
Ultrasonics Sonochemistry 10 (2003) 203–208

www.elsevier.com/locate/ultsonch
Electrochemical, luminescent and photographic
characterisation of cavitation

Peter R. Birkin a,*, John F. Power a, Mamdouh E. Abdelsalam a, Timothy G. Leighton b

a Department of Chemistry, University of Southampton, Highfield, Southampton SO17 1BJ, UK
b ISVR, University of Southampton, Highfield, Southampton SO17 1BJ, UK

Received 13 July 2002; accepted 6 December 2002
Abstract

The characterisation of a small sonochemical reactor has been performed using electrochemical, luminescent and photographic

techniques. The electrochemical experiments have employed a novel flow system to determine the formation of sonochemical

products (in this case hydrogen peroxide) in semi-real time with high sensitivity. The rate of production of hydrogen peroxide is

reported as a function of driving pressure amplitude. The degradation of an organic molecule, specifically the organic dye amaranth,

within the sonochemical cell is also reported.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The generation of cavitation through the application

of power ultrasound is an appealing way of accelerating

or driving a range of physical and chemical processes [1].

The acceleration and possible alteration of mechanistic

pathways are strongly associated with the unusual con-

ditions produced as the result of oscillating or collapsing

cavitation bubbles [2]. However because of the complex

nature of this particular environment, it is often difficult
to determine the extent and the actual effect of cavitation

on the phenomena in question. Clearly if cavitation is to

be fully exploited and developed as a useful industrial

and academic technique, the understanding of the com-

plex and interacting processes that occur within this

unusual environment is paramount. It is with this aim in

mind that the study presented here was performed.

In the study of sonochemical reactions, many diffe-
rent approaches and experimental set ups have been

reported. The range of different ultrasonic frequencies

employed best demonstrates this variation in approach

to investigating the effects of cavitation on chemical
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processes [3–9]. Frequency ranges from >1 MHz to 20

kHz can be found as well as differing experimental
arrangements such as �ultrasonic horn� or �ultrasonic
reactor� approaches. However, in many cases the char-

acterisation and consideration of the spatial and tem-

poral nature of the sound field that operates within these

environments is lacking. This is unfortunate as without

this consideration accurate explanations of the experi-

mental findings are difficult to achieve. It is suggested

here that an understanding of the acoustics of the sono-
chemical reactor is paramount to the appropriate ex-

planation of experimental results.

In the study reported here an electrochemical ap-

proach to the detection of a sonochemical product (in

this case hydrogen peroxide) has been employed within

a small cylindrical sonochemical reactor. The electro-

chemical detection of hydrogen peroxide is routinely

performed in the assaying of enzymatic reactions and
the investigation of the mechanism of oxygen electro-

reduction [10,11]. However, in order to combine

electrochemical detection of hydrogen peroxide with the

sonochemical system, the technique must satisfy a

number of criteria. First, the electrochemical technique

must be sensitive enough to detect the low levels of

hydrogen peroxide expected. As an example Sato et al.

have reported hydrogen peroxide production rates of
erved.
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the order of 90 nmol cm�3 h�1 [5]. Clearly any technique
designed to investigate the production of hydrogen

peroxide must be sensitive at this level. Second, as hy-

drogen peroxide is notoriously unstable, rapid assess-

ment of the concentration of this compound is desirable.
Lastly, the technique must be reproducible within the

sonochemical experimental apparatus employed. These

criteria led us to the development of an electrochemical

flow cell system attached to the sonochemical cell

[12,13]. This system has a number of advantages in

comparison to the �standard� in situ sonoelectrochemis-

try. If the electrodes are placed within the cell then the

mass transfer characteristics are extremely dependent on
position and time as the cavitation process tends to

generate high localised rates of mass transfer to the

electrode surface and in some cases detrimental surface

erosion [14–16]. Careful calibration of the system is re-

quired prior to determination of sonochemical reaction

rates [17]. To meet these challenges we have employed

an electrochemical flow cell system coupled to the so-

nochemical cell. This has a number of advantages. Al-
though the mass transfer coefficients within the cell are

small in comparison to those found in cavitation envi-

ronments, they are steady state and well characterised.

In addition because of the small size of the piping in-

volved, little or no disturbance of the sound field within

the sonochemical reactor is apparent. Lastly the sono-

chemical reaction is essentially �frozen� once the liquid

enters the flow system as the wavelength of the sound
employed is large compared to the dimensions of the

piping leading to a large impedance mismatch. This

system has been successfully employed to study a

number of sonochemical reactions including the Fricke,

the Weissler and the detection of H� [12,13].

Luminescent emission from the sonochemical reactor

is also used to characterise the system [18–21]. In this

case the light output from multibubble sonolumines-
cence (MBSL) is used to predict the conditions under

which maximum sonochemical effect would be expected.

In addition, imaging of the cell enables the sound field

to be shown [18]. The results of this study are now

presented.
1 It is known that due to the finite size of the element within the

hydrophone, pressure measurements within the cell will be subject to

spatial averaging [2,18] and the spatial peak (given here as 0 to peak

amplitude) will be an underestimate of the real value.
2. Experimental

The experimental set up has been reported in detail

elsewhere [12,13,18,19]. The electrochemical measure-

ments of hydrogen peroxide production were recorded
in an electrochemical flow cell while the degradation of

the organic dye species was followed by using a thin

layer flow cell coupled to a diode array spectrometer

[22]. The wavelength of the maximum amaranth absor-

bance (520 nm) was followed as a function of time in the

absence and presence of ultrasonic irradiation. Pressure

measurements were recorded on a Bruel & Kjaer 8103
hydrophone 1 connected through a Bruel & Kjaer 2635

charge amplifier to a Tektronix TDS 224 digital oscil-

loscope. The ultrasonic reactor consisted of a double

walled glass cylindrical cell (5.8 cm internal diameter,

8.5 cm external diameter and height 12 cm) with an ul-
trasonic transducer (Morgan Electro Ceramics Ltd.,

resonance frequency �27 kHz) attached to the base

using Struers epofix.

Unless stated otherwise all experiments were per-

formed using an aerobic solution (100 cm3) pH 5.5 ci-

trate/phosphate buffer thermostated at 25 �C [23]. Citric

acid (BDH, AnalaR), Na2HPO4 (BDH, GPR), Na2SO4

(BDH, AnalaR), FeSO4 � 7H2O (BDH, AnalaR), H2SO4

(BDH, AnalaR), Catalase (Sigma) and Amaranth

(Aldrich, 80%) were used as received. All solutions were

made up using water purified through a USF Elga Op-

tion E10 water purification system. This system pro-

duced high purity water with a resistivity >15 MX cm.
3. Results

Fig. 1 shows voltammetry of a Pt 0.5 mm diameter

electrode depicting the electrochemical oxidation of

hydrogen peroxide in a pH 5.5 buffer. The oxidation of

hydrogen peroxide can be seen to occur at potentials

>þ0:3 V vs. SCE. Limiting oxidation of hydrogen per-

oxide occurred at potentials in excess of þ0.6 V vs. SCE.

The peak current (0.69 lA) can be compared to the
theoretical peak current predicted [24] by Eq. (1) using

a diffusion coefficient for hydrogen peroxide of

1:46� 10�5 cm2 s�1 [25] and c ¼ 1� 10�3 mol dm�3,

ip ¼ 2:69� 105n3=2AD1=2m1=2c ð1Þ
where n is the number of electrons (in this case 2), A the

electrode area, D the diffusion coefficient, m the sweep

rate and c the concentration of hydrogen peroxide em-
ployed. Using Eq. (1) a peak current of 1.25 lA is pre-

dicted. This deviation may be due to surface limited

processes described previously [25].

In order to quantify the electrochemical detection of

hydrogen peroxide, a calibration experiment was per-

formed. In this case a 100 cm3 solution of pH 5.5 citrate/

phosphate buffer [23] was pumped through the flow cell.

The electrode employed (0.5 mm diameter Pt) was held
at þ0.8 vs. SCE, a potential that corresponded to mass

transfer limited oxidation of hydrogen peroxide (see Fig.

1). The response of the electrode was monitored as a

function of time as a known solution of hydrogen per-

oxide was titrated into the flow system. Fig. 2 shows the

current time plot recorded from such an experiment.
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Fig. 2. Plot showing the current recorded as a function of time as

hydrogen peroxide was injected into the flow system (the arrows show

the first three additions of hydrogen peroxide). The hydrogen peroxide

was detected at þ0.8 V vs. SCE at a 0.5 mm diameter platinum elec-

trode. Time was allowed for the current to reach a pronounced plateau

before additional H2O2 was added to the flow system. The insert il-

lustrates the increase in oxidation current as a function of H2O2

concentration.
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Fig. 1. Plot showing the cyclic voltammograms of a 0.5 mm diameter

Pt electrode in pH 5.5 citrate/phosphate buffer. (- - -) represents the

voltammetry of the buffer alone while (––) represents the voltammetry

of the buffer with 1 mmol dm�3 H2O2 added. The voltammetry was

recorded under aerobic conditions at 50 mV s�1 and at 25 �C.
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The insert in the figure shows the calibration plot de-

rived from the plateau currents produced by the addi-

tion of hydrogen peroxide. An approximately linear

relationship between hydrogen peroxide concentration

and current can be observed. However, it is known that

the oxidation of hydrogen peroxide on platinum relies

on a surface process that can be saturated at high hy-

drogen peroxide concentrations [25]. However, the low
level of hydrogen peroxide employed ensures that this

effect is not significant but may be responsible for the

slight deviation from linearity observed in the calibra-
tion plot shown as an insert in Fig. 2. The calibration

plot has a slope (CR) of 1:4� 10�3 Amol�1 dm3. This

value can be used to calculate the rate of hydrogen

peroxide generation in later experiments.

Fig. 3 shows the luminescent MBSL output of a cy-
lindrical sonochemical cell as a function of frequency

from 120 to 128 kHz. A maximum in the light output of

the cell occurred at �124 kHz. It is known that the rates
of sonochemical reactions can be predicted by moni-

toring the MBSL output of the reactor [19–21]. Hence

124 kHz was chosen for investigation of the sono-

chemical rate of hydrogen peroxide generation as a

function of drive pressure amplitude (see Fig. 5). The
insert in Fig. 3 shows images of the cylindrical cell in (a)

room light and (b) under dark room conditions used

when measuring luminescence. Fig. 3(b) shows a series

of bands (as viewed from the side). These are charac-

teristic of the modal sound field present within the cell.

Further discussion of the sound field within such a cy-

lindrical cavity can be found elsewhere [18].

Fig. 4 shows the current time trace observed when a
pH 5.5 solution was exposed to power ultrasound. In

this case the solution initially contained no hydrogen

peroxide. Fig. 4 shows that after a �30 s delay (caused

by the flow path of the solution through the pump

system and into the electrochemical cell) an anodic de-

viation in the current was observed. This was attributed

to the production of hydrogen peroxide from the cavi-

tation process and subsequent oxidation on the surface
of the platinum electrode. This was further confirmed by

the addition of catalase (an enzyme that catalytically

decomposes hydrogen peroxide) to the solution. After

mixing and the flow system delay time have been passed

the current can be seen to return rapidly to the baseline

as the enzyme removes the hydrogen peroxide generated

by the sonochemical action within the cell. This confirms

that the signal observed is the result of hydrogen per-
oxide generation within the sonochemical reactor. Fig. 4

also shows that the rate of hydrogen peroxide produc-

tion within the sonochemical cell is linear as a function

of time. The gradient of the current time transient re-

corded (SCR) can be measured and used with Eq. (2) to

determine the actual hydrogen peroxide generation rate

within the sonochemical reactor.

Rate of hydrogen peroxide production ¼ SCR

CR
ð2Þ

In this case the maximum rate of hydrogen peroxide is

of the order of 100 nmol dm�3 s�1.

Fig. 5 shows how the rate of production of hydrogen

peroxide varies as a function of the amplitude of the

acoustic driving pressure measured within the cell using

a calibrated hydrophone. 1 Fig. 5 shows that above

pressure amplitudes of �1.1 bar the rate of generation of
hydrogen peroxide increase rapidly. However, a plateau
region at acoustic pressures in the range 2.6–3.2 bar was



Fig. 3. Plot showing the MBSL output of the cell as a function of time as the ultrasound irradiation of the cell was chopped on and off. The ir-

radiation frequency is reported in the figure (in kHz). The insert in the figure shows images recorded of the sonochemical reactor. Image (a) cor-

responds to the cell pictured in the light while image (b) shows the MBSL activity at 123 kHz recorded under dark room conditions. The scale bar

represents 4 cm.
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observed. Clearly at very low acoustic pressures the

cavitation is unable to generate the conditions required
to drive the pyrolysis of the water vapour within the

cavitation bubble. As a result no OH� radicals are

formed and in turn no geminate formation of hydrogen

peroxide can be detected. The reason for the presence of

the plateau region at high acoustic pressures is unclear.

One possible explanation could be that at high pressures

the dense bubble population shields large volumes of the

solution from the true acoustic field. This would cause a
saturation mechanism to be triggered. However, further

complementary evidence is unavailable at this time. The

maximum rate of hydrogen peroxide is �120
nmol dm�3 s�1 under the conditions stated. This corres-
ponds to 432 nmol cm�3 h�1, which can be compared to

the maximum rate of 90 nmol cm�3 h�1 reported by Sato
et al. [5]. However, direct comparison between the two

results is difficult as they were performed under different
experimental conditions. Nevertheless the results re-

ported here show a factor of �5 increase in the rate of
hydrogen peroxide production.

While monitoring the build up of hydrogen peroxide

is interesting from a fundamental standpoint of under-

standing the sonochemistry within a particular reactor,

it also has important industrial applications. One such

example is the destruction of organic molecules

[7,8,21,22]. Ultrasound is known to destroy organics

through the generation of cavitation and the subsequent
production of the extremely oxidising hydroxyl radical

(OH�, redox potential þ2.8 V [26]). However, the ge-

minate coupling reaction forming hydrogen peroxide

clearly removes two radicals for every hydrogen perox-

ide molecule produced. While this is a potential disad-

vantage, as the oxidising power of hydrogen peroxide

alone is relatively low, destruction of organics using

hydrogen peroxide can be efficient if catalysed with a
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Fig. 4. Plot showing the current recorded as a function of time for the

electrochemical detection of sonochemically generated hydrogen per-

oxide. The ultrasound was turned on at time t ¼ 0 s. The potential of

the electrode was held at þ0.8 V vs. SCE. The ultrasonic frequency was

125 kHz and the voltage amplitude was 110 V corresponding to

acoustic pressure amplitude of 2.45 bar. 1 An excess of catalase was

added at �A�.
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Fig. 5. Plot showing the rate of hydrogen peroxide production as a

function of the acoustic pressure amplitude 1 (d) or drive voltage

amplitude (	) at 124 kHz. Error bars represent one standard deviation
calculated using repeat measurements.
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Fig. 6. Plots showing the variation of the normalised plots (considering

first order kinetics) as a function of time for various treatment con-

ditions. In each case a 100 cm3 of an aerobic thermostated (25 �C)
solution consisting of 0.1 mmol dm�3 amaranth, 50 mmol dm�3

Na2SO4 and 10 mmol dm�3 H2SO4 (pH 2) was employed. (�) repre-

sents no irradiation of the liquid, (N) represents ultrasonic irradiation

at 125 kHz (3.18 bar) while (d) represents ultrasonic irradiation at 125

kHz (3.18 bar [22]) in the presence of 0.5 mmol dm�3 FeSO4.
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suitable ion. One such system is the employment of Fe2þ

to produce Fenton�s reagent [22,27,28]. Fig. 6 shows the
kinetic plot for the destruction of the dye (specifically

amaranth) in the presence and absence of Fe2þ. Fig. 6
shows that ultrasound can remove the dye molecule

from the solution with a rate constant of 2:23� 10�3

min�1 (N), assuming first order kinetics [29]. However,

the addition of Fe2þ shows a dramatic increase of an
order of magnitude in the rate of destruction of the dye
molecule with an associated rate constant of 1:97� 10�2

min�1 (d). This demonstrates that under the appropri-

ate conditions, the hydrogen peroxide produced through

ultrasonic irradiation of a liquid can be activated by the

addition of Fenton�s reagent thus improving the overall
efficiency of the ultrasonic process. This is in agreement

with previous studies on other dye systems [22,28].
4. Conclusions

The results presented here show that the production

of hydrogen peroxide can be conveniently followed by

an electrochemical flow cell technique. The highest rate

of hydrogen peroxide generation occurred at 124 kHz

under the conditions stated. A maximum rate of hy-

drogen peroxide production of 120 nmol dm�3 s�1 was
recorded at an acoustic pressure amplitude 1 of 3.2 bar.

The production of hydrogen peroxide can be utilised

under the correct conditions to enhance the sonochemi-

cal degradation of the organic dye species amaranth

with a maximum rate constant of 1:97� 10�2 min�1.
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