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a  b  s  t  r a  c t

The present  work deals  with  the  use of intensified  processes based  on  the  ultrasonic  irradiations  for the
improvement  of the  process of encapsulation  of inorganic nanoparticles  into polymer  during  nanocom-
posite synthesis  process.  The cavitational  effects  produced  due  to the  use  of  ultrasonic  irradiations  have
been shown to  enhance the  dispersion  of functional  nano-inorganic  particles  into  the  monomer during
polymerization process.  The model  system is based  on  the  nanocomposite  of poly(methyl  methacry-
late)/calcium carbonate  (PMMA/CaCO3) which  has  been  synthesized  by ultrasound  assisted  semibatch
emulsion  polymerization. CaCO3 nanoparticles  were  pretreated with  myristic acid  in order  to improve  the
compatibility  of the  monomer  with  the  inorganic  particles. TEM image of  PMMA/CaCO3 composite parti-
cles with  well-defined  core–shell  structure give  direct evidence of encapsulation. Effect of  encapsulation
of CaCO3 particles on  thermal  properties  has been  evaluated  using thermo-gravimetric  methods and  it
has  been  observed that the  nanocomposites  have  better  thermal  stability  as  compared  to the  PMMA.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Inorganic–organic nano-composite materials have gained enor-
mous interest in  different applications due to  the significant
changes that can be obtained in various properties such as mechan-
ical, thermal, electrical, optical and magnetic as compared to  the
pure polymers [1–8].  The nano-composite can be tailor made for a
specific application considering the requirements of the specific
class of properties by changing the different synthesis parame-
ters and the suitable combination of the polymer and the additive.
Formation of alloy of the inorganic additives and polymers is
accomplished by means of surface encapsulation or surface graft-
ing, which needs to be properly controlled, as there is a  high
chance that the polymer and inorganic particles lead to  sepa-
ration and create discrete phases. Several methods have been
implemented to synthesize polymer nano-composite using surface
encapsulation such as mini-emulsion polymerization [9],  inter-
calative polymerization [10], solution casting method [11] and
hybrid latex polymerization [12].  These approaches mainly pro-
duce latex solutions of nanocomposite but in most of the reports
the  emphasis has  been mainly on the synthesis of the compos-
ite concentrating on maximizing the yields. The present work
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concentrates on improvement in  the nano-composite latex prop-
erties by using the cavitational effects induced using ultrasonic
irradiations in the conventional emulsion polymerization approach
operated in a semi-batch mode.

Emulsion polymerization is possibly a most convenient way
for encapsulation and preparation of polymer/inorganic composite
particles [13–15].  In the conventional approach of emulsion poly-
merization, dispersed monomer droplet acts as nanoreactor for the
growth of polymer and also possible agglomeration of the droplets
is  generally avoided by using a surfactant in  the continuous phase.
However the addition of inorganic particles during the emulsion
polymerization makes the system unstable and leads to agglomera-
tion of the particles. Thus a  more versatile approach is needed in the
case of encapsulation in  order to create homogeneous dispersion
of inorganic particles in the polymer matrix. It  is  very important to
state here that  the compatibility of the inorganic material with the
polymer and the dispersion of nano inorganic filler is  very impor-
tant as these affect the property profile of polymer nanocomposite
matrix and hence the suitability for the desired application.

The technique of simultaneous addition of the inorganic par-
ticles during the polymer nanocomposite synthesis has not been
used generally [15,16] as it has been observed that the nanometer
size inorganic particles have a strong tendency for agglomeration
because of their high surface energy [17–19].  Surface modification
of inorganic particle with an organic molecule is  one of  the ways
to reduce the surface energy and also simultaneously increase the
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compatibility with the organic polymer matrix [20–24]. The surface
modification aspects have been extensively reported in  the litera-
ture based on the surfactants containing reactive functional groups
such as silane coupling agents [25,26],  titanate coupling agents [27],
stearic acid [28],  and myristic acid [29].

The present work also focuses the use of ultrasonic irradiations
for improving the dispersion process which controls the effec-
tiveness of the overall encapsulation procedure and the surface
properties of the final synthesized product. When ultrasonic waves
pass through a  liquid medium, large numbers of microbubbles
form, grow, and collapse in very short time leading to  the cavi-
tational effects of intense turbulence, liquid circulation currents
and  also formation of the free radicals. In the present case, the col-
lapse of cavitation bubbles near the interface of immiscible liquids
will cause disruption of the phases due to the generated microjets
and associated turbulence resulting in  the formation of very fine
emulsions [30].  It is also expected that the problem of agglomera-
tion may  be resolved by the use of cavitation during the emulsion
polymerization process [31].

The model compound selected in the present work, PMMA,  is  an
important commercial polymer with different applications ranging
from aircraft glazing, lighting, dentures, food-handling equipment,
contact lenses, etc. [32].  There have been some previous studies
dealing with the composite of PMMA  and/or CaCO3 as the filler
materials. Avella et al. [32] have encapsulated CaCO3 into  PMMA
by an in situ conventional polymerization process with an objec-
tive of improving the abrasion resistance. It  has been reported
that the obtained nanocomposites by adding only 2% of CaCO3

nanoparticles, showed an average weight loss of about half with
respect to that of neat PMMA  indicating a  significant increase in
the resistance. Xie et al. [33] have prepared PVC/CaCO3 compos-
ite by conventional in situ polymerization of vinyl chloride in  the
presence of CaCO3 nanoparticles and reported that  CaCO3 nanopar-
ticles were uniformly distributed in  the PVC matrix during in  situ
polymerization of vinyl chloride. Bhanvase and Sonawane [34]
have reported the synthesis of polyaniline/CaCO3 nanocomposite
using in situ emulsion polymerization in an ultrasonic bath type
of reactor. It was observed that ultrasound assisted in situ emul-
sion polymerization results in  a uniform dispersion of nano CaCO3

into polyaniline giving significant improvement in  the mechanical
and  anticorrosive properties. In many conventional in  situ poly-
merization synthesis processes, fine dispersion of nanoparticles in
polymer latex is not achieved especially for the increased loading
of nanofiller [8,32,35,36].  The use of ultrasonication during in  situ
emulsion polymerization can improve the dispersion of nanofillers
in polymer latex with higher nanofiller loading, which controls
the final nanocomposite size. In the present work, PMMA/CaCO3

nano-composite has been prepared by  ultrasound assisted semi-
batch emulsion polymerization of MMA  with added initiator in the
presence of functionalized CaCO3 nanoparticles. Calcium carbon-
ate (CaCO3) nanoparticles have been functionalized with myristic
acid, in order to  improve the compatibility between nanofillers and
MMA  monomer.

2.  Experimental methodology

2.1. Materials

Methyl methacrylate (MMA,  density: 0.936 g/cm3 A.R.  grade)
was procured from Sigma Aldrich. Surfactant, sodium lauryl sul-
phate (SLS, NaC12H25SO4) and initiator, potassium persulfate (KPS,
K2S2O8)  have been procured from S.D. Fine Chem. Ltd., Mumbai
and have been used as received from the supplier. Myristic acid
(MA) coated nano-size CaCO3 was synthesized in the laboratory
and was subsequently used for the preparation of PMMA/CaCO3

nano-composite. Deionized water with conductivity of <0.2 �S/cm
generated using the Elix 3 UV Water Purification System, has been
used throughout the experimentation.

2.2. Surface modification of Nano-CaCO3

Synthesis of nanosize functionalized CaCO3 was carried out by
passing CO2 gas through calcium hydroxide slurry [20,37].  Myris-
tic acid solution was  prepared in methanol by keeping methanol
to myristic acid ratio as 4:1 by weight. The myristic acid solution
was  added dropwise into the flask at 60 ◦C under continuous son-
ication for 1 h during the carbonation reaction. The solution was
centrifuged so as to remove unreacted myristic acid present in
the reaction mixture. During carbonation reaction, Ca2+ ions react
with myristic acid to form a  hydrophobic salt of Ca(C13H27COO)2.
Thus the synthesized CaCO3 nanoparticles are hydrophobic due to
the deposition of Ca(C13H27COO)2 on the surface of CaCO3. The
effectiveness of the surface modification of CaCO3 was evaluated
by calculating the active ratio of the hydrophobic to hydrophilic
particles (discussed later) and contact angle measurement [38].
On  flat solid surface, contact angle was  measured by sessile drop
technique. Initially pellet was prepared using 1 g of CaCO3 and
then water droplet was dropped onto the pellet. The contact angle
against water on a  horizontal surface of a  pellet was  measured. The
percentage active ratio was  measured by calculating the ratio of
floated product to the overall weight of sample after agitation. It is
expected that  the higher active ratio of hydrophobic to  hydrophilic
particles is  an indication of better overall hydrophobic properties.

2.3. Synthesis of PMMA/CaCO3 nanocomposite by  ultrasound

assisted semi-batch in situ polymerization

The reactor (Fig. 1) used for nano-composite synthesis consists
of a  jacketed glass vessel provided with ultrasonic horn (13 mm
diameter made of stainless steel) equipped with a  generator (Sonics
Vibra-cell, USA) operating at frequency of 22 kHz and rated output
power of 750 W. In the work the horn was  operated at 50% ampli-
tude yielding a  supplied net power of 375 W.  The actual power
dissipation as measured using calorimetric method was  45.9 W
giving an energy transfer efficiency of 12.24%. The polymerization
reaction was carried out under nitrogen atmosphere to reduce the
contact of the reaction mixture with oxygen. Initially, aqueous solu-
tion of sodium lauryl sulphate solution was prepared along with
CaCO3 nanoparticles (1–9 wt%  of MMA). After subjecting this solu-
tion for 10 min  irradiation, it was  transferred to the reactor. Also an
aqueous initiator solution was prepared separately and transferred
in the reactor.

Polymerization was carried out by adding 1 ml  of MMA
monomer in  the reactor initially as seed followed by continuous
addition of MMA  (9 ml)  at a constant rate of 0.3  ml/min over a
time period of 30 min. The reactor temperature was maintained
constant at 65 ◦C (±1 ◦C) throughout the experimental run. The
complete reaction was  carried over a period of 60 min. The product
was  filtered and then dried in  an oven at 120 ◦C for 2  h. Monomer
to  polymer conversion was determined by using gravimetric analy-
sis. During the polymerization process, definite quantity of reaction
mixture was removed periodically for analysis. These samples were
also dried in an oven at 120 ◦C to  remove water and unreacted
monomer. Conversion of monomer was  calculated at any time t
by  using the following Eq. (1):

Conversion =
M5(1  − M4 −  M3 − M2)

M1
(1)

where M1 = mass of MMA  in  wet sample, M2 =  mass fraction of  sur-
factant, M3 = mass fraction of initiator, M4 = mass fraction of CaCO3,
M5 = mass of dried sample.
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Fig. 1. Schematic representation of the experimental setup for ultrasound assisted PMMA/CaCO3 nanocomposite synthesis.

The total MMA quantity added to the reactor at any time t was
calculated by using the following equation (2)

M1 = M0 + Mt (2)

where M0 = mass of MMA  taken at time t =  0,  Mt = mass of MMA
added till the time of sample collection (flow rate multiplied by
time of sample withdrawal).

2.4. Characterization

X ray diffraction (XRD) pattern of MA treated CaCO3 and
PMMA/CaCO3 nanocomposite was recorded by  using powder X-
ray diffractometer (Rigaku Mini-Flox, USA). The morphology of
PMMA/CaCO3 nanocomposite was investigated by  using Scanning
Electron Microscopy (SEM) (JEOL JSM, 680LA 15 kV, magnification
10,000×)  and Transmission Electron Microscopy (TEM), (PHILIPS,
CM200, 20–200 kV, magnification 1,000,000×). Infrared spectro-
scopic analysis of samples was carried out using SHIMADZU 8400S
analyser in the region of 4000–500 cm−1. The composite latex
particle size distribution was analysed by  Photon Correlation Spec-
troscopy (PCS, 3000 HAS, analyser Malvern). The weight loss of the
MA treated CaCO3, pure PMMA  and PMMA/CaCO3 nanocomposite
was determined in the rage of room temperature to 800 ◦C by using
a thermogravimetric analysis (PerkinElmer TGA system, USA), at
heating rate of 10 ◦C/min. The contact angle measurement was

Fig. 2. Schematic representation of the mechanism of the formation of functional-
ized CaCO3 .

carried out at 25 ◦C using a FTÅ 200 (USA) contact angle analyzer.
The glass transition temperature (Tg) was measured by  Differential
Scanning Calorimetry (SHIMADZU DSC–60) in N2 atmosphere at a
heating/cooling rate of 10 ◦C/min.

Fig. 3. (a) Influence of dosage of MA on the active ratio of modified CaCO3 , (b) the
contact angle of (A) modified CaCO3 and (B)  untreated CaCO3 .
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Fig. 4. Schematic mechanism of the formation process of PMMA/CaCO3 nanocomposite.

3. Results and discussion

3.1. Functionalization of CaCO3 nanoparticles

The surface modification of CaCO3 has been achieved using the
in situ carbonation process in the presence of ultrasound. The sur-
face modification results in reducing the surface energy of CaCO3

nanoparticles. Myristic acid was also simultaneously added dur-
ing the synthesis of nano CaCO3 particles. The possible elementary
reactions occurring in the carbonation process to give functional-
ized CaCO3 particles can be given as follows

Ca(OH)2 → Ca2+
+ 2OH− (3)

Ca2+
+ 2C13H27COOH → Ca(C13H27COO)2 + 2H+ (4)

CO2 + H2O → H2CO3 (5)

H2CO3 → CO3
2−

+ 2H+ (6)

CO3
2−

+ Ca2+
→ CaCO3 (7)

Initially Ca2+ ions react with myristic acid to form a hydrophobic
salt  of Ca(C13H27COO)2, which acts as a co-surfactant in the reaction
mixture and forms Ca(C13H27COO)2, which deposits on the surface
of CaCO3. The presence of ultrasonic irradiations helps in reduc-
ing the particle size of the final product. The mechanism of the
formation of functionalised nanosize CaCO3 has been depicted in
Fig. 2.

The hydrophobic properties of the functionalised CaCO3

nanoparticles have been quantified in terms of the active ratio and
the contact angle. The dependency of the active ratio, which gives
an  indication of the hydrophobicity, on  the loading of myristic acid
has been shown in  Fig. 3(a). It can be seen from the figure that
with an increase in the dosage of MA  from 0.05 to 0.3 wt%, the

active ratio improved substantially from 45.6 to  99.1%; however
a further increase to  0.4 wt% yielded only a marginal improve-
ment in  the active ratio (value of 99.5%). Thus it can be  said that
for achieving effective hydrophobicity of the CaCO3 nanoparticles,
the recommended optimum dosage of myristic acid is  0.3 wt%.
The hydrophobic property of modified CaCO3 at 0.3 wt%  was also
assessed by contact angle measurement (Fig. 3(b)). The contact
angle is found to be around 155◦, which indicates that particles
showed a  good hydrophobic property. Also any further increase
in  the loading of myristic acid only marginally changes the con-
tact angle. Experiments with water drop addition on the untreated
CaCO3 indicated that the added water spreads uniformly on  the
surface of pellet indicating a  hydrophilic nature.

3.2. Mechanism of PMMA/CaCO3 nanocomposite formation

The mechanism of the formation of PMMA/CaCO3 nanocompos-
ite by encapsulation has been depicted schematically in  Fig.  4.  In
the initiation stage radicals are generated by dissociation of initia-
tor and water molecules due to the cavitational effects generated
by acoustic cavitation. Subsequently in the nucleation stage for-
mation of micelles around MMA  droplet takes place. The size of
monomer droplet is  expected to reduce significantly (possibly to
submicron size) due to  the turbulence effects of the cavitation dur-
ing emulsion polymerization. The free radicals enter the monomer
droplet resulting into polymerization process. Thus the presence of
cavitating effects is expected to  improve the nanocomposite forma-
tion due to both the chemical effects of formation of  free radicals
and the physical effects of intense turbulence and liquid circula-
tion currents. It  should be noted here that maintaining a  proper
combination of the operating temperature and ultrasonic power
dissipation levels is  very important for generation of the adequate
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Fig. 5. Effect of percentage CaCO3 loading (of MMA)  on conversion (quantity of
MMA  = 7.2 wt%, quantity of surfactant =  2% of MMA, quantity of initiator = 4% of
MMA,  temperature =  65 ◦C).

mixing effects and formation of the required quantities of the free
radicals. In a recent work by Dobie and Boodhoo [39], it has been
shown that the use of low frequency ultrasound over a power dis-
sipation range of 60–160 W (supplied electric power) does not give
the desired degree of beneficial effects at an operating temperature
of 45 ◦C. The quantum of free radicals generated in the system will
be dependent on the operating temperature and ultrasonic power
dissipation whereas the mixing effects (which are significant at low
frequency operation) will be mainly controlled by  the ultrasonic
power dissipation.

3.3. Effect of CaCO3 loading on the conversion of MMA

The effect of CaCO3 loading on the extent of conversion of MMA
was investigated over a concentration range of 1–9% by  weight
and the obtained results have  been shown in Fig. 5. It  has been
observed that the rate of polymerization increases with an increase
in the concentration of the presence of functionalised CaCO3.  Sim-
ilar  observations have been reported by  Wu et al. [8].  The observed
increase in the rates of polymerization can be attributed to  the fact
that the presence of nanosize calcium carbonate on the interface
between monomer and water stabilizes the formed micelles and
provide more polymerization sites (nucleating effect of MA  coated
CaCO3)  which in turn enhances the rate of polymerization. Wu et al.
[8] have also confirmed the formation of stable emulsions due to
the presence of enhanced loading of CaCO3 at the interface.

3.4. Morphology and average particle size of the PMMA/CaCO3

nanocomposites

The TEM images of PMMA/CaCO3 nanocomposite for 4% modi-
fied CaCO3 loading have been given in Fig. 6.  The 4% modified CaCO3

loading in PMMA latex has been taken as a representative load-
ing which has been observed to  give the required alteration in  the
property profile of the nanocomposite. TEM image of PMMA/CaCO3

nanocomposite confirms the encapsulation of CaCO3 in PMMA
matrix. Also, it has been established that the CaCO3 nanoparticles
of size 50–100 nm are uniformly dispersed in the polymer latex.
Comparison with the earlier work [36], where only conventional
approach of in situ emulsion polymerization process was  used for
encapsulation of CaCO3 nanoparticles, it has been clearly observed
that the use of Acoustic cavitation during in  situ emulsion poly-
merization improves the dispersion of modified CaCO3 into PMMA
latex compared to conventional in  situ emulsion polymerization.
Fig. 7(a)–(d) shows SEM micrographs of PMMA/CaCO3 nanocom-
posite at different loadings of CaCO3.  Through the SEM images, it

Fig. 6. TEM images of PMMA–4% CaCO3 nanocomposite at (a) 500 nm (b) 200 nm
magnification.

is observed that the nanocomposite shows different morphologies
and structure with a  change in the loading of modified CaCO3.  The
influence of the loading of CaCO3 on the size of the PMMA/CaCO3

nanocomposite particles, as obtained using Photon Correlation
Spectroscopy (PCS), has been given in Table 1.  It  has been observed
that the particle size of PMMA/CaCO3 nanocomposite is in the range
of 433–532 nm which is consistent with SEM image (Fig. 7). The size
of PMMA/CaCO3 nanocomposite increases with an increase in the
modified CaCO3 nanoparticles loading. It may be due to agglom-
eration effect at higher loading of CaCO3 nanoparticles. Under
ultrasonic irradiation, agglomeration of CaCO3 in PMMA/CaCO3

nanocomposite is reduced, but it cannot be completely eliminated.
It  may  be possible to decrease the agglomeration further with ultra-
sound operated at higher supplied power or by using a larger size
probe size as the physical effects of cavitation phenomena will be
higher [40].

Table 1

Effect of modified CaCO3 loading on  particle size and glass transition tempera-
ture (temperature =  65 ◦C,  weight of MMA  =  9.36 g,  weight of KPS =  0.37 g, weight of
SLS =  0.28 g,  weight of water = 120 g).

S. No. %  CaCO3 (of
MMA)

Particle size
(nm) obtained
from PCS

Glass transition
temperature
(◦C)

1 0  107 119.5
2  2  433 210.4
3  4  489 210.6
4 6  455 164.5
5  8  484 179.7
6 10 532 182.2



B.A. Bhanvase et al. /  Chemical Engineering and Processing 50 (2011) 1160– 1168 1165

Fig. 7. SEM images of PMMA/CaCO3 nanocomposite at different CaCO3 loading (a) 1% CaCO3 , (b)  2% CaCO3 , (c) 3% CaCO3 ,  (d) 4% CaCO3 .

3.5. XRD analysis of the PMMA/CaCO3 nanocomposites

X  ray diffraction analysis was carried out to understand the
phase change in the formation of inorganic nanoparticle and
nanocomposites. X-ray diffraction (XRD) pattern of MA coated
CaCO3 has been shown in Fig. 8(pattern A). The crystallite size of
functionalised CaCO3 nanoparticle was estimated as equal to  21 nm
by Debye Scherrer’s formula, which has been given below for better
understanding [37].

Xd =
k�

 ̌ cos �
(8)

where k = 0.9, ˇ  =  full-width at half-maximum height (FWHM) and
� is glancing angle of X rays with the sample holder. CuK�  angel
� = 1.5405 Å radiation was used to  obtain XRD patterns.

It has been observed that no change in the calcite phase was
observed due to functionalization with myristic acid. Fig. 8(pat-
tern B) illustrates the XRD of PMMA/CaCO3 nanocomposite. The

Fig. 8. XRD pattern of (A) modified CaCO3 (B) PMMA-CaCO3 nanocomposite.

XRD pattern of PMMA/CaCO3 nanocomposite shows the diffrac-
tion peaks at 13.48, 29.5, 30.3 and 42.7◦ (2�).  Above reported peaks
at 2� value confirms the presence of calcite phase of CaCO3. It is
also found that the crystallinity of PMMA/CaCO3 nanocomposite
increases with the addition of functionalised CaCO3 nanoparticles
as indicated by an increase in  the values of the intensity of  the XRD.
The enhanced crystalline nature of PMMA/CaCO3 nanocomposite
can be attributed to the fact that  the presence of nanosize calcium
carbonate provides more polymerization sites (nucleating effect of
MA  coated CaCO3). The strong interaction between polymer and
inorganic phase and local nucleation at many places results in for-
mation of number of small spherolites making the composite more
crystalline.

3.6. FTIR analysis of the PMMA/CaCO3 nanocomposites

Fig. 9 shows infrared spectra of pure CaCO3, modified
CaCO3, Pure PMMA  and PMMA/CaCO3 composite parti-
cles in the range 4000–400 cm−1. Fig.  9(pattern A and B)
shows FTIR spectra of pure CaCO3 and modified CaCO3

nanoparticles respectively. Characteristic peaks of pure
CaCO3 nanoparticles are at 1481, 875 and 712 cm−1. In addi-
tion to this, peaks at 2918 and 2852 cm−1 shows stretching
vibration of the C–H which came from the –CH3 and  –CH2 in the
myristic acid respectively. In this study, the pattern B of  Fig. 9
was  obtained after the redundant myristic acid was eliminated by
rinsing three times with hot methanol. Thus the changed peaks
confirm the permanent interaction between the myristic acid and
CaCO3 nanoparticles; in other words, the chemical modification of
the particles with myristic acid is confirmed by the FTIR analysis.
Fig. 9(pattern C) shows a broad band from 1900 to 3000 cm−1

due to the presence of C–H stretching vibrations and a  sharp
intense peak at 1732 cm−1 attributed to the presence of  C O
stretching vibrations. It  also reveals a  broad peak ranging from
1000 to  1260 cm−1 corresponding to C–O stretching vibrations
(ether bond) and a  broad band from 650 to 920 cm−1 due to C–H
bending vibration. As shown in Fig.  9(pattern D) peaks at 1481, 884



1166 B.A. Bhanvase et al. /  Chemical Engineering and  Processing 50 (2011) 1160– 1168

Fig. 9. FTIR spectra showing various bonds in (A) neat CaCO3; (B) modified CaCO3;
(C)  neat PMMA;  (D) PMMA/CaCO3 nanocomposite.

and 754 cm−1 indicates the presence of CaCO3 in PMMA/CaCO3

nanocomposite prepared by emulsion polymerization [35,36].

3.7. DSC and thermogravimetric analysis of the PMMA/CaCO3

nanocomposites

Fig. 10 shows thermogravimetric analysis of MA  treated CaCO3,
pure PMMA,  and PMMA–4% CaCO3 composite particles. Fig. 10(pat-
tern A) shows that modified CaCO3 did not decompose below 625 ◦C
and the weight loss of 5% was observed due to decomposition of
MA. It is found that the neat PMMA  completely decompose in the
temperature range of 290–485 ◦C  as shown in  Fig. 10(pattern B).
The weight loss of PMMA was found at 90.1% at the end of 485 ◦C.
As shown in Fig. 10(pattern C) PMMA/CaCO3 composite shows the
weight loss of 83.1% at 475 ◦C. It was attributed to  the decom-
position of encapsulating PMMA.  In this work, the decomposition
temperature of PMMA/CaCO3 composite is  found to  be higher than
that of PMMA.  Thus it can be established that the encapsulation of
modified CaCO3 nanoparticles could improve the thermal stabil-
ity of the PMMA  matrix. The existence of the CaCO3 in the polymer
matrix increases the glass transition temperature (Tg) of the PMMA

Fig. 10. Thermogravimetric analysis (TGA) plots of (A) modified CaCO3 ,  (B) pure
PMMA,  (C)  PMMA–4% CaCO3 nanocomposite.

composite. DSC results confirm that well dispersed modified CaCO3

nanoparticles restrict the motion of PMMA  segmental chains [41].
The glass transition temperature was  found to increase from 119.5
(for pure PMMA)  to 210.6 ◦C (at 4% CaCO3 loading) but any further
increase in the CaCO3 loading resulted in decreased glass transition
temperature (Table 1). The observed decrease can be attributed
to the agglomeration effect due to  increased loading of modified
CaCO3 (from 6 to  9%). This agglomeration weakens the interaction
between PMMA  chains and modified CaCO3 nanoparticles which
leads to decrease in glass transition temperature to 160.5 ◦C. Under
ultrasonic conditions as used in  the present work, agglomeration
of CaCO3 in PMMA/CaCO3 nanocomposite cannot be completely
eliminated but is only reduced to an extent.

3.8. Comparison of the energy efficiency

For the comparison of the energy required for two  syn-
thesis methods (conventional in situ emulsion polymerization
[36] and ultrasound assisted in  situ emulsion polymerization) to
obtain PMMA/CaCO3 nanocomposite, a simple calculation has been
reported for the optimized conditions in  Appendix A. The energy
utilized for the synthesis of PMMA/CaCO3 nanocomposite has been
calculated as the total energy required (kJ) per unit weight of
the material (g) present in  the system. The reaction time to syn-
thesize PMMA/CaCO3 nanocomposite was 60 min for ultrasound
assisted in situ emulsion polymerization method and 4 h for the
conventional in  situ emulsion polymerization method. Total energy
required per unit weight of the material present in  the system
is 25.85 × 10−2 kJ/g for ultrasound assisted in situ emulsion poly-
merization method and 106.35 × 10−2 kJ/g for conventional in  situ
emulsion polymerization method. Thus, ultrasound assisted in situ
emulsion polymerization method has proved to be an energy effi-
cient method which saves more than 75% of energy utilized by
conventional in situ emulsion polymerization method along with
the reduced in  the reaction duration.

4. Conclusions

The present work has clearly established that PMMA/CaCO3

nanocomposites can be successfully synthesized using ultrasound
assisted semi-batch emulsion polymerization of methyl methacry-
late in  the presence of an initiator. CaCO3 nanoparticles can also be
effectively modified with different dosage of myristic acid resulting
in  improved hydrophobic property. Use of cavitation generated due
to the ultrasonic irradiations during in situ emulsion polymeriza-
tion improves the dispersion of modified CaCO3 into PMMA  latex
compared to conventional in  situ emulsion polymerization and also
significantly intensifies the process with overall reduction in the
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energy requirements. The functionalised CaCO3 were encapsulated
in the PMMA  due to  the good compatibility between the nanofillers
and the polymer matrix. The ultrasound based method is effective
to increase the loadings of CaCO3 in  the composites, which can
improve the thermal stability of PMMA/CaCO3 nanocomposites.
The results of  the thermogravimetric analysis showed the better
thermal stability of the nanocomposites than that of PMMA.
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Appendix A. Energy calculations

A.1. Energy delivered during sonication

• Energy delivered during sonication =  energy required to  synthe-
size PMMA/CaCO3 nanocomposite.

• Electrical energy delivered during sonication using horn for
10 min  (indicated by  the power meter) =  4.59 kJ/min.

• Efficiency of horn taken for the calculation =  12.24% (estimated
independently using calorimetric studies).

• Actual energy delivered by  horn during sonication = energy deliv-
ered during sonication using horn in 10 min  ×  total reaction
time × Efficiency of horn = 4.59 × 60 × 12.24/100 =  33.71 kJ.

• Quantity of material processed = quantity of water +  quantity
of MMA  + quantity of SDS +  quantity of KPS  + quantity of
CaCO3 = 120 g (120 ml)  + 9.36 g +  0.28 g +  0.37 g +  0.37 g (for
4% CaCO3 quantity) = 130.38 g.

• Net energy supplied for processing of material using
sonochemical method =  actual energy delivered by
horn during sonication/quantity of material pro-
cessed = 33.71 (kJ)/130.38 (g) = 25.85 × 10−2 (kJ/g). (A)

A.2. Energy delivered during conventional method

• Voltage input in magnetic stirrer (Model RQ1210, Remi Metals
Gujarat Limited, India) =  230 V.

• Current measured using digital multimeter (KUSAM-MECO
Model 2718, Kusam Electrical Industries Ltd., Mumbai,
India) = 37 mA  =  37 × 10−3 A.

• Power input in overhead stirrer =  voltage input × current mea-
sured = 230 (V) × 37 ×  10−3 (A) = 8.51 W (J/s).

• Time required for completion of reaction =  4 h  (14,400 s).
• Net energy delivered during conventional method =  power input

in magnetic stirrer ×  time required for completion of reac-
tion = 8.51 J/s ×  4 h  × 3600 s/h =  122,544 J =  112.544 kJ.

• Energy supplied in form of heat to  maintain reaction temperature
75 ◦C  = mCp,mix (Tprocess − TRef)  = 130.38 × 4.0058 × (75 −  25) =
26113.81 J =  26.114 kJ.

• Total energy supplied during conventional method =  138.658 kJ.
• Quantity of material processed = quantity of water +  quantity

of MMA  + quantity of SDS +  quantity of KPS  + quantity of
CaCO3 = 120 g (120 ml)  + 9.36 g +  0.28 g +  0.37 g +  0.37 g (for
4% CaCO3 quantity) = 130.38 g.

• Net energy supplied for processing of material
using conventional method =  net energy delivered

during conventional method/quantity of material pro-
cessed =  138.658 (kJ)/130.38 (g) = 106.35 ×  10−2 (kJ/g). (B)

A.3. Energy saved

• Net energy saved = (net energy supplied for processing of
material using conventional method (B)) −  (net energy sup-
plied for processing of material using sonochemical method
(A)) =  106.35 ×  10−2 (kJ/g) − 25.85 × 10−2 (kJ/g) =  80.50 × 10−2

(kJ/g).
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