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In this study, a mechanistic approach has been taken to enhance yield of a sono-
chemical reaction. Formation of highly reactive free radicals due to the transient col-
lapse of cavitation bubbles is the primary mechanism of a sonochemical reaction. A
physical (reduction in dissolved gas concentration) and a chemical (increasing the reac-
tant concentration) technique is used for enhancing yield of a sonochemical reaction
using those techniques, which influence the phenomenon of radical formation by the
cavitation bubbles. A bubble dynamics model is used for explaining the sonochemical
phenomena. In a degassed medium, the ultrasound wave undergoes lesser attenuation;
moreover, equilibrium size of a bubble shrinks due to rectified diffusion. Because of
this, a bubble undergoes more violent collapse, resulting in greater production of
radicals that give higher yield. On the other hand, increasing the initial reactant con-
centration shows an adverse effect on the sonochemical yield. This is ascribed to
reduction in water vapor flux in the bubble due to reduction of vapor pressure of the
medium. This study, therefore, demonstrates as how macroscopic manifestation (the
sonochemical yield) of the microscopic phenomena (transient collapse of cavitation
bubble) is a complicated function of several physical processes. The results of this
study shed light on the complex and multifaceted physical mechanism of a sonochemi-
cal reaction, which may be useful in maximization of yield of other sonochemical
systems. � 2007 American Institute of Chemical Engineers AIChE J, 53: 1132–1143, 2007
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Introduction

The effect of ultrasound in enhancing the kinetics of sev-
eral chemical reactions is well known.1–3 This effect is
attributed to the generation of highly reactive free radicals
such as O� , OH� , HO2

� due to the transient cavitation bubble
collapse driven by the ultrasound wave. Ultrasound passes
through the liquid medium in the form of a longitudinal
wave comprising of alternate compression and rarefaction
cycles, as a result of which the local pressure varies. This
variation in local pressure brings about intense volume oscil-
lations of existing cavitation nuclei (or free gas content) in

the medium. The cavitation nuclei are tiny, free-floating bub-
bles in the liquid, or gas pockets trapped in the crevices of
the solid boundaries in the liquid medium. Evaporation
occurs at the gas–liquid interface with diffusion of vapor
into the cavitation bubble. During the subsequent compres-
sion phase, the liquid vapor tends to condense at the bubble
wall. An interesting phenomenon occurs at this time. During
the final moments of collapse, the bubble wall velocity
reaches or even exceeds the velocity of sound in water, and
not all the vapor that has entered the bubble can escape. This
vapor, thus, gets entrapped in the cavitation bubble. Extremes
of temperature and pressure are reached in the bubble during
instance of maximum compression (;5000 K and 500 bar)
and the trapped vapor decomposes at these conditions into
various radicals. These radicals get mixed with the bulk liq-
uid with fragmentation of the bubble during collapse and
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induce chemical reaction or acceleration of the chemical
reaction. The extent of radical formation in a single cavita-
tion bubble is a function of two parameters: amount of water
vapor trapped in the bubble and the temperature and pressure
peak reached in the bubble during the transient collapse.

The rate of a chemical reaction induced by ultrasound: M
þ R�? products, can be represented as: Rate ¼ kR [M] [R� ];
where [M] is the concentration of the reactant, [R� ] is the
concentration of the radicals resulting out of cavitation bub-
bles and kR is the rate constant. The rate of the sonochemical
reaction and the yield obtained during a specific reaction
time can be enhanced by increasing either the initial reactant
concentration or by increasing the radical production from
the bubble. Another factor which influences the yield of the
sonochemical reaction is the probability of interaction
between a reactant molecule and the radicals produced out of
bubble collapse. However, the radical production is confined
in the medium only at the locations of cavitation events—not
uniformly throughout the bulk medium. If the concentration
of reactant molecules in the vicinity of a cavitation bubble is
low, the radicals may recombine without undergoing any
chemical change. The aim of the present study is to assess
the effect of a physical (lowering the dissolved gas content
or degassing of the liquid medium) and chemical (increasing
the initial reactant concentration) technique on the enhance-
ment of the yield of a sonochemical reaction. The chemical
technique that we adopt follows directly from the rate
expression given above, while the physical technique of
degassing the liquid medium is in spirit of earlier works4,5 of
one of the authors of the present paper. In these works, it
was demonstrated that reduction in the dissolved gas content
of the medium, while maintaining the free gas content (or
cavitation nuclei population) fairly constant, significantly
enhances the cavitation intensity, and hence, the efficiency of
the sonochemical reactor. As the sonochemical reaction is
the chemical manifestation of cavitation phenomena, degass-
ing of the medium is also likely to enhance the yield of such
a reaction. Both of the techniques mentioned above influence
the phenomenon of radical formation by cavitation bubbles
(as we demonstrate in the subsequent sections), which the
primary mechanism of a sonochemical reaction. Thus, this
study addresses the matter of sonochemical yield from mech-
anistic point of view. For our study we choose a well-known
chemical reaction induced by ultrasound: oxidation of potas-
sium iodide (KI) to liberate iodine. For explaining the physi-
cal phenomena, we use a bubble dynamics model, which
takes into account the heat diffusion and water vapor trans-
port through the bubble during radial motion driven by ultra-
sound.

Several authors have dealt with the matter of sonochemical
yield using KI oxidation as a model reaction6–14 before.
However, in these studies no attempt was made to explain
the trends in iodine liberation using a bubble dynamics
model. Few authors have tried to explain the variation in
iodine liberation with different reaction conditions using a
bubble dynamics model. Gogate et al.15,16 have correlated
the iodine liberation rate to the extremes of temperature and
pressure obtained at the transient collapse using a bubble dy-
namics model. However, the model used by Gogate
et al.15,16 does not take into account the transport of water
vapor and the entrapment of water vapor. Naidu et al.17

explained the trends in the rate of iodine liberation with the
sonication of aqueous KI solutions of various concentra-
tions and under different gas atmospheres using Rayleigh-
Plesset equation for the radial bubble motion coupled with
Flynn’s assumption18 that the bubble becomes a closed sys-
tem during collapse phase, when the partial pressure of gas
becomes equal to the vapor pressure of water. Thus, the
amount of water vapor in the bubble was kept same in all
simulations, without modeling the continuous transport of
water vapor during radial bubble motion. Moreover, the
Rayleigh-Plesset equation does not take into account the
compressibility of the liquid medium, and hence, Naidu
et al.17 terminated their simulations at the instance when
the bubble wall velocity reaches the velocity of sound in
water.

The present work addresses the matter of enhancement of
the sonochemical yield with a different and more rigorous
perspective. We take mechanistic approach of correlating the
sonochemical yield to the fundamental phenomena of water
vapor entrapment in cavitation bubbles resulting in genera-
tion of radicals, which is at the very basis of sonochemical
reaction. The bubble dynamics model used in this study
relaxes several assumptions made by earlier authors, which
gives a more detailed description of the physics and chemistry
of cavitation bubbles and its correlation with the sonochemi-
cal phenomena observed in the bulk medium. Therefore, in
addition to the revelation of the efficacy of different techni-
ques in enhancing the sonochemical yield, the results of the
present study also provide an insight into the mechanism of
the sonochemical phenomena and the complex nature of inter-
actions between various physical parameters.

Experimental

Experimental setup

A schematic diagram of the experimental setup used in the
present study is shown in Figure 1A. The experiments were
done in a jacketed glass reactor (dimensions: height, 120
mm; diameter, 50 mm; inner jacket diameter, 62 mm). For
bubbling of air during sonication (purpose of which is dis-
cussed later in this section), a gas sparger (or aerator) made
of glass was used, the schematic of which is shown in Figure
1B along with relevant dimensions. In order to disperse the
gas in the solution in the form of fine bubbles, the aerator
had porous silica filter (pore size ;40 mm). During reactions,
the aerator was so positioned that the porous silica filter
exactly faces the bottom of the ultrasound tip. This ensured
uniform distribution of the bubbles forming cavitation nuclei
in the solution. The air flow rate through the sparger was set
at 5 l/h using a rotameter. In order to maintain the bulk tem-
perature constant during sonication, cooling water was circu-
lated through the jacket of the reactor. For the sonication of
KI solution, a microprocessor based and programmable ultra-
sound processor was used (Sonics and Materials, Model VCX
500). This processor had a frequency of 20 kHz with maxi-
mum power output of 500 W. The processor had variable
power output control, which was set at 20% during experi-
ments, resulting in consumption of 100 W power during soni-
cation. It needs to be mentioned that this value corresponds to
the theoretical maximum ultrasound intensity. The actual ultra-
sonic intensity in the medium was calibrated using calorime-
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try, as explained in greater details in appendix A. In addition,

the processor had facility of automatic frequency tuning and

amplitude compensation, which ensures constant power deliv-

ery to ultrasound probe irrespective of the changes occurring

in the liquid medium.

Experimental procedures

Potassium iodide (KI) was bought from Merck (Grade: Pro-
analysis) and was used without any pre-treatment. The KI solu-
tions were prepared using water fromMillipore (Model: Elix 3).
The experiments were carried out in two categories: (1)

Figure 1. A: Experimental setup: 1, ultrasound horn; 2, jacketed reactor; 3, laboratory jack; 4, cooling water inlet; 5,
cooling water outlet; 6, sample withdrawal port; 7, aerator for bubbling of air in the reaction medium; 8,
aerator connection to gas storage vessel; 9, control unit of the ultrasound processor; B: the aerator
along with dimensions.
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degassed medium and (2) saturated medium. In each category
the initial concentration of KI was varied as 2, 5, and 10% w/v.
Thus, in total there were six sets of experiments. The reproduci-
bility of the results in each set of experiment was assessed with
three trials. The reaction temperature was maintained at 288C
during the experiments with reaction volume being 150 ml. The
sonication of the reaction medium was done for 10 min with the
power output of ultrasonic processor set at 20% of maximum
value, as mentioned earlier. During sonication, the temperature
of reaction medium was monitored using a digital thermometer.
It increased only slightly (;18C) during the sonication. For the
experiments in first category, i.e. degassed reaction medium,
the reaction solution was subjected to vacuum for 30 min with
intense stirring to reduce the dissolved gas content. For this pur-
pose, a vacuum pump (Riviera, Model: TID-25-S) producing a
vacuum of 700 mm Hg (or 60 mm Hg pressure) in the solution
was used. By this method, the dissolved oxygen content of the
solution could be lowered to 2.7 ppm. This method, however,
reduces the free-gas content of the medium as well, leaving the
medium not only degassed but also de-nucleated. To compen-
sate for this effect, air was introduced through the aerator during
sonication of the degassed KI solutions, so as to provide cavita-
tion nuclei in the medium. The dissolved oxygen content of
the reaction medium increased during sonication due to bub-
bling of air through it. After the completion of the experiment,
the dissolved oxygen content of the reaction medium was
measured as 4 ppm. However, it is still significantly below the
saturation limit (8 ppm). In the second category of experi-
ments, where a saturated medium was used, the dissolved oxy-
gen content of the solution was 7.9 ppm.

Method of analysis

The iodine liberated during sonication was analyzed using a
UV–Visible spectrophotometer (Perkin Elmer, Model: Lambda
35). The iodine liberated in the solution forms a complex I3

�

with the iodide ions already present in the KI solution. The
UV–Visible spectrum of this complex has a peak at 354 nm.
Therefore, the iodine liberation was accounted by monitoring
the absorbance values at 354 nm. To quantify the iodine liber-
ation during sonication of KI solutions of various concentra-
tions, calibration of the spectrophotometer was done using KI
solutions with known iodine concentrations. For this purpose,
the 0.01 N iodine solution was prepared by dissolving the cor-
responding amount of iodine in a solution with the particular
concentration of KI for which calibration had to be done. The
concentration of iodine in this solution was determined by
titrating against sodium thiosulphate, which was standardized
against 0.1 N potassium iodate solution. This standard iodine
solution was diluted with the KI solution of same concentra-
tion to obtain iodine solutions of different known concentra-
tions. Absorbance values for these solutions were obtained by
keeping the un-sonicated or original KI solution of respective
concentration as the blank. The calibration curve produced
from these values was used estimate the concentration of io-
dine liberated during various experiments.

Modeling of the Sonochemical Phenomena

It is well known that the species inducing sonochemistry, i.e.
radicals such as OH� , H� , O� , and HOO� are generated during

bubble collapse. However, to date, a direct quantification of this
phenomenon is still not possible. One has to rely on the numeri-
cal solutions of the bubble dynamics equation to determine the
temperature reached during bubble collapse, which is a crucial
parameter influencing the extent of radical generation. The other
parameter of paramount importance is the amount of water vapor
entrapped in the bubble at the time of collapse. This parameter
also needs to be determined from bubble dynamics simulations.
Modeling of the radicals generation by cavitation bubbles is an
active area of research for past three decades and various authors
have addressed the matter with different approaches.19–28

The most general treatment of the problem of water vapor
transport in strongly forced bubble was presented by Storey and
Szeri25 in a landmark paper published in 2000. The principal
result of paper by Storey and Szeri was that water vapor transport
in the bubble is a two-step process: diffusion to the bubble wall
and condensation. Thus, it is influenced by two time scales, viz.
the time scale of diffusion (tdif) and the time scale of condensation
(tcond), and their magnitudes relative to bubble dynamics (or
oscillations) time scale, tosc. In the earlier phases of bubble col-
lapse, tosc � tdif, tcond, which results in uniform bubble composi-
tion. With acceleration of bubble wall, tosc � tdif, and the water
vapor has insufficient time to diffuse to the bubble wall, which
results in nearly fixed distribution of water vapor in the bubble.
Another mechanism, which traps water vapor in bubble during
collapse, is the nonequilibrium phase change at bubble wall, as
mentioned earlier. The time scale for the condensation varies
inversely with sa. Qualitatively, when tosc � tcond, the condensa-
tion is in equilibrium with respect to the bubble motion. On the
other hand, when tcond� tosc, the phase change is nonequilibrium
and no water vapor can escape bubble during collapse, causing
entrapment of water molecules in the bubble.

The exact mechanism that traps water vapor in the bubble is
determined by the relative magnitudes of tosc, tdif, and tcond.
When the bubble dynamics time scale is smaller than either the
diffusion or condensation time scale, water vapor entrapment
occurs. However, both mechanisms can contribute to the water
vapor entrapment. Storey and Szeri26 showed that the condition
tosc� tdif is reached well before tosc� tcond. Thus, the phenom-
enon of water vapor trapping in the cavitation bubble is diffu-
sion limited. In view of the results of Storey and Szeri with full
numerical simulations, Toegel et al.28 developed a diffusion
limited model using boundary layer approximation. The exis-
tence of boundary layer near bubble wall even at the moment of
extremely rapid collapse has been confirmed by other authors as
well.20,29–32 For the validation of this model, Toegel et al.29

have compared their results with those of Storey and Szeri25

finding an excellent qualitative and quantitative agreement. For
explanation of the sonochemical phenomena we use the model
of Toegel et al., which has been described in paragraphs later.

Bubble dynamics

The radial bubble motion is described by the Keller-Miksis
equation written as (Brennen33 and Prosperetti and Lezzi34):

1� dR=dt

c

� �
R
d2R

dt2
þ 3

2
1� dR=dt

3c

� �
dR

dt

� �2

¼ 1

rL
1þ dR=dt

c

� �
ðPi � PtÞ þ R

rLc
dPi

dt
� 4v

dR=dt

R
� 2s
rLR

ð1Þ
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This is a modification of the Rayleigh-Plesset equation,
which takes into account the liquid compressibility. rL, s,
and n denote the physical properties of the liquid medium,
viz. the density, surface tension, and kinematic viscosity
respectively. c is the speed of sound in the medium. The
pressure inside the bubble (Pi) is written using a van der
Waals type equation of state as:

Pi ¼ NtotðtÞkT
4p
3
ðR3ðtÞ � h3Þ

� � (2)

Here k is the Boltzmann constant, Ntot denotes the total
number of molecules in the bubble, which vary according to
condensation and evaporation of water vapor, and T is the
temperature of bubble contents. h is the van der Waals hard
core radius of various species in the bubble, viz. nitrogen,
oxygen, and water vapor. Since the hard-core radii of these
species differ very little (;5%), we take a common value,
h ¼ Ro/8.86, for all species, where Ro is the equilibrium ra-
dius of the bubble. A simple expression for Pt (the pressure
in the bulk liquid driving bubble motion) is written as:

Pt ¼ Po � PA sin 2pft (3)

Here Po is the ambient pressure and PA and f denote the
pressure amplitude and frequency of the acoustic wave. After
substituting dR/dt ¼ s, the above equation is transformed
into two simultaneous equations:

dR

dt
¼ s (4)

ds

dt
¼ ð1þ s=cÞ

RrLð1� s=cÞ ðPi � PtÞ þ 1

rLcð1� s=cÞ
dPi

dt

� 4vs

R2ð1� s=cÞ �
2s

rLR2ð1� s=cÞ �
3

2

s2ð1� s=3cÞ
Rð1� s=cÞ ð5Þ

Mass transfer across bubble

During bubble oscillations, both gas and water vapor dif-
fuse across the bubble wall. The time scale for the diffusion
of gas can be given as ;Ro

2/D, where D is the diffusion
coefficient. For representative values as Ro ; 10 mm and
D ; 10�9 m2/s, the time scale for the gas diffusion is
0.1 ms, which is far higher than time scale of bubble dynam-
ics (which is same as time scale of ultrasound wave: 50 ms
for 20 kHz wave). Thus, the transport of gas across bubble
in one acoustic cycle can be ignored. However, gas transport
across the bubble over larger time duration needs to be
accounted for. Depending on the amplitude of the ultrasound
wave driving the bubble motion and the extent of saturation
of the liquid medium, the bubble may grow or shrink during
oscillations because of transport of gas across the bubble.
This process is called rectified diffusion, which has been
investigated over past several decades for small amplitude
oscillations of the bubble.35–37 More recently, a generalized
formulation of rectified diffusion is given by Lofstedt et al.38

and Fyrillas and Szeri,39 which can be applied to large am-
plitude nonlinear motion of bubbles driven by the ultrasound
waves of pressure amplitude greater than transient cavitation
threshold (typically > 1 bar for bubbles of size 5–20 mm).
The major conclusions of the study of Lofstedt et al.38 and
Fyrillas and Szeri39 in the context of the present study is as
follows: For acoustic pressure amplitudes > 1 atm, the bub-
ble grows during oscillations if the liquid medium is rela-
tively saturated (�80% or so). On the other hand, if the
medium is unsaturated (relative saturation � 30% or so) the
bubble shrinks during radial motion. While choosing parame-
ters for simulation of the radial bubble motion, we make use
of these conclusions. For greater details on the mathematical
analysis of rectified diffusion, we refer the reader to the orig-
inal papers of Lofstedt et al.38 and Fyrillas and Szeri.39

Diffusion of the water vapor across the bubble wall shows
interesting features, as already discussed earlier. During bub-
ble oscillations the surface temperature of the bubble
exceeds bulk water temperature only for a very brief
moment during collapse. On this basis, the bubble can be di-
vided into two parts: (i) a ‘‘cold’’ boundary layer in thermal
equilibrium with liquid, and (ii) a hot homogeneous core. Of
course, this distinction assumes that the condensation of
water molecules at the bubble wall is fast enough to main-
tain equilibrium. The instantaneous diffusive penetration
depth using dimensional analysis is taken to be:
ldiff ¼

ffiffiffiffiffiffiffiffiffiffi
Dtosc

p
, where tosc is the time scale of bubble oscilla-

tions: R/|dR/dt|.
On the basis of the fact that the water vapor transport is

always diffusion limited, the rate of change of water mole-
cules in the bubble (NW) is given by:

dNW

dt
¼ 4pR2D

qCW

qr

���
r¼R

� 4pR2D
CWR � CW

ldiff

� �
(6)

where CWR is the equilibrium concentration of water mole-
cules at the bubble wall, calculated using vapor pressure at
the bulk temperature (To) and CW is the actual concentration
of the water molecules in the bubble core.

Upper limit on diffusion length: The above analysis holds
good for bubble in motion, where the bubble wall velocity,
dR/dt, has a nonzero value. However, at the instances of
maximum and minimum radius, the bubble wall velocity is
zero and we need an alternate expression for the diffusion
length. For this purpose, we identify that for dR/dt ¼ 0 the
equation for water vapor transport inside the bubble becomes
a pure diffusion equation:

qCW

qt
¼ D

q2CW

qr2
þ 2

r

qCW

qr

� �
(7)

with boundary conditions: (1) r ¼ 0, qCW/qt ¼ 0 for t � 0;
(ii) r ¼ R, CW ¼ CWR for t � 0; (iii) CW ¼ CW0 ¼ 0 for t
¼ 0 and 0 � r � R. The analytical solution to the above
problem is given by Crank40:

CW � CW0

CWR � CW0

¼ 1þ 2R

pr

X1
n¼1

ð�1Þn
n

sin
nr

R=p

� �
exp � n2Dt

ðR=pÞ2
 !

(8)
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From the inspection of the above solution, the characteris-
tic length for the diffusion is R/p. We choose this as the
upper limit for the diffusion length. Thus:

ldiff ¼ min

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RD

jdR=dtj

s
;
R

p

 !
(9)

Estimation of the diffusion coefficient for water vapor in
the ternary system nitrogen–oxygen–water on the basis of
Chapman-Enskog theory41 is explained later.

Heat transfer across bubble

With complete analogy with mass transfer, the heat trans-
fer across the bubble wall is:

dQ

dt
¼ 4pR2l

To � T

lth

� �
(10)

where, l is the thermal conductivity of the bubble contents

and lth is the thermal diffusion length: min R
p ;

ffiffiffiffiffiffiffiffiffiffi
Rk

jdR=dtj
q� �

.

Thermal diffusivity k is calculated as: k ¼ l
rmixCp;mix

, where,

rmixCp;mix ¼
Pn

i¼1 riCpi. The densities ri of the various spe-

cies present in the bubble are expressed in terms of mole-
cules/m3 and Cpi are the molecular specific heats. The Cp

values for various species, viz. nitrogen, oxygen, and water,
are listed in Table 1. Calculation of the effective thermal
conductivity of the mixture of these three species is
explained later.

Overall energy balance

Treating bubble as an open system, the overall energy bal-
ance for the bubble contents is written as:

dE

dt
¼ dQ

dt
� dW

dt
þ hW

dNW

dt
(11)

However, the total energy E is a function of the temperature
and volume of the bubble, and the number of molecules of

various species in it. Thus, the rate of change of E for the air
bubbles is written as:

dE

dt
¼ qE

qNW

� �
NN2

;NO2
;V;T

dNW

dt
þ qE

qNN2

� �
NW;NO2

V;T

dNN2

dt

þ qE
qNO2

� �
NW;NN2

;V;T

dNO2

dt
þ qE

qT

� �
NW;NN2

;NO2
;V

dT

dt

þ qE
qV

� �
NW;NN2

;NO2
;T

dV

dt
ð12Þ

where, V is the volume of the bubble and NN2
, NO2

, and NW

are the number of nitrogen, oxygen, and water molecules in
the bubble, respectively. Per the discussion for rectified diffu-
sion given earlier, for a few acoustic cycles, we neglect the
transport of gases during the radial motion of bubble. Thus,
dNN2

/dt ¼ dNO2
/dt ¼ 0. The enthalpy of the water molecule

entering the bubble from ‘‘cold’’ interface is: hW ¼ 4 kTo.
The specific energy of the water molecule in the bubble is
the thermal energy UW and is written as:

qE
qNW

� �
¼ UW ¼ NWkT 3þ

X yiT
expðyi=TÞ � 1

� �
(13)

Here yi are the characteristic vibrational temperatures, values
of which for various species are listed in Table 1. The rate
of work done by the bubble (dW/dt) reduces to expansion
work: Pi dV. Comparing equations 11 and 12, and identify-
ing that (qE/qT) ¼ Cv and (qE/qV) ¼ 0, as internal energy of
an ideal gas is mainly a function of its composition and tem-
perature, we can now write another equation for the change
of the temperature of the bubble:

Cv;mix

dT

dt
¼ dQ

dt
� PidV þ ðhW � UWÞ dNW

dt
(14)

The specific heat of the mixture Cv,mix is written in terms of
the molecular specific heats of individual components (Cv,i)
and the number of molecules of individual components (Ni)
as:

Cv;mix ¼
XN
i¼1

Cv;iNi (15)

The Cv values for various species, viz. nitrogen, oxygen, and
water are listed in Table 1.

Transport parameters for air–water vapor mixture

In case of air–water vapor mixture, we encounter a ternary
system: nitrogen–oxygen–water vapor. To determine the
diffusion coefficient for water vapor in this system, we first
calculate the binary diffusion coefficients for N2-H2O and O2-
H2O mixtures. Diffusion coefficient of species 1 in the mixture
of two species 1–2, to a first approximation is written as42:

D ¼ 3

8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pkT=m12

p
n12ps212O

ð1;1Þ�
12

(16)

m1 and m2 are the molecular masses of species 1 and 2
respectively, and m12 ¼ 2 m1m2/(m1 þ m2) is the reduced

Table 1. Thermodynamic Properties of Various Species

Species

Degree of
Freedom

(fi)

Molecular
Specific
Heat (Cp) Molecular Specific Heat (Cv)

N2 5 7
2
k k 5

2
þ
	
yN2=T


2
exp
	
yN2=T


	
exp
	
yN2=T



�1

2

 !

O2 5 7
2
k k 5

2
þ
	
yO2=T


2
exp
	
yO2=T


	
exp
	
yO2=T



�1

2

 !

H2O 6 4k k 3þP3
i

	
yi;H2O=T


2
exp
	
yi;H2O=T


	
exp
	
yi;H2O=T



�1

2

 !

The vibrational temperatures of various species are as follows: yN2
¼ 3350 K,

yO2
¼ 2273 K, y1,H2O

¼ 2295 K, y2,H2O
¼ 5255 K, y3,H2O

¼ 5400 K.
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molecular mass of the two species. n12 ¼ n1 þ n2 is the joint
concentration of the two species. s12 is a parameter in the
potential function characteristic of 1–2 interaction. It is
approximated as (s1 þ s2)/2, where s1 and s2 are the molec-
ular diameters of water and argon. O12

(1,1)* is a dimensionless
correction of first order that describes the deviation of the
collisional cross-section from the hard sphere cross-section.
Values of this parameter are given by Hirschfelder et al.41 as
a function of the reduced temperature of the two species:
T�
12 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi½T=ðe=kÞ	1½T=ðe=kÞ	2
p

. Values of the potential param-
eter (e/k) for various species (in K) are available in various
texts.41,43 The overall diffusion coefficient for water vapor in
ternary mixture is calculated as41:

1

D
¼ eN2

ð1� eH2OÞ þ DN2�H2O

þ eO2

ð1� eH2OÞDO2�H2O

(17)

where e represents mole fraction of the respective species at
the bubble wall. For the determination of conductivity of the
ternary mixture, the viscosity of various individual species is
evaluated as41:

Z ¼ 5

16

ffiffiffiffiffiffiffiffiffiffiffiffi
pmkT

p

ps2Oð2;2Þ� (18)

Thereafter, the conductivity of the species is related to its
viscosity using the Eucken correction formula:

l ¼ 15k

m
Z

4fi
30

þ 3

5

� �
(19)

where fi is the number of degree of freedom for the species
at the bubble wall. Values of fi for various species are listed
in Table 1. The effective heat conductivity of the ternary
mixture is then constructed from individual conductivities
as42:

lmix ¼
X
i

eiliP
j

ejfi;j

(20)

fi;j ¼
1ffiffiffi
8

p 1þ mi

mj

� ��1=2

1þ ni
nj

� ��1=2 mi

mj

� �1=4
 !2

(21)

where i, j ¼ N2, O2, and H2O.

Estimating the physical parameters for aqueous
KI solutions

The liquid medium in the present case is aqueous solution
of potassium iodide. The physical properties of water (such
as vapor pressure and surface tension) change with addition
of KI. To obtain the vapor pressure of water in KI solution,
we are following expression given by Horvath44:

f ¼ x� 1

x
lnð1� xÞ � 1:1517xþ 0:0148

ffiffiffi
x

p�
þ 3:204x3=2 � 11:44x2	 ð22Þ

where f is the osmotic coefficient and x, the mole fraction
of KI in the solution. In terms of concentration of KI (CKI,
in mol/lit), x is written as:

x ¼ CKI

CKI þ 55:51
(23)

The relation between f, the vapor pressure pure water
PH2O

and the vapor pressure of water in KI solution Pv is
given as:

f ¼ �1000

36CKI

� �
lnðPv=PH2OÞ (24)

The vapor pressure of pure water (in mm Hg) at tempera-
ture T (in K) is calculated using Antoine’s equation:

lnPH2O ¼ 18:3036� 3816:44

T � 46:13
(25)

A quick inspection of Eqs. 22–25 reveals that the vapor
pressure of water is lowered with addition of KI. We refer to
this result later in the paper. The surface tension of water
increases with dissolution of KI. The surface tension of the
aqueous KI solution has been correlated to the KI concentra-
tion (CKI, in mol/lit) as17:

s ¼ sH2O þ 142:3616

100; 000
CKI (26)

sH2O
is the surface tension of pure water taken to be 0.07272

N/m.

Numerical solution

The Eqs. 4, 5, 6, and 14 constitute the complete formula-
tion for the radial motion of bubble, which can be solved
simultaneously using Runge-Kutta adaptive step size
method.45 We would like to mention that the phenomenon of
bubble collapse (or bubble fragmentation) depends on many
factors such as the surface instability, local flow conditions,
and the bubble population in the vicinity of the bubble. For
the conditions of maximum surface instability and flow insta-
bility, the bubble collapses (or fragments) at the first compres-
sion after an initial expansion. Considering this, the condition
for bubble collapse is taken as the first compression after an
initial expansion. Four important parameters required for the
simulation of bubble dynamics equation are frequency (f)
and pressure amplitude (PA) of ultrasound, vapor pressure of
water (PH2O

), and the equilibrium bubble radius (Ro).
Frequency. The frequency of the ultrasound was taken as

20 kHz, same as the frequency of the ultrasound processor
used in the experiments.

Pressure Amplitude. Using calorimetric method based on
the actual power consumption of the processor and the cross-
sectional area of the ultrasound probe tip, the amplitude of
ultrasound wave emitted by the probe was calculated as 1.5
bar (for greater details on calculation of acoustic pressure
amplitude, refer to appendix). The ultrasound wave under-
goes attenuation as it propagates through the medium, and
hence, the acoustic pressure amplitude actually experienced
by the bubble is smaller than 1.5 bar. This attenuation varies
directly with the size and population density of bubbles

1138 DOI 10.1002/aic Published on behalf of the AIChE May 2007 Vol. 53, No. 5 AIChE Journal



(number of bubbles per unit volume of liquid).46 In a nonde-
gassed medium, the attenuation of ultrasound wave is higher
due to larger size and larger population of bubbles. There-
fore, for the simulation of radial bubble motion in a nonde-
gassed medium, we use a value PA ¼ 1.25 bar, which
accounts for the attenuation effect. For a degassed medium,
the attenuation effect is negligible and a value PA ¼ 1.5 bar
is used for simulations.

Equilibrium Bubble Radius. The equilibrium radius of
the bubbles is difficult to estimate. Moreover, it keeps on
changing due to phenomenon of rectified diffusion during
oscillations. Typically for PA > 1 bar, the bubble shrinks
during oscillations in a highly unsaturated medium, while
in a relatively saturated medium it grows due to process of
rectified diffusion. In the first category of experiments, the
dissolved gas content of the medium (represented by the
dissolved oxygen content) changed during sonication from
2.7 to 4 ppm of dissolved oxygen. Even with this rise in
dissolved gas content, the medium is still well below satu-
ration (8 ppm of dissolved oxygen), which makes a bubble
shrink during its oscillations due to rectified diffusion.
Thus, the overall physics of cavitation bubble in the
degassed reaction medium remains unaffected during the
sonication period. Therefore, we have chosen two equilib-
rium sizes of bubbles for simulation: a smaller size of 10
mm representing bubbles in the degassed medium, while a
larger size of 20 mm representing bubbles in the nonde-
gassed medium.

Vapor Pressure of Water. The vapor pressure of pure
water has been calculated using the initial temperature of the
solution (288C), while the reduction in vapor pressure due to
KI has been calculated using Eqs. 22–24. As mentioned in
appendix, the temperature of the solution rises by about 18C
during sonication. As the vapor pressures of water at 28 and
298C differ by <5%, we have ignored the temperature rise
during simulations. One can also use an average of initial
and final temperatures for calculations; however, this makes
trivial quantitative changes to the simulation results and the
trends of the results remain unchanged. It needs to be men-
tioned that although vapor pressure of pure water rises
slightly during reaction, the reduction due to KI remains the
same, as this factor is only a function of KI concentration in
the medium. Since the KI concentration in the medium
remains practically the same during 10 min of sonication, the
reduction in vapor pressure also stays the same.

While calculating the composition of the bubble at the
time collapse, we assume that thermodynamic equilibrium is
attained. This assumption is based on the relative magni-
tudes of bubble collapse time scale and time scale of vari-
ous radical reactions. The time scale of bubble collapse is
of the order of a few tens of nanoseconds (;10�8 s, Storey
and Szeri25], while time scale of radical reactions is at least
two orders of magnitude smaller (;10�10 s, Krishnan
et al.47]. Thus, thermodynamic equilibrium should prevail
till the point of minimum radius during collapse. The equi-
librium mole fraction of the various species in the bubble
(i.e. H2O, H2, O2, H

�, OH•, O•, H2O2, HOO•, O3) at the con-
ditions of temperature and pressure at first the compression of
the bubble was calculated using software FACTSAGE, which
uses the free-energy minimization algorithm proposed by
Eriksson.48

Results and Discussion

The iodine liberation during sonication depends on the
amount of radical species produced by the cavitation bubbles,
which in turn depends on two factors: (1) the extent of water
vapor entrapped in the bubble at the time of collapse, and
(2) the temperature peak attained during collapse, which
decides the equilibrium composition of various species
resulting out of dissociation of water vapor entrapped in the
bubble. These two factors can be evaluated from solution of
bubble dynamics equation. The yield of KI oxidation reaction
can be defined as: number of moles of iodine liberated per
unit time-per unit reaction volume-per unit mole of KI-per
unit power input to system. However, the power input, soni-
cation time and reaction volume were same for all experi-
ments, and thus, the definition of sonochemical yield reduces
to moles of iodine liberated per unit mole of KI. As stated
earlier, an important parameter that influences the yield of
sonochemical reaction is the probability of interaction
between radical and reactant molecule. The higher the con-
centration of reactant molecules the greater the probability of
interaction. Therefore, in case of relatively dilute solutions,
the radicals produced by cavitation bubbles undergo recombi-
nation without inducing any chemical reaction, as the proba-
bility of radical–reactant interaction is low. With this pream-
ble, we present the experimental and simulation results.

Trends in sonochemical yield with different experimental
parameters are shown in Figure 2. Out of all combinations of
reaction conditions attempted, the highest yield is obtained
for 2% w/v KI solution with degassed reaction medium,
while the lowest yield is seen for 10% w/v KI concentration
with nondegassed reaction medium. For either degassed or
nondegassed medium, the yield decreased with increasing KI
concentration. For all initial concentrations of KI (2, 5, and
10% w/v), yield increased by about 50% with degassing of
the reaction medium. However, an interesting observation is
that the absolute amount of iodine liberated during sonication
increases with increasing KI concentration in the medium.

Illustrative simulations of radial motion of air bubbles
with Ro ¼ 10 and 20 mm in 10% w/v KI solution are shown
in Figures 3 and 4 respectively. The summary of entire simu-
lation results for KI solutions of 2, 5, and 10% w/v con-
centration is given in Table 2. This table lists the collapse

Figure 2. Experimental results on iodine liberation
under various reaction conditions.
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conditions (i.e. number of water molecules entrapped in the
bubble and temperature peak reached in the bubble during
collapse) and the equilibrium composition of the bubble con-
tents. It is evident that OH is the dominant radical species
produced in the bubble. The total number of OH radicals
produced per single bubble can be calculated by the product
of the number of water molecules entrapped and the equilib-
rium mole fraction. The OH radical contributes to the oxida-
tion of KI to liberate iodine through reaction49: 2 KI þ 2OH�

? 2 KOH þ I2. From the simulation results presented in
Table 2, certain trends in OH radical yield per single bubble
with varying gas content and initial KI concentration in the
medium can be observed and explained as follows:

� The highest yield of OH radicals per single bubble is
seen for 2% w/v KI solution and initial bubble size of 10
mm—representative of degassed medium. With increasing KI
concentration (5 and 10% w/v), the temperature peak reached
during collapse of a 10 mm bubble shows small variation;
however, the extent of water vapor entrapment reduces. Con-
sequence of this is the reduction in the yield of OH radicals
per bubble. Similar trend is seen for 20 mm bubble (repre-
senting nondegassed medium) for all KI concentrations. This
trend can be explained as follows: with increasing concentra-
tion of KI, the vapor pressure of water reduces. This reduces
the diffusive flux of water molecules across a bubble, which
is directly proportional to vapor pressure of water at bubble
interface, as described by Eq. 6. Reduction in the flux of

water molecules also reduces the extent of water vapor
entrapment in the bubble during collapse.

� For a given initial KI concentration (either 2, 5, or 10%
w/v) the OH radical production increases with degassing of
the medium. This is a combined effect of rectified diffusion
and pressure amplitude of the ultrasound wave. As men-
tioned earlier, in a degassed medium, the process of rectified
diffusion makes a bubble shrink as it oscillates under influ-
ence of ultrasound wave. A smaller bubble undergoes greater
compression during collapse, giving higher peak tempera-
tures. In addition, the attenuation of ultrasound wave is much
smaller in a degassed medium, and hence, the pressure am-
plitude of ultrasound wave actually experienced by a bubble
is high that makes the bubble collapse even more intense.
This results in larger equilibrium composition of OH radicals
resulting out of dissociation of entrapped water molecules in
the bubble during collapse. On the contrary, in a nonde-
gassed medium, ultrasound wave undergoes attenuation, as
mentioned earlier. Moreover, rectified diffusion makes the
bubble grow during oscillations. These two effects reduce the
intensity of bubble collapse yielding lower peak tempera-
tures, and hence, lesser production of OH radicals from the
entrapped water molecules.

Comparison of the experimental and simulations result
reveals that the trend in sonochemical yield with varying gas
content of the medium and initial KI concentration exactly

Figure 4. Simulation of the radial motion of 20 lm air
bubble (representative of nondegassed me-
dium) in 10% w/v KI solution.

Time variation of (A) normalized bubble radius (R/Ro); (B)
number of water molecules in the bubble; (C) temperature
in the bubble.

Figure 3. Simulation of the radial motion of 10 lm air
bubble (representative of degassed medium)
in 10% w/v KI solution.

Time variation of (A) normalized bubble radius (R/Ro); (B)
number of water molecules in the bubble; (C) temperature
in the bubble.
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follows the trends in OH radical production per single bubble.
It is thus evident that the physical technique of degassing the
medium is far more efficient in enhancing the sonochemical
yield than the chemical technique of increasing initial KI con-
centration. As already pointed out, the absolute amount of io-
dine liberated during sonication increases with increasing ini-
tial KI concentration. Explanation for this effect can be given
on the basis of probability of interaction between radicals gen-
erated by cavitation bubbles and the KI molecules. This proba-
bility varies directly with the concentration of KI in the order 2
wt % < 5 wt % < 10 wt %. Therefore, in 10 wt % KI solution,
the utilization of OH radicals for induction of chemical reac-
tion is higher, although the net generation of OH radical is
lesser. On the other hand, for 2 wt % KI solution the probabil-
ity of radical–reactant interaction is low, and thus, sizeable
fraction of radicals may undergo mere recombination without
any reaction albeit net generation of radicals is higher. One
can easily perceive that if the probability of radical–reactant
interaction was same for all concentrations of KI, absolute
iodine liberation would have been the highest for 2 wt % KI
solution.

In addition to the comparative evaluation of physical and
chemical techniques for enhancement of sonochemical yield;
this study also brings to light some interesting mechanistic
features of a sonochemical reaction. The influence of various
parameters on a sonochemical reaction is revealed to be
highly interdependent. The yield of such a reaction strongly
depends on the physical acoustics of the system. The major
influencing parameter in this regard turns out to be the dis-
solved gas content of the medium, which manifests its effect
through the process of rectified diffusion and attenuation that
affects two other important parameters, viz. the equilibrium
bubble radius and the amplitude of the ultrasound wave,
which ultimately affect the intensity of cavitation bubble col-

lapse and the production of OH radicals from the bubble. On
the other hand, initial reactant concentration turns out to be a
counter-productive parameter. Because of reduction in the
vapor pressure of water with increasing KI concentration, the
important phenomenon of water vapor trapping in the cavita-
tion bubble during collapse—subsequently leading to radical
production through dissociation—is adversely affected. The
exact mechanism of the influence of dissolved gas content
and initial KI concentration on the sonochemical yield, which
can be worked out from the results and analysis presented
above is shown in Figure 5.

Conclusion

In this article, we have tried to illuminate the complex
interrelations between the physics and chemistry of a sono-
chemical reaction system, i.e. the physical phenomena of
bubble dynamics and its chemical manifestation, which is
formation of radicals that induce chemical reaction in the
medium. With experiments using a well-known sonochemical
reaction and a mathematical model that takes into account
the essential physics of the bubble dynamics, we have shown
as how the macroscopic manifestation (i.e. the sonochemical
yield) of the microscopic phenomena (i.e. transient collapse
of cavitation bubble) is a complicated function of several
inter-dependent physical processes such as rectified diffusion,
water vapor transport and entrapment in cavitation bubbles
and the ultrasound wave attenuation. Degassing of the reac-
tion medium intensifies the transient collapse of the cavita-
tion bubble, resulting in higher production of OH and other
radicals, which enhance the yield of the sonochemical reac-
tion. Quite unexpectedly, increasing the initial reactant con-
centration has an adverse effect on the sonochemical yield.
This is a consequence of the lessening of the radical produc-

Table 2. Simulation Results For Air Bubble

Parameters for simulations

Ro ¼ 10 mm Ro ¼ 20 mm Ro ¼ 10 mm Ro ¼ 20 mm Ro ¼ 10 mm Ro ¼ 10 mm
2% w/v KI soln. 2% w/v KI soln. 5% w/v KI soln. 5% w/v KI soln. 10% w/v KI soln. 10% w/v KI soln.

Conditions at the first compression of the bubble

Tmax ¼ 3607 K Tmax ¼ 1745 K Tmax ¼ 3620 K Tmax ¼ 1832 K Tmax ¼ 3587 K Tmax ¼ 1639 K
NWT ¼ 2.23Eþ010 NWT ¼ 1.82Eþ011 NWT ¼ 2.08Eþ010 NWT ¼ 1.10Eþ11 NWT ¼ 1.89Eþ010 NWT ¼ 9.35Eþ010

Equilibrium composition of different radical species in the bubble at collapse (mol fraction)

O2 4.9626E�01 6.2215E�01 5.1293E�01 6.2506E�01 5.3766E�01 6.6243E�01
H2O 4.3902E�01 3.7750E�01 4.2179E�01 3.7437E�01 4.0059E�02 3.3740E�01
OH• 4.9454E�02 3.0761E�04 4.9678E�02 4.9968E�04 4.6981E�02 1.5198E�04
O• 6.2549E�03 3.2991E�06 6.5203E�03 6.9819E�06 6.294E�03 1.2329E�06
HOO• 5.8932E�03 3.3273E�05 6.0149E�03 5.2046E�05 5.7159E�03 1.7856E�05
H2 1.8079E�03 8.3585E�07 1.7609E�03 1.7212E�06 1.5607E�03 2.6895E�07
H2O2 8.3459E�04 3.6320E�06 8.2776E�04 5.6382E�06 7.5433E�04 1.8173E�06
H• 4.2632E�04 1.1996E�08 4.2973E�04 3.3064E�08 3.8492E�04 2.8041E�09
O3 5.0750E�05 1.1775E�07 5.434E�05 2.0710E�07 5.492E�05 6.0263E�08

Net amount of hydroxyl radicals produced per bubble

NOH 1.1028Eþ09 5.5985Eþ07 1.0333Eþ09 5.4965Eþ07 8.8794Eþ08 1.4210Eþ07

The number format is as follows: 4.9454E�02 should be read as 4.9454
 10�2. Species having equilibrium mole fraction less than 10�20 have been ignored. Species with
Nitrogen as a constituent element have been ignored, as they are found in traces and have no contribution in the context of radical chemistry for oxidation of KI. An equilib-
rium bubble size (Ro) of 10 mm represents degassed KI solution while an equilibrium bubble size of 20 mm represents nondegassed solution. Various notations used are as fol-
lows: Tmax, temperature peak reached in the bubble at the time of first collapase;NWT, number of water molecules trapped in the bubble at the instance of first collapse.
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tion by cavitation bubbles due to decrease in the vapor pres-
sure of water at the bubble interface with increasing initial
reactant concentration. An important conclusion of this study
is that extent of water vapor entrapment in the bubble and
the intensity of the transient cavitation bubble collapse are
the principal physical phenomena that affect the yield of a
sonochemical reaction. All reaction parameters, such as ini-
tial reactant concentration and dissolved gas content of the
reaction medium manifest their influence on the sonochemi-
cal yield through these physical phenomena. Therefore, any
attempt to maximize the sonochemical yield by variation of
any reaction parameter should take into account the influence
of that parameter on the above-mentioned physical phenom-
ena. The present study puts forth a framework for such an
attempt with the model reaction of oxidation of potassium
iodide, which can be extended to any other sonochemical
reaction system.
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Appendix: Calculation of the Acoustic
Pressure Amplitude

The pressure amplitude of the acoustic wave produced by
the ultrasound probe was determined by calibrating the ultra-
sonic processor using calorimetric method. This method is
based on the assumption that all of the energy delivered to
the reaction medium is dissipated as heat.

During the sonication of the degassed as well as saturated
reaction medium for 10 min, the temperature of the medium
(150 ml of KI solution) increased by 18C with theoretical
maximum power input of 100 W. This would mean that the
actual rate of energy input to the system (ignoring minor
changes in heat capacity of water with dissolution of KI) was:

mcpDT
t

¼ 0:15
 4180
 1

600

Joule

seconds
¼ 1:045 W:

The tip of ultrasound horn had a diameter of 13 mm,
and thus, the acoustic intensity is calculated as:

I ¼ Actual power ðWÞ
Area of horn tip ðm2Þ ¼

1:045
p
4
ð13
 10�3Þ2 ¼ 7873 W=m2:

The relation between acoustic intensity and acoustic pressure

amplitude is given as: I ¼ P2
A

2rc, where r is the density of the me-

dium and c is the speed of sound in the medium. Again, ignor-
ing minor changes to these parameters for water with dissolu-
tion of KI, we substitute r ¼ 1000 kg/m3 and c ¼ 1481 m/s.
The acoustic pressure amplitude is then calculated as:

PA ¼
ffiffiffiffiffiffiffiffiffi
2Irc

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
 7873
 1481
 1000

p
¼ 1:527
 105 Pa

¼ 1:527 bar � 1:5 bar:
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