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Abstract Polystyrene/polycarbonate (PS/PC) composite
hollow microspheres were successfully prepared via
microencapsulation method. Fourier-transform infrared
spectroscopy, scanning electron microscopy (SEM), dif-
ferential scanning calorimetry, and thermogravimetric
analysis were used for the characterization of the obtained
hollow microspheres. SEM images showed that there were
a big cavity and some small cavities inside the composite
hollow microspheres, and the hollow microspheres pre-
pared at 42 °C presented better morphology and smaller
size distribution compared with that prepared at higher
temperature of solvent evaporation. The tap density of
the composite hollow microspheres increased from
0.28 g cm > at PS/PC composite concentration of 5 wt%
in oil phase to 0.42 g cm ™ at concentration of 11.7 wt%.
The mean diameter of the composite hollow microspheres
ranged from 13 to 528 pm. It increased with an increase in
the concentration of composite in oil phase and decreased
with increasing the second rotating speed. Thermal analysis
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showed that the composite hollow had thermal stability
below 358 °C.

Introduction

The synthesis of hollow microspheres in the nanometer to
millimeter range, including organic hollow microspheres,
inorganic hollow microspheres, and organic—inorganic
composite microspheres, has received considerable atten-
tions in recent years due to a wide variety of applications in
composites encapsulation for controlled release systems
and drug delivery, lightweight filler, confined nano- and
meso-reaction vessels, catalytic carriers and so on [1-9].
As a kind of polymeric microspheres, polystyrene hollow
microsphere with the characteristics of low density, optical
scattering, high specific surface area and large useful inner
space has been investigated by many researchers. Tsuji
[10] prepared polystyrene hollow pellet for inertial con-
finement fusion experiments using emulsion technique.
Mishra [11] fabricated polystyrene hollow microspheres as
laser fusion targets by optimized density-matched emulsion
technique. Following above studies, composite polystyrene
hollow microspheres were further developed to improve
the mechanical stability of the microspheres or endow the
microspheres with new function. The composites usually
incorporate a combination of metallic/organic and two
types of organic particles. Zhang [12] synthesized uniform
PS/a-Fe,O3; composite hollow microspheres with good
photocatalytic activity, large surface area and a high rem-
anent magnetization under hydrothermal conditions by
hard template method. He et al. [13] prepared polystyrene/
melamine—formaldehyde hollow microsphere composite by
self-assembling of latex particles at emulsion drop-
let interface. However, these preparation methods of
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composite hollow microspheres have inconvenient opera-
tion and high cost.

In this article, the authors report the preparation of PS/
PC-composite hollow microspheres to further improve the
mechanical stability of polystyrene hollow microspheres
by microencapsulation method since in Lee’ work the
mechanical properties of the PS/PC composite were found
to be enhanced than pure PS by adding PC that possesses
high impact strength [14, 15]. Hollow microsphere prepa-
ration by microencapsulation method basically consists of
four major steps [16]: (i) dissolution of PS and PC in an
organic solvent (O) and emulsification of this oil phase
with a aqueous phase (W), which forms W,/O emulsion;
(i) emulsification of this W;/O emulsion in a second
aqueous phase, forming W;/O/W, emulsion; (iii) removal
of the solvent from the oil phase which is accompanied by
solvent evaporation; (iv) harvesting and drying of the
microspheres to remove the inner aqueous phase. The
preparation procedure is shown in Fig. 1. The main
advantages of microencapsulation method over other
methods are the simple operation, low cost and “green
process” in which the organic solvent and the second water
phase can be reused. Thus, it is perfectly suitable for
industrial fabrication of PS/PC composite hollow micro-
spheres. The prepared PS/PC-composite hollow micro-
spheres were characterized by FTIR, SEM, DSC, and TGA.

Experimental
Materials

Polycarbonate, high purity, was purchased from Engi-
neering Plastics (Shanghai) Co., Ltd. Polystyrene was
provided by Sinopec Beijing Yanshan petrochemical Co.,
Ltd. Gelatin was provided by Tianjin Fuchen Chemical
Reagent Co., Ltd. Dichloromethane was obtained from
Beijing Chemical Co., Ltd. Absolute ethanol, wt%

PS/PC shell

Fina PS/PC composite hollow microsphere

>99.7%, was supplied by Beijing Chemical Co., Ltd.
Sodium dodecylbenzene sulfonate was supplied by Tianjin
Yingdaxigui Chemical Co., Ltd. All the chemicals were
used as received without further purification.

Preparation of PC hollow microspheres

There are three different phases of solution adopted to
prepare PS/PC hollow microspheres by microencapsulation
method: W; phase: distilled water and sodium dodecyl-
benzene sulfonate; O phase: polycarbonate, polystyrene,
compatiblizer, dichloromethane; W, phase: distilled water,
gelatin, and sodium dodecylbenzene sulfonate.

The process of preparing PS/PC hollow microspheres is
as follows: W, phase was placed into the O phase at room
temperature, and the mixture was emulsified using a high
shear dispersing and emulsifying machine (FM200). Then
the prepared W /O emulsion was poured into W, phase and
stirred by using an ordinary agitator. The formed W{/O/W,
multiple emulsions was placed into a three-neck round-
bottomed flask and stirred at 300 rpm for 2 h, while the
temperature was controlled between 42—45 °C. Then the
temperature was elevated to 70-75 °C to solidify the PS/
PC shell. The obtained PS/PC hollow microcapsules sus-
pension was filtered and placed into absolute ethanol. After
the encapsulated water was removed in drying oven for
48 h at 70 °C, PS/PC hollow microspheres were prepared.

Characterization of PS/PC hollow microspheres

FTIR was carried out on a Bruker Vector-22 FTIR spec-
trometer using a KBr pellet. Surface morphology of the
fabricated PS/PC hollow microspheres was examined by
scanning electron microscopy (Quanta 200F FEI, America)
after vacuum sputtering the particles with gold. The par-
ticle size of PS/PC hollow microspheres was determined
using SEM equipped with an image analysis software. The
mean diameter of PS/PC hollow microspheres was

@ Springer
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obtained by calculating at least 250 hollow microspheres
[17]. The tap density of the PS/PC hollow microspheres
was determined by using a tap density tester (FZS4-4B).
The thermal properties of PS and PS/PC composite hollow
microspheres were analyzed by a differential scanning
calorimeter (DSC 204 F4 Netzsch, Germany) under the
protection of nitrogen flow. Heating rate was maintained at
10 °C min~" in the temperature range of 20-800 °C.

Results and discussion
FTIR of PS/PC composite hollow microspheres

FTIR spectra were recorded in the transmittance mode. The
FTIR spectra of pure PS, pure PC and PS/PC composite
hollow microspheres are shown in Fig. 2, respectively. For
PS, the peaks at 695 and 754 cm ™! can be attributed to C—H
bonds of mono-substituted benzene ring. The peaks formed
at 1451 and 1492 cm ™' represent C-H bonds. A peak at
1600 cm ™' represents C=C bonds of benzene ring, while the
peak at 2920 cm ™' is saturated CH and CH, bonds. The band
at 3025 cm ™' represents C—H bonds that connected directly
to C=C bonds of benzene ring. The absorption bands as
obtained from the pristine PC spectrum are identified as
768 cm™': out of phase skeletal vibration of C—H deforma-
tion; 829 cm™!': C(CH;) stretching vibration, 1227 cm ™
C-O stretching vibration; 1506, 1600 cm™ ! C=C phenyl
ring stretching vibration; 1774 cm™': C=0 stretching vibra-
tion; 2484 cm™': hydroxyl stretching bond; 2966 cm™':
CH; stretching vibrations; 3060 cm™': CH stretching
vibration of aromatic compounds. All the above band
assignments for PS and PC are identical to that for PS and PC
reported in literatures [18, 19].
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Fig. 2 FTIR spectra of pure PS (a), pure PC (b), and PS/PC hollow
microspheres (c)
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All the characteristic peaks of pure PS at 695, 754, 1492,
1451, 1600 cm ™" and the peaks of pure PC at 829, 1227,
1506, and 1774 cm™" appear in the spectrum of PS/PC-
composite hollow microspheres. In view of the above, it

can be established that the microsphere is composed of PS
and PC.

SEM of PS/PC composite hollow microspheres

The morphology of the PS/PC-composite hollow micro-
spheres is shown in Fig. 3. Figure 3a shows that PS/PC-
composite hollow microspheres present spherical shape
and the surface is smooth and nonporous. However, Crotts
[20] prepared various porous hollow microspheres com-
posed of poly(D, L-lactic-co-glycolic acid) using the water/
oil/water (W/O/W) multiple emulsion solvent evaporation
technique. The pores are attributed to the fact that the
internal water droplets in the low polymer concentration
solution tend to coalesce together more easily. Thus, the
nonporous PS/PC composite hollow microspheres prepared
in this study may be ascribed to the suitable composite
concentration (5-15 wt%). To indicate the hollow struc-
ture, the PS/PC composite hollow microspheres were
incised. SEM images of the incised composite hollow
microspheres are shown in Fig. 3b, c. It can be observed
that a big cavity and some small cavities around the big one
are inside the microspheres. According to Gao’s work [21],
there was only a single cavity inside the microspheres. The
emulsion droplets with more than one inner micro-droplet
evolve toward honeycomb structure depending on the
formulation conditions [22]. The resulted small cavities in
this study can be attributed to the fact that the stirring rate
for the secondary emulsification is much smaller
(200-600 rpm) than that of the primary emulsification
(10000-20000 rpm) and therefore the diameter of the inner
microdroplets is much smaller than that of the emulsion
droplet [23], leading to the honeycomb structure.

Temperature of solvent evaporation

It is known from published work that the temperature of
solvent evaporation is a key parameter influencing the
preparation of the hollow microspheres because the rate of
volatile solvent removal from the solidifying microspheres
is controlled by the temperature [24, 25]. Higher temper-
atures will facilitate the evaporation of the solvent while
lower temperatures will prolong the preparation process.
The morphology of the composite hollow microspheres
prepared at temperatures of 42, 43, and 44 °C was exam-
ined while other preparation conditions were fixed.
Figure 4 shows that the size distribution of composite
hollow microspheres prepared at higher temperatures (43
and 44 °C) shifts toward the larger size compared to the
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Fig. 3 SEM images of the hollow microspheres (a) and the incised hollow microspheres (b, ¢)

microspheres prepared at 42 °C, and some broken frag-
ments can be observed. The resultant larger microspheres
are due to very rapid microsphere solidification with
insufficient mixing time to reduce droplet size. The gen-
erated fragments can be explained by following reason.
Previous study showed that after a thin polymer film was
precipitated at the interface, the remaining volatile solvent
evaporation may be hindered by this physical barrier [26].
Thus, when the temperature was too high, the pressure
applied on the polymer film was increased too much, which
would result in rupture of the freshly formed polymer wall.

Tap density of PS/PC composite hollow microspheres

Tap density is the apparent density of a volume of powder
obtained when its receptacle is tapped. The tap density of a
material can be used to predict its floatability and com-
pressibility. The influence of the concentration of com-
posite in oil phase on the tap density of hollow
microspheres was studied when the composite was

composed by 50 wt% PS and 50 wt% PC, and W, and W,
phases were kept invariant. Figure 5 shows that the tap
density of the composite hollow microspheres increased
with increasing the concentration of composite in oil phase
from 0.28 gecm™® at concentration of 5 wt% to
0.42 g cm™> at concentration of 11.7 wt%. This can be
explained by the fact that with increasing the concentration
of composite in oil phase, the volume fraction of the
internal aqueous phase in the primary W;/O emulsion was
decreased, resulting in composite hollow microspheres
with small hollow cavities and higher tap density. The tap
density of the prepared composite microspheres is much
lower than the density of raw PS (1.05 g cm ™) and PC
(1.21 g cm™>), which suggests the hollow structure of the
composite microspheres.

Particle size of PS/PC composite hollow microspheres

The relationship of the mean particle size of the composite
hollow microspheres and the concentration of composite in
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Fig. 4 SEM images of hollow microspheres prepared at temperature of 42(a), 43(b), and 44 °C(c)
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Fig. 5 Relationship between the concentration of composite in oil
phase and the tap density

oil phase is exhibited in Fig. 6. The concentration of

composite in oil phase was varied between 5 and 14.3 wt%
to study its effect upon the particle size, while the

@ Springer

L ]
500 /
| o
E 400
2
8 J °
[0}
§
2 300~
[0) |
(o)}
g /
[}
>
< 200 o
./
100 T T T T T T T T T T

6 8 10 12 14
The concentration of composite in oil phase (wt%)

Fig. 6 The effect of the concentration of composite in oil phase on
the average diameter

composite was composed by 50 wt% PS and 50 wt% PC,
and other reaction conditions were fixed. It reveals that the
mean diameter of composite hollow microspheres
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gradually increased from 135 to 528 um as the concen-
tration of composite in oil phase increased from 5 to
14.3 wt%. The increase in size of the hollow microspheres
with increasing composite concentration arised from the
higher viscosity of oil phase, inhibiting emulsifying pro-
cess when oil phase was emulsified into W, phase with
homogenization.

To indentify the effect of the stirring rate for the sec-
ondary emulsification on the mean diameter of the com-
posite hollow microspheres, the composite concentration
was fixed at 7 wt% while the stirring rate was varied
between 225 and 600 rpm. The effect of increasing the
stirring rate on the particle size is shown in Fig. 7. It shows
that the mean diameter of the composite hollow micro-
spheres decreased with increasing the stirring rate from
470 pm at 225 rpm to 13 pum at 600 rpm. This can be
explained by the fact that faster second emulsifying rotat-
ing speed dispersed W,/O droplets of smaller size into W,
resulting in W{/O/W, emulsion droplets with small size
and accordingly smaller hollow microspheres were formed.
This result is also confirmed by Yang’s work that high
stirring speed can reduce microsphere size [27]. However,
when the stirring rate was increased to 675 rpm, the hollow
microspheres could not be formed nearly. The image of the
product fabricated at 675 rpm is shown in Fig. 8. It can be
observed that there are few spherical microspheres but
many fragments. As a consequence of the immediate sol-
vent extraction, the polymer precipitation occurs instanta-
neously upon emulsification and a thin film builds up at the
interface. Thus, if the stirring rate is too fast, it may break
the thin formed polymer film before total solidification.
This is likely to be the reason for the broken hollow
microspheres.
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Fig. 7 The effect of the stirring rate for the secondary emulsification
on the mean diameter

Fig. 8 SEM image of the hollow microspheres prepared at 675 rpm

Thermal analysis of PS/PC composite hollow
microspheres

Figure 9 shows the DSC results of both pure PS hollow
microspheres and PS/PC-composite hollow microspheres.
For pure PS-hollow microspheres, the heat absorption peak
at about 363 °C is due to the decomposition of PS and the
strong heat absorption peak at 409 °C corresponds to fur-
ther decomposition of PS. For PS/PC-composite hollow
microspheres, the heat peak at 403 °C is attributed to the
decomposition of PS and PC.
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Fig. 9 DSC thermograms of PS (a) and PS/PC hollow microspheres
(b)
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Fig. 10 TG thermograms of PS (a) and PS/PC composite hollow
microspheres (b)

The thermal decomposition behavior of both pure PS
hollow microspheres and PS/PC-composite hollow micro-
sphere is shown in Fig. 10. The composite hollow micro-
sphere is composed by 50 wt% PS and 50 wt% PC.
Figure 10 shows that about 95 wt% of the total weight of
PS-hollow microspheres loss occurs between 358 and
435 °C owning to the fast thermal decomposition of PS
while 79 wt% the total weight of composite hollow
microspheres loss occurs in the same temperature range.
The results indicate that in the composite, the pyrolysis of
partial PC occurs, except the decomposition of most PS.
This may be due to an interaction between PS and PC in
the temperature range of 358-435 °C since there is no
noticeable weight loss for PC below 450 °C [28].

Conclusions

Nonporous polystyrene/polycarbonate (PS/PC)-composite
hollow microspheres were successfully fabricated by
microencapsulation method. SEM analysis showed that
there were a big cavity and some small cavities inside the
composite hollow microspheres. The hollow microspheres
prepared at 42 °C presented better morphology and smaller
size distribution compared with that prepared at higher
temperature of solvent evaporation. The tap density of the
composite  hollow  microspheres increased from
0.28 g cm™ > at composite concentration of 5 wt% in oil

@ Springer

phase to 0.42 g cm™> at concentration of 11.7 wt%. The
mean diameter of the composite hollow microspheres
increased with an increase in the concentration of com-
posite in oil phase and decreased with increasing the sec-
ond rotating speed. Thermal analysis showed that the
composite hollow microspheres were stable below 358 °C.
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