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Abstracts

Chapter-1

The structural and chemical composition, adsorption, and photocatalytic properties of 2-D
nanostructured layered double hydroxides (LDH) are covered in this chapter. LDH behaviour and
alterations have been explored in relation to adsorption and photocatalysis. This chapter also
includes descriptions of the literature evaluation, research gaps, objectives, experimental

procedures, and characterization approaches.

Chapter-2

Recently, the efficient removal of antibiotics like Tetracycline (TC) from wastewater is emerging
as a crucial problem. However, low adsorption capacity and high cost of photocatalysts limit their
utility. In this context, monoclinic tungsten trioxide (WO3) loaded ZnCr layered double hydroxide
(LDH) composites (ZnCr-xWO3 x= 10 and 20%) were prepared by co-precipitation method and
characterized by several techniques viz. X-ray diffraction (XRD), Fourier Transform Infrared
Spectroscopy (FTIR), Raman, Photoluminescence (PL), Field-Emission Scanning Electron
Microscopy (FE-SEM), Brunauer Emmett Teller (BET), Diffuse Reflectance Spectroscopy (DRS)
and Dynamic Light Scattering (DLS). The XRD pattern confirms the formation of ZnCr LDH and
its composites with monoclinic-WOs. Bond vibrations and phase transitions were explored with
the help of FTIR and Raman spectra. The BET analysis for ZnCr LDH and ZnCr-10WOs
composite shows the surface area as 27.439 m?/g and 47.691m?g. The higher photocatalytic
performance of the composites formed is due to enhanced specific surface area and better
separation efficiency of photo-generated electrons and holes through conventional class IT hetero
junction between ZnCr LDH and monoclinic-WOs. The kinetics studies performed show a better
fit for pseudo-first-order reaction with maximum degradation efficiency and rate constant for

ZnCr-10WO;s (i.e., 86.7% and 1.5 x 10”2 min™).

Chapter-3

An environmental friendly approach was utilized to remove pharmaceutical drugs from
wastewater, employing adsorption and photocatalysis. The emphasis centered on synthesizing

ternary composites comprising silver-deposited tungsten trioxide (Ag@WOs3; 2, 4 wt.%), and



MgAl layered double hydroxide (LDH) for the remediation of wastewater from the pharmaceutical
industry. Combining silver-loaded WO3 nanoparticles with MgAl LDH resulted in the
enhancement of the adsorption and photocatalytic properties of MgAl LDH. The studies
demonstrated that by incorporating Ag@WO3 into MgAl LDH, the formed ternary composites
exhibited superior performance, achieving 88% tetracycline (TC) adsorption in 90 minutes,
providing the best fit for the Langmuir model, suggesting monolayer adsorption following second-
order kinetics and 77.9% of ciprofloxacin (CIP) degradation under visible light irradiation in 160
minutes with rate constant of 0.96 x 10 min™' for pseudo-first-order kinetics. The enhancement
was attributed to the increased surface area and electron-accepting ability of silver NPs (surface
plasmonic effect). Additionally, the Ag,@WOs3-LDH heterostructure exhibited high stability and
recyclability for up to 5 cycles with little loss in performance. High- resolution mass spectrometry
(HRMS) studies and free radical trapping experiments were conducted to reveal the intermediates
generated during the degradation process, leading to the proposed mechanism via two degradation

pathways.

Chapter-4

The study aimed to enhance the photocatalytic efficiency of NiCo layered double hydroxide by
forming composites with Fe;O3; and further improving its responsiveness to visible light by Ag
loading. In comparison to bare NiCo LDH and its binary composites, the optimized ternary
composite: NCF10A; LDH (Agi@10Fe.03/NiCo LDH), showed significantly improved
photoactivity in degrading malachite green, achieving degradation rates and rate constant of 81.2%
(k = 1.25 x 102 min') and 98.6% (k = 3.33 x 10 min') under visible light and sunlight,
respectively. This is caused by the active visible light response from Fe;O3 NPs and Ag NPs' SPR
effect. The band gap of material decreased from 2.40 eV to 1.74 eV. The noteworthy enhancement
in visible-light response and faster transfer of photoinduced carriers are attributed to the
collaborative effect of NiCo LDH, Fe>Os, and Ag NPs in the ternary composite. Furthermore,
malachite green was partially mineralized, as indicated by TOC analysis and corroborated by HR-
MS chromatograms, with mineralization efficiencies of 41.3% and 49.4% under visible light and
sunlight, respectively. Through examination of the fragments found at different m/z ratios, the
degradation routes were proposed. In comparison to samples exposed to visible light, the HRMS

spectra of the degraded product under sunlight exhibit fewer fragments,

Vi



which could be due to the accelerated rate of a reaction under high-intensity and high- temperature
reaction conditions. The catalyst’s durability was assessed by reusability and recyclability tests,

which showed that the catalyst stayed stable and reusable for up to five cycles.

Vii



CHAPTER-1

Introduction and literature review

1.1. Introduction

1.1.1. Layered double hydroxides

Layered double hydroxides (LDHs) belong to a class of anionic clays, commonly referred to as
hydrotalcite-like  compounds. Hydrotalcite, a natural mineral with the formula
MgsAl2(OH)16C0O3.4H20, exhibits structural similarities to brucite Mg(OH)2 which is the basic
unit of these layered structures in which each of these units combine to form layers of LDHs,
therefore referred as hydrotalcite compounds [1]. LDHs are characterized by a general formula
[M(ID)1xM(II)x(OH)2]* [Axn]™.m H20, where A is an intercalated anion and M(II, III) are metal
cations, x is the layer charge density, which is defined as the molar ratio of trivalent metal cation
to the sum of molar ratio of divalent and trivalent metal cation ranging from 0.2 to 0.4, m is the
number of H20 molecules within the brucite layers along with the intercalated anions [2,3].
Different combinations of metal cations (divalent like Cu®*, Co?", Zn?", etc.; trivalent like AI*",
Fe**, Co*, etc.; tetravalent like Ti*", etc.) and anions CO3*, SO4*, NOs~ have been used to
synthesize a variety of LDH material [4]. Their structure remains electroneutral due to the
intercalated anions, which are negatively charged and situated between the brucite layers,
counterbalancing the positive charge of the layers [5]. The even dispersion of divalent and trivalent
metal cations within the layers, the electrostatic attraction between these layers and intercalated
anions, and hydrogen bonding make the layered structure stable [6,7]. The octahedral unit and

structure of LDH are shown in Fig.1.



— Brucite like layer
[M _*, M *(OH), I

Y

+—— Basal spacing (d)

o [¢— Interlamellar space

v

\/ — Anion, A™

©
o — Water, HZO

Metal Cation ( M*"/M?3")

OH- anion

Fig.1. Structure of layered double hydroxides

LDHs can interact with anionic molecules easily as they have cationic layers. Furthermore, the
anion exchange parameter is a valuable factor that influences the LDH adsorption capacity which
allows toxic anionic molecules to interchange with LDH interlayer molecules because of the
adjustable properties of the layers [8]. Moreover, hydroxyl groups and organic species present in
modified LDH are the additional factors that enhance LDH interactions with pollutants [9]. The
electrostatic coupling present between the exchangeable intercalated anions and the brucite sheets
is the main source of anion exchange in LDHs [10]. The high anion exchange capacity of LDHs is
an appropriate characteristic that is dependent on several factors, including the molecular mass of
cations and anions, cationic metals ratio, and the applied anion's ability to stabilize layer formation.
According to one study, it has been found that LDHs possess an anion exchange capacity ranging
from 200-450 cmolc kg [11]. Various synthetic methods can be employed to control the
Composition, particle dimensions, structure, surface imperfections, and electronic characteristics,
of LDHs [12—-14]. These methods are essential for improving the capabilities of heterogeneous

catalysis. Several studies have considered LDHs as a catalyst or as



a catalyst supporter. Sahoo and Parida employed Pd (II) LDH as a heterogeneous catalyst to
oxidize primary alcohol within six hours, they observed successful primary alcohol oxidation and
its increasing conversion rate. The catalyst was recycled multiple times with good activity and

selectivity, and it was very simple to separate. [15]

In LDHs, the metal octahedra are interconnected through metal-oxygen—metal oxo bridging
linkages. In photocatalytic reactions, these oxo-bridged binuclear connections function as redox
centers activated by visible light, exhibiting metal-to-metal charge transfer (MMCT), which entails
electronic excitation between metal ions [16]. The photocatalytic efficiencies of several doped
semiconductors and their metal oxo-bridging structures have been studied [17-19]. These
materials have several impressive qualities, such as high surface area, low toxicity, excellent
thermal and chemical endurance, and tunable electrical and structural characteristics [20—22]
which enable LDHs to find applications in catalysis, adsorption, photocatalysis, electrochemistry,

and more [23-27].

Recently, calcination of layered double hydroxide (LDH) has been suggested as an alternative way
to prepare mixed metal oxides (MMO). When LDHs are heated to temperatures between 450 and
500 °C, they transform into MMOs, which are noted for their evenly distributed metal cations and
significant surface area. For example, MgsAl2(OH)16(CO3)-4H20 (hydrotalcite) stoichiometrically
alters to Mg3AlO45 (MMO) when they are calcined at an appropriate temperature, between 300
°C and 600 °C. These MMOs have high thermal stability and relatively large specific surface area
[28]. A fascinating aspect of LDHs is their 'memory effect,’ which means these calcined anionic
clays that collapse during calcination can regenerate their original layered structure [29]. Ahmed
et al. synthesized extremely crystalline ZnO from calcined Zn/Al-LDHs. [30]. Similar to this,
Seftel et al. used the co-precipitation approach to prepare both calcined and uncalcined ZnAl LDHs
with different cationic ratios [31]. Their findings revealed that Zn/Al-LDH, calcined at 500° C,
achieved a remarkable 93% degradation of methyl orange dye within 4 hours under UV light
irradiation. The noteworthy ZnO phase development was credited with this improvement. In
another study, Morimoto et al. investigated the photocatalytic degradation of colored dyes using
calcined LDHs. They found that MgAl- LDH, with its smaller particle size, exhibited superior
adsorption capacity and photocatalytic activity, demonstrating its dual function in adsorption and

degradation [32]. The memory effect



shown by LDHs is depicted in Fig. 2. Water contamination is now a major public health concern
that is producing several diseases. The discharge of organic contaminants into water sources as
industrial effluents is a primary cause. Adsorption and photocatalytic degradation are widely used
around the world as quick, simple, inexpensive, and remarkably effective ways to remove organic

contaminants from water.

O

Calcination

v

Layered Double Hydroxides Metal Mixed Oxides
Exposure to water

Reconstructed LDH

Fig.2. Layered double hydroxides showing memory effect
1.1.2. Layered double hydroxides as adsorbent

It is well recognized that a variety of dyes and pigments used in the paper, paint, leather, textile,
and plastics sectors are harmful to the environment when they spill into it. Approximately 15% of
industrial dyes directly affect water used for drinking. [33] Many methods, including adsorption,
chemical oxidation, coagulation, and photocatalytic degradation, have been extensively
documented in the literature to eliminate harmful colorants, and adsorption is considered to be an
effective approach for doing so [34-36]. LDHs are favoured as effective adsorbents because of
their low cost and toxicity, high stability, reusability, and facile synthesis. These adsorbents are
dual-electronic, with an anionic intercalation and a positively charged surface. Strong electrostatic
interaction between the cationic surface and anionic dyes facilitates the adsorption process.
Various research groups have extensively investigated the removal of cationic and anionic dyes,

attributing their interaction with LDH surfaces to electrostatic forces



[37]. Furthermore, hydrogen bonding between the dyes and the LDH is facilitated by hydroxyl
groups on its surface. For this instance, Leite de Sa et al. synthesized magnetic MgAl LDH for the
removal of MG dye showing 100% removal efficiency [38]. Magnetic composites also act as good
adsorbents Lu et al. examined the impact of adding Fe3O4 nanoparticles to the surface of LDH and
explored its potential for use in wastewater treatment applications. The adsorption capacity of
congo red dye was 813 mg/g which is the highest value for magnetic adsorbents [39]. Additionally,
calcination significantly enhances adsorption capacity. For instance, calcined MgAl LDH
demonstrates superior effectiveness in adsorbing and removing As(V) and Cr(VI) compared to its
non-calcined counterpart [40]. The surface properties and adsorption efficiency are also greatly
enhanced when LDH is combined with carbon nanostructures, anions, surfactants, iron
nanoparticles, and polymers. The adsorption mechanism of carbon-containing nanostructures
graphene/LDH was demonstrated by the exchange of interlayer anions [41]. Calcination imparts a
positive effect on the adsorption phenomenon. Calcined and noncalcined LDH nanocomposites
were prepared and a very low dosage of the calcined sample (1.0g/L) showed the highest
adsorption of Cr(VI) 1.e. (172.55mg/g). The enhanced adsorption was attributed to the synergic
effect and memory effect of calcined samples [42]. Adsorption, electrical coagulation, chemical
precipitation, and ion exchange are a few techniques used to extract heavy metal anions from
water. Due to its cost-effectiveness and simplicity, the use of LDH for adsorption has become a
preferred method for treating water contaminated with heavy metals. Studies have documented
that intercalating EDTA into LDH enhances adsorption efficiency [43]. Similarly, incorporating
specific ions into layered double hydroxide structures improves their effectiveness in removing
water pollutants. Intercalated MoS4*" into Mg-Al LDH was studied for the removal of heavy metal
ions. Following adsorption, X-ray patterns of the samples show how coordination and intercalated
structures depend on the concentration of metal ions [44].

1.1.3. Layered double hydroxides as photocatalyst

The vast pollution emissions from the pharmaceutical, textile, and other manufacturing industries
are a threat to human society's long-term survival. To address these problems, photocatalytic
technology has lately gained attention due to its predicted practical uses and its ability to directly

convert solar energy into chemical energy; these characteristics include low energy consumption,



gentle reaction conditions, and low operating costs. Advanced oxidation processes (AOPs) are
recognized for their effectiveness in generating reactive oxygen species like hydroxyl radicals
('OH). Consequently, they find extensive use in organic pollutant degradation and energy

conversion [45].

During photocatalysis, the catalyst surface gets excited by light radiation, generating electron- hole
pairs. Electrons move to the CB, while holes form in the VB. These holes start the oxidation
producing hydroxyl radicals, while electrons reduce dissolved Oz to form superoxide radicals
which can then be protonated to generate hydroperoxyl radicals (HO2") and further decompose
into H202. The OH" radicals formed oxidize organic molecules into intermediates, ultimately
yielding H2O and other smaller molecules as end products as shown in Fig. 3. Among AOPs,
visible-light photocatalysis, in particular, is gaining attention from all around the world since it
can use solar energy to catalyze reactions and because of their high adsorption capacity and
adjustable band gap, LDH-based photocatalysts offer a prospective substitute for conventionally
based photocatalysts [46]. This significantly influences charge transfer and separation efficiency,
thereby defining the overall effectiveness of photocatalytic degradation. The optical characteristics
of a photocatalyst and the position of redox potentials within the semiconductor both affect the
effectiveness of the catalyst. Semiconducting metal oxides are the most widely utilized
photocatalysts; nevertheless, due to their low surface area and broad, untunable band gap, mono-
metal oxides have limited practical applicability [29]. The even distribution of metal cations within
brucite-like layers, achieved through the edge-sharing of MOs octahedra, results in enhanced
photocatalytic performance relative to metal oxides or hydroxides. The main cause of this effective
photoactivity is the widely distributed MOs octahedra, which speeds up charge transfer and lessens
charge carrier recombination. Zhao et al. demonstrated this phenomenon by incorporating visible-
responsive CrOg octahedra into the M-Cr LDH (M = Cu, Ni, Zn) matrix. However, because of its
high rate of electron-hole pair recombination and poor electron transport, chromium hydroxide
exhibits negligible photoactivity. On the other hand, because of their high dispersion within the
layered structure, LDHs containing scattered CrOes octahedral units demonstrate effective
photoactivity. The Cr3a orbitals (A2g) serve as the valence band, while the Cr3q orbitals (T2g+T1g)
act as the conduction band, undergoing band gap transitions responsible for their photocatalytic

properties [47].
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Fig.3. Photocatalytic mechanism of degradation of organic pollutants by photocatalyst

The photocatalytic performance of LDHs is influenced by various factors, including interlayer
spacing, volume, electron density, band structures, size, and strength of the interlayer hydrogen
bond network. The Pt/ZnTi LDH was successfully synthesized by Chen et al. Pt was integrated
into LDHs with organic ligands, boosting the LDHs' pore volume and specific surface area from
0.317 cm®/g to 0.081 cm?/g and from 29.05 m?/g to 111.46 m?/g, respectively. [48]. Furthermore,
a few LDHs have limitations with low photocatalytic efficiency caused by rapid recombination of
reactive holes and electron pairs, a high band gap, and a low percentage of visible light or sunlight.
Multiple methods, such as ion doping, noble metal loading, and morphological changes, have been
developed to improve electron-hole separation and visible light adsorption. Moreover, connecting

another semiconductor to form a heterojunction efficiently increases LDH's visible



light activity. Various modifications have been reported in the literature for effective and high
photocatalytic generation of oxygen and hydrogen under visible light.[49] Similar work was done
by Sahoo et al. they provide a deep investigation of the mechanism that Co(OH)2 loaded ZnCr
LDH composite releases more H2 and Oz in comparison to bare LDH via the construction of n-p
heterojunction [50]. Doped semiconductors heterojunction also showed effective phenol
degradation. Hasija et al. fabricated sulfur-doped C3N4 upon NiFe LDH and investigated the 2,4
nitrophenol photocatalytic degradation, which was almost two times greater than that of C3N4 and

bare LDH [51].
1.1.4. Strategies for enhancing LDH photocatalytic performance

(i) Metal oxide/LDH composites

LDH known for their distinctive band structures and semiconducting properties, offers significant
potential for integration with other metals or metal oxides to create advanced photocatalysts. The
formation of heterojunctions between metal oxides and LDHs alters the spatial charge distribution.
This alteration improves the effectiveness of electron and hole separation, overcoming typical
drawbacks of unmodified LDH-based photocatalysts, such as restricted light absorption ranges,
low quantum efficiency, and insufficient coverage of active catalytic sites [52]. Some metal oxide-
based semiconductor photocatalysts have low visible light conversion efficiencies, which restricts
their practical use. For example, TiO2 uses more of the spectrum's ultraviolet light due to its wider
band gap, yet during reactions, rapid electron-hole recombination reduces both its activity and
stability. Ruijuan Lu ef al. improved the photocatalytic activity of TiO2 nanoparticles with the help
of MgAl LDH and it was observed that TiO2/MgAl (1:1) composite was more photo catalytically
active for phenol degradation than TiO2 [53]. Dou et al. also synthesized core-shell nanospheres
of TiO2/CoAl LDH which exhibited the highest photocatalytic activity towards oxygen
generation i.e. 2.34 mmol h'g?,

2.24 mmol h''g! under the influence of visible light and sunlight, respectively [54]. Similarly,
certain visible light active metal oxides improved the catalytic efficiency of LDHs as Cai et al.
synthesized CoAl/CdS LDH and examined their catalytic activities in the degradation of
Rhodamine B (RhB) when exposed to visible light. In Comparison to LDHs alone, the composites'
photocatalytic activity was noticeably higher. [55]
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LDHs are often altered by incorporating metal elements (such as Fe, Ti, Al, and Mg e.t.c.) or metal
oxides (like Fe20s, TiO2, and Cr203 etc.) to reduce the band gap and consequently enhance
catalytic performance. Fe203/ZnTi-LDH and ZnO/ZnCr-LDH were synthesized and the findings
showed that the metal oxide-metal element-LDH material's band gap significantly reduced as
compared to the doped metal elements or metal oxides, and a high organic decomposition
efficiency was demonstrated [56,57].

Currently, magnetic Fe3O4/LDH nanocomposites are of significant interest due to their
applications in environmental remediation and photocatalysis. Several studies have documented
the synthesis of Fe3O4/LDH nanocomposites and their applications in photocatalysis. Fe304/ZnCr
LDH composites' photocatalytic potential was investigated by Chen et al. utilizing a two-step
micro-hydrothermal method. By putting a magnet close by, they were able to demonstrate the
magnetic separation of these materials in aqueous solutions and validate their magnetic
characteristics. Because of this, the MO/ZnCr LDH nanohybrids can be separated effectively,
which makes them perfect for environmental cleanup [58]. Lu et al. also investigated the
degradation of organic dyes and spectral properties by integrating magnetic Fe3O4 nanoparticles
with layered double hydroxides through a co-precipitation synthesis method. The resulting
Fe304/MgAIl-LDH nanocomposite had a distinctive shape and was remarkably effective for
breaking down Congo red dyes in aqueous solutions because of the LDH heterojunction created
with Fe3Os4 nanoparticles [59]. Numerous studies have investigated magnetic Fe3Os+/LDH
composites for their ability to adsorb toxic metals from aqueous solutions. Yan et al. reported on
the effectiveness of ZnAl LDHs and Fe3O4/ZnAl LDHs in adsorbing Cr (VI) from contaminated
water [60].

(ii) Plasmonic metal loading

Photocatalysis involving various nanoparticles NPs, like Au and Ag significantly affects the
optical and catalytic properties of semiconductors. Metallic silver nanoparticles (Ag NPs) absorb
visible light through a process known as Surface Plasmon Resonance (SPR). In this phenomenon,
the free electrons within the Ag NPs undergo a collective oscillation in response to the fluctuating
electric field of the incident light. A notable study by Tonda et al. explores the Ag/NiAILDH/g-
C3Ns composite, which effectively removes organic pollutants under visible light through

photocatalysis. Specifically, the LDH/C3N4 composites were created via this
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hydrothermal process. Subsequently, a range of Ag/NiLDH/C3N4 composites was produced with
1 wt.% Ag and varying LDH concentrations. The interaction between Ag NPs and LDH/C3N4
significantly reduced the photoluminescence (PL) intensity, indicating a synergistic effect among
the electronic states of the components. This interaction enhances charge separation and transfer
within the three-component heterojunction, leading to a lower probability of recombination for the
photogenerated electrons and holes [61]. Akbarzadeh et al. in their work also decorated Ag NPs
on ternary Zn-Cu-Cr LDH/C3Ns composites and studied the photodegradation of tartrazine. The
removal efficiency of tartrazine by these composites from aqueous solution under visible light
exposure was higher in comparison to pure graphitic carbon nitride, LDH, and C3Ns/LDH
composite. The highly efficient photoactivity of C3Ns/LDH/Ag photocatalyst was due to the high
surface area achieved due to the hybridization of LDH and CsNs, the presence of silver NPs on
catalyst surface improves the photocatalytic properties and effectiveness of charge transfer hence
limiting the electron-hole recombination [62]. Fig 4. Shows the photocatalytic mechanism of

pollutant degradation for MO and metal-loaded/MO-LDH composites.
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Fig.4. Photocatalytic mechanism of (a) MO/LDH and (b) metal-loaded MO/LDH composites
1.2. Methodology

1.2.1. Synthesis of LDHs
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(i) Co-precipitation method

The co-precipitation method is widely favored for LDH synthesis due to its simplicity and cost-
effectiveness. It involves the slow addition of mixed divalent and trivalent salt solutions to an
alkaline solution in a fixed ratio. The mechanism involves the condensation of hexa-aqua metal
complexes, leading to the formation of brucite-like layers. A base was used to maintain the solution
at the appropriate pH, facilitating the precipitation of metal hydroxides. The resulting precipitates

were stirred for a specified period, washed with distilled water and ethanol, and then dried.
(ii) Hydrothermal method

The hydrothermal method involves the thermal treatment of aqueous suspensions of oxides of
divalent and trivalent metal ions kept for several hours or days in a teflon-lined autoclave under
autogenous pressure. It involves transferring the prepared suspension into a teflon-lined stainless
steel autoclave reactor and heating it to the desired temperature. After cooling the autoclave, the
resultant was washed and dried to obtain the final product. This synthesis process offers advantages

such as enhanced LDH crystallinity, larger crystallite size, and improved sample purity.
1.2.2. Synthesis of Metal oxides (MO)

(i) Synthesis of monoclinic-WQOj;

Monoclinic WO3 was synthesized using the co-precipitation method. To 0.5 M sodium tungstate
solution concentrated hydrochloric acid (35%, 4 mL) was added dropwise, resulting in light yellow
precipitates. The mixture was stirred at 80°C for 2 hours, then cooled to room temperature. The
precipitates were washed with ethanol and DI water multiple times to remove impurities. After

drying at 60°C to remove moisture, the sample was annealed at 600°C for one hour.

(ii) Synthesis of a-Fe;O3
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Iron oxide nanoparticles were synthesized via hydrothermal treatment. Initially, 1.8 g of Fe
(NO3)3*9H20 was dissolved in 20 mL of distilled water. NH3*H20 was gradually added to adjust
the pH of the solution to approximately 9 under continuous stirring for 20 minutes. The solution
was then transferred into a 100 mL Teflon-lined stainless steel autoclave and subjected to
hydrothermal treatment at 120°C for 10 hours. Finally, the product was filtered, washed with
distilled water and absolute ethanol, and dried at 80°C for 12 hours.

1.2.3. Synthesis of MO/LDH composites

(i) In-situ coprecipitation method

The process involves the dispersion known amount of MO in DI water followed by the drop wise
addition of metal salt solutions. Further, the optimum pH of the solution was achieved by the
addition of x M of NaOH and Na2COs. The reaction mixture was stirred for about 24 hours and
the resultant precipitates were washed with DI water several times for the removal of unwanted

1ons and were dried at 60°C for few hours.
(ii) Electrostatic assembly

MO/LDH composites were prepared using the electrostatic self-assembly method. LDH and MO
were dispersed in a specific solvent in known amounts, mixed, and stirred for approximately 24
hours. The electrostatic interaction between oppositely charged catalysts facilitated the formation

of their composites.
1.2.4. Synthesis of metal-loaded MO/LDH composites

Plasmonic metals were deposited on LDH, MO, and MO/LDH composites using the photo-
reduction method. 100 mg of the catalyst was dispersed in a 50% IPA solution (10 mL). A specific
amount of metal salt solution was added and kept for argon purging for few minutes to remove
present oxygen and prevent oxidation. The mixture was then exposed to UV radiation (125 W Hg

arc, 10.4 mW /cm ?), filtered after illumination, washed with DI water, and dried.

1.3. Characterization Techniques
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Various modified synthetic procedures were employed to synthesize LDHs, MO, and M@MO-
LDH composites (detailed experimental protocols are outlined in their respective sections). The
synthesized catalysts underwent comprehensive characterization using diverse techniques to study

their surface, structural, and physicochemical properties.
1.3.1. X ray powder diffraction (XRD)

The crystallographic diffraction patterns were identified on an X-ray diffractometer (Xpert pro)
equipped with Cu - K a radiation (1.5 4 A), operating at 45 kV over a diffraction angle in the range
of 5° <2 0 < 80° (slit width: 10 mm; step scan size: 0.01; count time: 7.5 min with 10°/ min). The
preparation of the sample involved placing a 0.2 mm-sized powder sample into a holder and

subsequently creating a uniform surface by pressing it with glass.
1.3.2. Dynamic light scattering (DLS) and Zeta potential

Dynamic light scattering (DLS) and zeta analysis were used to measure the average hydrodynamic
size, and the charge was analyzed upon Zetasizer (ZEN 3600, Malvern, U.K.). In this analysis, 2-

5 mg of the catalyst was dispersed in the required amount of deionized (DI) water.

1.3.3. Fourier transform infrared spectroscopy (FTIR) and Raman

spectroscopy

FTIR spectra were recorded by SHIMADZU IRTracer-100 (scan range: 4000- 500 cm’;
resolution: 16 cm’!; scans: 60; detector: MCT) sample in powder form was directly placed on the
diamond of ATR IR. Raman spectroscopic measurements were performed on a Labram HR,

Horiba micro Raman spectrometer with an excitation laser of 532 nm.
1.3.4. Surface area and porosity analysis (BET)

The surface area and pore size distribution of samples were analyzed with BET Autosorb 1Q

(Quantachrome Instruments version 3.01, U.S.A) for that 100-150 mg of sample was kept for
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degassing using Helium gas at 150-200°C for 2 h to remove the moisture of the sample after that

liquid nitrogen adsorption and desorption was performed with liquid nitrogen.
1.3.5. HRMS analysis

HRMS analysis of photodegraded samples was performed by QTOF mass spectrometer with
UPLC (XEVO G2 XS), Waters (PDA detector 190-800 nm; resolution: > 40,000 FWMH).

1.3.6. Optical studies

The UV-visible diffuse reflectance spectra were obtained on a diffuse reflectance
spectrophotometer (JASCO, V-750) using BaSO4 as a reference in the 200-800 nm range.
Photoluminescence (PL) spectra of each sample were measured using a Shimadzu RF-6000
spectrophotometer at room temperature PL for that about 2 mg of the sample was dispersed in 25
mL of distilled water (10 mm Quartz cell, scan range from 300 nm to 900 nm and slit width:

Excitation and emission = 10 nm).
1.3.7. Morphological analysis

The morphologies and microstructures were observed using FESEM (Carl-Zeiss Sigma 500 FEG-
SEM). The sample was prepared using the drop-casting method, dispersing 2 mg sample in 5 mL
of deionized water. From this dispersion, drops were added onto copper tape, dried, and utilized
for FESEM analysis (1 pm-500 nm; Magnification: 2.5-10 K X). Elemental composition and
distribution were determined through Energy Dispersive Spectroscopy (Bruker EDS). High-
resolution Transmission Electron Microscopy (HRTEM) images were captured using a JEOL

JEM-2100 PLUS microscope.
1.3.8. X-ray photoelectron spectroscopy (XPS)

The elemental composition and oxidation state of the catalysts were determined by the XPS
technique using Omicron ESCA made by Oxford Instrument Germany. X-rays with photon energy
of 1486.7 eV were produced using Al K-alpha.
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1.4. Adsorption and photocatalytic studies

1.4.1. Adsorption studies

The adsorption studies of adsorbents were examined using tetracycline as a model pollutant. The
effect of various parameters (including pollutant concentration, adsorbent dosage, and contact
time) was investigated. During adsorption studies, a set of test tubes containing SmL of the
pollutant of specific concentration and a required amount of catalyst was added and kept on stirring
at (800 rpm) under dark. After a fixed interval, the test tube was removed, the solution was
centrifuged, and the concentration was determined using a UV-Vis spectrophotometer
SHIMADZU, UV-2600 and JASCO, V-750. To understand the adsorption mechanism on the
catalyst surface Langmuir and Freundlich models were studied. Additionally, pseudo-first and
second-order kinetic models were examined to predict reaction kinetics in adsorption and

photodegradation. Detailed procedures and equations are elaborated in their respective chapters.

1.4.2. Photocatalytic degradation of water pollutants (pharmaceutical drugs

and dyes)

Photodegradation studies of various adsorbents were conducted using different model pollutants.
Test tubes containing a specified volume of pollutant at a specific concentration and a known
amount of catalyst were stirred in the dark to achieve adsorption and desorption equilibrium
between catalyst and pollutant molecules followed by the exposure of test tube under visible light
irradiation (50W lamp; intensity:100W/m?; X >350 nm). At regular intervals, the test tubes were
removed, the solutions were centrifuged, and the concentrations were measured using a UV-Vis
spectrophotometer (SHIMADZU, UV-2600). The reaction kinetics and degradation efficiency
were also estimated (Detailed procedures and equations are elaborated in their respective chapters).
The mineralization efficiency of the pollutant was calculated with the help of total organic carbon
(TOC) analysis. The intermediates and final products formed during the degradation were
investigated using HR-MS analysis performed by QTOF mass spectrometer with UPLC (XEVO
G2 XS), Waters (PDA detector 190-800 nm; resolution: > 40,000 FWMH). The setup for

photocatalytic degradation of pollutants is shown in Fig. 4.
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Fig.4. Schematic depiction of reaction setup for photocatalytic degradation of pollutants

Table 1.1: Model pollutants chosen for degradation using prepare photocatalysts

S.No. Pollutant Chemical Lambda Structure
formula max
1. Tetracycline C22H24N20s 360 nm H3C CH3
H;C.__OH H ’
Z | O
=~ CONH,
04 O oH O
2. Ciproﬂoxacin Ci7HisFN30s 274 nm OH (0]
o7 -F

3. Malachite green  Ca3Ha2sN2Cl 617 nm ) N _N*
]
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1.5. Research gaps

LDHs are a type of photocatalysts that can break down organic pollutants, including
pharmaceutical and industrial waste, under visible light. Surface modifications, such as forming
composites with metal oxides and incorporating plasmonic metal loadings, enhance their
adsorption capacity and improve their efficiency in photocatalytic degradation. In the scientific
literature, various catalysts have been studied. Among these, metal oxides have been widely used
as photocatalysts for many decades. This is because they are biocompatible, stable in different
conditions, and can produce charge carriers when exposed to light. The favorable combination of
their electronic structure, ability to absorb light, transport charges, and maintain excited states

makes metal oxides suitable for photocatalytic applications.

WOs3 is a highly promising n-type semiconductor material that shows substantial absorption in the
visible range with a band gap between 2.4 and 2.8 ¢V. Its intrinsic properties make it a remarkable
semiconductor with significant photocatalytic applications. Notably, WO3 demonstrates excellent
adsorption capabilities and efficient photocatalytic performance under visible light, effectively
removing various contaminants. Coupling LDHs with the optimum amount of WO3 can further
improve their photocatalytic efficiency towards pollutant degradation. The study of optimum WO3
amount loading upon ZnCr LDH towards pharmaceutical waste degradation under visible light

irradiation has not been studied.

The combination of plasmonic metal-loaded metal oxides with LDHs effectively enhances the
visible light responsiveness of layered double hydroxides via heterojunction formation. The visible
light response of the LDHs with band gap > 3eV can be improved by plasmonic metal loading
along with MO loadings. MgAl LDHs are valued for their stability, ease of synthesis, and cost-
effectiveness as catalysts. Nonetheless, their broad band gap restricts their photocatalytic
effectiveness under visible light with only a few reports in the literature demonstrating pollutant
degradation under visible light. Its applications in photocatalysis can be explored by forming

heterostructure WO3 and Ag@WO3 composites.

Similarly, hematite (a-Fe203), possessing a thombohedral-hexagonal structure, stands out as the

most stable form of iron oxide. It holds tremendous potential in the photocatalytic degradation of
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diverse organic pollutants due to its antiferromagnetic property, cost-effectiveness, non-toxic
nature, exceptional stability, high reliability, corrosion resistance, and appropriate band gap,
enabling the absorption of a broad spectrum of solar radiation. No reports have been reported on
the coupling of NiCo LDH with FexO3 towards the degradation of organic dyes. Iron oxide
nanoparticles have been extensively studied for their role in photodegradation, particularly with
metal loading. However, the synthesis of LDH/Fe2O3 composites using a novel approach remains
unexplored. Hematite (0-Fe20s3) itself is a visible-active metal oxide semiconductor and serves as
an efficient photocatalyst under visible light. Incorporating hematite into LDHs can enhance their
light absorption capacity. Moreover, additional metal loadings on these composites can further
improve their ability to absorb visible sunlight, leveraging the surface plasmon resonance (SPR)
effect from surface electrons. This enhances the photocatalyst's responsiveness to visible light,

thus utilizing solar energy effectively, a renewable energy source.

1.6. Objectives

1. Preparation and characterization of Zn-Fe, Zn-Cr, Co-Ni etc. layered double hydroxides

(LDHs).

2. Influence of metal (Ag, Cu, Fe etc.) loaded MO (TiO2, ZnO, WOs3 etc.) loading onto
these LDHs and their physicochemical properties.

3. Study of adsorption property and photocatalytic activity of these M /MO-LDH.
heterocomposites for degradation of organic pollutants (phenols, nitro aromatics, pesticides

etc.).
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CHAPTER- 2

Effective performance of monoclinic WQO3/ZnCr layered double hydroxide
composites towards the degradation of tetracycline under visible light

irradiation

WO, dispersed in 10 ml DI water

2|
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Schematic outline: The study demonstrates the superior photocatalytic efficiency of tungsten
trioxide (WO3) impregnated ZnCr LDH for the removal of tetracycline (pharmaceutical waste)
under visible light irradiation. Optimal 10 wt.% WO3-ZnCr LDH degraded TC with high
effectiveness (86.7%) in 120 minutes. The enhanced performance of the binary composites results
from a higher specific surface area and improved separation of photo-generated electrons and holes

facilitated by a conventional class II heterojunction between ZnCr LDH and monoclinic-WOs3.

This chapter focuses on addressing the first and second objectives, which involve the preparation
and characterization of LDHs (Zn-Fe, Zn-Cr, Co-Ni etc.) Additionally, the chapter examines the
influence of loading materials, including TiO2, ZnO and WOs3 etc., onto these LDHs, and

investigates how these modifications affect their physicochemical properties.
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2.1. Introduction

An escalating global trend of organic contaminants in water sources is evident due to increasing
pollution levels and ongoing industrial and agricultural development. Recent years have seen rapid
industrialization in many nations, leading to heightened pollution from heavy metals,
antimicrobials, azo dyes, and other pollutants [1-4]. Among these, antibiotic-related ecological
contamination poses a critical concern, primarily due to their antibiotic-resistant properties and
chemical stability [5]. Presence of tetracycline in water bodies is presently a subject of incredible
concern. In recent years, various techniques like adsorption, electrolysis, microbial degradation,
and photodegradation have been devoted to the removal of TC and other harmful pollutants from
wastewater [6—9]. Tetracycline is a broad spectrum antibiotic with molecular formula C22H24N20s
that is effective against a wide range of bacterial infections. Its presence in wastewater can persist
in the environment and affect aquatic organisms, potentially disrupting ecosystems. It can cause
harm to humans including allergic reactions, liver and kidney damage. The wastewater containing
tetracycline can contribute to the development of antibiotic-resistant bacteria, which poses a
significant public health concern. Consequently, the effective removal of tetracycline residues
from the environment is crucial for both ecological health and human safety. Controlling the entry
of antibiotics into the environment primarily involves treating wastewater that contains these
substances. Currently, photocatalysis has emerged as an eco- friendly and economical method for
removing antibiotics from water sources. Additionally, this process can convert antibiotics into
less harmful organic molecules and easily degradable compounds, thereby diminishing or

eliminating their antibacterial properties. [10—13].

Layered double hydroxides are two-dimensional ionic clays made up of positively charged brucite-
like layers and negatively charged interlayer anions are known for their great stability, low cost,
flexible structure, effective support and narrow band gap semiconductor properties which make
them attractive in visible light photocatalysis [14,15]. Sometimes poor visible light response and
high recombination of photoinduced charge pairs of LDHs result in its low photocatalytic
efficiency. Therefore several modifications have been brought to their structural and electronic
composition by adopting different strategies such as cation doping, anion intercalation, calcination,
heterostructure formation with semiconductors, and noble metal loading [16-23]. Which has been

investigated to enhance the performances in various fields such
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as photocatalytic removal of organic pollutants, photocatalytic reduction of CO2, and other
chemical transformations [24-27]. Among the various photocatalytic materials reported, layered
substances such as ZnCr layered double hydroxide (LDH) stand out as highly effective
photocatalysts due to their suitable redox potential and exceptional light-harvesting abilities. The
capacity of ZnCr LDH to absorb visible light is linked to interelectronic excitations, such as metal-
to-metal charge transfer (MMCT) facilitated by oxo-bridged bimetallic connections [28,29].
Photocatalytic systems involving WO3 and LDH have been reported, such as efficient Z scheme
WOs3/ZnS photocatalyst for complete degradation of tetracycline and high-performance Z-scheme
2D/2D WOs@CoFe-LDH nanocomposite for the synchronic degradation of the mixture of azo

dyes by sonocatalytic ozonation process [30,31].

WOs has been regarded as a promising n-type semiconducting material, with band gaps ranging
from 2.4 and 2.8 eV and showing strong absorption in the visible region [32]. It is also found to
be a semiconductor with remarkable photocatalytic applications owing to its intrinsic properties
[33-35]. It demonstrates good adsorption and visible-light-driven photocatalytic capabilities for
removing different contaminants. Also, the high oxidation potential of the valence band of WO3
makes it capable of oxidizing H20 and “"OH groups to obtain HO". Moreover, the oxygen vacancies
present in WOs3 also affect the surface properties of materials upon heterojunction formation such
as adsorption and improvement of optical absorption by separating photogenerated charge carriers
hence, making it an efficient photocatalyst [36—39]. The composite formed by LDH and WO3 is
an effective adsorbent and photocatalyst for degrading organic pollutants due to its nontoxicity

and synergic effect.

In this work positively charged ZnCr LDH was coupled with WO3 nanoparticles via in situ
coprecipitation method and the effect of percent loading of WO3 upon LDH surface was studied
towards the degradation of tetracycline. This study assessed the photocatalytic performance of
ZnCr LDH and investigated how varying WO3 loading affects its ability to degrade tetracycline
antibiotics under visible light irradiation. The kinetics studies were performed for all composites
10% WOs loaded LDH shows better fit for pseudo first-order reaction with maximum degradation

efficiency and rate constant for ZnCr-10WOs (i.e., 86.7% and 1.5 x 102 min™).
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2.2. Experimental section

2.2.1. Chemicals and reagents

Zinc nitrate hexahydrate (Zn(NO3)2. 6H20), Chromium nitrate nonahydrate (Cr(NO3)3.9H20),
Sodium hydroxide (NaOH), Sodium carbonate (Na2COs3), Sodium tungstate (Na2WO4.2H20),
Hydrochloric acid (HC1 35%) all were acquired from Loba Chemie (India). Tetracycline (500 mg)
was purchased from CIPLA Pharmaceuticals. Double distilled water (D.1.) water used during the
whole study was obtained from Milli-Q (Millipore), an ultra-filtration system (conductivity=

35mho cm™! at 25° C).

2.2.2. Synthesis of ZnCr LDH

For the synthesis of ZnCr layered double hydroxide (LDH) Co-precipitation method has been
adopted. Aqueous solution of Zn (NO3)2.6H20 and Cr (NO3)3.9H20 ratio (2:1) was prepared in
40 mL of DI water to this solution, 1M of NaOH and Na>COs was added to attain pH 7-8. The
resultant solution was kept on stirring for about 24 hours. After the completion of the reaction, the
obtained precipitates were filtered and washed several times using distilled water and ethanol to

remove dissolved ions, and the product was dried at 70°C [40].
2.2.3. Synthesis of monoclinic WO;

For the synthesis of monoclinic WO3 Co-precipitation method was used. A solution of 0.5M of
sodium tungstate was prepared in DI water to attain transparency. 4 mL of concentrated
Hydrochloric acid (35%) was added dropwise and light yellow colored precipitates were observed.
The mixture was stirred at 80°C for 2 h and cooled down at room temperature. The precipitates so
obtained were washed with ethanol and DI water several times to remove other impurities. The
precipitates were dried at 60° to remove moisture and the sample was annealed at 600°C for one

hour [41].
2.2.4. Synthesis of WO3/ZnCr LDH composites

ZnCr LDH and heterostructures ZnCr-xWO3 (x=10 and 20%) were formed by the in situ Co-

precipitation process. During synthesis, a known amount of WO3 was dispersed in 10 mL of DI
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water followed by dropwise addition of solution of 12 mM of Zn (NO3)2.6H20 and 6 mM of Cr
(NO3)3.9H20 (2:1). Further, the pH of the solution was achieved to 7-8 by the addition of 1M of
NaOH and Na>COs. The reaction mixture was stirred for about 24 h and the resultant precipitates
were washed with DI water several times for the removal of unwanted ions and were dried at 60°C
for few hours. The ratio between ZnCr LDH and monoclinic-WO3 was controlled by varying the
weight ratio of monoclinic-WOs3 (10 mg and 20 mg) and keeping the amount of ZnCr LDH constant
and were named ZnCr-10WOs, ZnCr-20WO:s.

2.2.5. Photocatalytic activity

For the photocatalytic experiment, Tetracycline (TC) was taken as a model pollutant with an actual
concentration of 20 ppm. From the above solution, only 5 ml of the pollutant was added to

5 mg of photocatalyst {ZnCr LDH and ZnCr-xWO3 composites (x=10 and 20%)} before
irradiation of the light source, the catalyst and pollutant solution was stirred in dark for 30 min to
accomplish adsorption-desorption equilibrium. Further, to measure the photocatalytic activity of
the catalyst, the solution was irradiated with a visible light source (50W lamp; intensity: 100W/m?;
A >350 nm) for about 120 minutes and with respect to different intervals of time i.e., after every
20 min of interval the solution was filtered and UV-Vis spectra of the solution was recorded using
UV-Vis spectrophotometer (Shimadzu UV-2600 spectrophotometer). The degradation efficiency

was obtained using the equation:
Degradation efficiency (%) = (A0-A/A0) X100 ......cooiiiiiiiiiieiierieeeee e 4]

Where Ao is the absorbance of the untreated i.e., initial TC solution and A is the absorbance taken

for the treated solution at a specific time interval.

2.3. Results and discussions

2.3.1. Structural and crystallographic studies

X-ray diffraction patterns for ZnCr LDH and heterostructures ZnCr-xWO3 (x=10%) as well as for
WOs3 are shown in Fig.2.1 (a). The strong diffraction peaks centered at 20 of 11.6° and 23.3°,
respectively are for the basal reflection planes (003) and (006) and indicate the distinctive stacking

of layers. The existence of the LDH phase was further supported by the other basal
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reflection planes (012), (015), (018), and (110) analogous to 260 = 34.3°, 38.8° 47.3°, and 59.6 °
respectively [42]. In the case of WOs3 Fig.2.1 (b) when compared to the JCPDS no. 43-1035 all
diffraction peaks are comparable with those anticipated for the monoclinic WO3 phase [43]. No
other contaminants were found, demonstrating that the product only contains a monoclinic phase.
Peak intensities being sharp and high indicate the crystalline structure of WOs. Further, the
diffraction peak positions of prepared heterostructures (ZnCr LDH. xWOs3) confirmed the
formation of composites of LDH and WO3 with no change in the crystal structure of ZnCr LDH.
Also, on increasing the amount of WO3 in composites, the peak intensities corresponding to WO3
in (ZnCr LDH. xWO3) composites increased. The stability and ordered nature of the LDH are
further supported by the presence of many basal reflections, which minimize charge carrier
recombination and provides efficient electron transport. Sharp and intense diffraction peaks show
that WOs3 is in its highly crystalline monoclinic phase, which is necessary for effective
photocatalytic activity because it guarantees low defects and good structural integrity, both of
which are critical for lowering electron-hole recombination. The increase in WO3 content in the
composites improves the light absorption capacity of the composite and increases the number of
active sites, thereby enhancing photocatalytic performance. The heterostructure also promotes
efficient charge transfer between the ZnCr LDH and WOs3, which further reduces recombination

and improves the overall photocatalytic efficiency.

& 7ZnCr v WO3 ¢WO3/ZnCr

(b) WO3 (monoclinic)

(020)
(002)

(200)

ZnCr:20W03

ZnCr:10WO3

Intensity (a.u.)
Intensity (a.u.)

10 20 3'0 4'0 50 60 20 30 40 50 60
26 (degree) 20 (degree)

Fig. 2.1. XRD pattern of ZnCr LDH and ZnCr LDH.xWOs3 composites (a) and monoclinic WO3
(b)
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FTIR spectra were used to analyze the structures of ZnCr LDH and WO3 and the effects of
coupling between these, as shown in Fig.2.2 (a). Broadband was seen in the case of ZnCr LDH at
wave numbers of about 3220-3600 cm™' for the OH stretching vibration mode. In the inter gallery
space of the LDH, the OH group was primarily attached to the metal centers of the brucite layers,
whereas the symmetric and asymmetric stretching vibration modes of the intercalated CO3*anion
were concentrated at 1340 and 1470 cm™!, respectively. A weaker band at about 1630 cm ™! is due
to the bending mode of water molecules. The lattice vibration modes of the M-OH vibration and
the M-O vibration in the brucite-like layers are responsible for the bands seen in the low-frequency
region (800-500 cm™) [44]. For pure WO3 absorption band at 740 cm™ was observed and this
band tends to decrease its intensity for (ZnCr LDH. x WO3) composites in comparison to bare
WOs with a slight shift of band. The broadness of the —OH stretching band also becomes more for
ZnCr-10WO3 and ZnCr-20WO3 composites in comparison to bare ZnCr LDH due to changes
brought in the chemical environment of the —OH group due to the interactions of the -OH group
with WO3 when introduced in ZnCr LDH. Therefore, FTIR provides for the composite formation
of ZnCr LDH with WOs.

Raman spectra carried out for exploring phase transition and bond vibrations in prepared catalysts
are shown in Fig.2.2 (b). Two distinct bands observed between 430-470 cm™ and a peak at 532
cm’' indicate the presence of brucite sheets [45]. Additionally, a strong band at 1043 cm’
corresponds to symmetric stretching modes of intercalated CO3* anions. In contrast, Raman
spectra of monoclinic WO3 displayed four intense peaks at 273 cm™!, 325 cm™!, 713 cm™, and 803
cm’!, attributed to O-W-O bending and stretching vibrations [46]. In heterostructures like ZnCr
LDH.xWOs3, where x varies from 10% to 20%, intensities of O-W-O bond stretching and bending
modes increased proportionally with higher WO3 content, overshadowing LDH bands due to its

lower concentration.

The FTIR and Raman spectra provides valuable insights into the structural and chemical
interactions between ZnCr LDH and WOs3, which directly influence their photocatalytic behavior.
FTIR analysis shows that ZnCr LDH contains OH groups and COs3** anions, which play a key role
in photocatalytic activity by facilitating electron and hole transfer. The shift and broadening of the
OH stretching band upon WOs3 incorporation suggest interaction between the OH groups and

WOs3, indicating the formation of a heterostructure that enhances charge
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separation and reduces recombination, improving photocatalytic efficiency. The Raman spectra
further support the composite formation, with the increasing intensity of the O-W-O stretching and
bending vibrations in ZnCr LDH.xWO3 heterostructures. This increased interaction enhances the

charge transfer between the two components, promoting more efficient photocatalytic processes.

(b) 0-W-0 stretching bonds

O-W-0 str modes
2
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Fig.2.2. FTIR spectra (a); Raman spectra (b) of ZnCr LDH, ZnCr-10WO3, ZnCr-20WOs3

composites

2.3.2. Optical studies

The UV-visible diffuse reflectance spectrum of ZnCr LDH is shown in Fig.2.3 (a). The UV- visible
diffuse reflectance spectra demonstrates correlation between light absorption and photocatalytic
efficiency. The ZnCr LDH absorbs in both the UV and visible regions, with strong bands at 350-
470 nm and 490-700 nm due to ligand-to-metal charge transfer (LMCT) and d-d transitions of
Cr’*", respectively [47]. However, the absorption capability of ZnCr LDH is limited compared to
WOs. As shown in Fig.2.3 (b) WOs3, with its absorption onset at 480 nm, shows a narrower range
of light absorption, but it is highly effective in visible light absorption. Upon composite formation
the absorption range of ZnCr-10WO3 extends significantly from 758 nm to 1038 nm, indicating
an enhanced ability to absorb visible light. This extended absorption range directly correlates to

improved photocatalytic efficiency, as the material can utilize a broader
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spectrum of light for generating charge carriers. In contrast, the ZnCr-20WO3 composite shows a
decrease in the absorption range, which suggests that beyond a certain concentration of WO3, the
composite's ability to absorb light and drive photocatalytic reactions may decrease due to factors
such as increased recombination or reduced light harvesting efficiency. Therefore, the ZnCr-
10WO3 composite exhibits the highest photocatalytic efficiency, as it is capable of harnessing

more visible light and promoting more effective charge separation for photocatalytic reactions.

The optical absorption characteristics of crystalline semiconductors near their band edges can be
described by the formula ahv=K(hv-Eg)"?, where o represents the absorption coefficient, hv is the
light frequency, Eg denotes the band gap energy, and K is a constant [44]. The parameter n depends

on the type of optical transition within the semiconductor.

Experimental data typically illustrate the relationship of (ohv)? versus hv, as depicted in Fig. 2.3
(¢). The band gap energies calculated for ZnCr LDH and WOs3 are found to be 2.47 eV and 2.71
eV, respectively. When ZnCr LDH and WOs3 form composites (ZnCr-10WO3 and ZnCr-20WO3)
the band gap energies decrease, i.e. 2.06 eV and 2.33 eV respectively, for the composites. This
reduction in band gap energy suggests that the composites exhibit enhanced absorption of visible
light compared to the bare LDH and WOs catalysts, as the ability to absorb a wider range of the
visible spectrum facilitates more efficient generation of electron-hole pairs under light irradiation.
These electron-hole pairs are essential for driving photocatalytic reactions. Consequently, the
reduced band gap in the composites enhances the charge separation and transport, minimizes
recombination, and improves the overall photocatalytic performance. The optimal band gap in the
ZnCr-10WO3 composite further correlates with its higher photocatalytic efficiency, as it

maximizes the visible light absorption and promotes better charge carrier.
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Fig. 2.3. UV-Vis diffuse-reflectance spectra of ZnCr LDH and ZnCr LDH. xWO3 (x=10, 20%)
composites (a); WOs (b); band gap calculated using tauc’s plot (c).

PL behavior is related to the transfer of the photo-induced electrons and holes, which can reflect
the separation-recombination of photo-induced charge carriers. The photocatalytic interaction can
significantly influence the recombination of photo-induced charge pairs. Thus, to profoundly
acquire the knowledge of recombination and separation of charge pairs in the hetero junction
material, a PL study was done. Fig. 2.4 depicts the PL emission spectra of neat ZnCr LDH and its
ZnCr LDH/WO3 composites with an excitation wavelength of 350 nm. ZnCr LDH and its
composites show band spectra ranging from 365 nm to 383 nm specifying blue emission in the UV
region. Emission at 468 nm was attributed to the band emission peak of LDH [48]. It was observed
that upon heterostructure formation between LDH and WO3 the PL peak intensity decreased due
to decrease in radiative recombination of excitons for ZnCr/WO3(WOs= 10%) as compared to the
parent material confirming the delayed recombination rate of photo-induced charge pairs to a

certain extent whereas, rise in intensity is observed in composite (20 wt.%
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WO3) in comparison to (10 wt.% WOs3) resulting in fast recombination due to blocking of active
sites of catalyst upon excess loading of WOs. Similarly, the intensity of emission peak of
heterostructures of LDH from 400-420 nm belonging to radiative recombination of localized

surface trapped charge pairs are also lowered in comparison to bare LDH [49].
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Fig.2.4. Photoluminescence spectra of ZnCr LDH and ZnCr LDH. xWO3 (x=10, 20%) composites

2.3.3. Morphological and surface studies

The morphology of ZnCr LDH, WOs3, and its composites were determined by FESEM. Fig. 2.5
(a) shows the structure of ZnCr LDH forming porous surfaces. WO3 surface in Fig. 2.5 (b, ¢)
shows the growth of a large number of irregular lengths of nanoplates [41,50]. Surface of ZnCr-
10WOs composites Fig. 2.5 (d) shows the same large number of irregular nanoplates of WO3
interspersed inside as well as on the surface of ZnCr LDH which confirms the hetero-composite
formation of ZnCr LDH and WOs. The results of Energy-dispersive X-ray Spectroscopy (EDX)
analysis for ZnCr LDH and ZnCr-10WOs3 are shown in Fig.2.6 (a, b). The spectrum shows the
presence of W along with Zn, Cr, O, and C in ZnCr-10WO3 composite.
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Fig.2.6. EDX spectra of ZnCr LDH (a) and ZnCr-10 WOs (b).
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The specific surface area and pore size for prepared catalysts was analyzed by nitrogen adsorption-
desorption technique. Fig. 2.7 (a) shows isotherms which can be classified as type IV adsorption
isotherm. Presence of meso and micropores was further confirmed by pore size distribution curves
in Fig. 2.7 (b, ¢) indicating the existence of pore size in a range of 0-50 nm. Specific surface area
and pore size data for the catalysts estimated by the BET method was (27.43 m?/g and 47.69 m?/g)
for ZnCr LDH, ZnCr-10WOs respectively [40,51]. The increase in surface area observed is due to
the loading of WO3 upon LDH surface moreover the increased pore diameter and pore volume
(3.31 nm and 0.04 cm®/g) upon composite formation suggests the fast diffusion of the reactive

species hence improving the photocatalytic efficiency of the catalyst.
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Fig.2.7. Nitrogen sorption isotherms (a) and pore size distribution curves (b, ¢) for ZnCr LDH and
ZnCr-10WOs3

2.4. Photocatalytic activity
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To evaluate the photocatalytic efficiency of the prepared catalysts, photocatalytic degradation of
TC was conducted under visible light for 120 minutes. TC solution without any photocatalyst was
also examined to assess the stability of the catalyst under visible light irradiation. Prior to
illumination, suspensions of pollutants and catalysts were kept in the dark for 30 minutes to reach
adsorption-desorption equilibrium. The characteristic absorption peak of tetracycline at 357 nm
was monitored to evaluate degradation progress. After attaining adsorption desorption equilibrium
the photocatalytic performance of ZnCr LDH and ZnCr/WOs composites was evaluated by
degrading TC under visible light irradiation. Fig. 2.8 (a,b) shows the photocatalytic degradation
of TC over various synthesized photocatalysts. The degradation efficiencies were found to be
59.4% and 19.8% for ZnCr LDH and WOs respectively in 120 minutes under visible light whereas,
ZnCr/WOs photocatalyst with (WO3 =10 and 20%) exhibited the efficiencies of 86.7% and 81.1%.
The higher photocatalytic efficiencies of the ZnCr/WO3 composites in comparison with pure ZnCr
LDH and WOs catalysts are due to their higher surface area and synergistic effect of metal oxide

and LDH.
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Fig.2.8. Time-dependent UV-Vis absorption spectra of TC solution using ZnCr LDH and ZnCr-
10WOs (a, b) and time course-kinetic plot ZnCr LDH and ZnCr LDH. xWOs (x=10, 20%)

composites (c-d)

The photocatalytic degradation of TC by ZnCr LDH and its composites obeys pseudo-first-order

Kinetics. At low initial TC concentration, the simplest representation for rates of photodegradation

of TC is given by:

Inci=-kt+1In ¢y

0]

This equation can be used to demonstrate the linearity of data if the integration of Eq. (1) is given

by:

10@ (CO/COZKE2.303 ..o ee e er e 3)
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Where £ is the constant of the pseudo-first-order rate.

A plot of log (Co/C:) versus the visible irradiation time for the TC photodegradation catalyzed by
ZnCr LDH, WOs3, ZnCr-10WO3, ZnCr-20WOs is shown in Fig. 2.8 (¢) A linear relation between
log (Co/C;) and the irradiation time has been confirmed, which implies the photodegradation of TC
follows the pseudo-first-order kinetics with rate constant (k) is 0.72 x 102 min™', 0.13 x 10”2 min
1,1.55 x 102 min" and 1.3x 10 min"! and the degradation efficiency calculated was 59.4%,
19.8%, 86.7% and 81.1% for ZnCr LDH, WOs3, ZnCr-10WO3, ZnCr-20WOs respectively, which
1s maximum for ZnCr-10WO3 composite. Fig. 2.9 (a, b) shows a histogram representation of

degradation efficiency rates and rate constant (k) for ZnCr LDH and its composites.

k=155x10"2 86.7%
() i | [

1 k=1.34x10"

;
N
c
' L 8
£ ®
— T
3 g
- o
c 5 Q
8 k=0.72x10" it
2 i c
) + o
] o
Q [F]
£ o
[
lk=0.13x102

WO,  ZnCrLDH ZnCr-10WO, ZnCr-20WO, WO, ZnCrLDH ZnCr-10WO3 ZnCr-20WO3

Fig.2.9. Rate constant (k) and degradation efficiency bar graph of WO3, ZnCr LDH, ZnCr LDH.
xWOs3 (x=10, 20%) composites (a, b)

Scavenging experiments were conducted to identify the active species involved in the
photodegradation of TC under visible light. Methanol, IPA (isopropyl alcohol), and Ar (argon) gas
were added to the TC solution under the identical reaction conditions used for the photodegradation
analysis. Compared with experiments without scavengers, a decrease in percent degradation was
observed. This decline in photocatalytic activity upon introducing scavengers suggests that holes,
superoxide radical, and hydroxyl radicals influence the photocatalysis of TC over ZnCr-10WOs.
Fig.2.10 (a) shows the UV-Vis spectra of TC degradation upon adding scavangers and Fig.2.10
(b) depicts the bar graph showing decrease in
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percent photodegradation upon adding Ar, IPA and methanol to the reaction mixture, significant
decrease in photodegradation that was observed upon methanol addition, followed by IPA addition
and argon purging, indicates that O ** and> OH® are the primary species responsible for the
photodegradation process. The contribution of active species during the photodegradation of TC

follows the order: O **>OH® > h".
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Fig.2.10. UV-Vis graph showing degradation of TC upon adding of scavangers (a) and the bar
graph showing percent degradation of TC solution by ZnCr-10WOs catalyst (b)

2.5. HRMS analysis

HR-MS analysis was employed to identify intermediate products, which were characterized based
on their mass-to-charge ratio (m/z). The possible degradation pathways of TC were proposed by
analyzing the structures of these intermediate products. Figure 2.11 illustrates the primary TC
degradation pathways. Due to the higher electron density of the conjugated double bonds in the
TC molecules, they are more vulnerable to attack by reactive oxygen species (ROS) [52]. In
Pathway 1, ROS attacks the electron-rich conjugated double bond, forming P1, and TC undergoes
demethylation to yield P2 [53]. Subsequently, P1 and P2 are converted into P3 (m/z = 274.91)
through processes such as ring opening, deamination, and dealkylation [54]. P3 is further oxidized

to smaller molecules, P4 (m/z = 218.01) and P5 (m/z = 167). In Pathway 2, TC is first
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converted into P6 (m/z = 301.14) by hydroxylation and ring opening [55]. P6 is then transformed
into P7 (m/z = 279) through an OH attack and further oxidized to the small molecule P§ (m/z =
149.02) [56]. The final degradation of P4, PS5, and P8 results in the production of H20 and COa.

OH O OH
P6é m/z=301.14

l

P1m/z=318 ot P2m/z=415 OH O OH

OH

/ OH 9 OH o OH

P3 m/z=274. 91 P7 m/z=279. t
CHs 0
@55)1\/ OH
P5 m/z 167 / P8 m/z = 149.02
PAm/z= 218 01 HzO + c02+ NH3

Fig.2.11. Possible TC degradation pathways under visible light irradiation
2.6. Proposed mechanism

Scheme. 1 represents the possible mechanism for the degradation of tetracycline under visible
irradiation by the as-prepared catalysts. Among various strategies, the design of well-defined

heterostructures is the promising approach toward the photodegradation of harmful pollutants
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because of their merit in separating efficiency of photogenerated charge carriers [57-61]. ZnCr
LDH, upon light illumination, absorbs visible light and excites electrons from the valence band
(VB) to the conduction band (CB) with simultaneous generation of holes in VB. Then the
photoexcited electrons and holes react with adsorbed oxygen and water molecules to generate
reactive superoxide radical anions (O2™) and hydroxyl radicals ("OH). Upon hetero-composite
formation of ZnCr LDH with WOs3 they belong to conventional class II hetero junction as in the
mechanism shown in Scheme 1. When the light of suitable energy falls on the catalyst the ZnCr
LDH would consume the visible light radiation from the source and generate electrons and holes.
The electrons from the conduction band of ZnCr LDH would go to the conduction band of WOs.
To maintain electron neutrality holes jump from more positive VB (Valence band) of WO3 to less
positive VB of ZnCr LDH resulting in the accumulation of more holes in VB of ZnCr LDH. The
electrons present at CB of WO3 are not capable of reducing Oz to “O2” because of more positive
conduction band potential than Eo [(O2/HO2=-0.046 eV vs NHE)] whereas, the more positive
valence potential of ZnCr LDH than Eo (OH/ "'OH = 1.99) was found suitable for generating "OH
through reaction of H20O with oxidized hole [62]. Over time, these active species may break down
the pharmaceuticals into simple degradation by-products such as CO2 and H2O. This pathway of
transfer of electrons and holes upon heterojunction formation reduces the recombination rate of

charge carriers and hence, results in the improvement of photoactivity of the prepared catalyst.
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Scheme 1. Schematic representation for the photocatalytic mechanism for TC degradation using a

ZnCr/ WO3 LDH photocatalyst

Conclusion

In summary, we report a simple methodology to enhance the photocatalytic activity of ZnCr LDH-
based composites. Generally, ZnCr LDH lacks excellent photoactivity because of the fast
recombination of photo-generated charge carries but on the composite formation of ZnCr LDH
with monoclinic-WOs a delay in recombination has been observed which is due to the generation
of conventional class II hetero junction. The kinetic studies performed for prepared catalysts
showed rate constant and degradation efficiency trend as WO3 < ZnCr LDH < ZnCr-20WO0O3 <
ZnCr-10WO3 with maximum rate constant and degradation efficiency for ZnCr-10WO3
composite., the introduction of monoclinic WO3 into ZnCr LDH along with the enhancement in
adsorption of tetracycline of catalyst surface (due to increase surface area) also increased charge
separation efficiency of photo-induced charge carriers due to the generation of conventional class
IT hetero junction as compared to bare ZnCr LDH. The decreased charge separation observed for

ZnCr-20WOs in PL spectra is due to excessive loading of monoclinic WO3 on the LDH surface
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hence making it a less effective catalyst in terms of rate constant and degradation efficiency as

compared to ZnCr-10WOs. Although this work is restricted to hetero composite synthesis further

loading of metals like silver, gold, and copper could be done to form ternary (Z-scheme

photocatalytic system) solar light active photocatalyst for solving various environmental issues.
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CHAPTER-3

Enhanced adsorption and photocatalytic activity of Ag@WQOs;/MgAl layered

double hydroxide for degradation of ciprofloxacin under visible light

irradiation
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Schematic outline: Layered double hydroxides (LDHs) containing Mg and Al exhibit high surface
area, stability and photoactivity with a band gap greater than 3 eV. By loading visible- light-active
metal oxides like WO3 and plasmonic metals such as Ag onto their surfaces, LDHs demonstrated
enhanced responsiveness to visible light. This modification transforms LDHs into effective
catalysts for degrading ciprofloxacin (77.6%) under visible light irradiation within 160 minutes.
Furthermore, these modifications not only enhance the catalyst's photo activity but also improve

its capability as an adsorbent for removing 85% of tetracycline.

This chapter covers second and third objective of the thesis focusing on the Influence of metal
(Ag, Cu, Fe etc.) loaded MO (TiO2, ZnO, WOs etc.) loading onto these LDHs and their
physicochemical properties and the study of adsorption property and photocatalytic activity of
these M /MO-LDH. heterocomposites for degradation of organic pollutants (phenols, nitro

aromatics, pesticides etc.).
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3.1. Introduction

The widespread use of antibiotics has raised concern about their impact on the ecosystem and
human health. Large-scale usage of antibiotics resulted in the development of antibiotic resistance,
posing a severe risk to both humans and animals [1]. Certain antibiotics, such as ciprofloxacin and
tetracycline, are identified as water pollutants that can contaminate the aquatic environment [2,3].
These antibiotics are not entirely absorbed in the body their chemical stability makes them difficult
to break down, and these are eliminated from the environment [4,5]. Addressing the presence of
antibiotics in aquatic environments requires the development of efficient and practical techniques
for their degradation. To overcome this problem, adsorption and photocatalysis using
semiconductor photocatalysts have emerged as a promising, environmentally friendly, and cost-

effective approach to removing organic pollutants, including antibiotics, from water [6-9].

Using effective nanosized adsorbent material is crucial in removing contaminants from
wastewater, such as dyes, antibiotics, heavy metals, and various organic compounds. These
materials play a vital role in adsorbing and degrading antibiotics, thereby facilitating their removal
from the aquatic environment [10,11]. Recently, 2D layered double hydroxides (LDH) have
attracted much interest in adsorption and photocatalysis. LDH possesses a customizable chemical
composition, excellent stability, non-toxicity, low cost, ease of synthesis, high surface area, and
notable light response [12,13]. These materials belong to the family of anionic clay compounds
and can be represented by the general formula [Mi~*"Mx>"(OH)2[*" [Axn]™.m H20. LDH is
composed of layers resembling brucite in which part of the divalent metal cations, such as Mg?*,
Fe?', Co*", Cu**, Ni*" or Zn**, coordinated octahedrally by hydroxyl groups, are replaced with

positively charged layers made of AI**, Cr*™ Ga*", In**, and Mn*" [12,14].

However, specific challenges are associated with the practical application of LDH in wastewater
purification. Their photocatalytic performance is limited by a few drawbacks, such as insufficient
absorption of visible light, rapid recombination of photoinduced electron-hole pairs, and low
specific surface area. To overcome these limitations, strategies such as heterogeneous doping,
structural modification, and building heterojunctions with other semiconductors with similar band

potentials have been explored to enhance the photocatalytic efficiency of LDH [15,16].
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MgAl LDH is a visible light-responsive catalyst with a band gap energy of about 2-3 eV. However,
the greater separation efficiency of photoinduced charge carriers limits their usefulness [17].
Tungsten oxide (WOs3) is an n-type semiconductor with band gap energy of 2.4-2.8 eV. On the
other hand, it demonstrates good adsorption and visible-light-driven photocatalytic capabilities for
removing different contaminants [18,19]. It possesses high adsorption capacity and good
photoactivity due to its highly negatively charged surface. Combining MgAl LDH with WOs3 could
result in a promising heterostructured photocatalytic material with strong adsorption and
photocatalytic bifunctionality. Moreover, the use of WO3/MgAl LDH composite for wastewater
treatment has not been studied extensively. No studies have specifically investigated the
synergistic effects of adsorption and photocatalysis for this composite. Plasmonic metal
nanoparticles (NPs) can improve the photocatalytic performance of the catalyst by producing
active electrons, encouraging the development of active species, thus enhancing the separation of
photogenerated charge carriers in the system, and successfully improving the spectrum response
to visible light [20-22]. For instance, scientists developed plasmonic metal (Ag, Au, Cu) loaded
MgAl LDH catalysts for the degradation of tetracycline under LED light. They examined how the
surface structure, optical characteristics, electrokinetics, and photocatalytic performance of LDH
were affected by the loading of various plasmonic metals. Similarly, Au-Cu alloy nanoparticles
supported by layered double hydroxide were found to be highly effective catalysts for the oxidative

esterification of benzyl alcohol under visible light irradiation.

However, there is no report on the impact of WO3, and plasmonic metal (Ag) loaded WO3 upon
MgAl LDH heterostructures for enhanced adsorption and degradation of pollutants under visible
light irradiation. This study details the easy synthesis of MgAl LDH by the coprecipitation method
and ternary plasmonic metal-loaded WO3 heterojunction with MgAl LDH by the in situ
coprecipitation method. This work appears to be the first to provide valuable insights into the
influence of WO3 and Ag loading for constructing a ternary composite comprising MgAl LDH,
WO3, and Ag. The impact of WO3 and Ag loading on the structural, optical, and physicochemical
properties of LDH in the ternary Ag@WO3-LDH composite is described. Additionally, the study
explores adsorption models and kinetic studies for tetracycline removal and a plausible mechanism

for the photodegradation of ciprofloxacin over Ag@WO3/LDH ternary
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heterostructure considering the consequences of photoluminescence, scavenging, and HR-MS

studies.

3.2. Experimental section
3.2.1. Materials

Aluminium nitrate nonahydrate (AI(NO3)3.9H20), Magnesium nitrate hexahydrate
(MgNO3.6H20, 98%), Sodium hydroxide (NaOH), Sodium carbonate (Na2CO3), Sodium tungstate
(Na2WO04.2H20), Hydrochloric acid (HCI 35%), Isopropyl alcohol (C3HsO, 99.5%) were
purchased from Loba Chemie (India). Silver nitrate was acquired from Sigma Aldrich.
Ciprofloxacin: CIP (Ci17H1sFN303), Tetracycline: TC (C22H24N20s) tablets (50 mg) were
purchased from the pharmacy Cipla Ltd. Organo Biotech Laboratories Pvt. Ltd. provided the triple

deionized water that was used throughout the entire experiment.
3.2.2. Synthesis of MgAl LDH

MgAl LDH was synthesized by the precipitation method. Synthesis includes the addition of 50 mL
of aqueous solution containing 0.0375 mol Mg(NO3)2 and 0.0125 mol AI(NO3)3 to another 50 mL
0.025 mol of Na2COs solution. The pH of the solution was maintained to 12 using 4 mol L' of
NaOH solution. The resultant solution was stirred at room temperature for 12 hours. The

precipitates formed were filtered and washed with distilled water, then dried at 70 °C.
3.2.3. Synthesis of WO3

The synthesis of WOs is described in section 2.2.3.

3.2.4. Synthesis of silver-loaded WQO3

Ag-loaded WO3 composite was synthesized by the photodeposition method. In a test tube, WO3
powder (100 mg) was added to 10 mL of isopropanol to water (1:1) mixture along with 0.01 mM
AgNOs solution corresponding to different weight percent (2%, 4%). The test tube containing the
resultant mixture was purged with argon gas for 15-20 minutes and then sealed with a rubber

septum to create an inert atmosphere. Further, the mixture was illuminated with UV radiation
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(125 W Hg arc, 10.4 mW /cm 2) for 3 h. The obtained solution was washed with distilled water
and dried at 50°C.

3.2.5. Preparation of silver loaded WQO3/MgAl LDH composites

Ag@WO3/MgAl LDH (2% and 4%) composites were prepared by in situ coprecipitation. The
process involves the dispersion of a known amount of Ag@WOs3in 10 mL of DI water, followed
by the addition of 50 mL of 0.025 mol of a Na2CO3 solution. The resultant was stirred for 10
minutes. To the above aqueous solution, 50 mL of Mg(NO3)2(0.0375 mol) and AI(NO3)3(0.0125
mol) was added dropwise, and the pH of the reaction was maintained roughly 12 using 4 mol L!
of aqueous NaOH solution. The final solution was stirred for 12 h at room temperature. Finally,
precipitates were washed with distilled water and dried at 70°C. WO3/MgAl composites were also
prepared using a similar procedure whereby bare WO3 was taken instead of Ag@WOs. The
composites were named Ag2@WO3/MgAl LDH, Aga@WO3/MgAl LDH and WO3/MgAl LDH.

Mg(NO;),/AI(NO;),  Na,CO,(0.025 mol L-!) ,2NaOH
(3:1)

Washed, dried 70°C

mmmmm) MgAI LDH
H
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Schemel. Schematic representation for the synthesis of ternary Ag@WO3/MgAl LDH composites.
3.3. Results and discussions

3.3.1. Crystallographic and structural studies

X-ray diffraction patterns for MgAl LDH, WO3, WO3/MgAl, and Ag@WO3/MgAl LDH are
shown in Fig. 3.1(a). Pure MgAl LDH exhibits diffraction peaks centered at 2 theta of 11.7°, 23.4°,
34.9°,39.4°,46.8°, 60.9° and 62.3° for the reflection planes (003), (006), (012), (015), (018), (110)
and (113) respectively according to JCPDS no. 14-0191 [23,24]. In the case of WO3, all diffraction
peaks are comparable to the monoclinic WO3 phase when compared to the JCPDS no. 43-1035
with no other contaminants present, indicating the purity of the monoclinic phase [25]. The
composite formation of MgAl LDH with WO3 and Ag@WOs3 does not diminish the characteristic
peaks of LDH at 11.7° and 23.4° suggesting the zero effect of loadings on the crystallinity of
hydrotalcite material. Also, WO3 and Ag@WOs loadings upon LDH crystal reduce the
characteristic peaks corresponding to MgAl LDH, indicating the interaction of WO3 with MgAl
LDH. In the case of Ag@WO3/MgAl LDH composites, no peak was observed corresponding to
metallic Ag due to its low concentration, i.e. (2 - 4 wt.%). Consequently, the X- ray diffraction

pattern indicates that the metallic Ag content is below the detection limit.

The FTIR spectra of MgAl LDH and its composites are depicted in Fig. 3.1(b). A strong, broad
absorption band at 3409 cm™ 3416 cm™! indicates the stretching vibration of OH groups on the
layer surface or interlayer water molecules. In contrast, the 1643 cm™ band was due to the bending
vibration of interlayer water molecules. An intense band at 1360 cm’! signifies anti- symmetric
stretching of carbonate ions in the interlayer region [26,27]. Metal vibrations at lower wave
numbers (500-700 cm™!) are present, but in the case of Ag2@WO3/MgAl LDH, these LDH bands
were affected upon composite formation with Ag2@WQOs. For bare WOs, the stretching bands
corresponding to O-W-O/W-O-W interbridging vibration were observed at 603 cm™', 731 cm™
and 804 cm™'. Compared to bare WO3, the stretching vibration intensity of O-W-O/W-O-W is less
intense in Ag2@WO3/MgAl LDH composite. No vibration bands were observed for silver because
of its low concentration. Additionally, the broadness of the OH stretching band was found to be

decreased upon composite formation. Hence, the FTIR results are supplementary
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evidence affirming the successful coupling of LDH, WOs, and Ag NPs within the
Ag@WOs3/MgAl LDH ternary heterostructure.
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Fig. 3.1. XRD pattern (a); FTIR spectra (b) of MgAl LDH, binary WO3/MgAl LDH, and ternary
Ag@WOs3/MgAl LDH composites

Fig.3.2(a,b) illustrates the Raman spectra of MgAl LDH, WO3/MgAl LDH, and Ag@WO3/MgAl
composites, respectively. The Raman spectra of MgAl LDH show several bands positioned at 470
cm™!, 590 cm™, and 710 cm™ and 1050 cm'associated with the Al-O-Al bond, Octahedral structure
of brucite layers AI-O-Mg, NOs™ ion and anion intercalated in LDH materials respectively [28].
Upon composite formation of MgAl LDH with WOs3, four highly intense bands corresponding to
273 cm’!, 325 cm!, 713 cm’!, and 803 cm™! were observed, which are due to O-W-O stretching
(713 em™! and 803 cm™) and bending modes (273 cm ™!, and 325 cm™) [29]. Also, the low LDH
and Ag NPs concentrations result in nondetectable Raman bands for LDH in WO3@MgAl LDH.
However, in silver-loaded composites, Raman bands at 470 cm™ and 1050 cm™ corresponding to
MgAl LDH are observed. This detection is attributed to the localized surface plasmon resonance
(LSPR) effect of silver, which enables the bands to be detected. Moreover, the terminal W=0
stretching band, in particular, was visible and shifted towards a lower wavenumber (935 to

895 cm™) in silver-loaded MgAl LDH composites,
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demonstrating that the chemical environment of Ag NPs significantly impacted the W=0 bond in

Ag@WO3/MgAl LDH composites [21].

e MgAl LDH (a) —— Ag,@WO,MgAl LDH b
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Fig.3.2. Raman spectra of bare MgAl LDH (a); WO3@MgAl LDH, Ag@WO3/MgAl LDH and
Ags@WO3/MgAl LDH (b)

3.3.2. Optical studies

The optical absorption properties of synthesized photocatalysts were evaluated with the help of
DRS spectra. Fig. 3.3 (a, b) displays the absorbance spectra and colour change for the prepared
catalysts. MgAl LDH shows an intense band at 260 nm and an absorption edge in the visible region
(395 nm). The light absorption capacity of MgAl LDH was initially improved upon its composite
formation with WO3, resulting in a shifting of absorption onset to the more visible region (462nm).
Further, the composite formation of MgAl LDH with Ag-loaded WO3 indicates a red shift in
absorption bands and a hyperchromic shift in bands, respectively. Improved light absorption was
observed in the case of Ag@WOsLDH composites due to the SPR effect [30]. Generally, the
transfer of electrons between the metal d-electronic states and LDH causes the Ag nanoparticles
to exhibit surface plasmon resonances at 400-500 nm. Still, the SPR band was not observed for

Ag@WO3/MgAl composites due to low silver loadings. The visible light absorbing
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efficiency of prepared composites follows MgAl LDH < WO3/MgAl LDH < Agx@WO3/MgAl
LDH < Ags@WO3/MgAl LDH.

(a) —=— MgAl LDH (b)

—e—WO,/MgAl LDH o
—i— Ag,@WO,/MgAl LDH
—v— Ag,@WO,/MgAl LDH

s

L A %
h .“ i } : 4 v :;
4 ) -y o5 et
e i
SRR e B

MgAlI LDH WO,

Absorbance (a.u.)

It Rk e )
h*"ylvz'{m,’ A o

Ag4@wo3 Agz@W03 Ag4@W03

395 nme -
o B i\ MgAl LDH MgAl LDH
200 300 400462/n 2% 520 nrfP° 700 Mg /Mg
Wavelength (nm)

Fig.3.3. UV-Visible diffuse reflectance spectrum (a); color change (b) of MgAl LDH WO3/MgAl
LDH, Ag2@WO3/MgAl LDH and Ags@WO3/MgAl LDH

The band gap energy was calculated using tauc's plot.

ahv = K(hv _ Eg)1/2 ............................................................................................... (1)

Here, the absorption coefficient, light frequency, band gap energy, and a constant are represented
by hv, Eg, and K. The band gap values were determined by plotting (ahv)"? v/s hv shown in Fig.
3.4(a-d) the respective band gap for MgAl LDH, WO3/MgAl LDH, Ag:@WOs3/MgAl LDH and
Ag2@WOs3/MgAl LDH was 3.6 eV, 2.54 eV, 2.46 eV and 2.28 eV.
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Fig.3.4. Band gap calculation using tauc’s plot for MgAl LDH and its composites (a-d)

The transmission of photoinduced electrons and holes is connected to PL behavior and can
represent the separation-recombination of photoinduced charge carriers. The MgAl LDH displays
an intense peak at 385 nm, which was highly intense, signifying a high recombination rate of
electrons and holes. Furthermore, upon composite formation of LDH with WOs3, the peak intensity
decreased, signifying delayed recombination of charge carriers. The ternary composite formation
of LDH with Ag-loaded WOs3 leads to the generation of a less intensified peak in comparison to
bare and binary composites of LDH as the enhanced electron capturing capacity of Ag NPs
decreases the recombination of photoinduced charge carriers (Corresponding to its reduction
potential i.e. +0.79 eV) thus, the highest quenching was recorded for Ag loaded (2%, 4%) WO3
LDH ternary composites followed by binary WO3/MgAl composites and least for MgAl LDH as
shown in Fig.3.5 (Quenching order: MgAl LDH < WO3/MgAl LDH < Ag@WO3/MgAl LDH<
Ags@WOs3/MgAl LDH) [31].
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Fig.3.5. PL spectra of MgAl LDH, WOs3/MgAl LDH, Ag@WO3/MgAl LDH and
Ags@WO3/MgAl LDH

3.3.3. Morphological and surface studies

FESEM analysis was carried out to carry out morphological studies of the prepared catalyst.
Fig.3.6 (a, b) exhibits a porous surface of MgAl LDH with spherical morphology on the other
side of the WOs3 surface in Fig.3.6 (¢, d) depicts the development of several uneven lengths of
nanoplates [32,33]. FESEM image of Ag2@WO3/MgAl LDH Fig.3.6 (e, f) reveals that Ag- loaded
WO3 nanoplates are embedded on the surface of MgAl LDH. The coexistence and uniform
distribution of the elements C (Carbon), Mg (magnesium), O (oxygen), Al (aluminium), W
(tungsten), and Ag (silver) in the hybrid are also confirmed by the EDX spectra and elemental

coloured mapping images Fig.3.7.
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Fig.3.6. FESEM images of MgAl LDH (a,b); WOs (c,d) and Ag2@WO3/MgAl LDH composite
(e,f)

10 (a) Ag,@WO0,/MgAl LDH
120 1
] c 6.95

52.32

Mg 17.30

Al 12.96
Ag 1.63
w 8.84

4 6 8 10
Energy [keV]

Fig.3.7. EDX spectrum (a); mapping images (b) of Ag2@WO3/MgAl LDH.
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TEM analysis assessed the successful integration of MgAl LDH, WO3, and Ag into the ternary
composite. Fig.3.8 (a, b) presents images of the ternary composite captured at different resolutions.
Specifically, Fig. 3.8 (b) clearly illustrates the presence of Ag nanoparticles with a size range of
(20-45 nm) on the surface of WOs. Furthermore, the HRTEM images Fig. 3.8 (c) revealed distinct
lattice fringes spaced at 0.24 nm, 0.38 nm, and 0.48 nm, corresponding to the (111), (002), (003)
diffraction planes of Ag, WO3, and MgAl LDH, respectively [34—36]. The SAED pattern depicted
in Fig.3.8 (d) features several concentric rings with bright spots superimposed on top, which are
suggestive of the distinctive rings connected to Ag (111), WO3 (202), and MgAl LDH (0018).
This pattern provides additional evidence that Ag-deposited WOs is present on the surface of MgAl

LDH in the composite material.

Fig. 3.8. HRTEM images (a, b); lattice fringes (c) and SAED pattern (d) of Ag2@WO3/MgAl LDH

composite
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Fig. 3.9(a, b) illustrates the surface area and pore size distribution curve for both MgAl LDH and
the ternary composite Ag2@WO0O3/MgAl LDH. The N2 adsorption-desorption isotherms for MgAl
LDH and Ag2@WO3/MgAl LDH exhibit a type IV isotherm pattern, indicating a mesoporous
nature with multilayer adsorption behavior. The pore size distribution analysis revealed that the
pore sizes range between 1-20 nm, further confirming the mesoporous and microporous
characteristic of the catalyst [37,38]. It was observed that the composite material exhibits enhanced
surface area compared to the pure LDH, i.e. 52.90 m?/g for Agx@WO3/MgAl LDH and 39.69
m?/g for MgAl LDH, respectively [39]. Additionally, an increase in pore size was also observed
upon composite formation. These findings supported the incorporation of Ag2@WO3 into the
MgAl LDH surface, leading to an increase in active sites for pollutant adsorption and improved
transportation of reactants and products. Consequently, this enhancement in surface area and
surface parameters contributed to the higher photoactivity of the composite material, making it

beneficial for catalytic applications.
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Fig.3.9. Nitrogen sorption isotherms (a) and pore size distribution curves for MgAl LDH and
Ag2@WO0s3/MgAl LDH (b)

The electrokinetic properties of the synthesized catalysts were investigated through dynamic light
scattering (DLS) and zeta potential studies. The MgAl LDH was found to have 770 nm
hydrodynamic size. Upon loading of WO3 and Ag onto the LDH surface, the hydrodynamic size
increased to 1090 nm, 1296 nm, and 1460 nm for the WO3/MgAl, Ag2@WO3/MgAl LDH, and
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Aga@WO3/MgAl LDH composites, respectively. This increase in hydrodynamic size Fig.3.10
(a) confirms the successful loading of WO3 and Ag onto the surface of the LDH material. The zeta
potential of MgAl LDH was determined to be +25 mV, indicating a positively charged surface. In
contrast, the zeta potential of WO3 was measured to be -10 mV, indicating a negatively charged
surface. Upon loading WO3 onto the LDH surface, the zeta potential decreased to 16 mV. This
decrease in zeta potential can be attributed to the electrostatic interactions between the negatively
charged WOs and the positively charged MgAl LDH surface, resulting in the neutralization of the
LDH surface charge. Furthermore, upon loading silver onto the composites, the zeta potential was
further reduced to +14 mV and +11 mV for the respective composites. These changes in zeta
potential confirm the formation of the Ag@WO3/MgAl LDH composites. Therefore, the variation
in hydrodynamic size and changes in zeta potential shown in Fig.3.10 (b) provide evidence for

forming the WO3/MgAl and Ag@WO3/MgAl composite.
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Fig.3.10. Variation of Hydrodynamic size (a); Zeta potential (b) of MgAl LDH, WO3/MgAl, and
Ag@WOs3/MgAl composites

X-ray photoelectron spectroscopy (XPS) analyses were conducted to assess the elemental
composition and chemical states of synthesized heterojunction photocatalysts. In Fig.3.11 (a), the
survey XPS spectrum of MgAl LDH and Ag2@WO3/MgAl LDH indicates the presence of Mg,
Al, C, and O elements in MgAl LDH, with the additional presence of W and Ag elements in its
composite (Ag2@WO3/MgAl LDH). In Fig.3.12(a, b), binding energy peaks for LDH and its
composite at 50.15 eV and 50.03 eV for Mg 2p confirm the presence of Mg(OH)2, while peaks at
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73.94 eV and 73.70 eV for Al 2p suggest the existence of AI(OH)s within the brucite layers of
MgAl LDH and Ag2@WO3/MgAl LDH, with a negative shift in energy of 0.12 eV for Mg 2p and
0.20 eV for Al 2p [40]. Fig.3.11 (b) displays the Mg 1s spectrum with binding energy values
decreasing from 1306.06 eV to 1303.65 eV in the composite. The C 1s spectrum in Fig.3.12 (c¢)
exhibits peaks at 289.91 eV, 289.38 eV, and 285.04 eV, 283.85 eV, corresponding to the binding
energy of C-C and O-C=0 bonds, respectively, confirming the presence of carbonate as interlayer
anions [41]. In Fig.3.12 (d), the O 1s spectrum reveals a peak at 532.08 eV and 531.16 eV assigned
to hydroxyl groups of brucite layers at the surface of bare LDH and composite [42]. Changes in
the binding energy values upon composite formation suggest alterations in the electronic structure,
indicative of potential electron transfer in the composite. For the Ag2@WOs3/MgAl LDH
composite in Fig.3.12 (e, f), the W (4f) spectrum exhibits two prominent peaks at 37.12 eV and
35.03 eV, corresponding to 452 and 4f72. Additionally, the Ag 3d spectrum exhibits peaks at
374.15 eV and 368.11 eV, corresponding to Ag 3ds2 and Ag 3ds.2, confirming the presence of W
and metallic Ag in the composite [43].
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Fig.3.11. XPS survey (a); XPS spectra Mg 1s (b) of MgAl LDH and Ag2@WOs3/MgAl LDH

69



73.70 eV Al zp 283.85 eV Cis

Ag,@WO,MgAl LDH
(c) 289.38 eV

Ag,@WO,MgAl LDH

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

60 58 5% 5 5 50 48 46 80 78 % T 72 70 e
Binding energy (eV) Binding energy (eV) Binding energy (eV)
531.16 eV o 15 W 4f Ag 3d
Ag,@WO;MgAI LDH (e) g (f) 6811 oV

Ag 3dg, O
(d) si2

374.45¢eV
Ag 3dy;,
Q

532,08 eV

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

MgAI LDH

30 378 376 374 372 370 368 366

542 540 6538 536 534 532 530 6528 526 524 522 46 44 42 40 38 36 34 32 30 28 S

Binding energy (eV) Binding energy (eV)

Fig.3.12. XPS spectra of MgAl LDH and Ag2@WO3/MgAl LDH (a) Mg 2p; (b) Al 2p; (c) Cls;
(d) O 1s; (e) W 4f and (f) Ag 3d

3.4. Adsorption studies

The adsorption studies of adsorbents (LDH, WO3/LDH, and Ag@WO3/LDH composites) were
examined using tetracycline (TC) as a model pollutant. The effect of various parameters, such as
pollutant concentration, adsorbent dosage, and contact time, was investigated. During adsorption
studies, a set of test tubes containing SmL of the pollutant of specific concentration (10-60 mg/L)
and a known amount of catalyst (0.001-0.007 g) was prepared and kept on stirring at (800 rpm) in
the dark. After a fixed interval, the test tube was removed, the solution was centrifuged, and the

concentration was determined using a JASCO, V-750 UV-Vis spectrophotometer in a 10 mm
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Quartz cell. The adsorption capacity of the catalyst (mg/g) and percent removal efficiency were

evaluated using the following equation:
Adsorption capacity (Qe) = (Co-Ce) V/W ..cuiiiiiiiiiiiinieieiieceeee 2)

Percent removal = (Co-Ce)/CeX 100 .....oovvviiriiiiiieiieeiieiieeieesee e 3)

Where Co is the pollutant's initial concentration (mg/L), Ce is the pollutant's equilibrium
concentration (mg/L), V is the volume of solution (L), W is the amount of adsorbent (g), and Qe

is the adsorbent's adsorption efficiency.
3.4.1. Effect of pH

The pH of a solution significantly influences the adsorption process. The adsorption capability of
Ag2@WO3/MgAl LDH was tested using a variety of solutions generated at pH values of 3.0, 7.0,
and 10.0. The purpose of these preparations was to assess how pH affects the ability of the prepared
composite to adsorb substances. The TC molecules were adsorbed at maximum concentration at
neutral pH (7) as the protonation and deprotonation of functional groups in the TC molecule led
to changes in its chemical speciation due to varying pH levels. TC undergoes protonation of its
dimethyl-ammonium group at pH values lower than 3.3, creating a cation. By shedding a proton
from its phenolic diketone moiety, TC maintains its zwitterions state in the pH range of 3.3 to 7.7.
The tri-carbonyl system and the phenolic diketone moiety both lose protons as the pH rises over
7.7, which causes TC to change into an anion [44]. The composite consisting of dual charge on the
surface, therefore, becomes capable of adsorbing more TC molecules in a neutral pH range due to
the existence of the zwitter ion. Fig.3.13 (a) and (b) depict the percent adsorption at different pH
values, indicating maximum adsorption at 7 pH and UV-Vis adsorption studies of MgAl LDH and
its composites adsorption at 7 pH, which was the maximum for Ag2@WO3/MgAl LDH. Bar graph
percent adsorption and molecular structure of TC is shown in Fig.3.13 (c¢) and (d), depicting the
maximum percent adsorption achieved by Ag2@WO3/MgAl LDH composite at neutral pH due to

strong interaction between MgAl LDH composite and TC molecules due to zwitter ion formation.
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Fig.3.13. Effect of pH (a); UV-Vis adsorption spectra and percent adsorption of TC (b, ¢c) by MgAl
LDH, WO3/LDH and Ag@WO3/LDH composites and molecular structure of TC on a planar view

(d
3.4.2. Adsorbent dose effects

The dosage of an adsorbate directly impacts how quickly it binds to the surface of an adsorbent.
This results from the fact that when the dose of the adsorbent increases, the number of accessible
adsorption sites rises and eventually reaches saturation. Fig.3.14 (a) illustrates the impact of the
dosage of unmodified LDH and its composites on the adsorption of TC antibiotic. The
experimental observations indicate that a dosage of 0.005 g of LDH and its composites is adequate
to achieve maximum pollutant removal (30%, 44%, 78% and 80% for MgAl LDH, WO3/MgAl
LDH, Agx@WO3/MgAl LDH, Aga@WO3/MgAl LDH). Upon further increasing the dosage, no
significant improvement in adsorption efficiency was observed, likely due to reaching a saturation

point.

3.4.3. Effect of initial concentration of adsorbate
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The adsorption efficiency of LDH and its composites were examined by varying the concentrations
of TC (10-60 mg/L). As shown in Fig. 3.14 (b) the highest adsorption efficiency of 88 mg/g was
observed for Aga@WOs3/MgAl LDH at an initial concentration of 40 mg/L for TC, with a

subsequent plateau indicating the saturation of adsorption sites.
3.4.4. Effect of contact time

The duration of contact between the adsorbate and adsorbent is a critical factor in the adsorption
process, as adsorption increases with longer contact times until equilibrium is reached. From
Fig.3.14 (c and d), it is evident that over 88% of TC adsorbs onto the surface of Ags@WO3/MgAl
LDH within the first 90 minutes, followed by a slower adsorption rate over time. Similarly, bare
LDH, WO3/MgAl LDH, and Ag2@WO3/MgAl LDH attain equilibrium in the first 90 minutes and
adsorbs up to 36%, 78%, and 85% of TC. The adsorption of TC demonstrates high efficiency on
the catalyst surface, which provides a large contact area and facilitates electrostatic interactions

between the catalyst surface and TC molecules.
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Fig.3.14. Effect of catalyst dosage (a); pollutant concentration (b); contact time (c, d) on adsorption
efficiency of bare MgAl LDH, WO3/MgAl LDH and Ag@WO3/MgAl LDH composites towards

TC removal

3.4.5. Adsorption isotherms and Kinetic studies

The adsorption process at equilibrium was characterized using two commonly employed

adsorption isotherm models: Langmuir and Freundlich. The investigation involved varying the

initial concentration of pollutant (10-60 mg/L for TC) added to a fixed amount (0.005 g) of the

adsorbent. The Langmuir isotherm presupposes a homogeneous adsorption mechanism in which

an identical adsorbate monolayer develops on the adsorbent's surface and has similar energy. As

each molecule occupies a single adsorption site, it also presupposes that there are no interactions
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between nearby adsorbed molecules. The mathematical representation of the Langmuir adsorption

isotherm is:
Qe = (max KLC/THKLC e ..o seeess s (4)
The linear form of Langmuir isotherm can be represented as:

l/Qe = I/KLqmax.l/Ce+1/qmax ............................................................................................... (5)
RL=1/(1+Kvr x Co), where RL is the separation factor.

In this equation, Kv stands for Langmuir's isotherm constant in (L/mg), which represents the
binding affinity between TC and LDH composites, and qmax denotes the maximal adsorption
capacity in (mg/g). Co represents the highest initial concentration of the pollutant. The separation
factor (RL) can be determined by substituting the appropriate values. The Rr value provides
insights into the nature of the adsorption process. RL values indicate a value of RL = 0 shows
irreversible adsorption, favorable adsorption between 0 and 1, linear adsorption is represented by

Ri=1, while non-favorable adsorption is shown by RL values higher than 1 [45].

The Freundlich's isotherm equation is represented by Equation:

The linear form is given by:
Log(Qe) = Log(Ks) + (1/n) XLOg(Ce) cvverrrerriarieeiieniieeieeeie e (7)

The adsorption capacity is measured using Freundlich's constant (Kr), and the value of 1/n provides
information about the adsorption process. A favorable adsorption process occurs if the 1/n value
is equal to or between 0.1-0.5. Conversely, if 1/n > 2, it suggests an unfavorable adsorption process

[46].

According to the study, the Langmuir and Freundlich models were used to suit the experimental
results of pollutant adsorption. The corresponding parameters obtained from the slope and

intercept of the graphs are presented in Table 1. The R? values for the Langmuir model ranged
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from 0.946 to 0.99, which were greater than the R? values for the Freundlich model, which ranged
from 0.728 to 0.932 for both MgAl LDH and its composites. These findings suggest that the
Langmuir model better fits the data when compared to the Freundlich model. That means the

adsorption of pollutants is monolayer adsorption on the surface.

Furthermore, the calculated Rr values using the Langmuir model equation fall within the range of
0 to 1, indicating favorable adsorption of TC pollutants. The value of 1/n, where n is the Freundlich
parameter, indicates the favorability of the adsorption process. In this case, the range of 0.1 < 1/n

< 0.5 demonstrates favorable adsorption.

Overall, based on the analysis and results obtained, the Langmuir model provides the best fit,
indicating monolayer adsorption is taking place; also, pollutant adsorption is favorable according

to both the Langmuir and Freundlich models.

Table 1: Langmuir and Frendulich model parameters for TC adsorption on MgAl LDH and its

composites

Langmuir model Frendulich model
Adsorbent Qmax Kv R? RL Kr 1/n R?
MgAl LDH 684 0.03 0.967  0.268 0.234 0.539 0.805
WOs/MgAl LDH 800 0.05 0946 0.196 0.269 0.463 0.728
WOs@Ag2/MgAl LDH 884 0.15 0997  0.073 0.355 0.403 0.932
WOs@Ags/MgAl LDH 980 0.18 0.978 0.0629 0.364 0.400 0.892

Kinetic study:

The kinetic studies conducted during the adsorption process involved the examination of two

kinetic models, i.e., pseudo-first-order and pseudo-second-order. Their linear forms are expressed

as follows:

1. Pseudo first-order kinetic model: log(Qe - Qt) = log(Qe) - (ki1/2.303)xt
2. Pseudo second-order kinetic model: t/Q: = 1/(k> Qe?) + t/Qe
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These equations, ki, and ko, denote the first- and second-order rate constants, respectively. Qt and
Qe are the adsorbate adsorbed per mass of the adsorbent (mg/g) at equilibrium and at a specific
time (t). These kinetic models provide insights into the rate and mechanism of the adsorption
process, allowing for the determination of rate constants and predicting the adsorption behavior

over time [47].

Table 2: Parameters of first-order and second-order kinetics for adsorption of TC on MgAl LDH

and its composites

First order Kinetics Second order Kinetics
Adsorbent Qe Ki R? Qe Ko R?
MgAl LDH 0.284 0.054 0.933 80.64 0.00136  0.951
WOs3/MgAl LDH 0.329 0.036 0.972 147.05 0.00068  0.947
WOs@Ag2/MgAl LDH 0.317 0.038  0.966 163.13 0.00076  0.970
WOs@Ags/MgAl LDH 0.330 0.047 0.884 172.41 0.00084  0.976

The first- and second-order kinetics parameters were calculated using the slope and intercept
obtained from the graphs, and the results are presented in Table 2. After the study, it was found
that the second-order kinetics had greater R? values than the first-order kinetics. Additionally, it
was observed that the second-order kinetics had a greater value for Qe, which measures the
quantity of adsorbate adsorbed per unit mass of the adsorbent (mg/g) at equilibrium. These findings
suggest that the second-order kinetics better fit the experimental data. As a result, the findings
suggest that the second-order kinetics model is superior to the first-order kinetics model for
characterizing the adsorption process because it exhibits better R? values and a larger adsorption

capacity (Qe). The adsorption model isotherms and kinetic studies are shown in Fig.3.15 (a-d).
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Fig.3.15. Modelling of adsorption equilibria by Langmuir and Freundlich isotherm (a, b); kinetics
of adsorption of TC by MgAl LDH, WO3/MgAl LDDH and Ag@WO3/MgAl LDH composites

according to first and second order kinetics (c, d)

3.5. Photocatalytic studies

3.5.1. Photodegradation reaction

The photocatalytic activity of MgAl LDH and Ag@WO3/MgAl LDH composites was examined

using ciprofloxacin (CIP) as a model pollutant with an initial concentration of 10 ppm, for

degradation of CIP 5Smg of catalyst was dispersed in a test tube containing 5 mL of CIP pollutant.

The suspensions were stirred in the dark for 30 min to achieve adsorption and desorption

equilibrium shown in Fig. 3.16 (a-d). After that, the test tubes were irradiated with the visible light
source (50W LED lamp, Wipro Garnet B22, intensity ~ 100 W/ m?, A = 380- 700 nm) for
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140 min. At definite intervals, the catalysts were removed by centrifugation following the
separation, and the absorbance spectra of CIP were examined at Amax = 274 nm (JASCO V-750
spectrophotometer). Adsorption efficiencies of all the catalysts' were observed as
Aga@WO3/MgAl LDH > Ag:@WO3/MgAl LDH > WOs3/MgAl LDH >MgAl LDH, which can be
explained based on enhanced surface area of binary and ternary composites giving rise to more

active sites for the reaction to occur.
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Fig.3.16. UV Visible spectrum of adsorption and degradation of CIP by MgAl LDH (a) MgAl
/WOs3 (b) Ag2@WO3/MgAl LDH (c) Aga@WO3/MgAl LDH (d) under dark and visible light

The percent degradation for CIP was calculated by using the following equation:
% Degradation = (Co-Ct/Co) X100.......cceiiieriiiiiieiieie ettt (8)

Coand Ctare the initial and final concentrations of CIP (mg/L) at time t.
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The mineralization efficiency of Ag@WOs3/MgAl LDH was calculated with the help of total

organic carbon (TOC) analysis.
The mineralization of the samples was calculated using the following equation:
Mineralization (%) = TOC initial- TOC final/TOC initial X100.........ccceceeiieiieenienen. 9)

The intermediates and final products formed during the degradation of CIP were investigated using

HR-MS analysis.

During photodegradation, the MgAl LDH with a wide band gap of 3.6 eV showed minimum
photoactivity under visible light. However, WO3 and Ag2@W O3 loadings upon MgAl LDH shifted
the band gap to 2.2 eV, enhancing the light-absorbing properties and better photocatalytic
performance. The adsorption and photodegradation curves of CIP across various catalysts are
shown in Fig.3.17 (a) and Fig.3.17 (b) illustrates the photodegradation efficiencies of the catalyst
under visible light for 160 min. Bare LDH achieves a degradation efficiency of 40%, whereas
binary and ternary composites showed 51% and 77% efficiency for WO3/MgAl LDH and
Ag@WO3/MgAl LDH, respectively. The increased efficiency is because of the loading of metal
oxides and plasmonic metal oxides upon the LDH surface, thereby enhancing the surface area and
light-absorbing capacity due to the SPR effect of plasmonic metals [48]. Among different LDH
composites, the Ag2@WO3/MgAl composite exhibited the best activity because of the smaller
band gap of the loaded WO3/LDH composite providing better visible light absorption.
Additionally, the high electronegativity and electron affinity of Ag helped to improve electron
trapping efficiency. Also, it was observed that the composites with more metal loading
(Aga@WO3/MgAl LDH) showed decreased photodegradation due to the agglomeration of metal

NPs and, hence, decreasing photo efficiency.

The photocatalytic degradation of CIP by MgAl LDH and its composites follows pseudo-first-

order kinetics. The rate of photodegradation at low concentrations of CIP is given by:
IN Ct = =Kt 4 1N Coreeeeeeeeeeeeeeeeeeee e (10)
This linear integration of Eq. (3) is given by:

Log (co/Ct)=kxt/2.303 ....ooiiiieiiee e (11)
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Where Co is the CIP solution's initial concentration before exposure, C: is the CIP solution's
concentration as a function of exposure time (t), k is the pseudo-first-order rate constant (min™'),
and t is the experimental duration (min). Fig. 3.17(c and d) demonstrates the linear fit first-order
reaction kinetics for all the prepared catalysts. Silver metal loaded composites showed the
enhanced photodegradation of CIP antibiotic under visible light irradiation in comparison to MgAl
LDH with kinetic rate constant 0.97 x 102 min!, which is almost three times that of MgAl LDH
rate constant i.e. 0.36 x 10 min"!. The significant factors contributing to this enhanced degradation
and highest rate constant are enhanced surface generated for catalytic reaction, optimum quenching
in the PL signal, highest separation efficiency of charge carriers, and better electron capturing

tendency of Ag due to higher reduction potential (+0.79 eV).

Moreover, we contrasted the photocatalytic performance of the as-fabricated Ag2@WO3/MgAl
LDH photocatalyst with that of the majority of other recently reported photocatalysts for CIP
degradation (as tabulated in Table-3)
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Fig.3.17. Time dependent UV-Vis spectra of CIP solution (a); Percent degradation efficiency (b-
d) apparent change in rate constants and time course kinetic plots of MgAl LDH and its composites

under 160 minutes visible light irradiation.

Table 3: Summary of comparison of different photocatalysts for CIP degradation

S.No. Photocatalyst Light % deg in Band gap Rate Reference
source minutes (eV) constant
(min™)
1. MgAl LDH-CT UVlight 65.73 in 120 4.98 0.0198 [49]
min
2. MgAl LDO-CT UVlight 73.301n 120 234 0.0230 [49]
min
3. 5% C3Ns-CoAl Vis light 58.50 in 90 - 0.00985 [50]
LDH min
4. WRG-40 Vis light 90 1in 120 232 0.2078 [51]
min
5. CAB-21.26 Vis light 93 in 120 - 0.2011 [52]
min
6. R2-CuO Vis light 94.6 in 240 2.024 0.0038 [53]
min
7. Agr@WOs3/MgAl Vis light  77.69 in 160 2.46 0.97 Present
LDH min work

3.5.2. HRMS analysis

The HR-MS (High-resolution mass spectroscopy) technique was employed to analyze the
intermediates generated during the photodegradation of CIP using Ago@WO3/MgAl LDH as the
photocatalyst. In the HR-MS spectrum, the m/z value represents the molecular weight of the
intermediates, where "m" denotes the molecular weight and "z" represents the charge number .
Based on the intermediates found in the HR-MS analysis (Fig.3.18), the hypothesized CIP
degradation pathways are shown in Fig. 3.19. In the first pathway (P1), the piperazine and

quinoline moieties in the CIP molecule are susceptible to attack by active species such as O2",
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OH’, and h". The CIP molecule initially exhibits a peak corresponding to m/z=332. The piperazine
ring breaks during the degradation process, oxidizing the secondary amine groups, and an
intermediate known as P1 with m/z = 362 is produced. P1 is decarboxylated to create P2 (m/z =
334). "Further attack by holes leads to the loss of a formaldehyde group, generating P3 (m/z =
301). P3 subsequently undergoes hydroxylation to generate P4 (m/z =291). The loss of a carbonyl
group results in the generation of P5 (m/z = 263) [54].

In the second pathway, the piperazine ring is attacked by OH’, leading to the formation of P6 (m/z
=301). P6 undergoes further hydroxylation, which removes the CH-NH:2 group to form P7 (m/z =
263). An intermediate in this pathway is demethylated to produce another intermediate, which is
then defluorinated to produce P8 (m/z = 245). The detected intermediate molecules eventually
disintegrate into small inorganic substances such as CO2, H20, and NH4". The HR- MS analysis
sheds light on the mechanism and how various radicals (02", OH’, and h") contribute to

photodegradation [17,55].

Therefore, based upon HR-MS analysis, the proposed degradation pathways and the identified
intermediates elucidate the involvement of O2™, OH", and h" radicals in the degradation of CIP

using Ag2@WO3/MgAl LDH as a photocatalyst.
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3.5.3. Reusability and stability test

The study looked into the role of various active species in the photodegradation process, including
superoxide anion radicals (O2*), hydroxide radicals (OH"), and holes (h"). Scavengers were
introduced into the reaction system to examine their roles. Particularly, scavengers for O™, OH’,
and h" were employed in the form of K2Cr207, Ar purging, methanol, and isopropanol,
respectively. Under the same experimental conditions as previously mentioned, the scavenging
tests were carried out during the photodegradation of the CIP solution over the Ag2@WO3/MgAl
LDH photocatalyst. The results, depicted in Fig.3.20 (a), revealed that the degradation
performance of Ag2@WO3/MgAl LDH was maximum and decreased upon the addition of
K2Cr207 and Argon purging, indicating that O2™ species played a key role in the degradation
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process. On the other hand, the degradation activity was also suppressed when isopropanol and

methanol were added, suggesting that h* and OH were also involved in the degradation of CIP.

The TOC (total organic carbon) process is related to the amount of organic content in the solution
after photodegradation. Although it is known that degradation does not mean the complete
mineralization of organic pollutants into carbon dioxide, water, and other products, it is important
to find the amount of mineralization occurring for harmful pollutants. The same Ag2@WO3/MgAl
LDH composite with higher photodegradation efficiency was taken for TOC analysis of the CIP
antibiotic. The results showed that after 160 min of exposure to visible light, the TOC values of
CIP decreased by 50%, from 9.6 g/L to 4.6 g/L. The calculated TOC values confirm the

mineralization of CIP pollutant and the degradation under visible light.

Recyclability and reusability are crucial considerations when evaluating a catalyst's application. In
the case of the Ag2@WO3/MgAl LDH catalyst, its reusability was evaluated based on its
photodegradation effectiveness, as depicted in Fig.3.20 (b). The catalyst was subjected to five
reuse cycles under the same experimental conditions. After each cycle, the powder catalyst was
separated from the solution, washed, dried, and reused. To assess the stability of the catalyst, XRD
spectra of the Ag2@WO3/MgAl LDH composite were studied before and after the photocatalytic
reaction, as shown in Fig.3.20 (c¢). The XRD analysis revealed that the crystal structure of the
catalyst remained unchanged after the photocatalytic reaction. This demonstrated the stability of

the catalyst throughout the degradation process.

Based on the aforementioned results, it can be concluded that the Ag@WO3/MgAl LDH
composite exhibited favorable recyclability and reusability for the degradation of ciprofloxacin.
The minor decrease in photodegradation efficiency after multiple reuse cycles was primarily
attributed to the physical processes involved in catalyst separation and washing. The XRD analysis
further confirmed the stability of the catalyst, reinforcing its suitability for the degradation of CIP
confirmed the stability of the catalyst, reinforcing its suitability for the degradation of CIP.
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Fig.3.20. Effect of scavengers on CIP degradation with Ag2@WO3/MgAl LDH (a); reusability
studies (b) and XRD spectra of Ag2@WO3/MgAl LDH composite before and after 5 cycles of CIP

degradation (c)
3.5.4. Proposed mechanism

In Scheme 2 the charge transfer mechanism in the MgAl LDH/Ag loadedWOs3 photocatalyst under
simulated visible light irradiation is described. The valence band and conduction band potentials
of WO3 are measured to be +3.24 V and +0.94 V versus the NHE, respectively, and VB and CB
potentials for MgAl LDH are measured to be +3.0 V and -0.61 V versus NHE. The following
equations estimated the valence band and conduction band of MgAl LDH and WOs3:

EVB = = Be T 0.5 g (12)



Ternary Ag@WO3/MgAl LDH belongs to a type II heterojunction. When the composite was
illuminated with visible light radiation, LDH and WO3 became excited and generated electrons
and holes. Electrons moved easily from MgAl LDH to WO3 because of the CB edge potential of
MgAl LDH (-0.61 eV) being more negative and higher than that of WO3 (+0.94 eV). In contrast,
the VB edge potential of WO3 (+3.24 eV) was more positive and was lower than that of MgAl
LDH (+3.00 eV), which led to the rapid transfer of holes created in the valence band of WOs3 to
that of LDH [56]. The efficient migration and restriction of rejoining of electron-hole pairs across
the Ag@WO3/LDH heterojunction were made possible by the suitable band potentials of LDH and
WOs. This process led to the accumulation of electrons and holes in the CB and VB of WO3 and
MgAl LDH, respectively. The electrons in the CB of silver NPs get directly transfered on the
surface of WOs3.

The presence of Ag NPs in the Ag@WO3/MgAl LDH composite significantly enhances charge
separation by leveraging the unique properties of Ag such as surface Plasmon resonance (SPR)
and its efficient electron transfer capabilities. When exposed to visible light, Ag NPs undergo
collective oscillations of conduction electrons, generating hot electrons that possess higher energy
than the normal conduction band electrons. These hot electrons can be easily injected into the
conduction band of WOs3, promoting efficient charge separation and preventing the recombination
of electron-hole pairs. Additionally, the silver NPs facilitate the transfer of photogenerated
electrons from MgAl LDH to WO3 by reducing potential barriers at the interface. This enhanced
electron migration, coupled with the ability of silver to trap electrons, effectively extends the
charge carrier lifetime and accelerates the photocatalytic reactions. The combination of these
effects ensures that the Ag@WO3/MgAl LDH composite exhibits superior photocatalytic activity,
with silver playing a crucial role in optimizing charge separation and improving overall reaction
efficiency. Also, the value of Ecs on MgAl LDH (-0.61 V) is negative than the standard oxidation-
reduction potential of O2/°02" (-0.33 V), so Oz stayed in the CB of MgAl LDH can be reduced to
produce "O2". Similarly, the Evs of MgAl LDH and WOs3 (+3.0 V and 3.24 V) are more positive
than that of the oxidation-reduction potential of ‘OH/OH" (+1.99 V), therefore, OH  can be
oxidized to produce *OH. The analysis of the charge transfer mechanism in the Ag@WO3/MgAl
LDH composite was consistent with the results of scavenging experiments. The photocatalytic

system produces energetic species like "O2" and OH *
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would ultimately result in the effective breakdown of harmful pollutants into organic intermediates

and, in the end, into environmentally beneficial products like H2O and COo.
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Scheme 2. Possible reaction mechanism of CIP degradation over Ag2@WO3/MgAl LDH

composite under visible light irradiation

Conclusion

In this study, composites were formed with silver-loaded WOs3 to enhance the adsorption capacity
and photocatalytic performance of broad band-gap Mg-Al LDH under visible light irradiation. The
effects of these composites on the surface structural, physicochemical, and optical properties of
the LDH material were extensively investigated and compared. Remarkably, the composite
material designed exhibited significantly enhanced adsorption capacity for TC removal (80% in
90 min) and photocatalytic degradation towards CIP removal (77.6% in 160 min). These results
outperformed the adsorption and photocatalytic activities of pristine MgAl LDH and binary
hybrids such as WO3/MgAl LDH. The observed enhancement in adsorption of TC molecules can

be due to the increased surface area of the catalyst, and the composite
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exhibiting better visible light response is due to the incorporation of silver, giving rise to the SPR

effect and thus leading to improved photocatalytic activity.

Furthermore, after four consecutive degradation cycles, the created photocatalyst showed good

stability with little performance loss. The findings of the HR-MS analysis and the trapping tests

gave thorough information regarding the likely intermediate products and reaction mechanisms

involved in degrading pollutants. This analysis highlighted the pivotal role of O2™ as an active

species responsible for degradation. The mineralization efficiency of the developed photocatalyst

was also assessed using the TOC test to evaluate its ability to remove organic pollutants.
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CHAPTER-4

Construction of ternary Ag@a-Fe;O3/NiCo LDH composites for efficient
degradation of malachite green dye under visible light and sunlight
irradiation

VISIBLE LIGHT/SUNLIGHT == oo

(a.u)

CO,+ H,0+ NO; +.........

0(!-02” + MG\

Absorbance

NCF10A; LDH (gggneﬂ'r)

(L] NCF10A, LDH

J VISIBLE LIGHT/SUNLIGHT
|—

A TOC (41.3%)

% Degradation

‘il h*h*hg CO+H20+NO+ ...... :.‘f

OH '0|-|"'

VISIBLE LIGHT SUNLIGHT

Schematic outline: The photoactivity of NiCo LDH was improved by forming a heterostructure
with Fe203 and loading Ag NPs on the prepared composites. The structural and physicochemical
properties of LDH and its composites were analyzed. The remarkable degradation of malachite
green (MG) dye under solar light irradiation (98.6%) was achieved as compared to visible light
irradiation (81.2%). This enhanced photoactivity of Ag@Fe203/NiCo LDH composites is due to
the synergic effect of FexOs and Ag which highly improved the degradation efficiency and

facilitates the rapid transfer of charge on the catalyst surface.

This chapter covers second and third objective of the thesis focusing on the Influence of metal
(Ag, Cu, Fe etc.) loaded MO (TiO2, ZnO, WOs etc.) loading onto these LDHs and their
physicochemical properties and the study of photocatalytic activity of these M /MO-LDH.

heterocomposites for degradation of organic pollutants (phenols, nitro aromatics, pesticides etc.).
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4.1. Introduction

Global environmental degradation has become a significant concern due to reckless urban
modernization and industrial progress. There is a widespread acknowledgment that water pollution
severely threatens human society and sustainable improvement. Extensive endeavors have been
dedicated to mitigating water pollution by employing various methods, such as chemical oxidation,
biochemical degradation, and physical adsorption [1-5]. The practical utility of these methods has
been hindered by their drawbacks, including elevated energy consumption, intricate operation, and
recurrent pollution. The photodegradation process has attracted considerable attention owing to its
cost-effectiveness, absence of secondary pollution, and the potential utilization of solar light, a
clean and renewable resource [6—11]. Consequently, developing novel sunlight/visible-light-
driven materials is increasingly important to enhance the efficiency of dye photodegradation

[12,13].

In recent years, scholars have progressively directed their attention towards utilizing layered
double hydroxides in photocatalytic applications aimed at environmentally sustainable objectives.
These applications include photocatalytic splitting of water for H2 production, CO2 reduction,
degrading harmful and toxic organic pollutants into harmless or less toxic forms [14— 17]. LDHs
are characterized by cationic layers with a structural composition represented as [Mi1x >"Myx>"
(OH)2]** (A™)xn-mH20, where A" denotes the interlayer anion, and M>* and M*" represent metal
ions with charges of +2 and +3, respectively. LDHs offer promising prospects for photocatalytic
applications due to their distinctive structural features, comprising a layered configuration,
inherent defects, adjustable band gap, cost-effectiveness, substantial specific surface area, and
accessible synthesis methods. However, despite these advantages, LDH-based photocatalysts
encounter challenges such as rapid electron-hole recombination and slow mobility of charge

carriers, which can hinder their overall photocatalytic efficiency [18,19].

Hematite (a-Fe203), possessing a thombohedral-hexagonal structure, stands out as the most stable
form of iron oxide. It holds tremendous potential in the photocatalytic degradation of diverse
organic pollutants due to its antiferromagnetic property, cost-effectiveness, non-toxic nature,
exceptional stability, high reliability, corrosion resistance, and appropriate band gap (ranging from

2.0 to 2.2 eV), enabling the absorption of a broad spectrum of solar radiation [20—
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23]. According to existing literature, diverse methods are being explored to improve the
photocatalytic efficiency of unmodified semiconductor nanoparticles. These strategies aim to
increase surface area, create active sites, and reduce the recombination of active charge carriers,
and can be achieved through elemental doping, forming composites, and designing heterojunctions
[24-28]. Among these approaches, constructing heterostructures emerges as a highly efficacious
method to develop high-performing photocatalysts. Heterostructures involve combining two
different photocatalysts with disparate band gaps, creating hybrid conduction and valence bands.
This arrangement increases surface active sites, facilitates faster charge transfer, and suppresses
the recombination of holes and electrons, ultimately enhancing photocatalytic degradation
performance. Plasmonic metal-loaded LDH and metal oxide/LDH composites have garnered
interest in the photodegradation of pollutants under visible light. Metals like Ag, Cu, and Au
enhance light absorption of catalysts at longer wavelengths through their surface electrons' SPR
effect [29]. Metal loading enhances visible spectrum light absorption, boosting the generation and
separation of photogenerated charge carriers [30]. Employing plasmonic metal nanoparticles
within the Fe2O3/LDH heterostructure is a potent strategy for enhancing catalyst efficiency in

absorbing visible light.

Literature studies have demonstrated the potential of LDH-based composites and metal oxide
catalysts like Fe2O3 for photocatalytic applications, but the impact of varying Fe2O3 and Ag
loadings on the photocatalytic efficiency and degradation mechanism has not been extensively
explored. The photocatalytic activity of Ag-loaded a-FexO3 was evaluated for methylene blue
(MB) mineralization under visible light. Results showed that 5.0 wt. % Ag loading enhanced the
photocatalytic performance, achieving 68.6% degradation in 150 minutes [31]. Similarly,
Ag@Fe203 demonstrated superior photocatalytic performance compared to Fe2Os under solar
light irradiation [32]. Various research have also been reported showing the limitations of LDHs,
challenges often result in reduced performance under prolonged use or varying environmental
conditions. To overcome these issues, modifications such as the incorporation of nanoparticles or
the creation of heterojunctions are being explored. In this context, Lu et al. investigated the
degradation of organic dyes and spectral properties by integrating magnetic Fe3O4 nanoparticles
with LDHs through a co-precipitation synthesis method. The resulting Fe:Os4/MgAl-LDH

nanocomposite exhibited a unique structure and demonstrated exceptional efficiency in
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degrading Congo red dyes in aqueous solutions [33]. Similarly LDHs have been modified using
metal oxides for better photoactivity as Fe203/ZnTi-LDH and ZnO/ZnCr-LDH composites were
synthesized, and the results indicated that the band gap of the metal oxide-metal element-LDH
materials was significantly reduced compared to the individual metal oxides or doped metal
elements. This reduction in band gap contributed to a notably higher efficiency in organic
decomposition [34,35]. Building on the findings from previous literature, it can be hypothesized
that silver-loaded Fe2O3 nanoparticles could significantly enhance the photocatalytic activity of
LDH. However, as far as our understanding extends, no literature discusses how varying Fe>O3
loadings on NiCo LDH and adjusting plasmonic metal Ag loadings on Fe2O3/LDH

heterostructures influence the degradation of toxic pollutants under visible light and sunlight.

The research aims to amplify the photoactivity of NiCo LDH by forming a heterostructure with
Fe20s3 and subsequently enhancing its effectiveness through Ag incorporation. NiCo LDH and
Fe2O3 NPs were synthesized via a hydrothermal technique, followed by the preparation of
Fe203/LDH composites using a wet impregnation method (Fe203: 5% and 10%). Subsequently,
the catalysts underwent modification with Ag loading through a photochemical reduction method.
The efficacy of the photocatalysts was assessed for malachite green dye degradation under visible
light and sunlight irradiation respectively. The findings indicated optimal degradation under
sunlight, demonstrating a viable and sustainable approach for reducing pollutants. The impact of
Fe2O3 and Ag loading on the LDH surface was investigated, and mineralization experiments
confirmed the effectiveness of degradation under sunlight irradiation. Moreover, the degradation

route was also suggested following the HRMS examination.

4.2. Experimental section

4.2.1. Chemicals and reagents

Nickel(II) nitrate hexahydrate (Ni(NO3)2-6H20), Cobalt(II) nitrate hexahydrate (Co(NO3)2-6H20),
Iron(IIl) nitrate nonahydrate (Fe(NO3)3-9H20), NH3-H20, cetyltrimethylammonium bromide
(CTAB), Methanol, Isopropyl alcohol (C3HsO 99.5%) and malachite green (C23H2sN2Cl) were
obtained from Loba Chemie (India). Silver nitrate was purchased from Sigma Aldrich (India).

All these chemicals were used without further
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purification. Triple distilled deionized (DI) water was purchased from Organo Biotech

Laboratories Pvt. Ltd., India.
4.2.2. Synthesis of NiCo LDH

The NiCo LDH was synthesized using the hydrothermal method. 0.524 g of Ni(NO3)2-6H20,
0.349 g of Co(NOs3)2:6H20, and 1 g of CTAB were dispersed in a mixed solvent of 60 mL methanol
and 12 mL ultrapure water. The mixture was then stirred magnetically at room temperature for an
hour. Subsequently, the mixture was transferred into a teflon-lined autoclave (100 mL) and
subjected to hydrothermal reaction at 180°C for 24 h [36]. Followed by cooling to room
temperature, the resulting precipitates were filtered, washed with distilled water, and subsequently

dried at 70 °C.

4.2.3. Synthesis of Fe;O3

Iron oxide NPs were synthesized in hydrothermal treatment. Initially, 1.8 g of Fe (NO3)3-9H20
was dissolved in 20 mL of distilled water. NH3-H20 was then added gradually to adjust the pH of
the solution to around 9 with continuous stirring for 20 min. The solution was transferred into a
100 mL teflon-lined stainless steel autoclave and subjected to hydrothermal treatment at 120°C for
10 h. Finally, the product was filtered and washed with distilled water, absolute ethanol and dried
at 80°C for 12 h [37].

4.2.4. Synthesis of Fe2O3 loaded NiCo LDH composite

Fe203/NiCo LDH was synthesized by the wet impregnation method, which involves the dispersion
of an appropriate amount of NiCo LDH and Fe203 in DI water. The aqueous dispersion of Fe203
was added dropwise to NiCo LDH suspension and sonicated for another l1h. The resultant

suspension was stirred for 24 h, and the solid was isolated by centrifugation and dried at 70°C to

reddish brown colored powder with 5 and 10 wt.% Fe2Os, abbreviated as NCF5, NCF10 LDH.

4.2.5. Preparation of Ag deposited Fe;O3/NiCo LDH composites
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Silver-loaded Fe203/NiCo LDH composites were prepared by photodeposition method 100 mg of
the prepared NCF10 composite was dispersed to 10 mL of 50% by volume IPA solution, along
with a 0.01 mM solution of AgNOs3 corresponding to different weight percentages (3% and 5%).
The resultant was sealed and kept for argon purging for about 15-20 min to maintain an inert
atmosphere. Subsequently, the mixture was exposed to UV radiation (125 W Hg arc, 10.4 mW/cm?
) for 2 h. The solution obtained after illumination was filtered, washed with DI water, and dried at
70°C. The 3, 5 wt % silver-loaded NCF10 composites were abbreviated as NCF10As3 and
NCF10As LDH.

CTAB Ni (NO;),.6H,0, pethanol

(3:2) Hydrothermal treatment
A UltraSonication : 180°% 24 h )
[
‘. Stirring (30 min) Washing and drying 60°C
o NiCo LDH
Fe(NO,);.9H,0 + H,0
-~ 1.8g/20 mL

Hydrothermal treatment
120°,12h
Washing and drying 60°C

NiCo LDH
Ultrasonication Fe203/NiCo LDH
60 min Washing and drying 60°C 5%,10%
®
‘ . 100 mg +10 mL IPA-Water (1:1)+AgNO, (0.01 mol L) . . L
’ Argon gas purging :
UV reactor 125 W Hg arc/2h
e [ D @
: Photo deposition of metallic Ag Ag@ NiCol/Fe,0, LDH
NiColFe,0, LDH Ag: 3,5%

Scheme 4.1. Schematic illustration of the synthesis of ternary Ag@Fe203/NiCo LDH composites
4.3. Results and discussion

4.3.1. Crystallographic and structural studies
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X-ray diffraction (XRD) patterns depicted peaks for NiCo LDH, Fe20O3, NCF LDH (Fe203 = 5%,
10%) and NCF10A LDH (Ag = 3%, 5%) Fig.4.1 (a). In the crystalline NiCo LDH pattern, peaks
were observed at 20 values of 11.29°, 22.14°, 34.15°, 38.50°, 43.58°, 60.85°, and 61.54°,
corresponding to the (003), (006), (012), (015), (107), (110) and (113) planes, respectively [38].
Upon composite formation, additional peaks corresponding to a-Fe2O3 nanoparticles emerged in
the LDH pattern, indexed at (104), (110), (202), (024), and (116) planes which confirms the
loading of Fe2Os on LDH structure [39]. Furthermore, new peaks at 20 = 44.5°
64.8°corresponding to the (200) and (220) planes were observed upon silver loading on
Fe203/NiCo LDH [NCF10A3 and NCF10As LDH] [40]. The amplification in intensity of silver
peaks correlated with the rise in wt.% of Ag (3, 5%). The loading of Fe203 and Ag onto NiCo
LDH did not result in a shift of 20 values in the LDH peaks, suggesting successful surface loading

without penetration into the crystal structure.

The crystallite size of NiCo LDH and its composites were calculated using the Debye -Scherrer

equation:

D =K M B COS Orrrrreeeeeeeeeeeeeeeseeeeeeeeereeseeeeneee (1)

In the given equation, D represents the crystallite size, K is the Scherrer constant (0.9), B denotes
the full width at half maximum (FWHM), A (1.54 A) stands for the wavelength of X-rays used and
0 represents the Bragg's diffraction angle. Fig.4.1 (b) depicts no shift in the 20 value for the

(003) and (006) plane peaks. The calculated crystallite sizes from the (003) peak are 12.87 nm,
14.00 nm, 14.51 nm, 14.77 nm, and 15.34 nm for NiCo LDH and its composites. The alteration in
crystallite structure may result from phase transformation or changes in LDH surface energy upon
Fe203 and Ag NPs loading. These observed changes, coupled with structural modifications,

indicate successful composite formation.
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Fig. 4.1. X-ray diffraction pattern of bare NiCo LDH, binary {NCF5LDH, NCF10LDH}, ternary
{NCF10A3, NCF10As LDH} composites (a) and enlarged view of peak corresponding to (006)
and (003) planes (b)

The structural and morphological properties of the materials were examined using Raman
spectroscopy Fig.4.2 (a). NiCo LDH exhibited two prominent bands at 462 cm™ and 516 cm™,
attributed to the Ni-O and Co-O vibrational modes, respectively[41]. In NCF5 LDH and NCF10
LDH composites, additional bands at 225 cm™!, 243 cm™, 293 cm™!, and 412 cm™!, corresponding
to Aig, Eg, Eg, and Eg, were detected, aligning with the characteristic bands of a-Fe2O3. Moreover,
in silver-loaded Fe>03/NiCo LDH composites, supplementary bands at 657 cm™ and 829 cm™
emerged, likely originating from the vibrational modes of NiCo and a-Fe2O3 [42]. These bands
could be attributed to the localized surface Plasmon resonance (LSPR) effect of the Ag present

within the composites.

The FTIR spectra of NiCo LDH and its composites are depicted in Fig.4.2 (b). A prominent
absorption band at 3452 cm™! was ascribed to the stretching vibration of OH groups on the layered

surface or interlayer water molecules. Another band at 1640 cm™ corresponded to the
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bending vibration of interlayer water molecules [43]. Upon composite formation, a reduction in
the intensities of bands at 1059 cm™ and 500-700 cm™, corresponding to Metal-Oxygen (Ni/Co-
O) stretching and bending vibration bands, was observed, indicating alterations in the LDH
surroundings [44]. Additionally, a band at 884 cm™, attributed to Ni/Co-OH bending vibration,
displayed decreased intensity upon Fe2O3 loading. No bands corresponding to Fe and Ag were
detected in the NCF10A (3-5%) LDH composites, possibly due to the low loading levels.
Furthermore, the spectra showed no substantial variances in the spectra compared to NiCo LDH,

suggesting that the loading of Fe203 and Ag did not alter the chemical structure of LDH.
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Fig. 4.2. Raman spectra of NiCo LDH, NCF (5, 10%) and NCF10A3 LDH (a); FTIR spectra of
NiCo LDH and its binary (NCF5, NCF10 LDH) and ternary (NCF10A3, NCF10As LDH)

composites (b)
4.3.2. Optical studies

Photoluminescence (PL) investigations were conducted to examine the defects and the
recombination efficiency of electron-hole pairs within the composites. Fig.4.3 (a) depicts the PL
emission spectra of both pristine NiCo LDH and its composites. These experiments were carried
out at ambient temperature at an excitation wavelength of 390 nm. Two distinct bands observed in

the visible region correspond to Near Band Edge (NBE) emission and deep-level emission
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respectively, attributed to oxygen vacancies, surface defects, and OH defects [45,46]. NiCo LDH
exhibited a strong PL signal, indicating maximum charge recombination. Upon composite
formation, the intensity of bands at the same wavelengths (483 nm and 530 nm) decreased,
suggesting suppression in the rate of recombination of charge carriers [47]. The comparable
intensity of the spectra in both the 3% and 5% silver-loaded Fe:O3/LDH composites suggests that
3 wt.% is the optimal concentration for suppressing electron-hole recombination. Subsequent
increases in silver concentration do not significantly impact the recombination rate. Therefore, the
PL spectra reveal the role of co-catalysts (Fe203, Ag) in achieving an efficient charge carrier
system with a lower recombination rate, thereby enhancing photoactivity. The increasing
quenching order is as follows: NiCo LDH < NCF5 LDH < NCF10 LDH < NCF10As
<NCF10As.
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483 nm —+— NCF10A. LDH SPR band of Ag ~#4-NCF10 LDH
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Fig.4.3. Photoluminescence (a); UV-Vis DRS spectra (b) and colour change (c) of pristine NiCo
LDH, Fe203/NiCo LDH, Ag@Fe203/NiCo LDH composites
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The optical absorption properties of the LDH and its composites were evaluated with the help of
DRS spectra Fig.4.3 (b). NiCo LDH exhibited absorption in the visible region, with an absorption
onset at 597 nm [48]. The a-Fe203/NiCo LDH composites displayed an extended absorption
spectrum, extending to 618 nm, attributable to the integration of Fe2O3 nanoparticles onto the LDH
surface, thereby enhancing the LDH's light absorption capability in the visible spectrum [49].
Additionally, the Ag@Fe203/LDH composites displayed even greater light absorption capability,
with a shift towards longer wavelengths, from 597 nm to 658 nm. The shift observed is due to the
combined effects of the visible light absorption by Fe2O3 nanoparticles and the surface plasmon
resonance (SPR) effect induced by Ag [50]. The surface plasmon band, emerging in the 400—-500
nm range, arises from electron transfer between the d-electronic states of the metal and LDH. The
powered samples also demonstrate a color shift upon composite formation. Initially, LDH
appeared green, but upon combining with a-Fe2O3 and Ag, the catalyst shifted to greenish-brown
and dark brown Fig.4.3 (c¢). The band gap energies (Eg) of each photocatalyst were determined

using the equation [51]:
ahy = A( hv - Eg )1/2 .......................................................................................................... (2)

Here, a, h, v, and A represent the absorption coefficient, Planck's constant, frequency of incident

light, and proportionality constant, respectively, while Eg denotes the band gap energies.

As shown in Fig.4.4 (a-f) the band gap calculated for NiCo LDH, Fe203, NCF5 LDH, NCF10
LDH, NCF10A3 LDH, and NCF10As LDH was 2.40 eV, 1.85 eV, 2.0 eV, 1.95 eV, 1.87 eV and
1.89 eV respectively. The increase in the band gap observed in the NCF10As LDH composite in
comparison to NCF10A3 LDH may be due to the excessive loading of Ag on the catalyst surface,
thus affecting the efficiency of charge carriers. The analysis of DRS spectra and calculated band
gaps indicates that integrating NiCo LDH with a-Fe2O3 and Ag significantly reduces its band gap
thereby enhancing visible light activity.
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Fig.4.4. Calculated band gap of NiCo LDH, Fe2O3, NCF5 LDH, NCF10 LDH, NCF10A3 LDH
and NCF10As LDH (a-f)

4.3.3. Structural morphological and surface studies

The morphological and microstructural characteristics of NiCo LDH and NCF10A3; LDH
composites were analyzed using the FESEM technique, illustrated in Fig.4.5 (a, b). NiCo LDH
displayed layered nanoflower morphology with a smooth surface [52]. Further, small spherical
nanoparticles of a-Fe2O3 were detected on the NiCo LDH surface upon composite formation Fig.
4.5 (¢, d) [53]. The presence of Ag in the composite was not evident from FESEM imaging because
of its extremely small size. Elemental composition and FESEM images of nanogranual a-Fe203
NPs are shown in Fig.4.6 and NCF10A3 LDH and NiCo LDH, are shown in Fig.4.7 (a- d). The
presence of Ni, Co, O, Fe, and Ag elements in the composite confirms the presence of silver and
Fe203 in Ag-loaded Fe2O3/NiCo LDH with their uniform distribution on the LDH surface.

Therefore, FESEM imaging and EDX spectra confirm the successful formation of the NCF10A3
LDH composite.
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Fig.4.6. FESEM images (a, b) and EDX spectra of Fe2O3 NPs (c).
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Fig.4.7. FESEM images (a, b) and EDS spectra (¢, d) of NCF10A3 LDH and NiCo LDH HRTEM

analysis of NCF10As LDH revealed the presence of spherical Ag nanoparticles and

nanosized o-Fe2O3 (spherical and hexagonal shaped) embedded within the flowered-shaped

nanosheets of NiCo LDH (Fig.4.8 a and b). Silver nanoparticles (Ag NPs) were evenly dispersed

on the surfaces of the LDH and Fe20s. The lattice fringes with distances of 0.40 nm,
0.37 nm and 0.23 nm were observed and indexed for NiCo LDH, Fe20O3, and Ag NPs in Fig.4.8
(c) [54,55]. The SAED pattern Fig.4.8 (d) revealed the (111) plane aligned with the 0.236 nm d-
spacing of Ag nanoparticles, the (440) plane for a-Fe203, and the (015) and (110) planes for NiCo
LDH, confirming the formation of the Ag-deposited a-Fe203/NiCo LDH composite [36,56,57].
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Fig.4.8. HRTEM images (a-b); lattice fringes (c); SAED pattern (d) of NCF10A3 LDH composite

The electrokinetic characteristics of the synthesized catalysts were examined using dynamic light
scattering (DLS) and zeta potential analysis. The NiCo LDH exhibited a hydrodynamic size of 292
nm. Following the deposition of a-Fe203 onto the LDH surface, the hydrodynamic size increased
to 616 nm for NCF5 LDH and 756 nm for NCF10 LDH composite, indicating a rise in
hydrodynamic size with the addition of Fe2O3 amount. Significantly, the hydrodynamic sizes of
Ag (3%, 5%)@NCF10 LDH composites were observed to be 830 nm and 1140 nm, respectively
Fig. 4.9 (a). The zeta potential analysis of NiCo LDH indicated a positive surface charge of +20
mV. Conversely, a-Fe20O3 exhibited a negative zeta potential of -12 mV. Upon Fe2Os loading

112



onto the LDH surface, the zeta potential decreased to +12 mV, indicating a neutralization of the
LDH surface charge due to electrostatic interactions with the negatively charged a-Fe2Os.
Subsequently, upon silver loading onto the composites, the zeta potential decreased further to +8
mV, +6 mV, and +5 mV for the respective composites. These alterations in zeta potential validate
the formation of the Ag@Fe203/NiCo LDH composites Fig.4.9 (b). Thus, the observed variations
in hydrodynamic size and zeta potential changes provide substantial evidence for forming the

NCF10As LDH composite.

Fig.4.9 (¢, d) depict the surface area and pore size distribution curves for both NiCo LDH and the
ternary composite Agz@Fe203/NiCo LDH adsorption-desorption isotherms for NiCo LDH and the
composite exhibit a type 1V isotherm pattern, indicating a mesoporous nature. Pore size
distribution analysis revealed pore sizes ranging between 1-20 nm for both catalysts. The
calculated surface area for pure NiCo LDH and NCF10A3 LDH was 29.881 m?/g and 34.027 m?/g
respectively. The slight increase in surface area may be attributed to the deposition of Fe2O3 and
Ag NPs on the LDH surface. Additionally, the composite showed increased pore volume and pore
diameter i.e. 0.078 cc/g and 0.102 cc/g respectively, potentially facilitating rapid diffusion of

reactants and active species, thereby enhancing the photocatalytic efficiency of the catalyst.
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Fig.4.9. Variation of Hydrodynamic size (a); Zeta potential (b); N2 adsorption isotherm and pore

size distribution curves (c, d) of NiCo LDH and its composites

4.4. Photocatalytic studies

During photocatalytic studies, malachite green (MG) was chosen as a representative toxic pollutant

to investigate the photocatalytic properties of NiCo LDH and its composites. The experiments

were carried out at room temperature in test tubes containing 5 mg of photocatalyst and 5 ml of

MG solution (20 ppm). Before initiating the reactions, the suspensions were equilibrated under

dark conditions for 30 minutes. Subsequently, the test tubes were exposed to visible light

irradiation (50W LED lamp, Wipro Garnet B22, intensity ~ 100 W /m %, A = 380- 700 nm) for

120 min and sunlight experiments were conducted under the same reaction
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conditions on April 25 (11 am to 1 pm), the intensity of light was around 112 W /m?, temp 41°C.
Following irradiation, the catalysts were separated via centrifugation, and the concentration of MG
remaining in the solutions was determined using a UV-VIS spectrophotometer (solution temp
visible light: 37°C; solution temp sunlight: 42°C). The efficiency of MG photodegradation was

optimized using the following formula:
N (%) = (Co-Ct)/CoX 100......cciriiriiiiiiinierieieeieseeieeeeene 3)

Where 1) is the photocatalytic degradation efficiency (%), Co and C: are the pollutant concentration
at the initial time (t = 0 min) and at a specific time interval. Scavenging experiments were
conducted similarly to the photocatalytic degradation process, including scavengers such as Argon
purging, methanol, and isopropyl alcohol (IPA). The mineralization efficiency (TOC) and the
intermediates formed during the degradation process were determined by HRMS analysis. The
stability of the catalyst was also assisted by recovering the catalyst after degradation, followed by

drying and using the sample for consecutive different runs under the same reaction conditions.
4.4.1. Factors affecting photocatalytic degradation of MG dye

(i) Effect of catalyst dosage

To investigate the correlation between photocatalytic degradation efficiency and the adsorbate
amount, tests were conducted by altering the dosage of the catalyst Fig.4.10 (a). The catalyst
amount was fixed from 0.001-0.008 g. The least degradation efficiency was observed for the low
amount of catalyst due to the adsorption of lesser molecules of MG on the catalyst surface. Hence,
less degradation was observed, further increasing the amount up to 0.005 g, its efficiency tends to
increase, but after the optimum amount, the degradation started decreasing as excessive catalyst
concentration might reduce solution transparency, impede light penetration and deactivate catalyst
surface area that aids the degradation process. Fig.4.10 (c and d) shows the degradation spectra

and percent degradation of MG at optimized amount of catalyst.

(ii) Effect of pollutant concentration
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The impact of MG concentration on the removal rate was investigated within the range of 5-35
ppm Fig. 4.10 (b). High photodegradation activity was observed at lower drug concentrations (20
ppm), diminishing efficiency as MG concentrations increased to 35 ppm. At higher MG
concentrations, photocatalytic activity decreased primarily due to increased coverage of active
sites on the catalyst surface by MG molecules, limiting the generation of active radicals.
Additionally, high MG concentrations obstruct light transmission, impeding catalyst light

absorption and thus affecting photodegradation efficiency.
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4.4.2. Photocatalytic reaction
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The photocatalytic efficiency of each catalyst was assessed through the degradation of MG dye
under visible light and sunlight Fig.4.11 (a-d). Initially, a 5 mL MG solution containing 5 mg of
catalyst was stirred in darkness for 30 minutes to achieve adsorption-desorption equilibrium.
Afterward, the aforementioned was exposed to both visible light and sunlight for photodegradation
studies. Fig.4.12 (a, b) illustrates the kinetics of adsorption and photodegradation of MG across
various catalysts. Notably, without any catalyst, the MG solution under light irradiation exhibited
negligible degradation, highlighting the ineffectiveness of light alone in pollutant removal.
Subsequent experiments utilized synthesized photocatalysts, namely NiCo LDH, NCF5 LDH,
NCF10 LDH, NCF10A3 LDH, and NCF10As LDH, revealing a

degradation efficiency: NiCo LDH (52.8%, 61.8%) < NCF5 LDH (59.4%, 68.4%) < NCF10
LDH (66.9%, 73.5%) < NCF10A3 LDH (82.2%, 98.6%) < NCF10As LDH (76.4%, 96.4%)
visible light and sunlight irradiation respectively. The limited degradation efficiency of bare LDH
was attributed to its broader band gap compared to binary (NCF5, NCF10 LDH) and ternary
(NCF10A3, NCF10As LDH) composites. The degradation extent correlates strongly with the
quantity of loaded Fe20s. As the Fe2Os content in the composites increases, their removal
efficiencies gradually rise before eventually declining. Among all the Fe2O3/LDH composites,
NCF10 LDH (Fe203:10 wt %) showed the highest efficiency in MG removal. Further increasing
the Fe2Os content to 15 wt.% slightly reduced the removal efficiency of MG. Excessive Fe20s
loading may partially obstruct the active sites, impeding incident illumination from reaching the
catalyst surface and thereby diminishing the photocatalytic capacity. Hence, loading an appropriate

amount of cocatalyst is essential to achieve optimum synergy between the catalyst and cocatalyst.
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Fig.4.11. UV-Vis spectra of time course study of degradation of MG by NiCo LDH (a, b) and
NCF10A3 LDH (c, d) under visible light and sunlight irradiation

Moreover, depositing plasmonic metals positively boosted photocatalytic activity, because of the
Surface Plasmon resonance phenomenon exhibited by the metal NPs, which are activated by
photons. This effect minimized the recombination rate of electron-hole pairs, among the
composites tested the best photoactivity was attained with the NCF10A3s LDH composite. The
optimal weight percentage of metal NPs improved active sites and electron transfer, but higher
content caused nanoparticle agglomeration, decreasing photo-efficiency. Therefore, the optimal
weight percentage of metal nanoparticles was found to be 3 wt.%, as further loading reduced

activity.

The degradation of MG by NiCo LDH and its composites follows pseudo-first-order kinetics. The

rate of photodegradation at low MG concentrations is expressed as:
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In(Cy) = -kt + In(Co)

The linear integration of equation (3) can be written as:

log(Co/Ct)

Here, Co signifies the initial concentration of the MG solution, C: stands for the concentration of

=k *t/2303

the MG solution at a given time (t), k denotes the pseudo-first-order rate constant (min''), and t

indicates the experimental duration in minutes. Fig.4.12 (¢, d) illustrates the linear fit first-order

reaction kinetics for all the catalysts prepared with rate constant value (0.88 x 102 min’!, 0.76 x
102 min"): NiCo LDH ; (0.92 x 102 min™!, 0.94 x 102 min™'): NCF5 LDH ; (0.93 x 10 min™!,
1.0 x 102 min™"): NCF10 LDH ; (1.25%102 min!, 3.33x10 min' ): NCF10A3 LDH ; (1.57x107
min' 2.0 x 102 min!): NCF10As LDH under illumination of visible light and sunlight,

respectively.
12
(a) 1.0 4
104 amogole.
0.8
icH i ~— VISIBLE LIGHT ——
< DARK | ) 0.6
S i ~ S
S 0.6 i 5
i 0.4
0.4 4 | @ Blank
|.-a- Blank 024 —&— NiCo LDH
| —®—NiCo LDH . —4— NCF5 LDH
» wdbe— NCF5 LDH =
22 | s NCF10 LDH v— NCF10 LDH
| —0—NCF10A, LDH 0.0 NCF10A, LDH
] NCF10A; LDH NCF10A; LDH
0.0 T T T T T T T T T T T T T T ™ T T
40 20 0 20 40 60 80 100 120 140 40 -20 20 40 60 80 100 120 140
n 2 Time (min)
Time (min)
0:8 ~— : Z T
= NiCoLDH 0.88X10™ min (c) 14" NiCoLDH 0.76 x 107" min (d)
07J® NCF5LDH 082102 min" Y “7e NCF5LDH 0.92 x 102 min"*!
A NCF10 LDH 0.93 X 1072 min™" Y 1, ]* NCF10LDH 1.0 x 1072 min1!
064v NCF10A,LDH1.25 x 102 min"" “7v NCF10A, LDH 3.33 x 10°% min’"
¢ NCF10A,LDH1.57 X 102 min}” § 10]® NCF10A;LDH 2.0 %107 min"
~051 3. ’
o v 2 K=
S0.4 4 i <087
= ; g
o L] 0.6+
0.3 =
[
0.2 4 0.4 -
0.1 0.2 4
- VISIBLE LIGHT SUNLIGHT
. Ll Ll L] T Ll T 00 -1 T T T T
0 20 40 0 100 120 20 40 100 120

.60 . .8
Time (min)

119

60 80
Time (min)



Fig.4.12. Time course-kinetic plots (a, b); variations in apparent reaction rate constants values
obtained for the degradation of MG using different photocatalysts under visible light and sunlight
(c,d)

4.4.3. Mineralization efficiency and scavenging experiments

Photocatalytic processes aim to mineralize organic pollutants, with TOC analysis utilized to
measure the mineralization extent by measuring dissolved organic carbon in the solution. TOC
values represent the quantity of organic carbon present, and a decrease in TOC concentration
indicates greater organic content mineralization post-reaction [58]. This method is pivotal in
assessing the efficiency of photocatalytic treatments for environmental remediation. TOC
measurements were conducted before and after degradation to determine the extent of MG
mineralization by the synthesized NCF10A3 LDH. The findings showed a mineralization
efficiency of 41.3% when exposed to visible light and 49.4% under sunlight for 120 minutes with
the NCF10As3 photocatalyst Fig.4.13 (a). The relatively modest TOC removal percentage
compared to degradation efficiency might be due to the enhanced stability of the MG molecule
owing to its substantial aromatic ring structure. Moreover, the formation of numerous intermediate
products during degradation could elevate the overall TOC levels in the solution, thereby

impacting the outcomes. The % mineralization was calculated using the equation given:
Mineralization (%) = {TOC (final) - TOC (initial)}/ TOC (initial)* 100.........cccccervirniennens (6)

Scavenging experiments were conducted to identify the active species involved in the
photodegradation of MG under visible light. Methanol, IPA, and argon purging were added to the
MG solution under the identical reaction conditions used for the photodegradation analysis.
Compared with experiments without scavengers, a decrease in percent degradation was observed.
This decline in photocatalytic activity upon introducing scavengers suggests that holes,
superoxides, and hydroxyl radicals influence the photocatalysis of MG over NCF10A3 LDH.
Fig.4.13 (b) shows the significant decrease that occurred with methanol addition, followed by
argon purging and IPA addition, indicating that OH® and O2°*" are the primary species responsible
for the photodegradation process. The contribution of active species during the photodegradation

of MG follows the order: OH® > O2* > h™.
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Fig.4.13. Percent degradation (a); the role of scavengers on degradation on MG with NCF10A3
photocatalyst (b)

4.4.4. HRMS studies

The analysis of intermediates formed during the photodegradation of MG was conducted using
High-resolution mass spectrometry (HR-MS), with NCF10A3 LDH serving as the photocatalyst.
The HRMS spectra of malachite green degraded under visible light and sunlight are shown in
(Fig.4.14 and Fig.4.15). The hypothesized pathways for MG degradation under visible light
irradiation are illustrated based on the intermediates identified in the HR-MS analysis Fig.4.16
(a). MG (m/z = 329.20) can degrade either through a gradual demethylation and hydroxylation
process or via an initial oxidative breakdown reaction followed by a stepwise demethylation
process. The degradation of MG begins with the hydroxylation of leucomalachite green (LMGQG)
m/z = 330.20, which is generated through the oxidation of MG. In the first pathway, LMG is
hydroxylated to form malachite green carbinol (MG, m/z=347.21), which is subsequently reduced
by hydroxyl radicals to produce 4-(dimethylamino) benzophenone with m/z = 226.12. Two
successive demethylations and hydroxylation intermediates with m/z = 198 and 227.12 were
formed, which can further oxidize into oxalic acid and eventually mineralize to CO2 and H20. In
an alternative degradation pathway, MG undergoes three successive demethylations, resulting in
the formation of three metabolic products: desmethyl malachite green (m/z= 315.18), didesmethyl
malachite green (m/z = 301.17), and tri desmethyl malachite green (m/z =
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287). This process occurs without undergoing any ring cleavage reaction [59]. Hence, the
degradation pathways proposed, along with the intermediates identified through HR-MS analysis,
provide evidence of radical involvement in the degradation of MG when utilizing NCF10A3 LDH
as a photocatalyst. Also, the intermediates were detected for the sunlight- degraded MG sample,
but fewer were observed than the visible light-degraded sample. This could be attributed to the
faster reaction under sunlight and the increased temperature, accelerating the conversion of
intermediates into degraded products. The mechanism shown in Fig.4.16 (b) involves the N-
demethylation of the MG cation, which forms an intermediate (m/z=273.1), followed by hydroxyl
radical species formation with m/z = 291.1 and finally fragmentation into a molecule with m/z
213.1. Further successive breakdown leads to the formation of hydroquinone. Hydroquinone is
further fragmented into benzoquinone and then into maleic acid. Finally, all intermediate

molecules could be further fragmented and mineralized into CO2 and H20 [60].
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Fig.4.14. The HR-MS spectrum of malachite green solution after degradation under visible light

irradiation
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Fig.4.15. The HR-MS spectrum of malachite green solution after degradation under sunlight
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4.4.5. Reusability and stability of the catalyst

Stability and reusability tests were conducted on NCF10A3s LDH to degrade MG. Recycling
experiments revealed a decrease in the degradation efficiencies of the catalyst after five runs i.e.
from 81.2% to 76.5% Fig.4.17 (a). Additionally, FESEM, XRD and DRS spectra were obtained
after recycling tests to assess any alterations in the photocatalyst's structure after multiple uses as
shown in Fig.4.17 (b, ¢ and d). The characteristic XRD peaks in the NCF10A3 LDH composite
remained consistent after five cycles. Furthermore, the DRS spectra of the photocatalyst after five
photocatalytic runs displayed a negligible change in the absorption spectra. FESEM image further
evidence of the photocatalyst's remarkable stability, showing that its morphology remains
unchanged and unaffected even after multiple cycles of use. The decrease in degradation efficiency

could be due to either blockage of active sites of the catalyst or loss of the catalyst amount during

separation.
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Fig. 4.17. Reusability studies (a); FESEM, XRD and DRS spectra of NCF10A3 LDH before and
after 5 cycles of MG degradation (b-d)
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4.4.6. Proposed degradation mechanism

The suggested mechanism for the photocatalytic degradation of MG using NCF10A3 LDH is
illustrated in Scheme 4.2. Upon visible light/sunlight illumination, electrons in the valence band
of LDH and Fe203 become excited, creating holes in the valence band. The conduction band edge
potential of NiCo LDH (-0.44 eV) is more negative than that of Fe2Os (+0.40 eV), facilitating the
migration of electrons from the LDH conduction band to the Fe2O3 conduction band. Conversely,
the valence band potential of FexO3 (+2.25 eV) is more positive than that of LDH (+1.98 eV),
promoting the rapid transfer of holes produced in Fe2O3 to the LDH valence band. The efficient
migration and prevention of recombination of electron-hole pairs across the Ag@Fe203/LDH
heterojunction are enabled by the appropriate band potentials of LDH and Fe203. Furthermore,
electrons from LDH and Fe2Os conduction bands are captured by silver nanoparticles on the
Ag@Fe203/LDH (NCF10A3) composite surface. This enhances the separation efficiency of
photogenerated charge carriers due to silver NPs surface plasmon resonance (SPR), generating hot
electrons upon exposure to light. This collective oscillation of conduction electrons further boosts

the photocatalytic reaction on the surface.

Ag nanoparticles capture electrons, initiating a reaction with dissolved oxygen (O2) to yield
superoxide anion radicals (O27) (EO2/EO2" = —0.046 eV) [61]. The generated O2" is then
protonated to produce the hydro-peroxyl radical (HOQO") first and then H202, which dissociates
into a highly active "OH species. Due to the larger positive VB potential value (EVB) than the Eo
(OH/ "OH) (+1.99 eV vs. NHE) photo-induced holes left on the VB of Fe203 can react with
surface OH ™ ions to generate another powerful oxidant, the OH" radical [62]. Alternatively, some
radicals directly target MG in aqueous solutions, leading to their oxidation and degradation into
smaller molecules. Ultimately, numerous reactive species (h, ‘OH, and "O27) work together in

mineralizing the MG molecules into less harmful intermediates and products such as H20 and COs.

The synergistic role of Ag and Fe203 in enhancing the photocatalytic performance can be expanded
by further emphasizing how the combination of these materials facilitates not only efficient charge
separation and transfer but also optimizes the production of reactive oxygen species. Ag

nanoparticles contribute to the generation of hot electrons through surface plasmon

126



resonance (SPR), which enhances the electron transfer from the conduction band of LDH and
Fe20s to the Ag surface, leading to a significant increase in electron density at the Ag surface. This
enhancement allows for a more efficient reduction of oxygen to produce superoxide anion radicals
(O ), whieh are crucial for initiating oxidative reactions. In parallel, the Fe2O3 component
facilitates the generation of hydroxyl radicals ("OH) via both hole transfer to the LDH and direct
interaction with surface hydroxyl groups, creating a powerful oxidative environment. Together,
the Ag and Fe2O3 components create a dynamic electron flow system that not only boosts the
separation and migration of charge carriers but also enhances the formation of ROS like O2" and
‘OH, which are highly effective in decomposing pollutants. The cooperation between these two
materials effectively accelerates the degradation of MG into less toxic by- products, improving the

overall photocatalytic efficiency and stability of the composite.

The mechanism includes the steps as follows:

Fe203 + hv — Fe203 (¢7) + Fe203 (h").eveviieieiiee (7

LDH +hv — LDH (¢)) + LDH (h") .c.ooveviveiiireree ®)

LDH (e) CB — Fe20s3 (¢7) Combination ...................... 9)

Fe203 (h") CB —LDH (h*) Combination...................... (10)

Fe203 (e7)/LDH (') CB — Ag (¢") Electron transport ..........cccceeeueeeueenee. (11)
LDH/Fe203 (€) + 02 = "O2..ccoc (12)

02"+ H" 5 "O0H....c.ocoviieeiiiieeeeeee, (13)

2°0O0H — O2 + H2O2.....cooooeeeee (14)

H202+ () > "'OH+ OH...c..oovviiiiiiiicee (15)

LDH (h") + OH — "OH....ocooveieiiieeieeene, (16)

02"/'OH/h" + MG — CO2 + H20 + NOs™ + degraded products.............cccveveeererreerennnee. (17)
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Scheme 4.2. Possible reaction mechanism of MG degradation over NCF10A3 LDH under visible
light-sunlight

Conclusion

This study achieved notable enhancements in the visible-light photocatalytic efficiency of NiCo
LDH upon its composite formation with a-Fe2O3 and optimizing the appropriate loading of Fe203
to increase its activity. The study investigated the degradation activity of NCF10 LDH (65%),
which was highest among different compositions of Fe2O3/LDH composites. Silver nanoparticles
(Ag NPs) ranging from 3 to 5 wt.% were deposited onto NCF10 LDH composite via photochemical
reduction and the Ags@NCF10 LDH composite exhibited superior degradation rates (81.2%, 98.6
%) under visible light irradiation and sunlight respectively. This optimized composite also showed
altered physicochemical and structural properties. Furthermore, after multiple consecutive
degradation cycles, the photocatalyst showed robust stability with little performance loss. This
analysis of scavenging experiments highlighted the pivotal role of OH" as a primary species, with

significant contributions of holes and Oz in the
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degradation process. The mineralization efficiency of the developed photocatalyst was also

assessed using the TOC test to evaluate its ability to remove organic pollutants. TOC detection

indicated 41.3% and 49.3% mineralization efficiencies for the visible light and sunlight irradiated

respectively. In HRMS analysis fewer intermediates were detected for the sunlight- degraded

sample, possibly due to the fast reaction facilitated by the high temperature during sunlight

optimization.
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Conclusion and Future Outlook

To solve the various environmental-related issues layered double hydroxides and its composites
have been synthesized to remove the pharmaceutical and industrial waste by photodegradation
phenomenon. Various visible light responsive LDHs (ZnCr LDH, MgAl LDH, and NiCo LDH)
were synthesized and their binary (MO-LDH, MO = WO3, Fe203) and ternary (M@MO-LDH; M
= Ag) loaded composites showed enhanced degradation in comparison to bare LDH under visible
light/sunlight irradiation. Creating heterojunctions between metal oxides and LDHs changes the
spatial distribution of charge, enhancing the separation of electrons and holes. This modification
addresses common limitations of unmodified LDH-based photocatalysts, including narrow light
absorption ranges, low quantum efficiency, and inadequate coverage of active catalytic sites. This
study highlighted the incorporation of plasmonic metal Ag nanoparticles onto LDH and MO-LDH
composites. The results demonstrated that these plasmonic nanocomposites achieved superior
photocatalytic performance for degrading organic pollutants (tetracycline, ciprofloxacin, and
malachite green dye). The findings from each chapter contribute significantly to the advancement
of photocatalysis for water treatment applications, particularly in the degradation of TC, CIP and
MG dye. The ZnCr LDH with monoclinic WOs3 effectively improved photocatalytic performance
due to the creation of a Class II heterojunction, which facilitates enhanced charge separation and
delays charge recombination and hence, the composite exhibited the highest rate constant and
degradation efficiency, outperforming pure ZnCr LDH and other composites. The overloading
WOs in ZnCr-20WOs3 resulted in decreased photocatalytic activity, indicating the importance of

optimizing the ratio of components for maximum performance.

In Silver-Loaded WO3/MgAl LDH the incorporation of silver into WO3/MgAl LDH composites
significantly enhanced both the adsorption and photocatalytic performance, particularly under
visible light irradiation. The silver-induced surface plasmon resonance (SPR) effect improved the
visible light absorption of the composite, leading to higher adsorption and photocatalytic
degradation rates of TC and CIP, compared to pristine MgAl LDH and binary hybrids. This
approach demonstrated a promising strategy to enhance the broad-band gap MgAl LDH

photocatalyst, offering a more efficient method for removing pollutants under visible light.
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Further, the combination of NiCo LDH with a-Fe20O3 and the optimization of Fe20O3 loading led
to significant enhancements in photocatalytic degradation of MG dye, with the NCF10 composite
exhibiting the highest degradation rate as compare to bare LDH. The introduction of silver
nanoparticles further improved the photocatalytic activity of Fe:O3/LDH composite, with the
Ag3@NCF10 LDH composite achieving near-total degradation under sunlight (98.6%). The
studies across all these chapters underscore the potential of composite materials to significantly
enhance photocatalytic activity, especially under visible light. The heterojunction formation,
surface modification (such as silver loading), and optimization of component ratios are key
strategies that lead to improved charge separation, enhanced adsorption and superior photocatalytic

performance. The findings from this study open up several avenues for future research as

(1) Future work could explore the formation of ternary composites for ZnCr-10WOs, by
incorporating additional metals like gold, silver, or copper, for further enhancing the photocatalytic

activity and broadening the light absorption spectrum.

(i1) Scaling up the synthesis of these composites and testing them in real-world water treatment
scenarios, including the degradation of other environmental pollutants (e.g., dyes, industrial

chemicals), would be essential to assess their effectiveness and viability.

(111) Further investigation into the detailed reaction mechanisms, degradation pathways and the
interaction between pollutants and catalysts could be analyzed through computational studies

which would provide deeper insights into optimizing photocatalytic processes.

In extension to this work, MO/LDH composites formed after the modification of LDH surface
charge can improve the adsorption efficiency of oppositely charged pollutants on the surface and
M/MO-LDH nanocomposites could be employed for demonstrating hydrogen production through

water splitting and dehydrogenation of waste alcohols under light radiations.
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