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Nanoparticles, such as carbon nanotubes, nanoclays, and
graphenes, are widely used in the polymer nanocomposites
to alter the chemical, mechanical, electrical, optical, and
thermal properties. However, a number of critical issues
need to be addressed before the full potential of polymer
nanocomposites can actually be realized. The improvements
in mechanical, thermal, electrical, and rheological properties
of polymers by addition of nanoparticles depend upon a
number of factors, such as processing technique, interfacial
interaction between nanoparticles and host polymers, and
state of nanoparticle dispersion. While a number of advances
have recently beenmade in the area of polymer nanocompos-
ites, the studies on understanding of the effects of processing
parameters on the structure, morphology, and functional
properties of polymer nanocomposites are deficient. The
relationships between the structural distributions and the
ultimate properties of the polymer nanocomposites also need
to be elucidated. There is a need for better characterization
techniques to quantify the concentrations and distributions
of nanoparticles as well as to assess the nature of the interface
between the polymer and nanoparticles. Also, there is a
critical need for the development of better models with the
ability to predict the mechanical properties of the polymer
nanocomposites as functions of relevant factors including
nanoparticle orientation, the type of functional groups, and
the molecular weight of polymer chain.

Considering the challenges in the area of development
of adequate methods of processing for nanocomposites,
this special issue was devoted to the emerging polymer
nanocomposite processing techniques. Also, this special issue
intended to cover the entire range of basic and applied
materials research focusing on rheological characterization,
nanoparticle dispersion, and functional properties of poly-
mer nanocomposites for sensors, actuators, and other mul-
tifunctional applications. This special issue with a total of
six papers covers a wide range of areas related to fabrication
of triple-component drug-loaded nanocomposites using a
modified coaxial electrospinning: three-phase carbon fiber
amine functionalized carbon nanotubes epoxy composite:
processing, characterization, and multiscale modeling; use
of ultrasonication technique for dispersing nanoclay in
wood adhesives; effect of chitosan alkali pretreatment on
the preparation of electrospun poly(𝜀-caprolactone)/chitosan
blend nanofibrous scaffolds for tissue engineering appli-
cation; polyethylene/clay nanocomposites produced by in
situ polymerization with zirconocene/methylaluminoxane
catalyst; and, finally, mechanical properties of natural rubber
nanocomposites filled with thermally treated attapulgite.

It is hoped that this special issue will help readers with
a wide range of backgrounds to understand the impact of
various processing methods as well as nanoparticles on the
polymer nanocomposite properties and theirmultifunctional
applications.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 403492, 2 pages
http://dx.doi.org/10.1155/2014/403492

http://dx.doi.org/10.1155/2014/403492


2 Journal of Nanomaterials

Acknowledgments

The editors would like to acknowledge the invited and
contributing authors and reviewers.

Gaurav Mago
Suprakas Sinha Ray
Meisha L. Shofner
Shanfeng Wang

Jin Zhang



Research Article
Three-Phase Carbon Fiber Amine Functionalized
Carbon Nanotubes Epoxy Composite: Processing,
Characterisation, and Multiscale Modeling

Kamal Sharma1 and Mukul Shukla1,2

1 Mechanical Engineering Department, Motilal Nehru National Institute of Technology, Allahabad, Uttar Pradesh 211004, India
2Department of Mechanical Engineering Technology, University of Johannesburg, Room 4131, B3 Lab 208, John Orr Building,
Beit Street, Doornfontein, P.O. Box 17011, Johannesburg 2028, South Africa

Correspondence should be addressed to Kamal Sharma; sharmakamal1978@gmail.com

Received 19 July 2013; Revised 7 December 2013; Accepted 15 December 2013; Published 2 February 2014

Academic Editor: Gaurav Mago

Copyright © 2014 K. Sharma and M. Shukla. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The present paper discusses the key issues of carbon nanotube (CNT) dispersion and effect of functionalisation on the mechanical
properties of multiscale carbon epoxy composites. In this study, CNTs were added in epoxy matrix and further reinforced with
carbon fibres. Predetermined amounts of optimally amine functionalised CNTs were dispersed in epoxymatrix, and unidirectional
carbon fiber laminateswere produced.The effect of the presence of CNTs (1.0 wt%) in the resinwas reflected by pronounced increase
in Young’s modulus, inter-laminar shear strength, and flexural modulus by 51.46%, 39.62%, and 38.04%, respectively. However,
1.5 wt% CNT loading in epoxy resin decreased the overall properties of the three-phase composites. A combination of Halpin-Tsai
equations and micromechanics modeling approach was also used to evaluate the mechanical properties of multiscale composites
and the differences between the predicted and experimental values are reported. These multiscale composites are likely to be used
for potential missile and aerospace structural applications.

1. Introduction

The discovery of carbon nanotubes (CNTs) of exceptional
mechanical properties combined with low density has led to
their novel use as a reinforcing nanofiller in composite mate-
rials [1, 2]. The high strength and stiffness of CNTs leads to
improved tensile, shear, and flexural properties of multiscale
composites [3]. The effectiveness of CNT reinforcement can
be proven by the fact that even smaller amounts (<5wt%)
of loading of CNTs result in significant improvements in
their mechanical and physical properties. A number of stud-
ies have been performed on developing high-performance
CNT/polymer composites containing CNTs ranging between
0.1 and 5wt% [4, 5]. However, the homogeneous and con-
sistent dispersion of CNTs in different polymers is found to
be a major difficulty, which often degrades the properties of
composites. Another important issue is the poor interfacial
adhesion, which is mainly responsible for efficient load

transfer from the CNTs to the matrix [6]. Experimental
determination of the interfacial strength of CNT/polymer
composites still remains a challenge. Zhang et al. [7] reported
that the interfacial shear strength of an epoxy composite
reinforced using a CNT/carbon fibre (T300) hybrid is as high
as 106.55MPa, almost 150% higher than that of non-CNT
reinforced composites. Limited success has been achieved on
the experimental side however; reasonable success has been
obtained in theoretical predictions [6]. The interfacial shear
stress transfer from the matrix to the reinforcement takes
place via the interface, which can be largely improved by
chemical functionalisation of the CNT surfaces [8].

Multiscale composites (with CNTs, fibres, and matrix)
have drawn significant attention in the field of advanced,
high-performance materials. Only a limited number of stud-
ies involving three-phase composites have been reported [9–
13]. Gojny et al. [9] reported an increase in interlaminar shear
strength (ILSS) by 20% due to the amine functionalisation of
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Figure 1: Procedure used for functionalisation of MWCNTs.

CNT surfaces. Zhihang et al. [10] reported a 30% increase
in ILSS by incorporating CNTs perpendicular to the fibre
surface.Thostenson et al. [12] introduced the idea of growing
CNTs on the surface of carbon fibres to increase adhesion
to the matrix, which was later confirmed experimentally by
De Riccardis et al. [13]. Godara et al. [14] conducted tensile
testing of unidirectional laminates reinforced with carbon
fibre in different directions. They observed a systematic
decrease in longitudinal tensile strength by up to 20% in
comparison to the laminates produced using pristine CNTs.

An equally exciting, recent, research area is modeling
of CNT composites and multiscale (microscale fibres and
nanoscale tubes) composites to predict the mechanical prop-
erties and behaviour. Currently, for CNT/polymer compos-
ites, the Halpin-Tsai equations [15–17] and the Mori-Tanaka
method [18–21] are being widely used. Qian et al. [17] consid-
ered multiwalled CNTs (MWCNTs)/polystyrene composite
films as randomly oriented discontinuous fibre lamina and
calculated the tensile modulus of the composite using the
Halpin-Tsai equations. Yeh et al. [22] proposed modifying
the Halpin-Tsai equations to evaluate the tensile modulus
and strength of MWCNT/phenolic composites by adopting
orientation and exponential shape factors. Kim et al. [23]
obtained the tensile modulus of three-phase woven laminates
theoretically as well as experimentally. They found that the
theoretical tensile modulus is larger than the measured value
by 11.8%; this discrepancy is attributed due to the assumptions
made in the theoretical models.

The present research aimed to enhance the understand-
ing of the practical and theoretical aspects related to the
processing of three-phase multiscale CNT composites and
the influence of the addition of CNTs. The objective of the
present work is to obtain a homogeneous dispersion of amine
functionalisedmultiwalled carbon nanotubes (AFMWCNTs)
into epoxy, as well as producing a strong interface between
them by means of functionalisation of CNTs. Also, several
dispersion techniques have been tested in order to get a
more homogenous dispersion. This study is also focused on
evaluating the effect of CNT functionalisation onmechanical
properties of multiscale composites.

Table 1: Types of fabricated three-phase composites.

Code CNT wt% Description
CFEC 0 Carbon fibre/epoxy composite
1CNTCFEC 0.25 0.25 wt% CNT three-phase composites
2CNTCFEC 0.5 0.5 wt% CNT three-phase composites
3CNTCFEC 1.0 1.0 wt% CNT three-phase composites
4CNTCFEC 1.5 1.5 wt% CNT three-phase composites

2. Experimental

2.1. Materials. AFMWCNTs (diameter: 20–30 nm; length:
20–30𝜇m; density: 1.8 g/cc; Young’s modulus: 400GPa)
were obtained from Chemapol Industries (Mumbai, India).
Diethylamine is used for functionalisation in 7.2 : 120 weight
ratios of resin. The selection of Diethyl group for amine
functionalisation was based on the results of Gojny et al.
and Shen et al. [3, 24]. Shen et al. [24] concluded that the
Diethyl group of amines is the most effective in enhancing
the mechanical properties of CNT epoxy composites. The
procedure used for functionalisation of MWCNTs and their
chemical structure functionalised has been shown in Figure 1.
The Araldite LY 556 epoxy resin obtained from Chemapol
Industries (Mumbai, India) has been cured with the aromatic
anhydride hardener HY5200. The glass transition tempera-
ture of the neat resin was 130–141∘C (Chemapol Industries,
Mumbai, India) and density was 1.15–1.20 g/cc. Different
amounts (0.25, 0.50, 1.0, and 1.50wt%) of AFMWCNTs were
dispersed in epoxy matrix using an advanced ultrasonic
probe sonicationmethod.The details of the sonicator used in
this study have been presented in the next section. Finally the
three-phasemultiscale composites were prepared by the hand
layup technique for 60% carbon fibre and for different CNT
loading, as listed in Table 1. Carbon fibre T700 grade (Toray
Co., USA) containing 600 filaments per tow was used in this
study. T700 fibre has a high tensile strength (approximately
5000MPa) with a standard modulus of 230GPa.
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Figure 2: Fabrication process of carbon fibre/CNT/epoxy three-phase composites.

2.2. Fabrication Process. Precalculated amounts of AFMWC-
NTs and curing agent were weighed and mixed together
with epoxy in a beaker, such that the weight fraction of
CNTs was 0.3% with respect to resin and curing agent. Horn
Sonicator 3000 ultrasonic probe sonication was employed
for 18min to uniformly disperse the CNTs in the curing
agent. Horn Sonicator 3000 has 3.2mm tip diameter, 100
watts maximum power output, and 22.5 kHz operating fre-
quency. Following this, the epicure AFMWCNT mixture
was combined with epoxy and the three component mix-
ture was ball milled at 250 rpm for 3 h for homogeneous
dispersion of AFMWCNTs. Next, the hardener HY5200 was
mixed and the mixture was further ball milled for 30min
at 250 rpm. The mixture was then degassed in a vacuum
oven for 1 h at 60∘C and subsequently preheated before
spreading uniformly on the carbon fibre, using the hand
layup process. Once the carbon fibre had been infiltrated
with the LY556/epicure W/MWCNT mixture, it was allowed
to cure at 110∘C for 2 h and post cure at 180∘C for 3 h in a
vacuum oven. In this study, the following five carbon fibre
reinforced laminates were fabricated: one for neat resin and
fourwith 0.25, 0.50, 1.0, and 1.50wt%AFMWCNTsdispersed.
A schematic illustration of the process used for the fabrication
of carbon fibre/CNT/epoxy three-phase composites has been
shown in Figure 2. Finally, six samples each were cut in
the dimensions set up by the ASTM D 3039 standard for
tensile tests and the ASTM D 790 standard for flexural
tests.

2.3. Sample Characterisation

2.3.1. FTIR Spectroscopy. A Fourier transform infrared
(FTIR) spectrum was recorded using the SHIMADZU,
Kyoto, Japan, IRAffininty-1 spectrometer with the range
of 2100 cm−1 peak to peak at the maximum resolution of
0.5 cm−1. The IRAffinity-1 offers the highest 𝑆/𝑁 ratio in its
class (30,000 : 1, 1-minute accumulation neighbourhood of
2100 cm−1 peak to peak) and compact dimensions.The inter-
ferometer is continuously optimized by a dynamic alignment
mechanism and a built-in auto dryer.

2.3.2. Mechanical Testing. Carbon fibre/CNT/epoxy com-
posites test specimens were cut in the desired dimensions
(Figure 3(a)) out of the laminate panel (Figure 3(b)). The
sample dimensions were 180 × 10.30 × 1.44mm. Both pure
CF-epoxy and three-phase (CNT reinforced) composites
were tested according to the ASTM D 3039 standard for
tensile properties. A table top model STM series Universal
Testing Machine of 50 kN load cell (United Calibration
Corporation) was used for tensile testing. The crosshead
speed was set at 3.5mm⋅min−1. Flexural modulus tests were
also conducted according to the ASTM D 790 standard on
the same machine at a crosshead speed of 10mm⋅min−1
at room temperature, with the sample span of 30mm.
The average values of six test results have been reported
here.
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Figure 3: (a) Test specimen cut in the desired dimensions from (b) laminate panel sheets.

Morphology of the fractured composite samples surfaces
was observed under the JEOL JXA-8100 scanning electron
microscope (SEM) in order to investigate the fibre-matrix
interface. Further detailed micro- and nanostructural study
was carried out using a transmission electron microscope
(TEM) (CM 200 from Philips and Tecnai G2 from FEI)
with LaB

6
filament operated at 200 kV. The high resolution

imaging was done using the JEOL TEM equipped with a
field emission gun operated at 200 kV, capable of providing
a point to point resolution. The TEM image for aligned
bundles and isolated AFWMCNTs is shown in Figures 4(a)
and 4(b), respectively. A fine powder was prepared from
the AFMWCNTs sample which was subsequently added to
methanol and kept in an ultrasonic bath for 15min to obtain
a uniformly dispersed solution. For carrying out the TEM
analysis a small drop from this solution was taken in a
capillary tube and poured onto a 300mesh carbon coated grid
of 3mm diameter and then dried under IR lamp.

2.4. Micromechanics Modeling. To predict the mechani-
cal properties of three-phase composites, the Halpin-Tsai
equations and theory of micromechanics were applied in
hierarchy. First, the Halpin-Tsai equations were applied to
calculate themechanical properties of two-phase CNT/epoxy
nanocomposites. The two-phase nanocomposite properties
were then applied to compute the mechanical properties of
three-phasemultiscale composites using themicromechanics
rule of mixtures. In the rule of mixtures, the properties of
CNT/epoxy composites were used as the properties of the
matrix.

2.4.1. Halpin-Tsai Equations. One of the primary require-
ments for obtaining themechanical properties of three-phase
multiscale composites was to compute thematerial properties
of the CNT/epoxy composite. In this study, the results
were analyzed with the Halpin-Tsai model for randomly
oriented long fibres. This model was developed by Halpin
and Kardos [15] to account for the Young’s modulus of
composites based on polymer matrices filled with particles of
high aspect ratio. It produces favourable interactions between
the matrix and the filler as well as good filler distribution.

The selected Halpin-Tsai equation, correlating the relative
Young’s modulus of a composite to the morphological and
mechanical properties of its constituents, and the specific
geometric characteristics of AFMWCNTs are represented as
follows:

𝐸
𝑐
=

3

8

[1 + 2{

𝑙

𝑑

}{

(𝐸CNT/𝐸EP ) − (𝑑/4𝑡)

(𝐸CNT/𝐸EP ) + (𝑙/2𝑡)
} 𝜑CNT]

× [1 − {{

(𝐸CNT/𝐸EP) − (𝑑/4𝑡)

(𝐸CNT/𝐸EP) − (𝑑/2𝑡)
} 𝜑CNT}𝐸EP]

+

5

8

[1 + 2{

(𝐸CNT/𝐸EP) − (𝑑/4𝑡)

(𝐸CNT/𝐸EP) + (𝑙/2𝑡)
} 𝜑CNT]

× [1 − [{

(𝐸CNT/𝐸EP) − (𝑑/4𝑡)

(𝐸CNT/𝐸EP) + (𝑑/2𝑡)
} 𝜑CNT]

−1

𝐸EP] ,

(1)

where 𝐸
𝑐
= Young’s modulus of nanocomposite, 𝐸EP =

Young’s modulus of neat epoxy, 𝐸CNT = Young’s modulus of
AFMWCNTs, 𝑙/𝑑 = aspect ratio of dispersed AFMWCNTs,
𝑑 = diameter of AFMWCNTs, 𝑙 = length of AFMWCNTs,
𝑡 = thickness of graphite layer (3.4 Å), and 𝜑CNT = volume
fraction of AFMWCNTs given by the following equation:

𝜑CNT =
1

[(𝜌CNT/𝜌EP) × (𝑀EP/𝑀CNT)] + 1
, (2)

where 𝜌CNT is density of CNT, 𝜌EP is density of epoxy,
𝑀EP is mass volume fraction of epoxy, and 𝑀CNT is mass
fraction of CNTs, calculated to be 0.143% based on the
CNT and epoxy densities of 2.1 and 1.2 g/cc, respectively
[25, 26]. The estimated diameter, length and modulus of
AFMWCNTs are 20 nm, 30 𝜇m and 400GPa, respectively.
Calculated tensile modulus equal to 3.10GPa of neat epoxy
and (1) yields the CNT/epoxy composite tensile modulus
of 3.46GPa at 0.25wt% CNT loading, which translates to
a 11.61% increase over the neat epoxy modulus. In the
calculations, the CNT composites were regarded as isotropic
as the AFMWCNTs which were assumed to be uniformly
distributed and randomly oriented throughout thematrix. As
the amount of CNTs was small, the Poisson’s ratio of the CNT
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Figure 4: TEM image of AFMWCNTs showing (a) aligned bundles and (b) isolated MWCNT.

composite was assumed to be the same as that of epoxy, that
is, 0.35 [27]. Considering isotropy, the shear modulus can be
calculated using the following equation:

𝐺
𝐶
=

𝐸
𝐶

2 (1 + ])
, (3)

where 𝐺
𝐶

is shear modulus and ] is Poisson’s ratio of
CNT/epoxy composites. Table 2 shows the results of elastic
properties of CNT/epoxy composites for varying percentage
of CNTs. At 0.25wt% CNT loading the shear modulus
increased by 11.30%. Table 3 shows the elastic properties of
1CFEC and CNTCFEC multiscale three-phase composites.
Formultiscale composites, themechanical properties of CNT
composites were used as matrix properties. The composite
was considered to be unidirectional fibre reinforced and
the mechanical properties were calculated by CADEC, a
micromechanics software by Barbero [27]. The composites
have been theoretically tested for longitudinal Young’s mod-
ulus up to 5wt% of CNT reinforcement; this is because of
the continuously increasing trend of modulus. The mechan-
ical reinforcement of different wt% CNTs in epoxy matrix
shows an improvement of 25.83% in longitudinal tensile
modulus, while moderate improvement has been observed in
transverse tensile modulus and in-plane shear modulus. This
can be attributed to CNT reinforcement in the longitudinal
direction that is fiber dominated.

3. Experimental Results and Discussion

First, the functionalisation of AFMWCNTswas verified using
FTIR spectroscopy, and in the second phase, five specimens
of each type of composites have been tested and analyzed. For
multiscale composites tensile, flexural and shear tests were
performed and the results are discussed in this section.

3.1. Effect of Functionalisation. FTIR spectroscopy has shown
limited ability to probe the structure of AFMWCNTs owing
to their poor infrared transmittance. Because of their black
character, the AFMWCNTs exhibit a strong absorbance and
often are unable to be distinguished from the background
noise, making it necessary to use a very weak concentration
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Figure 5: FTIR spectrum of AFMWCNTs.

of the nanotubes in potassium bromide (KBr) powder. As
shown in Figure 5, the peak at 3420 cm−1 corresponds to the
NH
2
stretch and peaks at 1632 and 1184 cm−1 correspond to

the NH in-plane and C–N bond stretching, respectively, in
AFMWCNTs. The 3420 cm−1 peak produced by the flexible
fluctuation of primary amine ensures the presence of amine
group in MWCNTs.

3.2. Tensile Test. Figure 6 shows the fractured specimen after
tensile testing. Five test specimens were tested for each
composite type as listed in Table 1. Figure 7(a) shows the
typical stress-strain plots for different compositions while
Figures 7(b) and 7(c) show the mean values (along with
standard deviation error bars) of tensile modulus and tensile
strength, respectively, of different multiphase composites. In
general, the longitudinal tensile modulus and tensile strength
of unidirectional multiphase composites exhibit a fibre dom-
inated behaviour. This is clearly observed for longitudinal
tensile modulus plotted in Figure 7(b). Figure 7(c) demon-
strates that the tensile strength of the three-phase composite
increases from 1.25GPa (CFEC) to 1.90GPa (3CNTCFEC),
that is, 51.46%, but for 4CNTCFEC it decreases. This may
be attributed to the formation of the covalent bond between
AFMWCNTs and epoxy matrix, leading to more effective
stress transfer.
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Table 2: Tensile properties of neat epoxy and CNT/epoxy composites.

% CNT in CNT/epoxy composite Tensile modulus 𝐸 (GPa) Poisson’s ratio ] Shear modulus 𝐺 (GPa)
0.0% CNT (neat epoxy) 3.10 0.35 1.15
0.25% 3.46 0.35 1.28
0.50% 3.83 0.35 1.42
1.00% 4.26 0.35 1.58
1.50% 4.41 0.35 1.63

Table 3: Elastic properties of carbon fibre/epoxy and carbon fibre/CNT/epoxy multiscale composites.

Composite
description

Longitudinal tensile
modulus
𝐸
11

(GPa)

Transverse tensile
modulus
𝐸
22

(GPa)

In-plane Poisson’s
ratio
]
12

In-plane shear
modulus
𝐺
12

(GPa)
CFEC 98.92 7.59 0.284 2.75
1CNTCFEC 124.48 8.46 0.284 3.07
2CNTCFEC 128.94 9.34 0.284 3.39
3CNTCFEC 138.35 10.36 0.284 3.77
4CNTCFEC 142.58 10.72 0.284 3.89

Figure 6: Fractured specimen of multiscale composites.

Young’s modulus has been increased by 40.4% for
1CNTCFEC when compared with CFEC, as shown in
Figure 7(c). This is because of the fact that the longitudinal
tensile modulus and tensile strength for unidirectional com-
posite laminates in general show fibre dominated behaviour.
The AFMWCNTs prove to be even more effective due to the
alignment of the polymer chains along the CNTs in the axial
direction.Thismay be due to the presence of –NH

2
functional

groups at the surface of CNTs. This results in reduction
in the average free polymer chain length and improvement
cross-linking of the polymer chains with CNTs, leading to
an obvious increase in the tensile strength and longitudinal
tensile modulus. However, a decrease was observed for the
4CNTCFEC (reinforcement above 1.0 wt%); this may be due
to the enhancement in stress which has been built up around
the fibres.

In case of CFEC, the theoretical tensile modulus was
found to be larger than the experimental value by approx-
imately 16%, as shown in Figure 8. This may be attributed
to the assumptions implicated in the Halpin-Tsai equations,
namely, perfect fibre-matrix bonding, good dispersion, and
high 𝑙/𝑑 ratio. The carbon fibre/CNT/epoxy interface was
investigated by observing the morphology of the fractured

surface using SEM. The specimen investigated by SEM was
initially coated with gold before examination under the
microscope.The SEM images shown in Figures 9(a) and 9(b)
illustrate weak bonding at the fibre-matrix interface.

3.3. Shear Test. Figure 10 shows the specimen after testing in
shear. For the shear test, five test specimens were tested for
each composite type. The experimental results in Figure 11
are the mean values of the five test specimens with standard
deviation bars. The test results show a systematic increase
in ILSS up to 3CNTCFEC and further decrease of 38.76%
on addition of more CNTs. This was increased by 27% for
3CNTCFEC as compared to CFEC. The increase in ILSS
by addition of AFMWCNTs is due to surface modification,
which results in a strong interfacial interaction. Similar
results were also reported by Gojny et al. [9] and Zhihang
et al. [10]; however, they used a different matrix (name it
here). Godara et al. [14] reported an ILSS value of 68MPa
for modified MWCNTs which was 13.33% higher than the
unmodified MWCNTs.

The other possible reasons are less damaged CNT surface,
maintained aspect ratio, and the optimized level (up to
10%) of –NH

2
functional groups added during the CNT

functionalisation process. Additional factors like step time
and temperature can also influence the grafting of a number
of functionalised groups at the CNT surface. Park et al. [25]
reported such an influence on the CNT/epoxy composite
in terms of decreased matrix toughness, with an increase
in temperature. They also elaborated the importance of the
optimisation of CNT surface functionalisation, as it strongly
influences the polarity and level of interaction of CNT surface
with the matrix. In addition, Ci and Bai [26] explained the
minimum influence of CNT reinforcement on the properties
of composite if the matrix is extremely tough. Therefore, it
is difficult to observe any effect on the strength of the epoxy
matrix for any CNT type. They also revealed that soft and
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Figure 7: (a) Stress-strain plots, (b) tensile modulus, and (c) tensile strength of different multiphase composites.
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Figure 8: Comparison of theoretical and experimental longitudinal
tensile modulus. ∗Experimental values were determined only up to
1.5 wt% of CNT reinforcement.

ductile matrices allow better interface adjoining, whereas the
interfacial interaction is poor due to complete cross-linking
of polymer molecules surrounding the CNTs in the stiff
matrix. The matrix used to fabricate laminates in the present
study has a modulus of about 3.10GPa, which is well above
the limit mentioned by Ci and Bai [26].

The significant decrease of ILSS for 4CNTCFEC is
attributed to a combination of higher matrix rigidity and
higher interfacial interaction. Such a behaviour suggests

an optimisation of the inert sites of the CNT surface for
the optimal level of interaction with matrix. The surface
modification using amine functionalisation shows positive
effects in comparison with the CFEC composite system.
As expected, the increased physical affinity between the
AFMWCNTs and epoxy resin system worked positively in
this case.

3.4. Flexural Test. Figure 12 shows the improvement in flexu-
ral strength of multiscale composite with increased content
of CNTs. When compared with CFEC, the 2CNTCFEC
and 3CNTCEFEC composites showed a 24.69% and 38.04%
increase in flexural strength, respectively. This enhancement
was due to the reinforcing effect of the CNTs, as flexural
properties arematrix dominated rather than being fibre dom-
inated. The reduced flexural strength of 4CNTCFEC, when
compared to 3CNTCFEC, can be inferred from the fact that
there exists a more dominant factor than the degree of CNT
dispersion that governs the matrix dominated mechanical
properties. Another comparing factor may be the degree of
cure of the epoxy resin at the time of infusion. Incomplete
fibre wetting due to high viscosity of the mixture tends
to weaken the crosslinking between polymer molecules to
conform to the fibre preform and infiltrate the interfilament
spaces. In addition to this, heat buildup during prolonged
sonication and ball milling may contribute to premature
curing, and this possibility warrants further investigation
[23]. However, amaximumenhancement in flexuralmodulus
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(a)

(b)

Figure 9: SEM images of carbon fibre epoxy interface showing debonding and void in (a) 2CNTCFEC and (b) 3CNTCFEC sample.

Figure 10: Shear tested specimen of multiscale composite.
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Figure 11: ILSS variation with CNT concentration (wt%).

by 35% and a 5% improvement in flexural strength have been
shown by [28] for small addition of CNTs (0.025, 0.05, and
0.1 wt%) in epoxy resin.

For optimising the advantage of reinforcing effect of
CNTs, it is crucial to achieve a strong interface between the
CNTs and thematrix. In particular, it is important to reinforce
the interface between the carbon fibre and the matrix using
CNTs so that the load can be transferred from the fibre to
the matrix, and at the same time, the gap between the highly
mismatched properties of the matrix and the fibre can be
bridged [9]. Optimized functionalisation of the CNT surfaces
may be themost effective solution for successful load transfer
between the CNTs and matrix, results of which increase the
mechanical properties of multiscale composites considerably.

4. Conclusion

Carbon fibre/CNT/epoxy multiscale composites were fabri-
cated and characterised in this research. A detailed analysis
of the experimental results obtained has been presented in
this paper. Good dispersion and perfect bondingwere the two
major issues for significant improvement of the mechanical
properties of carbon fibre/CNT/epoxy three-phase compos-
ites. AFMWCNTs were uniformly distributed in the carbon
fiber-epoxy matrix using ultrasonic treatment assisted or
combined with high speed mechanical steering or stirring.
The dispersion technique used for AFMWCNTs led to a
significant improvement in the mechanical properties of the
three-phase multiscale composites. Dispersion of only 1.0%
AFMWCNTs in the matrix improved the Young’s modulus
and tensile strength of carbon fiber/epoxy composites by
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Figure 12: Flexural strength variation with CNT concentration
(wt%).

49% and 52%, respectively. Similarly, the ILSS and flexural
strength improved by 37% and 38%, respectively. Improved
mechanical properties ofmultiscale composites are attributed
to the formation of strong interface between the carbon fibres
and the epoxy matrix in the presence of AFMWCNTs.

Three-phase composite modeling was performed in par-
allel to predict the tensile properties. The Halpin-Tsai equa-
tions and conventional micromechanics rule of mixtures
were combined to calculate Young’s modulus of three-
phase composites. Theoretical Young’s modulus of carbon
fiber/epoxy composites was higher by 16% than the exper-
imental Young’s modulus. This may be attributed to the
assumptions implicated in theHalpin-Tsai equations, namely,
perfect fibre-matrix bonding, good dispersion, and high 𝑙/𝑑
ratio.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors are grateful to the Advanced System Laboratory
(ASL) DRDO, Hyderabad, India, for their technical and
financial support. The authors are also grateful to Mr. Alex
Daniel and Mr. I. Srikanth of ASL who assisted in with
the laminate fabrication andmechanical testing, respectively.
Thanks are also due toMrs. Rohini Devi andMr. Anil Kumar
of ASL for their overall support.

References

[1] J.Njuguna,K. Pielichowski, and J. R.Alcock, “Epoxy-based fibre
reinforced nanocomposites,” Advanced Engineering Materials,
vol. 9, no. 10, pp. 835–847, 2007.

[2] J. Njuguna, K. Pielichowski, and J. R. Alcock, “Polymer
nanocomposites for aerospace applications: characterization,”
Advanced EngineeringMaterials, vol. 6, no. 4, pp. 204–210, 2004.

[3] F. H. Gojny and K. Schulte, “Functionalisation effect on the
thermo-mechanical behaviour of multi-wall carbon nano-
tube/epoxy-composites,” Composites Science and Technology,
vol. 64, no. 15, pp. 2303–2308, 2004.

[4] K. Lau and S. Shi, “Failure mechanisms of carbon nan-
otube/epoxy composites pretreated in different temperature
environments,” Carbon, vol. 40, no. 15, pp. 2965–2973, 2002.

[5] R. G. de Villoria, A. Miravete, J. Cuartero, A. Chiminelli, and N.
Tolosana, “Mechanical properties of SWNT/epoxy composites
using two different curing cycles,” Composites B, vol. 37, no. 4-5,
pp. 273–280, 2006.

[6] M. Abdalla, D. Dean, D. Adibempe, E. Nyairo, P. Robinson, and
G.Thompson, “The effect of interfacial chemistry on molecular
mobility and morphology of multiwalled carbon nanotubes
epoxy nanocomposite,” Polymer, vol. 48, no. 19, pp. 5662–5670,
2007.

[7] F. Zhang, R. Wang, X. He, C. Wang, and L. Ren, “Interfacial
shearing strength and reinforcing mechanisms of an epoxy
composite reinforced using a carbon nanotube/carbon fiber
hybrid,” Journal of Materials Science, vol. 44, no. 13, pp. 3574–
3577, 2009.

[8] A. Eitan, K. Jiang, D. Dukes, R. Andrews, and L. S. Schadler,
“Surfacemodification ofmultiwalled carbon nanotubes: toward
the tailoring of the interface in polymer composites,” Chemistry
of Materials, vol. 15, no. 16, pp. 3198–3201, 2003.

[9] F. H. Gojny, M. H. G. Wichmann, B. Fiedler, W. Bauhofer, and
K. Schulte, “Influence of nano-modification on the mechanical
and electrical properties of conventional fibre-reinforced com-
posites,” Composites A, vol. 36, no. 11, pp. 1525–1535, 2005.

[10] F. Zhihang, H. S. Michael, and S. Advani, “Interlaminar shear
strength of glass fiber reinforced epoxy composites enhanced
with multi-walled carbon nanotubes,” Composites A, vol. 39, no.
3, pp. 540–554, 2008.

[11] T. Yokozeki, Y. Iwahori, and S. Ishiwata, “Matrix cracking
behaviors in carbon fiber/epoxy laminates filled with cup-
stacked carbon nanotubes (CSCNTs),”Composites A, vol. 38, no.
3, pp. 917–924, 2007.

[12] E. T.Thostenson,W.Z. Li,D. Z.Wang, Z. F. Ren, andT.W.Chou,
“Carbon nanotube/carbon fiber hybrid multiscale composites,”
Journal of Applied Physics, vol. 91, no. 9, pp. 6034–6041, 2002.

[13] M. F. De Riccardis, D. Carbone, T. D. Makris, R. Giorgi, N. Lisi,
and E. Salernitano, “Anchorage of carbon nanotubes grown on
carbon fibres,” Carbon, vol. 44, no. 4, pp. 671–674, 2006.

[14] A. Godara, L. Mezzo, F. Luizi et al., “Influence of carbon nano-
tube reinforcement on the processing and the mechanical
behaviour of carbon fiber/epoxy composites,” Carbon, vol. 47,
no. 12, pp. 2914–2923, 2009.

[15] J. C. Halpin and J. L. Kardos, “The Halpin-Tsai equations: a
review,” Polymer Engineering and Science, vol. 16, no. 5, pp. 344–
352, 1976.

[16] S. Peeterbroeck, L. Breugelmans,M.Alexandre et al., “The influ-
ence of thematrix polarity on themorphology and properties of
ethylene vinyl acetate copolymers-carbon nanotube nanocom-
posites,” Composites Science and Technology, vol. 67, no. 7-8, pp.
1659–1665, 2007.

[17] D.Qian, E. C.Dickey, R.Andrews, andT. Rantell, “Load transfer
and deformation mechanisms in carbon nanotube-polystyrene
composites,” Applied Physics Letters, vol. 76, no. 20, pp. 2868–
2870, 2000.



10 Journal of Nanomaterials

[18] X. Li, H. Gao, W. A. Scrivens et al., “Reinforcing mechanisms
of single-walled carbon nanotube-reinforced polymer compos-
ites,” Journal of Nanoscience and Nanotechnology, vol. 7, no. 7,
pp. 2309–2317, 2007.

[19] G. D. Seidel and D. C. Lagoudas, “Micromechanical analysis of
the effective elastic properties of carbon nanotube reinforced
composites,”Mechanics of Materials, vol. 38, no. 8–10, pp. 884–
907, 2006.

[20] B. Jiang, C. Liu, C. Zhang, B. Wang, and Z. Wang, “The effect
of non-symmetric distribution of fiber orientation and aspect
ratio on elastic properties of composites,” Composites B, vol. 38,
no. 1, pp. 24–34, 2007.

[21] T. Mori and K. Tanaka, “Average stress in matrix and average
elastic energy of materials with misfitting inclusions,” Acta
Metallurgica, vol. 21, no. 5, pp. 571–574, 1973.

[22] M. Yeh, N. Tai, and J. Liu, “Mechanical behavior of phenolic-
based composites reinforced with multi-walled carbon nan-
otubes,” Carbon, vol. 44, no. 1, pp. 1–9, 2006.

[23] M. Kim, Y. Park, O. I. Okoli, and C. Zhang, “Processing,
characterization, and modeling of carbon nanotube-reinforced
multiscale composites,” Composites Science and Technology, vol.
69, no. 3-4, pp. 335–342, 2009.

[24] J. Shen, W. Huang, L. Wu, Y. Hu, and M. Ye, “Study on amino-
functionalized multiwalled carbon nanotubes,” Materials Sci-
ence and Engineering A, vol. 464, no. 1-2, pp. 151–156, 2007.

[25] S. Park, H. Jeong, and C. Nah, “A study of oxyfluorination
of multi-walled carbon nanotubes on mechanical interfacial
properties of epoxy matrix nanocomposites,” Materials Science
and Engineering A, vol. 385, no. 1-2, pp. 13–19, 2004.

[26] L. Ci and J. Bai, “The reinforcement role of carbon nanotubes
in epoxy composites with different matrix stiffness,”Composites
Science and Technology, vol. 66, no. 3-4, pp. 599–603, 2006.

[27] E. Barbero, Introduction to Composite Materials Design, vol. 17,
pp. 29–35, Taylor & Francis, 1999.

[28] T. Peijs, F. Inam, D. W. Y. Wong, and M. Kuwata, “Multiscale
hybrid micro-nanocomposites based on carbon nanotubes and
carbon fibers,” Journal of Nanomaterials, vol. 2010, Article ID
453420, 12 pages, 2010.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 826471, 7 pages
http://dx.doi.org/10.1155/2013/826471

Research Article
Triple-Component Drug-Loaded Nanocomposites Prepared
Using a Modified Coaxial Electrospinning

Wei Qian,1 Deng-Guang Yu,1 Ying Li,1 Xiao-Yan Li,1 Yao-Zu Liao,2 and Xia Wang1

1 School of Materials Science & Engineering, University of Shanghai for Science and Technology,
516 Jungong Road, Yangpu District, Shanghai 200093, China

2 School of Chemistry, University of Bristol, Bristol BS8 1TS, UK

Correspondence should be addressed to Deng-Guang Yu; ydg017@usst.edu.cn and Xia Wang; wangxia@163.com

Received 17 June 2013; Accepted 27 November 2013

Academic Editor: Gaurav Mago

Copyright © 2013 Wei Qian et al.This is an open access article distributed under the Creative CommonsAttribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Triple-component nanocomposites for improved sustained drug release profiles are successfully fabricated through a modified
coaxial electrospinning process, in which only organic solvent N,N-dimethylacetamide was used as sheath fluid. Using
polyacrylonitrile (PAN) as filament-forming matrix, ibuprofen (IBU) as functional ingredient, and polyvinylpyrrolidone (PVP) as
the additional component, the IBU/PVP/PAN triple-component nanocomposites had uniform structure and an average diameter
of 620 ± 120 nm and 650 ± 120 nm when the contents of PVP in the nanofibers were 10.5% and 22.7%, respectively. The optimal
sheath-to-core flow rate ratio was 0.11 under a total sheath and core fluid flow rate of 1.0mL/h. Compared with the IBU/PAN
composite nanofibers, the triple-component composites could release 92.1% and 97.8% of the contained IBU, significantly larger
than a value of 73.4% from the former. The inclusion of PVP in the IBU/PAN could effectively avoid the entrapment of IBU in the
insoluble PANmolecules, facilitating the in vitro release of IBU.Themodified coaxial process and the resulted multiple component
nanocomposites would provide new way for developing novel drug sustained materials and transdermal drug delivery sys-
tems.

1. Introduction

Electrospinning is a one-step straightforward nanofiber fab-
rication process, in which electrical energy is exploited to
dry and solidify microfluid jets directly [1–4]. The processes
produce nanosized fibers very rapidly, often at approximately
10−2 s. As a result, the physical state of the components in the
liquid solutions is often propagated into the solid nanofibers
to generate solid dispersions at a molecular scale or polymer-
based composites, with few discerned nanoparticles resulted
from phase separation [5, 6]. There exist numerous reports
of electrospinning being used to produce polymer-based
nanocomposite in the form of nanofibers. By virtue of the
advantageous properties of nanofibers (e.g., high surface
area, high porosity, and continuous web structure), these
composites usually display improved functional performance
[7–11].

Significant progress has beenmade in this process through-
out the past few years and electrospinning has advanced its
applications in many fields, including pharmaceutics. Elec-
trospun nanofibers show great promise for developing many
types of novel drug delivery systems (DDS) due to their
special characteristics and the simple but useful and effec-
tive top-down fabricating process. For controlled release of
active pharmaceutical ingredients, electrospunnanofibers are
reported to provide a series of controlled drug release profiles,
such as immediate, pulsatile, delayed, sustained, and biphasic
releases [12, 13]. Among them, sustained drug release is gain-
ing considerable attention as a method of administering and
maintaining desired drug concentrations in the blood within
a specified therapeutic window, or in target tissues within a
desired duration of drug delivery [14, 15]. The first study on
the application of electrospun nanofibers in pharmaceutics
focused on the sustained release of tetracycline hydrochloride
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using poly(lactic acid) and poly(ethylene-co-vinyl acetate), as
well as their blend as filament-forming polymeric matrices
[16].

It has been broadly reported that drug-loaded nanofibers
are fabricated through electrospinning of a codissolving
solution of a guest pharmaceutical active ingredient and a
host polymer. For these nanofibers, the initial burst effect is
inevitable because of the large nanofiber surfaces, drug dis-
tribution on the nanofiber surfaces, and also the amorphous
status of the drug. Yu et al. has reported a modified coaxial
electrospinning process, by which a blank polymer layer was
coated on the nanofibers to offer a zero-order drug release
profile [14, 15].However, there is still another problemwaiting
to be solved for electrospun two-component composites for
providing fine sustained drug release profiles.The problem is
that the encapsulated drug in the nanofibers was often not
completely released into the dissolution medium owing to
the entrapment of drug molecules by the filament-forming
polymer molecules or gave an undesirable long time period
of “leveling-off” release processes [17]. This phenomenon
is even severe when the polymer matrix is insoluble and
nondegradable, in which only about 70% of the contained
drug could be effectively released out in vitro dissolution
[17, 18].

Building on the previous discussion, this study inves-
tigates the addition of a third auxiliary component in the
electrospun drug-loaded nanofibers, by which the drug
release profiles can be efficaciously improved. Polyacry-
lonitrile (PAN) and ibuprofen (IBU) were selected as
the model filament-forming matrix and drug, respectively.
Polyvinylpyrrolidone (PVP), a hydrophilic polymer, was
selected as the additional third component. Polyacrylonitrile
(PAN) is a synthetic, semicrystalline organic polymer resin,
with the linear formula (C

3
H
3
N)
𝑛
. It is a versatile polymer

used to produce large variety of products including ultrafil-
tration membranes, hollow fibers for reverse osmosis, fibers
for textiles, oxidized flame retardant fibers, carbon fiber,
and medicated nanofibers [19]. For biomedical applications,
PAN has been exploited as filament-forming matrix to gen-
eratemedicated fibers through traditional wet-spinning, dry-
spinning [20, 21], and also electrospinning [22]. However, the
drug release profiles of drug-loaded PAN fibers are unsatis-
fied due to poor drug controlled release property [20–22]. A
modified coaxial electrospinning process, characterized by an
unspinnable solvent as sheath fluid, was exploited to generate
the triple-component nanocomposites.This process has been
used to realize several new possibilities, such as controlling
the size of nanoparticles self-assembled from electrospun
nanofibers, preparing ultrafine structures from concentrated
polymer solutions previously thought unspinnable, improv-
ing systematically polymer nanofiber quality, and generating
high quality carbon nanofiber precursors [12–15].

2. Experimental

2.1. Materials. PAN powders (𝑀
𝑤
= 80,000) were provided

by Jinshan Petrochemistry Co., Ltd. (Shanghai, China). PVP
K30 (𝑀

𝑤
= 58,000) was obtained from Shanghai Yunhong

Pharmaceutical Aids and Technology Co., Ltd. (Shanghai,
China). IBU was purchased from Wuhan Fortuna Chemical
Co., Ltd. (Hubei, China). Methylene blue, N, N-dimeth-
ylacetamide (DMAc) were obtained from the Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All reagents
were analytical grade and were used without further purifi-
cation. Water was double distilled just before use.

2.2. Modified Coaxial Electrospinning. The three types of
core electrospinnable PAN solutions were prepared by first
dissolving 15.0 g of PAN and 2 g of IBU in 100mLDMAc, and
then 0, 2, and 5 g PVP K30 were codissolved in them. For
digital observation and optimization of sheath-to-core flow
rate ratio, 5 ppm of methylene blue was added to the second
solutions with a PVP content of 10.5% [2/(15+2+2)×100%].
The sheath fluid was pure DMAc.

Two syringe pumps (KDS100 and KDS200, Cole-Parmer,
IL, USA), a high-voltage power supply (ZGF 60 kV/2mA,
Shanghai Sute Corp., Shanghai, China), and a homemade
concentric spinneret were used to conduct the electrospin-
ning process. Following some optimizations, the applied
voltage was fixed at 18 kV and the fibers were collected on an
aluminum foil at a distance of 20 cm. All electrospinning pro-
cesses were carried out under ambient conditions (24 ± 2∘C;
relative humidity, 57% ± 5%). The electrospinning process
was recorded using a digital video recorder (PowerShotA490,
Canon, Tokyo, Japan). The other parameters are listed in
Table 1.

2.3. Characterization. Themorphology of the nanofibermats
was assessed using a Quanta FEG450 scanning electron
microscope (SEM) (FEI Corporation, The Netherlands).
Prior to the examination, the samples were rendered elec-
trically conductive by gold sputter coating under a nitrogen
atmosphere. The average fiber diameter was determined by
measuring their diameters in the FESEM images atmore than
100 different locations using the Image J software (National
Institutes of Health, MD, USA).

X-ray diffraction (XRD) patterns were obtained on a
D/Max-BRdiffractometer (RigaKu, Tokyo, Japan)withCuK𝛼
radiation within the 2𝜃 range of 5∘–60∘ at 40mV and
30mA. Differential scanning calorimetry (DSC) analyses
were carried out using an MDSC 2910 differential scanning
calorimeter (TA Instruments Co., New Castle, DE, USA).
Sealed samples were heated at 10∘C min−1 from 50 to 300∘C
under a nitrogen gas flow of 40mL/min. Fourier transform
infrared (FTIR) analyses were performed on a Nicolet-Nexus
670 FTIR spectrometer (Nicolet Instrument Corporation,
WI, USA) from 500 cm−1 to 4000 cm−1 at a resolution of
2 cm−1.

In vitro dissolution tests were carried out according to
the Chinese Pharmacopoeia (2005 ed.) Method II, a paddle
method in which an RCZ-8A dissolution apparatus (Tianjin
University Radio Factory, Tianjin, China) was used. About
200mg of drug-loaded nanofibers were placed in 900mL of
physiological saline (PS; 0.9 wt%) at 37±1∘C.The instrument
was then set to 50 rpm, providing sink conditions in which
𝐶 < 0.2𝐶

𝑠
. At predetermined time points, 5.0mL samples
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Table 1: Parameters of the electrospinning processes and their products.

No. Electrospinning PVP content (%) Flow rate (mL/h) Morphologyb Diameter (nm)
Sheath fluida Core fluid Ratio

F1 Single 10.5 0.0 1.0 0 Linear/thick fibers 780 ± 210

F2 Coaxial 10.5 0.1 0.9 0.11 Linear 620 ± 120

F3 Coaxial 10.5 0.2 0.8 0.25 Beads-on-a-string 440 ± 140

F4 Coaxial 0 0.1 0.9 0.11 Linear 610 ± 110

F5 Coaxial 22.7 0.1 0.9 0.11 Linear 650 ± 120

aSheath fluid was DMAc.
bIn this column, “linear” morphology refers to nanofibers with few beads or spindles on them.

were withdrawn from the dissolution medium and replaced
with fresh medium to maintain a constant volume. After fil-
tration through a 0.22𝜇m membrane (Millipore, MA, USA)
and appropriate dilution with PS, the samples were analyzed
at 𝜆max = 264 nm using a UV-vis spectrophotometer (UV-
2102PC, Unico Instrument Co. Ltd., Shanghai, China). The
cumulative amount of IBU released at each time point
was reverse calculated from the data obtained against a
predetermined calibration curve. Experiments were carried
out six times and the results are presented as mean values.

3. Results and Discussion

3.1. The Modified Coaxial Electrospinning. A schematic dia-
gram of the modified coaxial electrospinning process with
solvent as sheath fluid is shown in Figure 1(a). A homemade
concentric spinneret was used to carry out the modified
process (Figure 1(b)). The critical voltage applied to a fluid to
initiate Taylor cone formation and the straight thinning jet
(𝑉
𝑐
) have a close relationship with the diameter of sheath part

of the concentric spinneret [12], as indicated by

𝑉
𝑐
∼
√
𝛾𝑑
2

𝜀𝑅

,
(1)

where 𝑉
𝑐
is the critical voltage for a jet emanating from

the meniscus tip, 𝑑 is the electrode separation, 𝜀 is the
permittivity, 𝛾 is the surface tension, and 𝑅 is the principal
curvature of the liquid meniscus. A small diameter of the
spinneret’s orifice means a big value of 𝑅, and thus a
small 𝑉

𝑐
to imitate the coaxial electrospinning process. The

homemade spinneret used in the study has an outer and
inner diameter of 1.2 and 0.3mm, respectively (Figure 1(b)),
facilitating the coaxial electrospinning process. In addition,
the inner capillary projects a little from the surface of the
outer capillary, which is expected to make the sheath DMAc
well encompass the core codissolving spinnable solutions.

When the modified coaxial electrospinning was carried
out to prepare the composite nanofibers, two syringe pumps
were used to drive the sheath and core fluids independently
(Figure 2(a)). An alligator clip was used to connect the
inner stainless steel capillary with the high voltage supply
(Figure 2(b)).WithDMAc as sheath fluid and under a sheath-
to-core flow rate ratio of 0.11, the arrangement produced a
typical fluid jet trajectory, in which a Taylor cone is followed
by a straight fluid jet and a bending and whipping instability

region (Figure 2(c)). As the applied voltage was boosted from
0 kV to 18 kV, the core-shell droplet was quickly transformed
from a round shape (Figure 2(d)) to a cone shape, that is, the
well-known Taylor cone (Figure 2(e)). The compound Taylor
cone is clearly composed of two parts with the sheath solvent
well surrounding the core polymer solutions, as indicated
by the methylene blue in Figure 2(e). Although the modified
coaxial process could not create core-sheath nanostructure,
the surrounding solvent did facilitate a stable, continuous,
and smooth electrospinning process, and it was expected to
produce monolithic nanofibers with higher quality in terms
of smaller diameters and smoother surfaces and with more
uniform structures [23].

3.2. Morphology of the Nanofibers. In the modified coaxial
electrospinning process, one of the most important param-
eters is the sheath-to-core flow rate ratio. To select a suit-
able value of the sheath flow rate, three different types of
sheath-to-core flow rate ratios with a fixed total flow rate
through the spinneret (1.0mL/h, Table 1), that is, 0, 0.11,
and 0.25, were taken to fabricate different triple-component
nanofibers. Their FESEM images are shown in Figure 3. All
the three kinds of nanofiber take linear structure. But when
the electrospinning was carried out with a sheath flow rate
of 0 (i.e., a single fluid electrospinning), very thick fibers
(about several microns and a result of clogging of spinneret
from time to time) exist in the nanofibers F1 (Figure 3(a))
although they have an average diameter of 780 ± 210 nm.
When the sheath flow rate was increased to 0.25, there are
many beads/spindles in the nanofibers (Figure 3(c)) although
a thinner nanofiber with an average diameter of 440 ±
140 nm was achieved. In contrast, a suitable sheath-to-core
flow rate ratio of 0.11 resulted in nanofibers with higher
quality. The nanofibers F2 have smaller diameters and a
narrower distribution of 620 ± 120 nm than F1 and a better
linear structure than F3 (without any beads/spindles or very
thick fibers within them). Based on these results, a sheath-
to-core flow rate ratio of 0.11 was taken in the present study
to generate nanofibers with different content of PVP in the
IBU-loaded PAN nanofibers.

Shown in Figure 4 are FESEM images of nanofibers with
different contents of PVP in them. All the three types of
nanofibers have fine linear structure with few spindles or
beads in them. With the increase of PVP in the nanofibers
F4 (Figure 4(a)), F2 (Figure 4(b)), and F5 (Figure 4(c)), their
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Figure 1: A diagram of the modified coaxial electrospinning (a) and the concentric spinneret (b).
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(c)

(d)
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Figure 2: Observations of the modified coaxial electrospinning
processes: (a) the arrangement of apparatus, (b) the connection of
the concentric spinneret with the syringe pumps and the power
supply, (c) a typical coaxial electrospinning process with DMAc as
sheath fluid and under a sheath-to-core flow rate ratio of 0.11, (d)
the core-shell droplet, and (e) the compound Taylor cone under an
applied voltage of 18 kV.

average diameters were slightly increased from 610 ± 110 to
620 ± 120 and 650 ± 120 nm, respectively.

3.3. The Physical Status of the Components in the Nanofibers.
The presence of numerous distinct peaks (Figure 5) in the
X-ray diffraction patterns indicates that IBU was present
as a crystalline material. The spectrum of amorphous PVP
K30 was characterized by the complete absence of any
diffraction peak. The PAN existed in a half-crystalline status,
as demonstrated by the diffraction angle of 2𝜃 at 16.71∘. From
Figure 5, it is clear that the characteristic diffraction peaks of
IBU are completely absent for the three types of composite

nanofibers.This result suggests that all the IBU in the double-
component nanofibers F4 and triple-component composite
nanofibers F2 and F5 was amorphous.

All DSC thermograms are shown in Figure 6. The DSC
curve of pure IBU exhibited a single endothermic response
corresponding to the melting point of IBU at 76∘C (Δ𝐻

𝑓
=

−125 J/g). The profile for PAN did not demonstrate any
fusion peak or phase transition before it decomposed at
peak temperature around 300∘C. As an amorphous polymer,
PVP K30 did not show any fusion peaks but had a broad
endotherm due to dehydration, which lies between 80∘C and
120∘C and with a peak at 86∘C. PVP is a polymer and can be
present in a glassy or rubber state. The change from one state
to the other can be detected as a small glass transition around
160–180∘C, as indicated by “A” in Figure 6 and also verified
in the literature [24]. DSC thermograms of all the nanofibers
(F2, F4, and F5) similarly did not give a melting peak of IBU
and thus indicating that all incorporated drug was no longer
present as a crystallinematerial.The results ofDSC concurred
with those of XRD that the original structure of IBU was lost
and it was completely converted into an amorphous state in
all the nanofibers regardless of one or two polymer matrices.

The FTIR spectra of PAN, PVP, IBU, and their com-
posite nanofibers were shown in Figure 7. The existence
of PAN in the composite nanofibers was confirmed by
the typical absorption at 2243 cm−1 (–C≡N). By comparing
the spectrum of IBU-loaded PAN nanofibers F4 and IBU-
loaded PAN/PVP nanofibers F2 and F5, it is obvious that
the IBU spectra has three typical peaks at 1570, 1610, and
1725 cm−1, whereas all the nanofibers had only one peak
at 1720 cm−1. And all the peaks in the figure region of
IBU spectra disappeared in the nanofibers’ spectra. These
results suggest that there are favorite secondary interactions
among the components in the composite nanofibers. From
the previously mentioned results and the molecular structure
of IBU, PAN, and PVP, it can be speculated that in the double-
component composite nanofibers of IBU/PAN, hydrogen
bonding interactions may occur between IBU (–OH) and
PAN (–C≡N), where IBU acted as H donor, and that in
the triple-component composite nanofibers of F2 and F5,
hydrogen bonding interactions could occur between IBU
(–OH) and PAN (–C≡N) and also between IBU (–OH) and
PVP (>C=O).These hydrogen bondings would take their role
in keeping the IBU molecules evenly and stably distributed
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Figure 3: The FESEM images of nanofibers F1 (a), F2 (b), and F3 (c), which were generated under different sheath-to-core flow rate ratio of
0, 0.11, and 0.25, respectively. The total flow rate of sheath and core fluid was 1.0mL/h.
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Figure 4:The FESEM images of nanofibers F2 (a), F4 (b), and F5 (c), which were generated under a sheath-to-core flow rate ratio of 0.11 and
a total flow rate from the spinneret of 1.0mL/h.

than in the double and triple-component nanofibers. Cer-
tainly, hydrophobic interactions could be speculated to be
formed between PAN and PVP due to long carbon chains.
Additionally, the typical peak of PAN at 2243 cm−1 gradually
diminished with the content of PVP which increased from
0% to 22.7%, as indicated by the ellipse in Figure 7.

3.4. The In Vitro Drug Release Profiles. The in vitro release
profiles of IBU from the composite nanofibers are shown in

Figure 8. In the first hour, 36.3%, 35.7%, and 37.7% of the
loaded IBU were released from the composite nanofibers F2,
F4, and F5, respectively. The initial burst effect of the triple-
components composite nanofibers F2 and F5 was slightly
larger than that of double-component nanofibers, which
should be attributed to the hydrophilic property and easy
dissolution of PVP.

After 10 h in vitro dissolution tests, 83.7%, 68.3%, and
87.4% of the contained IBU was released into the dissolution
medium for nanofibers F2, F4, and F5, respectively. And
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Figure 5: XRD patterns of the raw materials and their composite
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after 36 h in vitro dissolution tests, 92.1%, 73.4%, and 97.8%
of the contained IBU were released out for nanofibers F2,
F4, and F5, respectively. These results demonstrate that
the triple-component composite nanofibers F2 and F5 have
advantages over the double-component products F4 in that
more active pharmaceutical ingredients can release out from
the nanofibers during a certain time period. PVP not only is
a hydrophilic polymer but also has good compatibility with
the drug IBU (forming hydrogen bonding with IBU) and the
electrospinning process (electrospinnable polymer) as well.
During the in vitrodissolution processes, PVP could act as the
pore-forming agent to form passages for the IBU entrapped
in the inner part of the fibers to be gradually released out
via diffusion mechanisms and thus facilitates the exhaustion
process of loaded IBU from the fibers matrix and avoids the
total entrapment in the insoluble PAN molecules.
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Figure 7: FTIR spectra of the raw materials and their composite
nanofibers.
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Figure 8: In vitro drug release profiles.

4. Conclusions

This study experimented a new coaxial electrospinning pro-
cess on smoothing the preparation of functional nanocom-
posites composed of multiple components. The sheath-to-
core flow rate ratio is a key parameter for successfully carrying
out the modified process and generating nanofibers with
high quality. Under a condition of a sheath-to-core flow
rate ratio of 0.11 and a sheath and core total fluid rate of
1.0mL/h, IBU/PVP/PAN triple-component nanocomposites
with uniform structure and an average diameter of 620 ±
120 nm and 650 ± 120 nm were created when the PVP
contents were 10.5% and 22.7%, respectively. Compared
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to the IBU/PAN double-component composites, the triple-
component composites significantly improved the drug in
vitro release profiles, efficaciously avoiding the entrapment
of IBU in the insoluble PAN molecules in the IBU/PAN
nanofibers. The modified coaxial process and the multiple-
component nanocomposites would provide new ways for
developing novel drug sustained materials and transdermal
drug delivery systems.
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Natural rubber (NR) nanocomposites were prepared in a double-roller plasticatormixer with purified attapulgite (PAT) ormodified
attapulgite, which was treated at 450∘C (PAT-450) and 850∘C (PAT-850) for two hours. The structures of the pristine, purified,
and modified attapulgite were characterized by FTIR, TEM, XRD, and BET. The results indicated that the structure of attapulgite
changed with the increased temperature. The effects of the PAT treatment and content on the mechanical properties of the NR
nanocomposites were also investigated. The results showed that AT increased curing process of natural rubber. A significant
improvement in the tensile strength, wearability, and solvent resistance of the nanocomposites was observed with the addition
of different types of attapulgite as compared to those of pure NR. Scanning electron microscope images showed that the filler
was located at the interface, which induced compatibilization in the immiscible blends. Thermogravimetric analysis revealed a
significant improvement in the thermal stability of the NR/PAT nanocomposites.

1. Introduction

Polymer nanocomposites have received considerable atten-
tion in recent years because of their diverse nanometer-
sized filler particles and a series of special performance.
Carbon is a traditional filler because of its ability to reinforce
rubber [1–3]. Due to the large amount of mill dust produced
during the rubber processing and thus its black color, the
production application is limited. The other important filler
is silica which can improve the performance of polymer
nanocomposites [4, 5]. But the price is very high. Thus,
nanoscale fillers such as clay particles [6, 7] (e.g., kaolin [8, 9],
montmorillonite [10, 11], attapulgite [12–14], mica [15], etc.)
have been introduced and subsequently used in the rubber
industry.

Attapulgite (AT) is a natural clay mineral with the ideal
structural formula of Mg

5
Si
8
O
20
(OH)
2
(OH
2
)
4
⋅4H
2
O; this

formula was first proposed by Bradley in 1940 [16]. AT
has attracted considerable attention because of its fiber-
like structural morphology, particularly in the adsorption
of organics on the clay surfaces [17–19]. This nanostructure
results in the outstanding attributes of AT as a reinforcement

and improves the mechanical properties of materials [20–
22]. To improve the compatibility between inorganic clay
and organic polymer, different coupling agents and acids are
used to modify AT surface [23–25]. In situ polymerization is
another method frequently used to modify AT [26, 27].

Recently, the heat treatment technique is considered a
very important way to modify attapulgite which will change
the structure of attapulgite. Water, hydroxyl group, and
impurities in attapulgite disappeared after being modified at
different temperature. The activity of heat treated attapulgite
was improved.

Lai et al. [28] reported that thermally treated attapulgite
at different temperature was superior to untreated attapulgite
in enhancing the wear resistance of Polytetrafluoroethene
(PTFE). They explained that this behavior was attributed
to the effect of heat, improving surface properties of atta-
pulgite and removing water in attapulgite, which resulted
in strengthening interactive force between attapulgite and
PTFE. Lai et al. [29] used palygorskite to prepared silica pow-
der at different temperature. When the optimum calcination
temperature was at 560∘C, the silica content, the whiteness,
and the specific surface area of the product were 85%, 92%,
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Table 1: Degradation of AT at different temperatures.

Mg8Si12O30(OH)4⋅(H2O)4⋅8H2O Veronika Tartaglione Chen
→ Mg8Si12O30(OH)4⋅(H2O)4 + 8H2O ∼92∘C 𝑇max = 110

∘C 65∘C
→ Mg8Si12O30(OH)4⋅(H2O)2 + 2H2O ∼130∘C 𝑇max = 325

∘C 98∘C
→ Mg8Si12O30(OH)4 + 2H2O ∼249∘C 𝑇max = 535

∘C 230 to 481∘C
→ MgSiO3 + 4SiO2 + 2H2O ∼434∘C 𝑇 > 780

∘C 595∘C

and 308m2/g, respectively. The silica still maintained the
fibrous morphology of palygorskite besides a few spherical
particles of 10–20 nm in diameter. Gan et al. [30] showed
that the natural palygorskitewas treated by thermal activation
over 100–1000∘C for 2 h. The thermal activation increased
the phosphate sorption capacity, and the highest phosphate
sorption capacity occurred at 700∘C. Thermal treatment
resulted in significant changes in crystal structure and physic-
chemical properties of palygorskite.

Vágvölgyi et al. [31] studied the thermal decomposition of
AT using a combination of dynamic and controlled rate ther-
mal analyses. Lokanatha et al. [32] studied the decomposition
of AT. The R.D.F. technique successfully explained the AT
structural transformation accompanied dehydration. Frost et
al. [33, 34] analyzed the dehydration and dehydroxylation of
ATby investigating the thermal degradation via near-infrared
and mid-infrared emission spectroscopy over the 100∘C to
700∘C temperature range. The decomposition processes of
attapulgite at different temperatures achieved by Vágvölgyi et
al. [31], Tartaglione et al. [35], and Chen et al. [36] are shown
in Table 1. The degradation processes and products of AT are
the same at different degradation temperatures.

To the best of our knowledge, no study has been con-
ducted on the mechanical properties of natural rubber (NR)
nanocomposites filled with AT and modified at different
temperatures. In this paper, AT, either purified or modified,
was added to NR in different ratios. The properties of the
resulting nanocomposites were then investigated. This study
aims to determine the effects of AT treatment and filler
contents on the mechanical properties of nanocomposites.

2. Experimental Section

2.1. Materials. Attapulgite was provided by Nanjing Yu-
anda Clay Co. Ltd. Sodium pyrophosphate decahydrate
(Na
4
P
2
O
7
⋅10H
2
O) was purchased from SinopharmChemical

Reagent Co. Ltd. NR was purchased fromHainan. Zinc oxide
(ZnO), stearic acid (HSt), 2-mercaptobenzothiazole (accel-
erator M), diphenyl guanidine (accelerator DM), tetram-
ethylthiuram bisulfide (accelerator TMTD), N-phenyl-2-
naphthylamine (antiaging agent D), sulfur (S), and other
chemical agents were commercially available.

2.2. Purified and Thermally Treated AT. To remove the
impurities in natural AT, 200 g of pulverized pristine AT was
immersed in 800 g distilled water to obtain a homogeneous
suspension liquid. A total of 6 g of Na

4
P
2
O
7
⋅10H
2
O was

then added to the solution under high mechanical stirring
for 30min. The suspension of the solution was filtered after

24 h at room temperature. The solids were then heated in a
vacuum oven for 24 h at 80∘C and slowly cooled to room
temperature under vacuum to remove moisture. The solids
were milled using a ball grinder and subsequently designated
as purified attapulgite (PAT).

PAT was treated at 450 and 850∘C for 2 h in a muffle fur-
nace. The heat-treated AT was then obtained and pulverized.
The samples were designated as PAT-450 and PAT-850.

2.3. Nanocomposite Preparation. In accordance with the
experimental formula presented in Table 2, nanocomposites
were prepared on a double-roller plasticator with an outside
diameter of 470mm at room temperature. The rotors oper-
ated at a speed ratio of 1 : 1.4. The vulcanization agents were
previously added to the elastomer. Different amounts of the
filler compatibilizer were then added [0.5, 1, 3, 5, 7, and 10
parts per hundred rubbers (phr)]. Finally, sulfur was added.
The nanocomposite of NR/PAT-0.5% means natural rubber
filled with 0.5 phr PAT; other nanocomposites were defined
similarly.

An oscillating disc rheometer (MDR-2000E, Liyuan,
China) was used in a standardized method to measure the
curing characteristics of the NR nanocomposites at 150∘C.
The oscillation exerts a shear strain on the sample, and the
torque required to oscillate the sample is proportional to
the shear modulus of the rubber. The vulcanization time
of the nanocomposites corresponds to the optimum cure
time 𝑡

90
, which is derived from the curing curves under

15MPa pressures on an electrically heated press. The sheeted
compounds and abrasion loss samples were placed at 20∘C for
24 h prior to testing.

2.4. Characterization. AT combined with oven-dried: spec-
troscopy grade potassium bromide was finely ground for
several minutes under an infrared lamp and was then pressed
into a disc. The spectroscopy of each sample was recorded
using a Fourier transform infrared spectrometer (FTIR) from
4000 cm−1 to 400 cm−1 at a resolution of 2 cm−1 (Nicolet
DosX, Nicolet, America).

The AT powder was dispersed in deionized water under
ultrasonic vibration for approximately 30min and was then
deposited on a copper grid. The morphology of the samples
was observed using transmission electronmicroscopy (TEM)
measurements (JEM-2100, JEOL, Japan).

The AT powder was scanned from 2𝜃 = 5∘ to 70∘at a
rate of 2∘/min using an X-ray diffractometer (XRD) (X’Pert
PRO, PANalytical, Holland) with Cu K

𝛼
radiation (𝜆 =

0.15415 nm) operating under a tube voltage of 45 kV and a
tube current of 40mA.
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Table 2: Formulations of the rubber compounds.

Ingredients (phr)
NR 100
HSt 1
ZnO 5
Accelerator M 1.2
Accelerator DM 0.3
Accelerator TMTD 0.2
Antiaging agent D 1
PAT, PAT-450, or PAT-850 0.5, 1, 3, 5, 7, 10
S 2.5

The specific surface area of AT was determined by
obtaining the nitrogen adsorption-desorption isotherms at
77K using a conventional high volumetric system consisting
of a TriStar 3000 surface area analyzer (Micromeritics, USA).
The Brunauer-Emmett-Teller (BET) method was used for the
corresponding calculations.

Tensile tests of the nanocomposites were performed at
room temperature using computer-controlled universal test-
ing machines (GT-TCS-2000, Gotech, Taiwan). The tensile
speed was 500mm⋅min−1. The test samples were prepared
in a standard dumbbell shape, and all measurements were
repeated five times until a median value was obtained.

The abrasion resistance of the vulcanized rubber
nanocomposites was determined using an Akron machine
(GT-7012-A, Gotech, Taiwan). The abrasion volume is equal
to the sample loss weight divided by the sample’s density.

Swelling tests were conducted by using 0.5 g vulcanized
nanocomposites, which were immersed in an excess of
toluene solution in brown glass bottles until equilibrium
was achieved. The swelling indices of the nanocomposites
were calculated using the ratio of the weight changes in the
samples.

The fracture surfaces of tensile specimens were sprayed
with Au to make them conductive. SEM (S-2150, Hitachi,
Japan) was used to determine the morphology of the fracture
surfaces.

The thermal stability of the nanocomposites was deter-
mined using thermogravimetric analysis (TGA, PT1000,
Linseis, Germany). The tests were performed at 20∘C⋅min−1
under nitrogen (flow rate, 5 × 10−7m3⋅s−1). The samples were
then placed in open silica pans.

3. Results and Discussion

3.1. Fourier Transforms Infrared Spectroscopy. Figure 1 shows
the FTIR spectra of AT, PAT, PAT-450, and PAT-850.
The spectra show three significant changes. Four hydroxyl-
stretching frequencies of natural AT were observed at 3614,
3581, 3552, and 3419 cm−1.The band at 3614 cm−1 is attributed
to hydroxyls coordinated with the magnesium [33]. Bands at
3581 and 3552 cm−1 are attributed to the symmetric and anti-
symmetric stretching modes of molecular water coordinated
with the magnesium at the edges of the channels [33]. The
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Figure 1: Fourier transforms infrared (FTIR) spectra of (a) AT,
(b) PAT, (c) PAT-450, and (d) PAT-850.

band at 3419 cm−1 is due to the water in the AT structure [34].
The hydroxyl stretching vibrations of absorbed water is at
1650 cm−1 [37].The band at 1450 cm−1 is due to the stretching
vibration of magnesium oxygen.The bands from 986 cm−1 to
692 cm−1 are due to hydroxyl deformation [37].

Compared with that of pristine AT, the FTIR spectrum
of PAT did not changed except that the intensity of the band
at 1450 cm−1 was weaker and at 1819 cm−1 was disappeared.
It might be attributed to impurities which were presented in
natural attapulgite.

The intensities of the AT bands at 3614, 3581, 3552, 1650,
1450, and 922 cm−1 to 692 cm−1 decreased, even some bands
disappearedwhen the treatment temperaturewas set at 450∘C
[38].The dehydration of AT is followed by the loss of the peak
intensity of the hydroxyl bands of water. Dehydroxylation is
followed by the decrease in the peak intensity of the band
3419 cm−1.

The FTIR spectra of the hydroxyl stretching bands of
AT disappeared when the temperature was set at 850∘C.
The figure clearly shows the decrease in the intensity of
these bands as the temperature increases. However, the band
at 1034 cm−1 remains prominent and is attributed to Si–O
stretching even at 850∘C [39]. The intensities of the 692 and
465 cm−1 bands are also maintained.These two bands are not
lost because they are associated with the OH translation peak
and O–Si–O bend vibration peak, respectively [40].

3.2. Transmission Electron Microscopy. Figure 2 shows the
TEM images of AT, PAT, PAT-450, and PAT-850. Numerous
impurities are present in natural AT, which exhibits a fibrous
structure. However, some fibers agglomerate to form AT
rods (Figure 2(a)). After purification (Figure 2(b)), the TEM
micrograph shows that the AT particles are highly dispersed
as individual rod-like structures with an average diameter
of 20 nm and a length of 500 nm to 1000 nm, without any
aggregation. But the AT structure was changed with the treat-
ment at higher temperature. There were two morphologies
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Figure 2: Transmission electron microscopy (TEM) images of (a) AT, (b) PAT, (c) PAT-450, and (d) PAT-850.
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that included fibrous and agglomerated Mg
8
Si
12
O
30
(OH)
4

particles from TEM (Figure 2(c)) when the treatment tem-
perature was set at 450∘C.The structures of someAT particles
changed from fibrous to agglomerated Mg

8
Si
12
O
30
(OH)
4

particles because of AT decomposition which caused some
holes to disappear and destroyed a part of the microstructure
of AT [36]. When the temperature reached 850∘C, the fibrous
structure was not found, and the amount of agglomerated
particles gradually increased (Figure 2(d)). The heat-treated
attapulgite powders decomposed into silica and magnesium
silicate at 850∘C [31, 35].The results showed that the sintering
phenomenon was formed entirely by heating for 2 h at 850∘C
[36].

3.3. X-Ray Diffraction (XRD). The XRD patterns of AT, PAT,
PAT-450, and PAT-850 are shown in Figure 3. The peaks at
2𝜃 = 8.5

∘, 13.93∘, 19.70∘, and 26.5∘ correspond to the primary
diffraction of the (110), (200), (040), and (400) planes of AT,
respectively [35, 41]. Meanwhile, the characteristic peaks of
the four planes of AT and PAT showed no change. Melo et
al. [42] reported that treatment at 450∘C had little effect on
the crystal structure of AT. However, there were two mor-
phologies of PAT-450 that included fibrous and agglomerated
Mg
8
Si
12
O
30
(OH)
4
particles. The intensity of peak at 2𝜃 =

8.5
∘ was weaker compared with PAT and PAT-450 which

due to some holes in PAT-450 disappeared. But the other
characteristic peaks of PAT-450 were not obviously changed.
This phenomenon might be the characteristic diffraction
peaks between Mg

8
Si
12
O
30
(OH)
4
and attapulgite that were

overlapped. The crystal structure of AT was destroyed at
850∘C. The characteristic diffraction peaks of attapulgite at
8.5∘ and 19.7∘ disappeared, indicating the change in the crystal
structure of AT as well as the disappearance of its interlayer
space [38]. The reflection at 2𝜃 = 26.7∘ was due to the
formation of amorphous silica [29]. This result is consistent
with the TEM image of PAT-850.

3.4. BET Specific Surface Areas. The specific surface areas
(calculated using the BET equation) of the different AT
samples are shown in Table 3. Before and after the purifi-
cation treatment, the surface areas of the AT were 143
and 126m2/g, respectively. The surface area of PAT was
reduced compared with the original AT. Some impurities
in AT may have adsorbed nitrogen. After purification, they
were removed from AT, which resulted in the significant
decrease in the surface area of PAT. Specific surface area
of AT decreased as the temperature increased. When the
temperature was set at 450∘C, the surface area of PAT-
450 further decreased to 80m2/g. The reason for such
manifestation is that some AT particles changed from fibrous
to agglomerated Mg

8
Si
12
O
30
(OH)
4
particles produced from

AT decomposed, which caused some holes to disappear and
destroy the microstructure of AT. As a result, the specific
surface areas were reduced.

The surface area of PAT-850 rapidly decreased to 0.6m2/g
at 850∘C. This decrease can be explained in two ways. One
is that the PAT-850 structure was entirely destroyed and
the holes completely disappeared. At higher temperatures,
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Figure 3: X-ray diffraction (XRD) patterns of (a) PAT-850, (b) PAT-
450, (c) PAT, and (d) AT.

Table 3: Specific surface areas of AT, PAT, PAT-450, and PAT-850.

Sample AT PAT PAT-450 PAT-850
Specific surface area (m2/g) 143 126 80 0.6

fibers became shrunker and curled, intra- and interparticles
sintered, and the structure folded and pores were blocked
resulting from decomposing and collapsing of the layers of
the attapulgite [33]. Another factor was that the aggregation
of the PAT-850 particles dramatically increased.

3.5. Rheometric Characteristics of NR/PAT Nanocomposites.
The rheometric characteristics of the different NR nanocom-
posites are shown in Table 4, where 𝑀

𝐿
, 𝑀
𝐻
, 𝑡s
2
, and 𝑡

90

were minimum torque, maximum torque, scorch time, and
optimum cure time, respectively. The results showed that
each nanocomposite exhibited different cure characteristics
due to different properties of the fillers. The Δ𝑀 was the
rough measurement of the cross-linking degree of rubber
during vulcanization which could be used as an indirect
indication of the cross-link density of the rubber compound
[43, 44]. Nanocomposites loading different AT caused a
significant decrease in 𝑡

90
and 𝑡s

2
and increased in 𝑀

𝐿
and

𝑀
𝐻
compared with pristine natural rubber. It was revealed

that AT increase curing process of natural rubber.
Table 4 indicated that the values of 𝑀

𝐿
, 𝑀
𝐻
, and Δ𝑀

increase continuously with PAT content increase. The incre-
ment in the torque with PAT content was due to the presence
of more fibres structure which imparted more restriction
to the deformation and consequently increased the NR/PAT
composites stiffness.The larger the surface area is, the greater
the interaction between the filler and rubber matrix is [45].
The structure of the PAT-450 particles contains fibers and
Mg
8
Si
12
O
30
(OH)
4
particles, which promoted particle disper-

sion in rubber. This dispersal showed that the interfacial
interaction between PAT-450 and the NR matrix as well as
the cross-linking density of the composite increased. The
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Table 4: Curing properties of the NR/PAT nanocomposites.

Sample 𝑡s
2

(s) 𝑡
90

(s) 𝑀
𝐿

(N⋅m) 𝑀
𝐻

(N⋅m) Δ𝑀 = 𝑀
𝐻

−𝑀
𝐿

(N⋅m)
NR 91 ± 3 207 ± 5 0.01 ± 0.00 0.53 ± 0.02 0.52 ± 0.02

NR/PAT-0.5% 46 ± 2 76 ± 3 0.02 ± 0.01 0.56 ± 0.03 0.54 ± 0.04

NR/PAT-1% 56 ± 3 105 ± 3 0.03 ± 0.01 0.61 ± 0.02 0.57 ± 0.03

NR/PAT-3% 58 ± 2 113 ± 2 0.03 ± 0.01 0.63 ± 0.03 0.60 ± 0.04

NR/PAT-5% 69 ± 3 115 ± 2 0.03 ± 0.01 0.64 ± 0.03 0.61 ± 0.04

NR/PAT-10% 75 ± 4 116 ± 4 0.04 ± 0.01 0.75 ± 0.02 0.71 ± 0.03

NR/PAT-450-0.5% 43 ± 2 72 ± 4 0.02 ± 0.01 0.58 ± 0.03 0.56 ± 0.04

NR/PAT-450-1% 51 ± 3 74 ± 3 0.03 ± 0.01 0.62 ± 0.02 0.60 ± 0.03

NR/PAT-450-3% 52 ± 3 74 ± 2 0.03 ± 0.01 0.63 ± 0.03 0.60 ± 0.04

NR/PAT-450-5% 56 ± 2 105 ± 4 0.03 ± 0.01 0.69 ± 0.02 0.66 ± 0.03

NR/PAT-450-10% 56 ± 3 106 ± 3 0.04 ± 0.01 0.74 ± 0.02 0.70 ± 0.03

NR/PAT-850-0.5% 45 ± 2 68 ± 3 0.02 ± 0.01 0.64 ± 0.03 0.62 ± 0.04

NR/PAT-850-1% 46 ± 3 69 ± 2 0.03 ± 0.01 0.65 ± 0.02 0.62 ± 0.03

NR/PAT-850-3% 50 ± 3 69 ± 4 0.03 ± 0.01 0.67 ± 0.03 0.64 ± 0.04

NR/PAT-850-5% 52 ± 2 75 ± 3 0.03 ± 0.01 0.70 ± 0.02 0.67 ± 0.03

NR/AT-850-10% 54 ± 3 111 ± 5 0.04 ± 0.01 0.73 ± 0.02 0.69 ± 0.03

Table 5: Mechanical properties of the NR/PAT nanocomposites.

Sample Stress at 300%
(MPa)

Elongation at break
(%)

Tensile strength
(MPa)

Shore hardness
(SHA)

Abrasion volume
(cm3)

NR 1.60 ± 0.04 592 ± 18 15.45 ± 0.51 46 ± 1 1.155 ± 0.013

NR/PAT-0.5% 1.64 ± 0.05 415 ± 15 19.34 ± 0.56 46 ± 1 0.723 ± 0.015

NR/PAT-1% 2.07 ± 0.07 432 ± 15 23.27 ± 0.45 50 ± 2 0.659 ± 0.014

NR/PAT-3% 1.59 ± 0.07 431 ± 16 21.23 ± 0.52 47 ± 1 0.765 ± 0.015

NR/PAT-5% 1.68 ± 0.05 427 ± 17 20.40 ± 0.63 50 ± 1 0.812 ± 0.016

NR/PAT-10% 1.39 ± 0.06 425 ± 14 16.69 ± 0.46 46 ± 2 1.061 ± 0.017

NR/PAT-450-0.5% 2.44 ± 0.07 397 ± 16 24.45 ± 0.45 52 ± 2 0.235 ± 0.012

NR/PAT-450-1% 2.53 ± 0.08 418 ± 14 29.69 ± 0.41 54 ± 1 0.043 ± 0.009

NR/PAT-450-3% 2.84 ± 0.07 397 ± 18 26.60 ± 0.33 54 ± 1 0.333 ± 0.012

NR/PAT-450-5% 3.86 ± 0.08 356 ± 14 25.03 ± 0.57 58 ± 2 0.336 ± 0.011

NR/PAT-450-10% 3.15 ± 0.08 354 ± 17 23.27 ± 0.64 54 ± 2 0.340 ± 0.012

NR/PAT-850-0.5% 1.85 ± 0.05 466 ± 18 23.45 ± 0.53 50 ± 1 0.324 ± 0.013

NR/PAT-850-1% 2.03 ± 0.05 481 ± 13 28.63 ± 0.47 51 ± 2 0.135 ± 0.012

NR/PAT-850-3% 1.96 ± 0.05 452 ± 17 25.21 ± 0.66 51 ± 1 0.429 ± 0.014

NR/PAT-850-5% 2.20 ± 0.07 434 ± 18 24.04 ± 0.35 52 ± 2 0.438 ± 0.013

NR/PAT-850-10% 1.33 ± 0.07 412 ± 15 19.93 ± 0.57 47 ± 1 0.954 ± 0.015

larger Δ𝑀 of NR/PAT-850 showed the stronger interactions
between SiO

2
particles and natural rubber which were abun-

dant –OH groups on the surface of the SiO
2
.

It could be found that the scorch time and optimum
cure time of nanocomposites increased with increasing filler
loading. At a similar filler loading, PAT exhibited longer 𝑡s

2

and 𝑡
90

than PAT-450 and PAT-850. One reason was that
the high specific surface areas and the charges on the lattice
allowed the AT to adsorb the vulcanizing and curing agents
easily. The adsorption increased as the AT content varied
from 0.5% to 10%. Accordingly, contrary to the reduction of
accelerator concentration whichmay be imagined to result in
longer scorch time. The other reason was that AT contained

a large number of bound water and hydroxyl groups on the
surface of attapulgite; they could adsorb the curatives and
also caused delay of the 𝑡s

2
and 𝑡
90

of rubber compound.
The scorch time and optimum cure time of NR/PAT-850
were increased possibly due to amorphous silica containing
hydroxyl groups (–OH) [46] which absorbs the curative
agents and thus reduce the active sulphurating agent.

3.6. Mechanical Properties of the NR/PAT Nanocomposites.
Themechanical properties of the AT-filled systems are shown
in Table 5. Mechanical properties of NR/PAT nanocompos-
ites like tensile strength and elongation at break increased
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with the increase in filler loading up to 1 phr, thereafter
these properties marginally fall when loading is increased to
10 phr. However, the abrasion volume showed an opposite
tendency to that of the nanocomposite tensile properties.
Lower amounts of AT can easily disperse in the nanocom-
posites. This may be attributed to a significant improvement
in the filler matrix-interfacial bonding, better dispersion
of the filler in the blend, which leads to an increased in
the efficiency of stress transfer from the matrix to the
filler phases. With increasing AT concentration, the tensile
properties decreased. This means that addition of more AT
concentration seems to cause agglomeration and interruption
filler-matrix bonding.The optimum loading of AT appears to
be one per one hundred rubber. The results also show that
thermally-treated AT exhibited an improved dispersion and
enhanced the chemical interfacial adhesion with the matrix,
which exhibited “nanometer effect” and “physical cross-link”
of attapulgite [47].

NR/PAT-450 had a positive effect on the nanocomposite
tensile properties, which reached 29.69MPawhen 1wt% filler
was added to NR. This result indicates a 100% improvement
compared with pure NR. It also can be found that PAT-850
had a good reinforce filler for natural rubber. Such improve-
ment is attributed to PAT decomposing into amorphous silica
at 850∘C. Silica is one of the reinforcing fillers widely used in
rubber compounds [48, 49].

3.7. Swelling Ratio of NR/PAT Nanocomposites. The swelling
ratio of the NR/PAT nanocomposites in toluene was inves-
tigated; the results are shown in Figure 4. The first section
of the swelling ratio curves revealed the high swelling rate
because of the large concentration gradients, and the samples
are under severe solvent stress, whereas the second section
indicated a reduced swelling rate due to a decrease in con-
centration gradient, and the swelling process almost reached
equilibrium.

The swelling test results indicate some type of rela-
tionship with the tensile properties of the NR composites.
The NR/PAT nanocomposites exhibited significantly lower
swelling ratios compared with NR in the absence of filler.
In particular, the nanocomposite with PAT-450 content of
1 wt% exhibited the lowest swelling ratio, which indicated that
penetration of toluene solvent into rubber compound was
restricted.The nanocomposites filled with PAT, PAT-450, and
PAT-850 reached the swelling equilibrium after 24 h, whereas
the NR required 50 h to reach the same state. As a result, PAT
could provide a barrier system against toluene solvent. This
may be attributed to the uniform dispersion of PAT particles
in natural rubber matrix, thus contributing to better rubber-
filler interaction [50, 51].

3.8. SEMAnalysis. Themorphologies of the fracture surface
of the NR/PAT nanocomposites were examined by SEM.
Figure 5(a) showed the SEM micrograph of pristine NR.
The fractured section of pristine NR was smooth, while
those of NR/PAT nanocomposites showed many irregular-
ities (Figures 5(b), 5(c), and 5(d)). The morphology of the
fracture surface of NR/PAT-1% nanocomposite was showed

100
0

0

40

80

120

160

200

240

280

320

(d)
(c)
(b)

Time (hours)

(a)

Sw
el

lin
g 

ra
tio

 (%
)

10 20 30 40 50 60 70 80 90

Figure 4: Swelling of various nanocomposites with the variations in
the modified AT (a) NR, (b) NR/PAT-1%, (c) NR/PAT-450-1%, and
(d) NR/PAT-850-1%.

in Figure 5(b).TheNRmatrix was in gray, the attapulgite was
in white, and the attapulgite fibers were dispersed uniformly
in NR. The nanocomposite exhibited fibrous morphology,
and a great deal of attapulgite fibers congregate into bundles.
Most PAT fibrils were fractured and only a few fibrils were
pulled out from the NR matrix [21]. This implies that the
adhesion between PAT and the NR matrix is good [47].

The morphology of the fracture surface of NR/PAT-
450-1% and NR/PAT-850-1% nanocomposite was showed in
Figures 5(c) and 5(d), respectively. When Figures 5(b), 5(c),
and 5(d) were compared, the results demonstrated that the
fracture surface of NR/PAT450-1% was the roughest with
deeper tearing lines and angular cracking. In addition, the
interface between PAT-450 and the natural rubbermatrix was
not so clear. Similarly, the fracture surface of NR/PAT450-1%
nanocomposite was a few smaller holes, which indicated that
the interfacial adhesion was still strong. Higher crack propa-
gation energy was required to fracture this nanocomposite.

It also could be clearly seen that there were some
big microcracks in the fracture surface of NR/PAT-850-1%,
which is due to PAT decomposing into amorphous silica at
850∘C.The interfacial bonding between silica and the rubber
matrix was strong, thus resulting in higher values of tensile
properties [52].

3.9. Thermogravimetric Analysis of the NR/PAT Nanocom-
posites. The thermal behavior of the nanocomposites was
investigated using TG; the results are shown in Figure 6.
The temperatures of 𝑇

5% and 𝑇max values of nanocomposites
were listed in Table 6.These TG curves indicated single-stage
degradation with well defined initial and final degradation
temperatures and might have been a result of a random
chain scission process [53]. The nanocomposites filled with
PAT, PAT-450, and PAT-850 displayed better thermal resis-
tance than that of the pristine NR. 𝑇

5% and 𝑇max values
for NR, NR/PAT-1%, NR/PAT-450-1%, and NR/PAT-850-1%
were found to occur at 215, 285, 309, and 338∘C and 374,
393, 391, and 395∘C, respectively. Table 6 showed a 70–113∘C
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Figure 5: Fractographs of various nanocomposites with the variations in the modified AT (a) NR, (b) NR/PAT-1%, (c) NR/PAT-450-1%, and
(d) NR/PAT-850-1%.
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Figure 6: Thermograms of NR and NR/AT nanocomposites: (a) NR/PAT-1%, (b) NR/PAT-450-1%, (c) NR/PAT-850-1%, and (d) NR.

Table 6: Thermal degradation of the NR/PAT nanocomposites.

Sample
Initial

degradation
temperature
(∘C) 𝑇

5%

Degradation
temperature
(∘C ) 𝑇max

Residue mass
at 600∘C (%)

NR 215 374 3.58
NR/PAT-1% 285 393 7.43
NR/PAT-450-1% 309 391 7.57
NR/PAT-850-1% 338 395 8.13

increase in the initial degradation temperature and a 17–
21∘C increase in the degradation temperature of nanocom-
posites filled with PAT, PAT-450, and PAT-850. Attapulgite
particles retarded the motion of the polymer chains, acted as
insulators, and massed transport barriers to volatile products
produced during thermal degradingwhich could enhance the
thermal stability of polymer [47, 54]. Four different types of
hydroxyl group are present in PAT. Meanwhile, zeolitic and
coordinated water are found in PAT-450. As the temperature
increased, the moisture was gradually volatized. The heat
conduction coefficients of the nanocomposites increased,
whereas the heat transfer speed decreased. At the same time,
the heat of the nanocomposites dissipated during moisture
evaporation. PAT-850 improved the molecular interaction
between AT and rubber and contributed in preventing the
thermal degradation of rubber.

4. Conclusions

Pristine attapulgite was purified and modified attapulgite,
which was treated at 450∘C and 850∘C for two hours.
The structures and morphology of heated attapulgite was
changed. NR nanocomposites reinforced with different AT
were prepared using a direct melt-compounding method. A
comparative study was performed to evaluate the effects of
rheometric characteristics and mechanical properties of the

NR/AT nanocomposites. The 𝑡
90
, 𝑡s
2
𝑀
𝐿
, 𝑀
𝐻
, and Δ𝑀 of

the nanocomposites increased with increasing AT content.
The tensile strength, abrasion resistance, and solvent resis-
tance properties of the nanocomposites were significantly
improved by the addition of PAT, PAT-450, or PAT-850. SEM
results show that the filler is located at the interface among
the natural rubber. TGA results show that the significantly
improved thermal stability of nanocomposites.
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The efficiency of ultrasonication technique to disperse nanoclay in polyvinyl acetate (PVA) was examined. A hydrophilic nanoclay
was added to PVA, and its effects on bond strength of wood joints were determined. The results of bond strength measured on
block shear tests showed that nanoclay increased the bond strength of wood joints, especially in humid conditions. Atomic force
microscopy (AFM) proved that it can be used to examine the quality of nanoclay dispersion in a matrix very precisely. The results
of this study showed that ultrasonication technique is efficient in mixing nanoclay with the PVA matrix.

1. Introduction

Adhesives are among some of the most widely used com-
ponents in structural materials due to the wide range of
formulations that can be realized, providing a range of prop-
erties under conditions that other joining techniques cannot
offer. Commercialization of wood adhesives in the mid 1950s
generated amomentum for wood industries to diversify their
products and enter into wider markets. Construction field
was one of the markets which became more accessible to
wood industries. Using adhesives allowed the manufacturers
to fabricate wood composites with different sizes and shapes
for the construction while maximizing resource utilization.

The price of wood adhesives covers an important part
of production cost of wood products. As like any other
industries, wood industries wish to bring down production
costs in order tomaximize profits. One of themeans to cut the
cost is to use low-cost adhesives in fabrication of the products.
Low-cost adhesives usually have inferior properties. One of
the examples of low-cost adhesives is polyvinyl acetate (PVA)
which has been traditionally used for furniture assembly. As
a wood adhesive, PVA has many advantages: nontoxic, with
lownegative impact on the environment, easy to use, andwith
low volatile organic compounds (VOCs) emissions. However,

PVA has low performance towards water ingress and high
temperatures as well as low creep resistance.The vulnerability
stems from the fact that PVA is a linear amorphous polymer
with weak polar interaction among the molecular chains,
which results in a relatively low glass-transition temperature
(𝑇
𝑔
), near 28∘C.
Low-cost and simplicity of the application of PVA have

convinced some wood products manufacturers to use PVA
as an adhesive in the production of wood components for
structures, despite the fact that PVA is not a heat-resistant
adhesive. Using PVA as a structural adhesive puts the safety
of home owners and fire fighters at risk as there is a higher
probability of creep and sudden collapse of wood structures
at high temperatures. In the past research, water resistance
of PVA was mostly addressed, and little work has been done
about heat resistance of PVA. Researchers have proposed
some solutions to improve the properties of PVA. The
solutions can be divided to two groups: (1) copolymerizing
PVA with more hydrophobic or functional monomers [1–3]
and (2) blending PVA with other adhesives or hardeners [4–
11].

Introduction of nanotechnology has opened a newoppor-
tunity to develop new generation of adhesives with prop-
erties that cannot be gained by conventional methods. The
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incorporation of nanoparticles into a polymermatrix can lead
to a simultaneous improvement of different material prop-
erties [12, 13]. The development of nanoparticles-reinforced
adhesive materials is presently one of the most explored
areas in materials science and engineering. The exceptional
properties of nanoparticles have led towidespread research in
this area. Nanofillers provide many advantages over classical
microreinforcements for adhesive materials; for example,
they allow thin bond lines and consequently lower the risk
of embrittlement within the bulk adhesive material, resulting
in improved adhesive tensile strength [14].

Nanocomposites, with dispersed nanoparticles, have
been studied extensively due to their capability to improve
mechanical, physical, thermal, and barrier properties with
very low nanoparticles loading of 1–5wt% [15–17]. For such
composites, montmorillonite (MMT) and other clay nano-
particles have been used by many researchers [18–25]. With
a structure of stacked platelets and one dimension of the
platelet in the nanometer scale, MMT has a high aspect
ratio and specific surface when exfoliated. If the platelets
are dispersed properly, its nanosize can provide a significant
amount of interface between the clay and the matrix resin
with only a small weight percentage of MMT, thus contribut-
ing to the excellent mechanical and physical properties of the
nanocomposites.

Exfoliating the layered structure of the MMT within a
given matrix is crucial to improving the properties of a poly-
mer. Usually dispersing the layered structure of theMMT is a
challenge. Nanocomposite formation involves the migration
or diffusion of the polymer into the interlayer galleries of the
layered silicate which push apart or swell the silicate layers.
There are some techniques to disperse MMT into polymers.
For thermosetting polymer, mechanical mixing is the most
common of the techniques to disperse MMT to a matrix,
while heating is excluded. Mechanical technique includes
several methods such as mechanical mixing, shear mixing,
and ultrasonic mixing.

Ultrasonic irradiation, as a new technology, has been
widely used in chemical reactions. When ultrasonic waves
pass through a liquid medium, a large number of microbub-
bles form, grow, and collapse in very short times, about a
fewmicroseconds. Ultrasonication generates alternating low-
pressure and high-pressure waves in liquids, leading to the
formation and violent collapse of small vacuum bubbles.
This phenomenon is termed cavitation and causes high-speed
impinging liquid jets and strong hydrodynamic shear-forces.
These effects are used for the deagglomeration of nanometer-
size materials. In this aspect, ultrasonication is an alternative
to high-speedmixers and agitator beadmills. Ultrasonication
has been used as a technique to disperse nanomaterials in
different matrices [26–33].

In this study, ultrasonication was used to disperse the
layered structures of MMT and develop MMT-reinforced
PVA adhesives. Such reinforced adhesives can have improved
properties. The main objective of this research is to study the
feasibility of using ultrasonication as a technique to delam-
inate MMT layers and use delaminated, that is, exfoliated,
MMT as nanoreinforcing filler for PVA.The bond strength of
joints glued with newly formulated adhesives was examined

under different conditions. Also structures of MMT/PVA
composites (film) were evaluated as well.

2. Experimental

2.1. Materials. A commercial polyvinyl acetate (PVA) was
received in liquid form. Nanoclay which is low-cost and the
most widely studied nanofiller was used as nanofiller in this
study. A hydrophilic nanoclay, namely, Lit. G-105 (polymer-
grade (PG) montmorillonite) was supplied by Nanocor,
Inc., Arlington Heights, IL, USA. The specific gravity and
cation-exchange capacity (CEC) of the nanoclay were 2.6
and 145 (meq/100 g), respectively. This commercial brand of
nanoclay was chosen as nanoparticles because the past expe-
rience [34] has shown that dispersing this type of nanoclay
by the high shear mixer in PVA is difficult and did not result
in good dispersion. Black spruce (Picea mariana) obtained
from trees grown in Québec province was used as a substrate
for wood joints.

2.2. Preparation of Nanoclay/PVA Nanocomposites. Disper-
sion of nanoclaywas conducted by a high-intensity ultrasonic
horn (60 kHz, maximum amplitude 100 nm from tip to tip,
Branson PG). One-gram nanoclay was added to 20 grams of
water, and then the solution was ultrasonicated for 3–5min.
The temperature of the solution was kept below 50∘C to
ensure high temperatures due to ultrasonication does not
interfere with the results. To maintain the temperature of the
mixture below 50∘C, the vessel with the mixture was cooled
by means of recirculating ethylene glycol bath. Sonication
experiments were carried out with 50% amplitude and a
volume of 20mL of the nanoparticle-water mixture. During
ultrasonication, the sonication power was gradually raised
while maintaining the temperature of the mixture below
50∘C. A certain amount of the ultrasonicated solution was
added to PVA, depending on the percentage of nanoclay in
PVA. Percentage of nanoclay in PVA (ranging from 0% to
4%) was based on solid mass of PVA. The mixtures of PVA
with nanoclay were mixed for 30min. For X-ray diffraction
(XRD), vapor sorption test, atomic force microscopy (AFM),
and transmission electron microscopy (TEM), samples of
nanocomposites were prepared by casting the PVA/nanoclay
composites on Teflon sheets. Prior to further analyses, the
sheets of nanocomposites were allowed to dry at room tem-
perature for two weeks.

2.3. Fabrications and Tests of Wood Joints. Mixed solutions
of PVA and nanoclay were used to bond wood samples. A
wood species, black spruce, was used as substrate. Prior to
gluing, the moisture content of wood was fixed at 12% by
conditioning wood to 20∘C and 60% relative humidity for
two months. After applying glue on the surface of wood, the
samples were pressed in an MTS hydraulic test machine with
50 kN capacity at 2.46 kg/cm2 pressure for two hours. Before
testing, glued samples were conditioned to 20∘C and 60%
relative humidity (RH) for two weeks. Twenty samples were
tested for each set of formulation.
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To evaluate the impact of nanoclay on performance of
wood joints, the shear strength of wood joints was measured
in dry and wet states, and at an elevated temperature. An
MTS hydraulic test machine with 50 kN capacity was used for
load application, and the data were acquired by a computer.
Wood failure andmaximum load were recorded for each test.
Bond strength of adhesive in dry-state was studied on wood
jointsmade of black spruce.The block shear tests were carried
out according to ASTM D905-98. The sizes of samples for
“wet-state” tests were the same as those for dry-state tests.
For “wet-state” tests, the samples were taken directly out
of the water after being immersed in water for 24 hours.
Before the tests, excess water was wiped off from the samples.
During the water immersion period, temperature of water
was maintained at 23 ± 1∘C.

Block shear tests at the elevated temperature were car-
ried out according to ASTM 7247-07. Samples made of
black spruce were heated in an oven, having a temperature
controller with an integral and derivative (PID) control
algorithm, until the temperature in the middle of samples
reached 100∘C. On average, it took 30min to reach 100∘C in
the middle of samples. After reaching 100∘C in the middle
of samples, the samples were kept at 100∘C for 15min more,
followed by immediate block shear tests. The shear strength
of samples was measured by an MTS hydraulic test machine.

2.4. Characterization of the Nanoclay/PVA Nanocomposites

2.4.1.Water-Vapor SorptionAnalysis. One ofmain drawbacks
of PVA as a wood adhesive is its vulnerability towards water
and high humidity. PVA has low resistance towards water
because of two reasons. First reason is the formation of
hydrophilic hydroxyl and carboxyl groups during emulsion
polymerization. PVA is usually partially hydrolyzed at the
polymer branches to form hydrophilic hydroxyl and carboxyl
groups appended to the polymer backbone. Second reason
for the poor water resistance is the microscopic pores and
water-soluble surfactant molecules which remain in the film
allowing water-vapor to penetrate into the adhesive film
easily [7]. Any decrease in water-vapor absorption of PVA by
adding nanoclay results in more durable PVA adhesives. In
order to find out the effect of adding nanoclay on response
of nanoclay/PVA composites to humid environment, films
of pure PVA and its composites were exposed to various
humidity levels, and weight gain was monitored. The vapor
sorption measurements were carried out at 25∘C with a VTI-
SA symmetrical vapor sorption analyzer, TA Instruments.
The vapor sorption test was conducted in several steps.
Between 7 and 10mg of sample was placed in the chamber.
First, the samples dried at 0% humidity and 25∘C. As the
sample weight equilibrated, the sample was exposed to 60%,
70%, 80%, 90%, and 95% RH, in a stepwise fashion, as the
sample reached its maximum weight in each humidity level.
Overall, the process took about 20 hrs.

2.4.2. X-Ray Diffraction (XRD). Small-angle X-ray scatter-
ing was used to examine efficiency of the ultrasonication
technique to increase the distance between the nanoclay

platelets. XRD experiments were conducted by an X-ray
diffractometer (Siemens/Bruker) (40 kV, 40mA) using Cu (𝜆
= 1.5406 Å) as the radiation source. The instrument consists
of a Kristalloflex 760 generator, a 3-circle goniometer, and
a Hi-Star area detector, and it was equipped with GADDS
software. To measure the distance between nanoclay platelets
before blending with PVA (powder form), the nanoclay
powder was inserted in thin-walled (0.01mm) glass capillary
tubes (1.0mm diameter). Increasing interlayer spacing is
identified by a shift of the diffraction peak to lower angles,
according to Bragg’s law (𝑛𝜆 = 2𝑑 sin 𝜃), leading eventually
to featureless patterns (exfoliated structures).

2.4.3. Transmission Electron Microscopy (TEM). Transmis-
sion electron microscopy (TEM) allows a qualitative under-
standing of the internal structure, spatial distribution and
dispersion of the nanoparticles within the polymer matrix,
and views of the defect structure through direct visualization.
Analyses were performed on a JEOL JEM-1230, transmis-
sion electron microscope at 80 kV. TEM specimens, having
50–70 nm thickness, were prepared by ultramicrotoming the
nanocomposite samples encapsulated in an epoxy matrix.

2.4.4. Atomic Force Microscopy (AFM). Atomic force mi-
croscopy (AFM) observations were carried out using a
NanoScope IIIa, an atomic force microscope (Veeco Instru-
ments, Inc.). AFM measurements were done under ambient
air conditions in tappingmode.The sensitivity of the tip devi-
ation and the scanner resolution was 0.1 nm. The resolution
was set to 512 lines by 512 pixels for all observations. Two
topographic and phase images were obtained within each
sample for scan areas of 10 𝜇m × 10 𝜇m and 50 𝜇m × 50 𝜇m.
Surface roughness was calculated in 50𝜇m × 50 𝜇m scan
areas, using the classical mean surface roughness parameters
𝑅
𝑎
and 𝑅

𝑞
(RMS). The parameters were calculated by the

Nanoscope 5.30r3sr3 software as follows:
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(1)

where𝑅
𝑎
is themean roughness, the arithmetic average of the

absolute values of the surface height deviations, and 𝑅
𝑞
is the

root mean square of the height, and in both equations 𝑍
𝑖
is

the current𝑍 value,𝑍ave is the average of the𝑍 values within
the given area, and 𝑛 is the number of points within the given
area.

2.5. Statistical Analyses. A one-way analysis of variance
model was used to study the effect of nanoclay content on
shear strength of wood joints. The general linear model
(GLM) procedure of the SAS programwas used, and pairwise
comparisons were then made using the protected Fisher LSD
(least significant difference).
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Figure 1: Bond strength for PVA and its nanocomposites in dry-
state at room temperature. Twenty samples were tested for each data
point.

Table 1: Tabular summary of wood joints tests at various
conditions∗.

Samples Pure PVA PVA and 1%
nanoclay

PVA and 2%
nanoclay

PVA and 4%
nanoclay

Dry 9.38
(8%)

10.06
(5%)

10.77
(8%)

10.91
(8%)

Wet 2.82
(20%)

4.62
(12%)

5.22
(10%)

5.28
(10%)

The elevated
temperature

1.33
(26%)

2.60
(14%)

2.76
(22%)

2.52
(19%)

∗The values given in the brackets are coefficient variations (%).

3. Results

3.1. Bond Strength. Results of measuring shear strength of
wood joints in dry tests are shown in Figure 1 and Table 1.
Although fluctuations caused by varying loading of nanoclay
on bond strength were not found significant, all joints with
nanoclay in their formulations had improved shear strength.
The increase in wood joints strength was between 2% and
7%.The strength of joints showed improvements as nanoclay
content increased in thematrix. An increase in bond strength
of wood joints could be measured not only in terms of shear
strength but also in terms of wood failure under shear load.
Inclusion of nanoclay to PVA increased wood failure of wood
joints under shear load (Figure 1). Higher wood failure in
joints having nanoclay in their adhesivesmeans that nanoclay
increased the strength of glue line to a level that the strength
of glue line surpassed the strength of wood. It has been
reported that nanoclay improves themechanical properties of
polymers by optimizing the number of available reinforcing
elements for carrying an applied load and deflecting cracks.
Also the coupling between the tremendous surface area of
the clay and the polymer matrix facilitates stress transfer to
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Figure 2: Shear strength of wood joints bonded by PVA and its
nanocomposites after 24-hour water exposure. Twenty samples were
tested for each data point.

the reinforcement phase, allowing for mechanical property
improvements [35–39].

Figure 2 and Table 1 give the values of shear strength after
24-hour exposure of wood joints to water. Water exposure
decreased the shear strength of wood joints. The shear
strength of joints made of pure PVA decreased drastically,
dropping down to one-sixth of dry-state. Adding nanoclay
to PVA improved the resistance of glue line towards water.
The extent of improvement was between 25% and 64%.
Any increase in nanoclay loading in the matrix gave a
boost to water resistance of wood joints (at all levels of
loading). Positive effects of nanoclay on water resistance can
be attributed to better barrier properties of glue line.

Past research shows that nanomaterials can improve the
barrier properties of polymers [40–48]. The better barrier
properties are associated to the fact that permeate molecules
are forced to follow tortuous pathways, reducing the diffusion
coefficients [39, 40]. In addition, the inclusion of nanoclay
with layered structures and their adhesion to the polymer
generate additional free volume, more likely affecting the
polymeric chains located near interfacial regions [45–47].
Wood failure of joints was affected by adding nanoclay as
well.Wood joints bondedwith PVA and 2% nanoclay showed
small percentage of wood failure under the shear load. The
wood failure could be related to good dispersion of nanoclay
in PVA matrix.

Values of shear strength of wood joints at 100∘C are
given in Figure 3 and Table 1. Nanoclay had a positive effect
on heat resistance of wood joints. The effects were more
pronounced at 1% loading (resulting in 96% increase in
shear strength at 100∘C). As nanoclay content in the PVA
matrix increased, shear strength of wood joints improved at
the elevated temperature. The extent of improvement was
very significant at 4% nanoclay loading. The PVA with 4%
nanoclay had 1.40 times higher shear strength. In our past
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Figure 3: Shear strength of wood joints at the elevated temperature
(100∘C). Twenty samples were tested for each data point.

experience [34] with a high shear mixer, a decrease in shear
strength of wood occurred at 4% nanoclay loading because
of poor dispersion of nanoclay in the PVA matrix. Such a
reduction did not occur in this study where an ultrasonic
technique was used to disperse nanoclay particles in PVA.
Thus, the results showed that using ultrasonic technique to
disperse nanoclay particles in the matrix can enhance the
effectiveness of nanoclay particles in the matrix.

Confinement of polymer chains in nanoclay galleries,
restricting the mobility of polymer chains, and the ability of
nanostructure materials to redistribute the deforming action
over the volume of the materials have prominent impacts on
improving the bond strength at high temperatures [49–51].
No wood failure was observed in the joints at the elevated
temperature.

3.2. Water-Vapor Sorption. Results of vapor sorption tests are
given in Figure 4.The negative values of vapor sorption at the
beginning of the tests were related to the fact that the samples
lost weight as they were conditioned at 0% RH in the first
step of the tests. Such a conditioning continued until themass
loss of samples leveled off. The same procedure was applied
to other RH levels. The final values of vapor sorption at 95%
RH inwhich the samples reached saturation points were used
to compare the samples performance in the vapor sorption
tests. As nanoclay was introduced to the formulation, values
of vapor sorption decreased. The extent of decrease in vapor
sorption was proportional to nanoclay loading, as the lowest
value of vapor sorption was observed at a formulation with
4% nanoclay. The results of vapor sorption tests can explain
the water resistance of nanoclay/PVA composites when used
a wood adhesive.

3.3. X-Ray Diffraction (XRD). Generally, the crystalline
structure of nanoparticles has typically been established
using X-ray diffraction (XRD) analysis and transmission
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Figure 4: Vapor sorption of PVA/nanoclay composite film at differ-
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Figure 5: X-ray diffraction (XRD) patterns of pure PVA, pure na-
noclay, and their nanocomposites.

electron microscopy (TEM). Due to its relative easiness
and availability, XRD is most commonly used to probe
the nanocomposite structure and occasionally to study the
kinetics of the polymer melt intercalation. XRD is used to
probe alterations in the order of silicates by monitoring the
position, shape, and intensity of their basal reflections. For an
intercalated structure, the (0 0 1) characteristic peak tends to
shift to lower-angle regime due to the expansion of the basal
spacing. Although the layer spacing increases, there still exists
an attractive force between the silicate layers to stack them in
an ordered structure. In contrast, no peaks are observed in
the XRD pattern of exfoliated polymer nanocomposites due
to loss of the structural registry of the layers.

Figure 5 presents the X-ray diffraction profiles of pure
PVA, pure nanoclay, and their nanocomposites prepared at
different nanoclay loadings. Bragg’s equation was used to
calculate basal spacings of nanoclay from the XRD peak
position. Nanoclay in pure forms had two peaks at 1.2∘ and
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6.7∘. The intensity of peak at 1.2∘ is higher than the other.
According to Bragg’s equation, the distances between clay
platelets were 7.36 nm and 1.32 nm. After mixing nanoclay
with PVA at different loadings, both peaks disappeared.
In fact, X-ray diffraction profiles of PVA nanocomposites
with different amounts of nanoclay are like those of pure
PVA. According to the definition of exfoliated structure,
exfoliation is achieved when the individual montmorillonite
platelets no longer exhibit an XRD deflection; it can be
concluded that an exfoliated structure was achieved in all
studied cases. It should be noted that it is very hard to
draw any conclusion on structures of nanocomposites solely
according to the results of XRD as some layered silicates
initially do not exhibit well-defined basal reflections. Thus,
peak broadening and intensity decreases are very difficult to
study systematically. Therefore, conclusions concerning the
mechanism of nanocomposites formation and their structure
based solely on XRD patterns are only tentative. On the
other hand, TEM allows a qualitative understanding of the
internal structure, spatial distribution and dispersion of the
nanoparticles within the polymer matrix, and views of the
defect structure through direct visualization.

3.4. Transmission ElectronMicroscopy (TEM). Figure 6 shows
the TEM images for nanocomposites containing nanoclay.
Adding nanoclay at 1% and 2% loadings led to good disper-
sion of nanoclay in matrix. The distance between nanoclay
platelets was increased, and the polymer chains entered
between the platelets space. This nanostructure is referred to
as exfoliated structure, giving superior properties to nano-
composites. As can be seen in Figure 6(c), nanocomposite
with 4% is composed mostly of intercalated structure with
very large aggregates or tactoids in the order of several tens
of silicate layers. Intercalated structure is not considered an
ideal structure for a nanocomposite, and it does not grant
the nanocomposites with superior properties as exfoliated
structure does. As observed in measuring bond strength
(in dry condition and at the elevated temperature), adding
nanoclay at 1% and 2% loadings gave a significant boost to the
properties, but improvement of the properties at 4% content
was not much different than with nanocomposites with 1%
and 2% nanoclays. This phenomenon should be related to
difficulty of dispersing nanoclay in matrix at high loadings.

Past research has shown that there is a direct linkage
between properties of nanocomposites and quality of nan-
oclay dispersion [52–57]. In fact, the extent of improvement,
as result of adding nanoclay, cannot be solely proportional
to nanoclay loading because of difficulty in obtaining good
dispersion at high loading.

3.5. Atomic Force Microscopy (AFM). Although XRD and
TEM are used to study the quality of nanoclay dispersion
in the polymer, problems involving XRD measurements (for
example, some layered silicates initially do not exhibit well-
defined basal reflections) and subjectivity of TEM observa-
tions raise some questions regarding the results obtained
by XRD and TEM. In order to draw a firm conclusion on
structure of nanocomposites, a quantitative technique should

(a)

(b)

(c)

Figure 6: Images of PVA/nanoclay composites with different
nanoclay loadings ((a) 1%, (b) 2%, and (c) 4%). Scale bar is 100 nm.

be used. In this study, atomic force microscopy (AFM) was
used to determine the effects of adding nanoclay on PVA
surface structure. The AFM images for pure PVA and its
composites are presented in Figure 7. Pure PVAhad a smooth
surface as it had low roughness values. As nanoclay was
added to the matrix, a reorganized surface was observed.The
reorganization became more notable as nanoclay loading in
the matrix increased. At 4% nanoclay loading, the surface of
PVA film totally reorganized as a big increase in roughness
values was detected although this roughness is still too small
to be detected by human eye or resulted in light diffusion.

The results of this study show that the ultrasonication
technique is an effective way to disperse nanoclay in the
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Figure 7: AFM images of pure PVA and its composites with different nanoclay loadings: (a) pure PVA, (b) 1% nanoclay, (c) 2% nanoclay, and
(d) 4% nanoclay.

PVAmatrix.The extent of improvement onPVAperformance
as a wood adhesive was superior or at least similar to that
obtained by high-speed mixing [34]. When a high-speed
mixer was used to disperse nanoclay at a high loading
(4%) in the matrix, a remarkable reduction was observed
in the improvement gained by adding nanoclay. Such a
reduction was not observed in the case of ultrasonic tech-
nique. Although adding 4% nanoclay to the PVA matrix
resulted in an intercalated structure, nanoclay did increase
the shear strength of wood joints in humid conditions and
at the elevated temperature. The results show that ultrasonic
technique is very efficient in dispersing nanoclay especially at
high loadings, contrary to the high shear speed mixer. High-
speed mixing could disperse nanoclay in the PVA only at low
loadings and increased bond strength of PVA indifferent con-
ditions. High-speed mixing has some disadvantages: possible
damage to PVA emulsion (because of strong shear force used
during the mixing), high cost, and high energy consump-
tion. By contrast, ultrasonication technique has minimum
negative impact on PVA emulsion.Moreover, ultrasonication
technique is economical as ultrasonic mixing could take
place before production of PVA and the solution containing

nanoclay can be added to PVAduring the production process.
By considering the results obtained from this paper and our
previous work [34] and by considering the advantages of
ultrasonication technique over high-speed mixing, adding
nanoclay to PVA in an industrial scale seems feasible and can
be recommended to wood adhesive manufacturers.

4. Conclusions

The results of this study showed that ultrasonication tech-
nique is efficient in dispersing nanoclay in PVAat low (1% and
2%) and high (4%) loadings. Bond strength of newly formu-
lated adhesives measured on block shear samples increased
in wet conditions and at the elevated temperature. In dry-
state, the positive effects of nanoclay on strength of glue
line could be observed in terms of wood failure percentage.
The strength of glue line was so high that some failure
occurred in wood rather than in glue line. Improved barrier
properties strengthened the resistance of glue line towards
water, and subsequently significant increase was observed
in bond strength in the wet-state. Contrary to the results
obtained from dry condition, the extent of improvement
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on bond strength in wet-state was proportional to nanoclay
loading. Bond strength of PVA at the elevated temperature
was also affected by adding nanoclay. As nanoclay loading
in the PVA matrix increased, the shear strength of wood
joints at the elevated temperature improved, despite the fact
that the biggest gain in the shear strength was observed
at 1% nanoclay loading. Vapor sorption tests displayed that
nanoclay reduced vapor sorption of the matrix, explaining
higher water resistance of glue line having nanoclay in their
formulations. The morphological studies of nanocomposites
revealed that the fluctuations observed in bond strength
tests were related to dispersion quality of nanoclay in the
matrix (PVA). AFM proved that it is a credible technique to
examine the quality of dispersion as the results of AFM fully
conformed to the TEMobservations. At low loadings (1% and
2%), an exfoliated structure is achieved, causing a significant
improvement on PVA properties. At high loading (4%), a
coexistence of exfoliation and intercalationwas observed, and
so improvements on the shear strength of wood joints were
achieved to a lesser extent.
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Two commercial nanoclays were used here as catalytic fillers for production of polyethylene (PE) and linear low-density
polyethylene (LLDPE) nanocomposites via in situ polymerization with zirconocene/MAO catalyst. It was found that both types of
nanoclays designated as clayA and clay B can improve thermal stability to the host polymers as observed from a thermal gravimetric
analysis (TGA). The distribution of the clays inside the polymer matrices appeared good due to the in situ polymerization system
into which the clays were introduced during the polymer forming reaction. Upon investigating the clays by X-ray diffractometer
(XRD) and Fourier transform infrared spectroscopy (FTIR), it was observed that the crucial differences between the two clays are
the crystallite sizes (A < B) and the amounts of amine group (A < B).The higher amount of amine group in clay B was supposed to
be a major reason for the lower catalytic activity of the polymerization systems compared to clay A resulting from its deactivating
effect on zirconocene catalyst. However, for both clays, increasing their contents in the polymerization systems reduced the catalytic
activity due to the higher steric hindrance occurring.

1. Introduction

During the growth of polyolefin production, polyethylene
(PE) is considered as one of the most widely used synthetic
polymer with the annual production approximately 80 mil-
lion metric tons [1]. This is due to its unique properties such
as light weight, high chemical resistance, and low dielectric
constant. However, the polyethylene properties have some
restrictions on its use. It does not have enough stiffness, has
low gas permeability, and can easily catch fire. Therefore,
improving the polyethylene properties is important. Addition
of additives or fillers can improve polyethylene properties
such as mechanical property, thermal property, barrier prop-
erty, and flame resistant. Due to the advantage of nanotech-
nology nowadays, nanoscale materials have been used as
fillers instead of conventional microscale materials and also
provide better properties. The polymers with the addition of
nanofiller can be designated as polymer nanocomposites.The
final properties of polymer nanocomposites depend strongly

on the properties of the filler. Different types of nanofillers
have been used in the production of polymer nanocomposites
including organic nanofiller such as cellulose and inorganic
nanofiller such as carbon nanotube (CNT) [2, 3], silica (SiO

2
)

[4], alumina (Al
2
O
3
) [5], and clay [6, 7]. Using nanoclay as a

filler is of interest for nanocomposite production due to ready
availability and low cost. Zhao et al. [6] studied the properties
of PE/clay nanocomposites, which were prepared by melt
mixing and found that the mechanical and flammability
properties of the polymers improved with the clay addition.
Huang et al. [7] studied the thermal stability and fire behavior
of LDPE/clay nanocomposites, which were prepared by melt
mixing, and observed the improved thermal stability and
flame retardant. Besides the nature of fillers and their content
in the product, the adhesion betweenmatrix and filler and the
aspect ratio of the filler are also the key factors in the improve-
ment of the polymer final properties [8].Theplatelet nanoclay
is one of the high aspect ratio fillers, therefore receiving
considerable attention. For enhancing the adhesion between
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two phases, modification of nanoclay with appropriate agent
is usually used for this purpose. Hakim et al. [9] investigated
clay nanoplatelets treated (modified) with ammonia and
dodecylamine at different conditions in the in situ ethylene
polymerization systemwithmetallocene catalyst (Cp

2
ZrCl
2
).

It was found that the treated clays provided the higher
catalytic activity than the untreated clays. However, the
modifiers sometimes deteriorate the polymerization systems
particularly for the in situ polymerization systems into which
the modified fillers were introduced during the polymer
growing process [10].

In this study, the two commercial nanoclays completely
modifiedwith different amounts of amine groupwere investi-
gated to compare their roles in the in situ polymerizationwith
MAO/metallocene catalysts for the production of PE/clay
composite and LLDPE/clay composite. The nature of both
clays was characterized using Fourier transform infrared
spectroscopy (FTIR) and X-ray diffraction analysis (XRD).
The effect of clay natures and loadings on the nanocom-
posite properties and the catalytic activity of polymerization
systems were studied by nuclear magnetic resonance (13C
NMR), scanning electron microscopy (SEM), and so forth.

2. Experimental

2.1. Materials. All chemicals and polymerization were per-
formed under an argon atmosphere using a glove box and/or
Schlenk techniques. Nanoclays (montmorillonite,MMTcon-
taining different amounts of amine group) were donated
by Thai Nippon Chemical Industry Co., Ltd., Thailand.
Toluene was dried over dehydrated CaCl

2
and distilled

over sodium/benzophenone before use. The rac-ethylenebis
(indenyl) zirconium dichloride (rac-Et[Ind]

2
ZrCl
2
) was

obtained from Aldrich Chemical Company, Inc. Methy-
laluminoxane (MAO) in hexane was donated by Tosoh
(Akzo, Japan). Ultrahigh purity argon was purchased from
Thai Industrial Gas Co., Ltd. And was further purified by
passing it through columns that were packed with BASF
catalyst R3-11G (molecular-sieved to 3 Å), sodium hydroxide
(NaOH), and phosphorus pentoxide (P

2
O
5
) to remove traces

of oxygen and moisture. Ethylene gas (99.96%) was donated
by the National Petrochemical Co., Ltd., Thailand. 1-Hexene
(99%, d = 0.673 g/mL) and hydrochloric acid (HCl, fuming
36.7%) were purchased from Aldrich Chemical Company,
Inc. Methanol (commercial grade) was purchased from SR
Lab Co., Ltd.

2.2. Treatment of Nanoclay. The nanoclay (clay A or clay B)
was heated at 150∘C for 2 h and then heated at 150∘C for 2 h
under argon atmosphere.

2.3. Preparation of Catalyst. In the glove box, rac-Et
(Ind)
2
ZrCl
2
0.0083 g (1.98 × 10−5 moles) was added in 20mL

of toluene solution and stirred at room temperature at least
30min or until giving yellow transparent solution.

2.4. In Situ Polymerization. In situ polymerization was con-
ducted under argon atmosphere using Schlenk techniques

and/or glove box. It was carried out in a 100mL semibatch
stainless steel autoclave reactor equipped with a magnetic
stirrer. The desired amount of nanoclay (5, 10, 20, and
40wt%) as support and methylaluminoxane (MAO) 1.1mL
([Al]MAO/[Zr] = 1135) were mixed and stirred for 30min
aging at room temperature. Then, catalyst solution 1.5mL
[Et(Ind)

2
ZrCl
2
5 × 10−5M] along with toluene (to make total

volume of 30mL) was put into the reactor. Then, ethylene
was fed into the reactor equipped with pressure gauge. After
all ethylene was consumed (6 psi from pressure gauge), the
reaction was terminated by addition of acidic methanol
and stirred overnight. After filtration and dried at room
temperature, polyethylene/clay nanocomposite is obtained.
For copolymerization, 1-hexene as comonomer (1 : 0.5 of
ethylene : 1-hexene ratio) was also put into the reactor.

2.5. Characterization

2.5.1. Characterization of Nanoclay

X-Ray Diffraction Analysis (XRD). The crystallite structure of
nanoclay was investigated by X-ray diffractometer SIEMENS
D-5000 with Cu K

𝛼
(𝜆 = 1.54439 Å). The range of detection

2𝜃 = 10–80∘.

Thermal Gravimetric Analysis (TGA). TGAwas used to deter-
mine the thermal stability of clay in terms of weight loss. The
sample was analyzed by TGA, PerkinElmer Thermal Anal-
ysis Diamond TG/DTA. The analysis was preceded under
nitrogen atmosphere at gas flow rate of 100mL/min. The
sample was heated from 25∘C to 300∘C at a constant rate of
10∘C/min and then cooled naturally.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR was
used to identify specific structural characteristics (e.g., func-
tional group or molecular structure) of nanoclay using
Nicolet 6700 FTIR.

2.5.2. Characterization of Nanocomposites

Small Angle X-Ray Diffraction Analysis (SAXRD). SAXRD
was used to identify the sample by comparison with reference
sample and to determine the interlayer spacing of nan-
oclay in polymer matrix. XRD patterns of polyethylene/clay
nanocomposites were observed using Bruker AXS Model
D8 Discover X-ray diffractometer with VANTEC-1 Detector
(Super Speed Detector) 46 connected to a personal computer
for full control of the XRD analyzer. The observation was
preceded by using Cu radiation measurement, 2𝜃 range of
detection is 1–10 degree, and increment is 0.02 degree/step.

Thermal Gravimetric Analysis (TGA). TGAwas used to deter-
mine the thermal stability in terms of weight percent in the
sample as a function of temperature. PE/clay nanocomposites
were analyzed by TGA, PerkinElmer Thermal Analysis Dia-
mond TG/DTA. The analysis was performed under nitrogen
atmosphere at gas flow rate of 100mL/min. The sample was
heated from 50∘C to 600∘C at a constant rate of 10∘C/min and
then cooled naturally.
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Differential Scanning Calorimetry (DSC). The melting tem-
perature (𝑇

𝑚
) was determined by a Perkin-Elmer diamond

DSC. The analysis was proceeded at the heating rate of
20∘C/min in the temperature range of 50–150∘C under N

2

atmosphere. The heating cycle was run twice. In the first
scan, the samples were heated and then cooled to room
temperature. In the second scan, the samples were reheated
at the same rate, but only the results of the second scan
were reported because the first scan was influenced by the
mechanical and thermal history of the samples.

Nuclear Magnetic Resonance (13C NMR). 13C NMR was used
to evaluate the percent insertion of comonomer in the copoly-
mer. For sample preparation, LLDPE/clay nanocomposite
was dissolved in the mixture of 1,2,4-trichlorobenzene and
chloroform-d (internal locking solvent) and then heated
until it became a clear solution. The 13C NMR spectra
were recorded at 110∘C using JEOL JNM-A500 operating at
125MHz.

Scanning Electron Microscopy (SEM). SEM was used to ob-
serve the morphology of polymer nanocomposites. The
sample was analyzed by JEOL JSM-6400 scanning electron
microscopy.The nanocomposite samples were mounted on a
stub with double-sided adhesive tape and coated with a thin
layer of gold prior to observation.

3. Results and Discussion

3.1. Characterization of Nanoclay

3.1.1. Size and Composition. Figure 1 shows the XRD patterns
of nanoclay. The sizes of nanoclay were investigated by X-ray
diffraction (XRD). From Debye-Scherrer formula [6], it was
confirmed that the average crystallite sizes of clay A and clay
B are ca. 4 and 7 nm (using the XRDpeak at 22∘), respectively.

Both clay XRD patterns present the peaks in the positions
(2𝜃) of 20, 22, 26.5, and 36∘, corresponding to montmoril-
lonite (MMT) crystalline structure [11]. The position at 10.1∘
corresponds to illite clay mineral, which is a phyllosilicate or
layered aluminosilicate. This indicates that these nanoclays
are mixed-layer montmorillonite/illite, which is composed
of two discrete species: one is montmorillonite having low
interlayer charge with hydrated interlayers by at least two
layers of water molecules; the second species is illite with
dehydrated interlayers.

3.1.2. Functional Group. The functional groups of two types
of nanoclay were compared by FTIR spectra. The FTIR spec-
tra are shown in Figure 2. It was found that the wavenumbers
of obtained peaks are not different and the absorbances are
also rather equal. FTIR spectra show the main peaks at 1000,
2850, and 2900 cm−1 wavenumbers, which are correspond-
ing to alkene (=C–H bending), CH stretching vibrations
(CH
2
), and alkane (C–H stretch), respectively, [12]. The peak

between 3,300 and 3,500 cm−1 was considered as amine (N–H
stretch) [12].The absorbance peak of clay A is lower than clay
B. This indicates that amine compound in clay A is less than
clay B. It may be due to the different amounts of amine salts
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Figure 1: XRD patterns of nanoclay.
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Figure 2: FTIR spectra of clay A and clay B.

in the surface of the clay. Moreover, it was possible that clay A
and clay Bweremodified by the different kinds of amine salts,
which include primary, secondary, or tertiary amine salt.

3.1.3. Thermal Stability. Thermal stability of nanoclay in
nitrogen atmosphere can be observed from Figure 3, which
indicates that clay A is more stable than clay B at a temper-
ature lower 300∘C. The thermal stabilities were evaluated in
terms of 10% weight-loss temperatures (𝑇

𝑑
10). 𝑇
𝑑
10 of clay A

is higher than clay B, which are 273 and 227∘C, respectively.
This difference in thermal stability was due to different
compositions of these nanoclays. In general, the unmodified
clay (such as Na+-Montmorillonite) has weight loss at ca.
100∘C due to the presence of moisture in the interlayer
between clay platelets. However, for clay A, the weight loss at
ca. 100∘C was not observed. This indicates that the surface of
the clay platelets had beenmodified with an organic modifier
(alkyl ammonium salt), conveying hydrophobic properties
to the hydrophilic clay. From 200∘C, the weight loss was
observed on clay A due to the decomposition of the alkyl
amine salt [13]. In clay B, the first weight loss was observed at
90∘C. It is attributed to the decomposition of the remaining
moisture in this clay. Above 200∘C, clay B exhibited lower
stability than clay A. The alteration of thermal stability may
be derived from the various kinds and amounts of amine salts
between the two clays.
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Table 1: Catalytic activities of polymerization systems with various fillers.

Run Polymer Amount of clay (wt%) Yielda (g) Activityb (kg pol./mol Zr⋅h)
Clay A Clay B

1

PE

— — 1.3643 17,588
2 5 — 0.6622 12,851
3 10 — 0.7083 8,730
4 20 — 0.5894 6,869
5 40 — 0 0
6 — 10 0.7937 8,007
7 — 20 0.2906 5,440
8 — 40 0 0
9

LLDPE

— — 1.3087 35,534
10 5 — 1.1045 20,036
11 10 — 1.2241 12,143
12 20 — 0.3998 5,578
13 40 — 0 0
aThe polymer yield was limited by the amount of ethylene fed (0.018mol). The molar ratio of ethylene: comonomer was 2 : 1.
bActivities were measured at polymerization temperature of 70∘C, [ethylene] = 0.018mol, [Al]MAO/[Zr]cat = 1135 in toluene with total volume = 30mL,
[Zr]cat = 5 × 10−5 molar and mixing time of MAO and nanoclay was 30min.
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Figure 3: TGA curves of nanoclays (clay A: TOB 3 and clay B:
TOB 2).

3.2. Ethylene Polymerization. The effect of the types of nan-
oclay on the activity of metallocene catalyst as shown in
Table 1 indicates that the polymerization system with clay A
exhibits higher catalytic activity than that with clay B at the
same loading. This is consistent with the higher amount of
amine group in clay B, which may deactivate zirconocene
catalyst [10, 14]. Therefore, clay A is more appropriate to use
as nanofiller for catalytic aspect. It is also observed that the
catalytic activity of the homogeneous systems (runs 1 and 9)
is higher than that of the heterogeneous (with clays) systems
(runs 2–8 and 10–13). The reduction of the catalytic activity
for the heterogeneous systems can be attributed to (1) the
generation of catalyst active sites with lower propagation rates
due to interactions with the clay surface, and (2) restrictions
of the monomer access to the catalyst active sites due to
the presence of the clays, hindering the chain propagation

[15]. In addition, the catalytic activity tended to decrease
with the increase of the nanoclay content. This is because
the drawbacks of the heterogeneous system as mentioned
above were more pronounced when the higher amounts
of nanoclay were present in the systems. The deactivating
effect of the amine group on the zirconocene catalyst is also
another reason for the decrease of catalytic activity. When
increasing the amount of nanoclay to 40wt%, it did not even
produce polyethylene due to themore adverse effect from the
nanoclays.

3.3. Characterization of Nanocomposites. It was because clay
Aprovided the higher catalytic activity than clay B, thus it was
more appropriate to be used as the catalytic filler. Therefore,
in this characterization of nanocomposites, only clay A-filled
nanocomposites were investigated and compared with the
pure polymers.

3.3.1. Dispersion of Nanoclay. The small angle X-ray diffrac-
tion (SAXRD) patterns of nanoclay (clay A), pure PE, and
PE/clay nanocomposites are shown in Figure 4. The SAXRD
patterns for clay A provide diffraction peaks at 2 = 2.3 and
4.7∘, whereas the pure PE did not exhibit the diffraction peak
at 2 = 1–10∘ range.The diffraction peaks of all nanocomposites
were also not observed. The peaks at about 2 = 2.3 and 4.7∘
of clay were not in the nanocomposites suggesting that high
dispersion of nanoclay throughout polyethylene matrix was
obtained [16]. This exfoliated degree dispersion of nanoclay
may be due to directmixing process.Themethylaluminoxane
(MAO) added during the clay treatment step is expected
to react with hydroxyl group on clay surface. After that,
the zirconocene catalyst added during catalyst supported
step was intercalated between the clay platelets, where the
zirconocene catalyst was reacted with MAO-treated clay and
modifier, creating covalent bond that helps to avoid catalyst
leaching during the polymerization. Thus, it is the cause
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Figure 4: SAXRD patterns of (a) clay A, (b) LLDPE/clay 10wt%, (c)
LLDPE/clay 5wt%, (d) PE/clay 10wt%, (e) PE/clay 5wt%, and (f)
pure PE.

of well dispersion of nanoclay in the polyethylene matrix
[17]. Exfoliation became possible through a strong interaction
between the polyethylene chains and the clay surface [18].

3.3.2. Thermal Stability. Figure 5 shows TGA and DTG
curves of pure PE and PE/clay nanocomposites. It is used
to describe thermal stability of PE/clay nanocomposites.
At temperature range between 200 and 350∘C, PE/clay
nanocomposite degraded slower than pure PE observed from
the lower weight loss percentage, whereas the nanocomposite
with 20wt% of clay loading exhibited faster degradation.The
weight loss at this temperature range is related mainly to the
organic surface modifier degradation and also the degrada-
tion of remained MAO that cannot participate in the poly-
merizations [9]. In effect, the nanocomposite with 20wt%
of clay loading, which naturally has the highest content of
the organic surface modifiers among all the samples and
also has the highest content of the remained inactive MAO
due to the lowest catalytic activity, thus degraded fastest in
this temperature range. For the nanocomposites with 5% and
10wt% of clay loadings, they degraded slower than the pure
polymer due to the major effect of barrier properties induced
by the nanoclays that hindered heat transfer throughout
the nanocomposites [19]. At the temperature above 400∘C,
the weight loss of the polymer contributes to polymeric
chain degradation. It was found that the nanocomposite
with 5wt% of clay loading still exhibited better thermal
stability than the pure polymer and other nanocomposite
samples. The lower thermal stabilities of the nanocomposites
with the higher loadings (10 and 20wt%) compared to
the pure polymer are attributed to the presence of more
acidic sites originating from the Hoffman degradation of
the organic surface modifiers, which catalyze the polymer
chain degradation [20, 21]. Therefore, it can be concluded
from the TGA result that the introduction of clay into the
polymers not exceeding 5wt% can enhance their thermal
stability, but the excess of clay (from 10wt%) can reduce
the thermal stability of the polymer. For DTG curve, the
maximum decomposition temperatures were observed. The
maximum decomposition temperatures of pure PE, PE/clay
5, PE/clay 10, and PE/clay 20 are 463, 481, 452, and 449∘C,
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Figure 5: TGA andDTG curves of PE and PE/clay nanocomposites.

respectively. It can be observed that from 10wt% to 20wt%
of clay content, the maximum decomposition temperatures
of the nanocomposites decreased with increasing the clay
content. This result is attributed to an increase of the acidic
sites with increasing the organic surface modifiers (from
clays), which accelerated the polymer degradation.

The thermal properties of LLDPE and its nanocomposites
investigated by TGA and DTG are shown in Figure 6. It
was found that themaximumdecomposition temperatures of
pure LLDPE, LLDPE/clay 5, LLDPE/clay 10, and LLDPE/clay
20 are 463, 463, 465, and 442∘C, respectively. This thermal
behavior of LLDPE slightly differed from that of PE probably
due to the difference in molecular structure and crystallinity
between two polymers, then being affected by the clay differ-
ently.

3.3.3. Crystallization Behavior. Table 2 shows the melting
temperature, crystallinity, and 1-hexene insertion (obtained
from 13C NMR spectrum as shown in Figure 7) of pure PE,
pure LLDPE, and the nanocomposites. It can be observed that
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Table 2: Melting temperature, crystallinity, and 1-hexene (comonomer) insertion of the polymers and polymer nanocomposites.

Run Polymer Amount of clay A (wt%) 𝑇
𝑚

a (∘C) 𝑋
𝑐

b (%) 1-Hexene insertionc (%)
1

PE

— 134 51 —
2 5 134 57 —
3 10 132 51 —
4 20 132 44 —
9

LLDPE

— 114 3 32.2
10 5 n/ad n/a 29.6
11 10 132 28 15.8
12 20 108 23 5.2
aMelting temperature (𝑇

𝑚
) was obtained from DSC measurement.

bCrystallinity (𝑋
𝑐
) was calculated based on DSC results.

c1-Hexene insertion was obtained from 13C-NMR spectrum equalling to [HHH] + [HHE] + [EHE].
dNot detected.
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Figure 6: TGA and DTG curves of LLDPE and LLDPE/clay nano-
composites.

there was no significant change in the melting temperature
of PE with the addition of nanoclay in homopolymerization
system. However, it is seen that PE/clay nanocomposites
with various clay loadings are different in the crystallinity.
Adding 5wt% of clay in the composite presents an increase
in crystallinity.This suggests that small amount of clay acting
as heterophase crystal nucleation agent in the polymermetrix
[18]. However, the crystallinities of PE/clay nanocomposites
decreased by increasing the amounts of nanoclay to 10
and 20wt%. This may be due to large amounts of clay
particles locating themselves in the interlamellar spaces,
leaving a little room for additional crystallization. Thus,
clay particle may hinder the formation of crystalline phase
of PE and present a decrease in crystallinity [18]. For the
copolymerization system in which 1-hexene was used as a
comonomer, no melting temperature was found for LLDPE
with 5wt% of clay (run 9). It may be due to too much
insertion of 1-hexene comonomer (over 30%), which poses
the large molecular structure, and also the effect of clay
that prevents the crystallization process inside the polymer.
This contrasts with the pure LLDPE (run 8) which only the
high comonomer insertion occurred without the presence
of clay. Therefore, its crystallinity still appeared. The melting
temperatures and the crystallinities were observed in the case
of LLDPE with 10 and 20wt% of clay (runs 11 and 12). It
may be due to a decrease of comonomer insertion resulting
from the higher content of clay that brought the crystallinity
back to the nanocomposites. The higher content of the clay
in the polymerization system could lead to less space for
monomer (ethylene) or comonomer (1-hexene) attacking into
the catalyst active sites. On account of this phenomenon, 1-
hexene molecules which are larger than ethylene molecules
then have the lower ability to attack the active sites when the
clay content is higher.Therefore, the insertion of the 1-hexene
decreased by increasing the amount of the clay.

3.3.4. Morphology. The SEM micrographs of the PE and
PE/clay nanocomposites are shown in Figure 8. It can be seen
that no agglomerated particles leaching out from the polymer
matrix were clearly observed.This suggests good distribution
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Triad distribution was determined as follows;
k[HHH] = 2Ta + Tb − Tg

k[EHH] = 2(Tg − Tb − Ta)

k[EHE] = Tb

k[EEE] = 0.5(Ta + Td + Tf − 2Tg)

k[HEH] = Tf

k[HEE] = 2(Tg − Ta − Tf)

Finally, the fractions of ethylene and 1-hexene
insertions were determined:

%E = [EEE] + [EEH] + [HEH]; E is ethylene
%H = [HHH] + [HHE] + [EHE]; H is 1-hexene

Figure 7: A typical 13CNMR spectrum of LLDPE.

(a) (b)

(c) (d)

Figure 8: SEM images of PE samples. (a) PE, (b) PE/clay 5, (c) PE/clay 10, and (d) PE/clay 20.

of the clays, which reduces a tendency for the clays to
agglomerate. In addition, the strong interaction between the
clay surface and the polymer matrix may help reduce the
leaching of the clays. These advantages would come from

the in situ polymerization, in which the catalyst covalently
bound between the clay layers becomes the reaction center
during the polymerization and was attacked and linked
with the monomer; therefore, the strong interaction between
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(c) (d)

Figure 9: SEM images of LLDPE samples. (a) LLDPE, (b) LLDPE/clay 5, (c) LLDPE/clay 10, and (d) LLDPE/clay 20.

the clay and the polymer occurred. Moreover, when the
polymer had been propagating it exfoliated the clay layers all
over the polymer matrix, with the good distribution of the
clays being obtained [22]. The morphologies of all PE/clay
nanocomposites did not change upon various clay contents.
This suggests that the good distribution of clay still occurs
even the high clay content. From Figure 9, it is observed that
the morphology of pure LLDPE differed considerably from
the entire LLDPE/clay nanocomposites.The presence of clays
improved greatly the morphology of LLDPE by providing
the pellet-like structure, which is required for the polymer
processing.The variation of clay content did not significantly
affect the morphologies of LLDPE/clay nanocomposites.

4. Conclusions

The in situ polymerization in which catalyst was first
immobilized onto the nanoclay, and then brought the nan-
oclays/catalyst into the polymerization process, appeared to
be a good method for producing polymer nanocomposites
with an excellent distribution of the nanoclays inside the
polymer matrix. The distribution of the nanoclays can be
proven by X-ray diffraction analysis (XRD), which no peak
indicating to the nanoclays was observed suggesting high
dispersion of nanoclay throughout the polymer matrix. Both
clay A and clay B can improve thermal stability for the
host polymers. However, clay B provided the lower catalytic
activity to the polymerization system than clay A due to
the higher amount of amine group, which could deactivate

the catalyst. The clay content adversely affected the catalytic
activity for both PE and LLDPE and also affected the
comonomer insertion in the case of LLPDE.
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Recently, nanofibrous scaffolds have been used in the field of biomedical engineering as wound dressings, tissue engineering
scaffolds, and drug delivery applications. The electrospun nanofibrous scaffolds can be used as carriers for several types of
drugs, genes, and growth factors. PCL is one of the most commonly applied synthetic polymers for medical use because of its
biocompatibility and slow biodegradability. PCL is hydrophobic and has no cell recognition sites on its structure. Electrospinning of
chitosan and PCL blend was investigated in formic acid/acetic acid as the solvent with different PCL/chitosan ratios. High viscosity
of chitosan solutions makes difficulties in the electrospinning process. Strong hydrogen bonds in a 3D network in acidic condition
prevent the movement of polymeric chains exposed to the electrical field. Consequently, the amount of chitosan in PCL/chitosan
blend was limited and more challenging when the concentration of PCL increases. The treatment of chitosan in alkali condition
under high temperature reduced its molecular weight. Longer treatment time further decreased the molecular weight of chitosan
and hence its viscosity. Electrospinning of PCL/chitosan blend was possible at higher chitosan ratio, and SEM images showed a
decrease in fiber diameter and narrower distribution with increase in the chitosan ratio.

1. Introduction

Electrospinning has received widespread attention as an
easy and adaptable technique which leads to fabrication of
fibers in nanometer size scale. Nanofibers provide remarkably
high surface area for surface interchanges, a significantly
improved interconnected pore architecture for diffusion and
transportation of biological fluid, nutrient, and drugs for
tissue engineering and drug delivery applications [1]. Uti-
lizing electrospun fibers and nanofibrous meshes in tissue
engineering applications often includes several considera-
tions: selection of material, fiber orientation (aligned or
random), porosity, and surface modification. Both natural
and synthetic (biodegradable and nondegradable) materials
as well as hybrid blends can be used depending on specified
mechanical and biomimetic properties [2, 3]. Also by varying
the processing and solution parameters, fiber orientation

and porosity/pore size of the electrospun scaffold can be
controlled and optimized for each individual application.

In tissue engineering, the scaffold prepares a three-
dimensional (3D) construct for cell attachment, proliferation,
and formation of an extracellular matrix (ECM), as well as
a carrier of growth factors or other biomolecular signals [4].
Scaffolds for tissue engineering should have goodmechanical
properties, suitable biodegradability, and most importantly
good biocompatibility [4, 5]. Particularly, the surface prop-
erties of the material define the interactions between the cells
and the material and, consequently, affect cell adhesion [6].

Poly(𝜀-caprolactone) (PCL) is one of the most com-
monly applied synthetic polymers for medical use because
of its biocompatibility and slow biodegradability. PCL is
hydrophobic, so presence of another component which
embeds hydrophilicity and cell attachment is necessary in
scaffold fabrication. Electrospinning of pure PCL has been
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studied expansively [7–13]. Van der Schueren et al. [13] intro-
duced an acetic acid/formic acid (AA/FA) solvent system for
the electrospinning of PCL. Chitosan has been widely used
in different biomedical areas because of its various advan-
tages like biocompatibility, biodegradability, hydrophilicity,
nonantigenicity, antimicrobial activity, nontoxicity, bioadher-
ence, and cell affinity, which make it the ideal candidate
for uses in a wide range of applications. It is a linear
biopolymer and is usually obtained by alkaline deacetylation
of chitin, the second most abundant biopolymer in nature
after cellulose [14]. Chitosan is soluble in organic acids, such
as aqueous acetic acid and formic acid. Free amino groups
alongside chitosan chain become positively charged in acidic
condition. Formation of hydrogen bonds in 3D network
inhibits chain movement and limits the electrospinning.
This drawback is a challenge for researchers and they have
come up with different solutions which can be put in two
categories: firstly using a suitable solvent system and secondly
blending chitosan with another polymer. Ohkawa et al.
[15] successfully prepared pure chitosan nanofibers using
trifluoroacetic acid (TFA) as solvent. TFA can form salts with
the amino groups of chitosan and thus prevent intermolec-
ular interactions between chitosan chains in electrospinning
process [16]. Spinnability of chitosan in aqueous solutions of
acetic acid also has been investigated [15, 17, 18]. Formation
of nanofibers and their morphology are highly influenced by
acetic acid concentration and chitosan molecular weight and
percentage.

The second polymer acts as an attenuating factor to
limit the hydrogen bonds between chitosan chains and thus
making the electrospinning of the polymer mixture possible.
For example, polyethylene oxide (PEO) [19, 20] and polyvinyl
alcohol (PVA) [21–23] have been investigated to improve the
spinnability of chitosan. They reached to the point that the
formation of nanofibers is highly dependent on themass ratio
of two polymers and higher mass ratio of chitosan is just
possible in lower molecular weight of chitosan. Li and Hsieh
[21] showed that themaximum ratio of PVA/chitosanwas just
17/83 for chitosan with medium molecular weight; therefore,
they introduced alkali pretreatment to decrease themolecular
weight of chitosan. This also was approved by Homayoni
et al. [23]; the molecular weight of chitosan decreased with
an alkali pretreatment and led to good results in increasing
the chitosan ratio in the blend.

Electrospinning of PCL/chitosan nanofibres has only
recently been performed in some mix solvent systems [19,
24–29]. Recently, PCL/chitosan nanofiber was fabricated by
electrospinning of PCL/chitosan polymeric blend in an acetic
acid/formic acid (AA/FA) solvent mixture [28]. Electrospin-
ning of solutions containing different polymer concentration
performed at the voltage which assured a stable cone. Van
der Shueren et al. [28] showed that adding chitosan below
13wt% PCL improved the spinnability of PCL, but there
is limitation in chitosan amount as for the least possible
PCL this amount is around 1.8 wt% and for higher amount
of PCL this amount decreases significantly. Limitation of
electrospinning of PCL/chitosan blend is related to the poly-
electrolyte properties of chitosan which limit its solubility in
acidic solutions. For 8wt% PCL the maximum wt% chitosan

is ≤1. The limitations of solubility of medium molecular
weight chitosan and chain entanglement problem in acidic
condition affect its blend with PCL in new solvent system. So
in this study alkali pretreatment of chitosan on spinnability,
applicable portion of chitosan in PCL/Chitosan blend, and
morphology of fabricated nanofibers were investigated.

2. Materials and Methods

2.1. Materials. Chitosan with medium molecular weight was
purchased from Sigma-Aldrich. PCL with molecular weight
70,000–90,000 was supplied from same company. 98 v%
formic acid was obtained from Sigma-Aldrich, 99.8 v% acetic
acid from Merck, and sodium hydroxide pellet from QREC
(Asia) SDN BHDMalaysia.

2.2. Methods

2.2.1. Reducing the Molecular Weight of Chitosan. To reduce
the molecular weight of chitosan, the polymer powder was
treated in a 50%NaOH with a chitosan/NaOH ratio of 1/25
(w/v) at the temperature of 95∘C for 48 hours. Then, sample
was strained and rinsed with distilled water, naturalized with
acetic acid, and rinsed and dried at 60∘C for 16 hours.

2.2.2. Preparation of the PCL/Chitosan Solutions. The elec-
trospinning solutions were prepared by dissolving 2.5 wt%
untreated chitosan, 7 wt% treated chitosan, and 8wt% PCL
individually in the solvent mixture acetic acid/formic acid
(30/70). The solutions were magnetically stirred at room
temperature for three hours, time needed for complete dis-
solution and finally mixed with PCL/chitosan solution ratio
30/70, 50/50 and 70/30 v/v% to study the effect of component
ratio in electrospinning process.

2.2.3. Electrospinning. The polymer solution was pumped
from a 5mL syringe into a needle gauge 23. The voltage was
in the range of 18–28 kV. Electrospinning was carried out at
room temperature (22 ± 2∘C) and at a relative humidity of
65 ± 5%. The tip to collector distance was set at 12.5 cm. The
flow rate was set at 0.5mLh−1 and spinning was performed
for 30min.

2.2.4. Characterization. The morphology of electrospun
PCL/chitosan fibers was observed with a scanning electron
microscope (SEM). The diameter of the fiber was measured
from the SEM micrographs using image analysis software
(Image J, National Institutes of Health, USA).

Viscosities of solutions were measured by Brookfield
Viscometer. FTIR spectroscopy was used to identify the
changes of chitosan chemical bonds after treatment and to
see the presence of component in blend. Samples with same
dimensions were mixed with potassium bromide (KBr) to
make pellets. FTIR spectra in the transmission mode were
recorded using FTIR spectrometer (Perkin Elmer Series FTIR
Spectrometer, USA), connected to a PC, and the data was
analyzed by IR Solution software.
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Figure 1: FTIR spectra of treated and untreated chitosan. (A) Untreated chitosan, (B) treated chitosan for 24 hours, and (C) treated chitosan
for 48 hours.

3. Results and Discussions

3.1. Alkali Treatment. Alkali treatment decreases the molec-
ular weight of chitosan by hydrolyzing the oxygen bonding
the glucose amine groups. This effect on molecular weight
depends on the treatment time. Chitosan treatment for 48
hours showed the best result regarding the spinnability of
pure chitosan [30]. Hydrolyzing occursmore progressively by
increasing treatment time. As after 5 hours molecular weight
decreased from 1,094,804 to 1,043,791 and then by continuing
the process for 16, 32, and 48 hours it changed to 645,023,
341,782, and finally 293,763 g/mol [12].

Alkali treatment does not change the chemical nature
of chitosan. It was proved with Fourier transform infrared
(FTIR). Spectra of untreated, 24 hours, and 48 hours treated
chitosan polymers are demonstrated in Figure 1. All tree
spectra show the same trend at distinctive wavelengths: C–
OH groups at around 3450 cm−1, N–H groups at 1650 cm−1,
and oxygen bonding at around 1150 cm−1, 800 cm−1. Physical
changes because of molecular weight reduction lead to some
small deviations in the positions of these peaks in the
spectrum of the treated chitosan corroborate.

Figure 2 shows the FTIR spectra of pure PCL and
PCL/chitosan blend nanofibers; the distinguished feature
for PCL is the carbonyl stretching absorption at around
1730 cm−1, and the spectra of PCL and chitosan blend in the
form of untreated or even treated chitosan are very similar to
the spectra of pure PCL except in some differences at around
3450 cm−1, 1630–1670 cm−1, and 1100 cm−1 which contribute
to chitosan groups as described in FTIR spectra of chitosan.
In the area of 1700 cm−1, there is a deeper absorbance in

PCL/chitosan both treated and untreated which is related
to the hydrogen bond between carbonyl groups of PCL and
chitosan. So this area is identically related to interaction
between PCL and chitosan.

3.2. Electrospinning. PCL/chitosan blend nanofibres provide
an excellent nanostructured material for biomedical use
as their valuable properties are combined into one. The
new solvent system leads to production of very fine and
beadless nanofibres above 13 wt% PCL. The electrospin-
ning of PCL/chitosan blends using 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP), dimethylformamide/methylene chloride
(DMF/MC), HFIP/TFA/DCM, acetone/formic acid, and
acetic acid/formic acid were carried out before. Because of
the toxicity and high price of most of these solvents, only
the AA/FA solvent system seems applicable in PCL/chitosan
electrospinning.

Themain characteristic of a reproducible electrospinning
process is a stable Taylor cone. Thus, voltage for all electro-
spinning processes has been adjusted for formation of utmost
stable Taylor cone. Table 1 shows that for untreated chitosan,
electrospinning of PCL/chitosan solution with the ratio of
70/30 was performed under 21 kV but increasing the portion
of chitosan leads to polymer chain entanglement and inhibits
nanofiber formation even at higher voltage. Alkali pretreat-
ment decreases molecular weight of chitosan considerably;
consequently, the viscosity of the same amounts of treated
and untreated chitosan was not comparable, so for treated
chitosan a solution of 7wt% was prepared to make the result
comparable with untreated chitosan concerning viscosities.
Required voltage for polymeric blend with the ratio of 70/30
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Figure 2: FTIR spectra of (A) 8wt% PCL/2.5% untreated chitosan (70/30), (B) 8wt% PCL/7% treated chitosan (70/30), and (C) pure PCL
nanofibers.

Table 1: Electrospinning of PCL/chitosan blend and effect on
required voltage.

PCL/chitosan blend Applied voltage
8% PCL and 2.5% untreated chitosan (70/30) 21
8% PCL and 7% treated chitosan (70/30) 25
8% PCL and 2.5% untreated chitosan (50/50) —
8% PCL and 7% treated chitosan (50/50) 28

PCL/treated chitosan was 25 kV, and for higher portion of
chitosan with 50/50 of PCL/treated chitosan a higher voltage
of 28 kV was needed.

Figures 3, 4, and 5 demonstrate the SEM images of
nanofibers with the ratio of 70/30 PCL/untreated chitosan
and 70/30, 50/50 PCL/treated chitosan, respectively. Table 2
shows the average diameter of nanofibers and the coefficient
of variation of nanofibers. PCL/treated chitosan nanofibers
with the ratio of 70/30 have lower average diameter of
205 nm compared to 356 nm for blend nanofiber fabricated
by untreated chitosan. Both higher applied voltage and easier
movement of polymer chains are the reasons for thinner
fibers for treated chitosan and PCL blend. And additionally
the narrower fiber distribution is due to the higher applied
voltage. Increasing the portion of chitosan in PCL/treated
chitosan sample caused fabricating thinner fibers with less
variation which is related to higher required voltage for
spinning in a stable condition.

Figure 3: SEM image 8wt% PCL/2.5% untreated chitosan (70/30).

4. Conclusions

In this study, the influence of themolecularweight of chitosan
on spinnability of PCL/chitosan blends was investigated
with an electrospinning technique. Alkali treatment has
been introduced as a solution to decrease the molecular
weight of medium molecular weight chitosan and, thus,
reduction of hindering effect of positively charged amine
group when spinning. This treatment does not change the
chemical structure of chitosan. Treated chitosan in blendwith
PCL nanofibers caused fabrication of smaller diameter and
narrower deviation compared to untreated chitosan. Smaller
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Figure 4: SEM image 8wt% PCL/7% treated chitosan (70/30).

Figure 5: SEM image 8wt% PCL/7% alkali treated chitosan (50/50).

Table 2: Average diameter, coefficient of variation, and surface
porosity of chitosan blend.

PCL/chitosan blend Average diameter
(nm)

Coefficient of
variation %

8% PCL and 2.5% untreated
chitosan (70/30) 356.29 172.10

8% PCL and 7% treated
chitosan (70/30) 204.81 83.92

8% PCL and 2.5% untreated
chitosan (50/50) — —

8% PCL and 7% treated
chitosan (50/50) 317.46 67.37

diameter is related to easier movement of chitosan polymer
chains exposed to high voltage during electrospinning. Also
increasing chitosan ratio in blend with PCL is possible to be
considered for further studies in biomedical application.

Acknowledgments

F. Roozbahani would like to thank the University Teknologi
Malaysia for International Doctoral Fellowship. The authors

also acknowledge MOHE, GUP Tier 1 Grants (Vot: 03H13,
Vot: 05H07), FRGS (Vot: 4F126), MOHE, UTM, and RMC
for financial support. Lab facilities of FBME are also acknowl-
edged.

References

[1] D. F. Stamatialis, B. J. Papenburg, M. Gironés et al., “Medical
applications of membranes: drug delivery, artificial organs and
tissue engineering,” Journal of Membrane Science, vol. 308, no.
1-2, pp. 1–34, 2008.

[2] N. Sultana and M. Wang, “PHBV/PLLA-based composite
scaffolds fabricated using an emulsion freezing/freeze-drying
technique for bone tissue engineering: surface modification
and in vitro biological evaluation,” Biofabrication, vol. 4, no. 1,
Article ID 015003, 2012.

[3] N. Sultana and T. H. Khan, “In vitro degradation of PHBV scaf-
folds and nHA/PHBV composite scaffolds containing hydrox-
yapatite nanoparticles for bone tissue engineering,” Journal of
Nanomaterials, vol. 2012, Article ID 190950, 12 pages, 2012.

[4] I. Armentano, M. Dottori, E. Fortunati, S. Mattioli, and J. M.
Kenny, “Biodegradable polymer matrix nanocomposites for
tissue engineering: a review,” Polymer Degradation and Stability,
vol. 95, no. 11, pp. 2126–2146, 2010.

[5] R. Ravichandran, S. Sundarrajan, J. R. Venugopal, S.Mukherjee,
and S. Ramakrishna, “Advances in polymeric systems for tissue
engineering and biomedical applications,”Macromolecular Bio-
science, vol. 12, no. 3, pp. 286–311, 2012.

[6] J. Dobkowski, R. Kołos, J. Kamiński, and H. M. Kowalczyńska,
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