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Introduction

Water is of major importance to all living organisms and generally, accounts almost 70~90 % of
their body weight. There is no possible living world without water. Thus, the quality of water
resources will directly affect the ordinary life of a human being. The world's population and
industry grow have intensified the demand for water supply [1,2]. The chemical contamination of
drinking water and aquatic environment has been a serious problem of these last years. Industrial
activity consumes large amounts of water and chemicals and produce large amounts of wastewater
[3]. The principle sources of industrial wastewaters are dye pollutants [4]. Dye molecules are
extensively used in textile dyeing, paper printing, leather, pharmaceutical, cosmetic, and nutrition
industries [5]. The textile industry ranks first in usage of dye for coloration of fiber. It is reported
that in textile industry, due to inefficiency in the dyeing process, 10~20% of dyes are lost to
wastewater. In addition, non—fixed dyes, wastewaters generated by textile industries contain
considerable amounts of inorganic salts [6,7].

The removal of industrial wastes from the water has received considerable attention in
environmental research. The most often used methods for the treatment of the industrial
wastewaters, including membrane filtration, chemical coagulation/flocculation, ion exchange,
precipitation, adsorption, biological degradation, and ozonation are not efficient enough and have
limitations [8,9].

In recent years, a substitute for non—destructive methods is advanced oxidation processes (AOPs),
as a most promising way for degradation of various pollutants. The AOPs based on the generation
of highly reactive species such as hydroxyl radicals as oxidizing agents that quickly and non-
selectively oxidizes a wide range of organic pollutants [10,11]. The AOPs including
ultraviolet(UV)/H,0,, Fenton, photo—Fenton, and heterogeneous photocatalysis, although the use
of different reacting systems, the reactive species in all of them are hydroxyl radicals [12,13]. These
radicals are very powerful oxidant agents (Eq = 2.8 V), which can be used to degrade most organic
molecules with rate constants usually in the range of 10°~10° M* s7* [14]. I the advanced oxidation
operation is carried out under suitable conditions, the final products will be CO,, H,0, and aliphatic
acids with low molecular weight [15].

Heterogeneous photocatalysis technology is an interesting route among AOPs, which can be
conveniently used for the complete degradation of various hazardous compounds. Heterogeneous
photocatalysis involves a combination of UV or visible light irradiation and an oxide semiconductor
(such as TiO,, ZnO, ZnS, Fe,03, CdS, WO3, Zr0,, Sr0,, Ce0,, etc.) [16,17]. When a semiconductor
absorbs a photon with energy greater than or equal to the band gap energy, electrons are
promoted from the valence band (VB) to the conduction band (CB) to produce electron—hole pairs,
according to Eq. (1): [18]. Schematic of heterogeneous photocatalysis mechanism are shown in
Figure 4.1.

Photon + Semiconductor = Semiconductor (ecg + hys') (1)

As it can be observed from Figure 4.1, the produced electron—hole pairs can either recombine and
release heat energy or interact separately with other molecules [19]. The electrons in the
conduction band can reduce dissolved oxygen to superoxide radical anion (Eq. (2)) that this radical
may form hydrogen peroxide (Eq. (3)). The electron reduction of hydrogen peroxide produces
hydroxyl radical (Eq. (4)) [20].

e_ + Oz(ads) 9 .oz(ads)_ (2)
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.Oz_ + 2H+ +2e > HzOz (3)
H,0,+ H'+e — OH" + H,0 (4)

The holes in the valence band can oxidize the adsorbed water or hydroxide ions to produce
hydroxyl radicals (Egs. (5) and (6)) [21].

h+ + HZOads 9 .OH(ads) + H+ (5)
h+ + OHads_ 9 .OH(ads) (6)
Produced free radicals are able to undergo secondary reactions. Among them the hydroxyl radicals
can be used to degrade organic compounds at or near these surfaces of semiconductor catalyst,
and intermediates are formed. These intermediates react with hydroxyl radicals to produce final

products (Eq. (7)) [22].

*OH,¢s + Organic compounds -> Intermediates - Products (7)

UV light (< 387.5nm)

*OH

FIGURE 4.1
Schematic of heterogeneous photocatalysis mechanism

Generally, two types of photoreactors are used for photocatalytic wastewater treatment processes:
(i) slurry photoreactors and (ii) fixed—bed photoreactors. The slurry photoreactors utilize suspended
photocatalyst particles, while the other type utilizes immobilized photocatalyst particles on a
surface [23]. Nowadays, in most photocatalytic wastewater treatment studies, the catalysts are
applied in the form of a slurry. However, the separation of catalyst after the reaction in the slurry
systems, is a costly step, which adds to the overall running costs of the plant. Therefore, for
practical application of catalysts, immobilized catalyst systems are preferred in order to prevent a
costly separation step [24]. However, the immobilized catalyst systems have low interfacial surface
areas and consequently a very low activity, and the problem that they are difficult to scale [25]. It is
noted that, configuration of photoreactor has an important role in the efficiency of the
photocatalytic wastewater treatment processes.
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Titania nanoparticles

Titania (TiO,) exists in three crystalline phases; anatase, rutile, and brookite. The predominant
commercial phase of TiO; is anatase, which has been widely used in photocatalysis processes due
to its high photocatalytic activity. Anatase phase has a tetragonal crystal structure and a band gap
of 3.23 eV [26,27]. Among the TiO, crystalline phases, rutile is thermodynamically most stable
phase than others. Rutile phase has a band gap of 3.0 eV and a crystal structure similar to that of
anatase, except that the octahedral shares four edges instead of the four corners [27,28]. Whereas,
brookite phase of TiO, has an orthorhombic crystal structure [26,27]. Crystalline structures of TiO,
phases are shown in Figure 4.2.

> 21

Anatase

FIGURE 4.2
Crystalline structures of TiO,

TiO, has attracted considerable attention and most of photocatalysis studies have been published
on the use of TiO,, as a suitable photocatalyst for the chemical treatment of organic pollutants. The
interest in TiO, was mainly due to its availability, low cost, non—toxicity, chemical stability, high
photocatalytic activity, and optical-electronic properties [29]. There were some researches on the
photocatalysis mechanism of TiO,. A possible mechanism for the photocatalysis mechanism of TiO,
indicated that photo—produced electron—hole pairs are trapped at different defect sites. Electron
paramagnetic resonance (EPR) results indicate that electrons were trapped as Ti(lll) centers
(surface—trapped CB electron) and holes were trapped as oxygen—centered radicals covalently
linked to the surface of Ti atoms (surface—bound hydroxyl radicals), as shown in Egs. (8-9) [30,31]:

e, +)Ti"OH «)Ti" OH ()

h, " +)Ti"OH —)Ti" “OH* ©)

Also, O vacancies can be formed through the following reaction (Eq. (10)):
L1, 1
hy, +§O lattice <—>Zoz(g)+vacancy (10)

Dissolved oxygen is another source of hydroxyl radicals according to the following reactions (Eqs.
(11-14)) [31,32]:
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e, +0, >0, (11)
e, +0,” +2H" - H,0, (12)
H,0, +0,” —>'OH +OH™ +0, (13)
H,0, + hv —2°0OH (14)

Generally, substrate oxidation may occur in three ways: (1) indirect oxidation through the free
hydroxyl radicals in solution (2) and/or through the surface—bound hydroxyl radical, and (3) direct
oxidation through the valence band holes before it is trapped either at the particle surface or
within the particle [33].

Synthesis of titania nanoparticles

Many techniques are used for the synthesis of TiO, nanoparticles (Figure 4.3). Among these
techniques, the sol—gel process was currently recognized as one of the most important chemical
technique for the synthesis of TiO, nanoparticles, due to several advantages, such as low
processing temperature, versatility of processing, high homogeneity, and stability [34,35].

Sol—gel

Reactive sputtering

Solvothermal

TiO, nanoparticle synthesis

techniques Liquid phase deposition

Reverse micelle

Hydrothermal treatment

Electrochemical

FIGURE 4.3
Synthesis techniques of TiO, nanoparticles

Some reports on the sol-gel preparation of TiO, nanoparticles will be reviewed here: Bessekhouad
et al. [36] employed the sol-gel process for the synthesis of nanostructured TiO, from the metal
alkoxide precursor (titanium tetraisopropoxide, Ti(OC3H,),) and a mixture of two alcohols
(methanol and ethanol) as solvent. For this purpose, metal alkoxide precursor was dissolved in a
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mixture of methanol and ethanol. Then water was added dropwise into the above solution under
reflux. The obtained precipitate was filtered and washed with hot water and organic solvents to
remove the adsorbed impurities. Then heated at 110 'C for 12 h. They studied the effect of
synthesis variables, such as the amount of water and solvent, reflux time, and temperature on
photocatalytic activity of prepared TiO, nanoparticles in the removal of Malachite Green as a model
pollutant. The optimum conditions for the synthesis of TiO, nanoparticles with high photocatalytic
activity were as follows; 1:1:75 for precursor/solvent/water molar ratios, 75 °C reflux temperature,
and 3 h reflux time. They have concluded that the number of active sites can depend on the water
amount. In the presence of higher amounts of water, high hydrolysis rates are desired for the
formation of Ti(OH),;, which condense to yield Ti—O-Ti chains. The hydrolysis of metal alkoxide
precursor produces Ti—-OH, which can react with an alkoxide molecule or another Ti—OH species or
a solvated metal species. The ratio of water to metal alkoxide precursor determines the
contribution of each reaction and consequently, the mechanism of the reaction. The excess water
suppresses the development of Ti—-O-Ti species, because chemical equilibrium causes the favorable
creation of Ti—OH species.

In another study, Behnajady and Eskandarloo [37-39] employed the sol—gel low temperature and
sol—gel high temperature methods for synthesis of anatase—type and mixed anatase/rutile—type
TiO, nanoparticles, respectively. In sol—gel low temperature synthesis, titanium tetraisopropoxide
was used as a precursor and glacial acetic acid used as a chelating agent for control the hydrolysis
of titania precursor and efficient stabilizer of the anatase phase. The schematic of the sol-gel low
temperature is shown in Figure 4.4a. The effects of synthesis parameters such as acetic acid and
water ratios, sol formation time, and calcination temperature on the structural and photocatalytic
activity of anatase—type TiO, nanoparticles were investigated. They have concluded that the acetic
acid inhibits the rapid hydrolysis of titania precursor and resulting in control produces of Ti-OH
species. During condensation, two Ti—OH species can link together to form Ti—O-Ti species. Then
polymerization process produces polynuclear complex of Ti—-O-Ti species which will precipitate in
the result of their large size. Therefore, the Ti—O—Ti species in high acidic media possesses a higher
polymerization rate and resulting in the larger crystalline sizes of the TiO, nanoparticles. The mean
size of prepared anatase—type TiO, particles is estimated to be less than 15 nm fromtrannsmission
electron microscopy (TEM) image (Figure 4.4b). In order to study the effect of calcination
temperature on anatase phase stability, prepared nanoparticles was calcined at different
temperatures from 450 to 750 °C for 3 h. The XRD patterns reveal that calcined samples below than
650 °C had completely anatase structure and calcined sample at 750°C was a combination of
anatase/rutile phases. It was interesting to observe that with increasing calcination temperature to
750 °C, only some portion of anatase phase transformed to rutile phase, whereas other studies had
shown reported temperature of 600—-650°C for complete transformation of anatase to rutile phase.
They have concluded that the sol-gel low temperature method is able to synthesis TiO,
nanoparticles with stable anatase structure. The photocatalytic activity of prepared TiO,
nanoparticles was evaluated in the removal of C.I. Acid Red 27 as a model contaminant from textile
industry. The optimum conditions for low temperature synthesis of anatase-type TiO,
nanoparticles with high photocatalytic activity were as follows; 1:1:200 for titanium
precursor/acetic acid/water molar ratios, 1 h sol formation time, 0 °C synthesis temperature, and
450 °C calcination temperature.
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FIGURE 4.4
(a) Scheme of the sol-gel low temperature synthesis method and (b) TEM image of the prepared anatase—type
TiO, nanoparticles

In sol—gel high temperature method for synthesis of mixed anatase/rutile—type TiO, nanoparticles,
the effect of synthesis variables, including precursor and solvent type, reflux temperature and time,
solvent and water molar percent, gelation pH, sol drying method, and calcination temperature
were studied. In this method, various precursors such as titanium tetraisopropoxide and titanium
n—butoxide and various solvents such as methanol, ethanol, and isopropanol used as solvent. The
hydrolysis process was performed by adding of drop by drop water into a flask containing
precursor/solvent mixture under reflux and magnetic stirring. The schematic of the sol-gel high
temperature method and TEM image of prepared mixed anatase/rutile—type TiO, nanoparticles are
shown in Figure 4.5. Structural characterizations and photocatalytic activity evaluations have
proved that the structure and photocatalytic activity of prepared TiO, nanoparticles are functions
of precursor type, solvent type, and other synthesis conditions. The optimum conditions for high
temperature synthesis of mixed phase anatase—rutile TiO, nanoparticles with high photocatalytic
activity were as follows: titanium (IV) isopropoxide as precursor, methanol as solvent, 3 h reflux
time, 80 °C reflux temperature, gelation pH of 5, thermal drying of sol, and 450 °C calcination
temperature. Behnajady and Eskandarloo studies clearly revealed that the sol—gel synthesis
variables affect the structural properties of TiO, catalyst such as the particle size, phase
composition, band gap, pore volume, surface area, and accordingly affect its photocatalytic activity.
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FIGURE 4.5
(a) Scheme of the sol—gel high temperature synthesis method and (b) TEM image of the prepared mixed phase
anatase—rutile TiO, nanoparticles

Photocatalytic activity of titania nanoparticles

The rate of photocatalytic activity of TiO, catalyst is limited to the recombination rate of photo—
produced electron—hole pairs. The quick recombination of photo—induced charge carriers
decreases the photocatalytic efficiency of TiO, catalyst [40,41]. In order to reduce electron—hole
recombination and improve the photocatalytic activity of TiO,, some of techniques have been used,
including doping by various metallic species and coupling with other semiconductors [42—-44].

Doping titania nanoparticles with metallic species

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 [45].
Some reports on the doping of TiO, nanoparticles will be reviewed here: Castro et al. [46] 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. TEM images of Fe:TiO, and
Sb/TiO, nanoparticles, showed a morphology similar to that the un—doped pure TiO, sample,
whereas, Nb/TiO, and Co/TiO, nanoparticle, showed particles with an elongated morphology
(Figure 4.6). The photocatalytic activity of the doped anatase—structure TiO, nanoparticles was
examined in degradation of diquat dibromide monohydrate as a model compound. The results
revealed a significant enhancement in the photocatalytic activity of the Sb/TiO, and Nb/TiO,
nanoparticles, whereas no photocatalytic activity was detected for the Fe/TiO, and Co/TiO,
nanoparticles. By using Mossbauer spectroscopy and magnetization data, the obtained results were
correlated to the doping ions oxidation states. They have concluded that both amount and valence
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of the doping ions are important factors that strongly determine the photocatalytic activity of
doped TiO, nanoparticles.

a b

FIGURE 4.6
TEM images of doped TiO, nanoparticles: (a) Fe:TiO,, (b) Sb:TiO,, (c) Nb:TiO,, and (d) Co:TiO,

However, TiO, doped by a single species has not been found to meet practical applications and
reported that co—doping with different species leads to higher photocatalytic activity. Behnajady
and Eskandarloo [17,47] used sol-gel prepared TiO, nanoparticles and commercially available TiO,—
P25 nanoparticles for direct and indirect doping of silver and copper. From TEM images of co—
doped Ag,Cu/TiO, nanoparticles (Figure 4.7(a=b)), a mean size of 10-35 nm and 20-30 nm is
estimated for direct and indirect co—doped samples, respectively. Energy—dispersive X-ray
spectroscopy (EDX) analysis at the microscopic level confirmed the presence of both silver and
copper metals in chemical composition of the direct and indirect co—doped samples (Figure 4.7(a—
b)). The photocatalytic activity of prepared nanoparticles was evaluated in the removal of C.I. Acid
Orange 7 as a model pollutant from textile industry. In both direct and indirect doping methods,
co—doped Ag,Cu/TiO, nanoparticles showed the highest photocatalytic activity compared to mono—
doped Ag/TiO,, Cu/TiO,, and pure TiO, nanoparticles under both UV and visible light irradiation.
Comparison between the photocatalytic activity of TiO,, Cu/TiO,, Ag/TiO,, and Ag,Cu/TiO,
nanoparticles prepared by the indirect doping method is shown in Figure 4.8. The optimum
contents of silver and copper dopant ions were (0.08 mol% Ag/0.01 mol% Cu) and (0.1 mol%
Ag/0.03 mol% Cu), for direct and indirect co-doped samples, respectively. The positive effect of Ag
on the photocatalytic activity of TiO, nanoparticles was explained by Ag ability to trap electrons and
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its ability to modify the interfacial charge transfer to electron acceptors. Due to the Fermi level of
Ag is lower than that of TiO, conduction band and the formation of Schottky barrier in the TiO, and
Ag contact region, electrons in the conduction band of TiO, catalyst transfer to Ag metal. The
electrons transferred to the Ag cluster react with adsorbed O, molecules and form superoxide
anions. On the other hand, the holes will be free and react with adsorbed water and hydroxide ions
to form hydroxyl radicals. Therefore, this process prevents the recombination of photo—produced
electron—hole pairs and will be useful for significant enhancement in the photocatalytic activity of
the TiO, nanoparticles. In addition, in the case of the positive effect of Cu on the photocatalytic
activity of TiO, nanoparticles, due to the reduction potential of CuO is greater than that of TiO,,
CuO by capturing of photo—produced electrons reduce to Cu,0 or Cu, and resulting in inhibits the
recombination of electron—hole pairs and enhancement in the photocatalytic activity.
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FIGURE 4.7
TEM images and EDX spectrum of Ag,Cu/TiO, nanoparticles prepared by (a) direct and (b) indirect doping
methods
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FIGURE 4.8

Comparison between the photocatalytic activity of TiO,, Cu/TiO,, Ag/TiO,, and Ag,Cu/TiO, nanoparticles
prepared by the indirect doping method in the removal of AO7 under (a) UV and (b) visible light irradiation

Coupling titania nanoparticles by other metal oxides

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,, ZrO,—~TiO,, SnO,—
TiO,, Cu,0-Ti0,, WO3-TiO,, and Ce0,—TiO,, have been reported [48]. Some reports on the coupling
of TiO, nanoparticles will be reviewed here; Liu et al. [49] have reported one—pot preparation of
transition metal oxide clusters (MnO,, FeO,, CoO,, NiO,, and CuO,) loaded on TiO, nanosheets. By
using TEM and scanning transmission electron microscopy (STEM) techniques, Figure 4.9 and 4.10,
they have concluded that the metal oxide do not dope into the frameworks of TiO, nanosheets,
rather the metal oxide clusters with ~2 nm size were dispersed on TiO, nanosheets. The metal
oxide clusters loaded TiO, samples show similar morphology compared with pure TiO,, indicating
that the addition of other metal oxide not impact the growth of TiO, nanosheets. From
photoluminescence (PL) and photoelectrochemical measurements, they have suggested that these
metal oxide clusters can capture photo—produced hole and consequently leading to higher
electron—hole separation efficiency. Because the heterojunctions are formed between TiO,
nanosheets and the metal oxide clusters, favoring charge transfer across the interface.
Photocatalytic O, evolution from water oxidation under UV light was used to test the
photocatalytic activity of prepared samples. Metal oxide clusters loaded TiO, nanosheets, especially
MnO,/TiO, and CoO,/TiO,, showed significant photocatalytic water oxidation to O, compared to
pure TiO, nanosheets. Because of their advantages in fast interface charge transfer and highly
active holes, MnO,/TiO, and CoO,/TiO, show excellent photocatalytic performance in water
oxidation. They have concluded, that the transition metal oxide clusters on TiO, nanosheets can
also serve as co—catalysts and participate in photocatalysis process.
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FIGURE 4.9
TEM images of (a) pure TiO,, (b) Mn-TiO,, (c) Fe-TiO,, (d) Co-TiO,, (e) Ni-TiO,, and (f) Cu-TiO, nanosheets

10 nm

FIGURE 4.10
STEM images of (a) pure TiO,, (b) Mn-TiO,, (c) Fe-TiO2, (d) Co-TiO,, (e) Ni-TiO,, and (f) Cu-TiO, nanosheets

Eskadnarloo et al. [50] prepared TiO,/CeO, coupled nanoparticles and used them in the
photocatalytic removal of phenazopyridine as a model drug contaminant under UV light irradiation.
They employed response surface methodology (RSM) to optimize the individual and interactional
effects of the synthesis variables. Their study results indicated that the maximum removal
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efficiency was achieved at the optimum synthesis conditions: Ti/Ce weight ratio of 0.84:0.16,
calcination temperature of 502 °C, and calcination time of 62 min. The TEM image of the optimized
TiO,/CeO, coupled nanoparticles showed that the mean particle size is about 30-40 nm (Figure
4.11). 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 Ce0,, 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 4.12). From diffuse reflectance spectroscopy (DRS) results, they reported that the energy
band gap of TiO, (3.26 eV) is bigger than that of CeO, (2.01 eV), therefore, the energy level of the
conduction band of TiO, is higher than the corresponding ones of CeO,, which this feature can
cause the electron transfer from TiO, to CeO,. On the other hand, the energy level of the valence
band of CeO, is higher than the corresponding one of TiO,, which this feature can cause
transferring of the holes from TiO, to CeO,. Finally, the complete separation of electron—hole pairs
in TiO, occurs, resulting in the improvement of the photocatalytic activity of the TiO, photocatalysts
with increasing 0,” and hydroxyl radical generation through the following equations (15-19);

TiO,+hv > e g +h'yg (15)
Ce +e > Ce™ (16)
ce®+0,>ce*+0,” (17)
0, +4H" > 2'0H (18)
Phenazopyridine + "OH- products (19)

FIGURE 4.11
TEM image of the TiO,/CeO, coupled photocatalyst
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UV light
(< 387.5nm)

FIGURE 4.12
Possible photocatalytic mechanism of TiO,/CeO, coupled nanoparticles under UV light irradiation

In another work, Eskandarloo et al. [51] prepared TiO,/NiO coupled nanoparticles by using
impregnation technique and then were immobilized the prepared nanoparticles on glass plate and
used as a fixed—bed photocatalytic system for photodegradation of Acid Fuchsin, as a
triphenylmethane dye pollutant. The high-resolution transmission electron microscopy (HRTEM)
image of the TiO,/NiO coupled nanoparticles were directly shown that the small NiO particles (<10
nm) dispersed on the surface of TiO, particles (~50 nm) (Figure 4.13). A comparison on
photocatalytic activity of immobilized pure TiO, and TiO,/NiO nanoparticles, showed that the
TiO,/NiO has a higher photocatalytic efficiency than pure TiO, (Figure 4.14). They justify their
results by a simple mechanism representation for the photocatalytic activity of TiO,/NiO under UV
light irradiation (Figure 4.15). When TiO, as a n—type electron—rich semiconductor is in contact with
NiO as a p—type hole-rich semiconductor, at n—p junction interfacial contact produces a space
charge region. The holes are diffused from TiO, to NiO and electrons are diffused from NiO to TiO,.
Finally, the complete separation of electron—hole pairs in TiO, occurs, resulting in the improvement
of the photocatalytic activity of the TiO, nanoparticles. They have reported that the direct
photolysis of Acid Fuchsin solution under UV light irradiation alone had no significant change in the
concentration of Acid Fuchsin. Also, the adsorption capability of immobilized TiO,/NiO
nanoparticles was performed in darkness, when the UV lamp had been switched off and the
reaction was allowed to continue in the darkness. The results indicate that the dye removal rate
was negligible 5.4%. From these experiments they have concluded that both photocatalysts and UV
light irradiation were needed for the effective photocatalytic degradation.
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FIGURE 4.13
HRTEM image of TiO,/NiO nanoparticles
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FIGURE 4.14
Direct photolysis, adsorption in the darkness, and photocatalytic degradation of Acid Fuchsin in the presence
of immobilized pure TiO, and TiO,/NiO nanoparticles



Nanotechnology for optics and sensors 123

UV light
(<385.5nm)

FIGURE 4.15
Possible mechanism for photocatalytic activity of TiO,/NiO coupled nanoparticles

Effect of Additives on photocatalytic efficiency of titania
nanoparticles

Wastewaters usually contain considerable amount of inorganic anions (such as nitrates,
carbonates, sulfates, phosphates, etc.) coexisting with organic contaminants. Inorganic anions have
an effect on the heterogeneous photocatalytic process, by changing the ionic strength of the
reaction medium and inhibiting the catalytic activity of the photocatalyst [52,53]. In addition to the
inorganic anions, wastewaters usually contain various dissolved metal ions, which can affect the
rate of photocatalytic processes [54].

In heterogeneous photocatalytic processes, oxygen on the catalyst surface acts as an electron
acceptor for the prevention of the electron—hole recombination process. When the mass transfer
of oxygen in the reaction medium is slow or oxygen is consumed, inorganic oxidants can
compensate for the lack of oxygen. In photocatalytic processes, inorganic oxidants increase the
electron—hole separation time, by accepting the conduction band electron, which are excited by
irradiation of the catalyst, resulting in the improvement of the photocatalytic activity [55,56].
Eskandarloo et al. [51] were investigated the effects of nature and concentration of various
additives such as inorganic anions (such as CH;COO, C05>, NOs , CI, H,PO,”, and 5042_), inorganic
oxidants (such as HSOs, 104, ClO5’, S,05%", H,0,, and BrO3 ), and transition metal ions (such as Co™,
Zn*, Fe”*, cu®™, Ni**, and Mn”") on the photocatalytic efficiency of TiO,/NiO fixed—bed system. Their
results showed that the nature and concentration of additives significantly affected the
photocatalytic efficiency of TiO,/NiO fixed—bed system. The inorganic anions showed a negative
effect on the photocatalytic degradation rate of Acid Fuchsin dye, whereas transition metal ions
and inorganic oxidants showed a positive effect (Figure 4.16). They reported that the positive effect
of inorganic oxidants was in the order of 10, > 52082_ > H,0, > HSOs > BrO; > ClO5; and for metal
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ions was in the order of Cu”* > Ni** > Co™ > Fe”* > Zn* > Mn®*. Whereas the negative effect of
inorganic anions was in the order of H,PO, > C032_ > CH;CO0 >l > 5042' > NOj .

a) ClO5” BrOy”
0.24 EHSO5 HH,0,
HS,05" H10,

L1 Absence of oxidants

0 0.2 0.4 0.6 0.8 1
Inorganic oxidant concentration (g L)
b) 021  Mn2* W Zn*
0205 H Fe?* W Co?*
HNj2* Cu**
0.2 LI Absence of cations
2=
S 0195
S o1
5

= 0185

0.18

0.175

0.17

6
Metal ion concentration (mg L)

C) 0.185 - -
ENO3 HSO4
HCI HCH3CO0O"
0.18 7 HCOs* EH,PO,
LIAbsence of anions
o
S 0.175
&
.:3 0.17
0.165
0.16
0 0.2 0.4 0.6 0.8 1
Inorganic anion concentration (g L1)
FIGURE 4.16

Effects of (a) inorganic oxidants, (b) transition metal ions, and (c) inorganic anions concentration on the
photocatalytic degradation rate of Acid Fuchsin dye
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The positive effect of transition metal ions was explained by two factors; (i) The surface of TiO,/NiO
coupled nanoparticles in a fixed—bed system becomes slightly positively charged, when the
transition metal ions get adsorbed to the surface. Therefore, the adsorption of Acid Fuchsin
molecules effectively occurs on the TiO,/NiO surface because Acid Fuchsin molecules are anionic
and the catalyst surface as the result of cation adsorption is positively charged. (ii) On the other
hand, transition metal ions behave as a scavenger of electron and preventing of electron—hole
recombination (Eq. (20)), resulting in the increasing the chances of the ‘OH formation on the
TiO,/NiO surface.

M*+e > M" (20)
M = Co, Cu, Zn, Fe, Ni, Mn

In study the effects of metal ions concentration on the photocatalytic efficiency of TiO,/NiO fixed—
bed system, they have concluded that with increasing concentration of dissolved transition metal
ions, the photocatalytic degradation of Acid Fuchsin become faster, but further increasing in metal
ions concentration in reaction medium leads to a decline in the photocatalytic degradation rate of
Acid Fuchsin. The negative effect of high metal ions concentration was explained by this fact which
limited the concentration of metal ions, the high metal ions concentration has a filter effect due to
UV light absorption and reduces the light intensity in the reaction medium, thus lowering the
photocatalytic degradation rate. Also, when the concentration of dissolved transition metal ions is
higher, the M" ions produced by the electrons and exists as the predominant ions in the reaction
medium, that the M" ions are oxidized to M** by the photoinduced h* on the surface of TiO,/NiO
catalysts (Eq. (21)).

M*+h' > M* (21)

The positive effect of inorganic oxidants on the photocatalytic efficiency of TiO,/NiO fixed—bed
system was explained with the scavenging of photogenerated electrons by inorganic oxidants
(Figure 4.17) and consequently increasing electron—hole separation time. They have reported that
the combination of inorganic oxidants and UV radiation provides a strong oxidant system through
generation of other oxidizing species, and therefore they play a dual role in photocatalytic process.
UV/inorganic oxidants extensively used as an alternative method for removal of various organic
pollutants from aqueous solutions. Peroxydisulfate is a thermodynamically strong oxidizing agent
(with a redox potential of 2.05 V) that has been used as a sacrificial reagent and alternative oxidant
in the chemical oxidation of organic contaminants. Undergo photolysis or thermolysis in aqueous
solution, $,05° decomposes to generate the free sulfate (SO,) oxidant (Eq. (22)). SO, as a very
strong oxidizing agent (with a redox potential of 2.6 V) can accelerate the reaction through
producing a rapid attack to any oxidizable agent [57-59].

5,05° + heat/hv (<270 nm) = 250, (22)
Peroxymonosulfate is an inexpensive and effective acidic oxidant for the transformation of a wide
range of organic compounds. Similar to 5,057, undergo photolysis or thermolysis in aqueous

solution, HSOs~ decomposes to generate reactive radicals such as SO, and “OH (Eq. (23)) [59,60];

HSOs™ + hv > "OH +5S0,™ (23)
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Bromate is an inorganic disinfection in the mineralization process with an oxidation potential of 1.4
V in acidic medium. Bromate under photolysis in aqueous solution decomposes to generate a
number of various radical species, BrO;*, 0™, O, , etc (Eqgs. (24)—(26)). Which the formation of these
reactive species is responsible for the photooxidative activity of bromate [61,62].

BrO; +hv > BrO" + 0, (24)
BrO;” + hv > BrO, + 0™ (25)
BrO; +hv > BrO;" +e” (26)

The chlorate is an inorganic salt that functions as an oxidizing agent, particularly in the presence of
strong acid, which is used for various medical, veterinary, and miscellaneous purposes. Chlorate
anion is unstable in water and decomposes to form hypochlorite and oxygen and reacts readily
with organic materials. The decomposition of CIO; under UV irradiation showed in the following
reactions (Egs. (27)—(29)) [63];

Clo; +hv > ClIO"+ 0, (27)
ClOs +hv > ClO," + 0™ (28)
ClOs +hv > ClO;" +e (29)

Periodate was described as an inorganic oxidant which can rapidly oxidize a wide range of organic
compounds, that most of the organic compounds have the amine, imine or glycol group. Periodate
under photolysis in aqueous solution decomposes to generate a number of highly reactive radicals
and non-radical intermediates (Eq. (30)) [61-63];

10, +hv=>10;5"+0" (30)

The formation of various highly reactive radical species (0", “OH, 105" and 10,°) and non-radical
intermediates (Os, 10, and 1057) is responsible for the high activity of UV/IO, .

Hydrogen peroxide is a strong oxidant with high active oxygen content, that the combined with UV
light (UV/H,0,) is a well-known advanced oxidation process for degradation of organic compounds.
The decomposition of H,0, under UV irradiation showed in the following reaction (Eq. (31)) [67];

H,0, + hv > 2°0H (31)
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Dye Products

UV light
(<385.5nm)

FIGURE 4.17
Scavenging of photogenerated electrons by inorganic oxidants

The inhibitory effect of inorganic anions was explained by two factors; (i) The negative effect of
inorganic anions is attributed to the competitive adsorption of anions and the target organic
substance onto the surface of the catalyst, and resulting in blockage of the active sites on the
catalyst surface hinder the photocatalytic degradation of organic substance by oxidative species. (ii)
On the other hand, inorganic anions through scavenging of generated holes in the valence band
and hydroxyl radicals causes a great impediment to the progress of the photocatalytic reaction
(Figure 4.18).

H,0

UV light
(<385.5nm)

FIGURE 4.18
Scavenging of positive holes and hydroxyl radicals by inorganic anions
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Conclusion

Titania is introduced as a promising photocatalyst to the destruction of organic pollutants. It is
clearly revealed that the sol—-gel synthesis variables affect the structural properties of titania and
accordingly affect its photocatalytic activity. Doping with various metal species and coupling with
other oxide semiconductors are 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.
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