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A B S T R A C T

Nanophotocatalyst MnTiO3 powders were synthesized by sol-gel technique and characterized by means of X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), as well as their thermal behavior has been
studied by differential thermal and thermogravimetric analyses (DTA/TGA). Powders morphology was analyzed
by means of Transmission electron microscopy (TEM). Effect of various process parameters like amount of
photocatalyst, dye concentration, solution pH and irradiation time on the extent of removal of dye were studied in
detail. The photo-degradation was relatively higher using lower amount (0.005 g) of semiconductor, reached rate
of 75% and 70% after 240 min for mixed MnTiO3/TiO2 and pure MnTiO3 nanocatalysts. The kinetic model of
photocatalytic degradation of MB follows pseudo-first-order kinetic with a high correlation coefficient values (R2

> 0.95). These results underline the use of effective, low-cost and easily available MnTiO3 photocatalyst for the
decomposition of pollutants to water under natural sunlight.
1. Introduction

The residual dyes from textile, pharmaceutical or dye intermediates
industries are considered non-biodegradable organic pollutants intro-
duced into the natural water resources or wastewater treatment systems
[1, 2, 3]. In particular, the discharge of effluents containing dyes into the
water environment is undesirable, due to their color which generates
toxic products through hydrolysis; oxidation or other chemical reactions
in the wastewater phase [3, 4, 5]. At present, the photocatalysis process
allows performing the efficient degradation of variety of organic pol-
lutants in aqueous wastes [6, 7, 8, 9, 10]. This process is based on the use
of semiconductor materials, which upon activation with suitable light
sources give rise to the formation of various reactive species. Among
various semiconductor photo-catalysts, the perovskite type ABO3 oxides
(A and B are two cations of different sizes) have received considerable
attention for their good abilities towards water splitting and organic
pollutant degradation under visible light or UV irradiation [11, 12, 13].
Particularly, manganese titanate MnTiO3 is the most stable perovskite
type oxide and a favorable material with strong adsorption in the visible
region which appear suitable for photocatalysis applications [14, 15, 16,
17]. However, He et al. have reported the photodegradation of aqueous
methyl orange on MnTiO3 powder at different initial pH and it was found
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that this catalyst showed promise for use in many applications in het-
erogeneous catalysis and decontamination of the environment [16].

The present work reports the photocatalytic degradation of methy-
lene blue (MB) in aqueous solution using MnTiO3 nanoparticles as pho-
tocatalyst under sunlight radiation. A comparative photocatalytic activity
of MnTiO3 powders, synthesized by the sol-gel process following two
methods of preparation, has been investigated. The effects of different
operational parameters on the degradation of dye have also been studied
along with their reaction kinetics.

2. Experimental methods

2.1. Preparation and characterization of nanocatalyst

MnTiO3 nanopowders were synthesized according to the previously
reported sol-gel methods [16, 18].

� Sol-gel method 1 (SG-1): 0.01 mol MnCl2.4H2O dissolved into
distilled water was reacted with 0.02mol NaOH to produceMn(OH)2.
Then 0.01 mol of TiO2 (P-25 powder: mixture of 70% Rutile and 30%
Antase) was added to the above solution. The mixed solution was
further refluxed for 12 h at 75 �C. The supernatant was then decanted,
arch 2020
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and the solid residue was washed three times with distilled water,
dried in air at 100 �C for 12 h and calcined in air at 900 �C for 6 h.

� Sol-gel method 2 (SG-2): An appropriate amount of Manganese
chloride tetrahydrate MnCl4. 4H2O (0.6 g) was dissolved in distilled
water with addition 0.12 mL of nitric acid HNO3, 1.6 mL acetic acid
CH3COOH and then 1 ml of titanium isopropoxide, Ti[O(C3H7)]4 was
added to the above mixture and a white precipitate was formed
immediately. The mixture was then stirred for 12 h maintaining the
temperature at 50 �C. The resulting semi-transparent colloidal sus-
pension solution was evaporated at 80 �C. The obtained powder was
dried and treated at 900 �C for 6 h.

The X-ray diffraction (XRD) measurement was carried out at room
temperature using a Philips X-Pert Pro diffractometer. The TEM micro-
graphs were obtained on a JEOL 2011 transmission electron microscope
with an accelerating voltage of 200 kV. The infrared spectra were
recorded with a NICOLET 5700-FTIR spectrometer equipped with an
attenuated total reflection (ATR) accessory. Thermoanalytical measure-
ments (TG/DTA) were performed using a SETARAM TG-DTA92 micro-
balance and the thermograms were recorded between 30 and 1200 �C
with a heating rate of 10 �C/min.
Figure 1. X-ray diffraction pattern for MnTiO3 prepared using (a) Titanium
dioxide powder P-25 (SG-1) or (b) Titanium isopropoxide as precursor (SG-2).

Figure 2. TEM picture of MnTiO3 nanopowder prepared by sol-gel method 2
and calcined at 900 �C.
2.2. Photocatalytic activity

The photocatalytic activities of pure MnTiO3 and mixed MnTiO3/
TiO2 were tested in five neck pyrex flask type reactor under sunlight
irradiation. 0.005 g of the photocatalysts were introduced into the 50 ml
aqueous solution of methylene blue (1 � 105- M, pH ¼ 6.4). The
decomposed dye solutions were centrifuged at 4000 rpm for 10 min and
for the measurement of UV-visible absorbance (OPTIMA UV-vis spec-
trometer SP-3000 Plus). The photo-degradation rate of methylene blue
(MB) was calculated by the following Eq. (1) [19]:

Degradation ð%Þ¼A0 � At

A0
� 100 (1)

where A0 is the absorbance of initial MB; At is the absorbance of the
solution after illumination at time t. According to first order kinetics
reaction, rate constant k (min�1) was determined by using the following
relation (2) [20]:

ln
�
Ct

C0

�
¼ � kt (2)

where C0 and Ct are concentration at the beginning and at a certain time,
t is the irradiation time. Adsorption kinetics investigations were carried
out by agitating 50 mL of MB (1 � 10�5 M) dye solution of known initial
concentration with 0.005 g of adsorbent prepared by SG-1 and SG-2
routes (pH ¼ 6.4).

3. Results and discussion

3.1. Catalyst characterization

Figure 1(a) and (b) present the XRD patterns of MnTiO3 powders
synthesized by the both routes SG-1 and SG-2 respectively. The X-ray
diffraction pattern in Figure 1(a) suggests the crystallisation of rhom-
bohedral MnTiO3 phase (JCPDS: 29-0902) [21] along with amount of
TiO2 rutile phase (2θ ¼ 27.59, 33.12, 36.22 and 54.61) (* marked peaks,
JCPDS: 78-1508) [22]. The semi quant % of MnTiO3 and TiO2 are for
powder prepared by sol-gel, method 1 (SG-1) are 77.6% and 22.4%
respectively. Figure 1(b) shows the XRD pattern of the product synthe-
sized by using Titanium isopropoxide as precursor (SG-2). All the
reflection peaks can be indexed to rhombohedral pyrophanite phase
MnTiO3 (JCPDS 29-0902). No peaks corresponding to rutile phase are
detected in the XRD pattern, which shows the high purity of the product.
2

The crystallite sizes of the particles were estimated from XRD peak
half widths using the Scherrer Eq. (3) [23]:

D¼ 0:9λ
b cosθ

(3)

where D is the average crystallite diameter, λ is the X-ray wavelength, b is
the full width at half maximum (FWHM) of the peak corrected for
instrumental broadening and θ is the Braggs' angle. The calculated values
average particle diameters for MnTiO3 powders synthesized by sol-gel
method SG-1 and SG-2 were approximately 29.2 and 35.5 nm
respectively.
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The TEMmicrographs of MnTiO3 sample are illustrated in Figure 2. It
is found that the nanoparticles possess almost spherical shape. These
spherical nano assemblies are discrete and well defined with limited
aggregation and a narrow size distribution ranging between 15–35 nm.
The result agrees well with that of the XRD analysis.

Room temperature IR/ATR spectra recorded for MnTiO3 samples
prepared by both synthesis routes (SG-1 and SG-2) and measured in the
range of 400–2000 cm�1 spectral region are shown in Figure 3. Their
spectra are characterized with main absorption bands of MnTiO3. The
bands centered at 407, 494, and 656 cm�1 were attributed to the Ti–O
bond vibrations. The bands at 407 and 494 cm�1 can be assigned to
Mn–O–Ti and O–Ti–O vibrational modes, respectively [24]. The band
centered around 657 cm�1 observed in SG-1 sample can be also
attributed to corresponding Ti–O modes of crystalline rutile TiO2. The
band appearing at 970 cm�1 is due to Mn–O bonds for SG-2 sample
[25].

To investigate the domains of stability and decomposition of
MnTiO3 treated at 900 �C, Thermogravimetric and differential
thermal analysis (TGA and DTA) of samples prepared by SG-1 and
SG-2 methods were performed. The thermograms in Figure 4 show
no thermal effects accompanied by mass losses. The endothermic
peak between 80 �C and 250 �C observed for both synthesis sol-gel
routes can be attributed to dehydration of water molecules. In the
temperature range of 250–450 �C, no weight loss was exhibited, that
proves the absence of hydroxyl groups and/or organic residues such
as alkoxy groups in the powder of MnTiO3. It showed that no sig-
nificant changes were observed both in DTA and TGA curves even
up to 1200 �C. As we expected, the thermal stability of MnTiO3 was
improved effectively. For the compound prepared by sol-gel method
1, were titanium dioxide powder used as starting precursor, a slight
endothermic effect is identified accompanied with low mass loss
observed around 1000 �C (Figure 4(a)). From the foregoing XRD
characterization, the presence of titanium dioxide TiO2 was observed
in the calcined powder SG-1 at 900 �C. According to these obser-
vations, we can hypothesize that the endothermic peak around 1000
�C corresponds to the decomposition or loss of TiO2 rutile phase.
Figure 4. TG-DTA curves of the as-synthesized nanopowders obtained by (a)
SG-1 and (b) SG-2 methods.
3.2. Photocatalytic degradation of MB

To understand photocatalytic degradation of methylene blue dye
using semi-conductor MnTiO3 nanoparticles as catalyst, we studied the
influence of several factors on the degradation process including contact
time, initial concentration of dye, photocatalyst loading, solution pH and
nature of light source.
Figure 3. IR/ATR spectra of samples prepared by SG-1 and SG-2 methods, after
heating at 900 �C.
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� Effect of contact time

Adsorption of methylene blue on MnTiO3 nanocatalyst surface,
obviously, is a function of the contact time, which is corresponding to the
Figure 5. Effect of contact time on MB dye removal onto MnTiO3-TiO2 (SG-1)
and (b) MnTiO3 (SG-2) catalysts.



Figure 6. Effect of initial MB dye concentration on the adsorption of MB onto
nanosizes catalysts, prepared by SG-1 and SG-2 methods.

Figure 7. Effect of MnTiO3 catalyst dose prepared by (a) SG-1 and (b) SG-2
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time of adsorption, or the state of saturation of the absorbant surface by
the absorbate (dye). Figure 5 presents the effect of contact time on the
removal of methylene blue using 0.005 g of catalysts in aqueous solution.
The result show that the catalysis of photodecomposition of methylene
blue (MB) occurs. It was observed as shown in Figure 5, the efficiency of
MB decolorization using the individual MnTiO3 catalyst (SG-2) is sub-
stantially identical as compared with the mixture MnTiO3/TiO2 catalyst
(SG-1). However, for the mixed photocatalyst MnTiO3/TiO2, the degra-
dation was quite high (75%) as compared with the pure MnTiO3 nano-
particule (70%) after 240 min irradiation under sunlight.

� Effect of the dye concentration

The influence of the initial dye concentration on the decolorization
of MB was studied under sunlight irradiation by varying the initial
dye concentrations from 2 � 10�6 M to 1.5 � 10�5 M in the presence
of 0.005 g of photocatalyst. From Figure 6, it can be seen that the
removal efficiency of dye increases with increasing initial concentra-
tion of the dye until 1 � 10�5 M after 240 min irradiation time. The
adsorption capacity is higher at lower concentration because of the
higher availability of more active sites for MB molecules to be
adsorbed on the surface MnTiO3 photo-catalyst. When dye concen-
tration increases, number of dye molecules adsorbed on catalyst sur-
face increases. Increasing the dye concentration also caused the dye
molecules to adsorb light and the photons never reached MnTiO3
surface; finally, it causes reduced efficiency of dye removal [26, 27].
Thus, the photodegradation of MB was found better at low concen-
tration, i.e [MB]o � 1 � 10�5 M.

� Effect of catalyst dose

The degradation percentage of MB dye under visible light irradi-
ation by different amounts of photo catalyst were used (0.005 g–0.04
g), was examined. As it can be seen in Figure 7, the rate of photo-
degradation was higher using lower amount (0.005 g) of semi-
conductor, 76% of MB degradation for MnTiO3/TiO2 catalyst obtained
by SG-1 (Figure 7(a)) and 62.5% of MB degradation for MnTiO3
catalyst prepared by SG-2 (Figure 7(b)). Whereas, the presence of
TiO2 improved the reaction photodegradation of MB dye. It has been
reported that TiO2 represent a good photocatalytic activity for the
decomposition of organic pollutants [28, 29]. Beyond 0.005 g of
MnTiO3 nanoparticle, the percentage degradation of MB dye increases
only slightly up to 0.04 g. These observations can be rationalized
both in terms of availability of active sites on MnTiO3 surface and the
light penetration of photo-activating light into the system [30]. At
higher catalyst loading may be due to the deactivation of activated
molecules by collision with ground state catalysts, thus reducing the
rate of reaction [31].

� Effect of pH

Another important parameter in the photocatalytic reactions is the pH
of the solution. It has a significant effect on the surface charge of the
photocatalyst [32]. The pH of methylene blue solution was adjusted by
adding HCl or NaOH (1 M). The effect of the solution pH on the rate of
photocatalytic degradation was investigated within the range of 2–9 at
constant dye concentration (1 � 10�5 M) and catalyst amount
0.005g/50mL MnTiO3/TiO2 (Figure 8(a)) or MnTiO3 (Figure 8(b)). The
removal of dye by adsorption onto nanosized MnTiO3 was found to be
slow at the initial period of contact time, and then to become rapid with
the increase of contact time. An increase in the degradation of MB dye
was observed with increasing the pH from 2 to 9. The percentage of
removal increases from 15% in pH¼ 2–60% in pH¼ 9 of the solution, for
the two nanosized photocatalytic materials prepared by SG-1 and SG-2
routes.
4

� Effect of light intensity

Intensity of light and the effect of the radiation wavelength both have
affect on the rate of photo-degradation of pollutants [33, 34, 35]. The
light intensity was varied by changing the source of irradiation. For that,
two kinds of lamps 10 W UV-C (λ ¼ 254 nm) and 100 W UV-A (λ ¼ 356
nm) were used. Figure 9 illustrates the effect of the variation of light
intensity on the degradation of MB dye. From the observed data, it is
method on the methylene blue removal.



Figure 8. Influence of pH on the photocatalytic degradation onto catalysts
prepared by (a) SG-1 and (b) SG-2 methods.

Figure 10. Pseudo-first-order kinetics plots of MB adsorption on with (a)
MnTiO3-TiO2 (SG-1) and (b) MnTiO3 (SG-2).
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evident that the degradation of methylene blue using solar light irradi-
ation was more efficient than that with artificial UV light irradiation. The
percent (%) of degradation of methylene blue was significantly improved
with UV-C radiation compared to UV-A radiation. An increase in light
intensity did not result in any significant corresponding increase in the
degradation efficiency. This probably means that the optimum number of
photons required for effective photocatalytic degradation was attained
under UV 10 W. Therefore, an increase in photon number under UV 100
Figure 9. Effect of solar/UV light source on the degradation of MB dye.
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W did not produce any major change in the degradation efficiency [36,
37].

� Adsorption kinetics

The kinetics of an adsorption process provides information about the
mechanism of adsorption. The pseudo-first order kinetic equation given
by the Langmuir-Hinshelwood model at low initial concentrations [16]
was tested. Figures. 10(a) and (b) show the reaction kinetics of MB
degradation in the presence of pureMnTiO3 (obtained by SG-2 route) and
MnTiO3-TiO2 (prepared by SG-1 synthesis). By plotting ln(C0/C) vs t, a
straight line was obtained. From the graphs, it is seen that the photo-
catalytic methylene blue dye degradation follow the first order-kinetics
as the correlation constant for the fitted line to be R2 > 0.95. A good
correlation to the first order reaction kinetics (R2 ¼ 0.988 for MnTiO3--
TiO2 and R2 ¼ 0.974 for MnTiO3) was found. The calculated
pseudo-first-order rate constants of MnTiO3-TiO2 and pure MnTiO3 are
5.96 10�3 min�1 and 5.25 10�3 min�1 respectively. The results further
demonstrated that MnTiO3 photocatalyst exhibits good photo-reactivity
which corroborates the corresponding degradation efficiency.

4. Conclusions

In summary, pure MnTiO3 or mixed MnTiO3/TiO2 nanoparticules
have been successfully prepared by sol-gel method. The structure and
morphology of these nanoparticles were studied using X-ray diffraction
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and high resolution transmission electron microscopy analysis. The
particles are in the average crystallite size range of 20–30 nm. The ex-
periments of degrading MB confirmed that the obtained catalysts can
perform significant photocatalytic activity even if it is irradiated by solar
light. Therefore, the MnTiO3 nanoparticule is a good candidate in the
treatment of industrial wastewater to eliminate organic pollutants, which
cause severe threat to environment.
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