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ABSTRACT

Plastics are extremely useful, but their inability to biodegrade has resulted in a
significant amount of plastic waste accumulating in the environment. Plastic waste has
emerged as a significant source of pollution in the environment around the world.
Plastic contamination in the environment and water is a serious global issue.
Micro(nano)plastic contamination has impacted aquatic ecosystems and contaminated
drinking water, forcing the development of effective remediation solutions. To address
the issue of plastic waste, it is important to remove it from the environment. Recent
research is focused on using nanoparticles for environmental remediation, particularly
water purification. Providing clean water and a healthy environment for a growing
global population is a challenging task. This thesis explores the application of
nanomaterials in environmental remediation, including water purification via sorption

and photocatalysis of hazardous plastic pollutants and organic dyes.

In this study, three nitrogen doped metal oxides such as N-TiOz, N-SnO and N-ZrO»
were synthesized via sol-gel method. Moreover, two carbonaceous materials such as
graphene oxide and corncob based activated carbon were used to synthesize and
nitrogen doped metal oxides-based nanocomposite materials in varying weight ratios
of carbonaceous materials: metal oxide (1:3, 1:1, 3:1) such as GO/N-TiO; (GT13,
GT11, GT31), CCAC/N-TiO2 (CT13, CT11, CT31), GO/SnO> (GNSO13, GNSO11,
GNSO31) were synthesized by one-step colloidal blending process and facile wet
impregnation methods. The obtained nanoparticles, carbonaceous materials, and
nanomaterials were characterized by XRD, FTIR, FESEM, EDX, XPS, TGA, PL, and
UV-VIS analytical techniques and were used as adsorbents and photocatalysts for
removal of PVC and PS plastics from aqueous solutions. The aqueous solutions PVC
and PS encapsulated with fluorescent PTE dye were prepared by using
nanoprecipitation method and characterized by FTIR, DLS, FESEM, Fluorescent
microscopy, UV-visible spectroscopy. It was found that addition of GO and CCAC to
N-TiO2 improved the adsorption and photocatalytic activity for PVC-NPs removal, and
among all the nanocomposites GT13 and CT13 composite yielded a remarkable
degradation efficiency after 180 minutes of exposure under tungsten light. The major

photodegradation by-products were identified using gas chromatography-mass
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spectrometry (GC-MS) and after the reaction the left-over nanoparticles and
nanocomposite materials were further characterized which confirmed the presence of
PVC and PS nanoparticles on surface ultimately confirmed the removal of PVC and PS
nanoparticles from water. Furthermore, polyethylene (PE)- and polyvinylchloride
(PVC)-based nanocomposites such as PE/GO, PE/N-Ti0,, PE/GO/N-Ti0,, PVC/GO,
PVC/N-TiO2 and PVC/GO/N-TiO> were synthesized using graphene oxide (GO) and
N-Ti0;. The synthesized nanocomposites were characterized by XRD, FTIR, FESEM,
EDX, TGA, PL, and UV-VIS analytical techniques and used for the adsorptive removal
and photocatalytic degradation of organic cationic dyes methylene blue (MB), and
rhodamine B (RB). PE/GO, PE/GO/N-TiO, PVC/GO, and PVC/GO/N-TiO; exhibited
excellent results for removal of MB and RB dyes. The proposed research work achieved
good removal response of synthesized materials for removal of aforementioned toxic
pollutants. This study sheds light on the use of various materials for water purification,

providing a long-term solution to pollution.
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Chapter - 1 Introduction

Plastics have emerged as the industry's preferred material because of its
numerous appealing qualities, including their extensive use in all aspects of our life.
The consumption of plastic has grown rapidly by around 180 times between 1950 and
2018. In 2022, the global plastic production reached 400.3 million tons [Pilapitiya et
al., 2024]. Widespread use and increased manufacturing of plastics led to major waste
generation and disposal challenges. Plastic garbage is either landfilled (79%), burned
(12%), or discarded in the environment, with barely 9% of used plastics being recycled,
showing plastic trash recycling was a massive failure. There is now a significant amount
of plastic in the environment because of improper disposal and the slow decomposition
of plastic garbage. [Kumar et al., 2021]. Numerous habitats, including freshwater lakes,
rivers, marine habitats, and rural areas, have been found to be contaminated by plastics.
Under environmental conditions, these plastic waste materials slowly degrade from
macro- and mesoplastics (> 5 mm) [Mariano et al., 2021], releasing smaller particles
known as micro- (< 5 mm) or nanoplastics (<1 um or <100 nm) particles. Tiny plastic
particles are ingested by a wide range of marine organisms, such as plankton, fish, and
even humans [Kumar et al., 2025]. Smaller plastic particles are more hazardous than
bigger macroparticles and can go from the digestive tract to other parts of the body of
the organisms [Kurniawan et al., 2021]. Furthermore, the hydrophilicity, rough surface
morphologies, negatively charged surface characteristics, and many functional groups
of various MPs/NPs facilitate the adsorption of harmful pollutants such as
polychlorinated biphenyls (PCBs), heavy metals, and polycyclic aromatic
hydrocarbons (PAHs) [Pal et al., 2025]. Therefore, plastic waste has become a major

global pollution issue that has gained global attention.

Several physical, chemical, and biological techniques have been developed to remove
microplastics and nanoplastics from water, including coagulation, flocculation [Zhang
et al, 2021, Zhou et al., 2021], membrane technology, filtration [Ma et al., 2019,
Talvitie et al., 2017], ozonation [Zafar et al., 2021], chlorination [Li et al., 2022],
hydrolysis [Sarno et al., 2021], Adsorption on Green Microalgae [Lagarde et al., 2016],
magnetic removal [Wang et al., 2021], chemical oxidation [Miao et al., 2020, Nabi et
al., 2020], advanced membrane bioreactor [Lares et al., 2018], biodegradation

[Muhonja et al., 2018, Peng et al., 2021], biological ingestion [Arossa et al., 2019], and
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microorganism aggregation [Begum et al., 2025]. However, every technique has its own
set of drawbacks and limitations, such as energy requirements, efficiency, applicability
constraints to specific types of micro-/nanoplastics, and environmental impact [Puteri

etal., 2025].

Lately, photocatalytic technology has become a potential solution for environmental
issues because of its high rate of pollutant degradation including plastic pollution. It is
user-friendly and affordable method and becoming more popular because of its
sustainability and low environmental impact [Shi et al., 2021, Lee et al., 2021, Wu et
al., 2025]. Using nanomaterials as a photocatalyst in heterogeneous photocatalysis is a
promising advanced oxidation method (AOP) for treatment of toxic wastewater and

non-biodegradable organics [Bethi et al., 2016].

Semiconductor nanoparticles including metal oxides, ceramics, and composites are best
suitable for photocatalytic application due to their high surface area, unique electronic
structures, and ability to enhance charge separation and transport, leading to higher
efficiency in light-activated chemical reactions [Malik et al., 2023, Yaqoob et al., 2020,
Mazari et al., 2021, Babuji et al., 2023]. Metal oxide such as TiO,, ZnO, CuO, WO3,
CeO», Ag0O, ZrO», and SnO, nanoparticles have received a lot of attention over the last
two decades because of their improved physical and chemical properties at the
nanoscale, which has led to applications in sensors, catalysis, and environmental
remediation [Pascariu et al., 2023, Pattnaik et al., 2023].

The use of metal oxides for photocatalysis is limited as due to their wide band gap they
show absorption in UV region, but in recent years, researchers have focused on
increasing the light absorption of metal oxides under visible light. This is achieved
through various strategies such as metallic or non-metallic doping, and loading with co-
catalysts such as noble metal particles or dye molecules [Pérez-Molina et al., 2020,
Chiesa et al., 2020]. Nonmetal elements such as N, F, S, B, C, and P doped metal oxides
have been extensively researched for their visible-light photocatalytic properties.
Nitrogen doping is the most effective and extensively studied because oxygen and
nitrogen have similar chemical, structural, and electrical properties such as
polarizability, electronegativity, coordination numbers, and ionic radii. When other

elements, such as N 2p, with atomic orbitals with higher potential energy than O 2p
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atomic orbitals are introduced, a new valance band (VB) can form instead of O 2p
atomic orbitals, resulting in a smaller band gap without affecting the conduction band
(CB) level, resulting in a visible-light-driven photocatalyst with band edge potentials
suitable for the water splitting reaction [ Wang et al., 2018].

Recently, enhancements of the photocatalytic activity of metal oxides by visible light
have been also demonstrated by the modification of metal oxides with carbonaceous
substances such as fullerenes, carbon nanotubes, and graphene to form carbon-metal
oxide composites, [Giovannetti et al., 2017] that aid in the degradation of organic
pollutants like polycyclic aromatic hydrocarbons, dyes, pesticides, and drugs [Ansari
et al., 2025]. Graphene is an exceptional material with a two-dimensional carbon sheet
structure and its derivatives, such as graphene oxide (GO) and reduced graphene oxide
(rGO), can improve photocatalytic efficiency by creating a synergistic effect with metal
oxides. The delocalized conjugated system of n- bonds in graphene materials can accept
photogenerated electrons, preventing electron-hole recombination. Oxygenated
functionalities on GO (and to a lesser extent on rGO) may provide reactive sites for
semiconductor and graphene construction [Pérez-Molina et al., 2020, Yue et al., 2024].
Furthermore, Ginkgo leaves, rose, fallen leaves, argy wormwood, coconut shells,
bamboo, banana peel, and other biomass wastes can be used to create porous carbon.
Corncob waste is a relatively pure precursor when compared to other types of
biomasses, so it can be used to synthesize products with low impurities and high yield.
The production of bio-derived carbon compounds from diverse biomaterials with and
without chemical activation has received a lot of interest [Sandeep et al., 2024].
Activating agents like H3PO4, KOH, and ZnCl; etc. are indeed used during biomass
activation to increase the number of surface oxygen-containing functional
groups. These agents play a crucial role in creating a porous structure and enhancing
the surface chemistry of the resulting activated carbon [Neme et al., 2020]. However,
the best activating agent ultimately depends on the specific application and desired
properties of the activated carbon. Activation with an adequate proportion of ZnClo,
provides a cheap, abundant, and very promising precursor material for the synthesis of
activated carbon with high carbon content and good adsorption characteristics [Suhdi

etal, 2021].
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While carbonaceous materials are effective in removing some pollutants, it has
limitations such as producing harmful byproducts and not fully degrading persistent
pollutants. To address these shortcomings and improve pollutant removal,
carbonaceous materials are being combined with metal oxide semiconductors to create
nanocomposites. This combination of carbon-based metal oxide nanocomposites offers
enhanced pollutant degradation through photocatalysis and adsorption, leading to
efficient removal of various pollutants [ Yue et al., 2024].

Although plastic remediation is being done exhaustively but the plastic accumulation
remains a major problem, and there is a need of mitigation of waste plastic pollution
[Huang et al., 2022, Rajmohan et al., 2019]. Reuse, recycle and energy recovery are
three important reclamation strategies by which plastic waste could be converted into
different products with different applications thereby increasing the lifespan of plastic.
Plastic waste has been reused in catalytic support technologies that can treat toxic water,
simultaneously addressing plastic pollution and water contamination. This innovative
strategy turns plastic waste, a persistent pollutant, into useful resources, creating a
circular economy where the materials from discarded plastics can be repurposed for
water treatment, leading to more sustainable environmental systems. The immobilized
catalysts enable easier recovery and reuse, reducing economic and environmental
concerns and improving process scalability and efficiency [De Assis et al., 2018,
Valadez-Renteria et al., 2021, de Assis et al., 2021].

Several methods have been used to synthesize metal oxide nanoparticles, such as sol—
gel, precipitation, hydrothermal, and microemulsion techniques, as well as physical
methods like ball milling and laser ablation [Rani et al., 2024]. Among these, the sol—
gel method, a wet chemical process, is widely used because it allows better control over
the size and shape of the particles. It also produces high-purity materials and works at
relatively low temperatures compared to other methods [Deshmukh et al., 2020].

The techniques used for characterisation of nanomaterials have been summarized in
Figure 1. Electrochemical Impedance Spectroscopy can be used to characterize
nanomaterials and their synthesized composites to study their physical, chemical,
morphological, and electrochemical properties [Wang et al., 2008, Liu et al., 2014,
Zhou et al., 2013]. TEM, HRTEM, SEM, and FESEM are electron microscopy tools

used to determine morphological characteristics of materials. Electron microscopes use

4
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powerful electrons as a source and focus on electromagnetic lenses [Bozzola et al.,
1999]. UV-vis is used to characterize the optical transparency of nanomaterials by
measuring their transmittance properties [Quevedo et al., 2021]. XRD measures atomic
arrangement, crystallinity, defects, crystallite size, and material structure among other
factors [Lee et al, 2017]. FTIR validates the connections and functions of various
materials. Thermogravimetric Analysis (TGA) is used to investigate thermal properties
of nanomaterials. Cyclic voltammetry and EIS study the electrochemical or conductive
properties of materials [Adamopoulos et al., 2023]. Raman spectroscopy serves as a
non-destructive instrument. The technology assesses the quality of produced materials

by analyzing structural traces and identifying compounds [Kneipp et al., 1999].
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Figure 1. Various techniques used in the characterization of nanomaterials.

Based on the context, plastic contamination has posed a serious threat to the survival of
aquatic ecosystems. To reduce their environmental impact, removal of plastic pollutants
with metal oxide, and modified metal oxide composites are emerging as highly effective

solutions and evolved as a successful photocatalytic approach. Although a lot of
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research has taken place to eradicate the problem, but a systematic and cost-effective
approach is required. In the current study three metal oxides, as TiO2, SnO, and ZrO»
were synthesized by the sol-gel method, followed by nitrogen doping. Graphene oxide
and corncob-based activated carbon (chemically activated with ZnCl») were used to
synthesize carbonaceous materials/metal oxide nanocomposites. These materials were
developed to enhance their performance in removing plastics such as polyvinyl chloride
(PVC) and polystyrene from water through both adsorption and photocatalytic
degradation. Furthermore, waste plastics, including polyethylene (PE) and polyvinyl
chloride (PVC), were recycled to fabricate nanocomposites, which were subsequently
employed for the removal of organic dyes like methylene blue and rhodamine B from

aqueous solutions.
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The extensive use of widely produced plastics such as PE, PET, PS, PVC, and PP
has created significant challenges in waste management, leading to serious
environmental concerns. These durable, degradation-resistant polymers accumulate in
the environment, breaking down into harmful macroplastics, microplastics, and
nanoplastics and can contaminate the environment, make their way into the food chain,
and endanger the health of animals and humans. Poor waste management systems,
especially in low-income countries, worsen this issue, emphasizing the urgent need to
reduce waste, enhance disposal methods, and create sustainable alternatives [Schade et
al., 2024, Zhi et al., 2025, Miino et al., 2024]. To reduce the possible ecological hazards,

it is critical to create technology for the removal and recycling of plastic pollution.
2.1 Plastic Removal Techniques

Different physical, chemical, and biological approaches have been designed to remove

microplastics from water, and these methods are presented in Table 2.1.

Table 2.1 Various techniques for the removal of plastic pollutants.

Method Type of MPs/NPs Size Efficiency (%) References
MP/NPs
Ultrafiltration PE <5000 pm 100% Maetal., 2019
Discfilter All type > 20 um 97% Talvitie et al.,
2017
Adsorption on Green PP >400 um recovery rate of Lagarde et al.,
Microalgae 94.5 2016
Magnetic removal PS 1 pm 94.8% Wang et al., 2021
Coagulation PET <500 pm 91.45 Zhang et al., 2021
PS <5000 pm 77.83%, Zhou et al., 2021
PE 29.70%
Hydrolysis Partially 20-25 pm Complete Sarno et al., 2021
degraded degradation
polyester MP
fibers
Chemical oxidation PVC 100—200 um >30% Miao et al., 2020
PS 400 nm 98.4% Nabi et al., 2020
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Advanced Membrane fibers (82%) mostly < 1 mm Usually > 98% Lares et al., 2018
Bioreactor and particles
(18%)
Chlorination nano-sized PS <1 pm-5 mm 7.1 Lietal, 2022
Ozonation PE Different sizes 44% Zafar et al., 2021
Biodegradation LDPE 3 cm X 3cm 35.7%, 20.4% Muhonja et al.,
2018
PLA <100 pm 90.9% Pengetal., 2021
Biological Ingestion PE 53-500 pm 66.03 Arossa et al.,
2019

All the aforesaid methods are effective in plastic removal but there are some demerits
and merits related to each method. There is a need for more appropriate and sustainable
methods. In this regard, A study of Dayal ef al. explained that adsorption and
photocatalysis are promising approaches for various pollutants including plastic
pollutants. Adsorption offers high removal efficiency, low cost, and reusability, while
photocatalysis breaks down plastic pollutants through chemical reactions and can
totally mineralize polymers and transform MPs into simple, harmless substances.
Combining these techniques could offer a more effective solution, though
improvements are needed in adsorbent targeting and the scalability of photocatalytic

processes [Dayal et al., 2024].

2.1.1 Adsorption

Adsorption is often employed to remove inorganic and organic pollutants including
microplastics from water and wastewater. Conventional adsorbents are often limited by
surface area, selectivity, and adsorption kinetics. Nanoadsorbents are becoming a
popular alternative to traditional adsorbents. Metal oxide nanoadsorbents are
extensively researched due to their distinct qualities compared to bulk materials. Metal
oxide nano-adsorbents offer significant improvements in adsorption due to their
ultrafine size, large surface area, associated sorption sites, short intra-particle diffusion,
high density of corner or edge surface sites, tunable pore size, chemical stability, and
non-toxicity [El-Sayed 2020, Heo et al., 2022]. Adsorption removal depends on the

adsorption action between MPs and adsorbents and has a comparatively high efficacy
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in removing MPs and nanoplastics (NPs). The adsorption mechanism involves n-n
interactions, hydrogen bonding, and electrostatic interactions [Pan et al., 2023].
Researchers used various adsorbents to remove MPs.

Yuan et al. found that three-dimensional reduced graphene oxide (3D RGO) effectively
adsorbs polystyrene (PS) microplastics from water, achieving a maximum capacity of
617.28 mg/g. The adsorption process is primarily driven by strong m—mn interactions
between the graphene and PS, enhanced by electrostatic attraction and physical
retention. Key factors like pH, ion concentration, adsorption time, and temperature
influence the adsorption efficiency, with optimal conditions yielding high removal
rates, making 3D RGO promising for microplastic removal due to its high adsorption
capacity, fast kinetics, and potential for use in real-world water treatment [ Yuan et al.,
2020).

Wang et al. proposed efficient Mg/Zn-modified magnetic biochar adsorbents, which
effectively adsorb and simultaneously thermally degrade polystyrene microspheres,
even after multiple adsorption-pyrolysis cycles. Mg/Zn-modified magnetic biochars
(Mg-MBC and Zn-MBC) and unmodified magnetic biochar (MBC) achieved removal
efficiencies of 98.8%, 99.5%, and 94.8%, respectively, for polystyrene microspheres.
Adsorption occurs through electrostatic interactions and chemical bonding between the
biochar and the microplastic particles. The adsorbed MPs are degraded through a
simultaneous thermal process, which also regenerates the biochar adsorbent for
reuse. The catalytic active sites of Mg and zinc Zn promote MP degradation and release
adsorption sites for reuse. The use of biochar and the simultaneous regeneration process
make it a low-cost and eco-friendly approach for microplastic removal with retained
adsorption capabilities and potential for large-scale applications [Wang et al., 2021].
Wang et al. developed a fatigue-resistant, biodegradable plant-protein-based sponge
(OPS) that rapidly adsorbs microplastics from water through hydrophobic interactions
and intra-particle diffusion, demonstrating high removal efficiency and good
reusability (maintaining about 60% removal after four cycles). The sponge's high
porosity allows for rapid adsorption, with 38% microplastics removed in under 10
seconds. It also exhibits significant biodegradability, offering a sustainable and eco-

friendly solution for microplastic pollution.
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Zhu et al. synthesized a contaminated corncob-derived biochar effectively removed
polystyrene nanoplastics (PSNPs) from water by adsorbing them and then degrading
them through hydrothermal treatment, regenerating the biochar in the process. The
adsorption had a maximum capacity of 56.02 mg/g [Wang et al., 2021].

Ganie et al. found that efficiency of sugarcane bagasse-derived biochar in removing
nanoplastics from water is highly dependent on its pyrolysis temperature. The study
showed that the biochar pyrolyzed at 750°C achieved over 99% nanoplastic removal
within 5 minutes. In contrast, biochar pyrolyzed at 550°C and 350°C showed
significantly lower removal rates (<39% and <24%). This enhanced performance at
high temperatures is attributed to increased surface area and pore abundance, which
facilitate physical trapping within pores, alongside increased aromaticity and reduced
carbonyl functional groups that enable mechanisms like pore-retention and electrostatic
attraction. Conversely, biochar produced at lower temperatures show lower removal
efficiency, with removal dependent on oxygen-containing functional groups and less
developed pore structures [Ganie ef al., 2021].

Sun et al. have fabricated robust, compressive chitin-graphene oxide (ChGO) sponges
to efficiently remove various microplastics (MPs) through electrostatic interactions,
hydrogen bonding, and =n-m interactions. The sponges achieved high removal
efficiencies, with one study reporting 89.8% for polystyrene (PS) and 72.4-88.9% for
functionalized polystyrene (PS-COOH, PS-NH;) even after three adsorption-
desorption cycles. These composite sponges offer excellent mechanical strength, good
reusability, high adsorption capacities, and demonstrate promising biocompatibility and
biodegradability, offering a sustainable method for mitigating microplastic pollution
[Sun et al., 2020].

These studies highlight the great potential of various adsorbents for the removal of
microplastics from wastewater due to their low cost, environmental compatibility,
renewability, and the ability to interact with diverse types of microplastics through
mechanisms including electrostatic attraction, hydrophobic interactions, pore-filling,
and n—m stacking.

2.1.2 Photocatalysis

Photocatalysis began with the "Honda-Fujishima effect," which involved splitting

water into hydrogen and oxygen. This effect showed that a semiconductor material can

10



Chapter - 2 Review of Literature

split H>O into hydrogen and oxygen under light exposure, opening up a new era of
photocatalysis [Hassaan et al., 2023]. The photocatalytic oxidation method employs
light and a photocatalyst to break down organic molecules and plastic pollutants via
redox reactions occurring on the surface of the catalyst. Light activates the
photocatalyst, which then generates highly reactive species, like hydroxyl radicals
("OH) and superoxide radicals (‘O;"), that break down pollutants into benign end-
products such as CO; and H>O. Degrading organic contaminants in wastewater has
become a key focus of heterogeneous photocatalysis research in recent years [Xiao et
al., 2024, Rajaitha et al., 2022, Pandis et al., 2022] because it eliminates the need for
supplementary disposal methods, making it a significant benefit over traditional
approaches. This technique has an advantage over sophisticated oxidation technologies
since it uses ambient oxygen as an oxidant, eliminating the need for expensive oxidizing
chemicals like hydrogen peroxide and ozone [Kumari et al., 2023]. Photocatalysts are
self-regenerating, reusable, and recyclable, making the process more sustainable and

cost-effective [Afridi et al., 20235].

Many semiconducting materials, such as metal oxides, metal nitrides, metal sulphides,
alkali metal bases, Z-scheme systems, oxy sulphides, oxy nitrides and metal-organic
frameworks (MOFs) and organic materials (carbon, graphene, etc.), have been
employed as photocatalysts recently [Tahir et al., 2020, Krishnan et al., 2024]. Table
2.2 provides a compilation of different semiconductor materials used for photocatalytic

wastewater treatment.

Table 2.2 Various types of photocatalysts used to remove contaminants from water [reproduced with

permission from Bedia et al., 2019].

Type of photocatalyst Examples
Metal oxides Ti02, ZnO, WO3, CeO2, SnO», Fe>03, In203 or
B1203
Metal sulfides ZnS, CdS, MoS», Bi»S3 or CuS/ZnS

Titanates (BaTiOs, SrTiO3 or La;Ti207)
Ternary compounds Tungstates (Bi2WOgs or ZnWOy)
Metalates [AxByO,] (such as BiVOy)

Non-metal semiconductors g-C3Na, graphene
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Bi,S3/B1203/B1,0,CO3
Bi1202C0O3/Bi204
Multicomponent materials BiVO04/Bi202CO3

g-C3Nas-heterojunctions

Graphene-heterojunctions

A suitable photocatalyst should possess characteristics such as low cost, tunable
morphology, high photoactivity, non-toxicity, thermal stability, and efficient absorption
of visible light [Chakravorty et al., 2024]. A band gap that permits the production of
reactive species is essential for the degradation of contaminants, specifically that the
redox potential of the H2O/"OH pair, which is -2.8V, falls within the band gap region
of the photocatalyst to generate the hydroxyl radicals. ("OH) required for the
degradation of contaminants [Chang et al., 2024]. The bandgap energy of several
photocatalysts and the corresponding wavelengths are displayed in Table 2.3.

Table 2.3 Energy bandgaps and wavelengths of some traditional photocatalysts [reproduced with

permission from Molinari et al., 2017].

Semiconductor Bandgap (eV) Bandgap wavelength (nm)

Ti02 (anatase) 3.2 387
TiO2 (rutile) 3.0 380
FexO3 2.2 560
SnO» 3.8 318

ZnS 3.7 335-336

ZnO 3.2 387-390
V410)) 5.0 460
WOs3 2.8 443

CdS 2.5 496497

GaP 2.3 539-540
V205 2.0 600

CdSe 1.7 729-730

GaAs 1.4 886887
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Severe photocorrosion and fast recombination of photogenerated charge carriers limit
the use of metal sulphides in photocatalysis. The main constraint of metal-organic
frameworks (MOFs) -based systems is their lower stability, which results from poor
coordinate bonding between organic ligands and metal nodes. They have a low
reduction capacity and high electron-hole recombination rate. Oxynitrides and oxy
sulphides are more active but less stable than metal oxides. Metal oxides (MOs) offer
several advantages over other photocatalysts, including high stability, low cost,
favorable electronic structure, efficient light absorption, resistance to photo-corrosion,
and effective charge transport properties [Krishnan et al., 2024]. Research has shown
the potential of TiO2, SnO> and ZrO; for removal of various organic pollutants as

discussed below:

TiOz is a widely studied photocatalyst with advantages like low cost, high stability, and
non-toxicity, making it suitable for environmental remediation. TiO; exists as one of
three mineral phases: anatase, brookite, and rutile. The anatase phase of titania has the
highest photocatalytic degradation tendency. Being an ideal photocatalyst by itself,
researchers have used this photocatalyst in different environmental applications. Its
wide bandgap limits its activity to UV light and results in low quantum efficiency, is
one of its primary drawbacks. Additionally, its efficiency also reduces by the quick
recombination of photogenerated charge carriers (holes and electrons) [Liao et al.,

2020].

According to Estrada-Flores et al. anatase TiO> with a spherical and porous shape
enhanced the photocatalytic degradation process by boosting visible light absorption
through better light scattering within the pores [Estrada-Flores et al., 2020].

Ko et al. used a template-free sol-gel technique to create spherically shaped TiO>
nanoparticles. The resultant nanoparticles showed extremely strong and consistent

photocatalytic activity for the degradation of toluene [Ko et al., 2023].

Kaewkam ef al. showed that UV-C light (254 nm) in conjunction with TiO; resulted in
significantly higher degradation of LDPE films compared to UV-A light (365 nm),
which showed negligible degradation. The study demonstrated that TiO> treated at
900°C (Ti02-900°C) exhibited the highest photocatalytic activity for LDPE
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degradation under UV-C illumination. This superior performance of the high-
temperature treated TiO2 suggests that its specific crystal structure, likely rutile, is more
effective for photodegradation of LDPE compared to other phases or lower-temperature
preparations (such as Ti02-450°C). The UV-activated TiO> produces reactive oxygen
species (ROS), which starts the degradation process. These ROS then break down the
polymer chains of the LDPE into smaller byproducts. This suggests that the crystal
structure formed by high-temperature treatment enhances the photocatalyst's

effectiveness in breaking down LDPE [Kaewkam et al., 2022].

A study of Nabi et al. showed TiO> nanoparticle films achieved almost complete
photocatalytic mineralization of PS microplastics, converting 98.40% of 400-nm PS
into CO; within 12 hours, while PE also showed high degradation rates. This method
uses UV light to activate the TiO: catalyst, generating reactive oxygen species that
break down the microplastics into harmless substances like CO2, demonstrating a

promising, low-cost approach for microplastic remediation [Nabi et al., 2020)].

SnO; is an n-type semiconductor characterized by a wide bandgap of 3.6 eV, making it
responsive only to ultraviolet (UV) light. SnO; has unique physicochemical
characteristics and exceptional catalytic properties. It is an affordable, non-toxic,
chemically stable material used by researchers for degradation of various pollutants.

[Rajput et al., 2021].

According to Letifi ef al., SnO»> is a promising candidate with remarkable and adaptable
properties, such as high mechanical and chemical stability, high electron mobility,
strong thermal stability in the air, high transparency in the visible region, and strong

chemical and physical interaction with absorbed species [Letifi et al., 2019].

Begam et al. reported a simple and eco-friendly method for synthesizing SnO:
nanoparticles using L-lysine monohydrate. The nanoparticles exhibited spherical
tetragonal rutile structures with sizes varying from 4 to 17 nm, depending on the
reaction temperature. These nanoparticles were effective photocatalysts for the
photodegradation of humic acid, achieving complete degradation within 180 minutes
under solar irradiation, indicating a promising application for treating aromatic

pollutants [Begam et al.2016].
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Wu et al. used the amino acid-assisted hydrothermal synthesis method to create highly
crystalline, ultra-small SnO> nanocrystals with enhanced photocatalytic activity.
Because of their small size and increased surface area, they were able to completely
degrade (100%) Rhodamine B (RhB) under UV light irradiation in 150 minutes [ Wu et
al. 2009].

Sangami et al. demonstrated high degradation percentage of 94.48% for RhB in 60
minutes using tin(IV) oxide nanoparticles under UV irradiation. The degradation
mechanism involves N-deethylation, where ethyl groups are removed from the RhB
molecule, and also structural disruption, which leads to a gradual decrease in absorption

peak over time [Sangami et al., 2012].

ZrO> is a promising substance for use as a photocatalyst. It possesses great thermal and
chemical stability, outstanding mechanical strength, high photocorrosion stability, and
a high negative conduction band potential, which can generate holes with very strong
oxidation power [Zheng et al., 2009]. Furthermore, its large band gap [Qi et al., 2000]
and appropriate redox potentials in bands are extremely favorable for the degradation

of a wide range of organic contaminants [Kralik et al., 1998].

Sreethawong et al. found that ZrO, exhibits strong photocatalytic performance in
degrading methyl orange under UV irradiation. They also suggested that doping ZrO-
with metals is an effective strategy to enhance its photocatalytic efficiency, especially

under visible light exposure [Sreethawong et al., 2013].

Basahel et al. reported that the monoclinic (m-ZrO:) phase of nanosized ZrO; exhibited
the highest photocatalytic degradation of methyl orange, achieving 99% degradation in
110 minutes, compared to 90% for the tetragonal (t-ZrO») phase and 80% for the cubic
(c-ZrO3) phase within the same timeframe. This enhanced performance of m-ZrO; is
linked to several contributing factors, such as its high crystallinity, wide pore size
distribution, and abundant surface hydroxyl groups. In addition, the presence of a small
amount of oxygen-deficient zirconium oxide phase helps promote charge separation,

thereby enhancing its overall photocatalytic efficiency [Basahel et al., 2015].
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Hanafi ef al. demonstrate that ZrO» catalysts can achieve 80% degradation of mixed
dye and phenol solutions within an hour under fluorescent light irradiation at pH 9

[Hanafi et al., 2019].

Alkhalifa et al. reported a green synthesis approach for preparing ZrO; nanoparticles
using Asphodelus fistulosus plant extract as both a reducing and capping agent.
Characterization by XRD, XPS, and FTIR confirmed that the produced nanoparticles
were crystalline and spherical in shape. Under UV irradiation at pH 7, the green-
synthesized ZrO> nanoparticles were able to degrade 92% of Congo Red dye within 75
minutes [Alkhalifa et al., 2025].

Although research has shown the potential of TiO2, SnO;, and ZrO; for removal of
organic pollutants, several research gaps limit their effectiveness in removing plastic
pollution from water. These gaps include improving catalyst efficiency under visible
light, optimizing degradation of persistent polymers, and managing toxic byproducts

[Silva et al., 2025]

The practical application of pure metal oxides is restricted by their high activation
energy and the rapid recombination of photogenerated electron—hole pairs. Therefore,
enhancing photocatalytic performance requires minimizing the recombination rate of
these charge carriers. Coupling of metal oxides with other materials is a viable strategy
that could result in varied band gap energies for the metal oxide. Doped materials are
anticipated to exhibit enhanced photocatalytic activity because they can lower the
activation energy and suppress the recombination of electron—hole (e—h") pairs
[Shabna et al., 2023]. Introducing structural defects like Ti*> or doping metal oxides
with certain metal or non-metal ions can significantly lower its band gap and cause a
red shift in its absorption spectrum. This strategy is commonly used to improve the
photocatalytic performance of titania, especially under visible light, by incorporating
metal or non-metal ions or by combining it with carbon-based materials [4inoucheet

al., 2016, Liao et al., 2020]

The next Section 2.2 and 2.3 addresses methods of enhancing the properties of the

metal oxide in order to boost catalytic activity.

2.2 Modified Metal Oxides with Doped metals/non-metals/ions
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However, these metal oxides can perform photocatalysis only under UV irradiation,
which accounts for approximately 4% of the total electromagnetic spectrum. Reducing
the bandgaps of photocatalysts has been the main goal of photocatalysis over the years
in order to replace UV light with visible light. Nevertheless, the process of lowering the
bandgap is expensive. Furthermore, one issue that must be resolved during

photocatalysis is the recombination of electron-hole pairs [Tahir et al., 2020].

According to Ambasta ef al., introducing transition metals like Zn, Fe, Cu, Co, Ni, Zr,
and Mn into metal oxides can significantly enhance their photocatalytic activity.
Modified metal oxides are increasingly being used in wastewater treatment because
inorganic dopants such as N, B, P, O, S, and F have been shown to increase the

photolytic activity of metal oxides [Ambasta et al., 2025].

Sen et al. reported that transition metals like iron, manganese, copper, and nickel, along
with their oxides, are commonly used as dopants to enhance the performance of
photocatalysts such as TiO,. This approach has been shown to effectively enhance
photocatalytic performance under visible light by reducing the bandgap of the catalysts.
While single-doping of TiO: nanocatalysts has shown promise in improving
photocatalytic efficiency, co-doping with multiple transition metals can sometimes
produce unfavorable results due to the intricate interplay between electron-hole
recombination and nanoparticle shielding. In recent years, the use of nonmetal dopants
such as nitrogen, carbon, fluorine, sulphur, and iodine has gained popularity as an
alternate doping method. The use of these nonmetals offers several benefits, such as
improved thermal stability of the resulting catalysts and enhanced activity under visible
light. These improvements are mainly due to a notable narrowing of the bandgap and a

reduction in the recombination of electron—hole pairs [Sen et al., 2023].

Du et al. reported that doping ZrO> with rare earth metals such as Sm and Eu markedly
enhanced its photocatalytic performance for degrading rhodamine B and methylene
blue under visible light [Du et al., 2013]. The outstanding photocatalytic performance
is attributed to the increased specific surface area and the favourable electronic structure
of the material. Nevertheless, doping ZrO; with transition metals such as Cu, Pt, and
Au reduced its ability to photodegrade aqueous carbonate [Sayama and Arakawa,

1993]. Using metal dopants brings up serious concerns about their potential toxicity,
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suggesting that nonmetal dopants may be a safer and more effective option for

improving the photocatalytic activity of pristine ZrO; [Liu et al., 2010].

A study of Zhang et al. reported that carbon doping of ZnO nanoparticles reduced their
bandgap, enhanced the separation of electron—hole pairs, and significantly increases

their photocatalytic activity under visible light [Zhang et al., 2015].

Liu et al. suggested that nitrogen, having lower electronegativity than oxygen, is an
effective nonmetal dopant for enhancing the photocatalytic activity of wide bandgap
metal oxides such as ZrO» [Liu et al., 2010]. The uniform distribution of the entire
doped matrix may also result from its similar radius to that of O [Charanpahari et al.,
2013]. A summary of various doped metal-oxide nanoparticles used by different

researchers for photocatalytic degradation of pollutants is given in Table 2.4.

Table 2.4 Photocatalytic degradation of different pollutants using doped metal-oxide nanoparticles.

Dopant Metal Light Source Pollutant % Removal References
oxide

Fe TiO, Visible light Malachite green 78% Asiltiirk et al., 2009
UV light Dichloromethane 88% Hung et al., 2007

B TiO; Visible light 4-chlorophenol 78% Xu et al., 2009

N SnO; Visible light Methylene blue 98.4% Pan et al., 2009

S SnO; Visible light RhB 93% Ma et al., 2016

Cr (IV) 87%
Pd 96%
Pt ZrOs UV light Indigo disulfonate 949, Saeed et al., 2018

Nanoparticles can be synthesized using two main strategies: (i) the bottom-up approach
and (ii) the top-down approach. In the top-down method, bulk materials are broken
down into nanoparticles (NPs) through size reduction techniques. In contrast, the
bottom-up approach involves assembling nanoparticles using chemical, physical, or

biological processes.

Top-down synthesis employs a destructive strategy in which the macroscopic material
is reduced to smaller units by physical or chemical processes before being turned into

appropriate nanoparticles. Thermal decomposition, mechanical grinding/ball milling,
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physical vapor deposition, chemical etching, laser ablation, electro-explosion,
sputtering and lithography are some examples of this approach [Devesa et al., 2025,
Abid et al., 2022]. The top-down method is generally seen as simple, yet it often
involves expensive equipment. Its main limitation is the synthesis of nanoparticles with
surface imperfections, which can significantly influence their physical characteristics

and surface chemistry due to their high aspect ratio [Khan et al., 2019].

The bottom-up synthesis, also known as the constructive method, is the opposite of the
top-down approach. This approach is based on the self-assembly of individual atoms
into bigger clusters, which then aggregate into final nanoparticles. Bottom-up processes
include chemical vapor deposition, sol-gel, spinning, pyrolysis, and biological
synthesis. Bottom-up synthesis, often known as the constructive method, is the inverse
of the top-down approach. This approach is based on the self-assembly of individual
atoms into bigger clusters and their subsequent aggregation into final nanoparticles.
Chemical vapor deposition, sol-gel, spinning, pyrolysis, hydrothermal, co-precipitation
and biological synthesis are all examples of bottom-up methods. This technique has a
specific advantage in that it increases the potential of producing metallic nanoparticles
with fewer defects and a more homogenous chemical composition; nonetheless, it
requires suitable surfaces and molecules [Devesa et al., 2025, Abid et al., 2022].
Sreethawong et al. reported that ZrO, exhibited outstanding photocatalytic activity in
degrading methyl orange under UV light. The nanoparticles were easily synthesized

using a surfactant-assisted sol-gel method [Sreethawong et al., 2013].

A summary of various synthesis methods used to prepare doped metal oxide by various

researchers is given in Table 2.5.

Table 2.5 Various doping agents and preparation methods used for metal oxide photocatalyst.

Type of Example of Preparation method of Reference
dopant dopant doped TiO:
Hydrothermal Zhu et al., 2004
Fe Sol gel Hung et al., 2007
Sol gel/microemulsion Adan et al., 2009
Impregnation Sakthivel et al., 2004
Pt Impregnation/Photodeposition Kozlova et al., 2007
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Metal dopant Photochemical deposition Sun et al., 2008
Photochemical reduction Huang et al., 2008
Sol gel Ishibai et al., 2008
Ce Hydrothermal Xiao et al., 2006
Reflux Wang et al., 2010
Sol gel Bettinelli et al., 2007
P Hydrothermal Jin et al., 2009
Sol gel Raj et al., 2009
N Hydrothermal Peng et al., 2008
Hydrothermal Senthilnathan et al., 2010
S Hydrothermal Tian et al., 2009
Non-Metal Hydrothermal Ho et al,, 2006
dopant Hydrothermal Yu et al., 2009
F Sol gel Todorova et al., 2008
Spray pyrolysis Lietal, 2005
I Hydrothermal Zhang et al., 2011
Sol gel Maetal, 2011
B Sol gel Xu et al., 2009
Sol gel Zaleska et al., 2008
Metalloid Destabilization Estruga et al., 2010
dopant Si Hydrothermal Jin et al., 2009
Templating Heetal, 2010
F,N Sol gel Livraghi et al., 2009
Sm, N Coprecipitation Ma et al., 2010
Fe, Nb Sol gel Estrellan et al., 2010
W, N Hydrolysis Lietal, 2008
B, Fe Sol gel Khan et al., 2008
Co-dopant N, S Hydrolysis Yu et al,, 2006
S, 1 Sol gel Yuetal, 2010
N, S Hydrothermal Wei et al., 2008
Cu, S Sol gel Hamadanian et al., 2010
F,N Sol gel Xie et al., 2008
Pt, Cu Impregnation Lietal, 2010
Fe, C Sol gel/Solvothermal Wu et al., 2010
Pt,N Sol gel Sreethawong et al., 2009
Cr, W Pyrolysis Biswas et al., 2008
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2.3 Photocatalytic degradation of plastics

Researchers used various metal oxides and modified metal oxides for the photocatalytic

degradation of various plastics, summarised in Table 2.6.

Table 2.6 Metal oxide and modified metal oxides for photocatalytic degradation of various plastics.

Photocatalytic Target Light Time Efficiency Reference
Material Microplastic Source
ZnO nanorods Polypropylene Visible 456 h 65% reduction Uheida et al.,
in particle 2021
volume
C, N-TiO» High-Density Visible 50h 71.77 + 1.88% | Vital-Grappin et
Powders Polyethylene al., 2021
TiOy/ B-SiC Polymethyl UV-A 7h 50% Allé et al., 2021
alveolar foams methacrylate
Ti02/ZnO Polyethylene UV-365nm | 480h | 100% Mass loss | Heetal., 2023
(with Na;S,05)
Silver-doped Polyamide 66 UV-A 4h 58.9 % mass Wang et al.,
titanium dioxide loss 2025
Cu-doped TiO; Polyethylene uv 48 h 96.7 % Ejeta et al.,
nanoparticles degradation 2026

2.4 Carbon Material based Metal Oxides Nanocomposites for Photocatalytic

Degradation

According to the available literature, over the past few years, numerous studies on
developments in carbon-based photocatalysts for water remediation have been
published. The carbonaceous materials explored by various researchers for
photocatalytic performance include carbon dots [Senddo et al., 2022], graphitic carbon
nitride (g-C3Na) [Pham et al., 2023, Biswas et al., 2023], activated carbon [Abdullah et
al., 2023, Liu et al., 2021], graphene oxide [Khan et al., 2019], reduced graphene oxide
[Ramesh et al., 2021] and carbon nanotubes (CNTSs) [Ansari et al., 2025]. Introducing
highly conductive carbon materials into the photocatalyst helps prevent the

recombination of electron—hole pairs, improving its overall efficiency.

Hu et al. (2012) found that graphene oxide/TiO> (GOT) hybrids demonstrated
remarkable adsorption and photocatalytic efficiency under visible light, successfully

degrading MB dye during solar exposure. This enhanced activity was attributed to
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ability of GOT to act as an electron sink, boosting its photocatalytic performance [Hu

etal., 2012].

Nguyen-Phan et al. reported an environmentally friendly, one-step colloidal blending
technique that retains properties of TiO> while integrating the benefits of graphene
oxide. The resulting composites showed high adsorption and strong photocatalytic
performance under both UV and visible light. Photodegradation experiments using
methylene blue (MB) under simulated sunlight revealed that graphene oxide functioned
as an adsorbent, electron acceptor, and photosensitizer, boosting the efficiency of the

photocatalytic process [Nguyen-Phan et al., 2011].

The TiO2/GO (8%) nanocomposite had the highest and fastest rate of methylene blue
photocatalytic degradation, according to Khan et al. The thin two-dimensional sheet
support, greater surface area, narrow band gap, stronger adsorption capacity, and good
electron acceptance of GO were associated with their exceptional photocatalytic
activity against synthetic dye and ciprofloxacin under the visible region spectrum.
Therefore, synthesized nanocomponents may prove to be an effective photocatalytic
system to protect our ecosystems from the harmful waste products released by various

industries [Khan et al., 2019].

Kamalam et al. report that the SnO2-GO nanocomposite degraded the RB dye in 120
minutes, which is much shorter time than the degradation performances of SnO» and
GO alone. The combination of GO and SnO; produces a synergistic effect, where
integrating GO into SnO: enhances carrier oxidation, slows down electron—hole
recombination, and promotes more efficient separation of charge carriers. As a result,
a relatively inexpensive graphene oxide-supported SnO> nanocomposite can be used as
an effective actual wastewater treatment technique at an industrial scale [Kamalam et

al., 2019].

Posa et al. synthesized GO/ZnO nanocomposites using a straightforward wet chemical
method, demonstrating their effective photocatalytic mineralization under sunlight. The
exceptional photocatalytic activity of nanocomposites is related to the formation of

GO/ZnO, which enhanced the lifespan of transporters, and the excitation of dyes as a
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visible light sensitizer. It was because the load separation of electric-hole carriers was

effective [Posa et al., 2016].

Farghaly et al. conducted a comprehensive investigation on the removal of methylene
blue (MB) from aqueous solutions using solar-driven photocatalysis with nano-sized
TiO2 and composites containing activated carbon (AC) and reduced graphene oxide.
Instead of doing traditional batch tests to investigate the design configuration of a solar
reactor, this study uses a continuous system. TiO; has a 93.13% MB removal efficiency.
The study also demonstrated that combining TiO2 with AC and RGO considerably
improved MB photocatalytic degradation. The TiO2/AC composite degraded 98.3% of
the MB in 138 minutes of sun exposure. Similarly, the TiO2/RGO composite achieved
97% removal, which is much higher than nano-TiOz [Farghaly et al., 2004].

Fadli et al. synthesized Ag/TiO»/RGO composite catalyst that showed a high
degradation percentage of 76% for polyethylene microplastics within 4 hours of UV
irradiation, outperforming pure TiO> (56%) and Ag/Ti0; (68%). This demonstrates that
the presence of silver and reduced graphene oxide (RGO) boosts the catalytic oxidation
efficiency for microplastic degradation. When exposed to UV light, the TiO, catalyst
generates electron—hole pairs (e /h*), which react with water and oxygen to form
powerful oxidizing species such as hydroxyl radicals ("OH). These radicals
subsequently target the chemical bonds within the microplastic polymers, causing them
to break down and degrade. The addition of metal dopants (like Ag) and 2D materials
(like RGO) improves the photocatalyst's light absorption and charge separation,
preventing the rapid recombination of electrons and holes. Better charge separation
leads to a higher rate of reactive oxygen species generation, enhancing the degradation
efficiency. Studies have monitored the physical and chemical changes in microplastics,
such as an increase in the carbonyl index and surface cracks, which signify the

breakdown of the polymer structure. [Fadli et al., 2021
2.5 Photocatalytic Degradation Mechanism of Doped-Metal Oxides

The basic mechanism of a metal oxide photocatalyst begins when it absorbs a photon
with energy equal to its band gap. This excites an electron from the VB to the CB,

generating a positive hole in the VB. They can also react with the species acceptor or
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donor of electrons that are adsorbed on its surface. Consequently, the high oxidation
potential of the "OH generated has a significant impact in photocatalysis [Zhou et al.,

2004).

In contrast, interstitial metal doping introduces new energy levels within the band gap
of the metal oxide by dispersing metal nanoparticles throughout the matrix. This doping
enhances electron trapping, which reduces electron—hole recombination during
photoactivation. As a result, the lower rate of charge-carrier recombination leads to

improved photocatalytic activity [Zaleska 2008].

The modification of metal oxide by nonmetal ion doping modifies the nature
mechanism of photocatalyst by bandgap narrowing, introduction of impurity energy
level, oxygen vacancies, shallowing the acceptor states as detailed below. These
modifications to the system will help to improve and sustain the treatment of organic

contaminants.

Band gap narrowing: Asahi et al. reported that during visible light absorption, the
energy levels of the CB and VB are quite narrow. In nitrogen-doped anatase TiO2, the
N 2p states hybridize with the O 2p states, resulting in a reduced band gap for N-TiO>
[Asahi et al., 2001].

Impurity energy level: Irie et al. showed that introducing nitrogen ions into TiO> forms
an isolated impurity energy level above the valence band. This newly created level
enables electrons to be excited by visible light, thereby enhancing the photocatalyst’s

activity under visible-light irradiation [Irie et al., 2003].

Oxygen vacancies: Ihara et al. highlighted the role of oxygen-deficient sites, which act
as barriers to reoxidation. These sites, located at grain boundaries, are crucial for

enabling visible-light-driven photocatalytic activity.

Shallowing the acceptor states: Zhao and Liu studied the bandgap narrowing effect

caused by substitutional nitrogen doping in TiO; [Liu et al., 2008].
2.6 Recycling of Plastics

The fabrication of polymeric supports for efficient, long-lasting, and low-cost

heterogeneous catalysts for the treatment of organic/inorganic pollutants is highly
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desirable but remains a significant challenge. Common commercial polymers, such as
polystyrene (PS), polypropylene (PP), Polyethylene terephthalate (PET), polyethylene
(PE), and polyvinyl chloride (PVC), are targeted for this work based on their primary
physicochemical qualities, such as molecular mass, degree of crystallinity, and others

[de Assis et al., 2021].

In studies published by Linda et al. (2016), the authors assessed the development of a
composite (cellulose/PVC) to immobilize nanostructured ZnO, which was to be used
in the UV light-assisted photodegradation of Congo red and crystal violet dyes.
Polyvinyl chloride (PVC) is a significant polymer in both industry and society. After
120 minutes, about 90% of the dyes were broken down, based on response observations.
When compared to PVC/ZnO, the results showed that the addition of cellulose
enhanced the composite's surface and structural characteristics, raised its affinity for
the reaction medium, and enhanced its photocatalytic efficiency. In light of the
aforementioned, the ZnO photocatalyst based on the polymer composite shows promise

for organic dye photodegradation [Linda et al., 2016].

Effective photocatalytic denitrification systems were studied by Sandhu et al. This was
accomplished by examining the production of TiO» nanoparticles immobilized on
polystyrene (PS-TiO). After five cycles of denitrification studies, the authors claim
that the catalysts' fluctuating nature made recovery simple, with 98% catalyst recovery
rates. The concept of immobilizing the photocatalyst on a floating support can allow
more flexibility in using the supported photocatalyst for scale-up constructions by

reducing issues with powder filtration and photocatalyst recovery [Sandhu et al., 2020].

In order to develop films for the immobilization of TiO» impregnated with copper and
iron for use in photocatalytic systems in the breakdown of the medications ketoprofen,
tenoxicam, and meloxicam, Moura et al. utilized polystyrene scraps from post-
consumer yogurt packaging. The findings demonstrated that after 180 minutes of
reaction, the photodegradation kinetic rates had increased to levels over 92%. The
scientists also assessed toxicity before and after treatment, and no toxicity was found
for watercress or lettuce seeds; nevertheless, the results revealed a slight sensitivity for
thyme seeds to the chemicals generated during treatment. Furthermore, the

photocatalyst's reuse efficiency was assessed, and even after the fifth treatment cycle,
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the supported photocatalyst showed degradation more than 82%. These findings
suggest that this photocatalytic system is appropriate for treating effluents containing

medicinal chemicals [Moura et al. 2021].

Assis et al. converted polystyrene waste into value-added composites, demonstrating
that combining two emerging concerns (exploring polystyrene reuse and water
contamination by toxic dyes) is an important line of research in the development of
multifunctional materials. The study resulted in the creation of polystyrene-based
nanofoams to support nanostructured SnO>, which were then tested for use in
photodegradation of rhodamine B for environmental remediation and water purification
purposes. All of the composite materials under investigation had rates above 96% of
photocatalytic efficiency in 70-minute reactions and the authors showed that the
composite's surface area was larger than that of individual SnO». This increase in
surface area also contributed to the increase in the photodegradation rate. The authors
assessed the production of less harmful byproducts in addition to dye discolouration.
Consequently, the synergy between polystyrene and SnO» produced the desired
outcome [De Assis et al., 2018].

Such catalysts made from plastic waste have several noteworthy benetfits, including the
ability to be converted, reused, and inexpensive, as well as the potential to be used in
critical processes that affect the quality of environmental systems [Bartacek et al.,
2019]. Reusing catalysts is just as crucial for the application of hazardous species

degradation as catalytic activity.
2.7 Research Gap

A literature review on the role of adsorption and photocatalysts in removal of plastic
pollutants and the significance of metal oxide nanoparticles and modified metal
oxide nanocomposites in removal of organic pollutants including plastic pollutants and
recycling of plastic for the application of environmental remediation revealed the

following observations.

Metal oxide nanoparticles synthesized using diverse ways are effective in
photocatalytic activity against a variety of pollutants under ultraviolet (UV) light. To

substitute UV radiation with visible light, metal oxide nanoparticles can be synthesized
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using a simple technique that involves doping and coupling with a significant host
material, such as graphene oxide or activated carbon derived from biomass.
Furthermore, composites can only exhibit photocatalytic activity at an optimum weight

of carbon material, hence the current research was focused on this direction.

In general, adsorption provides a versatile and adaptable solution for removal of various
pollutants including plastic pollutants whereas photocatalysis would have the ability to
degrade various pollutants. Coupling these two methods can provide an effective
removal pathway for the simultaneous capture and degradation of plastic pollutants in
water. Graphene-oxide/metal-oxide and activated-carbon/metal-oxide composites are
expected to be promising to remove the plastic pollutants because they exhibit the
properties such as excellent adsorption capacity with enhanced charge separation and

visible-light activity.

Furthermore, the development of catalytic support technologies has the potential to
improve the quality of sustainable environmental systems by recovering
environmentally damaging plastic waste and using it to develop new materials for
wastewater treatment. This primarily focuses on plastic waste to obtain catalytic

supports, which are then used for water purification.

Taken together, these findings indicate a research gap: the design and synthesis of
doped metal-oxide nanocomposites that operate under visible light, combine adsorption
and photocatalytic degradation mechanisms, and can efficiently target diverse plastic
pollutants. The following chapters present the methodologies and results addressing

this gap.
2.8 Objectives of the Research Work

e Synthesis and characterization of some metal oxides-based semiconductor
nanomaterials.

e Remediation of macro/microplastics using synthesized materials.

e Synthesis and characterization of recycled plastic-based composite for the

removal of organic contaminants.
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3.1 Chemicals

Graphite flakes (99%), KMnOj4 (Potassium permanganate), NaNOs3 (Sodium nitrate),
H>0; (hydrogen peroxide) (30%), H2SO4 (concentrated sulfuric acid) (98%), Titanium
butoxide, ethanol, ammonium nitrate (NH4NOs3), acetone, and tetrahydrofuran (THF),
sodium dodecyl sulfate (SDS), methylene blue, and rhodamine B were purchased from
Sigma Aldrich. Floury corn cobs were purchased from local market of Apra (Punjab).
The commercially available chemicals and solvents employed in the synthesis of
perylenetetraester (PTE) such as perylene-3,4,9,10-tetracarboxylic dianhydride
(PTCDA), 1-iodobutane, 1,8-Diazabicyclo (5.4.0) undec-7-ene (DBU), 1-butanol, N,
N-dimethylformamide (DMF), hexane, chloroform, dichloromethane (DCM) and silica
gel (60—120 mesh) were purchased from either Merck or Sigma-Aldrich. Polyvinyl
chloride (PVC, Mw ~ 120,000), low density polyethylene (LDPE, Mw ~ 50,000) and
polystyrene (PS, Mw ~ 150,000) pellets were taken from an industry named Hi-Tech
Polymer Products Ludhiana (Punjab) in the form of pellets and used as

received. Deionized water was used to make stock solutions for all experiments.
3.2 Material Synthesis

Three nitrogen-doped metal oxide nanoparticles, TiO2, SnO>, and ZrO,;, were
synthesized using the sol-gel method. Different carbon-based materials, such as
graphene oxide and corncob activated carbon, are used to synthesize the composite with
N-TiO2 and N-SnO». These composites were then subjected to various characterizations

and utilized for plastic remediation.

Nitrogen-doped Metal Carbonaceous
Oxides Material

PR Graphene oxide/N-TiO \ _ Polyvinyl chloride

S Graphene oxide o™ (PvC)

| w0, |

— Corncob activated carbon/N-TiO, P
N-ZrO, carbon e%"a/ Polystyrene

——— Graphene oxide/N-Sn0, (Ps)

Figure 3.1 Schematic representation of the synthesized nitrogen doped metal oxides and the

Composites

N-Sn0,

corresponding nanocomposites for removal of PVC-NPs and PS-NPs.
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Additionally, low density polyethylene (PE) and polyvinyl chloride (PVC) were
incorporated with various as-synthesized materials such as graphene oxide (GO) and
N-Ti0O., for the synthesis of plastic-based nanocomposites and applied to photocatalytic

degradation of cationic dyes.

Plastics Plastic based

nanocomposites

Polyvinyl chloride
(PVC)

Methylene blue

Polyethylene
(PE)

Figure 3.2 Schematic representation of the synthesized plastic-based nanocomposites for removal of

organic pollutants.

3.2.1 Synthesis of Graphene Oxide (GO)

Graphene oxide sample was synthesized using Hummer’s method by oxidizing graphite
[Hou et al., 2020; Hummers et al., 1958]. In this reaction, 46 mL of H2SO4 (98%) and
1.0 g NaNOs were placed in a 250 mL flask with mechanical stirring in an ice bath,
then 2.0 g graphite powder and 6.0 g KMnO4 were slowly added. The suspension was
held at a temperature of around 4°C for 2 hours. The ice water bath was then replaced
by a warm water bath. The reaction was carried out at 35°C for 30 minutes. After the
30-minute reaction time, 46 mL deionized water was added dropwise to the reaction
solution, and the temperature was kept at 95 °C for at least 15 minutes. 5 mL of 30%
H>0O; slowly and the color of the solution changed from dark brown to yellow. The
solution was allowed to stand until no more visible bubbles appeared. To remove metal
ions, the solution was centrifuged and washed with 5% HCI aqueous solution, then
washed with distilled water to remove the acid. It was then vacuum dried to get solid

GO.
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Figure 3.3 Schematic representation of the synthesis of graphene oxide (GO).

3.2.2 Synthesis of Corncob Activated Carbon (CCAC)

For the synthesis of activated carbon, corncob was washed with deionized water and
dried for 60 minutes at 120°C in the oven and then was cut into small sizes. 15 g of
corncob was added with 60 mL of 25% (w/v) ZnCl; solution (impregnation ratio 1: 1,
i.e., 15 g corncob biomass and 15 g ZnCl in 60 mL water) and mixed thoroughly. The
resulting mixture was left for 22 h and then dried at 100°C for 2 h, and pyrolyzed at
850°C for 2 hours with an average heating rate of 10 °C min!' under inert atmosphere
using N». The activated carbon produced was poured into deionized water, and pH
adjusted to 7 using 1N HCI with vigorous stirring and recovered after filtration and

drying at 105°C. The produced activated carbon was named as ‘CCAC’.

r Filtration
—- 5
Drying at 105°C

Corncob Muffle furnace with N, CCAC poured into Corncob activate carbon
cylinder deionized H,0 (CCACQ)

CCAC poured into
—
deionized H,0

Figure 3.4 Schematic representation of the synthesis of corncob activated carbon (CCAC).

3.2.3 Synthesis of N-TiO2 Nanoparticles

The N-doped TiO> samples were prepared using the sol-gel method [Fiorenza et al.,
2020]. 0.0096g of ammonium nitrate was dissolved in 1:1 mixture of water and ethanol.
The above prepared mixture and titanium butoxide were added drop wise in a beaker

containing 70 ml of ethanol to get the nitrogen doped titanium oxide. The resultant
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slurry was stirred for 3 hours and aged for 24 hours. Further it was dried at 100°C for
12 hours and then calcined at 500 ° C for 6 hours. The resultant solution was labelled as

‘N-TiOy’.

Drying
100°C

Slurry aged for 24 hours o N-TiO,
Figure 3.5 Schematic representation of the synthesis of N-TiO nanoparticles.

3.2.4 Synthesis of Graphene Oxide/Nitrogen-doped TiO2 Nanocomposite

Graphene oxide/N-TiO> composites were prepared with three different ratios (w/w) of
GO: N-TiOz as 1:3, 1:1, and 3:1 by separately dispersing GO (0.2, 0.4, and 0.6 g)
relative to N-TiO; (0.6, 0.4, and 0.2 g) in an appropriate amount of deionized water by
a one-step colloidal blending process using the ultrasonication technique. The prepared

samples were labelled “GT13, GT11, and GT31” for GO: N-TiO; 1:3, 1:1, and 3:1,

respectively.
Ultrasonication .
for1.5h

GO +H,0 - | — A D

- \(ientrifugation
N-TiO, + H,0
U e
=G :

".-

Drylng at 50°C for
. 4 hours

GT31 GT11 GT1 3

Figure 3.6 Schematic representation of the synthesis of GO/N-TiO, nanocomposites.

3.2.5 Synthesis of Corncob Activated Carbon-based Metal Oxide Nanocomposites

CCAC/N-Ti0O; composites were synthesized through a facile wet impregnation. First,

N-TiOo/water and CCAC/water suspensions were prepared. These suspensions were
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mixed together and sonicated for 20 min. The resulting suspension was stirred for 4
hours, centrifuged and dried at 80°C. The dried material was calcinated at 500 °C for 3
hours in the presence of an inert atmosphere. CCAC/N-TiO2 was allowed to cool and
collected for further use. The above process was performed to synthesize CCAC/N-
TiO, composites for different weight ratios of CCAC:N-TiOz as 1:3, 1:1, and 3:1 and
are named as ‘CT13, CT11, and CT31, respectively.

Calcination Cooling
—

500 °C

CT13, CT11, and CT31 CT13, CT11, and CT31
suspensions composites

Figure 3.7 Schematic representation of the synthesis of CCAC/N-TiO; nanocomposites.

3.2.6 Synthesis of N-SnO2 Nanoparticles

Aqueous solutions of 0.5 M tin (II) chloride (SnCl,. 2H>0O) and 0.75 M oxalic acid
dihydrate (C2H204.2H20) were prepared separately in 50 mL of deionized water and
mixed together to obtain the white precipitates. Then, 1.0 N NaOH (a precipitation
agent) was added dropwise to the solution until the pH was maintained at 8.0, stirred
for 30 minutes, and left overnight for obtaining a white precipitate of SnC>04. The
transparent supernatant of the SnC>04 solution was decanted. 0.0144 g of urea was
added as a nitrogen precursor to wet precipitate and stirrer for 1 hour. The precipitate
was filtered and washed 6-7 times using distilled water for complete removal of
chloride ions and then with ethanol and dried at 70°C-80°C. Finally, it obtained material

was calcined at 500°C for 2 hours to obtain nitrogen-doped SnO».

Calcination Cooling
—

500 °C

White ppt of SnC,0, Calcination in muffle furnace Nitrogen doped SnO,

Figure 3.8 Schematic representation of the synthesis of N-SnO..
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3.2.7 Synthesis of N-ZrO: Nanoparticles

The N-ZrO> was synthesized by thermal decomposition of zirconium hydroxide-urea
complex. 12.89 g of zirconium oxychloride was dissolved in 40 mL of water. NaOH
was slowly added to the solution under continuous stirring. The obtained precipitate of
zirconium hydroxide [Zr(OH)4)] was collected by centrifugation, repeatedly washed
with water, and ground with 0.021 g of urea in an agate mortar for 30 min. The ground
mixture was dried in an oven at 100 °C for 24 h and calcined at 500 °C for 3 h in a
muffle furnace to form crystalline N-ZrO;. The as-synthesized N-ZrO, was washed
with water followed by ethanol prior to drying at 100 °C for 24 h. Furthermore, pristine

ZrO was synthesized by the same method without adding urea.

Calcination
—

500°C,3h /gumpmn

Cooling

ppt of [Zr(OH),)] N-Zro,

Figure 3.9 Schematic representation of the synthesis of N-SnO,.

3.2.8 Synthesis of PTE Dye

It is difficult to identify the plastic nanoparticles in water using existing spectroscopic
or microscopic methods since they are optically transparent. So, Perylene
tetrabutylester (PTE) was chosen to be encapsulated inside the PVC particles
[Bhargava et al., 2018].

Perylenetetraester (PTE) was prepared in the lab using a reported procedure [Aksoy et
al., 2018]. 2.54 m mol perylene-3,4,9,10-tetracarboxylic dianhydride was placed in a
50 ml two-neck round bottom flask , 1.52 ml of DBU, 1.86 ml of n-butanol and 13 ml
DMF were added to the reaction flask and they were stirred at 60 °C for 30 min. then
1.84¢g of 1-iodobutane mixed with 10 ml of DMF was added. The mixture was stirred
at 60 °C for further 3 hours and cooled to room temperature. The reaction mixture was
slowly added into distilled water (100 ml) and stirred for 15 minutes, and the solid was

filtered. The solid material was dried at 80 °C and purified by column chromatography
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on silica gel, eluting with dichloromethane (CH2Cl) to give compound a golden-orange

solid named as ‘PTE’.

Column
—
chromatography

PTE dye

Reactants

Figure 3.10 Schematic representation of the synthesis of PTE dye.

3.2.9 Preparation of Fluorescent Polyvinyl chloride and Polystyrene Solution

PVC and PS nanoparticles encapsulated with the fluorescent dye perylene-3,4,9,10
tetracarboxytetrabutylester (PTE) were prepared using a previously described
nanoprecipitation process [Batool et al., 2020]. Typically, 50 mL of organic solvent,
tetrahydrofuran (THF) was used to dissolve 4 mg (4 wt% w.r.t. PVC/PS) of PTE, 4 mg
(4 wt% w.r.t. PVC/PS) of stabilizer sodium dodecylsulfate (SDS), 100 mg (2 mg/mL)
of PVC, and 50 mg (1 mg/mL) of PS. The mixture was then sonicated for 30 minutes.
10 mL of PVC/PS stock solution was mixed with 50 mL of water and continuously
stirred to allow the solvent to evaporate at room temperature. The resulting solutions
containing fluorescent polymer nanoparticles were uniformly dispersed in water were

referred to as "PVC-NPs and PS-NPs."

PVC/PS in THF PVC-NPs (aqueous) PS-NPs (aqueous)

Figure 3.11 Schematic representation of the preparation of PVC-NPs and PS-NPs.
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3.2.10 Photocatalytic and Adsorption Experiment

The removal efficiency of the synthesized materials was studied using aqueous
solutions of PVC and PS under different conditions. Tungsten bulbs, room light, and
three different pH values (4, 7, and 10) were used to test the material's photocatalytic
activity in a 20 ml PVC and PS (2 mg/ml) solution using the catalyst dosage of 80 mg
per 20 ml of pollutants. The adsorption-desorption equilibrium is obtained by keeping
the solution in the dark for 30 minutes. A 400 W tungsten light/room light was then
used to expose the solutions for 3 hours. The 3 ml aliquots were taken at regular
intervals (30, 60, 90, 120, 150, and 180 minutes) and centrifuged to remove the catalyst.
These samples were evaluated using a UV-Vis spectrophotometer to determine the PVC

and PS removal.

To examine the adsorption mechanism in this system, the aforementioned experiments
were carried out using the synthesized materials and an aqueous solution of PVC and

PS at room temperature under dark.

The following formula was used to determine the removal efficiency in photocatalytic

and adsorption experiments:

CO_Cf
0

Removal % = x 100 (3.1)

Where, Co and Cr were the initial and final concentrations of an aqueous solution of

PVC and PS solution, respectively.
3.2.11 Quenching Test

Various scavengers, such as sodium oxalate, isopropyl alcohol, and para-benzoquinone
as quenchers of hydroxyl radical (‘OH), hole (h"), and superoxide (‘O2’), respectively,
were used to investigate the reactive species involved in the photocatalytic reaction. 2
mM of each scavenger was added to the mixture of the synthesized material and the
aqueous solution of PVC, PS, and dyes in a setup similar to that employed for
photocatalytic activity to assess the removal efficiencies after the addition of

scavengers.

3.2.12 Synthesis of PE/GO, PE/N-TiO: and PE/GO/N-TiO2 Nanocomposites
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A thermally induced phase separation (TIPS) and lyophilization techniques were used
to synthesize PE/GO nanocomposite [De Assis et al., 2018; Jayanthi et al., 2016]. 0.25g
of PE was dissolved in cyclohexane under vigorous stirring using magnetic stirrer for
3 hours. 0.125 g of GO was added to 10 ml of PE solution to make the suspension for
PE/GO sheets, which was then kept in an ultrasonic bath for 2 hours. The dispersion
was frozen at —10°C in a freeze dryer, which is below the freezing point of cyclohexane
(—6°C). Following a 24-hour freezing period, the sample underwent a 4-hour
lyophilization process using a vacuum pump to sublimate the cyclohexane solvent. This
sublimation effectively removed the solvent, resulting in a solid nanocomposite

referred to as 'PEGO’.

To prepare PE/GO/N-TiO2 nanocomposite, 0.25 g of PE was dissolved in 10 ml of
cyclohexane. Then 0.125 g of GO and 0.54 g of N-Ti0O2 was added in the solution. By
following the aforementioned procedure, a solid nanocomposite was left behind
labelled as ‘PEGNT’. Similarly, PE/N-TiO; was synthesized using the same method

without addition of GO and the synthesized nanocomposite was named as ‘PENT’.

PE/GO PE/N-TiO, PE/GO/N-TiO,

Figure 3.12 Schematic representation of the synthesis of PE/GO, PE/N-TiO, and PE/GO/N-TiO..

3.2.13 Synthesis of PVC/GO, PVC/N-TiO2 and PVC/GO/N-TiO2 Nanocomposite

0.25 g PVC was dissolved in 10 ml tetrahydrofuran (THF) at room temperature for 1
hour. Then, 0.125 g of GO was added to solution and ultrasonicated for 2 hours. The
evenly dispersed solution was poured into petri dish. Finally, the nanocomposite was

obtained after 12 hours drying at room temperature and labelled as ‘PVGO’

For the synthesis of PVC/GO/N-TiO2 nanocomposite sheets, 0.25 g PVC was dissolved
in 10 ml tetrahydrofuran (THF) at room temperature for 1 hour. Then, 0.125 g of GO
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and 0.375 g of N-Ti0O; was added to solution and ultrasonicated for 2 hours. The evenly
dispersed solution was poured into petri dish. Finally, the nanocomposite was obtained
after 12 hours drying at room temperature and labelled as ‘PVGNT’. Similarly, PVC/N-
TiO2 was synthesized using the same method without addition of GO and the

synthesized nanocomposite was named as ‘PVNT"’.

PVC/GO PVC/N-TiO, PVC/GO/N-TiO,

Figure 3.13 Schematic representation of the synthesis of PVC/GO, PVC/N-TiO; and PVC/GO/N-TiO».

3.2.14 Removal Experiment

To assess the removal efficiencies of synthesized plastic-based nanocomposites, the
procedures in Sections (3.2.10) and (3.2.11) were then used for the removal of
methylene blue and rhodamine B dyes of concentration 1x10™* M using the synthesized

plastic-based nanocomposites.
3.3 Material Characterization

Nanomaterials and nanocomposites were analyzed using a variety of characterisation

techniques, which are described in detail in the as follows:

X-ray diffraction experiments were performed at room temperature to assess the
powders' crystal phase composition and crystallite size. The X-ray diffraction (XRD)
patterns were examined using a Bruker D-8 Advance X-ray diffractometer at room
temperature with a scan range of 20 = 10-80" to determine their purity, size, and
crystallinity. The average crystallite sizes of the powders were determined using

Scherrer's equation (shown below) based on the XRD results.

_ Ka
~ Bcos

(3.2)
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Where, K is a dimensionless factor with a value close to unity, A is the wavelength, B
is the width at half height of the respective XRD peak, 0 is Bragg’s angle and D is the
mean particle diameter. Images from Field Emission Scanning Electron Microscopy
(FE-SEM) were obtained using JEOL JSM-7610F Plus. The Oxford EDS LN2 free, Au
Coater; JEOL Smart Coater was used to study the energy dispersive spectrometry
(EDS) analysis. XPS patterns have been recorded using Thermoscientific's NEXA
Surface analyzer. Using a Perkin Elmer Spectrum 2 spectrophotometer, the materials'
Fourier transform infrared spectroscopy (FT-IR) spectra were observed between the
range of 4000 and 400 cm™'. PVC-NPs in water were quantitatively analyzed using UV—
vis spectroscopy both before and after removal at room temperature using a UV 1800S
spectrophotometer. The band gap energies (Eg) of the samples were calculated using

Tauc's approach, which uses the equation (2)
ahv = A(hv-Ey) (3.3)

Where, h - Planck constant, v - frequency of irradiation light, a - absorption coefficient,

Eg -bandgap, A — Proportionality constant.

For both indirect and direct transitions, the intercept of the straight line of the plot of
(ahv)"? or (ahv)? against hv was found. The LS6500 fluorescence spectrophotometer
from Perkin Elmer was used to measure the photoluminescence (PL) spectra. A
thermogravimetric analyzer (Perkin Elmer TGA 4000) was used to test the thermal
stability of the produced materials. An instrument named the Malvern Zeta sizer Nano-
ZS90 was used to measure the size and surface charges of the produced PVC-NPs.
Using a confocal microscope (NIKON, model: A1R), fluorescent images were taken.
After treatment, the PVC-NPs solution was characterized using Shimadzu QP 2010
Ultra GC MS Gas Chromatography and Mass Spectrometer. Total organic content was
analysed by Walkley Black method .

38



Chapter — 4 Results and Discussion

4.1 GRAPHENE OXIDE/NITROGEN-DOPED TiO: NANOCOMPOSITES
FOR REMOVAL OF POLYVINYL CHLORIDE (PVC) AND
POLYSTYRENE (PS) FROM WATER

In this section, characterization of bare GO, N-TiO2, and GO/N-TiO> composites
(GT13,GT11, and GT31), PTE dye, PVC-NPs, and PS-NPs, is discussed. The removal
studies on PVC-NPs and PS-NPs using the synthesized materials are also being
explained.

4.1.1 Characterization of graphene oxide/N-TiO:2 (GT13, GT11 and GT31)

Composites
4.1.1.1 X-ray Diffraction Analysis

The XRD patterns of GO, N-TiO:2 nanoparticles and a series of GO/N-TiO:
nanocomposites with varying weight ratios (GT13, GT11, and GT31) are shown in
Figure 4.1. The XRD pattern of bare GO shows reflections from the (001) and (100)
planes of GO, respectively, with a notable diffraction peak at 11.14° and a smaller peak
at 42.27° that is quite similar to that reported in literature (Siburian et al. (2018)). Pure
N-TiO, exhibits characteristic peaks at 26 values of 25.3°, 37.8°, 48.0°, 53.9°, 55.0°,
62.7°, 70.2°, and 75.2°. These peaks correspond to reflections from the (101), (004),
(200), (105), (211), (204), (220), and (215) planes of the pure anatase phase [Hodae et
al., 2018]. The XRD patterns of GT13, GT11, and GT31 nanocomposite demonstrate a
two-phase composition of GO and N-Ti0O,, with a tetragonal anatase phase that varies
in intensity depending on the weight ratio. The figure clearly shows that when the
amount of GO in nanocomposites (from GT31 to GT13) decreases, the intensity of the
primary characteristic peak of GO at 11.14° in nanocomposites also decreases,
indicating that the N-TiO> nanoparticle intercalation has disrupted the stacked planes
of GO. Furthermore, N-TiO2 nanoparticles interacting with GO break the stacking layer
in (100) planes, resulting in a small shift in the peak at 42.27°. The peaks of the GT31
and GT11 composites are wider and more intense than those of the N-TiO, and GT13
composite. The increased intensities and broadening of the N-TiO» anatase diffraction
planes in the GT31 and GT11 composites may be explained by weak intercalation
between N-TiOz and GO, indicating N-TiO2 on GO has a less developed crystalline

structure, unlike those exhibited for the GT13 composite. Broadening and a minor
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shifting of the N-TiO> (101) diffraction peak were found to indicate a decrease in
crystallite size as the amount of GO in composites increased [John et al., 2020]. Table
4.1 shows average crystallite sizes of GO, N-TiO2, GT13, GT11, and GT31. It is evident
that composites have smaller crystallites than N-TiO,. This is most likely due to the
inclusion of graphene oxide (GO), which suppresses the N-TiO: crystals and forms a

coating on the surface of N-TiO> [Natarajan et al., 2021].

Table 4.1 The average crystallite sizes of GO, N-TiO,, GT13, GT11, and GT31.

S. No. Material Average crystallite sizes (in nm)
1. GO 5.69
2. N-TiOz 13.69
3. GT13 6.13
4. GTI11 4.35
5. GT31 3.13

Intensity (counts)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 theta (degree)

Figure 4.1 XRD analysis of GO, N-TiO,, GT13, GT11, GT31.

4.1.1.2 Functional group Analysis

Fourier Transform Infrared (FT-IR) spectra of graphene oxide (GO), N-TiO.,
composites GT13, GT11, and GT31 are shown in Figure 4.2. GO showed distinct
regions of absorption bands for oxygen-containing groups. The FT-IR spectra of GO

show characteristic peaks, including stretching vibrations corresponding to C-O of
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epoxy, ether, or peroxide groups (1047 cm™), bending vibrations of C-O-C to epoxy
groups (1223 cm™), bending vibrations of C-OH hydroxyl groups (1384 cm),
stretching vibrations of aromatic sp>° C=C bond (1619 cm™), and stretching of
carboxylic groups C=0 (1722 cm™") [Nazri et al., 2018, Ruidiaz-Martinez et al., 2020)].
The stretching vibrations of absorbed water molecules and surface O-H groups were
confirmed by a broad band at about 3229 cm™!, while the stretching vibrations of
symmetrical and asymmetrical CH; groups in GO are attributed to very minor peaks at
2918 cm™ and 2846 cm’!, respectively. The FTIR spectra of N-TiO, show a peak at
1604 cm-1 due to bending vibrations of O-H or N-H, and another peak at 1478 cm!
due to Ti-N bond vibrations. The peaks in the 750-400 cm™ range represent the
vibration of the Ti—O and Ti—O-Ti groups [Yang et al., 2010]. The FTIR spectra of
GT13, GT11, and GT31 nanocomposites showed additional peaks at 655 cm™ and 435
cm™! for Ti-O-C and Ti-O-Ti vibrations, respectively [/da et al., 2020], indicating the
chemical interaction between N-TiO2 and graphene oxide [Nguyen-Phan et al., 2011].
The FTIR spectra of GT13 do not show the significant absorption at 1720 cm™! for GO,
indicating the disappearance of the C=0O group. This can enhance electron mobility by
reducing the number of oxygen-containing functional groups, such as hydroxyl,
carboxyl, and epoxide groups, and by rebuilding a portion of the conjugated structure

within graphene oxide [Pei et al., 2013].

GT31 GT11 GT13 N-TiO, GO

% Transmittance

' 1722 < N
an \ =( - ; ‘1047
3229 2978 2846 ’ 1619 1384 1223 o
OH  symCH, asym CH, Cc=C Cc-OoH €C-0-C 2

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)
Figure 4.2 FTIR spectra of GO, N-TiO,, GT13, GT11, and GT31.
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4.1.1.3 Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy
Analysis

The FESEM pictures of the GT13, GT11, and GT31 composites are shown in Figure
4.3. N-TiO2 nanoparticles were found to be spherical, and some particles largely
agglomerated together into clusters. The graphene oxide showed a crumpled structure
with folded sheets. The composites showed cross-linking of N-TiO, nanoparticles on
the GO sheet, leading to network structures [Patil et al., 2021]. It seems that adding GO
to the composites did not significantly alter the morphological characteristics of N-
TiO2. Additionally, there were no notable variations in the SEM images of the

composites.

Figure 4.3 Scanning electron microscope (SEM) images of (a) GO (b) N-TiO; (¢) GT13 (d) GT11 and
(e) GT31 composite.

The elemental composition of all produced composites was determined by energy
dispersive X-ray analysis (EDX). The EDX spectrum is shown in Figure 4.4, and the
quantitative elemental composition is shown in Table 4.2. The maps indicate a distinct
distribution of each element, indicating that N-TiO> nanoparticles were well spread or
embedded between the GO layers. The presence of C, O, Ti, and N peaks indicated that
the GT13, GT11, and GT31 composites were successfully formed without impurities.

Carbon weight ratios often increased as the GO to N-TiO; ratio increased.
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Figure 4.4 EDS mapping of (a) GO (b) N-TiO>(¢) GT13 (d) GT11 and (e) GT31 composite

Table 4.2 Content of elements in atomic% and weight % of GO, N-TiO,, GT13, GT11 and GT31.

Compoite GO N-TiO: GT13 GT11 GT31
Elements | Atomic | Weight | Atomic | Weight | Atomic | Weight | Atomic | Weight | Atomic | Weight
v % % % % % % % % % %
C 69.83 63.47 - - 24.71 13.31 24.38 13.36 | 56.44 | 45.10
(0] 30.17 | 36.53 74.11 48.87 | 5247 | 37.66 | 54.00 | 39.41 39.53 | 42.06
N - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti - - 25.89 | 51.13 22.82 | 49.03 21.62 | 47.23 4.03 12.84
Total 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
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4.1.1.4 Optical Bandgap Analysis

Optical band gap of GO and N-TiO, GT13, GT11, and GT31 are shown in Figure 4.5,
and the values are given in Table 4.3. There were two band gap values discovered for
the GT13 and GT11 composites. The individual transition of N-TiO, was responsible
for the band gaps seen at 2.8 and 2.9 eV for GT13 and GT11, respectively, while the
band gaps reported at 2.1 eV and 2.4 eV, respectively, were caused by the synergistic
action of N-Ti0O; and GO in composites [Bansal et al., 2015]. The individual transition
of N-TiO> disappeared due to the high concentration of GO in GT31. The band gap
narrowing in the composites GT13, GT11, and GT31 may be attributed to the improved
chemical bonding between N-TiO; and GO by the formation of Ti-O-C bonds at the
interface between N-TiO; and GO [Judrez et al., 2019], as further supported by FT-IR
and XRD studies. The bonding of free electrons on the surface of N-TiO; with unpaired
n- electrons is the cause of formation of Ti—O—C bonds. Furthermore, when crystallite
size increased, the composite's band gap reduced due to severe quantum confinement

in nanoscale crystals, as confirmed by XRD results [Khammar et al., 2020].

Table 4.3 Optical band gap values of GO, N-TiO,, GT13, GT11 and GT31.

S. No. Material Optical band gap (Eg) (eV)
1. GO 2.2
2. N-TiO2 2.9
3. GT13 2.1-2.8
4. GTI11 2429
5. GT31 2.6

The valence band (VB) and conduction band (CB) of a semiconductor originate from
the highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular
orbitals (LUMO), respectively [4l-Madanat et al., 2021]. In N-doped TiO», nitrogen
introduces N 2p states above the O 2p-derived valence band maximum. These N 2p
states raise the HOMO energy, reducing the excitation energy required for electron
transition. The LUMO is mainly composed of Ti 3d states. Although N-doping
primarily modifies the VB, it can also create oxygen vacancies that introduce mid-gap

states, which may serve as lower-energy LUMO levels or coexist with the Ti 3d CB.

45



Chapter — 4 Results and Discussion

The reduced energy gap between the N 2p-derived VB (or mid-gap states) and the Ti
3d conduction band narrows the bandgap, shifting TiO, absorption into the visible

region [Saini et al., 2020].
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Figure 4.5 Optical bandgap of (a) GO (b) N-TiO, (c) GT13 (d) GT11 and (e) GT31 using Tauc’s plot.
4.1.1.5 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was used to investigate the thermal stability of the
materials at a heating rate of 10°C/min under an N> environment. Figure 4.5 displays
the TGA curves for the bare GO, N-TiO., and the composite materials GT13, GT11,
and GT31, which include three stages of weight loss up to 600°C. In the first stage,
water molecules and adsorbed solvents desorb below 180°C. In the second step, which
takes place between 200 and 270°C, oxygen atoms are lost along with the release of
COx species from the labile functional groups (such epoxy, hydroxyl, and carboxyl) in
the GO structure. The final stage involves the destruction of the GO carbon backbone
at temperatures above 350°C and GO lose more stable oxygenated groups, including

carbonyls, at this point [Ganguly et al., 2011].

The percentage weight loss of GO, N-TiO2, GT13, GT11, and GT31 at different steps,

along with the overall weight reduction percentage is shown in Table 4.4.
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Figure 4.6 TGA of GO, N-TiO,, GT13, GT11, and GT31 composites.
In comparison to GT11 and GT31, the composite GT13 showed a comparatively lower
overall weight loss. This suggests that the GT13 composite has greater thermal stability
compared to GT11 and GT31, and thermal stability of synthesized composites increases
in the following order: GT13 > GT11 > GT31. The latter two may have seen more mass
losses in their second and third stages because to the increased concentration of GO,

which has a higher proportion of labile oxygen functional groups connected to the

surface in its hexagonal structure [Chang et al., 2012].

Table 4.4 Comparison of % weight loss of composites in three different stages and total weight loss

Material First stage Second stage Third stage Total weight loss
°
GO 35.1% 44.8% 16.9% 9(6/2(3)‘)%)
N-TiO» 0.24% 0.29% 0.94% 1.47%
GT13 1.13% 5.56% 6.12% 12.8%
GT11 11.1% 26.8% 11.3% 49.2%
GT31 15.1% 65.28% 5.1% 85.5%

4.1.1.6 Photoluminescence Analysis

The recombination process in GO/N-TiO> composites was investigated using PL
experiments. The PL spectra for N-TiO; and all the composite samples are shown in
Figure 4.7. An excitation wavelength of 230 nm was used to record the spectra of
powdered materials. The PL spectra show that when the concentration GO increases in

composites, peak intensity decreases and reaches a minimum for GT31. A decrease in
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the peak intensity of the PL spectrum indicates that the addition of GO reduces N-TiO»
recombination due to an immediate electron transfer from N-TiO; to GO via a Ti-O-C
bond [Yadav et al., 2019]. The intensity decrease is caused by the quick transfer of
photogenerated electrons by GO, which inhibits electron-hole pair recombination [Shi
et al., 2014, Ni et al., 2014]. In Figure 4.7, the emission peaks in the 400-600 nm
wavelength region may be due to oxygen vacancy defects, dopants, or defects in the
lattice of GO/N-Ti0O2 composites. Previous research indicates that surface defects such
as oxygen vacancy states and Ti’" species occur at energy levels between the
conduction band (CB) and the valence band (VB), increasing the photo-response to

visible light [Tho et al., 2019].
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Figure 4.7 Photoluminescence emission spectra of N-TiO,, GT13, GT11 and GT31.

4.1.1.7 X-Ray Photoelectron Spectroscopy Analysis

The composite materials were analyzed using XPS to determine the chemical bonding
and interactions between GO and N-TiO,. The fully scanned XPS of GT13, GT11, and
GT31 shown in Figure 4.8(a) indicates the presence of carbon, titanium, nitrogen, and

oxygen in the composite.

The Ti 2p spectrum spectra of composite materials in the 450—470 eV range consist of
two centered peaks at 458.8 eV and 464.5 eV, respectively, which are ascribed to Ti
2p3n and Ti 2pi1p, according the XPS Wagner Handbook [Wagner, 1979]. The
separation energy of 5.7 eV is equivalent to Ti*" binding energies in pure anatase

[Sheydaei et al., 2018]. According to the results, all three composites include TiO, and
48



Chapter — 4 Results and Discussion

the Ti 2p position remains constant. The deconvoluted components generated for Ti
2p3n for the GT13, GT11, and G31 composites show that anatase titanium, or Ti*", is
present in the Ti-O bonds. A peak at 458.3 eV revealed the presence of Ti*" in the
composite. As can be seen from the intensity of Ti 2psp, the Ti*" level in GT13 is

substantially greater than in GT11 and GT31 [Figure 4.8(b), 4.8(c), 4.8(d)].
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Figure 4.8 (a) Fully scanned XPS of GT13, GT11 and GT31; XPS spectra of Ti 2p states for (b) GT13,
(c) GT11 and (d) GT31; O 1s states for (e) GT13, (f) GT11 and (g) GT31; C 1s states for (h) GT13, (i)
GT11 and (j) GT31; N 1s states for (k) GT13, (1) GT11 and (m) GT31.

Figures 4.8(e), 4.8(f), and 4.8(g) show the O 1s spectra at the core level for each
composite. Ols in the O—Ti bond of TiO is represented by the signal at 532.3 eV [Shi
et al, 2012]. According to earlier research, the main peak of O 1s in pure N-TiO»
nanoparticles can be deconvoluted into two peaks. The Ti-OH bond exhibits the first
peak, which is centered at approximately 529.7 eV, while the Ti-O-Ti bond exhibits the
second peak, which has a higher binding energy of 531.4 eV [Xing et al, 2009].
However, a single peak in the composites at 532.4 eV is caused by the presence of
epoxy and hydroxyl groups found on the surface of the GO layer [Yu et al., 2014]. In
Figure 4.8(e), 4.8(f), and 4.8(g), the intensity of this peak is considerably lower for
GT13 composites than for GT11 and GT31 composites. This indicates that all oxygen-
containing groups on the surface of GO are reduced upon the addition of N-TiO,. The
two peaks in the O 1s level for the sample with less GO (GT13) are nearly identical to
those observed for pure N-TiO>. On the other hand, the peak at 529.7 eV and 531.4 eV
that is ascribed to O in N-TiO; shows a positive shift of 0.37 eV and 1.1 eV for the
composite GT11, which has peak values of 530.07 eV and 532.5 eV, respectively.
Additionally, GT31 showed a positive shift of 0.52 eV and 1.17 eV, with peak values
of 532.67 eV and 530.22 eV, respectively. It shows that GO and N-TiO» have a strong
bond generated by electron transfer from the latter to the former. The N-TiO; peak in
the O 1s level decreases in composite GT31 with a higher GO content (Figure 4.8g),
indicating that GO coverage leads to less N-TiO on the surface. At maximal loading,
XPS results show that GO sheets predominantly surround N-TiO>. After deconvolution,
the peak 533.2 eV is ascribed to the Ti-O-C bond that develops at the interface between
GO and N-TiOz [Umrao et al., 2014].
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The presence of sp? hybridized carbon atoms of GO, indicated by C-C, C=C, and C-H
bonds, is typically associated with a peak in the C 1s spectrum at approximately 284.7-
285.0 eV. This peak is often referred to as the "graphitic" or "aromatic" carbon peak
[Bhunia et al., 2014]. The XPS spectra of the C 1s level of the GT13, GT11, and GT31
composites are primarily deconvoluted into various peaks as shown in Figure 4.8(h),
4.8(i), and 4.8(j), respectively. For GT13, GT11, and GT31, the peaks with binding
energy values in the range of 285.9-288.4 eV correspond to C-O-C and C=0O bonds
[Kusiak-Nejman et al., 2018, Tho et al., 2019]. As seen in Figures 4.8(h), 4.8(i), and
4.8(j), a weak signal was found by resolution analysis of the Cls binding energies of
the XPS spectra at 283.5 eV for GT13 as compared to GT11 and GT31 because of the
low concentration of GO. N-TiO> and graphene oxide form a Ti-C bond, which is
another important component in expanding the photo-responsive wavelength of the

composites [Tho et al., 2019].

The presence of nitrogen and its efficient doping into Ti (TiO2), as shown by the peak
at 399.8 eV in Figure 4.8 (k-m). By replacing oxygen atoms in the TiO; lattice, the
peak verifies the formation of an O-Ti-N bond [S#i et al., 2012].

The results presented above provide confirmation of the formation of the GT13, GT11,
and GT31 nanocomposites. Table 4.5 displays the surface elements composition of the

GT13, GT11, and GT31 composites.

Table 4.5 Surface elemental composition of composites GT13, GT11 and GT31

Element Composite Peak/eV Composition/at. %
Cls GT13 286.04 42.68
GT11 285.67 48.88
GT31 285.63 56.89
O1s GT13 531.01 43.4
GTl11 530.68 39.8
GT31 531.59 34.51
N 1s GT13 400.72 1.72
GTl11 400.18 1.6
GT31 400.28 2.02
Ti 2p GT13 459 12.2
GTl11 458.37 9.72
GT31 458.92 6.58
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4.1.2 Characterization of Pollutants Polyvinylchloride Nanoparticles (PVC-NPs)
and Polystyrene Nanoparticles (PS-NPs)

Perylene-3,4,9,10-tetracarboxytetrabutylester (PTE), PVC-NPs and PS-NPs were
thoroughly characterized as follows before investigating the removal of PVC-NPs and

PS-NPs with synthesized materials.
4.1.2.1 Nuclear Magnetic Resonance Analysis of PTE

"H NMR (CDCls, 500MHz): 0.95 (t, 12H), 1.46 (m, 8H), 1.77 (m, 8H), 4.26 (t, 8H),
7.72 ppm (m, 8H).

3C NMR (CDCl3, 100 MHz): 13.8, 19.3,30.7, 65.3, 121.1, 128.3, 128.5, 130.1, 132.4,
168.5 ppm [Ozser et al., 2017].

4.1.2.2 Optical Analysis of PVC-NPs

Figure 4.8 shows the optical properties of the PVC that has been encapsulated with
PTE dye. Two distinctive peaks were visible in the UV-vis spectra of the PTE dye
enclosed within the PVC nanoparticles at 446 and 470 nm (Figure 4.8(a)), and a

distinctive peak was visible in the emission spectra at 550 nm (Figure 4.8(b)).
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Figure 4.9 (a) Absorption (b) emission spectra of PVC-NPs nanoparticles dispersed in water.

4.1.2.3 Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy
Analysis of PVC-NPs

The size distribution and shape of the nanoparticles were examined using scanning

electron microscopy (SEM), and the SEM micrographs of PVC-NPs revealed a
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spherical morphology, as seen in Figure 4.9(a). The inset of Figure 4.9(a) depicts the
size analysis of all PVC nanoparticles collected from SEM micrographs, with an

estimated average particle size of 69.9 nm.
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Figure 4.10 (a) SEM images depicting morphology of PVC-NPs and the inset represents the size

distribution curve of PVC-NPs obtained from SEM image at scale bar 100nm; (b) EDS mapping and
elemental atomic% and weight% of PVC-NPs.

4.1.2.4 Dynamic Light Scattering Analysis of PVC-NPs

Furthermore, dynamic light scattering (DLS) studies of PVC-NPs in water were used
to evaluate their hydrated size and zeta potential. The average hydrodynamic size of the
PVC-NPs ranged from 120.9 to 123.7 nm, and their zeta potential at neutral pH (7.0)
and room temperature was found to be negative, ranging from -21.5 to -30.3 mV. The
polydispersity index (PDI) is another essential parameter that describes the width or

spread of the particle size distribution. The PDI value of PVC-NPs was determined to
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be 0.132, indicating mid-range polydisperse particle size distributions [Raval et al.,

2019].

DLS readings represent particle size when hydrated, whereas SEM micrographs
normally measure particle diameters under dry conditions. DLS exhibited a wider size
distribution for PVC polymer particles compared to SEM micrographs. This was due
to a discrepancy in measuring conditions, as DLS data showed hydrated size, whereas

SEM determined dry size of particles.
4.1.2.5 Functional group Analysis of PVC-NPs

Figure 4.11(a) displays the FT-IR spectra of pure perylene-3.4,9,10-
tetracarboxytetrabutylester (PTE). Peaks associated with 2962 cm!: (Car-H), 2874 cm™
I: (Cany-H), 1722 em™!: (C=0), and 1276-1172 cm™ (C-O) are found in the pure PTE
spectrum. Following the addition of PTE to PVC, PVC-NPs displayed comparable
peaks (Figure 4.11(b)), along with additional characteristic peaks of PVC. The new
peaks at 616, 692, and 831 cm™ are ascribed to the stretching of C-Cl groups
[Mallakpour et al., 2017], CH»-Cl angular deformation at 1425 cm™!, -CH-CI out of
plane angular deformation at 1279 cm™!, C-H out of plane trans deformation at 960 cm”
! and cis -CH wagging 2912 cm™'. Furthermore, the stretching vibrations of CH, and
C-C are correlated with the peaks at 2971 cm™ and 1097 cm™, respectively. These
characteristic peaks of PVC matched with reported data [Coltro et al., 2013].

——PTE
(a) ——PVC-NPs

% Transmittance

v
A
=

2971
CH,

-HC-Cl C-Cl

S T 2 T L T ¥ T N T ~ T d T
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Figure 4.11 FTIR spectra of (a) PTE and (b) PVC-NPs.
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4.1.2.6 Field Emission Scanning Electron Microscopy Analysis of PS-NPs

Scanning Electron Microscopy (SEM) was used to investigate the shape and size
distribution of the nanoparticles, and a spherical morphology has been observed in the
SEM micrographs of PS-NPs, as shown in Figure 4.12. The inset of Figure 4.12(a)
depicts the size analysis of all PS nanoparticles collected from SEM micrographs, with

an estimated average particle size of 90.4 nm.

4.1.2.7 Energy Dispersive X-ray Analysis of PS-NPs

EDX analysis was used to examine the elemental composition of the adsorbents; the
profiles that were produced are displayed in Figure 4.12, and Table displays the
percentage of each element. Results indicated that C and O are present in high

percentage.
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32.02 26.13
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Figure 4.12 (a) SEM images depicting morphology of PS-NPs and the inset represents the size
distribution curve of PS-NPs obtained from SEM image at scale bar 100nm; (b) EDS mapping and
elemental atomic% and weight% of PS-NPs.

4.1.2.8 Dynamic Light Scattering Analysis of PS-NPs

Zeta potential of the prepared PS-NPs was measured in water at neutral pH (7.0) and
room temperature. PS-NPs exhibited negative charge of value -34.8 mV. The hydrated
size and zeta potential of PS-NPs was measured using dynamic light scattering. The
size distribution of all PS polymer particles obtained from dynamic light scattering
(DLS) was 253.2 nm. The size distribution of PS polymer particles obtained from DLS
was larger than the values obtained from SEM micrographs owing to the different
conditions (i.e., hydrated in DLS and dry in SEM) of measurements. The polydispersity
index (PDI) is another important parameter that describes the width or spread of the
particle size distribution. The PDI value is 0.194, implies polydisperse particle size

distributions [Raval et al., 2019].
4.1.2.9 Functional group Analysis of PS-NPs

Figure 4.13 displays the FT-IR spectra of pure perylene-3,4,9,10-
tetracarboxytetrabutylester (PTE) (already discussed in Section 4.1.2.5).

—rr

c,H CanyrH

e T~ 12761172

-

c=0 C-0

Transmittance %

=)

2968

CHj 1499
c=C

% T % I Y T 4 I i I v T ¥ T
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Figure 4.13 FTIR spectra of PTE and PS-NPs.
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Following the addition of PTE to PS, PS-NPs displayed comparable peaks (Figure
4.19), along with a few more distinctive PS peaks. The band at 2919 cm ™! represents
the vibration of the CH, group. Additionally, the transmission bands at 1499 cm™' were
attributed to the aromatic C=C stretching vibration of the benzene ring, as expected in

1

the PS structure. Strong vibrational modes at 744 cm™ indicate out-of-plane bending

vibration of C-H, which is characteristic for polystyrene [Budlayan et al., 2021].

4.1.3 Photocatalytic Degradation and Adsorption Study of GO/N-TiO:

Composites under different Conditions
4.1.3.1 Removal Study of PVC-NPs using GO/N-TiO; Nanocomposites

Synthesized composites with varying weight ratios of GO: N-TiOz (1:3, 1:1, and 3:1)
were used to remove PVC-NPs when exposed to visible light sources (a tungsten bulb
and room light) at pH values of 4, 7, and 10, with varying catalyst doses and irradiation
times (30, 60, 90, 120, 150, and 180 minutes) within 3 hours. The similar
experiments were conducted in the dark as well. The concentration change in PVC-NPs

was measured at Amax 446nm.

In order to evaluate the effect of adsorption on the degrading efficiency of PVC-NPs,
an adsorption experiment was conducted using all three synthesized composites,
namely GT13, GT11, and GT31 under dark. Under these experimental conditions,
PVC-NP removal efficiency for GT13, GT11, and GT31 at pH 4 were determined to
be 51.42%, 23.17%, and 17.6%.

Moreover, similar experimental conditions were used for photocatalytic study under
tungsten bulb light and room light sources. The photocatalytic degradation results
showed that the GT13, GT11, and GT31 composites had greater catalytic activity than
bare N-TiO (Table 4.11). The percentage removal of PVC-NPs was 59.98% for N-
TiO; and 99.2% for GT13 after 180 minutes at pH 4. These results validate that the
inclusion of GO sheets in N-TiO> has a positive impact on the photodegradation of
PVC-NPs. This increased photocatalytic activity of GO/N-TiO; composites is due to
following reasons. In GO/N-TiO2 composites, the two-dimensional © framework of
graphene oxide (GO) acts as an electron acceptor, facilitating the transfer of excited

electrons from N-TiOy's conduction band to the GO. This electron transfer suppresses
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the recombination of photo-generated charge carriers, leading to enhanced
photocatalytic degradation, as evidenced by the photoluminescence data in Figure 4.7.
Furthermore, Ti-O-C bonding facilitates electron movement from the valence to the
conduction band, enhancing free radical formation. This process is significant for
photocatalysis, allowing for visible light activation and improved efficiency [Jiang et

al., 2011, Awfa et al., 2018].

The photocatalytic activity of GO/N-TiO> composite materials is influenced by their
GO concentration. According to the results, the photocatalytic degradation of PVC-NPs
decreases in the following order: GT13 > GT11 > GT31 (Table 4.6). These results
indicate that the weight ratio of GO to N-TiO. affects photodegradation process
performance. The optimal weight ratio of GO to N-TiO2 maximizes the synergistic
effects of enhanced pollutant adsorption by GO and improved photocatalytic activity
of N-TiO2 due to reduced electron-hole recombination and broader light absorption,
leading to higher photodegradation efficiency. The ideal GO to N-TiO> ratio for
maximum pollutant degradation varies depending on the type of composite due to the
uniformity of titanium dioxide anchoring. Excess GO particles can hinder light
penetration to the N-TiO: active sites and lead to agglomeration of N-TiO;
nanoparticles, reducing the number of catalytic sites and serve as recombination centers
[Awfa et al., 2018, Min et al., 2014, Petala et al., 2019, Long et al., 2013]. Therefore,
an optimal ratio is crucial to maximize the beneficial effects of both components.
According to the aforementioned results, the ideal GO to N-TiO: weight ratio in the
current system is 1:3, which corresponds to the GT13 composite. After the removal of
luminous PVC-NPs, the yellow PVC-NP solution turns colorless (as seen in the inset
of Figure 4.13a), leaving yellow dots on the composite materials. The vapours
produced from the photocatalytic reaction flask was passed through lime water, which
turned milky and indicated that vapours might be containing CO>. Furthermore, the
mineralization efficiency of PVC-NPs solution with GT13 at pH 4 was investigated
using Total Organic Carbon (TOC) analysis. The reduction of 96.9% in TOC

indicated the transformation of PVC-NPs into mineralized products.

4.1.3.2 Effect of pH on the Removal of PVC-NPs
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The effects of pH on PVC-NPs removal were investigated at pH levels 4, 7, and 10 as
shown in Figures 4.14(a), 4.14(b), and 4.14(c) showing that as pH increases from 4 to
10, the removal percentage of PVC-NPs decreases. According to the results, all of the
composites degraded at very high rates at pH 4 and 7, but at relatively low rates at pH
10. A maximum of 99.2% PVC-NP removal was achieved at pH 4.

The pH has a considerable impact on photocatalysis degradation processes because it
influences adsorption, catalyst surface charge, valence band oxidation potential, free
radical generation, and other physicochemical properties [Tayeb et al., 2015, Kansal et

al., 2007).

The positive charge on the surface of N-TiO; decreases with increasing pH until they
reach zero at the charge (PZC), which was previously known to be around 5-6.3
[Nguyen et al., 2020, Jaffrezic-Renault et al., 1986]. TiOH,", the predominant species,
produces a positive surface charge for pH values below the PZC, while TiO™ produces
a negative surface charge for pH values above the PZC [Kamble et al., 2003, Sun et al.,
2008].

The surfaces of GT13, GT11, and GT31 are positively charged at initial pH values of
4.0 and 7.0, whereas the PVC-NPs solution is negatively charged (Section 4.1.2.4).
Electrostatic attraction forces are therefore expected at pH 4 and pH 7. The
photodegradation rates of all materials decreased with higher pH values (10.0) due to
the electrostatic repulsion of negatively charged surfaces of GO/N-TiO> composites and

PVC-NPs. The decrease in removal percentage in alkaline conditions, as mentioned, is
indeed likely due to the high concentration of hydroxyl ions (OH"). These ions compete

with the PVC-NPs (negatively charged) for adsorption sites on the composite materials.
This competition reduces the efficiency of the adsorption process, leading to a lower
removal percentage. In acidic conditions, the perhydroxyl radical (HO?"), which is
formed from superoxide (‘O2"), can react with hydrogen ions (H") to produce hydrogen
peroxide (H20z), which can lead to increased levels of hydrogen peroxide (H202), and
subsequently, hydroxyl radicals ("OH). This increase in *OH radicals enhance oxidizing

capability, causing degradation reactions to occur faster in acidic environments. The
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rate of these reactions is further accelerated by the higher concentration of H' ions at

lower pH [Umar et al., 2013, Nagaraja et al., 2012].

The difference in removal rates in alkaline and acidic media also increases with
increasing GO levels in GT11 and GT31 compared to GT13 with lower GO content.
This is because the GO surface was negatively charged in the pH range of 5.0-12.0,
probably due to deprotonation of oxygen-containing functional groups, including
carboxylic acid and phenolic hydroxyl groups on GO [Peng et al., 2016, Li et al., 2015].
Highly negatively charged GO sheets in suspension could disperse uniformly,
considerably reducing the removal rate of negatively charged PVC-NPs due to

electrostatic repulsions [Vo et al., 2020].
4.1.3.3 Effect of Light Intensity on the Removal of PVC-NPs

The intensity of the light also has a significant effect on photodegradation. Room light
and tungsten bulb light have been used in a number of experiments. The degradation
rate under room light conditions was lower than that under tungsten bulb light,
according to the experimental results, since the room light was a light source with the
visible light spectrum range from approximately 400 nm to 780 nm [Duncan et al.,
2012], while tungsten bulb light was within a wavelength range of 350-1000 nm [ 7homs
etal., 2013], the experimental results demonstrated that the degradation rate under room
light conditions was lower than that under tungsten bulb light. This is because, the
wavelength of the light source significantly impacts a photocatalyst's ability to absorb
light and subsequently drive a reaction. Shorter wavelengths (higher energy) range are
generally more effective for exciting electrons across the band gap of photocatalysts,
leading to higher photocatalytic activity. UV-A radiation, which usually has a
wavelength range of 315400 nm, is included in tungsten bulb light. In theory, higher
light intensity enhances the excitation of electrons from the valence band to the
conduction band and increase the rate at which electron—hole pairs are generated by
increasing the number of incident photons on the photocatalyst surface per unit time

[Paiu et al., 2025].

Table 4.6 Comparison of % removal with GT13, GT11 and GT31 with light and without light
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% Removal with GT13 % Removal with GT11 % Removal with GT31
TL RL CFL Dark TL RL Dark TL RL Dark
pH 4 99.2 98.2 78.7 51.42 88.7 41.1 23.17 37.2 20.9 17.6
pH7 98.3 83.7 55.9 44 .4 78.9 384 21.8 33.5 18.09 10.7
pH 10 953 75.2 422 26.1 574 37.7 20.7 323 13.49 8.8
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Figure 4.14 Comparison of % removal PVC-NPs with GT13, GT11, and GT31 under (a) tungsten bulb

(b) room light (c) without light (d) comparison of % removal PVC particles under tungsten bulb light

using GT13+quenchers isopropyl alcohol, sodium oxalate, and parabenzoquinone.

4.1.3.4 Effect of Scavengers

To study the mechanism of the photocatalytic reaction, isopropyl alcohol (IPA), sodium

oxalate (SO), and parabenzoquinone (PBQ) were chosen as scavengers of "OH, h', and

'Oy, respectively. Figure 4.14(d) illustrates that the degradation rates of PVC-NPs

decrease significantly upon the addition of IPA, PBQ, and SO, and the results indicate
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that reactive radical species (RRS) "OH and h* play important roles in the photocatalytic
reaction of PVC-NPs. The degradation rate of PVC-NPs for GT13 photocatalysts is
reduced in the presence of any scavenger, indicating the involvement of photogenerated
holes h', ‘OH, and ‘O radical species in the PVC-NPs degradation pathway.
Photogenerated carriers (electrons and holes) form on the surface of N-TiO;
photocatalysts when exposed to sufficient light. Photogenerated electrons (e”) are
produced when light energy excites electrons from the valence band to the conduction
band. In the meantime, photogenerated holes (h") with oxidative characteristics were
created in the valence band. By storing and transmitting electrons, GO can enhance the
migration and separation of electrons produced by N-TiO, prevent carrier combination,
and boost photocatalytic activity. When H>O and O; are adsorbed on N-TiO; and GO
surfaces during photocatalysis, “OH and "O»" are produced [Linsebigler et al., 1995, Zan
et al., 2006]. The PVC molecular chain was attacked by "Oz”and "OH, resulting in a
free radical chain centered on carbon atoms. An oxygen-containing group was formed
after the contact with O under tungsten bulb illumination, and this group was then

broken down into small molecules [Yousif et al., 2015, Cho et al., 2001].
4.1.3.5 Effect of Time on the Removal of PVC-NPs

The effect of removal time on removal efficacy of PVC-NPs was evaluated by agitating
them with composites at time interval of 30-180 minutes. To assess the PVC-NP

removal rate, an optimal quantity of the synthesized composites (80 mg) was used.
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Figure 4.15 (a) Absorbance spectra of removal of PVC-NPs in the time interval of 30-180 minutes with
0.08 g of GT13. The inset shows the image of removal of PVC-NPs from water in the time interval of
30-180 minutes; Removal of PVC-NPs from water treated by GT13, GT11 and GT31 photocatalysts at
pH 4, 7, and 10 in time interval of 30-180 minutes under (b) tungsten bulb light, (c) room light (d) dark.

As the time span increased from 30 to 180 minutes, the removal rate (%) of PVC-NPs
for GT13, GT11, and GT31 at pH 4 under tungsten bulb light increased from 45.54%
to 99.2%, 14.03% to 88.7%, and 10.76% to 37.2%, respectively (Figure 4.15(b),
4.15(c), and 4.15(d)). The catalyst's surface receives more light energy over time, which

causes photoexcited species to develop and increases photocatalytic activity.
4.1.3.6 Effect of Catalyst dose on the Removal of PVC-NPs

Various doses of the GT13, ranging from 10 to 80 mg (10, 20, 30, 40, 60, and 80 mg
were used in the experiments to examine the effect of photocatalyst concentration on
the rates of photocatalytic degradation. After three hours of photocatalytic treatment
with various doses of composite photocatalyst under tungsten light at pH 4 for 20 mL
of PVC-NP solution at an initial concentration of 0.4 mg/mL, the results are shown in
Figure 4.16, which demonstrates that the degradation rate increased to 99.2% as the
amount of composite photocatalyst increased to 80 mg. The % removal values of PVC-
NPs using various catalytic doses of GT13 under tungsten bulb light at pH 4 are shown
in Table 4.7.

Table 4.7 % Removal pf PVC-NPs using various catalytic doses of GT13 under tungsten bulb light at
pH4

63



Chapter — 4 Results and Discussion

GT13 doses (mg) PVC-NPs: GT13 ratio % Removal
1. 10 2:1 17.28
2. 20 1:1 17.69
3. 30 1:1.5 31.48
4. 40 1:2 56.48
5. 60 1:3 95.62
6. 80 1:4 99.27
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Figure 4.16 Degradation results of PVC-NPs treated with addition of different amounts of GT13
composite under TL at pH 4.

4.1.3.7 Analysis of GT13 Composite Material and PVC Solution after Removal

Experiment

To understand the mechanism involved in the remediation process, further study of
SEM, EDS, fluorescence microscopy, zeta potential FTIR spectroscopy and GCMS
studies were conducted on GT13 and the solution left behind after the remediation

experiment.

Figures 4.17(a) and 4.17(b) show SEM micrographs of the surface morphology of
GT13 composite following the removal experiment of PVC-NPs, with and without
light. There was no discernible difference in the surface morphology of GT13 before
and after the removal of spherical PVC-NPs; however, EDS analysis and elemental
mapping revealed the presence of chlorine, as shown in Figures 4.17(a), and 4.17(b),
indicating the interaction between PVC-NPs and GT13 composite after the removal

process.
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Figure 4.17 SEM, EDS and elemental mapping images of GT13 after reaction (a) with light (b) without
light.

After the removal experiment, GT13 composite was visulized by fluorescence
microscope and it revealed the presence of yellow stained PVC nanoparticles on it. The
fluorescence microscopic images of pure PVC-NPs and GT13 composite (after the
remediation experiment) are shown in Figure 4.18. These images clearly show that the
GT13 surface was covered with green fluorescent PVC nanoparticles upon interaction

with PVC-NPs. This suggested the existence of significant interactions between the

surface functionalities of composites and PVC-NPs.

Figure 4.18 Optical micrographs of (a) PVC-NPs solution (b) GT13 composite after the remediation
with light (c) GT13 composite after the remediation without light showing the PVC nanoparticles dyed
with PTE dye.

Zeta potential changes were evaluated by doing DLS measurements on the solution
that was collected right after the removal experiment. The zeta potential of the solution
obtained after removing the PVC-NPs was -0.792 mV. The values are lower than that
of pure PVC-NPs (-21.5 to -30.3), possibly due to charge neutralisation by the GT13
composite [Batool et al., 2020].

After the photocatalytic process, the degradation products of PVC in the PVC-NP
solution were evaluated using GCMS. The degradation of PVC can be depicted
schematically in Scheme 4.1. The mass fragments of degraded products were correlated
with the reported literature and structure determination was carried out [Miao et al.,

2020].

66



Chapter — 4 Results and Discussion

o cl
Chloromethyl dodecanoate
m/z 248
o
)J\ on
o
"OH,
Oxidation,
Q o
2-[5-(2-Methoxy-ethyl)-7-(6-methoxymethyl-2,2-dimethyl-7-
oxa-bicyclo[4.1.0]hept-1-yl)-3,5-dimethyl-hepta-2,6- o o
dienylidene]-3,3-dimethyl
m/z 472 o
OH ‘OH .
4a,7a-Epoxy-5H-cyclopenta[a]cyclopropa[f]cycloundecene-
Oxidation, Oxidation, 2,4,7,10,11-pentol, 1,1a,2,3,4,6,7,10,11,11a-decahydro-

Cyclization cl Cyclization 1,1,3,6,9-pentamethyl-, 2,7

m/z 536

) 0 Ne
;V Polyvinyl chloride
q
Yely, .
AN lza”"n

‘OH,
Cyclohexylethylene Oxidation,

m/z 110 Cyclization l Cyclization

Ethylcyclohexane Ethylbenzene

miz 112 m/z 106

Stigmastane-3,6 dione
mz 428

Scheme 4.1 GC-MS analysis of PVC degradation using GT13.

The composition of the GT13 composite and pure PVC solution was examined using
FTIR spectroscopy both before and after the PVC-NPs were removed, as seen in
Figure 4.19(a). Because there are only trace amounts of PVC particles adsorbed on the
surface of GT13, the spectra of GT13 before and after appears to be similar. As
mentioned earlier the FTIR peaks at 655 cm™ and 435 cm™ correspond to Ti-O-C and
Ti-O-Ti vibrations, respectively. As shown in Figure 4.19(b), the strength of these
peaks decreased significantly, possibly due to the electrostatic attraction of PVC with
Ti-O-C and Ti-O-Ti, indicating the interactions of PVC nanoparticles with GT13
composite [Wang et al., 2018]. Furthermore, after the removal of PVC, the GT13
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composite peaks at 435 cm™ and 655 cm™! shifted to higher frequencies of 443 cm™ and
668 cm’!, respectively. This type of frequency shifting suggests that there are
interactions between PVC and GT13 composite [Mohanta et al., 2020].

(a) —— PVC solution (after remediation with light) (b) GT13 (before)
= PVC-NPs (before) GT13 (after)

Transmittance
Transmittance %
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Figure 4.19 FTIR spectra of (a) PVC-NPs solution before and after the remediation experiment (b) GT13

composite before and after photocatalytic activity under tungsten bulb light.

4.1.3.8 Mechanism of Removal of PVC-NPs

The mechanism of the photocatalytic reaction of GO/N-TiO» composites is
schematically represented in Scheme 4.2, showing the effect of doping. The conduction
band (CB) of graphene oxide (GO) and the d orbital of Ti atoms in N-TiO; are close in
energy, allowing the interaction and the formation of a hybrid electron orbital. When
N-Ti0; absorbs visible light, its electrons are excited to the CB, creating holes in the
valence band (VB). The nitrogen doping introduces new energy levels within the band
gap, allowing electrons to be excited by visible light. These photoexcited electrons in
the CB of N-TiOz can then transfer to the CB of graphene oxide, which then facilitates
the reduction of O, and H,O deposited on the graphene surface [Jiang et al., 2011].
The holes in VB oxidize the hydroxyl anions, generating hydroxyl radicals that
degrade the PVC-NPs adsorbed on the surface [ Tomkiewicz, 2000]. This process, where
electrons are transferred from N-TiOz to GO, is key to the enhanced photocatalytic
activity of the GO/N-TiO> composite, as it promotes charge separation and reduces
electron-hole recombination. Also, the formation of Ti-O-C bonds due to the
interaction between N-TiO2 and graphene oxide can also contribute to visible light

absorption. These bonds can cause an upward shift in the valence band edge, reducing
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the bandgap of the composites and further enhancing its ability to absorb visible light
[Umrao et al., 2014].

Furthermore, greater photoactivity of GT13 in comparison to GT11 and GT31 can be
explained by the PL (Section 4.1.1.6) and XPS (Section 4.1.1.7) data. In PL spectra, a
decrease in intensity with increasing GO concentration in a GT31 composite caused by
the rapid transfer of photogenerated electrons by GO, which reduces electron-hole
recombination. This is because GO acts as an electron acceptor, facilitating the
separation of photogenerated electron-hole pairs and preventing them from
recombining [Shi et al,, 2014, Ni et al., 2014]. This indicates that the variation in
electron-hole recombination rates may be primarily, but not only, responsible for the
variation in photocatalytic efficiency between the samples. Other factors like the
formation of new energy states within the bandgap due to oxygen vacancies and a
reduced bandgap caused by impurity bands also play a role [Manju et al., 2020]. There
is a direct correlation between structural oxygen vacancies and the PL spectra. A
stronger photoluminescence (PL) signal indicates a higher concentration of these
defects [Chuang et al., 2012]. Oxygen vacancies and defects in materials can enhance
photocatalysis by facilitating exciton formation and reducing electron-hole
recombination. Additionally, oxygen vacancies can facilitate the adsorption of O2, and
a strong interaction exists between the adsorbed O, and the photo-induced electrons
bound by oxygen vacancies. This suggests that oxygen vacancies could facilitate the
adsorbed O: to pick up photo-induced electrons and form O; radical at the same time,
which enhance the oxidation of organic pollutants. Increased photocatalytic activity of
GTI13 results from the presence of more oxygen vacancies or defects, which are

indicated by a higher excitonic PL spectrum [Ligiang et al., 2006].

Structural defects, such as oxygen vacancies, exist on the surface of N-TiO» reduce
nearby Ti*' ions to Ti*" ions. The interaction between surface oxygen vacancies and
Ti** defects promotes the separation of photogenerated electron-hole pairs, reducing
recombination and enhancing photocatalytic performance. The presence of these Ti*"
defects also aids in electron transfer to oxygen, generating superoxide radicals and
contributing to higher activity. According to XPS data, which reveal that the amount of

Ti*" on the surface of the GT13 particle is 1.2 and 1.8 times greater, respectively. The
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presence of ¢  groups (Ti*"), contributes directly to the photocatalytic process and
increases GT13's conductivity in comparison to GT11 and GT31. As a result, high Ti*"
levels are associated with strong electrical conductivity and high photoactivity

[Alshoaibi et al., 2023, Li et al., 2008].

Additionally, the size of the crystallite is a significant factor in the photocatalytic
process, and an increase in crystallite size directly affects the improvement of catalytic
performance. The redox reaction that converts H>O, OH", and O on the catalyst surface
is accelerated by the bigger crystallite size of GT13 composite, which makes it easier
to transport light-generated carriers to the particle surface and absorb more energy

[Bellardita et al., 2018, Wang et al., 2014, Nandiyanto, et al., 2020, Jung et al., 2002].

As a result of a complex multifunctional process that involves reactive species
including h", ‘OH, and ‘O, GO/N-TiO, composites enhance the photocatalytic
degradation of PVC-NPs [Zhao et al., 2012].
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Scheme 4.2 Proposed mechanism of PVC degradation under visible light illumination using GT13

photocatalyst.

Equations presenting the proposed photocatalytic process are as follows:
N-TiO; + hv — N-TiO; (" + h")
N-TiOz (e) + GO— N-TiO2 + GO (e")
h"+H,0 - OH +H'
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e +02—0;"
h" + Pollutants — Degradation products
‘OH + Pollutants — Degradation products
‘Oz "+ Pollutants — Degradation products
4.1.4 Removal Study of PS-NPs using N-TiO2 and GO/N-TiO2 Composites

A series of experiments were conducted to determine the removal efficiency of N-TiO»
and GO/N-T102 composites under tungsten light and dark conditions at pH values of 4,
7, and 10, within 3 hours. The concentration change in PS-NPs was measured at Amax

of 446nm.

In order to evaluate the role of adsorption on removal of PS-NPs, an adsorption
experiment was conducted using N-TiO> and GO/N-TiO2 composites under dark.
Under these experimental conditions, pure N-TiO; achieved the highest PS-NPs
removal of 99.6% followed by the GO/N-TiO2 composites (15.9%, 14.2% and 17.2%
for GT13, GT11 and GT31 respectively) as shown in Figure 4.20(b). The highest PS-
NPs removal achieved by pure N-Ti0; showing excellent adsorption performance. The
decreased adsorption of GO/N-TiO2 composites is due to excessive doping of GO
which can reduce the specific active surface area of N-TiOz. This reduction can result
from the formation of larger aggregates due to increased van der Waals forces between
the GO sheets and the N-TiO> nanoparticles, hindering the material's ability to
efficiently interact with light and reactants. The resulting smaller surface area and
increased agglomeration can reduce the number of active sites available for
photocatalysis, ultimately leading to poorer photocatalytic efficacy [Mohtar et al.,
2021, Liao et al., 2022].

Moreover, similar experimental conditions were used for photocatalytic study of
removal of PS-NPs under tungsten bulb light (Figure 4.20(a)). Under these conditions,
GTI13, GT11, and GT31 demonstrated greater removal of PS-NPs than under dark
conditions; GT13 reached the highest percentage removal of 32.2% in tungsten light at
pH 4. It could be said that photocatalytic degradation would also concurrently occur

with adsorption as light interacts with the material. Additionally, the percentage
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removal of PS-NPs by pure N-TiO; under light condition was found to be 98.7%. These
results are almost similar percentage removal of PS-NPs as that under dark conditions,
suggests that the material is likely acting as an adsorbent rather than a photocatalyst in
this specific pollutant. Photocatalysis relies on light to drive chemical reactions, while
adsorption is a process that can occur both in the presence and absence of light. PS is
extremely resistant to degradation since it cannot be broken down through hydrolysis
[Silva et al., 2025]. Polystyrene (PS) is inherently resistant to degradation due to its
chemical structure, which primarily features a carbon-carbon backbone and aromatic
rings. These rings are relatively stable and do not readily participate in chemical

reactions that would lead to breakdown [Zhang et al., 2022]
4.1.4.1 Effect of pH on the Removal of PS-NPs

The effects of pH on PS-NPs removal were investigated at pH levels 4, 7, and 10 as
shown in Figures 4.20(a), and 4.20(b) showing that as pH increases from 4 to 10, the
removal percentage of PS-NPs for N-TiO; decreases. A maximum of 99.6% PS-NP
removal was achieved at pH 4 by N-TiO> under dark.

The pH has a considerable impact on removal process. The positive charge on the
surface of N-TiO2 decreases with increasing pH until they reach zero at the charge
(PZC), which was previously known to be around 5-6.3 as discussed in Section 4.1.3.2.
The surface of N-TiOx is positively charged at initial pH values of 4.0 and 7.0, whereas
the PS-NPs solution is negatively charged (Section 4.1.2.8). Electrostatic attraction
forces are therefore expected at pH 4 and pH 7. The photodegradation rates of N-TiO2
decreased with higher pH values (10.0) due to the electrostatic repulsion of negatively
charged surfaces of N-TiO> and PS-NPs. The decrease in removal percentage in

alkaline conditions, as mentioned, is indeed likely due to the high concentration of
hydroxyl ions (OH"). These ions compete with the PS-NPs (negatively charged) for
adsorption sites on the composite materials. This competition reduces the efficiency of

the adsorption process, leading to a lower removal percentage.

Similarly, the surfaces of GT13, GT11, and GT31 are positively charged at pH values
of 4.0 and 7.0 (Section 4.1.3.2), which show maximum % removal for negatively

charged PS-NPs at pH4 (Figure 4.20).
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Figure 4.20 Comparison of % removal PS-NPs with N-TiO,, GT13, GT11, and GT31 at pH 4, pH 7 and
pH 10 under (a) tungsten bulb light (b) dark.

4.1.4.2 Effect of Time on the Removal of PS-NPs

The effect of removal time on removal efficacy of PS-NPs was evaluated by agitating

them with composites at time interval of 30-180 minutes. To assess the PS-NP removal

rate, an optimal quantity of the synthesized N-TiO2 and GO/N-TiO2 composites (80

mg) was used.
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Figure 4.21 (a) UV absorption spectra of PS-NP removal with N-TiO, at pH4 (b) real-life image of PS-
NP solution in the time interval of 30—180min at pH 4; PS-NP removal from water treated with N-TiO,,
GT13, GT11, and GT31 over a 30- to 180-minute time period under (c) tungsten bulb light at pH 4 (d)
tungsten bulb light at pH 7 (e) tungsten bulb light at pH 10 (f) dark at pH 4 (g) dark at pH 7, and (h) dark
at pH 10.

As the time span increased from 30 to 180 minutes, the % removal of PS-NPs for N-
TiO2, GT13, GT11, and GT31 at pH 4, pH 7, pH 10 under tungsten bulb light are shown
in Figure 4.21(c), 4.21(d), and 4.21(e) and under dark are shown in Figure 4.21(f),
4.21(g), and 4.21(h) showing that % removal increases with increase in reaction time.
The catalyst's surface receives more contact time, which increases removal activity.
After the removal of luminous PS-NPs, the yellow PS-NP solution turns colourless (as
seen in the inset of Figure 4.21(a)), leaving yellow dots on the left-out N-TiO,. Real-
life image of PS-NP solution in the time interval of 30—180 min at pH 4 is shown in

Figure 4.21(b).
4.1.2.3 Analysis of N-TiO: after Removal of PS-NPs

To understand the mechanism involved in the remediation process, further study of
SEM, EDS, and FTIR spectroscopy studies were conducted on GTI13 and the

solution left behind after the remediation.

To understand the mechanism involved in the remediation process, more studies were
conducted on N-TiOz and the solution left behind after the remediation. After the
process, a real-life image of PS-NPs adsorbed on N-TiO; at pH 4 was clearly visible
and decreases at pH 7 and pH 10. A visible colour changes as well as swelling of N-
TiO> at pH 4 was observed after the reaction, as shown in Figure 4.22. The swelling of

N-TiO nanoparticles could be attributed to adsorption-induced swelling, which refers
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to the expansion or deformation of a porous material when it adsorbs a pollutant

[Bakhshian et al., 2017].

N-TiO, before reaction N-TiO, after reaction

Figure 4.22 Real-life image of N-TiO, before and after reaction showing adsorbed PS-NPs after the
reaction at pH 4, pH 7 and pH 10.

SEM micrographs of the surface morphology of N-TiO:; nanoparticles after the
removal of PS-NPs are shown in Figure 4.23, under dark at pH4.
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Figure 4.23 SEM, EDS and elemental mapping of N-TiO» after PS-NPs removal under dark at pH 4.
It was discovered that there are some distinct spherical particles of PS-NPs on the
surface of N-TiO> nanoparticles, but the distinction is difficult because both N-TiO:
and PS-NPs exhibit spherical surface morphology. EDS analysis and elemental
mapping confirmed the presence of carbon of PS-NPs, as depicted in Figure 4.23,
demonstrating the interaction between PS-NPs and N-TiO: nanoparticles after the

removal reaction.

FTIR spectroscopy was used to analyze the composition of N-TiO2 nanoparticles and

pure PS-NPs before and after the removal of PS nanoparticles as shown in Figure 4.24.
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Figure 4.24 FTIR spectra of bare PS-NPs and N-TiO, before and after reaction with and without light at
pH 4.

After removal experiment, FTIR spectra of N-TiO, displays the additional peaks
corresponding to polystyrene, which point towards the existence of PS-NPs adsorbed
on N-TiO; surface. The absorption peak at the wave numbers of 3060.8 cm!
corresponds to aromatic C-H stretching vibration absorption. The peak at 2919 cm™
represents the vibration of the CH group. Additionally, the transmission bands at
1600.8, 1492.7, and 1452.2 cm™' were attributed to the aromatic C=C stretching
vibration of the benzene ring, as expected in the PS structure. Strong vibrational modes
at 744 and 698.2 cm™! indicate out-of-plane bending vibration of C-H, which is
characteristic for polystyrene [Fang et al., 2010]. In addition, the absorption peak at the

wave number of 3446.5 cm ! is for the stretching vibration absorption of O-H.
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4.2 CORN COB ACTIVATED CARBON (CCAC)/NITROGEN-DOPED TiO:
NANOCOMPOSITES FOR REMOVAL OF POLYVINYL CHLORIDE
(PVC) AND POLYSTYRENE (PS) FROM WATER

In this section, characterization of bare CCAC and CCAC/N-TiO> composites (CT13,
CT11, and CT31) and the removal study of PVC-NPs and PS-NPs using the synthesized
materials are explained. Furthermore, analysis of composite material after the PVC-

NPs and PS-NPs removal experiment is discussed.
4.2.1 Characterization of CCAC/N-TiO2 (CT13, CT11 and CT31) Composites

Characterization of base materials such as corncob activated carbon (CCAC) and N-

TiO2 is discussed with the composites.

4.2.1.1 Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy
Analysis

The morphology of synthesized composite materials was examined using field emission
scanning electron microscope (FESEM). The well-organized and regular arrangement
of the honeycomb-shaped surface pores on ZnCly-impregnated corncob activated
carbon results in a porous structure with a huge surface area [ Thongkrua et al., 2022].
The SEM images of CCAC revealed a highly porous morphology with evenly
distributed spherical hollows, as well as a large number of wide varieties of pores. A
pore-forming effect resulted from the evaporation of ZnCl, and the decomposition of
water and other organic substances during carbonization process caused by the ZnCl
breakdown enhanced the biochar's surface area. The porous and rougher surface of
CCAC might have contributed to the enhanced adsorption capacity [Yan et al. 2020,
Areti et al., 2024]. The porous structure of the corncob activated carbon (CCAC) can
be clearly seen from the SEM images in Figure 4.25(a).

The FESEM images of the CT13, CT11 and CT31 composites are shown in Figure
4.25(b-d). As demonstrated in our earlier study, the pure N-TiO2 nanoparticles have a
spherical crystalline shape as discussed in Section 4.1.3. In CCAC/N-T10; composites,
spherically shaped N-TiO; agglomerates on CCAC show uniform distribution of
spherical N-TiO2 nanoparticles on the CCAC surface. The images in Figure 4.25(b-d)
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showed that tiny N-TiO; granules are well dispersed on the CCAC and increasing the
amount of N-Ti102 loading in composites also resulted in better coverage of the CCAC.
The addition of CCAC to the composites does not seem to have significantly altered
the morphological characteristics of N-TiO,. As the weight ratio of N-TiO; in
CCAC/N-Ti0O; composites increased, N-TiO; particles progressively collected on the
CCAC's exterior, causing pore blockage. The composite also contained some bigger N-
TiO, particles. According to these results, the N-TiO> particles' increased free energy
in the nanosystem caused a decrease in relative stability, which in turn caused particle
aggregation because of intrinsic instability [Zhang et al., 2009]. As a result, the SEM
image showed comparatively some large N-TiO> particles. Additionally, the amount of
N-TiO; scattered on the CCAC surface increased as the weight ratio of N-TiO»
increased, potentially producing an adequate number of photocatalytic radicals. A
sufficient amount of photocatalytic radicals may also be produced by an increase in the

amount of N-Ti10; distributed over the CCAC surface.

X 10,000 10.0kV SEI
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Figure 4.25 Scanning electron microscope (SEM) images including pore size and particles size of (a)

ZnCly-impregnated corncob activated carbon (CCAC) (b) CT13 (c) CT11 and (d) CT31 composites.

Energy dispersive X-ray (EDX) analysis was used to examine the elemental
composition of all synthesized composites. The EDX spectrum and quantitative
elemental composition of CCAC, CT13, CT11, and CT31 are shown in Figures 4.26.
Results indicated that C and O are present in high percentage while no accumulation of
Zn over the surface of CCAC was shown. In CCAC/N-TiO2 composites, the elemental
mapping confirmed the existence of C, O, N and Ti, suggesting that N-TiO>
nanoparticles have been adequately dispersed or embedded on the honeycomb-shaped
surface of CCAC. The existence of C, O, Ti, and N peaks proved the successful
formation of the CT13, CT11, and CT31 composites without impurities. The weight
ratio of carbon normally increased as the ratio of CCAC to N-TiO: increased. The EDX
profiles also indicated the absence of any other elements. The content of elements in

atomic% and weight % of CCAC, CT13, CT11 and CT31. Is shown in Table 4.8.
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Figure 4.26 EDS mapping of (a) CCAC (b) CT13 (c) CT11 and (d) CT31 composite.
Table 4.8 Content of elements in atomic% and weight % of CCAC, CT13, CT11 and CT31.

Composite CCAC CT13 CT11 CT31
Elements+ Atomic | Weight | Atomic | Weight | Atomic | Weight | Atomic | Weight
v % % % % % % % %
C 91.93 89.53 8.03 3.30 4.57 2.17 21.66 14.04
o 8.07 10.47 49.51 27.10 65.75 41.60 67.38 58.17
N - - 0.00 0.00 0.00 0.00 0.29 0.22
Ti - - 42.47 69.60 29.68 56.23 10.67 27.58
Total 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

4.2.1.2 Functional group Analysis

The FT-IR study was done to identify characteristic functional groups on the
synthesized materials. Figure 4.27 displays the FTIR spectra of CCAC, N-TiO», and
the structural changes brought about by the interaction of CCAC and N-TiO; in
composites CT13, CT11, and CT31 with varying weight ratios. For FTIR spectrum of
CCAC, the stretching vibration peak of the CCAC particle hydroxyl (-OH) is visible at

1

3663 cm’!. The asymmetric stretching of —CH> groups at 2978 cm™! and symmetric

stretching of ~CH3 groups at 2869 cm ™! of the organic aliphatic chains are visible. The
vibrations at 1761 cm™ and 1018 cm™ are corresponding to C-O-C pyramid ring

1

skeleton, whereas a sharp band located at 1728 cm™ are assigned to carbonyl (C=0)
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functionalities. Medium intensity band at 1559 cm™! could be accredited to C=C in

I"are tiny absorption peaks next to the carbonyl

aromatics. 1601 cm™ and 1567 cm’
vibration peak as lignin distinctive peaks. On the aromatic ring of lignin, 1280 cm™!
corresponds to the stretching vibrations of C=C and C-O, which reveals that cellulose,
along with lignin and hemicellulose, is the significant structural component of the
sample. Several other bands positioned at 1398 cm™! were due to the bending vibrations
of C-H groups, while those at 1136 cm™!, 773 cm ™! and 604 cm ™! were caused by O-C,
C-H and O-H groups, respectively. The three next peaks, which occurred at 1136, 1060
and 1009 cm’!, illustrated the presence of C-O groups. These results revealed that

CCAC contains different oxygen containing functionalities over the surface [He et al.,

2023].

FTIR study effectively detected the changes of the surface functional group of CT13,
CT11 and CT31 composites as shown in Figure 4.27. The peaks at 2978 cm™ and 2911
cm’! can be assigned to the stretching vibration of C-H on the aliphatic molecular chain.

Signals at 1572 cm™!

corresponded to Ti—OH bending vibrations while the signal at
1069 cm ™! was Ti—O-C stretching vibrations. This suggests that chemical bonds were
generated between N-TiO> and CCAC. The signals at 480—-660 cm ™! corresponding to
Ti—O-Ti stretching vibrations belong to characteristic peaks of N-TiO, [Fazal et al.,
2020]. The peak at 759 cm™! and the narrow peak at 553 cm™! indicated the formation
of activated carbon-loaded titanium dioxide nanoparticles and established the oxygen—
metal-oxygen bonding. The CCAC loading modified the adsorption capability of N-
TiO2 nanoparticles. The peak of 2984 cm ™! decreased their intensity due to the doping
of CCAC and derived the OH-stretching on the surface. The peak at 1218 cm™! denotes
the stretching vibrations of the C-O bond. The peaks at 824 cm™! and 567 cm™!
characterized the C-O-Ti-O bonding, which recognized the formation of CCAC-loaded
N-TiO2 nanoparticles. Therefore, based on reported literature, the respective absorption
band for CT13, CT11 and CT31 samples indicates the formation of Ti-O-C bond in the
hybrid composite samples which can modify the optical and charge transfer properties
[Parvathiraja et al., 2022]. Hence, FTIR spectra provides a clear clue about the
presence of N-Ti0,, and formation of Ti-O-C in CT13, CT11 and CT31 samples. It can
be speculated that the surface structure of CCAC was changed by N-TiO, after reaction.

82



Chapter — 4 Results and Discussion

% Transmittance

2978 7N o1 3
3663 2869 1728 1559

e

-Ti-O-Ti

b T X T » T 4 T ¥ T b T ¥ T
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Figure 4.27 FTIR spectra of N-TiO,, CCAC, CT13, CT11, and CT31.

4.2.1.3 X-ray Diffraction Analysis

The crystallinity of pure N-TiO,, CCAC, and CCAC/N-TiO> (CT13, CT11, and CT31)
samples was investigated by X-ray diffraction (XRD) analysis shown in Figure 4.28.
The XRD pattern of N-TiO;, shows a homogeneous pure crystalline structure with the
peaks recorded at 26 values of 25.3°, 36.9°,37.8°, 38.5° 48.0°, 53.9°, and 55.0°
indicating the presence of orientation planes of (101), (103), (004), (112), (200), (105),
and (211), respectively, that confirmed the presence of tetragonal anatase phase. The
XRD peaks of CCAC were shown at 25.7°, 28.2°, 31.8°, 34.6°, 36.2°, 42.8°, 47.5°,
56.5°, 63.1°, 69.3° indicating the presence of orientation planes of (020), (200), (201),
(112), (101), (212), (102), (110), (114), (340). In XRD patterns of CT13, CT11 and
CT31 composites, typical peaks of CCAC as well as the characteristic peaks of N-TiO2
corresponding to anatase phase still existed with high intensity. This means that the
preparation process of CCAC/N-TiO2 composites did not change N-TiO: crystal phase.
TiO: is known to have three different crystal structures: rutile, brookite, and anatase.
Since anatase crystal has more oxygen vacancies than rutile and brookite crystals, it has

the highest catalytic activity of any of them. Additionally, TiO» in anatase crystal form
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has a high electron mobility, a low dielectric constant, and a low mass density [Lu et

al., 2019].
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Figure 4.28 XRD analysis of N-TiO,, CCAC, CT13, CT11, and CT31.

Average crystalline size of CCAC, N- TiO2, CT13, CT11 and CT31 were also
calculated using XRD analysis through Debye Scherer formula as shown in Table 4.9.
Crystallite sizes of CCAC/N-TiO> composites are found to be greater than N-TiO,.
Crystallite sizes of CCAC/N-TiO2 composites decrease as the amount of CCAC
decreases from CT31 to CT11 to CT13. A decrease in crystallite size results in
increased surface areas, which enhance reactant adsorption and, in turn, photo-
reactivity [Xie et al., 2010, Xu et al., 1999, Wang et al., 2014]. Greater surface area
from smaller crystallites results in more surface-active sites, which raises photonic
efficiency. Furthermore, the charge carriers' diffusion path length from the
photogenerated site to the surface site of reaction is shortened by the sample's lower
crystallite size. Photocatalytic efficiency is increased when this diffusion path length is

decreased because it lowers the rate at which photogenerated charge carriers recombine

[Devi et al., 2010].
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Table 4.9 The average crystallite sizes of CCAC, N-TiO,, CT13, CT11, and CT31.

S. No. Material Average crystallite sizes (in nm)
1. CCAC 40.39
2 N-TiO2 13.69
3. CT13 28.15
4 CTI11 28.76
5 CT31 33.86

4.2.1.4 Optical Bandgap Analysis

Band gap energy (E¢) deduced by extrapolation from Tauc plot shown in Figure 4.29.
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Figure 4.29 Optical bandgap of (a) N-TiO; (b) CT13 (c) CT11 and (d) CT31.

Optical band gap values of CCAC and N-TiO,, CT13, CT11, and CT31 are given in

Table 4.10.
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Table 4.10 Optical band gap values of N-TiO,, CT13, CT11 and CT31.

S. No. Material Optical band gap (Eg) (eV)
1. N-TiO> 2.9
2 CT13 2.66-5.1
3. CTI11 2.98-5.1
4 CT31 2.80-4.4

The band gap of N-TiO2 was found out to be about 2.95 eV which is less than that of
pure TiO2. The presence of nitrogen doping reduces the band gap of TiO2 by mixing
N2p and O2p states on top of the valence band or by introducing a new mid-gap state
produced by nitrogen incorporation, it extends the optical absorption of TiO; to the
visible light region and improves the visible light response [Wang et al., 2014]. 1t is
interesting to note that the CCAC/N-Ti0O; composites CT13, CT11, and CT31 exhibit
the band gaps within range as shown in Table 4.10. It has been proposed that this
behaviour, which has previously been observed in intercalated composites [Megat
Nabil Mohsin et al., 2018], arises from a generation of composites with new energy
states brought about by the formation of chemical bonds between the constituents, in
this case Ti-O-C bonds [Fazal et al., 2020]. These results suggest that Ti-O-C bonds
are generated due to the N-TiO; interaction with the CCAC, which might correspond
to the development of new heterojunction structures or defects during the synthesis of
CT13 [Abdullah el at., 2023, Wang et al., 2016], which is further confirmed by FT-IR
and XPS analysis. According to reports, carbonaceous compounds can reduce the band

gap by acting as impurities through this type of bond [Woan et al., 2009].

4.2.1.5 Photoluminescence Analysis

Electron-hole pair separation efficiency 1is commonly measured using
photoluminescence (PL) analysis. Since photogenerated electrons and holes recombine
to produce photoluminescence emission, a higher signal intensity often indicates a
higher rate of recombination of these charges and, thus, a lower level of overall
photocatalytic activity [Eskandarloo et al., 2016, Huang et al., 2019, Wang et al.,
2014]. All the catalysts displayed comparable emission spectra when excited by
ultraviolet light at 266 nm, as seen in Figure 4.30. It was observed that adding CCAC
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considerably reduced the intensity of emission band. The significant reduction in PL
peak intensity suggested that CCAC had the potential to prevent the recombination of
photoelectrons and holes. According to reports, there were three primary causes of the
decline in PL intensity. (1) Photogenerated electrons could be effectively transported
from N-TiO> to CCAC in the presence of a CCAC/N-TiO> heterojunction, increasing
the electron-hole pair separation efficiency [Kim et al., 2016]. (2) The quenching effect
was brought about by the CCAC's absorption of photoluminescence [Liu et al., 2014].
(3) Low charge recombination could result from low electron photoexcitation [Zhang

etal., 2017].
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Figure 4.30 Photoluminescence emission spectra of N-TiO,, CT13, CT11 and CT31.

According to reports, biochar, activated carbon and other carbonaceous materials can
facilitate the transport of photogenerated electrons on the TiO> surface, promote the
separation of electron-hole pairs, and, in accordance with the aforementioned, lower
the photoluminescence signal by functioning as an acceptor and conductor of electrons
[do et al., 2022, Djellabi et al., 2019, Kim et al., 2016]. Activated carbons are made up
of complex aromatic-aliphatic organic compounds in addition to pores and minerals.
Among these aromatic components are compounds with conjugated bonds that are
resonant, like graphene, and are what give activated carbons their conductive capacity
(electron storage/transport), which makes them appealing for photocatalysis [Kliipfel et
al., 2014]. The lignin, cellulose, and hemicellulose molecules that make up the biomass
break down through dehydrogenation, hydrogen transfer, and isomerization reactions
to the point of producing these locally bonded aromatic rings as the temperature of

pyrolysis and carbonization increases. The aromatic ring sheets stack in a turbostratic
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pattern as the temperature is raised higher [Lehmann, et al., 2012]. Electrons
photogenerated on the TiO, surface can be transferred to these conjugated structures,
lowering the rate of electron-hole pair recombination that limits photocatalytic
efficiency. This is made possible by the condensed aromatic substructures of activated
carbon, which permit electronic transfer through the n-conjugated systems [Kl/iipfel et
al., 2014].

4.2.1.6 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to assess the composites' thermal stability
in an N, environment at a heating rate of 10 ‘C/min. Figure 4.31 displays the TGA
curves for the composite materials CT13, CT11, and CT31, as well as bare N-Ti0O, and
CCAC (inset), which include three weight loss stages up to 600 °C. The weight loss of
CCAC was approximately 78.55 % at 600°C.

Cellulose, hemicellulose, and lignin have different chemical structures and thermal
stability, therefore they breakdown at different temperatures. The three steps of the
pyrolysis process-drying, decomposition, and carbonization are determined by the TGA
curve of corncob. A mass loss of around 19.04% occurred during the first step, or drying
stage, between 30 and 75 °C, confirming that the corncob sample had lost moisture and
some volatile materials. The primary mass loss stage was the second stage, often known
as the disintegration stage. At about 210°C, mass loss began, and it ended at about
600°C. Inside the reactor, hemicelluloses, cellulose, and a portion of lignin underwent
pyrolytic breakdown within this temperature range. The breakdown of cellulose and
hemicellulose starts about 220-340°C and 340—400°C, respectively. Lignin is relatively
more thermostable and most difficult to break and covers a large temperature range of
up to 800-900°C. The first range of carbonization is 400°C since the minute degradation
that occurs before it due to some non-combustible biomaterial can be disregarded.
[Yang et al., 2007, Gupta et al., 2018, Minz et al., 2023]. On the other hand, bare N-
Ti0, sample exhibits stability up to 600°C, with a total weight loss of 1.46 weight %.
Its remarkable thermal stability is most likely the result of calcining it for six hours at
500°C. The loss of residual carbon from the gum matrix may have contributed to the
slight linear reductions in weight that were seen in the 100-600°C range [Saranya et
al., 2018]. The weight loss curve for the CCAC/N-TiO> composite was composed of

three steps. The first phase was the loss of physisorbed water, and some organic
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solvents adsorbed on the surface of the composites that caused the first thermal event
of CCAC/N-TiO, weight loss, which occurred between 30 and 220°C [Lee et al., 2017].
Then the subsequent decrease in weight was linked to the breakdown of cellulose and
hemicellulose as well as the loss of hydroxyl groups on N-TiO», this weight loss became
more noticeable at temperatures between 220 and 340°C [Bouwjibar et al., 2018].
Finally, the third drop in weight was likely due to the exothermic process - which
involves the burning of carbon - was the cause of yet another notable weight loss at
temperatures higher than 340°C [Wang et al., 2016, Pang et al, 2020]. The
incorporation of N-TiO2 placed on the CCAC substrate surface reduced the weight loss
of CCAC/N-TiOz composites. Briefly, it is suggested that the thermal stability of the
composite might be improved by adding N-TiO> nanoparticles to CCAC. The weight
loss of CCAC/N-TiO> composites decreased with the increasing loading of N-TiO»
deposited on the surface of CCAC substrate. This is because the main weight loss in
the TGA curves of these composites is attributed to the decomposition of the activated
carbon (AC) phase, and as the N-TiO2 concentration increases, the amount of CCAC

decreases, leading to a lower overall weight loss.
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Figure 4.31 TGA of CT13, CT11, and CT31 composites. Inset TGA of bare N-TiO, and CCAC.
4.2.1.7 X-Ray Photoelectron Spectroscopy Analysis

X-ray photoelectron spectroscopy was used to assess the chemical composition and
valency of the synthesized CCAC/N-TiO2 composites. Figure 4.32 displays a detailed
X-ray photoelectron spectra (XPS) of the CCAC/N-Ti10; composites CT13, CT11, and
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CT31 that were collected in order to further support the successful deposition of N-
Ti0; onto the CCAC surface. X-ray photoelectron spectra investigation (Figure 4.32a)
revealed that all three CCAC/N-TiO; composites CT13, CT11, and CT31 were made
up of carbon, nitrogen, titanium, and oxygen. The binding energies of Ti2p, Ols, Nls,
and Cls are 458.6, 531, 400, and 283.7 eV, respectively.

Two peaks in the Ti 2p spectra, at 459.4 eV and 465.4 eV, were associated with Ti 2p3/»
and Ti 2p1., respectively [Xing et al., 2009]. The Ti 2p peaks were in good agreement
with pure N-TiO». The results show that the titanium signal in the samples increases as
the N-TiO; ratio in the impregnation increases in CT13.

The O 1s core level spectra were fitted to two Gaussian curves centered at 530.9 eV
and 532.8 eV, which corresponded to -OH on the surface of activated carbon and Ti-
O-Ti bonds and were consistent with FTIR data. Combined with the aforementioned
study, it could be determined that there was a significant contact between N-TiO2,
consequently the CCAC could transmit photo-induced electrons from N-TiO> [Lu et
al., 2019]. A peak in the O 1s spectrum in Figure 4.32 (e-g), located at about 239 eV,
suggested the presence of metal oxides, specifically Ti=O. Furthermore, O 1s have a
lattice oxygen spectrum at 530 and 531 eV, and their association with O-C=0 and C=0,
respectively is due to activated carbon.

A Gaussian deconvolution of the spectrum in the 282 and 298 eV range was used to
monitor and examine the Cls orbital signals in order to confirm if the impregnation of
N-TiO2 on CCAC resulted in the formation of chemical bonds. The deconvoluted Cls
spectrum of the CT13, CT11, and CT31 composites is shown in Figure 4.32(i), 4.32(j),
and 4.32(k), respectively, where the signals for Ti-C, C-C, C=C, C-O, Ti-O-C and, n-nt
are located at ~ 284.7, ~285.5, ~286.1, ~ 287, ~ 289.4, and ~ 293.9 eV, respectively
[Smith et al., 2016]. The relative strength of the C—C peak indicated that the CCAC in
the CCAC/N-TiO> composites had a carbon structure similar to graphite [Yue et al.,
2024]. The structural composition of the CCAC/N-TiO, composites was further
supported by the XPS measurements, which validated the previously described FTIR
results. Figure 4.32 (i-k) shows that the CT13 sample had a larger ratio of C-C
(hydrophobic) bonds to hydrophilic bonds (C-O, C = O, -COO) compared to the other
two samples. In CT13, the peak area of C=C declines while the peak area of C-C

increases. This suggests that C=C sp? hybridization (graphite state) is transformed into
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C-C sp® hybridization. Instead of just intermolecular binding, it is demonstrated that
the heteroatoms (such as O, Ti, etc.) are linked on CCAC by chemical bonds [Chen et
al., 2022]. This indicates that the material's surface is more hydrophobic than other
samples, resulting in decreased interaction with air moisture. The presence of
hydrophilic groups in CCAC/N-TiO, material is important for photocatalytic
applications as it interacts with moisture to form hydroxyl radicals, a highly oxidizing
species that degrade organic matter. Modifying the synthesis conditions of CCAC/N-
TiO2 composites can enhance their hydrophobic/hydrophilic nature, resulting in
stronger interactions with pollutants of different chemical nature (e.g., hydrophobic or
hydrophilic), which may be beneficial in their removal [Castilla-Caballero et al., 2023,
Limetal., 2011].

The presence of nitrogen and its efficient doping into Ti (TiO2), as shown by the peak
at 399.8 eV in Figure 4.32(k-m). By replacing oxygen atoms in the TiO: lattice, the
peak verifies the formation of an O-Ti-N bond [S#i et al., 2012].
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Figure 4.32 (a) Fully scanned XPS of CT13, CT11 and CT31; Ti 2p states the composites (b) CT13, (c)
CT11 and (d) CT31; O 1s states the composites (¢) CT13, (f) CT11 and (g) CT31; C Is states the
composites (h) CT13, (i) CT11 and (j) CT31; N 1s states the composites (h) CT13, (i) CT11 and (j)

4.2.2 Removal of PVC-NPs by using Synthesized Composites under different

A series of experiments were conducted to determine the removal efficiency of the
composite material (Figure 10) under dark, tungsten light and room light conditions.
CCAC and pure N-TiO; achieved the highest PVC-NPs removal of 33.58% and 24.98%
followed by the CCAC/TiO2 composites (48.6%, 35.6% and 31.7% for CT13, CT11

The efficiency of composites in removing PVC-NPs was subsequently examined in

both tungsten light (Figure 4.33(c)), and room light (Figure 4.33(b)). Under these
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conditions, CT13, CT11, and CT31 demonstrated greater removal of PVC-NPs than
under dark conditions; CT13 reached the highest percentage removal of 94% in
tungsten light. It could be said that photocatalytic degradation would also concurrently
occur with adsorption as light interacts with the material. Additionally, the percentage
removal of PVC-NPs by pure N-TiO; under light conditions improved from 35.7%
(dark) to 47.5% (room light) and 59.9% (tungsten-light), demonstrating the
photocatalytic effects of N-TiO,.

The composite materials exhibited higher PVC-NPs removal efficiencies after 180 min
with that of the CCAC alone due to the synergistic effect of both the adsorption
properties of CCAC and the photocatalytic properties of N-TiO2. The CCAC/TiO>
composites exhibited higher removal efficiencies of PVC-NPs than N-TiO; alone after
180 min, most likely due to the synergistic effect of CCAC and N-TiO,. The CCAC
provided a porous structure that allowed the efficient adsorption of PVC-NPs, while
the N-TiO; facilitated photocatalytic degradation of the PVC-NPs. This combination
resulted in contact between the composite material and PVC-NPs, leading to relatively

efficient removal.

Figure 4.33 shows the PVC-NPs degradation rates for three composites. The highest
removal rate was observed in CT13 composite having CCAC: N-TiO; as 1:3. The
photocatalytic activity sequence of the CCAC/N-TiO; samples is CT13 > CT11 >
CT31. These findings suggest that maximum photocatalytic efficiency can be achieved
at a specific N-Ti0; loading amount. However, as the CCAC loading increased beyond
this point, the removal rate began to decrease instead. Figure 4.34(b) presents a real-
life image of PVC-NPs degradation by CT13 composite material at pH 4. A clear and
transparent liquid is observed with CT13 composite material. The photoactivity of N-
TiO, was suppressed by the catalyst with the highest CCAC concentration. The
effective photocatalytic activity of N-TiO: is decreased by the catalyst with the highest
CCAC concentration because it hinders photon uptake by the N-TiO; surface [Mao et
al., 2009]. The well-dispersed N-TiO; particles on the surface of CCAC, as shown by
the XRD pattern in Figure 4.28, may be responsible for the improvement of the
photocatalytic rates for the CCAC/Ti0, composites up to a ratio of 1: 3 (in CT13) as
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compared to neat N-TiO», because the PVC-NPs that are adsorbed on the CCAC surface

can be readily transferred to the N-TiO> surface.
4.2.2.1 Effect of pH on the Removal of PVC-NPs

For the removal of PVC-NPs using prepared CT13, CT11 and CT31 nanocomposite at
pH 4, pH 7 and pH 10 have been studied. The photodegradation process can be
optimized by evaluating the catalyst's surface charge properties in relation to the pH of
the water. Point of zero charge (PZC) is essential for researching the surface chemistry
of the material and helps in the development of efficient wastewater treatment
techniques for particular pollutants. The PZC of the N-TiO; is 5, indicating that at pH
values lower than this, the surface charge of N-TiOz is positive (pH < PZC) on the other
hand, the surface charge turns negative as the pH rises above 5 [Nguyen et al., 2020].
However, introducing CCAC changed the PZC value, moving it from acidic to neutral
pH [Abdu et al., 2025]. The PZC values for CT13, CT11, and CT31 were 6, 6.15, and
6.37, respectively. The pH value increased with an increasing percentage of CCAC in
CCAC/N-TiO2 composites. According to the results, CCAC/N-TiO2 composites
showed the maximum removal capacity of 94%, 92.7%, and 51.4% under tungsten bulb
light for CT13, CT11, and CT31 composites, respectively, for PVC-NPs (having a
negative surface charge, as discussed in Section 4.1.2.4) in an acidic medium at pH 4,
as shown in Table 4.11, because the surface of CCAC/N-TiO; composites was
positively charged (pH < PZC) and attracts negatively charged pollutants when the pH
is below point zero charge (PZC) [Jedynak et al., 2024]. This indicates that adsorption
is dependent on electrostatic interactions [Chakhtouna et al., 2021]. By increasing the
pH from 4 to 7, CCAC/N-TiO; gradually lost its positive charge until it reached the
PZC of composites, i.e., ~6, and the adsorption capacity of PVC-NPs decreased. At
higher pH levels (7 and 10), both PVC-NPs molecules and CCAC/N-Ti0O; composites
(pH > PZC) were negatively charged, resulting in a significant decrease in adsorption
capacity due to increased electrostatic repulsions and, ultimately, photocatalytic

activity [Varela et al., 2024].

4.2.2.2 Effect of Light Source on the Removal of PVC-NPs
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Furthermore, it was observed that the removal efficiency was greatly influenced by
changing the light sources and at different pH as shown in Table 4.11. Tungsten bulb
and room light have been used in a number of experiments. Room light was a light
source with the visible light spectrum range from approximately 400 nm to 780 nm
[Duncan et al., 2012], while tungsten bulb light was within a wavelength range of 350-
1000 nm [Thoms et al., 2013], the experimental results demonstrated that the
degradation rate under room light conditions was lower than that under tungsten bulb
light. This is because, the wavelength of the light source significantly impacts a
photocatalyst's ability to absorb light and subsequently drive a reaction. Shorter
wavelengths (higher energy) range are generally more effective for exciting electrons
across the band gap of photocatalysts, leading to higher photocatalytic activity. UV-A
radiation, which usually has a wavelength range of 315-400 nm, is included in tungsten
bulb light. In theory, higher light intensity enhances the excitation of electrons from the
valence band to the conduction band and increase the rate at which electron—hole pairs
are generated by increasing the number of incident photons on the photocatalyst surface

per unit time [Paiu et al., 2025].
4.2.2.3 Effect of scavengers

The common substances involved in photocatalytic reactions that contribute to the
degradation of organic matter are holes, hydroxyl radicals, and superoxide anion
radicals [Dorraj et al., 2017]. To investigate the degradation mechanism of CCAC/N-
Ti0, composites on PVC-NPs, active species trapping experiments were conducted.
Isopropyl alcohol, sodium oxalate, and parabenzoquinone were used to quench
hydroxyl radicals, holes, and superoxide anion radicals, respectively. The addition of
isopropyl alcohol, sodium oxalate, and parabenzoquinone decreased the removal
efficiency of PVC-NPs to 6.8%, 22.1% and 20.6%, respectively, as illustrated in Figure
4.33(d), suggesting that the breakdown of PVC-NPs was inhibited to different extents.
As a result, it could be concluded that all three active species were engaged in the
oxidation of PVC-NPs, with hydroxyl radicals playing a significant role. Zhao et al.
reported the similar results [Zhao et al., 2018].
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Table 4.11 Comparison of % removal of N-TiO,, CCAC, CT13, CT11 and CT31 with light and without
light.
% Removal with % Removal with % Removal with % Removal with % Removal with
CCAC N-TiO: CT13 CT11 CT31
TL RL Dark | TL RL Dark TL RL CFL Dark TL RL Dark TL RL Dark
pH 4 38.7 | 39.8 | 33.6 | 599 | 47.5 | 35.7 94 | 69.0 | 58.8 486 927509 | 358 |514|245 | 31.7
pH7 369 | 316 | 29.7 | 133|103 | 20.1 | 159|149 | 11.6 148 | 262|149 | 153 | 246|139 | 112
pH10 | 352 | 362 | 285 | 1.8 | 49 13.6 99 | 9.7 7.2 14.1 | 167 | 9.8 8.6 19.3 | 17.7 7.4
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Figure 4.33 Comparison of % removal PVC-NPs with CCAV, N-TiO,, CT13, CT11, and CT31 under

(a) without light (b) room light (c) tungsten bulb light (d) comparison of % removal PVC-NPs under

tungsten bulb light using CT13 +quenchers isopropyl alcohol, sodium oxalate, and parabenzoquinone at

pH 4.

4.2.2.4 Effect of Time on the Removal of PVC-NPs
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Another important aspect to look at was how removal time affected the synthetic
composites' capacity to extract PVC-NPs from water. PVC solutions were agitated with
composites at intervals of 30 to 180 minutes in order to examine their removal efficacy.
The elimination rate of PVC-NPs was assessed using an optimal quantity of the
generated composites (80 mg). As the duration increased from 30 to 180 minutes, the
removal rate (%) of PVC particles for CCAC, N-TiO2, CT13, CT11, and CT31 at pH4
under tungsten bulb light increased from 18.4% to 38.7%, 17.8% to 59.9%, 36% to
94%, 24.6 %t0 92.7%, 21.3% to 51.4%, respectively (Figures 4.34b, 4.34c¢, and 4.34d).
The catalyst's surface receives more light energy over time, which causes photoexcited
species to develop and increases photocatalytic activity. Real-life image of PVC-NP

solution in the time interval of 30—180min at pH 4 is shown in Figure 4.34(b).
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Figure 4.34 (a) UV absorption spectra of PVC-NP removal with CT13 at pH4 (b) real-life image of
PVC-NP solution in the time interval of 30—-180min at pH 4; PVC-NP removal from water treated with
CCAC, N-TiO,, CT13, CT11, and CT31 over a 30- to 180-minute time period under (c) dark at pH 4 (d)
dark at pH 7 (e) dark at pH 10 (f) room light at pH 4 (g) room light at pH 7 (h) room light at pH 10 (i)
tungsten bulb light at pH 4 (j) tungsten bulb light at pH 7, and (k) tungsten bulb light at pH 10.

4.2.2.5 Analysis of Composite Material and PVC-NP Solution after Removal

Experiment

To understand the mechanism involved in the remediation process, further SEM, EDS,
fluorescence microscopy, zeta potential, FTIR spectroscopy, and GCMS studies were

conducted on CT13 and the solution left behind after the remediation experiment.

To understand the mechanism involved in the remediation process, more research was
conducted on CT13 and the solution left behind after the removal experiment. After the
process, a real-life image of PVC-NPs adsorbed on CT13 composite at pH 4 was clearly
visible and decreases at pH 7 and pH 10. A visible colour changes as well as swelling

of CT13 at pH 4 was observed after the reaction, as shown in Figure 4.35.

Composite after reaction

PVC-NPs before and after reaction

Figure 4.35 Real-life image of CT13 composite before and after reaction showing PVC-NPs adsorbed
on composite at pH 4, pH 7 and pH 10, and PVC-NPs solution before and after reaction.
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The swelling of CT13 composite could be attributed to adsorption-induced swelling,
which refers to the expansion or deformation of a porous material when it adsorbs a

pollutant [Bakhshian et al., 2017].

SEM micrographs of the surface morphology of CT13 composite and N-TiO; after
the removal of PVC-NPs are shown in Figure 4.36(a), 4.36(b), and 4.36(c), with and
without light, respectively. It was discovered that there are some distinct spherical
particles of PVC-NPs on the surface of CT13, but the distinction is difficult to
distinguish because both N-TiO2 and PVC-NPs exhibit spherical surface morphology.
EDS analysis and elemental mapping confirmed the presence of chlorine, as depicted
in Figure 4.36(a), 4.36(b) and 4.36(b), demonstrating the interaction between PVC-

NPs, CT13 composite and N-TiO, respectively, after the removal reaction.

Atomic % Wit%
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N 0.00 0.00
o 63.78 43.11
cl 0.20 0.30
Ti 25.27 51.13

B Total 100.00 100.00
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Atomic%  wt%

(9 14.02 6.57

(b)

N 0.00 0.00
o 60.88 37.39
c 0.41 0.68
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Figure 4.36 SEM, EDS and elemental mapping images after reaction using (a) CT 13 with light (b) CT13
without light (c) N-TiO, with light.

Furthermore, a fluorescence microscope was used to investigate the presence of
yellow dyed PVC nanoparticles on CT13 composite following the removal experiment.
Figure 4.37 shows fluorescence microscopic images of pure PVC-NPs, CT13, and
CT11 composites following remediation. The photos showed that the CT13 and CT11
surfaces had been covered with green, fluorescent PVC-NPs following their interaction
with PVC-NPs. This suggested the existence of significant interactions between

composite surface functionalities and those of PVC-NPs.
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Figure 4.37 Optical micrographs of (a) PVC-NPs; CT13 after the remediation experiment (b) with light
(c) without light; CT11 composite after the remediation experiment (d) with light (e) without light.

In order to evaluate changes in particle zeta potential, DLS measurements were
performed on solution obtained right after the removal experiment. The observed zeta
potential of the solution after removing PVC nanoparticles was -13.9 mV. The values
are lower than those of pure PVC-NPs, which may be due to charge neutralization by

the CT13 composite [Batool et al., 2020].

FTIR spectroscopy was used to analyze the composition of CT13 composite and pure

PVC solution before and after the removal of PVC nanoparticles as shown in Figure

4.38(a).

(a) ~— CT13 (after without light) CT13 (after with light) = CT13 (before) (b) PVC-NPs solution (after reaction with light)
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——PVC-NPs
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3 g
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Figure 4.38 FTIR spectra of (a) CT13 and CT11 before and after reaction with and without light (b) pure
PVC-NPs solution and PVC solution after the remediation experiment (c) N-TiO; before and after

reaction with and without light.
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The spectra of CT13 before and after don’t look same because the PVC-NPs adsorbed
on the surface of CT13. The FTIR spectrum of PVC shows peaks at 2965 cm™! and
2924 cm™! consisting of the CH, asymmetric stretching vibration mode. The peak at
higher wavenumber shows the asymmetric stretching bond of C — H and the lower peak
is for the symmetrical stretching bond of C — H. The peaks around 1438cm™' are
assigned to the C — H aliphatic bending bond. The peak at 1282 cm™! is attributed to
the bending bond of C — H near Cl. The C — C stretching bond of the PVC backbone
chain occurs in the range 1000-1100 cm™'. Finally, peaks in the range of 600-650cm ™!
correspond to the C-CI bond. After adsorption, FTIR spectra of CT13 displays the
addition peaks corresponding to PVC NPs, which point to the existence of PVC NPs
adsorbed on CTI13 surface. After photocatalytic activity, FTIR spectra of CTI11,
displays the addition peaks in 850515 cm™! region, which corresponds to presence of

C-Cl bond [DE LORENZI et al., 1999]. Figure 4.38(b) represents the FTIR spectra of

PVC solution before and after treatment.

Degradation products of PVC-NPs must be identified in order to understand the
mineralization process and its effects on the environment. The intermediates during the
oxidation of PVC-NPs were assessed using gas chromatography-mass spectrometry
(GC-MS). A potential degradation mechanism of PVC-NPs was suggested in Scheme
4.3 based on the GC-MS analysis of short-chain organics.

In addition to releasing organic intermediates into solution, PVC-NPs were oxidized by
‘OH to produce oxyorganics with oxygen groups like C=0 and O-H. The exfoliating
hydrocarbon species were then subjected to further oxidation by "OH to break down
into lower molecular weight components like alcohols, carboxylic acids, and esters.
These materials eventually partially mineralized into CO2 and H>O. The structures of
degraded products were elucidated by their mass fragmentation pattern after correlation

with the reported literature [Miao et al., 2020].
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Scheme 4.3. GC-MS analysis of PVC degradation using CT13.

4.2.2.6 Mechanism of Removal of PVC-NPs

As seen in Scheme 4.4, the composite's decontamination mechanism was ascribed to
the synergistic interaction of CCAC adsorption and N-TiO> photocatalysis. Firstly,
PVC-NPs are adsorbed by CCAC by hydrophobic interactions, m-m interaction,
electrostatic attractions, halogen bonding, and hydrogen bonding between CCAC and
PVC-NPs (Scheme 4.4) [Varela et al., 2024, Bashir et al., 2024, Tilton et al., 1991,
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Nosratabad et al., 2024, Weidner et al., 2022, Zheng et al., 2024, Valiyaveettil
Salimkumar et al., 2024, Das et al., 2025, Mulindwa et al., 2024, Alom et al., 2024, Wu
et al., 2019]. The n-electrons from the benzene rings of CCAC and the halogen atoms
of PVC form halogen bonding. While the benzene rings and hydroxyl groups (-OH)
can be thought of as electron-donating groups, the -Cl on the PVC branch may operate
as an electron acceptor. This could result in the formation of a particular halogen bond
between the -Cl groups and electron donor arenes [Wu et al., 2019]. Aromatic rings of
CCAC and polyene structures in PVC-NPs show n-m interactions, enhanced sorption
[Liang et al., 2021]. PVC-NPs occupy active adsorption sites on the hydrophobic
surface of CCAC/N-TiO;. The experimental results indicate the presence of
hydrophobic interactions between PVC plastic surfaces and the hydrophobic surface of
CT13, as confirmed by XPS (Section 4.5.7). This is consistent with current study
findings, which show that synthetically generated hydrophobic adsorbents are highly
effective at adsorbing PVC-NPs from aqueous bodies using hydrophobic interactions

as the primary sorption mechanism [Bhagwat et al., 2023].

The concentration of pollutants near N-TiO; increases as a result of the pollutants being
fixed on the composite material's surface by the high adsorption of CCAC. By acting
as an electron acceptor during the photocatalytic degradation process, CCAC can lower
the rate at which electrons and holes recombine, increasing the quantity of electrons
accessible for photocatalytic processes. Additionally, by dispersing N-TiO; particles
more widely, CCAC can reveal additional photocatalytic reaction active sites [Yue et

al., 2024].

The presence of CCAC improves the generation of positive holes in N-TiO2 and the
production of "OH radicals. This is due to electron transfer from the conduction band
of N-TiO; particles to the graphitic structure of CCAC, which reduces electron
recombination. This is in good agreement with a recent study by Mao's group on the
use of TiO/carbon black composite catalysts for the degradation of organic
contaminants in the liquid phase. Additionally, they noted a comparable improvement
in the photocatalytic activity of TiO> combined with carbon black [Castilla-Caballero
etal., 2023, Cui et al., 2020].
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It is anticipated that PVC-NPs degradation using CCAC/N-Ti0O; samples will proceed
as follows, according to a well-established photocatalysis procedure. (i) Light radiation
creates electron-hole pairs in N-TiO2 nanoparticles in CCAC/N-TiO2 composite (Eq.
4.1). Photo-excited electrons in the N-TiO; conduction band combine with adsorbed
and/or dissolved oxygen to generate superoxide free radicals (‘O2 ) (Eq. 4.3), and (ii)
passage from the N-TiO; conduction band to the CCAC domains (Eq. 4.2), where it
accumulates and reacts with adsorbed or dissolved oxygen to form superoxide free
radicals ("O2 ) (Eq. 4.4) [Yang et al., 2019]. (iii) N-TiO; valence band holes react with
hydroxyl ions in aqueous PVC-NP solution, forming hydroxyl free radicals ("OH) (Eq.
4.6). (iv) These radicals are highly reactive with PVC-NP molecules, breaking them
down to less toxic molecules such as CO», water and other degraded products [Zarrin
etal., 2018, Liu et al., 2015]. The use of CCAC as a PVC-NP adsorbent improves the
interaction between N-TiO2 nanoparticles and PVC-NPs throughout the process. The
CCAC substrates in the CCAC/N-Ti0O; provide an effective electron channel via Ti-
O-C bonds for photo-excited electrons in the N-TiO2 conduction band to flow towards
the CCAC surface, where they react with adsorbed/dissolved O> to generate PVC-NPs
reactive superoxide free radicals ('O2 ) [Chakhtouna et al., 2021, Hirakawa et al.,

2005].

CCAC/N-TiO2 + hv (light irradiation) — (e cB) - CCAC + N-TiOz (h* vs) (4.1)

N-TiO: (e cB) ~-CCAC — CCAC/N-TiOz (e") (4.2)
N-TiOz (e cB) -CCAC + 02 — 'Oz~ (4.3)
CCAC/N-TiO2(e) + 02 — 'Oz (4.4)

N-TiO; (ht*vg) + OH™ — "OH (4.5)
PVC-NPs + "OH — CO» + H>O + Degradation products (4.6)
PVC-NPs + O — CO2 + H2O + Degradation products 4.7)

105



Chapter — 4 Results and Discussion

Hydrogen bond

o a Electrostatic

e | | attraction

W A C e CHy——C — e

2 s
~ | Degraded
1/C\C /]' ~—*  Products
_ n +
Polyvinyl chloride

“OH €0, & H,0

N-TiO,

Polyene " |
i " Adsorbed PVC-NPs

n-n interactions Halogen bond

Scheme 4.4 Proposed mechanism of PVC degradation under visible light illumination using CT13

photocatalyst.

4.2.3 Removal Study of PS-NPs using CCAC/N-TiO2 Nanocomposites

A series of experiments were conducted to determine the removal efficiency of CCAC,
N-TiO2 and CCAC/N-TiO> composite materials under tungsten light and dark

conditions at pH values of 4, 7, and 10, within 3 hours.

It was observed that in dark, Pure CCAC achieved the highest PS-NPs removal of
26.3% followed by the CCAC/N-Ti10> composites (15.9%, 14.2% and 17.2% for CT13,
CT11 and CT31 respectively) as shown in Figure 4.39(b).

The efficiency of composites in removing PS-NPs was also examined in tungsten light
(Figure 4.39(a)). Under these conditions, CT13, CT11, and CT31 demonstrated
increased % removal of PS-NPs than under dark conditions; CT31 reached the highest
percentage removal of 30.8% in tungsten light at pH 4. It could be said that
photocatalytic degradation would also concurrently occur with adsorption as light

interacts with the material.
4.2.3.1 Effect of pH on the Removal of PS-NPs

The effects of pH on PS-NPs removal using CCAC, and CCAC/N-TiO2 composite
materials were investigated at pH levels 4, 7, and 10 as shown in Figures 4.39(a) and

4.39(b) showing that as pH increases from 4 to 10, the removal percentage of PS-NPs
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decreases. A maximum of 30.8% PS-NP removal was achieved at pH 4 by CT31 under
TL. The PZC values for CT13, CT11, and CT31 were 6, 6.15, and 6.37, respectively.
For PS-NPs (having a negative surface charge, as discussed in Section 4.1.2.4) in an
acidic medium at pH 4 and the surface of CCAC/N-TiO2 composites was positively
charged (pH < PZC) and attracts negatively charged pollutants when the pH is below
point zero charge (PZC) indicates that adsorption is dependent on electrostatic
interactions [Chakhtouna et al., 2021]. By increasing the pH from 4 to 7, CCAC/N-
TiO> gradually lost its positive charge until it reached the PZC of composites, i.e., ~6,
and the adsorption capacity of PS-NPs decreased. At higher pH levels (7 and 10), both
PS-NPs molecules and CCAC/N-TiO2 composites (pH > PZC) were negatively
charged, resulting in a significant decrease in adsorption capacity due to increased

electrostatic repulsions and, ultimately, photocatalytic activity [ Varela et al., 2024].
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Figure 4.39 Comparison of % removal PS-NPs at pH 4, pH 7 and pH 10 with CCAC, CT13, CT11, and
CT31 under (a) tungsten bulb light (b) dark.

4.2.3.2 Effect of Time on the Removal of PS-NPs

The effect of removal time on removal efficacy of PS-NPs was evaluated by agitating
them with composites at time interval of 30-180 minutes. To assess the PS-NP removal
rate, an optimal quantity of the synthesized bare CCAC and CCAC/N-TiO; composites
(80 mg) was used. As the time span increased from 30 to 180 minutes, the % removal
of PS-NPs for CCAC, CT13, CT11, and GT31 at pH 4, pH 7, pH 10 under tungsten
bulb light are shown in Figure 4.40(c), 4.40(d), and 4.40(e) and under dark are shown
in Figure 4.40(f), 4.40(g), and 4.40(h) showing that % removal increases with increase
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in reaction time. The catalyst's surface receives more contact time, which increases

removal activity.
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Figure 4.40 PS-NPs removal from water treated with CCAC, N-TiO,, CT13, CT11, and CT31 over a

30- to 180-minute time period under (a) tungsten bulb light at pH 4 (b) tungsten bulb light at pH 7 (¢)
tungsten bulb light at pH 10 (d) dark at pH 4 (e) dark at pH 7, and (f) dark at pH 10.
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4.3 NITROGEN-DOPED SnO: AND GO/N-SnO2: NANOCOMPOSITES FOR
REMOVAL OF POLYVINYL CHLORIDE (PVC) AND POLYSTYRENE
(PS) FROM WATER

In this section, characterization of bare N-SnO; and GO/N-SnO; composites and the
removal study of PVC-NPs and PS-NPs using the synthesized materials are explained.
Furthermore, analysis of material after the PVC-NPs and PS-NPs removal experiment

1s discussed.

4.3.1 Characterization of N-SnO2, N-ZrO: and GO/N-SnO>

4.3.1.1 Scanning Electron Microscope Analysis of nanocomposite

The morphology of prepared materials N-SnO> nanoparticles GNSO13 (composite of
GO and N-Sn0O3) and was examined using field emission scanning electron microscope
(FESEM). The surface morphology of N-SnO; nanoparticles is shown in Figure
4.41(a). N-SnO2 NPs show a spherical crystalline shape with a size in the range of ~80—
95 nm. Based on this, it allows the verification of nanocomposites synthesis. The
characteristic surface morphology of GNSO13 is shown in Figure 4.41(b). The SEM
image of GO confirms the layered structure as discussed in Section 4.1.3. N-SnO»

nanoparticles are embedded in GO sheets, and these particles are uniformly distributed.
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Figure 4.41 Scanning electron microscope (SEM) images of (a) N-SnO; and (b) GNSO13 composite.
4.3.1.2 Energy-Dispersive X-ray Spectroscopy Analysis

The elemental composition of all produced composites was determined by energy
dispersive X-ray analysis (EDX). The EDX spectrum is shown in Figure 4.42, while
the quantitative elemental composition is shown in Table 4.12. The maps indicate a
distinct distribution of each element, indicating that N-SnO> nanoparticles were well
spread or embedded between the GO layers. The emergence of C, O, Sn and N peaks
indicated that the GNSO13 composites had been successfully formed without

impurities.
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Figure 4.42 EDS mapping of (a) N-SnO, (b) GNSO13 composite.
Table 4.12 Content of elements in atomic% and weight % of N-SnO, and GNSO13.

Composite »| N-SnO: GNSO13
Elements | | Atomic % | Weight % | Atomic % | Weight %
C - - 61.34 39.97
(0] 78.74 33.31 0.00 0.00
N 0.00 0.00 33.90 29.42
Sn 21.26 66.69 4.75 30.61
Total 100.00 100.00 100.00 100.00

4.3.1.3 Functional group Analysis

The FT-IR study was done to identify characteristic functional groups on the materials.
Figure 4.43 presents spectra of nitrogen doped SnO: and GO/N-SnO»-based
nanocomposites (GNSO13, GNSO11 and GNSO31). The characteristic bands from 400
to 700 cm™! in nitrogen doped SnO», and their composite with GO corresponded to Sn-
O and Sn—O-Sn vibrations [Dobrucka et al., 2018]. The bands at 1255 cm™, and 1417
cm’! have been attributed due to the vibration of Sn-N bonds. N doping occupies the
oxide positions into SnO: lattice resulting in oxygen vacancies. Thus, FTIR spectra

confirm that the Sn-N bond has been formed [Bhawna et al., 2020]. Remarkably, the
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vibrational bands due to C-containing groups in the spectra of GO-based composites
confirm the successful anchoring of particles on the GO sheet. In the spectrum of N-
Sn02/GO based composites, a broad peak approximately 3400-3500 cm ™! region was
designated due to OH groups (stretching vibration) by the water molecule adsorbed on

catalyst surface [ Vidhu et al., 2015].
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Figure 4.43 FTIR spectra of GO, N-SnO,, GNSO13, GNSO11, and GNSO31.
4.3.1.4 X-ray diffraction Analysis

The crystallinity of N-SnO;, GNSO13, GNSOI11, and GNSO31 samples was
investigated by X-ray diffraction (XRD) analysis. The samples were scanned within
range of 20 = 10°-80°. The XRD pattern for all samples is shown in Figure 4.44. The
XRD pattern of N-SnO2 shows a homogeneous pure crystalline structure. The XRD
pattern of bare GO exhibits a significant diffraction peak at 11.14° and a smaller peak
at 42.27°, indicating reflections from the (001) and (100) planes of GO, respectively
[Siburian et al., 2018]. The characteristic peaks of N-SnO> were observed at 26 values
of 26.5° (110), 33.7° (101), 36.9° (200), 37.8° (111), 51.7° (211), 54.6° (220), 57.7°
(002), 61.8° (310), 64.6° (112) 65.8° (301) 71.2° (202), and 78.6° (321) are all the
diffraction peaks patterns can be indexed to a rutile tetragonal structure [Divya et al.,
2020, Zulfigar et al., 2017]. The XRD patterns of GNSO13, GNSO11, and GNSO31

nanocomposite show a two-phase composition of GO and N-SnO;. The presence of
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diffraction peaks at 11.14° and 42.27° of GO in GNSOI3, GNSOI11, GNSO31

composite could be attributed to formation of the composites.
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Figure 4.44 XRD of N-SnO,, GO, GNSO13, GNSO11, and GNSO31.

Tauc’s plot for energy bandgap (Eg) of SnOz, N-SnO;, GNSO13, GNSO11, and
GNSO31 have been displayed in Figure 4.45. The band gap of SnO; and N- SnO» was

found out to be about 3.8 eV and 3.04 eV, respectively, whereas the linear line of
GNSO13, GNSO11, GNSO31 spectra intercepts on the x-axis in a range of 2.8-3.2 eV,
2.8-3.6 eV and 2.5-3.04 eV respectively. These results suggest that Sn—O—C bonds are

generated due to the N-SnO; interaction with the GO, which might correspond to the

development of new heterojunction structures or defects during the synthesis of

composites [4bdullah et al., 2023].
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Figure 4.45 Optical bandgap of (a) SnO,, (b) N-SnO,, (¢) GNSO13 (d) GNSOL11, and (¢) GNSO31.

4.3.1.6 Photoluminescence Analysis

PL spectra of SnO2, N-SnO, and GNSO13 are shown in Figure 4.46. SnO; has the
highest PL intensity, which decreases with nitrogen doping. When N-SnO; combines
with GO, its PL intensity decreases. This is because the integrated GO in GNSO13
improves charge transfer, which increases the rate of photogenerated electron and hole
separation. Furthermore, GO can act as an effect electron conductor and electron
acceptor, accelerating the interfacial electron transfer process from N-SnO;, and

strongly inhibiting charge carrier recombination [Ramki et al., 2023].
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Figure 4.46 Photoluminescence emission spectrum of SnO, and N-SnO..

4.3.1.7 Thermogravimetric Analysis

Thermogravimetric curves of GO, SnO2, N-SnO,, and GNSO13 are shown in Figure
4.47. The N-SnO: curve displays two areas of weight loss. One below 200°C and
another between 200°C to 600°C. First, temperatures below 200 °C resulted in a 0.7%
weight loss. First, temperatures below 200 °C clearly resulted in a 0.7% weight loss.
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Adsorbed water and gases were removed from the surface of photocatalyst, resulting in
the observed weight change. Additionally, a 0.6% weight loss was observed between
200°C and 600°C, which could be attributed to the decomposition of organic molecules
or other volatile species or contained in the sample or residual surfactant form the
material [Aslam et al., 2021]. This suggests that the photocatalyst remained stable at
high temperatures due to its inorganic composition of SnO> [Bhawna et al., 2023].
Furthermore, containing GO and SnO> shown the total weight loss of 33.2%. The
increased weight loss is due to the presence of GO. The rapid weight reduction from
250°C to 600°C is caused by the destruction of graphene oxide (GO). The variation in
total weight loss of N-SnO; (1.7%) and GNSO13 composite (33.2%) may be explained
by the interaction between graphene oxide (GO) and N-SnO; in the nanocomposite,
which determines the impact of GO on the thermal degradation of N-SnO; [A4zim et al.,
2021].
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Figure 4.47 TGA of GO, SnO;, N-SnO;, and GNSO13.

4.3.2 Removal of PVC-NPs by using Synthesized Materials under different
Conditions

To evaluate the removal efficiency of prepared composites, a series of experiments
were performed with light (under tungsten bulb and room light) and without light (in
dark). For the removal of PVC-NPs using prepared materials at pH 4, pH 7 and pH 10
have been studied. Furthermore, effect of pH, light source and effect of time is also

discussed.
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To evaluate the role of adsorption on removal of PVC-NPs, an adsorption experiment
was conducted using N-SnO; and GO/N-SnO> composites under dark. Under these
experimental conditions, pure N-SnO; achieved the highest PVC-NPs removal of
99.6% showing excellent adsorption performance. Whereas GNSO13 achieved 14.7%
of percentage removal shown in Figure 4.48(c). The decreased adsorption of GNSO13
is due excessive doping of GO which can reduce the specific active surface area of N-
SnOx. This reduction can result from the formation of larger aggregates due to increased
van der Waals forces between the GO sheets and the N-SnO; nanoparticles, hindering
the material's ability to efficiently interact with light and reactants. The resulting
smaller surface area and increased agglomeration can reduce the number of active sites
available for photocatalysis, ultimately leading to poorer photocatalytic

efficacy. [Mohtar et al., 2021, Liao et al., 2022].

Moreover, similar experimental conditions were used for photocatalytic study of
removal of PVC-NPs under tungsten bulb light and room light (Figure 4.48(a) and
(b)). Under these conditions, N-SnO> shown almost similar percentage removal of
PVC-NPs as that under dark conditions, suggests that the material is likely acting as an
adsorbent rather than a photocatalyst in this specific scenario. Photocatalysis relies on
light to drive chemical reactions, while adsorption is a process that can occur both in
the presence and absence of light. On the other hand, GNSOI11 reached the highest
percentage removal of 25.6% in tungsten light at pH 10. It could be said that
photocatalytic degradation would also concurrently occur with adsorption as light

interacts with the material.
4.3.2.1 Effect of pH on the Removal of PVC-NPs

The effects of pH on PVC-NPs removal were investigated at pH levels 4, 7, and 10 as
shown in Figures 4.48(a), 4.48(b), and 4.48(c) showing that as pH increases from 4 to
10, the removal percentage of PVC-NPs for N-SnO» decreases. A maximum of 99.6%
PVC-NP removal was achieved at pH 4 by N-SnO, under dark.

The PZC of SnO; was found to be 5.6, which is consistent with previously reported
values for SnO» [Khairnar et al., 2020]. The surface would, therefore, have a net-zero

charge at PZC and will be charged either positively or negatively at pH <PZC or
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pH>PZC, respectively. The surface of N-SnO> is positively charged at initial pH
values of 4.0 and 7.0, whereas the PVC-NPs solution is negatively charged (Section
4.1.5.3). Electrostatic attraction forces are therefore expected at pH 4. The removal rates
of N-SnO> decreased with higher pH 7 and pH 10 due to the electrostatic repulsion of
negatively charged surfaces of N-SnO; and PVC-NPs.

Similarly, the surface of GNSO13 is positively charged at pH values of 4.0, which show
maximum % removal for negatively charged PVC-NPs at pH4 shown in Figure

4.48(c).
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Figure 4.48 Comparison of % removal PVC-NPs at pH 4, pH 7 and pH 10 with N-SnO,, GNSO13,
GNSOL11, and GNSO31 under (a) tungsten bulb light (b) room light (c) dark.

4.3.2.2 Effect of Time on the Removal of PVC-NPs

The effect of removal time on removal efficacy of PVC-NPs was evaluated by agitating

them with composites at time interval of 30-180 minutes. To assess the PVC-NP
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removal rate, an optimal quantity of the synthesized N-SnO, and GO/N-SnO>

composites (80 mg) was used. As the time span increased from 30 to 180 minutes, the

% removal of PVC-NPs for N-SnO,, GNSO13, GNSO11, and GO/N-SnQO; at different

pH under tungsten bulb light, room light and dark are shown in Figure 4.49(b), 4.49(c),

4.49(d) respectively, showing that % removal increases with increase in reaction time.

The catalyst's surface receives more contact time, which increases removal activity.
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Figure 4.49 (a) UV absorption spectra of PVC-NP removal with N-SnO; at pH4; PVC-NP removal from
water treated with N-SnO,, GNSO13, GNSO11, and GNSO31 over a 30- to 180-minute time interval at
pH 4, pH7, and pH 10under (b) tungsten bulb light (c) room light (d) dark

4.3.2.3 Analysis of N-SnO: after PVC-NPs Removal Experiment

To understand the mechanism involved in the remediation process, more studies were

conducted on N-SnO; and the solution left behind after the remediation experiment.

After the process, a real-life image of PVC-NPs adsorbed on N-SnO; at pH 4 was

clearly visible and decreases at pH 7 and pH 10. A visible colour changes as well as
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swelling of N-SnO» at pH 4 was observed after the reaction, as shown in Figure 4.50.
The swelling of N-SnO> nanoparticles could be attributed to adsorption-induced
swelling, which refers to the expansion or deformation of a porous material when it

adsorbs a pollutant [Bakhshian et al., 2017].

N-SnO, before reaction N-SnO, after reaction with PVC-NPs

Figure 4.50 Real-life image of N-SnO» before and after reaction showing PVC-NPs adsorbed on N-SnO,
at pH 4, pH 7 and pH 10.

SEM micrographs of the surface morphology of N-SnO; after the removal of PVC-
NPs under light are shown in Figure 4.51. It was discovered that there are some distinct
spherical particles of PVC-NPs on the surface of N-SnO», but the distinction is difficult
because both N-SnO> and PVC-NPs exhibit spherical surface morphology. EDS
analysis and elemental mapping confirmed the presence of carbon and chlorine, as
depicted in Figure 4.51, demonstrating the interaction between PVC-NPs and N-SnO»

after the removal reaction

Atomic % Weight %

C 31.20 11.16

Sn 18.33 64.82

Total  100.00 100.00

25um

25um 25um 25um

Figure 4.51 SEM, EDS and elemental mapping images after reaction with PVC-NPs using N-SnO, with
light.
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FTIR spectroscopy was used to analyse the N-SnO; as shown in Figure 4.52(a). The
spectra of N-SnO» before and after look relatively same because the small amounts of
PVC-NPs adsorbed on the surface of N-SnO,. FTIR peaks at 400cm™-700 cm™ are
associated with Sn-O-N and Sn-O vibrations, respectively. These peaks showed a
significant decrease in intensity, which might be due to the electrostatic attraction of
PVC-NPs with Sn-O-N and Sn-O, which shows the interactions of PVC-NPs with N-
SnO> composite. Furthermore, after the removal of PVC-NPs and some additional
peaks are visible which verifies the interaction between PVC and N-SnO,. Figure
4.52(b) represents the FTIR spectra of PVC solution before and after treatment showing
the disappearance of characteristic peaks of PVC-NPs.
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Figure 4.52 FTIR spectra of (a) N-SnO, composite before and after removal of PVC-NPs under tungsten
bulb light, room light and dark (b) pure PVC-NPs solution and PVC solution after the remediation

experiment under tungsten bulb light, room light and dark.

4.3.3 Removal study of PS-NPs using Synthesized Materials under different

Conditions

To evaluate the removal efficiency of prepared composites, a series of experiments
were performed with light (under tungsten bulb and room light) and without light (in
dark). For the removal of PS-NPs using prepared materials at pH 4, pH 7 and pH 10
have been studied. Furthermore, effect of pH, light source and effect of time is also

discussed

To evaluate the role of adsorption on removal of PS-NPs, an adsorption experiment was

conducted using N-SnO> and GO/N-SnO: composites under dark. Under these
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experimental conditions, pure N-SnO: achieved the highest PS-NPs removal of 99.6%
showing excellent adsorption performance. Whereas GNSO13 achieved 12.5% of
percentage removal shown in Figure 4.53. The decreased adsorption of GNSO13 is
due to excessive doping of GO which can reduce the specific active surface area of N-
SnO». This reduction can result from the formation of larger aggregates due to increased
van der Waals forces between the GO sheets and the N-SnO> nanoparticles, hindering
the material's ability to efficiently interact with light and reactants. The resulting
smaller surface area and increased agglomeration can reduce the number of active sites
available for photocatalysis, ultimately leading to poorer photocatalytic

efficacy. [Mohtar et al., 2021, Liao et al., 2022].

Moreover, similar experimental conditions were used for photocatalytic study of
removal of PS-NPs under light (Figure 4.53). Under these conditions, N-SnO2 shown
almost similar percentage removal of PS-NPs as that under dark conditions, suggests
that the material is likely acting as an adsorbent rather than a photocatalyst in this
specific scenario. Photocatalysis relies on light to drive chemical reactions, while
adsorption is a process that can occur both in the presence and absence of light. On the
other hand, GNSO31 reached the highest percentage removal of 37.3% in tungsten light
at pH 4. It could be said that photocatalytic degradation would also concurrently occur

with adsorption as light interacts with the material.
4.3.3.1 Effect of pH on the Removal of PS-NPs

The effects of pH on PVC-NPs removal were investigated at pH levels 4, 7, and 10 as
shown in Figure 4.53 showing that as pH increases from 4 to 10, the removal
percentage of PS-NPs for N-SnO, decreases. A maximum of 99.6% PS-NP removal
was achieved at pH 4 by N-SnO under dark. The PZC of SnO, was found to be 5.6,
which is consistent with previously reported values for SnO; [Khairnar et al., 2020].
The surface would, therefore, have a net-zero charge at PZC and will be charged either
positively or negatively at pH <PZC or pH > PZC, respectively. The surface of N-SnO»
is positively charged at initial pH values of 4.0 and 7.0, whereas the PS-NPs solution is
negatively charged. Electrostatic attraction forces are therefore expected at pH 4. The
removal rates of N-SnO» decreased with higher pH 7 and pH 10 due to the electrostatic

repulsion of negatively charged surfaces of N-SnO> and PS-NPs. Similarly, the surface
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of GNSO13 is positively charged at pH values of 4.0, which show maximum % removal

for negatively charged PS-NPs at pH4 shown in Figure 4.53.

[_IN-SnO, (TL)
100 4 o7.63:8%96 [IN-Sn0, (RL)
[] [IN-SnO, (Dark)
[ ]GNSO13(TL)
[_IGNSO11(TL)
80 [_]GNSO31 (TL)
©
S 60
£
[0]
o
o
Ca 40 37.3
20
h2.513.
1 ﬁﬂﬁ 8.1 7.9
3.9
0 = ! . I
4 7 10
pH

Figure 4.53 Comparison of % removal PS-NPs at pH 4, pH 7 and pH 10 with N-SnO,, GNSO13,
GNSO11, and GNSO31 under tungsten bulb light, room light, and dark.

4.3.3.2 Effect of Time on the Removal of PS-NPs

The effect of removal time on removal efficacy of PS-NPs was evaluated by agitating
them with composites at time interval of 30-180 minutes. To assess the PS-NP removal
rate, an optimal quantity of the synthesized N-SnO> and GO/N-SnO, composites (80
mg) was used. As the time span increased from 30 to 180 minutes, the % removal of
PS-NPs for N-SnO;, GNSO13, GNSOI11, and GO/N-SnO; at different pH under
tungsten bulb light, room light and dark are shown in Figure 4.54(b), 4.54(c), 4.54(d)
respectively, showing that % removal increases with increase in reaction time. The

catalyst's surface receives more contact time, which increases removal activity.
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Figure 4.54 (a) UV absorption spectra of PS-NP removal with N-SnO; at pH4; PVC-NP removal from
water treated with N-SnO,, GNSO13, GNSO11, and GNSO31 over a 30- to 180-minute time interval at
pH 4, pH 7, and pH 10 under (b) tungsten bulb light (¢) room light (d) dark.

4.3.3.3 Analysis of N-SnO: after PS-NPs Removal Experiment

To understand the mechanism involved in the remediation process, more studies were
conducted on N-SnO; and the solution left behind after the remediation experiment.
After the process, a real-life image of PS-NPs adsorbed on N-SnO; at pH 4 was clearly
visible and decreases at pH 7 and pH 10. A visible colour changes as well as swelling
of N-SnO; at pH 4 was observed after the reaction, as shown in Figure 4.55. The
swelling of N-SnO» nanoparticles could be attributed to adsorption-induced swelling,
which refers to the expansion or deformation of a porous material when it adsorbs a

pollutant [Bakhshian et al., 2017].

N-SnO, before reaction N-SnO, after reaction with PS-NPs

Figure 4.55 Real-life image of N-SnO; before and after reaction showing PS-NPs adsorbed on N-SnO»
at pH 4, pH 7 and pH 10.
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SEM micrographs of the surface morphology of N-SnO> nanoparticles after the
removal of PS-NPs are shown in Figure 4.56, under dark at pH 4. It was discovered
that there are some distinct spherical particles of PS-NPs on the surface of N-SnO:
nanoparticles, but the distinction is difficult because both N-SnO, and PVC-NPs exhibit
spherical surface morphology. EDS analysis and elemental mapping confirmed the
presence of carbon of PS-NPs, as depicted in Figure 4.56, demonstrating the interaction

between PS-NPs and N-SnO» nanoparticles after the removal reaction.

Atomic% Weight %

19.43

N 6.47 11.47

Figure 4.56 SEM, EDS and elemental mapping images after reaction with PS-NPs using N-SnO> under
dark at pH4.

FTIR spectroscopy was used to analyze the composition of N-SnO; nanoparticles and
pure PS-NPs before and after the removal of PS nanoparticles as shown in Figure 4.57.
After removal experiment, FTIR spectra of N-SnO, displays the additional peaks
corresponding to polystyrene, which point towards the existence of PS-NPs adsorbed
on N-SnO, surface. The absorption peak at the wave numbers of 3060.8 cm'
corresponds to aromatic C-H stretching vibration absorption. The peak at 2919 cm™!
represents the vibration of the CH> group. Additionally, the transmission bands at
1600.8, 1492.7, and 1452.2 cm™' were attributed to the aromatic C=C stretching
vibration of the benzene ring, as expected in the PS structure. Strong vibrational modes
at 744 and 698.2 cm™! indicate out-of-plane bending vibration of C-H, which is
characteristic for polystyrene [Fang et al., 2010]. In addition, the absorption peak at the

wave number of 3446.5 cm ! is for the stretching vibration absorption of O-H.
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Figure 4.57 FTIR spectra of N-SnO; before and after removal of PS-NPs.
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4.4 NITROGEN-DOPED ZrO: NANOPARTICLES FOR REMOVAL OF
POLYVINYL CHLORIDE (PVC) AND POLYSTYRENE (PS) FROM
WATER

In this section, characterization of bare N-ZrO; and the removal study of PVC-NPs and
PS-NPs using the synthesized materials are explained. Furthermore, analysis of

material after the PVC-NPs and PS-NPs removal experiment is discussed.
4.4.1 Characterization of N-ZrO:
4.4.1.1 Scanning Electron Microscope Analysis

The SEM micrograph shows the different agglomerate structures of N-ZrO, particles
shown in Figure 4.58. The diameter of primary particles is in the range of 73-93 nm. It

is found that the particles are in almost irregular shape and highly agglomerated.
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WD 7.9mm 16:17:49

Figure 4.58 Scanning electron microscope (SEM) images of N-ZrO,.

4.4.1.2 Energy-Dispersive X-ray Spectroscopy Analysis

Figure 4.59 depicts the element distribution of N-ZrO: obtained using energy-
dispersive spectroscopy (EDS). The EDS findings showed that the sample included Zr,
O, and N elements (Table 4.13). The elemental composition of N-ZrO; nanoparticles
was determined by elemental mapping, as evidenced by the various colours in Figure
4.59. This investigation validated the fabrication of nitrogen-doped nanoparticles

without any impurities.
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Figure 4.59 EDS mapping of N-ZrO,.

Table 4.13 Content of elements in atomic% and weight % of N-ZrO..

Material » N-SnQO:
Elements |, | Atomic % | Weight %
Zr 81.13 42.98
o 18.87 57.02
N 0.00 0.00
Total 100.00 100.00

4.4.1.3 Functional group Analysis

Figure 4.60 shows the FTIR spectra of the nitrogen doped ZrO». The peaks at 584 cm”
"'and 497 cm™ are attributed to the metal and oxygen bond (Zr-O) and metal, oxygen,
and metal bond (Zr-O-Zr), respectively. The peaks at around 1240-1380 cm’
correspond to the metal and hydroxide bond (Zr-OH). The peak centered at 1612 cm’!
is assigned to the -OH bending vibrations of water molecules. Further, the peaks at
around 2368-2370 cm™' are due to the presence of adsorbed CO,. As can be seen,
additional peaks are observed after doping with N. The peaks noticed at around 700-
850 cm™! are associated with the wagging vibration of N-H bonds, while those at 1450-
1550 cm™! are associated with their bending mode [Sudrajat el al., 2016].
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Figure 4.60 FTIR spectra of N-ZrO,.

4.4.1.4 X-ray diffraction Analysis

The distinguishing characteristic peaks for tetragonal ZrO> occur at 28 = 30.2, 34.5,
50.2, and 60.2 corresponding to the (101), (110), (200), and (211) reflections. After
doping with N, the crystalline size decreases, resulting in peak broadening. The
crystallinity also slightly decreases due to crystal defects, crystal growth inhibition by
the urea, or due to the substitution of O by N. As a result, the peak intensities are

reduced [Farhadi et al., 2009].
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Figure 4.61 XRD of ZrO, and N-ZrO,.

4.4.1.5 Optical Bandgap Analysis

The band gap of ZrO, and N-ZrO> was found out to be about 5.4 eV and 3.7-5.5 eV,
respectively. According to theoretical bandgap studies of N-doped ZrO2 NPs, doping
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ZrO, with N can change its electronic band structure and result in a lower band-gap

energy. This is because the p states of the N atom hybridize with the two p states of the

oxygen atoms in ZrOz [Cao et al., 2022].
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Figure 4.62 Optical bandgap of ZrO and N-ZrO,.
4.4.1.6 Photoluminescence Analysis

PL spectra of ZrO> and N-ZrO> are shown in Figure 4.63. ZrO: has the highest PL
intensity, which decreases with nitrogen doping. Doping with N results in the
development of a mid-band state with N 2p orbitals within the band gap. In N-ZrO,,
the N mid-gap state may operate as an electron trap. As a result, recombination of

electron-hole pairs can be prevented [Sudrajat et al., 2016].
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Figure 4.63 Photoluminescence emission spectra of ZrO, and N-ZrO,.
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4.4.1.7 Thermogravimetric Analysis

The thermogram of the ZrO> and N- ZrO: is displayed in Figure 4.64, showing total
weight loss of 6.54% and 0.9%, respectively. The weight loss below 150°C is caused
by the removal of water adsorbed on the catalyst surface, whereas the weight loss
between 150 and 600°C is caused by the removal of water adsorbed in catalyst pores.
N-ZrO> has minor weight loss from 350 to 600°C due to surface hydroxyl group
breakdown [Aimable et al., 2010]. Overall, less weight losses are observed for N-ZrO»,
suggesting its high thermal stability. Nitrogen doping involves replacing some oxygen
atoms in the ZrO; lattice with nitrogen atoms. These nitrogen atoms can form strong
bonds with zirconium atoms, creating a more stable and robust Zr-N-O network. This
modified structure is less prone to decomposition at higher temperatures, leading to

increased thermal stability [Peng et al., 2025].
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Figure 4.64 TGA of ZrO and N-ZrO,.
4.4.2 Removal study of PVC-NPs using Synthesized Materials under different

Conditions

To evaluate the removal efficiency of N-ZrO», a series of experiments were performed

with light (under tungsten bulb and room light) and without light (in dark). For the
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removal of PVC-NPs using prepared materials at pH 4, pH 7 and pH 10 have been

studied. Furthermore, effect of pH, light source and effect of time is also discussed.

To evaluate the role of adsorption on removal of PVC-NPs, an adsorption experiment
was conducted using N-ZrO; under dark. Under these experimental conditions, N-ZrO»
achieved the highest PVC-NPs removal of 35.2% showing adsorption performance
(Figure 4.65).

Moreover, similar experimental conditions were used for photocatalytic study of
removal of PVC-NPs under tungsten bulb light and room light (Figure 4.65). Under

these conditions, N-ZrO> shown percentage removal of 31.2% and 27.3%.
4.4.2.1 Effect of pH on the Removal of PVC-NPs

The effects of pH on PVC-NPs removal were investigated at pH levels 4, 7, and 10 as
shown in Figure 4.65 showing that as pH increases from 4 to 10, the removal
percentage of PVC-NPs for N-ZrO: decreases. The PZC of N-ZrO> was found to be 7
[Sudrajat et al., 2016]. Below this pH, the catalyst surface is positively charged. Thus,
in this pH region, the negatively charged PVC-NPs effectively adsorbed on the catalyst
surface and ultimately removal is will be higher due to electrostatic attraction forces at
pH 4 and pH 7. The removal rates of N-ZrO decreased at pH 10 due to the electrostatic
repulsion of negatively charged surfaces of N-ZrO2 and PVC-NPs.
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Figure 4.65 % Removal PVC-NPs with N-ZrO,, under tungsten bulb light, room light, and dark at pH
4, pH 7 and, pH 10.
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4.4.2.2 Effect of Time on the Removal of PVC-NPs

The effect of removal time on removal efficacy of PVC-NPs was evaluated by agitating
them with composites at time interval of 30-180 minutes. To assess the PVC-NP
removal rate, an optimal quantity of the synthesized N-ZrO> (80 mg) was used. As the
time span increased from 30 to 180 minutes, the % removal of PVC-NPs for N-ZrO,
at different pH under tungsten bulb light, room light and dark are shown in Figure
4.66(b), 4.66(c), 4.66(d) respectively, showing that % removal increases with increase
in reaction time. The catalyst's surface receives more contact time, which increases

removal activity.
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Figure 4.66 (a) UV absorption spectra of PVC-NP removal with N-ZrO, at pH4; PVC-NP removal from
water treated with N-ZrO, over a 30- to 180-minute time period under (b) dark at pH 4, pH 7, and pH 10
(c) room light at pH 4, pH 7, and pH 10 (d) tungsten bulb light at pH 4, pH 7, and pH 10.

4.4.2.3 Analysis of N-ZrO: and PVC Solution after Removal Experiment
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SEM micrographs of the surface morphology of N-ZrO, after the removal of PVC-
NPs under light are shown in Figure 4.67. It was discovered that there are some distinct
spherical particles of PVC-NPs on the surface of N-ZrO,. Furthermore, EDS analysis
and elemental mapping confirmed the presence of carbon and chlorine, as depicted in
Figure 4.67, demonstrating the interaction between PVC-NPs and N-ZrO; after the

removal reaction.

Atomic % Weight %

C 39.20 16.96
N 0.00 0.00
(o] 41.96 24.18
(o] 1.53 1.95
Zr 17.32 56.91

Total  100.00 100.00

Cl Kal

Figure 4.67 SEM, EDS and elemental mapping images after reaction with PVC-NPs using N-ZrO, with
light.

FTIR spectroscopy was used to analyze the composition of N-ZrO> and pure PVC
solution before and after the removal of PVC-NPs as shown in Figure 4.68. The FTIR
spectrum of PVC shows peaks at 2965 cm™! and 2924 cm™! consisting of the CH,
asymmetric stretching vibration mode. The peak at higher wavenumber shows the
asymmetric stretching bond of C — H and the lower peak is for the symmetrical
stretching bond of C — H. The peaks around 1438cm™! are assigned to the C — H
aliphatic bending bond. The peak at 1282 cm ™! is attributed to the bending bond of C —
H near Cl. The C — C stretching bond of the PVC backbone chain occurs in the range
1000-1100 cm™'. Finally, peaks in the range of 600-650 cm™! correspond to the C-Cl
bond. After adsorption, FTIR spectra of N-ZrO» displays the addition peaks
corresponding to PVC-NPs, which point to the existence of PVC-NPs adsorbed on N-
ZrO, surface. After photocatalytic activity, FTIR spectra of N-ZrO», displays the
addition peaks in 850-515 cm™! region, which corresponds to presence of C-Cl bond

[DE LORENZI et al., 1999].
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Figure 4.68 FTIR spectra of N-ZrO, before and after reaction with PVC-NPs.
4.4.3 Removal Study of PS-NPs using Synthesized Materials under different

Conditions

To evaluate the removal efficiency of N-ZrO», a series of experiments were performed
with light (under tungsten bulb and room light) and without light (in dark). For the
removal of PS-NPs using prepared materials at pH 4, pH 7 and pH 10 have been studied.

Furthermore, effect of pH, light source and effect of time is also discussed.

To evaluate the role of adsorption on removal of PS-NPs, an adsorption experiment was
conducted using N-ZrO; under dark. Under these experimental conditions, N-ZrO:
achieved the highest PS-NPs removal of 44.5% showing adsorption performance
(Figure 4.69).

Moreover, similar experimental conditions were used for photocatalytic study of
removal of PS-NPs under tungsten bulb light and room light (Figure 4.69). Under these

conditions, N-ZrO2 shown percentage removal of 16.9% and 14.4%.
4.4.3.1 Effect of pH on the Removal of PS-NPs

The effects of pH on PS-NPs removal were investigated at pH levels 4, 7, and 10 as
shown in Figure 4.69 showing that as pH increases from 4 to 10, the removal
percentage of PS-NPs for N-ZrO; decreases. The PZC of N-ZrO, was found to be 7
[Sudrajat et al., 2016]. Below this pH, the catalyst surface is positively charged. Thus,
in this pH region, the negatively charged PS-NPs effectively adsorbed on the catalyst
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surface and ultimately removal is will be higher due to electrostatic attraction forces at
pH 4 and pH 7. The removal rates of N-ZrO; decreased at pH 10 due to the electrostatic
repulsion of negatively charged surfaces of N-ZrO> and PS-NPs.
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Figure 4.69 % Removal PVC-NPs with N-ZrO,, under tungsten bulb light, room light, and dark at pH
4, pH 7 and, pH 10.

4.4.3.2 Effect of Time on the Removal of PS-NPs

The effect of removal time on removal efficacy of PS-NPs was evaluated by agitating
them with composites at time interval of 30-180 minutes. To assess the PS-NP removal
rate, an optimal quantity of the synthesized N-ZrO» (80 mg) was used. As the time span
increased from 30 to 180 minutes, the % removal of PS-NPs for N-ZrO», at different
pH under tungsten bulb light, room light and dark are shown in Figure 4.70(b), 4.70(c),
4.70(d) respectively, showing that % removal increases with increase in reaction time.

The catalyst's surface receives more contact time, which increases removal activity.
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Figure 4.70 (a) UV absorption spectra of PS-NP removal with N-ZrO, at pH4; PS-NP removal from
water treated with N-ZrO; over a 30- to 180-minute time period under (b) dark at pH 4, pH 7, and pH 10
(c) room light at pH 4, pH 7, and pH 10 (d) tungsten bulb light at pH 4, pH 7, and pH 10.

4.4.3.3 Analysis of N-ZrO: and PS Solution after Removal Experiment

SEM micrographs of the surface morphology of N-ZrO; nanoparticles after the
removal of PS-NPs are shown in Figure 4.71, under dark at pH 4. It was discovered
that there are some distinct spherical particles of PS-NPs on the surface of N-ZrO»
nanoparticles. Furthermore, EDS analysis and elemental mapping confirmed the
presence of carbon of PS-NPs, as depicted in Figure 4.71, demonstrating the interaction

between PS-NPs and N-TiO2 nanoparticles after the removal reaction.

Atomic %  Weight %

51.52 23.10

0.27 0.14

Figure 4.71 SEM, EDS and elemental mapping images after reaction with PS-NPs using N-ZrO, with
light.
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FTIR spectroscopy was used to analyze the composition of N-ZrO> nanoparticles and
pure PS-NPs before and after the removal of PS nanoparticles as shown in Figure 4.72.
After removal experiment, FTIR spectra of N-ZrO, displays the additional peaks
corresponding to polystyrene, which point towards the existence of PS-NPs adsorbed
on N-ZrO» surface. The absorption peak at the wave numbers of 3060.8 cm!
corresponds to aromatic C-H stretching vibration absorption. The peak at 2919 cm™!
represents the vibration of the CH: group. Additionally, the transmission bands at
1600.8, 1492.7, and 1452.2 cm™' were attributed to the aromatic C=C stretching
vibration of the benzene ring, as expected in the PS structure. Strong vibrational modes
at 744 and 698.2 cm™! indicate out-of-plane bending vibration of C-H, which is
characteristic for polystyrene [Fang et al., 2010]. In addition, the absorption peak at the

wave number of 3446.5 cm™ ! is for the stretching vibration absorption of O-H.
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Figure 4.72 FTIR spectra of N-ZrO; before and after reaction with PS-NPs.
The comparison of various synthesised materials is shown in Table 4.14. The table
demonstrates that in previous work photocatalytic remediation of plastics required long
irradiation times under UV and solar light to achieve moderate to high degradation
efficiencies. Solar-driven systems improved sustainability but still required extended
exposure times. The table also shows that most previously reported studies focus on

solid-phase microplastic degradation. In contrast, the materials developed in this work
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achieved high percentage removal of PVC and PS in aqueous medium in 3 h of light

irradiation under tungsten bulb light or even in dark conditions.

Table 4.14 A comparison of the efficiency of synthesized materials with other catalysts for plastic

remediation:
Photocatalytic Target Light Source | Time | Efficiency Reference
Material Microplastic
TiO, powder PVC uv 300 h 27% Cho et al.,
weight loss 2001
PVC-ZnO PVC uv 7200 20% Chakrabarti et
composite film seconds | weight loss al., 2008
PVC-AgNbO:s film PVC Xenon lamp 120 33.83% Dandan et al.,
min 2014
Ceria-PVC film PVC Solar light 312h 75% Gupta et al.,
weight loss 2017
Pomegranate peel PVC Solar light 30 days 95% Al-Munayzil
extract-based iron et al., 2025
nanoparticles
TiO, nanoparticle PS uv 12h 98.40% Nabi et al.,
film 2020
FeB/TiO, PS Xe lamp 12 h 92.3% He et al., 2023
(Bi0)2CO3 PS UV-light 100 h 40% Pino-Ramos et
nanoparticles al., 2025
Nitrogen-doped PVC Tungsten bulb 3h 59.9% This work
titanium oxide (N-
Ti0,) PS Dark 3h 99.6%
Graphene oxide/N- PVC Tungsten bulb 3h 99.2% This work
TiO;
PS Tungsten bulb 3h 32.2%
Corncob activated PVC Room light 3h 39.8% This work
carbon
PS Tungsten bulb 3h 27.9%
Corncob activated PVC Tungsten bulb 3h 94% This work
carbon/N-TiO;
PS Tungsten bulb 3h 30.8%
Nitrogen-doped tin PVC Dark 3h 100% This work
oxide (N-Sn0O,)
PS Dark 3h 99.6%
Graphene oxide/N- PVC Tungsten bulb 3h 33.2 This work
SnO,
PS Tungsten bulb 3h 37.3%
Nitrogen-doped PVC Tungsten bulb 3h 44.5% This work
zirconium oxide
(N-ZrO») PS Tungsten bulb 3h 35.2%
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4.5 POLYETHYLENE BASED NANOCOMPOSITES FOR REMOVAL OF
METHYLENE BLUE AND RHODAMINE B FROM WATER

In this section, characterization of PE/GO (PEGO), PE/ N-TiO> (PENT) and PE/GO/N-
TiO2 (PEGNT) and the removal study of MB and RB using the synthesized materials
are explained. Furthermore, analysis of material after the MB and RB removal

experiment is discussed.

4.5.1 Characterization of PE/GO (PEGO), PE/N-TiO: (PENT) and PE/GO/N-TiO:
(PEGNT)

4.5.1.1 X-Ray Diffraction Analysis

X-Ray diffraction pattern of the as-obtained polyethylene-based nanocomposites are
shown in Figure 4.73. The inter-sheet spacing of GO sheets is related to the diffraction
peak (001) at around 11.2°. LDPE showed two peaks at 26 =21.6° (110 plane) and 23.8°
(200 plane) [Carotenuto et al., 2014]. PEGO nanocomposites and LDPE only differed
in their XRD patterns by a broad, marginally strong diffraction peak at 11.2° indicates
presence of the GO particles. The XRD peak for LDPE showed a modest change
towards a higher 2-theta value from 21.65° to 21.77° and 23.8° to 24.2° in the PEGO,
which is indicative of LDPE chains penetrating inside nanoplatelets of GO and the

subsequent exfoliation of the GO layers.
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Figure 4.73 X-ray diffraction pattern of GO, LDPE, PEGO, N-TiO,, PENT and PEGNT.
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The pure tetragonal anatase phase of N-TiO2 nanoparticles was validated by diffraction
peaks for these particles at 26 =25.3°, 37.8°, 48.0°, 53.9°, 55.0°, 62.7°, 70.2°, and 75.2°,
which may be indexed to the (101), (004), (200), (105), (211), (204), (220), and (215),
orientation planes, respectively. Nearly all diffraction peaks in the PENT and PEGNT
nanocomposite correspond to anatase N-TiO> nanoparticles. However, the reduced GO
intensity in PEGNT nanocomposite at 11.41° denotes the disruption of the usual GO

stack by the intercalation of N-TiO2 nanoparticles.

4.5.1.2 Functional group Analysis

The FTIR spectrum of GO presented in Figure 4.74 shows the presence of various
peaks corresponding to oxygen-containing functional groups. It is seen that the broad
absorption band at 2900-3500 cm™ could be assigned to the O-H group stretching
vibrations of carboxylic group. The absorption peak at 1730 cm™ and 1633 cm! can be
assigned to C=0 stretching of carboxylic and/or carbonyl moiety functional groups.
The absorption peak at about 1229 cm™! corresponds to stretching of epoxy skeletal
vibrations and 1054 cm™ is assigned to the C—O stretching vibrations [Le et al., 2020].
The sharp absorption at 1720 cm™ for GO does not appear in the FTIR spectra of PEGO
and PEGNT indicating the reduction of C-O in GO. These results showed the reduction
of GO, which will result in the better electron mobility by reconstructing a part of
conjugated structure inside graphene oxide with the decrease of oxygen-containing
functional groups, such as epoxide, carboxyl and hydroxyl groups [Spilarewicz-Stanek
et al., 2016]. The N-TiO containing samples showed the broad absorption below 1000
cm’! is attributed to the vibration of Ti-O-Ti. Moreover, peak at 719 cm™ in PEGNT
confirms the presence of a peak due to Ti-O-C bond. The existence of Ti-O-C bonds
indicates that the chemical bonds were firmly built between GO and N-TiO:
nanoparticles [Ida et al., 2020, Nguyen-Phan et al., 2011]. Peaks at 2916 and 2848cm”
"in PEGO, PENT, and PEGNT correspond to CH, asymmetric and symmetric

stretching band respectively.
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Figure 4.74 FTIR spectra of GO, LDPE, PEGO, N-TiO,, PENT and PEGNT.

4.5.1.3 Scanning Electron Microscope Analysis

Graphene oxide has a layered structure. These sheets can be folded or continuous at
times, and the edges of separate sheets, including kinked and wrinkled sections, can be
seen in Figure 4.3(a). In PEGO, GO is covered with LDPE as globules that flare out
randomly. According to the collected images, GO exhibit good dispersion in the LDPE
matrix [Figure 4.75(a)]. The incorporation of N-TiO, with PE for PENT
nanocomposite is shown in Figure 4.75(b). As shown in the magnified image, there
were several small, agglomerated particles on the surface of nanocomposites.
Furthermore, numerous studies have demonstrated that adding GO to N-TiO» produced
a rough and porous surface because of the peculiar 2D structure of GO, likewise the
introduction of N doped TiO> gives rise to coarse and porous surface [Padmanabhan et
al., 2021] as shown in Figure 4.75(c). The kinked and wrinkled surface of GO has been
made porous with incorporation of N-TiOz. N-TiO» particles are decorated on the

surface of PEGO, thereby resulting in a proper surface for photocatalytic activity.
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Figure 4.75 FESEM images of (a) PEGO (b) PENT and (c) PEGNT.

4.5.1.4 Energy Dispersive X-ray Spectroscopy Analysis

The elemental composition of PEGO, PENT and PEGNT nanocomposites is
represented by the EDX spectrum as shown in Figures 4.76 (a), 4.76 (b) and 4.76 (c),
respectively and the quantitative elemental composition is shown in Table 4.15. The
map of PEGO indicated the presence of C and O. Furthermore, the map of PENT and
PEGNT showing the presence of C, O, Ti, and N peaks indicated that plastic-based
nanocomposites were successfully formed without impurities. A distinct distribution of
each element in nanocomposites, indicating that GO and N-TiO> nanoparticles were

well spread or embedded between the PE layers.
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Figure 4.76 EDS mapping of (a) PEGO (b) PENT (c) PEGNT
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Table 4.15 Content of elements in atomic% and weight % of PVGO, PVNT, and PVGNT.

Composite PEGO PENT PEGNT
Elements Atomic % | Weight % | Atomic % Weight % Atomic % Weight %
C 90.88 88.21 35.83 59.66 27.83 44.71
(0] 9.12 11.79 15.90 19.88 26.53 36.21
N - - 0.31 0.44 0.00 0.00
Ti - - 47.96 20.02 45.64 19.08
Total 100.00 100.00 100.00 100.00 100.00 100.00

4.5.1.5 Brunauer-Emmett-Teller Analysis

The nitrogen adsorption/desorption isotherms were used to investigate the porosity and
surface area of the resulting GO/N-TiO> composite materials. The specific surface area
and pore size distribution of PEGO and PEGNT was investigated by N»
adsorption/desorption analysis. The BET surface area, pore volume and pore diameter

of all materials are shown in Table 4.16.

Table 4.16 BET surface area, pore volume and pore diameter of all materials.

Material Surface Area Pore Volume Pore Diameter
(m*/g) (em*/g) (nm)
GO 4.104 0.022 3.648
N-TiO; 92.463 0.218 8.893
PENT 54.752 0.343 1.804
PEGO 267.906 0.342 1.797
PEGNT 88.858 0.111 1.806

4.5.1.6 Thermogravimetric Analysis

The TGA curve for PEGO, PENT and PEGNT nanocomposites involves three steps of
weight loss shown in Figure 4.77. Adsorbed water and solvent molecules evaporated
at the first stage between 27°C to 220°C. At the second stage, which is between 200°C
and 400°C, the loss of oxygen atoms from the labile functional groups (hydroxyl and

carboxyl) in the GO structure. At temperatures around 400 °C, the GO loses more stable
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oxygenated groups like carbonyls on the edge of GO sheets. Finally, in last stage the
destruction of the GO carbon skeleton occurs above 400°C. The incorporation of N-
TiO2 on PE and PEGO for the formation of PENT and PEGNT respectively reduced
the weight loss of these nanocomposites and suggested that the thermal stability of the
composite might be improved by adding N-Ti0O> nanoparticles. This is because the main
weight loss in the TGA curves of these nanocomposites is attributed to the
decomposition of the PE and GO, and the addition of N-TiO; leading to a lower overall
weight loss. Total weight loss of GO, PE, PEGO, PENT, and PEGNT is 96.86%,
98.04%, 92.48%, 46.13%, and 42.74% respectively showing that PEGNT is more
thermally stable as shown in TGA graph. This enhancement in thermal stability results
from strong interactions between N-TiO» particles and the polymer matrix [Khatuaa et

al., 2015].
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Figure 4.77 TGA of GO, PE, PEGO, N-TiO,, PENT, and PEGNT.

4.5.1.7 Photoluminescence Analysis

The emission spectra of pure N-TiO>, PEGO, PENT, and PEGNT are presented in
Figure 4.78. This study demonstrates that adding C of PE matrix to N-TiOz causes the
creation of an acceptor impurity energy level above the valence band. The presence of

C 2p bands in N-TiO; reduces the energy gap between the valence and conduction
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bands. This decrease in the energy gap broadens the absorption spectrum to the visible

light area [Romero Saez et al., 2017].
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Figure 4.78 Photoluminescence emission spectra of N-TiO,, PEGO, PENT, and PEGNT.

4.5.1.8 Optical Bandgap Analysis

There are various ways in the literature for calculating the band gap from absorbance
spectra. Here, band gap (E;) is directly calculated from emission spectra obtained from
photoluminescence measurements [Gilic et al., 2018, Ramprasath et al., 2023]. The
band gap energy E, is related to the wavelength (1) of the emitted light using the

equation:
Eg =hv =hc/A (4.1)

Where, E, is the band gap energy, h is Planck's constant (6.626 x 104 Js), ¢ is the speed
of light 3.0 x 10® m/s, and / is the wavelength of the emitted light.

The calculated band gap values of PEGO, PENT, and PEGNT are given in Table 4.17.
The band gap value for PENT is somewhat less than that of pure N-Ti0O,. The variation
in band gap indicates a synergistic impact between N-TiO; and polyethylene due to
intermolecular interaction [Romero Saez et al., 201 7]. Furthermore, the inclusion of GO

into nanocomposites can result in the production of localized electronic states, mostly
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due to disruptions in the material's electrical structure produced by the presence of GO
and functional groups that reduce the band gap of PEGO and PEGNT [Hurayra—Lizu
etal., 2021].

Table 4.17 Optical band gap values of GO, N-TiO,, PEGO, PENT, and PGNT.

S. No. Material Optical band gap (Eg) (eV)
1. GO 2.2
2. N-TiO2 2.9
3. PEGO 2.81
4. PENT 2.86
5. PEGNT 2.80

4.5.2 Removal Study of MB using Synthesized Materials under different

Conditions

To evaluate the removal efficiency of PEGO, PENT and PEGNT nanocomposites, a
series of experiments were performed under tungsten bulb light and without light under
dark. For the removal of MB using prepared nanocomposites at pH 4, pH 7 and pH 10
have been studied. Furthermore, effect of pH, light source and effect of time is also
discussed. The concentration change in MB and RB were measured at Amax 664nm and

554nm, respectively.

To evaluate the role of adsorption on removal of MB, an adsorption experiment was
conducted using synthesized nanocomposites under dark. Under these experimental
conditions, PEGO, PENT and PEGNT nanocomposites achieved the highest MB
removal of 39.5%, 7.5%, and 95.8% at pH 10 as shown in Figure 4.79(b). PEGNT
achieved the highest removal showing excellent adsorption performance. The PEGNT
nanocomposite exhibit a higher adsorption capacity for MB compared to PEGO
because of synergistic effect of the three components. N-TiO, nanoparticles offer
enhanced adsorption sites [Scrimieri et al., 2020] and potentially photocatalytic
activity, while GO provides a large surface area and n-w interaction sites for MB. The
combination maximizes the interactions with MB molecules, leading to increased

adsorption [Kocijan et al., 2021, Kusiak-Nejman et al., 2020]. The removal of MB

147



Chapter — 4 Results and Discussion

decreased with PENT nanocomposite, which may be due to a decrease in the

accessibility of N-TiO; due to the PE layer [Panchenko et al., 2023].

Moreover, similar experimental conditions were used for photocatalytic study of
removal of MB under tungsten bulb light (Figure 4.79(a)). Under these conditions,
PEGO, PENT and PEGNT nanocomposites shown greater removal of MB than under
dark conditions; PEGNT reached the highest percentage removal of 98.8% under
tungsten light at pH 10. Whereas PEGO and PENT shown percentage removal 96.9%
and 20.6% under similar conditions. It could be said that photocatalytic degradation
would also concurrently occur with adsorption as light interacts with the material. It is
clear from the results that the decomposition of MB increased significantly under TL
irradiation for PEGO and PENT nanocomposites. The mechanism is discussed in

Section 4.5.3.5.
4.5.2.1 Effect of pH on the Removal of MB

The effects of pH on MB removal were investigated at pH levels 4, 7, and 10 as shown
in Figure 4.76(b) showing that as pH increases from 4 to 10, the removal percentage
of MB for PEGO and PEGNT increases. The PZC for PEGO, PENT, and PEGNT is
approximately pH 3.2, 6.2, and 4.2 respectively, indicating that at pH values lower than
this, the surface charge of nanocomposite is positive (pH <PZC) and, the surface charge
turns negative as the pH rises above PZC [Nguyen et al., 2020]. According to the results,
removal efficiency of PEGO and PEGNT for the removal of positively charged MB
increases as pH increases (from 4 to 10) from their corresponding PZC because surfaces
of these nanocomposites become negatively charged above PZC. This indicates that
adsorption is dependent on electrostatic interactions [Chakhtouna et al., 2021]. For
PEGO and PEGNT the adsorption is slightly increased at higher pH values may be due
to the deprotonation of carboxylic groups of graphene oxide that can participate in MB
removal [El-Sharkaway et al., 2020]. The reduced removal of MB when using PENT
nanocomposite is likely due to the PE layer hindering the accessibility of the N-TiO; to
the MB molecules. This could be due to the PE layer physically blocking the active
sites on the N-TiO; or affecting the nanocomposite's overall interactions with MB in

solution [Cazan et al., 2021]. This means the PE layer is acting as a barrier, preventing
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the MB from reaching the active sites on the N-TiO» surface where degradation occurs

[Charitha et al., 2021].
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Figure 4.79 Comparison of % removal MB with PEGO, PENT, and PEGNT under (a) tungsten bulb
light (b) dark; comparison of % removal MB under tungsten bulb light at pH 4 using (c) PEGO +
quenchers isopropyl alcohol, sodium oxalate, and parabenzoquinone (d) PEGNT + quenchers isopropyl

alcohol, sodium oxalate, and parabenzoquinone.

4.5.2.2 Effect of Time on the Removal of MB

Finding the optimum time for complete dye removal is an essential aspect for
subsequent removal processes. Figure 4.80 (c-e) illustrates the effect of contact time
on percentage removal of MB for PEGO, PENT and PEGNT. As is apparent from the
figures approximately 98.8% of MB was removed within 180 min using PEGNT at pH
10 under tungsten bulb light, but for PEGO and PENT after 180 min, the percentage
under removal of MB similar was 96.9% and 20.6%, respectively. After the removal of
MB, the solution turns colourless and real-life image of MB solution in the time interval

of 30-180 min with PEGNT at pH 10 is shown in Figure 4.80(b) and Figure 4.80(a)
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is showing its UV absorption spectra, showing that % removal increases with increase

in reaction time. This is because the catalyst's surface receives more contact time, which

increases removal activity.
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4.5.2.3 Effect of Scavengers

To study the mechanism of the photocatalytic reaction, isopropyl alcohol (IPA), sodium
oxalate (SO), and parabenzoquinone (PBQ) were chosen as scavengers of "OH, h', and
'Oy, respectively. Figure 4.79 (c-d) illustrates that the degradation rates of MB using
PEGO and PEGNT decrease upon the addition of IPA, PBQ, and SO, and the results
indicate that all three reactive radical species (RRS) ‘OH, h*, and ‘O, ", play important

roles in the photocatalytic reaction of MB.
4.5.2.4 Analysis of PE-based Nanocomposites after Removal of MB

The FTIR spectra before and after removal of MB using PEGO and PEGNT are shown
in Figure 4.81 (a) and Figure 4.81 (b), respectively showing the remarkable change
of the intensities of infrared bands with some additional peaks but with no change in
the positions. The changes in the intensities of FTIR spectra confirmed that the process
involved inclusion of methylene blue with functional groups of PEGO and PEGNT
[Ainane et al., 2014]

The spectral analysis before and after MB adsorption revealed that -OH groups and
C=0 stretching was involved in MB adsorption. Carboxyl and hydroxyl groups could
induce a negative charge on the surface of the sorbent which could attract positively
charged MB. The wavenumber in the range of 3780-3510 cm™ is the -NH/~OH
overlapped stretching vibration associated with MB seen is both PEGO and PEGNT.
The absorption bands at 2914 and 2845 cm™! in the PEGO spectra have intensified after
MB adsorption. This could be associated with the C—H stretching vibration involved in
MB adsorption [Zazouli et al., 2016]. After the removal of MB photocatalyst showed
most of the characteristic absorption peaks associated with MB such as side ring
stretching of C=C at 1500 cm ™! to 1400 cm™!, CH=N at 1600 cm™!, the -CH; or —CHj3
stretching at 1400 cm ™! to 1300 cm ™!, the -C—N and N-N stretching absorption peaks
at 1252 cm™! and 1224 cm™, C-H at 1176 cm™!, C-N at 1146 cm™!, C-S—-C at
1064 cm™!' and C—H out of plane bending vibrations of ring at 881 cm ™! and 824 cm™!
are visible in FTIR spectra of PEGO and PEGNT [Alshehri et al., 2019].
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(a) —— PEGO (after MB removal) (b) —— PEGNT (after MB removal)
—— PEGO (before) —— PEGNT (before)
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Figure 4.81 FTIR spectra of removal of MB before and after reaction (a) PEGO (b) PEGNT.

4.5.3 Removal Study of RB using Synthesized Materials under different

Conditions

To evaluate the removal efficiency of PEGO, PENT and PEGNT nanocomposites, a
series of experiments were performed under tungsten bulb light and without light under
dark. For the removal of RB using prepared nanocomposites at pH 4, pH 7 and pH 10
have been studied. Furthermore, effect of pH, light source and effect of time is also
discussed. The concentration change in MB and RB were measured at Amax 664nm and

554nm, respectively.

To evaluate the role of adsorption on removal of RB, an adsorption experiment was
conducted using synthesized nanocomposites under dark. Under these experimental
conditions, PEGO, PENT and PEGNT nanocomposites achieved the highest RB
removal of 28.5%, 0.5%, and 74.2% as shown in Figure 4.82(b). PEGNT achieved the
highest RB removal showing excellent adsorption performance. The PEGNT
nanocomposite exhibit a higher adsorption capacity for RB compared to PEGO because
of synergistic effect of the three components. The addition of N-TiO; to the PEGO
composite provides more active sites for RB molecules to attach [Scrimieri et al., 2020]
and potentially photocatalytic activity, while GO provides a large surface area and n-nt
interaction sites for RB. The combination maximizes the interactions with RB
molecules, leading to increased adsorption [Kocijan et al., 2021, Kusiak-Nejman et al.,

2020]. The removal of RB is almost negligible with PENT nanocomposite, which may
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be due to a decrease in the accessibility of N-TiO; due to the PE matrix [Panchenko et

al., 2023].

Moreover, similar experimental conditions were used for photocatalytic study of
removal of RB under tungsten bulb light (Figure 4.82(a)). Under these conditions,
PEGO, PENT and PEGNT nanocomposites shown greater removal of RB than under
dark conditions; PEGNT reached the highest percentage removal of 84.9% under
tungsten light at pH 4. Whereas PEGO and PENT shown percentage removal 75.4%
and 1.1% under similar conditions. It could be said that photocatalytic degradation
would also concurrently occur with adsorption as light interacts with the material. It is
clear from the results that the decomposition of RB increased significantly under TL
irradiation for PEGO and PENT nanocomposites. The mechanism is discussed in

Section 4.5.3.5
4.5.3.1 Effect of pH on the Removal of RB

The effects of pH on RB removal were investigated at pH levels 4, 7, and 10 as shown
in Figures 4.86(b) showing the variation in removal percentage of RB for as pH
increases from 4 to 10 for PEGO, PENT and PEGNT. The PZC for PEGO, PENT, and
PEGNT is approximately pH 3.2, 6.2, and 4.2 respectively, indicating that at pH values
lower than this, the surface charge of nanocomposite is positive (pH < PZC) and, the
surface charge turns negative as the pH rises above PZC [Nguyen et al., 2020]. The
removal efficiency of PEGO, PENT and PEGNT for the removal of positively charged
RB is expected to be increased as pH increases (from 4 to 10) from their corresponding
PZC because surfaces of these nanocomposites become negatively charged above PZC
and indicates that adsorption is dependent on electrostatic interactions [ Chakhtouna et
al., 2021]. But according to the results, an increase in pH of solution from 4 to 10 does
not change much in the percentage removal of RB using the PEGO. A small decrease
in the percentage removal was observed from 4 to 10 using PEGNT. The electrostatic
interaction between the RB molecules and PEGNT is responsible for the high removal
efficiency and low pH. On the one hand, the acidic oxygen groups on the PEGNT
surface deprotonate and become negatively charged as the pH of the solution rises
above PZC. In contrast, RB is found as cations and zwitterions in polar solvents. The

carboxyl group of the RB undergoes deprotonation when the pH of the solution rises
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beyond 3.7 (the pKa of RB), causing the cationic form to change into a zwitterionic
form. This resulted in electrostatic repulsion between RB and negatively charged
PEGNT. However, the overall variation in removal efficiency is lower. It is believed
that the electrostatic effect does not dominate the adsorption process [Xiao et al., 2020].
The reduced removal of RB when using PENT nanocomposite is likely due to the PE
layer hindering the accessibility of the N-TiO; to the RB molecules. This could be due
to the PE layer physically blocking the active sites on the N-TiO: or affecting the
nanocomposite's overall interactions with RB in solution [Cazan et al., 2021]. This
means the PE layer is acting as a barrier, preventing the RB from reaching the active

sites on the N-TiO; surface where degradation occurs [Charitha et al., 2021].
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Figure 4.82 Comparison of % removal RB with PEGO, PENT, and PEGNT under (a) tungsten bulb light
(b) dark; comparison of % removal RB under tungsten bulb light at pH 4 using (c) PEGO + quenchers
isopropyl alcohol, sodium oxalate, and parabenzoquinone (d) PEGNT + quenchers isopropyl alcohol,

sodium oxalate, and parabenzoquinone.
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4.5.3.2 Effect of Time on the Removal of RB

Figure 4.83 (c-e) illustrates the effect of contact time on percentage removal of RB for
PEGO, PENT and PEGNT. As is apparent from the figures approximately 84.9% of
RB was removed within 180 min using PEGNT at pH 4 under tungsten bulb light, but
for PEGO and PENT after 180 min, the percentage under removal of RB similar was
75.4% and 1.1%, respectively. After the removal of RB, the solution turns colourless
and real-life image of RB solution in the time interval of 30—180 min with PEGNT at
pH 4 is shown in Figure 4.83(b) and Figure 4.83(a) is showing its UV absorption
spectra, showing that % removal increases with increase in reaction time. This is
because the catalyst's surface receives more contact time, which increases removal

activity.
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Figure 4.83 (a) UV absorption spectra of RB removal with PEGNT at pH 4 (b) real-life image of RB
solution in the time interval of 30—180 min at pH 4; RB removal from water treated over a 30- to 180-

minute time period under TL and dark with (c) PEGO (d) PENT (e) PEGNT.
4.5.3.3 Effect of Scavengers

To study the mechanism of the photocatalytic reaction, isopropyl alcohol (IPA), sodium
oxalate (SO), and parabenzoquinone (PBQ) were chosen as scavengers of ‘OH, h*, and
‘O27, respectively. Figure 4.82 (c-d) illustrates that the degradation rates of RB using
PEGO and PEGNT decrease upon the addition of IPA, PBQ, and SO, and the results
indicate that all three reactive radical species (RRS) “OH, h", and "0, play important

roles in the photocatalytic reaction of RB.
4.5.3.4 Analysis of PE-based Nanocomposites after Removal of RB

The FTIR spectra before and after removal of RB using PEGO and PEGNT are shown
in Figure 4.83 (a) and Figure 4.83 (b), respectively showing the remarkable change
of the intensities of infrared bands of PEGO. Furthermore, FTIR spectra of both PEGO
and PEGNT show some additional peaks, and PEGNT shows a change in the positions
of a few peaks. Shifts in these peaks and the appearance of new peaks can indicate
interactions of RB with PEGO and PEGNT after adsorption or degradation [Ainane et
al., 2014].

The spectral analysis before and after RB adsorption revealed that -OH groups and
C=0 stretching was involved in RB adsorption. The wavenumber in the range of 3780—

3510 cm! is the -NH/—OH overlapped stretching vibration associated with RB seen is

156



Chapter — 4 Results and Discussion

both PEGO and PEGNT. The absorption bands at 2914 and 2845 cm™ in the PEGO
spectra have intensified after RB adsorption. This could be associated with the C—H
stretching vibration involved in RB adsorption [Zazouli et al., 2016]. After the removal
of RB photocatalyst most of the characteristic absorption peaks associated with RB
such as aromatic C=C stretching (1450-1600 cm™"), aromatic C-H bending (1000-1253
cm™'), and C=0 stretching (around 1630 cm™). Additionally, peaks associated with C-
H stretching in CH: groups are observed at 2850 and 2935 cm™ and the presence —COO
group in RB symmetric and asymmetric stretching vibrations at 1405 and 1580 cm™!

[Pang et al., 2012].

According to FTIR spectra, the peak of PEGNT at 3281 cm!, which corresponds to the
stretching vibration of O-H for hydroxyl groups, shifted slightly to 3624 cm™ after the
RB removal experiment, indicating the presence of hydrogen bonding between PEGNT
and RB molecules. Furthermore, the peak at 1624 cm™', which corresponds to the
stretching vibration of C=C groups in the aromatic ring, shifted to 1579 cm™' after

removal, possibly due to the n-m interactions.
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Figure 4.84 FTIR spectra of removal of RB before and after reaction (a) PEGO (b) PEGNT.

4.5.3.5 Mechanism of MB and RB Removal using Synthesized PE based

Nanocomposites

For PEGO, the combination of PE and GO can lead to synergistic effects. For instance,
the PE matrix can provide a flexible and mechanically robust support for the GO and
any other photocatalytic material incorporated in the composite, while GO can enhance

the light absorption and charge separation within the composite. Light interacts with a
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solution containing MB and RB molecules and PEGO nanocomposite as
photocatalysts, producing photoexcited electrons and holes due to a m-n* excitation in
the m-conjugated sp’> domains of GO. These photogenerated electrons and holes
combined with oxygen and water molecules to form reactive oxygen species (ROS).
ROS eventually degraded MB and RB molecules, producing CO> and H,O. GO behaves
as a semiconductor, electrons in the VB are jumped into the CB due to light absorption.
The photogenerated electrons and holes in CB and VB produce ROS, which then
participate in photochemical degradation of MB as shown in following equations

[Prakash et al., 2022].
GO +hv— GO (h") + GO (¢)

GO (¢") + 02— GO + 0y
GO (h*) + H,0/0OH" — GO+ "OH

‘O2"+ dye — CO2+ H20
‘OH + dye — CO2+ H20

In case of PEGNT, photogenerated carriers (electrons and holes) form on the surface of
N-TiO2 photocatalysts when exposed to sufficient light. Photogenerated electrons (e")
are produced when light energy excites electrons from the valence band to the
conduction band and photogenerated holes (h") with oxidative properties were created
in the valence band. The photogenerated electrons can be moved from N-TiO2 to GO
due to the excellent conduction property of GO [Si et al., 2017]. By storing and
transmitting electrons, GO can enhance the migration and separation of electrons
produced by N-TiO», prevent carrier combination, and boost photocatalytic activity.
When H>O and O; are adsorbed on N-TiO» and GO surfaces during photocatalysis, ‘OH
and ‘O are produced [Linsebigler et al., 1995, Zan et al., 2006]. The PVC molecular
chain was attacked by "O> and "OH, resulting in degradation of MB. Furthermore, the
holes combine with water molecule to produce hydroxyl radicals (‘OH), which can
degrade the dye into water and CO.. The following are the reaction equations involved

in the process:
N-TiO; + hv — N-TiO; (¢ + h")
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N-TiOz (¢) +GO— GO (¢") + N-TiO;
GO () + 02— GO +°0y"
N-TiO, (h*) + H,0 — "OH + H*
‘Oz +dye — CO2+ H20
‘OH + dye — CO2+ H20

Photodegradation scavenger tests in PEGO and PEGNT revealed the superoxide
radicals to be the primary reactive species responsible for the efficient degradation of
dye. Also, in some cases, the low percentage decreases in photodegradation upon
adding scavengers shown in Figure 4.79 (c-d) imply that another pathway for MB
degradation particular scenario [Prakash et al., 2023]. In the absence of significant
reactive oxygen species (ROS) involvement in dye degradation, other mechanisms like
direct photolysis or reactions with photogenerated species (e.g., electrons) can become
dominant. Direct photolysis involves dye molecules directly absorbing light and

breaking down [Pingmuang et al., 2017].
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4.6 POLYVINYL CHLORIDE BASED NANOCOMPOSITES FOR
REMOVAL OF METHYLENE BLUE AND RHODAMINE B FROM
WATER

In this section, characterization of PVC/GO (PVGO), PVC/ N-TiO2 (PVNT) and
PVC/GO/N-TiO2 (PVGNT) and the removal study of MB and RB using the synthesized
materials are explained. Furthermore, analysis of material after the MB and RB removal

experiment is discussed.

4.6.1 Characterization of PVC/GO (PVG), PVC/ N-TiO2 (PVNT) and PVC/GO/N-
TiO2 (PVGNT)

4.6.1.1 X-Ray Diffraction Analysis

X-Ray diffraction pattern of the as-obtained polyethylene-based nanocomposites are

shown in Figure 4.85.
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Figure 4.85 X-ray diffraction pattern of PVC, GO, PVGO, N-TiO, PVNT and PVGNT.

The inter-sheet spacing of GO sheets is related to the diffraction peak (001) at around
11.2°. Pure PVC is indicated through a broad peak in the region of 15-30° [Abdel-
Baset et al., 2016]. PVGO nanocomposites and PVC only differed in their XRD
patterns by a broad, marginally strong diffraction peak at 11.2° indicates presence of

the GO particles. After incorporation of N-TiO> anatase into the PVC matrix, the

160



Chapter — 4 Results and Discussion

characteristic X-ray diffraction peaks of PVC and N-TiO» anatase appear in the
diffractogram of the PVNT anatase nanocomposite.

The pure tetragonal anatase phase of N-TiO, nanoparticles was validated by diffraction
peaks for these particles at 20 =25.3°,37.8°, 48.0°, 53.9°, 55.0°, 62.7°, 70.2°, and 75.2°,
which may be indexed to the (101), (004), (200), (105), (211), (204), (220), and (215),
orientation planes, respectively. Nearly all diffraction peaks in the PVNT and PVGNT
nanocomposite correspond to anatase N-TiO> nanoparticles. However, the reduced GO
intensity in PVGNT nanocomposite at 11.41° denotes the disruption of the usual GO
stack by the intercalation of N-TiO2 nanoparticles.

4.6.1.2 Functional group Analysis

Figure 4.86 shows the FTIR spectrum of GO, PVC, PVGO, N-TiO,, PVNT, and
PVGNT nanocomposites. For PVC, there are some characteristic peaks: peak at 2971
cm ! of CH; stretching vibrations, CH-Cl out of plane angular deformation at 1225 cm’
!, C-H out of plane trans deformation at 976 cm™', and C-CI bond stretching at 830 cm
Y [Mallakpour et al., 2017]. The FTIR spectrum of GO shows the presence of various
peaks corresponding to oxygen-containing functional groups. It is seen that the broad
absorption band at 2900-3500 cm™ could be assigned to the O-H group stretching
vibrations of carboxylic group. The absorption peak at 1730 cm™ and 1633 cm™! can be
assigned to C=0 stretching of carboxylic and/or carbonyl moiety functional groups.
The absorption peak at about 1229 cm™! corresponds to stretching of epoxy skeletal
vibrations and 1054 cm™! is assigned to the C—O stretching vibrations [Le et al., 2020)].
The FTIR spectra of PVGO and PVGNT indicating presence of all the characteristic
peaks of GO and PVC. The N-TiO> containing samples showed the broad absorption
below 1000 cm! is attributed to the vibration of Ti-O-Ti. Moreover, peak at 747 cm’!
in PVGNT confirms the presence of a peak due to Ti-O-C bond. The existence of Ti-
O-C bonds indicates that the chemical bonds were firmly built between GO and N-TiO»
nanoparticles [Ida et al., 2020, Nguyen-Phan et al., 2011]. Peaks at 2916 cm™' and 2848
cm! in PVGO, PVNT, and PVGNT correspond to CH> asymmetric and symmetric

stretching band respectively.
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Figure 4.86 FTIR spectra of GO, PVC, PVGO, N-TiO,, PVNT, and PVGNT.

4.6.1.3 Scanning Electron Microscope Analysis

In PVGO, GO is covered with PVC as globules that flare out randomly. According to
the collected images, GO exhibit good dispersion in the PVC matrix [Figure 4.87(a)].
The incorporation of N-TiO; with PVC for PVNT nanocomposites is shown in Figure
4.87(b). As shown in the magnified image, there were several small, agglomerated
particles on the surface of nanocomposites. Addition of GO to N-TiO; produced a rough
and porous surface because of the peculiar 2D structure of GO, likewise the
introduction of N-TiO; gives rise to coarse and porous surface [Padmanabhan et al.,
2021] as shown in Figure 4.75(c). The kinked and wrinkled surface of GO has been
made porous with incorporation of N-TiO;. N-TiO» particles are decorated on the

surface of PVGO, thereby resulting in a proper surface for photocatalytic activity.
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Figure 4.87 FESEM images of (a) PVGO, (b) PVNT, and (¢) PVGNT.
4.6.1.4 Energy-Dispersive X-ray Spectroscopy Analysis

The elemental composition of PVGO, PVNT and PVGNT nanocomposites is
represented by the EDX spectrum as shown in Figures 4.88(a), 4.88(b) and 4.88(c),
respectively and the quantitative elemental composition is shown in Table 4.18. The
map of PVGO indicated the presence of C, Cl and O. Furthermore, the map of PVNT
and PVGNT showing the presence of C, O, Ti, N and Cl peaks indicated that
nanocomposites were successfully formed without impurities. A distinct distribution of
each element in nanocomposites, indicating that GO and N-TiO; nanoparticles were

well spread or embedded between the PVC layers.
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Figure 4.88 EDS mapping of (a) PVGO (b) PVNT (¢) PVGT.

Table 4.18 Content of elements in atomic% and weight % of PVGO, PVNT, and PVGT.

Composiﬁe PVGO PVNT PVGNT

Elementsy, | Atomic % | Weight% | Atomic % | Weight% | Atomic % Weight %
C 70.27 83.42 29.23 46.00 21.95 39.56
o 9.44 8.41 29.67 35.06 27.42 37.10
N - - 2.24 3.03 0.00 0.00
Ti - - 34.61 13.66 47.79 21.60
Cl 20.29 8.16 4.24 2.26 2.84 1.74

Total 100.00 100.00 100.00 100.00 100.00 100.00

4.6.1.5 Thermogravimetric Analysis

Weight loss in PVC began at around 220 °C due to moisture and volatile contaminants.
The second weight loss began at 240 °C and ended at 370 °C. The second weight loss
could be attributed to thermal degradation of PVC. At this point, dehydrochlorination
takes place, followed by the formation of conjugated polyenes. The third weight loss
started at 400 °C and finished at 520 °C. The third stage involves the scission of polyene
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sequences in various types of methods, including cracking, crosslinking, and
aromatization, which produced a diverse spectrum of hydrocarbons such as benzene,
toluene, and xylene [4bdel-Baset et al., 2016]. Furthermore, the TGA curve for PVGO,
PVNT and PVGNT nanocomposites involves three steps of weight loss shown in
Figure 4.89. Adsorbed water and solvent molecules evaporated at the first stage
between 27°C to 220°C. At the second stage, which is between 200°C and 400°C, the
loss of oxygen atoms from the labile functional groups (hydroxyl and carboxyl) in the
GO structure. At temperatures around 400 °C, the GO loses more stable oxygenated
groups like carbonyls on the edge of GO sheets. Finally, in last stage the destruction of
the GO carbon skeleton occurs above 400°C. The incorporation of N-TiO, on PVC and
PVGO for the formation of PVNT and PVGNT respectively reduced the weight loss of
these nanocomposites and suggested that the thermal stability of the composite might
be improved by adding N-TiOz nanoparticles. This is because the main weight loss in
the TGA curves of these plastic-based nanocomposites is attributed to the
decomposition of the PVC and GO, and the addition of N-TiO leading to a lower
overall weight loss. Total weight loss of GO, PVC, PVGO, PVNT, and PVGNT is
96.86%, 98.03%, 86.1%, 78.8%, and 31% respectively showing that PVGNT is more
thermally stable as shown in TGA graph. This enhancement in thermal stability results

from strong interactions between N-TiO; particles and the polymer matrix [Khatuaa et

al., 2015].
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Figure 4.89 TGA of GO, PVC, PVGO, N-TiO,, PVNT, and PVGNT.
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4.6.1.6 Photoluminescence Analysis

The emission spectra of pure N-TiO2, PVGO, PENT, and PVGNT are presented in
Figure 4.90. This study demonstrates that adding C of PVC matrix to N-TiO; causes
the creation of an acceptor impurity energy level above the valence band. The presence
of C 2p bands in N-TiO reduces the energy gap between the valence and conduction
bands. This decrease in the energy gap broadens the absorption spectrum to the visible
light area [Romero Saez et al., 2017]. The presence of GO and N-TiO; in the PVC
matrix can modify the PL spectra due to charge transfer and altered recombination
dynamics. Specifically, GO can act as an electron trap, potentially reducing PL intensity
and enhancing photocatalytic activity by delaying electron-hole recombination [ Kumar

et al., 2023).
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Figure 4.90 Photoluminescence emission spectra of N-TiO,, PVGO, PVNT, and PVGNT.

4.6.1.7 Optical Bandgap Analysis

There are various ways in the literature for calculating the band gap from absorbance
spectra. Here, band gap (E;) is directly calculated from emission spectra obtained from
photoluminescence measurements [Gilic et al., 2018, Ramprasath et al., 2023]. The
band gap energy E; is related to the wavelength (1) of the emitted light using the
Equation 4.1
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The calculated band gap values of PVGO, PVNT, and PVGNT are given in Table 4.19. The
band gap value for PVNT is somewhat less than that of pure N-TiO,. The variation in
band gap indicates a synergistic impact between N-TiO2 and PVC due to intermolecular
interaction [Romero Saez et al, 2017]. Furthermore, the inclusion of GO into
nanocomposites can result in the production of localized electronic states, mostly due
to disruptions in the material's electrical structure produced by the presence of GO and
functional groups that reduce the band gap of PVGO and PVGNT [Hurayra—Lizu et al.,
2021].

Table 4.19 Optical band gap values of GO, N-TiO,, PVGO, PVNT, and PVGNT.

S. No. Material Optical band gap (Eg) (eV)
1. GO 2.2
2. N-TiO2 2.9
3. PVGO 2.80
4. PVNT 2.9
5. PVGNT 2.82

4.6.2 Removal study of MB using Synthesized Materials under different

Conditions

To evaluate the removal efficiency of PVGO, PVNT and PVGNT nanocomposites, a
series of experiments were performed under tungsten bulb light and without light under
dark. For the removal of MB using prepared nanocomposites at pH 4, pH 7 and pH 10
have been studied. Furthermore, effect of pH, light source and effect of time is also
discussed. The concentration change in MB and RB were measured at Amax 664nm and

554nm, respectively.

To evaluate the role of adsorption on removal of MB, an adsorption experiment was
conducted using synthesized nanocomposites under dark. Under these experimental
conditions, PVGO, PVNT and PVGNT nanocomposites achieved the highest MB
removal of 26.1%, 13.8%, and 98.9% as shown in Figure 4.91(b). PVGNT achieved
the highest PS-NPs removal showing excellent adsorption performance. The PVGNT
nanocomposites exhibit a higher adsorption capacity for MB compared to PVGO
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because of synergistic effect of the three components. N-TiO, nanoparticles offer
enhanced adsorption sites [Scrimieri et al., 2020] and potentially photocatalytic
activity, while GO provides a large surface area and n-n interaction sites for MB. The
combination maximizes the interactions with MB molecules, leading to increased
adsorption [Kocijan et al., 2021, Kusiak-Nejman et al., 2020]. The removal of MB
decreased with PVNT nanocomposites, which may be due to a decrease in the

accessibility of N-TiO; due to the PVC layer [Panchenko et al., 2023].

Moreover, similar experimental conditions were used for photocatalytic study of
removal of MB under tungsten bulb light (Figure 4.91(a)). Under these conditions,
PVGO, PVNT and PVGNT nanocomposites shown greater removal of MB than under
dark conditions; PVGNT reached the highest percentage removal of 99.5% under
tungsten light at pH 10. Whereas PVGO and PVNT shown percentage removal 97.4%
and 30.5% under similar conditions. It could be said that photocatalytic degradation
would also concurrently occur with adsorption as light interacts with the material. It is
clear from the results that the decomposition of MB increased significantly under TL
irradiation for PVGO and PVNT nanocomposites. The mechanism is discussed in

Section 4.5.3.5
4.6.2.1 Effect of pH on the Removal of MB

The effects of pH on MB removal were investigated at pH levels 4, 7, and 10 as shown
in Figure 4.91(b) showing that as pH increases from 4 to 10, the removal percentage
of MB for PVGO and PVGNT increases. The PZC for PVGO, PVNT, and PVGNT is
approximately pH 3.5, 6.1, and 4.1 respectively, indicating that at pH values lower than
this, the surface charge of nanocomposite is positive (pH < PZC) and, the surface charge
turns negative as the pH rises above PZC [Nguyen et al., 2020]. According to the results,
removal efficiency of PVGO and PVGNT for the removal of positively charged MB
increases as pH increases (from 4 to 10) from their corresponding PZC because surfaces
of these nanocomposites become negatively charged above PZC. This indicates that
adsorption is dependent on electrostatic interactions [Chakhtouna et al., 2021]. For
PVGO and PVGNT the adsorption is slightly increased at higher pH values may be due
to the deprotonation of carboxylic groups of graphene oxide that can participate in MB

removal [El-Sharkaway et al., 2020]. The reduced removal of methylene blue MB when
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using PVNT nanocomposite is likely due to the PVC layer hindering the accessibility
of the N-TiO> to the MB molecules. This could be due to the PVC layer physically
blocking the active sites on the N-TiO; or affecting the nanocomposite's overall
interactions with MB in solution [Cazan et al., 2021]. This means the PVC layer is
acting as a barrier, preventing the MB from reaching the active sites on the N-TiO»

surface where degradation occurs [Charitha et al., 2021].
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Figure 4.91 Comparison of % removal MB with PVGO, PVNT, and PVGNT under (a) tungsten bulb
light (b) dark; comparison of % removal MB under tungsten bulb light at pH 4 using (c) PVGO +
quenchers isopropyl alcohol, sodium oxalate, and parabenzoquinone (d) PVGNT + quenchers isopropyl

alcohol, sodium oxalate, and parabenzoquinone.

4.6.2.2 Effect of Time on the Removal of MB

Figures 4.92(c-e) illustrate the effect of contact time on percentage removal of MB for
PVGO, PVNT and PVGNT. As is apparent from the figures approximately 99.5% of

MB was removed within 180 min using PEGNT at pH 10 under tungsten bulb light, but
for PVGO and PVNT after 180 min, the percentage under removal of MB similar was
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97.4% and 30.5%, respectively. After the removal of MB, the solution turns colourless
and real-life image of MB solution in the time interval of 30—180 min with PVGNT at
pH 10 is shown in Figure 4.92(b) and Figure 4.92(a) is showing its UV absorption
spectra, showing that % removal increases with increase in reaction time. This is
because the catalyst's surface receives more contact time, which increases removal

activity.
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Figure 4.92 (a) UV absorption spectra of MB removal with PVGNT at pH 10 (b) real-life image of MB
solution in the time interval of 30—180 min at pH 10; MB removal from water treated over a 30 to 180-

minute time period under TL and dark with (¢) PVGO (d) PVNT (e) PVGNT.

4.6.2.3 Effect of Scavengers

To study the mechanism of the photocatalytic reaction, isopropyl alcohol (IPA), sodium
oxalate (SO), and parabenzoquinone (PBQ) were chosen as scavengers of "OH, h', and
'Oy, respectively. Figure 4.91 (c-d) illustrates that the degradation rates of MB using
PEGO and PVGNT decrease upon the addition of IPA, PBQ, and SO, and the results
indicate that all three reactive radical species (RRS) ‘OH, h*, and ‘O,", play important

roles in the photocatalytic reaction of MB.
4.6.2.4 Analysis of PVC-based Nanocomposites After Removal of MB

The FTIR spectra before and after removal of MB using PVGO, PVNT and PVGNT
are shown in Figure 4.93 (a), Figure 4.93 (b) and Figure 4.93 (c), respectively
showing the remarkable change of the intensities of infrared bands of PVGO.
Furthermore, FTIR spectra of both PVGO and PVGNT show some additional peaks,
and PVGNT shows a change in the positions of a few peaks. Shifts in these peaks and
the appearance of new peaks can indicate interactions of MB with PVGO and PVGNT
after adsorption or degradation [4inane et al., 2014].
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Figure 4.93 FTIR spectra of removal of MB before and after reaction with and without light with (a)
PVGO (b) PVNT (c) PVGNT.

4.6.3 Removal Study of RB using Synthesized Materials under different

Conditions

To evaluate the removal efficiency of PVGO, PVNT and PVGNT nanocomposites, a
series of experiments were performed under tungsten bulb light and without light under
dark. For the removal of RB using prepared nanocomposites at pH 4, pH 7 and pH 10
have been studied. Furthermore, effect of pH, light source and effect of time is also
discussed. The concentration change in MB and RB were measured at Amax 664nm and

554nm, respectively.

To evaluate the role of adsorption on removal of RB, an adsorption experiment was
conducted using synthesized nanocomposites under dark. Under these experimental
conditions, PVGO, PVNT and PVGNT nanocomposites achieved the highest RB
removal of 1.4%, 0.9%, and 57.3% as shown in Figure 4.94(b). PVGNT achieved the
highest RB removal showing excellent adsorption performance. The PVGNT
nanocomposite exhibit a higher adsorption capacity for RB compared to PVGO because
of synergistic effect of the three components. The addition of N-TiO2 to the PVGO
composite provides more active sites for RB molecules to attach [Scrimieri et al., 2020]
and potentially photocatalytic activity, while GO provides a large surface area and n-nt
interaction sites for RB. The combination maximizes the interactions with RB

molecules, leading to increased adsorption [Kocijan et al., 2021, Kusiak-Nejman et al.,
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2020]. The removal of RB is almost negligible with PVNT nanocomposite, which may
be due to a decrease in the accessibility of N-TiO> due to the PVC matrix [Panchenko
etal., 2023].

Moreover, similar experimental conditions were used for photocatalytic study of
removal of RB under tungsten bulb light (Figure 4.94a)). Under these conditions,
PVGO, PVNT and PVGNT nanocomposites shown greater removal of MB than under
dark conditions; PVGNT reached the highest percentage removal of 95.2% under
tungsten light at pH 4. Whereas PVGO and PVNT shown percentage removal 90.9%
and 23.2% under similar conditions. It could be said that photocatalytic degradation
would also concurrently occur with adsorption as light interacts with the material. It is
clear from the results that the decomposition of RB increased significantly under TL
irradiation for PVGO and PVNT nanocomposites. The mechanism is discussed in

Section 4.5.3.5
4.6.3.1 Effect of pH on the Removal of RB

The PZC for PVGO, PVNT, and PVGNT is approximately pH 3.5, 6.1, and 4.1
respectively, indicating that at pH values lower than this, the surface charge of
nanocomposite is positive (pH < PZC) and, the surface charge turns negative as the pH
rises above PZC [Nguyen et al., 2020]. According to the results (Figures 4.94(a)
4.94(b)), PVGO composite might show limited adsorption of RB dye at all pH, but its
ability to enhance charge separation and transfer result in a significant increase in
photocatalytic degradation efficiency [Prakash et al., 2023]. Furthermore, removal
efficiency of PVGNT for the removal of positively charged RB is more at pH 4 because
surfaces of these nanocomposites become negatively charged above PZC. This
indicates that adsorption is dependent on electrostatic interactions [ Chakhtouna et al.,
2021]. But a small decrease in the percentage removal was observed from 4 to 10 using
PVGNT. The electrostatic interaction between the RB molecules and PEGNT is
responsible for the high removal efficiency and low pH. On the one hand, the acidic
oxygen groups on the PVGNT surface deprotonate and become negatively charged as
the pH of the solution rises above PZC. In contrast, RB is found as cations and
zwitterions in polar solvents. The carboxyl group of the RB undergoes deprotonation

when the pH of the solution rises beyond 3.7 (the pKa of RB), causing the cationic form
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to change into a zwitterionic form. Moreover, at higher pH, the interaction between
zwitterionic forms (electrostatic interaction between carboxyl and xanthene groups of
monomers) of RB in water creates larger molecules. Due to this, the entry of aggregated
zwitterionic form of RB into the adsorbent pores is impeded; consequently, the
adsorption of RB is decreased [Xiao et al., 2020, Meena et al., 2024]. The reduced
removal of RB when using PVNT nanocomposite is likely due to the PE layer hindering
the accessibility of the N-TiO; to the RB molecules. This could be due to the PVC layer
physically blocking the active sites on the N-TiO; or affecting the nanocomposite's
overall interactions with RB in solution [Cazan et al., 2021]. This means the PVC layer
is acting as a barrier, preventing the RB from reaching the active sites on the N-TiO:

surface where degradation occurs [Charitha et al., 2021].
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Figure 4.94 Comparison of % removal RB with PVGO, PVNT, and PVGNT under (a) tungsten bulb
light (b) dark; comparison of % removal RB under tungsten bulb light at pH 4 using (c) PVGO +
quenchers isopropyl alcohol, sodium oxalate, and parabenzoquinone (d) PVGNT + quenchers isopropyl

alcohol, sodium oxalate, and parabenzoquinone.
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4.6.3.2 Effect of Time on the Removal of RB

Figure 4.95 (c-e) illustrates the effect of contact time on percentage removal of RB for
PVGO, PVNT and PVGNT. As is apparent from the figures approximately 95.2% of
RB was removed within 180 min using PVGNT at pH 4 under tungsten bulb light, but
for PVGO and PVNT after 180 min, the percentage under removal of RB similar was
90.9% and 23.2%, respectively. After the removal of RB, the solution turns colourless
and real-life image of RB solution in the time interval of 30—180 min with PVGNT at
pH 4 is shown in Figure 4.95(b) and Figure 4.95(a) is showing its UV absorption
spectra, showing that % removal increases with increase in reaction time. This is

because the catalyst's surface receives more contact time, which increases removal

activity.
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Figure 4.95 (a) UV absorption spectra of RB removal with PVGNT at pH 4 (b) real-life image of RB
solution in the time interval of 30—180min at pH 4; RB removal from water treated over a 30- to 180-

minute time period under TL and dark with (¢) PVGO (d) PVNT (e) PVGNT.

4.6.3.3 Effect of Scavengers

To study the mechanism of the photocatalytic reaction, isopropyl alcohol (IPA), sodium
oxalate (SO), and parabenzoquinone (PBQ) were chosen as scavengers of ‘OH, h*, and
'Oy, respectively. Figure 4.94 (c-d) illustrates that the degradation rates of RB using
PVGO and PVGNT decrease upon the addition of IPA, PBQ, and SO, and the results
indicate that all three reactive radical species (RRS) “OH, h", and "0, play important

roles in the photocatalytic reaction of RB.
4.6.3.4 Analysis of PVC-based Nanocomposites After Removal of RB

The FTIR spectra before and after removal of RB using PVGO, PVNT and PVGNT are
shown in Figure 4.96 (a), Figure 4.96 (b) and Figure 4.96 (c), respectively showing
the remarkable change of the intensities of infrared bands of PVGO. Furthermore, FTIR
spectra of both PVGO and PVGNT show some additional peaks, and PVGNT shows a
change in the positions of a few peaks. Shifts in these peaks and the appearance of new
peaks can indicate interactions of RB with PVGO and PVGNT after adsorption or
degradation [Ainane et al., 2014].
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Figure 4.96 FTIR spectra of removal of RB before and after reaction with and without light with (a)
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4.6.3.5 Mechanism of MB and RB Removal using Synthesized PVC based

Nanocomposites

The mechanism is discussed in Section 4.5.3.5.
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5.1 Summary and Conclusion

The research work on preparation of three different nitrogen doped metal oxides were
successfully synthesized via sol-gel method and were named as N-TiO2, N-SnO, and
N-ZrO». Furthermore, carbonaceous materials (graphene oxide and corncob based
activated carbon) and nitrogen doped metal oxides-based nanocomposite materials in
varying weight ratios of carbonaceous materials: metal oxide (1:3, 1:1, 3:1) such as
GO/N-TiO2 (GT13, GT11, GT31), CCAC/N-TiO2 (CT13, CT11, CT31), GO/SnO,
(GNSO13, GNSO11, GNSO31) were synthesized by one-step colloidal blending
process and facile wet impregnation methods. The formation, structure, phase, surface
morphology, size, shape, thermal stability, optical study and removal studies of
synthesized metal oxide nanoparticles and carbonaceous materials/nitrogen doped
metal oxide nanocomposites have been characterized by using different
characterization techniques such as: XRD, FTIR, FESEM, EDX, XPS, TGA, PL and
UV-VIS analytical techniques. The synthesized nanoparticles and nanocomposites
were used as adsorbents and photocatalysts for adsorptive removal and photocatalytic
degradation of polyvinylchloride (PVC) and polystyrene (PS). Moreover, plastic
(polyethylene (PE) and polyvinylchloride (PVC)), graphene oxide (GO) and N-TiO»
based nanocomposites such as PE/GO, PE/N-TiO, PE/GO/N-TiO, PVC/GO, PVC/N-
TiO2 and PVC/GO/N-TiO2 were synthesized, characterized and used for the adsorptive
removal and photocatalytic degradation of toxic organic dyes. The cationic dyes having
such as methylene blue (MB), and rhodamine B (RB) have been selected as model
organic pollutants in this study. The following major conclusions have been drawn from

this study.
Major Conclusions

» Among the three nitrogen-doped metal oxide (N-TiO2, N-SnO,, and N-ZrO)
nanoparticles, N-SnO, was the most effective adsorbent for the removal of
PVC-NPs and PS-NPs, with maximum sorption of 100% and 99.6%,
respectively, at pH 4.

» The addition of GO and CCAC to N-TiO2 improved the surface morphology of
N-TiO> nanoparticles and produced a C-Ti-O bond by altering the N-TiO»
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lattice system, confirmed by FTIR and XPS data. This alteration aided in lattice
distortions and narrowed the bandgap and reduced the electron/hole pair
recombination more than the bare N-TiO> confirmed by the optical bandgap
study and photoluminescence spectra. In addition, the formation of superoxide
and hydroxyl radicals on the surfaces of composites allowed the composites to
show photocatalytic degradation under visible light.

» Among all the GO/N-TiO2 nanocomposites (GT13, GT11, and GT31) with
varying weight ratios, GT13 showed an excellent removal efficiency for PVC-
NPs from water under light and dark conditions. Under tungsten bulb light
irradiation, GT13 exhibited more than 95% removal efficiency at pH 4, 7, and
10 with a maximum removal % of 99.2% at pH 4. GT13 also showed higher
thermal stability with a total weight loss ratio of 12.8%, confirmed by TGA
study.

» Similarly, out of all the CCAC/N-TiO; nanocomposites (CT13, CT11 and
CT31) with varying weight ratio, CT13 shown an excellent removal efficiency
of 94% at pH4, in contrast to the 59.9% efficiency of N-TiO; nanoparticles for
PVC-NPs under tungsten bulb illumination.

» The reactive species were produced on the surface of GO/N-TiO; and CCAC/N-
Ti02 nanocomposites due to the interaction of electrons and holes with H>O and
O under light radiation, confirmed by quenching experiments. These
intermediates then react with PVC-NPs to produce various degradative
products, which were then examined further using GCMS. After the removal
experiment, the left-out nanocomposite revealed the presence of PVC on its
surface, as validated by subsequent characterization with SEM, fluorescence
microscopy, DLS, and FTIR, confirming the removal of PVC-NPs from water.

» The mechanism of PVC-NP removal using GT13 and CT13 composites is
shown to have the synergistic effect of GO/CCAC and N-TiO,. The GO and
CCAC allowed the adsorption, while the N-TiO> promoted photocatalytic
degradation of the PVC-NPs. This combination resulted in contact between the
composite material and PVC-NPs, leading to relatively efficient removal. PVC-
NPs were adsorbed over the surface of the composite through various

interactions like hydrophobic interactions, m-m interactions, electrostatic
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attractions, halogen bonding, and hydrogen bonding. The increased adsorption
led to an increase in reaction sites, and the photocatalytic removal of PVC-NPs
was increased.

Maximum percentage removal of PS-NPs was 32.2% and 30.8% using GT13
and CT31 nanocomposites, respectively. Whereas bare N-T10; exhibited 98.7%
of PS-NP removal, which was almost similar to removal under dark conditions,
suggested that the material is acting as an adsorbent rather than a photocatalyst.
PS might be resistant to degradation due to its stable aromatic rings, which did
not participate in chemical reactions of photocatalytic degradation.
Furthermore, among PE- and PVC-supported nanocomposites, PE/GO,
PE/GO/N-Ti02, PVC/GO, and PVC/GO/N-Ti0O; exhibited excellent results for
removal of MB and RB dyes under light and dark conditions.

PE and PVC matrix provided robust support for the GO and N-TiO»
incorporated in the composite, while GO and N-TiO:; enhanced the light
absorption and charge separation within the composite and produced reactive
oxygen species (ROS), which then participate in photochemical degradation of
dyes.

5.2 Future perspectives

The majority of photocatalysis research is still exploratory, and there are a number of

important areas that need more study:

R/
A X4

This research focused on the adsorption and degradation of common plastics
such as PVC and PS. As plastic pollution increases, it's crucial to investigate
and explore various plastic categories thoroughly.

Further research is needed to understand the degradation mechanisms of
common plastic types, which will aid in the practical implementation of
photocatalytic technology for managing plastic pollution.

Different photocatalyst categories have unique strengths and limitations.
Catalysts can perform well at particular light wavelengths but have lower
efficiency under other conditions. Selecting and deploying catalysts requires
rigorous evaluation to achieve optimal performance in specific environments

and conditions. Currently, only a few photocatalysts have been studied for
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plastic degradation, and many semiconductors remain unexplored. Further
research into photocatalysts, particularly new semiconductors, is necessary to

enhance degrading efficiency.
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