
C
s

J
a

b

a

A
R
R
A
A

K
C
M
E
M
N
F

1

d
a
2
f
a
e
i
B
&
e
r
a
C
r
a
H
Z

fi
c

0
h

Carbohydrate Polymers 92 (2013) 1783– 1791

Contents lists available at SciVerse ScienceDirect

Carbohydrate  Polymers

jo u rn al hom epa ge: www.elsev ier .com/ locate /carbpol

hitosan  nanocomposite  films:  Enhanced  electrical  conductivity,  thermal
tability,  and  mechanical  properties

ason  B.  Marroquina,  K.Y.  Rheea,∗,  S.J.  Parkb,∗∗

Department of Mechanical Engineering, Kyung Hee University, 446-701, Seoul, Republic of Korea
Department of Chemistry, Inha University, 402-751, Incheon, Republic of Korea

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 5 September 2012
eceived in revised form 31 October 2012
ccepted 8 November 2012
vailable online 23 November 2012

a  b  s  t  r  a  c  t

A  novel,  high-performance  Fe3O4/MWNT/Chitosan  nanocomposite  has  been  prepared  by a  simple  solu-
tion evaporation  method.  A  significant  synergistic  effect  of  Fe3O4 and  MWNT  provided  enhanced  electrical
conductivity,  mechanical  properties,  and  thermal  stability  on  the  nanocomposites.  A  5%  (wt)  loading
of  Fe3O4/MWNT  in the nanocomposite  increased  conductivity  from  5.34  × 10−5 S/m  to 1.49  ×  10−2 S/m
compared  to 5% (wt)  MWNT  loadings.  The  Fe3O4/MWNT/Chitosan  films  also  exhibited  increases  in tensile
strength  and  modulus  of  70%  and  155%,  respectively.  The  integral  procedure  decomposition  temperature
eywords:
hitosan
ultiwalled carbon nanotubes

lectrical conductivity
echanical properties

(IPDT)  was  enhanced  from  501 ◦C to  568 ◦C.  These  effects  resulted  from  a number  of  factors:  generation
of  a greater  number  of  conductive  channels  through  interactions  between  MWNT  and  Fe3O4 surfaces,  a
higher  relative  crystallinity,  the  antiplasticizing  effects  of  Fe3O4, a restricted  mobility  and  hindrance  of
depolymerization  of the  Chitosan  chain  segments,  as  well  as  uniform  distribution,  improved  dispersion,

esion
anocomposite
e3O4

and strong  interfacial  adh

. Introduction

Chitosan, the linear and partly acetylated (1–4)-2-amino-2-
eoxy-�-d-glucan, is obtained from chitin, the second most
bundant natural polymer on earth (Muzzarelli, Boudrant, et al.,
012). It has been investigated extensively over several decades
or use in separation membranes, artificial skin, bone substitutes,
nd water treatment. It possesses a number of interesting prop-
rties including biocompatibility, biodegradability, and solubility
n aqueous media (Fernandes et al., 2010; Muzzarelli, Greco,
usilacchi, Sollazzo, & Gigante, 2012; Tang et al., 2009; Venkatesan

 Kim, 2010). Despite the numerous advantages and unique prop-
rties of Chitosan, its poor mechanical and electrical properties
estrict its use in a wider range of applications. An effective
pproach for improving the physical and mechanical properties of
hitosan is to form organic–inorganic composites through incorpo-
ation of fillers, such as clays, hydroxyapatite, metal nanoparticles,
nd carbon nanotubes (Cai et al., 2009; Darder, Colilla, & Ruiz-
itzky, 2003; Li, Jiang, Huang, Ding, & Chen, 2008; Wang, Shen,
hang, & Tong, 2005).
Electrically conductive composites with carbon nanotube (CNT)
llers have attracted increasing attention for a variety of appli-
ations such as static-charge dissipation (Kwon & Kim, 2005),
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 between  the  MWNT  and  Chitosan  matrix.
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electromagnetic interference (EMI) shielding (Li et al., 2006) and
actuators (Landi et al., 2002). However, CNTs often aggregate in
bundles or become entangled because of very strong intertubular
van der Waals attractions, which limits their applications (Ajayan,
Schadler, Giannaris, & Rubio, 2000). Chemical modification of CNTs
has been adopted to improve their interfacial interactions and over-
all dispersion. However, the atomic structural perfection of CNTs is
impaired by chemical modification, which leads to degradation of
CNT electrical and mechanical performance (Yao, Yuan, Dang, &
Bai, 2010). Chitosan can be made to possess amphiphilic properties
that give it a unique capacity to solubilize hydrophobic multi-
walled carbon nanotubes (MWNT) in aqueous solution (Liu, Tang,
Chen, & Xin, 2005; Tkac, Whittaker, & Ruzgas, 2007; Watts et al.,
2001).

Many attempts have been made to improve the biocompatibility
and other activities of Chitosan by fabrication of nanocompos-
ites with metal oxide nanoparticles. Due to the magnetic nature
of Fe3O4, these materials can be used to improve the delivery
and recovery of biomolecules for biosensing applications (Miao &
Tan, 2000; Xu, Cai, He, & Fang, 2001). In addition, the nanopar-
ticles have a unique ability to promote fast electron transfer
between an electrode and the active site of an enzyme, thus fur-
ther improving their scope as biosensors. Efforts have been made to
improve the electrical properties of Chitosan for biosensor applica-

tions by the dispersion of superparamagnetic Fe3O4 nanoparticles
(Kaushik et al., 2008). The adsorption of Chitosan onto Fe3O4 has
been reported to occur by an electrostatic attraction mechanism
(Zhu, Yuan, & Liao, 2008), making Chitosan an effective dispersant

dx.doi.org/10.1016/j.carbpol.2012.11.042
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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or the preparation of magnetic suspensions stabilized through
lectrostatic repulsive forces.

Recently, a magnetic solid-phase extraction method was
evised, which used magnetic multiwalled carbon nanotubes
mMWNT). These mMWNT  were fabricated based on a proposed
aggregation wrap” mechanism that led to the preparation of other
elf-aggregated magnetic micro/nano carbon materials (Ding et al.,
011). Various methods have been proposed for the preparation
f mMWNT,  most commonly by assembling magnetic nanopar-
icles onto MWNT  via chemical and/or physical modification.
owever, most of these methods are complicated and tedious.
urthermore, these modifications may  alter the surface chem-
stry properties as well as other physicochemical properties of

WNT  (Georgakilas et al., 2007). Furthermore, a study of the inter-
ctions between single walled carbon nanotubes (SWCNTs) and
e3O4 (0 0 1) surfaces by density functional theory (DFT) calcu-
ations determined SWCNTs with C vacancies can form chemical
onds with the Fe3O4 (0 0 1) surface (Yin et al., 2011). The for-
ation of chemical bonds was found to be critical for promoting

lectrical conductivity between SWCNTs and transition metal (TM)
xides, suggesting that the use of TM atoms/clusters could be an
ffective way to enhance the electrical conductivity of electrodes
ade of mixed SWCNTs and TM oxide nanoparticles. In addition,
WNT/Fe3O4 nanoparticle composites, for applications such as

lectrochemical sensing and solid phase extraction, have been pre-
ared that provided promising properties for the immobilization
f substances by electrochemical doping (Yu, Gou, Zhou, Bao, &
u, 2011). Some studies (Qua, Wang, Kong, Yang, & Chen, 2007)
ave employed this effect to immobilize glucose oxidase, with the
omposite magnetically loaded on an electrode with the aid of
agnets, as a useful approach to renewable MWNT-based biosen-

ors.
The ability of Chitosan to disperse Fe3O4 as well as MWNT  and

he facile adsorption of Fe3O4 by MWNT  (Ding et al., 2011; Luo,
u, Yuan, & Feng, 2012; Yin et al., 2011; Zhao et al., 2011) enables
hitosan to combine the mechanical and electrical properties of
WNT  and Fe3O4 with the macroporous scaffold forming prop-

rties of Chitosan. These Fe3O4/MWNT/Chitosan nanocomposites
old promise in providing a breakthrough platform technology for
iosensing or bioenergetic applications (Liu et al., 2006; Qian &
ang, 2006; Wescott, Kung, & Maiti, 2007; Zhang, Smith, & Gorski,
004). Henceforth in this study, in order to expand the various
pplications of Chitosan, a simple solution evaporation method
as used to prepare novel Fe3O4/MWNT/Chitosan nanocompos-

tes. The three-component nanocomposite is expected to have
iverse properties because each component would contribute dif-
erent chemical and physical properties. The main objective of this
tudy was to investigate the synergistic effect of Fe3O4 and MWNT
n the electrical and mechanical properties of Chitosan nanocom-
osites.

. Materials and methods

.1. Reagents and materials

Chitosan (average molecular weight 350 kDa, 90% degree of
eacetylation) was purchased from Sigma–Aldrich. Raw multi-
alled carbon nanotubes (MWNT, Product No. CM-95), synthesized

ia the chemical vapor deposition (CVD) method, were pur-
hased from Hanhwa Nanotech Co. Ltd., Korea. The MWNT
ad diameters of 10–15 nm,  tube lengths of 10–20 �m,  and a

urity of 95%. Magnetite (Fe3O4) nanopowder, (<50 nm parti-
le size (TEM), ≥98% trace metals basis) was purchased from
igma–Aldrich. Acetic acid was used to dissolve Chitosan in distilled
ater.
lymers 92 (2013) 1783– 1791

2.2. Preparation of nanocomposite films

The complete process for nanocomposite preparation is pre-
sented in Scheme 1. Chitosan nanocomposite films containing
Fe3O4 and MWNT  were prepared by a simple solution mixing-
evaporation method (Wang, Shen, Zhang, et al., 2005). The
concentrations of functional additives (Fe3O4 and MWNT) were
varied in order to evaluate synergistic effects of Fe3O4 and MWNT
in the nanocomposite films. A 1 h period of ultrasonication was
used to disperse the desired amount of additive in 99 ml  of distilled
water, followed by addition of the corresponding amount of Chi-
tosan and 1 ml  of acetic acid with subsequent magnetic stirring for
2 h to facilitate dissolution of Chitosan. This was  followed by 30 min
of ultrasonication. The solution was  then degassed for 30 min  to
remove bubbles, poured onto a glass plate, and heated at 60 ◦C
under vacuum until dry. The dried Chitosan nanocomposite thin
films were then carefully removed from the glass plate. The films
had an average thickness of 0.04 mm.  The samples were denoted as
xMWNT/Chitosan, yFe3O4/Chitosan and zFe3O4/MWNT/Chitosan,
where x and y represents the weight percentages of MWNT  and
Fe3O4 respectively. In the case of Fe3O4/MWNT/Chitosan, z equals
the sum of MWNT  weight percentage(x) and Fe3O4 weight percent-
age(y); all samples have a one–one weight ratio between fillers.
Pure Chitosan films were prepared for comparative reasons.

2.3. Characterization

Electrical conductivity of nanocomposites films was measured
at room temperature using a ring probe method with a high resis-
tivity meter (MCP-HT 450, Mistubishi). Wide-angle XRD patterns
of Fe3O4/CNT/Chitosan nanocomposite films were recorded with a
Rigaku Rotaflex (RU-200B) X-ray diffractometer using Cu K� radia-
tion with a Ni filter. The tube current and voltage were 300 mA  and
40 kV, respectively, and data from the 2� angular regions between
0 and 40◦ were collected. The tensile properties of nanocompos-
ite films were measured at room temperature with a universal test
device (Instron 8871). The surface morphology of nanocomposite
films was analyzed by field emission scanning electron microscopy
(FE-SEM) (LEO SUPRA 55, Carl Zeiss, Germany). The thermal stabil-
ity of the films was  investigated using a TA instrument (SDT Q600)
from 30 ◦C to 900 ◦C under a nitrogen atmosphere at a heating rate
of 10 ◦C/min. Dynamic mechanical analysis (DMA) of nanocompos-
ites was performed with a dynamic mechanical analyzer (DMA,
Q800, TA Company) using tension membrane clamps at a fre-
quency of 1 Hz and a heating rate of 2 ◦C/min. Raman analysis of
nanocomposites was  carried out with a Jasco Raman spectrom-
eter equipped with a CCD detector at a wavelength of 532 nm
from 100 to 2000 cm−1 for samples cut into 5 × 10 × 0.04 mm
strips.

3. Results and discussion

3.1. Electrical conductivity of Fe3O4/MWNT/Chitosan
nanocomposite films

The electrical conductivity was  determined using 5 specimens
for each sample. Each sample varied according to nanofiller
content. The nanofiller content was  expressed as a weight per-
centage (wt%) of the three different fillers, Fe3O4, MWNT, and
Fe3O4/MWNT. Pure Chitosan films exhibited an average con-
ductivity of 1.91 × 10−4 �S/cm. Nanocomposite films using only

Fe3O4 as filler had conductivity values well below 10−3 �S/cm
and did not display any tendency or behavior representative of
the Fe3O4 loading (see Fig. 1). Hence, the use of Fe3O4 alone in
the nanocomposite film did not have any effect on conductivity.
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Scheme 1. Preparation

owever, Fe3O4 loading did have an effect on the conductivity of
he nanocomposite film containing MWNT.

Our previous published results (Marroquin, Kim, Jung, & Rhee,
012) indicated that the conductivity improved with increasing
e3O4 content, expressed as a weight percentage relative to MWNT
ontent, reaching a maximum at 100% loading with a subsequent
ecrease from a higher Fe3O4 content. Therefore, a 1:1 ratio of
e3O4 to MWNT  in the Chitosan nanocomposite film was  the opti-
al  loading for conductivity enhancement.
The dependence of Chitosan nanocomposite conductivity on the

WNT  and Fe3O4/MWNT  loading is also shown in Fig. 1. The results
learly indicate that conductivity improved with increased MWNT
nd Fe3O4/MWNT  loadings. At low concentrations (0.05–2%), the

anocomposite conductivity gradually increased relative to the
anofiller content. At higher concentrations (5% and 8%), there
as a logarithmic increase in conductivity with slight increases

f nanofiller loading. This stepwise change in conductivity results
tosan nanocomposites.

from the formation of an interconnected structure of CNTs and can
be regarded as the electrical percolation threshold.

The establishment of a highly conductive MWNT/Chitosan film
requires a network of effective tube-tube contacts. The quality of
such a network is ultimately defined by the nanotube concentra-
tion and the relative extent of homogeneous (i.e., well-distributed
within the matrix) to heterogeneous distribution (i.e., forma-
tion of aggregates). Nanotube dimensions limit the effectiveness
of electron tunneling across tube-tube contacts. The dimensions
are defined by the critical volume/length ratio and the coating
behavior of the polymer, which might insulate the tubes. The
homogeneous distribution of MWNT  is clearly an important design
criterion toward achieving good transfer of electrical charge, as

has been demonstrated with two-dimensional polystyrene films
(Watts et al., 2001). In those systems, an assumed homogeneous
MWNT  network was formed via tube-tube bundling and cross-
ing within the polystyrene film matrix, yielding relatively low
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than that of Chitosan, 5% MWNT/Chitosan and 8% MWNT/Chitosan
Fig. 1. Conductivity of Chitosan nanocomposites.

esistance (Watts, Hsu, Randall, Kroto, & Walton, 2002). Similar
tudies on conductive two-dimensional polymer/MWCNT films
eported percolation concentrations of 10 wt% for polyvinyl alcohol
Shaffer & Windle, 1999) and 10 wt% for a polyphenylenevinylene
olymer (Curran et al., 1998). Furthermore, Fe3O4 could facilitate
lectron transfer between nanotubes while being dispersed in the

olymer matrix because the nanocomposite would acquire more
onductive channels through interactions between CNT and Fe3O4
0 0 1) surfaces. DFT calculations determined carbon vacancies

Fig. 2. (a) Tensile strength of the Chitosan nanocom
lymers 92 (2013) 1783– 1791

could form chemical bonds with the Fe3O4 (0 0 1) surface, but the
binding and electrical conductivity was not significantly improved
through the vacancy. However, the calculations determined that
TM atoms/clusters could facilitate binding between pristine CNTs
and Fe3O4 (0 0 1) surfaces through the formation of C TM and
TM O chemical bonds (Yin et al., 2011). Incorporation of Fe3O4
could also result in enhanced crystallinity of the polymer matrix as
is further discussed along with additional characterization of the
nanocomposites.

3.2. Tensile strength of Chitosan nanocomposites

Tensile tests were performed using the nanocomposites with
the highest electrical conductivities, 5 wt%  and 8 wt%, to deter-
mine the nanocomposite with the best combined conductive and
mechanical properties. Fig. 2 compares the mechanical proper-
ties of Chitosan, the MWNT/Chitosan and Fe3O4/MWNT/Chitosan
nanocomposites. The tensile strength was  determined to be the
maximum stress in the stress–strain curve as shown in Fig. 2a.
Fig. 2b shows the tensile strength of the 5% Fe3O4/MWNT/Chitosan
nanocomposite was  159%, 70%, 64%, and 50% higher than that
of Chitosan, 5% MWNT/Chitosan, 8% MWNT/Chitosan, and 8%
Fe3O4/MWNT/Chitosan nanocomposites, respectively. The elastic
modulus was  determined by measuring the slope of a linear region
of the stress-strain curve (Tang et al., 2009). Similar to the tensile
strength results, the elastic modulus improved with the addition
of Fe3O4 as shown in Fig. 2c. Specifically, the elastic modulus of
the 5% Fe3O4/MWNT/Chitosan was 179%, 155% and 106% higher
nanocomposites, respectively.
Fig. 2a shows tensile stress-strain curves of Chitosan, 5%

MWNT/Chitosan and 5% Fe3O4/MWNT/Chitosan nanocomposites.

posites. (b) Tensile stress. (c) Elastic modulus.
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IPDT ( C) = A K (Tf − Ti) + Ti
ig. 3. XRD patterns of Chitosan, MWNT, Fe3O4, and Chitosan nanocomposites.

he pure Chitosan specimens presented lower stress and much
igher strain values than their nanocomposite counterparts.
urthermore their stress–strain profile presented strain harden-
ng, indicating ductility and semi-crystalline polymer behavior
Kuila et al., 2011). Contrariwise, the MWNT/Chitosan and 5%
e3O4/MWNT/Chitosan nanocomposites did not present strain
ardening, stress increased almost linearly with strain in the early
tages, with nonlinear behavior occurring before the maximum
tress was reached at low strain values.

The tensile strength and modulus of the MWNT/Chitosan
anocomposites were improved by adding Fe3O4. The relatively

ow strain of 5% Fe3O4/MWNT/Chitosan and 5% MWNT/Chitosan
videnced brittle tensile behavior, which is characteristic upon
ddition of nanofillers in polymer nanocomposites (Darder et al.,
003). These results clearly indicate the best combined (conductiv-

ty and tensile strength) performance was achieved with a loading
f 5% nanofiller.

.3. X-ray diffraction (XRD)

Diffraction patterns of Chitosan, MWNT, Fe3O4, and the
anocomposite films are shown in Fig. 3. The characteristic sharp
eak of MWNT  at 2� = 26◦ representing C (0 0 2) was  attributed
o the ordered arrangement of concentric cylinders of graphitic
arbon (Li et al., 2003) in the nanotube. This crystalline peak disap-
eared in the nanocomposite samples, which suggests the MWNT
ere dispersed into the Chitosan matrix (Wang, Shen, Zhang, et al.,

005). XRD patterns for the Fe3O4 nanoparticles displayed char-
cteristic peaks (2�  = 30.1◦, 35.5◦, 43.1◦, 53.4◦, 57.0◦, and 62.6◦),
hich were consistent with those found in the JCPDS database

PDF No. 65-3107). The (3 1 1) peak at 2� = 35.5◦ indicates the
resence of pure Fe3O4 nanoparticles in the Fe3O4/Chitosan and
e3O4/MWNT/Chitosan nanocomposites.

For Chitosan, one broad peak was observed at 2� = 20◦ (max-
mum intensity), which corresponded to the characteristic peak
f Chitosan chains aligned through intermolecular interactions
Yamaguchi et al., 2001). Ogawa et al. have proposed three forms of
hitosan, noncrystalline, hydrated crystalline, and anhydrous crys-
alline, with characteristic peaks ranging from 10 to 20◦ (Ogawa,

irano, Miyanishi, Yui, & Watanabe, 1984). The peak around
� = 14.2◦ corresponded to the anhydrous crystalline structure of
hitosan (Wang, Shen, Zhang, et al., 2005). This crystalline peak
ecame more pronounced after incorporating the desired amounts
lymers 92 (2013) 1783– 1791 1787

of MWNT  and Fe3O4 into Chitosan. The peak at this angle being
a broad peak may  indicate the presence of another polymorph,
such as the hydrated crystalline structure, which exhibits a peak at
2� = 11.7◦. This result suggests an enhanced crystallinity or denser
packing in the main chain in comparison with neat Chitosan (Tang
et al., 2008) and is consistent with other reports of enhanced crys-
tallinity caused by CNT incorporation (Tang et al., 2009; Wang,
Shen, Zhang, et al., 2005; Wang, Shen, Tong, & Liu, 2005).

To measure the relative crystallinity (Xc) of the film, the amor-
phous areas and crystalline peak areas were measured, and Xc was
calculated from diffraction intensity data (2�  = 5-60◦) with the fol-
lowing relationship (Tang et al., 2008):

Xc = 100 × Ac

(Ac + Aa)

where Ac and Aa are the areas of the crystalline and amorphous
regions, respectively. The Chitosan, 5% Fe3O4/MWNT/Chitosan
and 5% MWNT/Chitosan nanocomposite films exhibited values of
Xc = 24%, 77% and 70%, respectively, thus confirming enhanced crys-
tallinity from Fe3O4 incorporation. This enchanced crystallinity was
reflected in the higher electrical conductivity and tensile strength
determined in the previous characterizations.

3.4. Thermogravimetric analysis

TGA curves and the corresponding derivatograms (DTG) of
MWNT/Chitosan and Fe3O4/MWNT/Chitosan nanocomposites are
shown in Fig. 4. There were three major peaks on the DTG curves.
The first peak, which appeared around 50–120 ◦C, can be explained
as the evaporation of physically adsorbed and strongly hydro-
gen bonded water to Chitosan and MWNT  (Mansfield, Kar, &
Hooker, 2010; Tripathy, Mishra, Yadav, & Behari, 2010; Zawadzki
& Kaczmarek, 2010).

The nanocomposites were degraded in two stages; the predom-
inant stage of thermal degradation appeared in the 120–400 ◦C
range during which an approximate 46% drop of nanocompos-
ite mass was  observed. This was caused by depolymerization of
Chitosan chains through deacetylation and cleavage of glycosidic
linkages via dehydration and deamination (Mansfield et al., 2010;
Ou et al., 2010; Pawlak & Mucha, 2003; Zawadzki & Kaczmarek,
2010). The decarboxylation of CNT defective sites has also been
reported in this temperature range (Fernandes et al., 2010).

The second degradation stage (400–700 ◦C) consisted of the
thermal destruction of the pyranose ring to produce formic, acetic,
and butyric acids as well as a series of lower fatty acids (Mansfield
et al., 2010; Ou et al., 2008; Ou et al., 2010; Pawlak & Mucha,
2003; Zawadzki & Kaczmarek, 2010). Further degradation occurred
for disordered carbon derived from thermal oxidation of CNTs
and Chitosan (Mansfield et al., 2010). For the Fe3O4 containing
nanocomposite, a barely noticeable additional third degradation
stage could be suggested at 750–800 ◦C, which would correspond to
the reduction of Fe3O4 by reaction with residual carbon (Rudolph,
Erler, & Peuker, 2012).

It is generally accepted that reliable degradation temperature
and kinetic parameters, such as polymer degradation temperature
(PDT), maximum degradation temperature (Tmax), integral pro-
cedure decomposition temperature (IPDT) and activation energy
(Ea), can be used to assess the lifetime of a material (Doyle, 1961;
Zohuriaan & Shokrolahi, 2004). The IPDT proposed by Doyle (Doyle,
1961) is calculated as follows:

◦ ∗ ∗
A∗ = S1 + S2

S1 + S2 + S3
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ig. 4. (a) Thermograms of Chitosan nanocomposites. (b) Schematic representation
f  S1, S2 and S3 for A* and K*.

∗ = S1 + S2

S1

here A* is the area ratio of the total experimental curve defined
y the total TGA thermogram, K* is the coefficient of A*, Ti is the

nitial experimental temperature, and Tf is the final experimental
emperature. Fig. 4b shows a representation of S1, S2, and S3 for
alculating A* and K*.

The IPDT values for MWNT/Chitosan and

e3O4/MWNT/Chitosan, shown in Table 1, indicate higher thermal
tability due to Fe3O4 incorporation. Both nanocomposites showed
nhanced thermal stability compared to regular Chitosan; the

able 1
hermal parameters of the Chitosan nanocomposites.

Sample PDT (◦C) A* K* 

MWNT/Chitosan 125.9 0.48 1.1
Fe3O4/MWNT/Chitosan 133.7 0.50 1.2

∗
a,dec

: Activation energy for main decomposition stage according to the Broido method.
Fig. 5. Dynamical mechanical analysis of Chitosan nanocomposites.

reported IPDT value for Chitosan (Zohuriaan & Shokrolahi, 2004)
is 417 ◦C.

The apparent activation energy, Ea, for the thermal degradation
stages of nanocomposites was  calculated from the TGA thermo-
gram using Broido’s (Broido, 1969) equation:

ln[− ln(1 − ˛)] = −Ea,dec

RT
+ const.

 ̨ = W0 − Wt

W0 − W∞

where  ̨ is the extent of decomposition, Wt, W0, and W∞ are the
actual, initial, and final masses of the sample, respectively, R is the
universal gas constant, T is the absolute temperature, and Ea,dec
is the activation energy for thermal decomposition. The apparent
activation energy for the major decomposition stage was obtained
by plotting ln[−ln(1 − ˛)] versus 1/T. Analysis of the thermal degra-
dation kinetics showed that Fe3O4 addition increased the activation
energy for the main degradation stage in the nanocomposites.
These results are summarized in Table 1.

The overall higher thermal stability of Fe3O4 containing
nanocomposites indicates incorporation of these nanoparticles into
the Chitosan matrix greatly affects the activation energy of the first
and major stages of decomposition and suggests a hindrance of
depolymerization of the main Chitosan chains through chemical
interactions.

3.5. Dynamic mechanical analysis (DMA)

Variations of storage modulus (E′) and tan ı of the 5%
MWNT/Chitosan and 5% Fe3O4/MWNT/Chitosan nanocomposites
are shown in Fig. 5. The 5% Fe3O4/MWNT/Chitosan nanocompos-
(Fig. 5), which suggests that the interactions between the Chitosan
matrix, MWNT, and Fe3O4 are stronger and allow a more efficient
load transfer (Tang et al., 2009). The enhanced storage modulus

Tmax (◦C) IPDT (◦C) E∗
a,dec

(kJ/mol)

6 275 501.2 105.0
6 271 568.5 117.8
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Fig. 6. Raman spectra of Chitosan nanocomposites.

lso indicates improved dispersion of MWNT  in the nanocomposite
Kabiri et al., 2011).

The glass transition temperature (Tg) of samples can be provided
rom the tan� curves (Fig. 5 inset). The Tg for 5% MWNT/Chitosan
nd 5% Fe3O4/MWNT/Chitosan nanocomposites was  determined to
e 166 and 161 ◦C, respectively. In view that the Tg of the nanocom-
osites shift to lower temperatures and the tensile moduli of the
anocomposites are increased with loadings of Fe3O4 (Fig. 2), these
esults appear to contradict the general phenomenon observed for
any filled polymeric systems, in which higher moduli correlate
ith higher T′

gs. This observed behavior is termed antiplasti-
ization. Reported studies (Jackson & Caldwell, 1967a)  define

ntiplasticization as a simultaneous decrease in Tg with increased
echanical stiffening and embrittlement caused by the addition of

articular substances to polymers. Tensile results (Fig. 2) showed
hat the addition of Fe3O4 induce the embrittlement of the matrix

ig. 7. FESEM images of fracture surfaces of Chitosan nanocomposites. FESEM images of 5
d).
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(i.e., a decreasing tendency of ultimate elongation). These results
are also in good agreement with previous works using nanosized
silica, silver, and aluminum that have shown antiplasticization
leading to embrittlement of polymers (Sun, Zhang, Moon, & Wong,
2004). The mechanism of antiplasticization is perhaps a combina-
tion of several factors: tight filling of the free volume of the polymer
molecules, interaction between the polar groups of the polymer
and of the antiplasticizer, a physical stiffening action due to the
presence of rigid small molecules adjacent to the polar groups of
the polymer and consequently the restriction of local, noncoop-
erative in-chain molecular motions. (Jackson & Caldwell, 1967b).
Because the most flexible portions of a rigid condensation poly-
mer  are its polar groups the interaction of these groups with stiff
and polar antiplasticizer molecules should reduce the flexibility. It
can be reasonably concluded that the mechanism of the tight fill-
ing of the free volume of a polymer matrix and physical stiffening
due to the presence of rigid Fe3O4 nanoparticles may be the sole
cause of the antiplasticization in this system. A similar observation
of the lowering of Tg in ultrathin polymer films in the presence of
nanosized materials (<100 nm)  has been termed nanoconfinement
of polymer properties by different researchers (Ghosh et al., 2007).

The tan ı peak height was  enhanced in the 5%
Fe3O4/MWNT/Chitosan nanocomposite compared with the
5% MWNT/Chitosan sample. The magnitude of the tan ı peak is
related to the damping capability, or vibrational energy dissipa-
tion, which reflects the toughness or stiffness of a material at the
relaxation temperature (Kuila et al., 2011). These results further
corroborate the thermal study observations.

3.6. Raman spectroscopy

Raman spectroscopy was  used to investigate interfacial inter-
actions between the Chitosan matrix, Fe3O4 nanoparticles,

and MWNT. Fig. 6 shows high frequency Raman spectra for
Fe3O4/MWNT/Chitosan and MWNT/Chitosan nanocomposites with
5% addition of nanofillers. The spectra of the MWNT/Chitosan
nanocomposite displayed two characteristic peaks: 1350 cm−1,

% Fe3O4/MWNT/Chitosan (a) to (b) and 5% MWNT/Chitosan nanocomposites (c) to
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orresponding to the D band and derived from disordered graphite
tructures, and approximately 1580 cm−1, assigned to the G band
nd associated with tangential C C bond stretching motions orig-
nating from the E2g2 mode at 1580 cm−1 in graphite (Dresselhaus,
resselhaus, Jorio, Souza, & Saito, 2002; McNally et al., 2005). Upon
ddition of Fe3O4, the maximum in the G band peak was blue
hifted by 16 cm−1. This observation can be rationalized as dis-
ntanglement of MWNT  and their subsequent dispersion into the
hitosan matrix from polymer penetration into the MWNT  bundles
uring the nanocomposite preparation. Thus, interactions between
he Fe3O4, Chitosan, and MWNT  were responsible for increas-
ng the energy necessary for vibrations and shifting the Raman
and to a higher frequency. These results indicate there are attrac-
ive interactions between the Chitosan chains, MWNT, and Fe3O4
anoparticles. A similar up-shift of the G band has been reported

or MWNT  reinforced polyethylene nanocomposites (McNally et al.,
005); in the case of SWCNTs, an up-shift of the G band has also
een reported, albeit much smaller than 16 cm−1, for epoxy resins
Hadjiev, Iliev, Arepalli, Nikolaev, & Files, 2001; Puglia, Valentini,

 Kenny, 2003) and polystyrene (Valentini, Biagiotti, Kenny, &
antucci, 2003).

.7. Field emission scanning electron microscopy (FESEM)

Morphological characterization of nanocomposite films was
onducted using FESEM analysis. Fig. 7 shows typical fracture sur-
aces of the Chitosan nanocomposites. The fractured surface of
he Fe3O4/MWNT/Chitosan nanocomposites exhibited improved
ispersion of MWNT  characterized by the presence of individual

solated nanotubes within the Chitosan matrix (Fig. 7(a) and (b)).
 uniform distribution of MWNT  was observed, with the ends of
roken nanotubes on the fractured surface. The observation that
ost of the MWNT  were broken rather than pulled out from the
atrix indicates a strong interfacial adhesion between the MWNT

nd Chitosan matrix. Good dispersion and interfacial stress trans-
er are important factors for preparing reinforced nanocomposites,
hich results in a more uniform stress distribution and minimizes

he presence of stress concentration centers (Coleman, Khan, &
un’ko, 2006). These FESEM images confirmed the previous obser-
ations from the XRD, Raman, and TG analyses. In contrast, the
WNT/Chitosan nanocomposites (Fig. 7(c) and (d)) were com-

rised of MWNT  intertwined within the Chitosan matrix generating
arge aggregation clusters. Additionally, some long nanotubes were
bserved on the fracture surface indicating a pulling mechanism
pon tension and suggest a weaker interfacial adhesion with the
hitosan matrix. These factors were reflected in the lower mechan-

cal properties observed with this nanocomposite.

. Conclusion

A hitherto unreported high-performance Fe3O4/MWNT/
hitosan nanocomposite film was prepared by a simple eco-

riendly solution evaporation method, which can be used for a
road range of biomaterial applications such as biosensing and
ioenergetics. Although the use of MWNT  on Chitosan has already
een studied, the combined use of Fe3O4 and MWNTs provide

 significant synergistic effect regarding mechanical properties,
elative crystallinity, thermal stability and electrical conductivity.
ence, the Fe3O4/MWNT/Chitosan nanocomposites were far supe-

ior to neat Chitosan and the MWNT/Chitosan nanocomposites. The
% Fe3O4/MWNT/Chitosan nanocomposites exhibited an increase
n tensile modulus compared to those of neat Chitosan and 5%
WNT/Chitosan nanocomposites by 179% and 155% respectively.

onductivity was improved from 1.91 × 10−8 S/m for Chitosan,
o 5.34 × 10−5 S/m for 5% MWNT/Chitosan and 1.49 × 10−2 S/m
lymers 92 (2013) 1783– 1791

for 5% Fe3O4/MWNT/Chitosan nanocomposites. Thermal stability
(i.e., IPDT) was enhanced from 417 ◦C to 501 ◦C and 568 ◦C for
Chitosan, 5% MWNT/Chitosan and 5% Fe3O4/MWNT/Chitosan
respectively. Fe3O4 acted as an antiplasticizer agent leading to
higher crystallinity as well as restricted mobility of Chitosan chain
segments, thus, further improving the mechanical properties of
the nanocomposite films. To the best of our knowledge, this is the
first study reporting that Chitosan nanocomposites films could
simultaneously have enhanced mechanical properties, thermal
stability and electrical conductivity by using Fe3O4 and MWNT.
The introduction of these two functional additives with differ-
ent properties and structure for the improvement of materials
properties may  be applicable to other materials.
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