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Ultrasound refers to inaudible sound waves with 
frequencies in the range of 16 KHz–500 MHz, 
above the upper limit of human hearing. 



Introduction

Green Chemistry – Prof. Rossi – AA 2017-2018

Sound consists of pressure waves transmitted
through a medium (gas, liquid or solid) as
cycles of compression and expansion
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• The use of ultrasound to promote chemical 
reactions is called sonochemistry.

• The effects of ultrasound observed during organic 
reactions are due to cavitation, a physical process 
that creates, enlarges, and implodes gaseous and 
vaporous cavities in an irradiated liquid. 

• Cavitation induces very high local temperatures 
and pressures inside the bubbles (cavities), leading 
to turbulent flow of the liquid and enhanced mass 
transfer.
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Piezoelectric Effect (Pierre and Jacques Curie 1880)
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Piezoelectric Effect (Pierre and Jacques Curie 1880)

Piezoelectric materials respond to the application of an 
electrical potential across opposite faces with a small change in 
dimension. 
If the potential is alternated at high frequencies, the crystal 
converts the electrical energy to mechanical vibration energy; 
at sufficiently high alternating potential, high frequency sound 
(ultrasound) is generated. 
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• Since ultrasound (waves of compression and 
expansion) is generated by a piezoelectric ceramic in a 
probe or cleaning bath, it will pass through a liquid, 
with the expansion cycles exerting negative pressure 
on the liquid. 

• If this applied negative pressure is strong enough to 
break down the intermolecular van der Waals force of 
the liquid, small cavities or gas-filled microbubbles are 
formed.
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• Cavitation is considered to be a nucleated process, 
meaning that these micrometer-scale bubbles will be 
formed at pre-existing weak points in the liquid, such
as gas-filled crevices in suspended particulate matter
or transient microbubbles from prior cavitation
events. 

• Most liquids are sufficiently contaminated by small 
particles that cavitation can be readily initiated at
moderate negative pressures. 
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• As microbubbles are formed, they absorb
energy from ultrasound waves and grow. 

• However, it will reach a stage where they can 
no longer absorb energy as efficiently. 

• Without the energy input, the cavity can no 
longer sustain itself and implodes. 

• It is this implosion of the cavity that creates an 
unusual environment for chemical reactions
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When a pressure wave of sufficient intensity
propagates through a liquid, formation of vapor
bubbles may occur. Such cavities result when a 
negative pressure exceeds the tensile strength
of the liquid, which is the maximum stress that
a substance can withstand from stretching 
without tearing.
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There are a few factors that can affect the 
efficiency of bubble collapse, such as: 
(1) vapor pressure; 

(2) temperature; 

(3) thermal conductivity; 

(4) surface tension and viscosity; 

(5) the ultrasound frequency;

(6) acoustic intensity.



Cavitation

Green Chemistry – Prof. Rossi – AA 2017-2018

as the frequency increases the 
production of cavitation bubbles 
becomes more difficult to achieve in 
the available time
greater sound intensities (i. e. 
greater amplitudes) will need to be 
employed, over these shorter 
periods, to ensure that the cohesive 
forces of the liquid are overcome.
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Since the wavelength of ultrasound between 
successive compression waves measures 
approximately from 10 to 10–3 cm, it does not 
directly interact with molecules to induce chemical 
change. 
Basically, two theories have been proposed to 
explain the effect of cavitation on chemical 
reactions: the “hot spot” and electrical 
microdischarge theories. 
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The “hot spot” theory relies on 
bubble collapse in the liquid to 
produce enormous amounts of 
energy from conversion of the 
kinetic energy of liquid motion into 
heating of the bubble contents. 
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Compression of the bubbles 
during cavitation is more rapid 
than thermal transport, 
resulting in the generation of 
short-lived localized hot spots. 
Experimental results have 
shown that these bubbles have 
temperatures around 5000 K, 
pressures of approximately 
1000 atm, and heating and 
cooling rates above 1010 K/s. 



Cavitation

Green Chemistry – Prof. Rossi – AA 2017-2018



Cavitation

Green Chemistry – Prof. Rossi – AA 2017-2018

Hot-spot model
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Although the use of ultrasound as the primary 
means of stimulating chemical reactions and 
processes has been known for many years, this 
safe form of irradiation has become increasingly 
popular during the last two decades along with 
the emergence of other stimulating techniques 
(e.g., microwaves, photochemistry, 
electrochemistry, or high pressure) in the search 
for more environmentally benign conditions.
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As the frequency is increased cavitation bubble 
lifetime and collapse energy are reduced. 
At high frequency (> 3 MHz) there is not enough time 
during the rarefaction cycle for bubble growth to 
achieve sufficient size to disrupt the liquid. 
For cavitation at high frequency more power is 
needed since more energy is lost to molecular 
motion of the liquid. It is for this reason that most 
commercially available pieces of ultrasonic 
equipment used in sonochemistry operates at the 
lower end of the ultrasonic range (20±50kHz). 
Higher frequencies are advantageous when radical 
production is important.
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Three classes of sonochemical reactions exist:

• Homogeneous Sonochemistry

• Heterogeneous Sonochemistry (Liquid–Liquid or Solid–
Liquid Systems) 

• Sonocatalysis (Overlap Homogeneous and Heterogeneous 
Sonochemistry) 
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Homogeneous Sonochemistry
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Homogeneous Sonochemistry
• proceed via radical or radical-ion intermediates. 

sonication is able to affect reactions proceeding 
through radicals 

• it is unlikely to affect ionic reactions

In the case of volatile molecules, the bubbles (or cavities) are believed
to act as a microreactor; as the volatile molecules enter the
microbubbles and the high temperature and pressure produced during
cavitation break their chemical bonds, short-lived chemical species are
returned to the bulk liquid at room temperature, thus reacting with
other species.
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Homogeneous Sonochemistry
• proceed via radical or radical-ion intermediates
• sonication is able to affect reactions proceeding 

through radicals 
• it is unlikely to affect ionic reactions

Compounds of low volatility, which are unlikely to enter bubbles and
thus be directly exposed to these extreme conditions, still experience a
high energy environment resulting from the pressure changes
associated with the propagation of the acoustic wave or with bubble
collapse (shock waves); alternatively, they can react with radical
species generated by sonolysis of the solvent.
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Heterogeneous Sonochemistry
• proceed via ionic intermediates. 
• the reaction is influenced primarily through the 

mechanical effects of cavitation, such as surface 
cleaning, particle size reduction, and improved 
mass transfer. 

When cavitation occurs in a liquid near a solid surface, the dynamics of cavity
collapse change dramatically. In homogeneous systems, the cavity remains
spherical during collapse because its sur-roundings are uniform
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Heterogeneous Sonochemistry
• proceed via ionic intermediates. 
• the reaction is influenced primarily through the 

mechanical effects of cavitation, such as surface 
cleaning, particle size reduction, and improved 
mass transfer. 

Close to a solid boundary, cavity collapse is very asymmetric and generates
high-speed jets of liquid (with velocities of approximately 400 km/h. These
jets hit the surface with tremendous force. This process can cause serious
damage at the point of impact and produce newly exposed highly reactive
surfaces. 
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Heterogeneous Sonochemistry
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Heterogeneous Sonochemistry
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Heterogeneous Sonochemistry
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Sonocatalysis
heterogeneous reactions that include a radical and 
ionic mechanism. 
Radical reactions will be chemically enhanced by 
sonication, but the general mechanical effect 
described above may very well still apply. 
If radical and ionic mechanisms lead to different 
products, ultrasound should favor the radical 
pathway, potentially leading to a change in the 
nature of the reaction products. 
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1. Dual frequency of sonication.
2. A choice of 25/45 or 35/130 kHz. The 

baths are designed to work with one of 

the two frequencies at a time.
3. Power regulation.

4. The intensity of sonication can be 
controlled through amplitude control 

(10–100%).
5. Three operation modes:

(a) Sweep: in this mode the frequency 
varies within a defined range. In this 

manner the ultrasonic efficiency is more 
homogeneously distributed in the bath 

than during standard operation.
(b) Standard

(c) Degas: the power is interrupted for a 
short period so that the bubbles are not

retained by the ultrasonic forces.

6. Heating and timer.
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Rule 1 
applies to homogeneous processes and states 
that those reactions which are sensitive to the 
sonochemical effect are those which proceed via 
radical or radical-ion intermediates. This 
statement means that sonication is able to effect 
reactions proceeding through radicals and that 
ionic reactions are not likely to be modified by 
such irradiation.
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Rule 2 
applies to heterogeneous systems where a more complex 
situation occurs and here reactions proceeding via ionic 
intermediates can be stimulated by the mechanical effects 
of cavitational agitation. This has been termed “false 
sonochemistry” although many industrialists would argue 
that the term false may not be correct because if the result 
of ultrasonic irradiation assists a reaction it should still be 
considered to be assisted by sonication and thus 
“sonochemical”. In fact the true test for “false 
sonochemistry” is that similar results should, in principle, 
be obtained using an efficient mixing system in place of 
sonication. Such a comparison is not always possible.
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Rule 3 
applies to heterogeneous reactions with mixed 
mechanisms i. e. radical and ionic. These will 
have their radical component enhanced by 
sonication although the general mechanical 
effect from Rule 2 may still apply. 
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There are three main thrusts to the work on 
decontamination:
• To use cavitation alone as a clean energy 

source. 
• To use cavitation to improve other treatments 

(e.g. advanced oxidation).
• To reduce the amounts of chemicals required 

for conventional treatments (e.g. reduction in 
biocide levels).
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