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Abstract 

 Water is undeniably the most crucial resource that allows all living entities to thrive and 

survive. Due to a continuously growing population and the expansion of industrial sectors, water 

pollution has emerged as a global issue. Consequently, people face challenges in obtaining the 

required quantity and quality of water for their daily activities such as drinking, cooking, hygiene, 

and agriculture. Hence, there is a compelling need to develop an effective and environmentally 

friendly approach to eliminate harmful pollutants in water, promoting the establishment of a 

sustainable society with widespread access to clean and safe water resources. Although there are 

a lot of existing available water treatment facilities to ensure the provision of potable water, the 

establishment and maintenance of such facilities come at a significant cost with advanced 

instrumentation and labor-intensive techniques. To effectively address these issues, the integration 

of advanced functional nanomaterials, coupled with the application of nanotechnology could 

facilitate the potential solutions for the wastewater treatment processes. This approach can 

contribute to the advancement of water treatment technologies and the development of sustainable 

water management strategies. This dissertation primarily focuses on a sustainable method of 

synthesizing, characterizing, and evaluating the properties of nanomaterials, specifically metal 

oxide nanoparticles and their nanocomposites to contribute to the water treatment processes. 

 Chapter 2 presents a sustainable and reproducible approach for preparing zinc oxide 

nanoparticles (ZnO) using sawdust as a sacrificial template. The synthesized ZnO nanoparticles 

exhibit a porous morphology, which enhances their effectiveness in the photocatalytic degradation 

of the organic pollutant Methyl Orange (MO). The study reveals that the ZnO nanoparticles 

demonstrate nearly equal activity in both deionized water (DIW) and simulated fresh drinking 

water (FDW) under UV-B light irradiation.  



viii 

Chapter 3 reports a facile and fast synthesis method of ZnO through the aerobic combustion 

of saccharides such as glucose, fructose, starch, and dextrin. This synthesis approach results in the 

formation of ZnO nanoparticles with high surface area and surface energy, contributing to their 

enhanced photocatalytic activity in MO degradation under UV-B light and sunlight irradiation.  

Chapter 4 introduces a modified method for synthesizing ZnO nanoparticles, aiming to 

improve their photocatalytic performance in degrading MO under both UV light and sunlight. The 

modified synthesis approach resulted in ZnO nanoparticles that exhibited higher efficiency by 

increasing the surface area and crystallinity of nanoparticles in degrading MO compared to the 

ZnO synthesized in the previous chapter. 

 Chapter 5 presents, a novel and facile method for synthesizing a regenerable adsorbent, 

Zinc Oxide, and Carbon Nanocomposite (ZnO@C) by the combustion method. This composite is 

designed for the efficient removal of anionic and cationic organic pollutants Methyl Orange (MO), 

Methylene Blue (MB), Congo Red (CR), and Bisphenol A (BPA) from water through adsorption. 

The maximum adsorption capacity of the ZnO@C composite was determined to be 345 mg/g for 

MO, 286 mg/g for MB, 244 mg/g for CR, and 345 mg/g for BPA, respectively. With its high 

adsorption potential for organic pollutants, these nanocomposites hold great promise for water 

purification applications. 

 

 



ix 

Table of Contents 

Dedication ...................................................................................................................................... iii 

Acknowledgments............................................................................................................................v 

Abstract ......................................................................................................................................... vii 

Table of Contents ........................................................................................................................... ix 

List of Tables ............................................................................................................................... xiii 

List of Figures .............................................................................................................................. xiv 

List of Illustrations ...................................................................................................................... xvii 

Chapter 1: Multifunctional Nano Materials for Sustainable Water Treatment Processes ...............1 

1.1. Introduction ...............................................................................................................................1 

1.2. Water Contamination ................................................................................................................2 

1.3. Water Treatment Processes .......................................................................................................6 

1.4. Objectives and Contributions ....................................................................................................9 

Chapter 2: Sustainable Synthesis of Zinc Oxide Nanoparticles for Photocatalytic Degradation 

of Organic Pollutants and Generation of Hydroxyl Radical .................................................13 

2.1. Introduction .............................................................................................................................13 

2.2 Materials and Methods .............................................................................................................16 

2.2.1 Materials .............................................................................................................16 

2.2.2. Characterization Techniques ..............................................................................17 

2.2.3 Synthesis of ZnO Nanoparticles .........................................................................18 

2.2.4. Photodegradation Experiments ..........................................................................19 

2.2.5 Terephthalic Acid Photoluminescence Test........................................................20 

2.3. Results and Discussions ..........................................................................................................20 

2.3.1. SEM images, EDX, and ICP-OES Elemental Analysis of ZnO 

Nanoparticles ......................................................................................................22 

2.3.2. XRPD Pattern of ZnO Nanoparticles .................................................................24 

2.3.3. TEM images of ZnO Nanoparticles ...................................................................26 

2.3.4. UV-Visible Spectrum of ZnO Nanoparticles .....................................................27 



x 

2.3.5. Photocatalytic Degradation of Methyl Orange ..................................................29 

2.3.6. Cyclic Stability and Reproducibility of the Method of ZnO-n Preparation.......34 

2.3.7. Determination of the ROS Generated in the Photocatalytic Process .................35 

2.3.8. Proposed Mechanism for the Photocatalytic Degradation of Organic 

Pollutants.............................................................................................................37 

2.4. Conclusions and Summary .....................................................................................................39 

Chapter 3: Preparation of Metastable Zinc Oxide Nanoparticles with High Photocatalytic 

Activity for Water Decontamination and Sanitation ............................................................40 

3.1. Introduction .............................................................................................................................40 

3.2. Materials and Methods ............................................................................................................43 

3.2.1. Materials ............................................................................................................43 

3.2.2. Characterization Instrumentation .......................................................................44 

3.2.3. Synthesis of ZnO NPs ........................................................................................44 

3.2.4. Methyl Orange (MO) Photodegradation Reaction Procedure ...........................45 

3.2.5. Fluorescence Test for the Hydroxyl Radicals Detection ...................................46 

3.3. Results and Discussion ...........................................................................................................46 

3.3.1. TEM Analysis of the ZnO NPs ..........................................................................49 

3.3.2. SEM Image and EDX Spectrum of the ZnO NPs ..............................................50 

3.3.3. UV–visible Spectrum of the ZnO NPs...............................................................52 

3.3.4. XRPD Analysis of the ZnO NPs ........................................................................54 

3.3.5. XPS Analysis of the ZnO NPs ...........................................................................55 

3.3.6 Photocatalytic Degradation of Methyl Orange (MO). ........................................56 

3.3.7. Determination of ROS generation by the ZnO NPs...........................................63 

3.2.8. Mechanism •OH Generation and the Organic Pollutants Degradation ..............65 

3.2.9. Cyclic Stability of the ZnO NPs. .......................................................................66 

3.4. Conclusions .............................................................................................................................66 

Chapter 4: Method Development for the Synthesis of ZnO Nanoparticles to Improve 

Photocatalytic Performance Under UV Light and Sunlight. ................................................68 

4.1. Introduction .............................................................................................................................68 

4.2. Materials and Methods ............................................................................................................70 

4.2.1. Materials ............................................................................................................70 



xi 

4.2.2. Characterization Techniques ..............................................................................71 

4.2.3. ZnO NPs Synthesis ............................................................................................72 

4.2.4. Photocatalytic Degradation Experiments Procedure .........................................73 

4.3. Results and Discussion ...........................................................................................................73 

4.3.1. SEM and EDX Spectrum of the ZnO NPs .........................................................74 

4.3.2. TEM Images of the ZnO NPs ............................................................................75 

4.3.3. XRD of the ZnO NPs .........................................................................................76 

4.3.4. XPS of the ZnO NPs ..........................................................................................78 

4.3.5. MO Photodegradation Reaction under UV-B Light ..........................................79 

4.3.6. MO Photodegradation Reaction under Sunlight ................................................81 

4.4. Synthesis of Transition Metal Doped ZnO NPs .....................................................................82 

4.5. Surface Coating of Clay Pot Interior using ZnO NPs .............................................................85 

4.6. Conclusion ..............................................................................................................................87 

Chapter 5: Adsorptive Removal of Methyl Orange, Methylene Blue, Congo Red, and 

Bisphenol A from Water using Zinc Oxide and Carbon Nanocomposite. ...........................89 

5.1. Introduction ...........................................................................................................................89 

5.2. Materials and Methods ............................................................................................................91 

5.2.1. Materials ............................................................................................................91 

5.2.2. Characterization Techniques ..............................................................................92 

5.2.3. Preparation of the ZnO@C Nanocomposite ......................................................92 

5.2.4. Batch Adsorption Experiments ..........................................................................94 

5. 3.  Results and Discussions ........................................................................................................95 

5.3.1. SEM and EDX Spectrum of the ZnO@C Nanocomposite ................................95 

5.3.2. TEM image of the ZnO@C Nanocomposite .....................................................96 

5.3.3. XRD of the ZnO@C Nanocomposite ................................................................98 

5.3.4. XPS of the ZnO@C-2 Nanocomposite ............................................................100 

5.3.5. Adsorption Capacity of ZnO@C-2 for MO, MB, CR, and BPA .....................102 

5.3.6. Adsorption Isotherms (Langmuir and Freundlich) Model ...............................103 

5.3.7. Adsorption Kinetics .........................................................................................106 

5.3.8. Adsorption Thermodynamics...........................................................................107 



xii 

5.4. Regeneration Study of Zno@C-2 Nanocomposite ...............................................................108 

5.5. Quantification of the Percentage of Carbon and ZnO from ZnO@C Nanocomposite .........113 

5.6. Photodegradation Of MO using ZnO Derived from ZnO@C ..............................................114 

5.7. Conclusion ............................................................................................................................116 

Chapter 6: Conclusion and Future Directions ..............................................................................118 

References ....................................................................................................................................120 

Appendix ......................................................................................................................................153 

Vita…… .......................................................................................................................................154 

 



xiii 

List of Tables 

Table 1.1: Structure of targeted pollutants. ..................................................................................... 9 
Table 2.1 Summary of the photocatalytic degradation of MO in different water matrices on the 

ZnO-n. ........................................................................................................................................... 33 
Table 3.1: Rate constants of all the photocatalytic reactions performed in this study. ................. 62 
Table 5.1: Experimental parameters for the batch adsorption study of MO, MB, CR, and BPA. 95 
Table 5.2: Atomic % of elements calculated through XPS and key molar ratios. ...................... 100 
Table 5.3: Binding energy of the sample. ................................................................................... 100 
Table 5.4: Percentage of the carbon combustion and the remaining ZnO content after the 

carbonization process. ................................................................................................................. 114 

 



xiv 

List of Figures 

Figure 1.1: a) 2d chemical structure or skeletal formula of water molecule showing bond angle 

and bond length, b) 3d image of a water molecule. ........................................................................ 1 
Figure 1.2:  Earth’s Water Distribution. ......................................................................................... 3 
Figure 1.3:  Sources of pollutants in water. .................................................................................... 5 
Figure 1.4: Wastewater treatment methods. ................................................................................... 6 
Figure 1.5: Photocatalytic degradation and adsorption for treatment processes. ........................... 8 
Figure 2.1: a) Typical SEM image of ZnO-4, b) EDX spectra of ZnO-4 showing the elemental 

composition, c) SEM backscattered electron image of ZnO-4, d) X-ray EDS mapping image of 

zinc, e) X-ray EDS mapping image of oxygen, and f) X-ray EDS mapping image of calcium. .. 23 
Figure 2.2: XRPD pattern of the ZnO-n (n=1-4), ZnO-control, and sawdust oxides (SDO) 

showing their crystallinity............................................................................................................. 25 
Figure 2.3: a-b) TEM images of ZnO-4 with two different magnifications. Inset: Size distribution 

of the ZnO-4 based on the TEM image 2b. .................................................................................. 27 
Figure 2.4: a) UV-visible absorption spectrum of ZnO-n and SDO suspension in ethanol and b) 

Tauc plot for the determination of bandgap of ZnO-n. ................................................................. 28 
Figure 2.5: Time-dependent a) UV-visible spectrum of MO solution during photocatalysis by 

ZnO-4 in DIW, b) percent degradation of MO by different ZnO-n catalysts, c) Pseudo-first order 

kinetics of the degradation of MO, and d) digital photograph showing the gradual decolorization 

of MO solution during the photocatalysis by ZnO-4. ................................................................... 30 
Figure 2.6: Time-dependent a) UV-visible spectrum of MO solution in simulated FDW during 

the photocatalysis by ZnO-4, b) percent degradation of MO by different ZnO-n catalysts, and c) 

Pseudo-first order kinetics of the photocatalytic degradation of MO. .......................................... 32 
Figure 2.7: a) Cyclic stability of the ZnO-4 for MO degradation and b) Photocatalytic activity of 

ZnO-4 prepared in three independent trials. ................................................................................. 35 
Figure 2.8: a) Reaction of terephthalate with •OH radical to form 2-hydroxy terephthalate, b) Time-

dependent fluorescence spectrum of the 2-hydroxy terephthalate solution catalyzed by ZnO-2 (as 

a representative), and c) kinetics (fluorescence intensity at 425 nm Vs time) of the generation of 

•OH radical by different catalysts. ................................................................................................ 37 
Figure 3.1: TEM images of the ZnO NPs a) Dextrin-ZnO, b) Fructose-ZnO, c) Glucose-ZnO, d) 

Starch-ZnO, and e) the average size of the ZnO NPs based on the TEM image. ......................... 50 
Figure 3.2: SEM Image and EDX Spectrum of the ZnO NPs. ..................................................... 50 
a) SEM image of the Glucose ZnO; b) SEM backscattered electron images of the ZnO NPs; c, d) 

X-ray EDS mapping of zinc and oxygen, respectively e) SEM image of the Fructose ZnO; f) SEM 

backscattered electron image of the ZnO NPs; g, h) X-ray EDS mapping of zinc and oxygen, 

respectively i) SEM image of the Dextrin ZnO; b) SEM backscattered electron images of the ZnO 

NPs; c, d)X-ray EDS mapping of zinc and oxygen, respectively m) SEM image of the Starch ZnO; 

n) SEM backscattered electron images of the ZnO NPs; o, p)X-ray EDS mapping of zinc and 

oxygen, respectively q) SEM image of the ZnO Control; r) SEM backscattered electron images of 

the ZnO NPs; s, t)X-ray EDS mapping of zinc and oxygen, respectively. ................................... 51 
Figure 3.3: EDX spectra showing the elemental composition of a) Glucose-ZnO, b) Fructose-

ZnO, c) Dextrin-ZnO, d) Starch-ZnO, and e) ZnO Control, f) weight percent of Zn and O in each 

ZnO NPs obtained from SEM-EDX elemental analysis. .............................................................. 52 
Figure 3.4: UV-visible absorption spectrum of ZnO NPs suspension in ethanol. ........................ 53 
Figure 3.5: XRPD patterns of the ZnO NPs. ................................................................................ 54 



xv 

Figure 3.6: a) XPS survey spectrum of Glucose ZnO, b) XPS spectrum of Zn 2p, c) XPS 

spectrum of O 1s; d) XPS survey spectrum of Fructose ZnO, e) XPS spectrum of Zn 2p, f) XPS 

spectrum of O 1s; g) XPS survey spectrum of Dextrin ZnO, h) XPS spectrum of Zn 2p, i) XPS 

spectrum of O 1s; j) XPS survey spectrum of Starch ZnO, k) XPS spectrum of Zn 2p, l) XPS 

spectrum of O 1s. .......................................................................................................................... 56 
Figure 3.7: a) UV-vis spectra of MO (5 ppm) solution in DIW by Fructose-ZnO, b) percent 

degradation of MO with time by ZnO NPs, c) Pseudo-first order kinetics reaction of MO 

degradation, and d) A digital photograph of degradation of MO solution during photocatalysis by 

Fructose-ZnO. ............................................................................................................................... 58 
Figure 3.8: a) UV-vis spectra of the 5 ppm MO solution with time by Fructose-ZnO in simulated 

FDW, b) percent degradation of MO with time by different ZnO NPs derived from saccharides, 

and c) Pseudo-first order kinetics of the MO degradation reaction. ............................................. 60 
Figure 3.9: a) percent degradation of MO with time by different ZnO NPs derived from 

saccharides, and b) Pseudo-first order kinetics of the MO degradation reaction. ........................ 61 
Figure 3.10: a) Reaction of terephthalate with the photo catalytically generated •OH radical to 

form 2-hydroxy terephthalate, b) time-dependent fluorescence emission spectra of 2-hydroxy 

terephthalate solution without ZnO NPs, c) fluorescence emission spectra of 2-hydroxy 

terephthalate solution photocatalyzed by Dextrin-ZnO with respect to time, and d) fluorescence 

emission intensity at 425 nm versus time graph for different ZnO NPs. ...................................... 64 
Figure 3.11. Cyclic stability of the ZnO NPs of MO degradation for 3 cycles. ........................... 66 
The photocatalytic activity of ZnO NPs over the course of 3 cycles illustrates Figure 12. The 

results demonstrate that the ZnO NPs exhibited reliable performance throughout the study. In 

each cycle, more than 95% of MO was degraded by the ZnO NPs. Based on these findings, it can 

be inferred that the ZnO NPs synthesized in this study have the potential to serve as a durable 

and effective photocatalyst for the degradation of organic pollutants in wastewater. .................. 66 
Figure 4.1: a) Typical SEM image of ZnO@600 °C, b) EDX spectra of ZnO showing the 

elemental composition, c) SEM backscattered electron image of ZnO d) X-ray EDS mapping 

image of zinc, e) X-ray EDS mapping image of oxygen. ............................................................. 75 
Figure 4.2:  TEM image of ZnO@800 °C. ................................................................................... 76 
Figure 4.3: XRD of the ZnO NPs ................................................................................................. 77 
Figure 4.4: (a) XPS survey spectrum of the ZnO NPs, b) XPS spectrum of the Zn 2p, (c) XPS 

spectrum of the O 1s. .................................................................................................................... 79 
Figure 4.5: Time-dependent percent degradation of MO by ZnO prepared by the modified 

method compared with the hotplate method. ................................................................................ 81 
Figure 4.6: UV-vis spectra of MO (5 ppm) solution in DIW by ZnO @ 600 b) percent 

degradation of MO with time by ZnO NPs, c) Pseudo-first order kinetics reaction of MO 

degradation. ................................................................................................................................... 82 
Figure 4.7: a) UV-vis spectra of the 5 ppm MO solution with time in DWI during the 

photocatalysis by Fructose ZnO-coated clay pot, b) percent degradation of MO with time by and 

ZnO@600C coated clay pot. ......................................................................................................... 85 
Figure 4.8: a) UV-vis spectra of the 5 ppm MO solution with time in DWI during the 

photocatalysis by Fructose ZnO-coated clay pot, b) percent degradation of MO with time by and 

ZnO@600C coated clay pot, c) digital photograph representing the decolorization of 5 ppm MO 

solution after photocatalysis by Fructose ZnO. ............................................................................ 87 
 Figure 5.1: a) Typical SEM image of ZnO@C-2 b) EDX spectra of ZnO@C-2 showing the 

elemental composition, c) SEM backscattered electron image of ZnO@C-2 d) X-ray EDS 



xvi 

mapping image of zinc, e) X-ray EDS mapping image of oxygen, and f) X-ray EDS mapping 

image of carbon............................................................................................................................. 96 
Figure 5.2: a) and c) are the dark field image, b) and d) are the bright field image at two different 

sites of ZnO@C-2, respectively. ................................................................................................... 98 
Figure 5.3: XRD pattern of ZnO@C nanocomposite. .................................................................. 99 
Figure 5.4: XPS High-resolution spectra for core levels of: a) XPS survey of 2gZnOC. b)C 1s,c) 

Zn 2p, d) O1s and e)N1s, along with deconvolution peaks. ....................................................... 101 
Figure 5.5: Adsorption capacity of ZnO@C-2 composite for MO, MB, CR, and BPA at different 

initial concentrations. .................................................................................................................. 103 
Figure 5.6: The linear form of the a) Langmuir and b) Freundlich adsorption isotherms for the 

adsorption of MO, MB, CR and BPA by ZnO@C-2 composite, respectively. .......................... 105 
Figure 5.7: a) Time-dependent percent adsorption of MO, MB, CR, and BPA by ZnO@C-2 

composite, (Initial concentration = 50 ppm, V = 20 mL and adsorbent = 20 mg) and (b) the 

corresponding pseudo-second-order kinetics adsorption. ........................................................... 107 
5.8: Temperature-dependent a) adsorption capacity b) percent adsorption of BPA by ZnO@C-2 

composite, (Initial concentration = 100 ppm, V = 20 mL and adsorbent = 10 mg). .................. 108 
Figure 5.9: Regeneration of ZnO@C-2 for the adsorption of MO dye. ..................................... 109 
Figure 5.10: a) The UV-vis spectra of the 5 ppm MO solution by ZnO@1were recorded at 

different time intervals during the photocatalytic degradation process, b) time-dependent percent 

degradation of MO by solution by ZnO@1, ZnO@2, and ZnO@4. .......................................... 115 

 



xvii 

List of Illustrations 

Scheme 2.1: Sawdust-mediated synthesis of ZnO nanoparticles and chemical reaction involved 

in the synthesis. ............................................................................................................................. 21 
Scheme 2.2: Proposed scheme for the photocatalytic generation of ROS by the ZnO 

nanoparticles followed by the degradation of organic pollutants. ................................................ 38 
Scheme 3.1: Saccharides (glucose on the scheme above) mediated combustion synthesis of ZnO 

NPs. ............................................................................................................................................... 49 
Scheme 3.2. Proposed mechanism for generating hydroxyl radicals (•OH) and organic pollutants 

degradation by ZnO NPs. .............................................................................................................. 65 
Scheme 4.1: Preparation of ZnO NPs by the modified method. ................................................... 72 
Scheme 4.2: Preparation of ZnO-coated clay pot by a dip coating method. ................................ 86 
Scheme 5.1: Chemical reactions and pictorial scheme showing the steps involved in the 

preparation of ZnO@C nanocomposites....................................................................................... 93 

 



1 

Chapter 1: Multifunctional Nano Materials for Sustainable Water Treatment Processes 

1.1. Introduction 

Water is a simple triatomic polar molecule, and it is made up of two hydrogen (H) atoms 

and one oxygen (O) atom1. The three atoms of water molecule make an H-O-H angle, the bond 

angle between two hydrogen atoms is approximately 105° and the O-H bond length is 95.84 

picometres2. A single water droplet contains billions of water molecules3. Figure 1.1 shows the 

chemical structure of a water molecule. 

 

Figure 1.1: a) 2d chemical structure or skeletal formula of water molecule showing bond angle 

and bond length, b) 3d image of a water molecule. 

 

Water is an essential resource for sustaining life on Earth4. It comes as no surprise that all 

living organisms depend on water for their existence5,6. It plays a significant role in the various 

aspects of human life and in the global economy. Clean water is crucial for promoting and 

maintaining good health. Access to clean water helps to prevent waterborne diseases and improves 

overall welfare and it serves as a valuable resource that impacts numerous aspects of our everyday 

lives7. In our households, we rely on water for a multitude of purposes such as cooking, cleaning, 

bathing, and sanitation8,9. Moreover, water is integral to the production processes of our daily use 

items, including food, clothing, vehicles, electronic devices, books, and so on. Additionally, it is 

involved in constructing our homes, schools, and roads10. It is estimated that about 70% of 
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freshwater resources are utilized for agricultural purposes11. Approximately 6.5% of the global 

protein consumption comes from fishing, whether in freshwater or saltwater environments12. 

Water is important for economic development as well such as industries, manufacturing, and 

energy production including powering plants, and to generate electricity, and so on12. Water 

ecosystem and diversity provides a food source and habitat for countless living organism, and it is 

a key element in maintaining ecological balance13. Overall, water is an essential and fundamental 

resource that is vital for sustainable economic development, poverty alleviation, and the overall 

welfare of societies. The availability and management of water resources are of utmost importance 

to ensure the continuation of economic progress and enhance the well-being of communities14. 

1.2. Water Contamination 

Around 71% of the Earth's surface is enveloped by water, including oceans, seas, lakes, 

rivers, and various water bodies. While water may seem abundant to us, approximately 97.5% of 

total water is saline water found in oceans and seas, and only a small fraction of it, around 2.5%, 

of the Earth's water is considered fresh water. Unfortunately, more than two-thirds of this 

freshwater is trapped in glaciers and polar ice caps, making it not accessible for immediate use15. 

Although water covers a substantial portion of the Earth's surface, the availability of accessible 

freshwater resources is relatively limited. This limited amount of fresh water is essential for 

sustaining our life, agricultural purposes, supporting various industries, and other applications16. 

The depletion of this limited number of freshwater resources has become increasingly concerning 

because of rapid population expansion and the development of industrialization. Insufficient 

wastewater treatment infrastructure and the unregulated discharge of untreated wastewater into the 

environment have led to a significant rise in freshwater pollution. This has contributed to the 
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contamination of freshwater resources at an alarming rate. Figure 1.2. is showing the world’s water 

distribution image. 

 

Figure 1.2:  Earth’s Water Distribution. 

Water can be contaminated by a wide range of pollutants originating from diverse sources 

in the environment. Unfortunately, in the past two centuries, water has become the ultimate 

destination for pollutants released into the environment, thereby water contamination is increasing 

day by day17. Broadly, water contaminants can be divided into biological, inorganic, and organic 

categories18. The biological contaminants are bacteria, viruses, and protozoan cysts. Although 

these contaminants are too small to see by the naked eye, they can cause of serious health problems. 

Inorganic contaminants are elements and chemicals that do not contain carbon19. The hardness of 

water is the consequence of naturally occurring inorganic contaminants which are measured by the 

amount of magnesium and calcium present in the water20. In addition to hardness, various 

inorganic substances like arsenic, fluoride, copper, lead, chromium, antimony, mercury, and 
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cyanide can contaminate water21. They can be found in water from natural sources, industrial 

processes, and plumbing systems.  While all inorganic contaminants do not occur naturally, some 

of them are produced because of man-made pollution. For example, nitrate can be generated 

through the oxidation of ammonia present in fertilizers22,. Wastewater from industrial processes is 

a common source of very toxic heavy metal contamination21. Once these contaminants accumulate 

in the water, they can persist and pose serious risks to human health if consumed in high 

concentrations and have toxic effects on aquatic organisms, as well as on the environment. 

Interestingly, small amounts of some of the inorganic substances are beneficial for human health, 

but larger quantities can be extremely harmful so, obtaining the right balance is crucial23.  For 

instance, a specific amount of fluoride is beneficial for dental health whereas excessive exposure 

can cause tooth discoloration24–26. Organic contaminants consist of carbon and hydrogen and are 

commonly associated with issues such as odor, taste, and discoloration in groundwater26. They can 

be artificially introduced into the environment or originate naturally through the decomposition of 

vegetation. If organic contaminants persist and accumulate in the water, and it is consumed or used 

for various purposes it possesses serious risks to aquatic life as well as potentially impact human 

health. Industrial and agricultural activities can contaminate water bodies.  Improper discharge of 

chemicals, heavy metals, fertilizers, and pesticides into the water bodies through runoff, can lead 

to water contamination27–29. Untreated sewage and wastewater disposal into the water is another 

source of contaminants as it can introduce chemicals, pathogens, and other pollutants into the 

water. Rainwater drainage from agricultural fields, urban areas, and industrial sites can transport 

pollutants, including sediments into nearby water sources. Natural sources such as mineral 

deposits, and volcanic activity can occur water pollution as well30.  Figure 1.3 is showing the 

sources of pollutants which accumulate and pollute water. The effective elimination of these 
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contaminants from water is essential to maintain water sources, protect human health, preserve 

ecosystems, and encourage sustainable water usage. Hence, this is essentially required to develop 

an effective, secure, cost-effective, and easily accessible method for the water treatment 

processes31. The existing water treatment methods have remained unchanged for more than a 

century and demand extensive infrastructure due to their limited efficiency and large-scale 

operational requirements. Therefore, there is a need to innovate and improve upon these methods 

to enhance their efficiency and enable more widespread implementation32. 

 

Figure 1.3:  Sources of pollutants in water. 
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1.3. Water Treatment Processes 

              Wastewater treatment methods play a vital role in removing contaminants and pollutants 

for the management of a safe and sustainable environment33,34. There are numerous methods 

applied for the treatment of water that is contaminated with organic pollutants such as physical 

treatment methods which includes adsorption, filtration, coagulation, or flocculation35,36. Chemical 

methods include an advanced oxidation process37,38. Oxidation techniques used for water treatment 

include photocatalytic degradation, electrochemical oxidation, and ozonation39. Biological 

treatment methods utilize living organisms, such as microorganisms, to break down and eliminate 

pollutants from wastewater40. Figure 1.4 is the visual representation of different water treatment 

methods.  

 

Figure 1.4: Wastewater treatment methods. 
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             Among these methods, photocatalytic degradation and adsorption are preferred 

approaches for water remediation processes due to their ease of use and cost-effectiveness, and 

eco-friendly nature 32,33. Figure 1.5 represents the pollutants removal approaches by photocatalysis 

and adsorption. Photocatalytic degradation is an environmentally friendly and sustainable method 

since it does not require any other additional reagents or chemicals to degrade the organic 

pollutants in water 33. When a photocatalyst is exposed to pollutants in the presence of UV light, 

it causes the electrons within the material to become energized and move to higher energy levels. 

These energized electrons can then engage in chemical reactions with nearby molecules, including 

organic and inorganic pollutants found in water41. Moreover, photocatalysis can be utilized for the 

treatment of water which are contaminated with toxic and persistent pollutants, and which is 

challenging to treat by conventional methods. Finally, the key advantage of this method is the 

ability to completely degrade and mineralize the organic pollutants, converting them into simpler 

and non-toxic compounds. In summary, this process significantly offers the benefits of degrading 

pollutants effectively and ensures the elimination of harmful substances from the water source 33. 

Some persistent pollutants include heavy metals (such as mercury, lead, and cadmium) present in 

wastewater which is challenging to degrade by catalysis that can be removed by adsorbents. 

Adsorbents have a high surface area with active site sand selectively adsorb pollutants on its 

surface thereby removing these pollutants from water, resulting in clean water for various 

applications42. Moreover, adsorption studies can optimize experimental conditions and parameters 

for the treatment of water. By investigating the variables such as adsorbent dosage, pH, 

temperature, and time researchers can precisely identify the optimal conditions to achieve 

maximum adsorption efficiency or capacity in the study43. Overall, by developing the adsorbent 

materials and optimizing the treatment processes, the adsorption study will not only allow valuable 
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insight into the potential water treatment methods but also it will contribute to obtaining the 

ultimate provision of safe and clean water44,45. 

 

Figure 1.5: Photocatalytic degradation and adsorption for treatment processes. 

In this report, utilizing advanced functional nanomaterials and incorporating 

nanotechnology could open new possibilities in addressing the challenges posed by organic 

contaminants in water. Nanomaterials offer various processes such as chemical, electrocatalytic, 

photocatalytic, adsorptive, and advanced oxidation for the effective and targeted removal of 

pollutants from water. These processes offer the advantage of efficient degradation of 

contaminants without generating any other additional pollutants. The advancement of catalytic 

nanoparticles holds the potential to revolutionize water decontamination, allowing the expansion 

of portable water treatment systems that can be beneficial for resource-limited rural areas 

worldwide. 

This dissertation introduces facile and innovative methods for synthesizing functional 

nanomaterials, specifically, metal oxide nanoparticles, and nanocomposites, and explores their 

applications in photocatalytic, and adsorptive water treatment processes. Finally, extensive 
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research has been conducted to thoroughly examine these methods for the removal or degradation 

of organic pollutants including Methyl Orange (MO), Methylene Blue (MB), Congo Red (CR), 

and Bisphenol A (BPA) from water. The chemical structures of the MO, MB, CR, and BPA are 

given in Table 1.1. 

Table 1.1: Structure of targeted pollutants. 

 

1.4. Objectives and Contributions 

The objective of this dissertation is to develop experimental methodologies for 

synthesizing nanomaterials for the application of sustainable water treatment processes. Herein, a 

highly active photocatalyst, Zinc Oxide (ZnO) nanoparticles, and a carbon-based adsorbent, Zinc 

Oxide and Carbon nanocomposite (ZnO@C) were successfully synthesized using a facile 

combustion method. ZnO nanoparticles and ZnO@C were utilized for the effective degradation 

and removal of organic pollutants in water, respectively. overall, this report provides a valuable 
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resource for obtaining the current state of research in sustainable water treatment. The research 

projects that have been added to this report are briefly given below. 

A sustainable and reproducible method for the preparation of zinc 

oxide nanoparticles (ZnO) using sawdust and their application in photocatalytic degradation of 

organic pollutants (MO) is reported in Chapter 2. Sawdust has been utilized as a sacrificial template 

for the synthesis of porous morphology of ZnO. The average size of the ZnO nanoparticles size 

was found to be about 23 nm. It was found that ZnO nanoparticles were almost equally active in 

deionized water (DIW) and simulated fresh Drinking water (FDW) and almost 

complete decolorization of MO solution was achieved after 42 min of UV light irradiation. 

Additionally, the reproducibility of the synthesis method and the cyclic stability of the as-prepared 

ZnO were thoroughly studied.  Moreover, the reproducibility of the synthesis methodology and 

the cyclic stability of the as-prepared ZnO nanoparticles were thoroughly studied, and found that 

nanoparticles are fairly active throughout the cycles over the 5 cycles of use. Finally, it was found 

that the ZnO nanoparticles, prepared in this study, leached less amount of zinc in water compared 

to the commercial ZnO; which indicated its better safety and sustainability regarding the 

photocatalytic water treatment. 

A simple and fast method for the synthesis of ZnO using the aerobic combustion of 

saccharides such as glucose, fructose, dextrin, and starch for the degradation of organic pollutants 

is reported in Chapter 3. It was obtained that saccharide helped the formation of high surface area 

and high surface energy of ZnO nanoparticles with enhanced photocatalytic activity for pollutant 

degradation. The XPS results confirmed the high purity of the ZnO NPs. XRD measurements 

indicated the metastable states of the ZnO NPs resulting in excellent photocatalytic performance. 

The saccharide-derived ZnO NPs exhibited significant efficiency in eliminating MO dye from the 
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aqueous solutions under UV light as well as sunlight illumination. ZnO nanoparticles showed 

nearly equal MO degradation efficiency in DIW and simulated FDW matrices. A fluorescence test 

was performed to evaluate the photocatalytic hydroxyl radicals (•OH) generation by the ZnO 

nanoparticles. Moreover, the stability of the ZnO NPs was obtained to assess their durability and 

long-term effectiveness by using the nanoparticles over multiple cycles in this chapter. 

Method development for the synthesis of ZnO nanoparticles by modified synthesis method 

to improve photocatalytic performance for MO degradation under UV light and Sunlight is 

presented in Chapter 4.  It was found that ZnO synthesized by the modified method showed 

enhanced MO degradation efficiency under UV light and sunlight than the ZnO synthesized in the 

previous report (chapter 3). SEM image revealed the highly porous structure resembling a powdery 

aggregate pattern. TEM image depicted the crystallinity of the synthesized product with bimodal 

size distribution. XRD pattern revealed the crystalline properties of ZnO nanoparticles, and it is 

characteristic of the hexagonal wurtzite crystal structure of the ZnO.  

Chapter 5 reports a novel method for the synthesis of a regenerable adsorbent, Zinc Oxide, 

and Carbon Nanocomposite (ZnO@C) for the adsorptive removal of anionic and cationic organic 

pollutants (MO, MB, CR, BPA) from water. From the SEM image, it was found that the 

morphology of the zinc oxide and carbon nanocomposite is highly porous with a high surface area. 

This could be a reason for the high adsorptive capacity of the nanocomposite. The EDX spectra 

and the elemental mapping image of the zinc oxide and carbon nanocomposite have confirmed the 

presence of Zinc, oxygen, and Carbon. The TEM images were found, and they showed 

interconnected two-dimensional carbon nanosheets with embedded ZnO nanoparticles. The carbon 

nanosheets displayed a layered structure, while the ZnO nanoparticles appeared within the carbon 

matrix, confirming successful integration. The maximum adsorption capacity (Qm) was determined 
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to be 385 mg/g, 286 mg/g, 244 mg/g, and 385 mg/g, for MO, MB, CR, and BPA, respectively. 

Finally, the adsorbent was regenerated and reused with only a slight decrease in its ability to 

adsorb. Our findings demonstrated that ZnO@C have great potential as effective adsorbents for 

efficiently eliminating MO, MB, CR, and BPA from water. 
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Chapter 2: Sustainable Synthesis of Zinc Oxide Nanoparticles for Photocatalytic 

Degradation of Organic Pollutants and Generation of Hydroxyl Radical 

2.1. Introduction 

The growing use of organic dyes in textile, cosmetics, pharmaceuticals, papermaking, and 

food industries has been causing serious environmental pollution, especially to water sources46–48. 

A major portion of these dyes (~10-20%) are discarded in the environment and most of these dyes 

exhibit varying degrees of toxicity, carcinogenicity, and mutagenicity to the living organisms49,50. 

Additionally, these dyes are chemically and physically robust in nature and thereby can hardly be 

degraded by physical and chemical means such as light, heat, oxidizing agents, and biological 

agents51. A lot of these treatments use organic and inorganic chemicals, which cause secondary 

pollution in water by themselves and by their degradation products. Therefore, it is necessary to 

develop an efficient, sustainable, and chemical-free method for the removal or degradation of these 

dyes and other hazardous organic pollutants from water to make sure a sustainable society with 

access to clean water. 

Among many other synthetic dyes, azo dyes such as methyl orange (MO) are reported to 

be used as a coloring agent in the pharmaceutical, food, brewing, cosmetic, textile, and leather 

industries. As an azo dye MO is toxic, mutagenic, carcinogenic, and resistant to biodegradation52. 

The release of MO from various industries into water bodies causes both short- and long-term 

effects on the environment, living organisms, and especially, human health53. Special methods 

such as reverse osmosis, membrane filtration, coagulation, ion exchange, catalytic reduction, 

oxidation, complexometric methods, and aerobic and anaerobic biological methods are required 

for the degradation or removal of such recalcitrant pollutants54. Recently, advanced oxidation 

processes (AOP) has emerged as an efficient method for the degradation of organic pollutants from 
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water55. Because the AOP degrades the hazardous pollutants at an extremely faster rate, it is 

advantageous and more favorable over other methods such as adsorption, filtrations, precipitation, 

coagulation, biological treatment, and so forth56–58. Among AOP, the photocatalytic processes are 

of prime interest because of the requirement of no chemicals, generation of no secondary 

pollutants, and environmental sustainability59–61.  In photocatalytic processes, semiconductor-type 

metal oxides such as ZnO and TiO2 are used as photocatalysts, which can degrade organic 

pollutants through the generation of reactive oxygen species such as hydroxyl radicals62–64. The 

strong oxidizing nature of these radicals can degrade the organic pollutants to CO2 and H2O, which 

is also known as the mineralization organics. In addition to the reactive oxygen species, 

photocatalysts have the ability to oxidize and/or reduce organic pollutants on their surface by redox 

reactions, which eventually cause the degradation of the pollutants65–67. 

Among various photocatalysts, ZnO nanoparticles are one of the extensively studied 

semiconductor-type metal oxides with a band gap of ~ 3.37 eV. It is known to be one of the best 

photocatalysts for the degradation of environmental contaminants due to its high photocatalytic 

activity, relatively low cost, absence of toxicity, and excellent chemical stability under various 

conditions68. In addition to the photocatalytic water treatment, ZnO nanoparticles are used in a 

number of applications in many fields, such as in solar cells, sensors, photoelectrochemical cells, 

antibacterial activity, and photocatalysis69–71. For all of the above-mentioned applications, 

nanoscopic ZnO is of best-suited in contrast to the bulk or macroscopic ZnO72. These ZnO 

nanoparticles not only provide a high surface area but also offers a suitable bandgap for the 

separation of the exciton and thereby provide a feasible environment for enhanced photocatalytic 

activity73. Therefore, different methods have been reported for the synthesis of ZnO nanoparticles 

with a wide range of morphologies (nanowires, nanorods, nanobelts, nanotubes, and whiskers) 
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using techniques such as ball-milling, combustion synthesis, sol-gel process, hydrothermal, spray 

pyrolysis, chemical vapor deposition, etc74–76. Most of these methods require sophisticated 

techniques, instrumentation, expensive chemicals, and prolonged reaction time65,77,78.  Therefore, 

there is a need for the development of a facile and environmentally friendly method for the 

synthesis of ZnO nanoparticles (1-100 nm in size) that are highly active for photocatalytic and 

many other applications.   

In this study, we report a facile, inexpensive, reproducible, and sustainable method for the 

preparation of ZnO nanoparticles by burning a mixture of finely-ground sawdust and zinc nitrate 

hexahydrate salt. Sawdust has been utilized as a sacrificial template because it is renewable, readily 

available, cheap, and non-edible biomass. The porous sawdust was impregnated with zinc nitrate 

salt and this impregnated sawdust was combusted at 600 oC under the flow of air to obtain the ZnO 

nanoparticles. The porous morphology of the sawdust assisted and templated the formation of the 

ZnO nanoparticles with the control in their size and shape. Sawdust further assisted in the 

formation of ZnO in the nanoscopic size range (1-100 nm) by preventing their growth to the 

macroscopic size range. Four different ZnO nanoparticle samples [ZnO-n, where n = 1-4] were 

prepared by varying the mass ratio of sawdust and zinc nitrate salt to obtain the best-performing 

ZnO nanoparticles. The ZnO-n nanoparticles were used as the photocatalyst for the degradation of 

methyl orange (MO) under UV-B light irradiation into two different water matrices such as 

deionized and simulated fresh drinking water. A fast degradation of the MO was observed with a 

degradation of ~ 95% within 42 min of UV light irradiation. The ZnO-2 and ZnO-4 nanoparticles 

mediated degradation of MO was found to be 24 and 27 times faster compared to the ZnO-control 

under UV-B light irradiation. Additionally, the photocatalytic generation of hydroxyl radicals 

(•OH) on the ZnO nanoparticle's surface was studied by the terephthalic acid fluorescence tests. 
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Finally, the reproducibility of the ZnO nanoparticles synthesis method was confirmed by 

triplicating the experiments. There are three important significances of this report from the 

synthesis and application point of view.  Firstly, the synthesis procedure is novel, inexpensive, 

sustainable, and reproducible that can be adapted for the preparation of a wide variety of metal and 

mixed metal oxide nanoparticles just by using different metal nitrate salt as the precursor. 

Secondly, the ZnO nanoparticles demonstrate an excellent photocatalytic ability to degrade 

organic pollutants and generate hydroxyl radicals in water by UV light irradiation. Finally, yet 

importantly, it was found that the ZnO nanoparticles, prepared in this study, leached less amount 

of zinc in water compared to the commercial ZnO; which indicated its better safety and 

sustainability in regard to the photocatalytic water treatment. 

2.2 Materials and Methods 

2.2.1 Materials 

Zinc nitrate hexahydrate [Zn (NO3)2.6H2O ≥ 98%), terephthalic acid [C8H6O4 = 98%], and 

sodium hydroxide (NaOH ≥ 98%) were purchased from Sigma Aldrich. Methyl Orange 

(C14H15N3O3S >98.0%) and sawdust were obtained from TCI AMERICA and local shop, 

respectively. Sodium bicarbonate (NaHCO3), calcium chloride dihydrate (CaCl2.2H2O), 

magnesium sulfate heptahydrate (MgSO4.7H2O), sodium nitrate (NaNO3) and sodium silicate 

nonahydrate (Na2SiO3.9H2O), sodium fluoride (NaF), and sodium phosphate hydrate 

(NaH2PO4.H2O) of analytical grades were purchased from Alfa Aesar and Sigma Aldrich. UVP 

Ultraviolet Crosslinker (Model CL-1000), equipped with UV-B fluorescent tube lamps, was used 

for the photocatalytic degradation of MO and the generation of hydroxyl radicals. Light Meter 

LX1330B was used to measure the intensity of light in the UV box reactor. The UV lamps 

generated ~302 nm wavelength of light, as per the vendor specification and the light intensity on 
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the reaction surface was measured to be ~21,500 lux. Syringe filters (PTFE) with 0.45μm pore size 

were purchased from VWR and utilized to filter the reaction mixture for the UV-visible 

spectroscopic analysis. Milli-Q water having resistivity >18.20 MΩ.cm, obtained from the Milli-

Q water filter system, was used as a source of deionized water. The simulated fresh drinking water 

(FDW) was prepared by dissolving 147 mg /L CaCl2.2H2O, 252 mg /L NaHCO3, 124 mg /L 

MgSO4.7H2O, 95 mg/L Na2SiO3.9H2O, 2.2 mg /L, NaF, 12 mg /L NaNO3, and 0.18 mg /L 

NaH2PO4.H2O in Milli-Q water. 

2.2.2. Characterization Techniques 

UV-Visible spectroscopic analysis was performed on Agilent Cary 50 Conc UV-Visible 

Spectrophotometer. Standard quartz cuvette (10 mm path length) was used as the sample holder 

and the measurements were in the ranges of 200–800 nm with an accuracy of 1 nm. Transmission 

electron microscopy (TEM) images were obtained by using a Hitachi H-7650 Microscope with an 

acceleration voltage of 80 kV. Carbon filmed copper grid (200 mesh) was deposited with a 

suspension of ZnO nanoparticles (0.2 mg/mL) in water and air-dried before imaging. For scanning 

Electron Microscopy (SEM) images and Energy Dispersive X-ray (EDX) experiments, a JEOL 

JSM-IT100 microscope was used. For SEM and EDX analysis, carbon tape was used as the sample 

holder and the acceleration voltage of 10 and 30 kV were used for the SEM image and EDX 

analyses, respectively. Bruker D8 Discover X-ray diffractometer equipped with Cu Kα radiation 

was used to obtain the X-ray diffraction (XRD) pattern of the ZnO nanoparticles. Copper K-alpha 

X-ray emission having a wavelength of 1.5406 Å was used and the measurements were in the 

range of 20-80 degrees with a scan rate of 4 degrees per minute. Elemental analysis (zinc and 

calcium) of the synthesized nanoparticles was performed using a PerkinElmer Optima 4300 DV 

ICP-OES. Nanoparticles were weighed, added to 50 mL conical plastic centrifuge tubes, and 
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dissolved using 4 mL of concentrated nitric acid (Plasma Pure, SCP Science). After all, the 

nanoparticles were dissolved, the solutions were diluted with distilled water (18.2 MΩ·cm) to a 

final volume of 40 mL. The samples were then analyzed via ICP-OES using a multi-elemental 

standard for calibration. Four replicates were analyzed for each sample and the results were 

averaged. 

2.2.3 Synthesis of ZnO Nanoparticles 

Four different ZnO nanoparticle samples [ZnO-n, where n = 1-4] were synthesized 

following the same experimental procedure. The only difference was the variation in the mass ratio 

of the zinc nitrate hexahydrate to sawdust. In all the synthesis the amount of sawdust was kept 

constant (4g) while the amount of Zn (NO3)2.6H2O was varied. In the synthesis where 2g Zn 

(NO3)2.6H2O was used, the ZnO nanoparticles were named ZnO-2. Likewise, the ZnO 

nanoparticles samples were named as ZnO-1, ZnO-2, and ZnO-4. As a representative, the synthesis 

of ZnO-2 is explained in detail. In a 250 ml glass beaker, 4g sawdust and 2g Zn (NO3)2.6H2O salt 

was mixed with 25 ml deionized water. Then the mixture was honk sonicated for 1 hr. to 

impregnate the pores of the sawdust with Zn (NO3)2.6H2O. Afterward, the mixture was partially 

dried in an oven at 100 °C for about 2 h. The partially dried/wet sawdust powder impregnated with 

Zn (NO3)2.6H2O was heated at 600 °C for 2 h in a tube furnace under the continuous flow of air. 

A ceramic crucible was used as a sample holder. The heating rate of 5 °C/min was used and natural 

cooling was used to cool the furnace. It is important to note that the heating temperature of 600 °C 

was chosen to make sure complete combustion of the sawdust. The resulting ZnO-2 nanoparticles 

were white in color and the amount of product obtained was about 700 mg, which was washed 

with DI water. For washing, 25 ml deionized water was added with 700 mg ZnO-2 in a glass vial 

and bath sonicated for 20 min. Then the mixture was filtered through gravity filtration and washed 
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with an additional 100 ml DI water. The ZnO-2 powder was dried under ambient conditions for 

24 hrs. The final product was ~500 mg, which was saved in a glass vial for characterization as well 

as photocatalytic applications. The washing process was performed to remove any soluble salts 

present in the ZnO samples and it greatly improved the photocatalytic activity of the ZnO 

nanoparticles.  

Following the same experimental procedure, a control ZnO sample (ZnO-control) was 

prepared, where sawdust was not used. In other words, the ZnO-control was prepared by heating 

4 gm of pure Zn (NO3)2.6H2O for 2 h at 600 °C in a tube furnace under the flow of air. The 

Photocatalytic activity of the sawdust-mediated ZnO was compared with the ZnO-control. 

Likewise, only sawdust was heated in the tube furnace at 600 oC in the presence of air to make 

sawdust oxides (SDO) as the 2nd control of this study.   

2.2.4. Photodegradation Experiments 

Photocatalytic degradation of MO was carried out in a glass beaker (Pyrex) with 250 mL 

of capacity and dimensions of diameter × height = 7 cm × 9 cm. Methyl orange solution having a 

concentration of 5 ppm (mg/L) was used for the photocatalytic experiments. In detail, 30 mg of 

the catalyst was homogeneously dispersed in 30 ml of 5 ppm MO solution by 15 min of bath 

sonication in the dark. The bath sonication facilitated the homogeneous dispersion of the ZnO-n 

and the establishment of adsorption-desorption equilibrium between the ZnO-n and MO. 

Afterward, the mixture was irradiated under the UV lamps in the box reactor while continuously 

stirring at about 300 rpm. At a regular interval of 7 min, ~1.2 mL sample (MO solution) was 

withdrawn and filtered through a syringe filter (0.26 um PTFE filter) for UV-visible spectroscopic 

analysis. The characteristic absorption of MO at 464 nm was used for the calculation of percent 

degradation. 
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For the cyclic stability experiments, the ZnO-n used in the first cycle was recovered by the 

gravity settling and reused for the following cycles. In detail, the reaction mixture (30 mL MO 

solution and 30 mg ZnO-n) was allowed to settle down by gravity, the supernatant was carefully 

decanted, and the recovered ZnO-n was used in the same way for the subsequent cycles. The 

percent degradation of MO was calculated after 42 min of photocatalysis by taking a sample (MO 

solution) from the reaction mixture. 

2.2.5 Terephthalic Acid Photoluminescence Test  

The experimental procedure was similar to the photocatalytic MO degradation tests. In this 

case, instead of MO solution, 30 ml of 5 ×10-3 M sodium terephthalate solution was used. A stock 

solution of 5 ×10-3 M sodium terephthalate was prepared by the reaction of a required amount of 

terephthalic acid with a stoichiometric amount of NaOH in water. During the photocatalytic 

reaction, ~1 mL sample (sodium terephthalate solution) was taken and filtered through the syringe 

filter in every 7 min. The fluorescence spectroscopy of the samples (3X diluted) was carried out 

with an excitation wavelength of 315 nm and the fluorescence emission intensity of hydroxy 

terephthalate was measured at 425 nm. 

2.3. Results and Discussions 

Due to the great potential of semiconductor type metal oxide photocatalysts, there is a need 

for the development of a facile, low-cost, fast, and environmentally green method for the synthesis 

of highly active metal oxide nanoparticles. This study demonstrates an extremely simple and 

sustainable route for the synthesis of highly active zinc oxide nanoparticles. The zinc oxide 

nanoparticles were prepared by the combustion of a mixture of sawdust impregnated with zinc 

nitrate hexahydrate salt at 600 °C, Scheme 2.1. In this reaction sawdust worked as a porous 

sacrificial template for the origin of the ZnO nanoparticles. Chemically, sawdust acted as the fuel 
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and zinc nitrate hexahydrate acted as the oxidizing agent in the synthesis. We believe that the 

porous morphology of the sawdust mediated the formation and the size and shape of the ZnO-n.  

 

Scheme 2.1: Sawdust-mediated synthesis of ZnO nanoparticles and chemical reaction involved 

in the synthesis. 

 

 There are several significances of the present method in terms of the synthesis and 

applications which include I) the simplicity in the experimental conditions and procedures, II) 

robustness and reproducibility of the experimental procedure, III) the utilization of sawdust as a 

cheap, readily available, renewable, and non-edible biomass, IV) the avoidance of expensive or 

hazardous materials/solvents, V) excellent photocatalytic activity of the as-prepared ZnO 

nanoparticles, and VI) less zinc leaching properties compared to commercial ZnO. Moreover, this 

method can potentially be adapted for the large-scale synthesis of a wide variety of other metal 

and metal oxide nanoparticles. For example, if cobalt or cerium nitrate salt is used instead of zinc 

nitrate, this method can generate cobalt or cerium oxide nanoparticles. Also, heating the sawdust-

impregnated metal nitrate salts under an inert gas atmosphere can generate nanocomposites of 

carbon and metal oxides, which can be utilized for a number of applications. 
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In recent years, photocatalytic treatment has attracted extensive attention in wastewater 

treatment; especially, in the degradation of hazardous organic pollutants. The photocatalytic 

processes have received much attention due to their greener approach, chemical-free treatment, 

potential in the utilization of solar light, and applicability in resource-limited areas. Photocatalytic 

water treatment can be considered an effective approach to a sustainable water treatment 

technology. Due to rapid industrialization and improper disposal of waste materials, access to clean 

water is shrinking all over the world. Therefore, the development of an efficient and sustainable 

photocatalytic water treatment technology employing can not only provide access to clean water 

but also make sure sustainable economic development. 

2.3.1. SEM images, EDX, and ICP-OES Elemental Analysis of ZnO Nanoparticles 

Scanning electron microscopy (SEM) images were obtained to visualize the surface 

morphology, whereas the EDX spectra was taken to reveal the quantitative and qualitative 

elemental composition of the as synthesized ZnO nanoparticles. The SEM image of the ZnO-4 (as 

the representative) is shown in Figure 2.1a. From the SEM image, the ZnO-4 were seen to be 

aggregated with powder like morphology. The SEM image also revealed the sawdust-like porous 

morphology of the ZnO nanoparticles, which is assumed to be templated from the porous 

architecture of the wood tissue in the sawdust. 
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Figure 2.1: a) Typical SEM image of ZnO-4, b) EDX spectra of ZnO-4 showing the elemental 

composition, c) SEM backscattered electron image of ZnO-4, d) X-ray EDS 

mapping image of zinc, e) X-ray EDS mapping image of oxygen, and f) X-ray EDS 

mapping image of calcium. 

 

Chemical composition of the ZnO-4 (as a representative) was studied by the EDS spectral 

and elemental mapping images, 1b-f. It was found that the ZnO-4 was composed of Zn (79.93 % 

wt.), O (13.31% wt.), Ca (5.72% wt.), and C (3.02 % wt.). The presence of Zn and O indicated the 

formation of zinc oxide; whereas the origin of Ca and O indicated the presence of calcium oxide 

in the ZnO-4 sample. The presence of calcium oxide in the ZnO-4 samples is assumed to be 

originated from the minerals present in the sawdust. The presence of calcium oxide was further 

identified and quantified by the ICP-OES and XRPD analysis, which is discussed in section 3.3. 

A weak carbon peak was also observed in the EDS spectrum, which may have originated from the 

carbon tape that was used as the substrate for SEM imaging. 

The elemental (zinc and calcium) composition of ZnO-n nanoparticles was further 

quantified by the ICP-OES analysis. The results revealed that the ZnO-4 nanoparticles consisted 

of 67.28% zinc and 4.02% of calcium. The ratio of zinc to calcium was 16.76 ± 0.15. The ZnO-2 
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nanoparticles were composed of 65.26% and 7.65% of calcium. The ratio of zinc to calcium was 

8.54 ± 0.17. The ZnO-1 nanoparticles were composed of 46.01% zinc and 10.55% of calcium. The 

ratio of zinc to calcium was 4.36 ± 0.06. The SDO-control particles had trace levels of zinc of 

around 0.27% and 26.60% of calcium. The ratio of zinc to calcium was, on average, 0.01 ± 0.001. 

Therefore, it was confirmed that the ratio of zinc to calcium in the ZnO-n nanoparticles increased 

with the increasing mass ratio of zinc nitrate to sawdust in the starting material and vice-versa.  

2.3.2. XRPD Pattern of ZnO Nanoparticles 

The X-ray powder diffraction (XRD) pattern provides crystalline properties such as atomic 

and molecular structure, lattice plane identification, and crystallite size of crystalline material. 

Thus, the crystalline properties of ZnO nanoparticles were studied by the XRPD pattern, Figure 

2.2. Sharp diffraction peaks centered at 2θ = 31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 62.8°, 66.3°, 67.9°, 

69.0°, 72.6°, and 77.2° are characteristic to (100), (002), (101), (102), (110), (103), (200), (112), 

(201), (004), and 202 lattice planes of crystalline hexagonal wurtzite ZnO (Zincite, JCPDS 5-

0664), Figure 3b-e68,79. 
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Figure 2.2: XRPD pattern of the ZnO-n (n=1-4), ZnO-control, and sawdust oxides (SDO) 

showing their crystallinity. 

 

Employing the Debye−Scherrer’s formula (Equation 1) the average crystallite size of the 

ZnO nanoparticles was determined. 

Debye−Scherrer’s Equation, d = kλ / βcosθ                                      (1)  

where d is the crystallite size, λ is the wavelength of Cu Kα X-ray radiation (1.54 Å), θ is 

the Bragg diffraction angle, k is the shape factor (0.9), and β is the full width at half-maximum of 

the most intense (101) diffraction peak. The average crystallite size of the ZnO-1, ZnO-2, and 

ZnO-4, and ZnO-control were calculated to be 27.3, 20.7, 26.7, and 75.5 nm respectively. It could 

be noted that the average crystallite size of the ZnO-4 is somewhat different from the particle size 
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measured from the TEM images. This is because the crystallite size is the size of the coherently 

diffracting domain, which may not be equal to the particle size measured from TEM images. 

In addition, the XRD pattern of the ZnO-control and SDO was obtained to study the 

presence of impurities in the ZnO-n nanoparticles. The ZnO-control and ZDO were prepared by 

heating the zinc nitrate hexahydrate salt and sawdust separately in the tube furnace at 600 oC under 

an air atmosphere. The absence of any undesired peaks in the XRPD pattern of ZnO-control, shown 

in the dashed rectangle, indicates its high purity. The ZnO-control was highly pure because of the 

use of no sawdust in its synthesis. The XRPD pattern of the SDO indicated mostly the presence of 

calcium oxide, Figure 2a. It was found that the intensity of one of the calcium oxides peaks at 29o, 

shown in the dashed rectangle, gradually increased with the higher mass of sawdust used in the 

ZnO synthesis. For example, the ZnO-control (where no sawdust was used) did not show any 

calcium oxide peak, whereas the ZnO-1 through ZnO-4 showed the gradually lower intensity of 

the calcium carbonate peak (shown in the dashed rectangle), which is proportional to the amount 

of sawdust used. From this study, it was confirmed that the ZnO-n was composed of calcium 

oxide/others and the weight percentage of calcium oxide increased with the increase in the mass 

ratio of sawdust to zinc nitrate salt used in the synthesis. A similar trend was found in the ICP-

OES elemental quantitative analysis and the EDS-elemental analysis, Figure 1b. The varying 

percentage of calcium oxide eventually adversely affected the catalytic performance, which is 

discussed in the photocatalytic performance section.  

2.3.3. TEM images of ZnO Nanoparticles 

The transmission Electron Microscopy (TEM) images of the ZnO-4 (as a representative) 

are shown in Figure 2.3a-b with two different magnifications. The TEM images confirmed the 

formation and morphology of ZnO nanoparticles. The TEM images showed that the ZnO-4 were 
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in a variety of shapes with faceted surfaces, which indicated high crystallinity of the ZnO-4, Figure 

2.3b. Some shapes that could be identified from the TEM image were spherical, cubic, hexagonal, 

and pentagonal. It was also found that the ZnO-4 tended to aggregate, which could be attributed 

to the high surface area and surface energy of the ZnO-4. 

 

Figure 2.3: a-b) TEM images of ZnO-4 with two different magnifications. Inset: Size distribution 

of the ZnO-4 based on the TEM image 2b. 

 

In Figure 2.3a (inset), the size distribution histogram of the ZnO-4 is shown. The size 

distribution was obtained by measuring the size of 200 randomly picked nanoparticles utilizing 

the ImageJ software. From the histogram, it was found that the ZnO-4 had an average size of about 

23 nm.  This also demonstrated that the size of the ZnO-4 was not monodispersed rather it ranged 

from about 14 to 40 nm. 

2.3.4. UV-Visible Spectrum of ZnO Nanoparticles 

Zinc oxide nanoparticles are known to have band gaps falling in the semiconductor region. 

Therefore, the UV-visible spectrum was performed to determine the band gap energy of the ZnO-

n (n=1-4). For this, suspension of ZnO-n in ethanol (0.125 mg/mL) was used, and the UV-vis. 

spectrum is shown in Figure 2.4. The ZnO suspension generated a UV-vis absorption band 
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centered at 352, 354, and 366 nm for ZnO-1, ZnO-2, and ZnO-4, respectively. The absorption band 

at this region can be attributed to the excitation of electrons from the valence band to the 

conduction band (O2p→Zn3d). For ZnO-4, the absorption band was sharper than ZnO-2, which 

was followed by ZnO-1. The widening and shifting of the absorption band from ZnO-4 to ZnO-1 

could be attributed to the presence of a higher percentage of calcium oxides originating from 

sawdust. The gradual increase in the percentage weight of calcium oxides from ZnO-4 to ZnO-1 

was found in the XRPD analysis. On the other hand, the SDO did not show any characteristic 

absorption band like zinc oxide nanoparticles, which indicated its absence of any specific band 

gap, Figure 2.4. Additionally, it was observed that the ZnO-n were highly absorptive in the UV 

region (<400 nm) of the electromagnetic spectrum in contrast to the visible region. This further 

explains why ZnO nanoparticles are a highly active photocatalyst under UV light irradiation in 

contrast to visible light. 

 

Figure 2.4: a) UV-visible absorption spectrum of ZnO-n and SDO suspension in ethanol and b) 

Tauc plot for the determination of bandgap of ZnO-n. 
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From the UV-visible absorption spectrum, the optical band gap of the ZnO-n was estimated 

utilizing the Tauc equation. The estimated band-gap energy of ZnO-1, ZnO-2, and ZnO-4 was 

calculated to be 3.15 eV, 3.21 eV, and 3.09 eV, respectively.  

The results indicated that all the ZnO nanoparticles samples had band gaps that are lower 

than the band gap of bulk ZnO (3.37 eV). This reduction of the band gap may be attributed to the 

presence of defect levels within the band gap and due to the presence of valence band-donor atoms 

in the nanoparticles. We assume the presence of calcium and different other elements in the 

sawdust may have doped the ZnO to narrow down their band gap. 

2.3.5. Photocatalytic Degradation of Methyl Orange  

The photocatalytic degradation of MO in DIW and simulated FDW was studied using the 

ZnO-n under UV light irradiation. The percent degradation of MO was calculated using the 

following Equation. 

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑀𝑂 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝐶𝑜−𝐶𝑡

𝐶𝑜
× 100 % =

𝐴𝑜−𝐴𝑡

𝐴𝑜
 × 100 %          (2) 

Where Co and Ct represent the concentrations of MO at the beginning and at time t of the 

photocatalytic reactions; Ao and At represent the absorbance of MO at the beginning (t =0) and at 

time t of the photocatalytic reactions, respectively. The MO degradation kinetics was analyzed by 

the pseud-first order reaction kinetics, which can be expressed by the following equation. 

𝑃𝑠𝑒𝑢𝑑𝑜 − 𝑓𝑖𝑟𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑟𝑎𝑡𝑒 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛, 𝑙𝑛
𝐶𝑡

𝐶𝑜
= 𝑘t              (3) 

where k represents the pseudo-first order rate constant (min-1) and t represents time in min. 

Figure 2.5a shows the time-dependent UV-visible absorption spectrum of 5 ppm MO 

solution in DIW and its gradual degradation during its photocatalysis in the presence of ZnO-4. 
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As shown in Figure 2.5a, the concentration of MO gradually decreased with respect to the time of 

photocatalysis. The characteristic absorption maxima of MO at 464 nm and 275 nm disappeared 

almost completely after 42 min of photocatalysis, which indicated its efficient degradation in DIW. 

 

Figure 2.5: Time-dependent a) UV-visible spectrum of MO solution during photocatalysis by 

ZnO-4 in DIW, b) percent degradation of MO by different ZnO-n catalysts, c) 

Pseudo-first order kinetics of the degradation of MO, and d) digital photograph 

showing the gradual decolorization of MO solution during the photocatalysis by 

ZnO-4. 

 

The time-dependent percent degradation of MO in DIW by different ZnO-n samples is 

shown in Figure 2.5b, whereas the digital photograph of the MO solution during the degradation 

is shown in Figure 2.5d. It was found that ZnO-4 and ZnO-2 were almost equally active and, in 

both cases, almost complete decolorization of MO solution was achieved after 42 min of light 

irradiation. On the other hand, ZnO-1 demonstrated comparatively slower activity, and about 69 
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% of MO was decolorized after 42 min. The slower photocatalytic activity of ZnO-1 compared to 

ZnO-4 and ZnO-2 could be attributed to the presence of a higher percentage of calcium oxide in 

ZnO-1, which was confirmed by XRD and EDX analyses. The ZnO-control showed only about 23 

% MO degradation after 42 min of light irradiation. The slow photocatalytic activity of ZnO-

control could be attributed to the presence of bulk/macroscopic size of ZnO in it, which formed 

when no sawdust was used. Therefore, it could be inferred that sawdust mediated the formation of 

zinc oxide nanoparticles, which demonstrated higher photocatalytic activity in the degradation of 

MO in water. In other words, without sawdust, the method produces bulk/macroscopic zinc oxide 

particles, which are not as active as ZnO-n for photocatalytic applications. Furthermore, it was 

found that the SDO had very low/no photocatalytic activity in the MO degradation, rather it 

showed about 9 % removal of MO by adsorption, Figure 2.5b. Also, the MO solution did not 

undergo any photolysis by UV light irradiation. About 10-20 % of the MO was adsorbed during 

the 14 min sonication and equilibration time, Figure 2.5b. Therefore, it could be confirmed that 

the decolorization of MO in the presence of ZnO-n happened via photocatalysis, not by adsorption 

and photolysis. 

The presence of dissolved salts is one of the factors that can affect the photocatalytic 

performances of a photocatalyst. To determine whether the photocatalytic performance of ZnO-n 

was affected by dissolved salts (ionic strength), photocatalytic degradation of MO was carried out 

in simulated fresh drinking water, Figure 2.6. The time-dependent UV-visible spectrum of MO in 

simulated FDW during its photocatalysis by the ZnO-4 is shown in Figure 2.6a. In about 42 min 

of light irradiation, the characteristic peaks of MO flattened indicating its almost complete 

degradation. The photocatalytic performance of ZnO-n was found to be almost same as the DIW, 

which indicated that ZnO-n, synthesized in this study, is almost equally active in the degradation 



32 

of MO in water irrespective of the presence of dissolved salts, Figure 2.6b. For instance, ZnO-2 

and ZnO-4 took about 42 min to degrade more than 98 percent of the MO in the simulated FDW 

matrix, which is similar to the deionized water as described before. 

Figure 2.6: Time-dependent a) UV-visible spectrum of MO solution in simulated 

FDW during the photocatalysis by ZnO-4, b) percent degradation of MO by 

different ZnO-n catalysts, and c) Pseudo-first order kinetics of the photocatalytic 

degradation of MO. 

 

The kinetics of the MO degradation was further analyzed by fitting the experimental results 

to the Pseudo-first order kinetic model. It was found that the – ln (Ct/Co) vs. time (t) graph 

followed a linear trend, Figures 2.5c and 2.6b. Therefore, according to equation 3, it could be 

considered that the MO photocatalysis in DIW and simulated FDW followed pseudo-first-order 

reaction kinetics. Moreover, the linear relationship between −ln (Ct/Co) and time (t) indicated the 

degradation of MO following the Langmuir–Hinshelwood (LH) mechanism. From the slope of the 

–ln (Ct/Co) vs. time (t) graph the apparent rate constants (kapp) of the photocatalytic degradation of 

MO were calculated. The kapp of MO degradation in DIW was calculated to be 2.23 × 10-2, 1.063 

× 10-1, 9.50 × 10-2, and 3.80 × 10-3 min-1, 4.00 × 10-4 min-1, and 0.0 min-1 for ZnO-1, ZnO-2, ZnO-

4, ZnO-control, SDO, and MO photolysis, respectively. Similarly, the kapp of MO degradation in 

FDW was calculated to be 2.10 × 10-2, 7.68 × 10-2, 1.05 × 10-1, and 4.80 × 10-3 min-1, 0. 0 min-1 for 

ZnO-1, ZnO-2, ZnO-4, ZnO-control, and MO photolysis, respectively. From these values it was 
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found that the degradation of MO over ZnO-2 and ZnO-4 in DIW were more than 24 and 27 times 

faster compared to the ZnO-control, respectively. Similar results were observed for the degradation 

of MO in simulated fresh drinking water. 

The photocatalytic performance of ZnO-n for the degradation of MO in different water 

matrices are summarized in Table 2.1 

Table 2.1 Summary of the photocatalytic degradation of MO in different water matrices on the 

ZnO-n. 

Pollutants Water Matrix ZnO type Rate constant (min-1) 

MO DIW ZnO-4 9.50 × 10-2 

MO DIW ZnO-2 1.063 × 10-1   

MO DIW ZnO-1  2.23 × 10-2 

MO DIW ZnO-control 3.80 × 10-3 

MO 

MO 

DIW 

FDW 

SDO 

ZnO-4 

4.00 × 10-4 

1.05 × 10-1 

MO FDW ZnO-2 7.68 × 10-2 

MO FDW ZnO-1 2.10 × 10-2 

MO FDW ZnO-control 4.80 × 10-3 

MO 

MO 

DIW 

FDW 

no catalyst 

no catalyst 

0.0 

0.0 
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Therefore, photocatalysis experiments suggested that the ZnO-n synthesized in this study, 

especially ZnO-2 and Zno-4, could potentially be utilized for the photocatalytic degradation of 

MO in water under UV light irradiation. The ZnO-n prepared by the use of sawdust was found to 

be much more active than the one viz. ZnO-control synthesized without the sawdust. Therefore, it 

could be inferred that the sawdust mediated the formation of nanosized ZnO, which eventually 

provided photocatalytic activities. This also indicates the adaptability of the method for the 

preparation of other metal oxide nanoparticles using nitrate salts of different metals. 

2.3.6. Cyclic Stability and Reproducibility of the Method of ZnO-n Preparation 

Cyclic stability is one of the most important and desired properties of a photocatalyst. 

Therefore, the cyclic stability of the ZnO-4 (as the representative) was determined by conducting 

the degradation of MO for 5 cycles, Figure 2.7a. This result proved that the ZnO-4 was fairly active 

in the degradation of MO throughout the cycles although a minor loss of activity was observed 

over the cycles of use. The ZnO-4 degraded more than 95 percent MO in every cycle and a very 

slow gradual decrease in activity was observed. This decrease in activity could be attributed to the 

loss of ZnO and the photobleaching of ZnO, which is an inherent property of ZnO. Therefore, from 

the results of this study, it could be inferred that the ZnO-n, synthesized in this study, could be 

utilized as a robust and long-lasting photocatalyst for the degradation of organic contaminants in 

water.  
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Figure 2.7: a) Cyclic stability of the ZnO-4 for MO degradation and b) Photocatalytic activity of 

ZnO-4 prepared in three independent trials. 

 

The methodology for the preparation of ZnO-n was validated by synthesizing the ZnO-4 

in three different trials followed by the analysis of their photocatalytic activity. It was found that 

the ZnO-4 synthesized in three different trials demonstrated similar activity in the degradation of 

5 ppm MO in deionized water, Figure 2.7b. This result indicated that the method for the preparation 

of ZnO-n is very robust and reproducible while providing high photocatalytic activity.  

2.3.7. Determination of the ROS Generated in the Photocatalytic Process   

 The generation of reactive oxygen species (ROS) such as hydroxyl radicals (•OH), 

superoxide radical anions (O2
•−), and hydrogen peroxide (H2O2) is an important process towards 

the photocatalytic degradation organic pollutants on the semiconductor type metal oxide 

nanoparticles80. These ROS, especially the •OH, is a nonselective oxidizing agent, which leads to 

the degradation and eventually the mineralization of the organic pollutants via a series of reactions 

on the photocatalyst surface. The reaction involves the oxidation of hydrocarbon to alcohol, 

aldehyde, and carboxylic acid, and eventually, the decarboxylation to generate CO2 and H2O. As 

hydroxyl •OH is considered the primary ROS causing the degradation, the photocatalytic 
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generation of •OH on the ZnO-n was determined by the terephthalic acid (TA) photoluminescence 

(PL) technique. The working principle of this technique can be explained as follows: I) photo 

catalytically generated •OH on the ZnO-n reacts with sodium terephthalate to form 2-hydroxy 

terephthalate, II) 2-hydroxy terephthalate produces a strong fluorescence emission band centered 

at 425 nm at an excitation wavelength of 315 nm, Figure 8a. The fluorescence intensity is 

proportional to the generation of •OH on the catalyst surface. 

The results of terephthalic acid photoluminescence tests are shown in Figure 2.8. The time-

dependent fluorescence emission spectrum of 2-hydroxy terephthalate solution catalyzed by the 

ZnO-2 (as a representative) is shown in Figure 2.8b. The fluorescence intensity of the 2-hydroxy 

terephthalate solution increased with respect to time, which indicated the ZnO-2 produced a higher 

amount of •OH with respect to the time of UV light irradiation. 
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Figure 2.8: a) Reaction of terephthalate with •OH radical to form 2-hydroxy terephthalate, b) 

Time-dependent fluorescence spectrum of the 2-hydroxy terephthalate solution 

catalyzed by ZnO-2 (as a representative), and c) kinetics (fluorescence intensity at 

425 nm Vs time) of the generation of •OH radical by different catalysts. 

 

Figure 2.8c shows the kinetics of the generation of •OH, studied through the fluorescence 

tests, by different ZnO-n prepared in this study. Figure 2.8c was obtained by plotting the 

fluorescence intensity of 2-hydroxy terephthalate solution at 425 nm Vs. the time of light 

irradiation. It was found that the rate of •OH generation by ZnO-2 and ZnO-4 was highest and 

almost similar compared to ZnO-1, ZnO-control, SDO, and TA solution only. These results further 

confirmed the higher photocatalytic activity of the ZnO-2 and ZnO-4 towards the degradation of 

MO (discussed before) compared to ZnO-1, ZnO-control, and SDO. Therefore, it is confirmed that 

the ZnO has the ability to generate ROS such as •OH under UV light irradiation, which leads to 

the degradation of organic pollutants in water. 

 2.3.8. Proposed Mechanism for the Photocatalytic Degradation of Organic Pollutants 

The photocatalytic degradation of pollutants on semiconductor-type metal oxide 

nanoparticles such as ZnO can be depicted in Scheme 2.2. The mechanism is proposed based on 

findings (•OH generation studies, band gap analysis) of the current study and previously reported 

studies62. As ZnO is an n-type semiconductor metal oxide and has bandgap energy (Eg) of ~ 3.37 

eV, it has two electronic band structures called valence (VB) band and conduction band (CB). The 

band gap of ZnO-1, ZnO-2, and ZnO-4 were found to be 3.15 eV, 3.21 eV, and 3.09 eV, 

respectively.  
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Scheme 2.2: Proposed scheme for the photocatalytic generation of ROS by the ZnO 

nanoparticles followed by the degradation of organic pollutants. 

 

When the UV light of energy (in this case, ~ 302 nm or ~ 4.1 eV) equal or greater than the 

band gap of ZnO irradiates on the ZnO (in this case, 3.15 eV, 3.21 eV, and 3.09 eV for ZnO-1, 

ZnO-2, and ZnO-4, respectively), the photons of the incident light excites the VB electrons to the 

CB. The excitation of an electron leaves a hole (lack of electron) on VB. In this stage, several 

photochemical reactions happen simultaneously on the ZnO surface in the presence of water and 

oxygen. These holes (h+) on the VB oxidize organic pollutants or inorganic species such as 

hydroxyl (OH-) ions or H2O to •OH. The photoexcited e- on the CB can reduce oxygen to generate 

various ROS such as •O2
-, •OOH, and •OH. These ROS are short-lived and highly reactive, which 

initiate a series of oxidation reactions leading to the gradual oxidative degradation of organic 

pollutants to CO2 and H2O, also known as mineralization. Therefore, generating reactive oxygen 

species is crucial for the photocatalytic activity of ZnO and other semiconductor-type metal oxide 

nanoparticles. However, the recombination of the exciton (photo-generated holes and electron 

pair) can lead to the loss of photocatalytic activity and the generation of photothermal heat.  



39 

2.4. Conclusions and Summary 

Highly stable and photo-catalytically active zinc oxide nanoparticles (ZnO-n) of about 

23 nm in size were synthesized by combusting a mixture of zinc nitrate salt and sawdust. 

Characterization of the ZnO-n was carried out by TEM, SEM, EDX, XRD, ICP-OES, and UV–

visible spectroscopic analysis. The ZnO-4 and ZnO-2 displayed excellent efficiency toward the 

photocatalytic degradation of MO in aqueous solutions. >96% MO could be photo-catalytically 

degraded in about 42 min of UV light irradiation. The ZnO-4 and ZnO-2 demonstrated almost 

equal activity for the degradation of MO in deionized and simulated fresh drinking water matrices. 

As the generation of ROS species is a major step towards the degradation of organic pollutants, 

the generation of hydroxyl radical on the ZnO-n was confirmed by the terephthalic acid 

photoluminescence tests. Moreover, the reproducibility of the synthesis methodology was 

confirmed by triplicating the experiments and the ZnO-n demonstrated similar photocatalytic 

activities in every trial. Additionally, the ZnO nanoparticles demonstrated excellent robustness in 

terms of the photo leaching of zinc in solution over the commercial zinc oxide nanoparticles. 

Therefore, the ZnO nanoparticles, synthesized in this study, could potentially be utilized for 

sustainable water treatment technologies. The synthesis method could also be extended for the 

preparation of a wide variety of metal and mixed metal oxide nanoparticles for numerous 

applications. 
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Chapter 3: Preparation of Metastable Zinc Oxide Nanoparticles with High Photocatalytic 

Activity for Water Decontamination and Sanitation 

3.1. Introduction 

Nanomaterials possess fascinating physical81, chemical82, and biological83 properties that 

can help to solve critical scientific and engineering problems today. They have received significant 

attention in a broad spectrum of applications, including but not limited to chemical catalysis84, 

optics85, photovoltaics86, energy storage87, sensors88,89, electronics89, biological and biomedical 

applications, and environmental remediation90. Among various nanomaterials, Zinc Oxide (ZnO) 

is the most extensively used material owing to its physicochemical properties, stability, 

availability, nontoxicity, and low cost91,92. As a photocatalyst, ZnO NPs have an excellent 

capability to degrade organic pollutants in water. However, for photocatalytic applications, 

nanoscopic ZnO (size 1-100 nm) is most suitable compared to macroscopic ZnO93,94. The 

nanoscopic ZnO has a higher specific surface area, surface energy, and a suitable bandgap for 

separating the exciton that eventually allows for additional activation sites for the interaction and 

degradation of the pollutant95. The degradation of organic pollutants by photocatalysis happens on 

the surface of the zinc oxide nanoparticles via redox processes96. It is initiated by the electronic 

excitation between the valence band and conduction bands97,98. Photocatalytic degradation is 

beneficial over other chemical processes as it is a chemical-free process and does not give rise to 

any other contamination99.   

Several strategies have been followed to synthesize photocatalytic ZnO NPs with various 

morphologies, such as nanorods, nanotubes, nanobelts, nanowires, and Nano mushrooms98. 

Commonly employed techniques for synthesizing ZnO NPs include ball-milling, combustion 

synthesis, sol-gel process hydrothermal spray pyrolysis and chemical vapor deposition101–103. 



41 

However, most techniques need expensive chemicals, complex approaches, and a long response 

time. Sometimes, it is challenging to synthesize nanomaterials with controlled particle size with 

reproducibility104,105. Therefore, it is required to bring a facile, cost-effective, and environment 

safely technique to synthesize nanoparticles for photocatalytic applications if they have highly 

active catalytic activity via achieving metastable crystal states105,106. 

The combustion synthesis is a well-known and practical approach for synthesizing various 

metal oxide nanoparticles due to its simplicity, scalability, stability, and reproducibility107–109. This 

synthesis procedure involves a mixture of metal salt, an oxidizer, and fuels heated to a high 

temperature (500 °C); the mixture goes through a fast decomposition reaction in the presence of 

air, producing high-purity metal oxide nanoparticles110. The problem that often emerges is that this 

process tends to produce metal oxides that have achieved thermodynamic stability, which tends to 

impart catalysis on their surface111.   

Modern dyes are extensively used in textile dyeing, cosmetics, pharmaceuticals, 

papermaking, food industries, and so on. Many of these dyes and their degradation products are 

toxic and can cause severe health conditions such as respiratory tract infection, vomiting, pain, 

hemorrhage, and other diseases112–114. Most of these dyes are not readily degraded by light, heat, 

and biological agents available in nature. So, removing these dyes from the water bodies is 

essential before discharging them into the environment112,115. 

Methyl orange (MO) is a cationic dye, and it has many applications in food, cosmetics, 

textile, medicine, and leather-based industries116,117. The release of MO into the aquatic 

environment from various sources poses severe environmental threats and toxic effects on living 

beings, considering that this dye is genotoxic, carcinogenic mutagenic, and resistant to degradation 

and remediation118,119. The persistent pollution of these water sources caused by the dye at a rapid 
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pace poses a significant threat to the ecological balance of the environment as well120. The 

elimination of organic contaminants in water has been a major concern in the treatment of 

wastewater due to the persistent nature of these pollutants121. Therefore, the degradation or 

removal of MO is essential to prevent its adverse effects122. A variety of physical, chemical, and 

biological methods have recently been used to eliminate MO from water.  However, photocatalytic 

advanced oxidation processes (AOP) have recently drawn considerable scientific interest in 

degrading organic pollutants effectively from an aqueous environment due to their advantages over 

other approaches such as adsorption, coagulation, precipitation, filtration, and so on. Photocatalytic 

oxidative degradation is the chemical-free method for removing dyes and pollutants from the 

water123–125. This process no longer produces any other pollutants and can degrade organic 

contaminants to mineralization, whereas other techniques move pollution from one area to 

another126,127.  

This paper reports a simple and fast method for the synthesis of ZnO NPs by using a 

biomass product such as saccharides to generate a new metastable form of ZnO NP with higher-

than-normal photocatalytic chemistry to generate reactive oxygen species (ROS). The saccharides 

investigated were glucose, fructose, dextrin, and starch. Four different ZnO nanoparticle samples 

(Glucose-ZnO, Fructose-ZnO, Dextrin-ZnO, Starch-ZnO) were synthesized by burning the 

corresponding zinc nitrate hexahydrate [Zn (NO3)2.6H2O] paste, and each of the saccharides at 

500 °C and then used them as photocatalysts to degrade the MO dye (organic pollutants) in water. 

The photocatalytic activity and stability of the ZnO NPs was obtained through the photocatalytic 

degradation of MO dye in deionized water (DIW) and the simulated fresh drinking water (FDW) 

under UV-B light irradiation (360 nm) and sunlight irradiation. A fluorescence test evaluated the 

photocatalytic hydroxyl radicals (•OH) generation by the ZnO NPs.  
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3.2. Materials and Methods 

3.2.1. Materials 

Glucose (C6H12O6 ≥99.5%), fructose (C6H12O6 ≥99%), dextrin (C6H10O5) n ≥99.5%, starch 

[C6H10O5) n, ≥95%)], zinc nitrate hexahydrate [Zn (NO3)2.6H2O ≥ 98%), Terephthalic acid 

[C8H6dO4 = 98%] and sodium hydroxide (NaOH ≥ 98%) were purchased from Sigma Aldrich. 

Methyl Orange (C14H15N3O3S >98.0%) was purchased from TCI AMERICA. Salts used for the 

preparation of simulated fresh drinking water matrices such as sodium bicarbonate (NaHCO3,99.5-

100.5%), calcium chloride dihydrate (CaCl2.2H2O, ≥99.5%), magnesium sulfate heptahydrate 

(MgSO4.7H2O, ≥98. %), sodium silicate nonahydrate (Na2SiO3.9H2O, ≥98. %), sodium nitrate 

(NaNO3, ≥99. %), sodium fluoride (NaF, ≥99. %), sodium phosphate hydrate (NaH2PO4.H2O, ≥98. 

%) were purchased from Sigma Aldrich. The Analogue Hot Plate Stirrer (Fisher Scientific 11-600-

49sh Isotemp) was used for the synthesis of ZnO NPs as a heating source. An ultraviolet box 

reactor (UVP Ultraviolet Cross-linker, Model CL-1000) containing UV-B fluorescent tube lamps 

was used for the photocatalytic degradation of MO and hydroxyl radical generation. The intensity 

of light was measured using a digital Light Meter LX1330B, and the intensity of light on the 

surface of the reaction was measured to be ~22,000 lux for the UV light in the box reactor and 

~100,000 lux for sunlight. Syringe Filters with 0.45μm pore size were obtained from VWR to filter 

the reaction mixture for the UV-visible spectroscopic analysis. Milli-Q water (> 18.20 MΩ.cm 

resistivity) was obtained from the Milli-Q (Advantage A-10) water filter system. The simulated 

fresh drinking water (FDW) was prepared by dissolving 252 mg/L NaHCO3,147 mg/L 

CaCl2.2H2O, 124 mg/L MgSO4.7H2O, 95 mg/L Na2SiO3.9H2O, 12 mg/L NaNO3, 2.2 mg/L, NaF, 

and 0.18 mg/L NaH2PO4.H2O in the DIW which was formulated in accordance with the 

Nanotechnology Enabled Water Treatment guidelines. 
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3.2.2. Characterization Instrumentation 

Scanning Electron Microscopy (SEM) images and Energy Dispersive X-ray (EDX) 

experiments were conducted using the Hitachi SU3500 microscope where carbon tape was used 

as a substrate for sample analysis. Transmission electron microscopy (TEM) experiments were 

conducted using a Hitachi H-7650 Microscope with an acceleration voltage of 80 kV. Carbon-

filmed copper grid (200 mesh) was deposited with a suspension of ZnO NPs (0.2 mg/mL) in water 

and air-dried before imaging. Bruker D8 Discover X-ray diffractometer equipped with Cu Kα 

radiation was used to obtain the ZnO nanoparticle X-ray diffraction (XRD) pattern. X-ray 

photoelectron spectroscope (XPS) equipped with Al Kα radiation was used to investigate the 

surface elemental composition and purity of ZnO NPs. The UV-Visible spectroscopic analysis was 

performed on the Agilent Cary 50 Conc UV-Visible Spectrophotometer. Standard quartz cuvette 

(10 mm path length) was used as the sample holder for the UV- vis studies.  

3.2.3. Synthesis of ZnO NPs 

 Four different ZnO nanoparticle samples (Named Glucose-ZnO, Fructose-ZnO, Dextrose-

ZnO, and Starch-ZnO) were synthesized using a similar experimental procedure shown in Scheme 

1. For example, the synthesis of Glucose-ZnO is explained here. Glucose [1200 mg (3.51 mmol)], 

Zn (NO3)2.6H2O [3569.88 mg (12 mmol)], and 2 mL of deionized water were thoroughly mixed 

in 150 ml of a glass beaker. The beaker was then placed on the hot plate, which was preheated to 

~500 °C, and confirmed with an IR temperature gun. Within a minute of heating or burning, the 

mixture on the hot plate turned into a thick/viscous solution and instantly decomposed into a 

blackish-brown foam while producing yellowish-brown gases. The hot plate with blackish-brown 

powder/foam was put in a well-ventilated fume hood as the NO2 and NOx gases formed due to the 

breakdown of the zinc nitrate salt. Afterward, the form turned into a powder/foam that was placed 
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on the surface of the hot plate. During heating, the blackish-colored powder became a yellowish-

white colored powder of ZnO NPs. After cooling, the ZnO NPs powder became white and was 

utilized for the characterization and the photocatalytic studies.   

Additionally, A control ZnO sample (named ZnO-control) was also obtained using the 

same experimental procedure except without using any saccharides in the reaction mixture. In 

detail, the ZnO-control was synthesized by burning a mixture of [3569.88 mg (12 mmol)] Zn 

(NO3)2.6H2O and 2 ml DIW (without using a saccharide) at ~500 °C in a 150 ml glass beaker on 

the same hot plate. 

3.2.4. Methyl Orange (MO) Photodegradation Reaction Procedure 

The performance of ZnO NPs towards the photodegradation of MO in DIW and simulated 

fresh drinking water was studied under UV and sunlight illumination. A concentration of 5 ppm 

(mg/L) MO solution was utilized for the photodegradation test in a 250 mL glass beaker. For 

effective photodegradation under the UV light, 30 mg ZnO NPs were taken in 30 ml MO (5 ppm) 

solution, and the mixture was put on for bath sonication for 15 min in the dark to reach the 

adsorption-desorption equilibrium between the MO dye and ZnO photocatalyst. Afterward, the 

mixture (MO dye and ZnO photocatalyst) was placed under the UV light in a box reactor. While 

the mixture was shined under the UV light, a 1 mL sample was drawn every 5 min. The same study 

was conducted under direct sunlight. 30 mg ZnO NPs were taken in 30 ml MO (5 ppm) solution, 

the mixture was put on for bath sonication for 5 min, and a 1 mL sample was drawn every 3 min. 

Then filtered with a syringe filter (0.45μm pore size) for UV-vis spectroscopic analysis. Finally, 

the MO degradation rate was monitored by the observing absorbance of MO at 464 nm wavelength.   
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3.2.5. Fluorescence Test for the Hydroxyl Radicals Detection 

A 5 ×10-3 M stock solution of sodium terephthalate was prepared by adding terephthalic 

acid with a stoichiometric amount of sodium hydroxide in DIW. 30 ml of sodium terephthalate 

solution was taken in a glass beaker from the stock solution, and photo-reacted with the ZnO NPs 

under UV light. About 1 mL sample was drawn and filtered with the 0.45μm pore size syringe 

filters every 5 min at the time of photocatalysis. The fluorescence spectrum was obtained with an 

excitation wavelength of 315 nm, and to determine the qualitative amount of hydroxyl radicals in 

the solution, the fluorescence emission intensity at 425 nm was utilized.  

3.3. Results and Discussion 

This report describes a facile method to prepare ZnO NPs by combusting a mixture of 

saccharides (glucose, fructose, dextrin, and starch) and Zinc nitrate on a hot plate. Four highly 

active ZnO NPs samples named Glucose-ZnO, Fructose-ZnO, Dextrose-ZnO, and Starch-ZnO 

were prepared, and their photocatalytic properties in DIW and simulated FDW under UV light and 

sunlight irradiation were thoroughly studied. The wide bandgap energy of ZnO NPs allows them 

to absorb UV light, triggering a series of reactions that generate highly reactive oxygen species 

(ROS). These ROS play a crucial role in the degradation process and effectively break down 

organic pollutants such as MO. 

The present method offers several significant and notable advantages in terms of synthesis 

and applications. These include the simplicity of experimental conditions and procedures, 

robustness, and reproducibility, as well as the utilization of readily available poly or 

monosaccharides as precursor materials. Additionally, this method refrains from utilizing costly 

or hazardous materials and solvents, considering both cost-effectiveness and safety issues. The 

resulting ZnO nanoparticles demonstrate excellent photocatalytic activity for the degradation of 
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organic pollutants. Moreover, this method shows potential for large-scale synthesis of various 

metal and mixed-metal oxide nanoparticles by simply substituting zinc nitrate with nitrate salt of 

other metals such as magnesium, cobalt, cerium, copper, or iron. The synthesis methodology 

presented here will be able to generate the corresponding metal oxide nanoparticles based on the 

nitrate salt used. This versatility allows for the production of a wide range of nanoparticles, 

expanding the scope of potential applications in various fields. Overall, the choice of ZnO 

nanoparticles in this study is supported by their facile synthesis method, well-established 

photocatalytic activity, stability, cost-effectiveness, abundance, and environmental compatibility. 

Because of industrialization and unsuitable removal of the contaminants from wastewater, 

getting clean water is narrowing down everywhere in the world. Improving existing water 

treatment processes and developing novel nanomaterials synthesis with intriguing properties can 

ensure sustainable water treatment technology with economic development. Recently the 

application of photocatalytic treatment for degrading hazardous organic pollutants in wastewater 

has gained attention due to its environmentally friendly nature, non-chemical treatment process, 

utilization of solar light, and suitability for economically low resources settings area. Therefore, 

there is a pressing need to develop a simple and rapid approach for preparing photo-catalytically 

active nanomaterials. Such advancements can greatly contribute to the optimization of 

photocatalytic water treatment systems, ultimately leading to improved access to clean water 

resources worldwide. 

The ZnO NPs were prepared by burning Zn (NO3)2.6H2O, and different poly or 

monosaccharides paste at ~500 °C on top of a hot plate as described in detail in the synthesis 

section. Scheme 3.1. Chemically, the poly or monosaccharides participated as the fuel, and zinc 
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nitrate salt participated as the oxidant in the combustion synthesis. The following reactions take 

place during the preparation of ZnO NPs: 

C12H22O6 (s) + Zn (NO3)2.6H2O (s) ➔ Cfoam + ZnO (s) + N2(g) + H2O (g)+ NOx (g)    (1) 

Cfoam + ZnO (s) ➔ ZnO (s) + CO2 (g)                                            (2) 

Based on previous studies, the proposed mechanism for forming glucose ZnO NPs can be 

explained here. While the Zn (NO3)2.6H2O and glucose mixture dissolves in water, it becomes 

concentrated to form a thick paste due to heating on the hot plate, thereby it undergoes a series of 

chemical reactions. On additional heating, the Zn (NO3)2.6H2O immediately begins to decompose 

to form CO2, NO2, N2, H2O, and nitrogenous gases. The decomposition reaction is represented by 

Equation 1. Simultaneously, glucose undergoes partial carbonization, resulting in the formation of 

a foam-like composite. It is considered that ZnO NPs become embedded within this partly 

carbonized glucose foam, Equation 1. This partially carbonized glucose acts as the interface/barrier 

and thus prevents the growth of ZnO enabling the nanoscopic size. Upon further heating, the partly 

carbonized foam undergoes oxidation at high temperatures, where the carbon converts to carbon 

dioxide (CO2) through combustion. This combustion process leads to the liberation of carbon 

dioxide gas and the formation of yellowish-white ZnO NPs, Equation 2. The color of the ZnO NPs 

appears yellowish white when hot due to oxygen vacancies in the ZnO crystal lattice. However, 

the oxygen vacancies are filled upon cooling to room temperature, resulting in the ZnO NPs 

appearing white in color128. This synthesis method allows for the integration of ZnO nanoparticles 

within the carbonized glucose matrix, providing a unique composite material with potential 

applications. Overall, the mechanism involves the decomposition of Zn (NO3)2·6H2O, partial 

carbonization of glucose, combustion of the carbonized foam, and the formation of ZnO 
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nanoparticles. This process allows for the synthesis of glucose-ZnO nanoparticles through a facile 

and scalable combustion method. 

  
Scheme 3.1: Saccharides (glucose on the scheme above) mediated combustion synthesis of ZnO 

NPs. 

 

3.3.1. TEM Analysis of the ZnO NPs 

The results of TEM images suggested that the ZnO NPs (Dextrin-ZnO, Fructose-ZnO, 

Glucose-ZnO, and Starch-ZnO) were of different sizes and shapes with smooth surfaces, Figures 

3.1 a, b, c, d. The TEM images also revealed that the particles tended to interconnect and overlap 

to form aggregates. The high surface energy and the high surface area of ZnO NPs could indicate 

the formation of aggregates and clusters. Using the ImageJ software, measuring the 100 randomly 

picked nanoparticles size, the ZnO NP’s average size was determined. It revealed that Dextrin-

ZnO had an average size of 20 nm, Fructose-ZnO had 35 nm, Glucose-ZnO had 32 nm, and Starch-

ZnO had 22 nm, Figure 3.1e.  
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Figure 3.1: TEM images of the ZnO NPs a) Dextrin-ZnO, b) Fructose-ZnO, c) Glucose-ZnO, d) 

Starch-ZnO, and e) the average size of the ZnO NPs based on the TEM image. 

3.2.2. SEM Image and EDX Spectrum of the ZnO NPs. 

 

3.3.2. SEM Image and EDX Spectrum of the ZnO NPs 

   The SEM and EDX images were obtained to observe the bulk morphology and the 

composition of elements of the ZnO NPs, respectively. The SEM image of the ZnO NPs (Dextrin-

ZnO, Fructose-ZnO, Glucose-ZnO, Starch-ZnO, and ZnO Control) are shown in Figure 3.2 and 

The SEM image shows that the ZnO NPs were a powder-like texture with an aggregation pattern. 

The high surface energy of the nanoparticles might cause this aggregation. 
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Figure 3.2: a) SEM image of the Glucose ZnO; b) SEM backscattered electron images of the 

ZnO NPs; c, d) X-ray EDS mapping of zinc and oxygen, respectively e) SEM 

image of the Fructose ZnO; f) SEM backscattered electron image of the ZnO NPs; 

g, h) X-ray EDS mapping of zinc and oxygen, respectively i) SEM image of the 

Dextrin ZnO; b) SEM backscattered electron images of the ZnO NPs; c, d)X-ray 

EDS mapping of zinc and oxygen, respectively m) SEM image of the Starch ZnO; 

n) SEM backscattered electron images of the ZnO NPs; o, p)X-ray EDS mapping of 

zinc and oxygen, respectively q) SEM image of the ZnO Control; r) SEM 

backscattered electron images of the ZnO NPs; s, t)X-ray EDS mapping of zinc and 

oxygen, respectively. 

 

 To obtain the elemental composition, the SEM-EDX spectrum was taken on Glucose-ZnO 

Fructose-ZnO, Dextrin ZnO, Starch ZnO, and ZnO control which is shown in Figure 3.3 a, b, c, d, 

and e respectively. Figure 3f represents the weight percent of Zn and O in each ZnO NPs which 

was obtained from the SEM-EDS spectrum. The EDX spectrum of all saccharides derived ZnO 

nanoparticles determined that no impurity or adulteration was there in the as-synthesized product 

since strong and prominent peaks generated by EDX spectra corresponding to Zn and O, Figure 3 
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(a-e). We believe that some other peaks originated except Zn and O is carbon peak which is 

originated from the carbon tape as carbon tape was used for the analysis as a substrate. This result 

of the SEM-EDX spectrum also confirmed the successful formation of ZnO nanostructures. 

 

Figure 3.3: EDX spectra showing the elemental composition of a) Glucose-ZnO, b) Fructose-

ZnO, c) Dextrin-ZnO, d) Starch-ZnO, and e) ZnO Control, f) weight percent of Zn 

and O in each ZnO NPs obtained from SEM-EDX elemental analysis. 

 

 3.3.3. UV–visible Spectrum of the ZnO NPs    

To determine the bandgap energy of the ZnO NPs, zinc oxide nanoparticles suspension in 

ethanol (0.125 mg/mL) was used, and a UV-visible spectrum was carried out. The UV-visible 

spectrum of the ZnO NPs is shown in Figure 3.4. All the ZnO NPs generated a characteristic UV-

vis absorption band centered at around 375 nm. The presence of a characteristic peak at around 

375 nm across all ZnO NPs samples indicates that they share a common optical property in the 
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UV region. This observation suggests that there are no significant differences in the absorbance 

behavior of these samples at that wavelength.  The absorption band in this region could be the 

excitation of electrons from the valence band to the conduction band (O2p→Zn3d). It was also 

noticed that all the synthesized ZnO nanoparticle samples were very absorptive at the UV region 

in distinction to the visible region of the electromagnetic spectrum. These results further support 

that all the ZnO NPs used in this study acted as immensely active photocatalysts under UV light 

illumination. 

 

Figure 3.4: UV-visible absorption spectrum of ZnO NPs suspension in ethanol. 

 

The band-gap energy was calculated from the following equation based on the absorption 

maximum. 

E = hc/λ                                                                       (3) 

where E is the energy (J), h is Planck's constant (h = 6.626 x 10–34 Js), c is the velocity of 

light (2.998 x 108 ms–1), and λ is the wavelength (maximum absorption). The band-gap energy of 

3.32 eV, 3.31 eV, 3.31 eV, and 3.32 eV were obtained for Dextrin-ZnO, Fructose-ZnO, Glucose-

ZnO, and Starch-ZnO, respectively. 



54 

3.3.4. XRPD Analysis of the ZnO NPs 

  The ZnO NPs were further characterized by X-ray Powder Diffraction (XRPD) 

measurement to obtain the sample's crystalline structure and crystallite particle size. In Figure 3.5, 

it was shown that there exist sharp diffraction patterns and peaks which point out the ZnO 

nanoparticle's crystalline nature. Additionally, the diffraction peaks at 2θ = 31.70°, 34.20°, 36.20°, 

47.46°, 56.50°, 62.70°, 66.20°, 67.80°, 68.99°, 72.40°, and 77.10° are characteristic to the (100), 

(002), (101), (102), (110), (103), (200), (112), (201), (004), and (202) lattice planes of the 

crystalline hexagonal wurtzite structure of ZnO nanoparticles (JCPDS  5-0664), respectively129. 

 

Figure 3.5: XRPD patterns of the ZnO NPs. 

 

Moreover, the XRD pattern was conducted to observe whether any impurities were present 

in the ZnO NPs.  Based on the XRPD pattern, it was obtained that the ZnO (101) diffraction peaks 

intensity is more prominent than any other peak, which is consistent with the expected trend that 
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ZnO NPs have a preferred growth toward the (101) crystallographic direction. However, the 

remarkable broadness of the diffraction peaks in the saccharides-derived ZnO NPs clearly 

indicates a semi-crystalline nature that points out a metastable phase that may be responsible for 

enhanced photocatalysis. 

3.3.5. XPS Analysis of the ZnO NPs 

The XPS analysis was conducted to assess the elemental composition, and chemical state 

of all the saccharides derived from ZnO NPS as well as investigate the purity of ZnO NPs. Figure 

3.6. a, d, g, and h are the XPS survey spectrum of Glucose ZnO, Fructose ZnO, Dextrin ZnO, and 

starch ZnO, respectively130. The XPS survey spectrum revealed that all the ZnO NPs derived from 

saccharides primarily consist of Zn and O with a small amount of C. It was assumed that this 

minimal amount of C was detected due to the contamination of the instrument. The XPS survey 

spectrums of ZnO NPs also showed the characteristic binding energies corresponding to the 

various Zn and O states130,131. Figure 3.6.b represented the Zn 2p3/2 and Zn 2p1/2 peaks of Glucose 

ZnO at 1021.8 and 1045.4 eV for Zn element in ZnO NPs, respectively. Figure 3.6.e represented 

the Zn 2p3/2 and Zn 2p1/2 peaks of Fructose ZnO at 1022.4 and 1045.5 eV for the Zn element in 

ZnO NPs, respectively132. Figure 3.6.h represented the Zn 2p3/2 and Zn 2p1/2 peaks of Dextrin ZnO 

at 1022.7 and 1045.8 eV for the Zn element in ZnO NPs, respectively. Figure 3.6.k represented 

the Zn 2p3/2 and Zn 2p1/2 peaks of Starch ZnO at 1022.6 and 1045.7 eV for the Zn element in ZnO 

NPs, respectively. The peak observed at around 532 eV in the O 1s binding energy indicated the 

presence of O in the ZnO NPs in Figure 3.6. c, f, I, j. Moreover, O 1s exhibited two distinguishable 

peaks at about 532 eV and 533 eV which are attributed to the characteristic peaks of the Zn–O and 

the Zn-OH bonds, respectively on the surface of all the ZnO NPs. The OH group was more likely 

formed due to the breaking down of the Zn-O-Zn bond and the subsequent formation of the Zn-
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OH bond during the synthesis. These results confirmed the purity of all saccharides derived Zno 

NPs. 

     

Figure 3.6: a) XPS survey spectrum of Glucose ZnO, b) XPS spectrum of Zn 2p, c) XPS 

spectrum of O 1s; d) XPS survey spectrum of Fructose ZnO, e) XPS spectrum of Zn 

2p, f) XPS spectrum of O 1s; g) XPS survey spectrum of Dextrin ZnO, h) XPS 

spectrum of Zn 2p, i) XPS spectrum of O 1s; j) XPS survey spectrum of Starch 

ZnO, k) XPS spectrum of Zn 2p, l) XPS spectrum of O 1s. 

 

 3.3.6 Photocatalytic Degradation of Methyl Orange (MO). 

 All four ZnO NPs samples and the control ZnO sample synthesized in this study were 

subjected to degrade the MO dye in deionized water (DIW) and simulated fresh drinking water 

(FDW) under UV light and sunlight irradiation. The photocatalytic efficiency was determined by 

the percent degradation of MO using Equation 4. The degradation of MO was determined by its 

characteristic absorbance at 464 nm using UV-visible spectroscopy. 
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𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝐶𝑜−𝐶𝑡

𝐶𝑜
× 100% =

𝐴𝑜−𝐴𝑡

𝐴𝑜
 × 100%                         (4) 

Co is the initial concentration, Ct is the equilibrium concentration or concentration at time 

t of MO, Ao is the initial absorbance, and At is the absorbance at time t of MO at 464 nm on the 

absorbance spectra, respectively.  

As a representative, the UV-vis spectrum of the photocatalytic degradation of 5 ppm MO 

solution with the time by Fructose-ZnO in DIW is shown in Figure 3.7a. It could be found that 

with respect to the time during photocatalysis, the concentration of MO gradually decreased. The 

absorption maxima dropped almost to baseline at 464 nm after 20 min of reaction, which suggested 

the efficient MO photodegradation in water by Fructose-ZnO.  

The percentage of MO degradation with time by different types of ZnO NPs in DIW is in 

Figure 3.7b. It was found that fructose-ZnO was the most active photocatalyst, whereas Glucose-

ZnO and Dextrin-ZnO achieved complete decolorization after 25 min. Starch-ZnO demonstrated 

comparatively slower activity and reached complete degradation of MO after 35 min. Starch-ZnO 

shows relatively slower photocatalytic activity, which could be indicated by the dissimilarity in 

the formation of Starch-ZnO compared to others. When starch and zinc nitrate hexahydrate were 

mixed in water, it formed a thick dough-type suspension instead of a viscous solution for other 

saccharides. During burning on the hot plate, the starch and zinc nitrate hexahydrate mixture 

formed less foam during the decomposition, indicating a less specific surface area.  
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Figure 3.7: a) UV-vis spectra of MO (5 ppm) solution in DIW by Fructose-ZnO, b) percent 

degradation of MO with time by ZnO NPs, c) Pseudo-first order kinetics reaction of 

MO degradation, and d) A digital photograph of degradation of MO solution during 

photocatalysis by Fructose-ZnO. 

 

After 30 min time of UV light exposure, the ZnO-control represented only about 22 % MO 

degradation under the same experimental conditions, which was possibly due to the more 

thermodynamically stable state achieved when no saccharide was used during the synthesis and its 

very low specific surface area and huge particle size as seen on SEM images. Moreover, no 

decolorization of MO solution was observed by just the UV light irradiation. Therefore, it could 

be concluded from the SEM images and the photocatalytic performances that saccharides assisted 

the formation of a metastable state of ZnO with nanoscopic size ranges and with a high active 

specific surface area that allowed high photocatalytic performance.  

The photocatalytic degradation kinetics of MO by ZnO NPs was obtained by the pseudo-

first-order kinetic model which is as follows. 
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kt = −ln (Ct/Co)                                                                (5) 

k is the reaction's photodegradation rate constant (min−1). Co is the initial concentration 

of the MO, which was at the beginning of the reaction, and Ct is the concentration of the MO at 

time t.  

Figure 3.7c shows that MO photodegradation in DIW followed the pseudo-first-order 

kinetics mechanism, and the −ln (Ct/Co) versus the time (t) graph followed the linear trends, and 

this linear relationship also suggested that the photocatalytic reaction of MO degradation followed 

the Langmuir−Hinshelwood model133. A digital photograph of degradation of MO solution during 

photocatalysis by Fructose-ZnO in Figure 3.7d.  

The photodegradation of MO was further studied in simulated fresh drinking water, 

considering the presence of dissolved salts is a factor that influences the photocatalytic 

performances of a photocatalyst. The UV-visible spectrum of MO photodegradation with time in 

simulated fresh drinking water (FDW) by the Fructose-ZnO as a representative is shown in Figure 

3.8a. After 30 min of UV light illumination, it was found that the performance of all the ZnO NPs 

was almost the same as the DIW. Therefore, it could be inferred that the ZnO NPs prepared for 

MO photodegradation in water are nearly equally active in the presence of dissolved salts, Figure 

3.8b. 
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Figure 3.8: a) UV-vis spectra of the 5 ppm MO solution with time by Fructose-ZnO in simulated 

FDW, b) percent degradation of MO with time by different ZnO NPs derived from 

saccharides, and c) Pseudo-first order kinetics of the MO degradation reaction. 

 

The – ln (Ct/Co) vs. time (t) graph followed a linear trend in MO degradation in simulated 

FDW, like the MO degradation in DIW, in Figure 3.8c. Therefore, it is indicated that the MO 

photodegradation kinetics of DIW and simulated FDW followed the pseudo-first-order reaction 

mechanism. Moreover, this relationship between – ln (Ct/Co) and time (t) of the photodegradation 

of MO followed the Langmuir−Hinshelwood (LH) mechanism as well134. The rate constants (kapp) 

of MO degradation were calculated from the slope of the –ln (Ct/Co) vs. time (t) graph which are 

given in Table 3.1 below. 

The applicability of the ZnO NPs was further evaluated by the degradation of MO under 

sunlight irradiation. A bright sunny day was chosen to conduct the MO photodegradation reaction 

under sunlight irradiation. A very bright sunny day was chosen to conduct the MO 

photodegradation reaction under sunlight, and the average sunlight intensity was measured at 

~100000 lux. The percentage of MO degradation with time by different types of ZnO NPs in DIW 

under sunlight is in Figure 3.9a. It was found that fructose-ZnO was the most active photocatalyst 

under direct sunlight as UV light and achieved almost complete degradation in 12 min, whereas 

Dextrin-ZnO achieved almost complete decolorization after 15 min and Glucose-ZnO achieved 

92% decolorization after 15 min of Sunlight exposure. Starch- ZnO demonstrated comparatively 

slower activity and reached 92% degradation of MO after 18 min. It was assumed that for the same 

reason as MO photodegradation under UV light, Starch-ZnO shows relatively slower 

photocatalytic activity compared to others under direct sunlight.  
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Figure 3.9: a) Time-dependent percent degradation of MO by different ZnO NPs derived from 

saccharides under sunlight, and b) Pseudo-first order kinetics of the MO 

degradation reaction. 

 

After 18 min time of sunlight light exposure, the ZnO-control represented about 19 % MO 

degradation under the same experimental conditions when no saccharide was used during the 

synthesis. So, it appears here as well that saccharides assisted the formation of highly active ZnO 

NP with a specific surface area during the photocatalytic performance. 

Figure 3.9b shows that MO photodegradation in DIW under sunlight followed the pseudo-

first-order kinetics mechanism, and the −ln (Ct/Co) versus the time (t) graph followed the linear 

trends, and this linear relationship showed that the photocatalytic reaction of MO degradation 

followed the Langmuir−Hinshelwood model as well. 

Comparing the MO degradation under UV light and sunlight irradiation, it was found that 

the MO degradation was faster under sunlight illumination. This could be due to the higher 

intensity of sunlight (~100,000 lux) compared to UV light (22,000 lux) in the box reactor. Within 

the solar spectrum, UV light accounts for approximately 3-5% (λ<400 nm), while 47% is attributed 

to visible light (400>λ<700 nm), and the rest is in the infrared region135. This UV portion of the 

sunlight might have caused the photocatalytic activity of the ZnO NPs in MO degradation.  
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The rate constant of all the ZnO NPs for the MO photodegradation in DIW and simulated 

FDW are given in Table 3.1. 

Table 3.1: Rate constants of all the photocatalytic reactions performed in this study. 

ZnO Sample MO 

Concentration 

Water Matrix Light source Rate constant (min-1) 

Glucose-ZnO 5 ppm DIW UV 1.62 × 10-1 

Fructose-ZnO 5 ppm DIW UV  2.65 × 10-1   

Dextrin-ZnO 5 ppm DIW UV 2.00 × 10-1 

Starch-ZnO 

ZnO-Control 

5 ppm 

5 ppm 

DIW 

DIW 

UV 

UV 

1.19 × 10-1 

         7.62 × 10-3 

Glucose-ZnO 5 ppm FDW UV 2.54 × 10-1 

Fructose-ZnO 5 ppm FDW UV 1.39× 10-1 

Dextrin-ZnO 5 ppm FDW UV 1.54× 10-1 

Starch-ZnO 5 ppm FDW UV 5.03× 10-2 

ZnO- Control 

Glucose-ZnO 

Fructose-ZnO 

Dextrin-ZnO 

Starch-ZnO 

ZnO- Control 

MO Solution 

MO Solution 

 

 

5 ppm 

5 ppm 

5 ppm 

5 ppm 

5 ppm 

5 ppm 

5 ppm 

5 ppm 

 

FDW 

DIW 

DIW 

DIW 

DIW 

DIW 

DIW and FDW 

DIW 

UV 

Sunlight          

Sunlight 

Sunlight 

Sunlight 

Sunlight 

UV 

Sunlight 

5.57× 10-3 

               1.28× 10-1 

2.82× 10-1 

2.29× 10-1 

1.32× 10-1 

3.50× 10-3 

0.0 

0.0 
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3.3.7. Determination of ROS generation by the ZnO NPs  

 The hydroxyl radicals (•OH) generation was confirmed by the terephthalic acid (TA) 

photoluminescence (PL) study. The mechanism of action of this study is explained as follows: 

Sodium terephthalate reacts with the •OH (photo catalytically generated) on the ZnO NPs to form 

2-hydroxy terephthalate which denotes a strong fluorescence emission band centered at 425 nm at 

an excitation wavelength of 315 nm. Therefore, it could be said that the higher the fluorescence 

intensity, the greater the quantity of generation of •OH at the water-catalyst interface. 

The results of the TA PL tests are shown in Figure 3.10. The reaction of terephthalate with 

the photo catalytically generated •OH radical to form 2-hydroxy terephthalate is shown in Figure 

3.10a. Figure 10b shows the fluorescence emission spectra of 2-hydroxy terephthalate solution 

with respect to time without the presence of ZnO. The fluorescence intensity of the 2-hydroxy 

terephthalate solution gradually elevated with the increment of the UV-light exposure time, which 

proved the graduate increase in the production of •OH with respect to the time under the UV light 

illumination. The time-dependent fluorescence emission spectra of 2-hydroxy terephthalate 

solution photocatalyzed by Dextrin-ZnO are shown in Figure 3.10c. Figure 3.10d shows the 

qualitative comparison in the production of •OH by the different ZnO nanoparticle samples 

synthesized in this report. Figure 3.10d was obtained by plotting the fluorescence intensity of 2-

hydroxy terephthalate solution at 425 nm Vs. the time of light irradiation (kinetics of the generation 

of •OH radical by different ZnO NPs). 
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Figure 3.10: a) Reaction of terephthalate with the photo catalytically generated •OH radical to 

form 2-hydroxy terephthalate, b) time-dependent fluorescence emission spectra of 

2-hydroxy terephthalate solution without ZnO NPs, c) fluorescence emission 

spectra of 2-hydroxy terephthalate solution photocatalyzed by Dextrin-ZnO with 

respect to time, and d) fluorescence emission intensity at 425 nm versus time graph 

for different ZnO NPs. 

 

Based on the results of this PL study, it was found that the PL intensity of the TA solution 

at 425 nm catalyzed by ZnO NPS was much higher than the control TA solution that did not have 

any ZnO. These results in turn prove that the •OH was generated by the ZnO NPs while UV light 

irradiation. Like the MO degradation, Fructose-ZnO and Glucose-ZnO showed a higher rate of 

•OH generation than other ZnO NPs. Starch-ZnO had the slowest rate of •OH generation among 

all ZnO prepared in this study. These results further confirmed the higher photocatalytic 

performance of the ZnO NPs towards the oxidative degradation of MO. It was also confirmed that 

the ZnO NPs could generate ROS such as •OH under UV light irradiation, which can degrade 

organic pollutants in water. 
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3.2.8. Mechanism •OH Generation and the Organic Pollutants Degradation 

The photocatalytic generation of hydroxyl radicals (•OH) and the degradation of organic 

pollutants (MO) can be depicted as follows, Scheme 2. Since ZnO nanoparticles have a band gap 

of ~3.2eV, (3.32 eV, 3.31 eV, 3.31 eV, and 3.32 were obtained for Dextrin-ZnO, Fructose-ZnO, 

Glucose-ZnO, and Starch-ZnO, respectively) the photons of the incident UV light excite the 

conduction band (CB) electrons (e-) to the valence band (VB). The excitation of electrons leaves 

an equal number of holes (h+) on the CB, which can oxidize organic pollutants on the ZnO 

nanoparticles. The holes (h+) can oxidize the hydroxyl ions (OH-) to hydroxyl radicals (•OH) in an 

aqueous solution, as determined by the terephthalic acid fluorescence study. This highly reactive 

•OH can degrade organic pollutants through oxidation.  

 

Scheme 3.2. Proposed mechanism for generating hydroxyl radicals (•OH) and organic pollutants 

degradation by ZnO NPs. 

 

The photo-excited electrons (e-) on the CB can reduce oxygen to produce superoxide 

radical anions (O2
.-), which can combine with protons (H+) to form HO2. radical. The HO2. can 

react with another HO2. to form H2O2 and O2. The H2O2 can dissociate into two hydroxyl radicals 

(•OH) in water. All these ROS degrade organic pollutants to mineralization (harmless gases, viz. 

CO2 and H2O) through a series of reactions. 
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 3.2.9. Cyclic Stability of the ZnO NPs.  

The cyclic stability experiment was conducted to assess the stability of ZnO NPs by 

performing photodegradation of MO over 3 cycles. For that experiment, 30 mL of a 5 ppm MO 

solution with 30 mg of Fructose ZnO NPs (as a representative) was taken in a 250 mL beaker and 

exposed to the mixture under UV light for 30 minutes. Afterward, the mixture underwent 

centrifugation at a speed of 4000 rpm for 10 minutes to achieve a transparent supernatant. This 

transparent liquid was then subjected to UV-vis spectroscopy analysis to quantify the percent 

degradation of MO. This process was repeated for subsequent cycles using the centrifuged ZnO 

NPs. 

 

Figure 3.11. Cyclic stability of the ZnO NPs of MO degradation for 3 cycles. 

The photocatalytic activity of ZnO NPs over the course of 3 cycles illustrates Figure 12. The 

results demonstrate that the ZnO NPs exhibited reliable performance throughout the 

study. In each cycle, more than 95% of MO was degraded by the ZnO NPs. Based 

on these findings, it can be inferred that the ZnO NPs synthesized in this study have 

the potential to serve as a durable and effective photocatalyst for the degradation of 

organic pollutants in wastewater. 

 

3.4. Conclusions 

By utilizing the combustion of saccharides (glucose, fructose, dextrin, and starch) and zinc 

nitrate salt, we successfully prepared ZnO NPs. These saccharide-derived ZnO NPs demonstrated 
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high efficiency in degrading MO dye from aqueous solutions under UV light and sunlight 

irradiation. Notably, the effectiveness in degrading MO was nearly equivalent in deionized water 

and simulated fresh drinking water matrices, highlighting the versatility of various water treatment 

applications. The ability of the ZnO NPs to generate hydroxyl radicals (•OH) was confirmed 

through terephthalic acid photoluminescence tests, establishing their role in oxidizing organic 

pollutants. The stability of the ZnO NPs over multiple cycles demonstrates their durability and 

long-term effectiveness. This study not only demonstrates the preparation of phototactically active 

ZnO NPs for sustainable water treatment but also opens avenues for the preparation of various 

other metal and mixed metal oxide nanoparticles for numerous applications. 
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Chapter 4: Method Development for the Synthesis of ZnO Nanoparticles to Improve 

Photocatalytic Performance Under UV Light and Sunlight. 

4.1. Introduction  

Zinc oxide (ZnO) is a well-established semiconductor material with significant diverse 

applications ranging from photocatalysis and electronics to optoelectronics and sensors136. Its wide 

band gap energy (~3.37 eV), extraordinary chemical stability, cost-effectiveness, non-toxic 

property, and tunable morphology have additionally enhanced its versatility137,138. Among the 

numerous photocatalysts identified so far, zinc oxide ZnO nanoparticles (ZnO NPs) have achieved 

great potential owing to their excellent performance in photocatalysis for the degradation of 

pollutants in water139,140. The performance of photocatalysis of ZnO NPs depends on several 

factors, including the nanoparticle's crystalline structure, specific surface area, surface 

morphology, and so on141,142.  The crystalline ZnO nanoparticles exhibit increased photocatalytic 

performance due to their well-defined crystal structures, leading to enhanced photodegradation 

efficiency143,144. On the other hand, surface morphology can increase ZnO NPs surface area 

thereby providing elevated active sites for photocatalytic reactions145,146. Moreover, it has a 

favorable unique material property of efficiently absorbing UV light making ZnO an excellent 

photocatalyst., which represents an effective and promising contestant for photocatalytic purposes 

and environmental remediation145,147.  

Among many other types of dyes, methyl orange (MO) is used in various industries, 

including the textile industry, dyeing, and printing industries as a coloring product148–150.  The 

discharge of MO from various industries introduces this dye into the water sources and 

consequently leads to water pollution151. Once MO dye releases into the waterbodies it can persist 

and cause serious effects on the aquatic system, which disrupts natural ecosystem balance152,153. 
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Additionally, this vibrant dye color can visually pollute and can cause the unappealing and 

discolored appearance of the water. As a result, it has social and economic consequences as it may 

discourage tourism, recreational activities, and the utilization of water for various purposes. As the 

release of methyl orange dye into the water leads to water contamination and poses serious risks 

to the aquatic ecosystems, the well-being of aquatic organisms, and the sustainability of human 

activities dependent on clean water sources, so, it needs special attention to proper treatment, and 

management of this wastewater sources containing methyl orange dye to protect the water 

resources as well as the environment154,155. 

There are various methods available to synthesize ZnO NPs including Sol-Gel. 

hydrothermal Method, precipitation method, vapor deposition156, template-assisted method157,158, 

combustion method, and so on159. Each synthesis method offers unique advantages and limitations 

in terms of ease of synthesis, scalability, stability, and performance. The selection of the method 

of synthesis relies on ZnO NPs required for specific purposes139,160. In the previous study (chapter 

3), ZnO NPs were synthesized by combustion method which is the burning of zinc nitrate 

hexahydrate [Zn (NO3)2·6H2O] and sucrose (C12H22O11) paste at 500 °C on the hot plate for the 

degradation of Methyl orange (MO) in water. In this study, we report the development of the 

combustion synthesis method of ZnO NPs by controlling the burning temperature in a tube furnace 

instead of on a hot plate at different temperatures for enhancing photocatalytic performance to 

degrade Methyl orange (MO) in deionized water. Five different ZnO NPs were synthesized at 400 

oC, 500 oC, 600 oC, 700 oC, and 800 oC, ZnO NPs samples are named ZnO@400 oC, ZnO@500 

oC , ZnO@600 oC , ZnO@700 oC , ZnO@800 oC in this report. Additionally, another ZnO sample 

was synthesized by combustion method on a hot plate which is named ‘ZnO on hotplate’ by 

following the previous study (chapter 3) to compare the photocatalytic activity MO in DIW water 
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with all the ZnO NPs (ZnO@400 oC, ZnO@500 oC, ZnO@600 o, ZnO@700 oC, ZnO@800 oC) 

synthesized by the modified method in this report. As far as we are aware that there is no existing 

published report for the modified synthesis method of ZnO NPs by the combustion method to 

degrade methyl orange (MO) dye in water. 

Moreover, transition metals (Mn, Fe, Co, Ni, Cu, Ce, Cd) doped ZnO nanoparticles (TM-

ZnO) with dopant contents of 1.0% and 5.0% (mole %). were prepared using the modified 

combustion method in a tube furnace at 600 oC to compare the photo catalytical activity with the 

pure the ZnO NPs (ZnO@600 oC) 

Finally, the photocatalytic activity of ZnO NPs was further explored by applying the 

nanoparticles to the interior of a clay pot using the immobilization technique. The synthesis 

procedure involves applying the ZnO NPs (Fructose ZnO and ZnO@600 oC) to the clay pot interior 

and then placed in the furnace for heat treatment to allow the ZnO NPs to be calcined, which was 

then utilized for photocatalytic degradation of MO dye in the water. The synthesis and application 

of this technology are the special focus of this report for those who have limited access or no access 

to clean water. 

4.2. Materials and Methods 

4.2.1. Materials 

Zinc nitrate hexahydrate [Zn (NO3)2.6H2O ≥ 98%), Sucrose (C12H22O11 > 

99.5%), Manganese nitrate hexahydrate [Mn (NO3)2 .6H2O], Iron zinc nitrate hexahydrate [Fe 

(NO3)2.6H2O], Cobalt nitrate hexahydrate [Co (NO3)2·6 H2O], Nickel nitrate hexahydrate [Ni 

(NO3)2.6H2O], Copper nitrate hexahydrate [Cu (NO3)2·6 H2O], Cerium nitrate hexahydrate [Ce 

(NO3)3. 6H2O], Cadmium nitrate tetrahydrate [Cd (NO3)2 · 4H2O] were purchased from Sigma 

Aldrich. Methyl Orange (C14H15N3O3S > 98.0%) was obtained from TCI AMERICA. The clay pot 
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was obtained from local sources. The Analogue Hot Plate Stirrer (Fisher Scientific) and a tube 

furnace were used for the synthesis of ZnO NPs as a heating source. UVP Ultraviolet Crosslinker 

(Model CL-1000) which is equipped with UV-B fluorescent tube lamps was utilized for the MO 

photodegradation reaction and a digital light Meter (model LX1330B) was used to obtain the 

intensity of light which was equipped inside the UV reactor. The UV lamp inside the UV box 

reactor generated a 360 nm wavelength of light, and the light's intensity on the MO photocatalytic 

degradation reaction surface was found to be ~22,000 lux. The sunlight intensity of light on the 

surface of the reaction was measured to be ~ ~100000 lux. A 0.45 μm pore-sized syringe filter 

(PTFE) was used to filter the MO photocatalytic degradation reaction mixture for the UV–

visible spectroscopic analysis. Milli-Q water (resistivity >18.20 MΩ.cm) was used as a source of 

deionized water.  

4.2.2. Characterization Techniques 

Transmission electron microscopy (TEM) experiments were conducted using a Hitachi H-

7650 Microscope with an acceleration voltage of 80 kV. Carbon-filmed copper grid (200 mesh) 

was deposited with a suspension of ZnO NPs (0.2 mg/mL) in water and air-dried before imaging. 

Scanning Electron Microscopy (SEM) images and Energy Dispersive X-ray (EDX) experiments 

were conducted using the JEOL JSM-IT100 microscope. Bruker D8 Discover X-ray diffractometer 

equipped with Cu Kα radiation was used to obtain the ZnO nanoparticle X-ray diffraction (XRD) 

pattern. The X-ray photoelectron spectroscopy (XPS) analysis was performed in Thermo 

Scientific™ K-alpha™ equipment using a monochromatic Al Ka X-ray source. The survey spectra 

were obtained with 130-eV pass energy, while high-resolution analyses for specific core levels 

were performed at 20-eV pass energy. An argon ions flood gun was used to avert surface charging. 

All binding energies were corrected with reference to carbon 1s at 284.8 eV. The UV-Visible 
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spectroscopic analysis was performed on the Agilent Cary 50 Conc UV-Visible 

Spectrophotometer. Standard quartz cuvette (10 mm path length) was used as the sample holder 

for the UV- vis studies. 

4.2.3. ZnO NPs Synthesis  

The ZnO NPs were synthesized by following a two-step preparation which is named a 

modified synthesis method. Zn (NO3)2.6H2O and sucrose mixture was heated in an oven at 190 oC, 

for 40 min to form uniform foam, followed by annealing the foam in a tube furnace at different 

temperatures in the presence of air. An array of Sucrose-ZnO NPs [ZnO@400 oC, ZnO@500 oC, 

ZnO@600 oC, ZnO@700 oC, and ZnO@800 oC] were synthesized following the modified 

procedure shown in Scheme 4.1.  

 

Scheme 4.1: Preparation of ZnO NPs by the modified method. 

 

 

As an example, the detailed synthesis of ZnO@400 oC is explained below. First, 1200 mg 

(3.51 mmol) sucrose and 3569.88 mg (12 mmol) Zn (NO3)2.6H2O salt were mixed with 2 ml 

deionized water in a 150 ml glass beaker. This mixture was dissolved by gentle heating on a 

hotplate. Then the beaker was placed in a preheated oven at 190 oC for 40 min to make blackish-

brown foam. Afterward, the obtained blackish-brown foam was transferred to a ceramic crucible 

holder from the beaker, which was placed in a tube furnace for heating at 400 oC with a heating 
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rate of 2 °C/min under continuous airflow. Natural cooling was used to cool the furnace. Following 

the same procedure, four different ZnO nanoparticle samples were prepared.  

Additionally, another ZnO sample was synthesized by a combustion method named ‘ZnO 

on hotplate’ which employs burning a mixture of 1200 mg (3.51 mmol) sucrose, 3569.88 mg (12 

mmol) Zn (NO3)2.6H2O salt, and 3 ml DIW at ~500 °C in a 150 ml glass beaker on the same hot 

plate. Upon heating Zinc nitrate salt underwent decomposition and produced blackish-brownish 

gases thereby forming brownish foam. Then the foam was transferred on top of the hotplate for 

further burning for around 20 min to obtain yellowish-white ZnO NPs. The hotplate was turned 

off and resulting in yellowish white ZnO NPs being allowed to cool down to obtain white ZnO 

NPs. 

4.2.4. Photocatalytic Degradation Experiments Procedure 

A Methyl orange solution with 5 ppm (mg/L) concentration was used for the photocatalytic 

experiments.  In detail, 30 mg of the ZnO NPs (catalyst) was taken in 30 ml of 5 ppm MO solution 

in a 250 mL glass beaker and dispersed 10 min of bath sonication under the dark condition. 

Afterward, the mixture was irradiated under UV light with continuous agitation of about 300 rpm. 

At a regular interval of 5 min, 1 mL sample (MO solution) was withdrawn and filtered through a 

syringe filter (0.45um) for UV–visible spectroscopic analysis. The MO percent degradation was 

monitored by observing the absorbance at 464 nm. 

4.3. Results and Discussion 

 Recently the potential of semiconductor-type metal oxide photocatalysts has sparked the 

significant need for developing a facile method for the synthesis of highly active and 

environmentally friendly metal oxide nanoparticles. This report represents a straightforward and 

remarkably sustainable method for the synthesis of ZnO NPs by burning sucrose and Zinc nitrate 
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hexahydrate paste in a hot plate to make foam followed by carbonizing in the presence of air at 

different temperatures in a tube furnace. In terms of synthesis and photocatalysis, this synthesis 

method is more advantageous than other combustion methods previously studied. As ZnO NPs 

demonstrated efficient photocatalytic degradation of MO in water, this suggests that it could be a 

potential and viable candidate for making it suitable for practical application in the remediation of 

organic pollutants and wastewater treatment processes. 

4.3.1. SEM and EDX Spectrum of the ZnO NPs  

The SEM image was obtained to observe the surface appearance of the ZnO NPs and the 

EDX spectrum was employed to determine the composition of elements present in ZnO NPs. As 

a representative, the SEM image of the ZnO @600 °C is shown in Figure 4.1a. The SEM image 

depicts the ZnO NPs with a highly porous structure resembling a powdery aggregate pattern. This 

porous feature and aggregated pattern could contribute to the increased surface-to-volume ratio 

resulting in additional exposed surface area for the interaction in the photocatalytic reaction. 
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Figure 4.1: a) Typical SEM image of ZnO@600 °C, b) EDX spectra of ZnO showing the 

elemental composition, c) SEM backscattered electron image of ZnO d) X-ray EDS 

mapping image of zinc, e) X-ray EDS mapping image of oxygen. 

 

EDX spectrum provides valuable insights about the elemental composition of ZnO@600 

°C which is shown in Figure 4.1b. The EDX spectrum primarily depicts here prominent and 

dominant peaks corresponding to the Zn and O. Additional minor peaks were observed here also 

and we believe that it was from the carbon tape as during SEM image analysis, carbon tape was 

used as a substrate. SEM backscattered electron image of ZnO@600 °C is shown in Figure 4.1c. 

X-ray EDS mapping images of zinc and oxygen are shown in Figures 1d and 1e respectively. The 

above analysis of SEM and EDX spectra and elemental mapping image showed the successfully 

synthesized ZnO NPs. 

4.3.2. TEM Images of the ZnO NPs  

The TEM image of ZnO@800 °C was obtained to reveal the structure and morphology of 

ZnO NPs which is shown in Figure 4.2. From the figure, it could be observed that the nanoparticles 

are mostly aggregated and have bimodal size distributions. The average size of the smaller and 

larger nanoparticles was about 38 nm and 100 nm, respectively. The average size of the 

nanoparticle was calculated using ImageJ software. 
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Figure 4.2:  TEM image of ZnO@800 °C. 

 

4.3.3. XRD of the ZnO NPs  

The purpose of conducting X-ray diffraction (XRD) analysis was to examine the crystal 

structure and phase composition of the all the ZnO nanoparticles (ZnO@400°C, ZnO@500 °C, 

ZnO@600 °C, ZnO@700 °C, and ZnO@800 °C) that were synthesized. The resulting XRD pattern 

is shown in Figure 4.3 which exhibited clear and well-defined diffraction peaks at 2θ = 31.7°, 

34.4°, 36.2°, 47.5°, 56.5°, 62.8°, 66.3°, 67.9°, 69.0°, 72.6°, and 77.2° are characteristic to (100), 

(002), (101), (102), (110), (103), (200), (112), (201), (004), and 202 corresponding to the crystal 

planes of ZnO NPs, indicating the presence of a crystalline structure161. The positions and 

intensities of these peaks were consistent with the widely recognized wurtzite hexagonal structure 
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characteristic of ZnO NPs162,163. No additional peaks attributable to impurities or secondary phases 

were detected, signifying the high purity of the synthesized ZnO nanoparticles.  

 

Figure 4.3: XRD of the ZnO NPs 

 

Additionally, this investigation revealed an intriguing relationship between the synthesis 

temperature and the crystalline property of the ZnO nanoparticles. Figure 4.3.a demonstrates that 

ZnO@400°C, synthesized at 400 °C, exhibited a predominantly amorphous nature than the other 

ZnO NPs. However, as the temperature increased, the degree of crystallinity also significantly 

intensified as shown in this figure. This observation suggests that higher temperatures during 
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synthesis promote the formation and growth of well-defined crystalline structures within the ZnO 

nanoparticles. The evolution from amorphousness to enhanced crystallinity provides valuable 

insights into the thermal effects on the structural properties of ZnO nanoparticles. Finally, the XRD 

analysis confirmed the successful synthesis of ZnO nanoparticles and provided essential insights 

into their crystal structure and purity, affirming their potential applications in photocatalysis. 

4.3.4. XPS of the ZnO NPs 

The purity of the ZnO NPs, chemical states of the synthesized product, and elemental 

composition were obtained by the XPS analysis164. It was found from the XPS survey spectrum 

that the ZnO primarily consists of Zn and O, with Only a trace amount of C in Figure 4.4a. The 

lowest amount of carbon may be obtained by the contamination of the instrument. This result 

suggests the purity of the ZnO sample. It was also found in the survey image of the XPS spectrum 

that the binding energies were characteristic to the ZnO, Zn (2s, 2p, 3s, 3p, 3d), Zn LMM, Zn 

LMN, O KLL, and O 1s. The Zn 2p3/2 and Zn 2p1/2 peaks observed at 1022.3 and 1045.5 eV, 

respectively were assigned to the presence of the Zn element in ZnO in Figure 4.4b165. The binding 

energy of O 1s was found to be around the peak at about 531 eV in Figure 4.4c. It was found that 

O 1s showed two different peaks at 531.2 and 532.9 e. These peaks are associated with the presence 

of Zn–O and OH on the ZnO surface. It was assumed that the OH group may be obtained due to 

the breakdown of the Zn–O–Zn bond and the subsequent the formation of Zn–OH bond, during 

the synthesis process.166 
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Figure 4.4: (a) XPS survey spectrum of the ZnO NPs, b) XPS spectrum of the Zn 2p, (c) XPS 

spectrum of the O 1s. 

 

4.3.5. MO Photodegradation Reaction under UV-B Light 

The degradation of MO was investigated utilizing ZnO NPs under UV and sunlight 

irradiation and the percent degradation was calculated using the following equation. 

Percent degradation =
Co−Ct

Co
× 100% =

Ao−At

Ao
 × 100%                         (1) 

Co is the initial concentration, Ct is the equilibrium concentration or concentration at time 

t of MO, Ao is the initial absorbance, and At is the absorbance at time t of MO at 464 nm on the 

absorbance spectra, respectively.  

The photocatalytic degradation kinetics of MO by ZnO NPs was obtained by the pseudo-

first-order kinetic model, which is as follows. 

kt = −ln (Ct/Co)                                                               (2) 
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k is the reaction's photodegradation rate constant (min−1). Co is the initial concentration 

of the MO, which was at the beginning of the reaction, and Ct is the concentration of the MO at 

time t.  

The photocatalytic activity of the ZnO NPs prepared by modified methods was compared 

with the ZnO NPs that were prepared by the hotplate method. Figure 4.5. For this comparative 

study, the degradation of 5 ppm methyl orange solution in DIW under UV-B light irradiation was 

employed. It could be observed that the ZnO NPs synthesized by the modified method had a higher 

MO degradation rate than the ZnO NPs that were synthesized on the hotplate. For example, it took 

25 min for almost complete degradation of MO by ZnO@500 °C, whereas the ZnO prepared on 

the hotplate had about 85 % MO degradation. Overall, the photocatalytic performance of the ZnO 

NPs synthesized by modified methods was about 40-45 % higher than the ZnO NPs that were 

prepared by the hotplate method. All the ZnO nanoparticle samples synthesized by the modified 

method had a similar MO degradation rate; however, ZnO@500 °C demonstrated the highest rate. 

This indicates that annealing at 500 oC in a tube furnace provides optimum conditions to achieve 

the highest photocatalytic performance.  
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Figure 4.5: Time-dependent percent degradation of MO by ZnO prepared by the modified 

method compared with the hotplate method. 

 

From this experiment, it could be inferred that the modified synthesis procedure (controlled 

heating in an oven followed by annealing in a tube furnace) could be utilized to improve the 

photocatalytic activity of the ZnO nanoparticles. We assume that the controlled heating in a tube 

furnace provides higher purity and better crystallinity of the ZnO nanoparticles, which was proved 

by XRD measurements, and eventually increases their photocatalytic activity.  

4.3.6. MO Photodegradation Reaction under Sunlight  

Considering the presence of approximately 5% UV light in solar radiation, and much 

higher intensity (100 000 lux) of UV radiation in sunlight, the MO photodegradation reaction was 

performed using ZnO@600 °C in DIW under sunlight illumination. For that 30 mg ZnO@600 °C 

catalyst in 30ml 5ppm MO solution was taken in a beaker and sonicated for 5 min and put the 

beaker under the sunlight light with continuous stirring.  About 1 ml was withdrawn for UV-vis 

analysis for a certain period. Figure 4.6a represents the complete MO degradation of the UV–vis 

spectrum of 5 ppm MO solution in DIW with time in the presence of ZnO@600 °C. It could be 

observed that the ZnO NPs synthesized by the modified method had a higher MO degradation rate 

under sunlight illumination and achieved almost 100 percent decolorization in 15 min which is 

shown in Figure 4.6b and in Figure 4.6c shows the – ln (Ct/Co) vs. time (t) graph followed a linear 

trend in MO degradation in DIW followed the Langmuir−Hinshelwood (LH) mechanism as well. 
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Figure 4.6: UV-vis spectra of MO (5 ppm) solution in DIW by ZnO @ 600 b) percent 

degradation of MO with time by ZnO NPs, c) Pseudo-first order kinetics reaction of 

MO degradation. 

 

4.4. Synthesis of Transition Metal Doped ZnO NPs  

            Transition metal (Mn, Fe, Co, Ni and Cu, Ce, Cd) doped ZnO nanoparticles (TM-ZnO) 

with 1.0% and 5.0% (mole %) dopant content were prepared via the combustion method as 

described above. Stoichiometric amounts of dopant metal nitrate salt were used along with zinc 

nitrate salt and sugar mixture. Then the mixture was combusted and annealed at a high temperature 

to prepare the doped ZnO nanoparticles. Manganese nitrate hexahydrate [Mn (NO3)2 .6H2O], Iron 

zinc nitrate hexahydrate [Fe (NO3)2.6H2O], Cobalt nitrate hexahydrate [Co (NO3)2·6 H2O], Nickel 

nitrate hexahydrate [Ni (NO3)2.6H2O], Copper nitrate hexahydrate [Cu (NO3)2·6 H2O], Cerium 

nitrate hexahydrate [Ce (NO3)3. 6H2O], Cadmium nitrate tetrahydrate [Cd (NO3)2 · 4H2O] was 

utilized as the precursors of Mn, Fe, Co, Ni, Cu, Ce, and Cd respectively. Sucrose was used as the 

fuel and zinc nitrate hexahydrate [Zn (NO3)2.6H2O] acted as the oxidizing agent in the synthesis. 

After synthesizing, they named as Mn-ZnO, Fe-ZnO, Co- ZnO, Ni- ZnO, Cu-ZnO, Ce-ZnO, and 

Cd-ZnO, respectively. 

          A total of 14 samples were prepared following the same experimental procedure. Two 

different TM-ZnO 1.0% and 5.0%) nanoparticle samples were synthesized from each transition 
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metal. As a representative, 1.0 % Co-ZnO was described here. 1.0% Co-doped ZnO was prepared 

by mixing 1200 mg (3.51 mmol) sucrose, 3534.18 mg (11.88 mmol) [Zn (NO3)2.6H2O], and 34.99 

mg (0.12 mmol) [Co (NO3)2·6 H2O] with 2 mL deionized water in a 150 mL glass beaker. The 

mixture was dissolved by placing the beaker on a preheated hot plate. Then the beaker was placed 

in the oven at 190oC for 40 min to make partially combusted blackish-brown foam. Afterward, the 

blackish-brown foam was transferred from the beaker to a ceramic crucible (sample holder) and 

placed in a tube furnace for heating at 600oC to synthesize the Co-ZnO. The heating rate of 

2 °C/min and natural cooling will be used for the ramp and cooling, respectively. Following the 

same experimental procedure, other transition metal-doped ZnO nanoparticle samples were 

synthesized. The only distinction among these samples was the variation in the molar ratio of the 

zinc nitrate hexahydrate to the dopant metal salt content. The as-synthesized Co-Zno was utilized 

for the degradation of MO under visible light/ sunlight. 

           The performance of the synthesized samples in terms of photocatalysis was evaluated by 

studying the degradation of aqueous MO under sunlight exposure. The photocatalytic degradation 

experiments were conducted in a glass beaker with a capacity of 250 mL. The initial concentration 

of MO in the solutions used for the experiments was 5 ppm (mg/L). In a typical procedure, 30 mg 

of the catalyst was dispersed uniformly in 30 mL of the MO solution using 5 minutes of bath 

sonication in the absence of light. This step ensured the establishment of an adsorption-desorption 

equilibrium between the MO molecules and the photocatalyst. Once the solution mixture was 

prepared, it was exposed to the sunlight source, and at regular intervals of 5 minutes, a 1 mL 

sample was extracted and filtered using a syringe filter. The filtered solution was then subjected 

to UV-visible spectroscopic analysis to determine the rate of MO degradation. This was done by 
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measuring the absorbance of the solution at a wavelength of 464 nm in the UV-visible spectrum 

specifically associated with MO. 

As a representative, the photocatalytic activity of the Co-ZnO NPs is shown in Figure 4.7 

as it was found that dopant metal oxide is not a good catalyst for the photodegradation of MO. In 

Figure 4.7a, UV-vis of 1.0% Co-ZnO was shown as a representative. It was observed from the 

UV-vis spectra that the 1.0% Co-ZnO showed no noticeable degradation of MO in DIW. Percent 

degradation of MO with respect to the time of 1.0% Co-ZnO, 5.0% Co-ZnO, ZnO@600 °C, and 

Only 5 ppm Mo solution was shown in Figure 4.7b. Here ZnO@600 °C is which was synthesized 

by the modified method in this report. From Figure 4.7b, it was found that both 1.0% Co-ZnO and 

5.0% Co-ZnO did only about 6 percent of MO orange degradation or adsorption in 20 min whereas 

a ZnO@600°C degraded almost 100 percent of MO in 15 min. Moreover, there was no MO 

solution photodegradation observed in this case under sunlight as it was observed previously. 

Based on these findings, it can be inferred that the ZnO nanoparticles synthesized using the 

modified method described in this report exhibit higher photocatalytic activity compared to the 

Co-ZnO nanoparticles synthesized using the same synthesis procedure. It could also be concluded 

that the addition of transition metals (Mn, Fe, Co, Ni, Cu, Ce, Cd) to ZnO nanoparticles did not 

result in significant degradation of MO. Only pure ZnO nanoparticles exhibited high activity in 

degrading MO under sunlight irradiation. 
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Figure 4.7: a) UV-vis spectra of the 5 ppm MO solution with time in DWI during the 

photocatalysis by Fructose ZnO-coated clay pot, b) percent degradation of MO with 

time by and ZnO@600C coated clay pot. 

 

4.5. Surface Coating of Clay Pot Interior using ZnO NPs  

This experiment was aimed at developing a prototype clay pot by coating the inner surface 

of the pot with Fructose ZnO nanoparticles for application in water sanitation and the degradation 

of organic pollutants (MO) in the water. Several methods have been developed for the 

immobilization of nanoparticles, e.g., the impregnation method, sol-gel, dip-coating, and chemical 

deposition. A. Among them, dip-coating is the most extensively used method owing to its 

simplicity, and it offers a convenient procedure that allows the direct immobilization of the ZnO 

NPs on the clay pot167–169. The detailed synthesis procedure is explained below and shown in 

Scheme 4.2. First, 250 mg of previously synthesized Fructose Zinc oxide nanoparticles powder) 

was mixed with 2 ml of deionized water in a mortar and pestle and grind it well for 30 min to make 

a white milky paint-like solution. Afterward, the milky paint-like ZnO solution was applied onto 

the clay pot interior as evenly as possible using a paintbrush and let dry for 30 min. This was 

followed by furnace heating at 500 oC for 30 min. Finally, natural cooling was used to cool the 
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furnace. Following the same synthesis procedure, another clay pot was coated with ZnO@600 oC, 

which was synthesized by a modified method to compare the activity with Fructose ZnO. In this 

case, instead of 250 mg only 5 mg ZnO NPs was used to coat the clay pot.  

 

Scheme 4.2: Preparation of ZnO-coated clay pot by a dip coating method. 

 

The photocatalytic photodegradation of MO in an aqueous solution was studied directly in 

the prepared ZnO-coated clay pot under Sunlight illumination. For effective photodegradation, 

100 ml of 5 ppm MO solution was taken in a ZnO- coated clay pot. Then the pot was put under 

dark conditions for 10 min for the establishment of the adsorption-desorption equilibrium between 

the ZnO photocatalyst and MO dye. Afterward, the MO solution-containing clay pot was directly 

irradiated under the sunlight and at a given time interval, around 1 mL sample was drawn and 

filtered with a 0.45μm pore size syringe filter for UV-vis spectroscopic analysis. The MO percent 

degradation rate was observed by monitoring the absorbance of MO at 464 nm wavelength. The 

photocatalytic activity of the clay pot coated with ZnO NPs is shown in Figure 4.8. In Figure 4.8a, 

it could be observed from the UV vis spectra that the Fructose ZnO-coated clay pot showed almost 

complete degradation of MO in DIW. From Figure 4.8b it was found that a Fructose ZnO-coated 

clay pot which is coated with 250 mg of ZnO took 60 min almost 100 percent of 5 ppm MO 

degradation whereas a ZnO@600C coated clay pot which was synthesized by the modified 

synthesized method using only 5 mg of ZnO NPs took 60 min to degrade 35 percent of 5ppm MO. 
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From this result, it could be concluded that ZnO NPs synthesized by the modified method which 

is reported here are more active than the ZnO NPs synthesized by the hot plate method.  

 

Figure 4.8: a) UV-vis spectra of the 5 ppm MO solution with time in DWI during the 

photocatalysis by Fructose ZnO-coated clay pot, b) percent degradation of MO with 

time by and ZnO@600C coated clay pot, c) digital photograph representing the 

decolorization of 5 ppm MO solution after photocatalysis by Fructose ZnO. 

 

4.6. Conclusion 

In summary, this report aims to explore the development of a method to improve the 

photocatalytic performance of ZnO NPs by controlling the heating rate during synthesis. The 

investigation of the photocatalytic performance of MO under both UV light and sunlight provided 

a clear understanding of the importance of heating rate during synthesis and results showed that 

photocatalytic activity is much more increased by the modified synthesis method. The SEM image 

showed the ZnO NPs synthesized with high surface area and the EDX image proved the successful 

formation of ZnO NPs. XRD pattern of all the ZnO NPs showed the crystallinity of ZnO NPs. The 

XPS results showed the purity of ZnO NPs.  This study will contribute insights into the optimal 

heating rate necessarily required to achieve high crystallinity and high surface area in ZnO NPs 

and thereby improvement of their photocatalytic performance. The findings of this study will also 

provide implications for the development of sustainable, efficient, and environmentally friendly 
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methods for the treatment of water contaminated with organic pollutants, leading to a cleaner and 

healthier environment. 
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Chapter 5: Adsorptive Removal of Methyl Orange, Methylene Blue, Congo Red, and 

Bisphenol A from Water Using Zinc Oxide and Carbon Nanocomposite. 

5.1. Introduction 

The usage of organic dyes and endocrine-disrupting chemicals in different industries, 

coupled with their uncontrolled disposal into the environment, leads to the pollution of valuable 

water resources at multiple stages170,171. Organic dyes are abundantly used in textile industries for 

coloring fibers and fabrics, and in food and beverage industries as food colorants to add the visual 

appeal of the product170,172. They are also utilized in the cosmetic and personal care products, 

packaging and printing industries, ink production industries, and so on173,174. Organic dyes have 

significant importance in the field of medical diagnostics, specifically in procedures such as 

medical imaging175. The global annual production of various commercial synthetic dyes exceeds 

700,000 tons. It is estimated that over 10,000 tons of dyes are used in textile sectors alone as they 

are the primary users of dyes and around 10-15% of the dye is discharged as wastewater throughout 

the dyeing process176,177. As synthetic dyes, Methyl orange (MO), Methylene blue (MB), Congo 

red (CR) are considered highly toxic, non-degradable, and carcinogenic, and making it a 

significant concern for both visual aesthetics as well as the well-being of humans and aquatic 

organisms178–180. Consequently, it is crucial to eliminate these organic dyes from wastewater prior 

to its release into aquatic environments to address this issue181. 

          Bisphenol A (BPA) is an endocrine-disrupting chemical that can disrupt the regular 

functioning of the endocrine system in both humans and animals182–184. The endocrine system 

plays a vital role in regulating a wide range of biological processes by producing and releasing 

hormones into the bloodstream185,186. These hormones are essential for controlling growth, 

development, metabolism, reproduction, and various other important functions within the body. It 
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has been found that even extremely low concentrations of BPA, measured in part-per-trillion (ppt), 

have the potential to induce birth defects, cancerous tumors, and various developmental disorders. 

In recent years BPA is a widely used monomer in the production of various plastics, 

polycarbonates, and epoxy resins. It possesses a mild estrogenic effect that can be detrimental to 

organisms, classifying it as a significant environmental pollutant due to its potential harm. 

Contamination of BPA has been found in various water sources through different pathways187–190. 

Improper disposal or inadequate treatment of industrial effluents from BPA-utilizing industries, 

involved in the production of plastics, epoxy resins, and related materials, can result in the release 

of BPA-containing wastewater into the environment, thereby polluting nearby water bodies. When 

BPA-containing products, such as plastic bottles or food containers, are discarded or washed down 

drains, they ultimately end up in wastewater191–193. Contaminated soil or landfill sites can serve as 

a source of BPA migration, allowing it to seep into groundwater and subsequently contaminate 

drinking water wells and other groundwater sources. Therefore, the elimination of BPA from water 

is essential for preserving human well-being, safeguarding the environment, considering the safety 

of drinking water, and upholding public confidence in water resources. 

Several methods, such as advanced oxidation, electrical mineralization, chemical 

reduction, biological treatments method, adsorption, coagulation, and membrane separation are 

employed for the removal of organic pollutants from wastewater194–198. Among them, adsorption 

is considered a highly efficient, straightforward, and economical approach for eliminating organic 

pollutants from contaminated water199–201. Considering the chemical stability, diverse pore size 

distribution, enhanced surface area, and scalability, carbonaceous materials like graphene oxide, 

porous carbon, carbon nanotubes, and activated carbon have attracted significant attention for 

wastewater treatments176,202–206. Therefore, there is a need to develop a novel carbon-based 
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adsorbent that exhibits enhanced adsorption capacity, faster adsorption rate, and specific surface 

reactivity. 

In this study, we report a facile method for the preparation of ZnO and Carbon-based 

nanocomposites (ZnO@C) that can remove organic pollutants such as MO, MB, CR, and BPA 

from water. The ZnO@C nanocomposites were prepared in two steps, viz. heating the mixture of 

Zn (NO3)2.6H2O and sucrose in an oven to form uniform foam followed by the carbonization of a 

foam in a tube furnace at 800 oC. Multiple ZnO@Carbon nanocomposites were prepared by 

following the same experimental procedure with varying the ratio of zinc nitrate salt and sucrose. 

The adsorption capacity of the nanocomposites towards BPA, MO, MB, and CR was studied under 

various adsorption parameters such as equilibration time, initial pollutants concentration, 

temperature, etc. 

5.2. Materials and Methods 

5.2.1. Materials  

 Sucrose (C12H22O11 > 99.5%), Zinc nitrate hexahydrate [Zn (NO3)2.6H2O ≥ 98%), and 

BPA (C15H16O2 >97%), were purchased from Sigma Aldrich.  CR (C32H22N6Na2O6S 2 ≥35 %) was 

purchased from Alfa Aesar. MO (C14H14N3NaO3S > 98.0%) and MB (C16H18ClN3S > 98%) were 

obtained from TCI America and Consolidated Chemical, respectively. An ultrasonic bath sonicator 

(VWR 50 T) was used to make the adsorption mixture uniform. A Fisher Scientific 11-600-49sh 

Isotemp Analog Hot Plate Stirrer was used for stirring the reaction mixture during the adsorption 

study. Syringe filters with 0.45 μm pore size were purchased from VWR and utilized to filter the 

reaction mixture for the UV–visible spectroscopic analysis. Milli-Q water (resistivity >18.20 

MΩ.cm) was obtained from the Milli-Q water filter system, which was used as a source of 

deionized water in the experiment. 



92 

5.2.2. Characterization Techniques  

The morphologies of the prepared ZnO@C nanocomposites were studied by Scanning 

Electron Microscopy (SEM), and Energy Dispersive X-ray spectroscopy (EDS) was utilized to 

obtain the quantitative and qualitative elemental composition of the as-synthesized 

nanocomposites. SEM images and EDS experiments, a JEOL JSM-IT100 microscope was used 

with the acceleration voltage of 10 and 30 kV, and carbon tape was used as the sample holder for 

both imaging and EDS analyses. Transmission electron microscopy (TEM) images were obtained 

by using a Hitachi H-7650 Microscope with an acceleration voltage of 80 kV. Bruker D8 Discover 

X-ray diffractometer equipped with Cu Kα radiation was used to obtain the ZnO nanoparticle’s X-

ray diffraction (XRD) pattern. The X-ray photoelectron spectroscopy (XPS) analysis was 

performed in Thermo Scientific™ K-alpha™ equipment using a monochromatic Al Ka X-ray 

source. The survey spectra were obtained with 130-eV pass energy, while high-resolution analyses 

for specific core levels were performed at 20-eV pass energy. An argon ions flood gun was used 

to avert surface charging. All binding energies were corrected with reference to carbon 1s at 284.8 

eV. UV-Visible spectrum was obtained by UV-Visible Spectrophotometer (Agilent Cary 50 Conc) 

using quartz cuvette and path length 10 mm.  

5.2.3. Preparation of the ZnO@C Nanocomposite 

Three different ZnO@C nanocomposite samples were synthesized following the same 

experimental procedure. The only difference was the variation in the mass ratio of the sucrose to 

zinc nitrate hexahydrate. In the entire synthesis procedure, the amount of Zn (NO3)2.6H2O was 

kept constant while the amount of sucrose was varied. In the synthesis where 1 g sucrose was used, 

the ZnO@C nanocomposite sample was named ZnO@C-1. Likewise, where 2 g sucrose was used 

the sample was named ZnO@C-2, and where 4 g sucrose was used the sample was named 
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ZnO@C-4. As a representative, the synthesis of ZnO@C-2 is explained in detail. 2.0 g sucrose 

and 3.50 g Zn (NO3)2.6H2O salt was mixed with 2 ml deionized water in a 250 ml glass beaker. 

Then the beaker was put on the preheated hot plate to dissolve the mixture. Afterward, the beaker 

was placed in the oven at 190 oC for 40 min to make foam and after 40 min, a blackish brown foam 

was obtained from the decomposition of zinc nitrate salt. Then the blackish brown foam was 

transferred from the beaker to a ceramic crucible which was used as a sample holder and placed in 

a tube furnace for heating at 800 oC for 2 hours in the presence of argon to synthesize the ZnO@C-

2. The heating rate of 5 °C/min was used and natural cooling was used to cool the furnace. The 

amount of product obtained was about 815 mg, which was stored under ambient conditions for the 

characterization as well as adsorption studies. Likewise, two other nanocomposite (ZnO@C-1 and 

ZnO@C-4) samples were synthesized following the same experimental procedure which is shown 

in Scheme 5.1.  

 

Scheme 5.1: Chemical reactions and pictorial scheme showing the steps involved in the 

preparation of ZnO@C nanocomposites. 
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5.2.4. Batch Adsorption Experiments 

Stock solutions of MO (300 ppm), MB (300 ppm), and CR (300 ppm) were made by 

dissolving the reagents in deionized water. A stock solution of BPA (300 ppm) was prepared by 

dissolving the reagents in 2% methanol, followed by the addition of deionized water because BPA 

does not readily dissolve in DIW water. Then 50, 100, and 200 ppm concentration of each solution 

was prepared by diluting their respective stock solution (300 ppm). As a representative, the 

procedure for the batch adsorption experiment is explained using ZnO@C-2 nanocomposite. For 

the adsorption study, 10 mg of adsorbent (ZnO@C-2) was added to the 20 mL of adsorbate (BPA, 

MO, MB, and CR) solution in a glass vial and put in the bath sonicated for 30 min for proper 

mixing. Then the mixture was stirred for 24 hours on a magnetic stirring plate at 600 rpm. The 

temperature-dependent adsorption study was conducted using an oil bath, with the adsorption 

process performed at three different temperatures: 22°C, 52°C, and 70°C for 24 hours with stirring 

as well. After 24 hours, 1 mL of the sample was withdrawn and filtered through a syringe filter 

(0.45 μm pore size) for UV-vis analysis to obtain the adsorption capacity. The concentrations of 

MO, MB, CR, and BPA were analyzed using UV-vis spectroscopy, specifically by measuring the 

absorbance at its characteristic maximum wavelength of 464, 665, 498, and 276nm, respectively.  

The adsorption capacity was determined by measuring the change in concentrations of the 

adsorbates from the beginning (initial concentration) to the end (final concentration) of the process. 

The equilibrium and percent adsorption capacity were calculated using the following equations, 

respectively. 

Equilibrium adsorption capacity, Qe =
C0−Ce

m
×  V          (1) 

Percent adsorption =
C0−Ct

C0
=

A0−At

A0
× 100%                   (2) 
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where Qe represents the equilibrium adsorption capacities (mg/g) of adsorbent at a 

particular time t (min), C0, and Ct denotes the concentrations of pollutants (mg/L or ppm) at the 

beginning and at time t, respectively. A0 and At represent the absorbance of the pollutants at 

concentrations C0 and Ct, respectively. The specific details of the experimental conditions can be 

found in Table 5.1. 

Table 5.1: Experimental parameters for the batch adsorption study of MO, MB, CR, and BPA. 
Batch adsorption 

Study 

Pollutant Adsorbent 

(mg) 

Volume  

(mL) 

Conc.  

(ppm) 

Time  

(hr.) 

Conc. dependent MO 10 20 50,100,200,300 24  

Conc. dependent MB 10 20 50,100, 200, 300 24 

Conc. dependent CR 10 20 50,100,200,300 24 

Conc. dependent BPA 10 20 50,100,200,300 24 

Time dependent MO 20 20 50 0-3 

Time dependent MB 20 20 50 0-3 

Time dependent CR 20 20 50 0-3 

Time dependent BPA 20 20 50 0-3 

Temp. dependent BPA 10 20 100 24 

 

5. 3.  Results and Discussions 

5.3.1. SEM and EDX Spectrum of the ZnO@C Nanocomposite 

The SEM analysis was conducted to obtain visual information about the surface 

morphology as well as the topography of the ZnO@C nanocomposite and EDX spectroscopy was 

employed to analyze the qualitative and quantitative composition of the synthesized 

nanocomposite. As a representative, the SEM image of ZnO@C-2 is shown in Figure 5.1a. From 

the SEM image, it was found that the morphology of the zinc oxide and carbon nanocomposite is 



96 

highly porous with a high surface area. This could be a reason for the high adsorptive capacity of 

the nanocomposite. The EDX spectra and the elemental mapping image of the zinc oxide and 

carbon nanocomposite are shown in Figure 5.1 (b-f). The EDX elemental mapping image has 

confirmed the presence of Zinc, oxygen, and Carbon which fits well with the results found from 

the EDX spectra of the nanocomposite which is shown in Figure 5.1.b. 

 

     Figure 5.1: a) Typical SEM image of ZnO@C-2 b) EDX spectra of ZnO@C-2 showing the 

elemental composition, c) SEM backscattered electron image of ZnO@C-2 d) X-

ray EDS mapping image of zinc, e) X-ray EDS mapping image of oxygen, and f) 

X-ray EDS mapping image of carbon. 

 

5.3.2. TEM image of the ZnO@C Nanocomposite 

The morphology and crystal structure of ZnO and carbon nanocomposite (ZnO@C-2) were 

obtained using transmission electron microscopy (TEM) in both dark field and bright field imaging 

models at different positions of the samples in Figure 5.2. From the TEM images, the presence and 

distribution of ZnO nanoparticles within the carbon matrix was visualized which is indicated in 

Figure 5.2. In the dark field images (Figure 5.2.a and c), the nanocomposite exhibited bright, well-

dispersed nanoparticles against a dark background, indicating their distinct scattering properties. 
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This observation suggested that the ZnO nanoparticles were effectively incorporated within the 

carbon matrix, forming a composite structure. Conversely, the bright field images (Figure 5.2.b 

and d) provided further insights into the nanocomposite's morphology and internal structure. They 

showed interconnected two-dimensional carbon nanosheets with embedded ZnO nanoparticles. 

The nanosheets displayed a layered structure, while the ZnO nanoparticles appeared as dark spots 

within the carbon matrix, confirming successful integration. The TEM analysis in both dark field 

and bright field modes indicated that the ZnO and carbon nanocomposites exhibited high porosity 

and surface area, which likely contributed to their strong adsorptive properties. Furthermore, this 

characterization not only confirmed the formation of the ZnO and carbon nanocomposite but also 

provided valuable information about its morphology and internal arrangement. Such insights are 

crucial for understanding the structural properties and potential applications of the nanocomposite, 

particularly in the context of adsorption studies as discussed in this report. 
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Figure 5.2: a) and c) are the dark field image, b) and d) are the bright field image at two different 

sites of ZnO@C-2, respectively. 

 

5.3.3. XRD of the ZnO@C Nanocomposite 

The significance of X-ray diffraction (XRD) in analyzing ZnO and carbon nanocomposites 

lies in its ability to identify crystal structure, phase composition, and nanoscale characteristics. 

This technique plays a crucial role in optimizing synthesis methods and gaining valuable 

information about material properties, ultimately facilitating their application across various fields. 

The XRD pattern of ZnO in Figure 5.3 reveals distinctive diffraction peaks observed at 

specific 2θ angles of approximately 31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 62.8°, 66.3°, 67.9°, 69.0°, 

72.6°, and 77.2° correspond to the crystallographic planes (100), (002), (101), (102), (110), (103), 
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(200), (112), (201), (004), and (202) of the hexagonal wurtzite structure in ZnO indicating the 

presence of highly crystalline ZnO nanoparticles200,207–209.  

 

Figure 5.3: XRD pattern of ZnO@C nanocomposite. 

 

On the other hand, the XRD pattern of the carbon nanocomposite displays broad and 

diffuse peaks, suggesting an amorphous or nanocrystalline structure. Amorphous carbon lacks 

well-defined crystallographic planes, leading to a broad peak centered around 25-30 degrees in the 

XRD pattern. This peak signifies the presence of disordered carbon, where the atoms lack long-

range order.  
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5.3.4. XPS of the ZnO@C-2 Nanocomposite  

The purity of the ZnO@C-2 nanocomposite, chemical states of the synthesized product, 

and elemental composition were obtained by the XPS analysis. It was found from the XPS survey 

spectrum that the ZnO@C-2 consists of Zn, C, N, and O in the sample which is shown in 

Figure 5.4.a Quantitative analysis was performed using high-resolution spectra of specific core 

levels of the different elements. Table 5.2 presents a summary of the XPS-determined composition 

for the sample. 

Table 5.2: Atomic % of elements calculated through XPS and key molar ratios. 
Sam

ple 

Atomic % Molar ratios 

C Zn O N 

O

O/Zn 

O

O/N 

N

N/Zn 
a

a 

b

b 

c

c 

a

a& 

b

b 

a

a 

b

b 

ZnO

@C

C-2 

5

56.0 

1

17.3 

1

12.3 

2

2.9 

2

2.0 

5

5.5 

0

0.5 

3

3.5 

2

2.54 

1

1.87 

1

1.36 

& two overlapped O1s signals are considered as one in peak O a. 

After quantification, it may be observed that excess oxygen is detected in the sample. The 

substrate was obtained by pyrolysis of sucrose and zinc nitrate hexahydrate. This result suggests 

that some oxygen may be present in the carbon structure after treatment or different Zn-based 

compounds could have been formed: Zn (OH)2, ZnCO3, ZnO. Furthermore, nitrogen is present in 

two different electronic states which could be nitrates, nitrides, or amine groups in either the 

carbon substrate or Zn compounds. 

Binding energy determinations are summarized in Table 5.3. The spin-orbit doublets for Zn are 

also included, showing the expected energy difference of c.a. 23 eV between 2p3/2 and 2p1/2.  

Table 5.3: Binding energy of the sample. 
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Sample 

Binding Energy (eV) 

C 1s Zn 2p O 1s N1s 

a b c 2p 3/2 2p 1/2 a b a b 

ZnO@C-2 284.80 285.78 287.62 1022.55 1045.60 531.31 532.68 398.59 400.63 

 

The binding energies observed in carbon 1s correspond to a = aliphatic carbon at 284.8 eV 

fixed for charge correction of all samples, b = carbon bonded to oxygen (C-O-C) at c.a. 286 eV, c 

= does not correspond to identifiable species since it is slightly lower than the values that could be 

expected in a carbonate (usually above 288 eV). This last signal could be associated with the tailing 

of the main carbon signal as observed in SP2 C containing materials like graphene or carbon 

nanotubes, considering that a sheet-like structure is observed in the sample. Figure 5.4 shows all 

core-level high-resolution spectra of the different elements present in the sample.  

 

Figure 5.4: XPS High-resolution spectra for core levels of a) XPS survey of 2gZnOC. b)C 1s,c) 

Zn 2p, d) O1s and e)N1s, along with deconvolution peaks. 

 

Zn 2p 3/2 binding energy is above the range that corresponds to typical ZnO values. The 

observed 1022.5 eV value could be associated with either zinc carbonate or zinc hydroxide. Only 

one Zn peak could be observed, which suggests that all Zn is in the same state, considering the 

synthesis procedure and signal c of C 1s, it is likely that zinc carbonate was formed and is present 
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in the samples surface. Oxygen 1s binding energy around 531.5 eV may be related to organic C-

O bonds or has been associated with Zn-OH while O1s BE around 532.6 eV has been assigned to 

carboxyl (COO-) groups bound to Zn210. Samples were pyrolyzed at 800 °C using sucrose as a 

carbon source, considering the large amount of oxygen contained in sucrose signal O 1s a is 

proposed to proceed from C-O organic bonds that were not eliminated after treatment. Surface 

zinc carbonate or zinc bound to surface carboxyl groups correspond adequately to the BEs 

observed in peaks: Zn 2p 2/3, C 1s c, and O 1s b. Two clearly defined peaks of nitrogen were 

observed, nitrates would show at far higher binding energy of 407 eV, while metallic nitrides 

appear at about 397 eV211. It is not possible to determine the nature of the observed nitrogen; amine 

groups would show BEs in the observed range but are unlikely to be present after treatment at 800 

°C. 

5.3.5. Adsorption Capacity of ZnO@C-2 for MO, MB, CR, and BPA 

The adsorption capacity of the ZnO@C-2 composite for MO, MB, CR, and BPA was 

determined using equation 1, as depicted in Figure 5.5. As ZnO@C-2 nanocomposite performed 

best from the three adsorbents synthesized in this study, the result of this nanocomposite is shown 

in the figure. The results indicated that the equilibrium adsorption capacity (Qe) for all target 

pollutants increased with higher initial concentrations. The increase in initial concentration 

provides a greater concentration gradient, facilitating a higher adsorption capacity. This 

observation can be attributed to the stronger driving forces that overcome mass transfer resistances, 

allowing for more adsorbate molecules to transfer from the aqueous phase to the solid phase. These 

interactions result in the accumulation of pollutant molecules on the composite surface, leading to 

an increased adsorption capacity. 
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Figure 5.5: Adsorption capacity of ZnO@C-2 composite for MO, MB, CR, and BPA at different 

initial concentrations. 

 

The Qe was calculated to be about 340 mg/g, 279 mg/g, 236 mg/g, and 296 mg/g at an 

initial MO, MB, CR, and BPA concentration of 300 ppm respectively. Additionally, the percent 

adsorption of the pollutants was calculated by using equation 2 and it was found that the adsorption 

percentage decreased with the increase in initial MO, MB, CR, and BPA concentration. About 57 

%, 47%, 40%, and 95% of the MO, MB, CR, and BPA, respectively were adsorbed at an initial 

concentration of 300 ppm. 

5.3.6. Adsorption Isotherms (Langmuir and Freundlich) Model 

The adsorption isotherm illustrates the relationship between the amount of dye adsorbed 

onto a specific amount of adsorbent and the concentration of dyes at a constant temperature. In 

this study, we employed two widely used adsorption isotherms, namely the Langmuir and 

Freundlich isotherms, to gain insights into the adsorption mechanism of MO, MB, CR, and BPA 

on the ZnO@C-2 composite. The Langmuir adsorption isotherm model is based on the concept of 
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monolayer adsorption, where the adsorbate molecules form a single layer on the surface of the 

adsorbent. 

The linear form of the Langmuir adsorption isotherm model is expressed by the following 

equation. 

                            (3) 

In the adsorption process, Ce represents the equilibrium concentrations of the dyes in 

milligrams per liter (mg/L), while Qe and Qm represent the equilibrium and maximum dye 

adsorption capacity in milligrams per gram (mg/g) by the adsorbent, respectively. The Langmuir 

constant, KL, which is expressed in liters per milligram (L/mg), is a measure of the binding sites' 

affinity for the dyes. 

Freundlich adsorption isotherm model a widely used model used in adsorption study field 

and it holds the adsorption process by considering the both the mono and multi-layer on the 

adsorptions of adsorbate on the adsorbent. The linear form of the Freundlich isotherm model is 

described as follows.  

                        (4) 

where Ce represents the equilibrium concentrations of the dyes in milligrams per liter 

(mg/L), while Qe represents the equilibrium dye adsorption capacity in milligrams per gram 

(mg/g) by the adsorbent, respectively and KF and n are constants for a given adsorbate and 

adsorbent at a particular temperature. 

The experimental data was analyzed using the linear forms of the Langmuir and 

Freundlich isotherm models, using Equation 3 and Equation 4, respectively. The results of this 

analysis are depicted in Figure 5.6. 
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Figure 5.6: The linear form of the a) Langmuir and b) Freundlich adsorption isotherms for the 

adsorption of MO, MB, CR, and BPA by ZnO@C-2 composite, respectively.  

 

From Figure 5.6.a, it was found that the relationship between the experimental data and the 

Langmuir model isotherm with coefficient (R2) values indicates that the adsorption of MO, MB, 

CR, and BPA supported the occurrence of a monolayer adsorption mechanism. Using the 

Langmuir isotherm equation, the maximum adsorption capacity (Qm) was determined to be 385, 

286, 244, and 385 mg/g, for MO, MB, CR, and BPA, respectively. Figure 5.6.b represents the 

Freundlich isotherm, and it was observed that the coefficient (R2) values of all the pollutants are 

not as good as the Langmuir isotherm model as some of the coefficient (R2) values are far from 1. 

From the figure, it could be concluded that is clear that the Langmuir isotherm model fits the 

experimental data best compared to Freundlich isotherm models since it has higher determination 

coefficient (R2) values toward the removal of MO, MB, CR, and BPA as shown in Figure 5.6. 
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5.3.7. Adsorption Kinetics 

The adsorption kinetics were assessed using two commonly employed models: pseudo-first-order 

and pseudo-second-order models. The linear representation of the pseudo-first-order model is 

given by the following equation. 

 (5) 

The linear form of the pseudo-second-order model is given by the following equation. 

                      (6) 

In the equations, Qe and Qt represent the adsorption capacities (mg/g) at equilibrium and at a 

specific time point t (min). The rate constants for the pseudo-first-order and pseudo-second-order 

kinetic models are denoted as K1 (1/min) and K2 [g/ (mg min)], respectively. 

The time-dependent adsorption behavior of MO, MB, CR, and BPA by the ZnO@C-2 

composite is depicted in Figure 5.7.a. The results demonstrated the rapid adsorption capability of 

the ZnO@C-2 composite, where CR achieved complete adsorption within 60 minutes, with 

approximately 99% of MB being adsorbed within 60 minutes. Similarly, BPA required 180 

minutes to achieve 90% adsorption while MO reached 78% adsorption after 180 minutes. It is 

evident that the ZnO@C-2 composite exhibited excellent and efficient removal of MB and CR 

from solutions with initial concentrations of 50 ppm within 60 min than the MO and BPA. 
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Figure 5.7: a) Time-dependent percent adsorption of MO, MB, CR, and BPA by ZnO@C-2 

composite, (Initial concentration = 50 ppm, V = 20 mL and adsorbent = 20 mg) and 

(b) the corresponding pseudo-second-order kinetics adsorption. 

 

The kinetics of adsorption for all the pollutants (MO, MB, CR, and BPA) were studied 

using both the pseudo-first-order and pseudo-second-order kinetic models. Figure 5.7.b 

demonstrates the linear correlation observed when applying the Pseudo-second-order kinetic 

model using equation 6 suggesting that the adsorption of all the pollutants adhered to this model. 

5.3.8. Adsorption Thermodynamics 

To observe the impact of temperature on the adsorption of BPA using ZnO@C-2, 

experiments were conducted at three different temperatures: 22°C, 52°C, and 70°C. The adsorption 

capacities of BPA, as illustrated in Figure 5.8.a, revealed a clear trend of decreasing adsorption 

capacity with increasing temperature. This observation suggests that the adsorption process is 

exothermic in nature. Figure 5.8.b shows the percentage of BPA adsorption with different 

temperatures, and it was found that with temperature increase decreases the percent removal of 

pollutants. It is concluded from the figure that the adsorption capacity and pollutant removal 

percentage decrease with increasing temperature showing that the adsorption process is suitable 

and favorable at low temperatures. 
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5.8: Temperature-dependent a) adsorption capacity b) percent adsorption of BPA by ZnO@C-2 

composite, (Initial concentration = 100 ppm, V = 20 mL and adsorbent = 10 mg). 

 

 

5.4. Regeneration Study of Zno@C-2 Nanocomposite 

Regeneration studies have become essential in evaluating the recyclability of adsorbents 

for practical applications, driven by the increasing emphasis on sustainability from economic and 

ecological perspectives. The ability of adsorbents to be effectively rejuvenated and reused is 

crucial to meet these demands. Through these studies, we gain insights into the potential for 

adsorbents to be regenerated, leading to reduced waste generation and improved resource 

utilization. By exploring the feasibility of recycling adsorbents, it could be actively contributed to 

sustainability principles and address the urgent need for economic viability across diverse 

industries. Such research paves the way for innovative and environmentally friendly approaches 

that align with our goal of a sustainable future. 

Various ways of regeneration capability ZnO@C-2 for the adsorption of MO dye are 

illustrated in Figure 5.9. Figure 5.9.a presents the adsorption study of MO using the ZnO@C-2 

nanocomposite, also referred to as the control. In this experiment, 200 mg of ZnO@C-2 was 

combined with 80 mL of 500 ppm MO and subjected to 30 minutes of bath sonication to ensure 
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proper mixing. The mixture was then stirred for 24 hours at 600 rpm on a magnetic stirring plate. 

After this duration, 1 mL of the sample was withdrawn and passed through a syringe filter (0.45 

μm pore size) for UV-vis analysis, enabling the determination of the percentage of pollutant (MO) 

removal. This step is known as the 0 regeneration or first cycle of the adsorption study, and it 

demonstrated that the ZnO@C-2 adsorbent achieved 100 percent removal of the MO dye. The 

remaining filtrate and residue were subjected to vacuum filtration. The solid residue collected was 

dried and reserved for the next cycle or first regeneration. In the first regeneration, the collected 

residue was measured, and the required amount of 500 ppm MO was added. The mixture was 

sonicated for 30 minutes and left for 24 hours for adsorption before being filtered for UV-vis 

analysis. The same procedure was repeated for the second and third regenerations. The results 

revealed 100 percent removal of MO in the 0-regeneration cycle, about 18 percent in the first 

regeneration, about 17 percent in the second regeneration, and about 15 percent in the third 

regeneration. 

 

Figure 5.9: Regeneration of ZnO@C-2 for the adsorption of MO dye. 
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Based on the results obtained, it can be concluded that the method employed for 

regenerating the adsorbent was not effective. The study revealed a significant decrease in the 

percentage removal of MO dye with each successive regeneration cycle. While the initial 

regeneration cycle demonstrated complete removal of the pollutant (100 percent), subsequent 

regenerations showed a noticeable decline in performance, with only 18 percent removal in the 

first regeneration, followed by 17 percent in the second and 15 percent in the third. These findings 

indicate that the chosen regeneration procedure was not suitable for maintaining the adsorbent's 

optimal performance over multiple cycles. Further research and alternative regeneration 

approaches are necessary to ensure sustained and efficient adsorption performance of the ZnO@C-

2 nanocomposite. 

Therefore, we tried four different ways to regenerate the adsorbent for obtaining successive 

adsorptions.  The first attempt for regeneration of ZnO@C-2 adsorbent is shown in Figure 5.9.b 

which is named furnace. In this experiment, 200 mg of ZnO@C-2 was mixed with 80 mL of 500 

ppm MO and sonicated for 30 minutes. After 24 hours of stirring, the sample was filtered and 

analyzed, revealing 100 percent removal of the MO dye. This initial step is referred to as the 0 

regeneration. After filtration, the solid residue was dried and carbonized in a ceramic crucible at 

500°C for 30 minutes in the presence of argon gas in the furnace. The aim was to burn off adsorbed 

MO dye from the adsorbent, potentially enabling its regeneration. The carbonization process 

involved subjecting the residue to high temperatures, causing thermal decomposition of the organic 

compounds (MO) dye. Chemical bonds within the MO dye molecules are broken, resulting in the 

release of gaseous byproducts such as carbon dioxide, water vapor, and volatile organic 

compounds. After carbonization collected the sample and the required amount of 500 ppm MO 

solution were added to run the adsorption study for the first regeneration and it was found that it 
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removed only 27 percent of MO in the first regeneration cycle. Following the same procedure, it 

was carried out the experiment for the second regeneration and it was found the MO removal was 

about 25 percent. The hypothesis was this carbonization treatment will effectively burn MO dye, 

restoring the adsorbent's adsorption capacity and making it potentially suitable for subsequent 

cycles of adsorption but the results did not come out like that as after carbonization the 

nanocomposites lost their high surface area, and it was sand like appearance and thereby lost its 

adsorption capability. 

Figure 5.9.c, referred to as UV-B light, illustrates the second attempt at regenerating the 

adsorbent. In this case, after 0 regeneration it was collected the solid residue after the filtration 

process and taken in a 100 mL beaker. Added an adequate amount of water to it and put them 

under the UV-B light (360 nm) inside a UV reactor for 72 hours to degrade the MO (which was 

adsorbed during the 0 regeneration) from the ZnO@C-2 nanocomposite. From Figure 5.5.c, it is 

evident that the first regeneration cycle resulted in only 41 percent removal of the MO dye. This 

limited regeneration efficiency can be attributed to the inability of UV light to adequately reach 

and interact with the MO dye molecules for photodegradation, thus hindering complete 

regeneration. In the presence of UV-B light, the MO dye molecules absorb photons with sufficient 

energy to initiate a photochemical degradation process. This absorption leads to the breaking of 

chemical bonds within the dye molecules, resulting in the formation of highly reactive species like 

free radicals. These reactive species react with the dye, causing its degradation into smaller, less 

complex molecules. However, in the first regeneration cycle, the UV light may have struggled to 

effectively penetrate the adsorbent and reach all the adsorbed MO dye molecules. The insufficient 

contact between UV light and the MO dye molecules prevents complete photodegradation and 

hampers the regeneration process. Therefore, the observed limited removal of the dye in the first 
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regeneration cycle suggests the need for optimization in the setup to ensure better contact between 

UV light and the adsorbed MO dye, enabling more efficient photodegradation and subsequent 

regeneration of the adsorbent. 

Figure 5.9.d, labeled as UV-B light+H2O2, represents the third attempt at regenerating the 

adsorbent. In this case, the solid residue obtained after the 0-regeneration cycle was collected and 

placed in a 100 mL beaker. An appropriate amount of water and hydrogen peroxide (30 mg solid 

residue + 12 mL 500 ppm MO + 10 mL DIW + 3 mL hydrogen peroxide) were added to the beaker. 

The mixture was then exposed to UV-B light with a wavelength of 360 nm inside a UV reactor for 

16 hours. The aim was to degrade the MO dye, which had been adsorbed during the 0-regeneration 

cycle, from the ZnO@C-2 nanocomposite. In this regeneration approach, the combination of UV-

B light and hydrogen peroxide acts synergistically to enhance the degradation of the MO dye. 

When exposed to UV-B light, the absorbed photons provide energy for the photochemical 

degradation process, breaking the chemical bonds within the dye molecules. Meanwhile, hydrogen 

peroxide, as an oxidizing agent, reacts with the dye molecules and generates hydroxyl radicals 

(•OH), which are highly reactive species. These hydroxyl radicals further contribute to the 

degradation of the MO dye by reacting with and breaking down the dye molecules into simpler 

compounds. The extended exposure of the solid residue to UV-B light in the presence of hydrogen 

peroxide enables the efficient degradation of the adsorbed MO dye on the ZnO@C-2 

nanocomposite. However, it is noteworthy that the first regeneration cycle achieved only 48 

percent removal of the MO dye, suggesting the need for further optimization to enhance the 

regeneration efficiency. 

Figure 5.9.e, labeled as partial burn + UV-B light, represents the final attempt in the 

regeneration process of the adsorbent. In this experiment, 200 mg of fresh ZnO@C-2 adsorbent 
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was subjected to partial burning of carbon by placing it on a preheated hotplate at 500°C for two 

hours, with occasional stirring. This process aimed to increase the concentration of ZnO 

nanoparticles by reducing carbon content, thereby enabling better contact between UV light and 

the adsorbent for enhanced MO degradation. During the regeneration process, 50 mg of partially 

burnt ZnO@C-2 was mixed with 20 mL of 500 ppm MO and subjected to 30 minutes of bath 

sonication for thorough mixing. The mixture was then stirred for 24 hours, followed by a 

withdrawal of 1 mL for UV-vis analysis to determine the percentage of MO removal. This step, 

known as the 0 regeneration, demonstrated that the ZnO@C-2 adsorbent achieved 100 percent 

removal of the MO dye. The remaining mixture of filtrate and residue underwent vacuum filtration, 

and the collected solid residue was dried and reserved for the next cycle or first regeneration. For 

the first regeneration, the solid residue was combined with an adequate amount of water in a 100 

mL beaker and exposed to UV-B light (360 nm) inside a UV reactor for 16 hours. This step aimed 

to degrade the MO dye adsorbed during the 0 regeneration from the ZnO@C-2 nanocomposite. 

From the results depicted in Figure 5.5.e, it is evident that the first regeneration cycle achieved 

nearly 100 percent removal of the MO dye. The partial burning of carbon facilitated the exposure 

of more ZnO nanoparticles, enhancing their interaction with MO in the presence of UV light. This 

favorable combination led to complete regeneration in the first cycle. The same procedure was 

repeated for the second regeneration, yielding similar results as the second regeneration. Based on 

these findings, it can be concluded that the regeneration study was successful in achieving efficient 

removal of the MO dye using the partial burn + UV-B light approach. 

5.5. Quantification of the Percentage of Carbon and ZnO from ZnO@C Nanocomposite 

Three different sample holder containing 200 mg of the as-synthesized ZnO@C-1, 

ZnO@C-2, and ZnO@C-4 nanocomposites were subjected to carbonization. The carbonization 
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process facilitated to extraction of ZnO nanoparticles from the ZnO and carbon nanocomposite 

(ZnO@C) through the removal of the carbon component. This process involved heating the 

ZnO@C samples at a ramp rate of 2 °C/min in the presence of air at a temperature of 600 °C for a 

duration of 2 hours in a tube furnace. During this process, the carbon component of the 

nanocomposites was combusted away, leading to the removal of carbon, and leaving behind only 

the ZnO nanoparticles. The ZnO samples obtained from ZnO@C-1, ZnO@C-2, and ZnO@C-4 

nanocomposite was labeled as ZnO@-1, ZnO@-2, and ZnO@-4, respectively.  The table 5.4 below 

summarizes the amount of carbon combusted and the remaining amount of ZnO after the 

carbonization process, based on the initial 200 mg of each sample: 

Table 5.4: Percentage of the carbon combustion and the remaining ZnO content after the 

carbonization process. 

 
Sample Initial weight  

(Before carbonization) 

% of C combusted 

(After Carbonization) 

% of remaining ZnO 

(After Carbonization) 

ZnO@C-1 200 mg 5.64 94.36 (ZnO@-1) 

ZnO@C-2 200 mg 31.24 68.76 (ZnO@-2) 

ZnO@C-4 200 mg 61.50 38.50 (ZnO@-2) 

 

After the carbonization process, the obtained amount of ZnO nanoparticles was utilized to 

assess their performance in the photodegradation of methyl orange (MO) under UV-B light 

irradiation in deionized water (DIW). 

5.6. Photodegradation Of MO using ZnO Derived from ZnO@C  

           The purpose of this experiment was to evaluate the photodegradation capabilities of the 

ZnO nanoparticles obtained from the ZnO@C nanocomposite. By subjecting the ZnO 
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nanoparticles to UV-B light, their ability to initiate the degradation of MO in the aqueous solution 

could be observed. The photodegradation process involved the exposure of the MO solution 

containing the ZnO nanoparticles to UV-B light, followed by monitoring the degradation progress 

over a specific period which is shown in Figure 5.10. 

  

Figure 5.10: a) The UV-vis spectra of the 5 ppm MO solution by ZnO@1were recorded at 

different time intervals during the photocatalytic degradation process, b) time-

dependent percent degradation of MO by solution by ZnO@1, ZnO@2, and 

ZnO@4. 

 

    For the photodegradation experiments, 30 mg of ZnO@1 was evenly dispersed in 30 mL 

of 5 ppm MO solution through a 10-minute bath sonication process and the experiment was 

conducted in the absence of light. The purpose of bath sonication was to ensure the uniform 

dispersion of the ZnO@1 nanoparticle and to establish an adsorption-desorption equilibrium 

between the nanoparticles and the dye molecules. The resulting mixture was subjected to UV 

illumination within a box reactor while being continuously stirred. At regular intervals f 10, 20,30, 

and 60 minutes, about 1 mL of the sample was drawn and filtered using a syringe filter to prepare 

it for UV-vis spectroscopic analysis. The percent degradation of the dyes was determined by 

measuring the absorbance at their characteristic absorption maxima, which was 464 nm for the 
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MO solution. The Figure 5.10. a, it was found that the photodegradation performance of ZnO@1 

resulted in the almost complete degradation of the 5 ppm MO dye under UB-B light irradiation. In 

Figure 5.10.b, the percentage of degradation for ZnO@1, ZnO@2, and ZnO@4 is depicted, 

demonstrating their respective degradation efficiencies. It was observed that ZnO@1 achieved the 

highest degradation rate, reaching approximately 95 percent degradation of MO within 60 minutes. 

ZnO@2 exhibited a degradation rate of 83 percent, while ZnO@4 showed a degradation rate of 

71 percent within the same timeframe. This variation in performance could be attributed to the 

composition of the nanocomposites. ZnO@C-1, which contained a higher concentration of Zn 

source and a lower amount of carbon source, resulted in a larger amount of ZnO@1 after the 

carbonization process, leading to its superior photocatalytic activity. This investigation aimed to 

gain insights into the photocatalytic performance of the ZnO nanoparticles derived from the ZnO 

and carbon nanocomposite. By studying their efficiency in degrading MO under UV-B light 

illumination, the potential application of these ZnO nanoparticles as effective photocatalysts for 

the removal of organic pollutants could be assessed. The results obtained from this study would 

contribute to our understanding of the photocatalytic properties of ZnO and their potential use in 

water treatment and environmental remediation. 

5.7. Conclusion 

This study focused on the investigation of the adsorption capacity of a ZnO and carbon 

(ZnO@C-2) nanocomposite for the removal of various model pollutants such as MO, MB, CR, 

and BPA. The findings demonstrated remarkable adsorption efficiency of the ZnO@C 

nanocomposite towards all the targeted pollutants. The batch adsorption studies were carried out 

by different experimental parameters including the initial concentration of pollutants and contact 

time and temperature.  The maximum adsorption capacities of MO, MB, CR, and BPA were found 



117 

to be 345, 285, 245 and 345 mg/g, respectively. The surface area and porous structure of ZnO@C 

facilitated the availability of active sites for pollutant adsorption and thereby enhanced the 

adsorption performance. The adsorption process followed pseudo-second-order kinetics, 

indicating the involvement of chemical interactions. Moreover, the adsorption isotherms adhered 

to the Langmuir isotherm model suggesting monolayer adsorption mechanisms. Furthermore, the 

nanocomposite showed excellent recyclability with multiple adsorption-regeneration cycles 

maintaining consistent performance. In conclusion, the ZnO and carbon nanocomposite 

demonstrated great potential as an effective adsorbent for the removal of MO, MB, CR, and BPA, 

highlighting its significance in applications such as water purification and environmental 

remediation. 
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Chapter 6: Conclusion and Future Directions 

In conclusion, this dissertation has made substantial contributions to the field by focusing 

on the synthesis of ZnO nanoparticles and a regenerable adsorbent, the ZnO@C nanocomposite 

by combustion method, with the aim of exploring their potential in two important applications: 

photocatalytic degradation of MO under UV-B light and sunlight irradiation, and adsorptive 

removal of various pollutants such as MO, MB, CR, and BPA. The photocatalytic degradation of 

MO was influenced by various factors such as initial concentration of MO, catalyst dosage, and 

irradiation intensity. The results revealed that ZnO nanoparticles effectively generated ROS, such 

as hydroxyl radicals (•OH) and superoxide radicals during the irradiation process. These ROS 

played a crucial role in the degradation of MO by initiating oxidative reactions and breaking down 

the dye molecules. The photocatalytic process followed pseudo-first-order kinetics, indicating the 

involvement of the degradation steps. Overall, the results highlight the potential of ZnO 

nanoparticles as an effective and environmentally friendly approach for the degradation of MO in 

both UV light and sunlight conditions, with implications for the treatment of dye-contaminated 

wastewater. The outcomes of the research mentioned above, particularly the innovative synthesis 

approaches of ZnO have the potential to stimulate future investigations in synthesizing a wide 

range of metallic nanoparticles, mixed metallic nanoparticles, their metal oxides, and composites. 

Furthermore, the nanomaterials developed in this report have potential applications in diverse areas 

including electrocatalysis, solar harvesting, energy storage, drug delivery systems photothermal 

therapies, and so on. These findings present opportunities for further exploration and utilization of 

these nanomaterials across various fields. 
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The remarkable performance of the ZnO@C nanocomposite can be attributed to the synergistic 

effects resulting from the combination of ZnO and carbon components. These synergies played a 

crucial role in enhancing the adsorption performance, while the nanocomposite's high surface area 

and porous structure provided an abundance of active sites for efficient pollutant adsorption. 

Furthermore, the adsorbents hold promise for the removal of heavy metals and other organic 

pollutants from water, broadening their potential applications in water treatment and 

environmental remediation. The adsorption processes investigated in this study were influenced 

by several factors, including initial pollutant concentration, contact time, and temperature. Optimal 

conditions were determined to achieve maximum pollutant removal efficiency, offering practical 

insights for real-world applications. The adsorption mechanisms were elucidated through the 

analysis of adsorption isotherms and kinetic modeling was employed to assess the adsorption 

kinetics, proving to be the most suitable for describing the adsorption of the pollutants. Moreover, 

the regeneration capabilities of the ZnO and carbon nanocomposite were demonstrated, indicating 

its potential for repeated use in water treatment processes. For future studies, this adsorbent has 

the potential to be utilized in water treatment for the effective removal of heavy metals and various 

organic pollutants from aqueous solutions. In summary, the findings have far-reaching 

implications for environmental remediation and water treatment, and future research in this area 

holds great promise for tackling the challenges posed by water pollution and ensuring the 

preservation of our ecosystems. 
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Appendix 

Characterization Techniques 

Transmission electron microscopy (TEM) images were obtained using a Hitachi H-7650 

with an acceleration voltage of 80 kV. Carbon-filmed copper grids with 200 mesh were used for 

TEM imaging. Scanning Electron Microscopy (SEM) images and the Energy Dispersive X-ray 

(EDX) experiments were carried out using a JEOL JSM-IT100 microscope was used. Carbon tape 

was used as the substrate for the SEM imaging. Powder X-ray diffraction (XRPD) spectrum was 

obtained by using Bruker D8 Discover X-ray diffractometer with Cu Kα radiation (λ = 0.15418 

nm). The X-ray photoelectron spectroscopy (XPS) analysis was performed in Thermo Scientific™ 

K-alpha™ equipment using a monochromatic Al Ka X-ray source. The survey spectra were 

obtained with 130-eV pass energy, while high-resolution analyses for specific core levels were 

performed at 20-eV pass energy. An argon ions flood gun was used to avert surface charging. All 

binding energies were corrected with reference to carbon 1s at 284.8 eV. Elemental analysis was 

performed using PerkinElmer Optima 4300 DV ICP-OES UV–Visible spectroscopic analysis was 

performed on Agilent Cary 50 Conc UV–Visible Spectrophotometer. Standard quartz cuvette 

(10 mm path length) was used as the sample holder and the measurements were in the ranges of 

200–800 nm with an accuracy of 1 nm. 
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