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This work considers the mechanistic features of sonochemical degradation of vola-
tile (chlorobenzene) and nonvolatile (phenol) organic pollutants. The sonochemical
degradation of pollutant occurs in two pathways: thermal pyrolysis and hydroxylation.
By coupling experimental results to bubble dynamics model, we have tried to establish
relative contribution of these pathways to degradation of two kinds of pollutants. It is
revealed that degradation of volatile pollutants occurs primarily by thermal pyrolysis
while hydroxylation is the predominant mechanism of degradation of nonvolatile pollu-
tants. The simulation results also help explain some interesting trends observed in deg-
radation with reaction parameters such as initial pollutant concentration and salt addi-
tion to solution. These parameters are found to influence both pathways of degradation
that leads to enhancement in degradation. However, the extent of this influence on
hydroxylation and pyrolysis pathways is different for phenol and chlorobenzene. This
is attributed to different partitioning behavior and solubility of the two pollutants.
� 2008 American Institute of Chemical Engineers AIChE J, 54: 2206–2219, 2008
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Introduction

The toxic organic pollutants contributed by industrial
wastewater and agricultural runoffs are complex refractory
molecules, which are not easily degraded by the conventional
methods.1–3 Therefore, search for more efficient technologies
is necessary for the degradation of such compounds. Devel-
opment of the novel treatment methods encompasses investi-
gation of advanced oxidation processes, which are character-
ized by production of hydroxyl radical (OH

l

) as the primary
oxidant. Harnessing cavitation and sonochemistry as an
advanced oxidation technology is being increasingly
attempted in recent years.4–20 Cavitation can be defined as
nucleation, growth, and collapse of gas or vapor bubbles in
liquid driven by the variation in the bulk liquid pressure due
to passage of an ultrasound wave. As a result of cavitation

bubble implosion, extremes of temperatures and pressures are
generated at the center of collapsing bubble (�5000 K and
�500 bars).21,22 The extreme conditions are short lived but
have shown to result in the generation of highly reactive spe-
cies such as hydroxyl (OH

l

), hydrogen (H
l

) and hydroper-
oxyl (HOO

l

) radicals and hydrogen peroxide.23–25 As the
bubble fragments during collapse, these radicals get mixed
with the bulk liquid, where they can initiate and promote the
hydroxylation reactions leading to degradation of pollu-
tants.26,27 Another possible mechanism for the degradation of
pollutants is the thermal pyrolysis in the cavitation bubble.
During the expansion phase of radial bubble motion, evapo-
ration of the pollutant molecules occurs at the bubble wall
and these molecules diffuse towards the center of the bubble.
In the subsequent compression phase, the pollutant molecules
diffuse outward, i.e. towards bubble wall, and condense at
bubble wall. During the final moments of compression phase,
the bubble motion becomes extremely rapid and not all of
the pollutant molecules that have entered the bubble can con-
dense. The entrapped molecules are subjected to extreme
conditions generated during transient collapse and undergo
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thermal pyrolysis.28–30 The third possible mechanism for the
hydrolysis of the organic pollutants is the formation of tran-
sient supercritical water packets in the close vicinity of cavi-
tation bubble as proposed by Hua et al.31 Out of these path-
ways, the major pathway contributing to the overall degrada-
tion depends on the nature and properties of the organic
compound. An analysis of the degradation products of the
pollutant provides a preliminary insight into the dominant
chemical mechanism for the degradation. It can, nevertheless,
be perceived that the radial motion of the cavitation bubble
(or the bubble dynamics) driven by ultrasound wave is the
physical basis of degradation of pollutants with irradiation of
ultrasound.

In this study we have investigated the mechanistic aspects
of the sonochemical degradation of the volatile and nonvola-
tile organic pollutants. Phenol and chlorobenzene have been
selected as the model compounds in nonvolatile and volatile
categories, respectively. These are very common pollutants
found in industrial wastewater. In the last two decades sev-
eral authors6,29,32–40 have reported sonochemical degradation
of phenol using ultrasound irradiation alone or in combina-
tion with various other techniques such as photocatalytic oxi-
dation, Fenton’s reagent oxidation, ozonation, peroxidation.
The primary degradation products of phenol have been hy-
droquinone and catechol, which hint at attack of OH

l

radical
on phenol as the degradation pathway (or the principal chem-
ical mechanism), which results in hydroxylated products.
Sonochemical degradation of chlorobenzene has also been
studied by many authors.41–51 The degradation kinetics of
chlorobenzene is found to be first order with major degrada-
tion products such as methane, acetylene, butenyne, butadi-
ene, HCl, HOCl and Cl

l

etc. These products hint at thermal
pyrolysis as the principal chemical mechanism for the degra-
dation. However, the approach in these studies for both com-
pounds was mainly experimental and no confirmation of the
degradation mechanism was made on the basis of a model
for the radial motion of cavitation bubbles.

The principal aim of the present study is to provide a
physical insight into the sonochemical degradation of the or-
ganic pollutants, which will decipher its primary physical
mechanism. The principal physical phenomenon underlying
the sonochemical degradation of the pollutants is radial
motion of cavitation bubbles (or cavitation bubble dynamics).
Therefore, any attempt to elucidate the physical mechanism
of the process should basically mean establishing relationship
between the sonochemical degradation through two pathways
(viz. pyrolysis and hydroxylation) and the cavitation bubble
dynamics. Therefore in this study we try to correlate the
extent of degradation of the two pollutants under similar con-
ditions to the physical properties of the pollutants and the
fundamental phenomena of transport of vapor of water and
organic pollutant across cavitation bubble using a bubble dy-
namics model that takes into account essential physics and
chemistry of cavitation bubbles. Moreover, the influence of
parameters such as initial concentration of pollutants and salt
addition to the pollutant solution on the degradation kinetics
is also explored from a mechanistic perspective. The results
of this study not only establish the predominant physical
mechanism for the sonochemical degradation of volatile and
nonvolatile organic pollutants but also give an interesting
account of the interlinks between cavitation physics and

the chemistry of the sonochemical degradation of these
pollutants.

Experimental

Reagents

Phenol (Merck, Grade: Synthesis), Chlorobenzene (Merck,
Grade: GR), Sodium Chloride (Merck, Grade: Pure), Aceto-
nitrile (Merck, Grade: HPLC) and Water (Merck, Grade:
HPLC) were used as received. Elix water from Millipore
(Model: Elix 3) was used for preparing the solutions of the
pollutants. Bulk concentration of phenol and chlorobenzene
in the solution was varied as 50 and 100 ppm.

Experimental setup

A schematic diagram of the experimental setup used in the
present study is shown in Figure 1. For the sonication of the
aqueous solutions of pollutants, a microprocessor based and
programmable ultrasound processor was used (Sonics &
Materials Inc., Model VCX 500). This processor had a fre-
quency of 20 kHz with maximum power output of 500 W.
The ultrasound probe of the processor was fabricated from
high-grade titanium alloy and had a tip diameter of 13 mm.
The processor had variable power output control, which was
set at 20% during experiments, resulting in net consumption
of 100 W power during sonication. It needs to be mentioned
that this value corresponds to the theoretical maximum ultra-
sound intensity. The actual value of ultrasound intensity in
the medium was measured using calorimetry.52 In addition,
the processor had facility of automatic frequency tuning and
amplitude compensation, which ensures constant power
delivery to ultrasound probe irrespective of the changes
occurring in liquid medium. Sonication of the pollutant solu-
tion was done in a jacketed glass reactor (dimensions: height,
120 mm; diameter, 50 mm; and jacket diameter, 62 mm)
placed on a laboratory jack, which could be raised or low-
ered for exact positioning of the ultrasound probe tip in the
solution.

Experimental procedure and method of analysis

The volume of the solution of pollutant used for sonication
was 150 ml at an initial temperature of 258C. The total reac-
tion time was 90 min; however, in order to avoid significant
rise in the temperature of the solution, the sonication was
done in cycles of 15 min sonication—5 min silent period. In
addition, cooling water was circulated through the jacket dur-
ing sonication in order to maintain the temperature of the
reaction medium constant. The temperature of the solution
was monitored continuously during sonication with a digital
thermometer. The rise in temperature of solution during the
experiment was �28C. Because of small reaction volume
(150 ml) and single source of ultrasound in the medium (in
the form of sonicator probe), the equilibration of reaction
system (or steady state) after onset of sonication is expected
to be quite rapid. Therefore, the procedure of intermittent
sonication adopted in this study is not expected to cause
reduction in overall (or gross) degradation of pollutant
obtained during total 90 min of sonication.

Experiments were done for two concentrations of phenol
and chlorobenzene, viz. 50 and 100 ppm. These values are
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typical of the concentration levels of the pollutants in indus-
trial effluents.53 For each of these concentrations, experi-
ments were done for the pure solution and for the solution
with 4% w/v (or 0.67 mol/l) salt addition. All experiments
were done in triplicate to assess the reproducibity of the
results. The mean of the degradation obtained in three experi-
mental runs was taken into consideration for further analysis.
We would like to mention that no gas was sparged through
the reaction mixture during sonication. Therefore, the sono-
chemical reaction was left to the radicals generated out of
cavitation bubbles already present in the medium—in the
form of air pockets trapped in the solid boundaries such as
tip of the ultrasound probe or the tiny air bubbles already
suspended in the medium.

The final concentration of phenol and chlorobenzene in the
solution after 90 min of sonication was determined using
High Performance Liquid Chromatography (Perkin Elmer,
Model: Series 200). A C18 column (Make: Chromatopak,
dimensions: 250 3 4.6 mm, particle size of packing: 5 lm)
was used and a mixture of acetonitrile:water (80:20) as the
eluent. The flow rate of the eluent was maintained at 1 ml/
min with the sample injection volume being 20 ll. The UV
detector wavelengths for phenol and chlorobenzene were 275
and 205 nm respectively. We would like to categorically
state that we have not made an analysis of the intermediate
products of degradation of phenol and chlorobenzene, as

these have been well studied and documented in previous lit-
erature (referred to in previous section). We have monitored
the overall or gross degradation of the original pollutant in
90 min of sonication only and the analysis has been made on
that basis.

The mathematical model

In the context of the present study, the problem of mathe-
matical modeling comprises of simulating the radial motion
of cavitation bubbles with the accompanying heat transfer
and evaporation/entrapment of water and pollutant molecules,
and finally determine the various chemical species that result
out of transient collapse of the bubble. This subject has been
an active area of research for the past three decades and vari-
ous authors have dealt with the matter with different
approaches.27,30,54–63 The most general treatment of the prob-
lem of vapor transport in large amplitude nonlinear motion
of the cavitation bubbles was presented by Storey and
Szeri.30 The principal result of analysis of Storey and Szeri30

was that vapor transport in the bubble is a two-step process:
diffusion to the bubble wall and condensation. Thus, it is
influenced by relative magnitude of the bubble dynamics
time scale (tosc) with the time scales, viz. the time scale of
vapor diffusion (tdiff) and the time scale of condensation
(tcond). In the final moments of bubble collapse, where the

Figure 1. Experimental set-up.

[Legends: 1. Ultrasound probe; 2. Reactor with cooling jacket; 3. Laboratory jack; 4. Cooling water inlet; 5. Cooling water outlet; 6. Sam-
ple withdrawal port; 7. Control unit of the ultrasound processor].
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bubble wall velocity reaches (or even exceeds) the velocity
of sound in the medium, tosc [dlt] tdiff, and the water vapor
has insufficient time to diffuse to the bubble wall. Thus, it
gets ‘‘trapped’’ or ‘‘frozen’’ in the cavitation bubble. Another
mechanism which traps vapor in the cavitation bubble is the
nonequilibrium phase change at the bubble wall. During the
moments of transient collapse, tosc [dlt] tcond as well, and
thus, the phase change at the bubble wall is nonequilibrium.
This results in the entrapment of vapor molecules in the bub-
ble. Evaluating the relative contribution of the two mecha-
nisms to the overall vapor entrapment, Storey and Szeri30

found that condition tosc [dlt] tdiff is reached well before
tosc[dlt] tcond. Thus, the diffusion of vapor plays a dominant
role in the entrapment of the vapor in the cavitation bubble.
In view of these conclusions, Toegel et al.62 developed a dif-
fusion-limited model using boundary layer approximation,
which forms the framework for the model developed in the
present study. Our bubble dynamics model makes two
approximations as follows.

Analysis on Single Bubble Basis. We simulate the radial
motion of the cavitation bubble in the bulk liquid medium
using mathematical model for a single cavitation bubble. In
other words, we ignore the influence of the bubble population
in the neighborhood of a single bubble on its radial motion,
and also the collective oscillations of bubble clouds in the
medium. This approximation is based on the findings of Ilyi-
chev et al.64 who proved that all characteristic features of the
cavitation bubble fields in the liquid medium can be
explained on the basis of dynamic behavior of a single bub-
ble. Moreover, other studies (Prasad Naidu et al.,54 Sivasan-
kar et al.52) using a model reaction (oxidation of KI to liber-
ate iodine) have also proven that the trends in the yield of a
sonochemical reaction can be explained on the basis of simu-
lations of radial motion of a single cavitation bubble. This
further supports our approach.
Thermodynamic Equilibrium of the Bubble Contents. While
calculating the composition of the bubble contents at the
moment of transient collapse, we assume that equilibrium
is attained among various chemical species present in the
bubble. Moreover, in the energy balance for the bubble we
do not incorporate various radical reactions along with their
heats of reactions. It needs to be mentioned that the endo-
thermicity of some of the reactions (for example
H2O Ð H� þ OH�) works towards reduction in the tempera-
ture peak attained during transient bubble collapse. The
assumption of attainment of thermodynamic equilibrium at
the bubble collapse is based on the relative magnitudes of
the bubble collapse time scale and the time scales of vari-
ous radical reactions. The time scale of bubble collapse, as
determined by Storey and Szeri30 is of the order of few
tens of nanoseconds (�1028). The specific rate constants
for the various radical reactions calculated from the Arrhe-
nius equation at temperatures 2500–3000 K (typical of the
temperature peaks attained during transient bubble collapse)
are of the order of 1012 cm3 mol21 s21. Moreover, the con-
centrations of various species in the bubble at the moment
of collapse are very high. An order of magnitude calcula-
tion done with representative numbers [�1010 molecules or
10213 moles in a 10 lm bubble (or �1024 cm) compressed
to 1/10th of its original size, i.e. �1025 cm] puts concen-
trations as high as �100 mol/cm3. As a collective result of

these two features, rates of various reactions among various
species present in the bubble are expected to be extremely
fast. Even with a conservative estimate of concentration,
the time-scale for the reaction (treact) can be taken as �1/
specific reaction rate. Comparison of the time scale of bub-
ble collapse with the time scale of reactions reveals that
the latter is at least two orders of magnitude smaller. Thus,
thermodynamic equilibrium should prevail till the point of
minimum radius during collapse. This justifies our assump-
tion of thermodynamic equilibrium. Brenner et al.26 have
also supported the attainment of thermal equilibrium in a
sonoluminescing bubble.

We emphasize that our approach with the above approxi-
mations addresses the basic physics of the problem, which is
sufficient for the present case. A more rigorous approach
relaxing approximations in this study would only modify
quantitative answers.

Radial motion of bubble

The radial motion of the bubble is described by the Keller-
Miksis equation65,66:

1� dR=dt

c

� �
R
d2R

dt2
þ 3

2
1 � dR=dt

3c

� �
dR

dt

� �2

¼ 1

qL
1 þ dR=dt

c

� �
ðPi � PtÞ þ R

qLc
dPi

dt
� 4m

dR=dt

R
� 2r

qLR
:

ð1Þ

This is a modification of the Rayleigh-Plesset equation, which
takes into account liquid compressibility. R denotes the radius
of the bubble at time t and qL, r, m denote the physical proper-
ties of the liquid medium, viz. the density, surface tension and
kinematic viscosity respectively. c is the speed of sound in the
medium and the pressure inside the bubble (Pi) is written using
van der Waals type equation of state67:

Pi ¼ NtotðtÞ kT
4p
3

�
R3ðtÞ � h3

�� � (2)

k is the Boltzmann constant, Ntot denotes the total number of
molecules in the bubble that vary according to condensation/
vaporization of the bulk medium (i.e. the solution containing
the pollutant, in present case) and T is the temperature inside
the bubble. h is the van der Waal’s hard core radius of various
species in the bubble viz. nitrogen, oxygen, water and chloro-
benzene or phenol. As an approximation we take a common
value h R0/8.86 for all species, where R0 is the equilibrium ra-
dius of bubble. A simple expression for Pt (the bulk pressure
during ultrasound irradiation) is written as67:

Pt ¼ P0 � PA sinð2pftÞ (3)

here P0 is the ambient pressure and PA and f denote the pres-
sure amplitude and frequency of acoustic wave.

Mass transfer across bubble

During the radial motion of bubble, both gas and water
vapor diffuse across the bubble wall. The time scale for the
diffusion of gas is �R0

2/D where D is the diffusion coeffi-
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cient.63 For representative values as R0 � 10 lm, D � 1029

m2/s, the time scale for the gas diffusion is 0.1 s, which is
far higher than time scale of bubble dynamics26 (�50 ls for
20 kHz ultrasound wave). Thus, the transport of gas across
bubble can be ignored. Diffusion of vapor across the bubble
wall, however, needs to be accounted for. In the present sit-
uation, the bulk liquid medium contains two components
(either chlorobenzene-water or phenol-water) that evaporate
into the bubble. The surface temperature of bubble exceeds
the bulk water temperature only for a very brief moment dur-
ing collapse.55 On this basis, the present model divides the
bubble into two parts1: a cold boundary layer in thermal
equilibrium with liquid and2 a hot homogeneous core. The
rate of change of vapor molecules in the bubble is given by:

dNw

dt
¼ 4pR2Dw

@Cw

@r

����
r¼R

� 4pR2Dw

CwR � Cw

ldiff

� �
(4)

Pollutant (either chlorobenzene or phenol) vapor:

dNp

dt
¼ 4pR2Dp

@Cp

@r

����
r¼R

� 4pR2Dp

CpR � Cp

ldiff

� �
(5)

where ldiff is the instantaneous diffusive penetration depth
and Dw and Dp are the effective diffusion coefficients for
water vapor and pollutant respectively. Using dimensional
analysis62,63 it is taken to be ldiff 5

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Dwtosc

p
for water mole-

cules and ldiff 5
ffiffiffiffiffiffiffiffiffiffiffiffi
Dptosc

p
for pollutant molecules. tosc is the

time scale of bubble dynamics estimated as R/|dR/dt|, again
using dimensional analysis. CwR and CpR is the equilibrium
concentration of the water and pollutant molecules at bubble
wall. Cw and Cp are the concentrations of water and the pol-
lutant in the core of the bubble. Since the concentrations of
phenol and chlorobenzene are rather dilute, the behavior of
solution is close to ideal and the activity coefficients of sol-
vent and solute can be assumed to �1. Thus, we assume the
Raoult’s law to hold good. The total vapor pressure of the
pollutant-water mixture in this situation is:

Pv ¼ xwRPw þ xpRPp (6)

where xwR and xpR are the mole fractions of water and pollu-
tant components in liquid. The concentrations of water and
pollutant molecules at bubble-bulk interface are written in
terms of their partial pressures:

CwR ¼ ðxwRPwÞ=kT0 and CpR ¼ ðxpRPpÞ=kT0 (7)

The mole fraction (or in other words, concentration) of the
pollutant molecule at the bubble-water interfacial region is
not the same as the bulk concentration of the pollutant in the
medium (50 or 100 ppm). This is due to the fact that hydro-
phobic repulsive interactions of the pollutant molecules with
aqueous phase drive the pollutant molecules towards the
bubble-bulk interface.68,69 As a result, the concentration of
the pollutant molecules in the thin liquid shell surrounding
the bubble increases. A direct measurement of the pollutant
concentration in the interfacial region is beyond the capabil-
ities of the instrumentation used in the present study. How-
ever, an indirect estimation of the interfacial concentration
has been done by Bapat et al.70 and Seymour and Gupta.40

The approach of Bapat et al.70 was theoretical. Using the
Gibb’s equation for the surface excess of solute as basis,71

they measured the reduction in the surface tension of the
aqueous solution of phenol with concentration of phenol.
Correlating the slope of the plot of surface tension vs. bulk
concentration to the Gibb’s equation, Bapat et al.70 deter-
mined the surface excess of phenol for bulk concentration of
1 mol/m3. Later, with simultaneous analysis of the surface
concentration of phenol and water molecules at bubble-bulk
interface, Bapat et al.70 concluded that the concentration of
phenol at bubble-bulk interface at equilibrium conditions
would be 264 times the bulk concentration.

Seymour and Gupta40 measured the partitioning behavior
of chlorobenzene and phenol between an organic phase
(diethyl ether) and water. A partition coefficient Kether-water

was defined as corg/caq where corg is the concentration of pol-
lutant in the organic phase and caq is the concentration in the
aqueous phase. This partition coefficient was related to the
interface-bulk liquid partition coefficient as:

Kinterface-bulk ¼ c1Kether-water (8)

where c1 is constant of proportionality. With the best fit of
experimental data, Seymour and Gupta found c1 5 4 for
chlorobenzene and c1 5 0.67 for phenol. Additional of salt
(NaCl) to the aqueous phase raises the ionic strength of the
solution, and hence, the hydrophobic repulsive interactions.
Because of this, the pollutant molecules are driven to the or-
ganic phase to a greater extent, which results in a rise in corg
and Kinterface-bulk. The values of partition coefficients for
chlorobenzene and phenol are listed in Table 1.

The enrichment of phenol at bubble-bulk interface as
determined by Seymour and Gupta40 and Bapat et al.70 dif-
fers by two orders of magnitude. However, attainment of
equilibrium between bubble interface and bulk medium is
difficult to achieve under transient cavitation conditions
where bubble undergoes large-amplitude radial motion. The
time scale of this motion is same as that of the ultrasound
wave (50 ls for 20 kHz frequency). The time for the diffu-
sion of phenol to the bubble interface through the boundary
layer is expected to be several orders of magnitude higher.
For representative values of boundary layer thickness around
bubble as �1 lm and diffusion coefficient of pollutant in
water as 10210 m2/s, the time scale of diffusion of phenol is
�1 ms. Because of large difference in the time scale of dif-
fusion of phenol and the time scale of radial motion of bub-
ble, the bubble interface is not likely to attain equilibrium
(as assumed by Bapat et al.70) under transient cavitation con-
ditions. The enrichment factor determined empirically (under
nonequilibrium conditions) by Seymour and Gupta,40 thus,
seems to be more practical. Therefore we have used the data
of Seymour and Gupta40 for our analysis.

Using the partition coefficients in Table 1, we estimate the
mole fraction of the pollutant molecules in the interfacial
region as:

xpR ¼ Kinterface-bulkxp (9)

where xp is the overall or bulk mole fraction of the pollutant
in the medium. It must be mentioned that xpR cannot rise
indefinitely with addition of salt. The upper limit to xpR is
decided by the solubility of the pollutant, which is 0.5 g/l for
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chlorobenzene and 8 g/l for phenol. Table 1 lists the values
of bulk (xp) and saturation (xs) mole fraction of phenol and
chlorobenzene. If (xp Kinterface-bulk) [xs, the interface remains
saturated with pollutant, i.e. xpR 5 xs.

Pw and Pp are the vapor pressures of water and pollutant
in pure form at the bulk temperature (T0). We use the follow-
ing Antoine’s equations for calculation of Pw and Pp (in
Pa)72:

Ppðfor phenolÞ ¼ 105 3 10ð4:24688�1509:677=ðT�98:949ÞÞ (10)

Ppðfor chlorobenzeneÞ ¼ 105 3 10ð4:11083�1435:675=ðT�55:124ÞÞ

(11)

Pw ¼ 105

760
exp 18:3036� 3816:44

T � 46:13

� �
: (12)

The influence of salt addition to the solution on the vapor
pressure of water is accounted for by the following equa-
tion73:

P0
w ¼ Pwð1� 0:537CBÞ (13)

Limits on diffusion length

At the instances of maximum and minimum radius, the
bubble wall velocity is zero, and thus, an alternate expression
is needed for diffusion length. We set this limit as R/p after
identifying that vapor transport is governed by pure diffusion
equation for condition dR/dt 5 0. The limit R/p is set on the
basis of solution of the diffusion equation in spherical geom-
etry. For greater details on this, we refer the reader to our
earlier papers.74,75 Thus, the diffusion length for water mole-

cules is: ldiff ¼ min
ffiffiffiffiffiffiffiffiffiffi
RDw

jdR=dtj
q

; Rp

	 

while the diffusion length

for the pollutant molecules is: ldiff ¼ min
ffiffiffiffiffiffiffiffiffiffi
RDp

jdR=dtj
q

; Rp

	 

.

Determination of diffusion coefficient

In the present situation (air bubbles oscillating in the aque-
ous solution of pollutants) we encounter a quaternary system:
nitrogen-oxygen-water-pollutant. The diffusion of nitrogen
and oxygen across bubble wall is ignored for the reasons

stated earlier. For water and the pollutant (either phenol or
chlorobenzene) we first calculate the binary diffusion coeffi-
cients using kinetic theory of gases76 with properties of
boundary layer evaluated at bulk temperature (for greater
details we refer the reader to our earlier papers74,75). From
these binary coefficients, the overall (or effective) diffusion
coefficient for water (Dw) and the pollutant (Dp) is calculated
as77:

1

Dw

¼ eN2

ð1� ewÞDw�N2

þ eO2

ð1� ewÞDw�O2

þ ep
ð1� ewÞDp�O2

(14)

1

Dp

¼ eN2

ð1� epÞDp�N2

þ eO2

ð1� epÞDp�O2

þ ew
ð1� epÞDp�H2O

(15)

Here e denotes the mole fraction of the individual compo-
nent. Subscripts p, O2, and N2, w represent pollutant, oxygen,
nitrogen, and water, respectively.

Heat transfer across bubble

In analogy with mass transfer, the rate of heat transfer (Q)
across bubble wall is:

dQ

dt
¼ 4pR2k

@T

@r

����
r¼R

� 4pR2k
T0 � T

lth

� �
(16)

where k is the effective thermal conductivity of bubble con-
tents and lth is the thermal diffusion length: minffiffiffiffiffiffiffiffiffiffi

Rj
jdR=dtj

q
; Rp

	 

. Thermal diffusivity (j) is calculated as: j 5 k/

qmixCp,mix, where qmix and Cp,mix represent the overall den-
sity and specific heat capacity of the mixture of various spe-
cies in the bubble. The molecular specific heats (Cp) for vari-
ous components are as follows:

N2 ¼ 7k=2; O2 ¼ 7k=2; and H2O ¼ 4k:

Since the concentration of pollutant in the solution is quite
small, so will be the equilibrium pressure at the bubble-bulk
interface and the diffusive flux of the pollutant. The bubble
contents will be dominated by air and water vapor. In view

Table 1. Partitioning Behavior* (A) and Mole Fractions (B) of the Pollutants

(A) Partitioning Behavior

Phenol Chlorobenzene

Salt Concentration Kether-water Kinterface-bulk Salt Concentration Kether-water Kinterface-bulk

0% w/v 4.9 3.283 0% w/v 7.3 29.2
4% w/v 17.5 11.725 4% w/v 12.0 48.0

(B) Mole Fractions

Concentration of Solution Phenol Chlorobenzene

Overall or Bulk Mole Fraction (xp)
50 ppm solution 9.574 3 1026 7.995 3 1026

100 ppm solution 1.915 3 1025 1.6 3 1026

Saturation Mole Fraction (xs)
1.53 3 1023 8 3 1025

*Data taken from Seymour and Gupta.40
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of this, we have not included the pollutant as a component in
the determination of the thermal conductivity and thermal
diffusivity. The thermal conductivity of the bubble contents
has been calculated considering only three components, viz.
oxygen, nitrogen, and water vapor. To calculate the effective
thermal conductivity, we first determine the thermal conduc-
tivity (k) and viscosity (gi) of the individual species using
the kinetic theory of gases (again we refer readers to our
earlier papers74,75 for greater details). The effective thermal
conductivity of the mixture of species is given by following
relation78:

kmix ¼
X eikiP

ej/ij

(17)

where i, j 5 O2, N2, and H2O, and

/ij ¼
1ffiffiffi
8

p 1þ mi

mj

� ��1=2
"
1þ gi

gj

 !�1=2
mi

mj

� �1=4
#2

(18)

where mi and mj are the molecular masses of various species.

Overall energy balance

During the radial motion, the bubble is an open system
through which water and pollutant molecules diffuse. How-
ever, in a very dilute solution (such as 50 and 100 ppm of
organic pollutant), the transaction of water molecules through
bubble wall will be several orders of magnitude larger than
the solute or pollutant molecules. Thus, we write the energy
balance for the bubble on the basis of ternary system: O2-N2-
H2O. The total energy balance for the bubble content is:

dE

dt
¼ dQ

dt
� dW

dt
þ hw

dNw

dt
(19)

The total energy E is a function of temperature and volume
of the bubble and the number of molecules of various species
in it. The rate of change of E is:

dE

dt
¼ @E

@NW

� �
NN2

;NO2
;V;T

dNW

dt

� �
þ @E

@NN2

� �
NW;NO2

;V;T

dNN2

dt

� �

þ @E

@NO2

� �
NN2

;NW;V;T

dNO2

dt

� �
þ @E

@T

� �
NWNN2

;NO2
;V

dT

dt

� �

þ @E

@V

� �
NW;NN2

;NO2
;T

dV

dt

� �
ð20Þ

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. For the reasons stated earlier, we ignore the
transport of oxygen and nitrogen molecules across bubble,
and hence: dNN2

/dt 5 dNO2
/dt 5 0. dNW/dt is the rate of

change of water vapor content of the bubble and is evaluated
using Eq. 4. Moreover, we identify thermodynamic relations

@E

@T

� �
NW;NN2

;NO2
;V

¼ CV;mix and
@E

@V

� �
NW;NN2

;NO2
;T

¼ 0 (21)

as the internal energy of an ideal gas is a principal function
of composition and temperature. The specific enthalpy of the

water molecules entering the bubble from cold bubble inter-
face is: hw 5 4kT0. (@E/@Nw) is the specific internal energy
of water molecule (Uw) and is written as

@E

@Nw

� �
¼ Uw ¼ NwkT 3þ

X3
i¼1

hi=T
expðhi=TÞ � 1

 !
(22)

with characteristics vibration temperatures (yi) for water mol-
ecule are listed below. Equating the RHS of Eqs. 14 and 15
above we get:

CV;mix

dT

dt
¼ dQ

dt
� PidV þ ðhw � UwÞ dNw

dt
(23)

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

CV;mix ¼
X

CV ;i Ni i ¼ N2O2H2O (24)

The molecular specific heats CV for various components are
written as:

CV;N2
¼ k

5

2
þ ðhN2

=TÞ2 expðhN2
=TÞ

ðexpðhN2
=TÞ � 1Þ2

" #
hN2

¼ 3350 K (25)

CV;O2
¼ k

5

2
þ ðhO2

=TÞ2 expðhO2
=TÞ

ðexpðhO2
=TÞ � 1Þ2

" #
hO2

¼ 2273 K (26)

CV;W ¼ k 3þ
X3
i¼1

ðhi=TÞ2 expðhi=TÞ
ðexpðhi=TÞ � 1Þ2

" #

hi;W ¼ 2295; 5255; 5400 K ð27Þ

Numerical solution

Equations 1, 4, 5, 16, and 23 give the formulation of radial
motion of bubble with accompanying heat and mass transfer.
For the convenience of the reader we have summarized the
complete bubble dynamics formulation in Table 2 along with
boundary conditions. We use the Runge-Kutta 4th order-5th
order method with adaptive step size79 (also known as Cash-
Karp method) for the numerical solution of these simultaneous
ordinary differential equations. The collapse of the cavitation
bubble depends on several factors such as surface instability,
local flow conditions, and bubble population in the vicinity of
the cavitation bubble. As a conservative estimate, the condition
for the bubble collapse is taken to be first compression after an
initial expansion. Four important parameters required for the
simulation of the radial motion of the cavitation bubble are: (1)
frequency and (2) pressure amplitude of ultrasound, (3) vapor
pressure of water and pollutant and (4) initial (or equilibrium)
bubble radius. Numerical values for these parameters have
been determined as follows: The frequency of the wave (f) is
taken as 20 kHz (i.e., the frequency of the ultrasound proces-
sor). The pressure amplitude of the acoustic wave (PA) was
determined as 1.5 bar using calorimetric techniques. However,
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the ultrasound wave undergoes attenuation during its passage
through the medium. Therefore, the actual acoustic wave am-
plitude sensed by the bubble is lesser than that at the ultrasound
probe tip. A direct measurement of this value is beyond the
capabilities of instrumentation used in this study, and hence,
we take a representative value as 1.25 bar, assuming �15%
attenuation. We would like to specifically mention that the
attenuation of 15% is merely a representative number. Use of
any other value (10 or 20%) makes only quantitative changes
to the simulation results with the trends remaining essentially
unchanged. The equilibrium radius of the bubble (R0) is diffi-
cult to estimate. Moreover, the equilibrium size of the bubble

keeps on changing due to phenomena such as rectified diffu-
sion, fragmentation of the bubble, etc. We have chosen a repre-
sentative value of R0 as 10 lm for simulations. Once again we
would like to mention that choice of any other value for this
parameter (for example 5 or 15 lm) makes only quantitative
changes to the simulation results with trends essentially
remaining unchanged. The vapor pressure of water and pollu-
tant has been calculated at the initial temperature of the bulk
medium (i.e., 258C) using Antoine equations (Eqs. 10–12). For
the simulation of bubble motion in salt-added solution, we take
into account the reduction in vapor pressure of water, as
explained earlier (Eq. 13). However, changes in other physical

Table 2. Summarization of the Bubble Dynamics Formulation

Variable Equation Boundary Condition

1. Radius of the bubble (R)
1� dR=dt

c

� �
R
d2R

dt2
þ 3

2
1� dR=dt

3c

� �
dR

dt

� �2

¼ 1

qL
1þ dR=dt

c

� �

3 ðPi � PtÞ þ R

qLc
dPi

dt
� 4m

dR=dt

R
� 2r
qLR

At t 5 0, R 5 Ro and dR/dt 5 0.

2. Bubble wall velocity (dR/dt) Internal pressure in the bubble: Pi ¼ NtotðtÞkT
4p
�
R3ðtÞ�h3

�
=3

� �
Pressure in bulk liquid medium: Pt 5 P0 2 PAsin (2pft)

3. Number of water molecules in
the bubble (Nw)

dNw

dt
¼ 4pR2Dw

@Cw

@r

����
r¼R

� 4pR2Dw

CwR � Cw

ldiff

� � At t 5 0, Nw 5 0 and Np 5 0

4. Number of pollutant molecules
in the bubble (Np)

dNp

dt
¼ 4pR2Dp

@Cp

@r

����
r¼R

� 4pR2Dp

CpR � Cp

ldiff

� �

Instantaneous diffusive penetration depths:

ldiff ¼ min

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RDw

jdR=dtj

s
;
R

p

 !
; ldiff ¼ min

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RDp

jdR=dtj

s
;
R

p

 !

Diffusion coefficients:

1

Dw

¼ eN2

ð1� ewÞDw�N2

þ eO2

ð1� ewÞDw�O2

þ ep
ð1� ewÞDp�O2

1

Dp

¼ eN2

ð1� epÞDp�N2

þ eO2

ð1� epÞDp�O2

þ ew
ð1� epÞDp�H2O

At t 5 0, Q 5 0

5. Heat transfer through bubble (Q) dQ

dt
¼ 4pR2k

@T

@r

����
r¼R

� 4pR2k
T0 � T

lth

� �

Thermal diffusion length: lth ¼ min
ffiffiffiffiffiffiffiffiffiffi
Rj

jdR=dtj
q

; Rp

	 

Thermal conductivity: kmix ¼

P eikiP
ej/ij

/ij ¼
�
1=

ffiffiffi
8

p ��
1þ mi=mj

��1=2
h
1þ �gi=gj��1=2�

mi=mj

�1=4i2

6. Temperature of the bubble (T) CV,mixdT/dt 5 dQ/dt 2 PidV 1 (hw 2 Uw)dNw/dt
Mixture heat capacity: CV,mix 5

P
CV,iNi Initial condition: At t 5 0, T 5 To

(the temperature of bulk liquid).
Molecular properties of water:
Enthalpy: hw 5 4kTo
Internal energy: Uw ¼ NwkT 3þP3

i¼1
hi=T

expðhi=TÞ�1
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properties of water such as density, viscosity, surface tension
and heat capacity have been neglected as the salt concentra-
tions used in the experiment (4% w/v or 0.67 g/l) is too small
to make any appreciable changes to the physical properties.73

The composition of the bubble at the time of collapse is cal-
culated assuming that thermodynamic equilibrium is reached
in the bubble. The equilibrium mole fraction of various spe-
cies in bubble at the conditions of temperature and pressure at
the first compression of the bubble was calculated using soft-
ware FACTSAGE, which uses the free energy minimization
algorithm proposed by Eriksson.80 It should be noted that
FACTSAGE gives an equilibrium distribution of the species
resulting from transient collapse of the cavitation bubble.
These species are formed out of dissociation of various mole-
cules (gas, water vapor, and pollutant vapor) entrapped in the
bubble at the moment of transient collapse. These are different
than the degradation intermediates obtained with GC-MS or
HPLC analysis of the samples withdrawn from the bulk me-
dium. Some of the species resulting from the cavitation bubble
are radicals, which can further react with pollutant molecules
in the bulk giving variety of products (mentioned in the Intro-
duction section), which are detected as degradation intermedi-
ates. The water vapor and pollutant molecules entrapped in the
bubble are subjected to extreme conditions generated at the
transient bubble collapse, which results in dissociation of
water vapor into radical species and pyrolysis of the pollutant
creating mineralization products. Therefore, the species
obtained with FACTSAGE are expected to mainly comprise
of radicals and mineralization products.

Results and Discussion

The sonochemical degradation of pollutant occurs by two
mechanisms, viz. pyrolysis in the cavitation bubble and
hydroxylation (i.e. reaction with OH

l

radicals generated by
cavitation bubbles) in the bulk liquid medium. The principal
factor that decides the contribution of the pyrolysis pathway
is the diffusive flux of the pollutant molecules across bubble-
bulk interface. The higher this flux, the higher the evapora-
tion and the subsequent entrapment of the pollutant mole-
cules in the bubble, which undergo thermal decomposition
(pyrolysis) at the extreme conditions generated at the tran-
sient bubble collapse. The diffusive flux, as given by Eq. 5,
depends on the partial pressure of the pollutant at the bub-
ble-bulk interface, which in turn depends on the concentra-
tion of the pollutant in the interfacial region.

The principal factors that decide the contribution of the
hydroxylation pathway are the rate of radical generation by
the cavitation bubbles and the probability of interaction
between the radicals and pollutant molecules. The extent of
radical generation by the cavitation bubbles depends on
amount of vapor (both water and pollutant) molecules
trapped in the bubble at the collapse and the temperature
reached during collapse. The radicals generated in the bubble
mix with the bulk liquid medium with the fragmentation of
the bubble during transient collapse. As the radical species
are extremely reactive and unstable, they do not diffuse
away significantly from the location of collapse of the bub-
ble. Thus, significant fraction of the radical induced degrada-
tion (or hydroxylation) reaction occurs in a thin shell of liq-
uid surrounding the cavitation bubble.21,40,81–83 Obviously,

the higher the concentration of pollutant molecules in this
shell, the higher the probability of interaction between pollu-
tant molecule and radical species and the higher the degrada-
tion. It needs to be mentioned that some hydroxylation reac-
tion leading to degradation of the pollutant also occurs in the
bulk medium. Rise in the bulk concentration of the pollutant
increases the probability of the interaction between radical
and pollutant in the bulk medium. Briefly, concentration of
pollutant in the bubble-bulk interfacial region influences con-
tribution of both pyrolysis and hydroxylation pathway to the
degradation of pollutants. With this prelude, we present the
results of experiments and simulations and try to establish
the link between them.

Results for the degradation of phenol and chlorobenzene
with different experimental conditions are shown in Figure 2.
Certain trends in the experimental results are observed as fol-
lows: (1) the absolute amount of pollutant degraded in 90
min of sonication, in case of both phenol and chlorobenzene,
increases with initial concentration of the pollutant—with all
other conditions remaining the same; (2) with addition of 4%
w/v NaCl, the extent of degradation for phenol rises
�threefold, while salt addition has negligible enhancement
effect on the degradation of chlorobenzene; (3) other experi-
mental conditions remaining the same, the degradation of
chlorobenzene is one order of magnitude higher than the deg-
radation of phenol.

Figure 2. Experimental results on degradation of phe-
nol and chlorobenzene under various reac-
tion conditions.
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Illustrative simulations of the radial motion of air bubbles
in 50 ppm solution of phenol (with 4% w/v salt) and 100
ppm solution of chlorobenzene are shown in Figures 3 and 4,
respectively. The summary of the entire simulation results is
given in Table 3. This table lists the collapse conditions (i.e.
the number of water and pollutant molecules trapped and the
temperature peak reached in the bubble at transient collapse)
along with equilibrium composition of various species that
result out of dissociation of water and pollutant molecules
trapped in the bubble. Some distinct trends observed in the
simulation results are as follows: (1) the extent of entrapment
of phenol molecules in the cavitation bubble is at least two
orders of magnitude smaller than the chlorobenzene mole-
cules; (2) with initial concentration increased from 50 to 100
ppm, the entrapment of phenol molecules in the bubble rises
threefold, while the entrapment of chlorobenzene molecules
remains practically unchanged. Moreover, with addition of
4% w/v salt to the solution, the entrapment of phenol in the
bubble again rises by �threefold whereas entrapment of

chlorobenzene molecule shows a slight (�10%) increase.
These trends can be explained as follows:

(1) Vapor pressure of phenol at the temperature of experi-
ment (258C) is 46 Pa while that of chlorobenzene is 1598
Pa. Because of the difference of two orders of magnitude in
vapor pressure, the diffusive flux and entrapment of chloro-
benzene molecules is far higher than phenol.

(2) The diffusive flux of pollutant molecules depends on
the partial pressure of pollutant at bubble-bulk interface,
which in turn depends on the concentration or mole fraction of
the pollutant in the bulk liquid at the interface. As mentioned
earlier, this mole fraction is given as: xpR 5 xpKinterface-bulk.
Thus, a rise in either xp (overall mole fraction of pollutant) or
Kinterface-bulk (interfacial partition coefficient, which increases
with salt addition) would raise the partial pressure of pollutant.
However, the maximum limit to xpR is decided by the solubil-
ity of pollutant. As seen from Table 1, in case of chloroben-
zene, the partition coefficients are high while solubility is quite
small (0.5 g/l), due to its hydrophobic nature. As a result, the

Figure 4. Simulation of the radial motion of 10-lm air
bubble in 100 ppm chlorobenzene solution.

Time variation of (A) Normalized bubble radius (R/R0); (B)
Temperature in the bubble; (C) Number of water molecules
in the bubble; (D) Number of chlorobenzene molecules in
the bubble.

Figure 3. Simulation of the radial motion of 10-lm air
bubble in 50 ppm phenol solution with 4% w/v
NaCl.

Time variation of (A) Normalized bubble radius (R/R0); (B)
Temperature in the bubble; (C) Number of water molecules
in the bubble; (D) Number of phenol molecules in the bubble.
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interfacial region always remains saturated with chlorobenzene
for all experimental conditions. Thus, the diffusive flux and
entrapment of chlorobenzene remains practically unchanged
irrespective of initial concentration and salt addition. In case of
phenol, however, partition coefficients are relatively small due
to its hydrophilic nature and the solubility is much higher (8 g/
l). Therefore, the liquid in the interfacial region is considerably
unsaturated. Increasing the bulk concentration or salt addition
to the solution causes a net rise in the interfacial concentration
of phenol, which raises its partial pressure. This results in an
augmentation in the diffusive flux and the entrapment of phenol.

An immediate conclusion, which can be drawn from the
results presented above, is that principal contribution to the
sonochemical degradation of chlorobenzene is through pyrol-
ysis route, while the principal contribution to the sonochemi-
cal degradation of phenol is through the hydroxylation route.

This conclusion is further corroborated by the composition of
various species generated in the bubble during transient col-
lapse. As mentioned earlier, some of the intermediate species
observed during sonochemical degradation of chlorobenzene
comprise of HCl, HOCl, and Cl

l

. The simulation results for
the radial bubble motion in chlorobenzene solution indeed
show formation of these species during transient collapse of
the bubble. On the other hand, the amount of phenol mole-
cule entrapment in the bubble is quite small, and hence, the
composition of the bubble contents at the transient collapse
is dominated by radical species generated out of dissociation
of water molecules such as OH

l

, H
l

, and HOO
l

. These spe-
cies react with the phenol molecules present in the bubble-
bulk interfacial region forming hydroxylated products such
as hydroquinone and catechol, which have been observed as
degradation intermediates, as noted earlier.

Table 3. (A) Simulation Results for the Phenol Solution and (B) Simulation Results for the Chlorobenzene Solution

Species

Parameters for Simulation

50 ppm solution 50 ppm solution with 4% w/v NaCl 100 ppm solution 100 ppm solution with 4% w/v NaCl

Simulation Results for the Phenol Solution
Conditions at the first compression of the bubble

Tmax 5 2926 K Tmax 5 2716 K Tmax 5 2991 K Tmax 5 2578 K
Nph 5 8907 Nph 5 26300 Nph 5 20150 Nph 5 49500

Nw 5 9.25E109 Nw 5 7.41E109 Nw 5 1.06E110 Nw 5 7.13E109

Equilibrium composition of different radical species in the bubble at collapse (mole fraction)
O2 8.644E-01 8.030E-01 8.784E-01 7.727E-01
H2O 1.214E-01 1.866E-01 1.062E-01 2.194E-01
OH 1.090E-02 8.492E-03 1.158E-02 6.512E-03
O 1.862E-03 9.104E-04 2.261E-03 6.619E-04
HOO 1.202E-03 8.849E-04 1.300E-03 5.345E-04
H2 1.051E-04 8.600E-05 1.095E-04 6.226E-05
H2O2 7.164E-05 6.611E-05 7.245E-05 5.387E-05
H 2.945E-05 1.474E-05 3.551E-05 9.292E-06
O3 2.913E-05 1.428E-05 3.535E-05 8.672E-06
CO2 1.863E-06 5.117E-06 4.278E-06 8.007E-06
CO 1.136E-08 1.555E-08 3.161E-08 1.650E-08

Simulation Results for the Chlorobenzene Solution
Conditions at the first compression of the bubble

Tmax 5 2383 K Tmax 5 2753 K Tmax 5 2383 K Tmax 5 2753 K
Ncb 5 8.1E105 Ncb 5 9.412E105 Ncb 5 8.1E105 Ncb 5 9.412E105

Nw 5 1.0502E110 Nw 5 1.18E110 Nw 5 1.0502E110 Nw 5 1.18E110

Equilibrium composition of different radical species in the bubble at collapse (mole fraction)
O2 6.994E-01 8.188E-01 6.994E-01 8.188E-01
H2O 2.955E-01 1.700E-01 2.955E-01 1.700E-01
OH 4.262E-03 8.826E-03 4.262E-03 8.826E-03
O 2.207E-04 1.037E-03 2.207E-04 1.037E-03
HOO 4.127E-04 9.384E-04 4.127E-04 9.384E-04
CO2 1.375E-04 1.817E-04 1.375E-04 1.817E-04
H2 3.879E-05 8.732E-05 3.879E-05 8.732E-05
H2O2 3.963E-05 6.695E-05 3.963E-05 6.695E-05
HCl 2.113E-05 2.540E-05 2.113E-05 2.540E-05
O3 3.702E-06 1.658E-05 3.702E-06 1.658E-05
H 3.049E-06 1.647E-05 3.049E-06 1.647E-05
Cl 1.182E-06 3.306E-06 1.182E-06 3.306E-06
ClO 3.504E-07 1.163E-06 3.504E-07 1.163E-06
CO 1.035E-07 6.230E-07 1.035E-07 6.230E-07
HOCl 2.675E-07 5.066E-07 2.675E-07 5.066E-07
ClO2 1.233E-09 6.043E-09 1.233E-09 6.043E-09
Cl2 1.972E-10 4.655E-10 1.972E-10 4.655E-10

In the equilibrium composition, the number format is as follows: 2.075E-07 should be read as: 2.075 3 1027. Species having equilibrium mole fraction less than
10210 have been ignored. Species with Nitrogen as a constituent element have been ignored, as they are found in traces and contribute little in the degradation
reaction. Notations: Tmax 5 Temperature in the bubble at the instance of first compression; NW 5 water molecules trapped in the bubble at the instance of first
compression; Nph 5 phenol molecules trapped in the bubble during transient collapse; Ncb 5 chlorobenzene molecules trapped in the bubble during transient
collapse.
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The overall degradation of both phenol and chlorobenzene
increases with bulk concentration. Rise in bulk concentration
influences both the pathways of degradation, i.e. pyrolysis and
hydroxylation, to certain extent. Simulation results help us
determine this extent for the two pollutants. As far as chloro-
benzene is concerned the bubble-bulk interface is always satu-
rated and increasing bulk concentration does not make any
change. Hence, the diffusive flux and entrapment of chloroben-
zene molecules remains practically unaltered with changes in
bulk concentration. Moreover, the degree of hydroxylation
reaction occurring in the interfacial region also does not
change, as the pollutant concentration in this region is already
at its maximum. With this, the rise in the extent of degradation
is clearly attributed to larger degradation (mostly by hydroxy-
lation) occurring in the bulk liquid, due to higher probability
of interaction between radicals and pollutant molecules. For
phenol, the mechanism is different. In this case, the liquid at
the interfacial region is considerably unsaturated. With rise in
bulk concentration, the concentration in the interfacial region
also increases. This has two evident consequences: rise in the
diffusive flux and entrapment of phenol molecules in the bub-
ble, and secondly, increase in the probability of radical-pollu-
tant interaction, which increases the degree of hydroxylation
region occurring in the interfacial region.

The difference in the extent of degradation of phenol and
chlorobenzene under similar conditions can be explained on
the basis of simulation results. The entrapment of chloroben-
zene molecules in the bubble is quite high. These molecules
undergo complete degradation (or mineralization) at the
extremes of temperature and pressure generated during tran-
sient bubble collapse. As a result, the degradation of chloro-
benzene is rapid, with more than 60% of pollutant degraded
in 90 min. Degradation of phenol occurs outside the bubble.
Because of rather dilute solution used in the experiments, the
probability of interaction of phenol molecules with radical
species is relatively low. Hence, not all of the radical species
generated by the bubble undergo reaction with phenol. Most
of the species mere recombine to yield O2, H2O2, and H2O
without inducing any degradation reaction. Accordingly, the
extent of degradation is slow.

Assessment of the experimental and simulation results also
explains the effect of salt addition on the degradation rate of
the two pollutants. As stated earlier, the addition of salt
increases the ionic strength of the solution that enhances the
hydrophobic repulsive interactions between aqueous phase
and pollutant, which drives the pollutant molecules towards
bubble-bulk interface. Therefore, the concentration of the
pollutant in the bubble-bulk interfacial region increases. This
phenomenon has two consequences that contribute towards
the enhancement of degradation. Firstly, the partial pressure
of the pollutant at the interface increases. This results in rise
of the diffusive flux and entrapment of pollutant molecules
in the bubble. Thus, the contribution of the pyrolysis path-
way to the degradation increases. Secondly, the probability
of interaction between radical and pollutant molecule in the
interfacial region also increases, which increases the extent
of hydroxylation reaction occurring in this region. However,
the magnitude of salt induced enhancement is different for
the two pollutants. For chlorobenzene, as the interfacial
region is always saturated, neither the entrapment of mole-
cules nor the interactions with radicals change with salt addi-

tion. As a result, the extent of degradation practically
remains constant. On the other hand, entrapment of phenol
molecules rises by �threefold with salt addition. Therefore,
contribution of the pyrolysis route to phenol degradation
boosts drastically. Secondly, the net production of the OH

l

radicals per bubble remains practically constant with salt
addition to the solution but the net utility of these radicals
for the degradation of pollutant increases. Higher concentra-
tion of phenol molecules near bubble-bulk interface also
raises the probability of interaction with radical species,
which further adds to the degradation via hydroxylation
route. On the whole, salt addition causes a sharp rise in the
overall degradation of phenol in 90 min of sonication.

Conclusion

In this article, we have tried to explain the physical or
mechanistic features of the sonochemical degradation of vol-
atile and nonvolatile organic pollutants. With experiments
using chlorobenzene and phenol as model pollutants and a
mathematical model for radial motion of cavitation bubbles,
we have explored some remarkable mechanistic features of
the sonochemical degradation of these pollutants. Our results
reveal that thermal decomposition or pyrolysis in the cavita-
tion bubble is the predominant mechanism of degradation of
volatile pollutants while hydroxylation in the bulk medium is
the principal pathway for the degradation of nonvolatile pol-
lutants. These results are in accordance with the previous lit-
erature in which intermediates and products of the degrada-
tion reaction have been used to determine the mechanism of
sonochemical degradation. We have also investigated
changes in the extent of degradation with variation of some
experimental parameters such as bulk concentration of pollu-
tant and salt addition to the solution of pollutant. Concurrent
evaluation of experimental and simulation results reveals that
these parameters influence both the pathways of degradation.
However, the magnitude of this influence is different for phe-
nol and chlorobenzene, which is attributed to the different
nature (hydrophobic and hydrophilic) of the pollutant. To
conclude, this article provides a framework for deducing the
mechanistic features of the sonochemical degradation of or-
ganic pollutants, knowledge of which is of paramount impor-
tance in designing large-scale processes for ultrasound-aided
wastewater treatment.
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