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a  b  s  t  r a  c t

The present work  deals  with  the  synthesis  of  poly(methyl methacrylate-co-styrene)/montmorillonite

[P(MMA-co-St)/O-MMT]  nanocomposite  using ultrasound  assisted emulsion  copolymerization  operated

in a semibatch  manner.  The synthesis process is based  on dispersing montmorillonite  (MMT)  clay in the

monomer  (styrene) and  surfactant  (sodium  dodecyl  sulfate)  under  the  influence of ultrasonic  irradiations.

Investigations  have  been  carried  out  using  treated  MMT  clay  by  quaternary  ammonium  salt (octadecy-

lamine)  as a  starting material  for  establishing  the  dependency  on the  stability  of emulsion and  formation

of latex. X-ray  diffractrogram  (XRD)  have  clearly  established  the  complete  exfoliation  of MMT  clay into the

polymer.  The  exfoliated  structure  of nanocomposites  has  also  been  confirmed by  transmission  electron

microscopy (TEM). It  has  been  observed that  both  polymerization  rate  (RP) and the  fractional  conver-

sion  decreased  with  an increase in the  O-MMT  clay loading in the  emulsion polymerization  system.  The

zeta potential and particle  size  analysis  showed  that  nanocomposite  latexes  were  electrostatically stable

and  average  particle  size  was in the  range of  156.58 to 191.23 nm  with  narrow particle  size  distribution.

It  has  been observed that the  exfoliated  P(MMA-co-St)/O-MMT  nanocomposite  exhibits  a  higher glass

transition temperature  (Tg = 152.7 ◦C) and  lower heat of reaction  (�H  =  −265 J/g)  at  1%  O-MMT loading as

compared to the  neat copolymer  (Tg = 127.3 ◦C,  �H  =  −437.5 J/g).  Nanocomposite  formed using  current

method  have  been  shown  to give  better thermal  stability  attributed  to the  interaction  of O-MMT  platelets

with polymer  leading  to cross-linking  enhancement.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the research area of material science, polymer/layered

nanocomposite synthesis is  one of the emerging areas due to  the

wide range of applications exhibited by the layered nanocompos-

ites  based on their versatile properties based on the combination

of starting materials and the synthesis approach [1–6].  Two

nanocomposites with dissimilar microstructures, namely exfoli-

ated and intercalated could exist together when clay materials are

dispersed into the polymer matrix [2].  In the intercalated com-

posites, gallery spacing of layered silicate is increased by using a

long chain organic molecule, which allows the occupation of the

polymer chains into gallery spacing. In order to synthesize exfoli-

ated nanocomposite structure, high mechanical shear is required

to disperse the clay platelets into the host matrix [5].  Interca-

lated nanocomposite microstructure are suitable for development

of barrier resistance nanocomposite application [4].  Exfoliated
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polymer clay hybrid structures offer superior mechanical and ther-

mal  properties, because of the homogeneous dispersion of  clay in

the polymer matrix, as well as a  large interfacial area of clay layers

interacting with the interspaced polymer layers [7].

Poly(methyl methacrylate) (PMMA) has excellent transparency

and high modulus, but its melt viscosity is  on a significantly higher

side (>104 Pa  s). It is also reported that mechanical properties of

PMMA  such as abrasion and wear are relatively low and indepen-

dent of molecular weight. On the other side, polystyrene (PS) has

relatively low modulus [8] and high abrasion resistance, load bear-

ing capacity and greater tensile strength [9].  Thus the formation

of a copolymer using these two  polymers can compensate their

demerits and the resulting composite material can have signifi-

cant range of applications. The addition of clay to  the polymer

matrix can be  further helpful in deciding the properties of the poly-

mer matrix. Several methods such as melt mixing method [10],

bulk polymerization [2,11–14],  solution polymerization and emul-

sion polymerization [15–20] have been employed to synthesize

copolymer/clay nanocomposite. Out of these techniques, emul-

sion polymerization has the important advantage of generating

monodispersed polymer nanoparticles with controlled molecular
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weight and employment of water as a  dispersion medium. Use

of water results in  possible widening of the galleries of layered

silicates without any chemical treatment. Also encapsulation of

materials is possible, if the inorganic particles are hydrophobic

in nature [21]. Emulsion polymerization is an efficient technique

for preparation of exfoliated structure of polymer/MMT compos-

ite. However, the level of shear in the reactor and the type of

the clay modifier plays an important role in exfoliation of clay

platelets in the organic phase [10,22].  Number of authors have

reported the use of various surfactants to  achieve the compat-

ibility of clay and polymer matrix to  yield better dispersion of

the clay platelets in the polymer matrix [3,12,14,15]; however the

effective dispersion of clay into the polymer matrix still remains

a problem. Li et al. [15] have employed emulsion polymeriza-

tion route for the synthesis of exfoliated PS/MMT  nanocomposite

using zwitterion as a clay modifier and observed that synthesized

exfoliated PS/MMT  nanocomposite shows an improvement in the

storage modulus and glass transition temperature compared to  the

neat polystyrene and intercalated PS/MMT  composites. Choi et al.

[16] have used two stage emulsion polymerization, where delam-

ination of clays into monomer emulsion was carried out in first

stage followed by the polymerization to  obtain core shell structure

of poly(methyl methacrylate-co-styrene)/silicate nanocomposites

in the second stage. Due to the successful delamination of clay

into monomer during a  first stage, an substantial improvement

in the storage modulus (about 91%) has been observed. Xu et al.

[19] used highly reactive, 2-acrylamido-2-methyl-1-propane sul-

fonic (AMPS) surfactant to  widen the inter-gallery spacing of clay

during styrene-co-methyl methacrylate emulsion polymerization.

Diaconu et al. [20] have achieved high solid content of water-

borne methyl methacrylate-co-butyl acrylate/clay nanocomposites

by emulsion polymerization.

The passage of ultrasonic waves in the liquid medium is known

to generate cavitation events where number of microbubbles are

created which grow due to the pressure fluctuations and col-

lapse adiabatically over a very small time scale [23]. The extreme

adiabatic conditions generated locally are responsible for the gen-

eration of radicals by  dissociation of the trapped organic/water

molecules. Formation of intense turbulence coupled with strong

liquid circulation currents can generate a  very fine and stable emul-

sion [22] and also the dispersion or the mass transfer rates are

significantly enhanced. Thus the use of ultrasonic irradiation as

a intensified source of energy dissipation during the synthesis of

polymer/clay nanocomposites is  expected to yield beneficial results

due to two simultaneous effects viz. shearing action generated by

ultrasonic cavitation helps in  exfoliation and homogeneous disper-

sion of clay into the organic phase [10,22] and secondly uniform

size of monomer droplet can be achieved without any possibil-

ity of aggregation [24].  Cavitation has been also reported to  help

in the separation of silicate layers into the number of exfoliated

platelets due to  microstreaming phenomena [22]. The majority of

the reports dealing with use of high intensity cavitation in  polymer

chemistry are based on the initiation of the polymerization reac-

tions [24–26].  Few reports have been also found on the application

of ultrasound during the initial stages of nanocomposite forma-

tion and melt mixing process. Ryu et al. [10] and Ryu and Lee [27]

have synthesized poly(methyl methacrylate)–MMT nanocompos-

ites using ultrasonic irradiations with an objective of dispersion of

the clay platelets into the polymer melt during the melt mixing pro-

cess. Borthakur et al. [22] studied the formation of core and shell

poly(styrene-co-methyl acrylate)–bentonite nanocomposite using

miniemulsion process and reported the application of ultrasound

only in the stage one, i.e. during emulsion formation. It  has been

reported that the reduction of the particle size can be achieved till

700 nm,  whereas some of the other reports with continuous use

of ultrasound irradiation have shown a  reduction in  the particle

size to  less than 100 nm [24].  Continuous use of cavitation may

facilitate the encapsulation, dispersion and/or segregation of the

nanoparticles. It  is also known that the Oswald ripening process can

be eliminated or reduced. The observed elimination of the ripening

has been attributed to  the fact that  shrinkage of monomer droplets

(consisting of the inorganic core) is  opposed by an increase of

osmotic pressure (increasing free energy) of the trapped inorganic

core. Further, continuous ultrasonic irradiation can also be used for

generation of efficiently stabilized emulsion by incorporating inor-

ganic core in monomer droplet and there exists a  possibility that

the requirement of the co-surfactant to  reduce the Oswald ripening

process can be eliminated [28,29].

Wang et al. [30] used ultrasound assisted emulsion poly-

merization for one-pot synthesis of montmorillonite–exfoliated

polystyrene nanocomposite. Interestingly, it has been observed

that the nanocomposite grew in  one direction to form a  bundle

during the ultrasonic irradiation. This reported investigation indi-

cated the noncontact directional control of certain materials by

ultrasound. It has also been reported that ultrasonic irradiation

successfully generates exfoliated nanocomposite with sufficient

interaction between monomer and organic chains of  the inter-

layer. Also, the clay aggregates in  the ultrasonically processed

nanocomposites are more finely dispersed than in the case of  sim-

ple mixing methods [10,27].  Ultrasonic irradiations have also been

used for emulsification (stage one) during the formation of  core

and shell poly(styrene-co-methyl acrylate)–bentonite nanocom-

posite using miniemulsion process [22].  Further, Wang et al. [31]

have used high intensity ultrasound for the synthesis of  inter-

calated polystyrene/Na+-MMT  nanocomposites by  intercalating

hydrophobic polystyrene into the hydrophilic silicate layers via

ultrasonically initiated in situ emulsion polymerization. It  has

been reported that use of ultrasonic irradiations initiates poly-

merization reaction of monomer without any additional chemical

initiator and also the silicates can be used without any modification.

Enhanced breakup of layered silicate bundle and reduction in the

size of dispersed phase with better homogeneity can be achieved

by power ultrasound assisted in  situ emulsion polymerization as

compared to the conventional in  situ emulsion polymerization. The

shearing action generated by ultrasonic cavitation can be used for

synthesis of exfoliated polymer/clay nanocomposite with homo-

geneous dispersion of clay into the organic phase. Furthermore,

ultrasonic irradiation can not only initiate polymerization at room

temperature and disperse clay layers at the nanoscale, but can

also shorten the polymerization time. Therefore, the ultrasoni-

cally initiated in situ emulsion polymerization can be considered

as a  novel, simple, and fast approach to prepare polymer/layered

inorganic nanocomposites. In the present work, an attempt was

made to synthesize exfoliated structure of P(MMA-co-St)/O-MMT

nanocomposite by ultrasound assisted semibatch emulsion copoly-

merization in the presence of modified MMT clay. To the best of

our knowledge, there has been no previous study depicting the

continuous use of power ultrasound during the formation of exfoli-

ated structure of poly(methyl methacrylate-co-styrene)/O-MMT by

semibatch in  situ emulsion copolymerization. The ultrasonic irra-

diation has been achieved using direct probe type sonicator as it

is expected that the high levels of shear help in the separation of

a  layered silicate bunch (tactoids) in  the initial stage. The present

work has clearly established the role of ultrasonic irradiations for

an effective dispersion of clay into the polymer matrix based on the

intensified shear and turbulence levels in  the reactor.

2. Experimental

2.1. Materials

Methyl methacrylate (MMA,  density: 0.936 g/cm3 A.R. grade)

and styrene (>99% purity) were procured from Sigma–Aldrich
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and washed by using aqueous 0.1  N NaOH and demineralized

water to remove the possible inhibitors present in  the mate-

rial. Analytical grade surfactant, sodium dodecyl sulfate (SDS,

NaC12H25SO4) and initiator potassium persulfate (KPS, K2S2O8)

were procured from S.D. Fine Chem., Mumbai and used as received

from the supplier. Pristine sodium montmorillonite (MMT)  with

cation exchange capacity (CEC) of 119 meq/100 g clay (specific

surface area, 274 m2/g) was purchased from Sigma–Aldrich, USA.

MMT  was modified by using octadecylamine (mol. wt.  269.52,

CH3(CH2)17NH2, stearylamine, organic modifier), which was pro-

cured from Aldrich and used as received. Demineralized water was

used throughout the experimentation.

2.2. Intercalation of MMT  by octadecylamine

Separation of impurities from natural MMT  is  necessary before

the modification of clay and its subsequent use in the polymeriza-

tion. This is attributed to  the fact that the impurities may  disturb

the final properties of formed composite. With this background,

the  purification of available MMT has been carried out following

the steps outlined below:

(1) Initially pristine clay was washed 3–4 times using demineral-

ized water followed by  centrifugation. Impurities such as silica

and iron oxides were removed by differential sedimentation

technique.

(2) Aqueous solution of MMT  was stirred for 1 h and then kept

undisturbed overnight. After subjecting the solution to  cen-

trifugation, the obtained solid was exposed to slow evaporation,

until the desired dryness was obtained by keeping it at a tem-

perature of 50 ◦C.

Octadecylamine has been used as a  modifier to widen the gallery

spacing between the platelets [32]. Modification of MMT  was car-

ried out by a cation exchange reaction. 11.9 g of octadecylamine

(calculated based on CEC of MMT  used) was dissolved in 250 ml of

demineralized water containing 1.2 ml  of hydrochloric acid (1 N)

and the temperature of solution was maintained at 70 ◦C. 10 g of

MMT was dispersed in 1000 ml water at 80 ◦C and was  subse-

quently mixed with the octadecylamine solution prepared earlier.

The resulting solution was stirred vigorously for 12 h followed by

filtration to remove the precipitate. The obtained precipitate was

washed with hot water for 1 h and centrifuged. The procedure was

repeated several times such that all the unreacted amines were

removed. The final precipitate was thoroughly dried in an oven at

80 ◦C for 24 h to obtain the modified MMT  nanoclay (O-MMT).

2.3. Synthesis of P(MMA-co-St)/O-MMT nanocomposite by

ultrasound assisted semi-batch in situ emulsion polymerization

P(MMA-co-St)/O-MMT nanocomposite synthesis was carried

out in the emulsion polymerization reactor as shown in Fig. 1 and

operated in semi batch mode. The experimental setup consists of a

reactor which is basically a jacketed glass  vessel of 500 ml volume

capacity equipped with a  13 mm stainless steel probe connected

to an ultrasonic generator (Sonics Vibra-cell, USA). The ultrasonic

horn operates at a  frequency of 22 kHz and the rated output power

was 750 W.  In the experiment, the ultrasonic horn is operated at

50% amplitude, meaning that the supplied power to  the system was

375 W.  The actual power dissipation by the probe sonicator was

measured using a calorimetric method and it has been observed

that the actual power dissipation is  46.4 W giving an energy trans-

fer efficiency of  12.4%. All the experiments were carried out in the

presence of nitrogen atmosphere to  avoid contact of the reaction

mass with the external oxygen.

In a typical run, the surfactant solution was prepared initially

by adding 1.08 g of SDS in 100 ml  of distilled water and was trans-

ferred to  the ultrasound probe reactor. 11.9 ml of styrene was added

to the ultrasound probe reactor along with O-MMT  (0.5–5 wt % of

the monomer quantity) and irradiated for 15 min  using ultrasound

to exfoliate nanoclay into the organic phase droplets. Reaction mix-

ture was  heated after addition of styrene, and the temperature was

maintained at 60 ◦C (±1) throughout the duration of the exper-

iment. In a  separate beaker, initiator solution was  prepared by

dissolving 0.86 g of KPS  in  20 ml water and then added dropwise

into the reactor. Subsequently, MMA  (total quantity of 11.5 ml)

addition was carried out within first 30 min  out of the total ultra-

sound irradiation reaction time of 1 h  into the system at a rate of

0.38 ml/min. The complete reaction was  carried over a  period of

60 min  in the presence of the ultrasonic irradiation to ensure com-

plete exfoliation of the O-MMT  clay in  the polymer latex. Samples

were withdrawn at regular intervals to monitor the percentage

conversion by gravimetric analysis. These samples were dried in

an oven at 150 ◦C until constant weight is  obtained so that all the

water and unreacted monomer are removed.

2.4. Characterization

The size  and morphology of the nanoparticles of MMT embed-

ded into the polymer matrix were determined by using a

transmission electron microscope (TEM, model CM10, Philips).

The structural properties of pristine MMT,  O-MMT, P(MMA-co-St)

have been studied by low angle X-ray diffraction (XRD) measure-

ments using the CuK� radiation with � =  1.5405 Å. An infrared (IR)

spectrum of samples was  also obtained using a Shimadzu 8400S

FTIR spectrometer in KBr medium at room temperature in the

region of 4000–500 cm−1. Zeta-potential and Z-average diame-

ter of neat P(MMA-co-St) copolymer and P(MMA-co-St)/O-MMT

nanocomposite were determined on a  Malvern Zetasizer (DTS Ver.

5.10) instrument. Monomer conversion was determined by gravi-

metric method during the semi-batch emulsion polymerization.

The weight loss of sample was determined by using a  thermo-

gravimetric analysis (PerkinElmer TGA system, USA), from room

temperature to 800 ◦C  in N2 atmosphere at a heating rate of

10 ◦C/min. The glass transition temperature (Tg) was  measured by

differential scanning calorimetry (Shimadzu DSC-60) in nitrogen

atmosphere at a  heating/cooling rate of 10 ◦C/min. Pencil hardness

of the coatings was  determined using standard pencils. Viscosity

of the latex dispersion has been recorded using Haake Viscometer

550.

3. Results and discussion

3.1. Mechanism of exfoliated P(MMA-co-St)/O-MMT

nanocomposite formation

An electrostatic attraction between the negatively charged ions

present on an octahedral sheet of silicate layers and cations (Ca2+,

Na+) present in the gallery results in  a decrease in  the gallery spac-

ing. This reduction in gallery spacing hinders the intercalation of

the long chain molecules and hence there is  a  need of additional

agent such as surfactant to  increase the d-spacing and hence the

cation exchange capacity of clay [15].  In  this work, octadecylamine

is  used as an intercalating agent, which contains an amino group

( NH2) attached to a long chain carbon backbone (C18). Dilute

aqueous HCl medium was used to  protonize NH2 to formulate

cationic NH3
+ in order to  accomplish ion exchange with interlayer

cations.

The mechanism of synthesis of exfoliated P(MMA-co-St)/O-

MMT nanocomposite has been depicted in Fig. 2. In the first stage,
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Fig. 1.  Experimental setup for ultrasound assisted P(MMA-co-St)/O-MMT nanocomposite synthesis.

O-MMT  is mixed with styrene in the presence of ultrasonic irradi-

ations which help in obtaining the exfoliated structure. High shear

levels associated with intense turbulence due to the cavitational

effects result in clay exfoliation into single platelets, which can be

then easily dispersed into the monomer phase [22]. The effective

mixing of clay with monomer results into stable emulsion with-

out phase separation [33]. In the second stage, OH group of SDS

adsorbs at the edges of the O-MMT  clay platelets. The polar carboxyl

groups of the methyl acrylate and styrene interact with the polar

groups ( OH) present on  clay platelets [22,34].  The interaction

between the polar groups leads to  a formation of stable emulsion

droplets of monomers containing platelets by reducing or  elim-

ination of Oswald ripening process [29].  During polymerization,

radicals are generated in the aqueous phase by two  mechanisms

viz. by dissociation of initiator at higher temperature and by adi-

abatic implosion of cavities due to  the ultrasonic irradiations [35].

It is also possible that the primary radicals generated by dissocia-

tion within the cavitating bubbles further react with the monomer

molecules at the cavitation bubble/solution interface and generate

additional radicals. The generation of enhanced quantum of radi-

cals along with the reduced diffusion resistance due to turbulent

conditions generated due to cavitational effects results in initia-

tion and faster progress of the polymerization reaction [24,36].  The

reduction in  diffusion resistance occurs due to  acoustic cavitation,

which enhances the micro-vortex motion of ingredients leading to

stirring effects in  the reaction medium. Further, the polymerization

of MMA  with a styrene monomer takes place around the O-MMT

clay platelets. This mechanism may contribute to the exfoliation

Fig. 2.  Schematic mechanism for exfoliation of MMT and the formation process of P(MMA-co-St)/O-MMT nanocomposite.
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Fig. 3. TEM image of (A) P(MMA-co-St) nanoparticles; (B) and (C) P(MMA-co-St)/O-

MMT  nanocomposite with 4% loading of O-MMT  clay.

of nanocomposites leading to exfoliated structure of the P(MMA-

co-St)/O-MMT nanocomposite. Fig. 3A–C shows the TEM images

of P(MMA-co-St) and P(MMA-co-St)/O-MMT nanocomposite. It

has been clearly observed that the O-MMT  layers are finely dis-

persed in the P(MMA-co-St) latex giving rise to exfoliated structure

of P(MMA-co-St)/O-MMT nanocomposite. TEM image of P(MMA-

co-St) (Fig. 3A) shows that  the polymer particles are spherical

in nature with size  around 50 nm.  In contrast, P(MMA-co-St)/O-

MMT  nanocomposite images show the presence of MMT  platelets

dispersed in these polymer latex. P(MMA-co-St)/O-MMT nanocom-

posite shows the particle size to  be less than 100 nm, which is

substantially lower as compared to the nanocomposite synthesized

using conventional in situ emulsion polymerization. The observed

decrease in the size of the nanocomposite can be attributed to  the

reduction in initial monomer droplet size obtained by  ultrasonic

irradiation, and improvement in the dispersion of clay platelets in

the  polymer matrix due to the continuous ultrasonic irradiation.
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3.2. XRD analysis of P(MMA-co-St)/O-MMT nanocomposite

Fig. 4 shows the XRD patterns of the pristine MMT,  O-MMT,

P(MMA-co-St) and P(MMA-co-St)/O-MMT nanocomposite. The

pristine MMT (Fig. 4 pattern A) shows an interlayer spacing of

d =  1.67 nm at 2� value of 5.3◦,  which is  calculated by using Bragg’s

equation: 2d sin � = �  where d  is  the interplanar distance, � is  the

diffraction angle and � is the wavelength. Fig. 4 pattern B depicts

the X-ray diffraction pattern of O-MMT. Prominent peak at 5.1◦

corresponds to the basal space of 1.73 nm,  which indicates that the

interlayer spacing of silicate is  improved due to the presence of

octadecylamine. Fig.  4 pattern C  shows the XRD pattern of P(MMA-

co-St). Broad peak around 5◦ is observed which indicates that the

copolymer material is mainly amorphous.

In the case of P(MMA-co-St)/O-MMT, (Fig. 4 pattern D)  the

prominent peak at 5.1◦ is departed, which signifies the complete

exfoliation of clay [37]. The complete exfoliation is possible because

of the high shear effect of ultrasonic irradiation during emul-

sion polymerization [10,22].  The platelets can be exfoliated in the

polymer matrix due to  a large spacing between the layers and

cavitational jet effect. Complete de-lamination of individual clay

platelets into the entire matrix of P(MMA-co-St) occurs which also

indicates a ‘polarity match’ with the clay surface and results into

favourable interaction of clay and polymer, hence peak observed

at the 5◦ in XRD pattern of P(MMA-co-St) disappears in the case

of P(MMA-co-St)/MMT nanocomposite. Thus, the XRD analysis has

confirmed that the use of hydrophobic modifier, surfactant and

ultrasonic irradiations helps to obtain an exfoliated structure of

P(MMA-co-St)/O-MMT nanocomposite.

3.3. FTIR analysis of P(MMA-co-St)/O-MMT nanocomposite

Fig. 5 shows an infrared spectra of the MMT,  O-MMT, P(MMA-

co-St) and P(MMA-co-St)/O-MMT nanocomposite in the range of

4000–400 cm−1. As  shown in  Fig. 5 (pattern A),  transmittance

peaks of pristine MMT shows OH stretching of silicate layers at

3647 and bending of the OH groups at 1651 cm−1, while Si O

stretching is  observed at 1111 cm−1. Si O  Al bending vibrations

are found in  the range of 400–600 cm−1.  Fig. 5 (pattern B) shows

an infrared spectra of octadecylamine modified MMT. Peaks at

1467 and 2851 cm−1 represents the stretching vibrations of an

alkyl group (  CH3). NH bending was found at 1499 cm−1 and the

obtained peak at 2920 cm−1 shows the presence of a halo-alkyl

group (CH3 Cl) due to the addition of octadecylamine. Peaks of

silicon based esters such as R  O Si O noticed in  the range of
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loading of O-MMT  clay.

400–797 cm−1 are attributed to the presence of aluminosilicates.

Transmittance peaks at 2924, 2854 cm−1 observed in Fig. 5 (pattern

C) represents the C H stretching, while the peaks at 1730 represent

C O stretching. Further peaks at 1000–1200 cm−1 represent C O

stretching. The characteristic peaks at 760 cm−1 represent the aro-

matic C H bending due to PMMA-co-St polymer. As shown in  Fig. 5

(Pattern D) characteristic peaks at 3647, 1604 ( OH bending of sil-

icate layers), 1033 (Si O stretching) and 400–600 cm−1 (Si O Al

bending vibration) clearly indicates the presence of O-MMT  in

the finally synthesized P(MMA-co-St)/O-MMT nanocomposite. The

peak at 1651 cm−1 is attributed to  the presence of the ester carbonyl

(C O) asymmetric functional group. This peak appears to be shifted

to 1735 cm−1 in the pattern D due to  the introduced modifications

in  MMT  (O-MMT) clay. The transition of asymmetric C O to  the

C O C symmetric vibrations in  the presence of O-MMT  confirms

the interaction between the clay platelets of O-MMT and the poly-

mer  surface. Further, peak at 2920 cm−1 is  attributed to the C H

stretching vibrations due to  the CH2 bands. In the case of compos-

ite, this peak is shifted to 3032 cm−1 indicating the presence of C H

stretching vibrations due to the CH3 bands. This shifting of the MMT

peak is also attributed to the interaction of the silicate layer of O-

MMT clay with the polymer surface. Overall it can be  said that the

FTIR investigations have  clearly established that the O-MMT  has

been successfully incorporated in the polymer matrix.

3.4. Styrene and MMA emulsion copolymerization kinetics in the

absence and presence of O-MMT  clay at different clay loading

The influence of O-MMT  clay loading on the conversion has

been depicted in Fig. 6.  It has been observed that the final con-

version of monomer is decreased when the O-MMT  clay content

was increased. The maximum conversion in  the absence of clay

reached approximately 92.7%, and decreased subsequently to  91,

90.6, and 87.3% when the clay content increased to 2.0, 3.0, and

5.0%, respectively. Fig. 6 also shows that the conversion of the pure

monomer system reached the maximum value at the reaction time

of 60 min  and thereafter levelled off. The conversion values do not

change after reaction times of 60 min  at different O-MMT clay load-

ing. Further, the polymerization rate dramatically increases at the

beginning of a  reaction (0–10 min) for all O-MMT loading cases.

The polymerization rate reaches the maximum value (Fig. 6 inset)

and  then decreases for all the cases. It is  different from a  classical

conventional emulsion polymerization where the maximum poly-

merization rate remains constant [38]. In classical conventional

emulsion polymerization process polymerization rate trend can
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be roughly divided into three different intervals, namely Interval

I (particle nucleation), II  (monomer transferring), and III (particle

growth). Ultrasonic irradiations are responsible to alter the rates,

as cavitation jets facilitate the transport of generated free radicals

very fast towards the monomer droplet which results into an initial

increase in the rates reaching maxima. In this distinctive feature of

emulsion polymerization, the droplet nucleation is  the dominating

initiation mechanism, which results in a  continual decrease of  the

monomer concentration. This leads to  the decrease in the polymer-

ization rate after the initiation stage. It  has been also observed that

the rate of polymerization for pure monomer emulsion systems

attains the maximum value and decreases with an increase in the

O-MMT  clay loading. This is due to a  decrease in  the reactivity of

radicals and living polymers in the presence of clay particles as the

adsorption of these species occurs on the large nanoclay surface. In

general, this study clearly indicates that the nanoclay introduced

in the system has a  hindered effect on the polymerization rate and

the fractional conversion.

In  the current study, conversion of monomer at  the end of 60 min

is 92.7% with the use of ultrasonic irradiation, where as it has

been reported that for high conversion time required in the case of

classical conventional emulsion polymerization was  around 4–5  h

[18,19].  This clearly indicates that the ultrasound assisted emulsion

polymerization takes place in lesser time compared to conventional

emulsion polymerization with improved polymerization rate, nar-

row molecular weight distribution, particle size distribution and

higher monomer conversion [24].

3.5. Particle size and zeta potential of P(MMA-co-St)/O-MMT

nanocomposites

The average particle diameters of all nanocomposites were

observed to be  in  the range of 156.58–191.23 nm (Table 1) exhibit-

ing fine particle size and also the distribution showed only one

narrow peak (Fig. 7). These results are very much comparable with

the results obtained from the TEM analysis. The average particle

size of the P(MMA-co-St)/O-MMT nanocomposite is significantly

lower as compared to  the nanocomposite synthesized using con-

ventional in situ emulsion polymerization. This observed decrease

in the average particle size of the nanocomposite is  due to  the

reduction in  initial monomer droplet size obtained by ultrasonic

irradiation, in which effective dispersion of clay platelets is accom-

plished by continuous ultrasonic irradiation. The results clearly
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Table 1

Effect of O-MMT  loading on  glass transition temperature, Z-average diameter, zeta potential values, pencil hardness and heat of reaction of the P(MMA-co-St)/O-MMT

nanocomposite latexes. (Temperature =  60 ◦C, weight of monomer = 21.52 g, MMA:St ratio =  1:1,  weight of KPS =  0.86 g, weight of SLS  =  1.08 g, and weight of water =  120 g.)

Sr. no. Sample Wt. of O-MMT  (g) (% of

O-MMT  loading)

Glass transition

temperature (◦C)

Heat of

reaction (J/g)

Zeta potential

(mV)

Z-average

diameter (nm)

Pencil hardness

1 Neat P(MMA-co-St) 0.00  (0.0) 127.3 −437.5 −46.4 52.64 HB fail

2 P(MMA-co-St)–0.5% O-MMT  0.11 (0.5) 129.1 −292.5 −46.7 156.58 HB fail

3  P(MMA-co-St)–1% O-MMT  0.22 (1.0) 152.7 −265 −48.8 168.88 HB fail

4  P(MMA-co-St)–2% O-MMT  0.43 (2.0) 131.8 −350 −42.8 170.74 HB fail

5  P(MMA-co-St)–3% O-MMT  0.65 (3.0) 130.4 −458 −40.4 178.28 HB pass

6 P(MMA-co-St)–4% O-MMT  0.86 (4.0) 129.8 −448 −37.1 185.72 HB pass

7 P(MMA-co-St)–5% O-MMT  1.08 (5.0) 129.0  −382 −35.8 191.23 HB pass

indicate the utility of the approach based on continuous use of

ultrasonic irradiations throughout the polymerization process.

In addition, zeta potential values which are indicative of the

homogeneity and stability of polymer nanocomposite latexes have

been observed to slightly increase at higher percentage of clay load-

ing. The zeta potential value of the neat P(MMA-co-St) copolymer

was −46.4 mV  while the zeta potential values of the P(MMA-co-

St)/O-MMT nanocomposites increased from −42.8 to −35.8 mV  for

2–5% O-MMT  loading (Table 1). It  has been observed that most of

the zeta potential values of P(MMA-co-St)/O-MMT nanocomposite

are well below than that of neat P(MMA-co-St) copolymer latexes

indicating an increased latex stabilities. It has been reported by Yil-

maz  et al. [39] that the layered silicates should result in a decrease in

the  latex stability. However, the self arrangement of the silicate lay-

ers within the polymer particles may  influence the surface tension

and thus the stabilization of the latexes. Further, use of ultrasonic

irradiation during in  situ emulsion polymerization may  cause fine

and stable emulsion, which leads to reduction in the size of polymer

nanocomposite particle. Also, hydrophobicity of O-MMT ensures

clay position in the monomer phase, which promotes exfoliation

and the clay platelets could get encapsulated by the polymer parti-

cles. On these grounds the increase in particle size and/or decrease

in zeta potential values of the polymer nanocomposite latex are

possible.

3.6. Thermal analysis of P(MMA-co-St)/O-MMT nanocomposite

Thermo gravimetric analysis (TGA) and differential thermal

analysis (DTA) has been used to compare the thermal stability

of nanocomposite synthesized in the present work with the pris-

tine  copolymer. The TGA plots as obtained for the P(MMA-co-St)

nanoparticles, P(MMA-co-St)–2% O-MMT  and P(MMA-co-St)–5%

O-MMT  nanocomposite have been shown in  Fig. 8A–C, respec-

tively. It can be clearly seen from the TGA plots shown in Fig. 8

that the onset temperature at which 20% weight loss of the mate-

rial occurs is slightly shifted in  the case of P(MMA-co-St)/O-MMT

nanocomposite as compared to the pristine copolymer, which can
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nanocomposite for 4% loading of O-MMT  clay.

attributed to the addition of O-MMT  in the nanocomposite. The

onset degradation temperature at 20% weight loss was  raised from

384.1 ◦C (pristine P(MMA-co-St)) to  384.5 and 385.4 ◦C for P(MMA-

co-St)–2% O-MMT  and P(MMA-co-St)–5% O-MMT  nanocomposite,

respectively [18].  However, after 50% weight loss the P(MMA-

co-St)/O-MMT nanocomposite shows higher thermal stability as

compared to  the pristine copolymer. The onset degradation tem-

perature at 60% weight loss is 410.5 ◦C for pristine P(MMA-co-St)

whereas it is  413.9 and 415.5 ◦C for P(MMA-co-St)–2% O-MMT and

P(MMA-co-St)–5% O-MMT  nanocomposite, respectively. The hin-

drance in the diffusion of volatile products from the clay layer

and interaction of O-MMT  platelets with the polymer leads to  the

cross-linking reaction [40,41].  It is also observed that the weight

loss of P(MMA-co-St) polymer latex, P(MMA-co-St)–2% O-MMT and

P(MMA-co-St)–5% O-MMT  nanocomposite at 445 ◦C is  found to  be

95, 92 and 91 wt.%, respectively. These two  observations in  terms

of the onset temperature and the weight loss indicates that O-MMT

improves the thermal stability of the P(MMA-co-St) matrix. It is also

plausible that the exfoliated structure of the clay acts as a nucleating

agent in the polymer by absorbing the heat (acting as a  heat sink)

and hence strengthens the nanocomposite structure by avoiding

degradation.

The DTA plots of pure P(MMA-co-St), P(MMA-co-St)–2% O-MMT

and P(MMA-co-St)–5% O-MMT  nanocomposite have been given in

Fig. 9.  Similar to  pristine P(MMA-co-St), the P(MMA-co-St)/O-MMT

nanocomposite revealed two-stage endothermic degradation dur-

ing the overall decomposition process. The initial decrement in

the mass is observed at 50 ◦C, which represents the dehydration

of hydrophilic pristine P(MMA-co-St) and P(MMA-co-St)/O-MMT

nanocomposite. In the second stage, decrease in the mass is due to

the degradation of P(MMA-co-St) polymer backbone. In this case, as
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compared to the pristine polymer, the difference in decomposition

temperature of the P(MMA-co-St)–2% O-MMT  and P(MMA-co-

St)–5% O-MMT  nanocomposite is marginal and it was 4.5 and

5.5 ◦C, respectively, which is  higher in the presence of nitrogen

atmosphere. The thermal behaviour of the P(MMA-co-St)/O-MMT

nanocomposite in N2 atmosphere indicates that the addition of

O-MMT  retards the thermal decomposition.

It has also been established by the differential scanning

calorimetry (DSC) investigations that the presence of the O-MMT

increases the glass transition temperature (Tg) of the P(MMA-co-

St)/O-MMT nanocomposite. The obtained data have been given in

Table 1. The obtained results confirm that the presence of O-MMT

in nanocomposite restricts the motion of polymer segmental chains

[42]. It is found that  the glass  transition temperature increases from

127.3 ◦C (pristine P(MMA-co-St)) to a  maximum of 152.7 ◦C at 1% O-

MMT  loading. However, a  further increase in  the loading of O-MMT

results in a decrease in  the glass transition temperature as com-

pared to optimum loading, though it is still higher as compared to

the pristine P(MMA-co-St). The observed decrease in  the glass tran-

sition temperature at higher loadings of O-MMT  can be attributed

to the agglomeration of polymer chains as there is a  weak phys-

ical interaction between polymer chains and O-MMT. It  has been

also observed from the analysis that  the value of �H (heat of reac-

tion) for neat copolymer is higher as compared to nanocomposite

for 1% O-MMT  loading (−437.5 and −265 J/g for neat copolymer

and nanocomposite, respectively). Reduction in �H  indicates that

the added O-MMT  in the copolymer reduces exothermicity of the

polymer matrix. The O-MMT  platelets absorb the heat of reac-

tion of copolymer leading to an increase in the overall crystallinity

of the nanocomposite. Similar to  the trends for glass transition

temperature, the heat of reaction also decreases at higher load-

ing of the O-MMT  as compared to the optimum value of loading

as 1%.

3.7. Mechanical properties (scratch resistance) of

P(MMA-co-St)/O-MMT nanocomposite

Pencil hardness test is  a  simple and effective technique to evalu-

ate the scratch resistance property of the coatings. Pencil hardness

of P(MMA-co-St)/O-MMT nanocomposite has been compared with

the pure P(MMA-co-St) polymer and respective values are enlisted

in Table 1. It has been observed that the P(MMA-co-St)/O-MMT

nanocomposite with 3% and higher O-MMT  clay loading passes

HB pencil hardness. Exfoliated nature of the nanocomposites may

be the reason for increasing the surface hardness. However, pencil

hardness for neat P(MMA-co-St) copolymer and P(MMA-co-St)/O-

MMT  nanocomposite for lower loading of O-MMT clay (0.5–2%) fails
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Fig. 10. The viscosity (cps) of latex dispersion at different clay loading.

for HB. The pencil hardness of P(MMA-co-St)/O-MMT nanocompos-

ite at higher loading of O-MMT  is better compared to lesser loading

of O-MMT  because of well dispersion of O-MMT  clay platelets (inor-

ganic segments) into organic segments, i.e. P(MMA-co-St) polymer.

Similar type of analysis is  reported by Kuraoka and Ueno for

clay/poly(methyl methacrylate) nanocomposites [43].

3.8. Rheological properties (viscosity) of P(MMA-co-St)/O-MMT

nanocomposite

Viscosity of the P(MMA-co-St)/O-MMT nanocomposite latex

dispersion at different O-MMT  clay loading has been depicted in

Fig. 10.  It is well known that the addition of nanoclay will cause a

significant increase in  the monomer viscosity, even can form a  gel

at high concentration of nanoclay. The viscosity of the latex dis-

persion is  increased with an increase in the O-MMT  clay loading

upto 2% loading beyond which a marginal decrease is  observed. It

may  be attributed to aggregation of O-MMT in the polymer latex

dispersion, which is  consistent with the discussion reported in

earlier sections. Further, because of the increase in the latex dis-

persion viscosity, the molecular diffusion of initiator, monomer and

living polymer inside the monomer droplet/micelles containing O-

MMT clay could be  significantly reduced. Consequently, monomer

conversion and polymerization rate is significantly decreased in

presence of O-MMT  clay which is  in  line with the discussion made

in  the earlier section where an effect of O-MMT  loading on the poly-

merization rate and monomer conversion has been discussed. Fur-

thermore, it has been noted that the particles size  increases at high

clay concentration with increased viscosity. The use of ultrasonic

irradiation during in  situ emulsion polymerization may cause fine

and stable emulsion, which leads to reduction in  the size  of  poly-

mer  nanocomposite particle compared with conventional in situ

emulsion polymerization. It has been also established that because

of ultrasonic irradiation the homogeneity and stability of polymer

nanocomposite latexes increased with percentage of  clay loading.

Similar observation was drawn in  the case of particle size and zeta

potential analysis of P(MMA-co-St)/O-MMT nanocomposite.

4. Conclusions

The present work has established that the ultrasonic irradiations

can be effectively used for the synthesis of the exfoliated structure

P(MMA-co-St)/O-MMT nanocomposite using the emulsion copoly-

merization of methyl methacrylate with styrene. It has been also

confirmed that the surfactant, octadecylamine, can be effectively

used to increase the interlayer spacing (d-spacing) of MMT gal-

leries due to  the interactions with the clay cations. The complete

exfoliation of the O-MMT  particles within the polymer matrix has

also been confirmed using the TEM analysis. The results of thermo-

gravimetric analysis confirm that the nanocomposite is  thermally
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stable than the pristine polymer. The glass transition tempera-

ture increased from 127.3 ◦C (pure P(MMA-co-St))  to 152.7 ◦C (upto

1% O-MMT  loading) due to  fine dispersion of exfoliated O-MMT

in polymer latex. Further, it can be concluded that the addition

of O-MMT  clay hinders the rate of polymerization and the final

conversion of monomer during in  situ semibatch emulsion poly-

merization. It has been also established that ultrasound assisted

emulsion polymerization for the synthesis of the exfoliated struc-

ture P(MMA-co-St)/O-MMT nanocomposite requires lower time

(1 h) with improved polymerization rate and the dispersion of MMT

in polymer latex compared to  the conventional emulsion polymer-

ization method, which requires around 5 h. The average particle

diameters of all  nanocomposites were in  the range from 156.58 to

191.23 nm exhibiting fine particle size and the narrow particle size

distributions with only one peak. It  has been observed that most of

the zeta potential values of P(MMA-co-St)/O-MMT nanocomposite

are well below than that of neat P(MMA-co-St) copolymer latexes

indicating increased latex stabilities. Overall, the present work has

shown an approach for effective synthesis of nanocomposites with

higher thermal stability elucidating the critical roles played by the

ultrasonic irradiations and surfactants.
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