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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 i.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. 
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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 
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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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सारांश 

प्लािस्टक प्रदूषण एक वैिश्वक िचंता का िवषय बन गया ह,ै िजससे अपिशष्ट प्रबंधन के िलए नवीन समाधानों की 

आवश्यकता ह।ै िविभन्न प्रकार के प्लािस्टक कचर ेमें से, स्टायरोफोम® एक िवशेष रूप से चुनौतीपूणर् समस्या प्रसु्तत 

करता ह ैक्योंिक इसका आयतन अिधक होता ह,ै इसका मूल्य कम होता ह,ै और यह गैर-बायोिडगे्रडेबल होता ह।ै इस 

समस्या के समाधान के प्रयासों ने प्लािस्टक कचर ेको मूल्यवान सामग्री में बदलने के पारपंिरक और उन्नत तरीकों के 

अने्वषण की िदशा में पे्रिरत िकया ह।ै इस संदभर् में, प्लािस्टक कचर े से नैनोमटेिरयल्स का संशे्लषण महत्वपूणर् 

संभावनाएं रखता ह।ै नैनोमटेिरयल्स अिद्वतीय गुण और अनुप्रयोग प्रदान करते हैं, और प्लािस्टक कचर े से उनका 

संशे्लषण अपिशष्ट प्रबंधन और सामग्री मूल्यवधर्न का दोहरा लाभ प्रसु्तत करता ह।ै िवशेष रूप से, काबर्न 

नैनोमटेिरयल्स ने अपनी बहुमुखी प्रितभा और िविवध के्षत्रों में संभािवत अनुप्रयोगों के िलए काफी ध्यान आकिषर् त िकया 

ह।ै प्लािस्टक कचर ेसे काबर्न नैनोमटेिरयल्स के संशे्लषण के िलए बॉटम-अप और टॉप-डाउन दृिष्टकोणों सिहत िविभन्न 

तकनीकों की व्यापक जांच की गई ह।ै 

इस अध्ययन में, स्टायरोफोम कचर े को मूल्यवान नैनोमटेिरयल्स, जैसे िक ग्राफीन क्वांटम डॉट्स 

(जीकू्यडीएस), में बदलने के िलए माइक्रोवेव और हाइड्रोथमर्ल पायरोिलिसस का उपयोग िकया गया ह ैऔर इस प्रकार 

संशे्लिषत गैर-धु्रवीय और धु्रवीय जीकू्यडीएस की उन्नत अनुप्रयोगों के िलए उपयुक्तता का आकलन िकया गया ह।ै 

स्टायरोफोम को जीकू्यडीएस में बदलने में शािमल तंत्र को समझने और स्पष्ट करने के िलए पहले िसमुलेशन अध्ययन 

िकए गए। िसमुलेशन िविधयों को प्रयोगात्मक तकनीकों के साथ िमलाने से जीकू्यडीएस के संशे्लषण की प्रिक्रया के 

िलए िवसृ्तत अंतदृर्िष्ट िमली, िजससे अनुकूलन और कायार्त्मकरण रणनीितयों की सुिवधा िमली। स्टायरोफोम कचर े

से गैर-धु्रवीय और धु्रवीय जीकू्यडीएस को संशे्लिषत करने के िलए क्रमशः माइक्रोवेव और हाइड्रोथमर्ल पायरोिलिसस 

िविधयों का चयिनत अने्वषण िकया गया। जीकू्यडीएस के रूपात्मक और आकार संबंधी िवशे्लषण को ट्रांसिमशन 

इलेक्ट्रॉन माइक्रोस्कोपी (टीईएम) के माध्यम से िकया गया, जबिक हाइिब्रडाइजेशन को िफं्रज डेटा और िसलेके्टड 

एिरया इलेक्ट्रॉन िडफे्रक्शन (एसएईडी) पैटनर् के माध्यम से पुिष्ट की गई। जीकू्यडीएस की कायर्क्षमताओ,ं शुद्धता, 
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और उपज का आकलन एक्स-र े फोटोइलेक्ट्रॉन से्पक्ट्रोस्कोपी (एक्सपीएस) और फोिरयर ट्रांसफॉमर् इंफ्रारडे 

(एफटीआईआर) िवशे्लषणों का उपयोग करके िकया गया। माइक्रोवेव पायरोिलिसस के माध्यम से संशे्लिषत 

जीकू्यडीएस गैर-धु्रवीय थे, इस प्रकार टोलू्यन और क्लोरोफॉमर् जैसे सॉल्वेंट्स में घुलनशील थे। इसके िवपरीत, 

हाइड्रोथमर्ल िविध के माध्यम से संशे्लिषत जीकू्यडीएस धु्रवीय थे, क्योंिक उनमें हाइड्रॉिक्सल, काबोर्िक्सल, और 

अमाइन कायार्त्मकताएं थीं, जैसा िक एक्सपीएस के माध्यम से पुिष्ट की गई, इस प्रकार वे जलीय माध्यम में घुलनशील 

थे। जीकू्यडीएस ने कई उते्तजना जनरशेन के घटना के कारण उले्लखनीय रूप से उच्च क्वांटम यील्ड प्रदिशर् त की। 

माइक्रोवेव और हाइड्रोथमर्ल दोनों िविधयों ने िनयंित्रत गुणों और आयामों के साथ जीकू्यडीएस को संशे्लिषत करने के 

िलए कुशल और पयार्वरणीय रूप से अनुकूल मागर् प्रदान िकए। 

स्टायरोफोम कचर ेसे संशे्लिषत जीकू्यडीएस ने उले्लखनीय गुण प्रदिशर् त िकए, िजन्होंने उन्हें िविवध के्षत्रों में 

अनुप्रयोग के िलए उपयुक्त बनाया। जीकू्यडीएस का उपयोग कोिटंग्स के रूप में िकया गया, िजससे कपड़ों को िटकाऊ 

हाइड्रोफोिबिसटी और उतृ्कष्ट आत्म-सफाई गुण प्राप्त हुए। एक पतली, समान परत के िनमार्ण के माध्यम से, 

जीकू्यडीएस ने प्रभावी रूप से पानी को िवकिषर् त िकया और गंदगी और दागों के िचपकने को रोका, िजससे कपड़ों की 

लंबी उम्र और स्वच्छता बढ़ गई। इसके अलावा, जीकू्यडीएस को सुरक्षा स्याही िनमार्ण में महत्वपूणर् घटकों के रूप में 

उपयोग िकया गया, जो नकली मुद्राओ,ं जाली दस्तावेजों, और छेड़छाड़ िकए गए सामानों से लड़ने का समाधान प्रदान 

करते हैं। जीकू्यडीएस-आधािरत सुरक्षा स्याही ने उच्च िरज़ॉलू्यशन और िस्थरता प्रदिशर् त की, जो िविभन्न अनुप्रयोगों 

के िलए िवश्वसनीय प्रमाणीकरण उपाय प्रदान करते हैं। ऊजार् भंडारण प्रणािलयों, जैसे िक सुपरकैपेिसटर में, 

जीकू्यडीएस ने धािरता और ऊजार् घनत्व को बढ़ाने में महत्वपूणर् भूिमका िनभाई। इलेक्ट्रोड सामग्री में शािमल होने पर, 

जीकू्यडीएस ने कुशल चाजर् ट्रांसफर और आयन िडफू्यजन की सुिवधा दी, िजसके पिरणामस्वरूप उन्नत 

इलेक्ट्रोकेिमकल प्रदशर्न हुआ। जीकू्यडीएस-आधािरत सुपरकैपेिसटर ने असाधारण साइिकं्लग िस्थरता प्रदिशर् त की, 

अपने धािरता व्यवहार को हजारों चाजर्-िडस्चाजर् चक्रों पर बनाए रखा। इसके अितिरक्त, जीकू्यडीएस का उपयोग 

धातु आयन िडटेक्शन के िलए लेबल सेंसर के रूप में िकया गया, िजससे चयनात्मक और संवेदनशील धातु आयन 
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िडटेक्शन क्षमताएं प्राप्त हुईं। सतह कायार्त्मककरण के माध्यम से, जीकू्यडीएस िविशष्ट धातु आयनों से चयनात्मक 

रूप से बंध सकते थे, िजससे उनके ऑिप्टकल या िवदु्यत गुणों में िविशष्ट पिरवतर्न होते थे। िविभन्न पयार्वरणों, िजसमें 

िविभन्न जल स्रोत और औद्योिगक प्रिक्रयाएं शािमल हैं, में धातु आयनों की तीव्र और सटीक िडटेक्शन को सक्षम िकया 

गया। अंत में, रगंिमतीय तत्वों की ऑन-साइट िडटेक्शन के िलए एक ऐप के िवकास ने तकनीक की व्यावहािरक 

उपयोिगता को बढ़ाया। एक मोबाइल फोन आधािरत उपयोगकतार्-िमत्र पे्लटफामर् ने पारपंिरक से्पक्ट्रोस्कोिपक िविधयों 

के िलए एक िकफायती िवकल्प प्रदान िकया, इस प्रकार िविभन्न सामिग्रयों और सतहों पर िरयल-टाइम मॉिनटिरंग 

और िवशे्लषण को सक्षम िकया। स्टायरोफोम कचर ेसे संशे्लिषत जीकू्यडीएस का संशे्लषण और अनुप्रयोग न केवल 

प्लािस्टक कचर ेके प्रबंधन के िलए बिल्क िविवध उन्नत अनुप्रयोगों के िलए उन्नत नैनोमटेिरयल्स के िवकास के िलए 

एक महत्वपूणर् प्रगित प्रसु्तत करता ह।ै 
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Figure 1.1 | Integrated circular economy approach: Upcycling plastic waste into 

GQDs for multidimensional applications. 

Figure 2.1 | Conventional methods for plastic waste recycling and their related 

problems: from mechanical grinding to thermal treatment for producing 

household items. 

Figure 2.2 | Advanced methods for plastic waste recycling and their related 

problems: hydrogenolysis, gasification and bioconversion for advanced 

applications. 

Figure 2.3 | Concept of quantum confinement in nanoparticles. 

Figure 2.4 | Top-down and bottom-up approaches in nanomaterial synthesis. 

Figure 2.5 | Methodology and limitations: Biodegradable waste conversion to 

GQDs via carbonization followed by acid/base treatment. 

Figure 4.1 | (A) NMR and (B) TGA of waste Styrofoam performed to determine 

tacticity and degradation temperature, respectively. 

Figure 4.2 | Three-dimensional model of polystyrene molecule with (A) three 

and (B) five degrees of polymerization. 

Figure 4.3 | (A) Polystyrene molecule degradation into cyclic ring structure 

(shown in red color) without hydrogen atoms. (B) Different cyclic ring 

structures formed by changing the random number associated with velocity. 

Figure 4.4 | (A) Cyclic structures taken in simulation box with hydrogen atoms. 

(B) GQDs structure formation after the simulation from cyclic structure with 

hydrogen atoms. 
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Figure 4.5 | (A) Cyclic structures taken in simulation box without hydrogen 

atoms. (B) GQDs structure formation after the simulation from cyclic structure 

without hydrogen atoms. 

Figure 4.6 | GQDs formation, presence of cyclic structure, and formation of 

intermediate species with respect to time from cyclic structure (A) with and (B) 

without hydrogen atoms. 

Figure 4.7 | Proposed synthesis mechanism of GQDs based on simulation study. 

Figure 5.1 | (A) and (B) representative TEM images of the sample, SAED and 

particle size distribution graph is inserted in (B) at top right and left corners 

respectively. (C) Gray scale fringe data profile inserted on high resolution TEM 

image. (D) Raman spectrum of GQDs. 

Figure 5.2 | (A) Photoluminescence spectrum of GQD sample, inserted image - 

excitation in a UV chamber. (B) GQD yield calculated at varying exposure time 

and temperature from FTIR spectra. 

Figure 5.3 | (A), (B) and (C) FTIR spectra of synthesized GQDs depending upon 

temperature (in the range of 270-390 °C) and exposure time (0-30 minutes) 

dissolved in chloroform.  (D) FTIR spectra of waste Styrofoam dissolved in 

chloroform at different concentrations. All the spectra were performed in KBr 

liquid cell. 

Figure 5.4 | (A) XRD spectrum of GQD sample. (B) XPS full scan survey, and 

high resolution C1s spectrum is inserted at top right corner. 

Figure 6.1 | Preparation of nonpolar GQDs coated cotton fabric for self-cleaning 

application. 

Figure 6.2 | Preparation of nonpolar GQDs based printer cartridge for security 

ink application. 
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Figure 6.3 | Schematic of (A) three-electrode and (B) two-electrode 

electrochemical cell fabrication system. 

Figure 6.4 | Self-cleaning behavior of (A) pristine and (B) GQD coated cotton 

fabric. 

Figure 6.5 | (A) Absorption of tea, coffee, milk, and juice on pristine and GQD 

coated cotton fabric. (B) Contact angle measurements of coated fabric after 

washing with water and surfactant. 

Figure 6.6 | GQDs image taken in (A) white light showing light yellow color 

and (B) showing green color in UV light. 

Figure 6.7 | GQDs based secured ink printed on a white paper (A) under normal 

light (B) under UV light. 

Figure 6.8 | (A) TEM image of cPAN fibres. (B) 0.4 mg GQDs coated cPAN 

fibres and high-resolution image of GQDs inserted on the top left corner. 

Figure 6.9 | XPS full scan survey of (A) neat cPAN and (B) 0.4 mg GQDs 

coated cPAN fabric (Highly resolution C1s spectrum is inserted at the top-right 

corner). 

Figure 6.10 | Raman spectra of (A) neat cPAN and (B) 0.4 mg GQDs coated 

cPAN fibre. 

Figure 6.11 | Contact angle measurement of (A) neat cPAN fibre (137°) and (B) 

GQDs coated cPAN (145°). (C) BET of neat cPAN and GQDs coated cPAN 

fibre. 

Figure 6.12 | (A) CV curves collected for neat cPAN and different concentration 

of GQDs coated cPAN at 100 mVs-1 scan rate. CV curves of (B) 0.4 mg and 

(C) 0.1 mg GQDs coated cPAN matrices collected under various scan rates. (B) 

GCD curves collected for neat cPAN and 0.1 mg GQDs coated cPAN matrices 

at 0.8 mAcm-2 current density. 
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Figure 6.13 | (A) GCD curves of 0.1 mg GQDs coated cPAN matrices collected 

under various current densities. (B) Specific capacitance of neat and GQDs 

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 ImageJ 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) C1s, (C) N1s, 

and (D) O1s 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 (II) 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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