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ABSTRACT

Plastic pollution has become a pressing global concern, necessitating innovative solutions
for waste management. Among the various forms of plastic waste, Styrofoam® presents a
particularly challenging concern due to its high volume, low value, and non-biodegradable
nature. Efforts to address this problem have led to the exploration of conventional and
advanced methods for converting plastic waste into valuable materials. In this regard, the
synthesis of nanomaterials from plastic waste holds significant promise. Nanomaterials
offer unique properties and applications, and their synthesis from plastic waste presents a
dual benefit of waste management and material valorization. Carbon nanomaterials, in
particular, have gained much attention for their versatility and potential applications across
diverse fields. Techniques for synthesizing carbon nanomaterials from plastic waste,
including both bottom-up and top-down approaches, have been investigated extensively.
In this study, conversion of Styrofoam waste into valorized nanomaterials 1i.e.
graphene quantum dots (GQDs) have been carried out using microwave and hydrothermal
pyrolysis and suitability of non-polar and polar GQDs thus synthesized is assessed for
advanced applications. Simulation studies were first carried out in understanding and
elucidating the mechanism involved in the conversion of Styrofoam to GQDs. Combining
simulation methodologies with experimental techniques provided detailed insights for the
conversion process of GQDs, facilitating optimization and functionalization strategies.
Microwave and hydrothermal pyrolysis methods were selectively explored to synthesis
nonpolar and polar GQDs, respectively, from the Styrofoam waste. Morphological and size
characterization of GQDs was performed via TEM, while hybridization was confirmed
through fringe data and SAED patterns. Functionalities, purity, and yield of GQDs were
assessed using XPS and FTIR analyses. GQDs synthesized via microwave pyrolysis were

nonpolar in nature, thus adequately soluble in solvents such as toluene and chloroform.



Conversely, GQDs synthesized through hydrothermal method were polar due to presence
of hydroxyl, carboxyl, and amine functionalities, as confirmed using XPS, thereby showing
solubility in aqueous medium. GQDs exhibited a notably high quantum yield attributed to
the phenomenon of multiple excitation generation. Both, microwave and hydrothermal,
methods offered efficient and environmentally friendly routes to synthesize GQDs with
controlled properties and dimensions.

The synthesized GQDs from Styrofoam waste exhibited remarkable properties that
enabled their suitability for application across diverse fields. The GQDs were utilized as
coatings, imparting durable hydrophobicity and excellent self-cleaning properties to
fabrics. Through the formation of a thin, uniform layer, GQDs effectively repelled water
and prevented the adhesion of dirt and stains, thus enhancing the longevity and cleanliness
of textiles. Furthermore, GQDs served as crucial components in security ink formulations,
offering a solution to combat counterfeit currencies, falsified documents, and tampered
goods. GQD-based security inks exhibited high resolution and stability, providing reliable
authentication measures for a wide range of applications. In energy storage systems, such
as supercapacitors, GQDs played a pivotal role in enhancing capacitance and energy
density. When incorporated into electrode materials, GQDs facilitated efficient charge
transfer and ion diffusion, resulting in improved electrochemical performance. GQDs-
based supercapacitors demonstrated exceptional cycling stability, retaining their capacitive
behavior over thousands of charge-discharge cycles. Additionally, GQDs were employed
as labeled sensors for metal ion detection, thereby offering selective and sensitive metal
ion detection capabilities. Through surface functionalization, GQDs could selectively
bound to specific metal ions, leading to distinct changes in their optical or electrical
properties. A rapid and accurate detection of metal ions in various environments, including

different water sources and industrial processes was thus enabled. Lastly, the development

vi



of an app for on-site detection of colorimetric elements enhanced the practical utility of the
technology. A mobile phone based user-friendly platform provided cost-efficient
alternative to conventional spectroscopic methodologies, thereby enabling real-time
monitoring and analysis across a wide spectrum of materials and surfaces. The synthesis
and applications of GQDs synthesized from Styrofoam waste presented a significant
advancement not only for plastic waste management but also for the development of

advanced nanomaterials for diverse advanced applications.
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coated cPAN matrices at different current densities.

Figure 6.14 | (A) Nyquist plot of GQDs coated cPAN matrix with circuit fit and
circuit diagram inserted on the lower right-hand side. (B) Ragone plot of energy
density and power density for neat and GQDs coated cPAN matrices.

Figure 6.15 | (A) Three-electrode system areal capacitance, energy density and
power density literature survey [82]-[91] as compared with 0.4 mg and 0.1 mg
GQDs coated cPAN electrode. (B) The literature survey of areal capacitance,
energy density and power density of two-electrode system [92]-[103] as
compared to fabricated coin cell.

Figure 6.16 | (A) CV curves of 0.1 mg GQDs coated cPAN matrices collected
under various scan rates. (B) CV curves of neat cPAN and 0.1 mg GQDs coated
cPAN matrices collected with three- and two-electrode system-based
supercapacitor. Two-electrode system (C) GCD curves of 0.1 mg GQDs coated
cPAN matrices collected under various current densities. (D) Two-electrode
Nyquist plot of 0.1 mg GQDs coated cPAN matrices with circuit fit and circuit
diagram inserted at top center.

Figure 6.17 | (A) 0.1 mg GQDs coated cPAN matrix capacitance retention for
3000 cycles in two-electrode supercapacitor. (B) Ragone plot of energy density
and power density 0.1 mg GQDs coated two-electrode system.

Figure 7.1 | (A) High resolution TEM images showing nanoscale morphology
of GQDs sample and (B) fringes of GQDs sample. (C) Grayscale profile
generated using ImagelJ for the calculation of d spacing. (D) DLS elucidating

size distribution and uniformity of GQDs in solution.
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Figure 7.2 | (A) Raman spectra depicting vibrational modes of the synthesized
GQDs sample. (B) ID/IG ratio graph illustrating the relationship between GQDs
sample with different reaction conditions and their ID/IG ratio.

Figure 7.3 | Figure 3 | (A) XPS analysis detailing the structural characteristics
and electronic states of synthesized GQDs. High-resolution (B) Cls, (C) Nls,
and (D) Ols spectra providing in-depth insights into the sp2 hybridization
structure, nitrogen functionalities, and oxygen functionalities, respectively.
Figure 7.4 | (A) UV-Vis spectra capturing the electronic absorption
characteristics of various GQDs samples. (B) PL spectra revealing the
luminescent behavior of GQD samples, both instrumental in the calculation of
quantum yield.

Figure 7.5 | (A) Twenty different metal salts. (B) Color change observed after
adding GQDs to the metal salt solutions.

Figure 7.6 | (A) Copper (II) salts. (B) Color change observed after adding
GQDs. (C) Copper (I) salts. (D) Color change observed after adding GQDs.
Figure 7.7 | Copper (1) salt in different environments, (A) tap water, (B) Ganga
water, (C) acidic water, and (D) basic water and their respective color changes
observed after adding GQDs.

Figure 7.8 | (A) Green color of known concentration copper (II) in water after
adding GQDs. (B) Green color of unknown samples under similar conditions.
Figure 7.9 | (A) Calculated red, green, blue, and gray intensities of green color
copper (II) samples shown in figure 8A. (B) Linear fit data of gray color intensity
versus concentration and linear fit parameters are inserted into top right corner.
(C) UV-Vis spectroscopy of known and unknown concentration copper (II) in

water after adding GQDs. (D) Known sample absorbance versus concentration
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plot with linear fit data. Equation and linear fit parameters inserted in the bottom
right corner of the graph.

Figure 8.1 | Illustration of the operational mechanism of the developed
application.

Figure 8.2 | Plastic transparent cuvette with (A) RGB reference sticker on the
front side and (B) white sticker on the back side when lights are on.

Figure 8.3 | (A) Basic user interface of the developed app. Setting the (B)
reference sticker color and (C) sample color in the app to determine the
concentration of unknown calorimetric compound.

Figure 8.4 | Solution of calorimetric compound (copper acetate) with known
concentrations from 0.1 to 0.0025 molar.

Figure 8.5 | (A) Calibration graph plotted between RGBGr intensity and
concentration on solution. (B) linear fitting performed on red intensity and
concentration of solution.

Figure 8.6 | Solution of calorimetric compound (copper acetate) with
concentrations (A) 0.06 M, (B) 0.02 M and (C) 0.006 M in normal light
condition, which needs to be calculated using the app.

Figure 8.7 | Solution of calorimetric compound (copper acetate) with
concentrations (A) 0.06 M and (B) 0.02 M in lower light condition, which needs

to be calculated using the app.
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%

50X

20

nm
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cm
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°C
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fs

ns

pS

°C/min

scans/min

mg

Registered trademark symbol
Percentage

Degrees

Plus, or minus

50 times

2 times theta

Delta

Nanometers
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Centimeters inverse
Centimeters square
Degrees Celsius
Kelvin
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Femtoseconds
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Picoseconds
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Scans per minute
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mL
pL
mL/hr

eV

My,

M,

mV

mW

GHz
kHz
kW
kWh
At (s)

AV (V)

Milliliters

Microliters

Milliliters per hour

Electron volts

Molar

Weight-average molecular weight
Number- average molecular weight
Z-average molecular weight
Peak molecular weight
Grams per mole

Current

Capacitance

Volts

Energy

Time

Millivolts

Milliwatts

Ohms

Hertz

Gigahertz

Kilohertz

Kilowatts

Kilowatt-hours

Change in time in seconds
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mAcm™ Milliamperes per square centimeter

mFem™ Millifarads per square centimeter
Fg! Farads per gram

uWhem Microwatt-hours per square centimeter
uWem Microwatts per square centimeter
mVs! Millivolts per second

Re(z)/Ohm Real part of impedance per Ohm
-Im(Z)/Ohm Negative imaginary part of impedance per Ohm
s Quantum yield of sample

¢: Quantum yield of reference

PL; Photoluminescence of reference
PL; Photoluminescence of sample
UV Ultraviolet spectrum of sample
UV; Ultraviolet spectrum of reference
Ns Refractive index of sample

N Refractive index of reference
p/po Pressure ratio

p/V(po-p) Pressure-volume ratio

Cu'* Cuprous ion

Cu? Cupric ion

MgO Magnesium oxide

Mg(OH), Magnesium hydroxide

Fe Iron

KOH Potassium hydroxide

KOAc Potassium acetate
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H>SOq4 Sulfuric acid

ZnCl, Zinc chloride

TiO» Titanium dioxide

H>0» Hydrogen peroxide

Hg Mercury

Hg?* Mercuric ion

Cu Copper

Ag Silver

AgCl Silver chloride

KCl Potassium chloride

Pb Lead

Pb** Lead ion

CdTe Cadmium telluride

CdS Cadmium sulfide

CDCl3 Deuterated chloroform

C-O0 Carbon-oxygen bond

C=0 Carbon-double bond oxygen
C-N Carbon-nitrogen bond

C=C Carbon-double bond carbon
C-C Carbon-carbon bond

C-NH: Amino group attached to carbon
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List of Abbreviations

1D One dimensional

2D Two dimensional

3D Three dimensional

MW Microwave

USD United States dollar

NNI National nanotechnology initiative
USEPA United States environmental protection agency
PC Personal computer

HTML Hypertext markup language
CSS Cascading style sheets

a.u. Arbitrary units

Conc. Concentration

sols Solutions

RGB Red, green, and blue
RGBGr Red, green, blue, and gray
QDs Quantum dots

GQDs Graphene quantum dots
CQDs Carbon quantum dots

GO Graphene oxide

SDS Sodium dodecyl sulfate
PVC Polyvinyl chloride

LDPE Low-density polyethylene
PU Polyurethane
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PET

THF

cPAN

CNTs

CNS

DNA

MOFs

Uuv

UV-Vis

TEM

SAED

DLS

PL

XRD

FTIR

XPS

NMR

TGA

GC-MS

BET
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ICP-AES

ICP-MS

GPC

Polystyrene

Polyethylene terephthalate
Tetrahydrofuran

Carbonized polyacrylonitrile

Carbon nanotubes

Carbon nanosheets

Deoxyribonucleic acid

Metal-organic frameworks

Ultraviolet

Ultraviolet-Visible

Transmission electron microscopy
Selected area electron diffraction
Dynamic light scattering
Photoluminescence

X-ray diffraction

Fourier transform infrared

X-ray photoelectron spectroscopy
Nuclear magnetic resonance
Thermogravimetric analysis

Gas chromatography-mass spectroscopy
Brunauer-Emmett-Teller

Atomic absorption spectroscopy
Inductively coupled plasma atomic emission spectroscopy
Inductively coupled plasma mass spectroscopy

Gel permeation chromatography
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OCA Optical contact angle

ID/1G Intensity of defect band / intensity of graphitic band
CVD Chemical vapor deposition

DP Degrees of polymerizations

GCD Galvanostatic charge—discharge

EIS Electrochemical impedance spectroscopy

Rs Series resistance

Rcet Charge transfer resistance

EDL Electrochemical double-layer

EDLCs Electrochemical double-layer capacitors

MD Molecular dynamics

ReaxFF Reactive force field

LAMMPS Large-scale atomic/molecular massively parallel simulator
traj Trajectory

NVT Number, volume, and temperature
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