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Abstract. Composites of natural rubber (NR)/vinyl polymer nanoparticles as polystyrene (PS) and poly(styrenemethacrylic acid) (P(S-MAA)) were prepared by heterocoagulation technique. The polymer nanoparticles were prepared by
emulsifier-free emulsion polymerizations at 70°C using potassium persulfate as initiator. Under acidic condition where positive charge was present on the NR latex (NRL) surface, the nanoparticles having negative charge mainly from sulfate
group of initiator were able to adsorb on the NRL surface, the electrostatic interaction being the driving force. The scanning
electron micrographs showed that the polymer nanoparticles are homogenously distributed throughout NR matrix as nanoclusters with an average size of about 500 and 200 nm for PS and P(S-MAA), respectively. The mechanical properties of
NR/PS and NR/P(S-MAA) composite films were compared with the NR host. The nanocomposites, particularly when the
polymer nanoparticles are uniformly dispersed, possess significantly enhanced mechanical properties strongly depending
on the morphology of the nanocomposites.
Keywords: nanocomposites, heterocoagulation, natural rubber latex

1. Introduction

Natural rubber (NR, Figure 1a) is one of the most
important polymers characterized by excellent elasticity and flexibility, which is widely used in various applications such as medical glove and tubing
[1–3]. Because of unsaturated bonds in its macromolecular backbone, it is weak in oil and ozoneresistance due to oxidative or thermal degradation.
Thus, short shelf lives and life cycles may be
obtained from such NR products. To overcome these
drawbacks, some chemical substances was used to
treat NR such as tris(nonylated phenyl) phosphate
[4] and non-water-soluble amino acids [5]. Moreover, loss of mechanical properties such as low tensile strength and poor tear resistance are also the
drawbacks of NR. Many techniques were investi-

gated in order to improve such disadvantages of NR
without reducing its wonderful properties. The concept of nano-matrix-dispersed polymer was applied
using a small amount of functional polymer polymerized on NR latex (NRL) and then forming
matrix. The nano-matrix-dispersed polymer may be
prepared by graft copolymerization of natural rubber in latex form. However, side reactions during the
graft copolymerization were obtained due to the presence of proteins on the NRL surface [6]. Thus,
removal of the protein before graft copolymerization
of NR to prepare nano-matrix was carried out [1].
In addition, the conventional reinforcement by
adding inorganic materials such as carbon black [7],
ultra-fine calcium carbonate [8] and modified montmorillonite [9] were used to strengthen NR. How-
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Figure 1. Structure of NR (a) and tween 80 (b)

ever, they have low efficiency to improve NR properties due to the increasing of the compound density
or reducing light transmission. Alternative reinforcement such as nano-fillers have recently attracted
attention because using only low amount of nanofillers can maintain and control the beneficial properties of NR (flexibility, toughness and etc.) and the
fillers (hardness, thermal stability and etc.). Clay
minerals are useful to reinforce NR via well-known
techniques as melt processing [10, 11], latex-compounding [12] and solution-mixing methods [13].
Moreover, mechanical properties of polymer composite of NR are also improved using nano crab
chitin whiskers [14] and surface modified nanocrystalline cellulose [15].
Heterocoagulation is the common interaction of
two particles, small and large particles, of a dissimilar nature upon collision. The smaller particles
adsorb onto the larger particle surface with various
forces such as electrostatic, hydrophobic and secondary molecular interactions as (multiple) hydrogen bonding [16]. This technique is interesting to
prepare polymer composite because the polymers
are directly blended in emulsion state which would
consume less energy and time without grinding.
Generally, it is used to prepare polymer composite
such as inorganic-inorganic [17], inorganic-organic
[3, 18] and organic-organic [19–23] composites.
Moreover, to improve NR properties, nanocomposites including NR and inorganic or polymer nanoparticles have been prepared by this technique. The
oil resistance of NR film was improved by using
small organic particle, polychloroprene (CR),
adsorbed onto large NR particle with the heterocoagulation technique [24]. CR would adsorb onto the
NR particle surface via hydrogen bonding between
carboxylic groups of the protein molecules existing
on the NR surface and the polyethylene oxide
chains of Tween 80 adsorbed on the CR particles. In
addition, the mechanical properties of NR were
improved with inorganic particle as SiO2 nanoparti-

cles [3]. SiO2 nanoparticles having negative charge
on their surfaces were pre-adsorbed with positively
charged poly (diallyldimethylammonium chloride)
chain before heterocoagulation with NR particle
having negative charge of protein existing on the
NR surface.
In this work, the simple blending of NRL with polymer nanoparticles using heterocoagulation technique without using any pre-polymer is studied.
NRL emulsion is added with a small amount of hard
polymer nanoparticles emulsion of polystyrene
(PS) or poly(styrene-methacrylic acid) (P(S-MAA)).
The nanoparticles having negative charge deriving
from initiator adsorbed on NRL surface containing
protein-lipid via electrostatic interaction to form
composite polymer at the appropriate pH. The
mechanical properties of the obtained composite
polymer may improve.

2. Experimental
2.1. Materials

Styrene (S) (Aldrich, Wisconsin, USA; purity, 99%)
was purified by pass through the column packed
with basic Aluminium oxide. Methacrylic acid
(MAA) (Merck, Munich, Germany; purity, 99%)
was purified by distillation under reduced pressure
in a nitrogen atmosphere. The purified monomers
were stored in a refrigerator. Potassium persulfate
(KPS; Aldrich, Wisconsin, USA) was purified by
recrystallization. High ammonia NR latex (ca. 60%
dry rubber content; donated from Thai Rubber
Latex Co., Ltd., Bangkok, Thailand) was used as
received. Analytical grade of sodium hydroxide
(NaOH; BDH Prolabo, Leuven, Belgium) and
hydrochloric acid (HCl; Ajax Finechem Pty. Ltd.,
Sydney, Australia) were used as received. Polyoxyethylene (20) sorbitan monooleate (Tween 80;
Aldrich, Wisconsin, USA; Figure 1b) was used as
received. Deionized water with a specific resistance
of 5·106 !·cm was distilled before used.
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2.2. Polymer nanocomposites preparation
The polymer nanoparticles were prepared by emulsifier-free emulsion polymerization under the conditions listed in Table 1. The polymerizations were
carried out at 70°C with a stirring rate of 200 rpm.
The monomer (30 and 10 g for P(S-MAA) and PS,
respectively) and water (250 and 270 g for P(SMAA) and PS polymerization, respectively) were
charged into the reactors and then purged with N2
for 30 min. The polymerizations were initiated by the
addition (20 g) of KPS aqueous solution (1.2 wt%).
The nanocomposites of NR/PS and NR/P(S-MAA)
were prepared with heterocoagulation technique
(Figure 2) according to the following procedures.
The pH of NRL aqueous dispersion (solid content
about 10 wt%) containing Tween 80 emulsifier
(6 wt% of NR) was adjusted from approximately 11
to 7 with 0.3 M HCl. The polymer nanoparticle
aqueous dispersion (10 wt% at pH 7) was gradually
dropped to the NR dispersion with gentle mechanical stirring. The polymer composites of NR/PS and
NR/P(S-MAA) were obtained when the pH of the
mixture solutions were adjusted to 1 by adding
0.3 M HCl. The blending ratio was determined relating to the theoretical number (Nmax) which is the
maximum number of small particles [PS or P(SMAA)] forming a close-packed monolayer on a
large particle (NRL) as given by Equation (1) shown
below [25]. To investigate the mechanical properties, NR/PS and NR/P(S-MAA) emulsions were
Table 1. Recipes for the preparation of P(S-MAA) and PS
particles by emulsifier-free emulsion polymerizationsa
Ingredient
H2O [g]
KPS [g]
S [g]
MAA [g]

P(S-MAA)
270.00
0.24
27.50
2.50

PS
290.00
0.86
10.00
–

a

200 rpm, 70°C, 24 h, purged by N2

Figure 2. Schematic of the heterocoagulation of NRL and
polymer nanoparticles

dried in vacuum oven at 40°C to obtain composite
films:
Nmax 5

2p RL 1 RS 2
c
d
3 ~
RS

(1)

where RL radius of large particle, RS radius of small
particle.

2.3. Characterizations
Particle diameters and zeta potential were measured
by dynamic light scattering (DLS; Zetasizer nano
ZS, Malvern, USA) at room temperature. Polymer
emulsion samples (approximately 10 wt%) withdrawn from the reactor were directly measured by
concentration mode of DLS. PS and P(S-MAA)
particles were observed with transmission electron
microscope (TEM; JEM-1230, JEOL Ltd., Japan).
Each emulsion was diluted to approximately
50 ppm, and then a drop was placed on a carboncoated copper grid before drying at room temperature in a desiccator. Scanning electron microscope
(SEM; JSM-6510, JEOL Ltd., Japan) were used to
investigate the morphology of the polymer nanocomposite. For SEM observation, one drop of the
polymer dispersion was placed on a nickel SEM
stub and dried before Au-coating. Tensile test experiments were conducted on a universal testing machine
(Instron, 55R4502, S/N H3342, MA, USA) with a
cross head speed of 50 mm/min and the sample
length between the jaws is 65 mm, gauge length
25 mm and the thickness 2.0 mm. The measurement was done at room temperature.

3. Results and discussion
3.1. Polymer nanoparticles

PS and P(S-MAA) nanoparticles prepared by emulsifier-free emulsion polymerization were spherical
particles as shown in Figure 3. Narrow particle size
distribution was obtained for both of them which are
characteristic of polymer particles obtained from
emulsifier-free emulsion polymerization whereas
the presence of emulsifiers results in a broader particle size distribution [26, 27]. In the case of the particle size, PS particles (500 nm) is much larger than
P(S-MAA) (200 nm) as shown in Figure 4. Even
though both particles are mainly stabilized with
electrostatic repulsion of the sulfate ion generated
from KPS initiator, in the case of P(S-MAA), carboxyl group in MAA molecule is also able to stabi-
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Figure 3. TEM micrographs of polymer nanoparticles prepared by emulsifier-free emulsion polymerizations: (a) PS and
(b) P(S-MAA)

Figure 4. Particle size distribution of polymer nanoparticles
prepared by emulsifier-free emulsion polymerizations: (a) PS and (b) P(S-MAA)

lize the particles resulting in the formation of
smaller particle than PS.

3.2. Polymer nanocomposites
To prepare composite polymer with heterocoagulation technique where the smaller particle is adsorbed
on the larger particle using electrostatic interaction,
both particle surfaces should have opposite charges.

Figure 5. Particle size distribution of NRL

This technique required the larger particle as core
and smaller particle as shell [16]. Although, DLS
distribution curve of NRL (Figure 5) giving bimodal
peak with the particle size (number-average) of 330
and 1000 nm, NRL was still expected to be the core
due to most of NRL weight is the larger size (by
weight) while the smaller particles of PS or P(SMAA) was the shell. Due to the presence of negative charge of smaller particles mainly derived from
sulfate ion, NRL surface should contain the positive
charge in order to achieve the blending.
Generally, NRL surface is covered by protein molecules containing acidic and basic side groups
described as carboxyl and amino groups, respectively, showing different charged forms depending
on its pH. At the appropriate pH where the positive
and negative charges on NRL surface are balanced,
the net charge is zero, called isoelectric point. The
net negative charge will be obtained due to deprotonation of more acidic group when the pH is higher
than the isoelectric point. In contrast, if the pH is
lower than its isoelectric point, NRL surface gives
net positive charge with the protonation of the more
basic group. The charge mechanism of protein
adsorbed on the NRL surface is shown in Figure 6.

Figure 6. Charge mechanism of protein on the surface of
NRL particle
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Figure 7. Zeta potential of NRL adsorbed with Tween 80 at
various pH

Therefore, NRL surface charge was measured at
various pHs in order to obtain the optimum pH giving positive charge. Before charge measurement,
nonionic emulsifier (Tween 80) was added to NRL
emulsion to maintain the colloidal stability of NRL
throughout the experiment especially at the pH giving less charge or neutral. It is well known that
Tween 80 contains alcohol, ketone, and ether groups
which are able to be protonated under acidic conditions. Therefore, it may increase net positive charge
on NRL surface. The zeta potentials of NRL surface
at various pH was shown in Figure 7. It is found
that the pH at the isoelectric point is 2.95. Therefore, pH of 1 giving the charge of +17.1 mV was
selected for the blending condition.
In the case of PS and P(S-MAA) nanoparticles, the
negative charge on their surfaces at pH 1 measured
with zeta potential technique were –35.6 and
–4.3 mV for PS and P(S-MAA), respectively. The
difference of the charge between both polymers
nanoparticles is due to the utilization of larger
amount of KPS for PS than P(S-MAA) preparations. The emulsifier-free emulsion polymerization
of less polar monomer as S needed much amount of
ionic initiator to stabilize the polymer particles during polymerization. Moreover, carboxyl group which
is the weak acid is not able to ionize in high acidic
condition (pH 1) resulting in less negative charge of
P(S-MAA).
For the blending of NRL and PS or P(S-MAA),
large coagulation was formed when they were
directly mixed at the optimum pH. This phenomenon is also observed with the blending of
poly(styrene-co-butyl acrylate-co-methacrylic acid)
and poly(styrene-co-methacryloyloxy ethyltrimethyl
ammonium chloride) [20, 21]. To succeed blending,
they were mixed at the pH where their surfaces
gave the same charge and then change the pH to the

optimum condition where both polymers show the
opposite charge. Therefore, firstly, PS or P(SMAA) emulsion at the Nmax calculated by Equation (1) adjusted pH to 7 with 1.0 M NaOH solution
was added to NRL emulsion (pH 7) adsorbed with
nonionic emulsifier. Secondly, the pH of the mixing
emulsion was adjusted from 7 to 1 where NRL and
nanoparticle surfaces act positive and negative
charges, respectively. The nanoparticle would gradually adsorb on NRL particles during decreasing of
the pH. Finally, the composite polymer (NR/PS or
NR/P(S-MAA)) where NRL particle is core and
nanoparticle [PS or P(S-MAA)] is shell dispersed in
aqueous medium were obtained. The composite
polymer of NR/PS and NR/P(S-MAA) were successfully prepared by heterocoagulation as the particles sizes distribution of the blending dispersions
of NRL and polymer nanoparticles (PS: Figure 8
and P(S-MAA): Figure 9) are larger than those of
the host NRL. The prepared NR/PS and NR/P(SMAA) composite polymers were observed by SEM
as shown in Figure 10. The polymer nanoparticles
are adsorbed on NRL as nano-cluster (Figure 10c

Figure 8. Particle size distributions of NRL (a), PS particle
prepared by emulsifier-free emulsion polymerization (b) and NR/PS (c) prepared by heterocoagulation

Figure 9. Particle size distributions of NRL (a); P(S-MAA)
particle prepared by emulsifier-free emulsion
polymerization (b) and NR/P(S-MAA) (c) prepared by heterocoagulation
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Figure 10. SEM micrographs of PS (a) and P(S-MAA) (b) particles prepared by emulsifier-free emulsion polymerization
and NR/PS (c) and NR/P(S-MAA) (d) prepared by heterocoagulation

and 10d). This confirms that NR/PS and NR/P(SMAA) nanocomposites were successfully prepared
by heterocoagulation technique.

3.3. Mechanical properties of polymer
nanocomposites
The mechanical properties of the polymer nanocomposites (NR/PS and NR/P(S-MAA)) were expectedly improved compared with the original NR
according to the improvement of NR by incorporation of silica particles [3]. The mechanical properties of the composite films were shown in Table 2.
NR film, the elastomeric polymer, shows good elasticity and flexibility as the elongation at break of
796% and low rigidity as the ultimate tensile
strength and modulus of only 0.43 and 0.70 MPa,
respectively. The ultimate tensile strength and modulus are greatly improved for NR/PS and NR/P(S-

Table 2. Mechanical properties of original NR, NR/PS and
NR/P(S-MAA) composites
Samples
NR
NR/PS
NR/P(S-MAA)

Ultimate tensile
strenght
[MPa]
0.43
3.69
7.05

Modulus
[MPa]
0.70
594.20
2553.91

Elongation
at break
[%]
795.76
2.01
0.57

MAA) composite films which is affected by the
reinforcement of the polymer nanoparticles. However, polymer nanoparticles reduced the film flexibility according to the reduction of their elongation
at break because of the limitation in the polymer
chain slipping beside the polymer nanoparticle surface. Therefore, for the applications, the amount of
polymer nanoparticles should be varied in the heterocoagulation step corresponding to the appropriate
mechanical properties.
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4. Conclusions
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The simple blending as heterocoagulation was successfully applied to produce polymer nanocomposite of NR/PS and NR/P(S-MAA). The polymers
were mixed in the dispersed phase with controlling
pH approximately 1 where the surface of NRL giving positive charge and negative charge of polymer
nanoparticles surface. The adsorption of polymer
nanoparticles on NRL surface took place via electrostatic interaction resulting in the formation of the
composite polymer of NR/PS and NR/P(S-MAA).
The mechanical properties of the polymer composites remarkably increase compared with the original
NR affected from polymer nanoparticles filler. To
improve the mechanical properties of polymer composite matched with the applications, it is easily
handle by adding the appropriate amount of polymer nanoparticles.
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