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ABSTRACT: A novel method of making water-based
amorphous carbon nanotubes (ACNTs) for advanced poly-
mer nanocomposites is presented. In this approach, so-
dium dodecyl sulfate (SDS) is introduced onto the
amorphous carbon nanotubes to improve the solubility in
water and the dispersion in polyvinyl alcohol [PVA] ma-
trix. As a result, the addition of 0.6 wt % ACNTs in the
polymer resulted in the significant improvement (167.5

and 175.8%) in the tensile strength and modulus of the
polymer, respectively. The improved mechanical property
could be ascribed to the load transfer to the nanotubes in
the composites. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
122: 1986-1992, 2011
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INTRODUCTION

Since carbon nanotubes (CNTs) were reported, the
unique structures and extraordinary properties of
CNTs have attracted a tremendous amount of inter-
est in both fundamental and technological develop-
ment.' They have also attracted great attention as
advanced reinforcing fillers for high-strength, light-
weight, and functional polymer nanocomposites due
to their unique structural, mechanical, electrical, and
thermal properties.>* The use of these nanotubes as
a filler offers an important advantage over conven-
tional fillers.”” The extremely high aspect ratio of
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the nanotubes implies that low loading of the nano-
tubes is sufficient to change a desired property with-
out sacrificing other inherent properties of the
polymer.®”

However, such high-performance carbon-nanotube-
based composites face a number of practical chal-
lenges before their true potential performance can be
implemented. First, a homogenous dispersion of car-
bon nanotubes in their host polymer matrix must be
achieved. Indeed, the intrinsic van der Waals attrac-
tion of nanotubes toward each other easily leads to
entangled agglomerates, which results in the insolubil-
ity of carbon nanotubes in most organic and aqueous
solvents. Such agglomerates lower the effectiveness of
nanotubes for reinforcement. The functionalization of
CNTs is an effective way to prevent them from aggre-
gation allowing for better dispersion and to stabilize
the CNTs within a polymer matrix."’

A number of research groups have used chemi-
cally functionalized nanotubes as polymer—compos-
ite reinforcement. For example, Geng et al. have
obtained a 145% tensile-modulus improvement with
only 1 wt % fluorinated Single-walled Carbon Nano-
tubes (SWNTs) in a poly(ethylene oxide) matrix.'’ In
another recent study, the tensile modulus was
increased by 21% using 10 wt % SWNTs in polybut-
oxide poly(p-phenylene benzobisoxazole) fibers.'?
Moreover, a 27% tensile-modulus improvement was
obtained through the addition of 1 wt % of SWNTs
into epoxy reins.'”®> However, these modifications
may destroy the integrity of the nanotubes to some
extent and the process is complex.
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At present, although nanocomposites employing
carbon based reinforcement materials are dominated
by carbon nanotubes, the intrinsic bundling of
carbon nanotubes, their intrinsic impurities from
catalysts, and their high cost have still been hamper-
ing their application. New materials such as graphite
oxide'*'® and graphene have recently attracted tre-
mendous attention.'®” Chen et al. have prepared
poly(vinyl alcohol) (PVA) nanocomposites with
graphite oxide using simple water solution process-
ing method, 76% increase in tensile strength and
62% improvement of modulus are achieved by addi-
tion of only 0.7 wt % of graphite oxide.'® Other
types of advanced reinforcing fillers are attracting a
tremendous amount of interest.

In our previous study, we synthesize the carbon
nanotubes via the pyrolysis of the polypyrrole (PPy)
nanotubes at 900°C in nitrogen atmosphere.'®'’ This
synthesis method of the carbon nanotubes is simple
and would be an easy way to produce more nano-
tubes on a large scale. Interestingly, these carbon
nanotubes were found to be mostly amorphous in
structure. In this study, these amorphous carbon
nanotubes (ACNTs) were studied as a new filler in
polymer matrix. Currently, various methods are
used to incorporate carbon nanotubes into a polymer
matrix, e.g., solution casting, melt mixing, electron
spinning, and in situ polymerization.*>* Among
these methods, solution casting is a common and
simple method, which is particularly useful for com-
mon polymers. In this article, the ACNTs-poly (vinyl
alcohol) (PVA) nanocomposites were chosen to
understand the properties of the nancomposites.
They were characterized in terms of the mechanical
and thermal properties. The composites exhibit good
nanotube dispersion and load transfer from polymer
matrix to the carbon nanotubes.

EXPERIMENT
Materials

sodium dodecyl sulfate (SDS), polypyrrole (Ppy),
PVA (99+% hydrolyzed, M, ~ 89,000-98,000) were
purchased from Aldrich. Other reagents were of an-
alytical grade and used without further purification.

Synthesis of hybrid materials

PPy nanotubes were produced according to the pre-
vious article."® ACNTSs were fabricated by carboniza-
tion of PPy nanotubes in a quartz tubular furnace
under nitrogen atmosphere. The sample was gradu-
ally heated up to 900°C at a heating rate of 3°C
min !, held 900°C for 5 h and then cooled to room
temperature.19

The ACNTs aqueous dispersion assisted by so-
dium dodecyl sulfate (SDS) was prepared according
to the previously published procedure. ACNTs were
dispersed in SDS aqueous (1 wt %) solution fol-
lowed by homogenization, ultrasonication. The re-
sidual SDS was removed by repeated centrifugation
and ultrasonication. SDS/ACNTs aqueous disper-
sion was obtained.

PVA was dissolved in distilled water at 90°C (to
give 5 wt % solutions) and subsequently cooled to
room temperature.

An appropriate amount of SDS/ACNTs aqueous
dispersion was mixed with PVA solution at room
temperature to give the desired 0.3, 0.6, 0.9, and 1.5
wt % ACNTs concentration with respect to the PVA
weight. The mixture was mildly sonicated for 1 h at
room temperature and stirred for about 24 h. The
PVA/SDS/ACNTs dispersions were poured into
Telfon Petri dished and kept in vacuum at 40°C for
film formation until the weight reached an equilib-
rium value. The thickness of the resulting film was
about 0.05 mm.

Characterization

The glass transition and crystallization behaviors
were investigated by differential scanning calorime-
try (DSC) using a Perking Elmer Pyris. The experi-
ments were carried out in nitrogen atmosphere
using about 5 mg sample sealed in aluminum pans.
The samples were heated from room temperature to
240°C, maintained at this temperature for 5 min,
then cooled to room temperature and heated again
to 240°C. The heating and cooling rate were 10°C
min~" in all cases. The glass transition temperatures
and melting enthalpy are taken from the second
heating run in the calorimetric curves.

Thermogravimetric analysis (TGA) was performed
on a Netzch STA 449C instrument at a heating rate
of 10°C min ' in an air atmosphere.

Scanning electron microscopy (SEM, JEOL Model
JSM-6490) was used to observe the cross sections of
the PVA/SDS/ACNTs nanocomposite films. The
cross sections were coated with gold before analysis.

Raman spectra was recorded in the range of 0-
3500 cm ™' at ambient temperature with a labRAM
HR 800 (France, Jobin Yvon) using 532 nm laser as
the excitation source.

The mechanical properties of PVA/SDS/ACNTs
films were measured on a universal tensile testing
machine (Instron 4411). Before testing, vacuum oven
dried samples were conditioned in the laboratory
environment (20°C with 60% relative humidity) for
24 h before testing, as PVA exhibit a high degree of
moisture sensitivity. The specimen dimension was
60 mm in length, 10 mm in width, and 0.05 mm in
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Figure 1 (A) The TEM image of ACNTs; (B) the HRTEM image of ACNTs.

thickness. The extension rate was 5 mm min ' and
the load cell was 250N with a gauge length of 40
mm. The data on modulus, tensile stress, and strain
at rupture were the averages of five strips of the
sample. All failure occurred at the middle region of
the testing strips.

RESULTS AND DISCUSSION

Figure 1 shows the TEM image of amorphous car-
bon nanotubes prepared by pyrolysis of the polypyr-
role nanotubes. It was evident from Figure 1(A) that
the tubular structures were obtained after pyrolysis.
The wall thickness of the carbon nanotube is around

(A)

1025 nm. The HRTEM image of the ACNTs shows
that these carbon nanotubes are mostly amorphous
in structure.

From Figure 2(A) it can be observed that the
ACNTs can be dispersed in aqueous medium more
easily than the commercials CNTs. The possible rea-
son is that CNTs are tightly bundled as a result of
strong van der Waals interactions while ACNTs are
not tightly bundled [Fig. 1(A)]. Surfactants (such as
SDS, polysaccharide) were always used to disperse
CNTs in aqueous solutions. In some cases, the dis-
persant is able to disperse but not to exfoliate the
CNTs. So CNTs may aggregate again during the
composite forming process.
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Figure 2 (A) The photograph of ACNTs and CNTs dispersed in aqueous solutions, respectively; (B) the photograph of
SDS modified ACNTs and CNTs dispersed in aqueous solutions. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 3 SEM images of the cross section of PVA/SDS/ACNTs nanocomposites with different ACNTs contents. A: 0; B:

0.6 wt %; C: 0.9 wt %; D: 1.5 wt %.

In this study, to obtain a homogeneous disper-
sion of the individual ACNTs throughout a water-
soluble polymer matrix, and simultaneously to
achieve and enhanced interfacial adhesion between
the ACNTs and polymer matrix, sodium dodecyl
sulfate (SDS) was chosen to modification the sur-
face of ACNTs. From Figure 2(B), it can be seen
that homogeneous dispersion of SDS modified
ACNTs can be easily obtained. Finally a homoge-
nous and uniform composite film (PVA/SDS/
ACNTSs) can be observed.

The cross section of the nanocomposites after frac-
tured in liquid nitrogen was investigated by SEM to
verify the dispersion and the possible reinforcing
mechanism of the nanocomposites. As shown in Fig-
ure 3, the pure PVA is characterized with surface
with no bright dots. In contrast, The SEM images of
the fracture surface of the PVA/SDS/ACNTs nano-
composite films clearly show well-dispersed bright
dots, which are the ends of the broken ACNTSs. It
could be concluded that SDS functionalized ACNTs
displayed good dispersion ability in the PVA matrix.
It can be predicted from these results that the exist-
ing strong interfacial adhesion is responsible for the
vigorous enhancement of the mechanical properties
of the nanocomposites as discussed in the next
section.

Raman spectroscopy is a useful nondestructive
tool to investigate the structure changes of carbona-
ceous materials. As shown in Figure 4, The SDS/
ACNTs has two characteristic peaks at 1337 and
1572 ecm ™!, corresponding to the p-band (C—C, the
disordered graphite structure) and G-band (C=C,
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Figure 4 Raman spectra of (a) PVA, (b) PVA/SDS/
ACNTs (0.6 wt %), (c) PVA/SDS/ACNTs (0.3 wt %) and
(d) SDS/ACNTs. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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TABLE I
Raman Ip/I; Intensity Ratios and D- and G-Bands Shifts
of SDS/ACNTSs and PVA/SDS/ACNTs Composites

PVA/SDS/ PVA/SDS/
SDS/ ACNTs ACNTs
ACNTs (0.3 wt%) (0.6 wt%)
In/ls 1.16 1.17 1.20
D-band (cm™") 1337 1345 1348
G-band (cm™) 1572 1574 1579

sp2-hybridized carbon), respectively.”® The ratio of
D- to G-band intensity (Ip/Ig) could be used to indi-
cate the structure changes of carbon nanotubes.”” As
listed in Table I, Ip/I; of ACNTs is 1.16, while Ip/I;
of the PVD/SDS/ACNTs nanocomposite increases
to 1.20. Moreover, the frequencies of the p-band and
G-band of PVA/SDS/ACNTs nanocomposite are
shifted upward by 11 and 7 cm™!, respectively. The
higher I/l ratio and the upshift of D- and G-bands
were attributed to charge transfer between carbon
nanotubes and matrix polymer®®* or the increase in
the numbers of the sp3-hybridized sidewall carbons
caused by functionalization and adherence of poly-
mers on carbon nanotubes.>*? Thus, this result is a
qualitative evidence to imply the interaction between
ACNTs to PVA matrix.

Mechanical behavior of PVA-ACNTSs
nanocomposite

Tensile testing was performed to evaluate the effect
of nanotubes on the mechanical properties of the
nanocomposites.

Figure 5 shows the typical stress—strain behaviors
of PVA/ACNTs films. In this situation, SDS was not
used to disperse the ACNTs in polymer matrix.
Compared with the PVA, tensile yield strength of
PVA/ACNTSs, containing only 0.6 wt % increased by

140 4
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40

Tensile stress (MPa)

20 4

0 100 200 300 wo 500 600
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Figure 5 Typical stress-strain behaviors for the PVA/
ACNTs films with different ACNTs, (1): 0; (2): 0.3 wt%;
(3): 0.6 wt%.
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Figure 6 Typical stress-strain behaviors for the PVA/
SDS/ACNTs films with different ACNTs, (1): 0; (2): 0.3
wit%; (3): 0.6 wt%; (4): 0.9 wt%.

41.6% from 36 to 51 MPa, and the Young’'s modulus
increases by 47.06% from 1.7 to 2.5 GPa.

The typical stress-strain curves for PVA and
PVA/SDS/ACNTs films are given in Figure 6. Ten-
sile strength of PVA/SDS/ACNTs is much higher
than that of PVA film. The tensile strength and mod-
ulus were calculated from the stress—strain profiles.
Compared to the PVA, tensile yield strength of
PVA/SDS/ACNTs, containing only 0.6 wt %
increased by 167.5% from 36 to 96.3 MPa, and the
Young’s modulus increases by 175.8% from 1.7 to
4.7 GPa (As shown in Table II). However, Increasing
the ACNTs content up to 0.9% did not increase the
tensile yield strength and Young’s modulus of the
composites. The possible reason is the aggregation
of the ACNTSs at higher concentration.>*°

The results indicate that the reinforcing effect of
the ACNTs is pronounced. Several conclusions may
be drawn from the results obtained so far. First,
from the observation by SEM images (Fig. 3), it was
clearly known that a good dispersion of ACNTs was
achieved throughout the PVA matrix, which led to a
significant increase in the tensile strength of the
nanocomposite. Second, the incorporation of the SDS

TABLE II
The Tensile Strength, Ultimate Elongation, Modulus of
PVA/ ACNTs Nanocomposite with Different ACNTs

Contents
Tensile  Ultimate
strength elongation Modulus
Samples (MPa) (%) (GPa)

Pure PVA 36 500 1.7
PVA/ACNTs 0.3 wt % 50 76 2.1
PVA/ACNTSs 0.6 wt % 51 63 2.5
PVA/SDS/ACNTSs 0.3 wt % 90 227 33
PVA/SDS/ACNTSs 0.6 wt % 96.3 110 47
PVA/SDS/ACNTs 0.9 wt % 134 103 4.6
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TABLE III
Tg of PVA/SDS/ACNTs Nanocomposite
PVA/SDS/ PVA/SDS/ PVA/SDS/
ACNTs ACNTs ACNTs
PVA (0.3 wt %) (0.6 wt %) (0.9 wt %)
T, (°C) 76.7 70.0 71.0 71.8

functionalized ACNTs into the polymer matrix cre-
ated some interactions between ACNTs and polymer
chains, thus being favorable for stress transfer to
ACNTs.

Crystallization of PVA/SDS/ACNTSs

Differential scanning calorimetry (DSC) was used to
compare the glass-transition temperature (T,) of
pure PVA with that of the PVA/SDS/ACNTSs nano-
composite as shown in Table III.

The T, of PVA/SDS/ACNTs nanocomposite with
0.3 wt % ACNTs loading decreased from 76.7 to
70°C. The T, decreased at low nanotube fractions to
a constant value about 6-7°C lower than the T, of
pure PVA, and did not change further as the nano-
tube amount changed from 0.3 to 1.5 wt %. Many
studies involving CNTs-polymer composites have
shown an increase.”®”” as well as broadening®*****>
in T,2**7%%% 1t is interesting but difficult to explain
the decrease in T, in our samples. There was a small
decrease in T, with added ACNTs, attributed to sur-
factant plasticization.* 3?3 In our case, the
absorbed SDS on the surface of ACNTs may result
in the decrease of T,.

Since PVA is a semicrystalline polymer, its me-
chanical properties strongly depend on the degree of
its crystallinity. DSC was used to measure the melt-
ing enthalpy of pure PVA and PVA/SDS/ACNTs
nanocomposites. For pure PVA and nanocomposite
samples, the melt curves are shown in Figure 7. The
crystallinity (y.), calculated as follows:

32 -
30 o

23

—
£
s 26 /JL pure PVA
E
T 24
=]
=
E 22 o
Es 15 wt%
0.9 wt%
= 0.6 wt%
13 4 0.3 wt%
I I 1 T T T T

210 215 220 22§ 230 s 240

Temperature °C

Figure 7 Melt curves of PVA/SDS/ACNTSs nanocompo-
site with different ACNTSs contents.

TABLE IV
The Crystallinity ((c) of PVA/SDS/ACNTs
Nanocomposite with Different ACNTs Contents

Samples AH,, J g™ Xe

Pure PVA 61.4 443
PVA-ACNTs 0.3 wt % 45.6 32.9
PVA-ACNTs 0.6 wt % 46.4 33.5
PVA-ACNTSs 0.9 wt % 43.2 31.2

AH,,

XC = AH
0

where AH,, is the measured melting enthalpy and is
the enthalpy of pure PVA crystal (138.6 ] g ').***
The results are shown in Table IV.

As shown in Table IV, PVA crystallinity in PVA/
SDS/ACNTs film containing 0.3 wt % is 25.7% lower
compared with that of the pure PVA film. Therefore
the increased modulus and strength in the nano-
tubes containing film is not attributed to changes in
crystallinity. The significantly increased strength and
modulus of the PVA-ACNTSs nanocomposites can be
attributed to the fillers. Similar results have been
demonstrated for CNTs-based nanocomposites.***’

Thermal stability of PVA/SDS/ACNTSs
nanocomposite

To investigate the thermal stability of the PVA/SDS/
ACNTSs nanocomposites, thermal gravimetric analysis
(TGA) measurements were carried out, and the results
are shown in Figure 8. In this study, the criterion for
thermal stability was taken as the decomposition tem-
perature. The decomposition of pure PVA occurred at
253°C. Compared to the pure PVA, the PVA/SDS/
ACNTs films showed the delayed decomposition. The
decomposition temperature for the nanocomposite

120
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Figure 8 TGA curves of PVA/SDS/ACNTs with different
of ACNTs content, (1) 0; (2): 0.9 wt%; (3): 1.5 wt%; (4)
100 wt%.

Journal of Applied Polymer Science DOI 10.1002/app



1992

with ACNTs contents of 0.9 and 1.5 wt % increased
by 5 and 25°C, respectively. So, the thermal stability
of PVA was improved by adding ACNTs. This is
because polymer chains near the ACNTs may degrade
more slowly; another reason for the increased thermal
stability of the polymer is due to the effect of higher
thermal conductivity of ACNTs, which may facilitate
heat dissipation within the polymer composite.” In
addition, dispersed nanotubes might hinder the flux
of decomposition products and hence delay decompo-
sition. It is important to point out that the higher
extent of interaction between the ACNTs and the
PVA matrix could be responsible for the higher ther-
mal stability of the nanocomposite.

CONCLUSIONS

We have successfully prepared PVA/SDS/ACNTs
nanocomposites by simple water solution processing
method. Though the addition of ACNTs decreases
the crystallinity of PVA, the film of the PVA/gra-
phene nanocomposite is strong. The modulus and
tensile strength of PVA/SDS/ACNTs nanocomposite
containing only 0.6 wt % ACNTs were increased by
167.5% from 36 to 96.3 MPa, and the Young’s modu-
lus were increased by 175.8% from 1.7 to 4.7 GPa.
And the thermal stability improved to some extent.
On the basis of the results, the influence in the ther-
mal and mechanical properties of the nanocompo-
sites can be ascribed mainly to the homogeneous
dispersion of ACNTs in PVA matrix and the interac-
tions between both components. It demonstrates that
ACNTs can be utilized effectively as fillers within
the polymer matrix for the large-scale potential
applications for polymer/ACNTs nanocomposites.
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