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Abstract 

Scientific and technological progress now occurs at the interface between two or more scientific 

and technical disciplines while chemistry is intertwined with almost all scientific domains. 

Complementary and synergistic effects have been found in the overlay between sonochemistry and 

other enabling technologies such as mechanochemistry, microwave chemistry and flow-chemistry. 

Although their nature and effects are intrinsically different, these techniques share the ability to 

significantly activate most chemical processes and peculiar phenomena. These studies offer a 

comprehensive overview of sonochemistry, provide a better understanding of correlated 

phenomena (mechanochemical effects, hot spots etc.), and pave the way for emerging applications 

which unite hybrid reactors.  

 
  

  



1. Introduction  

Chemical industries and laboratories are heavily involved in the development of mild, simple, 

environmentally friendly and inexpensive catalytic processes that adhere to the principles of green 

chemistry and process intensification, as well as fulfilling competitive production requirements. 

There is currently a huge gap between classic production processes and the new green integrated 

technology based protocols which aim for higher efficiency and sustainability. In spite of 

chemistry's multidisciplinary interactions, chemists are often extremely conservative when 

designing their experimental protocols. Nevertheless, the last few years have seen chemists and 

chemical engineers from various research fields meet under the ample umbrella of sustainability 

and share experiences and backgrounds. It is in this context that sonochemistry, whose effects arise 

from the action of ultrasound waves in liquids, has branched out into techniques like the closely 

related hydrodynamic cavitation (HC), microwave irradiation (MW), mechanochemical activation 

and flow chemistry (FC) in both meso- and microfluidic reactors. The purpose of this concise 

review is to draw attention to the above-mentioned combinations, their practical operational 

applications and reduced environmental and economical impact. The concept of synergy, i.e. the 

fact that the benefits of the hybrid protocol exceed those of each technique alone, has been well 

documented. However, the literature also deserves a more a critical assessment which highlights 

pros and cons alike. We believe that in doing so the discipline of non-conventional technologies 

will be recognized still further as a powerful ally to green chemistry and beyond. 

 

2. Ultrasound and microwave irradiation  

While popular wisdom simply associates MW with superior heating and US with efficient agitation, 

these techniques are capable of doing so much more and this potential provides additional impulse to 

their expansion in synthesis and processing [1]. Acoustic and MW fields can be coupled in a variety 

of forms which can provide synergy, but also harness particular properties. An overview of such 

opportunities is shown in Figure 1. It may not be immediately obvious how these physical fields work 

together as they show different characteristics; MW is electromagnetic radiation while ultrasound 

lacks quantum character. Neither of them interacts with matter at a molecular level as reflected by 

their wavelengths and low energies. Nevertheless, both cavitation and dielectric heating account for 

molecular excitation by creating microzones in which local heating becomes densely concentrated. 

 



 
Figure 1. Ultrasound (US) and microwaves (MW) interplay. 

 

Not all sonochemistry practitioners will be aware that acoustic waves can be generated in viscoelastic 

media by pulsed MW, which means that various different resonance frequencies are obtained when 

piezoelectric bars are excited electrically or by MW irradiation [2,3]. This is a thermoelastic 

mechanism of acoustic wave generation that can be harnessed in the non-destructive evaluation of 

piezoelectric samples. As a proof of concept, a composite plate containing oriented graphite fibres 

was subjected to MW-excited irradiation (9.41 GHz) which gave rise to US waves with frequencies 

over 100 kHz [4]. It is interesting to note that as the polarization of the MW beam is rotated (from 

normal to parallel to the continuous fibers), the absorbed MW energy decreases significantly, thereby 

decreasing concomitantly the amplitude of the resulting acoustic wave. The major portion of the MW 

energy is reflected back by the graphite fibers. As mentioned, non-destructive inspection may benefit 

from this concept, although only laminates having graphite fibers concentrated in or near a single axis 

will be sensitive to this effect. Applications to other carbonaceous and dielectric composites can be 

surmised. 

Likewise and yet disconnected from chemical matters, MW and US can be coupled in a sequential 

fashion in therapeutic medicine (Figure 1). MW irradiation constitutes an important ablation 

technique against some carcinomas along with laser ablation and high-intensity focused ultrasound 

(HIFU). In this therapy, a MW antenna is percutaneously inserted into the tumour under the guidance 

of US waves and heats the zone until coagulation occurs. The process requires in-situ monitoring 

which is usually accomplished by magnetic resonance imaging (MRI). Its high resolution is certainly 



an advantage; however, MRI is costly and gives poor real-time data acquisition. These limitations can 

be overcome by the use of ultrasonic imaging that possesses suitable human-body penetrability and 

enables local temperature monitoring [5].  

A substantial body of research into the combined use of MW and US has been devoted to enhancing 

chemical reactivity as well as to improving chemical processing and separation. Although pioneering 

works in the field threw up various technical and safety considerations in combining US and MW 

irradiation, the last decade has seen their coupling efficiently performed on lab and pilot scales [6-10]. 

MW and US can be employed in simultaneous and sequential modes (Fig. 2), which can either 

involve the use of loop reactors with two separate compartments or typical two-step treatments (pre-

sonication and MW-assisted reaction).  

 

  
Figure 2. Hybrid loop reactor with two different of horn set up: A) Simultaneous US/MW irradiation, 

B) sequential US/MW irradiation in separate vessels. 

 

Loop reactors and flow systems are particularly attractive for selective activations and show promise 

as automation may cause batch MW- or US-based chemistries to develop into cleaner and more 

efficient continuous processes (vide infra). As mentioned above, enhanced chemical effects have been 

observed when dielectric heating is associated with the large amount of energy released in cavitational 

collapse, causing particle fragmentation (especially in heterogeneous transformations) and molecular 

excitation.  

The use of hybrid US/MW irradiation in plant molecule extraction is truly remarkable. Plants are an 

invaluable source of bioactive substances for the pharmaceutical and nutraceutical industries as well 

as being important in the preparation of perfumes and cosmetics. This combination is often superior 

1. US non-metallic horn
2. MW oven
3. Optical fibre thermometer
4. Pump 
5. Flow-meter
6. Thermometer
7. Inlet and sampler
8. Heat exchanger
9. External flask 

 Suzuki couplings
Ullmann type couplings 
Heck reactions
 Click reactions (CuAAC)
 Transfer hydrogenations 
 Barbier/Grignard reactions
 Esterifications/Amidations

A

B



to ultrasound- and MW-only assisted extractions (UAE and MAE, respectively) and leads to higher 

yields in shorter reaction times [8,11]. Prolonged sonication can become detrimental and 

decomposition is a potential, undesirable side effect, particularly with sensitive molecules. 

Most synthetic uses of the US/MW marriage are found in classical organic reactions and in metal-

assisted catalytic reactions, in particular. Applicability has so far been limited to a few venerable 

reactions such as the Suzuki, Heck or click reactions and has proven to be indispensable in modern 

organic synthesis. This field would clearly benefit from further exploration into the use of combined 

irradiation, but will also require precise reaction set-up design which would be able to convert the 

aforementioned physical effects into solid results in terms of reactivity and thereby provide 

satisfactory rationales. Early studies, such as the hydrazinolysis of esters in solventless conditions for 

example [12], were conducted in simple, home-made devices by inserting a detachable horn into a 

modified domestic oven. Despite this same procedure furnishing both reaction acceleration and high-

yielding syntheses [7,8], it can no longer be employed as the use of domestic ovens is strongly 

discouraged in contemporary studies because of its lack of reproducibility and inaccuracies in power 

and temperature measurements. Moreover, horn material was not always specified, which may have 

misled many readers (as hazards may occur when metallic materials are irradiated by MW). 

Any combination of MW and US waves should not only elicit caution against potential risks, 

especially when using MW-absorbing materials, but also accurate bulk temperature control via optical 

fibre measurements. A hot debate on the existence of specific thermal effects in MW-irradiated 

reactions is currently intense [13,14]. Flawed conclusions can be reached if a proper estimation of the 

internal temperature is not achieved. Agitation, in fact, often contributes to temperature 

homogenization [15]. Regarding the acoustic field, quantification of the intensity delivered into the 

hybrid reactor using dosimetry methods is likewise compulsory. Newcomers and occasional users 

may neglect the fact that, even though frequency is not directly related to acoustic energy, higher 

intensity will be required at higher frequencies for cavitation to occur. 

Ragaini et al. have devised a batch reactor which enables simultaneous MW and US irradiation, where 

MW irradiation (2.45 GHz, 900 W) is delivered into the liquid by a coaxial antenna which is insulated 

from a titanium horn emitting pulses at 20 kHz (295 W), thus avoiding the formation of sparks or 

electrical discharge (Figure 3). The authors noted additive and synergistic effects when water or 

cyclohexane were irradiated. Synergy increased as the US power increased (up to 71% nominal 

power emission) and, remarkably, cyclohexane was much more efficiently heated under 

simultaneous irradiation than with US alone; as expected for an apolar molecule, MW alone had no 

effect [16]. This result suggests that cavitation might still generate polar species (or radicals) from 

apolar molecules, whose heating will then be enhanced by MW. 



 

 
 

Figure 3. Bath hybrid reactor delivering simultaneous irradiation from an insulated MW antenna and 

a titanium horn immersed in a liquid. Reproduced with permission from ref. [16]. Copyright 2011 

Elsevier B. V. 

 

  

A synthetically useful example of sequential irradiation is supplied by the Pd-catalyzed homo- and 

cross-couplings of boronic acids and aryl halides, which have been carried out in aqueous media using 

a flow reactor which was thermostated at 45 ºC, under combined US (20.5 kHz, 40 W/cm2) and MW 

(700 W) irradiation and drawing on 10% Pd/C as a cheap catalyst. The expected biaryls were obtained 

after 1 h-irradiation as the sole products, in higher yields than those achieved under either US or MW 

used separately [17]. Simultaneous MW/US irradiation has also been applied to another classic Pd-

based protocol, the Heck reaction, for which high product yields were obtained using very low ligand-

less catalyst loads, either Pd(OAc)2 or Pd/C [18]. In most cases MW heating gave comparable results 

(although yields were 5-20 percent lower) in somewhat longer times, whereas under conventional 

heating acceptable yields were only achieved after 18 h (Scheme 1, Table 1). 
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Scheme 1. Pd-catalyzed Heck reactions producing cis- and trans-stilbenes. 

Table 1.2 Cis:trans selectivity (GC analyses) of Heck reactions between 4-iodoanisole and styrene 

performed under MW and/or US irradiations. 

 

Catalyst Oil bath (120 ºC) MW (120 ºC, 60 W) MW (50W) / US (40W)  

(120 ºC) 

Pd(OAc)2, 0.1 mol% 9 : 57,a 12 h 19 : 78, 1.5 h 9 : 90, 40 min 

Pd/C 2.0 mol% 11 : 80, 20 h 16 : 80, 3 h 19 : 81, 1 h 
aIsolated yields 

 

 There is little doubt that the Cu-catalyzed azide-alkyne cycloaddition (CuAAC) is the paradigm of 

click reactions. Its biorthogonality in living processes constitutes an advantage when producing novel 

bioconjugates and modified drugs. This versatile [3+2] cycloaddition has been successfully 

performed under simultaneous US/MW irradiation, even using metallic copper powder as catalyst in 

the place of copper salts [19]. The reaction does not require ligands and reducing agents, and can be 

applied to sensitive and highly functionalized molecules like cyclodextrins (Scheme 2). In general, 

this one-pot protocol affords products in higher yields (> 80 percent) and in much shorter times than 

conventional heating does (6-10 h) [20]. 
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Scheme 2. Click azide-alkyne cycloadditions catalyzed by metallic copper or copper salts, activated 

by MW and/or US irradiation. 

 

In materials chemistry, a few reports have documented the favourable combination of US and MW 

for the preparation of nanomaterials [21]. This application is clearly still in its infancy and yet is 

enormously promising. The preparation of platinum nanoparticles in a heterogeneous solid-liquid 

system via simultaneous US/MW irradiation leads to excellent homogeneous distribution relative to 

conventional thermal methods [22]. Analogously, high-purity cadmium sulfide nanostructures 

(flower-like hexagonal nanopyramids and/or nanoplates) have been obtained in a hybrid reactor [23].  

Also worthy of note are recent efforts into the use of MW and US, whether used combined and 

separately, for the purification and surface functionalization of layered materials such as carbon 

nanotubes, graphene oxide and graphene itself [24]. US irradiation is now an ideal method for 

achieving facile liquid-phase exfoliation in a variety of solvents, by virtue of the mechanical forces 

generated after bubble collapse which disrupt the weak intermolecular interactions present in the 

above materials. Prolonged sonication also causes superficial oxidation [25], and the process is further 

enhanced by MW. The use of combined MW/US (the latter operating at 300 kHz) on multi-walled 

carbon nanotubes triggers extensive oxidation and damage, although the protocol efficiently removes 

the amorphous external layer [26]. The role of mechanical forces in this context (vide infra) is still 



poorly understood. Cavitational control becomes more important than the blind delivery of acoustic 

power as exfoliation and dispersion are largely dependent on inertial cavitation and not on the stable 

stages [27].  

In some cases, a sequential two-step approach is more suitable for controlled surface derivatization 

than the combined irradiation, for which optimal conditions can be difficult to achieve. As exemplified 

in the synthesis of graphite halides, the halogenation step (which first involves the intercalation of the 

halogen between the graphite layers) is significantly accelerated by MW and, subsequently, the 

modified material can be easily exfoliated into monolayer graphene in organic solvents under mild 

sonication (Figure 4) [28]. Conversely, brief sonication can be employed for dispersion and 

exfoliation prior to chemical functionalization of otherwise MW-absorbing carbonaceous substrates 

[29]. As mentioned earlier, no special precautions are needed so long as low-frequency US irradiation 

is maintained only for a few minutes, thereby not affecting the single layers. 

 

 
Figure 4. (a) Schematic representation of the sequential MW-assisted graphite halogenation and 

subsequent sonication-promoted exfoliation. (b) Photographs of graphite chloride. (c) Graphite 

chloride dispersion in DMF. (d) Graphite bromide dispersion in DMF. Reproduced with permission 

from ref. [28]. Copyright 2012 Macmillan Publishers Ltd. 

 

A final application that illustrates the multifaceted and far-reaching scope of the MW/US combination 

is provided by a rather sophisticated technique termed sonoplasma. Here, a stable plasma can be 

maintained in a liquid hydrocarbon which is exposed to MW (2.45 GHz, 100-200 W) which irradiates 

a pressurized quartz chamber where acoustic cavitation bubbles are generated by a titanium horn 

emitting at low ultrasonic frequency [30]. The protocol competes favourably with plasma generated 



by chemical vapour deposition, whose stability is problematic. The process is not yet routinely 

employed; although a recent application in environmental studies deserves attention (Figure 5). The 

advanced oxidation of perfluorooctanoic acid (ca. 60% degradation) in aqueous media thus takes 

place after 90 s of plasma irradiation [31]. 

 

 
Figure 5. (a) Schematic representation of a device generating MW discharge plasma with 

simultaneous acoustic cavitation. (b) Photograph of the experimental set-up. Reproduced with 

permission from ref. [31]. Copyright 2011 Elsevier B. V. 

 

Sonochemistry and mechanochemistry 

The fact that sound, which manifests itself through the action and propagation of pressure waves in 

elastic media, is essentially mechanical energy is generally overlooked. Mechanical effects can be 

detected at a wide range of frequencies and intensities, including audible sound. However, appreciable 

effects at a molecular level will only be detected at ultrasonic frequencies after cavitational collapse, 

although other parameters (solvent nature, dissolved gases, temperature, or molecular structure) 

should be given serious consideration. Acoustic cavitation may initiate chemical reactions via excited, 

short-lived species which are formed inside the bubbles along with post-cavitational mechanical 

effects that mainly arise from shear forces and shock waves occurring at the bubble-liquid interface. 

These effects are particularly evident in heterogeneous solid-liquid reactions involving non-volatile 

reagents and account for cleaning, erosion, dispersion as well as enhanced mass transfer and often 

modify the reactivity of surfaces and particles. Sonochemical reactivity can therefore be subjected to 

tribochemical interpretations. Sonication does effectively create tensile forces in liquids that trigger a 



given chemical transformation, just like solid-state reactions can be activated under mechanical stress 

(friction or grinding, for instance). Although some relationships between the disciplines, even in 

quantitative form, can be established, the complexity of cavitation as a physical phenomenon hampers 

straightforward parallels. Two important domains, crystallization and polymer chemistry, benefit 

considerably from the growing interest in applying ultrasonic activation to such scenarios and have 

been documented in recent review articles [32-36]. The effects associated with sonocrystallization are 

varied, although there is ample evidence to suggest that ultrasound significantly narrows the 

metastable zone, thereby favouring nucleation stages. In addition, crystal size distribution becomes 

more homogeneous, which provides advantages in the preparation of pharmaceutical ingredients in 

particular. A satisfactory rationale for this, however, is still open to debate but appears to be dependent 

on the parent structure, among other factors. Thus, sonofragmentation is linked to direct interactions 

between particles and shock waves in organic crystals, while both interparticle collisions and 

collisions with the ultrasonic horn or walls, which might be favoured by turbulent flow, have however 

been dismissed [37]. High-speed photography, which can record calcite sonocrystallization, has ruled 

out interparticle collisions as well and pointed to the role of cavitational clusters, i.e. bubble nucleation 

on the inorganic material, as the dominant mechanism [38]. Since molecular orientation during 

nucleation may also be altered by US irradiation, morphological changes in organic nanocrystals have 

also been reported [39].   

It is now well established that sonication promotes both polymer formation and depolymerization via 

the mechanical forces released by cavitational collapse which usually involve radical pathways that 

occur at the bubble interface as large molecules will rarely enter the microbubbles [40]. This brings 

to mind a certain analogy with polymer mechanochemistry where chain bonds fragment during 

milling, grinding or shearing leading to “mechanoradicals”, which drive the transformation to 

completion according to the expected steps of addition and recombination. While ultrasound induced 

degradation might not be considered particularly useful synthetically, chain scission is not completely 

random and often occurs at weak bonds and functional groups (mechanophores) that respond 

preferentially to mechanical stress in a controlled manner. These processes may however be 

negligible in homogeneous solution for small molecules. Shock waves will affect the mechanophore 

unit so long as the adjacent fragments undergo substantial deformation. In this sense, the polymer 

chain functions as molecular tweezers that transmit mechanical energy and thus a threshold molecular 

weight is critical. A variety of interesting transformations have been achieved when well-designed 

mechanophores have been properly outfitted with polymer chains, these include; thermally 

inaccessible isomerizations and cycloreversions, symmetry-forbidden electrocyclic ring openings and 

the activation of latent catalysts [33-36]. Such processes open the door to novel sonochemically-



responsive mechanical actuators with multiple applications. In an illustrative example; a dioxetane 

mechanophore inserted into a polymer chain can be selectively cleaved under sonication. Blue 

luminescence, whose intensity and colour were modified by the presence of energy-transfer acceptors, 

was then observed from the resulting ketone excited species (Figure 6) [41]. The method is potentially 

valuable for testing defects or failures in polymeric materials. In a more recent application, Moore and 

associates have devised a metastable poly(o-phthalaldehyde) material that undergoes ultrasound-

induced mechanical depolymerization to the parent monomers via a heterolytic mechanism. 

Repolymerization was then easily achieved by a chemical initiator, thus mimicking the 

depolymerization-polymerization cycles that are characteristic of numerous biological processes [42]. 

 

 



Figure 6. Sono-scission of a polymer chain which includes a 1,2-dioxetane mechanophore to form 

an adamantanone-excited species that emits light. Luminescence spectra obtained during the 

mechanical stretching of polymers that contain organic acceptors show different colours and 

intensities. Reproduced with permission from ref. [41]. Copyright 2012 Macmillan Publishers Ltd. 

 

As briefly noted above, the mechanical effects caused by sonication are highly influenced by the 

specific parameters of any given sonochemical experiment [33,34,36]. The effect of frequency is 

probably more difficult to rationalize as it also influences radical production. On the other hand, 

mechanical effects such as acoustic pressure or acoustic intensity, which are measured by different 

methods, have been accounted for using various concepts. Mason and co-workers have found 

additional evidence for mechanical and chemical effects' inverse dependence on ultrasonic 

frequencies, although power intensity (evaluated using calorimetry) decreases as frequency increases 

[43]. Tran et al. have reached similar conclusions in a further study where frequency varied from 20 

kHz to 1 MHz, but insisted on the use of constant power intensity. On measuring degradation rates 

and viscosity ratios when polyethylene oxide (in water or benzene solutions) and polystyrene (in 

benzene only) were irradiated, these authors found that mechanical effects slow down above 100 kHz 

[44]. These re-assessments are especially valuable as one feels that only a certain accuracy in our 

knowledge of cavitational effects will allow us to understand how ultrasound exerts mechanical force.  

 

Combined acoustic and hydrodynamic cavitation. 

We now move on to the field of sonochemical flow-reactors where the combined use of ultrasonic 

and hydrodynamic cavitation has been reported [45]. Both types of cavitational reactors have so far 

found widespread use in the areas of chemical processing, water and effluent treatment, polymer 

chemistry, solid-liquid extraction, etc. Although appropriate technical set-up design is required to 

maximise the additive effects of US and HC, Bremner et al. have provided evidence of clear 

improvements in hydroxyl radical generation at an orifice-transducer distance of 5-10 mm (Fig. 7).  



 
Figure 7. Schematic representation of hybrid HC/US reactor. 1. Feeder tank; 2. Cooling coil; 3. High 

pressure pump; 4. Orifice unit; 5. Orifice; 6. Pressure gauges; 7. Ultrasonic transducer unit; 8. Return 

pipe. 

Reproduced with permission from ref. [45]. Copyright 2008 Elsevier. 

 

Water treatment processes usually operate at continuous flow and take advantage of the combination 

from ultrasonic and hydrodynamic waves with Fenton chemistry [46]. An industrial hybrid HC/US 

reactor for waste treatment process of coal gasification fly ash has been recently patented [47] . 

 

 

Ultrasound reactors associated with flow micro- meso-fluidic reactors  

Sonication (or MW irradiation) aided flow system chemistry has become a prominent method for 

carrying out chemical transformations in recent years [48]. Sonication has largely been used to 

generate liquid flow and prevent the deposition of solids [49]. A combination with microreactors is 

technically feasible and may lead to synergistic results while miniaturization is obviously part of a 

modern trend which can reduce waste, is suitable for scaling up and often tolerates toxic and expensive 

reagents as they are employed in very small amounts. Thanks to a huge contact surface and multi-unit 

loop assembling, cavitational reactors (hydrodynamic systems, high-shear mixers, ultrasonic 

transducers), which are hybridized with flow micro- or meso-fluidic reactors can optimize mass and 

heat transfers like no other technique. As expected the protocol appears to be particularly suitable for 

heterogeneous liquid/liquid systems, where cavitation may disrupt the phase boundary that enhances 



contact between reactants much more efficiently than under silent conditions. Experimental details 

may however be problematic as a micro-sonoreactor will also require a reduction in piezoelectric 

component size and this concern should be addressed in future studies. In fact, numerous applications 

simply immerse the meso- or micro-device in conventional cleaning baths to avoid fouling and 

clogging, common drawbacks under such operational conditions and compulsory if hazardous or 

toxic reagents are involved.  A schematic illustration of the latter is supplied with Figure 8 dealing 

with the oxidative nitration of phloroglucinol (PG) leading to a hazardous trinitrate derivative (TNPG) 

under continuous-flow conditions [50]. The set-up consists of two separate feeds of PG and 

ammonium nitrate, which are pumped into a T-mixer and then a capillary tube (coil 1, 0.8 mm inner 

diameter) where efficient mixing occurs. As precipitation of the product is expected, coil 1 is further 

connected to a larger tube (coil 2, 1.6 mm inner diameter) and immersed in a thermostated US bath. 

A third capillary tube with a water stream has simply the purpose of quenching the transformation. 

  

 
Figure 8. Schematic design for the nitration of phloroglucinol under continuous flow conditions. 

Reproduced with permission from ref. [50]. Copyright 2014 American Chemical Society. 

 

A recent review has described previous efforts to merge microfluidics and sonochemistry for greener 

applications as well as the current state of the art [51]. Cavitational collapse in confined tubular media 

provides both chemical and physical effects which range from inducing the formation of excited 

intermediates through molecular fragmentation to merely promoting mixing or separation. It is fair to 

say that droplet technology in microfluidic chambers is well developed and so its scope will not be 

treated in detail here. These procedures however involve acoustic actuation at low frequencies which 

are not generally employed in sonochemistry and in which radiation pressure and acoustic streaming 

play pivotal roles [52]. Likewise, surface acoustic waves (SAWs), which operate at high frequencies 

(MHz region), and which are generated by applying an oscillating electrical signal to microelectrodes, 



have been incorporated into microfluidic devices and enable droplet manipulation. SAWs have also 

been successfully applied to chemical synthesis and can often be superior to ultrasound itself in terms 

of energy density and approximately as efficient as MW [53]. Once again, the lesson to be learned is 

that clear-cut knowledge of the acoustic field is strongly required. Sonochemical activity depends on 

the type of flow, frequency and power setting which all affect radical production, sonoluminescence 

and fluid motion [54]. 

 

Conclusion 

As depicted in the hierarchy diagram below, information and knowledge of specific techniques are 

derived from raw data through the understanding of relationships and then patterns. The relationship 

and synergy between US and other enabling technologies for chemical processes may help us to 

fully understand sonochemistry and its great potential. This presentation aims at unveiling the 

features and paths where sonochemistry meets other non-conventional techniques and highlight, 

whenever possible, comparative aspects and strategies to overcome hurdles. A multidisciplinary 

approach for improved understanding and the ability to predict future behaviour are key features of 

the scientific method. In other words, a holistic approach to process intensification and 

technological innovation is in our interests (Figure 9). 

 
 

Figure 9. The hierarchy diagram representing a holistic model of technological innovation 

including the main enabling technologies. 

 
References  
1.  Leonelli, C.; Mason, T. J. Microwave and ultrasonic processing: now a realistic option for industry, Chem. 

Eng. Proc. 49 (2010) 885-900. 

2. B. Hosten, P. A. Bernard, Ultrasonic wave generation by time-gated microwaves, J. Acoust. Soc. Am. 104 

WISDOM

KNOWLEDGE

INFORMATION

DATA

UNDERSTANDING

PRINCIPLES

PATTERNS

RELATIONSHIPS

RULES

ENABLING TECHNOLOGIES 
FOR CHEMICAL PROCESSES

US

HC

MW

FC



(1998) 860-866. 

3. A. R. Hadj Henni, C. Bacon, B. Hosten, Acoustic generation in piezoelectric materials by microwave 

excitation, J. Acoust. Soc. Am. 118 (2005) 2281-2288. 

4. E. Guilliorit, B. Hosten, C. Bacon, D. E. Chimenti, Microwave excitation of ultrasound in graphite-fiber 

reinforced composite plates, Ultrasonics 41 (2003) 97-103. 

5. Z. Zhou, L. Sheng, S. Wu, C. Yang, Y. Zeng, Ultrasonic evalution of microwave-induced thermal lesions 

based on wavelet analysis of mean scatterer spacing, Ultrasonics 53 (2013) 1325-1331. 

6. G. Cravotto, P. Cintas, Power ultrasound in organic synthesis: moving cavitational chemistry from academia to 

innovative and large-scale applications. Chem. Soc. Rev. 35 (2006) 180–196. 

7. G. Cravotto, P. Cintas, The combined use of microwaves and ultrasound: improved tools in process chemistry 

and organic synthesis, Chem. Eur. J. 13 (2007) 192-1909. 

8. P. Cintas, G. Cravotto, A. Canals, Combined ultrasound-microwave technologies, in: D. Chen, S. K. Sharma, 

A. Mudhoo (Eds.), Handbook on Applications of Ultrasound: Sonochemistry for Sustainability, CRC Press, 

Boca Raton, FL, 2012, Chap. 25, pp. 659-673. 

9.  G. Cravotto, D. Garella, E. Calcio Gaudino, J.-M. Lévêque, Microwaves-ultrasound coupling. A tool for 

process intensification in organic synthesis. Chem. Today 26 (2008) 39-41. 

10. P. Cintas, D. Carnaroglio, L. Rinaldi, G. Cravotto, Complementary and synergic effects of microwaves and 

ultrasound in metal-assisted synthesis, Chem. Today 30 (2012) 33-35. 

11. G. Cravotto, L. Boffa, S. Mantegna, M. Avogadro, P. Perego, P. Cintas, P. Improved extraction of natural 

matrices under high-intensity ultrasound and microwave, alone or combined, Ultrason. Sonochem. 15 (2008) 

898-902. 

12. Y. Peng, G. Song, Simultaneous microwave and ultrasound irradiation: A rapid synthesis of hydrazides. Green 

Chem. 3 (2001) 302-304. 

13. P.-K. Chen, M. R. Rosana, G. B. Dudley, A. E. Stiegman, Parameters affecting the microwave-specific 

acceleration of a chemical reaction, J. Org. Chem. 79 (2014) 7425-7436. 

14. M. R. Rosana, J. Hunt, A. Ferrari, T. A. Southworth, Y. Tao, A. E. Stiegman, G. B. Dudley, Microwave-

specific acceleration of a Friedel-Crafts reaction: evidence for selective heating in homogeneous solution, J. 

Org. Chem. 79 (2014) 7437-7450. 

15. M. A. Herrero, J. M. Kremsner, C. O. Kappe, Nonthermal microwave effects revisited: on the importance of 

internal temperature monitoring and agitation in microwave chemistry, J. Org. Chem. 73 (2008) 36-47. 

16. V. Ragaini, C. Pirola, S. Borrelli, C. Ferrari, I. Longo, Simultaneous ultrasound and microwave new reactor: 

detailed description and energetic considerations, Ultrason. Sonochem. 19 (2012) 872-876. 

17. G. Cravotto, M. Beggiato, A. Penoni, G. Palmisano, S. Tollari, J.-M. Leveque, W. Bonrath, High-intensity 

ultrasound and microwave, alone or combined, promote Pd/C-catalyzed aryl-aryl couplings Tetrahedron Lett. 

46 (2005) 2267-2271. 

18. G. Palmisano, W. Bonrath, L. Boffa, D. Garella, A. Barge, G. Cravotto, Heck reactions with very low 

ligandless catalyst loads accelerated by microwaves or simultaneous microwaves/ultrasound irradiation, Adv. 

Synth. Catal.  349 (2007) 2338-2344. 

19. P. Cintas, A. Barge, S. Tagliapietra, L. Boffa, G. Cravotto, Alkyne-azide click reaction catalyzed by metallic 

copper under ultrasound, Nat. Protocols 5 (2010) 607-616. 



20. Barge, S. Tagliapietra, A. Binello, G. Cravotto, Click chemistry under microwaves or ultrasound, Curr. Org. 

Chem. 15 (2011) 189-203. 

21. D. Garella, G. Cravotto, Oxidation, purification and functionalization of carbon nanotubes under MW 

irradiation in: S. Horikoshi, N. Serpone (Eds.), Microwaves in Nanoparticle Synthesis. Fundamentals and 

Applications, Wiley-VCH, Weinheim, 2013, Chapt. 12, pp. 311-323. 

22. D. Ishikawa, Y. Hayashi, H. J. Takizawa, Preparation of platinum nanoparticles in heterogeneous solid-liquid 

system by ultrasound and microwave irradiation, Nanosci. Nanotech. 8 (2008) 4482-4487. 

23. G. Tai, W. Guo, W. Sonochemistry-assisted microwave synthesis and optical study of single-crystalline CdS 

nanoflowers, Ultrason. Sonochem. 15 (2008) 350-356. 

24. G. Cravotto, P. Cintas, Sonication-assisted fabrication and post-synthetic modification of graphene-like 

materials, Chem. Eur. J. 16 (2010) 5246-5259. 

25.  M. V. Bracamonte, G. I. Lacconi, S. E. Urreta, L. E. F. Foa Torres, On the nature of defects in liquid-phase 

exfoliated graphene, J. Phys. Chem. C 118 (2014) 15455-15459. 

26.  G. Cravotto, D. Garella, E. Calcio Gaudino, F. Turci, S. Bertarione, G. Agostini, F. Cesano, D. Scarano, Rapid 

purification/oxidation of multi-walled carbon nanotubes under 300 kHz-ultrasound and microwave 

irradiation, New J. Chem. 35 (2011) 915-919. 

27.  A. Sesis, M. Hodnett, G. Memoli, A. J. Wain, I. Jurewicz, A. B. Dalton, J. D. Casey, G. Hinds, Influence of 

acoustic cavitation on the controlled ultrasonic dispersions of carbon nanotubes, J. Phys. Chem. B 117 (2013) 

15141-15150. 

28.  J. Zheng, H.-T. Liu, B. Wu, C.-A. Di, Y.-L. Guo, T. Wu, G. Yu, Y.-Q. Liu, D.-B. Zhu, Production of graphite 

chloride and bromide using microwave sparks, Sci. Rep.  2 (2012) 662 (doi: 10.1038/srep00662). 

29.  F. G. Brunetti, M. A. Herrero, J. M. Muñoz, S. Giordani, A. Díaz-Ortiz, S. Filippone, G. Ruaro, M. 

Meneghetti, M. Prato, E. Vázquez, Reversible microwave-assisted cycloaddition of aziridines to carbon 

nanotubes, J. Am. Chem. Soc. 129 (2007) 14580-14581. 

30.  S. Nomura, H. Toyota, Sonoplasma generated by a combination of ultrasonic waves and microwave 

irradiation, Appl. Phys. Lett. 83 (2003) 4503-4505. 

31.  S. Horikoshi, S. Sato, M. Abe, N. Serpone, A novel liquid plasma AOP device integrating microwaves and 

ultrasounds and its evaluation in defluorinating perfluorooctanoic acid in aqueous media, Ultrason. 

Sonochem. 18 (2011) 938-942.  

32.  M. M. Caruso, D. A. Davis, Q. Shen, S. A. Odom, N. R. Sottos, S. R. White, J. S. Moore, Mechanically-

induced chemical changes in polymeric materials, Chem. Rev. 109 (2009) 5755-5798. 

33.  G. Cravotto, P. Cintas, Harnessing mechanochemical effects with ultrasound-induced reactions, Chem. Sci. 3 

(2012) 295-307. 

34.  P. A. May, J. S. Moore, Polymer mechanochemistry: techniques to generate molecular force via elongational 

flows, Chem. Soc. Rev. 42 (2013) 7497-7506. 

35.  K. M. Wiggins, J. N. Brantley, C. W. Bielawski, Methods for activating and characterizing mechanically 

responsive polymers, Chem. Soc. Rev. 42 (2013) 7130-7147. 

36.  G. Cravotto, E. Calcio Gaudino, P. Cintas, On the mechanochemical activation by ultrasound, Chem. Soc. Rev. 

42 (2013) 7521-7534. 

37. B. W. Zeiger, K. S. Suslick, Sonofragmentation of molecular crystals, J. Am. Chem. Soc. 133 (2011) 14530-

14533. 



38. R. M. Wagterveld, L. Boels, M. J. Mayer, G. J. Witkamp, Visualization of acoustic cavitation effects on 

suspended calcite crystals, Ultrason. Sonochem. 18 (2011) 216-225. 

39. J. R. G. Sander, D.-K. Bučar, J. Baltrusaitis, L. R. MacGillivray, Organic nanocrystals of the resorcinarene 

hexamer via sonochemistry: evidence of reversed crystal growth involving hollow morphologies, J. Am. 

Chem. Soc. 134 (2012) 6900-6903. 

40.  B. M. Teo, F. Grieser, M. Ashokkumar, Applications of ultrasound to polymer synthesis, in: D. Chen, S. K. 

Sharma, A. Mudhoo (Eds.), Handbook on Applications of Ultrasound. Sonochemistry for Sustainability, CRC 

Press, Boca Raton, 2012, Chapt. 19, pp. 475-500. 

41.  Y. Chen, A. J. H. Spiering, S. Karthikeyan, G. W. M. Peters, E. W. Meijer, R. P. Sijbesma, Mechanically 

induced chemiluminescence from polymers incorporating a 1,2-dioxetane unit in the main chain, Nat. Chem. 

4 (2012) 559-562. 

42.  C. E. Diesendruck, G. I. Peterson, H. J. Kulik, J. A. Kaitz, B. D. Mar, P. A. May, S. R. White, T. J. Martinez, 

A. J. Boydston, J. S. Moore, Mechanically triggered heterolytic unzipping of a low-ceiling-temperature 

polymer, Nat. Chem. 6 (2014) 623-628. 

43.  T. J. Mason, A. J. Cobley, J. E. Graves, D. Morgan, New evidence for the inverse dependence of mechanical 

and chemical effects on the frequency of ultrasound, Ultrason. Sonochem. 18 (2011) 226-230. 

44.  K. V. B. Tran, T. Kimura, T. Kondo, S. Koda, Quantification of frequency dependence of mechanical effects 

induced by ultrasound, Ultrason. Sonochem. 21 (2014) 716-721. 

45.  L. P. Amin, P. R. Gogate, A. E. Burgess, D. H. Bremner, Optimization of a hydrodynamic cavitation reactor 

using salicylic acid dosimetry, Chem. Eng. J. 156 (2010) 165-169. 

46.  M. V. Bagal, P. R. Gogate, Wastewater treatment using hybrid treatment schemes based on cavitation and 

Fenton chemistry: A review, Ultrason. Sonochem. 21 (2014) 1-14. 

47.  D. McGuire D., Waste treatment process for coal gasification fly ash, US Patent 2013/0248456 Al 

48.   G. Cravotto, W. Bonrath, S. Tagliapietra, C. Speranza, E. Calcio Gaudino, A. Barge, Intensification of 

organic reactions with hybrid flow reactors, Chem. Eng. Process.  49 (2010) 930-935. 

49.  E. Calcio Gaudino, D. Carnaroglio, L. Boffa, G. Cravotto, E. M. Moreira, M. A. G. Nunes, V. L. Dressler, E. 

M. M. Flores, Efficient H2O2/CH3COOH oxidative desulfurization/denitrification of liquid fuels in 

sonochemical flow reactors, Ultrason. Sonochem. 21 (2014) 283-288. 

50.  D. Cantillo, M. Damm, D. Dallinger, M. Bauser, M. Berger, C. O. Kappe, Sequential nitration/hydrogenation 

protocol for the synthesis of triaminophloroglucinol: safe generation and use of an explosive intermediate 

under continuous-flow conditions, Org. Process Res. Dev. 2014 (doi: 10.1021/op5001435) 

51.  D. F. Rivas, P. Cintas, H. J. G. E. Gardeniers, Merging microfluidics and sonochemistry: towards greener and 

more efficient micro-sono-reactors, Chem. Commun. 48 (2012) 10935-10947. 

52.  Y. N. Cheung, N. T. Nguyen, T. N. Wong, Droplet manipulation in a microfluidic chamber with acoustic 

radiation pressure and acoustic streaming, Soft Matter 10 (2014) 8122-8132. 

53.  K. Kulkarni, J. Friend, L. Yeo, P. Perlmutter, An emerging reactor technology for chemical synthesis: surface 

acoustic wave-assisted closed-vessel Suzuki coupling reactions, Ultrason. Sonochem. 21 (2014) 1305-1309. 

54.  M. J. Bussemaker, D. Zhang, A phenomenological investigation into the opposing effects of fluid flow on 

sonochemical activity at different frequency and power settings. 2. Fluid circulation at high frequencies, 

Ultrason. Sonochem. 21 (2014) 485-492.  

  


