetry: terephtalic acid reacts with hydroxyl radicals to form 

highly fluorescent 2-hydroxyterephthalic acid according to the reaction: 

 

The method is quite time consuming (Table 1), but highly specific to •OH radicals and 

more sensitive that spectroscopic dosimetries 165,166. 
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Other dosimetry methods are based on salicylic acid 167,168, nitrite and nitrate dosimetry 70. 

Direct quantification of produced H2O2 is also performed 125. 

 

Recently, electron paramagnetic resonance (EPR) spectroscopy together with spin trapping 

agents has been adopted to identify and quantify acoustically generated radicals in organic 

solvents, including mixtures containing suspended solids. This technique appear reliable, 

however, the main limitation is the need to perform ultrasound experiments in the vicinity of 

the EPR equipment, as radicals require to be spin-trapped and analyzed by EPR 

instantaneously131. 
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Table 1. Experimental methods for the characterization of cavitation activity in ultrasonic reactors, with examples of experimental procedures. 

Method Information Experimental conditions Refs. 

Calorimetry 
quantification of effective 

calorimetric power 

reactor filled with a weighted amount of pure solvent; temperature 

measurements at several spots in the reactor using 

thermocouple/thermometer 

60,105  

Thermal mapping 
location of cavitation 

zones 
infrared thermometer camera 149,150  

Hydrophone 

measurements 

quantitative measurement 

of the distribution of the 

acoustic pressure field 

for accurate measurements, signals need to be converted by oscilloscope, 

fast Fourier transform (FFT) or data acquisition software 

94,153 

Aluminum foil erosion 

qualitative estimate of 

acoustic pressure 

distribution 

aluminum foil kept perpendicular to the transducer surface (i.e.,  

parallel to the direction of sound propagation) 

139,153  

Particle image 

velocimetry 

measurement of flow 

velocity: description and 

quantification of the 

acoustic flow field 

light from a pulsed Nd:YAG laser (λem = 532 nm) is transformed to a flat 

light sheet using a cylindrical lens; detection by a CCD camera placed 

orthogonally to the laser sheet; liquid is seeded with fluorescent 

microparticles absorbing at 532 nm; immediate velocity vector fields and 

average velocity vector fields are determined by analysis algorithms 

140,159,160  
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Sonochemiluminescence 
visual representation of 

cavitation zones 

reagents: 0.1 g/L 3-aminophtalhydrazide and 1 g/L NaOH; light emission 

measured by an exposure-controlled camera (2-5 min exposure) or a CCD 

camera in a dark room; relative sonochemiluminescence intensity profiles 

can be analyzed via image-processing software 

75,97  

Weissler dosimetry 

sonochemical efficiency 

in the whole reaction 

solution 

reagent: 0.1 M KI solution; I3
- absorbance at 353 nm is measured by UV-vis 

spectrophotometer 
60 

Fricke dosimetry 

sonochemical efficiency 

in the whole reaction 

solution 

reagents: 0.001 M (NH4)2Fe(SO4)2(H2O)6, 0.4 M H2SO4, and 0.001 M NaCl; 

Fe3+ absorbance at 304 nm is measured by UV-vis spectrophotometer 

60 

Terephthalic acid 

fluorescence 

sonochemical efficiency 

in the whole reaction 

solution 

reagents: 0.2 mM terephthalic acid solution; irradiated solutions must be 

kept in the dark; measurement of fluorescence intensities 2–4 h after 

sonication by spectrofluorimeter (λexc = 310 nm, λem =426 nm)  

61 

Electrodiffusion method 

quantification of the fluid 

convective motion 

in sonoreactors 

three-electrode cell connected to a potenziostat (working electrode: Pt disk 

opposite and parallel to horn; reference electrode: Pt wire; counter electrode: 

Pt plate outside the ultrasound field); 0.005 M Fe(CN)6
3-/ Fe(CN)6

4- in 0.2 M 

NaOH 

159,169  
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3.3 Computational methods 

The ultrasonic emitter geometry and its position, its frequency and power (amplitude), 

as well as the reactor geometry, determine the distribution of acoustic pressure in the 

medium. As discussed in Section 3.1.3, hydrophones can provide a local measurement 

of the acoustic pressure. Even when hydrophones are either integrated at multiple 

locations in a reactor, or delocalized inside the reactor to acquire multiple data points, 

the measurements are discontinuous and the resulting acoustic pressure “mapping” is 

incomplete.  

Numerical modeling is the only way to obtain acoustic pressure as a function of time at 

any point of distance from the emitting surface, which varies according to the wave 

equation (Equation 10): 

𝛻2𝑃
1

𝜌
−

1

𝜌𝑐2

𝜕2𝑃

𝜕𝑡2 = 0          (10)  

where P is the acoustic pressure, c is the speed of sound in the liquid medium, t is the 

time,  is the fluid density and 𝛻2𝑃 the Laplacian of P to identify space of the sound 

field:  

∇2=
𝜕2𝑝

𝜕𝑥2 +
𝜕2𝑝

𝜕𝑦2 +
𝜕2𝑝

𝜕𝑧2                                                                  (11) 

In the simplest case, an incompressible fluid medium of finite volume, limited by a 

surface, points outward with respect to a central ultrasonic probe of a given frequency 

and power. Assuming the ultrasound waves to propagate linearly and in a stationary 

way, and neglecting shear stresses, the equation to solve to find the local pressure at 

varying distance from the probe is the Helmholtz equation (Equation 12): 

𝛻2𝑃

𝜌
−

𝜔2

𝜌𝑐2 𝑃 = 0           (12) 

where P is the acoustic pressure, 𝛻2𝑃 the Laplacian of P, c is the speed of sound in the 

liquid medium and ω is the angular frequency. 

To find acoustic pressure in an ultrasonic cell, the Helmholtz equation must be solved 

in the frequency domain170. The Helmholtz equation can be solved using a variety of 

numerical methods by setting appropriate boundary conditions: 
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• At the tip of transducer, P = P0, where P0 is the wave amplitude, i.e. we consider 

that the whole ultrasound energy is entering into the reactor via the transducer 

tip.  

• P = 0 (‘infinitely soft’ boundaries), i.e. the pressure amplitude vanishes at the 

reactor wall (total reflection of ultrasound). This is true  only  when  the  wall  

thickness  is  negligible  with respect to the ultrasound  wavelength (e.g., for 

reactors operating at 20 kHz  or  36 kHz171). Alternatively, ‘infinitely hard’ 

boundaries can be considered using the condition: 

∇P ∙n = 0                                                              (13) 

where n is the normal vector pointing outward the liquid. While broadly used, 

the simple approximations of infinitely soft/rigid boundaries cannot properly 

describe interfaces between liquid and the solid walls (see e.g. Figure 7). Some 

modeling studies have taken into account the effect of the vibration of the 

reactor wall 85,172. 

To this purpose, numerical modeling integrated by either finite elements software or 

multiphysics simulation software, such as PAFEC-vibroacoustics 172, ATILA code173, 

ANSYS acoustics 174, PZflex code 175and COMSOL Multiphysics 176(previously known 

as FEMLAB86), is generally adopted. These software display a continuous virtual 

mapping of the acoustic pressure and visualize its distribution inside a sound cell or 

reactor176. To validate numerical modeling, discontinue measurements with 

hydrophones can confirm locally the output of the numerical modeling 154. 

Multiphysics software rely on the finite element method (FEM) to solve partial 

differential equations. From a visual perspective, the finite element method corresponds 

to the creation of meshes throughout the surface and the volume of the system under 

study for 2D and 3D simulations, respectively. Every micro-environment defined by 

the meshes, corresponds to a computational domain. Potentially, every domain may 

have its own defined physicochemical properties. 

2D simulations are usually run in preparation of lengthier and more complex 3D 

simulations. In the case of a simple cylindrical vessel with sonication through a 20 kHz, 
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2D and 3D simulated acoustic pressure was the same at every axial distance from the 

probe 177. 

As discussed in Section 2.2.3, during the propagation of ultrasound waves through a 

liquid medium, attenuation occurs resulting in a decrease in intensity as a function of 

the distance from the emitter. The attenuation by the incompressible fluid is either linear 

or non-linear and is affected by the presence of cavitation bubbles in the medium. 

Among the proposed models to describe attenuation effects, the acoustic pressure 

equation can be modified as follows 171: 

𝛻2𝑃
1

𝜌𝑐
−

1

𝜌𝑐 𝑐𝑐
2

𝜕2𝑃

𝜕𝑡2 + 𝑑𝑎
𝜕𝑃

𝜕𝑡
= 0          (14)  

where c is the complex density and cc is the complex speed, which become equal to  

and c in the absence of attenuation phenomena. These two parameters depend on the 

complex wave number and complex impedance, which have been defined in different 

ways in the literature, as discussed extensively in ref 85.  

The most commonly employed finite element modeling software, COMSOL 

Multiphysics, offers an Acoustic Module as an add-on, which is key to model 

ultrasound-related fluid dynamics. Multiphysics simulation software return ultrasound 

mapping images as the ones in Figure 12. In the latter, the maximum acoustic pressure 

is located very much in proximity of the ultrasonic probe tip and then attenuates within 

a space <10 mm because of the sound attenuation in water. In the work by Rashwan et 

al.177, the acoustic pressure calculated in the 2D and 3D models was the same, which 

was ascribed to the coupling between the flow and sound fields. It also appeared that 

the 20 kHz frequency fell at the 3rd mode, thus generating resonance, thus eliminating 

three-dimensional effects.  
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Figure 12.  (a) Absolute pressure and (b) actual acoustic pressure distribution contours 

of a 20 kHz ultrasonic probe in water, 36 W, from 177, with permissions. 

The finite element mesh is always bounded, which means that it is inadequate to model 

unbounded media (e.g. far-field radiation). In the presence of far-field radiation, i.e., a 

field whose intensity decreases with distance from the sources, unbounded methods, 

such as the boundary element method (BEM) 172 shall be coupled with the finite element 

method. The boundary element method (as well as the Dirichlet to Newman method), 

bases on non-local boundary conditions, while acoustic dampers and perfectly matched 

layers (PML) base on approximate local boundary conditions178. The interested readers 

can find a detailed description of these methods in ref. 178. 

Acoustic pressure mapping is a key to determine the optimal position of the ultrasonic 

probes in reactors, as well as to scale up sonochemical reactors. An example of 

optimization of acoustic pressure mapping of ultrasonic emitters and their geometry via 

COMSOL modeling was reported by Lais et al. 179, who modeled acoustic pressure 

fields by finite element analysis to optimize the ultrasonic cleaning of large cylindrical 

pipes. 
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4. Ultrasonic reactor configurations             

Several ultrasonic reactor designs have been reported, mirroring the large number of 

applications of acoustic cavitation. Sonoreactors can be divided into two broad 

categories: batch and continuous reactors. Within each family, large differences exist 

in terms of the type and number of transducers, reactor geometry, direct or indirect 

sonication mode, and flow characteristics. The main reactor designs are discussed in 

the following sections.       

4.1 Ultrasonic batch reactors 

4.1.1 Ultrasonic bath reactors 

Ultrasonic baths are ubiquitous equipment in laboratories due to low-cost and 

simplicity. They usually consist of a container, generally a stainless-steel tank of 

rectangular cross-section, equipped with ultrasonic transducers (mostly piezoelectric) 

attached at the bottom or/and on the walls. In traditional ultrasonic baths, the 

transducers are usually mounted in an external enclosure to the tank, to which they 

tightly adhere through epoxy resins; they are not therefore visible from outside (Figure 

13). The enclosure also contains the electronic board(s) connected to the transducer. 

Generally, bath reactors can be equipped with a heating/cooling system and adjustable 

power. The sample can be either directly or indirectly sonicated.  

For most commercial bath reactors with fixed transducers, the operating frequency is 

usually fixed depending upon the device application. In early times, ultrasonic baths 

were designed to provide frequencies from 20 to 40 kHz to ensure a good cleaning via 

the physical effects generated by the implosion of larger bubbles. Nowadays, most 

ultrasonic baths operate at a frequency around 40 kHz for the purpose of human 

safety180. Indeed, since ultrasonic baths are usually operated for several hours, low 

ultrasound frequencies close to the human audible limit (20 kHz) represent a higher 

noise exposure risk compared to higher frequencies. Regardless, from the authors’ 

experience, wearing ear protection devices and, when possible, enclosing the bath in 
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sound abating cases, is recommended also when operating at frequencies beyond 40 

kHz.  

Ultrasonic bath reactors operating beyond these frequencies can be manufactured ad 

hoc for specific sonochemistry studies. Henglein at Hahn-Meitner-Institut, Berlin, 

fabricated one of the oldest ultrasonic high-frequency bath configurations using quartz 

or piezo-ceramic transducers as an ultrasound source, wherein the emitting surface of 

the transducer attached was about 25 cm2 181.  

Ultrasonic baths with an immersed transducer in direct contact with the mixture to 

sonicate have been also constructed with varying frequency. Ultrasonic submersible 

transducers can be installed in a cleaning bath reactor in different ways, at the bottom, 

side or top (Figure 14). KLN Ultrasonic Company developed submersible transducers 

of different size for industrial cleaning, with the name of “TSP-P”. These devices 

consist of piezoceramic transducers (“Powersonic”) fixed inside hermetically welded 

metal box (Figure 14d). The frequencies of such submersible transducers depend on 

the application and range from 20 to 132 kHz. This configuration offers advantages 

compared to the traditional ultrasonic cleaning bath such as: (i) exchangeability of the 

mobile submersible transducers, which can be customized in different number, size and 

shape; (ii) the position and orientation of the transducers can be also controlled to 

maximize cavitation; (iii) the transducer frequency can be changed based on the 

application; iv) higher cleaning efficiency because of the direct contact with medium 

rather than through the wall of the bath 182. On the other hand, ultrasonic transducers 

directly in contact with a liquid, are prone to both chemical and mechanical corrosion, 

which intensifies with operation time, power, and pH (either basic or acid) 78.  

Ultrasonic bath reactors are widely used for cleaning 182,183 , synthesis 184-186, extraction 

187,188, cracking 189, electrodeposition 190 and water treatment 191,192. Bath reactors are 

mostly suitable for the homogenization, cleaning and synthesis of small quantities, 

which need a relatively low energy density to avoid any damage to the sample or the 

equipment 193. 

At industrial scale, large-volume and high-power ultrasonic baths are also adopted for 

cleaning surfaces, for instance in the food, automotive, electroplating and plastic 
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(moulds) industries, and for coating removal during stripping 194. TierraTech supplies 

both automated modular systems of ultrasonic cleaning with a useful capacity up to 600 

L, which can be programmed for degreasing of 32.000 parts in 120 h, and large-

equipment cleaning tanks with capacity up to ca. 17.000 L 195: for instance, the TT-

8000 equipment for special cleaning, suitable for cleaning of marine engines, has a 

8000 L capacity and is equipped with 20 1,700 W emitters, for a total power of 51 kW, 

and of an auxiliary tank for the extraction of oils and fats to avoid contamination in the 

cleaning tank 196.  

 

 

 

Figure 13. (a): Ultrasonic bath with transducers attached outside at the bottom of the 

bath, and (a): at the bottom and sides. (c) Laboratory-scale ultrasonic bath, reproduced 

with permission from 196. 
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Figure 14. (a-c) Possible positions of submersible transducers in a bath reactor. (d): 

Submersible transducer stack. (e) Industrial ultrasonic bath with submersible 

transducers on the side walls, adapted from ctgclean website 197. 

 

4.1.2 Ultrasonic sonotrode-based batch reactors 

Ultrasonic immersed horn reactors leverage high intensity ultrasonic power in direct 

contact with the mixture. They are mostly adopted for sonochemical studies and 

industrial applications that require high intensity cavitation 198. The local ultrasonic 

energy intensity (W cm-2) is up to 100 times higher than in ultrasonic baths, because 

the area of ultrasound emission is lower. Typical applications of ultrasonic probe 

systems are disintegration 199,200, food processing 201-203, synthesis of 

nanomaterials/catalysts 204-207, liquid degassing 208, degradation of organic pollutants 

209,210, extraction 211 ultrasonic welding 212-214, molding 215 bonding 216 and consolidation 

217.   

In sonotrodes, a metal rod is attached to the end of the transducer. The metal rod is also 

known as a sonic horn or velocity transformer, which magnifies the acoustic energy of 

the transducer, while the transducer device is kept clear, and out of the reaction medium 

(only the metal rod is immersed in the reaction vessel) as in Figure 15a-b. Most of the 
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probe devices are designed to work with a range of detachable horns providing the 

required energy. The shape and dimensions of the horn and the vessel volume, as well 

as the liquid height, determine the areas of acoustic activity and thus the reaction 

conditions of such a system 218-222, as discussed in detail in Section 2.2.  

One of the major drawbacks of this system is horn erosion, which not only involves 

additional cost when it needs to be replaced, but can contaminate the processing liquids 

leading to biased results 78. The fabrication of horns is not trivial: it includes selecting 

a metal or alloy to manufacture them (as discussed in detail in Section 2.2), designing 

the geometry for the required amplitude, and be meticulously tuned to the working 

frequency 223-227 . After a period of operation, depending on pH, temperature and 

amplitude, every horn degrades and eventually needs to be replaced 227-229. For this 

reason, some horns have replaceable tips to avoid the costly replacement of the whole 

horn. However, there is a consensus about not using replaceable tips with organic 

solvents or low surface tension liquids, as these latter can interpose between the probe 

and the replaceable tip, thus isolating the tip from the probe and preventing it from 

vibrating at the resonant frequency and damaging it. When processing organic solvents 

or low surface tension liquids, a solid probe should always be used. Moreover, some 

studies reported that, after a quite long usage, the degradation of sonotrodes can take 

place in positions other than the tip. For example, Tian et al. 230 studied the cavitation 

erosion mechanism of Al3Ti sonotrodes in industrial metal casting and followed the 

microstructural changes in the horn and the locations of the cavitation erosion over 36 h. 

The authors reported that at 25°C, three cavitation erosion areas appeared on the 

sonotrodes at positions 42, 134 and 221 mm from the tip (Figure 15e). 

One of the known drawbacks in batch reactors equipped with ultrasonic horns is the 

uncontrolled temperature rise of the medium due to heat dissipation of the ultrasound 

energy. The raise in the temperature depends on the volume of the liquid and its 

physicochemical properties. A cooling bath or a cryogenic fluid circulating in a jacket 

external to the reactor are possible solutions.   

A Rosett cooling cell is a reaction vessel meant to be immersed in an ice bath or a 

cryogenic liquid. It is manufactured with loops at the bottom to circulate the 
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ultrasonically propelled liquid, with the double purpose of mixing it and providing a 

higher surface area for the heat transfer contact with the cooling medium (Figure 15f). 

The Rosett cell has been designed by Theodore Rosett in 1960s 231, to maintain the cell 

temperature during for the release of proteins and enzymes from Saccharomyces 

cerevisiae in extended sonication treatment. A few years later, the Rosett device was 

patented and commercialized to treat heat sensitive materials by sonication 232. 

Nowadays, Rosett cells are used for many ultrasonic applications such as solubilization 

233, synthesis of nanomaterials 234,235, esterification 47 and particle dissolution and size 

reduction 236, etc.      

Different shapes of horns are available such as uniform cylinder, linear taper or cone, 

exponential taper and stepped. More recently, horns with special shapes have been 

made available on the market. For example, Hielscher developed the so-called 

Cascatrode (Figure 15c) for industrial processing that require high cavitation power 237. 

The configuration of such cascatrode system relies on the attachment of disc-shaped 

segments along with the neck of the sonotrode, wherein, each disc is placed in 

correspondence of the oscillation maxima of the rod, resulting in large sonication 

surface area all along the sonotrode. Cascatrode devices with different lengths or 

number of rings can be fabricated. Unlike traditional sonotrodes, cascatrode offer radial 

transmission of ultrasonic waves in the medium rather than longitudinal.  

Wei et al. 225 fabricated a multi-stepped ultrasonic horn with a cone-shaped tip for wider 

cavitation distribution based on the principles of the dynamic wave equation. The 

authors reported that, unlike the common ultrasonic horns that produce localized 

cavitation below its converging tip, the results of sonochemiluminescence experiments 

showed that the multi-stepped ultrasonic horn create multiple ultrasonic reactive zones 

along the length of the horn (Figure 15d).  
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Figure 15. (a) Simple diagram of a ultrasonic sonotrode batch reactor, (b) Hielscher 

ultrasonic processor UIP500hd (20kHz, 500W), image adapted from Hielscher website 

238, (c) Hielscher Cascatrode with 5 rings (Hielscher Ultrasonics GmbH) 239. (d) 

Distribution of cavitation on the surface of a normal horn and on the surface of multi-

stepped ultrasonic horn with a cone-shaped tip, reproduced with permission from 225. 

(e) Effect of cavitation on sonotrodes erosion: (1) a brand new sonotrode, (2) a used 

sonotrode with erosion invisible to the naked eye (short term use), (3) and (4) 
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sonotrodes displaying with severe erosion, reproduced with permission from 228. (f) 

Rosett cell ultrasonic reactor, reproduced with permission from 20.  

 

Applications of ultrasound in drying  240,241, microbial inactivation 242, supercritical CO2 

extraction 243-245, aerosol agglomeration processes 246,247 and defoaming 248, require 

airborne ultrasonic transducers. Several transducer geometries have been developed 

specifically for the ultrasonic treatment of gases or multiphase media 249,250. Airborne 

transducers consist principally of a piezoelectrically activated vibrator, which provides 

ultrasonic radiation. The vibrating flat plate radiator driven by the mechanical 

amplifiers (horn) offers a powerful radiation. Eskin et al. 208 used plate sonotrode for 

the ultrasonic degassing of aluminum melts and the results showed that the 

effectiveness of degassing in batch system with a plate sonotrode was significantly 

higher (70–80%) than with a conventional cylindrical sonotrode (45–50%). The plate 

radiator can be designed in different shapes such as circular, rectangular or cylindrical, 

and it can incorporate a stepped, grooved or stepped-grooved profile (Figure 16) 251-

253 . The interested reader can find more information on the design of plate radiator 

geometry and profile on the review by Gallego-Juárez et al. 254.  
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Figure 16. (a) Simple diagram of an airborne sonotrode system for liquid degassing. 

(b-d) Images of rectangular, circular or cylindrical transducers, (b) Reproduced with 

permission from [242], and (c)-(d) from 254.     

 

4.1.3 Ultrasonic cup-horn reactors  

Ultrasonic cup-horn systems consist of a reaction vessel with an ultrasonic horn glued 

inside it. The ultrasonic emitter is a sonotrode that transmits the ultrasonic waves in the 

medium from the bottom to the top, often used for indirect sonication (Figure 17). 

Commercial cup-horn systems can provide 50-times higher energy intensity compared 

to cleaning baths. Conversely, compared to ultrasonic horns, their energy intensity is 

lower because of the larger emission area. 

Ultrasonic cup-horn reactors have been applied to the extraction of trace metals from 

troublesome matrices 255,256 cup-horn setups enable the use of concentrated acids and 

even of HF, needed for a fast and efficient extraction from silicon-containing matrices, 
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that would instead quickly degrade an immersed horn. De La Calle et al. 255 reported 

that cup-horn systems are less prone to corrosion than ultrasonic probes when applied 

in the acid leaching of noble metals, such as gold and silver, from environmental 

samples. Teixeira et al. 257 studied the ultrasound-assisted extraction of heavy metals 

from organic fertilizers using a cup-horn system (VCX 505) working at 500 W and 20 

kHz. The authors reported a quantitative extraction of eight metals at room temperature 

and pressure; with respect to standard microwave-based extraction, the ultrasound-

assisted procedure required less chemicals, reducing costs and waste, and used milder 

conditions, thus reducing sample losses due to volatilization.  

Other applications of cup-horn setup have been reported in organic 258 and nanoparticles 

synthesis 259. For instance, Santos et al. 258 compared bath, cup-horn and immersed horn 

systems for the ultrasound-assisted acid hydrolysis of cellulose to produce furanic 

platforms and the synthesis of furfural; the authors reported that the cup-horn system 

was the most efficient with a furfural yield of 78%. Cappelletti et al. 260 compared cup-

horn systems operating at 19.9 kHz (75 W) and 300.5 kHz (70 W) with a high power 

ultrasound bath (20.3 kHz, 60 W) for the ultrasonic synthesis of ferrocenyl derivatives 

in aqueous media: The cup-horn setup working at 19.9 kHz gave rise to an almost 

double reaction yield with respect to the ultrasound bath (85 vs. 48%). 

Cup-horn systems have also been adopted for the ultrasound-assisted degradation of 

pollutants 261. Giannakoudakis et al. 262, designed a sonophotocatalytic batch reactor for 

pollutant oxidation adopting an ultrasonic cup-horn sonicator (Qsonica, 20 kHz) and 

LED lamps placed on top of the reactor. Besides generating ˙OH radicals from the 

implosion of the acoustically generate bubbles, ultrasound coming from the bottom also 

ensured the mixing of the TiO2 suspension replacing traditional magnetic stirring, thus 

promoting mass transfer. The authors reported that an increase of the ultrasonic power, 

produce more radical species and dispersed them better in the reactor.  
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Figure 17. (a) Schematic of cup-horns for direct and indirect sonication, (b) Scheme of 

the cup-horn sonoreactor system with multi-position support, reproduced with 

permission from 257. 

4.2 Continuous (flowthrough) ultrasonic reactors 

In large-scale operations, flow arrangements offer greater flexibility in terms of reactor 

design and reagent concentration. Continuous reactors should always be preferred over 

batch reactors if the process allows. 
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4.2.1 Continuous with emitting walls  

Polygonal reactors, such as the hexagonal reactor reported in Figure 18, feature 

transducer arrays that surround the polygonal vessel containing the liquid medium. By 

using multiple transducers, a more uniform cavitational activity can be obtained. 

Moreover, multiple frequency irradiations can be performed. Gogate et al. 192 reported 

a hexagonal flow cell with a total capacity of 7.5 L working at triple frequency; three 

transducers were placed on each face of the hexagon, leading to seven different 

operating combinations of operating frequencies. They reported a uniform distribution 

of cavitational activity in the bulk of liquid (10–30% variation with respect to 80–400% 

in a horn reactor configuration). 

 

Figure 18. Scheme of a hexagonal flow cell with multiple transducers; adapted from 

ref 192. 

In the tubular flow configuration, the transducers are attached to the walls of cylindrical 

reactors Figure 19a-c. The emitting ultrasonic field is concentrated and focused on the 

middle of the tube rather than nearby the inner surface of the walls, which reduces 

significantly the cavitational degradation of the reactor walls 173. It is important to 
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mention that the cylindrical geometry in flow reactors is more recommended because 

it provides a better reflection of ultrasonic field compared to hexagonal flow reactors 

146. 

Additionally, one of the main advantages of tubular systems is that the devices available 

in the market can be easily integrated to any existing system. Tubular flow reactor can 

be equipped with cooling system to control the temperature of the medium.    

Lippert et al. 263 used a flatbed reactor with a rectangular cross-section equipped with 

six ultrasonic transducers fixed on the outer wall (BANDELIN electronic GmbH & Co. 

KG, Berlin, Germany) as displayed in Figure 19d. This structure is characterized with 

enhanced ratio between oscillating surfaces and sonicated volume. The distance 

between transducer plates is a key parameter to warrant homogeneity of the ultrasound 

field in the chamber 264. Lippert et al. 265 studied the dynamics of water, activated sludge, 

and digested sludge within this flatbed reactor (Figure 20) through visualization via the 

injection of dye streams. The ultrasound caused the flow to be turbulent in water, while 

in the sludge the flow remained mostly laminar.  

Bandelin et al. 266 tested sonotrode and flat reactors in the treatment of different types 

of sludge to produce biogas. They concluded that the sonotrode reactor was more 

efficient to process highly viscous waste activated sludge with high total solid content, 

while the tubular reactor was more suitable to promote methane production in less 

viscous waste activated sludge, energy input being the same. Koch et al. 267 employed 

a tubular reactor for the release of soluble chemical oxygen demand (COD) and 

anaerobic digestibility of different sludges (raw, digested and agricultural). They 

suggested that the application of tubular reactors for sludge treatment is recommended 

vs. direct sonotrodes, since a tubular reactor ensures similar performance with low 

maintenance and cost. 

In flow tubular systems, the number of transducers is a key parameter to achieve 

uniform strong cavitation field (Figure 19e). It also allows to integrate transducers with 

varying frequency irradiations, which permits to apply high intensity cavitation zones 

at the same levels of power dissipation 268.  

SYNETUDE (France) fabricated a continuous flow ultrasonic reactor so-called 



58 

SONITUBE® with standard frequency of 20 and 35 kHz, with power of 1200 and 400 

W (power density 0.8-1.7 kW/L and 2.8-5.7 kW/L) for different physical and chemical 

processing applications at the laboratory and commercial scale 269. The diagram and the 

picture of the standard SONITUBE® reactor are shown in Figure 19f-g. The inner 

diameter of the capillary can be either 20 or 50 mm, resulting in a useful volume of 0.07 

and 0.7 L. The ultrasonic transducer excites the tube (sonotrode) wall at the resonant 

frequency. Such a system exhibits a treatment capacity ranging from a few liters up to 

several cubic meters per hour depending upon the application.  

 

Figure 19. (a) and (b): Diagrams of tubular continuous reactors without and with a 

cooling system, respectively. (c) Cross section of flow continuous reactors. (d) 
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Longitudinal section plot and image of tubular reactor (BANDELIN electronic GmbH 

& Co. KG, Berlin, Germany), reproduced with permission from  265. (e) Image of 

tubular transducers with frequencies of 20 - 40 kHz for industrial application (KLN 

Ultraschall AG, Germany). (f) and (g): Diagram and image of SONITUBE® flow 

reactor (SYNETUDE, France), adapted from 269.  

    

Figure 20. Images showing flow dynamics behavior of water and sludges in ultrasonic 

flatbed reactor, reproduced with permission from 265. 

4.2.2 Continuous reactor with incorporated sonotrodes  

Continuous reactors with incorporated sonotrodes combine high intensity, focused 

ultrasound and the advantages of continuous flow systems. Such a system can be used 

in a wide range of applications 270-272. Servili et al. 273 used a continuous reactor 

equipped with cascatrodes for the extraction of oil from olive paste. The ultrasonic 

device, manufactured by Hielscher Gmbh (Teltow, Germany), consists of an ultrasonic 

generator (20 kHz), a power supply (4 kW) and cascatrodes placed in a vertical 

stainlesssteel tube (Figure 21a). Vernès et al. 274 have used a continuous ultrasonic 

reactor with horns (UIP1000hd, Hielscher Ultrasonics, GmbH, Germany) for the 

ultrasonic extraction of proteins from spirulina. The system consists of an ultrasonic 

treatment chamber equipped with a sonication horn connected to a stainless-steel 
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cylindrical feed reactor. Figure 21b shows the image of full-scale flow reactor 

equipped with seven ultrasonic sonotrode (1500 W, 20 kHz), the sample runs 

continuously in the tube upward direction and it is subjected to a high intensity 

ultrasonic field. Such a system can operate 24h/7day and it can process up to 5m3 per 

day. Depending on the application and type treatment required, multiple sonotrodes can 

be used, wherein the energy applied of sonotrodes ranges from 1000 W to 16000 W. 

This system can be used for water or solid ultrasonic treatment at the industrial scale.     

ULTRAWAVES company (Germany) in collaboration with  SONOTRONIC Nagel 

GmbH (Germany) have developed a pilot scale continuous reactor with a sonotrode for 

disintegration and enhanced biodegradation of solids (Figure 21c-d) This commercial 

reactor, designed in a research laboratory at the Technical University of Hamburg–

Harburg 275-279, has the largest number of full scale industrial applications for sludge 

disintegration in wastewater stations 280. The compact reactor is equipped with five 

sonotrodes (2 kW, intensity range: 25-50 W/cm2) installed in different chambers. The 

sample is subjected continuously to the highly focused cavitational power when it is 

pumped upwards through the reactor channels. Figure 21e-f shows the configuration 

of the novel ULTRAWAVES high-power ultrasonic system (ULTRAWAVES Water 

and Environmental Technologies, Hamburg, Germany) which prevents the deposition 

of sludge mass within the individual chambers as compared to standard 

ULTRAWAVES design, suggesting less maintenance.  

http://sonotronic.de/
http://sonotronic.de/
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Figure 21. (a) Continuous sonoreactor with highly focused ultrasound incorporated 

inside, reproduced with permission from 274. (b) Industrial continuous ultrasound flow 

reactor equipped with 7 sonotrodes. (c) and (d): Diagram and image of full-scale 

continuous sonoreactor (ULTRAWAVES Water and Environmental Technologies, 

Hamburg, Germany). (e) and (f): Scheme and photograph of ULTRAWAVES high-

power ultrasonic system.     
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Flow reactors can also be applied to combined MW/ultrasound irradiation. Such a 

combination has powerful synergistic effects in organic synthesis and catalysis. Due to 

the rapidity, lower energy applied and selective transformations, the hybrid 

microwaves/ultrasound technology has received afterwards much attention from both 

the scientific and industrial communities 77,281-283. Figure 22 reports combined 

MW/ultrasound reactors for sequential irradiation: a pump circulates the reacting 

mixture through two separate reaction cells, one placed inside the MW oven and the 

other (fitted with an ultrasound probe) outside it. In this way, commercially available 

metallic horns can be used. The set-up reported in Figure 22b is based on a ultrasound 

horn and a 750 W MW oven, and it is equipped with a heat exchanger using refrigerated 

silicone oil) and uses 150-200 mL min− 1 flow rates 284. 

  

Figure 22. (a): Combined Microwaves/ultrasound reactor, reproduced with permission 

from 285, (b): scheme of a loop reactor for sequential MW/ultrasound irradiation, 

reproduced with permission from 284. 

4.2.3 Continuous ultrasonic microreactors   

Ultrasonic flow microreactors, characterized by channel sizes in the order of few mm 

or less, are constructed usually for laboratory or small-scale applications, and they offer 

the same advantages of industrial scale reactors, such as better control of reactions 
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conditions, better heat and mass transfer, as well as flexibility compared to batch 

reactors 152,286-289.  

One of the limitations of the use of ultrasonic systems in food and pharmaceutical 

industries or for the synthesis of other applications requiring highly pure products is the 

fact that the continuous cavitation on the surface of the sonotrodes leads to severe 

erosion, which contaminates the products by metallic species such as titanium, thus 

barring the use of ultrasonication process to food and fine chemicals processes 290. 

Solutions in terms of reactors design to overcome such issue have been addressed. 

Hielscher Ultrasonics in co-operation with the ETH Zürich developed a special 

ultrasonic flow cell to sonicate indirectly the medium with high intensity in closed 

system without being contaminated 291. As shown in Figure 23a, the flow-through 

microreactor consists of a cylindrical steel jacket, which involves a 2 mm inner 

diameter glass tube. The reaction tube has no contact with the atmosphere nor with the 

ultrasonic sonotrode. To fix the temperature of the medium during the ultrasonic 

reaction, the water surrounds constantly the tube in circulation. The sonotrode is placed 

at outside of the steel jacket. This ultrasonic microreactor can be used for the production 

of highly pure products at laboratory or large scale 292.   

Hielscher Ultrasonics developed an insert for flow cell reactors called 

MultiPhaseCavitator (InsertMPC48, Figure 23b). The InsertMPC48 system can be 

used to enhancing phase-transfer process kinetics or combination/dissolving 

effectiveness in liquid-liquid or liquid/gas phases. In InsertMPC48 system, the injection 

of liquid or gas into a liquid medium is carried out via very fine cannulas with diameters 

from 0.3 mm to 1.2 mm, wherein, the injection of gas bubble or liquid droplets is done 

right in the cavitation zone to be mixed immediately with the flowing liquid in the tube. 

The liquid is injected via the cannulas and it goes to the flow tube/cell in fine in narrow 

strands. When the liquid phase enters in the flow cell, cavitation generated at 20 kHz 

converts the incoming liquid strands into fine droplets. This system works in continuous 

processing or also batch. The InsertMPC48 reactor can be used for different 

applications such as mass-transfer in chemical reactions. For instance, it has been 

applied to polymerization of lactide to the polymerization of polylactic acid, PLA 293,294.  
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Dion et al. 173,295 developed and patented a new contamination-free cylindrical 

sonoreactor for fine chemical processes (Figure 23c). The device consists of many 

electroacoustic transducers radially placed around the reaction tube. The number of 

transducers is variable typically from 4 to 16. The heads of these transducers are pressed 

on the wall of the elongated tube, which made of flexible material 

(polytetrafluoroethylene, TeflonTM). The heads have a concave surface that ensures an 

excellent fitting on the outer wall. The liquids sample is treated in circulation in the 

tube. The transcoders transmit the acoustic waves through the wall, leading to induce 

an acoustic cavitation in the central zone of the tube, while the produced ultrasonic 

cavitation can be controlled away from the inner tube wall depending on the applied 

energizing current. In another operation mode of this ultrasound device, acoustic 

cavitation can be produced in all points via the management of the vibration of 

transcoders of the tube to carry out a turbulence behavior or to mix the medium. The 

whole system is placed in a sealed chamber, where the pressure can be controlled and 

lubricant and coolant can be circulated.      

John et al. 288,296,297 designed a temperature controlled micro-reactor which applied the 

ultrasound on microchannel for liquid-liquid extraction. As shown in Figure 23d, the 

microchannel tubes undergo an ultrasonic field by direct or indirect contact with the 

transducer. In direct contact, the tubes are sonicated directly by the transducer without 

the presence of liquid, while, in terms of indirect contact, the microchannel tubes are 

placed in temperature-controlled liquid medium. The temperature-controlled medium 

is flown in a 10 mm thick, 80 × 80 mm hollow-aluminum plate, acting as ultrasonic 

bath with a configuration fitting the geometrical factor of the flow-tube reactor. The 

reaction liquid to be treated or mixed is pumped in circulation through a PFA tube of 

0.8 mm inner diameter. The authors mentioned that the highest effectiveness of the 

process was found at 20.3 kHz, 840 mV and flow rate of 0.1mL/min. In addition, the 

flow system configuration is considered to be more suitable for fine chemical 

processing compared to conventional horn setups because it avoids the contamination 

of the medium by horn erosion. Dong et al. have used this system in gas–liquid mass 
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transfer intensification 288, and the authors reported that the overall mass transfer 

coefficient was enhanced by 3.3–5.7 times.  

 

Figure 23. (a): Photograph of UIS250Dmini Ultrasonic Flow Cell, and its 

corresponding schematic diagram. (b): Diagram of cross-section and full scheme of 

InsertMPC48 sonoreactor. (c): Cross-section and the core of SonerTec sonoreactor. (d): 

Temperature controlled reactor for ultrasound-assisted liquid-liquid extraction, 

reproduced with permission from. 288.   
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4.3 High frequency sonoreactors 

In general, sonoreactors with frequency higher than 100 kHz are less common than the 

ones in the 20-100 kHz. The ultrasonic parameters should be studied and optimized at 

high-frequency systems for successful large-scale applications. The ultrasound process 

efficiency depends strongly on the distributed sound pressure throughout the ultrasonic 

chamber. The more the penetration of sound is achieved within the reactor, the more 

ultrasound efficiency could be obtained. Leong et al. 298  have investigated the sound 

pressure distribution at different distances for two ultrasonic plate transducers at 400 

kHz (120 W) and 2 MHz (128 W) in a 2 m long sonoreactor (Figure 24). The authors 

found out that at 2 MHz a strong pressure amplitude was localized nearby the transducer, 

while a considerable decrease of around 40% of sound pressure was detected at distance 

ranging from 55 to 155 mm from the transducer. In addition, it was found that the sound 

pressure can be enhanced via the placement of a reflector plate 500 mm. On the contrary, 

the transducer with 400 kHz showed a better sound penetration though the fluid without 

a notable material loss. Unlike 2 MHz system, 400 kHz can produce a better uniform 

distribution of sound pressure with or without the reflector plate. It was concluded from 

this study that the use of medium frequency range is recommended for sonoprocessing. 

While, in the case of systems that require high frequencies, the processing in shorter 

chambers with the use of reflector plates could give a better sound distribution and 

excellent ultrasonic performance.      
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Figure 24. The distribution of sound pressure for transducers with refactor plates of 2 

MHz and 400 kHz frequencies located at different positions. Reproduced with 

permission from 298.   

 

High frequency systems have been widely used for separation processes. The frequency 

is selected based on the type of materials as well as the biomass structure, wherein, 

frequencies from 1 to 2 MHz have showed an excellent separation of small sized 

particles, while in the case of oils separation, frequencies ranging from 400 to 600 kHz 

are recommended 299. As shown in Figure 25, Juliano et al. 300 have used 200 L-reactor 

equipped with 400 and 600 kHz transducers for oil extraction from 300 kg of paste. 

High frequencies are applied also for the sludge anaerobic digestion 301, where, 

frequencies values from 200 kHz 302 to 1.8 MHz 303 were reported. High frequency 

ultrasound systems are privilege in the case the synthesis of particles and nanomaterials 

304.     
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Figure 25. Megasonic sonoreactor Sonosys Ultraschallsysteme GmbH (Neuenbürg, 

Germany) with 400 and 600 kHz transducers, used for oil extraction; reproduced with 

permission from 303. 

5. Large scale applications  

The range of application of sonoprocessing is very wide and diverse that a detailed 

picture is too vast to be covered in this review. Selected applications will instead be 

discussed, with a special emphasis on technologies already industrially viable. It should 

be noted, however, many companies do not disclose their ultrasound-based 

technologies, hence the present list of large-scale applications is certainly far from 

complete. The lab-scale and commercial reactors these applications rely on, can be 

found in Section 4.  

 

5.1 Ultrasound in environmental remediation  

Over more than two decades, consistent research has been carried out on the application 

of ultrasound to environmental remediation, including water purification, sludge 

disintegration, microorganism inactivation, soil treatment, etc.  
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Among the well-established environmental applications of ultrasonic processing, there 

is sludge disintegration 108,266,305-309. Mostly, low frequencies, ranging from 20 to 40 

kHz, are used to obtain the physical effects required for the sludge treatment. The 

ultrasonic disintegration of sludge can offer several advantages including effective 

sludge dewatering310,311, reduced foaming312, detoxification and disinfection313,314, 

enhanced biogas production315,316, and activation of ammonia-oxidizing 

bacteria (AOB)317-319. The application of ultrasonic technology to sludge disintegration 

has already been successfully transferred to industrial applications, proving an energy-

efficient and cost-effective alternative to conventional technologies. In this respect, 

several ultrasound-based technology systems are currently on the market. The 

ULTRAWAVES technology (Figure 26a) is a 5 kW ultrasonic system equipped with 

five oscillating units, consisting of a converter, booster and sonotrode, operating at 

either 20 or 35 kHz. The number of oscillating units can be adjusted depending on the 

volumetric flow to be treated, which can reach up to 2 m³/h. Larger flow rates can be 

treated by increasing the number of ultrasonic modular systems used. Each oscillating 

unit is operated with a nominal power of 1 kW. In 2005, it was installed in the 

wastewater treatment plant in Meldorf (Germany) to overcome the issue of foaming 

formation observed in the wastewater treatment station, which is the result of massive 

growth of filamentous bacteria (Microthrix parvicella) in waste activated sludge 277. 

ULTRAWAVES systems are used in many countries including Germany, Denmark, 

Italy, Austria, Great Britain, Netherlands, Hong Kong, China, Japan, USA, India, 

Australia, Brazil, etc. The Weber Entec DesiUS company has developed an ultrasonic 

system for large-scale use, which has been installed in many countries. The DesiUS 

system can provide a homogeneous cavitation field within a rectangular reactor 

(BioPush) via 6 surface ultrasonic transducers operating at 22 kHz placed on each side, 

yielding an overall 2,000 W ultrasound performance per ultrasonic reactor. Such 

systems can be multiplied and successively connected for enhanced treatment. 

Numerous wastewater treatment plants have installed DesiUS systems in countries such 

as Germany, Lithuania (Figure 26b), Switzerland (Figure 26c), Italy, Thailand, Russia 

and Singapore. The VTA GSD ultrasonic system was developed and patented by 
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Austrian VTA group (https://vta.cc/en). It is focused on the ultrasonic treatment using 

ultrasonic oscillators with low energy usage. The device consists of a container having 

a mechanical agitator and rod-shaped ultrasound transmitters, operating at 25 kHz, 

which are parallel to the axis of the container. The VTA GSD system has been applied 

in wastewater treatment plants in Austria, Germany, Italy, Lithuania, France, Swiss, 

Spain, South Korea (Figure 26d), Belgium and Poland. Sonix technology developed 

by the UK company Sonico has been used worldwide in wastewater treatment stations 

for sludge disintegration. Unlike block or probe-based horns, the Sonix radial horn is 

designed specifically to vibrate and form a focused effective zone of cavitation for 

enhanced cell lysis (Figure 26e).       
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Figure 26. Ultrasound technology at large scale in wastewater treatment plants. (a) 

Installation of a high-output ULTRAWAVES reactor in a wastewater treatment plant 

in Germany, (b) Weber Entec DesiUS plan equipped with 14 sonoreactors installed in 

a wastewater treatment plant in Lithuania. (c) Weber Entec DesiUS with 2 kW U 

ultrasound power was integrated at a Swiss wastewater treatment plant. (d) VTA GSD 

plan installed in a wastewater treatment plant in South Korea. (e) Sonix technology 

developed by the UK company Sonico for large scale ultrasonic sludge treatment.    

 

5.2 Ultrasound in synthesis  

Over the last two decades, ultrasound-assisted syntheses of chemical products and 

(nano)-materials have been widely used in different research topics. The mechanisms 

and basics of sonochemical materials syntheses and ultrasound-assisted organic 

syntheses are discussed by Suslick and coworkers 3 and by Banerjee 18, respectively. 

Some of these approaches have been successfully translated to large-scale applications. 

For example, sonocrystallization technology has already been applied by leading 

pharmaceutical companies: for instance, Pfizer Global Manufacturing implemented in 

2008 a Prosonix Prosonitron reactor based on sonocrystallization technology at its 

manufacturing facilities in Ireland. Figure 27 shows a large-scale setup for the US-

assisted antisolvent crystallization of active principal ingredients (DISCUS, Prosonix), 

used to promote efficient solute / solvent diffusion into the antisolvent and the 

formation of micro-crystals. The Prosonix technology has also been applied by UCB 

Pharma (Major Pharma) at pilot scale for sonocrystallization control of shape, size and 

polymorph, and it has been operated by Alcoa World Alumina and Aughinish Alumina 

(Glencore) as large-scale continuous sonocrystallizer. In the case of the latter, over 2 

years continuous operation in aggressive conditions were reported by the manufacturer. 

The Prosonix Prosonitron P500 HD and P750 HD are continuous sonoreactors 

providing radially-focused ultrasound using, respectively, 21 transducers (600 W, with 

a 4.4 L sonicated volume) and 42 transducers (1200 W, 8.2 L sonicated volume). 
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Figure 27. Scheme of the DISCUS antisolvent sonocrystallization process with an 

image of the Prosonitron P750 HD and cavitation mapping performed by an NPL 

acoustic sensor. 

Another application that was applied commercially was ultrasound-assisted 

desulfurization, hydrogenation of crude oil and other oil related products by SulphCo, 

as an alternative to conventional HDS (Hydro-Desulphurization) unit. The first 

commercial continuous unit for ultrasonic desulfurization of diesel fuel was installed at 

the IPLOM petroleum refinery (Genoa, Italy), with a capacity of up to 350  barrels per 

day 320. Ultrasound enhances mass transfer, also in heterogeneous systems, and can be 

used to carry out reactions between immiscible reactants, by promoting the formation 

of extremely fine emulsions, which in turn accelerates the interface reaction. For 

instance, ultrasound has been used to promote mass transfer in transesterification 

reactions during biodiesel production 321.  
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5.3 Ultrasound-assisted extraction    

Ultrasound-assisted extraction has shown numerous benefits in terms of efficiency, 

ease of operation, short time, lower solvent consumption, and use of ambient 

temperature allowing the extraction of heat-sensitive molecules 322-326.  

Several mechanistic pathways could take place in ultrasound-assisted extraction such 

as fragmentation, erosion, sonocapillary effect, sonoporation, local shear stress and 

detexturation, as discussed in detail by Chemat et al. 45. To achieve more violent bubble 

implosions for enhanced extraction, most studies have employed low frequencies in 

extraction systems (in the 20-60 kHz range). The size of bubbles can significantly affect 

the extraction yield. However, not only bubble size should be controlled but also the 

surface and internal mass transfer processes, which depend on operating conditions 

such as ultrasound frequency, time, temperature, solvent, nature/morphology of the 

materials, etc 327. 

Commercial solutions are already present for ultrasound-assisted extraction at both the 

lab-scale and large-scale. In this respect, Hielscher company commercializes ultrasonic 

processors coupled with flow cells that have a stated processing capacity for cell 

extraction up to a 12 m³/hr flow rate. Giotti, an Italian company, prepares spices extract 

by ultrasound-assisted cold extraction. Traditional herb extracts are also obtained by 

ultrasound-assisted extraction at Italian based companies G. Mariani & C. Spa and 

Euphytos, the latter using REUS apparatus. Le Herbe company uses Qsonica sonicators 

during extraction for the preparation of Cannabis beverages. 

Recently, a combined approach coupling an ultrasonic pretreatment to traditional 

enzymolysis has shown promise to enhance the bioactivity, enzyme hydrolysis and 

protein conversion during the extraction of active ingredients (such as phytochemical, 

antioxidants) from agro-food residues and waste 328. Enzymolysis is a general term that 

covers extraction, separation and purification processes involving biological 

compounds. Enzymolysis suffers from low substrate conversion rates, minimal 

utilization of enzyme, and long reaction time. Ultrasonic-assisted enzymolysis takes 

advantage of the thermal and mechanical effects of acoustic cavitation to improve mass 

transfer efficiency and enhance substrate and enzyme diffusion. Furthermore, the 
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physical and chemical effects of cavitation lead to protein denaturation, facilitating the 

binding of enzymes to the substrate, thereby enhancing the enzymolysis efficiency. This 

technique has been applied to the modification and extraction of proteins 329-331   , starch 

332, carbohydrate333 soybean isoflavones 334 and other plant materials 335,336.  

 

5.4 Ultrasound in food industry 

In food industry, the application of ultrasonic process has been considered as alternative 

to conventional food processing systems or to boost/assist the conventional systems for 

enhanced and rapid food possessing technologies337. High intensity ultrasound at 

frequencies between 20 and 500 kHz have been instead used to induce effects on the 

physical, mechanical or chemical/biochemical properties of foods, including extraction 

of functional ingredients (e.g., aroma), controlling the crystallization of sugars, ice and 

fats 338, enzyme and microbial inactivation 339, mixing 340, antifoaming 252, fermentation 

341, encapsulation 342, biosynthesis 343, cutting 344, drying 345, meat processing 346, liquid 

foods processing 347, sterilization 348 and so on. In general, the application of ultrasonic 

systems in food industry can lead to fast reproducibility, high purity and safety, lower 

cost, and avoiding the long treatment and washing of food products 349-351. The 

interested reader can find more information about the mechanisms involved in these 

processes and applications to the food industry in the reviews by Chemat et al. 352 and 

Awad et. 353. 

As discussed in Sections 2.2.5 and 2.3.4, ultrasound irradiation can cause degassing 

when bubbles growth continues until a size sufficiently large is reached to allow them 

to rise up through the liquid, against gravity. Foam control and deaeration commercial 

solutions for industrial scale operation are provided by Cavitus (Switzerland) and 

Pusonics (Spain). Pusonics defoaming technologies are based on airborne stepped-plate 

transducers: they can be fitted for defoaming at canning lines operating at speeds as 

high as 20 cans/s, or as rotating defoaming systems based on a single 300 W plate-

transducer suitable for 6-m cylindrical reactors, resulting in defoaming rates of 10-40 

m3/h with an energy consumption lower than 30W·h/m3. The Gen2T self-cooled foam 
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control system by Cavitus is made of aluminum with chemical resistant surface coating 

(ALTEF®) and high grade stainless steel, and it is equipped with a solid titanium 

sonotrode operating at 20 kHz and 1.2 kW; the unit is suitable for carbonated soft drink 

lines up to 96,000 units per hour and beer can lines up to 120,000 (Figure 28). 

 

Figure 28. a) Ultrasonic defoaming of canning line by Pusonics; b) Cavitus Gen2T 

self-cooled foam control; c) UDS driven by a rotary system and scheme of a reactor 

with rotating defoaming system. 

Another area of application of ultrasound is the preparation of food emulsions. 

Emulsification requires the dispersion of two immiscible liquids, which generally 

requires the use of large amounts of energy and the addition of stabilizers (such as 

surfactants) to increase the emulsion shelf life. During ultrasonic emulsification, the 

physical effects induced by cavitation provide sufficient mixing between the two 

immiscible phases, resulting in very fine and highly stable emulsions, with a relatively 

low energy input.  

In the classical works by Li and Fogler, 354,355 acoustic emulsification was described as 

a two-stage phenomenon. Acoustic waves disrupt the stability of the oil-water interface 
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(Rayleigh-Taylor instability), causing the formation of dispersed phase droplets into the 

continuous medium. In the second phase, shockwaves created by imploding cavitation 

bubbles, break-up the dispersed drops into smaller droplets. The final mean droplet size 

and the distribution depend on combined effect of shear rate, due to acoustic cavitation, 

and of emulsion rheology, which is related to the physicochemical properties of the 

emulsion components 356. 

Ultrasound-based emulsification has a series of advantages with respect to mechanical 

methods: emulsions prepared by sonication are characterized by a smaller droplet size 

and narrower size distribution, they are more stable 357 and lower amounts of stabilizers 

are needed. By a careful selection of the emulsion components and ultrasound power, 

transparent edible nanoemulsions with 40 nm droplets have been reported 358. Recently, 

Li et al. compared the emulsification effectiveness and energy efficiency of ultrasonic 

emulsification and high-pressure homogenization, showing that the ultrasonic system 

uses less electrical energy in lab-scale equipment and remains competitive also taking 

up-scaling factors into consideration 359. Studies at pilot scale operation have been 

reported 360,361, showing better emulsification efficiency of low volume batch systems 

over continuous flow systems. 

Ultrasonic emulsification has been applied to produce food-grade emulsions for the 

delivery of active components 362,363 and as a homogenization step to improve the 

quality of emulsified products, such as milk 364. During ultrasonic emulsification, the 

chemical effects of cavitation can give rise to lipid oxidation, resulting in metallic and 

rancid odor 365,366, and deterioration of the milk product. This issue can be limited by 

properly addressing the oxidation initiation factors: the degradation extent can be 

reduced by using low frequencies and the lowest possible energy and irradiation time, 

avoiding prolonged exposure of the emulsion to high temperature and light, selecting 

starting materials (e.g., oils) with minimum radicals and impurity concentrations, and 

limiting the horn erosion, as release particles may trigger oxidation reactions. On the 

other hand, the combination of physical and chemical effects offered by ultrasound can 

be usefully applied to emulsification processes where radical formation is an added-

value, such as emulsion polymerization and nutrient encapsulation. 
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6. Sustainability and energy challenges  

Sonoprocessing technology offers significant advantages over selected conventional 

processes. The advantages include the use of less or no toxic solvents (greener 

processing), less or no heat (non-thermal processing), low energy consumption 

(sustainable processing) and easy scalability (viability). There are still significant 

challenges remaining when considering the scalability and commercialization of the 

technology. 

For instance, the application of ultrasound to the synthesis of compounds and materials 

provides increased selectivity, often with the use of less hazardous solvents and in 

catalyst-free conditions, reducing reaction time and associated energy costs 19. In 

sonocrystallisation processes, the addition of antisolvents can be avoided. In 

pharmaceutical processes, more active polymorphs are generated by ultrasound-

assisted crystallization process. Another example is ultrasound-assisted extraction 

(UAE): Ultrasound-based extraction represents a greener alternative to solvent-

extraction and maceration, both in terms of volumes of toxic chemicals, time and energy 

costs. Chemat et al. 45 compared the energy costs for the extraction of fat and oil from 

50 g of oleaginous seeds using maceration at hexane boiling point (6 kWh), Soxhlet (8 

kWh) and ultrasound-assisted extraction (0.25 kWh); the advantage of sonoprocessing 

is clear also in terms of the relative CO2 emission, accounting for 6400, 3600 and 200 

g of emitted CO2 per 100 g of extracted solid material for maceration, Soxhlet and 

ultrasound-assisted extraction, respectively. 

The successful implementation of sonoprocessing for various large scale processes 

strongly depends on the economical aspect, which is closely related to the process 

efficiency. The cost of sonoprocessing includes both capital expenses, for instance cost 

of the reactor, acoustic insulation of the reactors for noise protection36, durability of the 

reactor, etc. and operational costs that are largely dependent on energy consumption. 

Costs associated with the periodic replacement of the transducers should also be 

considered. In some cases (e.g., extraction, cell disintegration systems), ultrasound-

based techniques have proven very competitive with established technologies, with 
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return on investment period in the order of few months to years. Ultrasound-based 

technology has also provided a strong economic business case in a number of food 

processing applications, with return on investment that can take less than 1 year 349. For 

instance, ultrasound-induced defoaming by rotary transducers in large-scale fermenters 

was reported to reduce by 25% the amount of antifoam agents, corresponding to a daily 

saving of ca. 375 L of antifoam chemical, leading to a cost saving of about 3000 $/day  

342.  

On the contrary, in some applications, uncompetitive or mixed results have been 

reported. For instance, Li et al. 359 recently compared the energy costs of high-pressure 

homogenization and of ultrasound-assisted emulsification for the preparation of 

nanoemulsions: sonoprocessing showed higher energy efficiency than high-pressure 

homogenization at laboratory-scale, and it remained competitive also when scale-up 

was taken into consideration. On the contrary, wastewater treatment by sonolysis has 

so far proven uncompetitive, due to the low efficiency of conversion of electrical energy 

into cavitation energy particularly in large-scale reactors 367. The highest pollutant 

degradation efficiencies are generally observed for solution volumes from 0.1 L to 10 

L 368, while a further increase of the reactor volume rapidly decreases the process 

efficiency, due to acoustic wave attenuation by the bulk of the liquid. In order to retain 

the effectiveness of the treatment in large reactors, the number of transducers must be 

increased, increasing the investment and operating costs. Mahamuni and Adewuyi10 

estimated a capital cost of 40 million USD for the sole ultrasonic equipment required 

for a unit able to treat 1000 L min−1 of phenol-containing effluent with a 90% oxidation 

efficiency. These considerations highlight the need, for industrial operation, of further 

studies on the optimization of the distribution of cavitation areas within large-scale 

sonochemical reactors through the design of sonotrodes/transducers as well as of the 

reactor configurations. Particularly promising for scale-up are continuous flow 

configurations that enable to treat large volumes in time.  

For some applications, the use hydrodynamic cavitation instead of acoustic cavitation 

or the combination of sonoprocessing with other technologies (hybrid processes) may 

be beneficial. For instance, the combination of sonochemistry with other advanced 
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oxidative processes for purification of water and wastewaters has shown promising 

results. Mahamuni and Adewuyi10 compared the cost of treatment of 1000 L of phenol-

containing wastewater, calculated by dividing the total annual operating cost (i.e., the 

sum of the annual operating and maintenance cost and annual capital cost) with the 

amount of liters of wastewater treated in a year, assuming that the plant was running 

throughout the year continuously: they showed up to 100-fold decrease in costs (4100 

USD and 37 USD for sonolysis and sono-Fenton process, respectively) and an over 70-

fold decrease in the treatment time when combined processes were employed instead 

of simple sonolysis. In this respect, further investigations are needed to develop new 

hybrid processes to overcome the hurdles associated with the reactor design, energy 

efficiency and economic/social benefits. 

7. Conclusions and future perspective 

Ultrasound-induced cavitation can result in significant benefits for both lab-scale 

processes and industrial operations. Cavitation is a complex phenomenon, influenced 

by numerous operating, environmental and geometrical parameters, resulting in non-

uniform acoustic fields and complex flow patterns within sonochemical reactors. In 

order to achieve reproducibility in laboratory-scale set-ups and scalability and cost-

effectiveness in industrial-scale operations, it is of pivotal importance to understand the 

role of each individual parameter and characterize the cavitation activity within the 

reactor. Fundamental research on laboratory-scale systems has provided useful 

guidelines to understand and optimize larger and more complex configurations. The 

available sonotrodes and reactor systems have greatly expanded and tailored solutions 

for different applications can be found. 

Although there are now numerous examples of successful ultrasound-based 

technologies that have been transferred to real applications, further investigations must 

be considered from both the scientific and industrial communities for further expanding 

ultrasound usage, especially at large scale. Ultrasound is indeed a relatively recent 

technology when it comes to its application for chemical and physical processing.  
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In terms of fundamental studies at laboratory scale, the geometrical aspects of the used 

sonochemical reactor should always be reported, as well as a characterization of 

cavitational activity within the reactor. Unfortunately, these aspects are often missing 

in literature studies, especially on non-specialist journals, limiting the comparability 

between different set-ups.  

Despite we gathered the available information and provide recommendations on how 

to use analytical tools to harness ultrasound potential, the state-of-the-art to characterize 

the full range of ultrasound chemical and physical effects is limited as it is being 

developed.  

We therefore anticipate and encourage the following techniques to be incorporated in 

the study and optimization of the design of both laboratory- and industrial scale reactors:  

• Consider applying ultrasound emitters with frequencies other than the 

commercially available 20-40 kHz for selected applications such as chemical 

synthesis and pollutant degradation in wastewater treatment. The recommended 

ones are from few hundreds of kHz to 1 MHz for these applications. Indeed, both 

chemical (radicals) and physical effects (mass transfer) enacted by ultrasound seem 

to have a beneficial role in the applications mentioned above, and localized effects 

rather than macroscopically distributed elevated acoustic pressure leads to best 

results. We recommend frequencies for different applications in section 2.2.1. This 

requires interfacing with companies specialized in manufacturing acoustic emitters 

to machine piezoelectric components emitting at specific frequencies as equipment 

operating from hundreds of kHz to 1 MHz is not usually available over the counter. 

• Identify the resonance frequency(ies) of a reactor with the aid of computational 

fluid dynamics software to maximize acoustic pressure zones inside the reactor and 

select appropriate ultrasound emitter frequency and geometry. This type of study 

has major limitations as the number of possible geometries and operating variables 

is nearly infinite as it involves, besides frequency, power, signal type and duty 

cycle (section 2.2.3): vessel/transducer diameter ratio, number and position of 

transducers, shape of the reactor. The computational time required may be another 

impediment and could reach several days. We recommend defining a type of 
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emitter(s) (either horn or plate) and their number and possibly location inside the 

reactor basing on pre-established process economics. These latter should be based 

on data collected with laboratory available equipment, which has its inherent 

limitations. Building the equipment at specific resonant frequencies also requires 

interfacing with companies specialized in manufacturing customized acoustic 

emitters. 

• Computational methods combined with particle image velocimetry can be used to 

analyse high-speed imaging sequences for the characterization of acoustically-

generated bubbles and their position in a sonochemical reactor to maximize both 

chemical and physical effects. This method limits to transparent media and requires 

specialized and expensive equipment tailored to the geometry of the ultrasound 

emitter and reactor. 

• Physical methods such as calorimetry, temperature, and pressure (through 

hydrophones) mapping, and aluminum foil erosion may be adopted for a simple 

characterization of ultrasound reactors (section 3.1). These methods are normally 

easy to implement and require relatively inexpensive equipment. The electro-

diffusional method determines the mass transfer coefficients relative to cavitation 

activity. The main limitation of these techniques is the possible damage ultrasound 

shock waves and bubble implosion may cause to the temperature and pressure 

probes. Protection sleeves can obviate the problem.  

• Sonoluminescence and sonochemiluminescence imaging techniques (section 3.1), 

which are as well physical methods, may be used for characterizing cavitation 

bubble field. Sonoluminescence and sonochemiluminescence offer a semi-

quantitative measure and visualize the extent of acoustic cavitation. Once again, 

these techniques are limited to transparent media.  

• Characterize acoustic activity (quantify acoustically-generated radicals) in the 

reaction medium through chemical dosimetry (section 3.2.1). While there are 

several methods available for the quantification of ˙OH radicals in aqueous 

solutions, simple techniques to determine other radical types are still lacking. 

However, electron paramagnetic resonance (EPR) spectroscopy together with spin-
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trapping agents appears suitable to identify and quantify organic radicals. The 

number of radical generated is a direct outcome of the temperature and pressure of 

collapse of the acoustically generated bubbles, which in turn depends on the 

composition of the system and the ultrasound operating variables (frequency, 

power, signal type and duty cycle), as well as reactor geometry. We recommend 

mapping acoustic activity for each system at a fixed composition, frequency and 

optimal power. Similarly, for ultrasound horn emitters, we recommend 

characterizing acoustic activity while changing the emitter immersion depth. 

• Pursue research to find piezoelectric or magnostrictive transducer materials, as 

well as emitter and reaction geometries that minimize erosion and corrosion. This 

is unfortunately a major impediment to a more wide-spread commercial adoption 

of ultrasound technologies. It indeed directly impacts the process economics as it 

requires specialized personnel to perform regular maintenance or replace the parts 

damaged, as well as it involves reactor shut-down or purchasing back-up 

equipment. 

• Consider altering the composition of the medium through (section 2.3): solvent 

selection – viscosity, vapor pressure and surface tension; temperature; static 

pressure; type and concentration of dissolved gases; type and concentration of salts; 

type and concentration of suspended solids and surfactants. All these elements have 

a role in determining physical and chemical effects of ultrasound and enhancing 

them. 

• Consider continuous reactors (section 4.2) instead of batch reactors (section 4.1) 

when designing experiments at a laboratory scale, including ultrasound 

microreactors, to generate data of industrial interest and to prompt wide-spread 

application of ultrasound equipment at a commercial scale. Both batch and 

continuous reactors can be designed with multiple emitters operating each at 

different frequencies, in order to select the one(s) that suits different applications. 

• Perform energy and techno-economic calculations for each target application: as 

we highlighted in section 6, several challenges remain when considering the 

scalability and commercialization of ultrasound as a technology.  
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