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Abstract

Poly(hexamethylenesebacamide) (nylon 610) nanocomposites containing well dispersed multi-walled carbon nanotubes (MWNTSs) were
successfully produced via the in situ interfacial polymerization of two liquid phases, one containing hexamethylenediamine in the presence of
MWNTs and the other containing sebacoyl chloride. The processing consisted of dispersing acid-treated MWNTs in an aqueous phase containing
a Triton X-100 surfactant. Scanning and transmittance electron microscopies showed that the individual MWNTs were uniformly dispersed in the
nylon 610 matrix. Tensile tests of the composite sheet showed a 170% increase in the Young’s modulus with slight increases in the tensile strength
and the elongation at break (about 40 and 25%, respectively). This suggests an interaction between the acid-treated MWNTSs and nylon 610. The
thermal stability of the composite was also enhanced by the incorporation of MWNT into nylon 610 matrix.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Interfacial copolymerization occurs at an interface between
two immiscible, low molecular weight fluids, each containing a
different reactant. The dissolved monomers diffuse to the
interface, where they undergo a copolymerization reaction.
The resulting copolymer is usually incompatible with the liquid
phases and a polymer film grows at the interface. The
interfacial technique has several advantages. Bulk stoichi-
ometry is not necessary to produce high-molecular-weight
polymers and fast reactions can be used. The low temperatures
allow the synthesis of polymers that might be unstable at the
high temperatures generally required in the typical step
polymerization [1-3]. This technique has been used to
synthesize polyamides, polyesters, polycarbonates, poly-
urethanes, and many other macromolecules [4,5]. Interfacial
polymerization of two immiscible liquids has also been used to
fabricate nanocapsules for the controlled drug-release and
thin-film type porous membranes for filtration [5-16].
Recently, the technological requirements for applying
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interfacial polymerization have prompted many theoretical
studies aimed at predicting the kinetics of thin film formation
and the molecular weight distribution of polymer [16-21].

Since their discovery by Ijima, carbon nanotubes (CNTs)
have gained increasing interest on account of their unique
structure and extraordinary mechanical and electronic proper-
ties [22,23]. Theoretical and experimental studies have shown
that CNTs have an extremely high Young’s moduli that is
similar to that of the graphite in-plane (~ 1000 GPa) [24,25].
Therefore, CNT-reinforced polymer composites have potential
defense and aerospace applications, where high strength and
lightweight components are of prime importance. In addition to
their mechanical properties, the electrical properties of CNTs
can be used to impart conductivity to non-conducting
polymers, thereby improving the electrostatic charge dissipa-
tion and electromagnetic shielding efficiency [26,27]. Accord-
ingly, many polymers are currently under investigation for
their potential as host matrices for CNTs. The resulting
composites have been reported to show improved mechanical
and electrical properties [28-30]. The techniques commonly
used to fabricate CNT-composite materials rely on solution
casting [31-33], melt processing [34,35], wet spinning [36-38]
and electrospinning [39—41].

This study used a new and simple processing route to
incorporate multi-walled carbon nanotubes (MWNTSs) into a
polymer matrix via in situ interfacial polymerization.
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Poly(hexamethylenesebacamide) (nylon 610)/MWNT compo-
site was prepared using two liquid phases containing the
reactants and MWNTs. One phase contained a solution of
sebacoyl chloride in carbon tetrachloride and the other
contained a solution of hexamethylenediamine and MWNTSs
in water, which was prepared by sonication with a surfactant.
The MWNTs-incorporated nylon 610 exhibited enhanced
mechanical properties with a small amount of MWNTs.

2. Experimental sections
2.1. Materials

Sebacoyl chloride (TCI, Japan) and hexamethylenediamine
(JUNSEI, Japan) were used as received and were stored in a
refrigerator and in an oven at 60 °C for 2 h prior to use,
respectively. Carbon tetrachloride (DC Chemical Co. Ltd,
Korea) was used as the reaction medium for sebacoyl chloride.
The carbon nanotubes used in this study were MWNT (Iljin
Nanotech Co., Korea), which were synthesized via a thermal
chemical vapor deposition (CVD) method.

2.2. Purification of cabon nanotubes

The purity of the as-received MWNT was 97%. In order to
remove the impurities (such as the metallic catalysts) in the
MWNT, the MWNT were treated with 3 M HNO; at 60 °C for
12 h, followed by refluxing in 5M HCI at 120 °C for 6 h.
Thermogravimetric analysis (TGA, Polymer Lab., TGA1000,
UK) confirmed the purity of the acid-treated MWNT to be 99%.

2.3. Preparation of carbon nanotube dispersion

The purified MWNTs were dispersed in pure water
containing Triton X-100 (non-ionic). Ultrasound was then
applied to the MWNT dispersion using an ultrasonic generator
(Kyungill Ultrasonic Co., Korea), which has a nominal
frequency of 28 kHz, with power of 600 W for 7 h at 25 °C.

2.4. Nylon 610/MWNT composite synthesis

The nylon 610/MWNT composite synthesis by interfacial
polymerization was accomplished using an organic phase
comprised of 5.4 mL (6.048 g, 25.2 mM) sebacoyl chloride in
180 mL carbon tetrachloride in an 1L beaker. Over this
solution, 90 mL of an aqueous MWNT dispersion containing
7.95 g of hexamethylenediamine and 2.16 g of sodium
hydroxide was added. The polymerization reaction began
immediately upon adding the MWNT dispersion and a film of
nylon 610/MWNT formed at the liquid interface. The film was
grasped with tweezers and raised as a rope of continuously
forming nylon 610/MWNT film on a glass rod roller. The nylon
610/MWNT composite was washed well with distilled water.
The damp sample was partly air-dried, which was followed by
drying in a vacuum oven at 80-100 °C.

2.5. Characterizations

The surface morphology was observed using a field
emission scanning electron microscopy (FESEM, S-4300,
Hitachi, Japan). The FESEM images were obtained by
collecting the samples on an aluminum SEM disk, which was
then coated with platinum. The acceleration voltages and the
working distances for each image were 15kV and 6 mm,
respectively.  High-resolution transmission electron
microscopy (TEM) was performed using a Philips CM 200
unit, which was operated at an acceleration voltage of 120 kV.
For the observation of the nylon 610/MWNT composites, a
fragment of the composites were sonicated in water for 12 h
and a drop of sample was then placed onto a 300 mesh carbon-
coated copper grid. Approximately 2 min after deposition, the
grid was tapped softly with filter paper to remove the surface
water, which was followed by air-drying. The samples were
vacuum-dried for 24 h at room temperature before the
measurement. The tensile properties of the nylon
610/MWNT composite were determined using a universal
test machine (Model no. 4200, Instron, USA) at a cross-head
speed of 25.4 mm/min according to the ASTM D 638 at room
temperature. Sheet type specimens for the tensile test were
prepared by hot pressing (Lab Press, CARVER) at 250 °C
for 1 min under a pressure of 2.0 atm. Viscosity determinations
on the polymer solutions are reported here as inherent
viscosities (Njun=[In 7e1])/c) determined at 25 °C in m-cresol
with ¢=0.5 g polymer/100 mL of solution using Ubbelohde
viscometer [3].

3. Results and discussion
3.1. Purification of MWNTs

The individual as-synthesized CNTs were found in the
amorphous material in the form of bundles that were several
100 pm long. These CNTs were entangled with impurities such
as metal catalysts to form large submicron aggregates [42],
which had to be separated into individual CNTs that could then
be used as reinforcing materials in the polymer nanocompo-
sites [26]. In order to prepare the MWNTs with a high purity, a
two-step purification procedure including oxidation was used,
as described in the Section 2. Oxidation in nitric acid can
modify the side walls and substitute the ends of the CNTs with
oxygen containing groups [43,44]. Using this two-step
procedure, the CNT could be separated form the impurities
such as metal particles. Although direct evidence for an
oxidized surface on the CNTs is not provided in this report, the
modification of the side walls and ends of the CNTs via
oxidation has been reported [45-48].

3.2. Dispersion of MWNTs in water

The ultrasonication of MWNTs with a surfactant in aqueous
media provided a dispersion of individually separated
nanotubes, which prevented the nanotubes from aggregating
via van der Waals interactions [48-53]. At the optimum
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Fig. 1. Collapsed nylon 610/MWNT composite film forming at and being withdrawn from a liquid interface.

surfactant concentration in aqueous solution, a homogeneous
dispersion of nanotubes formed into a single phase. Large and
dense clusters of nanotubes formed in solution after sonication
when the amount of surfactant was either too low or high
[48-56]. The optimum concentration of the surfactant was
approximately 0.3 wt% and the nanotube concentration was
0.05 wt%. Triton X-100 was used as surfactant to disperse the
purified MWNTs resulting in homogenous black ink-like
solutions being obtained, which was stable and could be stored
at room temperature for several months without significant
precipitation [45,56].

3.3. Interfacial polymerization

Polymerization of the two reactants was carried out at the
interface between the two liquid phases, one containing an
aqueous solution of hexamethylenediamine and the other
containing an organic solution of sebacoyl chloride in carbon
tetrachloride. Hexamethylenediamine reacts with sebacoyl
chloride to yield poly(hexamethylenesebacamide) (nylon
610), which can be synthesized at room temperature using
the fast Schotten—Baumann reactions of acid chlorides.
Polymerization for the composite was carried out by placing
an aqueous solution of the diamine containing the MWNTs on
top of the organic phase containing the acid chlorides. Sodium
hydroxide was added to the aqueous phase to neutralize the
hydrogen chloride by-product, which would reduce the
reaction rates by tying up the diamines. The precipitated
nylon 610/MWNT composite product was continuously with-
drawn as a continuous film in filament form due to its sufficient
mechanical strength, as shown in Fig. 1. The collected
composites were washed twice with water to extract the
remaining salts, and the vacuum-dried samples were then
molded into a sheet type for further characterization. Fig. 2
shows the color difference between the pure nylon 610 sheet

and the nylon 610/MWNT composite sheet with the
incorporated MWNTs.

3.4. Morphology of nylon 610/MWNT composites

The uniform dispersion of CNTs in the polymer matrix is
one of the most important factors for reinforcing a composite
because any non-uniformity can result in structural defects.
The composite film was fractured in liquid nitrogen and the
fracture surface of the composite was observed by FESEM
(Fig. 3). The bright regions in the images were attributed to the
MWNTs due to their high conductivity, and the MWNTs were
found to be uniformly distributed in the nylon 610 matrix
without aggregation. The interfacial adhesion between the
polymer matrix and the reinforcements is also another
important factor for enhancing the mechanical properties of
the composite. Although direct evidence of an oxidized surface
on MWNTs is not provided in this report, the modification of
the side walls and ends of the nanotubes by oxidation during

_n,

Fig. 2. Image of (a) nylon 610 and (b) nylon 610/MWNT composite sheets, and
(c) the solution of the composite dissolved in m-cresol at 25°C (c=
0.5 g/100 mL).
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Fig. 3. FESEM images of fractured surface of nylon 610/MWNT composite
sheet.

the purification of CNTs has been reported [43-48,57]. TEM
showed the individual MWNTs were coated by nylon 610
(Fig. 4). A thin layer of nylon 610 with a thickness of 5-10 nm
was observed on the surface of MWNT. We believe that the
molecules of nylon 610 might be adsorbed on the surface of
MWNT during polymerization by the potential interaction of
nylon 610 and acid-purified MWNT. It should be noted that the
sample for TEM observations was prepared by sonicating the
composite in water for 12 h.

3.5. Thermal properties of nylon 610/MWNT composites.

The concentration of MWNTSs incorporated into the nylon
610 after polymerization and purification was determined using
TGA analysis. The TGA curves were obtained by heating the
sample up to 600 °C at a rate of 20 °C/min with N, gas purging
(Fig. 5). Nylon 610 began to degrade at approximately 400 °C
and was completely decomposed at 525 °C, and approximately
1.5 wt% of the MWNTs in the composites remained above
550 °C. Furthermore, Fig. 5 indicates that the composites
decompose at higher temperature, which suggests that the
incorporation of MWNTs increases the thermal stability of the
composite. It is well-known that the enhanced thermal
conductivity of a composite can facilitate heat transport and
increase its thermal stability through the incorporation of high
thermal conducting CNTs [58-61].

Fig. 4. High-resolution TEM (above) and FESEM (below) images of nylon
610/MWNT composite.

3.6. Mechanical properties and inherent viscosity of nylon
610/MWNT composites.

After incorporating the MWNTSs into the nylon 610, the
Young’s modulus and tensile strength of the composite films
increased (Table 1). The composite film shows a Young’s
modulus of 2.4+0.3 GPa, which is approximately 170%
higher than that of the pure nylon 610 film. However, the
tensile strength and the elongation at the break of the composite
film were slightly higher (approximately 40 and 25%,
respectively) than that of the nylon 610 film. The incorporation
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/
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Fig. 5. TGA curves of nylon 610 and nylon 610/MWNT composite.
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Table 1
Mechanical properties of nylon 610/MWNT composite
Samples Tensile Tensile Elongation® 7, (dL/g)
modulus, strength, (%)
E* (GPa) a,*? (MPa)
Nylon 610 0.9+0.1 359+05 10.2+0.3 1.06
Nylon 610/ 241403 51.4+1.7 12.7+£0.7 1.40
MWNTs

% N=35, average + standard deviation.
® Strength at yield.

of MWNTs into nylon 610 increased the tensile properties,
which suggests that the composite is apparently stronger than
nylon 610 as a result of the incorporation of only a small
amount (1.5 wt%) of MWNTs. The inherent viscosities of
nylon 610 and the composite were measured by dissolving
them in m-cresol. The solution of the composite was
homogeneous and stable at room temperature as shown in
Fig. 2(c). The MWNTs did not separate and make sedimen-
tation in the solution during 2 weeks. The inherent viscosity of
the composite was higher than that of nylon 610 because the
small portion of added surfactants for dispersion of MWNTS in
aqueous solution might assist the transfer of both diamine and
salt across the interface during polymeriazation [1-3]. Note
that polycondensation is dependent only on the conditions near
the interface [1-3].

4. Conclusions

Nylon 610/MWNT composites were prepared by dispersing
MWNTs via an in situ interfacial polymerization of two liquid
phases, one containing hexamethylenediamine and the other
containing sebacoyl chloride in the presence of MWNTs with
Triton X-100. It was found that the interfacial polymerization
process was not only useful for dispersing the MWNTS in the
nylon 610 matrix but was also efficient in enhancing the
mechanical properties (170% increase in the Young’s
modulus) of the matrix polymer with a small amount of
MWNTs (1.5 wt%). High-resolution TEM provided evidence
of an interfacial adhesion between the oxidized MWNTs and
the amide group of nylon 610. The incorporation of MWNTs
into nylon 610 matrix also increases the thermal stability of the
composite.
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