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ABSTRACT

Highly efficient carbon self-doped TiO, catalysts were obtained using a sol-gel synthesis method,
under low-temperature calcination condition and thus a considerable reduction in energy consump-
tion was achieved. Tetrabutyl orthotitanate was utilized as the precursor for both carbon and tita-
nium. Calcination temperatures were chosen between 150 and 400. Methyl Orange decolorization
was carried out using the self-doped TiO, as well as Degussa-P25 in a slurry batch reactor under
visible light irradiation. The results were then compared to investigate the relation between the level
of carbon-self doping and the calcination temperature and time. It was observed that the maximum
percentage of decolorization occurred at 250 after 2 h. However, it was noticed that under other con-
ditions decolorization was reduced or was even ceased. Assessment of the catalysts characterization
was performed by means of XRD, FE-SEM, EDS, DRS and TEM. XRD analysis indicated that the
synthesized TiO, was crystallized in anatase phase with a crystalline size of 199nm. FE-SEM images
illustrate agglomerated spherical shapes around 17-24 nm and the TEM image also validated this
results. The reduction of EDS analysis region as well as the value of the energy band gap which was
decreased to 3.05 eV confirmed the incorporation of carbon in TiO, lattice. According to the results
obtained UV-Vis spectrometry, a sudden increase over the range of wavelengths from 450 to 350 nm
indicated the visible light photo catalytic activity of C-TiO, which led to the contaminants becoming
decomposed. The photo catalytic decolorization of MO was noticed to obey the Langmuir-Hinshel-
wood kinetic model. The persistency of C-TiO, was found to be acceptable as well.
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1. Introduction

Photo catalysis is known as a “green chemistry” tech-
nology; in other words, this technique is not only consid-
ered economical but also is environmentally friendly. Due
to high oxidative power, photo stability, low cost, and non-
toxicity, photo catalysts are the promising candidates in the
process of decomposition of organic contaminants in water
and also in converting solar energy into chemical energy
[1-5].

Due to the advantages derived from both TiO, and
doped-TiO, , as photo catalysts , they have recently attracted
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a great deal of attention in the field of photo degradation.
[6-8]. Because of its photochemical stability, non-toxic-
ity, high efficiency and low cost TiO, in its anatasie form
is among the effective photo catalysts being most widely
used and the present study is no exception [9-12]. Typically,
high required band gap energy (~3.2 eV) for excitation
of semiconductor, affects the efficiency of TiO,-mediated
photo catalytic processes; on the one hand this needs irradi-
ation in the Ultraviolet (UV) range which contains shorter
wavelengths and on the other hand, solar radiation at the
surface of the earth consists of mainly longer wavelengths,
with only 3-5% being UV [13,14]. Recently, researchers
have reported that extension of the absorption wavelength
from UV to visible region is feasible by doping TiO, with
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non-metals such as S, B, N, F, Si and C etc. which is related
to the localized electronic state in the band gap [15-23].
Formation of the electron (e-) -hole (h+) pairs is the result
of irradiation of light with photon energy greater than or
equal to the band gap energy of the photo catalyst, conse-
quently these electron (e-) -hole (h+) pairs migrate to the
surface and react with the adsorbed species over the sur-
face of photo catalyst to produce the active radicals (-O,,
‘OH, h+, etc.) in order to destroy or mineralize different
organic contaminants [24]. Doping with nonmetal atoms
is more effective than transition metal doping in which
poor photo stability of samples was noticed. Moreover, this
could prevent the recombination of photo generated e— and
h+ or extend the light absorption of TiO, into the visible
light region [25]. The incorporation of carbon impurities
into TiO, lattice under controlled condition is a method to
induce visible light photo catalytic activity. Although the
carbon-doped TiO, (C-TiO,) has been prepared through
different synthetic methods, enhancing the adsorption of
organic substrates can be achieved using TiO,-mounted
activated carbon and carbon-coated TiO,. According to the
literature, the carbon dopant not only can play the role of
an anion which replaces oxygen substitutional in the lattice
but also acts as the cation that occupies an interstitial lattice
site. The formal oxidation state of carbon dopants has both
Ti—C bond as carbides and C-O bond as carbonates. Ti-C
bond is formed under conditions such as flame pyrolysis
of Ti metal sheet annealing of TiC powders evaporation.
However, C-O bond (as carbonate) is often compromised
under conditions like sol-gel processes using carbon pre-
cursors and high-temperature reactions. Therefore, whether
or not being comprised of both states is highly dependent
on the preparation method as well as the condition of calci-
nations [26]. The methods of synthesis include simple mix-
ing of a carbon nano-material with TiO,, direct oxidation
of Ti metal in a burner flame, sol-gel synthesis, hydrother-
mal synthesis, and deposition techniques such as physical
vapor deposition (PVD), chemical vapor deposition (CVD),
and electrophoretic deposition, etc. [27,28]. Typically pre-
vailing of three polymorphs, rutile, anatase, and brookite
have been confirmed in nature, and anatase titania is usu-
ally considered to be more active than rutile crystalline [29].
Various energy-consuming synthesis methods have been
applied using temperatures higher than 400; however, in
the present study a range of temperatures between 150-400
have been used resulting in a highly efficient C doped TiO,.
This means that the applied method is more economically
advantageous regarding time and energy consumption.
Furthermore, it was found out that the synergistic effect
of low temperature calcination and carbon self-doping is
responsible for the improvement of the visible light photo
catalytic activity of carbon doped TiO, catalyst.
Conventionally when it comes to carbon doping, an
external carbon precursor such as glucose needs to be added,
while the most attractive feature of the method used in this
work is that titanium alkoxide acts as Ti and carbon precur-
sor, simultaneously. In the other words carbon self-doping
happens. The nano powder of C-TiO, was prepared using
the sol-gel method under controlled condition. The effect
of time and temperature of calcination on the photo cata-
lytic activity of C-TiO, was taken into investigation, so the
objective of the recent work was to examine different heat

treating temperature and time, in order to find the opti-
mum condition of synthesis. The photo catalytic activity of
the catalysts was evaluated by mean of the degradation of
methyl orange (MO) as model contaminant. According to
the numerous studies conducted on environmental clean-up
from such dyes, methyl orange has been commonly used as
a model dye. Methyl orange is a dye that is presumed to
be mutagenic. It is dissolvable in water and its color varies
with pH, from yellow (at pH values higher than 4.4) to red
(at lower pH values), so that is why it is known as an indi-
cator. Moreover, methyl orange is an example of the widely
used azo dies in textile industry and it is also resistant to bio-
degradation [30-32]. The micro structures at the nano scale
(crystallinity, surface area, crystal phase, and crystal plane)
strongly affect the optical absorption properties and cata-
lytic performance of semiconductor photo catalysts [4]. The
optimal condition of synthesis was obtained by taking the
maximum percentage of decolorization into consideration
through investigating different calcination temperature and
time. subsequently the study continued by preparing the
catalyst in the optimal condition to proof this claim that the
decolorization percentage is adequate. X-ray powder dif-
fraction (XRD), Field Emission Scanning Electron Micros-
copy (FE-SEM), Transmission electron microscopy (TEM),
X-ray spectroscopy (EDS), and Diffuse Reflectance Spectra
(DRS) and UV-Vis spectrometer were utilize to character-
ize the carbon-doped TiO,. Furthermore, in order to study
the influential factors which could affect the experiments
and enhance the visible light photo catalytic properties of
the optimal prepared catalyst, factors such as initial dye
concentration, catalytic dose, and pH were also taken into
consideration. All the photo catalytic experiments using
the prepared catalysts indicated higher performance com-
pared with Degussa-P25 which can be attributed to visible
light photo catalytic activity of the carbon self-doped TiO,.
The authors definitely recommend considering the present
approach in future studies as it is helpful in preparation of
a highly stable TiO,-based photo catalyst which could also
become active under visible irradiation.

2. Materials and methods
2.1. Preparation of TiO, photo catalyst

All chemicals are analytical-reagent grade, used directly
without any further purification. Deionized water, tetrabu-
tyl orthotitanate, ethanol and HCIO, were used to synthe-
size the photo catalysts. For this purpose, the sol-gel was
prepared as follows: 11 mL of tetrabutyl orthotitanate was
dissolved in 50 mL of ethanol under vigorous magnetic stir-
ring for 30 min; in the meantime, HCIO, solution (0.5 mL)
was dropped into solution gently. Afterwards, the obtained
solution was sealed and then stirring continued for another
30 min, the resulting gel was aged for 2 d, at room tempera-
ture and was later dried in an oven at 100°C for 1 d. Finally,
powder was heat-treated in a furnace at various tempera-
ture and time according to Table 1.

2.2. Characterization

The crystal structure of the samples were characterized
using X-ray powder diffraction (XRD) using Cu-Ko radi-
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Table 1
Selected condition for as-prepared catalysts

Number of Calcination Time of MO
experiment temperature calcination (h) Removal (%)
1 150 0.5 14

2 150 2 31

3 150 3 40
4 250 0.5 19

5 250 2 59

6 250 3 45

7 400 0.5 20

8 400 2 7

9 400 3 3

ation (Equinox 3000, Inel France). Both TiO, surface mor-
phology and the size of particles were studied using Field
Emission Scanning Electron Microscopy (FE-SEM, Leo 1450
VP, Zeies, Germany) and Transmission electron microscopy
(TEM, EM900, Zeies, Germany ). Typically, the percentage of
carbon doping is shown by Energy Dispersive X-ray spec-
troscopy (EDS, Axford, England) and the diffuse reflectance
spectra (DRS). The photo catalytic performance was charac-
terized using UV-Vis spectrometer (Avantes Avaspec-2048-
TEC, Russian).

2.3. Photo catalytic activity test

A slurry photochemical reactor, as shown in Fig. 1 was
set up, to evaluate the photo catalytic activity of the cata-
lyst through methyl orange (MO (C H, ,N.NaO,S)) deg-
radation; to prevent the effects of external irradiating, an
aluminum cover was used to stop outside light from enter-
ing the reactor and then visible light (> 400 nm) was illu-
minated inside the reactor, through the experiments. Before
the light irradiation, 0.05 g of photo catalyst was added to
50 mL MO aqueous solution (pH = 4.5), the mixture was
then kept in the dark for 1 h applying magnetic stirring so
that the solution would reach the adsorption-desorption
equilibrium. The light source was a 16 W visible light. To
ensure that enough oxygen could reach the reaction suspen-
sion, the solution was bubbled with air during irradiation
using a gas flow rate of 0.251/min. At certain time intervals,
3 mL aliquots were sampled and centrifuged to remove the
nano-particles, and finally the filtrates were analyzed by
recording variations of absorbency at the maximum absorp-
tion band (460 nm for MO) using a UV-visible spectropho-
tometer (Cecil CE 2501, England).

3. Results and discussion
3.1. Visible light photo catalytic activity

Some experiments were conducted in the slurry-batch
reactor to determine the visible light photo catalytic activ-
ities of the as-prepared TiO, catalysts, by means of decol-
orization of MO solutions (under the mentioned condition
in part 2.3). The highest MO removal percentage under

Visible Light

Lamps
Light Trapping
Aluminum Jacket

N
=

Fig. 1. Schematic representation of photo catalytic reactor.
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even condition was found to occur at the catalyst dosage
of 0.001 g/mL, initial MO concentration of 30 mg/L, and
the pH of 4.5; additionally, the pH of the suspension was
adjusted with HCIO, or NaOH standard solution. No decol-
orization of MO was observed in the absence of a photo
catalyst under visible light illumination. The concentration
of MO was calculated using a calibration curve which was
also compared with the results achieved for P-25. Moreover,
the percentage of dye removal was calculated as given by

Eq. (1):

0

%Color Removal =[ G =G J x 100 (1)

where C, is the initial concentration of dye in mg/L and C,
is dye concentration in mg/L at any time ¢.

The chemical mechanism of photo sensitization of the
catalyst by methylene Orange is shown in the following
equations, which could occur for both P25 and C-TiO, as
MO is directly excited by long-wavelength light:

MO, + visiblelight — MOads 2)
MO, +C=Ti0, — C-Ti0,(e)+ MO ,, 3)
C-Ti0,(e)+0, > C—Ti0, +-0, )

where ads is the abbreviation of ‘adsorbed” and conveys
adsorbed state of species. In addition, Egs. (2)-(4) convey
that the adsorbed MO is excited by visible light and an elec-
tron from the excited dye may be injected to the conduction
band of the catalyst, where the molecular oxygen has occu-
pied it. However, the direct excitation of the semiconductor
can occur at lower wavelengths according to the following
reactions:
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C—Ti0, +visiblelight — h* + e~ (5)
e +0, -0 (6)
h*+H,0—-0H @)

Fig. 2 serves to show a pictorial illustration of these
processes. Decolorization of the solution through a photo
catalytic mechanism could be facilitated using direct exci-
tation of the powders by lower wavelength of light as the
visible light absorbance of the carbon doped samples were
improved due to the reduced band gap compared to P25.
Since as was mentioned in previous literatures, P25 could
only be excited using a UV source, the improvement of
photo catalytic activity and reduction of the band gap could
be attributed to the presence of interface states and/or
interface defects caused by carbon doping [33].

According to the mentioned equations the active spe-
cies generated in the photo catalytic process are different
such as electrons, holes, -OH, -O?, etc., so these sacrificial
reagents play an important role in the photo catalytic reac-
tion. Organic species are quickly oxidized at the surface
of TiO, particles by highly reactive -O* and -OH radicals
which are produced from the reaction between photo gen-
erated-holes and electrons with surface hydroxyl groups or
adsorbed water or O, [34,35].

The kinetic of the photo catalytic decolorization may be
evaluated as follows:

m(%):m (8)

where k is a constant rate of reaction, C,and C are initial and
final concentration of methyl orange. It was observed that
the photo catalytic decolorization of MO was a pseudo-first
order reaction according to Langmuir-Hinshelwood model.

It was also noticed that the efficiency of MO photo deg-
radation and visible light photo catalytic activity for all the
as-prepared TiO, samples were higher than that of P-25 as
illustrated in Fig. 3. The TiO, nano particles at the heat-treat-
ing time of 2 h and heat-treating temperature of 250 showed
the best visible light photo catalytic activity. Finally, to make
a comparison between different as-prepared catalysts char-
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Fig. 2. Possible mechanism for the photo catalytic activity of
C-TiO, samples to methyl orange degradation.

acterization, the samples with the highest decolorization
percentage in each set of experiments were chosen; such as
TiO, (150, 0.5 h), TiO,(250, 2 h), TiO, (400, 0.5 h) samples.

3.2. Characterization of C-doped TiO,

Fig. 4 shows the XRD patterns of the TiO, photo cata-
lysts prepared under the mentioned condition, the X-ray
diffraction adopts Cu Ka (X = 1.54065A°) radiation within
the 2 = 10-90° region, additionally the grain or the crystal-
line size (L) of anatase TiO, can be calculated from the line
broadening by Scherrer’s formula as Eq. (7):

L kA
PBCos0

where L represents crystallite size of pure TiO, (nm), k
is a dimensionless shape factor (= 0.94), X is the wave-
length of X-ray (Cu Ka = 0.154065 nm), is line broadening
at half the maximum intensity, and is the half diffraction
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e TiO7 (150 °C, 2 h)
g Ti0 (150 °C, 3 h)
0.3 TiO2 (250 °C, 3 h)
s TiO (250 °C, 2 h)
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Fig. 3. Effect of catalyst preparation condition on dye decoloriza-
tion; concentration of MO: 30 mg/L, catalyst dosage: 0. 001 g/
mL; pH: 4.5; temperature 32 + 2°C; time: 3 h.
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Fig. 4. XRD patterns of three samples of as-prepared TiO, photo
catalysts.
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angle of 2 in degree [36,37]. The Crystalline size of the
doped TiO, (250, 2h) was calculated 19 nm, according to
the XRD picks in Fig. 4 and as was compared with other
references the produced phase after calcination is anatas,
increasing the temperature to 250 causes the increasing in
crystallinity of C-TiO, [38]. The Brunauer-Emmett-Teller
(BET) surface area measurements were performed with
nitrogen as an adsorptive gas, according to the surface
area of the samples TiO, (250, 2 h), TiO, (150, 0.5 h), and
TiO, (400, 0.5 h) was 57, 79, and 49 m?*/g respectively this
variation was due to the different calcination time and
temperature [39,40].

The morphology of the three samples is depicted in
Fig. 5, one can find that the morphology of C-TiO,(150°C,
0.5 h) and C-TiO,(250°C, 2 h) are similar to each other but
the C-TiO, (400°C, 0.5 h) is different from those related to the
nearly high calcination temperature and the results show
that the second sample has a fine agglomerated spherical
shape around 2440 nm, it means the size of nano particles
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will be 1.5-2 times more than that of the size approved by
Scherrer’s formula, besides TEM image in Fig. 5c¢ reveals
the diameters of approximately 24-40 nm for produced
nano powders . Fig. 5b also shows the percent of carbon,
titanium, and oxygen in the EDS analysis region, the EDS
confirms the carbon existence in C-TiO,(150°C, 0.5 h) and
C-TiO,(250°C, 2 h), but the largest amount of doped carbon
among catalysts belongs to 250°C, 2 h calcination condition
according to Fig. 5b. The un-labeled picks are related to Au
and palladium that are used for the coating of powder in
FE-SEM apparatus.

The optical absorption and band gap energy of C-doped
TiO, catalysts prepared under the condition of 250 and 2 h,
as the optimum sample, were measured by spectrophotom-
eter within a wavelength range of 300-900 nm by means of
DRS and was compared with the DRS of the sample with
no carbon; TiO,(400°C , 0.5 h), as shown in Fig. 6. According
to the spectrum a sudden increase in the region between
450 nm and 350 nm could be related to the band gap absorp-

€ |

C-TiO: (250°C, 2h)

1

C-TiO: (400°C, 0.5h)

C-TiO: (150°C, 0.5h)

Hon
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Fig. 5. FE-SEM images of (a) TiO, (150°C, 0.5 h) (b) TiO, (400°C, 0.5 h) (c) TiO, (250°C, 2 h), (d) TEM image of TiO, (250°C, 2 h) (e) EDS

elemental analyses of prepared TiO,.
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Fig. 6. Optical band gap energy of TiO, (250°C, 2 h) and TiO,
(400°C, 0.5 h) (Inset: UV-Vis DRS absorption spectra of the sam-
ples).

tion of TiO,. The following equations are applicable to esti-
mation of band gap energy (Eg) by using Kubelka-Munk
function [41,42]:

F(Rm)=& (10)
2R,

(hve)’ =C(hv—Eg) (11)

a=<F(R.) (12)

F (Re) is the Kubelka-Munk function, R is the reflec-
tance of an infinitesimal thick sample, o is absorption coef-
ficient, hv is the photon energy, C is a constant, and E is the
band gap energy of material C-TiO,. )

The band gap energy was calculated applying (F(R )
hv)? versus (hv) area that is given in Fig. 5. The evaluated
energy band gap value in TiO, (250°C, 2 h) was close to 3.05
eV which was smaller than TiO, (400°C, 0.5 h) with the band
gap energy of 3.22 eV. This decrease in E_ can be attributed
to the effect of the carbon self-doping [43].

3.3. Visible light photo catalytic properties

In order to verify the visible light photo catalytic activity
of the chosen catalyst, TiO, (250°C, 2 h), further experiments
were conducted using the slurry-batch reactor and the
impact of the three parameters, initial dye concentration,
catalytic dosage, and pH was investigated. The decolor-
ization percentage of MO (20 mg/L) versus catalytic doses
is plotted in Fig. 7a. The decolorization percentage was
increased up to a dosage of 1 g/L and was remained almost
constant up to a dosage of 2 g/L. Then, it was decreased
slowly at higher catalyst doses. The decline of the decolor-
ization can be related to accumulation of catalyst particles
which could lead to the solution become opaque and light
scattering of TiO, particles at high concentration could also
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Fig. 7. (a) Effect of catalytic dosage on dye decolorization; con-
centration of MO: 20 mg/L; pH: 4; temperature: 32 + 2 ; time: 1
h. (b) Effect of initial dye concentration on dye decolorization;
C doped TiO,: 1 g/L; PH: 4; temperature: 32 + 2°C; time: 1 h. (c)
Effect of pH of reaction mixture on dye decolorization; C doped
TiO,: 1 g/L; concentration of MO: 20 mg/L; temperature: 32 + 2
°C; time: 1 h.

increase. On the other hand, absorption of dye molecules
could decrease as a result of reduction in the number of cat-
alyst surface active sites [44].

The next key parameter taken into account was initial
concentration, and its effect on the decolorization per-
centage of MO was then investigated as presented in Fig.
7b. As the initial concentration grew the decolorization
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rate decreased, due to the fact that the rate of production
of oxidants falls and catalyst surface active sites reduces
[43,45].

A pH range 3-7 was considered according to Fig. 7c.
With a look at the diagram, one sees that the decoloriza-
tion percentage is higher in acidic medium, and slightly
reduces moving to the higher pH values. The amphoteric
behavior of most semiconductor oxides affects the surface
charge of photo catalyst, so the variation in the decolor-
ization percentage at different pH values can be attributed
to the pH value of zero-point charge (pHZpC) of TiO,. The
pH,, of TiO, particles was around 6 as Ti-OH, in other
words, when the pH level was lower than 6, the adsorbent
surface became positively charged,Ti,-OH,", so it could
attract anions. On the contrary, when the pH was set above
the pH,the catalyst surface started repelling anions as it
became negatively charged as Ti-O, [46]. The MO chem-
ical species and complex species are anion in the solution,
therefore, in the pH range of 3—-6 photo catalyst degrada-
tion of MO accelerated and in the pH range of 6-7 it grad-
ually decreased. The appropriate values of the variables
in order to achieve maximum photo catalytic removal of
MO was found by a correlation between the variables and
the maximum percentage of decolorization .The result
showed a a maximum removal of 91% at 0.0009 g/mL, 20
mg/L, and 3.0 of catalytic dose, initial MO concentration,
and pH respectively.

3.7. Validation experiment

Validation of the preceding experiments was per-
formed by conducting the photo catalytic degradation of
MO under the optimum condition in the slurry-batch reac-
tor. The decolorization percentage was found to be 91%
which shows acceptable agreement with the experimental
results. Furthermore, the reaction kinetics for the selected
optimized condition was studied and the results revealed
that the degradation follows the pseudo-first order kinetic
model .As shown in Fig. 8a, correlation coefficient R?is
near 1 and the pseudo-first order rate constant (k) is 0.014
1/min.

. (a)

y =0.0132x +0.0579
R?=10.9966

-
Q
=15
2
=
1
0.5
0+ . r
0 20 40 60 80 100 120 140 160 180
Time (min)

3.8. Photo catalytic stability

The Photo catalytic process is partial to the environment
as no produced waste is expected, so the demands of envi-
ronment should be considered. To examine the photo cata-
lytic stability, TiO, (250°C, 2 h) was chosen to carry out the
recycling experiments. For attaining adsorption/desorp-
tion equilibrium. The suspension was magnetically stirred
for 60 min in the dark prior to light illumination. According
to Fig. 4 no degradation is noticed through this step. Then
during light illumination the reaction mixture was sampled
at given time intervals. After centrifugation the dye con-
centration was measured on a UV-vis spectrophotometer
The regeneration of the TiO, photo catalyst in the recycling
experiments was conducted by means of suspension filtra-
tion in order to remove the bulk solution. Then drying at
100°C for 10 h was done. Finally, the regenerated TiO, was
reused for additional photo catalytic experiments. This pro-
cess was repeated three times (Fig. 8b) [38].

4. Conclusions

In the present study nano carbon-doped TiO, was suc-
cessfully synthesized appling a typical sol-gel process and
without using any external carbon precursors through
the controlled calcination temperature and time. The visi-
ble light activity of C-TiO, was observed to be sensitively
influenced by the calcination temperature and time in a
volcano-shape manner thus increasing the calcination tem-
perature and time resulted in enhanced visible light photo
catalytic activity and then the feature gradually disap-
peared so the best photo catalytic activity was obtained at
calcination temperature of 250 and calcination time of 2 h.
This could be associated with carbon doping of the catalysts
which improves the decomposition of organic contaminant
under visible light. The visible light photo catalytic activity
of the as-prepared TiO, was quantified by means of degra-
dation of MO was found to be greatly higher than the com-
mercial TiO, (P-25). Moreover, the photo catalytic stability
proved to remain excellent after 7 times regeneration of the
catalyst. The catalyst characterization was confirmed by

1 B \ﬂ_\’\d
08 o
F
g 06 -
i +C-TiO2 (1st)
- C-TiO2 (2nd)
«— C-TiO; (3td) S
2| — C-TiO; (Dark) s
—— Without Catalyst
0 30 2 120 150

60
Degradation time (min)

Fig. 8. (a) Evaluation of the rate constants (k) for C-doped TiO, selected optimized condition. (b) Result of recycling experiment for

C-TiO, (250°C, 2 h).
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XRD, FE-SEM, TEM, EDS and UV-Vis DRS. Dye decoloriza-
tion was predicted to be 91% under optimum condition of
0.0009 g/mL of catalyst dose, 20 mg/L of initial dye concen-
tration and the pH of 3. The present energy-efficient method
is not only worthwhile economically, but also engenders the
reduction of environmental pollution.
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