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Formation of aramid-silica-grafted-multi-walled
carbon nanotube-based nanofiber via the sol-gel
route: thermal and mechanical profile of hybrids
with poly(methyl methacrylate)
Abstract: In this study, thermally and mechanically stable poly(methyl methacrylate) (PMMA)-based nanocomposites were produced through the reinforcement of
electrospun aramid-silica-grafted multi-walled carbon
nanotube-based nanofibers (MWCNT-Ar-Si). The multiwalled carbon nanotube was initially modified to prepare
an isocyanatopropyltriethoxysilane-grafted MWCNT via
the sol-gel route using 3-isocyanatopropyl-triethoxysilane and tetraethoxysilane (TEOS). The silica network
was developed and linked to MWCNT by hydrolysis and
condensation of TEOS. The said isocyanatopropyltriethoxysilane-grafted MWCNT was electrospun with the
aramid solution. The electrospun MWCNT-Ar-Si nanofibers (0.1–1 wt.%) were then reinforced in a PMMA matrix.
For comparative analysis, PMMA was also reinforced
with 0.1–1 wt.% of aramid nanofibers. The tensile modulus of PMMA/MWCNT-Ar-Si 0.1 was 5.11 GPa, which was
increased to 13.1 GPa in PMMA/MWCNT-Ar-Si 1. The 10%
decomposition temperature of PMMA/MWCNT-Ar-Si 0.1–1
hybrids was in the range of 479–531°C. The glass transition
temperature, determined from the maxima of tan δ data
using dynamic mechanical thermal analysis, showed an
increase with the filler loading and was maximum (301°C)
for PMMA/MWCNT-Ar-Si 1 with 1 wt.% of MWCNT-Ar-Si
nanofibers. In contrast, PMMA/Ar 0.1–1 hybrids showed
lower values in the thermal and the mechanical profile
depicting the combined effect of nanotube and aramid in
electrospun nanofibers.
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1 Introduction
Polymer composites have gained much consideration
because the properties of the original matrix may be considerably improved by the addition of even diminutive filler
content (1, 2). Polymeric materials are not suited for highperformance applications since they are mechanically
feeble and thermally unstable. In this regard, incorporating appropriate filler materials may provide enhancement
to the mechanical and thermal properties. Structural
strength and toughness have been observed in the composite materials, in which inorganic components have
been distributed at a very fine level in the organic matrix
(3–5). Ceramics are an important type of inorganic filler,
and their micro-level mixing with polymers may create
high-performance hybrid materials. Common inorganic
components/metal oxides such as silica, titania, zirconia,
etc., have also been used to reinforce the organic polymers. Recently, poly(methyl methacrylate), poly(dimethyl
siloxane), polyacrylates, polyimides, polyamides, polybenzoxazoles, epoxies, etc., have been frequently used in
the preparation of hybrid materials (6–9). Consequently,
a successful synthetic approach for the preparation of
organic/inorganic materials has been the in situ polymerization of metal alkoxides via the sol-gel process (10, 11).
The sol-gel technique has been extensively employed to
prepare a variety of silica-based materials such as tubes,
fibers, powders, etc. Generally, in polymer solution, inorganic metal oxide precursor is mixed and hydrolysis and
condensation are slowly carried out at moderate temperature to incorporate an inorganic network structure
(ceramers). Such type of hybrid materials may exhibit
heat resistance, preservation of mechanical properties
at high temperature and pressure, easy processability,
etc. Incidentally, silica has been commonly used as an
effective inorganic component to enhance the mechanical and thermal properties of the matrix. Moreover, the
strong interface adhesion between the organic matrix and
the silica is the key to the application of this filler (12–14).
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The properties of hybrid composites are affected by many
factors such as filler size, distribution, and filler content.
Additionally, the surface structure and mechanical properties of the filler play a crucial function in the organic/inorganic composite material. Especially, the properties may
be enhanced via improving the bond strength between the
inorganic filler and the polymer matrix (15–17). Polyamide/silica nanocomposite films have been synthesized via
condensation and interfacial polymerization, which show
superior thermal and mechanical stability (18). Simi
larly, various approaches have been used to synthesize
polymer/silica hybrid nanofibers via a one-step electrospinning process. Afterwards, these fibers have been utilized to reinforce and improve the properties of the matrix
(19, 20). Electrospinning is a well-known technique for
drawing fine fibers from polymer solution or polymer melt
under electrostatic field (21). Electrospinning performs an
economical and swift single-step processing to fabricate
continuous nanofibers. The resulting fibers have a high
surface area-to-volume ratio, which makes them applicable for use as matrices for high-performance composites
or as functional materials in microelectronic devices,
sensors, wire insulation applications, etc. In the current
work, a multi-walled carbon nanotube (MWCNT) was
modified to prepare an isocyanatopropyltriethoxysilanegrafted MWCNT using 3-isocyanatopropyltriethoxysilane
(ICTOS) and tetraethoxysilane (TEOS) via the sol-gel route.
The said isocyanatopropyltriethoxysilane-grafted MWCNT
was electrospun with the aramid solution prepared from
1,3-phenylenediamine, 2,4-diaminophenol, and terephthaloyl chloride. The choice and design of the fabrication
technique for the desired materials were an important part
of this research. We have successfully prepared homogeneous organic-inorganic hybrid electrospun fibers by incorporating organic polymer into a sol-gel process-modified
isocyanatopropyltriethoxysilane-grafted MWCNT reaction
mixture of alkoxysilanes. During the electrospinning, the
isocyanate groups in MWCNTs and the hydroxyl groups
in polymer developed covalent bonding, which helped
in the uniform dispersion of each segment. Moreover,
the residual silanol groups in the silica gel and the amide
groups in the polymers may develop hydrogen-bonding
interactions, which also promote the uniform dispersion of segments during this process. After the surface
modification process using ICTOS and TEOS, the sol-gel
network showed better compatibility with nanotubes.
The sol-gel network actually acted as a bridge between
the nanotubes and the polyamide. The results also indicate that polyamide-silica-modified nanotubes played
an important role in the preparation of high-strength
nanofibers and nanocomposites. As a precondition for the

formation of homogeneous polymeric hybrid fibers, polymers should be dispersed uniformly in the sol-gel reaction
solution. The electrospun aramid-silica-grafted multiwalled carbon nanotube-based nanofibers (MWCNT-ArSi) were then reinforced in poly(methyl methacrylate)
(PMMA) matrix. All the samples were solvent-cast films
for determining the properties. For comparative analysis, PMMA was also reinforced with 0.1–1 wt.% of aramid
nanofibers. The hybrids with different compositions were
investigated by Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy, thermogravimetric
analysis (TGA), dynamic mechanical analysis, and tensile
measurement. The effect of increased bonding between
MWCNT-Ar-Si nanofiber phases on the morphology of
the resulting hybrids and their thermal and mechanical
properties have been described. The mechanical stability of PMMA matrix was considerably improved, and
the decomposition temperature was also increased with
rising amounts of MWCNT-Ar-Si due to hydrogen bonding
between the fibers and PMMA.

2 Experimental
2.1 Materials
Poly(methyl methacrylate) with a molecular weight of
100,000 was obtained from BDH Chemicals (Birmingham, UK). The MWCNT (short, outer diameter×wall
thickness×length 20–30 nm×1–2 nm×0.5–2 μm), 1,3-phenylenediamine, TEOS, and dimethyl acetamide (DMAc) were
AR-grade products of Aldrich Chemicals (CA, USA). Terephthaloyl chloride (99%), 2,4-diaminophenol (96%), and ICTOS
(95%) were obtained from Fluka, Monte Carlo, Germany.

2.2 Instrumentation
Infrared spectra were recorded using a Fourier transform
infrared spectrometer (model no. FTSW 300 MX, BIORAD; 4-cm-1 resolution). The stress-strain response of the
samples (strips), with dimensions of ca. 14 × 5.0 × 0.39 mm,
was monitored according to the Deutsches Institut für
Normung 53455 procedure using the INSTRON 4206 universal testing machine at 30°C at a crosshead speed of
5 mm/min. Standard procedures and formulae were
applied to calculate various tensile properties including
stress, strain, Young’s modulus, and toughness. For the
morphological studies, films were cryogenically fractured in liquid nitrogen. Field emission scanning electron
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Scheme 1 Synthesis of the aramid precursor.

microscopy of freeze-fractured samples was performed
using the JSM5910 scanning electron microscope (JEOL,
Japan). Thermal stability was verified by a METTLER
TOLEDO TGA/SDTA 851e thermo gravimetric analyzer using
1–5 mg of the sample in an Al2O3 crucible at a heating rate
of 10°C/min. Dynamic mechanical thermal analysis was
performed on hybrid materials in the temperature range
of 0–300°C with a dynamic mechanical analyzer (DMTA
Q800; frequency of 5 Hz), at a heating rate of 10°C/min.

2.3 Preparation of the aramid precursor (Ar)
In a 250-ml, two-necked, round-bottom flask, 1,3-phenylenediamine and 2,4-diaminophenol were charged in a
95:5 mole ratio, respectively, with an equivalent amount
of TPC in DMAc. The reaction mixture was stirred at room
temperature for 24 h. The hydroxyl groups remained unreacted in the said reaction, leading to polyamide formation
(Scheme 1).

2.4 P
 reparation of isocyanatopropyltriethoxysilane-grafted MWCNT (sol-gel)
A 0.5-g MWCNT was dispersed in 50 ml of DMAc with sonication of 8 h. A total of 0.5 mol of TEOS was added to 10 ml
of DMAc, and then the mixture was poured to the said
MWCNT solution followed by stirring for 8 h. Afterwards,
0.5 mol of ICTOS was also added to the reaction mixture. A
stoichiometric amount of water in DMAc was then added
to carry out the sol-gel process. HCl produced during the
polymerization reaction acted as a catalyst. The reaction
mixture was allowed to stir at 60°C for 12 h to complete
the hydrolysis and condensation of the inorganic network.
The hydrolysis and condensation of ICTOS and TEOS via
the sol-gel process yielded a silica network structure that

bonded with the nanotubes (Scheme 2). The reaction
mixture was then filtered, and modified nanotubes were
dried at 80°C (22).

2.5 Preparation of electrospun MWCNT-Ar-Si
The precursor solution of aramid was synthesized as
described previously. The solid content of pristine polyamide solution was maintained at 25 wt.%. For the preparation of nanotube solution, 5 wt.% of modified MWCNT/
DMAc solution was sonicated for 2 h to disperse the carbon
nanotube homogeneously. Afterwards, both the solutions
were mixed and sonicated for 2 h (Scheme 3). Electrospinning was carried out using a syringe with a spinneret (dia
meter 0.5 mm), and 25 kV of voltage was applied at 30°C.
The feeding rate was 0.25 mL/h, and the spinneret-collector
distance was set to be 10 cm. MWCNT-Ar-Si nanofibers were
collected using a rotating disk collector (diameter 0.30 m;
width 10 mm). During electrospinning, the linear speed of
the rotating collector was about 10 ms-1. All the electrospun
nanofibers were dried at 80°C for 4 h to remove the residual
solvent, followed by annealing for 1 h (23).

2.6 Fabrication of PMMA/MWCNT-Ar-Si
hybrid films
For the formation of PMMA/MWCNT-Ar-Si hybrid films,
PMMA was reinforced with different MWCNT-Ar-Si fiber
contents (0.1–1 wt.%). Initially, 1 g of PMMA was dissolved
in 10 ml of DMAc. The desired amount of as-prepared electrospun nanofibers (0.1–1 wt.%) was placed in a Teflon
mold. Afterwards, PMMA solution was poured over the
MWCNT-Ar-Si nanofibers. The nanofibers were soaked in
PMMA solution for 1 h and then heated to 80°C to obtain
the nanofiber-reinforced nanocomposite films. Table 1
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Scheme 2 Formation of isocyanatopropyltriethoxysilane-grafted MWCNT.

shows the structural characterization of the MWCNT-Ar-Si
nanofiber and the PMMA/MWCNT-Ar-Si nanofiber-reinforced nanocomposite.

3 Results and discussion
3.1 Spectroscopic analysis
Table 1 illustrates the FTIR data of the MWCNT-Ar-Si
nanofiber and the PMMA/MWCNT-Ar-Si 1 hybrid material.

The FTIR spectrum of the MWCNT-Ar-Si nanofiber showed
aromatic and aliphatic C-H stretching vibrations at 3001
and 2866 cm-1, respectively. The amide linkage displayed N-H stretching and bending vibrations at 3311
and 1598 cm-1, respectively. Moreover, the amide carbonyl appeared at 1656 cm-1. Si-O bond was also found to
emerge at 1111 cm-1. In the case of the PMMA/MWCNT-Ar-Si
1 hybrid material, aromatic and aliphatic C-H stretching
vibrations were found at 3012 and 2878 cm-1, respectively.
The characteristic vibration around 3302 and 1597 cm-1
was observed for N-H stretching. Here the amide carbonyl also appeared at 1652 cm-1. In the spectrum of pure
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Table 1 Structural characteristics of MWCNT-Ar-Si nanofibers and
PMMA/MWCNT-Ar-Si hybrids.
FTIR
Type of vibration
MWCNT-Ar-Si nanofiber

PMMA/MWCNT-Ar-Si 1

40

Frequency (cm-1)

N-H stretch
Aromatic C-H stretch
Aliphatic C-H stretch
Amide C = O
N-H bend
Si-O
N-H stretch
Aromatic C-H stretch
Aliphatic C-H stretch
Methacrylate C = O
Amide C = O
N-H bend
Aliphatic C-H bend
Si-O

3311
3001
2866
1656
1598
1111
3302
3012
2878
1721
1652
1597
1387
1101

PMMA, a strong band usually appeared at 1732 cm-1 for
methacrylate carbonyl (C = O). However, in the PMMA/
MWCNT-Ar-Si 1 hybrid composition, there was a shift in
the methacrylate carbonyl to a lower wavenumber (1721
cm-1), showing a close contact between the matrix and the
filler due to hydrogen bonding.

3.2 Mechanical studies
Table 2 illustrates the tensile test results of pure PMMA
and PMMA/MWCNT-Ar-Si 0.1–1 and PMMA/Ar 0.1–1
hybrid materials. The corresponding stress-strain
curves obtained are given in Figure 1. In general, tensile
stress, tangent modulus, and toughness increased with
the filler addition. Whereas elongation at break may
decrease with the reinforcement addition. Consequently,

Stress (MPa)

Compound
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Figure 1 Stress-strain curves of PMMA and PMMA/MWCNT-Ar-Si
hybrids.

the maximum strain at rupture (elongation at break) of
the hybrids decreased from 3.92 to 3.41, with increasing
nanofiller content from 0.1 up to 1 wt.%. A higher value
of tensile stress was found for the PMMA/MWCNT-Ar-Si
1 hybrid (44.2 MPa) relative to the PMMA/MWCNT-Ar-Si
0.1–0.5 composites with lower filler content (41.1–43.5
MPa) and pure PMMA (33.8 MPa). The increase was in
agreement with better cohesion between MWCNT-Ar-Si
nanofibers and the matrix as presented in the scanning
electron micrographs in the subsequent section. There
was a sharp increase in the tangent modulus for PMMA/
MWCNT-Ar-Si 0.1 (5.11 GPa) relative to neat polymer
(0.51 GPa). Further addition of nanofibers established
an enhancement in rigidity and presence of interaction
between the matrix and the filler. Accordingly, PMMA/
MWCNT-Ar-Si 0.2 had a tensile modulus of 7.12 GPa,
PMMA/MWCNT-Ar-Si 0.5 had 9.32 GPa, and PMMA/

Table 2 Mechanical properties of pristine polymer and PMMA/MWCNT-Ar-Si and PMMA/Ar hybrids.
Sample
PMMA
PMMA/MWCNT-Ar-Si 0.1
PMMA/MWCNT-Ar-Si 0.2
PMMA/MWCNT-Ar-Si 0.5
PMMA/MWCNT-Ar-Si 1
PMMA/Ar 0.1
PMMA/Ar 0.2
PMMA/Ar 0.5
PMMA/Ar 1

Maximum stress
(MPa) ± 0.2

Maximum
strain ± 0.01

Tangent
modulus(GPa) ± 0.05

Toughness
(J/m3) ± 0.1

33.8
41.1
42.7
43.5
44.2
34.2
36.1
38.3
39.5

1.59
3.92
3.71
3.64
3.41
2.78
2.92
3.01
3.11

0.51
5.11
7.12
9.32
13.1
3.43
4.44
5.77
7.23

41.2
129
138
143
151
99
101
106
110
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MWCNT-Ar-Si 1 showed 13.1 GPa. The toughness of these
materials also increased from 129 to 151 J/m3, because
better compatibilized blends are tougher. Toughness of
the composites was also much higher relative to neat
PMMA (41.2 J/m3). The notable increase in tensile strength
also suggested that there subsists an intermolecular
interaction between the carbonyl of the methacrylate
group and the hydrogen of amide linkage. In contrast,
PMMA/Ar 0.1–1 hybrid materials showed relatively lower
values in the tensile properties, demonstrating the synergetic effect of aramid and MWCNT in nanofibers. The
tensile stress of PMMA/Ar 0.1–1 was found to be lower
than that of PMMA/MWCNT-Ar-Si hybrids, around 34.2–
39.5 MPa. Similarly, tensile modulus values were relatively lower in the range 3.43–7.23 GPa. Therefore, it was
observed that the property improvement was not due to
multi-walled carbon nanotubes alone or to pure aramid;
rather, the electrospinning of MWCNT and aramid via the
sol-gel method created a chemical linkage between the
nanotubes and the aramid, improving the properties of
the resulting material. The overall improvement in the
mechanical properties was due to the interaction (hydrogen binding) between modified MWCNT and PMMA and
to the subsequent stress transfer between the filler and
the polymer matrix The mechanical profile of PMMA/
MWCNT-Ar-Si was also found to be superior relative to
several reported PMMA-based systems (24, 25).

3.3 Morphology investigation
The cryo-fracture surface images of PMMA/MWCNT-Ar-Si
0.1–1 nanocomposite films are shown in Figure 2. Figure
2A–D shows the alignment of various nanofiber contents in the matrix. According to the scanning electron
micrograph in Figure 2A, nanofibers were embedded
and coated with PMMA. Some portions of the aligned
MWCNT-Ar-Si (0.1 wt.% sample) nanofibers were visible
on the surface. The partially embedded nanofibers were
well aligned, forming some sort of exquisitely beautiful
floral patterns. The pattern was more obvious in the cryofracture surface in PMMA/MWCNT-Ar-Si 0.2 and PMMA/
MWCNT-Ar-Si 0.5 films. Furthermore, the nanofibers
seemed to be dispersed without any agglomeration in all
the samples analyzed. However, the fully aligned fibers
were not discernible in any of the samples; rather, the
nanofibers were integrated to form a floral morphology.
Figure 2E depicts the morphology of a MWCNT-Ar-Si electrospun fiber, and the modification seemed to be uniform
throughout the nanotube.

3.4 Thermal analysis
Figure 3 shows the thermograms of the different PMMA/
MWCNT-Ar-Si nanocomposite films, when 0.1–1 wt.% of
nanofiller was added into the PMMA matrix (Table 3).
Some differences were found in the weight loss curves as
shown in Figure 3. When the temperature was increased
beyond 450°C, the PMMA/MWCNT-Ar-Si nanocomposite
began to decompose. Compared with pristine PMMA, the
decomposition temperature was increased significantly
after the addition of the MWCNT-Ar-Si filler. The results
indicated that PMMA had an initial degradation temperature (T0) of 295°C, a 10% degradation temperature
(T10) of 354°C, and a maximum degradation temperature
(Tmax) of around 392°C. The T0 of nanocomposite films
increased with increasing MWCNT-Ar-Si dosage. PMMA/
MWCNT-Ar-Si 0.1 (0.1 wt.% nanofiller) had a T0 of 465°C,
which was increased to 492°C in PMMA/MWCNT-Ar-Si 1
(1 wt.% nanofiller). The results showed that MWCNT-ArSi improved the thermal stability of polymer matrix. In
addition, the 10% decomposition temperature of films
increased with nanofiller loading from 479°C to 531°C in
PMMA/MWCNT-Ar-Si 0.1–1. When the amount of MWCNTAr-Si added to the silica was increased from 0.1 to 1
wt.%, the maximum decomposition temperature of the
samples increased from 491°C to 509°C, 535°C, and 543°C,
respectively. The char yield of the nanocomposites was
also improved with filler loading from 33% to 40% relative to PMMA (5%). The interaction between the silicamodified aramid-bonded nanotubes improved not only
the dispersal state of the filler in the PMMA matrix, but
also the thermal stability of the composite film. The glass
transition of the nanocomposites was studied from loss
tangent (tan δ) vs. temperature as shown in Figure 4. Yet
again, the addition of nanofiber increased the segmental
Tg from 267°C to 301°C. The higher glass transition for the
system with nanofibers depicted the increase in structural rigidity relative to pure PMMA (97°C). In contrast,
neat MWCNT-Ar-Si nanofibers had a Tg of 180°C. PMMA/
Ar 0.1–1 hybrids showed relatively lower Tg (181–212°C)
and thermal properties (T0 423–467°C; Tmax 480–533°C)
than PMMA/MWCNT-Ar-Si 0.1–1, showing the combined
effect of aramid and MWCNT in nanofibers. The glass
transition recorded from the DMTA curve was due to the
combined effect of electrospun fibers and PMMA developed by the interaction between the two components.
Thus, the improved Tg of the hybrids was not because of
the fiber or matrix alone. New nanofibrous membranes
had considerably higher heat constancy relative to previous electrospun PMMA nanocomposites (26, 27).
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Figure 2 Field emission scanning electron microscopy images of (A) PMMA/MWCNT-Ar-Si 0.1 film; (B) PMMA/MWCNT-Ar-Si 0.2 film;
(C) PMMA/MWCNT-Ar-Si 0.5 film; (D) PMMA/MWCNT-Ar-Si 1 film; (E) MWCNT-Ar-Si nanofiber.

4 Conclusion
In the current work, electrospun, sol-gel process-modified, aramid-silica-grafted multi-walled carbon nanotube-based nanofibers were successfully prepared and
reinforced into a PMMA matrix via a simple solution
blending method. A 0.1–1 wt.% dosage of MWCNT-Ar-Si
nanofiber was used. The fracture surface micrographs of

the composites showed that the nanofibers were well dispersed in the matrix and formed some well-aligned floral
patterns. The tensile strength of PMMA/MWCNT-Ar-Si
0.1–1 was found to be reasonably high in the range 41.1–
44.2 MPa. In the TGA plots of PMMA/MWCNT-Ar-Si 0.1–1
nanocomposites, the thermal stability and the decomposition temperature obviously increased, with increasing electrospun nanofiber dosage. Similarly, the glass
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Figure 4 Variation of loss tangent with temperature for pure PMMA,
MWCNT-Ar-Si, and PMMA/MWCNT-Ar-Si.

Figure 3 TGA curves of PMMA/MWCNT-Ar-Si hybrids at a heating
rate of 10°C/min in N2.

Table 3 Thermal analyses data of pristine polymer and PMMA/MWCNT-Ar-Si and PMMA/Ar hybrids.
Sample
PMMA
PMMA/MWCNT-Ar-Si 0.1
PMMA/MWCNT-Ar-Si 0.2
PMMA/MWCNT-Ar-Si 0.5
PMMA/MWCNT-Ar-Si 1
PMMA/Ar 0.1
PMMA/Ar 0.2
PMMA/Ar 0.5
PMMA/Ar 1

Tg (°C)

T0 (°C)

T10 (°C)

Tmax (°C)

Yc at 600°C (%)

97
267
271
289
301
181
198
202
212

295
465
473
485
492
423
444
456
467

354
479
489
520
531
451
464
498
505

392
491
509
535
543
480
493
512
533

5
33
35
38
40
30
32
34
36

Tg, Glass transition temperature; T0, initial decomposition temperature; T10, temperature for 10% weight loss; Tmax, maximum decomposition
temperature; Yc, char yield; weight of polymer remained.

transition temperature as determined from the maxima
of tan δ data using dynamic mechanical thermal analysis was increased with filler loading from 267°C to 301°C.
Considering the higher thermal and mechanical stability
and lower cost, PMMA/MWCNT-Ar-Si 0.1–1 can be widely
used as high-performance functional materials in various

fields including microelectronic devices, sensors, wire
insulation, etc.

Received January 21, 2014; accepted March 4, 2014; previously published online April 2, 2014

References
1. Ahmad Z, Mark JE. Biomimetic materials: recent developments in
organic and inorganic hybrids. Mater Sci Eng. 1998;C6:183–96.
2. Kausar A, Hussain ST. Processing and properties of new
heteroaromatic Schiff-base poly(sulfone-ester)s and their blends.
Iran Polym J. 2013;22(3):175–85.
3. Kausar A, Hussain ST. Physical properties of solution
cast poly(styrene-butadiene-styrene)/heteroaromatic

poly(azo-thiourea) blends. J Plast Film Sheet. 2013;29(3):
271–89.
4. Kausar A, Zulfiqar S, Sarwar MI. Nanoporous membranes by
co-operative self-assembly of functionalized SEBS and titania.
Surf Inter Anal. 2013;45(8):1252–60.
5. Gu G, Zhang Z, Dang H. Preparation and characterization of
hydrophobic organic-inorganic composite thin films of

A. Kausar: Formation of MWCNT-Ar-Si via the sol-gel route

6.

7.

8.

9.

10.

11.

12.

13.

14.
15.

16.

PMMA/SiO2/TiO2 with low friction coefficient. Appl Surf Sci.
2004;221(1–4):129–35.
Kang S, Hong SI, Choe CR, Park M, Rim S, Kim J. Preparation
and characterization of epoxy composites filled with nano-silica
particles obtained through sol-gel process. Polymer.
2001;42(3):879–87.
Davis SR, Brough AR, Atkinson A. Formation of silica/epoxy
hybrid network polymers. J Non-Cryst Solids. 2003;
315(1–2):197–205.
Kausar A, Zulfiqar S, Sarwar MI. Nanoblends of PMMA/aramid: a
study on morphological and physical properties. Solid State Sci.
2013;24:36–43.
Kausar A, Zulfiqar S, Sarwar MI. Nano-structured PMMA/aramid
blends: self-assembly via competitive interactions. Polym Bull.
2013;71(1):227–42.
Alexandre M, Dubois P. Polymer-layered silicate nanocomposites: preparation, properties and uses of a new class of
materials. Mater Sci Eng. 2000;28(1–2):1–63.
Butterworth MD, Corradi R, Johal J, Lascelles SF, Maeda S,
Armes SP. Zeta potential measurements on conducting polymerinorganic oxide nanocomposite particles. J Coll Interf Sci.
1995;174(2):510–7.
Castellano M, Conzatti L, Costa G, Falqui L, Turturro A, Valenti
B, Negroni F. Surface modification of silica: 1. Thermodynamic
aspects and effect on elastomer reinforcement. Polymer.
2005;46(3):695–703.
Chen LW, Ho KS. Synthesis of polyamide-imide by blockedmethylene diisocyanates. J Polym Sci A: Polym Chem.
1997;35(9):1711–7.
David IA, Scherer GW. An organic/inorganic single-phase
composite. Chem Mater. 1995;7(10):1957–67.
Fuchigami K, Taguchi Y, Tanaka M. Synthesis of spherical silica
particles by sol-gel method and application. Polym Adv Tech.
2008;19(8):977–83.
Hossein SS, Lia Y, Chunga T, Liu Y. Enhanced gas separation
performance of nanocomposite membranes using MgO
nanoparticles. J Membr Sci. 2007;302(1–2):207–17.

185

17. Hwang J, Lee BI, Klep V, Luzinov I. Transparent hydrophobic
organic-inorganic nanocomposite films. Mater Res Bull.
2008;43(10):2652–7.
18. Jadav GL, Singh PS. Synthesis of novel silica-polyamide
nanocomposite membrane with enhanced properties. J Membr
Sci. 2009;328(1–2):257–67.
19. Ahn BY, Seok SI, Hong S, Oh J, Jung H, Chung WJ. Optical
properties of organic/inorganic nanocomposite sol-gel
films containing LaPO4:Er,Yb nanocrystals. Opt Mater.
2006;28(4):374–9.
20. Zheng P, Kong LX, Li S, Yin C, Huang MF. Self-assembled natural
rubber/silica nanocomposites: Its preparation and characterization. Compos Sci Tech. 2007;67(15):3130–9.
21. Zhong S, Li C, Xiao X. Preparation and characterization of
polyimide-silica hybrid membranes on kieselguhr-mullite
supports. J Membr Sci. 2002;199(1–2):53–8.
22. Kausar A, Hussain ST. Effect of multi-walled carbon nanotubes
reinforcement on the physical properties of poly(thioureaazo-ether)-based nanocomposites. J Plast Film Sheet.
2013;29(4):365–83.
23. Kausar A, Hussain ST. Poly(azo-ether-imide) nanocomposite
films reinforced with nanofibers electrospun from multi-walled
carbon nanotube filled poly(azo-ether-imide). J Plast Film Sheet.
2013; DOI: 10.1177/8756087913498884.
24. Reneker DH, Chun I. Nanometre diameter fibres of polymer,
produced by electrospinning. Nanotechnology. 1996;7(3):
216–33.
25. Chen XH, Chen CS, Chen Q, Cheng FQ, Zhang G, Chen ZZ.
Non-destructive purification of multi-walled carbon nanotubes
produced by catalyzed CVD. Mater Lett. 2002;57(3):734–8.
26. Qian YF, Su Y, Li XQ, Wang HS, He CL. Electrospinning of
polymethyl methacrylate nanofibres in different solvents. Iran
Polym J. 2010;19(3):23–129.
27. Bae HS, Haider KM, Selim K, Kang DY, Kim EJ, Kang IK.
Fabrication of highly porous PMMA electrospun fibers and their
application in the removal of phenol and iodine. J Polym Res.
2013;20:158–63.

