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ABSTRACT

The thesis entitled “Removal of Organic Pollutants by Modified Zeolite/Clay Based
Adsorbents/Photocatalysts” is divided into eight chapters.

Chapter 1: This chapter portrays the introduction of noxious organic pollutants and their
removal techniques. The impact of organic pollutants on living beings was elaborated. The
effect of toxic organic pollutants on human beings and the environment was discussed along
with their sources, health effects, and their removal methods. The noxious organic pollutants
such as methylene blue (MB), fipronil (FIP), rhodamine B dye (RhB), and metronidazole
(MET) were briefly introduced along with their structures and harmful effects. The different
types of removal techniques for treating wastewater were compared to know the best
technique. The adsorption and photodegradation processes for EDCs, dyes, or other

pollutants were summarized.

Chapter 2: It deals with the literature survey of the different noxious contaminants (EDCs,
pharmaceuticals, or dyes) which were removed by zeolite-based composites with adsorption
or photocatalysis techniques. The % removal of various zeolites has been compared with
other noxious contaminants. The pros and cons of various materials such as carbonaceous
materials, metal-organic frameworks, zeolites, carbon nanotubes, adsorbents, activated
carbon materials were briefly discussed. The structural properties of zeolite frameworks
along with their significance in adsorption and photocatalytic degradation were explored. The
properties of photoactive materials were also discussed. In comparison to other support
materials zeolites were found to be an appropriate substance for the hybrid adsorption and
photocatalysis process, because it has a huge surface area for adsorption, tunable surface
properties, porosity, ion-exchange capability, and the abundance of acidic-basic sites which
can be able to decrease the chances of electron/hole pairs recombination.

Chapter 3: In this chapter, the chemicals used for the synthesis and modification of zeolite
framework were discussed, along with the characterization methods of prepared composites.
The various characterization like N, adsorption-desorption analysis, X-ray diffraction
analysis (XRD), Scanning electron microscopy (SEM), High-Resolution Transmission
electron microscopy (HRTEM), Energy-dispersive X-ray spectroscopy analysis (EDX), X-
ray photoelectron spectroscopy (XPS) were performed to evaluate the structural properties of

the material in detail. The procedure for adsorption or photocatalytic degradation processes
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and formulas adopted to calculate the adsorption capacities, rate constants, and other
parameters were elaborated. The experimental data of adsorption were further verified with
adsorption isotherms. The adsorption mechanism describing adsorbate and adsorbent
interactions was evaluated by fitting the data in the Langmuir, Freundlich, Harkins-Jura,
Dubbin-Radushkevich (D-R), and Halsey adsorption isotherm models. Different kinetic
models such as Pseudo-first order, Pseudo-second order, Elovich model, and intra-particle
diffusion were also investigated. Based on R? (Pearson correlation coefficient) values their
accuracies were estimated. A thermodynamic study was carried out to know the enthalpy,

entropy, and heat of the reaction.

Chapter 4: It covers the adsorptive removal of FIP, an endocrine disrupter insecticide from
its aqueous solution by cerium-modified ZSM-5 zeolite adsorbent. A series of cerium
modified H-ZSM-5 zeolite adsorbents such as CesZSM-5, Ce;pZSM-5, Ce;sZSM-5,
CexZSM-5, Ce;sZSM-5, and Ce3ZSM-5 were prepared from the cerium salt of
concentration (w/v%) 5%, 10%, 15%, 20%, 25%, and 30% respectively by simple refluxing
treatment. The adsorptive performance of all of these prepared adsorbents was compared and
CezsZSM-5 was found to be the best adsorbent for FIP removal and characterized with XRD,
N-adsorption, HRTEM, FESEM, EDS, and XPS techniques to study the porosity,
crystallinity, and surface properties in detail. The batch adsorption experiments were
performed to know the maximum adsorption capacity and % removal and found to be 598.80
mg/g and ~93% at optimum conditions (t: 120 min, pH 3, temperature: 25 °C, dose: 3.5 g/L,
speed: 250 rpm, pollutant conc.: 600 mg/L). There was monolayer adsorption as the data
fitted well in the Langmuir adsorption isotherm model and in kinetics, the pseudo-second-
order model was followed with a high rate constant. The thermodynamic studies were carried
out and AG®, AH®, and AS° parameters were calculated which confirms that the adsorption

process is feasible, spontaneous, and exothermic.

Chapter 5: It deals with the metal-free catalyst g-CsN4 which is a visible light active
material with a bandgap value of 2.7 eV. It can act as an efficient photocatalyst but its less
surface area may hinder the photocatalysis process, therefore zeolite material with a huge
surface area has been used to build an effective photocatalyst. The synthesized g-C3N4/H-
ZSM-5 nanocomposite has sufficient surface area (~172 m®/g) for the adsorption of pollutants
with effective photodegradation activity. The composite was synthesized by mixing followed
by facile calcination at 550 °C and properties of synthesized photocatalyst were explored
with, BET, HRTEM, FESEM, EDS, and XPS characterization techniques. The photoactivity
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of as-prepared g-C3N4/H-ZSM-5 nanocomposite was tested against the model MB dye and
FIP insecticide. From the scavengers study "OH and O, were found to be the responsible
species for MB and FIP degradation. The maximum %degradation calculated were ~93% and
~89% for MB and FIP photocatalytic degradation. From these results, it has been discovered
that this visible light-active photocatalyst is an effective composite for the degradation of

harmful pollutants, and it's also easy to prepare.

Chapter 6: The adsorptive performance of cerium-modified different categories of zeolites
was compared for the removal of FIP from its aqueous solution. The Ce-BETA, Ce-
Mordenite, and Ce-13X adsorbents were prepared by a simple ion exchange method. The as-
prepared different zeolites were characterized by XRD, BET, SEM, and EDS analysis for
crystallinity, surface properties, and elemental compositions. The average crystallite size ‘D’
of cerium oxide is 6.67 nm for Ce-beta zeolite and 6.42 nm for Ce-Mordenite and 4.48 nm for
Ce-13X zeolite, calculated with the Debye-Scherrer formula. The XPS data suggests that the
cerium is present in two oxidation states i.e. Ce(IV) and Ce(lll) with % amount of 71.10%
and 28.29%, respectively, indicating that the Ce(IV) is more prominently. The d-spacing of
cerium oxide was calculated from HRTEM analysis and their corresponding planes were
matched with XRD following the JCPDS No. 34-0394. The various parameters of adsorption
were investigated for FIP removal like pollutant concentration, adsorbent dose, pH, contact
time, stirring speed, and temperature. The equilibrium data were fitted in various adsorption
isotherms to know the type of adsorption. The best-fitted kinetic model signifies a higher
adsorption rate. Thermodynamic parameters of adsorption revealed the spontaneous and
exothermic adsorption processes. The structural comparison was also made between the 13X,

Mordenite, and Beta zeolite frameworks.

Chapter 7: It deals with MET, a recalcitrant antibiotic from the nitro-imidazole family
which contributes majorly to water pollution. The one-pot synthesis of Cdots@zeolite (CDZ)
nano-composite by a hydrothermal treatment was carried out to photo-degrade MET
molecules. The different ratios of CDZ composites (1:1, 1:3, 1:5, 5:1, and 1:7) were prepared
by mentioned method and characterized by XRD, BET, EDS, and XPS for their crystallinity,
surface area, elemental compositions, and surface chemical states respectively which
confirms crystalline nature, incorporation of Cdots into zeolite frameworks with sufficient
surface area. The morphology was analyzed by SEM analysis, d-spacing along with planes
were characterized by HR-TEM and SAED analysis. The PZC (point of zero charges) value

for the CDZ composite was determined to be at pH, 3.4. The maximum photocatalytic
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degradation of ~79% was achieved at an optimum dose of 0.2 g/L and pH 4 for MET and that
of RhB was ~90% at a catalyst dose of 0.4 g/L. The comparison of sunlight, Visible, and UV
sources was performed with rate constants ‘k’ 0.0081, 0.0041, and 0.0101 minrespectively.
The scavengers experiment was carried and found that electrons were the responsible active
species for degradation of MET pollutant. The plausible photocatalytic degradation
mechanism was explored and the intermediates or degradation pathway was drawn with the

help of the m/z value obtained from GC-MS analysis.

Chapter 8: This chapter presents the conclusions and the future perspective of the present
work. In the end, the references cited in the thesis have been listed. The modification of
zeolite with cerium oxide was done with refluxing by ion exchange method. The increased
cerium content in zeolite increases the active sites in zeolite which favours adsorption
process. The CesZSM-5 adsorbent was found to have maximum removal because after that
the saturation of active sites of zeolite occurs and the % removal remains almost constant.
The cerium modified beta zeolite was found to possess maximum % removal of ~94% due to
its huge surface area, porosity, and high Si/Al ratio. The efficient photocatalysts g-C3N4/H-
ZSM-5 and Cdots@zeolite nano-composites were also prepared to degrade MB/FIP and
MET/RhB pollutants effectively. The GC-MS analysis for MET was also carried out to

determine the intermediates during the photocatalysis process.
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Chapter 1: Introduction
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1.1 Introduction

All over the world industrialization has been increased with such intensity that it causes
severe environmental pollution. The toxic organic contaminants of wastewater are very harmful
which deteriorate the earth’s environment and natural resources. Emerging contaminants such as
pharmaceuticals, industrial dyes, insecticides, cosmetics, and hygiene products are comprised of
mainly organic moieties which have fascinated much interest of the researchers due to their huge
usage and abolition into the environment.®® The huge consumption of these noxious compounds
results in an environmental crash all over the world due to their toxicity and persistence in the
atmosphere.*® It has been reported that insecticides have been widely used for pest control of
vegetables, paddy fields, cereals, fruits, etc.® Nearly 60-98% of applied insecticides are retained
in the topsoil or air dust which further gets adhered to the water resources making it
contaminated.® The majorly used insecticides and pesticides such as fipronil, chlorpyrifos, DDT,
thiamethoxam, and endosulfan come under the broad category of endocrine disrupting
compounds (EDCs).”® On the other hand, dyes are colored compounds that have huge usage in
textile industries, UV protective clothes, as pH indicators, dye-sensitized solar cells, paper,
cosmetics, leather, and food industries.’® In 2015 a report suggested that above 20% of the
reported level of polluted water was caused by these textile industrial wastes especially in
Turkey, Indonesia, and China countries.** Such levels of these colored dye compounds not only
harm the living beings but also deteriorating the quality of the water bodies. The pharmaceutical
contaminants also causes water contamination as the use of antibiotics and other drugs has
increased drastically.”>™* So, there is a need to treat this polluted water with appropriate removal
techniques. Therefore, an efficient and economically feasible treatment is needed to remove the
micro-pollutants from water bodies in order to make an eco-friendly environment, so that the
discharged effluent should not affect our natural resources, biosphere and human health.
Different noxious organic contaminants which have been thoroughly studied for appropriate
removal are elaborated in this chapter.
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1.1.1 Organic pollutants
1.1.1.1 Endocrine disrupting compounds

EDCs harm human health by directly affecting the function of the endocrine system and
became the core substance in environmental chemistry issues because of their presence in the
environment. They are anthropogenic chemicals that cause disturbance and negative effects on
the endocrine system to make an unwanted response and are also capable to hinder the hormonal
system, which ultimately affects human and wildlife health.®> The endocrine system includes a
group of glands that secrete hormones and regulates the body functions of humans. Emerging
contaminants such as micro-pollutants include wide and increasing numbers of anthropogenic
and natural substances. These are mainly found in trace amounts, ranging from ng/L to pg/L in
water, and can vary from pollutant to pollutant. The main effect of EDCs is either mimicking or
hindering the functions of hormones like testosterone, estrogens, or thyroid. On the aspect of
endocrine disruption, these are androgenic, estrogenic, and thyroidal substances.'®*® EDCs are
broadly classified into industrial chemical effluents, hormones (synthetic or natural steroids),
pharmaceuticals and personal care products (PPCPs), surfactants, side products after combustion,

and pesticides,'*?°

etc. Pharmaceuticals and Personal Care Products (PPCPs) include another
group of EDCs that is also harming the ecological environment. In addition to other EDCs, they
are comparatively well defined as they are found everywhere especially in wastewater discharge.
The EDCs have one aromatic ring in their structure, which implies the hydrophobic property of

micro-pollutants in a restricted and normal environment.

The United States Environmental Protection Agency (USEPA) described EDCs as the
externally originated compounds or substances which perturbed the normal functioning of the
natural hormones (like secretion, synthesis, transportation, elimination) present in the body.”
The abnormal functioning of hormones is due to the blockage of hormone receptors by the
similar structured EDCs which rooted severe problems such as (i) interruption in homeostasis
process, (ii) reduction of sperm count and increasing chances of breast/prostate cancer,
endometriosis,** (iii) create birth defects and developmental disorders,” (iv) egg rupturing of
birds, fishes, and turtles get reduced, (v) converting male fishes feminized, (vi) disruption in the

immunological system of mammals, reptiles and birds.*?
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1.1.1.1.1 Fipronil (FIP)

FIP is a broad-spectrum insecticide that comes under the phenylpyrazole family. It is not
explosive, non-flammable, and doesn’t oxidize very easily.”® FIP is an efficient pest controller
due to its efficacy at lower field application rates towards the pests which became resistant to the
carbamates, pyrethroids, and organophosphate insecticides. Therefore its presence can be
expected in the environment due to its properties and wide applications. FIP is also extensively
used in preserving woods, sanitization, veterinary purposes, and also as a termite controller.>% It
can actively affect the CNS (Central nervous system) of pests by chloride channels which are
under the control of GABA (gamma-aminobutyric acid) receptors. The LD50 (lethal dose, 50%)
value is less than 0.5 pg/L and such a small concentration is enough to affect the invertebrates of
aquatic water.™® FIP has been identified in various water bodies of Florida such as man-made
ponds, lakes, canals with concentration values in the range of 0.54 to 207.3 ng/L,*® while in
California its range was 11-280 ng/L for surface water of urban areas.”’ FIP has been found with
an average concentration in the range of 0.026-0.737 pg/L and a higher concentration between
0.058-3.45 pg/L.% Therefore, it is crucial to examine the elimination techniques for the removal
of such kinds of insecticides from the water bodies. The structure of fipronil is depicted in

Figure 1.1.
1.1.1.2 Dyes

Dyes are colored organic compounds having a toxic effect on living beings and are
extensively used in food, paper, leather, and textile industries. These textile industries enhance
pollution by draining these harmful dyes in the natural water bodies. By deteriorating the water
quality it creates an impact on the environment and human beings.? The inappropriate discard of
the industrial effluent can induce cancer and mutations in living organisms. So, necessary steps
should be taken for treating these noxious organic compounds to eliminate or completely
mineralize CO, and H,0.

1.1.1.2.1 Methylene blue (MB)

MB is a thiazine dye, intensely colored, cationic, and widely used in dyeing, printing, and
silk colors.® It causes a neurotoxic effect on CNS (central nervous system) which could be

detrimental, and long exposure to these can cause anemia, hypertension, and nausea. MB can’t
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be easily degraded via traditional wastewater treatment plants because of its complex ring
structure, water-loving character, and huge stability towards chemicals, temperature, etc.*
Therefore, it must be effectively degraded by an appropriate technique to avoid environmental

pollution.

1.1.1.2.2 Rhodamine B (RhB)

RhB dye belongs to the triphenylmethane family, having 4 N-ethyl groups at the sides of the
xanthene cyclic structure as shown in Figure 1.1. This industrial dye is well known for its
stability and wide applicability in the textile industries for coloring cotton, silk wool, and jute
leather.>®* It causes harmful effects on aquatic life when discarded directly into the
environmental resources. This discharge also affects human beings and wildlife animals by

producing carcinogenic and mutagenic activities in the living bodies.?**

1.1.1.3 Pharmaceutical compound
1.1.1.3.1 Metronidazole drug (MET)

MET is a drug molecule that has antibiotic properties and is used for treating a variety of
infections like abdominal, parasitic or anaerobic, etc. It is a white or creamy white colored
crystalline powdery compound having a slight odour and salty taste.® It has a high solubility in
water. It is non-biodegradable in nature and available in trace amounts in surface and
groundwater. It is a kind of EDCs and its concentration varied from 1-10 ng/L in the water
media.’*¥” MET accumulation in water bodies causes severe effects in mammals (like
mutagenicity and carcinogenicity) and also to the water resources by food cycle and
accumulation in the aquatic environment.*®® The literature survey of the above-mentioned and
other EDCs has been compared and discussed in Chapter 2. The chemical structures of treated

noxious contaminants are shown (MB, FIP, MET, and RhB) in Figure 1.1.
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Figure 1.1: The chemical structures of MB, FIP, MET, and RhB pollutants.
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These organic pollutants cause many serious effects on living organisms which can be fatal if not

treated properly and on time. Some of the hazardous effects are tabulated below in Table 1.1.

Table 1.1: Hazardous effects of organic pollutants.

Organic Harmful effects
pollutants
MB Consumption causes dizziness, mental delusion in the CNS, high blood

pressure, fever, skin irritation, precordial pain in the heart, fecal
discoloration, anemia in blood, and can also damage eyes if comes in direct
contact®

RhB Carcinogenic, mutagenic, eye and skin irritant, nausea, itchiness, nasal
burning, gastrointestinal disorders, neuro, and reproductive toxicity*

FIP Neurotoxic, sweating, headache, vomiting, weakness, cough, drowsiness,
conjunctivitis, oropharyngeal pain, abdominal pain, gastrointestinal,
dermal, and respiratory disorders®>-42

MET Mutagenic, carcinogenic, and genetic toxicity effects*

1.1.2 Approaches implied for water remediation

The noxious contaminants cause a serious threat to the ecosystem, especially to the air
sources and water bodies. The destructive nature of the pollutants attracts the researcher's
attention to overcome their extensive effects on the world.** So far many methods have been
utilized for treating the wastewater like coagulation-flocculation, electrocoagulation, membrane
filtration, ozonation, sedimentation, advanced oxidation processes (AOPs), photodegradation,
chemical oxidation, chlorination, and adsorption.>****" Some of these methods like membrane
filtration, coagulation-flocculation, and sedimentation were not able to give more than 25%
efficiency; and persistence of these noxious contaminants into the water resources can cause
danger to living beings. The electrocoagulation process involves the removal of contaminants by
flowing current from the water and electrolytic oxidation at the anode. The amorphous
immiscible metal oxides and hydroxides were formed that promote the adsorption of pollutants
followed by precipitation and eases separation. The electrodes of Al and ferric salts were used
because of their cost-effectiveness and efficiency for a variety of pollutants.*® On the other hand,

the chemical coagulation involves polymers and Al salts treatment for the wastewater, and PACI

5|Page



Chapter 1

flocculant (PACI: Polyaluminium Chloride) was utilized for the coagulation of finer particles
into aggregated flocs that promotes the separation process by filtration or sedimentation

techniques.*®

The membrane separation process was also applied to eliminate the pollutants in
wastewater treatment. According to the literature, the membrane separation technique includes
electrostatic attractions, adsorption over the membranes, and steric hindrances whereas these
mechanisms were varied for different types of membrane separations like microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). The effectiveness of these
techniques for the removal of pollutants was dependant on the membrane type, morphology,
structures of pores, maintenance of concentration and electric potential, operational parameters,
or physicochemical characteristics of noxious contaminants.®>* The different mechanisms are
illustrated below and depicted in Figurel.2.

The MF and UF processes generally take place at low pressure (5-10 bar) and the pore
size of the membranes varies from 0.025-5um and 1-100 nm respectively. However, the
filtration is not sufficient and requires further cleaning, relatively large solid particles were
filtered through MF membranes. For NF (pore size: 0.5-10 nm) and RO (pore size <1 nm)
working high pressures of 10-50 bar and 35-170 bar respectively, were required.”®**** While
ozonation and chlorination also have some drawbacks like ozonation can lead to the formation of
some residual intermediates. The filtration technique can eliminate the suspended particles from
the wastewater by crossing them through the filtration membrane/granular media. However, the
cleansing of these membranes is relatively costly.***® The other processes like coagulation and
flocculation are generally executed by the use of potash alum, lime, iron salts, or polymers.
These chemicals can bind or precipitate the contaminants and form colloids, which are
consequently settled in the treatment reactor. This settling leads to the formation of sludge that is
a solid waste that constitutes noxious contaminants. The membrane filtrations have a limitation
of fouling of membranes which requires huge maintenance costs.> While the chemical oxidation
process is not an eco-friendly technique as it includes the storage or transportation of harmful
chemical compounds. The use of expensive and hazardous chemicals, coagulants, membranes,
inadequacy to eliminate dissolved organic contaminants, and formation of secondary hazardous

species are the main limitations of the wastewater treatment methods.’®>® Therefore, some
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reliable methods should be considered for water remediation such as adsorption and

photocatalytic degradation.
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Figure 1.2: Representation for membrane separation by MF, UF, NF, and RO.

The photocatalytic degradation process is an efficient technology for treating wastewater
as it can eliminate these harmful pollutants or mineralize these into simpler molecules. The
suitability of the photocatalysts in natural sunlight makes photocatalytic degradation a
fascinating and less energy-consuming technique for pollutants removal. On the other hand, the
adsorption process is also a well-known method for contaminants elimination because of its
simplicity, high efficiency, ease of operation, cost-friendly, less energy consumption, and the
used adsorbents can be easily regenerable.*®® Consequently, adsorption and photocatalytic

degradation methods are getting much attention from researchers and are elaborated on below.
1.1.2.1 Adsorption

The adsorption process is a physicochemical attraction among the adsorbate molecules
and the adsorbent surface. This process is mainly dependant on different parameters like forces
of attraction between adsorbent-adsorbate, pH of the solution, temperature, pressure,
concentration, etc. The adsorbent material must possess a high surface area and porosity with
appropriate morphology, high chemical, thermal and mechanical stability for easy, rapid, and
effective removal of the noxious contaminants from the water bodies.**®® The pollutant
molecules act as an adsorbate in the adsorption process and these molecules get adsorbed on the

adsorbent surface to establish the equilibrium between the pollutants and the adsorbent surface.
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To understand the type of adsorption mechanism (chemisorptions, physisorption), different
adsorption isotherms have been investigated, these adsorption mechanisms were shown in
Figure 1.3.%° In chemisorptions (chemical adsorption), there is a chemical reaction between the
pollutants and the adsorbent, and is an irreversible process. While the physisorption (physical
adsorption) type of adsorption deals with the physical interactions forces like Vander Waals
forces of attraction, dipole-dipole interactions, hydrogen bonding, etc; and this is a reversible and
prominent type of adsorption process.”*®"®® Consequently, these adsorbents can be easily
regenerable after their subsequent batch reactions. The natural resources of adsorbents,
inexpensive nature, high adsorption capacity, less maintenance cost, rapid and simultaneous
removal of different contaminants, ease of operability, makes adsorption a flexible process for

the treatment of wastewater.

Adsorbate molecules  Substrate surface Binding site

Phvsisoroi . ,
ysisorption Chemisorption

Figure 1.3: Pictorial representation of physisorption and chemisorptions.

1.1.2.2 Photocatalytic degradation

The photocatalytic degradation was tracked so vastly by the wastewater treatment researchers
as it was proved to be the proficient and effective technique for the elimination of the noxious
contaminants from the wastewater for the cleanliness rationales. This wastewater quantity has
been increased bit by bit due to the industrialization and modernization of society.*®™ As already
mentioned in the above section, natural sunlight can also be used for the degradation experiments
because it is an eco-friendly energy source and satiates the energy necessity without harming our
environment, so this technique fits in the cost-effective, and safer category. For the
photocatalytic degradation mechanism, these key points are followed: (a) movement of pollutant
molecules present in reaction solution to the surface of the catalyst, (b) pollutant’s adsorption, (c)

photocatalysis in the adsorbed state, (d) desorption of the degraded products; and (f) detachment
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of the final products from the border.”>"®> The mechanism for photocatalytic degradation is

elaborated in Chapter 3.

1.2 Research gap

In this study, the target organic pollutants were from the class of dyes, endocrine-disrupting
compounds, or pharmaceuticals which raises more and more concern due to the increasing
evidence of their adverse harmful or estrogenic effect on aquatic organisms and human beings.
Currently used wastewater processes remove less than 80% of organic pollutants (EDCs or
estrogens) on average. However, due to its significant biological potency little quantity is still
able to cause an adverse estrogenic effect on the aquatic organism. As a result, adsorption and
advanced treatment technology have to be explored in the hope of success of higher removal
efficiency. So, the removal of organic pollutants by various adsorbents like metal modified
zeolite and zeolite-based photocatalysts are the potential new alternative. Some research gaps are

outlined and given below.

% Removal of organic pollutants which are in the category of endocrine disruptors (e.g.
fipronil, bisphenol S, atrazine, etc) with modified zeolite/clay like H-ZSM-5, BETA, and
mordenite zeolite has not been thoroughly studied in the literature.

% There is very scarce literature available on the modification of adsorbents/photocatalyst
(e.g H-ZSM-5, mordenite, BETA, etc.) by rare earth metals, or non-metals or metal-free
materials (e.g carbon nitride).

% No literature has been reported for the application of cerium oxide as a potential

adsorbent for the removal of EDCs.

1.3 Objectives

The main purpose of this work is to prepare various adsorbents/photocatalysts for the effective
removal of toxic organic pollutants from their aqueous solution. The specific objectives are as
follows:
+« Surface modification of various adsorbents/photocatalysts (e.g. zeolites, clays, etc.) by
metal oxides/nitrides.

% Study of adsorption and photocatalytic properties of synthesized materials for the

removal of organic pollutants.
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¢+ Study and characterization of the photodegradation products.
%+ Study of equilibrium, Kinetics, and thermodynamics for the adsorption/photocatalysis of

pollutants.

1.4 Thesis overview

The present thesis has been divided into eight chapters. The different zeolite materials were
modified with metal oxide (CeO;) to investigate their adsorptive removal against fipronil
insecticide. The adsorption isotherms, kinetics, and thermodynamics were studied along with the
structures of different types of zeolites. The modified zeolites were characterized by N,
adsorption-desorption, X-ray diffraction analysis (XRD), scanning electron microscopy (SEM),
high-resolution transmission electron microscopy (HRTEM), energy-dispersive X-ray
spectroscopy analysis (EDX), X-ray photoelectron spectroscopy (XPS) to analyze the surface
area, crystallinity, elemental composition, morphologies, surface chemical bonding states, and
detailed study about structure, porosity, phase, planes or d-spacing. Furthermore, the zeolite was
modified with photoactive materials (g-C3N, and Carbon-dots) to test its photoactivity towards
dyes (methylene blue and rhodamine B), insecticides (fipronil), or pharmaceutical drugs
(metronidazole). Kinetics analysis was explored to determine the rate constants and analysis of

degraded products was done by GC-MS.

Novelty statement: This PhD work deals with the removal of fipronil insecticide with rare earth
metal (Cerium) modified zeolite. According to our knowledge, rare earth metal modified zeolite
(RMZ) was rarely used as an adsorbents for effective removal of the contaminants. The RMZ
have been used widely as catalysts in the petrochemical industries for the production of
commercially important petrochemicals such as cumene, cymene, ethylbenzene etc., CO;
capturing”"® but not exploited very much for adsorptive removal of pollutants (e.g.

insecticides).
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Chapter 2: Literature review and zeolite framework
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This chapter deals with the literature survey of the different noxious contaminants (EDCs, or
dyes) which were removed from their aqueous solution either by adsorption or photocatalytic
oxidation over zeolite-based composites or other composites. The adsorption capacities of
various zeolites for the removal of FIP and photocatalytic degradation efficiencies of various
photocatalysts towards the MB and RhB dye pollutants were tabulated. The pros and cons of
various other materials such as carbonaceous materials, metal-organic frameworks, zeolites,
carbon nanotubes, adsorbents, and activated carbon materials were also briefly discussed. The
structural properties along with their significance in adsorption and photocatalytic degradation
were explored. In comparison to other support materials zeolites were found to be an appropriate
substance for the hybrid adsorption and photocatalysis process, because it has a huge surface
area for adsorption, tunable pore size, high ion-exchange capability, and the abundance of acidic-
basic sites which make zeolite more active towards adsorption and photocatalytic degradation.’?

2.1 Literature review

The presence of new emerging organic contaminants e.g., EDCs, pharmaceuticals, or dyes in the
contaminated wastewater has resulted in health-related problems and environmental
deterioration. The toxic effluent of established industries or hospitals wastes directly affects
aquatic bodies.>” Especially the group of organic pollutants which fall in the category of EDCs
can cause an imbalance in the hormonal systems affecting reproductive issues, cancer,
miscarriages, endometriosis, and infertility in humans. Therefore, there is a crucial need for the
effective removal of these noxious organic contaminants.® Some selected literature on organic
pollutants (EDCs, dyes, and pharmaceuticals) removal by various adsorbents/photocatalysts is
shown in Table 2.1.

The organic pollutants can be eradicated from the wastewater by adsorption or
photodegradation techniques.>* For the adsorption process, the adsorbent bed must possess a
huge surface area, tendency to adsorb noxious contaminants, and porosity while in the

photocatalysis process the photoactive material has to be fabricated over porous support material.
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Table 2.1: The comparative table for the removal of different pollutants by various

adsorbents/photocatalysts

Name of  Adsorbent/photocatalyst % Removal Optimized parameters  Ref.
pollutant used (rate constant ‘k”) (dose, pH, time)
Bisphenol A TiO, ~70% 10.0g/L, pH 6, time: 60 1
min
Diclofenac CTAC (Cyclamen 81% 14g/L, pH 2, time: 120 12
persicum tubers based min
activated carbon)
a-naphthol Fe;0,@PANI 91.11% 20mg, pH 7, time: 300 13
(polyaniline coated Fe30,) min
FIP White rot fungus 96.5% t1,=4.2d, pH 9 14
(Trametes versicolor)
FIP Metal-organic-framework 95% 45min, 3.75 g/L, pH 6 1
(M-ZIF-8@ZIF-67)
MB ZnS and CdS 73 % 0.1 g/L, 360 min 16
nanoparticles (k =0.00361 min®
1
)
MB Hematite (a-Fe,05) 97% 2.5 g/L, 500 min o
nanoparticle (k =0.00462 min’
1
)
MB (Yb, N)-TiO, 93.55% 3 g/L, 300 min 18
MB Ag-TiOy/zeolite 93.08% 1 g/L, 90 min 19
RhB TiO,-rGO 81% 0.4 g/L, 320 min 20
(k = 0.005 min™)
RhB g-CsNy k =0.014 min™ 1 g/L, 30 min 2
RhB g-C3sN4/TiO, (P25) 74% 0.4 g/L, 80 min 2
(k =0.0217 min™)
RhB ZnO/zeolite A 99.4% 1g/L, 63 min, 23
MET Activated carbon@ZnO 83% 2 g/L, 30 min, pH 11 24
composite
MET Na@giniite particles 91.2 % 0.2 g/L, 9h, pH 2.8 2
(k=0.2918 h™)
MET MgO nanoparticles 93.2% 0.1 g/L, 180 min, pH 6 2

For the preparation of adsorbents?’ or photocatalysts, various inorganic support materials like
cellulose-based adsorbents, metal-organic frameworks, activated carbon, glass, carbon

nanotubes, and zeolites were used."?®? These materials provide the adsorption sites on their
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surfaces for the removal of the contaminants and also allow the photoactive materials to perform
their photocatalytic activities. In addition, the dispersion effect reduces the chances of
aggregation or crystallite size growth of photoactive particles, however, promotes the easy

recovery and separation of the material from the aqueous medium.

2.2 Zeolite frameworks as adsorbents/photocatalysts

The zeolite frameworks have been considered as a promising adsorbent among the
different support materials because of their salient features like huge active surface area, stability
of structures, regenerability, and high adsorption capacity, an abundance of acidic and basic sites
which helps in reducing e/h® pair recombination and tunable surface properties. The
conventional zeolite frameworks consist of aluminosilicate-type skeletal with SiO4 and AlO,
tetrahedral units. Each tetrahedral unit of AlO4 possesses a net negative charge which needs to be
balanced by extra exchangeable cations like H*, Na*, K*, Ca?*, Mg?*, Ce*" and others. Moreover,
these cationic species are loosely held and can be readily exchanged in mild conditions. The
stability of zeolite structures and its performance as adsorbent depends on the nature of
exchanged cations and their ionic properties which influences the adsorption.>* The zeolites like
ZSM-5 (zeolite Socony Mobil-5), Mordenite, beta, and faujasite type (13X) have been discussed
as they have a high surface area, pore size, and are most frequently used for the adsorption and
photodegradation processes. These zeolites have been used after modification with some metals
to enhance their adsorptive/photocatalytic properties.

The ZSM-5 zeolite (Figure 2.1a) is a medium pore zeolite with 0.51 nm x 0.56 nm which
easily allows small molecules to disperse inside the cavities. It also posses 2 intersecting channel
networks that form a 3-D network system.®*? It has strong acidity, C-C bond scission, and
exclusive pore cavities that reduce the formation of coke, such properties make this zeolite an
appropriate candidate for photocatalytic degradation. The modification with transition metals
makes the zeolite oxidation photocatalysts, which effectively works in the liquid phase and can
be easily utilized for wastewater degradation purposes.®® The special orientation of cavities and
pore channels allows the crystalline zeolite to provide space for the molecule’s position and
activity.

Zeolite 13X is a faujasite type of zeolite with a 3-dimensional structure. It is comprised of

an alumino-silicate tetrahedral structure with beta-cage as a structural basic unit and adjacent to
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this there is a 6-angle prism connection to form a molecular sieve. The positions of SI, SI’, SII,
and SIII (Figure 2.1b) are available in 13X zeolite.** Whereas, mordenite zeolite (MOR)
(Figure 2.1c) is comprised of 3 different cavities, a 12-membered ringed structure, oval shape 8-
membered side ring channels, and link cavity channels. Probable positions of cations over the
zeolite framework were categorized and suggested that the cation occupies primarily Mortier

positions i.e. p-sites and a-sites.®

The BETA zeolite (Figure 2.1d) is a large pore-sized zeolite with a 3-D complex
framework structure and has a 12-membered ring with a 7.1 A pore size and has varied
applications in petrochemical industries, fine chemicals, and photocatalysis.® It is composed of 3
polymorphic structural forms (A, B, C). The positions of Al/Si substitutions in the zeolite
structure are significant for the stability of the cation (metal) position in exchanged
frameworks.® It acts as an active host for accommodating reactants and their degraded side
products inside their cavities, which leads the molecules to the photoactive semiconductors for
the photocatalysis phenomenon. The beta zeolite was observed to be a better supporting zeolite
as it has a huge adsorption capacity than ZSM-5 zeolite. The nano-sized crystalline beta zeolite
has attracted more attention from scientists than large crystalline zeolite materials. This
decreased size of zeolite to nano-scale level leads to an increase in surface area and catalytic

activity as it reduces the dispersion paths.*’

Figure 2.1: The zeolite structures of ZSM-5, 13X, MOR, and BETA zeolite.*®

In general, with the change in Si/Al or SiO,/Al,O; ratios, the structural properties of
zeolites changes like hydrophobicity and resistance to acids increases with Si/Al ratios. based on

Si/Al ratios the zeolites have been divided mainly into 3 categories: low silica, intermediate
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silica, and high silica zeolites with Si/Al ratios < 2, 2-5, and > 5 respectively."*® The beta zeolite
has a comparatively high ratio of Si/Al (~13) as compared to 13X zeolite. The faujasite type X
zeolite has 1.0-1.5 (Si/Al ratio) while Mordenite also having a relatively higher Si/Al ratio. With
this low value of Si/Al ratio, the 13X zeolite leads to deactivation in the company of the water
medium.“® This ratio increases the stability of the zeolite in the acidic stream and also promotes
higher metal loadings.** For environment remediation, high silica zeolites have been implied for
the elimination of noxious organic contaminants. These features promote the zeolite-based
adsorbents and photocatalyst for water treatment to tackle environmental issues. To make a
zeolite an efficient material the photoactive/semiconductor material needs to be fabricated over
the zeolite for water treatment processes. The comparison of these mentioned zeolites with

organic pollutants has been tabularized in Table 2.2.

Table 2.2: The removal of pollutants by zeolite based materials zeolites

Zeolite-based Description
materials

In-TiO2(50%)/HZSM-5  Implied for the degradation of MO dye (10 ppm) in 30 min under a UV
light source of 20 W and 60% of degradation was achieved*

Fe;0.@MOR@CuO The pollutant MB dye was tested in the presence of H,O, and resulted

core-shell composite in 93% efficiency which suggests that Fes0,@MOR@CuO core-shell
composite is more stable than other core-shell nanomaterials/other
nano-composites*®

HsPoW1306/TIO/BET 70 mg of the catalyst was used to degrade MO dye with 70% of
A zeolite photocatalytic efficiency in 120 min under12 W lamps**

AgBr/Ag,CO3-Fe/MOR 70 mg dose of the catalyst was used to degrade the MB dye of
concentration 3.2 ppm under a 200 W tungsten lamp in 75 min of
contact time and 90% of removal was achieved®

B-TiO2(20%)/HZSM-5  Azophloxine dye was removed with an efficiency of 61.8% at
optimum conditions: catalyst dose 400 mg/L, dye concentration 40
mg/L in contact time of 30 min*®

ZnO/AQ/IZSM-5 Methyl Orange of 20 ppm concentration was removed with catalyst
dose of 250 mg, in 180 min and % removal of 90% was achieved *’

Au-NPs/HX Implied to remove 63.9% of phenol with a dose of 50 mg in 120 min of
contact time*®
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TiO,/HBETA Implied for 90% degradation of diclofenac with100 mg of catalyst dose
under 125 W high-pressure Hg lamp in 240 min of contact time *

Ce0,/NaX Used to remove MO dye of 5 ppm concentration with a dose of 50 mg
and 90% of removal was observed™

Z/Ce0,/NC Zeolite/Cerium oxide nanocomposite (Z/CeO,-NC) was
hydrothermally synthesized to remove MB dye by adsorption process
and maximum efficiency of 93.9% was achieved™

Ce0,CeyS3 Acetamiprid was removed with 82% of removal efficiency in 180
min®
Bi,Sn,07/C3N4/Y The different wt% of zeolite was varied and best composite was

utilized to remove tetracycline antibiotic (20 ppm) in 120 min at pH 6
and ~80% was achieved®?

CsN4/Tungstophosphori  Used to remove the acetamiprid pollutants and 43% of
c acid photodegradation was achieved in 180 min under visible light
illumination®

These zeolite-based materials have been widely utilized for the removal of noxious
contaminants from the water bodies. The BETA zeolite was fabricated with HgP,W 15062, Au,
and TiO, and was used for the elimination of MO dye and diclofenac.***® The ZSM-5 zeolite
was fabricated with TiO, particles, zinc oxide/Ag in order to remove methyl orange (MO), and
azophloxine dye.*>**#” But not more than 90% of efficiency was achieved. The MOR zeolite was
used to form Fe;0,@MOR@CuUO core-shell and AgBr/Ag.COs-Fe/MOR composites to
eliminate MB dye with 93% and 90% efficiency, but in the case of core-shell composite H,0,
was also applied which is not a cost-friendly.

2.3 Various fabricated semiconductor materials

The various semiconductor materials fabricated on zeolite surfaces for adsorption or

photodegradation purposes have been elaborated below:
2.3.1 CeO, (Cerium oxide)

Cerium metal (CeQy) is recently preferred to be used in photocatalytic degradation owing to its

exclusive properties.>® The redox character of CeO, is a potent feature as it proficiently exists in
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two oxidation states (Ce**/Ce**).>> As CeO, is having a high oxidation state and thermal stability,
it can be applied for the modification of various adsorbents to enhance adsorption capacity.
This capability of high adsorption helps to eradicate the anionic species and have resistance
against acidic conditions.>” The CeO, particles are less soluble in acid medium and don’t elute
while used for the water treatment processes like adsorption/photodegradation.®® The cerium
oxides have significant capabilities in destructing or wiping out the noxious organophosphate

compounds like pesticides/insecticides.*®
2.3.2 g-C3N,4 (graphitic carbon nitride)

Wang and coworkers brought the revolution of graphitic carbon nitride (g-C3N4) with a 2-D
polymeric structure that attracted much attention for various applications.®*® Due to its
fascinating properties, g-C3N, is widely used in recent years that include facile synthesis, low-
cost precursors, and stable physicochemical properties with medium electronic band structure.®*
% 1t can be developed as a metal-free, nontoxic potential photocatalyst with a good response in
visible light with a bandgap of 2.7 eV.%2%% Additionally, in an ambient condition, it is
chemically and thermally stable, having low density, layered structure, resistivity towards the
water. Biocompatibility originates it greatly promising in the area of photocatalysis. Regardless
of having these amazing properties, lacking in visible-light absorption, high recombination of the
photo-induced electron/hole pairs, less surface area, and reduced morphological properties
obstruct their extensive exploitation in photocatalytic processes.®*®*®” To conquer these
limitations, the most suitable method is to fabricate with the material which has a high surface
area for adsorption and also reduces the recombination rate.

2.3.3 C-dots (Carbon dots)

The C-dots in the size range of 1-10 nm are nanostructured carbon materials which possess
strong and tunable chemical properties. They are photoluminescent nanoparticles possessing
very little toxicity, potent and compatible structures with high stability, and interesting
photocatalytic traits.®® ™ These interesting properties provide a wide range of applications like
sensing,”* drug delivery, bioimaging, photocatalysis, and electrocatalysis. The C-dot structures
have delocalized conjugated n-bonds which promotes fast charge separation and photo-induced

charge carrier movement, and finally improves the photocatalytic efficiency.’*”® The carbon of
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C-dots is sp?/sp* hybridized which holds the fine electron transferring or storage property.”*"

They can act as an efficient photocatalyst as well as photovoltaic cells due to their light absorber
property.”® A new temperature-controlled fluorescent particle has been synthesized by
introducing C-dots into the templates of polyvinyl alcohol, potassium alum, and polyurethane.””~
" These templates can hinder the vibrations and rotations of the exposed functional groups on C-
dots at the intramolecular level, and hence stabilizes the triplet excited states. On the other hand,
these C-dots are small crystal-like structure and gives lesser yield on synthesis in batches, while
their reusability is not an easy task and time consuming too. These C-dots are rich in surface
active groups which promote its attachment to the other materials for forming potent composite
materials. These C-dots have some demerits like separation problem, decrease in efficiency due
to oxidation;* but their photoactivity creates an impact in the field of photodegradation,

therefore C-dot composites are upgraded.
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Chapter 3: Experimental Methods, Kinetics and
[sotherm Models
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This chapter discusses about the chemicals used for the synthesis/modification of zeolite
composite materials and the characterization methods used for the analysis of prepared nano-
composite materials. The various characterization like N, adsorption-desorption analysis, X-ray
diffraction analysis (XRD), Scanning electron microscopy (SEM), High-Resolution
Transmission electron microscopy (HRTEM), Energy-dispersive X-ray spectroscopy analysis
(EDX), X-ray photoelectron spectroscopy (XPS) were elaborated along with their methods. The
adsorption study data were further analyzed with the help of adsorption isotherms and the
interactions between the adsorbate and adsorbent can also be predicted by plotting the data in the
Langmuir, Freundlich, Harkins-Jura, Dubbin-Radushkevich (D-R), and Halsey adsorption
isotherm models. Different kinetic models such as Pseudo-first order, Pseudo-second order,
Elovich model, and intra-particle diffusion were also investigated. Based on R? (Pearson
correlation coefficient) values their accuracies were estimated. A thermodynamics study was

carried out to know the enthalpy and entropy of performed adsorption process.

3.1 Materials

Ammonium ZSM-5 zeolite, ammonium mordenite, and ammonium beta zeolite were
purchased from Thermo Fisher Scientific India Pvt. Ltd. and 13X zeolite from Allied Products
Private Limited. The NH4NO;3 salt was obtained from Loba Chemie. Ceric ammonium nitrate
(99% pure) salt was procured from CDH chemicals, India. The melamine was purchased from S
D Fine-Chem Limited, Industrial Estate, Mumbai. Catechol was obtained from SD Fine-Chem
Limited and HPLC grade solvents were used for synthesizing photocatalyst. Raw wastewater
was acquired from the industry, Ludhiana. The Methylene Blue (MB) dye and insecticide
Fipronil (5% w/w) were bought from Merck and Bayer Crop Science, respectively.
Metronidazole antibiotic from Flagyl brand was procured from the pharmaceutical industry, HP

India.
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3.2 Characterization
3.2.1 Brunauer-Emmett-Teller

The BET (Brunauer—Emmett—Teller) surface area and pore distribution of the zeolites
and modified zeolites were analyzed with the help of the BET surface area analyzer instrument.
The Microtrac BELSORP MINI-II (Bel, Japan) instrument was used to find out BET surface
area, mean pore diameter, and volume of pores, and BJH (Barrett—Joyner—Halenda) plot for
pore-size distribution of all adsorbents through N adsorption-desorption isotherms at 77 K. The
BET specific surface area was obtained with the help of experimental points at a relative
pressure of P/Py < 0.5. The total volume of pores of various adsorbents was determined by the
amount of nitrogen adsorbed (at P/Py = 0.99).
3.2.2 X-ray diffraction

The chemical structure and crystallinity of the synthesized nano-zeolites were analyzed
by the X-ray diffraction (XRD) technique. The Pan Analytical X' Pert-Pro X-ray diffractometer
was adopted to study the XRD patterns of unmodified and modified zeolites, with Ni-filtered
CuK, radiation having a step size of 0.013" (45 kV, 40 mA) and wavelength A = 1.5406 A. The
XRD analysis was done at a slow scan from a 26 range of 5-80 .
3.2.3 Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDX or EDS) was used to analyze the elemental
composition, color mapping, and surface morphology in combination with scanning electron
microscopy. The EDS along with elemental maps were used to determine chemical compositions
by both qualitatively and quantitatively using JEOL JSM-6510 with a voltage of 15 kV.
3.2.4 High-resolution transmission electron microscopy

The HR-TEM analysis was done with instrument specification: Thermofisher (TALOS
F200S G2) - 200 KV, FEG, CMOS Camera 4 K x 4 K, In Column EDS Detector. The sample
was homogenized in an ultrasonic bath for 30 min. The pores location, alignment of particles,
surface morphology, d-spacing, planes, and size of adsorbent/loaded material were observed by
HR-TEM analysis.
3.2.5 X-ray photoelectron spectroscopy

The chemical states of metal oxide and carbon-based photoactive materials were
investigated by XPS (X-ray Photoelectron Spectroscopy, Omicron ESCA instrument) employed

for characterization with a monochromatic Al ka radiation (hv ~1486.7 eV).
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3.2.6 Gas Chromatography-Mass Spectrometry

Gas Chromatography-Mass Spectrometry (GC—MS) analysis was carried out to analyze
the intermediates of the photodegradation process. The Thermo Scientific TSQ 8000 triple
quadrupole MS was coupled with Thermo Trace 1300 GC was used. The helium gas was used as
a carrier gas with a flow rate of 1 mL/min. The splitless injector mode with BP 5MS column
having dimensions of 30 m x0.25 mm; 0.525 um along with the column makeup of 5% phenyl
polysilphenylene-siloxane was used. The injection volume was 1 pL with injector temperature
(250 °C), ion source temp. (230 °C), MS transfer line temp. (240 °C) was implied. Initially, the
temperature of the oven was set to 50°C (hold time:1 min) with an increasing rate of 10°C/min to
reach 150°C (hold time:1 min). Then its temperature was increased from 250 °C (hold time:1
min) to 280 °C (hold time:5 min) at an increasing rate of 8°C/min and 15°C/min. The MS spectra
were obtained from range m/z (40-650) with 3525 scans and Xcalibur 2.2SP1 with foundation

2.0SP1 software was used.

3.3 Performance evaluation of adsorbents/photocatalysts
3.3.1 Batch adsorption experiments

The stock solution of FIP (600 ppm) was prepared by dissolving FIP in deionized water.
The modification with cerium oxide was done to improve the surface properties or charge to
facilitate the adsorption. Adsorption of FIP on modified zeolite was carried out in a flask (250
ml) in batch mode over a certain amount of adsorbent (0.5-4 g/L). In order to obtain maximum
removal of FIP from aqueous solution, the EDC solution with adsorbent was shaken by an
incubator shaker (Bionics, BST-AS35) with varying agitation speed (50-300 rpm) at the
temperature range from 25°C - 45 °C for a specific time period (0-140 min). The samples were
withdrawn from the shaker at fixed time intervals, and the adsorbent was separated from the
solution by centrifugation at 8,000 rpm for 5 min in a centrifuge machine (TG-16S, Benchtop).
After this, the supernatants were analyzed by UV-visible spectrophotometer (HACH, DR 5000)
to determine the residual concentrations of FIP (at 276 nm) by using a standard curve. The
removal efficiency of FIP (R%) and adsorption capacity of Cerium modified zeolites (q;, mg/g)

were calculated using Equations 3.1 and 3.2 respectively.
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ci—cf

Ci

Removal efficiency, R (%) = ( ) % 100 (3.2)

Adsorption capacity, g, = Cil;cf (3.2)
Where C; is the initial and Cs is the final concentration of the adsorbate; m is the mass of the
adsorbent per litre of the solution, and g; (mg/g) is the amount of the solute adsorbed per gram of
the adsorbent at time t. All batch experiments were carried out in triplicate and the average
values were accounted. The standard deviation of the data for various repetitions was less than

5%.
3.3.2 Adsorption kinetics study
To explore the adsorption process a variety of kinetic models like pseudo-first-order,

pseudo-second-order? and Elovich models were tried for fitting the kinetic records.’

Lagergren’s Pseudo-first-order model:

108(Q, — @0) = 10g(Q) ~ 555 X ¢ (33)
Linear expression for Pseudo-second-order model:
t 1 t
o K@ (3.4)
Elovich kinetic model:

1 1
q: = Eln(ab) + Eln(t) (3.5)

Lagergren’s pseudo-first-order model (Equation 3.3) is generally employed to primary
rate with the assumption that the adsorption rate is associated with the measure of unoccupied
adsorption sites.” The rate constant K, (L/min) was determined by the slope value of the graph of
log(Qe-Qy) Vversus time.* The rate constant of pseudo-second-order (Equation 3.4) model K,
(¢/mg.min) was obtained by plotting the graph between t/Qt and t.> For explaining more
accurately the heterogeneous nature of the Ce-modified zeolite and its energetic surface, Elovich
kinetic model (Equation 3.5) was used. The rate of initial adsorption was determined from the
graph of Q; versus In t.° The various kinetic parameters were calculated to know the favorable

kinetic model for the adsorption process.
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3.3.3 Adsorption isotherms

Adsorption isotherms reveal the efficacy of the Ce-zeolite and their binding efficiency
towards FIP molecules which is a significant factor for the adsorption procedure to occur. The
binding affinity in the form of adsorption capacity is obtained by fitting the data in various
isotherms like Langmuir,” Freundlich, Temkin, Harkins-Jura, Halsey, and Dubbin-

h;>>89 their linear expressions were depicted in equations given below and

Radushkevic
parameters were elaborated. The accurateness of these adsorption isotherms was being
determined through R? values (Pearson correlation coefficient).

Langmuir isotherm

Ce_ 1, ice (3.6)
qe QmKL Qm
1
R, =—— (3.7)
1+K,C,
Freundlich isotherm
_ log C,
logq. = log Ky + (3.8)

Temkin isotherm
Oe =B+In Kt + Byln Ce (39)

Harkins-Jura isotherm

.- (E) ~Liogc, (3.10)

qi A/ A

Halsey isotherm

Inqe =lan—llnCe (3.11)
n n

Dubinin—-Radushkevich model

Ing. = InQ —Be? (3.12)

e=RTIn (1 + cle) (3.13)

E=+1/2B (3.14)

Firstly, the data were fitted in Langmuir isotherm which presumed that there is single layer
(monolayer) formation over the adsorbent, having a homogeneous surface with negligible

interactions among the pollutant molecules and follows Equation 3.6. The maximum adsorption
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capacity is denoted by ‘Qp’ which indicates the maximum amount of pollutant adsorbed (in
monolayer manner)/gram of the adsorbent (mg/g).° The adsorbent’s activeness and its potency
towards the binding channels are denoted by K, (L/mg) and this K. value can be used to find out
separation factor (R.) (Equation 3.7). The R_ value was determined for finding the
characteristics and practicability of Langmuir isotherm. The unitless constant R, value suggests
that whether the adsorption is linear (R_=1), irreversible (R_>1), unfavorable (R >1) or favorable
(0<R_ <1)."

The Freundlich isotherm (Equation 3.8) elucidates that the adsorption process occurs in
a multilayer fashion on heterogeneous surfaces of the adsorbent. For favourable adsorption, the
‘n” should be n>1, and specifically for a better sorption process, the value of Freundlich constant
1/n lies from 0 to 0.5. If the value of 1/n lies in the range of 0.5 to < 1 suggesting difficulty in the
adsorption process.'?*?

Temkin isotherm (Equation 3.9) presumed that as linkages between adsorbate and
adsorbent increases, the heat of adsorption decreases. The Bt is the heat of adsorption and
expressed by formula Bt = RT/B; where ‘B’ denotes the maximum bond energy.** The Harkins-
Jura isotherm reveals that there is heterogeneity in pore distribution which helps for the
explanation of multilayer adsorption (Equation 3.10). Halsey isotherm (Equation 3.11) gives a
proper explanation for the adsorption in multilayer fashion® and is used to describe hetero-porous
solid adsorbent. The Dubinin—-Radushkevich (D-R) model implies a hypothesis; no uniform
surface is available for stable adsorption in conformity with Polanyi’s potential theory. The
linear form of D-R isotherm and Polanyi Potential is symbolized by ‘€’ are written in Equation
3.12 and 3.13, respectively. The values of parameters B and Qs were calculated from the plot of
In ge and €°° The mean adsorption energy ‘E’ was calculated from the B value by using
Equation 3.14.2%°

3.3.4 Thermodynamic properties

Thermodynamic parameters, AG°-Gibbs free energy change with units kJ/mol, AS°-
entropy change (kJ/mol.K), and AH®-enthalpy change with units (kJ/mol) were determined. To
know the thermodynamic properties of the adsorption process in removing pollutant molecules
by Ce-zeolite the Van’t Hoff equation was used, as written below:®

de AH®  AS®
(2
e, RT T R

(3.15)
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K. = 1000 xg—: (3.16)

In(K,) = — oL &5 (3.17)
RT ' R

AG® = AH° — T(AS®) (3.18)

Here ‘ge’ 1s the quantity of pollutant adsorbed per gram of the adsorbent with units mg/g, the
equilibrium concentration of pollutant is denoted by ‘C.’ with units mg/L, and the absolute
temperature ‘T’ in Kelvin (K). The data of AH® and AS°® were determined from the plot of
In(ge/Ce) versus 1/T, following Equation 3.15.* The ‘Kd’ distribution coefficient which equals to
(9e/Ce) is not appropriate for calculating the thermodynamic parameters. So, this ‘Kd” with units
L/g was converted to K. by multiplying it with the factor of 1000, which is dimensionless and
appropriate for further calculations.*® From Equation 3.17, the AG® values of FIP adsorption on
Cerium modified zeolites were estimated for temperatures: 298K, 303K, 308K, 313K, and 318K.

3.3.5 Photocatalysis experiment

Appropriate amounts of the prepared photocatalysts were poured into the container
having appropriate solution of pollutants of specific concentrations, were irradiated with various
light sources (UV/sunlight/visible) after the attainment of equilibrium, and the treated solution
was checked at different time intervals to know the kinetics and rate constants. After the photo-
degradation experiment, the treated pollutants were separated from the catalyst via the
centrifugation process. The absorbance values of the treated pollutants were observed from UV-
Visible spectrophotometer (HACH DR 5000) at their Amax Values. According to Beer Lambert's
law, the concentration is directly proportional to absorbance value; therefore the degradation
efficiency can be calculated by the formula:

% Degradation = {(Co - C)/ Co} x 100 = {(Ao - A)/ Ap} x 100 (3.19)
Where Ay, A, and Cy, C represents the absorbance and concentration at time t = 0 and t,
respectively. The rate constant of the photodegradation experiment was calculated by the
equation: In (C/Cyp) = -kt (3.20)

Where k is the rate constant, Co and C is the concentration of the pollutant (dye or pesticide) at

time ‘t” =0 and t, respectively.
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3.3.5.1 Photocatalytic degradation

The photocatalytic degradation was tracked so vastly by the wastewater treatment as it
was proved to be the proficient and effective technique for the elimination of the noxious
contaminants from the wastewater for the cleanliness rationales. This wastewater quantity has
been increased bit by bit due to the industrialization and modernization of society.’*® As already
mentioned in the above section, natural sunlight can also be used for degradation experiments
because it is an eco-friendly energy source and satiates the energy necessity without harming our
environment. So this technique fits in the cost effectual and safer category. For the photocatalytic
degradation mechanism, these key points are followed: (a) movement of pollutant molecules
present in reaction solution to the surface of the catalyst, (b) pollutant’s adsorption, (c)
photocatalysis in the adsorbed state, (d) desorption of the degraded products; and (f) detachment

of the final products from the border.*?°

$ o,
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(CO, + H;0)
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Figure 3.1: Proposed photocatalytic degradation mechanism of semiconductors under light
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3.3.5.2 Utilization of solar light as a sustainable energy source

Cost assessment is also a vital aspect of concern in the treatment of these organic
contaminants via AOPs (photocatalytic process). Consequently, scientists have spotlighted the
natural solar radiation (coming from the sun) as a sustainable source of energy for wastewater
treatment by photoactive materials. On account of its enormous accessibility, purity, cost
friendliness, and sustainability/feasibility; creates the idea of flourishing this solar energy for

diverse purposes is successfully adopted by humankind. The solar band of sunlight comprises
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nearly 3-5% of UV radiations and approximately 47% of visible light radiations in terms of
energy with the wavelength (X) of <400 nm and 400 > A < 700 nm respectively. In theory, it has
been reported that nearly 89,300 TW of solar radiations reached the surface of the earth.?
Whereas there is a huge space between its assessment and applicability for different purposes, so
there is a crucial need to deal with this loophole smartly. The ecologist and scientists are
searching for simple approaches and techniques to flourish and exploit this energy for

wastewater treatment.

3.3.5.3 Mechanism of photocatalysis process

The mechanism of the photocatalysis process includes intermediary steps; the initial one
is the electron-hole pair formation which will happen after the catalyst surface got irradiated with
light flux (< band-gap of semiconductors) known as the photo-excitation stage of
semiconductors.? In the photocatalysis process, the electron present in the VB (Valence Band)
got an adequate amount of energy from light flux to cross the separation (band-gap) between VB
and CB (Conduction Band). After crossing, the electron reaches/arrived at CB and creating
electron vacancies in VB known as holes. These holes in VB and electrons in CB behave as
strong oxidizing and reducing agents respectively. An electron donor got oxidized when the
holes moved to the surface whereas an electron acceptor got reduced when semiconductors
donate electrons. The semiconductor can alter its working according to the environment provided
or available, like if the semiconductor has an oxygen environment (from dissolved oxygen) that
is if the catalyst surface adsorbed molecular oxygen then there will be the generation of
superoxide radical (0,~) species; and if photodegradation reaction was going in a water
environment then there will be the generation of hydroxyl radical (OH) species. These radical
species (0,~ and ‘OH) were chiefly answerable for the contaminant’s degradation and
mechanism.?*?* The diagrammatic illustration of the photocatalytic degradation mechanism is

depicted in Figure 3.1.

3.3.5.4 Recombination rate
The light falls on the catalyst surface excites an electron from VB to CB, and creates
holes with a positive charge. And this leads to redox reactions on the surface of the photocatalyst

which will further give rise to the mineralized products or intermediate products. And if in case

these electrons and holes are not quenched after the excitation phenomenon, then they will merge
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within picoseconds and diffuses, known as recombination. If this recombination phenomenon
occurs at the surface or in bulk then called surface recombination or volume recombination,
respectively. This recombination gives rise to loss of energy and thereby reduces quantum
efficiency. This process can happen on the surface or in the bulk of photocatalyst due to the
reason like defects in the crystal structure. The reaction of e/h* recombination is:

Electron + hole — neutral centre + exothermic energy (heat) (3.21)
As the formation of electron-hole pairs enhances, the rate of recombination also increases
parabolically according to the following equation 3.22:

rr = kg [€][N"] = ke [T (3.22)
The chances of recombination can be reduced by methods like doping, co-catalyst addition, or
heterogeneous coupling. The observation was made that after modification with the transition
metals (Fe, Cu, Cr, Co, Mn, Mo, V) shifts the light-absorbing capability of the catalyst from UV
to the visible region; and they were also found to work as the sites for recombination results in
decreased quantum efficiency.?*?*% The fabrication of the material with Ag, Au, Pt, Pd metals
creates the Schottky defects at the metal-catalyst surface which reduces the chances of
recombination.”?® It was also examined that small crystallite size can decrease bulk
recombination, while this can increase the chances of surface recombination; so controlled and

appropriate preparation of these structures can help in tackling this problem.?’
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Chapter 4: Adsorptive removal of fipronil by cerium
modified zeolite ZSM-5: Equilibrium,
kinetic and thermodynamic studies

Adsorption using Cerium modified
ZSM5 zeolite
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e Mesoporous Ce;sZSM-5 zeolite was synthesized via ion-exchange method.

e Modified zeolite possesses excellent adsorption capacity for Fipronil pesticide.

e Langmuir isotherm and Pseudo second-order model fitted best for adsorption process.

e Thermodynamic experiments confirmed the spontaneous & exothermic nature of

adsorption.
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4.1 Synthesis of modified zeolite

4.1.1 Cerium modified zeolites

Commercially available H-ZSM-5 zeolite was calcined for 3 h at 623K. The calcined
zeolite was then refluxed with different percentages of ceric ammonium nitrate solution. In the
refluxing set-up, 375K temperature was maintained for 24 hours, and H-ZSM-5 zeolite was
modified to cerium modified (Ce-ZSM-5) form. The adsorbents obtained were centrifuged at
8000 rpm and were washed 3-4 times with deionized water and dried in an oven at 393K for 14
hours. Finally, cerium-modified zeolite was calcined at 723K for 4 hours to remove the excess
ions.! This methodology is pictorially represented in Scheme 4.1. The modification of zeolite by
cerium was confirmed by characterization techniques such as XRD, BET, FESEM, HR-TEM,
EDS, and XPS. The H-ZSM-5 zeolite treated with 5%, 10%, 15%, 20%, 25% and 30% ceric
ammonium nitrate solution were designated as CesZSM-5, Ce1gZSM-5, Ce15ZSM-5, Cey0ZSM-5,
CepsZSM-5 and Ce3pZSM-5, respectively.

Washed with

deionized water
—_—
and centrifuged

Dried in oven at
393K for14h

HZSM-5 zeolite . .
Refluxingof HZSM-5 Calcined at 723K
+ Zeolite with ceric forah
ammonium nitrate _
Weight % loading of 2 B ESEY ES
ceriumon HZSM-5 = bl —

: fa.
zeolite

Cericammonium

! | Refluxing unit ——...&w‘.__u__ =
nitrate solution / 2

—

Scheme 4.1: Scheme for preparation of cerium modified (different cerium %) HZSM-5 zeolite.

4.2 Characterization of adsorbents

4.2.1 XRD analysis

The XRD spectrum of Ce-modified H-ZSM-5 zeolite is shown in Figure 4.1. It was clearly

shown from the spectra that the modification with cerium has successfully been taken place, as
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the peaks of CeO, was observed at 20 approximately 28.4°, 32.96°, 47.44°, 56.28°, 59.1°,
69.22°, 76.59°, 78.93°, 88.3° which indexed to (111), (200), (220), (311), (222), (400), (331),
(420), (422) planes, analogous to face-centered cubic (fcc) phase of crystalline CeO; respectively
(JCPDS/PDF 34-0394). The peak observed at 20 ~ 23.2° corresponds to the (051) plane of H-
ZSM-5 zeolite, signifying that the zeolite retained its original structure (JCPDS 44-0003).

(a) Ce,sZSM-5 (b) (051) —— H-ZSM-5
(111)
2 2
< 8
>| ©sD N
%] =
& 2
g (220) 5
-— c
(200) (311) (311) =
(420)
(222) (400) (422)
20 30 40 50 60 70 80 90 10 20 30 20 50
26 (degree) 20 (degree)

Figure 4.1: XRD spectrum of (a) Ce,sZSM-5 adsorbent and (b) H-ZSM-5 zeolite.

4.2.2 Surface area and pore size distribution analysis

The surface properties of Ce,sZSM-5 were determined by BET surface area and pore size
analyzer and are shown in Figure 4.2. It has been observed that the physicochemical properties
of zeolite changed after modification with cerium. The BET surface area and mean pore diameter
of CexsZSM-5 were found to be 193 m?/g and 2.8 nm, respectively. The loaded zeolite with
different concentrations of cerium possesses a type-1V isotherm with H2 hysteresis loop that is a
feature of mesoporous material (Figure 4.2a). The adsorbed pore volume decreases from H-
ZSM-5 to Cey0ZSM-5 zeolite and then it becomes constant for Ce,sZSM-5 and CezgZSM-5. The
decrease of the pore volume is due to the exchange of cerium which may be blocking the pores.
The BJH plot indicates that the pore size distribution of modified mesoporous material lies in the
range of 2-50 nm (Figure 4.2b). The surface properties of modified zeolite evaluated by N,

adsorption-desorption are summarized in Table 4.1.
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Figure 4.2: (a) Nitrogen adsorption-desorption isotherms, (b) BJH plot of H-ZSM-5 zeolite and

different cerium wt% modified zeolite.

Table 4.1: Surface properties of the different modified adsorbents.

Sample BET surface Mesopore  Total pore  Micropore Micropore

area (m?/g) (+10  diameter volume diameter volume

m°/g) (hm) (cm®/g) (hm) (cm®lg)
H-ZSM-5 417 2.58 0.268 0.70 0.169
CesZSM-5 286 3.46 0.247 0.60 0.108
Ce10ZSM-5 227 2.92 0.166 0.70 0.097
Ce15ZSM-5 198 3.07 0.147 0.70 0.103
Cez0ZSM-5 192 2.91 0.125 0.70 0.093
CexsZSM-5 193 2.81 0.136 0.70 0.103
Ce30ZSM-5 181 2.88 0.123 0.70 0.097

4.2.3 XPS analysis

The XPS survey spectrum of the Ce;sZSM-5 shows the presence of cerium and oxygen species

(Figure 4.3a). The XPS data depicts that O 1s peak is asymmetric and two deconvoluted peaks
appear at 531.3 eV and 534.4 eV (Figure 4.3b). The peak at 531.3 eV (designated by O,)
corresponds to the lattice oxygen from H-ZSM-5 zeolite structure, and 534.4 eV (designated by

Op) is attributed to the surface hydroxyl group.? The Ce 3d XPS spectrum of the same sample is

shown in Figure 4.3c. The complex XPS spectra are de-convoluted into 3ds;, and 3ds, spin-

orbital components (marked as u and v respectively) which relate with Ce** < Ce®" electronic
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transitions.® The four strong peaks having binding energies v (BE ~ 883.9 eV), u (900.5 eV), v’
(898.88 V), u™ (918.5 eV) and one weak peak v’ at 889.7 ¢V appeared due to Ce*" metal
cations. For the peak at BE~903.06 eV corresponds to Ce** cations, which are comparatively
weaker than Ce** cations.®® Therefore, there is co-existence of both Ce** and Ce*" cations in

Ce,5ZSM-5 catalyst.?

(@) O 1s (b) Op (534.4¢V) O1s (€) ce Ce
3d3/2 3d5/2
2| Ce3d - 2
gl M g s
z > >
g % 0, (531.3eV) é
£ < =
900 800 700 600 538 536 534 532 530 528 920 910 900 890 880
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 4.3: XPS (a) survey spectrum, (b) data of O 1s, and (c) Ce 3d of Ce;5ZSM-5.

4.2.4 EDS-elemental and FESEM analysis

The EDS spectra depict the elemental composition of modified zeolite by calculating the
area under the peak of each element. The peaks of cerium in EDS spectra justifies the presence
of cerium in the crystal lattice of zeolite (Figure 4.4a). The presence of silica and alumina
indicates the building blocks of actual zeolite were not interrupted. The uniform distribution of
elements was confirmed by the color mapping of the sample. The uniform distribution of oxygen
and cerium and that of other elements (Na, Si, Al) are shown in Figure 4.4c-e. The morphology
of the adsorbent was studied by FESEM analysis. The FESEM images ensure that the surface of
the catalyst is rough and porous with flattened irregular-shaped structures. In Figure 4.5b, the
powdered cerium modified zeolite agglomerates are seen which are formed due to

interconnections of the individual grains.
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Figure 4.4: (a, b) EDS spectra and SEM image, (c-e) elemental mapping showing the elemental
distribution of O, Ce, Na, Si, and Al in Ce,sZSM-5.

Figure 4.5: (a, b) FESEM images of Ce;sZSM-5 at different scales.
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4.2.5 HR-TEM analysis

The CezsZSM-5 zeolite adsorbent was characterized by HRTEM analysis to study the
insight distribution of cerium crystallites. The sample was comprised of zeolite H-ZSM-5 with
the dispersion of cerium onto zeolite and shows characteristic diffraction contrast (Figure 4.6a,
b). This analysis shows that the white particles shown in the figure are cerium oxides present in
the crystal. The Ce;sZSM-5 zeolite is having crystalline grains and the particle size of 12-18 nm

is observed.

Figure 4.6: (a,b) HRTEM images of Ce,sZSM-5 at different scales.

4.3 Fipronil adsorption performance

The stock solution of FIP pollutant was prepared by dissolving FIP in the solvent. The
detailed adsorption mechanism is shown in Figure 4.7. The oxygen species present on the
adsorbent surface with lone pair of electrons behave as negatively charged species and attracts
the positively charged NHs" group of FIP in acidic conditions as shown in Figure 4.7. So as a
result, the electrostatic interactions are responsible and are regarded as the main driving force in
most of the adsorption processes mainly for the surface modified adsorbents.® The modifications

are done for improving the surface properties or charge to facilitate the adsorption.
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Figure 4.7: Plausible adsorption mechanism of FIP onto Ce,sZSM-5 zeolite surface at acidic pH.
4.3.1 Effect of cerium loading

The cerium loading effect has been studied by varying the weight% of the cerium
precursor salt by ion-exchange method and analyzing their adsorptive performances. The
fabrication of the metals/metal oxide on the adsorbent bed was regarded as the promoter which
increases its efficiency and stability.’® The generated active sites were balanced by the charge
balancing cationic species, the positively charged univalent hydrogen/sodium ions (H* or Na")
were substituted by positively charged polyvalent cerium ions (e.g Ce*") and this results in
increasing the acidity of the exchanged zeolite by enriching the surface with more number of
active sites.'®'* The ammonium form of ZSM-5 zeolite was modified with cerium salts (wt%:
5% to 30%) to form cerium modified zeolite. The removal efficiency of cerium modified zeolites
for fipronil pollutants increases from 5 wt% to 25 wt% (47.08% - 79.40%) and there is a decline
in removal efficiency (70.40%) for 30 wt% as depicted in Figure 4.8. The reason may be due to
the decreased surface area of Ce3-ZSM-5 and also the saturation of the active sites.

4.3.2 Effect of contact time

The effect of contact time on adsorption of FIP was investigated with a fixed FIP
concentration of 600 mg/L over 1g/L of adsorbent (Figure 4.9a). From this figure, it has been
observed that FIP removal increased from 34% to 79.5% with an increase in contact time (40-
120 min), and as a result adsorption capacity also increases. The adsorption of FIP was quick at

an initial time due to the availability of the number of vacant active sites on the surface of
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Ce,sZSM-5, which facilitates decontamination of wastewater.” The maximum adsorption is
achieved in 120 min. After a long time interval (>120 min), adsorption equilibrium is attained
which leads to steady removal of FIP. Therefore, 2 h contact time was used for analyzing the
equilibrium and thermodynamic parameters.
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Figure 4.8: Removal efficiency of FIP with different cerium modified zeolite.
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Figure 4.9: Effect of (a) contact time, and (b) pH on FIP adsorption by Ce;5ZSM-5.

4.3.3 Effect of pH

Adsorption of EDCs in the surface of modified zeolite mainly depends on the pH of the
solution as fluctuations in pH can affect the states of the ionic species in the solution.***®

Removal of EDCs by zeolite was analyzed in the range of pH 2-10. The pH values of the EDC
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solutions were maintained by using 0.2 M HCI and 0.2 M NaOH solution. Adsorptive removal of
FIP increased (from 72.59 to 88.04%) with an increase of solution pH from 2 to 3 because, the
positively charged H* ions lead to electrostatic attraction with the adsorbent anionic oxygen and
positively charged FIP moiety, which becomes advantageous for adsorption phenomena. The
later decrease (from 75 to 53.48%) in the pH range of 4-10 is due to deprotonation of the FIP
adsorbate which weakens the electrostatic force between the surface of Ce,;sZSM-5 and FIP
pesticide. This trend was consistent with previous research on the adsorptive removal of EDCs
over nano zeolite.** The maximum percentage removal (88.04%) was obtained at pH 3 of the
solution (Figure 4.9b).
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Figure 4.10: Plot for (a) the effect of temperature [adsorbent amount: 1g/L; time: 2h], (b) the
effect of adsorbent concentration (g/L) [pH: 3, temp: 25 °C; time: 2h], (c) the effect of rpm
[adsorbent amount: 3.5 g/L, temp: 25 °C; time: 2h, pH: 3], and (d) the effect of adsorbate conc.
[adsorbent amount: 3.5 g/L, rpm: 250, temp: 25 °C; time: 2 h, pH: 3] (inset contains FIP
structure).
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4.3.4 Effect of temperature

The effect of temperature on adsorption of FIP onto modified HZSM-5 was studied over
a range of temperatures from 25 to 40°C while other parameters remain constant (Figure 4.10a).
The adsorption of FIP decreases with an increase in temperature, which indicates that low room
temperature, facilitates the adsorption process, and adsorption of FIP onto CeyZSM-5 is
exothermic at room temperature. The maximum percentage removal (>75%) of FIP was
observed at 25°C as the molecules attained adequate energy at this temperature so that they can
interact with the sorption sites available on the adsorbent surface. At higher temperatures, the
electrostatic interaction between the EDC and the active sites destabilizes which shifts the
adsorption equilibrium towards the desorption phenomenon.? Therefore, 25°C temperature was

taken in all further adsorption experiments.

4.3.5 Effect of adsorbent dose

The adsorbent dose of Ceys-ZSM-5 material was examined for the removal of FIP by
conducting a series of batch experiments with optimized 600 ppm FIP concentration for 120 min.
The Ceys-ZSM-5 concentration was varied from 0.5 g/L to 4.0 g/L. The increase in % removal of
FIP was observed till 3.5 g/L that is 90.1% and then it becomes constant as shown in Figure
4.10b. This increase may be due to the presence of a high surface area and the availability of a

larger number of active sites for adsorption.

4.3.6 Effect of stirring speed

The effect of agitation speed on the removal efficacy of EDC on cerium modified HZSM-
5 was observed at pH 3, 3.5g/L concentration of Ce,sZSM-5, and temperature of 25°C for 2 h. It
is found that there is an increase in the removal efficiency with the increase in agitation speed
from 50-300 rpm, and the maximum % removal observed was 90.5%, which is shown in Figure
4.10c. As the rotation speed becomes high, the probability of contact between the adsorbate and
adsorbent increases, which facilitates EDC molecule to overcome the film diffusion resistance.
From this study, the optimum agitation speed was found to be 250 rpm and after that, almost

saturation is attained.
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4.3.7 Effect of pollutants concentration

The initial adsorbate (FIP) concentration was varied and its % adsorptive removal was
investigated as shown in Figure 4.10d. From the graph, it has been seen that with an increase in
the concentration (600-900 mg/L) of the pollutant, the % adsorption removal decreases from
92.97% to 77.83%. The reason may be the rapid attainment of the equilibrium due to enhanced
driving force with increased FIP pollutant concentration and also the saturation of the sites
occurs which are available for adsorption. Therefore, 600 mg/L concentration of FIP pollutant
was considered as an optimized concentration because higher % adsorptive removal was
observed at this concentration. The high adsorption capacity of Ce-ZSM-5 was found to be

598.80 mg/g. The structure of FIP is shown in Figure 4.10d in the inset.

4.4 Adsorption kinetic study

To study the adsorption process of FIP on cerium modified zeolite, different kinetic models like
Pseudo-first order, Pseudo-second order, Elovich model, and intra-particle diffusion model were
investigated (in Figure 4.11a-d). According to the interpreted data, the Pseudo-second order
model was the best fitted with a higher regression coefficient than other kinetic models, which
confirmed that chemisorption dominated the adsorption process.*? The calculated kinetic
parameters for FIP adsorption are reported in Table 4.2.

Table 4.2: Kinetic model parameters for adsorption of EDC — fipronil.

S. No. Kinetic model Parameters Values for FIP
1. Pseudo-first order ki (min™) 0.0308
ge (Mg/g) 479.48
R 0.942
2. Pseudo-second order K, (9/mg.min) 5.927 x 10
ge (MyY/Q) 588.235
R? 0.994
3. Elovich a (mg/g.min) 47.622
b (g/mQ) 0.00796
R 0.985
4. Intra-particle diffusion  k; (mg/g.min°®) 34.529
Ci (mg/g) 113.155
R 0.981
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Figure 4.11: Linear fit plots for kinetic models; (a) Pseudo first-order model, (b) Pseudo-second
order model, (c) Elovich’s model, and (d) Intra-particle diffusion model.

4.5 Adsorption isotherm study

Adsorption isotherm exhibits an appropriate explanation for the adsorption process and
efficiency of the adsorbent. Adsorption isotherms evaluate the correlation between the amount of
adsorbate (FIP pollutant) molecule that is scattered on the surface of the adsorbent and the
concentration of the adsorbate in a liquid solution at equilibrium. The isotherms (Figure 4.12a-f)
were derived from the experimental data and fitted with the standard adsorption isotherms such
as Langmuir, Freundlich, Harkins-Jura, Halsey, and Dubbin-Radushkevich (D-R) isotherm
models."® The accuracy of the adsorption isotherms was estimated by the value of R? (Pearson
correlation coefficient). The Langmuir adsorption isotherm was found to fit the best with the
highest R? value suggesting that in the majority, there was monolayer adsorption of FIP pollutant

at the adsorbent surface. The Adsorption isotherm parameters for the Langmuir, Freundlich,
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Harkins-Jura, Halsey, and Dubbin-Radushkevich (D-R) isotherm models were listed in Table

4.3.
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Figure 4.12: Linear fit adsorption isotherm plots for (a) Langmuir isotherm, (b) plot for the parameter of

equilibrium Ry, (¢) Freundlich isotherm, (d) Halsey model, (e) Harkins-Jura model, and (f) D-R model.
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Table 4.3: Model parameters of equilibrium adsorption isotherm for FIP.1%’
S.No.  Equilibrium model Parameters Values for FIP
1. Langmuir isotherm Qm (Mmg/g) 238.095
K. (L/mg) 0.07998
R? 0.9958
2. Freundlich isotherm  Kg [(mg/g.(L/mg)]"" 72.698
1/n 0.2154
R? 0.972
3. Harkins-Jura A 24783.15
B 2.627
R? 0.8934
4. Halsey 1/n -4.643
K (mg/L) 2.275 x 10”
R? 0.9719
5. Dubbin-Radushkevich Qs (mg/g) 264.532
B [(mol/d)?] 3.17 x 10™
R 0.9529

4.6 Thermodynamic study

The thermodynamic parameters such as a change in Gibbs free energy (AG®), change in
entropy (AS°), and change in enthalpy (AH®) for the adsorption process were estimated. The
values of AG® were calculated from the slope and intercept values of the graph in Figure 4.13, at
four different temperatures (298, 303, 308, and 313 K), at which the adsorption experiments
were carried out.

Table 4.4: Thermodynamic parameters for FIP adsorption on CeysZSM-5 at different

temperatures.

Temperature Gibbs free energy Enthalpy change, Entropy change, AS R®

(K) change, AG (kJ/mol) AH (J/mol) (J/mol K)

298 -7.20 -2.237 24.171 0.9687
303 -7.32

308 -7.44

313 -7.56

The negative values of AG® in Table 4.4, indicates that the adsorption process was

13,18

spontaneous and thermodynamically stable. The positive value of AS° reveals that the

adsorbent was having more affinity towards FIP and there is increased randomness at the solid-
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liquid interface during the adsorption process. The negative value of AH® depicts that the
adsorption process was exothermic.”'® The comparative % removal of different materials for
different pollutants is tabulated in Table 4.4 and here it could be concluded that the cerium

modified adsorbent could be employed as a good adsorbent for toxic pollutants.
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Figure 4.13: Plot of In(qe/Ce) versus 1/T for FIP adsorption on Ce,sZSM-5 zeolite.

4.7 Reusability

For monitoring the adsorbent viability for further potential application, it must be evaluated

not only by adsorptive capacity but also by regeneration and reusability.
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Figure 4.13: Reusability studies of Ce;sZSM-5 adsorbent
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In literature, it has been accounted for regeneration methods by using dilute HCI, NaCl, and
NaOH, followed by stirring (for 1 hour at room temperature) and drying at 60°C. The initial
efficiency of the adsorbent Ce,sZSM-5 was more than 90% and then it decreases to 66.4% after
five cycles of regeneration by using HCI, NaOH, and NaCl as the eluent respectively.?® The data

shows that Ce,sZSM-5 can be easily regenerated and has recycling ability after multiple cycles.

4.8 Conclusions

The adsorbent was prepared by modification of cerium onto H-ZSM-5 zeolite by simple ion-
exchange method for the removal of FIP pesticide from the aqueous solution. The adsorbent was
prepared by refluxing with the cerium salt of different concentrations (wt%) ranging from 5% to
30%. The zeolite modified with 25% cerium salt solution was found to be the best adsorbent for
FIP removal. The various parameters like time, pH, adsorbent dose, pesticide concentration,
temperature, and stirring speed were optimized by carrying out batch adsorption experiments.
The Langmuir adsorption isotherm was best fitted according to the equilibrium data which
indicates the monolayer adsorption. The kinetic data for the adsorption experiment explores that
the adsorption rate is fast and fitted best in a pseudo-second-order model. The thermodynamic

studies reveal that the adsorption process was spontaneous and exothermic in nature.
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Chapter 5: Photoactive porous g-C3N4/H-ZSM-5 nano-
composite  for  endocrine-disrupting
compound and toxic dye degradation
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e The g-C3N4/H-ZSM-5 composite was synthesized by the facile calcination method.
e Fipronil and Methylene blue were degraded to test the photocatalytic activity.
e Maximum photodegradation was obtained by optimizing reaction conditions.

e A scavenger study was performed to find the responsible species for degradation.
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5.1 Preparation of g-C3N4/H-ZSM-5 composite

About 2.5g of calcined H-ZSM-5 zeolite was taken along with 2.5 g melamine in 50 ml
of distilled water. The mixture of zeolite and melamine was stirred for 24 h. Then the slurry was
allowed to re-crystallize by drying at 60°C in an oven for 12 h. Then the re-crystallized material
was put in the furnace for 2h (10°C/min ramp) at 550°C temperature. The light brownish yellow
colored powder was formed after calcination which confirmed the formation of the g-C3N4/H-
ZSM-5 composite.’ The scheme for the synthesis of the g-CsN4/H-ZSM-5 composite is shown in
Scheme 5.1.

H-ZSM-5
zeolite Stirred for Dried in oven at 60 °C _
+ 24 h Calcined in furnace

at550°C

Melamine

Scheme 5.1: Steps for the synthesis of the g-C3N4+/H-ZSM-5 composite.

5.2 Characterization of the prepared photocatalyst
5.2.1 XRD analysis

The purity and crystallinity of the synthesized g-C3N4/H-ZSM-5 composite were checked
by XRD data that is shown in Figure 5.1a. The 26 values at 27.06° and 13.14° corresponded to
(002) and (100) planes of crystal faces of g-C3N,,? that matched with the JCPDS card no 87—
1526.> The characterisic XRD peaks of H-ZSM-5 zeolite observed at 20 =
13.88°,14.81°,15.8°,17.69°, 19.26°, 20.75°, 23.16°, 23.90°, 24.46°, 29.28°, 29.93°, 36.15°,
37.54°, 45.05°, and 45.53°, that corresponds to diffraction planes of (102), (301), (202), (400),
(312), (113), (332), (303), (133), (352), (630), (800), (352), (10 0 0) and (0 10 0) listed in JCPDS
card no 44-0003.* Availability of both types (g-CsN4 and H-ZSM-5) of peaks in the g-CsN4/H-
ZSM-5 composite confirms the successful incorporation of g-CsN, into crystalline H-ZSM-5

zeolite. The XRD diffraction pattern of pristine g-C3sN4 is shown in Figure 5.1b. Though the
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characteristic peaks of H-ZSM-5 zeolite were not shifted much, confirms that g-C3N,4 does not
disturb the lattice of the H-ZSM-5 zeolite structure.
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Figure 5.1: XRD pattern of (a) g-C3N4, (b) H-ZSM-5, and g-C3N4/H-ZSM-5 composite.

5.2.2 BET analysis

The surface area and pore size analysis of g-C3N4, H-ZSM-5, and g-C3N4/H-ZSM-5 composite

were studied by N, adsorption-desorption isotherm and BJH pore size distribution, shown in

Figure 5.2a,b.
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Figure 5.2: (a) N adsorption-desorption isotherms, and (b) pore size distribution curves.
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The BET surface areas of g-CsNj H-ZSM-5, and g-C3N4/H-ZSM-5 composite were
observed to be ~ 88, 417, and 172 m?/g, respectively as tabulated in Table 5.1. This shows that
the composite is having a high surface area for eliminating the organic pollutants.® The g-CsNy is
having a lesser surface area than the composite, so the composite gives better photocatalytic
properties than pristine g-C3N4. The BJH plot confirms the presence of both micropores and
mesopores, which indicates a good sign for the adsorption as well as for the photodegradation
process.

Table 5.1: The comparison of surface area, pore size, and pore volume of H-ZSM-5, g-C3N4 and
g-C3N4/H-ZSM-5 composite.

Sample Surface area Mean pore Micropore Mesopore
(m?/g) diameter (nm)  volume (cm®/g™) volume (cm®g™)
H-ZSM-5 417 2.57 0.170 0.114
g- C3Ny 88 20.37 0.005 0.425
g-C3sN4/H-ZSM-5 172 4.25 0.064 0.118
5.2.3 XPS analysis

The XPS survey spectrum of the g-C3N4/H-ZSM-5 composite is shown in Figure 5.3a.
The presence of C and N elements in the composite suggests that incorporation of g-C3N, into
the H-ZSM-5 zeolite structure was successfully taken place (Figure 5.3a-c). In the high-
resolution spectrum of carbon (C) 1s, the peak at 284.09 eV corresponds to adventitious carbon
C=C (sp® hybridized)"° and the major peak observed at 287.65 eV assigned to C-N-C and C-(Ns)
groups in the g-CsN4/H-ZSM-5 composite.”® The less intense peak at 293.47 eV assigned to one
of the carbon species present in tri-s-triazine ring linked to terminal groups like uncondensed —
NH..? The high-resolution peak of N 1s was deconvoluted into 3 peaks namely at 398.14 eV for
C=N-C (sp? hybridized nitrogen),’®** second at 399.71 eV which is due to amino-functional
moieties attached with tertiary nitrogen (N-(C3) and C-N-H) and the third deconvoluted peak at
403.75 eV which is weak and assigned to m excitation in g-C3Na/H-ZSM-5 composite due to g-
C3N4.10’12
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Figure 5.3: (a) XPS survey, (b) deconvoluted peaks of Carbon, and (c) Nitrogen of g-C3N4/H-

ZSM-5 composite.

5.2.4 EDS and elemental mapping analysis

The EDS analysis has the peaks of carbon and nitrogen which depicts that the formation

of g-C3Ny4 has been successfully taken place.

Element Weight% Atomic%
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Figure 5.4: (a) EDS spectrum and SEM micrograph with elemental mappings of (b) Carbon and

(c) Nitrogen of the g-C3N4/H-ZSM-5
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The SEM image in Figure 5.4a indicates that the surface of the g-C3N4/H-ZSM-5 composite is
rough and porous, and the EDS data tells us about the weight percent of the elements present in
the composite. The available elements C, N, O, Si, Al, and Na are having 12.59, 17.85, 46.17,
22.66, 0.72, and 0.01 wt% present in the composite. The color mapping analysis of C and N
indicate the presence of g-C3sN4 while O, Si, Al, and Na appeared for the H-ZSM-5 zeolite. The
results of elemental mapping shown in Figure 5.4b-g suggest that there is a homogeneous
distribution of carbon, nitrogen, oxygen, and other elements for the synthesized g-C3N4/H-ZSM-
5 composite.

5.2.5 FESEM and HRTEM analysis

The FESEM images in Figure 5.5a,b depicts that the surface of the g-C3N4/H-ZSM-5
composite was not smooth which means it has irregularity/roughness on the surface of the

catalyst and possesses pores like mesopores and micropores.

Figure 5.5: (a, b) FESEM images, and (c, d) HRTEM images of g-C3N4/H-ZSM-5 composite.
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In the high-resolution image of the g-C3N4/H-ZSM-5 composite (Figure 5.5¢,d), it is observed
that there are irregular plate-like structures that may lead to the increased surface area of the
catalyst, and further helps in the elimination of organic pollutants. The HRTEM images indicate
the layered structure of g-C3N4 with the crystalline structure of the H-ZSM-5 zeolite as shown in
Figure 5.5d.

5.2.6 Optical properties

The photoluminescence (PL) analysis was done by PL emission spectra used to elaborate
the efficacy of charge carrier scavenging, transfer, or separation and for studying the role of
photogenerated electron-hole pairs in the g-C3N4+/H-ZSM-5 composite and g-C3N4 material. In
general, the less intense peak of the PL spectra reveals (lower the recombination rate) a longer
lifetime and high separation of photo-induced electrons and holes.*** The PL of g-C3sN,and g-
CsN4/H-ZSM-5 composite was performed at an excitation wavelength of 365 nm as shown in
Figure 5.6a. The g-C3N4/H-ZSM-5 nanocomposite shows its emission peak at 428 nm which
corresponds to green emission.’® The PL spectra of pure H-ZSM-5 zeolite indicate that the
observed peak was broad and highly intense at the same excitation wavelength as shown in
Figure 5.6b. The PL intensity of the g-C3N4+/H-ZSM-5 composite was much lesser than that of
pure g-C3N4 material. It indicates that the H-ZSM-5 zeolite was perfectly incorporated into the g-
C3N,4 matrix and the rate of recombination of electron-hole pairs is decreased on the surface of
the g-C3N4/H-ZSM-5 composite.

The optical properties like bandgap and light absorption range were examined by diffused
reflectance spectroscopy (DRS). By drawing tangent, in Figure 5.6c, the excitation absorption
peak was observed for g-C3N4/H-ZSM-5 composite at 480 nm. The graph indicates that the
composite absorbs light in the visible region which indicates that g-C3sN4+/H-ZSM-5 composite is
visible light active material. The optical band gap (Eg) was calculated by using Equation 5.1:
(ahv)? = A(hv - Ey) (5.1)
Where o represents the absorption coefficient, A is constant, hv signifies the photon energy and
Eq is the optical bandgap.* The energy gap value of as-synthesized g-C3sN4/H-ZSM-5 composite
is shown in Figure 5.6d. Tauc’s plot suggests that the bandgap of the g-C3N4/H-ZSM-5

composite is 2.63 eV.'
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Figure 5.6: (a) Photoluminescence spectra of g-C3Ny4, g-C3sN4/H-ZSM-5 composite and (b) H-
ZSM-5 zeolite, (c) UV Visible diffuse reflection spectra, and (d) tauc plot of g-C3N4/H-ZSM-5

composite.

5.3 Photocatalytic degradation of MB and FIP
To analyze the photocatalytic behavior of the g-C3Ni/H-ZSM-5 composite, the

photodegradation experiments were carried out with organic pollutants i.e. MB dye and FIP
pesticide in the different light sources (UV, visible, and sunlight). In the photodegradation
experiment, the initial concentration of MB and FIP were about 5 mg/L and 600 mg/L,
respectively. The time taken for the adsorption-desorption equilibrium of MB and FIP was 40
min and 50 min, respectively in the dark conditions. After attaining equilibrium, the experiment

was continued for 120-140 min in the visible light source for the degradation purpose.
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Figure 5.7: (a) The C/Cy graph of the MB and FIP degradation without catalyst,

various light sources for MB and FIP degradation.
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Figure 5.8: Photocatalytic degradation of MB [pH 7.5 (natural pH of MB), time 120 min]: (a)
C/Co, (b) In C/Cy, of g-C3N4/H-ZSM-5 composite [0.3 g/L], g-CsN,4 [0.15 ¢/L] and H-ZSM-5
[0.15 g/L], (c) effect of catalyst dose [0.1 g/L — 0.4 g/L], and photocatalytic degradation of FIP
[pH 5.5, time 140 min]: (d) C/Cy, (e) In C/Cy of g-C3N4/H-ZSM-5 composite [0.12 g/L], g-C3N4
[0.06 g/L] and H-ZSM-5 [0.06 g/L] (f) effect of catalyst dose [0.04 g/L —0.16 g/L].
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The degradation experiment without photo-catalyst was also studied in which the dye/pesticide
was kept under illumination with a visible light source for 120 min/140 min. The absorbance
value for both MB and FIP remains almost constant which indicates that for the degradation of
the dye and pesticide, g-C3N4+/H-ZSM-5 photo-catalyst is highly required (Figure 5.7a). For
comparison purposes, the degradation experiment of MB and FIP was also carried out in UV
light and sunlight at optimum conditions (Figure 5.7b). The degradation experiments were
carried out under direct solar irradiation in the 4™ week of October 2018 and the 3™ week of
April 2019 for MB and FIP degradation respectively. The sunlight intensity was measured with
the Pyranometer (LICOR) instrument, USA - Solar radiation (Watt per square meter) with an
average solar flux (~ 706 W/m?) for MB and (495-920 W/m?) FIP degradation.

The absorbance value of MB and FIP decreases with an increase in the illuminating time at their
corresponding maximum wavelengths. The kinetic studies of MB and FIP with g-C3N4/H-ZSM-5
were shown in Figure 5.8a-f, which indicates that these pollutants MB and FIP were almost
completely degraded with high rate constants of 0.00997 and 0.00875 min™ respectively. The
rate constants, light intensity, and reaction conditions for MB and FIP degradation by H-ZSM-5,
g-CsNg4, and g-C3N4/H-ZSM-5 composite are given in Table 5.2. The degradation efficiency of
MB was ~90% and FIP was ~80% at normal room temperature and natural pH with optimum
photocatalyst dose.

Table 5.2: Rate constants for the degradation of MB and FIP.

Sample Light Conditions Rate constants
intensity Dose, pH, and time MB (minY)  FIP (min™)
H-ZSM-5 0.15 g/L, natural pH 7.5, 120 0.000088 0.00026
2 .
g- CsNs 125 Wim min - MB 0.0034 0.00013
0.06 g/L, natural pH 5.5, 140
g-C3N4/H-ZSM-5 min — FIP 0.00997 0.00875

5.3.1 Effect of catalyst dose

The effect of catalyst dose on photodegradation was investigated to evaluate the optimum
amount of photocatalyst required for the degradation of organic pollutants. Experiments were
carried out over different catalyst doses such as 0.1, 0.2, 0.3, and 0.4 g/L for the degradation of
MB (Figure 5.8c) and 0.04, 0.08, 0.12, and 0.16 g/L for degradation of FIP as shown in Figure
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5.8f. From the performed experiments, it has been observed that, on increasing the concentration
of the catalyst the degradation efficiency of the organic pollutants increases. But at higher
concentrations, some saturation occurred due to the opacity of the solution. Therefore, the
optimized catalyst (g-C3N4/H-ZSM-5) dose i.e. 0.3 g/L for MB degradation and 0.12 g/L for FIP
at an optimal time interval of 120 min and 140 min, respectively.

5.3.2 Effect of pH

The pH is a major factor that controls the photocatalytic mechanism as it can influence
the surface charge of the photocatalyst. To study the effect of pH on the photocatalytic
degradation of organic pollutants (MB and FIP) onto g-C3N4/H-ZSM-5 composite, the
degradation experiments were carried out from pH 1 to 11 at 25 + 2 °C. The pH of the organic
pollutants (MB and FIP) was maintained by adding an aqueous solution of 0.2 M NaOH and 0.2
M HCI into the pollutant solutions. From Figure 5.9a, it is observed that the degradation
efficiency of MB decreases at acidic pH and increases at basic pH, however, for FIP, a reverse
trend was observed (degradation efficiency was maximum at acidic pH). The maximum
degradation efficiency for MB (~90%) was observed at basic pH (pH 9) and this phenomenon is
well explained by the studies of pHy,c studies. The pH,,c value for the composite of g-C3N4/H-
ZSM-5 was determined and it was at pH 7.8 (Figure 5.9b),"® which indicates that the surface of
the g-CsN4/H-ZSM-5 composite can be negatively charged at pH > pHzp (i.e., pH>7.8) and
become positively charged at pH<pH, (i.e., pH<7.8). So at higher basic pH (pH>7.8), there will
be an electrostatic attraction between the negative surface of the photocatalyst and cationic dye,
MB.!" Whereas the maximum photodegradation of FIP occurred at acidic pH (pH<7.8), suggests
the electrostatic attractions between the positively surface of the photocatalyst and anionic
pesticide, FIP.'®9 Therefore, for the % degradation of FIP and MB pollutant, pH 4 and pH 9
were found to be highest at optimum conditions of time and dose i.e. 140 min, 0.12 g/L for FIP,
and 120 min, 0.3 g/L for MB degradation.

5.3.3 Role of illuminating area

The role of the illuminating surface area for the photodegradation of MB was also studied
under visible light irradiation (Figure 5.9c¢). It has been observed that the degradation efficiency
increases with an increase in the illuminating area, as the area of organic pollutant which has

been exposed to the visible light source is more. The distance of organic pollutants from the
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visible light source was kept constant i.e., 10 cm away from the light source while performing

the illuminating area experiments.
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Figure 5.9: (a) Effect of pH on MB and FIP degradation [conditions: catalyst dose 0.3 g/L ], (b)
PHpzc studies by g-C3N4/H-ZSM-5 photocatalyst, (c) effect of illumination area on MB
degradation, and (d) effect of scavengers on MB and FIP degradation [concentration of
scavengers: 10 mM (ascorbic acid, DMSO and MeOH), catalyst dose 0.3 g/L and 0.12 g/L for
MB and FIP respectively].

5.3.4 Scavengers and reusability studies

To investigate the detailed plausible mechanism of organic pollutant degradation and to
find out the main active species during photocatalysis, different scavengers were used to quench
the corresponding active species. The scavengers used were: ascorbic acid for O, radicals,

DMSO for scavenging e and methyl alcohol for ‘OH radicals.’>?* The concentrations of
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scavengers were also varied from 1mM to 20 mM (1mM, 10mM, and 20 mM) and it has been
observed that, at 1 mM, the % degradation was decreased in each case compared with no
scavenger condition. From Figure 5.10a, it has been investigated that there was also a significant
decrease in % degradation of pollutant at 10 mM concentration however, at 20 mM, no
significant difference was observed in % degradation. Therefore, to study the trapping
experiment, 10 mM of scavengers were taken as an optimum dose. As shown in Figure 5.9d,
with the addition of ascorbic acid, DMSO, and methanol as scavengers, the degradation of MB
was reached approximately 71%, 81%, and 50%, respectively in 120 min with catalyst dose 0.3
g/L. However, in the absence of a scavenger, ~92% degradation was observed. From the
experimental data, it is evident that MB degradation by g-C3N4/H-ZSM-5 composite is less
affected by the addition of DMSO and ascorbic acid while majorly affected by methyl alcohol.
That signifies that methanol inhibits the MB degradation and thereby "OH radical is the major
responsive species. In the same Figure, in the case of FIP, % degradation obtained due to the
addition of ascorbic acid, DMSO, and methanol scavengers were ~ 48%, 64%, and 72%,
respectively in 140 min with catalyst dose 0.12 g/L. While in the absence of scavenger, %
degradation was ~86% at optimum conditions (time 140 min, dose 0.12 g/L) with g-C3N4/H-
ZSM-5 composite. The experimental data (Figure 5.9d) shows that ascorbic acid majorly affects
the rate of photodegradation of FIP as compared to DMSO and methanol, which confirms that,
superoxide radical (0,7) is the major radical species for the degradation of FIP. So, the attained
results suggested that ‘OH and O, radical species were chiefly responsible for the
photodegradation mechanism of MB and FIP pollutants, respectively.?®?

The experimental study on the reusability of the g-C3N4/H-ZSM-5 composite was also
performed as one of the major post photodegradation issues, which is also necessary to test the
stability and practical application of the photocatalyst. The stability and reusability of the g-
C3N4/H-ZSM-5 composite were checked for four consecutive cycles with the photocatalytic
degradation of MB. As shown in Figure 5.10b, the activity of the photocatalyst was found to be
~70% after 4 cycles which indicates that the catalyst can be reused several times and the catalyst
is highly stable.
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Figure 5.10: (a) Effect of scavengers concentration (ImM to 20 mM) on MB degradation, and

(b) reusability studies of g-C3N4/H-ZSM-5 composite.

5.4 Plausible Mechanism for the photocatalytic reaction

In the plausible mechanism, the photocatalyst g-C3N4/H-ZSM-5 composite absorbs the
visible light photons that direct the excitation of an electron from the valence band to the
conduction band and create a hole (h*) in the valence band. The electrons reached the conduction

band react with the available dissolved molecular oxygen (O,) present on the surface of the
I.ZO

composite and generates superoxide anion radica

Radicals + Organic pollutants
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Scheme 5.2: Plausible photocatalytic degradation mechanism of pollutants by g-CsN,@zeolite

composite.
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The produced superoxide radical species i.e. O, promotes the direct oxidation of the
pollutants. Also, the photo-generated holes (h*) of the conduction band react with H,O to give
rise to “OH radical and H"* ion. These, hydroxyl and superoxide radicals were concluded to be
responsible species for the photodegradation of MB and FIP pollutants. The following
mechanism may be responsible for the photocatalytic degradation of organic pollutants MB and
FIP (Equation 5.2-5.6) as described in Scheme 5.2.

h
g-CNy/H-ZSM5 5 e™cpy + h* gy (5.2)
_ hv .
e (CB) + 02 - 02 (53)
h* gy + H:0 > H,0" — ‘OH+H" (5.4)
H,O0 — OH +H' (5.5)
h* 4+ OH — ‘OH (5.6)

‘OH + 0, + Dye/Pesticide — degraded or mineralized products

From the studies, it is evident that the very small amount of g-C3N4+/H-ZSM-5 composite was
sufficient to degrade toxic dye and pesticide very efficiently under visible/sunlight irradiation.
Therefore, this prepared catalyst can be used as an alternative photocatalyst for the degradation

purposes of toxic pollutants.

5.5 Conclusions

The composite of g-C3N4/H-ZSM-5 was successfully synthesized from Melamine and H-
ZSM-5 zeolite. The photocatalytic degradation experiments of MB and FIP were carried out to
investigate the activity of the prepared composite. The composite, g-C3Ni/H-ZSM-5 was
characterized by XRD, BET, HRTEM, FESEM, EDS, and XPS analysis. The bandgap of the g-
C3N4/H-ZSM-5 composite was calculated by Tauc’s plot which lies in the visible range of the
solar spectrum. The surface area of the composite is greater than the pure pristine g-CsN4 which
leads to better degradation of the pollutants. Under visible light and sunlight irradiation, the
photodegradation of MB and FIP by the g-C3N4/H-ZSM-5 composite was greater than that of g-
CsN,4 alone. The degradation mechanism was proposed and discussed in terms of energy band

and radicals.

79|Page



Chapter 5

References

1)

()

©)

(4)

(5)

(6)

(")

(8)

(9)

(10)

Mishra, A.; Mehta, A.; Kainth, S.; Basu, S. Effect of G-C3N,4 Loading on TiO,/Bentonite
Nanocomposites for Efficient Heterogeneous Photocatalytic Degradation of Industrial Dye
under  Visible Light. J. Alloys Compd. 2018, 764, 406-415.
https://doi.org/10.1016/j.jallcom.2018.06.089.

Gogoi, G.; Keene, S.; Patra, A. S.; Sahu, T. K.; Ardo, S.; Qureshi, M. Hybrid of G-C3N,4
and MoS; Integrated onto CdysZng5S: Rational Design with Efficient Charge Transfer for
Enhanced Photocatalytic Activity. ACS Sustain. Chem. Eng. 2018, 6 (5), 6718-6729.
https://doi.org/10.1021/acssuschemeng.8b00512.

Yuan, X.; Zhou, C.; Jin, Y.; Jing, Q.; Yang, Y.; Shen, X.; Tang, Q.; Mu, Y.; Du, A. K.
Facile Synthesis of 3D Porous Thermally Exfoliated G-C3N4 Nanosheet with Enhanced
Photocatalytic Degradation of Organic Dye. J. Colloid Interface Sci. 2016, 468, 211-219.
https://doi.org/10.1016/j.jcis.2016.01.048.

De Rivas, B.; Sampedro, C.; Ramos-Fernandez, E. V.; Ldpez-Fonseca, R.; Gascon, J.;
Makkee, M.; Gutiérrez-Ortiz, J. 1. Influence of the Synthesis Route on the Catalytic
Oxidation of 1,2-Dichloroethane over CeO,/H-ZSM5 Catalysts. Appl. Catal. A Gen. 2013,
456, 96-104. https://doi.org/10.1016/j.apcata.2013.02.026.

Mousavi, M.; Habibi-Yangjeh, A. Magnetically Recoverable Highly Efficient Visible-
Light-Active  g-C3N4/Fes04/Ag,WO4/AgBr  Nanocomposites for  Photocatalytic
Degradations of Environmental Pollutants. Adv. Powder Technol. 2018, 29 (1), 94-105.
https://doi.org/10.1016/j.apt.2017.10.016.

Bakshi, M. S.; Thakur, P.; Sachar, S.; Kaur, G.; Banipal, T. S.; Possmayer, F.; Petersen,
N. O. Agueous Phase Surfactant Selective Shape Controlled Synthesis of Lead Sulfide
Nanocrystals. J.  Phys. Chem. C 2007, 111  (49), 18087-18098.
https://doi.org/10.1021/jp075477c.

Monga, D.; Basu, S. Enhanced Photocatalytic Degradation of Industrial Dye by G-C3N4
/TiO, Nanocomposite: Role of Shape of TiO,. Adv. Powder Technol. 2019, 30 (5), 1089—
1098. https://doi.org/10.1016/j.apt.2019.03.004.

Rather, R. A.; Singh, S.; Pal, B. A C3N4 Surface Passivated Highly Photoactive Au-TiO2
Tubular Nanostructure for the Efficient H, Production from Water under Sunlight
Irradiation. Appl. Catal. B Environ. 2017, 213, 9-17.
https://doi.org/10.1016/j.apcatb.2017.05.002.

Wang, Z.; Xu, Q.; Meng, T.; Ren, T.; Chen, D. Preparation and Characterization of
CdS/TiO, —Mt Composites with Enhanced Visible Light Photocatalytic Activity . Energy
Environ. Focus 2018, 4 (2), 149-156. https://doi.org/10.1166/eef.2015.1150.

Li, H.; Zhou, L.; Wang, L.; Liu, Y.; Lei, J.; Zhang, J. In Situ Growth of TiO, Nanocrystals
on G-C3Ny4 for Enhanced Photocatalytic Performance. Phys. Chem. Chem. Phys. 2015, 17
(26), 17406-17412. https://doi.org/10.1039/c5¢cp02554K.

80|Page



Chapter 5

11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

Cao, Y.; Li, Q.; Wang, W. Construction of a Crossed-Layer-Structure MoS,/g-C3N,4
Heterojunction with Enhanced Photocatalytic Performance. RSC Adv. 2017, 7 (10), 6131—
6139. https://doi.org/10.1039/c6ra26925g.

Li, Z.; Jiang, G.; Zhang, Z.; Wu, Y.; Han, Y. Phosphorus-Doped g-CsN4 Nanosheets
Coated with Square Flake-like TiO,: Synthesis, Characterization and Photocatalytic
Performance in Visible Light. J. Mol. Catal. A Chem. 2016, 425, 340-348.
https://doi.org/10.1016/j.molcata.2016.10.020.

Li, K.; Huang, Z.; Zeng, X.; Huang, B.; Gao, S.; Lu, J. Synergetic Effect of Ti** and
Oxygen Doping on Enhancing Photoelectrochemical and Photocatalytic Properties of
TiO,/g-C3N,4 Heterojunctions. ACS Appl. Mater. Interfaces 2017, 9 (13), 11577-11586.
https://doi.org/10.1021/acsami.6b16191.

Zhang, Z.; Liu, K.; Feng, Z.; Bao, Y.; Dong, B. Hierarchical Sheet-on-Sheet ZnlIn,S,/g-
CsN4 Heterostructure with Highly Efficient Photocatalytic H, Production Based on
Photoinduced Interfacial Charge Transfer. Sci. Rep. 2016, 6 (1), 19221.
https://doi.org/10.1038/srep19221.

Ge, L.; Zuo, F.; Liu, J.; Ma, Q.; Wang, C.; Sun, D.; Bartels, L.; Feng, P. Synthesis and
Efficient Visible Light Photocatalytic Hydrogen Evolution of Polymeric G-C3N4 Coupled
with CdS Quantum Dots. J. Phys. Chem. C 2012, 116 (25), 13708-13714.
https://doi.org/10.1021/jp3041692.

Prakash, K.; Karuthapandian, S.; Senthilkumar, S. Zeolite Nanorods Decorated G-C3N,
Nanosheets: A Novel Platform for the Photodegradation of Hazardous Water
Contaminants. Mater. Chem. Phys. 2019, 221, 34-46.
https://doi.org/10.1016/j.matchemphys.2018.09.026.

Giirses, A.; Dogar, C.; Yalcin, M.; Acikyildiz, M.; Bayrak, R.; Karaca, S. The Adsorption
Kinetics of the Cationic Dye, Methylene Blue, onto Clay. J. Hazard. Mater. 2006, 131 (1-
3), 217-228. https://doi.org/10.1016/j.jhazmat.2005.09.036.

Xu, J.; Wang, L.; Zhu, Y. Decontamination of Bisphenol A from Aqueous Solution by
Graphene Adsorption. Langmuir 2012, 28 (22), 8418-8425.
https://doi.org/10.1021/1a301476p.

Goyal, N.; Barman, S.; Bulasara, V. K. Quaternary Ammonium Salt Assisted Removal of
Genistein and Bisphenol S from Aqueous Solution by Nanozeolite NaY: Equilibrium,
Kinetic and Thermodynamic Studies. J. Mol. Lig. 2016, 224, 1154-1162.
https://doi.org/10.1016/j.molliq.2016.10.088.

Wang, D.; Duan, Y.; Luo, Q.; Li, X.; An, J.; Bao, L.; Shi, L. Novel Preparation Method
for a New Visible Light Photocatalyst: Mesoporous TiO, Supported Ag/AgBr. J. Mater.
Chem. 2012, 22 (11), 4847-4854. https://doi.org/10.1039/c2jm14628b.

Islam Molla, M. A.; Tateishi, I.; Furukawa, M.; Katsumata, H.; Suzuki, T.; Kaneco, S.
Evaluation of Reaction Mechanism for Photocatalytic Degradation of Dye with Self-
Sensitized TiO, under Visible Light Irradiation. Open J. Inorg. Non-metallic Mater. 2017,

8l|Page



Chapter 5

(22)

(23)

(24)

07 (01), 1-7. https://doi.org/10.4236/0jinm.2017.71001.

Pelaez, M.; Falaras, P.; Likodimos, V.; O’Shea, K.; de la Cruz, A. A.; Dunlop, P. S. M,;
Byrne, J. A.; Dionysiou, D. D. Use of Selected Scavengers for the Determination of NF-
TiO, Reactive Oxygen Species during the Degradation of Microcystin-LR under Visible
Light  Irradiation. J. Mol. Catal. A Chem. 2016, 425, 183-189.
https://doi.org/10.1016/j.molcata.2016.09.035.

Mittal, M.; Gupta, A.; Pandey, O. P. Role of Oxygen Vacancies in Ag/Au Doped CeO,
Nanoparticles for Fast Photocatalysis. Sol. Energy 2018, 165, 206-216.
https://doi.org/10.1016/j.solener.2018.03.033.

Zhang, C.; Li, Y.; Shuai, D.; Shen, Y.; Xiong, W.; Wang, L. Graphitic Carbon Nitride (g-
CsNy4)-Based Photocatalysts for Water Disinfection and Microbial Control: A Review.
Chemosphere 2019, 214, 462-479. https://doi.org/10.1016/j.chemosphere.2018.09.137.

82|Page



Chapter 6: Adsorptive removal of fipronil by CeO;
modified zeolites, and their structural
properties
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6.1 Preparation of cerium modified adsorbents

The specific adsorbent was prepared with large pore zeolites such as Beta, Mordenite,
and 13X zeolites by modifying with rare earth metal cerium. The cerium-modified zeolites (Ce-
zeolites) were used to eliminate noxious FIP pollutants. Firstly, 13X zeolite gets converted into
ammonium-form by refluxing with NH;NO3 solution at 363K for 6h* then calcined at 623K,
and repeated 3 times. After washing and drying, the H-form of 13X zeolite was ready for use.
Commercial ammonium mordenite (H-MOR), ammonium beta (H-BETA), H-13X zeolite were
refluxed individually with 25 wt% of ammonium cerium (IV) nitrate aqueous solution in a
refluxing system at 375K for 24h and designated as Ce-MOR, Ce-BETA, and Ce-13X
respectively.? The prepared adsorbents were then washed 3-4 times by distilled water and
crystallized in an oven at 393K for 14h and then placed in a furnace for 4h at 723K to eradicate
the unwanted ions.® The general procedure of zeolite modification is schematically depicted in
Scheme 6.1.

. a / BET, _

‘h Refluxingfor driedinoven, and |

—— ‘ i N

e 24hat 375K calcinedat 723K
= for 4h
Ceric ammonium
nitrate solution
. ” Prepared adsorbents
Different zeolite Refluxing unit

Scheme 6.1: Schematic representation of prepared Ce-zeolites (Ce-MOR, Ce-BETA, Ce-13X).

6.2 Characterization of adsorbents
6.2.1 XRD analysis

The XRD patterns of freshly prepared zeolite were shown in Figure 6.1. The peaks of
CeO; in the XRD spectrum of Ce-MOR, Ce-BETA, and Ce-13X zeolites, indicate that the
cerium modification was productively materialized over the surface of the zeolite. The XRD
patterns of different unmodified/pure zeolites and corresponding Ce-zeolites were shown in

Figure 6.1. The peaks of cerium oxide are marked with the asterisk symbol (*) in XRD spectra
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of modified zeolites and the rest of the peaks match with the corresponding parent zeolite. The
20 values of marked peaks of CeO, were matched with JCPDS No. 34-0394 which corresponds
to the crystalline fcc (face-centered cubic) phase of cerium oxide and these values for Ce-BETA
are 28.62°, 33.32°, 47.53°, 56.25°, 69.40°, 76.77°, and 79.08° corresponds to (111), (200),
(220), (311), (400), (331), and (420), respectively. However, Ce-MOR peaks are approximately
at 20 = 28.47°, 33.32°, 47.49°, 56.16°, 69.68°, 76.77°, and 78.98° for the planes of (111), (200),
(220), (311), (400), (331), and (420), respectively. The peaks of Ce-13X zeolite with their
corresponding planes are 28.64° (111), 33.33° (200), 47.53° (220), 56.28° (311), 69.40° (400),
76.67° (331), and 78.98° (420). The average crystallite size (D) of cerium oxide (CeO,) was
determined from the four intense XRD peaks of CeO,. The ‘D’ was evaluated using the Debye-

Scherrer formula, written in Equation 6.1:

092
- B cosf

(6.1)

Where ‘A’ is the wavelength of Cu Ka radiations used for the XRD analysis, ‘B’ is the full width
at half maximum (FWHM), and ‘0’ is the angle of diffraction for (111), (200), (220), and (311),
planes in case of Ce-BETA, Ce-MOR, and Ce-13X zeolite.>* According to this formula, the
average crystallite size of CeO, was found to be 6.67 nm, 6.42 nm, and 4.48 nm for Ce-BETA,
Ce-MOR, and Ce-13X zeolite, respectively. This result depicts that the CeO, incorporated into

the different zeolites was within the nanometer range.
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Figure 6.1: XRD pattern of zeolites (13X, H-MOR, H-BETA), and Ce-modified zeolites (Ce-
13X, Ce-MOR, Ce-BETA).
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6.2.2 N, adsorption-desorption isotherms

Figure 6.2a depicts the N, adsorption-desorption isotherms for H-MOR, H-BETA, H-
13X zeolite, whereas isotherms for Ce-zeolites (Ce-MOR, Ce-BETA, Ce-13X) were shown in
Figure 6.2b. Ce-BETA exhibits type-1V isotherm along with a hysteresis loop of H2-type,®
which signifies the presence of mesopores in Ce-BETA. While other modified and unmodified
zeolites (Ce-MOR, Ce-13X, H-MOR, H-BETA, H-13X) also possess a hysteresis loop followed
by type-1V isotherm. The mesopores present in the modified zeolite are contributing to better
adsorption of organic pollutants. It is well explained based on the surface area, as Ce-BETA
having a higher surface area that results in maximum %adsorptive removal compared to other
adsorbents. The BET surface area (S.A.) of Ce-MOR, Ce-BETA, and Ce-13X were obtained to
be 320, 343, and 126 m?/g, respectively, and tabulated in Table 6.1. The Ce-BETA adsorbent
posses higher pore volume which leads to maximum FIP removal. The BJH plots for the Ce-

zeolites were shown in the insets of Figure 6.2b.
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Figure 6.2: Nitrogen adsorption-desorption BET loops of (a) H-13X, H-MOR, H-BETA,; (b)
Ce-13X, Ce-MOR, Ce-BETA (insets contains BJH plots).
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Table 6.1: Surface properties of the various adsorbents.

Adsorbents BET surface Total pore volume Mean pore diameter
area (m%/g) (cm®/g) (hm)
H-MOR 500 0.289 2.68
H-BETA 693 0.476 4.49
13X 475 0.280 6.63
Ce-MOR 320 0.258 3.23
Ce-BETA 343 0.283 3.29
Ce-13X 126 0.127 4.01
After adsorption Ce-BETA 328 0.241 2.93

6.2.3 SEM-EDS analysis

The SEM (Scanning Electron Microscope) of Ce-zeolites in Figure 6.3a-c shows rough
surfaces of different morphologies. Ce-MOR (Figure 6.3a) has an elongated structure with
irregular and agglomerated crystals. However, Ce-BETA (Figure 6.3b) shows the regular
distribution of uniform and small spherical kinds of crystals which comprise enormous porosity
and roughness on its surface. The SEM analysis of Ce-13X zeolite (Figure 6.3c) confirms the
existence of large crystals and porous nature as compared to another two modified zeolites (Ce-
MOR, Ce-BETA). Gives the idea of the smaller the size of the crystal with roughness, the
higher will be the surface area. From the SEM analysis, the particle size of modified BETA
zeolite was observed in the range of 0.6-0.9 um.° While in the case of Ce-MOR and Ce-13X
zeolite the particle sizes ranged between 0.1-0.4 pum and 2-4 pm, respectively. From this
characterization, it can be summarized that Ce-BETA is found to be highly porous having
uniform shaped crystals with a higher surface area which gives maximum absorption.

The EDS spectra determine the composition of Ce-MOR, Ce-BETA, and Ce-13X zeolite
in Figure 6.3d-f respectively. The peaks of various elements confirmed the presence of
aluminum (Al), silicon (Si), oxygen (O), and cerium (Ce) in Ce-zeolites. After evaluating the
regions under the peaks of individual elements, the corresponding elemental composition can be
determined. The peaks of cerium in the EDS spectrum also support that the modification takes

place in the crystal lattice of different zeolites.
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Figure 6.3: SEM-EDS results of (a,d) Ce-MOR, (b,e) Ce-BETA, and (c,f) Ce-13X zeolite.

The peaks of Si and Al are present in the EDS spectrum, which confirms that the basic
composition of parent zeolites remains intact even after the modifications. This also revealed
that the ion-exchange method doesn’t affect the framework of zeolite which promotes the
adsorption process. To authenticate the homogenous scattering of the cerium and oxygen in the
zeolite, elemental color mapping of Al, Si, Ce, and O elements was done and shown in Figure
6.4.

Figure 6.4: Elemental mapping of Ce-BETA showing the elemental distribution of Si, Al, Ce,
and O.

6.2.4 HR-TEM analysis

HR-TEM measures the diffraction intensities quantitatively by CMOS (Complementary
Metal Oxide Semiconductor) camera and analyzes the structural frameworks (d-spacing and
planes) of zeolite as well as materials incorporated in their micropores. In the present work, the

HRTEM image (Figure 4) shows the surface morphology and fabrication of CeO, (darker area)
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over the zeolite framework and also describes the mesoporous nature of the prepared material.
The cerium oxide particles are spherical with a darker area in Figure 6.5a. The d-spacing values
were calculated from Figure 6.5b (inset contains the magnified view) that corresponds to (111),
(200), (220), (311) planes and these planes are also in conformity with the XRD data as
described in section 3.1.2. The mentioned values and planes are shown in Figure 6.5b and
calculated from SAED (Selected Area Electron Diffraction) pattern (Figure 6.5c) following the
JCPDS No. 34-0394,” which indicates the successful fabrication of cerium oxide particles over

the zeolite.
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Figure 6.5: HR-TEM analysis (a) of Ce-BETA zeolite (b) cerium particle distribution (inset
contains d-spacing and lattice fringes) (c) SAED pattern of CeO,; XPS analysis (d) survey

spectrum of Ce-BETA zeolite, (e) Cerium (Ce 3d), (f) Oxygen (O 1s) elements.

6.2.5 XPS analysis
XPS technique was adopted to study the chemical oxidation states of cerium present in

the Ce-BETA zeolite. The survey spectrum depicted in Figure 6.5d includes the peaks of

cerium and oxygen. This complex spectrum of cerium can be deconvoluted into seven
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components that were produced by the splitting: Ce 3ds, and Ce 3ds;, and other states after
reduction (Figure 6.5e). The region of the Ce 3d spectrum is grouped linearly to show various
oxidation states of cerium oxides. The XPS peaks positioned at 916.9, 901.3, 897.6, 888.7,
882.9 eV are ascribed for the Ce** oxidation state and designated as spin-orbital splitting peaks
8 The sub-peaks were labeled as u, v, v', u" and v" for Ce(lV) with an initial electronic
configuration of 3d™® 4f°. Whereas the Ce** oxidation state is described by the two peaks whose
values are 904.7 and 899.2 eV. These two sub-peaks are labeled as u' and v** with 3d'%4f" initial
electronic configuration.® This data suggests that the cerium exists in two oxidation states with
mixed valance states of Ce(IV) and Ce(lll) in Ce-BETA zeolite. The amount of Ce** and Ce**
was calculated from the Equations (6.1 and 6.2) as follows:
Ce(IV) = u+v+v'+u"+v"
Ce(lll) = u'+v"

Ce(IV)

Ce(V) = Zomyy 3 cean ¥100% (6.1)

Ce(1ID) .
Ce(ID = Eoivy + ceqny *100% (6.2)

The weight % calculated was 71.10% and 28.29% for Ce(IV) and Ce(lll), respectively. This
concludes that Ce-BETA zeolite contains cerium in +4 oxidation state (CeO,).**** Moreover,
the spectrum of oxygen (O 1s) containing 3 peaks (Figure 6.5f), one of which explains lattice
oxygen (O?%) of binding energy value ~527.8 eV (denoted by O,),** another two peaks are
allotted to exteriorly adsorbed oxygen (on the surface) represented by O, (~530.9 eV) which
belongs to defect metal oxide or surface hydroxyl-type species, along with Op (~533.7 eV)

which referred to chemisorbed water molecules.*

6.3 Insecticide FIP adsorption performance
6.3.1 Effect of initial FIP concentration

To investigate the results of different concentrations of insecticide (FIP) over Ce-
zeolites, experiments were carried out within 600-1000 ppm FIP solution. The %removal of
fipronil was decreased from 64.2% to 45.4% for Ce-BETA,; 60.4% to 42.7% for Ce-MOR and
48.5% to 33.6% for Ce-13X, with increased concentrations (Figure 6.6a). At 1000 ppm
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concentration, there was early attainment of equilibrium as the driving force created at this
concentration made the accessible adsorption sites of adsorbents saturated by FIP molecules. It
is evident from the figure that Ce-zeolites have maximum %removal at 600 ppm of FIP solution

and was chosen as optimum concentration.
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Figure 6.6: Plots for the effects of: (a) FIP conc [150min, adsorbent conc:2g/L], (b) Ce-zeolites
(adsorbents) dose(g/L) [FIP conc:600ppm, 150min], (c¢) pH [dose:1.5-2.0g/L, 600 ppm], (d)
contact time [1.5-2.0g/L, pH3, temp:25°C, 600ppm] (e) stirring speed [1.5-2.0g/L, 140min, pH3],
(F) temperature [1.5-2.0g/L, 140min, pH3, rpm:250] (inset contains FIP structure).

6.3.2 Effect of adsorbent dose

The effects of doses of adsorbents were explored by shaking the contents for 150 min. In
the case of Ce-BETA and Ce-MOR (in Figure 6.6b), the %removal of FIP was 60% and 58%
respectively at 1.5¢/L of adsorbent dose, afterward, it becomes almost steady. Whereas, Ce-13X
zeolite gave 42% removal at 2g/L of adsorbent dose. This indicates that with increased
adsorbent dose there is more accessibility of porous area with a higher number of exchangeable
sites that gave higher %removal. Whereas after equilibrium attainment, the FIP molecules were
unable to get adsorbed on all vacant adsorption sites due to turbidity arises in the medium,*® so

the above-mentioned doses were selected as optimal amount.
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6.3.3 Effect of pH

Removal of EDCs by adsorption is majorly based on the pH of the pollutant’s solution.™
The adsorption of FIP over Ce-zeolites was investigated in the series of pH2-pH11 for 150 min.
The pH range was chosen from 2-11 because above this range that is at extreme basic
conditions the dissolution of Al and Si starts occurring.* And at very acidic conditions silica
undergoes precipitation that will lead to the zeolite framework distortion.® From Figure 6.6c,
the %removal of FIP on Ce-zeolites decreases as pH increases which are similar to our previous
studies.? The maximum adsorption for FIP removal by Ce-zeolites observed in acidic medium
(pH~3). Because at this acidic pH the FIP-adsorbent interaction increases, as a result,
elimination of FIP pollutant increases.’® The pH has a significant role in influencing the
chemistry of the Ce-zeolites adsorbents. The PZC (zero point charge) value of Ce-BETA zeolite
adsorbent was found to be in the range of 4.1-4.5 experimentally (Figure 6.7) following the

PZC values of CeO, and beta zeolite,*>*’

the adsorbent act as a positive surface below this value
and can easily attract negatively charged pollutant. While the adsorbent acts as a negative
surface above this value and can attract positively charged pollutants which leads to electrostatic

interactions. Therefore for maximum FIP removal, acidic pH (3-4) was chosen as optimum pH.
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Figure 6.7: The PZC study of Ce-BETA adsorbent.

6.3.4 Effect of time of contact

To know the adsorptive competence of different adsorbents, the effects of contact time
were investigated over Ce-zeolites (Figure 6.6d) from 0 to 140 min. The contact time was

divided into 3 stages. From (0-80 min) initial stage, the graph rises constantly and reaches ~58%
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removal. From (80-120 min) second stage, the graph increases drastically leading to the highest
removal of ~90% removal. At the final stage above 120 min, there is not as such increase in %
removal which indicates the attainment of the equilibrium state.® The %removal of FIP
increases with an increase in the contact time of adsorbent with FIP pollutant. The Ce-zeolite
significantly attains equilibrium in 120-140 min, which was following our previous study 2. For
Ce-BETA and Ce-MOR with 1.5¢/L and Ce-13X with 2g/L dose, the adsorption reaches
equilibrium within 140 min. So, the optimum adsorption time was confined to 140 min for Ce-
zeolites. This effect was studied at optimum pH3, FIP concentration 600 ppm, and
corresponding adsorbent dose.
6.3.5 Effect of stirring speed

The stirring speed was varied to investigate its effect on the %removal of FIP over Ce-
zeolites. The adsorption tests were executed at optimum conditions like pH3, dose: 2g/L, time:
140 min for Ce-13X and Ce-BETA, and Ce-MOR dose: 1.5g/L. The stirring speed parameter
was studied in the range of 50-250 rpm. Figure 6.6e shows that %removal increases with the
increase in stirring speed and it rises to the speed of 200 rpm but above this speed, removal
decreases. With a higher rotation rate the possibility of interaction of pollutant species with Ce-
zeolite adsorbent increases that eases FIP moieties to conquer the film diffusion resistance.***°
At 250 rpm, there is no significant increase in %removal because of the non-accessibility of
active channels for FIP molecules to interact. Therefore, 200 rpm was considered as optimal
shaking speed.
6.3.6 Effect of temperature

The effect of temperature for FIP removal on Ce-zeolites is shown in Figure 6.6f. The
experiments were performed in the series from 25 -45°C at optimum conditions (i.e. initial
concentration: 600ppm, Ce-zeolite dose: 1.5-2g/L, pH3, time of contact: 140 minutes, stirring
rate: 200 rpm). With an increase in temp, FIP removal decreases that indicates the exothermic
nature of the adsorption process. The maximum %removal (adsorption capacity 420 mg/g) was
achieved at 25°C which depicts that FIP molecules got sufficient energy at 25°C to be adsorbed
at vacant sites of porous zeolite adsorbents. At higher temperatures, the electrostatic interactions
of FIP molecules with adsorption channels got destabilizes because adsorption equilibrium
alters towards the desorption process. Therefore, 25°C temperature was optimized for this

adsorption experiment.
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6.4 Adsorption kinetics

To explore the adsorption process a variety of kinetic models like pseudo-first-
order,pseudo-second-order®®, and Elovich models were tried for fitting the kinetic records and
depicted in Figure 6.8a-c. These kinetic parameters of these kinetic models are tabulated in
Table 6.2. From the analysis of calculated values, the pseudo-second-order model was found to
be the finest model amidst other kinetic models assuring that chemisorption is more favored in
this adsorption.”!

6.5 Adsorption isotherms

Adsorption isotherms reveal the efficacy of the Ce-BETA and their binding efficiency
towards FIP molecules which is a significant factor for the adsorption procedure to occur. The
binding affinity in the form of adsorption capacity is obtained by fitting the data in various
isotherms like Langmuir,?® Freundlich, Temkin, Harkins-Jura, Halsey, and Dubbin-
Radushkevich.??%%

Table 6.2: Values of kinetic models and adsorption isotherms for fipronil adsorption on Ce-
BETA zeolite.

Types Model name Parameters Values
Kinetic models pseudo-first-order ki (1/min) 0.0168
e (Mg.g™) 476.705
pseudo-second-order  kj (g.mg™*.min™) 2.055x10°®
Ge (Mg.g™) 1374
Elovich model a(mg.gt.min™) 10.583
b (g.mg™) 0.006307
Equilibrium Isotherms Langmuir Qm (Mg.g™) 714.286
K. (L.mg™) 0.0173
Freundlich Ke [(mg/g.(L/mg)]"™  34.198
1/n 0.5
Temkin Br 0.0033
Kt (L.mg™) 4.347
B (J.mol™) 7.51x10°
Harkins-Jura A 9.74x10*
B 2.52048
Halsey isotherm 1/n -0.44671
K (mg.L™) 0.4052
D-R model Qs (mg.g™) 558.112
B [(mol/J)?] 2.11x107
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The accurateness of these adsorption isotherms was being determined through R? values
(Pearson correlation coefficient). With an enhancement in the initial pollutant concentration Co,
the R._ value decreases (0<R_<1) which corresponds to favorable adsorption over Ce-zeolites.
The isotherm fitting follows the order: Langmuir > D-R model > Temkin > Halsey > Freundlich

> Harkins-Jura. The values of the adsorption isotherms are tabulated in Table 6.2.
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Figure 6.8: Linear fitted plots of kinetic models; (a) pseudo-first-order, (b) pseudo-second-

order, and (c) Elovich’s model.
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Temkin isotherm elaborates B+ as the heat of adsorption and expressed by formula Bt =
RT/B; where ‘B’ denotes the maximum bond energy whose value was found to be very high i.e.
751 kJ/mol (from Table 6.2), higher than 40 kJ/mol which suggests chemical adsorption.** The
Dubinin—Radushkevich (D-R) model implies a hypothesis; no uniform surface is available for
stable adsorption in conformity with Polanyi’s potential theory.™ The mean adsorption energy
‘E> was found to be 24.33kJ/mol which indicates chemisorptions.**?® The Langmuir isotherm
fitted best with a higher R? value, suggests that there is a monolayer formation of adsorbate over
the Ce-BETA adsorbent. However, D-R isotherm also fitted, indicating that the adsorbent
surface is not completely uniform, which supports that the zeolite surface is rough and

nonuniform.

6.6 Thermodynamic study

Thermodynamic parameters, AG°, AS°, and AH° were determined to know the
adsorption process in removing FIP by Ce-zeolite.”® The data of AH® and AS°® were determined
from the plot of In(qe/C.) versus 1/T (Figure 6.10).%° The AG® values of FIP adsorption on Ce-
BETA were estimated for temperatures: 298K, 303K, 308K, 313K, and 318K and found to be
negative (Table 6.3) which signifies that the process was spontaneous and thermodynamically
stable.?” The negative values of AS° suggest that the FIP molecules are less randomly oriented at
the solid-solute interface in the adsorbed state with a reduced degree of freedom as expected.?
And the negative value of AH® reveals that the adsorption method is exothermic and more
favorable.™

Table 6.3: Values of thermodynamic parameters.

Temperature (K) AG® (kJ/mol) AH® (kd/mol) AS® (kJ/mol K) R®
298 -22.51
303 -21.75 -67.41 -0.151 0.98
308 -20.99
313 -20.25
318 -19.49
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Figure 6.10: Plot of In(K;) versus 1/T.

6.7 Comparative studies

Zeolite 13X is a faujasite type of zeolite with a 3-dimensional structure. It is comprised
of an alumino-silicate tetrahedral structure with beta-cage as a structural basic unit and adjacent
to this there is a 6-angle prism connection to form a molecular sieve. The positions of SI, ST’,
SI1, and Sl (Figure 6.11a) are available in 13X zeolite.?® Whereas, Mordenite zeolite (Figure
6.11b) comprised of 3 different cavities, 12-membered ringed structure, oval shape 8-membered
side ring channels, and link cavity channels. Probable positions of cations over the zeolite
framework were categorized and suggested that the cation occupies primarily Mortier positions
i.e. B-sites and o-sites.>® However, the B-zeolite (Figure 6.11c) is a large pore-sized zeolite with
a 3-D complex framework structure. Its complex porous network has interconnected channels of
12-membered ring cavities that form large openings for many applications.® It is composed of 3
polymorphic structural forms (A, B, C).

The positions of Al/Si substitutions in the zeolite structure are significant for the
stability of the cation (metal) position in exchanged frameworks.®® The beta zeolite has a
comparatively high ratio of Si/Al (~13) as compared to 13X zeolite. The faujasite type X zeolite
has 1.0-1.5 (Si/Al ratio) while Mordenite also having a relatively higher Si/Al ratio. With this
low value of Si/Al ratio, the 13X zeolite leads to deactivation in the company of the water
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medium.* This ratio increases the stability of the zeolite in the acidic stream and also promotes
higher metal loadings.®® From this, it can be concluded that 13X zeolite has uniform micropores
with unique super-cage type structures in its framework®* with less stability in acidic medium
whereas mordenite and beta zeolite have large pore structures with higher adsorption
application in the water medium. Therefore, Ce-BETA and Ce-MOR gave more than 90%

removal, whereas Ce-13X gave somehow less removal than these zeolites.

(c) BETA

Figure 6.11: Zeolitic framework structures of (a) 13X, (b) MOR®, and (c) BETA zeolite.*
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Figure 6.12: (a) Comparative study of modified as well as unmodified zeolites, and (b)

reusability studies of Ce-BETA zeolite.

The comparison was conducted with modified (Ce-zeolites) and unmodified zeolite (H-
MOR, H-BETA, H-13X) adsorbents. Ce-BETA, Ce-MOR, Ce-13X zeolites gave 94%, 90%,
86% whereas H-BETA, H-MOR, 13X only 13.8%, 10%, 3.2% of FIP removal (Figure 6.12a)

respectively. The exchange of H" by Ce®*" (metal ions) brings strong interactions between the
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adsorbent surface and organophosphate pollutant (FIP).%**” This leads to the conclusion that
there was a crucial need to modify zeolites with cerium to enhance their adsorption efficiency

for better FIP removal.

6.8 Regeneration and reusability of cerium modified zeolites

The washing method was adopted for the regeneration of exhausted adsorbents to reuse
them after one cycle. The exhausted adsorbents were thoroughly washed with the different
eluents (80-100% ethanol and 0.1-1.0 M NaCl solutions) for reusability®® and centrifuged for 40
minutes at 6000 rpm (298 K) followed by drying in an oven for 12h at temperature 353 K. Best
solvent (95% ethanol) was considered for further washings to give maximum %removal (~71%)
of FIP pollutant. Before reuse (Ce-13X, Ce-BETA, and Ce-MOR), the regenerated adsorbent
was ultrasonicated for 5-10 min for better efficiency. Reusability studies were performed up to
4 cycles and it was observed that the %removal of FIP decreased to 86% compared with the

first cycle (reusability bar graph is shown in Figure 6.12b).

6.9 TOC analysis
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Figure 6.13: TOC analysis of synthetic wastewater at a different time interval.

The %TOC removal of synthetic wastewater was also determined at different time interval

(Figure 6.13) and ~88% removal was observed after the treatment of 2h. The initial
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concentration of FIP pollutants was taken as reported in literature® for TOC analysis. And TOC

analysis was taken at 0 min, 60 min, and 120 min time intervals.

6.10 Conclusion

Ammonium forms of zeolites (H-BETA, H-MOR, H-13X) were modified with cerium by ion-
exchange method to adsorb fipronil. The Ce-zeolites were proved to have much higher
adsorption capacities than their H-form zeolites. The comparative studies of adsorption
parameters were carried out and Ce-BETA zeolite was observed to be the best (94% removal)
one because of its higher surface area, rough morphology and high Si/Al ratio lead to higher
zeolite stability. Ce-MOR also has ~90% removal due to its high Si/Al ratio that promotes more
metal loading which finally helps in the adsorption process. Langmuir isotherm and pseudo-
second-order model signifying monolayer adsorption with a faster adsorption rate. The negative
AG°® value confirms that the FIP adsorption was spontaneous and exothermic. The high
adsorption that occurred may be due to electrostatic or chemical interaction. Moreover, the
comparison studies of modified and unmodified zeolites were done which proves the need for

modification of adsorbents for better FIP removal.
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Highlights

e Extensively used antibiotics, industrial dye, and raw wastewater were degraded.

e Hydrothermal preparation of C-dots@zeolite (CDZ) (1:1, 1:3, 1.5, 5:1, 1:7) ratios.

e Photodegradation was compared under sunlight/UV/Visible lights.

e 1:5 CDZ efficiently degrade recalcitrant metronidazole (~79%) and RhB dye (~90%).

e Intermediate products were analyzed by GC-MS analysis.
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7.1 Synthesis of photocatalyst
7.1.1 Synthesis of C-dots

The precursor catechol was dissolved in a specific amount of methanol (MeOH) and after
complete dissolution, the transparent solution appeared. Now, shift that transparent solution to
the Teflon-lined vessel of appropriate volume to get treated hydrothermally and tightened in the
stainless steel container. Now, this hydrothermal container was kept at 180 °C temperature for 12
hours. The reaction was cooled at room temp, washed with PET ether, centrifuged, and dried to

obtain C-dots powder.

7.1.2 Synthesis of C-dots@zeolite composites

The series of five different CDZ composites were prepared by varying the weight ratios
of C-dots: zeolite (1:1, 1:3, 1:5, 5:1, 1:7). The specific amount of precursor catechol and 200 mg
of the zeolite were mixed in solvent and stirred for 6-7 h for homogenous distribution. Then the
reaction mixture was kept in stainless steel hydrothermal at 180 °C temperature for 12 h. Then it
was cooled to room temp, washed with PET ether, centrifuged, and dried to obtain powdered
CDZ composite." The general synthesis scheme for the CDZ composite was shown in Scheme
7.1

Hydrothermal treatmen:

at 180 °C
@

Stirred for 6-7 h CDZ composite

Scheme 7.1: Synthesis scheme for CDZ composite.
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7.2 Characterization of photocatalyst
7.2.1 XRD analysis

The XRD pattern of C-dots, MOR zeolite, and CDZ are depicted in Figure 7.1a. The
characteristic peaks were shown at 20 value of 6.55°, 8.70°, 9.76°, 13.51°, 15.29°, 19.67°,
22.42°, 25.75°, 26.42°, 27.68°, 31.00° for MOR which corresponded to (110), (020), (200),
(111), (310), (330), (150), (202), (350), (132), (402) lattice planes of zeolite (JCPDS no.
430171), respectively. These spectra of composites revealed that they retained the zeolite
framework structures even after the incorporation of C-dots. The XRD spectrum of C-dot (inset
of Figure 7.1a) has a broad peak at 24.04° which corresponds to the (002) plane. The XRD peak
of C-dot was merged with the peaks of zeolite in the case of CDZ nanocomposites. The
broadness in the XRD spectrum confirmed the small size of the C-dots while sharp peaks

indicated that the crystallinity of the zeolite was not disturbed.

——CDZ (1:5) (a) —¢—CDZ (1:5) (b) () ——CDZ (1:5)

| B

——CDZ (1:1) 5 |——CDZ (1:1) ——CDZ (1:1)

S

—u— H-MOR

Intensity (a.u.)
) % |
crsity (9
Adsorbed volume (cmslg STP)
dv,/dr,
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26 (degree) Relative pressure (p/p,) pore diameter (nm)

Figure 7.1: (a) XRD analysis (C-dots in inset), (b) BET analysis, and (c) BJH analysis of H-
MOR, 1:1 CDZ, and 1:5 CDZ composites.

7.2.2 N, adsorption-desorption isotherms

The surface area analysis of as-prepared catalysts was done by N, adsorption-desorption
isotherm. The specific surface area of 1:5 CDZ is 187 m%g, H-MOR (500 m?/g), and other
composites are tabulated in Table 7.1. The CDZ composites and H-MOR zeolite possess type-1V
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isotherm (Figure 7.1b). The surface area was decreased due to the incorporation of non-porous
C-dots into the porous zeolite framework. From the BJH plots (Figure 7.1c), it has been seen
that after fabrication with C-dots the intensity of macro-pores increased in the ratio of 1:5 CDZ
composites while in the case of H-MOR the macro-pores were comparatively less. The micro-

pores are also available in the zeolite and prepared CDZ composites.?

Table 7.1: Surface properties of the prepared composites and zeolite material.

Catalyst Surface area Total pore Mean pore diameter (nm)
(m?/g) volume (cm*/g)
H-MOR 500 0.172 2.6
1:1 CDZ 78 0.156 24.8
1:3CDZz 139 0.173 27.7
1:5CDZ 187 0.244 334
5:1CDz 51 0.082 447
1:7 CDZ 189 0.198 35.6
7.2.3 XPS analysis

The XPS characterization technique revealed the chemical states of the present elements
and their availability (oxygen, carbon, silicon, aluminum elements) in the as-prepared
photocatalyst. The survey spectrum of the 1:5 CDZ composite possesses peaks of all the
mentioned elements (O, C, Si, and Al) as shown in Figure 7.2a. The structural properties (bonds
b/w the elements) of the CDZ composite were also predicted by XPS analysis, the peak of
carbon was deconvoluted into 2 major peaks i.e., 284.63 eV and 286.05 eV which correspond to
C-C/C=C and C-O (Figure 7.2b), respectively,®* while the O 1s spectrum (Figure 7.2¢ ) has the
deconvoluted peaks at 530.8 eV and 532.68 eV confirming the presence of C=0/O-Al and Si-
0/C-0O-C in CDZ nanocomposite.*>®

7.2.4 SEM-EDS analysis

The morphological analysis was carried out with SEM characterizations. Based on the SEM-
EDS data, it can be seen that the C-dots have been successfully fabricated into the zeolite
framework. Figure 7.2d depicted the SEM image of 1:5 CDZ composite having aggregation of
small particles with a rough surface. Figure 7.2e shows the elemental composition of the 1:5

CDZ composite, and the availability of carbon elements indicates the presence of C-dots in the
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zeolite framework and distribution of C-dots over the zeolite. The % elemental composition from
EDS analysis also gave an idea about the elements like carbon from the C-dots and total oxygen

from the hydroxyl group of C-dots along with alumino-silicates of zeolite frameworks.

(a) Survey spectrum

Intensity (cps)

O1ls

Intensity (cps)

C-0

C-C/c=C

C=0/Al-O

T
400

300 200
Binding energy (eV)

1

T
288

T
284

T
280

Binding energy (eV)

Element Weight%

A\
Si
C

o

2

3

1.47

15.12
17.71
65.70

T
536

Atomic%
0.88
8.72
23.88
66.52

534 532
Binding energy (eV)

T
530

T
528

Full Scale 5483 cts Cursor: 0,000

Figure 7.2: XPS analysis: (a) survey spectrum, (b) C 1s, (c) O 1s, (d) SEM analysis, (¢) EDS
spectrum with the elemental composition of Al, Si, C, and O of 1:5 CDZ composite.

7.2.5 HRTEM analysis

From HRTEM images, d-spacing values of C-dots, MOR zeolite, and 1:5 CDZ composite
have been calculated using Imagel software (Figure 7.3). Figure 7.3a indicated that the
incorporation of C-dots has been successfully taken place inside the zeolite channels. The d-
spacing value of C-dots was found to be 0.24 nm indicating the (224) plane as shown in Figure
7.3a-b. The CDZ composites have planes of both C-dots and MOR zeolite as shown in Figure
7.3. For MOR zeolite, 1.35, 1.02, 0.90, 0.65 nm d-spacing value with (110), (200), (310) and

(330) planes were depicted in Figure 7.3c-e.?
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Figure 7.3: HRTEM image of (a) 1:5 CDZ composite, (b) C-dots with d-spacing values, (c)
SAED analysis of 1:5 CDZ composite with corresponding planes, and (d) HRTEM analysis of

zeolite (insets d-spacing).

7.2.6 Optical properties

For a composite to be an efficient photocatalyst, it must possess greater light-absorbing
properties with a narrow bandgap, which results in decreased recombination of photoinduced e
/h* pairs. The UV-DRS method was used to identify the absorption wavelength range of the 1:5
CDZ composite and C-dots. The highly intense absorbance bands of C-dots and CDZ composites
(1:1, 1:3, 1.5, 5:1, 1:7) were lied in the 240-350 nm range, indicating them as a UV-active
material (Figure 7.4a). In addition, Tauc’s equation (Equation 7.1) was applied to calculate the
bandgap energy of the synthesized materials.”®

(ahv)? = hv — E (7.1)
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The absorption coefficient, Plank constant, light frequency, and bandgap energy were designed
by a, h, v, and Eg, respectively. The bandgap energy of C-dots, 1:1, 1:3, 1:5, 5:1, 1.7 CDZ
composites were found to be 3.78 eV, 3.30 eV, 3.22 eV, 3.05 eV, 3.43 eV, 3.19 eV, respectively
as depicted in Figure 7.4b. The narrow bandgap of 1:5 CDZ composite implies the greater light-
absorbing character due to the decline in recombination of electron/hole pairs which results in

better photocatalytic efficiency than other composites.

The photoluminescence (PL) study suggested that the photocatalytic activity of the
prepared composite is greatly dependent on the recombination rate of e/h* charged species. The
PL data of the C-dots and CDZ (1:1, 1:3, 1:5, 5:1, 1:7) nanocomposite were recorded at the
excitation wavelength of 310 nm as shown in Figure 7.4c. The lower intensity in the PL
spectrum indicated the low recombination rate of electrons/holes which leads to better charge
separation. The peak intensity of C-dots and other composites (1:1, 1:3, 5:1, 1:7) was higher as
compared to 1:5 CDZ composite, indicating the lower recombination rate with better charge
separation of electron/hole pairs and thereby gives better degradation efficiency than others. The
reason for the better charge separation in the composite may be due to the formation of
heterojunctions which lead to improved e transfer. At the surface of the zeolite in CDZ
composite, the transfer of photo-induced electrons is improved due to the electrical conductance
between the zeolite and C-dot surface. Therefore, the as-prepared 1:5 CDZ composite has
suitable optical properties which made it an efficient photocatalyst that resulted in better

photocatalytic activity.”**°

(@)
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Figure 7.4: (a) UV-Visible DRS plot, (b) Tauc plot, and (c) PL-spectra of C-dots and CDZ (1:1,
1:3, 1:5, 5:1, 1:7) nanocomposite.
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7.3 Photocatalytic degradation

Different ratios of CDZ (1:1, 1:3, 1:5, 5:1, 1:7) were inspected for their catalytic efficiency
against the noxious contaminants (MET and RhB). The dose of CDZ photocatalyst was varied
from 0.05-0.25 g/L, and poured into a specific volume of the contaminant solution of MET (10
ppm), and stirred for 40 min in dark conditions to accomplish the state of equilibrium for further
degradation activity. The MET solution was supplied with various light sources
(UV/sunlight/visible) and the treated solution was checked at different time intervals to know the
kinetics and rate constants. To examine the catalytic activity, the post-treatment solution of MET
was withdrawn, filtered and the value was checked at its Amax ~320 nm.! The optimum
experimental parameters were aimed to inspect by varying the photocatalyst dose, pH of the
solution, time, light sources, and Kinetics. The intensities of visible (45 W CFL lamp), UV (100
W Hg lamp), and sunlight sources were ~100 W/m?, 46-48 W/m?, and 600 W/m? respectively.
To know the responsible species for pollutant degradation the scavenging experiment was also
carried out. About 10° M scavenger solutions were prepared for scavenger study. The

experimental studies were performed in triplicates for accuracy.

The kinetic analysis of the as-prepared ratios of CDZ composites was investigated and
their rate constants were calculated. Figure 7.5a depicts the catalytic activities of all the
composites (1:1, 1:3, 1:5, 5:1, and 1:7) along with bulk zeolite powder and C-dots for 150 min
UV light irradiations. The rate constants on different catalysts were determined from the
intercept of the graph, In(C/Cy) versus time, and shown in Figure 7.5b. The ‘k’ values for
zeolite, C-dots, CDZ (1:1, 1:3, 1:5, 5:1, and 1:7) are 8.5 x 10, 3.31 x 10, 0.0033, 0.0042,
0.0051, 0.00243 and 0.00524 min™, respectively. The 1:5 CDZ composite was found to have the
maximum rate constant and % degradation (64.85%) due to its high surface area, pore-volume,

low recombination rate, and suitable bandgap energy value.

7.3.1 Effect of catalyst dose

From the above data, 1:5 CDZ composite was further investigated for the effect of
catalyst dose from 0.05 g/L to 0.25 g/L (Figure 7.5¢). The increased amount of composite lead
to an increase in the photocatalytic efficiency i.e. from 0.05 g/L to 0.2 g/L and then a slight
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decrease was observed. This decline of degradation efficiency might be due to the saturation and

opacity of the contaminant solution resulting in the blockage of active sites.?*?

7.3.2 Effect of pH

The optimum pH for MET degradation (Figure 7.5d) and point of zero charge (PZC) was
also determined for the 1:5 CDZ composite. The PZC value was evaluated by the salt addition
method reported by Bakatula and coworkers.™® From the graph, ApH (pHs — pH;) versus pH;, the
PZC value of the optimum photocatalyst was found to be ~ pH 3.4 (Figure 7.5e). The effect of
pH was investigated from pH 1-11 and the % degradation was found to be the best in the acidic
environment i.e. nearby pH 4. This is because the catalyst’s surface becomes positively charged
when pH is greater than PZC and attracts the negatively charged MET contaminant.”'* The
efficiency of catalyst decreases in the alkaline medium due to excess of OH" species available on
the catalyst surface making it negatively charged due to which deactivation of active sites

occurs.®®
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Figure 7.5: Plots of (a) time study, (b) rate constant for the photo-degradation of MET by
zeolite, C-dots, CDZ (1:1, 1:3, 1.5, 5:1, and 1:7) composites; effects of (c) catalyst dose, (d) pH,
(e) PZC, (f) different light sources with 1:5 CDZ composite.
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7.3.3 Effect of different light sources and illuminating area

For comparison, different light sources (UV, sunlight, and visible) were used to find the
degradation efficiency of the specific pollutants. Figure 7.5f illustrates the kinetic analysis and
rate constant of MET under various light sources. The photocatalysis followed the pseudo-first-
order kinetics and their ‘k’ values were found in the order, UV > sunlight > visible and the
values are tabulated in Table 7.2. The significance of the illuminating area was also explored by
taking equal amounts of MET pollutant in 4 containers of different diameters. The exposed
surface areas of the pollutant were calculated to be 2.5, 5, 10, 15 cm? (constant distance was
maintained for the pollutant’s upper layer to the light source in each container). The %

degradation was observed to increase with an increase in surface area (Figure 7.6a).*°

Table 7.2: Rate constants for MET degradation under different light sources by 1:5 CDZ composite.

Light sources Rate constants (min™)
Sunlight 0.0081
Visible 0.0041
uv 0.0101
7.3.4 COD and TOC analysis

The real industrial wastewater degradation was tested with 1:5 CDZ composite for its
photo-activity. The COD (Chemical Oxygen Demand) and TOC (Total Organic Carbon)
analyses were done to quantify the organic pollutants of the wastewater. The removal percentage
of COD and TOC were calculated by using the formulas: % COD = [(COD; - CODs)/CODy¢] x
100%; and %TOC = [(TOC; - TOCy/TOC¢] x 100%, respectively; where COD; and TOC; are the
initial COD and TOC, while COD¢ and TOC;s are the final COD and TOC of raw wastewater.
The % TOC and % COD removal data were recorded at 60, 120, 180, and 240 min time intervals
(Figure 7.6b) by treating the 50 ml of raw wastewater with 0.4 g/L of the catalyst. The total time
of degradation was increased for TOC and COD analysis to check the photo-activity of CDZ
composite towards the real wastewater. The maximum % COD removal of ~67.8% and % TOC
removal of 62.2% was achieved, indicating enhanced mineralization of organic matter present in

wastewater.
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7.4 RhB dye degradation

RhB dye was also degraded with 1:5 CDZ nanocomposite for comparison of the
photocatalytic efficiency of the catalyst. The RhB dye solution (5 ppm) was prepared and its
absorbance value was recorded at maximum wavelength, Amax 554 nm.1"18 The effect of catalyst
dose of 1:5 CDZ composite was investigated in the concentration range of 0.1-0.5 g/L (Figure
7.6¢). The catalyst was taken into a beaker containing a specific volume of the dye solution and
stirred for 40 minutes in the dark to bring adsorption in equilibrium, and then degradation
activity was analyzed under UV light for another 120 minutes. The maximum degradation
efficiency of ~90% was achieved at 0.4 g/L of catalyst dose which indicates that the 1:5 CDZ
composite was also applicable for the degradation of RhB industrial dye.!” The experimental

studies were performed in triplicates for accuracy.
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7.5 Reusability study

The stability of the CDZ composite has significance for its practical applicability. The
regenerability of the composite was investigated for few cycles by simple washing with distilled
water and dried at 60 °C temperature. Figure 7.7a indicates the data of reusability of 1:5CDZ
photocatalyst up to 4 cycles, and a slight decrease in the % degradation (up to 10-15%) was
observed. This study reports the higher stability of CDZ materials which is a promising

photoactive material with its relevancy for the pollutants elimination from the environment.

To ensure the original properties of the CDZ composite, characterizations like XRD,
BET, BJH, and SEM after the photocatalysis treatment were done. The after-treatment XRD
spectrum of 1:5 composite possesses the actual peaks with a slight decrease in the intensity,
indicating that the crystallinity and planes of the composite were not disturbed even after the
photocatalytic reaction and depicted in Figure 7.7b. The after-treatment surface area was
measured by N, adsorption-desorption isotherm which shows the minor decrease in the surface
area from 187 to 163 m?/g and pore volume from 0.244 to 0.229 cm®/g. The after-treatment BET
analysis (Figure 7.7c) confirmed that the type-1V isotherm was also maintained. While the
presence of micro and macropores in 1:5 CDZ composite after the treatment were analyzed from
BJH analysis (Figure 7.7d). The surface morphology was also verified from SEM analysis,
indicating that the particles remain intact even after the photocatalysis reaction as depicted in
Figure 7.7e,f. This substantiates that, the CDZ composite is highly regenerable and can be

applied to large-scale reactions.

7.6 Photocatalytic degradation mechanism

The role of scavengers has been studied to know the active species responsible for the
degradation of MET contaminant and the degradation mechanism was also explored.
In scavengers study, the various active compounds, like ascorbic acid (AA), methanol (MeOH),
and DMSO have been used to trap superoxide radicals, holes, and hydroxyl radicals,***"°
respectively. Figure 7.6d indicates that electrons are the responsible species for the degradation
of MET as the % degradation of DMSO obtained is much lesser than that of other scavengers

and even no-scavenger.
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Scheme 7.2: Plausible degradation mechanism by CDZ composites.
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The surface of the CDZ composite absorbs light, greater than its band-gap energy value
which makes an excitation from VB (valence band) to CB (conduction band). The photo-
generated electrons got excited to VB leaving holes (h*) behind. The generated h* reacted with
OH' to form "OH species and e reacted with O, to form O," radical species.” These degradation

reactions were written below in Equation (7.2-7.6):

CDZ composite it e+ h* e (7.2)
e cmy + 02 = 05 (7.3)
h* we) + H20 > H0"— OH +H' (7.4)
h* g+ OH — "OH (7.5)
‘'OH + 0, + MET — photo-degraded intermediates or mineralized products (7.6)

The schematic representation of the photodegradation mechanism is displaced in Scheme 7.2.

7.7 GC-MS analysis

The degraded intermediate products of MET were analyzed with GC-MS spectrum by
m/z ratios. The organic intermediates were extracted by organic solvent methanol, filtered, and
then used for the GC-MS analysis. The GC-MS spectrum in Figure 7.8 was analyzed and the
plausible pathway for MET degradation was proposed (Figure 7.9) by attacking e/h™ pairs or
hydroxyl species in the photodegradation phenomenon.?* 2 The drawn plausible pathway was
similar to that of the previous work, suggesting the hydroxyethyl cleavage takes place along with
nitro-reduction, de-methylation, and de-nitration steps.”*>* The MET molecules get converted
into 2-methyl-5-nitro-1H-imidazole (m/z = 126.03) by hydroxyethyl cleavage which upon de-
nitration forms 2-methyl-1H-imidazole (m/z = 82.05). The 2-methyl-5-nitro-1H-imidazole leads
to the formation of 1H-imidazol-5-amine (m/z = 85.05) through nitro-reduction and attacked by
"OH radicals to form 2-methyl-1H-imidazole-4,5-dione (m/z = 112.03).
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Figure 7.8: GC-MS spectrum of MET having m/z values at retention time 29.98.

The 2-methyl-1H-imidazole-4,5-dione undergoes fragmentation to form N-ethylidene
formamide (m/z = 71.04) and is also attacked by "OH radicals to give rise to simpler
hydrocarbons after several steps.” The 2-methyl-5-nitro-1H-imidazole also undergoes de-
methylation and de-nitration to produce 1H-imidazole (m/z = 68.04) and then after several
hydroxyl attacks 2-aminoacetonitrile (m/z = 56.02), 2-hydroxyacetonitrile (m/z = 57.02), acetic
acid were formed. On the other hand, the MET molecules directly undergo de-nitration to form
2-(2-methyl-1H-imidazol-1-yl)ethan-1-ol (m/z = 126.08) which upon de-methylation forms 2-
(1H-imidazol-1-yl)ethan-1-ol (m/z = 112.06). After the ring opening of 2-(1H-imidazol-1-
yl)ethan-1-ol, few intermediates like, 1-ethyl-1H-imidazole (m/z = 96.07), acetamide (m/z =
59.04) were formed and mineralized to simpler hydrocarbons. The several intermediate products
can undergo an oxidation process by hydroxyl attack, give rise to carboxylic acids that are
ultimately mineralized into simpler hydrocarbons, CO,, NO,, NH3 and water.?®%° These formed
intermediates were in agreement with reported literature. The intermediates formed at a retention
time (RT) of 29.98 were analyzed by m/z values (Figure 7.8) and drawn in the form of a scheme

shown in Figure 7.9.
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Figure 7.9: The degradation pathway of MET by 1:5 CDZ nanocomposite.
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The degraded intermediate products of RhB dye were analyzed with GC-MS spectrum by
m/z ratios. The organic intermediates were extracted by organic solvent methanol, after
filteration it was used for the GC-MS analysis. The GC-MS spectrum of RhB was analyzed and
degraded intermediate products of RhB dye were identified and tabularized in Table 7.3 with
product name, retention time, formula and m/z values.3 2

Table 7.3: Various degraded products formed in GC-MS analysis of RhB dye.

S. No. | Degraded Product name | Retention time Formula m/z value
1. Pyrazine, methyl- 27.89 CsHgN2 95 [M+1]
2. Tromethamin 8.74 C4H11NO3 121.1 [M]
3. Oleanitrile 32.54 CqigH3sN 263 [M+1]
4. 9-Octadecenamide, (2)- 28.47 C1gH3sNO 281 [M]
5. Phthalic acid 28.47 CgHeO4 166 [M]
6. 2-vinylbenzoic acid 4.38 CyHgO, 148 [M+1]
7. hydroguinone 28.47 CeHsO2 111 [M+1]

7.9 Conclusions

The C-dots were successfully fabricated on the zeolite framework via a hydrothermal
method and were exploited for recalcitrant MET and RhB degradation. The facile method of
fabricated CDZ composite provides the formation of 5 CDZ composites of different ratios (1:1,
1:3, 1:5, 5:1, 1:7) with fascinating photo-activity and sufficient surface area for adsorption and
photodegradation of noxious contaminants. The 1.5 CDZ composite gave maximum
photodegradation efficiency due to its high surface area, pore-volume, low recombination rate,
and suitable bandgap energy value. The pH results were well justified with the PZC point which
was determined by the salt addition method. The rate constants or % degradation data of MET
under different light sources conclude that the maximum elimination was achieved in UV light.
The scavenger study reveals that the hydroxyl radicals were majorly responsible for the
photodegradation of pollutants. The GC-MS analysis was done for the identification of the
intermediates and the scheme for a plausible degradation pathway was drawn. This work gives a
new route to synthesize an efficient zeolite-based photoactive composite for MET elimination
from wastewater effluent and can be very beneficial to eradicate the pharmaceuticals from water

bodies.
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8.1 Introduction

In the present investigation, research was carried out for the preparation, modification, and
characterization of zeolite adsorbent for removal of Fipronil pesticide from its aqueous solutions

and photocatalytic degradation of MET and RhB from its aqueous solution.

8.2 Conclusions from research work

In Chapter 4, the H-ZSM-5 zeolite was modified with cerium salt of different
concentrations ranging from 5-30% (w/v%). by a simple ion-exchange method for the removal of
FIP pesticide from the aqueous solution. The H-ZSM-5 was treated with 25% cerium nitrate
solution (CexsZSM-5) and was found to remove a maximum of 90% Fipronil from its aqueous
solution. The various parameters such as time, pH, adsorbent dose, pesticide concentration,
temperature, and stirring speed were optimized by carrying out batch adsorption experiments. The
XRD spectrum indicates the planes of cerium oxide that match with JCPDS No. 34-0394, while
the HR-TEM images indicate the presence of cerium oxide particles over the zeolite structure. The
BET analysis indicates a surface area 192 m%g for Ce,sZSM-5 adsorbent. The super adsorptive
performance of the Ce,sZSM-5 is due to ionic interactions between the adsorbate and adsorbent.
The Langmuir adsorption isotherm and pseudo-second-order model were best fitted with
adsorption data, indicating monolayer adsorption and fast adsorption rate. The thermodynamic
studies reveal that the adsorption process was spontaneous and exothermic.

In Chapter 5, the g-C3N4/H-ZSM-5 composite was successfully synthesized by facile
calcination and used for the photocatalytic degradation of MB and FIP. The g-C3N4/H-ZSM-5
composite was characterized by XRD, BET, HRTEM, FESEM, EDS, and XPS analysis to
determine the structural and morphological properties. The surface analysis concludes that the
surface of the composite is highly porous, rough with a surface area of 172 m%g. The amount%
calculated was 71.10% and 28.29% for species Ce(1V) and Ce(lll) respectively. The bandgap of
the composite was calculated by Tauc’s plot which lies in the visible range of the solar spectrum.
The surface area of the composite is greater than the pure pristine g-C3sN4 which leads to better

degradation of the pollutants. Under visible light and sunlight irradiation, the photodegradation of
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MB and FIP by g-CsN4/H-ZSM-5 composite was greater than that of g-C3N, alone. The
degradation mechanism was proposed and discussed in detail with the role of radicals.

In Chapter 6, ammonium forms of different zeolites (H-BETA, H-MOR, H-13X) were
modified with cerium by the ion-exchange method to eliminate FIP pesticides from an aqueous
solution. The cerium-modified zeolites have shown much higher adsorption capacities than
ammonium-form zeolites. The comparative studies were carried out among all three Ce modified
adsorbents. Ce-BETA zeolite was found to be the best (~94% removal) for adsorption of FIP
because of its high active sites, high surface area, and high Si/Al ratio which leads to high
adsorptive performances. Ce-MOR also has ~90% removal of FIP due to its high Si/Al ratio that
promotes more metal loading which finally facilitates the adsorption process. Langmuir isotherm
and pseudo-second-order model signifying monolayer adsorption with a faster adsorption rate.
The negative AG® value confirms that the FIP adsorption was spontaneous and exothermic. The
high adsorption that occurred may be due to electrostatic or chemical interaction. Moreover, the
comparison studies of modified and unmodified zeolites were done which proves the need for
modification of adsorbents for better FIP removal. The inactive cations of zeolites have been
exchanged with cerium to increase the interaction of the noxious contaminants for making the
surface more active for adsorptive removal. The zeolites with high Si/Al ratios provide stability in
the acidic medium and also in the water medium. These features lead the zeolite to wider
applicability on a large scale.

In Chapter 7, the C-dots and zeolite composites were synthesized via a hydrothermal
method and were exploited for recalcitrant MET and RhB degradation. CDZ composites of
different ratios (1:1, 1:3, 1:5, 5:1, 1:7) were fabricated by facile method for enhanced photo-
activity. The 1:5 CDZ composite contributed to maximum photodegradation due to its high
surface area, pore-volume, low recombination rate, and suitable bandgap energy value. The pH
values were well justified with the PZC point which was determined by the salt addition method.
The rate constants or % degradation data of MET under different light sources conclude that the
maximum elimination was achieved in UV light. The scavenger study was done to reveal the
plausible degradation mechanism. The GC-MS analysis for the identification of the intermediates
was carried out and the scheme for a plausible degradation pathway was drawn. This work may
lead to a new route for the synthesis of an efficient zeolite-based photoactive composite for MET
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elimination from wastewater effluent and can be very beneficial to eradicate the toxic
pharmaceuticals from water bodies.

Direct implementation of only photoactive materials like g-C3N4 and C-dots doesn’t
provide the efficient removal of insecticide (FIP) and recalcitrant contaminant (metronidazole)
due to their less surface area and high recombination rate. Therefore, a support material like
zeolite has been utilized which provides better degradation efficiencies of these photoactive
materials. The zeolite provides a high surface area for the adsorption of pollutants and also helps

in reducing the recombination rate of the photocatalysts.

Table 8.1: Major findings on removal of pollutants by zeolite based materials.

Pollutants  Adsorbent/photocatalysts % Removal

FIP CexsZSM-5 91.8
FIP Ce-13X 86.21
FIP Ce-MOR 89.44
FIP Ce-BETA 93.54
FIP g-C3N4/H-ZSM-5 composite 84.01
MB g-C3N4/H-ZSM-5 composite 92.0
MET 1:5 CDZ composite 78.9
RhB 1:5 CDZ composite 90.0

In summary, the current research work is a comprehensive study of extending the zeolite
applications by fabrication of metal oxides or carbon-based photoactive materials by ion-exchange
and facile calcination techniques respectively, and performance evaluation under different

conditions along with kinetics, isotherm, and thermodynamics analysis.

8.3 Future perspective

% Pilot-scale experiments using cerium modified zeolite as the adsorbent can be carried out
for the removal of FIP from wastewater.

s CDZ composite can be applied to the industry for large-scale MET and RhB degradation

from wastewater.
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% The adsorptive activity and photocatalytic performance of metal-modified zeolites (e.g
Ce0,) can be tested at high temperature and pressure conditions.

% Cerium-modified zeolite with a high surface area can be applied for gaseous adsorption
processes on large scale.

% The CeO;-zeolites modified to heterostructures can be explored for their chemical and
biological applications like antiviral, antifungal, or photocatalysis.

** Zeolite frameworks can be fabricated with different C-dots for applications of sensing

pesticides, metal ions, etc.
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