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Eric Lichtfouse6

Abstract
Global pollution is calling for advanced methods to remove contaminants from water and wastewater, such as  TiO2-
assisted photocatalysis.  The environmental applications of titanium dioxide have started after the initial  TiO2 application 
for water splitting by Fujishima and Honda in 1972.  TiO2 is now used for self-cleaning surfaces, air and water 
purification systems, microbial inactivation and selective organic conversion. The synthesis of titanium 
dioxide nanomaterials with high photo-catalytic activity is actually a major challenge. Here we review titanium 
dioxide photocatalysis with focus on mechanims, synthesis, and applications. Synthetic methods include sol-gel, 
sonochemical, microwave, oxidation, deposition, hydro/sol-vothermal, and biological techniques. Applications comprise 
the production of energy, petroleum recovery, and the removal of microplastics, pharmaceuticals, metals, dyes, 
pesticides, and of viruses such as the severe acute respiratory syndrome coronavirus 2.

Keywords Titanium dioxide · Wastewater · Photocatalysis · Emerging pollutant · Photocatalyst

Abbreviations
BTEX  Benzene toluene ethylbenzene and xylene
SARS  Severe acute respiratory syndrome
PPCP  Pharmaceutical and personal care products

Introduction

The past several decades have seen an ever-increasing rate 
of scientific and engineering innovations which has also 
brought with it the undesirable effects of anthropogenic 
activities such as pollution, and the proliferation of anti-
biotic-resistant microbes (Ojemaye et al. 2020; Maganha 
de Almeida Kumlien et  al. 2021) and their associated 
health hazards. While concerted efforts have been taken 
to decrease the detrimental effects of such pollutants on 
the health and wellbeing of the environment, much atten-
tion has been on pollution mitigation via adsorption or 
oxidative mineralization (Daghrir et al. 2013). To this 
end, nanoparticles have been successfully demonstrated 
to attenuate pollutants of varying characteristics such as 
trace, organic, inorganic and biological (Villaseñor and 
Ríos 2017). Numerous candidates are deployed in environ-
mental endeavours including oxides of transition metals 
(zinc oxide, titanium oxide, iron oxide, aluminium oxide) 
(Udom et al. 2013; Fajardo et al. 2014; Haider et al. 2017; 
Hitam and Jalil 2020), sulphides (zinc sulphide, cadmium 
sulphide) (Lee and Wu 2017; Theerthagiri et al. 2017), 
nitrides (graphitic carbon nitrides) (Zhang et al. 2018; Zhu 
et al. 2020), carbon allotropes (Madima et al. 2020; Long 
et al. 2021), nanocomposites with noble metals (Liu et al. 
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2017; Prakash et al. 2018) and other transition metal com-
pounds (López et al. 2021). However, the chief criterion 
for selecting the best nanoparticle for a certain applica-
tion is based on the cost-effectiveness, chemical stabil-
ity and recoverability. Consequently, nanosized titanium 
dioxide  (TiO2) has become a chief candidate for pollution 
mitigation application as a photocatalyst, adsorbent or 
electrocatalyst.

Tremendous development in  TiO2 nanoparticles syn-
thesis techniques has enabled its application in an array of 
fields such as water purification (Jézéquel and Chu 2005)
(Lee and Park 2013), carbon dioxide reduction (Ola and 
Maroto-Valer 2015), water splitting (Ismael 2020), air pol-
lution mitigation (Toma et al. 2004) (Lyu et al. 2014), 
food (Boutillier et al. 2021) and microbial decontamina-
tion/surface disinfection (Laxma Reddy et al. 2017) with 
promising results. This has also partly been motivated by 
the eco-friendly, self-cleaning/sterilizing, stable and inert 
nature of titanium dioxide. In addition, bulk-scale titanium 
dioxide possesses little to no environmental application 
and is mostly employed as a dye/pigment (Weir et  al. 
2012).

A variety of  TiO2 nanoparticles such as dendrites (Sun 
et al. 2011), anodic grids (de Freitas et al. 2011), nano-
dots (Zhang et al. 2017), powders (Yildiz et al. 2020), 2D 
nanosheets (Chen et al. 2020), hollow spheres (Su et al. 
2020), nanoflowers (Harris et al. 2020), nanorods (Diao 
et al. 2021) and nanobelts have been synthesized through 
various techniques like sol–gel method, hydro (solvo)-
thermal method and microwave methods. Considering the 
diversiform application areas of titanium dioxide nano-
particles in the environment, this work tries to provide a 
consolidated review of various synthesis techniques that 
can be applied for the production of nano-titanium diox-
ide and their application as photocatalysts for pollutants 
(heavy metals, dyes and microplastic) removal, electro-
catalysts for energy production (water splitting and carbon 
dioxide reforming), antimicrobial agents, nanomedicine 
and oil recovery which will be discussed towards the latter 
sections of the work.

While many reviews currently exist on the various tech-
niques for synthesis of  TiO2 nanoparticles, some excellent 
reviews in this field include the works such as Daghrir et al. 
(2013), Wang et al. (2014), and Gopinath et al. (2020) that 
have covered numerous articles until recent past. However, 
with tremendous improvement in nanoparticle synthesis 
techniques, a latest and more comprehensive review on 
the synthesis and application of titanium dioxide is needed 
and this work has been framed towards addressing this 
endeavour.

Mechanism of titanium dioxide 
photocatalysis

Being a semiconductor, titanium dioxide  (TiO2) comprises a 
small energy difference between the conduction and valence 
bands. Electrons that are present in the valence band get 
excited to the conduction band when light (ultraviolet) falls 
on its surface. This phenomenon leads to the formation of 
both negative and positive charges on the semiconductor 
surface. Titanium dioxide has a band gap (3–3.2 eV) with 
a maximum absorption wavelength of 400 nm. The entire 
phenomenon of electron excitation is depicted in Fig. 1. 
Constant exposure to light results in the formation of high 
temperature on the titanium dioxide surface, and this, in 
turn, results in the degradation of pollutants in the water 
system. The degradation of pollutants with the help of dis-
solved oxygen present in the water is depicted in Eqs. (1–3). 
Hydroxyl radicals formed during these reactions also help in 
the degradation of pollutants via the photocatalytic degrada-
tion mechanism (Eq. 4) (Yao et al. 2017). Here they undergo 
protonation and end up in the formation of hydroperoxyl 
compounds, which help in scavenging undesired radicals 
and favoring slowness in electron and hole recombination.

The degradation of pollutants undergoes five major steps. In 
steps 1 and 2, pollutant molecules are transferred to the sur-
face of the photocatalyst and followed by adsorption onto the 
active sites. In step 3, once the pollutants get attached to the 
active sites, the electrons get photoexcited and initiate the 
photocatalytic degradation process. In steps 4 and 5, once 
the pollutant is degraded, desorption occurs, and finally, the 
degraded molecules are released to the water surface (Wang 
et al. 2015; Gopinath et al. 2020). Additionally, the process 
of degradation leads to the possible formation of five differ-
ent products. The process of photocatalytic degradation and 
end products depends upon the type of pollutant and photo-
catalyst choice. The possible products that can be resulted 
at the end of the photocatalytic process are dehalogenated 
compounds, oxides of alkali, isomerized and cyclized com-
pounds, aromatic ring molecules and decarboxylated com-
pounds (Prihod’ko and Soboleva 2013).

(1)TiO2 + hv(Light energy) → e−(electron) + h+(hole)

(2)
e− + O2(dissolved oxygen) → O2 ⋅

− (Superoxide radical)

(3)h+ + H2O → H+ + ⋅OH

(4)O−

2⋅
+ HO⋅ → HO2⋅



Techniques for titanium dioxide synthesis

Works of literature have shown that the synthesis of titanium 
dioxide  (TiO2) could be achieved through various method-
ologies including chemical, physical and green (Nabi et al. 
2020a; Sharma et al. 2020; Wang et al. 2020b). Table 1 pro-
vides a detailed literature comparison on the synthesis routes 
of titanium dioxide-based catalysts for environmental appli-
cations. A variety of different techniques including vapour 
deposition (Singh et al. 2019a), electrodeposition (He et al. 
2019), sol–gel method (Phattepur et al. 2019), hydrother-
mal method (Wang et  al. 2020b), solvothermal method 
(Ramakrishnan et al. 2018), microwave method (Cabello 
et al. 2017) and sonochemical method (Moreira et al. 2020) 
has been extensively used in the past few years to produce 
nano- titanium dioxide. Though chemical synthesis of tita-
nium dioxide nanoparticles has widely been used owing 
to the ease of synthesis and effective control of size and 
shape of nanoparticles, there still exist certain limitations 
including high cost, the requirement of extreme tempera-
tures and pressures, and eco-toxicity. Consequently, these 
disadvantages limit titanium dioxide applications in different 

fields and their mass industrial production (Nadeem et al. 
2018). Therefore, there has been a paradigm shift in recent 
times towards a more eco-friendlier way of titanium dioxide 
fabrication called the “green synthesis,” wherein reducing 
agents derived from biological extracts are used for synthe-
sis (Edmundson et al. 2014; Subhapriya and Gomathipriya 
2018). The upcoming subsection of the review paper covers 
a few of these most used techniques for titanium dioxide 
synthesis in detail.

Physical and chemical methods

Sol–gel technique

Sol–gel is a very versatile wet-chemical technique that has 
been extensively used in ceramic and material sciences engi-
neering fields. The process proceeds through the conver-
sion of a precursor mixture into an inorganic solid (usually 
inorganic metal salts or metal alkoxides) via polymeriza-
tion reactions initiated by water (Nyamukamba et al. 2018). 
The hydrolysis step leads to the formation of a sol (aggre-
gate of colloidal particles dispersed in a fluid) while the 

Fig. 1  Comparison of energy 
band gap levels of undoped 
(pure) and doped titanium 
dioxide. Upon irradiation with 
light of suitable energy that 
corresponds to the bandgap, the 
electrons present in the valence 
band of titanium dioxide get 
excited and their concurrent 
transfer to the conduction band 
occurs. This phenomenon facili-
tates the generation of various 
reactive oxygen species leading 
to the degradation of pollutants 
present in the wastewater.  H2O: 
water,  O2: oxygen, Eg: energy 
gap, h ⱴ :- photon energy
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condensation reaction forms a gel. As mentioned earlier, 
the most common precursors for sol–gel are metal chlorides 
and metal alkoxides. The metal alkoxides are made up of an 
M–O–R linkage, where M stands for the metal, O stands for 
oxygen and R stands for an alkyl group. The incidence of 
a polarization reaction in the M–O bond makes the whole 
molecule susceptible to a nucleophilic substitution and in the 
presence of water molecules; the alkoxide group are substi-
tuted and replaced by hydroxyl ions from water (hydrolysis). 
Following this, the produced metal hydroxides inter-molec-
ularly connect and generate a hydrated metal oxide network 
eventually forming small crystal nuclei (condensation) and 
this is how a typical sol–gel process occurs.

Among the various physical/chemical techniques, sol–gel 
is a very promising one since it allows the operation of 
the whole synthesis under low temperatures i.e. < 100 °C 
and provides a molecular level homogeneity in products 
(Malekshahi Byranvand et al. 2013). The other benefits of 
the sol–gel technique include easy monitoring and control 
of nanoparticle shape and size. Being a flexible technique, 
sol–gel process could be employed to produce a variety of 
products like spherical, fine and uniform-sized nanopow-
ders. Works of literature show that sol–gel has been widely 
used for titanium dioxide synthesis from titanium (IV) 
alkoxides through acid catalysis. For example, in a study 
mesoporous titanium dioxide nanoparticles utilizing tita-
nium (IV) isopropoxide using surfactant-mediated sol–gel 
were synthesized using the water technique (Nateq and Cec-
cato 2019). One of the outstanding features of the sol–gel 
technique is the possibility to shape the product into any 
desired form such as a film, a fibre or even a monodispersed 
powder. Mehrotra and Singh comprehensively studied and 
established the conditions and steps applied to achieve vari-
ous morphological products from the process (Mehrotra and 
Singh 1997), as shown in Fig. 2.

Sonochemical and microwave‑assisted techniques

Ultrasound has been extensively used in the production of 
a wide range of nanosized materials in the past. The chemi-
cal effects arising from ultrasound do not result from direct 
interaction with the molecular species but instead from 
acoustic cavitation which involves the formation, growth and 
collapse of the bubbles within a liquid medium resulting in 
the creation of localized high pressures (~ 1000 atm) and 
high temperatures (~ 5000 K) (Chen 2009). The sonochemi-
cal technique has been employed to synthesize photoactive 
titanium dioxide nanoparticles through the hydrolysis of tita-
nium tetraisopropoxide either in pure water or in a water/
ethanol mixture using ultrasonic waves (Moreira et al. 2020).

Similar to sonochemical that employs ultrasound, the 
microwave-assisted technique uses microwaves (electro-
magnetic waves) with frequencies of 0.3–300 GHz and with Ta

bl
e 

1 
 (c

on
tin

ue
d)

C
at

al
ys

t
Sy

nt
he

si
s m

et
ho

d
In

te
nd

ed
 a

pp
lic

at
io

n
C

at
eg

or
y 

of
 a

pp
lic

a-
tio

n
In

iti
al

 c
on

ce
nt

ra
tio

n
Ill

um
in

at
io

n 
co

nd
iti

on
O

pt
im

al
 p

er
fo

rm
an

ce
Re

fe
re

nc
es

Ti
O

2
W

et
 im

pr
eg

na
tio

n
C

ar
bo

n 
di

ox
id

e 
re

du
c-

tio
n/

w
at

er
 sa

cr
ifi

ci
al

 
ag

en
t

Po
llu

tio
n 

m
iti

ga
tio

n/
su

st
ai

na
bl

e 
en

er
gy

–
30

0 
W

 X
en

on
 a

rc
 

la
m

p
M

et
ha

ne
 =

 52
 μ

m
ol

/
g c

at
al

ys
t

M
en

g 
et

 a
l. 

(2
01

4)

Pa
lla

di
um

/T
iO

2
Th

er
m

al
 h

yd
ro

ly
si

s
C

ar
bo

n 
di

ox
id

e 
re

du
c-

tio
n/

w
at

er
 sa

cr
ifi

ci
al

 
ag

en
t

Po
llu

tio
n 

m
iti

ga
tio

n/
su

st
ai

na
bl

e 
en

er
gy

–
50

0 
W

 H
g 

la
m

p
M

et
ha

ne
 =

 1.
41

5
CO

 =
 0.

72
2 

μm
ol

/g
.h

C
am

ar
ill

o 
et

 a
l. 

(2
01

7)

C
uO

/T
iO

2
So

l–
ge

l a
nd

 w
et

 
im

pr
eg

na
tio

n
C

ar
bo

n 
di

ox
id

e 
re

du
c-

tio
n/

w
at

er
 sa

cr
ifi

ci
al

 
ag

en
t

Po
llu

tio
n 

m
iti

ga
tio

n/
su

st
ai

na
bl

e 
en

er
gy

–
6 

W
 H

g 
la

m
p

M
et

ha
-

no
l =

 41
20

 μ
m

ol
/g

Th
am

ar
ai

se
lv

i a
nd

 
Si

va
ku

m
ar

 (2
01

7)



wavelengths of 0.001–1 m to synthesize nano-titanium diox-
ide. It has been reported in a study that microwave heating 
involves two different mechanisms, namely ionic conduc-
tion and dipolar polarization (Zhu and Chen 2014). Any 
substance that contains a mobile electric charge, i.e. con-
ducting ions or polar molecules, can be heated using micro-
waves. For polar molecules, the heating phenomenon occurs 
through the friction, rotation and collisions in between these 
molecules, which try to orient themselves to the rapidly 
alternating electric field, while for the conducting ions, 
the heat gets generated when these ions constantly move 
through the solution trying to orientate themselves with the 
electric field causing a local temperature rise as a result of 
friction and collision (Collins 2010). Microwaves have been 
applied to synthesize different titanium dioxide nanomateri-
als, especially in industrial processing due to their benefits 
of rapid heat transfer and selective heating (Nyamukamba 
et al. 2018). Cabello et al. (2017) synthesized nano-TiO2 
particles with an average particle size of 73 nm and a pore 
diameter of 2.6 nm using microwaves under the conditions 
of 240 °C, 25 bar for 20 s indicating a low sintering time, 
thereby reducing the overall costs and energy requirements.

Oxidation techniques

The underlying principle behind these techniques is the oxi-
dation of titanium metal to titanium dioxide either using 
oxidants or by anodization. Research has shown that crystal-
line titanium dioxide nanorods could be produced through 

the direct oxidation of titanium metal plates using hydrogen 
peroxide (Wu et al. 2005; Kumar and Pandey 2018). Arche-
typally, titanium dioxide nanorods could be obtained from a 
titanium plate when a pre-treated titanium plate is dissolved 
in the beaker containing 50 mL of 30 wt% hydrogen perox-
ide solution at 80 °C for 3 days. The formation of crystalline 
titanium dioxide initiates with the dissolution precipitation 
mechanism, followed by the addition of inorganic sodium 
salts (NaX; X = fluoride, sulphate, chloride ions) to control 
the crystalline phase of titanium dioxide nanorods. The addi-
tion of  F− and  SO4

− forms of Na salt favours the formation 
of anatase while the addition of  Cl− promotes the formation 
of rutile (Wu 2004). Apart from hydrogen peroxide pure 
oxygen, acetone and a mixture of argon and oxygen can 
alternatively be used as a source of oxygen for the oxidation 
of titanium (Chen and Mao 2007).

On the other hand, the anodization of titanium plate under 
voltages in the range of 5–20 V in a 0.5 wt% hydrogen flu-
oride solution leads to the production of titanium dioxide 
nanotubes, whose diameter could be controlled by varying 
the voltage applied (Chen 2009). In a recent study, Mohan 
et al. (2020) investigated the effects of anodization time and 
temperature on the formation of titanium dioxide nanotubes 
for biomedical purposes. The authors used titanium alloys in 
an electrolytic mixture of 50 mL of 1 M sulphuric acid and 
50 mL of 0.08 M hydrogen fluoride at different temperatures 
ranging from 5 to 70 °C to prepare self-organized titanium 
dioxide nanotubes. They observed significant outcomes at 
25 °C with titanium dioxide nanotube characteristics of 

Fig. 2  Methodologies of the sol–gel process for the synthesis of tita-
nium dioxide materials. Gelling, spinning, precipitation and coating 
are the most common techniques used in the sol–gel process. Dense 

ceramic material (xerogel) and aerogels are produced from the gelling 
process. Fibres, uniform powder and dense film (xerofilm) are pro-
duced from the other three methods



30 nm wall thickness, 250 nm length, 125 nm inner pore 
diameter and 35 nm inner tube space without any visible 
defects in their morphology unlike at other temperatures.

Deposition techniques

Deposition techniques are commonly utilized to form coat-
ings, thereby altering the thermal, electrical, optical and 
mechanical properties of substrate materials. The charac-
teristics of the product are fabricated by altering parameters 
like the geometry of the deposition chamber, composition, 
flow rate, temperature and pressure of deposition (Malek-
shahi Byranvand et al. 2013). Among the various deposition 
techniques, electrophoretic deposition and spray pyrolysis 
are the most favoured and employed techniques for nano-
titanium dioxide synthesis (Irshad et al. 2021).

The electrophoretic deposition includes an electrolytic 
cell setup wherein charged particles from a suspension 
medium are deposited onto a substrate under the influence 
of the applied direct voltage (Cabanas-Polo and Boccaccini 
2016) as shown in Fig. 3. When a direct voltage current 
is applied to the electrodes an electric field gets generated 
inside the cell, this field interacts with the surface charge of 
titanium dioxide, thereby creating a force that pulls these 
particles towards the electrode of opposite charge. Con-
sequently, the accumulation of titanium dioxide onto the 
substrate (electrode) leads to the formation of a homoge-
nous layer. The thickness of the layer could be adjusted by 
controlling the deposition parameters like deposition time, 
applied current/voltage, solvent type and suspension load-
ing (Narayan and Raturi 2012). Researchers have employed 
various combinations of titanium dioxide thin film depos-
its for real-time applications like dye-sensitized solar cells 
(Xue et al. 2012), biomedical applications (Narkevica et al. 
2017) and ceramic coatings (Ledwig et al. 2017). Nyongesa 
and Aduda (2017) employed electrophoretic deposition to 
deposit thin films of titanium dioxide onto glass substrates 
for application in water treatment. The authors concluded 
that ethanol was a better solvent to use for electrophoretic 
deposition compared to water, propanol and toluene, which 
was due to the high dielectric constant of ethanol (24.3). 
In general, water cannot be used as a suitable suspension 
medium due to the occurrence of water electrolysis, which 
leads to the accumulation of bubbles on electrode surfaces. 
The optimal parameters for the best adherence of titanium 
dioxide particles in the study were a pH of 3, an applied 
voltage of 20 V and solid loading of 4.0 wt% (Nyongesa and 
Aduda 2017). In a similar work performed by Nguu et al. 
(2018), the optimal time and voltage for achieving a uniform 
5-μm titanium dioxide film were found to be 90 s and 35 V, 
respectively. The authors also discovered that a prolonged 
time > 90 s showed the agglomeration of the particles. On 
the contrary, Dhiflaoui et al. (2016) observed that titanium

dioxide coatings on stainless steel substrates were the most 
homogenous at a voltage of 20 V and after a deposition time 
of 4 min.

While electrophoretic deposition solely allows the 
production of titanium dioxide films, the spray pyrolysis 
technique enables the fabrication of a variety of product 
forms including dense and fine dispersive powders (spray 
pyrolysis synthesis) and films (spray pyrolysis deposition). 
Schematic representations of different spray pyrolysis sys-
tems are presented in Fig. 4. The technique involves the 
spraying of a precursor’s solution across a direct flame 
source. This can be done in two ways: (i) by using supple-
mental burners mounted adjacent to the spray nozzle or (ii) 
by additional feeding of oxidants (i.e. air, oxygen) and the 
combustibles to the nozzle (Nyamukamba et al. 2018). The 
diameter of the spray droplets depends on the viscosity 
and surface tension of the precursor solution, the diameter 
of the nozzle tip, and the pressure difference before and 
after spraying (Kozhukharov and Tchaoushev 2013). The 
authors displayed the synthesis of ultrafine dispersive tita-
nium dioxide powders through a swift rise in temperature 
inside the chamber, and during the process, the pre-formed 
solid particles were observed to undergo further splitting 
as a result of phase transitions and mechanical tensions 
(Kozhukharov and Tchaoushev 2011). The spray pyrolysis 
deposition has been reported to be performed both using 
a hot spray and a cold spray on a pre-heated substrate. 
For instance, Möllmann et al. (2019) prepared compact 
titanium dioxide layers using cold spray pyrolysis on a 
glass substrate preheated to 450 °C for the application in 

Fig. 3  Cathodic electrophoretic deposition cell (Srikanth et al. 2017). 
The photocatalyst is suspended in the solvent phase with a steady 
direct voltage (25–400 V). Electrolysis produces ions, which migrate 
towards the oppositely charged electrode as a result of electrophoresis 
and gets deposited over the electrode support



perovskite solar cells. The authors attempted to carry out 
the deposition process using substrates at low temperatures 
of 150 °C to reduce the overall cost of the process but 
observed the formation of a cracked titanium dioxide layer, 
which exhibited low light transmittance and reduced the 
device’s efficiency (Möllmann et al. 2019).

Hydro‑ and solvothermal techniques

Both these techniques hydrothermal and solvothermal are 
almost similar. In the hydrothermal technique, the sub-
stance is crystallized at high temperatures and vapour 
pressures using an aqueous suspension of the material 
(Reis et al. 2002). In general, this technique could be con-
sidered as crystal growth or crystal synthesis from mate-
rials that are commonly insoluble at customary pressure, 
i.e. < 1 atm, and temperature, i.e. 100 °C. This process is
usually carried out in autoclaves under a controlled atmos-
phere, which in turn enables the utilization of tempera-
ture above the boiling point of water or an organic solu-
tion inside the chamber. Briefly, hydrothermal synthesis
is described as a concoction response taking place in a
dissolvable mixture at temperatures above the mixture’s
breaking point and pressures over the bar. Since the essen-
tial properties of water including viscosity, heat capacity,
thermal conductivity, dielectric constant and ionic product

density are all temperature–pressure dependent, the hydro-
thermal technique exploits these properties, thereby tuning 
the synthesis factors and achieving specific solvent attrib-
utes. However, the technique has a few drawbacks includ-
ing the high capital requirement for instrumentation, the 
inability to monitor crystal growth and the method which 
can only be performed under supercritical conditions of 
the solvent (Liu et al. 2014). Conversely, in solvothermal 
techniques, non-aqueous solvents with very high boil-
ing points could be used and this consequently enables 
much better control over the properties of titanium diox-
ide particles during the synthesis. For instance, Kathirvel 
et al. (2020) produced titanium dioxide nanocrystals by 
treating titanium (IV) isopropoxide with various alcohol 
solvents (ethanol, propanol, isopropyl alcohol, butanol, 
tert-butyl alcohol and benzyl alcohol) at 150 °C for 8 h, 
while Li et al. (2020) used a one-step solvothermal tech-
nique to synthesize titanium dioxide from titanocene 
dichloride with uniform particle size without the use of 
any surfactants. The solvothermal technique allows better 
control over the size, shape, crystallinity and distribution 
of titanium dioxide nanoparticles compared to the hydro-
thermal, and these could be achieved through effective 
manipulation of reaction temperature, solvent and sur-
factant characteristics and reaction time (Stride and Tuong 
2010). Additionally, the employment of organic solvents 
results in a product, which is free from extraneous anions 
because organic solvents tend to be devoid of ionic spe-
cies and have relatively low permittivity (Nyamukamba 
et al. 2018).

Biological methods

Owing to the toxic nature of the chemical techniques towards 
the environment and the limitations encountered with the 
mass production, the search for a more sustainable and eco-
friendly approach is greatly favoured. As an alternative, the 
green nanotechnology has gained a lot of attention lately 
for the production of titanium dioxide nanoparticles from 
naturally occurring biological resources (i.e. plants, fruit 
extracts, microorganisms and their waste materials) and 
for its cost-effect benefits (Nadeem et al. 2018; Singh et al. 
2019b).

Plants contain nutrients like carbohydrates, proteins, alka-
loids and nucleic acids, which can be used during particle 
synthesis for stabilization and reduction reactions. Moreover 
utilizing plant-based extracts as the key components for tita-
nium dioxide production provides an additional safety com-
pared to chemical/physical techniques (Irshad et al. 2021). 
Nabi et al. (2020a, b) prepared spherical-shaped anatase tita-
nium dioxide nanoparticles through green synthesis using 
cinnamon powder. The overall method was reported to be 
feasible, simple and cost-effective. The product was found to 

Fig. 4  Spray pyrolysis. The spray gun provides the point for the 
substrate that was placed in the hot plate to get in contact with the 
precursor solution. Licensed from Elsevier books “Nanosensors for 
smart cities”, Han et al. (2020)



 

have a band gap residing in the visible light zone along with 
the presence of oxygen vacancies and excitons necessary 
for its application in solar cells. In general, green synthesis 
commonly involves extracts obtained from leaves of plants 
as raw materials for nanoparticle synthesis since this sec-
tion of plants is found to have high metabolites (Subhapriya 
and Gomathipriya 2018). For instance, Kumar used the 
leaf extracts of Syzygiumcumini and synthesized spherical 
aggregates of titanium dioxide using an eco-friendly, cheap 
and non-toxic technique (Kumar 2020). The so produced 
titanium dioxide was employed for treating lead-contami-
nated industrial waters and the authors reported a maximum 
removal of 82.5%.

Analogous to plants, microbial extracts from bacteria 
and fungi have also been utilized to biologically produce 
nano-titanium dioxide. These microbial extracts have gained 
considerable attention lately due to their low capital require-
ment, simple extraction leading to easier scale-up and larger 
surface of the synthesized product (Pantidos and Horsfall 
2014). Peiris et al. (2018) identified the antimicrobial prop-
erties of baker’s yeast and used them to synthesize highly 
pure small-sized titanium dioxide particles (anatase) via a 
cost-efficient green technique. In a different study, Strepto-
myces species were used to synthesize less toxic and cheap 
but highly pure titanium dioxide nanoparticles (Ağçeli et al. 
2020). The authors described the method to be simple and 
quick for achieving antibiofilm and antimicrobial proper-
ties-based products. Likewise, various shapes and sizes of 
titanium dioxide nanostructures have been reported to be 
synthesized from fungal extracts as they can produce a range 
of enzymes and other metabolites that can break down large 
salt molecules into elemental ions (Nadeem et al. 2018). 
For example, a study carried out by Rajakumar et al. (2012) 
established the fungus Aspergillus flavus as a novel spe-
cies for biological titanium dioxide production. Aside from 
plants and microbes, various derivatives of biological origin 
like albumen, starch and cellulose have also shown some 
potential in producing titanium dioxide (Bao et al. 2012; 
Muniandy et al. 2017). However, nanoparticle titanium diox-
ide synthesis using these bio-derivatives has not been much 
explored like their counterparts. A comparison between the 
various techniques used for the synthesis of nano-TiO2 parti-
cles is summarized in Table 2 based on the technique’s major 
influencing factor, merits and demerits.

Applications of titanium dioxide

Removal of metals and dyes

In recent years, much attention has been paid by the research 
community to the simultaneous removal of dyes as well as 

heavy metals (Louangsouphom et al. 2019; de Lima et al. 
2020; Izzudin et al. 2021). This methodology minimizes the 
processing time, operating cost as well as the use of chemi-
cals in comparison with individual treatment methods. Tita-
nium dioxide was found to be very effective in simultaneous 
removal of heavy metals and dyes. In some cases, the pres-
ence of one pollutant was found to enhance the removal of 
another pollutant. For instance, the presence of rhodamine B 
dye, during the transformation of aqueous metal chromium 
(IV) to chromium (III) using titanium dioxide nano-fibre
membrane accelerated the removal rate (Zhang et al. 2021),
and under optimized conditions, the removal efficiency of
chromium (IV) was found to be 97.09%.

The efficacy of hetero-layered titanium dioxide incor-
porated on layered double hydroxide-molybdenum disul-
phide nanostructure was recently tested on the removal of 
organic cations and ionic dyes along with silver and lead 
ions and found that 97–99% dye removal was achieved (Pan-
chal et al. 2021). Simultaneously, due to its excellent affin-
ity and selectivity for heavy metal ions, it rapidly reduced 
the toxic lead from 10 mg/L to less than 0.8 µg/L and this 
substrate showed an enormous adsorption capacity of sil-
ver (421.88 mg/g). In recent years, different forms of nano-
titanium dioxide were used which include one-dimensional 
nanowire, a nanobelt, two-dimensional nanotubes and 
nanosheets and three-dimensional nanoparticles as well 
as nanorods. The major advantages of one-dimensional 
nanobelt are lesser number of grain boundaries, fast charge 
transfer dynamics and high specific surface, which makes 
nanobelt more attractive (Pang et al. 2015).

The major disadvantages of one-dimensional nanobelt are 
(1) higher recombination rate of photoinduced electron–hole
pairs due to the single-phase structure, and (2) pure titanium
dioxide can only absorb ultraviolet irradiation because of
its high band gap, which prevents this nanobelt from wide-
spread applications (Tian et al. 2015). But these issues were
resolved by researchers in recent years. For instance, less
recombination of electron/hole pairs was observed during
the use of novel hybrid bismuth subcarbonate  (Bi2O2CO3)
quantum dot/titanium dioxide nanobelt on the removal of
rhodamine blue (Wang et al. 2021b). The removal efficiency
of 95.43% under visible light, which is nine times larger than
that of titanium dioxide nanobelts, was observed.

Literature related to the simultaneous removal of heavy 
metals and dyes is listed in Table 3. A mesoporous 2D-2D 
 TiO2(B)-bismuth oxobromide heterojunction photocatalyst 
was synthesized and used for the degradation of mixed pol-
lutants such as rhodamine blue, methyl orange, tetracycline 
hydrochloride and bisphenol A (Han et al. 2021). This sub-
strate produced abundant superoxide radicals under visible 
light, which enabled the catalyst to accelerate the degrada-
tion process well. The removal of rhodamine blue, methyl 
orange tetracycline hydrochloride and bisphenol A using 
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this synthesized substrate was found to be 4.7, 1.4, 23 and 
16.4 times higher than that of using pure bismuth oxobro-
mide, respectively. Recently, Karpuraranjith et al. (2022) 
synthesized a novel three-dimensional hybrid photocatalyst 
by embedding a porous molybdenum disulphide nano-box 
on graphitic carbon nitride nanosheets containing titanium 
dioxide nanoparticles. Around 97.5% photocatalytic removal 
of methylene blue dye was achieved using this hybrid photo-
catalyst, in the presence of visible light. Similarly, nanoflow-
ers were widely employed in dye degradation and reported 
in recent studies (Huda et al. 2019; Shang et al. 2020; Wang 
et al. 2020a; Quyen et al. 2021) due to their high specific 
surface area, well-developed pore structure, enormous pho-
tocatalytic activity (Wu et al. 2014).

On the other hand, the photocatalytic efficacy of tita-
nium dioxide was employed with a wide range of metal/
metal oxides such as silver, cadmium, chromium, copper, 
manganese and nickel in the degradation of rhodamine blue 
(Le et al. 2021; Sengul and Asmatulu 2020). It was found 
that among these metal/metal oxides studied, silver- titanium 
dioxide produced maximum removal of 98.4% after 60 min, 
which follows second-order kinetics. All other metal/metal 
oxides coupled with titanium dioxide followed pseudo-first-
order kinetics. Figure 5 provides the mechanistic pathway 
of dye degradation pathway with titanium dioxide as pho-
tocatalyst. A multi-metal oxide including catalyst (titanium 
dioxide–cadmium oxide-zinc oxide) loaded on silver nano-
particles in the presence of reduced graphene oxide was syn-
thesized, and its photocatalytic efficacy on methylene blue 
degradation (Akyüz 2021) was explored and found 91% deg-
radation within 15 min under ultraviolet irradiation, mainly 
attributed to decrease in the wide band gap of titanium diox-
ide due to the presence of multi-transition oxides. Similar 
strategy was used to degrade azo dye reactive violet 5 dye 
by titanium dioxide nanoparticles (Chung and Chen 2009).

Removal of microplastics

In our day-to-day life, plastics took an exceptional place due 
to their less weight, cheapness, versatility and high durabil-
ity (Morin-Crini et al. 2022; Alqahtani and Zafar 2021). On 
the other hand, disposal of used plastics is a big challenge 
as only just 14% of used plastics are recycled while oth-
ers enter into our environment in one way or another. More 
than 8 million metric tons of used plastics are entering into 
water bodies, every year (MacArthur 2017). Accumula-
tion of these plastics in seas and oceans would surpass the 
amount of fish present in oceans in near future. These used 
plastics were decomposed due to physical degradation in 
the presence of sunlight, micro-organisms into micro-plas-
tics (size less than 5 μm) and nano-plastics (size less than 
1 μm) (Koelmans et al. 2015). Degradation of micro-plastics 
using conventional wastewater purification methodologies Ta
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has difficulties in control and complete elimination (Moore 
2008).  TiO2 has been used widely in recent years to degrade 
these micro-plastics. The widely found micro-plastics such 
as polyethene and polystyrene can be completely degraded 
using Triton-based titanium dioxide nanoparticle films and 
ultraviolet light, through photocatalytic mineralization (Nabi 
et al. 2020b).

Wang et  al. (2019) prepared a novel magnetic Au@
Ni@TiO2 micromotor, by applying 10 nm thickness of 
nickel layer on titanium dioxide particles, covered with 
a 30-nm layer of gold, for the removal of microplastics 
present in water and hydrogen peroxide under ultraviolet 
light. This motor was found to have a velocity of 14.72 and 
65.52 μm  S−1 in water and 0.1% hydrogen peroxide solution, 
respectively. They showcased the efficacy of this micromo-
tor on the degradation of microplastics from personal care 
products as well as river water and reported 67% of clearage 
efficiency in pure water. A faster elimination can be achieved 

by adding a low percentage of hydrogen peroxide to pure 
water.

The use of ultraviolet light, as well as hydrogen perox-
ide, makes this fuel-free micromotor less attractive. Some 
research works to overcome this issue were performed by 
researchers. The recent works dealing with titanium dioxide-
based Janus micromotors are listed in Table 4. Recently, 
Janus cobalt oxide–titanium dioxide micro-swimmers driven 
by low intensity–ultraviolet free visible light present inside 
water were prepared and tested (Sridhar et al. 2020). These 
micro-swimmers propel by breaking down the water mol-
ecules into oxygen and oxide radicals, which enabled them 
to be applicable in photocatalytic reactions as well as drug 
delivery. The mean velocity of this micro-swimmer was 
found to be 11.5 μm  S−1 at the intensity of 6 mW  cm−2. It 
can also be accelerated under a magnetic field due to the 
presence of cobalt oxide.

Fig. 5  Mechanism of dye deg-
radation by titanium dioxide. 
Upon light induction the excita-
tion of electrons occurs from 
valence band to conduction 
band. This triggers the forma-
tion of hydroxyls ions. Oxygen 
compounds also get converted 
into hydroxyl groups via hydro-
gen peroxide formation. This 
hydroxyl groups further help 
in formation of reduced and 
oxidized compounds upon dye 
degradation

Table 4  Titanium dioxide-based Janus micromotors propelled by different propellants for the removal of microplastics

Substrate Conditions Results Reference

Titanium dioxide/water-soluble conjugated 
polyelectrolyte/glucose oxidase

Visible light; hydrogen peroxide 
produced through the decompo-
sition of glucose using glucose 
oxidase

Maximum velocity of 7.49 μm  S−1 
observed under visible light

Noh et al. (2021)

Hedgehog-shaped titanium dioxide/func-
tional multiwall carbon nanotubes

Ultraviolet light illumination Velocity of 8.9 μm  S−1 is achieved under 
160 mW  cm−2 ultraviolet light illumina-
tion

Jiang et al. (2021)

Titanium dioxide/gold nanowire-based 
motor

Ultraviolet irradiation A velocity of 5.6 ± 1.5 μm  S−1 is 
achieved in deionized water while 
it was 2.41 ± 0.53 µm  S−1 and 
2.27 ± 0.35 µm  S−1, respectively at 
pH = 4 and 10

Chen et al. (2021a)

Titanium dioxide/manganese dioxide Hydrogen peroxide decomposed 
to oxygen bubbles, which pro-
pels the micromotor acts as fuel

Maximum speed of 48.1 μm  S−1 at [hydro-
gen peroxide] = 30% with maximum 
instantaneous velocity of 135 μm  S−1

Ge et al. (2019)



Electrocatalysis for energy

Currently, heteroatom doping technology has emerged as an 
intriguing technique to enhance electrocatalytic efficiency 
(Ochedi et al. 2021; Kumar et al. 2021). An inexpensive 
and novel catalyst without using noble metals, namely car-
bon, nitrogen–zeolitic imidazolate framework/TiFe (that 
is carbon and nitrogen derived from zeolitic imidazolate 
framework-8 embedded in titanium dioxide/ferric oxide) 
was found to exhibit superior electrocatalytic performance 
towards water splitting, oxygen evolution reactions and 
hydrogen evolution reactions (Vattikuti et al. 2021). This 
synthesized catalyst has more excellent catalytic power 
than that of zeolitic imidazolate framework/TiFe and TiFe 
nanostructures, towards oxygen evolution reactions and 
hydrogen evolution reactions. The overpotential was found 
to be 290 mV and 291 mV for oxygen evolution reactions 
and hydrogen evolution reactions, respectively, to deliver 
the benchmark current density of 10 mA  cm−2 under alka-
line conditions. This was attributed to the addition of highly 
active carbon and nitrogen from zeolitic imidazolate frame-
work with titanium dioxide/ferric oxide, which enhanced the 
rate of water splitting.

Similarly, numerous researchers made innovations in 
making novel catalysts to enhance the electrocatalytic pro-
cesses and some of these novel catalysts recently reported 
are listed in Table 5. Another novel catalyst using reduced 
titanium dioxide-supported ruthenium nanocatalyst was 
developed with more oxygen vacancies for hydrogen evolu-
tion (Chen et al. 2021b). This nanocatalyst required very 
less overpotential (15 mV) to deliver the current density of 

10 mA  cm−2 under alkaline conditions. This superior per-
formance was attributed to synergistic water splitting and 
weakening of OH· adsorption.

Antimicrobial activity

In recent years, the spreading of infectious diseases such as 
Ebola, and severe acute respiratory syndrome coronavirus 
2 (SARS), is very rapid (COVID-19 in particular) and the 
health department across the world is working hard to con-
tain these diseases. So, it is highly needed to disinfect the 
high touch surfaces, such as sinks, faucets, handrails, door-
knobs and in public places, as these are acknowledged as a 
pool of agents causing a wide range of infections (Huslage 
et al. 2010). Numerous antibacterial/antiviral chemicals 
were used to sanitize these high touch surfaces, which needs 
more manpower and chemical use. Thus, the use of self-
disinfecting materials on these surfaces is one of the best 
options to prevent the spreading of COVID-19 and other 
infectious diseases (Mathew et al. 2020). Many studies made 
in this decade elucidated the antibacterial efficacy of pho-
tocatalysts (Mahmood et al. 2012; Lin et al. 2013; McE-
voy and Zhang 2014). These photocatalyst-based substrates 
gained more attention from the research community due to 
the direct utilization of sunlight or in some cases, ultravio-
let irradiation. Among the photocatalysts employed,  TiO2 
is the most extensively used photocatalyst for antimicrobial 
applications (Foster et al. 2011; Yousef et al. 2015; Mathew 
et al. 2018).

Very recently, the effective use of titanium dioxide on dis-
infecting the SARS-CoV-2 virion (severe acute respiratory 

Table 5  Titanium dioxide-based substrates for electrocatalysis for energy. Nb-MoS2: niobium-molybdenum disulfide,  TiO2: titanium dioxide, 
 Ti3C2Tx: titanium carbide,  Co3O4: cobalt oxide,  Ag3PO4: Tri-silver phosphate,  Bi2WO6: bismuth tungstate

Catalyst Overpotential and other remarks References

Cobalt, Nb-MoS2 nanosheets shelled 
in micro-TiO2 hollow spheres

• Hydrogen evolution reaction = 58.8 mV and oxygen evolution reac-
tion = 260.0 mV to deliver current density of 10 mA  cm−2

• Catalyst needed an operating voltage of 1.57 V to achieve this current density

Nguyen et al. (2021)

Ag3PO4-Bi2WO6-TiO2 • Oxygen evolution reaction = 360 mV, this nanohybrid was stable and exhibited
a remarkable efficiency of 99.8% for the oxygen evolution reaction

• Highly efficient in comparison with individual components from where it was
derived

Mandari et al. (2021)

TiO2/Co3O4 composite • Oxygen evolution reaction = 270 mV (at 10 mA  cm−2), with a Tafel slope of
60 mV  dec−1 and found that overpotential decreases with an increase in titania
content in the composite

• This composite is highly stable for 45 h

Aftab et al. (2021)

Ti3C2Tx (MXene) decorated by 
phosphorus-doped  TiO2 (P–TiO2@
Ti3C2)

• Less overpotential of 97 mV (at 10 mA  cm−2) and a low Tafel slope of 48.4 mV
 dec−1, which performed more efficient than that in darkness

• The catalyst was found to be more stable for more than 50 h under light irradia-
tion and alkaline conditions. Outperformed than Mxene and corresponding
derived materials

Deng et al. (2021)

Palladium@TiO2–(hollow) core–shell • This novel catalyst (with a trace of Pd—0.05 wt%) required the lowest overpo-
tential of 0.43 V at 10 mA  cm−2 with a Tafel slope of 63 mV  dec−1

• Outperformed that of the commercial  TiO2 (0.92 V, 636 mV  dec−1)

Shu et al. (2021)



syndrome coronavirus 2) present in the air, as well as the 
liquid, was tested (Matsuura et al. 2021). The study elu-
cidated the efficacy of titanium dioxide-mediated photo-
catalytic reaction on this virion that about 99% reduction in 
infectivity in aerosol after 20 min of treatment while it took 
120 min for achieving this level in liquids. This disinfection 
happened due to the damage caused to the viral proteins and 
the genome through the mechanistic effects of titanium diox-
ide. Similarly, the research community performed numer-
ous innovative works since 2020 to contain the covid-19 
pandemic across the world and some of these works using 
titanium dioxide-based substrates are listed in Table 6.

A significant enhancement in the antibacterial property of 
titanium dioxide was observed with the addition of chalco-
gens such as sulphur, selenium and tellurium (Mathew et al. 
2020). Among these three chalcogens, tellurium-doped tita-
nium dioxide stood first on antimicrobial behaviour against 
E. coli as complete disinfection was achieved within 70 min
of light irradiation while the other two chalcogens when

doped with titanium dioxide produced little less activity 
(took 90 min for complete disinfection).

Similarly, cerium-doped titanium dioxide nanoparticles 
deposited on reduced graphene oxide were found to enhance 
the microbial activity as well as photocatalytic behaviour 
under visible light (Behera et al. 2021). This is attributed 
to the fact that the presence of cerium increases the absorp-
tion of titanium from ultraviolet to visible light. This novel 
substrate containing cerium was found to be more effective, 
under visible light, in disinfecting human pathogenic bacte-
ria as well as degradation of two pesticides, namely quinal-
phos and imidacloprid, in comparison with the conventional 
titanium dioxide catalyst.

The use of zinc oxide, titanium dioxide and silicon diox-
ide-based nanomaterials on creating protective coatings 
against biodeterioration was getting momentum in recent 
years. In another study, titanium dioxide induces membrane 
rupture (Ranjan and Ramalingam 2016). Therefore, there is 
a need to compare the efficacy of these substates on antimi-
crobial activity. In a recent study, these nanomaterials were 

Table 6  Methodologies to remove SAR-CoV-2 using titanium dioxide-based substrates.  TiO2: titanium dioxide,  Al2O3: Aluminium oxide  IC50: 
inhibitory concentration,  CC50: cytotoxic concentration, SARS: severe acute respiratory syndrome, CoV: coronavirus

Target organism Materials employed Methodology Results References

SARS-CoV-2 spike protein TiO2 and  Al2O3 Adsorption Adsorption on  TiO2 pro-
ceeds about one order of 
magnitude faster than that 
of  Al2O3

Xin et al. (2021)

SARS-CoV-2:
(1) Spike pseudo-typed

virions
(2) fully infectious virus

TiO2 and  TiO2-silver coated 
on wall tiles

Free radical attack on 
viruses

Spike viral load was 
decreased by four orders 
of magnitude after 1 h, 
while no active virus 
was found after 5 h, no 
significant difference was 
observed between  TiO2 
and  TiO2-silver

Micochova et al. (2021)

SARS-CoV-2 pseudo-virus TiO2 supported silver—sin-
gle atom nano enzyme 
(silver-TiO2 SAN)

Adsorption and then reac-
tive oxygen species attack

Silver-TiO2 SAN produced 
maximum adsorption 
(99.65%) than nano-TiO2, 
silver

Wang et al. (2021a)

A broad range of pathogens 
including SAR-CoV-2, 
Hepatitis C

Nanosized  TiO2 Hydroxyl attack on viral 
Ribo nucleic acid genome

At low irradiation,  TiO2 
inhibited SAR-CoV-2, 
Hepatitis C and other 
pathogens

Tong et al. (2021)

SAR-CoV-2 cells TiO2 nanoparticles and 
nanotubes

Reactive oxygen species and 
titanium radicals damaged 
proteins, Deoxy Ribonu-
cleic acids and lipid

TiO2-nanoparticles and 
nanotubes have potent 
antiviral activity at 
very low concentration 
 (IC50 = 568.6 ng/mL), 
with a weak cytotoxic 
effect on the cellular 
host  (CC50 = 399.1 ng/
mL), where  CC50and  IC50 
denotes cytotoxic half 
concentration and half 
maximal inhibitory con-
centration, respectively

Hamza et al. (2021)



tested and compared against eight different types of micro-
organisms that are commonly found on building material 
surfaces such as Bacillus subtilis, Aspergillus niger, Asper-
gillus terreus,  Aureobasidium pullulans,  Cladosporium 
cladosporioides, Penicillium ochrochloron, Trichoderma 
viride, Paecilomyces variotii (Dyshlyuk et al. 2020). Among 
these three nanomaterials studied, zinc oxide with particle 
sizes 2–7 mm was found to be most efficient against these 
micro-organisms.

Nanomedicine

Nanoparticle-based drugs have been introduced in recent 
years to increase the efficiency of treatment strategies 
in oncology in treating cancer cells (Umapathi et  al. 
2021; Patel et al. 2021; Sharma et al. 2017). In a recent 
study, the autophagic potential of titanium dioxide nan-
oparticles was explored in increasing the chemothera-
peutic effect of 5-fluorouracil in human AGS gastric 
cells (human gastric adenocarcinoma cell line) (Azimee 
et al. 2020). The production of reactive oxygen species 
by titanium dioxide impaired the lysosomal function, 
which leads to a block in autophagy flux in AGS cells. 
A microlevel addition (1 μg/ml) of these titanium dioxide 
nanoparticles enhanced the cytotoxic as well as apoptotic 
effects of 5-fluorouracil.

A case study was performed by a team of researchers on 
the treatment of diabetic foot ulcers using catalytic nano-
medicine containing copper/titanium dioxide–silicon diox-
ide as it was estimated that around 20% of diabetic patients 
will develop foot ulcers over their lifetime (López-Goerne 
et al. 2019). These works observed a significant improve-
ment healing process on the first application itself, and the 
infection was limited. Further, the regeneration of tissue was 
enhanced due to its use.

In dentistry, the research community is in search of an 
efficient method to reduce bacterial adhesion on archwires 
and around the orthodontic appliance to restrict enamel 
decalcification as well as periodontal diseases. In this area, 
one study was performed to clinically test the efficacy of 
titanium dioxide nanostructure coating on stainless steel 
orthodontic wires towards the growth of most found bacteria 
in dentistry, namely Streptococcus mutans (Mollabashi et al. 
2020). It was found that decreased adhesion of S. mutans 
was found on tested orthodontic wires which is attributed 
to the fact that, the damage in the cell wall of this micro-
organism due to titanium dioxide leads to changes in osmotic 
pressure; subsequently, the cell organelles were destroyed. 
However, further studies are needed in this area to inves-
tigate the mechanical stability of titanium dioxide-coated 
stainless steel orthodontic wires under mechanical loading 
during the dental treatment.

Removal of pharmaceutical and personal care 
products

Pharmaceuticals and personal care products (PPCPs) are 
substances that are man-made for human and/or animal 
healthcare and medical purposes (Jiang et al. 2013; Omar 
et al. 2016; Yang et al. 2017). These substances can be 
classified into a different wide range of products such as 
antibiotics, antifungal, antiemetics, antineoplastics, vaccina-
tions, contrast agents, sedatives, anticonvulsants, nonsteroi-
dal anti-inflammatory drugs, hormones, lipid regulators, 
painkillers, b-blockers, preservatives, disinfectants, insect 
repellents, fungicides, soaps and detergents, fragrances, 
sunscreen ultraviolet filters (Yang et al. 2017). More than 
3000 pharmaceuticals and personal care products have been 
produced as of now (Šauer et al. 2019; Chen et al. 2016) and 
the constant development of new chemical compounds to 
contain different newly arising diseases such as COVID-19, 
Ebola, severe acute respiratory syndrome, led to an increas-
ing abundance and variety of pharmaceuticals and personal 
care products in the environment. Several methodologies 
were implemented to reduce the load caused by pharmaceu-
ticals and personal care products, and some of the titanium 
dioxide-based methodologies proposed in recent studies are 
listed in Table 7 (Saravanan et al. 2020; Ajiboye et al. 2021; 
He et al. 2021).

Oil recovery

Many oilfields are employing alkali/surfactant/polymer to 
enhance the oil recovery across the world, which produces 
much better results than water flooding. Production of highly 
stable emulsion (which contains residual oil in the water 
phase) leads to a decrease in the efficacy of the recovery pro-
cess. The presence of titanium dioxide was found to enhance 
the oil recovery due to many reasons. (1) Titanium dioxide 
is intrinsically hydrophilic (Choi et al. 2017; Kameya and 
Yabe 2019), the attraction of water molecules increased the 
water layer and thereby the residual emulsion decreased; 
(2) improved coalescence between adjacent oil droplets; and
(3) improved behaviour of oil/water interfacial film (Kang
et al. 2012). Khan et al. (2021) observed 75% clarity in the
separated aqueous phase in the presence of titanium dioxide
while it was 45% without titanium dioxide, which leads to a
19% overall increase in oil/water separation due to the pres-
ence of titanium dioxide.

A newly developed titanium dioxide/silicon dioxide/
poly(acrylamide) nanocomposites using pomegranate seeds 
has shown better results in the enhanced oil recovery pro-
cess in carbonate reservoirs (Ali et al. 2021). These nano-
composites (1500 ppm) when mixed with smart nanofluid 
(5000 ppm of calcium sulphate and calcium chloride ions) 
demonstrated the highest performance in oil recovery from 



36% to 46.53% original oil in place due to a reduction in 
interfacial tension and wettability alteration.

In addition to enhanced oil recovery, research broadened 
the application of titanium dioxide in different areas such 
as (1) it can also be used as an excellent insulator which 
leads to better energy saving in the oil recovery process; (2) 
it can be used in the purification of recovered oily organic 
substances from waste liquids or accidental oil discharges 
in marine or continental situations.

The titanium dioxide–silicon dioxide composite was 
found to have excellent infrared radiation shield capabil-
ity, and thus the composite can be used as a thermal insu-
lator for high-temperature steam pipes used in oil recov-
ery. This glass fibre/titanium dioxide–silicon dioxide 
composite significantly reduces the thermal conductivity 
by 13.1% and 23.9% at 300 °C and 400 °C, respectively 
(Liu et al. 2021).

Recently, super-hydrophobic F-TiO2@polypropylene 
membranes were prepared from polypropylene, trifluorofluo-
rooctyl methacrylate and sol–gel-derived titanium dioxide 
with vinyltriethoxysilane by Zhu et al. (2021) to recover oily 
organic components from waste liquids. This membrane was 
found to enhance the water contact angle up to 157°, and 
thus, the water removing efficiency was found to be more 
than 99.7%.

Degradation of pesticides

The residues of pesticides even at minute levels can cause 
severe harmful effects on human and animal health (Sakkas 
et al. 2005; Bamba et al. 2008; Colombo et al. 2012; Kaur 
and Goyal 2019), and the condition still worsens with bio-
accumulation of these pesticides in long run (Garcia et al. 
2006; Bamba et al. 2008). Many studies (Kaur and Goyal 
2019) were performed in recent years to degrade this pesti-
cide, and some recent work is listed in Table 8.

Conclusion

Photocatalysis with titanium dioxide  (TiO2) is highly recom-
mended for effective wastewater treatment as this technique 
removes pollutants to a greater extent than conventional 
physical techniques such as adsorption and coagulation.  
Titanium dioxide nano-catalysts are commonly synthesized 
by physiochemical, e.g. solgel technique, sonochemical and 
microwave-assisted technique, oxidation technique, deposi-
tion technique, hydro/solvothermal techniques, and biologi-
cal methods.  Physical characteristics of titanium dioxide 
nanoparticles are strongly dependent on the synthesis tech-
nique adopted. 
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