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Abstract

Acrylonitrile-butadiene—styrene copolymer (ABS) clay nanocomposites were synthesized using two clays (sodium montmorillonite,
laponite). Both colloidal stability and mechanical properties of the nanocomposites were dependant on aspect ratios of clays. Laponite, a low
aspect ratio clay, reduced particle sizes of ABS clay nanocomposite latexes, enhanced colloidal stabilities, and increased viscosity of the
latexes. The colloidal stability of ABS clay latexes may result from four factors. Firstly, the electrostatic repulsion forces originated from
surface charges of clays and anionic surfactant contribute to colloidal stability. Secondly, laponite layers separate sodium montmorillonite
layers and polybudadiene latex particles preventing the coagulation. Thirdly, the laponite layers adsorbed on latexes act like steric barriers
against coagulation. Fourthly, increased viscosity reduces latex mobility, lowering collision possibility among latex particles. Resultant ABS
clay nanocomposites showed exfoliated structures, and their mechanical properties related to the relative weight ratio of sodium
montmorillonite to laponite: as portions of sodium montmorillonite increased, dynamic moduli of the nanocomposites increased, because

sodium montmorillonite has higher aspect (length/thickness) ratio than laponite.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Solid particles such as silica, clay, carbon, hydroxides,
metal oxides, basic salts of metals, colloidal silver, solid
organic materials had been used for stabilizing emulsion
droplets in oil-in-water (O/W) or water-in-oil (W/O)
systems since early 1900s [1-21]. Stabilizing emulsion
droplets by solid particles involves several mechanisms.
Solid particles stabilize emulsion droplets by creating
barriers around dispersed droplets, which keep the droplets
from cohering [5,12], and they also build up three-
dimensional network in aqueous phase. The emulsion
droplets confined in three-dimensional network reduce
their mobility [18,20]. Ionic surfactants are commonly
used as stabilizers for preventing emulsion droplets from
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coagulation via electrostatic repulsion between colloidal
particles, while block copolymers or nonionic surfactants
also act as a stabilizer by steric repulsion after being
adsorbed on oil droplets. Most articles on emulsion
polymerizations consider electrostatic stabilization, steric
stabilization, and electrosteric stabilization by ionic stabil-
izers, block copolymers, and poly(acrylic) acid [22-29,34].

Acrylonitrile-butadiene—styrene copolymer (ABS) is a
well-known commercial thermoplastic polymer for excel-
lent mechanical properties [30,31]. In spite of industrial
significance, ABS clay nanocomposite has not been
intensively researched except few articles. Lee and co-
workers reported that intercalated ABS sodium montmor-
illonite nanocomposites were developed with emulsion
polymerization [32]. Wang et al. prepared intercalated—
exfoliated structure of nanoABS by melt blending ABS and
an organically modified clay [33].

If clay layers are added to polybutadiene (PBD) latex as
shown in Scheme 1, will flimsy clay layers make latex
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Scheme 1. A schematic representation of possible colloidal states of ABS
latexes after polymerization.

particles dispersed or coagulated after polymerizations?
Usually clay layers will deter colloidal stability of the latex,
but, when clay layers have surface charge, they may
stabilize the latex. ABS clay nanocomposite latex will be a
good example for the question. This article elucidates the
role of clay on stabilizing ABS latex in emulsion
polymerization. Two variables were adopted for the
polymerization of ABS clay nanocomposites: (1) surfactant
weight was varied at a fixed total weight percentage and
ratio of clays during emulsion polymerizations, (2) sodium
montmorillonite/laponite ratio in mixed clays was changed
under a fixed surfactant weight during polymerizations.
Colloidal properties of ABS clay nanocomposites such as
particle sizes, viscosity, and colloidal stability in salt
solution were examined and compared with neat ABS
latex. Structures and mechanical properties of synthesized
ABS clay nanocomposites were also investigated.

2. Experimental

2.1. Materials

The clays were sodium montmorillonite (Na-MMT,
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140
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Fig. 1. Particle size evolution of an ABS clay nanocomposite latex
(7.5L2.5D0.3) with respect to polymerization time.

Kunipia-F) from Kunimine Co. and laponite (a synthetic
clay, Laponite RDS) from Southern clay Co. Na-MMT and
laponite have cation exchange capacities (CEC) of 119 and
73 meq/100 g, respectively. Primary particle sizes of Na-
MMT and laponite are about 50-500 and 20-30 nm.
Acrylonitrile (AN), cumene hydroperoxide (initiator),
styrene (S), 2-acrylamido-2-methyl-1-propane sulfonic
acid (AMPS), dodecylbenzenesulfonic acid, sodium salt
(DBS-Na) were purchased from Aldrich and used without
further purification. PBD latex (40 wt% in water, average
particle size is about 100 nm) was kindly supplied by LG
chemistry Co. The clays were dispersed in deionized water
with ratios of 5 g/145 g (Na-MMT/water) and 2 g/145 g
(laponite/ water) for 24 h at ambient temperature before
polymerization. DBS-Na was selected for the surfactant
because of its well-known structure and molecular weight
compared with rosin soap.

2.2. Polymerization of ABS clay nanocomposites

Aqueous clay dispersion (variable), AMPS (0.3 g), AN
(3 g), cumene hydroperoxide (0.05g) dissolved in AN
(0.5 g), deionized water (120 g) were added into a 1-L four-
neck reactor equipped with a baffle stirrer, a reflux
condenser, a nitrogen inlet, a rubber septum. DBS-Na
(variable) and PBD latex (10.6 g) were successively
injected into the reactor through the rubber septum by
using a glass syringe. The mixture was stirred at 200 rpm for
1 h under nitrogen atmosphere at room temperature. Initial
polymerization was performed at 85 °C for 1 h, and then
12.75 g of mixed monomers (S/AN=60 g/30 g) was fed at a
rate of 0.16 cc/min into the reactor through the rubber
septum by using a syringe pump. After monomer feeding
was completed, the polymerization temperature was
increased to 95 °C, and maintained for 3 h for further
polymerization. The sample was recovered from the reactor
and dried with a freeze-dryer for 6 days and further dried
under a high vacuum oven at 50 °C for 3 days.

2.3. Characterization

Characterizations using wide-angle X-ray diffraction
(WAXD), transmission electron microscopy (TEM), ther-
mogravimetric analysis (TGA), dynamic mechanical ther-
mal analysis (DMA) for dried ABS clay nanocomposites
were carried out with the same methods described in the
other paper [36]. Average particle size (<500 nm) of latex
was estimated by using a dynamic light scattering (DLS)
(Zeta plus, Brookhaven), with the constant scattering angle
of 90° at room temperature, after ABS latex was diluted with
de-ionized water. Large particle size (>500 nm) was
determined with a centrifuge particle size analyzer
(CPSA). Average particle size and elemental compositions
of latex were determined by a TEM (TECNI F-20) and an
online energy dispersive X-ray system (EDAX PV-9900). A
sample for TEM analysis was prepared by diluting ABS clay
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Fig. 2. Particle sizes of ABS clay nanocomposite latexes synthesized (a)

with different DBS-Na weights, (b) with different ratios of Na-MMT to
laponite in 10 wt% of mixed clays.

nanocomposite latex with deionized water, following the
addition of ammonium acetate (1 ml, 3 wt%) and PVOH
(1 ml, 3 wt%) aqueous solutions. The sample was sonicated
for 30 min to obtain homogeneous dispersion, and then a

water

Fig. 3. Quiescent state photographs of ABS clay nanocomposite latexes
synthesized with different ratios of Na-MMT to laponite in 10 wt% of
mixed clays left for 4 months after polymerization.

drop of the sample was deposited on a carbon coated copper
grid and blotted up by a filter paper to form a thin deposition
and evaporated the water slowly. Viscosity of latex was
measured on a Rheometric Scientific ARES rheometer
equipped with a cone-and-plate geometry (cone radius and
angle=5 cm and 0.04°) at 25 °C.

3. Results and discussion

Fig. 1 shows particle size evolution of ABS clay
nanocomposite latex with respect to polymerization time.
The sample code T7.5L2.5D0.3 indicates the total clay (Na-
MMT +laponite) of 10 wt%, Na-MMT of 7.5 wt%, laponite
of 2.5 wt%, and DBS-Na of 0.3 g. As polymerization time
elapsed, the particle size of the nanocomposite latex
increased slowly until 2 h, and then reached rapidly about
120 nm.

Fig. 2(a) shows particle sizes of ABS latexes synthesized
with various surfactant (DBS-Na) weights. Neat ABS latex
polymerized without DBS-Na aggregated and became a
lump of polymer soon after polymerization initiated. But the
latex size decreased exponentially with DBS-Na added.
Whereas ABS clay nanocomposite latex (T5L2.5D0)
showed big particles visible in naked eyes, and the latex
particle size decreased as DBS-Na content increased. Above
0.3 g of DBS-Na, the particle size was reduced to about
120 nm and the colloidal dispersion becomes stable. Particle
size distribution of the nanocomposite latex was about 0.09—
0.1, which is similar with neat ABS latex synthesized with
1 g of DBS-Na. Fig. 2(a) reveals that the clays (Na-MMT,
laponite) as well as DBS-Na serve as a colloidal stabilizer,
which prevents ABS latex from coagulation. Fig. 2(b)
shows clay aspect ratio effect on ABS nanocomposite latex
size. To avoid surfactant or mixed clay effect on the latex
particle size, the DBS-Na weight and the total clay weight
ratio to monomer in nanocomposites were fixed at 0.3 g and
10 wt%, respectively. Nanocomposite latexes containing
laponite above 2.5 wt% in the 10 wt% clay showed about
120 nm in particle sizes, but T10L0DO.3, a latex synthesized
with only Na-MMT, showed a particle size larger than
10,000 nm. The particle size data illustrate that laponite is
more efficient than Na-MMT for stabilizing ABS clay
nanocomposite latex. It may result from small layer size
(<30 nm) or low aspect ratio of laponite. Furthermore,
decreasing particle sizes by small amount laponite indicates
that laponite layers separate Na-MMT and PBD particles,
preventing the coagulation of them.

Fig. 3 shows photographs of ABS clay nanocomposite
latexes left for 4 months after polymerization. The
nanocomposite latexes synthesized with mixed clay (Na-
MMT/laponite) exhibited no precipitation of particles and
stable states, but the nanocomposite latex synthesized with
only Na-MMT settled to the bottom of a vial and showed
separated phases due to its big particle size. These
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Fig. 4. Effect of NaCl addition upon the particle sizes of ABS latexes.

photographs explain that laponite improves the dispersion
stability of ABS clay nanocomposite latexes.

The colloidal stability of latex is strongly affected by
addition of salt, if latex particles are dispersed by
electrostatic repulsion force. Fig. 4 shows the aggregation
tendency of latexes with addition of aqueous NaCl solution
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Fig. 5. Shear viscosities, n(y), of ABS clay nanocomposite latexes
synthesized (a) with different DBS-Na weights, (b) with different ratios of
Na-MMT to laponite in 10 wt% of mixed clays.
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Fig. 6. (a) Storage moduli G’ and (b) viscosities n* of ABS clay
nanocomposite latexes (T5L2.5 series) synthesized with different DBS-Na
weights.

(10 wt%). As the NaCl solution was added, all latexes
showed increases in particle sizes, indicating the latex
coagulation by NaCl. The particle size result reveals that the
ABS clay nanocomposite latexes are stabilized by electro-
static repulsion between particles [28,29,35]. The coagu-
lation is affected very sensitively by laponite content. It is
recognized that ABS clay nanocomposites can be easily
recovered from the latexes by adding salt.

Fig. 5(a) shows viscosities of ABS clay nanocomposite
latexes (TSL2.5sereis) synthesized with various DBS-Na
contents. The latexes except TS5L2.5D0.1 exhibited a
Newtonian behavior in a low shear rate region but the
shear-thinning behavior above a moderate shear rate region.
These latexes have nearly the same particle size, 120 nm, so
the Newtonian behavior is related to the small particle size.
The particle size became small as confirmed in Fig. 2(a),
when the large amount of DBS-Na was added. Fig. 5(b)
shows viscosities of ABS clay nanocomposite latexes
synthesized with different ratios of Na-MMT to laponite.
T7.5L2.5D0.3 (low portion of laponite) showed a New-
tonian behavior in a low shear rate region, but the others
showed shear thinning behaviors, although all the latexes
had the same particle sizes as shown in Fig. 2(b). In a high
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Fig. 7. Transmission electron microscopy of an ABS clay nanocomposite latex (TOL10D0.3) and EDAX spectra depicting elemental compositions of the edge
areas.

shear rate region, latex viscosity increased proportionally The storage modulus of the latex increased as the content
with laponite content. Since the number of laponite layers is of DBS-Na decreased in Fig. 6(a). T5SL2.5D0.1 with 0.1 g of
much higher than Na-MMT in unit volume, laponite may DBS-Na shows a non-terminal behavior at a low shear rate.
increase the viscosity like a thickener. It had the largest particle size as shown in Fig. 2(a) and acted
Latex
Particle

Fig. 8. A schematic representation for the colloidal stability of an ABS clay nanocomposite synthesized with mixed clays (Na-MMT/laponite).
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Fig. 9. X-ray diffraction patterns of ABS clay nanocomposites synthesized
with different ratios of Na-MMT to laponite: (a) pristine Na-MMT, (b)
T7.5L2.5D0.3, (c) TS5L5DO0.3, (d) T2.5L7.5D0.3 and (e) TOL10DO.3.

like a solid in the low shear rate region. The complex
viscosity of the latexes decreased, as the DBS-Na content
decreased in Fig. 6(b). Fig. 6 illustrates that DBS-Na acts
like a lubricant for the ABS clay nanocomposite latexes.
PBD latex is a cross-linked rubber and it is very
hydrophobic, but natural clays are hydrophilic. We expect
that laponite or Na-MMT layers will not penetrate into PBD
interior space. The particle sizes and elemental compo-
sitions of a ABS clay nanocomposite latex (TOL10D0.3)
were examined using a TEM and an EDAX detector as given
in Fig. 7. Four different areas of 7 nm X7 nm (A, B, C and
D) of the particle were selected, and the compositions were
analyzed by using an EDAX detector. Cu peaks (8.1 keV)
are from the copper TEM grid and C (about 0.2 keV) is from
the ABS copolymer and the carbon black coated on the
copper grid. The data from EDAX exhibit Si peaks, which
indicate the adsorption of laponite layers on the latex
surface. Na-MMT layers will have difficulty to be adsorbed
on the PBD latex surface due to its stiffness and large layer
width. For a ABS clay nanocomposite latex with only Na-
MMT, Na-MMT layers seem to attract PBD latex and make
big particles. Whereas, the laponite layers adsorbed on the
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Fig. 10. X-ray diffraction patterns of ABS clay nanocomposites synthesized
with different DBS-Na weights: (a) T5L2.5D0.1, (b) T5L2.5D0.3, (c)
T5L2.5D0.5 and (d) T5L2.5DI.
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Fig. 11. Thermogravimetric analysis curves for ABS clay nanocomposites

and neat ABS under a nitrogen atmosphere.

PBD latex work as a steric stabilizer and the laponite layers
in aqueous phase separate Na-MMT layers from PBD latex.

From the above results and discussion, the ABS clay
nanocomposite latexes obtain the colloidal stability via
several mechanisms. Firstly, electrostatic forces from the
clay layers and DBS-Na repulse ABS clay nanocomposite
latex particles. Secondly, laponite layers separate Na-MMT
layers and PBD particles preventing the coagulation.
Thirdly, the laponite layers are believed to provide a steric
barrier to latex particles. Fourthly, laponite, which has a
large surface volume and a low aspect ratio, enhanced the
viscosity of the latex as a thickener, so laponite reduces the
mobility of latex particles and the possibility of particle
collision. Fig. 8 shows schematic diagram for proposed
colloidal stability mechanism of ABS nanocomposite latex.

The structures of ABS clay nanocomposites in dried
states were analyzed with WAXD patterns. Pristine Na-
MMT has an interlayer d-spacing of 1.14 nm in dry state.
The d-spacing was obtained from the peak position (dyg;-
reflection) of WAXD traces by using Bragg equation: 2d,;
sin § = A, where dyo; is the interplanar distance of (001)
reflection plane, 6 is the diffraction angle, and A is the
wavelength. The thin film WAXD patterns of ABS
nanocomposites synthesized with different ratios of Na-
MMT to laponite are shown in Fig. 9. Actually laponite
shows no peaks on WAXD pattern. Below 5 wt% of Na-
MMT, a nanocomposite shows an exfoliated morphology.
In the case of 7.5 wt% of Na-MMT, it shows an intercalated
structure. Fig. 10 shows a series of thin film WAXD patterns
obtained from nanocomposites with different DBS-Na
contents. As DBS-Na increased in ABS latex, the
nanocomposite showed an intercalated structure. Excessive
DBS-Na may form additional micelles outside PBD
particles, and the free micelles will competitively consume
monomer with clay-surrounded ABS latexes or clay
particles enveloped by DBS-Na. Then, the clay-surrounded
ABS latexes will not have enough monomer to exfoliate
clay layers.

TGA of ABS clay nanocomposites is shown in Fig. 11.
The onset temperatures of thermal decomposition of



Y.S. Choi et al. / Polymer 46 (2005) 531-538 537

—_
S
e
T

TOLODI
o TOL10D03 &
- T2.5L7.5D0.3
10t . TSL5D03
> T7.5L2.5D0.3

E'(Pa)

-100 0 100 200

Temperature(°C)
) 1.5
g
Lol - ToLODI z
. TOLIODO3 g
°g - T2.5L7.5D03
8 05l © TSL5D03
’ T7.5L2.5D0.3
0.0

-100 0 100 200
Temperature(°C)

Fig. 12. Temperature dependence of (a) the storage Young’s moduli E’ and
(b) tan 6 for ABS clay nanocomposites and neat ABS.

50nm

Fig. 13. Transmission electron microscopy of an ABS clay nanocomposite.

nanocomposites moved toward a higher temperature
compared with neat ABS. The neat ABS showed 20%
weight loss at 420 °C, but ABS clay nanocomposites
decomposed at 13 °C higher temperature. This may result
from the thermal barrier property of clay platelets in the
ABS copolymer matrix.

Fig. 12 shows storage moduli, E, and tan ¢ of samples
including neat ABS. ABS nanocomposites (TOL10DO0.3,
T2.5L7.5D0.3, T5L5DO0.3, T7.5L2.5D0.3) showed 9.3,
22.7, 57, and 60.8% enhancements of moduli over neat
ABS (TOLOD1) at 40 °C. Interestingly, at a fixed weight of
mixed clays to monomer, the storage modulus of nano-
composite increased with the content of Na-MMT. It is
believed that, due to the high aspect ratio of Na-MMT, Na-
MMT has a more pronounced effect on storage modulus
than laponite. ABS clay nanocomposites had double glass
transition temperatures (7,) at —80 °C (PBD) and at 121 °C
(styrene and acrylonitrile), which were obtained from the
maximum peak temperatures of tan ¢ in Fig. 12(b).

Fig. 13 shows TEM micrograph of TSLODO0.5 nanocom-
posite. The dark lines in the figure correspond to the silicate
layers. The clay layers were exfoliated in ABS matrix and
large silicate particles (clay tactoids) were absent.

4. Conclusions

From the above results, it can be summarized that clay
works as a colloidal stabilizer due to several factors during
ABS emulsion polymerization. Firstly, electrostatic repulsion
force between ABS clay nanocomposite latex particles may
contribute to stabilize the latex, because clays and DBS-Na
have negative surface charges. Secondly, laponite layers
separate Na-MMT layers and PBD particles, preventing the
coagulation. Thirdly, the laponite layers adsorbed on latex
particles may contribute to prevent latex from coagulating as a
barrier. The clays are believed to provide a steric barrier
against ABS latex coalescence so that it prevents coagulation
of ABS latex particles. Fourthly, laponite layers, which have a
large surface volume, increase the viscosity of latexes, reduce
the mobility and the coagulation rate of the particles and
contribute to stabilize the latex.

The ABS clay nanocomposite latexes consume less
surfactant than neat ABS latex, and their production may
need the small amount of surfactant. The storage moduli of
ABS clay nanocomposites increase proportionally with Na-
MMT content in the mixed clay (Na-MMT/laponite). It
explains that a clay with high aspect ratio strongly enhances
the mechanical properties of the nanocomposites.
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