This series of short texts provides accessible accounts of a range of essential opics in
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Oxford Chemistry Primers offer just the right level of detail for undergraduate study, and
e Eyans il be invaluable as a source of material commenly presented in fecture courses yet not
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Series Editor’'s Foreword

Oxford Chemistry Primers are designed fo provide clear and concise introductions to a wide range of
topics that may be encountered by chemistry students as they progress from the freshman stage
through to graduation. The Physical Chemistry serics will contain books easily recognised as relating
to established fundamental core material that all chemists will need to know, as well as books
reflecting new directions and research trends in the subject, theveby anticipating (and perhaps encour-
aging) the evolution of modern undergraduate courses.

In this Physical Chemistry Primer Professor Tim Mason presents a stimulating self-contained and
practically oriented introduction to the principles and applications of Sonochemistry. The Primer will
interest al} students (and their mentors) who require an easy-to-read yet authoritative introduction to
this increasingly important topic.

Richard G. Compton
Physical and Theoretical Chemistry Laboratory,
University of Oxford

Preface

1t has been recognised for many years that power ultrasound has great potential for use in a wide
variety of processes in the chemical and allied industiies. Reported applications include cleaning, ster-
ilisation, fotation, drying, degassing, defoaming, soldering, plastic welding, drilling, fltration,
homogenisation, emulsification, dissolution, deaggregation of powders, biological cell disruption,
gxtraction, erystailisation, and, more recently, as a stimulus for chemical reactions.

With the increasing exploitation of power ultrasound in chemistry and its inclusion in university
courses comes the need for specialist 1ext books covering this discipline. Several advanced texts exist
hut there is currently nothing in print which offers a basic introduction to the subject for undergradu-
ate readers. In 1991 I wrote a text entitled “Practical Sonochemistry, A users guide to applications in
chemistry and chemical enginecring” which covered the basic aspects of theory and laboratory prac-
tise but is now out of print. This primer updates and extends the information which was previously
pablished in that text. It is designed to answer the following questions:

‘What is sonochemisiry?

Why is it important?

What systems are affected by sonochemistry?

What are the major applications of this technigue?

‘What types of equipment are available and how do they compare?
How is the equipment best configured in the laboratory?

What parameters can be changed to eptimise soncchemical results?
What squipment is available for the scale-up of sonochemistry?

An ever increasing number of chemists ate using power ultrasound {o promote synthetic reactions yet
many exparimentalists experience difficulty in producing significant soncchemical effects. On the whole
this problem appears to be the tesult of a lack of appreciation of the cosrect methodologies to adopt in
order to introduce power ultrasound into a reacting medium. This in turn is almost certainly because of a
lack of understanding of the principles of ultrasound and acoustic cavitation—subjects which are not
very cammon in the background of practising chemists. In Chapter 1 you will find a general introduction
to sonochemistry, This includes experimental methods which bave been used for the determination of
the cavitation threshold for a medium, i.e. the minimum wltrasonic power level at which cavitation can
be induced and sonochemistry becomes possible. This chapter also reviews the metheds available for the
measarement of the ultrasonic power level entering a reaction, Chapters 2 and 3 contain practical details
on the construction and methed of use of vlirasonic baths and probe systems, respectively, while Chapter
4 explores the type of equipment which is curtently available for large-scale sonochemistry. I hope that
these four chapters contain the basic information necessary for the chemist to uaderstand how to usc
power ultrasound in reactions, and for the engineer to appreciate some of the important design implica-
tions when introducing sonochemistry or ultrasonic processing on a plant scale.

This book is suitable for chemists and chemical engineers at all levels who wish to gain a rapid
insight into what is becoming a standard method in the chemical laboratory.
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1 An introduction to the uses of
power ultrasound in chemistry

If you were asked what you knew about ultrasound you would almost certainly
start with the fact that it is used in animal communications (e.g. bat navigation
and dog whistles). You might then recall that ultrasound is used in medicine for
fetal imaging, in underwater range finding (SONAR), or in the non-destructive
testing of materials for flaws. For a chemist, however, sound would probably
not be the first form of energy that would be considered for the stimulation of a
chemical reaction, Nowadays an increasing number of sclentists are becoming
interested in a new field of research-—sonochemistry—a term primarily used to
describe the effect of ultrasonic sound waves on chemical reactions, but also
applied to processing involving power ultrasound. The name is derived from
the prefix Sono indicating sound, paralleling the longer established techniques
which use light (photochemistry) and electricity (electrochemistry) to achieve
chemical activation. ITowever unlike most other chemical technologies which
require some special attribute of the system in order to function, e.g. the use of
microwaves {dipolar species), electrochemistry (conducting medium), and
photochemistry (the presence of a chromophore, i.e. a grouping capable of
activation by light irradiation), ultrasound requires only the presence of a liquid
to transmit its power. In this sense sonochermistry can be considered to be a
general activation technique like thermochemistry (heat) and piezochemisiry
(pressure).

The first commercial application of ultrasonics dates back to 1917 with the
echo sounding technique of Langevin for the estimation of the depth of water,
The discovery was the direct result of an idea which arose from suggestions
generated by a competition organised in 1912 to find a non-visual method of
detecting icebergs in the open sea and so avoid any repetition of the disaster
which befell the Titanic. The early ‘echo sounder’ simply sent a pulse of
ultrasound from the keel of a boat to the bottom of the sea from which it was
reflected back to a detector also on the keel. For sound waves, since the dis-
tance travelled throngh a medium = ¥ X time x velocity (and the velocity of
sound in scawater is accurately known), the distance to the bottom could be
gauged from the time taken for the signal to return to the boat. If some
foreign object (e.g. a submarine) were to come between the boat and the
bottom of the seabed an echo would be produced from this in advance of the
bottom echo. This system was very important to the Allied Submarine
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Detection Investigation Committee during the Second World War and
became popularly known by the acronym ASDIC. Later developments
resulted in the system known as SONAR (SOund Navigation And Ranging)
which allowed the surrounding sea to be scanned. As an example of its effi-
ciency, using modern SONAR it is possible to locate a small fish only 35 cm
in length at a depth of 500 metres. It is inferesting to note that the original
ASDIC system actnally came before the corresponding RAdio Detection And
Ranging System (RADAR) by 30 years,

Essentially all imaging from medical ultrasound to non-destructive testing
relies upon the same pulse-echo type of approach but with considerably
refined electronic hardware. The refinements enable the equipment pot only
to detect reflections of the sound wave from the hard, metallic surface of a
submarine in water but also much more subtle changes in the media through
which sound passes (e.g. those between different tissue structures in the
bedy). It is high frequency ultrasound (in the range 2 to 10 MHz) which is
used primarily in this type of application becaunse by vsing these much shorter
wavelengths it is possible to detect much smaller areas of phase change, i.e.
give better “definition’,

1.1 The power of sound

Sound, as a general subject for study, is traditionally found in a physics syl-
labus, but it is not a topic which is met in a chemistry course and so is some-
what unfamiliar fo practising chemists. Sound is transmitted through a
medium by inducing vibrational motion of the molecules through which it is
travelling, This motion can be visualised as rather like the ripples produced
when a pebble is dropped into a pool of still water. The waves move but the
water molecules which constitute the wave revert to their normal positions
after the wave has passed. An alternative representation is provided by the
effect of a sudden twitch of the end of a horizontal stretched spring. Here the
vibrational energy is transmitted through the spring as a compression wave
which is seen to traverse its whole length. This is just a single compression
wave and it does not equate to sound itself which is a whole series of such
compression waves separated by rarefaction (stretching) waves in between.
The pitch (or note} of the sound produced by this series of waves depends
upon their frequency, i.e. the number of waves which pass a fixed point in
unit time. For middle C this is 256 per second. Sound waves can be repre-
sented as a series of vertical lines or shaded colour where line separation or
colour depth represent intensity, or as a sine wave (Fig. 1.1). Here P, is the
ambient pressure in the fluid and the sine wave represents pressure variation
with position at a fixed point in time. The wave amplitude is Py and the
wavelength is A,

The physical effects of sound vibrations are most easily experienced by
standing in front of a loudspeaker playing music at high volume. The actual
sound vibrations are transmitted through the air and are not only audible but

Sonochemistry 3
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Figure 1.1 Representations of sound motion

can also be sensed by the body through the skin. The bass notes are felt
through the body more easily than the high notes and this is connected with
the frequency of the pressure pulse creating the sound. Low frequency sound
becomes audible at around 18 Hz (1 Hz = 1 Hertz = 1 cycle per second), but
as the frequency of the sound is raised (becoming more treble) it becomes
more difficult for the body to respond and that sensation is lost, High fre-
quency sound, while not noticeably affecting the body, does cause severe
annoyance to hearing, e.g. feedback noise from a microphone through a loud
speaker. At even higher frequencies the ear finds it difficult to respond and
eventuafly the human hearing threshold is reached, normally around
18—20 kHz for adults, sound beyond this limit is inaudible and is defined as
ultrasound, The hearing threshold is not the same for other animal species,
thus dogs respond to ultrasonic whistles (so called ‘silent’ dog whistles) and
bats use frequencies well above 50 kHz for navigation (Fig. 1.2).

The broad classification of ultrasound as sound above 20 kHz and up to
100 MHz can be subdivided into two distinct regions Power and Diagnostic.
The former is generally at lower frequency where greater acoustic energy can
be generated to induce cavitation in liquids. It is cavitation which is the origin
of sonochemical effects. Sonochemistry normally uses frequencies between
20 and 40 kHz simply because this is the range employed in common labora-
tory equipment. However since acoustic cavitation in ligquids can be gener-
ated well above these frequencies, recent researchers into sonochemistry use
a much broader range (Fig. 1.2). High frequency ultrasound from around
5 MHz and above does not produce cavitation and this is the frequency range
used in medical imaging.

A whistle which generates a frequency of 20 kHz is inaudible to humans
but perfectly audible to a dog—and produces no physical harm to either. It is
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Human hearing

|:| 16Hz - 18KHz
' 20Ktz ~ 100kHz2

20i¢Hz - 2MHz

Conventional power ultrasaund

Extended range for sohachervistry

Diagnostic ultrasound SMHz - 10MHz

Figure 1.2 Frequency ranges of sound

however in the correct FREQUENCY range to affect chemical reactivity
{Power Ultrasound). Yet such a whistle bown in a laboratory will not intlu-
ence chemical reactions in any way. This is because the whistle is producing
sound epergy in air and airborne sound cannot be transferred into a liquid.
Technically this is due to an impedance mismaich between the two. Different
materials have different ‘resistances’ to the passage of sound which are deter-
mined by their elastic properties and cross-sectional areas. Efficient energy
transfer between two materials is only possible when the resistances are
balanced.

The topic of diagnostic ultrasound is not within the scope of this text but a
number of aspects of its use in food technology—quite close to materials pro-
cessing—are to be found elsewhere [1]. A summary of the uses of diagnostic
ultrasound in chemisiry appears in Table 1.1.

Table 1.1 Some uses of diagnostic ultrasound in chemistry

Type of diagnostic ultrasound Use of this technique

Pulse echo (echo ranging) To estimate the volume of material remaining in a
vat or reagent holder (accurate measurement of

distance from an interface}

Sound velocily measurement Ta moenitor the progress of a reaction (change from
stariing material o product is reflected in a change

in sound velocity through a medium)

Sound attenuation measurement  To monitor compaosition of a product in quality
control (a steady attenuation indicates constant
composition)

Sonochemistry 5

1.2 The importance of power ultrasound in industry

Tt has been recognised for many years that power ultrasound has great poten-

" tial for use in a wide variety of processes in the chemical and allied industries.

Some of these applications have been known and used for many years [2,3,4]
while others are undergoing a renaissance and developing into new and excit-
ing possibilities, as in the use of power ultrasound in therapeutic medicine
(Table 1.2). Two of these applications have provided the direct antecedents of
the types of equipment now comronly used for sonochemistry, namely ulira-
sonic welders and cleaning baths.

Table 1.2 Some industrial uses of power ulirasound

Field Application

Plastic welding Fabrication of thermoplastic articles

Cleaning Cleaning in agueous media of engineering items, medical
instruments, and jewellery
Cutting Accurate drilling and cutting of all forms of material from

ceramics to food products

Therapeutic medicine Dissolution of bleod clots, enhanced chemotherapy

Processing Pigments and solid dispersion in liquid media, crystallisation,
filtration, drying, degassing, defoaming, homogenisation,

emulsification, dissolution, deaggregaiion, extraction

Elecirochemistry, environmentat protection, catalysis, benign

Sonochemistry
. synthesis

Ultrasonic welding

A large proportion of ultrasonic equipment currently in industry is involved
in welding or rivetting plastic mouldings for the consumer market. This
equipment consists of a generator producing an alternating electrical potential
at a frequency of around 20 kHz which feeds a transducer (normally piezo-
electric or magnetostrictive, see below), which converts the electrical energy
into mechanical energy. A shaped tool or horn transmits (and amplifies) the
vibrating motion to a shaped die pressing together the two pieces of material
to be welded. The vibrational amplitude is typically 50-100 microns.
Ultrasonic welding is generally used for the more rigid amorphous types
of thermoplastic. Thermoplastics have two properties which make them
particularly suited to ultrasonic welding: (a2) low thermal conductivity and
() melting or softening temperatures of between 100 and 200 °C. Ultrasenic
vibrations pass through the bulk plastic of the component, without produc-
ing bulk heating, to the joint which rapidly heats up. As soon as the ultrasonic
power i switched off the bulk material becomes a heat-sink, cooling the
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welded joint. This is a great improvement on conductive heating for welding

since in this case the thermal gradient has to be reversed before cooling occurs.

This leads to long heating/cooling process cycles and possible distortion of the
material. Another major advantage of the use of ultrasound is the high joint .
strength of the weld, reaching 90-98 per cent of the material strength, Indeed -
test samples usually break in the body of the material and not at the weld itself. -

Ultrasonic cleaning

torical significance of the development of ulirasonic cleaning bath technology
on the growth of sonochemisiry, because the use of ultrasonic cleaners is

probably the first method to which the chemist will turn when starting sono-

chemistry research.

Alihough the laboratory ultrasonic cleaning bath is familiar to the chemist,
the industrial applications of such cleaning are perhaps less well known. Yet |

it is developments in industrial cleaning which have made it possible to con-

sider large-scale chemical reactions, since the larger the batch chemical |
process the bigger will be the size requirement of the bath. Ultrasonic clean-
ing can be both delicately applied (computer microcomponents, jewellery, -
medical instruments) and used for very large items (gas cylinder heads,

engine blocks).

Cutting

Ulirasonic cutting has been available to industry since the early 1950s specif-
icafly for accurate profile cutting of brittle materials such as ceramics and

glass. Tt has been extensively used in the aerospace industry since the 19708
for glass and carbon fibre composites. In recent years, ultrasonic cutting has
been introduced into the food processing industry where it would appear fo
have far wider application than the laser and water (oil) jet cutting technolo-
gies introduced in the 1980s {1].

Ulirasonic cutting uses a knife type blade attached through a shaft to an
uitrasonic source, Essentially the shaft with its blade behaves as an ultrasonic
horn driven normally at 20 kHz and with a generator similar to that of an ultra-
soni¢c welder. The cutting action is a combination of the pressure applied to a
sharp cutting edge surface and the mechanical longitudinal vibration of the
blade. Typically the tip movement will be in the range 50 to 100 microns peak
to peak. Several advantages arise from the mode of action of this technology.

1. In conventional cutting the blade has to compress the bulk material to
allow a gap the width of the blade to pass through and this applies a tensile
rupturing force at the crack tip, With ultrasonic cutting the whole blade

moves or vibrates continuously as it stretches and contracts, This very high °

frequency movement effectively rednces the coefficient of friction to a very
low level, enabling the blade to slide more easily through the bulk material.

Sonochemistry 7

2. The nltrasonic vibration of 20 kHz applies an oscillating force to the mater-
jal to be cut and generates a crack (cut) at the tip, controlling its propagation

- or growth, thereby minimising the stress on the butk maierial.

3, The repeated application of the cutting tip to the product applies a local
- fatiguing effect which reduces significantly the overall force required to
2" break the bonds of the bulk material,

Ultrasonic cleaning is another major application for power ultrasound. It is  Therapeutic ultrasound

now such a well established technique that laboratories without access to an |
ultrasonic cleaning bath are in a minority. It is important to recognise the his- -

The field of imaging is well accepted in the medical field but in recent years
ultrasound has been used in therapeutic medicine (Fig. 1.3) [5]. One such
development is for the destruction of blood clots, where a miniaturised ulira-
sonic device (I MHz) is attached to the end of a catheter so that it can be
inserted into the blood vessel. The device is brought close to the clot and a
fibrolytic enzyrme is released. When the transducer is activated the chemical,
assisted by acoustic energy, rapidly dissolves the clot. Another use involves a
focused array of transducers for use in cancer therapy, The array can accu-
rately target small rugby football shaped volumes within the body to ther-
mally destroy cancerous cells in a sequence of exposures which cover the
infected region. At lower powers the focused ultrasound can be used to
enhance the action of chemotherapy agents, often a porphyrin, which become
Jocalised in the region of cancerous cells. In this case the effects are generally
thought to enhance the chemical reactions involved in chemotherapy, which
are generally considered to be radical in nature.

thin wize
e .
guide
blood - .
clot dissolving blood clots

uftrasonic
vibrating tool

focused array
of transducers

destruction of cells and
improved chemotherapy

T
\ intense energy

at focal point

Figure 1.3 Therapeutic applications of ultrasound

Processing

The use of power ultrasound in the processing industry has a long history
with a great number of different applications. Some of these are dealt with
later in this chapter (Table 1.5).




8 Anintroduction to the uses of power ultrasound in chemisiry

Sonochemistry

An ever increasing interest in the specific uses of power ultrasound to affect
orgapic, inorganic, and organometallic synthesis (sonochemisiry) has resulted
in the organisation of several major conferences and the establishment
of special interest groups. It was in 1986 that the first ever International
Symposium on Sonochemistry was held at Warwick University, UK as part
of the Autumn Meeting of the Royal Society of Chemistry [61. This meeiing
was significant in that it was the beginning of serious interest in the uses of
ultrasound in chemistry as a study in itself; since then there have been regular
international meetings on the subject. The formation of a Royal Society of
Chemistry Sonochemistry Group in 1987 followed by a European Society in
1990 and then other national groups has meant that the subject has expanded
greatly over the last few years.

Uses for ultrasound have been found in chemistry which are quite distinet
from synthesis. Amongst such areas are environmental protection (both bio-
logical and chemical); material science (new catalytic materials, improved
extraction, crystallisation, and new methods in polymer technology); electro-
chemistry {providing improvements in plating electrosynthesis and electro-
analysis}); and biotechnology (the modification of enzyme and whole-ce]l
activities). :

1.3 Cavitation—the origin of soncchemical effects

The effects of ultrasound on chemical transformations are not the result of
any direct coupling of the sound field with the chemical species involved on a
molecular level, The reason why power ultrasound is able to produce chem-
ical effects is through the phenomenon of cavitation. Cavitation is the pro-
duction of microbubbles in a liquid when a large negative pressure is applied
to it. This was first characterised at the turn of the century by Sir John
Thomyereft and Sidney Barnaby [7]. They were called in to investigate the
poor performance of a new screw driven destroyer, HMS Daring, the ship did
not reach the high speeds expected. The problem was traced to an incorrect
setting of the propeller blades resulting in inefficient thrust, As a result of this
stady, it was found that during the rapid motion of the propeller blade
through the water one face produced thrust, as expected, but the trailing edge
produced sufficient ‘negative’ pressure in the water to pull molecules apart
and create tiny microbubbles (cavities). These bubbles subsequently col-
lapsed with the release of intense local energy. Cavitational collapse of this
type near the metal surface is extremely detrimental to propeller wear since it
causes erosion of the blade,

The problem of cavitation caused by propeller motion became a significant
problem at the beginning of the Second World War. The Allies had a system
of sonar submarine detection which was ‘active’, that is to say that they sent
out a short burst of sound (a ping) and waited to pick up any echo from a sub-
marine. From the time involved between emission and reception of the echo a
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-distance for the target could be estimated. Of course the ping was also
detectable by the target which then knew it was under surveillance. The
'-_'German forces had developed a ‘passive’ sonar system which simply listened
:for any underwater noises generated by submarines. That this noise was the
“result of cavitation produced by the propellers was proven by the fact that the
“cavitation noise was easily detectable when the submarine was running at
'-Eperiscope depth (some 50 feet under the surface), but became less and less as
" the ship dived. As we will see later this can be explained by the increase in
- waler pressure with depth which makes cavitation more difficult to produce.
. During this time there was an enormoeus amount of research invelving sonar
" which did much to progress the development of transducers. Today many
~ naval research laboratories are interested in the production of harder alloys
- for propellers and better design to help combat cavitational damage.

How then can power ultrasound produce cavitation? Like any sound wave,
ultrasound is {ransmitted via waves which alternately compress and stretch the
molecular spacing of the mediom through which it passes (see Fig. 1.1}. Thus
the average distance between the molecules in a lignid will vary as the mole-

" cules oscillate about their mean position. If a large negative pressure, i.e. suffi-

. ciently below ambient, is applied to the liguid (here if is the acoustic pressure
on rarefaction) so that the distance between the molecules exceeds the critical
molecular distance necessary to hold the Hquid intact, the liquid will break
down and voids will be created, i.e. cavitation bubbles will form. Theoretical
calculations indicate that for pure water the negative pressure required is of the
order of 10000 atmospheres. If the calculation is modified so that allowance is
made for the bubbles o be filled with vapour (from evaporation of the liquid),
cavitation will still require negative pressures of about 1000 atmospheres. In
practice cavitation can be produced at considerably lower applied acoustic
pressures due to the presence of weak spots in the liquid which lower its
tensile strength, Weak spots include the presence of gas nuclei in the form of
dissolved gas, minute suspended gas bubbles, or tiny suspended particles. In
order to study the true cavitation threshold of a liquid it is necessary to use a
degassed liquid which has been subject of ultrafiltration.

‘When produced in a sound field at sufficiently high power the formation of
cavitation bubbles will be initlated during the rarefaction cycle. These
bubbles will grow over a few cycles taking in some vapour or gas from the
medium (rectified diffusion) to an equilibrium size which matches the fre-
quency of bubble resonance to that of the sound frequency applied. The
acoustic field experienced by an individual bubble is not stable becaunse of the
interference of other bubbles forming and resonating around it. As a result
some bubbles suffer sudden expansion to an unstable size and collapse vio-
lently. It is the fate of these cavities when they collapse which generates the
energy for chemical and mechanical effects (Fig. 1.4).

There are several theories which have been advanced to explain the energy
release involved with cavitation of which the most understandable in a

qualitative sense is the ‘hot spot’ approach [8]. Bach cavitation bubble acts as
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Figure 1.4 Development and collapse of cavitation bubbles

a localised microreactor which, in aqueous systems, generates instantaneous
temperatures of several thousand degrees and pressures in excess of one
thousand atmospheres.

Over the years it has been common practice to classify cavitation into two
types—transient and stable (also called inertial and non-inertial). Transient
cavities generally exist for no more than a few acoustic cycles during which
time they expand to at least double their initial radius before collapsing viol-
ently within a few microseconds. Stable cavifies are those which oscillate,
often non-linearly, about some equilibrium size with a lifetime of tens of
cycles. This is a simplification of the actual situation within an acoustic cavit-
ation zone, but it does emphasise that there is more than one type of cavita-
tion process involved [9].

It was once thought that the spectacular effects attributable to cavitation
were entirely due to the collapse of transient cavities. It is now believed that
the osciilation of ‘stable’ bubbles makes a significant contribution to the
overall sonochemical effect. In this text, however, we are interested mainly in
the overall effects of cavitation and so we will not overly concern ourselves
with any distinction between types of cavitation,

1.4 Parameters which affect sonochemistry

In spite of the great amount of published literature in the field of sono-
chemistry, only a relatively small number of papers report the influence of the
reaction conditions on the rate and/or yields of chemical reactions. This is
somewhat surprising since it is well known that external parameters have a
great influence on cavitation, and since cavitation is necessary to induce sono-
chemical reactions then it is important that those factors which influence cavita-
tion are understood. Armed with this knowledge it should be easier to organise
the experimental conditions such that the sonochemical effects are maximised.
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Frequency
:As the frequency of irradiation is increased so the rarefaction phase shortens
snd it is necessary to increase the amplitude (power) of irradiation to main-
‘tain an equivalent amount of cavitational energy in the system. In other words
‘more power is required at a higher frequency if the same cavitational effects
‘are to be maintained, e.g. ten times more power is required to make water
‘cavitate at 400 kHz than at 10 kHz.
. When the oltrasonic frequency is increased into the MHz region it
‘. becomes more and more difficult to produce cavitation in liquids. The sim-
% “plest explanation for this, is qualitative terms, is that at very high frequency
“the rarefaction (and compression) cycle is extremely short. The production
= of a cavity in the liquid requires a finite time to permit the molecules to be
~pulled apart, so when the rarefaction cycle approaches and becomes shorter
. than this time, cavitation becomes difficult and then impossible to achieve, It
should also be recognised that transducers which operate at these high fre-
. quencies are not mechanically capable of generating very high ultrasonic
. power. This is the main reason why the frequencies generally chosen for
“cleaning, plastic welding, and subsequently sonochemistry are between 20
and 40 kHz.

Solvent viscosity

The formation and collapse of voids or vapour filled microbubbles (cavities)
produces shear forces in the bulk liquid. Since viscosity is a measure of
resistance to shear it is more difficult to produce cavitation in a viscous
liquid.

Solvent surface tension

Cavitation requires the generation of a lquid—gas interface. Thus it might be
expected that employing a solvent of low surface energy per unit area would
lead to a reduction in the cavitation threshold. This is not a simple relation~
ship, but certainly where aqueous solutions are involved the addition of a
surfactant facilitates cavitation,

Solvent vapour pressure

Cavitation bubbles do not enclose a vacuum. During the expansion phase of
cavitation bubble generation, vapour from the sarrounding liquid will perme-
ate the interface. This produces a small pressure within the bubble, reducing
the pressure differential between cavity and bulk. It is difficult to induce cavit-
ation in a solvent of low vapour pressure because less vapour will enter the
bubble. A more volatile solvent will support cavitation at lower acoustic
‘energy and produce vapour filled bubbles. Unfortunately, however, sono-
chemical effects are based upon the energy produced by cavitation bubble
collapse which is cushioned by vapour in the bubble. Hence solvents with
high vapour pressures easily generate vapour filled bubbles, but their collapse
is cushioned and therefore less energetic.
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Bubbled gas

We have already referred to the fact that dissolved gas or small gas bubbles
in a fluid can act as nuclei for cavitation, We will also see later that ultra-
sound can be used to degas a liquid. Thus at the beginning of the sonication
of a liquid, any gas which is normally entrapped or dissolved in the liquid
promotes cavitation and is removed. Manufacturers of ultrasonic cleaning
baths will always wait until the water in their bath is ultrasonically degassed
before using it for cleaning, because the bath is not producing its optimum
cavitational effects until the gas is removed.

Many research groups deliberately introduce a gas into a soncchemical @
reaction in order to maintain uniform cavitation. According to theory, the =
energy developed on collapse of these gas-filled bubbles will be greatest for | -
gases with the largest ratio of specific heats (polytropic index). For this & -
reason monatomic gases (He, Ar, Ne) are used in preference to diatomics

(N,, air, O,). Gases such as CO, are most unsuitable.

External (applied) pressure

Increasing the external pressure will mean that a greater rarefaction pressure - -
is required to initiate cavitation (see Section 1.3 for the effect of depth on = .
cavitation produced by a submarine propeller). More importantly, raising the
external pressure will give rise to a larger intensity of cavitational collapse
and consequently an enhanced sonochemical effect. Cum et @l. have studied

the oxidation of indane to indan-l-one using potassium permanganate

{(Scheme 1.1}, at two different frequencies (21.5 and 48 kHz) and under
various external pressures [10]. For each set of experiments ai a particular [

frequency only the applied pressure was changed while the other parareters
{e.g. power, temperature, reaction volume) were kept constant (Fig. 1.5). The
results showed that at a specific frequency there is a particular external pres-
sure which will provide an optimum sonochemical reaction, moreover this
optimum power depends upon the frequency used.

KMnO 4

O e
H,80,

Scheme 1.1

Temperature

Luche and co-workers have extensively studied the Barbier reaction (Scheme
1.2). They have shown that the reaction rate strongly depends on temperature
and there is a clearly defined optimum value (Fig. 1.6) {11].

Any increase in temperature will raise the vapour pressure of a medium
and so lead to easier cavitation but less violent collapse (see above). This
will be accompanied by a decrease in viscosity and surface tension. However,

Sonochemistry 13

Yield %
100 ¢

80
o P15 kHZ

S
0 48 kHz

40

- —— gient

20

0 ]
¢ 200 400 600 800 1000
Pressure (Tor)

Figure 1.5 Effect of pressure on a sonochemical reaction
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Figure 1.6 Effect of temperature on a sonochemical reaction

at higher temperatures approaching solvent boiling point, a large numbers of
cavitation bubbles are generated concurrently. These will act as a barrier to
sound transmission and dampen the effective ultrasonic energy from the
source which enters the liguid medium.
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Intensity

The same reaction was also studied under varying power input (Fig. 1.7) [11].
Once again an optimam valuie was observed. Power variation was achieved

by varying the applied potential (V) at the piezoelectric transducer.

The intensity of sonication is directly proportional to the square of the
amplitude of vibration of the ultrasonic source. In general, an increase in |
intensity witl provide an increase in the sonochemical effects, but there are -

limits to the ultrasonic energy input to the system.

. A minimum intensity for sonication is required to reach the cavitation |

threshold. This minimum depends upon the frequency.

2. When a large amount of ultrasonic power enters a system, a great number
of cavitation bubbles are generated in the solution. Many of these will
coalesce forming larger, more longer lived bubbles. These will certainly act
as a barrier to the transfer of acoustic energy through the liquid.

3, At high vibrational amplitude the source of ultrasound will not be able to
maintain contact with the liquid throughout the complete cycle. Technically
this is known as decoupling, and results in a great loss in efficiency of trans-
fer of power from the source to the medium. Decoupling is more pronounced
when large nombers of cavitation bubbles build up at or near the emitting
surface of the transducer.

4. The transducer material used in the sonicator will eventually break down -
as the increasing dimensional changes in the transducer become large enough -

to fracture the material.

Several examples exist of situations where above a certain energy input the j

sonochemical effect is reduced, but a particularly good example is the effect of

increasing power on the yield of iodine from the sonication of aqueous KI -

Yield (% pet trinute)
30

25

2

8] 200 400 8600 800 1000 1200 1400
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Figure 1.7 Effect of acoustic power on a sonochemical reaction -
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Figure 1.8 lodine yield as a function of intensity

: (F1g 1.8) [12]. The initial response of todine yield appears to be proportional
“to power, but this effect is reduced beyond 40 W and drops dramatically above

00 W where decouplimg occurs.

' Attenuation of sound

i __Fbr a variety of reasons the intensity of sound is attenuated (i.e. it decreases) as

‘i progresses through a medium. Some of this energy is dissipated in the form
- of heat although there is little appreciable heating of the bulk mediuvm during
| sonication. The extent of attenuation is inversely related to the frequency. This
1 ¢an be shown by using the example of sound attenuation through pure water.
- Sound at 118 kHz is reduced to half its original intensity after passing through
~Tkm of water. At 20kHz the distance required to achieve the same reduction

in intensity is much greater at 30 km (this explains why submarine commun-
ications are carried out at low frequencies). These examples indicate that in
order to achieve identical intensities in a medium at a given distance from an
ultrasonic source using different frequencies, it will be necessary to employ a
higher initial power for the source with the higher sound frequency.

1.5 The types of chemical systems affected by power
ultrasound

Sonochemistry is mainly concerned with reactions which involve a liquid
component within which cavitation can be induced, but since this covers
almost all possible chemical situations, sonochemistry has very broad appli-
cations. Some typical classes of chemical reaction affected by ultrasonic irra-
diation are described below.

Homogeneous reactions—involving a single liquid phase

Any system involving a liquid in which bubbles are produced is vot strictly
homogeneous however in sonochemistry it is normal to consider the original
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in the cavity

exireme conditions on coflapse

at the interface
infermediate conditions

in the bulk medium
infense shear forces

Figure 1.9 Cavitation bubble collapse in a homogeneous medium

state of the system to which the ultrasound is applied. The mechanical and
chemical effects of the collapsing bubble will be felt in three distinct regiong
(Fig. 1.9).

Reactions inside the bubble

The inside of the bubble can be thought of as a high energy microreactor. In
order for a chemical {o experience the extreme conditions generated inside

Sonochemistry 17

highly oxidising HO" species can react with other moieties in the bubble
migrate to the bulk solution where they have only transient existence but
be detected chemically [13]. Any species dissolved in the water is clearly
{ﬁg to be subject to chemical reaction with the ultrasonically produced
vdrogen peroxide, e.g. if iodide ion is present in solution it will be oxidised
nd iodine will be liberated (see later). Organic solvents will also slowly
scompose on sonication but solvent decomposition normally provides only a
nor contribution to any sonochemical reaction taking place in the medium.
A synthetically useful reaction which takes place in the collapsing bubble
he production of amorphous iron from the sonolysis of Fe(CO)s (0.4 M) in
ecane under argon [14]. Volatile iron pentacarbonyl enters the bubble and is
lecomposed during collapse. The fact that an amorphous (rather than crys-
"allme) material is produced confirms that very high temperatures are gener-
ied in the bubble and that extreme cooling rates are involved. Conventional
production of amorphous iron requires rapid cooling from the vapour to solid

“state of the order of 10° K sec™'. Sonolytic decomposition of iron pentacar-
“bonyl in pentane (a2 more volatile solvent) yields Fe;(CO),, rather than the
_ :.'rﬁfetal, indicating that the cavitation collapse is not so violent in this solvent
: 3 (S_éction 1.4). Since this original report, the study of cavitation-induced
"'_'d'scomposition of iron and other metal carbonyls has continued and

xpanded. In the case of molybdenum hexacarbony!, the product is nano-

“structured molybdenum carbide which has proved to be an excellent dehydro-
the cavitation bubble during collapse it must enter the bubble and so should &

'g_enation catalyst {151

be volatile. The ‘concentration” of cavitation bubbles produced by sonication =

using conventional laboratory equipment is very small and so overail yields"

in this type of reaction are low. Thus in the sonication of water small quanti-
ties of OII' and H" radicals are generated in the bubble and these undergo a

range of subsequent reactions including the generation of H,O, (Scheme 1.3).

H,0 B — H+0d
OH + O —emrme—m——— Lo
oH+0H @ —m8M — » H,+0,
H +0, —_ Ho,
O +H ——————— H,0,
HO+HOY —i————— H,0,+0,
HO+IL,O ——— HO,+O
H+H —_ H,
H +O0H _— H,0
Scheme 1.3

Reactions at or near the bubble/liquid interface

It is tempting to conclude from this that sonochemistry has no effect on mater-
ials which cannot enter the bubble. This is not the case as has been shown in
a range of reactions during which the very short-lived radicals produced
within the bubble migrate to the interface and beyond to undergo reactions
with involatile species dissolved in the bulk medium. A good example of this
is spin trapping experiments used to identify the radical species produced in
the sonolysis of water [12].

Reactions in the liquid immediately surrounding the bubble

| The collapse of the bubble also produces very large shear forces in the sur-
+ rounding Hquid capable of breaking the chemical bonding in polymeric mater-
'_ ials dissolved in the fluid (Fig. 1.10) [16]. Over the last few years increasing
| interest has been shown in this procedure since the net result of polymer-chain
i tupture is a pair of macroradicals, which may recombine randomly (resulting
. in a reduction in molar mass and possibly leading to a monodispersed system)
1 oract as a radical site on which to polymerise another monomer added to the

solution (resulting in block copolymerization).
Small accelerations, in the range 415 per cent, have been found for the rate
of acid-catalysed hydrolysis of a number of esters of carboxylic acids [17,18].

: In the case of methyl ethanoate, the effects (at 23 kHz) were attributed to the
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Jlid—often a metal—functions as a catalyst. In any heterogeneous system
vitation which cccurs in the bulk liguid phase will be subject to the same
mnditions as have been described above for homogeneous reactions. There
ill be a ditference, however, when bubbles collapse at or near any interface
d this will depend upon the type of solid phase involved.

bubble forms near

polyrer chaln initial molar mass ax10°

centre of chain Cavitation at or near to any large solid surface

his case the babble collapse will no longer be symmetrical. The large
lid surface hinders liquid movement from that side and so the major liquid
ow into the collapsing bubble will be from the other side of the bubble. As a
sult of this a liquid jet will be formed which is targeted at the surface with
gp:éeds in excess of 100 ms! (Fig. 1.11). The mechanical effect of this is
‘equivalent to high pressure jetting and is the reason why ultrasound is so
‘effective in cleaning. When examined by electron microscopy, surfaces of
metals which have been subjected to ultrasonic irradiation reveal ‘pitting’.
This pitting serves both to expose new surface to the reagents and to increase
¢ effective area available for reaction and is particularly important for the
‘preparation of organometallic intermediates. These are commonly prepared
by the direct reaction between a metal and an organic compound. A general
problem with such preparations is that the metal surface is easily ‘poisoned’
by the presence of moisture and other impurities making reaction difficult. In
‘most cases therefore the reagents used for such preparations must be pure
‘and dry and the surfaces of the metal clean and oxide free—as a result these
syntheses require special precautions to be taken. Ultrasenic irradiation has
‘made it possible to prepare some organometallic reagents even with technical |
‘grade chemicals, conditions unheard of in classical methodology. This is of

‘great economic importance to industry, suggesting that for some syntheses

sonication may remove the need to employ super-pure {and thus expensive) |
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Figure 1.10 Mechanical degradation of dissclved polymers

increased kinetic energy of the molecules induced by the pressure gradient
associated with bubble collapse. Similarly, the hydrolysis of the 4-nitropheny
esters of a number of aliphatic carboxylic acids at 35 °C showed vltrasonicall
(20 kHz) induced rate enhancements which were all in the range of [4--15 pe
cent {(Scheme 1.4) the activation energy for the hydrolysis of each of the sub
strates varied considerably with the alkyl substituent (R = Me, Et, i-Pr, +-Bu

e on the carboxylic acid, and so the uniform increase in rate could not be associ

ated with any cavitational heating effect. Here again the modest sonochemical
effect was considered to be the result of mechanical effects [19].

o 0O
Il Il
! NOQ@OWC—R — NOZ@OH + HO—C—R; "

Scheme 1.4 [ B |

microjet formation

The effect of nltrasonic irradiation on the hydrolysis of 2-chloro-2-methyl-
propane in mixed agueous ethanolic solvents of different compositions
revealed more evidence for the influence of mechanical effects [20]. The rate? .
enhancement induced by ulirasound (at 20 kHz) was found to increase with:
an increase in the alcohol content and to decrease as the reaction temperature.
was raised, A maximum rate increase of 20-fold was observed at 10 °C (in
50 per cent w/w solvent composition). This composition is closely coinci-
dent with the structural maximum for the binary ethanol/water solvent
system. It is logical to suppose that if the sonochemical enhancement is asso-
ciated with solvent disruption then the maximum effect would be observed at
this composition.

Inrush of liquid
from one side of
collapsing bubble

Heterogeneous reactions involving a solid and a liquid
There are two types of reaction involving solid/liquid interfaces: (i) in which:

N .. the solid is a reagent and is consumed in the process and (ii) in which the Figure 1.11 Cavitation bubble collapse near a solid surface Murdoch University Library
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Table 1.3 Effect of sonication on a Grignard reaction gonicated sample showed no sign of re-agglomeration even after being

aﬂowed to stand for a period of 24 hours {22].

T f eth Method of agitati Induction ti
ype of el eihod o agiaton nuction fimé ‘a study of the Ullmann coupling reaction has provided evidence that the
Pure and dry Stirting. About & min | Echamcal ?f;ects 0{ §u1‘£ce cieam[llcg }foupled }:Vlth al}]] mcrﬁase in surfafce
Sonication lessthan10s | ared cannot fully explain the extent of the sonochemically enhanced reactiv-
Stirrin Over3 h ity: The reaction of 2-iodonitrobenzene to give a dinitrobiphenyl using con-
Reagent grade Sonice?tion About 4 min ventional methodology requires heating for 48 hours and the use of a tenfold

excess of copper powder (Scheme 1.5). The use of power ultrasound affords
4 smuidr {80 per cent) yield in a much shorter time (1.5 hours) using only a
fourfold excess of copper [23]. During these studies it was observed that the
average particle size of the copper fell from 87 um to 25 um, but this
ificrease in surface area was shown to be insufficient to explain the large
nhancement in reactivity (a factor of fifty) produced by ultrasonic irradia-
tiog. The studies suggested that sonication assisted in either the breaking
:d"c:)’\:;'vn of intermedtates and/or the desorption of products from the surface. An
dditional practical advantage was that sonication prevented the adsorption of
copper on the walls of reaction vessels, a common problem when using con-
v_éntional methodology.

chemicals. One example of this is the use of ultrasound for the preparation of
Grignard reagents in technical grade diethyl ether [21]. The reaction between
magnesium and 2-bromobutane can be ultrasonically induced in under 5 min
in this solvent whereas conventional stirring (even with occasional crushing
of the metal) takes over 3 h {Table 1.3). Depending upon the conditions used
this powerful jet can activate surface catalysis, force the impregnation of cat-
alytic material into porous supports, and generally increase mass and heat
transfer to the surface by disruption of interfacial boundary layers.

Cavitation in the presence of a suspended powder

When the solid is particulate in nature cavitation can produce a variety of | NO2 NO:
" effects depending on the size and type of material (Fig. 1.12). These include ©—] Cu » O @
" mechanical deaggregation and dispersion of loosely held clusters, the DMF / 80°C

removal of surface coatings by abrasion, and improved mass transfer to the NOZ

surface. Mechanical deagglomeration is a useful processing aid and is illus-
trated in the effect of sonication (in a bath) of titanium dioxide pigment in

: water. A powder sample made up in water consisting initially of agglom- 27 . .
2 erates (volume mean diameter ca. 19 pm) was rapidly broken apart . Studles on Ehe effect of sonication on SL'{spended metal powFiers at 20 kﬁz in
(<30 seconds) to provide a limiting size of 1.6-pm particles. Furthermore, the ‘dgce.ln'e at 20 °C -have shown that the p z?mcles can be forced into su.ch violent
collision that fusion can occur [24]. This can be demonstrated for zinc, a soft
il _ rr'_iefal with a low melting point, more significantly for chromium (m.p. 1857 °C)
: ~and molybdenum (m.p. 2617 °C), but not for tmgsten (m.p. 3410 °C). This led
large particles small particles ~to the conclusion that the collision energy developed was sufficient to raise the
dtemperature of the surfaces in collision to at least 2617 °C but not to 3410 °C—
thus giving a measure of the energy involved. In some cases colliding powders
scan be induced to undergo chemical reaction thus a mixture of powdered copper
‘and sulphur sonicated in hexane generates Cu$ [25].

Scheme 1.5

::J:;gi ‘Heterogeneous reactions involving immiscible liquids
A problem when dealing with syntheses involving immiscible liquids (e.g.
: _adueous/organic mixtures) is that the reagents are often dissolved in different
phases Any reaction between these species can only occur in the interfacial
rﬂgion between the liquids and this is a very slow process. Sonication can be
tragmentation violerit coflision “used to produce very fine emulsions from immiscible liquids. This is the
_ esult of cavitational collapse at or near the interface which causes disruption
Figure 1.12 Cavitation bubble collapse in a powder suspension and 1mpels jets of one liquid into the other to form the emulsion (Fig. 1.13).

due to defects:
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6 The uses of ultrasound in conjunction with other
echniques

_-gc_é_nt decades have seen the development of a number of new technologies
ch of which offer the hope of providing the chemist with innovative syn-
tietic routes. Some of them suffer from their own peculiar limitations. For
ample, photochemistry requires that the chemicals used include a chro-
mophore, and so will not work in highly absorbent solutions. Power ultra-
“sound is not attenuated by a coloured medium and does not require a specific
type of functional group to be effective. Sonochemistry certainly falls into the
sategory of a new technology in itself but it has another major advantage for
he chemist—it can be used to improve the efficiency of other methodologies.
(;j_bgsidcr the following examples of the use of ultrasound to help other

powerful disruption of
phase baundary

Figure 1.13 Cavitation bubble collapse in a biphasic medium

High-pressure chemistry (piezochemistry)

“onventional piezochemistry requires specially reinforced, and therefore

xpensive, reactors. The actual agent volumes involved are often very small

of the order of only a few millilitres for pressures above 1000 bar). In the

plant the safety measures are extensive and costly. Ultrasound has been used

o reduce the high pressure required for some transformations.

Scheme 1.7 shows the preparation of vanadium hexacarbonyl anion which COJTHF

equires a temperature of 200 °C and 200 atmospheres under conventional VCl3.3THF ——>  V(CO}7
onditions. These forcing conditions can be reduced to just 10 °C and only Na sand

4.4 atmospheres when performed in the presence of power ultrasound [27]. Scheme 1.7

he use of ultrascund to reduce the forcing conditions required for some

nsformations is not the only benefit of its use. Sonication does not suffer

rom the restriction of small sample size.

The normal method of inducing a reaction between species dissolved in d
ferent immiscible liquids (usually water and an organic solvent) is through th
use of a phase transfer catalyst (PTC) which will bring both reactants into t
same, usually organic, phase. There are, however, two drawbacks to the use
such catalysts in that some of the more specialised PTC reagents are expens
ive, and all the PTCs are potentially dangerous since they can, by their ve:
nature, transfer chemicals from water into human tissue. Sonication of imm
cible liquids generates extremely fine emulsions, which resuit in very lar
interfacial contact areas between the liquids and a corresponding drama
increase in the reactivity between species dissolved in the separate liqui
This effect can be used to either replace the need for a PTC or reduce drama
;'%!H cally the quantity required. A good example of this type of application is to
;.,;}il found in the hydrolysis of commercially important oils, fats, and waxes

I aqueous NaOH (Scheme 1.6) [26}. The fats are immiscible with the aqueoug Electrochemlstry

il 1 Table 1.4 Beneficial effects of

L sonication on chemical reactivity base and so there js very little contact between fat and NaOH. Traditionally These processes often suffer from restrictions in current flow (reduced
rapid stirring and boiling is used to increase the rate of hydrolysis, but boiling current efficiency) during the course of the electrolysis because of electrode
Accelerate a reaction tends to lead to some decomposition and the generation of coloured productﬁg fouhng or hindrance to ionic transport to the electrode surface, Ulirasonic
Permit the use of less forcing Under sonochemical conditions these hydrolyses can be carried out rapidly irradiation has been used to great advantage to improve electrochemical
conditions and at Jower temperatures leading to substantially cleaner products. ] pr_'ocesses and the subject has become known as sonoelectrochemistry [28].
It\)ﬂa:(;eauggogfifugnore econ?;nical cH—on . The particular advantages include:
Y el reagen CH,~-0—GOR 2 e
Revitaliss older discarded CHZ—OWCOR aqueous NaOH (IBH—-OH + 3RCOONa | (a) degassing at the electrode surface;
technologles by enhancing reactivity GH,—O—COR GHy—0H | (b) disruption of the diffusion layer which reduces depletion of electroactive
Reduce the number of steps S5 species;
required Scheme 1.6 e
Initiate stubborn reactions g (C) improved ruass transport of ions across the double layer; and
Reduce any induction petiod For the chemist the range of applications outlined above encompasses mos

5 (d) continuous cleaning and activation of the electrode surfaces.

of the situations encountered in synthesis. In summary we might expect ft.
use ultrasound for a range of applications and perhaps achieve one or more oé | of these effects combine to provide enhanced yield and improved elec-
trical efficiency.

Enhance catalyst efficiency

Enhance radical reactions X R
a number of beneficial effects (Table 1.4).
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aniular slit

Catalysis :
Solid catalysts suffer from surface deactivation through chemical contamina:
tion (poisoning) and passivation during continuous usage. The cleaning effec
of ultrasound and its surface activation are important in the enhancement o
catalytic reactions, When the catalyst is in the form of a powder or a
agglomerate, power ultrasound can also be used to reduce the particle siz
thereby increasing the available surface area for reaction. This benefit ha
already been referred to above for an Ullmann reaction {Scheme 1.3} [23].

s fl /
as flow
g \

piston

resorant cavity
Supported reagents

When certain chemicals, even enzymes, are adsorbed onto solid supports thei
reactivity is enhanced over the reagent itself. Ultrasonic irradiation provides
more efficient method of depositing such chemicals onto supports [29]. It als
enhances mass transfer to the surface. Consider the case of the substitution o
bromide by cyanide (Scheme 1.8). This reaction yields no benzyl cyanid
under mechanical agitation in the absence or presence of neuatral alumin
However, with alumina present and using ultrasonic irradiation, the substitu
tion product is formed in 64 per cent yield.

CH,Br
©/ + KCN + Al,03 ———» ©/

Scheme 1.8

Figure 1.14 Schematic diagram of Galton’s whistle

eshold levels of human hearing [31]. He produced a whistle which gener-
ate ound of known frequencies, and was able to determine that the normal
limit: of human hearing is around 18 kHz. Galton’s whistle was constructed
om a brass tube with an internal diameter of about two millimetres (Fig. 1.14),
id was operated by passing a jet of gas through an orifice into a resonating
. On moving the plunger the size of the cavity could be changed to alter
“pitch’ or frequency of the sound emitied. An adaptation of this early princi-
I¢ is to be found in some dog whistles which have adjustable pitch.

alternative form of gas-generated ultrasound is the siren. When a solid
‘object is passed rapidly back-and-forth across a jet of high pressure gas it
rferes with the gas flow and produces sound of the same frequency at
hich the flow is disturbed. A siren can be designed by arranging that the
zzle of a gas jet impinges on the inner surface of a cylinder through which
ere are a series of regularly spaced perforations, When the cylinder is
tated the jet of gas emerging from the nozzle will rapidly alternate between
ng a hole or the solid surface. The pitch of the sound generated by this
“device will depend upon the speed of rotation of the cylinder.

CH,CN

The sonochemically forced impregnation of porous materials bas been use
in the preparation of a catalyst comprising of 1 per cent (w/w) ruthenium o
alumina [30]. The procedure involves depositing RuCl, from aqueous solutio
onto alumina (4 mm grain size). The resulting powder is reduced to Ru met
using hydrazine conventionally and in the presence of ultrasound. The result- - Neither type of transducer has any significant chemical application since
ing Ru metal catalyst prepared under sonochemical conditions was far super- the efficient transfer of acoustic energy from a gas to a liquid is not possible
ior to that prepared conventionally, in that there was a greater penetration of; (see above). However, whistles are used for the atomization of liquids.
the metal into the support with no metal close to the surface. - The conventional method of producing an atomized spray from a liquid is
to force it at high velocity through a small aperture. (A typical domestic
. example being a spray mist bottle for perfume.) The disadvantage in the
. design of conventional equipment is that the requirement for a high Tiquid

A transducer is the name for a device capable of converting one form off yepoeity and a small orifice restricts its usage to low viscosity liquids, and

energy into another, a simple example being a loudspeaker which converts; oo oioioore are often subject o blockage at the orifice

electrical energy to sound energy. Ultrasonic transducers are designed to%  Figure 1.15 shows a schematic gas driven atomizer. The system comprises

convert either mechanical or electrical energy into high frequency sound andigp o gip o gas jet which is forced into an orifice where it expands and pro-

there are three main types: gas driven, liquid driven, and electromechanical, _-E;fdlices a shock wave. The result is an intense field of sonic cnergy focused

Cas-driven transducers - between the nozzle body and the resonator gap. When liquid is introduced

These are, quite simply, whistles with high frequency output (the dog whistle Lsg i}_n"to_ this region it is vigorously sheared into droplets by the acoustic field. Air
a familiar example). The history of the generation of ultrasound via whistles y-passing the resonator carries the atomized droplets downstream in a fine

dates back 100 years to the work of F. Galton who was interested in establishing] STt plume shaped spray. The droplets produced are small and have a low

1.7 The generation of ultrasound
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resonant

et “other than a pump, the system is rugged and durable. When a mixture
amper

iscible liquids is forced through the orifice and across the blade, cavit-
ional mixing produces extremely efficient homogenisation,

aipment employing this principle has been in existence for nearly forty
The main user has been the food industry where the homogenisation of
tiscible liquids has always been important; however, more recently other
i 'ﬁs'_tries have turned to this simple device for processing (Table 1.5).

gas fow e

Table 1.5 Industrial applications of ulirasonic mixing

atarmisation .
region Textiles Others
Figure 1.15 Schematic diagram of a compressed air spray atomiser And sauces Dispersed dyestuffs Blending polymers
otchup Thread lubricants Cosmetic formulation
, . d creams Printing thickeners Precipitation ‘
forward velocity. Atomized water sprays have many uses including dust s Grhaise Starch sizing solutions 1‘

pression in industry and humidifiers for horticultural use under glass.

Liguid-driven transducers

In essence this type of transducer is a ‘liquid whistle’ and generates cavit

tion via the motion of a liquid rather than a gas. Process material is forced

high velocity by the homogeniser pump through a special orifice from whi
o ! it emerges as a jet which impacts upon a steel blade (Fig. 1.16). There &

; two ways in which cavitational mixing can occur at this peint.

T Firstly, through the Venturi effect as the liguid rapidly expands into
! larger volume on exiting the orifice, and, secondly, via the blade which _
| caused to vibrate by the process material flowing over it. The relationshiy
between orifice and blade is critically controlled to optimise blade activi
The required operating pressure and throughput is determined by the use
different sizes and shapes of the orifices, and the velocity can be changed to
achieve the necessary particle size or degree of dispersion. With no movi

ctromechanical transducers

fwo main types of electromechanical transducers are based on either the
electric or the magnetostrictive effect. The most commonly used of
__c;li'_ are piezoelectric transducers, generally employed to power the bath
' probe type sonicator systems. Although more expensive than mechanical
ansducers, electromechanical transducers are by far the most versatile.

asnetostrictive transducers

sforically magnetostrictive transducers were the first to be used on an
dustrial scale to generate high-power ultrasound. These are devices that use
'."_éffect found in some materials, e.g. nickel, which reduce in size when
‘placed in a magnetic field and return to normal dimensions when the field is
: tinoved (magnetostriction), When the magnetic field is applied as a series of
hormagenised -short pulses to a magnetostrictive material it vibrates at the same frequency.
_ . tidure ok In'simple terms, such a transducer can be thought of as a solenoid in which
adjustable channel cavitation L. . A
for fiquid flow P (he magnetostrictive material (normally a laminated metal or alloy) forms the
T icore with copper wire winding. To avoid magnetic losses two such solenoids
‘are wound and connected in a loop (Fig. 1.17).
stainless 1 . The major advantages of magnetostrictive systems are that they are of an
- Sbtliz:( ‘extremely robust and durable construction and provide very large driving
forces, This makes them an attractive proposition for heavy-duty industrial
‘processing. There are, however, two disadvantages, firstly the upper limit to
ihe frequency range is 100 kz, beyond which the metal cannot respond fast
thin metal ':@_ﬁngh to the magnetostrictive effect, and secondly the electrical efficiency is
bade “less than 60 per cent with significant Josses emerging as heat. As a result of
Figure 1,16 Schematic diagram of a liquid whistle homogeniser .the second of these problems all magnetostrictive transducers subject to

heterogeneous
ixture

purnped in
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“The inverse effect—if a charge is applied to one face of the section and an
ual but opposite charge to the other face, then the whole section of crystal
will either expand or contract depending on the polarity of the applied

/ — \

; fng‘tZ'Gﬂ'ﬁSnt arges. Tl}us, on a]?plying rapid.ly reversing charggs to a piezoelectric mater-
narmally by solder Tuctnations in dimensions will be produced. This effect can be harnessed
l/; fransmit ultrasonic vibrations from the crystal section through whatever

copper ool =" § AN vc‘nolf;i; rssoii ; g_qium with which it is in contact.
vindnas _.k“{; Quartz was the piezoelectric material originally used in devices such as
évery early types of ASDIC underwater ranging equipment. Quartz is not a
etal core particularly good material for this purpose because of its mechanical proper-
it is somewhat fragile and difficult to machine. Modern transducers are

Figure 1.17a Diagram of a magnetostrictive transducer Figure 1.17b Photograph of a magneiostrictive transduc

sed on ceramics containing piezoelectric materials. These materials cannot
:obtained as large single crysials and so, instead, they are ground with
nders and sintered under pressure at above 1000 °C to form a ceramic. The
erygtailites of the ceramic are then aligned by cooling from above their ferro-
eciric transition temperature in a magnetic field. Such transducers can be
oduced in different shapes and sizes. Nowadays the most frequently
etployed piezoceramic contains lead zirconate titanate (commonly referred
as pzt where the p represents plumbum—the chemical term for the element
lead—and the z and ¢ are initials from the name of the salts). The most
c__oinmon form is a disc with a central hole. In a power transducer, it is normal
yractise to clamp two of these piezoelectric discs between metal blocks which
serve both to protect the delicate crystalline material and to prevent it from
serheating by acting as a heat sink. The resulting ‘sandwich’ provides a
durable unit with doubled mechanical effect (Fig. 1.18). The unit is generally
one half wavelength long (although muitiples of this can be used). The peak

extended use are liquid cooled. This has meant that piezoelectric transduce
(see below) which are more efficient and operate over a wider frequency r:
are generally considered to be the betier choice in sonocheimistry, especiall
laboratory sitnations. However, now that a range of industrial applications f;
sonochemistry are under consideration, particularly those requiring hea '
duty continuous usage at high operating temperatures, the magnetostrictiy
transducer is coming back into consideration.
, Many improvements in the operating efficiency of this type of transduc
: have been made all of which are based on finding a more efficient magn;
tostrictive core. The original nickel-based alloys have been replaced by m
electrically efficient cobalt/iron combinations and, more recently,
minium/iron with a small amount of chromium. One of the latest develg
ments in magnetostrictive technology has been the introduction of a
! material called TERFINOL-D. This is an alloy of the rare earths terbium
dysprosium with iron, which is zone refined to produce a material almost
: the form of a single crystal. It can be produced in various forms, rods, 1a
tst] nates, tubes etc., and has several major advantages over the more conve
tional alloys used. A magnetostrictive transducer based on this material ¢
generate more power than a comventional piezoelectric transducer, it
compact (about 50 per cent smaller) and lighter than other magnetostrictive: "
It does have the same problem as other such devices in that it has an uppé; S
limit of frequency response—in this case 70 kHz.

clamping bolt

and electrical
contact \

e

+— back mass

iezacerarric
2 ~.

dises ~

<+ electrical
~+—— contacts

Piezoelectric transducers _
The most common types of transducer used for both the generation an :
detection of ultrasound employ materials which exhibit the piezoelectif
effect, discovered over a century ago [32]. Such materiais have the followin -

fe— front srass

two complementary properties: 0o T )

t R face for attachment commercial 40kHz sandwich fransducer
1, The direct effect—when pressure is applied across the large sorfaces ¢ - . {normally by epoxy resin) ceramic disk 3. 7cm diameter, hole 1.5cm diameter, thickness 0.8om
the section a charge is generated on each face equal in size but of opposit Figure 1.18a Diagram of a piezoelecttic Figure 1.18b Photograph of a piezoslectric

sign. This polarity is reversed if tension is applied across the surfaces. - I sandwich transducer sandwich transducer
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to peak amplitudes generated by such systems are normally of the order of
10-20 microns and they are electrically efficient. Generally piezoelectric
devices must be cooled. if they are to be used for long periods at high temper-
atures because the ceramic material will degrade under these conditions.

Such transducers are highly efficient (>95 per cent) and, depending on
dimensions, can be used over the whole range of ultrasonic frequencies from
20 kHz to many MHz. They are the exclusive choice in medical scanning
which uses frequencies above 5 MHz.

1.8 The cavitation threshold

When very low power ultrasound is passed through a liquid and the power is
gradually increased, a point is reached at which the intensity of sonication is
sufficient to cause cavitation in the fluid. It is only at powers above the cavit-
ation threshold that sonochemistry can occur because only then can the great
energies associated with cavitational collapse be released iote the fluid. In the
medical profession, where the use of ultrasonic scanning techniques is wide-
spread, keeping scanning intensities below the cavitation threshold is of vital
importance. As soon as the irradiation power used in the medical scan rises
above this critical value cavitation is induced and, as a consequence,
unwanted even possibly hazardous chemical reactions may occur in the body.
Thus, for both chemical and medical reasons there is a considerable drive
towards the determination of the exact point at which cavitation occurs in
liguid media, particularly in aqueous systems. There are essentially three
methods which can be used for the determination of the cavitation threshold
relying on either the initial detection of bubbles in the medium, the emission
of light (sonoluminescence), or the identification of a chemical reaction
which occurs only in the presence of cavitation.

Determination by the detection of bubbles

Bubbles are extremely efficient absorbers of ultrasound and this provides the
basis for a sensitive measurement of the threshold. A Tow intensity ultrasonic
source is arranged with a receiver in a liquid such that the absorption {attenu-
ation) of sound in that liquid can be assessed. Power ultrasound from a sep-

arate source can now be applied to the liquid and the attenuation continuously
monifored as the sonication power is increased. The onset of cavitation is
registered when the attenuation suddenly leaps to a higher value due to the

presence of cavitation bubbles in the fluid.

Determination through the detection of senoluminescence

Sonoluminescence is the emission of a weak light from cavitating fluids. This
emission can be engendered by power ultrasound operating above the cavita- | %
tion threshold. Sonoluminescence is outside of the scope of this book buta -
comprehensive review has been published recently. The detection of the onset 3

of sonoluminescence for the determination of the cavitation threshold has been
used successfully by Crum and co-workers [33], who have described in detail
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the experimental apparatus required. This includes both a “fluid management
sm’ to provide ideal conditions in the liquid to be sonicated and a schern-
atic diagram showing the circuitry used for the generation of cavitation.

mination through the initiation of chemical reactions

the practising sonochemist the above systems are perhaps too ‘physics’
iented, when the main interest for them is the onset of cavitation-induced
: istry. The point at which cavitation induces chemical reaction can be
d'as a true measure of the cavitation threshold which occurs in an actual
action vessel, i.e. one which is later to be used for sonochemical experi-
ants. Here we will look at two different types of reaction which have been
:od as chemical probes for the onset of cavitation. By definition these must
particularly sensitive in detecting low levels of radical species. Other,
‘more routine, dosimeters also exist and these are used for the measurement of
the amount of cavitation induced by prolonged ultrasonic irradiation. These
ifl be discussed later in this chapter.

in trapping and esr identification of radicals

Whien cavitation is induced in a Lquid, one possible result is the production

ree radicals, The hydroxy and hydrogen radicals produced by cavitation in

aqiieous media are short-lived species which can often be identified by spin |
ping and subsequent esr (electron spin resonance) examination of the spin
dduct formed [13]. Spin traps are usually nifroso or nitrone derivatives and

adducts are the longer-lived nitroxide radicals [31]. For the detection of i
droxyl radicals, 5,5-dimethylpyrroline-N-oxide (DMPQ) is particularly i

qseful, while for hydrogen atoms, a-(4-pyridyl-1-oxide)-N-tertbutylnitrone
4<POBN) is preferable because of the longer lifetime of the spin adduct
heme 1.9). These methods have been used to study aqueous solutions of
nino acids, peptides, DNA bases, sugars, nucleosides, nucleotides, surfac-
tants, and mixtures of water and alcohols [32].

+
‘H — ‘o—N/©>-CHrhla~C(CH3)3

O

4-PONB
Scheme 1.9
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Using a fluorescence technigue 3-dimensional _
Terephthalic acid (TA) has often been used as a chemical dosimeter for ioni position contralier ™~ [
ing radiation and functions effectively as a trap for hydroxy radicals [33]. In degassed

distilled water

\
B\

aqueous solution TA produces terephthalate anions which react with
hydroxyl radicals HO' to produce highly fluorescent hydroxyterephthalate
ions (IITA) (Scheme 1.1()) [34]. This reaction provides a very sensitive
method of measuring the hydroxyl radicals produced by the sonolysis of
water and is particularly useful in determining the cavitation threshold [35]

transducar
source

coo” coo”
OH

fransducer
housing

acoustic window heafing taps exposute vessel
containing sample

Scheme 1.10 Figure 1.19 Ulirasonic exposure tank

The product of hydroxy radical reaction with TA is hydroxyterephthalic
acid (HTA) which can be estimated by fluorescence measurements at an
analysing wavelength of 425 nm with an excitation wavelength of 315 nm.
Very good linearity can be achieved for fluorescence against concentration for
HTA down to 3 x 10-% M, whereas the lower limit for TA is only 2 x 103 M.
'Thus with this system it is possible to detect a 105 M fraction of TA trans-
formed into HTA by HO' radicals,

usehold plastic film (e.g. cling film), separates the oil from the water.

Betfer acoustic absorbing materials are now available, e.g. a silicone rubber

: pound filled with microballoons [40]. A constant ternperature was main-

tained in the exposure tank to avoid thermal gradients which would disturb ;
the acoustic beamn. Bubbles were also eliminated by using degassed water
(boiling distilled water under a vacuum then cooling it in a sealed vacuum
fe makes sufficiently high quality degassed water).

The reaction cell resembles an inverted T, with a glass cylinder 3.3 cm in
eter and 2.5 cm in length forming the base. The stem is used for mount-
ing and filling the cell which has a sample volume of 20 cm. Both ends of the
are sealed with an acoustically transparent film (again cling film). Gas
was bubbled through the sample prior to sonication but this was stopped
before the exposure began. The leading edge of the tube was 6 cm from the
surface of the transducer. Before each exposure the tube was centred and
igned with the axis of the acoustic beam.

“A note of warning must be sounded at this point. Controlling the exposure
eld does not guarantee that the sonochemical results themselves will be

An ultrasonic exposure system for the determination of cavitation
threshold

In diagnostic ultrasound the onset of cavitation must be avoided, and so great
efforts are made to set up a well-controlled exposure environment for cavita-:
tion threshold measurements in a ffuid. With the aid of such an environment }
the onset of cavitation can be recorded using one of the sensitive dosimeters
already described. The exposure system described below has two advantages.
First, it generates a well-characterised acoustic beam that is reproducible.
Second, it delivers both constant wave (CW) and pulsed ultrasound, the latter

bemg the type used.m medical scanning. Ti.]e range of mtgnsmcg gegerated reproducible. Using the above apparatus the acoustic field was stable and
by this equipment simulates most therapeutic and diagnostic applications of ] -7 . : ot 1
medical ultrasound. Th t of cavitation is sienalled by th duction of | reproducible but the sonochemical results were not. Cavitation at low-leve

- L OIse v gnaticd by the pro | power, i.e. just above the threshold, is an elusive phenomenon since, apart

fre.e rachc'fﬂs and t‘.m methods for their detection are d'CSCI‘lbﬂd: (a) by est " from factors which affect the exposure field, it also depends on the state of
spin trapping techniques and (b) by fluorescence monitoring {13,39]. A liquid itself [41]

The exposure tank is fabricated from 2.5-cm thick sheets of Plexiglas and : -
measures 18 x 30 x 22 cm (Fig. 1.19). At one end an acoustic transducer is & .
mounted, with an absorber positioned directly opposite across the tank to .. 19 Ultrasonic power measurement
minimise reflections which might result in standing waves. The absorber The two commonly used sources of ultrasound in the chemical laboratory
chosen was castor oil since its acoustic impedance matches that of water and ' are the ultrasonic cleaning bath and the probe system. The bath system

it has a high attenuation coefficient. An acoustic window, made from a thin - transmits energy into water contained in the bath, so that acoustic energy can

e o T e e 2 v
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be transferred to any reaction flask dipped into the water. The bath is gener. ich occur either as a result of power input or changes in properties of the
ally low in energy and of fixed power, The more powerful probe system onicated reaction.
which is of variable power, transmits acoustic energy directly into a reaction
mixture via a wave guide (usually made of titaninm) directly attached to the .
. oy oy ' 1 to the transducer. When
power transducer, These systems will be dealt with in detail in subsequent _wattmeter. can be us od FO measure clectnca‘ power . .
chapters. ystem is operating in a chemical reaction it is possible to derive the
Any paper reporting sonochemical results would be expected to ‘ipemfy ansmitted acoustic power by measuring electrical power (o thedtfamducef
the make and model of the irradiation source employed, and this is normally hen the system is running in air (i.e. the probe tip is not immersed in a reac-
. N N L ; e ally referred to as a system operat-
so. Unfortunately, the power input to the reacting system is sometimes ixture-— situation which is technically refe Y h P
reported only as the quoted maximum rating for the equipment. A 500-W ng without a load) and then when it is loaded (L.e. dipped into the system}.
unit does not mean that the instrament delivers 500 W of ultrasonic powe lie transmitted electrical power is the difference between these values. From
into any system when operating at its maximum setting. In order to record his the acoustic power entering the reaction can be calculated if the acoustic
the actual power input to a reaction some standard method of measuremen fer efficiency is known [43]

is required. These methods may be divided into physical and chemica ;_(_Jrimetric measurement of ultrasonic power entering a reaction
dosimetry measurements [42].

urement of the real electrical power to the transducer

‘the methods available to measure the amount of ultrasonic power entering
onochemical reaction the most common is calorimetry, which involves a
urement of the initial rate of heating produced when a system is irradi-
ted by power ultrasound. In a pure liquid, one might assume that aimost all
‘the mechanical energy produces heat and so, via calorimetry, some estimate
«of the acoustic power entering the system can be obtained. This is a simple
niethod of estimating the overall acoustic power entering a reaction input
wen when a thermally insulated vessel is not employed. For the system under
tudy the temperatare (7) is recorded against time (7), at intervals of a few
.econds, using a thermocouple placed in the reaction itself. From the T versus
data, the temperature rise at zero time, (d7/df), can be estimated by either

Physical measurements
The measurement of vibrational amplitude for a probe system

This is the direct measurement of the amplitude at the vibrating tip of th
horn, i.e. the actual mechanical motion being transmitted to the chemica
reaction in which the probe is immersed. This will give a parameter thal
should be directly proportional to the acoustic power, The measurement o
amplitnde can be achieved simply by observing the ultrasonic vibration usin,
a metallurgical microscope with a calibrated eyepiece. Since most transduc
ers will generate amplitudes of at least 10 microns, quite accurate measure

ments can be made. A small spot of aluminium paint is placed on the surfac trucling a tangent to the curve at time zero, or by curve-fitting the data to
of the probe and a single metallic fleck is focused in the graticule. On turnin - a polynomial in 7. The ultrasonic power actually entering the system can then

on the power the rapidly vibrating fleck appears as a ‘smear’, the length of . b obtained by substituting the value of (d7/dr) at time zero (obtained from
which is the amplitude of vibration. This method of measurement cannot be /. either method) into eqn (1.1).

easily made when the probe is i use during a sonochemical experiment. A
electromechanical Iﬂetfl()d is available, however, which provides continuon Power = (dT7dhc,M a1
monitoring with a display while the probe is in use. The alternating stress in ~ where ¢, = heat capacity of the solvent (¥ kg~! K') and M = mass of solvent
resonating horn is at a maximum in its centre (this is a stationary point, cf. th sed (kg). If this Power (in Watts) is dissipated into the system from a probe
middle of a stretched elastic band). If a strain gauge is bonded across this /== tip.with an Area measured in cm?, then the intensity of power (in W cm?)
point then the output from this will be proportional to the displacement or - produced by the source of ultrasound is given by eqn (1.2).

amplitude of vibration. This output signal can be displayed on a meter. The "

. . Intensity = Power/Area (1.2)
meter can then be calibrated by the use of a microscope as described above
Vibrational amplitude is not an absolute measure but it does offer a very sen-; - Chemical measurements
sitive monitor for acoustic changes during a sonochemical reaction. Its majo chemical dosimeter monitors only the production of a chemical species
drawback is that a strain gauge is a somewhat fragile instrument; however,? - through sonochemistry. In a sense this is the true dosimeter required by a
amplitude gives an indication of the acoustic power output rather than thy chemist, but it does not reflect the total energy entering the system since not
electrical power into the transducer. Using this method it is only necessary t all events occurring inside the collapsing bubble give rise to observable
calibrate the meter once, since any subsequent change in transducer ampli chemical products in the bulk Tiquid. In the case of the sonolysis of water
tude due to loading will be accompanied by a proportional change in strain inf | some of the radicals (e.g. H' and OH") recombine to regenerate water.
the system. The meter will thus follow any induced changes of amplitud - A few chemical dosimeters are in common usage.
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The iodine dosimeter (oxidation of I to L))

The iodine dosimetry method is based upon the fact that sonication of water -

produces H,0, and this reacts quickly with I in solution to liberate mole

cular iodine. Thus, when aliquots of standardised H,0, (of the order of |
1% 105 M dm™) are added to KI solution, fixed quantities of iodine will be

liberated, and the yield of iodine can be estimated by the increase in absorb

ance of this species at 355 nm on a UV/visible spectrophotometer, With the:
aid of such a Beer Lambert plot it is possible to calculate the concentration
of H,0, which gives rise to a particular absorbance of iodine and hence the :

yield of peroxide generated from a particular sonolysis of water. The only
difficulty with this method is that the quantity of perozide liberated on

insonation of aqgueous KI is quite low [44] and so great care should be taken .

over the cleanliness of equipment. The calibration plot can then be used to
estimate the amount of peroxide generated by various sonication systems
simply by putting 5 per cent aqueous KI in the reacticn vessel and measur-
ing the development of iodine absorbance with sonication time. In this way

comparisons can be made between different pieces of sonochemical appara--

tus. As we will see later, for consistent results it is important to carry out
sonications with the various components of the reactor in the same configur-
ation. In addition it is helpful if the same flask is used throughout these
measurements—particularly for reactions involving ultrasonic baths—since
this will help to ensure that the same amount of energy is transferred into the
reaction through the glass base of the flask.

The rate of iodine liberation from KI solution can be enhanced by a factor
of five in the presence of a small amount of CCl, (the so-called Weissler
solution), and this method can be used to demonstrate the process (see
Chapter 2). The enhancement is the result of sonocherical generation of
additional radicals from the haloalkane, which liberate iodine more readily
from the K1, The results from this method are thus a reflection of the total
number of radicals produced during insonation and are not restricted to those
generated from water alone [45].

The Fricke dosimeter (oxidation of Fe** to Fe’")
Aqueous sonochemistry can be thought of as similar in some ways to radia-

tion chemistry. One such similarity is in the oxidation of an air-saturated _:
solation of Fe?* to Fe*, a system analogous to the classical Fricke dosimeter -
in radiation chemistry. In 1950 Miller [46] studied this oxidation induced by |
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ons: generated. The oxidation occurs as the result of an indirect process.
ational collapse first generates hydroxy radicals and these react with
t_to_ yield hydroxide ion and Fe* (eqn 1.3).

Fe + "OH — Fe* + -OH (1.3)

typical solution would be composed of ferrous ammoniwm sulphate
) and sodium chloride (1 mM) dissolved in sulphuric acid (0.5 M), and
he radiation dose can be calculated based on the increase in absorbance of
e Fe? jons at 304 nm [47] (extinction coefficient 2194 m~! cm™).

ephthalate dosimeter

he sensitivity and method of use of this system have already been referred

n ferms of the detection of cavitation threshold (Section 1.8 and Scheme
© Mclean and Mortimer [48] have studied the variations in HO' free
al production during the sonication of aqueous solutions at different
rs at 970 kHz. Typically the results showed a threshold power for
ical production, after which there is a linear correlation with acoustic
ower jndicating its potential for use as a dosimeter. The terephthalate
hemical dosimeter can be prepared by dissolving terephthalic acid (TA)
5% 107 mol litre™ and NaOH 5 x 107 mol litre™! in a phosphate buffer at
“= 7.4, The fluorescence was measured as in Section 1.8, Mason et al.

-:_rep:(:irted the response of the TA dosimeter with different ultrasonic sources

i _:___frequcncies. They employed probe systems operating at 20, 40, or
kHz [49]. Ultrasonic power measurements were monitored using the
orimetric method, It was reported that under constant sonication condi-

tions the measured fluorescence was directly proportional to exposure time.

1t_hln the power ranges studied, the yield of HO radicals was proportional

t0-the power input, and at constant power, the fluorescence yield increased

rom 20 to 60 kHz, i.e. it appears that radicals are produced more efficiently

. at hlgher frequencies.

ztrophenol dosimeter

f:Fr_e_e radicals can also react with aromatic systems and this type of reaction
.- has been used as a method of dosimetry in sonochemistry. Hydroxy radicals

géf;érated sonochemically in an aqueous solution containing 4-nitrephenol
react to produce nitrocatechol (Scheme 1.11).

ultrasound of frequency 500 kHz. The yield was found to be dependent upon | B

the length of irradiation up to 10 minutes duration, beyond which non-linear-

ity of yield was encountered. If, however, at the end of the linear period the &
solution was resaturated with air and then further irradiated, a linear concen- '
tration/time was re-established with identical slope to that obtained previ- *
ously. This observation suggests that the non-linearity is due to ultrasonically |
induced degassing of the solution. Clearly estimates of energy input must | "~ NO,
therefore be made based upon initial concentration changes of the Fe* |

712 OH

OH
CH
+ OH - — é other products
NO,

Scheme 1.11
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Aqueous 4-nitrophenol has an ultraviolet maximuwm at 401 nm and the ation Zero ear response means very low intensity indeed. With ultrasound,
hydroxylated product at 512 nm. It is therefore possible to use this reaction & owever, much more care must be taken, It is important to note that most
a dosimeter for hydroxy ions in a similar way to that used in the terephthalic lirasonic devices when irradiating a liquid medium do give rise to some
acid system [50]. In this case a calibration curve is required for the product 4 udible sound. This is becanse the sound spectrum emitted from a sonicated
nitrocatechol (from zero to about 2 X 10-* M dm). The nitrophenol dosimete; eaction is not composed entirely of the single transducer resonance but
is an aqueous solution (10~* M dm®) at pH 5, adjusted using phosphoric acid udes some sub-harmonics which give rise to very audible sound levels.
The main drawback of this method is that the reactive hydroxy radical cas Itrasound is attenuated rapidly in air but sources of ultrasound such as
also attach to the first formed product nitrocatechol, and hence lead to othe obes start at such a high intensity that there is a distinct possibility that
materials with different spectra. For this reason the method tends to be les ofig-term exposure without ear protection might result in damage.
accurate for high-powered ultrasound over extended monitoring periods. insideration must therefore be given to the health and safety aspects associ-

In conclusion it is important to note that the above chemical dosimeters (i_ ated with the use of ultrasound. Permitted exposure himits do vary from
not measure the same effects. The TA and nitrophenol dosimeters are specifi ntry to country but generally they lie between 85 and 90 dBA over an
for HO" radicals, while the others are more general, thus both I~ and Fe?* ca ‘hiour period. A dBA is a technical exposure term representing an average
also be oxidised by HO,', H,0,, or indeed any other species, and suc ffect of sound pressure as perceived by the ear, i.e. not the actual distribu-
processes do not occur at the same rate (e.g. the rate of production of [, fro of sound pressures from the sound spectrum, Sound exposure meters are
I oxidation and the formation of H,0, in water can be monitored independ erally calibrated in these units. Like radioactivity shorter exposure times
ently and arc not the same). Chemical dosimeters are strongly frequenc ermit higher dBA levels. The simplest course of action is that those labora-
dependent, thus the production of iodine in air-saturated KI solutions is si es which employ sonicators should refer to the latest current industrial
times faster at 514 kHz than at 20 kHz [51]. They are also strongly depende ctice in their own country. There are three ways in which workers can be
on experimental conditions especially with respect to the gas content. rotected against radiated noise:

Generally, any person working with ulirasenic equipment should wear
‘either acoustic ear muffs or in the ear protectors. These are generally avail-
In subsequent chapters the various types of equipment which can be used fof - able for use in noisy industrial environments. The simple ultrasonic clean-
sonochemistry will be explored in depth. In this brief section the types of instru bath is not normally sufficiently noisy to warrant more than this simple
mentation currently available for sonochemistry will be identified. The versatil caution.
ultrasonic bath (Chapter 2) and the more powerful probe system (Chapter 3) =
the most commonly available to the chemist. The source of power ultrasoun
for both is generally the piezoelectric transducer and each suffers from the sami
disadvantage that they operate at 2 fixed frequency depending on the particul ‘3Tt is recommended that an acoustic screen is placed around the ultrasonic
transducer employed. For most commercial probe systems this frequency ipment—particularly in the case of powerful probe systems. This can take
20 kHz and for baths it is 40 kHz. To study SOHOCthiStI’y at different freque . form of a box lined with a sound absorbing materia]’ say expanded poly._
cies it is best to purchase separate systems tailored to individual requirements. tyrene or polythene bubble wrapping. In the chemical laboratory a fume
is also possible to construct a package which includes a multiple frequen upboard can be partially sound proofed in this way. A neat solution for the
amplifier from which a set of different horns can be driven. ching laboratory is a sound-proof box mounted on wheels so that it can be
These two systems are toutinely used in the batch mode. Some laborato ‘moved around to wherever it is needed.
systems offer the possibility of processing quite large volumes by sonicati :
of a part of the reacting mixture as it flows through a sonication cell (tlo ‘References
systems are studied in Chapter 4). This offers the potential for the processi
of larger volumes and is probably the most likely way that sonochemis
could be applied in industry.

1.10 Types of sonochemistry equipment

It is good practise to isclate ultrasonic equipment in laboratories where
ccess is limited—a closed door is a reasonable sound barrier,
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1.11 The safety of sonochemical equipment
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2 The ultrasonic cleaning bath

The simple ultrasonic cleaning bath is by far the 005t widely avajlablt? and
cheapest source of ultrasonic irradiation for the chemical lr.zlboratorx. it is for
this reason that so many sonochemists begin their studies using cleaning haths
Unfortunately, despite its convenience it is not a particularly powerful source
and so sometimes researchers can be disappointed with results. Nevertheless a
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jproximately 40 kHz. There are a few variants on this design in that some
baths operate at different (but fixed) frequencies. Some cleaning baths also
operate with a ‘frequency sweep’ of a few kHz about a central frequency.
The sweep is designed to avoid standing waves in the tank. In this way every
part of an article for cleaning is thus subjected to the cavitation zone since the
des in the waves alternate in height from the base.

‘The smallest baths suitable for sonochemistry are of about 1,5-litre capa-
ty and a single transducer is sufficient to drive this with a power rating of
around 50 W. Larger systems up to 50 000 litres are commeréially available,
and employ an array of transducers on the base to introduce uniform power
density into the liquid. A real problem when trying to reproduce work
ported in the literature is that ultrasonic baths operate at frequencies and
ers dependent upon the transducers employed and with geomeiries which

are specific to the particular manufacturer. This means that it is difficult to
make direct comparisons between studies done in different makes (or
odels) of ultrasonic bath.
‘The liquid in the bath will normally be water containing a small quantity of: |
stirfactant. This is termed the coupling medium because it acts as the conduit |
ultrasonic energy from the transducers in the base into the water and ’
thence into any container dipped in the water. When water is used the upper

lot can be achieved even with such a simple piece of apparatus.

2.1 Bath construction

The construction of an ultrasonic cleaning bath is very simple—a laborat(‘er _
model generally consists of a stainless steel tank of rectangular cr'oss~s§ct10
with either one or several transducers (depending on bath size) firmly
attached underneath the flat base. Generally piezoelectric tran§ducers are. t for operational temperatures cannot exceed 100 °C. A change in
used and these are bonded with epoxy resin. Some tanks, particularly the medium will allow a greater range of temperature to be studied but this will
larger sizes, also have some form of thermostatted heater. A. few n-lodefrn; also result in a change in energy transfer from transducer to the contents of
> laboratory-scale models have adjustable power but these are in a IMINOIY i otion vessel. Temperature control in baths around ambient tempera-
i (Fig. 2.1). The frequency and power of an ultrasonic bath depends upon the, rés is poor because the passage of power ultrasound through the bath liquid
type and number of transducers used in its construction. Qenerally the u}tra— crates a small amount of heat. The syster can be operated under thermo-
sonic power available in a bath using modern piezoelectric transducers is sz_ static control at temperatures above that which is reached on thermal equili-
i quite low intensity of the order of 1-5 W ey with an operating frequency of, ion of the bath under its normal working conditions. It is also vitally
I ¢ - important to record the temperature inside the reaction vessel during sonica-
; ' since this generally tends to be a few degrees above that of the bath itself
i dug to ultrasonic heating through the walls of the immersed reaction vessel.
reaction rmixture ' Té_fnperature control is dealf with in detail in Section 2.3 below.

water + detergent

22 Choosing the correct type of ultrasonic bath

Not all commercially available ultrasonic cleaning baths are suitable for

stairfess
steel tank S__O_nochemistry, and some baths, after extended usage, can lose power either
through the denaturing of the piezoelectric transducer or a weakness in the
tranisducer bonding to the base. The ideal bath must generate sufficient |

p'D_Wer to promote cavitation within the reaction vessel when it is immersed
in the bath, i.e. enough power to penetrate the walls of the reaction vessel.
Naturally the bath mast also be large enough to accommodate the reaction

transducers
honded to base

Figure 2.1 Uitrasonic cleaning hath for sonochemistry
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bath should first be filled with water containing some 1 or 2 per cent surfac- ger baths whe.re measurements can be taken at greater distances‘from the
tant—this reduces the surface tension of the water and permits much more . ittf:r the st?}ndmg wave pattern reverts to balf—wavelengths (see Flg. 2.5).
even cavitation in the bath water. Indeed when the bath contains just tap. Using a serics of foil sheets tl}ﬂ power regions of the bath can be quite accu-
water a distinct change in “pitch’ can be detected as the detergent is ~added'j tely identified becaus&la the maximum perforations occur at maximum intensity.
(see Section 2.5). A piece of ordinary aluminium kitchen foil about six inches -._N‘aturally the reaction vessel should !:)e located at ﬂile point where the
square should be dipped into the bath (it is best to avoid immersing f?nge{s-' ximum Sonoc:h‘emical.effcct can be gchleved. Observation of thfe surface of
into the sonicated bath liquid). After 30 seconds remove the foil and if it is. _;;.reactlon s'o'iutlon durmg. vertical .adJustm‘ent of vessel dc'pth will show the
liberally perforated then the bath has passed its test and is powerful enough mum pos'ltlon b'y the point at which max1mumlsu.rface_dlsturbance' Qccurs.
for sonochemistry. or'a bath with a single transducer on the base this is a simple task since the
' ction vessel must be located vertically above the single transducer. For a
2.3 Setting up an ultrasonic cleaning bath for ath with mu.ltiple transdqcers the foil ‘mapping’ techniql.lfa can be used to

) . ate the regions of most intense power for horizontal positioning before the
sonochemistry o . epth is established. Another approach to the determination of the way in
Although it is possible to use the bath itself as a reaction vessel this is seldom hich the ‘sonic energy” is distributed within the bath is the use of thermistor
done because of the problems involved in corrosion of the bath walls and bes [2]. Pugin has shown that the distribution of ultrasonic energy is not at
containment of any evolved vapours and gases. Normal usage therefore f - .y pomogencous by measuring the local temperatute at different places in the
involves the immersion of standard glass reaction vessels into the !‘Jath [1) snicated media [3]. Maxima and minima appear, depending on the shape of
This is of great importance, since conventional glass apparatus can sm'1p1y be | ihe vessel, the liquid height, and the input power. Once the correct position for
transferred into the bath—this means that an inert atmosphere or a static pres- reaction vessel has been identified it is a simple matter to arrange stands
sure can be readily achieved and maintained throughout a sonochemical reac- d clamps in order to locate it in the required position. Essentially this will
tion which involves an ultrasonic bath. tasa template for further reactions, since repeated use of the same vessel in
e same location in the bath should give reasonably reproducible resuits.

Positioning the reaction vessel | |
It is a commmon mistake in sonochemistry to assume that all that is re.quired to emperature control :
achieve significant results is that the reaction vessel should snpply ‘be
immersed in the water and the powers switched on. Consider the way i which
the bath has been constructed. The ultrasonic transducer(s) will, most likely
be attached to the underside of the metailic base of the bath and the mos
intense power will be found directly above a transducerl. However, the ultra
sonic power in the bath liquid will not be uniform with distance from the base
This is because ultrasound, like any sound, passes throagh water in the for{n of-
a wave, and the wave will have positions of maximum amplitude at multiples._-'
of the half-wavelength of sound (A) in the medium. These distances may be
calculated using the simple eqn (2.1).

ulirasonic baths warm up under the influence of the transducers in the
ase, and this creates certain problems in terms of both the effectiveness and
producibility of the sonochemical results obtained. The simplest solution to :
problem is to determine the ‘equilibrium’ temperature of the bath (i.e. the *‘
‘maximum temperature which the water reaches and maintains when operat-
ing continuously under ambient conditions) and perform most reactions under 1
these conditions. For small baths this is about 45 °C and so, before starting ‘
_ .'experiments, it is advisable to fill it with hot water so that equilibriem
‘temperature is attained in the shortest time possible. It is possible to thermo-
stat the bath above this temperature using a heater. Such heaters are normally
v=fr @2.1) * “inteprated into cleaning baths attached to the outside of the tank walls.
- hree solutions are available to the problem of operating at room tempera-

The velocity of sound (v} through water is approximately 1500 ms ' so tha ture or below:

for a transducer operating at a frequency (f) of 40kHz the wayelength of the. ( 1) operate for very short periods with cold water in the tank (the temporature
pltrasound in water will be 3.75 cm. We may expect t-he malmml.lm eff;:;t_ t;)l can be assumed to remain essentially constant for short buzsts of sonication);
oceur at vertical intervals of 1.8 em. This series of horizonta regions of high . .

intensity can be located by sonicating a large piece of almpjnium f01‘1 plz'zced (i) circulate thermostatted cooling water through the tank; or
vertically in the bath. A number of distinct horizontal series of perforations (i) add ice.

. - appear after some 30 seconds immersion. Towards the base of the bath, clos.e: o . ‘ . ' S ,
Figure 2.2 Eﬁ.e?‘ of cavitation of to the emitting surface, there is confusion in the standing wave pattern. In this It the bath is equipped with a cooling coil or ice is used, it must be remem-

ﬁ]r:;nc;?wliirzItfg:]li?gmt?a?he?dflgk?-lnz) nearfield region, the standing waves are much closer together (Fig. 2.2). For . bered that solids and inserts will disturb the normal propagation of ultrasound
L ! £
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cohc. iedine {g/)
006

through the bath and so alter its characteristics. Whatever method is chosen
for temperature control, it must be emphasised that it is the temperature
inside the reaction vessel which must be monitored as this is often a few
degrees above that of the bulk bath liquid itself. '

005

0.04

0.03

2.4 The design of the reaction vessel

Once the bath has been chosen a reaction vessel of the correct design muost be
chosen. For normal chemical reactions, particularly those involving heat
round-bottomed flasks are utilised, but for sonochemistry in an vltrasont
bath the preferred vessel should be one with a flat boitom, e.g. a conical flask
The teason for this is that the energy is radiating vertically as sound wave
from the base of the bath and this energy has fo be transferred through th
glass walls of the vessel into the reaction itself. The energy transference i
much more effective when the sound impinges directly on the flat base of
conical flask rather than hitting the underside of a spherical container at a
angle, since when this happens some energy will be reflected away. Anothe
important consideration when using baths to perform sonochenical reaction:
is that it may be necessary to stir the mixture mechanically to achieve th
maximum effect of the ultrasonic irradiation. This is particularly importa
when using solid — liquid mixtures where the solid is neither dispersed nor.
agitated throughout the reaction by sonication alone and simply sits on the
base of the vessel where it is only partially available for reaction. The reasons
why additional stirring is so important in such cases is that:

0.02

0.01

time: (mins)

250 mi conical -+ 100 ml conical ~+10C mi round bottom

4g Klin 50ml water containing carbon tefrachloside using ultrasonic bath

Figure 2.3 Depeéndence of iodine liberation on vessel shape

I ;Itrasound and the type- of reaction vessel chosen for sonochemical
ies.
?or a reaction volume of 50 cm?® a larger effect Is obtained in a 250 cm?
ather lthan a 100 cm® conical flask. Both vessels present the preferred con-
{.l:.ratl()ﬂ for transfer of energy from the bath to the reaction media, 1.e. a flat
lass base at right angles to the propagating sound wave. The resul,ts sﬁggest
t the greater base area of the 250 cro? flask allows more power input to the
tem-—and hence a more effective sonochemical reaction. The use of a
100 em® round-bottomed flask clearly results in a reaction which is inferior to

{a) it ensures the reactant powder is exposed as fully as possible to the rea :
tion medium during sonication; and

{b) with stirring there will be no layer of powder on the base of the vessel
which could produce considerable attenuation of the incident sound energy. .

A practical comparison of vessels for use with ultrasonic baths
A round-hottomed flask was compared with two different sized conica
flasks to illustrate the most appropriate vessel shape for use with an uitra:
sonic bath 14]. A small single transducer bath was used in this exercise, |
Kerry Pulsatron 60. This bath operates at 38 kHez, is rated at 50 Watts
and has internal dimensions of 14 X 15 cm and a depth of 10 cm. In eac
experiment the flask was positioned for maximum sonochemical effect (se

above).

;_)_nnnegcml po'tassit}m carbonate (1 g) by sonication in dimethylformamide
Q__cm-). Particle sizes were monitored using a Gallai instrument and the

_Barticle fragmentation using a 100 cm?® vessel make it clear that to achieve
timum rlesults mechanical stirring of the heterogeneous mixture is vital
The trend in results for particle size reduction in differently shaped vessels is.:
- the same as for the homogeneous reaction in that the flat-bottomed conical
s more effective than the round-bottom flask. From these results it can be
_onclud'ed that the flat bottom of a conical flask is the most effective shape
r use in an ulirasonic bath, but that the best results are obtained with vessels
._here. there is a large base area with respect to volume. Clearly stirring is
ssential for solid/liquid heterogeneous reactions.

Homogeneous model
As a model for a homogeneous reaction, the liberation of iedine by sont
irradiation of 4 per cent aqueous potassium iodide (50 cm?, containin
2.5 cm?® carbon tetrachloride) was chosen. The reaction was monitored b
periodically withdrawing aliquots and measuring any increase in the liber
fion of iodine by increases in its absorption spectrum at 351 nm, The resul
obtained at 30 °C (Fig. 2.3) illustrate the great importance of both the sour
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patticle size { micton)

time {mihs}

0 2 4 6 8 10 12 14 16

050 m conicat sfir <-100mi corical sir +% 100 i round sir + 100mi con, 4nsdr
potassium carborate (1g) in dimethyformarmide

Figure 2.4 Dependence of particle size reduction on vessel shape

25 Laboratory demonstrations of the physical effects of
ultrasound '

The short experiments described below have been developed as demonstr
tions which have been used in lectures and seminars on sonochemistry. Th
are all of short duration and mainly show aspects of the mechanical effects
power ultrasound. In these examples the bath can be used from cold—
special heating or thermostatting is required.

The effect of added detergent

The bath was filled with pure distilled water and switched on. An andible
sound is emitted from the tank due to metal vibrations and the subharmoni¢
content of the ultrasonic source. After a short period during which the wates
is degassed the sound settles and becomes irregular in volume, the surface 1§
ofien subject to erratic disturbance during this period. The addition of abot
1-2 per cent detergent changes the note of the sound and causes a more evell
and enhanced distarbance of the surface. The reasons for this have beet
explained above, i.e. the detergent has produced much better couplin
between the ultrasonically reverberating base of the tank and the liguit
medium contained in it. Hence the bath has become a much more repro
ducible source of ultrasound. E

Ultrasonic degassing

The cavitational effects which are the basis of sonochemical action are als
the reason for the extremely effective use of ultrasound to degas liquids
Once the cavitation bubbles have been formed they fill with any dissolve
gas. Such bubbles are not easily collapsed in the compression cycle of thi
wave due to the fact that they contain gas, and they will continue to grow o
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rther rarefaction cycles, filling with more gas and eventually floating to the
surface. Since the rarefaction cycles are taking place extremely rapidly
;(mr_ound 40 000 times per second using an ultrasonic bath), the bubbles grow
uickly that degassing appears to occur almost instantaneously. The sim-
plest way to demonstrate the effect is to place a flask of sparkling water in an
asonic bath. The immediate result is that the liquid is caused to effervesce
olently, and the effervescence drops immediately as the flask is removed
ily. to be resuscitated on replacement in the bath.
“An alternative approach is to produce the gasified liquid from granular zinc
al in 4 M hydrochloric acid (125 em®) in a 250 cm? conical flask. After the
sffervescence has started (about 30 seconds) the liquid becomes opaque with
erated hydrogen. When the flask is touched onto the surface of the water in
e ultrasonic bath the cloudiness is cleared as a front which rises from the
ase. The process can be repeated as long as the zinc remains. It is also worth
ting that the production of the gas at the metal surface also changes, from
c very large number of tiny bubbles which generate cloudiness to larger
ubbles in the ultrasonic field which rapidly rise to the surface leaving the
quid clear. Ultrasonic degassing has found applications in many areas. In ifs
simplest form it is used to degas solvents for use in HPLC. The electroplating
of metals invariably involves gas generation at one or other of the electrodes.
he physical presence of the gas acts as a barrier to efficient passage of current
charge of ions), ultrasound can improve electroplating and indeed general
electrochemical processes by removing this gas ‘barrier’ [5]. A somewhat dif-
nt development involves use of ultrasonic equipment for the removal of
olatile constituents in crude oil fractions, i.e. the ‘degassing’ of low-boiling
aterial such as methane and ethane [6].

edctions involving metal sorfaces

here are two types of reaction involving metals, one in which the metal is a
gent and is consumed in the process, and a second in which the metal func-

tions as a catalyst. Metals which are ultrasonically irradiated in a solvent suffer

siderable surface damage. This effect is caused by two possible processes:

the implosion of cavitation bubbles formed from seed nuclei on the

“bubble collapses close to it.

: he result of this pitting is to expose new, clean metal surface to the
reagents and also to increase the effective surface area available for reaction.
¢ perforation of foil (see above) is a perfect example of this effect. A clean
picce of aluminium kitchen foil (15 x 5 cm) is placed vertically in the soni-

cated bath liquid and kept still for 30 seconds. On removal the foil shows per-
‘forations in lines parallel with the surface of the liquid. The horizontal rows

riesponding to the areas of maximum cavitational effect at half-wavelength
ances vertically through the bath liquid, '
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Reactions involving powders

One of the easiest processing operations in sonochemistry is the deagglome;
ation of powders. This can be demonstrated using blackboard chalk as th
example of the powder, A few pieces of chalk are placed in water (150 cm
in a 250 cm? conical flask, When the flask is dipped into the ultrasonic bat
clouds of chalk can be seen emanating from the surface of the solid. Ve
quickly the liquid becomes cloudy illustrating the way in which ultrasou

can erode surfaces and brealk down agglomerated particles to a much small
size.

Emulsion reactions

Ultrasound is known to generate extremely fine emulsions from mixtures
immiscible Hquids. One of the main consequences of these emulsions is thg : .

dramatic increase in the interfacial Contactq area between the liquids, ie. Figure 2.5 Effect of ultrasound on copper bronze suspended in water
increase in the region over which any reaction between species dissolved i

the different liquids can take place. This can be shown by placing some wate) on with starch to produce the charactesistic blue colour. Even this will take a
(100 cm®) and methylcyclobexane {50 cm?) in a 250 cm® conical flask an siderable time to generate using a 40 kHz bath. The effect can 56 enbanced
dipping the flask into an ultrasonic bath. By carefully adjusting the depth o Y the addition of a few drops of carbon tetrachloride to the KT solution. Place
immersion the clearly defined phase boundary between the two immiscibi er cent aqueous KI sotution {100 cm?) in a 250 cm? conical flask anci add a
liguids is seen to become agitated. On closer inspection this disturbance canbel  few drops of CCl, followed by sohuble starch indicator (2 cm®). The flask is
seen as a large number of tiny ‘explosions’ at the interface effectively sendingi . then immersed in the ultrasonic bath to a depth where the clear sol}ution cuffers
small jets of liquid from one phase into the other. Soon a cloudiness appears i ximum disturbance. Within one minute the blue starch/iodine colour will
the interfacial region and within a minute or so substantial emulsification wi tart to appear and this will deepen as the reaction proceeds

have been caused. The demonstration is made even more dramatic if wate |

soluble dye is added to make the aqueous phase brightly coloured.

onechemically enhaonced chemiluminescence

. . . . minol degrades with the liberation of light 1 i
The separation of particles in an acoustic field als and hydrogen peroxide (Scheme 2.1 )g.I}It‘Ig]sT:aEiiTg I;Z?lfehgl(:;igﬁzzdlif
This experiment uses a suspension of copper bronze. Copper bronze is fine ¢ radical and peroxide generation is concentrated into a small region. Such
divided copper with particle sizes between 50 and 100 wm (1 g in 100 cm = conditions occur at the interface between carbon tetrachloride gand‘water
water containing 1 per cent detergent). The mixtore is shaken and poured in iring sonication.

a 100 cm? measuring cylinder to give a uniformly bronze coloured column

liquid. When the base of the cylinder is placed in the ultrasonic bath ligu

the uniform suspension changes to a set of horizontal bright metallic lines : COCH

separated distances of the half-wavelength of the ultrasound in the solutioy NH

(which is around 1.8 cm at 40 kiz) (Fig. 2.5). These striations are produc I\IJH +2H0, — + N, + 2H,0 + LIGHT
because the copper bronze particles collect at the nodes of the sound waves COOH

the water. This demonstrates a potentially useful application of ultrasound NH

a method of manipulating small particles in a liquid medium [7]. Scheme 2.1

2

flomogencous generation of iodine

Power ultrasound is capable of generating hydrogen peroxide from the frag This demonstration requires that luminel (0.04 g) and sodium carbonate
mentation of water (see Chapter 1). The peroxide will oxidise any iodide joiie (L g) are dissolved in distilled water (100 cm?) in a 250 cm® Erlenmeyer flask
in solution to prodace iodine. Since the power of an ultrasonic bath is not very | To this solution a few drops each of hydrogen peroxide (6 per cent or 26
great it is normally not possible to see the pale yellow colour generated by th lume) and catbon tetrachloride are added. In darkness the flask should be
small amount of iodine produced by the sonication of aqueous KL It i dipped into the ultrasonic bath. A series of bright sparks of light is emitted
however, possible to detect the low level of iodine liberated through its reati -irom the carbon tetrachloride/water interface as it is agitated by the sonic
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waves. These sparks stop when the flask is removed from the tank but are For all commercial ultrasonic cleaning baths it is assumed that the sono-
regenerated on dipping it in again. This effect can be repeated over a co - mical reaction will be performed in a vessel immersed in the sonicated
siderable period of time. : uid. Tt is possible to use the whole bath as a batch reactor but this can only
) ] . apply where non-corrosive and non-volatile reagents are used. Very few clean-
2.6 Advantages and disadvantages of using an ultrasonic . baths have vapour-tight lids, which means that it is very difficult to use
bath for sonochemistry “2I them for reactions which require an inert atmosphere or a reflux condenser.
Despite the fact that the cleaning bath is the piece of ultrasonic equipment £ hf)wever,. clear from the va.riet.y and large number of experiments
most widely used by chemists it is not pecessarily the most effective. The r'ted n th.e literature that despite its dxawbacks the simple ultrasonic
advantages and disadvantages are summarised below. .;;g,ggmg bath is extremely useful for sonochemistry.

Advantages of using an ultrasonic bath in sonochemistry 7 Other types of equipment related to cieaning baths

1. 1t is the most widely available laboratory source of ultrasonic irradiation. - laboratory cleaning bath has been shown to be of sufficient energy to
omote a sonochemical reaction, the next step may be to perform a more
ous investigation. In this way the process can be optimised or ada

. e - . _ ) pted to
3. The acoustic field is fairly evenly distributed throughout the bath liquid. ger scale. There are a variety of pieces of equipment which are available

4. There is no special adaptation of chemical apparatus required, conventional ¢ fof this purpose.
glassware can be used, which means that the addition of chemicals, an inert. Tha submersible transducer

atmosphere, and the use of reduced and elevated pressures are all easily attained : . .
p P ¥ Formany years the manufacturers of vltrasonic cleaners have offered the sub-
rsible transducer as a convenient and versatile method of converting any

2. A small cleaning bath is inexpensive.

5. If the cleaning bath itself is used as the reaction vessel, larger batch treatmen! ;
under greater irradiation power can be achieved. Despite the advantages gaine ssel into an ultrasonic cleaning bath. The submersible consists of a number

from the use of such a simple picce of apparatus, there are a nurnber of consider-2-0f fransducers which have been sealed into a stainless steel box (Fig. 2.6).

ations which should be borne in mind when using this method of energy input. These are bonded to the inner face of the box which then becomes the radiat-
face when the submersible is immersed info a liquid. Normally the sub-

Disadvantages of using an ultr'cisunic bath in senochemistr by . .

g g o ‘ - y ' sible is equipped with hooks to hang over the edge of the bath and a
1. The amount of power dissipated into the reaction from the bath is not very: ble (water tight) lead for connection to the generator. -

large —usually less than 5Wem2. ' _' _'.:.e use of a submersible system to convert a tank info a sonicated bath
or_cis several advantages over the cleaning bath.

2. The energy input should be assessed for each system investigated because
power will depend on the size of the bath, the reaction vessel type (and thick- container of almost any size and shape can be converted into an ultra-

ness of its walls), and the position of the reaction vessel in the bath. quié bath using a submersible. These are available off the shelf, or can be

. . . . . “fconstruc i [ si
3. The ultrasonic frequency at which a cleaning bath operates 1s not univers= ,: - ted, in a range of sizes.

ally the same. This may well affect results particularly when attempting to . optional
reproduce those reported in the literature. Most mamifacturers use frequen- ’:%Ctz‘?: fid
cies arownd 40 kHz, but 20 kIIz baths are available and higher frequencies ' \ 1
may be used in some specialist baths. \

4. Temperature control is not easy since most cleaning baths warm up slowly
during operation. This may lead to inconsistent results when working around

room temperature or below. Solutions to this problem have been given (see submersible
Section 2.3). transducer
5. A few manufacturers produce cleaning baths with adjustable power, bu e~

the majority of cleaning baths do not have any such control, It is possible to tark rmade of any

suitable material

place a rheostat between the mains and the bath which will permit sirapl _
power conirol. : Figure 2.6 Submersible transducer system
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2 The submersible transducer can be dipped directly into a chemical re
tion thereby introducing power directly into a system, the equivalent of us
the cleaning bath itself as the reactor. Of course this advantage will only be
use if the system does not chemically react with the transducer housing. °

3. The position of the submersible can be adjusted to give maximum so
chemical effect in the particular vessel used.

4. The vessel to be used can be quite farge since any number of submersi
can be used.

The most likely sonochernical applications for submersible transducers
in the batch treatment of aqueous or non-corrosive liquid systems.

The cup-horn
If the general utility of an ultrasonic bath could be combined with control
able power and temperature control of a probe, a useful compromise woy
be available. Such a compromise system is the cup-horn device (Fig.
which can be considered to be a small but powerful ultrasonic bath. In effe
it uses a specially designed inverted horn to irradiate a small cup of liqw
(normally water) into which the reaction vessel is dipped. The horn, witﬁ
hole drilled through its centre, allows the liquid in the cup to be partof a ¢
culating coolant system which assists in maintaining temperatare stabili
Since the irradiation source is a modified sonic horn this systern has g
major advantage over the cleaning bath—its power can be controlled.
The cup-horn was originally designed for use in biological cell disrupti
which requires higher power than the normal cleaning bath. The other ma
advantage of this source over the probe system is that since the cellul
material is in a vessel immersed in the sonicated fluid, and thus not in dir
contact with the irradiating surface, it avoids contamination by fragments

reaction
veassel

|

overflow —

reaction

ixture P

coolant
exit

<€ coolant

hern

Figure 2.7 Cup-horn

atal which might be eroded from a directly immersed probe system. The
ain difficulty with the cup-horn is that it is guite small and this limits the
e of the reaction vessel which can be used.

High-frequency ultrasonic baths specially designed for sonochemistry
The ultrasonic bath described below is the type developed by Arnim Henglein,
o began his studies of the chemical effects of ultrasound as a student study-
for a masters degree over 50 years ago {8]. Today most chemists use
commercial ultrasonic equipment which operate in the frequency range 20 to
kHz, but Henglein often conducted experiments at a much higher fre-
ency (1 Milz). A vessel which is capable of high insonation intensities at
MHz is shown in Fig. 2.8. The glass bottom is a half-wavelength thick and
vessel is placed directly on the aluminium metal flange which carries the
insducer (a thin film of water between the vessel and the flange assures effi-

ent acoustic coupling).

ground glass
= j‘OiI’ﬂ

glass vessel

-

caoling
water

cooling
water

>

12 wavelength
aluminium flange

1/2 wavelenglh

glass bottom transducer

Figure 2.8 High frequency ultrasonic bath

In recent years, there have been a variety of higher frequency baths devel-

oped for sonochemistry. The drive for these developments has been the dis-

covery that at higher irradiation frequencies (e.g. 500 kHz) the characteristics

.6f-'¢avitation bubble generation and collapse are different from those which
‘occur at 20 and 40 kHz (see Section 1.4). Radicals also are produced more

ﬁ_ciently [9]. In essence most of these baths are constructed in a similar way
ith a planar, usually titanium, emitting face sealed into the base of a glass

'V_é_iq'sel with external cooling (Fig. 2.9).

28 The power of equipment related to cleaning baths

n-any apparatus related to cleaning bath systems the cavitation bubbles are
rmed as separate entities throughout the sonicated liquid medium. This
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Figure 2.9 High frequency sonochemical reactor

contrasts with the streaming and coalescence of bubbles which occur in th
more powerful sonicators, e.g. probe systems. It is therefore difficult t
compare the results of experiments carried out with bath and probe type son
cation equipment. There is no doubt, however, that cleaning baths provid
sufficient power to identify reactions which are susceptible to sonochemic
enhancement, and that they are certainly the most convenient to use und
{aboratory conditions.
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The ultrasonic probe

Despite its convenience for use, the major disadvantages of the ultrasonic
éaning bath as a general source of ultrasound for sonochemisiry are a low
maximum power and the absence of energy control. One solution to both of
these problems has been found in a piece of equipment originally developed
¢ plastic welding and biological cell disruption—the ultrasonic probe. In
laboratory, it is possible to introduce ultrasonic energy into a reaction
sing a probe system up to some 100 times greater than can be achieved
psing a cleaning bath. On a larger scale the energies can be much greater than
this. Modern probe systems are generally based on piezoelectric transducers
id are all of a similar construction.

.1 Ultrasonic probe construction

In‘order to increase the amount of ultrasonic power available to a reaction it
s desirable to introduce the energy directly into the system, rather than rely
n'its transfer through the water of a tank and then the reaction vessel walls.
tie simplest method of achieving this would be to have the face of an ultra-
'nically vibrating transducer in contact with the reaction medium. The
axtmum amount of power (vibrational amplitude) generated by a transducer
sembly is limited by the properties of the material from which it is con-
ucted. A piezoceramic will fail if too much electrical power is fed into it
(sée Section 1.7). It is possible to amplify the vibrational amplitude generated

: at the transducer by attaching to it a specially designed length of metal rod.

s rod extension is termed a sonic horn or velocity transformer, and it not
1ly magnifies the acoustic energy available but also allows the transducer to

kept clear of the chemical reaction since only the tip of the rod needs to be
imersed in the liquid. It is the complete assembly of transducer plus horn

ch is referred to as an ultrasonic probe system. The overall construction of
simple laboratory probe system is shown in Fig. 3.1.

The generator

.This is the source of alternating electrical frequency (normally 20 kHz) which
‘stpplies the transducer. The basic controls on the generator are given below,

Tuning

For optimum performance a probe system should be ‘tuned” before it is used.
Tuning is a process whereby the compleie probe assembly is brought into
esonance with the transducer—this is the point where the minimum current
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Figure 3.1 Uitrasonic probe system for sonochemistry

is drawn during operation. This may well be at a frequency fractionally d
ferent from 20 kHz. Thus, if a horn is shortened by tip erosion, then the res
nance frequency will change. BEventually the limits of adjustment of
generator and transducer will be reached and tuning will no longer be pos
ible—when this occurs the only solution is to replace the horn. Early types
generator were only able to cope electronically with small variations
tuning frequency. It was recommended that the initjal tuning of such systemg
was carried out in air when the system is not ‘under load’. The load refers
the extra power required to drive the probe system when it is immersed in
liquid medium, so the generator must also be able to provide the extra pow
to the transducer, and this forms the basis of one method of measuring th
acoustic power input to a reaction (Sectjon 1.9). '
Sometimes a system which has been tuned in air will not pertorm satisfact
ily when immersed in the reaction mixture. This is particularly noticeable wh
operating at low powers with viscous liguids. If the reaction mixture changes in
physical characteristics during sonication—through a change from starting
materials to products or warming—the power required to maintain optimum re
sonance changes, so that re-tuning may be necessary. The modern type of gener.
ator can tolerate a much wider range of tuning frequencies. Such systems arg
tuned when immersed in the reaction, and various types of electrical feedbac
can be incorporated in the design to give continuous adjustment of the tuning as
the reaction proceeds. The slight change in the overall resonance frequenc;
which results from changes in a liquid load are discussed below (Section 3.4},

Power

The power control on a simple generator simply allows the energy delivered &
the transducer 1o be varied—normally on an arbitrary @ to 100 per cent scalé
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upper limit prevents overload and fracture of the piezoceramic element,
the scale is not a direct reading of the energy entering the reaction.

Pulse

was originally incorporated into probe systems to prevent the build up of
n temperature during continuous operation. The facility consists of a
er attached to the amplifier which switches the power to the probe on and
peatedly. The ‘off’ time allows the chemical system to cool between the
s of sonication. The ‘on’ time is represented as a fraction of the total time
Ived in the total time of the cycle, which is generally set at 1 second. Thus
per cent is continuous sonication, while 25 per cent represents 0.25-second
ts of power interspersed with 0.75-second ‘off” time. This type of pulse
gperation should not be confused with ‘duty cycle’ as used in medical ultra-
sound. In medical pariance, the duty cycle refers to the on/off ratio for scan-
ping which involves the emission of pulses of extremely short duration (of the
r of 1075 s) involving only a few cycles of ultrasound in the megahertz
nge. Tt is in the longer off period that the echoes are detected. By comparison
4 pulse cycle of 50 per cent in a sonochemistry probe system corresponds to a

}5-second ‘pulse’ which contains 10 000 cycles at 20 kHz.

fransducer element

¢ sandwich transducer element is protected by a casing (the transducer
using) which is perforated to allow cooling and may sometimes contain a
small fan to prevent overheating. The shape and dimensions of the transducer
' bly are dependent on its working frequency. Generally a 20 kHz assem-
y is twice the length and width of that of a 40 kHz. When a magnetostric-
ansducer is used the element will also be protected in a casing, but in
se, the cooling is rather more vital and this is normally achieved using
circulating fluid.

* The upper (fixed) horn or booster

Thé role of the booster is to adapt the vibration from the transducer so that it
in be passed through the detachable horn at a working amplitude, which is
troduced into the reaction medium. For the majority of laboratory probe
stems this is the part of the system to which other homns of different con-
guration (see below) may be attached. The booster is a solid piece of tita-

iiiujn alloy which is accurately machined to provide a part of the overall

résonating system. The end face of the fixed horn is normally about 1.2 cm
iameter, vibrating at a maximum in amplitude. It is important to recog-
nisé that with the (detachable) horn in place the whole probe system reson-
ates, with a maximum vibration now occurring at the tip which is dipped
to the reaction medium. With the whole probe unit in resonance there will
be points of zero vibrational motion (null points) in the system and one of
these will be on the booster. This is where a screw thread may be located for
e attachment of optional ancillary equipment, e.g. a flow cell or a PTFE

Sleeve (see below).
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The detachable horn

An important part of the whole probe assembly is the detachable horn, wh
allows the vibration of the fixed horn to be transmitted through a furth
length of metal which can be used to magnify the power delivered t
systen. Most modern probe systems are designed to operate with a range o
detachable horns, each offering a different magnification of power. H
design is in fact a very important aspect of ultrasonic engineering. The mat
ial used for acoustic horns should have high dynamic fatigue strength, 1
acoustic loss, resistance to cavitation erosion, and also be chemically in
The most suitable material by far for this purpose is fitanium alloy.

The cavitation which is the source of chemical activation is also the sow
of a common problem with probe systems—tip erosion—which occurs desp:
the fact that most horns are made of titanium alloy. One major side effect
erosion is that there will be a physical shortening of the horn below a h
wavelength which will cause a loss of efficiency. The latter problem is allevi
ated by the use of replaceable screw-on tips for the 1.2 cm diameter horn m
the form of titanium studs, this eliminates the need for a costly replacement o
the whole section. :

There are several engineering factors which are important in the design o
the different types of detachable horn. The first of which is its length. Thy
wavelength of ultrasound in a material is determined by both the type of mater
ial and the frequency of the sound wave. In the case of the type of titanium
alloy used for horns, the wavelength for 20 kHz sound is about 26 cm, and thi
defines ahsolutely the longitudinal dimension of cylindrical horns made of tita
nium alloy. The minimum length of such a titanium horn is a half-wavelength
i.e. 13 em, which will give an exact mitror of the vibrational amplitude sup
plied at one end to the other. If the distance between the upper fixed prob
assembly and the sample being processed needs to be increased, this can b
done using a horn cut to a multiple of half-wavelengths. This can also b
achieved by screwing one half-wavelength horn into another thereby buildin
up the overalt length. This will not change the vibrational amplitude.

The shape of the horn controls the way in which it can be used to transm
acoustic energy from the booster to the reaction mixture (Fig. 3.2). The cylin:
der will not affect the vibrational amplitude, but if the end diameter of a horn
is smaller than the area attached to the driving transducer element, there wil

sound entering at the booster end of the horn (driven face D) at say 5 w
peak to peak at a cross-section of 3 cm diameter. All of this energy must b
dissipated at the other end of the horn. ¥ that end is of smaller area, say 1 ¢
diameter (emitting face d), then the vibrational amplitude must be greater i
order to conserve energy. This amplitude gain is defined by a specific ratio o
the diameter of the two faces of the horn. For a linear or exponential tapere
horn, this ratio is D/d giving an emitting amplitude of 15 pm. For a steppe
horn, however, the ratio is ([/d)? giving 45 pwm. Thus, horn magnification 1
always higher for the stepped horn.
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Figure 3.2 Horn shapes and ampiification

In order to avoid material damage by internal stress, the amplification

© factor cannot be too high, for the linear taper it is normally restricted to four.
| The exponential taper offers higher magnification factors than the linear
© taper. Tts shape makes it more difficult to manufacture, but the small diameter
~ of the working end (3 mm or less) and its length make it particularly suited to
. micro-applications. The magnification factor for a simple ‘stepped’ design is
* significantly larger than the tapered cylinder and can be up to 16.

Probe systems are undoubtedly the most efficient method of transmitting

. ultrasonic energy into a reaction. Although so much extra power is available

using the probe system, it is more expensive than the bath and it is significantly
" less convemient in use especially in terms of the glassware required. Special
* seals will be needed if the hom is to be used in any reactions which involve
- reflux, inert atmospheres, or the use of pressures above (or below) ambient.

3.2 Choosing a probe system for sonochemistry

' For the probe system, depending on the design of horn, a large maximum
- power density can be achieved at the radiating tip. This can be of the order

several hundred W cm2,

Conventional probe systems

Until quite recently the choice of commercial probe sonicators was some-
what limited. The only frequency available was 20 kHz and the peripheral
equipment was also similar. Essentially this still remains the case, and
although there may seem to be a large variety of names for the product, these
tend to be the names attached by suppliers rather than those of the very few
manufacturers. Nevertheless such systems are ideal for use as laboratory-
scale sonicators and should provide the following features.
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1. Variable power, normally achieved via a dial setting, from zero to a'_
maximum output of about 150 W cm? through a probe tip 2.5 cm in dia-
meter. This will normally approximate to a quoted rating for the instrument:

of 500 to 600 Watts.

2. A pulse facility to allow intermittent sonication.

3. A range of interchangeable horns of the types described in Section 3.1

above. Replaceable tips (studs) for the 2.5 cm horn,

4. Horn extenders for the 2.5 cm system with screw thread fittings at both.

ends. Some extenders have only one end with a screw thread for extending
the standard horn, but no screw fitting at the other end for forther extension or
for a replaceable tip.

5. Two useful attachments which extend the use of the equipment are a flow
cell, to enable the probe system to be adapted for continuous processing (see
Chapter 4), and a cup-horn (Section 2.7).

These probe systems are the ‘work-horses’ of sonochemistry, requiring
only to be tuned to optimum performance in the system under study before
being used to sonicate the system for time periods and at powers which are at
the operator’s discrection.

Additional desirable features

It has always been possible to have equipment built to particular specifica-
tions with extra options. Some of the extra options which are recommended
in addition to those above are:

1. The option to use different frequencies. This will mean using a different
transducer and horn for each required frequency and a different generator.
For convenience the frequency generators can all be housed within one box
with outlets for each probe system.

2. Automatic frequency tuning is useful, since the precise frequency match

for the probe and the reacting system may not be exactly the nominal value

for the transducer employed. A read-out of the optimised frequency is then
important.

3. Some form of feedback to the generator from the transducer element,
which can he used to maintain irradiation power throughout changes that

occur during a reaction. A wattmeter reading of power supply to the trans-

ducer or vibrational amplitude of the horn is then an advantage.

3.3 Laboratory-scale sonochemical reactors involving
probe systems

The simplest method of introducing power ultrasound to a reacting system
via a probe system would be to dip the tip of the horn into the chemical reac-
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© tion contained in a standard round bottomed flask or even a beaker. The
. temption then would be to turn the power to a maximum and wait to see what
. type of sonochemistry might develop. Unfortunately, this obvious approach is

seldom ideal. Several precautions should be taken when designing a reactor

¢ involving a probe as a result of the following factors.

1. Volatile components may well be forced out of an open reaction by the
‘degassing’ effect of power ultrasound.

- 2. Probes can generate a great deal of heat and so cooling may be required.

' 3, When high-energy ultrasound is introduced info a liquid the power input

may reach a stage where so much cavitation is produced that it blocks further

; power input (see Section 1.4). Thus the maximum sefting of the generator
power control does not necessarily produce the greatest sonochemical effect.

4. Mechanical mixing may be required at low-power settings. At higher
powers the vibrating horn tip will produce sufficient streaming of the liquid

* away from the tip to produce effective bulk mixing.

5. Chennical reactions may well require vapour-tight apparatus, the slow
addition of reagents, or inert atmospheres. Any sonochemical reaction of this

- type must be performed in a specialised vessel which accommodates such

requirements.

Fifting a probe system into standard glassware

Commercial 20 kHz probe systems are supplied with standard 13 cm horns.
Unfortunately, for many laboratory scale reactions, this is too short to enable
the vibrating tip to reach the liquid medium. This problem is easily solved
with the use of a half-wave extender (cylindrical horn).

Another problem is to find a way of sealing the horn into a reaction vessel.
Here the difficulty is that at most points along its lengih the horn is undergo-
ing ultrasonic vibrations. Fortunately there is a null point with a screw thread
on most commercial sonicators on the booster horn (see Fig. 3.1). Anything
screwed onto the horn at this point will not be subject to vibration, and so it is
here that a PTFE sleeve adaptor can be attached which can be made to push-
fit into a B34 cone of ground-glass apparatus (Fig. 3.3).

The design of reaction vessels

Once the horn has been sealed into the reaction vessel, some of the options
then available to make it more suitable for ultrasonic use are given below.

The use of glass beads

A probe system will cause mixing in a reaction as a result of the liquid
motion produced by the sonic waves generated at the homn tip, The mixing
can be enhanced by putting glass beads in the bottom of the reaction vessel.
The beads will be ‘bounced’ into motion by the sonic waves, and thereby
assist bulk mixing.
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Figure 3.3 Probe fitted with B34 PTFE sleeve

Dimple cell

Another method of assisting sonic mixing is to adapt the reaction vessel by
providing a bump on its base (Fig. 3.4), The probe should be positioned verti-
cally above and no closer than 1 ¢m from the indent, which serves to disperse
the sonic waves as they impinge upon and are reflected from the base.

Roseit cell

The Rosett cell was originalty designed to be operated ‘open-ended’ for bio-
logical cell disruption. Tt allows the irradiated reaction mixture to be sonically
propelled from the end of the probe around the loops at the base of the vessel,
thus providing efficient mixing and also cooling (when the vessel is
immersed in a thermostatted bath). When equipped with a flanged §id and a
PTFE seal this is a good general purpose sonocheimical reactor (Fig. 3.5).

horn
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PTFE sleeve at
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N
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and gas port
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Figure 3.4 Dimple cell
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Pressure cell

In situations where elevated pressures need to be used, a reactor has been
described by Suslick. Here the screw thread on the horn is used to attach a
PTFE collar which locks onto the outside of the glass joint of the sonochem-
ical apparatus (Fig. 3.6). This provides a much more efficient pressure seal
than the normal push fit of the PTFE sleeve into a ground glass joint.

A more refined solution has been developed by Undatim, a Belgian com-
pany. This cell provides an adjustable anvil {0 give the optimum reflection
and therefore coupling of the ultrasonic power to the liquid system (Fig. 3.7).

PTFE sieeve locked
to outside of call — >

Figure 3.6 Simpie pressure cell



66 The ultrasonic probe

horn
O ring
seat
gas
- port
adjustable
arwil

' liquid

port

Figure 3.7 Adjustabie pressure cé!i

Cooled cell with reagent holder

A piece of apparatus developed in the laboratories of J-L.. Luche is shown in
Fig. 3.8. External cooling is provided by a water jacket, and a small glass
‘tray’ is used fo hold a metal reagent close to the horn tip, i.e. permanently in

the maximum cavitation zone. This cell was originally used for the genera-
tion of dialkyl zincs.
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holder

coolant in ) '

magnetic
stirer

Figure 3.8 Cooled cell with reagent hoider
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. 3.4 The effect of external parameters on sonochemistry

" There are a number of physical parameters which can be changed in order to

affect the action of power ultrasound. This section gives the results of an

~ investigation into how ultrascnic epergy input to a chemical reaction is

affected by the following important reaction parameters: ultrasopic power
ased, the presence of bubbled gas, temperature, solveat composition, and
reaction volume. The work which follows in this section was performed
using the Undatim Sonoreactor probe system which is equipped with an auto-
matic fransducer resonance frequency search device. This enables the power
input to a system to be maintained accurately throughout a reaction, thereby
offeting considerable advantages compared with basic commercial probe
systems in terms of both the monitoring and control of irradiation parameters.

The type of reaction system

Of the many different classes of reaction which can be enhanced by ultra-
sonic irradiation the most common are heterogeneous, including both
liquid/liquid and liquid/solid. The chosen system for study was the particle
size reduction of copper bronze in liquid media under a variety of different
conditions [1]. Although this is not a ‘chemical’ reaction as such, the reduc-
tion of particle size, i.e. increase in available surface area of a reactant or cat-
alyst, is a major contributor to sonochemical enhancement of solidliquid
reactions. Moreover the size reduction is a readily quantifiable facior and thus
is ideal as a guide to estimating sonochemical efficiency for the range of con-
ditions chosen. It is important to note that the results obtained in this study
are based upon a solid/liquid heterogeneous model reaction, and so may not
be directly applicable to heterogeneous liquid/liquid or homogeneous reac-
tions for which different models may be necessary.

The effect of bubbled (entrained) gas

If the main cause of sonochemical effects is cavitational collapse, then it is
clear that sonochemical efficiency must be linked directly to the generation of
cavitation bubbles in the chemical reaction. For reproducible results many
workers have used a bubbled gas to generate large numbers of nucleation
sites for cavitation and provide bubbles of upiform energy of collapse. Most
effective for such processes are the monoatomic gases such as argon, with
diatomics such as nitrogen next, and polyatomics a very poor third. This is
directly related to the ratio of specific heats for these gases—the highest
ratios giving the greatest cavitational effects.

The particle size reduction of copper bronze, induced by somcation, ilkus-
trates the effect of entrained gas on sonochemistry (Table 3.1). The results
clearly show that, if all other external parameters are constant, there is a dis-
tinct advantage in the continuous passage of argon through the system.

The only disadvantage of such methodology in general sonochemistry is
that, at reaction temperatures above ambient and in an open system, there
could well be Iosses of volatile material through evaporation. It has been

Table 3.1 The effect of entrained
gas on the particle size reduction of
copper bronze in water at 3¢ °C

(20 kHz)
Entrained Particle size affer
gas 1 hour {um)
No gas 23.8
Nitrogen 22.9
Argon 19.1

Original particle size 60 wm, intensity
65 W cm2, concentration 2 g in 160 cm?
water.




68 The ultrasonic probe

demonstrated that efficient saturation of a gas with liquid vapour is achieved
by insonation of that liquid with the gas passing through [2]. For this reason
in the studies reported below the sonication has been performed in the
absence of entrained gases. Except where stated, all reactions were performed
using a ‘dimple cell’,

The effect of changes in the reaction medium (the lquid load)

As the temperature of a reaction is increased, the vapour pressure of any
tiquid involved in the reaction is also increased. The collapse energy of a
cavitation bubble, formed during sonication of the medium, will be directly
influenced by the vapour which enters the bubble during its formation. The
more vapour which enters the bubble the more cushioned is the collapse, so
that any increase in the temperature (i.e. vapour pressure) of a system will
reduce the energy of cavitational bubble collapse. Thus as the system temper-
ature is raised, the ultrasonic power input will need to be increased if a rela-
tively constant sonochemical effect is to be maintained. Alternatively if the
vltrasonic power setting on the generator 1s constant, then the lower the tem-
perature of operation the greater will be the sonochemical effect. This is
demonstrated in Table 3.2, where the probe system operating at 20 XHz was
set af a constant power rating of 7 during the insonation of water at four dif-
ferent temperatures, The effect of reducing the bulk water temperature from
90 °C to 0 °C, in steps of 30 °C, on the reduction in particle size of copper
bronze powder, shows clearly the improvement achieved as the temperature
is lowered. The intensity column shows how the measared power entering the
system changes with temperature at the same instrument sefting.

Table 3.2 The effect of temperature on the particle size reduction of copper bronze in
water at 30 °C {20 kHz) at same instrument power ouiput setting

TFemperature intensity (W cm2) Particle size after 1 hour {um)
90 23 31.9
60 39 29.3
30 82 23.8
0 79 20.6

Original particla size 80 um, concentration 2 gin 100 ¢m® water.

The effect of reaction temperature and solvent compesition on
irradiation frequency and power

If cavitation is the major cause of sonochemical effects, then factors such as the
vapour pressure, viscosity, and surface tension of the solvent will have a bearing
on sonochemical reactions. Any change in the reaction temperatare resulis in a
change in these parameters with, as a conseguence, a change in the optimum
resonance frequency for the systern. For example, employing the frequency
search mode of the Undatim instrument during the irradiation of 100 cm? of
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Table 3.3 Optimum resonance frequencies at different temperatures using probes of
different nominal transducer frequencies

Nominat frequency {kHz) Temperature (°C) QOgtimum resonance
frequency (kHz)
20.000 30 20.668
- 60 20.627
— 90 20.578
40.000 30 39.262
- 60 39.128
- 90 39.024
60.000 25 59.652
- 50 59.486

Results obtained in 100 cm? water in a glass beaker.

water at different temperatures and employing three different transducers, a
small but significant change in frequency was observed (Table 3.3). The precise
change depends upon the geometry of the vessel and the position of the probe
tip.

All chemical reactions, by definition, proceed to a product which differs
from the starting material, i.e. the properties of the reaction mixture change
with time, therefore, there will be a change in the acoustic properties of the
medium during the course of a reaction. As a model for this change 200 cm?
of water and dimethylformamide (DMF) at 20 kHz were separately sonicated
and the power input to each system was monitored. At instrument setting 7 it
proved possible to transmit 122 watts of power to the aqueous system, but in
DMF the power dissipated at the same setting was only 101 watts. Thus, in
order to maintain optimum performance for any sonication system where the
reaction temperature is not constant, it may be necessary, with conventional
instrumentation, to adjust the tuning of the transducer during the course of the
reaction (see Section 3.1).

The effect of changes in the sonication frequency

One of the problems associated with operating at different insonation frequen-
cies is that the physical dimensions of the transducers and horns place a real
lirnit upon the power (i.e. amplitude of vibration) which they can deliver, A
comparison of the amount of energy (calorimetric) dissipated in 100 cm® of
water at 30 °C by three different horn systems is shown in Table 3.4. In the
same table the physical consequences of this can also be illustrated experimen-
tally by observing the rate of particle size reduction for copper bronze at 30 °C.

It should not be concluded from these results that the optimum sonochem-
ical effect can only be obtained at high powers, i.e. at low (20 kIlz) fre-
quency. From these results it 1s certainly tempting to assume that the greatest
effects are achieved at lower frequencies. What must be borne in mind,
however, is that the actual ultvasonic power entering the system also depends
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Table 3.4 The effect of change in irradiation frequency on optimum power inputinto a

system
MNominal frequency Tip area Calorimetric power Intensity Particle size
(kHz) (em?) (W) (Woem3) (pm)
20 1.40 96 68.6 23.8
40 1.0C 26 26.0 37.7
60 0.75 11 14.7 43.2

Originatl particle size 60 um, concentration 2 g in 100 cm?® water, sonication time 1 hour at 30 °C.

upon the frequency—high frequencies are delivered at lower powers. Thus
in order to properly equate the effects of ultrasonic irradiation at different
frequencies the time of exposure must be considered. A report on the de-
agglomeration and dispersion of SiC has effectively made this point [3]. In
order to de-agglomerate a material with ultrasonic irradiation tow main para-
meters must be considered:

1. A threshold power level will be necessary to obtain any size reduction and
may depend on the frequency.

2. Whatever frequency is used, it is the total sum of ultrasonic energy deliv-
ered to the systern which is important.

Thus one might expect that the degree of de-agglomeration will be depend-
ent on the total energy (Gime X power), and results should be more meaning-
ful if the data are compared using this measure of the total energy. The effect
of producing the same total energy from a system using 20, 40, and 60 kHz
probes can be seen in Table 3.5, )

The results clearly indicate that even if the same total energy is used the
20 kHz probe system does appear to give a better size reduction than the 40 or
60. Significantly, however, both the 40 and 60 kHz systems give very similar
results. The same experimental comparison was also made using two different
powders, aluminivm oxide and nickel, both suspended in water. Again, the
same trend was seen. The 20 kHz probe produced a greater particle size reduc-

Table 3.5 Particle size reduction achieved at different freqguencies at same total
energy input {(Power x tima} of 480 W min

Frequency Calorimetric Time {min) [Particle size {pm)]
{kHz) power (W)} fCu] {Ni} [AlO4]
20 96 5.0 36.44 51.00 84.50
40 26 18.5 43.4% 56.64 70.96
60 11 43.6 4417 57.96 74.01

Temperature 30 °C, 100 cm?® water in a dimple celk, original particte size Cu 60 pm, Ni 70 um, Al,O5
85 pm.
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tion than the 40 or 60 kHz probe at the same energy delivered. The effect of
inzonation frequency in sonochemistry is, however, a relatively new area of
study, and indications are that in homogeneous reactions and those involving
emulsification there may well be a significant frequency effect.

3.5 The advantages and disadvantages of using an
ultrasonic probe system for sonochemistry

In the chemical laboratory the commercially available probe system is the
best method of introducing high-power ultrasound inte a chemical reaction.
Its advantages and disadvantages are summarised below.

The advantages of using an ultrasonic probe system for sorochemistry

1. The ulirasonic power delivered by a horn is directly related to the magni-
tude of vibration of the tip. This can be readily controlled by the power input
to the transducer, and so the precise power of the system can be regulated.
Maximum powers of several hundred W cm™ can be easily achieved
{depending on the size of the unit).

2. Ultrasonic streaming from the tip of the probe operated at moderate power
is often sufficient to provide bulk mixing,.

3. Most modern units have a pulse facility allowing the operator to sonicate
reactions repeatedly for fractions of a second. This gives adequate time for
‘cooling” between sonic pulses.

4. With such systems the probe system can be tuned to give optimum per-
formance. This is important in terms of reproducibility of results. Modern
equipment is normally fitted with an Automatic Frequency Regulator.

The disadvantages of using an ultrasonic probe system for
sonochemistry

1. As with all systems which operate using piezoelectric transducers, the
optimum performance is obtained at a fixed frequency. For most commercial
probe systems this is 20 kHz and, although it is possible to drive them at their
overtones (L.e. 40 or 80 kHz), the power dissipation at overtones of the funda-
mental frequency of the system is very much reduced. To operate success-
fully at different frequencies it is best to purchase individual amplifier/horn
systems tailored to individual requirements. ‘

2. As with baths thers is a problem over accurate temperature control unless
precautions are taken. The use of specially designed reaction vessels, e.g. a
Rosett cell, does atleviate much of this difficulty. The ternperature within the
reaction vessel should be continuously monitored.

3. Due to the high intensity of irradiation in the reaction close to the tip, it is
possible that radical species may be produced which could interfere with the
normal course of reaction,
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4, The cavitation which is the source of chemical activation is also the source
of a common problem with probe systems—iip erosion—which occurs
despite the fact that most probes are fabricated of titanium alloy. There are *

two unwanted side effects associated with erosion: (i) metal particles eroded
from the tip will contaminate the reaction mixture and {ii) the physical short
ening of the horn causes a loss of efficiency (eventually it will become too
short to be tuned). The latter problem is avoided by the use of screw-on tips

to the probe in the form of studs, this eliminates the need for a costly replace-
ment of the whole horn.

5. Special seals will be required if the horn is to be used in reactions involv-
ing reflux, inert atmospheres, or pressures above (or below) ambient.

6. Laboratory probe systems are generally only suitable for small batch reac-
tions, although multiple probes will cope with larger volumes.
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4 Flow systems and scale-up in
sonochemistry

1t bas been recognised for many years that power ultrasound has great poten-
tial for use in a wide variety of processes in chemical and allied industries
(Section 1.2). The interest of chemists in power ultrasound has also been
established, whether it be to improve yields, speed up chemical or physico-
chemical processes, or, as seems possible in some cases, completely switch
reaction pathways. Yet, in spite of the great amount of information available
on sonochemistry, and in spite of the very promising effects described on a
laboratory scale, the literature does not seem to provide a great many exam-
ples of industrial applications. Over the last few years a number of groups
have become interested in solving the problems of scale-up, and the purpose
of this chapter is to give an overview of the available systems that can be
used to carry out sonochemical transformations on a scale rather larger than
that used in the research laboratory [1,2].

4.1 The challenge of scale up

There are essentially two types of large-scale chemical plant: batch and flow
type. Sometimes the flow system will form a part of batch processing as a loop
attached to the main vat. In the preceding chapters we have concenirated on
laboratory-scale equipment. The results from some of these small-scale experi-
ments can be adapted for large-scale work, but in order to do so a precise
knowledge of the type of sonochemistry involved in the process is essential.
The first decision to be made when considering how a sonochemical reaction
should be scaled up is whether that reaction is in fact truly sonochemical or
simply the result of an ultrasonically induced mechanical effect. In a solid/liquid
heterogeneous reaction, for example, power ultrasound may only serve as an
efficient mixing system (for particle fragmentation, deagglomeration, and/or dis-
persion). In this situation ultrasonic pre-treatment of a slurry may be all that is
required before the reaction is allowed to take place conventionally. However, if
ultrasound has a real effect on the chemistry of the system, then arrangements
must be made to provide sonication during the reaction itself. To scale-up a true
sonochemical process, there are three main questions to be answered:

1. What wilf be the most appropriate sonolysis system for the reaction mix-
ture to be processed?




Table 4.1 Methods of introducing
ultrasound into a reaction

Dipping a vessel containing the
reaction mixture into a tank
containing a sonicated lquid (most
generally water)

Using a reaction vessel whose wails
are subjected to ultrasonic vibrations

Immersing a source of power
ultrasound into the reaction medium
itself
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2. What are the best reaction conditions?

3. What will be the energy implications of nsing ultrasound rather than tradi-
tional methodology?

These questions are not easily answered because of the number of factors
which must be taken into account when judgement is made. Thus, to attain
optimum conditions for sonication the variables which can influence cavita-
tion must be carefully studied. These variables depend upon;

1. The reaction medium: in terms of its viscosity, vapour pressure, the nature
and concentration of any dissolved gas, and the presence of any solid part-
icles before, during, or after reaction.

2. The reaction conditions: including the temperatures and pressures
involved—these may well be varied during a conventional process.

3. The type of sonic system used: this must involve consideration of both
the power and the best frequency to be used, together with the size and geo-
metry of the chemical reactor to be employed.

4.2 Sonochemical efficiency

There are only a limited mamber of ways in which power ultrasound can be
introduced into a chemical reaction (Table 4.1). Whichever method is
employed it is certain that there will be a loss in efficiency of the process
between the mains electrical power feeding the generator and the acousiic
power consumed to perform the chemical process in the reaction. The first
place where any loss in efficiency can arise is in the design of the generator
where mains power is converted into a signal to the transducer, At this stage
there is an inevitable loss of heat. The motion of the transducer will itself
involve further losses of energy in the form of heat and sound. Further ineffi-
ciency arises from the ‘coupling’ of the transducer to its load, i.e. the mass
which it is sonicating. Lastly there is the problem of whether it s in fact poss-
ible to achieve sonication throughout the whole reaction mixture, or whether
it would be easier to localise the power ultrasound into a particular region of
the reacting system.

Figure 4.1 can be considered to represent a sonochemical process from the
energetics viewpoint. The ultrasonic system transforms electrical power into
vibrational energy, i.e. mechanical energy. This mechanical energy is then
transmitted into the sonicated reaction medium. Part of it is lost to produce
heat, and another part produces cavitation, but not all of the cavitational
energy produces chemical and physical effects. Some energy is reflected and
some is consumed in sound re-emission {(harmonics and sub-harmonics).
From this, it can be appreciated that the determination of an energy balance is
not easy. Nevertheless one can define the term ‘sonochémical yield® (8Y), as:

SY = ‘measured effect’/input power in watts
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and fo reaction
transducer (heat, attenuation)

Figure 4.1 Possible energy loss during a sonochemical reaction

This is similar to the definition of ‘photochemical yield’, The measured
effect can be, for example, the number of moles of product generated per
second and the input power can be monitored and measured with a wattmeter.
To estimate the output power, i.e. the actual power enteting the system, one
has to know the conversion yield of the ultrasonic system used. This is not
always obvious since part of the energy is reflected back to the transducer,
especially when the sonicated mixture is viscous or contains a large amount
of suspended solid. Several attempts have been made to measure the overall
output power with calorimetry and several different chemical dosimeters (see
Chapter 1).

Another problem is the determination of the way in which the ‘sonic energy’
is distributed within a particular reactor configuration using a given sonic
system. One approach developed for the determination of this distribution
involves thermistor probes [31. Pugin has shown that the distribution of ulira-
sonic energy is not homogencous (Section 2.3) [4]. In some cases standing
waves may be formed, and there is a question as to whether a larger sonochem-
ical effect is obtained with standing waves or in their absence [5)]. The energy
distribution might well have some effect on the course of a chemical reaction.
Consider the case of a solid-liquid phase transfer reaction (Scheme 4.1) [2]. In
this Michael addition of the anion of pentan-2,4-dione (2) to chalcone (1) the
adduct (3) is formed and this can react further to give the cycloadduct (4). The
overall rate of this reaction is increased by sonication, but the chemical select-
ivity depends on the particular source of ultrasonic power. Thus, adduct (3} is
the only product formed in the absence of ultrasound or using a cup-horm,
whereas the cyclised adduct (4) is produced only under the influence of sonica-
tion with a probe (Table 4.2). The reason is probably that at the surface of the
hotn (diameter 12 mm) the ‘power density’ (expressed in W cm™) is higher
than at the surface of the cup-horn (diameter 45 mm). This would result in far
more severe conditions in the small volume directly under the horn, which
might then promote the cyclisation side-reaction.
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Scheme 4.1

Table 4.2  Effect of the source of ultrasonic energy on
percent production distribution in a condensation reaction

No sonication Cup-horn Probe system

B8 @ @ W @ @

52 0 69 0 72 12

This difference in product distribution points to one obvious problem when
scaling-up sonochemical processes. In an ideal situation the correct sonica-
tion conditions would be established on a laboratory scale and the input
power required would be optimised for the best sonochemical yield. The
energy input could then be characterised as the energy distribution in the
reactor, either as the energy emitted at the surface of the ultrasonic device
(expressed as W cm?2) or the energy dissipated in the bulk of the sonicated
medivm (expressed as W cm ). In the scaled-up version of the reactor, the
shape and type of device may not be directly comparable to the laboratory
reactor, and so product differences may arise.

This is less likely to be a problem when dealing with smaller sonicated
volumes such as those used with flow cells, where the geometries and ultra-
sonic sources are similar on both scales.

4.3 Large-scale uitrasonic systems

Solutions to the problem of the scale-up of sonochemical reactions do exist
but they are not so simple as the use of bigger versions of laboratory equip-
ment. In a production situation the volumes treated will be very much larger
than those considered in the laboratory, and the type of process will govern
the choice of reactor design. It could well be that some processes would be
more suited to low-intensity sonication (e.g. using a bath-type reactor or a
Liquid whistle), whereas others may need higher intensity irradiation of the
type obtained using a probe-type system.

One of the major considerations which have held back progress on the
development of large-scale sonochemical equipment has been that industrial
sonochemistry might require ‘tailor-made’ reactors to achieve optimum sono-
chemical yields for specific reactions. Such reactors would clearly involve
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considerable capital investment. Fortunately, however, a wide range of equip-
ment is already available for processing and cleaning which can be readily

adapted for sonochemistry {Table 4.3).

Batch reactors
Bused on the ultrasonic cleaning bath

In cases where only low-intensity ultrasonic irradiation is needed, batch treat-
ment could well be as simple as immersing the reaction vessel in a large-scale
ultrasonic cleaning bath. This method has been adopted for a medium-scale
Simmons-Smith cyclopropanation reaction using sonochemically activated
zine [6]. Most conventional methods for carrying out this reaction rely upon
activation of the zinc by using zinc—silver or zinc—copper couples and/or the
use of iodine or lithium. A sudden exotherm and excessive frothing are com-
mon practical problems. In the sonochemical procedure no special activation
of the zinc was required, indeed equally good—and reproducible—yields were
obtained using zinc in the form of dust, foil, mossy, or even rods. This
methodology was successfully scaled up to achieve the cyclopropanation of
methyl oleate in 0.5 kg quantities (Scheme 4.2).

— Zn, CHyl,
(CHp)yCOsCH3  —————* CH(CHya)7
DME

Scheme 4.2

CH3({CHp)7 (CH2);CO2CH,

The reactor {shown in Fig. 4.2) is a 22 litre flask immersed in a 36 % 18 x
18 inch, 50 gallon heated ultrasonic bath (3 kW, 80 kHz). The zinc metal was
cast in the form of two cones (each 900 g) which were suspended with copper
wire thus allowing them to be moved into or out of the reaction mixture. The

stirrer
@I Nitrogen
inlet
addition N
funnsl| «—— condenser
‘[ stirrer heating
[,a / coil
thermecouple
ultraschlic bath

Zinc Cones

Figure 4.2 Large scale cyclopropanation apparatus

Table 4.3 Commercially available
sonication systems

Cleaning bath (including
submersible fransducers)

Probe systems (including flow cell,
cup-horn}

Shaking tray

Liquid whistle

Flow reactor {various cross-sections)
Radial vibrating tube
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method had several advantages over the normal method of cyclopropanation *

as a result of changing from zinc powder to the metal:

(1) there was a reduction in foaming (normally associated with ethene and

cyclopropane formation);

(ii) the exotherm was more evenly distributed (only a small clean area of
metal is available throughout the reaction);

(iii) the reaction could be controlled by removing the lnmp of metal from
the reaction; and

(iv) the residoal metal could he removed from the reaction as a lamp rather
than by conventional filtration.

If the cleaning bath itself is to be used as the reaction vessel, the bath tank #:
itself would need to be constructed of a material which was inert towards the

chemicals involved. An appropriate grade of stainless steel might prove ade-
quate or plastic tanks could be used. In the latter case, however, the transfer
of ultrasonic energy from the tank walls to the reaction mixture would be
attenuated by the plastic, and so the transducers would need to be bonded to a
stainless steel or titanium plate and this assembly then bolted to the inside
wall of the tank. In addifion the tank could well require a sealed lid with addi-
tion ports, and almost certainly stirring would be required.

Reaction vessel with external fransducers

A more logical use of this concept would appear to be to simply convert an
existing reaction vessel by the addition of external transducers (Fig. 4.3). In
this configuration the walls of the vessel provide the ultrasonic energy in the
same way as the walls of a cleaning bath, This system would have the advan-
tage that facilitates for stirring and for the use of elevated temperatures and
pressures would already be avatlable.

additionport — &

stitrer —

transducers .~
honded

externaliy \

Figure 4.3 ‘Cleaning bath’ reactor
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There are, however, some major disadvantages to this type of adaptation.

1. The transfer efficiency of the acoustic energy entering the reaction will be
quite small and the presence of a stirrer or solids will cause attenuation of the
sound energy, and this may lead to a central zone which is not under sonica-
tion. This will place a limit on the maximum size of the vessel. In this con-
figuration the energy distribution will also be hard to determine.

2. I the surfaces to which the transducers are to be attached are curved then
very careful design will be required to attain the best energy transfer.

3. For heated reactions the transducers will need to be cooled and/or
removed from direct contact with the vessel walls. The use of cylindrical
extension horn {Section 3.1) will enable the transducers to be positioned
away from the vessel walls at some multiple of the half-wavelength of the
sound in the horn material.

Bath-type reactors can also be used in a flow system. In this case the react-
ing liquids could be continuously fed into an ultrasonic tank with outflow to
the next process. Such treatment could be intensified by recycling or by con-
necting a number of such sonicated tanks in line.

The submersible transducer

A useful variant to the sonicated tank is the submersible transducer assembly
described above (Fig. 2.6). In fact this offers somewhat greater flexibility
in use, since it comes as a sealed unit capable of withstanding organic
solvents—this dates from the days when halocarbon-type cleaning fluids
were in common usage. Such units can be designed to fit into any existing
reaction vessel. As with the cleaning bath, altrasonic reactors involving sub-
mersible transducers would require some form of additional (mechanical)
stirring.

Fluidised bed reactor

A sonochemical reactor has been designed which utilises an externally cooled
conical shape vessel with a probe at the base (Fig. 4.4) [7]. The system is of
the cup-horn type except that the cup is in the shape of a cone constructed
with an internal angle which allows optimum radiation of the acoustic field
giving plane waves in the reaction chamber. All fluid reactants enter the reac-
tion chamber via a concentric inlet around the probe, and the fluid motion
keeps reacting solids suspended in the active sonication zone. In essence the
system operates rather like a fluidised bed allowing liquids to mix intimately
with suspended solids thereby giving very efficient sonochemical conditions.
One obvious application area for this system is Grignard syntheses where the
magnesium metal is the suspended material,

Batch reactors incorporating a probe system

The ultrasonic probe systern, with the various types of horn design available
to amplify vibrational amplitude (see Chapter 3), is one of the most effective
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Figure 4.4 Conical reactor with fluidised bed sffect

methods of introducing high-power ultrasound into a liquid. Despite this
there are some severe restrictions in usage for large-scale batch treatment:

1. The high energy density produced from a single probe tip is unlikely to be
capable of delivering sufficient energy density to affect the whole of a large
reacting volume, despite the circulation induced by streaming. Unlike the
bath system described above, a probe reactor tends to have its ‘dead zones’
on the periphery of the vessel (Fig. 4.5).

2. In some reactions an optimum power level can be reached {which depends

on the system) beyond which increased power input actually reduces the
yield (see Section 1.4).

horn

possible
"dead"”
zones

circulation

|

Figure 4.5 Probe batch reactor

» Sonochemisti

3. At high power, erosion of metal from the probe tip could Contéﬁﬁﬁafe_tﬁ_
reaction and may also necessitate frequent probe or tip replacement. Hig

cavitation energies may also cause some unwanted radical formation and/or™ "=

solvent decomposition.

Flow systems

For larger scale operations where high intensity ultrasound is required, the
sonic horn, or indeed any other source of high power ultrasound, is best
utilised as part of a flow loop outside of the main reactor (Fig. 4.6). This
permits the processing of large volumes and provides significant advantages
compared with the use of probes in a batch configuration. In a flow system,
high intensity sonication can be provided at controllable power by the adjust-
ment of either input power to the transducer system or the flow rate through
the cell. In addition temperature control is provided through the circulating
reaction mixtare or using a pulse option. There are also some disadvantages
to the use of a flow system, the most common of which is that pumping is
required for circulation through the flow loop and so it is not suitable for
either very viscous reaction media or heavily articulate systems.

In the schematic flow system shown the ultrasound generator can be one of
several different configurations (Table 4.4). These possibilities are explored
below.

Flow cell attached to a horn system

A simple option for the initial investigation of flow treatment is the flow
cell which is generally available as an option for laboratory probe systems
(Fig. 4.7).

There are certain disadvantages to using a probe in the flow system apart
from the problems with medium viscosity and particle circulation, These
have already been mentioned for probe systems themselves, i.e. high power

conventional stirrer
reaction vesse| /

uitraseund
generator

"active”
volume

heat
exchangst

pump ———

Figure 4.6 Schematic flow loop system

Table 4.4 Ultrasonic processors
for use in flow loops

Flow celt with probe

Resonating tube reactor of different
cross-sectional geometry

Cylindrical resonating bar inserts
Liquid whistle
Vibrating tray
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Figure 4.8 Cross-sectional
geometries for flow reactors
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Figure 4.7 Flow cell attachment for probe system

treatment can produce tip erosion, some solvent decomposition, and the
generation of radical species.

Resonating tube reaciors

This type of system provides the greatest hope for general usage of ultrasound
in the chemical industry. Essentially the liquid to be processed is passed
through a pipe with ultrasonically vibrating walls. In this way the sound energy
generated from transducers bonded to the outside of the fube is transferred
directly into the flowing liquid. Two design engineering problems are associ-
ated with this type of sonicator (i) the correct mounting of the transducers on
the outer tube and (ii) the length of the tube must be such that the ends are at
nodal points in the sound wavelength in the unit. This will eliminate vibra-
tional problems associated with the coupling of the unit to existing pipework.
Generally the commercial tube reactors are constructed of stainiess steel, for
chemical processing, however, other materials such as titanium can be used.
Each of the following systems requires that ultrasonic energy is introduced
into a flowing system by vibrations induced in the walls of the pipe carrying
the reaction medium. With the correct length and fittings these flow reactors
may be easily retrofitted to a chemical processing rig. The cross-sectional
geometry for the pipe is generally one of the four shown (Fig. 4.8). Each of
these has been used and each has its own good and bad points, but in general
the bonding of transducers to a flat surface is easier than to a cylindrical tube.

() Rectangular cross-section, The transducers face each other in this
geometry and so there is the possibility of severe erosion of opposite faces
unless the design is optimised. If the pipe is not seamless, then high powered
ultrasonic vibration is likely to find weaknesses in the construction, particu-
larly at corner joints.
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One application for such a sonicated tube is in waste water treatment where
large quantities of sewage sludge are produced which mainly consist of flocen-
lent microorganisms. Anaerobic fermentation is the most commonly applied
process for stabilization of sewage sludge, but this is a slow process with resi-
dence times in anaerobic digesters of about 20 days. A rectangular flow
processor operating at 3.6 kW and 31 kHz at an intensity of 7.5 W ¢ has
been developed to pre-treat and disintegrate the sludge before digestion [8].
This reduced the residence time in the fermenter to 8 days thereby permitting a
suhstantial increase in throughput,

An alternative type of rectangular reactor employs opposite emitting faces
with different ultrasonic frequencies known as the Nearfield Acoustic
Processor (NAP) (Fig. 4.9). This system can be visualised as two sonicated
metal plates—each similar to the base of a cleaning bath—these enclose a
flow system. The plates are driven at different frequencies—normally 16 and
20 kHz. In effect the plates can be regarded as the bases of two ultrasonic
baths facing toward each other and separated by adjustable spacers. Under
these conditions any lignid flowing between the plates is subject to an ultra-
sonic intensity greater than that expected from a simple addition of the single
plate intensities. The ultrasound ‘reverberates’ and is magnified in its effect.
An additional benefit is that with vibrating plates the size of table tops, the
system can cope with a very large throughput of material.

(i) Pentagonal cross-section. In this type of system the acoustic field is
fairly even throughout the cross-section because the emitted wave does not
impinge directly on the opposite face (Fig. 4.10). The dimensions of such a
system are dictated by the space requirements for the transducers. Thus using
40 kHz transducers the cross-section has a minimum value of approximately
9 ¢, and such a system with a volume of 1.5 litres has been used for pro-
cessing [2]. Applications for this type of processor include pasteurisation,
crystallisation, degassing, dispersion, and emulsification.

(i) Hexagonal cross-section. A reactor of this type provides a ‘focus’ of
energy in the centre of the pipe—unlike the pentagonal style. Such a focus

20kHz transducers

reaction
mixture

.

dainless
adjustable geel plates

spacer

16 kHz transducers
Figure 4.9 Nearfleld Acoustic Processor (NAF)
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Figure 4.10 Pentagonal reactor

means that very high intensities can be developed away from the tube walls
without the associated problems of rapid cavitational erosion on the inner
surface of the walls. When the reactor is produced in the form of an ultra-
sonic bath, the reaction medium can be located in a vessel at the focus of the
energy either for batch treatment or as the sonochemical reactor of a flow
system (Fig. 4.11).

(iv) Cylindrical cross-section. To make a permanent bond for a high
power transducer to a curved surface is not easy. Fortunately the geometry of
the tubular configuration, just as with hexagonal, means that low power can
be used at the surface because the unltrasonic energy is focused toward the
middle of the tube. A resonating pipe of 6 inch diameter operating at 25 kHz,
has been developed for the degassing of liquids [9]. Another has been
installed on offshore oil drilling rigs for the de-agglomeration of drilling
mud. This process is required so that the jettisoned mud disperses with the
movement of the sea and does not simply sink to the seabed under the plat-
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Figure 4.11 Hexagonal reacior
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Figure 4.12 |_arge scale tube processor

form. Accumulations of mud around the platform legs present a problem to
sea life and eventually rig maintenance. The tubular reactor meets strict stan-
dards of operation for use in hazardous areas, and consists of four modules
each one rated at 2 kW and composed of a stainless steel tube of | metre in
length and 12 cm diameter with an array of piezoelectric transducers bonded
to the outside and enclosed in a casing (Fig. 4.12) [10].

An alternative approach to generating a vibrating pipe is to use a fluid to
couple energy from a transducer to the outer wall of the reactor. This avoids any
direct bonding to the surface. Such a reacior was developed from an ultrasonic
wire cleaning system (Fig. 4.13). Transducers transfer energy to the cylindrical
reactor tube via a coupling fluid. This same coupling fluid can be circulated and
refrigerated to provide cooling during the sonochemical processing.

When a probe system is used as the source of energy and coupled through
a fluid to a pipe, the advantage of controllable power is added to temperature
control (Fig. 4.14). Like all systems based on probes, however, this unit will
suffer from erosion of the horn tip and, in the long run, this might prove
expensive in terms of ‘down-time” for repair and replacement.

When very high ultrasonic energy is applied to a fluid through a pipe one
unavoidable problem is the generation of heat, This can be overcome if the

rranaducers
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Figu_fé' 413 Tube reactor with liguid coupling
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Figure 4.14 Tube reactor with liquid coupling to probe systems

pipe has a tube in its centre carrying cooling liquid (Fig. 4.15). The cooling
system occupies the space which would otherwise be the focus of acoustic
energy. In acting as both a temperature control and a co-axial reflector of the
sound energy this could well prove to be an efficieni design for a flow
reactor. The annular space between the resonating pipe and the cooling tube
can be used to hold solid reagent or catalyst while the reaction mixture is
pumped through the system.

There is another method of transmitting ultrasonic vibrations into a tube
using a probe system, The horn is directly attached to an annular collar which
acts as a cylindrical resonator (Fig. 4.16). The collar has screw fittings to take
one or two stainless steel pipes accurately machined so that the remote end is
a null point and may be further coupled to other pipework. At an operating
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Figure 4.15 Cylindrical reactor with core cooling
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length of 1.2 metres and internal tube diameter of 42 mm the unit can be
driven at 2 kW per 1.2 metres with 80 per cent efficiency. The maximum
resonance power then operates on the flowing liquid at half~wavelength dis-
tances along the tube. An advantage for this system is that when the steel
tubing becomes ercded it can be easily replaced.

Resonating bar inserts

In order fo introduce ultrasound into a medium flowing through a tube it is
only necessary to place a vibrating source (e.g. probe) in contact with that
liquid. A neat method of doing this is via the coaxial insertion of a radially
emitting bar into the pipe containing the flowing lquid; this would require
minimal change to existing pipework. This type of system was originally
developed as a form of submersible transducer for cleaning the inside of
barrels and tubes immersed in a cleaning fluid,

One system, developed by the Swiss company Telsonic, consists of a
hollow, gas filled, tube sealed at one end and driven at the other by a standard
piezo transducer (Fig. 4.17). The device looks like a conventional probe
system, but is significantly different in that the sealed end is at a point of
minimum motion and is not the major source of vibrational energy. Instead
the ultrasound is emitted radially at half-wavelength distances along its
length. There is the potential to unblock the end and use the system as a flow
tube. Designed and marketed for cleaning, there is currently no information
on its potential for chemical applications.

A design introduced by the German company Martin Walter involves a
cylindrical bar of titanium (cut to a precise number of half-wavelengths at the
frequency used). Opposing piezoelectric transducers are attached at each end
connected through a ¢central wire (Fig. 4.18). With these transducers operat-
ing together in a push-pull mode the ‘concertina’ effect makes the bar of
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Figure 4.18 Push-pull resonating bar insert

metal expand and contract at half-wavelengih distances along the entire
length, Any erosion in this system would not affect the resonant length, and
since the bar is essentially solid metal, material loss by erosion is not a major
probiem.

The liquid whistle

The liquid whistle was originally introduced as an efficient mixing/
homogenisation system and this still remains one of its main applications.
The construction and mede of action of the instrument has been described in
Chapter 1. These devices differ markedly from the more usual bath and
probe types in that they derive their power from the medium {by mechanical
flow across the blade) rather than by the transfer of energy from an external
source to the medinm. The majority of the chemical effects observed on
using whistle type transducers for the sonication of heterogeneous reactions
can be attributed to the generation of very fine emulsions rather than the
ultrasonic irradiation itself. The use of the liquid whistle type of ulirasonic
generators for homogenisation has increased dramatically since the Second
World War. it was as far back as 1927 when Wood and Loomis reported that
oil and water could be emulsified on sonication in the same beaker using
quartz piezoelectric transducers [11]. However, at that stage in the develop-
ment of ultrasonic equipment it was quite difficult to see how transducers
driven by quartz crystals could be employed on an industrial scale, and so
ultrasonic homogenisation remained a curiosity until 1948, In that year
Janovski and Pohlmann highlighted the economic advantages to be gained
from the use of a liquid whistle compared with magnetostrictive transducers
of the type available at that time [12]. In 1960 a series of experiments was
undertaken to compare four methods then in common usage for the emulsifi-
cation of mineral oil, groundnut oil, and safflower oil [13]. The results
proved that a homogeniser, which operated via a liquid whistle, was superior
to three other types of apparatus namely a colloidal mill and two types of
somicator, one of which employed a quartz crystal and the other a barium
titanate transducer.

Sonochemistry 89

The method has several advantages over flow systems involving probes:

1. The system was specially developed for such processes as emulsification,
homogenisation, and dispersion,

2. With no moving parts, other than a pump, the system is rugged and durable.

3. It can be used for the processing of flow systems and, as such, has imme-
diate possibilities for scale-up and can be installed ‘on-lTine’, In this way large
volumes can be processed as is the case in the manufacture of such items as
fruit juices, tomato ketchup, and mayonnaise.

The intensity of sonication is not as high as that of the probe, however, and
this leads to some disadvantages:

1. The vlirasonic power obtained from such a syster is limited, so that nltra-
sonically initiated and driven reactions are less likely to be effected by
whistle sonication.

2. The optimam frequency of blade vibration (normally designed to be
20 kHz) relies upon a rapid pumping of the reaction. Clearly this is not poss-
ible for viscous materials.

3. The underlying mode of action, involving as it does the flow induced cavit-
ation near a steel blade, immediately suggests that there may be a problem of
blade erosion by particulate matter. This does not seem to be a major problem
in working systems.

The vibrating tray

This device was originally designed by the Lewis Corporation for the process-
ing of coal or metal ores at rates up to 20 tons per hour (Fig. 4.19) [14]. In the
particular case of coal recovery from waste tips, the process involves mixing
the coal ‘waste’ with equal quantities of water and, after crude screening to
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remove rocks, allowing gravity to carry the mixture down the vibrating tray
(20 kHz). With a residence time of only a few seconds this process yields mar-
ketable low-ash coal product, with clay and sand suspended in the wash water
which can be allowed fo settle in a pond from which the water is recycled for
further processing.

The vibrating tray is generally used under ambient conditions and is both
large scale and extremely robust. Design modification to allow the unit to be
installed within a pressure vessel would permit the processing to be used at
elevated temperatures with complete containment of vapours. This then
becomes a piece of heavy-duty chemical processing equipment for solid/liquid
reactions or extractions.

4.4 Low-frequency high-power processing system

A significantly different system has been introduced to large-scale processing
by Arc Sonics of Canada, and this involves audible frequency vibrations gen-
erated in a large cylindrical steel bar. The bar is driven into a clover leaf type
of motion by firing three powerful magnets in sequence which are located at
each end of the bar. The bar is supported by air springs, so that the ends and
the centre are then caused to rotate at a resonance frequency depending on the
bar’s size (Fig. 4.20). One such unit, operating at a power of 75 kW, drives a
bar which is 4.1 m in length and 34 cm in diameter at its resonance frequency
of 100 Hz. The bar itself weighs 3 tonnes and produces a vibrational ampli-
tude of 6 mm. Other units using smaller sized bars operating at higher,
though still audible, frequencies have also been built. These vibrating bar
systems can be used in chemical processing applications by fixing a robust
cylindrical steel cell to each end of the bar. Material in the form of a liquid or
slurry can then be pumped through the cells in order to perform operations
such as mixing, grinding, and the destruction of hazardous waste. Hard spher-
ical grinding balls are often added to the cells to assist in these processes.
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Figure 4.20 Low frequency high powser system
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The large 75 kW version was used in the mining industry. Ore is first ground
by ball mills down to about 110 microns and then it is put through a fiotation
circuit. Some ground ore fails the flotation process, this is usually oversize and
goes to ‘regrind’. This is where the equipment was nsed (it is not suitable for
the primary grinding process where large lumps of ore are processed). The
equipment performed well, operating for a 24 hour production of 100 tonnes
per day with a power saving estimated at 20 per cent over the ball mill. Other
examples include the grinding of sand from 100 microns down to 1 micron or
less, suitable for use as silica fume; limestone and tale from 250 microns down
to 5 microns, which would enable the use of these materials as paper fillers;
and the grinding of sodium metal in oil to create a dispersion.

The above results would suggest the equipment is operating in a purely
mechanical sense, since while the results are clearly sonoprocessing they are
not chemistry, There are, however, other examples where the link with chem-
istry is closer, e.g. in water remediation. One such application is the decoloris-
ation of water contaminated with dye. Using a 20 kW, 430 Hz sonicator fitted
with a 3.2 litre reactor and supplied with ozone from a laboratory-scale gen-
erator, experimenis were carried out on seven dyes, representative of those
used by the textile industry. Basic, acid, direct, and even some disperse dyes,
which tend to have low solubility, were all rapidly decolorised. For most of
the dyes the toxicity of the decolorised dye to micro-organisms was the same
as, or less than, the dye solution. This would make them suitable for further
treatment on site or for immediate discharge to a publicly operated treatment
plan. The amount of ozoue required to achieve decolorisation ranged from
1.1 to 1.9 kg of ozone per kilogram of dye. It is suggested that 2 kg of ozone
per kg of dye be used in estimating costs and in the design of equipment,
The rate of dye destruction was about 20 times faster than in a simple
mechanically stirred gas to liquid contactor. The rate is sufficiently great for
shert residence times of less than 60 seconds to be possible in a continuous
flow process with an industrial ozonizer and for dye concentrations within the
range typical of wastewater from textile dyeing plants.

4.5 Future prospects

So what conclusions can be drawn about the future of sonochemistry in
industry. The current main areas of interest are in synthesis, mixing, crys-
tallisation, electrochemistry, and environmental remediation. The newer areas
which are attracting attention are improved mass and heat transfer, the gener-
ation of new nanoparticle catalysts, therapeutic uvltrasound, and the extrac-
tion of natural materials.

At this stage in the development of sonochemistry it seems that the prob-
lem is mainly an econom'i_c_'__one. If, for each different reaction, a ‘tailor-made’
reactor was needed to achieve optimum sonochemical yields, then equipment
manufacturers would need a lot of persuasion to become involved in one-
offs. Fortupately, however, although the effects of some variables, including
the nature and the shape of the sonoreactor, must be very well defined, there
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is no doubt that such equipment can be derived from the existing selection of :':;;
systems which are quite wide ranging in type. For large vat type reactors, the -

‘sonic energy’ cannot be distributed readily, but this can be partiaily over-
come by the use of smaller sonication cells and the recycling of materials,
This is the principle used in the flow reactors.

Two aspects of sonochemistry which are often cited as problems by indus-

trialists are (i) noise and (ii) cavitational erosion in the reactor. It must be - o

acknowledged that all the sonic systers (with the possible exception of liguid

whistles) are rather noisy in operation. However, the noise problem is easily.

overcome by the use of adequate sound-proofing, indeed sound-proof casings
are already used in the case of industrial cleaning baths, The erosion of the
reactor walls by cavitation is more difficult to avoid but is only a serious
problem for very high power work. The rate of erosion depends on ultrasonic
power, pressure (it increases rapidly with increasing pressure), nature of the
reaction mixtare, and the type of suspended solid. This could be a serious
problem with large-scale reactors, but it can be minimised by using some of
the devices described above which rely on focused power. Although much
remains to be done, the prognosis for the scale-up of sonochemistry is good.
The combined efforts of chemists, physicists, and engineering equipment
suppliers should ensure that industrialists have power ultrasound as a viable
option in the design of the chemical plants of the future.
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