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Abstract

degradation of two model organic pollutants.

Background: A simple hydrothermal process was applied to synthesize the doped TiO, particles with different
concentrations as well as different metal ions (Mn, Ce and La).

Methods: The synthesis of Mn-doped-TiO, nanoparticles was done by using a hydrothermal method from
hydrolysis of titanium tetrachloride in aqueous solution. The photocatalytic activities were checked by studying the

Results: The material was characterized by X-ray diffraction, scanning electron microscopy, and UV-Visible
spectroscopy. The X-ray diffraction pattern studied for doped TiO, particles suggests the anatase phase with a
crystalline nature. Doped TiO, particles showed a porous and complex nature with a highly rough surface. The
photocatalytic activity of Mn- Ce- and La-doped TiO, with different metal-ion concentrations of 0.15-0.60% show
that the degradation rate of all of the pollutants increases with an increase in the dopant concentration from 0.15
to 045%, and a further increase in the dopant concentration decreased the degradation rate.

Conclusions: The results indicate that TiO2 with a concentration of 0.45% for all metal ions (Mn, Ce and La) shows
the highest activity. Among studied dopent TiO2 with Mn (0.45%) showed the best degradation activity.

Keywords: Doped TiO,, Photocatalytic degradation, Pesticide, Dye, Visible light

Background

During the past three decades, photocatalytic processes
that involve semiconductor particles irradiated by UV
light have been shown to be potentially beneficial in the
degradation of various types of pollutants in aqueous sus-
pensions (Blake 2001; Neppolian et al. 2002; Chaleshtori
et al. 2013; Geng et al. 2009; Kim et al. 2016; Zhang et al.
2015; Han et al. 2016; Liu et al. 2016; Yang and Xu 2016;
Umar et al. 2013a; Akpan and Hameed 2009; Lv et al
2009; Arslan et al. 2002; Umar et al. 2015). Several metal
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chalcogenides (ZnS, CdS, CdSe) and metal oxides (ZrO,,
TiO,, ZnO, SnO,) have been extensively used for the deg-
radation of a variety of pollutants. Among these semicon-
ductors, TiO, is the most widely used oxide because it is
chemically and biologically inert, photo catalytically stable,
resistant to strong acids and bases, and stable under illu-
mination (Fox and Dulay 1993). According to the esti-
mated valence band (VB) and conduction band (CB)
energies of TiO,, the band gap energy is found to be
3.2 eV. Therefore, it can only be performed its activity by
UV light due to its large band gap energy. Recently, dop-
ing of TiO, with metals and non-metals has received great
attention because it can shift the photocatalytic response
of catalysts from the UV region to the visible-light region
and ultimately can harvest solar energy (Umar et al
2013b; Colon et al. 2006; Fan et al. 2010; Zhang and Zhu
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2012; Liu et al. 2009; Binas et al. 2012; Uhm et al. 2006).
Up to date, there are some studies reported in the litera-
ture on the doping of TiO, by various routes and their
photocatalytic performance for the degradation of various
types of pollutants (Stengl and Bakardjieva 2010; Devi and
Murthy 2008; Devi et al. 2009a; Papadimitriou et al. 2011;
Jin et al. 2008; Peng et al. 2005; Stengl et al. 2009; Ligiang
et al. 2004; Chen et al. 2011). In brief, Rashad et al. (2013)
prepared TiO, nanoparticles doped with (Co and Mn) by
hydrothermal technique and checked their performance
on degradation of methylene blue (MB) under UV light.
The decomposition of phenol in the presence of Mn-
doped TiO, have been reported by Paul et al. (2014).
Recently, Rangel-Vazqueza et al. (2015) prepared the
Sn-doped TiO, using sol gel method and tested its
activity for the degradation of 2,4-dichlorophenoxya-
cetic acid. On the other hand, Kuyumcu et al. (2015)
synthesizes the doped TiO, using different metal ions
and degradation of two dyes under visible light has
also been reported.

Dyes and pesticides have been used by mankind for
many decades for different useful purposes. However,
their existence in water bodies at this time has become a
challenge for researchers and environmental authorities
because these pollutants create some serious problems
to the surrounding ecosystems and causes human health
disorders. The worldwide annual production of dyes in-
creases day by day, a prominent portion of which is van-
ished during the dyeing process in various types of
industries, which finally pollutes our aquatic environ-
ment (Ajit et al. 2006; Kolpin et al. 2002; Umar et al.
2012). Furthermore, many pesticides have been detected
in both surface and ground water in different localities
worldwide (Knee et al. 2010; STORET water quality file
1988; Rovedatti et al. 2001). This polluted water is not
useful for irrigation or domestic purposes. Therefore,
these pollutants must be eliminated from water bodies
before they can be used.

The objective of this study was to fabricate visible-
light-responsive photo catalyst using different concentra-
tions of dopent using a simple hydrothermal process.
The paper also addresses the enhanced photocatalytic
activities of metal-doped TiO, for the degradation of or-
ganic compounds, such as methylene blue (dye) and gly-
phosate (pesticide).

Methods

Preparation and characterization

The synthesis of Mn-doped-TiO, nanoparticles was
done by using a hydrothermal method from hydrolysis
of titanium tetrachloride in aqueous solution. In a typ-
ical synthesis, 1.6 mL of titanium tetrachloride was
added dropwise into 30 mL of deionized water under
stirring at room temperature to obtain solution 1. The
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calculated amount of manganese (II) sulfate monohy-
drate (0.15-0.60%) were dissolved to 15 mL of deionized
water at room temperature to form solution 2. The
above solutions 1 and 2 were mixed and stirred for
15 min. The resulting mixture was transferred into a 50-
mL stainless steel autoclave and heated at 140 °C for
5 h. The obtained precipitate was washed with distilled
water and then dried at 110 °C for 10 h in an oven. For
Ce- and La-doped and undoped TiO,, the procedure
was the same except the difference in dopants.

The samples of undoped and doped TiO, particles
were analyzed by XRD using Bruker AXS D8 Advance
over the range of 20 to 80 kV with Cu Ka radiations (A
= 1.5418 A), which was operated at 4°/min scanning rate
with a voltage of 30 kV and a current of 15 mA. The
Shimadzu UV-vis spectrophotometer (Model 1601) was
used to record the UV-vis spectra in the range of 300—
800 nm. Using SEM (LEO, 435 VF) at different magnifica-
tions, WD 15 mm, the prepared material was examined
for structural morphology.

Photocatalytic reactions

Stock solution of organic pollutants, methylene blue
(dye), and glyphosate (pesticide) containing desired con-
centrations were prepared in double-distilled water. An
immersion well photochemical reactor made of Pyrex
glass equipped with a magnetic stirring bar, water circu-
lating jacket, and an opening for supply of atmospheric
oxygen was used. An aqueous solution (250 mL) of the
organic pollutants was poured into the photoreactor.
Then, required amount of photocatalyst was added to
conduct irradiation process. The solution was stirred
and bubbled with atmospheric oxygen for at least
10 min, prior to illumination in order to allow equilibra-
tion of the system. The visible-light halogen linear lamp
(500 W, 9500 Lumens) was used to conduct irradiation
experiments. The samples (8 mL) were collected before
and at regular intervals during the irradiation, and the
analysis were done after removal of photocatalyst using
centrifugation.

Results and discussion

Catalysts characterization

The XRD patterns of the synthesized undoped and
doped TiO, with different concentrations of Mn, Ce,
and La were analyzed. Figure 1 shows the XRD pattern
of undoped and Mn-doped TiO, as a representative ex-
ample. The peaks obtained after the sample analysis,
which correspond to the (101), (103), (004), (112), (200),
(105), (211), (118), (116), and (220) crystal planes, are
well indexed to the standard pattern of the anatase
phase and also exhibit the crystalline nature of undoped
and doped TiO,. The XRD patterns of the undoped and
doped TiO, show no significant changes. Note that the
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XRD patterns do not display any peak that corresponds
to the dopant possibly because the sample contains a
lower concentration of the dopant than the TiO, con-
centration. Furthermore, Mn** (0.080 A) and La**
(0.1016 A) have larger ionic radii than Ti** (0.068 A).
Therefore, it is difficult for these dopants to act as inter-
stitial impurities, so they may be present on the surface
layer of TiO, (Peng et al. 2005; Devi et al. 2009b).

Using the Debye Scherer formula, the average anatase
crystallite size of doped and undoped TiO, nanoparticles
was determined (Eq. 1).

KA
B B cosO (1)

where D = crystallite size, K=shape factor, 1 =wave-
length, = full width at half maximum, and 6 = diffrac-
tion angle. The mean sizes of the crystallites of undoped
and doped samples are shown in Table 1. The crystallite
size decreases with an increase in the dopant concentra-
tion possibly because of possible formation of metal—
oxygen—titanium bonds, which inhibits the size of crystal
grains (Devi et al. 2009a).

When UV-vis light excites, it generates electrons and
holes in the band structure (or molecular energy levels)
of the material. Thus, the UV-vis absorption spectra of
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undoped TiO, and doped TiO, with varying concentra-
tions of Mn and La (dopant) were studied, and a repre-
sentative example, which is the UV-vis absorption
spectra of undoped and Mn-doped TiO,, is shown in
Fig. 2. At the obtained wavelength from the UV-vis
absorption spectra, the band gap energies of undoped
and doped TiO, particles width were calculated using
Eq. 2 and are listed in Table 2.

Band energy (eV) = 1240/wavelength(nm) (2)

The UV-vis absorption spectra of Mn-doped TiO,
show a red shift in the band-gap transition possibly
because the metal doping introduces new energy
levels in the band gap of TiO,, which decreases the
band gap energy (Devi et al. 2009b). In addition, the
reduction in band gap of TiO, may be led by the
overlapping of d-orbital (dopant ions) with the con-
duction band of TiO, and thus, resulting in the ab-
sorption of light in visible region (Raza et al). The
structural characterization of undoped and doped
TiO, was performed using SEM. The surface morphology
of undoped and doped TiO, particles with metal ions
(0.45%) is shown in Fig. 3. The SEM image of undoped
TiO, exhibits a sponge-like network with high roughness
whereas the doped TiO, particles show a porous and
complex nature with a highly rough surface, which results
in a high surface area of 472 m?/g estimated by using the
multi-point Brunauer—-Emmett—Teller (BET) theory after
the adsorption and desorption of nitrogen gas. The photo-
luminescence (PL) spectra are depicted in Fig. 4, which
are used to investigate the activity of a photocatalyst,
which is depending upon the rate of the recombination of
electrons and holes. The energy dissipated by the
electron-hole recombination is directly proportional
to the recombination rate. The trend based on fluores-
cence intensity of these samples follow the order: pure
TiO, > Mn-doped  TiO,  (0.15%) > Mn-doped  TiO,
(0.30%) > Mn-doped TiO, (0.60%) > Mn-doped TiO,
(0.45%). It suggests that TiO, doped with up to the
amount of dopant (Mn, 0.45%) decrease the rate of
recombination rate. With further increase in dopant
(Mn, 0.60%) content, the peak intensity increases

Table 1 Crystallite size of undoped and doped-TiO, with different concentration of Mn, Ce and La

SNo. Dopant concentration (%) Dopant/crystallite size (nm) Dopant/crystallite size (nm) Dopant/crystallite size (nm)
1 0 None/15.4 None/154 None/15.4

2 0.15 Mn/12.9 Ce/130 La/13.2

3 0.30 Mn/10.6 Ce /107 La/10.8

4 045 Mn/9.1 Ce/92 La/ 9.3

5 0.60 Mn/7.9 Ce/80 La/ 8.1
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Fig. 2 Absorption spectra of Mn-doped TiO,. a Undoped TiO-. b 0.15%
Mn-doped TiO-. ¢ 0.30% Mn-doped TiO,. d 0.45% Mn-doped TiO,.
e 0.60% Mn-doped TiO,

which indicate the rate of recombination are faster.
The reason for this may be attributed to inefficient
diffusion of Mn into TiO, lattice and subsequent de-
crease in band gap. Therefore, the doping quantity
(Mn, 0.45%) can prove as an optimum dopant con-
centration in this case.

The photodegradation of organic pollutants methylene
blue (dye) and glyphosate (pesticide) was monitored by
measuring the absorbance at their A\,,,, as a function of
the irradiation time using the UV spectroscopic analysis
technique (Shimadzu UV-vis 1601). The concentrations
of organic pollutants were calculated based on the
standard calibration curve, which was obtained from the
individual absorbance of these compounds at different
known concentrations.

Photocatalytic activity

Photocatalysis of methylene blue in presence of Mn-doped
TiO,

An aqueous solution of methylene blue (0.50 mM,
250 mL) was irradiated with a visible light halogen lamp
in the presence of Mn-doped TiO, (1 g/L) with constant
stirring and bubbling of atmospheric oxygen. The
decolorization of the dye was monitored by measuring
the change in absorbance as a function irradiation time.
As a representative example, Fig. 5 shows the change in
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concentration of the dye as a function of irradiation time
in the presence (0.45% Mn-doped) and absence of Mn-
doped TiO,. It could be seen from the figure that 75%
decolorization of methylene blue take place after
300 min of irradiation in the presence of Mn-doped
TiO, and atmospheric oxygen. On the other hand, in
the absence of photocatalyst, no observable decrease in
the dye concentration could be seen.

Photocatalysis of glyphosate in presence of Mn-doped TiO,

An aqueous solution of glyphosate (0.035 mM, 250 mL)
was irradiated in the presence of Mn-doped TiO, under
analogous conditions. As a representative example, Fig. 6
shows the change in concentration of glyphosate in the
presence (0.45% Mn-doped) and absence of Mn-doped
TiO, as a function of irradiation time. In this pesticide
derivative, 80% destruction takes place after 300 min of
irradiation in the presence of Mn-doped TiO, whereas
in the absence of photocatalyst, no observable decrease
in the pesticide concentration could be seen.

The curve of the change in concentration as a function
of the irradiation time in the presence of metal-doped
TiO, for methylene blue and glyphosate (shown in Figs. 5
and 6) can be fitted reasonably well by an exponential
decay curve, which suggests pseudo first-order kinetics.
Figure 7 shows the linear regression curve fit for the
natural logarithm of concentration vs. irradiation time
for the degradation of methylene blue. For each experi-
ment, the rate constant was calculated from the plot of
the natural logarithm of the concentration as a function
of the irradiation time. The degradation rate was calcu-
lated using Eq. (3);

-d[C] /dt = kC" (3)

where C = concentration of the pollutant, k =rate con-
stant, and # = order of reaction.

The degradation rate was calculated in terms of moles
per liter per minute.

Photocatalytic activity of Mn-, Ce-, and La-doped TiO, for
the degradation of organic pollutants

The photocatalytic activity of Mn-, Ce-, and La-
doped TiO, with different metal-ion concentrations
of 0.15-0.60% was tested by studying the degradation

Table 2 Band gap energy of undoped and doped-TiO, with different concentration of Mn, Ce and La

S.No. Dopant concentration (%) Dopant/ Band gap (eV) Dopant/Band gap (eV) Dopant/Band ap (eV)
1 0 None/3.18 None/3.18 None/3.18

2 0.15 Mn/2.98 Ce/2.99 La/3.00

3 0.30 Mn/2.88 Ce /290 La/293

4 045 Mn/2.78 Ce/2.81 La/2.83

5 0.60 Mn/2.72 Ce /2.74 La/2.76
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Fig. 3 SEM images of undoped and doped TiO,. a undoped TiO,. b 0.45% Mn-doped TiO,. ¢ 0.45% Ce-doped TiO,. d 0.45% La-doped TiO,
A

of two different categories of organic pollutants such
as methylene blue (dye) and glyphosate (pesticide), in
aqueous suspension under visible light in atmospheric
oxygen. Figures 7, 8, and 9 show the degradation rate
of two organic pollutants in the presence of undoped
(pure TiO,) and doped TiO, (Mn, Ce, and La, 0.15-
0.60%). The results show that the degradation rate of
all of the pollutants increases with an increase in the
dopant concentration from 0.15 to 0.45%, and a fur-
ther increase in the dopant concentration decreased
the degradation rate.

In this study, the optimal dosage of metal ions for the
degradation of both pollutants is 0.45%, after which the
degradation rate decreases. The increase in the photocata-
Iytic activity by increasing the dopant concentration can
be attributed to the higher surface barrier and narrower

—— Mn-Doped TiO, (0.45%)
——— Mn-Doped TiO, (0.60%)
—— Mn-Doped TiO, (0.30%)

Mn-Doped TiO, (0.15%)
Tio,

Peak Intensity
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F

g. 4 Photoluminescence of undoped and Mn-doped TiO,

space charge region when the content of doping ions in-
creases. The electron—hole pairs in the region are effi-
ciently separated; as a result, recombination slows down
and the electron—hole pairs are readily available (Stengl et
al. 2009). However, after reaching the optimal condition
when the doping content is increased, the space charge re-
gion becomes notably narrow, and the penetration depth
of light into TiO, greatly exceeds the space charge layer.
Therefore, the recombination of the photo-generated elec-
tron—hole pairs becomes easier, and fewer charge carriers
reach the surface to initiate the degradation phenomenon,
which decrease the photocatalytic activity (Stengl et al.
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Fig. 5 a Change in concentration as a function of time on irradiation
of an aqueous solution of glyphosate in the absence and presence of
Mn-doped TiO,. b Change in absorbance as a function of irradiation
time in the presence of photocatalyst. Experimental conditions:
Reaction vessel: immersion well photochemical reactor made of
Pyrex glass, glyphosate (0.035 mM), volume (250 mL); Dopant:
Mn, Dopant concentration (0.45%); irradiation time: 300 min
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2009). The doping mechanism of Mn in titanium dioxide
is shown in Fig. 10.

Photodegradation of methylene blue and glyphosate in
presence of different photocatalysts

To observe the effect of different photocatalysts on the
degradation of two types of pollutants, the degradation
of these compounds was studied in the presence of PC
500, ZnO, and metal-doped TiO, (0.45% Mn, Ce, and
La) under an analogous condition. Figure 11 shows the
degradation pattern of these compounds in the presence
of different types of photocatalyts. The result indicates
that 0.45% Mn-doped TiO, is better than the other
photocatalyts for the degradation of both the com-
pounds. The better activity of Mn-doped TiO, as

compared to other photocatalysts for the degradation of
organic pollutants can be understood by considering the
fact that it (Mn>*) has unique half-filled electronic struc-
ture. The trapping of electron by Mn>* is temporary,
and it has stable d° configuration. Thus, it can easily
transfer the trapped electron to reacting species which
can participate in the reaction and ultimately enhance
the photocatalytic activity (Zhu et al. 2006). Moreover,
when the ion catches an electron or a hole, the half-
filled electronic configuration is disturbed; to restore its
original position, the trapped electron or hole is trans-
ferred, which helps to generate hydroxyl and superoxide
radicals (Devi et al. 2009a).
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Fig. 7 Photocatalytic activity of Mn-doped TiO, for the degradation
of glyphosate and methylene blue. Experimental condition: Reaction
vessel: immersion well photochemical reactor made of Pyrex glass,
glyphosate (0.035 mM), methylene blue (0.50 mM), volume (250 mL);
Dopant: Mn, Dopant concentration (0, 0.15, 0.30, 045, and 0.60%);
iradiation time: 300 min
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Fig. 9 Photocatalytic activity of La-doped TiO, for the degradation
of glyphosate and methylene blue. Experimental condition: Reaction
vessel: immersion well photochemical reactor made of Pyrex glass,
glyphosate (0.035 mM), methylene blue (0.50 mM), volume (250 mL);
Dopant: La, Dopant concentration (0, 0.15, 0.30, 045, and 0.60%);

irradiation time 300 min
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Conclusions

TiO, particles were doped with different concentra-
tions of Mn and La (0.15-0.60%), and their photo-
catalytic activity was tested by studying the
degradation of methylene blue and glyphosate as or-
ganic pollutants. The anatase phase with crystalline
nature is shown in the XRD analysis. The SEM image
of undoped TiO, exhibits a sponge-like network of
high roughness, whereas the doped TiO, particles
show a porous and complex nature with a highly
rough surface. The photocatalytic results show that
TiO, with a dopant concentration of 0.45% for both
the metal ions has the highest photocatalytic perform-
ance using visible light. Among the photocatalysts,
the Mn-doped TiO, (0.45%) photocatalyst shows a
better degradation rate than the other photocatalysts.

0.006

Glyphosate 7!

0.005 - X Methylene Blue

0.004

0.003 -

0.002 q

0.001 A

Degradation rate (mol L 'min™'*107%)

0.000

PC500 ZnO  La-doped TiO, Ce-doped TiO, Mn-doped TiO,
Types of photocatalysts

Fig. 11 Degradation rate of glyphosate and methylene blue in the
presence of different photocatalysts. Experimental condition:
Reaction vessel: immersion well photochemical reactor made of
Pyrex glass, glyphosate (0.35 mM), methylene blue (0.50 mM),
volume (250 mL); photocatalysts: PC500 (1 g/L), ZnO (1 g/L), 0.45%
La-doped TiO, (1 g/L), 0.45% Ce-doped TiO, (1 g/L), and 0.45% La-
doped TiO, (1 g/L); irradiation time: 300 min
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