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Polystyrene (PS) was prepared using two different polymerization methods (dispersion polymer-
ization and seed polymerization) to investigate the steric stabilizer effect during the adsorption
process of carbon nanotubes (CNTs) on the surface of PS microspheres. Experiments with differ-
ent microsphere diameters and difference types of CNTs were conducted to analyze the curvature
effect of the spheres on the adsorption mechanism. The results showed that PS microspheres
prepared through dispersion polymerization exhibited preferable adsorption behavior compared to
PS spheres prepared through seed polymerization, suggesting that poly(N-vinylpyrrolidone) led to
improved adsorption interactions between the CNTs and the PS microspheres in the CNTs disper-
sion. Additionally, the PS diameter and CNT curvature were examined with respect to the adsorption
behavior between the PS microspheres and the CNTs. Multiwalled carbon nanotubes (MWCNTS)
were found to be well adsorbed on the surface of PS microspheres measuring 2 um. However,
the MWCNTs were adsorbed much less on the surface of submicron-sized PS microspheres, com-
pared with thinwalled carbon nanotubes (TWCNTs). On the other hand, TWCNTs were found to
be suitable for adsorption on submicron-sized PS microspheres. These results also indicate that
the curvature of the CNTs and the polymer microspheres are important to the CNT adsorption
process.
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1. INTRODUCTION

Carbon nanotubes (CNTs) have been the subject of
much research due to their unique electrical, thermal and
mechanical properties.!? Many of these outstanding prop-
erties can be best exploited through the incorporation the
nanotubes into some form of the matrix, and the prepa-
ration of composites materials containing CNTSs is now
a rapidly growing research subject. A number of stud-
ies have used carbon nanotubes as fillers in the polymer
matrix, and these polymer composites reinforced with car-
bon nanotubes are believed to have many potential uses in
engineering.

Melt compounding,* solution casting,* adsorption,® and
in-situ polymerization® methods have been employed to
prepare polymer/CNTs composites. Compared with other
methods, adsorption method can maintain morphology
of pristine polymer, and incorporate CNTs in selective
location.

Recently, polymer microspheres have attracted a great
deal of attention as substrates to carbon nanotube (CNT)
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adsorption.”® Multiwalled carbon nanotubes (MWCNTS)
with polymeric spheres have shown extra functional prop-
erties, including increased mechanical properties.® Jin et al.
created polymer/MWCNTSs microspheres that showed elec-
trorheological properties via adsorption method.'® Jung
et al. researched the location-selective incorporation of
MWCNTs in polycarbonate microspheres.!! These micro-
spheres incorporated MWCNTs in selective locations so
that they exhibited high electrical conducting properties at
low concentration. Additionally, polymer/CNT composites
have been prepared through an adsorption method using
various polymer forms (fiber, film etc.). Kim et al. prepared
electrically conductive polyamide-6 nanofibers that were
coated with MWCNTs through electrospinning.'? Saran
et al. created an extremely simple method for obtain-
ing thin, strongly adherent films of SWCNTs bundles
on flexible, transparent plastic substrates of poly(ethylene
terephthalae).'> Kaempgen et al. researched CNTs thin net-
works that were sprayed onto glass or plastic substrates in
order to obtain a conductive transparent coating.'*

This work demonstrates that the adsorption behavior of
CNTs onto substrates is related to the properties of the
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substrate and the CNTs. Two polymerization methods were
employed to form microspheres with different chemical
properties to analyze the chemical effect on the adsorp-
tion property. Films and microspheres were prepared as
polymeric substrates, and thinwalled carbon nanotubes
(TWCNTs) were used in comparisons with MWCNTs.

2. EXPERIMENTAL DETAILS

The acid-treated CNT-dispersed aqueous solution was
prepared using a previously published process.!® !
Carboxylic and hydroxyl functional groups were intro-
duced on the surface of the MWCNT during the purifi-
cation process.'® The polystyrene (PS) microspheres
were synthesized with 2,2-azobisisobutyronitrile (Junsei,
Japan) using a well-established dispersion polymeriza-
tion method in an ethanol medium for 24 h at 70 °C.
Poly(N-vinylpyrrolidone) (PVP-40T; Sigma Chemical Co.)
was used as a steric stabilizer. The polymerization process
was carried out in a 500 mL three-neck reaction vessel
at a constant stirring speed of 150 rpm under a nitro-
gen atmosphere. After the polymerization was complete,
the resulting mixture was repeatedly rinsed with methanol
and distilled water and the final PS microspheres were
subsequently obtained through filtration. Stabilizer-free PS
microspheres were synthesized using the seed polymeriza-
tion method. The polymerization procedure was conducted
in a reaction flask that was mechanically stirred under
a nitrogen atmosphere. Distilled water and styrene with
the inhibitor removed were added to the reaction flask,
and potassium persulfate (KPS, DC chemical Co., Korea)
was used as an initiator. After polymerization, additional
styrene and water were charged in the reactor. The poly-
merization process was conducted at 350 rpm and 60 °C.
Upon completion of this process, the obtained PS micro-
spheres were washed with methanol and dried under a
vacuum for 24 h.!” The adsorption of CNT on the surface
of microspheres was performed using described procedure
in a previous work.!°

The surface morphology of the microspheres was
observed wusing field emission scanning electron
microscopy (FESEM, S-4300 with EDS KEVEX, Hitachi,
Japan) at an accelerating voltage of 15 kV. The chemical
structures of the prepared microspheres were charac-
terized using a Fourier transform infrared spectrometer
(FT-IR, Spectrum 2000, Perkin-Elmer, USA). Elemen-
tal analysis of the microspheres was performed using
EA1110 (CE instrument, Italy) at the National Center
for Inter-University Research Facilities of Seoul National
University, Seoul, Korea.

3. RESULTS AND DISCUSSION

Figure 1 shows the different surface morphologies of
the MWCNT-adsorbed microspheres via FESEM. These
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microspheres were prepared using dispersion and seed
polymerization methods. Figure 1(a) shows that a large
number of MWCNTs were adsorbed on the PS micro-
sphere surface prepared using the dispersion polymeriza-
tion method. On the other hand, Figure 1(b) shows that
a small amount of MWCNTs were adsorbed on the PS
microsphere surface prepared via the seed polymerization
method. These results may be related to the differences in
the chemical properties caused by the different polymer-
ization methods.

The chemical properties of the PS microspheres were
analyzed using an FT-IR spectrometer in both cases
(Fig. 2). A C=0 peak was observed at 1670 cm~' due
to the presence of PVP in the PS sphere. Therefore,
the PVP was not completely washed off the prepared
PS microspheres, indicating that the PVP had grafted to
the PS molecules. Thus, the behavior observed in the
case of the extrapolated initial intercepts may have been
caused by the formation of an in-situ-grafted PVP-PS
copolymer upon the initiation process during the nucle-
ation stage.'® Additionally, Table I shows the elemental
analysis results for PS microspheres formed through both
dispersion and seed polymerization after seed polymeriza-
tion. Therefore, PVP molecules were present in the PS
microspheres prepared using the dispersion-polymerization
method. These results show that CNTs were well adsorbed

Fig. 1. FESEM images of the MWCNT-adsorbed (a) dispersion-
polymerized microspheres and (b) seed-polymerized microspheres.
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Fig. 2. FT-IR spectra of (a) seed-polymerized PS, (b) dispersion-
polymerized PS and (c) PVP.

on dispersion-polymerization PS microspheres without
additional processes.

In Figure 2 and Table I, the dispersion-polymerized
PS spheres contained some residual PVP because the
PVP reacted with the styrene monomer during dispersion
polymerization.'® Therefore, the dispersion-polymerized
PS microspheres showed a weak positive charge in water
(Table II). On the other hand, the seed-polymerized PS
spheres exhibited a strong negative charge in water. These
differences in the zeta potential values were caused by the
presence of PVP on the surface of PS microspheres. There-
fore, the presence of the stabilizer on the surface of the
microspheres was one of the critical factors that caused
the dispersion-polymerized PS microspheres to exhibit less
electrostatic repulsion to CNTs compared to the seed-
polymerized PS microspheres. Additionally, microspheres
were prepared using the seed-polymerization method to
minimize the effect of the stabilizer.’ The adsorption of
MWCNTs onto the surface of the microspheres was related
to the electrostatic interaction between the PS micro-
spheres and the MWCNTs. Therefore, MWCNTSs were not
adsorbed onto the seed-polymerized PS microspheres as
a consequence of electrostatic repulsion. For this reason,
the zeta potential values of the MWCNTs and the PS
microspheres had a considerable impact on the MWCNT
adsorption characteristics.

Figure 3 shows the adsorption results of polymer
matrices with different shapes. These samples were pre-
pared using the dispersion-polymerized PS microspheres.

Table I. Elemental analysis of the PS microspheres for the different
polymerization methods.

N@®)  C(%)  H(%)

Dispersion-polymerized PS spheres 0.15 92.05 7.80
Seed-polymerized PS spheres — 92.16 7.84
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Table II. Zeta potential value of the MWCNTs and the PS
microspheres.

Sample name Zeta potential (mV)

Received MWCNTs 0.36
Acid-treated MWCNTs —16.23
Seed-polymerized PS microspheres —19.55
Dispersion-polymerized PS microspheres +0.12
PVP +1.39

In Figure 3(a), a large amount of MWCNTSs was adsorbed
on the surface of the PS microspheres. However, for PS
film prepared by using a solvent casting method with
tetrahydrofuran, the CNTs were only slightly adsorbed
(Fig. 3(b)). The different adsorption behavior of the poly-
meric spheres and films was influenced by the shape of
the polymer substrate. Generally, MWCNTs have curved
structures. Therefore, MWCNTSs have a larger curved sur-
face contact area than a flat surface contact area. There-
fore, the MWCNTSs were more stably adsorbed onto the
curved surface than they were onto the flat surface.

On the other hand, PS microspheres with different diam-
eters were prepared to determine the relationship between
the microsphere diameter and the adsorption behavior.
Figure 4 shows the adsorption behavior of two kinds
of CNTs which have different diameters and the PS

Fig. 3. FESEM images of (a) the MWCNT-adsorbed dispersion-
polymerized PS microspheres and (b) the MWCNT-adsorbed film cre-
ated using the solvent casting method with dispersion-polymerized PS
microspheres.
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Fig. 4. FESEM images of (a) the MWCNT-adsorbed PS microspheres
and (b) the TWCNT-adsorbed PS microspheres. The diameters of the PS
microspheres were 0.7 um.

microspheres. In Figure 3(a), the MWCNTSs were densely
adsorbed onto the surface of the ~2 um PS. However,
fewer MWCNTSs were adsorbed onto the ~700 nm PS
microspheres (Fig. 4(a)). Figures 3(a) and 4(a) show that
the MWCNTSs are more densely adsorbed on the ~2 um
PS microspheres than on the submicron-sized PS micro-
spheres. However, Figure 4(b) showed the thin-walled car-
bon nanotubes (TWCNTS) were feasibly adsorbed by the
submicron-diameter microspheres. Thus, TWCNTSs were
adsorbed more densely onto the microspheres compared
to the MWCNTs.2! The diameter of the TWCNTS ranged
from 4 to 8 nm. From these results, the MWCNTs are suit-
able for ~2 um PS microspheres and the TWCNTSs are
suitable for the submicron-sized PS microspheres due to the
curvature of the CNTs. The adsorption of the CNTs can be
improved by selecting an adequate diameter for the CNTs.
Therefore, the compatibility between the substrates and the
CNTs was believed to depend on the curvature points.

4. CONCLUSION

Polymer/CNTs nanocomposites can be simply prepared in
CNT dispersion using an adsorption method. Therefore,
this work examined the adsorption behavior between the
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polymer matrix and the CNTs in aqueous system. PS
microspheres were prepared using two different polymer-
ization methods to investigate the steric stabilizer effect
during the adsorption process. The PS microspheres pre-
pared through dispersion polymerization were preferable to
the PS microspheres prepared through seed polymerization
in terms of CNT adsorption on their surfaces. Additionally,
the sizes of the PS microspheres and the diameters of the
CNTs were also considered with respect to the adsorption
behavior between the microspheres and the CNTs.

Acknowledgment: This work was supported by the
Korea Science and Engineering Foundation (KOSEF)
through the SRC/ERC Program of MOST/KOSEF (R11-
2005-06) and the Industrial technology development pro-
gram of the Ministry of Knowledge Economy (MKE) of
Korea.

References and Notes

1. R. H, Baughman, C. X. Cui, A. A. Zakhidov, Z. Igbal, J. N. Barisci,
G. M. Spinks, G. G. Wallace, A. Mazzoldi, D. De Rossi, A. G.
Rinzler, O. Jaschinski, S. Roth, and M. Kertesz, Science 284, 1340
(1999).

2. M. F. Yu, O. Lourie, M. J. Dyer, K. Moloni, T. F. Kelly, and R. S.
Ruoff, Science 287, 637 (2000).

3. H. Meng, G. X. Sui, P. F. Fang, and R. Yang, Polymer 49, 610 (2008).

4. J.-1. Lee, S.-B. Yang, and H.-T. Jung, Macromolecules 42, 8328
(2009).

5. Y. Kim, H.-S. Kim, H. Bak, Y. S. Yun, S. Y. Cho, and H.-J. Jin,
J. Appl. Polym. Sci. 114, 2864 (2009).

6. M. Kang, S. J. Myung, and H. J. Jin, Polymer 47, 3961 (2006).

7. S.-M. Kwon, H.-S. Kim, S. J. Myung, and H.-J. Jin, J. Poly. Sci.
Part B: Polym. Phys. 46, 182 (2008).

8. K. Zhang, J. Y. Lim, B. J. Park, H.-J. Jin, and H. J. Choi, J. Nanosci.
Nanotechnol. 9, 1058 (2009). -

9. H.-S. Kim, S. J. Myung, R. Jung, and H.-J. Jin, J. Nanosci.
Nanotechnol. 7, 4045 (2007).

10. H. J. Jin, H. J. Choi, S. H. Yoon, S. J. Myung, and S. E. Shim,
Chem. Mater. 17, 4034 (2005).

11. R. Jung, W. L. Park, S. M. Kwon, H. S. Kim, and H. J. Jin, Polymer
49, 2071 (2008).

12. H. S. Kim, H. J. Jin, S. J. Myung, M. Kang, and I. Chin, Macromol.
Rapid Commun. 27, 146 (2006).

13. N. Saran, K. Parikh, D. S. Suh, E. Munoz, H. Kolla, and S. K.
Manohar, J. Am. Chem. Soc. 126, 4462 (2004).

14. M. Kaempgen, G. S. Duesberg, and S. Roth, Appl. Surf. Sci. 252, 425
(2005).

15. H. S. Kim, M. Kang, W. I. Park, D. Y. Kim, H. S. Lee, and H. J.
Jin, Mod. Phys. Lett. B 25, 2493 (2008).

16. J. Chen, M. A. Hamon, H. Hu, Y. Chen, A. M. Rao, and P. C.
Eklund, Science 282, 95 (1998).

17. S. E. Shim, H. Jung, H. Lee, J. Biswas, and S. Choe, Polymer
44, 5563 (2003).

18. D. Wang, V. L. Dimonie, E. D. Sudol, and M. S. El-Aasser, J. Appl.
Polym. Sci. 84, 2721 (2002).

19. H. R. Sheu, M. S. El-Aasser, and J. W. Vanderhoff, J. Polym. Sci.,
Polym. Chem. Ed. 28, 629 (1990).

20. S. E. Shim, Y. J. Cha, J. M. Byun, and S. J. Choe, Appl. Polym. Sci.
71, 2259 (1999).

21. H. S. Lee and C. H. Yun, J. Phys. Chem. C 112, 10653 (2008).

Received: 14 November 2009. Accepted: 26 March 2010.

1671

3710114V HOHV3S3H


http://www.ingentaconnect.com/content/external-references?article=0032-3861(2003)44L.5563[aid=8047719]
http://www.ingentaconnect.com/content/external-references?article=0032-3861(2003)44L.5563[aid=8047719]
http://www.ingentaconnect.com/content/external-references?article=0032-3861(2003)44L.5563[aid=8047719]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1998)282L.95[aid=1976742]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1998)282L.95[aid=1976742]
http://www.ingentaconnect.com/content/external-references?article=0169-4332(2005)252L.425[aid=8540740]
http://www.ingentaconnect.com/content/external-references?article=0169-4332(2005)252L.425[aid=8540740]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(2004)126L.4462[aid=7289046]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(2004)126L.4462[aid=7289046]
http://www.ingentaconnect.com/content/external-references?article=1022-1336(2006)27L.146[aid=8048985]
http://www.ingentaconnect.com/content/external-references?article=1022-1336(2006)27L.146[aid=8048985]
http://www.ingentaconnect.com/content/external-references?article=1022-1336(2006)27L.146[aid=8048985]
http://www.ingentaconnect.com/content/external-references?article=0897-4756(2005)17L.4034[aid=8047720]
http://www.ingentaconnect.com/content/external-references?article=0897-4756(2005)17L.4034[aid=8047720]
http://www.ingentaconnect.com/content/external-references?article=1533-4880(2007)7L.4045[aid=8538999]
http://www.ingentaconnect.com/content/external-references?article=1533-4880(2007)7L.4045[aid=8538999]
http://www.ingentaconnect.com/content/external-references?article=1533-4880(2007)7L.4045[aid=8538999]
http://www.ingentaconnect.com/content/external-references?article=1533-4880(2009)9L.1058[aid=9429779]
http://www.ingentaconnect.com/content/external-references?article=1533-4880(2009)9L.1058[aid=9429779]
http://www.ingentaconnect.com/content/external-references?article=1533-4880(2009)9L.1058[aid=9429779]
http://www.ingentaconnect.com/content/external-references?article=0887-6266(2008)46L.182[aid=8936622]
http://www.ingentaconnect.com/content/external-references?article=0887-6266(2008)46L.182[aid=8936622]
http://www.ingentaconnect.com/content/external-references?article=0887-6266(2008)46L.182[aid=8936622]
http://www.ingentaconnect.com/content/external-references?article=0032-3861(2006)47L.3961[aid=8538997]
http://www.ingentaconnect.com/content/external-references?article=0032-3861(2006)47L.3961[aid=8538997]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2000)287L.637[aid=5363338]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2000)287L.637[aid=5363338]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1999)284L.1340[aid=1840214]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1999)284L.1340[aid=1840214]

