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Abstract
This paper tries to explain the physical features of the sonochemical emulsion polymerization process by coupling experiments with different
conditions (such as monomer type, saturation level of the medium and the type of bubbling gas) with a mathematical model for the radial motion
of cavitation bubble. Experiments have been performed without any added chemical initiator or surfactant. Time variation of the mean size and
size distribution of polymer particles in the emulsion have been used as a measure for the analysis. This measure is found to be governed by
various parameters such as rate of radical production from the cavitation bubbles, magnitude of the microturbulence and shock waves produced
by the cavitation bubbles, glass transition temperature of polymer and the population density of polymer particles. The relative magnitudes of
these parameters vary significantly with the experimental conditions. This variation has been explained on the basis of results of simulation of
radial motion of cavitation bubble. It is revealed that the mean particle size and size distribution of particles are manifestation of simultaneous
and resultant influence of these parameters.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Sonochemical emulsion polymerization of various mono-
mers (such as methyl methacrylate, butyl acrylate, vinyl
acetate and styrene) has been extensively investigated in the
past two decades (Kruus and Patraboy [1], Kruus et al. [2],
Price et al. [3], Biggs and Grieser [4], Cooper et al. [5], Ooi
and Biggs [6], Bradley and Grieser [7], Xia et al. [8], Price
et al. [9], Zhang et al. [10], Zhang et al. [11], Yin et al.
[12], Teo et al. [13]). Unlike conventional emulsion polymer-
ization where the active free radicals are generated via a
water-soluble chemical initiator, the sonochemical emulsion
polymerization involves use of radicals formed out of transient
collapse of cavitation bubbles to cause polymerization.
* Corresponding author. Tel.: þ91 361 2582258; fax: þ91 361 2582291/

2690762.

E-mail address: vmoholkar@iitg.ac.in (V.S. Moholkar).

0032-3861/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2008.02.032
Sonochemical initiation of polymerization reaction has been
reported as early as 1950s by Lindstrom and Lamm [14],
Henglein and Schulz [15] and Henglein [16]. Distinct merits
of the sonochemical route for emulsion polymerization
include faster polymerization at lower bulk liquid tempera-
tures and elimination of the need of chemical initiator and cos-
tabilizer. Ultrasound manifests its effect on a liquideliquid
heterogeneous system (such as mixture of monomer and water
in emulsion polymerization) in both physical and chemical
ways through radial motion and transient collapse of cavita-
tion bubbles (Suslick [17], Mason and Lorimer [18], Shah
et al. [19]). The mechanical effect of ultrasound is the creation
of intense microturbulence in liquid leading to the formation
of fine emulsion of monomer in water, in the form of droplets
typically in the range 50e500 nm. Under the influence of
varying bulk liquid pressure with passage of ultrasound, the
existing gas nuclei in the medium undergo intense volume
oscillations. During the expansion phase, when the pressure
at the gaseliquid interface falls below saturation vapor
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pressure, evaporation occurs and vapor of both water and
dissolved monomer diffuses into the bubble. During the ensu-
ing collapse phase, liquid vapor tends to condense at the bub-
ble wall. However, during the final moments of transient
bubble collapse, where the bubble wall velocity reaches closer
to or even exceeds the velocity of sound in the liquid, the
vapor at the center of the bubble has insufficient time to
escape. This excess vapor is trapped or frozen in the bubble
at the time of minimum radius reached during collapse,
when the temperature and pressure inside the bubble are at
the extreme (w5000 K and w500 bar). At these conditions,
the vapor inside the bubble can decompose to yield radicals
such as H, OH and HO2 (Hart and Henglein [20,21], Suslick
[22]). These radicals are released into the bulk medium with
collapse of the cavitation bubble. The solutes (which, in the
present situation, are the dissolved monomer molecules) in
the boundary layer at the bubbleebulk interfacial region inter-
cept these radicals. These solutes are basically the dissolved
monomer and the surfactant (if added during polymerization).
The addition of H and OH radicals to the monomer molecules
results in the formation of monomeric radicals in the bulk
medium. In the absence of a surfactant, these monomeric rad-
icals can add to either another monomer molecule in the bulk
or to a monomer droplet formed out of emulsification action of
ultrasound and initiate polymerization. Finally, termination of
the polymerization step occurs by reaction with another grow-
ing radical or by recombination. It needs to be mentioned that
emulsification action of ultrasound obviates the need for
surfactant in the bulk solution. Surfactant has basically two
roles to play in the sonochemical polymerization system: first,
it lowers the surface tension of the aqueous medium making
dispersion of monomer into water easy, and secondly, surfac-
tant molecules adsorb on the surface of the polymer nanopar-
ticles. Repulsions between the adsorbed surfactant molecules
avoid coalescence of polymer nanoparticles. Radial motion
of cavitation bubbles driven by ultrasound creates intense
microturbulence in the medium that helps formation of fine
emulsion of two immiscible liquid phases, even in the absence
of surfactant. Thus, need for surfactant e as far as first role is
concerned e is obviated. Ultrasound, however, cannot be a
surrogate for the second role.

The purpose of the present study is to provide a deeper
insight into the mechanism of the sonochemical emulsion
polymerization with simulation of the radial motion of a cavi-
tation bubble. As can be understood from the discussion pre-
sented in previous paragraphs, the transient motion of the
cavitation bubble is the basic underlying physical phenomenon
in sonochemical emulsion polymerization. With experiments
coupled to a mathematical model, which takes into account
the essential physics and chemistry of the cavitation bubbles,
we illuminate interesting physical aspects of the sonochemical
emulsion polymerization process.

2. The overall physical picture and our approach

The present study addresses the physical features of
sonochemical emulsion polymerization with a combined
mathematicaleexperimental approach. The rate of formation
of monomeric radicals via reaction [OH

�
]þ [M] / [M] can

be written as �rM¼ kM[M][OH
�
]. Rate of formation of mono-

meric radicals depends on the concentration of the monomer
molecules and radicals (produced from cavitation bubble) at
the bubbleebulk interfacial region. For sonochemical
reactions, another factor comes into picture, which is the prob-
ability of interaction between the reactant (monomer in the
present case) and the radicals. The radicals produced out of
cavitation bubble are extremely reactive and react instanta-
neously after being released into the bulk medium with tran-
sient collapse of bubbles. However, in the present situation
the bubbleebulk interface (which is hydrophobic in nature)
is saturated with monomer molecules and the probability of
interaction is quite high. With this, the controlling factor for
the rate of formation of monomeric radical species is the
rate of generation of radicals by the cavitation bubble. These
radicals can induce polymerization reaction by adding to an-
other monomer molecule (to give a growing radical) or to
a droplet. The termination of the polymerization of the droplet
may occur by reaction with another monomeric radical or
growing radical. If the concentration of radicals is very high,
the droplets are likely to be spot polymerized by set of radicals
inducing and terminating polymerization reaction (Bradley
and Grieser [7]).

The extent of formation of radical species out of cavitation
bubble depends on two factors: (1) the extent of vapor (of both
water and monomer) trapped in the bubble at the time of
collapse and (2) the temperature peak attained during collapse,
which decides the equilibrium composition of the various spe-
cies resulting out of dissociation of vapor molecules entrapped
in the bubble. In addition to the chemical effect, the radial mo-
tion of cavitation bubble also induces mechanical effects.
These effects include: (1) creation of an intense oscillatory
velocity field in the vicinity of the cavitation bubble and (2)
generation of the shock wave, when the radial bubble motion
comes to a sudden halt at the instance of minimum radius. Out
of these, the first phenomenon is continuous one e occurring
throughout the radial motion of bubble, while the second one
is discrete e occurring only at the instances of minimum
radius during radial motion. The oscillatory velocity field is
responsible for shearing force, which disperses the monomer
in the form of fine droplets. The shock waves, on the other
hand, act towards disintegration of the polymer particles.

The approach in the present study is to assess the relative
influence of the physical and chemical effects of the cavitation
bubbles mentioned above on the outcome of the sonochemical
emulsion polymerization process. The experimental technique
that we adopt is as follows: (1) use of two monomers (viz.
butyl acrylate and vinyl acetate) with widely varying water
solubility and vapor pressure; (2) use of two kinds of gases
for bubbling the reaction mixture: a monatomic gas (argon)
and a diatomic gas (nitrogen); (3) variation in the dissolved
gas concentration in the bulk liquid (water) medium. Simulta-
neously, we use a bubble dynamic model, which takes into
account the heat and mass transfer effects during radial bubble
motion to estimate the extent of radical production and



1912 N.K. Morya et al. / Polymer 49 (2008) 1910e1925
magnitude of the oscillatory velocity field and shock wave.
The influence of these experimental techniques on the poly-
merization process has been estimated using particle size
distribution as a measure e as it is the ultimate outcome or
manifestation of the polymerization process. We have not
dealt in this study with the kinetics of the polymerization
(which would involve monitoring of the monomer conver-
sion). Finally, we try to correlate the experimental and simula-
tion results to get an insight into the physical features of the
polymerization process.

3. Experimental section
Fig. 1. Schematic representation of the experimental setup [Legends: 1. nitro-

gen cylinder; 2. jacketed reactor; 3. ultrasonic horn; 4. ultrasonic generator
3.1. Reagents
(processor); 5. laboratory jack; 6. laboratory stand; 7. reaction mixture; 8.

gas passing to the aerator].
Two monomers viz. vinyl acetate (VA, Loba Chemie,
>99%, synthesis grade) and butyl acrylate (BA, Loba Chemie,
>99%, synthesis grade) were used. Prior to polymerization
reaction, the inhibitor was removed by passing the monomer
through a column of neutral alumina (Loba Chemie, mesh
size 70e230). The monomer was transferred immediately to
the reaction vessel after removal of the inhibitor. Two high
purity (>99.9%) gases viz. argon and nitrogen were used for
bubbling the emulsion during sonication. The monomer emul-
sions were prepared using Milli-Q water.
3.2. Experimental categories
For both VA and BA monomers, the polymerization exper-
iments were divided into two categories: (1) using degassed
(or unsaturated) aqueous medium and (2) using non-degassed
(or saturated) aqueous medium. As stated earlier, two gases
were used for bubbling the reaction mixture viz. (1) a mon-
atomic gas (argon) and (2) a diatomic gas (nitrogen). By
permutation e combination of these parameters, various sets
of experiments are devised as follows:

(A) Butyl acrylate monomer
(1) Unsaturated medium with nitrogen bubbling;
(2) saturated medium with nitrogen bubbling;
(3) unsaturated medium with argon bubbling;
(4) saturated medium with argon bubbling.

(B) Vinyl acetate monomer
(1) Unsaturated medium with nitrogen bubbling;
(2) saturated medium with nitrogen bubbling;
(3) unsaturated medium with argon bubbling;
(4) saturated medium with argon bubbling.
3.3. Experimental system
The schematic of the experimental setup is shown in Fig. 1.
A jacketed reactor made of borosilicate glass was used to
conduct the polymerization reactions (dimensions: height
e 120 mm; diameter e 50 mm; jacket thickness e 12 mm). A
glass sparger was used to bubble the desired gas during soni-
cation through wateremonomer emulsion. This sparger used
glass frit (pore size w40 mm) to disperse the gas in the
medium. The sonication of the monomer solution was done
using a microprocessor-based and programmable ultrasonic
processor (Sonics and Materials, Model VCX 500). This pro-
cessor had a frequency of 20 kHz with the maximum power
output of 500 W. The ultrasonic probe of the processor was
fabricated from high grade titanium alloy and had a tip dia-
meter of 13 mm. The processor had variable power output
control, which was set at 20% during sonication resulting in
net consumption of 100 W. It needs to be mentioned that
this value corresponds to a theoretical maximum ultrasound
intensity. The actual value of the ultrasound intensity in the
medium was determined using calorimetry (Sivasankar et al.
[23]). In addition, the processor had facility of automatic
frequency tuning and amplitude compensation, which ensures
constant power delivery to the ultrasound probe and the
medium irrespective of the changes occurring in the medium.
For a theoretical intensity of 100 W, the ultrasound probe
produced an acoustic wave of 1.5 bar pressure amplitude.
3.4. Polymerization method
All polymerization reactions were carried out as batch reac-
tions with a monomer concentration of 5% (w/w) in water with-
out any added surfactant or chemical initiator. In a typical batch
polymerization, an emulsion of 7.5 g of monomer and 142.5 g of
Milli-Q water was prepared. For categories with saturated
medium, the reaction mixture was bubbled with desired gas
(argon or nitrogen) prior to sonication to remove the dissolved
oxygen. During sonication, however, the bubbling flow rate
was reduced to as low as 2 l/min using a rotameter. At this
rate, the loss of volatile monomer such as VA from the solution
due to diffusion with the bubbling gas is negligibly small.
Another rationale behind low sparging rate of gas has been
explained in Section 5. For categories of experiments with
degassed medium, water was subjected to 700 mm Hg vacuum
with intense stirring for 30 min prior to mixing of monomer.
This procedure reduced the dissolved gas (basically air) content
to very low value, with dissolved oxygen at <2 ppm. As in the
case of experiments with saturated medium, desired gas was
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bubbled through the wateremonomer emulsion at a low rate of
2 l/min. The temperature of the medium at the beginning of
sonication was 30 �C. The temperature rise during polymeriza-
tion was restricted by circulating cooling water through the
reactor jacket during sonication and using cycles of 5 min
sonication followed by 5 min silent period. The temperature
fluctuation during sonication was about�5 �C. The total sonica-
tion time was only 20 min in order to avoid significant rise in dis-
solved gas content. Ten milliliters of samples were withdrawn
from the reaction mixture at intervals of 5, 10 and 20 min of son-
ication. After addition of w5 mg of inhibitor (hydroquinone)
these samples were used for preparing the grids for SEM and
TEM analyses. After placing a drop of sample over a grid, the
grid was put in the flow of nitrogen at 30 �C for w12 h. This
caused evaporation of all water and unreacted monomer in the
sample droplet leaving behind the polymer particles.

We would like to mention that in the absence of surfactant in
reaction mixture, which also acts as a stabilizer preventing
coalescence between the polymer particles (as noted earlier),
some coalescence might occur. However, this effect is expected
to be more or less the same for all samples, and thus, the trends
observed in the particle size distribution remain unaffected.
3.5. Particle sizing
The average particle size in each sample along with the par-
ticle size distribution was determined from SEM and TEM
images by sizing particles from each image and at least 10
images for each sample.

4. The mathematical model

Irradiation of liquid medium with ultrasound gives rise to
phenomena of cavitation, which are growth, oscillation and
transient collapse of tiny gas bubbles present in the medium.
During the growth phase liquid vapor evaporates into the bub-
ble. If the liquid contains a dissolved solute, it may also evap-
orate into the bubble. However, the extent of this evaporation
will be determined by the partial pressure or equilibrium vapor
pressure of solute at the bubble interface. In the ensuing
compression phase, the vapor entered into the bubble con-
denses. This condensation is preceded by the diffusion of
vapor molecules towards the bubble wall. At the final
moments of collapse, the dynamics of bubble motion becomes
extremely rapid and not all the vapors that have entered the
bubble can escape. Thus, vapor entrapment occurs and the
entrapped vapor is subjected to intense conditions of tempera-
ture and pressure generated inside the bubble. Under these
conditions, the vapor molecules dissociate giving rise to vari-
ous chemical species including free radicals (Hart and Hen-
glein [20,21], Suslick [22]). These radicals can either diffuse
out of the bubble or get mixed with the bulk liquid if the bub-
ble fragments during transient collapse. Modeling of the gen-
eration of free radicals from cavitation bubbles has been an
active area of research for past three decades and various
authors have dealt with this matter with different approaches
(Kamath et al. [24], Prasad Naidu et al. [25], Rajan et al.
[26], Sochard et al. [27], Yasui [28,29], Gong and Hart [30],
Moss et al. [31]). The most general treatment for the problem
of vapor transport in large amplitude nonlinear motion of
cavitation bubbles was presented by Storey and Szeri [32].
The principal result of analysis of Storey and Szeri was that
vapor transport in the bubble is a diffusion-limited process.
On the basis of this important result, Toegel et al. [33] devel-
oped a diffusion-limited model using boundary layer approxi-
mation, which forms the basis of the present study. This model
has been validated against the full PDE simulations of Storey
and Szeri [32].

We would like to mention that the overall polymerization
effect is a manifestation of simultaneous oscillations of
millions of bubbles present in the reaction medium. Such a sys-
tem has extremely complicated physics with factors such as
bubbleebubble coalescence, clustering, rectified diffusion
affecting the overall effect. Another important parameter in
this regard is the number density of bubbles. No experimental
method has been developed yet, which can provide an estimate
of this parameter, even with an order of magnitude accuracy.
No model for the radial motion of a cavitation bubble has
been developed so far, which takes into account all of these
facets. Most of the bubble dynamic models are based on the
radial motion of a single bubble. Although the single bubble
analysis does not exactly reflect the entire physical phenomena
in the system, it does provide a qualitative physical insight into
the problem, as it addresses the essential physics of the prob-
lem such as heat transfer, mass transfer, vapor entrapment, etc.

Attempts of modeling physical or chemical effects of multi-
bubble systems with single bubble models have been made by
earlier authors. Ilyichev et al. [34] were the first to prove that
all spectral characteristics of experimental acoustic cavitation
(involving multi-bubble fields) can be explained with simula-
tions of a single bubble. Later, Prasad Naidu et al. [25] and Rajan
et al. [26] successfully explained the trends in the sonochemical
oxidation of watereKI and watereKIeCCl4 systems using
single bubble model. More recently, Storey and Szeri [35]
have also pointed out that experimentally observed trends in
sonochemistry are reflected in the trends observed in the behav-
ior of a single representative bubble. It must, however, be noted
that single bubble models, due to simplifications involved in
them, suffer from limitation that no quantitative predictions
about reaction kinetics and yield can be made with them.

As far as objectives of the present study are concerned, sin-
gle bubble approach for mathematical modeling is sufficient.
A more rigorous approach relaxing assumptions and approxi-
mations made in this work would make quantitative changes to
the analysis presented here. In the paragraphs below, we
describe the model for simulation of radial motion of single
cavitation bubble.
4.1. Radial motion of bubble
The radial motion of the bubble is described by the
KellereMiksis equation (Brennen [36], Prosperetti and Lezzi
[37]).
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R denotes the radius of the bubble at time t and rL, s, 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 and the pressure inside the
bubble (Pi) is written using van der Waal’s type equation of
state:

Pi ¼
NtotðtÞ kT�

4p
3

�
R3ðtÞ � h3

�� ð2Þ

k is the Boltzmann constant, Ntot denotes the total number of
molecules in the bubble at time t and T is the temperature
inside the bubble. h is van der Waal’s hard core radius of
various species in the bubble viz. nitrogen, oxygen, water
and butyl acrylate or vinyl acetate. As an approximation we
take a common value h z R0/8.86 for all species, where R0

is the equilibrium radius of bubble. A simple expression for
Pt (the bulk pressure during ultrasound irradiation) is written
as

Pt ¼ P0�PA sinð2pftÞ ð3Þ

here P0 is the ambient pressure and PA and f denote the
pressure amplitude and frequency of acoustic wave.
4.2. Mass transfer across bubble
During the radial motion of bubble, both gas and liquid
(along with dissolved solute) vapor diffuse across the bubble
wall. The transport of gas across bubble wall can be neglected
for radial motions of duration of few acoustic cycles on the basis
of difference in time scales, explained as follows: the time scale
for the diffusion of gas is wR0

2/D where D is the diffusion coeffi-
cient. For representative values as R0 w 10 mm, D w 10�9 m2/s,
the time scale for the gas diffusion is 0.1 s, which is far higher
than time scale of bubble dynamics (w50 ms for 20 kHz ultra-
sound wave). However, for radial motion of longer duration
the transport of gas needs to be considered. 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 due to 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 (Hsieh and Plesset [38],
Eller and Flynn [39], Safar [40]). More recently, a generalized
formulation of rectified diffusion is given by Lofstedt et al.
[41] and Fyrillas and Szeri [42], which can be applied to large
amplitude nonlinear motion of bubbles driven by the ultrasound
waves of pressure amplitude greater than transient cavitation
threshold (typically >1 bar for bubbles of size 5e20 mm). The
major conclusions of Lofstedt et al. [41] and Fyrillas and Szeri
[42] in the context of the present study are as follows: for acous-
tic pressure amplitudes >1 atm, the bubble grows during oscil-
lations if the liquid medium is relatively saturated (�80% or so).
On the other hand, if the medium is unsaturated (relative satura-
tion �30% or so) the bubble shrinks during radial motion. The
parameters for the simulation of the radial bubble motion have
been selected on the basis of these conclusions. For greater de-
tails on the mathematical analysis of rectified diffusion, we refer
the reader to the original papers of Lofstedt et al. [41] and Fyr-
illas and Szeri [42]. Another important factor that affects the
phenomenon of rectified diffusion is the surface tension of the
liquid. Crum [43] reported that the presence of surfactant at
the bubbleebulk interface enhances the growth rate of the bub-
ble by rectified diffusion. Fyrillas and Szeri [42,44] proposed
that the enhancement in growth rate is due to reduction in the in-
terfacial resistance for mass transfer in the presence of surfac-
tant. More recently, Lee et al. [45] have suggested that in
addition to changes in surface tension and interfacial mass trans-
fer in the presence of surfactant, effect of surface rheological
properties may also contribute to enhancement in bubble growth
rate.

In the present situation, both water and the dissolved mono-
mer, either butyl acrylate or vinyl acetate, evaporate into the
bubble. The surface temperature of bubble exceeds the bulk
water temperature only for a very brief moment during
collapse. On this basis, the present model divides the bubble
into two parts: (1) a cold boundary layer in thermal equilib-
rium with liquid and (2) a hot homogeneous core. Due to their
hydrophobic nature, the monomer molecules are driven
towards the bubbleebulk interface, which also has a similar
hydrophobic character (Bapat et al. [46]). Thus, the bubblee
bulk interfacial region is always saturated with monomer
molecules. The rate of change of water and monomer vapor
molecules in the bubble is given by

Water vapor :
dNw

dt
¼ 4pR2Dw

vCw

vr

����
r¼R

z4pR2Dw

�
CwR�Cw

ldiff

�
ð4Þ

Monomer ðeither butyl acrylate or vinyl acetateÞ vapor :
dNM

dt

¼ 4pR2DM

vCM

vr

����
r¼R

z4pR2DM

�
CMR �CM

ldiff

�
ð5Þ

where ldiff is the instantaneous diffusive penetration depth and
Dw and DM are the effective diffusion coefficients for water
vapor and monomer, respectively. Using dimensional analysis,
the diffusive penetration depth is taken to be ldiff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Dwtosc

p

for water molecules and ldiff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
DMtosc

p
for monomer mole-

cules. CwR and CMR is the equilibrium concentration of the
water and monomer molecules at bubble wall, calculated
assuming Raoult’s law along with vapor pressures of individ-
ual (pure) components at bulk temperature. Cw and CM are the
concentrations of water and the monomer in the core of the
bubble. The solubility of both butyl acrylate and vinyl acetate
in water is rather small (0.002 g/ml for butyl acrylate and
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0.023 g/ml for vinyl acetate). Since the solutions of monomer
in water are rather dilute, we assume Raoult’s law to hold
good. Thus, the total vapor pressure of the monomerewater
mixture is: Pv¼ xwPw¼ xMPM (M e monomer, i.e. either
BA or VA), where xw and xM are the mole fractions of water
and monomer components in liquid, while Pw and PM are the
vapor pressures of water and monomer in pure form at the
bulk temperature (To). We use following Antoine’s equations
for the calculation of Pw and PM (in Pa) at temperature T (in K).

Pw ¼
105

760
exp

�
18:3036� 3816:44

T� 46:13

�
: ð6Þ

PM ðButyl acrylateÞ ¼ 105� 10ð4:42683�1658:03=ðT�45:561ÞÞ ð7Þ

PM ðVinyl acetateÞ ¼ 105� 10ð4:34032�1299:069=ðT�46:183ÞÞ ð8Þ

At the temperature of the experiment (30 �C), the vapor pres-
sures of various components are as follows: water e 4222 Pa,
vinyl acetate e 19 280 Pa, butyl acrylate e 978 Pa. The equi-
librium concentrations of water and monomer molecules at
bubbleebulk interface are written in terms of their partial
pressures: CwR ¼ ðxwPwÞ=kT0 and CMR ¼ ðxMPMÞ=kT0.

Limits on diffusion length: At the instances of maximum and
minimum radius, the bubble wall velocity is zero, and thus, an al-
ternate 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/dt¼ 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, refer to the earlier papers (Kumar
and Moholkar [47], Krishnan et al. [48]). Thus, the diffusion
length for water molecules is: minð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRDwÞ=ðjdR=dtjÞ

p
; ðR=pÞÞ

while the diffusion length for the monomer molecules is:
minð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRDMÞ=ðjdR=dtjÞ

p
; ðR=pÞÞ.

Determination of diffusion coefficient: In the present situa-
tion, we encounter a ternary system: either nitrogenemono-
merewater or argonemonomerewater. The diffusion of
nitrogen and argon across bubble wall is ignored for the reasons
stated earlier. For water and monomer (either butyl acrylate or
vinyl acetate), we first calculate the binary diffusion coefficients
using kinetic theory of gases (Hirschfelder et al. [49]) with
properties of boundary layer evaluated at bulk temperature
(for greater details we refer the reader to earlier papers, i.e.
Kumar and Moholkar [47], Krishnan et al. [48]). From these
binary coefficients, the overall (or effective) diffusion coeffi-
cient for water (Dw) and the monomer (DM) is calculated as
Table 1

Representative values for diffusion coefficient for water vapor and monomer at gi

Type of bubble Mole fractions

Gas (N2 or Ar) Monomer (BA or VA)

Nitrogen (10 mm) xN2
¼ 0:9642 xVA¼ 7.6842� 10�4

xN2
¼ 0:9648 xBA¼ 2.2884� 10�6

Argon (10 mm) xAr¼ 0.9642 xVA¼ 7.6842� 10�4

xAr¼ 0.9648 xBA¼ 2.2884� 10�6
1

Dw

¼ 3Gas

ð1� 3wÞDwegas

þ 3M

ð1� 3wÞDweM

ð9Þ

1

DM

¼ 3Gas

ð1� 3MÞDMegas

þ 3w

ð1� 3MÞDMew

ð10Þ

Here, 3 denotes the mole fraction of the individual component.
Subscripts M, gas and w represent monomer (either butyl
acrylate or vinyl acetate), gas (either argon or N2) and water,
respectively. We provide in Table 1 some representative values
of diffusion coefficients for water and monomer for given
mole fractions of water, monomer and gas.
4.3. Heat transfer across bubble
The phenomena of heat transfer and mass transfer are anal-
ogous. Hence, the rate of heat transfer (Q) across bubble wall
is

dQ

dt
¼ 4pR2l

�
T0� T

lth

�
ð11Þ

where l is the effective thermal conductivity of bubble
contents and lth is the thermal diffusion length:
minð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRkÞ=ðjdR=dtjÞ

p
; ðR=pÞÞ. Thermal diffusivity (k) is cal-

culated as: k ¼ l=rmixCp;mix, where rmix and Cp,mix represent
the overall density and specific heat capacity of the mixture
of various species in the bubble. The molecular specific heats
Cp for various components are: N2¼ 7k/2, Ar¼ 5k/2 and
H2O¼ 4k. As the concentration of monomer dissolved in the
solution is quite small, so will be the equilibrium pressure at
the bubbleebulk interface and the diffusive flux of the mono-
mer. The bubble contents will be dominated by either nitrogen
or argon and water vapor. In view of this, we have not included
the monomer as a component in the determination of the ther-
mal conductivity and thermal diffusivity. The thermal conduc-
tivity of the bubble contents has been calculated considering
only two components viz. nitrogen or argon and water vapor.
To calculate the effective thermal conductivity, we first deter-
mine the thermal conductivity (l) and viscosity (hi) of the in-
dividual species using the kinetic theory of gases (again we
refer readers to our earlier papers for greater details, e.g.
Kumar and Moholkar [47] and Krishnan et al. [48]). The effec-
tive thermal conductivity of the mixture of species is given by
the following relation (Wilke [50], Condon and Odishaw [51])
ven mole fraction

Diffusion coefficients (m2/s)

Water vapor

xW¼ 3.5� 10�2 DW¼ 2.1525� 10�5; DM¼ 1.0475� 10�5

xW¼ 3.5182� 10�2 DW¼ 2.1506� 10�5; DM¼ 1.7365� 10�5

xW¼ 3.5� 10�2 DW¼ 2.0782� 10�5; DM¼ 8.5424� 10�6

xW¼ 3.5182� 10�2 DW¼ 2.0763� 10�5; DM¼ 1.4266� 10�5
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lmix ¼
X 3iliP

3jfij

ð12Þ

where i, j¼Ar or N2 and H2O, and

fij ¼
1ffiffiffi
8
p
�

1þmi

mj

��1=2

1þ

�
hi

hj

��1=2�
mi

mj

�1=4�2

ð13Þ

where mi and mj are the molecular masses of various species.
4.4. Overall energy balance
During the radial motion, the bubble is an open system
through which the water and monomer molecules diffuse. How-
ever, due to very low equilibrium vapor pressure (as a result of
low solubility of monomer in water), the diffusive flux of water
molecules across the bubble wall is expected to be several
magnitudes higher than that of monomer molecules. Thus, we
write the energy balance for the bubble on the basis of binary
system: Ar/N2eH2O, not incorporating the monomer molecules
in the energy balance. The total energy balance for the bubble
content is

dE

dt
¼ dQ

dt
� dW

dt
þ hW

dNW

dt
ð14Þ

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 for the nitrogen bubbles is

dE

dt
¼
�

vE

vNW

�
NN2

;V;T

�
dNW

dt

�
þ
�

vE

vNN2

�
NW;V;T

�
dNN2

dt

�

þ
�

vE

vT

�
NW;NN2

;V

�
dT

dt

�
þ
�

vE

vV

�
NW;NN2

;T

�
dV

dt

�
ð15Þ

where V is the volume of the bubble and NN2
and NW are the

number of nitrogen and water molecules in the bubble. In the
case of argon bubble, a similar type of expression can be writ-
ten with N2 replaced by Ar. We ignore the transport of nitro-
gen molecules across bubble for the reasons stated earlier, and
hence: dNN2

=dt ¼ 0. Moreover we identify thermodynamic
relations�

vE

vT

�
Nw;NN2

;V

¼ CV;mix and

�
vE

vV

�
Nw;NN2

;T

¼ 0 ð16Þ

as the internal energy of an ideal gas is a principal function of
composition and temperature. ðvE=vNwÞ is the specific inter-
nal energy of water molecule (Uw) and is written as

�
vE

vNw

�
¼ Uw ¼ NwkT

 
3þ

X3

i¼1

qi=T

expðqi=TÞ � 1

!
ð17Þ

with characteristic vibrational temperatures (qi) for water
molecule are listed below. The enthalpy of the water molecule
entering the bubble from cold interface is hw¼ 4kTo and the
rate of work done by the bubble (dW/dt) reduces to expansion
work: PidV. Equating the RHS of Eqs. (14) and (15) above we
get

CV;mix

dE

dt
¼ dQ

dt
�PidV þ ðhw�UwÞ

dNw

dt
ð18Þ

The specific heat of mixture CV,mix is written in terms of the
molecular specific heat of individual components (CVi) and
the number of molecules of individual components (Ni) as:
CV;mix ¼

P
CV; iNi i ¼ Ar=N2;H2O. The molecular specific

heats CV for various components in terms of characteristic
vibrational temperatures (q) are as follows:

CV;N2
¼ k

"
5

2
þ ðqN2

=TÞ2 expðqN2
=TÞ

ðexpðqN2
=TÞ � 1Þ2

#
; qN2

¼ 3350 K ð19Þ

CV;O2
¼ k

"
5

2
þ ðqO2

=TÞ2 expðqO2
=TÞ

ðexpðqO2
=TÞ � 1Þ2

#
; qO2
¼ 2273 K ð20Þ

CV;W ¼ k

"
3þ

X3

i¼1

ðqi=TÞ2 expðqi=TÞ
ðexpðqi=TÞ � 1Þ2

#
; q1;W ¼ 2295 K;

q2; W ¼ 5255 K and q3;W ¼ 5400 K ð21Þ
4.5. Quantification of physical effects (microturbulence
and shock wave)
The physical effect of radial motion of cavitation bubbles
includes creating an intense oscillatory velocity field or micro-
turbulence in the vicinity of the bubble, and secondly, forma-
tion of a shock wave during instances of minimum radius
during bubble motion. We now define the magnitudes of these
quantities in terms of radius of the bubble (R), the bubble wall
velocity (dR/dt) and bubble wall acceleration (d2R/dt2), which
can be calculated with bubble dynamic model presented
above. As mentioned earlier, the radial motion of the bubble
gives rise to an oscillatory velocity field in the close vicinity
of the bubble. The velocity in the bulk liquid at a distance
r from the bubble center is (Leighton [52], Young [53])

uðr; tÞ ¼ R2

r2

�
dR

dt

�
ð22Þ

The above expression has been obtained by using a mass
balance of the liquid moving between the bubble wall and
a (fictitious) shell of liquid surrounding the bubble. The ampli-
tude of the shock wave radiated by the bubbles of nitrogen or
argon at a distance r [ R (far field) is written as

Psðr; tÞ ¼
rLd2Vb

4prdt2
¼ rL

R

r



2

�
dR

dt

�2

þR
d2R

dt2

�
ð23Þ

where Vb is the volume of the bubble. A representative value
of r is taken as 1 mm.
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4.6. Model parameters and numerical solution
Eqs. (1), (4), (5), (11) and (18) give a comprehensive model
of radial motion of bubble with accompanying heat and mass
transfer. The numerical solution of this model can be obtained
by solving the equation using RungeeKutta 4th ordere5th
order method (Press et al. [54]). 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 condi-
tion for the bubble collapse is taken to be the first compression
after an initial expansion. We estimate various model parame-
ters as follows:

Pressure amplitude: The pressure amplitude of the acoustic
wave (PA) generated by ultrasound probe was determined as
1.5 bar using calorimetric techniques (Sivasankar et al. [23]).
However, in a non-degassed or saturated medium, the ultra-
sound wave undergoes attenuation during its passage through
the medium due the gas bubbles suspended in the medium
(Prosperetti and Commander [55]). Therefore, for the non-
degassed medium the actual acoustic wave amplitude sensed
by the bubble is taken to be 1.25 bar, assuming w15% atten-
uation. For degassed medium, the attenuation is very low and
a value of PA¼ 1.5 bar has been used for simulations.

Frequency: The frequency ( f ) of the wave is taken as
20 kHz same as the frequency of the ultrasound processor.

Equilibrium radius of the bubble: The equilibrium radius (R0)
of the bubble is difficult to estimate. The dissolved gas content of
the medium influences the size of the bubble through phenome-
non of rectified diffusion. In an unsaturated medium, slow disso-
lution of gas inside the bubble makes the equilibrium bubble size
to reduce with time. Reverse happens in a saturated medium,
where the dissolved gas in the bulk liquid slowly accumulates
inside the bubble making the equilibrium size grow with time.
Taking into consideration these features, a representative value
of R0 is taken to be 10 mm for the unsaturated medium and 20 mm
for the saturated medium.

Temperature of the medium: The temperature of the bulk
medium is taken to be 30 �C. The temperature of the bulk liq-
uid varies only slightly during sonication, and hence, we have
neglected the effect of temperature variation in our analysis.

Equilibrium composition of the bubble contents: The
composition of the bubble at the time of collapse is calculated
assuming that thermodynamic equilibrium is reached in the
bubble. This assumption is based on the difference between
the time scale of bubble dynamics and time scale of various
radical reactions, which is at least two orders of magnitude
as shown in our previous study (Krishnan et al. [48]). Due
to extremely fast reaction kinetics, the bubble content always
remains at thermodynamic equilibrium. The equilibrium mole
fraction of various species in bubble at the conditions of tem-
perature and pressure at the first compression of the bubble
was calculated using software FACTSAGE, which uses the
free energy minimization algorithm proposed by Eriksson
[56]. We would like to specifically mention that the equilib-
rium composition of the bubble contents at transient collapse
has been determined on the basis of water and monomer
molecules trapped in the bubble at the moment of collapse.
For the nitrogen bubble, some species with nitrogen as a
constituent element (e.g. N2O, HNO, HNO2, NH2, etc.) also
form out of dissociation of the molecules trapped in the bub-
ble. However, these species are found in traces (with mole
fraction <10�10). Hence, these species have been ignored in
equilibrium calculations.

5. Results

Polymerization experiments were done in eight sets with
permutation e combination of three experimental parameters
viz. type of monomer, type of gas used for bubbling the reaction
mixture and the saturation level of the medium. Before presen-
tation of the experimental results, we would like to point out the
difference between the usual experimental procedure and the
procedure adopted in this study for certain sets of experiments.
The current procedure has distinct implications on the cavitation
phenomena in the medium, which influences the outcome of the
polymerization reaction and helps reveal some interesting
features of the process. In the usual procedure, argon or nitrogen
is bubbled through the reaction mixture prior to polymerization
so as to remove the dissolved oxygen. This procedure leaves the
reaction mixture saturated with bubbling gas. During polymer-
ization, the gas is passed over the reaction mixture. In the present
study, the gas continuously bubbled through the reaction
mixture. For the experimental sets with saturated medium, the
desired gas was bubbled vigorously through the reaction mix-
ture prior to sonication to remove the dissolved oxygen. How-
ever, the bubbling gas flow rate was reduced to 2 l/min during
sonication. In contrast, for the experimental sets with unsatu-
rated medium, dissolved oxygen in the medium (i.e. water)
was removed using vacuum, which left the medium unsaturated.
Thereafter, the gas flow rate used for bubbling reaction mixture
was essentially the same as for the experimental sets with satu-
rated medium. In this situation, the bubbling gas provides nuclei
for cavitation in the medium. The dissolved gas content of the
unsaturated medium rises with bubbling of nitrogen or argon.
In order to restrict this rise, the sonication was carried out for
short duration (20 min) for both monomers. This procedure
essentially maintains the medium unsaturated during sonica-
tion. The unsaturation of the medium influences the radial
motion of bubbles through phenomena of rectified diffusion as
explained in the previous section.
5.1. Experimental results
The time evolution of the polymer particle size (as mea-
sured using TEM images of the samples) is shown in Figs. 2
and 3. Representative TEM images of PBA and PVA are
shown in Fig. 4. Some peculiar features of the time evolution
of particle sizes with different experimental conditions can be
observed as follows:

Experiments with saturated medium: (1) The mean particle
sizes vary little with time, i.e. during the progress of the poly-
merization reaction. On relative basis, greater variation in the
mean particle size with time is seen for PBA than PVA. (2)
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Fig. 2. Time evolution of PBA and PVA nanoparticles (A) in an unsaturated

medium bubbled with nitrogen and (B) in a saturated medium bubbled with

nitrogen.
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Fig. 3. Time evolution of PBA and PVA nanoparticles (A) in an unsaturated

medium bubbled with argon and (B) in a saturated medium bubbled with

argon.
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The size distribution of the polymer particles at any instance
(indicated by the error bars) is also small. (3) The mean parti-
cle size for PBA is slightly higher than for PVA. (4) The mean
particle size for both PBA and PVA is higher for argon
bubbling than that for nitrogen bubbling.

Experiments with unsaturated medium: (1) Large variation
in the mean particle size is seen with time. Like saturated
medium, greater variation in the mean particle size is seen
for PBA than PVA. Moreover, fluctuation in particle sizes
with time is more for argon bubbling than nitrogen bubbling.
(2) The size distribution of the polymer particles at any partic-
ular time interval is also much wider than the saturated
medium. (3) The mean particle size for both PBA and PVA
after 20 min of sonication is found to be larger than the corre-
sponding size in the saturated medium. (4) For 20 min of
sonication, the mean size for PBA particles is higher than
for PVA particles for nitrogen bubbling while for argon
bubbling mean particle sizes for both PVA and PBA are
similar.
5.2. Simulation results
Representative simulations of the radial motion of nitrogen
bubble (size 20 mm with saturated medium) and argon bubble
(size 10 mm with unsaturated medium) in the emulsions of BA
and VA, respectively, are shown in Figs. 5 and 6. The summary
of the simulation results is given in Tables 2 and 3 for the
emulsions of BA and VA, respectively. These tables list the
collapse conditions (i.e. the number of water and monomer
molecules entrapped in the bubble and the temperature and
pressure peak reached during collapse) along with the magni-
tude of the microturbulence velocity and the shock wave gen-
erated by the bubble. The equilibrium composition of various
species at the conditions of transient collapse resulting out of
dissociation of water and monomer molecules entrapped in the
bubble is also shown in these tables. It is evident that several
radical species capable of inducing polymerization are gener-
ated in the bubble. The total numbers of such species produced
per single bubble can be calculated by the product of total
molecules (monomerþwater) entrapped and the equilibrium
mole fraction. From the simulation results presented in Tables
2 and 3, we can identify some peculiar features and trends of
the cavitation phenomena with varying dissolved gas content,
the monomer type and the gas used for bubbling reaction
mixture, as follows:

(1) The intensity of collapse of the smaller (10 mm) bubble rep-
resenting unsaturated medium is much higher than that of
larger (20 mm) bubble representing saturated medium. As
a result, the rate of production of radicals in an unsaturated
medium is higher than in the saturated medium. With larger
rate of production of radicals, the polymerization kinetics is



Fig. 4. Representative TEM micrographs for: (A) and (B) polybutyl acrylate (degassed medium with argon as bubbling gas) taken for 5 min sonication time and (C)

and (D) polyvinyl acetate (degassed medium with argon as bubbling gas) taken for 15 min sonication time.
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expected to be higher in an unsaturated medium. This is
a combined effect of rectified diffusion and pressure ampli-
tude of the ultrasound wave. In an unsaturated medium, the
bubble continuously shrinks during oscillations due to trans-
port of gas outside it. Moreover, the bubble population in an
unsaturated medium is smaller resulting in lesser attenua-
tion of the acoustic wave. Thus, the acoustic amplitude
actually sensed by the bubble is higher, which contributes
towards greater intensity of the collapse generating higher
temperature peaks and greater equilibrium mole fraction
of radicals. Moreover, a broad gamut of chemical species
resulting out of dissociation of monomer and water mole-
cules trapped in the bubble is seen.

On the other hand, for a 20 mm bubble the intensity of
collapse is rather small giving relatively low temperature
peaks. At these conditions, the bubble content mainly
comprises of the species resulting out of dissociation of
water molecules.

(2) For bubbles of any size (10 or 20 mm) the intensity of
collapse of argon, which is a monatomic gas, is higher
than that of nitrogen, which is a diatomic gas. Conse-
quently, radical production rate in the bulk liquid medium
with argon is higher than that of nitrogen. This is attrib-
uted to lower heat capacity of argon due to which it heats
up to much greater extent than nitrogen.

(3) The velocity of microturbulence generated by the bubble is
higher for 20 mm bubble than for 10 mm bubble. Thus, the
shearing action of ultrasound is higher in a saturated
medium. As a result, the monomer is distributed in the
form of smaller droplets in a saturated medium. On the
contrary, the droplet size of the monomer is expected to
be larger in an unsaturated medium due to smaller micro-
turbulence velocity.

(4) The magnitude of the shock waves, which act towards the
disruption of the particles of size range in micrometers, is
higher for argon bubbles than that for nitrogen bubbles.
Moreover, the shock wave generated by a 10 mm bubble
is larger than that by a 20 mm bubble. The enormity of
the shock wave generated by the bubble is proportional
to the intensity of collapse of the bubble. As noted earlier,
this intensity is higher for a monatomic gas (argon) in an
unsaturated medium.

(5) Evaporation of vinyl acetate molecules in the bubble is
much higher than that of butyl acrylate. This result is
attributed to both higher solubility and higher vapor pres-
sure of vinyl acetate. Due to these features, the equilibrium
vapor pressure (or partial pressure) of vinyl acetate at the
gaseliquid interface is high; as a result of which the diffu-
sive flux of vinyl acetate is large. Consequently, large
numbers of vinyl acetate molecules get entrapped in the
bubble during transient collapse and are subjected to the
extreme conditions of temperature and pressure reached
during collapse. At these conditions, the pyrolytic decom-
position of vinyl acetate in the bubble results in much
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wider spectrum of species, which include monomeric free
radicals such as CH3

�
in addition to the H

�
and OH

�
radicals

formed out of dissociation of water molecules trapped in
the bubble.

6. Discussion

Correlating the experimental and simulations results helps
reveal some interesting features of the sonochemical emulsion
polymerization of butyl acrylate and vinyl acetate. However,
prior to making such correlation, we would like to ponder
over physical parameters that influence the particle size distri-
bution in the emulsion polymerization reaction system and the
relative magnitudes of this influence anticipated for the differ-
ent combinations of experimental conditions.

Ultrasonic shear velocity or microturbulence: The ultrasonic
shear velocity or the velocity of microturbulence generated by
the cavitation bubble influences the dispersion of monomer
into droplets. The larger the microturbulence velocity, the larger
the shear force responsible for dispersion of monomer and the
finer the droplet. As sonication begins, initially the monomer
droplets are expected to have a wide size distribution. However,
as shearing action continues, this size distribution narrows down
e provided the conversion of monomer to polymer occurs at
a slower rate. Moreover, the process of shearing is fast and
continuous. Under these circumstances, the unreacted monomer
is continuously convected and dispersed in the medium giving
further nucleation, without forming feed to the polymer particles
formed out of polymerization, which would make these particles
grow. Collision between and coalescence of the droplets may as
well act towards widening of the size distribution of droplets, but
shearing action of ultrasound can easily reverse it. As the simu-
lation results reveal, microturbulence velocity and shearing
action are higher for the saturated medium than that for unsatu-
rated medium.

Concentration of radicals: The rate of polymerization
depends on the concentration of radicals in the medium. At
high concentration of radicals (for a moderately reactive poly-
mer) the monomer droplets are spot polymerized. Thus, the sizes
of the droplet and the polymer particle essentially match. In such
a situation, a wider size distribution of droplets results in wider
size distribution of particles. On the contrary, if the concentra-
tion of radicals is low, the rate of polymerization is also low.
In such situations, the monomer droplet may not be completely
spot polymerized. The unreacted monomer from the droplet
may diffuse away or may be convected away from the droplet
with the continuous shearing action resulting in nucleation of
newer droplets. A small average but uniform particle size is
expected for these conditions. From simulation results, one
can perceive that concentration of radicals will be much higher
for an unsaturated medium than that for the saturated one.

Glass transition temperature: This factor influences the
coalescence of polymer particles. If the polymer has a low
glass transition temperature, the particle is soft and rubbery
which lead to coalescence between particles following colli-
sion. On the contrary, if the particle has high glass transition
temperature, it would be glassy e not favoring coalescence.
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The glass transition temperature for butyl acrylate is �54 �C
while that of vinyl acetate is 32 �C. Therefore, at the experi-
mental conditions (with temperature variation in range
30� 5 �C), polymer particles of both VA and BA are expected
to be in the rubbery state e favoring coalescence. However, on
a relative basis, the tendency of coalescence will be far higher
for PBA.

Shock waves: The shock waves generated by the bubble act
towards the disruption and scattering of polymer particles. The
higher the magnitude of the shock wave, the higher the disrup-
tion of the polymer particles into fragments with wide size
range, which gets scattered in the bulk. During scattering,
these may collide and coalesce. Thus, the shock waves basi-
cally widen the size distribution of the particles. However,
whether shock waves can disintegrate the polymer particle de-
pends on the relative dimensions (or scale) of the particle and
shock wave. A typical cavitation bubble of radius w10 mm is
compressed to 1/10th of its original size at the instance of
maximum compression. The shock wave emerging from it is
also of similar dimensions. If the polymer particle is too small
(w100 nm) it is not likely to be disrupted by the shock wave
e as the dimension of the shock wave is far too large. Instead,
it will be drifted away with the shock wave. On the other hand,
polymer particles of size >10 mm are likely to be disintegrated
by the force exerted by the shock wave. Simulation results
indicate that the magnitude of the shock waves is much higher
in an unsaturated medium. Moreover, argon bubbles are seen
to generate more intense shock waves.

Population density of particles in the medium: For large pop-
ulation density of polymer particles, the probability of particlee
particle collision is high that leads to coalescence between them.
If the particles grow to micrometer size after coalescence, they
will be disrupted by the shock waves, as a result of which the par-
ticle size distribution widens. For relatively low concentration of
radicals, the rate of polymerization is small and large population
density of particles would be seen only for longer duration of
sonication. However, if the radical concentration is high, the po-
lymerization rate would be rapid e resulting in spot polymeriza-
tion of monomer droplets. Accordingly, large population density
of particles can be seen for relatively short sonication periods. On
this basis, one can expect large population density of particles in
an unsaturated medium, with high concentration of radicals,
which ultimately results in wide particle size distribution.

It can be perceived that some of these factors have opposite
effects on the particle size distribution. For example, ultrasonic
shear velocity or microturbulence tries to narrow down the
polymer particle size distribution, while the shock waves try
to widen it. Therefore, the polymer particle size resulting for
a particular combination of experimental conditions is a result
Fig. 6. (A) Simulation of the radial motion of a 10 mm argon bubble in a

solution of vinyl acetate monomer. Time variation of (a) normalized bubble

radius (R/R0); (b) number of water molecules in the bubble; (c) number of

vinyl acetate molecules in the bubble; (d) temperature in the bubble; (e) pres-

sure in the bubble. (B) Simulation of the physical effect induced by the bubble.

Time variation of (a) shock wave emitted by the bubble and (b) oscillatory

velocity or microturbulence.



Table 2

Simulation results for butyl acrylate solution

Parameters for simulation

R0¼ 10 mm argon bubble R0¼ 20 mm argon bubble R0¼ 10 mm nitrogen bubble R0¼ 20 mm nitrogen bubble

Conditions at the first compression of the bubble

Tmax¼ 7690 K Tmax¼ 2823 K Tmax¼ 3841 K Tmax¼ 1835 K

Pmax¼ 3497 atm Pmax¼ 156.4 atm Pmax¼ 4355 atm Pmax¼ 321.2 atm

NWT¼ 2.84Eþ 010 NWT¼ 1.279Eþ 011 NWT¼ 2.48Eþ 010 NWT¼ 1.223Eþ 11

NMT¼ 2.35Eþ 06 NMT¼ 9.641Eþ 06 NMT¼ 1.83Eþ 06 NMT¼ 8.783Eþ 06

Physical effect produced by the bubble

Vturb¼ 0.0195 m/s Vturb¼ 0.032 m/s Vturb¼ 0.012 m/s Vturb¼ 0.035 m/s

Pshock¼ 24.9 atm Pshock¼ 6.14 atm Pshock¼ 19.52 atm Pshock¼ 14.26 atm

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

H2 4.4619E-01 2.1834E-02 5.7501E-01 1.3304E-03

CO 3.3542E-01 6.9855E-05 3.7036E-01 2.5836E-06

H 1.8337E-01 1.0421E-03 1.3656E-02 0

H2O 1.1354E-02 9.5581E-01 2.8061E-02 9.9811E-01

OH 4.8980E-03 1.3381E-02 3.7517E-04 5.3004E-05

HCO 3.5818E-03 0 8.6903E-04 0

C2H2 3.5279E-03 0 2.6442E-03 0

C2H 2.7099E-03 0 1.1384E-04 0

CH2 1.8309E-03 0 1.0560E-04 0

CH3 1.7959E-03 0 1.9060E-03 0

CH 1.3667E-03 0 5.1623E-06 0

O 1.0702E-03 3.9401E-04 5.0211E-06 0

CO2 9.3458E-04 4.4763E-04 2.1619E-03 4.9824E-04

C 8.0900E-04 0 0 0

C2O 3.4689E-04 0 1.0155E-05 0

H2CO 3.0475E-04 0 5.2226E-04 0

CH4 2.6226E-04 0 3.9204E-03 0

C2 1.1062E-04 0 0 0

C2H3 7.0303E-05 0 6.1999E-05 0

C2H4 2.1507E-05 0 2.0478E-04 0

C3 1.1218E-05 0 0 0

O2 1.0387E-05 6.9683E-03 0 9.4993E-06

C3O2 2.5502E-06 0 1.4805E-06 0

HOO 1.2380E-06 4.0405E-05 0 0

CH2CO 0 0 1.7647E-06 0

CH3OH 0 0 1.6725E-06 0

H2O2 0 1.2483E-05 0 0

Total amount of H, OH and CH3 radicals produced per bubble

5.398Eþ 09 1.845Eþ 09 3.953Eþ 08 6.483Eþ 06
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of simultaneous and competing actions of various factors
mentioned. Based on the above contemplations, we now try to
explain the trends seen in particle size distribution for various
combinations of experimental parameters.
6.1. Experiments with saturated medium
As indicated by the simulation results, for a saturated
medium, the rate of radical production is relatively smaller
than that of unsaturated medium (we would like to mention
that this conclusion has been supported by results of our
earlier study using Weissler reaction as a model, Sivasankar
et al. [23]). However, the microturbulence or shear velocity
is high; approximately twice that of the unsaturated medium.
As a result of these conditions, the polymerization rate is
low and the monomer is dispersed in the medium in the
form of fine droplets, which are spot polymerized by the
radicals. The population density of polymer particles during
sonication period does not rise appreciably resulting in lesser
collisionecoalescenceedisruption of polymer particles, which
would widen the particle size distribution. The final outcome
is a smaller polymer particle size, which stays more or less
constant during 20 min of sonication. Comparing among nitro-
gen and argon as bubbling gas, one would expect higher poly-
merization rate with argon bubbling as the radical production
rate from argon bubbles is three orders of magnitude higher
than that from nitrogen bubbles. This results in faster spot po-
lymerization of relatively larger monomer droplets before they
are dispersed in the medium into finer droplets as sonication
proceeds. Comparing between the two monomers, PBA parti-
cles are seen to have somewhat larger size than PVA particles.
We attribute this result to the moderate level of coalescence
between particles. Although the probability of collision among
polymer particles is similar for PBA and PVA particles, due to
lower glass transition temperature, the tendency to coalesce will
be greater for PBA particles resulting in slightly larger size.



Table 3

Simulation results for vinyl acetate solution

Parameters for simulation

R0¼ 10 mm argon bubble R0¼ 20 mm argon bubble R0¼ 10 mm nitrogen bubble R0¼ 20 mm nitrogen bubble

Conditions at the first compression of the bubble

Tmax¼ 7072 K Tmax¼ 2337 K Tmax¼ 4084 K Tmax¼ 1704 K

Pmax¼ 2424 atm Pmax¼ 89.5 atm Pmax¼ 4963 atm Pmax¼ 245.7 atm

NWT¼ 2.49Eþ 010 NWT¼ 1.16Eþ 011 NWT¼ 2.7Eþ 010 NWT¼ 1.12Eþ 011

NMT¼ 1.087Eþ 09 NMT¼ 3.481Eþ 09 NMT¼ 1.086Eþ 09 NMT¼ 3.314Eþ 09

Physical effect produced by the bubble

Vturb¼ 0.0195 m/s Vturb¼ 0.023 m/s Vturb¼ 0.012 m/s Vturb¼ 0.021 m/s

Pshock¼ 25.52 atm Pshock¼ 2.443 atm Pshock¼ 19.43 atm Pshock¼ 3.88 atm

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

H2 3.8177E-01 1.6709E-01 5.1610E-01 1.7659E-01

CO 3.7713E-01 5.5469E-02 4.2637E-01 4.4314E-02

H 2.0372E-01 5.0243E-04 1.8653E-02 4.0788E-06

H2O 1.6381E-02 7.3308E-01 2.1217E-02 7.2521E-01

OH 9.1753E-03 3.8106E-04 4.7938E-04 0

HCO 3.1014E-03 0 1.3504E-03 0

C2H2 6.4493E-04 0 5.5317E-03 0

C2H 6.4327E-04 0 3.6680E-04 0

CH2 7.2412E-04 0 2.3371E-04 0

CH3 5.4699E-04 0 2.7323E-03 0

CH 7.0185E-04 0 1.6961E-05 0

O 2.6032E-03 0 9.6335E-06 0

CO2 1.7717E-03 4.3471E-02 2.0445E-03 5.3872E-02

C 5.3947E-04 0 2.4116E-06 0

C2O 1.8028E-04 0 3.1056E-05 0

H2CO 2.0322E-04 0 6.1520E-04 1.4366E-06

CH4 0 0 3.7936E-03 9.9876E-06

C2 3.4096E-05 0 0 0

C2H3 9.8977E-06 0 1.3688E-04 0

C2H4 2.3318E-06 0 3.1211E-04 0

C3 1.5982E-06 0 0 0

O2 4.2601E-05 1.3949E-06 0 0

C3O2 1.0329E-06 0 3.7715E-06 0

HOO 3.9102E-06 0 0 0

CH2CO 0 0 2.1447E-06 0

CH3OH 0 0 1.4993E-06 0

H2O2 0 0 0 0

Total amount of H, OH and CH3 radicals produced per bubble

5.546Eþ 09 1.056Eþ 08 6.141Eþ 08 4.7Eþ 05

Note: The number format is as follows: 4.4619E-01 should be read as 4.4619� 10�1. Species having equilibrium mole fraction less than 10�6 have been ignored.

An equilibrium bubble size (R0) of 10 mm represents unsaturated medium while an equilibrium bubble size of 20 mm represents saturated medium. Various

notations used are as follows: Tmax e temperature peak reached in the bubble at the time of first collapse; Pmax e pressure peak reached in the bubble at the

time of first collapse; NWT e number of water molecules trapped in the bubble at the instance of first collapse; NMT e number of monomer molecules trapped

in the bubble at the instance of first collapse; Vturb e velocity of the microturbulence generated by the bubble (calculated as the mean of positive, i.e. away from

bubble; and negative i.e. towards bubble, velocity); Pshock e pressure amplitude of the shock wave generated by the bubble.
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6.2. Experiments with unsaturated medium
For the unsaturated medium, the rate of radical production
is very high (one to three orders of magnitude higher than sat-
urated medium), while the microturbulence or shear velocity is
small. These two conditions lead to some interesting effect on
the sonochemical polymerization system. Due to smaller shear
velocity the monomer is dispersed into relatively larger drop-
lets. However, large concentration of radicals gives rapid poly-
merization of these droplets resulting in polymer particle of
larger size. Moreover, the population density of polymer
particles in the medium also rises quickly due to faster poly-
merization. Consequently, the probability of collision and
coalescence between particles rises. As the polymer particle
size reaches micrometer range, the phenomenon of disruption
due to shock waves is onset. Thus, the particle size distribution
in the system at any instance increases and the mean particle
size fluctuates significantly with time. Despite this, the mean
particle size for both PBA and PVA is larger than the corre-
sponding size in a saturated medium. This is indicative of
the fact that over 20 min of sonication, the phenomenon of
collisionecoalescence between polymer particles leading to
growth of the particles overwhelms the disruptive action of
shock waves, which reduces the mean particle size. Compar-
ing among nitrogen and argon as bubbling gas, much larger
fluctuation in mean particle size and particle size distribution
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is seen for argon than for nitrogen. This is clearly attributed to
higher radical production and generation of higher intensity
shock waves by the argon bubbles, which result in faster poly-
merization (giving larger population density of polymer parti-
cles in the medium) and higher coalescenceedisruption of
polymer particles. Comparing between monomers, we see
larger oscillations of mean particle size and particle size distri-
bution for PBA particles than for PVA particles. We ascribe
this to greater tendency of coalescence (followed by shock
wave induced disruption) between PBA particles than PVA
particles. Although the mean size of the PBA particles for ni-
trogen bubbling is larger than PVA particles all along 20 min
of sonication, an interesting leveling-off between the mean
sizes of PBA and PVA particle is seen for argon bubbling after
20 min of sonication. We explain this result in terms of differ-
ences between intensities of the shock waves generated by
argon and nitrogen bubbles. As noted earlier, the extent of coa-
lescence induced growth is different for PBA and PVA particles
e with greater coalescence for PBA particles (due to lower glass
transition temperature) resulting in larger particle size than
PVA. Although the degree of coalescence between PBA parti-
cles is expected to be similar for both bubbling gases, more
intense shock waves induced by argon bubbles cause greater dis-
ruption of the PBA particles (than the relatively milder shock
waves induced by nitrogen bubbles). Thus, the mean particle
sizes of PBA and PVA get leveled off for 20 min of sonication,
although particle size distribution is broader for PBA particles
(indicated by a wider error bar) than for PVA particles.

7. Conclusion

This article provides a physical insight into the sonochemi-
cal emulsion polymerization by bridging the physics and
chemistry of the system. Our analysis is mainly focused on
the mean size and size distribution of the polymer particles
resulting out of polymerization reaction e as this is the essen-
tial and ultimate manifestation of the sonochemical phenome-
non in the reaction system. Experiments with combinations of
various conditions (type of monomer, bubbling gas and satura-
tion level of the medium) coupled to a bubble dynamic model
that takes into account the heat and mass transfer reveal inter-
esting physical features of the sonochemical polymerization
system. The mean size and size distribution of the polymer
particles are found to be a complex function of various phys-
ical and chemical parameters such as extent of radical produc-
tion from cavitation bubbles, magnitude of microturbulence or
shear velocity and shock waves produced by the bubbles, glass
transition temperature of the polymer and the population
density of the polymer particles. These parameters show
significant variation with different experimental conditions,
and some of them have reverse effects on the polymerization
system. The final outcome of the polymerization reaction is
found to be a manifestation of simultaneous and competing
influence of these parameters. This article gives a semi-quan-
titative account of this influence with a combined experimen-
tal-modeling approach, which can be extended to any other
emulsion polymerization system.
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