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ABSTRACT: Multiwalled carbon nanotube/polycaprolac-
tone nanocomposites (MWNT/PCL) were prepared by
in situ polymerization, whereby as-received MWNTs (P-
MWNTs) and purified MWNTs (A-MWNTs) were used as
reinforcing materials. The A-MWNTs were purified by nitric
acid treatment, which introduced the carboxyl groups
(COOH) on the MWNT. The micrographs of the fractured
surfaces of the nanocomposites showed that the A-MWNTs
in A-MWNT/PCL were better dispersed than P-MWNTs
in PCL matrix (P-MWNT/PCL). Percolation thresholds of
the P-MWNT/PCL and A-MWNT/PCL, which were stud-
ied by rheological properties, were found at �2 wt % of
the MWNT. The conductivity of the P-MWNT/PCL was
between 10�1 and 10�2 S/cm by loading of 2 wt % of

MWNT although that of the A-MWNT/PCL reached
�10�2 S/cm by loading of 7 wt % of MWNT. The conductiv-
ity of the P-MWNT/PCL was higher than that of the A-
MWNT/PCL at the entire range of the studied MWNT load-
ing, which might be due to the destruction of p-network of
the MWNT by acid treatment, although the A-MWNT/PCL
was better dispersed than the P-MWNT/PCL. The amount
of the MWNT at which the conductivity of the nanocompo-
site started to increase was strongly correlated with the per-
colation threshold. � 2007 Wiley Periodicals, Inc. J Appl Polym
Sci 104: 1957–1963, 2007
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INTRODUCTION

Carbon nanotubes (CNTs) display a wide range of
unique mechanical, optical, and electrical properties
along with chemical stability.1–3 The CNTs can be
described as a graphene sheet rolled into a tube,
which can alter either metallic or semiconducting
properties depending upon their charility and diame-
ter, thus making them an ideal reinforcing filler in
composite materials. Because of the unique properties
of CNTs, researchers have paid great attention to uti-
lize these remarkable characteristics for engineering
applications such as polymeric composites, hydrogen
storage,4 actuators,5 field-emission materials,6 chemi-
cal sensors,7 and nanoelectronic devices.8

The inferior properties of polymers such as their
electrical conductivity, mechanical properties, and
thermal conductivity can be enhanced by incorpora-
tion of even a minute amount of CNTs. In CNT/poly-
mer composites, the CNTs cannot be dispersed by
simple mixing. This is because they are present in the
form of bundles and ropes through a van der Waals
attraction among the tubes in combination with their
high surface area. In addition, polymeric materials,

whose viscosities are relatively higher than low molar
mass materials, have difficulty in penetrating the
CNT bundles. As an alternative to simple mixing,
chemical functionalization on the CNT wall was
used, which not only disperses CNTs in an organic
solvent,9 water,10,11 or polymer matrix,12 but also
attaches chemically with polymeric materials.13 Func-
tional groups can be introduced either on the side-
wall by fluorination, arylation, nitrene cycloaddition,
1,3-dicycloadditon,14,15 Friedel-Crafts acylation,16,17,
or at the end of CNTs by acid treatment.18 In side-
wall functionalization, the carbon atoms of the CNTs
react with the functional groups which are thereby
converted from sp2 to sp3 and their electronic proper-
ties are changed significantly. The end-functionaliza-
tion does not change the mechanical and electrical
properties significantly because it does not destroy
the p-network of the CNTs. Noncovalent functionali-
zation is another technique that can be used to mod-
ify CNTs, and which does not destroy the conjugation
system in the CNTs. A number of routes to the non-
covalent modification of CNTs have been reported
such as polymer wrapping,19 the adsorption of
amine,20 and radiofrequency glow-discharge plasma
modification.21

Polycaprolactone (PCL) is a linear aliphatic polyes-
ter, which is known for its unique biocompatibility,
degradability,22 and is used in degradable packing
and drug delivery systems in medical supplies.
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Although PCL is compatible with a wide range of
polymers, its low melting point has been a disadvant-
age in many applications. To expand its applicability,
the blending of PCL with polymer23 or nanomaterials
can be incorporated during PCL polymerization.24

Recently, we purified multiwalled CNTs (MWNTs)
by nitric acid and used it as a reinforcing material in
PCL. The nanocomposites were prepared with the as-
received MWNTs and purified MWNTs, and their
structures and properties were compared to deter-
mine the relationship between the dispersion and
other properties such as conductivity and mechanical
properties.

EXPERIMENTAL

Materials

e-Caprolactone (99% purity) and stannous octoate (95%
purity) were purchased from Aldrich' and Sigma',
respectively, and used as received. Nitric acid (64–
66% purity) was purchased from a local company,
Ducksan. The MWNTs (CVD MWNT 95) were sup-
plied by Iljin Nanotech' and manufactured by ther-
mal chemical vapor deposition.25 Diameter and length
of the CVD MWNT 95 were 10–20 nm and 10–50 mm,
respectively, and its purity was higher than 97 wt %.

Purification of MWNTs

The MWNT was purified by an acid treatment of
MWNT (A-MWNT), whereby 3 g of MWNTs were
sonicated in 300 mL of 5M HNO3 for 2 h and then
refluxed at 1208C for 12 h. The A- MWNTs were sepa-
rated from HNO3 by filtration and then washed with
distilled water until they were free from acid. The A-
MWNTs were dried in a vacuum oven and stored for
further use. The carboxyl groups were also intro-
duced on MWNT during purification with HNO3.

14

Scheme 1 shows the in situ polymerization of P-
MWNT/PCL and A-MWNT/PCL nanocomposites.
The procedure for synthesizing P-MWNT/PCL is as
follows: A predetermined percentage of P-MWNT

and 20 mL of e-caprolactone were introduced in a
three-neck round bottom flask. The mixture was soni-
cated at room temperature for 3 h to produce a
homogenous dispersion of P-MWNTs in e-caprolactone,
then 0.03 mL of stannous octoate [Sn(Oct)2] were
added to the suspension. The flask was then trans-
ferred to a preheated oil bath (1708C) and heated for
4 h by mechanical stirring, under a nitrogen atmos-
phere. The same procedure was adopted for the
A-MWNT/PCL nanocomposites.

Characterization

Thermal properties

The thermal properties of the PCL and the composites
were studied by DSC and TGA. The DSC analyses
were carried out on a Dupont 2000 Thermal Analyzer.
A specific amount of sample was sealed in aluminum
sample pans and prepared by compression molding.
DSC thermograms were obtained at heating and cool-
ing rates of 108C/min under a nitrogen atmosphere to
diminish oxidation. The TGA of PCL and the compo-
sites were obtained in a nitrogen atmosphere, at a
heating rate of 208C/min from room temperature to
9008C using a -TA4000/Auto DSC 2910 System.

Polarized optical microscopy

Polarized optical microscopic photographs were
obtained using a Moram JI-213 Polarized Optical
Microscope. The sample was melted on a heater and
squeezed between two glass slides at 1008C for 10
min, quickly transferred to hot stage, and annealed
at 508C for 3 h.

Dynamic mechanical analysis

DMA analysis was performed on the samples
20(length) � 5(width) � 0.17(thickness) mm3 by using
Parkin-Elmer, a Diamond Dynamic Mechanical Ana-
lyzer, in a temperature range between �100 and 608C,
at a frequency of 1 Hz, and a heating rate of 58C/min.

Scheme 1 In situ polymerization of P-MWNT/PCL and A-MWNT/PCL nanocomposites.
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Rheometer measurements

Rheometer measurements were performed on a
Physica, UDS 200 Rheometer. All samples (thickness
of 0.3 mm) were measured at 808C in an angular fre-
quency range between 0.1 and 100 rad/s and the
strain was 5%.

Electrical conductivity measurements

The conductivity of the MWNT/PCL nanocompo-
sites was measured at ambient temperature with
(Ecopia, HMS-3000) four-point probe method. The

dimensions of the samples were about 15(length)
� 15(width) � 0.15(thickness) mm3 and their ends
were coated with a platinum paste to ensure good
electrical contact. The electrical conductivity limit of
the instrument is in the range of 103–10�6 S/cm.

RESULTS AND DISCUSSION

Figure 1 shows the SEM microphotographs of the
fractured surfaces of the P-MWNT (5 wt %)/PCL
and A-MWNT (5 wt %)/PCL, which indicate that A-
MWNT dispersed more as compared with MWNT.
The dispersion of MWNT in A-MWNT/PCL is due

Figure 1 SEM images of the fractured surface (a) P-MWNT (5 wt %)/PCL and (b) A-MWNT (5 wt %)/PCL.

Figure 2 TGA thermograms of PCL (—), P-MWNT (5 wt
%)/PCL (. . .), and A-MWNT (5 wt %)/PCL (---).

Figure 3 Melting and crystallization temperatures of (&)
PCL, (n) P-MWNT/PCL, and (*) A-MWNT/PCL, as a
function of the amounts of MWNT.
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to the chemical modification of the MWNT during
purification, which causes more compatibility with
PCL.9,10

Figure 2 shows TGA curves of the PCL, P-MWNT
(5 wt %)/PCL, and A-MWNT (5 wt %)/PCL. The
pure PCL and P-MWNT/PCL started to lose weight
at 3108C and completely decomposed at 4608C. The
A-MWNT/PCL started to lose weight at about
3308C, which is 208C higher than the pure PCL and
P-MWNT/PCL. The increase of the degradation
temperature indicates that the incorporation of A-
MWNT into the PCL exerts a thermal stabilizing
effect in the composite.

Figure 3 shows the changes in the melting and
crystallization (crystallization from the melt state

upon cooling) temperatures of PCL, P-MWNT/PCL,
and A-MWNT/PCL as a function of the amount of
MWNTs. The melting and crystallization tempera-
tures of the PCL were 57 and 368C, respectively. The
melting temperatures of all nanocomposites were in
a narrow range between 57 and 598C. The crystalli-
zation temperatures of P-MWNT/PCL and A-
MWNT/PCL slightly increased from that of PCL
with the addition of MWNT. The temperatures
leveled off at 438C by adding 2 wt % MWNT. The
MWNTs in P-MWNT/PCL and A-MWNT/PCL
could be acted as nucleation agents for PCL crystalli-
zation26,27 and caused the crystallization rate to
increase (the crystal was produced earlier during
cooling) when compared with the neat PCL.

Figure 4 Polarized optical micrographs of (a) PCL, (b) A-MWNT (5 wt %)/PCL, and (c) P-MWNT (5 wt %)/PCL, which
were prepared by cooling from a melt state and annealed at 508C for 3 h period under cross polarizing filters. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 4 shows the polarized optical micrographs
of PCL, P-MWNT (5 wt %)/PCL, and A-MWNT
(5 wt %)/PCL, which were prepared by cooling from
the melt state and annealed at 508C for 3 h period
under cross polarizing filters. The polarized optical
micrograph of PCL showed a Maltese cross pattern
with a size of 13 mm [Fig. 4(a)], while granular crystals
were observed for A-MWNT/PCL [Fig. 4(b)] and
P-MWNT/PCL [Fig. 4(c)]. The spherulites observed

in PCL are similar to the reported pattern,28 although
there were some irregularities present in the spheru-
lites. The nucleation role of MWNT in P-MWNT/
PCL and A-MWNT/PCL might cause small granular
spherulites.29

Figure 5 shows the changes of the storage modu-
lus (E0) and tan d of the PCL, P-MWNT (3 wt %)/
PCL, and A-MWNT (3 wt %)/PCL, as a function of
temperature. The E0 increased by adding 3 wt % of
MWNT for both of MWNT (3 wt %)/PCL and A-
MWNT (3 wt %)/PCL as compared with the pure
PCL. The temperature at the maximum point in tan
d (representing the glass transition temperature [Tg])
did not change significantly, but the peak was
broadened in the high temperature region by adding
MWNTs in the nanocomposite. It is likely that the
major parts of the polymer, which were away from
the MWNTs, retained the glass transition tempera-
ture, but the segments that were close to the
MWNTs, were less mobile and showed an increase
in the glass transition temperature. Similar results of
MWNT/PMMA have been reported by Jin et al.30

Figure 6 shows the complex viscosities (Z*s) of the
P-MWNT/PCL and A-MWNT/PCL, as a function of
the frequencies with different amounts of MWNTs.
The Z*s at low frequencies increased as the MWNT
content increased for P-MWNT/PCL and A-MWNT/
PCL. The Z*s of P-MWNT/PCL and A-MWNT/PCL
showed Newtonian behavior for the MWNT con-
tents less than 2 wt %, although those of higher than
2 wt % showed profound shear-thinning behavior.
This viscosity behavior indicates that a percolation

Figure 5 Storage modulus (E0) and tan d of (l) PCL, (^)
P-MWNTs (3 wt %)/PCL, and (n) A-MWNTs (3 wt %)/
PCL.

Figure 6 Complex viscosities (Z*s) of (a) P-MWNTs/PCL and (b) A-MWNTs/PCL; weight of MWNT (i) 0%, (ii) 0.5%,
(iii) 1%, (iv) 2%, (v) 3%, (vi) 5%, (vii) 7%.
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threshold, which represents a starting MWNT con-
tent of a three-dimensional network was 2 wt %
for both the P-MWNT/PCL and A-MWNT/PCL.31–
33 We also found similar behaviors for Z0 and Z00

with Z*.
Figure 7 shows the conductivities of the P-MWNT/

PCL and A-MWNT/PCL, as a function of the MWNT
amounts. Both composites showed high electrical con-
ductivity at low filler loading. In agreement with rheo-
logical measumrents this onset in the conductivity is
attributed to a percolation of MWNT in the insulating
polymer matrix. The conductivity of the A-MWNT/
PCL increased continuously with an increase in the
MWNT amounts and reached 10�2 S/cm for a 7 wt %
MWNT content. The conductivities of the P-MWNT/
PCL increased very rapidly and leveled off between
10�1 S/cm and 10�2 S/cm after 2 wt %. This conduc-
tivity (10�2 S/cm) is significantly high for the 2 wt %
MWNT content. This high conductivity indicates that
the MWNTs were well dispersed in the nanocompo-
site system. The A-MWNT/PCL shows less conduc-
tivity as compared with the MWNT/PCL. It might be
due to the acid treatment, which usually opens up the
end-capsule of the carbon nanotube and destroys the
p-network.

CONCLUSIONS

We prepared two nanocomposite systems, P-MWNT
(as-received one)/PCL and A-MWNT/PCL by using
an in situ polymerization method, to study the
effects of the dispersion and purification of MWNTs

on the thermal, mechanical, and electrical properties
of nanocomposites. The A-MWNTs were purified by
acid treatment, which also introduced the carboxyl
groups on MWNTs. The crystallization temperatures
of P-MWNT/PCL and A-MWNT/PCL increased
because of nucleation by MWNTs. Granular sphe-
rulites were observed for P-MWNT/PCL and
A-MWNT/PCL while the typical Maltese-cross
spherulites were observed for pure PCL. The P-
MWNTs and A-MWNTs were well dispersed in the
PCL matrix, as indicated by the low percolation
threshold (�2 wt %) in the rheological data. The con-
ductivity of the P-MWNT/PCL was between 10�1 to
10�2 S/cm by loading of 2 wt % of MWNT although
that of the A-MWNT/PCL reached �10�2 S/cm by
loading of 7 wt % ofMWNT.

This work was supported by Ministry of Commerce,
Industry, and Energy.
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