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ABSTRACT: In this study, an easy method is presented to prepare a polymer based multi-walled carbon nanotube
(MWNT) composite. First, MWNTs grafted to n-hexadecyl bromide (MWNTs-g-C16 ) were prepared using an esterification reaction of carboxylate salt on the MWNTs’ surface and a bromine group consisting of n-hexadecyl bromide in the
presence of a phase-transfer reagent in water. Subsequently, a composite material of PVC/MWNTs-g-C16 was prepared
by melt blending with a series of dissolvable MWNTs-g-C16 aided by heat stabilizers and lubricants. Thermogravimetric
analysis of the MWNTs-g-C16 showed a weight percentage of attached alkyl chains as high as 35.77 wt%, and a
TEM image proved that the soluble MWNTs-g-C16 were well dispersed randomly in a matrix of polyvinyl chloride
(PVC). Solar-thermal conversion performances of the PVC/MWNTs-g-C16 composites were studied, and the composites
exhibited excellent light absorption properties. This property is attributed to the optical absorption characteristics of
MWNTs. The PVC/MWNTs-g-C16 composite material exhibits excellent mechanical properties, and could be used as
solar collectors or as solar anti-icing and deicing materials.
KEYWORDS: polymer based carbon nanotubes composite, polyvinyl chloride, solar-thermal conversion

INTRODUCTION
Very rapid progress has been made in the research
of polymer based carbon nanotube (CNT) composites. The two methods of preparation of polymer based CNT composites include surface modified CNTs blended with a matrix polymer using
solvent blending or melt blending, and the other
method includes chemical grafting. Polymer or
hyper-branched polymer is blended or grafted onto
the surface of a CNT using direct introduction,
surface initiation polymerization, step growth, or
a combination of clicking chemistry. Long alkyl
chains can be grafted on the surface of CNTs using
a chemical grafting modification that can effectively
reduce the space hindrance effect of CNTs and the
intertwining between CNTs. This method [1] can
effectively improve the dispersion of CNTs in the solvent or the polymer matrix, and the longer the alkyl
chain, the better the solubility and dispersion. Due
to the remarkable electrical, thermal, optical, and
mechanical properties, CNTs have become an ideal
material for improving these properties of polymer
composites. For example, the high elastic modulus

and high strength of the CNTs are 10–100 times
higher than the highest strength steel [2]. CNTs
also have unique electrical properties and current
carrying capacities [3, 4]. In addition, they have
unique solar-thermal properties and can efficiently
convert light into heat [5–7].
Polymer based CNT composites have many potential applications, such as applications in super materials, flexible displays, electronic paper
for bulletproof vests, solar energy collectors [8, 9],
infrared thermal detectors [10], efficient infrared
heaters [11] and electric heating material for deicing [12, 13]. Ice accretion on facilities has become a
serious economic and safety issue [14–17] and the
combination of a hydrophobic surface with a photothermal effect is an effective method to achieve the
combination of active and passive deicing. Some
nano-particles (such as CNTs) can perform this
function since they can absorb solar radiation for
heating [18–21]. There are two theories that
explain the absorption characteristics and photothermal conversion of CNTs. One theory claims that
the above characteristics come from the vertically
aligned structure of CNTs [6]. The other states that
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Fig. 1 Schematic diagram for (a) the synthesis of MWNTs-g-C16 , (b) the preparation and solar-thermal conversion
characteristic test of PVC/MWNTs-g-C16 composite materials.

they are caused by the unique electronic structure
of CNTs [22, 23]. This photo-thermal performance
has wide application prospects, such as for drug
delivery systems and cancer therapies in the field of
biomedicine [24], for remote thermal reactions in
the field of energy science [25, 26], and for phase
transitions of polymer gel hybrids in the field of
materials science [27, 28].
In this work, a solar-thermal anti-icing and deicing composite consisting of PVC/MWNTs-g-C16 is
www.scienceasia.org

proposed for the first time. Fig. 1 depicts graphically
the synthesis route of MWNTs-g-C16 , the preparation route of the target product PVC/MWNTs-gC16 and solar-thermal conversion characteristic test.
MWNT surface was modified with carboxylic-acid
groups through acid treatment and then the functional MWNT reacted with n-hexadecyl bromide
to yield MWNTs-g-C16 with long aliphatic chains
with ester linkages. The whole reaction was carried out in water for several hours, which is a
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simpler and more efficient method [1] based on
the phase-transfer esterification between carboxylate salts and halohydrocarbon. Finally, a novel
composite material of PVC/MWNTs-g-C16 with a
random arrangement of MWNTs was attained by
melting and molding the MWNTs-g-C16 and PVC
aided by heat stabilizers and lubricants. In addition,
the solar-thermal deicing and mechanical properties
were characterized.
MATERIALS AND METHODS
Materials
Tetra-n-octylammonium bromide and n-hexadecyl
bromide used in this study were analytical grade,
and purchased from the J&K Scientific Technology
Co., Ltd. (China). Polyvinyl chloride (the degree
of polymerization was 1000, universal grade) was
supplied by the Xinjiang Zhongtai Chemical (Group)
Co., Ltd. All other solvents and reagents were
chemical pure.
Preparation of PVC/MWNTs-g-C16
The MWNTs used in this work were prepared using
the chemical vapour deposition method developed
by the Suzhou TANFENG Graphene Tech Co., Ltd,
China. The MWNTs were purified and converted
into carboxylic MWNTs (MWNTs-COOH) by sonication in nitric acid-sulfuric acid (Fig. 1). The
resultant solid was washed thoroughly with deionized water, sonicated in NaOH solution to convert
carboxylic groups to sodium-salt form. Then tetra-noctylammonium bromide and n-hexadecyl bromide
were added into the suspension before refluxing
with vigorous stirring. Finally, the suspension became clear with black precipitate. The precipitate
was collected, washed with ethyl alcohol, and then
extracted with tetrahydrofuran (THF) to remove all
unwanted impurities. The black solid of MWNTsg-C16 was collected and dried in a vacuum. Samples 1–5 were prepared by mixing different parts
of MWNTs-g-C16 (0, 0.01, 0.05, 0.10, 0.25) with
polyvinyl chloride (PVC) resin and processing aids
(100 parts of PVC, 2.0 parts of heat stabilizer,
0.8 part of calcium stearate, and 0.8 part of stearic
acid) in a stainless steel high-speed mixer at 105 °C,
a grey powder of PVC/MWNTs-g-C16 due to the
embedding of the MWNTs in the PVC was obtained.
Then the mixture was melted and mixed on a laboratory two-roll mill at 175 °C, MWNTs were better
dispersed in the matrix and the final PVC/MWNTsg-C16 composite material test plates obtained from
molding turned into black.

Characterization of PVC/MWNTs-g-C16
Thermogravimetric analysis (TGA) experiments
were performed to analyze the alkyl-modified
MWNTs. TGA was performed using a TGA Q50
instrument (TA Instruments, Inc., New Castle, DE)
at a scanning rate of 10 °C/min from room temperature up to 800 °C under N2 flow. Scanning
electron microscopy (SEM) images were recorded
using a Hitachi SU8010 field-emission microscope.
High vacuum conditions were applied, and a secondary electron detector was used for image acquisition. Transmission electron microscopy (TEM)
images were obtained using a JEOL-3010 ultrahigh-resolution transmission electron microscope.
A typical specimen used for TEM analysis was a
50 nm frozen section of a sample. Tensile strength
and bending strength tests were performed using an
RGT-10A electronic tensile tester with a computer
control system according to the china standards
of GB/T1040.2-2006 and GB/T9341-2008. The
notched impact strength test was carried out on
an XCJ-40 Charpy impact tester according to the
china standards of GB/T 1043.1/1eAb -2008. The
dumbbell specimen used for tensile strength testing had dimensions of 150 mm long with a crosssection of 4 × 10 mm2 , and the tests were conducted at an extension rate of 20 mm/min. The
size of the samples for the bending strength test
were 80 × 10 × 4 mm3 , and the tests were conducted
at a rate of 20 mm/min. The size of the samples for the notched impact strength tests were
80 × 10 × 4 mm3 , and the notch depth was equal
to 1/5 of the thickness of the sample. Tests were
conducted at 23 °C and 50% relative humidity.
The solar-thermal conversion efficiency and
thermal conductivity of these materials are very
important for their use as solar-thermal energy harvesters. The experimental results of solar-thermal
conversion are shown in Fig. 1. The sample temperature increased as recorded every 5 s by a highresolution infrared camera. After 2 min, the sunlight
source was turned off and the sample temperature
was recorded for a further 2 min. The solarthermal conversion properties of PVC/MWNTs-gC16 composite samples with different amounts of
MWNTs-g-C16 were characterized using the above
experimental methods, and the relative curves between temperatures of samples and test times were
obtained.
To investigate the effectiveness of the application of the PVC/MWNTs-g-C16 composite materials
on deicing, an experiment was conducted indoors
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Fig. 3 (a) SEM image of MWNTs-g-C16 and (b) TEM image
of PVC/MWNTs-g-C16 composite materials.

Fig. 2 Thermogravimetric (solid lines) and derivative (dashed lines) curves of MWNTs, MWNTs-COOH,
MWNTs-g-C16 , PVC/MWNTs-g-C16 and homopolymer
PVC. The content of MWNTs-g-C16 is 0.25%.

at 26 °C under windless conditions. The height of
the icicle on the sample surface was 20 mm (2 g).
The deicing times and temperatures were recorded
under a simulated solar light condition (0.3 watt)
and no light condition on both Si and PVC/MWNTsg-C16 composite substrates, as shown in Fig. 1.
RESULTS AND DISCUSSION
Thermogravimetric analysis (TGA)
As shown in Fig. 2, the small mass loss (0.62%) of
pristine MWNTs was not obvious when the temperature reached 600 °C, and the final mass loss upto
800 °C was ∼6.2%, corresponding to the thermal
oxidation of the remaining disordered carbon and
residual impurities during preparation [29]. Two
temperature regions of mass loss existed for the
MWNTs-COOH. One mass loss occurred at 12.16%
between 150 °C and 600 °C and was attributed to
the removal of attached carboxyl groups [30]. The
other occurred at 6.21% between 600 °C and 800 °C,
belonging to the decomposition of amorphous carbon, similar to MWNTs. MWNTs-g-C16 also displayed two temperature regions of mass loss. The
one between 200 °C and 600 °C was attributed to
the decomposition of alkyl groups [31]. The other
between 600 °C and 800 °C was attributed to the
simultaneous decomposition of amorphous carbon.
The mass loss was 28.90% up to 600 °C, corresponding to the removal of attached alkyl groups, which
could be used to estimate the mass percentage of
alkyl groups that were attached to the tubes. The
nanotube content of the MWNTs-g-C16 was 71.10%.
The TGA curves of the homopolymer PVC and
www.scienceasia.org

PVC/MWNTs-g-C16 had two temperature regions of
mass loss. The first weight loss stage of 250–350 °C
was attributed to the rapid removal of HCl initiated by the production of chlorine radicals, the
second weight loss stage of 400–800 °C was attributed to the structural rearrangements, such as
isomerization and aromatization. The total mass
loss was 76.15% up to 800 °C of PVC/MWNTs-gC16 , 14.62% less than 90.77% of homopolymer PVC.
This was due to the presence of processing aids and
MWNTs-g-C16 in the PVC/MWNTs-g-C16 that was
not amenable to decomposition.
Electron microscopy
The SEM and TEM images provide direct proof of
the existence and the shape of carbon nanotubes
in the samples. In Fig. 3, the typical SEM image
of the MWNTs-g-C16 and the TEM image of the
PVC/MWNTs-g-C16 composite material are shown.
In both the SEM and TEM images of the samples, the
average length and diameter of the nanotube was
2 µm and 20 nm, respectively. The two images show
that the tube wall structure was consistently complete. The dispersion morphology of the MWNTs-gC16 in the matrix PVC is visible in the TEM image.
The MWNTs-g-C16 was well dispersed with a random three-dimensional network-like arrangement.
TEM image of the PVC/MWNTs-g-C16 composite
material shows that MWNTs have the same state
of morphology as that of the MWNT-g-PVC, another
kind of solar-thermal material prepared by this research group [32]. As Ornatska [33] concluded, the
functionalization of CNTs was an important mean
to improve the solubility and dispersion of CNTs in
solvents and polymer matrix.
Mechanical properties
Tensile strength and elongation at breaks
The influence of the MWNTs-g-C16 content on the
tensile strength and the elongation at breaks is
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Fig. 4 Influence of MWNTs-g-C16 content on (a) tensile
strength and (b) elongation at breaks in the materials.
Samples 1 to 5 are as described in Fig. 7.

shown in Fig. 4. The statistical analysis showed
that the curve between elongation at breaks or
the tensile strength and MWNTs-g-C16 content was
similar to parabola, though the tensile strength
curve showed a lower correlation than the curve of
the elongation at breaks. According to the fitting
curves, for the composites with MWNTs-g-C16 content in the range of 0–0.25%, the values of tensile
strength and elongation at breaks of each sample
were more or less reliable judging from the standard deviations shown in the graphs. The tensile
strength of the materials increased with increasing
MWNTs-g-C16 content, and the elongation at the
break was markedly increased when the content
of the MWNTs-g-C16 was less than 0.1%. There
was a maximum tensile strength in the relationship
curve, similar to the elongation at the break. The
tensile strength of the composites was enhanced
to approximately 130% of the tensile strength of
pure PVC, while its elongation at the break was
approximately 2.5 times that of pure PVC. However,
the tensile strength and elongation at the break
of the composites decreased sharply by increasing
the MWNTs-g-C16 content to more than 0.1%. The

Fig. 5 Influence of MWNTs-g-C16 content on (a) bending
strength and (b) bending modulus of the materials. Samples 1 to 5 are as described in Fig. 7.

results are related to the agglomerating structure of
the MWNTs-g-C16 . The agglomeration of MWNTsg-C16 could reduce the mechanical properties of the
composites, causing a decline in strength when the
MWNTs-g-C16 was used as reinforcing agent. After
modification, a large number of long alkyl chain
groups were present on the surface of MWNTs. This
not only effectively prevents MWNT aggregation,
but also improves the dispersion when the content
of modified MWNTs falls below 0.1% in the PVC
matrix. However, the MWNTs-g-C16 can partially
agglomerate with an increase of content in the
matrix. Our results about mechanical properties of
polymer nanocomposites agree with those summarized by Miyagawa [34], and Tjong [35]. So CNTs
are ideal reinforcement for polymers [36].
Bending strength and bending modulus
The bending strength and bending modulus of the
composites with varying MWNTs-g-C16 contents in
an otherwise fixed condition are shown in Fig. 5.
The bending strength and bending modulus of the
materials were obviously increased with an increase
in the MWNTs-g-C16 content. The bending strength
and bending modulus of the composites were enwww.scienceasia.org

174

Fig. 6 Influence of MWNTs-g-C16 content on the notched
impact strength of materials. Samples 1 to 5 are as
described in Fig. 7.

hanced to approximately 140% of that of pure PVC.
The bending performances of the composites are
mainly related to the dispersion state and dispersion
capacity of the MWNTs-g-C16 in the matrix of the
PVC. The statistical analysis showed that the relationship between bending strength or bending modulus and MWNTs-g-C16 content was close to linear.
According to the fitting lines for the composites with
MWNTs-g-C16 content in the range of 0–0.25%, the
values of bending strength and bending modulus of
each sample were more or less reliable judging from
the standard deviations shown in the plots. The
compatibility of MWNTs with PVC matrix was increased after alkylation, resulting in a good interface
interaction between the two phases, so the MWNTsg-C16 play a good role in the reinforcement of PVC
matrix. When MWNTs-g-C16 content was less than
0.25%, it effectively dispersed in the matrix of the
PVC, and the reinforced PVC matrix was similar to
the fiber. These results about mechanical properties
agree with those found experimentally by Yang [37]
and Shi [38] who observed increases in moduli and
strength with polymer-grafted carbon-nanotubes.
The excellent mechanical properties provide the
basis for the application of PVC/MWNTs-g-C16 composites.
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Fig. 7 Solar-thermal conversion performance of homopolymer PVC (sample 1) and MWNTs-g-C16 composite
material film with different parts (samples 2–5). The inset
shows the straight line (solid line) fitted by maximum
temperatures and its extended part (dotted line with
arrow.)

showed that the curve between impact strength and
MWNTs-g-C16 content was similar to parabola with
a high correlation. According to the fitting curve
for the composites with MWNTs-g-C16 content in
the range of 0–0.25%, the values of impact strength
of each sample were more or less reliable judging
from the standard deviations shown in the graphs.
The maximum notched impact strength of the composites was nearly five times higher than that of
PVC. The toughening effect of the MWNTs-g-C16 is
chiefly attributed to the content and dispersion of
MWNTs-g-C16 in the PVC matrix, this agrees well
with the carbon fiber reinforcement summarized by
Coleman [39] and Blake [40]. When the amount
of carbon reaches a certain level, the agglomeration
structure of MWNTs-g-C16 causes the decrease in
the toughening performance of composites [41].
Although the modification of a large number of long
alkyl chains can effectively prevent the agglomeration of MWNTs and improve the dispersion in the
PVC matrix, this effect is limited to low-content
conditions.

Impact strength

Solar-thermal conversion characteristics

Fig. 6 shows the impact strength results of the
materials with varying MWNTs-g-C16 content. At
less than 0.1% of MWNTs-g-C16 , the notched impact strength of the materials significantly increased
when the nanocomposites increased. While at
more than 0.1%, the impact strength of the sample
was obviously decreased. The statistical analysis

As shown in Fig. 7a. The temperature of all the
samples gradually rose with continuous illumination, and gradually dropped when the solar light
source was turned off. However, the solar-thermal
conversion efficiency and thermal conductivity of
each sample with different amounts of MWNTs-gC16 were significantly different from each other.

www.scienceasia.org
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Fig. 8 Deicing photo (one picture per 30 s) and infrared thermal image after the ice completely dissolved:
(a,b) simulated solar light (0.3 watt) and no light conditions on a silicon substrate; (c,d) simulated solar light and
no light conditions on a PVC/MWNTs-g-C16 composite substrate. The content of MWNTs-g-C16 is 0.25%.

Homopolymer PVC did not easily absorb solar lights
and effectively converts them into heat energy,
therefore, the maximum temperature of sample 1
was only 32.1 °C after 2 min of illumination. The
solar-thermal conversion capability of the composites increased with an increase in MWNTs-g-C16
content, and the highest efficiency was found in
sample 5 with a 2.5% content and a maximum temperature of 54.5 °C, which was 22.4 °C higher than
that of the homopolymer PVC. The PVC/MWNTs-gC16 composites exhibited an excellent solar-thermal
conversion performance, although the MWNTs in
the PVC/MWNTs-g-C16 composites exhibited no
alignment, and the optical absorption performances
were comparable with that of the vertical CNTs
array [42]. The faster the sample cools, the better
the thermal conductivity after the light source is
closed. So the thermal conductivity efficiency for
sample 2 with 0.01% content was the highest, while
the homopolymer PVC had the lowest thermal conductivity. According to Fig. 7b, a linear relationship
between the maximum temperature and MWNTs-gC16 content was obtained with a good correlation.
The maximum temperature of the samples increased

linearly with an increase in the MWNTs-g-C16 content. The slope of this straight line was far less than
that of the MWNT-g-PVC(229.97) line, another kind
of solar-thermal material prepared by our research
group [32]. Although the solar-thermal conversion
efficiency of the PVC/MWNTs-g-C16 prepared using
melt bending was lower than that of the MWNT-gPVC composites prepared using chemical grafting,
this method is simple and feasible. In addition, it
is easier to achieve large-scale preparation of the
PVC/MWNTs-g-C16 composite material. An equivalent solar-thermal conversion effect of the MWNTg-PVC composites was obtained by increasing the
content of MWNTs-g-C16 during blending.
Solar-thermal deicing properties
As shown in Fig. 8, the deicing time is 540 seconds
under simulated solar light for the PVC/MWNTsg-C16 composite substrate which is 270 seconds
shorter than that under no light condition. This is a
one-third reduction in deicing time.
The two infrared thermal images of the
PVC/MWNTs-g-C16 substrates were completely different from each other and the image of the Si
substrate. In the absence of simulated solar light for
www.scienceasia.org
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deicing, the PVC/MWNTs-g-C16 substrate absorbed
the light in the laboratory and converted it into
heat, so the substrate temperature (28.4 °C) was
higher than the workbench temperature (26.2 °C).
This indicated that the PVC/MWNTs-g-C16 composite absorbed various light wavelengths. In contrast, as shown in the infrared thermal image of
PVC/MWNTs-g-C16 substrate under simulated solar light, the temperature of the PVC/MWNTs-gC16 substrate was 65.8 °C. This was approximately
40 °C higher than the room temperature and the
workbench temperature (27.4 °C). There was a
very obvious temperature gradient between the
PVC/MWNTs-g-C16 substrate and the workbench,
also caused by heat conduction. The experimental
results show that the PVC/MWNTs-g-C16 composite
substrate effectively absorbed the simulated solar
light and transformed it into heat, which increased
the substrate’s temperature and increased the speed
of melting ice.
CONCLUSION
In summary, a series of PVC/MWNT-g-C16 composites with different photo-thermal conversion capabilities were obtained by phase-transfer esterification and melt blending. The incorporation of
MWNTs into PVC exhibited a randomly arranged
structure. The modification of a large number of
long alkyl chains could improve the dispersion of
MWNTs in the PVC matrix, so the modified MWNTs
had a good effect on the reinforcement and toughening of PVC matrix in low-content conditions. The
composites could trap solar radiation efficiently and
convert it to heat due to the intrinsic properties of
CNTs, presenting excellent optical absorption and
solar-thermal conversion performance. Moreover,
the method of melt blending was relatively simple and practicable, and the composites prepared
had significant film-forming ability for the postprocessing techniques into films, sheets, and plates
with desired shapes and sizes. This composite
material is expected to be used as an anti-icing and
deicing coating materials, or applied in the field of
heat-conduction devices and solar-thermal energy
harvesters, even in biomedical fields such as drug
delivery systems and cancer treatment.
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