®

Check for
updates
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Abstract Water is the most essential life form on earth and a prerequisite for
human survival. Due to manifold anthropogenic and industrial activities, volumi-
nous discharge of diverse organic and inorganic pollutants has blown up into the
water bodies. Organic pollutants, in particular, have a major contribution to the
degradation of water quality on a vast scale. There is an exigent need for the abate-
ment of these organic contaminants from water and wastewater. There are many
conventional techniques of wastewater treatment including sedimentation, filtra-
tion, adsorption, reverse osmosis, ion exchange, coagulation and flocculation, and
Fenton process. Photocatalysis is a highly efficient technique for the degradation of
organic contaminants from water and wastewater. Several semiconducting materials
have been used as photocatalysts, including ZnO, WO;, TiO,, Fe,0s, and ZnS, for
the photocatalytic decomposition of multifarious organic pollutants. These semi-
conducting materials are highly beneficial for their application in the photocatalytic
treatment of wastewater due to their favorable properties. They have favorable elec-
tronic structure, excellent charge transfer properties, a long lifetime in the excited
state, high stability, low cost, and strong capability to absorb light. However, due to
the wide gap, their application is limited to ultraviolet region with only 5% of the
total spectrum of available solar light. So, modified metal oxide-based photocata-
lysts have been employed for the effective utilization of a wide visible spectrum of
light. To modify and enhance the efficacy of these catalysts, various methodologies
such as nano-structuring, metal doping, and genesis of nanocomposites have been
engineered. These modified nanostructured photocatalysts provide an effective
treatment potential to degrade organic water pollutants. This chapter outlines the
potential and efficacy of metal oxide and modified metal oxide-based photocatalysts
for the treatment of contaminants from water and wastewater.
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1 Introduction

Water happens to be the most vital and essential natural commodity for the survival
of different forms of life on earth. However, providing access to clean and safe
drinking water for everyone has become a daunting task globally [1, 2]. According
to an annual report by WHO published in 2018, around two billion people were
forced to consume water that is contaminated with fecal material, while 4.5 billion
had access to poor sanitation systems [3]. It is estimated by the United Nations that
around 1.7 million or nearly 3.1% of worldwide deaths every year are due to the
consumption of contaminated water [4]. Globally, more than one-fifth of children
die from water-related diseases such as diarrhea under 5 years of age, and about
4500 children get demised every day due to diarrhea [5]. The scarcity of safe drink-
ing water is attributed to the competing and selfish needs of the rapidly growing
population which have been overrun by water supplies. It is expected that this issue
will become even more serious as the population increases by around two billion by
the year 2050 [6]. Besides the increasing population, the rapid release of harmful
chemicals by industrialization and anthropogenic activities into the water also have
an equal contribution to the scarcity of water. On average, about two million tons of
waste including agricultural, sewage, and industrial waste is released into water
bodies daily [7, 8]. This dumping of waste leads to the introduction of inorganic,
organic, radioactive, and biological pollutants into the water bodies and causes a
massive deterioration in the quality of water. Among all these pollutants, organic
pollutants, in particular, pose a serious threat to society because they have been
widely used in textile, agricultural, and pharmaceutical and other chemical indus-
tries. Various types of organic pollutants, such as polychlorinated biphenyls (PCBs),
dyes, phenolic compounds, pharmaceutical drugs, cosmetics, polycyclic aromatic
hydrocarbons (PAHs), pesticides, and herbicides, have detrimental effects on human
health such as cancer, disturbance in the endocrine system, obesity, and reproduc-
tive system disorders [9-12]. The effects of these pollutants are not just limited to
human health, but entire ecosystems have been disrupted by these pollutants. Marine
life, in particular, has been the worst affected with around 50% of the fish species
and one-third of the amphibian population reportedly extinct [13]. The removal of
organic contaminants from water/wastewater is necessary because of their consis-
tent and tremendously increasing occurrence in water in the present time. They are
ubiquitous due to their semi-volatility, meager hydrophilicity, toxicity, bioaccumu-
lation, and non-biodegradability under ambient conditions [12, 14]. Due to the det-
rimental effects of organic pollutants on all living organisms and the environment,
it becomes necessary to remove them from water/wastewater so that the treated
water can be efficiently reused for the world’s sustainable and economic growth.
The problem of shortage of water can be overcome by developing suitable methods
and materials which are economic, reliable, and efficient and that can meet the high
environmental standards. The conventional water purification techniques like floc-
culation, activated sludge, biological trickling filters, chlorination, ozonation, filtra-
tion, precipitation, sedimentation, coagulation, adsorption, oxidation, distillation,
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reverse osmosis, etc. had been employed to remove organic pollutants from water/
wastewater, but these methods have some limitations also. These techniques are not
sufficient individually to remove a wide spectrum of organic pollutants since most
of them are not capable to remove microbes that cause diseases like cholera, typhoid,
etc. Also, some of these techniques can only transform the phase of the pollutants
and/or lead to the generation of secondary pollution that needs further treatment
[15, 16]. Recently, semiconductor photocatalysis has emerged as the most effective
technique for the degradation of organic impurities from water/wastewater. This
technique is simple, is economical, and can completely mineralize the organic con-
taminants to non-toxic compounds such as CO, and H,O without the formation of
secondary pollutants. The most important and unique features of photocatalysis are
usage of solar irradiation, the most abundant source of light, and its conversion into
chemical energy for its use for the treatment of water contaminants [17-19]. Several
semiconducting materials had been utilized for photocatalytic decomposition of
organic impurities. Among them, metal oxides such as TiO,, ZnS, and ZnO are the
most widely used traditional heterogeneous photocatalysts for organic wastewater
treatment. They have excellent properties such as good stability, an efficient capa-
bility to absorb light, complimentary electronic structure, charge transfer properties,
and lifetime in the excited state. However, these catalysts suffer from one major
limitation that they have a wide bandgap, so they can utilize the ultraviolet region of
electromagnetic spectrum only [20-27]. Since metal oxides have some inherent
limitations, physical or chemical modifications in their structure are required to
enhance their photocatalytic activity. These modifications or changes in metal oxide
catalysts include imparting nanostructure to these materials, doping, and formation
of composites with other materials [28-30]. Nanostructure engineering involves
reducing the size of the catalyst to a nanoscale, which ultimately changes the mate-
rial properties tremendously. One major advantage of both the nanostructured mate-
rials is excellent recyclability and the ability to regenerate for several cycles [31,
32]. Similarly, the formation of composites and doping methods have also been
reported to enhance some properties such as to broaden the light absorption spec-
trum, reduced recombination of charge carriers, reduced bandgap energy, and high
specific surface area [33—-36]. Although photocatalysis has emerged as an economi-
cal and environmentally friendly sustainable technology, it is yet to fulfill the
requirements of the industry. The development of a perfect photocatalyst possessing
outstanding photocatalytic efficiency, large surface area, the ability to completely
utilize sunlight, and superior recyclability remains, by far, the biggest challenge on
the path to its commercialization.

The current chapter aims to describe the overview about the most basic princi-
ples of photocatalysis and the role and application of traditional photocatalysts such
as metal oxide catalysts in the removal of harmful organic contaminants from water.
This chapter also includes discussion on methods to enhance photocatalytic effi-
ciencies such as nanostructure engineering, the addition of external materials or
doping, and the formation of composites, and finally, the chapter concludes with
potential prospects in the area of photocatalysis.
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2 Scope of Photocatalysis for the Degradation
of Organic Pollutants

The removal of toxic, burgeoning, and recalcitrant organic pollutants from water
has now become an imperative task. Organic pollutants are the pollutants that have
the potential to persist for a prolonged time, are produced extensively by industries,
have high stability at ambient temperatures and in sunlight, and have a strong resis-
tance to degradation. They have great adverse implications on the human and ani-
mal’s health, aquatic species, other living beings, and the environment. They can
cause cancer, reproductive system disorder, and disturbance in the immune system,
affect the growth of children, and cause mutagenic and carcinogenic effects on
human health [12, 14, 37]. As a result, the immediate development of an ideal and
most reliable treatment method has become an essential need for society at present.
To date, many physico-chemical and biological techniques have been explored for
the decomposition of organic pollutants from water/wastewater as shown in Fig. 1.

The most commonly used methods are coagulation-flocculation, activated sludge
process, membrane process, ozonation, biological treatment, filtration, reverse
osmosis, ion exchange, Fenton process, adsorption, and photocatalysis [15, 16].
However, the coagulation-flocculation process is only effective in removing turbid-
ity and color and is unable to remove organic/inorganic pollutants, dissolved impu-
rities, and heavy metals [38]. The activated sludge process has its own sets of
limitations such as the formation of loose flocs, high operating costs, sludge expan-
sion, and poor effluent quality [39]. The ozonation process is often used for water
disinfection, but it leads to the formation of carcinogenic bromates as byproducts in
the treated water and is also an expensive process [40]. Biological treatment is not

Fig.1 Methods to remove
pollutants from water/ Methods to remove
wastewater pollutants from
wastewater
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effective in eliminating high concentration pollutants, requires a high level of oxy-
gen and qualified operators, and is unable to remove certain organic pollutants that
are resistant to biological degradation [41]. The filtration process can efficiently
remove pathogens and turbidity adequately, but has poor response towards the
removal of organic materials and also causes the formation of excess amount of
disinfection byproducts when chemical disinfectants are added [42]. Membrane
processes such as reverse osmosis suffer from the limitation of clogging of pores by
the pollutants which makes them inefficient in removing contaminates after a short
time. They also produce fouling odor caused by the scaling of colloidal, particulate,
organic, and biological pollutants [40]. In the ion-exchange method, the majority of
the resins get polluted in the presence of organic materials [43]. The Fenton process
produces iron sludge that causes secondary pollution, is an expensive process,
requires a narrow working pH range, and includes risks of handling, storage, and
transportation of reagents [44]. The adsorption technique is the most widely
employed and efficient method for wastewater treatment, but this process has also
some major drawbacks like high cost, small capacity, and unsuitable for large-scale
applications [45]. Moreover, all these abovementioned methods are not easy to use,
i.e., need additional equipments/resins, and are not economic and environmentally
friendly as they are only capable of transferring the phase of pollutants from one
phase to another. These methods may also produce secondary pollutants that need
further treatment and therefore increase the cost of the treatment process [15, 16].
Therefore, we need a method that can meet the essential requirements such as envi-
ronmentally benign, have a low cost, capable to completely mineralize the parent as
well as intermediate pollutants, flexible, highly efficient, and possessing high recy-
cling capacity. Until now, semiconductor-based photocatalysis played an important
part in the advanced oxidation processes (AOPs). It is the most reliable and promis-
ing approach that can meet all the abovementioned requirements for the decontami-
nation of organic pollutants from water/wastewater [15-19]. The number of
publications on environmental remediation using photocatalysis technique has
increased productively over the last 16 years. The number of publications was found
to have increased ten times in 2002 as compared to 2001, and more than 6000 pub-
lications were published during 2017 [46]. Also, the number of publications on
photocatalysis displayed a significant increase from 2000 to 2019 as shown in
Fig. 2 [47].

2.1 Photocatalysis

It is defined as the chemical reaction involving a catalyst which accelerates the reac-
tion rate, utilizing the solar spectrum. The phenomenon of photocatalysis was ini-
tially discovered by the scientists Fujishima and Honda in 1972 during their
experiment on splitting of water on TiO, electrode [48]. Since then, extensive study
and research have been carried out by the scientists for understanding the basic
mechanism and parameters affecting photocatalysis so that this technique may be
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Fig. 2 Histogram of the number of publications on photocatalysis (blue bars) and on photocataly-
sis with TiO, and C;N, (gray and yellow bars, respectively) from 2000 to 2019 (Data source:
Scopus March 12, 2020) (Reproduced from Melchionna et al. 2020 [47])

applied to water/wastewater treatment applications. Photocatalysis technique can be
categorized into two categories: (1) homogeneous and (2) heterogeneous photoca-
talysis. During the process of homogeneous photocatalysis, all reagents and photo-
catalysts are present in the same phase. Commonly utilized catalysts in this process
are transition metal complexes, e.g., iron, chromium, and copper. However, during
heterogeneous photocatalysis, all reagents and photocatalysts tend to present in dif-
ferent phases. The process includes semiconducting materials like TiO,, ZnO, SnO,,
etc. However, due to the outstanding properties of the semiconducting materials
used in the latter process, it has gained huge attention compared to the former. These
materials have exceptional properties such as suitable electronic structure, excellent
stability, high absorption coefficients, high ability to generate charge carriers when
the light of suitable energy falls on them, biocompatibility, high charge transfer
properties, and excited lifetimes of metal oxides. Also, heterogeneous photocataly-
sis proves to be highly efficient in degrading distinct organic impurities to biode-
gradable intermediates and also mineralizing them completely to non-toxic carbon
dioxide and water molecules by undergoing a suitable photocatalytic mechanism
[49-51].

2.1.1 Mechanism of Heterogeneous Photocatalysis

Heterogeneous photocatalytic mechanism incorporates the following basic steps:

1. The electrons from the valence band (VB) of the semiconductor material get
transferred to the conduction band (CB) when the light of suitable energy (i.e.,
equal to or more than the bandgap energy) is incident on the surface of
semiconductor.
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2. Holes that are generated in valence band (VB) after the transfer of electrons
participate in the oxidation of donor molecules and generate hydroxyl (OH-)
radicals after reaction with water.

3. The electrons in the conduction band (CB) can react with species of the dis-
solved oxygen to form superoxide ions. Redox reactions are induced by these
electrons followed by successive reduction and oxidation reactions that occur
between any species that might have been adsorbed on semiconductor surface.
The mechanism of semiconductor photocatalysis is shown by the following
schematic, i.e., in Fig. 3.

The formation of radicals is initiated by a series of steps as shown below:
¢ TiO, + hv = e~ (conduction band) + h*(valence band.).
e O0,+e" - 0O,

e 'O, +H,0 — HO,.
* H,O/OH™ +h* - HO.

-0, /-O,H/ OH-+organic pollutants — CO, +H,0.

The generated OH'and O, ions play a major role to degrade organic pollutants.
Firstly, the pollutants are transferred from the bulk liquid phase (BLP) to the surface
of catalyst. Secondly, the surface of the photon-activated photocatalyst is used for
adsorbing the impurities on its surface, followed by generation of OHand O, radi-
cals which will further degrade the impurities to non-toxic mineralized products,
e.g., CO, and H,O. Finally, the intermediates or the final products formed during the

Energy Level 0,
t Reduction
hv
| Degradation

3 By-products

\ P
P;
H +0H

P H,0 Oxidation

Fig. 3 Photo-induced formation mechanism of electron-hole pair in a semiconductor TiO, particle
with the presence of water pollutant (P) (Reproduced from Chong et al. 2010 [54])
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reaction are desorbed from the catalyst surface and transferred to the bulk liquid
phase (BLP) [52-54].

Various catalysts had been discussed in literature by researchers for the degrada-
tion of organic contaminants, but only a few of them, which are highly efficient due
to their characteristic properties, e.g., metal oxides and their composites, will be
discussed in the present chapter to fully understand the potential, applications, and
merits of these photocatalytic materials in water/wastewater treatment.

3 Metal Oxide-Based Photocatalysts for the Treatment
of Organic Pollutants

To date, a wide variety of photocatalysts have been reported for the treatment of
organic species from water/wastewater. Photocatalysts are core of the photocataly-
sis technique; therefore, the design of an ideal photocatalyst is an essential task. An
excellent photocatalyst is one that possesses a remarkable ability to harness visible
or UV light coupled with high photocatalytic efficiency and stability towards photo-
corrosion. In addition to these properties, it also needs to possess biological and
chemical inertness, has a low cost, and should be environmentally benign [55, 56].
During the last years, major research has been centered on semiconducting materi-
als like metal oxides to treat wastewater possessing harmful organic impurities.
Metal oxide photocatalysts like TiO,, ZrO, ZnO, SnO,, WO;, Fe,0;, CeO,, etc.
have shown tremendous potential in photocatalysis due to their exceptional charac-
teristics like diverse morphology, composition, structure, and size. Thanks to the
electronic structure of these catalysts, due to which they can serve as sensors for
light-induced redox processes, absorption of the light by semiconducting materials
causes the charge transfer process due to the formation of holes that can oxidize the
organic species [51, 57]. TiO, and ZnO are, by far, two of the most extensively stud-
ied metal oxide semiconducting materials [58—63]. Additionally, Fe,Os, SnO,, and
WO; are also the commonly used catalysts used for the treatment of organic
impurities.

3.1 Discovery of TiO, as a Photocatalyst

TiO, is a metal oxide that occurs naturally and can be easily obtained from a mineral
called ilmenite which is a titanium iron oxide mineral [64]. It can exist in three
polymorphic forms: (a) anatase, (b) rutile, and (c) brookite [65]. Rutile happens to
be the most commonly utilized and stable type of TiO, utilized at high temperatures;
however, anatase form is only stable at low temperatures. Brookite form is in-
between phase formed during anatase-to-rutile phase transformation. This form is
metastable, is uncommon, and rarely exists [64, 65]. The ability of TiO, to exist and



Nanostructured Photocatalysts for Degradation of Environmental Pollutants 831

to get converted in various physical forms such as powdered TiO,, dispersed col-
loidal particles in water, thin films, nanoparticles, nanorods, etc. underlines their
possible applications in TiO, photocatalytic technology [64].

The groundbreaking work of Fujishima and Honda initially unfolded titania
(TiO,)-based photocatalysis, sometimes quoted as “Honda-Fujishima effect.” After
that, numerous efforts to explore the photocatalytic properties of TiO, have been
made. An early attempt on photocatalysis using an aqueous suspension of TiO, was
initiated by scientists Frank and Bard during the year 1977 for the photo-oxidation
of CN~ and SO;*" ions under sunlight [66]. A report displaying the ability of titania
(TiO,) to reduce CO, under visible light further drew the attraction of the research-
ers towards titania photocatalysts [67]. Since the 1980s, the photocatalytic decom-
position of various harmful aqueous and air pollutants using powdered TiO, has
become the subject of extensive research [68].

3.1.1 Photocatalytic Properties of TiO,

TiO, basically is an n-type semiconductor material with an energy bandgap value
ranging from 3.0 to 3.2 eV, the bandgap being low as compared to ZnO and tin
oxide (SnO,) which happens to be 3.35 eV and 3.6 eV, respectively (at about 400 nm
wavelength). Thus, light having wavelength less than 400 nm will be required to
initiate a photo-reaction using TiO, [69-71]. TiO,, however, possesses remarkably
high thermal and chemical stability coupled with its strong UV light absorption
capacity that allows it to perform effectively in the degradation of organic pollut-
ants. A strong oxidizing ability, high stability in any pH, hydrophilicity, environ-
mental friendliness, ease of preparation, and high pigmentary properties are some of
the other properties that make TiO, a great photocatalytic material [67—72]. The
ability to yield results over a range of pH values is in stark comparison to ZnO,
another widely used photocatalytic material, which can easily undergo corrosion in
the acidic medium [72]. An important feature of TiO, is that the holes in the VB bear
more oxidation potential as compared to electrons of CB. Also, the oxidation poten-
tial of VB holes is higher than the normal hydrogen electrode potential (NHE).
Furthermore, the conduction band energy (CBE) possessed by TiO, catalyst remains
higher than the reduction potential of oxygen, O, (a predominant electron acceptor),
which induces electrons to move towards the conduction band to O, which results
in the absolute mineralization of organic pollutants to H,O and CO, [73]. Most of
the photocatalytic chemical reactions involve water, air, pollutant, and photocata-
lyst. In terms of photocatalytic activity, anatase type of TiO, happens to be more
efficient than rutile type because the former has an indirect bandgap as compared to
the latter, which has a direct bandgap. As a result, anatase has a longer life, which
drives the energetic separation of e /h* (electron-hole) pairs and inhibits the recom-
bination [74, 75]. Also, position of CB of the anatase phase is such that it can drive
more efficient conjugate reactions of electrons [76]. Other approaches, including
the combination of rutile-type and anatase-type phases, have been employed to
enhance the photocatalytic effect of TiO, as the e/h* recombination rate gets
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declines in composite [77, 78]. As the edge of anatase CB is reported to exceed the
rutile phase by a bandgap of 0.2 eV which makes the transfer of electrons smooth
[79], this results in the jump of anatase electron to rutile phase, hence reducing e/
h* recombination rates and evolution of holes on anatase site [80, 81]. Degussa type
P25 TiO,, containing 75% of anatase, and of 25% rutile part, is one such combina-
tion of the two phases of TiO, that is well known and has been commonly used
commercial catalyst [77]. The photocatalytic efficiency of the TiO, greatly relates to
charge carriers and surface densities of charge carriers. The e /h* pairs take a few
femtoseconds (fs) to generate. Then within some picoseconds (ps) or nanoseconds
(ns), charge carriers that have been induced by light can be trapped [82]. The elec-
tron and hole can be recombined in a few tens of nanoseconds [83].

Various TiO, photocatalysts got reported for studies related to decomposition of
toxic organic pollutants present in aqueous medium. For example, TiO, Degussa
P-25 was utilized in photodegradation of cationic dye malachite green (MG) under
UV light. The as-prepared photocatalyst displayed 99.9% degradation of MG which
was observed to decrease with decreasing pH. At low pH, the structure of MG dye
got cleaved and so the dye adsorbed with difficulty at surface of the TiO,, hence
producing slow degradation efficiency. Under high pH, several intermediates were
formed, and the dye got adsorbed at TiO, surface easily, the degradation rate being
higher at high pH. Also, rate of degradation of MG dye was found to decrease with
increasing catalyst concentration. This is because, at high concentrations of
0.5 g L1, less active sites got induced by aggregation of TiO, particles [84]. The
influence of the pH value during photocatalytic treatment of MG using TiO, is dis-
played in Fig. 4.

The photocatalytic degradation of two dyes, i.e., acridine orange and ethidium
bromide, under UV irradiation was also performed by using TiO, suspensions. It
has been found that acridine orange was decomposed completely in 75 min, while
ethidium bromide has undergone complete decomposition in 195 min. Further, the
comparison of TiO, types like Degussa P25, Hombikat UV 100, and PC500 was also

Fig. 4 pH effect on the
MG photodegradation rate —o—pH3
with concentrations of
TiO, to be 0.5 g L' and —pH7
MG to be 0.05 g L' —&-pH9
(Reproduced from Chen
et al. 2007 [84]) o
Q
&)
%} A 4
0 4 8 12 16 20 24

Irradiation Time (hr)
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investigated. Degussa P25 was found to display maximum photocatalytic efficiency
among the three types. Also, the photocatalytic capability enhanced with enhanced
catalyst concentration, but after a particular concentration called optimum concen-
tration, the reverse trend was observed, i.e., efficiency photocatalytic declined. This
is because, beyond optimum concentration, the TiO, particles would start aggregat-
ing resulting in less active sites at surface of TiO, [85]. Yang et al. utilized Degussa
P25 TiO, as a photocatalyst to degrade paracetamol utilizing UV light. Various
important factors such as the effect of UV light, initial drug concentration, catalyst
dose, pH, oxygen concentration in solution, and intensity of light were explored to
determine the optimal set of conditions. Degradation of paracetamol utilizing UV A
(365 nm) light was found to be negligible, while significant degradation was
observed under UV C (254 nm) irradiation. The degradation rate enhanced with an
increase in the intensity of light and oxygen concentration. Amount of drug degraded
initially enhanced with an enhancement in catalyst dose but decreased when the
loading was further increased. There was a slow rise in the drug degradation rate as
the pH was raised from 3.5 to 9.5, and a further enhancement in solution pH beyond
9.5 led to a significant fall in degradation rate. Under the optimized conditions,
more than 95% of the drug was degraded within 80 min [86]. Ohko et al. studied the
photocatalytic treatment of bisphenol A employing commercially available anatase
TiO, using UV irradiation. It was found that the adsorption isotherm of bisphenol A
followed a Langmuir model and only 4% of the initial pollutant in the solution was
adsorbed at surface of photocatalyst till 12 h. Nearly all of the bisphenol A present
initially was degraded by the photocatalyst in a time period of 15 h, the degradation
process being following the first-order-type kinetics. Another thing observed was
the formation of intermediates during the early stages of photocatalytic degradation,
and these intermediates were found to have been completely converted to CO, in
20 h under UV light irradiation [87].

3.2 ZnO and Its Advantages

ZnO has emerged as an equally good alternative to TiO, catalyst for treating organic
impurities owing to its marvelous properties such as similar bandgap energy as that
of TiO,. Additionally, it is identical to TiO, in the dynamics of charge carriers upon
excitation, as well as formation of the reactive oxygen atoms when suspended in the
aqueous medium. The reasons behind its utilization as a photocatalyst include high
photosensitivity, high redox potential, high thermal and mechanical stability, aniso-
tropic growth, and ease of crystallization. Also, its low production costs, availability
in nature in abundance, synthesis versatility with hierarchical morphology, and
large bandgap make it hugely popular in photocatalysis [88].

The electron mobility of ZnO is in the range of 200-300 cm? V~! s7!, and the
lifetime of generated e (electron) is greater than 10 s. This makes ZnO having
reduced electrical resistance, thus promoting the transfer of electrons with high
speed [89, 90]. Also, the valence band possessed by ZnO is located below the valence
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band of TiO,, so hydroxyl radicals generated by ZnO will have enhanced oxidation
potential (+3.06 V) when compared to TiO, (+2.7 V). While electrons generated
from CB of ZnO are found to be more negative than TiO, (+2.7 V), the edges of CB
of both the catalysts are believed to be located at the same position at the neutral
condition of pH (—0.5 V vs. NHE) [91, 92]. Additionally, ZnO has high absorption
efficiency over a broad spectrum of solar light than TiO,. Fenoll et al. in their study
investigated the photocatalytic effectiveness of ZnO and TiO, in degrading the fun-
gicides in leaching water employing solar light [93]. Comparative study of both ZnO
and TiO, for the treatment of cyprodinil and fludioxonil fungicides is shown in Fig. 5.
They found that the ZnO was more efficient than TiO, because of its non-
stoichiometry. The photocatalytic activity was also examined for both ZnO catalyst and
P25 TiO, catalyst for the treatment of acid brown 14. ZnO showed higher degradation
when compared with TiO, due to the absorption of more quanta of light [94]. Also, the
performance of ZnO catalyst was matched with TiO, for photocatalytic degradation of
terephthalic acid (TPA) from wastewater using UV light. The degradation rate of TPA
using ZnO was much faster than utilizing P25 TiO, under optimized conditions [95].
Furthermore, the degradation efficiencies of ZnO catalyst and P25 TiO, catalyst were
calculated to ascertain decomposition of estrone in aqueous medium using artificial
ultraviolet (UVA) and solar irradiation. Under UVA irradiation, ZnO exhibited a three
times more degradation rate as compared to P25 TiO,, whereas under solar irradiation
ZnO showed 2.7 times more degradation efficiency when compared to results obtained
utilizing UVA irradiation [96]. ZnO was also found to be more capable than TiO, in
degrading congo red azo dye [97]. Also, it was reported that ZnO displayed better pho-
tocatalytic activity for degrading the methylene blue (MB) dye than TiO, [98].

3.2.1 Significance of ZnO in the Efficient Removal of Organic Pollutants

The prominent feature of ZnO is that its photocatalytic reactions can be best per-
formed at conditions of neutral pH. Furthermore, its emission properties render it to
perform effectively in removing the pollutants from the environment [89, 99, 100],
thus allowing the transfer of charge carriers generated by light to the surface in high
concentration, which further contributes to the efficient removal of pollutants. Also,
ZnO can absorb a significant fraction of quanta of light from a UV spectrum render-
ing it to perform better in wastewater treatment applications [101]. Moreover, ZnO
scatters the light seldomly because of its smaller refractive index (RI = 2.0) as com-
pared to TiO, catalyst (RI = 2.5-2.7), which results in boosting the transparency of
ZnO [89]. The unique bending of the ZnO surface band in an upward direction in
the air indicates that E (electric field strength) which is directed from the inner sur-
face to the outer surface promotes the movement of electrons from the surface to the
bulk. The holes move from the bulk to the surface, thus facilitating the adequate
separation of e~ and holes [99]. Furthermore, immense binding energy of excitons
(60 meV) and the defects like oxygen and zinc interstitials, vacancies, and hydroxyl
and superoxide ions also enhance the photocatalytic capability of ZnO [101]. ZnO
exhibits high photocatalytic capability than TiO, for treating organic impurities [93,
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94, 102-106]. Degradation of insecticide diazinon from water under UV irradiation
by using ZnO nanocrystals was also reported [107]. ZnO nanocrystals were synthe-
sized by precipitation and calcination method, and maximum degradation rate was
achieved with ZnO crystals of mean size of 14 nm. Around 80% of diazinon
degraded within 80 min, and the degradation rate was excellent and more than the
commercial ZnO catalyst. The enhanced photocatalytic efficiency of the prepared
ZnO nanocrystals was due to the reduced size of nanocrystals from 33 to 14 nm
[107]. El-Kemary et al. prepared nanostructured ZnO photocatalyst using chemical
precipitation method for the treatment of ciprofloxacin (CF) using UV irradiation.
The amount of drug degraded enhanced with enhancement in the solution pH in the
range 4-10, with maximum degradation of 48% when the pH was 10. Higher deg-
radation efficiencies under basic conditions were ascribed to the formation of
hydroxyl ions which possess high oxidation capability. The degradation of drug
followed the pseudo-first-order-type reaction kinetics [108]. The absorption spectra
and the pseudo-first-order-type kinetics of CF are shown in Fig. 6.

The degradation of phenol was reported using commercially available ZnO under
ultraviolet (UV), ultrasound (US), and a combination of UV and US irradiation.
Sonophotocatalytic treatment of phenol was much more effective as compared to
either photocatalytic or sonocatalytic degradation of the pollutant. Acidic pH and
lower reaction volumes were observed to favor sonophotocatalytic degradation of phe-
nol, with 85% of it getting degraded within 120 min. Phenol degradation process
exhibited variable kinetics that depend on the pollutant concentration, and presence of
anions such as chloride and sulfate could lead to a significant reduction in the amount
of drug degraded [109]. ZnO photocatalysts bearing variable molar ratios of oxalic
acid to zinc acetate precursors were prepared using sol-gel technique. The synthesized
ZnO photocatalysts were explored for the treatment of dyes, e.g., congo red, direct
black 38, and methyl orange, employing UV light from aqueous medium. ZnO sam-
pled synthesized with precursor materials in the ratio 4:1 and further calcined at 400 °C
exhibited high activity. Acidic conditions were determined to be the most favorable for
the treatment of dyes; rates of removal of dyes were found to increase as the photocata-
lyst dose was increased and declined with enhancement of dye concentration. The
photocatalyst was able to degrade 99.70% methyl orange, 97.53% congo red, and
89.59% of direct black 38 dyes in 30 min under UV light irradiation [110].

3.3 Other Metal Oxide Photocatalysts
3.3.1 Fe,0;

Recyclability is a very crucial aspect of the performance of photocatalyst. Recently,
magnetic separation technology has emerged as the best alternative for the effective
separation and recyclability of photocatalyst. Development of efficient catalysts
having photocatalytic and magnetic properties has been the focus of researchers. In
this context, Fe,Oj is being considered the most promising photocatalyst because of
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its favorable valence state and chemical composition, high resistance to corrosion,
low toxicity, narrow bandgap energy (2.3 eV), excellent recyclability, natural avail-
ability in abundance, and high chemical stability. Additionally, it can harvest nearly
40% of the abundant solar light and has a saturated magnetization value of 1 emu g~
which helps in the separation of photocatalyst via external magnetic field [111—
114]. After absorption of light, generated e~ charge carrier species in Fe,Oj; initiate
chemical reactions through the activation of chemical compounds [115]. Fe,Os
catalyst plays a significant role in the separation of photocatalyst from solution and
its degradation [116, 117]. Porous Fe,O; nanorods were prepared by chemical solu-
tion technique and calcination. The as-synthesized catalyst was used for the photo-
degradation of methyl orange (MO), p-nitrophenol (pNP), rhodamine B (RhB),
eosin B, and methylene blue (MB) utilizing solar light. The photocatalytic effi-
ciency was found to be more efficient than the commercial Fe,O; nanopowder
degrading 87.2% of RhB in 180 min and 86.4% of eosin in 210 min. Other dyes
were also degraded by Fe,O; nanorods following an order of degradation as
RhB > eosin B > MB > pNP > MO. The enhanced photocatalytic capability of pre-
pared photocatalyst was by virtue of its porous nanostructure and larger specific
surface area [115]. The photocatalytic degradation plot for RhB utilizing both the
catalysts is shown in Fig. 7.

Use of UV laser was reported to be highly effective than conventional UV lamps,
as in the study done by Gondal et al. In their work, a-Fe,O; powder was employed
for the photocatalytic degradation of phenol under UV laser irradiation. The results
were estimated to be more efficient than those measured under conventional UV
lamps. Photocatalytic degradation efficiency of phenol was recorded to be 90% in
1 h [118]. Shao et al. prepared ultrathin nanosheets of a-Fe,O; using a dissolution-
recrystallization method mediated by silica hydrogel. The prepared nanosheets
were then explored using visible light photocatalytic degradation of bisphenol S. It
was observed from the results of the study that the as-synthesized a-Fe,O; nanosheets
were able to remove 91% of bisphenol S present within 120 min under visible light
illumination; by comparison, a-Fe,O; nanoparticles and commercial TiO, were only
able to degrade 16% and 62% within the same time period. Furthermore, rate con-
stant for degradation of bisphenol S over a-Fe,O; nanosheets was found to be 16.4
and 2.6 times greater than the rate constants obtained for degradation using a-Fe,O;
nanoparticles and commercial TiO,, respectively. Similarly, the quantum efficiency
of a-Fe,O; nanosheets was found to be 4.5 and 1.9 times the quantum efficiencies
of a-Fe,O; nanoparticles and commercial TiO,, respectively. The excellent perfor-
mance of a-Fe,0; nanosheets was attributed to the careful designing of the nano-
architecture [119].

332 SnO,

The structure of SnO, is the key toits effectiveness as a photocatalyst. Crystallographic
structure of SnO, resembles rutile-type phase structure of titania TiO, [120]. The
structural features of SnO, like the octahedral network are an essential prerequisite
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for the high efficiency of photocatalyst as it helps in enabling increased mobility of
electron-hole pairs, leading to the increase in probability of electron-hole pairs to
reach the reactive sites on the photocatalyst surface [121, 122]. Some other essential
properties of SnO, are high thermostability and photosensitivity, low cost and toxic-
ity, low electrical resistance, high optical transparency, large bandgap, and high
electrical conductivity owing to inherent structural defects [123, 124]. The presence
of defects can lead to a significant decline in bandgap, thus enhancing the properties
of SnO.. In this context, more anions of oxygen cause oxidation of Sn from +2 to +4
state, to provide neutrality of SnO, [125, 126]. Due to the abovementioned proper-
ties, SnO, had been employed to treat toxic organic impurities from aqueous
medium. Paramarta et al. described the synthesis of SnO, nanoparticles prepared
using sol-gel technique for the removal of congo red (CR) and methylene blue under
ultra-sonication and UV light. The photocatalytic activity was found to be greatly
influenced by ultra-sonication irradiation. The sonocatalytic activity was estimated
to possess a higher degradation rate, i.e., 48.5% for the dye congo red and 77.1% for
the dye MB, as compared to a photocatalytic activity which displayed 32.6% and
64.1% for the dyes CR and MB [127]. Two-dimensional nanoflakes of SnO, were
prepared employing hydrothermal technique for the sonophotocatalytic treatment
of tetracycline hydrochloride utilizing visible light. The prepared nanoflakes of the
photocatalyst displayed excellent photocatalytic activity towards tetracycline hydro-
chloride employing visible light. Furthermore, sonophotocatalytic process was
much more efficient in degrading the drug as compared to photocatalysis or sonoca-
talysis; the sonophotocatalytic route was able to degrade nearly 89% of the drug
present initially in 135 min utilizing visible light illumination. The degradation pro-
cess exhibited pseudo-first-order-type kinetics; furthermore, the results of the scav-
enger study demonstrated that photo-induced holes along with superoxide radicals
exhibited a major role in the sonophotocatalytic degradation of target drug [128].
Viet et al. used SnO, nanoparticles synthesized via hydrothermal route degradation
of MB dye employing UV light irradiation. The synthesized nanoparticles of the
photocatalyst were able to degrade nearly 89% of the initially present pollutant in
30 min utilizing UV light; degradation efficiency, thereafter, grew slowly and
reached 90% after 120 min utilizing UV light. In comparison, commercial SnO,
powder was able to degrade just 20.5% of the methylene blue initially present after
30 min of UV light illumination. When the same study was conducted under direct
sunlight, synthesized SnO, nanoparticles were able to degrade 79.26% of the pollut-
ant solution in 90 min, while the commercial SnO, nanoparticles degraded 36.23%
of the pollutant solution in the same time period [129].

333 WO,

WO; is an oxygen-deficient semiconductor that possesses bandgap energy varying
from 2.4 to 2.8 eV. Its bandgap energy differs significantly with the defects or the
stoichiometric ratio. It is photosensitive, is inexpensive, exhibits durable stability in
various electrolytes, is non-toxic, and displays a higher light absorption coefficient
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over a wide area of the solar spectrum (UV-visible). Additionally, it is resistant to
photo decay, has a strong capability to convert the photoelectrons, is chemically
inert, possesses high mechanical strength, and has long lifetimes of charge carriers
[130]. Moreover, WO; can reduce charge carriers’ recombination rate, exhibits a
favorable rate of oxidation, and displays excellent efficiency to absorb light. It is
capable of utilizing about 30% of abundantly present solar light. Furthermore, the
valence and conduction band positions of WO; are favorable to degrade the organic
pollutants, and, also, it is efficient to degrade acidic organic compounds because it
can persist in the acidic climate for a prolonged time [64]. Three-dimensional WO;
octahedra were prepared using simple hydrothermal technique for the photocata-
lytic degradation of MB dye employing visible light. The synthesized sample dis-
played higher degradation efficiencies as its dose in the pollutant solution was
increased, with a photocatalyst dose of 100 mg degrading 95% of the initially pres-
ent methylene blue in just 60 min. The degradation of MB dye followed pseudo-
first-order-type reaction kinetics. Furthermore, it was observed that the WO,
octahedra displayed a photocatalytic activity that was about 5.33 times more than
bulk WOj;; higher photocatalytic activity of synthesized WO; octahedra was attrib-
uted to good crystallinity, high surface area, sufficient bandgap value, and more
catalytically active sites [131]. Huang et al. employed simple hydrothermal route to
synthesize nanoplates and hierarchical flower-like assemblies of WO; for the treat-
ment of rhodamine B (RhB) dye utilizing the visible light illumination. The nano-
plates and flower-like assemblies displayed degradation rates that were 7.6 and 3.3
greater than those of commercial WO; particles. The best photocatalytic activity
was demonstrated by the nanoplates which were able to degrade almost all of the
rhodamine-B after 150 min of visible light illumination [132]. The rate of degrada-
tion of rhodamine B using different morphologies of WO; photocatalyst is displayed
in Fig. 8.
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Fig. 8 (a) UV-Vis spectral changes of RhB aqueous solution in the presence of WO; nanoplates
under visible light irradiation; (b) degradation rate of RhB over different photocatalysts
(Reproduced from Huang et al. 2013 [132])
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A hydrothermal route was employed to synthesize WO; photocatalyst for treat-
ing amoxicillin employing simulated sunlight. The study was conducted by making
use of Box-Behnken design with initial concentration (of drug), catalyst dose, and
solution pH as the independent variables and involving 30 experimental runs. It was
observed from the study that while the amount of drug degraded enhanced as the
catalyst dose was enhanced, it decreased as the solution pH and initial concentration
of the drug both increased. The photocatalyst WO; was able to complete degrade
amoxicillin in 180 min of simulated solar light illumination; however, the dissolved
organic carbon (DOC) removal rate is only 36% in the same time period, which
indicates the incomplete mineralization of the intermediates which were formed in
the degradation process. The degradation process was found to follow pseudo-first-
order kinetics; experimental data was best described using second-order polynomial
regression models [133].

3.4 Strategies to Improve the Photocatalytic Efficiency
of Metal Oxide-Based Catalysts

Over the years, metal oxide catalysts have been considered to be potential photo-
induced catalytic materials due to their excellent properties. They have generally
provided good results for the treatment of organic impurities found in wastewater.
Still, their industrial applications have so far been limited due to factors such as e/
h* pair recombination, lower quantum yield, and lower photocatalytic performances.
Also, they are unable to utilize the full spectrum of sunlight due to their wide band-
gap energies that allow them to use only the highly energetic UV region, which
makes up only about 5% of the solar light spectrum. Recently, a series of strategies
have been employed to make efficient use of these photocatalysts like nanostructure
engineering, doping, and formation of composites [28-36].

3.4.1 Nanostructure Engineering

Nanostructure engineering involves the synthesis of nanostructured materials,
which will change or manipulate the properties and functionalities of the photocata-
Iytic materials at the nanoscale. The conversion of macro- and microstructures to
nanoscale by nanostructure engineering has broadened the applications of photo-
catalysts. Recently, nanostructured metal oxides possessing enhanced photocata-
Iytic properties have drawn the attention of researchers. Nanostructured metal
oxides (NMOs) have been reported to possess optical, mechanical, electronic, and
magnetic properties that do not exist in the bulk forms. Additionally, NMOs have
also been reported to possess large surface area-to-volume ratios and small sizes
than bulk materials, which result in increased photocatalytic activities [134, 135].
For instance, nanosized TiO, is reported to have a higher rate of photo-conversion
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of organic compounds to mineralized products [136, 137]. Also, TiO, nanotubes
displayed high photocatalytic efficiency as compared to available commercial TiO,
(P-25 TiO,) [138]. Furthermore, crystalline TiO, nanoparticles synthesized in our
lab displayed superior photocatalytic performance for the degradation of Eriochrome
Black T (EBT). The as-synthesized TiO, nanoparticles displayed higher degrada-
tionrate than commercially available PC-50, PC-500, and ZnO [139]. Nanostructured
ZnO nanomaterials also exhibit better photocatalytic performance than pure ZnO,
e.g., nanostar ZnO showed enhanced mass transfer of hydroxyl radicals during the
photochemical reaction of methyl orange degradation [140]. The SEM images of
nanostar ZnO photocatalyst at different reaction times are displayed in Fig. 9.

Also, ZnO nanoparticles synthesized by facile hydrothermal process displayed
enhanced photocatalytic performance to degrade Alizarin Red S dye than commer-
cial PC-500 photocatalyst [141]. Furthermore, porous Fe,O; nanorods were synthe-
sized and displayed more efficient photocatalytic efficiency, superior reusability,
and stability than commercial Fe,O; powder [116]. In another study, Fe,O; nanow-
ires were used for RhB degradation which also displayed better photocatalytic per-
formance [142]. SnO, nanocrystals also resulted in the 100% degradation of RhB
[143]. The enhancement in the photocatalytic efficiency of the abovementioned
studies was due to the increased surface area, decreased distance of electron-hole
transmission, and decreased electron-hole recombination rate.

3.4.2 Doping

Doping is considered to be the most promising, effective, facile, and practical
approach to enhance photocatalytic properties because it can reduce the bandgap
values of metal oxides, lead to enhanced charge separation, and result in shift in the
absorption band to visible region. Also, this method leads to a change in the coordi-
nation environment of the host metal ion in the lattice. It introduces localized energy
levels in bandgap states, which will modify the electronic band structure. The dop-
ant can be introduced into the semiconducting materials either individually or

Fig. 9 SEM images of the ZnO products taken at different reaction times: 0.5 h (a) and 16 h (b)
(Reproduced from Fang et al. 2013 [140])



844 Shafali et al.

simultaneously. Over the years, various metals, metalloids, and nonmetals have
been used as dopants to increase the performance of metal oxide photocatalysts
with excellent results [144—150]. For instance, doping of 13.36% Se on TiO, dis-
played outstanding photocatalytic capability employing visible light due to the nar-
rowing of bandgap [151]. Also, N-doped Ti4O; exhibited marvelous photocatalytic
activity degrading 100% dye due to a reduction in bandgap energy from 2.9 to
2.7 eV of Ti,O; [152]. Bimetallic-doped TiO, displayed more efficient results than
single-doped TiO,, e.g., the absorption band of Er-W-co-doped TiO, shifted to the
near-IR range (800—-1000 nm) [153]. The effect of doping various species on degra-
dation efficiency of TiO, is displayed in Fig. 10.

ZnO has also been found to be affected significantly by the doping species, e.g.,
Pd*-doped ZnO displayed more efficient results towards the treatment of methyl
orange (MO) dye. The incorporation of Pd** ions gave rise to electronic energy level
in bandgap states, which helps in the trapping of charge species carriers. And the
charge was efficiently separated with an increase in Pd** content from 2% to 3%,
followed by a sudden decrease at high concentration [154]. ZnO plates doped with
Ag ions have been used for the degradation of ofloxacin drug under solar irradia-
tion. The as-prepared photocatalyst displayed enhanced degradation rate with 98%
removal of ofloxacin in 150 min. The enhanced degradation rate was due to the
trapping of electrons by silver ions which inhibited recombination of e /h* pairs
[155]. Also, nitrogen-doped ZnO showed visible light photoactivity towards the
degradation of bisphenol A due to the formation of isolated nitrogen 2p states above
the valence band, which intensifies the visible light absorption [156]. Similarly,
Pt-doped Fe,O; showed a significant increase in the performance because Pt plays
the role of conduction band electron sinker owing to its lower Fermi level, which
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Nonmetal-nonmetal co doping
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Non metal

Rare earth metal

Doping materials

Noble metal

Transition metal
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Fig. 10 Diagram for average photocatalytic degradation of different doping materials by using
TiO, photocatalyst in the presence of UV irradiation (Reproduced from Al-Mamun et al. 2019 [73])
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Table 1 Doped metal oxides that have been used for the degradation of organic pollutants
from water

Light Degradation
Pollutant Photocatalyst Synthesis method | source efficiency (%) | Reference
Eosin yellow | Pd-/N-doped Nebulized-pray | UV 99.3 [158]
TiO, pyrolysis irradiation
Congo red Cu-/Zn-doped Sol-gel Visible 98 [159]
TiO, irradiation
Methylene C-/F-doped TiO, | Hydrothermal 300W Xe |75 [160]
blue lamp
P-nitrophenol | (a) Li-doped Sol-gel Visible Li-ZnO =97 [161]
ZnO irradiation | Na-ZnO =72
(b) Na-doped K-ZnO = 84
ZnO
(c) K-doped
ZnO
Methyl orange | Au-doped ZnO | Hydrothermal 300 W Xe | 100 [162]
lamp
Methylene ZnO-doped Hydrothermal uv 75 [163]
blue SnO, irradiation
nanoparticles
Formaldehyde | N-doped ZnO Calcination 1000 W Xe |97 [164]
lamp
Methylene CdO-doped ZnO | Electrospinning | Sunlight 100 [165]
blue irradiation
Phenol Ce-doped ZnO | Chemical Visible 80.7 [166]
precipitation irradiation

improves the separation of electron-hole pairs [150]. Similarly, a considerable
improvement was observed in Sb-doped SnO, due to the improved electrical con-
ductivity of SnO, and modification in its band structure. This is because Sb traps the
e /h* pairs and causes effective charge separation in the catalyst [157]. Some other
examples of doped metal oxides are displayed in Table 1.

3.4.3 Formation of Composites

Formation of different composites/heterojunctions has drawn the utmost attention
in recent years because of their facile synthesis, stability, and outstanding perfor-
mance in the visible/solar light region. A heterojunction comprises two or more
semiconducting materials, with one of them having a wide bandgap and the other
having a narrow bandgap. While wide bandgap semiconductors such as TiO, are
unable to absorb visible light, the narrow bandgap semiconductors, despite their
ability to utilize the broad spectrum of light, suffer from the limitation of recombi-
nation of charge carriers. The formation of heterojunction results in the shifting of
the absorption region beyond the UV region and also improves the separation of e/
h* pairs [72, 167]. Therefore, the formation of heterojunction is necessary to explore
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Fig. 12 (a) Photocatalytic mechanism scheme for separation and transfer of carriers under simu-
lated solar light irradiated based on BiOI/ZnO photocatalyst. The red and blue lines represent the
different reaction courses. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.) (Reproduced from Jiang et al. 2017 [172]). (b)
Type II heterojunction with redox potential energy of CB (Ec) and VB (Ev) (Reproduced from Ani
etal. 2018 [72])

the photocatalytic properties of these materials [72, 168—170]. Three types of het-
erojunctions that can be formed are type I, type II, and type III [72, 171] as shown
in Figs. 9, 10, and 11. Type I heterojunction is displayed in Fig. 11.

A type II heterojunction involves the movement of electrons from CB which is
more positive to a CB which is less negative, while the holes move from VB which
is more positive to a less positive VB. The formation of type II heterojunction is
shown in Fig. 12.

However, in type III heterojunction, electrons from the less negative CB move
and recombine with the less positive VB holes, leaving behind holes and electrons
with strong oxidation and reduction potential [72, 169]. This movement of charge
carriers in the opposite direction helps in improving the effective e/h* pair
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Fig. 13 Photocatalytic mechanism of Ag,0-0.13-TiO, (Reproduced from Li et al. 2017 [173])

separation and hence enhances the photocatalytic performance of photocatalyst.
This effective charge separation and improved photocatalytic performance along
with better durability as a result of strong redox ability and wide photon response
make materials with type III heterojunction the best [72, 153]. The type III hetero-
junction is displayed in Fig. 13.

Various composites of metal oxide-based photocatalysts have been reported for
the degradation of organic pollutants. For example, a multicomponent photocatalyst
was synthesized for the very first time by incorporating graphene into TiO, nanow-
ires (G-Pd@TiO,-CNW). A facile hydrothermal method and electrochemical spin-
ning were used for the synthesis of this catalyst which possessed a porous and rough
surface. The as-obtained composite was used for the degradation of 4-nitrophenol
from different water samples under visible irradiation. The synergistic effect of gra-
phene and palladium helps in enhancing the photocatalytic performance resulting in
100% degradation of 4-nitrophenol from pond water in just 30 min, while 97.2%
and 80.5% degradation efficiencies were observed to reduce 4-nitrophenol from tap
water and river water, respectively [174]. The mechanism of degradation of
4-nitrophenol by G-Pd@TiO,-CNW is shown in Fig. 14.

Novel Fe,05-TiO, nanocomposites were also prepared by using the photodeposi-
tion method and utilized for the degradation of an herbicide called
2,4-dichlorophenoxyacetic acid under both UV and visible irradiation. The as-
prepared photocatalyst displayed enhanced photocatalytic performance than pris-
tine P25 TiO, with maximum results for 10% Fe-TiO,-H,O sample. The rate
constant for a composite was determined to be 2.36 min~! which is 78% more than
that measured with pristine P25 TiO,. The enhanced performance was due to the
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Fig. 14 Photocatalytic reduction of 4-nitrophenol by G-Pd@TiO,-CNW (Reproduced from Lee
et al. 2015 [174])

improved separation of e /h* pairs [175]. Also, MoS,/TiO, photocatalyst was fabri-
cated by hydrothermal treatment for the decomposition of paracetamol (PCM) in
the presence of sunlight. The as-prepared photocatalyst was capable to decompose
40% of PCM in 25 min as compared to TiO, which showed decomposition of only
8% PCM. The enhanced photocatalytic performance was due to the effective charge
separation inTiO,/MoS, composite and the increased number of active sites to
absorb visible light [176]. Furthermore, Liu et al. reported the synthesis of novel
TiO,_/Ag;PO,composite with oxygen vacancies on which the visible light absorp-
tion depends. The photocatalytic activity of the as-synthesized photocatalyst was
found to greatly depend upon the calcination temperature and the optimum tem-
perature at which maximum degradation efficiency obtained was 400 °C. The deg-
radation rate of TiO,_/Ag;PO, was measured to be 95% for bisphenol A over 16 min
of visible light irradiation which is more than pristine Ag;PO, and TiO, [177]. Jiang
et al. reported the synthesis of BiOI/ZnO photocatalyst by employing a simple and
easy two-step hydrothermal method. The obtained photocatalyst was used for the
photodegradation of phenol in the presence of solar light with degradation effi-
ciency of 99.9% in 2 h. The composite showed enhanced photocatalytic activity
than pure ZnO which degraded only 40% of phenol in 2 h [172]. Multifunctional
photocatalyst film was also synthesized by integrating ZnO nanosheets, BiVO, par-
ticles, and conductive magnetic cilia through hydrothermal treatment. When visible
light falls on the surface of the as-synthesized photocatalyst, it displayed the
enhanced degradation rate towards the removal of RhB dye. The enhanced degrada-
tion rate is attributed to the improved charge separation and increased absorption
and mass transfer. The degradation efficiency was calculated to be 100% in 120 min
[178]. Three-dimensional SnO,/a-Fe,O; heterostructure was synthesized by
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employing a facile hydrothermal approach. The obtained catalyst has displayed effi-
cient removal efficiency towards the removal of methylene blue when visible light
falls on the surface of the catalyst. The calculated degradation efficiency for methy-
lene blue was found to be 98.4% in 240 min. The efficient removal of methylene
blue contributed to the improved separation of photogenerated e /h* pairs [179].
Novel WO;/CdWO, photocatalyst synthesized by hydrothermal and chemisorption
method has been reported for the degradation of MB, MO, and RhB dyes under vis-
ible light. Maximum photocatalytic degradation was obtained for MB exhibiting
97% degradation in 50 min which was about 2.3 times more than that of pure WO,
and seven times more than pure CdWO,. The enhancement in the degradation effi-
ciency was due to the increased surface area [180]. In another study, the synthesis
of WO,/Ti0, photocatalyst synthesized by a sol-gel method and that displayed bet-
ter photocatalytic efficiency than pure TiO, towards the degradation of pesticide
called malathion was reported. Approximately 99% of malathion degraded in
120 min by using 2 wt% of WO, in the as-prepared catalyst. The improvement in the
photocatalytic efficiency of TiO, after the introduction of WO; was due to the
enhanced surface area and the formation of smaller clusters [181]. The nitrogen
adsorption-desorption isotherm for the degradation of organophosphorus pesticide
malathion is shown in Fig. 15.

Some other examples of composites of metal oxide photocatalysts for the
removal of organic pollutants from water are displayed in Table 2.

4 Future Prospects

Photocatalysis has emerged as the most efficient and extensively used technique for
wastewater treatment. This technique has shown remarkable progress with a long
history for many years, and the progress is still ongoing. But its rate of progress still

250 1

200 -

—— 1)

0%WT

a
o
L

= b)
2%WT

—l— c)
5%WT

Volume (STP)
o
o

50 A

0.00 0.20 0.40 0.60 0.80 1.00 1.20
P/Po (cc/g)

Fig. 15 Nitrogen adsorption-desorption isotherms: (a) 0%WT, (b) 2%WT, and (¢) 5%WT
(Reproduced from Ramos-Delgado et al. 2013 [181])
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lacks to compete with the rate of deterioration of water quality. To overcome this
problem, the development of widely used, economic, green, and efficient technique
is necessary. Photocatalysis, although the most favorable technique for this purpose,
is still unable to meet the multifarious demands of an ideal technique, as most of the
studies of this technique are limited to the laboratory scale and the implementation
of this technique in industries has not been achieved yet. From an industrial applica-
tion point of view, the development of reactor design and an ideal photocatalytic
material is a paramount task. Cost is one of the major aspects of a photocatalyst
from a broad application point of view followed by environment friendliness and
efficiency. These three parameters form the basis of an ideal photocatalyst.
Conventional photocatalysts such as TiO, and ZnO have many advantages such as
low cost, environment friendliness, chemical and physical stability, etc. However,
they are inefficient to explore the wide spectrum of solar light. Due to their wide
bandgap, they are only photoactive in the UV region which is only 5% of the solar
spectrum. Thus, expensive artificial UV light is necessary for the efficient work of
these catalysts, thereby increasing the cost of a photocatalyst. Therefore, visible
light active materials or low bandgap materials are economic as they can be used
under visible light which is nearly 48% of the solar spectrum. Recyclability is also
the major aspect associated with the cost of the catalyst by ensuring their reuse. In
this context, several supporting materials were reported to be used to immobilize the
catalyst such as concrete, quartz, inert surface, etc. But this will lead to a decrease
in the efficiency of the catalyst, hence reducing the efficiency of the operation.
Thus, for the practical reuse of the material, a good support possessing specific
features such as chemical stability, photochemically inert, good adsorption capabil-
ity, nontoxicity, low cost, and availability in abundance is required. Another impor-
tant aspect of an ideal catalyst is its toxicity. Most of the photocatalyst can convert
the pollutants to mineralized products, but some of them produce intermediates that
are toxic to the environment. Thus, the identification of these toxic intermediates is
an imperative task, but only a few studies have focused on their identification.
Therefore, extensive research is necessary to develop a prominent number of eco-
toxicological tests or kits. The efficiency of the catalyst is also an important part of
an ideal catalyst. Till now, various composite materials have been developed to
enhance the efficiency of the catalyst, but they were still not capable to achieve up
to the mark results. Nowadays, the focus of most of the researchers relies on com-
bining photocatalysis with other wastewater treatment methods such as biological
treatment, activated sludge process, ozonation, etc. which gives more efficient
results. The photocatalytic efficiency not only depends upon the properties of a
catalyst but also depends upon other parameters such as atmospheric conditions,
properties of effluent, and the properties of a reactor. Therefore, these parameters
should be optimized during the degradation of pollutants to achieve excellent effi-
ciency. In conclusion, it is suggested that future studies should be focused on
designing photocatalytic materials having good recyclability, efficiency, low cost,
and environmental friendliness. Additionally, to extend the application of photoca-
talysis on a large scale, i.e., in industries, the focus should also be towards designing
a reactor that is reliable, cost-effective, and environmentally friendly.
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