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Abstracts

Chapter-1

This chapter includes discussion on structural and chemical composition, adsorptive and
photocatalytic behavior of two-dimensional nanostructured layered double hydroxides (LDH). In
the context of adsorption and photocatalysis, the behavior and modifications of LDHs have been
discussed. Literature review, research gaps, objectives, experimental methods, and
characterization techniques are also described in this chapter.

Chapter-2

The traditional positively charged layered double hydroxides generally considered as efficient
and low-cost adsorbents for the removal of anionic organic molecules. The g-C3sN4 loaded Ni-Co
LDH composites were prepared through the electrostatic self-assembly method with varying 10,
20, and 30 wt% of g-C3N4. The as prepared adsorbents were characterized by XRD, SEM-EDS,
Zeta, DLS, and FTIR techniques. Results revealed that the extra peak corresponds to g-C3Ny4
(CN) originating in the XRD patterns, distorted morphology of LDH, reduction in positive
surface zeta potential, and enhancement in hydrodynamic size after loading of CN affirmed the
successful coupling of LDH with CN. The adsorption performance of as-modified LDH was
evaluated by removing the most commonly used salicylic acid and methylene blue as anionic and
cationic model pollutant, respectively, from aqueous solution. The adsorption mechanism for
both the pollutants by as-synthesized samples followed Langmuir isotherm. The bare LDH had a
maximum adsorption efficiency of only 3.66 mg/g for methylene blue and 75.16 mg/g for
salicylic acid. The adsorption capacity of methylene blue increased to 25.16 mg/g with 30 wt%
of CN loading, which was approximately 6-7 times higher than the adsorption capacity of bare
LDH. On the other hand, the adsorption capacity of salicylic acid decreased to 38.37 mg/g,

which was approximately half of that of bare LDH. Except for the methylene blue adsorption,
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which followed first-order kinetics, the kinetics of the salicylic acid adsorption onto bare LDH
followed the second-order model. On the other hand, second-order kinetics was followed in the
adsorption of both pollutants onto (10-30) CN-LDH composites.

Chapter-3

This work focused on the enhancement of the photocatalytic activity of solvothermal synthesized
Mgo.e67 Aloazs (OH)2 (CO3)o.167 (H20)05 layered double hydroxides (LDH) by plasmonic metal
(Cu, Ag, and Au) photodeposition (1-3 wt%). HRTEM analysis confirmed the successful loading
of plasmonic nanoparticles with varying sizes (Au (~ 4-25 nm) > Ag (~ 3-12 nm) > Cu (~2-7
nm)) on the surface of LDH. The effect of different plasmonic metals and their size on the
surface structural, optical, electrokinetic, and photocatalytic properties of LDH was investigated.
The prepared catalysts were evaluated for the degradation of tetracycline under LED irradiation
for 140 min and the photoactivity trend followed the order: pristine LDH < Cu@LDH <
Ag@LDH < Au@LDH. The LC-MS studies revealed that the degradation occurred by the
attack of various reactive species (O,”, h*, OH) via four paths mainly including hydroxylation,
functional group cleavage, and ring-opening reaction. A possible mechanism was proposed for
the appreciable enhancement in performance caused by the formation of Schottky barriers and
Surface Plasmon resonance of plasmonic nanoparticles. The results of total organic carbon
(TOC) indicated the acceptable mineralization of about 84%. Less than a 10% fall in degradation
efficiency was observed within four recycle runs.

Chapter-4

Elimination of pharmaceutical drugs from wastewater through photocatalysis is considered an
effective and environment-friendly approach to prevent their introduction into the aquatic
environment. We constructed ternary Ag deposited g-CsN4 loaded Co-Al layered double
hydroxide composites through multistep synthesis for wastewater remediation of the

pharmaceutical industry. We explored the role of g-C3N4 (CN) and Ag nanoparticles in Ag@CN-
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LDH heterostructures for improving the photocatalytic performance of LDH. This study revealed
that the photoactivity of the ternary composite was significantly affected by the CN and Ag
loadings. The visible light-driven ternary composite with 10 wt% of CN and 1 wt% of Ag
loadings over LDH exhibited the maximum 97% degradation of commercial ciprofloxacin within
90 minutes, which was highly superior to that noticed for bare LDH. The boosted degradation
proficiency was credited to the increased active sites, quick charge move at the CN-LDH
interface, and the Surface Plasmon resonance of Ag nanoparticles acting as electron trappers.
The ternary composite was highly stable and recyclable upto five cycles with less than a 3% fall
in degradation efficiency. Three degradation pathways, including the cleavage of the piperazine
ring and the decarboxylation of the quinoline ring, were proposed following the LC-MS analysis.
A possible mechanism for efficient charge transfer and photocatalytic degradation was proposed
based on the band edge positions calculated from valence band XPS spectra, photoluminescence
analysis, and scavenging experiments.

Chapter-5

The Mg-Al LDH is a UV-active photocatalyst with a band gap value greater than 3 eV. The
coupling of Mg-Al LDH with visible active g-C3N4 came out as an effective strategy to improve
the absorbance of light in the visible region, inhibit the rejoining of charge carriers, and enhance
its specific surface area. In the current work, we prepared different wt% of g-C3N4 coupled Mg-
Al LDH composites via the in-situ hydrothermal method. The optimized CN-LDH composite
exhibited enhanced 98.5% degradation of doxycycline under LED light within 60 minutes, which
was far better than that of bare LDH. The LC-MS studies were performed to determine the
intermediates and end products of the doxycylcine degradation. The prepared composite was

highly stable and recyclable for up to five cycles.



CHAPTER-1

1.1 Introduction:

1.1.1. Layered double hydroxides (LDHs):

Layered double hydroxides are inorganic compounds having both natural as well as synthetic
origin. Because of their distinctive layered structure, these are generally referred to as
hydrotalcite. Hydrotalcite with chemical formula [MgsAl, (OH)16]CO3.4H,0 is a naturally
occurring white hydrous mineral with rhombohedral crystallinity and structural properties
comparable to those of brucite Mg(OH),. It consists of assembly of positively charged infinite

brucite like layers constituting Mg®* ions partially replaced by AI**

ions octahedrally
coordinated to hydroxyl groups (OH") and carbonate anions (CO3%) intercalated in the interlayer
space along with water molecules [1-3]. Inspired from hydrotalcite mineral, the general chemical
composition of layered double hydroxides is [M**1x M* ) (OH)2]** (A"™)yn.mH,0, where M**
and M** are metal ions, A™ are the negatively charged ions intercalated between the positively
charged metal hydroxide layers, x is the layer charge density or molar ratio of [M**/(M**+M®*")]
generally lies in the range 0.2-0.33, and m is the number of H,O molecules suited in the region
between two brucite like layers alongside anions [4-6]. In their structural arrangement, the M?*
ions are uniformly arranged in the brucite layers where some of these are partially substituted by
M ions having ionic radii smaller than that of M?* ions. For instance, Elhalil et al. synthesized
ZnAl LDH, where Zn** ions of ionic radii 0.74 nm in brucite like layers are partially replaced by

smaller AP

ions with ionic radii of 0.53 nm [7]. Both the divalent and trivalent cations are
octahedrally surrounded by six OH" ions forming mixed metal hydroxides. These octahedral
units construct infinite metal hydroxide brucite like layers of general composition [M** 1. M**
(OH),]** assembling on top of one another by edge-sharing of MOg octahedron, and the O-H

bond is found at a right angle to the plane of brucite like layers. The fractional substitution of
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M?* by M** ions gives the brucite like layers a positive charge. The negatively charged
intercalated anions balance the positive charge of the brucite-like layers to keep the structure
electroneutral [8, 9]. A Schematic representation of LDH structure with general composition is
shown in Scheme-1.1. The structure of LDH acquires stability due to (a) the uniform
distribution of M?* and M*®" ions in brucite like layers, (b) the electrostatic force of attraction
between the brucite like layers and intercalated anions, (c) hydrogen bonding linking the (i) OH"
groups of metal hydroxides and water molecules, (ii) intercalated anions and water molecules,
and (iii) hydroxyl group of metal hydroxides and intercalated anions. In brucite, Mg(OH),
structure, the basal spacing is about 4.8 A, however, in case of hydrotalcites, the basal spacing is
expanded to about 7-10 A because of intercalated anions and water molecules present in its

interlayer region [10-12].

The diversity in LDHs can be employed by their variable chemical composition permitting a
variety of cations and anions to participate. Generally, these consist of divalent cations such as
Zn?*, Mg?*, Co®*, Ni?*, Cu?*, etc. and trivalent cations such as Fe®*, AI**, Cr**, V", etc. mostly
belonging to the third and fourth period of the periodic table. The commonly found charge
adjusting intercalated anions in their composition are COs*, F, CI, NO*, SO,%, chromates,

dichromates, surfactant anions, carboxylates, poloxymetalates, amino acids anions, etc [13-18].



Scheme-1.1. A Schematic representation of three dimensional structure of layered double
hydroxides with general chemical composition [M?*.x M** ) (OH)2]** (A")xn . mH,0].

Their verstality lies in adopting extensive scope of metal cations and anions exhibiting tunable
structural and electronic properties with various tremendous features such as easy and low cost
synthesis, high thermal and chemical stability, flexible composition, high surface area generally
ranges from 20 to 250 m?g™, adjustable structural and electronic properties, and porous structure
having pore size varies from 2 to 50 nm [19, 20, 24, 25].

One of the most astounding features powered by LDHs is the formation of mixed metal oxides
(MMOs) formed upon their calcination at temperature about 400-600°C. At such high
temperature, their layered structure gets destroyed with removal of intercalated anions and water
molecules and metal hydroxides get converted into metal oxides. Their exceptionality lies in the
fact of reconstruction of layered structure by introducing their calcined compounds to aqueous
solution of certain lost or any desired intercalated anions. This special characteristic of LDH is
termed as the “memory effect” [21,22]. They possess another prominent characteristic i.e. ability

to exchange intercalated anions with other anions in the solution demonstrated as anion
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exchangeability. Almost all type of anions can be adjusted into their structural composition with
respect to positively charged brucite like layers and interlayer region possessing weak interlayer
bonding [23]. On account of various pivotal features, these are raising out as highly potential
two-dimensional materials in different fields, for example, catalysis [26], adsorption [27],
biomedical science [28], photocatalysis [29], electrochemistry [30], and so on.

Water contamination has become a most serious issue in the public arena causing several
medical problems. One of the main reasons is the release of organic pollutants as effluents from
industries into water sources. Adsorption and photocatalytic degradation are considered an easy,
simple, economic, and highly effective methods that are being extensively adopted worldwide to
remove organic pollutants from water [31,32].

1.1.2. LDHs as adsorbents:

Owing to low cost, high surface area, porous structure, non-toxicity, and excellent anion
exchange capability, LDHs are served out as efficient adsorbents capable of adsorbing toxic
metal cations and anions, harmful organic dyes, pharmaceutical wastes and various other
pollution causing compounds [32]. Adsorption is a surface phenomenon that usually occurs due
to certain kind of intermolecular interactions between adsorbate and adsorbent. LDHs are
generally considered to be powerful candidate for the adsorption of harmful anionic compounds
due to their hydrophilic nature and toxic metal cations due to intercalated anions, and shows
non-adsorptive behavior towards cationic molecules due to positively charged surface (Scheme-
1.2).

For instance, Lu et al. investigated the highly effective adsorption activity of Ni-Fe LDH
towards adsorption of Cr®* heavy metal ion and methyl orange dye [33]. Wu et al. synthesized
flower-like hierarchical Ni-Co LDH microspheres as a cost-effective promising adsorbent with a
high adsorption capacity of methyl orange dye (497 mg/g). The excellent adsorption

performance of prepared LDH was credited to its high surface area, porous structure, and
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electrostatic interactions between LDH and anionic dye molecules [34].
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Scheme-1.2. A schematic representation showing the adsorption behavior of LDH towards

cationic (e.g. methylene blue) and anionic molecules (e.g. methyl orange).

1.1.3. LDHs as photocatalysts:

Photocatalysis is one of the important fields that hold great concern in solving energy and
environmental crises arising due to the rapid development of current human advancement. It is a
straightforward procedure that only requires a photoactive catalyst with appropriate band
positions and an energy source. The electrons in a photocatalyst's valence band are excited to
move into its conduction band when exposed to light with energy greater than or equal to its
band gap. The photocatalyst's surface serves as a redox center for the reactions, where electrons
in the conduction band (CB) and holes made in the valence band (VB) serve as reduction and

oxidation sites, separately (Scheme-1.3) [35,36].
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Scheme-1.3. A schematic illustration showing the process of photocatalysis towards degradation
of organic pollutants.

Since, most recent couple of years, layered double hydroxides, the unique layered materials are
coming out as a group of promising photocatalysts on account of their tremendous features like
layered structure possessing semiconductor properties with exceptionally dispersed metals
serving as active sites, highly adjustable bandgap, large surface area, low cost, and high
reusability. Their exceptionality lies in their tunable chemical composition which allows the
incorporation of desired photoactive metals [37,38,39].

The very first report about their photocatalytic behavior was given by Silva et al. exploring a
series of ZnTi, ZnCe, and ZnCr LDHs for the oxidation of water to produce O, gas under visible
irradiation. In view of their optical studies through diffuse reflectance spectra, the ZnCe LDH
showed a peak at about 280 nm and ZnTi showed a more intense absorption peak at about 380
nm, whereas, the ZnCr LDH showed maximum absorbance at 410 and 570 nm. They also
demonstrated the LDHs as “doped semiconductors” where the higher valent metal is considered
as a dopant [40]. Moreover, the LDHs generally show higher photocatalytic activity than bulk

metal oxides or hydroxides. It can be due to their layered structure providing the uniform
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dispersion of metal cations (M** and M** or M*") in brucite like layers formed by edge sharing of
MOg octahedron. Their efficient photoactivity is mainly governed due to the presence of MOg
octahedron with a high degree of dispersion which consequently permits the rapid transfer and
decreased the recombination of charge carriers. The strong evidence of this phenomenon was
first given by Zhao et al. by dispersing the visible responsive CrOg octahedron into the LDH
matrix via synthesizing M-Cr LDH (M=Cu, Ni, Zn). In general, chromium hydroxide exhibits
significant visible absorption. Despite this, no photoactivity was observed due to the low transfer
of excited electrons and high rejoining of electron-hole pairs due to agglomeration of CrOg units
in Cr(OH);. However, efficient activity was observed in the case of LDH constituting CrOg
octahedron units credited to the high dispersion of these octahedron units in layered structure.
The Cr 3d orbitals (Ayg) as the valence band and Cr 3d orbitals (Tog+T1g) as the conduction band
of LDH undergo bandgap transitions, responsible for its photoactivity [41]. Also, Shao et al.
(2011) found that ZnTi LDH performed significantly better than metal oxides in the
photocatalytic degradation of methylene blue [42].

1.1.4. Modification of LDHSs:

Layered double hydroxides are mainly known as efficient adsorbents for anionic pollutant
molecules due to presence of positively charge brucite like layers. Several modifications such as
intercalation of surfactants, coupling of several materials such as graphene oxide, carbon
nanotubes, biochar, etc. have been done to improve their adsorption activity towards anions as
well as cations. Zhang et al. synthesized organo-modified Mg-Al LDHs intercalating three
different  surfactants (sodium hexanesulfonate, sodium nonanesulfonate, sodium
dodocanesulfonate) for efficient adsorption of acid red, disperse orange, and basic yellow dyes.

The intercalation of surfactant changed the surface properties of LDH making it hydrophobic and
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reversal of charge from positive to negative on increasing the chain length of surfactant [43].
Qian et al. fabricated reduced graphene oxide modified Ni-Cr LDH possessing excellent
adsorption efficiency towards methyl orange. The adsorption performance was ascribed to the
introduction of reduced graphene providing large specific surface area and more interactions of
incoming dye molecules with surface of nanocomposite [44]. Various other LDH based materials
like MWCNTSs-LDH composite [45], carbon dots-LDH [46], FesO4-LDH [47] etc. have been
investigated for improved adsorption performance.

Besides various unique and excellent features, LDHSs suffer few limitations like less mobilization
and quick recombination of photoinduced charge carriers, limited light response, less surface
active sites, etc. responsible for hindering their photocatalytic performance. However, the
coupling of LDH with semiconductor-based materials can expect to overcome such constraints
through the formation of heterostructure junction leading effective utilization of properties of
both the components, rapid transfer of charge carriers, efficient charge separation, increased
lifetime of electron and holes, stronger and wider visible light response, and more reactive sites.
Graphitic carbon nitride (g-C3N4), a two-dimensional metal free polymer has emerged as a
potential low cost, non-toxic, visible light-responsive photocatalyst having a bandgap of about
2.7 eV. The construction of heterojunction of 2D/2D interface by combining LDH with g-C3N4
through its delocalized conjugated m structure is one of the successful strategies to enhance
absorbance response in visible light and separation of photoinduced charges during the
photocatalytic process [48].

Ramesh and co-workers constructed g-C3N4/Ni-Al LDH composite for enhanced water splitting
to produce hydrogen. The H; evolution rate of 30% g-C3N4/Ni-Al LDH was found to be about

1000 times than that of pristine LDH. This can be due to the fact of strong synergetic effect
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between oppositely charged Ni-Al LDH and g-C3N,4 providing effective inhibition of electron-
hole pair rejoining at the heterojunction interface [49]. Yazdani et al. prepared g-C3N4/Ni-Ti
LDH heterojunction film which exhibited better performance than bare g-C3N4 and Ni-Ti LDH
film for photodegradation of methyl orange. The heterojunction system attributed high redox
ability and migration of charge carriers in opposite direction across the interface enabling
efficient charge separation [50]. Li et al. successfully modified photo inactive Zn-Al LDH with
various loading of g-C3N4 (2, 7, and 8 wt %) and explored towards the photodegradation of
methylene blue. As Zn-Al LDH was not excited by UV light, by virtue of g-CsNi/Zn-Al
heterostructure, the electrons were injected into conduction band of Zn-Al LDH from
progressively negative CB of g-C3N,4 and hence promoted the photocatalytic action [51]. A p-n
type heterostructure including n-type P25 nanoparticles uniformly dispersed inside the p-type
Co-Al LDH network was prepared by Kumar et al. via one-pot hydrothermal synthesis for
enhanced reduction of carbon-dioxide. The movement of electrons from Co-Al LDH to
neighbouring P25 and movement of holes in its contrary course from P25 to Co-Al LDH
empower their successful separation bringing about the enhanced conversion of CO; to CO [52].
Recently numerous heterojunctions based materials have been synthesized like CdS-LDH [53,
54], Ag,CO3-LDH [55], etc.

One of the ideal approaches to increment the absorption of solar light by a semiconductor is the
loading of plasmonic metals onto its surface. In the field of photocatalysis, plasmonic metal-
loaded semiconductors have recently received more attention. The Surface Plasmon Resonance,
a resonance-frequency collective oscillation of conduction electrons, is thought to be initiated by
these metallic nanoparticles. The absorption of visible light is significantly enhanced as a result

of this phenomenon. If the Fermi level of the metal is located between its VB and CB, the
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photoinduced electrons from the semiconductor's CB immediately move to the metal
nanoparticles. The Schottky barriers formed at the metal-semiconductor interface allow these
metal nanoparticles to serve as electron sinks. The photoinduced electrons of metal nanoparticles
are captured by suitable reactive species. Thus, metal loaded on the surface of the semiconductor
is responsible for shortening the charge transfer distance, suppressing the electron-hole pairs
rejoining, and enhancing the response of the photocatalyst in visible region [56, 57]. Wang et al.
fabricated Ag/Ni-Co LDH with varying Ag loading through the photo-deposition method on the
surface of flower-like Ni-Co LDH. They discovered their performance to be better than bare
LDH towards the degradation of tetracycline. The Ag nanoparticle-induced surface plasmon
resonance led to a stronger visible light response and effective charge carrier separation
favorable for enhanced photoactivity. The sample with 15% of Ag loading showed the highest
activity as further surface coverage of LDH by Ag nanoparticles reduces their approach towards
the light [58]. Katsumata et al. demonstrated the conversion of CO, to CO in the presence of
different Pt, Pd, and Au loaded ZnCr LDHs fabricated via photo-deposition of metals. Among
them, Pt loaded ZnCr LDH exhibited the best activity due to its smaller size providing more
reactive sites inducing enhanced electron-hole separation and two-electron reduction of CO,
molecule to CO [59]. Various other metal loaded LDHs and its composites such as Pt or Pt-Ag
loaded Zn-Al and Zn-FeAl LDHs [60], Au-Ag loaded Mg-Al LDH [61], Au/Zn-Al MMO [62],

Ag@Ni-Al LDH/g-C3N4 [63], etc. have been successfully fabricated.
1.2. Research Gaps:

Literature survey reveals that various LDHs have been extensively investigated for adsorption
and photocatalytic activities. Due to positively charged brucite like layers, LDHs are well known

for adsorption of only anionic compounds. But several modifications such as intercalation of
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surfactants, coupling of adsorbing materials such as graphene oxide, multiwalled carbon
nanotubes, biochar etc. have been done to improve their adsorption activity towards anionic as

well as cationic species.

Graphitic carbon nitride (g-C3N,) is a non-toxic, environment friendly and most stable allotrope
of carbon having high surface area. It consists of uniformly arranged tri-s-triazine (CgH7) units
containing 7-7 interactions and could be used as an efficient adsorbent for various toxic metal
cations and organic molecules. The coupling of LDHs with graphitic nitride can be expected to
increase their adsorption capability towards different organic pollutants due to their strong
synergetic effect, larger surface area, increased porosity, and more active sites. But, the
adsorption performance of LDHs modified with g-C3N4 has not been explored well. There is a
lack of reports demonstrating the impact of g-CsN,4 loading on the adsorption behavior of LDH
towards both the anionic and cationic pollutants.

Similarly, coupling of LDH with g-C3N4 has came out as a powerful phenomenon to improve
its photocatalytic property through the formation of heterojunction leading stronger and wider
visible light response, more reactive sites, rapid transfer of charge carriers, efficient charge
separation increasing lifetime of electron and holes. Among different LDH photocatalysts
reported in the literature, the Mg-Al LDH showed the advantages of easy and low-cost synthesis,
durable structure, and high sustainability [7-8]. But due to its wide bandgap (>3 eV), its
photocatalytic performance has not been explored well. Only a few reports for the photocatalytic
decomposition of pollutants using highly stable and durable Mg-Al LDH are available. In this
manner, it is essential to research such LDH in the interest of photocatalysis. However, the
challenge is to adjust its wide band gap in the visible region and decreases the rejoining of

charge carriers.
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According to literature reports, the photoactivity of Co-Al LDH with band gap value ~ 2.1 eV
having suitable redox potentials and excellent visible light response has not been surveyed
accordingly. As a consequence, there is need to explore the photoactivity of such highly capable
photocatalyst. The introduction of g-C3N4 (Ey ~ 2.7 eV) to Co-Al LDH (Ey ~ 2.1 eV) can be
significantly promotes its photoactivity. Construction of 2D/2D g-C3N4/LDH composite can
make an efficient photocatalyst as it possess (1) efficient migration of electron and holes across
the interface of heterojunction causing electron-hole pairs separation (2) enhanced surface area
with more reactive sites.

As reported in literature, coupling of semiconductors with plasmonic nanoparticles is a
promising way to achieve dual advantages of improved light absorption response and enhanced
generation and enahanced separation of photogenerated electron and holes. Moreover, the
photoactivity of LDHs and g-C3N4 coupled LDH nanocomposites can be further improved via
deposition of plasmonic metals on their surface. But, very few reports are available in literature
regarding metal loaded LDHSs and ternary metal loaded g-C3N,4 coupled LDH composites. Thus,
there is a need to explore the influence of g-C3N, and metal deposition on LDHSs to improve their
adsorption and photocatalytic performance. In order to overcome the above mentioned facts,
following objectives were designed for the preparation of various LDHs to study their adsorption
and photocatalytic properties. The research focused on investigating the influence of plasmonic
metal nanoparticles and g-C3N; loading over LDHs to improve their adsorption and

photocatalytic performance for environment remediation.
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1.3. Objectives:

1. Preparation and characterization of different metal (M1**, M,>*) layered double hydroxides
(e.g. Ni-Co, Co-Al etc.) nanostructures.

2. Study the effect of graphitic carbon nitride (g-C3N4) and metal (Ag, Cu, and Au) loading on
the surface structure and physicochemical properties of as-prepared LDH nanostructure.

3. Evaluate the adsorption and photocatalytic properties using model toxic pollutants by these

prepared metal loaded g-C3N4/LDH hybrid nanocomposites.

1.4. Methodology:

1.4.1. Synthesis of LDHs:

(a) Direct co-precipitation method:

It involved the direct hydrolysis of metal cations by strong base in the presence of solution
containing interlayer anions. The desired LDH was obtained by mixing solutions of M?* and M**
metal salts, with further addition of strong base (such as NaOH and NH4OH) and solution
containing anions to be intercalated. The base was used to maintain the appropriate pH required
to precipitate metal hydroxides. The mixture was aged for several hours and then washed with

distilled water and ethanol and dried.
(b) Solvothermal method:

This method included the chemical reaction taking place in an organic solvent at a particular
temperature higher than the solvent’s boiling point. In this process, the metal precursors along

with a base were mixed in an organic solvent. The mixture was then transferred to an auto clave
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to get hydrothermally treated at a particular temperature for certain hours.

(c) Urea hydrolysis method:

This method involved the precipitation of metal hydroxides using urea as a precipitating agent
instead of strong bases like NaOH and KOH. Urea is a very weak Bronsted base (pK, = 13.8)
that hydrolyzes slowly in aqueous solutions (as shown below) providing a low degree of
supersaturation as compared to strong bases.

NH,-CO-NH, — NH4" + NCO"

NCO™ + H;0 — NH," + CO5”

NCO + 2H" + 2H,0 —NH," + H,CO3

The ammonium carbonate forming at the end of the process leads to the precipitation of mixed
metal hydroxide layers with carbonate ions as an intercalated anion. The metallic solution
containing a particular amount of urea was hydrothermally treated at a required temperature for
certain period of time.

1.4.2. Synthesis of g-C3N,4 (CN):

Melamine was used as a precursor to synthesize graphitic carbon nitride. About 5.0 g of
melamine was heated in a muffle furnace at 550°C for 4 hours with a heating rate of 5°C/min.
The obtained yellow-colored product was crushed into powder and further calcined for two hours
at 530°C at a heating rate of 5°C/min in order to create g-C3N, nanosheets.

1.4.3. Preparation of CN-LDH composites:

The CN-LDH composites were fabricated through the electrostatic self-assembly method. This
method involved mixing CN and LDH suspensions under continuous stirring for about 12 hours.
The electrostatic forces generated between negatively charged CN and positively charged brucite

like layers of LDH were the driving forces in the formation of CN-LDH composites.
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1.4.4. Preparation of metal loaded composites:

The photo-reduction method was approached to deposit plasmonic nanoparticles on LDH and
CN-LDH composites. This method depends on the metal ion reduction potential and CB edge
potential of the catalyst. About 100 mg of catalyst was dispersed in an aqueous solution of
sacrificial agent in flask. A predetermined amount of metal salt solution was added to the
aforementioned dispersion and the prepared flask was purged with argon to remove excess
oxygen and prevent oxidation. A rubber septum was used to seal the prepared flask, which was
then exposed to ultraviolet light for some time. The obtained composite was centrifuged, washed,

and dried.
1.5. Characterization Techniques:

Different modified synthetic procedures were applied for the fabrication of pure LDHs and CN-
LDH, M@LDH, and M@CN-LDH nanocomposites (experimental details are provided in the
respective chapters). The as-prepared catalysts were further analyzed using various
characterization techniques to investigate their surface, structural, and physicochemical
properties.

1.5.1. X-ray powder diffraction:

The crystallographic diffraction patterns were recorded on (i) an X-ray diffractometer (XRD,
Xpert pro) equipped with Cu-Ka. radiation (1.54 A), operating at 45 kV over a diffraction angle
in the range of 10° < 20 < 80° and (ii) an X-ray diffractometer (BRUKER) using Cu-Ka
radiation (A = 1.5403 A) in the 20 range of 5-80°.

1.5.2. Fourier transform infrared spectroscopy:

To determine the structural information of the catalysts, the Fourier transform infrared spectra
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were recorded on an Agilent FTIR spectrometer.

1.5.3. Dynamic light scattering and Zeta potential:

The electrokinetic properties of all the catalysts were demonstrated through the dynamic light
scattering technique and zeta potential analysis. The dispersions containing 2 mg of catalysts in 5
ml of distilled water in a disposable cuvette (for DLS analysis) and folded capillary cell (for zeta
potential analysis) were analyzed using a Zeta potential analyzer (Light source: He : Ne laser,
Detector: Avalanche photodiode).

1.5.4. Morphological analysis:

The structural and morphological properties were analyzed with (i) Scanning electron
microscopy (SEM-EDS, JEOL JSM-7600 F, 01 operating at 30 kV), (ii) Field emission scanning
electron microscopy (Carl-Zeiss Sigma 500 FEG-SEM with Bruker EDS), and (iii) High
resolution electron microscopy, (HRTEM, TALOS F200S G2 (200 KV, FEG, CMOS Camera
4K x 4K).

1.5.5. Surface area and porosity determination:

The surface area and pore size distribution of samples were analyzed with the BET (Brunauer-
Emmett-Teller) and BJH (Barrett-Joyner-Halenda) methods, respectively, using Quanta Chrome
Nova 2200 Surface Area & Pore Size Analyzer (Outgas Time: 6.0 hrs, Outgas temperature:
200C, Analysis gas: Nitrogen, and Bath Temp: 77.3 K).

1.5.6. Optical studies:

The UV-visible diffuse reflectance spectra were obtained on a diffuse reflectance
spectrophotometer (Avantes) using BaSQO, as a reference. The Halogen lamp and AvaSpec-2048
was used a light source and detector, respectively. The photoluminescence spectra were recorded

on PL-spectrophotometer (RF-5301) (scan range: 300.0 nm to 900.0 nm, and slit width:
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Excitation: 10.0 nm, Emission: 10.0 nm).

1.5.7. X-ray photoelectron spectroscopy:

The elemental composition was demonstrated by X-ray photon spectroscopy using XPS,
Shimadzu-165, U.K. Al k-alpha was used as an X-ray source at a photon energy of 1486.6 eV
and a hemispherical analyzer was used. The pass energy of the survey spectrum and core levels
spectrum was 160 eV and 20 eV, respectively. The samples were mounted using carbon tape

(stick on stub) and the surface charge was mitigated using a flood gun.
1.6. Adsorption and Photocatalytic studies:

During adsorption and photodegradation studies, a required amount of catalyst was added to the
test tube containing aqueous solution of certain pollutant and placed under dark and light
illumination, respectively, for some time. At definite time intervals, the catalyst was removed
from the pollutant solution via centrifugation and remaining pollutant concentration was
analyzed using UV-visible spectrophotometer (Shimadzu UV-2600 spectrophotometer).

The two important Langmuir and Freundlich models were investigated to predict the mechanism
of adsorption on the surface of catalyst. In order to predict the reaction kinetics in case of
adsorption and photodegradation, pseudo first and second order kinetic models were studied. The
detailed procedures and equations are explained in respective chapters.

Further, the mineralization of the pollutant during degradation was determined by measuring the
total oxygen chemical demand (TOC) using the chemical method. The degradation products and
intermediates were investigated using the LC-MS (Waters, SYNAPT-XS HDMS MASS
Spectrometer, U.K). The C18 column (2.1 mm x 100 mm; 1.7 um) was used at a temperature of
35°C. The mobile phase consists of 0.1% formic acid water & 0.1% acetonitrile with a flow rate

of 0.3ml/min.
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CHAPTER- 2

Adsorption performance of LDH and its g-CsN, loaded

composites towards anionic and cationic organic pollutants
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Schematic outline:

The LDHs possessing positively charged surfaces generally show efficient adsorption towards
anionic pollutants due to the ionic interactions between the LDH surface and pollutant molecule.
On the other hand, repulsive forces between cationic pollutant molecules and LDH's surface
inhibit their adsorption towards cationic pollutants. After loading g-C3N4 onto LDH, the positive
surface charge of LDH gets reduced leading to efficient adsorption of anionic pollutant

molecules.
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2.1. Introduction:

Water contamination has become a serious problem in the public arena that causes several
medical issues. One of the main reasons is the release of organic pollutants as effluents from
industries into water sources [1-3]. To get rid of such kinds of pollution, various techniques like
ion exchange [4], photocatalytic degradation [5], coagulation [6], adsorption [7], and membrane
separation [8] are used for water purification. Among them, adsorption is an easy, simple,
economical, and highly efficient method extensively adopted worldwide to remove organic
pollutants from water.

For the last few years, layered double hydroxides have received incredible consideration in the
adsorption research field [9-11]. Owing to their low cost, high surface area, porous structure,
non-toxicity, and excellent anion exchange capability, serving as efficient adsorbents capable of
adsorbing toxic metal cations and anions, harmful organic dyes, herbicides, pesticides, toxic
gases, pharmaceutical wastes, and various other pollution causing compounds [3,12,13]. Because
of the positively charged surface, LDHs are highly effective adsorbents for the adsorption of
harmful anionic organic compounds, whereas having a low affinity towards cationic organic
species due to ionic repulsions. Several modifications such as the intercalation of surfactants into
their interlayer gallery [14], coupling with other adsorbing materials (graphene oxide [15],
multiwalled carbon nanotubes [16], biochar [17], etc.) are being adapted to LDHSs for improving
their adsorption activity towards anionic as well as cationic organic compounds.

Recently, Zhang et al. fabricated a Ni-Fe LDH/montmorillonite composite consisting of the
positively charged LDH nanoflakes supported on the negatively charged surface of
montmorillonite. They investigated the adsorption performance of the composite towards both

the anionic and cationic dyes [18]. Liet al. modified the surface of Mg-Al LDH from
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hydrophilic to hydrophobic by intercalating organic surfactants to effectively adsorb non-ionic,
anionic, and cationic dyes [19]. However, cost-effective, easily synthesized, and non-toxic
materials as adsorbents are of concern nowadays.

Graphitic carbon nitride is a non-toxic, easily synthesized, and environment-friendly compound
having surface area. It is used as an effective adsorbent for a variety of toxic metal cations and
organic molecules as it is made up of uniformly arranged tri-s-triazine (CgN7) units containing
hydrophobic and I1-IT interactions. Due to the lone pair of electrons on nitrogen atoms in tri-s-
triazine units, the surface of g-C3N4 has a negative charge [20-22]. The formation of composite
constituting LDH and g-C3N,4 can be an effective adsorbent towards organic pollutants owing to
their environment-friendly nature, non-toxicity, and synergic effect.

In this work, positively charged Ni-Co LDH was coupled with negatively charged g-C3Ny4
nanosheets via self-assembly method. The effect of g-C3N,4 loading onto LDH was demonstrated
towards adsorption of anionic and cationic pollutants. Salicylic acid having the chemical formula
C7HgO3 is an anionic organic compound generally utilized in dyestuff and pharmaceutical
industries as a key ingredient in numerous skincare products. A large amount of salicylic acid as
waste is generated due to poor separation of products causing various health issues like
headaches, gastric irritation, and diarrhea, and can even bring about death if consumed in high
concentrations [23,24]. On the other hand, methylene blue having the chemical formula
C16H18CIN3S is a cationic organic compound broadly utilized in numerous industries such as
pharmaceuticals, textiles, paper, and cosmetics. The waste dye discharged from industries into
the environment can cause genuine health problems like hypertension, abdominal pain, bladder
irritation, and nausea [25, 26]. Thus, these harmful pollution-causing compounds need to remove

from the environment.
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This work evaluated the adsorption performance of Ni-Co LDH itself and the impact of g-C3N4
loading on its adsorption behavior towards salicylic acid and methylene blue chosen as model
pollutants. Parameters like adsorbent dosage, initial pollutant concentration, and adsorption time
were optimized using bare LDH. The adsorption performance of bare LDH, different 10-30 wt%
g-CsN, loaded LDH composites were then analyzed and compared under optimum conditions.

2.2. Experimental Section:

2.2.1. Chemical and Reagents:

Nickel nitrate hexahydrate (Ni(NOj3),-6H,0), Cobalt nitrate hexahydrate (Co(NOg3),-6H,0),
Ammonium Chloride (NH4Cl), Sodium Hydroxide (NaOH), Melamine (C3HgNs), Salicylic acid
(C7H603), and Methylene blue (C16H18CIN3S) were obtained from Loba Chemie, India. Distilled
water was obtained using Milli-Q, Millipore an ultrafiltration system.

2.2.2. Synthesis of Ni-Co LDH:

Ni-Co LDH was synthesized by a simple and easy co-precipitation method [27]. The metallic
salt of Ni** (0.45 mmol) and Co®* (0.30 mmol) were dissolved in 20 ml of distilled water to
prepare a metallic solution. Then, 4 mmol of NH,Cl and 2.06 mmol of NaOH were added
simultaneously to the above prepared metallic solution and stirred at 600 rpm for about half an
hour. The mixture was then transferred to an oven and aged at 55°C for 15h. After cooling to
room temperature, the solution was centrifuged at 6000 rpm for five minutes to collect the
precipitates, which were then washed several times with ethanol and distilled water. The sample
was then dried for 12h at 60° C. The as-prepared Ni-Co LDH sample was abbreviated as bare

LDH.
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2.2.3. Synthesis of g-C3N,4 nanosheets (CN):

First, bulk graphitic carbon nitride was prepared by placing about 5 g of melamine in a silica
crucible, covered, and heated in a muffle furnace at 550°C for 4 hours with a heating rate of
5°C/min. The bulk g-C3N,4 yellow powder was collected until it cooled to room temperature and
was crushed into a fine powder using a mortar pestle.

To prepare the g-C3N4 nanosheets, the obtained bulk g-CsN4 yellow powder was further calcined
for another 2 hours at 530°C with a heating rate of 5°C/min. The obtained pale yellow product
was g-C3N,4 nanosheet powder [28, 29]. The prepared g-CsN,4 nanosheet sample was abbreviated
as CN.

2.2.4. Preparation of CN-LDH composites:

An appropriate amount of g-CsN, powder (10, 20, and 30 wt%) was added into a beaker
containing water and sonicated for 60 minutes to completely disperse the g-CsN, particles. The
LDH powder was taken in another water-containing beaker and sonicated for 60 minutes to
completely disperse the LDH particles. Both the g-C3N,4 and LDH suspensions were mixed and
magnetically stirred at 600 rpm for about 12 hours [30]. The different 10, 20, and 30 wt% g-
CsN,@LDH composites were abbreviated as 10CN-LDH, 20CN-LDH, and 30CN-LDH,
respectively.

2.2.5. Adsorption activity:

The adsorption behavior of adsorbents (bare LDH and different (10-30) CN-LDH composites)
was observed using a 30 ml solution of pollutants. The parameters such as the concentration of
pollutants (5-55 mg/L for salicylic acid and 2-50 mg/L for methylene blue), amount of adsorbent
(2-20 mg), and contact time (2-30 min for salicylic acid and 15-210 min for methylene blue)

were investigated. A set of beakers, each beaker containing 30 ml of pollutant solution of a
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particular concentration and the appropriate amount of adsorbent was prepared and stirred at 600
rpm using a magnetic stirrer under the dark for different time intervals. After stirring for a fixed
time, each beaker was removed and the adsorbent was separated from the solution using
centrifugation. The concentration of adsorbate in the supernatant was measured using a UV-
Visible spectrophotometer at maximum absorbance (Amax= 296 and 664 nm for salicylic acid and
methylene blue, respectively). The adsorption capacities (adsorbed mass per unit mass, mg/g) of

the adsorbents were determined using the following equation:

Qe = (Co—Ce) g -vvrnem (2.1)

where C, signifies the initial concentration of pollutant (mg/L), C. is the concentration of the
pollutant in the solution at equilibrium (mg/L), V is the volume of solution (L), W is the amount
of adsorbent (g), and Qe is the adsorption efficiency of the adsorbent (mg/g) at equilibrium. The
percentage (R%) of salicylic acid and methylene blue adsorbed onto adsorbents was determined

using the following equation:

R% = Lo=Cd 5 100 ............ (2.2)

o

where C, is the concentration of pollutant at time, t =0 min and C, is concentration of pollutant
at equilibrium [47, 48].
2.3. Results and discussion:

2.3.1. Crystallographic and structural studies

The XRD spectra of bare Ni-Co LDH, g-CsN4 (CN), and CN-LDH composites were studied
(Fig. 2.1). The peaks observed at 20 value of 11.0°, 22.2° 34.1° and 60.6° in LDH spectrum
corresponds to (003), (006), (009), and (110) planes, respectively, of pure LDH (JCPDS No. 38-
0486) [27, 31]. The peak at 20 value of 27.5° in CN spectrum indexed to pure g-CsN4 [20]. In the

case of CN-LDH composites, all the peaks related to pure LDH were present along an additional
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peak originating at about 20= 27.5° corresponding to g-CsN4 which confirmed its presence in
composites. This peak intensity increased with an increase in the wt% loading of g-C3Ny in the
LDH sample demonstrating the successful formation of the composites. Moreover, after
modification with g-C3Ny4, a very slight change was observed in diffraction peak positions of
pure LDH confirming the preservation of its crystal structure phase and successful coupling of

LDH with CN.

op (003)30 CN-LDH

20CMN-LDH

10CN-LDH

Intensity (a.u.)

MNi-Co LDH

A k g-C3MNy

10 20 30 40 50 60 70 80
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Fig.2.1. X-ray diffraction patterns of g-CsN4, Ni-Co LDH, and different CN-LDH composites.
Fig.2.2 shows the FTIR spectrum of bare LDH and 30CN-LDH composite. The spectrum of
LDH revealed the presence of hydroxyl groups, intercalated anions, and metal ions in the brucite
like layers. A broad absorption band appeared at about 3400 cm™ is the O-H stretching band
corresponding to metal hydroxyl groups and interlayer water molecules. A band at 1622 cm™

originated due to the vibrations of water molecules in the interlayer region. The band positioned

at 1350 cm™ accredited to the nitrate anions in the interlayer spacing [33, 34]. The bands that
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appeared in the region 500-900 cm™ correspond to metal-oxygen (Ni-O and Co-O) and metal-
oxo-bridge linkage (Ni-O-Co) bands [30, 35]. In the case of the 30CN-LDH composite, the
additional band originating at about 3500 cm™ credited to the stretching of uncondensed N-H
groups of CN [29]. The presence of CN credited to the sharpness of bands appearing in the
region 1350 to 1650 cm™ credited to stretching vibration modes of sp? C-N and out-of-plane
bending vibrations of sp> C-N bonds. A peak originated at 834 cm™ corresponds to the bending
vibrations of s-triazine units [36, 20]. Moreover, after the addition of g-CsN,4 the bands
representing the pure LDH phase in CN-LDH composite spectrum show little shift from that in
bare LDH spectrum. These results indicated the effect and deposition of g-C3N4 on LDH through

interfacial electrostatic interactions [29].
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Fig.2.2. The FTIR spectrum of bare LDH and 30CN-LDH composite.

2.3.2. Morphological studies:

The surface morphology of bare LDH and CN-LDH composites was examined using SEM
analysis. The SEM image (Fig.2.3 (a and b)) of bare LDH shows the petal-like morphology
comprising sharp petals oriented and interconnected in certain directions. Such morphology

provides more contact area and space for the reaction to take place on the surface [27, 32]. On
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the other hand, in the case of the 30CN-LDH composite (Fig.2.3 (c and d)), a significant change
in morphology than bare LDH was observed. The sharp petals were missing and the petal-like
surface morphology was distorted due to the stacking of negatively charged CN onto the

positively charged LDH.

Fig.2.3. SEM images of Ni-Co LDH (a and b) and 30CN-LDH composite (c and d).

The EDS spectrum and elemental dot mapping for the 30CN-LDH composite are shown
in Fig.2.4. The EDS spectrum showed the signals corresponding to elemental composition of the
CN-LDH composite. The wt% distribution of elements was as 17.51, 23.67, 33.36, 2.81, 10.33,
and 12.32 % for C, N, O, ClI, Co, and Ni, respectively. Similarly, the elemental mapping showed
the distribution of Ni, Co, O, Cl, C, and N elements appearing in purple, blue, green, sky-blue,

red, and yellow regions, respectively.
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Fig.2.4. The EDS spectrum showing elemental composition and elemental dot mapping showing
elemental distribution of 30CN-LDH composite.

2.3.3. Electrokinetic studies:

The electrokinetic studies of as-synthesized samples were examined using Zeta and DLS
analysis. Due to the positive charge of brucite-like layers that resulted from the partial
substitution of Ni** by Co* ions during the formation of double hydroxide layers, the zeta
potential of bare LDH was found to be +27.7 mV as shown in Fig.2.5 (a). The zeta potential
value of pure g-C3N, was observed as -19.3 mV ascribed to tri-s-triazine units containing
nitrogen pots having a lone pair of electrons responsible for negatively charged surface. For
composites, the zeta potential value was observed at +10.6, +6.69, and +3.36 mV for 10CN-
LDH, 20CN-LDH, and 30CN-LDH composite, respectively. The decrease in the zeta potential
with an increase in the wt% loading of g-C3sN, credited to the ionic interactions between LDH
and g-CsN, that neutralized the positive charge on the LDH surface [30].

As per the dynamic light scattering technique, a variation in the hydrodynamic particle size of
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LDH was observed with variable wt% stacking of CN (Fig.2.5 (b)). The particle size of bare
LDH was 1057 nm, which increased to 1251, 1488, and 1681 nm in the case of 10CN-LDH,
20CN-LDH, and 30CN-LDH composites, respectively. The expansion in the particle size of CN-

LDH composites could be due to the deposition of g-C3N4 nanosheets onto the surface of LDH.
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Fig.2.5. The Zeta potential variation (a) and hydrodynamic particle size (b) of Ni-Co LDH, CN,

and different CN-LDH composites.
Adsorption Studies

2.3.4. Effect of adsorbent dosage:

The adsorption of adsorbate at the surface of the adsorbent varies directly with its dosage. It is
because the number of adsorption sites increases with an increment in the dose of adsorbent until
saturation [37]. The influence of the dosage of bare LDH on the removal of negatively charged
salicylic acid (40 mg/L) and positively charged methylene blue (10 mg/L) is represented in
Fig.2.6 (a). According to the observation, 0.012 g of LDH removed about 73.8% of salicylic

acid. No significant change in the adsorption efficiency of LDH was noticed with further
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increasing its dosage due to reaching saturation. On the other hand, 0.012 g of LDH dosage
exhibited the maximum of only 12.5% removal of methylene blue dye showing saturation with
more amount of LDH dosage. Here, no rise in adsorption efficiency was found by further
increasing the concentration of LDH, which indicated the saturation of active sites. Therefore,

0.012 g of LDH dosage was optimized for adsorption of both the pollutants.
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Fig.2.6. Effect of dosage of LDH (a) and effect of initial concentration of pollutants (b) on
adsorptive removal of pollutants from aqueous solution.

2.3.5. Effect of initial concentration:

The influence of the concentration of pollutants (dosage- 0.012g) was investigated via varying
the concentration of salicylic acid and methylene blue by 5-55 mg/L and 2-50 mg/L,
respectively. As illustrated in Fig.2.6 (b), the highest adsorption efficiency of 73.7 mg/g was
observed at 35 mg/L initial concentration of salicylic acid and a plateau at higher concentrations
representing the saturation of adsorption sites [38, 39]. On the other hand, for methylene blue,
the adsorption efficiency was a maximum of 3.03 mg/g at 10 mg/L of its initial concentration. It

then decreased with a further increase in concentration and became even zero at higher
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concentrations showing no adsorption.

2.3.6. Effect of contact time:

The contact time between adsorbate and adsorbent plays a crucial role in the adsorption process
as the adsorption increases with an increase in contact time until the reach of the equilibrium
state [37, 39]. As shown in Fig.2.7 (a), more than 60% of salicylic acid was rapidly adsorbed in
the first 2 minutes on the surface of bare LDH and then adsorbed slowly with time. The
maximum adsorption of about 84% of salicylic occurred within only 20 minutes with no further
increment as the equilibrium state was achieved. For methylene blue (Fig.2.7 (b)), the
equilibrium was achieved in 150 minutes with only 12.5% of dye adsorbed. The adsorption of
salicylic acid was efficiently high on the surface of LDH. It could be due to (i) its petal-like
morphology that provides a large contact area and (ii) electrostatic interactions between its
surface and salicylic acid molecules. On the other hand, the ionic repulsions between the brucite-

like layers of LDH and methylene dye molecules were responsible for the lesser adsorption of

methylene blue.

100 100
g0 (@) Salicylic acid g0 (b) Methylene blue
e = = = = = = = 1
— 804 O Sl — 80
-] 4 . 2 4
< 70 X < 704
° '3 °
[+}] 1 . @ 1
2604 T 2 60
o _ 1! o _ 1
2 509 i 8 504
© 1! ©

2 409 2 40
£ 304/ S 304
s {! ERR
3 20-1! T 204

o 10-'j a 10_' *___*_,*.—*-*-t-t-*-—-»-*

4 4 .__*-—* £
0 T T T T T T T T T T T T 0 - LI -1t r r - r - 1 7T
0 5 10 15 20 25 30 0 30 60 90 120 150 180 210
Contact time(min) Contact time(min)

Fig.2.7. Effect of contact time on adsorption behavior of bare LDH towards salicylic acid (a) and

methylene blue (b). Adsorbent dosage- 0.012g, Salicylic acid concentration- 35mg/L, methylene
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blue concentration-10mg/L.

2.3.7. Influence of g-C3N, loading:

As represented in Scheme-2.1, the loading of g-C3N4 nanosheets onto LDH brought an adverse
change in its adsorption behavior by decreasing its positive charge. The decrease in the positive
charge of LDH with the loading of g-C3sN4 onto its surface improved its adsorption efficiency
towards methylene blue, whereas showed the opposite behavior for salicylic acid. As shown in
Fig.2.8, when the wt% loading of g-C3N4 on LDH was increased, the adsorption efficiency of
LDH decreased towards salicylic acid, whereas increased towards methylene blue. The 30CN-
LDH composite with the highest 30 wt% g-C3N, loading exhibited maximum adsorption
efficiency of 79% for methylene blue that was 6-7 times higher than that of bare LDH. It could
be to the deposition of g-C3N4 on the surface of LDH that decreased its surface charge and
provided adsorption sites for methylene blue. For salicylic acid, in the case of 30CN-LDH

composite, the adsorption efficiency decreased to 43.75% which was about two times less than
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Fig.2.8. Influence of g-C3Ny4 loading on adsorption behavior of bare LDH towards salicylic acid
(@) and methylene blue (b); Adsorbent dosage- 0.012g, Salicylic acid concentration- 35mg/L,
methylene blue concentration-10mg/L.

2.3.8. Adsorption Isotherms:

To confirm the adsorption phenomenon, 30 ml of solutions of salicylic acid and methylene blue
with an initial pollutant concentration of 35 mg/L and 10 mg/L, respectively, were stirred in the
presence of 0.012g of adsorbent under dark for 12 hours. As shown in Fig.2.9 and Fig.2.10, no
significant change in the absorbance value was observed with 12 hours of contact time than 150
and 20 min for salicylic acid (S.A) and methylene blue (M.B), respectively. It confirmed that
there was no intercalation of molecules in the interlayer gallery of LDH during the adsorption of
pollutants. Fig.2.11 (a,b) shows the graph between C. vs Q. representing the adsorption of
salicylic acid and methylene blue over bare LDH and (10-30) CN-LDH composites. The
adsorption capacity initially increased with an increase in the concentration and then reached a

plateau due to the saturation of active sites.
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Fig.2.9. Absorbance spectra of adsorption of salicylic acid over bare LDH and (10-30) CN-LDH

composites in 20 min (left) and 12 hours (right).
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Fig.2.10. Absorbance spectra of adsorption of methylene blue over bare LDH and (10-30) CN-

LDH composites in 150 min (left) and 12 hours (right).
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Fig.2.11. The adsorption of salicylic acid (a) and methylene blue (b) over bare LDH and (10-30)
CN-LDH composites.

The two most common Langmuir and Freundlich adsorption isotherm models were employed to
analyze the adsorption process of the adsorbate at equilibrium. With a specific amount (0.0129)
of the adsorbent, the initial concentration of pollutants was changed (5-55 mg/L for salicylic acid
and 2-10 mg/L for methylene blue).

The Langmuir isotherm is based on homogenous adsorption, which occurs when a monolayer of
adsorbate is formed on the surface of the adsorbent with identical adsorption sites having
equivalent energy. It is also assumed that there are no interactions between the adjacent adsorbed
molecules as one molecule adsorbs on one adsorption site. The expression of Langmuir

adsorption isotherm is expressed as:

— QmaxKiCe
Qe = Tpice oo (2.3)

The Langmuir isotherm equation in linear form is described as:

Ce _ 1 Ce
Qe QmaxKL Qmax

where k;_ (L/mg) is Langmuir constant demonstrates the affinity of adsorbate towards adsorbent,
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C. (mg/L) isthe concentration of adsorbate at equilibrium, Q. (mg/g) is the adsorption capacity

of adsorbent at equilibrium, Qmax (Mg/g) is the maximum adsorption capacity of adsorbent upto

complete monolayer formation. The graph was plotted between Ce/Qe vs Ce (Fig. 2.12) and

intercept and slope were used to determine the k. and Qmax values. The nature of adsorption

whether the process is favorable or unfavorable was concluded through a dimensionless constant,

RL expressed as:

The value of R suggests the adsorption nature, Irreversible (R, = 0), favorable (0 < R_ < 1),

linear (R. = 1) or non-favorable (R_ > 1) [40].
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Fig.2.12. Modeling of adsorption equilibria by Langmuir isotherm; salicylic acid (a) and

methylene blue (b) by Ni-Co LDH and (10-30) CN-LDH composites.

Freundlich isotherm is based on the idea that the surface of the adsorbent is heterogeneous and

strong interactions occur between the adsorbate molecules. The adsorption occurs through the

multilayer formation of the adsorbate molecules at adsorbent. The equation of the Freundlich

isotherm is represented as follows:
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The linear form of Freundlich model is described by the following equation:

log Q. %X log Ce + logkg
where kg is the Freundlich constant, 1/n is the heterogeneity factor that represents the favorability
of adsorption, Q. (mg/g) is the amount of pollutant adsorbed at equilibrium, C, (mg/L) is the
concentration of the pollutant at equilibrium. The values of n greater than unity indicate the

favorability of the process [41, 42]. The plot of logQ. vs logC, for both pollutants is shown in

Fig.2.13.
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Fig.2.13. Modeling of adsorption equilibria by Freundlich isotherm; salicylic acid (a) and
methylene blue (b) by Ni-Co LDH and (10-30) CN-LDH composites.
Both the adsorption models fitted the experimental data. Their corresponding calculated

parameters using the slope and intercept obtained from their respective graphs are mentioned in

Table-2.1.
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Table-2.1. The calculated parameters of Langmuir and Freundlich models for adsorption of
salicylic acid over bare LDH and CN-LDH composites are as follows:

(@) Salicylic acid

Langmuir model Freundlich model
Adsorbent Qmax KL RL R’ Ke 1/n R?
Bare LDH 75.18 2.56 0.008 0.9996 42.4 0.4338 | 0.9094
10CN-LDH 53.76 1.63 0.013 0.9995 26.0 0.3413 | 0.7987
20CN-LDH 46.50 1.20 0.018 0.9990 21.6 0.3073 | 0.8221
30CN-LDH 40.08 0.613 0.036 0.9992 18.0 0.2537 | 0.8803

(b) Methylene blue

Langmuir model Freundlich model
Adsorbent Qmax KL RL R’ Ke 1/n R’
Bare LDH 3.66 0.566 0.150 0.9957 1.48 0.3514 | 0.8924

10CN-LDH 19.02 3.827 0.025 0.9981 8.37 0.4833 | 0.9648

20CN-LDH 21.34 1.444 0.067 0.9984 11.33 0.4721 | 0.9694

30CN-LDH 25.07 1.819 0.052 0.9984 15.12 0.5164 | 0.9688

The Langmuir model's R? (correlation coefficient) values were in the range 0.9957-0.9996,
higher and closer to unity than the Freundlich model's R? values, which were in the range
0.7987-0.9694. Therefore, a better fit was observed for Langmuir as compared to Freundlich
model suggesting the adsorption of pollutants through monolayer formation at the surface of
adsorbents. Also, the adsorption capacities of the adsorbents calculated using the Langmuir
model equation were found closer to that obtained from experimental data. Hence, the adsorption
of pollutants followed the Langmuir model and took place at a homogenous surface of the
adsorbent where each pollutant molecule was fairly distributed on its surface. Moreover, the
calculated R, values using the Langmuir model equation fall within the range of 0-1 suggesting
the favorable adsorption of both pollutants. The favorability of adsorption was deduced from the

Freundlich parameter (n), which was found more than unity (1.936-3.941).
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2.3.9. Kinetic Studies:
The rate of adsorption of salicylic acid and methylene blue over bare LDH and CN-LDH
composites were analyzed using pseudo first order and pseudo second order kinetic models. The

pseudo first order kinetic equation in linear form is written as:

Ky

log(Qe — Q) =logQ, — _

where Q; and Q. are termed as adsorption efficiencies (mg/g) at time t (min) and equilibrium
respectively, ky is the first order rate constant (min™) [43, 44]. The plots of log(Q-Qy) vs t for
both the pollutants salicylic acid and methylene blue are shown in Fig.2.14.

The pseudo second order kinetic equation in linear form is expressed as follows:

where, k; is the second order rate constant, Q; and Q. represents the amount of adsorbate
adsorbed per unit mass of the adsorbent (mg/g) at time t (min) and equilibrium, respectively [45,
46]. The second-order kinetic model is based on the assumption that the rate-limiting step is
chemisorption that involves share or exchange of electrons between the adsorbate and adsorbent.

The plots of t/Q; vs t for both the pollutants are shown in Fig.2.15.
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Fig.2.14. Kinetics of adsorption of salicylic acid (a) and methylene blue (b) over Ni-Co LDH and

(10-30) CN-LDH composites according to first order model.
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Fig.2.15. Kinetics of adsorption of salicylic acid (a) and methylene blue (b) by Ni-Co LDH and

(10-30) CN-LDH composites according to second order model.

The slope and intercept obtained from the graphs were used to calculate the parameters of first

and second order kinetics as mentioned in Table-2.2.
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Table-2.2. The calculated parameters of first order kinetics and second order kinetics for the
adsorption of (a) salicylic acid and (b) methylene blue over bare LDH and CN-LDH composites
are as follows:

(@) Salicylic acid:

First order kinetics Second order kinetics
Adsorbent Q. Ky R’ Q. K, R?
Bare LDH 45.19 0.266 0.9682 78.30 0.011 0.9995
10CN-LDH 40.24 0.260 0.9708 57.10 0.010 0.9995
20CN-LDH 57.05 0.343 0.9380 50.55 0.010 0.9982
30CN-LDH 45.45 0.268 0.9607 13.9 0.235 0.9936

(b) Methylene blue:

First order Kinetics Second order kinetics
Adsorbent Q. Ky R? Q. K, R®
Bare LDH 2.67 0.013 0.9587 3.25 0.006 0.9384
10CN-LDH 56.65 0.067 0.8055 24.18 0.007 0.9370
20CN-LDH 21.22 0.035 0.9109 22.66 0.001 0.9507
30CN-LDH 18.75 0.031 0.9713 24.0 0.001 0.9903

For salicylic acid, the R? values of the second order kinetics were found higher and closer to
unity than that for first order kinetics. It indicated that the salicylic acid was adsorbed on LDH
and CN-LDH composites following second order kinetics. In the case of methylene blue, the R?
values of the second order model were closer to unity than that of the first order model for CN-
LDH composites except for bare LDH. The R? value of the second order model was lower than
that of the first order model for bare LDH. The adsorption of methylene blue at the surface of
bare LDH followed the first-order kinetics whereas followed second-order Kinetics at the surface

of CN-LDH composites.
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2.4. Mechanistic understanding:

The Ni-Co LDH showed efficient adsorption towards salicylic acid, an anionic pollutant ascribed
to the ionic interactions between salicylic acid molecules and the brucite like layers of LDH. To
confirm the adsorption phenomenon, the zeta potential values of adsorbents after the adsorption
of pollutants were analyzed (Table-2.3.).

Table-2.3. The analysis of zeta potential of bare LDH and (10-30) CN-LDH composites after the

adsorption of salicylic acid and methylene blue:

Initial zeta | Zeta potential after | Zeta potential after
Adsorbent potential salicylic acid adsorption | methylene blue adsorption
(mV) (mV) (mV)
Bare LDH +27.7 -0.41 +29.7
10CN-LDH +10.6 -1.21 +12.3
20CN-LDH +6.69 -2.94 +9.98
30CN-LDH +3.36 -4.82 +8.46

The zeta potential value of bare LDH after the adsorption of salicylic acid changed from +27.7 to
-0.41 mV suggesting the adsorption of salicylic acid at the surface of LDH through electrostatic
interactions. Similarly, the zeta potential value for CN-LDH composites becomes more negative
after the adsorption of salicylic acid. It may be due to the neutralization of the positive surface
charge of LDH by adsorbed salicylic acid molecules and the presence of negatively charged g-
CsN4. The surface zeta potential of bare LDH after contact with methylene blue increased from
+27.7 to +29.7 mV. It can be due to the presence of adsorbed methylene blue molecules at LDH.
Similarly, the zeta potential value of CN-LDH composites becomes more positive after the
adsorption of methylene blue. It could be due to electrostatic interactions of methylene blue
molecules with nitrogen atoms and 7-m interactions with sp? hybridized carbon atom of g-C3N,
loaded onto LDH [47]. The comparison study regarding the removal of pollutants depending

upon the surface zeta potential of adsorbent is shown in Fig. 2.16.
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Fig.2.16. Comparison of adsorption efficiency (%) of (a) salicylic acid and (b) methylene blue

by variation of zeta potential of Ni-Co LDH and (10-30) CN-LDH composites.
2.5. Conclusion:

This study explored that the bare LDH having a positively charged surface was an efficient
adsorbent for anionic pollutants whereas showed poor affinity towards cationic pollutants. After
g-CsN, deposition, the adsorption behavior of LDH towards cationic pollutants improved as the
coupling of LDH with negatively charged g-C3N, nanosheets resulted in neutralizing its surface
positive charge. Accordingly, by varying the amount of g-C3N,4 loadings, the surface charge of
the composite can be adjusted as desired to effectively adsorb the cationic and anionic pollutants.
Hence, the formation of such hybrid materials can come out as a very beneficial strategy to
design non-toxic, environment friendly, low cost, easily synthesized materials for wastewater

treatment.
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CHAPTER-3
Plasmonic metal (Cu, Ag, and Au) loaded LDH composites

for efficient degradation of tetracycline under LED light
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Schematic outline:

The Mg-Al LDH is a stable and durable photocatalyst with a wide band gap greater than 3 eV
lying in UV region. The plasmonic metal deposition extended its optical response in the visible
region, enhanced surface active sites, and decreased the rejoining of photoinduced charge
carriers. Under LED lamp (Amax > 360 nm), the plasmonic nanocomposites showed enhanced
photocatalytic degradation of tetracycline. The nature and size of the metal played important

roles in the degradation efficiency of metal-loaded composites.
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3.1. Introduction:

Antibiotics have become widely used in recent years for the counteraction and treatment of
irresistible illnesses in humans and animals. Tetracycline (TC) is a broad-spectrum antibiotic
delivered in enormous amounts. It broadly utilizes in curing contaminations bring about by most
Gram-positive and negative bacteria, chlamydia, intracellular mycoplasma, and rickettsia.
Investigations have discovered that these antibiotics have stable chemical structures and
antibacterial properties. Therefore, these remained unretained and transformed by humans and
animals after utilization. Subsequently, these enter the environment as metabolites, putting
human and animal health at risk. Therefore, the efficient removal of TC antibiotic residues from
the environment has become fundamental for the ecological environment and human well-being
[1-2]. The way to control the antibiotics entering the environment is to treat the wastewater
containing antibiotics. As of now, photocatalysis has arisen as a green and cost-effective
technique to eliminate them from water bodies. Besides, it can transform antibiotics into less
harmful organic molecules and effectively biodegradable compounds, thus reducing or
eliminating their antibacterial activity [3-4]. Therefore, the fabrication of a stable and proficient
photocatalyst has become a central issue for the degradation of tetracycline.

Layered double hydroxides, typical two-dimensional layered structured inorganic materials,
stand out in the field of photocatalysis. Many researchers have proved that these exhibit better
performance than many of the metal oxide semiconductors credited to their appealing features
like layered and mesoporous structure, large surface area, surface hydroxyl groups, highly
dispersed MOg octahedrons, etc. [5-6]. The Mg-Al LDH showed advantages over other LDH
photocatalysts that have been reported in the literature, in terms of structural durability, low cost,

easy synthesis, and long-term sustainability. [7-8]. But due to its wide bandgap (> 3 eV), its
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photocatalytic performance has not been explored well. Only a few reports for the photo
degradation of harmful organic pollutants by highly stable and durable Mg-Al LDH are
available. In this manner, it is essential to research such LDH in the interest of photocatalysis.
However, the challenge is to adjust its wide band gap in the visible region and reduces the
recombination of electron-hole pairs.

Recently, the approach of plasmonic nanoparticles such as Cu, Ag, and Au with localized surface
plasmon resonance has made a unique way for the smooth procedure of photocatalysis in gentle
and harmless circumstances. Compared with bare semiconductors, the plasmonic photocatalysts
can extend the light absorption in the visible region due to the collective oscillations of
conduction electrons at the surface of plasmonic nanoparticles. Additionally, Schottky barriers
formed at the metal-semiconductor interface allow photoexcited electrons in the semiconductor's
conduction band to migrate to metal nanoparticles acting as electron sinks. [9-10]. Thus,
coupling semiconductors with plasmonic nanoparticles is a promising way to achieve dual
advantages of improved optical response in the visible region and enhanced generation and
separation of photogenerated electrons and holes. Considering this phenomenon, the
photocatalytic activity of Mg-Al LDH can enhance by depositing plasmonic nanoparticles on its
surface. However, the impact of different plasmonic nanoparticles modification on the
photocatalytic behavior of LDH has not been investigated extensively.

This work aimed at assessing the photoactivity of LDH and different plasmonic nanocomposites.
In this work, we have synthesized Mg-Al LDH through an easy and cost-effective solvothermal
method. The prepared LDH was further modified by loading Cu, Ag, and Au metals with varying
wt% contents (1, 2, and 3 wt%) through the photochemical reduction method. The electron

trapping efficiency from the conduction band strongly depends on the type of metal because Cu,
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Ag, and Au have quite different work functions. Meanwhile, the influence of different plasmonic
metals with varying weight percentages on the surface, physicochemical and optical properties of
LDH was discussed. It was found that the size of plasmonic nanoparticles varied according to
their nature and followed the order Cu < Ag < Au that subsequently affects the photocatalytic
activity. All the plasmonic composites showed better degradation of tetracycline than bare Mg-
Al LDH under LED light. The possible mechanistic understanding of enhanced photoactivity and
the role of different plasmonic metals were examined based on characterization results and
photodegradation experiments. This study provides a better approach to designing photocatalysts
having unique features of the layered structure and visible light harvesting properties of

plasmonic metals.
3.2. Experimental Section:

3.2.1. Chemical and Reagents:

Magnesium nitrate  hexahydrate (Mg(NO3),.6H,0), aluminium nitrate nonahydrate
(AI(NO3)2.9H,0), and urea (CH4N20) were acquired from Loba chemicals, India. Silver nitrate
(AgNOg), cupric nitrate (CuNO3), and tetrachloroauric (I11) acid trinydrate (HAuCl,-3H,0) were
purchased from Sigma Aldrich India. Ethylene glycol, methanol, and ethanol were obtained from
SD Fine Ltd. All the chemicals were used as they received without any further purification.
Triple deionized water was obtained from Organo Biotech Laboratories Pvt. Ltd.

3.2.2. Synthesis of Mg-Al LDH:

The Mg-Al LDH was synthesized via an ethylene glycol mediated solvothermal method
followed by hydrothermal treatment. Mg(NO3),.6H,0 (8 mmol), Al(NO3),.9H,0 (4 mmol), and
urea (60 mmol) were added into a mixed dispersant of ethylene glycol (45 ml) and water (5ml)

and the mixture was stirred for approximately 30 minutes at room temperature. The
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homogeneous solution was then transferred to a stainless steel autoclave lined with Teflon,
sealed, and heated for six hours at 160°C. After cooling down naturally to room temperature, the
obtained gel of Mg-Al LDH was collected and washed several times with distilled water and
ethanol. The as-prepared gel was then dried at 100°C to obtain a white powder.

3.2.3. Preparation of plasmonic composites:

The different plasmonic metal (Cu, Ag, and Au) loaded Mg-Al LDH composites were fabricated
through the photochemical deposition method. 50 mg of the as-prepared LDH sample was added
into a conical flask containing 25 ml water-methanol (4:1) solution and sonicated for about an
hour to obtain dispersion. A calculated amount of metallic salt solution corresponding to a
different weight percentage (1, 2, and 3 wt%) of Cu, Ag, and Au was added to the prepared
dispersion. An inert atmosphere was created by purging the conical flask with argon gas for 10 to
15 minutes under continuous magnetic stirring followed by sealing with a rubber septum.
Further, the solution was illuminated with UV light (Hg arc, 125 W, 300-390 nm, 10.4 mW
cm2) under continuous stirring for 2 hours. The deposition of plasmonic metals was indicated by
the change in the color of solution from white to colored (light sky blue, grey, and purple in the
case of Cu, Ag, and Au loading, respectively) [50]. The solution was then centrifuged and
washed with distilled water and ethanol followed by drying at 60°C. The plasmonic metal-loaded
Mg-Al LDH composites comparing to various weight percentages were named Cu(1)@LDH,
Cu(2)@LDH, Cu(3)@LDH; Ag(1)@LDH, Ag(2)@LDH, Ag(3)@LDH;  Au(1)@LDH,
Au(2)@LDH, Au(3)@LDH. Here (1), (2), and (3) demonstrate the 1, 2, and 3 wt% of plasmonic
metals, individually.

As Mg-Al LDH was photoexcited after the absorption of UV light, the electrons generated in its

conduction band induced the selective deposition of plasmonic metals. The conduction band
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potential of Mg-Al LDH was calculated to be -0.158 eV (discussed in section 3.4) and the
photogenerated electrons in its CB were capable of performing the electrochemical reactions

described in equations:.

Cu?*(aq) + 2e~ - Cu(s),E® = +0.34VvsNHE......... (3.1)
Ag*(aq) + e~ - Ag(s),E® = +0.799 Vvs NHE........... (3.2)
Au3*(aq) + 3e™ — Au(s),E° = +1.498VvsNHE........ (3.3)

3.2.4. Photocatalytic activity:

Herein, tetracycline (TC) was targeted as a model toxic pharmaceutical drug to analyze the
photocatalytic properties of Mg-Al LDH and its plasmonic composites. A set of test tubes
containing 10 mg of photocatalysts and 5 ml of TC solution with an initial concentration of 50
ppm was analyzed for photocatalytic degradation. All the experiments were performed at room
temperature. In order to achieve equilibrium between adsorption and desorption prior to the
reactions, the suspensions were kept in darkness for thirty minutes while being continuously
stirred. After that, the test tubes were exposed to LED light irradiations (Wipro Garnet B22 50-
watt LED bulb (wavelength >360 nm) for degradation analysis at pre-fixed intervals of time. The
catalysts were removed by centrifugation and the concentration of TC in respective solutions was
analyzed using a UV-visible spectrophotometer. As the pollutant volume was less, it was not
possible to observe the degradation efficiency of a catalyst with only a single sample. Therefore,
we prepared different test tubes for each time interval with the same amount of pollutant solution
and catalyst. For each catalyst, the same procedure was performed. The decontamination

percentage of TC was examined as follow:

The degradation efficiency of TC (%) = Co—Ce

(o]

where, C, and C; are the initial and residual concentrations of TC (mg/L), respectively [11].
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Further, the mineralization of the pollutant during degradation was determined by measuring the
total oxygen chemical demand (TOC) using the chemical method. In addition, the catalyst was
separated from the reaction and dried for a recyclability test. The intermediates and end products

were investigated through the LC-MS analysis.
3.3. Results and discussion:

3.3.1. Crystallographic and structural studies:

The phase structures of the samples were revealed by the XRD diffraction patterns. Fig.3.1 (A)
represents the XRD patterns for Mg-Al LDH and its plasmonic metal (2 wt%) loaded
composites. All the diffraction patterns exhibited peaks at 20 values of 11.7, 23.4, 34.9, 39.4,
46.8, 53.1°, 60.9, 62.3, 75.0, and 80.8 indexed as (00 3), (00 6), (009), (015), (01 8), (10 10),
(110),(113),(0018), and (11 12) planes, respectively, of pure crystal phase of Mg-Al LDH
[24-25]. The sharp peaks at 11.7 and 23.4 are characteristic of a layered structure. The existence
of peaks at 60.9 and 62.3" indicates that the intercalated anions present in the interlayer spacing of
hydrotalcite were carbonate anions [26]. The XRD patterns of Ag(2)@LDH (b), Cu(2)@LDH
(c), and Au(2)@LDH (c) composites showed all the peaks of pure Mg-Al LDH suggested that
the loading of plasmonic metals does not change the crystallinity of hydrotalcite materials.
However, the intensity of diffraction peaks was found lower than bare Mg-Al LDH due to the
deposition of plasmonic metals at LDH’s surface. In the pattern of Ag(2)@LDH composite, three
additional peaks at 26 values of 38.0°, 44.3°, and 64.5“were detected correspondto (11 1), (200
), and (2 2 0) planes, respectively, of pure silver metal with face-centered cubic symmetry [27].
For Au(2)@LDH composite, the XRD pattern showed two new peaks at 20 values of 38.2° and
44.5°assigned to the diffraction lines of metallic gold's face-centered cubic planes (1 1 1) and (2

0 0), respectively [28, 55]. Thus, XRD patterns confirmed the presence of Ag and Au in
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Ag(2)@LDH and Au(2)@LDH composites. However, no characteristic peak related to Cu NPs

was observed in XRD patterns of Cu(2)@LDH composite. It could because of the very small

size of Cu NPs as analyzed from HRTEM studies discussed in the next section.
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Fig.3.1. XRD diffraction patterns (A) and FTIR patterns (B) of Mg-Al LDH and Ag(2)@LDH,

Cu(2)@LDH, and Au(2)@LDH composites.

Fig.3.1 (B) represents the FTIR patterns of LDH and its plasmonic composites. A broad band at

3389 cm™ in spectra of all the samples was due to the vibrations of the O-H group of both the

brucite like layers’s hydroxides and the intercalated water molecules. Two intense peaks at 1353

cm™ and 772 cm™ correspond to the symmetric stretching vibrations and deformation of

intercalated carbonate anions. The absorption bands in the range 500-800 cm™ were due to

vibrational transitions of M-O, M-O-M, and O-M-O (M= Mg?**, AI*") [29-30]. However, no

notable change in the FTIR pattern was noticed after the deposition of plasmonic metal NPs over

LDH for Cu(2)@LDH, Ag(2)@LDH, and Au(2)@LDH composites. The observations suggested




that the samples had been properly prepared and that the structure of Mg-Al LDH was unaffected
by the deposition of plasmonic metal NPs.

3.3.2. Structural/morphological and surface studies:

The morphology and elemental composition of LDH and its plasmonic composites were studied
using FESEM-EDS analysis. The FESEM images of Mg-Al LDH showed flower-like
microspheres with randomly grown flakes assembled like petals of flowers oriented in non-
uniform directions (Fig.3.2 (A)). The EDS spectra of the prepared samples were examined to
confirm the atomic and mass wt% of various elements present in them. The EDS spectrum of
bare Mg-Al LDH showed that the sample contained Mg, Al, O, and C elements (Fig.3.2 (B)). In
the case of Cu(2)@LDH (Fig.3.2. (C and D)), Ag(2)@LDH (Fig.3.3 (A and B)), and
Au(2)@LDH composites (Fig.3.3 (C and D)), spherical micro flowers were observed similar to
that observed in bare LDH. The EDS spectrum of Cu(2)@LDH, Ag(2)@LDH, and Au(2)@LDH
also contained Cu, Ag, and Au, respectively along with Mg, Al, O, and C elements that
confirmed the successful synthesis of plasmonic composites. Moreover, the content of Cu, Ag,

and, Au was 1.5%, 1.71%, and 1.88%, respectively, close to the theoretical value of 2%.
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Fig.3.2. FESEM image (A), EDS pattern and elemental compositon (B) of Mg-Al LDH;

FESEM image (C), EDS pattern and elemental compositon (D) of Cu(2)@LDH composite.
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composite.

Further, the topographical characteristics, deposition, and size of plasmonic NPs at Mg-Al
LDH’s surface were represented by HR-TEM analysis.. As shown in Fig.3.4 (a), bare LDH
consists of non-uniform and randomly oriented flakes consistent with the FESEM results. The
SAED pattern represented the (1 0 10), (1 1 0), (0 0 18), and (1 1 12) planes corresponding d-
spacing value of 0.172 nm, 0.152 nm, 0.126 nm, and 0.118 nm, respectively, of the pure phase of
LDH (Fig.3.4 (b)). Moreover, the HRTEM image (Fig.3.4 (c and d)) represents the lattice
fringes with an interplanar distance of 0.172 nm and 0.15 nm ascribed to the (1 0 10) and (1 1 0)

planes, respectively.

= . [(1112)

E—- .,\\. ~\\1°10)

01720 L %

e

———0.35nm

(340)

Fig.3.4. HRTEM image (a), SAED pattern (b), and lattice fringes (c and d) of Mg-Al LDH.
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Fig.3.5 (a) shows the TEM image of Cu(2)@LDH composite in which we can find the small
dark dots representing Cu NPs (circled by red color) over the light grey colored Mg-Al LDH
surface. The results demonstrated that the Cu NPs with almost spherical morphology were
deposited over the surface of LDH. The size of Cu NPs was found in the range ~2 - 7 nm. The
plane (1 2 1) in the SAED pattern (Fig.3.5 (b)) assigned to the d-spacing value of 0.21 nm of the
crystal face of Cu along with the (1 0 10) and (0 0 18) planes ascribed to the d-spacing of 0.17
nm and 0.12 nm, respectively of Mg-Al LDH. Further, the HRTEM (Fig.3.5 (c and d)) indicated
the lattice fringes with ‘d’ value of 0.21 nm and 0.228 nm ascribed to (1 2 1) and (0 1 5) planes

of Cu and Mg-Al LDH, respectively [19-20].

(=

Fig.3.5. HRTEM image (a), SAED pattern (b), and lattice fringes (c-d) of Cu(2)@LDH

composites.
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The TEM-HRTEM analysis for Ag(2)@LDH composite is mentioned in Fig.3.6. The small Ag
NPs (circled by dark yellow color) were deposited at Mg-Al LDH. The Ag NPs had a uniform
distribution and were almost spherical in shape with varying sizes in the range of ~ 3-12 nm
(Fig.3.6 (a)). The plane (0 0 4) in the SAED pattern (Fig. 3.6 (b)) ascribed to the d-spacing value
of 0.248 nm of Ag NPs and the planes (1 0 10), (1 1 0), (0 0 18), and (1 1 12) planes correspond
to Mg-Al LDH. Fig.3.6 (c and d) represented the high-resolution image of Ag deposited over the
LDH surface and fringes with a lattice spacing of 0.25 nm and 0.231 nm assigned to the (0 0 4)

and (1 1 0) crystal face of Ag, respectively, and lattice spacing of 0.124 nm and 0.22 nm

correspond to the (0 0 18) and (0 1 5) planes of Mg-Al LDH, respectively [21-22].

Fig.3.6. HRTEM image (a), SAED pattern (b), and lattice fringes (c-d) of Ag(2)@LDH

composites.
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Fig.3.7 represents the HRTEM analysis of Au(2)@LDH composite. As shown in Fig.3.7 (a), the
Au NPs (circled by yellow color) were found in the size range of ~ 4-25 nm larger than that of
Cu and Ag NPs. The plane (1 1 1) in the SAED pattern (Fig.3.7 (b)) assigned to the d-spacing
value of 0.23 nm of Au NPs. The high-resolution image (Fig.3.7 (c and d)) demonstrates the
lattice fringes of 0.23 nm and 0.171 nm correspond to (1 1 1) and (1 0 10) crystal face of Ag and

Mg-Al LDH, respectively [23].
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Fig.3.7. HRTEM image (a), SAED pattern (b), and lattice fringes (c-d) of Au(2)@LDH
composites.

To understand the influence of metal NPs on the surface area of Cu@LDH, Ag@LDH, and
Au@LDH nanocomposites, the N, adsorption-desorption isotherms and pore size distribution of

catalysts were investigated. As shown in Fig.3.8, all of the catalysts exhibited a type IV isotherm
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with a typical H3 hysteresis loop indicating their mesoporous nature. Also, the specific surface

area slightly increased upon loading of metal NPs from 56.0 m?/g for Mg-Al LDH to 58.9, 63.5,

and 66.5 m?/g for Cu@LDH, Ag@LDH, and Au@LDH composites, respectively. The values of

the specific surface area, pore volume, and pore diameter are mentioned in Table-3.1. The

increase in surface area and pore volume in plasmonic composites was due to metal

impregnation.
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Fig.3.8. The N, adsorption-desorption curves and pore size distribution curves (inset) of Mg-Al

LDH (A) and M(2)@LDH composites (M= Cu, Ag, Au) (B-D).
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Table-3.1. BET surface area analysis of Mg-Al LDH and its metal loaded composites.

S.No. Sample Surface area (m2/g) Pore volume (cc/g) | Pore diameter (nm)
1. Mg-Al LDH 57.0 0.159 4.490
2. Cu(2@LDH 58.9 0.160 4524
3. Ag(2)@LDH 63.6 0.176 3.143
4. Au(2)@LDH 66.5 0.178 2.206

As shown in Fig.3.9 (a), the hydrodynamic size of Mg-Al LDH was 487 nm, which increased to

533 nm, 634 nm, and 761 nm for Cu(2)@LDH, Ag(2)@LDH, and Au(2)@LDH composites,

respectively. The increment in hydrodynamic size after loading metal NPs confirmed their

successful deposition on Mg-Al LDH.
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Fig.3.9. Hydrodynamic size (a) and zeta potential (b) of Mg-Al LDH and Cu(2)@LDH,

Ag(2)@LDH, and Au(2)@LDH composites.

Further, the zeta potential (Fig.3.9 (b)) of Mg-Al LDH was +39.1 mV due to its positively

charged surface attributed to the partial substitution of Mg?* by AI** ions. For plasmonic

composites, the zeta potential value decreased to +36.4 mV, +35.7 mV, and +32.2 mV after
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loading Cu, Ag, and Au NPs, respectively. Moreover, the variation in hydrodynamic size and
zeta potential values in plasmonic composites was consistent with HRTEM results as the results
of both the parameters were directly related to the size of metal NPs.

The elemental composition and elemental states of bare Mg-Al LDH, Cu(2)@LDH,
Ag(2)@LDH, and Au(2)@LDH composite was further confirmed by X-ray photoelectron
spectroscopy. The survey XPS spectrum (Fig.3.10) confirmed the signals of Mg, Al, C, and O
elements in bare Mg-Al LDH. The binding energy peaks of Mg 2p observed at 50.1 eV proved
the presence of Mg(OH), and the peak at 73.29 eV of Al 2p revealed the presence of AI(OH); in
brucite layers of Mg-Al LDH [47]. The peak originated at 529.1 eV in the O 1s spectrum
credited to the hydroxyl groups of brucite-like layers at the surface of LDH [48]. The C 1s
spectrum fitted with peaks at 284.6 eV and 288.3 eV correspond to the binding energy of C-C

and O-C=0 bonds, respectively, confirming the presence of carbonate anions as interlayer anions

[49].
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Fig.3.10. XPS spectrum of bare Mg-Al LDH; Survey (A), Mg 2p (B), Al 2p (C), C 1s (D), and O
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1s (E).

The survey spectrum of Cu(2)@LDH, Ag(2)@LDH, and Au(2)@LDH composites shown in Fig.
3.11 indicate the presence of Cu, Ag, and Au, respectively in plasmonic composites along with
elements corresponding to Mg-Al LDH. In the spectrum of plasmonic composites, a significant
increase in the binding energies of the peaks in O 1s and C 1s spectrum was observed. This slight
rise in binding energies of Mg, Al, C, and O elements in the Cu(2)@LDH, Ag(2)@LDH, and
Au(2)@LDH composites ascribed to the strong interactions between LDH and plasmonic NPs
due to quick charge transfer from LDH to plasmonic NPs. In the case of Cu@LDH, the presence
of Cu in the 0 (Cu®) and +1 oxidation states (Cu,0) is indicated by the two intense peaks at 932.3
eV and 952.2 eV, respectively. Moreover, a small peak deconvoluted at 933.8 eV highlighted the
presence of Cu?* species (CuO) [51]. In the spectrum of Ag 3d, the peaks observed at binding
energy value of 368.2 eV and 374.0 eV correspond to Ag 3ds, and Ag 3ds;, individually
confirming the presence of metallic Ag in Ag(2)@LDH composite [52]. The peaks observed at
82.67 eV and 88.7 eV in the Au 4f spectrum were related to Au 4fs, and Au 4f;,, respectively, in

Au(2)@LDH composite [53].
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Fig.3.11. XPS spectra of Cu(2)@LDH, Ag(2)@LDH, and Au(2)@LDH composites: Survey
spectra (A); Mg 2p (B); Al 2p (C); C 1s (D); O 1s (E); and Cu 2p, Ag 3d, and Au 4f (F).

3.3.3. Optical Studies:

Fig.3.12 displays the absorbance spectra of Mg-Al LDH and different weight %ge loaded Cu,
Ag, and Au @LDH composites. The Mg-Al LDH exhibited an intense peak at 210 nm in the UV
domain with no significant absorbance edge in the visible region. Compared with pure LDH,
plasmonic composites produced a red-shifted absorption edge in the visible region and a
simultaneous hyperchromic shift due to the intense surface plasmon resonance of plasmonic NPs
resulting from the collective oscillations of the electrons at the surface of the NPs. A significant

absorption band appeared between 400 and 800 nm in the case of Cu@LDH composites
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(Fig.3.12 (B)), was ascribed to the presence of Cu species at LDH. The bands in the visible
region: (a) at 400-500 nm corresponds to Cu™* in the CuO matrix caused by partial reduction of
Cu®, (b) at 580 nm due to LSPR of Cu®, and (c) at 600-800 nm and 740-800 nm due to 2E,
to 2T»q interband transitions of Cu? clusters in a distorted or octahedral geometry, respectively
[12-13]. However, despite the significant increase in absorbance, the SPR bands produced by Cu
were not particularly intense. This may be attributable to the extremely small size of Cu NPs, as
confirmed by HRTEM analysis.

In the case of Ag@LDH composites (Fig.3.12 (C)), a significant improvement in the absorption
of light related to the SPR effect of Ag was observed. The Ag NPs showed surface plasmon
resonances at 400-500 nm due to transfer of electrons between the d-electronic states of Ag
metal and LDH, and the absorbance spectra became broad enough to reach up to 800 nm [14,15,
56]. Fig.3.12 (D) displays the UV-visible absorbance spectra of Au@LDH composites. All Au-
loaded composites show a broad band between 500-600 nm corresponding to the SPR effect of
well-dispersed Au NPs due to the intra-band excitation of electrons in the outer orbital (6sp) of
the Au species. The SPR effect of NPs strongly depends on the shape and size of the particles
corresponding to variation in SPR bands. The spectra of Au@LDH composites with different
weight percentage loading of Au particles are quite different as SPR bands of Au appear at a
different wavelength between 500-600 nm. It might be due to the mixed dispersion of spherical
and elliptical-shaped Au NPs of varying sizes confirmed by HRTEM analysis. Due to different
shape and size of Au NPs, the broad SPR bands between 500-600 nm were observed instead of
sharp intense bands ascribed to a particular shape and size. A significant increment in the visible
light absorption was noticed with an increase in the wt% loadings of Au. The existence of SPR

bands in plasmonic composites confirmed the presence of metal NPs onto Mg-Al LDH [16-17].
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Moreover, the intensities of plasmon bands were continuously enhanced with increase in the
weight percentage of plasmonic metals from 1 to 3 wt%. Higher intensities with broader bands

correspond to more deposition of NPs and greater optical response of as prepared composites.
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Fig.3.12. Diffuse reflectance spectra of MgAIl LDH (A), Cu@LDH composites (B), Ag@LDH
composites (C), and Au@MgAl LDH composites (D).

However, the plasmonic effect of NPs strongly depends on the size of the NPs. In the absorbance
spectra of M@LDH composites, broad SPR bands were observed because the plasmonic NPs
were not monodispersed, but different-sized particles were found at LDH as observed from
HRTEM analysis. The different-sized particles could improve the photocatalytic performance as

polydispersity in size and shape widens the light absorbance range in visible region. The photons
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harvested by plasmons of different-sized NPs reduced the rejoining of electron-hole pairs and

effectively enhanced the catalytic activity under visible light [54].

The bandgap energies of all prepared photocatalysts were calculated using Tauc’s expression

written as:

ahv = Athv —Eg)"............ (3.5)

where, a is the absorption coefficient, hv is the energy of the photon, A is a constant, Eg is the
bandgap energy of a photocatalyst, and n is the exponent coefficient depending upon the direct or
indirect bandgap transitions (n = %2 and 2 for direct and indirect transitions, respectively) [18].
The bandgap values were found by extrapolating a straight line to the x-axis in the graph of

(ahv)>*vs hv (as shown in Fig.3.13 and Fig.3.14.).
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Fig.3.13. The Tauc’s plot of bare Mg-Al LDH.
The bandgap value of the Mg-Al LDH was calculated as 4.43 eV. But in its plasmonic
composites, it decreased gradually (< 3.1 eV) with the loading of Cu, Ag, and Au and their

increased contents. Among all composites, the lowest band gap value was 2.43 eV for Au@ Mg-
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Al LDH composites containing 2 wt% of Au.
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Fig.3.14. The Tauc’s plots of plasmonic metal composites.

To explore the electron-hole separation efficiency of catalysts, photoluminescence studies were
investigated through excitation of prepared catalysts at wavelength of 340 nm. The intensity of
the PL signal determines the recombination rate of electron and holes; lower the intensity, higher
the separation of charge carriers. As shown in Fig.3.15, the Mg-Al LDH showed emission peaks
at 386 nm and 420 nm. When compared to bare Mg-Al LDH, the PL signal intensity of all

plasmonic LDH composites was lesser. The lower intensity of the PL signal corresponds to
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better electrical conductivity and induced SPR effect of plasmonic NPs. For all the plasmonic
composites, M(3)@LDH composites showed a signal with a higher intensity as compared to
M(1-2)@LDH composites (M= Cu, Ag, and Au) might be due to an excess amount of metal
loading. Further, the quenching of signal followed the order Au@LDH > Ag@LDH > Cu@LDH
corresponded to their reduction potential: Au (+1.49 eV) > Ag (+0.79 eV) > Cu (+0.34) favouring

electron trapping efficiency [31].
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Fig.3.15. The comparative photoluminescence spectra of Mg-Al LDH and plasmonic
composites.

3.3.4. Photodegradation studies:

The pharmaceutical drug, tetracycline hydrochloride (TC) was chosen as a model pollutant to
demonstrate the photoactivity of prepared catalysts. First, the 5 ml of TC solution containing 10
mg of catalyst was kept in dark for half an hour under continuous stirring to achieve an
equilibrium between adsorption and desorption, and afterward, the LED lamp was turned on to
simulate photodegradation. Fig.3.16 shows the adsorption and photodegradation curves of TC

over different catalysts. The adsorption efficiencies of all the catalysts were witnessed in the

following manner: Au@LDHs > Ag@LDHs > Cu@LDHs > bare Mg-Al LDH. This could be
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explained based on their specific surface

area (Au@LDH > Ag@LDH > Cu@LDH > bare

LDH).
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Fig.3.16. Adsorption (in dark) and photodegradation (in light) curves of tetracycline over Mg-Al
LDH (A), Cu@LDH composites (B), Ag@LDH composites (C), and Au@LDH composites (D).
In the degradation process, Mg-Al LDH having a wide bandgap (Eg = 4.43 eV) showed very
little photoactivity under LED irradiation. However, the loading of plasmonic metals (Cu, Ag,
and Au) decreased the band gap values (< 3.1 eV) providing hyperchromic and bathochromic
shifts to absorbance spectra in the visible region as discussed in optical properties. Therefore, the

M@LDH composites (M = Cu, Ag, and Au) showed a remarkable degradation of tetracycline
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within 140 minutes under LED light (Fig.3.17).

The bare Mg-Al LDH showed only 23% degradation efficiency, whereas composites exhibited
higher photoactivity (63.6% to 99%). For Cu@LDH composites, the concentration of TC
gradually decreased under LED light. After 140 min, about 66%, 74%, and 63.6% of TC were
decomposed for the Cu(1)@LDH, Cu(2)@LDH, and Cu(3)@LDH, respectively. For Ag@LDH
composites, the degraded percentage of TC was 89%, 93.5%, and 77.8% for Ag(1)@LDH,
Ag(2)@LDH, and Ag(3)@LDH, respectively. For Au@LDH composites, about 92%, 99%, and

84% of TC was degraded for Au(l)@LDH, Au(2)@LDH, and Au(3)@LDH, respectively.
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Fig.3.17. The absorbance spectra of tetracycline at initial concentration (50 ppm) and after

degradation (a, ¢, and d); and their corresponding bar graphs showing percentage of tetracycline

degradation.

The deposition of plasmonic metals had a positive effect on photocatalytic activity. It might be

due to (i) the SPR effect of plasmonic metal NPs activated by the photons compared to their
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plasmonic absorption band and (ii) the enhanced separation of electron-hole pairs due to the
Schottky barrier created between metal NPs acting as electron sink and LDH surface [32, 33].
Among different plasmonic metal-loaded composites, the highest photoactivity was shown by
Au@LDH composites. It credits to (i) the smaller bandgap value of Au@LDH than Cu and
Ag@LDH prompting better visible light absorption, (ii) the larger size of Au NPs favoring more
LSPR effect, and (iii) higher electronegativity and electron affinity of Au than Ag and Cu
corresponding improved electron trapping efficiency [34, 35, 36]. Additionally, among all the
M@LDH composites, the highest photoactivity was accomplished for M(2)@LDH composites
which further decreased for M(3)@LDH composites. The optimum wt% of metal NPs increased
the active sites and enhanced the charge migration but increased content could lead to the
agglomeration of metal NPs and decrease the photo-efficiency. Herein, the optimum wt% of
metal NPs came out as 2 wt% as the activity decreased with further loading content (3 wt%).

The following pseudo first order equation described the rate of heterogenous photocatalytic

process:

In () =kt.......... (3.6)

t

where C, is the initial concentration pollutant before irradiation, C is the concentration of
pollutant as a function of irradiation time t, and k is the rate constant (min™) [37]. The linear
curves shown in Fig.3.18 indicated that first order reaction kinetics was applicable for all the
prepared catalysts. All the plasmonic composites exhibited an enhanced degradation rate of TC
than bare LDH due to an increment in visible light absorption accredited to the SPR effect of
plasmonic NPs and inhibited rejoining of charge carriers credited to electron trapping efficiency
of plasmonic NPs. The kinetic rate constant for Au(2)@LDH composite was 0.021 min™, which

was almost 35 times higher than that of bare LDH, and was the highest among all the M@LDH
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composites.
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Fig.3.18. The observed reaction kinetics of degradation of tetracycline using Mg-Al LDH (A),

Cu@LDH composites (B), Ag@LDH composites (C), and Au@LDH composites (D) at different

intervals of time.

Moreover, among all the plasmonic nanocomposites, the degradation rate of tetracycline removal
was highest with Au(2)@LDH composite. It could be due to (i) its larger surface area providing
more active sites, (ii) maximum separation efficiency of photogenerated charge carriers

witnessed with the highest quenching of PL signal, and (iii) better electron trapping capability
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due to higher reduction potential of Au (+1.49 eV) than Ag (+0.79 eV) and Cu (+0.34).
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3.3.5. Scavanging experiments for investigating active species:
The role of active species like superoxide anion radicals (O,"), hydroxide radicals (OH), and
holes (h*) in the photodegradation process was investigated by the introduction of scavengers to
the reaction system. K,Cr,O7, isopropanol, and methanol were used in this experiment as
scavengers for O,", OH, and h*, respectively. The scavenging experiments were conducted for
the photodegradation of TC solution over Au(2)@LDH photocatalyst under the same
experimental conditions as those used above. As shown in Fig.3.19, the degradation performance
over Au(2)@LDH decreased most significantly with the addition of K,Cr,O7 indicating that
superoxide anion radicals were crucial to the degradation process. However, the degradation

activity was suppressed using methanol and iso-propanol which demonstrated that OH and h*

also played important role in the degradation process.
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Fig.3.19. Effects of different scavangers on the degradation of tetracycline with Au(2)@LDH
photocatalyst.
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3.3.6. LC-MS studies:

For further investigation of photodegradation mechanism, LC-MS studies were analyzed to
identify the intermediates in the degradation process of tetracycline. Based on the intermediated
products found in LC-MS spectrum (Fig.3.20 and Fig.3.21), possible degradation pathways of

tetracycline are depicted in Fig.3.22.

Fig.3.20. The LC-MS spectrum of tetracycline before degradation.
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Fig.3.21. The LC-MS spectrum of tetracycline after degradation.

Various reactive species attacked tetracycline in four ways, including hydroxylation, functional
group cleavage, and ring-opening reactions, to break it down. For the first degradation pathway,
the TC got attacked by O, radicals and underwent deamination reaction to generate intermediate
P1 (m/z = 392), which then oxidized by h* and produced P5 (m/z = 278). The resulting product
further followed ring-opening reaction and generated P9 (m/z = 183) [41]. For the pathway two,
TC underwent dehydroxylation and demethylation at C8 position to form P2 (m/z = 413) which
then dehydrogenated and produced P6 (m/z = 411). Further, ring-opening and dehydroxylation
reactions yielded P10 (m/z = 318) and P14 (m/z = 280) [42]. In the terms of third degradation
pathway, P3 (m/z = 427) was formed by the dehydration of TC through the attack of OH
radicals. The P3 produced P7 (m/z = 384) by the removal of N-dimethylation which eventually

degraded into smaller product P11 (m/z = 224) [43]. For the fourth pathway of TC degradation,
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P8 (m/z = 365), P12 (m/z = 219), P13 (m/z =139) were produced through ring opening process
which then further degraded into smaller intermediate P15 (m/z =91) [46]. All by-products were
then mineralized into small-molecule inorganic compounds like CO,, H,O, and NH**. Hence,
LC-MS analysis revealed the participation of O,  , h®, OH in the photodegradation of

tetracycline molecules.
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Fig.3.22. The proposed pathway of tetracycline degradation in Au(2)@LDH heterojunction
photocatalytic reaction system.

3.3.7. Mineralisation (total organic carbon removal):

It is well-known that the degradation of a pollutant does not imply that it completely mineralizes
into CO, and H,0O. Consequently, investigation of the mineralization process is crucial. The
value of TOC, or total organic carbon, is related to the total amount of organic compound in the
solution. A decrease in TOC value indicates how much mineralization has occurred toward the

end of the photocatalytic process. The mineralization process of TC over Au(2)@LDH
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photocatalyst at different time intervals was investigated in terms of TOC analysis. Fig.3.23 (A)

shows the schematic representation of TOC analysis by chemical method and results are depicted

in Fig.3.23 (B).
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Fig.3.23. A schematic representation of TOC analysis by chemical method (A) and variation of
TOC value over Au(2)@LDH composites at different intervals of time (B).

The TOC using distilled water as blank was determined using the following equation:

Blank—Sample)xNormality of FASx12000
TOC = ¢ ple) Y O FAS 2000 3.7)

Sample volumex4

The TOC (mg/L) removal efficiency indicated that with increase in time, there is gradual

98



decrease in TOC value from 46.5 mg/L to 8.7 mg/L after 140 min of reaction time. The

mineralization at the end of the reaction was calculated as following [43]:

TOCinitial—TOCfinal
TOCinitial

Mineralization(%) =

The progressive mineralization of TC under light illumination was indicated by the constant
decline in TOC values. At the end of the reaction, it was observed that about 84% of the organic
pollutant molecules were mineralized.

3.3.8. Recyclibility and stability tests on Au(2)@LDH photocatalyst:

The recyclability and reusability of a catalyst are significant factors for evaluating its potential
application. The reusability of Au(2)@LDH catalyst was explored by its photodegradation
effectiveness and the results are depicted in Fig.3.24 (A). The reusable tests were performed for
four cycles under LED irradiations with the same sample and experimental conditions. After
reacting for 140 min, the powder catalyst was centrifuged from the treated solution, washed,
dried, and reused in the subsequent experiment under similar conditions. The photodegradation
efficiency of the catalyst declined by less than 10% in the fourth cycle compared to the initial
use. The catalyst's weight loss during the separation and washing process from the degraded

solution could be the cause of the decreased activity.

The XRD spectrum of the Au(2)@LDH composite was recorded before and after the
photocatalytic experiment to ascertain the catalyst's stability. As shown in Fig.3.24 (B), after
photocatalysis, the catalyst's crystal structure remained nearly identical and was found to be
stable by XRD. Thus, the above results showed that the Au(2)@LDH composite was an ideal

material for the degradation of tetracycline.
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Fig.3.24. Recyclability of Au(2)@LDH photocatalyst for the degradation of tetracycline under

LED light over four successive experimental runs (A) and XRD spectra of fresh and used

Au(2)@LDH composite (B).

3.4. Proposed photocatalytic mechanism:

The photocatalytic mechanism of the system was proposed to explain the degradation process. A
well-known Mulliken formula (written below) was applied to calculate the valence and

conduction band edge potential of prepared catalyst at the point of zero charges [44]:

EVB = X - Ee + OSEg ............... (39)

where Ecg and Eyg were the conduction and valence band edge potential, y was the absolute
electronegativity of the photocatalyst (6.557 vs NHE for Mg-Al LDH), E. was the potential
energy of free electrons in the standard hydrogen electron (4.5 eV vs NHE), and E4 was the
bandgap of photocatalyst. When the catalyst irradiates to light, the electrons excite to the
conduction band, reach the surface of the catalyst through migration, and undergo reduction. The
holes remaining in the valence band directly initiate the oxidation reactions. The available free

radicals then break down the molecules of organic pollutants into smaller products. The CB and
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VB edge positions of Mg-Al LDH were determined to be -0.158 eV and +4.272 eV, respectively.
The electrons in the conduction band were able to reduce dissolved O, to O" radicals, as the
conduction band was more negative than Eo,/0,” (-0.046 eV vs NHE). The holes in the valence
band could oxidize H,0 into oxygen radicals because the Eyg was more positive than the Eopmzo
(+2.68 eV vs. NHE) [22]. But the photoactivity of Mg-Al LDH was limited to the UV region due
to its large value of band gap (Eg = 4.43 eV) and exhibited a lower photoactivity under LED light
(A > 360 nm). The deposition of plasmonic NPs effectively enhanced the photoactivity of
semiconductors in two possible ways: Schottky junction and Surface Plasmon resonance (SPR).
The interfacial contact between metal NPs and semiconductors due to the flow of electrons leads
to the generation of Schottky junction. The electron migration from the semiconductor to the
metal NPs continued until it reached equilibrium with metal NPs generating a potential barrier.
The metal NPs behave as electron sinks to capture electrons from the CB of the semiconductor
and the potential barrier prevents the back flow of electrons to the semiconductor. Hence, the
rejoining of electron-hole pairs successfully gets restricted. In this case, the electrons from LDH
were successfully migrated to the metal via the formation of the Schottky barrier and thus,
enhanced the separation of electron-hole pairs, consistent with PL results. In addition to acting as
an electron sink, the metal loaded on the surface of LDH absorbed visible light. The SPR effect
caused by collective oscillations of the spatially confined electrons in plasmonic metal NPs
compelled the M@LDH composite to absorb more visible light, consistent with the findings of
DRS. The photoinduced electrons may enter the CB of LDH, however, the Schottky barrier
formed sent back the electrons to the metal itself, and these electrons directly reduced the
dissolved oxygen to produce radicals. Also, the size of NPs directly affected the photocatalysis

as the LSPR effect increased upon increasing the size. In this case, the photocatalytic trend
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followed the order: Au@LDH > Ag@LDH > Cu@LDH which is directly related to the size of
metal NPs followed the trend: Au > Ag > Cu. Thus, photogenerated charge carriers available due
to the formation of Schottky junction had actively participated in redox reactions. The LSPR
induced by plasmonic NPs was also highly responsible for the degradation of pollutant. Hence,
the h*, OH, and O, radicals caused the TC molecules to break down into mineralized products

(Scheme-3.1).
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- : g eeee Ccoz; H,0, NH,*
) & 2949 C
- I.€ + + ++ 2

-]

'§ ).(5 , SPR
p =1 a/) : M = Cu, Ag, Au

e \ato®

: De“dw‘ﬂ CH3 CH3 Demethylation

: HO_ CH.

I OH
(~.— OOQO
| OH
h* h* h*h*
HZO Hydroxylation

Scheme-3.1. The possible reaction mechanism of tetracycline degradation over M@LDH
composite under LED irradiation.

3.5. Comparison with other photocatalysts:

Compared to other photocatalysts reported in literature, our synthesized Au(2)@LDH composite
exhibited a high degradation efficiency of tetracycline, which is far better than most of the

photocatalysts (Table-3.2).
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Table-3.2. A Comparative study of removal of tetracycline using different photocatalysts.

S.No | Photocatalyst Tetracycline Light Summary Reference
concentration irradiations results
(mg/L)
1. Ni,P/NiCo LDH 10 Visible 46% degradation within 90 [38]
light minutes
2. Ag /1g-C3Ny4 20 Visible 77% degradation within [39]
light 120 mintutes
3. WO,/Bi,M0Og 20 Visible 85.9% degradation within [40]
light 180 minutes
4, Bi,0,CO4/Ti5C, 20 Visible 81% degradation within [41]
light 120 minutes
5. AgsVO/ZnTi 50 Visible 84.3% degradation within [42]
LDH light 100 minutes
6. Au@Mg-Al LDH 50 LED 99% degradation within | This work
light 140 minutes

3.6. Conclusion:

In this work, we had successfully improved the photocatalytic performance of wide band-gap
Mg-Al LDH under LED irradiation by depositing plasmonic metal (M = Cu, Ag, and Au) and
studied their comparative effect on its surface structural, physicochemical, and optical properties.
The as-obtained metal-loaded composites provided a high optical response in the visible region,
better charge separation, higher surface area, and superior degradation of tetracycline. The photo
removal of tetracycline obeyed first-order kinetics with the highest rate constant value of 0.021
min™ for Au(2)@LDH. A plausible mechanism and pathways of degradation had been proposed
based on trapping experiments and LC-MS studies. By conducting TOC analysis, it was
concluded that 84% of tetracycline was mineralized indicating that degradation had happened
properly into smaller inorganic molecules which eventually degraded to CO; and H,O. Thus, this
research shed new light on the construction of highly effective photocatalysts for the promising

application in wastewater decontamination.
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CHAPTER-4
Construction of a novel ternary Ag@g-Cs;N4-Co-Al LDH

heterostructure for efficient degradation of pharmaceutical

drug under LED irradiations
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Schematic outline:

A series of highly efficient ternary Ag-deposited g-C3N,4 coupled Co-Al LDH composites were
constructed through multistep synthesis. The structural and physicochemical properties of LDH
were examined in relation to the loadings of g-C3N4, and Ag nanoparticles. The enhanced
photoactivity of Ag@CN-LDH composites was accredited to the increment in reactive sites,
rapid charge transfer at the CN-LDH interface, and the SPR effect of NPs acting as electron

acceptors.
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4.1. Introduction:

The surplus production, immoderation use, and erroneous release of pharmaceutical wastes from
their production plants into water resources have become significant issues of water
contamination today. The tainting of water assets by pharmaceutical compounds, predominantly
antibiotics, transformed into a major issue among environmental specialists considering the
expansion in their production with population growth. Ciprofloxacin (CIP), an extensively
utilized antibacterial medication is highly effective in the treatment of respiratory tract, urinary
infections, and lung sicknesses. It is highly stable and difficult to decompose in the environment
due to the presence of fluoride atoms in its structural composition. The introduction of
ciprofloxacin into water resources due to its overuse and inadequate digestion causes dangers to
human well-being and is an overall concern [1-3]. Subsequently, it is a natural need to terminate
and decay such harmful compounds from the aquatic environment.

Photocatalysis using semiconductors has been regarded as a green, cost-effective, and efficient
method for removing organic pollutants from water bodies among the various natural
remediation methods. One of the prominent challenges to realizing such a strategy in its practical
use is the development of an eco-friendly, cost-effective, visibly active, and efficient
semiconductor photocatalyst having band edges suitable for targeted reactions. Recently, 2D
layered double hydroxides possessing prominent features like tunable chemical composition,
great stability, non-toxicity, minimal cost, simple preparation, surface hydroxyl group basicity,
and apparent light response have gained great interest in the field of photocatalysis [4-6].
According to the literature reports, Co-Al LDH is a visible responsive catalyst with band energy
of ~ 2.1 eV and reasonable band edge positions for redox reactions engaged in the

photodegradation of harmful organic compounds. But the practical applications of such an
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attractive photocatalyst have not been investigated well because of the lower separation
proficiency of photoinduced charge carriers. As a consequence, there is a need to explore the
photoactivity of such an exceptionally competent photocatalyst [7].

However, the photocatalytic performance of the bare LDH remains too low due to the slow
charge carrier’s portability and the quick recombination of photoinduced electrons and holes.
Thus, it realized that only LDH component photocatalysts are deficient for photocatalytic
reactions. The photocatalytic performance of a LDH can be strengthened by fabricating a hybrid
system with another semiconductor having a lower or higher band gap, particularly in a 2D
layered structure with matching band potentials prompting a stronger light response, more
reactive sites, rapid charge transfer, effective charge partition, and expanded lifetime of electrons
and holes. Recently, a well-known 2D material, g-C3Na, a visible responsive semiconductor (Eg
~ 2.71 eV) acquires matching band edge positions with Co-Al LDH required for efficient charge
transfer. The CN sheets carries negative charge due to the amine group's deprotonation, whereas
the surface of the LDH carries positive charge due to precisely organized cation layers [8, 9].
Therefore, the electrostatic interactions can firmly bond the two components and lead to a
proficient charge transfer process. Consequently, constructing 2D-2D hybrid photocatalyst made
of layered double hydroxide and g-C3Ny is a practical strategy for attaining better photocatalytic
performance.

In addition to high charge separation efficiency, a photocatalyst must have a strong absorption
response to visible light. Lately, a simple way for expanding the visible light response of a
semiconductor is the deposition or doping of plasmonic metals. The plasmonic metals can
provoke the collaborative oscillations of conducting electrons in resonance with incident light,

named Surface Plasmon Resonance (SPR) which results in a noticeable increase in absorbance
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response to visible range. The Schottky barriers framed at the metal-semiconductor interface
cause electrons from the semiconductor to swiftly move to metal nanoparticles (NPs) serving as
electron sinks. The electrons at the surface of metal NPs capture by suitable reactive species and
go through photocatalytic action [10, 11]. As a consequence, introducing plasmonic metal NPs to
the CN-LDH heterostructure is an effective approach to encourage charge carrier migration at
the interface of LDH and CN and boost the capability of the material to absorb visible light.

This work reported the preparation of novel Co-Al LDH with two different kinds of
morphologies ((i) micro flowers and (ii) hexagonal sheets) via a procedure combining urea
hydrolysis and hydrothermal treatment. In the current study, a highly proficient plasmonic-metal-
loaded ternary heterojunction system was constructed in a systematic way. First, the binary
composites with different loadings (5-15 wt%) of CN over LDH were fabricated via the
electrostatic self-assembly approach. To further improve the photocatalytic properties of CN-
LDH heterostructure, the plasmonic Ag NPs with different loadings (0.5-2 wt%) were deposited
on optimized CN-LDH composite through the photoreduction method.

Probably, this work is the first study providing beneficial information regarding the influence of
CN and Ag loadings for the construction of ternary composite constituting Co-Al LDH, CN, and
Ag. Moreover, a possible mechanism considering photodegradation of ciprofloxacin over
Ag@CN-LDH ternary heterostructure was proposed in view of the consequences of

photoluminescence, scavenging, and LC-MS experiments.
4.2. Experimental Section:

4.2.1. Chemical and Reagents:
Cobalt nitrate hexahydrate (Co(NO3),.6H,0), aluminium nitrate nonahydrate (Al(NO3),.9H,0),

urea (CH4N20), melamine (C3HgNg), silver nitrate (AgNO3z) and potassium dichromate
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(K2Cr,07) were purchased from Loba chemie, India. Ammonium fluoride (NH4F) was obtained
from Sigma Aldrich. Ethanol, ethylene glycol, isopropanol and methanol were received from SD
fine Ltd. Triple deionized water was obtained from Organo Biotech Laboratories Pvt. Ltd.

4.2.2. Synthesis of Co-Al LDH:

The Co-Al LDH was fabricated using the urea hydrolysis technique combining hydrothermal
treatment as this strategy was simple, affordable, and provided significant yield. Typically, 0.227
g of cobalt salt and 0.0975 g of aluminium salt were added to 130 ml of distilled water.
Subsequently, 0.312 g of urea and 0.0770 g of ammonium fluoride were added to the metallic
solution under stirring for about 30 miniutes. The mixture was further transferred to an autoclave
lined with Teflon, where it was heated to 120°C for 24 hours. The autoclave was allowed to chill
off naturally to room temperature after completion of reaction. The pink product (Co-Al LDH)
obtained was washed multiple times with distilled water and ethanol and dried at 60°C.

4.2.3. Synthesis of g-C3N,4 nanosheets:

The synthesis of g-C3N,4 nanosheets (CN) is described in section 2.2.3.

4.2.4. Preparation of CN-LDH composites:

The CN-LDH composites were fabricated via the self-assembly approach. The dispersion of
LDH was prepared by dispersing a particular amount of LDH powder in water using a sonicator.
Similarly, different CN dispersions (5-15 wt%) were fabricated by dispersing a particular
appropriate amount of CN in distilled water. Then, a series of CN-LDH composites were
constructed by mixing LDH dispersion with a particular CN dispersion and stirring for 24 hours.
The different 5, 10, and 15 wt% CN loaded LDH composites were represented as 5CN-LDH,
10CN-LDH, and 15CN-LDH, respectively.

4.2.5. Preparation of Ag deposited CN-LDH composites:
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To obtain a ternary Ag@CN-LDH composite, plasmonic Ag NPs were deposited onto the CN-
LDH composite via photochemical deposition. 50 mg of a 10CN-LDH powder was dispersed in
25 ml of methanol (5 ml) and water (20 ml) solution, where methanol was a hole scavenger. The
calculated amount of silver nitrate solution (0.01 M) according to varying weight percentages
(0.5-2) of Ag was mixed with the above dispersion. The mixture was then cleansed with Argon
gas for about 10 minutes to make inactive air and photoirradiated with a UV lamp for 2 hours
under continuous stirring. The obtained brown-colored product was washed properly with
deionized water and ethanol and kept at 50°C for drying. A series of Ag@CN-LDH composites
with different wt% (0.5-2) of Ag were prepared and designated as0.5Ag@10CN-
LDH, 1Ag@10CN-LDH, and 2Ag@10CN-LDH. Scheme-4.1 represents the schematic
illustration of the synthetic procedure of prepared catalysts. Upon illumination to UV light, both
the CN and Co-Al LDH were photoexcited and produced electrons in their respective conduction
bands. The electrons in their CB induced the deposition of Ag NPs on their surface by reducing
the Ag” ions in the metallic solution to Ag’. The electrons generated in the conduction bands of
both the CN and LDH were capable of performing the electrochemical reaction described as:

Ag*t(aq) + e~ - Ag(s), E° = +0.799 Vvs NHE....... 4.1)
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Scheme-4.1. A diagrammatic representation showing the preparation of Co-Al LDH, CN, CN-LDH
composites, and Ag@CN-LDH composites.

4.2.6. Photocatalytic activity:

The photoactivity of LDH, CN-LDH composites, and Ag@10CN-LDH composites was
investigated using ciprofloxacin as a model toxic pollutant with 20 ppm of its initial
concentration. A set of test tubes, each test tube containing 5 ml of ciprofloxacin solution and 10
mg of the catalyst was prepared and stirred for about half an hour in dark to attain equilibrium
between adsorption and desorption. Then, the photodegradation experiments were performed by
irradiating each test tube with visible light irradiations (Wipro Garnet B22 50-watt LED bulb
(Cool daylight, white)) under continuous stirring for different pre-fixed intervals (15, 30, 45, 60,
75, and 90 min) of time. After irradiating each test tube to light for a fixed time, the catalyst was
separated from aqueous sample through centrifugation. The supernatant was analyzed with a
UV-visible spectrophotometer to determine the remaining concentration of the pollutant. As the
pollutant volume was less, it was not possible to observe the degradation efficiency of a catalyst
with only a single sample. Therefore, we prepared different test tubes for each time interval with

the same amount of pollutant solution and catalyst. For each catalyst, the same procedure was
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performed.

The percentage of pollutant degraded was calculated as follows:

The pollutant degraded (%) = % X100........c .. (4.2)

where, C, is the initial concentration of pollutant at time, t = 0 and C; is residual concentration of
the pollutant at time t [12,13].

4.3. Results and discussion:

4.3.1. Crystallographic and structural studies:

The XRD spectra were recorded to observe the phase structure of prepared catalysts. The XRD
spectra of LDH, CN, CN-LDH composites, and Ag@CN-LDH composites are depicted in
Fig.4.1. For LDH, the diffraction peaks located at 20 = 11.7°, 23.5° 34.6° 39.2°, 46.6°, 60.2°,
and 61.5° indexed to the plane (003), (006), (012), (015), (018), (110), and (113), respectively,
were well consistent with standard Co-Al LDH (JCPDS No. 51-0045). In the case of CN, a
strong and sharp peak noticed at 20 = 27.5° was indexed to the (002) plane, a characteristic peak
of g-C3N4, well consistent with standard g-C3sN4 (JCPDS 87- 1526). In the spectra of CN-LDH
composites, all the peaks related to LDH were present along with a weak peak originating at 26 =
27.5°. The intensity of the characteristic peak of CN got intensified upon increasing the CN
loading (5-15 wt%), whereas, the intensity of LDH peaks slightly reduced indicating the strong
interaction between CN and LDH responsible for the successful formation of the composites
[13,14]. In the case of Ag@CN-LDH composites, a poor peak was observed at 20 = 38.1°
indexed to the (111) plane of metallic Ag [15]. The diffraction peak corresponding to Ag was not
much intensified attributable to its low concentration of only 0.5 to 2 wt%. The intensity of peak
at 20 = 27.5° corresponding to CN got reduced and is not clearly visible in the XRD patterns of

Ag@CN-LDH composites. The graphical representation zooming the 25-40° region is shown in
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Fig.4.2 to clearly observe the peak attributed to the presence of CN. The intensity of peaks was
moderately reduced and peak position was slightly shifted in the spectra of CN-LDH composites
and Ag@CN-LDH composites than that of bare Co-Al LDH, which might correspond to the

strong interactions of CN and Ag NPs with LDH.
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Fig.4.1. X-ray diffraction patterns of bare LDH, CN, CN-LDH composites, and Ag@10CN-LDH

composites.
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Fig.4.2. The zooming representation of 20 values in the region 25-40° for Ag@10CN-LDH
composites.

To further demonstrate their structural properties, FTIR spectroscopy was conducted. Fig.4.3 (a)
shows the FTIR spectra of LDH, 10CN-LDH, and 1IAg@10CN-LDH. In the case of bare LDH,
broadband appearing at 3436 cm™ indicated the vibrational modes of O-H bond related to
brucite-like sheets of LDH and water molecules in the interlayer spacing. The peak at 1358 cm™
associated with the carbonate anions intercalated between the adjacent brucite-like sheets of
LDH. The other peaks found in the region 500-800 cm™ attributed to stretching vibrations of M-
O and M-O-M (M represents Co and Al) [13, 16, 17]. In the case of CN spectrum, the C-N and
C=N vibrational modes were responsible for the emergence of peaks at 1635 cm™ and 1239.5
cm™, respectively. The out-of-plane bending vibrations of six-member heptazine rings were
attributed to a peak at 805.7 cm™ [18]. The stretching vibration modes of the residual N-H bonds
of the uncondensed amino groups were the cause of the band that appeared around 3300 cm™

[14]. In the case of 10CN-LDH composite, all the peaks related to LDH were observed along

122



with some additional peaks related to CN at 1239.5 cm™ and 1635 cm™. For 1Ag@10CN-LDH
composite, all the peaks related to LDH and CN were observed and no significant change was
observed in peak positions upon deposition of Ag NPs. The results suggested that the Co-Al
LDH, CN, and CN-LDH composite were prepared successfully and the Ag NPs could not affect
the structure of LDH and CN.

The zeta potential studies were analyzed to examine the electrokinetic properties of synthesized
catalysts. Fig.4.3 (b) represents the variation in zeta potential. The zeta potential of bare LDH
and CN was +32.3 mV and -19.2 mV, respectively. For CN-LDH composites, the zeta potential
of LDH decreased as +25.8 mV, +15.3 mV, and +8.8 mV with an increase in the 5, 10, and 15
wt% loading of CN, respectively, indicated the neutralization of the positive surface charge of
LDH by negatively charged CN nanosheets. Moreover, deposition of Ag further reduced the zeta
potential of 10CN-LDH composite to +13.9 mV, +12.6 mV, and +10.3 mV due to coverage of its
surface with 0.5, 1, and 2 wt% of Ag NPs, respectively. Hence, the variation in zeta potential
values of LDH confirmed the successful formation of CN-LDH and Ag@10CN-LDH

composites.
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Fig.4.3. FTIR spectra of bare LDH, CN, 10CN-LDH composite, and 1Ag@10CN-LDH
composite (a) and Zeta potential variation of bare LDH, CN, CN-LDH composites, and
Ag@10CN-LDH composites (b).

The elemental composition and chemical states of elements found in the LDH, CN, 10CN-LDH
composite, and 1Ag@10CN-LDH composite were examined using X-ray photoelectron
spectroscopy (XPS). The charge correction of the spectra was done and the binding energy
position was calibrated considering C1ls peak at 284.8 eV as a reference. Fig.4.4 exhibits the
survey spectra of prepared catalysts. The survey spectra of prepared catalysts are depicted in Fig.
4.4. Co, Al, C, and O were found in LDH's survey spectrum, while C and N were found in CN's
spectrum. The CN-LDH composite was successfully formed, as evidenced by the peaks
associated with Co, Al, C, O, and N in the 10CN-LDH's survey spectrum. The 1Ag@10CN-
LDH spectrum contained signals for Co, Al, C, O, N, and Ag, indicating that the ternary

Ag@CN-LDH composite was fabricated successfully.
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Fig.4.4. The survey spectra of LDH, CN, CN-LDH and 1Ag@10CN-LDH composite.

Co 2p (Fig.4.5 (a)): Due to Co(OH), groups present in the LDH framework, the Co 2p spectrum
of bare Co-Al LDH contained two peaks at 781.2 eV and 797.3 eV, which correspond to Co 2pzy,
and Co 2py, , respectively. The two satellite peaks ascribed to availability of high spin Co®* in
the LDH [19, 20]. In the case of the 10CN-LDH composite, the peak positions of Co 2p were
slightly moved to higher binding energy relative to that of bare LDH. Furthermore, a little more
shift in the peak positions of Co 2p was observed in the case of the 1Ag@10CN-LDH composite
as compared to the 10CN-LDH composite.

Al 2p (Fig.4.5 (b)): The Al 2p spectrum of LDH, 10CN-LDH, and 1Ag@10CN-LDH showed a
peak at 73.7 eV, 73.76 eV, and 73.8 eV, respectively, which confirmed the presence of AI** in
the LDH lattice [21].

O 1s (Fig.4.5 (c)): The O 1s spectrum of bare Co-Al LDH was deconvoluted to two peaks
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positioned at 531.4 eV and 532.0 eV ascribed to O species of intercalated carbonate anions and
surface hydroxyl groups (O-H) of LDH, respectively [19]. In the case of 10CN-LDH and
1Ag@10CN-LDH, the binding energy of both the peaks of the O 1s spectrum was found to be
slightly increased.

C 1s (Fig.4.5 (d)): The high-resolution C 1s spectrum of bare Co-Al LDH was fitted into peaks
positioned at 284.68 eV, 285.7 eV, and 289.3 eV indicating the presence of C-C, C-OH, and O-
C=0 groups, respectively [14, 22]. In the case of CN, two peaks fitted at 284.8 eV and 287.8 eV
were assigned to C-C/C=C units and sp? hybridized C-atoms in aromatic tri-s-triazine rings (N-
C=N), respectively [23]. Moreover, a significant shift in the binding energy of peaks of the C 1s
spectrum was detected for 10CN-LDH and 1Ag@10CN-LDH compared to LDH and CN.

N 1s (Fig.4.5 (e)): The N 1s spectrum of CN was fitted into three peaks. The two main peaks
positioned at 398.2 eV and 398.6 eV evident the presence of sp? hybridized N- atoms in C-N=C
coordination and bridged N-atoms in N-C; coordination, respectively, in tri-s-triazine rings [10].
The small intensity peak originated at 400.0 eV assigned to the amino functional groups (N-H)
[14]. In the spectrum of 10CN-LDH and 1Ag@10CN-LDH composite, all the peaks in the N 1s
spectrum were positioned at higher binding energies relative to CN.

Ag 3d (Fig.4.5 (f)): The peaks at binding energy values of 368.1 eV and 374.1 eV in the Ag 3d
spectrum of 1LAg@10CN-LDH correspond to Ag 3ds, and Ag 3dsp, respectively, which were

are well-matched with the standard binding energies of metallic Ag [24].
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Fig.4.5. XPS spectra of the LDH, CN, 10CN-LDH and 1Ag@10CN-LDH composites; Co 2p (a),

Al 2p (b), O 1s (c), C 1s (d), N 1s (e), and Ag 3d ().

The strong interfacial and electronic interactions between bare LDH and CN were responsible

for slight shifts observed in the binding energy values of elements Co, Al, C, O, and N in 10CN-

LDH [12]. Further, the binding energies of corresponding elements in 1Ag@10CN-LDH

composite were further shifted towards higher binding energy as compared to 10CN-LDH,

which demonstrated the migration of electrons from LDH and CN to Ag NPs for quick charge

transfer to enhance the photocatalytic performance [19, 25].

4.3.2. Surface and morphological studies:

During photocatalytic degradation, the pollutant molecules initially adsorbed on the surface of a
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solid catalyst and afterward undergo the catalytic process. Therefore, one of the most important
parameters for effective photocatalytic activity is the catalyst's surface area. Fig.4.6 (a and b)
shows Brunauer—Emmett—Teller based nitrogen adsorption-desorption isotherms and pore size
distribution of the LDH, 10CN-LDH, and 1Ag@10CN-LDH photocatalysts. According to the
IUPAC classification of adsorption isotherms, all of the samples' isotherms were identical to a
type 1V isotherm with a type H3 hysteresis loop suggesting the presence of mesopores formed
due to aggregation of plate like particles [26-28]. The BET surface area of LDH, 10CN-LDH
composite, and 1Ag@10CN-LDH composite was measured as 44 m?/g, 60 m%/g, and 98 m%/g,
respectively. The specific surface area of LDH was improved after the loading of CN which was
further increased by the deposition of Ag NPs due to their small particle size. The increment in
the surface area of LDH after the deposition of CN and Ag could enhance the adsorption and
consequently the photocatalytic execution.

The values of specific surface area, pore volume, and pore diameter are mentioned in Table-1.
The diameter of pores lies within 2-50 nm indicating the presence of mesopores [28]. Therefore,
the LDH samples synthesized in this work showed the characteristics of mesoporous materials.
The results indicated that the pore diameter of samples decreased after compositing with Ag
NPs, this might be ascribed due to the incorporation of some of the small metallic NPs into the

pores [29].
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Fig.4.6. The N, adsorption-desorption curves (a) and pore size distribution curves (b) of bare
LDH, 10CN-LDH and 1Ag@10CN-LDH.

Table-4.1. BET specific surface area analysis of LDH, CN-LDH, and Ag@CN-LDH

composites.
Specific
S.No. Sample Surface area Pore volume Pore diameter
(m’/g) (cc/g) (nm)
1. Co-Al LDH 44 0.24 14.03
2. 10CN-LDH 60 0.29 14.26
3. 1Ag@10CN-LDH 98 0.46 10.48

The morphological and microstructural features of LDH, CN, 10CN-LDH, and 1Ag@10CN-
LDH composites were investigated using the FESEM technique. The FESEM images of Co-Al
LDH (Fig.4.7 (a-c)) revealed two kinds of morphologies: (i) self assemble of nano-flakes to form
3D hierarchical flower-like microspheres and (ii) hexagonal-shaped sheets. The FESEM image
of CN displayed typical morphology with various crumpled sheets and folds over the entire
surface (Fig.4.7 (d)). The FESEM image of 10CN-LDH and 1Ag@10CN-LDH clearly showed
micro-flowers and a hexagonal sheet of LDH along with g-C3N,4 (Fig.4.7 (e and f)). But the Ag

NPs were not shown in FESEM images due to their very small size in the nano-range.
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Fig.4.8. FESEM image (a) with its corresponding; the EDS spectrum and elemental composition
(b); elemental mapping of elements (c-g) in LAg@10CN-LDH composite.

The energy dispersive spectroscopy (EDS) and elemental mapping analysis are shown in Fig.4.8.

130



The presence and precise distribution of the elements Co, Al, O, C, N, and Ag in the
1Ag@10CN-LDH composite were confirmed by the elemental mapping and the EDS spectrum.

The TEM images of the 1IAg@10CN-LDH composite at different resolutions are showed Fig.4.9
(a and b). It was observed that Ag NPs (black spherical dots) mostly in spherical shape were
distributed almost over the whole surface of the 10CN-LDH composite. The Ag nanoparticles of
different particle size in the range of 4-32 nm were observed. The results indicated that the Ag
particles were in the nanometer range. The small size could provide more active sites to prompt
photocatalytic activity. Moreover, the HRTEM images (Fig.4.9 (c and d)) showed the lattice
fringes distanced by 0.227 nm, 0.33 nm, and 0.231 nm accredited to LDH (015), CN (002), and

Ag (111), respectively [30-32].

Fig.4.9. HRTEM images (a, b, and c) and lattice fringes (d) of 1Ag@CN-LDH composite.
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4.3.3. Optical studies:

Fig.4.10 (a) represents the DRS spectra of prepared catalysts. In Co-Al LDH spectrum, the three
bands located in the visible region at 450 nm, 490 nm and 520 nm were credited to the d-d
transitions of Co®" present in octahedral coordination geometry. No such absorption band related
to AI** was found in DRS spectra because of its d° electronic configuration [20, 33]. The CN
displayed an absorption edge at 457 nm having intrinsic semiconductor like properties assigned
to n-IT* transitions occurring due to lone pairs on N atoms present in triazine/heptazine rings [10,
26]. For CN-LDH composites, the loading of CN affected the optical properties of LDH. With an
increase in the wt% of CN on LDH, a significant decrease in visible light absorption and an
increase in the UV-light absorption were observed. This change was attributed to the presence of
CN in composites and strong interactions between CN and LDH affecting the absorption
capability. In the case of Ag@10CN-LDH composites, a remarkable increase in absorbance over
the visible region was observed after the deposition of Ag NPs due to their Surface Plasmon
resonance (SPR) effect. The SPR peak of Ag NPs was found to merge with the absorption
spectrum of LDH due to the large absorbance band of LDH. The intensity of absorption in the
visible region increased with an increase in wt% loading (0.5, 1, and 2 wt%) of Ag NPs. The
extended absorption would reap more photons to produce more photoinduced electrons and
holes, resulting in improved photocatalytic performance.

The bandgap value of all the prepared catalysts was calculated using Tauc’s expression written
as:

ahv = A(hv —Eg)"............ 4.3)

where, o is the absorption coefficient, hv is the energy of the photon, A is a constant, Eq is the

bandgap energy of a photocatalyst, and n is the exponent coefficient that depends on the direct or
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indirect bandgap transitions (n = % and 2 for direct and indirect transitions, respectively) [34].
The bandgap values were determined by extrapolating a straight line to the x-axis in the graph of
(ohv)*® vs hv ( as shown in Fig.4.10 (c and d)). The bandgap value of the Co-Al LDH and g-

C3N4 was calculated as 2.08 eV and 2.71 eV, respectively.
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Fig.4.10. Diffuse reflectance spectra of all synthesized catalysts (a), photoluminescence spectra
of bare LDH, CN-LDH composites, and Ag@CN-LDH composites (b), and Tauc’s plot of Co-Al
LDH and CN (c-d).

The prepared catalysts were excited at wavelength of 320 nm to record their photoluminescence
spectra. As displayed in Fig.4.10 (b), the bare LDH exhibited an emission peak at 445 nm related
to the *Toy (F) - “T14 (F) transitions of ligand field splitting [17, 20]. Highest intensity of LDH’s

PL signal indicated a quick recombination of electrons and holes. In the case of CN-LDH
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composites, a significant decrease in the PL intensity was observed due to the migration of
electrons and holes between LDH and CN components leading to suppressed rejoining of
electron and hole pairs. The intensity of 10CN-LDH signal was found lower than 5CN-LDH and
15CN-LDH composites indicating that optimum wt% of CN could efficiently enhance the
separation of charge carriers. Especially, the PL signal of Ag@10CN-LDH composites was
much less intensified than those of binary CN-LDH composites and bare LDH due to the
electron-accepting capability of Ag NPs inhibiting the rejoining of electron and hole pairs. The
maximum quenching was observed for Ag@CN-LDH with 10 wt% of CN and 1 wt% of Ag
loading at LDH. Therefore, the optimal loading of CN and Ag on LDH and powerful
collaboration between the Ag, CN, and LDH contributed to upgraded photocatalytic execution.
4.3.4. Photodegradation studies:

The ideal weight percentage of CN loading over LDH and Ag loading over CN-LDH composite
for photocatalytic application was analyzed by photodegrading CIP (20 ppm) under LED light
using all prepared catalysts. Fig.4.11 displays the changes in concentration of CIP at various
time spans in the presence of prepared catalysts under dark conditions and illumination of LED
light. Before illuminating to light, the samples stirred in a dark chamber for 0-30 minutes
possessed significant changes in the concentration of CIP due to its adsorption over prepared
catalysts. The CN-LDH and Ag@CN-LDH composites displayed higher adsorption of CIP than
the bare LDH. It might be due to the increment in the surface area of LDH composites with the
deposition of CN and Ag NPs. After attaining adsorption-desorption equilibria, the photoactivity
of catalysts was inspected under LED radiations for 0-90 minutes. The degradation efficiency of
all the catalysts increased with irradiation time. Bare LDH exhibited the minimum photoactivity

due to the quick rejoining of photoinduced electron and holes (Fig.4.11 (a)). With CN loading,
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the degradation of CIP was increased with 5CN-LDH and 10CN-LDH composites and afterward
decreased with 15CN-LDH composite (Fig.4.11 (b)). Herein, LDH was considered the main
active material for photocatalysis and the purpose of CN loading was to improve the separation
of photogenerated charge carriers. But, only an appropriate amount of CN loading could build
photodegradation effectiveness. With an expansion in the wt% stacking of CN, the surface of
LDH gets covered with CN, and exposure of active sites of LDH to photocatalytic interaction
gets minimized. As a result, an excess amount of CN limited the migration of charge carriers and
reduced the catalytic sites on the surface of LDH. Consequently, among CN-LDH composites,
10CN-LDH displayed the highest degradation efficiency and 10 wt% loading of CN was
optimized for CN-LDH composites.

The 10CN-LDH composite was further loaded with 0.5-2 wt% of Ag. As shown in (Fig.4.11
(c)), all Ag@10CN-LDH composites showed noticeably higher degradation of CIP than LDH
and CN-LDH composites. Also, the performance of Ag@10CN-LDH composites was influenced
by the Ag contents. As the Ag content of the composites increased from 0.5-1 wt%, their
photoactivity increased and then decreased with a further 2 wt% amount of Ag. The loading of
Ag NPs extended the light absorbance response to visible region, accessed the exchange of
electrons, and improved the reactive sites of the photocatalyst. But the amount of Ag must be
optimized as the excess amount of Ag confined the access of light to reach the LDH due to more
coverage of the surface of LDH by Ag particles and reduced its photoactivity. Among all,
1Ag@10CN-LDH composite with 1 wt% loading of Ag exhibited the highest photoactivity.
Fig.4.11 (d) showed a decrease in absorbance value of CIP at 274 nm after irradiating the
samples for 90 min under the LED lamp.

As shown in Fig.4.12, the photocatalytic proficiency of catalysts towards the degradation of CIP
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followed the sequence: Bare LDH (13%) < 5CN-LDH (58.5%) < 15CN-LDH (63%) < 10CN-
LDH (72.5%) < 2Ag@10CN-LDH (74%) < 0.5Ag@10CN-LDH (86.2%) < 1Ag@10CN-LDH
(97%). The kinetics of photodegradation of CIP with prepared samples was further explored by

first order kinetic equation written as follows:

where C, is the concentration of pollutant at time, t = 0 and C; is the concentration of pollutant at
irradiation time, t minutes and K is the first order rate constant of the photodegradation [13]. The
rate constant of CIP degradation under LED light followed the order: Bare LDH (0.00152 min™)
< 5CN-LDH (0.00985 min™) < 15CN-LDH (0.01079 min™) < 10CN-LDH (0.01407 min™) <
0.5Ag@10CN-LDH (0.01505 min™) < 2Ag@10CN-LDH (0.02115 min™) < 1Ag@10CN-LDH
(0.0402 min™). Among all the samples, the composite of LDH loaded with 10 wt% of CN and 1
wit% of Ag attained the maximum reaction rate almost 26 times more than that of bare LDH. The
synergetic effect between LDH, CN, and Ag was responsible for boosted photocatalytic
efficiency of the 1Ag@10CN-LDH composite. Notably, an optimized amount of CN and Ag was

effective for enhancing the photoactivity of LDH.
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Fig.4.11. Adsorption (in dark) and photodegradation (in LED light) of CIP over bare LDH, CN-
LDH composites, and Ag@CN-LDH composites (a-c) and the absorbance spectra of CIP at

initial concentration (20 ppm) and after degradation under LED light using different prepared

catalysts (d).
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Fig.4.12. Bar graph showing percentage of CIP degraded using different catalysts (a) and the
first order kinetic fit for degradation of CIP using bare LDH, CN-LDH, and Ag@10CN-LDH (b-
d).

4.3.5. Scavanging experiments for investigating active species:

The role of different active species like superoxide anion radicals (O,7), hydroxyl radicals (OH),
and holes (h") in the degradation process of ciprofloxacin were investigated through a
scavenging experiment. The scavenging experiment over 1Ag@10CN-LDH catalyst under
similar conditions of degradation experiment was performed using K,Cr,07, isopropanol, and

methanol as scavengers for O,”, OH, and h*, respectively. Fig.4.13 shows the percentage of
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ciprofloxacin degraded over LAg@10CN-LDH catalyst using none and different scavengers. The
added O,~, OH, and h* scavengers suppressed the ciprofloxacin degradation to 65%, 86%, and
82.5%, respectively, whereas 97% of ciprofloxacin was degraded without addition of any
scavenger. By comparison, after adding K,Cr,O;, the degradation efficiency was most
significantly decreased suggesting the main role of superoxide anion radicals in the degradation
process. Moreover, the addition of isopropanol and methanol also suppressed the activity to a
particular extent indicating that OH and h* also played significant roles in the degradation

reaction.

100

None OH'
80 4
60 - 65.0%

40 4

% of pollutant degraded

20 -

L] L} L] L]
None K2Cr207 Iso-propanol Methanol

Fig.4.13. Effect of different scavangers on the degradation of CIP with 1IAg@10CN-LDH.

4.3.6. Recyclibility and stability test:

The reusability of the 1Ag@10CN-LDH composite was evaluated by utilizing the same catalyst
for several times under similar experimental conditions. After the first cycle of the degradation
of CIP, the catalyst was separated, washed, and dried. The photocatalyst was recycled and put

into a fresh solution of CIP for the next experiment under the same conditions. A similar
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procedure of reusing the catalyst was conducted up to five times. Fig.4.14 (a) shows the
photodegradation of CIP under LED radiations during five photocatalytic cycles over
1Ag@10CN-LDH composite. The degradation efficiency remained practically similar up to five
cycles and was diminished by just 2.33% in the fifth cycle contrasted with the first cycle. It
proved that prepared photocatalyst possesses excellent reusability for its potential application in

environmental remediation.
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Fig.4.14. The photocatalytic efficiency of 1Ag@10CN-LDH for degradation of CIP over five
cycle runs (a) and XRD spectra of fresh and used 1Ag@210CN-LDH for the degradation of CIP
(0).

The stability of the 1Ag@10CN-LDH composite was further confirmed by analyzing its XRD
spectrum before and after the photocatalytic reaction. As shown in Fig.4.14 (b), the XRD
spectrum of the fresh catalyst is almost identical to that of the used catalyst confirming the
conservation of crystal structure after photocatalytic application. It demonstrated that ternary

1Ag@10CN-LDH is an ideal and stable material towards removal of organic pollutants for water

remediation.
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4.3.7. LC-MS studies:

The possible pathways during degradation process were proposed based on the intermediates
found during LC-MS analysis. The LC-MS spectra of CIP solution before and after degradation
(Fig.4.15 and Fig.4.16) showed that CIP molecules were almost degraded to other by-products.
The peak of CIP molecule (m/z = 332) was absent in the spectrum of the treated sample while it

was present for the untreated CIP solution.
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Fig.4.15. The LC-MS spectrum of initial ciprofloxacin solution before degradation.
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Fig.4.16. The LC-MS spectrum of initial ciprofloxacin solution after degradation.

Fig.4.17 shows the proposed degradation route of CIP via three possible pathways based on the
intermediates found in the LC-MS spectrum. The O,", OH, and h* radicals were liable to attack
the piperazine and the quinoline rings in the CIP molecules. In the first pathway, the quinoline
ring underwent a hydroxylation reaction by the attack of OH radicals. The OH radicals attacked
the C2 atom and generated P1 (m/z = 348). Further, the piperazine ring got attacked by O, and
OH radicals, while the fluorine atom remained attached and formed the product P2 (m/z = 279)
[35].

In the second pathway, P3 (m/z = 362) was generated by the cracking of the piperazine ring and
oxidation of the secondary amine group with the formation of two aldehyde groups, which then
underwent decarboxylation to produce P4 (m/z = 334). The formaldehyde group was lost by the
attack of h™ and produced P5 (m/z = 306), which further underwent hydroxylation and generated

P6 (m/z = 291). Further, loss of carbonyl group produced P7 (m/z = 263) [36, 37].
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In the third pathway, the OH attacked the piperazine ring and produced P8 (m/z = 305) which
further got converted into P9 (m/z = 278) via the process of hydroxylation and loss of the CH-
NH, group. The P9 then underwent demethylation and generated P10 (m/z = 263) which further
defluorinated to produce P11 (m/z = 245) [37, 38]. Hence, CIP molecules and the generated
intermediated products would further be degraded into CO,, H,O, and other smaller

intermediates.
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Fig.4.17. The possible degradation pathways of CIP degradation with 1Ag@10CN-LDH
photocatalytic heterojunction.
4.4. Proposed photocatalytic mechanism:

To assess the band structures of LDH and CN, valence band XPS analysis was conducted. The
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valence band potentials of bare LDH and CN, as depicted in Fig. 4.18, were determined to be

+1.48 eV and +1.43 eV, respectively.
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Fig.4.18. Valence band XPS spectra of Co-Al LDH (a) and CN (b).

The conduction band edge potential of the respective catalyst was calculated by the equation:

Ecg = Evp — Eg cvvvvvievnenn (4.5)

Based on the band gap energy values i.e. 2.08 eV for LDH and 2.71 eV for CN, the conduction
band edge potentials were determined as -0.6 eV and -1.28 eV of LDH and CN, respectively. As
can be seen, the valence band potential of LDH is higher than that of CN, while the conduction
band potential of CN is more negative than that of LDH. Consequently, the band potentials of
LDH and CN composite were liable for the migration of electron and holes in the CN-LDH
hybrid framework. Based on the above discussion, a possible mechanism for charge transfer and
degradation of ciprofloxacin over ternary AG@CN-LDH heterostructure under LED irradiations

was proposed and schematically illustrated in Scheme-4.2.
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Scheme.4.2. A schematic illustration of charge transfer and separation in Ag@CN-LDH
composite towards the degradation of CIP under light illumination.

When the ternary Ag@CN-LDH composite was illuminated to LED radiations, both the LDH
and CN components got excited and generated electron and holes in conduction and valence
band, respectively. pairs. As the conduction band edge potential of CN lied above that of LDH,
the electrons from CN were easily migrated to the LDH. On the other hand, the valence band
edge potential of LDH lied below that of CN, the holes from LDH were quickly transferred to
CN. The appropriate band potentials of LDH and CN compelled an efficient migration and
restricted the rejoining of electron-hole pairs across the CN-LDH heterojunction. This process
resulted in the accumulation of electrons at LDH and holes at CN. Thusly, the electrons collected
at LDH were caught by the Ag NPs attributable to the great electron-catching capacity of
metallic Ag [25]. In addition, a portion of electrons at CN was directly caught by the Ag
nanoparticles. In this manner, the loading of Ag nanoparticles further upgraded the separation
efficiency of photogenerated electron-hole pairs.

Consequently, the electrons captured by Ag NPs reacted with dissolved oxygen (O,) to produce
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superoxide anion radicals (O2") (Eo2/Eo2- = -0.046 eV). A few of the superoxide anion radicals
reacted with H,O to generate hydroxyl radicals and some of them directly attacked the CIP
molecules in an aqueous solution to oxidize and degrade CIP into smaller molecules. Moreover,
the potential of H,O/OH (En20/Eon = +2.68 €V) was more positive than the CB potential of both
the CN and LDH, therefore holes (h*) oxidize water molecules to generate OH radicals [25].
Therefore, the photogenerated holes directly oxidized the CIP molecules in aqueous solution.
Hence, the CIP molecules were degraded into mineralized products by the action of O,”, OH,
and h* radicals. The overall photocatalytic process involved in the degradation of CIP was as
follows:

Ag@CN-LDH + hy ——» ¢ +h”

O+ —» 0,

O, + CIP—— degraded products

0,” +H" ———HO,»

2HO; — 0, + H,0,

H,0, + e —— OH + OH

OH + CIP— degraded products

h* + CIP — degraded products

4.5. Conclusion:

In summary, the loading of CN and Ag was found to be decisive for the improvement of LDH’s
photocatalytic properties towards the degradation of ciprofloxacin. In this work, the
heterojunction composed of Co-Al LDH and different wt% (5-15) CN loadings was fabricated.
The 10CN-LDH showed a maximum of 72.5% degradation activity among different CN-LDH

composites. Further, (0.5-2 wt%) Ag NPs were deposited over 10CN-LDH composite through
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photochemical reduction and 1IAg@10CN-LDH was optimized which showed the highest 97%
degradation rate. As proposed, the interfacial interactions and charge transfer between LDH, CN,
and Ag altered several physicochemical and structural properties like UV-visible absorption,
fluorescence, surface area, and increased active sites. Scavenging experiments confirmed the role
of superoxide radical anions as the main active species, whereas h® and OH also played
significant roles in the degradation process. Moreover, the AgQ@CN-LDH composite was highly
stable, even after five recyclable runs. The LC-MS analysis revealed the degradation of
ciprofloxacin molecules into smaller products which further decomposed into CO,, H,O, and

other smaller molecules.
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CHAPTER-5
Fabrication of g-C3N; coupled Mg-Al LDH binary

heterojunction photocatalyst with boosted photocatalytic

degradation of doxycycline under LED light
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Schematic outline:

Mg-Al LDH, a UV-active photocatalyst possess band gap energy values greater than 3 eV. The
coupling of Mg-Al LDH with visible active g-C3N4 (CN) came out as an effective strategy to
improve its light absorbance response in the visible region, inhibit the rejoining of charge

carriers, and enhance its specific surface area.
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5.1. Introduction:

Doxycycline (DXC), a broad-spectrum antibiotic, is frequently used to cure infections in animals
and humans that are caused by a variety of Gram-positive and Gram-negative bacteria. However,
antibiotic resistance and water pollution occur when DXC is released into the natural
environment without proper treatment [1-2]. To remove these harmful pollutants from the
environment, it is, therefore, necessary to develop a technology that is both highly effective and
safe. Various decontamination strategies like adsorption, coagulation, photocatalysis,
biodegradation, and so on are being widely used worldwide. Among them, photocatalysis, an
environment friendly technique with high degradation efficiency is an effective approach for
water remediation [3-4].

Recently, layered double hydroxides, the 2D mesoporous inorganic materials are gaining much
attention in the field of photocatalysis. Mg-Al LDH is a highly stable, durable, economical, and
non-toxic photocatalyst. But, its light-absorbing properties are restricted in the UV region only
due to wide band gap [5-6]. Researchers are currently very interested in a photocatalyst that
absorbs light in the visible range. The formation of heterojunction via coupling of LDH with
other semiconducting materials is becoming a powerful phenomenon which results in a stronger
and wider visible light response, a greater number of reactive sites, increased lifetime and rapid
transfer of charge carriers, and efficient charge separation.

Recently, graphitic carbon nitride (CN), a 2D organic polymer is a visible active semiconductor
(Eq ~ 2.7 eV) [7]. Both Mg-Al LDH and g-C3N, are two-dimensional materials; therefore, charge
carriers’ separation efficiency at their interface can be effectively improved by the 2D-2D
electron channel. Moreover, the oppositely charged surface of LDH and CN permits them to

incorporate through electrostatic interactions [8]. The present work aims to improve the
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photoactivity of Mg-Al LDH via the formation of a heterojunction with g-C3sN4. A series of CN-
coupled LDH composites were fabricated via an in-situ hydrothermal approach with a varying
weight percentage of CN (10 to 30 wt%). The photoactivity of prepared catalysts was determined
towards degradation of doxycycline under LED light (A > 360 nm). The as-prepared catalysts
were characterized through various techniques to investigate the impact of CN coupling on the
surface, structural, and electronic properties of LDH. The CN-LDH composites exhibited better
adsorption and degradation efficiency than bare Mg-Al LDH due to enhanced specific surface

area, increased reactive sites, and inhibited recombination of photoinduced charge carriers.
5.2. Experimental Section:

5.2.1. Chemical and Reagents:

Magnesium nitrate  hexahydrate (Mg(NOQO3),.6H,0), aluminiun nitrate  nonahydrate
(AI(NO3),.9H,0), urea (CH4N,0), melamine (C3HgNg) were purchased from Loba chemie,
India. Ammonium fluoride (NH4F) was obtained from Sigma Aldrich. Ethanol, iso-propanol and
methanol were received from SD fine Ltd. Triple deionized water was obtained from Organo
Biotech Laboratories Pvt. Ltd.

5.2.2. Synthesis of Mg-Al LDH:

The synthesis of Mg-Al LDH is described in section 3.2.2.

5.2.2. Synthesis of g-C3N4 nanosheets:

The synthesis of g-C3N,4 nanosheets is described in section 2.2.3.

5.2.3. Preparation of CN-LDH composites:

The CN-LDH composites were prepared via one-step in situ hydrothermal method. First, an
appropriate amount of CN (10. 20, and 30 wt%) was dispersed in 25 ml of dionized water using a

sonicator for 60 minutes. On the other side, Mg(NO3),.6H,O (8 mmol), AlI(NO3),.9H,0 (4
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mmol) were added into a mixed dispersant of ethylene glycol (45 ml) and water (5ml) and stirred
for about 30 minutes at room temperature. Then, the metallic solution was dropwise added to the
CN suspension and stirred for an hour for the electrostatic assembly of metal ions through CN.
After that, 60 mmol of urea was added to the above mixture and allowed to dissolve completely.
The obtained mixture was transferred into a Teflon-lined stainless steel autoclave, sealed, and
heated at 160°C for 6 hours. After cooling to room temperature naturally, the formed CN-LDH
nanocomposites were collected and washed with distilled water and ethanol a few times. The as-
prepared nanocomposites were kept at 100°C for 12 hours for drying. The different 10, 20, and
30 wt% CN coupled with LDH composites were prepared and abbreviated as 10CN-LDH,
20CN-LDH, and 30CN-LDH.

5.2.4. Photocatalytic activity:

The photoactivity of LDH and CN-LDH composites were investigated using doxycycline (DXC)
as a model toxic pollutant. A set of test tubes, each test tube with 10 ml of DXC solution (100
ppm) and 5 mg of the catalyst were prepared and stirred in the dark conditions for half an hour.
The photo degradation experiments were then carried out by irradiating each test tube with LED
light (Wipro Garnet B22 50-watt LED bulb (Cool daylight, white) (A > 360 nm)) at
predetermined intervals of time (10, 20, 30, 40, 50, and 60 min) while continuously stirring.
Each test tube's aqueous sample was centrifuged to separate the catalyst after it had been exposed
to light for a predetermined amount of time. To determine the remaining concentration of the
pollutant, a Shimadzu-2600 UV-visible spectrophotometer was used to analyze the supernatant.
Using a trapping experiment similar to the one described above and the addition of various
scavenging agents to the reaction mixture, the function of reactive species was demonstrated.

The catalyst's reusability and stability were also evaluated.
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5.3. Results and discussion:

5.3.1. Crystallographic and structural studies:

The XRD analysis of CN, Mg-Al LDH and various CN-LDH composites is depicted in Fig.5.1
(left). The peak at 20 = 27.5° found in the spectrum of CN ascribed to the (002) crystal plane of
pure CN [9].The diffraction peaks corresponding to the planes (003), (006), (012), (015), (018),
(0015), and (113) observed in the spectra of bare LDH as well as different CN-LDH composites
were indexed to the pure crystal phase of Mg-Al LDH [10]. In the pattern of CN-LDH
composites, an extra peak related to CN was emerged at 20 = 27.5°. The intensity of the CN peak
gradually increased with an increase in weight percentages of CN confirming the presence and

successful coupling of CN with LDH in CN-LDH composites.
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Fig.5.1. XRD diffraction patterns of Mg-Al LDH, CN, and CN-LDH composites (left) and FTIR
spectra of Mg-Al LDH and 20CN-LDH composite (right).
Fig.5.1 (right) shows the FTIR spectra of Mg-Al LDH and 20CN-LDH composites. The

broadband appeared around 3388 cm™ ascribed to the stretching vibrations of O-H groups and
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water molecules in LDH framework. An intense peak at 1353.8 cm™ accredited to the carbonate
anions intercalated in the interlayer region. The other peaks below 800 cm™ were due to
stretching vibrations of M-O and M-O-M linkages (M represents Mg and Al [11-12]. Due to the
vibration modes of the uncondensed amino group N-H bonds, there was an additional peak in the
20CN-LDH composite's spectrum at approximately 3300 cm™. The C-N and C=N vibrational
modes were attributed to the peak at 1638 cm™ and 1240 cm™, respectively [13-14]. The
characteristic peaks corresponding to CN were present in the 20CN-LDH composite confirming
the successful formation of a heterostructure comprising CN and LDH.

In addition, X-ray photoelectron spectroscopy was used to ascertain the chemical species'
compositions and oxidation states in the Mg-Al LDH and 20CN-LDH composites (Fig.5.2). The
peaks associated with Mg, Al, C, and O elements related to LDH and C and N elements related
CN were observed in their corresponding survey spectra. The successful coupling of CN and
LDH during the formation of heterostructures was demonstrated by the peaks of Mg, Al, C, O,

C, and N elements in the survey spectrum of the 20CN-LDH composite.
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Fig.5.2. XPS spectra of the Mg-Al LDH, CN, and 20CN-LDH composite; Survey spectra (a)

Mg 2p (b), Al 2p (c), O 1s (d), C 1s (e), and N 1s ().

The Mg 2p spectrum of bare Mg-Al LDH exhibited a peak at 50.1 eV attributed to the presence

of Mg(OH), groups in the LDH framework. The binding energy peak at 73.29 eV confirmed the

existence of AI(OH)3; groups in brucite-like layers of LDH [6]. A peak originated at a position of

529.1 eV corresponds to the hydroxyl groups of brucite-like layers in LDH [15]. The slight shift

observed in peak positions of elements in CN-LDH than that of bare LDH credited to the strong

interactions between CN and LDH. The carbonate anions intercalated in the interlayer region
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were identified by the deconvolution of the LDH C 1s spectrum into two peaks at 284.6 eV and
288.3 eV [16]. Two peaks at 284.8 eV and 287.8 eV in the C 1s spectrum of CN are attributed,
respectively, to pure graphitic carbon units and sp® hybridized C-atoms in tri-s-triazine rings (N-
C=N) [17]. The formation of C-N bonds in the CN-LDH composite was indicated by the rise in
peak height at 288.0 eV in the CN-LDH spectrum. The sp® hybridized N atom in C-N=C
coordination, bridged tertiary N atoms in N-C3 coordination, and N-H groups in tri-s-triazine
rings were all represented by three peaks in the N 1s spectrum of CN at 398.2 eV, 398.6 eV, and
400.0 eV, respectively [18]. In 20CN-LDH spectrum, the peaks in the N 1s spectrum shifted to
higher binding energies relative to CN, credited to the electronic and chemical interactions
between CN and LDH.

5.3.2. Surface and morphological studies:

The morphology and elemental composition of prepared photocatalysts were analysed using
FESEM-EDS. Fig.3.2 (A and B) and Fig. 5.3 (A and B) shows the FESEM and the EDS
spectrum of Mg-Al LDH and 20CN-LDH composite, respectively. The FESEM image of 20CN-
LDH composites showed that micro-flowers of Mg-Al LDH were missing in CN-LDH
composite. This distorted morphology attributed to the stacking of CN sheets with LDH brucite
like layers due to strong electrostatic interactions. The EDS spectrum confirmed the presence of

Mg, Al, C, O, and N elements in CN-LDH composites.
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Fig.5.3. FESEM image (A) and EDS pattern with elemental compositon (B) of 20CN-LDH
composite.

As shown in Fig.5.4, the nitrogen based isotherms of Mg-Al LDH and 20CN-LDH were of a
type IV with a typical H3 hysteresis loop indicating their mesoporous nature. The specific
surface area of bare LDH was found to be 57.0 m?%g, which increased to 62.43 m?/g after
coupling with 20wt% of CN. The large surface area promoted the adsorption and degradation of
pollutant by providing more active sites at the surface of catalyst. The values of the specific

surface area, pore volume, and pore diameter are mentioned in Table-5.1.
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Fig.5.4. The N, adsorption-desorption curves (a) and pore size distribution curves (b) of bare
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Mg-Al LDH and 20CN-LDH composite.

Table-5.1. BET specific surface area analysis of LDH and 20CN-LDH composite.

Specific
S.No. Sample Surface area Pore volume Pore diameter
(m’/g) (cc/g) (nm)
1. Mg-Al LDH 57.0 0.159 4.490
2. 20CN-LDH 62.43 0.214 3.412

5.3.3. Optical studies:

The optical absorbance of Mg-Al LDH, CN, and different CN-LDH composites was evaluated
using diffuse reflectance spectroscopy. As shown in Fig.5.5 (a), the bare LDH showed almost
negligible response to visible light. The pure CN showed an intense peak at 380 nm in UV region
with absorption edge at 470 nm. In the case of CN-LDH composites, the absorbance in the
visible region enhanced after coupling LDH with CN and a peak emerged at 380 nm
corresponding to the presence of CN in the composites. Moreover, the intensity of absorbance

spectra in CN-LDH composites continuously increased with an increase in the weight percentage

of CN.
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Fig.5.5. The comparative absorbance spectra of Mg-Al LDH, CN, and CN-LDH composites (a)
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and photoluminescence spectra (b) of Mg-Al LDH and CN-LDH composites.
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The photoluminescence spectra of bare LDH and CN-LDH composites are shown in Fig.5.5 (b).
The Mg-Al LDH was excited at a wavelength of 340 nm and two emission peaks were observed
at 386 nm and 420 nm. In the photoluminescence spectra of CN-LDH composites, the PL signal
was quenched, as CN coupling reduced the recombination of the rate of charge carriers in CN-
LDH heterojunction via migration of electron and holes at the interface of CN and LDH. The
maximum quenching was observed in the 20CN-LDH composite with 20wt% of CN as a further
increase in wt% of CN intensified the PL signal due to an excess amount of CN.

5.3.4: Photodegradation studies:

Doxycycline, a toxic pollutant with an initial concentration of 100 ppm, was used to evaluate the
adsorption and photocatalytic performance of LDH and CN-LDH composites. The adsorption
and degradation efficiency of catalysts over a variety of time spans is depicted in Fig.5.6. Due to
the adsorption of DXC over prepared catalysts, the samples stirred in a dark chamber for 0 to 30
minutes experienced significant changes in concentration before being illuminated. The CN-
LDH composites displayed higher adsorption of DXC than the bare LDH. It might be due to the
hydrophobic and pi-pi interactions of DXC with CN and the increment in the surface area of
LDH composites with the deposition of CN. The catalysts' photoactivity was examined under
LED light for 0 to 60 minutes after achieving adsorption-desorption equilibrium. With increasing

irradiation duration, the degradation efficiency of each catalyst increased.
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Fig.5.6. Adsorption (in dark) and photodegradation (in LED light) of DXC over bare LDH and
CN-LDH composites.

The photocatalytic proficiency (Fig.5.7) of catalysts towards the degradation of DXC followed
the sequence: Bare LDH (19.4%) < 10CN-LDH (73%) < 30CN-LDH (90.4%) < 20CN-LDH
(98.5%). The kinetics of photodegradation of DXC with prepared samples was further explored

by first order kinetic equation written as follows:

InZe =kt.......... (5.3)
Ce

where C, is the concentration of DXC at time 0 and and C; is the concentration of DXC at
irradiation time t minutes, and k is the degradation rate constant [19]. The rate constant of
photodegradation of DXC under light illumination followed the order: Bare LDH (0.0003 min™)
< 10CN-LDH (0.0222 min™*) < 30CN-LDH (0.0392 min™) < 20CN-LDH (0.0694 min™). The
20CN-LDH composite showed the maximum rate of reaction out of all the samples. The
synergistic interaction between LDH and CN components were responsible for increment of

photocatalytic efficiency of LDH with CN coupling.
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Fig.5.7. Bar graph showing percentage of DXC degraded using different catalysts (a) and the
first order kinetic fit for degradation of DXC using bare LDH and CN-LDH composites (b).
5.3.5. Scavanging experiments for investigating active species:

K,Cr,0;, isopropanol, and methanol were used as scavengers for O,”, OH, and h”, respectively,
in the scavenging experiment over 20CN-LDH catalyst. Fig.5.8 shows the percentage of DXC
degraded over 20CN-LDH catalyst using none and different scavengers. In contrast, the
degradation efficiency was significantly reduced upon addition of K,Cr,O, indicating that
superoxide anion radicals play the primary role in the degradation process. Additionally, the
ddition of isopropanol and methanol reduced activity to a certain extent suggests that OH and h*

also played a significant role in the degradation process.
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Fig.5.8. Effect of different scavangers on the degradation of DXC with 20CN-LDH.

5.3.6. Recyclability and stability test:

The reusability of the 20CN-LDH composite was assessed by utilizing the same catalyst multiple
times under similar experimental conditions. During five photocatalytic cycles over 20CN-LDH
composite, the photodegradation of DXC under LED radiation is depicted in Fig.5.9 (a). The
photocatalytic activity of 20CN-LDH changed to a little extent for the five cycles and only
decreased by 3.7 percent in the fifth cycle in comparison to the first cycle. It demonstrated that

prepared photocatalyst had excellent reusability for environmental remediation applications.
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Fig.5.9. Recyclability of the 20CN-LDH for the degradation of DXC under LED irradiation (a);

XRD spectra of fresh and used 20CN-LDH for the degradation of DXC (b).

The stability of the 20CN-LDH composite was further confirmed by analyzing its XRD spectrum
before and after the photocatalytic reaction (shown in Fig.5.9 (b)). The XRD spectrum of used
and fresh catalyst was nearly identical, indicating that the crystal structure remained unchanged

following photocatalytic application. It demonstrated that binary 20CN-LDH was a suitable and

stable substrate for the photocatalytic activities.

5.3.7. LC-MS studies:
LC-MS analysis was employed to investigate the process of doxycycline degradation by 20CN-

LDH photocatalyst under LED irradiations. The LC-MS spectrum of DXC before and after
degradation is shown in Fig. 5.10 and Fig.5.11, respectively. The peak of DXC molecule (m/z =

445) was absent in the spectrum of the treated sample while it was present for the untreated DXC

solution, which confirmed the successful degradation of doxycycline.

168



SAIF,PANJAB UNIVERSITY,CHANDIGARH SYNAPT-XS#DBA064 30-Jan-2023
17:12:49
HARPREET_A_01 348 (13.487) Cm (345:350) 1: TOF MS ES+
4451630 26e6

1004

<

446.1645
4501147
467.1449
L A L

437 438 439 4l 41 42 M3 M4 A5 M6 447 4d8 449 450 451

Fig.5.10. The LC-MS spectrum of initial doxycycline solution before degradation.
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Fig.5.11. The LC-MS spectrum of initial doxycycline solution after degradation.
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Fig.5.12 shows the proposed degradation route of DXC via two possible pathways based on the
intermediates found in the LC-MS spectrum. In pathway 1, the DXC molecule was attacked by
0O,” and OH radicals and undergone demethylation and generated P1 (m/z= 431). The P1
intermediate further undergone deamination and ring opening to produce P2 (m/z= 279). Further,
P2 intermediate got attacked by radicals and undergone carbon cleavage and ring opening to
produce P3 (m/z =183) and P4 (m/z= 155). In pathway 2, O, and OH radicals attacked the DXC

molecule and caused ring opening and hydroxylation to produce P5 (m/z=113) and P6 (m/z=

110) [20].
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m/z = 445, H C/ “SCH, HJC
b m/z =431 m/z =279
> hydroxylation | Carbon
g cleavage
Ring opening| S
o %o OH o
)I\ o
NH,
~ P3
P5 m/z=113 ‘ m/z =183
Ring opening
hydroxylation
OH OH OH OH
P4
OH OH
m/z =110 m/z = 155
pe CO,, H,0, by—products_ OH

Fig.5.12. The possible degradation pathways of DXC degradation with 20CN-LDH

photocatalytic heterojunction.
5.4. Proposed photocatalytic mechanism:

The band gap energy value of Mg-Al LDH and CN was found as 4.43 eV (discussed in

section 3.3.3) and 2.71 eV (discussed in section 4.3.3), respectively. The conduction band edge
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potential value of LDH and CN was determined as -0.158 eV and -1.28 eV, respectively. The
valence band edge potential of LDH and CN was calculated as +4.272 eV and +1.43 eV,
respectively (mentioned in sections 3.4 and 4.4). The photogenerated electrons from CN were
liable to migrate to LDH and holes migrated from LDH to CN. Thus, the recombination of
electron-hole pairs was inhibited due to their transfer at CN-LDH heterojunction. Based on the
above discussion, a possible mechanism for charge transfer and photocatalytic degradation of
pollutant molecules was proposed and schematically illustrated in Scheme 5.2. The electrons
accumulated at LDH reduced the dissolved oxygen (O,) into superoxide anion radicals (O,")
(Eo2/Eo2- = -0.046 eV) [22]. Some of the superoxide anion radicals directly attacked the DXC
molecules in an aqueous solution to oxidize and break down DXC into smaller molecules, while
others reacted with H,O to produce hydroxyl radicals. Additionally, because the potential of
H,0/0H (En20/Eor = +2.68 €V) was higher than the conduction band edge potential of CN, the
accumulated holes (h*) in VB of CN were unable to oxidize H,O to generate OH radicals [23].
Also, some of the DXC molecules could directly by holes. As concluded, the action of the O;",

OH, and h* radicals caused the DXC molecules to be broken down into mineralized products.
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Scheme-5.1. A schematic illustration of charge transfer and separation in CN-LDH composite

towards the degradation of DXC under LED light illumination.
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5.5. Conclusion:

In conclusion, CN-coupled LDH composites of varying CN weight percentages were prepared
using an in-situ hydrothermal method. Combining a UV-active Mg-Al LDH photocatalyst with a
visible-active g-CsN,4 photocatalyst was an efficient method for preventing charge carrier
recombination, expanding surface area, and improving absorbance ability to visible light. The as-
constructed CN-LDH composites exhibited better photocatalytic degradation of doxycycline, a
model toxic pollutant under LED light (A = 360 nm) compared with bare LDH. Also, an
optimized amount of CN i.e. 20wt% was liable for effectively enhancing the photocatalytic
properties of LDH as excess loading suppressed the activity of LDH by covering its surface. The
20CN-LDH composite degraded a maximum of 98.5% doxycycline in just 60 minutes. Further,
LC-MS studies were analyzed to confirm the degradation process and to investigate the smaller

by-products.
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Summary and Future Outlook

This work reported the viable synthesis of layered double hydroxides constituting variable
divalent and trivalent metal cations. The Ni-Co LDH, Mg-Al LDH, and Co-Al LDH were
prepared via different synthetic methods and characterized accordingly. Furthermore, g-C3Ny,
one of the most stable allotropes of carbon is a non-toxic, cost-effective, and promising material
found in the area of adsorption and photocatalysis. Based on the research that was done, it was
found that coupling g-C3N4 (CN) with LDH was a good way to improve the adsorption and
photocatalytic properties of layered double hydroxides. It was observed that coupling of CN with
LDH improved its adsorption properties towards cationic pollutants and also enhanced its
photocatalytic properties via enhancing the surface active sites, inhibiting recombination of
charge carriers, and widening the light absorption capabiltiy. Moreover, the deposition of
plasmonic metal nanoparticles onto LDH and CN coupled LDH composites was emphasized in
this work, which showed that plasmonic nanocomposites exhibited better photocatalytic
performance towards the degradation of organic pollutants through enhancing the absorption of
light in the visible region and separating the photogenerated electron-hole pairs. The prepared
photocatalysts were highly effective in degrading harmful organic pollutants under cost-effective
LED bulbs available in our homes. The LC-MS analysis proved that harmful organic pollutant
molecules were broken down into smaller byproducts. In extension to this work, the CN-LDH
nanocomposites and plasmonic nanocomposites could be employed for demonstrating hydrogen

production through water splitting and dehydrogenation of waste alcohols under light radiations.
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Impact of g-C,N, loading on NiCo LDH for adsorptive removal of anionic
and cationic organic pollutants from aqueous solution

Harpreet Kaur, Satnam Singh, and Bonamali Pal'

School of Chemistry and Bio-Chemistry, Thapar Institute of Engineering and Technology, Patiala, 147004, India
(Received 15 Deacmber 2020 « Revised 24 February 2021 « Accepted 13 March 2021)

Abstract —Layered double hydroxides are traditional positivdy charged inorganic materials generally considered as
efficient and low-<cost adsorbents for the removal of anionic organic molecules. In this study, we prepared a series of g-
CN@NiCo LDH composites by Joading 10-30 wt% of g-C.N, onto the LDH through the clectrostatic self-assembly
method. The bare LDH and g-C.N, Joaded LDH ites were ¢h ized by XRD, SEM-EDS, Zeta, DLS, and
FTIR techniques. Results revealed that extra peak comresponds to g-C N, onginating in the XRD patterns, distorted
morphdogy of LDH, reduction in positive surface zeta potential, and enhancement in hydrodynamic size after Joad-
ing of g-C.N, affirmed the s ful e ion of the ite. The adsorption performance of as-modified LOH

ul fox
was evaluated by removing the most commonly used salicylic acid and methylene blue as anionic and cationic model
pallutant, respectively, from aqueocus solution. The adsarption medhanism for both the pollutants by as-synthestzed
samples follows Langmuir isotherm. The results demonstrated that the bare LDH exhibited maximum adsorption effi-
ciency of 75.16 mg/g and only 3.66 mg/g bor salicylic acid and methylkene blue, respectively. With 30 w1% Joading of g-
C.N,, the adsorption capacity for methylene blue increased to 2516 mg/g almost 6-7 times higher than that of bare
LDH. On the other hand, the opposite efiect on adsocptive removal of salicylic acid was observed with increase in the
wt¥ Joading of g-CN, With 30wt Joading of g-C\N,, the adsorption capacity for salicylic acid decreased 1o
38.37 mg/g. almost half that of bare LDH. A possible hanism has been prog i The kinetics for adsorption of
salicylic acid onto bare LDH obeys the second-order model aside from the methylene blue adsorption whidh follows
first-order kinetics. On the other hand, the kinetics of adsorption for both the pollutants onto {10-30) CN- LDH com-
posites follows second order kinetics.

Keywords: g C.N@NiCo LDH Composite, Adsorptive Removal, Interactions OF lonic Polhutants, Electro-kinetic Stud-

PISSN: 0256-1115
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ies, Adsorption [sothenms, Surface Charge Variation

INTRODUCTION

Water contamination has become a most serious issue in the pub-
lic arena causing several madical problems. One of the main reasons
is the release of organic pollutants as eflluents from industries into
water sources [1-3]. To get rid of such kind of pollution, various
techniques such as ion exchange [4), photocatalytic degradation [5],
coagulation [6], adsorption [7], membrane separation [8] are used for
water purification. Among them, adsorption is considered an easy,
simple, economic, and highly eflective method that is being exten-
sively adopted worldwide to remove organic polhutants from water.

For the last few years, layered double hydraxides (LD H), meso-
porous inorganic compounds commonly known as hydrotalcite or
anjonic clays are receiving incredible consideration in the adsorp-
tion research fiekd. Their chemical compaosition is described as
[M™, MY (OHLEF (A ), -mH.O, where M™ and M™ represents
bivalent and trivalent metal jons, respectively, while A™ are inter-
calated anions, and x is the stoichiometric ratio of M*/(M* +M™),
having value within 0.2-0.33 range. They consist of positively charged
hydroxide Layers known as brucite layers and exchangeable anions

"To whom comespondence shoukd be addressed.
E-mail: bpal@thaparedu
Copyright by The Korean Institute of Chemical Engineers.
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in the interlayer region between two brucite layers [9-11]). Owing
0 Jow cost, high surface area, porous structure, non-toxicity, and
excellent anion exchange capability, they are serving as efficient
adsorbents capable of adsorbing toxic metal cations and anions,
hammtul organic dyes, herbicides, pesticides, toxic gases, pharma-
ceutical wastes, and various other pollution causing compounds
[3.12,13]. Adsorption is a surface phenomencon that usually occurs
due to certain kinds of inkermolecular interactions between the
adsorbale and adsorbent. Because of the positively charged surface,
LDHSs are highly effective adsorbents for the adsoeption of haon-
ful anionic organic compounds, whereas have Jow affinity towards
cationic arganic species due o ionic repulsions. Several modifica-
tions such as the intercalation of surfactants into their interlayer
gllery [14], coupling with other adsorbing materials (graphene
akide [15L multiwalled carbon nanotubes [16], biochar [17], ek.)
are being adapted to LDHs for improving their adsorption activ-
ity towards anionic as well as cationic organic compounds.
Recently, Zhang et al. fabricated NiFe LDH-montmorillonite com -
posite consisting of the pasitively ¢harged LDH nanoflakes on the
negatively charged surface of mantmarillonite. They investigated
the adsorption performance of the compaosite towards both the
anionic and cationic dye [18]. Li et al. modified the surface of Mgal
LDH from hydrophilic to lydrophobic by intercalating organic sur-
Bctant for efficient removal of non-lonic, anionic, and cationic
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ARTICLE INFO ABSTRACT

Kepaords: Layered double hydraxides (LDH), two dimensional (2D) Jay ered nanostroctured materiaks usually known as
Layered doutle hydroxides hydrotakites, anionic days, or hast goest campounds have ateracted significant research interest in the phono.
Photocs alysa catalysk fidd ‘Their phatocatalytic behavior & attributable ©o their lirge specific surface area, high surface to
mm valmme rati, tunabde decwonic and strocsird compesiton, highly dispersed metal odhm lrhm or
", m’_ tetravalen ) octahedrons linked 10 one another through metal oxo-brid ge link age undergoing certain

like dd trarsitions, metal © metal change tramsfer and ligand % metal charge uudq Their photcactive
respornse can be further improved through ceraln modifications ke doping of particular cation, specific andon
imercalation, cak hete formatian with other semicondictans, ad noble metal kading
generally providing a widder Jight response, inhibited secambination and onger lisetime of electron-hale pairs,
sharter charge transfer distance, and increased specific surface aren in some cases. Among varios photocatalytic
applicats h duction through water splitting & an emaging aea of résmrch on account of rising
energy crises with gmun; eivilzation LDHs with highly astractive features are not & the backfoot for such
pivatal 2one, but are being extensively wiltaed as bare or madified for the reduction of watker under lgha iDo-
minaton This review & aimed w0 iluswate the phowxcatalytic prrlamurf of LDHs with snrul Adl‘lfd
modifications %0 their stroctural and electron ke properties and f d on their i

production through photoinduced water splitting. To start with, brief information & provided sbout lldv
commonly wsed synthete methads, compasition, strucsure, and key characteristics. Then, sheir photocatalytic
properties are discussed with some specific examples for different applications and individhal discussion with
mechanistic approach is carried ol that how cerain modification 10 their ariginal stracture can tring
improvement in their photactivity. At bast, all the past and recent progress of LDHs is provided with proper
mechanistic understanding for phosocatalytic hydrogen production

1. Introduction hydrous mi 1] essing thombahedral crystallinity and structural

propertics hdisﬁlsuhhuc from that of brucite Mg{OH); like structure.

Layered double hydroxkles belang to an important class of meso-
porous inorgani compounds of bask nature having natural as well as
synthetic arigin. These are two-dimensional layered structured mate-
rials composed of positively charged mixed metal hydraxide layers
generally constituting two kinds of metal cations (divalent and trivakent
or tetravalent) along with anionic species and water molkecules adapted
in the imerlayer space between the two metal hydraxide layers. These
are regularly known as hydrotalcies becawse of their unique Jayered
structure like that of naturally occurring mineral “hydrotalcite, a white

This naturally occurring mineral was first found in 1842 having the
chemical formula [Mge Alz (OH)16J004. 4H0 constituting assembly of
pasitively charged infinite brucite like layers containing Mg”* partially
replaced by Al'" jons octahedrally coardinated to hydroxyl groups
{OH "), and carbonate amions (()Of ) intercalated in the interlayer
spadng alng with few water molecukes (Faramo ot al, 20135 Chubar
et al, 2017 Mohapatra and Parida, 2016). Since then, In similar to that
of hydrotalcite, numerous LDH materialk have been synthesized
constituting a wide range of divalent {(eg. Co®', Cu® ' Ni** Zn?', etc.)

Abdmeviarion s LDH, layered double hydroxides; MO, mived metal axddes; HOMC, highest occup sed molecularorbital LUMO, Jowest occupded molecular arbital:
CH, conduction band; VB, valence band; DRS, diffuse reflectance spectra; UV, ulwra. viokt
* Corgespond ing, author at Thapar Instinne of Bngiovering and Techonaology, Patiala, 147004, ndia
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Effect of plasmonic metal (Cu, Ag, and Au) loading over the
physicochemical and photocatalytic properties of Mg-Al LDH towards
degradation of tetracycline under LED light
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ARTICLE INFO ABSTRACT

Nepavrd: This wark focused on the enhancement of the phatocatalytic activity of sal vothermal synthes aed Mgy 7 Al a
Mg-AL DI (OH ) (D3N 167 (H20 N 5 Iayered doubile hydroxide (LDH) by plismanic metal (Ou, Az, and Au) photo deposition
Phaimonic met} (1-3 wet). HRTEM analysis confirmed the successful kading of plsmonic nanopartides with varying sises (Au
e (—4-25 nm) > Ag (—3-12nm) > Cu(~2-7 nm)) on the surface of LDH. The effect of different plasmonic metals
Degmdas s patways and thedr size on the surface structural, optical, dec . and ph htic properties of LDH was

Imvestigased. The prepared catalysts were evaluated for mear-p'adumd wtracycline under LED drrad iation for

140 min and the phasoactivity trend fallowed the arder: pristine LDH < Cofd LDH < AZELDH < Auf0 LDH. The

LOGMS stuchies

Jed that the & Assi

occurred by the attack of various reactive species (05, h', O1) via

four paths mainly induding hydraxylstion, functional group cleavage, and ring-opening reaction A possible

mechanism mpmpmrdlordrapprdﬂble i inp

rf camsed by the formation of Schonky

barriers and surface pl

Jes. The resuls of wial arganic carban (TOC)

i d the ac ke

| olaboms‘%lxsalhmam%hlIndesrmhneﬁchntyw

oberved within fowr recyde runs.

1. Introduction

In recent years, antibiotics have been wsed worldwide for the coun-
teraction and treatment of imesistible illnesses in humans and animalks.

. a

the enviranment i to treat the ¢ 3. Asof
now, photocatalysis has arisen as a green and coﬁ-decdve technique to
climinate them from water bodies. Besiles, it can sform

into less harmful organic molecules and effectively biodegradable

Tetracycline (TC) is a broad-spectrum antibiotic delivered in
amounts, It broadly utilizes curing contam inations bring about by most
Gram-positive and negnive bacteria, chlamydia, intracellular myco-
pk and ricketisia Investigat have discovered that these anti-
biotics have stable chemical structures and antibacterial properties.
Therefore, these remained unretained and transformed by humans and
animals after utilization. Subsequently, these enter the environment as
metabolites and cause serfous harm to human and animal health.
Thadme. the efficient temovul of TC antibiotic nsldue lran the
envi has b 1 for the Jogi

and human well-being [ 1- 21, The way tocontral the antibiotics entering

P ds, thus reducing or eliminating their antibacterial activity
[ 341 Therefore, the fabrication of a stable and proficient photocatalyst
has become a central issue for the degradation of tetracycline.

Layered double hydroxides (LDHs), typical two-dimensianal laye red
structured inarganic materials, stand out in the fickl of photocatalysis.
Many researchers have proved that these exhibit better perfo e

than many of the metal oxid icanductors credited to their appealing
features like layered and mesoporous structure, large surface area, sur-
face hydraxyl groups, highly disp d MOy, octahed ec [56].

Among different LDH photocatalysts reported in the literature, the Mg-
Al LDH showed the advantages of casy and low-castsynthesis, structural

Abo'nhualt LDH, Layered donible hydroxkie TC, Tewrac ycline; EG, Ft-ylem Zhyeol, NIs, Nanopartickes, (B, Candwesion band; VB, Valence band: FESEM, Fidd

microscopy: HRTEM, High resob

il e BET, E Teller; BIH,

micrescopy; PL, Pix

Barrett JoynerHalenda: DRS, Diffuse reflectance spectrascopy: XPS, X-ray photoelectron spectroscopy; EDS, Energy dispersive Xoray specwroscopy: DLS, Dynamic
lght scastering technique; LCMS, Liquid chramatography mass spectroscopy; TOC Toml arganic carbon.
* Carrespond ing auhor at Thapar Instiante of Bngineering and Techonalogy, Patiala 147004, India.
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Fabrication of highly efficient Au and layered double hydroxide modified
g-C3Ny4 ternary composites for degradation of pharmaceutical drug:
Pathways and mechanism
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ARTICLE INFO BSTRACT

Kepavwd:
Guphitc cwbon nede
Phoawmaoo wecal dowy
FPhowandyoc degradanon
Viesbie bghe

Layered doutbe hydroxsdes
I SR ———

Graphitic carbon nitride (ON), a confugated polymer widdy recognized as a chemically stable and Jow toxic
catalyst for the degradation of arganic mokeonkes. But it acquires cortain Himisations 1ie a lmited visible light
resporee, high recom bination rase of charge carriers, and kower charge density. To overcome such drawbacks, we
synthesized a series of Ni-Al Iaver double Iydroxide (LDH)CN composites by loading S5 IS\“N d Ni-Al LDH
onto ON by electrastatic selif hod Further, Au particles were deposd P Iy on
LDH/ON nanocamposites. The AuADH/ON nanocomposites exhibited enhanced phatocataly tic degradation of
tetracycline (TCH) \MG visile lign PJ!‘:\M the AWLDH/CN nanocomposite with LDH and Au contents of
10 and 1 wite, y. displayed the highest o dation, which was much bester than that for pure CN.
The face-w0-face imerface between LDH and CN and the eltamnmepllg cagability of Au mnopartcles ln
AuSLDHAON boosts the separation and transfer efficiencies of photog d charge The ol

prochicts farmed after the degradation of TCH were detected by LOMS and passibile degradation pathways werne
shown. Based on phosol im inesconce, scavenging experiments, and LGMS analysis, 4 possible mechanism for

degralation of TCH on AuiLDH/CN rano com posi s was prop osed.

1. Introduction

Both emerging and developed countries worldwide strugglke daily
with the significant ssue of enviranmental pallution. Anthropogenic
contamination of the air, water, and salkd waste contribute significantly
to the overall imbalance of the envi Organk ©
come in a wide variety of various forms in water. These pollutants can

inants

effective method to degrade its inlricate structure and eliminate is
biotaxicity is vital [1,39].

Phatacatalytic technalogy is a "green” and successful environmental
cleanup solition. Photocatalysts can degrade organk contaminants in
wastewater 10 water, carbon dioxide, or other tiny nontoxic malecules
[4.5,50). Varous semionductor materials, such as T, Fe0,, 200,
&\04. Ag POy, and their nanastructured assemblies are widely used as

divide into memy categories: pesticides, ph I drugs, phenoli
compaounds, surfactants, organohalides, dyes, and hydrocarbons. Some
of these contaminants are resistant to decamposing in water, chemically
stable, poi . and even carcinogenic [ 1,2,49].

Tetracycline is one such compound that has low solubility because it
has a free tertiary amine structure. Tetracycline hydrochlaride (TCH,
CaaHy N2 O8HCD, which has a stable four-ring structure, woukl beconme
a water-soluble and alkylsubstituted ammonium salt after being
neutralizzd by hydrochlork acid. Therefore, loaking for a novel, highly

lysts for pallutant degradation. The metalfree conjugated
polymer semicanductar graphitic carban nitride (g-CaN4) has recently
come to Jight as a passible replacement for conventional
metal-containing photocatalysts such axides, sulfides, and axynitrides
because of Is band gap energy (2.7 eV), visible light absorption,
non-toxicity, outstanding the rmal and chem ical stability, easy method of
preparation, abundance, and envi | friendliness [6,12 44).
However, pure 8- CiN4's bow specific surface area, low visible light
utilization, and rapkl charge carrier recombination result in is poor

Abbreviations LDH, Lay ered double hydraxide: TG, Tetracycline: CN, Graphitic carbon nitride; FESEM, Pield emission scanning electron micmoscopy; HRTEM,
High microscopy: PL, Photalumn iscence; DRS, Diffise reflecsance spectroscopy; XP'S, Xay phowodectron specroscopys EDS, Energy

dispersive X ray spectrascopy: LOMS, Ligquid chramasography mass spectrascopy.
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Utilization of Waste and Renewable Material-HCM as an

Efficient Adsorbent for Hea
of Adsorption Isotherms a

Metal lons Removal: A Study

Kinetics**

Manpreet K Aulakh™* Harpreet Kaur™ Mehak Bansal™ Bonamali Pal, ™ and

Satnam Singh™

This work desoibes the method of extraction and chasacies-
lration of hasdness cusing malerals (HOCM) from bolling Bap
water wia distllation amembly. The obtained white coliored
powered material was then cbaned at diffierent lemperatuies.
It was revealed that powder ssidue was mainky corelsied of
caldum @rbonate al om lemperature and

majoely 1o Ca, confirmed using A0, when caloned at 900°C
for about 4 h. Morcower, thermogaemettic amabysk (TGA)
showed single step decomposklon In se of HOM 900°C
whereas bwo- slop decomposition waes ohserved for both HOM-
400°C and HCM without caldnation which can attibuted 1o
release of OO, fromn CaC0, and then decomposiion of Cao i

Introduction

The contamination of waler has beoome a bkl global lssue
with the development of industies. Thus, waile remediation i
corpldered a5 2 significant approach fon s recyding. Howsewer,
Ik reporied™ that just 10% of otal produced water s being
remediated and el reskdual amoun 25 weell 25 Indusidal wastc
Is disposed s such inte dffesent water bodies ke sas, rivess,
seas and uvilmaicly inlo groundealer  resoreols ™ Mosl
importanthy, the arigin of heavy metals (O, Cd, Mn, ML Ph, A,
O, ebe ) contamination k& mainly due to dischage of offienis
from mining, annerkes, melal plating. fetileers wed In
agriculural =% Once these tomic metal lons enles
human body through food dhain, 1 an ouse seveie damage
to omgans and nenoae sysiemM Y 3 gieat thecat 1o living
organtsms which 15 seviows matter of concem. Far that reason,

jal G 8 kol 1 Koo, 48 Bomal Profl & el Aol S Sngh
whool of ¢ ey and Biocheminiry,
Thapar inadidube of Engineeing and Techaology.
Fotmln Pranjab
s 147004
Tk 8011 P TIL
Fare B1-175- 33050
1tk
B v 8 x Aushibh
Drparimeral of Cherniiry.
Chandigadh 1
Makall brcde-140413
"] FCA  hardnen saming ool
L]
m_m?nnlrg-i::—_?ﬂ-.uh--ﬂ&_ﬁmuﬁr

3

Chemiapinieo! FOTL 7, oGHI0EEE 1 of 13%

ey cases. The SH Images showed cumbled type structure,
agglomesated partices for HOM-357C, HOM-4007C and HOM-
2007 In addition, the impact of adsception of different heavy
metal lons (dnd ', Ot and NP ower HOM with different time
Intervak was studied. The Isotherm ks the
best it adsoeption Eotherm for this work The kinetics shudies
follow the second ceder seaction. The mesults rescaled that the
Mn’ ' adsorbs al higher effidency among all the metal lons at
regalively chaged swfce of HOM 900°C due lo higher
oobdaifion stale of Mn”".

it & mandylory 1o et effluents conlaiming heasy metal lons
priorn ba their dischage 1o laege water soueces.
In this resped, varous teatment methods havwe beon
ulliired Inorder to eliminale heaey metals induding chemical
piecdpiation®  reserse osmosks™  rediction™™ lon
exchange,"" membane filtmtion,™" adsmption,”™ '™ obc. Most
of these mentloned methods are costly, consume high amount
of eneegy, low eofficacy and also produce 1owc wasie ™'
amaong all echniques, adsorption 15 a method of dhoice owing
1o R convendenos, cosl-offectrss, high semosal effickency and
smplicity.”™ Howewer, moe insight imvestigation s needed to
choose an apgopdale adsorbenl, trpically ks abundant locl
avalbabilty dfor dealing wath environemental applications Tor
semoeing heavy metals polentially. Die@tue eveals that a
warkety of osdsorbonts had been used swch as acbheaied
warbon,'™ silica ged™ metal oxides"" Inorganic  malerials,
resins i, Mevertheless, & 15 stll dhallenging 1o find
coanoemical with highes officiency adsompitee materials
Cabonalr mincals @c reporied to show adsopiion
pioperties cffectively suggested mechantsm for ther adsoip
tion b lonexchange and pecdpiation ™™ on the brighter
side, Ca00, ks dheapes! maternal found B has been used for the
romoreal of heasy metals,™ *° budl mainky for dye pollstants by
opling wamlows modifications which 15 also wery iedious and
cnomgy of maleials coreuning. Fhang of al™ showed the
maonokayerl process for mineraliration of methylene blue and
oongo red dye with Caco, modiied with bentonite. also,
mﬂmu;m:mm" Tor touic dyess
pollutants remosal In various pharmaccutial and
lmuklrrdmuuhutﬂmad:.hub-e:qﬂumdfurhmrnﬂh
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