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ABSTRACT

The thesis focuses on the synthesis of layered double hydroxides (LDH) and their
composite materials under ambient conditions, with emphasis on environmental
applications. The structure, morphology, thermal stability, optical and catalytic behaviour
of the synthesized LDHs were studied using various instrumentation techniques. Further,
the synthesized lattice was utilized for the elimination of toxic effluents i.e. nitroarene
compounds (NACs) and anionic azo dyes from wastewater. In addition, ZnCuNi-LDO and
ZnCuCe-LDO were used as photocatalysts for the degradation of Ciprofloxacin (CIF)
drug and cationic/anionic azo dyes. Afterwards, a smartphone-based approach was opted
for the determination of dye concentration. The results obtained were in agreement with
those obtained from UV-Vis spectrophotometer. Upon the successful formation of layered
structure, the structure regaining capability i.e. memory effect and anion exchange
properties were investigated. The PXRD and FTIR results confirmed the structure
regaining ability of the lattice i.e. memory effect as well as the exchange of anion in the
interlayer region. Moreover, the synthesis of carbon nitride-based composite materials
was also carried out with synthesized LDHs, and were later used for the degradation of p-
NP and Congo Red (CR). Subsequently, the magnetically separable Fe;04/Si02/ZnCuNi-
LDH composite was synthesized using electrostatic self-assembly method. The composite
was utilized for the catalytic hydrogenation of p-NP and reduction of cationic dye

Rhodamine B (RhB).
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CHAPTER -1
INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction
1.1.1 Layered Materials

The last few decades have witnessed monumental growth in the field of materials
science and engineering, thereby serving as a strong pillar that forms the backbone of
modern technology development. In this regard, layered materials have emerged as
exceptional materials that have catapulted nanoscience to astonishing new heights in
a rather short time since the discovery of graphene, the first discovered layered
material in 2004[1,2]. Layered materials are prominent network solids with anisotropic
bonding that are characterized by their distinctive two-dimensional architecture
wherein the intralayer components are strongly bonded internally by means of covalent
bonds. The adjacent layers are only weakly bonded to each other via weak interlayer
forces - electrostatic bonds, Van der Waal interactions and hydrogen bonding[3,4].
Consequently, layered materials possess readily tailorable structures and exhibit
remarkable physicochemical properties as well as surface modification, intercalation,
and functionalisation abilities that are not observed in their bulk counterparts. As a
result of their structural versatility and tunable properties, layered materials have
emerged as a cornerstone in the advancement of several industrial and medical
applications, including energy storage, biomedicine, and sensing. But their utility
remains severely underexplored in various environmental issues, such as the
elimination of pollutants for wastewater remediation. Some of the more common
layered materials that have demonstrated significant potential across diverse
applications include naturally occurring clay minerals (eg. montmorillonite, smectite),
graphite, and engineered compounds such as chalcogenides and layered double
hydroxides (LDHs)[5—8]. The individual layers of all these materials often possess
fixed charges, and on basis of the charges, these layered materials can be classified as
(a) cationic having negative charges on layers and exchangeable cations, (b) neutral

having no charge on layers and (c) anionic having positive charge on layers and
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exchangeable anions (Figure 1.1). For instance, aluminosilicates are some the most
widely known and researched cationic layered materials consisting of a skeleton made
of tetrahedral silicon and octahedral aluminium cations connected together by oxygen
atoms[9]. The layers are stacked together via hydrogen bonding, Van der Waals force
or electrostatic forces. Graphite is classified as a neutral layered solid because it
consists of sheets of carbon atoms bound together in a hexagonal fashion, where the
carbon atoms are covalently bonded, and the layers are held together by van der Waals
forces [10]. Anionic layered materials, such as LDHs, hydroxy double salts (HDSs),
layered hydroxy salts (LHSs), layered rare earth hydroxides (LREs) contain 2D
network structures. Their positively charged layers are composed of divalent, trivalent,
or a mixture of multivalent metal cations, while replaceable anionic moieties are
present in the interlayer region[11]. The innate ability of layered materials to
accommodate a wide range of chemical modifications and intercalations profoundly
expands their utility, and therefore has positioned them at the forefront of research

aimed at addressing pressing technological and environmental challenges[12].

The most prevalent layered minerals found in nature are cationic and neutral, while the
synthesis of anionic layered materials remains predominantly confined to laboratory
settings. Although cationic and neutral layered materials find utility in a wide range of
applications, they often lack anion exchange properties, that limits their tailorability to
a high degree. Conversely, anionic layered materials exhibit exceptional anion
exchange capabilities, that have established them as key candidates for innovative
solutions in fields ranging from catalysis and energy storage to environmental
remediation. Their facile and low-cost synthesis, coupled with unique
physicochemical properties, render them as highly adaptable materials that have

captivated the attention of researcher groups and industries.
1.1.2 Anionic Layered Materials

Anionic layered materials are a broad class of 2D network solids that are primarily
formed by stacking of positively charged layers composed of cations and
inorganic/organic/polymeric anion molecules that are present in the interlayer domains

to maintain charge neutrality. These layered materials are generally hydrated, and
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interest has been growing towards the usage of anionic layered materials for their
potential utility in various scientific and industrial avenues due to their
physicochemical properties. On basis of the number and types of cations that make up
the layers, anionic layered materials can be classified into four subcategories as given

below (Table 1.1).
1.1.2.1 Hydroxy Double Salts (HDS)

HDS are 2D materials that bear striking similarities to the mineral brucite (Mg(OH)>)
in terms of structural characteristics, wherein the layers contain edge-sharing M(OH)s
octahedra with one-third vacant sites[13]. Their composition can be described using
the formula [M**1..Mc?**a(OH)25](A™)pm.nH,O where M?" and Mc?" are different
divalent cations such as Mg, Zn, Co, etc. The isomorphic substitution of the intralayer
metal cations by another divalent cation results in the formation of hydroxy double
salts, and the substituting cations are present in tetrahedral sites lying above and below
the layers. The intrinsic hydroxyl vacancies render the layers as positively charged and
are filled by the direct bonding of anions known as grafting. HDS structures may exist
in triclinic, hexagonal, monoclinic or orthorhombic symmetries, depending on the
specific composition of cations and anions. Essentially, cations occupy the octahedral
sites and they are surrounded by -OH groups while anions and water molecules exist
in the interlamellar region. For instance, Pandey et al. synthesized ethylene glycol
intercalated Zn/Cu-HDS using a facile one-pot synthesis route and utilised the lattice

for the adsorptive uptake of CR dye[14].
1.1.2.2 Layered Hydroxy Salts (LHSs)

LHSs possess all the features of HDS, but their layers are composed only one type of
cations. They are generally represented by the formula M"(OH)2-4(A*)wx-nH2O,
wherein M'T and AX™ denote the divalent/trivalent cation making up the layer and the
anionic species present in the interlayer region respectively[15]. Their crystal
symmetry depends on the type and arrangement of cations as well as the type,
orientation, and symmetry of interlayer anions and stacking sequence of hydroxide
layers. They usually exist in hexagonal or orthorhombic symmetries, while triclinic

symmetries have also been observed in some studies that may occur due to stacking
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faults, polytypism and prominent cation/anion features. Common examples of these
materials include layered salts of zinc, yttrium, nickel and copper. For instance, copper
hydroxy nitrate and coppery hydroxy acetate can be represented using the formula

Cu(OH)3NO:s.
1.1.2.3 Layered Rare Earth Hydroxides (LREs)

LREs are another class of inorganic materials under the category of anionic lamellar
solids whose layers are composed of trivalent rare earth cations and hydroxide groups,
rendering them positively charged, and leading to intercalation of anionic species in
the hydrated interlayer region. Their crystal structure is engineered from the Ln(OH)3
framework, and can be described using the general formula Ln(OH)sA-xH>O wherein
the rare earth cations are represented by Ln (eg. La, Eu, Ce, etc.), and interlayer anions
are represented by A (eg. CI', NOs', etc.)[16]. Due to the variable oxidation states and
high coordination number of rare earth cations, LREs may either possess dodecahedral
or monocapped square antiprism-type environments in the lattice. They exhibit
distinctive photoluminescence behaviour due to the optical properties of rare-earth
cations and have found applications in optical devices, fluorescence sensing, and
bioimaging. For instance, a recent study by Wang et al. described the synthesis of
yttrium-containing LRE and exchange the pre-existing Cl- anions with SO4* and

H>PO4 molecules, for the purpose of utilising the lattice as proton conductors.
1.1.2.4 Layered Double Hydroxides (LDH)

LDHs are a sui generis class of anion-exchangeable host-guest materials that have
piqued the curiosity of researchers due to their unique structures and multifunctional
behaviour. Since the discovery of hydrotalcite, a naturally occurring anionic layered
material in the 19" century, LDHs have attained the status of technologically important
materials and have become a cornerstone in nanomaterial sciences and associated
fields. Their distinctive layered architecture, capacity for interlayer and intralayer
modification, high chemical and thermal stability and specific surface areas have
established LDHs as a platform for innovation across scientific disciplines. Their
structural attributes can be outlined by the general formula [M?*.,M>*,(OH),](A*

Yy mH20, (M?" = divalent cations (e.g., Zn*", Co?*, Mg?", Ca?", etc.), M>* = trivalent
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cations (e.g., AI**, Fe**, La*, Cr’*, etc.), A¥ = charge compensating interlayer
exchangeable anions). ‘y’ describes the ratio of (M>")/(M*" + M*")[17]. The wide
palette of LDH compositions enables incorporation of various main group, transition,
and rare earth metals, granting access to properties ranging from redox activity and
magnetism to luminescence. The ability to intercalate and exchange a broad spectrum
of inorganic and organic anions renders LDHs highly adaptable hosts for molecules,
ions, and nanoparticles. As a result, LDHs are being increasingly regarded as superior
substitutes to conventional materials for catalytic, adsorptive, and ion exchange
applications from the perspective of green chemistry. Advantages such as recyclability,
biocompatibility, low toxicity, recoverability, and large surface area open up several

new avenues for their use in various fields.

Layered
Solids

e

Cationic Neutral
Layered Silicates Anionic Graphite
Smectite Clays Metal Chalcogenides
Metal Phosphates Metal Oxides
Y - i Y s RO
. # N\
Hydroxy Layered Layered Rare / Layered Double \
Double Salts Hydroxy Salts Earth Hydroxides | Hydroxides ]
M(I)/M(ID) MQAD) Ln,(II1) \  MAn/mdain g
N 7’

i e

Figure 1.1 Classification of layered materials.

Table 1.1 Anionic layered materials reported in literature.

Anionic layered Interlayer Synthesis Application Reference
material anion method
MgZn-HDS Chloride (CI) - Intercalation and [18]
FeZn-HDS release of
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RE»(OH)sNO;-rH,O
(RE = La, Pr, Nd,
Sm, Eu, Gd, Tb, Dy,
Ho, and Y)
RE-LRH (RE= Gd,
Eu)
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[25]

[26]

[29]

1.2 Assembly Chemistry of LDHs

LDHs derive their layered framework from brucite mineral (Mg(OH)), wherein layers

are composed of central Mg?" cations surrounded by 6 hydroxyl groups at vertices,
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thereby forming a neutral lattice with octahedral geometry. The assembly chemistry of
layered double hydroxides (LDHs) is centered on the orchestrated formation of
positively charged, brucite-like host layers composed of divalent and trivalent metal
cations coordinated octahedrally by hydroxide ions. The partial substitution of some
portion of divalent cations by trivalent cations gives rise to a net positive charge on the
layers, necessitating the intercalation of charge-balancing anions and water molecules
in the interlayer galleries (Figure 1.2). This region is highly adaptable, containing both
inorganic and organic anions and variable amounts of water, that influence the
hydration state and distance between two consecutive layers - termed as gallery height
- thereby contributing to the dynamic ion-exchange properties of LDHs. The individual
layers are held together by the action of weak forces of attraction - electrostatic
interaction, Van der Waals forces, and hydrogen bonding, that results in the formation
of a three-dimensional turbostratic structure having stacked layers. It is important to
note that the type of intercalated anions strongly influences the gallery height and basal
spacing. Hao et al. reported a study corroborating this observation, and reported the
synthesis of ZnAl-LDH that was intercalated with four different anionic species[32].
They reported that an increase in the basal spacing of the LDH lattice was observed

with the increase in size of anionic moiety.

- A\‘" — Hydroxide
Y s layer
LDH gallery

M(OH), octahedron Layered structure

in LDH layer of LDH
' 2 . Interlayer anion
i o ? @ Water molecules
) @ Hydroxide molecules
Top view of LDH ® M"/M™ cation
octahedron

Figure 1.2 Structural features of LDHs.

In LDH monolayers, arrangement of atoms can occur in the trigonal prismatic structure

that is formed due to the presence of opposing hydroxyl groups on one another in a
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vertical manner, or the octahedral arrangement that is the consequence of the
arrangement of OH™ in an offset manner. These layers are held together by Van der
Waals interactions between them, and the difference in stacking orientation can give
rise to different polytypes in bulk LDHs. These include rhombohedral, denoted by 3R,
and hexagonal, denoted by 2H, and are considered to be the best in respect of the
hydroxide ions present in the layers[33]. As a consequence of the unique structural
features of LDH, their assembly process is profoundly tunable. The types and ratios of
metal cations, the choice of interlayer anions, and the degree of hydration impact the
crystal parameters and can be easily modified to produce LDHs with desired
physicochemical characteristics. Such assembly chemistry underpins the extraordinary
versatility of LDHs, enabling their broad utility in catalysis, environmental

remediation, biomedical delivery, and other applications.
1.2.1 Compositional Flexibility

The compositional flexibility of LDHs arises from presence of cations of two different
valencies in the layers, as well as mobile and exchangeable anions in interlayer region.
These cationic and anionic species can be replaced, and this adaptability is
foundational to their structural diversity, thereby promoting their application in

catalysis, environmental remediation, energy storage, and functional nanomaterials.
1.2.1.1 Metal Types and Ratios

Due to the versatility of LDH structure, several different types of metal cations can be
incorporated into the layers in various combinations. For the formation of stable LDHs,
the cations must meet the prescribed ionic radius criteria. This enables their effective
accommodation into the octahedral sites that are formed by the surrounding hydroxide
groups without destabilizing or causing excessive lattice strain. Based on extensive
literature survey, it was found that the ionic radii of cations typically fall within the
range of 0.50 to 0.74 A for stable layer formation. Examples of divalent cations used
for LDH synthesis include Zn?**, Co**, Ni**, Ca?", Cu?", Mg*", etc, while to achieve
isomorphic substitution, trivalent cations such as AI**, transition metals (eg. Fe**, Cr*",
Mn**, Sc*, etc.) as well as rare earth metal cations (Ce**, Y**, Eu**, La*", etc) are used.

In addition, some studies have also reported the use of monovalent (eg. Li"), and

10
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tetravalent (eg. Ti*") cations for producing LDH lattices. Furthermore, the ratio of
divalent to trivalent cations (M*":M*"), typically lying between 0.2 and 0.33,
determines positive charge density on the layers, and affects the crystallinity, anion
exchange behaviour as well as adsorption and catalytic behaviour oflattice. The values
above and below the prescribed limit may result in the formation of pure hydroxides

or different compounds.

The most widely studied LDHs are binary LDH, that contain one divalent and one
trivalent cation. But the availability of only two types of cations hinders their utility
due to limited tunability. Therefore, several groups have synthesized ternary LDHs
containing combinations of three cations, that offer the advantages of three cations in
the lattice. Recently, some forays have also been made into synthesizing LDHs with
more than three LDHs, including quaternary and high-entropy LDHs containing
multiple different cations, enabling advanced property tuning. The substitution of
variable cations helps in tailoring of the redox, magnetic, luminescent, and surface
properties, thereby allowing the precise optimization to specific applications such as

catalysis, energy storage, or drug delivery.
1.2.1.2 Interlayer Anions

LDHs feature a robust structure and their interlayer galleries can host a wide variety
of exchangeable anions since there is virtually no restraint on the nature of anions that
can be intercalated in the interlayer region. These interlayer anions help in balancing
the charge deficit created on the LDH layers and contribute in maintaining the
structural integrity of the lattice. The mobility of these anions aids their exchange and
helps in the modulation of interlayer spacing, hydration state, and surface chemistry.
Therefore, several types of inorganic (Cl,, NOs", COs*, SO4*, CH;COO*, PO4>", etc.),
organic, polymeric, metallorganic complexes, silicates, biomolecules, enzymes,
polyoxometalate, drugs, dyes, and iso and heteropoly anions have been reported to be

intercalated in the LDH galleries.

The relative affinity of LDHs for different anions generally follows the order: CO3> >
SO4*> OH > F > Cl"> Br >NOj3 > I'[34]. The high affinity of LDHs for CO3* anions

may be attributed to several factors, including: high charge and size compatibility
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leading to strong electrostatic interactions and effective charge neutralization, the
planar geometry and polydentate (three oxygen atoms) nature. This leads to strong
hydrogen bonding of CO3* with the layers and the water molecules and stabilization
of the lattice energy. Therefore, the complete exchange of carbonate anions from the
LDH lattice is very difficult to achieve. Additionally, complex anions may exhibit three
possible orientations, including monolayer, simple bilayers, and interpenetrating or
perpendicular bilayers. The size of anion determines their orientation in the interlayer
and is often aligned in order to maximise their interaction with the surroundings,
thereby playing a key role in altering the interlayer spacing. Therefore, the type,
arrangement, exchangeability, and interaction of anions with the layers directly

dictates the versatility and application scope of LDHs.
1.3 Synthesis Methods

Since the number of LDHs found in nature is quite limited, their synthesis remains
predominantly lab-based. A variety of methods have been developed for the fabrication
of LDHs containing several different combinations of cations and anions (Figure 1.3).

The most commonly used methods have been described below.

Sol-Gel Co-precipitation Urea Hydrolysis

& > Hy i &
> H_\d;;l;/;: and Strong base . — > Hon .
i : i) 100-200°C
MEME- [V, MT, (OH);] (A )ya MM [T, M, (OH),]
MEMT=solution MYy \%?gm (A% solution -mH;0 solution (A% mH0

Straightforward Economic Poor stoichiometric Carbonate
control Contamination
Effective Advantages Scalable Disadvantages
Homogeneous Reproducible Time-consuming Toxic precursors

dispersion of cations

Hydrothermal

8 < Aqueous solution of
High desired anion (B)
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DH precursor [, M, (O
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Sealed autoclave

Figure 1.3 Conventional methods of synthesis of LDHs.
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1.3.1 Coprecipitation

Coprecipitation is the oldest, easiest, and most commonly used “one-pot” method for
LDH synthesis. This method involves the simultaneous precipitation of a divalent
metal hydroxide and trivalent metal hydroxide from a supersaturated solution by the
action of a strong base that can act as a precipitating agent (eg. sodium hydroxide,
potassium hydroxide, ammonia, urea, etc.). The desired intercalant anion for the LDH
lattice is usually present in the form of a soluble ionic species in the reaction mixture
(eg. sodium carbonate for carbonate (CO3%") as the desired intercalant anion). The basic
principle behind co-precipitation is the condensation of hexa-aqua metal complexes in
aqueous medium, that results in the generation of layered structures analogous to
brucite, having homogeneous distribution of constituent metallic cations in the layers
and interlamellar anions along with water molecules. External parameters such as
solution pH, precursor concentration, addition rate, ageing and reaction time, and

temperature have a profound impact on the synthesized product.

This process can occur at either constant or variable pH, but a constant pH is mostly
preferred, as it yields products with more size uniformity. Furthermore, depending on
the type of product desired, conditions such as high or low supersaturation may also
be employed. Coprecipitation under high supersaturation utilises highly concentrated
metal cation solutions and is performed at high solution pH values, that results in high
nucleation rates and numerous small particles. In the case of coprecipitation at low
saturation, the usage of low concentration metal precursors coupled with their slow
addition at pH values ranging between 7 and 10 results in materials with high
crystallinity due to the rate of crystal growth being higher than the rate of nucleation.
Inspite of these modifications in the synthesis method, products formed using
coprecipitation often possess low quality, have large number of impurities, and
generate particles with large sizes due to agglomeration during ageing time. To
overcome these drawbacks, this process is often combined with various post-synthesis
methods such as hydrothermal treatment, microwave irradiation and ultrasonication to
maintain better control over particle morphology, size, and crystallinity. In a recent
study, Luo et al. used the coprecipitation method for synthesis of NiFe-LDH, that was

further utilised for the adsorptive removal of fluoride ions from aqueous medium|[35].
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1.3.2 Urea Hydrolysis

The urea hydrolysis method is similar to coprecipitation since it also involves the
homogenous precipitation of metal hydroxides. However, this methodology is
contingent on the slow thermal decomposition of urea, a weak Brensted base, that
leads to the generation of ammonia and carbon dioxide in the reaction mixture.
Ammonia aids the controlled precipitation of the divalent and trivalent metal
hydroxides to form LDH by slowing and homogeneously increasing the pH of reaction
mixture, while carbon dioxide provides carbonate anions that are intercalated into the

LDH galleries. The hydrolysis of urea occurs as follows:
CO(NH2); + 3HO —> 2NH;" + COs* +20H"

The rate of this reaction can be altered by controlling the reaction temperature, since
hydrolysis of urea is an extremely temperature-sensitive process. This is a highly
scalable synthesis method since the slow, uniform increase in solution pH ensures
homogeneous nucleation and growth, resulting in highly crystalline, well-ordered
LDH particles. It is often utilised to synthesize products for applications where high
crystallinity and size uniformity are the key requirements. The major drawback
associated with this method is its limited interlayer anion diversity due to the almost
exclusive intercalation of carbonate anions in lattices synthesized using this method.
Furthermore, the extended reaction times and difficulty in precipitating most trivalent

cation species other than AI**

also hinder its wide-scale applicability. In a recent study,
Samuel et al. fabricated flexible supercapacitors using CoCe-LDH that were

synthesized via urea hydrolysis method[36].
1.3.3 Sol-Gel Method

The use of sol-gel method for LDH synthesis is relatively new, but has now become
one of the most preferred methods due to its facile nature. In this method, metallic
precursors (such as metal alkoxides, acetates, acetylacetonates and other inorganic
salts) form a colloidal dispersion termed a liquid sol. This sol undergoes hydrolysis
and partial condensation reactions to form a solid gel phase, that is then aged and dried.
The rates of hydrolysis and condensation reactions majorly control the properties of

the synthesized product. Additionally, external parameters such as pH, nature and
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concentration of the metallic precursors, choice of solvent, and the temperature of
synthesis also have a huge impact on product properties. This method can be used
effectively for the coating of substrates for the fabrication of LDH films and coatings.
The sol-gel approach yields pure, high-quality products with high specific surface
areas, and is especially useful in minutely controlling the particle size and pore size of
the products. Still, poor sample crystallinity is a challenge that often arises in this
method, but it can be effectively addressed by employing additional treatments, such
as microwave irradiation, hydrothermal treatment, and ultrasonication. Klydziute et al.

reported the synthesis of MgZnAl-LDH and MgAlLa-LDH using the sol-gel route[37].
1.3.4 Anion Exchange Method

Anion exchange is an indirect route for LDH synthesis, that is generally employed
when the chosen metal cations are unstable at high pH as well as for the intercalation
of several different types of anions in the LDH interlayer region. This is generally a
two-step process where an LDH lattice is first synthesized using coprecipitation
method with monovalent anions such as CI°, NOs", etc present in the interlayer region.
To achieve the exchange of anions, the synthesized lattice is treated with a solution
containing an excess of the anions to be intercalated, thereby resulting in the formation
of desired LDH lattice. Since the reaction is based on the strength of electrostatic
forces between the layers and the anions, monovalent anions that exhibit weaker
electrostatic forces can be easily replaced by multivalent anions exhibiting stronger
forces. Therefore, the choice of using monovalent anions in the initial LDH is based
on the ease of exchanging the anion, that is often difficult with multivalent anions.
Furthermore, choice of solvent, reaction temperature, and pH also play a huge role in
determining the outcome of the reaction. Higher temperatures favour the anion
exchange reactions, while solution pH should be above for 4.0 in order to maintain the
integrity of the hydroxyl layers. This method is especially useful for obtaining several
LDH lattices from a single precursor, and is generally opted over the conventional
coprecipitation method for intercalation of large-sized anions. Recently, Yu et al.
synthesized a series of MgAI-LDH containing nitrate, molybdate, stannate, and SDS

by the anion-exchange method for protection of Mg alloy surfaces[38].
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1.3.5 Hydrothermal Method

This method is typically employed to achieve precise control over particle size, phase
purity, and morphology, while also refining the particle size distribution. In this
method, divalent and trivalent metal precursors are treated with a base under elevated
temperature and autogenous pressure in a sealed autoclave to form the products. This
method yields LDHs with highly uniform nanostructures and is especially helpful in
the fabrication of high-quality products having a large variation in LDH composition
when combined with other methods such as coprecipitation, urea hydrolysis, etc.
Changes in reaction conditions such as heating temperature, time, and precursor
concentration are beneficial in governing the particle size, morphologies and aspect
ratios of synthesized LDHs. Hydrothermal method can be modified to obtain materials
for desired applications by tailoring the LDH via functionalisation, doping, and
intercalation of wide variety of inorganic/organic/polymeric moieties. In a study by
Choi et al., CoMgAIl-LDH was synthesized on y-AlO3 surface by the hydrothermal

treatment using urea as a precipitating agent[39].
1.3.6 Reconstruction

This method, also known as rehydration, leverages the unique “memory effect”
property of LDHs, that allows them to regain their original structure after calcination
and subsequent rehydration. The procedure entails the initial calcination of the LDH
lattice at temperatures of 350 °C - 550 °C, thereby leading to the removal of hydroxyl
groups, interlayer anion and water molecules, and subsequent collapse of the layered
arrangement to form layered double oxide (LDO). The LDO is then treated with an
aqueous solution of desired anion, resulting in the regaining of layered structure and
formation of parent LDH, but with the intercalated desired anion. This method
involves the dissolution of the mixed oxides and reprecipitation as LDH, and has
proved to be successful for intercalation of organic molecules and anions with bigger
molecular sizes, that is often found to be difficult to achieve through other methods. It
allows the fine-tuning of LDH properties, and can also be used to regenerate LDHs
that have been deactivated in catalysis and adsorption applications. Although this

method has several benefits, products obtained using reconstruction method may
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suffer from variable morphology, poor size control and crystallinity, and partial/mixed
intercalation of anions. In a study by Yasmina et al, MgAl-LDH was immobilised with

Ni(IT) Schiff base using the reconstruction method[40].
1.3.7 Miscellaneous methods

Apart from the traditional methods employed for the synthesis of LDHs, several
alternative methods have been developed and utilised for their fabrication in recent
times. These include separate nucleation and ageing steps (SNAS) method, template
synthesis, polyol method, mechanochemical method, and the Chimie-Douce method.
The SNAS method separates the nucleation and ageing processes during LDH
synthesis, leading to the sudden nucleation of LDH seeds and a subsequent controlled
and milder ageing step, resulting in products possessing small, nanosized LDH
platelets with uniform and well-defined morphologies [41]. The mechanochemical
method is based on the principle of solid-state mixing and entails the use of mechanical
energy (in the form of ball milling, grinding, etc). for the induction of chemical
reaction between the precursors to form LDHs[42]. They have the advantage of being
waste-free and  solvent-free/solvent-minimized  processes, thereby being
environmentally friendly and producing pure phase products with relative ease.
Template synthesis utilises a template/scaffold to guide the assembly of LDHs, such
that the final product possesses structural and morphological attributes similar to those
of the template[43]. The choice of template, whether inorganic (SiO2, micelles,
polymers, etc.) or biological (proteins, DNA, viruses, etc.), has a profound impact on
the porosity, surface area, and other physical properties of the lattice. The polyol
method utilises the principles of soft chemistry and involves the forced hydrolysis of
metal precursors in polyol medium to form LDH platelets. The Chimie-Douce method
utilises low temperatures and mild conditions to synthesize LDHs[44]. It combines the
steps of the sol-gel and anion exchange method to obtain versatile LDHs with high
crystallinity and the desired properties. However, these methods are currently in the
nascent stages of development and application, and there is considerable scope for
exploring these methods for synthesis of cost-effective LDHs with desirable
properties. Table 1.2 describes the procedure and drawbacks of some methods used for

synthesis of LDHs.
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Table 1.2 Synthesis methods employed for LDH synthesis.

Drawback

Synthesized LDH

Method Procedure

Co-precipitation Simultaneous precipitation of metal

hydroxides by strong precipitating agent in may have poor

presence of desired interlayer anions. crystallinity and

presence of
impurity.

Urea Hydrolysis Addition of urea to metal salts solution LDHs with low

followed by refluxing. charge density

cannot be
synthesized via
urea hydrolysis.

Sol-Gel Method Hydrolysis of metal salts and partial Method has low

condensation of a metal precursor result in output and high

sol formation, followed by gel formation cost.

due to a gelation reaction.

Pre-synthesized LDH having Cl" or NO3 Presence of

Ion exchange
carbonate ions

ions added to the solution containing anions

to be intercalated. makes the de-

intercalation
difficult.

Hydrothermal Two solutions containing M(II) & M(III) Low output and
metal salts added dropwise to a solution high production

containing base while stirring. Suspension cost.

is then transferred to a Teflon lined
autoclave and treated at high temperature
and pressure.

Reconstruction Calcination of LDHs at high temperatures Formation of

to remove interlayer water, anions, and products with

hydroxyl groups, forming LDO. poor crystallinity

Reformation of LDHs by dispersing LDO and partial

in an aqueous solution of desired anion. intercalation.
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Salt-Oxide Aqueous solutions of metal oxides and Difficulty in
Method metal chloride (in excess) are mixed, controlling
resulting in LDH formation. reaction kinetics.
Mechanochemical  Metal salt precursors are mixed or ground Difficulty in
Method together in presence or absence of solvent. controlling
particle
morphology and
purity.
Template Inorganic precursors react at the interface Post-synthesis
Synthesis of organic self-assembled aggregates (used  process required
as template) in solution to form organic- for the removal of
inorganic composites. Removal of organic template.

template gives inorganic LDH.

Chimie-Douce y-oxyhydroxide precursor undergoes Impure product
Method hydrolysis, polymerisation and formation and
condensation mechanisms to form a solid costly raw
solution containing the LDH product. materials.
SNAS Method Precursors undergo homogenization and Complex reactor
nucleation process by application of systems required
vigorous forces in a colloidal mill. for synthesis of
Afterwards, the nucleation mixture LDHs.

undergoes an ageing process separately,
yielding the LDH product.
Polyol Method Metal acetate precursors get hydrolyzed in ~ High temperature

a polyol solvent medium (eg. Diethylene conditions
glycol) while under reflux to form desired required.
LDHs.
Electrodeposition  Nitrate ions from metal nitrate precursors Wastage of raw
Method are electrically reduced, leading to materials and high
evolution of hydroxide ions, which cost for reaction
increases the pH of the solution and results setup.
in LDH film deposition.
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1.4 Properties of LDH

LDHs exhibit a host of exemplary properties that are intrinsic to their unique layered

structure and composition (Figure 1.4). Some of these properties are explained below.

Exchange Behaviour

synthesis
modification

Figure 1.4 Properties of LDHs.
1.4.1 Anion Exchange

The anion exchange property of LDHs is one of their most important and unique
features. It refers to the ability of LDHs to reversibly exchange their loosely bound
interlayer anions with other anionic species from the surrounding medium, without
significantly disrupting their layered structure. The interlayer domain acts as a flexible
"cavity" that can accommodate a wide range of anions, and its dimensions can adjust
according to the size, shape, and charge of the incoming guest species. The anion

exchange reaction takes place via two pathways, either
LDH-A™ +X" — LDH- (X" )mn +A™

or
LDH-A™ +X™ +mH" — LDH" (X™ )mn +tHmA

Anion exchange is typically a fast process and may be quantitative depending on the
species of anion being exchanged. Since the composition, concentration, and

conditions of the exchange solution can be adjusted, it allows precise external control
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on the components of the resulting lattice. The anion exchange process is mainly
driven by electrostatic forces, van der Waal and hydrogen bonding, due to which
anions with higher charge, smaller size, and greater hydrogen bonding ability are
generally held more tightly between the layers, thereby making their exchange more
difficult. The metal cation composition (species, valence, ratio, and size) and the
morphology of the LDH can be finely tuned to adjust the charge density, interlayer
spacing, and ultimately, the anion-exchange performance. By altering these
parameters, the affinity and capacity for guest anions can be selectively enhanced for

applications such as selective adsorption, drug delivery, or pollutant capture
1.4.2 Surface Basicity

One of the key factors that influences the tailorability and utility of LDHs is their
surface acidity and basicity. The tunability of their surface chemistry is a consequence
of their unique and flexible layered structure as well as amphoteric nature, and can be
altered using different synthesis methods and surface modifications. LDHs are
inherently basic due to the presence of hydroxide (OH") moieties on the layers and the
interlayer anions present in the LDH galleries that can interact with acidic species,
making them Bronsted bases. Basicity of LDHs can be further enhanced by the
introduction of more oxygen atoms in the lattice, that can be achieved by their
conversion into mixed hydroxides on thermal treatment at high temperatures.
Meanwhile, acidity in LDHs appears by virtue of the compositional trivalent cations,
that act as Lewis acid sites. Additionally, the surface hydroxyl groups and intercalated
water molecules can also act as Brensted acid sites. The acidic nature of LDHs can be
enhanced by increasing the ratio of trivalent cations in the lattice, as well as by
intercalating acidic species into the layered structure. Essentially, cation and anion
composition and ratios play a pivotal role in determining the surface chemistry of
LDHs and provide precise control over the nature of active sites. Furthermore, the
introduction of transition and rare earth metals in the layers, and surface modification
with specific functional groups also hold the potential to tune the acidity and basicity

of LDHs, thereby monitoring their multifunctionality for various applications.

21



Chapter - 1

1.4.3 Adsorption Capacity

Surface adsorption describes the uptake of species onto the external faces and edge
sites of LDH crystallites. The surface adsorption capacity of LDHs arises from a
synergy of high external surface area, positive surface charge, chemisorptive
functional groups, and tunable composition. The maximum adsorption at the surface
is directly related to the available external area. Increasing LDH surface area by
minimizing layer stacking or exfoliating into thinner platelets substantially enhances
adsorption. Furthermore, LDHs synthesized to yield thinner, plate-like nanostructures
or nanosheets expose more active surface sites for adsorption, thereby contributing to
enhanced surface adsorption capacity. Additionally, the surface porosity of LDHs and
distribution of micro/mesopores facilitate the access of guest molecules to the surface,
thereby impacting the adsorption ability of LDHs. The metal cation composition,
charge density on the layers, as well as vacancies and defects, influence the surface
properties of LDHs. Advances in structural engineering, composite formation, and
surface modification continue to push capacities higher, enabling selectivity across a
wide variety of pollutants. Both the inherent host structure and opportunities for
modification make LDHs among the most versatile and powerful sorbents for

environmental, analytical, and industrial applications
1.4.4 Redox Behaviour

LDHs demonstrate rich and tunable redox properties due to their mixed-metal
composition, the presence of variable oxidation states, and the structural flexibility of
both the layers and the interlayer domain. Due to the partial substitution of divalent by
trivalent cations and the subsequent generation of net positive charge on LDH surface,
they gain the ability of electron transfer both within the lattice and at the external
surface. The cations may get oxidised or reduced, and the presence of both reduced
and oxidized metal ions near each other supports intervalence charge transfer.
Furthermore, the interlayer anions can mediate the electron transfer process, and their
selectivity affects electron transport pathways. Their redox activities can be enhanced
by intercalation or adsorption of redox-active species in the lattice that engage in

electron transfer reactions. In addition, redox chemistry in LDHs arises from the

22



Chapter - 1

dynamic environment within the layers and galleries, and the ability to mediate
electron transfer both within the structure and with external substrates. LDHs support
both chemical (direct or coupled) and electrochemical (Faradaic) redox
transformations, thereby providing versatility for energy storage, catalysis,

environmental remediation, and sensing applications.
1.4.5 Post-Synthesis Modification

Post-synthesis modifications are often adopted to tune the chemical, structural and
functional attributes of LDHs, thereby enhancing the existing properties of synthesized
LDHs. A large spectrum of structural, textural, and compositional modifications is
possible for layered materials such as (1) cation/anion exchange, (2) surface
functionalisation, (3) composite/hybrid formation, (4) exfoliation of layers and
colloidal solution formation and (5) topotactic transformation into LDOs. Constituent
modifications in LDH may be achieved by exchanging the anions present in the
interlayer region, and some reports have also described the partial substitution of the
intralayer cations, thereby improving the compositional versatility of LDHs. Another
effective way to modify LDH surface is by functionalising it with organic moieties
such as surfactants, carboxylic acids, polymers, biomolecules, enzymes, etc[45]. This
modification can help in introducing hydrophobicity and dispersibility in the lattice,
and is also viable for providing higher number of reactive sites on the LDH surface for
further reactions. The impregnation of LDH surface with metal and metal oxide
nanoparticles such as Ag, Au, Pt, TiO», Fe3O4, etc, contributes to the enhancement of
catalytic, magnetic, and optical properties of the lattice[46—48]. Furthermore, the
formation of inorganic/organic hybrids by combining LDHs with other materials such
as polymers, carbonaceous materials, zeolites, and other 2D materials is highly
beneficial. This approach helps in overcoming the drawbacks of both materials while
giving rise to new or enhanced properties in the lattice[49—52]. In addition, the
exfoliation ability, that is essentially the delamination of LDH layers into single or
few-layer nanosheets, helps in augmenting the surface area and reactivity of LDHs,
thereby making them more useful in various fields[53]. LDHs can also be
topotactically transformed into mixed oxide structures called LDOs by calcination,

that leads to the collapse of the layered structure[54]. These amorphous LDOs often
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possess enhanced surface areas, high porosity, and high thermal stability, rendering
them extremely useful in adsorption and catalytic applications. All these post-synthesis

modifications help in tailoring LDHs and expanding their utility in new frontiers.
1.4.6 Memory Effect

One of the most unique and interesting features of LDHs is their structural memory
effect property, that essentially involves the regaining of layered structure by LDH via
hydration after being thermally treated. When LDHs are thermally treated at
temperatures in the range 300 °C- 500 °C, they lose the interlayer anions and water
molecules and their layered structure gets dismantled, leading to the formation of
LDOs[55]. But on being dispersed in an aqueous solution containing desired anion,
LDHs regain their parent layered structure, albeit with the new desired anion present

in the interlayer region.

This property is the basis of the reconstruction method for LDH synthesis, and the
regaining of layered structure and exchange of counter anions majorly influences the
basicity of the sample. Furthermore, the memory effect only comes into play within a
specific temperature range. If the calcination temperature is too high, the lattice does
not reform to its original structure, and this may result in the irreversible formation of
oxide or spinel-type structures. The memory effect property can serve as an effective
methodology for the regeneration of catalysts, intercalation of large-sized anions, and

for anion capture.
1.5 Applications

Layered double hydroxides (LDHs) are highly adaptable materials characterised by a
unique layered structure and exceptional properties. Owing to this, they have carved
out a niche for themselves in various scientific and technological fields. Some of their

applications have been described below (Figure 1.5).
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Adsorption

Water Catalytic

Treatment Reduction
Photocatalysis

Figure 1.5 Various applications of LDHs.
1.5.1 Water Remediation

In a world with limited potable water sources and burgeoning water pollution, water
remediation has become a pressing requirement to fulfill the needs of an ever-growing
population. As per the United Nations SDG-6, clean water and sanitation are a basic
human right for all, but billions of people in the world do not have access to fresh and
clean water[56]. Factors such as climate change, growing urbanization, and
agricultural practices have contributed immensely to the issue of water scarcity. Due
to the unimpeded release of untreated and polluted effluents from industries into water
bodies, water pollution levels in existing water sources have also increased

significantly, further exacerbating existing problems.

Specifically, the contamination of water bodies with dyes, nitroarene compounds
(NACs), and drugs is especially problematic, as these toxins exhibit bioaccumulative
and biomagnification tendencies. Moreover, their high chemical and thermal
stabilities, along with their antimicrobial properties, prevent decomposition, thereby
leading to exacerbated detrimental physiological effects in flora and fauna [57-59].
Even at low concentrations, these pollutants inhibit the photosynthesis rates in plants,
thereby affecting germination rates and root/shoot growth, while in case of animals

and animals, these pollutants can cause skin, eye, and respiratory issues, and can
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potentially exert mutagenic, genotoxic, and carcinogenic effects. Due to the coloured
nature of majority of these pollutants, they degrade the aesthetic value of water bodies
and block sunlight, thereby negatively affecting photosynthesis in algae and aquatic
plants. As a result, these grave issues underscore the urgent need for the development

of effective solutions for wastewater purification.

To combat these issues, various physical, chemical, mechanical, and biological
processes have been designed and employed to produce clean water. These include
adsorption, chlorination, membrane filtration, disinfection, ozonation, sedimentation,
coagulation-flocculation, activated sludge process, biodegradation, and reverse
osmosis, among others[60-65]. However, the shortcomings of these treatment
processes reduce their efficacy, resulting in these existing water treatment technologies
being only partly successful in addressing this problem. Among these processes,
heterogeneous catalysis using LDHs has gained recognition as a unique strategy for
mitigation of water pollution due to its green chemistry-based approach, excellent

performance and cost-effective nature[66].
1.5.1.1 Adsorption

The process of adsorption entails the adherence of atoms, ions, or molecules onto a
solid surface by the action of physical and/or chemical forces. In terms of water
treatment, this process typically involves the accumulation of contaminants called
adsorbate on the surface of an adsorbent material. Adsorption mainly proceeds forward
by the action of intermolecular forces of attraction, and can occur through a variety of
mechanisms such as physisorption (e.g., van der Waals, hydrogen bonding, m-m
interactions, etc.) and chemisorption (e.g., ionic interaction). Adsorption is a
straightforward and efficient process for the removal of both organic and inorganic
pollutants from the environment. In literature, the sequestration of a variety of organic
and inorganic contaminants such as dyes, biomolecules, heavy metals, surfactants,
persistent organic pollutants (POPs), endocrine disruptors, etc. from aqueous medium
has been reported. Due to the high specific surface area, abundance of active sites,
good stability, and biocompatible nature, the use of LDHs as adsorbents for abatement

of several pollutants has been widely studied. For instance, Das et al. synthesized
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ternary LDH consisting of Mg, Al, and Fe, and utilised it for the uptake of malachite
green (MG) dye[67]. A study by Rathee et al. reported the hydrothermal synthesis of
NiFeTi-LDH for the uptake of anionic azo dyes - methyl orange, congo red, methyl
blue, and orange G[68]. However, despite its merits, adsorption has certain
disadvantages, including a limited adsorption capacity of the adsorbent, a lack of
selectivity, and the difficulty in separating and regenerating the adsorbent due to the
need for energy-intensive procedures or additional chemicals. These aspects must be
carefully considered when implementing adsorption for wastewater remediation. Table
1.3 summarizes the performance of some LDH materials employed for the adsorptive

elimination of various types of pollutants from aqueous medium.

Table 1.3 Adsorption application of LDHs.

Adsorbent Pollutants pH  Adsorption Removal  Reference
capacity efficiency
qmax (Mg/Q) (%)
Fe/Cr LDH Hg* 5 116 - [69]
MgAIl-LDH Cr(VD - 47.62 ~96 [70]
EDTA- MgAl- GV - 32.46 ~79
LDH
NiZn- LDH Azorubine 6-7 223 96.02 [71]
Zn-Co-Ni LDH  Methyl Orange 2-10 1871.65 >90 [72]
CaMgFe-LDH Arsenic - 16 47 [73]
Polyoxometalate- Methylene - 67.47 - [74]
ZnAlFe LDH Blue
NiAlITi-LDH Orange 11 4-10 2000 100 [75]
Methyl Orange 9 1250 96.7
Tetracycline 238.09 100
FeMgZe-LDH Fluoride 3 88.55 97.57 [76]
MgAlFe-LDH U(VvI) 6 263.16 - [77]
CoMgAI-LDH 1- 5 258.5 - [78]
FeMgAIl-LDH naphthoacetic
acid 5 288.5 -
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BOs" intercalated Congo Red - 1493.25 93.17 [79]
CoMgAI-LDO  Methyl Orange - 990.1 80.55

1.5.1.2 Catalytic Reduction

In the realm of wastewater remediation, the catalytic reduction process has emerged
as a topic of considerable interest due to its economic viability, remarkable selectivity,
cost-effectiveness, and reusability of the nanocatalyst. Among the catalytic processes,
the catalytic reduction of organic pollutants using NaBH4 is particularly attractive due
to its convenient and rapid operating procedure, that eliminates the need for toxic
chemicals or complex machinery. This process entails the use of a strong reducing
agent such as sodium borohydride (NaBH4) for the reduction of pollutant molecules
and their transformation into less toxic or harmless substances. NaBHa4, on its own, is
a strong reductant and is able to reduce some molecules, but often the process is
kinetically hindered, resulting in sluggish reaction rates and an incredibly high time
taken for the reaction to reach completion. To overcome this, the use of a catalyst is
usually favoured since it can drive reaction rates forward and make the reaction
kinetically favourable. In particular, the reduction of dyes and NACs is particularly
advantageous since the by-products of the reaction are often commercially and
industrially important materials. Therefore, in literature, a variety of materials such as
noble metals, metal and metal oxide nanoparticles, MOFs, carbonaceous materials,
etc., have been employed for the catalytic reduction process. Recently, the use of LDH-
based materials has been explored for the catalytic reduction of these species since
LDHs fulfil all the criteria for an ideal catalyst including large surface area, active
sites, surface basicity, colloidal dispersion activity, and redox behaviour. Taking
advantage of these properties, Kansal et al. utilised NiCo-LDH nanosheets for the
catalytic hydrogenation of p-nitrophenol (p-NP) to p-aminophenol (p-AP)[80]. Wei et
al. fabricated a CuNiAl-LDH-Reduced Graphene Oxide nanosheet array and applied
it for the catalytic reduction of p-NP and methyl orange (MO) dye[81]. Table 1.4
summarizes the performance of some LDH materials employed for the catalytic

reduction of various NACs and azo dyes in aqueous medium.
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Table 1.4 Catalytic reduction application of LDHs.

Catalyst Pollutants Removal Reference
efficiency (%)
CoAl-LDH p-NA 69 [82]
p-nitrobenzylalcohol 60
2,6-dinitrophenol 71

Rhodamine B 100

Rhodamine 6G 100
NiCo-LDH p-NP - [80]
NiMn-LDH p-NP - [83]

1.5.1.3 Photocatalysis

Photocatalysis is a robust and highly advanced oxidation process (AOP) that is used
to achieve the mineralisation of molecules on the catalyst surface under the influence
of a light source such as ultraviolet, visible, or sunlight. In this method, the exposure
of the catalyst surface to the light source results in the excitation of electrons from the
valence band (VB) to the conduction band (CB) of the material, leaving behind holes
in the VB. The interaction of these electrons and holes with oxygen and water
molecules respectively leads to the generation of reactive oxygen species (ROS) that
aid the reduction of the target molecules by degrading their structures and converting
them into benign products before their complete mineralisation into CO2 and HO.
This photochemical reaction involves two simultaneous reactions, where the first
reaction is oxidation due to photo-induced positive holes, and the second reaction
entails reduction due to photo-induced negative electrons. This method offers several
advantages over traditional wastewater treatment processes, including no possibility
of toxic secondary pollutant generation, ease of recyclability and separation, as well
as high efficacy even at low concentrations. In literature, a variety of semiconductor-
based materials, particularly metal oxides, have been employed for photocatalytic
applications in wastewater treatment. As an emerging material of interest, LDHs have

also found utility as photocatalysts due to their efficient charge separation, tunable
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composition, excellent light absorption, and surface adsorption. A study by Huang et
al. tested the MgZnIn-LDH and its calcined products for the degradation of the
methylene blue (MB) dye [84]. In another example, Saliba et al. developed a CdAl-
LDH photocatalyst and investigated its application for the degradation of methylene
blue (MB) [85]. Table 1.5 summarizes the performance of some LDH materials

employed for the photocatalytic degradation of various pollutants.

Table 1.5 Photocatalytic application of LDHs.

Photocatalyst Pollutant Removal Reference
Efficiency (%)
ZnCoAl-LDH Orange I 90 [86]
MgCuFe-LDH Rhodamine B 99.5 [87]
MnMgFe-LDH Methylene blue 99 [88]
ZnAlFe-LDH 2,4-DNP - [89]
CoFeNi-LDH Congo Red 100 [90]
Rhodamine B 100
Mg-Al-Ti LDO Methylene Blue 71 [91]
EDTA intercalated- Methylene Blue 98 [84]
MgZnln LDO
ZnAlTi-LDO Methylene Blue 99 [92]
NiZnAl-LDO Orange G 99 [93]
ZnNiAl-LDO p-NP 93.0 [94]
ZnNiln-LDO Methylene Blue 88.5 [95]
ZnAlCe-LDO Rhodamine B 97.8 [96]
Paracetamol 98.9
MgAlLa-LDO Methylene Blue 99.89 [97]
ZnCuCo-LDO Sulfamethazine 95 [98]
CuMgFe-LDO Phenol 95.3 [99]

1.5.2 Composite Fabrication

The fabrication of composite materials represents a developing area of study and

entails the formation of a new material by the synergistic combination of two materials,

wherein one forms the matrix phase and the other acts as the filler. In composite
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materials, the negative aspects of the constituents are essentially eliminated, while new
or enhanced properties may be observed in the material. Composites exhibit several
functional properties such as high surface area, stability and durability, reusability,
enhanced mechanical strength, and enhanced separability. Due to these properties,
composites find applications in almost every frontier, ranging from aeronautics to
catalysis and energy storage, medicine and construction. Several research groups have
combined LDHs with a variety of materials such as inorganic/organic polymers,
carbonaceous materials, metal and metal oxide nanoparticles, clays, etc., for the
development of various types of composites. In particular, metal oxide and carbon-
based composites have become the focal point of research due to their tailorability and

versatility.

While carbonaceous materials and metal oxides are attractive materials that possess a
host of interesting properties such as high surface area, versatility and tunability, cost-
effectiveness, eco-friendly nature as well as high chemical and thermal stability, both
these materials suffer from certain drawbacks that hinder their usage. Carbon-based
materials often possess limited intrinsic catalytic activity and agglomeration
tendencies, making it challenging and expensive to achieve their uniform synthesis at
scale. Furthermore, their surface functionalization is challenging, and there are some
concerns related to the potential toxic behaviour of nanocarbons. While in case of
metal oxide nanoparticles, agglomeration tendencies paired with poor dispersibility
and risk of metal leaching, and their limited selectivity in catalytic reactions impair
their practical use. The combination of carbonaceous materials and metal oxides with
LDHs can bring forth a material that overcomes these drawbacks. Furthermore,
advantageous properties such as high surface area, good conductivity, high catalytic
activities, high selectivity, and versatility due to tunable structures can make the
resulting composites highly beneficial materials for various applications.
Consequentially, these LDH-based composites have gained immense attention in the
past few years, and their stature as ideal catalytic materials has gained significant
heights. This growing interdisciplinary field can greatly leverage the expertise and
facilities built around LDH research over the past decade. Table 1.6 summarises the

applications of LDH-based composite materials reported in the literature.
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Table 1.6 LDH-based composites and their applications.

Constituents of Composite Application Reference
MgCoAl-LDH, Graphene Methyl orange removal [100]
NiCoAl-LDH, CuCo02S4, Ni foam Supercapacitor [101]
NiCoFe-LDH, Polyaniline Supercapacitor [102]
ZnMgAl-LDH, Acrylonitrile- Flame retardance [41]

butadiene-styrene
NiMgAl- LDH, g-C3N4 UO,*" removal [103]
CoNiAl-LDH, Zeolitic imidazolate Electrocatalyst for oxygen [104]
framework-67 (ZIF-67) evolution reaction
LaCoFe-LDH, Reduced graphene Electrochemical sensing of urea [105]
oxide
NiCoAI-LDH, Sulfourea Flexible supercapacitors [106]
ZnAlLa-LDH, Amaranth carbonaceous  Photodegradation of ibuprofen [107]
material
ZnAlTi-LDO, Fullerene Photodegradation of Bisphenol [108]
A
MgZnAl-LDO, g-C3N4 Adsorption and [109]
photodegradation of

Azo-modified NiZnAl-LDH,
Polypropylene

oxytetracycline, tetracycline,

chlortetracycline, doxycycline

Fire retardance

[110]

1.5.3 Miscellaneous

In addition to their applications in water treatment and composite formation, LDHs

find use in a variety of other fields. These include energy storage, sensing, catalysts

for organic transformations, and as antimicrobial materials[111-114]. The highly
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tailorable layered structures of LDHs along with their good electrical conductivities,
redox activities and high surface area enables their use in energy storage applications
since their structure allows for high capacity, fast and selective ion transport,
outstanding cycling stability, and easy modification for target applications. Therefore,
their use in batteries and supercapacitors is steadily gaining popularity, and advances
in composite design and nanoscale engineering have established them as prime

candidates for fabrication of energy storage devices in the next few years[17].

LDHs are excellent candidates for organic transformation applications such as
oxidation, reduction, condensation, and other key chemical reactions catalysed by
LDHs due to several distinctive properties. Their anion exchange behaviour and
intercalation capacity allow them to readily intercalate catalytic species or active
organic functionalities, promoting selective catalysis and enabling the design of novel
inorganic—organic supramolecular catalysts. Furthermore, their activity as both
Bronsted and Lewis acid or base makes them versatile catalysts for a broad range of
organic transformations, including aldol condensation, Knoevenagel condensation,
Michael addition, etc[115]. Therefore, these features enable LDHs to serve

as versatile, efficient, and green catalysts for a wide variety of organic transformations.

For sensing applications, the use of LDHs is highly favoured due to their high surface
area and hierarchical porous structure since they provide numerous active sites for
analyte adsorption and interactions. This enhances sensitivity and facilitates rapid
response in sensors. Furthermore, their intrinsic catalytic activity and redox behaviour
enable the electrochemical detection of various compounds, such as glucose,
dopamine, and hydrogen peroxide. Their ability to immobilize a variety of guest
molecules, including enzymes, fluorophores, and quantum dots due to high ion

exchange capacity also contributes to their use as sensors[116].

LDHs are excellent candidates for use as antimicrobial agents due to several unique
physicochemical and biological properties that directly contribute to their
effectiveness against a broad range of pathogens. They are known to exhibit prominent
antimicrobial activity against various types of pathogens via multiple antimicrobial

mechanisms. LDHs possess the ability to intercalate and protect antimicrobial agents
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(e.g., antibiotics, natural compounds) within their structure, enabling sustained release
and enhanced efficacy[117,118]. Therefore, they combine direct microbial killing
(physical disruption, ion release, ROS generation), protective and tunable nanocarrier
capabilities, inhibition of biofilms, and long-term, broad-spectrum efficacy with low

cytotoxicity, biocompatibility, and structural stability for diverse applications.
1.6 Significant Findings and Research Gap

Since their discovery in the 19" century, layered double hydroxides (LDHs) have
emerged as nanosubstrates of interest owing to their excellent properties such as high
surface area, low anion selectivity, porosity, surface chemistry, and excellent anion
exchangeability. Their synthesis and use have become the focal point of research due
to their biocompatibility and eco-friendly nature, since they also align with the
principles of green chemistry. LDHs composed of various combinations of cations and
anions have been reported, with the majority of them being binary LDHs. But due to
their restricted compositional tunability owing to the presence of only two cations, the
scope of their applications becomes quite limited due to inferior performances, limited
active site density, and reduced intrinsic activities. Although a few ternary LDHs have
been reported in literature, but success has been achieved with only a few combinations
of cations due to difficulty in governing oxidation states. Furthermore, LDHs reported
in literature are generally synthesized using conventional methods such as
coprecipitation, urea hydrolysis, sol-gel, anion exchange, and reconstruction. But these
methods suffer from several disadvantages such as low crystallinity and purity of
products, use of toxic precursors and reaction conditions, complex instrumentation,
high temperatures and pressures as well as less control over product morphology and
agglomeration tendency. Furthermore, issues such as high CO2 contamination and
difficulty in its removal, thereby requiring complex inert air set-ups make these

processes less cost-effective.

During the extensive literature survey, it was also found that for the purpose of
wastewater remediation, several methods such as adsorption, membrane filtration,
coagulation-flocculation, disinfection, activated sludge process, etc., have been

devised and are currently in use. But these methods are unable to achieve complete
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decontamination of water, and also suffer from other drawbacks such as secondary
pollutant generation, limited efficacy against pathogens, high cost and complexity in
handling, membrane fouling, and the use of toxic chemicals. Conversely, catalytic
methods for water treatment have aroused strong interest since they have the potential
to overcome all the issues faced by conventional wastewater remediation methods
while exhibiting excellent efficiency towards toxin removal. In this purview, cationic
clays, noble metals, metal oxides, and carbonaceous nanomaterials such as fullerenes,
carbon dots and nanotubes (CNT), graphene, carbon black, activated carbon, diamond,
graphite, biochar, etc., are some materials that have captured the attention of
researchers for catalytic applications. Although these materials exhibit excellent
catalytic performances, their use remains quite limited due to high costs and
complexities in synthesis, catalytic deactivation. Furthermore, the majority of these
materials exhibit agglomeration tendencies, lack of recyclability, and difficulty in
separation. On the contrary, the compositional flexibility of LDHs spans the periodic
table, and a rich and exciting spectrum of structures and properties can be achieved
through the various synthesized lattices. Furthermore, their few drawbacks can be
overcome by opting for methods such as thermal treatment and composite formation.
Keeping this in view, LDHs and LDH-based materials can be regarded as the ideal

candidates for synthesis of catalytic materials for wastewater treatment.

Based on the literature review, an attempt has been made to synthesize novel transition
metal-based ternary LDHs using a simple acid hydrolysis methodology that eliminates
the need for the use of toxic chemicals, harsh bases and extreme reaction conditions.
Furthermore, it was deduced that ternary LDHs containing combinations of Zn/Cu/Ni
and Zn/Cu/Ce remain scarcely reported, and there is a dearth of studies exploring the
utility of LDHs and LDH-based composites in wastewater remediation applications as

catalytic materials
1.7 Research Objectives

I.  Exploration of the optimal synthesis conditions for obtaining solids of

technological importance.
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II.

I1I.

IV.

VL

VIL

Synthesis of various combinations of LDH containing Zn (divalent metal ion)
with trivalent metal ions, i.e., Cu, Ni, Ce, using methodologies such as acid
hydrolysis, low solvent synthesis, etc.

Optimization of phase composition followed by detailed study and analysis of
catalytic properties of synthesized LDHs.

Investigation of structure regaining capability of LDHs due to memory effect
property after calcination-regeneration experiments.

Intercalation of simple/complex organic and inorganic anions within the LDH
lattices using anion exchange method.

Incorporation of polymer into the LDH galleries via in situ polymerization or
by direct intercalation of a high molecular weight macromolecule, and ion-
exchange process to synthesize the host in the presence of the polymer.
Fabrication of LDH-based composite materials and evaluation of their catalytic

activities.
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CHAPTER -2

SYNTHESIS, CHARACTERIZATION AND CATALYTIC
APPLICATIONS OF NOVEL ZnCulNi- TERNARY
LAYERED DOUBLE HYDROXIDE FOR ORGANIC
POLLUTANT REDUCTION

2.1 Introduction

Layered double hydroxides (LDHs) are a class of new-age two-dimensional anionic
clays that are becoming increasingly popular due to the recent boom in research
interest towards functional nanomaterials. They bear close resemblance to hydrotalcite
in terms of structure, possessing a layered arrangement, with water molecules and
anions sandwiched in between the layers. The layers have an unconventional layout
similar to that observed in brucite with divalent cations octahedrally coordinated with
six hydroxyl moieties. The isomorphic substitution of some proportion of divalent
cations with trivalent cations creates a charge deficit on the layers, rendering them
positively charged and leading to the entrapment of anionic moieties within the
interlayer region along with water molecules that hold the layers together via hydrogen
bonding[1].

By virtue of these structural characteristics, LDHs are endowed with excellent
physicochemical features such as high specific surface area, abundance of active sites,
chemical and thermal stability, biocompatibility, and low toxicity[2]. Moreover, the
versatility of these materials arises from the modulation potential of the internal
architecture (geometric structure, particle size, morphology, surface defects),
intralayer cation replacement, and exchangeability of the interlayer mobile anions. The
anion exchange property can be used to incorporate inorganic/organic non-framework
molecules of various sizes in the interlayer region to achieve enlarged basal spacing,
and convert hydrophilic LDH lattice to hydrophobic for enhanced surface
properties[3]. The metal hydroxide layers possess colloidal stability and can also be

exfoliated easily on dispersion in a suitable medium, further enhancing their utility.

50



Chapter - 2

Along with these properties, LDHs also possess the rare “Memory Effect” property,
courtesy of which they are able to regain their original structure on being exposed to
anions and water molecules after calcination in the temperature range of 350 °C to
550 °C. Therefore, the unique combination of intriguing structural features with
prospects of topological transformation have rendered LDHs as highly advantageous
materials.

For the past few decades, commercially important LDHs were generally a combination
of Ca, Mg, Al cations but recent studies have explored the use of transition metals
(TMs) such as Cu, Ni, Co, Fe, etc in order to exploit their unique electronic, magnetic
and optical properties while also profitably utilizing the layered structure of LDH. TMs
can attain variable oxidation states due to which they can participate in redox reactions
and facilitate electron transfer to other molecules. Furthermore, TMs possess partially
filled d-orbitals that can overlap with the orbitals of other molecular species and
enables them to have strong interactions, thereby stabilizing intermediates and
lowering activation energies for reactions that occur on the LDH surface[4].
Additionally, the incorporation of transition metals in LDH lattice alters the electron
clouds near the active sites, thereby enhancing the ability of LDH to bind to the
molecules, due to which they can be combined with several anionic, cationic, and
neutral ligands to obtain various types of homogenous and heterogeneous catalysts.
TM incorporation can also create lattice defects and distortions that can serve as high-
energy adsorption sites for the target molecules. Moreover, TMs can alter the
morphological features of the particles, that provides more exposure to the active sites
and enhances the affinity of LDHs to hold and transform other molecules. Thus, their
special electronic structures, high surfaces area and large number of active sites result
in surface adsorption and activation abilities of the LDH lattice. Taking advantage of
these features, binary LDHs, that are the combination of two metal cations, have been
extensively studied in literature[5—7]. For instance, Kansal et al. studied the reported
the synthesis of NiCo-LDH nanosheets and applied them as catalysts for the
hydrogenation of 4-nitrophenol[8]. In particular, binary LDHs based on zinc are quite
popular among researchers due to their well-defined morphologies, excellent chemical
stability, and widely reported adsorptive and catalytic behaviour as well as the

biocompatible nature and low toxicity of Zn element. LDH lattices combining divalent
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Zn>" with both transition metal and rare earth trivalent cations such as AI**, Ni**, Cr*",
La**, Eu**, etc have been widely described in literature due to their incredible
electrochemical performance and versatility in applications[9—-11]. Pandey et al.
utilized a novel ZnCu-LDH for the adsorptive removal of anionic Congo Red (CR),
Erichrome Black T (EBT), and Methyl Orange (MO) dyes, and statistically optimized
the process to attain the maximum adsorptive performance of the lattice[ 12]. In another
example, Wang et al. incorporated two rare earth metal cations — La and Ce in a Zn-
based LDH lattice, and carried out F-doping of the same. They evaluated the effect of
rare earth metal cation incorporation and F-doping on the CO; electrocatalytic
performance of the LDH lattice[ 13]. But due to the availability of only two metals, the
possibilities of metal combinations in binary LDHs remains limited, thereby hindering
their capabilities and use in modern technology[14]. In order to enhance the properties
of LDHs, one of the most preferred methodologies is the introduction of third transition
metal in the lattice. The augmentation of unique geometrical and synergistic
interactions in LDHs with the incorporation of another transition metals results in
improved properties. Furthermore, the availability of increased number of active sites
having diverse nature due to the three cations is useful in increasing the scope of
applications of ternary LDHs to a much broader range. As a result, transition metal
based-ternary LDHs have emerged as ground-breaking materials that find application
in various fields such as water treatment, energy storage, catalysis, biomedics and
composite synthesis. Nivangune et al. reported the synthesis of MgFeCe-LDH sing the
combination of coprecipitation and hydrothermal method. The synthesized product
was utilized as a heterogeneous catalyst for the transesterification of ethylene
carbonate with methanol to form dimethyl carbonate selectively[15]. A ternary LDH
consisting of Mg, Al and Fe was synthesized by Das et al. that was further utilized for
the adsorption of Malachite Green (MG) dye. The adsorbent exhibited ultrafast
adsorption of the dye under various conditions, making it an efficient material for
adsorption applications[16].

Specifically, the inherent merits of ternary LDHs make them promising candidates for
use as catalytic materials that can be utilized to tackle the widespread problem of water
pollution, that is an issue requiring immediate attention[17]. Water contamination

caused by growing industrialization and agriculture is causing an alarming decline in
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the amount of readily available clean and safe water. As mentioned in a recent UN
report published in 2021, billions of people are facing the problem of potable water
scarcity[18]. To meet the needs of growing population, there has been an explosive
increase in the unimpeded discharge of toxin-laden water in water bodies that leads to
the release of recalcitrant pollutants such as organic azo dyes, heavy metals, nitroarene
compounds (NACs), volatile organic compounds (VOCs), etc, ultimately leading to
the deterioration of water quality due to their toxic nature. Specifically, NACs such as
p-NP and p-NA, and azo dyes including methyl orange, amaranth and brilliant are
some of the most prevalent and vicious pollutants that possess severe carcinogenic and
mutagenic properties. NACs such as p-NP and p-NA pose tremendous risk to human
health and aquatic life even at trace levels due to their high toxicity and high stability.
On the other hand, Methyl orange, having the molecular formula C14H14N3NaOsS is
an anionic azo dye commonly used as a pH indicator in laboratories as well as widely
used in various industries, including textile, pulp and paper, and printing, among
others. In azo dyes such as MO, the appearance of color is due to the existence of main
azo (-N=N-) chromophore group. But MO is classified as an acutely toxic compound
and has been reported to be mutagenic. Excessive exposure to MO may even cause
skin and eye irritation, dermal corrosion, respiratory and gastrointestinal irritation, as
well as nausea, vomiting, and diarrhea. Hence, the removal of MO from water sources
has received major interest. Similarly, Amaranth, or Acid Red 27, is an anionic mono
azo dye having molecular formula C20H11N2Na3O10S3. This reddish-brown dye is
widely used as a colorant in the food and cosmetics industry. But its use has now been
prohibited in several countries due to suspected carcinogenicity. In vivo combination
of Amaranth with benzoate and salicylate, etc can cause several severe health issues,
such as impaired liver functioning. Hence, the elimination of Amaranth from water
sources needs to be seriously addressed. Additionally, Brilliant Black BN, having
molecular formula C2sH17NsNasO14S4 is a black-colored azo dye that finds prevalent
use in the food industry. This dye is suspected to be genotoxic, mutagenic, and has
been linked to worsening of asthma and DNA damage.

Therefore, the removal of such anthropogenic pollutants is imperative to maintain
sufficient levels of potable water. Among these pollutants, nitroarene compounds

(NACs) and azo dyes pose incredibly high risks to flora and fauna due to their
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carcinogenic and mutagenic characteristics, as well as their bioaccumulative
tendencies and high stabilities (Figure 2.1)[19,20]. Therefore, the development of new-
age, low-cost, and effective hybrid water remediation technologies is of utmost

importance to fulfill global water needs.

Poor growth, root and

Release of leaf damage

untreated effluents
{J into water bodies

Figure 2.1 Detrimental impacts of water pollution on aquatic, human, and plant health.

In this regard, the use of catalytic processes for pollutant elimination has gained
prominence in present times due to their versatility, low cost, and high efficiency[21].
Specifically, NaBHgs-assisted degradation of pollutants is a potent and eco-friendly
strategy to achieve the decomposition of organic azo dyes and nitroarene molecules.
This method is highly beneficial and the easy detectability of these degradation
products using simple and easily available techniques such as absorption spectroscopy
further lends highly profitable characteristics to this technique.

However, a major drawback associated with the reduction reaction facilitated by
NaBHz is its kinetically unfeasibility that can be addressed by using NaBHj4 in the
presence of a co-catalyst. Previously various classes of catalytic materials such as
carbonaceous materials (eg. activated carbon, graphene oxide), metal-organic
frameworks (MOFs), metal & metal hydroxide and oxide nanoparticles (eg. Ag, Au,
Zn0, CuO, etc.) polymeric materials, and composites etc. as co-catalysts have been
widely used for the hydrogenation of NACs and degradation of dye molecules[22-24].
For instance, Ahmad et al. synthesized a composite consisting of iron oxide
functionalised with Cu nanoparticles and applied it for NaBHs-assisted reduction of
several organic pollutants[25]. Shahzaib et al. reported the synthesis of Fe3O4/ZIF-
67@7Zn0O composite using a green synthesis method and employed it for the catalytic

54



Chapter - 2

reduction of rhodamine B and methylene blue dyes[26]. But drawbacks such as
agglomeration tendency, complex and expensive synthesis methods, and low catalytic
efficiency reduce the utility of these conventional materials in catalytic applications.
Further, efficient catalytic materials should possess attributes such as high specific
surface area and large number of active sites.

Keeping this in purview, transition metal-based LDHs are emerging contenders for use
in catalytic transformations since they satisfy all the criteria required for these
applications and also bring along the added advantages of layered structure and anion
exchange abilities. In the recent past, a few groups have ventured into the use of
transition metal based- ternary LDHs as co-catalysts for the NaBH4-assisted reduction
of NACs and azo dyes, but still the number of available studies remain limited since it
is especially difficulty to govern the oxidation states of transition metal ions.
Additionally, the studies based on LDHs that do investigate the catalytic reduction
process generally describe the functionalization of LDH with noble metal
nanoparticles such as palladium, gold etc. This process is often complex and requires
precise control over the precursors and the reaction condition, and utilizes toxic
chemicals for their synthesis. Hence, the synthesis of novel transition metal-based
ternary LDHs that can act as efficient catalysts using a simple fabrication method is
still quite challenging and needs to be explored.

Therefore, this study aims to obtain a novel ternary ZnCuNi-LDH using a facile acid
hydrolysis method and characterize the synthesized lattice using a variety of
techniques. The feasibility of using synthesized ZnCuNi-LDH as a catalyst for the
reduction of various toxic organic pollutants was studied, and the hydrogenation of 2
NACs (p-Nitrophenol (p-NP) and p-Nitroaniline (p-NA)), and reductive degradation
of different azo dyes (Amaranth, Brilliant Black, and Methyl Orange) were
systematically investigated. To achieve this objective, the impact of influencing
parameters, including catalyst dosage and pollutant concentration, was studied while
the universality and the recyclability of ZnCuNi-LDH in the catalysis process were
also assessed. The results revealed that the NACs and organic azo dyes underwent
rapid and efficacious reduction when NaBH4 was employed as a reductant and
ZnCuNi-LDH was used as the catalyst, warranting the use of ZnCuNi-LDH in future

wastewater remediation applications.
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2.2 Materials and Methods

2.2.1 Materials

Zinc acetate dihydrate Zn(CH3COO),-:2H>O (Merck, 98.0% purity), copper acetate
monohydrate Cu(CH3COO)2-H20 (Merck, 98.0% purity), hydrogen peroxide H>O>
(Merck, 30%), acetic acid glacial 100% CH3COOH (Merck), and nickel acetate
tetrahydrate Ni(CH3COO),-4H>O (CDH, 98.00% purity), NaBH4 (Sigma Aldrich,
>98.00%), p-Nitrophenol (GLR chemicals, 98.00%), p-Nitroaniline (GLR chemicals,
99.00%), Amaranth (CDH Chemicals), Brilliant Black (CDH Chemicals), and Methyl

Orange (Merck) were of analytical grade unless otherwise stated, and were used as

received without purification. Table 2.1 gives information about the structure,

formulas, and Auq of model pollutant molecules employed in this study.

Table 2.1 Structure and formula of model pollutants employed in the study.

Model Pollutant Structure ZAmax (NM) Molecular
Formula
p-Nitrophenol 400 CsHsNO;
O,N OH
p-Nitroaniline 380 CsHeN20O>
H,N OH
Amaranth Na*'o\ 20 520 Ca0H11N2Na3zOi
” @ >
[o]
O
HN s—O0
o
(o]
§/S§o (o]
Na*0
Brilliant Black _Noa’\s//o (’\\S/o Na 490 CosH17NgNasO14
"L LT
Sy
NéN O OH HN CHj
NéN “
\ x
07\
Na* © o=s=—o0
Na*O
Methyl Orange ™% < > . 463 C14H1sN3NaOsS
N N
H;C \\N—<;>—Isl—"g-l+

56



Chapter - 2

2.2.2 Instrumentation

Crystallographic properties of the sample were studied by the use of Powder X-ray
diffraction (PXRD) diffractograms collected using a high-resolution Bruker
diffractometer (D8 Discover) using Cu Ko radiation. Data was recorded at 298 K over
the range of 20 = 5-70° at scan rate of 1.0 s/step and step size 0.02. The various
functional group present in synthesized material were analyzed using Fourier
transform infrared (FTIR) spectrum collected with the help of a Perkin Elmer 2000
Fourier-transform infrared spectrometer by the KBr disk technique. Thermal
degradation behaviour was evaluated by Thermo gravimetric analysis (TGA) data that
was recorded using the Pyris 1® Thermo gravimetric Analyzer in the range 50-900°C
at heating rate of 5°C min™' under flowing nitrogen. SEM imaging and EDX analysis
of the synthesized samples was done using a Zeiss Gemini SEM microscope. The
specific surface area (Szer) and average pore size distribution were obtained by BET-
BJH (Barrett-Joyner-Halenda) N> adsorption-desorption technique on a Quanta
chrome Nova-1000 instrument at liquid nitrogen temperature 77k.

2.2.3 Synthesis of ZnCuNi-LDH

The synthesis of ZnCuNi-LDH with different Zn/Cu/Ni molar ratios was carried out
using a facile acid hydrolysis method that first entails the preparation of aqueous
solutions of zinc acetate dihydrate, copper acetate monohydrate and nickel acetate
tetrahydrate in 10 mL distilled water separately. Following this, solutions of copper
acetate monohydrate and nickel acetate tetrahydrate were combined with zinc acetate
dihydrate solution with constant stirring until complete homogeneity was achieved.
The acid hydrolysis process was initiated by adding 5 mL of 30% H20O- solution along
with 30 mL distilled water to the reaction solution. A shift in the solution color from
greenish-blue to brown indicated the formation of ZnCuNi-LDH. Subsequently, the
reaction mixture was subjected to ultrasonication for 30 minutes to prevent aggregate
formation and to attain uniformly-sized LDH particles. The reaction mixture was then
stirred continuously for one day at room temperature and finally, the solution was
placed in oven at 60°C for complete drying to obtain LDH precursors. The synthesis
procedure of the samples is schematically represented in Figure 2.2. and the

compositions of various combinations of synthesized LDHs are presented in Table 2.2.
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Figure 2.2 Synthesis of ternary ZnCuNi-LDH via acid hydrolysis method.

Table 2.2 Molar ratios of constituents in various compositions of ZnCuNi-LDH.

Combination Zn (mmol) Cu (mmol) Ni (mmol)
1 5.00 0.25 0.25
2 4.25 0.375 0.375

2.2.4 Evaluation of Catalytic Activity

2.2.4.1 Catalytic Hydrogenation of NACs

Solutions of NaBH4 (50 mM) and NACs (10 mM) were prepared using distilled water,
and further solutions were prepared by diluting the stock solutions. The hydrogenation
reactions of p-NP and p-NA using NaBH4 were studied in order to probe the catalytic
efficacy of ZnCuNi-LDH. The reaction progress was monitored both visually and
spectrophotometrically by observing old absorption bands at 4. = 400 nm for p-NP
and 380 nm for p-NA, and new absorption bands of the byproducts formed in the time-
dependent UV spectrum.

2.2.4.1.1 p-Nitrophenol

NaBHgy-assisted hydrogenation of p-nitrophenol (p-NP) using ZnCuNi-LDH was
accomplished using the reducing agent NaBH4 in presence of ZnCuNi-LDH as the
catalyst. Initiation of the reaction was done by adding freshly prepared NaBH4 solution
(50mM, 10 mL) and distilled water (10 mL) to aqueous solution of p-NP (1mM, 10
mL) and the reaction mixture was stirred well to ensure homogeneity. This was
followed by the addition of ZnCuNi-LDH catalyst (5 mg) to reaction mixture at room

temperature and recording the absorbance at fixed time intervals using Shimadzu UV-
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Vis spectrophotometer. The kinetics of the reaction were assessed by determining the
change in absorbance of reaction mixture at A,. = 400 nm at a time interval of one
minute till the peak completely disappeared and solution became colourless.

2.2.4.1.2 p-Nitroaniline

Similarly, the reduction experiment for p-nitroaniline (p-NA) was carried out by first
stirring p-NA aqueous solution (1mM, 10 mL) with freshly prepared NaBH4 solution
(50mM, 10 mL) and distilled water (10 mL), and then followed by addition of ZnCuNi-
LDH (5 mg) at room temperature. The progression of catalytic reduction was evaluated
by measuring the absorbance of reduction mixture at Aue = 380 nm at 1-minute
intervals till the solution was completely decolourised.

2.2.4.2 Catalytic Degradation of Azo Dyes

To evaluate the decolourisation ability of LDHs towards azo dyes, catalytic reduction
was carried out using Ama, BB and MO as model molecules. First, 100 mg L' stock
solutions of Ama, BB, and MO dyes, and 50 mM stock solution of NaBH4 were
prepared.

2.2.4.2.1 Methyl Orange

For the catalytic degradation of MO dye, MO solution (100 mg L', 10 mL) was stirred
with freshly prepared NaBHj4 solution (50 mM, 10 mL) and distilled water (10 mL) to
ensure complete mixing. Following this, ZnCuNi-LDH catalyst (5 mg) was added to
the reaction mixture. The reduction progress was assessed by measurement of the
absorbance at Anax = 463 nm for MO at one-minute intervals till peak disappeared and
solution was completely decolourised.

2.2.4.2.2 Amaranth

The catalytic reduction of Amaranth dye was studied in a similar manner as MO,
wherein Ama dye solution (100 mg L', 10 mL) was mixed with freshly prepared
NaBHj4 solution (50 mM, 10 mL) and distilled water (10 mL) till homogenous solution
was obtained. Subsequently, ZnCuNi-LDH catalyst (5 mg) was introduced into the
reaction mixture, and the reduction progress was assessed by observing the time-
dependent UV absorbance spectrum at Anqx = 520 nm at one-minute intervals till the

reaction mixture became colourless and the absorption peak disappeared completely.
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2.2.4.2.3 Brilliant Black

The catalytic reduction of Brilliant Black dye was also studied in a similar manner,
and it involved the mixing of BB dye solution (100 mg L', 10 mL) with freshly
prepared NaBHj4 solution (50 mM, 10 mL) and distilled water (10 mL) till uniformity
of colour was achieved in the solution. Then, ZnCuNi-LDH catalyst (5 mg) was added
to the reaction mixture and the reaction progress was examined from the time-
dependent UV-Vis absorption spectra at Anax = 490 nm. The changes in absorption
spectrum were noted at one-minute intervals till the dye was completely decolourised
and the peak at 490 nm was not visible anymore.

The percentage degradation of chosen toxic moieties was calculated using Equation
2.1:

(Co— &)

0]

Percentage degradation = x 100 (2.1)

where Co and Cr denote the initial and terminal concentrations of NAC and azo dyes.
2.2.4.3 Effect of Influencing Parameters

The influence of various parameters such as catalyst dosage, and pollutant
concentration on the catalytic activity of ZnCuNi-LDH were also assessed.

2.2.4.3.1 Effect of Catalyst Dosage

The impact of dose of catalyst on the p-NP and MO degradation was investigated using
three different amounts. Briefly, pollutant solution (p-NP = 50 mM, 10 mL; MO = 100
mg L', 10 mL) was stirred with freshly prepared NaBH4 solution (50 mM, 10 mL)
and distilled water (10 mL) to ensure complete mixing. At later stage, various dosages
of ZnCuNi-LDH catalyst (2.5 mg, 5 mg and 10 mg) were added to the reaction mixture
one by one to study the effect of dosage on the catalytic activity of ZnCuNi-LDH. The
progress of reaction was assessed by measurement of the absorbance at Anuqc =400 nm
for p-NP and 463 nm for MO at one-minute intervals till peak disappeared and
solutions were completely decolourised.

2.2.4.3.2 Effect of Pollutant Concentration

The impact of pollutant concentration on the degradation of p-NP and MO was
investigated using 3 different concentrations. The concentrations chosen for the
investigation were as follows: i.e. 0.25 mM, 0.50 mM and 1.00 mM for p-NP, and 25

ppm, 50 ppm and 100 ppm for MO. For the catalytic reaction, solutions of various
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concentrations of the pollutants p-NP and MO were stirred one by one with freshly
prepared NaBH4 solution (50 mM, 10 mL) and distilled water (10 mL) till they were
well-mixed. Afterwards, ZnCuNi-LDH catalyst (5 mg) was added to the reaction
mixture to study the effect of pollutant concentration on the catalytic efficiency of
ZnCuNi-LDH on pollutant solutions of various concentrations. The progress of the
reduction reactions was assessed by measurement of the time dependent UV-Vis
absorption spectrum at Amex = 400 nm for p-NP and 463 nm for MO at one-minute
intervals till absorption peak disappeared and solutions became completely colourless.
2.2.4.4 Universality of Catalyst

The universality of ZnCuNi-LDH as a catalyst for the simultaneous degradation of p-
NP and MO was assessed. For this study, 5 mL of p-NP solution (1mM) was combined
with 5 mL MO solution (100 mg L), following which 10 mL freshly prepared NaBH4
solution and 10 mL distilled water were mixed into pollutant solution mixture. After
the addition of ZnCuNi-LDH catalyst, the reaction mixture was stirred and the
absorbance was recorded at stipulated time intervals.

2.2.4.5 Reusability and Recyclability

The reusability of ZnCuNi-LDH for reduction of p-NP, MO, and mixture of dyes was
investigated for five cycles. After each reduction reaction, catalyst was recovered and
washed with distilled water, dried at 60°C, and then used for subsequent catalytic

cycles.
2.3 Results and Discussion

2.3.1 Characterisation Results

The PXRD pattern of LDHs typically consists of a high-intensity reflection at lower
20 value and low-intensity reflections at higher 26 values, and this pattern is specific
to anionic clays. The PXRD diffractograms of LDHs synthesized using different
Zn/Cu/Ni molar ratios, shown in Figure 2.3, presented similar patterns. It is important
to note that the synthesized samples exhibited the characteristic pattern of LDH, with
the appearance of a single, sharp, and intense reflection around 26 = 11°, thereby
suggesting the successful formation of well-defined LDH phase in both combinations.

In order to exploit the complete benefits of the LDH lattice, ZnCuNi-LDH having
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higher substitution of Cu and Ni (combination 2) was selected and utilized for further

studies.
(b) Combination 2
d-spacing = 7.42 A

5
&
w
g
&
<
L

(a) Combination 1

d-spacing = 7.24 A
I . o "
1 ] 1 1 1 1

10 20 30 50 60 70

40
20 (deg)

Figure 2.3 PXRD patterns of LDHs formed using various Zn/Cu/Ni molar ratios (a)
5:0.25:0.25 mmoles and (b) 4.25:0.375:0.375 mmoles.

The PXRD diffractogram of ZnCuNi-LDH, presented in Figure 2.4, showed the
characteristic diffraction peaks of crystalline layered materials, consisting of high-
intensity reflections at lower 20 and low-intensity reflections at higher 26 angles. The
high-intensity reflection was indexed to the (002) crystal plane and diffraction peaks
were indexed under hexagonal symmetry with lattice parameters being @ =3.19 A and
c = 14.9 A[27]. The sharp and symmetric nature of peaks suggested the formation of
highly crystalline LDH with coherently stacked 2D layers. The d-spacing for the (002)
basal plane, found to be 7.42 A, and the gallery height, calculated to be 2.62 A, were
indicative of the monolayer alignment of acetate anions in the interlamellar region,
keeping in view the thickness of brucite sheet (4.8 A) and edge to edge length of acetate
anion (3.6 A)[28]. Furthermore, d-spacing value of synthesized ZnCuNi-LDH was
found to be completely different from those of zinc hydroxy acetate, copper hydroxy
acetate, or nickel hydroxy acetate, thereby confirming the formation of lattice in pure
phase with isomorphically substituted Cu and Ni cations in the LDH layers[29-31].
Furthermore, it was concluded that the acid hydrolysis method is a simple yet effective

method for the synthesis of LDHs.
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Figure 2.4 PXRD diffractogram of ternary ZnCuNi-LDH.

The FTIR spectrum of LDH (Figure 2.5) displayed a band at 3371 cm™! with significant
broadness, and was assigned to vO-H stretching and interlayer water molecules while
the shoulder appearing at 3013 cm™ indicated hydrogen bonded vO-H---O. The bands
at 2995 cm’!, 1540 cm™ and 1411 cm™ were attributed to stretching vibrations of C-H
bond and antisymmetric & symmetric vibration modes of COO- group respectively.
Fingerprint vibration modes of acetate anions were observed at 1340, 1030, 955, 692
and 611 cm! that were ascribed to bending/rocking modes of —CHj3 group, C-C
stretching, and bending and rocking modes of —CO; moiety respectively. The bands
observed below 700 cm™ were representative of vM-O linkage and indicated the links
of metal ions of with the —OH groups (O-M-O, M-O and M-O-M) present in the LDH
layers[29].

611
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Figure 2.5 FTIR spectrum of ternary ZnCuNi-LDH.
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The thermal stability and weight loss of prepared ZnCuNi-LDH was determined from
the TGA thermogram presented in Figure 2.6. The thermal decomposition of ZnCuNi-
LDH was found to be a three-tier process, wherein the first stage of weight loss from
room temperature to 220°C was attributed to the elimination of physiosorbed and
interlayer water molecules, with a mass loss of 6.82%. The second stage, from 220°C
to 385°C, involved decarboxylation, dehydroxylation, and removal of interlayer
acetate ions from the LDH lattice and showed the maximum mass loss 0f 41.73%. The
final stage occurred above 385°C wherein further dehydroxylation and
decarboxylation resulted in collapse of layered arrangement and formation of pure
phase mixed metal oxide[32]. The aggregate mass loss during the thermal degradation

of ZnCuNi-LDH was found to be 49.9%.

100 - N
90
=
& 90
g Aggregate mass
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molecules  acetate anions
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Figure 2.6 TGA thermogram of ternary ZnCuNi-LDH (under N, atmosphere).
SEM imaging was conducted to identify the morphological and surface textural
features of ZnCuNi-LDH. SEM micrograph (Figure 2.7a) clearly showed the presence
of coherent lamellar orientation of LDH, corroborating the formation of layered
structure of LDH. In addition, the EDX analysis was carried out to ascertain the
elemental composition. The presence of Zn, Cu, Ni, C and O elements in the EDX
profile (Figure 2.7b) confirmed the homogenous distribution of compositional

elements in the synthesized heterogeneous ZnCuNi-LDH.
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Figure 2.7 (a) SEM micrograph and (b) EDX spectrum of ternary ZnCuNi-LDH with
inset SEM image.
The specific surface area and porosity of ZnCuNi-LDH were determined using N>
adsorption-desorption study by BET analysis. The specific surface area (Sper) was
found to be 10.267 m?g’!, and the pore volume was 0.004 cc g!. The average pore
diameter, calculated from the N> desorption data using the BJH method, was found to
be 1.716 nm. The shape of the isotherm in the range 0.2<P/P,<0.8 (Figure 2.8a)
resembled the Type-1V isotherm according to IUPAC classification, and indicated the
presence of non-cylindrical mesopores in the synthesized LDH. Furthermore, a small
amount of N> adsorption was observed below P/P, = 0.2 and above P/P, = 0.8,
indicating the appearance of micropores and macropores respectively[33]. The few
macropores could be attributed to the existence of inter-particle spaces in the layered
structure, usually observed in topotactic materials. The H4-type hysteresis loop also
pointed to the existence of micropores and narrow slit-shaped mesopores in the
synthesized ZnCuNi-LDH that may have appeared due to the lamellar
arrangement[34]. Additionally, the pore diameter data presented in Figure 2.8b
demonstrated the extensive scattering of micropores and mesopores, as well as
macropores throughout the synthesized product, indicating prominent non-uniformity
in ZnCuNi-LDH. The presence of large number of mesopores may be a contributing

factor for the high catalytic activity of ZnCuNi-LDH.
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Figure 2.8 (a) N, adsorption-desorption isotherm and (b) corresponding pore size
distribution plots with inset of enlarged view of pore size distribution between 0-20 nm of
ternary ZnCuNi-LDH.

2.3.2 Catalytic Activity
The efficacy of synthesized ZnCuNi-LDH as a co-catalyst with NaBH4 reductant for
the hydrogenation/reduction of nitroarenes and azo dyes was examined using UV-
Visible spectrophotometer. The progress of catalytic reduction was evaluated by
observing the change in absorbance values of solution of selected model molecules.

Further, since the concentration of NaBH4 (50 mM) was much greater than that of
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NACs (1 mM) and azo dyes (100 mg L), the reaction rate was considered to be free
of the influence of BH4 concentration. Hence, the hydrogenation of NACs and
reduction of azo dyes was considered to follow pseudo-first order kinetics, as

presented in Equation 2.2[35].

In (%) =K (2.2)

Where K denotes rate constant, and Co and C: are the initial and final concentrations
of NACs and azo dyes.

Since the evaluated molecules possessed distinct colours and yielded absorption peaks
in the visible region, reaction rate was evaluated in terms of comparative absorptive

intensity. Therefore, using Beer-Lambert’s law (Equation 2.3)

A= eCl (2.3)
Kinetics of reaction were expressed in terms of absorption by the Equation 2.4 [36]:
In (ﬁ) = In (ﬁ) =kt (2.4)
Co Ao

Where Ao and A are the initial and final absorbance of NACs and azo dyes.

2.3.2.1 Catalytic hydrogenation of NACs

In the current study, the catalytic hydrogenation of two NACs - p-NP and p-NA - was
studied as model reactions.

2.3.2.1.1 p-NP

In case of p-NP (Figure 2.9a), mixing of solution of NaBH4 and p-NP produced an
absorbance peak at Anax =400 nm as a consequence of the generation of nitrophenolate
ion. Then on addition of synthesized LDH, the intensity of peak at 400 nm began to
decrease along with a new peak at 302 nm. The appearance of the new peak confirmed
the production of p-aminophenol (p-AP) on p-NP reduction, and was confirmed by
decrease in intensity of peak at 400 nm. The peak disappeared completely after 4
minutes, indicating the ultrafast hydrogenation of p-NP. The percentage reduction of
p-NP was evaluated using Eqn 2.1 and was found to be 98.8%. The rate of reaction (k)
was evaluated to be 1.058 min™' (R? = 0.79) in accordance with the pseudo-first order
model (Figure 2.9b). The action of NaBH4 and LDH catalyst supports the addition of
hydrogen to the nitro group of p-NP, resulting in the formation of p-AP that exhibits

an absorbance peak at 302 nm.
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Figure 2.9 (a) UV-Vis absorption spectrum and (b) linear fitting of pseudo-first kinetics
model for the NaBHj - assisted catalytic hydrogenation of p-NP using ZnCuNi-LDH.

2.3.2.1.2 p-NA

The catalyst-assisted hydrogenation of p-NA was evaluated in a similar manner as p-
NP. The UV-Visible spectrum presented in Figure 2.10a showed a prominent peak at
Amax = 380 nm on mixing of NaBHj4 solution and p-NA solution. On introduction of
ZnCuNi-LDH to the reaction mixture, the peak intensity at 380 nm decreased rapidly
before ultimately disappearing after 3 minutes. Meanwhile, the appearance of a new
peak at 304 nm on addition of LDH was attributed to the formation of p-
phenylenediamine (p-PD) as byproduct. The percentage reduction of p-NA, calculated
using Eqn 2.1, was found to be 95.3%. Using pseudo first order kinetics, rate constant
of reduction (k) was calculated to be 0.98 min™ (R? = 0.94) ((Figure 2.10b). Due to the
reductive action of NaBHj4 and catalytic activity of LDH, hydrogen moiety is added to
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the nitro group of p-NA, resulting in the formation of p-PD that exhibited an

absorbance peak at 302 nm.
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Figure 2.10 (a) UV-Vis absorption spectrum and (b) linear fitting of pseudo-first kinetics
model for the NaBH4 — assisted catalytic hydrogenation of p-NA using ZnCuNi-LDH.

2.3.2.2 Catalytic reduction of Azo dyes

Azo dyes find prevalent use in several industries, but their detrimental effects far
outweigh their benefits, Therefore, their elimination from water sources is of utmost
importance in order to safeguard public health. Therefore, in the current study, catalytic
reduction of three commonly used dyes — MO, Ama, and BB was attempted using

NaBHjs in presence of ZnCuNi-LDH catalyst.
2.3.2.2.1 Methyl Orange

Reduction of MO using NaBH4 is an effective and thermodynamically favorable
approach to achieve its degradation but it is rendered kinetically unfavorable due to
the electrostatic repulsion between BH4 moiety and anions of the dye molecules.

Hence, NaBH4 is able to only partially reduce the azo group but is unable to break the
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N-N bonding. The addition of ZnCuNi-LDH aids the degradation by adsorbing the
active species on its surface and facilitating electron transfer between them. Thus,

LDH can act as an excellent catalytic material for NaBH4 assisted- degradation of MO.

The UV-Vis absorbance vs wavelength plot for the catalytic reduction of MO is
presented in Figure 2.11a. Absorbance change was noted at A,,x = 463 nm for MO. No
change in the peak intensity and position was observed on addition of NaBHj4 alone.
However, on addition of ZnCuNi-LDH catalyst, the intensity of peak centered at 463
nm began to decrease rapidly while a new peak emerged at 250 nm, along with a visible
decrease in the intensity of color of the reaction mixture. As the reaction progressed,
the peak at 463 nm kept decreasing rapidly until eventually it disappeared completely
and intensity of peak at 250 nm kept increasing. The solution was completely
decolourised within the short time span of 4 minutes. Percentage degradation of dye,

calculated using Eqn 2.1, was found to be 96.4%.

The rate constant &, obtained by linearly regressing experimental data to the pseudo
first order model, was evaluated to be 0.797 min! (R? = 0.91) (Figure 2.11b). The
action of NaBH4 and LDH catalyst caused the cleavage of the chromophoric azo (-
N=N-) group of MO, leading to the formation of new degradation products possibly
including sulfanilic acid and N,N- Dimethyl-p-phenyleneamine, that exhibited
absorbance peaks around 248 nm and 242 nm respectively[37,38]. The emergence of
new peak at 250 nm in the recorded absorbance spectra may be attributed to these
species and along with the disappearance of peak at 463 nm, it gives evidence for the

rapid degradation of MO by LDH and NaBH4, rather than adsorption of LDH.
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Figure 2.11 (a) UV-Vis absorption spectrum and (b) linear fitting of pseudo-first kinetics
model for the NaBHj - assisted catalytic reduction of MO using ZnCuNi-LDH.

2.3.2.2.2 Amaranth

The absorbance plot of Amaranth dye solution consisted of a prominent peak at Anax =
520 nm (Figure 2.12a). Therefore, the catalytic reduction of Ama was investigated by
monitoring the absorbance change at Ane = 520 nm. On addition of only NaBHj4 to the
dye solution, no change in the visual appearance of the solution and the peak at lambda
max remained unchanged; rather the emergence of a new peak was observed at 377
nm. This new peak was attributed to the reduction of chromophoric azo (-N=N-) group
to -NH-NH- by NaBH4. But the appearance of peaks at both 520 nm and 377 nm
indicated that only partial reduction of azo group occurred at this stage. Therefore, an

efficient catalyst was needed for the complete reduction of the -N=N- bond.

To achieve this, ZnCuNi-LDH catalyst was added to the reaction mixture, and it was
observed that reaction mixture was decolourised rapidly and a steady reduction in the
intensity of peak centered at Anqx = 520 nm along with the simultaneous appearance of
a new peak at 328 nm was observed. The disappearance of the peak at 520 nm was
attributed to the breakdown of chromophore present in Ama dye molecules, while the
formation of naphthionic acid as a degradation by-product may have been responsible
for the emergence of new peak at 328 nm[39]. The reaction mixture was completely
decolourised within 2 minutes, suggesting ultrafast reduction of Amaranth dye by

ZnCuNi-LDH catalyst. Absorbance of solution was recorded at 520 nm at one-minute

71



Chapter - 2

intervals and percentage degradation was calculated to be 97.3%. Since the reduction
of Ama was assumed to be independent of NaBH4, the pseudo-first order model was
applied to determine the kinetics of the reaction. The rate constant (k), calculated by
performing linear regression analysis on the experimental data, was found to be 1.807

min"! (R?=0.91) (Figure 2.12b).
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Figure 2.12 (a) UV-Vis absorption spectrum and (b) linear fitting of pseudo-first kinetics
model for the NaBHj - assisted catalytic reduction of Amaranth using ZnCuNi-LDH.

2.3.2.2.3 Brilliant Black

Although NaBHjy-assisted catalytic reduction of several toxic azo dyes has been widely
reported, virtually no reports are available about the catalytic reduction of BB. The
absorption maxima for BB dye typically appears at Amax = 571 nm (Figure 2.13a) but
addition of NaBH4 to BB solution caused the peak to shift from 571 nm to 490 nm.

This shift was attributed to the partial cleavage of -N=N- azo bond and its reduction
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to -NH-NH- bond[40]. Further, on addition of ZnCuNi-LDH, the peak at 490 nm
reduced in intensity, along with the appearance of a new peak at 251 nm. Complete
decolourisation of BB was attained within 4 minutes of reaction initiation, and at this
stage, the peak at An. = 490 nm vanished completely. The percentage degradation
efficiency of BB was calculated to be 95.2% and linear regression of experimental data

to pseudo 1% order model yielded & value of 0.707 min™! (R? = 0.95) (Figure 2.13b).
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Figure 2.13 (a) UV-Vis absorption spectrum and (b) linear fitting of pseudo-first kinetics
model for the NaBHj - assisted catalytic reduction of Brilliant Black BN using ZnCuNi-
LDH.
Table 2.3 presents the values of percentage degradation, time expended and rate of
reaction for the catalytic reduction experiments.

Table 2.3 Experimental values for catalytic reduction of various pollutants.

Pollutant Percentage Time Rate of reaction (k)
Degradation (%) (min™)
p-NP 98.8 4 1.058
p-NA 95.3 3 0.980
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MO 96.4 4 0.797
Ama 97.3 2 1.807
BB 95.2 4 0.707

2.3.2.3 Effect of influencing parameters

The performance of a catalyst is influenced by various parameters. Therefore, the
effect of catalyst dosage and pollutant concentration on catalytic activity of ZnCuNi-
LDH were studied by choosing p-NP and MO as model pollutants.

2.3.2.3.1 Effect of catalyst dosage

The plots presented in Figure 2.14a-c provide an insight into the influence of ZnCuNi-
LDH dosage on reduction of p-NP and MO. The absorption spectrum of p-NP presents
a prominent peak at Au. = 400 nm that shows pronounced decrease in intensity on
addition of various dosages of catalyst to 1 mM p-NP solution. The addition of 2.5 mg
catalyst led to the complete hydrogenation of p-NP within 6 minutes. Increase in
dosage of ZnCuNi-LDH to 5 mg and 10 mg led to decrease in time required for the
complete p-NP hydrogenation, and the reactions were completed in even shorter
durations of 4 minutes and 2 minutes respectively. Therefore, the time expended for

reduction of ImM p-NP solution using various dosages of ZnCuNi-LDH catalyst
followed the trend: 2.5 mg > 5.0 mg > 10 mg.

(a) (b)
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Figure 2.14 UV-Vis absorption spectra for the catalytic reduction of p-NP by varying dosage
(a, b, ¢) of ZnCuNi-LDH.
The NaBHjy-assisted reduction of MO dye using various dosages of ZnCuN-LDH
catalyst is presented in Figure 2.15a-c. Similar to p-NP, in case of MO dye also, in all
the dosage scenarios, the absorption spectrum presented an intense peak at Ay = 463
nm that decreased with the addition of catalyst to 100 ppm MO solution. It was
observed that on addition of 2.5 mg catalyst, the dye solution was completely
decolorized within just 7 minutes. On increasing ZnCuNi-LDH dosage to 5 mg and 10
mg, dye decolorization was completed within 4 minutes and 2 minutes respectively,
and it may be attributed to faster reduction of model molecules. Therefore, the time
expended for reduction of 100 ppm MO solution using various dosages of ZnCuNi-

LDH catalyst followed the trend: 2.5 mg > 5.0 mg > 10 mg.
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Figure 2.15 UV-Vis absorption spectra for the catalytic reduction of MO by varying dosage
(a, b, ¢) of ZnCuNi-LDH.

The observed trend of decreased reaction times with increased catalyst dosages is

potentially the consequence of lower dosage, that results in availability of fewer active

sites to catalyse the reduction reaction, leading to more time being expended for the

reaction to be completed. Increase in dosage of ZnCuNi-LDH resulted in the

availability of more active sites being available for reaction, thereby resulting in

accelerated reduction process and faster culmination of reaction [26].
2.3.2.3.2 Effect of pollutant concentration

The impact of pollutant concentration on catalytic activity of ZnCuNi-LDH was
studied using three concentrations for p-NP and MO. The plots presented below
provide insights into the catalytic reduction process at various concentrations of the
chosen model molecules. In case of p-NP, the absorption spectrum presented in Figure
2.16a-c exhibits a peak at 400 nm that shows a pronounced decrease on addition of 5
mg catalyst. Here, in case of 0.25 mM p-NP concentration, complete decolourisation
of reaction mixture was observed within just 1 minute of catalyst addition. On
increasing p-NP concentration to 0.50 mM and 1.00 mM, reduction time increased to
2 minutes and 4 minutes respectively. Therefore, on using 5 mg ZnCuNi-LDH as
catalyst, the time expended for reduction of various concentration of p-NP solution

followed the trend: 0.25 mM > 0.50 mM > 1.00 mM.

76



Chapter - 2

( a) (1) 1n.in (b) 0 mm
1 min 1 min
2 min
£ 025mM | £ 0.50 mM
=)
» @D
= =
,.,.;\"
T r T — — ——==
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)
(c) —— 0 min
——1 min
2 min
3 min
—— 4 min

Absorbance (a.u.)

T T T
300 400 500 600
Wavelength (nm)

Figure 2.16 UV-Vis absorption spectra for the catalytic reduction of various concentrations
of p-NP (a, b, ¢) by ZnCuNi-LDH.
A similar trend was observed for the reduction of MO dye, as presented in Figure
2.17a-c. Addition of 5 mg catalyst to 25 ppm MO solution led to complete reduction
of dye within just 2 minutes. Increase in dye concentration resulted in the increase of
catalytic reduction time to 3 minutes and 4 minutes respectively. Therefore, on using
5 mg ZnCuNi-LDH as catalyst, the time expended for reduction of various

concentration of MO solution followed the trend: 25 ppm > 50 ppm > 100 ppm.

The increase in reaction time may be attributed to the fact that at lower concentration,
fewer number of pollutant molecules need to be catalyzed, thereby leading to faster
reduction of all pollutant molecules in less time. Conversely, at higher concentrations,
more number of molecules are required to be reduced, and thus more time is expended

for the complete reduction of the pollutants, thereby leading to increased reaction time

for complete decolourisation[41].
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Figure 2.17 UV-Vis absorption spectra for the catalytic reduction of various concentrations
of MO (a, b, ¢) by ZnCuNi-LDH.

2.3.2.4 Universality of ZnCuNi-LDH as catalyst

The universality of a catalyst is a fundamental parameter in determining the practical
and profitable usability of the material in large-scale industrial applications. An
efficient catalyst must possess the ability to simultaneously reduce/degrade various
types of molecules into simple and benign by-products. Therefore, in order to ascertain
the universal catalytic behaviour of synthesized ZnCuNi-LDH, simultaneous reduction
of p-NP and MO was carried out. It was observed that the absorbance spectrum of the
blank mixture of p-NP and MO exhibited a peak at 318 nm that can be attributed to p-
NP molecules while the peak at 463 nm appears due to MO molecules. On addition of
NaBHy4, the peak at 318 nm disappeared and a new peak appeared at 400 nm due to
the conversion of p-NP molecules to phenolate anions (Figure 2.18). The peak at 463
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nm does not shift in position but only decreased in intensity and appeared as a neck in
the hybrid spectrum due to the closeness of the Anqx values of p-NP and MO.

Further, on addition of ZnCuNi-LDH, the intensity of the hybrid spectrum decreased
rapidly and eventually disappeared within a short span of 5 minutes, along with the
decolourization of the reaction mixture. The rapid decolourization of the reaction
mixture elucidated the fact that ZnCuNi-LDH can be successfully used as a universal

catalytic material for the simultaneous reduction of NACs and anionic azo dyes.
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Figure 2.18 UV-Vis absorption spectrum for NaBHj - assisted simultaneous reduction and
degradation of p-NP and MO by ZnCuNi-LDH.
2.3.2.5 Reusability and Recyclability

The recyclability of heterogeneous catalysts is a significant factor that impacts their
profitable commercial use. Therefore, studies were carried out to determine the
reusability of the synthesized catalysts for the hydrogenation of p-NP and reduction of
MO as well as mixture of dyes. The results presented in Figure 2.19a indicate that
ZnCuNi-LDH sustained up to 90% removal efficacy in just 4 minutes for the reduction
of p-NP and MO even after 5 cycles. Moreover, ZnCuNi-LDH also exhibited excellent
catalytic reduction ability of upto 88% within 5 minutes towards mixture of MO, Ama
and BB dyes even after 5 cycles, as shown in Figure 2.19b. These results suggest that

ZnCuNi-LDH is a robust catalyst that can be easily recovered and utilized for
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consecutive catalytic cycles without any significant decrease in catalytic performance.
The slight decrease in removal efficacy may be attributed to the loss and agglomeration

of catalytic material during the recovery and reuse stages.
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Figure 2.19 Recyclability of ZnCuNi-LDH for catalytic reduction of (a) p-NP, MO and (b)

mixture of dyes.

2.3.2.6 Plausible mechanism for catalytic activity of ZnCuNi-LDH

The surface catalytic reduction of nitro compounds and organic dyes by ZnCuNi-LDH

potentially proceeds through the Langmuir-Hinshelwood mechanism, involving three

steps: (1) dissociative adsorption of reactants onto LDH surface, (2) interaction

between adsorbed moieties, and (3) desorption of reduction products from LDH

surface. In aqueous medium, NaBH4 breaks down into Na" and BH4 ions. BH4™ anions

further hydrolyses into BO;™ and H» and these moieties are adsorbed onto LDH since

they possess high surface area (Figure 2.20).

For the degradation of p-NP and p-NA, H; is adsorbed on ZnCuNi-LDH surface,

resulting in metal-hydride complex formation. The action of this complex as a

hydrogen-mediator facilitates H» transfer to the -NO; group along with electrons. This

aids in the hydrogenation of -NO; group, converting it to —-NH> and resulting in the

formation of p-aminophenol and p-phenylenediamine as reduction products following

the hydrogenation of p-NP and p-NA respectively.

While in case of organic dyes, ZnCuNi-LDH acts as a redox catalyst and facilitates the

transfer of electrons to the dye molecules. In the reaction mixture, initially the anionic

dye molecules get adsorbed onto the positively charged LDH surface via electrostatic
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forces of attraction. Then, due to the electron relay behaviour of LDH, electrons are
transferred from the electron-donating BO>™ moiety to the electron-accepting dye
molecules, leading to their reduction. Lastly, the reduction products present on LDH
surface get desorbed and diffused into the solution. The synergistic interactions
between the copper and nickel atoms present in the lattice may also contribute and
augment the electron relay ability of the ZnCuNi-LDH, and result in the ultrafast
reduction of NACs and organic dyes (Figure 2.20).
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Figure 2.20 Potential mechanism for the NaBHs-assisted catalytic degradation of p-NP and
MO by ZnCuNi-LDH.

2.3.2.7 Comparison with reported catalysts

The comparison of the catalytic activity of ZnCuNi-LDH with previously reported
catalysts towards the reduction of p-NP, p-NA, MO, and Ama is presented in Table
2.4. Virtually no reports were available for the catalytic reduction of BB dye. The rate
constants for reactions catalyzed by ZnCuNi-LDH were found to be comparable or
even better than the rate constants of most reported catalysts. Therefore, it may be
concluded that ZnCuNi-LDH can act as exemplary catalyst for the catalytic reduction
of both nitroarene compounds and azo dyes. The superior catalytic activity may be
attributed to the small size, high surface area and homogeneous distribution of Zn, Cu

and Ni cations in the ZnCuNi-LDH matrix.
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Table 2.4 Comparison of rate constants of ZnCuNi-LDH with previously reported catalysts

Pollutant Catalyst Rate constant (ko) Reference
p-NP Au NPs-LMW chitosan 0.2537 min! [42]
Magnetite-Ag/LDH/Starch 0.30 s [43]
Fe;0s@PPy-MAA/Ag 0.08 min" [44]
Pd/NiFe-LDH 0.37 min™! [45]
ZnCuNi-LDH 1.058 min! This work
p-NA CoAl-LDH 0.40 min™! [14]
Ag-PNiM microgel 0.0852 min! [46]
Au Nanorods 0.0564 s! [47]
CMC/ZnAl-LDH/Au-beads 0.7486 min ! [48]
ZnCuNi-LDH 0.98 min™! This work
MO Ag-Cu Rhizome Powder 0.0029 s! [23]
Asp-Au NPs 0.314 min’! [24]
Au NPs-LMW chitosan 0.2701 min! [42]
Nitrogen doped-C3;N4 /Sodium 0.0649 min’! [49]
Alginate
ZnCuNi-LDH 0.797 min’! This work
Ama Ag-Cu Rhizome Powder 0.0009 s [23]
Asp-Au NPs 0.228 min’! [24]
AuNPs/CNC 0.025 ™! [50]
ZnCuNi-LDH 1.807 min! This work

2.4 Conclusion

In summary, ternary ZnCuNi-LDH was successfully synthesized through a facile acid
hydrolysis route and was later used as an efficient catalyst for the rapid hydrogenation
of p-NP, p-NA, as well as for the reductive degradation of MO, Ama, and BB dyes.
ZnCuNi-LDH exhibited more than 95% degradation efficiency for all the chosen
model pollutants within 4 minutes and followed the order: 98.8% (p-NP) > 95.3% (p-
NA) for the NACs, while for organic azo dyes the trend - Ama (97.0%) > MO (96.4%)
> BB dyes (95.2%) - was followed. The kinetics of the reduction reactions best aligned

with the pseudo 1% order model, and rate constant values (k) for the catalytic
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hydrogenation of p-NP and p-NA were calculated to be 1.058 min! and 0.98 min!
respectively, whereas rate constant values (k) for reductive degradation of MO, Ama
and BB were calculated to be 0.797 min’!, 1.807 min™' and 0.707 min™! respectively. In
addition, catalyst dosage and pollutant concentration extensively influenced the
catalytic performance of the synthesized lattice, as the time required for completion of
the catalytic reduction process shared a directly proportional relationship with the
dosage of the catalyst, but it was inversely related to the concentrations of the model
pollutants. Furthermore, ZnCuNi-LDH rapidly decolourised a binary solution
consisting of p-NP and MO, thereby exhibiting its universality as a catalyst. The
synthesized catalytic material also exhibited more than 90% reduction efficiency even
after 5 regeneration cycles. Thus, the present work reports the facile synthesis,
excellent catalytic activity, and recyclability of ternary ZnCuNi-LDH that can be used

as an effective catalytic material for the degradation of NACs and azo dyes.
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CHAPTER -3
SYNTHESIS, CHARACTERIZATION AND CATALYTIC
APPLICATIONS OF ZnCuNi-TERNARY LAYERED
DOUBLE OXIDE FOR REDUCTION AND
DEGRADATION OF ORGANIC POLLUTANTS

3.1 Introduction

Layered double hydroxides (LDHs) are a class of network solids that can act as
multifarious catalytic materials by virtue of their lamellar structures, high specific
surface area, basicity, and porosity. The components of a typical LDH lattice include
divalent (M) and trivalent (M'") cations in the layers, along with exchangeable anions
and water molecules present in the interlamellar region due to which they can be easily
tailored to serve various applications. One important aspect related to LDHs is that
they can be heat-treated at moderate temperatures to lose the interlayer water
molecules and anions, thereby leading to their topotactic transformation into layered
double oxides (LDOs) that possess high porosity and surface areas[1]. This
methodology can provide a simple pathway to obtain new-age materials with enhanced
physicochemical and catalytic properties. These properties are an outcome of the
homogenous distribution of the metal cations throughout their matrix, that is often
difficult to achieve through conventional laboratory techniques. Moreover, these
LDOs possess high thermal stability, and their outer surface is covered with an
abundance of Lewis acidic and basic sites that are immensely beneficial for carrying
out reduction and hydrogenation reactions[2]. In order to enhance these features, the
incorporation of transition metals can be a suitable plan to improve the functionality
and performance of LDOs since it helps in augmentation of the optical, electronic, and
magnetic properties of these materials that give rise to synergistic interactions in the
lattice. Several beneficial factors such as: (1) ability to attain variable oxidation states,
(2) ability to strongly interact with various types of anionic, cationic, and neutral

ligands, and (3) lattice defects and distortions make them the perfect addition to
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enhance the features of LDOs. Additionally, since LDOs possess large surface areas
with an abundance of easily accessible active sites, a large number of pores having
optimum pore size and volume, as well as high chemical and thermal stability, they are
ideal materials for various applications[3—5]. These factors contribute immensely
towards the viability of LDOs as efficient materials for several applications. Till now,
LDOs containing two metals, called binary LDOs, have garnered the majority of
attention, but now the incorporation of third metal cation in the LDO lattice is being
actively explored. The developments in this area aim to exploit the features of all three
metal cations, since incorporation of a third cation holds the potential to enhance as
well as alter the properties and performances of pre-existing lattices. The third cation
can help in increasing the tailorability as well as fine-tuning the properties of ternary
LDOs, due to the stronger synergistic interactions between the three cations, leading
to an increase in the number and diversity of active sites and demonstration of
enhanced activities in a broader range of applications. For instance, Xiang et al.
synthesized ternary MgO/ZnO/In;03 heterostructured photocatalyst by calcination of
MgZnIn-LDH at 300 °C, 500 °C and 800 °C, and evaluated its photocatalytic
performance for the degradation of cationic methylene blue (MB) dye[1]. In another
study, flower-like LDO composed of Zn, Al and In cations was synthesized by Yuan
et al. using a hydrothermal method, and it was utilized for the fabrication of a
microsphere electrode for zinc-nickel secondary batteries[2]. The addition of indium
increases the specific surface area and porosity of the lattice, that contributes to
inhibition of self-corrosion in the electrode, thereby improving electrochemical
performance. Therefore, the possibility of using LDO in the field of catalysis and
wastewater remediation may be combined effectively to curb the problem of potable

water availability due to increasing water pollution.

In recent decades, wastewater treatment has become the need of the hour due to the
dwindling availability of freshwater resources. The presence of toxins such as dyes
and pigments, drugs, cosmetics, surfactants, pesticides, heavy metals, etc., affects the
quality and aesthetic appearance of water sources while also exerting detrimental
impacts on flora and fauna due to their carcinogenic and mutagenic properties.

Specifically, nitroarene compounds (NACs), azo dyes, and pharmaceutical drugs are a

91



Chapter - 3

few of the most pernicious refractory pollutants that currently threaten our ecosystem.
For instance, methyl orange (MO), an anionic azo dye, is a common pH indicator and
textile dyeing agent wherein the presence of highly stable azo (-N=N-) chromophore
group is responsible for the bright orange color of MO dye. According to several
reports, MO has been found to be toxic and excessive exposure to MO may cause skin
and eye irritation, nausea, and diarrhea[6,7]. The consumption of these toxic
compounds, even in low quantities, can have major detrimental impacts on human,
plant, and animal health, and their ability to bioaccumulate in marine flora and fauna
further drives their toxicity on consumption throughout the various trophic levels.
NAC:s such as p-Nitroaniline (p-NA) possess mutagenic traits and can cause severe
issues such as methemoglobinemia, rashes, and toxicity on skin contact, and inhalation
and ingestion have the potential to cause anaemia, liver damage, and even death. In
addition, ciprofloxacin is a third-generation fluoroquinolone antibiotic used for the
treatment of bacterial infections, and approximately 20-60% is excreted in active form
into water bodies, leading to contamination. Ciprofloxacin (CIF) is a recalcitrant
substance and gets accumulated in aquatic systems, resulting in the promotion of
antimicrobial resistance (AMR) in environmental bacteria as well as the disruption of
key ecosystem services performed by microbes, such as decomposition. By virtue of
their high chemical and thermal stability, the sequestration of these pollutants from
water bodies holds utmost importance in order to fulfill the exponentially increasing
water needs across the globe. Although the removal of these pollutants has been
attempted using several separation methods but these existing methodologies are not
quite effective at removing such pollutants, and they also result in secondary pollutant
production, thereby reducing their efficiency towards water treatment[8—11].
Furthermore, these methods are also plagued by several inherent issues like membrane
fouling, adsorbent aggregation, toxic sludge formation, etc., that become a cause of
concern and increase treatment costs, thereby limiting their real-time profitable usage.
Thus, the development of alternative novel methodologies for the elimination of

pollutants from water bodies has become an area of concern[12].

Among the various methodologies employed for water remediation, a great amount of

success has been achieved with catalytic methods. Catalytic treatment of wastewater
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for its purification includes the utilization of methodologies such as catalyst-assisted
reduction, photocatalysis, transfer hydrogenation, Fenton process, etc. Specifically,
NaBHjy-assisted reduction and photocatalysis are two of the most highly advantageous
methods used for contaminant degradation in aqueous medium. Photocatalysis
involves the light-stimulated breakdown of pollutant molecules using a photocatalytic
material that drives the chemical reaction by absorbing photons and generating
electron-hole pairs, thereby helping in the formation of the reactive species[13]. The
most commonly used photocatalysts include TiO and ZnO, but there is immense scope
for exploring materials that overcome the disadvantages of these materials such as
wide bandgaps and catalyst deactivation. Meanwhile, NaBHy-assisted reduction
involves the use of NaBH4 as a reducing agent along with a catalyst for toxin
elimination and production of water and carbon dioxide as benign by-products. NaBH4
provides BH4 anions that become the source of H> and electrons for molecule
breakdown, while the catalyst aids the reaction's progress by making it kinetically
feasible. The alignment of these catalyst-based methods with the principles of green
chemistry combined with their advantages such as lower energy requirement and easy
usability, universality and selectivity, possible synthesis of commercially viable by-
products, high efficiency at low concentrations as well as the ease of separation of
catalyst render them as highly suitable treatment processes for elimination of NAC:s,
azo dye, and drugs from aqueous medium. The principal focus of catalytic processes
lies on the breakdown, degradation, and mineralization of contaminant species, rather
than their physical separation from the medium, that is often the mechanism of other
treatment methods. This, in turn, warrants highly efficacious toxin removal while

eliminating any possibilities of secondary pollutant formation and water wastage.

In this avenue, LDH-derived LDOs have carved a niche for themselves due to their
unique physicochemical features such as synergistic effects between constituent metal
cations, diverse active sites, and redox properties. However, the use of LDOs as
photocatalytic materials for the degradation of drugs is extremely limited, and their
utility in reductant-assisted reduction of toxins remains severely unexplored[14,15]. In
this respect, transition metal-based LDOs can prove to be an excellent choice since

they exhibit a myriad of exemplary catalytic properties due to the synergistic
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interactions between the transition metals in the lattice. The use of zinc, copper, and
nickel in LDOs is especially beneficial since these metals are abundantly available in
nature and their extraction and processing are simple and economical. Their unique
electronic structures give rise to electron transport and relay abilities, broad bandgaps
(3.3 —4.0 eV), high mechanical and thermal stabilities, as well as electron defects[ 16—
18]. Due to their high surface areas and large number of active sites, these cations are
able to adsorb and activate various molecules on their surface. The tailorability of their
oxidation states often results in their use for the fabrication of superior homogenous
(eg, organometallic complexes) and heterogeneous catalysts (eg, LDHs, Metal-organic
frameworks (MOF)) by combining them with a variety of anionic, cationic, and neutral
ligands. Additionally, their morphologies can be easily tailored, giving rise to special
microstructures, and they often possess pyro- and piezo-electric properties along with
special electronic, optical, and magnetic properties that can prove to be beneficial for
a wide array of catalytic applications[9,19]. For instance, Murugahandham et al.
reported the synthesis of ZnO nanobundles and employed them for the catalytic
ozonation of 2-ethyl ethoxy acetate[18]. Belay et al. synthesized zero-valent copper
and copper oxides using different precursors and studied their catalytic ability for the
reduction of NOs3™ to NO>[20]. In another study, Bhosale et al. reported the use of NiO
nanorods for the catalytic synthesis of substituted benzimidazole, benzoxazole and
benzothiazole[21]. But inspite of their several favourable characteristics, the combined
use of Zn, Cu and Ni in LDHs and LDH derivatives remains scarcely reported.
Furthermore, although few reports describing the use of LDHs for catalytic reduction
of azo dyes and p-nitroaniline are available in literature, but virtually no reports
describe the use of LDH-derived ZnCuNi-LDOs for catalytic reduction of organic
pollutants[22-24].

Therefore, this work aims to explore the synthesis of ZnCuNi-LDO by the calcination
of ZnCuNi-LDH[25]. The synthesized LDO was applied as a heterogeneous catalyst
for the hydrogenation of p-NA and reduction of MO pollutants as well as the
photocatalytic degradation of CIF, and kinetics analysis for the catalysis reactions were

carried out. It was observed that ZnCuNi-LDO exhibited excellent catalytic
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efficiencies and fast reaction rates for the hydrogenation of p-nitroaniline, reduction

of methyl orange and degradation of CIF in short intervals of time.
3.2 Experimental

3.2.1 Materials

Zinc acetate dihydrate Zn(CH3COO),-:2H>O (Merck, 98.0% purity), copper acetate
monohydrate Cu(CH3COO)2-H,0 (Merck, 98.0% purity), hydrogen peroxide H>O>
(Merck, 30%), acetic acid glacial 100% CH3COOH (Merck), and nickel acetate
tetrahydrate Ni(CH3COO),-4H>O (CDH, 98.00% purity), NaBH4 (Sigma Aldrich,
>98.00%), p-Nitroaniline (GLR chemicals, 99.00%), Methyl Orange (Merck) and
Ciprofloxacin (CDH Chemicals) were of analytical grade unless otherwise stated, and
were used as received without purification. Table 3.1 gives information about the
structure, Anqx and molecular formulas of model pollutant molecules employed in this

study.

Table 3.1 Structure and formula of model pollutants employed in the study.

Model Structure Amax Molecular
Pollutant (nm) Formula
p-Nitroaniline 380 CsHsN202
H,N NO,
Methyl Orange Hsc\ 466 CisH14N3NaO;S
N—<: :>—N 0
/ \\ —O_” Na+
HyC N S—0
I
0
Ciprofloxacin Y 276 Ci7H1sFN30s5
HN /\
K/N N
L on
F
(o] o
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3.2.2 Synthesis of ZnCuNi-LDO

ZnCuNi-LDO was prepared by the thermal treatment of ZnCuNi-LDH precursor as
per the methodology described by Pathak et al.[26]. Briefly, 10 mL aqueous solutions
of 4.249 mmol zinc acetate dehydrate, 0.37 mmol copper acetate monohydrate, and
0.37 mmol nickel acetate tetrahydrate were prepared by stirring, following which they
were mixed. Then, 5 mL H>O; and 30 mL distilled water were added to the metal salts
solution, and the resulting solution was sonicated for 30 minutes. Subsequently, the
reaction mixture was stirred for 24 hours and then placed in oven at 60°C till complete
removal of solvent was achieved. The obtained ZnCuNi-LDH precursor was then
placed in silica crucible and calcined in muffle furnace at 350 °C for 6 hours to obtain
black-greyish colored ZnCuNi-LDO. The schematic representation of ZnCuNi-LDO

synthesis is shown in Figure 3.1.

Zinc Acetate
Dihydrate

ANy Vmﬁm
‘/.

Copper Acetate Nickel Acetate
Monohydrate  Tetrahydrate

ZnCuNi-MMO ) $ SR
Synthes1s of Aqueous solution of
ZnCuNi-MMO metal acetate salts
Calcination at
350°C for 6 hours
Addition of H,0,
Y and distilled water

60°C Ultrasonication
ZnCuNi-LDH inoven  and stirring at

room tempemture

Figure 3.1 Schematic representation of synthesis of ZnCuNi-LDO.
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3.2.3 Catalytic activity of ZnCuNi-LDO
3.2.3.1 NaBHu4-assisted catalytic reduction

The catalytic ability of ZnCuNi-LDO for hydrogenation of p-nitroaniline (p-NA) and
reduction of azo dye methyl orange (MO) were studied in presence of sodium
borohydride (NaBH4) that acted as reducing agent. For this purpose, UV-Vis
spectrophotometry was employed due to the distinct colouration of the chosen model

contaminants.

For the hydrogenation of p-nitroaniline, p-NA solution (1mL, 1 mM) was mixed well
with 1 mL of distilled water, followed by the addition of freshly prepared NaBH4
solution (1 mL, 100 mM). After this, the catalytic reaction was initiated by addition of
0.001 g ZnCuNi-LDO to the reaction mixture. The progress of the hydrogenation
reaction was determined by recording the absorption spectrum of p-NA at Ane = 380
nm using a UV-visible spectrophotometer at one-minute intervals till the solution was

completely decolorized.

The catalytic reduction of MO dye using ZnCuNi-LDO was evaluated in a similar
manner. MO solution (1 mL, 100 ppm) was mixed well with 1 mL distilled water and
1 mL of freshly prepared 100 mM NaBHj4 solution. Then 0.001 g LDO was added to
the reaction mixture, and the reaction progress was determined by recording the
absorption spectrum at Amex = 466 nm at one-minute intervals till complete

decolorization of the solution.

The percentage degradation of p-NA and MO was calculated using Equation 3.1:

: (Co — C)
Percentage degradation = B — X 100 (3.1
)

where Co and C; denote the concentrations of p-NA and MO solutions at zero time and
time ¢ respectively.

2.2.2 Photocatalytic Activity

Light-stimulated catalytic activity of the as-synthesized catalyst was investigated by
degrading CIF drug under UV light illumination at room temperature using a custom-
made photocatalytic reactor. The reactor set-up consisted of a dual-walled quartz tube

that encased a high-pressure mercury vapour lamp (OSRAM India, 125 W) used for
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providing UV light. The tube was immersed in a double-walled pyrex glass vessel and
water circulation was maintained around the tube and vessel to avoid thermal effects.
The entire set-up was housed in a dark wooden box to avoid any interaction with
external light sources. To evaluate the photocatalytic activity, 0.05 g ZnCuNi-LDO
was suspended in 100 mL of 20 ppm CIF aqueous solution in the photoreactor. The
suspension of catalyst and drug solution was first stirred for 30 minutes in the absence
of illumination in order to establish adsorption-desorption equilibrium. After removal
of 3 mL aliquot from the suspension, the UV illumination was initiated and then
aliquots were sampled at pre-fixed interval of 30 minutes. The retrieved solutions were
centrifuged to remove solid component and their concentrations were determined by
measuring absorbance at Amex = 276 nm for CIF using Shimadzu UV-Vis
spectrophotometer. Percentage drug degradation of CIF was calculated using
previously mentioned Eqn 3.1.

3.3 Results and Discussion

3.3.1 Characterisation Details

The conversion of LDH to LDO can be achieved by simply thermally treating the LDH
precursor at optimal temperature in order to maintain the advantageous features of
LDHs while converting the hydroxide lattice to oxide. Therefore, to ascertain the
temperature at which LDH should be calcined for its conversion to LDO, TGA
technique was adopted and the obtained thermogram is presented in Figure 3.2.
Thermal degradation of ZnCuNi-LDH due to calcination was found to be a three-step
process involving the initial elimination of physisorbed and intercalated water
molecules upto 215°C, followed by the subsequent decarboxylation, dehydroxylation
and removal of interlayer acetate ions from the LDH lattice upto 350°C, resulting in
the breakdown of lamellar structure of LDHs to form pure phase layered double oxide
(LDO)[27]. Based on the above results, the optimal temperature for synthesis of
ZnCuNi-LDO by calcination of ZnCuNi-LDH was found to be 350°C.
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Figure 3.2 TGA thermogram of ZnCuNi-LDH.

In order to evaluate the conversion of LDH to LDO and determine their
crystallographic features, PXRD technique was utilised. The PXRD pattern of
ZnCuNi-LDH, presented in Figure 3.3, was found to be consistent with the typical
pattern of hydrotalcite-type materials, thereby corroborating the formation of highly
crystalline LDH having pure phase with no impurities. The d-spacing for characteristic
(002) plane was 7.41 A and was in coherence with values previously reported in
literature[28].

Upon calcination, collapse of the layered structure was expected, and it was
corroborated by the disappearance of characteristic reflections of LDH in PXRD
diffractogram. Furthermore, the emergence of new reflections at 31.8°, 34.56° and
36.39° was observed. These peaks were found to correspond to (700), (002), and (101)
hkl planes of crystalline ZnO existing in the hexagonal wurtzite arrangement[29]. The
lack of any reflections suggesting impurity, coupled with the above observations,
suggested the formation of pure phase ZnCuNi-LDO. Additionally, it is crucial to
highlight the absence of peaks corresponding to CuO and NiO, that may be attributed
to the presence of Cu and Ni in very small ratios in the lattice. Therefore, on comparing
the PXRD results of LDH and LDO, the hypothesis that thermal treatment of LDH at
optimum temperature resulted in the successful formation of pure and homogenous
LDO was supported[30]. Additionally, the average crystallite size, calculated using the

Debye-Scherrer equation, was found to be 24.89 nm.
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Figure 3.3 Comparative plot of PXRD patterns of ZnCuNi-LDH and ZnCuNi-LDO.
The surface morphology and microstructure of ZnCuNi-LDO were analysed using
SEM-EDX technique. The SEM micrograph presented in Figure 3.4a shows the
absence of plate-like morphology due to layered structure of LDH and clearly
indicated the presence of irregular spherical aggregates, thereby confirming the
formation of LDO[31]. Further, presence of Zn, Cu and Ni was confirmed using EDX

spectrum that clearly showed their homogeneous distribution in the lattice (Figure
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Figure 3.4 (a) SEM micrograph and (b) EDX spectrum of ZnCuNi-LDO.
Surface area is a critical parameter that has a profound effect on the catalytic activity
of a material. The specific surface area (Szer) and pore structure of ZnCuNi-LDO were
investigated using N2 adsorption-desorption study by BET analysis (Figure 3.5a-b).

Sger was found to be 25.617 m?g™!, while the values of pore volume and average pore
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diameter, calculated using the BJH method, were found to be 0.174 cc g and 25.206
nm respectively. The shape of the isotherm was found to be similar to Type-IV, as
described by IUPAC classification, and it was inferred that synthesized ZnCuNi-LDO
possessed mesoporosity. The appearance of H3-type hysteresis loop indicated the
existence of narrow slit-shaped pores in the mesoporous ZnCuNi-LDO
aggregates[32]. The formation of pores may have been the consequence of the
calcination of ZnCuNi-LDH. Therefore, the textural properties described above render

ZnCuNi-LDO as suitable materials for catalytic applications.
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Figure 3.5 (a) N, adsorption-desorption isotherm and (b) corresponding pore size

distribution plots of ZnCuNi-LDO.
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3.3.2 Catalytic Activity

3.3.2.1 NaBHu4-assisted Catalytic reduction

The catalytic behaviour of ZnCuNi-LDO for the NaBHs-assisted hydrogenation of p-
NA and reduction of MO was examined using time-dependent UV-Visible
spectrophotometry. In the catalytic experiment, the rate of reaction was assumed to be
independent of NaBHs concentration since NaBHs (100 mM) was in excess.
Therefore, kinetics of the hydrogenation of p-NA and catalytic reduction of MO were
evaluated in accordance with the pseudo-first order model presented in Equation 3.2

as follows:

Ce
In (—) =K (3.2)
Co
Where C, and C; are the initial and final concentrations of p-NA and MO.
The reaction rates were evaluated in terms of comparative absorptive intensity based

on the Beer-Lambert’s law (Equation 3.3) using Equation 3.4:

A= eCl (3.3)
In (E—;) = In (:—;) = kt (3.4)

Where Ao and A: are the initial and final absorbance of pollutant molecules while &
denotes rate constant.

3.3.2.1.1 Catalytic hydrogenation of p-NA

The hydrogenation product of p-NA, i.e. p-phenylenediamine (p-PD) is an important
commercial product and thus the hydrogenation of p-NA by ZnCuNi-LDO was
evaluated in the presence of excess NaBH4[33—35]. The time-dependent UV-Visible
spectrum was recorded at Amax = 380 nm to monitor the hydrogenation of p-NA.
Initially, hydrogenation of p-NA was examined in the presence of only NaBH4 in order
to determine the role of the catalyst. The time-dependent UV-Visible spectra of p-NA
hydrogenation using NaBHj4 are presented in Figure 3.6a. It was observed that when
only NaBH4 was added to the reaction mixture, there was a very slow decrease in the
absorbance of p-NA, resulting in only 13.86% hydrogenation of p-NA even after 3
hours. However, upon addition of ZnCuNi-LDO to the reaction mixture, it was
observed that the intensity of peak at 4w = 380 nm corresponding to p-NA began

decreasing at a rapid rate and eventually disappeared after 7 minutes (Figure 3.6b).
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The percentage removal efficiency, calculated using Eqn 3.1 was found to be 96.98%.
The hydrogenation of p-NA due to conversion of the nitro group to amine group (-
NH») was further confirmed by visual examination of the reaction mixture that showed
change in colour from bright yellow to colourless. Furthermore, the appearance of new
peaks at 240 nm and 304 nm confirmed the formation of p-phenylenediamine (p-PD)
as the hydrogenation product of p-NA (Table 3.2)[36]. Therefore, it was concluded
that the addition of ZnCuNi-LDO to the reaction mixture was essential for the efficient
hydrogenation of p-NA. The rate of reaction was evaluated by monitoring the decrease
in absorbance of p-NA at 4.« = 380 nm, and rate constant of reduction (k) was
determined by linearly plotting In (C¢/C,) versus reaction time t (min). Therefore, k&
was calculated from the kinetics data using Eqn 3.4 by employing the pseudo-first-

order model and was found to be 0.402 min! (R? = 0.74) (Figure 3.6c¢).
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Figure 3.6 Time-dependent UV-Vis absorption spectrum of hydrogenation of p-NA using (a)
only NaBH4 (b) using NaBH4 and ZnCuNi-LDO, and (c) linear regression of pseudo-first
kinetics model for the NaBH4—assisted hydrogenation of p-NA using ZnCuNi-LDO.

3.3.2.1.2 Methyl Orange reduction
An attempt was made to catalytically reduce MO using NaBH4 as the reducing agent
and ZnCuNi-LDO as the catalyst. The process was monitored using a UV-Vis

spectrophotometer.

Initially, catalytic reduction of MO was examined in the presence of NaBH4 and time-
dependent UV-Visible spectrum was recorded at A,.qx = 466 nm to determine the extent
of MO reduction (Figure 3.7a). It was observed that addition of only NaBHj4 to the
reaction mixture resulted in a very slow decrease in the absorbance of MO, leading to
only 8.76% reduction of MO even after 3 hours. Subsequently, on addition of ZnCuNi-
LDO to the reaction mixture, the intensity of absorbance maxima at Aua = 466 nm
corresponding to MO dye began to decrease rapidly until its disappearance after 6
minutes along with the complete decolorisation of the reaction mixture, signifying
complete reduction. Percentage reduction of MO, calculated using Eqn 3.1, was found

to be 95.58%.

The formation of by-products was corroborated by the emergence of a new peak at 250
nm, and its intensity kept increasing with time (Figure 3.7b). Therefore, it was
concluded that the addition of ZnCuNi-LDO to the reaction mixture was essential for

the efficient reduction of MO. The rate constant k, calculated from Eqn 3.4 in
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accordance with pseudo-first-order kinetics, was evaluated to be 0.471 min"! (R? =
0.91) (Figure 3.7¢). It may be worth noting that the interaction of NaBH4 with MO
molecules resulted in only partial reduction of the azo group, while the simultaneous
action of NaBH4 and ZnCuNi-LDO catalyst was successful in breaking the
chromophoric azo (-N=N-) group of MO, leading to the formation of smaller amine
moieties. The appearance of absorbance peaks around 250 nm may be attributed to the
possible formation of hydrazine derivatives as reduction products, potentially
including sulfanilic acid (Table 3.2) [37]. The disappearance of peak at 466 nm and
the emergence of new peak at 250 nm corroborated the reduction of MO by the
catalytic action of ZnCuNi-LDO.
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Figure 3.7 Time-dependent UV-Vis absorption spectrum of reduction of MO using (a) only
NaBHa4, (b) using NaBH4 and ZnCuNi-LDO, and (c) linear regression of pseudo-first-order
kinetics model for the NaBH4—assisted reduction of MO using ZnCuNi-LDO.

Table 3.2 Structures of potential products formed on the catalytic treatment of p-NA and MO
with NaBH4 and ZnCuNi-LDO.

Organic Amax OF By-product Amax of by-product
Pollutant pollutant (nm) (nm)
p-NA 380 p-phenylenediamine
H2N—QNH2 240 and 304
MO 466 Sulfanilic Acid
I
HO—ﬁ@NHz 250
o

3.3.2.1.3 Postulated mechanism

The catalytic experiments showed that ZnCuNi-LDO can act as an excellent catalyst
for the NaBHs-assisted hydrogenation of p-NA and catalytic reduction of MO. The
catalysis process is known to follow the Langmuir-Hinshelwood mechanism, which
includes the adsorption of reactants on the catalyst surface followed by the interaction

between the adsorbed reactants to form products. The potential mechanism for the
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NaBHjs-assisted hydrogenation of p-NA and catalytic reduction of MO is presented in
Figure 3.8.

NaBH4 is a good reducing agent and on addition to water, NaBH4 produces
nucleophilic borohydride (BH4") anions. These BH4™ anions break down into BO>™ that
gets adsorbed onto the catalyst surface and delivers electrons and H» to the LDO
surface. H> adsorbed on ZnCuNi-LDO surface forms a metal-hydride complex that
aids in the transfer of H» and electrons to the —NO> group. This leads to the
hydrogenation of —NO, group to —NHj, and results in the formation of p-
phenylenediamine (p-PD).

While in case of MO, the dye molecules are adsorbed onto the ZnCuNi-LDO surface.
ZnCuNi-LDO acts as an electron donor while the dye molecules act as an electron
acceptor and get reduced to its hydrazine derivatives such as sulfanilic acid. Finally,
the reduction products are desorbed from LDO surface, thereby regenerating it for

further catalytic activity.

Sulfanilic Acid N,N-Dimethyl-p-phenyldiamine

Figure 3.8 Postulated mechanism for the NaBHs- assisted catalytic degradation of p-NA and
MO using ZnCuNi-LDO.
The products formed on the catalytic reduction of p-NA and MO are benign, can be

easily degraded, less toxic, do not pollute, and hold commercial importance. Therefore,
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catalytic reduction of p-NA and MO using ZnCuNi-LDO in the presence of NaBHj is
a favourable methodology for eliminating these pollutants from aqueous medium.
3.3.2.1.4 Catalytic Degradation Products of Methyl Orange

The degradation products of MO dye were examined using LC-MS to gain a better
understanding of the degradation process. The LC-MS chromatograms of untreated
MO (0 min) and the reaction mixture after complete decolourisation of MO (6 min) in
ESI+ mode are presented in Figure 3.9. MO molecules (CisHi4N3NaOs3S) get
converted to Ci4H14N3SOs™ due to the dissociation of Na" in water. In the LC-MS
chromatogram presented in Figure 3.9a, the parent MO molecule exhibited a clear
signal at m/z = 304 (A). Additionally, the signal at m/z = 306 (B) may correspond to
the presence of monohydroxylated MO. Further, the LC-MS chromatogram presented
in Figure 3.9b clearly shows the appearance of signals corresponding to by-products
of MO degradation. The signals appearing at m/z =295 (C), 242 (D), 227 (E), 174 (F),
161 (G) and 147 (H) correspond to the by-products (illustrated in Figure 3.9¢) that
were formed as a result of the degradation of MO in the presence of NaBH4 and
ZnCuNi-LDO[38-40].

Based on the potential degradation pathway of MO presented in Figure 3.9¢, it may be
assumed that the degradation of MO consisted of processes including bond cleavage,
demethylation, hydroxyl group insertion, detachment of sulfonic group, benzene ring
opening, and finally the mineralization of intermediates to potentially form CO-, H>O,

NOs", SO4%, etc.
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Figure 3.9 LC-MS chromatograms of (a) untreated MO (0 min) and (b) by-products
obtained on NaBHs-assisted catalytic reduction of MO using ZnCuNi-LDO and (c) potential
degradation pathway of MO.

3.3.2.2 Photocatalytic Degradation of Ciprofloxacin

The light-stimulated catalytic performance of ZnCuNi-LDO was investigated by
studying the degradation of CIF drug under UV light at room temperature and ambient
pressure, and the observations are presented below. Figure 3.10 presents the time-
dependent UV-Vis extinction spectra of CIF at various time intervals within a period
of 120 minutes. In case of CIF, a principal extinction peak appears around Auax = 270
nm. From the absorption spectra, it may be deduced that virtually no amount of drug
was adsorbed by ZnCuNi-LDO. Subsequently, on UV illumination, with the progress
of photocatalytic reaction, the main peak of absorbance maxima for CIF appearing

around Amqx = 270 nm began decreasing steadily. The decrease in absorbance maxima
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may be attributed to the oxidative decomposition of CIF under the influence of UV
light and ZnCuNi-LDO. It may be noted that with the progress of the photocatalytic
reaction, the peak demonstrated a slight blue shift that signified that CIF
decomposition was a mineralization process. Based on the experimental data, it was
determined that ZnCuNi-LDO demonstrated percentage degradation of 84.8% within
120 minutes towards CIF molecules. From the graph plotted between C/Co and time t
(Figure 3.10a inset)), it was deduced that under dark condition, there was no significant
change in drug concentration with time while on UV illumination, concentration of
CIF decreased with increase in reaction time. The plot between CIF concentration and
time t presented in Figure 3.10b depicts that there was a good linear relationship
between In(Co/Cy) and t. Based on the value of R? (0.96) obtained from the plot, it was
concluded that the kinetics of the reaction could be successfully described using the
pseudo-first-order model presented in Eqn 3.2. The value of the rate constant k,
calculated from the slope of the graph plotted between In(Co/Ct) and time t, was found
to be 0.0149 min™!. Thus, it was inferred that while adsorptive uptake of CIF by the
synthesized material was found to be negligible, ZnCuNi-LDO acted as a highly
efficacious photocatalyst and achieved the degradation of CIF under UV light

efficiently within 120 minutes.
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Figure 3.10 (a) UV-Vis absorbance spectrum and (b) kinetics plot for photocatalytic
degradation of ciprofloxacin by ZnCuNi-LDO.

3.3.2.3 Comparison with reported catalysts

The comparison of the catalytic activity of ZnCuNi-LDO with previously reported
catalysts towards the hydrogenation of p-NA, catalytic reduction of MO and
photocatalytic degradation of CIF is presented in Table 3.3. The degradation
efficiencies of ZnCuNi-LDO for p-NA, MO, and CIF were found to be comparable or
even better than those exhibited by the majority of reported catalysts in relatively
shorter time intervals. Therefore, it may be concluded that ZnCuNi-LDO holds the
potential to be an excellent candidate for the catalytic reduction of nitroarene
compounds and azo dyes. The facile synthesis of this catalyst, coupled with its
excellent catalytic performances, affirms the broad-spectrum potential of ZnCuNi-
LDO for wastewater purification by tackling various anthropogenic contaminants,
including azo dyes, NACs, and drugs. The superior catalytic activity may be attributed
to the small size, high surface area and homogeneous distribution of Zn, Cu, and Ni in
ZnCuNi-LDO catalyst, as well as the synergistic interactions between the transition
metals Cu and Ni. It is important to note that ZnCuNi-LDO exhibits marginally slower
catalytic reduction activity than its precursor ZnCuNi-LDH (reported in the previous
chapter) for the reduction of p-NA and MO. However, ZnCuNi-LDO also possesses

the potential to act as an effective photocatalyst for pollutant degradation, an ability
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that was not exhibited by ZnCuNi-LDH. This may be attributed to the fact that thermal

treatment of LDH causes structural reorganisation and defect reformation, resulting in

the formation of new acidic and basic sites due to generation of coordinatively

unsaturated metal cation and oxygen anions (O*") respectively. These Lewis acid sites

(metal cations) and Lewis basic sites (oxide ions) enables synergistic activation of

reactants. Therefore, the conversion of ZnCuNi-LDH into ZnCuNi-LDO provides

additional catalytic properties to the synthesized lattice, thereby establishing ZnCuNi-

LDO as a multifunctional catalytic material.

Table 3.3 Comparison of catalytic performance of ZnCuNi-LDO with previously reported

catalysts.
Pollutant Catalyst Time Removal Reference
(min) Efficiency (%)
p-NA BiS; 10 96 [41]
Au nanowire networks 17 100 [42]
RGO-Ni Nanocomposite 190 93 [43]
ZnCuNi-LDH 3 95.3 [44]
ZnCuNi-LDO 7 96.98 This work
MO Asp-Au NPs 10 >95 [37]
NiFe,04/y-Fe 03 36 100 [45]
Ag-Cu Rhizome Powder 9 96 [46]
ZnCuNi-LDH 4 96.4 [44]
ZnCuNi-LDO 6 95.58 This work
CIF Zn-doped Cu,O particles 240 94.7 [47]
2-C3N4/TiOy/kaolinite 240 92 [48]
AgzPO4-NPs/Cu-NWs 150 85 [49]
ZnCuNi-LDO 120 84.1 This work

3.4 Conclusion

In summary, an attempt was made to fabricate novel and homogenous ternary layered

double oxide consisting of zinc, copper, and nickel by calcination of previously
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prepared ZnCuNi-LDH. The specific surface area of 25.617 m?g’!, estimated using
BET, indicated their potential for catalytic applications. Keeping this in view, ZnCuNi-
LDO was applied as a catalyst for the hydrogenation of p-NA and catalytic reduction
of MO dye. ZnCuNi-LDO was able to successfully hydrogenate p-NA to p-
phenylenediamine (p-PD), and reduce MO to its hydrazine derivatives, including
sulfanilic acid, respectively, with efficiency of more than 95% within ~ 7 minutes. The
reaction rates, evaluated using the pseudo-first order model, were found to be
comparatively higher than already existing catalysts, i.e., 0.402 min' (p-NA
hydrogenation) and 0.471 min' (MO dye reduction). The catalytic action of ZnCuNi-
LDO with the intermediates BO>™ and H» that were produced on the hydrolysis of
NaBHj4 enables its action as an electron relay and facilitates the formation of metal-
hydride complexes that catalyse the hydrogenation of p-NA and reduction of MO.
Further, LC-MS technique was employed to identify potential products formed on the
catalytic reduction of MO and the degradation pathway for MO was elucidated.
Additionally, the use of ZnCuNi-LDO for photocatalytic applications was also
investigated, and it demonstrated good efficiency for the degradation of ciprofloxacin
drug within a time interval of 120 minutes. Photocatalytic degradation was found to
follow pseudo-first-order kinetics and exhibited a reaction rate of 0.0149 min™.
Therefore, the obtained results provide several avenues for the use of ZnCuNi-LDO as
a multivariate catalyst for use in NaBHs — assisted catalysis and photocatalytic
applications to accomplish the elimination of various types of pollutants in aqueous
medium. The developed system has immense potential to contribute to the suppression
of cancer-causing agents and antibiotic resistance in wastewater, while also offering
prospects in other catalytic applications. This is an important advancement in
addressing growing water pollution levels since residual dyes, NACs, and
pharmaceutical products possess bioaccumulative tendencies and can prove to be
cancer-causing and induce antibiotic resistance in bacteria, thereby posing significant
risks to human health.
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SYNTHESIS AND CHARACTERIZATION OF ZnCuCe-
LAYERED DOUBLE HYDROXIDE AND LAYERED
DOUBLE OXIDE FOR PHOTOCATALYTIC
APPLICATIONS

4.1 Introduction

Porous nanomaterials offer a rising platform for a variety of catalytic applications by
virtue of their unique physicochemical properties. Specifically, LDHs are highly
favourable nanostructured porous materials that exhibit excellent surface adsorption
abilities and have sparked substantial interest in the development of new-age inorganic
materials for catalytic applications[1]. In this purview, zinc and copper-based LDHs
have emerged as a popular choice for use as catalysts due to their cost-effectiveness,
high activity, eco-friendly nature and semiconducting properties[2—4]. Combining the
advantageous features of zinc, copper and LDHs in a single lattice has the potential to
produce an extremely efficient and low-cost binary catalyst for a multitude of
applications. A few reports in literature describe the synthesis and applications of zinc
and copper—based LDHs. But often these materials suffer from reduction in catalytic
performance due to issues such as leaching of metals, resulting in loss of active centres,
formation of carbonaceous deposits, and agglomeration tendencies.

In order to overcome these drawbacks and maximise the catalytic potential of LDHs,
many established methodologies have been adopted. One of the most effective
methodologies to accomplish this goal is the incorporation of a rare earth cation
(RECs) to form a ternary LDH lattice[5]. But this objective presents a daunting
challenge due to the difference in atomic radii, pH sensitivity, and high charge density.
Due to their unique electronic configuration, RECs exhibit exceptional electronic,
optical, magnetic, and luminescent properties. Furthermore, their physicochemical
features and multiple oxidation states aid the accommodation of large-sized anions in
the interlayer region and stabilisation of redox-active sites in the lattice[6,7].

Additionally, due to their low electronegativity, the incorporation of RECs can
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contribute to the enhancement of material basicity[8]. REC ions may also result in
reduction of crystallinity, expansion of basal spacing and improvement of
hydrophobicity and mechanical properties[9]. However, the discrepancy in ionic radii,
charge density and coordination preference make their incorporation in LDHs a
difficult task. For this reason, although a few reports describing the synthesis of
transition metal-based ternary LDHs do exist in literature, but the realm of rare earth
metal incorporation for ternary LDH formation remains relatively unexplored[10—-12].
It is also important to highlight that rare earth metals can prove to be an immensely
beneficial addition to LDH nanostructures since they possess profound catalytic
abilities along with high heat and electrical conductivities. But inspite of this, the
incorporation of rare earth metals such as lanthanum (La), indium (In), cerium (Ce),
etc remains scarcely reported. Among these metals, cerium has proved to be an
extraordinary candidate for enhancement of catalytic performance of LDHs. Ce is an
integral part of several industrially significant catalysts due to its redox behaviour,
variable oxidation states, oxygen vacancy creation tendency as well as its tendency to
improve material stability, and its catalytic performance is comparable to several
commercially available single-metal catalysts[13,14]. Therefore, due to their unique
structural, geometric and electronic the combination of zinc, copper, and cerium
cations in one catalyst can prove to be extremely beneficial for use in

The topotactic transformation of rare earth-containing LDHs into corresponding
oxides by means of calcination at temperatures between 350 °C - 550 °C is an effective
approach to obtain nanostructured LDOs with distinct properties and high thermal
stability. Due to the pre-arrangement of metal cations in the LDH precursor, LDOs
contain a uniform distribution of binary and ternary cations at the atomic level without
segregation of cations, leading to high homogeneity in the lattice[15]. Furthermore,
the incorporation of specific photo-active components such as rare earth cations yield
LDOs that possess features such as rapid electron movement, high specific surface
area, and good surface basicity and adsorption properties, thereby enabling their
profitable use as photocatalysts in wastewater remediation[12]. In the recent years, the
photocatalytic degradation process has received immense attention for elimination of
organic pollutants using oxide-based photocatalysts. While TiO> and ZnO remain the

most popular semiconductors for this approach, factors such as large band gap and low
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efficiency limit their wide-scale applicability[16,17]. Recently, the use of new-
generation heterostructured catalysts, particularly LDOs, as photocatalysts has yielded
some interesting results due to their favourable attributes. These materials have been
successfully employed for the degradation of several classes of pollutants such as azo
dyes, drugs, surfactants and pharmaceutical products[18-20]. But the lack of
universality of these materials for the degradation of several different toxins poses a
challenging task and required immediate attention towards fabrication of effective and
universal photoactive materials.

In addition to this, the development of cost-effective, dependable, portable, and easy-
to-use analysis devices with hassle-free applicability in field operations is also the need
of the hour since lab-based analysis techniques are often complex and require
sophisticated instrumentation as well as trained personnel for correct usage. Recently,
the use of colourimetry for water quality analysis based on smartphone imaging has
become increasingly popular due to their convenience and portability[21]. In
smartphones, the quantification of concentration-dependent colour intensity data can
be achieved with relative ease by translation of the colour spectrum of images that
typically lies between 400 nm and 700 nm into different colour spaces such as RGB,
HSV, HSL, HSI, L*a*b*, etc. Information about the colour values can be gathered
using easily available colour detector softwares and applications[22—24]. Therefore,
owing to their multiple advantages, smartphone-based spectrophotometers can prove
to be simple, portable, and accessible alternatives to traditionally used lab-based
spectrophotometers for on-site analysis of effluents. Owing to these factors, there has
been a steep rise in the usage of smartphones for analytical applications in the last few
years, and they have been successfully applied in several scientific domains[25,26].
Therefore, the focus of the current study lies on the synthesis and usage of the
synthesized heterostructured photocatalyst for the degradation of pollutants. Herein,
ZnCuCe-LDO was synthesised from a layered double hydroxide ZnCuCe-LDH
precursor by the thermal treatment method. To the best of our knowledge, this lattice
has not been previously reported in literature. ZnCuCe-LDO exhibited exceptional
photocatalytic abilities of more than 92% for the degradation of both anionic and
cationic dyes under UV light irradiation within 120 minutes, suggesting a promising

future in the photocatalytic degradation field. Further, the residual dye concentration
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in solution was also measured using a low-cost colourimetric method using a
smartphone. The results obtained from UV-Vis spectrophotometer and smartphone-
based method were compared to determine its accuracy and assess its utility in field-
scale applications.

4.2 Experimental Section

4.2.1 Materials

Zinc acetate dihydrate Zn(CH3COO),-:2H>O (Merck, 98.0% purity), copper acetate
monohydrate Cu(CH3COO);-H2O (Merck, 98.0% purity), hydrogen peroxide H2O>
(Merck, 30%), cerium acetate hydrate Ce(CH3COQ),-xH>0 (Sigma Aldrich, 99.9%
purity), Basic Red 2 (CDH Chemicals), Methyl Orange (Merck), and Ciprofloxacin
(CDH Chemicals) were of analytical grade unless otherwise stated, and were utilized
as received without purification. Table 4.1 gives information about the structure,
formulas, and 4. of model pollutant molecules employed in this study.

Table 4.1 Structure and formula of model pollutants employed in the study.

Pollutant Structure Amax Molecular

(nm) Formula

Basic Red 2 H3C | \ N \ CH3 522 C20H19C1N4
2\ =
H,N N NH,

\
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/
\

\>_
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Methyl ﬁ 464 Ci14H14N3NaOsS

CH,

7\
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Ciprofloxacin Y 276 C17H1sFN;05
HN/\

OH

M

4.2.2 Synthesis of ZnCuCe-LDH

ZnCuCe-LDH was synthesized as per the acid hydrolysis methodology previously
reported by Pathak et al[27]. In a typical synthesis procedure, calculated amounts of
zinc acetate dihydrate (0.9877 g), copper acetate monohydrate (0.0499 g), and cerium
acetate hydrate (0.0793 g) were dissolved in 10 ml distilled water separately. On
complete dissolution, solutions of copper acetate monohydrate and cerium acetate
hydrate were added to zinc acetate dihydrate solution and the resultant solution was
stirred for 15 minutes till homogeneity was achieved. Then hydrolysis process was
initiated by the addition of 30% H>O; solution (5 mL) and distilled water (20 mL) with
constant stirring, following which an instantaneous change in color of solution from
pale green to brown was noted. Afterwards, the reaction mixture was sonicated for 30
minutes to ensure size uniformity of LDH particles, and it was then stirred for further
24 hours at room temperature. Finally, the reaction mixture was dried at 60°C in oven
till complete removal of solvent to obtain powdery greenish product.

4.2.3 Synthesis of ZnCuCe-LDO

The ZnCuCe-LDO photocatalyst was obtained by calcination of the obtained ZnCuCe-
LDH precursor at 350 °C for 6 hours in muffle furnace[28]. The schematic
representation of synthesis of ZnCuCe-LDH and ZnCuCe-LDO are presented in
Figure 4.1.
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Figure 4.1 Synthesis of ternary ZnCuCe-LDH and ZnCuCe-LDO.

4.2.4 Characterization
Crystallographic properties of the sample were studied by the use of Powder X-ray
diffraction (PXRD) diffractograms collected using a high-resolution Bruker
diffractometer (D8 Discover) using Cu Ko radiation. Data was recorded at 298 K over
the range of 20 = 5-70°. Functional group identification was done using Fourier-
transform infrared (FTIR) spectrum collected with the help of Perkin Elmer 2000 FTIR
spectrometer by the KBr disk technique. SEM imaging and EDX analysis of the
synthesized samples was done using a Zeiss Gemini SEM microscope. The specific
surface area (Sper) and average pore size distribution were obtained by BET-BJH
(Barrett-Joyner-Halenda) N> adsorption-desorption technique on a Quanta chrome
Nova-1000 instrument at liquid nitrogen temperature 77k. The optical properties of
sample were studied using Jasco V-770 UV-DRS spectrophotometer. In order to
ascertain surface charge of sample, zeta potential was measured using Malvern Zeta-
sizer Nano-ZSP.
4.2.5 Evaluation of Photocatalytic Activity
Light-stimulated catalytic activity of the as-synthesized photocatalyst was investigated
by degrading two dyes - cationic Basic Red 2 (BR2) and anionic Methyl Orange (MO)
dye, as well as ciprofloxacin (CIF) drug under UV light illumination at room

temperature using a custom-made photocatalytic reactor. The reactor set-up consisted
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of a dual-walled quartz tube that encased a high-pressure mercury vapour lamp
(OSRAM India, 125 W) used for providing UV light. The tube was immersed in a
double-walled pyrex glass vessel and water circulation was maintained around the tube
and vessel to avoid thermal effects. The entire set-up was housed in a dark wooden
box to avoid any interaction with external light sources. To evaluate the photocatalytic
activity, 0.05 g ZnCuCe-LDO was suspended in 100 mL of 20 ppm aqueous solution
of dye/drug in the photoreactor. The suspension of the photocatalyst and pollutant
solution was initially stirred for 30 minutes in the absence of light in order to attain
adsorption-desorption equilibrium. After removal of 3 mL aliquot from the suspension
kept in dark, the set-up was irradiated with UV light and then aliquots were removed
at pre-fixed interval of 30 minutes. The retrieved solutions were centrifuged to remove
solid component and then the concentrations of solutions were determined by
measuring absorbance at Auqc = 522 nm for BR2, 464 nm for MO and 276 nm for CIF
using Shimadzu UV-Vis spectrophotometer. The percentage degradation of chosen

toxic moieties was calculated using Equation 4.1:

Percentage dye degradation = @ x 100 (4.1)

o

where Co and C; denote the initial and final concentrations of the pollutants.

4.2.6 Smartphone-based Colourimetric Analysis for Estimation of Photocatalytic
Degradation of Azo Dyes

The quantification of the unknown concentration of dye obtained after the
photocatalytic degradation of dye solution by ZnCuCe-LDO was also attempted using
a smartphone-based colourimetric approach. This method is based on the principle of
variation in absorbance value and colour of the analyte solution. The colour can be
explained in terms of its Red-Green-Blue value, that can be detected using specific
detection softwares and applications. Therefore, it can prove to be an effective way for
coloured effluent concentration examination. For this approach, a low-cost and
portable custom set-up was utilised wherein a cuvette containing dye solution was
placed at an appropriate distance from a white light source in a dark box, and a
smartphone (model: Samsung S22 having 50 MP + 12 MP + 10 MP triple camera) was
used for capturing images of the dye solution. The smartphone was equipped with

“RGB Colour Detector” application that was used to obtain R, G, and B values from

126



Chapter - 4

the captured images. The custom set-up constructed for the smartphone-based

colourimetric analysis of dye solutions is presented in Figure 4.2.

@-{ i 1~

White light Dye solution Smartphone for
source capturing images

Figure 4.2 Custom setup designed for smartphone-based colourimetric determination of dye
concentration.

The RGB values of few selected known concentrations of dye solutions as well as

solution of unknown concentration obtained at the end of the photocatalytic action of

ZnCuCe-LDO were determined using Equation 4.2:

(R+G+B)
RGBreference/sample = 3 (4-2)

The correlation between RGB values and the solution concentration was obtained
using a logarithmic scale, as shown in Equation 4.3, and it was further used for the

construction of a calibration curve.

RGBparameter = Log (M) (4.3)

RGBsample
The RGBparameter 18 considered to be analogous to the absorbance of light by the
solution.
A calibration curve was also drawn using absorbance values of dye solutions of known
concentrations that were obtained using UV-Visible spectrophotometer.
4.3 Results and Discussion
4.3.1 Microstructural, Morphological, and Optical Characterisation Results
In order to determine the effect of incorporation of rare earth Ce cation by replacing
Ni in ZnCuNi-LDH, PXRD pattern was recorded (Figure 4.3). It was observed that the
PXRD diffractogram of ZnCuCe-LDH very closely resembled that of previously
synthesized ZnCuNi-LDH[27]. Therefore, it was inferred that pure phase ZnCuCe-
LDH could be synthesized by replacing Ni with Ce. The peaks were indexed to (002),
(003), and (004) crystal planes, and they corresponded to the hexagonal symmetry
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while the values of d-spacing corresponding to (002) plane and gallery height were
calculated to be 7.45 A and 2.65 A respectively.

The effect of topotactical transformation due to calcination of ZnCuCe-LDH on the
crystalline phases generated in ZnCuCe-LDO, can provide interesting information
about its photocatalytic applications. The PXRD pattern of ZnCuCe-LDO, presented
in Figure 4.3, consists of reflections that majorly corresponded to the hexagonally
symmetric wurtzite phase of ZnO, and were indexed to the (/00), (002), (101), (110),
(103), (200), (112) and (201) hkl planes[29]. Additionally, the appearance of a low-
intensity reflection around 28.5° was attributed to the (///) plane of cubic
Ce02[30,31]. Therefore, the PXRD results provided clear evidence for almost
complete decomposition of the layered arrangement along with the elimination of
interlayer acetate anions and water molecules as a consequence of the calcination of
ZnCuCe-LDH precursor at 350°C for 6 hours. They also suggest the formation of a
highly crystalline and pure phase mixed metal oxide product consisting of Zn, Cu and

Ce cations.
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Figure 4.3 PXRD diffractogram of ternary ZnCuCe-LDH and ZnCuCe-LDO.
The functional groups present in the synthesized samples were identified using FTIR
technique. The FTIR spectrum of ZnCuCe-LDH, presented in Figure 4.4, exhibited a
broad band at 3079 cm!, that was signature of hydrogen-bonded -OH group as well as

surface adsorbed and intercalated H>O molecules. The characteristic bands of
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antisymmetric and symmetric vibration modes of COO- group appeared at 1553 cm™!
and 1439 cm™!, while bands at 1017 cm™ and 954 cm™! represented the fingerprint
absorption bands of acetate anions i.e. C-C stretching and bending modes of -CO

moiety respectively[32]. The absorption bands appearing at wavenumbers below 700

I were related to the characteristic vibration bands between the metal ion and

cm
oxygen (M-0O), as well as lattice vibrations. Therefore, the obtained FTIR spectrum
further confirmed the successful synthesis of ZnCuCe-LDH, having typical structural
characteristics of LDHs with intercalated acetate anions.

To study the impact of calcination on the chemical environment of ZnCuCe-LDH, the
FTIR spectrum of ZnCuCe-LDO was recorded. The FTIR spectrum of ZnCuCe-LDO,
presented in Figure 4.4, was found to be similar to previous reports, with bands
appearing at 2981 cm! that were ascribed to the O-H stretching of water molecules
adsorbed on surface of LDO[33]. In addition, the appearance of a band centered at 654

cm’! was attributed to the presence of metal-oxygen bending deformation vibrations

in ZnCuCe-LDO, while the band at 526 cm™! could be attributed to the Ce-O bond.

ZnCuCe-MMO

2981

O-H bonding Acetate anion M-

% Transmittance

T T T
4000 3000 2000 1000
Wavenumber (cm™)

Figure 4.4 FTIR spectrum of ternary ZnCuCe-LDH and ZnCuCe-LDO.
The morphological features of synthesized ZnCuCe-LDH precursor and LDO were
assessed using SEM-EDX imaging. The SEM micrograph (Figure 4.5a) clearly shows
the characteristic layered arrangement in ZnCuCe-LDH, and the adjoining EDX

spectrum presents the uniform distribution of constituent Zn, Cu, Ce, C, and O atoms
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throughout the lattice. While the SEM micrograph of ZnCuCe-LDO, presented in
Figure 4.5b, shows the existence of spherical and rod-shaped particles that are
characteristic of mixed oxides containing zinc[14,34]. The adjoining EDX spectrum
indicated that the compositional elements Zn, Cu, and Ce were distributed throughout

the calcined product in a homogenous manner.

~ -
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WD= 9.2 mm Mag= 50.00KX Gun Vacuum = 1.726-09 mber |
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Figure 4.5 SEM micrograph and EDX spectrum of ternary (a) ZnCuCe-LDH and (b)
ZnCuCe-LDO.
The textural properties and porosity of ZnCuCe-LDO were determined by the use of
N> adsorption-desorption method at low temperature. The N> adsorption-desorption
isotherm, presented in Figure 4.6a-b, were identified as a typical Type-IV isotherm (as
per IUPAC classification) that are characteristic of mesoporous materials[33]. The
presence of H3-type hysteresis loop suggested the presence of irregular slit-like pores
in non-rigid aggregated particles of mesoporous solids[35]. Further, the absence of a
plateau at high P/Po values corresponded to the physisorption of N> between the
aggregated, stacked plate-like particles that is typical to lamellar materials. The
specific surface area (Sper), pore volume and average pore diameter (calculated from

N> desorption data using BJH method) were found to be 19.784 m?g™!, 0.104 cc g,
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and 15.114 nm respectively. The mesoporosity of the synthesized ZnCuCe-LDO was
attributed to the formation of channels and pores as a consequence of the elimination
of HoO and CO; during the thermal treatment of the LDH precursor. Thus, the

mesoporosity and high Szer warranted the use of ZnCuCe-LDO as an effective

catalytic material.

(@)

60 —@— Adsorption

—O— Desorption

Y
o
1

Sprr=19.784 m> g

Average pore diameter = 15.114 nm

Volume adsotbed (cm® g)
8
1

Relative Pressure (P/P, )

(b)

0.0025 | \

0.0020

0.0015

dV (d) (ccnm™g™)

g ?
0.0010 - i
~

0.0005 —

1 1 1 1
5 25 45 65 85
Pore Diameter (nm)

Figure 4.6 (a) N adsorption-desorption isotherm and (b) corresponding pore size
distribution plots with inset of enlarged view of pore size distribution between 0-20 nm of
ternary ZnCuCe-LDO.

The optical properties of semiconductor strongly influence their photocatalytic
abilities. For instance, the widely used semiconductor ZnO typically shows absorption
band below 380 nm in the UV region, based on which it is used in UV-light stimulated

reactions. Therefore, in order to ascertain the optical behaviour of ZnCuCe-LDO, the

131



Chapter - 4

optical properties were examined using UV-Vis Diffuse Reflectance spectrum (DRS),
and the plot is presented in Figure 4.7a. The spectrum showed a strong absorption band
in the 200-400 nm region that is characteristic of ZnO-containing materials[36]. The
slight shift in absorption band of synthesized LDO to lower wavelength may be the
consequence of the presence of cerium and copper in ZnCuCe-LDO alongside zinc.
The band gap energy, estimated from the Tauc equation, was calculated to be 3.07 eV
(Figure 4.7b) and it was found to be lower than bulk and nano ZnO that exhibited band
gap energy of approximately 3.2 eV[37]. The reduced band gap energy may be
attributed to the oxidation state of Zn and the chemical environment in the LDH
structure that potentially impacted the valence band of Zn. The reduction of band gap
energy is suggestive of faster movement of electrons from the valence band to the
conducting band under lower energy irradiation that results in the production of more
electron/positive hole pairs and directly contributes towards enhanced photocatalytic

activity of ZnCuCe-LDO.

(2) 0.03 -
094 (b)"
0.8 - -
~ N
5 ‘s 0.02
é 19
& By
v 7]
9
= 0.7 4 -~
2 D
; 5
é‘ ~ 0.1
0.6
| [ E,=307eV
0.5
T T T T T 0.00 x . : .
200 300 400 500 600 700 800 2 h 3 4
Wavelength (nm) v (eV)

Figure 4.7 (a) UV-DRS spectrum and (b) Tauc plot of ternary ZnCuCe-LDO.

Zeta potential study was conducted to assess the stability and dispersibility of LDO.
The zeta potential of LDO was found to be -9.44 mV, suggesting moderate stability
and higher affinity to positively charged moieties due to electrostatic forces of
attraction.

4.3.2 Photocatalytic Activity

In order to highlight the advantages of semiconductor-based photocatalytic
degradation, the photocatalytic activity of ZnCuCe-LDO was studied. Cationic BR2
(20 ppm), anionic MO (20 ppm) dyes and ciprofloxacin drug were selected as the target
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contaminants to investigate the photocatalytic activity of as-synthesized LDO (0.05 g).
Before illumination, the suspension was stirred for 30 min in the dark to attain the
adsorption-desorption equilibrium. A negligible fraction of model molecules BR2,
MO, and CIF (<10%) was potentially adsorbed on the surface of the photocatalyst
during the first 30 minutes when the suspension was stirred in the absence of UV
illumination. Subsequently, on light irradiation, the percentage degradation increased
gradually with increase in irradiation time from 30 minutes to 120 minutes for both
dyes.

Further, in order to gain a deeper understanding about the degradation activity of model
molecules, the kinetics of the photocatalytic reaction were studied. Photodegradation
kinetics of organic contaminants in aqueous medium is usually described using the
Langmuir-Hinshelwood mechanism since it provides a correlation between the
concentration of pollutant and the reaction rate of degradation[38]. The model is

described using the Equation 4.4:

—dC _ kyKgqC
dt 1+ Kgq4C

(4.4)

Where k; describes the rate constant of degradation reaction, C depicts the
concentration of the contaminant and Kaq is the adsorption equilibrium constant. Since
only a negligible amount of pollutant was adsorbed on the catalyst, and the
concentration of pollutant was very low, therefore Eqn 4.4 could be reformulated to
resemble equation of pseudo first order kinetics that is generally followed by ZnO-

containing systems:

In(£) = —kt (4.5)

Co

where C, is initial pollutant concentration, C; represents the final concentration of
pollutant after irradiation, while k is the reaction rate constant and t signifies the
irradiation time.

4.3.2.1 Photodegradation of BR2

The photocatalytic activity of ZnCuCe-LDO towards BR2 degradation was
investigated under UV light at room temperature and ambient pressure, and the
experimental results are presented below. Figure 4.8a presents the time-dependent UV-
Vis extinction spectra of BR2 at various time intervals within a period of 120 minutes.

In case of BR2, absorbance maxima appeared around Ame = 522 nm. From the
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absorption spectra, it was deduced that virtually no amount of BR2 was adsorbed by
ZnCuCe-LDO. Subsequently, on UV illumination, with the progress of photocatalytic
reaction, the main peak of absorbance maxima for BR2 appearing around Amuax = 522
nm began decreasing rapidly. It was observed that after UV-irradiation for 60 minutes,
ZnCuCe-LDO was able to achieve rapid degradation of approximately 83% of BR2
molecules. On further illumination above 60 minutes, rate of dye degradation reduced
slightly as compared to degradation rate before 60 minutes. The complete
decolourisation of dye solution after 120 minutes signified the end of the
photocatalytic process, and percentage degradation at end of photocatalytic process
was found to be 97.6% for BR2. The rapid decrease in intensity of absorbance maxima
appearing at Amax = 522 nm with increasing time under UV light irradiation may be
attributed to the oxidation and bond cleavage of the conjugated system and the

chromophore, resulting in degradation of BR2[39].

The kinetics of photocatalytic degradation of BR2 using ZnCuCe-LDO were evaluated
by fitting the obtained experimental data to Eqn 4.5 representing the pseudo-first order
model, and rate constant k£ was determined from the linear regression plotted between
In(Cy/C,) and t (Figure 4.8b). The In(C¢/C,) versus time plots for BR2 presented R?
values of 0.95, signifying that the experimental data was in good agreement with the
pseudo-first-order model. Furthermore, values of rate constant k£ were calculated to be
0.0276 min’! for BR2.
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Figure 4.8 (a) Time-dependent UV-Vis absorbance spectrum and (b) kinetics plot for
photocatalytic degradation of BR2 by ZnCuCe-LDO.

4.3.2.2 Photodegradation of MO

The photocatalytic activity of ZnCuCe-LDO towards MO degradation was
investigated under UV light at room temperature and ambient pressure, and the
experimental results are presented below. The plot depicting change in absorption
intensity as a function of UV light irradiation of MO in aqueous solutions in the
presence of ZnCuCe-LDO photocatalyst is presented in Figure 4.9a. In case of MO,
absorbance maxima appeared around Ana = 464 nm. From the absorption spectra, it
was deduced that negligible amount of MO was adsorbed by ZnCuCe-LDO.
Subsequently, on UV illumination, with the progress of photocatalytic reaction, the
main peak of absorbance maxima for MO appearing around Auax = 464 nm began
decreasing rapidly. It was observed that after irradiation of UV light for 60 minutes,
ZnCuCe-LDO was able to achieve rapid degradation of approximately 60% of MO
molecules. The complete decolourisation of MO solution after 120 minutes signified
the end of the photocatalytic process, and percentage degradation was found to be
92.2% for MO. It may be hypothesized that in case of MO, the intensity of absorption
maxima appearing at Amax = 464 nm decreased gradually with increasing time,
signifying decolourisation of MO solution due to degradation of chromophoric groups
present in the dye molecules[40].

The kinetics of photocatalytic degradation of MO using ZnCuCe-LDO were evaluated

by fitting the obtained experimental data to Eqn 4.5 representing the pseudo-first order
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model, and rate constant k¥ was determined from the linear regression plotted between
In(Cy/C,) and t (Figure 4.9b). The In(Cy/C,) versus time plots for MO presented R?
values of 0.97, signifying that the experimental data was in good agreement with the
pseudo first order model. Furthermore, values of rate constant k were calculated to be

0.0206 min™! for MO.
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Figure 4.9 (a) Time-dependent UV-Vis absorbance spectrum and (b) kinetics plot for
photocatalytic degradation of MO by ZnCuCe-LDO.

It may be worth noting that the slightly higher degradation efficiency of the
synthesized catalyst towards cationic BR2 over anionic MO dye may be attributed to
the negative zeta potential of ZnCuCe-LDO surface, that likely exhibits a higher
degree of adsorption of the positively charged BR2 molecules than the negatively

charged MO molecules. Higher degree of adsorption directly contributes towards
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faster and more efficient degradation of BR2 since adsorption is an integral step in the
photocatalytic process.

4.3.2.3 Photocatalytic Degradation of Ciprofloxacin

The photocatalytic activity of ZnCuCe-LDO towards CIF drug degradation was
investigated under UV light at room temperature and ambient pressure, and the
experimental results are presented below. Figure 4.10a represents the time-dependent
UV-Vis extinction spectra of CIF at various time intervals within a period of 120
minutes. In case of CIF, a principal extinction peak appears around Anax = 276 nm.
From the absorption spectra, it may be deduced that virtually no amount of drug was
adsorbed by ZnCuCe-LDO. Subsequently, on UV illumination, with the progress of
photocatalytic reaction, the main peak of absorbance maxima for CIF appearing
around Anax = 276 nm began decreasing rapidly. The decrease in absorbance maxima
may be attributed to the oxidative decomposition of CIF under the influence of UV
light and ZnCuCe-LDOJ[13]. It may be noted that with the progress of the
photocatalytic reaction, the peaks demonstrated a slight blue shift that signifies that
CIF decomposition is a mineralization process. Based on the experimental data, it was
determined that ZnCuCe-LDO demonstrated percentage degradation of 87.01% within

90 minutes towards CIF molecules.

From the graph plotted between Ci/C, and time t (Figure 4.10a inset), it was deduced
that under dark conditions, there was no significant change in drug concentration with
time, while on UV illumination, the concentration of CIF decreased with an increase
in reaction time. The plot between CIF concentration and time t presented in Figure
4.10b depicts that there is a good linear relationship between In(C¢/C,) and t. Based on
the value of R? (0.95) obtained from the plot, it was concluded that the kinetics of the
reaction could be successfully described using the pseudo first-order model as
presented in Eqn 4.5. The value of rate constant £, calculated from the slope of graph
plotted between In(Cy/C,) and time t, was found to be 0.0219 min™!. Thus, it may be
inferred that while adsorptive uptake of CIF by the synthesized catalyst was found to
be negligible, ZnCuCe-LDO acted as a highly efficacious photocatalyst for the
degradation of CIF under UV light efficiently within 90 minutes.
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Figure 4.10 (a) Time-dependent UV-Vis absorbance spectrum with inset plot of C¢/C, and
time t, and (b) kinetics plot for photocatalytic degradation of CIF by ZnCuCe-LDO.

4.3.3 Smartphone-based analysis of photocatalytic degradation of azo dyes

The solutions obtained after photocatalytic degradation of BR2 and MO using
ZnCuCe-LDO were also evaluated using a smartphone, and the results are shown in
Figure 4.11a-d. The values of R, G, B as well as the calculated RGB parameter of known
BR2 and MO concentrations are listed in Table 4.2. It may be deduced from the results
presented in the table that the higher dye concentration was reflected by highly intense
colour and it resulted in elevated RGBparameter Values. The calibration curve plotted
between RGBparameter and dye concentration was used to determine the unknown
concentration of dye solution, and accuracy of the values was checked using

calibration curve obtained using UV-Vis spectrum data.
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It was found that the spectrophotometric and smartphone-based values were in good
agreement for both BR2 and MO dyes, and the R? values for the plots were found to
be around 0.99. Therefore, it was inferred that smartphone-based colourimetric method
could serve as a reliable, sensitive and accurate method for the rapid determination of

concentrations of coloured effluents in resource-limited settings.
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Figure 4.11 Calibration plots for (a,b) BR2 and (c.d) MO dye concentrations based on
RGBjarameter and UV-Vis spectrophotometry respectively.

Table 4.2 Colour parameters of BR2 and MO dye solutions with different concentrations.

Dye Concentration R G B RGBarameter
BR2
0 255 255 255 0.0
2 229 187 207 0.08
4 238 140 189 0.13
6 - 238 100 174 0.17
8 - 238 73 165 0.20
10 - 238 49 149 0.24
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MO
0 255 255 255 0.0
2 219 207 185 0.09
4 224 202 155 0.11
6 236 202 115 0.14
8 236 200 86 0.16
10 236 193 65 0.19

4.4 Conclusion

In brief, the current study reports the synthesis of a novel ZnCuCe-LDO through
calcination of ZnCuCe-LDH precursor that was utilised for the photo-assisted
degradation of azo dyes. The topotactic transformation of LDH into LDO was
confirmed by PXRD, FTIR and SEM techniques while the optical studies determined
ZnCuCe-LDO to be a UV-active material. The photocatalytic experiments for
degradation of anionic and cationic azo dyes in aqueous medium gave evidence for the
UV-light stimulated catalytic properties of ZnCuCe-LDO, with it exhibiting
approximately 97% dye degradation of cationic BR2 dye and around 92% dye
degradation of anionic MO dye respectively within 120 minutes. Furthermore, the
smartphone-based approach was found to be conducive for real-time determination of
coloured effluent concentration due to its ability to deliver comparable results to UV-
Vis spectrophotometer using a low-cost, portable, sensitive and rapid response set-up.
With the prevalence of smartphone technology, this colourimetric platform can provide
smart solutions for on-site detection and analysis of coloured effluents. Additionally,
the photocatalytic degradative ability of ZnCuCe-LDO was also examined towards
CIF drug, and the photocatalyst exhibited more than 87% degradation efficiency. It is
important to note that while both ZnCuNi-LDH (reported in Chapter 3) and ZnCuCe-
LDO possess photocatalytic behaviour, but the efficiency of Ce-based lattice was
found to be considerably higher. The variable oxidation state, redox properties as well
as the unique geometrical and electronic attributes of cerium provide a platform for

high catalytic activity of cerium-containing materials. Therefore, incorporation of rare
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earth cations in LDH offers several advantages over conventional materials for
catalytic applications.
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CHAPTER -5
INSIGHTS INTO THE LOW SOLVENT SYNTHESIS,
STRUCTURAL MEMORY EFFECT PROPERTY AND
ANION EXCHANGE ABILITY OF ZnCuNi-LAYERED
DOUBLE HYDROXIDE

5.1 Introduction

The recent boom in nanotechnology has shifted the focus on two-dimensional
materials having layered structures that act as host-guest materials with exchangeable
ions. These materials are characterized by traits such as strong intralayer bonding and
weak interlayer interactions. Specifically, anionic clays having positively charged
layers have garnered immense attention due to their extraordinary structural features
and physiochemical properties[1]. Among the various types of anionic clays currently
being researched, layered double hydroxides (LDHs) have caught the eye of several
research groups due to their structural and compositional flexibility[2,3]. Due to these
attributes, LDHs exhibit properties such as surface basicity, anion exchangeability and
intercalation behaviour. Further, the endless possibilities for variation in their structure
by using various cations and anions opens up avenues for their use in applications such
as catalysis, adsorption, sensing, energy storage, and biomedicine[3—5]. But inspite of
all these advantages, the synthesis of LDHs to introduce new features and/or moieties
while maintaining particle integrity is a topic of great interest. Conventionally, the
synthesis of LDHs is generally achieved through methods such as coprecipitation, sol-
gel route, urea hydrolysis, hydrothermal method, salt-oxide method, etc[6,7]. But these
methods often call for the use of toxic precursors, large amounts of solvents, and harsh
reaction conditions. Therefore, the focus of LDH-based research is now moving
towards devising new synthesis methods that overcome these drawbacks. One
significant way to improve existing synthesis methods is the use of lesser amounts of

solvents than typically required. The use of lesser amount of solvent aids the formation
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of more homogenous and small-sized particles due to high concentration of reactants
that leads to uniform nucleation in the reaction medium[8]. It also minimises
uncontrolled growth and aggregation, thereby forming LDHs with higher stability and
dispersibility. Therefore, these low-solvent synthesis methods are green approaches
that involve the minimization or elimination of solvent use for the synthesis of desired
products. These methods hold several advantages over conventional synthesis methods
such as enhanced safety, cost-effectiveness, simpler product processing, reduced waste

production, and lower environmental footprint.

Another method that is widely used for the synthesis of LDHs is the regeneration
process, that utilises the well-known structural “memory effect” property of LDHs and
utilises the process of calcination and subsequent regaining of structure[9]. It is well-
reported in literature that LDHs calcined at temperatures above 500 °C result in the
formation of spinel-type layered double oxides due to the removal of physisorbed,
chemisorbed and interlayer water molecules, intercalated anions and the collapse of
the layered arrangement. But it has been observed that LDOs prepared by the
calcination of LDHs at moderate temperatures (300 °C — 500 °C) can regain their
original layered structure on being treated with desired intercalant anions in aqueous
medium[10]. This unique and attractive feature displayed by LDHs is termed as the
“structural memory effect” property and is one of the major reasons for the increasing
progress of research into LDH-based materials in recent years. This property is the
basis of the reconstruction method of LDH synthesis since it is generally believed that
regaining the layered structure is essentially a rehydration process from mixed oxides
to multi-metallic hydroxide. Therefore, it can be exploited to achieve several goals
such as the sequestration of pollutants, preparation of new LDH species, intercalation
of various inorganic/organic anions in the interlayer region, composite formation and
insights into the structure of LDHs etc. Benhiti et al. utilised the memory effect
property of MgAI-LDH to evaluate the uptake of chromium from aqueous solution,
and compared it with chromium removal by traditional adsorption methods[11]. In
another study, Gao et al. investigated the effect of humic acid on the memory effect
property of LDHs, and found that type of humic acid and nature of metal cations both
determine the memory effect based-regeneration ability of LDHs[12]. Although this

147



Chapter - 5

unique property has garnered significant attention, but in-depth reports discussing the
mechanism of action and the cause behind this property are lacking. Therefore, Jin et
al. attempted to gain a better understanding into the mechanism of memory effect
property and to devise a new LDH synthesis method by utilising ex situ and in situ
solid-state NMR techniques to determine the atomic level changes in local structure
during the structure regaining process of Mg/Al-LDH[13]. They inferred that structure
recovery 1is a retro-topotactic phenomenon and occurs via a dissolution-

recrystallization mechanism with water quantity playing a critical role in the process.

The layered framework of LDHs grants a variety of unique physicochemical properties
to these nanostructures, that opens up several avenues for their utilisation. The scope
of their applications can be expanded further by the intercalation of various guest
molecules in the interlayer region. The process of intercalation potentially stabilises
the lattice and may also result in the expansion of interlayer distance due to
incorporation of large-sized guest molecules[14]. Intercalation may also result in
partial/incomplete incorporation of guest molecules into the host material. In order to
achieve complete replacement on the interlayer moieties, the anion exchange abilities
of LDHs are often favoured since they can be used to bring about drastic changes in
the physiochemical, optical, electronic and magnetic features of the lattice[15]. The
anion exchange method involves the complete substitution of one anion by another
anion in the host lattice as part of the intercalation process. This method is favourable
for fabricating LDH-based composite materials with new and enhanced properties. A
variety of inorganic, organic and polymeric species have been incorporated into the
host LDH lattices using this method[16]. Everaert et al. prepared a Mg-Al LDH
intercalated with nitrate (NO3") anions, and exchanged them with phosphate
anions[17]. The resulting phosphate exchanged-LDH was applied as a slow-release
phosphate fertiliser. In another study, Xu et al. intercalated polyoxometalates anions
[P2W!7]'%" and [CoW2]° were intercalated into ZnAlFe-LDH lattice by means of the
anion exchange method[18]. The new lattice was utilised for the adsorptive removal
and photocatalytic degradation of methylene blue (MB) dye. In order to tailor LDHs
for specific applications such as environmental remediation, energy storage, and

sensing, the incorporation of conjugated polymeric species such as polyaniline (PANI),
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polypyrrole (PPy), has been widely investigated via anion exchange[19,20]. Among
these species, PANI shows immense promise due to its facile synthesis, excellent
environmental stability and thermal resistance as well as high electrical conductivity
and specific capacitance. The easy conversion of PANI to its conducting emeraldine
base form by doping and oxidation using protonic acids is especially useful for the

formation of composite materials[21] (Figure 5.1).
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Figure 5.1 Structures of different forms of polyaniline.

But even though PANI exhibits excellent conducting behaviour, it possesses poor
solubility and mechanical limitations, low biocompatibility, high aggregation tendency
and complexity in synthesis. Meanwhile, combining PANI with LDHs is an effective
way to overcome the drawbacks of both PANI and LDH, while enhancing their
physicochemical properties and maintaining biocompatibility is an effective way to
exploit their complementary properties[22]. As a result, PANI/LDH composites
possess good structural stability and versatility, enhanced conductivity, as well as great
adsorptive and catalytic efficacies, that can unlock their potential for use in advanced

environmental, energy storage, and catalytic applications[23,24]. For instance, PANI-
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Mg/Al LDH nanocomposites were fabricated using a melt compounding technique,
and the nanocomposites exhibited good electrical conductivity[25]. In another report,
NiCo-LDH nanoscroll@PANI nancomposite, synthesized using a combination of
electrodeposition and hydrothermal treatment, was utilized for the fabrication of a
battery-type supercapacitor[26]. A study by Qin et al. described the synthesis of
PANI/ZnTi-LDH nanocomposite using oxidative polymerization, and it was

subsequently used for the sensing of NH3[27].

But the facile and economic synthesis of PANI/LDH composites still poses a daunting
challenging to researchers. Keeping this in view, the anion exchange method can be
the perfect technique for the synthesis of these composites since it allows the
incorporation of large-sized molecules into the LDH galleries, while maintaining
structural integrity and fabricating materials of strategic importance. Therefore, the
objectives of the current study are three-fold — first is the synthesis of ZnCuNi-LDH
using an alternate methodology utilising low amount of solvent; secondly, the
evaluation of the memory effect property for regeneration of ZnCuNi-LDH lattice, and
finally, the intercalation of PANI into ZnCuNi-LDH galleries by exchanging with

interlayer acetate anions via the anion exchange method.
5.2 Experimental Section
5.2.1 Low Solvent Synthesis

The synthesis of ZnCuNi-LDH was carried out using low amount of solvent as per
previously reported acid hydrolysis methodology[28]. For the synthesis, zinc acetate
dihydrate (0.4664 g), copper acetate monohydrate (0.0374 g), and nickel acetate
tetrahydrate (0.0466 g) were mixed and ground up into a fine powder using a pestle-
mortar. For synthesis, 30 mL distilled water and 5 mL H>O, were utilised. The prepared
sample was labelled as ZnCuNi-LDH(LS).

5.2.2 Calcination and Regeneration of ZnCuNi-LDH

ZnCuNi-LDO, obtained on calcination of ZnCuNi-LDH at 350°C, was dispersed in
CH3COOH (50 mL) and the mixture was boiled with continuous stirring till the
volume of solution reduced to 10 mL. Then 2 mL of 30% H>0O; and 30 mL milliQ
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water were added to the reaction mixture and stirred for 24 hours, following which the
beaker was placed in oven at 60°C till sample was completely dried. The schematic

representation of the calcination-regeneration process is shown in Figure 5.2.
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@ @ o Regenerated

ZnCuNi-LDH with
interlayer acetate
anion
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Figure 5.2 Schematic representation of the calcination-regeneration process for

demonstrating memory effect property of LDHs.
5.2.3 Fabrication of PANI/ZnCuNi-LDH composite

In order to exploit the composite forming ability of LDHs, an in-situ oxidative
polymerisation method was employed to achieve the intercalation of PANI into the
interlayer region of ZnCuNi-LDH. Briefly, 0.25 g of ZnCuNi-LDH, previously
synthesized using acid hydrolysis method, 25 mL aniline monomer and 2.5 mL of 30%
H>O> were added to a round bottom flask. Subsequently, the reaction mixture was
refluxed at 60°C for 9 hours in an oil bath with constant stirring at 400 rpm. The
greenish-brown precipitate obtained was filtered, washed with acetone, ethanol, and
DMSO, and then dried overnight in oven at 60°C till complete removal of solvent. The
schematic representation of the synthesis of PANI/ZnCuNi-LDH composite using anion

exchange property is shown in Figure 5.3.

ZnCuNi-LDH
Aniline
monomer
H,0,
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drying
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Figure 5.3 Schematic representation of the synthesis of PANI/ZnCuNi-LDH composite

using anion exchange property.
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5.2.4 Instrumentation

The PXRD patterns of the synthesized samples were recorded using an advanced
Bruker D8 diffractometer over the range of 26 = 5-70°, employing Copper Ka radiation
with 1.5418 A wavelength acquired via a gobel mirror with 1.0 second/step scan rate
and 0.02° step size at 298 K. FTIR spectrum was recorded using a PerkinElmer FTIR
(version 10.5.3). Thermogravimetric analysis was conducted using the PerkinElmer
TGA in the 50-900°C range under flowing nitrogen and at a uniform heating rate of
10°C min™'. SEM with EDX analysis of PANI/ZnCuNi-LDH was accomplished using
a Zeiss Gemini SEM instrument.

5.3 Results and Discussion

5.3.1 Low-Solvent Synthesis

The PXRD pattern of ZnCuNi-LDH(LS) presented in Figure 5.4 exhibited all the
characteristic peaks of hydrotalcite-type materials and closely resembled the PXRD
pattern of previously synthesized ZnCuNi-LDH. The appearance of sharp reflection at
lower 20 angles and symmetric, low-intensity reflections at higher 26 angles
corroborated the formation of pure-phase ZnCuNi-LDH. Therefore, it was inferred that
low-solvent synthesis could prove to be a beneficial methodology for the large-scale

synthesis of ZnCuNi-LDH since it requires the use of minimized amount of solvent.

Low-solvent synthesis
of ZnCuNi-LDH
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Figure 5.4 PXRD pattern of ZnCuNi-LDH synthesized using low-solvent synthesis
approach.
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5.3.2 Demonstration of Memory Effect Property

The unique memory effect property of LDHs lends a structure-regaining ability to
them. For an in-depth investigation of this phenomenon, previously synthesized
ZnCuNi-LDH was first calcined and then rehydrated in presence of acetate anions, and
PXRD patterns were recorded for the calcined and rehydrated samples. The PXRD
diffractogram of the parent sample presents the characteristic peaks that are typical to
LDHs, with high intensity and low intensity reflections appearing at lower 26 and
higher 26 angles respectively. On the other hand, the PXRD pattern of the calcined
product, presented in Figure 5.5, demonstrated the disappearance of the characteristic
LDH peaks along with the appearance of several new peaks at 26 =31.7°, 34.4°, 36.2°,
47.5°, 56.5°, 62.8°, and 68.0°, thereby suggesting the collapse of layered structure.
Furthermore, the newly appeared peaks were ascribed to the 4kl planes (100), (002),
(101), (102), (110), (103), and (112) corresponding to the formation of ZnCuNi-LDO
possessing a hexagonal wurtzite structure[29].

On treatment with acetate anions in aqueous medium, the calcined product regained
its original structure to reform parent LDH lattice, that was corroborated from the
PXRD pattern of the regenerated lattice displayed in Figure 5.5. The appearance of the
characteristic peaks in PXRD diffractogram of regenerated LDH, along with similar
d-spacing values with slight decrease in intensities indicated the successful regaining
of the layered structure. The weakening of peak intensities may be attributed to the

loss of some crystallinity due to the calcination-rehydration process[10].
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Figure 5.5 Comparative plots of PXRD patterns of pristine, calcined, and regenerated

ZnCuNi-LDH.

The comparative FTIR spectra of parent ZnCuNi-LDH, calcined product and
regenerated ZnCuNi-LDH is presented in Figure 5.6. In the FTIR spectrum of the
calcined product, the disappearance of the -OH stretching band that typically appears
around 3400 cm™' as well as the absence of bands around 1579 cm™, 1410 cm™', 1024
cm!, and 683 cm! corresponding to the acetate anion may be attributed to the removal
of hydroxyl groups and the loss of interlayer acetate anion that was the consequence
of the thermal treatment of ZnCuNi-LDH[28]. This corroborated the hypothesis that
calcination resulted in the loss of layered structure of LDH and culminated in the
formation of mixed oxide. Meanwhile, the similarities in the FTIR spectra of parent
ZnCuNi-LDH and regenerated ZnCuNi-LDH signified that layered structure of LDH
had been regained on treatment of calcined product with acetate anions in aqueous
medium. Therefore, the results of FTIR analysis supported the conclusion that
ZnCuNi-LDH successfully demonstrated the memory effect property since it regained

its structure after calcination and subsequent rehydration with acetate anions.
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Figure 5.6 Comparative FTIR spectra comparison of parent ZnCuNi-LDH, its calcined
product and regenerated ZnCuNi-LDH
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5.3.3 Characterization of PANI intercalated ZnCuNi-LDH

The ability of LDHs to act as anion-exchangeable host-guest materials and incorporate
various types of organic and inorganic moieties in their interlayer region can be utilized
to tailor their properties for various applications. Therefore, an attempt was made to
incorporate PANI in the parent ZnCuNi-LDH lattice to determine the flexibility of
interlayer region. The synthesized composite is hypothesized to possess enhanced
physiochemical properties. The PXRD pattern of PANI intercalated ZnCuNi-LDH
presented in Figure 5.7 was found to differ from that of pristine ZnCuNi-LDH in
various aspects. These differences included the shift of characteristic peaks of LDH
to lower 26 angles from 11.88° to 5.59° along with a decrease in their peak intensity.
Furthermore, the emergence of new peaks at 20.2° and 23.4° may be indicative of the
formation of the emeraldine base form of polyaniline in the composite material[30].
The increase in d-spacing value of the characteristic (002) crystal plane of LDHs from
7.44 A to 15.64 A indicated the expansion of LDH interlayer spacing on incorporation
of guest PANI molecules. The slight broadening of the peaks indicated that while the
structural integrity of the parent lattice was still maintained in the PANI/ZnCuNi-LDH
composite, but the organic PANI macromolecule imparted a slight amorphous

character to the composite material upon intercalation in LDH galleries.
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Figure 5.7 Comparative plots of PXRD patterns of ZnCuNi-LDH and PANI/ZnCuNi-LDH

composite.
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Functional group analysis in parent ZnCuNi-LDH and PANI/ZnCuNi-LDH was
conducted using the FTIR technique, and the results are presented in Figure 5.8 (Table
5.1). The FTIR spectrum of ZnCuNi-LDH presented the characteristic broad band of
O-H stretching at 3408 c¢cm™, while the fingerprint bands of acetate group (anti-
symmetric and symmetric stretch. of COO™ group, C-H rocking, C-C stretching, O-C-
O bending and CO>™ rocking) appeared at 1567 cm™', 1417 cm™, 1017 cm™, 953 cm’!,
690 cm™!, and 614 cm™! respectively. The band corresponding to metal-oxygen linkage
appeared at 517 cm’!, thereby corroborating the formation of ZnCuNi-LDH with
acetate anions present in the interlayer region. Meanwhile, in the FTIR spectrum of
PANI fabricated ZnCuNi-LDH, bands corresponding to both PANI and ZnCuNi-LDH
were observed. The appearance of bands at 3448 cm™! and 3265 cm™ was ascribed to
the stretching vibrations of free and binding O-H and N-H bonds respectively that are
hydrogen bonded to the ZnCuNi-LDH surface. The singular weak band at 3058 cm!
corresponded to the vibrational mode of NH?** of the "C¢H4sNH?"CsHs moiety while
the characteristic bands of PANI i.e. C=N and C=C stretching vibrations of the quinoid
imine and benzenoid units were observed at 1573 cm™ and 1509 cm™'[31,32]. A small
band appearing around 1630 cm™ may be ascribed to the H-O-H bending vibrations of
water molecules present in the interlayer region. The C=N stretching and C-N
stretching of secondary aromatic amines, typical of polyaniline base, appeared at 1339
cm™! and 1293 cm™!, while the vibrational mode of NH,"= (N=Q=N) arising during the
protonation reaction of benzenoid and quinoid form appeared at 1170 cm™, along with
the band at 844 cm™ that signified out-of-plane stretching vibrations of C-H from the
para-disubstituted benzene ring. These prominent bands signified the successful
polymerization of aniline to polyaniline. The bands below 750 cm™ can be ascribed to
M-O, O-M-O, and M-O-M skeletal vibrations (M=Zn, Cu, Ni) of the LDH
network[33]. Therefore, FTIR analysis corroborated the successful incorporation of

PANI in ZnCuNi-LDH.
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Figure 5.8 Comparative plots of FTIR spectra of ZnCuNi-LDH and PANI/ZnCuNi-LDH

composite.

Table 5.1 Functional group analysis of PANI-intercalated LDH.

Wavenumber (cm™) Functional group Inference
ZnCuNi-LDH

3408 O-H stretching Stretching vibration of
hydroxyl groups, and
broadness indicates the H-
bonding between -OH groups
and interlayer H,O molecules

1567 & 1417 Anti-symmetric and Confirm the presence of
symmetric stretch. of acetate anions
COO" group

1017 C-H rocking

953 C-C stretch.

690 0-C-O bending

614 COs rocking

517 M-O stretching Presence of metal-oxygen

linkage
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PANI/ZnCuNi-LDH

3448 N-H & O-H stretching ~ Presence of free hydroxyl and
amine groups

3265 Binding N-H & O-H

3058 NH?* vibration "‘CeHsNH?*C¢H4 moiety

1630 H-O-H bending vibration Interlayer water molecules

1573 C=N stretching Confirm the presence of

1509 C=C stretching quinoid imine and benzenoid

units of polyaniline

1339 C=N stretching Presence of secondary
1293 C-N stretching aromatic amines
1170 NH: "= vibration Protonation of benzenoid and

quinoid form

844 C-H bending C-H bending localized on
quinoid ring

748 M-O, M-O-M, O-M-O  Metal-oxygen linkages

701

514

The effect of PANI incorporation on the thermal stability of ZnCuNi-LDH was
assessed using TGA, and the thermograms are presented in Figure 5.9. The thermal
degradation of ZnCuNi-LDH is a three-tier weight loss process wherein the first tier
from room temperature to 210°C can be accredited to the elimination of water
molecules that are physically adsorbed on and present in between the layers of the
lamellar lattice[34]. The second tier, from 210°C to 370°C, arises from the loss of
decarboxylation, dehydroxylation, and interlayer acetate anions, while the final tier
above 370°C reflects further decarboxylation and the dismantling of the layered
structure (Figure 5.9a). In case of PANI intercalated ZnCuNi-LDH, the weight loss
below 240°C may be attributed to the removal of physically adsorbed and interlayer
water molecules, while the weight loss above 240°C is a consequence of the
elimination of interlayer anion and dehydroxylation, accompanied by the destruction
of the PANI backbone (Figure 5.9b)[33] The steep downward curve and lower amount
of char residue in the thermogram of PANI intercalated ZnCuNi-LDH is indicative of
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the higher degree of weight loss in case of PANI intercalated ZnCuNi-LDH as
compared to ZnCuNi-LDH.
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Figure 5.9 Thermogravimetric traces of (a) ZnCuNi-LDH with interlayer acetate anion and

(b) PANI intercalated ZnCuNi-LDH.

The morphological attributes of ZnCuNi-LDH and PANI intercalated ZnCuNi-LDH
were examined using SEM-EDX. The SEM micrograph of ZnCuNi-LDH, presented
in inset of Figure 5.10a, gave clear evidence for the lamellar structure of LDH lattice,
while the EDX spectrum showed the uniform distribution of C, O, Zn, Cu, and Ni
elements in the lattice[34]. While in case of PANI intercalated ZnCuNi-LDH, the
appearance of nanotubes of PANI alongside the homogeneously distributed platelet-
like LDH particles corroborates the formation of PANI intercalated ZnCuNi-LDH
composite[35]. The EDX analysis and elemental mapping (Figure 5.10b) indicated the
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presence of Zn, Cu, Ni, C and N elements in the composite, thereby confirming the
successful intercalation of PANI in ZnCuNi-LDH. Additionally, the elemental
mapping results also corroborated the homogeneous distribution of the constituent

elements in PANI/ZnCuNi-LDH composite (Figure 5.10c).
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Figure 5.10 (a) SEM-EDX image of ZnCuNi-LDH, and (b,c) SEM-EDX image and

elemental mapping in PANI intercalated ZnCuNi-LDH.

160



Chapter - 5

5.4 Conclusions

This chapter demonstrates the synthesis of ZnCuNi-LDH via the acid hydrolysis
method using minute amount of solvent that was confirmed from the PXRD results.
Furthermore, the regeneration experiment corroborated the structure-regaining ability
of ZnCuNi-LDH by virtue of its memory effect property. Therefore, this method could
be utilized for tailoring LDHs with desired properties, and it holds the potential to
deliver great practical benefits in environmental and catalytic applications that demand
recyclability, sustained performance, and adaptability. Additionally, the in-situ
oxidative polymerisation method was used for the intercalation of PANI in the
ZnCuNi-LDH by exchanging the interlayer acetate anions. The intercalation of
macromolecular PANI chains in the interlayer region contributed to swelling of the
lattice, that was accompanied by an increase in the d-spacing from 7.42 A to 15.63 A.
But despite the swelling of lattice, the fundamental integrity of LDH layered
framework remained intact, indicating that anion exchange of acetate anion had
happened successfully. PXRD, FTIR, SEM-EDX and elemental mapping results
further corroborated the intercalation of PANI. The thermal degradation studies,
conducted using TGA, suggested that incorporation of PANI in the lattice resulted in
increased thermal stability of the PANI/ZnCuNi-LDH composite due to the
confinement of PANI backbone within the layers. Therefore, the current work opens
up pathways and avenues for the synthesis of new LDH lattices having enhanced
physicochemical properties that can be tailored according to desirability for utilisation

in various applications.
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SYNTHESIS, CHARACTERIZATION AND CATALYTIC
APPLICATIONS OF CARBON NITRIDE/LDH-BASED
COMPOSITE MATERIALS

6.1 Introduction

A recent and quite exciting breakthrough in the field of materials science is the
fabrication of composites that result from the synergistic combination of two or more
materials. The combination of two or more distinct constituents results in the formation
of new materials that possess enhanced and tailorable chemical, mechanical, thermal,
and optical properties[1]. These synergistically combined composites help in
overcoming several techno-economic and environmental disadvantages associated
with conventional materials that hinder their profitable use in a variety of
applications[2]. This breakthrough has resulted in improved functional properties in
composites such as high surface area, stability and durability, re-usability, enhanced
mechanical strength, enhanced separability, and usually better catalytic efficiency
relative to traditionally employed catalytic materials. In literature, composites of a
variety of materials such as inorganic/organic polymers, carbonaceous materials, metal
and metal oxide nanoparticles, clays, etc have been reported[3—5]. In particular, carbon
and carbon-based composites have become the focal point of research due to their

tailorability and versatility[6,7].

In this purview, carbon nitride (C3N4), a carbonaceous polymer, can be considered a
nexus material owing to its unique properties. It consists of a two-dimensional
conjugated polymer composed of C and N atoms, and possesses several exemplary
features such as large surface area, high stability, low toxicity and excellent
biocompatibility[8]. The exceptional physicochemical properties of C3N4 render it as
an effective material for a wide range of applications such as energy storage, water

remediation, CO> and H; production and biomedics[9—-12]. Specifically, the unique
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chemical makeup and attributes including rapid transfer of electrons, inherent
structural attributes like n-m conjugation and excellent catalytic activity associated
with C3Ns enable its use in a variety of catalytic applications[13,14]. Therefore, C3N4
has caught the fascination of researchers for its potential applications in wastewater
purification. In order to further advance its practical utility, coupling of C3N4 with
other nanostructures to form interfaces could prove to be an effective methodology
due to the exfoliation ability of the layered structure and availability of tunable surface

moieties[15-19].

For this purpose, the combination of C3N4 with clay materials has proven to be an
exciting avenue. Among the variety of clays available, the use of LDHs is highly
favoured due to its versatile structure and modifiable properties. These anionic clay
materials are becoming increasingly interesting as compared to conventional materials
since the hybrid materials of LDHs offer a combination of the properties of LDHs and
other materials[20-22]. These composites often exhibit higher specific surface areas,
excellent anion exchange capabilities, higher number of binding sites, enhanced
stability and reduced agglomeration tendencies in solution. Several research groups
have paired up LDHs with C3Ny, since the combination of LDHs with C3N4 helps in
increasing their performance, and have reported their use in several practical
applications. For instance, Nayak et al. reported the synthesis of a composite material
by coupling of g-C3N4 with NiFe-LDH and studied its water splitting behaviour
towards both H, and O evolution[23]. Khan et al. fabricated g-CsN4/LiAl-LDH
composite and applied it for the adsorptive removal of methyl orange (MO) dye[24].
In literature most studies have reported the use of LDH/C3;N4 composites for
adsorption, photocatalytic, water splitting, and energy storage applications, but their
utility in the field of catalytic transformations remains severely underexplored. To date,
the combination of LDH with C3N4 has not been utilised for the NaBHs-assisted
catalytic degradation of pollutant molecules for water remediation that is an urgent

issue that needs the attention of the masses.

The major contributors to rising water pollution levels include azo dyes and NACs,
since they possess carcinogenic, mutagenic, and teratogenic characteristics, but they

are highly stable molecules, thereby making their elimination extremely

167



Chapter - 6

challenging[25,26]. Specifically, p-Nitrophenol (p-NP) is a commercially widespread
but toxic molecule that has been known to cause dermal, optical, and respiratory
damage. In addition, Congo Red (CR) is an anionic diazo dye that is used widely in
printing and textile industry, and is commonly used as an indicator and histological
stain. But the dye is known to possess carcinogenic potential, and can be metabolized
by aquatic organisms into benzidine, a carcinogen that can harm humans. Furthermore,
due to its complex aromatic structure, CR is resistant to photodegradation and bacterial

breakdown.

An innovative approach to overcome the issue of contaminant degradation and water
pollution is the utilisation of catalytic materials in presence of a reductant, that can
serve the two-fold purpose of water purification by targeting a variety of pollutants
without generating perilous secondary pollutants. The use of NaBH4 aids toxin
degradation and is also used for the conversion of p-NP to p-Aminophenol (p-AP), that
is utilised in various industries while the catalyst helps in progress of reaction.
Furthermore, the breakdown products obtained after catalytic breakdown of the
pollutants can be identified simply with methods like absorption spectroscopy[27].
Traditional materials used as catalysts possess certain disadvantages such as
agglomeration tendency, complex and expensive synthesis methods, and low catalytic
efficiency, due to which the use of these materials is not favoured (Figure 6.1). For
instance, Ahmad et al. synthesized a composite consisting of iron oxide functionalised
with Cu nanoparticles and applied it for NaBHy-assisted reduction of several organic

pollutants[28].

Carbonaceous
Materials

Nanocatalysts
for Water
Remediatior

Metal and

Metal Oxides Composite

Materials

Figure 6.1 Various types of nanocatalysts used for wastewater remediation.
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Lately, the use of LDH-based composites with NaBH4 as a reductant has become a
popular choice for the catalytic degradation of pollutant molecules since it combines
the advantageous features of LDH-based composite materials with the facile nature
and easy applicability of this method. Specifically, hybrid materials comprising of
LDHs and C3Ns are potentially promising catalysts for the removal of organic
pollutants from wastewater on account of the excellent physiochemical properties,
benign nature, and synergistic effects in these composites that can result in higher
catalytic activities[23,29]. The flexibility of design that can be achieved in these
composites by varying factors such as interlayer spacing, number of layers, surface
groups, and functionalization provides a high degree of control over the fine-tuning
and, inadvertently, the profitable applicability of these novel composites. Furthermore,
the robust two-dimensional architecture and interfacial bonding render these structures
highly mechanically, thermally and chemical stable, with the added advantage of
higher surface area and larger number of available active sites for catalytic reactions
to take place. These multifunctional materials can overcome the drawbacks of both
LDH and C3N4, and can surpass the properties of both in terms of catalytic,

environmental, and electrochemical performances[30,31].

Therefore, the objectives of this research work include: (i) synthesis of carbon nitride
(CsNy), (i1) synthesis of two composites coupling C3Ns with ZnCuNi-LDH and
ZnCuCe-LDH using electrostatic self-assembly method, (iii) investigation of the
structural and morphological properties of synthesized hybrids, and (iv) exploration of
the catalytic prowess of the composites towards the elimination of p-NP and Congo

red dye from aqueous media.
6.2 Materials and Methods
6.2.1 Materials

Zinc acetate dihydrate Zn(CH3COO),-:2H>O (Merck, 98.0% purity), copper acetate
monohydrate Cu(CH3COQ),-H>O (Merck, 98.0% purity), hydrogen peroxide H>O>
(Merck, 30%), nickel acetate tetrahydrate Ni(CH3COO)>-4H,O (CDH, 98.00%
purity), cerium acetate hydrate Ce(CH3COO),-xH20 (Sigma Aldrich, 99.9% purity),
Melamine Pure (CDH), NaBH4 (Sigma Aldrich, >98.00%), p-Nitrophenol (GLR
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chemicals, 98.00%), Congo Red (Merck) were of analytical grade unless otherwise
stated, and were utilised as received without purification. Table 6.1 gives information
about the structure, formulas, and A.qx of model pollutant molecules employed in this

study.

Table 6.1 Structure and formula of model pollutants employed in the study.

Pollutant Structure Amax Molecular Formula
(nm)
p-Nitrophenol 320 CeHsNOs
O,N OH
COIIgO Red NH, . 497 C3oH2oNgNaO6S2
S0,Na
N
Q Ny
N303S Q
HN

6.2.2 Synthesis of Carbon Nitride (CN)

CN powder was prepared by the thermal polycondensation of pure melamine powder.
Briefly, 5.0 g of melamine powder was calcined at 550 °C for 4 hours to obtain
yellowish-white product. The product was stored in a glass vial in the oven at 60 °C

for further use.
6.2.3 Synthesis of ZnCuNi-LDH and ZnCuCe-LDH

ZnCuNi-LDH was prepared in accordance with the previously described acid
hydrolysis methodology[32]. In brief, this method first entailed the preparation of
aqueous solutions of zinc acetate dihydrate, copper acetate monohydrate, and nickel
acetate tetrahydrate in 10 mL distilled water separately. Following this, solutions of
copper acetate monohydrate and nickel acetate tetrahydrate were combined with zinc
acetate dihydrate solution with constant stirring until complete homogeneity was
achieved. The acid hydrolysis process was initiated by adding 5 mL of 30% H>0O,
solution along with 30 mL distilled water to the reaction solution. A shift in the solution

color from greenish-blue to brown indicated the formation of ZnCuNi-LDH.
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Subsequently, the reaction mixture was subjected to ultrasonication for 30 minutes to
prevent aggregate formation and to attain uniformly-sized LDH particles. The reaction
mixture was then stirred continuously for 24 hours at room temperature and finally,
the solution was placed in oven at 60 °C for complete drying to obtain the blue-green

ZnCuNi-LDH precursor.

ZnCuCe-LDH was synthesized in a similar manner using 0.9877 g zinc acetate
dihydrate, 0.0499 g copper acetate monohydrate and 0.0793 g cerium acetate hydrate.
On completion of synthesis process, the greenish-white product was stored in oven for

further use.
6.2.4 Synthesis of ZnCuNi-LDH/CN and ZnCuCe-LDH/CN composites

ZnCuNi-LDH/CN and ZnCuCe-LDH/CN composites were synthesized using a facile
electrostatic self-assembly method with 10% CN loading (relative to LDH) using
methanol as a dispersion medium. For composite preparation, appropriate amounts of
CN and LDH were added to 20 mL methanol in separate beakers, and then they were
covered and ultrasonicated till complete homogeneity was attained. Subsequently, the
CN dispersed in methanol was added dropwise to the LDH dispersion, and the reaction
mixture was stirred for another 1 hour. Afterwards, the final dispersion was uncovered
and stirred continuously till the methanol was completely volatilized. The remaining
pale greenish-blue product was dried at 100 °C in hot air oven. The synthesis scheme
for CN and LDH/CN composites is presented in Figure 6.2.

6 Synthesis of Carbon Nitride (CN) \

v

Calcination

-

X
- &
rit‘r_.

Melamine

L

X

Carbon Nitride (CN)

powder

(b) Composite Synthesis - Electrostatic Self-Assembly method

Stirring till

Mixing with
complete drying

constant stirring

CN dispersed LDH dispersed Mixture of CN
in methanol in methanol and LDH in LDH/CN composite
methanol

Figure 6.2 Preparation of (a) carbon nitride (CN) and (b) LDH/CN composites.
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6.2.5 Instrumentation

Crystallographic properties of the sample were studied by the use of Powder X-ray
diffraction (PXRD) diffractograms collected using a high-resolution Bruker
diffractometer (D8 Discover) using Cu Ka radiation. Data was recorded at 298 K over
the range of 20 = 5-85° at scan rate of 1.0 s/step and step size 0.02. SEM imaging,
EDX analysis, and elemental mapping of the synthesized samples were done using a

Zeiss Gemini SEM microscope.
6.2.6 Evaluation of Catalytic Activity

A typical experiment was carried out to evaluate the catalytic abilities of ZnCuNi-
LDH/CN and ZnCuCe-LDH/CN composites, and for this purpose, fresh solutions of
NaBH4 (100 mM), p-NP (10 mM) and CR (100 mg L) were prepared using distilled
water. Further solutions were prepared by diluting the stock solutions as required. The
reaction progress was monitored by means of visual examination and by using a UV-
Vis spectrophotometer, and the disappearance and appearance of absorption bands in
the time-dependent UV spectrum signified the degradation of model molecules and

formation of by-products by the catalytic action of synthesized composite materials.

NaBHjy-assisted hydrogenation of p-Nitrophenol (p-NP) using synthesized composites
was accomplished by adding freshly prepared NaBH4 solution (100 mM, 1 mL) and
distilled water (1 mL) to aqueous solution of p-NP (1 mM, 1 mL) in a cuvette, and it
was mixed well to ensure homogeneity. This was followed by the addition of
composite catalyst (0.001 g) to the reaction mixture at room temperature, and the
absorbance spectrum was recorded on a Shimadzu UV-Vis spectrophotometer at fixed
time intervals. The reaction kinetics were evaluated by analysing the variation in
intensity of absorbance maxima appearing at Anq. = 400 nm at a time interval of one

minute till the complete decolourization of solution and disappearance of the 4. band.

Reduction of Congo Red in presence of NaBH4 using the synthesized composites was
attempted by mixing CR solution (100 mg L™, 1 mL) with freshly prepared NaBH4
solution (100 mM, 1 mL) and distilled water (1 mL). Following this, the composite
catalyst (0.001 g) was added to the above solution to initiate catalytic reaction, and

reaction progress was determined by recording the absorbance maxima at Anax = 497
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nm for CR at one-minute intervals till the solution was completely decolourised and

the band of absorbance maxima disappeared completely.

The percentage degradation efficiency of model molecules was calculated using

Equation 6.1:

: (Co — Co)
Percentage degradation = — x 100 (6.1)
0

where Co and C; denote the initial and terminal concentrations of NAC and azo dye.
6.3 Results and Discussion
6.3.1 Structural and Morphological Properties

PXRD technique was used to confirm the formation of pure CN, pristine ZnCuNi-
LDH and ZnCuCe-LDH, and LDH/CN composites. The diffractograms of pure CN as
well as ZnCuNi-LDH and ZnCuNi-LDH/CN, ZnCuCe-LDH and ZnCuCe-LDH/CN
are presented below. The PXRD diffractogram of CN exhibited its characteristic
pattern, with the appearance of a weak reflection around 13.2° that was indexed to the
(100) hkl plane corresponding to the in-plane structural packing of tristriazine units
(Figure 6.3). The second reflection around 28.5° was indexed to (002) crystal plane
and its appearance was attributed to the presence of interplane stacked conjugated
aromatic rings in the layered CN structure[33]. The absence of any extra peaks in the

PXRD data indicated the successful synthesis of pure-phase g-C3Na.
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Postulated e\teuded tristriazine structure of synthesized CN

Figure 6.3 Structures of melamine and postulated tristriazine structure of CN.
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Meanwhile, the diffractograms of ZnCuNiLDH and ZnCuCe-LDH (Figure 6.4a) bore
a close resemblance to PXRD patterns of hydrotalcite-type materials previously
reported in literature, since they illustrate a singular high intensity reflection at lower
20 angle and low intensity, symmetrical reflections appearing at higher 20 angles[34].
The characteristic reflections were indexed to (002), (003), and (004) hkl planes, and
they corresponded to a turbostratic lattice possessing hexagonal symmetry, that is
typical of anionic layered materials. Additionally, the absence of any peaks
corresponding to hydroxy acetate compounds corroborated the formation of pure

phase, crystalline ZnCuNi-LDH and ZnCuCe-LDH.

In case of ZnCuNi-LDH/CN and ZnCuCe-LDH/CN composites, the diffractograms
exhibited the presence of a predominant halo-type reflection below 10° that is
characteristic of layered materials and was attributed to the LDH component of the
lattice (Figure 6.4b). The appearance of a low-intensity reflection around 13° as well
as a broad reflection around 28° may be attributed to the incorporation of CN in the
composite that acted as a carbon backbone and supported the exfoliated LDH layers
on its surface[24]. The outcomes obtained from the PXRD technique substantiated the
hypothesis that both LDH and CN were successfully incorporated into the LDH/CN

composite heterostructures.
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Figure 6.4 Comparative PXRD patterns of (a) CN, ZnCuNi-LDH, ZnCuNi-LDH/CN, and
(b) CN, ZnCuCe-LDH, ZnCuCe-LDH/CN.

In order to determine the morphological attributes of the composite, the microscale

morphology and elemental composition of ZnCuNi-LDH/CN composite were studied
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using SEM-EDX and elemental mapping techniques and the results are presented in
Figure 6.5. The SEM micrograph in Figure 6.5a shows the random distribution of
clusters with aggregates having irregular shapes and sizes that may have formed due
to the synergistic interactions between LDH and C3N4. This agglomeration is a direct
consequence of the interactions between the positively charged LDH and negatively
charged C3Ng, and is extremely essential for the stability of the composite[35]. The
absence of visible layers may be attributed to the exfoliation process, that results in the
delamination of the LDH and C3Njy layers. The corresponding EDX spectrum clearly
indicated the well-defined spatial distribution of all the constitutional elements Zn, Cu,
Ni, C, N and O (Figure 6.5b). Additionally, the elemental mapping results displayed
the uniform distribution of the constituent elements throughout the lattice, thereby

successfully validating the formation of ZnCuNi-LDH/CN composite (Figure 6.5c¢).
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Figure 6.5 (a) SEM micrograph, (b) EDX spectrum and (c¢) elemental mapping of ZnCuNi-

LDH/CN composite.

6.3.2 Catalytic Activity

Catalytic degradation using NaBH4 with the assistance of a co-catalyst is a highly
effective way to reduce toxin molecules without resulting in the production of
secondary pollutants. Therefore, in the current study, the catalytic degradation of p-NP

and CR was studied as model reaction.
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The NaBHgy-assisted catalytic efficiencies of synthesized ZnCuNi-LDH/CN and
ZnCuCe-LDH/CN composites for p-NP and CR reduction were examined using UV-
Visible spectrophotometer. The progress of catalytic reaction was determined by
observing the variation in absorbance of pollutant molecules solutions. Further, since
NaBH4 (100 mM) solution was highly concentrated as compared to p-NP (1 mM) and
CR (100 mg L), the reaction rate was considered to be free of the influence of BHs"
concentration. Hence, the hydrogenation of NAC and reduction of azo dyes was
considered to follow pseudo-first order kinetics, and is shown in Equation 6.2:

In (CC,—;) =K (6.2)

Where K denotes rate constant, and CO and Ct are the initial and final concentrations

of NAC and azo dyes.

Since the model molecules possessed distinct colours and yielded peaks in the visible
region, reaction rate was calculated in terms of comparative absorptive intensity.

Therefore, using Beer-Lambert’s law (Equation 6.3)
A= eCl (6.3)

Kinetics of reaction are expressed in terms of absorption by Equation 6.4:

In (g—;) = In (j—;) =kt (6.4)

Where Ao and A; are the initial and final absorbance of NAC and azo dyes.
6.3.2.1 Catalytic activity of ZnCuNi-LDH/CN composite

The catalytic activity of ZnCuNi-LDH/CN was ascertained against p-NP and CR using
NaBH4 as a reductant. In case of p-NP, when NaBH4 and p-NP were mixed, the
appearance of an absorbance peak at 1..x =400 nm was observed that may be attributed
to the formation of nitrophenolate ion, as seen in Figure 6.6a. On addition of the
synthesized composite catalyst, the peak at Anu. = 400 nm started decreasing
instantaneously, thereby confirming the decrease in p-NP concentration as a result of
the successful hydrogenation of the nitro group of p-NP molecules. Meanwhile, a new

peak appeared at 302 nm that was indicative of the formation of p-AP as the
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hydrogenation product of p-NP. The complete disappearance of the peak after 6
minutes suggested the rapid hydrogenation of p-NP. The percentage hydrogenation of
p-NP, evaluated using Eqn 6.1, was found to be 93.95%. The rate of reaction (k) was
evaluated from the linear plot between In(C¢/C,) and reaction time t (min), and it was
calculated to be 0.432 min!' (R? = 0.86) in accordance to pseudo-first order model

(Figure 6.6b).

The UV-Vis absorbance vs wavelength plot for the catalytic reduction of CR is
presented in Figure 6.6¢. CR molecules contain chromophoric azo (-N=N-) groups that
impart its characteristic red colour, due to which they present absorption bands at 497
nm (1 — « *) and 350 nm (n — © *) in the UV-Vis absorbance spectrum. For the
purpose of this experiment, the change in absorbance was noted at absorbance maxima
Amax = 497 nm. On addition of NaBH4 to the CR solution, no changes in the peak
intensity and position were observed. Furthermore, there was no significant change in
color of the solution. While on addition of ZnCuNi-LDH/CN catalyst, a considerable
change was observed in the color of the reaction mixture along with the reduction in
the intensity of peak present at An. =497 nm, that may be credited to the reduction of
the azo bond. With the progress of reaction, the peak intensity decreased rapidly until
its eventual disappearance after 4 minutes, accompanied by the complete
decolourisation of the reaction mixture that signified complete dye breakdown. The
percentage of dye degraded at the end of catalytic reaction, calculated using Eqn 6.1,
was found to be 99.30%. The rate constant k, obtained by linearly regressing
experimental data to the pseudo first order model in the plot between In(Cy/C,) and
reaction time t (min), was evaluated to be 0.956 min™ (R?> = 0.7) (Figure 6.6d).
Therefore, the dissipation of peak at 4. =497 nm and emergence of new peaks in the
recorded absorbance spectra gave evidence for the rapid degradation of CR in presence
of ZnCuNi-LDH/CN composite and NaBH4. Furthermore, the new peaks arising in the
UV-Vis absorbance spectrum were attributed to the formation of colourless aromatic
amines as by-products due to cleavage of the azo groups to form hydrazo (-NH-NH-)

or amine (-NH-) moieties in the catalysis reaction.
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Figure 6.6 UV-Vis absorption spectrum and linear fitting of pseudo-first kinetics model
respectively for the NaBHs-assisted catalytic reduction of (a,b) p-NP and (c,d) CR dye using
ZnCuNi-LDH/CN composite.

6.3.2.2 Catalytic activity of ZnCuCe-LDH/CN

The ability of ZnCuCe-LDH/CN to act as a catalyst for the hydrogenation of p-NP and
reduction of CR was also evaluated using NaBH4 as a reductant. The time-dependent
absorption spectra of composite-catalysed p-NP hydrogenation is presented in Figure
6.7a. On addition of NaBHj4 to p-NP solution, a singular absorbance peak was observed
at Amax = 400 nm and intense colouration of solution to a bright yellow colour was
observed. Then upon addition of ZnCuCe-LDH/CN composite catalyst to the solution,
the intensity of peak appearing at Au. = 400 nm decreased rapidly and completely

dissipated after 5 minutes. Visual investigation of the reaction mixture showed the
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disappearance of the bright yellow colour, and may be attributed to the conversion of
the nitro group to amine group (-NH») on addition of H» to the nitro group during
hydrogenation of p-NP molecules. Further, appearance of a new peak at 302 nm
corroborated the formation of hydrogenation product p-AP. The percentage
degradation efficacy described in Eqn 6.1 was calculated to be 96.14% for p-NP
hydrogenation. The rate of reaction was evaluated by monitoring the decrease in
absorbance of p-NP at A,.ax =400 nm, and rate constant of reduction (k) was determined
by linearly plotting In(C¢/C,) versus reaction time t (min). Therefore, k£ was calculated
from the kinetics data using Eqn 6.4 by employing the pseudo first order model and
was found to be 0.572 min™! (R? = 0.84) (Figure 6.7b).

The UV-Vis absorbance vs wavelength plot for the catalytic reduction of CR is
presented in Figure 6.7c. Absorbance change was noted at absorbance maxima Ayax =
497 nm for CR. No change in the peak intensity and position was observed on addition
of NaBH4 alone. But when ZnCuCe-LDH/CN composite was added to the solution, a
visible change in the intensity of color of the reaction mixture was observed and the
intensity of absorbance maxima present at Anax = 497 nm decreased rapidly. With the
progress of the catalytic reaction, the peak kept decreasing steadily until its eventual
disappearance and the complete decolourisation of reaction mixture within 4 minutes,
that signified the complete reduction of CR molecules. Percentage degradation of dye
was calculated using Eqn 6.1, and was found to be 98.96%. The rate constant £,
obtained from the plot between In(C¢/C,) versus reaction time t (min) by linearly
regressing experimental data to the pseudo-first-order model, was evaluated to be
0.938 min! (R? = 0.83) (Figure 6.7d). In the time dependent UV-Vis spectrum for CR
reduction using ZnCuCe-LDH/CN, the emergence of new absorption peaks was
ascribed to the generation of colourless aromatic amines that were formed by the
reductive cleavage of the azo (-N=N-) linkages to form hydrazo (-NH-NH-) or amine

(-NH-) intermediates during the catalytic transformation.
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Figure 6.7 UV-Vis absorption spectrum and linear fitting of pseudo-first kinetics model for
the NaBH, - assisted catalytic reduction of (a,b) p-NP and (c,d) CR dye using ZnCuCe-
LDH/CN composite.

The percentage degradation (determined using Eqn 6.1) and rate constants of the
catalytic degradation reactions of p-NP and CR wusing NaBHs and LDH/CN
composites, determined from the slope of In(Cy/C,) vs reaction time t curve, are

summarized in Table 6.2.

Table 6.2 The rate constants for the catalytic degradation of p-NP and CR using NaBH4 and
LDH/CN composites.

Pollutant Percentage Degradation (%) Rate Constant (k, min™)
ZnCuNi-LDH/CN
p-NP 93.95 0.432
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CR 99.30 0.956
ZnCuCe-LDH/CN

p-NP 96.14 0.572

CR 98.96 0.938

6.3.2.3 Postulated Mechanism

On the basis of the aforementioned catalytic investigation results, a plausible
mechanism for the catalytic reduction using NaBH4 in the presence of LDH/CN
catalysts has been proposed. NaBH4 hydrolyses in aqueous medium to form BH4 and
Na" ions. Subsequently, the NaBHs-assisted catalytic reaction proceeds through the
Langmuir-Hinshelwood mechanism that consists of three steps: (1) breakdown of BH4"
into BOz™ and H», and transfer of hydride to catalyst surface forming M-H linkages,
(2) adsorption of pollutant molecules onto the catalyst surface, and (3) reduction of
adsorbed pollutant molecules due to transfer of electrons and H from catalyst.
Subsequently, the byproducts formed are desorbed from the catalyst surface, resulting
in reactivation of the catalyst for further catalytic reactions. Herein, step 2 i.e.
adsorption of pollutants is the slowest in nature, therefore it is the rate determining
step for this process. In the present study, the reduction of p-NP and CR using NaBH4

in the presence of LDH/CN composites occurs via the same pathway.

In case of p-NP, the catalytic reaction is initiated by diffusion and adsorption of p-NP
onto the active sites on the catalyst surface due to n-m stacking interactions. The nitro
groups of p-NP strongly withdraw electrons from the aromatic ring, that further
exacerbates the m-m interactions between p-NP and the composite -catalyst.
Subsequently, the adsorbed nucleophilic BH4™ moiety donates hydrogen atoms on its
hydrolysis to the catalyst, that is then followed by the formation of a metal-hydride
(M-H) complex. Due to the high concentration of p-NP on catalyst surface, and the
difference in electronegativities of hydride radical and catalyst cations, the hydride
radical from the M-H complex attacks the nitro group of p-NP to form the nitroso and
hydroxylamine intermediates, followed by the generation of final hydrogenation

product p-AP[36]. On completion of this step, p-AP molecules are desorbed from the
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catalyst surface, thereby freeing the active sites and reactivating the catalyst for further

reduction.

The reduction of CR dye molecules proceeds through the transfer of electrons from
the hydrolysed BH4 ions to the CR molecules via the composite catalyst that acts as a
redox catalyst. Electrophilic CR molecules adsorbed on the catalyst surface receive
electrons from the nucleophilic BO;™ through the catalyst acting as an electron
mediator, resulting in their reduction. The toxic CR molecules are successfully
converted into environmentally benign products by the use of this environment-
friendly green catalyst. Finally, the reduction by-products are desorbed from the

catalyst surface into the reaction medium.

In the catalytic reaction, the ZnCuNi-LDH/CN and ZnCuCe-LDH/CN composites
play a multivariate role. First, the catalyst augments the rate of reduction reaction by
lowering the activation energy barrier, thereby making the reaction kinetically feasible.
Secondly, the porous structure provides large surface area and easy access to the active
sites of catalyst for the rapid transport and diffusion of hydride and electrons, thereby
enabling the reaction to occur readily. Third, the synergistic interactions between the
Cu and Ni cations in ZnCuNi-LDH/CN, and Cu and Ce cations in ZnCuCe-LDH/CN
composites enhance the electron relay ability of the catalysts, while the CN component
participates in the m-m stacking interactions with the pollutant molecules, thereby
increasing their rate of adsorption onto the catalyst surface. Additionally, the anchoring
of LDH nanosheets on CN creates a robust architecture that resists aggregation and
leaching, thereby preserving the catalyst's active surface area and active sites
throughout the catalyst process. The interactions between the 2D surfaces of the LDH
and CN create a chemically inert structure with exposure to an abundant number of
active sites, thereby resulting in excellent catalytic activity of the composites for the
degradation of pollutant molecules. The synergy between the composite components
leads to significant improvements in both the stability and efficiency of catalytic
reactions, making LDH/CN composites highly suitable for use as sustainable and

robust catalytic materials.
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6.3.2.4 Comparison with Reported Catalysts

The superior catalytic activity of ZnCuNi-LDH/CN and ZnCuCe-LDH/CN
composites for the catalytic degradation of p-NP and CR is highlighted on being
compared with those previously reported catalysts (Table 6.3). This study reports the
synthesis and characterisation of novel ZnCuNi-LDH/CN and ZnCuCe-LDH/CN
composites using a facile electrostatic self-assembly method. On comparison with
previously reported catalysts, it was inferred that both ZnCuNi-LDH/CN and ZnCuCe-
LDH/CN composites showed enhanced activity within shorter reaction times. The
excellent catalytic activity of the composites may be attributed to the synergetic
interactions between the transition metal Cu and Ni atoms. Furthermore, the formation
of catalyst by supporting exfoliated LDH layers on the carbon support C3Ns also
contributes to the enhancement of catalytic activity by providing increased surface area
and exposure to active sites. Although the composites were able to effectively reduce
p-NP, it is important to note that the synthesized composites were also able to
effectively reduce anionic CR dye. CR molecules contain two azo bonds that are often
difficult to reduce due to their lower reduction potential and higher resonance
stabilization of its azo bonds, thus reducing the efficacy of the procedure. But both the
synthesized composites were able to demonstrate effective reduction of CR dye, that
was previously not achieved when only ZnCuNi-LDH was used. Thus, it may be
inferred that the synthesized ZnCuNi-LDH/CN and ZnCuCe-LDH/CN composites are
one-of-a-kind novel materials that possess superior catalytic activities towards both

NACs and anionic azo dyes.

Table 6.3 Comparison of catalytic performance of ZnCuNi-LDH/CN and ZnCuCe-LDH/CN

composites with previously reported catalysts.

Pollutant Catalyst Time (min) Removal Reference
Efficiency (%)
p-NP Guar Gum-stabilised Pt 7 93.7 [37]
NPs
Nanoscale zero valent 20 98 [38]
iron
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Bi,0,C0O3/ZnFe>0430% 30 Complete [39]
Reduction
ZnCuNi-LDH 3 95.3 [32]
ZnCuNi-LDH/CN 6 93.95 This work
ZnCuCe-LDH/CN 5 96.14 This work
CR Cobalt NPs 7 100 [40]
HKUST-1/PAA 25 100 [41]
hydrogel composite
N-doped fluorescent 10 100 [42]
carbon nanodots
ZnCuNi-LDH 4 96.4 [32]
ZnCuNi-LDH/CN 4 99.30 This work
ZnCuCe-LDH/CN 4 98.96 This work

6.4 Conclusion

The current work describes the synthesis of carbon nitride (C3N4) via thermal treatment
of pure melamine powder and further summarizes the fabrication of heterostructured
ZnCuNi-LDH/CN and ZnCuCe-LDH/CN composites using the facile electrostatic
self-assembly method in the presence of methanol as a dispersion medium. The
structural and morphological properties of synthesized composites were studied using
PXRD, SEM-EDX, and elemental mapping techniques. Further, the potential
applications of synthesized ZnCuNi-LDH/CN and ZnCuCe-LDH/CN composites as
catalytic materials for wastewater remediation were explored. The composites were
utilized as catalysts for the NaBHs-assisted degradation of p-NP and CR. The findings
of the catalytic experiments suggested that the combination of ZnCuNi-LDH and
ZnCuCe-LDH with CN yields a highly efficient catalyst that was capable of reducing
CR dye, that was previously unattainable with pristine LDH samples. Furthermore,
ZnCuNi-LDH/CN and ZnCuCe-LDH/CN were able to effectively achieve the
hydrogenation of p-NP within a short time span of 6 and 5 minutes respectively, while
both the composites reduced CR dye molecules within just 4 minutes. The synthesized

composites exhibited more than 93% removal efficiencies for p-NP and CR. Therefore,
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this study proposes that composites of CN and LDHs possess noticeable catalytic
activity and could be effectively applied as green catalysts in practical wastewater

remediation applications.
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CHAPTER -7
SYNTHESIS, CHARACTERIZATION AND CATALYTIC
APPLICATIONS OF MAGNETICALLY SEPARABLE
Fe304/Si02/ZnCuNi-LDH BASED COMPOSITE
MATERIALS

7.1 Introduction

In recent years, remarkable progress has been achieved in the field of composite
materials due to advancements in the development of inorganic-organic hybrid
materials. Composites are engineered by the strategic combination of multiple
components (matrix and reinforcement) with distinct but complementary features, and
the resulting product is an advanced material with enhanced characteristics[1]. The
particular interest in composites arises due to their significant advantages over
conventional single-component materials, including easy tailorability, excellent
mechanical, electrical and thermal properties, high chemical resistance as well as their
versatility. These composites exhibit improved functionality in various aspects of
material performance, outperforming even that of constituent materials used
individually[2]. The scope of the practical utility, functionality and applicability of
composites can be further widened by (i) having one of the phases in one, two, or three
dimensions of less than 100 nm, or (ii) having the repeat distances between the
different phases of the material in nanoscale. These materials, termed as
nanocomposites possess significantly enhanced properties due to the high surface area-
to-volume ratios of the reinforcing phase and excellent dispersibility, that contribute
to high specific surface areas, and result in superior thermal, magnetic, electrical,
mechanical, and flame-retardant properties[3]. Therefore, these nanostructures can be
highly tuned for a multitude of applications, including water remediation, catalysis,
sensing, biomedics, etc[4—7]. Among the wide spectrum of nanocomposites that are
currently being developed and used, magnetic nanocomposites have emerged as a

promising candidate for performing performance and overcoming drawbacks faced by
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traditional nanocomposites[8—10]. Their intrinsic magnetic abilities can be
advantageously used to achieve maximum output of performance with minimum input
needed for their separation from various media since it can be easily achieved by the
use of external magnetic field. To formulate these materials, the use of iron oxide
nanoparticles (IONPs) is highly favoured since they occur in several phases
(magnetite, hematite, etc), and each phase possesses distinct magnetic properties that
can be tailored at per the required application. Furthermore, their synthesis has been
widely reported in literature using both chemical and green methods. Keijok et al.
synthesized superparamagnetic iron oxide nanoparticles using the coprecipitation
method, and employed them for the adsorption of bovine serum albumin (BSA)
molecules[11]. Recently, Naik et al. reported the biosynthesis of iron oxide
nanoparticles using Bacillus subtilis, and investigated their potential to mitigate
salinity stress in rice[12]. Therefore, based on the fact that they are economical,
biocompatible and chemically stable, IONPs have quickly become one the most
researched materials in recent times. However, the fact that these materials possess
agglomeration tendencies, are unstable and cannot be stored for long, combined with
their limited adsorptive and catalytic abilities hinders their commercial usage. In order
to overcome these drawbacks, iron oxide nanoparticles (IONPs) are often combined
with various classes of active materials such as inorganic and organic polymers,
carbonaceous materials, surfactants, metals and metallic oxides, etc. to form magnetic
nanocomposites. For instance, Abd-Elrahman reported the synthesis of iron oxide
(I0)-polyaniline nanocomposite and utilised it for the electrochemical elimination of
lead and cadmium ions from polluted water[13]. Raheem et al. developed a graphene
oxide (GO) -iron oxide nanocomposite using Myrtus communis extract via a pulse
laser ablation (PLA) and a hydrothermal method. The nanocomposite was utilised for
the sensing of NO2 and NHj3 gases[14]. A biphasic lithium iron oxide nanocomposite
was developed by Ghosh et al., who used the system for EMI shielding due to its
magnetic properties[15]. In this regard, a recently emerging class of active materials
possessing multifunctionality that can be advantageously combined with IONPs are

the hydrotalcite-type layered double hydroxides (LDHs).
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LDHs are exemplary anionic layered materials that possess a host of unique
physicochemical features such as high specific surface area, anion exchange abilities,
stability in colloidal solutions, exfoliation ability, etc, due to which they have been
successfully utilised as multifunctional materials in a multitude of applications such as
water treatment, biomedics, energy storage, sensing, etc. The presence of positively
charged layers composed of conjoined M(OH)s octahedra (M = divalent and trivalent
metal action, OH = hydroxyl group) in the lamellar framework renders them as
excellent active materials for usage in various avenues. Since LDHs can be synthesized
with relative ease, and they exhibit high chemical and thermal stability and pH
buffering abilities, the use of LDHs in various fields been previously reported. For
example, Tao et al. synthesized a hybrid CoNi-LDH having both crystalline and
amorphous character, and utilised it for the fabrication of a supercapacitor[16]. The
asymmetric supercapacitor exhibited excellent high areal energy density and areal
capacitance. In another study, Li et al. prepared Nio¢7Vo33-LDH and integrated it with
aminoxyl radical to form an electrocatalyst for the electrochemical oxidation of
primary alcohols to aldehydes[17]. Furthermore, the use of transition metals in LDHs
takes their catalytic prowess one step further due to the variable oxidation states, redox
behaviour, and unique geometrical and electrochemical attributes of transition metals.
But in spite of all these advantages, the main issues encountered during the usage of
LDHs are their high aggregation tendencies that lead to reduced catalytic activity, and
the difficulty in separation from the dispersion medium that inadvertently contributes
to low material performance. An innovative and revolutionary solution to overcome
these drawbacks is to combine LDHs with magnetic nanoparticles to form magnetic

nanocomposites.

As a consequence of nanocomposite formation, synergistic interactions come into
effect between the iron cation and the cations of LDH lattice, which in turn leads to
enhanced catalytic abilities. Additionally, nanocomposite formation prevents
aggregation or restacking of exfoliated LDH layers, while also facilitating faster ion
diffusion and improving robustness of the catalyst. The combination of LDH with
IONPs also provides some degree of control over the size and shape of the IONPs.

Therefore, LDH-functionalised IONPS are the perfect choice for use in catalytic
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applications since they combine the several advantageous features of LDHs (facile
synthesis, high surface area, abundance of active sites, adsorption ability, good
dispersibility and exfoliation ability, excellent catalytic ability, benign nature,
biocompatibility) with that of IONPs (economical synthesis, magnetic nature, easy
separability, resistance to oxidation, low toxicity, ease of functionalisation, good
biodegradability). Consequentially, these LDH-IONP nanocomposites are ideal for the
construction of a multifunctional platform that can be used to achieve maximum output
of performance with minimum input required for their separation from various media

since it can be easily achieved by the use of external magnetic field[18,19].

Furthermore, during the process of nanocomposite formation, pristine, uncoated
IONPs often tend to oxidize readily in air, thereby losing their magnetic properties and
subsequently facing problems in functionalisation with LDHs. Their handling is also
often deemed to be quite cumbersome due to high agglomeration tendency of IONPs
by virtue of their magnetic interactions. Therefore, in order to reduce structural
degradation and maximise IONP stability, surface modifiability while also reducing
particle agglomeration, protection of IONP surface with silica (Si07) is generally
preferred due to its benign nature. The silica coating enhances their colloidal stability,
and also safeguards their external surface against several degradative chemical
phenomena such as oxidation, leaching, and corrosion under harsh environments. The
silanol (Si-OH) groups of Si0O; also act as functionalisation sites, thereby enabling the
adherence of LDH layers onto their surface to attain stable, biocompatible, and tunable
nanostructures. Based on this premise, these composites can prove to be beneficial for
use in catalysis, since the availability of abundant active sites and their magnetic
separability render them as the ideal catalyst that may be profitably used in the field of

wastewater remediation[20].

This knowledge can prove to be important for combating increasing levels of water
pollution that are a consequence of the explosive growth in agriculture and
industrialisation in recent years. Contamination of freshwater sources by the
uninhibited release of toxin-laden effluents, especially dyes and nitroarene compounds
(NACs), into water bodies aggravates the already existing global water crisis[21].

Specifically, dyes such as rhodamine B and NACs including p-NP that are widely used
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in the textile, food, paper, and leather industries need immediate absolvement due to
their carcinogenic and mutagenic characteristics and resistance to bacterial action. In
particular, Rhodamine B, a cationic dye belonging to the xanthene family, is renowned
for its strong absorption and fluorescence within the visible region of the
electromagnetic spectrum. The uniquely high photostability, intense emission, and
fluorescent behaviour of this dye make it highly valuable in applications such as
bioimaging, fluorescence microscopy, and laser technologies[22]. Additionally,
features such as vivid coloration and excellent dyeability have led to its extensive use
in the textile and cosmetic industries. However, the high chemical resilience of
Rhodamine B contributes to its widespread use, that inadvertently culminates in
contribution to water pollution levels. Fortunately, researchers have tried to keep pace
with ever-increasing water pollution levels by developing efficient solutions and

methodologies to combat this issue and evade its impact on the environment[23].

The treatment of pollutants with NaBH4 and catalyst to achieve their degradation is a
promising technique that is focused on chemically reducing toxin molecules to their
simple, benign and non-toxic derivatives or breaking them down to form H>O and CO»
without resulting in the formation of secondary pollutants. But from the perspective of
profitable usability, the inevitable problem of catalyst separation needs to be
addressed. LDH-IONP nanocomposites hold the potential to provide solutions to all
problems that are faced with existing catalytic materials since they fulfil all the criteria
for ideal catalysts while also providing the added bonus of easy and cost-effective

synthesis, and easy recoverability using an external magnetic field.

In literature, several reports have documented the use of LDHs and their various
composites as catalysts, and others have described their use for wastewater
remediation[24-27]. However, based on extensive literature survey, it was deduced
that the synthesis of LDH/IONP nanocomposites and their use for azo dye and NAC
degradation remains severely underexplored. Therefore, the present study describes
the facile and eco-friendly synthesis of a magnetically separable hybrid catalyst
composed of ZnCuNi-LDH and IONPs. In order to maximise the advantages of this
catalyst, SiO2 was utilised to achieve maximum adherence of LDH layers onto the

IONPs. Further, the synthesized nanocomposite was applied as a co-catalyst alongside
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NaBHj for the hydrogenation of p-NP and the reduction of cationic rhodamine B
(RhB) dye. The nanocomposite exhibited good catalytic ability for the reduction of
dye as well as NAC, and was also easily separated from the reaction medium with the

help of an external magnet.

7.2 Materials and Methods
7.2.1 Materials

Zinc acetate dihydrate Zn(CH3COO)>-2H>O (Merck, 98.0% purity), copper acetate
monohydrate Cu(CH3COQO);-H>O (Merck, 98.0% purity), hydrogen peroxide H>O>
(Merck, 30%), nickel acetate tetrahydrate Ni(CH3COO)>-4H>O (CDH, 98.00%
purity), ferric chloride FeCls (Merck), tetraethyl orthosilicate Si(OC2Hs)s (Sigma-
Aldrich, >99.0% (GC)), NaBH4 (Sigma Aldrich, >98.00%), p-Nitrophenol (GLR
chemicals, 98.00%), Rhodamine B (Merck) were of analytical grade unless otherwise
stated, and were used as received without purification. Cleome viscosa seeds were
obtained from local market in Haldwani, Uttarakhand. Table 7.1 gives information
about the structure, formulas, and Auqx of model pollutant molecules employed in this
study.

Table 7.1 Structure and formula of model pollutants employed in the study.

Model Structure Amax Molecular
Pollutant (nm) Formula
p-Nitrophenol 320 CsHsNOs
O,N OH
Rhodamine B 552 C23H3 1 C1N203

7.2.2 Preparation of Cleome viscosa seed extract
5.0 g Cleome viscosa seeds were washed properly to remove any impurities, following

which they were added to 100 mL distilled water in a beaker and heated for 5 hours.

197



Chapter - 7

Then the solution was filtered and the aqueous extract thus obtained was further used
for nanoparticle synthesis. The schematic representation of the synthesis of Cleome

viscosa seed extract is presented in Figure 7.1.

Extraction

Cleome Viscosaseeds Seed Extract

Figure 7.1 Schematic representation of synthesis of seed extract and Fe;O4 NPs.

7.2.3 Synthesis of Iron Oxide nanoparticles

The synthesis of magnetic iron oxide nanoparticles was achieved through the
phytonanofabrication method[28]. Herein, 0.01 M aqueous solution of FeCl; was
prepared by stirring appropriate amount of FeCls in 10 mL distilled water for 15
minutes. On complete dissolution, the solution was allowed to boil for 15 minutes,
following which 5 mL of Cleome viscosa seed extract was added to it. Colour of the
reaction mixture instantly turned to dark brown, and it was followed by the appearance
of brown precipitate, indicating the formation of IONPs. Subsequently, the solution
was filtered, and the obtained precipitates were washed with distilled water and
acetone, followed by complete drying in oven at 60°C. The schematic representation
of the synthesis of IONPs using Cleome viscosa seed extract is presented in Figure 7.2.
[ \

Seed Extract

Centrifugation

and washing

Boiling FeCl; Formation of F630.4
\ solution (aqueous) brown precipitate nanoparticles )

Figure 7.2 Schematic representation of synthesis of Fe;O4 NPs using seed extract.
7.2.4 Synthesis of SiO2 coated IONPS
The facile Stober’s method was used for coating IONPs with SiO». In this method,
green synthesized IONPs were dispersed in ethanol-distilled water mixture by
ultrasonication for 1 hour. After 1 hour, 1 mL TEOS was added to the dispersion and

it was further sonicated for 30 minutes. Then, 0.5 mL ammonia solution was added to
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the reaction mixture, and it was heated with constant stirring to obtain SiO» coated
IONPs. Finally, the product was filtered, washed with distilled water and acetone, and
completely dried in the oven. The schematic representation of the synthesis of SiO»-
coated IONPS is presented in Figure 7.3.

( < . Ammonia — N

{ TEOS — " solution

—

Sonication Heating with Filtration and

Washing

N\ constant stirring
Fe;0, nanoparticles . )
diepececd methnol /«n/ $10, coated Fe;0, 810, coated Fe;0,

Qsﬂled water solution j

Figure 7.3 Schematic representation of synthesis of seed extract and Fe;O4 NPs.

7.2.5 Synthesis of magnetically separable Fe304/SiO2/ZnCuNi-LDH composite

ZnCuNi-LDH was prepared using previously reported acid hydrolysis route. The facile
electrostatic self-assembly method was employed for the fabrication of magnetically
separable Fe304/Si02/ZnCuNi-LDH composite. To obtain this product, initially,
ZnCuNi-LDH was dispersed in methanol, and SiO» coated Fe;O4 NPs were dispersed
in a methanol-water mixture by means of ultrasonication. After one hour of agitation,
the LDH dispersion was added to the dispersion of SiOz-coated Fe3sOs4 NPs while
stirring the reaction mixture continuously. The resulting mixture was stirred at room
temperature until the methanol and water vapourised completely, and a brown-colored
dried product was obtained. The product was further dried in the oven at 60 °C. The
schematic representation of the synthesis of Fe304/Si02/ZnCuNi-LDH composite is

n

presented in Figure 7.4.

Exfoliated
J ZnCuNi-
LDH

Constant
stirring till
Sonication of $10, Exfoliation of Dispersed S10, complete drying Synthesized composite

i ZnCuNi-LDH
coated FC304 n = x coated Fe304

methanol-water mixture  in methanol
Figure 7.4 Schematic representation of synthesis of Fe304/S10,/ZnCuNi-LDH composite.
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7.2.6 Instrumentation

Crystallographic properties of the sample were studied by the use of Powder X-ray
diffraction (PXRD) diffractograms collected using a high-resolution Bruker
diffractometer (D8 Discover) using Cu Ka radiation. Data was recorded at 298 K over
the range of 26 = 5-85° at scan rate of 1.0 s/step and step size 0.02. The various
functional group present in synthesized material were analyzed using Fourier
transform infrared (FTIR) spectrum collected with the help of a Perkin Elmer 2000
Fourier-transform infrared spectrometer by the KBr disk technique. The
morphological features and element compositions of the synthesized samples were
studied using SEM imaging, EDX analysis and elemental mapping recorded on a Zeiss
Gemini SEM microscope.

7.2.7 Evaluation of Catalytic Activity

The hydrogenation of p-NP to p-AP and degradation of RhB by NaBH4 is
thermodynamically achievable but it is kinetically sluggish due to electrostatic
repulsion between the intermediate anions and BH4". Hence, an efficient catalyst is
required to increase the speed of the conversion reaction. Therefore, in order to
investigate the efficacy of Fe304/Si02/ZnCuNi-LDH as a catalytic agent, catalytic
degradation of p-NP and Rhodamine B dye was carried out. For this purpose, solutions
of NaBH4 (100 mM), p-NP (10 mM) and RhB (100 mg L!) were prepared using
distilled water, and further solutions were prepared by diluting the stock solutions as
required. The reaction progress was monitored by means of visual examination and by
using a UV-Vis spectrophotometer, and the appearance and disappearance of
absorption bands in the time-dependent UV-Vis spectrum signified the degradation of

model molecules by the catalytic action of synthesized catalyst.

To accomplish the hydrogenation of p-NP, initially, 1 mL of 100 mM NaBHj solution
and 1 mL aqueous solution of p-NP (1 mM) were mixed well to ensure homogeneity.
The absorption maxima of intermediary p-nitrophenolate ions appearing at Amq = 400
nm was recorded. Consequently, 0.001 g catalyst was added to the above mixture and
time-dependent UV-Vis spectra was recorded in the range of 200-600 nm at fixed time
intervals using a Shimadzu UV-Vis spectrophotometer. The reaction kinetics were

determined by analysing the change in intensity of absorption band at Auax =400 nm at
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a time interval of one minute till the complete decolourization of solution and

disappearance of the band at 400 nm.

The reduction of RhB by the synthesized composite using NaBH4 as a reductant was
studied by mixing RhB solution (100 mg L, 1 mL) with freshly prepared NaBHs
solution (100 mM, 1 mL) and distilled water (1 mL). Following this, the composite
catalyst (0.001 g) was added to the reaction mixture, and the progress of reaction was
assessed by measurement of the absorbance at An. = 552 nm at one-minute intervals
till the solution was completely decolourised and absorbance maxima disappeared

completely.

The percentage degradation efficiency of model molecules was calculated using

Equation 7.1:

Co— C
Percentage degradation = % %X 100 (7.1)
0

where Co and C; denote the initial and terminal concentrations of NAC and azo dyes.

7.2.8 Reusability and Recyclability

The reusability and recoverability of Fe304/S10,/ZnCuNi-LDH for reduction of p-NP
and RhB was investigated for five cycles. After each reduction reaction, catalyst was
recovered and washed twice with distilled water, dried at 60°C, and then used for

subsequent catalytic cycles.
7.3 Results and Discussion
7.3.1 Structural and Morphological Analysis

The crystal structures of synthesized samples were investigated using PXRD, and the
diffractograms are displayed in Figure 7.5. The PXRD spectrum of IONPs exhibited
the characteristic peaks of iron oxide nanoparticles that were well-directed to face-
centered cubic Fe3O4 (JCPDS No. 19-0629)[29]. The appearance of the typical Fe3O4
pattern and the absence of any extra peaks indicated the formation of nanoparticles
having good purity and crystallinity using the phytonanofabrication method[30].
Meanwhile, the PXRD pattern of ZnCuNi-LDH presented a series of diffraction peaks
that can be indexed to the characteristic basal (002), (003), (004) and non-basal planes
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(101), (0006), and (103) of layered materials possessing a turbostratic arrangement[31].
This typical pattern having sharp and highly intense reflection at lower 26 angle and
symmetric, low intensity reflections at higher 26 angle corroborated the successful
formation of ZnCuNi-LDH with acetate anion present in the interlayer region. In case
of Si0z-coated Fe3Os, the appearance of the characteristic peaks of Fe3Oa, along with
an additional broad reflection centered around 23° that was ascribed to amorphous
silica, corroborated the functionalisation of SiO» onto the surface of Fe;Os NPs[32].
In the PXRD pattern of Fe304/S10,/ZnCuNi-LDH composite, the characteristic peaks
of Fe3O4 and SiO; were evident, but the characteristic peaks of LDH were not visible,
owing to the exfoliation and subsequent anchoring of LDH on SiO; coated Fe3;O4. The
splitting in the peak appearing around 34° was attributed to the introduction of
exfoliated LDH layers into the SiO2 coated Fe;O4 nanostructure. Furthermore, the
slight reduction in peak intensity on composite formation may be attributed to
structural disorder in the lattice. Therefore, these observations suggest the successful

formation of Fe304/S102/ZnCuNi-LDH composite.

Fe,0,/Si0,/LDH
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2z SiO, coated Fe;0,
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Figure 7.5 Comparative plot of PXRD patterns of ZnCuNi-LDH, Fe304, SiO; coated Fe;Oa,
and Fe304/Si0,/ZnCuNi-LDH.

The FTIR spectral analysis of magnetic Fe304/Si02/ZnCuNi-LDH composite is

illustrated in Figure 7.6. The intense and broad absorption band centered around 3403

cm’! was attributed to the O-H stretching vibration of the hydroxyl groups present on
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the LDH layer surface. The fingerprint bands of acetate anions present along with
ZnCuNi-LDH appeared at 1448 cm™ and 1404 cm™ and were ascribed to the
asymmetric and symmetric vibration modes of the CO2-moiety[33]. The spectrum also
showed a sharp band at 877 cm! that corresponded to the vibration modes of the Si-
O-Si bonds present in SiO2[34]. The characteristic band at 752 cm™! arises due to the
metal-oxygen linkages in ZnCuNi-LDH and the band at 683 cm™' corresponded to the
stretch vibration of Fe—O bonds of the Fe304 NPs. These results provide clear evidence

for the successful formation of Fe304/S10,/ZnCulNi-LDH.
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Figure 7.6 FTIR spectrum of Fe304/Si0,/ZnCuNi-LDH.
The structural and morphological attributes of the Fe304/SiO2/ZnCuNi-LDH
composite were studied using SEM-EDX and elemental mapping techniques. The
SEM micrograph presented in Figure 7.7a illustrates irregular, aggregated particles
composed of cubic Fe3O4 NPs coated with rough and porous silica layer[20]. The
SEM image indicated that the components of the composite do not exist independently
in the lattice, and confirms the functionalisation of Fe;O4 with SiO. Additionally, the
lack of visibility of sheet-like morphology of ZnCuNi-LDH may be attributed to the
exfoliation of the LDH layers. Therefore, in order to ascertain the presence of ZnCuNi-
LDH in the lattice along with Fe;O4 and SiO2, EDX spectrum was recorded. The
spectrum (Figure 7.7b) showed the presence of Fe, Si, Zn, Cu, Ni, C, and O elements
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in the lattice, thereby confirming the successful formation the composite.
Additionally, the element composition was confirmed using elemental mapping
technique, and it illustrated the homogenous distribution of Fe, Si, Zn, Cu, and Ni
elements throughout the lattice, thereby corroborating composite formation (Figure

7.7c). These results prove the successful synthesis of Fe304/Si02/ZnCuNi-LDH

composite.
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Figure 7.7 (a) SEM micrograph, (b) EDX spectrum and (¢) elemental mapping of
Fe304/Si02/Zl’lCuNi-LDH.
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7.3.2 Catalytic Activity

Catalytic degradation using NaBH4 with the assistance of a co-catalyst is a highly
effective way to reduce contaminants without resulting in the production of secondary
pollutants. Therefore, in the current study, the catalytic degradation of p-NP and RhB
was studied as model reaction. The NaBHs-assisted catalytic efficiencies of
synthesized Fe304/Si02/ZnCuNi-LDH composite for p-NP and RhB reduction were
examined using UV-Visible spectrophotometer. The progress of catalytic reaction was
determined by observing the variation in absorbance of pollutant molecules solutions.
Further, since NaBH4 (100 mM) solution was highly concentrated as compared to p-
NP (1 mM) and RhB (100 mg L!), the reaction rate was considered to be free of the
influence of BH4™ concentration. Hence, the hydrogenation of p-NP and reduction of
RhB dye was considered to follow pseudo-first order kinetics, and is shown in
Equation 7.2:

In (g—;) =K (7.2)

Where K denotes rate constant, and Co and C; are the initial and final concentrations

of chosen pollutants.

Since the evaluated molecules possessed distinct colours and yielded peaks in the
visible region, reaction rate was calculated in terms of comparative absorptive

intensity. Therefore, using Beer-Lambert’s law (Equation 7.3)
A= &Cl (7.3)

Kinetics of reaction are expressed in terms of absorption by Equation 7.4:

In (g—;) = In (j—;) = kt (7.4)

Where Ao and A are the initial and final absorbance of NAC and dye.
In case of p-NP, when NaBH4 and p-NP are mixed, the appearance of an absorbance
peak at Amaxr = 400 nm was observed that may be attributed to the formation of

nitrophenolate ion, as seen in Figure 7.8a. On addition of synthesized composite

catalyst, the peak at Anex = 400 nm started decreasing instantaneously, thereby
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confirming the decrease in p-NP concentration as a result of the successful
hydrogenation of the nitro group of p-NP. Meanwhile, a new peak appeared at 302 nm
that may be indicative of the formation of p-AP as a hydrogenation product of p-NP.
The complete disappearance of the peak at Anw = 400 nm suggested the rapid
hydrogenation of p-NP. Furthermore, the appearance of isosbestic points at 224, 250,
280, and 316 nm gave evidence for the hypothesis that p-AP was the singular by-
product formed on the hydrogenation of p-NP. The percentage hydrogenation of p-NP
was evaluated using Eqn 7.1 and was found to be 97.98%. The rate of reaction (k) was

evaluated to be 0.606 min"! (R? = 0.88) in accordance to pseudo-first order model

(Figure 7.8b).
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Figure 7.8 (a) UV-Vis absorption spectrum and (b) linear fitting of pseudo-first kinetics
model for the NaBHy - assisted catalytic reduction of p-NP using Fe304/Si02/ZnCuNi-LDH

composite.
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In aqueous medium, Rhodamine B (RhB) exists in the ionic form (RhB"), and the
oxidized form of RhB exhibits absorption maxima at Aue = 552 nm in UV-Vis
absorption spectrum. By taking advantage of this feature, composite surface-catalyzed
reduction of RhB was studied by recording the time-dependent UV-Vis absorbance
spectra of the reaction mixture at stipulated time intervals. The UV-Vis absorbance vs
wavelength plot for the catalytic reduction of cationic RhB is presented in Figure 7.9a.
On addition of NaBH4 to the RhB solution, no changes in the peak intensity and
position were observed. Furthermore, there was no change in color of the solution.
However, on addition of catalyst, an instantaneous change was observed in the color
of the reaction mixture along with the reduction in the intensity of peak present at Anqx
= 552 nm. The peak intensity decreased rapidly until its eventual disappearance after
3 mins, and the complete decolourisation of the pink-coloured reaction mixture
signified the transformation of pink RhB to colorless leuco-rhodamine B. Percentage
degradation of dye was evaluated using Eqn 7.1, and was calculated to be 97.69%. The
rate constant k, obtained by linearly regressing experimental data to the pseudo first

order model, was evaluated to be 1.261 min™ (R? = 0.85) (Figure 7.9b).

The dissipation of absorbance maxima appearing at Ana = 552 nm in the recorded
absorbance spectra gave evidence for the rapid degradation of RhB. The cohesive
action of NaBH4 and Fe304/S10,/ZnCuNi-LDH composite reduced the xanthene core
of RhB, thereby disturbing the extended n - conjugation of the dye that is responsible
for its characteristic pink colour, leading to decolourisation of reaction mixture due to
saturation of conjugated system and resulting in the conversion of RhB to its non-

fluorescent, and colourless leuco form.
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Figure 7.9 (a) UV-Vis absorption spectrum and (b) linear fitting of pseudo-first kinetics
model for the NaBHj - assisted catalytic reduction of p-NP using Fe304/Si0,/ZnCuNi-LDH

composite.
7.3.3 Recyclability and Catalyst Recovery

In addition to high catalytic efficacy, reusability and recoverability are two major
parameters that govern commercial utility and therefore must be considered when
evaluating the applications of catalysts, since they can bring about a drastic reduction
in material and method costs. The majority of conventionally employed catalysts
possess low reusability and get deactivated after one or two reaction cycles. Therefore,
designing robust catalysts with good recyclability and recoverability should be
prioritised in order to obtain the maximum benefits from synthesized materials while
minimising wastage of resources. Therefore, the recyclability of Fe304/Si02/ZnCuNi-
LDH composite for reduction of p-NP and RhB was assessed in this study. The study
was carried out for five consecutive cycles wherein near complete reduction of the
model molecules was achieved. The results presented in Figure 7.10a indicate that the
composite catalyst demonstrated almost similar catalytic activity in first two cycles,
but a small decrease from third cycle was observed, that may be the consequence of
catalyst due to repeated use and adsorption of reactants. The slight decrease in removal
efficacy may also be the consequence of the loss and agglomeration of catalytic
material during the recovery and reuse stages. Inspite of this, the catalyst sustained
approximately 90% degradation efficacy for the reduction of both p-NP and RhB even

after 5 cycles.
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Furthermore, the magnetic separability of Fe304/Si02/ZnCuNi-LDH composite was
also evaluated by placing a magnet near the cuvette at the end of the catalytic reduction
reaction. The photographic evidence of the magnetic separation process of
Fe304/S102/ZnCuNi-LDH composite under the influence of an external magnetic field
is presented in Fig 7.10b. On placing the magnet near the cuvette, the prompt and rapid
separation of the catalyst from the reaction medium was observed, following which
the reaction mixture became clear, thereby demonstrating the high magnetic sensitivity
of Fe304/S10,/ZnCuNi-LDH composite. Based on these results, it was inferred that
Fe304/S102/ZnCuNi-LDH composite is a robust catalyst that can be easily recovered

and utilized for consecutive catalytic cycles without any significant decrease in

catalytic performance.
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Figure 7.10 (a) Recyclability studies of Fe304/Si02/ZnCuNi-LDH composite for catalytic
reduction of p-NP and RhB (b) Magnetic separation of Fe304/S102/ZnCuNi-LDH
composite after reduction of p-NP and RhB.
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7.3.4 Comparison with Reported Catalysts

The superior catalytic activity of Fe3;04/Si02/ZnCuNi-LDH for the -catalytic
degradation of p-NP and RhB is highlighted on being compared with those previously
reported catalysts (Table 7.2). Although several reports describing reduction of p-NP
and RhB are available in literature, majority of them contain complex synthesis
methods, use of toxic precursors and/or long time periods for near-complete reduction
of pollutants. Meanwhile, Fe;04/Si02/ZnCuNi-LDH reported in this work has been
synthesized using low-cost, facile and environment-friendly methodology that aligns
with the principles of green chemistry. It also exhibits equal or better catalytic activities
than the majority of reported catalysts within shorter reaction times, with the bonus of
easy separability. It is also critical to highlight the fact that while ZnCuNi-LDH
precursor was able to reduce only anionic dyes, Fe304/Si02/ZnCuNi-LDH composite
reduced cationic RhB dye efficaciously within a short period of time. Thus, it may be
inferred that the synthesized Fe3;04/S102/ZnCuNi-LDH composite is a one-of-its-kind

novel material having superior catalytic properties along with easy separability.

Table 7.2 Comparison of catalytic activity of Fe;04/SiO2/ZnCuNi-LDH composite for
reduction of p-NP and RhB with previously reported catalysts.

Pollutant Catalyst Rate constant Reaction Reference
(k) (min™) Time
p-NP Pd/NiFe-LDH 0.37 9 [35]
Ag NPs 0.35 10 [36]
platinum-rhodium 0.209 20 [37]
alloyed nano-
multipods
ZnCuNi-LDH 1.058 4 [38]
Fe304/S102/ZnCuNi- 0.606 6 This work
LDH
RhB CoFe;04~P4VP@Ag 0.260 20 [39]
NPs
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platinum-rhodium 0.354 14 [37]
alloyed nano-
multipods
Fe;04@PS@Ag 0.809 4 [40]
Fe304/S10,/ZnCuNi- 1.261 3 This work
LDH

7.3.5 Postulated Mechanism

The catalytic hydrogenation of p-NP and reduction of RhB is presumed to follow the
Langmuir-Hinshelwood mechanism that has been widely discussed in literature
(Figure 7.11)[41]. In accordance with the Langmuir-Hinshelwood model, initially, the
NaBHjs species breaks down into Na™ and borohydride (BH4) ions. These BH4™ anions
are adsorbed on the surface of Fe304/Si02/ZnCuNi-LDH composite and break down
further into BO2 and H». The subsequent formation of metal-hydride complex that is
the active hydrogen species enables the transfer of H> and electrons to the -NO- group.
Therefore, p-nitrophenolate molecules, adsorbed on the surface of composite were
hydrogenated by the active hydrogen species to produce a stable intermediate p-
hydroxylaminophenol and p-aminophenol as the final product. Consequentially,
desorption of the products occurs from the surface of composite. The catalytic process
can be outlined in the form of reactions as follows:

BH4™ + AScomposite — BH4 ™ AScomposire

BHa4 ™ AS composite + 2H20 ——— BO2™* AScomposite + 8H** AS composite

P+ AScomposic —= P AScomposite

P AS Composite + 6H** AS composie — > degradation products + AS composite
where AScomposice represents the active sites (AS) present on composite surface, BH4
*AScomposite Tepresents the borohydride anions adsorbed on composite surface,
H*:AScomposie denotes the active hydrogen species adsorbed on the surface, P
represents the pollutant molecules, and P:AScomposie denotes pollutant molecules
adsorbed on composite surface[42].

For the reduction of RhB dye, the catalytic reaction can be explained on basis of an

electrochemical process. The redox activity of the ZnCuNi-LDH supported on the SiO>
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coated Fe3Os helps in the relay of electrons from the electron donating BH4 to the
electron accepting RhB molecules. First, BHs and RhB molecules diffuse from
aqueous solution onto the composite surface and hydride moiety is produced from
BHy". The transfer of electrons from hydride to the xanthene core of RhB molecules,
facilitated by ZnCuNi-LDH supported on SiO: functionalised Fe3O4, disrupts the
extended m- conjugation in the xanthene core, leading to saturation and reduction of
RhB, that is observed as the decolourisation of dye solution.

It is important to note that the homogenously dispersed constituent metals of ZnCuNi-
LDH act as active sites for catalytic reaction and play the critical role of storing
electrons after hydride formation and transfer of electrons from H> to ZnCuNi-LDH.
The combination of LDH with Fe3;O4 contributes to enhanced surface area and active
site density, and the synergistic electronic interactions between Fe3;O4 and ZnCuNi-
LDH facilitates rapid electron transfer and charge separation for enhanced catalytic
activities. Additionally, SiO; coated Fe3O4 acts as a magnetic support for the active
catalytic sites, and holds the LDH molecules for catalytic reaction while also aiding
the easy recovery of the catalyst from the reaction medium on completion of reaction.
Therefore, synergy between the constituents of the composite results in a highly
efficient, stable and easily retrievable catalyst that can be applied successfully in
catalysis and environmental remediation applications.
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Figure 7.11 Postulated mechanism for the NaBHy - assisted catalytic degradation of p-NP
and RhB using Fe304/S10,/ZnCuNi-LDH composite.

The observations of this study, vis-a-vis the catalytic performance, stability, reusability

and recovery from reaction medium of Fe3;04/Si02/ZnCuNi-LDH composite clearly
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outline that this composite can play a pivotal role in the field of advanced heterogenous
catalysis, especially for wastewater remediation amongst other environmental
concerns. The coupling of ZnCuNi-LDH with Fe3O4 brings about synergistic effects
in the composite, and endow the composite with high catalytic efficiency.
Consequentially, the facile green synthesis, economic cost, exemplary catalytic
activity, and good stability and recoverability of Fe304/SiO2/ZnCuNi-LDH composite
favours its use over conventional catalysts that are currently used in large-scale
settings.

7.4 Conclusion

At present, the majority of materials being used for catalytic degradation of pollutants
are in powder form. But even though these materials exhibit incredible performances
as catalysts, their separation from reaction media as well as their recyclability are
complex issues that need to be addressed in order to achieve their profitable usage in
commercial applications. Therefore, the development of novel catalysts that can be
recovered using facile and efficient recovery processes is garnering immense attention.
In this regard, our study described the facile synthesis of a magnetically separable
catalyst based on ZnCuNi-LDH using the electrostatic self-assembly method. The
IONPs were synthesized via the green phytonanofabrication method using Cleome
viscosa seed extract, and they were functionalised with SiO2 to anchor the exfoliated
ZnCuNi-LDH layers using methanol as dispersion medium. The successful synthesis
of Fe3Os4 NPs, their functionalisation with SiO> and the fabrication of
Fe304/S102/ZnCuNiLDH composite was supported by the PXRD and FTIR results,
while the homogenous distribution of constituent elements in the composite was
confirmed from the SEM-EDX and elemental mapping results. This composite
exhibited excellent catalytic activity for NaBH4 — assisted reduction of p-NP as well
as cationic RhB dye that is previously unreported in our study, and displayed 97.98%
degradation efficiency for p-NP and 97.69% for Rhodamine B dye. The synthesized
composite exhibited more than 90% reduction efficiency even after 5 regeneration
cycles and it was conveniently separated from the reaction mixture with the help of an
external magnet. NaBHs- assisted degradation process was found to be monitored by
the Langmuir-Hinshelwood-type mechanism  Thus, this work presents

Fe304/S102/ZnCuNi-LDH composite as an ideal candidate for the remediation of
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wastewater by the catalytic elimination of various anthropogenic pollutants that hold

possible health and ecological concerns for plant, animal and public health.
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8.1 Conclusion

In the past, the lack of availability of catalytically active ternary LDHs has posed a
critical research gap due to difficulty in governing oxidation states of cations and
impure phase formation. Therefore, the current work reported the synthesis of novel
ternary ZnCuNi-LDH using a facile acid hydrolysis methodology that fulfilled a
critical research gap which was faced due to difficulties in incorporation of third cation
in LDH lattice. The successful formation of layered structure, investigation of
functional groups, thermal stability, surface morphology, elemental composition, and
surface area were carried out using suitable techniques. Based on the characterisation
results, the use of these materials as catalysts for the degradation of various azo dyes
and NACs was explored. It was found that ZnCuNi-LDH acted as an efficient catalyst
and was able to effectively reduce azo dyes and NACs in presence of NaBH4. Based
on the results obtained from the synthesis and catalytic behaviour of ZnCuNi-LDH,
efforts were made to synthesize ZnCuNi-LDO, that exhibited good catalytic activity
towards reduction of azo dyes and NACs. The LDO also exhibited photocatalytic
behaviour and efficiently degraded ciprofloxacin drug under UV light illumination,

that was previously found to be lacking in ZnCuNi-LDH.

After the successful formation of layered structure using transition metal cations, the

interest of the research work shifted towards the incorporation of rare earth metal
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cation in LDHs. It has been reported that Ni and Ce possess significantly different
ionic radii of 0.69A and 1.0 A respectively. Additionally, while Ni cations can only
exhibit coordination upto 6, Ce cations may hold values upto 12. Therefore, in order
to explore the amount of Ce cations that can be incorporated in LDH and the extent to
which LDH layers can be expanded without collapse of the layers, a fixed percentage
of Ce cations was utilised. Using the selected ratio, successful synthesis of layered
ZnCuCe-LDH was achieved without impurities or structure deformation. Since cerium
possesses better optical and catalytic activities as compared to nickel, therefore the
synthesized ZnCuCe-LDO expectedly exhibited enhanced photocatalytic behaviour

towards degradation of azo dyes and drug.

The structure-property relationships and behaviour of synthesized ZnCuNi-LDH were
evaluated by studying the structure-regaining ability by virtue of memory effect
property and intercalation behaviour via anion exchange reactions. The lattice was
successfully able to regain its parent structure on calcination and subsequent
rehydration. Furthermore, the intercalation of PANI in the lattice was achieved using
in-situ oxidative polymerization, and it was observed that the incorporation of PANI
resulted in the expansion of the interlayer region of the LDH lattice. The synthesized
PANI incorporated ZnCuNi-LDH could be potentially utilized for energy storage,
environmental and catalytic applications in the future. These results could also open

new avenues for the incorporation of other macromolecules into the LDH lattice.

Although LDHs possess a host of desirable structural features and properties, these
properties can be further enhanced by their combination with other materials via

composite formation. Therefore, for this purpose, carbon nitride and iron oxide
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nanoparticles were selected as the appropriate materials for composite fabrication. The
use of CN provides unique electronic properties and brings about synergistic
interactions in the lattice, thereby reducing the agglomeration tendency in composites
while also enhancing their stability. The synthesized LDH/CN composites exhibited
excellent catalytic reduction efficiencies for diazo dyes, that was not observed in the
pristine LDH lattices. Meanwhile, the selection of IONPs was contingent on their
magnetic properties. Therefore, the synthesized Fe;04/Si02/ZnCuNi-LDH acted as an
efficient catalyst that could be recovered magnetically, which was not possible in the

previously synthesized lattices.

Therefore, this thesis deals with the synthesis and characterization of a series of ternary
layered double hydroxides (LDHs) as well as LDH-based layered double oxides
(LDOs) and their composites that can prove to be ideal candidates for the development

of multipurpose nanoplatforms.

8.2 Future Scope

This thesis has highlighted the issue of water contamination, investigated the synthesis
of LDHs, LDOs, and their composites, and explored the possibilities of utilising the
as-synthesised materials in practical wastewater remediation applications. The
majority of work on LDHs and their composites has been based on a framework of
synthesis and laboratory-based applications, followed by comparisons with previous
literature studies. Future studies could focus on direct evaluations, as well as
quantitative and qualitative determination of their composition, properties, and
applications. Based on the findings from this PhD work, some future pathways that

can be explored to advance the field of layered double hydroxides include:
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e Fabrication of LDH lattices consisting of other transition and rare earth metal
cations.

e Expansion of catalytic and photocatalytic degradation behaviour for emerging
pollutants (eg. endocrine disruptors, PCPs, microplastics, agricultural waste,
etc.).

e Tuning of LDH structures for visible light and sunlight-driven photocatalysis.

e Development of PANI/LDH composite and LDH-based materials for sensing
and energy storage applications.

e Exploration of Density functional theory (DFT) studies to predict LDH
stability, electronic structure, and reaction pathways.

8.3 Social Impact

The exponentially increasing burden of environmental pollution poses a significant
threat to ecosystem and human health. This research aims to address the issue of
wastewater remediation with a special focus on pollutant degradation through the
development of technologically important advanced LDH-based materials. The
materials synthesized during this research offer low-cost, sustainable, and efficient
solutions for removing dyes, toxic metals, and emerging contaminants from water
bodies. Their high anion exchange capacity, tunable redox properties, and reusability
make them promising candidates for use in rural and urban water treatment systems,

potentially improving access to clean water and reducing waterborne diseases.

Furthermore, the adoption of green synthesis techniques and recyclable materials
aligns with the goals of sustainable development and circular economy. By

contributing to cleaner technologies and waste management strategies, this research
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supports policy frameworks targeting environmental protection and public health. The
outcomes of this work have the potential to benefit various industrial sectors (e.g.,
textile, pharmaceutical, and chemical industries) by offering effective solutions for
effluent treatment, thus minimizing ecological footprints. Overall, the thesis not only
advances scientific knowledge but also aims to translate into real-world technologies
with positive societal and environmental impacts. Ultimately, the outcomes are aligned
with the United Nations Sustainable Development Goals (especially SDGs 6, 12, and

13), promoting environmental health and social well-being.
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Assembly chemistry

During recent times, the study of two-dimensional anionic layered materials (ALMs) has become an area of
significant research. ALMs exhibit a wide spectrum of structural ch, istic ing simple of
anions within the interlayer region, i.e., anion-exchange as well as the intercalation of various complex guest
species, enabling control over chemical c ition and surface functi ities. The present review compre-
hensively summarizes the synthesis of layered double hydroxides and their derivatives via conventional and
novel logies for ing the physical, chemical, optical, and catalytic properties of layered
materials. Further, a detailed overview of the structural chemistry, itional ibility, anion

behaviour, surface modification, topotactic transformation, and colloidal stability that act as key attributes for
governing their functional performance and adaptability in diverse applications has also been discussed. The
review further highlights the integral role of advanced spectroscopic and microscopic techniques—including
powder X-ray diffraction (PXRD), Fourier-transform infrared spectroscopy (FTIR), and electron microscopy—in

elucidating the layered framework and verifying i ion The
diverse fields, including water

of ALMs across

ceramics, bi dicine, antimicrobial agents, biosensing, and display

technologies have also been critically examined. We believe that this review holds immense potential to deepen

the understanding of structural chemistry, properties, and

licati of ALMs, ing their

role in

and advanced | materials.

1. Introduction

During past few years, rapid advancements in modern technology
and growing interest in ble living have invoked immense in-
terest in the development of multifunctional nanomaterials. Among the
various categories of advanced nanomaterials that are currently being
developed, layered materials have emerged out as notable crystalline
solids that have gained substantial attention specifically in the field of
materials science. Basically, Layered solids belongs to the class of two-
dimensional (2-D) solids consisting of stacked layers owing to the
bonds among the intraplanar atoms that are much stronger than the
interaction among the adjacent planes [1]. The intraplanar atoms are
held together by covalent bonds while VanderWaal attraction forces
hold the adjacent layers in place, thereby contributing to the formation
of the layered structure. The compositional layers may vary in thickness
i.e. the layers may be one layer thick, or may be made of several atoms in
thickness. Layered solids are classified based on the thickness of the

* Corresponding author.
E-mail address: poonam@dtu.ac.in (P. Singh).

https://doi.org/10.1016/j.¢is.2025.103696
Received in revised form 25 September 2025;
Available online 26 October 2025

individual layers as well as on the presence of fixed charges in the planar
macromolecule [2]. Based on the parameter of layer thickness, layered
materials can be categorized into Class I, Class Il and Class I1I type. Class
I layered solids are formed from atomic monolayers; typical examples
for this class are graphite, that is homopolar and boron nitride, a binary
layered material [3]. Layered dichalcogenides and FeOCl belongs to
Class IT layered solids that are formed from layers which are a few atoms
thick. While class III consists of the constituent layers which are many
atoms thick, for example, silicate clays and metal (IV) phosphates.
Furthermore, depending on the presence of fixed charges in the planar
macromolecule, these materials may be (i) cationic - that have nega-
tively charged layers (eg. Metal phospt and p

phyllosilicate-group containing clays), (ii) neutral that have no charge
on layers (eg. Graphite, magnesium hydroxide) or (iii) anionic that have
positive charge on layers (eg. Layered double hydroxides (LDHs),
layered hydroxy salts (LHSs)) that is offset by the presence of interlayer
anions to restore charge neutrality [4]. The creation of charges on the

0001-8686/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.
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Abstract

Transition metal-based mixed metal oxides (MMOs) are nexus nanomaterials that garner significant interest
trom scientists because of their unique magnetic, clectronie, optical and catalytic properties that can casily be
tailored by varving their composition and structure, Although MMOs hold significant potential in multifunctional
applications, but they are plagued by certain challenges such as identifying the appropriate method for synthesis,
complications in controlling the surface area and the oxidation states of the constituent transition metals, while
also ensuring the homogenous distribution of the constituent metal ions. Therefore, the present work aims to study
ihe formation of homogenous and porous zine-copper-nickel mixed metal oxide (ZnCuNi-MMO) by performing
calcmation of ZnCuNi-LDH at 350 *C, The obtamned ZnCuNi-MMO was characterized using PXRD, SEM—EDX
and BET techniques. Thereafter, ZnCuoNi-MMO was applied as a heterogeneous catalyst for the hydrogenation of
p-nitroaniline (p-NAY and catalytic reduction of methyl orange (MO) dye. The pollutant degradation characteristics
were assessed vsing time-dependent UV -Visible absorption speciroscopy showing advanced efficient behavior
of ZnCuNi-MMO towards the hydrogenation of p-NA (96.98%) and reduction of MO (95.58%). The catalyst
exhibited fast reaction rates (L4002 min~! for hydrogenation of p-NA and 0.471 min~! for catalytic reduction of
MO} and kinetics analysis of the experimental data was found 1o be coherent with the pseudo-first order model,
ihereby implying that the catalysis proceeded through the Langmuir-Hinshelwood mechanism. Thus the obtained
experimental results highlight the utility and viability of synthesized MMO as an efflicacious and sustainable
catalyiic material.
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1 | INTRODUCTION

Water is the utmost essential commodity for the support of life process in ani-
mals. In recent decades, rapid industrialization and uncontrolled agricultural
practices have led to increased level of toxic pollutants in groundwater, includ-
ing organic pollutants (dyes, nitroarene compounds, antibiotics, etc.), inor-
ganic pollutants (heavy metals, nanoparticles, ete), and pesticides, posing a
serious threat to human health and the environment. Although various tech-
nologies such as adsorption, photocatalysis, reverse osmosis, flration, sedi-
mentation, flocculation, and precipitation are available for the elimination of
toxic pollutants from wastewater, issues such as their cost and efficacy limit
their usage. Recently, catalysis has been found to be the most effective
approach since it exhibits significant capability to eliminate almost all the
pollutants and offers the benefit of simple design and low initial cost. In the
present  study, ternary zinc—copper—nickel layered double hydroxide
(ZnCuNi-LDH) synthesized using facile acid hydrolysis method was employed
as an efficacions heterogeneous catalyst for the reduction of NACs (para-
nitrophenol and para-nitroaniline) and degradation of organic azo dyes
(methyl orange, amaranth, and brilliant black). ZnCuNi-LDIH exhibited supe-
rior catalytic activity for the reduction of all five model pollutants with reduc-
tion efficiency of more than 95% within a short time span of 5 min. Therefore,
keeping in view the layered structure, high specific surface area, and remark-
able catalytic performance, ZnCuNi-LDH holds immense potential for the
large-scale catalytic degradation of refractory pollutants.

KEYWORDS

azn dyes, catalytic reduction, layered double hydroxide, nitroarene compounds, wastewater
purification

including dyes, phenolic compounds, volatile organic
compounds (VOCs), drugs, and surfactants is a matter of

The expulsion of refractory pollutants from water sources
helds prime significance for the sustenance of ecosystems
and bio-diversities, since the availability of potable water
has become a burgeoning predicament because of
incressing industriglization and urbanization, The con-
tamination of water by a variety of toxic pollutants

grave concern as these pollutants exhibit toxic, carcino-
genic, and mutagenic effects, thereby threatening human
health and the ecosystem.' Nitroarene compounds
(NACs) and azo dyes are among the most vicious organic
pollutants that are responsible for deteriorating water
quality, Their ubiquitous presence in water resources is a
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Abstract

In order to overcome burgeoning energy demands along with the ecological crisis caused by dwindling amounts of fossil fuel
and increasing levels of carbonaceous emission, there is an immediate need to develop economical, eco-friendly systems for
energy applications. To overcome this issue, use of non-carbon materials has been suggested, but their ¢ ial usage
is limited due to intermi y and high operational costs. Currently, layered double hydroxides (LDHs) are prospective
contenders for energy applications by virtue of unique physicochemical properties and excellent theoretical specific capaci-
tance. Additionally, LDH-polymer matrix composites (PMCs) have also emerged as nexus materials inenergy storage sector
since they surpass disadvantages of both LDHs and polymers and broaden the horizons for their practical applications. The
current review highlights applications of LIDH-PMCs as supercapacitors in terms of maximum specific capacitance, energy
density, power density, and rate capability along with insights into mechanism of capacitance. thereby outlining their utility
inenergy storage.

Graphical abstract

Layered Double Hydroxides-
Polymer Matrix Composites

Keywords Layered double hydroxides - Energy storage - Pseudocapacitors - Conducting poly mers - Layered double
hydroxides—polymer matrix composites
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Abstract

The development of nanotechnology, in particular metal oxide nanoparticles, has captured immense scientific attention in
the global arena due to their unigue properties kading to their unigue diverse applications. But the use of toxic precursors
and high operational cost make existing methodologies inefficient for synthesising metal oxide nanoparticles (MONPs).
Biogenic synthesis of MONPs has been hailed as a more sustainable approach for the sy nthesis of NPs due to its alignment
with the principles of green chemistry. Microorganisms (bacteria, yeast, algae), animal sources (silk, fur, etc.), and plants
am effective, low-cost, and eco-friendly means of synthesizing MONPs since they possess a high bio-reduction abilities
to produce NPs of various shapes and sizes. The current review encompasses recent advancements in the field of plant-
mediated MONP synthesis and characterisation. The detailed evaluation of various synthesis processes and parameters, key
influencing factors affecting the synthesis efficiency and product morphology, practical applications with insight into the
associated limitations and challenges presents a valuasble database that will be helpful in developing alternative prospects

and poiential engineering applications.

Keywords Green chemistry - Nanoparticles - Metal oxide - Phytonanofabrication - Environmental

Introduction

In the: recent years, the: development and advancements in
industries have heavily impacted the environment: releasing
toxic waste into the ecosystems and causing irmeplaceable
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damage on a regular basis. It is therefore essential in every
aspect of science and engineering to move towards 4 maore
sustainable approach. Nanoscience holds the potential to
bring about a new mevolution, as it is one of the fastest grow-
ing fields of applied science today [1]. This discipline of
science majorly deals with miniaturization of various mate-
rials used in different fields to nanoscale devices. There-
fore, developing new nanomaterials for their application
in the real-world has become 2 major focus of nanoscale
synthesis. A nanomaterial can be defined as a material with
one or morne external dimensions in the range of 1-100 nm
and possess unique ¢lectronic, optical, magnetic, and ther-
mal properties as compared to their large analogues. The
nanomaterials based on the dimensions can be categorized
as zero-dimensional (0-1Y), one-dimensional {11, two-
dimensional (2-1)), and three-dimensional (3-I) (as shown
in Fig. 1} [2]. The 0-I) class of nanomaterials have their
dimensions below 100 nm and consist of spherical and cobe-
shaped materials, as well as nanorods, poly gons, hollow
sphemes, metals, quantum dots (Qs) as well as core—shell
nanomaterials. A (-I) nanomaterial based on magnetic gra-
phene quantum dots (Fe-GODs) was synthesized by Pathan
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Abstract: In recent decades, the accumulation and fragmentation of plastics on the surface of the
planet have caused several long-term climatic and health risks. Plastic materials, specifically mi-
croplastics (MPs; sizes < 5 mm), have gained significant interest in the global scientific fraternity
due to their bisaccumulation, non-biodegradability, and ecotoxicological effects on living organ-
isms. This study explaing how microplastics are generated, transported, and disposed of in the en-
vironment based on their sources and physicochemical properties. Additionally, the study also
examines the impact of COVID-19 on global plastic waste production. The physical and chemical
technigues such as SEM-EDX, PLM, FTIR, Raman, TG-DSC, and GC-MS that are employed for the
quantification and identification of MPs are discussed. This paper provides insight into conven-
tienal and advanced methods applied for microplastic removal from aquatic systems. The finding
of this review helps to gain a deeper understanding of research on the toxicty of microplastics on
humans, aquatic organisms, and soil ecosystems. Further, the efforts and measures that have been
enforced globally to combat MF waste have been highlighted and need to be explored to reduce its
potential risk in the future

Keywords: microplastics; environmental pollution; covid-1% detection techniques; toxicity
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L Introduction

Today's world relies heavily on plastic on a global scale, infiltrating almost every
aspect of human lives. Flastics are organic polymers that exhibit exceptional properties
such as durability, flexibility, lightness, and mechanical and thermal stability which
contribute to their widespread applications in construction, food and packaging indus-
tries, pharmaceuticals, and many more sectors [1]. Despite annual expansion in the plas-
tic industry, the demand for plastic does not seem to be decreasing. The amount of plastic
generation is estimated to reach approximately 33 billion tons by the year 2050 [2]. The
environmental impact of plastic has been a considerable concern for government entities,
the scientific community, and the general public, regardless of its long-term industrial
benefit [3]. The production and distribution of plastics possessing high degradation
resistance are increasing at a rapid pace, which has serious environmental and ecological
consequences. Geyer et al. [4] reported the contamination of the marine environment by
4-12 million metric tons of land-generated plastic waste by 2010.

Environmental pollution caused by plastic debris has become increasingly apparent

Warer 2023, 15, 51. httpss/idoLorg/ 105390 /w 15010051
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Abstract

In this study, ternary lyered double hydmedde (LDH) containing Zn, Cu, and Ni
was synthesized sucoessfully using hydrolyds mowe. Upon cakination at a lower tem-
perature of 350 °C, the synthestred lattioe transformed into Zn0 containing Cu and
Ni that can be reformed back to the layered structure simply by a phenomenon
kv as “memaory effect”. Furthermore, the synthestred Lat tice was wsed for the for-
mation of polyaniine { PANTbased compaosite materal. The structural and morpho-
logical details of the as-prepared samples were studied wing vadous spectrogopic
techniques, that & powder X-ray diffraction (PXRD), Fourier transform infrared
(FTIR), thermo gmvimetdc analysis (TGA), and scanning electron microscopy-
energy dispesive X-my analyds (SEM-EDX), indicating the formation of single-
phase ternary LDH as well as the successful incomporation of PANI in the interlayer
region, Owing to the combined advantages of LDH and conducting polymer (PANI),
anc copper nidkel layersd double hydroxide (ZnCuNi-LDHYPANIT compasite: may

KEYWORDS

1 | INTRODUCTION

Layered double hydroxides (LDHs) have gathered signifi-
ant interest in recent times due to their unique structure,
ton-exchange properties, biocompatibility, and low toxic
ity Basically, LDHs represent a class of synthetic 2D net-
work solids with hierarchicl structure, also known as
anionic or hydrotaldtetype days. The crystallographic
structure of LDHs resembles that of brudte, consisting of
positively charged MO, octahedral sheets held together by
weeak attractive foroes. ® The peneral structural formula of
LDH is [(M)", . M™, (OH)] (A% Jy -mH,0, where M™
are divalent cations (e.g, Zn*", Co™F, Mg™ete), MT are
trivalent cations (eg., Fe*¥, Cu™, Lo™, etc)and A* is the
charge compensating mobile anion trapped in the interlayer

be exploited as a potential candidate for a vadety of applications in the fture,

Tydrolyss, layered double ydrosdde, memory effect, multilayer strsemre, polrmeric
composites, powder technology

region (eg, CO:*, NOy~, etc) while y & the ratio of
MERMET 4+ M) Thus LDHs possess tunable chemi
cal compasitions in terms of metal ations and interlayer
anjon, that facilitates variable charge density on the
layers® In addiion, anion exchange route can also be fol-
lowed for further modifying the inherent propemies of
LDHs, that is, electrochemical stability, conductivity, and
inorganic/organic hybrid formation ahility, etc.

The anion exchange ahility in LDHs arises from the
presence of positively charged layers, facilitating their
use a8 an anion exchanger and anion scavenger. For
successful exchange of interlayer andon in LDH, the
precxisting anion should have lower affinity for the
interlayer region than the desired anion to be interca-
lated. The increasing order of anionic affinity for the
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Abstract

In the current study synthesis of composite material consisting of ethylene glycol (EG) functionalized Zinc-Copper-Nickel
(Zn-Cu-Ni) temary metal hydroxide was successfully carried out and was characterized using various technigues. The forma-
tion of layered structure was confirmed using Powder X-Ray Diffraction (PXR D), Fourier Transform Infrared spectroscopy
(FTIR) and Scanning Electron Microscopy (SEM) while thermal stability was assessed using Thermogravimetric Analysis
(TGA). The presence of metal ions and their respective oxidation states was confirmed using Energy Dispersive X-Ray
Analysis (EDX), elemental mapping, and X-Ray Photoelectron Spectroscopy (XPS). Pore size of the synthesized material,
estimated using Brunaver-Emmett-Teller (BET) analysis echnigue, was found to be 1508 nm g‘]. The synthesized material
was subsequently utilized for the sequestration of toxic Congo red (CR) dye from untreated water. Investigation of controlling
parameters i.e. concentration, contact time and pH was undertaken to see their influence on the adsorption performance. The
maximum dye emoval efficecy of the adsorbent was observed at pH 7, suggesting good buffering ability of EG functionalized
Zn-Cu-Ni composite material. The experimental data for equilibrium studies was favoured by the Langmuir model, suggest-
ing monclayer adsorption while the kinetic study was best-correlated with the model of pseudo-second order. The capacity
of synthesized material for dye uptake was ascertained to be 127.71 mg E'I along with the good reutilization capacity even
after five consecutive cycles. These results demonstraee that EG functionalized Zn—Cuo-Ni ternary metal hydroxide may be
effectively used as an adsorbent for the separation of dye efluents from aqueous medium.
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Municipal Solid Waste and Climate ™
Change | e

Jigvasa Pathak, Ravinder Kumar, and Poonam Singh

1  Imtroduction

With the advent of the twenticth century, thene has been an exponential rise in indus-
trialization, urbanization, and the global population, which have, in tum, opened up
various avenues for growth and production. But with rapidly increasing develop-
ment opportunitics, the production and sccumuolation of wasie in our environment
has increased multi-fold, thereby making it an issve of grave concern worldwide
[1]. The growth of *big" citics brings with isellf betierment of healtheare facili-
ties, advanced employment opportunities, and varied consumption patterns, which
contribute oy waste generation. But this also exacerbates waste generation, which
poscs a huge problem to waste management facilities at the municipal level, Mumie-
ipal solid waste { MSW) poses health risks to the public and contributes o ecological
imbalances. The presence of organic waste in the environment leads 1o microbial
contamination and contributes to the leaching of contaminants into water and soil,
therehy adversely affecting the water and soil guality. Previously published studics
(Table 1) have touched vpon the issee of s0lid waste management and disposal tech-
nigues, bui viriually none of them provides a clear overview of its shori-term impact
on climate change and the immediate need for greenhouse gas (GHG)Y mitigation
[2-5]. Further, the investigation of challenges faced by authorities during the solid
waste management has been largely omitted from published works, Bearing this in
view, the primary focus of this chapter is to discuss the various aspects associated
with municipal solid waste management (MSWN) and its impact on climate change.
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