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We report the significance of hydrothermal temperature of TiO, nanoparticles on the crystallinity, band gap and
the photocatalytic degradation of congo red dye. These nanoparticles are synthesized by hydrothermal method
at 120 °C, 140 °C and 160 °C. The anatase phases of the samples are confirmed from the X-ray diffraction
pattern and the surface morphology of the sample is visualized in a high-resolution scanning electron microscope.
The observed optical band gap value supported that TiO, can be used as a visible light photocatalyst which
is also in agreement with the photoluminescence spectrum. TiO, nanoparticles prepared at 160 °C degrades
98.3 % of congo red in 90 min and the kinetics of degradation is analysed using both pseudo first (Langmuir
Hinshelwood) and second order equations. It is found that the pseudo second order (Blanchard) equation fits
well for the whole range of degradation with the correlation coefficient of 0.9999.
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1. Introduction

Semiconductor photocatalyst are mainly preferred for the dye
waste water treatment because it is inexpensive and low toxi-
city. Among various metal oxide semiconductors, Titanium
dioxide (TiO») is known to be an important semiconductor
material attracts tremendous attention due to its wide range of
applications including photocatalytic degradation [1], photo-
voltaic devices, solar cells, gas sensor and humidity sensors. It
is well known that titanium dioxide exists in three crystalline
polymorphs namely anatase, rutile and brookite. Among
these, anatase phase has a higher photocatalytic activity in
comparison with rutile phase because of its lower electron-
hole recombination rate. Various synthetic methods such as
hydrothermal [2], solvothermal [3] and sol-gel method [4]
have been used for the preparation of TiO, nanoparticles.
Among these preparation routes, hydrothermal synthesis is
a promising method because it provides an effective envi-
ronment for the synthesis of nanocrystalline TiO, with high
purity, good dispersion and well-controlled crystalline. Hong-
xu Guo et.al [5] prepared TiO, nanoparticles by hydrothermal
method at the temperature of 160 °C for 10 h and studied
its photocatalytic degradation of congo red (CR) with a con-
centration of 40 ppm. They used 1.5 g/l of catalyst in 100
ml of dye solution and achieved 12 % efficiency in 210 min.
Mansoor Farbod et.al [6] prepared TiO, nanoparticles using
sol-gel ball milling method which degraded 80 % of CR (20
ppm) in 210 min irradiation using 1 g/l catalyst. M.L. de
Souza et.al [7] reported 80 % of CR (20 ppm) degradation in
240 min using 0.5 g/l photocatalyst. The aim of the present

work is to prepare anatase phase TiO, nanoparticles with
higher degradation property of the congo red dye.

2. Experimental details

2.1 Materials used

Titanium (IV) isopropoxide (Sigma Aldrich), ethanol, glacial
acetic acid (Merck) and congo red (Sigma Aldrich) were pur-
chased and used for the sample preparation. Double distilled
(DD) water was used throughout the experiment.

2.2 Preparation

TiO, nanoparticles were prepared by hydrothermal treatment
using Titanium (IV) isopropoxide as a precursor. To the 5 ml
of precursor, 10 ml of ethanol and 20 ml of double distilled
water was added drop wise and stirred for 30 min. Then 5
ml of glacial acetic acid was added to the above solution (pH
= 3). Now the resulting solution was transferred into a 50
ml Teflon-lined stainless-steel autoclave and hydrothermally
treated at 120 °C in an oven for 24 h. Finally, the autoclave
was cooled to room temperature, the precipitates were cen-
trifuged and washed several times using double distilled water.
The resulting precipitates were dried overnight in an oven at
80 °C and the sample was named as S;. Similarly, the samples
were hydrothermally treated at different temperatures 140 °C
and 160 °C for 24 h and named as S, and S3 respectively [8].

2.3 Characterization
X-ray diffraction was performed using PANalytical XPERT-
PRO X-ray diffractometer with CuK, (A = 1.5406 A) as



Rajakumar et al.

300 nm

JTAP15(2021) 152105 2/7

300 nm

300 nm

Figure 1. HR-SEM micrograph for TiO, nanoparticles of (a) S; (b) S, and (c) S3

an incident radiation. The accelerating voltage and current
were 40 kV and 30 mA respectively. The surface morphol-
ogy and composition of the nanoparticles were observed in a
High-Resolution Scanning Electron Microscope (FEI Quanta
FEG 200) equipped with an Energy Dispersive X-ray spec-
troscopy (EDX). Transmission electron microscope (TEM)
images were obtained using a Philips CM 200 at an accelerat-
ing voltage of 200 kV. The diameter of the TiO;, nanoparticles
was determined using the Image J software. After measuring
the diameters, the data was represented in the form of a his-
togram in order to analyze the size distribution. Shimadzu
UV-2700 diffuse reflectance spectrophotometer (DRS) was
used to obtain reflectance and absorption spectra in the wave-
length region 220-850 nm using BaSO4 powder as reference.
Photoluminescence (PL) spectra were obtained using Cary
Eclips EL08083851 Fluorescence Spectrophotometer with an
excitation wavelength of 388 nm. Congo Red (CR) was cho-
sen as a model pollutant for degradation studies using TiO;
as a catalyst. 500 W xenon source (Wacom XDS 501S) with
a dimension of 160(W)x 145(D)x377(H) mm was used for
light irradiation (64,200 1x; wavelength: 220-2000 nm) and
the distance between the light source and sample was kept as
47 cm. The degradation of CR dye of 10 ppm concentration
was studied for every 30 min using TiO, nanoparticles (0.2
g/1) and the residual concentration of the dye in the solution
was obtained using UV-Vis spectrophotometer (Techcomp,
UV 2301) in the range of 200-900 nm.

3. Results

3.1 Structural properties

Figure 1 shows the HR-SEM image of TiO, nanoparticles
prepared for various hydrothermal temperatures. From the
figure, it is clear that smooth spherical particles are seen on
the surface. The distribution of the particles is uniform and
the particle size lies between 14-19 nm. With an increase in
hydrothermal temperature, the samples possess well defined
shapes and larger particle size. The EDX analysis indicated
the presence of Ti and O in the TiO; nanoparticles. No other
impurity peaks are observed in EDX confirming the purity of
the sample.

Figure 2 (a), (b) and (c) shows the TEM image of the TiO;
nanoparticles prepared at the hydrothermal temperature of

120 °C, 140 °C and 160 °C in which the nanoparticles show
very similar shapes of rice grains with well monodispersed
particles. Additionally, the agglomeration is absent in the sam-
ples and the images demonstrates the formation of crystalline
TiO, with a particle size of about 14 to 19 nm. The particle
size distributions for TiO, nanoparticles were estimated from
TEM images and are given in figure 3. It can be seen that the
particles are uniform in shape and have a particle size distribu-
tion in the range of 14—19 nm. The results of the particle size
distribution of TiO; nanoparticles show an inter correlation
with TEM and SEM results.

3.2 Optical properties

The optical absorbance spectra of TiO, nanoparticles synthe-
sized at various temperatures are shown in figure 4. The peak
around 300 nm is due to the charge transfer from O 2p orbital
of the valence band to the conduction band of the Ti 3d orbital.
Compared with other samples, sample Sz shows strong ab-
sorption. Furthermore, the band edge shifts towards the higher
wavelength, indicating a decrease in the band gap energy and
consequently more photogenerated electrons and holes could
participate in the photocatalytic reactions. The optical band
gaps are calculated using Kubelka-Munk function [9]
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The optical band gaps are obtained from the intercept of ex-
trapolated linear fit of experimental data by a plot of [F(Re)AV] 1/2
versus incident photon energy and is shown in figure 4 as an
inset. The band gap values are found to be 3.176 (2), 3.064
(2) and 3.023 (5) eV for Sy, S and S3 samples respectively.
The oxygen vacancy generated from the replacement of Ti**+
by Ti*" in the TiO, lattice forms the impurity level above the
valence band and it narrows the band gap of the sample [10].
The decreases in band gap values are well consistent with the
XRD results of larger crystallite size and crystallinity.

Figure 5 shows the PL spectra of TiO, nanoparticles for vari-
ous hydrothermal temperatures at an excitation wavelength of
388 nm recorded at room temperature. The intensity PL peaks
can be linked to the recombination process of electron-hole
pair at the surface of TiO, [11]. Commonly, PL emission
of anatase TiO, is assigned to three different physical ori-
gins: self-trapped excitons, oxygen vacancies and surface
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Figure 2. TEM micrograph for TiO, nanoparticles of (a) Sy (b) S, and (c) S3

defects [12]. The emission peaks ranging from 440 nm to
500 nm are due to the surface oxygen vacancies, impurities,
defects [13] and transition of Ti-OH groups suggesting the
existence of hydroxyl groups on the surface of TiO; nanoparti-
cles [14]. There are six emission peaks observed in the visible
region at 445, 459, 485, 517, 529 and 542 nm. The blue
emissions at 445 and 459 nm are attributed to band edge free
excitons [15] and shallow trap states. The green emissions
at 485, 517, 529 and 542 nm are due to the trapping of free

excitons by titanate groups near defects [16], radiative recom-
bination of charge carriers and arise from the deep hole trap
states associated with oxygen vacancies respectively. The in-
crease in hydrothermal temperature increases the PL intensity
which means that the crystallinity [17] and the photocatalytic
activity [18] of TiO; increase at higher temperature. Thus the
PL and DRS results explain the changes in the band gap of
TiO; nanoparticles.
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Figure 3. Particle size distribution for TiO, nanoparticles of
(@) Sy (b) S and (¢) S3
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Figure 4. Absorbance spectra for TiO, nanoparticles of (a)
S1 (b) S, and (c) Sz and inset shows the band gap spectra
using Kubelka-Munk function

3.3 Removal of Congo red

Congo red was chosen as a model pollutant with a concentra-
tion of 10 ppm. 10 mg of TiO; was dispersed in 50 ml of CR
solution. The solution was magnetically stirred in the dark
for 60 min to achieve the adsorption desorption equilibrium
between the dye and catalyst. In dark, the degradation of
the dye solution was attributed to the adsorption of congo
red on the surface of TiO, nanoparticles through two oxygen
atoms in the sulphonate group present in the dye. Although
CR is an anionic dye, the photodegradation originated from
the hydroxyl and superoxide anion radicals resulting from the
formation of electron-hole pairs in semiconductors. When
TiO; is exposed using xenon source, electrons in the valence
band are excited to the conduction band leaving behind holes.
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Figure 5. Photoluminescence spectra of TiO, nanoparticles
of (a) Sy (b) Sy and (¢) S3
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Figure 6. Degradation of Congo red using TiO2
nanoparticles of TiO, nanoparticles of (a) S (b) S, and (c) S3

The excited electrons in the conduction band are in a 3d state
and because of dissimilar parity, the transition probability of
e~ to the valence band decreases, leading to a reduction in the
electron-hole recombination [19]. The absorbance spectra of
CR shown in figure 6 have two characteristic peaks are in the
visible region at 498 nm and the other band at 338 nm and are
due to the azo bond (-N=N-) and naphthalene ring structure
of CR dye [20] respectively.

During degradation the absorbance value decreases with irra-
diation time and it is due to the breakup of chromophore bonds
in CR dye. With the increase in the hydrothermal temperature,
a maximum degradation efficiency of 98.3 % is achieved in
90 min. This improvement may be attributed to the perfect
crystal structure of TiO, [21].

The absorption spectra reveal the decrease of dye concentra-
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Figure 7. Langmuir-Hinshelwood pseudo first order kinetics
for the degradation of CR using TiO; nanoparticles of (a) S;
(b) S; and (c) S3 and the inset figure shows the second order
kinetics

tion with time for all the samples and the sample S3 shows the
maximum degradation efficiency in 90 min. The amount of
dye adsorbed per unit (q,) was calculated using the following
equation

R UEE)) .
m

where V is the volume of the dye solution (ml), C; and C¢
are the initial and final concentration (mg 17 1) of the dye
respectively and m is the weight of the catalyst (g). The q,
value obtained from the experiment is given in Table 1. The
degradation of CR dye by TiO; nanoparticles are analyzed
using pseudo first order and pseudo second order kinetics.

4. Kinetics of CR dye removal

4.1 Pseudo first order kinetics

The kinetics of photocatalytic degradation is described using
Langmuir— Hinshelwood model. When the initial concentra-
tion Cy is very small then the equation is expressed as [22]

G

1
n( C

) =kt (3)

where k — pseudo first order rate constant and C; is the
concentration at time t. The variation in ln(%?) as a function
of time is shown in figure 7.

The removal efficiency, first order kinetic rate constant (k)
and regression coefficient (R) are given in Table 1. Since,
the regression coefficient is not nearly equal to unity, in the
present work, pseudo second order kinetics are tried.
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Figure 8. XRD pattern for TiO, nanoparticles of (a) S; (b) S»
and (c) S3

Blanchard [23] presented the pseudo second order as,

kaq2t

- 4
1 +ktqet ( )

qr
where g, and g, are the amount of dye adsorbed at equilibrium
and at time t (mg/g) and k» is the pseudo second order rate
constant (g mg~! min~!). The obtained equation can be
rearranged into a linear form as,

t t 1

o 4 kd ®
A plot between t/q, versus time (inset of figure 7) gives the
value of qe (mg/g) and k, (g mg~' min~!) and given in Table
1 for comparison. The regression coefficient values are nearly
equal to 1 and it exhibits the pseudo second order fitting.
The stability of TiO, is tested by studying the structural
change (XRD) of the sample after degradation. Figure 8
shows the XRD pattern of all the three samples after degra-
dation of CR. It should be noted that only anatase peaks can
be detected and no rutile or brookite phase is found in the
XRD pattern. All the X-ray diffraction peaks match well to
anatase phase of TiO; and the peaks are in agreement with
the reference pattern JCPDS No. 71-1167 of TiO,. From this
it is clearly confirmed that, the formed system crystallizes
in tetragonal structure. No additional peaks are present after
degradation but the XRD intensity decreases slightly. It shows
that the crystal structure remains the same after degradation,

2251-7227/2021/15(1)/152105 [http://dx.doi.org/1030495/jtap.152105]
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Table 1. Pseudo first & second order kinetics parameters of TiO, for the degradation of CR dye

Sample Efficiency q.(mg/g) First

(%) (from order ki

experiment)

(min™)

92.7 4699  0.012(1)
S 93.7 4723 0.010(1)
Ss 98.3 4926  0.028(7)

but the crystallinity decreases. The crystallite size (D) of TiO,
is calculated using the Scherrer formula given by,

KA
~ Bcosh

(6)

where K — Scherrer constant (= 0.9), A — wavelength of X-
ray used, B — full width at half maximum and 6 — scattering
angle. The crystallite size is determined by considering the
first three prominent peaks and its average value is 6.3, 7.6
and 13.6 nm for sample S, S, and S3 respectively.

The observed crystallite size increase with decrease in the
band gap, have a direct relation of increase in degradation
efficiency. The efficiency increases with hydrothermal temper-
ature and Sz shows the highest efficiency for CR. Due to the
lower band gap of sample S3, the number of electrons reach-
ing the conduction band from valence band increases (i.e.,)
electron density in the conduction band is high. Consequently,
the number of holes in the valence band also increases. Both
these electrons and holes interact with OH™ to produce OH’
radicals. This favors the formation of more OH? free radicals,
which are main active species in the photocatalytic degrada-
tion [24]. These results revealed that the larger crystallite size
and the lower band gap of sample S3 shows highest efficiency
compared to other samples.

5. Conclusion

Anatase TiO; nanoparticles are prepared successfully by a
hydrothermal method by varying the hydrothermal temper-
atures. With the increase in hydrothermal temperature, the
crystallinity increases while the band gap, surface defects and
charge carrier recombination rate decreases. A maximum
degradation efficiency of 98 % is achieved in 90 min on the

Qe Second
(mg/g) order ki
(from (min™)
graph)
0.9790 47.01 0.0302 0.9997
0.9854 47.23 0.0367 0.9998
0.9436 49.38 0.0579 0.9999

CR dye removal. The significant enhancement in the degrada-
tion of sample hydrothermally treated at 160 °C, is due to the
lower recombination rate, anatase phase with a higher degree
of crystallinity and the lower band gap of TiO, nanoparticles.
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