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a b s t r a c t
Various concentrations of dopants such as Mn, La, and Mo (0.25%–0.1%) were doped into TiO2 
particles. An improved sol-gel method was used to prepare these particles using titanium 
isopropoxide as a precursor and their photocatalytic activity was tested by studying the degrada-
tion of three different types of organic pollutants (acid blue 129, tinidazole, and metalaxyl). The 
prepared samples were characterized with standard analytical techniques such as X-ray diffraction 
(XRD), scanning electron microscopy (SEM), and UV–Vis spectroscopy. The XRD analysis suggests 
the anatase phase with a crystalline nature. The SEM image of undoped TiO2 exhibits high roughness 
and irregular shaped particles. The doped TiO2 particles showed smaller size than undoped TiO2 
with regular shaped and high surface area. The doped TiO2 particles also show lower band gap 
energy than undoped. The photocatalytic results indicate that TiO2 with a dopant concentration of 
0.75% for all metal ions shows the highest photocatalytic activity. Moreover, the Mn-doped TiO2 
(0.75%) degraded metalaxyl more efficiently as compared with other studied pollutants.
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1. Introduction

Although chemical based industries (specially dyes, 
drugs and pesticides etc.) play a considerable role in human 
civilization but extensive anthropogenic and industrial 
activities have introduced large quantities of chemicals 
in the environment causing potential harm to ecosystems 
[1]. For example, water soluble compounds such as pesti-
cides, surfactants, dyes, drugs, etc. are mainly responsible 
to aquatic pollution and thus, becoming a major source of 
environmental contamination. The presence of these pol-
lutants in water bodies has become a serious challenge 

for environmental scientist [2,3] as these pollutants create 
health problems for human beings and can pollute our eco-
system even if present in trace amount. In the category of 
drugs, the compounds such as antibiotics, steroids, and 
hormones have been detected in water systems [2]. The 
world-wide annual production of dyes is over 70,000 tons, 
12% of which is vanished during process of dyeing in the 
color industry which ultimately pollutes our aquatic envi-
ronment [3]. Moreover, a large amount of pesticides have 
been detected in water bodies including ground and sur-
face water throughout the world [4–7]. Due to presence of 
these contaminants, water is not suitable for domestic use or 
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irrigation. Before discharging these contaminated water into 
the environment, there is a need to remove these pollutants 
using appropriate methods.

From the last few decades, photocatalytic technique 
has been emerged as a potential process for degradation of 
various pollutants (organic and inorganic) from the aque-
ous medium [7–14]. This technique involves the semicon-
ductor particles under UV light illumination. Several metal 
oxides (ZrO2, TiO2, ZnO, SnO2), metal chalcogenides (ZnS, 
CdS, CdSe) and their combinations have been examined 
for the degradation of various contaminants. Out of these 
metal oxide semiconductor particles, TiO2 is one of the 
most applied materials in the field of photocatalytic action 
due to its peculiar characteristics such as biologically and 
chemically inert, strong resistant toward acidic and basic 
environment and stable under illumination [15]. The con-
duction band and valence band energies for TiO2 have been 
estimated up to +3.0 and –0.1 V, respectively. The estimated 
band gap energy is 3.2 eV which indicates that it absorbs 
near-UV light (λ < 387 nm) and is not suitable to absorb visi-
ble light [16]. To conquer this problem, the doping of metal–
non metal ions in TiO2 has received great attention. Many 
researchers reported the doping of metals and non-metal 
into TiO2 in literature [17–23]. The mechanism of doped TiO2 
under visible region is shown in Fig. 1. Moreover, there are 
very few literature reports available for the synthesis of Mn, 
La, and Mo-doped TiO2 for the photocatalytic degradation 
of different organic pollutants [24–32]. The doping of metal 
ions into titania has been proved to be an effective method 
to enhance its activity in visible light region by delaying 
the process of recombination [33,34]. The formation of Ti3+ 
ions increases as a result of doping with metal ion which is 
responsible for the enhancement of photocatalytic activity. 
Furthermore, Ti3+ is also responsible to cause more oxygen 
defects which facilitate the efficient adsorption of oxygen on 
the photocatalyst surface [35]. Moreover, the redox energy 
states of many metal ions exist within the band gap states of 
catalyst, this introduces new bands within the states of pho-
tocatalyst so that it becomes visible light active [20].

Therefore, this work deals with the doping of different 
metal ions into TiO2 photocatalyst to make it visible light 
responsive using a simple modified sol-gel method. The syn-
thesized material was characterized with different analytical 
techniques and the photocatalytic activities were tested for 

the degradation of various organic pollutants (tinidazole 
[drug], metalaxyl [pesticide], and Acid Blue 129 [dye]).

2. Experiment

2.1. Reagents and chemicals

Titanium isopropoxide, Triton-X, acid blue 129, tinidazole 
and metalaxyl were procured from Sigma-Aldrich, India. 
Manganese (II) sulphate monohydrate (Himedia Laboratories 
Pvt. Ltd., India), Ammonium heptamolybdate tetrahydrate 
(Merck, India), 2-propanol, and lanthanum nitrate hexahy-
drate were obtained from Central Drug House, India.

2.2. Preparation of undoped and doped TiO2

Titanium isopropoxide was used as titania precursor 
to synthesize TiO2 nanoparticles. In first step of synthesis, 
titanium precursor/Triton-X was taken in a beaker A and 
water/2-propanol in other beaker B. In second step, the 
solution of beaker B was added drop-wise to beaker A 
at constant stirring. After some times, a turbid solution 
was appeared which indicates the hydrolysis of titanium 
precursor, that is, titanium isopropoxide. For next proce-
dure (hydrothermal treatment), obtained materials were 
transferred into a flask (100 mL) and autoclaved at 350°C 
for 5 h using Teflon-lined vessel. After that, centrifugation 
and washing were carried out to remove the impurities. The 
products were dried in an oven at 50°C for 2 h, and TiO2 
powder was obtained.

For obtaining doped TiO2, the whole procedure was 
same except addition of Mn, Mo and La metal ions by taking 
the known concentration of their salts, that is, manganese (II) 
sulphate monohydrate, ammonium heptamolybdate tetrahy-
drate and lanthanum nitrate hexahydrate.

2.3. Catalysts characterization

To characterize the synthesized catalysts, different ana-
lytical techniques such as UV–Vis spectroscopy, X-ray dif-
fraction (XRD) and scanning electron microscopy (SEM) 
were used. Structural properties of doped and undoped 
TiO2 were examined XRD (2θ range of 20° to 80° with Cu 
Kα radiations (λ = 1.5418 Å). It was operated at a voltage 
of 30 kV and current of 15 mA. UV–Vis spectrophotometer 
(model 1601, Shimadzu, Japan) was used to record the UV–
Vis spectra over 300–800 nm range. The surface morphol-
ogy of synthesized catalysts was studied using SEM (LEO, 
435 VF). Transmission electron microscopy (TEM) analysis 
was performed on a Jeol H-7500 microscope (Japan).

2.4. Photocatalytic experiments

In this study, a photochemical reactor made of Pyrex 
glass was used. The solution of the desired concentrations 
of different pollutants such as acid blue 129, tinidazole and 
metalaxyl were prepared in demineralized water. The aque-
ous solution of pollutant was fixed into the reactor and added 
the photocatalyst materials in required amount for the irradi-
ation experiments. The respective solution was agitated and 
aerated with atmospheric oxygen using a pump throughout 
the experiment. Prior to illumination, the model pollutant 
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Fig. 1. Mechanism of doped TiO2 particle (general) for the 
degradation of organic pollutants.
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was continuously stirred in the dark for at least 15 min to 
the system. Visible light halogen lamp (500 W, 9,500 Lu) was 
used in this study for irradiation process. During the treat-
ment process, samples were collected at regular time inter-
val and the solution was centrifuged before the compound 
analysis.

UV–Vis spectrophotometry was used to analyze the 
absorbance of different pollutants (acid blue 129, tinidazole 
and metalaxyl) at their respective λmax. The pollutant concen-
trations were obtained by plotting the standard calibration 
curve. This curve was plotted by taking the absorbance of 
known concentration of respective pollutants.

For every experiment, a plot has been drawn between 
natural logarithm of concentration/time and evaluated the 
rate constant. The equation use for calculating the rate of 
degradation is given below:

−   =
d C
dt

kCn  (1)

where C represents the concentration of pollutants, k 
represents the rate constant, and n represents the order 
of reaction. The rate of degradation of pollutants was 
represented in terms of mol L–1 min–1.

3. Results and discussion

3.1. Catalysts characterization

The XRD patterns of the synthesized doped and undoped 
TiO2 with various concentrations of Mn, Mo, and La, which 
was calcinated at 350°C for 5 h, were analyzed and are 
depicted in Figs. 2–4. After the sample analysis, the peaks 
were appeared in the respective crystal planes which are 
(101), (103), (004), (112), (200), (105), (211), (118) (116), and 
(220). These patterns exhibited the crystalline nature and 
anatase phase of doped and undoped TiO2 [32]. Among all 
metal-doped TiO2, Mn-doped TiO2 shows more crystalline 
nature as compared with others. From the XRD patterns, it 
was observed that there is no significant change in doped 
and undoped TiO2 lattice which may be due to the low 
concentration of dopant as compared with TiO2 concentra-
tion. Moreover, the ionic radii of titanium Ti4+ (0.060 Å) and 

the doped metal ion Mo6+ (0.620 Å) are comparable, there-
fore Ti4+ can be replaced by Mo6+ in the crystal lattice [25]. 
Furthermore, Ti4+ (0.060 Å) have lower lattice as compared 
with La3+ (0.101 Å) and Mn2+ (0.080 Å). Due to the large size 
of these dopants, it cannot act as interstitial impurities and 
may appear on the TiO2 surface [28,29].

UV–Vis light excitation creates photogenerated holes 
and electrons in the band structure of used materials. The 
UV–Vis absorption spectra were evaluated of undoped 
and doped TiO2 by varying the concentration of dopants. 
The spectra of undoped and Mn-doped TiO2 are repre-
sented in Fig. 5. The following equation was applied for the 
band gap evaluation of absorption spectra of undoped and 
doped TiO2.

Band energy eV
wavelength nm

( ) = ( )
1 240,  (2)

The band gap energies are found to be as follows: 
undoped TiO2 (3.18 eV), 0.25% Mn-doped TiO2 (3.05 eV), 
0.50% Mn-doped TiO2 (2.93 eV), 0.75% Mn-doped TiO2 
(2.72 eV), 0.10% Mn-doped TiO2 (2.80 eV). A red shift (UV–Vis 
absorption spectra) has been observed in band gap transition 

Fig. 2. XRD patterns of undoped TiO2 and Mn-doped TiO2 
(0.25%, 0.50%, 0.75%, and 1.0%).

Fig. 3. XRD patterns of undoped TiO2 and La-doped TiO2 
(0.25%, 0.50%, 0.75%, and 1.0%).

Fig. 4. XRD patterns of undoped TiO2 and Mo-doped TiO2 
(0.25%, 0.50%, 0.75%, and 1.0%).
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of Mn-doped TiO2. This may be due to the introduction of 
new energy level in TiO2 band gap which is responsible for 
the decrease in band gap energy and ultimately photo-
catalyst can work in visible region [36].

The surface morphology of doped and undoped TiO2 
was studied using the SEM technique. Figs. 6a–d depict the 

surface structure of undoped TiO2 and other doped TiO2, 
that is, Mn-doped (0.75%), Mo-doped (0.75%) and La-doped 
(0.75%). The high roughness with relatively large sized par-
ticles was observed in case of undoped TiO2, while porous 
and crystalline complex nature with relatively small size 
particles was observed in case of doped TiO2. It was con-
cluded that high surface area observed in case of doped 
TiO2 is also responsible for better photocatalytic activities. 
Furthermore TEM technique was also carried out to analyze 
the synthesized material. Figs. 7a–d show the TEM images 
undoped TiO2 and other doped TiO2, that is, Mn-doped 
(0.75%), Mo-doped (0.75%), and La-doped (0.75%). It can be 
seen from the figures that the particles of undoped TiO2 have 
relatively larger size and irregular in shape and non-uniform 
distribution of particles. Among all doped TiO2, Mn-doped 
TiO2 gained smallest, regular spherical shape, and fine 
distribution of particles, which may be responsible for better 
photocatalytic activity.

3.2. Photocatalytic application

3.2.1. Photocatalytic action of Mn-doped-TiO2 for 
the degradation of various organic pollutants

Acid blue 129 (0.40 mM, 250 mL), tinidazole (1.00 mM, 
250 mL) and metalaxyl (1.00 mM, 250 mL) were individually 
irradiated (visible-light halogen lamp) in an aqueous solution 
individually in the presence of (1 g L–1) Mn-doped, La-doped, 
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Fig. 5. Absorption spectra of undoped and Mn-doped TiO2. 
(a) Undoped TiO2, (b) 0.25% Mn-doped TiO2, (c) 0.50% Mn-doped 
TiO2, (d) 1.00% Mn-doped TiO2, and (e) 0.75% Mn-doped TiO2.
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Fig. 6. SEM images of (a) undoped TiO2, (b) Mn-doped (0.75%) TiO2, (c) La-doped (0.75%) TiO2, (d) Mo-doped (0.75%) TiO2, 
calcination temperature: 350°C, calcination time: 5 h.
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and Mo-doped TiO2 at constant stirring. As a representative 
example, Fig. 8 depicts the change in pollutants concentra-
tion as a function of irradiation time in the presence and 
absence of 0.75% Mo-doped-TiO2 (acid blue 129), 0.75% 
La-doped-TiO2 (tinidazole), and 0.75% Mn-doped-TiO2 
(metalaxyl). Degradation of acid blue 129, tinidazole, and 
metalaxyl was found to be 51%, 64%, and 84%, respectively, 
after irradiation time of 360 min in the presence of Mo-, La-, 
and Mn-doped TiO2. No degradation was observed in the 
absence of photocatalysts.

To check the photocatalytic activity of different catalysts 
based on Mn-, La-, and Mo-doped TiO2 using different 
concentration (0.25%–1%) have been tested for all three 
pollutants such as acid blue 129, tinidazole, and meta-
laxyl under the visible light. The rates of degradation of 
all pollutants in the presence of doped and undoped TiO2 
are depicted in Figs. 9–11. As shown in figures, it was 
concluded that the rate of degradation increases with 
increase in the concentration of dopants (0.25%–0.75%) and 
decreases with further increase in the dopant concentra-
tion. From these results, optimum dose of metals dopant 
for pollutant degradation was found to be 0.75% and after 
this the rate of degradation decreased. With increase in 
concentration of dopant photocatalytic activity increases 
which may be due to the high surface barrier but with fur-
ther increase in dopant concentration, photocatalytic activ-
ity decreases which may be due to narrower space charge. 

 

  

 (a) (b)

(c) (d) 

Fig. 7. TEM images of (a) undoped TiO2, (b) Mn-doped (0.75%) TiO2, (c) La-doped (0.75%) TiO2, and (d) Mo-doped (0.75%) TiO2, 
calcination temperature: 350°C, calcination time: 5 h.
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Fig. 8. Change in concentration as a function of time on 
irradiation of an aqueous solution of acid blue 129, tinidazole, 
metalaxyl in the absence and presence of Mo-doped TiO2, 
La-doped TiO2, Mn-doped TiO2, respectively.
Experimental conditions: Reaction vessel: immersion well photo-
chemical reactor made of Pyrex glass, acid blue 129 (0.40 mM), 
tinidazole (1.00 mM), metalaxyl (1.00 mM) volume (250 mL), 
Dopant: Mo, Mn, La dopant concentration (0.75%), light source: 
halogen linear lamp (500 W, 9,500 Lumens) continuous stirring 
and air purging, irradiation time: 360 min.
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Due to this, electron–hole pairs are separated well in this 
region. By this recombination slows down and availability 
of electron hole pairs in the region occur readily [29]. 
Nevertheless, dopant concentration increases after achiev-
ing the optimal condition due to space charge which is 
greatly influenced by the penetration of light through TiO2 
and resulting in the increase in surface charge. Hence, 
generation of electron–hole pairs becomes easier which is 
responsible for the pollutants degradation and increases 
the photocatalytic activity of prepared materials [29].

All three types of pollutants degradation were studied 
by taking different metal-based dopants on TiO2 under 
similar conditions. Fig. 12 depicts the pattern of degradation 
of metalaxyl pollutants in the presence of doped TiO2 (Mn, 
La, and Mo, 0.75%) as a representative example. From the 
results, it was found that Mn-doped TiO2 gives better deg-
radation efficiency for all pollutants as compared with other 
metals doped TiO2. Our outcomes in this study are in good 
agreement with the previous report in literature [37,33]. 
For example, the photoreactivity of metal ion doped TiO2 
depends on various complex factors such as the distribution 
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Fig. 9. Photocatalytic activity of Mn-doped TiO2 for the 
degradation of metalaxyl, tinidazole, acid blue 129.
Experimental conditions: Reaction vessel: immersion well pho-
tochemical reactor made of Pyrex glass, metalaxyl (1.00 mM), 
tinidazole (1.00 mM), acid blue 129 (0.40 mM), volume (250 mL), 
Dopant: Mn, Dopant concentration (0, 0.25, 0.50, 0.75, and 
1.0%), light source: halogen linear lamp (500 W, 9,500 Lumens) 
continuous stirring and air purging, irradiation time: 360 min.
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Fig. 11. Photocatalytic activity of Mo-doped TiO2 for the 
degradation of metalaxyl, tinidazole, acid blue 129.
Experimental conditions: Reaction vessel: immersion well pho-
tochemical reactor made of Pyrex glass, metalaxyl (1.00 mM), 
tinidazole (1.00 mM), acid blue 129 (0.40 mM), volume (250 mL), 
Dopant: Mo, Dopant concentration (0, 0.25, 0.50, 0.75, and 
1.0%), light source: halogen linear lamp (500 W, 9,500 Lumens) 
continuous stirring and air purging, irradiation time: 360 min.
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Fig. 12. Change in concentration as a function of time on 
irradiation of an aqueous solution of metalaxyl in the absence 
and presence of Mn-doped TiO2.
Experimental conditions: Reaction vessel: immersion well pho-
tochemical reactor made of Pyrex glass, metalaxyl (1.00 mM) 
volume (250 mL), Dopant: Mn, Dopant concentration (0.75%), 
light source: halogen linear lamp (500 W, 9,500 Lumens) 
continuous stirring and air purging, irradiation time: 360 min.
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Fig. 10. Photocatalytic activity of La-doped TiO2 for the 
degradation of metalaxyl, tinidazole, acid blue 129.
Experimental conditions: Reaction vessel: immersion well pho-
tochemical reactor made of Pyrex glass, metalaxyl (1.00 mM), 
tinidazole (1.00 mM), acid blue 129 (0.40 mM), volume (250 mL), 
Dopant: La, Dopant concentration (0, 0.25, 0.50, 0.75, and 
1.0%), light source: halogen linear lamp (500 W, 9,500 Lumens) 
continuous stirring and air purging, irradiation time: 360 min.
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of dopants, dopant concentration, the dopant energy levels 
within the TiO2 lattice, the electron donor concentration, 
their d electronic configuration and also the light intensity. 
For example, Devi et al. [37] reported that Zn2+ doped TiO2 
showed higher activity as compared with V5+ doped TiO2 
for the degradation of the same organic pollutant, although 
both samples showed identical band gap absorption. But 
the smaller crystallite size of Zn2+ doped TiO2 and the 
stable filled electronic configuration of the Zn2+ ion served 
as a shallow trap for the charge carriers contributing to the 
overall activity similar to our studies Mn2+ ion exhibit the 
same. Moreover, the enhanced activity of Mn2+ doped TiO2 
as compared with other compared with other transition 
metal doped TiO2 (V5+, Fe3+, Ni2+, Zn2+, Os3+, and Ru3+) for the 
degradation of indigo carmine and 4-CP was reported by 
Devi et al. [33]. The better activity of Mn2+ was attributed to 
factors as follows: high redox potential of Mn2+/Mn3+ pairs, 
unique half-filled electronic structure of Mn2+, which served 
as a shallow trap for the charge carriers and slows down the 
recombination process, smaller crystallite size and favorable 
surface structure of the photocatalyst. Devi et al. [25] studied 
the photocatalytic activity of Mn- and Mo-doped TiO2 and 
reported that Mn-doped TiO2 shows better photocatalytic 
activity than Mo-doped TiO2. Furthermore, due to unique 
half-filled electronic configuration of manganese ions (d5), 
when ions hold the holes or electrons, half-filled of electronic 
configuration of metal is upset. Due to this, it might gain the 
original position and transfer the holes and electrons which 
create the radicals of hydroxide and superoxide [25].

The photocatalytic activity of synthesized TiO2 doped 
with Mn, La, and Mo metal ions was also tested for the deg-
radation of three types of pollutants that were under inves-
tigation using visible light. As a representative example, the 
change in concentration as a function of the irradiation time 
of an aqueous solution of all the individual compounds in 

the presence of Mn-doped (0.75%) TiO2 is shown in Fig. 13. 
The result shows that the degradation patterns of the three 
pollutants follow the order: acid blue 129 < tinidazole < meta-
laxyl. The slowest degradation of acid blue 129 is attributed 
to its classification in the category of anthraquinone dyes. 
Anthraquinone dyes contain fused aromatic rings that 
remain intact for longer time during the degradation process. 
Our results are consistent with a previous study [38]. The 
better degradation rate of metalaxyl may also be attributed 
to the fact that the structural orientation of this compound 
is favored for the attack of the reactive species under these 
conditions.

4. Conclusion

Different concentrations of dopant such as Mn, La, and 
Mo (0.25%–1.0%) were doped on TiO2 particles. The pho-
tocatalytic activity was studied for degradation of three 
different types of pollutants. XRD analysis was applied to 
find the anatase phase with crystalline nature of synthe-
sized materials. In case of undoped TiO2, high roughness, 
and irregular shaped particles were observed in SEM image 
while smaller size, regular spherical shaped particles was 
observed in case of doped TiO2. The photocatalytic out-
comes indicate that TiO2 with 0.75% dopant concentration 
for Mn, La, and Mo metal has maximum photocatalytic 
performance using visible light. Amongst all the pollutants 
studied, the metalaxyl has a better degradation rate than 
the other pollutants. Mn ions have the best photocatalytic 
activity among all dopants because of its unique half-filled 
electronic configuration.
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