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Abstract Highly active Cr-doped, Ni-doped and Mo-doped TiO, photocatalysts
were synthesized by a sol-gel method. The synthesized catalysts were characterized
by UV-DRS, BET, XRD, FE-SEM-EDS, TEM and XPS. Metal doping decreased
the band gap of TiO, to 2.83 eV for Mo-doped TiO, and Ni-doped TiO,. The
activity of the synthesized photocatalysts was evaluated by studying the degradation
of MB as a model pollutant under both UV and solar irradiation. The Mo/TiO,
catalyst achieved 98% degradation under solar light within 120 min. The activity of
the catalysts was in the order Ni-doped TiO, < Cr-doped TiO, < TiO, < Mo-
doped TiO,. The optimum activity was found at a loading of 1.5 g/L. of Mo-doped
TiO, under both UV and solar irradiation. The degradation was rapid at pH > 7 and
followed pseudo-first order kinetics. Degradation by-products were analyzed on
HR-LCMS and a mechanism is proposed.
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Introduction

Contamination of water with hazardous chemicals is a serious concern for the
environment as well as for human health. Many of these chemical contaminants are
non-biodegradable, highly toxic, possess complex chemical structures and are
recalcitrant to conventional water treatment processes. Dyes are one such class of
pollutants found commonly in the effluents of plastic, paper, textile, cosmetics and
several other chemical industries [1]. The textile industry generates large amounts
of dye-containing effluents during processing [2]. The release of such polluted water
into the ecosystem causes soil contamination and becomes a threat to aquatic life
[3]. Therefore, treatment of these effluents before its release into the environment is
very important. Several physical, chemical and biological processes, which include
coagulation, adsorption, filtration, hydrogen peroxide addition, reverse osmosis,
electrochemical oxidation, biodegradation, ozonation, etc., are reported to remove
dye pollutants [2-10]. However, most of these methods suffer from certain
limitations. For example, coagulation transforms the pollutants from one phase to an
other rather than removing them. Chlorination results in the formation of complex
compounds like haloacetic acid and trihalomethane, which are potentially carcino-
genic. Adsorption concentrates dye solutions that need to be subsequently treated.
Dyes foul reverse osmosis/nanofiltration membranes limiting membrane life. Most
dyes do not undergo biological degradation and remain undegraded. Advanced
oxidation processes such as the use of hydrogen peroxide, ozonation or electro-
chemical oxidation can potentially mineralize dyes, but are expensive. Ozone is a
respiratory irritant and ground-level ozone pollution from unreacted ozonolysis is a
major health hazard [11].

Among advanced oxidation processes, photocatalysis is receiving increasing
attention due to its distinct advantages over conventional water treatment processes.
Semiconductor photocatalysis using TiO, has shown a great potential to remove a
wide range of chemical and microbial pollutants. TiO, only absorbs in the UV
region (band gap: 3.2 eV). For a green process, minimum energy needs to be
expended, and therefore solar light becomes the primary photo-energy source. In
solar radiation, only about 5% of the total energy is in the UV region, while the
majority of solar insolation is in the visible wavelengths. A catalyst can be made to
absorb visible light by decreasing its band gap. Therefore, the scientific community
has focused their attention towards visible light photocatalysis [12—15]. Visible light
absorption of TiO, has been enhanced by doping the TiO,. Several transition metal
ions have been investigated as dopants in earlier reports [16-21]. It is observed that
the photocatalytic properties of TiO, are governed by different locations of the
dopants in the host matrix [22].

Doping TiO, with Fe’", Mo’", Ru*", Os>", Re’", Cr’f, Ni*", etc. at
concentrations of 0.1-0.5 wt% significantly increased the photocatalytic activity
[23]. Mo " doping results in a more compact surface with larger surface
fluctuations, charge carrier recombination rates and interfacial electron transfer
rates, which are beneficial for the absorption of dye molecules [24]. Mo-doped TiO,
enhances the photocatalytic activity by increasing the surface acidity as well the
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oxygen vacancies [25-27]. Doping TiO, with Cr narrows the band gap resulting in
absorption of light in the visible part of the spectrum, which enhances the
photocatalytic degradation of MB dye [20, 28]. Cr-doping increases the temperature
of transition of anatase phase TiO, to rutile phase [29]. Among the various transition
metals, Ni*" appears to be a more efficient dopant for TiO,. Doping with Ni
promotes the lowering of the band gap, enhancing visible light absorption [16]. Ni/
TiO, exhibits several advantages with respect to uniform particle size, well-defined
morphology, crystal structure, and particle size for photocatalysis [30].

The present study aimed to synthesize Cr’™-, Mo "- and Ni*"-doped TiO,
catalysts with a lower band gap to shift the absorption edge towards the visible
region and enhance the photocatalytic potential of TiO,. The synthesized catalysts
were characterized for crystallinity, band gap, surface area, morphology, elemental
composition, and particle size. The activity of the doped catalysts was studied for
photocatalytic degradation using methylene blue (MB) as a model substrate under
both UV and sunlight. The effect of the type of dopant, catalyst concentration, pH
and temperature on the photocatalytic rate was investigated. The degradation
byproducts were analyzed using high-resolution liquid chromatography—mass
spectroscopy (HR-LCMS), and a possible mechanism of degradation was deduced.
The degradation kinetics was studied using the first-order rate law. The novelty of
this work is that the catalyst synthesized with only 0.9 wt% Mo/TiO, is extremely
active, giving complete degradation of MB dye under UV and solar light within 60
and 120 min, respectively.

Materials and methods
Materials

Titanium precursor (titanium (IV) n-butoxide, 99% pure) was procured from Alfa
Aesar (UK). Molybdenum (V) chloride (95% pure) was obtained from Sigma
Aldrich (USA). Nickel (IT) nitrate hexahydrate (extrapure), chromium (III) nitrate
nonahydrate (98% pure, HPLC grade), ethanol (99.9% pure, AR grade), and nitric
acid (69-72%) were purchased from S.D. Fine-Chem, Mumbai, India. MB (98%
pure) was procured from Bombay Chemicals, India. Deionized (DI) water was
obtained locally from the Millipore Milli-Q system.

Catalyst synthesis

Sol-gel synthesis of TiO,, Ct/TiO,, Mo/TiO,, and Ni/TiO, was carried out using a
stoichiometric amount of the precursor of titanium and corresponding metals
[20, 21, 31, 32].

Titanium n-butoxide dissolved in absolute ethanol and distilled water was added
to the solution (Ti:H,O = 1:4 mol basis). The solution was vigorously stirred for
30 min in order to form a sol. After ageing for 24 h, the sol transformed into a gel,
which was dried at 120 °C for 2 h and then sintered at 450 °C for 2 h to give TiO,.
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An amount of 62.4 mg of chromium nitrate nonahydrate dissolved in 20 ml of
ethanol was added dropwise to a solution of titanium n-butoxide in ethanol (20%
v/v). The solution thus obtained was stirred for 2 h and aged at room temperature
for 12 h to give a gel, which was dried at 80 °C for 12 h and then calcined in a
furnace at 500 °C in air for 3 h giving Cr-doped TiO,.

An amount of 10.5 mg of MoCls was dissolved in a solution of 1.5 ml deionized
water, 10 ml absolute ethanol and 0.1 ml 70% nitric acid. This solution was added
dropwise to a mixture containing 5 ml titanium n-butoxide and 20 ml absolute
ethanol. The solution thus obtained was stirred for 2-3 h and aged at room
temperature for 9—10 h to give a gel, which was dried at 70 °C and then calcined in
a furnace at 500 °C in air for 2 h giving Mo-doped TiO,.

An amount of 5.18 mg of Ni(NO3);-6H,0O was dissolved in 3.6 ml deionized
water, 5 ml absolute ethanol and 1 ml 70% nitric acid. This solution was added
dropwise to a mixture containing 17 ml titanium n-butoxide and 40 ml absolute
ethanol. The solution thus obtained was stirred for 2-3 h and aged at room
temperature for 9—10 h to give a gel, which was dried at 80 °C and then calcined in
a furnace at 500 °C in air for 3 h giving Ni-doped TiO,.

Catalyst characterization

The synthesized catalysts were characterized for their crystal structure by a powder
X-Ray diffractometer (Bruker D8 Advance, USA) with a Cu K, source at a scan rate
of 0.1° s~'. The crystal planes were assigning by comparison with the standard
JCPDS database. The crystallite size was calculated from the peak broadening at
full width half maximum (FWHM) intensity using the Debye—Scherrer equation.
UV-visible diffuse reflectance spectroscopy (Perkin Elmer Lambda-950UV-visible-
near infrared spectrometer, USA) was used to estimate the band gap of the
synthesized catalysts. Surface area and pore size analysis of the catalyst was
estimated from nitrogen adsorption—desorption isotherms using BET apparatus
(Micromeritics ASAP-2020 instrument, USA). Inductively coupled plasma—atomic
emission spectrometry (ARCOS, Simultaneous ICP Spectromete;, SPECTRO
Analytical Instruments, Germany) was used to confirm the amount of dopant.
Scanning electron microscope (SEM; JEOL, JSM-7600F, Japan) was also used to
identify the morphology of MO/TiO, and its elemental composition. High-
resolution transmission electron microscopy (PHILIPS CM200, Japan) of MO/TiO,
was used to image the crystallite features of the catalyst. X-ray photoelectron
spectroscopy was conducted in ESCA lab IITB, using an AXIS Supra (Kratos
Analytical, UK).

Photocatalytic degradation studies

UV light-assisted photocatalytic degradation experiments were carried out in a
batch photocatalytic reactor. A high-pressure mercury vapor lamp (125 W; Philips,
India), emitting predominantly at 365 nm (UV-A) was used as a photon source. An
open borosilicate glass beaker of 250 ml capacity placed on a magnetic stirrer for
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homogeneous mixing was used as the reactor. A detailed description of the reactor
setup is described elsewhere [33].

Solar light-assisted photocatalytic degradation experiments were carried out in an
open atmosphere where direct sunlight was available. The visible light photocat-
alytic degradation was performed between 1100 and 1400 hours (Indian Standard
Time 45:30 h UTC). The maximum solar light intensity was measured using a
Luxmeter (Cetpar, India) and found to be 970 W/m?.

An amount of 100 ml of a dye solution of the desired concentration was obtained
by diluting 1000 ppm stock solution which was charged in the reactor. A specific
amount of catalyst was charged and the suspension was stirred for 20 min in the
dark to attain adsorption equilibrium and subjected to UV or solar irradiation.
Samples were collected every 10 min for analysis. The samples were centrifuged to
isolate the catalyst, and the concentration of the solution was then obtained from the
absorbance at A, = 665 nm. All experiments were repeated at least three times
and the mean value is reported along with the standard deviation. The % dye
degraded was estimated using Eq. 1, where, Cy is the initial concentration of dye
and C is the concentration of the dye after irradiation time, ¢.

% dye degraded = % x 100 (1)
0
Degradation byproducts were analyzed using LCMS (G6550A HiP sampler with
Dual AJS ESI MS IT PDA detectors; Varian, USA) equipped with a Zorbax Eclipse
XDB-C18 column (narrow-bore 2.1 x 150 mm, pore size 5 pum), with a mixture of
methanol and water (30:70 v/v) as mobile phase.

Results and discussion
Catalysts characterization

XRD spectra of the sol-gel-synthesized TiO,, Mo/TiO,, C1/TiO,, and Ni/TiO, are
shown in Fig. 1. Prominent peaks of anatase phase can be observed for each catalyst
and were indexed with reference to the standard powder diffraction pattern (JCPDS
21-1272). The intensities and positions of the peaks were in perfect agreement with
the literature values [18, 34]. In addition to anatase, a few low-intensity peaks of the
rutile phase were also observed at 27.4° and 42.2°, attributed to the (110) and (200)
rutile diffraction planes, respectively, in the spectra of Mo/TiO, and Ni/TiO,
(JCPDS 21-1276). XRD spectra of TiO, and Cr/TiO, only showed prominent peaks
of the anatase phase. The amounts of anatase and rutile phases in the catalysts were
estimated from the peak intensities of the XRD spectra of TiO,, Mo/TiO,, Cr/TiO,,
and Ni/TiO,. Mo-doped TiO, contained 71.4% anatase and 28.57% rutile, while, in
Ni-doped TiO,, 75.2% anatase and 24.72% rutile phase was observed, and 100%
anatase phase was observed in TiO, and Cr/TiO,. The phase transition temperature
of anatase to rutile in TiO, is approximately 600 °C [35]. The presence of Cr in the
TiO, matrix increases the anatase—rutile transition temperature to above 600 °C
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Fig. 1 XRD spectra of TiO,, Cr/TiO,, Mo/TiO, and Ni/TiO, catalysts

[29], while the TiO, and Cr/TiO, catalysts were calcined to only 500 °C; hence, the
rutile phase was not observed. The characteristic peaks of chromium, molybdenum
and nickel were not observed in either of the diffraction patterns, which strongly
indicated that the dopant ions were substituted in the TiO, matrix [18, 20, 31]. The
crystallite sizes of the synthesized catalysts were calculated using the Debye—
Scherrer equation, and are presented in Table 1. Cr/TiO, possessed the smallest
crystallite size (23.5 nm) followed by Mo/TiO, (28.2 nm) and Ni/TiO, (33.4 nm).

The kinetics of the anatase to rutile transition are also affected by metal dopants,
which can retard or intensify the phase transition from anatase to rutile [35].
Anatase to rutile transitions are affected in different ways based on the nature of the
dopants and the way the dopants have been incorporated in the TiO, lattice. In a
substitutional solid solution, the dopants substitute atoms in the anatase lattice
influencing oxygen vacancies, thereby promoting or inhibiting the transformation to
rutile. In an interstitial solid solution, lattice constraints result in stabilization or
destabilization, depending on the size, valence, and content effects, again promoting
or inhibiting the transformation. In the case of a solid solution, if the solubility limit

Table 1 Material properties of the synthesized catalysts

Catalyst  Crystallite size Band gap BET (m%  Pore volume (cm?/ Avg. pore diameter
(nm) (eV) g) Q) (A)
Cr/TiO, 235 3.11 23.0 0.041 72
Mo/ 28.2 2.73 62.1 0.112 72
TiO,
Ni/TiO, 334 2.71 35.5 0.053 60
TiO, 13.2 3.23 71.4 0.243 136

@ Springer



Solar light-assisted photocatalytic degradation of... 3121

of the dopant is exceeded, its precipitation may occur, facilitating phase
transformation. In Mo- and Ni-doped TiO,, the dopant ions enter the anatase
lattice and influence the level of oxygen vacancies, thereby promoting the
transformation of anatase to rutile phase below 500 °C. Cr inthe TiO, matrix also
increases the anatase—rutile transition but the necessary temperature for transition is
above 600 °C, and therefore the rutile phase was not expected in Cr-doped TiO,, as
the catalysts were calcined at only 500 °C [29, 36, 37].

Diffuse reflectance spectra of synthesized catalysts are shown in Fig. 2. The
observed spectra display the typical absorption behavior of a wide band gap
semiconductor. TiO, and Cr/TiO, exhibited the strongest absorption at lower
wavelengths corresponding to band gap energies of 3.27 and 3.11 eV, respectively,
followed by Mo/TiO, (2.73 eV) and Ni/TiO, (2.71 eV). The metal ions used in this
study had valence states differing from that of Ti (+4), resulting into an impurity
level in the band gap and creating vacancies in the oxygen sites, which in turn may
have resulted in the absorption of light in the visible spectrum
[22, 24, 27, 31, 38, 39].

BET surface area, pore volume and average pore diameter of the synthesized
catalysts are shown in Table 1. The highest specific surface areas, of 71.4 and
62.1 m*/g, were obtained with sol-gel-synthesized TiO, and Mo/TiO, photocata-
lysts, respectively, compared to 23.0 m*/g of Cr-doped TiO,, and 35.2 m*/g of Ni/
TiO,. The average pore volumes for TiO,, Cr/TiO,, Mo/TiO, and Ni/TiO, were
found to be 0.24, 0.041, 0.11 and 0.053 cm’/g, respectively. The average pore
diameter for TiO, was 136 A for Cr/TiO, and Mo/TiO, it was 72 A whereas, for
Ni/TiO,, it was found to be 60 A.

Surface morphology of the synthesized catalysts was investigated using FE-SEM
and elemental composition was obtained using EDX, as shown in Fig. 3. The
particles can be observed as spherical shaped and mostly present in the form of
aggregates (lumps). EDX spectra indicated 0.29, 0.92 and 0.81% doping of Cr, Mo
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Fig. 2 Diffuse reflectance spectra of TiO,, Cr/TiO,, Mo/TiO, and Ni/TiO, catalysts
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Fig. 3 a FE-SEM image and b EDX spectra of MO/TiO, catalyst

and Ni, respectively, in the catalysts. Further, the Mo/TiO, was also characterized
by TEM and the results are presented in Fig. 4. The crystallite size of Mo/TiO,
obtained from the TEM image (Fig. 4a) was found to be 30 nm, which was in
agreement with the crystallite size calculated from XRD. Figure 4b shows a dark
field image of diffraction rings. Analysis confirmed that the rings corresponded to
the (101), (105), (116), (211), (200) and (204) crystalline planes of the anatase as
well as the (110) plane of the rutile phase.

XPS measurements were carried out to investigate the oxidation states of the
elements in the doped catalysts. XPS survey spectra of Mo/TiO,, Cr/TiO, and Ni/
TiO, are shown in Fig. 5a—c, respectively. Carbon was used as the reference
material and its characteristic peak appeared around 285 eV in Fig. Sa—c [40]. The
peaks observed at 457.2 eV and 463 eV are attributed to Ti 2p3, and Ti 2pyp
electrons, respectively, (Fig. Sa—c) which confirmed the presence of Ti** species in
the TiO, lattice. Double peaks at 231 eV and 234.5 eV in Fig. 5a are due to Mo
3d5/2 and Mo 3d3/2 states in M04+, and double peaks at 528.5 and 530.5 due to O

Fig. 4 a TEM image and b electron diffraction pattern of Mo/TiO, catalyst
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1 sin TiO, and MoQO, were observed [41]. Each Mo atom in MoQO, is coordinated to
six oxygen atoms similar to that in rutile TiO,. Figure 5b gives the XPS spectra of
Cr-doped TiO,. Peaks located at the binding energy of 75 eV (Cr 3 s), 575.8 eV (Cr
2p32) and 586 eV (Cr 2p;,,) indicating the presence of Cr’" in the sample can be
observed. Additionally, peaks due to O 1 s in TiO, and Cr,O3 were observed at
528.4 eV and 530.4 eV, respectively [42, 43]. For reasons which are unclear, no
peaks corresponding to Ni were visible in the XPS spectra of Ni-doped TiO,. The
binding energies of Mo 3d and Cr 2p agreed with those of MoO, and Cr,03,
respectively, which, coupled with a lack of peaks for MoO, and Cr,05 in the XRD
spectra, provide evidence of the substitution of Mo and Cr in the TiO, matrix as
Mo*" and Cr’™, respectively.

Photocatalytic degradation studies

The activity of synthesized catalysts was investigated from the photocatalytic
degradation studies on MB dye as a target compound. In heterogeneous catalysis,
mass transfer limitations may hinder the study of intrinsic catalytic activity. The
effect of agitation on the photocatalytic degradation of MB was studied to ascertain
external mass transfer limitations. It was observed that any stirring speed between
300 and 700 rpm resulted in no significant change in the reaction; therefore, further
experiments were performed at 500 rpm. Intra-particle mass transfer limitations
may also play a role in affecting the discovery of intrinsic kinetics, and hence the
Weisz—Prater criterion was applied to pseudo-first-order reaction kinetics and the
value of Ny _p was found to be 6.15 x 10~° which is less than 3B (= 4.8).

For initial studies, a loading of 1 g/LL was selected based on reported
photocatalytic degradation studies. The effect of bare and doped (with Cr, Mo
and Ni) TiO, catalysts on the photocatalytic degradation of a 10-ppm MB solution
in the presence of UV light as well as sunlight was studied, as shown in Fig. 6a, b,
respectively. The results obtained in the above experiments were also compared
with control experiments, namely, dark (no light but in the presence of a catalyst)
and photolysis (no catalyst but in the presence of light). We found no significant MB
degradation in UV or visible photolysis experiments [25, 38, 44].

Among the doped catalysts, Mo/TiO, showed the highest photocatalytic activity,
and % dye degradation was observed to be 98 and 95% in the presence of UV and
visible light, respectively. % dye degradation with TiO,, Cr/TiO, and Ni/TiO,
catalysts was observed as 50, 25 and 24%, respectively, in UV light, whereas, with
visible light, the % dye degradation with TiO,, Cr/TiO, and Ni/TiO, catalysts was
observed to be 65, 52 and 48%, respectively. Anatase TiO, is a very active
photocatalyst with fast electron—hole pair generation and recombination. Rutile
phase TiO; is denser and shows slower electron-hole generation and recombination.
In mixed phase TiO,, the electron-hole recombination are slowed, further
improving carrier lifetime [45-48]. The longer the carrier lifetime, the higher is
the probability that the carriers will participate in surface reactions. Consequently, a
mixed phase catalyst is more active. Mo-doped TiO, and Ni-doped TiO, show
mixed anatase and rutile phases, whereas TiO, and Cr-doped TiO, show only the
anatase phase. The activity of Ni-doped TiO, and Mo-doped TiO,, therefore, is
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Fig. 6 Effect of metal-doped TiO, on the photocatalytic degradation of MB dye. a UV irradiation;
conditions: catalyst loading: 1 g/L, dye concentration: 10 ppm; photolysis (filled square), Mo-doped TiO,
(filled circle), Cr-doped TiO, (filled upward-pointing triangle), Ni-doped TiO, (filled downward-pointing
triangle), TiO, (open square); b solar irradiation: catalyst loading: 1 g/L, dye concentration: 10 ppm;
photolysis (filled square), Mo-doped TiO, (filled circle), Cr-doped TiO, (filled upward-pointing triangle),
Ni-doped TiO, (filled downward pointing triangle), and TiO, (open square)

expected to be higher than TiO, and Cr-doped TiO,. The surface area of Cr-doped
TiO, and Ni-doped TiO, was much lower than that of TiO, and Mo-doped TiO,.
The higher the surface area, the higher the number of active surface sites are
available to convert absorbed water molecules to active hydroxyl and superoxide
radicals by action of the photo-generated holes, which in turn brings about the
degradation of organic pollutants [49, 50]. Thus, with a combination of the effect of
the presence of polymorphs and differing surface areas, the order of activity of Mo-
doped TiO, > TiO, > Ni-doped TiO, > Cr-doped TiO, was observed.

Thus, detailed experiments to study the effect of catalyst loading, initial dye
concentration and pH were carried out with Mo/TiO,. The effect of catalyst loading
was varied in the range of 0.3-2 g/L. Figure 7 show the results obtained in the above
experiments in the presence of UV and visible light, respectively. At a low catalyst
loading of 0.1 and 0.3 g/, % degradation in the presence of UV light was observed
as 69 and 76%, respectively, whereas, in the presence of visible light, the %
degradation was observed as 76 and 82%, respectively. Increasing the catalyst loading
to 0.5, 0.75, 1 and 1.5 g/LL increased the % degradation to 82, 83, 89, and 97%,
respectively, in the presence of UV light, whereas, the % degradation in the presence
of visible light increased to 86, 89, 92, and 97%, respectively. The catalyst loading
above 1.5 g/L resulted in decreased degradation, irrespective of the light source. The
% degradation with 2 g/L in the presence of UV and visible light was observed as 93
and 92%, respectively. Figures 7b and 8b show the variation in the % degradation
with respect to catalyst concentration at the end of 60 min and 120 min in the
presence of UV and visible light, respectively. Thus, 1.5 g/ was observed as the
optimum catalyst loading in the presence of either of the light sources.

Previous studies have reported an optimum catalyst loading in the range of
1.0-1.5 g/L [51-54]. A comparison of catalytic activity of doped TiO, catalysts
reported in open diamondliterature is presented in Table 2. During photocatalysis,
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Fig. 8 a Effect of Mo/TiO, loading on photocatalytic degradation of MB dye under solar irradiation;
0.1 g/L (filled square), 0.3 g/L (filled circle), 0.5 g/L (filled upward-pointing triangle), 0.75 g/L (filled
downward-pointing triangle), 1 g/L. (open square), 1.5 g/L (filled sideways-pointing triangle), 2 g/LL
(open diamond), photolysis (open triangle); b % degradation of MB against catalyst loading in solar light
after 120 min

an increase in catalyst loading increases the amount of reactive oxygen species and
thereby increases the degradation. However, the increased reaction rate is usually
limited by the obstruction in the transmission of light due to open diamondpresence
of excess amounts of catalyst (also known as the shadowing or screening effect),
which reduces the specific activity of the catalyst [51, 55-57].

Figure 9a, b shows the effect of dye concentration on the MB degradation under
UV and solar irradiation, respectively. The experiments were carried out at a
catalyst loading of 1.5 g/L and the initial dye concentration was varied in the range
of 10-50 ppm. It was observed that the % degradation decreased with increasing
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Fig. 9 a Effect of initial dye concentration on photocatalytic degradation of MB dye using UV
irradiation; 10 ppm (filled square), 20 ppm (filled circle), 30 ppm (filled upward-pointing triangle),
50 ppm (filled downward-pointing triangle); b solar irradiation; 10 ppm (filled square), 20 ppm (filled
circle), 30 ppm (filled upward-pointing triangle), 50 ppm (filled downward-pointing triangle)). Catalyst
loading 1.5 g/

initial dye concentration, irrespective of the light source. In the presence of UV
light, the % degradation with an initial dye concentration of 10, 20, 30 ppm and 50
was 97, 80, 71, and 29%, respectively. On the other hand, in the presence of visible
light, the % degradation with an initial dye concentration of 10, 20, 30 and 50 ppm
was 97, 93, 80, and 15%, respectively. With an increase in initial dye concentration,
the amount of dye adsorbed on the active sites increases, which are likely to block
the active sites of catalyst and result in reduced rates of degradation. The
photocatalytic activity of the catalysts is inversely proportional to the concentration
of MB in solution [16, 31, 55, 58, 59].

Figures 10 and 11 show the activity of Mo-doped TiO, under UV and solar
irradiation, respectively, for the degradation of MB at various pH (3-11). Increasing
the solution pH from 3 to 5 and 7 increased the degradation from 32 to 38%, and
97%, respectively, under UV. In the presence of visible light, the % degradation
increasing the solution pH from 3 to 5 and 7 increased the degradation from 28 to
62, and 98%, respectively. However, further increase in the solution pH to 9 and 11
resulted in no change in the degradation and the results were similar to that obtained
at solution pH of 7.

TiOH 4 H* = TiOH; )
TiOH + OH™ = TiO~ + H,0 3)

TiO; is hydrated to give Ti—-OH groups on the surface [51]. In acidic pH, TiO,
takes up H' ions and acquires a positive charge, whereas, in basic pH, TiO, loses
protons to OH™ ions and acquires a negative charge. MB is a cationic dye and,
therefore, will preferentially adsorb on negatively charged TiO,. However, the dye
becomes positively charged in acidic solutions while remaining as a neutral
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Fig. 10 a Effect of pH on photocatalytic degradation of MB dye using UV irradiation; pH 3 (filled
circle), pH 5 (filled upward—pointing triangle), pH 7 (filled downward-pointing triangle), pH 10 (filled
left-pointing triangle), pH 11 (open square); b the initial rate of the reaction [In(dc/dt)] against pH of the
solution; b initial rate of degradation plotted against the pH on semi-log scale. Conditions:
catalyst = Mo-doped TiO,; catalyst loading = 1.5 g/L; dye concentration: 10 ppm; light source: UV
light
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Fig. 11 a Effect of pH on photocatalytic degradation of MB dye using solar irradiation; pH 3 (filled
circle), pH 5 (filled upward-pointing triangle), pH 7 (filled downward-pointing triangle), pH 10 (filled
left-pointing triangle), pH 11 (open square); b the initial rate of the reaction [In(dc/dt)] against pH of the
solution; b Initial rate of degradation plotted against the pH on semi-log scale. Conditions:
catalyst = Mo-doped TiO,; catalyst loading = 1.5 g/L; dye concentration: 10 ppm; light source: solar
light

molecule in basic solutions. In acidic solutions, due to electrostatic repulsion, the
rate of adsorption of MB on TiO, decreases, lowering the rate of degradation [61].

Our studies revealed extremely high activity of the Mo-doped catalyst compared
to earlier reports. We obtained > 98 and 88% degradation of 10 ppm MB in 60 and
120 min of UV and solar light, respectively. Other studies have reported as much as
twice the amount of time for a similar degradation, using a much higher-powered
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UV source for irradiation. Moreover, we have not used any other co-oxidant such as
hydrogen peroxide or ammonium persulfate for degradation. Further, there are no
reports that compare the catalytic activity of Mo-doped TiO, for both UV and solar
light catalysis. The amount of dopant we have used is also less; other reports have
used higher amounts of Mo in TiO, to achieve photocatalysis
[17, 20, 21, 25, 31, 35, 40, 45]. Therefore, the catalysts we report exhibit much
higher activity. Degradation products of methylene were also identified using HR-
LCMS and a plausible mechanism is presented.

Kinetic analysis

The photocatalytic degradation of dye is reported to follow a pseudo-first order
kinetics model [18, 26, 48, 50]. Therefore, at optimum reaction conditions, the
experimental data for photocatalytic degradation of the MB under UV and sunlight
were validated using a pseudo-first order kinetics model and the results are shown in
Fig. 12a, b. The pseudo-first-order rate constants, k,,, for the photocatalytic
degradation of dye using Mo/TiO, with UV and solar light were obtained from the
slope of the linear fit and were found to be 0.056 and 0.0301 min ™", respectively. It
can be seen that a good correlation of pseudo-first-order reaction kinetics was found.

Mechanism of degradation

The reaction intermediates were analysed by HR-LCMS and the chromatogram of the
reaction mixture is shown in Fig. S2. A plausible degradation mechanism is proposed
in Fig. 13 based on the LCMS data. The degradation proceeds via the loss of methyl
groups of tertiary amines (II) to give the primary amino-substituted intermediate (IV).
An alternative pathway proceeds by the attack of hydroxyl radicals on the
heteroatoms in the MB ring resulting in the fracture of C-N and attack on the C-
S*T=C cation (V) and other intermediates (VI, XI, XII) before splitting up into two (VI
and VII), further giving catechol (VIII) and phenol (IX) [60].

(b) *
3k
-~
Q of
<
E (1
1F a ¥
0 L L L L
0 30 60 90 120
Time (min) Time (min)

Fig. 12 First-order kinetics validation of the experimental data: a UV light, b solar light (optimum
conditions catalyst loading = 1.5 g/L; dye concentration: 10 ppm, pH = 7)
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Fig. 13 Proposed degradation pathway for photocatalytic degradation of MB dye

Conclusion

We have synthesized molybdenum-, chromium- and nickel-doped titania using a
facile sol-gel route. Doping decreased the band gap of TiO, from 3.2 to 2.83 eV for

Mo-doped TiO,. Consequently, Mo-doped TiO, is also active in the visible region.
Among the catalysts synthesized, Mo-doped TiO, was the most active, and 98%
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degradation of MB was obtained for Mo-doped TiO, in 60 min under UV light
irradiation and in 120 min under solar light. The catalyst is active in solar light at a
catalyst loading as low as 0.75 g/L. Optimum catalyst loading was found to be
1.5 g/L for both UV and solar irradiation. The rRate of degradation was found to be
higher at higher pH. Synthesized Mo-doped TiO, was compared with other reports
and was found to be much more active at a lower or similar concentration under
much weaker light irradiation. In conclusion, we have developed an active catalyst
that can be used for the degradation of dye effluents under solar light photocatalysis.
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