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Abstract—Owing to its complex chemical makeup, dye pollution from the textile sector poses a serious challenge for
wastewater. Using a photocatalyst with light irradiation to remove color from wastewater is a potential wastewater treat-
ment technique. The majority of harmful dyes are resistant to biodegradation, which reduces the effectiveness of bio-
logical wastewater treatment facilities. A well-known photocatalyst for wastewater treatment, titanium dioxide is typically
utilized in suspensions in photoreactions. TiO, based nanomaterial offers some benefits over other materials, including
its inexpensive cost, low toxicity, high photochemical reactivity, and capacity for generalized oxidative attack. By doing
s, it can encourage the breakdown of certain target organic molecules while just slightly altering operational parame-
ters. The aim of this review is to highlight the different method for synthesis and its characterization. This review also
highlights the different type of TiO,/composite as photocatalyst for removal of dyes. The general mechanism of photo-
catalytic effect of TiO, has been discussed expansively. This paper takes a thorough approach to the many outcomes of

the researchers' efforts to remove dyes from wastewater.
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INTRODUCTION

One of the most valuable and irreplaceable resources known is
water. Water consumption per person varies considerably between
nations, and home, industrial, and public uses all contribute to the
issue of widespread water mismanagement [1]. The pollution of
wastewater brought on by expanding industry in recent years is be-
coming more and more recognized. Industrial wastewater from
the paper and textile industries, in particular, contains a complex
mixture of different organic compounds, heavy metals, and azo-
dyes that are difficult to remove in natural environments because
of their high solubility, stability, and low biodegradability in aque-
ous media [2]. The presence of organic contaminants in industrial
water and wastewater is seen as a serious issue for people every-
where. There is an increase in water and air pollution. Pharmaceu-
tical, tannery, and textile industries all colored effluent, and these
businesses use synthetic dyes and pigments extensively [3-7]. Par-
ticularly in the textile manufacturing sector, 10 to 50 percent of the
dye that is used during the dying process is lost and discharged in
the effluent [8-10]. The textile industries let out wastewater that has
high pH, foul smell, high BOD (biological oxygen demand), acids,
bases and heavy metals that are toxic for the environment [11]. In
addition, dyes accumulating in water damage the aesthetics of the
environment. A majority of dyes are stable and resistant to oxida-
tion, light, and aerobic degradation for a long time. Azo-dyes are poi-
sonous, obstruct the passage of light, and stop the growth of vegeta-
tion and fauna in bodies of water. Additionally, given that the azo
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group (N=N) is transformed into aromatic amines, which have the
potential to induce human cancer, some dyes and the byproducts
of their breakdown can be viewed as potential pollutants [2,12]. The
dyes in effluents must therefore be removed before they are dis-
charged into water reservoirs. Different methods have been tested
to remove toxicity from water, including photocatalytic degrada-
tion, UV irradiation, membrane filtration, osmosis, microextraction,
and nanofiltration [13,14]. In spite of the extensive study of these
methods, they have some drawbacks, such as high capital costs, the
need for chemicals, their ineffectiveness to remove all pollutants,
and the fact they do not destroy the pollutants [8,15]. Advanced oxi-
dation processes (AOP) can degrade organic compounds that are
resistant to conventional treatment methods. When the pollutants
contain halogens, AOP releases reactive species, mainly hydroxyl
radicals that help break down the target molecule, generating CO,,
H,0, and mineral acids [8,16]. Photocatalytic degradation tech-
niques can be used to degrade organic pollutants and textile dyes,
and semiconductor catalyst have been used for this technique [17].
Photocatalysis is an advanced oxidation process that is used to
remove the pollutants from wastewater with the help of semicon-
ductor catalyst, and UV light and photocatalyst have the potential
to convert light energy to chemical energy [18]. The creation of more
effective photocatalyst materials has been the focus of significant
research since Fujushima and colleagues” groundbreaking work on
titanium-based photocatalysis in the early 1970s [19,20]. Titania-
based photocatalyst materials have been applied to a wide range of
environmental remediation and water contamination applications
[19-22], as well as solar cell materials [19,21,23], hydrogen produc-
tion from water [19,23,24], organic synthesis processes [19,25,26],
anti-fog, and antimicrobial solutions [19,27,28], etc. Due to its excel-
lent photocatalytic activity; chemical stability, non-toxicity; and via-
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bility from an economic standpoint, nano TiO, has been employed
extensively as a photocatalyst for dye degradation. TiO, exclusively
absorbs anatase in the UV range and has a high band gap energy
(32eV) [3,29-31]. Visible light makes up 46% of solar energy, while
UV light makes up only 6%. Therefore, coupled TiO, application
with external UV irradiation was widely utilized for the treatment
of industrial effluent [3,32]. It is expensive and challenging to put
the combined UV+TiO, treatment process into real-time opera-
tion. Reducing the band gap energy from the UV area to the visi-
ble light region can be accomplished by doping the TiO, particles
in the crystalline structure material or by synthesizing TiO, com-
posites [3]. TiO, has three polymorphic types: brookite (orthor-
hombic), anatase (tetragonal) and rutile (tetragonal). The anatase
TiO, has a small size and is the metastable form that helps in pho-
tocatalytic activity [33]. Application of TiO, nanoparticles include
work in the medicinal field and in cancer therapies [34], food preser-
vation, cosmetics [35], and dye synthesized solar cells [36].

In this review; we discuss different methods used for the syn-
thesis of TiO, and titania-based material, structural, and morpho-
logical studies, photocatalytic degradation and mechanism of de-
gradation of different dyes. We have tabulated many more titania
based nanomaterials as photocatalyst which have been able to
remove different dyes from wastewater efficiently This review is

going to help researchers in many ways for selecting suitable catalysts
for water remediation and may enhance the catalytic properties.

SYNTHESIS OF TiO, AND TIO, BASED MATERIALS

Different photocatalytic materials have been synthesized by many
researchers. Qiao et al. synthesized polyglutamic acid functional-
ized Ag/g-C;N,/SiC photocatalyst [37]. Liu et al. prepared polygly-
cine functionalized gold/iron doped silver iodide for photocatalysis
[38]. Bahadoran et al. obtained Co-doping silver and iron on gra-
phitic carbon nitride-carrageenan nanocomposite for the photo-
catalytic process [39]. Spinel tin ferrite ornamented on Bismuth
ferrite nanostructures was created by Xiao et al. [40] as a synergetic
photocatalyst. Sn/Fe nanoparticles created by Bahadoran et al. [41]
demonstrated excellent photocatalytic performance for the break-
down of methyl orange about 95.1% in 35 minutes. Hydrothermal
technique was used by Mao et al. [42] to produce silver Ferrite/
Bismuth ferrite nano-hybrids. Using methylene blue dye and visi-
ble light illumination, composites’ photocatalytic activity was tested.
In 120 minutes, the dye had totally broken down.

By using a chemical process, Long et al. [43] created Ba, ,Ti,
Fe,O,,s with x ranging from 0.0 to 1.0. The greatest photocatalyst
is Bay;Ti,,Fe,0,, nanoparticles, which have a 100 percent degra-
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Fig. 2. Schematic diagram of Sol Gel method [66]. Reproduced with permission © 2021 Elsevier B.V. All rights reserved.

dation potential. By using a hydrothermal process, Bahadoran et
al. [44] were able to immobilize Ag doped Sn;O, nanostructure on
hyperbranched polypyrrole. Under visible light irradiation, the photo-
catalytic activity of composites was reported to degrade Congo red
by 100% in 30 minutes. Copper oxide (CuO) nanorods and cupric
tungstate (CuWO,) nanoparticles were made by Cai et al. [45] using
the hydrothermal method, and the photocatalytic activity was exam-
ined. Akhter et al. [46] synthesized porous Ag,VO,/KIT-6 com-
posite for degradation of Congo red. Shabir et al. [47] discussed in
a review different method of degradation of dyes with life cycle of
assessment. Azam et al. [48] reviewed the role of activated carbon
for removal of anionic dyes from waste water. Shehzad et al. [49]
elaborated the improvement in effectiveness of TiO,-based photo-
catalytic systems by a number of modifications, including metal and
non-metal doping, co-photocatalyst, semiconductor coupling, crys-
tal and facet engineering, state-of-the-art morphologies, and novel
architectures. But Our review focuss on TiO, based nanomaterial.
So have given more emphasis on synthesis of TiO, based nanoma-
terial by different route.

Since titanium oxide’s physicochemical characteristics, such as its
size, shape, morphology, and composition, are crucial to the pho-
tocatalytic performance, it is important to control them. To do this,
a synthetic process must be used, which can help advance the devel-
opment of new photocatalytic technologies of the photocatalyst's
desirable characteristics. Additionally; the titanium oxides should
be produced using a process that is both economically sound and
environmentally friendly. To achieve this, a variety of approaches
have been tried, some of which are suitable for the production of
titanium dioxide and its composites.

TiO, nanoparticles can be synthesized easily by different meth-
ods. Methods that include-solgel method, electrochemical method,
microwave synthesis, solvothermal method, green synthesis tech-
niques, micro emulsion, chemical vapor deposition, physical vapor
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deposition and sonochemical (Fig. 1).
1. Sol Gel Method

Fig. 2 is a schematic diagram for the sol-gel method. For creat-
ing materials with a range of forms, porous structures, thin fibers,
dense powders, and thin films, the sol-gel process was created in
the 1960s. A system must go from a liquid solution (sol) to a solid
gel phase as part of the sol-gel process (gel). A sol is a liquid that con-
tains colloidal particles that are not dissolved but also do not aggre-
gate or settle. A stable dispersion of colloidal particles or polymers
in a solvent is referred to as a sol. In contrast to a gel, which is made
up of a three-dimensional continuous network that surrounds a lig-
uid phase, a colloidal gels network is composed of aggregates of
colloidal particles [50]. The sol-gel process produces TiO, nanopar-
ticles by converting titanium alkoxide into oxopolymers (dehydra-
tion and de-alcoholation) and then transforming them into oxide
networks. Hydrolysis and polycondensation rate strongly influence
metal oxide structure and properties [50]. Lee et al. synthesized the
TiO, by sol-gel method using titanium isopropoxide (TTIP) [51].
Dubey et al. prepared TiO, by sol-gel method in good yield [52].
Ahmad et al. synthesized TiO, by sol-gle method using titanium
tetra isopropoxide (TTIP) [53]. Hussain et al. [54] synthesized TiO,
of good surface area. Hussain et al. [55] prepared TiO, by sol-gel
method for photodegradation of volatile organic compounds (VOC).
Rashid et al. [56] synthesized NS/TiO, adsorbent by sol-gel method
for removal of cationic dyes. Sol gel method is generally used as a
method for synthesizing TiO, NPs because of the high purity, con-
trol over stoichiometry, ambient temperature synthesis and crystal-
linity, smaller particle size, control morphology, improved homo-
geneity and Low-temperature sintering [18,57]. Sol-gel precipitat-
ing method is a better method for synthesis of nanocomposite be-
cause of its distinguishing metastable structure at low temperature,
chemical characteristics and very high purity [58].

TiCl, in ethanol solution can be used as a precursor in the sol
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gel method. The reaction is performed under room temperature
and stirred continuously, gases like Cl and HCI are evolved, the
solution obtained is yellow and is gelatinized for some days to get
a sol gel, then dried at a temperature and dried gel is referred to as
TiO, NPs [59]. Here, the sol-gel method uses distilled water, with
adequate proportion of NaOH solution added to the zinc acetate
solution with constant stirring which leads to the formation of ZnO.
Simultaneously the titanium isopropoxide solution is mixed with
ethanol and some water leading to formation of TiO,. then the two
above solutions are stirred for few hours which leads to the forma-
tion TiO,: ZnO composite.

This composite shows high stability and help in reducing the
trapped centers on ZnO surface that leads to reducing the photo-
catalytic activity [60]. The nanocomposite shows type-2 band oft-
set in which the valence band and conduction band of TiO, are
less than that of ZnO, which leads to separation of holes and pho-
togenerated electrons [61]. Dopants used are non-metals and tran-
sition metals which include Zn, Co, N, C, S [62-64]. Doping with
transition metals helps in increasing the photocatalytic activity of
titania. Zn’* has the most the effective doping with titanium because
of same ionic radii and thus the resultant doped nanoparticle ob-
tained is highly effective [65].

The simple way to synthesize Zn doped Ti nanoparticles is by
sol-gel method, which is an effective method (Fig. 3).

Dopants used are non-metals and transition metals which include
Zn, Co, N, C, S [62-64]. Doping with transition metals helps in
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increasing the photocatalytic activity of titania. The Zn®* has the
most the effective doping with titanium because of same ionic radii
and thus the resultant doped nanoparticle obtained is highly effec-
tive [65].
2. Electrochemical Method

Fig. 4 shows the electrochemical method for the synthesis of
TiO,. This method can be used to synthesize pure anatase TiO,
nanoparticles. In this bulk metal is oxidized at anode. The metal
cations travel to the cathode; during the preparation the size of
particle is decreased by increasing current intensity [68]. The elec-
trolyte used acts as surfactant so that agglomeration does not occur
[69].
3. Co-precipitation Method

Titanium dioxide can be synthesized by precipitation method.
TiO, powder is made using titanium isopropoxide, C,H,,O,Tj, as
a starting ingredient. The process involves adding 5 ml of titanium
isopropoxide drop by drop into 8 ml of deionized water. This causes
the alkoxide to hydrolyze and hydrous titanium oxides to precipi-
tate. For 30 minutes, the solution is continuously stirred at 40 °C to
ensure thorough mixing. After completing this procedure, a white
precipitate of TiO, nanoparticles forms at the bottom of the bea-
ker. It is centrifuged out, repeatedly rinsed in deionized water and
methanol, and then dried for 12 hours at 80 °C [70]. Nanocompos-
ite Zn doped TiO, can also be synthesized by co-precipitation and
calcination method in which Zn and Ti salts are used as raw materi-
als [71,72].

0.06 M
ethanol

sonicated

Fig. 3. Preparation of TiO, and Zn doped TiO, [67] (with permission © 2021 Elsevier Ltd and Techna Group S.r.L).
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4. Solvothermal Synthesis

TiO, nanoparticles can be synthesized by solvothermal method
in which a mixture of solvent technique is used; the result is that
size controlled nanoparticles are obtained. A mixture of ethanol
and deionized water can be used as a mixed solvent [73]. The two
main steps involved in this process include - (A) formation of tita-
nium hydroxide with the help of hydrolysis reaction. (B) the syn-
thesis of titania with the help of condensation reaction. It is difficult
to separate the above two reactions which leads to the formation
of large sized Titania. However, a mineralizer like HNO,; is used for
separation [74]. Fig. 5 represents the schematic diagram of solvo-
thermal method.
5. Green Synthesis

Green synthesis of TiO, nanoparticles can take place by differ-
ent plant extracts like Moringa olifera leaf extract [75], with the
help of papaya leaves [76] (Fig. 6) or by using cinnamon powder
extract [77].
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6. Microemulsion Method

Surfactants make up micellar structures. The amphiphilic mole-
cules found in surfactants, which typically have a hydrophilic head
and a hydrophobic chain, can self-assemble in solution into a wide
range of structured structures, induding normal and reverse micelles.
When the surfactant concentration surpasses the critical micelle con-
centration, aggregates of surfactant molecules scattered in a liquid
colloid are referred to as micelles. Reverse micelles are globular aggre-
gates created when surfactants self-assemble in apolar solvents,
whereas regular micelles are created when surfactants self-assem-
ble in water [51,78]. TiO, particles were created by Hong et al. [79]
utilizing a reverse microemulsion technique using nonionic sur-
factants with various hydrophilic and hydrophobic groups. Faso-
lini et al. [80] synthesized TiO, nanosphere using Triton X-100 as
surfactant and hexanol as co-surfactant. Many more scientists have
synthesized TiO, based nanomaterial by micro emulsion method.
7. Chemical Vapor Deposition

A technique called chemical vapor deposition (CVD) uses one
or more gaseous chemicals or elemental substances containing thin-
film components to create thin films by chemical reaction on the
surface of substrates. To create precious metal thin films and coat-
ings, CVD is a vital material preparation technique. A variety of
processes, including plasma-enhanced chemical vapor deposition
(PECVD), plasma-assisted chemical vapour deposition (PACVD),
atmospheric-pressure chemical vapor deposition (APCVD), low-
pressure chemical vapor deposition (LPCVD), and laser-enhanced
chemical vapor deposition, are included in CVD (LECVD) [81].
In the CVD process, a volatile precursor stimulates solid material
development at the atomic level in a reaction chamber in the pres-
ence of various carrier gases (NH,, H,), which is ultimately created
on a particular substrate. Substrate temperature and vapor super-
saturation are the two elements that cause distinct grain sizes and
shapes to develop (Fig. 7) [82].

Metal organic CVD (MOCVD) was used by Pradhan et al. to
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create TiO, nanorods (50-100 nm) utilizing TTIP as a precursor
[82,83]. Using various arc currents, Macwan et al. [82,84] produced
pure TiO, NPs in a range of sizes. When the current was 80 A, the
size ranged from 25 nm to 30 nm, and when the current was 120 A,
the size ranged from 30 nm to 42 nm. Zhang et al. created an alterna-
tive CVD technique to produce pure anatase-phase TiO, films that
could withstand and remain stable at high temperatures. The pre-
cursor was represented by TTIP, which had a 0.10 mol/L concen-
tration and was dissolved in ethanol. The precursor was then trans-
ferred to a reaction chamber, where the substrate underwent post-
annealing treatment at high temperatures (600 to 1,100 °C) after
being heated at 400 °C using carrier gas and compressed air. The
remarkable thermal stability and sheet-like grain structure of the
tiny crystalline anatase TiO, were evident [82,85].
8. Hydrothermal Method

The hydrothermal synthetic process is often carried out in steel
pressure containers, such as autoclaves with Teflon liners, at a con-
trolled temperature and pressure. This temperature can be raised
from the water’s boiling point to saturation vapor pressure, but the
pressure that results also depends on how much additional solu-
tion is added [86]. Therefore, numerous researchers have used the

Pressure
controler

axhaust

hydrothermal approach to create TiO, nanoparticles [87-89]. In this
regard, Dawson et al. used the hydrothermal approach to create
TiO, nanoparticles by putting different TiO, mixed powder com-
positions and particle sizes through a hydrothermal reaction in the
presence of NaOH [90]. In a comparable experiment, rutile-ana-
tase TiO, particles were converted into pure rutile nanotubes using
the hydrothermal technique in a NaOH water-ethanol solution,
with average diameters smaller than 20 nm [91]. It was observed
that the structure and morphology of the products depended on
the type of alcohol, as well as the alcohol-water ratio. This was
explained by the variation in optoelectronic behaviors of the rutile
nanotubes and raw TiO,. The hydrothermal method was also used
to synthesize titanate nanotubes for the degradation of Acid Red
18 [92]. In a different work, titanium (IV) alkoxide was converted
into nano-TiO, in an acidified water-ethanol solution. TiO, nano-
particles dominated by the anatase phase were produced by add-
ing titanium tetraisopropoxide (TTIP) dropwise into the water-etha-
nol solution at pH 0.7, followed by a four-hour reaction at 240 °C.
The as-synthesized nanoparticles were found to range in size from
7 to 25 nm by adjusting the solvent solution and the Ti precursor
[93].

Korean J. Chem. Eng.(Vol. 40, No. 8)
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9. Microwave Method

The other way to get TiO, nanoparticles is by using green tech-
nology, by using microwave assisted synthesis; reaction occurs at
less time with less use of chemicals and less reaction time [94].

The simplicity, low cost, quicker crystallization time, and greater
energy efficiency of the microwave process as compared to tradi-
tional heating methods have all contributed to its increased popu-
larity. Since new meta-stable phases may emerge during the pre-
paration of nanocrystalline oxides using the microwave approach,
it is a practical method with quick heating to attain the requisite
temperature. Using a magnetic stirrer to combine titanium slags
and Na,CO;, the experimental reaction takes place in this fashion.
The residue was collected after three rounds of leaching and wash-
ing with water. The residue is then heated to a high temperature of
900 °C for 60 minutes using a microwave with a heating capacity
of 1 kilowatt [95].

10. Sonochemical Method

Starting materials for Ti, Zn, and Co are titanium isopropoxide,
zinc nitrate hexahydrate, and cobalt nitrate hexahydrate. Zn was
kept constant at 1 mol% while Co was adjusted at 1, 2, 3, and
5mol% in accordance with different concentrations. Zinc nitrate
was added after the titanium isopropoxide, which has a concentra-
tion of 0.05 M, was dissolved in ethanol and agitated for 20 minutes
using a magnetic stirrer. Following the addition of distilled water
and Co in various concentrations, the solution was agitated for 15
minutes. After that, 20 ml of NaOH solution (1.875 M) was slowly
added to the components while they were exposed to a strong ultra-
sonic sine wave for 30 minutes at room temperature, until precipi-
tation was observed. The solution was then thoroughly rinsed with
distilled water until a pH of 7 was reached, and it was then dried
for 12 hours at 120 °C. The product was thus obtained [96].

100 mL of 40% isopropanol solution was poured to a beaker
containing 12.7 mL of titanium tetraisopropoxide, and the mix-
ture was agitated for one hour. The samples were then subjected to
0.5s cycles of sonication lasting 0.5 seconds at 80% of the ultra-
sound probe-total devices power. After sonication, materials were
centrifuged three times, deaned with methanol, and then transferred
to a beaker with a capacity of 250 mL. Following that, the samples
underwent a first calcination in a muffler at 200 °C for 1 hour with
a heating ramp from 27 to 200 °C at a heating rate of 5°C/min.
They were kept at 200°C for one hour and cooled to 27°C at a
rate of 5 °C/min. After being kept at 200 °C for an hour, they were
cooled at a rate of 5°C/min from 200 to 27 °C. Following this ini-
tial calcination, samples were ground in mortar and pestle to improve
particle homogenization. They were then transferred to aluminum
boat crucibles and subjected to a second calcination at 600 °C with
a 27 to 600 °C heating ramp and a 5 °C/heating rate. Thus product
was obtained [97].

STRUCTURAL AND MORPHOLOGICAL STUDY

1. XRD Analysis

Fig. 8 shows XRD analysis of TiO, nanoparticles. This XRD pat-
tern was done of TiO, nanoparticles that were prepared by glycine
assisted gel-combustion method. It was found that pure anatase
phase of TiO, was observed, which matched with JCPDS card no.
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Fig. 9. FTIR Spectrum of Pure Anatase TiO, [103]. (With permis-
sion © 2013 Elsevier B.V.).

01-084-1286 [98]. The crystallite size can be calculated using Debye-
Scherrer's Formula D, [99-101]. The size was found to be 15nm
[102].
2. Fourier Transform Infrared Spectroscopy

The FTIR of TiO, NPs is shown in Fig. 9. This spectrum is of
the nanoparticles that were synthesized at 450 °C in air for 4 hours.
The end product was white powdered nanoparticles. This FTTR
analysis depicts the formation of very pure product and shows the
peak of TiO,. The spectrum showed several peaks: 3,391.72, 2,920.55,
2,849.32, 1,747.95, 1,627.28, 1,342.47, 728.77 and 463.88 cm™ [103].
TiO, NPs show hydroxyl groups on the surface. The band is found
to be present at 3,391.72cm™" that report both the symmetric as
well as asymmetric stretching of Ti-OH group. There was mois-
ture present in the sample, which was confirmed by peaks present
at 3,600 and 3,000 cm ™' [103,104]. There are two peaks at 3,391.72
and 1,627.28 cm™ which correlate with surface adsorbed water and
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hydroxyl group [103,105]. OH bands are present, showing water Titania were observed at 463.88 and 728.77 cm™". Also, there was a
adsorbed at surface [103,106]. Ti-O-Ti stretching modes were ob- broad band describing Ti-O-Ti linkages between 450 and 800 cm™
served from 1,000 to 4,000 cm™" [103]. The pure peaks of anatase [103,107]. As per the spectra of TiO, there is a peak seen at 463.88
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Fig. 10. (a) Raman spectra of (a) Co;0,/TiO, and (b) As a function of the Co or GO loading, amine functionalized 2 wt% Co,0,/Ti0,/GO
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Fig. 11. TEM images for various calcined temperatures and hologram pictures for 500 and 800 °C calcined temperatures [109].
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cm' which is assigned to vibration band of Ti-O bond in TiO,
[103]. It was found that the prepared product had weak adsorp-
tion bands, different organic compounds as well, which were there
because the residues were not removed completely by distilled water
and ethanol.

This FTTR spectrum shows that Ti-O bond is there, OH is pres-
ent and peroxo group is absent [108]. Therefore, the FTIR analy-
sis shows the presence of different functional groups in TiO,.

3. Raman Spectra

Metal oxides and graphene oxide can both be characterized using
Raman spectroscopy. The Raman spectra of Co,0,/TiO, compos-
ites as-prepared are shown in Figure. The synthetic Co,0,/TiO,
composites also showed Raman bands at 147, 395, 517, and 638
cm’, all of which were linked with Eg, Blg, Alg or Blg, and Eg
vibrations, showing that titania was present in these materials as
anatase. No anatase characteristics differed significantly from pure
anatase, showing minimal Co lattice substitution. The poor inten-
sities of Co;0, and the low Co loadings in the composites, how-
ever, presumably contributed to the lack of bands attributable to
cobalt oxide phases. Two new, faint characteristics indicative of the

——

20kV  X3.000 Spm

0000 10 30SEI

‘D’ and ‘G bands of GO, respectively, appeared at 1,358 cm™* and
1,600 cm ™" after GO was added to the Co,0,/TiO, nanocompos-
ite (Fig. 10) [12].

4. Transmission Electron Microscopy (TEM)

The TEM images (Fig. 11) show the particle size of TiO, NPs
which were prepared by modified thermal method at lower calci-
nation temperature [109]. At high calcination temperature of 800 °C
the particles showed irregular behavior due to agglomeration of
particles. TEM images considered 100 particles for each sample.
10.1 and 40.5nm is the average particle size at 500 and 800 °C
[109]. The end result was that with the increase in temperature the
particle size also increased, because many particles interacted and
fused with each other to form large particles [110].

5. Scanning Electron Microscopy (SEM) and Energy X-Ray
Dispersive Spectroscopy (EDS) Analysis

Here the TiO, nanoparticles were synthesized by electrochemi-
cal method and the SEM graph was obtained at 10 mA/cm” and
14 mA/cm’® which depicted agglomeration of particles and irregu-
larity, which may have been due to partial solubility of surfactant
in solvent during the experiment. The TiO, NPs synthesized were
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Fig. 12. TiO, SEM Images (a) with respect to 10 mA/cm’ and (b) with respect to 14 mA/cm’ with EDS spectra, respectively [68].
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then examined by EDS, which is shown in Fig. 12. EDS spectra
showed that pure TiO, was formed as only the peaks of Ti and O
were observed indicating the removal of capping agent [68].

STRUCTURE AND ACTIVITY OF TITANIUM OXIDE
AS A PHOTOCATALYST

The natural titanium oxide crystal structure can be classified as
anatase, rutile, and brookite. There is no difference in the chemi-
cal formula for titania (TiO,) between these three types, but there
is a difference in the crystal structure. By absorbing light with an
energy level above the band gap, titanium oxide creates positive
holes in the valence band by causing electrons to jump to the con-
duction band. The band gap values for rutile and anatase are each
3.0eV, but only ultraviolet rays can pass through them. Rutile, on
the other hand, absorbs rays that are closer to visible light rays. The
rutile type is more suited for use as a photocatalyst because it can
absorb a wider range of light. Anatase, however, shows higher photo-
catalytic activity in reality. Due to their different energy structures,
the two types differ in this regard. Valence bands are deep in both
types, resulting in positive holes with sufficient oxidative power. Both
types are relatively weak in terms of reducing power due to the
conduction band being located near hydrogen's oxidation-reduc-
tion potential (Fig. 13) [111].

MECHANISM OF TITANIUM-OXIDE
PHOTOCATALYTIC REACTIONS [111,112]

Although the valence band and conduction band creation pro-
cesses in a compound semiconductor are intricate, the underlying
principles are straightforward. While titanium’s 3d orbital gener-
ates the conduction band in titanium oxide, oxygen’s 2p orbital cre-
ates the valence band. Electrons in the valence band of a semi-
conductor with a wide band gap are unable to move into the con-
duction band (Fig. 14).

However, electrons in the valence band can be excited to the

Tid4p

Ti 4s
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=0)

|
|
£ |
:|
H
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|
| 3 o
¥ ANATASE 3 g RUTLE 7
Fig. 13. Anatase and rutile energy band diagrams [111]. (with Per-

mission © 2017 Elsevier Ltd.).

conduction band if energy is provided outside. As a result, the quan-
tity of electrons stimulated in the valence band is equal to the quan-
tity of electron holes (holes created as a result of electrons migrating
up to the conduction band). The transfer of electrons from a bond-
ing orbital to an antibonding orbital is analogous to this. We might
also state that a semiconductor’s photoexcited state is typically unsta-
ble and prone to disintegration. Even after being photoexcited, tita-
nium oxide maintains its stability. This is just one of the factors
that make titanium oxide a great photocatalyst.

PHOTOCATALYST AND PHOTOCATALYTIC
EFFICIENCIES (TABLE 2)

1. UV-visible Spectroscopy of TiO, Nanoparticles
The optical property of TiO, nanoparticles can be obtained with
the help of UV-Vis spectroscopy. The UV-Vis absorption spectrum

t.g Bandgap E F

3.1eV =3
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7T o
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O 2s

Fig. 14. Molecular Orbital Diagram of TiO, [111]. (Reproduced with permission © 2017 Elsevier Ltd.).
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Fig. 15. UV-vis absorption spectra of TiO, NPs at different calcined
temperatures [113]. (With permission © 2016 Elsevier GmbH).

of TiO, nanoparticles is shown in Fig. 15. The band gap (Eg) is cal-
culated by the following equation Eg- where A is wavelength in nm.

Table 1. Band gap values at different calcined temperatures [113]
(with permission © 2016 Elsevier GmbH)

Temperature (°C) Band Gap (Eg In Ev)
300 3.02
500 2.95
800 2.75

Fig. 14 depicts that the absorption spectrum calcined at 300 °C
at wavelength 410 nm shows a band gap of 3.02 eV as pure anatase
phase was present. The TiO, nanoparticles calcined at 500 and 800 °C,
respectively, showed absorption at 420 nm and 450 nm and depicted
large particle size. There is a shift in spectrum from UV to Visible
range at high calcined temperature and thus there is changes band
gap as well (Table 1) [113].

Qutub et al. [152] studied degradation of acid blue dye using
CdS/TiO, nanocomposite under visible light and photodegrada-
tion was found to be 84%. Castro et al. [153] studied photocata-
lytic degradation of Orange-122 dye using Zn/TiO, catalyst under
UV radiation at 400 °C calcined temperature and the best result of

Table 2. Photocatalytic degradation efficiencies of different textile dye with respect to TiO, based nanomaterials

Photocatalyst Dyes Source engiri:i:;j?’Z Tzzientstie)n Ref.
Pure TiO, film Methylene blue uv 62.1 60 [114]
Zn (3 mol%) doped with TiO, ﬁziﬁeiz:lgie uv Zgz 60 [114]
Pure TiO, film Methylene orange uv 51.6 60 [114]
TiO, nanoparticle supported with ceramic ~ Methylene blue uv 65 60 [115]
TiO, Congo red uv 66.99 30 [116]
TiO, Congo red Solar 64.72 30 [116]

Alizarin yellow 65
TiO, Acid orange Solar 66 90 [117]
Crystal violet 82

4% wt CO-Cu,O/TiO, Reactive blue 49 uv 76 80 [118]
Ti0, anstse Reactiveyllo 160 oV 155 0o
Fe-TiO,/rGO Rhodamine B Solar 91 120 [119]
Pure TiO, Rhodamine 6G Solar 42 60 [120]
Graphene-TiO, Rhodamine 6G Solar 98 60 [120]
TiO,-p25 Trypan blue Solar 81 30 [121]
Nano-TiO, Trypan blue Solar 100 30 [121]
TiO, Victoria blue R uv 98 30 [122]
GO/TiO, Methyl orange uv 96 80 [123,124]
-GO/TiO, Rhodamine B Solar 99.8 120 [123,124]
r-GO/Fe;0,-TiO, Malachite green Visible 99 55 [123,124]
Nb-TiO,/r-GO Rhodamine B Visible 98 90 [123,127]
Ti0,/Nb,0,/rGO ﬁ::}}g{e(::?ﬁe Visible Z; 240 [128,129]
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Table 2. Continued
Degradation ~ Time taken
Photocatalyst Dyes Source efficiency % (minute) Ref.
Methyl orange . 78
TiO,/rGO Methylene blue Visible 0 240 [128,129]
Methylene blue 99.6
. 0,
TiO,/r-GO (5%) Rhodamine B Solar 99,9 120 [130]
Methylene blue 98.1
. 0,
TiO,/r-GO (15%) Rhodamine B Solar 998 120 [130]
F-TiO,(B) Malachite green Visible 54.26 120 [131]
F-TiO,(B)/MWCNT Malachite green Visible 88.89 120 [132]
F-TiO,(B)/SWCNT Malachite green Visible 91.83 120 [131]
TiO, Malachite green uv 99.9 60 [131,132]
TIO,/MWCNT Methyl orange Visible 94 120 [131,133]
ZnO-TiO, film Methylene blue Germicidal lamp 44 120 [134,135]
ZnO-TiO; rod sphere on film Methyl orange Mercury lamp 39 120 [135]
C(2%)/Ti0O, Methylene blue Sun light - 120 [136]
Methylene blue 94.71
0.7-Sn0O,/TiO, NTAs Rhodamine B Xe Lamp 80.58 90 [137]
Methyl orange 63.76
Bi,Sn,0,/TiO, NTAs Rhodamine B Solar 77.34 - [138]
Methylene blue 100
PANI-TIO,/rGO Rhodamine B Xe Lamp 90.5% 30 [139]
CdS/TiO, Acid blue-29 Visible light 84 90 [140]
PANI/TiO,/cotton Rhodamine B Visible 87.67 180 [139,141]
PANT/Tiy0,0, Rhodamine B Visible 81.7 360 [139,142]
TiO,/PANI Rhodamine B uv 80 180 [139,143]
Au-PANI@TiO, Rhodamine B Visible 90 140 [139,144]
Ag/Ag;VO,/TiO, Rhodamine B Visible 97.3 45 [145]
PVA aerogel/TiO,/MoS,/Au composite Rhodamine B Visible 86 240 [146]
Fe-TiO,/AC Cibacron Yellow F-4G Visible 100 120 [2]
Co-TiO,/AC Cibacron Yellow F-4G Visible 100 120 [2]
Co,0,/Ti0,/GO Congo red Xe 300 W 91 90 [12]
Reactive blue-19 I
C-TiO, Reactive red-76 Visible light 100 60 [147]
Reactive blue-19 -
S-TiO, Reactive red-76 Visible light 100 60 [147]
Reactive blue-19 .
C,S-TiO, Reactive red-76 Visible light 100 60 [147]
TiO,-rGO Rhodamine B Visible 81 320 [139,148]
45% SiO,/TiO, composite Methylene blue uv 91.20 50 [149]
Mesoporous-TiO, Methylene blue uv 99.27 50 [149]
Ag;,PO,/TIiO,/SiO, Methylene blue 150-W Xenon lamp 99 20 [150]
PANI/TiO, Methylene blue Visible 96 240 [151]

Abbreviations used: r-GO- reduced graphene oxide, F- fluorine, B- bronze, MWCNT- multiwalled carbon nano tubes, SWCNT- single
walled carbon nano tubes, NTAs — Nanotube arrays, AC- Activated Carbon, PANI-polyaniline
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discoloration was 99.76% after a reaction time of 2 hours. Chhtu
Ram et al. [154] studied photocatalytic degradation of Procion
Yellow using TiO, under UV light and found 83.6% degradation
of dye at pH 7.8 after time interval of 3.5 hours. Redha et al. [155]
studied the photocatalytic degradation of azo dye, ie.,, Novacron
Red C-2BL under UV light using TiO, film and found the best result
of 98% degradation at pH 7 after a reaction time of 100 min. Noaman
et al. [156] studied the photo degradation of Reactive Red 120 using
TiO, catalyst under both UV and solar UV radiation and found
degradation to be 67.37% and 99.09%, respectively.

Almhana et al. [157] tried to remove Acid Blue -113 dye from
wastewater under UV radiation using ZnS/TiO, nanocomposite at
pH 6.2 and found photocatalytic degradation efficiency to be 97%.
Kukarni et al. [158] studied the photodegradation of Navy Blue
HE2R dye using Degussa P-25 TiO, using UV light and found deg-
radation efficiency to be 92.91% after a time of 3 hours. Trivedi et
al. [159] studied solar light induced photocatalytic degradation of
Coralene Dark Red 2B dye under UV light with the help of TiO,
catalyst and found degradation efficiency to be 98% which was
achieved at time 120 min.

Rezig et al. [160] studied the photodegradation of Vat Green 03
textile dye using Ferrihydrite - modified process with TiO, nano-
catalyst, and the result obtained was 97% degradation efficiency at
pH 4. Stoyanova et al. [161] performed an experiment on photo-
catalytic degradation of a single and binary mixture of two dyes.
Reactive Black 5 and Congo Red. using lanthanum modified TiO,
nanocatalyst, and the degradation efficiency was found to be 88%
and 67%, respectively, after 60 minutes of UV irradiation. Giwa et
al. [162] used Reactive Yellow 81 and Reactive Violet 1 to check the
photocatalytic degradation efficiency of these two dyes using TiO,-
P25 photocatalyst under sunlight and obtained 92% and 85% deg-
radation efficiency after 20 minutes. Yang et al. synthesized Au-
modified nanosheet-branched TiO, hollow spheres with different
concentrations of Au (1%, 5%, and 8%) and studied the photodeg-
radation of R6G. The degradation rate of R6G was found to be for
1% Au/Tio2, 5% Au/Tio2 and 8% Au/Tio2 are 96.4 %, 96.9% and
96.5%, respectively [163].

REACTION MECHANISM

A semiconductor materials VB and CB are photo-excited and
photo-absorbed as part of the general mechanism of photocataly-
sis. Researchers have postulated a number of methods for the pro-
duction of electron-holes, their transport across the valence, con-
duction, and forbidden energy bands, as well as their recombina-
tion [164].

Fig. 16(a) shows orange II and rhodamine B and TiO, band gap
energies compared to NHE reference electrodes in valence and
conduction bands. There are 2.37 eV [165,166] energy bands for
rhodamine B, 2.03 eV [165,166] energy bands for orange II and
3.2 eV [165,166] energy bands for TiO,. It is possible to absorb vis-
ible light through orange II and rhodamine B due to their narrow
band gap energies. In contrast, due to the much higher potential
of OII and RhB lattice unoccupied molecular orbitals (LUMOs)
than TiO, conduction band (CB), [166,167] electrons can be trans-
ferred from LUMOs to CBs. As reported in [168], O,/'O; redox
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Fig. 16. Under visible light irradiation, the reaction of superoxide
radicals ('O;) and holes (h*) with TiO, is shown by a sche-
matic (a) and (b) of the mechanisms of self-sensitized TiO,
reaction [165].

potential is only- 0.33 V compared with NHE, which makes it less
negative than TiO, conduction band potential [169]. Fig. 16(b)
shows a dye-sensitized mechanism under visible light irradiation
(b). When exposed to visible light, a dye absorbs it and converts it
into an electron and a hole in its valence and conduction bands
(LUMO and HOMO), respectively [170]. Then, the electron in the
LUMO moves to the CB of the TiO,. To create O,, the adsorbed
molecular oxygen on the catalyst takes one electron from the CB
of TiO,. Adsorbed dye reacts with the oxidant ('O;) radical to
destroy it. The HOMOS holes react with the adsorbed OH™ spe-
cies to create an OH radical.
Here is a description of a potential degradation reaction process.

Dye +visible light— dye(e”+h") @
Adsorbed dye(e”+h ")+ TiO,— TiO,(e) +dye(h") )
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TiO,(e)+adsorbed O,—TiO,+ 0O, 3)
Adsorbed dye +dye(h") — degradation “4)
‘0, +adsorbed dye— degraded or mineralized products (5)

CONCLUSION AND FUTURE SCOPE

This review concentrated on a thorough investigation of the fun-
damental properties of TiO, nanoparticles and nanocomposite made
of TiO,. The best visible-light-driven photocatalyst for degrading a
variety of dyes is thought to be titania. In order to address the envi-
ronmental pollution issues brought on by industrial effluents or other
pollutants, much research has been done that highlights the signif-
icance of non-metals/metal-doped titania in comparison to the
undoped TiO, for their better photocatalytic dye degradation of
various anionic and cationic dyes. The impact of various factors,
including pH, dye concentration, photocatalyst size and structure,
pollutants concentration and type, photocatalyst surface area, the
effect of light intensity along with its irradiation time, catalyst load-
ing, variation in temperature, and the impact of doping with opti-
mization, has a strong correlation with pollutant degradation rate,
which is also covered in this review. The development of effective
synthesis techniques can further enhance the photocatalytic per-
formance of titania-based materials.

However, all potential industrial uses are affected by the photo-
catalytic materials’ progressive deactivation. The photocatalytic mate-
rials would need to be periodically renewed, which would raise the
overall cost. Cost would therefore undoubtedly continue to be a key
concern for commercialization. So, to overcome this challenge, in-
depth study will be required to create affordable reactors as well as
photocatalytic materials. The simultaneous, concerted, and substan-
tial research progress required to accomplish these objectives is essen-
tial for the use of this technology in the real world.
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