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a b s t r a c t

Chitosan–titania (Chitosan–TiO2) nano-composites have been prepared via the sol–gel process.
Tetraethylorthotitanate (C8H20O4Ti) was used as a precursor to introduce titania network in the matrix.
Different techniques have been used to characterize structure and morphology of the resulting hybrid.
The inter-phase dynamics have been studied using dynamical mechanical thermal analysis (DMTA). Shift
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in glass transition (Tg) towards higher temperature, increased storage modulus and reduced loss modu-
lus were observed on addition of titania in the matrix. The maximum value for storage modulus (6.7 GPa
at 50 ◦C) and that of Tg at 160.9 ◦C was observed with 30 wt% of titania in the matrix. The improvement
in the mechanical properties of the polymer was due to the homogeneous and ordered distribution of
titania particles (5–25 nm) in the chitosan matrix resulting from the large interfacial interaction between
the basic sites (NH2) available on the polymer chains and Lewis acidic sites from titanium.
isco-elastic properties

. Introduction

The sol–gel process (Brinker & Scherer, 1990; Hench & West,
990; Wen & Wilkes, 1996) is considered as a versatile route to
repare inorganic/organic hybrids under mild reaction conditions.
he chemistry of the process involves hydrolysis and condensation
f the alkoxides from different metals e.g., Si, Ti, Zr, etc. Depend-
ng upon the interfacial interaction the hybrids generated thus may
xhibit a narrow distribution of particles, reduced particle size and
nhanced mechanical, thermal, optical and morphological proper-
ies (Al Kandary, Ali, & Ahmad, 2005) overcoming the limitation
osed by the individual components.

The development of bio-hybrid materials has become great
nterest in the recent years (Jancar et al., 2010). Chitosan is an
ttractive polymer particularly due to the amino and hydroxy func-
ional groups present on its chain, which can be linked chemically
o the inorganic reinforcing network in the hybrid preparation. The
io-degradability, non-toxicity and natural abundance of chitosan
ake it a green material which can be easily and economically

xtracted from marine canning industry byproducts (Al Sagheer,
l- Sughayer, Muslim, & Elsabee, 2009; Muzzarelli, 2010). It has

ttracted attention in the medical research community, for ortho-
edic applications (Muzzarelli, 2009, 2011) and the targeted drug
elivery (Sokker, Abdel Gaffar, Gad, & Aly, 2009; Thomas, Dean,
Vohra, 2006) and as weight management supplement (Preuss,
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Bagchi, & Kaats, 2007; Sheilds, Smock, McQueen, & Bryant, 2003).
The mechanical properties of the pure chitosan are, however, rather
weak and may not be suitable for many other useful applications
(Liu, Su, & Lai, 2004; Matsuda, Ikoma, Kobayashi, & Tanaka, 2004;
Yang, Dou, Liang, & Shen, 2005; Zeng & Ruckenstein, 1996).

Quite recently the present authors have prepared chitosan–SiO2
hybrids (Al Sagheer & Muslim, 2010) through the sol–gel process
and have shown that silica reinforcement in the matrix improves
thermal and mechanical properties over the pure polymer. The
major drawback, however, with chitosan–silica hybrids is silica’s
hydrolytic instability (Brunel et al., 2003), especially under the
basic conditions and absence of any functionality except the sur-
face hydroxyl groups. The use of titania instead of silica could
circumvent these problems as titania shows better hydrolytic sta-
bility under the basic conditions. Titanium dioxide (TiO2) has been
used extensively as a reinforcement material (Ahmad, Sarwar, &
Mark, 1998; Chen & Mao, 2007; El Kadib, Molvinger, Bousmina, &
Brunal, 2010; Hu, Ge, Sun, Zhang, & Yin, 2007; Sarwar, Zulfiqar,
& Ahmad, 2007) of choice due to its low price, chemical stabil-
ity, photo-catalytic activity, good optical transparency besides its
anti-bacterial properties (Sadiq, Chandrasekharan, & Mukherjee,
2010). Chitosan–TiO2 membranes (Yang, Li, Jiang, Lu, & Chen, 2009)
were prepared by the sol–gel processing using tetrabutyl titanate.
Acetylacetone was used as chelating agent to control the sol–gel
reaction leading to titania formation. The nano-sized titania parti-

cles were distributed homogeneously within the chitosan matrix.
The hybrid membranes showed better pervaporation performance
for ethanol dehydration. Highly active/selective catalyst hybrid
materials based on chitosan–TiO2 featuring high surface area have
been prepared by El Kadib, Molvinger, Guimon, Quignard, and

dx.doi.org/10.1016/j.carbpol.2011.02.032
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runal (2008). Improvement in thermal and mechanical proper-
ies of chitosan–TiO2 can play an important role in the application
f such hybrid membranes and support catalysts. The compatibility
f the hydroxyl and amine group of chitosan with titanium ethox-
de to develop an in situ titania network via the sol–gel process
an give spatially well distributed nano-phase titania in chitosan
atrix which can improve the thermal and mechanical proper-

ies of chitosan significantly. Such studies on chitosan–TiO2 have
een scarce especially with regards to the variation in its visco-
lastic properties and their dependence on the composition of the
norganic network.

In the present work we describe the synthesis of chitosan–TiO2
omposites with varying titania contents through the sol–gel pro-
ess. The analysis of thermo-mechanical properties as a result of
olymer modification has been carried out by the DMTA (dynam-

cal mechanical thermal analysis). The information related to the
tress–strain behavior during deformation, molecular and segmen-
al motion of the polymer matrix in the glassy or rubbery regions
as been obtained as it is subjected to temperature variation. Tem-
erature dependence of tan ı gave a measure of the glass transition
emperature (Tg) of the hybrid materials. Their modified morphol-
gy has been studied through SEM to show the nature of the
anophase titania particles and their distribution in the matrix.

. Methods

.1. Materials
Practical grade of Chitosan with Brookfield viscosity >200.00 cps
as obtained from Aldrich and used as received. Tetraethylorthoti-

anate obtained from Gelest Inc with purity 95% was used as
eceived. Glacial acetic acid (100%) obtained from Merck was used
ith deionized water to dissolve the polymer.
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Fig. 1. FTIR spectra (370–1800 cm−1) for: pristine chitosa
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2.2. Preparation of the hybrid films

Chitosan polymer solution (2 wt%) was prepared by dissolving
it in acetic acid (as 2 wt% solution in deionized water). This solution
was stirred for 48 h at room temperature to form a homoge-
nous solution. A required amount of this solution was taken in a
50 ml bottle and a measured amount of tetraethylorthotitanate was
added to it. This was stirred for 1 h at room temperature. A stoichio-
metric amount of water (water:tetraethylorthotitanate mol ratio
kept as 1:1.5) was added through a solution containing an equimo-
lar mixture of ethanol and water and the mixture was allowed to
stir for 18 h at room temperature to carry out the sol–gel process.
This solution was then cast in Teflon petri dishes to obtain thin
hybrid film through solvent elution. These hybrid films with vary-
ing ratio of titania (from 5 to 30 wt%) in the matrix were dried at
50 ◦C for 18 h and kept under vacuum for another 48 h at 50 ◦C for
complete removal of the solvent.

2.3. Analysis of the hybrid films

FTIR spectroscopic analysis was carried out on Perkin-Elmer
FTIR-2000 spectrophotometer. Morphology of the hybrid films was
studied using field emission scanning electron microscope model
Leo Supra 50VP FE-SEM. The films were brittle-fractured, sputter
coated with gold by means of Balzer’s SCD-050 and mounted on
aluminum before analysis. Elemental X-ray microanalysis was con-
ducted on a JSM-6300-J scanning electron microscope attached to
an energy dispersive X-ray spectroscope operated at 20 kV for ana-

lyzing the specimens. The electron beam penetrates 2–3 �m below
the surface of the chitosan sample to highlight the underlying
titania distribution. For measurement of the size of sol–gel pro-
duced particles the hybrid samples with 5 and 10% titania loading
were degraded at 430 ◦C for 9 h to decompose the organic matrix,
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rior to imaging by the JEOL’s microscope HRTEM-3010 which was
quipped with a 300 kV electron gun. Surface topography was ana-
yzed via the AFM using Nanoscope-IV multimode atomic force

icroscope.
The DMTA on the hybrid films was carried out using DMA Q-800

TA, USA). The measurement of storage modulus and tan ı was car-
ied out under tension mode in the temperature range 50–210 ◦C
t a heating rate of 2 ◦C/min using a frequency of 2 Hz under inert
tmosphere. Chitosan hybrid samples with varying titania contents
ith a rectangular geometry were mounted on the clamps and sub-

ected to sinusoidal stress at various temperatures. The consequent
ample strain proportional to its displacement was measured by
he instrument. The Tg was measured from the maxima of the tan ı
ersus temperature curves.

. Results and discussion

.1. FTIR spectroscopy

Fig. 1 compares the FTIR spectra of pristine chitosan with the
hitosan–TiO2 hybrid film containing 20% titania in the range
00–2000 cm−1. The amide bonds in chitosan in the spectrum (A)
how the characteristic absorbance at 1645 cm−1 due to stretching
f amide I (C=O) and bending due to amide II (N–H) at 1616 cm−1

Zeng & Ruckenstein, 1996). The absorbance band at 1576 cm−1

orresponds to the interaction of �(C–N) and ı(C–N–H). The C–H
ond interaction due to amide II is indicated at 1306 cm−1 and
402 cm−1. The absorption at 1252 cm−1 is characteristic of sec-
ndary amides and the band at 658 cm−1 is due to the ı(N–H)
agging, whereas the peak at 1152 cm−1 shows anti-symmetric
–O–C stretching (Martinez, Retuert, Yezdani-Pedram, & Colfen,

004). The bands depicting the skeletal stretch of C–O in polysac-
harides are evident at 1012 cm−1, 1060 cm−1 and 1084 cm−1

Martinez et al., 2004). In contrast to the pure chitosan film, the
pectrum B for chitosan–TiO2 hybrid film shows a new region
f absorption between 400 and 800 cm−1 depicting the Ti–O–Ti
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Fig. 2. FTIR spectra (3000–3800 cm−1) for: pristine chitosa
ate Polymers 85 (2011) 356–362

network formation (Yang et al., 2009). The presence of titania
network is seen through with the growth of a band at 455 cm−1

which is ascribed to the Ti–O, that is absent in the pure chitosan
showing incorporation of titania via the sol–gel method. Some
un-condensed but hydrolyzed titanium alkoxide is seen as the
Ti-OH groups showing peaks at 1665 cm−1 where as some unhy-
drolyzed alkoxy groups also give their appearance at 1079 cm−1 and
1128 cm−1 (Sarwar et al., 2007). The evidence of inter-phase com-
patibility is seen from the appearance of bands at 962 cm−1 and
945 cm−1 showing the interaction of Ti Lewis sites with the NH2
groups from chitosan chain (Gianotti et al., 2002). The hydroxyl
groups of the hydrolyzed TEOT during the sol–gel process can also
condense with the –OH groups on the chitosan chain thus creat-
ing a chemical bond between the organic and inorganic phase. As
a result the creation of Ti–O–C bond through such chemical inter-
action in the hybrid film is seen at 1128 cm−1 and 1052 cm−1 (Hu
et al., 2007; Yang et al., 2009).

Fig. 2 shows a comparison of the FTIR spectra of pure chitosan
and the chitosan–TiO2 hybrid film in the range of 3000–3800 cm−1.
The �(OH) and ı(N–H) bands from the chitosan polymer are seen
at 3424 cm−1 and 3285 cm−1 respectively. The influence of matrix
modification and interfacial interaction between the organic and
inorganic phases is evident due to the overall reduction in inten-
sity in the amide regions and the shift of this band to lower
frequency whereas the peak of 3424 cm−1 becomes wider, indi-
cating the hydrogen bonding. The bands appearing in the region
from 3568 to 3721 cm−1 which are absent in the pure chitosan
sample are described due to hydroxyl groups attached to titania
network (Gianotti et al., 2002). The influence of matrix modifi-
cation by the titania network is also seen by the overlapping of
OH and NH stretching in the 3337–3374 cm−1 region whereas the

pure chitosan film show clear band at 3330 cm−1 due to asymmet-
ric stretching of NH2 in the polymer chain. This region also marks
the effect of hydrogen bonding between chitosan and the inorganic
network. The attractive polymer–particle interactions between chi-
tosan and titania through primary and secondary bonds as depicted
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n (A); chitosan–TiO2 hybrid with 20 wt% titania (B).
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Fig. 3. Chemical and physical interactions

n Fig. 3 can help greatly to reduce the agglomeration tendencies of
he inorganic network in the matrix which can have positive effect
n the properties of the hybrids.

.2. Morphological studies

Field emission scanning electron spectroscope (FESEM) was
sed to analyze the morphology of the chitosan–TiO2 hybrids car-
ied out on their fractured films. These micrographs for the hybrids
ith 10 and 20 wt% of titania are shown in Fig. 4. The particles

ppear as dense phase in the form of white round beads having

lightly diffused surface. The blurred surface indicates adsorption
f the polymer layers on the particle surface. The uniform disper-
ion of spherical particles is the outcome of spinodal decomposition
Inoue, 1995) process that takes place during drying at higher
emperature condensation stage. Elemental X-ray mapping for the

Fig. 4. High magnification FE-SEM images of chitosan–TiO2
een titanium network and chitosan chain.

chitosan hybrid films with 5 and 20 wt% of titania is shown in
Fig. 5. It shows a well dispersed nano-sized distribution of inor-
ganic network in the chitosan matrix. For measurement of the
sol–gel produced particle size the hybrid samples with 5 and 10 wt%
titania were degraded at 430 ◦C for 9 h to decompose the organic
matrix, prior to imaging by TEM. Fig. 6 confirms the size of nano-
particles ranging from 5 to 25 nm was achieved in these hybrids.
This demonstrates the effective application of the sol–gel process
towards preparing these nano-composites. Surface topography of
the pure matrix and its hybrids with 10 and 20 wt% of titania giv-
ing information about surface roughness and texture is shown in

Fig. 7. The surface of the pure chitosan film (A) is porous and reg-
ular as the polymer matrix shows minor undulations of the chains
per se. The polymer matrix surrounds the particle in the hybrids
showing irregular surface topography. The inorganic particles are
covered like a blanket by the polymer chains and at lower titania

hybrids with titania contents wt%: 10 (A) and 20 (B).
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ig. 5. Elemental X-ray mapping images of chitosan–TiO2 hybrids with titania wt%:
(A) and 20 (B).
ontent the elevation contour size is of nearly 125 nm with deeper
reas, where there are few or no particles. As the amount of titania
s increased, the polymer surface is superficially undulated to show
ew big contours of nearly 300 nm in diameter. As the dense dis-

Fig. 6. High resolution transmission electron microscopy images showing the individu
ate Polymers 85 (2011) 356–362

tribution of particles is engulfed by the polymer chains, the image
shows a fine and smoothly undulated surface topography where the
titania network itself has aligned itself with the polymer chains.

Relatively smaller size and uniform dispersion of contours point
to specific role of coupling due to the secondary and primary bond
interactions between inorganic and organic phases thus controlling
the morphology and distribution of the inorganic component. These
results compliment the morphological results observed from SEM
and TEM and FTIR analyses.

3.3. Visco-elastic properties

Fig. 8 shows the variation of storage modulus of pure chitosan
and its hybrids with temperature. The storage modulus reveals the
ability of the material to resist deformation and store mechanical
energy. The modulus value of 3.67 GPa was observed for pure chi-
tosan at 50 ◦C. This region at lower temperature is the glassy phase
where the molecular motions of chitosan are largely restricted to
the vibration and short-range rotational motions of bond bend-
ing or bond angle deformation. The second region is transitional
between the glassy and the rubbery region where the side chain
and main chain rotation becomes evident with increasing tem-
perature. Here the modulus shows a linear drop between 110 ◦C
and 150 ◦C. In the visco-elastic region the deformation is reversible
and time-dependent marking the glass transition temperature. The
slight increase in modulus between 180 and 210 ◦C may be due to
the rapid alignment of the polymer chains under sinusoidal stress
or some cross-linking within the chains thus raising the storage
modulus once again in the post glass transition region.

The storage modulus for the hybrid films with 5, 10, 20 and
30 wt% of titania increases with increasing titania content and
reaches to the maximum at 6.7 GPa for chitosan–TiO2 30% at
50 ◦C. Below Tg increase in modulus was almost 80% as compared
to pure chitosan. Above Tg the storage modulus is enhanced by
143% from 1.63 GPa in the unmodified matrix to 3.9 GPa for the
chitosan–TiO2-30%. At the same time the linear decrease in modu-
lus with temperature for pure chitosan from 3.67 GPa to 1.626 GPa

is 124% whereas the decrease in modulus with temperature for
chitosan–TiO2-30% is only 69%. The visco-elastic relaxations in
the hybrids depend on the bonding between the polymer–particle
interfaces. These interactions play a key role in controlling the local
dynamics of the polymer/particle mixture (Ahmad et al., 1998).

al particle size for the chitosan–TiO2 hybrids with titania wt%: 5 (A) and 10 (B).
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Fig. 8. Temperature variation of storage modulus for chitosan–TiO2 hybrids at 2 Hz.

Titania wt%: 0 (�), 5 (o), 10 (�), 20 (�), and 30 ( ).
ig. 7. Atomic force microscopy topographs of chitosan–TiO2 hybrids with titania
t%: 0 (A); 10 (B); and 20(C).

ano-fillers due to large surface interaction slow down greatly the
egmental dynamics of the polymer which shows a high retention
f modulus at higher temperature. The effect of covalent/hydrogen
onding will lead further to reduction in segmental motion which

s also reflected in a shift in the Tg.
Fig. 9 shows the variation of tan ı with temperature for the pure

hitosan and its hybrid films. The peak of these curves represents
he Tg due to �-relaxations involving large segmental motions. The
educe area under the peak or damping denotes the stiffness in the
olymer. In pure chitosan, this peak is marked at 151.79 ◦C. The
ure polymer shows the highest peak as it dissipates more energy
pplied to the sample due to its viscous response at high temper-
ture. As titania content is increased the mobility of the chains
s suppressed due to the attractive particle–polymer interactions.

he highest recorded glass transition temperature for this system
as seen for the CSTi-30% at 160.86 ◦C which shows an increase of
◦C from the pristine chitosan matrix. The shift in glass transition

o higher temperature is indicative of reduced segmental motion
Fig. 9. Temperature variation of tan ı for chitosan–TiO2 hybrids at 2 Hz. Titania wt%:
0 (�), 5 (�), 10 (�), 20 (©), and 30 (�).

due to homogenously distributed titania nano-particles requiring
greater thermal energy for the transition to occur. As the amount of
titanium increases the shift is expected to be greater but the particle
size also increases in proportion, reducing the surface interaction
and thus showing a relatively lower increment in Tg at a higher
concentrations of titania. The cross-link density of the nonlinear
inorganic network and its interaction increases the damping effect
thus reducing the tan ı peak as well as broadening it. The pure poly-
mer had a tan ı value of 0.15. The highest damping or elasticity is
seen in the chitosan–TiO2-30% at 0.076 where there is a direct rela-
tion between stiffening of the hybrids to titania composition due
to increased interfacial interaction of the inorganic phase through
bonding with the functional groups present on the organic polymer.

4. Conclusions

Sol–gel chemistry has been employed to prepare the
chitosan–titania oxide hybrids. The interfacial interaction between
the organic and inorganic phases resulted in a nano-scale (5–25 nm)
dispersion of titania in the matrix which has improved greatly

the glass transition temperature and the modulus of the matrix.
Such chitosan hybrids with improved thermal and mechanical
properties can be very useful as support catalyst and hydrolytically
stable polymer membranes.
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