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ARTICLE INFO ABSTRACT

Keywords: Rapid industrialization and urbanization emphasized water purification and the production of carbon-neutral
Pf’u‘“a“t removal_ fuels. State-of-the-art technology that is low-cost, long-lasting, and easy to implement is required to address
TiO, nanocomposites these issues. In this context, substantial developments in green synthesis technology have provided a more

Metal and non-metal doping
Wastewater treatment
Circular economy
Waste-to-resource

efficient, effective, and affordable procedure. One possible paradigm worth considering is a circular system that
purifies water and produces biomass. Titanium dioxide-based photocatalysts (TPs) can be a great tool due to their
outstanding properties, which can be modified for improving photocatalytic activities in various advanced
oxidation process applications. In recent years, there has been a significant increase in the attention given to the
development of environmentally sustainable TPs. A comprehensive analysis of nearly 300 academic articles in
this study has revealed significant shortcomings in effectively utilizing TPs. The primary objective of this paper
was to address these gaps that need to be filled in order to ensure the efficient and sustainable utilization of TPs
in wastewater treatment. Accordingly, this paper comprehensively reviewed TiO3’s features, including structure,
properties, synthesis methods, photocatalytic activities, mechanism, structure modifications, applications,
treatment cost analysis, and catalysts reuse in wastewater treatment. Finally, in order to ensure the sustainability
of this wastewater treatment technique and achieve the goal of the circular economy, the concept of waste-to-
resource has been introduced. The implementation of the aforementioned approach may serve as a valuable
means of achieving environmentally sustainable outcomes in the field of wastewater treatment.

1. Introduction related difficulties posed by rapid urbanization, especially in low- and
middle-income nations. There are monetary and economic advantages

Growing populations and economies have resulted in a dramatic to maintaining water supplies, such as energy, reusable water, biosolids,
increase in demand for water. Therefore, 36% of the global population and nutrients recovered from wastewater facilities. By applying circular
lives in areas with inadequate water supplies. Contaminated water economy principles to wastewater treatment, it may be possible to make
quality and insufficient water supply are only two of the many water- sanitation self-sustaining and economically profitable through resource
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recovery and reuse. Better wastewater management provides a dual
value proposition if financial gains cover operating and maintenance
costs [1-4].

With increasing industrial activities of civilization, many toxic
chemicals are being released in wastewater. Complete removal of non-
biodegradable pollutants is challenging to achieve by existing biolog-
ical treatment processes [2,5-9]. Advanced Oxidation Process (AOP)
involves the application of free hydroxyl radicals to oxidize the organic
contaminants of the effluent [10-14]. The rapid and non-selective
oxidation of organic matter in water is facilitated by photocatalysis,
an AOP. In heterogeneous photocatalysis, a semiconductor catalyst
speeds up the photoinduced process. Suspending the photocatalyst in
solution and irradiating it with light is one of the simplest uses of pho-
tocatalysis [15-18].

Akira Fujishima and Kenichi Honda first reported the photocatalytic
activity of nano TiOz in 1972 [19]. However, its application to envi-
ronmental remediation started in the 1980 s after Frank and Bard
removed cyanide ions from an aqueous solution through TiO2 powder
[20]. Since then, researchers are trying to explore effective methods of
utilizing TiO- in effluent treatment [21]. The most effective use of AOPs
is the combination of TiO; and ultraviolet (UV) light. The use of solar
irradiation has the potential to improve the process energy efficiency
and cost-effectiveness significantly. Researchers have done several in-
vestigations to create a visible light-active TiO, photocatalyst. In order
to be activated, the TiO, photocatalyst must be exposed to UV visible
(UV-vis) light. The use of a floating catalyst may achieve proper use of
solar irradiation. In order to maximize their exposure to UV light, these
catalysts are designed to float on the water’s surface [22-24]. Wang
et al. detailed various approaches to synthesizing TiO,, including the
sol-gel, solvothermal, and reverse micelle methods. In addition, the
processes of TiOy synthesis have been published, along with the benefits
and drawbacks of the techniques used and the environmental applica-
tions of photocatalytic products [25,26].

However, TiO, has certain limitations that prevent it from being
widely used in photocatalysis. TiO»’s non-porous, polar surface, limited
absorption capacity for non-polar organic pollutants, and aggregation
and agglomeration of catalysts are only a few of the challenges it faces in
the field of photocatalysis. Others include the coexistence of electrons
and holes in the particle and their greater recombination probability,
slower rates of the desired chemical changes in relation to the absorbing
light energy, and a relatively large band gap energy (3.2 eV) [27-31].
Numerous studies on TiO, modification to improve its photocatalytic
capabilities have been reported. These alterations have been made in
various ways, such as doping with metals and non-metals, dye sensiti-
zation, surface modification, synthesis of composites with other mate-
rials, and immobilization and stabilization of support structures.
Modified TiO5 always has different qualities from pure TiO5 in terms of
how well it absorbs light, how well it separates charges, how well it
adsorbs organic pollutants, how well it stabilizes the TiO, particles, and
how easily it can be separated into individual TiO, particles [10,32-34].
Improving the photolytic activity by modifying the structure of TiO5 for
the photodegradation of wastewater pollutants has the potential to be an
economically viable process, especially for large-scale plants.

Almost every type of industrial wastewater can be treated with the
TiO; process. This includes textile wastewater [11,30,35-37], municipal
wastewater [38,39], coffee-producing wastewater [40], pharmaceutical
wastewater [41-43], petroleum processing wastewater [44,45], pesti-
cides industry wastewater [46,47], paper mill wastewater [48-50],
olive mill wastewater [51,52] and hospital wastewater [53].

The capacity to recycle a photocatalyst is crucial for keeping pro-
duction costs down, but this problem has not been extensively investi-
gated. The decreased efficiency of photocatalytic activity during reuse
may have been caused by the loss of photocatalytic particles to the water
or/and the buildup of intermediates with a poisonous impact on the
surface of the nanoparticles. Ecofriendly, cost-effective, and reusable
approaches to the treatment of polluted water approaches have the
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potential to be ideal for expanding green photocatalyst systems [24,54,
55].

Lastly, in the nanostructured TiO, catalysts, where many studies
have been conducted, there are notable knowledge gaps, particularly in
efficiently producing these catalysts, their effectiveness in wastewater
treatment, and their sustainable reuse. Our study addresses these
existing voids and introduces innovative concepts, such as recycling
these catalysts and exploring diverse TiO-based treatment methods for
wastewater, focusing on their sustainability and environmental impact.
Furthermore, we delve into the intriguing realm of CO, utilization,
exploring how nanostructured TiO, can play a pivotal role in mitigating
ecological challenges while progressing toward the ultimate goal of a
circular economy. By shedding light on these innovative aspects, our
research offers a comprehensive overview of recent advancements and
presents promising pathways for leveraging nanostructured TiOy in
environmentally responsible applications.

2. Structure and properties of TiOy

TiO, is highly significant in theoretical and experimental studies due
to its intriguing electrical structures and wide bandgap (3.2 eV for
anatase). As a pigment, photocatalyst, and UV absorber, it has a wide
variety of industrial Since fuel cells and solar cells require TiO», as well
as pollution control and waste management systems and self-cleaning
glass coating materials as well as food, cosmetics, paint, UV protection
and many other uses for TiOs, it is toxicologically inert, chemically
stable, poorly soluble, and having a high refractive index. TiO5 crystals
have three primary crystal structures (Fig. 1A): anatase (which is stable
at low temperatures, tetrahedral crystal structure), brookite (which is
often found in minerals with an orthorhombic crystal structure), and
rutile (which is stable at a higher temperature, tetrahedral crystal
structure). Tetragonal crystals of anatase and rutile are produced from
titanium octahedron (TiOg), which has six oxygen atoms on each side of
the six titanium atoms. The distortion and connection between the
octahedrally coordinated Ti and O atoms differ only in configuration. At
a lower synthesis temperature (600 °C), TiO, nanoparticle tends to
nucleate to an anatase phase as surface Gibbs free energy is lower for the
anatase phase than the rutile [56-58].

The surface is critical in solid-state materials because different sur-
faces may have significantly different characteristics. A material’s sur-
face greatly influences its physical and chemical properties at the
nanoscale. Scientists have concentrated on improving the material’s
properties by altering the surface structure [56,59]. The agglomerated
microstructure, porosity, and particle size of the material also influence
the physical properties of TiO,. In addition, there are several physical
and chemical processes in which molecules on the surface of a particle
are more active than those within, including charge transfer and
chemical reaction. As a result, the character of TiO» nanoparticles with a
larger surface-to-volume ratio gives greater efficiency.

In order to fully explore TiO, potential for applications, capturing
light over the visible spectrum is critical, as is adjusting the basic optical
bandgap of existing phases. To do so, a thorough understanding of its
electrical and optical characteristics is required experimentally and
theoretically. However, theoretical study relating to the compilation of
TiO5 polymorphs is limited. In an academic study, density functional
theory (DFT) offers a basic framework for quantum many-body prob-
lems. It contributes considerably to creating novel materials and tuning
and analyzing many material characteristics at the theoretical level. The
functional choice affects the crystal structure of rutile, anatase, and
brookite TiO,. It’s vital to utilize the proper exchange-correlation
functional in density functional theory (DFT) calculations to acquire
accurate results that match actual experimental findings and to provide
reliable forecasts for new materials. In the study of Mohamad et al.,
when using the local density approximation (LDA), the band gap pre-
dicted by DFT for rutile TiO5 was about 2.0 eV, which was around 33%
lower than what was found experimentally. Due to inherent weak spots
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Fig. 1. Crystal and band structures of A) rutile, B) anatase, and C) brookite TiO,. The valence-band maximum was taken as the energy zero [214,279].

associated with the Hartree-Fock (HF) approximation, this also differs
from HF theory in that the experimental band gap is three times larger
than the theoretical one. In the study of Zhang et al., rutile, anatase, and
brookite TiOy band structures were studied. They found that the elec-
tronic structure and the polarized reflection spectra of brookite were
similar to that of the rutile or anatase phase (Fig. 1B). Moreover, when it

comes to optical properties and the process of photocatalysis, deter-
mining an adequate band gap for TiO, using a theoretical method is
vital. Improved forecasts of the bulk band gap will definite the charac-
teristics of the TiO4 surface properties. Table 1 summarizes the struc-
tural, electronic, and optical properties of TiO, found experimentally
and theoretically.
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Table 1
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Structural, electronic and optical properties of TiO, found experimentally and theoretically [211-214].

Position

Lattice parameters

Static dielectric Refractive index

Band gap value

value, € (o) value, n (g)
Structure
) PBE- mBJ- PBE- MBj- ) MBj-
Ti [¢] Method a,b,c GGA GGA GGA GGA Experimental GGA
Experimental = 4.5%¢
P 2.96
Rutile (0,0,0); (¥4,'%,'%) 0O5: £ (u,u,0); + (u+', %-u, %) PW-LDA ;:942'55;(:: 7.98841 5.94684 2.82641 2.43863 3.00 2.71
a: 4.63;c:
PBE-GGA 208
. a: 3.79;c:
Experimental 051
(0,0,0); (0, ¥, O1: (%2,0,u-%); (0,%, Va-w); (V5,%,%2-0); a_' 3.76:¢:
Anatase Ya); (V,Y%,Y5); (0,0,w); (0,%,%+u); ( ¥,0,%-u); PW-LDA A 5.82108 4.64421 2.41271 2.15506 3.21 3.02
. 9.47
(%2,0, %) (0,0,0); (%,%,%2+1) a 3.81:c
PBE-GGA 0.63
a:9.18;b:
Experimental 5.45;c:
5.15
(0.129, 0.104 01: (0.006, 0.093,~0.199); Oy: a: 9.13;b:
. . , 0. s 1: (0. , 0. ,—0. ; O2l o
Brookite 0.138) (0.237,0.161,0.461; PW-LDA :.gé,c. 6.26364 4.90509 2.50275 2.21476 3.13 3.14
a: 9.26;b:
PBE-GGA 5.51;c:
5.17

2.1. TiOy nanoparticle synthesis

The semiconductor materials are a vital part of photocatalysis pri-
marily dependent on the synthesis technique. The nano-sized TiOy
particles are preferred in AOPs compared with large particles due to
their enhancement of molecular transport properties at the catalyst
surface [60]. The two most essential characteristics of NPs have been
introduced that make them preferable to the macroscopic or micro-
scopic for textile effluent treatments are (i) the quantum bonds in
nano-scale, which is accomplished through the holes and electrons sites,
and (ii) surface and volume proportion which confirms the reaction
improvement because of their considerable interaction through the
functional sites [61]. However, nano-sized TiO, semiconductor is
considered the most superior photocatalyst, which has been prepared in
various shapes and sizes that include nanorods, nano bowls, nano-
spheres, nanofilms, nanoparticles, nanodisks, nanotubes, nanoneedles,
nanosheets, nanowires, nanowhiskers, etc. [62,63]. Several synthesis
routes, namely sol-gel, chemical precipitation and vapor, pyrolysis,
electrochemical deposition, hydrothermal, etc., have been applied to
prepare nano-size TiO, that gives certain benefits based on properties
[64-66]. The synthesis technique varies with their reaction parameters
such as precursors, solvents, contact time, pH, atmospheric condition,
reaction temperature, degree of calcination, stirring speed, etc., which
results in the change of morphological and optoelectronic properties of
NPs [67,68]. Additionally, each technique possesses various operating
conditions with unique advantages/disadvantages and varies from one
method to another, as shown in Table 2. Based on the literature, it is easy
to control the shape and size of prepared NPs by modifying these
methods [67].

3. Mechanism of TiO,’s photocatalytic degradation

TiOg-based treatment is considered an efficient heterogeneous pho-
tocatalytic method as it uses energy from light to break down different
organic and inorganic compounds in wastewater [69]. There are five
steps to be considered for the photocatalytic degradation of pollutants
by TiOy:

First, i) a considerable amount of organic pollutants is carried from a
solution into the interface area, where ii) they are adsorbed on the
photon-activated TiOy surface, iii) photocatalyzed, and then iv)

desorption of degraded organic contaminants happens on the TiOj
surface. After that, v) degraded organic contaminants (intermediate/
mineralized products) are removed from the interface region. The
slowest step influences the overall pace of the reactions during organic
pollutant degradation. The mass transfer steps (i) and (v) are very fast
when compared to the reaction steps (ii), (iii), and (iv). As a result, steps
(i) and (v) are not considered rate limiting and do not affect the total rate
of photocatalytic processes. The process involves the production of the
hydroxyl radical (eOH, oxidation potential = 2.8 V, relative oxidation
power = 2.06), a powerful oxidizing agent employed to remove haz-
ardous pollutants adsorbing on the TiO, surface [70,71].

Previously, rutile (bandgap 3.0 eV) and anatase (bandgap 3.2 eV)
phases of TiO, semiconductors in the presence of light are extensively
studied. Fig. 2 illustrates the primary mechanism of photocatalytic
degradation of organic pollutants under the Solar-TiO; process based on
the previous study findings. According to them, under solar light irra-
diation (photons), electrons and positive holes are generated in the
conduction (eg,) and valence band (hy},) as explained in Eq. 1. The holes
can either react with HyO (Eqn. 2) or OH™ (Eq. 3) organic molecules to
generate hydroxyl radical or directly react with organic pollutants (Eqn.
10) that subsequently oxidize organic molecules. The breakdown of
organic molecules is mainly caused by this ¢OH radical (Eqn. 9). How-
ever, the electrons generated from the Eq. 1 can also participate in the
breakdown of organic compounds indirectly either by producing su-
peroxide anion radical (O3") (Eq. 4), hydroperoxy radical (éHO») (Eq. 5),
hydroxyl (eOH) (Eq. 7) or directly react with organic compounds to
provide reduction products (Eqn. 11). In addition, the superoxide anion
radical prevents the recombination of electron-hole pairs. Therefore,
limited oxygen presence in the wastewater reduces the generation of
0%, enhances the recombination of electron-hole pair of TiO3 and
further reduces the catalytic activity of TiO; catalysts. The other inter-
mediate and final significant steps are presented in Eqs. 6, 8 [70,72,73].

TiO, 4+ hv—>TiO; (hy + eqy) €y
TiO, (hyy) + H,0-TiO, + H* + OH* (2)
TiO, (hyp) + OH™ —TiO, + OH" 3
TiO; (egy) + 02— TiO, + 05 (4



Table 2
Features of different nanoparticle synthesis techniques.
Reaction Drying Annealing Annealin;
Method Photocatalyst Precursor Solvent pH . Stirring type temperature, temperature, . J Advantages Disadvantages Reference
time, (h) N N time, (h)
[§9) [§9)
-Low cost, low
temperature, and easy
maintenance in the
laboratory.
-Control over chemical -High fabrication
composition, volume, and cost.
. morphology. -long reaction time.
Tit tetra- 100 °C fi 215,

Sol-gel method TiO2 NPs . ttanium .e @ Isopropanol — 3.0 Vigorous stirring or 500 3.0 -Required a small -High temperature [

iso-propoxide 6 h. . . 216]
quantity of dopant and calcination.
good mixing capability. -Require organic
-Enhanced homogeneity, solvents.
reliability, and purity
than raw materials.
-High purity and desired
stoichiometry.
-Ability to produce high-
quality crystals. -High temperature
-Control over size- required.

H h 1 Titani i °C f lecti -High f 216,
ydrotherma TiO NPs itanium ) Ethanol 70 05 C?nt.lnuous 50 C. or 100-500 _ selective growth, and igh cost o [
method tetrachloride stirring overnight morphology autoclaves. 217]

-Simple and elegant mode ~ -Longer reaction
of operation. time.
-Low energy consumption
-Capable of multi-layer
fabrication.
-Low temperature
required.

Spray pyrolysis TiO, Titanium (IV) Anhydrous . L -Different precursors are -No uniform coating [218,

— 1. — 1.
method microspheres isopropoxide ethanol 0 Vigorous stirring 500 0 needed. thickness. 219]

-Homogeneity, control
stoichiometry, and
operate at atmospheric
pressure.
-Good adhesion and -High cost.
compatibility. -Required safety due

Chemical vapor . . -Capable of multi-layer to contamination.

Tit: 1A% Absolut Cont 220
deposition TiO, spheres ! am.u m (IV) sotute 3-10 1.0 (?n .1nu0us 80 °C for 3 h. 450 1.0 fabrication. -Reaction (220,
butoxide ethanol stirring . 221]
method -formulates. temperature higher.
-Excellent morphology -Deposition rate is
with texture capability. lower.
-Uniform coating
hickness.
thickness. | -Costly and high
. -Comparatively cheap o
Electrochemical Titanium tetra and simple flammability.
deposition TIOTCO. isopropoxide, Absolute — 0.5 Vigorous stirring 50°C for 500 2.0 -Control homogeneity -High elef: trical field [64,222]
composite Cobalt (II) ethanol 24 h. . strength is needed.
method . such as shape and size. s
nitrate . s -Toxicity and
-Good chemical stability .
. volatility.
and lower conductivity.
-Higher quality coatings.
Wat -Control ds iti -Prod toxi
Thermal plasma . Titanium aren Continuous 60 °C for Ontrof over deposttion roduce toxic [223,
TiO5 NPs . . Sodium — 12.0 .. 300 2.0 rates. byproducts. .
method trichloride R stirring 12h. R . . 224]
chloride -Highly sensitive -Contaminate

(continued on next page)
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Table 2 (continued)

Drying

Annealing

Reaction - Annealin; .
Method Photocatalyst Precursor Solvent pH X Stirring type temperature, temperature, . J Advantages Disadvantages Reference
time, (h) . N time, (h)
[§9) [§9)
temperature. chemicals and
-Required lower particles.
temperature. -Equipment cost is
-Excellent uniformity, higher.
porosity, and good
adhesion capacity.
-Lower temperature
operation. -Plasma
-Uniform, high quality, contamination or
. . and easy to control damage.
Sputtering Titanium tetra Continuous 100 °C for sputtering speed easil; -Possible grainy and
deposition TiO2-Ag NPs isopropoxide, Isopropanol — 0.5 . 500 2.0 P 8 p v X srainy [61,225]
R . stirring 2 h. -Good adhesion porous films.
method Silver nitrate e .
capability. -Scarcity of substrate
-It is convenient and damage due to ionic
provides large area bombardment.
coatings.
-Relatively simple and
effective method. .
. -Expensive process
-Environmentally
I for treatment.
Chemical Oxalic acid friendly. Poor crystallinit;
. . Titanium (IV) L ? . . 100 °C for -Implementation and .ry . ¥ [224,
precipitation TiO5 NPs X Deionized 7.0 1.0 Vigorous stirring 450 2.0 . . -Requires basic o
oxalate solution 5h. monitoring process is i 226]
method water eas condition.
Y- -Not applicable for
-Low-temperature
. all cases.
method and can be easily
scaled up.
-Environmental
parameter effect on
-Thermodynamically stability.
stable -Stabilization
Acetyl -Excellent solvent action. i high
Micro-emulsion TiO2-Co-Fe Titanium cety . 25 °C for xeefent sotven ac ton requires a g [227,
. . . acetone, L- — 1.0 Constant stirring 500 3.0 -Temperature-sensitive amount of .
method Composite isopropoxide . 48 h. . . 228]
threonine and only remain stable in  surfactants.
a specific temperature -Limited solubilizing
stability range. capacity for high-
melting
Substances.
-Time-consuming
and expensive for a
relatively thick layer.
-Have limitations on
Titanium foil he si h
B e o ihsion 220
Electro-deposition ~ TiO,-CdSe . Ethyl Continuous S on the substrate . P ’ [229,
. chloride, 2.0 0.5 - Dried in air 500 2.0 -Continuous process
method Composite R alcohol stirring -Able to dope. R 230]
Selenium Cost-effective layout is more
dioxide difficult.
-Sometimes the
material causes
cracks and crevices
in a built-up cavity.
-Controlled over -Require high
Microwave- . Titanium (IV) Ethanol, . L. V! qui 8 [227,
. TiO5 NPs . — 1.15 Vigorous stirring 100°Cfor1h 200 1.0 temperature and temperature. .
assisted chloride Acetone 231]

pressure.

-High cost in

(continued on next page)
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Table 2 (continued)

Reaction Drying Annealing Annealin;
Method Photocatalyst Precursor Solvent pH . Stirring type temperature, temperature, . J Advantages Disadvantages Reference
time, (h) . N time, (h)
[§9) (9]
hydrothermal -Reduce energy cost instrumentation.
method -Reaction time is short. -Fuels are needed.
-Efficient energy and
environmentally friendly.
. -Require high
-Control over size, shape,
and crystallinity. temperature.
- Co -Observation of the
Solvothermal Titanium Anhydrous Homogeneousl; 90 °C for “Enhance the chemical reaction is [229
TiO5 NPs tetra Y 4.0 1.0 .. 8 Y 400-500 1.0 activity of the reactant. . . B
method . . ethanol stirring 12 h. impossible. 232]
isopropoxide -Heat and pressure are .
) . -Expensive process
applied up to a critical .
i and organic solvent
point. .
required.
-Provide relatively small
particle size particle.
-Provide high yield and
short reaction time with a
controlled reaction -Sometimes
Sono-chemical Titani Conti \ 100 °C fi 229,
ono-chemica TiO5 NPs . Htamum . Isopropanol — 0.5 ?n .muous Y or 500 2.0 condition. irradiation time is [ o
method isopropoxide stirring 5h. 233]

-Velocity rates are high.
-Uniform and high-purity
shapes formed.

-Provide better surface
area.

long.
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Fig. 2. Photocatalytic degradation of organic pollutants by TiO,.
O~ + H*=HO: ) parameters are initial dye concentration, catalyst loading, light in-
2 2 tensity, irradiation time, pH, and oxidant of effluent. Similarly, intrinsic
HO, + HO,—H,0, + O, 6) factors influence its internal reaction and include crystal structure,
: : particle size, shape, surface area, pore density, pore volume, and func-
Tio, (eEB) +H,0,—O0H* +OH" @ tional group of the catalyst [67,79].
H,0, + 0y »OH* +OH™ +0, (8) 4.1. Effect of dye amounts
Organic pollutants + OH®—Degraded compounds 9) The degradation and removal performance largely depend on the dye
amount level. The most critical factor governing photocatalysis is the
Organic pollutants + TiO, (h$B)—>0xidation products (10) formation of eOH on the catalyst’s surface and its interaction with the
dye. It was observed that the increase in initial dye concentration
Organic pollutants + TiO, (eEB)aReduction products 1D decreased the photodegradation efficiency [80]. Generally, at higher

Different dye molecules undergo unique reactions during the process
of photocatalytic degradation, which involves the use of TiO3 nano-
catalysts and light. When Methylene Blue (MB) is subjected to UV or
visible light, titanium dioxide produces electron-hole pairs. Electrons
facilitate the reduction of oxygen, leading to the formation of superoxide
radicals (e03-). These radicals then engage in a reaction with MB,
causing the disruption of its aromatic rings and culminating in the
production of formaldehyde and smaller fragments. Conversely, holes
undergo a reaction with water, generating hydroxyl radicals (¢OH) that
further oxidize MB into CO, and water. In a similar way, the use of light-
activated titanium dioxide induces the generation of electron-hole pairs
in the presence of Rhodamine B (RhB). Specifically, the electrons orig-
inating from the aforementioned pairs engage in the reduction of oxy-
gen, leading to the formation of superoxide and hydroxyl radicals. The
conjugated system of RhB is susceptible to attack by these radicals,
resulting in the degradation of the system into smaller pieces, which
include CO, and organic acids. The breakage of azo bonds takes place in
both Methyl Orange (MO) and Congo Red, leading to the formation of
organic acids, carbon dioxide, and water in the case of MO, whereas
Congo Red undergoes degradation into aromatic fragments, CO5, and
water [30,74-78].

4. Factors affecting the photocatalytic activity
Several factors influence the photocatalytic activity of the catalyst:

extrinsic and intrinsic. Extrinsic factors are not a part of the reaction
medium but influence its external towards the reaction. The extrinsic

dye concentrations, a large amount of dye molecules was adsorbed on
the photocatalyst surface, which occupied the active sites as well as
inhibited photon formation significantly and thus reduced the genera-
tion of eOH radicals [81]. Additionally, concentrated dye solution
reduced the path length of a photon entering the solution, and sup-
pressed the light passing to the catalyst, leading to a decrease in pho-
tocatalytic activity [82]. Illinous et al. has investigated the impact of
various initial dye concentrations on the degradation of reactive yellow
dye. It was found that the decreases in dye degradation efficiency
(35.79-89.62%) with the increase of initial dye concentration from 25 to
100 mgL . The reason might be the increase in dye concentration; the
more dye molecules were found accessible for excitation and energy
transfer [83]. Mamun et al. reported that the photodegradation effi-
ciency of MO dye (45 mgL™!) using a doped TiO2-based composite was
decreased (23.0%) with the increase of initial dye concentration (50
mgL 1) in the presence of solar light irradiation. This observation was
formed due to inhibiting the penetration of simulated solar light into the
dye solution [84].

4.2. Effect of catalyst loading

The degradation operation is influenced according to the quantity of
TiO,-based photocatalyst. The optimum loading must be determined to
remove excess photocatalysts. The significant photocatalytic percentage
is the ratio of the liquid amount to the pertinent photocatalyst. It can be
seen that with the enhancement of catalyst dose, the functionality of the
catalyst for high volume ¢OH radical is generation [85,86]. The degra-
dation efficiency of reactive yellow 14 dye was increased from 52.6% to
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91.3% using the photocatalyst loading (1-6 g/L) within 40 min. This
was obtained due to some reasons, including (i) increasing the dye
molecule’s absorption area, (ii) increasing the density of particles in that
area, and (iii) increasing the active sites of the area [87]. However, a
large quantity of the catalyst that exceeds the optimal value may in-
crease turbidity, decreasing the radiation rate of visible light and
reducing the photodegradation efficiency [72]. Additionally, the higher
catalyst particles tend to aggregate, decreasing the surface area,
reducing the number of photons absorbed on the surface, and increasing
light scattering, causing difficulty in UV/solar light penetration through
the solution [80,86]. Caliskan et al. investigated the catalyst dose of
zinc-doped TiO; composite from 0.5 to 1.5 g/L for the degradation of
azo dye and found the optimum catalyst dose was 1.0 g/L under 3 h of
UV irradiation [88].

4.3. Effect of irradiation time

The photodegradation efficiency has a proportional relationship
with irradiation time. The photocatalytic reaction is increased up to a
specific irradiation time, but evaporation starts when the temperature
increases, resulting in inversely proportional to irradiation time. Thus,
the photodegradation efficiency of organic pollutants was reduced with
increased irradiation time [80]. This was formed due to producing more
intermediate products, namely small chain aliphatic compounds that
react with eOH and thus lead to a slower rate up to pertinent contact
time. The TiO; film was prepared by dip-coating for the treatment of
cationic Yellow X-Gl dye was studied. It was observed that the photo-
degradation efficiencies were 95.53%, 95.84%, and 99.14% for 1, 2, and
3 days, respectively, of UV irradiation [89].

4.4. Effect of light sources

The light source used for the degradation of the organic pollutants is
essential as it determines the performance of the catalyst used. UV light
intensity depends on the distance between the UV lamp and the pho-
tocatalyst, which controls the contaminant degradation efficiency of
photocatalyst particles [90]. Recently, some reasons have been intro-
duced for using UV irradiation sources for the degradation of textile
wastewater, such as (i) power instability in long time operation, (ii) need
for high voltage at initial stages, (iii) emitting border spectral wave-
length, (iv) low photonic efficiency, (v) need available vapor pressure,
(vi) shorter lifetime, and (vii) use of hazardous mercury metal [91].
Usually, a large volume of electron pairs was generated in the TiO with
the increase of intensity of light. These free radicals degrade the
adsorbed contaminants on the photocatalyst surface [80]. The artificial
UV light source is more reproducible and preferable than solar light
exposure due to gaining more photodegradation efficiency in textile
dyes. Thus, solar light irradiation is supposed to appear as an alternative
cost-effective light source [92]. The degradation efficiency of acid or-
ange 7 dye was observed to be almost 1.5 times higher in simulated solar
light than in artificial UV light irradiation [93]. Literature reported that
the degradation efficiency rose significantly to 56% with increased UV
light intensity from 0 to 3.0 mW/cm?. A similar trend was observed for
the degradation of MO dye using TiO2 NPs with power ranging between
17.25 and 65.85 W/m? and found efficiency (58.1-97.6%) after
180 min of UV irradiation [94]. However, a higher amount of light in-
tensity did not contribute to higher degradation due to limited active
sites of the TiO2 NPs surface. Thus, optimum light intensity is required to
obtain higher efficiency in photocatalytic reactions [72].

4.5. Effect of pH

The solution pH is one of the governing factors for the degradation of
organics and the stability of the catalyst during photocatalysis. Typi-
cally, it depends on the point charge of the photocatalyst and the type of
pollutant used in a reaction medium. The pH has always played a key
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role in pollutant remediation by diverse catalysts. It was reported that
the oxidation kinetics increased with the increase in pH [95]. Several
reports showed that dye adsorption was high in acidic pH regions [96].
Under acidic or basic regions, TiOy can be played as follows [86]:

TiOH + H* & TiOH, " 12)

TiOH + OH™ < TiO™ + H,0 13)

The value of pH,,. of TiO2 NPs is 6.8, varying from 4.5 to 7. It was
reported that the TiO5 surface will remain positively charged at an acidic
medium (pH<6.8). This was formed because of its strong dye adsorption
into the TiO9 catalyst regarding electrostatic attraction. Similarly, a
negative charge was obtained at a basic region (pH>6.8) because of the
enhancement of TiO> groups into the TiO5 catalyst. The higher oxidizing
activity of TiO2 NPs was found at low pH, but at very low pH, it gen-
erates a larger amount of H' ions that decrease the reaction rate. It in-
fluences the interaction between the catalyst surface and the solvent
molecules during photocatalytic reactions. These observations greatly
impact the adsorption of solutes, thus resulting in the photodegradation
rate [85]. Based on the literature, the photodegradation of some organic
pollutants using TiOy NPs is strongly favorable in an acidic medium
compared to a basic or neutral medium. It was reported that the pho-
todegradation efficiency of MO dye using TiO, NPs was increased in
acidic pH (3.0) under 5 h of direct solar light irradiation [10]. Similarly,
an anionic dye of acid orange 7 has shown a higher degradation effi-
ciency at lower pH (3.0) [86]. For the photocatalytic degradation of
reactive orange 4 dye, the decolorization was observed from 24.14% to
89.10% with the increase of pH from 1 to 10 at the reaction time of
80 min. Then, with a further pH increase from 10 to 12, the decolor-
ization efficiency was obtained from 89.31% to 81.20% [97].

4.6. Effect of oxidant

Several oxidants such as H5Oo, SZO§', and BrO* are applied in pho-
tocatalysis, which greatly affects bio-persistent toxic dyes. The addition
of an oxidant acts as a strong electron scavenger that increases the
photodegradation efficiency of intermediate compounds through three
different ways, including (i) suppressing the recombination of the
electron-hole pair, (ii) generating a larger amount of ¢OH and O3 for-
mation, and (iii) to increase charge separation. The dual nature of in-
termediate oxidants, such as strong oxidants and electron scavengers, is
observed in photocatalytic reactions [60,96].

Generally, the peroxide is a supply of oxygen with high oxidant po-
tential (E°= 1.77 V) that increases the reaction rate. The addition of
H0, on photocatalysis for degrading organic dye compounds from
textile wastewater was significant. The photo-oxidation rates have been
increased by adding HyO9 since more eOH could be produced by
reducing surface-trapped electrons. Therefore, the photodegradation
performance might be uniformly increased with oxidative conversion by
the addition of Hy0, [84]. As a result, ¢OH is generated by the reaction
with conduction band electrons and hydroxide ions from water mole-
cules. On the contrary, the mineralization rate is greatly influenced by
the addition of S,0% oxidant by decreasing the pH of the dye solution
[96]. Two different ways have been applied in reaction mechanisms
such as (i) charge separation increases by scavenging persulphate ion,
and (ii) sulfate radical anion (SO4°~) can be formed both in thermally
and photolytically from $,0% in TiO, NPs suspension. The addition of
BrO* plays an effective electron acceptor which enhances the photo-
catalytic rate as well as photodegradation efficiency of dye-containing
textile wastewater [87]. This was formed because of the band electron
and oxidant (BrO3) interaction through the scavenging effect. However,
the excess addition of BrO> reduced the photocatalytic activity of TiO,
NPs under UV/solar light irradiation. The addition of KBrOs from 1 to
3 g/1for the degradation of reactive orange dye from textile wastewater
increases the degradation efficiency from 64.4% to 97.97% within
20 min irradiation time [97].
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4.7. Effect of particle size and surface area

The surface properties of a semiconductor are considered a major
factor for enhancing photocatalytic activity and can be achieved by
improving bandgap energy as well as photogenerated electron/hole
recombination [60]. Additionally, the potential degradation rate is
highly affected by the synthesized materials’ surface properties, such as
zeta potential, acidity, and isoelectric point [98]. Both nano and
bulk-size TiO9 surfaces have been evaluated extensively and observed
significant variations in photodegradation performance and photo-
chemical responses [99]. Several studies indicated that the smaller
shapes create a more surface-to-volume ratio, and increase internal
recombined electron/hole pairs and active sites of surface area, and
therefore a large amount of eOH available to degrade organic pollutants
[98]. The high surface area effectively enhanced the photogenerated
charge carrier separation rate and provided charge transport efficiency
[67]. Some drawbacks have been found when decreasing the particle
size of TiOy photocatalyst, including (i) decreasing surface recombina-
tion of electron/hole pairs and (ii) lowering the utilization of photons.
Therefore, an optimum particle size should be selected to overcome
these challenges. It can be seen that the optimum particle size of the
TiO4 photocatalyst was 35 nm for the degradation of methylene blue dye
under UV irradiation [72]. Bisphenol A (11.2 mgL’l) was observed to be
degraded at 96%, and 84% for nano and micro-structured TiO film,
respectively, within 2 h of UV irradiation [100].

4.8. Effect of surface morphology

It is well known that the photocatalytic activity of TiO2 NPs is highly
affected by surface morphological factors, including phase composition,
crystallinity, crystal structure, porosity, pore volume, and surface hy-
droxyl groups [101]. Additionally, the preparation technique of the
catalyst can significantly affect the surface morphology of NPs, such as
precursor, solvent, pH, reaction time, and calcination temperature.
Generally, the crystal structure of TiO> NPs depends on the calcination
temperature. It was found that higher photodegradation performance
was obtained by crystalline morphology than by amorphous
morphology. The thermal treatment method has been applied to trans-
form TiOz NPs from amorphous to crystalline phases [98]. Literature
reported that the pure anatase phase with its adjacent lower rutile phase
of TiO, NPs has shown greater photodegradation efficiency. The inter-
face between the rutile and anatase phases may act as an electron trap
due to their various Fermi levels [100].

5. Enhancing the performance of TiO,
5.1. Doping

The development of new energy levels near the conduction band is
increased by doping TiO, with different elements. A high concentration
of the photocatalyst might diminish its effectiveness, therefore it’s
important to utilize just the right quantity for the best activity [102].
The type of the dopant ion also influences this activity since dopants
might be interstitial, substitutional, or both in the case of incorporation.
The characteristics of titanium dioxide vary depending on the doping
region [103]. TiO2 may undergo alterations either in the bulk or on the
surface of TiO, particles to increase the absorbance of irradiation and
decrease the charge recombination [24].

5.1.1. Metal doping

Recently, researchers have focused on improving photocatalysis ac-
tivity by adopting a doping process with various compounds that can
reduce undesirable [104]. The band gaps (3-3.2 eV) of TiO, semi-
conductors absorbing from the UV region of the solar spectrum are the
major drawbacks in photocatalysis, as only about 5% of sunlight com-
prises UV radiation. Modifying the band gap in TiO, has become a
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modern research interest that can be influenced either in bulk or on the
surface of TiO,. Doping metals or non-metals into bulk TiO; significantly
affect bulk modifications. The doped catalysts displaying greater
photo-stability in aqueous solution appear suitable for photocatalytic
water remediation [105].

In the doping process, rapid charge recombination is inhibited, and
the interfacial transfer of charge is enhanced by trapping holes or
electrons in the defect sites in the first phase. Light absorbed was
exhibited by allowing electron transitions under sub-band gap irradia-
tion. The dopants are mainly categorized into metal ions (transition
metals, noble metals, and rare earth metals) and non-metal ions. Metal
dopants in the photocatalytic matrix significantly contribute to
enhanced interfacial charge transfer and recombination rates, imparting
improved photoactivity of doped TiOz [106]. As in Table 3, some metal
dopants such as copper (Cu) [107], iron (Fe) [108], manganese (Mn)
[109], nickel (Ni) [75], platinum (Pt) [110], zinc (Zn) [111], barium
(Ba) [112] and cobalt (Co) [113,114] have been extensively utilized to
reduce the band gap energy and to redshift the TiO5 absorption from UV
to leading to increased performances.

In a recent study by Judrez-Cortazar et al. (2022), metallic residue
from door keys as a doping precursor was integrated with TiO2 nano-
particles using the sol-gel route. Photoactivity was improved synergis-
tically by the presence of Cu*/Cu®" and Zn®" ions in the support
modified the physicochemical characteristics of Titania. Mineralization
of diclofenac was above 92% in an aqueous solution under simulated
solar radiation. Some metal nanoparticles such as lead (Pd), silver (Ag),
and Platinum (Pt) have been employed to expand the visible light
sensitivity of the resultant TiOy hybrids (Table 3). Several techniques
such as hydrothermal, electrospinning, chemical reduction, and UV ra-
diation have been explored to prepare a cost-effective Ag/TiOy nano-
hybrid photocatalyst which confirmed the restrictions of the
recombination of electron-holes and enhanced the visible light absorp-
tion region [116,117].

5.1.2. Non-metal doping

It is observed from several studies over the last few years that the
non-metal anion doping has been extensively applied to hinder the
recombination of photogenerated electron-hole pairs which is attributed
to the electronic states of non-metals above the valence band edge of
nano-TiOz. The non-metal doping is considered superior to metal doping
because of provides higher stability of TiO2 photocatalyst, a simpler
doping process, and more photocatalytic activity. Different non-metal
dopants such as nitrogen (N) [118], F-doped anatase TiO» [30], sulfur
(S) [119], and carbon (C) [120] have been successfully explored in the
modification of diverse catalysts.

Over 99% photodegradation of organic dyes within less than 2 h of
UV exposure was achieved by N-TiO5 and P-TiO5 nanocatalysts prepared
by microwave-assisted technique, respectively [121]. Another study by
Azami et al. reported the complete degradation of reactive red 4 dye
within 60 min under LED light by decreasing the band gap to 2.9 eV,
introducing N dopants to TiO, through microwave irradiation [122].

Ordered N-TiOy nanotubes synthesized via an electrochemical
approach degraded methylene blue by about 52% under xenon lamp
irradiation for 120 min. It was stated that photocatalytic efficiency was
improved by altering the TiO2 band structure and reducing electron-hole
charge recombination [123]. Doping S in TiO, through a novel flame
spray pyrolysis method significantly reduced the bandgap energy
(2.78 eV), stimulated the phase conversion of TiO,, enhanced electrical
conductivity and charge transfer leading to higher photocatalysis per-
formance towards acetaldehyde upon visible light irradiation [119].

5.1.3. Metalloid and halogen doping

Various halogen dopants, including fluorine (F) [30], chlorine (Cl)
[124], bromine (Br) [125], and iodine (I) [126], have been investigated
so far for improving the structure and photocatalytic degradation of
catalysts (Table 3). Boron (B) (Yu et al., 2013a) and silicon (He et al.,
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Table 3
Summary of doping, co-oping, and coupling of TiO,.
Nano photocatalyst Preparation method Target analyte light source' and Refnlo val Reference
treatment time efficiency
Ba-TiO, Sol-gel Methylene blue Solar light, 150 min > 70% [112]
F-TiO, Sol-gel Methyl orange UV light, 5h > 80% [30]
Zn-TiO, Sol-gel Methyl red UV light, 2h 96.99% [111]
Ni-N-TiOy Sol-gel Congo red and Methyl orange Visible light, 2 h 82%, 79% [75]
Fe-TiO, Ultrasonic assisted hydrothermal Para-nitrophenol Visible light, 5 h 92% [108]
Mn-TiO, Sol-gel Methylene blue ISJX and Visible light, [109]
Pt-TiO, Colloidal routes Phenol, 2-chlorophenol UV light, 3h 87.7%, 100% [110]
Co-TiO, Sol-gel 2-chlorophenol UV light, 3h 96.4% [114]
Ag-TiOy Sol-gel Methyl Orange Visible light, 5 h [234]
F-WO3-TiO, Sol-gel Methyl orange UV light, 5h > 85% [30]
N-TiO2 nanotubes Electrochemical method Methyl blue f;gc:lifmp ’ 52% [123]
N-TiO, Sol-gel Rhodamine B Visible light, 40 min 90% [235]
. . . UV emitted by o .
N-TiO, plasma-assisted electrolysis Methyl orange plasma, 300 min 91% [236]
" . visible light o
S-TiOy flame spray pyrolysis acetaldehyde irradiation, 300 min 75% [119]
isible ligh
S-TiO, nanorods Oxidant peroxide method Methyl blue Visi e, ight, 92% [237]
240 min
S-TiO, Hydrothermal method Rhodamine B Visible light, 60 min 80% [238]
Simulated solar
. - ) . N
Metallic residue-TiOo Sol-gel diclofenac light, 180 min 92% [115]
ZnO-TiOy Sol-gel Methyl blue UV light, 6 h [132]
0,
Cu-TiO2-ZnO Sol-gel Methyl blue, Methyl orange Visible light, 3h 3:205/)’ [239]
. 0
Cu—TiO, nanoparticles Sol-gel and microwave Diclofenac Visible light, 7 h 33.26% [107]
hydrothermal
N-Fe-Cu-TiO, nanoparticles Sol-gel Methyl blue Sunlight, 2 h [78]
N-Zr-TiO, nanoparticles Sol-gel p-nitrophenol UV-visible light, 8h ~ 96% [78]
Pt-Bi-TiO, Modified photodeposition AMX Visible light, 87.67% [128]
Sn-La-TiO, Sol-gel Rhodamine B UV light, 3h 99.1% [77]
Er3+:YA103/Fe-Co-TiOZ-ZnO Sol-gel azo fuchsine Visible light, 2 h 95.5% [240]
Waste water containing 2,4-dinitrotoluene (2,4-DNT);
TiO,/Zr,N nanoparticles Sol-gel 2,6- dinitrotoluene (2,6-DNT) and trinitrotoluene Visible light, 12 h 67.2% [130]
(TNT)
Mn-Co-TiO, Sol-gel enoxacin Solar light, 80 min 97% [131]
BaTiOs-ZnO Hydrothermal method Methyl blue UV light, 60 min 94% [133]
T13C2/T102/Cu9 ternary Chemical reaction and annealing Methyl orange UV light, 80 min 99% [241]
nanocomposites at Ar atmosphere
N-TiO,/. SlO?/Fe3O4 h?ldrol}fsm and cont'iensvatlon, phenol VlSlble. light, 64% [134]
Nanoparticles dispersion and calcination 270 min
. Co-precipitation, hydrolysis, and - . o o
Cop.5Zn0.25Mo 25F€204-TiO4 thermal treatment Methyl orange, Methyl blue Visible light, 5 h 80%, 75% [242]
Hematoporphyrin/N-TiOz Sol-gel and wet impregnation Methyl orange Visible light, 60 min ~ 89.2% [243]
Fe304/Ti05-S with surface one pot reverse precipitation and Rhodamine B and formaldehyde $1mu1ated solar 100% [244]
hydroxyls hydrothermal light, 60 min
TiO,/zeolite Modified sol-gel Reactive black 5 UV light, 120 min 100% [245]
TiOy/zeolite Sol-gel marbofloxacin and enrofloxacin gz;ltural sunlight, 91% [246]

2010), termed either non-metal or metal, are the two most used met-
alloids used to dope TiO. Boron dopants have succeeded in increasing
the surface area of embedded TiOs.

5.1.4. Co-doping

Co-doping techniques have been proven to be affecting material
properties. The OH" of TiO3 has been successfully increased by co-doping
restraining. As in Table 3, explorations on significant co-doping tech-
niques include N-Fe-Cu-TiOy nanoparticles [78], N/Zr co-doped TiOy
nanoparticles [127], Pt and Bi Co-doped TiOy [128], Sn/La co-doped
TiOy nanomaterials, S/I co-doped mesoporous TiO3, Ce/N co-doped
TiO4 [129], WO3 Coupled PTiO, etc. In addition, the researchers also
reported that an optimal doping level was required for co-doping under
visible light; otherwise, the photoactivity of TiO2 may deteriorate.

Photocatalytic degradation of organic dyes was investigated under
solar light irradiation with two photocatalysts. The results indicated that
the Er®*"YAIO3/Fe- and Co-doped TiO, coated composites significantly
transform the visible light into the UV region and greater enhancement
of the photocatalytic activities found by the addition of Er®*:YAIO5 as
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compared to Fe- and Co-doped TiO, powders.

In 2018, The photocatalytic performance of co-doped TiOy/Zr, N
nanoparticles in wastewater treatment of nitrotoluene samples con-
taining 2,4-dinitrotoluene (2,4-DNT), 2,6- dinitrotoluene (2,6-DNT) and
trinitrotoluene (TNT). The results showed 35.9-67.2% treatment effi-
ciency and 3.17-2.78 eV band gap energies at different compositions of
nanoparticles under visible light irradiation [130].

In another study, a novel Mn?" and Co?* co-doped TiO, (Mn-Co-
TiO3) was synthesized for the photocatalytic decomposition of enoxacin
(ENX) in synthetic and real wastewater samples. Mn-Co-TiO5 showed an
ability to reduce the band gap of TiO; from 2.81 eV to 2.10 eV with
improved morphological properties under solar light irradiation [131].

5.1.5. Coupling of TiOz with semiconductor

Various semiconductor catalysts such as MgO, SiOj, CdS, WOs,
MoO3, SnO», Iny03, Cuy0, or ZnO [132] have been successfully coupled
with TiO; by researchers to improve the characterizations, energy level,
rigidity as well as to reduce band gap shifting the light absorption to-
wards the visible region (Table 3). Another recent study was explored by
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anchoring BaTiO3 nanoparticles on the ZnO matrix by hydrothermal
methods to produce a heterostructure, which confirmed UV-assisted
photodegradation of methylene blue within 60 min. The hetero-
junction between BaTiOs and hexagonal rod-shaped ZnO promoted
affected charge separation, contributing to about 94% removal of dyes
[133]. Vaiano et al. introduced SiO»/Fe304 ferromagnetic nanoparticles
as support for N-doped TiO; to degrade phenol and eliminate TOC at
64% and 55%, respectively under visible light irradiation after 270 min.
The magnetic photocatalyst displayed enough photostability after being
collected at the bottom of the photoreactor after each test cycle (up to
four recyclability tests) by employing a magnet on the outer surface of
the reactor [134].

5.2. Plasma technology

Recently, photocatalytic treatments coupled with plasma technology
have been a great research interest and have proven to be successful in
the field of water pollutant reduction due to being the most efficient and
environmentally safe [135]. The combining process leads to the efficient
degradation of liquid-phase contaminants by enhancing photocatalytic
reactions by the participation of higher active catalyst sites through the
improved mass transports of the reactants to the solid surface which was
basically due to the ultrasound and shockwave generation in the elec-
trical discharge plasma.

Thermal plasma, such as arc discharges, radio frequency, or torches,
is obtained with high electrical energy. In contrast, non-thermal plasma
(NTP) is associated with less power consumption such as dielectric
barrier discharge, corona discharge, gliding arc discharge, spark
discharge, and glow discharge. In non-thermal plasma, the energetic
electrons produce secondary electrons, photons, ions, and radicals
through collision with background molecules (N3, O3, H20, etc.) [136].

Table 4
Summary of Plasma/TiO2 combined wastewater treatments.
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These facts lead to the attraction for applications of atmospheric plasma
treatment by gas electrical discharge systems in water remediation.

There are various types of non-thermal plasma photocatalytic rectors
which can be categorized according to the type of power supply (DC, AC,
AC and DC, pulse, DC and pulse, RF), geometry, discharge mode, po-
larity, electrode configuration, presence of a dielectric barrier or pho-
tocatalyst, input voltage/frequency level, and gas composition [137].
Table 4 depicts the summary of some Plasma/TiO, combined waste-
water treatments. As in Table 4, Wang et al. integrated a pulsed corona
discharge system with a TiO, powder photocatalyst to decompose
phenol [138]. Similarly, the pulsed discharge system was coupled with
TiO4 film [139], TiO, powder [140], activated carbon fiber and TiO,
powder hybrid catalyst [141], and TiO5 nanoparticles [142] to degrade
different organic substances from wastewater. Complete or maximum
removal was only achieved with an integrated system (Table 4).

An interesting study was conducted by Pandiyaraj et al., 2021 to
synthesize copper-doped TiO, nanoparticles by sol-gel technique. The
prepared nanostructure was further subjected to plasma treatments (at
32 kV power supply) in a low-pressure DC glow discharge plasma
reactor to enhance photocatalysis operated at various gas streams like in
Ar, air, Oy and N at a fixed flow rate (9 Ipm) for 10 min. The mecha-
nism of photocatalytic activity was initiated through the emission of UV
photons in the dye solution by plasma jet generating of electron-hole
pair. This plasma-induced surface modification changed the oxidation
state in Cu-TiO nanoparticles, hampering the electron hole’s recombi-
nation reaction by capturing the electrons and subsequently resulting in
high photoactivity. The study also revealed that Ar plasma combined
with Ny plasma to treat nano-photocatalysts synergistically generated
the highest concentration of reactive species such as ¢OH radicals and
H50,, exhibiting the highest photodegradation (94%) of reactive red
198. It was concluded that plasma-functionalized Cu-TiO,

Removal efficiency

Plasma . .
Type of photocatalyst properties Target analyte Processing condition without with Reference
photocatalyst photocatalyst
Defect-rich .Ar-T102 DBD Methyl orange, rhodamine B and 50 V,.Ar supply for 20 min, treatment time R 99.4% [247]
nanoparticles Methylene blue (10 mg/L) 30 min
T102-graphene. PDP Fluoroquinolone (40 mg/L) 18 kv, air .supply (4 L/min), treatment 99.4% 64.8% [248]
nanocomposite time:60 min
AgFeO,/CNTs/TiO, Coron'a-DBD Methyl Orange (250 ml, 30 ppm) 5 kV', air supply: 1 L/min, treatment time: 05% [249]
combined 2 min
. o
TiO, nanoparticles Needle plate Reactive Orange 16 A.rgon Wlth. 10% air (4 slm), treatment 100% [250]
time: 60 min
; . 3
TiO, nanopowders C.orona Tetracycline (50 mg/L) 3,6 W, air S}lpply. 0.006 m*/h, treatment 61.9% 85.1% [144]
discharge time: 24 min
38 W, Dry air, oxygen, nitrogen and argon
TiO,-ACFs DBD Triclocarban (10 mg/L) (400 ml/min) supply, treatment 32% 64% [251]
time:30 min
Ti0>1GO . DBD Acetaminophen (20 mg/L) 18 kV, pH: _7'2’ air suPply (3.3 L/min), 50% 92% [252]
nanocomposite treatment time: 18 min
Fe,05-TiO, with . 14 kV, pH:3, air supply 0.5 L/min), argon 100% 100% -
NayS,0g DBD Dimethyl phthalate (100 mg/L) supply (4.5 L/min) (24.6 min) (5.2 min) [253]
X . 20 W, pH:10, air supply (0.014 L/min), o o Hoa
g-C3N4/TiO4 DBD Acid Orange 7 (5 mg/L) treatment time 12 min 61% 100% [223]
ACF/TiO, PDP Methyl Orange (80 mg/L) 46 kv, pH:4, oxygen supply, treatment 63% 98.2% [141]
time 15 min
H:6. heric ai 1
TiO, nanoparticles DBD Reactive Yellow 176 (200 mg/L) Zg :Vr;ﬂl; 6.8, atmospheric air supply, 66.21% 83.54% [254]
TiO, nanoparticles PDP Acid Orange 7 (600 ml) 27 kV, oxygen SuPpl}.l (1.4 m3/h), 81% 96% [142]
treatment time 45 min
TiO, supported beads ~ PDP Phenol (0.25 L) 21 kV, oxygen supply (5 L/min), treatment (o 91.40% [138]
time 40 min
TiO, film PDP Phenol (0.25 L) 24 kv, oxygen supply (1.33 L/min), 53% 78% [255]
treatment time 60 min
TiO, powder PDP 4 Chlorophenol (0.1 L) 14 kv, oxygen supply (1.66 L/min), 74% 90% [140]
treatment time 18 min
TiO, nanofilm PDP Indigo Carmine 30KV, air supply (0.5 m3/h), treatment 86% 96% [256]

time 3 min
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nanostructures could be very promising for textile and pharmaceutical
industries to abate organic pollutants [143]. From Table 4, another
paper was reported to remove tetracycline (TC) and TOC from an
aqueous solution by TiO, nanoparticles coupled with non-thermal
plasma in a corona discharge plasma reactor with a high-frequency
high voltage power source and a gas delivery system [144]. It was
demonstrated that an increased amount of TiO; concentration contrib-
uted to about 85% removal efficiency of TC within 24 min at the input
power of 36 W.

5.3. Coupling of TiOz with clay

Clay minerals, being hydrous aluminosilicates, retain large amounts
of water, including some other important properties like colloidal
behavior, adsorption capacities, and swelling as well and exist in their
basic four forms viz., kaolinite, illite, montmorillonite (smectite), and
chlorite [145]. Based on the academic context, clay is composed of
fine-grained crystal minerals such as carbonates and other metal and
non-metal oxides. The polytypic and structural arrangements in clay,
called polytypism, account for different structural layers and composi-
tions. These structures are commonly used due to their high surface
area, stability, naturally abundant, non-toxicity, and significant roles in
scavenging pollutants from wastewater. The nanocomposites of clay
with TiOy had been successfully proven to possess higher photolytic
activity with greater surface area, a higher degree of crystallinity, and
regeneration possibilities for the degradation of contaminants from
wastewater.

Nanocomposites like clay/TiO, are now attracting the attention of
researchers due to their unique flexibility and improved properties such
as greater affinity to the pollutants, enhancing antimicrobial solid
properties, and hindering the release of nanoparticles [146]. Impedi-
ments to the large-scale use of TiOz in water remediation are its high
band gap, fast electron-hole pair recombination, particle aggregation,
and recycling after treatments. Immobilization of TiO, nanoparticles
onto clays (phyllosilicates) can eliminate those by forming the Ti-O-Si
and Al-O-Ti bonds between TiO5 nanoparticles and the aluminosilicate
layers of the clay support [147].

Clay materials such as montmorillonite (mt), kaolinite (kt), rectorite
(rec), bentonite (bt), hectorite (hec), sepiolite (sep), Palygorskite (pal),
Vermiculite (vem), laponite (lap), saponite (sap), cloisite (clo) have been
studied most due to being stable, available and possessing good struc-
tural properties to act as supports with TiO5 nanoparticles contributing
to a high degree of photodegradation and scavenging contaminants from
wastewater [146].

A simple adsorb-degrade-release mechanism in photocatalysis of
TiOy/Clay nanocomposites involves the adsorption of large molecules of
contaminants on the clay support and active sites and degradation by the
reactive oxygen species and release. High porosity and larger surface
area allow fast conversion and mineralization of the degraded pollutants
within the porous framework of the nanostructure and also a large
quantity of pollutant molecules is thus allowed to come into contact with
the active sites undergoing a higher degree of photocatalytic oxidation
by the light exposure on more areas [147].

There are different methods involved in synthesizing binary, ternary,
and quaternary TiOo/clay nano photocatalysts. The binary TiOy/clay
photocatalysts are generally fabricated either by the simple dry diffusion
(grinding) method [148] or the wet chemical (pillaring) process [149].
Single or multistep processes incorporated with the binary TiO»/Clay
structures to improve specific properties such as their visible region,
surface area, and porosity for enhanced photocatalysis to synthesize
ternary and quaternary nano-composites [147].

In another study, a novel TiO, intercalated montmorillonite (a
cationic, dioctahedral smectite clay, [150]) photocatalyst was prepared
by varying pH conditions to the conventional hydrothermal process
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which allowed more active sites to the Ti>* and larger pore volume thus
promoting better photodegradation efficiency and stable recyclability to
methyl orange dye degradation [151].

5.4. Carbonaceous and Bio-nanocomposites of TiOz

This part focuses on the recent studies of some bio-based nano-
composites of TiO, for purifying water, which have been proven suc-
cessful in that specific field. The TiO, bionanomaterials should be given
particular attention so that novel, cost-effective composites can be
produced from low-cost feedstock for a sustainable environment. In
some research studies, the most common carbonaceous materials like
Graphene (G), carbon nanotubes (CNTs), and activated carbon (AC)
together with TiOy have been evaluated in their free form for water
remediation and photodecomposition of pharmaceuticals and personal
care products [152] (Fig. 3). Carbonaceous-TiO, materials have been
proven to exhibit overall better properties than bare TiO2 based on
adsorption capacity, photocatalytic performance, and improved visible
light absorption rate [153]. Photocatalytic properties through enhanced
sensitivity towards visible light of TiO2 can be further improved by
modifications of titania coupled with carbonaceous elements (Table 5)
[154].

In 2019, green synthesis of TiO, nanoparticles using Plumeria acu-
minata leaf extracts and subsequent impregnation of silver oxide and
boron oxide content on TiO, framework to fabricate Agz0/B203/TiO2
nanocomposites has been explored by Tijani et al. Different properties
and photocatalytic performance to degrade local dyeing wastewater
under artificial and sunlight were compared for undoped TiO2, Ag20/
TiOg, B203/TiO9, and Ag20/B203/TiO, nanocomposite samples. It was
reported that the fusion of two oxides to a single spherical particle
(coalescence) forming heterojunction enhanced the bond strength in the
co-doped TiO; than undoped and mono-doped TiO2 and also the crys-
tallinity and surface area of the ternary oxides as compared to other
samples produced, as indicated in Table 5 [155].

Biochar (BC) can act as a support structure for adsorption molecules
and as a potent substrate to aid the growth of TiO, photocatalyst on its
functionalized surface as well [156]. BC being a carbon-rich material is
favorable to generating hierarchical structure carbonaceous nano-
materials possessing many surfaces functional groups such as sulfonyl
and phenolic groups, and acid complexes, etc. As in Table 5, frequent
application to assist in dispersing catalyst nanoparticles is reported
owing to its large surface areas, stable structural properties and low-cost
decomposition of various pollutants through simultaneous adsorption
and degradation is possible through impregnating foreign materials onto
BC [157].

Chitosan is a linear polysaccharide that originated from the outer
skeleton of shellfish. Given some recent literature, this biomolecule in-
tegrated with TiO5 as nanocomposites has been focused on promising in
wastewater treatment as being biodegradable and reinforcing the
overall strength in a composite. It was revealed that the chitosan-
blended MoOs3-TiO, composite boosted photocatalytic degradation to-
wards methylene blue (MB) more than others due to the increased
separation of photo-generated charges under the illumination of solar
light [158].

Moreover, interestingly, a 3D flowerlike TiO5 polyaniline (TiOy/
PANI) hybrid was fabricated by a facile sol-gel method. 2D thin PANI
nanoflakes were intermeshed within hollow TiO, nanoparticles
(40-50 nm width, 1 —2 um length) [159]. Chemical oxidation poly-
merization of aniline in the presence of TiO, nanospheres was carried
out in an ice bath to prepare a TiO/PANI hybrid. TiO5 /PANI composite
integrated with a Ti/ANI (aniline) at a molar ratio of 1:1 to fabricate a
composite spatial structure (T/P) with a high surface area to show
remarkable photocatalytic activities (both UV and solar driven) towards
congo red and methyl orange dye molecules (Table 5).
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Fig. 3. Photoactivity of carbonaceous-TiO, nanocomposites as photocatalyst in the decomposition of pharmaceutical pollutants; CNT and AC. [154].

A novel bio-nanocomposite of TiOy with inulin (a carbohydrate
polymer isolated from Allium sativum L) was employed to degrade
Methylene blue (MB) dyes under UV light. Electron (e’) and hole (h+)
pairs were generated upon UV irradiation on the surface of the nano-
composite. The synergistic reinforcement prevented agglomeration of
TiO3 in the composite imparting improved photodegradation. Further-
more, Inulin enriched with-OH functionalities assisted in stabilizing the
photo-excited electrons, which consequently hindered the recombina-
tion with holes as transferred from the conduction band to the surface of
inulin [160].

6. Limitations of TiO,

Transition metal oxides have gotten the most attention recently, and
titanium dioxide has gained the most attention because of their wide-
spread application in a wide range of areas, including heterogeneous
catalysis, gas sensor devices, white pigments, and coating materials.
However, it has some drawbacks that limit its application in wastewater
(Fig. 4). Brief descriptions are presented as follows.

I. Its range of applications is limited, including solar energy con-
sumption, owing to its small photocatalytic zone (400 nm) and its
ability to absorb only about 5% of direct solar irradiation and
interior light due to its relatively large bandgap (3-3.2eV).
Therefore, enhancing the photocatalytic activity of TiOz in the
visible range by reducing the bandgap will be required to take
advantage of the visible area of the remaining solar spectrum
[161,162].

II. Photocatalytic degradation happens largely on the surface of the

material. Therefore, when using TiO, for water treatment, mass

transfer limitation must be decreased. However, organic
pollutant adsorption on TiOy surfaces is often minimal due to

TiO2’s poor affinity for organic pollutants (mainly hydrophobic

organic pollutants), resulting in slow photocatalytic degradation

rates [163,164].

TiO, nanoparticles may aggregate during photocatalytic degra-

dation, owing to their instabilities as nanosized particles and the

presence of organic ionizable compounds that will link the par-
ticles together. As a result, the light incidence on the active
centers is reduced, and the catalytic activity of the active centers

is diminished [165,166].

The photocatalytic degradation of TiO, happens largely on the

surface, and electron and hole pair transport limitations reduce

III.

Iv.
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photocatalytic performance. Recombination of electrode and
hole charge carriers is likely to occur, reducing the material’s
photocatalytic activity [167].
V. Smaller particles may have lesser photocatalytic activity than
larger ones because of higher scattering conditions. Therefore,
optimum TiO; concentration and light wavelengths are essential
for photocatalytic activity [72,168].
A crucial issue for the slurry system is recovering nanosized TiO»
particles from treated water, which must be handled for eco-
nomic and safety reasons [162,168].
There has been a limit to the commercial usage of TiO because of
the low throughput and expensive cost of photoreactors [169,
170].

VL

VIL

7. Organic contaminants degradation in wastewater by using
TiO,

TiO2-based photocatalysts have been used effectively over the years
to treat various wastewater under various conditions. An overview of
the prior studies has been presented in Table 5. Municipal wastewater
generally contains a wide range of emerging contaminants. Employing
an advanced oxidation process is feasible for municipal wastewater
treatment until it is cost-effective and energy-saving. Table 5 shows a
novel study focused on N-doped TiO, to inactivate the antibiotic-
resistant Escherichia coli strain found in biologically treated urban
wastewater. Though the solar photocatalytic treatment caused a
decrease in the resistance of E. coli to ciprofloxacin and sensitivity to
cefuroxime, it could hardly affect the resistance to tetracycline and
vancomycin. This process can be applied to small-scale treatment plants
to lessen antibiotic resistance and improve the quality of water
[171-173].

Unused dyes, surfactants, and trace quantities of heavy metals are
usually found in textile wastewater. The factors affecting the removal of
dispersed dyes in synthetic wastewater were optimized for the solar-
assisted TiOy process in a study. Although adding H2O, increases
decolorization, the process becomes very sensitive to pH [174]. Another
study presented in Table 5 reported the degradation of rhodamine B and
mineralization of textile wastewater in the presence of Fe-doped
TiO2/rGO nanocomposite under solar illumination. Co-existing anions
like chloride and sulfate ions inhibited the degradation process while
nitrate and phosphate ions had little influence on decolorization. The
composite successfully removed 66.66% total organic carbon (TOC),
and 59.1% chemical oxygen demand (COD) from real textile wastewater
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Table 5

Summary of wastewater treatment by carbonaceous-TiO, nano photocatalysts.

Nano-Structures & Nano-Objects 36 (2023) 101050

Carbonaceous material
integrated TiO, nano
photocatalyst

Source of
biomaterial

Target analyte

Removal efficiency

Remarks

Reference

BC/TiO,

BC/TiO,

BC/TiO; (magnetized)

Carbonaceous leaf
extracts-Ag,0/B,03/
TiO,

Chitosan/MoQ3/TiO,
(film)

Inulin-TiO,

chitosan/polyacrylic acid/
TiO,

Cellulose nanocrystals
(CNC)/Zn0y/TiO,

Carbon nanotube/TiO4

TiO, nanocrystals/BiO4

TiO,/ Polyaniline

chitosan/TiO, @g-C3Ny4

TiO2/g-C3Ny

chitosan—grafted —poly-
Methylaniline imprinted
TiO,

Chitosan/TiO5,Zn0/
graphene

TiO, (nanofibre)/
graphene

Microalgae and
nutshell

Ramie bar

Papermill
sludge

Plumeria
acuminate leaf
extract

Allium sativum
L

sawdust

Methyl Orange

Safranine T

sulfadiazine and oxolinic acid

COD, TOC

Methyl orange

Methylene blue

Malachite green

Methylene blue

Malachite green

Sulfamethoxazole

Congo red, Methyl orange

methyl orange, rhodamine B,
chromium (VI), 2,4-dichloro-
phenol and atrazine

Phenolic compounds, COD, and
dyes

Remazol red RB-133

tetracycline

Methyl dye

90%

226 mg/g

> 90%

86.11%, 75.69%

92%

91.94%

90%

90%

95%, 83%

90% (overall)

93.06%, 85.62%,
80.23%

93.50%

> 97%

99%
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2.5 — 3 times higher dye removal after 3 h of treatment
with five times drop-casting depositions by both
microalgae and nutshell-derived BC-TiO, nanocomposites
than bare TiO, under 100 mW/cm? UV light (365 nm)
TiOg-coated biochar composites displayed excellent
adsorptive and photocatalytic efficiency as compared to
raw biochar under UV irradiation for 2 h which was also
stable enough to reuse after six cycles

larger antibiotic removal efficiency was observed under
solar light for 5 h and 15 min irradiation, mineralizing
efficiency was lower than photodegradation performance,
magnetization aided the easy separation

improved and stable photoactivity was due to suppression
of recombination reaction of electron-hole with phase
conversion of titania under both solar and simulated
visible light for 150 min in the order of Ag,0/B;03/TiOy
>Ag,0/TiO, >TiOy >B,03/TiO,

improved photocatalytic efficiency was observed due to
the increased separation of photo-generated charges
under the illumination of solar light for 2 h (TiO, <
MoO3- TiO, < chitosan< chitosan-blended MoO3-TiO5
composite)

synergistic reinforcement prevented agglomeration of
TiO, in the composite imparting improved
photodegradation of dyes under UV exposure

ultrasonic assisted grafting of acrylic acid onto chitosan
coupled with TiO, imparted better photodegradation
under white light attributed to the catalyst response to the
visible region, preventing recombination and introduction
of more functional groups

Trapping of UV light was promoted by the CNC matrix and
hence greater photocatalytic activities were obtained as
the dye molecules were able to infiltrate the inside of the
hierarchical hollow spherical structures with efficient
charge transfer between ZnO, and TiO, upon UV exposure
Novel electrostatic adsorption was adopted to combine
TiO2 nanoparticles with a magnetic multi-walled carbon
nanotube which enhanced photodegradation under UV
exposure for 240 min and assisted magnetic separation for
recycling

Effective heterostructure of TiO, nanocrystals wrapped-
Bi204 composites promoted photocatalytic degradation
under solar light exposure with 5-cycle stable reusability
3D flowerlike TiO; polyaniline (TiO5/PANI) hybrid
exhibited significant photocatalysis performance due to
the enhancement of light harvesting and capturing
efficiency within the hollow TiO, nanosphere and
restraining the recombination reaction under UV and
sunlight irradiation

highly reusable chitosan/TiO, @g-C3N4 nanocomposite
membrane showed significant stability and reusability up
to 10 cycles just after an easy water wash each time with
improved degradation percentage under visible light and
proven to be feasible for continuous-flow system
TiO,/g-C3N4 nanocomposite with a band gap of 2.88 eV
enhanced the photocatalytic degradation under UV
irradiation and the addition of H202 accelerated the
photocatalytic degradation efficiency due to increased OH
radical concentrations.

chitosan—grafted —poly N-Methylaniline imprinted TiO5
nanocomposites displayed dual functionality such as
sulisunlightven faster self-cleaning photoactivity with 5-
cycle stability

Novel ternary nanocomposites (T-Z/CS-Gr) were
prepared via sol-gel and ultrasound-assisted treatments
and imparted the highest degradation efficiency under UV
light after 3 h. The molarolar ratio of combination played
a vital role in photocatalysis

mesoporous TiO, nanofibres (TNFs) prepared by
electrospinning approach in combination with reduced
graphene oxide synergistically enhanced photocatalysis

[257]

[258]

[259]

[155]

[158]

[160]

[260]

[261]

[262]

[263]

[159]

[264]

[265]

[266]

[267]

[268]

(continued on next page)
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Table 5 (continued)
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Carbonaceous material
integrated TiO, nano
photocatalyst

Source of

X R Target analyte
biomaterial 8 y

Removal efficiency

Remarks Reference

TiOy/graphene Methyl blue, methyl orange

Graphene quantum dots/

TiO, nanotube arrays Methylene blue

Graphene oxide-TiO,

nanorods -Ag Organic dye, phenol, bacteria

100%, 84%

99.80%

100% (120 min),
100% (4 h), 67%
(120 min)

due to larger surface area, better charge separation,

d reduced agglomeration under UV exposure.

uniform distribution of the anchored TiO nanoparticles
on both surfaces of the reduced ced graphene sheet
ensured excellent UV-assisted photocatalytic dye
degradation

Optimal assembly and interfacial coupling of the hybrid
structure graphene quantum dots (GQDs) prepared from
carbon fiber by ultrasonic-assisted techniques promoted
photodecomposition of dye molecules with a higher
surface area of GDQs and lower band gap (3.05 eV) under
UV light for 180 min and also stale enough up to 10th
recycle.

multifunctional nanocomposites with large 2D GO sheets,
1D TiO, nanorods, and 0D Ag nanoparticles ensured the
generation of more photocatalytic active sites as well as
inhibiting recombination leading to efficient organic dye
and phenol/bacterial photodegradation under solar light
illumination

[269]

[270]

[271]

Recovery and
regeneration
difficulties

Electron-hole

! Inefficient
pairs

utilizations of

recombination | visible light

TiO,
photocatalysts
limitations on

organic pollutants
degradation

Aggregation
of
nanoparticles

Higher band

gap energy

Cost of the
treatment

Low
adsorption

Fig. 4. Limitations of TiO,-based photocatalysts on organic pollutants degra-
dation in wastewater.

in 6.5 h with optimum operating conditions [175]. Stabilized thin films
of pure TiOy, N/S-TiO2, and tri-doped N/S/Zn-TiO, demonstrated
practical benefits when applied to treat the azo dyes commonly found in
textile effluent along with solar irradiation [35]. TiOy/anthill clay
composite was suggested to be a promising low-cost solar photocatalyst
for treating textile industry effluent. Even after successive runs, the
catalyst showed good stability and reusability against textile dye [37].
Another study investigated the removal of reactive blue 4 dye from
textile water with TiO5 photocatalyst using solar energy (Table 6). Ad-
ditives such as sodium carbonate and sodium chloride hindered the
photocatalytic activity, whereas oxidizing agents like hydrogen
peroxide and potassium persulfate assisted in photodegradation [176].
Zn0O/CdS/TiO; hybrid effectively degraded atrazine and Rhodamine B
[177] and Au-Ag NPs-decorated TiO,-modified Fe3O4 nanocomposite
removed Rhodamine 6 G from textile effluent in the presence of solar
illumination [36].

Water bodies are being contaminated by tons of pharmaceutical
products every year. Conventional wastewater treatment plants cannot
degrade pharmaceutical pollutants completely. A study investigated the
photocatalytic degradation of ibuprofen under UV and solar radiation. It
suggested that TiO, works better with UV light in acidic conditions
[178]. Another study prepared TiOz-carbon microspheres for finding the
solar degradation pathway of selected pollutants (diclofenac, acet-
aminophen, and ibuprofen) in wastewater. The process was very
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efficient till five reuse cycles and common inorganic ions could hardly
affect the removal efficiency [43]. Pharmaceutically active compounds
(PhACs) were successfully degraded by solar-immobilized TiO, photo-
catalysis in separate research. This study described water depth as an
essential parameter for photodegradation. After photocatalysis, the
toxicity of wastewater decreased considerably [179]. From an
economical viewpoint, immobilized TiOy on activated carbon per-
formed better than TiO, alone. Solar irradiated degradation of amoxi-
cillin, ampicillin, diclofenac, and paracetamol in industrial wastewater
depends on pH and catalyst dose [180].

It has become a matter of concern that petroleum refinery uses a
large volume of water and releases some harmful chemicals in the
produced wastewater. One study has proposed TiO2/ZnO as a solar
photocatalyst to keep the COD and TOC of real petroleum wastewater at
a standard level. It was observed that bubbling air in the reactor supplies
oxygen (O2) to scavenge the photon-produced electrons on the TiO, and
ZnO surfaces [38]. Another study presented in Table 6, analyzed the
UV-TiO, treatment of cooling water found in an oil refinery. It suggested
that disinfection efficiency depends on the photocatalyst’s effective
surface area [181]. When TiOj, ZnO, and HyO, were applied to real
refinery wastewater, TiO, performed better than ZnO and H,0,. It was
also proved that real refinery effluent behaves differently than synthetic
industrial wastewater as HyO5 addition decreased the degradation effi-
ciency [182].

TiOs solar photocatalysis process can treat the pesticides commonly
found in wastewater. A study examined four pesticides (Metasystox,
Ultracid, Sevnol, and Laition) and observed that TiO, with solar irra-
diation can cause the degradation of the active ingredients [183].

The pulp and paper industry are considered a major water pollution
source, producing large volumes of toxic wastewater. As presented in
Table 6, one study employed sunlight on TiO, to degrade COD, lignin
products, and sulfonated pollutants. It showed that closed circuit per-
forms better with higher COD values due to the accumulation of phenols
[184]. In another study, highly contaminated paper mill wastewater was
treated with nano-TiO, to remove COD and TSS present in the effluent.
Solar photocatalytic oxidation increases the biodegradability of the
wastewater with an increasing BOD5/COD ratio and adding electron
acceptors like HyO increases the photooxidation efficiency [185].

TiOy slurry has been reported to inactivate Cryptosporidium parvum
oocysts in the presence of solar energy. TiO5 coated on glass fibre cloth
can remove organic pollutants from sewage water in an environment-
friendly method [186]. TiO5 nanopowder with NasS;0g can remove
bisphenols, phthalates, and parabens from detoxifying wastewater
[187].
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Table 6
Application of TiO, in photocatalytic wastewater treatment.
Photocatalyst Conditions Contaminants Type of Wastewater Comments Reference
Solar
H: 8.3
TiO; ~-WO3 ?ime: 120 min Caffeine Metoprolol Ibuprofen Removal: 82% [172]
. . . - Removal: 91%
N-doped TiO, Solar E. coli strain Municipal/Urban Removal: 70% [171]
Supported TiOy Time: 60 min N,N-diethyl-m-toluamide (DEET) [39]
Removal: ~100%
0.2 g/L
Solar
Solar
0.01 g/L TiO,
pH: 6.0
Solar
2.50 wt%

TiOy pH: 2.0

TiO,/anthill cla Time: 1.07 h . Decolorization: 80.17%
Fe-doped TiOz/ZGO Solar Dlspfzrsed dyes Decolorization: 70.92% [174]
. Textile dyes [371
nanocomposite 0.6 g/L Rhodamine B Removal: 91% [175]
TiOy nanocomposite Reactive Blue 4 Textile Removal: 82% [176]
Zn0O/CdS/TiO5 hybrid pH: 6.0 L . Removal: 80%
. ) . Atrazine Rhodamine B [177]
Au-Ag NPs-decorated TiO»- Time: 120 min Rhodamine-6 G Removal: 90% [36]
modified Fe3z04 Solar Removal: ~100%
nanocomposite 2.5g/L
Solar
pH: 7
Solar
80 mg photocatalyst
Time: 60 min
Removal: 94%
Solar Removal: 65%
pH: 6.0 Diclofenac Acetaminophen Ibuprofen Removal: 95%

TiO,-carbon microspheres Time: 3h Propranolol Removal: 100%

Immobilized TiO, Solar- B ‘ Diclofenac ) - Removal: 100% [43]
Immobilized TiO, 25 g immobilized TiO, Carbamazepine Pharmaceutical Removal: 76% [179]
on activated carbon Time: 96 h Ibuprofen Removal: 74% [272]

Solar Amoxicillin Ampicillin Diclofenac Removal: 100%

pH: 10 Paracetamol Removal: 100%

0.6 g/L TiOy Removal: 85%

Removal: 70%

Solar

0.50 g/L TiO2

0.54 g/L ZnO

4.3 L/min airflow

TiO2/ZnO/Air pH: 6.8 cop Petroleum refinery Removal: 74% [38]

TiOy Time: 170 min Toc . Oil refinery Removal: 99% [181]
uv Bacteria Removal: 99.4%
50 g of TiO2-coated
beads
Time: 10 min
Solar .
200 mg/L TiO, Is\gizislystox, ultracid,

Ti0, S<?1ar ' laition, Removal: 90% [183]
TiO, Time: 120 min Chlorpyrifos, lambda-cyhalothrin, Pesticide/agrochemical ¢ob removal:079.6% [210]
TiO, supported on glass beads pit: 3‘8, diazinon industry Removalf 100% [273]
TiO, 28/L T, Thiabendazole Imazalil, Acetamiprid OrFler: D1u1ion>Mythomy1> [274]

Solar R .. . Imidacloprid>Formetanate
Solar Diuron, imidacloprid,
200 mg/L TiO, formetanate, methomyl
Solar cop Eemova}: ;g.izf
. emoval: 80.4%
0-75 /L TiOz TSS Removal: 20%
Nano-TiO, p.H: 6.5 . COD . Removal: 27% [185]
. Time: 180 min . . Paper mill
TiO, Solar p-toluenesulfonic acid Rate constanf: [184]
oH: 3 Eugenol 0.0023 min~
0.2 /L TiO, Guaiacol Rate constang:
0.0010 min~
Solar
pH: 9.0-11.0 Phenol Removal: 80%
. . 0.8 g/L TiO, Lignin Removal: 90% o
Tlgi; f)ﬁiﬁ“ﬁ o, uv cop Olive mill Removal: 88% l[f;é]]
pH: 4 Total phenol Removal: 92%
Time: 30 min Total solid Removal: 95%
3 g/L Gr-TiO,
. 0,
TiOo I;;I/ 4 S(())llzr Coffee processing ﬁ:zgz:}; 3302 [40]
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Table 6 (continued)
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Photocatalyst Conditions Contaminants

Type of Wastewater Comments Reference

500 mg/L TiO,
Time: 3h
Solar

pH: 7

0.2 g/L TiOy
0.5 g/L Fe**
1.35 g/L Hy02
uv

pH: 6-7

0.5 g/L TiO,
uv

1 g/L TiO,

pH: 2.5 (Cr)
pH: 10 (CN)
uv

pH: 9

1.5 g/L WTS
3% (w/w) WO3
Time: 4 h

TiOy/Fe®t /Hy0, CcoD

Total Carbon (TC)
Cr (VD

CN ions
Acetaminophen

TiO,
TiO,
WO3/Ti04/SiO, (WTS)

Hospital Removal: 99% [189]

Removal: 58%
Removal: 81%
Removal: 85%
Removal: 95%

[276]
[277]
[278]

Organic (synthetic)
Synthetic
Synthetic

The Olive oil production industry produces highly concentrated
wastewater containing nonbiodegradable toxic compounds. For photo-
catalytic degradation of organic pollutants in olive mill wastewater,
important process parameters such as catalyst dose, pH, oxidant con-
centration, and reaction time were determined using TiOy/sepiolite
nanoparticles. Though solar irradiation provided a cheap and effective
method for treating olive mill effluent, the optimum pH range varied for
lignin (pH = 9), phenol (pH < 5 and pH > 9-11), and color (pH < 4 and
pH >9) degradation. Another study applied novel graphene-TiO5 with
UV light to remove COD, total phenol, and total solid from olive mill
wastewater (Table 6). The process offered high efficiency despite being
cost-effective and a 90-95% yield of the catalyst was possible even after
six operational cycles [188].

Coffee processing wastewater has become a major environmental
concern for developing countries. When solar and UV irradiation were
compared for treating real coffee pulping wastewater, it was found that
using TiO is more sustainable in countries with high solar irradiance.
The study requires detailed investigations to determine the mechanism
of pH and oxidant addition on COD and color removal [40].

Hospital wastewater quality must be improved to meet the estab-
lished standard before mixing with natural water sources. Due to the
synergetic effect, the solar/TiOy/Fe2t /Hy04 process was demonstrated
as the most efficient method for COD removal from hospital effluent.
Moreover, it can reduce treatment time at neutral conditions and less
energy consumption [189].

8. Photocatalyst recycling and the concept of circular economy

The biomimetic approach must be included in the design and
execution of competitive circular processes in order to meet the four
important criteria of ease of use, efficacy, cost-effectiveness, and mate-
rial availability. Most biological processes rely on the sun for their en-
ergy needs, and this is because it is both a renewable resource and a
nonpolluting kind of power. As a potential answer to the problems of
global energy shortage and environmental degradation, several tech-
nologies for transforming solar radiation into chemical fuels, electricity,
or heat have attracted much attention. Although photocatalytic treat-
ment’s use of solar light to cleanse wastewater is promising, it has
encountered significant challenges that need attention. Two major is-
sues with wastewater treatment utilizing photocatalysis are catalyst
deactivation after repeated uses and finding a utilization aspect for the
produced carbon dioxide. To achieve the goal of a circular economy,
there should be a sustainable solution for those issues [190,191].

Many methods for reactivating/deactivating heterogeneous non-
photocatalytic catalysts have been reported and are the topic of
ongoing study. Photocatalysts are also susceptible to the same negative
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consequences of activity degradation. Some reasons for activity loss,
including coking and sintering, are absent in photocatalytic water
treatment since the process temperatures are so much lower than those
in industrial heterogeneous catalytic processes like catalytic hydroge-
nation, dehydrogenation, and hydrocarbon cracking. The adsorption of
oxidation products on the surface of the catalyst is often the cause of
activity loss in photocatalytic water treatment [192,193].

The photocatalyst has to be recycled for large-scale applications of
photoreactors to be successful. If the catalysts are reused, there will be a
significant reduction in the costs associated with the process of treating
wastewater. The activity of the catalyst mustn’t be decreased signifi-
cantly between cycles. Depending on the kind and concentration of the
pollutant, the amount of activity lost throughout successive use cycles
varies. Note that sulfates and other inorganic salts that may be present in
a real or simulated wastewater matrix may inhibit photocatalytic ac-
tivity [194-196].

Multiple techniques exist for separating photocatalyst particles.
There are three main separation methods: using a membrane to filter out
photocatalyst particles, using a magnet, and using gravity for separation.
When a magnetic field is present, the separation efficiency of TiO; is
improved. Moreover, the photocatalyst can be recycled and recovered
with less effort, leading to savings. The catalyst’s activity can be restored
via regeneration or reactivation. The kind of catalytic poison used is a
significant factor in determining the reactivation approach used. The
removal of inorganic compounds or low molecular weight organic acids
from the photocatalyst’s surface may be accomplished by washing with
water and aqueous bases. Any organic adsorbate on the TiO surface
may be eliminated by (photo)oxidation or treatment with merely the
addition of peroxide. The other techniques include heat treatment,
irradiation with ultraviolet light, and photooxidation using ultraviolet
light. The photocatalytic activity of a deactivated material may often be
partially or entirely restored using a thermal reactivation procedure.
High temperatures, however, may alter the shape of the catalyst. Around
700 °C, the anatase phase (the most photoactive TiOy polymorph)
changes crystalline phase to rutile, the less photoactive polymorph.
Photocatalysts may be effectively reactivated by thermal and chemical
treatment. Ozonation in an aqueous medium was used for chemical
reactivation. Higher removal extents were achieved with thermal reac-
tivation, whereas chemical reactivation marginally enhanced photo-
catalyst stability and biodegradability over reuse cycles [24,193,197].

Numerous studies have shown that the catalyst may be reused up to
4-5 times with just a little decrease in its activity level. However, the
catalyst has to be stable (mechanical, crystal structure, chemical, etc.).
After being separated from the effluent, the catalysts are then recycled
[24]. In the study of Ahmad et al., the prepared photocatalyst was
recycled four times and the degradation efficiency in all the cycles was
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nearly the same as it was in the first cycle [198]. Sonu et al. investigated
the possibility of reusing the sediment component by mixing it with TiO4
for a few cycles while maintaining the same dye concentration. During
this study, the treated supernatant was carefully extracted from the
sample, and a fresh untreated sample containing the same amount of dye
was added. In order to evaluate the efficacy of the TiO5 particle sediment
alongside the treated dye component, this procedure was investigated in
detail. To ensure that sedimented compounds and newly collected
samples were properly combined, each sample was thoroughly mixed at
a predetermined time interval. Their research demonstrated that the
photocatalyst was stable enough to treat dye-infiltrated water for three
cycles while maintaining (70—90)% photodegradation efficiency [199].
However, the degradation of the parameters COD, phenol, and TS
treated with Graphene-TiO; in the Sponza et al. study fell from 95% to
90% after the sixth cycle run [52].

In the context of a circular economy, the "waste to resource" concept
revolves around maximizing the utility of materials, minimizing waste,
and promoting sustainability. When TiOs-based catalysts, known for
their photocatalytic properties, are employed to treat wastewater con-
taining organic pollutants, the process aligns with circular economy
principles. TiOy catalysts use light energy to break down harmful
organic substances into simpler, less toxic compounds like water and
carbon dioxide, effectively purifying the wastewater. During this pro-
cess, under specific conditions, the breakdown of organic pollutants can
lead to the generation of biomass, consisting of microorganisms or
organic matter. Instead of considering this biomass as waste, the circular
economy mindset views it as a valuable resource. It can be converted
into bioenergy, serving as a clean and renewable energy source, or used
as a biofertilizer to improve soil quality, reducing the need for chemical
fertilizers [200-202]. Microorganisms that are photosynthetic, such as
microalgae, are able to create vast quantities of biomass by using only
sunshine, carbon dioxide, and a few nutrients. This makes them an
excellent source of high-carbon material. Given their high biomass
productivity, ability to fix carbon dioxide, and potential for develop-
ment in saltwater, microalgae, particularly cyanobacteria, are among
the most promising choices for bioethanol production. At the moment,
everyone is putting their efforts into increasing the production of bio-
ethanol by coming up with a variety of methods to encourage the
extraction of carbohydrates from inside the cells. Interestingly, the
latter, especially glycogen, may be readily extracted from some cyano-
bacteria, such as Spirulina platensis, without the need for complicated
pretreatments. Since this, these cyanobacteria are prime options for the
production of bioethanol [3190,191,203]. Additionally, biomass can be
a feedstock for producing bioproducts like bioplastics or pharmaceuti-
cals, fostering a more sustainable and bio-based economy. Fig. 5 depicts
the concept of circular economy in TiOs-based photocatalytic waste-
water treatment. The "waste to resource" concept in the circular econ-
omy exemplifies sustainability and resource efficiency, minimizing
waste while repurposing resources to reduce the environmental impact
of wastewater management and organic pollutant remediation.

9. Cost analysis

It is crucial to do economic analyses to verify whether the technology
is cost-effective. Cost estimates for water treatment can be carried out in
several ways, but all of them include the inclusion of both the total
installation costs (i.e., facility cost, project contingency, engineering
project, and replacement costs) and the operating expenses (i.e.,
personnel, maintenance, electricity, and materials and services) [187,
204,205].

Vela et al. used Eq. 14 to calculate the treatment capacity in their
study. Using the assumption that the average annual sunshine exposure
in their treatment area was about 3000 h and that the useful time (UT) of
their pilot plant was set at 480 min per day, they were able to determine
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Fig. 5. Concept of circular economy in TiO,-based photocatalytic waste-
water treatment.

the system’s treatment capacity (TC).

UT xV x 365m3 car
DT90 Y

where V is the quantity of water treated (in liters) and DT90 is the time
(in minutes) it takes for 90% of the initial pollutant concentration to
degrade the chemical that is the most resistant to treatment. Treatment
costs were calculated to range from 103 to 285 €/m° for photocatalytic
treatment using various TiOs-doped materials, based on an annual work
cycle of 365 days at 8 h per day. Considering the bad weather, the price
increases to 144-406 €/m?® if just 240 days of usage are considered.
There is a large variation across nations in the average number of hours
of sunshine they get annually. For example, average sunshine hours in
winter (6.69), summer (6.16), and monsoon (4.81), respectively,
demonstrate that Bangladesh has abundant sunlight all year round.
Moreover, Scotland gets less than 1200 h of sunshine every year (below
3.3 h per day on average). The quantity of yearly treatments must be
drastically decreased as a result [24,206].

Asha et al. researched the viability of real-time livestock wastewater
treatment using batch and continuous modes of UV-TiO; and granular
activated carbon-supported TiO2 (GAC-TiO2) photocatalysis systems.
Economic analysis was used to analyze the performance in terms of cost
and the time needed to reach peak efficiency. Factors such as pollutant
type, concentration, contact time, catalyst dosage, and reactor layout
were included in the analysis. Power consumption for the magnetic
stirrer, pump, aerator, submersible pump, and UV light, if present, are
all included in the cost of operation stated in Eqgs. 15 and 16. Results
showed that experiments in both batch (total operating cost of 0.68 $/kg
total volatile solids removal) and continuous (total operational cost of
62.16 $/kg total volatile solids removal) modes using GAC-TiO5 were
extremely effective [207]. Moreover, under ultraviolet light, Balak-
rishnan studied the degradation of 2,4-dichlorophenoxyacetic acid using
chitosan-TiO2 beads generated using an impregnation process. In order
to determine costs, they used the same formulas (Eq. 15 and Eq. 16) as
Asha et al. At optimal conditions, they observed that the chitosan-TiO;
catalyst had a lower overall operational cost (17.7 $ for 2 L treatment)
than TiO5 (22.5 $ for 2 L treatment) [207,208].

TC = 14)
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VI. Combining TiO5 photocatalysis with other treatment techniques,
such as adsorption or biological processes, may provide hybrid
systems with improved efficiency.

VII. The preservation of catalyst stability and durability. TiOy may

x 108 (16)

Total operating cost($ / kg) =

(initial concentration — final concentration) (

Asadi et al. used sol-gel and hydrothermal processes to synthesize
highly visible-light photoactive nitrogen and sulfur co-doped TiO,
nanoparticles and nanosheets. Their research found that the sol-gel
process was nearly fifty percent less expensive than the hydrothermal
method for synthesizing TiO,. Power consumption was 43 kWh for the
sol-gel process and 73 kWh for the hydrothermal method, with expen-
ditures of 5.6 and 9.4 $/kWh, respectively [209]. In another study, TiOy
and TiO, immobilized on activated carbon (combined process) were
evaluated for their ability to degrade four different pharmaceuticals by
Alalm et al. In order to estimate expenses, they considered amortization
costs of the investments and operational costs per volume of liquid
wastewater. TiO5 with activated carbon (combined process) was found
to be more cost-effective than TiO; alone for the removal of all phar-
maceuticals from water. In every instance, the cost of amortization was
1.66 $/m>, but operating costs ranged from 2.55 $/m°> to 3.60 $/m>
[180]. However, in another study, they investigated the efficacy of solar
photo-Fenton and solar TiO2 photocatalysis processes in the degrada-
tion of pesticides in real industrial wastewater. The findings indicate
that the estimated cost for photocatalysis (UV/TiO2/H203) was 8.69
$/m3, whereas photo-Fenton methods incurred costs of 5.2 $/m> [210].

10. Conclusions and future perspectives

Photocatalytic wastewater treatment by nano TiO, has become both
challenging for environmental experts and an exciting new approach to
destroying pollutants. It still maintains its importance in contemporary
investigations as well as for new ideas due to the unique properties of
TiOq such as the ability to completely decontaminate a wide spectrum of
pollutants while also being inexpensive, non-toxic, and requiring a
simple experimental design. Although there has been significant
research on this topic since the 1970 s, it remains relevant today. In this
regard, this paper delves into the key challenges that need to be over-
come and the promising avenues that hold the potential to revolutionize
wastewater treatment using TiO»-based catalysts. By reviewing recent
developments, several approaches can be adopted as the following for
future investigations in wastewater treatment:

I. Commercialization and feasibility of the technology for the
degradation of different industrial pollutants
II. Innovation, characterization, and application of novel compos-
ites by incorporating various technologies, different dopants, co-
dopants, other semiconductors, and bio-based materials as well.
Innovative reactor designs that maximize wastewater light
penetration, catalyst contact, and mass transfer may boost TiO»-
based photocatalytic efficiency. Coupling nano TiOy photo-
catalysts with different technologies in large-scale water
treatment
Comparative study between Solar and artificial light irradiation
photoactivity of different photocatalytic composite materials
with cost analysis
. Photocatalytic degradation kinetics

III.

Iv.

mg

) x working volume(L)
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have the potential to experience photo corrosion, which may

decrease its durability and effectiveness as time progresses.

Feasibilities of the concept of circular economy in large-scale

different industrial pollutants degradation.

Combining TiO,-based photocatalysis with phytoremediation or

bioelectrochemical systems may make wastewater treatment

comprehensive and sustainable.

X. The continued progress may improve the catalytic activity,
selectivity, and stability of TiO5 catalysts in nanotechnology and
surface engineering.
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