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Summary: The impact resistance of polymeric materials can be modified by the

addition of polymer particles with core shell structure, in which the core consists of

a rubber phase and the shell of a glassy phase. In this work, the synthesis of core-

shell particles (polybutadiene-rich phase / polystyrene rich phase) by emulsion

polymerization and their use as impact modifiers in crystal polystyrene, PS, was

investigated. Reactions were followed by gravimetry and dynamic light scattering

analysis and core-shell morphology was determined by transmission electron

microscopy. This latex, after dried, was incorporated into a PS matrix in a single

screw extruder. The impact resistance increased with the incorporation of the core-

shell particles and with the number of passes through the extruder.
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Introduction

Core-shell polymer particles are multi-
component particles where the core of
the particle presents a different composi-
tion of the shell. Polymeric materials based
on core-shell particles present final proper-
ties that depend not only of the composition
of each polymer phase but also on the
morphology of these particles creating a
versatile class of materials. This character-
istic opens the possibility for tailor-made
properties for each application as, for
instance, polymer particles with soft core
and hard shell resulting in particles suitable
to act as impact modifiers, or latex polymer
particles with hard core and soft shell
resulting in water-born paints with low film
formation temperature.[1–7]

Several heterogeneous polymerization
techniques as emulsion, miniemulsion, dis-
persion and suspension polymerizations can
be employed to obtain polymer particles

with core-shell structures allowing to get
incompatible polymers into one particle or
to add functionality either into the core or
into the shell.[8–11] Each technique leads to
the formation of particles in a specific size
range that can affect the kinetic control of
the polymerization. As the final morpholo-
gy depends on both thermodynamic and
kinetic aspects, as quite frequently the
equilibrium morphology may not achieved
due to kinetic control of the morphology
development, the choice of the operation
conditions and the heterogeneous polymer-
ization technique is decisive.

Emulsion polymerization is quite fre-
quently employed to obtain particles with
core-shell morphology in the submicromet-
ric range. To obtain core-shell particles it
is necessary to operate on semicontinuous
mode where the feed composition is
changed abruptly allowing the formation
of a new polymer phase on the pre-existing
polymer particle nucleated at the begging
of the reaction. Another frequently used
technique is seeded emulsion polymeriza-
tion, in which the particles are synthesized
in a two step procedure. In this way, a
seed is synthesized in the first stage by
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conventional emulsion polymerization and
in the second stage the seed particles are
fed at the initial charge and a different
monomer is fed during the reaction to form
the shell.[12–16] In this type of polymeriza-
tion, the polymer of the second stage is
build up on the surface of the seed particles
and has the advantage of a better control of
the final particle size distribution. Alterna-
tively, depending on the interfacial ten-
sions, the seed polymer may form a
continuous shell around the second stage
polymer resulting in inverted core-shell
particles.[17]

ABS (terpolymer of acrylonitrile-buta-
diene-styrene) core-shell particles obtained
by emulsion polymerization are commer-
cially employed to improve the impact
resistance of PVC as the acrylonitrile-
polystyrene hard shell improves the com-
patibility between the discrete elastomeric
particles and the PVC matrix increasing
the impact strength. Formulations with
rubber compounded into the general pur-
pose polystyrene (GPPS) are effective to
improve the impact resistance. However,
better results could be obtained when
grafting the elastomeric particles into the
continuous polystyrene phase as occurs
during the synthesis of high impact poly-
styrene (HIPS) in bulk/solution or suspen-
sion polymerization.[18] In this sense,
adding a polymer particle with a elasto-
meric core grafted to a polystyrene shell
could be effective to improve the impact
resistance of GPPS.

Rubbery latex particles of styrene-
butadiene copolymer (SB) with a high
concentration of butadiene are commer-
cially obtained by emulsion polymerization.
However, due to its low glass transition
temperature this SB latex forms a continu-
ous film after drying, with loss of desired
morphology (spherical rubbery particles).
To prevent the deterioration of elastomer
particle morphology during drying and to
further increase the compatibility with the
PS matrix, this work intends to study the
synthesis of SB-S core-shell particles by
semicontinuous seeded emulsion polymeri-
zation to be used as impact modifiers in PS.

Experimental Part

The materials used in this work were:
styrene (STY, Merck), divinylbenzene
(DVB) as crosslinker, latex Taktene1 S62
(Lanxess) composed by styrene/butadiene
(SB) copolymer with high amount of
butadiene (80%) and solids content of
68wt.%, potassium persulfate PA (KPS,
Vetec) as initiator and sodium lauryl
sulphate (SLS, Vetec) as emulsifier.

Seeded Emulsion Polymerization

Semicontinuous seeded emulsion polymer-
ization reactions were conducted in a
jacketed glass reactor with an initial charge
of SB latex S62 and with two feed streams.
One feed was composed of styrene and
crosslinking agent (DVB) and the other of
initiator, emulsifier and water. The feed
streams were maintained constant during
the first two hours and the reactions were
conducted at 80 �C during the first 3 hours
and at 90 �C in the last hour of reaction.
Table 1 presents the formulation used.

Samples were collected at regular time
intervals of 20min for the determination of
conversion by gravimetric analysis and
particle size measurements (z average
particle diameter) by dynamic light scatter-
ing (Zetasizer Nano S fromMalvern Instru-
ments). Chromatographic measurements
were performed on a gas chromatograph
model GC - 2010AF coupled to a headspace
sampler (model Shimadzu AOC - 5000).
Particle morphology of samples stained

Table 1.
Formulation of semi-continuous seeded emulsion
polymerization reactions.

Amount (wt.%)

Initial Charge
Water DDI 60.74
KPS 0.09
Latex S62 9.00

Feed 1
STY 18.40
DVB 0.37

Feed 2
KPS 0.09
SLS 0.06
Water DDI 11.25
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with osmium tetroxide was observed by
transmission electron microscopy (JEOL
JEM -1011). Solid-liquid extractions using
methyl ethyl ketone as solvent were
performed in a Soxhlet extractor to deter-
mine the gel content (insoluble polymer).
The extraction stage lasted 24 hours and the
gel content was determined by gravimetric
analysis from the ratio between the mass
after and before extraction.

Incorporation of Core-Shell Particles in PS

The core-shell latex was dried at 37 �C,
macerated and incorporated in polystyrene
(PS) in a single-screw extruder. The
composition in the extruder was 70wt.%
of PS and 30wt.% of core-shell particles.
The temperature zones range from 150 �C
to 170 �C with constant rotation at 45 rpm.
In order to compare the incorporation
during extrusion and, thus, the effect on
the impact strength of the material, samples
with two or three passages were produced
by extrusion.

The product obtained after extrusion
was milled in a vertical mill granulator and
the specimens for Izod impact analysis were
prepared using a thermopress at 185 �C.
Specimen dimensions (64mm x 12.7mm x
5.0mm) and Izod impact test conditions
(VI - notch angle 45� and 2.54mm deep in
the center of the specimen) followedASTM
D256. Impact tests were performed using
the impact pendulum method by IZOD -
EMIC (AIC).

Results and Discussion

Results in Figure 1 shows the instantaneous
and total conversion during semicontinuous
seeded emulsion polymerization. The in-
stantaneous conversion shows that the
reaction was not performed on starved
conditions and the polymerization pro-
ceeded following monomer and initiator
feeding. At the end of the feeding time
(120min), reaction rate started to decrease
and at 180min conversions around 96%
were achieved according to gravimetric
results. The residual monomer content

after 240min, determined by head-space
gas chromatography was around 0.09wt.%,
indicating a higher conversion than by
gravimetry. The difference observed on
gravimetric conversion can be explained by
a small monomer loss during reaction due
to volatilization.

Figure 2 shows the intensity particle size
distributions (PSD) of the SB polymer
seeds (latex S62), and of the particles
produced in the semicontinuous seeded
reactions, both measurements were per-
formed by DLS. The PSD of the polymer
seeds is bimodal. It is a usual procedure to
decrease the viscosity of the latex with high
solids content (68wt.%), while the final
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Figure 1.

Evolution of instantaneous (X inst) and total (X) conversion

during semicontinuous emulsion polymerization.
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Figure 2.

Particle size distribution of the seed (latex S62) and

the core-shell particles after the semi- continuous

emulsion polymerization reaction.
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distribution of the core-shell particles, with
a solids content of 27wt.%, showed an
unimodal shape with an average diameter
larger than the first mode of particles
(smaller particles) of the seed latex. These
results indicate that the bigger particles
present in the seeds grew much slower
during the reaction than smaller particles
due to the effect of radical compartmentali-
zation. Since the number of small particles
in the seed is much higher than that of big
particles and due to the faster polymeriza-
tion and growth of the former, the contri-
bution of the population of big particles to
the PSD decreased during polymerization.

Figure 3 shows TEM images of the seed
latex particles and of the final core-shell
polymer particles. In Figure 3a it can be
seen that the seed latex (S62) is composed
of a small number of very large particle sizes
(500 nm–1mm), and a lot of smaller par-
ticles (�100 nm) corroborating the DLS
analysis. In the image of the final polymer
particles after the semicontinuous seeded
reaction (Figure 3b) the presence of large
particles was not observed (due to their
smaller amount) and the particle size range
is between 100–200 nm. This TEM result
shows good agreement with the PSD curve
obtained by DLS (Figure 2). To allow a
better visualization of the internal morphol-
ogy of the particles, samples were selec-
tively stained with osmium tetroxide that
reacts with the double bonds of PB in the
polymer seeds, so the rubber -rich phase
becomes darker. In Figure 3c it can be
observed with a greater detail the formation

of a PS shell around the darker SB core
indicating the formation of core-shell (SB-S)
particles.

Gel contents of pure PS (negative
control), SB seed latex (S62) and of the
produced core–shell particles were mea-
sured by Soxhlet extraction. Extractions
were performed in duplicate and the results
are shown on Table 2. For pure polystyrene,
as expected the amount of insoluble
material was null. The SB seed latex
(S62), on the other hand, presented a gel
content around 87% due to the high
fraction of butadiene (80%) in the copoly-
mer obtained by free radical polymeriza-
tion. The core-shell particles (SB-S)
produced had a gel content (88%) similar
to that of seed SB particles due to the use of
a crosslinker (DVB) in the reaction.

In order to evaluate if the prepared core-
shell particles composed of a SB core and a
PS shell could be used as impact modifier,
dried core-shell particles were incorporated
into PS in a single-screw extruder with a 70/30
weight ratio of pure PS to core-shell particles.
The results of the impact strength obtained
by the Izod impact test are shown in Table 3

Figure 3.

TEM images of the seed latex S62 (a), and the core-shell particles formed in the reactions semi – continuous

seeded emulsion polymerization (b, c).

Table 2.
Gel content (soxhlet extraction, in duplicate) of
pure polystyrene, seed particles and core-shell
particles.

Material Gel content
(%)

Polystyrene (PS) 0
SB Seed particles S62 87
Core-shell (SB-S) particles 88
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and compared to that of pure PS. While the
increase in impact strength after the incorpo-
ration of the SB-S core-shell particles after
two extrusions was only minor (not signifi-
cant), a further extrusion step led to a more
pronounced increase in impact strength
compared the pure PS. This behavior can
be explained by the improved dispersion of
the core-shell particles in the PS matrix with
the increase of the number of passages
through the extruder. This is a quite promis-
ing result, since the incorporation of 30wt%
of the core-shell particles led to an increase of
the impact strength of PS by 70% and, thus,
showed potential as impact modifier.

Conclusion

With the present results it can be concluded
that it was possible to form particles with a
core-shell structure composed of polysty-
rene shell and elastomeric core (styrene-
butadiene copolymer) in semicontinuous
emulsion polymerization reactions using
styrene-butadiene copolymer seeds. The
incorporation of 30wt.% of the core-shell
particles into a polystyrene matrix increased
the impact resistance of the PS by 70%.
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[2] O. H. Gonçalves, R. A. F. Machado, P. H. H. Araujo,

J. M. Asua, Polymer 2009, 50, 375–381.

[3] I. D. Lee, T. Ishikawa, J. Polym. Sci. : Poly Chem. 1983,

21, 147–154.

[4] J. Pusch, A. M. Van Herk, Macromolecules 2005, 38,

6909–6914.

[5] O. D. Velev, K. Furusawa, K. Nagayama, Langmuir

1996, 12, 2385–2391.

[6] Z. Zhenqian, B. Yongzhong, H. Zhiming, W. Zhixue,

J. Appl. Polym. Sci. 2009, 111, 1659–1669.

[7] C. Sayer, P. H. H. Araujo, 2. Synthesis of Polymer

Particles with core- shell morphologies. In:

V. Mittal, Ed., Advanced Polymer Nanoparticles:

Synthesis and Surface Modifications, Taylor &

Francis, 2010, 29–59

[8] D. C. Sundberg, Y. G. Durant, Polym. React. Eng.

2003, 11, 379–432.

[9] M. K. Lenzi, F. M. Silva, E. L. Lima, J. C. Pinto, J. Appl.

Poly. Sci. 2003, 89, 3021–3038.
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Table 3.
Impact strength (Izod impact) of pure polystyrene
and of polystyrene after the incorporation of the
core-shell SB-S particles with 2 or 3 extrusions.

Material Extrusions IS (J/m)

PS - 21,8� 2,3
PS with SB-S 2 26,1� 3,4
PS with SB-S 3 37,2� 0,4
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