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The synthesis of multi-walled carbon nanotube/polystyrene composites, with nanotube concentrations
0f 0.04, 0.08 and 0.16 wt%, was carried out by in situ bulk-suspension polymerization with the assistance
of sonication. By using this method both encapsulation and exfoliation of the nanotubes into the polymer
host were achieved. Evidence of significant nanotube fragmentation was found by scanning electron
microscopy; the cause of such fragmentation was attributed to the induction of strong cavitation due to
the application of ultrasound during the synthesis. Infrared spectroscopy showed no evidence of the
formation of covalent bonds between the nanotubes and the polystyrene during the process of synthesis.
The thermal stability was not improved by the inclusion of the nanotubes, it was attributed to the low
nanotube concentrations; however, composites glass transition temperature showed improvements.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) are of great interest due to their
potential applications in different fields of science and technology.
They offer a combination of mechanical, electrical, and thermal
properties that no other material has displayed before (Coleman
et al.,, 2006). The integration of CNT/polymer composites has been
focused on the improvement of mechanical and electrical proper-
ties of the matrix (Ramanathan et al., 2005; Frankland et al., 2003;
Eitan et al., 2006); however, in order to take advantages of such
properties CNTs have to be both compatible and intimately
dispersed within the polymer host. Nevertheless, due to strong van
der Waals forces, CNTs have a great tendency to self-aggregate (Hill
et al, 2002; Park et al., 2005). Several strategies have been
employed to improve both compatibility and dispersion of CNTs
into polymer matrixes (Sandler et al., 2003; Xie et al., 2005; Shen
et al,, 2005; Lee et al., 2006).

Several studies have shown that in situ polymerization is a
reliable method for obtaining CNT/polymer composites (Funck and
Kaminsky, 2007; Zhao et al., 2005), with the advantage of
improving interfacial interaction to impart compatibility and to
maximize CNT dispersion. In particular, the techniques of
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polymerization in dispersed media have been successfully applied
to encapsulate nanomaterials into polymer matrixes; with the
most successful being miniemulsion polymerization, which
provides proper conditions to integrate either organic or inorganic
nanoparticles with the polymer matrix (Tiarks et al., 2001; Lopez-
Martinez et al.,, 2007; Zhang et al.,, 2005; Erdem et al., 2000).
Nevertheless, considering the typical aspect ratios of CNTs (length/
diameter) encapsulation by miniemulsion polymerization seems
to be quite difficult; it would be like trying to introduce a baseball
bat into a baseball ball. Reports have shown that in composites
obtained via miniemulsion polymerization, the interaction
between CNTs and polymer particles has been basically the
adhesion of the polymer particles along the surface of the CNTs
(Park et al., 2005; Vandesvorst et al., 2006; Yu et al., 2005; Ham
et al.,, 2005). Therefore, miniemulsion polymerization or even
conventional emulsion polymerization seems to be not the proper
techniques to encapsulate CNTs; thus, some other options should
be explored.

In this study the synthesis and the characterization of multi-
walled carbon nanotube/polystyrene composites, via scanning
electron microscopy and other techniques, is reported. In situ bulk-
suspension polymerization assisted by sonication was used as the
technique of synthesis, since the typical diameter of particles
obtained through this technique is appropriate to perform an
actual encapsulation of multi-walled carbon nanotubes (MWCNTS)
into the matrix of polystyrene (PS).



622 E.A. Zaragoza-Contreras et al. / Micron 40 (2009) 621-627

2. Experimental
2.1. Materials

MW(CNTs were used without any treatment; their synthesis
and characterization was reported previously (Aguilar-Elgueza-
bal et al., 2006). Styrene monomer (Aldrich Co.) was freshly
distilled under vacuum before polymerization. Nonionic surfac-
tant OP4070 (Canamex), carboxy methyl cellulose, and sodium
bicarbonate (Aldrich Co.) were used as delivered. The free radical
initiator 2,2-azobisisobutironitrile (Akzo Nobel) was recrysta-
lized from methanol.

2.2. Encapsulation

MWCNT encapsulation was performed by in situ bulk-suspen-
sion polymerization. The procedure was the following: first, the
MWCNTs (0.04, 0.08, 0.16 wt%) and the monomer (20 g) were fed
to the reactor followed by application of ultrasound (2510
BRANSON ultrasonic with output of 42 kHz + 6%) for 15 min. Then
the temperature was raised to 60 °C and 2,2-azobisisobutironitrile
(0.2 g) was added in order to initiate the bulk polymerization stage.
Ultrasound and mechanical agitation were applied permanently to
avoid nanotube reaggregation. After 105 min of polymerization a
solution of OP4070-water-carboxy methyl cellulose (80 mL), pre-
viously bubbled with nitrogen for 15 min and heated at 70 °C, was
loaded to the reactor. Sonication was maintained for 20 min longer in
order to disperse the MWCNT/polystyrene molasses into the aqueous
phase. The suspension polymerization stage was left to continue for
4 h in order to reach a high conversion. In all cases the polymeriza-
tion’s final products were millimeter-scale pearls. A blank of
polystyrene was prepared, for comparison purposes, under the same
conditions as the composites.

2.3. Characterization

MW(CNT/polystyrene composites were characterized by a field
emission electron microscope Jeol JSM-7401F. Before character-
ization, composite particle samples were washed with boiling
tridistilled water in order to remove both the surfactant and colloid
protector from the particle’s surface. FTIR spectra of the
composites were obtained using a Nicolet Magna IR Fourier
Transform Spectrophotometer. Differential scanning calorimetry
thermograms were run in a TA Instruments DSC Q200. Glass
transition temperatures (Tg) were taken after a process of erasing
thermal memory of the sample, which consisted in heating the
samples from room temperature to 200 °C, at a heating rate of
10 °C/min under air atmosphere; then the samples were cooled to
40 °C and heated again to 200 °C under the same conditions. All Ty
measurements were recorded from the second heating process.
Themogravimetric analysis was carried out with a TA Instruments
SDT Q600 equipment under air atmosphere and a heating rate of
10 °C/min. Storage modulus evaluations were run in a TA
Instruments RSA III, in which a temperature sweep was carried
out from 40 to 200 °C at fixed frequency and strain of 1 Hz and
0.1 mm respectively.

3. Results and discussion
3.1. Polymerization

During composite’s synthesis two aspects were important: first,
the bulk polymerization allowed an intimate dispersion of the
MWCNTs into the polystyrene with the assistance of ultrasound. It
is known that at high conversion bulk polymerization exhibits high
viscosity and is not easy to handle. Thus the bulk polymerization

was only allowed to a conversion close to 30-35% (105 min); at
times greater than 105 min (higher conversions) the viscosity was
so high that the dispersion of the polymer molasses was so difficult
and the polymer precipitated during suspension polymerization.
Second, the polystyrene molasses (bulk polymerization) was
dispersed into the aqueous phase with the aid of mechanical
agitation and ultrasound; 4 h of suspension polymerization were
needed to obtain solid composite particles. With decreased time
(<3 h) monomer conversions were not high enough and the
composite particles were still too soft and precipitation occurred.

3.2. Microscopy

Fig. 1 shows a SEM micrograph of the MWCNTSs used in this
study. They present typical diameters between 70 and 110 nm and
a length of 120-140 pwm (Aguilar-Elguezabal et al., 2006), which
gives an average aspect ratio (length/diameter) around 1400. Fig. 2
depicts SEM micrographs of the surface of MWCNT/PS composite
particles with the three nanotube concentrations (0.04, 0.08,
0.16 wt%). As can be seen the dispersion of the MWCNTSs in the
surface of the composite particles was evident; it was also
observed a higher density of nanotubes as the nanotube
concentration increased. However, the most remarkable charac-
teristic of these micrographs was the visible short length of the
nanotubes, which was apparently below to 10 pwm. Several reports
have shown such phenomenon could be due either to composite
method of preparation or to nanotube chemical modification.
Potschke et al. (2004) reported that the apparently small size of
MWCNTs, dispersed in polycarbonate by mechanical mixing, was a
visual effect since only partial sections of individual MWCNTs were
visible; i.e., parts of the nanotubes were not seen because they
were inside the matrix. However, they considered it not unlikely
that sample preparation had caused fractures. Gojny et al. (2006)
observed a reduction of nanotube length in carbon nanotube/
epoxy composites prepared by mechanical mixing. In this report,
length reduction was attributed to the amino-functionalization
process on the MWCNTs. Lu et al. (1996) reported that the
dispersion of carbon nanotubes in a solvent, by means of
ultrasound, produced a very high concentration of defects which
became worse with longer periods of sonication, causing
progressive nanotube degradation. Gibson et al. (2007) reported
that nanotube damage was directly related to sonication time, they
found that most length reduction occurred during the first 5 min of
sonication. Saito et al. (2002) reported MWCNT fragmentation to
lengths shorter than 1 wm by applying sonication in mixtures of
sulfuric and nitric acid.

X50,000 WD28mm  100nm

CIMAY Sb:60 SEM SEI 3.0kV

Fig. 1. Micrograph of the MWCNTSs as obtained from the synthesis.
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Fig. 2. SEM images of the MWCNTs dispersed on the surface of the composite
particles: (a) 0.04 wt%, (b) 0.08 wt% and (c) 0.16 wt%.

In the present study cavitation, induced by sonication, seemed
to be the cause for MWCNT fragmentation as reported by Lu et al.
(1996). However, to provide a clearer vision of nanotube
degradation due to cavitation or to confirm that nanotube short
length was only a visual effect, due to nanotube curved structure,
as suggested by Potschke et al. (2004), composite particles with the
three nanotube concentrations were fractured (frizz-fracture) and
analyzed by SEM in order to observe both nanotubes distribution
and nanotubes length in the bulk of the composite particles
(Fig. 3(a-c)). As expected, MWCNTs were more abundantly
observed with the higher concentration of nanotubes; the
nanotubes were observed randomly dispersed with a more

(a)

®

CIMAY S SEM LEI WD 8.0mm Tum

CIMAY S S LEI 1.0kV X7,500 WD 79mm Tum

(c)

CIMAV S| 1.0kV X5000 WD29mm Tum

Fig. 3. SEM micrographs of the freeze fracture of the MWCNT/PS composite with (a)
0.04 wt%, (b) 0.08 wt% and (c) 0.16 wt%.

abundant presence in the regions close to the surface. In respect
to nanotubes length in particular in Fig. 3(c), thanks to the way as it
broke, it allowed to observe much better the nanotubes in the
fracture; however, MWCNT length was not enough clear to let to
emit a conclusion, since one extremity (or both) of the nanotubes
was sunk into the matrix. So as to obtain more solid evidence some
composite particles were solved in THF and the MWCNTs observed
by SEM. Fig. 4 shows a micrograph of the MWCNTSs extracted as
mentioned, in this case there was no doubt about nanotubes
length, since they were observed complete. It was found that the
nanotubes presented lengths in the range of 2-15 wm; which
implicated a dramatic length reduction compared with the original
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CIMAY 5b:60 GB-L SEI 40KV X4,000 WD 64mm 1um

Fig. 4. Image of the MWCNTSs obtained from the dissolution in THF of a sample of
composite particles with 0.16 wt% of nanotubes.

X10,000 WD B6.1mm 1um

CIMAV Sh60 SFM SFI 40KV

Fig. 5. Micrograph of pristine MWCNTs after the application of 105 min of
sonication in toluene.

size (120-140 pm). Thus, MWCNT degradation took place
definitely as a consequence of the process of synthesis. Addition-
ally, a sample of pristine MWCNTs was exposed to sonication (in
toluene) for 105 min at room temperature; this period was the
time taken during the processes of bulk polymerization. Fig. 5
shows a SEM micrograph of the MWCNTSs after sonication. As can
be observed, the nanotubes also suffered from a significant length
reduction; as a matter of fact the nanotubes observed in both
samples (Figs. 4 and 5) show comparable dimensions. These results
let us to conclude that sonication applied during bulk polymeriza-
tion stage was definitely the cause for MWCNT degradation.

As a complementary remark it must be mentioned that during
SEM characterization it was found evidence of the wettability of
the MWCNTs with the matrix; that is, the impregnation of
polystyrene onto the surface of the MWCNTSs. Fig. 6 illustrates a
micrograph of surface fracture of composite particles; it is clear
that the nanotubes are covered by a thick layer of polystyrene. In
this figure is perfectly observed that the extremities of some
nanotubes are exposed, which are very thin in comparison to the
rest of the body. Ding et al. (2003) reported similar observations
during the preparation of nanotube-polycarbonate composites;
they attributed this feature to the substantial interaction
nanotube-polymer. In the present study it is believed that,

CIMAV SC  SEM LEI 20KV X15000 WD 8.1mm Tum

Fig. 6. Evidence of the wettability of the polystyrene matrix on the surface of the
MWCNTs.

according to the method of synthesis, the polystyrene layer was
deposited during bulk polymerization stage. The presence of such
layer onto the MWCNTs surface evidences the good surface
compatibility between nanotubes and polystyrene as has been
reported in the literature (Hinds et al., 2004; Qian et al., 2000).

3.3. FTIR

Fig. 7 shows the FTIR spectrum of the MWCNT/PS composite
with 0.16 wt% of nanotubes (a) and the spectrum of pure
polystyrene used as the blank (b). Only one composite spectrum
was presented since the three of them were identical. As can be
seen both spectra presented the same signals, which corresponded
to the polystyrene structure described as follows: the peaks
between 3000 and 3100 cm~! that correspond to the bands of
stretching of the group C-H of the aromatic ring; between 1600
and 2000 cm™! the overtones of the phenyl ring substitution; in
685 and 870 cm ! the bands of phenyl ring substitution; in 1602,
1500 and 1450 cm™! the bands of stretching of the group C=C of
the aromatic ring; in 2928 and 2950 cm™! the bands of stretching
of the groups C-H of the polymer chain. Literature indicates that in
similar systems using also AIBN as the initiator and bulk or
suspension polymerization, the presence of new signals has been
observed. Park et al. (2005) prepared composites of poly(methyl
methacrylate)/ MWNT via in situ bulk polymerization and suspen-
sion polymerization. They found a new peak at 1650 cm™! which
was attributed to the formation of C-C bonds between MWCNT
and the poly(methyl methacrylate). Blond et al. (2006) reported
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Fig. 7. FTIR spectra of pure polystyrene and MWCNT/PS composite with 0.16 wt%.
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the grafting of poly(methyl methacrylate) onto MWCNTSs. They
performed the grafting by bulk polymerization using AIBN as the
initiator; they observed a new peak in 1622 cm™! in the spectrum
of FTIR of the treated MWCNTSs, this signal corresponds to the C-O
groups in the poly(methyl methacrylate) and represented the
evidence of the grafting. Park et al. (2005) obtained MWCNT/PS
composites by suspension polymerization using AIBN as the
initiator. They observed two new peaks, at 1630 and 991 cm !, in
the FTIR spectrum of the composite, which increased with the
increase of nanotube content. The presence of these two peaks was
attributed to a C=C group and an aryl C-H bond observed in the
monomer (styrene) not in the polymer, which in turn indicated
that the nanotubes participated in styrene polymerization and
consumed initiator. Dehonor et al. (2005) reported the grafting of
polystyrene on N-doped multi-walled carbon nanotubes (CN,) via
nitroxide mediated free radical polymerization. In this study the
spectrum of FTIR of the composite PS-CN, showed no new peak(s);
however, with the assistance of other characterization techniques,
the authors stated that the polymer grafted covalently on the
nanotubes. Wang et al. (2007) reported the grafting of poly-
acrylamide on single-walled carbon nanotubes via RAFT mediated
free radical polymerization. They observed basically the char-
acteristic peaks of the polyacrylamide and the RAFT agent in the
spectrum of FTIR of the composite, and no new peaks; however, the
analysis by Raman spectroscopy indicated the grafting reaction. In
the present study no change was observed in the spectrum of FTIR
of the composites, which let us to speculate first, that no reaction
occurred between the polystyrene and the nanotubes even though
the styrene, the MWCNTs and the AIBN were in direct contact
during almost 6 h with similar conditions as in the cited literature
and second, that FTIR spectroscopy, under the present conditions,
does not provide the proper information to establish whether or
not some reaction between the polystyrene and the nanotubes
occurred.

3.4. Thermal analysis

In order to study the effect of the MWCNTSs on the thermal
properties of the MWCNT/PS composites tests of thermogravi-
metric analysis (TGA) and differential scanning calorimetry (DSC)
were run. DSC analysis was performed in order to determine the
effect of the variation of MWCNT concentration (0.04, 0.08,
0.16 wt%) on polystyrene glass transition temperature (Tg) (Fig. 8).
In this figure can be noticed that the pure polystyrene exhibits a
heat flow change at approximately 88.9 °C, corresponding to the T,
of polystyrene. On the other hand, the thermograms of the three
MW(CNT/PS composites displayed a small and similar increment in
the T, (5-6 °C) in comparison to the pure polystyrene. The gain in
T,, even though was somewhat discrete, was attributed to a high
interfacial area of interaction between the nanotubes and the
matrix, which reduced the mobility of the extreme polymer chain
segments. This observation could be taken as a manifestation of
compatibility between the carbon nanotubes and the polystyrene
matrix, which is in accordance with the literature (Hinds et al.,
2004; Qian et al., 2000). It is believed that the amounts of MWCNT
used in experimentation were too small to produce a more
representative effect on the T, It is worth mentioning that
reductions in Ty in carbon nanotube/polymer composites cova-
lently grafted have been attributed to polymer low molecular
weight (Shieh et al., 2005; Xu et al., 2006).

The TGA traces for the composites with the three nanotube
concentrations (0.04, 0.08, 0.16 wt%) and pure polystyrene are
shown in Fig. 9. As can be seen the four samples displayed a
similar behaviour, with a temperature of degradation close to
377 °C; that is, there were no a significant effect of nanotube
concentration on the composites’ thermal degradation. Litera-

0.0
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Fig. 8. DSC heating scan of (a) pure polystyrene and MWCNT/PS composites with (b)
0.04 wt%, (c) 0.08 wt¥% and (d) 0.16 wt%.

ture indicates increments in thermal degradation stability in
nanotube/polystyrene composites in particular at nanotube
concentrations higher than those used in the present study, or
when the nanotubes and the polymer were bonded covalently
(Costache et al., 2007; Kim et al., 2007; Zhang et al., 2006; Qin
et al,, 2004). Form thermal characterization can be concluded
that even though there was no a perceivable effect on thermal
stability, due to the low nanotube concentration used, there is
compatibility between the nanotubes and the polystyrene as
showed by the gain in T,.

3.5. DMA

The analysis of the storage modulus curves is very useful in
determining the performance of a material under stress and
temperature. Fig. 10 displays the dynamic mechanical spectra
(storage modulus, E) as function of temperature for pure
polystyrene and the MWCNT/PS composites. It can be seen that
the storage modulus of the MWCNT/PS composites at 0.04 and

0.08 wt% showed a minimum increment as compared to the pure
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Fig. 9. TGA traces of pure polystyrene and MWCNT/PS composites with 0.04, 0.08
and 0.16 wt%. The curves are overlapped.
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Fig. 10. DMA spectra for pure polystyrene and MWCNT/PS composites with 0.04,
0.08 and 0.16 wt%.

polystyrene; however, with the highest nanotube loading
(0.16 wt%) the improvement in thermo-mechanical stability was
clear, since an increment of almost 10°C was observed. This
increments, even though with the lower nanotube concentrations
was small, in combination with the results of DSC and microscopy
are an indication of the high compatibility between the MWCNT
and the polystyrene matrix.

4. Conclusions

In situ bulk-suspension polymerization assisted by sonication
allowed the dispersion and exfoliation of the MWCNTSs in the
polystyrene host; however, even though sonication was an
excellent way to disperse the MWCNTs into the polymer matrix,
it also caused considerable nanotube degradation, which was
evident by scanning electron microscopy. The characterization by
infrared spectroscopy indicated no chemical reaction between the
MWCNTs and the matrix, since no new peaks appeared in the
spectrum. Thermogravimetric analysis showed no effect of
MWCNTs on degradation temperature; however, glass transition
temperature presented a small increase, which was related to high
interfacial compatibility between polystyrene and the MWCNTs.
This assumption was supported by DMA analysis, since increments
in the storage modulus were observed, indicating the occurrence of
thermo-mechanical reinforcement, which was once again related
to high interfacial compatibility.
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