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1. INTRODUCTION

This chapter provides a comprehensive overview on synthesis and applications of metal
oxide-based nanostructures. The suitable synthesis protocols for the fabrication of metal
oxide-based nanostructures have also been outlined herein. The technological
developments in the design and synthesis of metal-oxide based nanostructures over the
years is studied with emphasis on achieving material's property for advanced
applications. At the end of the chapter, the objectives of each chapter of the thesis have

been presented.
1.1  Background

Nanotechnology constitutes one of the six “Key Enabling Technologies”
recognized by the European Commission [1]. Although the concept of nanotechnology is
quite recent, its development can be traced to the early medieval period when artisans
created stained glass windows with the incorporation of silver and gold nanoparticles
into glass in its molten state [2]. The theory and concepts underlying nanotechnology
unfolded with a talk entitled “There’s Plenty of Room at the Bottom” presented by
renowned physicist Richard P. Feynman at an American Physical Society meeting held
at Caltech in 1959 [3]. In his lecture, Feynman asked the question “Why cannot we write
the entire 24 volumes of the Encyclopedia Britannica on the head of a pin?”. He
proposed that manipulation of individual atoms and molecules might be possible using
one set of precise tools to build and operate another proportionally smaller set, scaling
down to the needed scale [4]. Fifteen years later, Professor Norio Taniguchi from Tokyo
University of Science first defined the term “nanotechnology” in 1974 as
“Nanotechnology mainly consists of the processing of separation, consolidation, and
deformation of materials by one atom or by one molecule” [5]. However, something as
tiny as a nanoparticle is impossible to view with the naked eye and light microscope. The
advent of scanning tunnelling microscope followed by the atomic force microscope
provided scientists with the necessary instruments, ushering in the age of
nanotechnology [6]. In 1986, Dr. K. Eric Drexler published his book “Engines of
Creation: The Coming Era of Nanotechnology” and popularized the idea of
nanotechnology [7]. Subsequently, the first issue of “Nanotechnology” journal was
launched in 1990 [8]. Concomitantly, the interest in carbonaceous materials increased

after the structure elucidation of carbon nanotube by Sumio Ijima [9]. In 1996, Robert F.
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Curl, Harold W. Kroto and Richard E. Smalley were awarded the Nobel Prize in
Chemistry for the discovery of fullerenes in 1985 [10]. Since the beginning of the 21°
century, interest in the fields of nanoscience and nanotechnology has increased
considerably. Starting from the launch of National Nanotechnology Initiative (NNI) to
the application of nanoparticles in drug delivery, nanotechnology has taken the global
market by storm [11]. Figure 1.1 displays the timeline of breakthrough developments in

the field of nanotechnology.
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Figure 1.1 Timeline of breakthrough developments in the field of nanotechnology.
1.2 Nanomaterials

Nanomaterials are conventionally defined as materials possessing at least one
dimension in the range of 1 to 100 nm [12]. Nanotechnology is an excellent example of
an emerging technology which deals with engineered nanomaterials exhibiting
substantially enhanced performances [13]. Nanomaterials show different
physicochemical properties compared to their bulk counterparts. In general, the quantum
confinement of electrons by the potential wells of nanomaterials has been considered as
one of the most powerful components in controlling their unique properties [14].
Additionally, the unique characteristics are related to different aspects such as:

(1) Large fraction of surface atoms,
(2) Large surface energy,
(3) Spatial confinement, and

(4) Reduced imperfections.
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The properties of nanostructured materials are tunable by altering their size, shape and/or

extent of agglomeration. Table 1.1 depicts few instances of adjustable properties of

nanomaterials suggested by G. Cao [15].

Table 1.1 Adjustable properties of nanomaterials with examples.

Property Example

Catalytic Better catalytic efficiency through a higher surface-to-volume ratio

Mechanical Improved mechanical strength owing to reduced probability of

defects

Optical The spectral shift of optical absorption of metallic nanoparticles

with their varying size, attributable to surface plasmon resonance

Electrical Improved electrical conductivity with better ordering in

microstructure; Decreased electrical conductivity due to reduced

dimension and increased surface scattering

Magnetic Superparamagnetic behavior owing to huge surface energy

1.2.1 Classification of nanomaterials

[16].
()

(i)

Nanomaterials can be classified into four types based on their dimensionality

Zero-dimensional (OD) nanomaterials: These materials have all three dimensions
within the nanoscale (i.e., <100 nm). Examples of 0D nanomaterials include
guantum dots, fullerenes, atomic clusters, metal oxide nanoparticles etc. Due to
their ultra-small size, quantum confinement effect, optical stability, cell
permeability and biocompatibility, 0D nanomaterials have demonstrated great
potential for optoelectronic and biomedical applications [16].

One-dimensional (1D) nanomaterials: These materials have one dimension outside
the nanoscale (i.e., >100 nm). Examples of this type include nanorods, nanowires
and nanotubes. 1D nanomaterials exhibit excellent electron mobility and high
mechanical strength which make them potential candidates for nanodevices,
optoelectronic materials, catalysis and photocatalysis.
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(iii) Two-dimensional (2D) nanomaterials: In 2D nanomaterials, two of their

(iv)

0-dimensional - .’. Og L~ =5, ' .. i

e )M

dimensions lie outside the nanoscale. They have plate-like structures in different
forms such as nanosheets, nanoflakes, nanolayers and so on, with thickness of at
least one atomic layer. Some examples of 2D nanomaterials are layered double
hydroxides, graphene, graphene oxide, reduced graphene oxide, silicate clays,
graphitic carbon nitride etc. [17]. 2D nanomaterials have been extensively utilized
in several applications such as drug delivery, biosensors, multimodal imaging,
catalyst supports and so forth due to their high surface-to-volume ratio and surface
charge [18].

Three-dimensional (3D) nanomaterials: These are materials with all the three
dimensions outside the nanoscale. In other words, 3D nanomaterials are not
restricted to nanoscale in any dimension. These materials possess arrangements of
multiple nanosized crystals with different orientations [19]. They exhibit unique
features such as high surface area, improved mechanical strength and charge
transfer. 3D nanomaterials include bulk powders, bundles of nanowires and
nanotubes,  multi-nanolayers, dispersed nanoparticles, 3D hierarchical
nanostructures and so forth [20]. It has been observed that 3D nanomaterials are
the most abundant nanomaterials in commercialized products which are currently
present in 78% of all nanoproducts [21]. Figure 1.2 illustrates the classification of

nanomaterials according to their dimensionality.
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Figure 1.2 Classification of nanomaterials based on dimensionality. [Reproduced from
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1.3 Metal oxides

Metal oxides represent a class of inorganic compounds that play significant role
in different areas of physics, chemistry, and materials science [23, 24]. They can adopt a
variety of structural geometries that exhibit metallic, semiconductor or insulator behavior
[25]. The physicochemical properties of metal oxides have attracted the interest of
researchers as these are sensitive to changes in size, composition, structure, native
defects, doping etc. [26]. Due to their high surface area, porosity, ease of separation,
chemical and thermal stability, metal oxides are widely used as active phase, support,
and promoter for various industrial applications [25, 26]. Moreover, metal oxides have
been utilized in heterogeneous catalysis owing to their acid-base and redox properties
[23]. The principal catalytic domains of metal oxides cover acid and base catalysis,
oxidation reactions, photocatalysis, and biomass conversion [24]. They are also
employed as sorbents for removal of harmful CO, NOx, and SOy species formed during
combustion of fossil-derived fuels [27]. Moreover, the tunable band gap and electronic
structure of metal oxides results in a wide range of applications in microelectronic

circuits, sensors and optoelectronic devices [25].
1.3.1 Zinc oxide and tin dioxide

Among the various metal oxides, zinc oxide (ZnO) and tin dioxide (SnO,) are
promising materials because of their distinctive conductance properties, acid-base
properties and process flexibility [28]. Therefore, it is necessary to understand their
structure and properties before studying in reduced dimensions. The structure and

properties of ZnO and SnO> are addressed in the following sections.
1.3.1.1 Structure of zinc oxide (ZnO) and tin dioxide (SnO2)

ZnO crystallizes in three different forms: wurtzite, zinc blende and rocksalt
structure. Among these, the thermodynamically stable phase at ambient conditions is the
hexagonal wurtzite structure having lattice parameters a = b = 3.2495 A and ¢ = 5.2062
A. Both Zn?* and O? ions are tetrahedrally coordinated to each other and stacked

alternately along the c-axis [29, 30]. Figure 1.3 represents the structure of ZnO unit cell.
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Figure 1.3 Unit cell of ZnO.

SnO; usually crystallizes in the tetragonal rutile structure. It has a tetragonal
symmetry with a=b = 4.737 A and ¢ = 3.186 A. Each Sn*" is coordinated to six O, and
each O is coordinated to three Sn** at the corners of an almost equilateral triangle.
Figure 1.4 represents the structure of SnO: unit cell. A pressure-driven sequential
transition to other possible polymorphs such as rutile-type, CaCl.-type, a-PbO2-type,
pyrite-type, ZrO-type orthorhombic phase |, fluorite-type and cotunnite-type

orthorhombic phase 11 has also been reported for SnO> [31].

Figure 1.4 Unit cell of SnO..
1.3.1.2 Properties of zinc oxide and tin dioxide

ZnO is an n-type wide band gap (3.37 eV) semiconductor with high exciton
binding energy (60 meV) [32]. Due to its biocompatibility, low-toxicity and inexpensive
nature, ZnO with its unique properties are employed in several applications such as
catalysis, photocatalysis, antibacterial treatments, cosmetics, UV absorption etc. [32—-36].

Some of the salient properties of ZnO have been mentioned in Table 1.2.
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Tin dioxide (SnO>) is also an n-type wide band gap (3.6 eV) semiconductor [31].
Owing to its good electrical, optical, electrochemical and redox properties, SnO2 has
been employed in solar cells, catalysis, chemical sensors and high-capacity lithium-
storage [37-40]. Some of the key properties of SnO; are also listed in Table 1.2.

Table 1.2 Some key properties of ZnO [32] and SnO2 [31].

Entry Property ZnO SnO2
1 Molar Mass 81.38 g/mol 150.71 g/mol
2 Crystal structure Wurtzite Rutile
3 Space group P6smc P4,/mnm
4 Density 5.61 g/cm3 6.95 g/cm?®
5 Melting point 1975 °C 1630 °C
6 Boiling point 2360 °C 1800-1900 °C
7 Band gap 3.37eV 3.6eV
8 Exciton binding energy 60 meV 130 meV
9 Solubility in water Insoluble Insoluble
10 Solubility Soluble in dilute acids Soluble in conc.
and bases H2SO4 and HCI

1.4 Metal oxide-based nanostructures

In recent years, metal oxide-based nanostructures have stimulated great research
interest due to their fascinating physicochemical properties [41]. The spatial confinement
of these nanostructures along with other surface characteristics, such as high surface
energy and strong surface adsorption, are advantageous. They also possess large surface-
to-volume ratio, porosity and defect centers that significantly improve their performance
in various applications. These novel properties of metal-oxide based nanostructures can
be modified by fabricating nanostructures with varying morphologies [42]. Therefore,
the primary focus of nanotechnology lies in the synthesis of nanostructures or nanoarrays

having distinctive properties compared to bulk or single particle species [25].
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1.4.1 Synthesis of metal-oxide based nanostructures

Several methods have been utilized for the synthesis of oxide nanostructures till
date [43, 44]. The synthesis of nanostructured materials is generally divided into two
categories: (i) top-down approach and (ii) bottom-up approach. Scheme 1.1 depicts the

various methods under these two approaches for the synthesis of oxide nanostructures.

Synthesis of
Metal Oxide-Based Nanostructures
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Scheme 1.1 Various methods of synthesis of oxide nanostructures.

The top-down approach involves those preparative methods where nanometer
sized materials are obtained by physically breaking down bigger building blocks. On the
other hand, the bottom-up approach is based on building up of nanostructured materials
from atomic or molecular precursors [44]. This approach is of significant interest
compared to the top-down approach due to the possibilities of manipulating the
properties of the final nanostructured materials [43]. It provides the ability to control
several properties, viz. size, shape, stoichiometry, surface area and pore size of
nanostructures. Among the various methods classified under bottom-up approach

(Scheme 1.1), the solvo/hydrothermal methods that favor shape control have been
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considered easy, simple and powerful. The hydrothermal synthesis crystallizes
substances at high vapor pressure from high-temperature aqueous solutions [45-48]. The
crystal growth is achieved in a special stainless steel pressure vessel called autoclave,
wherein a nutrient is added along with water. A gradient of temperature is retained at
both ends of the growth chamber. The hotter end dissolves the nutrient and the cooler
end causes seeds to take additional growth [48]. The solvothermal method is similar to
hydrothermal method except that here crystal is synthesized in the presence of various
organic solvents. The use of variety of organic solvents having different properties offers
room for new materials [46]. The key advantage of solvo/hydrothermal methods is the
ability to grow crystalline phases that are otherwise unstable at their melting points.
Materials having high vapor pressure near their melting points are also grown by these
methods. Moreover, these methods are based on the features of easy control and large-

scale fabrication.
1.4.2 Supported metal oxide-based nanostructures

Now-a-days, the uses of supported metal oxide-based nanostructures have
attracted great attention. The nanostructured metal oxides immobilized on solid supports
remain insoluble in solvents thereby preventing them from leaching or aggregation
during catalysis [49]. Several supports such as silica, zeolites, carbon-based materials
etc. are used in different reactions. There are various advantages of using supports such
as reduced cost, high activity and reusability. The support aids the active phase, i.e.,
metal/metal oxide synergistically to perform better in a chemical reaction. For instance,
the support material changes the electron density of the supported metal nanoparticle,
turning chemically inert gold into an efficient catalyst [50]. The redox, acid-base,
conductive properties and porous nature of supports play a key role in designing
effective catalysts [51, 52]. A suitable support material should possess distinguished
properties such as

(1) Chemical inertness,

(2) Resistance to high temperatures, acids and bases,
(3) Large surface area,

(4) Mechanical robustness,

(5) Thermal stability and

(6) Good ligation to the metal/metal oxide
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For synthesizing catalysts over suitable support materials, two methods are
widely followed: (i) co-precipitation method and (ii) impregnation method. Co-
precipitation method employs the addition of a precipitating agent to the catalytically
active component with the precipitate being held by the support material. This approach
is relatively simpler for synthesis but ineffective for controlling the shape and
morphology of the material. In the impregnation method, the pores of the support
material are filled by the active material in a solvent and the solvent is eventually
evaporated. Interaction between the support and the active material exists in this method

which may be suitable for controlling the catalyst’s dispersion over the support [50, 51].
1.4.3 Doped metal oxide-based nanostructures

The demands for metal oxide-based nanostructures have been rapidly increasing
in the field of photocatalysis [52]. An important feature of photocatalyst is its ability to
absorb light efficiently. Nevertheless, the wide band gap of metal oxides limits their
absorption to ultraviolet region. Therefore, the band gaps of metal oxides have been
engineered by inclusion of dopants into its lattice [53]. Doping induces changes to the
metal’s crystal and electronic structure, resulting in band gap alterations [54]. The
doping of ions creates band states in between the energy gap of the metal oxide and
extends its absorption edge towards visible region [55]. Both metals and non-metals can
be utilized as dopants for modifying the band gap of metal oxide nanostructures [56]. In
case of non-metals such as carbon, nitrogen, phosphorus, etc., their 2p orbitals introduce
localized states near the edges of the valence and/or conduction bands leading to band
gap narrowing and subsequently improving visible light response [57]. However, high
percentages of doping can generate recombination centers which lowers the amount of
active charge carriers [58]. Metal dopants, on the other hand, can also reduce the band
gap of metal oxides and improve their performances [59]. In this case, 3d orbitals of the

metal introduce electronic states within the original band gap of the metal oxide [60].
1.4.4 Applications of metal oxide-based nanostructures

Metal oxide-based nanostructures have received considerable importance during
the past two decades due to their potential applications in various chemical and industrial
processes. This is evidenced from the rise in the number of publications on “Applications

of metal oxide nanostructures” as presented in Figure 1.5.
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Figure 1.5 Bar plot of number of publications on “Applications of metal oxide

nanostructures” (Source: Web of Science). Database survey conducted in November
2022.

The diverse applications of metal oxide-based nanostructures are schematically
presented in Figure 1.6. Metal oxide-based nanostructures have been applied in various
fields such as organic transformations, wastewater treatment, solar cells, sensors,
electrocatalysis and so forth [61-64]. Here, we have mainly focused on applications of
metal oxide-based nanostructures in two major fields: (i) organic transformation and (ii)

wastewater treatment.
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Figure 1.6 Applications of metal oxide-based nanostructures in various fields.
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1.4.4.1 Organic transformation

Metal oxide-based nanostructures have been employed as catalysts for various
important organic transformations such as cross-coupling reactions, hydroboration
reaction, Friedel-Crafts alkylation and acylation reactions, Knoevenagel reaction,
epoxidation, chemoselective oxidations and reductions etc. [65, 66]. In general, the
products of these transformations are employed as starting substrates for synthesizing
specialty chemicals such as pharmaceuticals and agrochemicals [67, 68]. Among them,
aromatic ketones are fundamental intermediates in the synthesis of pharmaceuticals,
natural products, functional materials and agrochemicals [69]. Out of several organic
transformations used for the synthesis of aromatic ketones, the Friedel-Crafts (FC)
acylation reaction is considered one of the most efficient methods due to its simplicity
and high selectivity [70, 71].

1.44.1a Friedel-Crafts acylation reaction

The Friedel-Crafts acylation reaction is among the oldest reactions for C—C bond
formation leading to formation of potent drug molecules and their intermediates such as
benzophenone derivatives like terfenadine, cetirizine etc. [72, 73]. A typical Friedel-
Crafts acylation reaction involves the electrophilic substitution of an aromatic compound
with an acylating agent in the presence of more than 1 equivalent of Lewis acid catalyst
(e.g., anhyd. AICI3) due to its strong complexation with the resultant ketone [74].
Scheme 1.2 represents the FC acylation reaction of aromatic compounds.

b
PN /H O 2 /C .
S . anhyd. AICI, (T -
H\J + r-%a A F
R “HCl E

Scheme 1.2 Friedel-Crafts acylation reaction.

The general mechanism for FC acylation reaction is shown in Scheme 1.3. The
mechanism is initiated by the reaction of Lewis acid catalyst with the acylating agent
(acid chloride/acid anhydride), leading to the formation of an acylium ion. The acylium
ion behaves as an electrophile and reacts with the nucleophilic aromatic substrate to form
an intermediate complex, thereby destroying the aromatic property of the ring. To regain

its aromaticity, deprotonation of the intermediate complex occurs, resulting in the
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Scheme 1.3 General mechanism for Friedel-Crafts acylation reaction.
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formation of aromatic ketone [75]. The other conventional catalysts for this reaction are
Bronsted acids (HF, H2SOa4, HCI) or other Lewis acid catalysts (anhydrous FeCls, ZnCly,
SnCl; etc.) [76, 77]. All these catalytic systems are associated with several drawbacks of
handling and recovery, and generates toxic waste. To overcome this issue, various solid
acid catalysts, such as zeolites, clays, heteropoly acids, metal oxides, acid treated metal
oxides, and so forth, have been developed for the FC acylation reaction [76, 78]. Among
them, metal oxides are the prominent solid catalysts due to the presence of numerous
edge and corner sites, improved reactivity and selectivity, non-corrosive nature and low-
cost [79].

Raula et al. [80] synthesized flowerlike zinc oxide (ZnQO) nanostructures with
ascorbate ion as a shape-directing/capping agent and employed them for the FC acylation
reaction of anthracene with benzoyl chloride. They observed different shapes of ZnO
nanostructures such as flowerlike, spindlelike, and spherical with increasing synthesis
temperature from 60 to 90 °C. Their findings suggested that the flowerlike ZnO
nanostructures have slightly higher catalytic activity towards FC reaction than their
spherical counterpart. This variation in the activity was assumed to arise from the
hyperbranched nature of flowerlike nanostructures. Another possibility is the occurrence
of more defect states in the flowerlike ZnO nanostructures than in spherical ZnO. Karim
and co-workers [81] demonstrated the use of flower-shaped ZnO nanostructure as a
heterogenous catalyst for the solvent less acylation reaction of a naturally occurring
product, namely 2,5,9,9-tetramethyl-6,7,8,9-tetrahydro-5H-benzocycloheptene  (ar-

himachalene) with acid chlorides. According to their results, the aromatic group of ar-
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himachalene can be effectively and selectively catalyzed by the ZnO nanoflowers.
Furthermore, the catalyst could be recycled up to 3 times by filtration and washing with
insignificant loss in its catalytic activity. Hoseini et al. [82] investigated the use of FezO4
nanoparticles (NPs) as efficient catalyst for FC acylation of aromatic compounds. They
performed the reaction with acid chlorides at room temperature in solvent-free
conditions. Based on the investigation, they reported that the catalyst showed two main
advantages in FC acylation reaction: Firstly, the interaction between reactants and
catalyst increased significantly due to high surface area of the NPs. Secondly, the Fe3O4
NPs could be easily separated from the reaction mixture by applying an external magnet
due to their paramagnetic properties and insolubility in the reaction mixture. The
recovered catalyst could be reused for successive runs without appreciable loss in its
activity.

Li and co-workers [83] reported the synthesis of iron oxide (Fe2O3) supported on
HY zeolite with varying Si/Al ratio (SAR) for Friedel-Crafts acylation of m-xylene.
They observed that the synthesized catalyst exhibits excellent catalytic activity for the
acylation reaction. The catalytic activity increased with the decrease of SAR of the HY
zeolite due to the increase in Lewis acidic sites and the results are presented in Table 1.3.
The catalyst was also easily recovered from the reaction mixture and recycled for 5

consecutive runs without considerable loss of activity.

Table 1.3 Effect of Si/Al ratio of HY zeolite to the reaction? [83].

Entry Catalyst Conversion  Selectivity  Yield
(%) (%) (%)

1 Fe2O3/HY (Si/Al =7) 99.58 94.48 93.88

2 Fe2O3/HY (Si/Al =9) 80.63 95.31 76.85

3 Fe,03/HY (Si/Al = 11) 79.39 89.12 70.75

4Reaction condition: m-xylene : benzoyl chloride = 4 : 1; catalyst dose =5 wt%; T = 130
°C.

Reddy et al. [84] synthesized aromatic ketones via FC reaction over 3D
SnO>—Si02 mesoporous composite catalysts. As per their report, the synthesized catalysts
were found superior to functionalized MCM-41, modified zeolites and supported
heteropolyacid catalysts, with high yield (up to 92%) and regioselectivity. Abedi and co-

workers [85] reported the synthesis of zinc oxide (ZnO) nanoparticles dispersed on
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polyaniline (PANI) supporting matrix in aqueous medium and employed it for FC
acylation reactions. They observed that the PANI/nano-ZnO composites are efficient
catalysts for the acylation reactions and could activate the reactant at ambient
temperature. Moreover, the catalyst could be reused for five cycles without significant
loss in its activity.

Again, microwave-assisted organic transformations have gained special attention
in improving organic reactions by providing the shortest and most efficient routes [86].
The main advantage of microwave (MW) heating is its “core heating” mechanism or
dipolar mechanism [87]. A substance is microwave active if it possesses some dipole
moment. The dipole is sensitive to external electric field and attempts to orient itself with
the field’s direction [88]. The rapidly oscillating electric field (900-2450 MHz) of MW
radiation results in the orientation of dipoles in a reaction mixture, thereby inducing
rotation and intermolecular frictions between them [89]. MW heating enables internal
core heating to a greater extent compared to conventional heating by the dissipation of
MW energy as heat due to these induced rotations. MW irradiation has been successfully
applied to FC acylation using different catalytic systems [86, 90-93]. The shortened
reaction time with MW irradiation limits the decomposition of reagents and products,
promotes chemo- and regioselectivity of isomers and inhibits diacylation [86]. The use of
MW irradiation for metal oxide-catalyzed FC acylation is sparse in reports. Pasha et al.
[94] reported TiO2-mediated FC acylation of aromatic compounds under MW irradiation.
They observed that the acylation proceeded very rapidly within 20-50 sec yielding
exclusively para-acylated ketones. Unactivated benzenes such as chlorobenzene also
underwent the acylation reaction and afforded acceptable yields (65-70%) of the
corresponding aromatic ketone. This finding clearly indicates that the integration of the
advantages of MW method and the characteristics of metal oxides can be highly

beneficial for enhancing the catalytic activities toward FC acylation reaction.
1.4.4.2 Wastewater treatment

The rapid growth of industries and increasing population have led to
inappropriate disposal of toxic wastes/contaminants/chemical pollutants into water
bodies. These toxic wastes include organic dyes, pesticides, heavy metals and
pharmaceuticals residues [95]. All these contaminants released into the environment

need to be eliminated to preserve ecological stability, aquatic biota and human health
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[95-97]. Among the chemical pollutants in wastewater, organic dyes due to their toxic
nature are one of the major contaminants imposing environmental concern [98].
Therefore, it is of utmost importance to treat these organic dyes from industrial effluents
prior to their discharge into the environment. To remove such organic dyes from

wastewater, various treatment methods have been developed as shown in Figure 1.7.
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Figure 1.7 Methods for removal of organic dyes [99].

Among the various methods of dye removal, adsorption and degradation via
photocatalysis are superior to other techniques due to
(1) Eco-friendly nature,
(2) No secondary pollution, and

(3) Non-consumption of expensive organic chemicals.
1.4.4.2a Adsorptive removal of dyes

Adsorption is a surface phenomenon involving the adhesion of atoms, ions or
molecules from gas, liquid or dissolved solid to surface of adsorbent [100]. This method
is most widely adopted for removing organic contaminants from aqueous solution.
Various adsorbents such as activated carbon, zeolites, clays, layered double hydroxides,
metal oxide nanostructures, fly ash etc. have been utilized for dye removal [101-104].
Among them, nanostructured metal oxides are considerably used as adsorbent for various
organic dye pollutants in wastewater treatment due to their high surface area and porosity
[105-107].
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Abdelkader et al. [108] synthesized SnO, NPs with an average size of 13-23 nm via
a sol-gel method. Further, it was employed for adsorption of congo red (CR) dye from
aqueous solution. The adsorption efficiency was found to be 84.41% which could be
attributed to the electrostatic interaction between Sn?* and electron-rich N atoms of CR
moiety. Athira et al. [109] studied the adsorption of malachite green (MG) from aqueous
solution using SnO2 NPs synthesized via hydrothermal route with adsorption capacity of
118.90 mg/g. The adsorption kinetics indicated that the adsorption of MG onto SnO2 NPs is
controlled by pseudo-second order kinetics. Nazar and co-workers [110] demonstrated the
adsorption of two azo dyes, viz., methyl orange (MO) and amaranth (AM) from their
aqueous solution using ZnO NPs synthesized by co-precipitation method. The percentage
removal for MO and AM was found to be 70.3% and 94.2%, respectively. The kinetics
studies indicated that the adsorption of both the dyes onto the ZnO NPs followed pseudo-
second order kinetics. Based on their observations, a schematic adsorption-desorption
mechanism (Scheme 1.4) was suggested explaining that the adsorption of both the dyes
could be due to the electrostatic interaction between negatively charged groups on the

anionic dyes and positively charged groups on the ZnO NPs.
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Scheme 1.4 Adsorption-desorption mechanism between ZnO NPs and anionic dyes (MO and
AM). [Reproduced from 110]

Verma et al. [111] synthesized graphene oxide-manganese dioxide (GO-MnQOy)
nanocomposite via hydrothermal route for the adsorptive removal of cationic methylene
blue (MB) and anionic methyl orange (MO) dyes from aqueous solution. A removal
efficiency of achieved for both MO and MB within the starting 5 min of adsorption are
presented in Figure 1.8. Although both the dyes can be removed by the synthesized
adsorbent, the extent of MB removal is higher than that of MO. This is attributed to the

greater interaction between existing opposite charges on GO-MnQO; and MB compared to
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that of MO. The Kinetics studies revealed that the adsorption of both the dyes (MO and

MB) onto the GO-MnO> nanocomposite followed pseudo-second order kinetic model.
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Figure 1.8 Removal efficiency (%) of dyes on GO-MnO2 nanocomposite.
1.4.4.2b Photocatalytic degradation of dyes

Degradation of organic dye pollutants by photocatalysis is another promising
solution for wastewater treatment [112]. Photocatalysis refers to the acceleration of a
reaction by a photocatalyst in the presence of photon or light [113]. In an ideal
photocatalytic reaction, organic pollutants are mineralized into CO2, H>O and mineral
acids and reactive oxidizing species such as air or oxygen [114, 115]. The steps involved
in this process are mentioned below:

(i)  When the photocatalyst is subjected to light irradiation, photons with energies
equal to or higher than the band gap of the photocatalyst excite electrons from the
valence band (VB) to the conduction band (CB), thereby creating electron (e")-hole
(h™) pairs.

Photocatalyst + hv - h* + e-

(i)  H20 molecules in the reaction medium combine with the h* in the VB and
generates OH- radicals. Simultaneously, the adsorbed O> molecule on the
photocatalyst surface form superoxide radicals (03) by combining with the e in the
CB. The 0; radicals again combine with H* ions and generates H>O- radicals,
which further combine with another H2O- radical resulting in the formation of
H20,. This in situ generated H.O> finally forms the oxidizing species, i.e., OH-
radicals.

2H,0 + h* - 20H" + 2H*
0, +e-—>0;
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0; + H* - HO,
HO, + HO, - H,0, + 0,
H,0, + e- — 20H’
(iii) The OH- radicals degrade the organic dye pollutants into degraded products.
OH’ + Organic pollutants — Degraded products
The possible mechanism for the photodegradation of organic dye pollutants is

schematically represented in Scheme 1.5.

H+
/\ Degraded
0; HO'2
e o

products
02
e H,0, + o,
hv™
: Dyes
h* h* h“
2H* + OH’
Degraded

products
Scheme 1.5 Schematic diagram of the proposed mechanism for photocatalytic

degradation of dyes.

The activity of a photocatalyst mainly depends upon its ability to generate
electron (e’)-hole (h*) pairs [116]. Numerous literature reports reveal the use of various
metal oxides as effective photocatalyst for degradation of dyes due to their ability to
create charge carriers during light irradiation [117]. Aljaafari [118] synthesized ZnO
nanosheets with a tunable thickness ranging from 20-50 nm using a microwave-assisted
hydrothermal-based method. The ZnO nanosheets were employed for the
photodegradation of methyl red (MR) under UV light. It was observed that the
degradation performance is enhanced with decreasing thickness of the nanosheets, which
could be explained based on the increasing surface area. Kale et al. [119] reported the
photodegradation of methylene blue (MB) under sunlight irradiation using Cu-doped
zinc oxide (Cu-ZnO) nanostructure with varying Cu doping (2, 4 and 6%). They
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observed that the photocatalytic activity was highest for 4% doped Cu-ZnO as compared
to ZnO and 2% and 6% Cu—ZnO nanostructure. The improved activity was attributed to
better separation of photogenerated e-h" pairs due to optimized doping in ZnO and the
formation of ZnO-CuO heterojunction. Alharthi and co-workers [120] demonstrated the
photocatalytic degradation of MB under both UV and sunlight irradiation using Gd/N co-
doped ZnO nanoparticles. The Gd/N ZnO exhibited better degradation efficiency
compared to ZnO, Gd/ZnO and N/ZnO photocatalysts and the results are presented in
Figure 1.9. The better activity of the doped nanoparticles compared to pure ZnO was

attributed to the improved light absorption ability and destruction of charge carriers’
recombination.
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Figure 1.9 Photocatalytic degradation of methylene blue over ZnO, Gd/ZnO, N/ZnO and
Gd/N ZnO.

Tuan et al. [121] ZnO/reduced graphene oxide (ZnO/rGO) nanocomposites with
different graphene oxide concentrations (4, 6 and 10%) for the photocatalytic
degradation of MB dye under visible light irradiation. It was observed that the
photocatalytic activity of ZnO/rGO nanocomposites were superior to that of pure ZnO.
The photocatalytic efficiency was found to increase with increasing GO concentration

and the results are shown in Figure 1.10.
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Figure 1.10 Photocatalytic degradation of methylene blue over ZnO/rGO

nanocomposites with varying GO concentrations.

This increase in photocatalytic efficiency is attributable to enhanced dye absorption and

effective charge transfer and charge separation in the ZnO/rGO nanocomposites.
1.5  Objectives of the present work

After going through the extensive literature survey as described above, the

following objectives have been set for the present research work:

(i) To synthesize and characterize ZnO and SnO2 nanocatalysts for Friedel-Crafts

acylation reaction.

(i) To synthesize and characterize ZnO and SnO2 supported on modified SBA-15

mesoporous silica for Friedel-Crafts acylation reaction.

(iii) Evaluation of the activity of SnO> nanostructures towards adsorptive removal of

organic pollutants from aqueous solution.

(iv) To develop Cu-doped ZnO supported on reduced graphene oxide for photocatalytic

degradation of organic pollutants.
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