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Abstract

TiO2 nanomaterials are one of the most significant nanomaterials among the various metal oxide semiconductors family. The
TiO, nanomaterials exhibit good chemical and biological stability, nontoxicity, high degradation efficiency, and good
permeability. Hence TiO2 nanomaterials are used for the photodegradation of organic pollutants, toxic dyes, and other forms
of environmental contaminants. In this work, the anatase TiO, nanomaterials were efficiently synthesized via a solvothermal
method, with crystallite sizes ranging from 6.8-7.1 nm. The morphological observations revealed that various shapes and
sizes of microparticles were formed by the agglomeration of nanoparticles. The energy-dispersive X-ray analysis confirmed
that the titanium-oxygen stoichiometric ratio was approximately 1:2. The energy band gap of TiO; nanomaterials was in the
range of 3.02-3.12 eV. The photoluminescence study showed that anatase TiO, nanomaterial (T2) is ascribed to the self-
trapped excitons, surface states, and oxygen vacancies. The T2 sample has shown red-shifted with a high surface area (183.17
m?/g) and large pore size (4.58 nm), which helps to achieve photocatalytic degradation of methyl orange up to 90% within 30
min of mercury light irradiation. The scavenger test indicated that h* radicals are important reactive species in the

photodegradation process.

Keywords: Titania; Solvothermal Synthesis; Hydroxyl radicals; Organic dyes; Water treatment.
Received: 23 June 2021; Revised: 15 September 2021; Accepted: 17 September 2021.

Article type: Research article.

1. Introduction
In the last few decades, many industries such as textiles,
leather, printing, and ink industries are using toxic dyes to
color their material and release wastewater into various
aquatic streams.*? This dye-containing wastewater is very
harmful to aquatic life and ecology.l! Many dyes cause skin
irritation, allergic dermatitis, and carcinogenic and mutagenic
issues.*d These toxic dyes are not only harmful to aquatic
animals but also badly affect human health. Moreover, these
pollutants are difficult to decompose into less hazardous by-
products under natural circumstances. For the detoxification
of such organic pollutants, semiconductor nanomaterials can
be used as a photocatalyst that acts as a clean energy source.[”
The photocatalysis activity has attracted more attention due to
its simplicity, high efficiency, cost-effectiveness, non-toxicity,
good permeability, and less secondary pollution.®10

In recent years, TiO» nanomaterial has been widely studied
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in several industries due to its various applications in water
splitting,™] mineralization of organic pollutants,*2%3 dye-
sensitized solar cells* and gas sensors,['™ due to its special
electronic and optical properties, high physicochemical
stability, low cost, corrosion resistance and abundance in
nature.*1 The TiO, nanomaterial naturally occurs in three
major crystal structures such as polymorph anatase
(tetragonal), rutile (tetragonal), and brookite (orthorhombic),
with exhibited energy band gaps 3.2, 3.0 and 3.2 eV,
respectively.'81  The primary application of TiO»
nanomaterial is widely used as an additive into a white
pigment in paints, cosmetics, toothpaste, food coloring, and
polymers.?% For the synthesis of TiO, nanomaterials, various
techniques have been developed, such as hydrothermal,
solvothermal, electrochemical deposition, chemical bath
deposition, sol-gel, co-precipitation, chemical vapor
deposition, sonochemical method, atomic layer deposition,
and microwave-assisted hydrothermal method.?**! Among
them, the solvothermal method has outstanding advantages
like high purity material, better-controlled size/shape, low-
temperature processing, reduce manufacturing cost, less
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hazardous and easy-to-change experimental parameters such
as reaction temperature, time, different surfactants, solvents,
and various precursors.% Zhao et al. reported the fabrication
of anatase TiO, sheets using a simple hydrothermal method.
They explained that the photocatalyst prepared at 180 °C
exhibited the highest degradation efficiency of methyl orange
(MO) up to 95% within 120 min of UV irradiation, as depicted
in Table 1.1 Wu et al. and co-authors have reported the
production of carbon-doped TiO» powder by the calcination-
assisted solvothermal method that shows the photodegradation
of MO up to 98% within 120 min of visible light irradiation.4
Thapa et al. synthesized anatase TiO» nanoparticles via a
hydrothermal route and further used them for the
detoxification of MO within 25 min under UV irradiation.®
Xue et al. reported the synthesis of hollow TiO, nanostructures
employing by hydrothermal method using TiCls as a starting
precursor. They reported the complete degradation of MO
within 80 min of UV irradiation.l*®

In this study, TiO, nanomaterials were easily synthesized
by the simple and effective solvothermal method, and studied
their structural, morphological, and optical properties were.
The obtained TiO, nanomaterials (T2 sample) showed
enhanced photocatalytic performance for methyl orange dye
(MO) degradation under mercury light irradiation. Also, we
have explained the photocatalytic mechanism. Finally, the
findings of the experiment were thoroughly discussed.

2. Experimental

2.1 Chemicals and materials

Analytical reagent grade (AR) titanium isopropoxide (TTIP),
2-propanol, sodium hydroxide, acetic acid, and MO dye
purchased from S. D Fine Chem. Ltd., Mumbai, and further
used without purification.

2.2 Photocatalyst preparation

In a typical synthesis process, 0.2 M titanium isopropoxide
and 0.25 M sodium hydroxide (NaOH) were simultaneously
added to the mixture of distilled water and 2-propanol solution
(1:2 ratio) under vigorous stirring. The resultant mixture was
kept in constant stirring for the next 15 min. After mixing both
solutions, 5 mL of acetic acid was added dropwise into the
mixture. Then the above solution was transferred in a Teflon-
lined stainless-steel autoclave. Afterward, an autoclave was
kept in a hot air oven at 140, 160, and 180 °C temperature for
5 h and air-cooled to ambient temperature. The final product
was collected, washed several times with distilled water, dried
at 100 °C for 5 h, and used for further characterization. The
TiO; samples synthesized at 140, 160, and 180 °C were
labeled as T1, T2, and T3, respectively.

2.3 Characterizations

The crystallographic phases of synthesized TiO»
nanomaterials were carried by using Proto manufactured
AXRD diffractometer (XRD) equipped with CuK, radiation
(L =1.54 A) at a scan rate of 5° min"' with the 20 range from
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20 to 70°. To study surface morphology and chemical
composition, a scanning electron microscope (SEM, JEOL,
JSM-IT300) equipped with energy-dispersive X-ray analysis
(EDS, Oxford Instrument) was used. The absorbance spectra
were obtained using a UV-vis spectrophotometer
(PerkinElmer, Lambda 750). A fluorescence
spectrophotometer (PerkinElmer, LS-55) was employed to
obtain the photoluminescence (PL) spectra of a synthesized
sample at room temperature. The high-resolution transmission
electron microscopy (HRTEM) images were taken using FEG-
TEM (JEM 2100F) instrument with an operating voltage of
200 kV. The specific surface areas and pore diameter of the
TiO, samples were obtained by nitrogen adsorption using a
Micromeritics ASAP 020 Surface Area and Porosity Analyser.

2.4 Photocatalytic activity test

The photocatalytic performance of the TiO, nanomaterials was
monitored for the detoxification of MO under 125 W mercury
light irradiation (PHILIPS 125 W E27). Here, 50 mg of TiO,
nanomaterials were suspended in 50 mL of 10 mg/L MO dye
aqueous solution. To achieve adsorption-desorption
equilibrium, the solution was constantly stirred in the dark for
30 min. During irradiation, an aliquot of 4-5 mL was
withdrawn from the suspension wusing a UV-vis
spectrophotometer; the spectrum was analyzed in the
wavelength range 350-650 nm after being centrifuged. Further,
the degradation percentage of MO was calculated from the
equation as follows.

Co—Ct

D% = (C—) x 100

o

(1)
where Cy is the MO concentration at time t = 0 and C; is the
MO concentration at time t where t is irradiation time.

3. Results and discussion

3.1 Structural analysis

Figure 1 shows the X-ray diffraction pattern of solvothermal
synthesized TiO, nanomaterials at 140, 160, and 180 °C for 5
h. The peaks at ‘20’ values are 25.44, 38.04, 48.15, 54.29,
62.89, and 69.04° and their hkl planes could be indexed to the
(101), (004), (200), (105), (204) and (116) crystalline planes.
The diffraction pattern revealed that the prepared TiO»
nanomaterials could be indexed to the anatase phase with the
tetragonal crystal structure (JCPDS NO. 21-1272), with no
additional impurity peaks observed.

The Debey Scherrer equation was used to find the average
crystallite size of the synthesized TiO, nanomaterials, which
is given below:[?2

(0.92)

= (BCos6) )
where D is the average crystallite size, A is used X-ray
wavelength (0.154 nm), B is the full width at half maximum
(FWHM) and 6 is the diffraction angle. The crystallite size of
synthesized TiO; nanomaterials T1, T2, and T3 was found to
be 5.7, 6.8, and 7.3 nm from the prominent diffraction peak.
This finding suggests that as the temperature rises, the
crystallite size of the TiO, nanomaterials increases.
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3.2 Elemental composition analysis

Figure S1(a) reveals the elemental composition and purity of
the T2 sample estimated using the EDS technique. The strong
titanium (Ti) and oxygen (O) peaks were observed without any
impurity, confirming the synthesized TiO». The Ti and O were
found to have average atomic percentages of 27.78 and 72.22,
respectively. The result depicts the synthesized TiO;
nanomaterial is in a good stoichiometric ratio. Also, by color
mapping analysis, Figs. S1(b-d) displays the existence of all
expected elements Ti and O in the T2 sample.

(101)

(T2)

Intensity (A.U.)

(1)

T T T T T T v T T
20 30 40 50 60 70

20 (Deg.)

Fig. 1 XRD pattern of the synthesized TiO, nanomaterials T1, T2,
and T3 were synthesized at 140, 160, and 180 °C, respectively.

3.3 Morphological study

Figures S2(a-c) exhibits the SEM morphology of the as-
synthesized TiO; nanomaterials T1, T2, and T3, respectively.
The SEM images reveal the stone-like microparticles with
various shapes and sizes with an average diameter of about
0.1-3 pm, as shown in Fig. S2(d). HRTEM images of the T2
sample with average microparticle diameters of approximately
0.2-0.3 pm are shown in Fig. 2(a), consistent with the SEM
image. These microparticles consist of a small aggregation of
TiO; nanoparticles with an average diameter of 2-7 nm, as
shown in Fig. 2(d).

Figure 2(e) depicts the HRTEM image of the T2 sample
that reveals the lattice spacing with a distance of 0.351 nm,
which corresponds to the (101) plane that is well consistent
with the XRD result. Fig. 2(f) depicts the selected area electron
diffraction (SAED) pattern of the T2 sample. It shows the
patterns of concentric rings with intermittent dots, indicating
the polycrystalline nature of TiO».

3.4 UV-vis analysis

The optical energy band gap (Eg) of synthesized TiO:
nanomaterials T1, T2 and T3 can be determined using Tauc’s
relation as shown below:[!
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(ahv) = A(hv- Eg)" 3)
where A is constant, a is the absorption coefficient, Av is
photon energy and E; is the band gap of the synthesized
materials. The exponent n is equal to 2 or 2 for direct or
indirect band gap transition materials. Fig. 3 shows the plot of
(ahv)V? versus hv of the TiO2 nanomaterials and the inset
depicts the corresponding absorption spectra of the
synthesized samples. The extrapolation of the linear part of the
plot to the energy axis (a = 0) gives the energy band gap value
of the synthesized TiO, nanomaterials T1, T2 and T3 are
around 3.08, 3.02, and 3.12 eV, respectively.

3.5 BET analysis

N> adsorption-desorption analysis was used to examine the
specific surface area and pore size of the TiO, sample
synthesized at 140, 160, and 180 °C. Fig. S3 depicts the N>
adsorption-desorption isotherm of T1, T2, and T3 samples,
respectively. According to IUPAC, the isotherm represented a
type IV isotherm with H, hysteresis loops. The hysteresis
loops in the 0.4—1.0 (P/P0) range belonged to H» hysteresis
loops, indicating that the nanostructures were mesoporous.
The BET and BJH methods were used to determine the surface
area, pore size, and pore volume of the T1, T2, and T3 samples,
as shown in Table 2. The T1, T2, and T3 samples' BET surface
areas were 205.67, 183.17, and 169.73 m?g"!, respectively. In
addition, using the template-free solvothermal process, high-
surface-area TiO, samples were obtained. In general, a large
pore volume and a high specific surface area can provide more
contact sites for the reactant molecule, which is beneficial to
increase photocatalytic activity.F”

3.6 Photoluminescence study

Photoluminescence spectra are a vital characterization tool to
study the generation-recombination of e/h* pairs, trapping,
immigration, and various forms of defects present in the
material.

Figure 4 shows the PL emission spectra of the as-
synthesized TiO, nanomaterial (160 °C) exhibit emission
peaks at 401, 423, 446, 463, and 487 nm with an excitation
wavelength of 250 nm. The emission peak centered at 401 and
423 nm was attributed to excitonic emission to the near band
edge emission of Ti0,.83% The emission band at 446 nm was
assigned to the oxygen vacancy.! The emission near 463 nm
was shown as a result of the e transition between the donor
and deep acceptor levels.®! Also, due to the surface state, the
emission band at 487 nm was seen.!*!]

3.7 Photocatalytic Activities

Figure 5(a) displays the photodegradation spectra of MO in
the wavelength range of 200-600 nm over time using a T2
catalyst. These spectra explained the absorption peak intensity
at 465 nm continuously decreases with an increase in
irradiation time and around 90% MO was degraded within 30
min. The photodegradation of MO dye was compared to that
of previously recorded TiO, nanomaterials in Table 1.
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Fig. 2 (a-d) TEM images of differ

Figure 5(b) shows the plot of C/C, versus time (t) under
the mercury light irradiation of the TiO, nanomaterials. The
rate constant of MO photodegradation was studied by using
pseudo-first-order kinetics which can be expressed as a given

equation,“?
c
In (—“) = kt
Ct

“)

where C, is the dye concentration at time t = 0 min, C; is the
dye concentration at time t, t is irradiation time and k is the

© Engineered Science Publisher LLC 2022

rate constant.

The MO degradation rate constant of the T1, T2, and T3
samples were determined using the plot of In (Co/C;) versus
irradiation time, as shown in Fig. 5(c). From the plot, the rate
constant (k) was measured to be 61.4 x 1073, 71.0 x 1073, 48.0
x 10*and 9 x 10*min’" and the linear regression correlation
coefficient R? was calculated to be 0.9934, 0.9899, 0.9966 and
0.9439 of T1, T2, T3, and blank sample, respectively. Also,
the chemical oxygen demand (COD) of the degraded MO dye
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Fig. 3 Plot of (ahv)!”? versus hv of the TiO> nanomaterials T1, T2,
and T3. Inset: corresponding UV absorbance spectra.

the solution was investigated based on an open reflux
titrimetric method using a spectral COD digestor. The COD of
MO dye was found to be reduced within 30 min from 08 to 02
mg/L. In addition, the obtained T2 photocatalyst exhibited 75%
of the total efficiency of COD removal, suggesting that the T2
photocatalyst has a higher mineralization ability.

The photocatalytic performance is primarily determined by
the crystal structure, crystallite size, light absorbance ability,
large surface area, and also pore size.* In the current study,
the TiO, nanomaterial synthesized at 160 °C demonstrated the
highest photodegradation efficiency compared to other
samples. Since it has a wide surface area and large pore size,
the adsorption property improves.* These findings show that
the morphology, crystallite size, surface area, and pore size
play an important role in the photocatalytic degradation of MO.

3.8 Effect of variation of MO dye and -catalyst
concentration on photocatalytic activity

The effect of variation in the concentration of dye was
studied by keeping the amount of T2 catalyst (50 mg/L)
constant. The degradation efficiency decreases as the initial
MO concentration increases, as shown in Fig. 6(a). The 5 ppm

Table 1. Comparison table of degradation of methyl orange dye from TiO, nanoparticles.

Sr. Materials Synthesis method Experimental Light source Degradation Percentage Reference
No. used conditions time (min) (%)
1 TiO2 sheets Hydrothermal P: 50 mL, 10 mg/L UV light 120 min 95% [33]
(180°C/12h) C: 100 mg irradiation
(300 W)
2 Carbon doped Solvothermal P: 50 mL, 15 mg/L Simulated solar 120 min 98% [34]
TiO2 (190 °C / 2 h calcined C:50mg light
at 265 °C) (300 W)
3 TiO2 Hydrothermal P: 100 mL, 10° M UV light 25 min 98% [35]
nanoparticles (150°C/18h) C:30mg (40wW)
4 Hollow TiO2 Hydrothermal P: 50 mL, 10 mg/L High-pressure 80 min 99% [36]
nanoparticles (180°C/12h) C: 50 mg Hg lamp
(300 W)
5 TiO2 nanorods Hydrothermal P: 100 mL, 10 ppm Mercury lamp 150 min 51% [45]
(180°C /24 h) C: 50 mg (intensity is
~650 lux)
6 TiOz2 nanobelts Hydrothermal P: 100 mL, 310 Sunlight 60 min 93% [46]
(180°C/10h mol/L (intensity 1.15
calcined at 550 °C) C: 200 mg x10° Ix)
7 TiO2@Ag NRs Solvothermal P: 200 mL, 20 mg/L Xe lamp 150 min 98% [47]
(200 °C /24 h) C:20mg (1000 W)
8 Our data Solvothermal P: 50 mL, 10 mg/L Mercury lamp 30 min 90%
(160°C/5h) C:50mg (125 W)
Table 2. Nitrogen adsorption-desorption studies for TiO, nanomaterials.
TiO2 Crystalite size Band gap energy SBET Pore volume Pore size
photocatalyst (nm) (eV) (m%g™) (cmg?) (nm)
T1 5.78 3.08 205.67 0.19 3.78
T2 6.80 3.02 183.17 0.21 4.58
T3 7.34 3.12 169.73 0.23 5.46
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MO dye achieved up to 94% degradation efficiency within 20
min of irradiation, while the concentration of 10 ppm and 15
ppm of MO exhibited 90 and 32% degradation efficiency
within 30 min. Herein, at a higher initial concentration, MO
dye blocked the active catalytic surface sites in the solution,
resulting in decreasing photodegradation efficiency.

60

PL Intensity (A.U.)
8

300

Wavelength (nm)

Fig. 4 Room temperature photoluminescence spectra with
Gaussian fitting of the T2 sample.

The effect of catalyst variation (20, 50, and 80 mg/L) on
the MO dye degradation over the TiO; photocatalyst (T2) was
shown in Fig. 6(b). With increasing catalyst loading, it is
observed that MO degradation efficiency has been improved.
The 80 mg/L TiO; catalysts were shown > 98% degradation
within 20 min, whereas 50 and 20 mg/L catalysts were shown
90 and 64% degradation within 30 min, respectively. Notably,
the improvement in degradation efficiency at the highest
photocatalyst quantity is primarily due to the rise in the
number of active sites on the TiO; catalyst surface.

3.9 Scavenger test

The role of various active species in the photodegradation of
MO dye is investigated using radical trapping experiments. In
this  method, three active species  scavengers
ethylenediaminetetraacetic acid tetrasodium (10 mM),
isopropyl alcohol (1 mL), and L-ascorbic acid (10 mM) were
used in the photocatalytic process, which are effective
scavengers for the h*, OH" and ‘O, radicals, respectively. Fig.
7 depicts that after the addition of EDTA, which functions as
an h* scavenger, photodegradation efficiency (~ 1-2%) was
significantly suppressed. However, when IPA and L-ascorbic
acid were added to the degradation process, there was a slight
change in photodegradation efficiency than without the
scavenger. The obtained results revealed that in the MO
degradation process, h* radicals play a key role and act as
major active species, whereas OH " and 'O, radicals exhibited
minor active species.

© Engineered Science Publisher LLC 2022

3.10 Stability tests of the TiO; nanomaterial

Figure 8 shows the recycling test for the decomposition of 10
ppm MO dye under the same experimental conditions to
determine the photostability of the TiO, nanomaterial (T2
sample) synthesized at 160 °C. After the first cycle, the utilized
TiO; photocatalyst was centrifuged, thoroughly washed with
distilled water, and dried at 80 °C for 5-6 h. After three
consecutive cycles, the TiO, photocatalyst has a significantly
lower degradation efficiency (76%) than the initial
degradation efficiency (90%) within 30 min of irradiation. The
reduction in photocatalytic efficiency was due to the loss in
catalyst recollection at the end of each cycle.
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Fig. 5 (a) UV-visible spectra of MO solution in the presence of
T2 sample under mercury light irradiation at different intervals,
(b) Photodegradation of MO dye in the presence of T1, T2, and
T3 sample, and (c) Linear plot of In(C,/C;) vs time over different
samples.
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Fig. 6 (a) Effect of variation of MO dye concentration on photocatalytic activity of T2 sample and (b) Effect of variation of T2

catalyst on the photodegradation of MO dye (10 ppm).

I - I
PA

EDTA
Fig. 7 Radical trapping experiment for the photodegradation of MO dye
over the T2 sample.
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Fig. 8 Stability test of the T2 up to three cycles for the degradation
of MO dye.

3.11 Photocatalytic mechanism
The photodegradation mechanism of MO dye by using TiO-

182 | Eng. Sci., 2022, 17, 176-184

nanomaterial was depicted in Fig. 9. When the UV-vis light
falls on TiO, nanomaterial and if its energy is equal to or
greater than the energy band gap of TiO, nanomaterial, then
the e/h" pair was generated. Then electrons (e°) are excited and
undergo the transition from the valance band to the conduction
band by leaving holes (h*) in the valance band, which latterly
diffuses near the catalyst surface. These photogenerated holes
on the catalyst surface react with water and hydroxyl group
(OH) to produce hydroxyl (OHY) radicals. Similarly, the
photogenerated electron (e°) on the catalyst surface reacts with
dissolved oxygen to form superoxide anions. These hydroxyl
radicals and superoxide anions were attached to the
intermediate products in the oxidative reaction leading to the
detoxification of harmful organic pollutants. The following
equations explain the photocatalytic mechanism:“?

TiOz + hv — h* (vg)+ ¢ (cB) (5)
h* (ve)+ H20 — OH" + H* (6)
h* e +OH — OH" (7)
et 02— 07 ®

O;” +H" —> HO" 9

20H" — H202 (10)
H;02+ e (cgy— OH" + OH™ (11)

OH" + O, + Dyes — Degradation product + HO + CO,
(12)

4. Conclusions
In summary, the solvothermal method is used to synthesize
nanometric TiO, with the anatase crystal structure. The XRD
pattern confirmed the anatase crystalline phase with a
crystallite size of 6.8—7.1 nm. From the UV-vis absorption plot,
the energy band gap of the TiO> nanomaterials is found to be
3.02-3.12 eV. The SEM observation reveals stone-like
microparticles of various shapes and sizes. The HRTEM
observation reveals that the microparticles are formed by the
agglomeration of nanoparticles. The EDS spectrum confirms
the presence of Ti and O elements and no other impurity peaks
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are detected. The synthesized TiO, nanomaterial (T2) is used
as a photocatalyst and the maximum degradation efficiency of
MO is observed to be 98 and 90% for 80 and 50 mg catalyst
concentration within 20 and 30 min of irradiation, respectively.
The photodegradation of MO over (1 g/L) T2 catalysts
achieved a COD removal efficiency of around 75%. The
findings reveal that the photodegradation efficiency of MO
was influenced by the quantity of MO and photocatalyst
concentration. The scavenger test shows that h* radicals are
essential reactive species involved in MO degradation. Overall,
the results depict that the synthesized TiO, samples have the
potential for color detoxification and the treatment of polluted
water.

MO dye

OH*+ H*
Oxidation

H,O0

Fig. 9 Schematic diagram of the photocatalytic degradation
mechanism of MO dye.
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