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Abstract. Simultaneous photocatalytic Escherichia coli (E. coli) inactivation and methylene blue (MB) degradation in
water are achieved by a composite containing MoO3 and TiO2 under UV and UV–visible irradiations. The MoO3/TiO2
composites are synthesized via an incipient wet impregnation method with varying concentrations of MoO3 from 0 to 10
wt% in TiO2. Under both UV and UV–visible irradiations, the photocatalytic results indicate that the MoO3/TiO2
composites destruct the bacteria significantly at higher rates than the unmodified TiO2 and pure MoO3. Particularly, 5 wt%
MoO3/TiO2 sample exhibits improved photocatalytic activity for the simultaneous E. coli destruction and MB degradation
under UV–visible irradiation, replacing TiO2 which is photoactive only under UV irradiation. The Brønsted acidity and
OH radical concentration increase with MoO3 concentration on TiO2 along with a heterojunction effect are the responsible
factors for yielding high photocatalytic activity of MoO3/TiO2 composite under UV–visible irradiation. Particularly, 99%
of degradation of 20 ppm MB is achieved with a very low catalyst dose of 0.6 g l-1 at a very less time of 20 min using 5%
MoO3/TiO2 sample under UV–visible irradiation. Consequently, MoO3/TiO2 composite is a potential candidate for E. coli
inactivation and MB degradation in water, signifying its prospective for the purification of water.
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Introduction

One of the most important basic commodities for living
organisms is fresh water. In recent years, due to rapid
industrialization, several water sources are polluted and
poisoned by microorganisms and chemical pollutants [1,2].
Hence, the difficulty to degrade the pollutants from water
has attained an alert condition from ecological point of
view. Photocatalysis, a green technique, has been generally
believed as one of the most promising technologies to
unravel the problem of environmental remediation due to its
low-cost, environmental friendly, high efficiency, particularly for wastewater treatment [3]. Several researchers have
used semiconducting materials as photocatalysts because
they can activate the photodegradation process during water
purification [4–10]. The photocatalytic activity of these
semiconductors is elucidated on the origin of electronic
transitions occurring between the conduction band and
valence band owing to the formation of electron–hole pairs.
Diverse catalytic materials have been investigated in
environmental protection, especially photocatalytic

degradation of various pollutants. Titanium dioxide (TiO2)
has been intensively investigated from economic and ecological points of view due to its high chemical stability,
nontoxicity, optical competency, abundance and relatively
low-cost [11–15]. Effective utilization of photocatalytically
activated TiO2 materials is largely entertained in disinfecting water-habitant microorganisms and degrading
organic pollutants as they can accommodate photo-induced
redox reactions of adsorbed pollutant substances combined
with photo-induced hydrophilicity of modified-TiO2 itself
[16–23]. Unfortunately, the photocatalytic performance of
TiO2 is usually constrained by its wide band gap (3.2 eV)
and active only under UV light irradiation, hence, it searches for a visible-light-driven photocatalyst.
Numerous scientific strategies have been focussed to
improve the photocatalytic activity of TiO2. Surface modification of oxides brings out dramatic changes in their
catalytic activities. Performance of these catalysts often
depends upon the dispersion of the active component on the
support, which in turn depends upon the nature of the
support as well as the method of preparation [24,25]. It is
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reported that the addition of small amount of Zr enhances
the thermal stability of TiO2 surface properties and thus,
achieves high photocatalytic activity [26,27]. Because of its
higher electronegativity, introduction of molybdenum
effectively reduces the band gap of TiO2 [28] and the Momodified TiO2 has been utilized for the photodegradation of
organic compounds in an aqueous medium [29–35].
Moreover, Yin et al [36] developed Fe2O3-TiO2 core–shell
structured nanocomposites which show an improved
visible-light photocatalytic activity. Silver-modified TiO2
visible-light photocatalyst were synthesized by Tobaldi et al
[37] and found Ag–TiO2-degraded 80% of methylene blue
(MB) dye, one of the universal textile dyes exist in water. In
our previous study, we have reported improved water disinfection activities of V2O5-modified TiO2 catalysts under
UV–visible irradiation [38]. Shen et al [39] observed an
enhanced photocatalytic performance of TiO2–CuInS2
quantum dots by the degradation of methyl orange under UV
and visible light irradiation. Sheshmani et al [40] modified
TiO2 nanoparticles with graphene oxide (GO) and reduced
graphene oxide (rGO) and evaluated the photocatalytic
activity of GO/TiO2 and rGO/TiO2 nanocomposites in photodegradation of Remazol Black B. Xie et al [41] prepared
TiO2/ZnO composites with excellent photocatalytic activity
for the degradation of pentachlorophenol. Photocatalytic tests
reported by Shi et al [42] revealed that under visible-light
illumination, the Pt/POMs/TiO2 composite nanofibres displayed an exceptional and determined photocatalytic activity
for the removal of methyl orange, tetracycline, Bisphenol A
and Cr(VI). Using hydrothermal method, Pei et al [43] synthesized ZnTiO3/TiO2 composites and the composites were
assessed by using Rhodamine B under visible light irradiation. The report showed a better photocatalytic activity for the
ZnTiO3/TiO2 composite than that of pure TiO2.
On the other hand, the TiO2 nanoparticles-based photocatalysis technique is a promising method for the removal
of microorganisms [44,45] in water. Recently, the developed TiO2–Pt composites efficiently interacts with the
microbial cells under UV light source, showing the microbial cells were completely removed [46]. Moreover, various
bacteria, cancerous cells, viruses, algae and fungi were
successfully deactivated under the irradiation of UV source
using TiO2 nanoparticles. Ahmed et al [47] estimated the
photocatalytic inactivation ability of Escherichia coli
(E. coli) of 91% for TiO2 quantum dots. Vietro et al [48]
developed TiO2 cellulose fabrics and found that the fabrics
were capable of achieving up to 100% E. coli inactivation in
1 h of treatment. Sangchay et al [49] observed that higher
concentration of Cu doped in TiO2 thin films possessed high
antibacterial activity efficiency in the inactivation of E. coli
under UV irradiation. Wu et al [50] synthesized lanthanumdoped TiO2/calcium ferrite/diatomite (La–TCD) ternary
composite and photocatalytic property was evaluated by the
disinfection of E. coli under visible light irradiation.
Ahmadi et al [51] studied the effect of doping Pt in the rate
of destruction of E. coli of TiO2/SiO2 catalysts. From these
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studies, it is clear that many literatures report the discrete
photocatalytic degradation of dyes and E. coli in water. But
the study on the simultaneous photocatalytic degradation of
more than one pollutant in water, is limited.
All these observations, therefore, have instinctively
persuaded to investigate the feasibility of using MoO3 as
co-catalyst on TiO2 surface forming MoO3/TiO2 composites to enhance the photocatalytic activity against the
simultaneous disintegration of E. coli, a gram-negative
bacterium, and degradation of MB dye in water under UV
and UV–visible irradiation conditions. To the best of our
knowledge, the photocatalytic activity of MoO3/TiO2
composites for the simultaneous destruction of E. coli and
degradation of MB dye in water is not reported yet. The
interaction of supported MoO3 species on TiO2 is much
stronger when compared with other supports like Al2O3,
SiO2 and MgO because supported MoO3 catalysts are
extensively used in many industrially promoted catalytic
reactions [52–55]. Moreover, MoO3 has been found in
biomedical applications, especially in antimicrobial surface
coatings that are able to prevent nosocomial infections
[56–58]. Some recent studies have also emphasized the
major role of photogenerated charge-carrier separations in
enhancing the photocatalytic efficiencies in oxide-supported MoO3 catalysts [59,60]. The stronger interaction
between MoO3 and TiO2 gives rise to a stable surface of
Mo species within the monolayer coverage on TiO2
[61,62] and they are more difficult to get reduced during
catalytic reactions [55]. Acidic surfaces favour more Mo
adsorption onto TiO2 support [63], despite the pH conditions hardly influencing the structural variations in surface
Mo species [64]. This fact suggests the viability of
stable MoO3/TiO2 photocatalyst in their possible applications. In this study, MoO3/TiO2 composites are prepared
with varying concentrations of MoO3. The effect of different concentrations of MoO3 on the photocatalytic
activity of TiO2 composites is investigated. Detailed
characterization studies of these composites are carried out
to investigate the dispersion of molybdenum species on
TiO2. The mechanism for the enhanced photocatalytic
activity of these composites is also discussed.

2.
2.1

Materials and methods
Sample preparation

MoO3/TiO2 composites were prepared by incipient wet
impregnation method using anatase TiO2 (Sigma Aldrich,
surface area is 45–55 m2 g-1) and ammonium heptamolybdate [(NH4)6Mo7O244H2O] as starting materials.
Required amounts of TiO2 were impregnated with the
appropriate quantity of ammonium heptamolybdate solution
in proportion to the MoO3 loading concentrations (2.5, 5,
7.5 and 10 wt%) in 100 ml distilled water under constant
stirring for 30 min. Then, the solutions were oven-dried at
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120C for 24 h. The dried samples were ground in an agate
mortar with pestle to attain homogeneity and calcined in a
tubular furnace under ambient atmosphere at 400C for 3 h.
Pure MoO3 powder was prepared by direct calcination of
ammonium heptamolybdate at 400C for 3 h.

2.2

Materials characterization

Thermogravimetry analysis (TGA) of the precursor mixture
of uncalcined MoO3/TiO2 sample is obtained by Mettler
Toledo instrument (TGA/SDTA851e) in the temperature
range of 30–1000C with heating rate of 20C min-1. The
phase identification of the calcined MoO3/TiO2 samples
was done by powder X-ray diffractometer: X’PERT PRO,
PANalytical, The Netherlands, using Cu Ka radiation
source (k = 0.154056 nm). Fourier transformed infrared
spectroscopy (FTIR) spectra were recorded by FTIR spectrometer (model: Spectrum GX, Perkin Elmer) in the
wavenumber range of 400–4000 cm-1 using KBr as a reference. A dispersive type micro-Raman spectrometer
(Renishaw in Via Reflex, UK) was used to register the
Raman spectra of MoO3/TiO2 composites in the
wavenumber range between 100 and 1200 cm-1. UV–visible diffuse reflectance spectra of MoO3/TiO2 composites
were taken in the wavelength range between 200 and 800
nm by Varian Cary UV–Vis spectrophotometer. X-ray
photoelectron spectrum (XPS) of the sample was recorded
in XPS:S/N-10001, Prevac, Poland with a VG ScientaR3000 hemispherical energy analyzer source having a
resolution of 44.1 meV at 50 pass energy and AlKa source
(hm = 1486.6 eV), and the instrument base pressure of 5 9
10-10 mbar was maintained during data acquisition.

2.3

Photocatalytic activity

Photocatalytic activity of all samples was examined by
using E. coli (MTCC 739) as an indicator strain obtained
from microbial type culture collection and Gene Bank, an
International Depository Authority, Chandigarh, India.
Before starting the experiments, 0.85% aq. NaCl solution
was prepared with tap water to maintain the osmotic balance of bacterial cells and then sterilized at 121C under 15
lb pressure for 20 min. Then, 25 ml of sterilized water was
spiked with 107 CFU ml-1 of E. coli and subsequently
mixed with catalyst sample in a beaker. The catalyst sample
concentration was maintained at 0.5 mg ml-1of sterilized
water in the test solution. For the photocatalytic experiments, a reactor was fabricated which consists of UV-C
(Philips TUV 8 W G8T5) and visible light (Philips T5 8 W)
sources at the top and a magnetic stirrer at the bottom on
which a beaker containing the test solution was placed. The
height of 12 cm was maintained from test solution surface
to the light source. The major intensities of 8 W UV and
8 W visible light sources were found to be 50 and
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505 lm m-2, respectively, at the solution surface. At various
intervals of time, 1 ml of the sample drawn from the beaker
and was serially diluted up to 10-4 dilution. From each
diluted solution, 0.1 ml was drawn and spread plated on the
LBA plates before incubation at 37C under the dark condition for 24 h. After incubation, the number of colonies
present on the plates was counted. The colony forming units
(CFU) per ml was calculated for each sample at different
time intervals using the following formula:
CFU=ml ¼ No: of colonies
 dilution factor=volume inoculated:
Here, dilution factor is the reciprocal of the dilution in
which the plate count was taken and volume inoculated is
0.1 ml. Blank experiments with E. coli were also performed
without photocatalyst under UV and UV–visible irradiation.
To determine OH radicals formed during the photocatalysis, in place of E. coli/MB, a known concentration of
5 9 10-4 M terephthalic acid (TPA) and 2 9 10-3 M NaOH
were taken. The same amount of photocatalysts and UV and
UV–visible light irradiation at fixed time of 10 min was
maintained. After photocatalysis, the photoluminescence
(PL) spectrum of 2-hydroxy terephthalic acid formed in
each sample was recorded by using Perkin ElemerLS-55
fluorescence spectrometer. The intensity of fluorescence
peak is directly proportional to the concentration of generated OH radicals.
The degradation of MB was performed taking 25 ml of
20 ppm solution in 100 ml quartz beaker with 0.6 g l-1 of
catalyst in the fabricated reactor. After the addition of catalyst, the reaction mixture was stirred for 20 min to adsorb
dye and reached an equilibrium condition. Then, the photocatalytic study was performed under UV–visible light
irradiation. Furthermore, MB degradation was carried out
separately in the absence and presence of E. coli to see the
interference effect. The concentration of MB was measured
at 663 nm in the UV–visible spectrometer (UV-1700, Shimadzu, Japan).

3.
3.1

Results and discussion
Materials characteristics

A TGA curve of a typical uncalcined MoO3/TiO2 composite
(2.5% MoO3/TiO2) shows a weight loss occurred in several
steps (figure 1). This indicates that the sample absorbs
temperatures to give off adsorbed H2O and NH3 that happen
through a series of intermediate steps below 350C. The
TGA curve tends to reach a flat region at 350C indicating
the formation of MoO3 over TiO2 surface [65]. A high
weight loss observed at above 750C, represents the sublimation of MoO3 from TiO2.
The crystalline phases of anatase TiO2 (A, tetragonal)
and MoO3 (O, orthorhombic) observed in the XRD patterns
of all MoO3/TiO2 composites are shown in figure 2A and
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Figure 1. TGA curve of oven-dried precursor of 2.5%
MoO3/TiO2 sample.

the patterns are well correlated with the JCPDS files (01071-1167 and 00-005-0506), respectively. Although peak
intensity of MoO3 phase starts growing even at lower
loadings, in the case of 2.5% MoO3/TiO2 sample, it is not
well grown and relatively very much less intense than that
of TiO2. Moreover, it is clearly observed that all the titania
phase intensities are decreased and the molybdena phase
intensities are increased when MoO3 concentration increases, which confirms the formation of crystalline MoO3
phase on the titania surface.
Figure 2B displays the FTIR spectra of MoO3/TiO2
composites and their spectral band assignments are furnished in supplementary table S1, supporting information.
All samples show the band at 3692 cm-1 which ascribed to
O–H stretching vibration of surface hydroxyls groups,
whereas band observed between 3600 and 2700 cm-1 is due
to O–H stretching of physisorbed water and its H–O–H
bending mode noticed at 1628 cm-1. TiO2 sample exhibits
distinct Ti–O bond vibration at 925 cm-1, whereas bulk
MoO3 sample shows Mo–O vibrations at 1887 and 1927
cm-1. Apart from these vibration bands, the dominating
mono-oxo O=Mo(–O–Ti)3 stretching units vibrate at 1004
cm-1 and the splitting bands are in the range of 985–950
cm-1 that represent the stable dioxo (O=)2Mo(–O–Ti)2
species in the monolayer formed over the TiO2 support. The
mono-oxo Mo=O oxide species stretching at 1004 cm-1
give rise to an over tone at 1960 cm-1 for 5 wt% MoO3/
TiO2 and above 5 wt% MoO3/TiO2 samples. The bands
observed at 950–985 and 1004 cm-1 are strongly attribute
to the Ti–O–Mo vibration and this bond formation occurs at
the interface between the MoO3 and TiO2 which leads to
narrowing of band gap of MoO3/TiO2 system. Therefore,
the electron transfer become possible from TiO2 to MoO3
under UV–visible irradiation [66]. The crystalline MoO3
content in the composites renders characteristic bands at
1927 and 1887 cm-1 at higher MoO3 loadings ([5 wt%),
which are hesitantly emerging at lower loadings [67].
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The basic information in FTIR of the MoO3/TiO2 composites at lesser wavenumbers is much evidently resolved in
their micro-Raman spectra shown in figure 2C and their
spectral assignments are provided in supplementary
table S2. At lower MoO3 loadings (B5 wt%), the characteristic Mo=O asymmetric stretching band at 995 cm-1
[68,69] appears with very lesser intensities, in addition to
the consistent broad band at 940–990 cm-1, which is due to
the surface molybdate structures [64]. Moreover, these
bands affirm the formation of monolayer over TiO2 surface
at lower MoO3 loadings, which is in correlation with the
FTIR results (cf. figure 1II). Zhu et al [52] and Hu et al [70]
also demonstrated that the monolayer coverage prevails up
to 6–7 wt% MoO3 loadings in TiO2. Furthermore, a slight
blue-shift in the 940–990 cm-1 band at C5 wt% MoO3
loadings is observed due to the more aggregated polymolybdate structures before the completion of monolayer
coverage [64]. At higher loadings ([5 wt% of MoO3 in
TiO2), two prominent bands at 667 and 473 cm-1 representing O–Mo–O vibrations are observed [68], along with
the presence of 819 and 995 cm-1 bands. Therefore, FTIR
and Raman analyses emphasize the formation of surface
interaction of molybdate species within the monolayer at
lower loadings of MoO3 in TiO2 and of crystalline MoO3
with higher loadings. The UV–visible spectra of the MoO3/
TiO2 samples measured in reflectance mode are depicted in
figure 2D. Pure TiO2 absorbs mostly in the UV region at
wavelength below 400 nm (spectrum (a), figure 2D) and
MoO3 shows visible absorption below 435 nm (spectrum
(f), figure 2D). In case of MoO3/TiO2 composites, all the
materials absorbed higher wavelengths with inclined trends
obtaining an appreciable red shift in threshold absorption.
Visible absorptions induced in the MoO3-modified TiO2
samples help in increasing the photocatalytic yield when
exposed under UV–visible irradiation.
The XPS spectrum of 5% MoO3/TiO2 composites was
analysed after deconvoluting for Gaussian fitting with C1s
correction at 284.6 eV. The deconvoluted Ti-2p, Mo-3d and
O-1s XPS spectra of 5% MoO3/TiO2 sample are depicted in
figure 3a–c. The corresponding binding energies shown in
figure 3a and b indicate peaks at 459.90 and 465.61 eV for
2P3/2 and 2P1/2 confirming for the oxidation state of Ti ?4.
Whereas Mo 3d peaks found at 230.05 and 231.36 eV
ascribed to 3d5/2 for the oxidation states of ?5 and ?6,
respectively. Similarly, Mo 3d3/2 peaks are observed at
233.22 and 234.47 eV for the oxidation states of ?5 and
?6, respectively. Existence of both ?5 and ?6 oxidation
states of Mo in TiO2 support strongly indicates that there is
a strong interaction between MoO3 and TiO2, which creates
heterojunction (Ti–O-Mo) to favour the photocatalytic
activity. This heterojunction (Ti–O–Mo) is very well supported by the vibration band found at 950 cm-1 in the FTIR
spectra of MoO3/TiO2 (cf. figure 2B). The O-1s core level
spectrum shown in the figure 3c infers the presence of lattice oxygen and surface hydroxyl oxygen. Additionally, the
bright field (BF) TEM image of 5% MoO3/TiO2 sample
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Figure 2. (A) XRD, (B) FTIR, (C) Raman and (D) UV–visible spectra for (a) TiO2, (b) 2.5% MoO3/TiO2, (c) 5% MoO3/TiO2,
(d) 7.5% MoO3/TiO2, (e) 10% MoO3/TiO2 and (f) MoO3.

shown in figure 4a indicates the particle size of MoO3/TiO2
composites ranging from 20 to 50 nm. Furthermore, the
selective area diffraction pattern (SAED) (figure 4b) corresponding to the BF-TEM image of figure 4a confirms the
formation of MoO3 and TiO2 composites.
3.2

Photocatalytic activity

Figure 5 displays the photocatalytic activity of MoO3/TiO2
composites tested against E. coli in water under UV and
UV–visible irradiation conditions. The figure demonstrates
the survived E. coli cells (CFU ml-1) determined at regular
intervals of irradiation time. A similar trend of activity is
observed under both the irradiation conditions, however, the
activity is found to be much faster under UV–visible irradiation (figure 5B) than the UV-irradiation (figure 5A).
Meantime, we also performed blank experiments without

photocatalyst under UV and UV–visible irradiation that
revealed no destruction of E. coli. From figure 5, it is
observed that the photocatalytic activity of pure MoO3 is
very poor (f, figure 5A). It shows only *4 and *6-log
reductions at 60 min of UV and UV–visible irradiations,
respectively (f, figure 5A). On the other hand, TiO2 is
generally catalytically inactive in oxidizing the organic
materials in the absence of light [52]. However, the UVactivated TiO2 obviously shows a slightly better photocatalytic activity than pure MoO3 under UV light. Conversely,
pure MoO3 shows better activity than TiO2 under UV–
visible irradiation since it is visibly active as shown in curve
(f) of figure 5B. Overall obtained results suggest that titania
and molybdena, in their pure forms, are not efficient enough
for water disinfection applications as they are unable to
destruct the bacteria completely even after 60 min under
both irradiation conditions.
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Figure 4. (a) TEM micrograph and (b) corresponding SAED
pattern of 5% MoO3/TiO2 sample.

Figure 3. (a) Ti 2p, (b) Mo 3d and (c) O1s XPS spectra of 5%
MoO3/TiO2 sample.

The MoO3/TiO2 composites destruct the bacteria far
better than their unmodified counterparts did in either irradiation conditions. It is evident from figure 5A and B that
all the MoO3/TiO2 composites are riotously active in
destructing E. coli during the initial period of irradiation,
and the activity retards subsequently at longer time intervals. This is much clearly attested by the log reduction

values; under UV irradiation, the 5% MoO3/TiO2 composites destruct E. coli with a 4-log reduction in the first 10 min
and only *3-log reduction in subsequent 20 min of exposure. This is due to the ready attack of the photocatalytically
generated reactive oxygen species (O2-, •OH, H2O2) on the
abundantly available bacterial cells initially and as the time
goes on, the number of available survival bacterial cells
reduces as well as the organic material of the damaged cells
forms a biofilm on the catalyst surface that blocks the active
sites and thereby reduces the activity. The enhanced activity
of the MoO3/TiO2 composites is obviously due to the
interaction of MoO3 species on the TiO2 surface. The
temperature program reduction (TPR) studies made by Zhu
et al [70] suggest that MoO3-modified anatase titania surface consists of reduced molybdena species (Mo6? Mo4?)
existing in octahedral coordination state. The presence of
molybdena species on the titania surface is also well
established in our Raman studies (cf. figure 2C) by the
presence of the broad band centred at around 969 cm-1
[70].
It is known that the surface properties of a metal oxide
depend on the distribution, concentration and nature of the
hydroxyl groups. The hydroxyl groups attached to a metal
oxide system often represent Brønsted acidity and therefore,
they play an important role in catalytic reaction as the
Brønsted acid sites are the active sites for anchoring or
immobilizing the chemically active species. In the present
MoO3/TiO2 composites, the interaction between TiO2 and
MoO3 generates hydroxyl groups, which are directly related
to the Brønsted acid sites those subsequently confer radical
changes in the photocatalytic activity. To confirm the active
Brønsted acid sites in the MoO3/TiO2 composites, FTIR
spectra of pyridine-adsorbed MoO3/TiO2 composites were
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Figure 5. Photocatalytic activity of MoO3/TiO2 composites
against E. coli under (A) UV irradiation and (B) UV–visible
irradiation.

measured and are shown in figure 6A. The bands corresponding to various Lewis (L) and Brønsted (B) acid sites
are marked with their respective wavenumbers. The peaks
at 1634 and 1536 cm-1 are corresponding to surface
Brønsted acid sites and the peaks at 1607and 1448 cm-1 are
corresponding to Lewis acid sites [70]. In case of pure TiO2,
the peaks for Brønsted acidity are unclear, but those for
Lewis acidity are very prominent. However, MoO3/TiO2
composites bring significant changes in their Brønsted
acidity, resulting in a high photocatalytic activity. It is well
noticed that both the peak intensity ratios of Brønsted to
Lewis acidity (B/L) and the photocatalytic activity increase
with increasing MoO3 loading concentration from 0 to 5
wt% and then, it decreases with further loading concentration (figure 6B). The correlation between the Brønsted
acidity and the photocatalytic activity of MoO3/TiO2 suggests that the Brønsted acid sites of catalyst drag the negatively charged E. coli that led to adsorb more E. coli on
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the sample’s surface facilitating a high photocatalytic
activity. A clear demonstration on the adsorption of E. coli
on the Brønsted acid sites of the catalyst surface is
schematically demonstrated in figure 6C.
The enhanced photocatalytic activity of MoO3/TiO2
composites is further supported with the determination of
photocatalytically generated OH radicals in figure 7A and
B. The peak intensity at 425 nm in the PL spectra obtained
for the conversion of terephthalic acid into 2-hydroxy
terephthalic acid on the MoO3, TiO2 and 5% MoO3/TiO2
composites under UV and UV–visible irradiation gives
directly the concentration of OH radicals. Interestingly, the
PL intensity is highly increased for 5% MoO3/TiO2 composites than pure MoO3 and TiO2 samples. In this condition,
terepthalic acid reacts with OH radicals formed by photocatalysis to yield 2-hydroxy terepthalic acid. This 2-hydroxy terepthalic acid obtained for all samples gives
fluorescent peak at 425 nm upon excitation at 315 nm. This
suggests that OH radicals are responsible for the enhanced
photocatalytic activity, which is also supported by the
excellent correlations between OH radical concentration
and destruction of E. coli observed by Cho et al [21]. The
other possible reason for the high photocatalytic activity of
MoO3/TiO2 composites is based on the heterojunction
formed between TiO2 and MoO3, which suppresses the
charge carrier recombination. When the MoO3/TiO2 is
excited by the external irradiation, the photocatalytically
generated electrons from TiO2 valence band are easily
transferred to the MoO3 conduction band [71] because the
band gap energy between valence band of TiO2 and conduction band of MoO3 is smaller (2.6 eV) than that of
individual oxides, 3.2 and 2.9 eV, respectively (figure 7C).
These photocatalytically generated charge carriers proportionately help to produce the OH radicals that subsequently
destruct the bacteria [72].
In our previous study [38], we have examined the photocatalytic activity of TiO2 catalysts by adding V2O5 under
similar irradiation conditions used in this work. It is
observed that the V2O5/TiO2 composites show an increasing
photocatalytic activity with increasing vanadia concentration on TiO2 and achieve a high photocatalytic activity for
10% loading of V2O5 in TiO2, whereas the MoO3/TiO2
composites in this study show the maximum photocatalytic
activity at a low concentration of 5% MoO3 loading in
TiO2. 5% MoO3/TiO2 composites destruct E. coli completely (7 log reduction) only in 30 min and 15 min under
UV and UV–visible irradiations, respectively, whereas the
V2O5/TiO2 composites take 30 min for the same, under both
the irradiation conditions. Moreover, V2O5/TiO2 composites are not effective in UV–visible irradiation as the MoO3/
TiO2 composites do in UV irradiation alone. Furthermore,
while comparing the photocatalytic E. coli destruction of
5% MoO3/TiO2 with 24% ZnO/TiO2 [73], both the samples
show the complete destruction of E. coli (7 log reduction) at
30 min under UV, whereas at 15 min under UV–visible
irradiation. But the difference is the loading concentration
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Figure 6. (A) Pyridine-adsorbed FTIR spectroscopy of (a) TiO2, (b) 2.5% MoO3/TiO2, (c) 5% MoO3/TiO2,
(d) 7.5% MoO3/TiO2, and (e) 10% MoO3/TiO2. (B) Variation of B/L ratio and catalytic activity (log reductions of
E. coli) at 20 min of irradiation under UV–visible light with different MoO3 loading concentration in MoO3/TiO2
composites. (C) Schematic representation for E. coli adsorption on surface Brønsted acid sites of catalyst.

of MoO3 and ZnO in TiO2. While considering 5% MoO3/
TiO2 and 6% ZnO/TiO2, former is better than later as 6%
ZnO/TiO2 destructs E. coli completely with 7 log reduction
at 30 min and 60 min under UV irradiation, whereas the
same is achieved within 15 and 45 min for 5% MoO3/TiO2
under UV–visible irradiation. The above comparative
observations suggest that the MoO3/TiO2 composites are
better than ZnO/TiO2 and V2O5/TiO2 composites. Therefore, 5% MoO3/TiO2 composites investigated in this study
are found to be more efficient in UV–visible irradiation than
in UV irradiation alone, hence, this composite is a
promising photocatalytic material for water disinfection in
UV–visible irradiation.
On the other hand, water contains more than one pollutant; it is essential to investigate the effect of another pollutant in water simultaneously. Since it is observed that the

MoO3/TiO2 composites reveal a better photocatalytic
activity for the destruction of E. coli under UV–visible
irradiation than UV alone, the photocatalytic degradation of
MB in water was explored only under UV–visible irradiation and their results are depicted in figure 8A. It is
observed that among all MoO3/TiO2 composites, interestingly 5% MoO3/TiO2 shows high photocatalytic degradation activity. The photocatalytic activity of MoO3/TiO2
series increases with increase in the concentration of MoO3
up to 5 wt%, and thereafter, it decreases with further
loading of MoO3. A similar trend has also been observed in
the case of E. coli destruction (cf. figures 5 and 6) and
hence, the explanations given for E. coli destruction can
also be extended to MB destruction. It has been reported that
[95% degradation of 20 ppm MB over TiO2 and 99%
degradation by Ag–TiO2 with catalyst dose of 2 g l-1 at
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Figure 7. Photoluminescence spectra of 2-hydroxy terepthalic acid obtained for (a) TiO2, (b) MoO3 and
(c) MoO3/TiO2 under (A) UV irradiation, (B) UV–visible irradiation and (C) Photocatalytic degradation mechanism
of MoO3/TiO2 under light irradiation.

180 min, are achieved under UV irradiation [74]. But in the
present study, 99% of degradation of 20 ppm MB is
achieved with a very low catalyst dose of 0.6 g l-1 in the
less time of 20 min using 5% MoO3/TiO2 sample (figure 7I)
under UV–visible irradiation. This observation suggests that
5% MoO3/TiO2 can be a better choice material to degrade
MB because it performs well with low catalyst dose in less
time.
Akpan et al [75] have reviewed various parameters that
affects the photocatalytic degradation of dyes using TiO2based photocatalysts. Since the photocatalytic activity is
affected by the interference of one pollutant over other, the
photocatalytic degradation of MB was carried out in the
absence and presence of E. coli in aqueous medium under
UV–visible irradiation for 5% MoO3/TiO2 sample and its
photocatalytic activities are shown in figure 8B and C,
respectively. These figures show a prominent peak at 663
nm wavelength corresponding to MB. The intensity of the
peak decreases (from its initial concentration of 20 ppm)
with progressive irradiation time from 0 to 20 min. During
initial irradiation time from 0 to 5 min, the peak intensity is
drastically reduced that indicates a high degradation of MB
due to the attack of photocatalytically generated reactive
oxygen species and after 5 min, the peak intensity is
gradually decreased up to 15 min. The plots representing
degradation percentage of MB against various intervals of
irradiation time are provided in the insets of figure 8B and

C, respectively. To quantify the differences in absence and
presence of E. coli on MB degradation, the insets of
figure 8B and C have been plotted together and the same is
shown in figure 8D. It reveals that the photocatalytic
degradation of MB is inhibited by E. coli by means of
competitiveness. The difference of 11 and 9% MB degradation is found at 5 and 10 min irradiation times, respectively. However, at 15 and 20 min irradiations, the
difference is almost negligible. These results demonstrate
that a high MB degradation is achieved at 15 min irradiation
time even in the presence of E. coli.
To understand the effect of MB on E. coli destruction for
5% MoO3/TiO2 sample, the concentration of survival
E. coli is determined at various intervals of irradiation time
in the absence and presence of MB and those results are
shown in the inset of figure 8D. The corresponding pictures
representing number of survival E. coli colonies are also
displayed in figure 8E. The results reveal that the E. coli
destruction in the absence and presence of MB is same up to
10 min irradiation and thereafter its scenario is changed.
The complete destruction of E. coli is found at 15 min in
absence of MB, whereas in the presence of MB, complete
destruction is not observed till some survival colonies are
found (figure 8E). The remaining colonies are then completely destructed at 20 min irradiation. Taken as a whole,
the above results imply that the photocatalytic activity of
5% MoO3/TiO2 is affected marginally by mutual
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Figure 8. (A) Photocatalytic degradation of methylene blue (MB) of MoO3/TiO2 composites with varying MoO3
loading concentrations for 10 min under UV–visible irradiation. Photocatalytic degradation of MB by 5% MoO3/TiO2
under UV–visible irradiation at various times, (B) in the absence of E. coli and (C) in the presence of E. coli.
(D) Comparative photocatalytic degradation of MB by 5% MoO3/TiO2 in the absence and presence of E. coli. Inset of
D shows comparative photocatalytic degradation of E. coli by 5% MoO3/TiO2 in the absence and presence of MB
under UV–visible irradiation at various times. (E) Photographic plates showing the survival bacteria after
photocatalytic activity of 5% MoO3/TiO2 under different UV–visible irradiation times in the absence and presence of
MB.

interference of MB and E. coli. Therefore, 5% MoO3/TiO2
is effective for simultaneous eradication of E. coli and MB
in water under UV–visible irradiation condition. Bhattacharyya et al [76] studied the photocatalytic degradation
of Rh-B with Mo-doped TiO2 system (with varying

concentrations of MoO3 from 1 to 10%). They observed the
following trend for photocatalytic degradation of Rh-B:
Mo-1\Mo-2\Mo-5[[Mo-10, which indicates that with
5% MoO3 on TiO2, a high photocatalytic activity is
achieved by using 400 W medium pressure Hg lamp. This
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Table 1. Spectral assignments of FTIR bands of MoO3/TiO2
composites.
Band position (cm-1)
3692
3600–2700
1960
1927
1887
1628
1004
985–950

Spectral assignment
O–H stretching vibration of
surface hydroxyls groups
O–H stretching of physisorbed
water
Mo=O overtone
Bulk MoO3
Bulk MoO3
H–O–H bending of physisorbed
water
Mo=O stretching (O=Mo(–O–Ti)3
vibration)
symm. and anti-symm. vibrations
of dioxo (O=)2Mo(–O–Ti) species

Table 2. Spectral assignments of Raman bands of MoO3/TiO2
composites.
Band position (cm-1)
144
194
197
217
246
290
336
378
398
473
518
639
667
821
940–990
995

Spectral assignment
Eg (TiO2)
Eg (TiO2)
B2g, s O=Mo=O twist
Ag, rotational rigid MoO4 chain
mode, Rc
B3g, s O=Mo=O twist
B3g, d O=Mo=O wagging
Ag , B1g, d O–Mo–O bend
B1g (MoO3)
B1g (TiO2)
Ag,tas O–Mo–O stretch and bend
B1g (TiO2)
Eg (TiO2)
B2g , B3g, tas O–Mo–O stretch
Ag, ts stretch of terminal Mo–O–
Mo
Terminal stretching mode of
surface molybdate species
Ag, tas stretch of terminal Mo=O

result is very well correlating with the results obtained in
our study for both discrete and simultaneous photocatalytic
destructions of E. coli and degradation of MB in water
under low intensity UV–visible (8W UV ? 8W visible)
light irradiation with comparatively less time for the 5%
MoO3/TiO2 composites.

4.

Conclusion

In summary, the MoO3/TiO2 composites were synthesized
successfully via the wet impregnation method. These
composites exhibit significant photocatalytic activity
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towards the discrete and simultaneous E. coli destruction
and MB degradation in water. XRD and Raman spectroscopic studies confirm the dispersion of molybdenum species on TiO2. UV–visible spectroscopy shows red shift in
the absorption wavelengths of these composites. XPS confirm the presence of Mo and Ti in ?6 and ?4 electronic
states, respectively. TEM studies display that the MoO3 is
dispersed in TiO2 and the particle sizes are about 20–50 nm.
The photocatalytic results indicate that the MoO3/TiO2
composites destruct the bacteria significantly at higher rates
than the unmodified TiO2 and pure MoO3. Particularly, the
rate of degradation of E. coli using these composites is
higher in UV–visible than that under UV irradiation. 5%
MoO3/TiO2 sample exhibits improved photocatalytic
activity for the simultaneous E. coli destruction and MB
degradation under UV–visible irradiation. Brønsted acidity
and concentration of OH radicals increase with the increase
in MoO3 concentration on TiO2, which becomes the influencing factor to achieve the improved photocatalytic
activity of MoO3/TiO2 composites. These observations
imply that 5% MoO3/TiO2 composite could be a better
photocatalytic material for the simultaneous destruction of
E. coli and degradation of MB in water under UV–visible
irradiation. Consequently, MoO3/TiO2 composites provide a
scope for the eradication of multi-toxins/pollutants present
in water (tables 1 and 2).

Acknowledgements
We would like to thank SERB, New Delhi, for the financial
support under EMEQ Scheme vide file no. SB/EMEQ-198/
2014.

References
[1] Regnery J L, Barringer J, Wing A D, Hoppe-Jones C,
Teerlink J and Drewes J E 2015 Chemosphere 127 136
[2] Lapworth D J, Baran N, Stuart M E and Ward R S 2012
Environ. Pollut. 163 287
[3] Kubacka A, Fernández-Garcı́a M and Colón G 2012 Chem.
Rev. 112 1555
[4] Fujishima A and Honda K 1972 Nature 238 37
[5] Hoffmann M R, Martin S T, Choi W and Bahnemann D W
1995 Chem. Rev. 95 69
[6] Mills A and Hunte S L 1997 J. Photochem. Photobiol. A 108
1
[7] Gambhire A B, Lande M K, Arbad B R, Rathod S R, Gholap
R S and Patil K R 2011 Mater. Chem. Phys. 125 807
[8] Gambhire A B, Lande M K, Kalokhe S B, Shirsat M D, Patil
K R, Gholap R S et al 2008 Mater. Chem. Phys. 112 719
[9] Navgire M E, Lande M K, Gambhire A B, Rathod S B,
Aware D V and Bhitre S R 2011 Bull. Mater. Sci. 34 535
[10] Lee S C, Lintang H O and Yuliati L 2017 Beilstein J.
Nanotechnol. 8 915

167

Page 12 of 12

[11] Luo C, Ren X, Dai Z, Zhang Y, Qi X and Pan C 2017 ACS
Appl. Mater. Interfaces 9 23265
[12] Fu F Y, Shown I, Li C S, Raghunath P, Lin T Y, Billo T et al
2019 ACS Appl. Mater. Interfaces 11 2518
[13] Smith W, Wolcott A, Fitzmorris R C, Zhang J Z and Zhao Y
2011 J. Mater. Chem. 21 10792
[14] Leshuk T, Parviz R, Evertett P, Krishnakumar H, Varin R A
and Gu F 2013 ACS Appl. Mater. Interfaces 5 1892
[15] Munir S, Dionysiou D D, Khan S B, Shah S M Adhikari B
and Shah A 2015 J. Photochem. Photobiol. 148 209
[16] Skorb E V, Antonouskaya L I, Belyasova N A, Shchukin D
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