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1.1 Introduction

The important discovery of ultraviolet (UV) light-mediated water splitting on
titanium dioxide (TiO2) surface by Fujishima and Honda [1] has promoted
immense research on other applications of TiO2 nanoparticles, particularly in
nanobiotechnology and nanomedicine [2]. Undoubtedly, the past few decades
have witnessed an exponential growth in nanoscience and nanotechnology
research activities [3–5]. Nanoparticles have gained immense interest for both
academic and industrial applications owing to the fact that the use of these
nanoparticles with other materials has improved scientific discoveries and
breakthroughs [6]. These advances have been aided by the fact that new chemical
and physical properties of materials emerge on reduction of their sizes to the
nanometer range and varying their shapes [7]. It has been reported that the
specific surface area and the ratio of the surface to the volume of nanomaterials
dramatically increase as their sizes decrease [8]. Interestingly, high surface area,
a consequence of small particle size, is of benefit to TiO2 nanoparticles, as the
surface area-dependent interaction/reaction of TiO2 nanoparticles devices and
those of the contact media basically occurs at the surfaces or interfaces [7].
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Interestingly, TiO2 nanoparticles have been extensively studied owing to
their low production costs, mechanical and chemical stabilities, thin film
transparency, bio- and chemical inertness, hydrophilicity, high light conver-
sion efficiency, and corrosion resistance [9, 10]. Based on these exceptional
properties, TiO2 nanoparticles have vast array of applications that include
nanomedicine, nanobiotechnology, solar and electrochemical cells, wastewater
treatment, food, soil remediation, gas sensing, cosmetics, plastics, paint and
paper productions, hydrogen fuel generation, antiseptics and antibacterial com-
positions, self-cleaning devices, and printing inks [10, 11]. Extensive research has
been recently conducted on the nanomedical application of TiO2 nanoparticles
in the domains of cancer therapy and imaging. These recent progresses in
nanomedicine do not only depend on the TiO2 nanoparticles themselves but
also on their functionalization with other inorganic or organic compounds [12].
Specifically, TiO2 nanoparticles combined with magnetic nanoparticles have
been used as magnetic resonance imaging (MRI) contrast agents and inorganic
photosensitizers for photodynamic therapy [13], nanocarriers in chemotherapy
[12], and in the recently discovered hydrogenated black TiO2 nanoparticles as
efficient cancer photothermal therapeutic agents [14]. Their cancer therapeutic
efficacy has been linked to their good biocompatibility, low cytotoxicity, and
unique photocatalytic properties [15].

Some researchers recently opined that there are many other new applications
for TiO2 that are either under way or presently in pilot production [16]. These
new applications may be uncovered sooner than expected, due to the US FDA
approval of TiO2 to be freely incorporated into numerous domestic products
(dental pastes, non-parenteral medicines, tablets, and oral capsules), thereby
dramatically increasing the production and availability of TiO2 for various
applications [17]. This chapter will therefore discuss the properties, synthesis,
and applications of TiO2 nanoparticles with respect to nanobiotechnology and
nanomedicine.

1.2 Properties of TiO2 Nanoparticles

The fascinating properties of TiO2 nanoparticles have dramatically enhanced
their applications in various aspects [18, 19]. For instance, their high
light-conversion efficiencies have been exploited for the fabrication of energy
devices [20]. Their chemical stability, thin film transparency, and low production
costs are responsible for their utility as photocatalysts for various environmental
remediation strategies such as wastewater treatment, air pollution, and soil
viability improvement [9]. Recently, TiO2 nanoparticles were applied for cancer
photothermal therapy (PTT), exploiting their non-radiative recombination abil-
ity [14]. In the following subsections, specific properties of TiO2 nanoparticles
will be discussed in more detail.

1.2.1 Crystal Properties

Nanocrystalline TiO2 exists in three major polymorphic forms, which include
rutile, anatase, and brookite, based on the conditions of fabrication and post



1.2 Properties of TiO2 Nanoparticles 3

Anatase Rutile

O-2

Ti+4

Brookite

a
b

c

a

b
c

a

bc

Figure 1.1 The crystal structures of anatase, rutile, brookite TiO2 phases. Source: Adapted with
permission from Dambournet et al. 2010 [27]. Copyright American Chemical Society.

fabrication heat treatment [21]. The fourth polymorphic form TiO2(B) is quite
uncommon [22]. Aside these four polymorphs, some researchers have reported
the successful synthesis of two high-pressure phases from that of rutile: the
TiO2(II) that has the PbO2-like structure [23] and the TiO2(H) that structure
looks more like a hollandite [24].

Both the anatase and rutile phases possess tetragonal crystal structures
even though they do not belong to the same phase groups, while brookite has
an orthorhombic structure and the uncommon TiO2(B) phase is monoclinic
[22, 25, 26]. As shown in Figure 1.1, the distortion of anatase phase octahedral
structure is slightly larger than that of rutile [27]. It has been reported that even
though the rutile phase is less stable than the anatase phase at 0 K, corresponding
energy difference between these phases is rather small (about 2–10 kJ/mol).
With respect to solar cell application, anatase phase TiO2 is chosen over other
phases as a result of its low density, high electron mobility, and low dielectric
constant [22]. It is also attractive that in an anatase crystal, the reactivity of its
(101) facets is much lower than that of its (001) facets [28].

As a consequence of the anatase phase low density, it easily undergoes tran-
sition to the rutile phase at high temperatures (usually around 450–1200 ∘C)
[29]. This observed transformation is not only temperature dependent but is also
affected by some other factors such as dopant concentration, initial phase, and
particle size [30]. It has also been observed that both the brookite and anatase
phases usually transform to the rutile phase at pre-determined particle sizes,
wherein the rutile phase gains higher stability against the anatase phase at par-
ticles sizes that are greater than 14 nm [31]. Additionally, it has been reported
that whenever the rutile phase is formed, it grows quicker in comparison to the
anatase phase [22]. The crystal properties of TiO2 are summarized in Table 1.1.

1.2.2 Optical Properties

The extensive use of TiO2 nanoparticles in optical devices are attributed to their
excellent mechanical durability, high transparency in the visible region, and
chemical stability in aqueous medium [18]. Several other structural parameters
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Table 1.1 The crystal properties of TiO2 [20–22].

Properties Anatase Rutile Brookite

Crystal structure Tetragonal Tetragonal Orthorhombic
Density (g/cm2) 3.894 4.250 4.120
Space group I41/amd P42/mnm Pbca
Molecule (cell) 2 2 4
Lattice constant (Å) a = 3.784

b = 9.515
a = 4.594
b = 2.959

a = 9.184
b = 5.447
c = 5.154

Ti—O bond length (Å) 1.937(4)
1.965(2)

1.949(4)
1.980(2)

1.87–2.04

O—Ti—O bond angle 77.7∘
92.6∘

81.2∘
90.0∘

77.0∘–105.0∘

Volume/molecule (Å3) 34.061 31.216 32.172

such as phase composition, band gap, crystalline quality, size distribution,
morphology, porosity, and particle size have been reported to influence the
optical activities of TiO2 nanoparticles [32]. Remarkably, decreasing the particle
size of TiO2 nanoparticles from 200 nm to smaller materials of about 10 nm
or less changes the optical properties of these nanoparticles from opaque to
transparent in the visible region of the light spectrum and subsequently to
intriguing UV light blockers [33].

In pure TiO2, the anatase phase shows superior catalytic ability and electron
mobility than either the rutile or brookite phases, a property that is beneficial for
photovoltaic and photocatalytic applications [20, 34]. The increased photoreac-
tivity of the anatase phase has been linked to its low oxygen adsorption capacity,
increased hydroxylation degree, and slightly higher Fermi level [20]. On the other
hand, the rutile phase exhibits high refractive index and high optical absorptivity,
which are responsible for its application in optical communication devices such
as modulators, switches, and isolators [34].

On exposure of TiO2 nanoparticles to UV light, the electrons in their valence
bands (VB) gain energy and as such undergo excitation to corresponding con-
duction bands (CBs), thus generating holes (h+) on those VBs (Figure 1.2). At
this instance, the excited electrons (e−) are purely in 3d states, and due to dissim-
ilar parity, the probability for e− transition is reduced, with attendant decrease
in the e−/h+ recombination [22]. In this respect, the anatase phase is regarded
as the active photocatalytic component that is also attributable to its chemical
properties and the generation of charge carriers (e− and h+) that arise from its
ability to absorb UV light, which is in correspondence with its band gap [35]. The
rutile phase is generally regarded as a poor photocatalyst, due to the fact that
the bulk recombination of h+ and e− takes place, whereby only the h+ that are
quite near to the surface are withheld and subsequently undergo surface trans-
fer by the upward band bending [36]. These h+ subsequently interact with the
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Figure 1.2 Illustration of the
general mechanism of TiO2 in solar
photocatalysis process.
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molecules of H2O, thereby forming hydroxyl radicals (OH•) that in synergy with
the h+ effectively oxidize the organic compounds in their vicinity on the surface
of the particles [35]. Also, the e− in the CB interact with air molecular oxygen fol-
lowing a reduction reaction process, thereby producing superoxide radical anions
(O2

•−) [36].
It is worthy of note that the charge couple (e−/h+) redox potential of an ideal

photocatalyst is expected to fall within the domain of its band gap [37]. Addition-
ally, the reduction activity of photoelectrons is determined by existence of energy
level on the bottom of the CB of the photocatalyst, while the oxidation activity of
photogenerated h+ is a function of the energy level on top of the photocatalyst VB
[22]. Based on these properties, TiO2 nanoparticles are considered as near-ideal
photocatalysts as their h+ are redox selective and strongly oxidized, dramatically
increasing more research into nano-sized TiO2-based photocatalysts [37].

1.2.3 Electrochemical Properties

The chemical and physical properties of nano-TiO2 are altered by their inherent
electronic structure, size, shape, surface properties, and organization [38]. The
electronic properties of TiO2 nanoparticles have been reported as huge contrib-
utors to their particle- and crystal-size distributions [33]. TiO2 in its pure form
is a wide band gap n-type semiconductor that possesses indirect energy band
gaps of the rutile, anatase, and brookite phases of 3.02, 3.2, and 2.96 eV, respec-
tively [29, 39, 40]. It has also been reported that rutile Fermi level is lower than
the anatase by ∼0.1 eV [20]. Additionally, anatase has a smaller electron effective
mass than rutile, resulting to an increase in mobility for the charge carriers in
anatase, a characteristic that is highly favorable for optoelectronic devices pro-
duction [20]. The TiO2 CB consists of 3d orbitals of titanium, whereas its VB has
2p oxygen orbitals that form hybrids alongside 3d titanium orbitals [22].

The lattice oxygen sites in TiO2 are very important with respect to the observed
superhydrophilicity of TiO2 nanoparticles, originating from the chemical con-
formation changes of their surfaces [41]. This is because some amounts of the
trapped h+ on the lattice sites of oxygen might interact with the TiO2 specifically,
thereby weakening the oxygen ions and lattice titanium bonds. As a consequence,
H2O molecules can interrupt these bonds resulting in the generation of new -OH



6 1 TiO2 Nanoparticles: Properties and Applications

groups. These singly linked -OH groups are thermodynamically unstable and
possess high surface energy, which leads to the generation of TiO2 surface with
superhydrophilicity [36, 41].

One of the observed disadvantages for the use of TiO2 nanoparticles in pho-
toelectrochemical devices is the large density of states that are involved in e−/h+

recombination and electron transfer reactions at the electrolyte–oxide interface,
if located in the band gap [42]. On the other hand, this is an advantage for the
adsorption of redox-active compounds on the surfaces of TiO2 nanoparticles
that is of special interest in dental implant applications [43]. For instance, serum
proteins such as fibrinogen are reportedly chemisorbed by an electron trans-
fer process on the surface of TiO2 nanoparticles [42]. It was demonstrated that
the electronic behavior of the TiO2 nanoparticles affects the thrombogenicity of
the fibrinogen due to the semiconducting property of fibrinogen, which is cru-
cial in the blood coagulation pathway. It then follows that an alteration in the
Fermi energy placement and/or band size of the TiO2 nanoparticles could trigger
a change in the adsorption and subsequent decomposition of the protein, since
the band structure of the fibrinogen fits into that of the TiO2 nanoparticles [42].

1.3 Synthesis of TiO2 Nanoparticles

Numerous types of TiO2 nanoparticles have been synthesized in the form of
nanotubes, nanofibers, nanosheets, nanorods, and interconnected architectures
[36, 44, 45]. The regularly employed synthesis methods are the hydrothermal,
sol–gel, solvothermal, vapor deposition, oxidation, and the thermal decomposi-
tion methods. Other methods that have been used for the successful synthesis
of various forms of TiO2 nanoparticles include but not limited to sol, electrode-
position, sonochemical and microwave-assisted, and micelle and inverse micellar
methods. For instance, in the micellar synthetic strategy, TiO2 nanoparticles were
prepared via the tetraisopropyl titanate hydrolysis in the presence of sodium bis
(2-ethylhexyl) sulfosuccinate reverse micelles to obtain nanoparticles whose aver-
age size ranged from 20 to 200 nm [21]. Based on the micellar water pool, various
TiO2 phases were produced, wherein large pools afforded anatase and small pools
afforded the amorphous nanoparticles. In the following subsections, some com-
monly used strategies for synthesizing TiO2 nanoparticles are discussed in more
detail.

1.3.1 The Hydrothermal Method

The hydrothermal synthetic method is usually conducted in steel pressure vessels,
i.e. autoclaves with the Teflon liners under regulated pressure and temperature.
This temperature can be increased from the boiling point of water up to satura-
tion vapor pressure, but the pressure produced is also dependent on the amount
of added solution [7]. Hydrothermal method has therefore been utilized by many
researchers for the synthesis of TiO2 nanoparticles [46–48]. In this regard, Daw-
son et al. synthesized TiO2 nanoparticles by the hydrothermal method, wherein
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they subjected various compositions and particle sizes of TiO2 mixed powders
to hydrothermal reaction in the presence of NaOH [49]. At 140 ∘C, trititanate
nanotubes easily formed from the anatase phase of the starting material and at
170 ∘C, trititanate belts and plates formed from the rutile phase component.
Increasing the reaction time to seven days exclusively converted all the TiO2 to
trititanate nanoplates and belts, without the formation of nanotubes. Hitherto,
there is no clear description of the structure of TiO2 nanotubes but researchers
have assumed the existence of hydrogen titanate where the tubes are separated
by hydrogen ions [2].

In a related experiment, pure rutile nanotubes with average diameters less than
20 nm were synthesized from rutile–anatase TiO2 particles using the hydrother-
mal method in NaOH water–ethanol solution [50]. It was observed that the struc-
ture and morphology of the products depended on the type of alcohol, as well as
the alcohol–water ratio. This was explained by the variation in optoelectronic
behaviors of the rutile nanotubes and raw TiO2. The hydrothermal method was
also used to synthesize titanate nanotubes for the degradation of Acid Red 18
[51]. These researchers further calcined the nanotubes at various temperatures
(400–700 ∘C) and observed that the nanotubes calcined at 600 ∘C were most
active toward the Acid Red 18 decomposition. It was reported that the mecha-
nism for the formation of TiO2 nanotubes involved multilayered nanosheet wrap-
ping, rather than the wrapping or scrolling of single-layered nanosheets, which is
usually accompanied by the crystallization of successive layers [52]. Nano-sized
TiO2 has also been synthesized from commercial TiO2 on a fluorine-doped tin
oxide (FTO) substrate as shown in Figure 1.3a [53]. The reaction was carried out
for 24 hours at 135 ∘C in a solution of NaOH, resulting in TiO2 nanotubes with
average diameter of 10–12 nm (Figure 1.3b,c).

In another study, nano-TiO2 were obtained from titanium (IV) alkoxide in
an acidified water–ethanol solution [47]. The dropwise addition of titanium
tetraisopropoxide (TTIP) into the water–ethanol solution at pH 0.7, followed
by a four hour reaction at 240 ∘C, yielded the TiO2 nanoparticles dominated
by the anatase phase. It was observed that tuning the solvent system and the
Ti precursor was able to control the size of the as-synthesized nanoparticles to
about 7–25 nm. Nanowires of TiO2 have also been obtained by the hydrothermal
method using white TiO2 powders in 10–15 M NaOH at temperatures of
about 150–200 ∘C without stirring in an autoclave for 24–72 hours [54]. Zhang
and Gao treated TiCl4 solution with an acid or organic salt for 12 hours at
33–423 ∘C to obtain TiO2 nanorods [55]. They also reported that a change in
the surfactant or the solvent composition could affect the morphology of the
synthesized nanorods. The hydrothermal method was also employed by Chong
et al. to synthesized TiO2 nanofibers with average thickness of 40–100 nm
[56]. The hydrothermal synthetic method was conducted in the presence of
NaOH and an ion-exchange post-synthesis in a solution of HCl. Specifically,
the researchers reacted 3 g anatase TiO2 in 10 M NaOH (80 ml), followed by
autoclaving for 48 hours at 180 ∘C in a poly-tetrafluoroethylene container. They
obtained a sodium titanate nanofiber precipitate that underwent H+ exchange
and calcination for three hours at 700 ∘C to obtain the TiO2 nanofibers.
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Figure 1.3 (a) Illustration of the synthesis process of TiO2 nanotubes on an FTO substrate via
the hydrothermal method, (b) field emission scanning electron microscopy (FESEM), and
(c) transmission electron microscopy (TEM) images of the synthesized TiO2 nanotubes.
Source: Reprinted with permission from Viet et al. 2016 [53]. Copyright AIMS Press.

1.3.2 Sol–Gel Method

The sol–gel synthetic strategy is generally employed to synthesize crystalline or
amorphous structures of organic or inorganic materials that offers the advan-
tage of obtaining better purity and homogeneity of the synthesized nanoparticles
at low temperatures [45]. Utilizing the sol–gel strategy, nano-TiO2 were synthe-
sized following hydrolysis of a TiO2 precursor as shown in Figure 1.4 [57]. This
usually proceeds by acid-mediated titanium (IV) alkoxide hydrolysis, which is
followed by a condensation reaction [7]. The formation of the chains of Ti–O–Ti
has been reportedly encouraged by slow hydrolysis rates, high amount of tita-
nium (IV) alkoxide, and small amount of water [58, 59]. On the other hand, it
is possible to obtain different shapes and sizes of anatase TiO2 nanoparticles
with high crystallinity by the tetramethylammonium hydroxide-mediated tita-
nium (IV) alkoxide polycondensation [58]. Typically, the titanium (IV) alkoxide
could be complemented with NaOH and an alcohol at 2 ∘C and heated for 13 days
at 50–60 ∘C or six hours at an elevated temperature (90–100 ∘C). For the purpose
of improving the crystal nature of the as-synthesized nanoparticle, a secondary
heat treatment (175 and 200 ∘C) in an autoclave can be performed [7]. Further-
more, for the avoidance of agglomeration during the crystallization process of
the nanoparticles, a prolonged heat treatment can be performed at temperatures
below 100 ∘C [58].
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Figure 1.4 Illustrating the sol–gel synthetic mechanism in the presence of an (a) acid, (b) base,
and (c) P123-templated, basic condition in dimethylformamide. Source: Adapted with
permission from Cao et al. 2011 [57]. Copyright The Royal Society of Chemistry.

Although the sol–gel method has been regarded as a conventionally accepted
method for the synthesis of TiO2 nanoparticles, several disadvantages of this
method has inevitably caused researchers to explore other synthesis strategies.
Among these disadvantages is the fact that the calcination process obviously
causes the grain growth and low specific surface area and induces phase
transformations [60]. Additionally, comparatively poor crystallinity and particle
size uniformity often characterize the synthesized nanoparticles [32]. These
drawbacks notwithstanding, some researchers have successfully applied this
strategy for the synthesis of TiO2 nanoparticles for practical applications. For
instance, TiO2 nanorods were successfully prepared by sol–gel synthetic strategy
by dipping porous anodic alumina membrane (denoted as AAM) template in a
boiled sol of TiO2, accompanied with the usual procedures of drying and heating
[61]. These researchers observed that tuning the calcination temperature could
control the nanorod crystal phases, demonstrated by the formation of anatase
and rutile nanorods at low and high calcination temperatures, respectively.
In another study, TiO2–zinc phthalocyanine nanoparticles were obtained by
the sol–gel strategy and applied as photosensitizers for cancer photodynamic
therapy [62]. Additionally, the hydrolysis and condensation of titanium butoxide
with gamma amine butyric acid and mineral acids as the precursors yielded
amine-, phosphate-, and sulfate-functionalized TiO2 nanoparticles in a typical
sol–gel synthetic method [63]. These functionalized nanoparticles demonstrated
good potential as copper complex drug carriers for cancer chemotherapy.

Utilizing the electrophoretic deposition of the colloidal suspensions of TiO2
into AAM pores, Lin et al. obtained ordered arrays of TiO2 nanowires [64].
They employed platinum anode and the AAM with a gold substrate fastened
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to copper as the cathode. Making use of a voltage of about 2–5 V, a TiO2 sol
was successfully deposited into the AAM pores. A 5% NaOH dissolution of
the AAM template yielded the TiO2 nanowires, and it was observed that an
AAM with long pores was desirable for the preparation of nanowires in favor
of nanotubes. In a related study, nanotubes of TiO2 were synthesized with an
AAM template and other organic compounds [65]. Typically, the AAM was
dipped into a solution of TTIP and later removed and kept in vacuum to allow
the TTIP volume to pull through the template. Then, water vapor hydrolysis in
the presence of HCl (24 hours), air drying at ambient temperature, calcination
for two hours at 673 K and dissolution of the AAM in 6 M NaOH were con-
ducted to obtain pure TiO2 nanotubes. In another study, TiO2 nanotubes were
synthesized with a dilute TiF4 coating of the AAM membranes at time periods
of 12–48 hours at 60 ∘C [66]. The AAM membranes were then removed after the
observed formation of the nanotubes. In another experiment by Sugimoto et al.,
TTIP was mixed with triethanolamine (TEOA) in a sol–gel synthetic strategy,
followed by aging for one day at 100 ∘C and three days at 140 ∘C [67]. These
researchers employed amines (TEOA, diethylenetriamine, ethylenediamine,
trimethylamine, and triethylamine) as surfactants and shape controllers for the
TiO2 nanoparticles and observed a morphology change at above pH values of 11
and 9.5 in the presence of TEOA and the other amines, respectively. This control
over shape was attributed to the adsorption of the amine shape controllers on
the crystal planes of the TiO2 nanoparticles. Mahshid et al. prepared biphase
TiO2 nanoparticles by the sol–gel method that yielded crystallite sizes between
27 and 107 nm [68]. Hussain et al. also synthesized novel nano-TiO2 whose size
ranged from 10 to 20 nm by the sol–gel technique [69].

In another study, Chong et al. synthesized TiO2 nanoparticles by the sol–gel
method [70]. They hydrolyzed titanium IV butoxide precursor with ethanol,
followed by a condensation reaction. Through this first step, it was possible to
control the homogeneity and microstructures of the eventually formed TiO2
crystals. Control of the hydrolysis extent is very crucial in obtaining nano-sized
TiO2. For this purpose, these researchers carried out the hydrolysis in two
stages, where the ethanol addition to the titanium IV butoxide precursor was
utilized to target the partially hydrolyzed state. This partially hydrolyzed state
ensures an improved molecular homogeneity and non-hydrolyzable Ti ligands
for enhanced growth of the TiO2 [71]. The control of the hydrolysis reaction
extent was achieved by an acid-mediated hydrolysis with nitric acid, owing to
the low range of ethanol functionality in the titanium IV butoxide precursor
hydrolysis.

1.3.3 Solvothermal Method

The solvothermal synthetic strategy is closely related to the hydrothermal tech-
nique but for the use of non-aqueous solvents in the former [58]. Due to the use of
a wide range of organic solvents of appreciably high boiling points in the former,
the working temperatures can be elevated way much higher than is attainable
in the later [7]. Moreover, the solvothermal method offers intriguing advantages
including an improved tuning of morphology, particle size, crystallinity of the
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synthesized nanoparticles, and temperature and pressure controls of the solvents
used for the synthesis [72]. Additionally, this method provides a versatile route
to the synthesis of TiO2 nanoparticles with improved dispersity and narrow size
distribution [7].

The solvothermal synthetic strategy was used for the preparation of TiO2
nanorods and nanoparticles with or without surfactant mediation [58, 73]. In
the light of this, anhydrous toluene was employed at 250 ∘C for 20 hours to
dissolve TTIP, using oleic acid as a surfactant [74]. In a controlled hydrolyzation
reaction, redispersible TiO2 nanorods and nanoparticles were synthesized with
Ti(OC4H9)4 in the presence of linoleic acid. This reaction was carried out with
a catalyst (triethylamine) to aid the inorganic Ti–O–Ti condensation in order to
obtain the crystals with consistent morphology [73].

1.3.4 Chemical and Physical Vapor Deposition Method

Vapor deposition can be referred to as the condensation of materials in the vapor
phase to solid phase [58]. In the absence of a chemical reaction in the vacuum
chamber, the process is termed physical vapor deposition (PVD), otherwise it
is termed chemical vapor deposition (CVD) [75]. In a typical CVD process, the
deposition reaction is driven by thermal energy that heats the gases present in
the coating compartment [7]. Employing TTIP pyrolysis in an atmosphere of
oxygen/helium utilizing a liquid precursor, TiO2 nanoparticles with average sizes
below 10 nm were successfully synthesized [76].

Nevertheless, other CVD approaches exist, which include diffusion flame
pyrolysis, ultrasonic spray pyrolysis, ultrasonic-assisted hydrolysis, electrostatic
spray hydrolysis, laser-induced pyrolysis, and plasma-enhanced CVD (PECVD)
[58]. In a typical PECVD, the amorphous TiO2 nanoparticles are placed on the
cold compartments of the reactor at temperatures less than 90 ∘C as shown in
Figure 1.5a [77]. The obtained nanoparticles from PECVD after annealing same
at high temperatures usually possess high surface areas (Figure 1.5b,c) [78].

In another experiment employing catalyst- and template-free metal organic
CVD (MOCVD), Wu and Yu successfully grew TiO2 nanorods on fused silica
substrates [79]. Typically, O2/N2 flow was used to convey titanium acety-
lacetonate that was vaporizing in the low-temperature region of the furnace
(200–230 ∘C) to the high-temperature region (500–700 ∘C), resulting in the
growth of the TiO2 nanorods on the substrates directly. The morphology and
phase of the nanorods were demonstrated to be tunable with the reaction
conditions. To illustrate this, at a pressure of 5 Torr, single-crystalline anatase
and rutile nanorods were obtained at 560 and 630 ∘C, respectively, while at
3.6 Torr, anatase nanowalls comprising of well-aligned nanorods were obtained
at 535 ∘C. The MOCVD method has also been applied using a WC–Co substrate
and a TTIP precursor for the successful synthesis of TiO2 nanorods as reported
in a study by Pradhan et al. [80].

Primary PVD methods include ion plating, sputtering, laser surface alloying,
thermal deposition, and laser vaporization [7]. The PVD method or thermal
deposition has been employed for the synthesis of TiO2 nanowires [81]. In
a typical experiment conducted in a tube furnace, a titanium source (pure
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Figure 1.5 (a) Schematic diagram of a typical PECVD. Source: Baghgar et al. 2009 [77].
Reproduced with permission of Institute of Physics. (b) Atomic force. Source: Adapted with
permission from Borras et al. 2009 [78]. Copyright American Chemical Society. (c) Scanning
electron microscopy (SEM) images of TiO2 grown by PECVD.

Ti metal) was loaded on a quartz boat, and under an argon atmosphere, the
temperature was raised to 850 ∘C. This was followed by pumping down of the
furnace chamber to about 300 Torr with the argon flow rate of 100 sccm for three
hours, to obtain fine TiO2 nanowires. In an alternative route, Wu et al. employed
Au as a catalyst and deposited a nanopowder layer of Ti on the substrate, prior
to the growth of the TiO2 nanowires [82].

1.3.5 Thermal Decomposition Method

The thermal decomposition method has been employed in the past decade by
various researchers for the synthesis of TiO2 nanoparticles [83–85]. For instance,
the thermal degradation of TTIP vapor at 300 ∘C, yielded TiO2 nanoparticles in
a study by Moravec et al. [84]. They saturated the carrier gas (dry, particle free,
and deoxidized nitrogen) with the TTIP vapor in a saturator that was externally
heated. It was observed that the formation of fine TiO2 nanoparticles was initi-
ated by the heterogeneous decomposition of the TTIP. In another experiment,
TiO2 nanoparticles were obtained by thermal decomposition of titanium (IV)
n-butoxide in 1,4-butanediol. The reaction was also conducted in an autoclave
at 300 ∘C for two hours at 25 ∘C. The obtained nanoparticles were further cal-
cined for two hours at 500 ∘C in a box furnace and were obtained as crystals of
anatase TiO2 nanoparticles with average diameter of 15 nm.
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Furthermore, TiO2 nanoparticles with improved photocatalytic ability were
successfully synthesized using the thermal decomposition method by treating
the precursor titanyl sulfate with peroxo compounds such as hydrogen peroxide,
urea hydrogen peroxide, and ammonium persulfate [86]. Annealing tempera-
tures of 600, 850, and 700 ∘C were utilized in air at 60 minutes for the hydrogen
peroxide, urea hydrogen peroxide, and ammonium persulfate peroxo-containing
phases, respectively, to obtain the anatase phase TiO2 nanoparticles. In a different
study, Im et al. synthesized 10 nm-TiO2 nanoparticles by thermally decomposing
metal–organic frameworks (denoted as MIL-125 and MIL-125-NH2) that con-
tain titanium, for six hours at 350 ∘C in air [85]. They observed a random aggre-
gation of the nanoparticles within the crystalline particles of the metal–organic
framework precursors. These nanoparticles showed capacity for effective decom-
position of 4-chlorophenol by photocatalysis.

1.3.6 Oxidation Method

This method involves the direct oxidation of the element titanium by the use
of oxidants or anodic reactions to produce the nanoparticles [58]. For instance,
using a voltage of 10–20 V and 0.5% hydrogen fluoride, Varghese et al. success-
fully prepared well-aligned TiO2 nanotubes [87]. Annealing the anodized plate of
titanium at 500 ∘C for six hours in the presence of oxygen was necessary in obtain-
ing the nanotubes. It was observed that the diameter and length of the nanotubes
could be controlled by tuning the applied voltage.

The hydrogen peroxide-induced oxidation of the element titanium was
reported to be effective for the synthesis of TiO2 nanotubes by placing the
titanium metal in 50 ml hydrogen peroxide solution (30 wt%) for 72 hours at
353 K [88]. In the oxidative synthesis of TiO2 nanoparticles, the phase of the
products were controlled by adding specific inorganic salts in the preparation
process, particularly during the dissolution precipitation [89]. For instance,
NaCl is usually added for the generation of rutile phase, and NaF or Na2SO4
are required to obtain the anatase phase TiO2 nanoparticles [90]. Acetone has
also been employed as an oxygen source at 850 ∘C for 90 minutes to obtain
well-aligned and highly dense TiO2 nanorod arrays [91].

Furthermore, TiO2 nanoparticles can be synthesized by either the wet or dry
processes. In the dry process, the vapor phase oxidation of TiCl4 is conducted,
which leads to formation of amorphous TiO2 nanoparticles as shown in Eq. (1.1).
This is usually followed by annealing of the synthesized amorphous TiO2
nanoparticles at different temperatures to obtain desired crystalline phases of
anatase or rutile [21].

TiCl4(g) + O2(g) → TiO2(s) + 2Cl2(g) (1.1)

In the wet process, homogenous products and nanocomposites with complex
shapes can be obtained, and there is also the possibility of controlling the
stoichiometry. However, the presence of carbon (an impurity in this case), long
processing times, and expensive precursors are the major drawbacks of this
process [22].
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1.4 Applications of TiO2 Nanoparticles

Due to their fascinating properties, TiO2 nanoparticles have found vast array
of applications such as in nanobiotechnology [92], nanomedicine [14], energy
devices [93], soil remediation [94], food [95], healthcare and cosmetic products
[96], wastewater treatment [97], and paint [98], paper [99], and plastics pro-
ductions [100]. Some of these general applications of TiO2 nanoparticles will be
briefly discussed in the following subsections.

1.4.1 Nanobiotechnology

Owing to the increasing difficulty in treating multidrug resistant strains
(Pseudomonas aeruginosa), there is an urgent need to fabricate new class of
antibacterial agents with totally different mode of action and structure from
conventional agents [19]. Additionally, multidrug resistant strains have been
linked to complications in present-day medicine [101]. These strains have also
been identified worldwide as major nosocomial pathogens [102]. The last decade
has witnessed various failures in the treatment of animal and human bacterial
diseases that have been generally attributed to the strong resistance of bacterial
pathogens to conventional drugs [103, 104]. This is mainly due to the ability of
these bacterial pathogens to rapidly adapt to new environmental terrains such as
antimicrobial molecules presence, consequently increasing the bacterial resis-
tance following the use of antimicrobials [105]. In recent years, a good number of
nanoparticles have demonstrated encouraging biological activities, particularly
toward bacterial treatment [106]. Among these nanoparticles, nano-TiO2 has
gained attention based on its hydrolysis and oxidative properties [92]. It has also
been observed that the biocidal action of nano-TiO2 is partly a consequence of
charge carrier (electron-hole) modulation at the external surface interface of the
nanoparticles, giving rise to appreciable antimicrobial capabilities by optimizing
the inorganic–organic interfacial contact and inorganic phase dispersions
[107–110]. Additionally, nano-TiO2 has been tipped to outperform metal-based
systems and other chemicals such as H2O2, NO, and other small molecules due
to the intrinsically environmental friendliness and non-contact antimicrobial
action of TiO2–polymer nanocomposites [111, 112]. As such, no release of toxic
nanoparticles to the surrounding media (with adverse health effects) occurs in
order to obtain the disinfection efficacies [113, 114].

Nano-TiO2 has also been used for the disinfection of a broad microorganism
spectrum [92, 115], but hitherto, the mechanism by which these nanoparticles
induce microbial death is poorly understood [116]. Rather, most studies have
focused on the alteration of enzyme activities that depend on coenzyme-A [117],
hydroxyl radicals-induced DNA damage [118], and the popular oxidative attack
by nano-TiO2 on the inner and outer cell membranes of microorganisms [119,
120]. As regards antibacterial coatings, high density of nano-TiO2 on the sur-
face enhances the generation of reactive oxygen species (ROS) with resultant
increase in antibacterial efficacy [121]. Notwithstanding, several other antimi-
crobial applications based on the generation of ROS as a mechanism of action
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have been documented [115, 122]. These include disinfectants or biocides such as
potassium permanganate, ozone, hydrogen peroxide, pancreatic acid, etc. [123].
Some researchers have incorporated these biocides into the nanocomposites of
polymers, thereby generating vast antimicrobial materials with wide range of
applications such as in biomedicine, packaging, etc. [116, 124–128]. Unfortu-
nately, kinetic and thermodynamic barriers reduce the dispersal of such inorganic
(often hydrophilic) nanoparticles (NPs) in the matrices of hydrophobic polymers,
thereby posing serious challenges to the development of such materials [116].
However, other approaches that are seemingly more targeted can be considered
in order to enhance the generation of ROS, such as the photodynamic inacti-
vation (PDI). A typical PDI entails the excitation of photosensitizer dyes to the
long-lived triplet states that then undergo some reactions involving energy trans-
fers to either produce singlet oxygen or the hydroxyl radicals [129, 130]. PDI
has therefore been applied with photosensitizers in solution or heterogeneous
dyes, wherein the dyes are conjugated to polymer films or other solid supports
[131, 132]. For instance, PDI was exploited using the common photosensitizer
(methylene blue) that was excited at 660 nm (red light) and potentiated with an
inorganic nontoxic salt (potassium iodide) [133]. This gave rise to an increase
in the killing of Gram-positive and Gram-negative bacteria by 2-logs. However,
a recent report has demonstrated that the antimicrobial photocatalysis of TiO2
nanoparticles could be potentiated with sodium iodide with a resultant 3-log
increase in antimicrobial efficacy [134].

In the light of these, an investigation into the inhibition effectiveness of TiO2
nanoparticles in combination with active antibiotics of the cell wall (cefotaxime
and cefazidime) against P. aeruginosa (a multidrug resistant strain) was carried
out [19]. The P. aeruginosa was isolated from endo-tracheal tract, sputum, pus,
and bronchoalveolar lavage. It was observed that upon exposure to UV light for
one hour, the TiO2 nanoparticles demonstrated antimicrobial effect on the noso-
comial pathogen at nanoparticle concentrations of 350 mg/ml and higher. Addi-
tionally, a 6-log increase in minimum inhibitory concentration values was gener-
ated for the cefotaxime against cefazidime.

In a related study, the photocatalytic effect of low-dose UV light-activated
TiO2 nanoparticles on the genome/proteome-wide expression of P. aeruginosa
was investigated two minutes post treatment [116]. They analyzed and quan-
tified the radical species released from P. aeruginosa biofilms and estimated
the contribution of such radicals in the damage and ultimate death of cells. It
was observed that the photocatalytic action of the TiO2 nanoparticles triggered
a decline in the expression of a large collection of genes/proteins responsible
for growth and signaling functions in parallel with the subsequent impacts on
coenzyme-independent respiration, cell wall structure, and ion homeostasis.
It was also observed that the nano-TiO2-mediated biocidal action or those
of other photoactive nanoparticles were counteracted by the cells as the
cells triggered numerous regulatory responses with no significant metabolic
function loss within the time scale of the experiment. They also established
clear-cut indications of nano-TiO2 selective catalysis in distinct cell-critical
systems. These researchers therefore proposed the combination of biological
and chemical methods to tackle the present limitations in understanding the link
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between microorganism transport and metabolic properties, and nano-TiO2
photo-induced biocidal efficacy. This would also benefit the proper definition of
the nature of photocatalyzed reactions, the cells that take part in the response,
and the degree at which nano-TiO2 biocidal action could be reversed.

The antimicrobial effect of TiO2 nanoparticles on another drug-resistant
nosocomial pathogen (methicillin-resistant Staphylococcus aureus, denoted as
MRSA) was demonstrated in a study by Jesline et al. [106]. The MRSA was
described as a major nosocomial pathogen linked to an array of infections
such as the catheter-related and surgical site infections, bacteremia, soft tissue
and skin infection, and pneumonia. They attributed the main contributory
factor for pathogen resistance of antibiotics to the formation of biofilms.
Additionally, the strong resistance to drugs by MRSA was described by their
formation of extracellular polymeric substances consisting of nucleic acids,
lipids, and polysaccharides. Importantly, a sessile bacteria that is embedded in
an extracellular polymeric substance is capable of withstanding the immune
responses from the host and as such becomes less accessible by antibiotics as
such drugs experience difficulties in penetrating the biofilm. These researchers
monitored the production of biofilms by the MRSA using the culture plate
method and thus reported that UV-mediated treatment with TiO2 nanoparticles
significantly suppressed the production of these biofilms. An earlier report also
explains that the ability of TiO2 nanoparticles to decompose organic compounds
lies on their constant release of superoxide ions and hydroxyl radicals that is
efficient for inhibiting MRSA growth [135]. Furthermore, Chorianopoulos et al.
investigated the photocatalytic effect of TiO2 nanoparticles on the production
of biofilms by the Listeria monocytogenes bacteria [136]. In that study, various
TiO2 nanoparticles were deposited on stainless steel and glass surfaces in a
doctor-blade strategy. These surfaces were irradiated with UV light after the
formation of the biofilms. They observed a fast log reduction of the biofilm
attributable to the presence of the UV-activated nanoparticles, compared with
the control test.

It has also been demonstrated that the addition of an inorganic salt (potassium
iodide) significantly increased the photocatalytic effect of TiO2 nanoparticles on
fungi and Gram-positive and Gram-negative bacteria by approximately six logs
[115]. The antimicrobial effect was dependent on the intensity of the applied
UV light, and the concentrations of the potassium iodide and TiO2 nanoparti-
cles. They established that the most effective potassium iodide concentration for
the enhanced antimicrobial effect was 100 mM. They observed that in the reac-
tion mixture, there was a generation of long-lived antimicrobial species that may
probably be iodine and hypoiodite, but more killing was produced by short-lived
antibacterial reactive species. Strategically, the iodide quenched the fluorescent
probes for singlet oxygen and the hydroxyl radicals. The TiO2–UV–potassium
iodide produced a tri-iodide (whose peak was observed at 350 nm and formed
blue compound with starch) but was intensively decreased when the MRSA cells
were present.

Nano-TiO2 has also been used to kill a broad spectrum of bacteria includ-
ing Escherichia coli, S. aureus, Bacteroides fragilis, P. aeruginosa, and Enterococ-
cus hirae, in a study on orthopedic implants infections [137]. In the clinic, the
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metal pins used for the application of external fixation devices or skeletal trac-
tions to manage orthopedic fractures are highly susceptible to pin site infections
[138]. These fractures most times are associated with bone and wound infections
[139]. The high adaptability of bacteria enabling their colonization on damaged
tissue cells or “inert” biomaterials surfaces remain the most critical complication
in the external fixation strategy for the management of pin tract infection [140].
Notably, the stability of pin–bone interfaces is reduced by the pin tract infection,
while an unstable pin–bone-fixator construct may cause half-pin loosening and
pin site infections [137]. The colonization of external fixators with bacteria such
as Staphylococcus epidermidis and S. aureus was reported in an earlier study by
Collinge et al. [141]. In developed countries, antibiotics are routinely adminis-
tered to ameliorate these infections, while other common practices include sur-
gical debridement, stabilization, and irrigation, when indicated [138]. Due to the
widespread use of antibiotics and the buildup of drug resistance in bacteria, the
need to develop alternative means for sterilization cannot be overemphasized.
Moreover, the conventional sterilization strategy of wiping is not effective at the
long run, time and staff intensive, and cannot be standardized, coupled with the
challenges associated with using aggressive chemicals for such practice [142].
For this reason, Tsuang et al. demonstrated that the coating of an orthopedic
implant with TiO2 nanoparticles could reduce bacteria-related colonization of
such implants and the associated infections [137]. They observed that almost all
the tested bacteria were killed following 50 minutes of UV irradiation of the TiO2
nanoparticles. Additionally, a decrease in the formation of bacterial colonies on
top of the nano-TiO2-coated metal plates. It was also established that the pho-
tokilling of the bacteria followed a two-step decay kinetics, wherein a relatively
lower rate was followed by a higher one. However, this was contrary to earlier
photokilling kinetic reports that were described by pseudo-first-order reactions
[143, 144].

1.4.2 Nanomedicine

Exploiting the optical properties of TiO2 nanoparticles, some researchers have
applied same for in vitro and in vivo cancer PTT [14, 15]. A recent strategic
research demonstrated the use of hydrogenated TiO2 nanoparticles in cancer
PTT, wherein the photothermal ability of the nanoparticles was attributed to their
dramatically improved non-radiative recombination [14]. They employed black
TiO2 nanoparticles for the PTT of cancer cells owing to the limitations of white
TiO2 nanoparticles as regards the mutagenicity and shallow penetration of UV
light. The hydrogenated TiO2 nanoparticles were coated with polyethylene glycol
(PEG) and were observed to possess good biocompatibility and low toxicity, low
cost and simple preparation strategy, and excellent near-infrared (NIR) effect. A
better cancer PTT ability triggered by NIR of the hydrogenated TiO2 nanoparti-
cles was observed as against photodynamic therapy (PDT) of TiO2 nanoparticles
induced by UV light.

In a related study, an NIR-triggered multifunctional nanoplatform comprised
of black TiO2 nanoparticles was successfully and rationally constructed for an
effective cancer theranostics [15]. These PEGylated nanoparticles demonstrated
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fascinating hemo/histocompatibility, wide absorption range, and high stability
and dispersity in aqueous solution. Irradiated by a single NIR laser, these
novel multifunctional nanoparticles showed high PDT/PTT synergistic cancer
therapeutic efficacy under photoacoustic/infrared thermal imaging. Notably,
the obstacles associated with the use of high laser power density, UV light,
multi-component nanocomposites, and combination cancer therapy were
circumvented by the use of these synthesized novel multifunctional theranostic
nanoparticles. Furthermore, these novel multifunctional nanoparticles demon-
strated negligible side effects to main tissues and blood in three months of
investigation.

The potential of nano-sized TiO2 as photosensitizers for PDT have indeed
been extensively investigated in the last few decades [2, 13, 62]. To this
end, photosensitizers based on TiO2 nanoparticles for cancer PDT were
prepared by incorporating zinc phthalocyanine (ZnPc) into the porous net-
works of the TiO2 nanoparticles as reported in a study by Lopez et al. [62].
These photosensitizers demonstrated negligible cytotoxicity following the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on
four mammalian cell lines and parasites, namely, human hepatocellular liver
carcinoma cells, human-derived fibroblasts, human acute monocytic leukemia
cell line, and the African green monkey epithelial cells. The mechanism for cell
necrosis following the PDT was determined by the preferential localization of
the photosensitizers in target organelles such as lysosomes or mitochondria.
Without an external impetus, TiO2 nanoparticles are excited by UV wavelengths
in the region of 320–400 nm, which are harmful to the human body due to the
fact that hemoglobin, melanin, and proteins are also excited in this UV range
[2]. Taking cognizance of this, Lopez et al. demonstrated that incorporating
the ZnPc increases the useful wavelength of the TiO2 nanoparticles to the
visible region, wherein an intercomponent electron transfer is achieved in the
molecular semiconductor–semiconductor oxide of the couple [62].

Similarly, ZnPc-integrated TiO2 nanoparticles have also been synthesized for
in vitro cancer PDT [145]. It was observed that the toxicity of ZnPc was reduced
by the TiO2 nanoparticles, while the ZnPc–TiO2 nanoparticles demonstrated
good PDT potential when tested differently with human healthy lung cell lines
(WI38), hepatocellular carcinoma (HepG2), and colorectal adenocarcinoma
tumor (HT29). The ZnPc–TiO2 nanoparticles were further labeled with 131I
radionuclide and it was observed that the 131I–ZnPc–TiO2 nanoparticles
demonstrated good potential for nuclear imaging. Recently, Yurt et al. synthe-
sized Subphthalocyanine (SubPc)-integrated TiO2 nanoparticles that were also
labelled with the 131I radionuclide (denoted as131I–SubPc–TiO2) [146]. When
treated differently with WI38, HepG2, and HT29, these nanoparticles also
demonstrated good potential as nuclear imaging and PDT agents.

Upconversion TiO2 nanoparticles have also been synthesized and applied
in the PDT of cancer [147–149]. The upconversion nanoparticles (UCNPs)
of NaYF4:Yb3+ and Tm3+@NaGdF4:Yb3+ were used for the synthesis of
UCNP@TiO2 nanoparticles for the NIR-induced photoactivation of the
TiO2 nanoparticles. The UCNP@TiO2 nanoparticles generated ROS-induced
apoptosis of tumor cells by reducing the mitochondrial membrane potential,
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subsequently releasing cytochrome C for the activation of caspase-3. To mitigate
the multidrug resistance of breast cancer cells, UCNPs of NaYF4:Yb/Tm-TiO2
as inorganic photosensitizers loaded with an anticancer drug doxorubicin
(DOX) were successfully synthesized and applied for the NIR-induced PDT of
breast cancer [149]. By exploiting the upconversion luminescence ability of the
NaYF4:Yb/Tm that converts NIR radiation to UV light, the TiO2 could then
generate sufficient ROS for effective PDT with observed low photo-damage and
deep penetration. The cellular uptake of these nanoprobes was enhanced by
their folic acid functionalization, enabling the accelerated release of DOX in the
drug resistant MCF-7/ADR and MCF-7 cells.

Recently, TiO2 nanoparticles were grafted into and outside UCNP@meso-
porous silica (UCNP@mSiO2) nanovehicle [148]. Furthermore, a UV-cleavable
derivative linker of o-nitrobenzene (TC linker) was employed as a “gate” for
the encapsulation of DOX inside the mSiO2. It was reported that upon NIR
irradiation, the emitted UV light excited the TiO2 to afford ROS, caused the
photodegradation of the TC linker and also enhanced DOX release for a
synergistic PDT and chemotherapy.

Furthermore, TiO2 nanoparticles have also been applied as drug carriers for
cancer chemotherapy. In this regard, the surfaces of TiO2 nanoparticles were
functionalized by phosphate, sulfate, and amine groups in a sol–gel synthetic
strategy with titanium butoxide [63]. These functionalized TiO2 nanoparticles
were further loaded with copper complexes to obtain potential drug delivery
systems with average sizes of 4–10 nm. Interestingly, the morphology of the
functionalized TiO2 nanoparticles and the structures of the copper complexes
remained unchanged after the drug loading. Additionally, cell viability tests
using these nanoparticles showed not less than a 90% survival for all the cell lines
tested. In another study, the porosity of TiO2 nanowhiskers (Ws) were exploited
for the loading of the anticancer drug daunorubicin (DNR) [150]. These TiO2
Ws demonstrated good biocompatibility and enhanced photocatalytic ability.
On irradiation with UV light, efficient PDT was observed on hepatic carcinoma
cells (SMMC-7721) as there was an increase in the intracellular concentration of
the DNR that obviously increased its anti-tumor efficacy as shown in Figure 1.6.
Moreover, the excellent drug delivery capacity of the TiO2Ws has been linked to
their large surface area and reactivity [2].

Nanoparticles of TiO2 have also been investigated for their application in sono-
dynamic cancer therapy as a result of the deep penetration capacity of ultrasound
radiation enabling the targeting of deep-seated tumors and other diseases [151].
Prior to the emergence of TiO2-based sonosensitizers for sonodynamic therapy,
most sonosensitizers used for generating ROS on ultrasonic activation were
organic compounds such as 5-aminolevulinic acid, phthalocyanines, porphyrin,
etc. [152, 153]. To investigate the utility of TiO2 nanoparticles for sonodynamic
therapy, Shen et al. synthesized TiO2-encapsulated Fe3O4 nanoparticles, denoted
as TiO2@Fe3O4 [151]. The TiO2 nanoparticles were employed as both sonosensi-
tizers and as carriers for the loading of DOX. It was observed that the core–shell
TiO2@Fe3O4 nanoparticles demonstrated a pH-dependent loading of DOX and
its subsequent release to MCF-7 and subline of the ubiquitous keratin-forming
tumor (KB) cells. Additionally, ROS were efficiently generated by the
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Figure 1.6 Fluorescence microscopic images of the SMMC-7721 cancer cells that were treated
with DNR (a), DNR–TiO2 nanoparticles (b), and DNR–TiO2Ws (c). (d) Illustration of the possible
mechanism for the cellular uptake of TiO2Ws in the SMMC-7721 cancer cells. Source: Adapted
with permission from Li et al. 2009 [150]. Copyright Elsevier Limited.

TiO2@Fe3O4 nanoparticles upon ultrasound irradiation. Owing to the enhanced
accumulation of the core–shell nanoparticles in the tumor region and the
long-time retention effect, a combinational sonodynamic and chemotherapeutic
outcome was observed, with minimal side effects. To illustrate this, they reported
that the combination therapy showed an 88.36% inhibitory effect as against
38.91% and 28.36% for sonodynamic therapy and chemotherapy, respectively.

In another study, TiO2–PEG nanoparticles were successfully synthesized and
also applied as sonosensitizers in a combination of photodynamic (PD) and sono-
dynamic therapies [154]. Upon irradiation of the nanoparticles with 5.0 mW/cm2

laser, the nanoparticles demonstrated an effective reduction in the viability and
membrane integrity of human glioblastoma cells U251. The generation of singlet
oxygen alongside other ROS after sonoactivation was utilized for sonodynamic
therapy using core–shell TiO2–polyallylamine micelle nanoparticles in a study by
Harada et al. [155]. Their findings are very important and capable of revolution-
izing imaging-guided sonodynamic therapy for diseases such as the neoplastic
maladies.

In combination with other macromolecules and nanomaterials, nano-sized
TiO2 has been used for the synergistic theranostics of certain diseases
[13, 151, 156, 157]. To this end, Zeng et al. synthesized TiO2–Fe3O4 nanocom-
posites and applied same for the theranostics of neoplastic disease [13]. The
TiO2 nanoparticles in the nanocomposites served as excellent photosensitizers
for PDT, while the Fe3O4 provided contrast enhancement for MRI. In another
experiment, TiO2 nanoparticles were used in combination with another pho-
tosensitizer chlorine e6 to obtain a synergistically enhanced PDT, contrary to
those obtained from the individual photosensitizers [156].
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Undoubtedly, medical implants have dramatically revolutionized orthopedic
surgeries, particularly the endoprosthetics. However, the liberal application
of cardiovascular stents and orthopedic implants have been hindered by
autoimmune reactions [2]. To this end, Ti and its alloys, especially TiO2-based
nanoparticles have been reported as effective surface coatings for orthopedic
implants to mitigate these reactions [158]. Additionally, there are suggestions
that TiO2-based nanoparticles provide safe tissue-recognition scaffolds in endo-
prosthetic surgeries [159]. To elaborate this, TiO2 nanotubes were synthesized
and used to ameliorate acetabulum hip joint or tibia-tarsal joint fractures in
prosthetic articular surgery [160]. The utility of TiO2 nanotubes in enhancing
osteoblast adhesion in vitro, strong bone adhesion in vivo, and bone mineral-
ization has also been documented [161]. In a pull-out testing after a four-week
implantation of TiO2 nanotubes in rabbit tibias, it was demonstrated that up to
a ninefold increase in bone-bonding strength was obtained against the use of
TiO2 grit-blasted surfaces.

1.4.3 Wastewater Treatment

Drinkable and clean water that is free of carcinogenic substances, harmful bac-
teria, and toxic chemicals is crucial for human health [97]. According to the 2018
World Water Development Report of the United Nations, the past decade has
witnessed a 1% yearly rise in global water demand, and it is expected that in 2050,
the demand for clean water will increase by about one-third of its present state
[162]. Importantly, the high demand for clean water is also increased as a result
of its crucial role in industrial processes such as in the production of electronic
devices, pharmaceuticals, paints, foods, and other beverages [163–166]. To
meet this ever-increasing demand for quality water supply, numerous efforts are
made to reclaim wastewaters both from households and industries. Advances
in nanotechnology and nanoengineering have demonstrated good promise in
achieving marked improvements in the quality of water, aided by nanosorbents
[167], nanocatalysts [168], nanoparticle-enhanced filtration [169], and bioactive
nanomaterials [170]. Owing to the fact that remarkable changes in the physical
and chemical properties and enhancements in the surface-to-volume ratios
(increase in surface reactivity) of materials are obtained when they are prepared
in nanoscales (1–100 nm), nanotechnology-based materials that reduce the
amounts of toxic substances to low levels could appreciably contribute to achiev-
ing good standards for water quality and decrease adverse health challenges
[171–173]. Various photocatalytic nanomaterials have been investigated in the
past decade for their water treatment abilities. These include the nanorods and
nanoparticles of zinc oxide [174, 175], nanocubes of silver chloride [176, 177],
quantum dots and nanoparticles of bismuth vanadate [178], and cadmium
sulfide [179, 180].

In recent times, environmental purification with TiO2 nanoparticles as a photo-
catalyst has attracted great attention due to their chemical stability, low pollutant
loading, low toxicity, self-cleaning ability, hydrophilicity, and availability at low
cost [97]. Specifically, wastewater treatment with TiO2 nanoparticles has been
demonstrated as an effective technique for degrading organic contaminants by
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photocatalysis [181]. The pH of the solution has been reported as a crucial param-
eter in the photocatalytic degradation reactions that take place on the surfaces
of the nanoparticles, as it controls the surface charge properties and size of the
aggregates formed by the photocatalyst [44, 181]. In this regard, Nasikhudin et al.
evaluated the efficacy of TiO2 nanoparticles for the photodegradation of methy-
lene blue at different pH conditions [44]. They reported that the TiO2 nanopar-
ticles have the anatase structure with average size of 27 nm. On exposure to UV
light, 97% of the methylene blue dye was photodegraded in three hours, while
a 15% photodegradation was observed without UV illumination at same time.
They attributed the 15% degradation to mere adsorption of methylene blue by
the TiO2, rather than photocatalytic degradation. They also observed that the
specific degradation of the methylene blue in acidic (pH 4.1), neutral (pH 7.0),
and basic media (pH 9.7) were 40%, 90%, and 97%, respectively, suggesting that a
better photodegradation of the organic pollutant occurs in alkaline medium. This
was attributed to the abundant hydroxyl groups in basic medium that can react
directly with a hole in the TiO2 nanoparticles, thereby generating -OH radicals.

The effects of varying the precursors and conditions in the sol–gel synthe-
sis of on the photocatalytic activity of TiO2 nanoparticles for the removal of an
organic pollutant was investigated in a study by Behnajady et al. [182]. Particu-
larly, these researchers varied the solvent percent, reflux time and temperature,
sol drying method, calcination temperature, and water percent. The organic pol-
lutant (C.I. Acid Red 27) was used as a model textile industry contaminant whose
photodegradation was monitored under the irradiation with a UV-C light. These
researchers established that the photo-induced degradation of the C.I. Acid Red
27 by the TiO2 nanoparticles was a function of solvent type, precursor type, and
other conditions of the synthesis process. In comparison to the commercial TiO2
P25, the TiO2 nanoparticles that were synthesized with titanium (IV) isopropox-
ide as precursor, methanol as the reflux solvent for three hours at 80 ∘C, coupled
with appropriate thermal drying of the sol, and calcination at 450 ∘C demon-
strated approximately same photocatalytic activity.

Several constraints have limited the utility of nano-TiO2 for large-scale water
treatment: (i) its large band gap (3.2 eV for the anatase phase) limiting its light
absorption at the UV region, wherein a small range (3–5%) of the solar spectrum
can be used for the activation of the nanoparticles, (ii) the quick e−/h+ recombi-
nation that occur during the TiO2 photocatalysis, and (iii) the occurrence of TiO2
nanoparticles in slurry form during the treatment process, making it particularly
difficult to recover and recycle the nanoparticles [183].

Interestingly, recent studies have also shown that embedding an Fe3O4 core can
improve the magnetic separation of TiO2 nanoparticles due to the fact that the
Fe3O4 itself is superparamagnetic at particle sizes less than 20 nm [97, 184–186].
It is worthy of note that this strategy has been employed in numerous studies
for the treatment of water and wastewater [187–190]. For instance, Chen and
coworkers synthesized Fe3O4@TiO2 nanospheres and tested same for the pho-
todegradation of Rhodamine B (RhB). The nanospheres demonstrated high crys-
tallinity degree and excellent magnetic properties that enabled the recovery of
the nanospheres by magnetization. Following UV irradiation of the nanospheres,
the intensity of the absorption maximum of RhB at 552 nm decreased with time.
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They observed that the UV-induced degradation of the RhB was initially fast and
later became slow. Additionally, the Fe3O4@TiO2 nanospheres could not degrade
RhB in the dark, confirming that the degradation process was photo-induced. The
degradation of RhB was also observed to be very slow in the absence of the pho-
tocatalyst. Taken together, the 95% degradation of the RhB dye in 60 minutes
recorded with the nanospheres was superior to the 55% degradation recorded
with a commercial photocatalyst (P25), thus confirming the excellent synergy
between the Fe3O4 and TiO2nanoparticles.

Other researchers have also proposed other strategies to improve the photo-
catalytic ability of TiO2 nanoparticles including surface sensitization, inclusion
of an inert support, incorporation of metal ion or noble metals, transition and
non-metals doping, and synthesizing nanocomposites of other nanomaterials
with TiO2 nanoparticles [183, 191]. For instance, Li et al. reported that TiO2
nanoparticles can be doped with SiO2 or alumina to improve its photocatalytic
performance, surface area, and/or thermal stability [192]. Nano-TiO2 can
also be anchored onto carbon-based materials including carbon nanotubes
(CNTs) [193–195], graphene [196–198], and carbon nanofibers [199], to obtain
nanohybrids with improved photocatalytic abilities for wastewater treatment.
Carbon-based materials offer suitable anchors for TiO2 due to their fascinating
chemical resistance [200], mechanical [201], thermal [202], electrical [203–205],
and optical properties [206, 207], coupled with the fabrication of structures
with optimized pore and surface properties [208–210], giving rise to fast charge
transfer on the TiO2/carbon hybrid composites [211, 212]. Carbon-based
TiO2 nanoparticles are not only used for the treatment of wastewater but
have also been applied for the production of hydrogen by the photocatalytic
water splitting [213–215], antibiotic photocatalyst [216], and photodegradation
of biological pollutants [217, 218]. In particular, CNTs and graphene show
potential for contributing to the enhancement of the photo-induced activities of
TiO2 nanoparticles, owing to their large surface area, decrease of electron/hole
recombination, tuning band gap for visible light catalysis, and excellent active
sites [219].

Some mechanisms have been proposed for the photocatalytic behavior of
TiO2/CNTs: first, the nanotubes may behave as photosensitizers by facilitating
electron transfers to the surfaces of the TiO2 nanoparticles, which might be
responsible for effectively extending the photocatalytic activity of the TiO2 to
the visible light region [220, 221]. Second, the CNTs can assume the role of an
effective electron sink, which is typical of p-type semiconductors [222], and
also create a form of Schottky barrier (a space-charge region) at the interface
of the TiO2/CNTs. Irrespective of the fact that TiO2 exhibits the behavior of
typical n-type semiconductors, CNTs cause the movement of photo-induced
electrons in the TiO2 to freely migrate toward the direction of the CNTs,
which may possess a lower Fermi level that can be likened to that of a metal
[219]. Additionally, some other researchers have proposed a range of hypoth-
esis for the TiO2/CNTs photocatalytic mechanism [218, 223]. Application of
TiO2/nanocarbon composites in advanced oxidation processes for wastewater
treatment may show good self-purification effects in comparison with ozona-
tion and UV light irradiation. On an industrial scale, the nanocomposites are
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expected to demonstrate effective wastewater treatment in advanced oxidation
technologies due to the ability of the nanocarbon materials to form tight support
to immobilize the TiO2 nanoparticles, thereby inhibiting the nanoparticles loss
as the fluid stream flows [224, 225].

In a study by Matsunaga and Inagaki, carbon-coated TiO2 nanoparticles were
synthesized and applied for the photodegradation of methylene blue [226].
Specifically, they mix the powders of anatase TiO2 and poly(vinyl alcohol) in
a 90/10 mass ratio and heated same at various temperatures (500, 600, 700,
800, 900, and 1000 ∘C) for one hour. They measured the carbon contents
in the nanoparticles following combustion of same in air at 800 ∘C. They
observed that the anatase phase of the TiO2 remained stable up to 700 ∘C
after carbon coating with a slight improvement in crystallinity, while carbon
content was 5% by mass. Heat treatment above 800 ∘C commenced the phase
transformation from the anatase to rutile phase with carbon content of 3.6%
by mass. A complete phase transformation to the rutile phase was observed
at 900 ∘C heat treatment. At this temperature, the rutile phase was observed
to react with the coated carbon, giving rise to a reduced TiO2 phase identified
as Ti9O17 following the X-ray diffraction analysis. The heat treatment up to
1000 ∘C was dominated by the Ti9O17 with a small carbon content of 1.4 wt%.
The methylene blue photodegradation at room temperature and concentration
of 1.4× 105 mol/l under 1 mW/cm2 UV irradiation was best observed with
the carbon-coated TiO2 nanoparticles after 800 ∘C heat treatment. They also
observed a reduction in the photodegradation rate constant for the methylene
blue at temperatures higher than 800 ∘C, attributed to the dominance of the
reduced TiO2 phase (Ti9O17). In another study, chitosan–TiO2 nanocomposite
fibers were synthesized and applied for the degradation of organic contaminants
in wastewater [227]. Various TiO2 loadings (1, 5, 10,15, and 20 wt%) were
used to understand the effect of varying the concentration of TiO2 on the
photocatalytic property of the nanocomposite fibers. The researchers separately
kept each chitosan–TiO2 nanocomposite fibers formulation in each salt solution
of CuSO4, NiSO4, AgNO3, and CoNO3 and observed that the metal ions of
the salts (Cu2+, Ni+, Ag+, and Co2+ ions) were loaded onto the nanocomposite
fibers. This led to the reduction of these ions to their corresponding zero-valent
metal nanoparticles (ZV-MNPs) such as Cu0, Ni0, Ag0, and Co0, following a
NaBH4 treatment. The ZV-MNPs-templated chitosan–TiO2 fibers were then
applied for the photo-induced degradation of some organic dyestuffs (methyl
orange, methylene blue, acridine orange, and congo red) and nitrophenols
including 2-nitrophenol, 3-nitrophenol, 4-nitrophenol, and 2,6-dinitrophenol.
Among all the tested ZV-MNPs-templated chitosan–TiO2 fibers, Cu0 ZV-MNP
with 15 wt% TiO2 demonstrated the highest photocatalytic efficiency for
the degradation of the organic dyes and nitrophenols. Moreover, the Cu0

ZV-MNP-templated fibers could easily be recovered from solution after the
photodegradation process by a simple pull-out of the fiber from the medium.

Furthermore, chitosan–TiO2 nanoparticles were modified with tungstophos-
phoric acid (TPA) and investigated for their photobleaching activity on an
organic dyestuff malachite green in a study by Rengifo-Herrera et al. [228].
Various TPA/TiO2 to chitosan ratios (10%, 20%, 30%, and 40% w/w) were
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employed in the study to determine the effect of varying the ratios on the
photobleaching capacity of the photocatalysts. They observed an effective
dispersion of the TPA/TiO2 nanoparticles through the films of the chitosan
by scanning electron microscopy that was coupled with energy dispersive
X-ray spectroscopy. Additionally, weak interactions between the TPA/TiO2
nanoparticles and the functional groups on the chitosan by Fourier transform
infrared spectroscopy. With respect to the photobleaching of malachite green,
the chitosan-TPA/TiO2 nanoparticles with 30% w/w ratio demonstrated the
highest photocatalytic activity upon exposure to UV-A and visible light. The
photocatalytic effect observed with this formulation (30% w/w ratio) was higher
than that recorded for chitosan films with same amount of the commercial
Evonik P25. Particularly, the 30% w/w ratio formulation exhibited an excellent
photobleaching performance at irradiation wavelengths above 450 nm that was
accompanied by a slight fading of the color of malachite green at wavelengths
above 590 nm. After five reuse cycles, the 30% w/w ratio formulation also
demonstrated impressive stability and malachite green photobleaching. Notably,
as a result of N-demethylation oxidative reactions, a hypsochromic shift was
observed for the wavelength of maximum absorption for the malachite green.
These researchers therefore established that the TPA–modified chitosan–TiO2
nanoparticles could induce a solid–gas interface photobleaching of malachite
green by an oxidative path, following photosensitized and photocatalytic routes.

As rapid industrialization in various countries has expanded the appli-
cation of numerous synthetic dyestuffs in industrial processes to meet the
ever-increasing consumer product demand. Wastewater containing industrial
dye stuffs has been reported to be highly refractory due to its high concen-
tration of organic compounds and salts, making it less biodegradable in the
environment [229, 230]. In order to save the natural environment and reduce the
bioaccumulation of these synthetic dyestuffs, the direct discharge of industrial
wastewater to local water treatment plants or environmental waterways should
be discouraged [231, 232]. Rather, the on-site pre-treatment of these industrial
effluents to ensure that most of the toxic parent synthetic azo-compounds and
their intermediates or derivatives are appreciably reduced before discharging
same to waterways or local water treatment plants [233]. It has been pointed
out in a study by Chong et al. that the main challenges for the application
of photocatalytic nanoparticles in advanced industrial dye treatment are to
improve the separation and ultimately recover the used photocatalysts as to
prevent same from entering the environment [70]. To this end, these researchers
synthesized a functional form of TiO2–zeolite nanocomposites by a modified
sol–gel method with titanium IV butoxide as the precursor and applied the
nanocomposites for the enhanced treatment of industrial dye-contaminated
water and the recovery of the nanocomposites after treatment. They observed
that the nanocomposites-enhanced removal of the industrial dye (reactive black
5 dye) followed a pseudo-first-order reaction with a rate constant of 0.042 per
minute at low concentration of the dye. This indicated that the TiO2–zeolite
nanocomposites followed an adsorption-oriented industrial dye removal by
photocatalytic degradation that could benefit the removal of untreated and trace
dye stuffs at the treatment stage of industrial dye wastewater.
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Furthermore, it was reported that sustainable and effective treatment of
the wastewater from hospitals is often challenging to environmental and
wastewater engineers worldwide [234, 235]. This is because such wastewa-
ter usually contains pharmaceutical, radioactive, and chemical substances,
alongside numerous pathogenic microorganisms [236, 237]. The dominance of
pharmaceutical and radioactive compounds in the environment that resulted
in the contamination of drinking, surface, and ground waters has been doc-
umented in the literature [238–240]. In this regard, the assessment of TiO2
nanofibers for the treatment and biodegradability enhancement of a phar-
maceutical compound (carbamazepine) in a hospital wastewater mimic was
conducted in a study by Chong and Jin [56]. The hospital wastewater mimic
was prepared by dissolving 5000 μg/l of the carbamazepine in municipal
wastewater obtained from a water treatment facility in South Australia, while
the TiO2 nanofibers were synthesized by the hydrothermal method in NaOH,
followed by an ion exchange post-synthesis in HCl. They observed that the
TiO2 nanofibers removed 78% of the carbamazepine, 23% phosphate, and 40%
chemical oxygen demand (COD) within four hours. Additionally, a shift in the
molecular weight of the organic fractions in the synthetic hospital wastewater
from >10–1000 to <10 kDa demonstrated that the photocatalytic treatment
with the TiO2 nanofibers could appreciably enhance the biodegradability of
the organic compound. Moreover, the nanofibers-mediated photodegradation
profile of the carbamazepine at high concentrations in the hospital wastew-
ater mimic was better described by the Langmuir–Hinshelwood kinetics
model.

1.4.4 Air Treatment

On the other hand, air pollutants such as the nitrates and sulfur dioxide have
potentials for generating persistent negative effects on human and animal health.
As it is with water treatment, TiO2 nanoparticles are the most extensively
studied photocatalysts for improved air purification. The photocatalysis of TiO2
nanoparticles stands tall as one of the various efficient advanced oxidation pro-
cesses for the decomposition of microbiologically and chemically stable volatile
organic compounds (VOCs). Unfortunately, advances in the photocatalysis
of these nanoparticles have been significantly hindered by their relatively low
surface area and poor adsorption properties for organic compounds [241]. A
group of researchers reported an enhancement of the removal of NO using
TiO2 nanoparticles that were coated with carbon [226]. For this purpose, they
dissolved 0.03 g of the nanoparticles in acetone under a supersonic vibration.
The dissolved nanoparticles were then spread on a filter paper and exposed to an
NO-containing air bubbled in a distilled water column with an NO concentration
of 0.6 ppm and flow rate of 3 l/min at room temperature. The nanoparticles
were illuminated with UV light for 60 minutes and another 30 minutes without
illumination for 10 repeated cycles. Two UV lamps with power of 19 W and
158 mm away from the nanoparticles were used for the illumination through
quartz glasses whose thickness were 5 mm. Then, the NO concentration in the
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gas and that of the reaction product (NO2) were measured by chemilumines-
cence at one minute interval. They observed a decrease in the NO concentration
in the effluent gas within one minute of UV irradiation. Turning off the UV
lamp resulted in a return of the NO concentration to its initial concentration,
also within one minute. Additionally, high decomposition of NO, i.e. high
photoactivity, was recorded with the carbon-coated TiO2 nanoparticles calcined
at 500 and 600 ∘C as against those calcined at temperatures between 700 and
1000 ∘C. This was attributed to the high abundance of anatase TiO2 obtained
at calcination temperatures of 500 and 600 ∘C, whereas the rutile phase was
prominent above those temperatures, i.e. between 700 and 1000 ∘C. Moreover, a
larger decomposition fraction value was observed in the first cycle, followed by
a near-constant decomposition from the second cycle onward.

For the purpose of exploiting the high photocatalytic ability of TiO2 nanoparti-
cles, numerous reactor designs have been developed and tested, including honey-
comb [242], carberry type [243], fluidized bed [244], and the multi-tubular type
[245]. Most of these reactors employ immobilized TiO2 on the surfaces of alu-
minum [243, 246], glass [247, 248], concrete [249], or carbon [250–252]. The first
substrate, i.e. aluminum, is one of the most commonly used supporting mate-
rials that is mainly attributed to its ability to withstand high temperatures dur-
ing the calcination process, and its high transparency. Additionally, its design
ease, strength, and low price have been reported as factors that have increased
the choice of aluminum substrates over others, irrespective of its seldom deacti-
vation effect on the catalyst [253]. The deactivation effect has been attributed
to its migration from the support to the catalyst with subsequent Al2O3 and
Al(OH)3 coexistence [241]. Furthermore, the application of aluminum substrate
for most photocatalytic processes with TiO2 nanoparticles has been suppressed
by its sodium content, which is detrimental to TiO2 photocatalytic property in
situations whereby high temperatures are required to treat the deposited film
[254, 255]. This drawback can be addressed by introducing amorphous SiO2 layer
barrier between the carrier and the TiO2 film [256, 257] or employing the mixed
film of TiO2/SiO2 [258, 259].

In this regard, Šuligoj et al. immobilized TiO2 nanoparticles on porous SiO2
substrate and investigated its air-cleaning effect [241]. These researchers used
titania in aqueous solutions from two different sources: a TiO2 sol that was
prepared at low temperature at the University of Nova Gorica and a TiO2
suspension obtained from a producer of TiO2 at Slovenia, Cinkarna Celje.
They also employed two different mesoporous SiO2 types: SBA-15 that had
an ordered arrangement of hexagonal pores and KIL-2 that had a disordered
mesoporosity between the particles. These researchers then monitored the
adsorption properties, photocatalytic activities, and structural characteristics
of the catalysts that were deposited as thin films on aluminum plates. They
observed higher air-cleaning and adsorption activities with the TiO2 produced
at Slovenia, Cinkarna Celje. They attributed this to the higher amount of Ti–OH
groups on its surface in comparison with the TiO2 sol prepared at the University
of Nova Gorica. Moreover, the introduction of the mesoporous SiO2 increased
the adsorption and photocatalytic activities for both sources of the TiO2 with
the SBA-15 showing enhanced effect than the KIL-2.
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In another study, nano-TiO2 were conjugated with a metal–organic frame-
work, NH2-UiO-66 and applied for the purification of VOCs [260]. The
TiO2@NH2-UiO-66 was synthesized by employing the hard–soft acid–base
strategy with tunable TiO2 size and content. It was observed that the
TiO2@NH2-UiO-66 nanocomposites increased the separation of electrons
and holes generated by UV illumination following an appreciable extension
of optical absorption in comparison to bare TiO2. This was also attributed to
the intriguing interface contact between the NH2-UiO-66 and TiO2. Moreover,
an effective diffusion of the VOCs into the pores of the outer NH2-UiO-66
was enabled by their abundant 3D cavities that were interconnected. This was
responsible for the observed high concentration microenvironment of the
VOCs around the embedded TiO2. A significantly enhanced photocatalysis
and deactivation resistance in the course of the gaseous styrene photo-induced
degradation under visible light irradiation was also observed. This was ascribed
to the synergism between the NH2-UiO-66 and TiO2. Whereas the photodegra-
dation efficiency for the removal of styrene achieved with bare TiO2 was 32.5%
in 600 minutes, up to a 99% removal ratio and efficient mineralization of the
styrene to CO2 was obtained with the TiO2@NH2-UiO-66 nanocomposites that
possess 5 wt% TiO2.

Since the promotion of an air-cleaning TiO2-based paint (KNOxOUT) by
Pacific Paints (Boysen) Philippines, Inc., which has the capacity of cleaning
nitrogen oxides (NOx) from automobile emissions [261], research into the utility
of TiO2 nanoparticles for air purification has increased tremendously. Nitrogen
oxides are known respiratory irritants and ground-state ozone precursors.
For instance, Le et al. recently investigated the air-cleaning ability of a silver
nanoparticles-coated air filter with TiO2 nanoparticles [262]. The nano-TiO2 with
average size of 16–20 nm were prepared by the sol–gel synthetic strategy and
placed on a porous quartz tube with a diameter of 74 mm, length of 418 mm, and
deposit density of about 16.4 mg/cm2. The formation of the photocatalytic filter
tube by this deposition process was mediated by a poly(methylmethacrylate)
layer. Additionally, they synthesized silver nanoparticles with average size of
about 20 nm by the aqueous molecular solution method and coated same on a
polypropylene pre-filter. They observed that a high VOCs, fungi, and bacteria
degradation was obtained with four photocatalytic filter tubes, four UVA lamps
operating at 36 W, an electrostatic air filter, and an air cleaner whose capacity was
250 m3/h. Interestingly, this air-cleaning equipment demonstrated more than
99% killing of the microorganisms after passing air through it. Furthermore, the
degradation of various VOCs differed with time. They observed a 43% oxidation
of benzene in 150 minutes, and the removal of 80% acetone, 91.6% butanol, and
70.1% diethyl ether in 100, 55, and 120 minutes, respectively, using a 10 m3 box.
These researchers also tested the air-cleaning equipment in practical (real-life)
condition at E Hospital, Hanoi, Vietnam. In an intensive care room, 69% and
63% bacteria and fungi, respectively, were killed in six hours using a 125 m3 box.

Similarly, the sol–gel method was used by Haider et al. to prepare TiO2
nanoparticles and also investigated same for air purification [263]. They
employed a titanium trichloride precursor and calcinations at two temperatures
(500 and 900 ∘C). At 500 ∘C, the nanoparticles were observed to have the
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anatase structure, while a rutile structure was observed for the nanoparticles at
900 ∘C. Moreover, increasing the calcination temperature consequently increase
crystallinity of the product. The indoor and outdoor air-cleaning abilities of the
nanoparticles were investigated using glass substrates coated with the nanopar-
ticles. The TiO2 nanoparticles-coated films exhibited good permeability, optical
activity, and a low water contact angle. The aforementioned properties are
characteristic of materials applicable as self-cleaning agents. These researchers
therefore inferred that the synthesized TiO2 nanoparticles could be used as
surface coating in microbiological sensitive areas such as hospitals and food
factories to mitigate air pollution. Notwithstanding the various studies on the
utility of TiO2 nanoparticles for air cleaning, some researchers have reported
that the mechanism for this application is still unclear [261, 264].

1.4.5 Energy Devices

The ever-increasing growth in nanoscience and nanotechnology research has
showcased new chemical and physical properties of TiO2 nanoparticles, thereby
providing new avenues for developing nano-sized solar cells composed of TiO2
[38]. In this regard, TiO2 nanoparticles have been recently synthesized in various
forms, wherein their surface areas are maximized to facilitate the interface
reaction between the interacting media and the TiO2 nanoparticles in photo-
voltaic devices [93]. Surface modification has proven to affect the interfacial
energy offset and transport, charge separation, and the recombination processes
of TiO2 nanoparticles [7, 265]. Among the various TiO2 nanoparticle forms,
nanowhiskers have been reported to be the most suitable for the fabrication of
solar cells and windscreens due to their enhanced charge transportation [2].
In order to enhance the effective collection of electrons that are injected into
the TiO2 nanoparticles, high electron mobility of the nanoparticles are greatly
desired [38].

As a consequence of the exposed surface area and high surface reactivity of
TiO2, it undergoes physical and chemical transformations by its interaction with
some environmental factors (sunlight, natural organic matter, ionic species, etc.)
in practical applications [93]. This behavior has been attributed to aggregation
process where e.g. either the hydroxyl groups on the TiO2 surface interacts with
various components in aqueous medium or pH variation during the photocat-
alytic process generates particle aggregation [266]. Therefore, an in-depth knowl-
edge of the transformations of TiO2 nanoparticles in aqueous irradiated sus-
pensions is essential in understanding their photocatalytic behaviors. A general
overview of the photocatalytic applications of TiO2 nanoparticles is presented in
Figure 1.7.

It has been reported that the major setback for the use of TiO2 nanoparticles
in semiconductor-based sensing devices is their relative humidity sensitivity,
making the response of such sensors in environments with variable humidity
to be unreliable [265]. The presence of the hydroxyl groups on the surfaces of
these nanoparticles have been attributed to be responsible for these sensitivity
variations [266]. The surface chemistry of TiO2 nanoparticles is rather complex
and highly dependent on the preparation route and the crystalline state of the
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Figure 1.7 Illustration of the general photocatalytic applications of TiO2 nanoparticles. Source:
Adapted with permission from Nakata and Fujishima 2012 [36]. Copyright Elsevier Limited.

nanoparticles [267]. For the purpose of reducing the impact of these hydroxyl
groups, surface modification of the TiO2 nanoparticles were carried out by
grafting with hexamethyldisilazane, thereby reducing the density of the hydroxyl
groups and the cross-sensitivity of the sensor to humidity [265].

1.4.6 Water Splitting for Hydrogen Production

Chemical fuel production by the conversion of solar energy is regarded as a cru-
cial strategy for ameliorating the present-day world energy challenges [268, 269].
Right from the early discovery of water splitting on an electrode of TiO2 in 1972
[1], photocatalysis has attracted much interest as a promising technique for
the production of environmentally friendly, clean, and low-cost hydrogen (H2),
using the solar energy [270, 271]. For an effective water splitting, titania has
proven superior to other oxide semiconductor photocatalysts due to its chemical
and biological inertness, environmental friendliness, long-term stability against
chemical and photo-corrosion, availability, and cost effectiveness [272–275].
Owing to the fact that bare TiO2 demonstrates relatively poor photocatalytic
behavior, photocatalytic production of H2 on TiO2 highly depends on the
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amount and nature of cocatalysts [276, 277]. This is due to the fact that TiO2
is mainly active under UV illumination to overcome the anatase phase band
gap (3.2 eV) [278] and exhibits fast e−/h+ recombination owing to its high trap
states density [279, 280]. It then follows that appropriate band gap engineering is
necessary in order to utilize TiO2 as a semiconductor photocatalyst for enhanced
H2 production by water splitting. Earlier on, some cations such as Ag, Al, Mn, Cr,
Fe, V, Sb, Nd, and Ru were employed as dopants for the effective introduction of
states into the band gap of TiO2 [281]. However, Asahi et al. reported that various
issues such as enhanced centers for carrier recombination, the importance of a
low-cost facility for ion-implantation, and thermal instability present obvious
challenges to this technique [282]. These researchers rather suggested that nitro-
gen doping into the TiO2 provides an improved avenue for band gap engineering
than cationic or anionic doping. Notwithstanding, a later experimental and
theoretical study raised some reservations about the suitability of the n-doping
technique as the most efficient doping strategy [283]. Moreover, the reported
photocatalysis of the n-doped TiO2 for the photo-induced reduction of water to
produce H2 is relatively low [284].

In order to enhance H2 production by water splitting with TiO2 nanoparticles, a
group of researchers added platinum (Pt) as a cocatalyst to the nanoparticles and
observed an enhanced evolution of H2 in the presence of some sacrificial reagents
[37]. Unfortunately, the scarce nature and high cost of the noble metal Pt poses
a challenge on the scalability of this strategy. Park et al. reported the success-
ful synthesis of carbon-doped TiO2 nanotubes for effective H2 evolution [275].
The nanotubes were vertically grown and demonstrated high aspect ratios that
enabled the photocleavage of water molecules in the presence of white light irra-
diation. They observed that the synthesized nanotube arrays also demonstrated
far much higher water splitting efficiency and photocurrent density on expo-
sure to visible light with wavelength of more than 420 nm in comparison with
bare TiO2 nanotubes. Additionally, the carbon-doped TiO2 nanotube arrays out-
performed the commercial photocatalyst (P-25) with more than 20 times higher
photocurrent under visible light irradiation.

In another experiment, Chen et al. demonstrated a conceptually different
strategy for the enhancement of solar absorption and its consequent utility for
water splitting by black TiO2 nanocrystals following the introduction of disorder
in the nanophase surface layers by hydrogenation [89]. The TiO2 nanocrystals
were prepared with a TTIP precursor in the presence of ethanol, deionized
water, an organic template Pluronic F127, and hydrochloric acid. This yielded
the nanocrystals that were further calcined for six hours at 500 ∘C for the
purpose of removing the Pluronic F127 and enhance the TiO2 crystallization.
For the purpose of introducing the disorders into the nanophase of the TiO2,
these researchers generated a porous TiO2 nanocrystals network that was
<10 nm and hydrogenated the material. The disorder-engineered nanocrystals
demonstrated a shift in the absorption onset from UV to NIR region after the
hydrogenation process that was accompanied by a remarkable color change.
They also reported that the disorder-engineered nanocrystals showed marked
photocatalytic activities such as organic compounds photo-oxidation in water
and the evolution of H2 using sacrificial donor in the presence of solar light.
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Particularly, 0.2 mmol H2 was generated by 0.02 g of the disorder-engineered
black nanocrystals in one hour of solar irradiation, i.e. 10 mmol/h for every gram
of the black TiO2 photocatalyst. Notably, the production rate for H2 reported by
these researchers was higher than those of many semiconductor photocatalysts
by a magnitude of about 2 orders [271, 285].

In a related experiment by Wang et al., H2 treatment was demonstrated as
an effective and facile technique to enhance the photocatalytic activity of TiO2
nanowires for H2 evolution by water splitting, following photoelectrochemical
means [286]. These researchers annealed pristine rutile TiO2 nanowires at differ-
ent temperatures ranging from 200 to 500 ∘C in a H2 atmosphere to successfully
synthesize the H2-treated rutile TiO2 nanowires, denoted as H : TiO2 nanowires.
They observed that the H : TiO2 nanowires demonstrated significantly improved
photocurrent all through the potential window in comparison with pristine
TiO2 nanowires. More importantly, low photocurrent saturation potentials of
−0.6 V versus Ag/AgCl (0.4 V versus reversible hydrogen electrode [RHE]) were
obtained with the H : TiO2 nanowires that show that these nanowires could
efficiently separate and transport charges. Additionally, a photocurrent density
of about 1.97 mA/cm2 was achieved with the optimized H : TiO2 nanowires
in 1 M NaOH at −0.6 V versus Ag/AgCl in an imitated solar light illumination
from a 150 W Xenon lamp, operating at 100 mW/cm2

, and coupled with a 1.5
G AM filter. The photocurrent density obtained for the H : TiO2 nanowires
corresponds to about 1.63% solar-to-H2 efficiency. These researchers further
established that a solar-to-H2 efficiency of about 1.1% (best value for TiO2-based
photoanode) could be obtained for the H : TiO2 nanowires. They achieved this
by an integration of the spectrum of incident photon-to-current conversion
efficiency (IPCE) of the nanowires with a standard 1.5 G AM solar spectrum,
so as to eliminate the discrepancy between solar light and the xenon lamp
irradiance. Theoretically, rutile TiO2 (optical band gap = 3.0 eV) was predicted
to afford about 2.25% photoconversion efficiency at the maximum with a
100 mW/cm2 and 1.5 G irradiation, but the reported efficiency and photocurrent
densities for TiO2-based photoanodes still fall below this theoretical prediction
[287]. The enhancement of the photocurrent for the H : TiO2 nanowires was
ascribed to an improvement in the photocatalytic activity of TiO2 nanoparticles
in the UV range as ascertained by IPCE analyses. Furthermore, the H2 treatment
increased the TiO2 nanowire donor density by a magnitude of 3 orders, through
the creation of high oxygen vacancies density that serve as effective electron
donors. These researchers also obtained similar photocurrent enhancements
with H2 treated anatase TiO2 nanotubes.

Differently, mesoporous TiO2 nanoparticles with regular mesopore and
interpenetrated systems have gained recent research interest based on their
intriguing properties such as environmental benignity, tunable mesostructures
and pore sizes, low cost, excellent optical and electronic properties, high
specific surface areas, and good chemical stability [288–290]. Irrespective
of their potentials for photoelectrochemical water splitting and application
in photovoltaic cells, numerous research have focused on enhancing their
photocatalytic activities by enhancing their abilities to absorb solar light, charge
separation, and transport [291–293]. Additionally, several strategies such as
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band gap engineering, controlling heterojunctions, optimizing exposed facets,
and maximizing crystallinity have been employed for the design of performance
mesoporous TiO2 materials with improved performance [294–298]. In this
regard, Zhou et al. demonstrated the simple synthesis of mesoporous black
TiO2 nanomaterials with ordered mesostructures, high crystalline anatase
walls, and high surface areas [299]. The mesoporous black TiO2 nanomaterials
were synthesized by an evaporation-mediated self-assembly in combination
with an encircling process with ethylenediamine. They elaborated the fact
that employing a high surface area and thermally stable mesoporous TiO2
precursor for the hydrogenation is very crucial for the fabrication of the
ordered mesoporous nanomaterials. This facilitates the diffusion of H2 gas into
the TiO2, interaction of H2 gas with TiO2 structures, maintains the ordered
mesoporous structures, inhibits phase transformation (anatase to rutile), and
crystal formation in the hydrogenation process at 500 ∘C. They observed that the
ordered mesoporous nanomaterials possess large pore size of about 9.6 nm, high
surface area of about 124 m2/g, and large pore volume of 0.24 cm3/g. Notably, an
extension of photoactivity (from UV to visible and NIR regions) was observed
for the ordered mesoporous nanomaterials. Moreover, the ordered mesoporous
nanomaterials demonstrated a substantially high photocatalytic H2 generation
rate (136.2 μmol/h) approximately two times higher than the observed rate for
pristine ordered mesoporous TiO2.

Furthermore, it has been reported that the addition of a layered structure
of molybdenum disulfide (MoS2) could enhance the production of H2 by
photocatalysis with TiO2 [300]. This may have been guided by the progress
made so far on H2 evolution with MoS2 as an electrocatalyst [301–304].
However, the potential of MoS2 as a cocatalyst for the evolution of H2 by
photocatalysis has only gained sporadic attention, irrespective of the high
activities demonstrated by this cocatalyst in heterogeneous catalysis for H2
production [305–307]. In a bid to exploit the potential of MoS2 to combine
with TiO2 nanocrystals and enhance H2 production, Xiang et al. investigated
the synergistic effect of the cocatalysts MoS2 and graphene on the photo-
catalytic activity of TiO2. Graphene has also been reported in other studies
as a promising cocatalyst for the evolution of H2 by photocatalysis due to
its intriguing electron mobility and specific surface area [308–311]. Lever-
aging the intriguing properties of graphene and MoS2 as cocatalysts, their
composite nanomaterial with TiO2 nanocrystals were prepared following a
facile two-step hydrothermal strategy employing tetrabutylorthotitanate as
the precursor for TiO2 and thiourea, graphene oxide, and sodium molyb-
date as precursors for the graphene/MoS2hybrid. The TiO2/graphene/MoS2
nanocomposite exhibited a quantum efficiency of 9.7% under a UV irradiation
of 365 nm. Additionally, a high rate for the production of H2 (165.3 μmol/h) was
obtained with the nanocomposite when the composition of the graphene/MoS2
cocatalyst was 0.5 wt% and the graphene composition in this cocatalyst was
5.0 wt%. The high photocatalytic activity observed with the nanocomposite
arose from the synergistic effect of the graphene and MoS2 in the hybrid
cocatalyst, serving as source of sites for adsorption and an electron collector,
respectively.
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1.4.7 Food and Cosmetics

Indeed, advances in nanoscience and nanotechnology have markedly pro-
vided benefits to various fields, including the food and cosmetic industries
[312]. As such, some nanomaterials, particularly TiO2 nanoparticles have
been widely applied in food processing, packaging, nutrition, and healthcare
products [313–315]. For instance, the application of TiO2 nanoparticles in food
packaging was investigated by using same as a material for the disinfection
of L. monocytogenes biofilm-contaminated packaging surfaces [136]. It was
observed that the nanoparticles decreased the formation of the biofilms by
3 log CFU/cm2 following UV irradiation for 90 minutes.

In a related experiment, TiO2 nanoparticles were coated on a food pack-
aging film (low density polyethylene) and their capacity to inactivate E. coli
was investigated under fluorescent and UV lights [316]. Under UV light,
the antimicrobial effect of the nanoparticles was higher than that which was
observed under fluorescent light and depended on the concentration of the
nanoparticles and exposure time. Recently, Xie and Hung embedded TiO2
nanoparticles in the biodegradable film of cellulose acetate and irradiated same
with a 1.3 mW/cm2 intensity UV light for two hours [95]. They observed that
the nanoparticle-embedded film demonstrated a 1.69 log CFU/ml decrease in
the growth of E. coli, suggesting the potential use of this film as an antibacterial
food packaging material. Additionally, nano-sized TiO2 has long been used as a
food flavor enhancer and colorant in diary and confectionary products, seeds,
beverages, toothpastes, and some medications [317–319].

On the other hand, TiO2 nanoparticles are extensively used as inorganic UV
absorbers in sunscreen products, enabling the application of an optically trans-
parent film on the human skin [315, 320]. The addition of TiO2 nanoparticles
in sunscreen products has been reported to prevent skin irritation and the dis-
ruption of the endocrine system [321]. Various researchers have also quantified
the amounts of these nanoparticles as useful components of sunscreen products
[96, 320–322]. In the light of this, Lewicka et al. determined the elemental com-
position, shape, dimension, surface area, and crystal phase of TiO2 nanoparticles
in commercial sunscreen products [320]. They observed that the products con-
tained mainly rutile nanocrystals with near-spherical or needle-like shapes and
average size of about 25 nm. Similarly, Lu et al. observed anatase and rutile TiO2
nanoparticles (∼24 nm) with spherical and needle-like shapes, respectively, in
commercial sunscreen samples [321]. Weir et al. also determined the presence
of TiO2 nanoparticles in various brands of commercial personal care products
[96]. They reported that about 10% of TiO2 nanoparticles by weight was found in
sunscreens, while shaving creams, deodorants, and shampoos contained about
0.1 μg/mg.

In another study, Jaroenworaluck et al. synthesized silica-coated TiO2 nanopar-
ticles and characterized same for application in sunscreen products [315]. They
observed that the non-crystalline nano-sized silica coating enhanced the UV
absorption capacity of the TiO2 nanoparticles, thereby suggesting their potential
utility in enhancing the efficacy of sunscreen products.
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1.4.8 Soil Remediation

The application of TiO2 nanoparticles in agriculture is relatively new and as such
requires more exploration following the gains that have already been made from
the use of these nanoparticles for pesticide degradation, residue detection, and
plant protection [323]. There are various interesting reports on the remediation
of contaminated soil with nano-TiO2, especially for the UV-mediated degrada-
tion of soil organic pollutants [5, 324]. Notably, environmental weathering pro-
cesses including biodegradation, dissolution, and volatilization generally remove
the more bioavailable and lighter hydrocarbons, while the recalcitrant and less
bioavailable heavy hydrocarbons (HHCs) are left behind. Common biodegrada-
tion strategies such as slurry bioreactors and land farming have been employed
to remove these HHCs from the soil [325–327]. However, these strategies are
characterized by slow degradation with about two- to six-month timeframes of
remediation [94]. This has been attributed to the recalcitrant structures and low
biodegradabilities of the HHCs. Additionally, in some instances, depending on
the nature of soil and the conditions therein, good standards for soil cleanup may
not be obtained using bioremediation as a single technology. Therefore, an inte-
gration of bioremediation with advanced oxidation processes could afford less
expensive and scalable enhancement of HHCs bioavailability with a consequent
increase in processing capacities and treatment rates [328–330].

Nano-TiO2 and its derivatives have also been investigated for their abilities
to clean up other organic pollutants by the photocatalytic oxidation process as
demonstrated in the photodegradation of diphenylarsinic acid (DPAA) using
TiO2 nanoparticles [331]. DPAA is usually formed from the leakages of arsenic
weapons and pose adverse health effects to humans. Unfortunately, strategies
for their remediation are still scarce. These researchers firstly studied the
DPAA degradation pathway and identified arsenate as the final product. For
the purpose of optimizing operational parameters for the effective removal of
the DPAA including TiO2 nanoparticles dosage, light intensity, irradiation time,
and soil–water ratio, the researchers advantageously conducted 9 experiments
following an orthogonal array experimental design L9(3)4, as against the conven-
tional 81 experiments required in a one-factor-at-a-time design. They therefore
reported that the optimal conditions for the treatment of 4 g contaminated soil
with 20 mg/kg DPAA was 5% TiO2 nanoparticles, light intensity of 40 mW/cm2,
irradiation time of three hours, and a soil–water ratio of 1 : 10. They observed
that the aforementioned parameters yielded an 82.7% removal efficiency of
the DPAA. The researchers further validated this method in nine different soil
samples but changed the irradiation time to 1.5 hours and obtained removal effi-
ciencies of 57.0–78.6%. Additionally, they observed that the removal efficiencies
negatively correlated with pH, phosphorus content, electrical conductivity, and
organic matter content. Furthermore, the generation of hydroxyl radicals by the
TiO2 nanoparticles as monitored by electron spin resonance (ESR) were found
to be affected by the soil properties.

Wang et al. also applied the photocatalysis of TiO2 nanoparticles in com-
bination with nonthermal discharge plasma for the removal of p-nitrophenol
from contaminated soil [332]. Nitrophenols are biorefractory and toxic organic
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compounds that are extensively used as intermediates and raw materials for
the production of pharmaceuticals, pigments, wood preservatives, dyes, rubber
chemicals, pesticides, and explosives [333]. Notably, three of these nitrophenols
(2,4-dinitrophenol, 2-nitrophenol, and 4-nitrophenol) had earlier been listed
as priority pollutants in the US Environmental Protection Agency (USEPA) list
[334]. In the study conducted on the removal of p-nitrophenol, Wang et al. envis-
aged that the photocatalysis of the TiO2 nanoparticles could be driven by pulsed
discharge plasma [332]. They reported that up to 88% of the p-nitrophenol was
successfully removed in 10 minutes by employing this process. Enhancing the
pulsed discharge voltage was also found to increase the removal efficiency of the
pollutant. These researchers monitored the mineralization of the pollutant and
the formation of intermediates by UV–vis spectroscopic analysis, denitrification,
COx selectivity analysis, and total organic carbon. Following these techniques,
they identified some intermediates, mainly benzoquinone, benzo[d][1, 2,
3]-trioxole, hydroquinone, phenol, acetic acid, NO2−, NO3−, formic acid, oxalic
acid, and catechol. The generation of these major intermediates demonstrated
the enhanced effect of the TiO2 catalytic pulsed discharge plasma system. When
compared with the plasma system alone, it was observed that the enhancements
in pollutant mineralization and degradation were achieved with the generation
of increased amounts of active species such as H2O2 and O3 in the TiO2 catalytic
pulsed discharge plasma system.

1.4.9 Pesticides Removal

Among the organic contaminants, pesticides (insecticides, fungicides, and herbi-
cides), i.e. formulations with wide structural variety and usually applied to targets
in the field or household to achieve intended efficacy to certain fungal diseases,
weeds and pests, form a large portion of these pollutants [22]. Although pesti-
cides are used in agriculture mainly to boost crop yield, excessive usage of same
may lead to adverse effects to humans and the environment at large [323]. More-
over, repeated and indiscriminate applications of pesticides causes an accumu-
lation of pesticide residues in the area of application and biota [335]. There are
numerous reports on pesticide contamination of air, land, and aquatic environ-
ments and as such pose serious treats to humans, non-target plant species, terres-
trial organisms, and aquatic life [331, 336, 337]. As a consequence, tangible efforts
have been made in developing appropriate strategies for the removal of these
noxious chemicals and possibly destroy the bio-recalcitrant organic pollutants
[335]. For this purpose, photocatalysis with semiconductors has gained mean-
ingful research interest as a favorable strategy to remedy the problems associated
with pesticide residue accumulation in the environment [338, 339]. For the past
decade, TiO2 nanoparticles have been widely investigated as photocatalytic semi-
conductors for the efficient degradation of pesticides [339]. Numerous research
have also been conducted in order to modify TiO2 nanoparticles for enhanced
photodegradation outcomes [335, 340–342]. Following a UV light-induced pho-
tocatalytic process and TiO2 nanoparticles, various pesticides have been report-
edly degraded [343, 344].
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Specifically, unmodified and modified TiO2 nanoparticles have been used to
degrade some pesticides such as imidacloprid [5], methamidophos [336], chlor-
fenapyr [337], atrazine [345], chlorotoluron [346], cinosulfuron [347], Diuron
[324], chlorpyrifos [344], etc. For instance, Ahmari et al. demonstrated that the
UV irradiation of TiO2 nanoparticles was capable of eliminating imidacloprid
in less than two hours [5]. Imidacloprid, an organic pesticide composed of
nitramide, dihydroimidazole, and pyridinium attacks the central nervous system
of insects, even though it poses less toxicity to humans. In order to irradiate
the imidacloprid suspension and the TiO2 nanoparticles, a UV lamp placed
in a reactor was used. The reactor also comprised of a coaxial cylinder whose
inner cylinder uniformly rotated at constant speed. These researchers operated
the reactor in two modes; batch and continuous. In the continuous mode, the
nano-TiO2 was adequately deposited on a textile base due to the passage of
the pesticide suspension through the reactor. Changes in the concentration
of the pesticide was determined by UV–vis spectroscopy. They observed that
the exposure of the pollutant to the nano-TiO2 photocatalyst was increased as
a consequence of the reactor design strategy with an inner rotating cylinder.
This obviously caused an increase in the rate of mass transfer. Additionally, they
observed that the efficiency of the irradiation increased as a result of small gap
between the cylinders, thus allowing the contact between the light source and a
small suspension volume.

This reactor design was also employed in another study for the removal of
linear alkyl benzene sulfonate (LAS) from solution using TiO2 nanoparticles
[348]. LAS is a widely used nonionic surfactant for the production of detergents.
The pollutant suspension and the TiO2 nanoparticles were incorporated into the
reactor and the changes in pollutant concentration were determined by UV–vis
spectroscopy. It was reported that at high LAS concentrations, UV irradiation
of the TiO2 nanoparticles outperformed activated nano-TiO2, whereas at low
concentrations of LAS, the time required to attain pollutant elimination was
markedly reduced. In another experiment, Affam and Chaudhuri investigated
the degradation of three pesticides including chlorpyrifos, chlorothalonil, and
cypermethrin with TiO2 nanoparticles that was irradiated with a UVA light
source at 365 nm [344]. They further determined the degradation enhance-
ment and biodegradability index, i.e. the ratio of biological oxygen demand
(BOD5) to chemical oxygen demand (COD), following the addition of hydrogen
peroxide. After 300 minutes of UVA irradiation of the TiO2 nanoparticles
(1.5 g/l) at pH 6, the removal of total oxygen demand (TOC) and COD were
8.45% and 25.95%, respectively. Following the UVA irradiation of the TiO2
nanoparticles (1.5 g/l) in the presence of hydrogen peroxide (100 mg/l) at pH 6
for 300 minutes, the TOC and COD removal were 21.54 and 53.62, respec-
tively. This was accompanied with an increase in biodegradability index up to
0.26. Mineralization was also observed, which was evidenced by an increase
in nitrate-nitrogen from 0.70 to 13.80 mg/l and a corresponding decrease in
ammonia-nitrogen from 22.00 to 7.80 mg/l in 300 minutes. They also observed
that the pesticides degradation followed the pseudo-first-order kinetics with rate
constants of 0.0008 and 0.0025 per minute for the removal of TOC and COD,
respectively.
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Žabar et al. also studied the photodegradation of imidacloprid and thi-
amethoxam using a photoreactor equipped with six polychromatic fluorescent
lamps and glass slides immobilized with TiO2 [349]. They observed the
photodegradation of the pesticides within two hours of UV irradiation. The
degradation processes were also described to follow the first-order kinetics.
Additionally, the imidacloprid and thiamethoxam degradation was monitored by
high performance liquid chromatography, and the mineralization efficiency was
determined by measuring the total organic carbon. However, the mineralization
rate was low with values of 19.1%± 0.2 and 14.4%± 2.9% for imidacloprid and
thiamethoxam, respectively, showing that various transformation products were
rather formed. These researchers further analyzed the accruing transformation
products, which led to the first ever discovery of the compound clothianidin. In
another study, Zhang et al. investigated the photodegradation of 4,4′-biphenol
with TiO2 nanoparticles in the presence of cyclodextrins. For the purpose of
inducing the photodegradation by UV irradiation, a metal halide lamp operating
at 250 W and a wavelength of 365 nm was used as the light source. They further
investigated the inclusion complex of the cyclodextrins with the 4,4′-biphenol,
and the adsorption of 4,4′-biphenol on the TiO2 surface in the presence and
absence of the cyclodextrins. They observed that the photocatalytic reaction
was dominated by the inclusion complex behaviors of cyclodextrins with
the 4,4′-biphenol. However, a large inclusion constant of 5600 per molar of
4,4′-biphenol with β-cyclodextrin accompanied with an increase in the adsorp-
tion on the TiO2 surface resulted in an enhanced photodegradation. Conversely,
an opposite effect was observed with α-cyclodextrin that was attributed to a
small inclusion constant of 355 per molar.

The mechanism, degradation performance, and technical feasibility of aqueous
imidacloprid were investigated in a different study by Malato et al. [350]. They
utilized two photocatalytic systems on a pilot scale, since it is possible to employ
natural UV light. For this purpose, homogeneous and heterogeneous photo-
catalysis using photo-Fenton reaction and TiO2, respectively, were studied. The
utility of equivalent field conditions and pilot scale enabled proper comparison
of the toxicity and mineralization extents, and the transformation products
obtained from the mineralization processes of both systems. It was observed
that <2.0 mg/l (95%) mineralization was attained after 450 minutes with the
TiO2 and 250 minutes with photo-Fenton reaction. This demonstrated that the
total organic carbon disappears slower (∼2.4 times) with the TiO2 than the
photo-Fenton reaction. In a related study, Agüera et al. oxidized imidacloprid in
water at a concentration of 50 mg/l using TiO2 in conjunction with formulating
agents [351]. The oxidized solutions were analyzed complementarily with liquid
chromatography (LC)-atmospheric pressure chemical ionization (APCI)-mass
spectroscopy (MS) and GC-Ion Trap-MS employing either chemical ionization
(CI) or electron ionization (EI) as the ionization modes. The complementary
analysis provided an avenue for adequate evaluation and confirmation of the
pesticide decay and the existence of accruing degradation products. Whereas the
LC-APCI-MS technique provided adequate monitoring of the imidacloprid and
a degradation product (6-chloronicotinic acid) in the course of the degradation,
the Gas chromatography–mass spectroscopy (GC–MS) technique enabled the
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detection of five other degradation products. Unequivocally, three of these
five degradation products were identified. Furthermore, other complementary
analytical techniques including ion chromatography and total organic carbon
were employed to evaluate the degree of mineralization. They observed that
after irradiating the TiO2 with UV light for 450 minutes, both the pesticide
and its degradation products were not detected. Interestingly, a near-total
mineralization was recorded after the irradiation for 700 minutes.

Higarashi and Jardim reported that Diuron in 4 cm of contaminated top soil was
degraded by TiO2 nanoparticles in a UV radiation intensity-dependent degrada-
tion rate [324]. Herbicides such as Diuron belong to a class of pesticides with wide
application in agriculture. Owing to their high vapor pressure and lipid affinity,
and low biodegradability, these haloaromatic pesticides are generally considered
as persistent chemicals. Unfortunately, if they are accidentally or uncontrollably
disposed in the soil, they stand a high chance of posing adverse health risks to
humans. These researchers spiked soil samples with Diuron concentrations of
10, 50, and 100 mg/kg, loaded the soil samples with various TiO2 concentrations
(0%, 0.1%, 0.5%, 1%, and 2% w/w), and then exposed them to solar light (average
intensity = 2 mW/cm at 365 nm, 47 W and 22 S). They observed that both the
TiO2 and Diuron concentrations negligibly affected the photodegradation kinet-
ics that was largely dependent on the intensity of the radiation. These researchers
further evaluated the effects of water and Ca(OH)2 on the photo-induced degra-
dation process. They also reported that the addition of water increased the degra-
dation rate of the Diuron. On the other hand, pH increase following the addition
of Ca(OH)2 had no effect of the degradation rates. Additionally, the photocat-
alytic degradation of the pesticide obtained by combining the solar light with
TiO2 was demonstrated to be efficient.

Furthermore, the photocatalytic degradation of melathion by WO3-modified
TiO2 nanoparticles was investigated in a study by Ramos-Delgado et al. [340].
The TiO2 nanoparticles were synthesized by the sol–gel synthetic technique
using tetrabutylorthotitanate and ammonium p-tungstate at a pH of 3. The TiO2
nanoparticles were then modified with two different WO3 percentages, i.e. 2
and 5 wt% in the presence of 2-butanol and an aging time of 48 hours. Structural
analysis of the WO3/TiO2 photocatalysts demonstrated the dispersion of the
WO3 on the TiO2 surface with particle sizes of 19.4 and 25.6 nm for the 2%
and 5% WO3 percentages, respectively. They also reported the 2% WO3/TiO2
photocatalytic formulation showed the best degradation effect, evidenced by
the 76% total organic carbon reduction after 300 minutes of UV irradiation.
Meanwhile, this was compared with those of bare TiO2 and 5% WO3/TiO2 pho-
tocatalytic formulation that exhibited 47% and 28% mineralization, respectively.
The researchers therefore established a long-term stability of the 2% WO3/TiO2
photocatalytic formulation following numerous successive cycles obtained in
ascertaining the efficacy of the formulation after repeated use.

In a related study, nano-TiO2 also prepared by the sol–gel synthetic technique
was sulfate-modified and investigated for the degradation of methyl orange
[338]. In that study, tetraisopropylorthotitanate was used as the starting material
and the synthesized TiO2 nanoparticles were promoted with different weight
percentages (2.0, 2.5, 3.0, and 3.5 wt%) of sulfate, following an incipient wetness
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impregnation strategy. They observed the mesoporous nature of the synthesized
TiO2 nanoparticles and established the fact that sulfate modification of the
nanoparticles could reduce phase transformation and enhance the thermal
stability of the nano-TiO2. Additionally, the sulfate modification was found to
decrease the crystal size and enhance the surface area of the TiO2 nanoparticles.
With respect to the degradation of the organic dyestuff, the researchers observed
that the degradation efficiency obtained using the 2.5 wt% sulfate loading (61%)
was about two times more than that achieved with unmodified nano-TiO2 (33%).
Moreover, the degradation profile was best described by a first-order kinetics.

1.4.10 Paint and Paper Productions

Owing to its light-scattering ability, TiO2 stands as the most widely used white
pigment in the paint and paper industries [98]. The utility of TiO2 in the paint
industry dates back to the late 1920s when the anatase phase was more domi-
nant. In the 1940s, industrialists commenced the use of the rutile phase but with
no surface treatments [352]. Today, the surface-treated rutile phase forms have
practically replaced the earlier forms.

It has been demonstrated that an aged paint leachate contained appre-
ciable amounts of TiO2 nanoparticles [353]. The leachate was employed to
investigate the phytotoxicity of TiO2 nanoparticles to lettuce leaves by foliar
exposure. Although no acute phytotoxicity was observed, TiO2 nanoparticles
were internalized in the leaves and all types of tissues of the lettuce plant,
thus showcasing these nanoparticles as active components of paints. Fur-
thermore, Kaegi et al. reported that TiO2 nanoparticles are components of
both new and aged facade paints [354]. They used a centrifugation-based
sample preparation technique to recover about 20–300 nm of the nanopar-
ticles, also emphasizing their utility in paint production. Elsewhere, the
environmental fate of TiO2 nanoparticles was investigated by comparing
the impacts of pristine TiO2 nanoparticles and those released from a TiO2
nanoparticles-containing paint [355]. By shaking an aged paint powder in
water, 580 μg/l of TiO2 nanoparticles (average diameter of 200–300 nm) were
obtained, demonstrating the actual incorporation of these nanoparticles in paint
production.

In the papermaking industry, fillers are normally used to enhance the optical
properties, printing quality, writability, environmental friendliness, sheet forma-
tion, and dimensional stability of papers [356]. This has increased the general
interest of papermaking industries to enhance the filler contents of papers [357].
Notwithstanding, it is also very important to overcome the major drawbacks
associated with the use of mineral fillers, which includes the reduction of
fiber-to-fiber bonding. Obviously, the fiber-to-fiber bonding reduction induces
a subsequent decrease in the strength properties of the paper and additional
challenges such as dusting, white waters circulation, and retention [358]. These
fillers such as TiO2 nanoparticles, calcium carbonate, talc, and kaolin are usually
mixed with the pure fiber pulp to produce the paper sheets [359]. Importantly,
TiO2 nanoparticles have been employed as fillers largely due to their fasci-
nating refractive index, insolubility in acidic and alkaline solutions, and high
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degree of whiteness [360]. To this end, Tao et al. prepared novel CaCO3@TiO2
core–shell nanoparticles and applied same as fillers in paper production [356].
They employed carbonization as a process to obtain CaCO3 and the relatively
cheap inorganic titanium sulfate as a precursor for the TiO2 nanoparticles. It
was observed that the CaCO3@TiO2 showed higher UV absorption capacity
than either components. Additionally, the CaCO3@TiO2 filler-containing
paper demonstrated a 3% improved whiteness (73.80%) than pure fiber paper
(70.35%) but comparable with that of TiO2 nanoparticle-incorporated paper
(73.16%).

In a related study, Adel et al. also prepared uncoated and chitosan-coated
CaCO3@TiO2 core–shell nanoparticles as fillers and coats, respectively, in
paint production [99]. They also observed that the CaCO3@TiO2 nanoparticles
demonstrated improved photo-stabilization of the paper after exposure to UV
light. Moreover, an enhanced thermal stability of the paper was achieved by
incorporating the chitosan-coated core–shell nanoparticles. This corroborates
earlier reports on the improvements of TiO2 thermal stability [227], mechanical
property [361], and biodegradability following incorporation with chitosan [362].
Undoubtedly, these improvements can be attributed to the widely reported fasci-
nating biodegradability of chitosan [227, 363, 364]. In another experiment, novel
antifungal nanocomposites synthesized by incorporating chitosan and TiO2
nanoparticles into carboxymethyl cellulose polymeric membrane were tested
for their capacity to preserve the carboxymethyl cellulose in paper-art-works
[365]. They investigated the antifungal activity of the nanocomposites on
two commonly found fungi species in library materials: Aspergillus niger and
Aspergillus flavus. They observed that the yellow color and adherence of the
carboxymethyl cellulose adhesive of the paper was preserved due to the presence
of the TiO2 and chitosan nanoparticles.

1.5 Conclusion

Indeed, TiO2 nanoparticles have been demonstrated to possess low produc-
tion cost, thin film transparency, chemical and mechanical stability, bio- and
chemical inertness, high light conversion efficiency, hydrophilicity, and cor-
rosion resistance. Taking advantage of some specific properties such as their
exceptional photocatalytic ability, biocompatibility, low toxicity, and production
costs, these nanoparticles have been successfully applied in nanomedicine and
nanobiotechnology. Interestingly, these nanoparticles can be synthesized by a
wide range of methods including hydrothermal, sol–gel, thermal decomposi-
tion, vapor deposition, micelle and inverse micellar, oxidation, sonochemical,
microwave-assisted, and electrodeposition methods. The vast array of synthetic
methods for these nanoparticles has dramatically increased their utility in
various other aspects including wastewater treatment, soil remediation, energy
devices, food, cosmetics, paints, paper, antiseptics, and printing inks. Taken
together, we envisage the emergence of new applications for these nanoparti-
cles, compensating the ever-increasing research into the exploitation of their
fascinating properties.
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255 Černigoj, U., Štangar, U.L., Trebše, P. et al. (2006). Photocatalytically active
TiO2 thin films produced by surfactant-assisted sol–gel processing. Thin
Solid Films 495: 327–332.

256 Zita, J., Krýsa, J., and Mills, A. (2009). Correlation of oxidative and reductive
dye bleaching on TiO2 photocatalyst films. Journal of Photochemistry and
Photobiology A 203: 119–124.
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