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nanocomposite film: evaluation of its solar light
photocatalytic and antibacterial activities

P. Magesan, S. Sanuja and M. J. Umapathy*

In the present study, we report newly synthesized TiO2 and MoO3–TiO2 nanocomposites and chitosan and

chitosan-blended MoO3–TiO2 nanocomposite films by sol–gel and solution cast methods, respectively.

The synthesized nanocomposite films were characterized by XRD, FT-IR, TG-DTA and FESEM with EDAX.

The antibacterial activities of the prepared nanocomposite films were tested against E. coli using the well

diffusion method. The photocatalytic activities of the materials were investigated against methyl orange

dye as a model organic pollutant under the irradiation of solar light. Furthermore, the mechanical

properties (tensile strength and elongation) were determined using a Universal Testing Machine. From

the obtained results, it was concluded that the chitosan-blended MoO3–TiO2 nanocomposite film

exhibited higher photocatalytic, antibacterial and mechanical properties than the other materials.
1. Introduction

Recently, the ecological glitches associated to the pollution of
water sources have attracted a considerable attention. One of
the main sources for the contamination of water pollution are
the textile industries that consume large quantities of water and
produce large volumes of waste water from different steps in the
dyeing and nishing process. The worldwide dye consumption
by dyeing industries is around 107 kg per year.1 Because the dyes
are stable, recalcitrant, colorant and even potentially carcino-
genic and toxic, their release into the environment causes a
major threat to the environment.2 The dye contaminated waste
water cannot be easily treated because the natural biodegrad-
ability has become an increasingly difficult task due to the
improved properties of dyestuffs. A wide range of conventional
methodologies have been used to eliminate these pollutants
from the waste water but their efficiency is limited. Modern
nanotechnologies have become popular for the fabrication of
desirable nanomaterials with large surface-to-volume ratios of
unique surface properties for treating these pollutants. Nano-
particles are key to nanotechnology; therefore, the in-depth
study of nanomaterials is an important source for producing
new principles, techniques and methods.3 From an environ-
mental standpoint, heterogeneous photocatalysis is an impor-
tant pioneering technology for applications in water
purication. With the advent of nanotechnology, semi-
conductor nanoparticles have attracted considerable attention
due to their novel optical, electrical and mechanical properties.
Among the various semiconductor nanoparticles, nanosized
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titanium dioxide (TiO2) particles are the most frequently
studied one in the eld of solar energy conversion, photo-
catalysis, transparent UV protection lms and chemical
sensors. It has been proven to be one of the most suitable
materials for environmental remediation processes due to its
powerful oxidation strength, low cost, non-toxicity and chem-
ical stability against photo-corrosion.4–6 However, in practical
applications, the conventional TiO2 photocatalyst has certain
disadvantages such as the effective utilization of UV/solar light
and a large surface area requirement for the adsorption of
pollutant, that is, the adverse recombination of electron and
holes. Many efforts have been made to extend the adsorption of
light from the UV to the visible region and to improve the
photocatalytic efficiency of TiO2.7 Enhancing the rate of
photoreduction by doping a semiconductor with metal ions can
produce a photocatalyst with an improved trapping-to-
recombination rate ratio. However, when metal ions or oxides
are incorporated into TiO2 by doping, the impurity energy levels
formed in the band gap of TiO2 can also lead to an increase in
the rate of recombination between photogenerated electrons
and holes. Photocatalytic reactions can occur only if the trapped
electron and hole are transferred to the surface of the photo-
catalyst. This means that metal ions should be doped near the
surface of the photocatalyst to allow the efficient charge trans-
fer. Dopants such as transition metals (Fe, Al, Ni, Cr, Co, W, V
and Zr) and metal oxides (Fe2O3, Cr2O3, CoO2, and SiO2) have
been used to improve the applicability of photocatalysts.8–10 The
absorption threshold of TiO2 nanopowder has been shied
from the UV to the visible region by doping with visible light
active material and photocatalytic efficiencies higher than the
pure TiO2 and Degussa P25 have been obtained.11–14 As a wide-
band gap n-type semiconductor, molybdenum oxide (MoO3) is
This journal is © The Royal Society of Chemistry 2015
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a potential material because of its wide range of stoichiometry
and interesting behavior which includes its chemical,15 struc-
tural,16 electrical and optical17 properties. Surface modication
with MoO3 causes TiO2 nanoparticles to become much more
hydrophilic and they can be more stably suspended in an
aqueous solution. It is believed that the source of the excellent
dispersibility in an aqueous solution originates from the high
hydrophilicity of MoO3.18 The addition of MoO3 to TiO2 showed
high activity for the photodegradation of molasses. The MoO3–

TiO2 material has a larger surface area compared to the pure
oxides. The modied material has a reduced band gap and can
absorb more light in the near-visible region, and thus accelerate
the rate of decomposition.19

Over the recent years, hybrid materials based on chitosan
have been developed, including conducting polymers, metal
nanoparticles and oxide agents, due to the excellent properties
of the individual components and outstanding synergistic
effects.20 In this regard, chitosan, a linear cationic, pH sensitive,
non-toxic, biodegradable and biocompatible polysaccharide
prepared from the deacetylation of chitin appears to offer
numerous distinct advantages.21 It is the secondmost abundant
biopolymer that is widely present as the basic components of
the exoskeletons of crustaceans and insects. The structure of
chitosan is similar to that of cellulose; it consists of a b-(1–4)-
linked D-glucosamine residue with 2-hydroxyl group being
substituted by an amino or acetylated amino group. The struc-
tures of cellulose, chitin and chitosan are shown in Fig. 1.
Chitosan is soluble in diverse acids and can interact with pol-
yanions to form complexes and gels. It has the adsorption
Fig. 1 Comparison of (a) chitin (b) chitosan and (c) cellulose formulae.

This journal is © The Royal Society of Chemistry 2015
capacity of 1000–1100 g kg�1, which is higher than that of
activated carbon; thus, it is a super high-capacity adsorbent for
the removal of contaminant from water.22 This high adsorption
capacity of chitosan gives rise to the binding ability of chitosan
with contaminants in water through the hydroxyl and amino
groups present on the surface. Currently, researchers have been
devoted to fabricate the combination of chitosan and metal
oxide nanomaterials for environmental remediation. The
objective of this study is focused on (i) synthesis and charac-
terization of TiO2 and MoO3–TiO2 nanocomposites and chito-
san and chitosan-blended MoO3–TiO2 nanocomposite lms by
sol–gel and solution cast methods, (ii) photocatalytic activities
of the prepared nanocomposites and lms towards the degra-
dation of methyl orange dye under the illumination of solar
light, (iii) antimicrobial activity of the nanocomposite lms
against E. coli using the well diffusion method, and (iv) the
mechanical properties (tensile strength and elongation), which
were determined using a Universal Testing Machine.

2. Experimental details
2.1. Materials

Titanium tetraisopropoxide (TTIP) and Tween-80 were
purchased from Spectrochem andmolybdenum trioxide (MoO3)
was purchased from SRL. Crab shells were collected from
Kasimedu Seafood Market and sodium hydroxide and hydro-
chloric acid were purchased fromMerck. Glacial acetic acid was
obtained from Qualigens and used as received. Freshly
prepared de-ionized water was used in all the experiments.

2.2. Synthesis of MoO3–TiO2 and TiO2 nanocomposites

MoO3 nanoparticles were suspended in 20 mL of distilled
ethanol and stirred for 30 minutes. To the homogeneous
dispersion, 3 mL of Tween-80 was added with stirring, and it
was further stirred for 30 minutes. A mixture of 3 mL TTIP with
10 mL isopropyl alcohol was added drop wise into the suspen-
sion and the stirring was continued for 2 h to obtain a gel. The
resultant gel was ltered-off and washed thoroughly with 1 : 1
aqueous ethanol, ltered and then oven dried at 120 �C for 6 h.
The solid sample was calcined at 500 �C for 3 h using an elec-
trical muffle furnace. The similar procedure was followed for
the preparation of TiO2 nanocomposites without adding MoO3

nanoparticles.

2.3. Synthesis of chitosan from crab shell

The crab shells were collected from Kasimedu Seafood Market,
Chennai, Tamil Nadu, India. The crabs exoskeletons collected
were placed in Ziploc bags and refrigerated overnight. The
synthesis of chitosan was performed by performing the
following four steps:

(i) Coarse purication. Approximately 500 g of crab shells
were coarsely cleaned with running water until sand and other
impurities such as soils were removed. The cleaned crab shells
were dried overnight in a hot air oven at 110 �C.

(ii) Deproteinization. The dried shell samples were ground
using a mortar and transferred to a beaker. 2% of NaOH was
RSC Adv., 2015, 5, 42506–42515 | 42507
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added to the beaker containing the shell samples and heated
with stirring at 60–70 �C for 30 minutes. The shell samples were
ltered off with a strainer and the process was repeated a few
more times until the ltrate became clear and colorless. The
samples were washed with demineralized water to remove the
unreacted NaOH. For saving time, the shell samples can be
soaked in NaOH solution overnight aer the rst NaOH treat-
ment, followed by ltering and washing.

(iii) Demineralization. 7% HCl was slowly added to the
shells and the mixture was stirred at room temperature until
effervescence ceased. The mixture was ltered-off and washed
with excess distilled water. The samples were dried overnight in
a hot air oven at 60 �C to obtain around 100 g of chitin. This step
is known as demineralization.

(iv) Synthesis of chitosan from chitin by partial deacetyla-
tion. Chitin was loaded in a RB ask with 50% NaOH. The
samples were heated at 125 �C for 2 h and then allowed to cool
down followed by the addition of 250 mL of water. On the next
day, the sample was ltered-off and the residue was washed
with excess water and dried in a hot air oven at 60 �C for 2 h.

2.4. Casting of the chitosan lm

A chitosan lm was synthesized by a solution cast method. 1 g
of chitosan was dissolved in 100 mL of 1% (v/v) acetic acid
solution and stirred for 24 hours. Subsequently, it was sonicated
for 15 min for efficient dispersion. It was then cast into a Petri-
dish and placed in an oven at 50–60 �C for overnight to obtain a
homogeneous lm.

2.5. Casting of chitosan-blended MoO3–TiO2

nanocomposite lm

1 g of prepared MoO3–TiO2 composites was added into the
chitosan solution (1 g of chitosan in 100 mL of 1% (v/v) acetic
acid) and the mixture was sonicated for 30 minutes and stirred
continuously for 12 h until a clear solution was obtained. The
solution was cast onto Petri plates and dried at room temper-
ature for 48 h to obtain the composite lm.

2.6. Solar light intensity measurements

Solar light intensity was measured every 30 min and the average
light intensity over the period of each experiment was calcu-
lated. The sensor was always set in the position of maximum
intensity. The intensity of solar light was measured using a New
200 000 Lux Digital Meter Light Luxmeter Meter Photometer
with a Footcandle FC. The intensity was 1200 � 100 � 100 lux
and it was nearly constant throughout the course of the
experiments.

2.7. Photocatalytic degradation of methyl orange dye

The photocatalytic experiments were carried out under identical
conditions on sunny days between 11 a.m. and 2 p.m. In all the
experiments, 50 mL of the reaction mixture was irradiated
under sunlight. An open borosilicate glass tube of 50 mL
capacity, 40 cm height and 20 mm diameter was used as the
reaction vessel. The suspensions were magnetically stirred in
42508 | RSC Adv., 2015, 5, 42506–42515
the dark for 15 min to obtain an adsorption–desorption equi-
librium between the dyes and TiO2 and MoO3–TiO2 nano-
composites and chitosan and chitosan-blended MoO3–TiO2

nanocomposite lms. Irradiation was carried out under open-
air conditions. 50 mL of the dye solution with the synthesized
catalysts were constantly aired by a pump to provide oxygen and
for the thorough mixing of the reaction solution. It was
observed that the solvent did not volatilize during the illumi-
nation time. Aer dark adsorption, the rst sample was
analyzed. At specic time intervals (15 min), 2–3 mL of the
sample was withdrawn and centrifuged to separate the catalyst.
1 mL of the sample was properly diluted and its absorbance at
464 nm was measured immediately to monitor the degradation
of the methyl orange.

2.8. Determination of antibacterial activity

The in vitro antibacterial action of the prepared samples was
examined using Gram negative bacteria (Escherichia coli ATCC
25922) by the well diffusion method. Nutrient agar was
prepared and poured into sterile Petri dishes and allowed to
solidify. Bacterial cultures (E. coli) grown for 24 h were swabbed
on it. 5 wells (10 mm diameter) were made using a cork borer.
Four different concentrations (250 mg, 500 mg, 750 mg and 1000
mg) of the nanoparticle and one negative control were loaded
into the wells. The plates were then incubated at 37 �C for 24 h.
Aer incubation, the inhibition diameter was measured. The
percentage of inhibition was calculated using the following
formula (eqn (1))

% of inhibition ¼�
Iðdiameter of the inhibited zoneÞ

90ðdiameter of the Petri-plate in mmÞ �100

�
(1)

2.9. Instrumentation and analysis

The following physiochemical techniques have been used to
characterize the prepared catalysts. To characterize the phase
structure of the TiO2 and MoO3–TiO2 nanocomposites and
chitosan and chitosan-blended MoO3–TiO2 nanocomposite
lms, a Bruker D2 Phaser Desktop X-ray Diffractometer equip-
ped with Ni-ltered Cu Ka radiation (l¼ 1.542 Å) was used, and
it was operated at an accelerating voltage and emission current
of 30 kV and 10 mA, respectively. Data were acquired over the
range of 2q from 0� to 70 � with a step size of 0.0017 and a scan
rate of 7� min�1. Field emission scanning electron microscopy
(FESEM) was performed to examine the surface morphology of
the prepared nanocomposites using a DXS-10 ACKT scanning
electron microscope equipped with EXS, which was used to
study the elemental composition. For Fourier transform
infrared spectroscopy (FT-IR) analysis, the KBr pellets were
prepared from the TiO2 and MoO3–TiO2 nanocomposites and
the chitosan and chitosan-blended MoO3–TiO2 nanocomposite
lms. FT-IR analysis was performed using a spectrophotometer
(Perkin Elmer RX1 instrument). Thermogravimetric-differential
thermal analysis (TG-DTA) of the nanocomposites was carried
out on a WATERS SDT Q 600 TA model instrument. Mechanical
properties (tensile strength and elongation) of the lms were
This journal is © The Royal Society of Chemistry 2015
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determined according to the ASTM standard method with a
Universal Testing Machine (TNUM-5900). The lm was cut into
(7 � 3 cm) rectangular shapes before measurements.

3. Results and discussion
3.1. Surface morphology of TiO2 and MoO3–TiO2

nanocomposites and chitosan and chitosan-blended MoO3–

TiO2 nanocomposite lms

Field emission scanning electron microscopy (FESEM) was used
to investigate the surface morphology of the prepared chitosan
lm, TiO2, MoO3–TiO2, and chitosan-blended MoO3–TiO2

composite lm. The FESEM images of chitosan, TiO2, MoO3–

TiO2 nanocomposites and chitosan-blended MoO3–TiO2 nano-
composite lm are shown in the Fig. 2(a)–(d), respectively. The
chitosan, TiO2, MoO3–TiO2 and chitosan-blended MoO3–TiO2

composite lm had an aggregated particle structure with an
almost spherical morphology. However, at the same time, TiO2

and MoO3–TiO2 nanocomposites revealed the agglomeration of
the nanoparticles, which may be due to the presence of the
templating agent. As can be seen in the Fig. 2(d), it is worth
noting that the chitosan particles were non-uniformly mixed in
the MoO3–TiO2 matrix.

3.2. Elemental composition

The elemental compositions of the TiO2 and MoO3–TiO2

nanocomposites and chitosan-blended MoO3–TiO2 nano-
composite lm were studied by energy dispersive X-ray analysis
(EDAX). Fig. 3(a)–(c) depicts the EDAX analysis of the TiO2,
MoO3–TiO2 and chitosan-blended MoO3–TiO2 composite lm,
respectively, from a selected area in the binding region of 0–10
Fig. 2 FESEM micrographs of (a) chitosan film, (b) TiO2, (c) MoO3–TiO2

This journal is © The Royal Society of Chemistry 2015
keV. The signals from the spectra reveal the presence of Ti, O,
Mo and C in the prepared nanocomposites. This result
corroborates the formation of the chitosan–MoO3–TiO2 nano-
composite lm.
3.3. Crystalline phases

The crystalline phases of the prepared TiO2 and MoO3–TiO2

nanocomposites and chitosan and chitosan-blended MoO3–

TiO2 nanocomposite lms were studied by X-ray diffraction
analysis. Fig. 4 depicts the XRD pattern of the prepared nano-
composites. In TiO2, MoO3–TiO2 and chitosan-blended MoO3–

TiO2 composite lm, TiO2 exists in the anatase phase, showing
sharp characteristic peaks at 2q ¼ 25.3�, 37.8�, 48.1�, 54.0�,
55.1�, 62.8� and 75.0� corresponding to the (101), (004), (200),
(105), (211), (204) and (215) planes, respectively, which agree
well with the standard JCPDS card no. 89-4921, and thus
conrm that the nanocomposite are predominantly crystalline
in nature with an anatase phase. The characteristic peaks of
MoO3 were not observed, and thus it can be inferred that the
doping of MoO3 did not inuence the crystal structure of the
TiO2 particles. It is clear that the chitosan is highly crystalline in
nature and shows the characteristics peaks at 2q ¼ 9.2�, 19.2�,
26.9�, 34.9�, 38.8�, 43.5�, 51.0� and 72.8�, which suggests the
formation of inter- and intra-molecular hydrogen bonds in the
presence of free amino groups in the chitosan. The average
crystallite sizes of the nanocomposites have been deduced from
the half-width of the full maximum (HWFM) of themost intense
peak using the Scherrer equation (eqn (2)) as follows:

t ¼ Kl/b cos q, (2)
and (d) chitosan-blended MoO3–TiO2 film.

RSC Adv., 2015, 5, 42506–42515 | 42509
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where t is the crystallite size, K is the shape factor with a value of
0.9, l is the wavelength of the X-ray used. q is the Bragg
diffraction angle, b is the corrected line broadening and b ¼ bb

� bs, bb is the broadened prole width of the experimental
sample and bs is the standard prole width of the reference
(high purity silica) sample. According to eqn (2), the average
crystallite sizes of the prepared samples are listed in Table 1.
3.4. Fourier transform infrared spectroscopy (FTIR)

FTIR spectrum provides information on the nature of the
synthesized nanocomposites. The FTIR spectra of the TiO2 and
MoO3–TiO2 nanocomposites, chitosan and chitosan-blended
Fig. 3 EDX spectra of (a) TiO2, (b) MoO3–TiO2 and (c) chitosan-blended

42510 | RSC Adv., 2015, 5, 42506–42515
MoO3–TiO2 nanocomposite lm are presented in Fig. 5. The
spectra of chitosan and chitosan-blended MoO3–TiO2

composite lm (Fig. 5(c) and (d)) show absorption peak at 3423–
3500 cm�1 and 1643–1647 cm�1, which are attributed to the
amine (–NH2) and hydroxyl (–OH) functional groups, respec-
tively.23 Both these functional groups on the chitosan chain can
serve as coordination and reaction sites for the adsorption of
organic species.24 Fig. 5(a), (b) and (d) also conrms the exis-
tence of metal oxide (TiO2) peak around 742–783 cm�1 for TiO2,
MoO3–TiO2 and chitosan-blended MoO3–TiO2 composite lm.
A weak band at around 2340–2370 cm�1 may be attributed to
the vibrations of atmospheric CO2. The apparent existence of
amine or amide and hydroxyl functional groups together with
MoO3–TiO2.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 XRD patterns of (a) chitosan film, (b) chitosan-blended MoO3–
TiO2 film, (c) TiO2 and (d) MoO3–TiO2.

Fig. 5 FTIR spectra of (a) MoO3–TiO2, (b) chitosan film, (c) TiO2 and (d)
chitosan-blended MoO3–TiO2 film.
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metal oxides should help to conrm the effective removal of the
organic dyes through a photodegradation–adsorption process.25
3.5. TG-DTA analysis

TG-DTA analysis was carried out to study the thermal decom-
position behavior of the synthesized TiO2 and MoO3–TiO2

nanocomposites, chitosan and chitosan-blended MoO3–TiO2

nanocomposite lm, and are shown in Fig. 6. The synthesized
chitosan lm shows two weight loss curves, rst stage of weight
loss was due to the evaporation of water and the second stage of
weight loss was due to the degradation of the polymer chains. In
the TGA of TiO2, three noticeable steps were observed, which
were in the range of 200–340 �C, 341–400 �C and 500–585 �C.
The TGA curve shows two exothermic peaks: the rst sharp and
narrow exothermic peak with a maximum of 282 �C may be
attributed to the burnout of the templating agent and the
second weak exothermic peak corresponds to the crystallization
process of TiO2 with a maximum of 354 �C.26 In the TG-DTA
curve of MoO3–TiO2, two main exothermic peaks were found:
a larger peak centered around 363 �C and a sharp peak centered
around 401 �C. This may be attributed to the burnout of the
surfactant template and crystallization process, respectively. In
the chitosan-blended MoO3–TiO2 lm, three weight losses were
observed. At 100 �C, the rst weight loss was observed, which
Table 1 Average crystallite size (T) obtained from the XRD analysis and zo
and chitosan-blended MoO3–TiO2 nanocomposite films against E. colia

S. no. Nanocomposites T, nm

1 TiO2 12
2 MoO3–TiO2 11
3 Chitosan lm 16
4 Chitosan-blended MoO3–TiO2 lm 17

a NA – non-active.

This journal is © The Royal Society of Chemistry 2015
was due to the evaporation of water; the second weight loss
around 150 �C was due to polymer degradation and the last and
nal weight loss at 400 �C was due to the decomposition of
organic matter and then the compound remained intact.
3.6. Photocatalytic activity

For the efficient use of solar light or the visible region of the
spectrum, the technologies that expand the absorption scope of
TiO2 provide an attractive challenge for developing the future
generation of photocatalysts.27 The visible light photocatalytic
activity of the F-doped TiO2 was achieved by creating oxygen
vacancies.28 Bismuth oxohalide nanoplates on TiO2 nano-
ribbons act as sunlight-driven bifunctional photocatalysts for
all-weather removal of pollutants. The BiOBr@TiO2 framework
exhibits a very impressive sunlight-driven photocatalytic
activity, which is much higher than that exhibited by commer-
cially available P25 TiO2 under the same conditions.29 The
photocatalytic activity of the TiO2 and MoO3–TiO2 nano-
composites and chitosan and chitosan-blended MoO3–TiO2

nanocomposite lms was investigated by the photodegradation
of the methyl orange dye (model organic pollutant) over a
period of 2 h under solar light irradiation. Percentage removal
was calculated using eqn (3).
ne of inhibition of TiO2 and MoO3–TiO2 nanocomposites and chitosan

Zone of inhibition, mm

250 mg 500 mg 750 mg 1000 mg

NA NA NA NA
NA NA 9 11
NA 9 10 11
NA 10 12 13

RSC Adv., 2015, 5, 42506–42515 | 42511
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% removal of model pollutant ¼ Co � Ct

Co

� 100 (3)

where Co is the concentration of model pollutant at 0 min and
Ct is the concentration of model pollutant at experimental
time t.

The photocatalytic mechanism was as follows: when the
synthesized nanoparticles were illuminated under solar light
irradiation, the electron transition from the valence band (VB)
to the conduction band (CB) resulted in the electron (e�)–hole
(h+) pair, in which the electron (e�) was reductive, while the hole
(h+) was oxidative. The general photocatalytic mechanism is
shown in Fig. 7. The hole (h+) reacted with OH� on the surface
of the nanomaterials, generating hydroxyl radicals (cOH),
superoxide anion (O2

�) and perhydroxyl radicals (HO2
�). cOH

radicals are extraordinarily reactive species and attack most of
the organic molecules with rate constants usually in the order of
106–109 M�1 s�1. Fig. 8 displays the photodegradation proles
of methyl orange dye by the synthesized nanocomposites. It can
be seen from the Fig. 8, that all the samples were capable of
degrading methyl orange, as indicated by the decrease in the
methyl orange solution concentration throughout the period of
the photocatalytic study; however, the TiO2 did not exhibit any
photocatalytic activity under the identical conditions. Besides,
the photocatalytic activity increased in the order TiO2 < MoO3–

TiO2 < chitosan lm < chitosan-blended MoO3–TiO2 composite
lm. Therefore, chitosan-blended MoO3–TiO2 exhibited the
highest photocatalytic activity among the investigated catalysts
in the photodegradation of methyl orange. Generally, the pho-
tocatalytic activity of the catalyst is inuenced by various
Fig. 6 TG-DTA of chitosan film, TiO2, MoO3–TiO2 and chitosan-blende

42512 | RSC Adv., 2015, 5, 42506–42515
factors, particularly by light harvesting, charge separation effi-
cacy and the adsorption ability for target pollutants. Thus, the
higher photocatalytic activity of the chitosan-blended MoO3–

TiO2 composite lm compared with pure TiO2 under solar light
irradiation was attributed to the transfer and separation of
photo-generated charge among the respective energy levels of
the semiconductor photocatalyst. The photocatalytic studies
showed that the introduction of CNTs into TiO2 nanober
membranes facilitated the separation of photo-generated
charges, leading to an enhancement of the photocatalytic
activity towards the decomposition of methylene blue (MB) in
water under the illumination of solar light.30 The recyclability
d MoO3–TiO2 film.

Fig. 7 General photocatalytic mechanism.

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Solar light photodegradation profiles of methyl orange dye.

Fig. 9 Recyclability degradation percentage of the prepared
composites.

Fig. 10 Comparative study of the zone of inhibition (mm) for (A)
chitosan-blended MoO3–TiO2 film, (B) MoO3–TiO2, (C) TiO2 and (D)
chitosan film in E. coli bacterial strain.

Fig. 11 Well diffusion assay of chitosan, TiO2, MoO3–TiO2 and chi-
tosan-blended MoO3–TiO2 nanocomposites.
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experiments were performed and are shown in Fig. 9. Aer each
experiment, the photocatalyst was washed thrice with ethanol,
ltered, dried at 70 �C and reused. The catalysts showed some
favorable reusability aer recycling for four times. However, we
did observe some extent of loss in the catalytic activity aer each
cycle. The decrease in the degradation rate may be due to the
weakening of the absorbance ability or the loss of some catalyst
during the collection of the catalysts.

3.7. Antimicrobial activity

The antimicrobial activity of synthesized chitosan-blendedMoO3–

TiO2 lm (A), MoO3–TiO2 (B), TiO2 (C) and chitosan lm (D) were
examined by the well diffusionmethod against the bacteria E. coli.
The samples were tested using four different concentrations: 250
mg, 500 mg, 750 mg and 1000 mg. The zones of inhibition of the
synthesized samples against E. coli for the various concentrations
are displayed in Table 1 and the corresponding bar diagram is
shown in Fig. 10. From the results of the zone of inhibition
method (Fig. 11), it was observed that all the samples exhibited no
This journal is © The Royal Society of Chemistry 2015
activity at the concentration of 250 mg. At 500 mg, the chitosan-
blended MoO3–TiO2 and chitosan lm had 10 mm and 9 mm
zones of inhibition, respectively, while MoO3–TiO2 and TiO2 did
not show any activity. This result can be explained by the presence
of chitosan, which possessed good anti-bacterial activity. At 750
mg, the chitosan-blended MoO3–TiO2 lm, MoO3–TiO2 and chi-
tosan lm showed 12, 9 and 10 mm of zones of inhibition,
respectively, while TiO2 did not show any activity even at this
concentration. As we increase the concentration higher to 1000
mg, the activity increased up to 13 mm and 11 mm for the
chitosan-blendedMoO3–TiO2 lm, MoO3–TiO2 and chitosan lm,
respectively; nevertheless, TiO2 still did not show any activity.
From the results obtained it was conrmed that with increasing
RSC Adv., 2015, 5, 42506–42515 | 42513
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Fig. 12 Mechanical properties of (A) chitosan and (B) chitosan-
blended MoO3–TiO2 films.
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concentration of chitosan the activity increased, while TiO2 did
not show any antibacterial activity for all the four concentrations
and remained inactive in the dark.
3.8. Mechanical properties

Mechanical studies of the synthesized chitosan lm and
chitosan-blended MoO3–TiO2 lms were carried out, through
which their tensile strength and elongation were measured and
are shown in Fig. 12. The pure chitosan lm exhibited a low
tensile strength of 65 MPa when compared to the chitosan–
MoO3–TiO2 lm, whose strength was found to be 76 MPa. The
Fig. 13 Photographs of (a) chitosan film, (b) chitosan-blended MoO3–
TiO2 film and (c) chitosan powder.

42514 | RSC Adv., 2015, 5, 42506–42515
nanoparticle doped chitosan lm had a higher strength due to
the strong interaction of nanoparticles and the NH2 group
present in the chitosan molecules. The elongation of the lms
were determined and it was observed that the chitosan lm had
a low elongation of 10%, while MoO3–TiO2 doped chitosan lm
had a high elongation of 28% because of the efficient dispersion
of the metal oxide into the polymer lm (Fig. 13).
4. Conclusions

In summary, a kind of novel chitosan-blended MoO3–TiO2

nanocomposite lm, chitosan lm, MoO3–TiO2 and TiO2

nanocomposites were prepared by a simple method. The
synthesized materials were characterized by XRD, FT-IR, TG-
DTA and FESEM with EDAX. Among the synthesized mate-
rials, the chitosan-blended MoO3–TiO2 nanocomposite lm
exhibited higher photocatalytic, antibacterial and mechanical
properties. These are cost effective and environment-friendly
materials for engineering applications for the removal of
contaminants from water released from textile industries.
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