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Abstract: In recent years development of different type of industries are enlarged and these industries are connected with the
discarding of organic pollutants which are harmful to aquatic system and the human health. The presence of those organic
pollutants in the aquatic system can result in pollution of wastewater which affects the ecosystem. Therefore, the removals of
pollutants have become an ecological concern and they are vital for the environmental sustainability. Many practices have been
widely applied in the treatment of organic effluent such as biological treatment, reverse osmosis, ozonation, filtration,
adsorption on solid phases, incineration, and coagulation. However, each of the methodologies has its own advantages and
limitations. The recent research demonstrates that advanced oxidation processes (AOPs) based on photocatalysts are valuable
and this method benefits complete mineralization of organic molecules into nontoxic CO, and H,O at the atmospheric
conditions by generating active species such as hydroxyl radicals (*OH) which can remove even non-biodegradable organic
compounds from wastewater. These review papers give an overview of the enhanced photocatalytic activities of titanium
dioxide (TiO,) based photocatalyst. An effort has also been made to give an overview of expedient photocatalytic activity of
these supported nanoparticles for their potential application in environmental remediation. In this review article also, various
methods used to enhance the photocatalytic characteristics of TiO, including doping, coupling and other supporting are
discussed. It is observed that the degradation of dyes depends on several parameters like pH, catalyst load, dye concentration,
reaction temperature and scavengers on the degradation of dyes.
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many chemicals and therefore difficult to degrade once
released into the aquatic systems. Azo dyes are the largest
and most versatile class of organic dye-stuffs. These contain
one or more azo bonds (-N=N-) as a chromophore group in
association with aromatic structures containing functional
groups such as —OH and —SO;H. The complex aromatic
structures of azo dyes make them more stable and more
difficult to remove from the effluents discharged into the
water bodies [2]. A number of physical, chemical and
biological techniques had been reported for the treatment of
all types of dyes with limited success.

1. Introduction

During the past several decades, fast and relatively
uncontrolled population growth and also industrial,
agricultural and technological developments have adversely
affected the environment and human health. Especially
wastewater effluents of industrial manufacturing companies
contain toxic organic compounds [1]. Dyes are a well-known
source of environmental pollution and therefore their
removal from waste water receives increasing attention. They
are generally resistant to light, water, oxidizing agents and
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For the removal of dye pollutants, traditional physical
techniques (adsorption on activated carbon, ultrafiltration,
reverse osmosis, coagulation by chemical agents, ion
exchange on synthetic adsorbent resins, etc.) can generally be
used efficiently. Nevertheless, they are nondestructive, since
they just transfer organic compound from water to another
phase, thus causing secondary pollution. Consequently,
regeneration of the adsorbent materials and post-treatment of
solid-wastes, which are expensive operations are needed [3,
4]. Due to the large amount of aromatics present in dye
molecules and the stability of modern dyes, conventional
biological treatment methods (microbiological or enzymatic
decomposition and biodegradation) are ineffective for
decolorization and/or degradation [5]. Furthermore, the
majority of dyes is only adsorbed on the sludge and is not
degraded [6]. Chlorination and ozonation are also being used
for the removal of certain dyes but at slower rates as they
have often high operating costs [7]. These are the reasons
why advanced oxidation processes (AOPs) have been
developed during the last decade since they are able to deal
with the problem of dye destruction in aqueous systems.

The most important among those advanced oxidation
processes is called heterogeneous photocatalytic oxidation
which is often referred to as photocatalysis. This method
deals with the oxidation mostly of organic molecules and
compounds by means of solid metal oxide semiconductor as
catalyst, which is activated by the incidence of radiation of
an appropriate wavelength. It can take place both in the
aqueous phase as well as in the gas phase. Among AOPs,
heterogeneous photocatalysis appears as the most emerging
destructive technology. Chemical treatment of wastewaters
by AOPs can result in the complete mineralization of the
pollutants to simple harmless end products such as carbon
dioxide, water and inorganic salts. Ideally, a semiconductor
photocatalyst for the purification of water should be
chemically and biologically inert, photocatalitcally active,
easy to produce and use, and activated by UV or sunlight [8].

TiO, photocatalysis has been known to mineralize and
decontaminate dyes because of its high surface activity and
desirable physical as well as chemical properties [9]. TiO,
possesses a band gap of 3.4 eV comparable to the wavelength
of UV light and the photocatalytic activity of TiO, is
dependent particularly on its structural properties, crystal
effects, particle size distribution, porosity, band gap and
surface hydroxyl density [10]. Titanium dioxide (TiO,), due
to its non-toxic, inexpensive, and high reactive nature has
been extensively investigated as a heterogeneous
photocatalyst for the remediation of contaminated
environment [11]. One of the alternative techniques to
enhance the photocatalytic performance has been coupling of
these large band gap semiconductors with small band gap
conducting polymers. Although, wide band materials cannot
absorb visible light, they can be “sensitized” by the narrow
band gap semiconductor materials to enable the newly form
composite system to absorb light in the visible region due to
the strong coupling effect [12]. Conducting polymers is a
prospective class of new materials that combine solubility,

processability, and flexibility of plastics with electrical and
optical properties of metals and semiconductors. Typical CPs
includes polyacetylene (PA), polyaniline (PANI), polypyrrole
(PPy), polythiophene (PT), polyfuran (PF), etc.

2. Literature Review
2.1. Basic Concepts -Nanotechnology and Nanomaterials

In general, nanotechnology can be understood as a
technology of design, fabrication and applications of
nanostructures and nanomaterials, as well as fundamental
understanding of physical properties and phenomena of
nanomaterials and nanostructures. Nanomaterials, compared to
bulk materials, have the scales ranging from individual atoms
or molecules to submicron dimensions at least in one
dimension. Nanomaterials and nanotechnology have found the
significant applications in physical, chemical and biological
systems. Nanostructured materials can be made with unique
nanostructures and properties. This field is expected to open
new venues in science and technology [13, 14].

2.2. Heterojunction Photocatalysts and Heterojunctions

Heterojunction is defined as the interface between two
different semiconductors with unequal band structure.
Typically, there are three types of conventional
semiconductor heterojunctions; namely (i) straddling type (ii)
staggered type, and (iii) those with a broken gap. In type-I
(straddling type heterojunctions), the energy band gap of
semiconductor A is wider than B, (as shown in Figure 1),
resulting in the accumulation of the charge carriers on the
semiconductor with smaller band gap. Since both electron
and hole are accumulated on the same semiconductor, the
recombination of charge carriers is still possible. In type-II
(staggered type) heterojunction, the valence and CBs of
semiconductor A are higher and lower than those of B. This
results in the spatial separation of charge carriers which
prevents the recombination of electrons and holes. The type-
IIT heterojunction (with broken gap) is the same as the
staggered type except that the staggered gap becomes so
wide that electron-hole migration is not possible, therefore,
the separation cannot occur [15].

Besides conventional heterojunction, many other forms of
heterojunctions have also been studied. These include p-n
heterojunction, surface heterojunction, direct Z-scheme
heterojunction and semiconductor/graphene heterojunction. A
p-n junction improves the photocatalytic performance by
providing an additional electric field. This is achieved by
combining n-type and p-type semiconductors. On the other
hand, a surface heterojunction involves creating different
crystal facets on the exposed surface of a semiconductor [16,
17]. Although these heterojunctions tend to enhance the
electron-hole separation, they also reduce the redox ability of
the photocatalyst. In order to overcome this problem, Z-
scheme heterojunction has been employed to maximize the
redox potential of the heterojunction systems. Z-scheme
photocatalytic system consists of two different semiconductors,
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and an acceptor/donor pair. The two semiconductors are not in
a physical contact, instead the migration of the photogenerated
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Figure 1. Types of heterojunction (a) straddling gap, (b) staggered gap, (c) broken Gap.

2.3. Photocatalytic Reactor Design

A photocatalytic reactor for water or wastewater treatment
can be as simple as the one shown in Figure 2, which consists
of photocatalyst coated glass and a UV lamp in the center
[19]. However, in order to increase the irradiated surface area
and to improve the efficiency, the photocatalytic reactors
have been modified in many ways in the recent years.
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Figure 2. (a) A simple photocatalytic reactor which consists of
nanocomposite coated glass beads and a UV lamp in the center.

In this study, the irradiance in the annulus of the reactor
was measured to be 60 Wm™. The performance of the reactor
was evaluated using Methyl orange as a model pollutant and
industrial waste water influent. The initial concentration of
the pollutants was 10 ppm and the experiments were done
with a catalyst dose of 0.2 g/L. Synthetic air was fed into the
reactor and a constant agitation of the test solution was
provided by a magnetic stirrer. Due to the complexity of the
wastewater which includes not only mixture of organic dyes
but also other chemicals from the bleaching steps, the
degradation efficiency in the real wastewater sample was
found to be lower than that of model MeO solution [19].

2.4. Reaction Mechanism of Photocatalytic Degradation

In general, the photocatalytic degradation involves several
steps such as adsorption-desorption, electron-hole pair
production, recombination of electron pair and chemical
reaction [20]. The general mechanism of photocatalytic
degradation of organic molecules is explained in the Figure

bellow [21]. When the photocatalyst is irradiated with
photons of energy equal to or more than band gap energy of
it, the electrons (e-) are excited from the valence band (VB)
to the conduction band (CB) with the simultaneous creation
of holes (h") in the VB:

Photocatalyst + hv — ecg + hyg" (1

Where; hv is the energy essential to transfer the electron
from valence band (VB) to conduction band (CB). The
photocatalytic reaction is initiated when photogenerated
electrons are transferred from the filled VB of the metal
oxide to the empty CB, leaving positive holes in the VB. The
photogenerated electron then migrates to the metal oxide
surface where separation and redox reaction occur. Both
reduction and oxidation processes can occur on the surface of
the photoexcited metal oxide only if the process is
thermodynamically feasible. The photoinduced holes at the
VB then react with the adsorbed water molecules to produce
OH- radical:

H,O+hy —HO-+H" 2)

Instantaneously, electrons in the CB also react with the
adsorbed oxygen (O;) molecule on the photocatalyst
surface to produce superoxide radicals (O,"):

ecg +0,— 0, (3)

Consequently, O, could react with H,O to produce
hydroperoxy radical (HO,") and hydroxyl radical ("OH),
which are strong oxidizing agents to decompose the
organic molecule:

0, + H,0 — HO," +'OH 4)

Simultaneously, the photoinduced holes could be trapped
by surface hydroxyl groups (or H,O) on the photocatalyst
surface to give hydroxyl radicals (OH):

hyg” +H,0 — «OH +H" 5)

The HO* and O, radicals formed are extremely powerful
oxidizing and reducing agent to attack the adsorbed
pollutants, causing them to mineralize depending on their
stability level and structure.
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*OH/ O, + organic molecules (MeO) +O,  (6)
— Products (CO, and H,0)

Meanwhile, recombination of positive hole and electron
could take place which could reduce the photocatalytic
activity of prepared nanocatalyst:

eC]{ + hVBJr — PC + heat (7)

Figure 1. Schematic diagram of photocatalytic degradation of organic

effluent.
2.5. Preparation Methods of Nanocatalyst

2.5.1. Sol-gel Method

Sol-gel method gained attention as a promising method for
the synthesis of nanomaterials owing to their mild reaction
conditions and building up the materials from molecular
precursors leading to variation in materials and properties.
The sol-gel process involves inorganic precursors that
undergo various chemical reactions, resulting in the
formation of a three-dimensional molecular network.
Catalyst starting material is dissolved in the suitable solvent
and then precipitating agent is added dropwise with vigorous
stirring and solvent and precipitate (gel) are separated [22].
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Figure 2. Schematic representation of sol-gel process of synthesis of
nanomaterials.

2.5.2. Impregnation Method

In impregnation techniques, the support is contacted with a
precursor solution, in other word impregnation is related to
ion exchange (adsorption processes) and the interaction with
the support is dominant. Thus, low loadings, often for
precious metals, are achieved by adsorption of the precursor
molecules onto surface groups of the support (ion adsorption)
or through the exchange of ions in, after which excess

precursor are removed. When higher loadings are required,
the washing step is skipped and the support is directly dried,
so that all precursor ends up on the support. Impregnation
can be performed to incipient wetness, whereby the pores of
the support are filled with precursor solution, to prevent
deposition on the external surface of the catalyst grains and
to limit waste [23].
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Figure 5. Schematic representation of impregnation process of synthesis of
nanomaterials.

2.5.3. Co-precipitation Method

Synthesis of photonanocatalyst by co-precipitation method
is like the figure given bellow [6]. Inorganic salts are used as
precursors, dissolved in water and other solvents to obtain
homogenous solution of ions, and then these salts start
precipitating as hydroxides or oxalates when the critical
concentration of species is attained followed by nucleation
and growth phases. After precipitation, filtration and washing
is done followed by calcination to convert hydroxide into
oxides with a definite crystalline structure. The precipitating
medium usually employed includes NaOH, NH; or NH,OH,
Na,CO; etc. The method offers the advantage of being low
cost, simple, water based reaction, flexibility, mild reaction
conditions and size control.
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N

Suitable pk

= (-

Figure 6. Synthesis of photonanocatalyst by co-precipitation method.

2.5.4. Hydrothermal Method

Hydrothermal synthesis is widely used for the preparation
of metal oxide nanoparticles which can easily be obtained
through hydrothermal treatment of peptized precipitates of a
metal precursor with water. This method can be useful to
control grain size, particle morphology, crystalline phase and
surface chemistry through regulation of the solution
composition, reaction temperature, pressure, solvent
properties, additives and aging time [24].
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Figure 7. Synthesis of TiO, based photocatalyst by hydrothermal treatment
method.

2.6. Characterization Methods

2.6.1. Powder X-ray Diffraction (XRD)

XRD is used to assess the crystallinity of synthesized
nanoparticles [25]. This technique is employed to identify and
quantitatively examine various crystalline forms or the elemental
composition of natural and manufactured materials or
nanoparticles. To accomplish this, the structure and lattice
parameters of the diffracted powder specimen are analyzed by
measuring the angle of diffraction, when X-ray beam are made
to incident on them. A beam of X-rays of wavelength A is
directed to the crystal at an angle 0 to the atomic planes. The
atomic planes are considered to be semitransparent, that is, they
allow a part of the X-ray to pass through and reflect the other
part, the incident angle 6 being equal to the reflected angle
(called Bragg angle). Particle size is determined based on the

width of the X-ray peaks using the Debye-Scherrer formula [26].

kA
D_B cos 8 ®)

Where, D=crystallite size in nm, K=the shape factor
constant and taken as 0.9; B is the full width at half maximum
(FWHM) in radians, A is the wave length of the X-ray
(0.15406 nm) for Cu target Kal radiation and 6 is the
Bragg’s angle.

2.6.2. Scanning Electron Microscopy (SEM)

SEM is a widely accepted technique to extract structural
and chemical information point-by-point from a region of
interest in the sample. It is generally employed to examine
the surface morphologies of the material at higher
magnifications. In addition, if an energy dispersive X-ray
(EDX) spectroscopy analysis system is attached to the
scanning electron microscope, both qualitative and
quantitative chemical analysis can be carried out [27].

2.6.3. UV-Visible Diffuse Reflectance Spectroscopy

(UV-Vis)
The optical absorption plays an important role in the
photocatalysis, especially in the visible-light

photodegradation of contaminants. The wavelength at the
absorption edge for a semiconductor is determined as the

intercept on the wavelength axis for a tangential line drawn
on the absorption spectrum [28]. Diffuse reflectance
spectroscopy is a sensitive technique which uses the
interaction of light, absorption and scattering to produce
characteristic spectrum providing information regarding the
structure and composition of the material. Electronic
transition in materials can be observed in liquid state using
UV-Visible spectroscopy. But in the case of insoluble solids,
UV-Visible diffuse reflectance is used. It is used to study the
electronic transitions between bands in the case of atoms,
ions and molecules in gas, liquid or solid state. This
technique is performed on the basis of electronic excitation
by the absorption of light [29].

2.6.4. Fourier Transforms Infrared Spectroscopy (FTIR)

FTIR spectroscopy is conducted to identify the functional
groups present on nanoparticles [26]. The spectrum
represents a fingerprint of the nanoparticles consisting of
absorption peaks that correspond to the frequencies of
vibrations between the bonds of atoms in the nanoparticle.
Since each type of nanoparticle contains a unique
combination of atoms, we can identify functional groups
present inside the nanoparticles based on the FTIR spectra.
The number of functional groups present in the nanomaterial
can be determined by the size of the peaks of the spectrum.
The transmission spectra for the nanoparticles are obtained
by the formation of thin, transparent potassium bromide (KBr)
pellets containing the compound of interest. The transmission
spectra are obtained after purging in dry air and background
corrected relative to a reference blank sample (KBr).
Commonly, the vibrational spectroscopy covers a wave-
number ranging from 4000-400 cm™ which is used to excite
stretching and bending molecular vibrations [30].

2.6.5. Photoluminescence Spectroscopy (PL)

Luminescence refers to the emission of light by a material
through any process other than blackbody radiation. PL is a
contactless, nondestructive method of probing the electronic
structure of materials [31]. In PL the physical and chemical
properties of materials are measured by using photons to
induce excited electronic states in the material system and
analyzing the optical emission as these states relax. It is a
process in which a chemical compound absorbs photons
(electromagnetic radiation), thus jumping to a higher
electronic energy state, and then radiates photons, returning
to a lower energy state. Photo-excitation causes electrons
within the material to move into permissible excited states.
When these electrons return to their equilibrium states, the
excess energy is released and may include the emission of
light, or luminescence. PL is mainly used as a diagnostic and
development tool in semiconductor research, since it can
provide information about the electronic structure and the
emission mechanism of the material [32].

2.7. Application of TiO,-Based Conducting Polymers in
Photocatalysis

Conducting polymers contain an extended n-electron
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system which imparts them high stability as well as a high
mobility charge carriers that are well suited for acting as
sensitizers for wide bandgap semiconductors [33, 34].
Conducting polymers generally behaves as p-type
semiconductor and thus p-n junctions can be tailored by
combining a p-type conducting polymer with an n-type
semiconductor which can overcome the drawbacks of the
latter, such as its poor response to visible light, high rate of
electron-hole recombination, leaching, and thermal
decomposition. Because of their semiconductor energy level
structure, broad absorption spectra and very high stability
under irradiation of solar light, CPs can be used to
photosensitize semiconductor oxides and to obtain the novel
photocatalysts response to the visible light [35].

H,0 HO®

ﬁf-od 0{,0

0*\03“0“

Figure 8. Mechanism of photodegradation of organic contaminants by
polyaniline supported TiO, photocatalyst under visible light irradiation and
under UV light irradiation.

2.7.1. Polyaniline/TiO,-Based Photocatalysts and
Mechanisms

When the polymer, PANI, absorbs visible light irradiation,
n-n* transition is induced which transfers the photogenerated
electrons to the m* orbital of PANI. Since this n* orbital
matches well in energy level and has chemical bond
interaction with the d-orbital i.e. conduction band (CB) of
Titania. The excited electrons can efficiently migrate from
PANI to TiO,. Subsequently, these photogenerated electrons
can be transferred to the surface of the photocatalyst to react
with water and oxygen to yield powerful hydroxyl and
superoxide anion radicals leading to oxidation of the
adsorbed organic contaminants. Similarly, under UV light
irradiation, the photogenerated holes in the valence band (VB)
of TiO, can transfer directly to the HOMO (highest occupied
molecular orbital) of PANI. This becomes possible because
the energy level of HOMO in PANI is between VB and CB
of Titania and the VB of TiO, matches well with HOMO of
PANI. These photogenerated holes can easily emigrate to the
surface of the photocatalyst and subsequently oxidize the
adsorbed organic pollutants directly. In short, under both UV
and Vis light illumination, the synergic effect of PANI causes

rapid charge separation, slow charge recombination and thus
an enhanced PCA of the prepared TiO,/PANI photocatalysts.

Liao and his coworker compare the photocatalytic
capability of M-TiO, and PANI/M-TiO, with different mass
ratios under visible light illumination (>400 nm) was
evaluated by comparing the photodegradation efficiency of
RhB as presented in Figure 9 [36]. During 30 min
illumination, only 10% of the RhB was photodegraded by M-
TiO, under visible light irradiation because of the limitation
of wide band gap. While after modified with PANI, the
photocatalytic capability of PANI/M-TiO, samples enhanced
gradually with increasing the proportion of PANI. The
optimal photocatalytic capability was achieved when the
proportion of PANI reached 6% with the photodegradation
efficiency being 99.8%. But while the proportion of PANI
exceeded 6%, the photocatalytic capability of PANI/M-TiO,
samples decreased and 91.7% of RhB was photodegraded
with 9% PANI/M-TiO,. This was because when the ratio of
PANI surpassed 6%, the superfluous PANI molecules tended
to aggregate on the surface of TiO,, which affected the
transfer of the photoinduced carriers and separation of
electron-holes pairs [37]. As shown in Figure 9¢, 50.1% of
RhB was photodegraded by PANI/NP-TiO, in 30 min, which
was only half of that with 6% PANI/M-TiO,. Under the same
experimental conditions, the kinetic constant of RhB
photodegradation with 6% PANI/M-TiO, was 5.04 times as
great as that of the PANI/NP-TiO,, which showed the
advantage of the unique structure in the PANI/M-TiO,
photocatalyst for efficient photocatalysis.
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\ —o— 6% PANI/M-TiO_ in dark
0.84 .
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9% PANIM-TIO,
;—*— 6% PANVerushed M-TiO,
«— 6% PANIM-TIO,
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Figure 9. Process of photocatalytic degradation of RhB under visible light
irradiation (> 400 nm, Cy=10 mg/L, I,=100 mW/cm?).

2.7.2. Polypyrrole/TiO, Photocatalysts

Polypyrrole is also among the most extensively
investigated conducting polymers due to its high conductivity,
electrochemical reversibility, and the ease of preparation
through chemical or electrochemical routes. PPy is known to
be chemically and thermally stable and undergoes only slow
degradation in ambient atmosphere. Hence, it has also been
used as a stable photosensitizer to improve the photocatalysis
of TiO, under visible light [37].

Sangareswari and Sundaram estimated the photocatalytic
activity of PPy-TiO, nanocomposites by measuring the
decolorization rates of methyl blue (MB) [38]. In the
experiments, 50 mL of MB and 20 mg of catalysts were kept
under dark room to get adsorption desorption equilibrium.
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The MB dye was effectively degraded by PPy-TiO,
nanocomposite under solar light irradiation. The fraction
removal of dye degradation was higher (93%) in PPy-TiO,
nanocomposite than TiO, as shown in Figure 10.

100

0+ | —m—PPy-TiO,

—e— TiO,
80 2 e

% Removal of MB dye

10 T T T T T T T
10 20 30 40 50 60 70 80 90 100

Time variation of MB dye (min)

Figure 10. The photodegradation of MB dye on PPy-TiO; nanocomposite
and TiO,.

2.7.3. Polythiophene/TiO, Photocatalysts

Conducting polymers, such as PTh in the place of dyes, is
an efficient method of resolving these problems because the
polymer can be coated on the surface of metal oxides, and the
resulting composite would exhibit strong interactions as well
as high absorption in the UV and visible region of the solar
spectrum [37].
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Figure 11. Metal mediated electron transfer to PTh and metal oxide.

Xu and co-workers also prepared PT/TiO, composites by
photoinduced polymerization of thiophene and studied its
catalytic behavior towards the degradation of RhB [39]. The
particle size of the TiO, composites was 20-30 nm while that
of PT/TiO, composites was also 20-30 nm. After 180 min
exposure towards UV irradiation, RhB percent degradation in
the presence of the PT/TiO, composites was almost 75.6%,
while the degradation ratio of RhB after 10 h of visible light
exposure using PT/TiO, composites was 98%.
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Figure 12. Variation in the degradation ratio of the RhB solution with
experimental time under (a) UV irradiation (b) visible light irradiation.

2.8. Other Supports in TiO, Photocatalysts

2.8.1. Doping

Doping of TiO, with various metallic species is one
possible solving route to prevent the recombination of charge
carriers. The metal nanoparticles on the surface of TiO, will
act as an electron reservoir to trap electrons which can
greatly increase the efficiency of charge separation, resulting
in the improvement of TiO, photocatalytic activity.
Furthermore, the addition of dopants can change the surface
properties of TiO, catalyst such as surface area and surface
acidity [40]. Some reports on the doping of TiO,
nanoparticles will be reviewed here: [41] prepared doped
anatase-structure TiO, nanoparticles (Sb/TiO,, Nb/TiO,,
Fe/TiO,, and Co/TiO,) by means of a hydrothermal
methodology preceded by a precipitation doping step.

Murcia and co-workers in their work found the evolution
of methylene blue concentration during the photodegradation
of this dye over S-TiO, and M-TiO, photocatalysts (M=Au or
Pt) [42]. As it can be seen, dye concentration progressively
decreases with the photoreaction time. The lowest MB
degradation was observed by wusing bare TiO, as
photocatalyst. The highest degradation rate was achieved
over the Au-S-TiO, photocatalyst prepared at 120 min of
deposition time. In the case of the platinized catalysts (Pt-S-
Ti0,) the photocatalytic activity was higher with the catalyst
prepared at 120 min of deposition time than the catalysts Pt-
S-TiO, prepared at 15 min of deposition time. As it can be
also seen in Figure 13, the activity of this last sample is even
lower than the unmetallized TiO, (S-TiO,).
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Figure 13. Evolution of the dye concentration during MB photodegradation
over unmetallized and metallized TiO, photocatalysts prepared at 15 and
120 min of deposition time.

2.8.2. Coupling

It is possible to create coupled colloidal structures, in
which illumination of one semiconductor produces a
response in the other semiconductor at the interface between
them [43]. Coupled semiconductor photocatalysts exhibit
very high photocatalytic activity for both gas and liquid
phase reactions by increasing the charge separation and
extending the energy range of photoexcitation. The geometry
of particles, surface texture, and particle size play a
significant role in interparticle electron transfer. TiO,
coupling with other metal oxides is another approach in order
to increase the lifetime of the photo-produced electron-hole
pairs and improve the photocatalytic activity of TiO,.
Recently, many studies related to TiO, coupled with other
metal oxides, such as ZnO/TiO,, Ag;P0O,/TiO,, Cu,O/TiO,
and CeO,/Ti0,, have been reported [44, 45].

Eskadnarloo and co-workers prepared TiO,/CeO, coupled

nanoparticles and used them in the photocatalytic removal of
phenazopyridine under UV light irradiation [46]. A comparison
of single and coupled photocatalysts for photocatalytic
removal of the phenazopyridine has been performed. The
results showed that the highest removal efficiency (66.64%)
was obtained using TiO,/CeO, coupled nanoparticles, whereas
at the same time, using TiO, and CeO, samples lead to 55.63%
and 19.1% removal efficiency, respectively. They have
suggested that the coupling TiO, with CeO, could produce
special electrons and holes transfer from TiO, to CeO,, which
is able to facilitate the separation of the electron-hole pairs and
thus improve the photocatalytic activity of the coupled
photocatalyst. They justify their results by a simple mechanism
representation of the coupled CeO,/TiO, that is responsible for
its UV light activity (Figure 14).

UV light
(< 387.5nm)

Figure 14. Possible photocatalytic mechanism of TiO,/CeO, coupled
nanoparticles under UV light irradiation.

2.8.3. Mesoporous Clays

TiO, supported on inorganic clay minerals has received
wide attention. The natural structure and adsorption ability of
the clay materials can maintain large SSA, stability and
consequently enhance the photocatalytic efficiency of the
photocatalysts [47-49]. Therefore, the selection for the
suitable clay minerals is the key step for the success in
developing the immobilized-catalysts. Different types of
clays have been investigated; bentonite [50], sepiolite [51],
montmorillonite [52], zeolite [53] and kaolinite [54].

Li and co-workers reported that the photocatalytic
performances of as-prepared photocatalysts were measured to
degrade antibiotics under UV light irradiation [55]. Figure
15a shows the degradation curves of tetracycline
hydrochloride using FK, RK, FK/TiO,, RK/TiO, and bare
TiO, photocatalysts. The bare TiO,, FK and RK exhibit 9, 22
and 19% of tetracycline hydrochloride adsorption after 30
min dark adsorption equilibrium, respectively. Upon UV light
irradiation, the tetracycline hydrochloride can be slightly
degraded with bare TiO,, while there is no degradation by FK
and RK. The photodegradation activity is enhanced by
supporting TiO, nanoparticles on the kaolinites, and FK/TiO,
composites show the highest photodegradation activity. After
irradiation for 60 min, the photodegradation rate of FK/TiO,
composite is 98%, but only 84% for the RK/TiO,. It is
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reported that photocatalytic decomposition of tetracycline
hydrochloride follows the pseudo-first-order reaction kinetics
[56]. As shown in Figure 15b, the rate constant for bare TiO,
is very small compared to that for clays/TiO, composites, and

the rate constant of FK/TiO, is higher than that of RK/TiO,.
The enhanced photocatalytic activity for FK/TiO, composite
can be attributed to the large surface area, decreased particle
size and increasing density of active sites.

35 (b )
10 3.0
4 4
- 254 < FKITIO,
: 1 < RKTIO.
i No catalyst | _ . 2
D8 : —=—FK QQZD . TIOZ
S ; —a—RK S 1
. —<— FK/TiOz £ 15 E
0.4 : —<— RK/TIO:z 1
| —e—TiO: 101
0.2 ; 1
: 0.5 . ¥
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Figure 15. Photocatalytic properties and reaction mechanism of the samples. (a) Photocatalytic degradation curves of different samples, (b) pseudo-first-

order plot with FK/TiO,, FK/TiO, and bare TiO, nanoparticles.

2.9. Operational Parameters that Affect Photocatalytic
Degradation

2.9.1. Effect of pH

pH influences the adsorption and dissociation of the
organic molecule, surface charge of photocatalyst, and
oxidation potential of the valence band. As the pH reduced,
the functional groups are protonated, thus raising the positive
charge of photocatalyst surface. The surface of photocatalyst
will be charged negatively and results in the increased
adsorption cationic molecules at higher pH value while in the
reverse situation it would adsorb anionic molecules very
easily. In the meantime, the increased pH value increases the
hydroxyl radical generation [57]. But the degradation of
organic molecules is repressed when the pH of solution is too
high (pH > 12), because hydroxyl ions compete with organic
molecules for the adsorption on the surface of the catalysts.
On the contrary, at low pH, the adsorption of cationic organic
molecule on the photocatalyst surface is reduced, because the
surface of photocatalyst is positively charged which results in
the decrease in adsorption of cationic organic molecules.
Thus, the degradation efficiency is declined in lower pH or
acidic solution [58].

Nasikhudin and co-workers investigated the photocatalytic
activities of TiO, nanoparticle in various condition (without
UV and with UV light) and various pH; acidic pH conditions
(pH=4.1), neutral (pH=7), and base (pH=9, 7). The results of
the photocatalytic investigation degradation of methylene
blue (MB) solution by TiO, were shown in Figure 16 [59].

Figure 16 shows that a photocatalytic process that takes
place under alkaline conditions will be faster than in neutral
conditions. Otherwise the photocatalytic process that takes
place in acidic conditions will be slower than in neutral
conditions, this can be explained as follows.

cic,

Time (h)

Figure 16. Photocatalytic activity of TiO; nanoparticle in acid, neutral and
alkaline condition.

In the neutral condition the hydroxyl radical (HO*) is
produced from the reaction

hy," +H,0 - H + HO*

Under alkaline conditions, the hydroxyl radical may also
be produced directly from the (HO") ion which interacts with
the hole according to the following reaction

hy,” + OH — HO*

Therefore under alkaline conditions, the resulting hydroxyl
radical (OH*) will be more numerous so that its
photocatalytic ability will be better. In acidic conditions there
exists an excess of H', so that this excess H™ will interact
with the free electrons (¢) to form radicals (H*). The
formation of this radicals (H*) will cause a backlash with
HO* and H* return to H,O.

H" + ¢ — H* and H* + HO* — H,0

2.9.2. Effect of Dye Concentration

Increasing initial dye concentration reduces the
photocatalyst degradation efficiency. It might be due to the
increase of the initial concentration of organic compound in
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which more molecules were adsorbed on the surface of the
photocatalyst. Also initial concentration of dye decreases the
number of photons or path length of photon that is arrived on
the surface of photocatalysis which reduces the excitation of
electron from valance band to conduction band [60, 61].
Hadjltaief and co-workers studied the effect of dye
concentration on the degradation of methyl green at varying
concentrations between 25 and 150 mg/L with constant
catalyst loading at pH 7 [62]. The influence of initial dye
concentration is shown in Figures 17 in the presence of TiO,
(P25) where a plot of In(C/Cy) versus time of irradiation is
represented. A linear relation between dye concentration and
irradiation time has been observed. It was found that the
increase in the dye concentration decreases the removal rate.

Irradiation time (min)
0 10 20 30 40 50 60 70 80

In(C, /Cy)
|

+ 25mg/mL « 100 mg/mL
= 50 mg/mL « 150 mg/mL
s 75mg/mL

Figure 17. (a) Effect of initial dye concentration on photocatalytic
degradation of MG using TiO, (P25) (photocatalyst amount=0.75 g/L and
irradiation time=180 min at pH=7).

2.9.3. Effect of Catalyst Loading

In general, due to increasing in active sites, the rate of
photocatalytic degradation of organic pollutants increases
with photocatalyst dosage. This is mainly due to increase of
hydroxyl radical produced from irradiated photocatalyst.
Agglomeration of nanoparticles at high concentrations
reasoning a decline in the number of surface active sites
available for the photocatalytic degradation and deactivation
of activated molecules could result from the collision of
activated molecules with ground state molecules [63].
Concentration of TiO, in the photocatalytic water treatment
system affects the overall photocatalysis reaction rate in a
true heterogeneous catalytic regime, where the amount of
TiO, is directly proportional to the overall photocatalytic
reaction rate [64, 65].

Figure 18 shows the results of decomposition of MB
obtained at different TiO, particle dosages [66]. The
microwave intensity was 0.4 kW, and the DO concentration
was 70 ppm. Addition of a larger amount of TiO, particle
resulted in a higher decomposition rate. Certain amount of
MB was shown to be decomposed by MDEL and high
concentration of DO without the aid of TiO, photocatalytic
reaction. The plots for the four cases were all fitted well by
linear line, which indicates that decomposition of MB in the

presence of TiO, catcalyst can be approximated by a pseudo-
first-order reaction (C—:exp(—Kt))..
0

InC/Cy

1 1
0 10 20
Reaction time (min)

Figure 18. Effect of TiO; particle dosages for decomposition of methylene
blue in aqueous solutions.

2.9.4. Effects of Scavengers on Photocatalysis

Over the past 10 years, research has focused on enhancing
the performance of photocatalysis by applying various
techniques, including the surface modification of the
photocatalyst, and adding an scavengers such as AgNO;,
CH3OH, KBI’O}, (NH4)28208, EDTA etc. [67] These
scavengers are a chemical substance added to a mixture in
order to remove or de-activate impurities and unwanted
reaction products [68].

Hou and co-workers presented the effect of free radical
scavenger on the degradation of methyl blue dye as indicated
in the Figure 19 [69]. Potassium iodide and hole were
reduced by the free radical (OH) binding of terephthalic acid
to the hydroxyl group (h"). The activity of the catalyst was
reduced. The Quinone could be combined with a superoxide
free radical (O, to reduce the activity of the catalyst. When
the methylene blue was degraded, the addition of Quinone
was obviously better than the addition of potassium iodide
and terephthalic acid, indicating that hydroxyl radicals and
holes play a leading role in photocatalysis.

10 dark | Light —a— Add potassium iodide
®— Add benzoquinone
i —a— Add terephthalic acid
08 A v— [OM-20mg
h s
— ‘
-
06 ¥
-
154
- -
-
U4 = .
L4
v
02 b . . =
[ ® .
v L 1 - L v 1 .
=30 0 30 G0 o0 120
Time (min)

Figure 19. Degradation diagram of the prepared samples for methylene blue
in the presence of different scavengers.
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3. Conclusions and Future Perspectives
of Nanophotocatalyst

Majority of the studies reveals that different supporting
materials (such as conductive polymers) act as effective
sensitizers for TiO,. However, the overall performance of
conducting polymer sensitized TiO, nanocomposite is
dependent upon several critical structural parameters. Among
these the efficiency of the separation of photogenerated
electrons should be sensitively varied by the interfacial
interactions between the polymer and the oxide substrates.
The structures of the dye molecules also affect the electron
transfer dynamics at the interface between the dye and the
nanocomposite surface. This review demonstrated that
conductive polymers are useful to improve the performance
of composite photocatalysts for photocatalytic degradation of
hazardous chemicals, focusing on the roles of conductive
polymers.

Doping with various metal species and coupling with other
oxide semiconductors are also possible solving routes to
increase the lifetime of the photo-produced electron-hole
pairs and improvement of the photocatalytic activity of
Titania. The negatively charged inorganic anions in
wastewaters behaved like to h" and ‘OH scavengers and
cause a negative effect on the photocatalytic processes.
Whereas the dissolved metal ions in wastewaters and
inorganic oxidants increase the electron-hole separation time,
by accepting the conduction band electron and resulting in
the improvement of the photocatalytic activity of Titania.

This supported TiO, photocatalysts are not only highly
effective under visible and/or solar light but can also be
reused for multiple-runs without any significant loss in
photocatalytic activity. The operational parameters like pH,
catalyst loading, dye concentration, light intensity and
calcination temperature also be considered. For this a
successful collaboration of chemical engineers and chemists
is required which would provide better insight and solutions
to issues that are hindering commercialization of supported
TiO, photocatalysts. The nanocomposites preparation by
using carboneous material, polymer and ceramic materials
are still in initial stage. So, we need to focus for developing
more reliable photocatalysts which can absorb visible and
solar radiation or by both.
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