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ABSTRACT 

The increase in microplastics (MPs) concentration in water matrices continues to pose a serious 

threat to aquatic ecosystems, and subsequently human health as a result of bioaccumulation 

within these aquatic organisms. Significant number of MPs have been detected from different 

water matrices including surface water and wastewater treatment effluent, globally. Recent 

reports from South Africa have also indicated their presence in tap water in low concentrations. 

Water treatment plants globally, are not optimised or designed for the removal of MPs. 

Therefore, technological innovations are required to alleviate the limitations embedded in these 

treatment systems. Nanotechnology has emerged as a pivotal technology to address a wide 

range of environmental challenges through performance enhancement. Therefore, this study 

investigated the removal of MPs from aquatic environments using magnetic nanocomposites 

(MNCs). This is the first study to the best of our knowledge that explicitly evaluates the 

performance of MNCs g-C3N4@Fe3O4 and BNNS@Fe3O4 for the removal of MPs. Herein, the 

application of each MNC is assessed for their removal efficiency of individual and 

multitudinous combinations of polystyrene (PS) and polyethylene (PE) MPs, including 

different size ranges. Additionally, these MNCs are applied in drinking water and real domestic 

wastewater effluent to determine their effectiveness against a combination of PS and PE MPs. 

Furthermore, a phytotoxicity study was also conducted to assess the toxicity of g-C3N4@Fe3O4 

and BNNS@Fe3O4 on various common agricultural crops (Hordeum vulgare L. (barley wheat), 

Cicer arietinum (black chickpea) and Vigna radiatus L. (moong)). The recyclability study was 

performed for five successive rounds of reuse and each of the MNCs magnetic stability was 

assessed via VSM. Finally, a cost assessment analysis for MPs removal with the best-

performing MNC (g-C3N4@Fe3O4) was also conducted as well as the mechanistic insights of 

the interactions between PE/PS MPs and the MNC was postulated. 
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The MNCs (g-C3N4@Fe3O4, BNNS@Fe3O4) were synthesized by conventional co-

precipitation. Synthesized MNCs were characterised by various analytical techniques such as, 

XRD, TGA, FTIR, BET, XPS, SEM-EDX, TEM, VSM, and Zeta potential. The optimization 

of various parameters (pH, time, MNC dose, MP dose) were done through gradient 

experiments. Optimised parameters were applied in batch experiments to investigate g-

C3N4@Fe3O4 and BNNS@Fe3O4 for the removal of different types and sizes of MPs (PE (125 

µM), PS (25-180 µM), PE+PS combo (PE=125 and 25-180 µM) and PS (180-500 µM) from 

Milli-Q water, wastewater effluent and drinking water.  

 

The maximum removal of PE (96.16%, size 125 µM), PS (92.5% , size 25-180 µM), PE+PS 

combo  (94.89%, size PE=125 and 25-180 µM) and PS (45.62%, size 180-500 µM) were 

noticed with MNC g-C3N4@Fe3O4 under optimum operating conditions ([pH]= 4; time= 5 h; 

[MNC]= 1.2 g/L; [MP]= 0.5 g/L) from Milli-Q water.  The maximum removal efficiency of 

PE (94.44%, size 125 µM), PS (85.96%, size 25-180 µM), PE+PS combo (88.28%, size 

PE=125 and 25-180 µM) and PS (38.77%, size 180-500 µM) were observed with MNC 

BNNS@Fe3O4 under optimum operating conditions ([pH] = 3; time= 12 h; [MNC]= 0.9 g/L; 

[MP] = 0.5 g/L) from Milli-Q water. A direct correlation was observed between the removal 

rate and the size of the MPs. The investigation of MNC removal efficiency in different water 

matrices yielded 93.7 and 86.56% from drinking water via g-C3N4@Fe3O4 and BNNS@Fe3O4, 

respectively. A removal rate of 91.91 and 83.78% was observed from domestic wastewater 

effluent filtered with a 0.22 µM filter for g-C3N4@Fe3O4 and BNNS@Fe3O4, respectively, 

whilst a removal rate of 90.28 and 82.23% was observed from the same domestic wastewater 

effluent (unfiltered) for g-C3N4@Fe3O4 and BNNS@Fe3O4, respectively. The results for 

filtered and unfiltered wastewater effluent are similar indicating that filtering plays no 

significant role in improving the removal efficiency. The reusability study revealed that both 
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MNCs retained a removal efficiency of more than 50% after 5 cycles whilst g-C3N4@Fe3O4 

retained a removal efficiency of almost 80% after 3 cycles. The VSM results exhibited that 

both MNCs possess superparamagnetic behaviour which indicates that both BNNS@Fe3O4 and 

g-C3N4@Fe3O4 have excellent magnetic properties, enabling their application in practical 

settings. This was further confirmed by the after-treatment results wherein both MNCs retained 

their superparamagnetic properties after adsorption of the MPs, allowing for effective magnetic 

separation. 

MNCs' phytotoxicity on common agricultural crops was assessed to investigate any potential 

ecotoxic effects on the crops. The phytotoxicity of domestic raw wastewater influent, final 

treated effluent, g-C3N4@Fe3O4, BNNS@Fe3O4, g-C3N4@Fe3O4 filtrate and BNNS@Fe3O4 

filtrate were assessed through seed germination indices (G.I.%). The MNC filtrate of g-

C3N4@Fe3O4 and BNNS@Fe3O4 revealed mild toxicity (approaching non-toxic) and no 

toxicity, respectively. The operating cost of g-C3N4@Fe3O4 for MPs removal from domestic 

wastewater effluent was approximately 41.09$/m3. This makes it is a cost-effective treatment 

when compared to literature. The four main potential interactions postulated to occur between 

the PS/PE MPs and g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs are: electrostatic interaction, π-

π interaction, Van Der Waals forces and hydrogen bonding.  

In conclusion, this thesis demonstrates the promising potential of MNCs (g-C3N4@Fe3O4 and 

BNNS@Fe3O4) for the efficient removal of MPs from various water matrices, including 

drinking water and final treated wastewater effluent. The remarkable removal efficiency and 

superparamagnetic properties of these materials, coupled with their low environmental toxicity 

and cost-effectiveness, highlight their feasibility for practical applications. This thesis further 

confers the understanding of g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs recyclability, therein 

promoting a circular economy and a sustainable approach for wastewater treatment. These 
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findings contribute to advancing sustainable wastewater treatment solutions and address the 

global challenge of MP pollution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

xiii 
 

TABLE OF CONTENTS 

 

APPROVAL ............................................................................................................................. ii 

DECLARATION.................................................................................................................... iii 

DEDICATION......................................................................................................................... iv 

ACKNOWLEDGEMENTS .................................................................................................... v 

ABSTRACT ............................................................................................................................. ix 

LIST OF TABLES ............................................................................................................... xvii 

LIST OF FIGURES ........................................................................................................... xviii 

LIST OF EQUATIONS ..................................................................................................... xxiii 

ABBREVIATIONS ............................................................................................................. xxiv 

OUTPUTS (PUBLICATIONS) ......................................................................................... xxvi 

CHAPTER ONE: Introduction .............................................................................................. 1 

1.1. Background/Introduction ........................................................................................... 1 

1.2. Scope: ......................................................................................................................... 4 

1.3. Research Aim ............................................................................................................. 7 

1.4. Objectives .................................................................................................................. 7 

1.5. Thesis framework: ..................................................................................................... 8 

CHAPTER TWO: Literature Review .................................................................................... 9 

2.1. Introduction ................................................................................................................ 9 

2.2. Types of MPs and physicochemical properties ....................................................... 10 

2.3. Source of microplastics ............................................................................................ 12 

2.4. Occurrence of microplastics in different environments ........................................... 14 

2.4.1.  Microplastics in aquatic environments ........................................................... 17 

2.5. Hazardous effects of microplastics on aquatic life and human health ..................... 18 

2.6.  Major routes of microplastic pollution in aquatic habitats ...................................... 21 

2.6.1. Sewage discharge ............................................................................................. 21 

2.6.2.  Rainfall runoff and storm events ..................................................................... 21 

2.6.3.  Hydro-fluctuation belt ..................................................................................... 22 

2.6.4.  Fishing activities ............................................................................................. 22 

2.6.5. Additional routes .............................................................................................. 22 

2.6.6.  MPs in wastewater treatment plants ................................................................ 23 

2.7.  Application  of  nanomaterials  for  the  removal  of  microplastics  from  water 

matrices    ............................................................................................................................. 27 



 
 

xiv 
 

2.7.1.  Types of nanomaterials with microplastic removal potential from different 

water bodies ...................................................................................................................... 28 

2.8. Interaction mechanisms between microplastics and nanomaterials......................... 35 

2.9. The impact of water characteristics on nanomaterials interaction with microplastics

 ……………………………………………………………………………………..40 

2.10. NM synthesis for potential wastewater applications ............................................... 44 

2.11. Strategies to consider regarding NMs toxicity......................................................... 53 

CHAPTER THREE: Synthesis, surface area optimisation and characterisation of g-

C3N4@Fe3O4 and BNNS@Fe3O4 MNCs ............................................................................... 56 

3.1. Introduction .............................................................................................................. 56 

3.2. Materials and Chemicals .......................................................................................... 59 

3.3. Experimental procedure ........................................................................................... 60 

3.3.1. Synthesis of MNCs .......................................................................................... 60 

3.3.1.1. Synthesis of magnetically decorated graphitic carbon nitride (g-

C3N4@Fe3O4) nanosheet: .............................................................................................. 60 

i. Synthesis of g-C3N4 ............................................................................................. 60 

ii. Synthesis of g-C3N4@Fe3O4 MNC ...................................................................... 60 

3.3.1.2. Optimisation of calcination temperature and synthesis of magnetically 

decorated boron nitride nanosheet (BNNS@Fe3O4) ..................................................... 61 

i. Thermogravimetric analysis (TGA) ..................................................................... 61 

ii. Synthesis of boron nitride nanosheet (BNNS) ..................................................... 62 

iii. Synthesis of BNNS@Fe3O4 MNC ....................................................................... 62 

3.4. MNC physicochemical characterisation, instrumentation, and measurements ....... 65 

3.4.1. Brunauer-Emmett-Teller (BET) ....................................................................... 65 

3.4.2. Fourier transform infrared spectroscopy (FTIR) ............................................. 65 

3.4.3. X-ray diffraction (XRD) .................................................................................. 66 

3.4.4. Zeta potential (ζ) .............................................................................................. 66 

3.4.5. Thermogravimetric analysis............................................................................. 67 

3.4.6. Field emission scanning electron microscopy (FE-SEM) with EDX .............. 67 

3.4.7. Transmission electron microscopy (TEM) ...................................................... 67 

3.4.8. X-ray photoelectron spectroscopy (XPS) ........................................................ 68 

3.5. Results and Discussion ............................................................................................ 69 

3.5.1. Synthesis and surface area optimisation of g-C3N4@Fe3O4 and BNNS@Fe3O4

 ………………………………………………………………………………..69 

3.5.1.1. Thermogravimetric analysis......................................................................... 69 

3.5.1.2. Surface area (SBET) optimisation by varying calcination temperature for g-

C3N4@Fe3O4 and calcination ratio for BNNS@Fe3O4 ................................................. 70 



 
 

xv 
 

3.5.2. Characterisation of the synthesized MNCs ...................................................... 72 

3.5.2.1. X-ray Diffraction (XRD) ............................................................................. 72 

3.5.2.2. Fourier-Transform Infrared (FTIR) Spectroscopy ....................................... 75 

3.5.2.3. Zeta (ζ) potential .......................................................................................... 78 

3.5.2.4. Surface morphology of fresh and used g-C3N4@Fe3O4 and BNNS@Fe3O4 

MNCs ……………………………………………………………………………..79 

3.5.2.5. Textural properties analysis: Brunauer-Emmett-Teller (BET) .................... 84 

3.5.2.6. X-ray Photoelectron Spectroscopy (XPS) ................................................... 85 

3.6. Conclusions .............................................................................................................. 95 

CHAPTER FOUR: Optimization of operational parameters magnetic nanocomposite 

dose, pH, time and MP dose for microplastic removal ....................................................... 96 

4.1. Introduction .............................................................................................................. 96 

4.2. Materials .................................................................................................................. 98 

4.2.1.  Preparation of PS-MPs ..................................................................................... 99 

4.3. Experimental procedure ........................................................................................... 99 

4.3.1. Adsorption experiments for optimisation of parameters ........................................ 99 

4.3.1.1. Determination of optimum adsorbent dose .................................................. 99 

4.3.1.2. Determination of optimal pH ..................................................................... 100 

4.3.1.3. Determination of optimal treatment time ................................................... 100 

4.3.1.4. Determination of optimal MPs dose .......................................................... 101 

4.3.2. Application of optimised parameters for MP removal from wastewater and 

drinking water ................................................................................................................. 102 

4.3.2.1. Removal of different size and types of MPs using the optimal conditions 102 

4.3.2.2. Removal of MPs from drinking water and treated wastewater.................. 102 

4.3.3. Regeneration of the MNCs ............................................................................ 103 

4.3.4. MPs Removal calculation .............................................................................. 103 

4.4. Results and Discussion ................................................................................................ 103 

4.4.1. Reaction parameter influence on MPs removal ............................................. 103 

4.4.1.1. MNC dose .................................................................................................. 103 

4.4.1.2. Influence of initial pH ................................................................................ 105 

4.4.1.3. Influence of sorption time .......................................................................... 107 

4.4.1.4. Influence of initial dose of MPs ................................................................. 109 

4.4.2. Application of optimized key parameters for MPs removal .......................... 111 

4.4.2.1. Removal of different size and types of MPs from Milli-Q water .............. 111 

4.4.2.2. Removal of MPs from drinking water and treated domestic wastewater .. 113 

4.4.3. Plausible mechanism of action/Mechanistic insights .................................... 115 



 
 

xvi 
 

4.5.  Conclusions ........................................................................................................... 120 

CHAPTER FIVE: Comprehensive analysis of magnetic nanocomposite performance: 

reusability, magnetic stability (VSM), phytotoxicity, and cost evaluation ..................... 122 

5.1. Introduction ............................................................................................................ 122 

5.2.  Materials ................................................................................................................ 124 

5.3. Experimental procedure ......................................................................................... 124 

5.3.1. MNC recyclability/reusability study .............................................................. 124 

5.3.1.1. Regeneration of the MNCs ........................................................................ 124 

5.3.1.2. MPs Removal calculation and reusability assessment ............................... 124 

5.3.2. Magnetic stability assessment via vibrating magnetometer sample (VSM) .. 125 

5.3.3. Phytotoxicity study ........................................................................................ 126 

5.3.4. Cost Assessment ............................................................................................ 126 

5.4. Results and Discussion .......................................................................................... 127 

5.4.1. Recyclability of MNCs .................................................................................. 127 

5.4.2.  Magnetic stability assessment via VSM ........................................................ 129 

5.4.3.  Phytotoxicity study ....................................................................................... 133 

5.4.4.  Economic assessment.................................................................................... 138 

5.5.  Conclusions ........................................................................................................... 139 

CHAPTER SIX: Overall Conclusions and Recommendations ....................................... 141 

6.1.  Major conclusions/ Significant findings based on the objectives of the study ...... 141 

6.2.  Limitations of the study ......................................................................................... 144 

6.3. Recommendations and Future research ................................................................. 144 

REFERENCES ..................................................................................................................... 146 

APPENDIX ........................................................................................................................... 180 

Appendix 1 ......................................................................................................................... 180 

Appendix 2 ......................................................................................................................... 181 

Appendix 3 ......................................................................................................................... 182 

Appendix 4 ......................................................................................................................... 183 

Appendix 5 ......................................................................................................................... 184 

Appendix 6 ......................................................................................................................... 186 

Appendix 7 ......................................................................................................................... 187 

Appendix 8 ......................................................................................................................... 189 

Appendix 9 ......................................................................................................................... 190 

 

 



 
 

xvii 
 

LIST OF TABLES 

Table 1: The structural composition of MPs and their molecular formula 

Table 2: MPs global concentration in various countries  

Table 3: NMs and their removal efficiencies of specific MPs from different matrix’s   

Table 4: Basic mechanism of action between a specific NM category and MPs/ NPs 

Table 5: Surface area optimisation for g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs 

Table 6: Surface area optimisation for BNNS@Fe3O4 MNCs 

Table 7: Textural properties analysis of fresh and used g-C3N4@Fe3O4 and BNNS@Fe3O4 

Table 8: Operating cost of best-performing MNC g-C3N4@Fe3O4 for MPs removal from 

wastewater effluent  

 

 

 

 

 

 

 

 

 



 
 

xviii 
 

LIST OF FIGURES 

Figure 1: Framework for thesis  

Figure 2: Categories of predominant MP forms (Veneral et al. 2023), Reproduced with 

permission from Elsevier 

Figure 3: MPs derived from primary sources that are discharged directly and secondary sources 

that are created indirectly as a result of macroplastic debris disintegration (Borah et al. 2023), 

Reproduced with permission under a Creative Commons License, License CC BY 4.0 from 

(Borah et al. 2023) 

Figure 4: Diagram illustrating the movement of MPs: (a) transfer of MPs from the molecular 

to the ecosystem and (b) MPs ingestion from decreasing to increasing trophic levels (Borah et 

al. 2023), Reproduced with permission under a Creative Commons License, License CC BY 

4.0 from (Borah et al. 2023) 

Figure 5: MPs journey through a WWTP displaying primary, secondary and tertiary treatment 

processes (Sun et al. 2019), Reproduced with permission from Elsevier 

Figure 6: Schematic of π-π interaction between reduced Graphene Oxide and Polystyrene (Li 

et al. 2025).  Amended with permission under a Creative Commons License, License CC BY 

4.0 from (Li et al. 2025). Copyright 2018 MDPI  

Figure 7: Schematic illustration of mechanism of action between CC-AgNPs and PS 

Figure 8: Schematic illustration of the top-down and bottom-up approach and the physical, 

chemical and biological methods they house (Liu et al. 2019b; Zhang et al. 2023). Adapted 

with permission under a Creative Commons License, License CC BY 4.0 from (Zhang et al. 

2023). Copyright 2022 BUCURESTI and Creative Commons License, License CC BY 4.0 

from (Liu et al. 2019b). Copyright 2021 MDPI 



 
 

xix 
 

Figure 9: Schematic illustration of green synthesis of metal nanoparticles derived from 

biological precursors 

Figure 10: Illustration summation of the synthesis of (a) g-C3N4@Fe3O4 and (b) BNNS@Fe3O4 

Figure 11: TGA thermograph of BNNS@Fe3O4 

 

Figure 12: XRD spectra of (a) fresh and used g-C3N4@Fe3O4, (b) fresh and used 

BNNS@Fe3O4 

Figure 13: FTIR spectra of (a) fresh and used g-C3N4@Fe3O4, (b) fresh and used 

BNNS@Fe3O4 

Figure 14: Zeta potential of g-C3N4@Fe3O4 and BNNS@Fe3O4 

Figure 15: SEM micrograph of fresh (a) g-C3N4@Fe3O4, (b) BNNS@Fe3O4, used (c) g-

C3N4@Fe3O4, (d) BNNS@Fe3O4, TEM micrograph of (e) g-C3N4@Fe3O4, (f) BNNS@Fe3O4 

and Histogram plot of (g) g-C3N4@Fe3O4 and (h) BNNS@Fe3O4 

Figure 16: EDX micrographs of (a) g-C3N4@Fe3O4, (b) BNNS@Fe3O4, Elemental weight 

percentage composition of (c) g-C3N4@Fe3O4, (d) BNNS@Fe3O4 and TEM micrographs of (e) 

g-C3N4@Fe3O4, (f) BNNS@Fe3O4 

Figure 17: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: survey scan spectra of (a) fresh 

and used BNNS@Fe3O4, (b) fresh and used g-C3N4@Fe3O4 

Figure 18: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: Fe2p spectra of (a) fresh and 

used BNNS@Fe3O4, (b) fresh and used g-C3N4@Fe3O4 

Figure 19: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: C1s spectra of (a) used and 

fresh BNNS@Fe3O4, (b) used and fresh g-C3N4@Fe3O4 



 
 

xx 
 

Figure 20: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: O1s spectra of (a) used and 

fresh BNNS@Fe3O4, (b) used and fresh g-C3N4@Fe3O4 

Figure 21: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: N1s spectra of (a) used and 

fresh BNNS@Fe3O4, (b) used and fresh g-C3N4@Fe3O4 

Figure 22: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: B1s spectra of used and fresh 

BNNS@Fe3O4 

Figure 23: Schematic depiction of the optimisation of operational parameters for the removal 

of MPs 

Figure 24: Optimisation of MNC dose (g/L) for g-C3N4@Fe3O4 and BNNS@Fe3O4  

Figure 25: Optimisation of pH for g-C3N4@Fe3O4 and BNNS@Fe3O4 

Figure 26: Optimisation of time for g-C3N4@Fe3O4 and BNNS@Fe3O4 

Figure 27: Optimisation of MP dose (g/L) (PE+PS (PE=125 µM, PS = 25-180 µM)) for g-

C3N4@Fe3O4 and BNNS@Fe3O4 

Figure 28: Application of optimised parameters for g-C3N4@Fe3O4 and BNNS@Fe3O4: 

Removal of different size and types of MPs (PS1- 25-180; PS2- 180-500 µM) 

Figure 29: Application of optimised parameters for g-C3N4@Fe3O4 and BNNS@Fe3O4: 

Removal of MPs from different water matrices (Milli-Q water, WWE: Final treated wastewater 

effluent, WWEfiltered: Final treated wastewater effluent filtered with 0.22 µM)  

Figure 30: Interaction mechanistic insights between PS/PE MPs and (a) g-C3N4@Fe3O4, (b) 

BNNS@Fe3O4 MNCs 

Figure 31: Schematic illustration of recovery and recyclability of g-C3N4@Fe3O4 and 

BNNS@Fe3O4 MNCs  



 
 

xxi 
 

Figure 32: g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs recyclability over 5 cycles of MPs 

removal 

Figure 33: Magnetization curves before (fresh) and after (used) adsorption of MPs by (a) 

BNNS@Fe3O4 and (b) g-C3N4@Fe3O4 by VSM 

Figure 34: Phytotoxicity asssessment of (a) Hordeum vulgare L, Vigna radiatus L. and Cicer 

arietinum (TW: Tap water (control), UWW: untreated wastewater, TWW: treated wastewater, 

GCN: g-C3N4@Fe3O4, GCNF: g-C3N4@Fe3O4 filtrate BNNS: BNNS@Fe3O4, BNNSF: 

BNNS@Fe3O4 filtrate) and (b) Toxicity indicator: red (toxic), blue (mild-toxicity), green (no 

toxicity) 

Figure 35: The nanomaterials at different stages of synthesis, (a) g-C3N4 before calcination, 

(b) g-C3N4 after calcination, (c) g-C3N4@Fe3O4 after synthesis, (d) g-C3N4@Fe3O4 with 

magnetic field applied, (e) BNNS before calcination, (f) BNNS after calcination, (g) 

BNNS@Fe3O4 after synthesis and (h) BNNS-Fe3O4 with magnetic field applied 

Figure 36: Flasks containing different MP types and sizes after adsorption experiments using 

optimum operating parameters  

Figure 37: Plot of adsorption-desorption isotherm for (a) fresh g-C3N4@Fe3O4 (sample 1) and 

BNNS@Fe3O4 (sample 2), (b) used BNNS@Fe3O4 (sample 1) and g-C3N4@Fe3O4 (sample 2) 

Figure 38: SEM micrograph of fresh g-C3N4@Fe3O4 

Figure 39: SEM micrograph of fresh BNNS@Fe3O4 

Figure 40: SEM micrograph of used (a) g-C3N4@Fe3O4, (b) BNNS@Fe3O4 showing MP 

adsorption 

Figure 41: TEM micrograph of fresh BNNS@Fe3O4 



 
 

xxii 
 

Figure 42: TEM micrograph of fresh g-C3N4@Fe3O4 

Figure 43: Images of used (a) g-C3N4@Fe3O4, (b) BNNS@Fe3O4 showing the adsorption of 

MPs onto the MNCs after treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

xxiii 
 

LIST OF EQUATIONS 

Ƞ𝑎

Ƞ𝑚
=

𝐶𝑃/𝑃0

(1−
𝑃

𝑃0
)(1+(𝐶−1)𝑃/𝑃0

                                                                                (1) 

 

Ue =
2𝜖𝜁𝑓(𝜅𝑎)

3𝜂
                                                                                                  (2) 

 

ⴄ = 
𝑊0−𝑊𝑓

𝑊0
 x 100 %                                                                                        (3) 

 

𝐺. 𝐼. (%) =
𝐺𝑠

𝐺𝑐
 x 

𝐿𝑠

𝐿𝑐
 x 100                                                                                       (4) 

 

Operating cost (R) =
Rand

kW/h
 x kW x h                                                             (5) 

  

 

 

 

 

 

 

 



 
 

xxiv 
 

ABBREVIATIONS 

BET Brunauer–Emmett–Teller analyzer 

BJH Barrett-Joyner-Halenda 

CNT Carbon Nano Tubes 

dAVG Average diameter size 

DM Dynamic Membrane Technology 

EDX Energy-Dispersive X-ray Spectroscopy 

FE-SEM Field Emission Scanning Electron Microscopy 

FTIR Fourier-Transform Infrared Spectroscopy 

GO Graphene Oxide 

HDPE High Density Polyethylene 

HDTMS Hexadecyltrimethoxysilane 

LDPE Low Density Polyethylene 

MBR Membrane bioreactor 

MF Melamine Foam 

MOF Metal Organic Framework 

MPs Microplastics 

MS Magnetization Saturation 

MSa Magnetization Saturation After adsorption 

MSb Magnetization Saturation Before adsorption 

NMs Nanomaterials 

NPs Nanoplastics 

PA Polyamide 

PE Polyethylene 

PES Polyester 

PET Polyethylene Terephthalate 

pHPZC Point of Zero Charge 

PMMA Polymethyl Methacrylate 

POP Persistent Organic Pollutant 

PP Polypropylene 

PS Polystyrene 

PU Polyurethane 

PVC Polyvinyl Chloride 



 
 

xxv 
 

PVDF Polyvinylidene Fluoride 

RO Reverse Osmosis 

TEM  Transmission Electron Microscopy  

TDS Total Dissolved Solids 

TGA Thermogravimetric Analysis 

UF Ultrafilration 

UPW Ultrapure water (Milli-Q water) 

VSM Vibrating Sample Magnetometer 

WWTP Wastewater Treatment Plant 

XRD  X-ray Powder Diffraction 

XPS X-ray Photoelectron Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 



 
 

xxvi 
 

OUTPUTS (PUBLICATIONS) 

1. Nanomaterials for microplastic removal from wastewater: Current state of the art 

nanomaterials and future prospects, 

Riona Indhur a, Isaac Amoah b, Faizal Bux a, Sheena Kumari a,* (Published) ES & T 

Water 

 

2. A Novel Approach for Microplastic Removal from Aqueous solution via Fe3O4 

functionalized g-C3N4 and BNNS: Recyclability and Toxicity Assessment 

Riona Indhur, Arvind Kumar, Faizal Bux and Sheena Kumari Kuttan Pillai* 

(submitted and under review) Journal of Environmental Chemical Engineering 

 

3. Recent advances in predicting and modelling of pharmaceutical removal by AOPs 

based on artificial intelligence and machine learning algorithms: current status, 

challenges and future direction 

Arvind Kumar, Abdul Gaffar Sheik, Riona Indhur, Faizal Bux and Sheena Kumari*  

Journal of Environmental Chemical Engineering 

 

4. Recent advances in mechanistic insights into antibiotics degradation strategies via 

emerging advanced oxidation processes: legislation, challenges and future direction 

Arvind Kumar, Riona Indhur, Faizal Bux and Sheena Kumari *  

Journal of Hazardous Materials 

 

5. Biochar-functionalised nanomaterial for the removal of emerging pollutants: 

Microplastics and Potentially Toxic Elements – A critical review 



 
 

xxvii 
 

Tina Kenneth, Riona Indhur, Arvind Kumar, Faizal Bux, Sheena Kumari *  

Springer Nature Biochar Journal 

 

6. Mechanistic Insights for the Valorisation of plastic waste into value added products: 

Sustainable strategies, Current Challenges and Future Outlook 

Arvind Kumar, Lohith Kumar, Riona Indhur, Faizal Bux, Sheena Kumari*  

Science of the Total Environment 

 

Additional co-authored publications related to the research/study area  

 

7. Microplastic in Ecosystems: Abundance, Transportation, and Biodegradation 

Muneer Ahmad Malla, Riona Indhur, Nomalihle Malambule, Kelebogile Mosagale, 

Tyrone Moodley, Faizal Bux, and Sheena Kumari* (Published) ACS Bioremediation 

 

8. Bridging Cost-Effectiveness and Efficiency: Advanced and Low Cost Adsorbents for 

Potential Toxic Elements Removal - Current status, Challenges and Future outlook,  

Arvind Kumar, Riona Indhur, Abdul Gaffar Sheik, Suresh Babu Naidu Krishna, 

Sheena Kumari, Faizal Bux (Published) Journal of Environmental Technology 

Reviews 

 

9. A recent trend of microplastic removal based advanced oxidation processes: A critical 

review on microplastic degradation by sulfate radical based advanced oxidation 

processes 

Arvind Kumara,b*, Riona Indhur, Sheena Kumaria, Faizal Bux (submitted and under 

review) Science of the Total Environment 



 
 

xxviii 
 

 

10. Book Chapter 16: Iron Irradiation Degradation of Polymer Nanocomposites 

Arvind Kumar, Riona Indhur, Faizal Bux and Sheena Kumari * (submitted and 

under review) Elsevier 



 
 

1 
 

CHAPTER ONE: Introduction 

1.1.Background/Introduction 

Over the past 70 years, global plastic production has surged dramatically, rising from just two 

million tonnes in 1950 to over 450 million tonnes today (Ritchie and Roser 2018). Initially 

developed to enhance human living conditions, plastic has now become one of the most 

prevalent materials in the world, but its environmental impact has escalated into a significant 

global concern (Ziani et al. 2023). This is because the majority of plastic products are non-

biodegradable whereby their degradation persists for approximately over 100 years which is 

extremely disproportionate with the present plastic disposal rates (Gkatzioura et al. 2021). 

Presently, plastic pollution pervades all environmental compartments—air, water, and soil. The 

generation of plastic wastes threatens the wellbeing of a plethora of living organisms and 

environmental matrices, with marine life at the forefront. Tiny plastic particles called 

microplastics (MPs) have surfaced as a significant threat and they pose serious environmental 

hazards (Chellasamy et al. 2022).  

Small synthetic polymer particles that are < 5 mm in diameter are characterised as MPs 

(Bamigboye et al. 2024). They are categorized into primary and synthetic based on their origin. 

A primary MP is made intentionally smaller to suit industrial use, whereas a secondary MP is 

produced from the breakdown of a larger plastic. The ubiquitous expulsion of MPs has enabled 

them to root themselves in a host of different environments such as seashores, oceans, 

reservoirs, rivers, lakes, fresh waters and the soil perpetuating negative effects (Chellasamy et 

al. 2022). There is a great threat to aquatic life due to the accumulation of plastic wastes in 

these habitats at significantly higher concentrations. The magnitude of the impact can be 

enhanced depending upon the toxicity of the adsorbed pollutants on MPs such as pesticides, 

metals or persistent organic pollutants (POPs) and the prospect of leaching of toxic chemicals 
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from the plastic additives (Bui et al. 2020). Additionally, MPs serve as reservoirs for pathogen 

transmission, which poses a threat to aquatic life and humans. Several mechanisms are 

employed by MPs to induce toxic effects in marine life. Toxicity could be directly triggered 

via the polymer materials utilised for plastic product manufacturing such as polystyrene (PS). 

For example, it is evidenced that PS harbours the ability to translocate in blood circulation and 

trigger reproductive disruption for marine filter feeders (Chen et al. 2006; Sussarellu et al. 

2016). MPs can trigger inflammation and mutilate organisms owing to their sharp edges and 

minute size, with evidence illustrating that MP ingestion also triggers reproductive alterations 

and malnutrition in specific organisms (Besseling et al. 2017). These MPs have also been 

scrutinised for the repercussions they endow on human health. PS and polyethylene (PE) 

exposure causes necrosis, apoptosis and genotoxicity resulting in carcinogenesis, fibrosis and 

tissue damage (Singh et al. 2021d). PS, which is associated with the styrene particles/chemicals 

has also emerged as an endocrine disrupting chemical (Singh et al. 2021d). PE particles have 

been reported in the spleen, liver and lymph nodes of humans causing cytokines production 

and immune activation of macrophages (Singh et al. 2021d). The aforementioned implications 

do not encompass the full spectrum of the detrimental effect that MPs have on human health.  

It has recently been brought to the fore that wastewater treatment plants (WWTPs) are a 

substantial source of MPs dissemination into the environment (Sun et al. 2019; Goh et al. 

2022). Wastewater treatment plants (WWTP) have proven relatively efficient in removing MPs 

in that they showcase the capability to remove a great majority of MPs (Karapanagioti and 

Kalavrouziotis 2018). Albeit the highly efficient removal rates accomplished by WWTPs when 

processing hefty effluent volumes, even a modest amount of MPs released per effluent litre 

could result in significant concentrations of MPs infiltrating the receiving environment 

(Karapanagioti and Kalavrouziotis 2018). WWTPs are currently not optimised or designed for 

the removal of MPs (Iyare et al. 2020) which demonstrates a gap in industry to be explored 
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academically. Due to the limitations of current practices, there is a growing need for innovative 

and efficient technologies to augment MPs removal during wastewater treatment. The 

exploration of advanced technologies is imperative to address this critical gap in conventional 

water treatment methodologies.  

In recent years, nanomaterials (NMs) characterized by dimensions ranging from 1 to 100 

nanometres, have emerged as promising candidates for enhanced MP removal (Punia et al. 

2021; Indhur et al. 2023). The unique properties of NMs, including their high surface area, 

mechanical strength, and tuneable reactivity, position them as viable tools for targeted and 

efficient MP capture (Singh 2016). NMs with high surface area-to-volume ratio, permits 

efficient utilization of resources and materials, ultimately leading to cost savings in various 

applications, from water treatment to catalysis (Yaqoob et al. 2020). Moreover, the ability to 

reuse NMs in multiple cycles without significant loss in their efficacy enhances their overall 

economic feasibility (Kumar et al. 2021b; Kumar et al. 2023a). The versatility of NMs in 

maintaining their structural and functional integrity over repeated applications underscores 

their sustainability and long-term cost-effectiveness (Kumar et al. 2021b; Kumar et al. 2023a). 

This therein makes them attractive options for environmentally conscious and economically 

viable solutions. In the previous years, various researchers have shown the remarkable sorption 

capacity of NMs for MPs removal from aqueous media (Sarcletti et al. 2021; Palliyarayil et al. 

2023; Sacco et al. 2023).  

However, the utilization of NMs in various applications, including environmental remediation 

such as MP removal from wastewater, has raised valid concerns regarding their potential 

toxicity. The unique physicochemical properties that make NMs effective for specific 

applications may also contribute to their interactions with biological systems and the 

environment (Fadeel and Garcia-Bennett 2010). Therefore, toxicity studies are imperative to 

comprehensively understand the potential adverse effects and ensure the safe deployment of 
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NMs. Therefore, rigorous investigation into the biological, ecological, and environmental 

impacts of NMs is essential for responsible and sustainable technological development.  

To date, no studies have been reported on the removal of MPs by graphitic carbon nitride 

functionalised to magnetite (g-C3N4@Fe3O4) and boron nitride nanosheets functionalised to 

magnetite (BNNS@Fe3O4) and their potential toxicity.  To the best of our knowledge, this is 

the first study to focus on the removal of MPs (PE and PS) by g-C3N4@Fe3O4 and 

BNNS@Fe3O4 from domestic final treated wastewater effluent and drinking water.    

1.2.Scope: 

Global plastic incidence has increased by 300 million metric tons in 2021. Since 1950, 8.5 

billion tons of plastic has been produced worldwide with 367 million tons of plastic being 

produced in 2021 alone (Kain et al. 2022). South Africa has the 11th highest mass of 

mismanaged plastic waste annually with an estimated 630,000 tons being mismanaged within 

50 km of the coastline annually (Kain et al. 2022). This mass accounts for 2% of the world’s 

total mismanaged plastic waste and is greater than that contributed by countries housing larger 

populations within 50 km of the coast. This data demonstrates the imminent systemic threat 

that non-biodegradable plastics pose to the world’s seas, freshwater sources, species, air, food 

supply and soil. Despite this, plastic production is predicted to increase exponentially over the 

next 20 years, with far more plastic being added to the already existing 6.5 billion tons of 

disposable plastic currently amassed throughout the globe (Kain et al. 2022). 

 

Among the concerning detriments of this plastic pollution is the emergence of micro and nano 

plastics as contaminants in water bodies (Abuwatfa et al. 2021). This presents a major 

challenge to the provision of clean and safe water for the world population (Rosa et al. 2021) 

since they remain in the environment (Abuwatfa et al. 2021). The most prevalent MPs on 

aquatic surfaces are PS, PE and polypropylene (PP) (Abuwatfa et al. 2021). Growing concerns 
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associated with these MPs stems from their bioaccumulation (Goh et al. 2022), adverse side 

effects and potential toxicity to various ecological systems (Abuwatfa et al. 2021). Their 

dissemination affects not only the environment (Rosa et al. 2021), but also marine life 

(Abuwatfa et al. 2021) and human health (Rosa et al. 2021). Additionally, pollution of 

freshwater bodies contributes to the scarcity of freshwater as it adds additional pressure to the 

available resources.  

 

Several conventional WWTPs have been rendered ineffective in circumventing the advent of 

these MPs and this greatly jeopardises satisfying increasingly stringent water quality standards 

(Rosa et al. 2021). There are increased reports of MPs from treated effluent globally (Gies et 

al. 2018; Kazour et al. 2019; Naji et al. 2021; Yang et al. 2021). Recent reports from South 

Africa have also indicated their presence in tap water in low concentrations (Wei et al. 2019).  

Therefore, technological innovations are required to alleviate the limitations embedded in these 

treatment systems (Hairom et al. 2021). Nanotechnology has materialized as a transformative 

technology, playing a crucial role in addressing various environmental challenges by 

significantly enhancing performance across multiple applications (Goh et al. 2022).  

 

Albeit the recently emerging studies encompassing the use of NMs in wastewater treatment, 

the field of nanoremediation in WWTPs is still in its infancy. This illustrates a large gap and 

unexplored niche for the use of NMs for the removal of MPs. This project seeks to remedy the 

dire plastics situation by exploring and reducing this gap through the synthesis of magnetic 

NMs for MPs removal. The incorporation of the MNC into a functional wastewater treatment 

process should increase the removal efficiency of MPs in comparison to the conventional 

wastewater treatment system. In applying these functionalised MNCs independently, it is 

inevitable that the number of MPs that get released into the environment and drinking water 
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will be significantly reduced thereby bringing us a step closer to the UN’s sustainable 

development goals 3 (Good health and well-being), 6 (Clean water and sanitation) and 11 

(Sustainable cities and communities). The impact of this would be significant since it would 

promote fewer MPs being discharged into the ocean, therefore reducing the imminent threat on 

aquatic ecosystems and the environment. In removing MPs from drinking water, the impact 

would be equally as significant since it would promote cleaner, safer drinking water reducing 

the serious effects of MPs on human health. The use of MNCs also allows for recyclability 

since the MNC will be regenerated after use, allowing it to be used for many cycles before 

being rendered ineffective, as opposed to being employed once-off and then discarded. This 

promotes a circular economy. Furthermore, due to its recyclability, it promotes a cost-efficient 

factor and reduces overall wasting of resources as well as waste production (that would 

otherwise be generated from single-use MNCs). This also makes it a sustainable solution.  

Hence, the primary objective of the present investigation is to evaluate the performance of g-

C3N4@Fe3O4 and BNNS@Fe3O4 MNCs for the removal of MPs from water matrices. This 

investigation includes eight main aspects: (i) fabrication of g-C3N4@Fe3O4 and BNNS@Fe3O4 

MNCs via co-precipitation method and subsequent analysis using various techniques, such as 

TGA, FTIR, BET, XRD, TEM, XPS, SEM with EDX, and Zeta potential; (ii) influence of 

operational parameters (i.e., MNC dose, MPs dose, solution pH and reaction time on the MPs 

removal; (iii) application of the optimized operating parameters on the removal of different 

types and sizes of MPs from Milli-Q water; and on the removal of MPs from domestic 

wastewater effluent and drinking water; (iv) MNC recyclability study; (v) MNC magnetic 

stability assessment; (vi) mechanistic insights between PS/PE MPs and MNCs; (vii) 

phytotoxicity study of MNCs on three different crops; (viii) a detailed assessment of treatment 

cost of the adsorption process for MPs removal.  
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1.3.Research Aim  

Synthesis and assessment of two-dimensional ferromagnetic nanocomposites for the removal 

of MPs from treated water and wastewater and their recyclability and phytotoxicity 

assessment. 

1.4.Objectives 

1:  Synthesis and characterisation of 2D g-C3N4@Fe3O4 and BNNS@Fe3O4 

MNCs.  

2: Optimization of key parameters i.e., MNC concentration, pH, time and MP 

dose for the removal of MPs.  

3: Evaluation of the efficacy of each MNC for the removal of different size and 

types of MPs (PE, PS, PP) from drinking water and treated wastewater samples. 

4: Determination of the MNCs regeneration and recyclability studies, and the 

assessment of magnetic stability of the MNCs using VSM. 

5: Evaluating the phytotoxicity of MNCs on common agricultural crops to 

explore their potential ecotoxicity impact 

6: Postulating interaction mechanistic insights between PS/PE MPs and the 

MNCs. 

7: Economic assessment of the treatment process for MPs (PS/PE) removal using 

synthesised MNC.  
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1.5.Thesis framework: 

The framework for this thesis is presented in the graphical schematic below. 

Chapter 1: Introduction 

 

Chapter 2: Literature review 

 

Chapter 3: Synthesis and characterisation of 2D g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs 

(Objective 1). 

 

Chapter 4: Enhanced MP removal: operating parameter optimization, application and 

mechanistic insights (Objective 2, 3 and 6)  

 

Chapter 5:  Comprehensive analysis of MNC performance: reusability, stability, 

phytotoxicity, and economic assessment (Objective 4, 5 and 7) 

 

Chapter 6: General conclusions and recommendations 

 

Figure 1: Framework for thesis  
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CHAPTER TWO: Literature Review 

The following sections in this chapter have already been published in ACS ES&T Water 

Journal: Indhur, R., Amoah, I., Bux, F. and Kumari, S., 2023. Nanomaterials for microplastic 

removal from wastewater: current state of the art nanomaterials and future prospects. ACS 

ES&T Water, 3(12), pp.3741-3754 (Front page, Appendix 1), with the exception of section 2.2. 

to 2.6.5.  

2.1. Introduction 

Over the past few decades the global plastic pollution challenge has increased (Gkatzioura et 

al. 2021) and continues to exhibit an exponential projected trajectory. Consequently, it is 

projected that by 2030, 53 million metric tons of unregulated plastic trash will be discharged 

into the aquatic environment annually (Borrelle et al. 2020; ECONOMY 2024). According to 

estimates from experts, every minute, the equivalent of one garbage truck's worth of plastic 

ends up in the ocean (ECONOMY 2024). This has prompted a lot of concern from the scientific 

community, which has embarked on a quest to counter the catastrophic consequences of this 

situation (Gkatzioura et al. 2021). The majority of plastic products are non-degradable, 

meaning they persist for more than 100 years. This extended lifespan is highly disproportionate 

to the current rates of plastic disposal (Gkatzioura et al. 2021). Among the concerning 

detriments of this plastic pollution is the emergence of MPs and nanoplastics (NPs) as 

contaminants in water bodies (Abuwatfa et al. 2021) which presents a significant challenge for 

the provision of clean and safe water (Rosa et al. 2021). MPs are tiny plastic particles with a 

diameter of less than 5 mm whilst NPs are smaller plastic debris with a diameter of less than 1 

µm (Ahmed et al. 2022). The most commonly abundant MPs and NPs are PS, PE and PP 

(Abuwatfa et al. 2021). MPs and NPs ubiquity has placed them in almost all ecosystems 

including the ocean, rivers, lakes, freshwaters, groundwater, seashores and soil.  Growing 

concerns associated with these MPs and NPs stems from their bioaccumulation in the food 
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chain (Goh et al. 2022), adverse side effects and potential toxicity to different ecological 

systems (Abuwatfa et al. 2021). This is because these emerging contaminants pose an imminent 

threat to the environment (Rosa et al. 2021), marine life (Abuwatfa et al. 2021) and human 

health (Rosa et al. 2021). Additionally, pollution of freshwater bodies contributes to the 

scarcity of freshwater adding additional pressure to the available resources.  

2.2. Types of MPs and physicochemical properties 

The types, compositions, sizes, and shapes of MPs are diverse. The most common MPs and 

NPs include polyurethane (PUR), polyamide (PA), polyethylene terephthalate (PET),   

polyester (PES), polyvinyl chloride (PVC) (Andrady 2017; Ahmed et al. 2022) with PS, PP 

and PE being the most ubiquitous (Abuwatfa et al. 2021). The structural composition of MPs 

is defined by their atom types and configurations (Table 1). This is crucial to understand since 

MPs composition dictates their physicochemical properties, including surface chemistry, 

density, crystallinity and the presence of additives. Crystallinity is a key property of polymers 

that influences the density of MPs (Ahmed et al. 2022). For instance, PP and PE are semi-

crystalline polymers with densities lower than that of water. However, the MPs crystallinity 

evolves with weathering and aging, subsequently affecting other physicochemical properties 

such as particle size, shape, pollutant sorption capacity and additive leaching. Environmental 

MPs exhibit various sizes and shapes including flakes, lines, ellipses, particles, foam, films, 

fragments, pellets and fibres as reported in the literature (Figure 2) (Lares et al. 2018; 

Hidayaturrahman and Lee 2019).  
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Table 1: The structural composition of MPs and their molecular formula 

MP  Structure Molecular 

formula 

PE 

  

(C₂H₄)ₙ 

PS 

 

(C8H8)n 

PP 

 

(C3H6)n 

PUR 

 

C27H36N2O10 

PA 

 

(C6H11NO)n 

PET 

 

 

(C10H8O4)n 
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PES 

 

(C12H8O3S)n 

PVC 

 

C2H3Cl. 

 

 

Figure 2: Categories of predominant MP forms (Veneral et al. 2023), Reproduced with 

permission from Elsevier 

2.3. Source of microplastics 

MPs are mainly produced in industrial settings and are released directly as small particles 

(Osman et al. 2023). Common consumer and industrial products such as cosmetics, hair care 

and skin care products, scrubbing agents in toiletries, deodorants, inks, and paints are 

significant sources of primary MPs as seen in Figure 3. Personal care items containing 

microbeads, such as toothpaste, shower gels, and facial cleansers, also contribute substantially 
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(An et al. 2020). These intentionally produced MPs are designed for specific uses, including 

personal care products and synthetic textiles. 

Additionally, MPs can form from the breakdown of larger plastic materials through processes 

like fragmentation, aging, or weathering, resulting in secondary MPs (Sharma et al. 2021). 

These secondary MPs originate from the unintentional degradation of larger plastics due to 

chemical, physical, or biological stress, leading to their fragmentation (Figure 3). This process 

can introduce MPs into various aquatic and terrestrial ecosystems (Paul et al. 2020). The 

breakdown of polymers occurs through complex processes, often involving weathering and 

aging. Notable sources of secondary MPs include the fragmentation of plastic debris such as 

synthetic fibers, tires, and coatings (Paul et al. 2020). MPs such as PS, PE, and PP originate 

from primary plastic products like plastic bottles, clothing, and food packaging (Lares et al. 

2018). Similarly, PES, PA, and PET MPs are derived from textiles in the fashion industry 

(Hernandez et al. 2017). Additionally, MPs can be unintentionally produced as secondary 

pollutants through human activities. For instance, Hartline et al. (2016) discovered that home 

washing machines release 1471–2121 microfibers per garment. Other significant sources 

include tire wear, vehicle transport, road markings, and brake wear, contributing approximately 

0.81 kg per person annually (Hartline et al. 2016). Artificial turf is another source, emitting 

between 760 and 4500 tons of MPs each year (Kole et al. 2017). These produced MPs can enter 

water bodies, the terrestrial environment and atmosphere.  
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Figure 3: MPs derived from primary sources that are discharged directly and secondary sources 

that are created indirectly as a result of macroplastic debris disintegration (Borah et al. 2023), 

Reproduced with permission under a Creative Commons License, License CC BY 4.0 from 

(Borah et al. 2023) 

2.4. Occurrence of microplastics in different environments 

MPs ubiquity has placed them in various environmental systems, including the atmosphere, 

lithosphere and hydrosphere. Freshwater ecosystems, in particular, serve as significant sinks 

for MPs (Strungaru et al. 2019). A survey of Lake Huron in Canada revealed the presence of 

MPs along its shorelines (Zbyszewski and Corcoran 2011). Recent studies have reported 

diverse concentrations of MPs in river systems across Europe, Asia, North America and 

Australia (Ahmed et al. 2022). Littering on land significantly contributes to MP contamination 

in terrestrial environments (Hurley and Nizzetto 2018). This encompasses the illegal or 

improper disposal of industrial byproducts, activities related to recreation, runoff from 

wastewater treatment plants, waste from the plastic manufacturing industry, and street littering 

(Bowmer and Kershaw 2010). Additionally, plastics are found in various waste streams, 
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including industrial, agricultural, demolition, municipal, and construction wastes. In 2010, 

coastal countries generated 275 million tonnes of plastic waste (Jambeck et al. 2015). 

Terrestrial MP contamination also results from the application of sewage sludge as fertilizers 

(Corradini et al. 2019). Sewage sludge and organic composts can contain up to 15,385 MP 

particles per kilogram and 1200 milligrams per kilogram of MPs, respectively (Bläsing and 

Amelung 2018). Terrestrial environments also contain MPs from sources such as agricultural 

runoff, landfills, and other human activities, with an estimated 4–23 times higher MPs loading 

than marine systems (Horton et al. 2017a; Xu et al. 2020). Almost 80% of MPs originates on 

land (Lamichhane et al. 2023) and of this a great majority enter various water bodies. 

Additionally, MPs have been increasingly documented in the atmosphere (Allen et al. 2019). 

MPs are released into the atmosphere through various means, including transportation, 

industrial activities, and aerosol emissions. Wind can also disperse MPs from the ground into 

the air (Abbasi et al. 2019). Due to their low density and small size, MPs are easily transported 

through the air (Liu et al. 2019b). These particles often become mixed with water vapor or rain 

once they enter the atmosphere and subsequently fall onto land or into water bodies during 

precipitation (Klein and Fischer 2019). For instance, a study in Greater Paris found an average 

of 118 particles per square meter per day settling from the atmosphere (Dris et al. 2015). 

Additionally MPs have been found in living organisms such as fish, turtles, crabs and copepods 

(Rossatto et al. 2023). Table 2 summarizes recent reports on the occurrence and concentration 

of MPs in biota, sediment, soil and water.  
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Table 2: MPs global concentration in various countries  

Country  Medium Concentration a Reference 

Australia Industrial soil 300–67,500 mg/kg (Fuller and Gautam 

2016) 

Switzerland Floodplain soil <593 MPs/kg (Scheurer and 

Bigalke 2018) 

Germany  Farmland soil 0–1.25 MPs/ kg (Piehl et al. 2018) 

Chile Soil 0.6–10.4 MPs/ g (Corradini et al. 

2019) 

Pakistan Soil 4483 ± 2315 MPs/kg (Rafique et al. 2020) 

Pakistan Rawal lake water and 

sediments 

Sediment  = 104 

MPs/kg; Water = 

1.42 MPs/L  

(Irfan et al. 2020b) 

 

Pakistan Urban surface water 

system 

Sediment = 40,536 ± 

202 MPs/m2 ; Water 

16,150 ± 80 MPs/m3  

(Irfan et al. 2020a) 

India  Beach sediments 200–1150 MPs/kg  (Yaranal et al. 2021) 

India River  Indus river = 525–

1752 MPs/kg; 

Brahmaputra river =  

531–3485 MPs/kg  

{Tsering, 2021 #983 

North Carolina and 

Virginia, USA 

Beach sediment Dry sediment = 600–

2200 MPs/kg 

(Dodson et al. 2020) 

Central Florida, USA Birds of prey 1197 plastic pieces (Carlin et al. 2020) 

Mississippi Sound, 

USA 

Surface water 12 to 381 MPs/L (Scircle et al. 2020) 

California, USA Surface water 700,000 MPs/km2 (Sutton et al. 2016) 

California, USA Jacksmelt 0.5 ± 1.4 MPs/ 

individual 

(Rochman et al. 

2015) 

South America Fish 18.5 ± 18.9 MPs/ 

individual 

(Pazos et al. 2017) 
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China Soil 7100–42,960 

MPs/kg 

(Zhang and Liu 

2018) 

East Cina Sea Blue Mussel 2.5 g/L (Kolandhasamy et al. 

2018) 

Austrailia Fish and Shrimp 24 ± 31 MPs/g (Nan et al. 2020) 

China Omnivorous and 

carnivorous fish 

3 to 6.8 MPs/ 

individual 

(Wang et al. 2021c) 

China Fish, crustacean, 

mollusks and 

sandworms 

0.83 ± 0.99 to 3.87 ± 

2.18 MPs/individual 

(Wang et al. 2021a) 

South Africa Salt 1.33 ± 0.32 particles/ 

kg 

(Fadare et al. 2021) 

Vietnam Surface water and 

sediment 

0.35 to 2522 

items/m3 

(Strady et al. 2021) 

a-concentrations are in different units 

2.4.1.  Microplastics in aquatic environments 

Primary sources of MPs in aquatic environments include residential sewage discharge of 

polymeric products such as packaging materials, plastic pots, personal care products, raw 

materials for manufacturing plastic goods, air blasting, and commercial discharges (Jiang 

2018). Additionally, sources like plastic pellets, fishing gear, and building paints are estimated 

to release between 1,000 and 80,000 tons of MPs into surface water bodies annually 

(Vivekanand et al. 2021). MPs concentration in various aquatic systems such as lakes, rivers, 

and freshwater fish can reach up to 9,000 particles per cubic meter, with higher numbers 

reported in subtropical regions (Wang et al. 2017b). The primary reason for the high 

concentration of MPs in aquatic environments is due to improper solid waste management 

practices (Ahmed et al. 2022). For instance, in 2016, the European Union collected 

approximately 27.1 million tons of plastic waste, of which 41.6% was reused, 31.1% was 

recycled, and 27.3% was sent to landfill sites (Kumar et al. 2021c). This mismanagement 
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exacerbates the problem of plastic pollution in the environment. Approximately 80% of the 

plastic debris detected in marine environments comes from these terrestrial sources (Dris et al. 

2015). There are indications that MPs particularly accumulate in rivers, lakes, and other small 

water bodies due to direct pollution. As water flows from rivers to coastal areas, the 

concentration of MPs decreases because they get diluted along the river's course. This suggests 

that rivers and inland water bodies are transporting MPs to offshore environments (Luo et al. 

2019). Consequently, it is important to monitor water bodies as interconnected systems rather 

than in isolation. Additionally, various types of water bodies contain different kinds of MPs 

with varying morphologies, influenced by their distinct hydrological characteristics. For 

instance, MPs are often found in higher densities in river waters since the water flow tends to 

resuspend these particles rather than allowing them to settle (Nizzetto et al. 2016a).While most 

MPs originate from land-based sources, wastewater treatment plants (WWTPs) significantly 

contribute to MP pollution (Sun et al. 2019). It is estimated that 25% of primary MPs in the 

oceans are released from wastewater treatment systems (Boucher and Friot 2017), making these 

WWTPs a major contributing source of MPs  

2.5. Hazardous effects of microplastics on aquatic life and human health 

MPs have increasingly been recognized as a significant environmental threat, particularly 

impacting aquatic fauna and flora (Cole et al. 2011; Yadav et al. 2022; Shi et al. 2023). 

Research on freshwater microalgae has shown that exposure to MPs can alter gene expression 

and certain metabolic pathways, as well as cause various physical damages and oxidative stress 

to algae cells (Lagarde et al. 2016). MPs adhere to algae cell surfaces, leading to potential 

blockages in light absorption and gas exchange (Bhattacharya et al. 2010). This phenomenon 

was observed in Chlorella and Scenedesmus sp, where the accumulation of positively charged 

plastic nanoparticles on their surfaces reduced photosynthetic activity (Bhattacharya et al. 

2010). 
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Marine organisms at different trophic levels can ingest MPs (Tanaka and Takada 2016). Most 

marine organisms acquire MPs from seawater or from lower trophic levels (Barboza et al. 

2018). Various aquatic species, including bivalves, fish, zooplankton, benthic invertebrates, 

and large marine mammals, are reported to ingest MPs (Su et al. 2016). MP ingestion depends 

on the particle size and, to some extent, the physiological and behavioural characteristics of 

marine vertebrates and invertebrates (Horton et al. 2017b). Numerous ecotoxicological effects 

of MPs have been documented across various groups of aquatic organisms, as shown in Figure 

4. In aquatic microorganisms, MPs can enter the circulatory system (Shi et al. 2020). Once 

ingested, MPs can penetrate cells and remain in tissues. For example, in the hemolymph of 

blue mussels (M. edulis), particles as small as 9.6 µm have been recorded (Peng et al. 2020). 

Recent studies have also reported adverse effects in Girella fish (Girella laevifrons), including 

circulatory disorders, inflammation, and alterations in intestinal tissues (Ahrendt et al. 

2020).MP toxicity has also been linked to lipid accumulation in the liver and inflammation in 

zebrafish (Lu et al. 2016). A recent study on Physalaemus cuvieri tadpoles showed that 

exposure to PE MPs, combined with other pollutants, led to various biochemical and 

physiological responses  (Bobori et al. 2022b, 2022a).  
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Figure 4: Diagram illustrating the movement of MPs: (a) transfer of MPs from the molecular 

to the ecosystem and (b) MPs ingestion from decreasing to increasing trophic levels (Borah et 

al. 2023), Reproduced with permission under a Creative Commons License, License CC BY 

4.0 from (Borah et al. 2023) 

MPs can accumulate in humans through various pathways. Seafood such as fish, marine 

animals, and microalgae are primary sources of MPs in the human diet (Li et al. 2020c; 

Walkinshaw et al. 2020). Additionally, different brands of salt, which provide essential 

nutrients and act as food preservatives, have been found to contain MPs. Between 2015 and 

2018, a study found MPs in 128 brands of commercial salt, indicating the extent of MP 

contamination in the food chain (Peixoto et al. 2019; Pironti et al. 2021).. Herein, various 

human cell lines that represent tissues or cells were directly or indirectly exposed to PE MPs. 

Both sizes of PE-MPs increased nitric oxide levels in all cell lines and induced reactive oxygen 

species generation in THP-1, Jurkat, and U937 immune cell lines. A pro-inflammatory cytokine 

response was observed in HaCaT keratinocyte cells exposed to PE-MPs (Gautam et al. 2022). 

Additionally, once ingested, MPs can reach internal organs such as the kidneys and liver, 

causing adverse cellular effects. For example, a study examined toxicological impacts of 1 µM 

PS-MPs on human embryonic kidney (HEK 293) cells and human hepatocellular (Hep G2) 

liver cells (Goodman et al. 2022). Exposure to PS-MPs significantly reduced cellular 

proliferation. Over 70% of cells internalized 1 µM PS-MPs after 48 hours of exposure in both 

kidney and liver cells. Moreover, exposure to PS-MPs lead to cellular stress. These findings 

suggest that MP ingestion could lead to toxicological issues affecting cell metabolism and cell-

cell interactions (Goodman et al. 2022).  
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2.6.  Major routes of microplastic pollution in aquatic habitats 

Aquatic microplastic pollution can be categorized into five major sources: fishing activities, 

hydro fluctuation belt, rainfall runoff and storm effect, sewage discharge and wastewater 

treatment plants (WWTPs) (Ashrafy et al. 2023).  

2.6.1. Sewage discharge 

MPs that are approximately 250 µm, are commonly found in various personal care products 

such as cosmetics, which may contain microbeads (0.5–5%) (Decker and Graber 2012; Chang 

2015). Napper et al. (2015) revealed that a single use of an exfoliating wash can release between 

4,500 and 94,500 microbeads (Napper et al. 2015), while approximately 4,000 microbeads are 

released from just one use of toothpaste (Carr et al. 2016). In addition to microbeads, synthetic 

fibers from textiles are found in most water bodies. Around 35% of these fibers are estimated 

to originate from synthetic fabrics (Boucher and Friot 2017). In Finland, it is estimated that 

washing machines release between 154,000 and 411,000 kg of microfibers annually, with fibers 

ranging from 10–20 µm in thickness and 100–1,000 µm in length (Sillanpää and Sainio 2017). 

Other products, including detergents, facial cleansers, jewellery, small buttons, glitter and other 

daily-use products (Gong and Xie 2020), also release MPs into wastewater systems. 

Furthermore, industrial wastewater is a significant source of MPs, which can originate from 

materials used for air blasting, styrofoam, pre-production plastic pellets, and synthetic textile 

production (Ashrafy et al. 2023). Sewage discharge contributes greatly to the introduction of 

MPs into marine ecosystems. 

2.6.2.  Rainfall runoff and storm events 

Rainfall runoff is a key pathway for transporting tire and road wear particles into surface water 

(Kole et al. 2017). During storm events, untreated sewage containing MPs can overflow into 

aquatic systems (Yano et al. 2021). Researchers have recently explored how storms and floods 
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contribute to the movement of MPs into waterways and oceans (Gündoğdu et al. 2018). 

Common polymer types identified in stormwater runoff include PS, PVC, PP, PE and PET 

(Yano et al. 2021). 

2.6.3.  Hydro-fluctuation belt 

The hydro-fluctuation belt (HFB), a strip of land along the edges of reservoirs, has been 

identified as a zone where MPs accumulate, particularly during periods of low water levels. 

The HFB serves as a potential conduit for the transport of MPs into nearby water systems, as 

MPs sink when water levels drop (Ashrafy et al. 2023). 

2.6.4.  Fishing activities 

Fishing and other maritime activities are significant sources of MP pollution in aquatic 

environments (Zhao et al. 2015). Fishing debris, including ropes, fishing lines, floats, and 

buoys, often end up in marine ecosystems, where they eventually degrade into MPs. These 

materials pose serious threats to fish, mammals, and benthic environments (Prata et al. 2019).  

2.6.5. Additional routes 

Rather than coming from water-based sources, most plastics, or MPs, discovered in aquatic 

habitats come from land-based sources. The primary cause of MP pollution is human activity, 

which is heavily reliant on the everyday use of plastic products (Kershaw et al. 2019). Majority 

(98%) of primary MPs are said to come from land-based activities, and only 2% are said to 

come from ocean-based activities. MPs typically infiltrate aquatic habitats through inadequate 

waste management, unlawful dumping, and unavoidable discharges such those that occur 

during construction, recreation, farming, industrial activities and home consumption (Boucher 

and Friot 2017).  

In both terrestrial and aquatic settings, agricultural practices such as the use of plastic film and 

organic fertilizers constitute a significant source of MP contamination (Nizzetto et al. 2016b; 
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Corradini et al. 2019). Globally, agricultural land has been covered with plastic mulching, 

which may be a source of MPs in both the terrestrial and aquatic environments (Piehl et al. 

2018; Astner et al. 2019). 

The concentration of MPs on popular beaches is mostly a result of the tourism sector. Travelers 

are a major source of the plastic bottles, food packets, plastic cups, and straws that end up in 

the waterways. Most people are ignorant of the detrimental consequences of MP 

contamination, and even those who are aware are seldom concerned about reducing it. MPs in 

drinking water is a significant issue that receives little attention. This is concerning since it is 

likely the route by which MPs are directly exposed to humans (Eerkes-Medrano et al. 2019).  

2.6.6.  MPs in wastewater treatment plants 

Initially, WWTPs were not explicitly designed for the removal of MPs; however, each 

treatment stage in WWTPs can effectively remove a certain proportion of MPs. Sun et al. 

(2019) recently compiled data on MP removal efficiencies across different countries, outlining 

estimated removal rates for each treatment phase (Sun et al. 2019) (Figure 5). 
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Figure 5: MPs journey through a WWTP displaying primary, secondary and tertiary treatment processes (Sun et al. 2019), Reproduced with 

permission from Elsevier
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Conventional WWTP processes typically involve preliminary/primary, secondary, and tertiary 

treatments. In preliminary and primary treatments, approximately 35 to 59% and 50 to 98% of 

MPs are respectively removed (Sun et al. 2019). Air flotation aids in the removal of 

contaminants, particularly low-density MPs, by causing them to float to the surface for 

mechanical skimming. Subsequent sedimentation processes capture high-density MPs within 

solid flocs during grit removal and sedimentation for further sludge treatment (Ngo et al. 2019). 

The distribution of MPs between floating and sediment-bound forms is heavily influenced by 

their density; lower-density MPs like PA, PP, and PE tend to float, while higher-density MPs 

such as PET and PES are more likely to settle in sediment (Ngo et al. 2019). In the secondary 

treatment stage, MPs can be further reduced by 0.2 to 14% through biological treatment and 

sedimentation processes. Sludge flocs and bacterial extracellular polymers aid in accumulating 

and sinking MPs within the clarification tank, effectively removing larger MPs (Sun et al. 

2019). Subsequently, tertiary treatment techniques further decrease MP presence to between 

0.2 to 2%. Talvitie et al. (2017) compared the performance of various tertiary treatment 

methods such as disc filters, membrane bioreactors (MBR) dissolved air flotation and rapid 

sand filtration. Herein, it was concluded that MBR possesses the greatest removal efficiency 

(99.9%) (Talvitie et al. 2017). MBR also holds more promise as a technique in comparison to 

other membrane technologies such as reverse osmosis (RO), ultrafiltration (UF), dynamic 

membrane technology (DM), and (Poerio et al. 2019). 

Concerns have been raised regarding the detrimental effects of MPs on biological treatment 

processes, impacting aerobic and anaerobic processes such as hydrolysis-acidification, 

methane and hydrogen production, and waste activated sludge digestion. Studies have shown 

that MPs like PET, PVC, PE, and PS introduce oxidative stress and various toxic substances 

such as heavy metals, persistent organic pollutants (POPs), additives and antibiotics which can 

inhibit enzymes and reduce cell viability (Wei et al. 2019; Wei et al. 2020; Hu et al. 2021). 
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Experiments demonstrated negligible impacts on nitrogen and phosphorus removal by 

ammonium-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB), denitrifiers, and 

polyphosphate-accumulating organisms (PAOs) despite the presence of MPs (Liu et al. 2019a), 

suggesting varying effects of MPs on different biological treatment processes even within the 

same type. 

In tertiary treatments, researchers have investigated how MPs affect processes such as 

coagulation, MBR, UF, RO, and flocculation. For instance, the presence of PVC MPs hindered 

organic matter and ammonia removal in MBR systems due to membrane fouling (Li et al. 

2020b). Similarly, irregular MPs can cause membrane wear in UF and RO processes (Zhang 

and Chen, 2020). Moreover, in the coagulation process, MPs can diminish the effectiveness of 

flocculants by interacting with salt flocculants due to their negative charge (Perren et al. 2018; 

Zhang and Chen 2020). Zhang and Chen (2020) conducted a comprehensive review on the 

effects of MPs on each segment of WWTPs. 

During the WWTP process, MPs may be degraded into much smaller particles known as NPs, 

which are difficult to remove and detect. In addition, even a very modest amount of MPs 

released per litre of effluent can result in significant concentrations of MPs being released into 

the environment (Karapanagioti and Kalavrouziotis 2018). As a result, WWTPs are one of the 

most significant pathways for MPs entering aquatic environments. For example, Gies and 

teammates investigated the retention of MPs in a WWTP in Vancouver, Canada and revealed 

that a staggering ~1.76 trillion MPs per year enter the urban WWTP. In their investigation, it 

was revealed that 99% of the MPs that entered the WWTP were removed. However, due to the 

extremely large volumes, the 1% of MPs discharged into the environment equated to an 

astounding 30 billion MP particles per year being released into the sea (Gies et al. 2018). 

Therefore, there is an urgent need for rapid research and development in the area of MP 

removal from wastewater.  
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2.7.  Application of nanomaterials for the removal of microplastics from water 

matrices 

Presently, a plethora of treatment and removal technologies have been explored to ameliorate 

the removal of MPs/NPs. This includes thermal treatment, microbial degradation and physical 

methods such as filtration and adsorption (Goh et al. 2022). Recently, technological 

innovations in the form of NMs have risen as cutting-edge technology  utilised at the forefront 

of various pollutant removal strategies (Chen et al. 2023; Hao et al. 2023; Wang et al. 2023; 

Wu et al. 2023). NMs have been developed and implemented as a mitigation strategy for the 

removal of MPs and NPs, among various other pollutants (Yeganeh et al. 2024). A NM is a 

material of which a single unit has a size of between 1 to 100 nm in at least one dimension 

(Buzea et al. 2007; Khalil et al. 2015). Thus, the use of NMs could strengthen the development 

of next-generation water supply systems. Remarkable features of nanoengineered materials 

generally include excellent mechanical properties, high surface area, recyclability, greater 

chemical reactivity, functionalisation, lower energy and cost requirements, and can be easily 

fabricated (Kokkinos et al. 2020). These attributes make NMs suitable for effective hydric 

remediation, removal and treatment of MPs/NPs (Kokkinos et al. 2020; Chellasamy et al. 

2022). Thus far, a number of studies have been reported on the elimination of MPs/NPs via 

innovative combinations of NMs and bioremediation (Chellasamy et al. 2022). Consequently, 

the primary aim of this critical review is to enable the reader to gain sufficient knowledge to 

guide their selection of a suitable synthesis method for designing novel NMs for MPs/NPs 

removal from wastewater.  In this review, we discuss the types of NMs that have the potential 

to remove MPs from water bodies, their mechanisms of action, and the properties of NMs and 

MPs/NPs that facilitate their interaction. In addition, the effects of water characteristics on 

MPs/NPs and NMs are explored, along with novel synthesis methods that will assist in 

removing MPs/NPs from wastewater.  
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2.7.1.  Types of nanomaterials with microplastic removal potential from different water 

bodies  

The removal of MPs and NPs by NMs has been documented in a limited number of studies in 

wastewater and drinking water treatment.(Li et al. 2018a). Table 3 summarize studies of 

different NMs and their reduction performance of specific MPs mainly at bench-scale with 

various water matrices. Studies involving the removal of MPs by NMs have primarily been 

conducted in seawater and synthetic water.  This is useful for extrapolating the removal of 

MPs/NPs from wastewater, using synthetic and seawater as a starting point. As a consequence, 

this highlights the need for studies to be conducted using actual wastewater samples in order 

to provide a more realistic assessment of MPs/NPs removal from wastewater. For the seawater 

matrix, modified Fe-hexadecyltrimethoxysilane (Fe-HDTMS) nanoparticles and Fe3O4 

nanoparticles are the most used. For  Fe-HDTMS in seawater the MP removal efficiencies 

ranged from 59 to 100 % (Grbic et al. 2019). This reduction range can potentially be attributed 

to differences in size of the MPs as well as variation in the chemical composition of the MPs. 

Furthermore, the adsorption affinity to the hexadecyltrimethoxysilane NM between the specific 

MPs could vary depending on their surface chemistry. It can be hypothesised that the 

differences in the removal efficiencies might also be related to the fact that the sea water 

composition differed among the experiments because they were conducted in different 

geographical locations.  

For the synthetic water matrix, Mn decorated N-doped Carbon nanotubes, 3D-reduced 

Graphene Oxide, UiO-66-OH Metal-Organic-Framework, and Graphene oxide functionalised 

OC3N4 nanoparticles were used for the removal of different types of MPs with low to varying 

removal efficiency (33-90.6%) (Kang et al. 2019; Chen et al. 2020; Sun et al. 2021). The water 

pH is critical since it determines the surface charge of the NM (Diao et al. 2022). This further 
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depends on both the exposed positive and negative molecules and the isoelectric points on both 

the MPs as well as the NM. The NM surface became positively charged in the experiments of 

Ray and team (Ray et al. 2020) since the e- lone pairs behave as proton acceptors, and thus will 

repel the positively charged MPs, therefore, exhibiting decreased affinity to MP/NP adsorption 

and vice versa for a negatively charged MP/NP. However, no optimum range of pH is known 

to facilitate maximum MP removal.  

Table 3: NMs and their removal efficiencies of specific MPs from different matrix’s   
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MP type 

 

Nanomaterial 

type 

 

Matrix   

 

Removal 

efficiency (%) 

 

Level of the study 

 

Reference 

      

Cosmetic product-

extracted MP 

Mn decorated 

N-doped CNT 

 

 

Synthetic water 50% Laboratory scale 

batch experiments 

(Kang et al. 2019) 

PET, PE, PA Magnetic 

CNTs 

 

 

Kitchen waste 

treatment plant 

PET, PE, PA: 

100% 

Laboratory scale 

batch experiments 

(Tang et al. 2021) 

PS, PE (size 

ranging from < 20 

µM) 

Fe-HDTMS 

 

 

Seawater PS: 88%  

PE: 96% 

 

 

Laboratory scale 

batch experiments 

(Grbic et al. 2019) 

PET, HDPE, PS, 

PVC, PP (Size 

ranging from 1 

mm to 8 mm) 

 

Fe-HDTMS 

 

Seawater PP:96% 

PVC: 92% 

PU:105% 

PS: 96% 

HDPE: 96% 

PET: 74% 

 

Laboratory scale 

batch experiments 

(Grbic et al. 2019) 

PE, PS, PVC, PP 

(Size ranging 

from 200 µM to 1 

mm) 

 

Fe-HDTMS 

 

Seawater PP: 89% 

PS: 100% 

PVC: 59% 

PE: 100% 

Laboratory scale 

batch experiments 

(Grbic et al. 2019) 

PES, PE 

 

 

Fe3O4 

 

 

Seawater, 

Domestic 

sewage, Real 

river water 

Seawater: 

80.56% 

Domestic 

sewage: 

82.28% 

Real river water: 

81.333% 

Laboratory scale 

batch experiments 

(Shi et al. 2022b) 

 

PS 

   

99.9% 

  

(Nabi et al. 2021) 
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TiO2 

Nanoparticle 

film 

 

 

Aqueous 

medium  

Laboratory scale 

batch experiments 

PS 3D rGO 

 

 

Synthetic water 72.63% Laboratory scale 

batch experiments 

(Yuan et al. 2020) 

PMMA, PS, 

PVDF 

UiO-66-OH 

MOF 

 

 

Synthetic water PS: 

Melamine/UiO-

66-OH:  

85.7% 

Melamine foam 

(MF): 46.7% 

PMMA: 

Melamine/UiO-

66-OH:  

88.2% 

MF:  

44.1% 

PVDF: 

Melamine/UiO-

66-OH:  

90.1% 

MF:  

33.0% 

 

Laboratory scale 

batch experiments 

(Chen et al. 2020) 

PS GO – OC3N4 Synthetic water Chitin/GO:  

89.6% 

Chitin/-OC3N4:  

90.6% 

Laboratory scale 

batch experiments 

(Sun et al. 2021) 

   Chitin: 

63.3% 
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Abbreviations key: PS - Polystyrene; PE - Polyethylene; PES - Polyethersulfone; PA - 

Polyamide; PET -Polyethylene terephthalate; PVDF – Polyvinylidene fluoride; PMMA – 

Polymethyl methacrylate; PU – Polyurethane; PVC – Polyvinyl chloride; PP - Polypropylene; 

CNT - Carbon nanotube; HDTMS - Hexadecyltrimethoxysilane; 3D rGO – 3-Dimensional 

reduced graphene oxide; MOF – Metal organic framework 

Nanoscale materials exhibit unique properties that can be exploited to overcome the limitations 

of their bulky counterparts composed of the same elements (Shandilya et al. 2016). One such 

unique feature is a large surface area displayed by NMs rendering it advantageous for 

photocatalysis and adsorption (Sarkar et al. 2023). Another characteristic of NMs is that the 

uptake capacity can be improved by increasing the NMs surface area, increasing the number 

of active sites present. This would enable an enhanced performance of full-scale treatment 

processes before the saturation point of the NMs is reached (Goh et al. 2022). Photocatalytic 

and adsorbent NMs have distinctive structural properties that permit the hierarchical design of 

nanohybrids to accomplish desirable synergistic outcomes. This enables the addition of new 

functional groups to the NM,  hypothesised to improve MP/NP removal efficiency due to 

performance enhancement (Wang et al. 2022a). Furthermore, specific ligands may be 

introduced onto the NMs surface resulting in a novel selective binding of the target pollutant 

due to the newly reactive NM surface generated (Li et al. 2023). While there is a size difference 

between the NM adsorbents and MPs, the functionalized ligands can create chemical or 

electrostatic interactions that promote the adsorption process. These interactions, such as 

hydrogen bonding, Van Der Waals forces, or ionic interactions, can bridge the gap between the 

NMs and MPs, effectively facilitating their capture. Additionally, the high surface area of the 

nanomaterials ensures sufficient active sites are available for the adsorption process, 

compensating for the size disparity. This functionalization strategy is particularly beneficial in 

improving selectivity and efficiency in removing specific contaminants. 
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The studies referred to are mostly laboratory scale (small-scale) studies, so extrapolating 

reduction efficiencies to full-scale is difficult. High variability in MP removal between the 

different set-ups in the study of Chen and colleagues is evident (Chen et al. 2020). The 

diversified removal performances exhibited by the UiO-66-OH MOF vs MF in their study may 

be attributed to factors such as particle size (e.g., PS, ~183 nm; PMMA, ~325 nm and PVDF, 

~260 nm) or zeta potentials (e.g., PMMA, -10.5 ± 2.7 mV; PS, -7.5 ± 1.2 mV and PVDF, -18.9 

± 2.3 mV) of MPs types. Another experiment was performed by Chen and team20 using UiO-

66-OH MOF to interrogate the effect of different MP particle sizes on the removal efficiency. 

UiO-66-OH MOF displayed almost the same removal efficiency for different particle sizes of 

PVDF which infers that zeta potentials may have a more critical role that particle size in MP 

removal efficiency. It is evident that the UiO-66-OH MOF removal efficiencies in comparison 

to the MF is significantly higher for each of the different MP types (PS: Melamine/UiO-66-

OH: 85.7% MF: 46.7%; PMMA: Melamine/UiO-66-OH: 88.2% MF: 44.1%; PVDF: 

Melamine/UiO-66-OH: 90.1% MF: 33.0%). This is a clear indication of the superiority of 

nanohybrid materials (Chen et al. 2020).  

 

Three different MP sizes were utilised in the study of Grbic and co-workers19. Of the large MP 

sizes to 8 mm), PET behaved differently from other MPs since the recoveries for PET fibres 

were significantly (p < 0.05) lower than all other MP types. It is hypothesised that this could 

be due to the difference in the PET fibres chemical composition and shape. The recovery rate 

of PU was greater than 100% as a result of the plastic fragmentation during handling and 

mixing. Fragmentation of the medium sized MPs was reported just as with the large MPs. It 

was reported that the fragmentation was most evident with PE microspheres, resulting in 

fragmented or deformed MP particles and exhibiting the highest recovery range of all MPs. 

This leads to the hypothesis that shape and chemical structure may impact recovery. The 
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medium MPs results are lower on average in comparison with the smaller and larger MPs. It is 

hypothesised that this is owing to the relatively lower surface-area to volume ratio of the 

medium size fraction (Grbic et al. 2019).   

In a study by Shi and team, using artificial seawater, the removal rates of PP, PS and PE had a 

removal efficiency of small (~200) and large (~900) MPs that was higher than the medium 

(~500) MPs. A similar observation was made for the pure water system, where the removal 

rate of PE, PP, PS, and PET MPs was 79–94%, 80–90%, 81–93%, and 57–72%, respectively. 

However, the removal of PET was lower than the PS, PE and PP MPs of the same sizes. It is 

hypothesized that this is due to the chemical structure of the PET.  Additionally, in pure water, 

removal efficiencies fluctuated among the different shapes of PE MPs 26. The removal rate was 

86.87 ± 6.92%, 93.09 ± 6.63%, 99.56 ± 0.68%, and 99.35 ± 1.13% to particles, fibres, films, 

and foams, respectively. Films exhibited a higher removal rate. This may be as a result of the 

large specific surface area that films display. This also shows that shape may have a role in the 

removal efficiency since alterations of the surface morphology can reflect the adsorption of 

Fe3O4. Different removal efficiencies of PE and PES fibres from different water bodies was 

received. The final removal rate of MPs in river water, domestic sewage, and seawater was 

81.33%, 82.28%, and 80.56%, respectively (Shi et al. 2022b). There is a variation among the 

different matrixes. It is hypothesised that this is due to the intrinsic water characteristics 

differences of each water matrix. 

A study by Sun and colleagues demonstrated that chitin could remove PS with an efficiency of 

63.3%, and that the efficiency increased to 89.6% and 90.6% when functionalized to GO and 

O-C3N4, respectively (Sun et al. 2021). This increased adsorption was ascribed to the π-π 

interactions between the O-C3N4 or GO and the aromatic rings. This indicates that adding 

functional groups GO and O-C3N4 can significantly improve the chitins sponge adsorption 
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effect (Sun et al. 2021). Therefore, it is possible to conclude that adding the correct functional 

groups may improve the adsorptive properties and contribute to the development of a stronger 

nanoadsorbent.  

All aforementioned NMs exhibit a clear affinity for MP/NP remediation. The removal 

efficiencies of NMs, therefore, demonstrate significant potential for enhancing their 

performance in removing different pollutants. Based on the current studies on NMs, further 

improvements can be achieved by modifying them to enhance the removal of MPs. This can 

be accomplished by synthesizing novel NMs with the objective of improving MP removal 

efficiency. 

2.8. Interaction mechanisms between microplastics and nanomaterials 

This chapters primary focus on the removal of MPs/NPs by NMs underscores the importance 

of comprehending the interaction mechanisms between NMs and MPs/NPs that facilitate their 

removal. Understanding these mechanisms is crucial to effectively harnessing NMs for 

efficient pollutant removal. However, studies that report on the interaction mechanism for the 

removal of MPs by NMs are limited. Therefore, only a few studies have been included since 

an interaction mechanism has been hypothesised or reported between a NM and MP in each 

study. The interactions between metal-based synthetic nanoparticles such as Cu-, TiO2-, ZnO-

, Ce- and Ag-nanoparticles and MPs have been assessed under laboratory scale conditions and 

will be elucidated in detail below (Li et al. 2020a; Li et al. 2020d; Li et al. 2020e; Ho and 

Leung 2021; Singh et al. 2021a; Singh et al. 2021c). Another interaction mechanism that has 

been reported is between 3D reduced graphene oxide (3D rGO) and MPs which will also be 

elucidated in detail below(Yuan et al. 2020).  

The adsorption function of 3D rGO is due to the large specific surface area with several active 

sites which adsorbed the PS MPs tightly on both the surface and edge. 3D rGO’s smooth 
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graphitic layer generates a π-π force, which will easily adsorb organic pollutants housing π-

electrons which is displayed by PS. Hence, the adsorption mechanism revealed in their study 

was attributed to be the π-π interaction between the benzene ring of the PS and the carbon ring 

of the 3D rGO by electrostatic interaction which generated a stable complex (Figure 6). 

Furthermore, they were able to determine that the adsorption of these MPs was a spontaneous 

endothermic procedure through thermodynamic assessment. The studies were made in both 

lake water and tap water (Yuan et al. 2020) which highlight the potential that these 3D rGO 

NMs display to be utilised in different water body types for PS MP reduction.  

 

Figure 6: Schematic of π-π interaction between reduced Graphene Oxide and Polystyrene (Li 

et al. 2025).  Amended with permission under a Creative Commons License, License CC BY 

4.0 from (Li et al. 2025). Copyright 2018 MDPI  

Further interaction mechanisms elucidated have all been between metal-based NMs and 

MPs/NPs. These studies (Li et al. 2020a; Li et al. 2020d; Li et al. 2020e; Ho and Leung 2021; 

Singh et al. 2021a; Singh et al. 2021c) reported a reduction in MPs and NPs large surface 

energy as a result of the physical interactions amongst them which lead to aggregation and 

additional interactions such as electrostatic interactions (Simmons et al. 2006). In particular, 

Li and colleagues investigated the interactions between citrate-coated silver nanoparticles (CC-

AgNPs) with three different MPs (PS, PE and PP) in aquatic environments (ultra-pure water) 
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but did not find any significant interaction between the CC-AgNPs and the PE and PP MPs. 

However, they were able to uncover a mechanism of interaction between the CC-AgNPs and 

PS since the PS was able to interact with the CC-AgNPs in solution under laboratory conditions 

(Figure 7). Due to this interaction, the AgNPs were easily captured by the PS at lower mass 

ratios. The researchers also suggested that surface area and reticular formations, to some 

degree, influence the interactions between NMs and MPs. This is attributed to their report of 

PS displaying a larger surface area than that of PE or PP as well as PP and PE exhibiting smooth 

surfaces whilst PS showcased reticular formations. They postulated that as a result of increased 

aromaticity induced by the benzene ring, PS interacted with CC-AgNPs via π-π interactions. 

Additionally, the interaction was attributed to the presence of the phenyl group that endows 

available sites (π-π interactions) and occurrence of electrostatic interactions for the adsorption 

of CC-AgNPs on PS surface (Figure 7). This transpired due to a strong polar-polar interaction 

since the coated citrates are polar compounds and the PS polarity was increased by the phenyl 

group (Li et al. 2020d).  The capture process is attributed to a monolayer adsorption and these 

findings demonstrate the complexities of the adsorption of AgNPs onto MPs. 
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Figure 7: Schematic illustration of mechanism of action between CC-AgNPs and PS 

Another study (Li et al. 2020e) investigated the heteroaggregation behaviour and mechanism 

of interaction between PS-NPs and cerium dioxide nanoparticles (CeO2-NPs) in natural waters 

and synthetic medium. The study utilized PS-NPs with different surface properties (No surface 

properties, sulfonic, epoxy, amine and carboxyl) and CeO2-NPs in an array of different surface 

water bodies such as ground, lake, rive and sea water. Herein it was hypothesised that there 

would be different heteroaggregation kinetics between PS and CeO2-NPs due to the surface 

functionalisation of the PS and the surface waters complex physiochemical properties. The 

underlying interaction forces between CeO2-NPs and the PS with differential functional groups 

were revealed through the evaluation of CeO2-NPs influence on the aggregation kinetics of PS-

NPs with different surface charges. It was also found that the PS-NPs critical coagulation 

concentrations depended on their surface coatings which exhibited a reduction in the presence 

of CeO2-NPs. This was attributed to specific adsorption and/or electrostatics attraction (Li et 

al. 2020e). The basic mechanisms that transpire between NMs and MPs have been reported 

(Krystynik et al. 2021; Tang et al. 2021). Table 4 provides a summary on these basic 

mechanisms.  

Table 4: Basic mechanism of action between a specific NM category and MPs/ NPs  

Specific NM category 

based on their 

function 

Example of 

NM type 

Mechanism of action 

Flocculant Lysozyme amyloid fibrils (Shi et 

al. 2022a) 

The interaction between NM and MPs/NPs is 

based on charge neutralisation wherein the 

MPs or NPs negative charge is neutralised by 

the flocculants positive charge. This results in 

the formation of flocs which can then be 
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removed via filtration or sedimentation 

(Krystynik et al. 2021). 

Photocatalyst   

Au@Ni@TiO2 micromotor (Bu 

et al. 2024) 

 

Photocatalysis contains two types of 

reactions: photoreduction and photooxidation. 

Semiconductor NMs consist of an empty 

conduction band and a filled valence band. An 

electron is excited from the valence band to 

the conducting band which creates an electron 

vacancy in the valence band when a specific 

NM absorbs light that has energy equal to or 

higher than the semiconductors bandgap. The 

electron vacancy that is created corresponds 

to a positive charge which is known as a hole. 

The electron will then transfer to the adsorbed 

compound i.e. the MP which leads to a series 

of photoreduction and photooxidation 

processes that eventually degrade the MP.  

Adsorbent  Magnetic carbon nanotubes (Tang 

et al. 2021) 

Fe3O4 nanoparticles (Shi et al. 

2022b) 

Fe-HDTMS (Grbic et al. 2019) 

The mechanism of action that occurs varies 

and is entirely dependent on the combination 

of nano-adsorbent and MP type. The 

mechanism of action could be π-π electron 

interaction, electrostatic interaction, hydrogen 

-bond interaction, hydrophobic interaction, π-

π electron conjugation and complexation 

(Tang et al. 2021).  

Filter membrane Non-woven cellulose fabric 

impregnated with chitin 

nanocrystals (Yousefi et al. 2024) 

Non-woven cellulose fabric 

impregnated with cellulose 

nanocrystals (Yousefi et al. 2024) 

Nano-filters that contain nano-sized sieves 

can be utilised effectively in the separation 

and removal of MPs and NPs from the 

effluent (Krystynik et al. 2021).  
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Lignin-zeolite composite 

nanofiber membranes (Noman et 

al. 2024) 

 

From the studies, it is important to note that the mechanism of action that occurs between a 

specific NM and MP is entirely dependent on the chemistry of the MP and the surface chemistry 

of the NM. Since majority of the studies elucidating a mechanism of interaction have been 

between metal-based NMs and MPs/NPs, there is much scope for the uncovering of interaction 

mechanisms between non-metal-based NMs and MPs/NPs.  

2.9. The impact of water characteristics on nanomaterials interaction with 

microplastics 

To elucidate the complex interactions between NMs and MPs/NPs, it is important to understand 

the factors that impact these interactions and how it relates to their surface characteristics and 

mode of action. There are several water characteristics that affect the mechanism of interactions 

listed in Table 4. For instance, Li and team have investigated concentrations of pH, ionic 

strength and humic acid (HA) and their influence on the interaction of the heteroaggregation 

kinetics between modified PS nanoplastics and CeO2-NPs in four natural aquatic matrixes: 

groundwater, river water, lake water and seawater. The dominating factors of PS and CeO2-

NPs was shown to be ionic strength and natural organic matters (Li et al. 2020e). The 

negatively charged PS NPs were investigated separately with the CeO2-NPs in each of the four 

different matrixes. Negligible aggregation was observed for groundwater, lake water and river 

water, whereas visible aggregation occurred in seawater. This was due to the higher ionic 

strength in the seawater, causing the particles to rapidly form aggregates. They also reported 

that the insufficient aggregation or aggregation hinderance that was observed in the other three 

samples (river water, ground water and lake water) can be attributed to the steric hinderance 

that was induced by the natural organic matters (NOM). This depicts how NOM water 
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characteristics impacted the third mechanism of interaction listed in table 4 (adsorption). 

Furthermore, it was reported that the incubation of CeO2-NPs and PS nanoplastics under 

various pH concentrations (pH = 5, 7 and 9) caused significant differences in the colloidal 

stability and increase in diameter. Fast aggregation at pH 5 was reported. However, Li and 

colleagues noticed that as the pH increased, the attachment efficiency from the negatively 

charged PS NPs decreased significantly (Li et al. 2020e). This indicates that a high pH inhibits 

the heteroaggregation between CeO2-NPs and negatively charged PS nanoplastics. In contrast, 

for positively charged PS-NH2, an increased pH (pH = 7) led to a higher attachment efficiency 

between the PS-NH2 and CeO2-NPs. This confirms the significance and impact of electrostatic 

interactions in PS aggregation. Additionally, it reveals that there is no optimum range of pH 

that is known to facilitate maximum MP removal. Optimum pH conditions are dependent on 

the specific NM-MP/NP interaction. It was also highlighted that heteroaggregation of CeO2-

NPs and NH2-coated PS was promoted by a relatively low HA concentration. This was 

attributed to the decrease in electrostatic hinderance as a result of the HA surface coating. Their 

findings demonstrate that nanoplastics behaviour in the environment could be influenced by 

the surrounding water characteristics including the concentration of organic and inorganic 

particles (Li et al. 2020e).  

A study conducted by Singh and co-workers (Singh et al. 2021c) documented that organic 

matter, pH and salinity displays significant roles in the sorption and stability of PS surfaces 

and Ce-NPs. At low salinity level, the affinity between the Ce-NPs and MPs were low while, 

at a high salinity, higher binding between the Ce-NPs and MPs occurred. This was attributed 

to the competitive ions that were present at the binding site at low salt concentration. At a high 

ionic strength, the sorption quantity was assigned to the dominant self-aggregation 

phenomenon as a result of Ce-NPs charge screening which was followed by the attachment of 

these aggregated Ce-NPs to the MPs. MPs surface roughness also influenced the adsorption 
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process of Ce-NPs on the PS surface. Since the rough MPs surfaces were more exposed due to 

their rough nature, the competitive ions in the saline system found to cover the binding sites 

faster of the exposed surfaces since they are easily visible. Therefore, comparatively less 

sorption amount was observed for the pristine MPs. They also found that the pH played an 

important role in the Ce-NPs aggregation, their sorption and adhesion. The sorption quantity 

was greatly influenced by pH in that a decrease in sorption was observed with an increase in 

pH. At pH 4.5, a higher sorption was observed whilst at pH 6.5 the Ce-NPs were positively 

charged, and the MPs were negatively charged which resulted in an electrostatic interaction. 

CeO2-NPs aggregation was higher was greater at a higher pH of 10.5. They reported the 

sorption capacity decline to be attributed to the deprotonation of both the MPs and Ce-NPs 

which resulted in the repulsion between the surface of the Ce-NPs and the MPs since both 

surfaces are negatively charged (Singh et al. 2021c).  

Studies have also reported the positive influence of heavy metals on adsorption kinetics of NMs 

and MPs/NPs. For example, a study conducted by Ho and Leung, discovered that in the 

presence of heavy metal cations, there was a higher sorption affinity for the Ce-NPs by the PS. 

This occurred due to complex formations between Me-PS (PS with co-existing metal ions) and 

NPs via electrostatic forces and Me-π-π-PS and Ce-NPs via bridge effects (Ho and Leung 

2021). However, the complex formation on PS in the presence of the heavy metals was 

inhibited at higher ionic strength as a result of double-layer compression and competitive 

sorption (Ho and Leung 2021). Furthermore, the nature (e.g., electronegativity, ionic radius, 

valence state) of the heavy metal cations can substantially influence attachment and 

aggregation of PS and Ce-NPs. For example, a study (Singh et al. 2021a) documented that the 

PS and Ce-NPs mixture was less stable than the mixture with both PS and PAH (polycyclic 

aromatic hydrocarbons). This was attributed to the adsorption of the PAHs onto the MPs 

surface which stabilised the MPs (Singh et al. 2021a). The data obtained from these studies are 
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intriguing as they clearly illustrate the significant influence of water characteristics on MP/NP-

NM interactions, offering valuable insights into this relationship. Recognizing the crucial role 

of these factors in shaping MP/NP-NM interactions provides a foundation for identifying key 

variables to manipulate in future experiments. By altering these variables, the interactions 

between MPs/NPs and NMs can be enhanced and optimized, leading to more effective 

pollutant removal strategies.  

The studies thus far indicate that the interaction between the NMs and MPs/NPs are highly 

specific. Often, the impact of water characteristics on the interaction between the NMs and 

MPs/NPs is taken into consideration. Wastewater matrices are highly complex and contain 

significant concentrations of heavy metals, solids, microbes, dissolved and particulate matter, 

nutrients and micro-pollutants such as MPs/NPs (Farissi et al. 2023). It noteworthy that 

different compositions of different types of wastewaters constitute the wastewaters complexity. 

This creates a need to understand the impact of different water characteristics on the interaction 

between NM and MPs/NPs. Additionally, wastewater matrices are highly variable depending 

on the sample. Different wastewater effluents consist of various permutations of hydrocarbons, 

organic matter, nutrients (phosphorus and nitrogen), microbes, heavy metals and endocrine 

disruptors. This poses potential challenges since it may affect the removal of MPs/NPs. 

Furthermore, wastewater characteristics such as pH are unpredictable and may change during 

the treatment period. It is noteworthy that the presence of non-plastic products in high 

concentrations could influence MPs/NPs removal. A high concentration in microorganisms 

could result in biofilm formation. For example, a study by Dong and team, found that an 

increase in salinity inhibited microbial activity and affected the proliferation of bacteria. The 

salinity level is negatively correlated with the biofilm growth rate (Felisardo et al. 2024). This 

showcases the effect of how the water characteristic salinity impacted the third mechanism of 

action from table 4 (adsorption). This biofilm formation may encapsulate the MP/NP in 
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wastewater, altering the MPs/NPs surface chemistry. Thus, different wastewater complexities 

will present different challenges during bionanoremediation. Thus, it is imperative that these 

water characteristics be taken into consideration and NMs synthesized according to the 

application that it will be utilised for.  

2.10. NM synthesis for potential wastewater applications 

Physical, chemical, and biological methods have been used for synthesizing NMs for the 

removal of different contaminants (Figure 8). Yet only chemical synthesizing methods have 

been used with the application specifically for MP/NP removal from wastewater. It is 

noteworthy that all NMs listed in table 3 have been synthesised utilising chemical methods. 

NM synthesis methods used for the removal of MPs/NPs from wastewater are thus in its 

infancy. Physical and biological synthesis methods have yet to be explored for the removal of 

MPs/NPs from wastewater and their further potential are shortly discussed in section b and c.   

 

Figure 8: Schematic illustration of the top-down and bottom-up approach and the physical, 

chemical and biological methods they house (Liu et al. 2019b; Zhang et al. 2023). Adapted 

with permission under a Creative Commons License, License CC BY 4.0 from (Zhang et al. 
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2023). Copyright 2022 BUCURESTI and Creative Commons License, License CC BY 4.0 

from (Liu et al. 2019b). Copyright 2021 MDPI 

a.  Chemical synthesis methods 

Chemical methods are bottom-up approaches (Wang et al. 2022b) often understood as the 

assembly of  molecular constituents or single atoms into larger nanostructures (Zeng et al. 

2022). One of the most extensively exploited chemical techniques for the engineering of NMs 

is the hydrothermal method that has gained high attention due to the significant advantages 

over other methods (Adeleye et al. 2021). This is attributed to its high product purity, low-cost 

and mass efficiency (Shandilya et al. 2016). Moreover, synthesis of NMs can be done both at 

ambient temperatures and high temperatures. The NMs morphology can be well regulated 

utilising high- or low-pressure conditions. NMs may be synthesised with high vapour pressures 

with negligible material damage (Yamakov et al. 2004; Adeleye et al. 2021). Additional 

benefits exhibited include the easy control of reaction stoichiometry. It rarely requires 

calcination or pre-sintering steps (Adeleye et al. 2021). There is sufficient access to control the 

distribution, size, complex chemical composition and shape of the NM (Adeleye et al. 2021). 

This is advantageous for application in wastewater since the NMs synthesised would be better 

controlled to obtain specific surface chemistries and functionalities based on targeted reduction 

of specific MPs and pollutants in the wastewater. Furthermore, it is regarded as an 

environmentally friendly synthesis technology. Lastly, it is easy to scale-up to industrial 

demands (Adeleye et al. 2021). These benefits make it suitable for large scale industrial 

applications in the removal of MPs from wastewater (Adeleye et al. 2021). This synthesis 

method allows easy alterations to nanostructures and can produce a larger volume of product 

in comparison to other methods. For example, a study by Ye and colleagues presented self-

propelling magnetically steerable iron oxides- MnO2 core-shell micromotors with a large 

production capability in comparison with the previously developed micronanomotors by 
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template-assisted and physical vapor deposition methods (Ren et al. 2022). Furthermore, the 

study demonstrated the scalable synthesis of the two types of bubble-propelled iron oxides-

MnO2 core–shell micromotors (Fe3O4-MnO2 and Fe2O3-MnO2) for organic dye and MPs 

removal (Ren et al. 2022). Additionally, the Fe2O3-MnO2 micrometer displayed efficient 

removal of suspended MPs and aqueous organics by the synergy of surface adsorption, 

catalytic degradation and adsorptive bubbles separation mechanisms.  

The chemical sol-gel method has displayed superiority in the synthesis of silica nanoparticles 

over plasma synthesis, combustion synthesis, chemical vapor deposition, micro emulsion 

processing and hydrothermal methods (Vemury et al. 1997; Tani et al. 2003; Nagao et al. 

2004). Thus, making it the most common method for silica nanoparticle synthesis due to the 

specific advantages it has over the aforementioned methods. NMs offer various advantages, 

such as their versatility, high purity, ease of production, homogeneity, and the ability to achieve 

modifications in their properties through parameter alteration.  Furthermore, it offers synthesis 

at low temperatures and reaction kinetics may be controlled by varying the chemicals 

composition (Patidar and Srivastava 2021).  

 The sol-gel method is also referred to as the chemical solution deposition which is regarded 

as a pivotal method for the preparation of TiO2 nanoparticles (Nabi et al. 2021). This is owing 

to the merits this method has to offer for TiO2 nanoparticle synthesis. One primary benefit is 

that it is the simplest method wherein the nanoparticle morphology and size can be controlled 

via the reaction parameters being systematically monitored (Zhao et al. 2022). For example, a 

study by Li and team synthesised and modified the surface of TiO2 nanoparticles using the sol-

gel and emulsion polymerisation methods. Herein it was demonstrated that the photocatalyst 

polypyrrole-TiO2 complex nanoparticles exhibited enhanced degradation of PE in comparison 

to that of TiO2 or polypyrole as a photocatalyst (Liang et al. 2022). It is noteworthy that TiO2 

has poor affinity for organics/ pollutant treatment (MPs), especially in aquatic matrices. 
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However, modified TiO2 properties are intrinsically different from pure TiO2 properties with 

regard to contaminant adsorption, light adsorption, charge separation and ease of TiO2 

nanoparticle separation (Moma and Baloyi 2019; Nabi et al. 2021). Thus, modified TiO2 will 

be able to improve performance and selectivity (Domínguez-Jaimes et al. 2021). Additional 

advantages include its low-cost making it economical for industrial applications in wastewater 

treatment. It is also an efficient method to produce high quality nanoparticles (Noroozi et al. 

2022). For example, a study by Thomas and co-workers, investigated the photocatalytic 

degradation of PE using TiO2 nanoparticles that were synthesised via the sol-gel method 

(Thomas et al. 2013). A comparative analysis was done between two different TiO2 

nanoparticles- the TiO2-50 synthesised by Thomas and commercially available TiO2-200. It 

was revealed that the TiO2-50 displayed a higher percentage weight loss of PE compared to 

TiO2-200. However, the shortcoming of this method is that the synthesis produces residual 

hydroxyl and or carbonyl groups. Organic solutions may be utilised which are toxic and 

harmful. It also requires a long processing time.  Moreover, several reports are focused on TiO2 

modification especially for plastics degradation (Domínguez-Jaimes et al. 2021; Nabi et al. 

2021). This makes it suitable for application in wastewater. Another benefit of this method is 

that it can produce a thin coating which ensures excellent adhesion between the top layer and 

the substrate making it suitable for wastewater treatment application when the target 

mechanism of interaction is adhesion between the nanoparticle and MPs/NPs present in the 

wastewater.  

b. Physical synthesis method 

Physical methods are a top-down approach which utilises initial macroscopic structures i.e., 

bulk material. These methods commences with large particles that are reduced to 

nanostructures (Wang et al. 2022b) through the breakdown of bulk materials (Zeng et al. 2022). 

Whilst there are no direct studies on the synthesis of NMs using physical methods for the 
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removal of MPs/NPs from wastewater, a linked approach is the generation of nanomembranes 

via the physical synthesis method electrospinning for the removal of MPs from water. A lignin-

zeolite nanofiber membrane was fabricated by Bahi and colleagues with two important 

characteristics that make it suitable for application in wastewater treatment. Firstly, it has 

superior permeation rates and flux in comparison to commercially produced membranes (Dai 

et al. 2022) resulting in a larger volumetric mass flow of fluid passing through the membrane 

per unit area and time. Thus, large amounts of fluid containing MPs can be processed making 

it suitable for large-scale industrial wastewater applications. Secondly, the zeolite nanoparticles 

are uniformly dispersed which improves the mechanical properties of the NM (Dai et al. 2022). 

This characteristic enables the nanomembrane to support a large load of MPs which also 

facilitate for large-scale industrial applications in wastewater.  

An additional physical synthesis method that could be exploited for the removal of MPs/NPs 

from wastewater are the laser ablation synthesis (LASiS), a commonly used method for 

obtaining colloidal solutions of nanoparticles in a variety of solvents but has yet to be utilised 

in the removal of MPs from wastewater. Different synthesis applications to produce a range of 

NMs with LASiS exist, such as nanowires, semiconductor quantum dots, core shell and carbon 

nanotube nanoparticles (Nozar et al. 2024). This synthesis method has the merits of simplicity 

in different suspensions making them tentatively effective for wastewater remediation. 

Additionally, the properties of the nanoparticles may be altered by selecting the nature of the 

liquid and laser parameter accordingly (Jamkhande et al. 2019). This enables the synthesis of 

NMs with specific surface chemistry based on the targeting of specific MPs/NPs to remediate 

in wastewater. The shortcoming of this method however is that prolong time laser ablation 

results in the generation of a large quantity of nanoparticles in the colloidal solution which 

result in blockage of the laser path. The laser energy also gets absorbed by the already formed 

nanoparticles instead of the target surface which results in the reduction of the ablation rate 
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(Zhang et al. 2024). Both shortcomings may be solved through a careful choice of fluidics. For 

example, the NMs prepared may be removed from the laser path by utilising a flow-through 

system (Feijoo et al. 2022). Additional drawbacks include high investment costs. The 

scalability of NMs synthesized by laser ablation is a subject of significant debate. For example, 

Sportelli and team curated the advantages and disadvantages of silver nanoparticle production 

using the laser ablation method. Herein, a drawback was argued in that the most diffused laser 

sources are incapable of silver nanoparticle production on an industrial scale. However, in 

contrast, a review by Fazio and co-workers presented laser synthesis of nanocolloids to be 

appealing for industrial manufacturing of functional NMs (Kumar et al. 2020a). This represents 

new information about nanoparticles scalability towards selected applications. Albeit 

wastewater remediation was not included in the areas of application.  Similarly, a study by 

Zimbone and colleagues revealed that laser ablation was a versatile and scalable methodology 

in their synthesis of TiO2 nanoparticles via the laser ablation method (Chen et al. 2022b). It is 

suggested that future work should be directed to this area to ensure an advancement in the 

applications including tentatively wastewater treatment.  

Mechanical milling (high-energy ball milling), with similarities to the above method, has yet 

to be utilised in bionanoremediation to remove MPs from wastewater. However, it has been 

used to synthesise a NM with the ability to capture and remove MPs. In a study by Rius-Ayra 

and team, a superhydrophobic CuFeCo alloy powder was synthesised by combining liquid 

phase deposition and the high-energy ball milling synthesis method to remove high-density PE 

fibres from water (Xu et al. 2023). This study reveals the potential of this method for the 

synthesis of NMs that can be applied for the removal of MPs from wastewater. Additionally, 

the main advantage of this method is that it is useful for large scale production of nanoparticles 

with a high purity and superior physical properties in a cost-friendly manner. These benefits 

tentatively make it suitable for industrial applications in wastewater treatment (Ullah et al. 
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2014; Jamkhande et al. 2019). The pitfalls of this method is that it requires high energy, an 

extensive long period of milling time and the powder may get contaminated as a result of the 

steel balls (Ji et al. 2024). 

c. Green synthesis method 

Green synthesis approaches, often referred to as biosynthesis (Li et al. 2018b), has drawn a 

great amount of attention in NM formulation to overcome the limitations experienced by 

physical and chemical methods (Bouafia et al. 2020; Bouafia and Laouini 2021; Bouafia et al. 

2021). The methodology for green synthesis is based on biological precursors such as bacteria, 

fungi, algae, yeast and plant extract (Figure 9). It is also dependent upon different reaction 

parameter conditions such as temperature, pH, pressure and solvent (solvents such as ionic 

liquids). Green synthesis has yet to be utilised for the synthesis of NMs with applications 

towards removal or degradation of MPs from wastewater. These methods use substances that 

stem from a biological origin such as reducing agents, ligands, capping agents and stabilisers 

(Terai and Kobayashi 2000). The reducing agents are utilised for metal ion reduction; however, 

the capping agents and stabilisers are used to control the size and shape of the NM as well as 

to prevent agglomeration. The ligands are employed to coat the NMs surface. These 

aforementioned biological reducing agents can be small molecules such as H2, however, they 

are often larger molecules such as reducing polysaccharides, amides, flavonoids, aldehydes, 

polyphenols, ketones, alkaloids, various enzymes and carboxylic acid (Cao et al. 2024b) 

(Figure 9). Typical ligands include thiols, amines and phosphines whilst peptides, proteins and 

polysaccharides are found to be suitable stabilizers and capping agents (Li et al. 2024). These 

biological agents can be comprised of individual components or complex mixtures 

(polyphenols, saccharides, vitamins) derived from the biological materials, in both 

extracellular or intracellular settings (Ahmad et al. 2019b; Mohamed et al. 2019). It is essential 

that the plethora of compounds mentioned above be highlighted since complex mixtures 
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comprising of numerous different components will form, with each component acting as a 

reducing or capping agent and stabilizer selecting for a specific size and/or shape. This 

therefore results in a consortium of nanoparticles of different size and shape. In order to 

eliminate this issue, optimisation would have to be conducted in order to select for a single 

reducing or capping agent and stabiliser in order to obtain a uniform distribution of 

nanoparticles. This is challenging, time consuming and not cost effective. Therefore, it is 

imperative for the quality of research to be addressed in the context of biosynthesis techniques 

since there certainly appears to be areas that can be improved upon. This is because several 

studies exist where insufficient data regarding the production method is provided e.g., reaction 

conditions, specifications of reagent ratios etc. Most studies lack information concerning 

sample preparation for characterisation. Furthermore, it is worth noting that results from 

analyses are often quite poorly remarked on and are inadequately discussed in several present 

studies. Additionally, in studies regarding metal nanoparticle biosynthesis, concentration 

determination has been found to be a severe issue, with some studies utilising scientifically 

unsound shortcuts such as the concentration of nanoparticles being calculated directly from the 

initial precursor concentration, thereby adopting the assumption of 100% yield. An added issue 

that fails to be addressed often, is the applicability of novel research on nanoparticles green 

synthesis into their large-scale industrial manufacturing which can be helped by determining 

key variables that may be utilised (Terai and Kobayashi 2000) e.g., with modelling proposed 

by Cinelli and team (Su et al. 2016). Finally, it is important to also address the quality of 

research in NM synthesis in the context of the remaining top-down and bottom-up synthesis 

approaches (not just green methods). There also appears to be some studies on the synthesis 

process, but with inadequate information on the method used, since actual values utilised were 

not provided. The synthesis methodology is meant to be as detailed as possible to allow its 

reproducibility which is an area that needs improvement. Furthermore, it is critical that many 
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more polymer types beyond PE be studied for removal and biodegradation.  Due to the 

numerous challenges involved, this area deserves significant attention and focus for future 

research and development.  

Each of the starting materials utilised, have their own merits and pitfalls. Each of these 

advantages and disadvantages will be highlighted in terms of their applicability towards 

wastewater treatment. In bacterial NM synthesis the merit is that bacterial microorganisms are 

abundantly available making them relatively low-cost which makes them suitable for 

application in wastewater treatment. Bacteria also have the ability to adapt to extreme 

conditions making them versatile (Cao et al. 2024a). The drawback is that there is a safety risk 

when using bacterial microorganisms (Jamkhande et al. 2019). This is due to their potential 

pathogenicity. This therefore makes the selection criteria of the microorganism imperative to 

ensure the safety of the user. For NM synthesis using fungi, the benefit is that it is easy to scale-

up which makes it appropriate for industrial applications in wastewater treatment. It offers 

economical flexibility and large surface area as a result of the mycelia.  The productivity is 

greater when compared to bacteria since fungi secrete larger amounts of proteins, enzymes and 

metabolites due to the mycelia (AlZain et al. 2013; Jamkhande et al. 2019).  The downside is 

that the nanoparticles that are produced using fungi are of variable size (Cao et al. 2024a). For 

the synthesis of NM using plant extract/products, the main advantage is that there is no 

potential pathogenicity. Additionally, the nanoparticles that are produced are fairly 

homogenous (Jamkhande et al. 2019). For example, Fe-ZnO nanoparticles were synthesised 

from a hibiscus rosa-sinensis leaf and applied for the degradation of low-density PE in a study 

by Lam and colleagues. The reducing agents present were mainly flavonoids and polyphenols 

(Singh and Chatterjee 2017). This enabled the synthesis to be fairly homogenous since there 

weren’t several primary reducing agents producing different sizes and shapes of nanoparticles. 

The disadvantage is the production cost is high as a result of the heating temperatures that are 
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required (Cao et al. 2024a). Ultimately, the choice for the synthesis method depends on the 

specific application it will be utilised for and the desired properties of the nanoparticles.  

 

Figure 9: Schematic illustration of green synthesis of metal nanoparticles derived from 

biological precursors 

From the available literature, it is clear that chemical synthesis has been at the forefront of NM 

development across all aspects. While the development of new NMs in this area is encouraging, 

it is important to explore physical and green synthesis methods in order to develop novel NMs 

that can reduce MPs and NPs in wastewater with a focus on environmental sustainability. It is 

necessary to conduct more research to understand how NMs affect the environment and how 

they can be minimized. 

2.11. Strategies to consider regarding NMs toxicity 

The rapid dissemination of nanotechnology into various industries such as soil remediation and 

water treatment has grown NM synthesis and production. Toxicity of NMs in aqueous solutions 

such as wastewater has gained a large amount of attention due to NMs bioavailability, and 
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ability to penetrate cells, tissues and organs (Ali et al. 2021). Nanoparticles leaching into 

aqueous and soil environments have raised concerns regarding their potential harm to humans, 

plants and the environment (Liu et al. 2018). This has created an uncertain atmosphere 

regarding the effects of these materials (Taghavi et al. 2013; Sonwani et al. 2021).  A lack of 

technical information has created an appropriate context for advocates and rivals of NMs to 

present conflicting and ill-considered results. This has increased concerns regarding the use of 

NMs. Thus, sufficient studies that uncover the real, exact risks posed by NMs are critical. The 

data revealed by these studies can be valuable in minimizing the health and environmental risks 

potentially posed by NMs (Taghavi et al. 2013). Nanotoxicology has emerged to tackle the 

understanding between NMs and the environment (Touqeer et al. 2021). In contrast to typical 

contaminants, the analytical approach for nanotoxicology needs additional research and 

investigation (Hu et al. 2016). This is because the issues and concepts raised in this field are 

new and needs to be incorporated when selecting suitable analytical methods as well as 

incorporated into the experimental design (Tabrizchi and Kuchaki Rafsanjani 2020). One 

experimental design focused on a high-throughput assay integrated with omics was highlighted 

to globally investigate nanotoxicity (Hu et al. 2016). In the application of established toxicity 

tests, it is pivotal that extreme care be taken when interpreting the data to eliminate the 

reporting of false positive results (Tabrizchi and Kuchaki Rafsanjani 2020). Furthermore, it is 

recommended that the physiochemical properties of the NMs be assessed and analysed in 

relation to environmental safety and human health before its large-scale application.  

To establish the suitable techniques for NM evaluation the Organisation for Economic 

Cooperation and Development (OECD), in 2006, developed a working party on manufactured 

NMs. According to the guide manual established, 26 physiochemical properties of the NM 

should be considered. Some of these properties are solubility, particle size and shape 

distribution, density, crystallinity, surface adsorbed species, purity and porosity/ surface area 
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(Grusho et al. 2017). Additionally, to mitigate the risks surrounding NMs, several government 

entities have implemented policies in the form of laws, guidelines, regulations, and legislation. 

However, there are no clear international laws, regulations, or legal standards for the handling, 

storing, labelling, screening for toxicity, or determining the environmental effects of NMs (Ali 

et al. 2021). There are several challenges associated with mitigating nanotoxicity, among which 

is their disposal techniques. Therefore, proper care should be taken when disposing of NMs to 

reduce leaching. Thus, it is crucial that correct strategies are implemented when synthesising 

NMs to ameliorate toxicity to the fullest extent.   
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CHAPTER THREE: Synthesis, surface area optimisation and characterisation 

of g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs 

3.1. Introduction  

NMs have been recognized for their significant potential in innovative water treatment 

technologies, enhancing water purification efficiency (Bottero et al. 2006; Qu et al. 2013a). 

Recent progress in this field presents opportunities to develop the next generation NMs for MP 

removal/degradation since this pollutant is a major challenge. Unlike current centralized 

systems, nanotechnology facilitates water treatment processes that are cost-effective, highly 

efficient, and less dependent on large infrastructure (Qu et al. 2013b). A key benefit of using 

NMs in water treatment is their applicability as point-of-use technologies, unlike most 

conventional methods which are designed for centralized treatment plants. Due to the high 

surface area, rapid dispersion, high reactivity, and excellent sorption capacity, NMs are 

excellent candidates for MPs removal. Additionally, they are not expected to produce harmful 

disinfection by-products, unlike traditional chemical disinfectants (Kunduru et al. 2017). Some 

NMs also exploit unique properties such as supermagnetism and paramagnetism (Qu et al. 

2013a). Smaller NMs exhibit higher sorption capacities and greater magnetic properties in 

MNCs. 

The ability to manipulate materials at the nanoscale opens up new possibilities for innovation 

and technological advancement. Historically, the development of NMs has been marked by 

breakthroughs in synthesis techniques and a deeper understanding of their structural and 

functional characteristics. The synthesis and characterization of NMs are critical steps in 

harnessing their potential. Understanding the intricate details of NM properties, such as 

magnetic behaviour, chemical stability, surface characteristics and interaction with other 

substances, is essential for optimizing their use in practical applications. Despite the progress 
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made, several challenges remain in achieving precise control over these properties during 

synthesis and in accurately characterizing the resulting synthesised NMs. 

The chosen NMs for this study are boron nitride (BN) and graphitic carbon nitride (g-C3N4). 

The selection of these materials are based on 2 fundamental properties, (i) 2D NMs sub-

nanometre and nanochannels pore structures are precisely controlled making them specifically 

attractive for NMs developed for use in water and wastewater treatment since these features 

aid in facilitating fluid transport and have highly selective molecular separation capability, (ii) 

these 2D NMs are more porous and have double-layer sheets, resulting in a high specific 

surface area and more active sites for improved adsorption (Goh et al. 2022). Additionally BN 

has excellent chemical and physical properties, making it a promising NM in several 

technological applications (Şen et al. 2018) including wastewater treatment. Several studies 

have reported the utilisation of these porous BN sheets for the organic molecules’ removal 

from waste such as oils, pharmaceuticals and dyes (Zhang et al. 2012; Li et al. 2013a; Li et al. 

2013b; Lei et al. 2015). One study in particular, by Bangari and colleagues (Bangari et al. 

2019) used BNNS@Fe3O4 for the removal of Arsenic (V) from aqueous solution. Herein they 

compared the adsorption capacity of BNNS@Fe3O4 with 14 other adsorbents such as cupric 

oxide nanoparticles, Fe3O4, kaolinite, magnetite-reduced graphene oxide composites, IAC-

Fe(III), Fe10MCM-41silica,  iron oxide multiwalled carbon nanotube hybrid, nano-zero-valent 

iron on activated carbon, functionalised synthetic graphite, porous iron oxide on activated 

carbon, GO/ferric hydroxide composite, ZMA (Sonora), Fe-GO nanocomposite and Fe3O4-

rGO nanocomposite (Bangari et al. 2019). The data revealed that the BNNS@Fe3O4 had the 

highest adsorption capacity among all aforementioned adsorbents, clearly indicating its 

superiority.  

The graphitic carbon nitride is prominent for its structural stability, ease of synthesis, 

inexpensiveness and its proven efficacy for the environmental remediation of different 
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emerging contaminants through adsorption, oxidation and photocatalysis (Rosa et al. 2021). It 

is also the most stable allotrope of carbon nitride under ambient temperature (Ray et al. 2020). 

It exhibits significant electron-rich characteristics and maintains high chemical stability in a 

variety of solvents, such as water and alcohols, making it suitable for application in water and 

wastewater treatment. Moreover, g-C3N4@Fe3O4 possesses a porous structure and wide surface 

area with primary/secondary/tertiary and a fraction of sp2π-conjugated amines which improves 

its chemiosorptive and physiosorptive affinity. This in turn improves its contaminant removal 

performance from contaminated water (Zhu et al. 2014; Oh et al. 2018). For example, Zhou et 

al., (2013) illustrated the use of the hydrothermal method to create g-C3N4@Fe3O4 nanospheres 

featuring a porous structure. Their experiments revealed that over 98% of methyl orange was 

eliminated, maintaining this high level of efficiency across five successive cycles. The NM 

could be rapidly retrieved using a magnet. This improved removal efficiency was credited to 

the formation of a heterojunction between g-C3N4 and Fe3O4 (Zhou et al. 2013). Furthermore, 

the inherent nitrogen functional groups, superior textural properties and porous structure make 

g-C3N4 an effective adsorbent in various applications. For example, Xiao et al., (2019) 

developed g-C3N4 nanosheets from guanidine hydrochloride, with a thickness of < 1.6 nm for 

removing both anionic and cationic heavy metals such as Cr(VI), Cd(II), and Pb(II). The 

reported remarkable adsorption capacities of g-C3N4 for Cr(VI), Cd(II), and Pb(II) were 684.5, 

123.2, and 136.6 mg/g, respectively. The adsorption process was attributed to the tri-s-triazine 

units and nitrogen-containing groups in g-C3N4 (Xiao et al. 2019). This suggests that the 

properties of g-C3N4 make it an excellent choice for adsorption studies. Additionally, since tris-

s-triazine has heterocyclic aromatic rings, it can bond with another compound that has aromatic 

rings, through π bonding. This makes it the perfect candidate for MPs removal since several 

MPs such as PUR, PA, PET, PES and PS MPs have an aromatic ring, therefore adsorption to 

these MPs will be favoured. Furthermore, functionalising Fe3O4  onto g-C3N4 to produce g-
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C3N4@Fe3O4 enables low toxicity and enhances the MNCs durability whilst restricting g-C3N4 

aggregation (Balakrishnan and Chinthala 2022).  

The gap this study addresses lies in the limited research on the application of advanced 

nanocomposites, specifically g-C₃N₄@Fe₃O₄ and BNNS@Fe₃O₄, for the efficient removal of 

MPs from wastewater. While prior studies have explored the use of NMs for removing organic 

molecules, dyes, and heavy metals, their potential for MPs remediation remains underexplored. 

This study bridges that gap by synthesizing and characterizing these nanocomposites, 

leveraging their unique structural, chemical, and magnetic properties to improve adsorption 

efficiency and adaptability for wastewater treatment, particularly targeting MPs, a pressing 

environmental challenge. Therefore, this chapter focuses on the synthesis of BNNS@Fe3O4 

and g-C3N4@Fe3O4 and their subsequent comprehensive characterisation (XRD, SEM-EDX, 

TEM, Zeta potential, TGA, XPS, FTIR and BET). 

3.2. Materials and Chemicals 

Ferric chloride hexahydrate (≥99.0% purity, CAS# 10025-77-1),  iron(II) chloride tetrahydrate 

(≥99.0% purity, CAS # 13478-10-9), boric acid (≥99.5% purity, CAS# 10043-35-3), 

ammonium hydroxide solution (NH4OH) (28% NH3 in H2O, ≥99.99% purity trace metals basis, 

CAS# 1336-21-6), urea (≥99.0 -100.5% purity, CAS# 57-13-6), sulfuric acid (H2SO4)( 98% 

purity, CAS# 7664-93-9) and acetone EMPLURA® ((≥99.0 purity/assay, CAS# 67-64-1) were 

purchased from Merck. Melamine powder (99% purity, 100 mesh, CAS# 108-78-1) was 

obtained from DLD Scientific CC. All aforementioned chemicals were utilised as received 

unless otherwise stated. All solutions were prepared with ultrapure deionized Milli-Q water 

(18.2 MΩ cm), acquired from a Millipore water purification system in the laboratory. 
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3.3. Experimental procedure 

3.3.1. Synthesis of MNCs 

3.3.1.1. Synthesis of magnetically decorated graphitic carbon nitride (g-

C3N4@Fe3O4) nanosheet: 

i. Synthesis of g-C3N4 

The synthesis process was achieved by the facile thermal polycondensation method via 

calcination, using equal amounts of melamine and urea in a 1:1 mass ratio. To achieve this, 30 

grams of melamine and 30 grams of urea was combined and ground in a mortar and pestle, and 

thereafter moved to a covered crucible. Subsequently, the mixture was heated in a muffle 

furnace for a period of 4 hours. The heating temperatures were varied since this has an effect 

on the specific surface area of the MNC. Three different temperatures were utilised: 500, 550 

and 600 °C to optimise the surface area. The crucibles were removed and placed into the 

desiccator to allow the mixture to cool to room temperature, resulting in the production of 

graphitic carbon nitride in the form of a yellow powder (Figure 35 (b), appendix 4), denoted as 

sample gCN500, gCN550 and gCN600 (Rosa et al. 2021). The calcination temperature 

producing the highest surface area was selected for up-scale. 

ii. Synthesis of g-C3N4@Fe3O4 MNC 

The magnetite-coated samples were acquired via the in-situ incorporation of Fe3O4 and g-C3N4. 

This was achieved through conventional co-precipitation using ammonium hydroxide solution. 

The methodology of Rosa and co-workers (Rosa et al. 2021) was followed with minor 

amendments. Briefly, 125 mg of each of the aforementioned sample gCN’s were transferred to 

18 mL of Milli-Q water, followed by ultrasonication at 55 °C in an ultrasound bath for 45 min. 

This was done to ensure homogenous dispersion of precursor gCN. Subsequently, 35 mg of 

FeCl2•4H2O and 92 mg of FeCl3•6H2O was solubilised in 1 mL Milli-Q water.  Mixture gCN 
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was retained in the water bath whilst the temperature was increased to 80 °C under a high 

sonicating frequency. This was done to prevent aggregation of the precursor particles. The iron 

(II)-iron (III) solvent was added to the precursor mixture. The entire mixture then underwent 

sonication at 80 °C for 30 min. Afterward, the mixture was transferred to a magnetic stirrer 

plate (temperature 80 °C) with a burette system set up. 1 mL of NH4OH was titrated in a 

dropwise manner, and the system was maintained at 80 °C for an additional 3.5 h with agitation. 

The mixture was then removed and left to cool at room temperature. The resultant dark 

brown/blackish powder settled to the bottom creating two phases. The solvent was pipetted out 

leaving the resulting powder to be separated magnetically. It washed first with ultra-pure water, 

then with acetone, and finally, dried at 80 °C until completely dry. This was followed by a 

second drying step at 105 °C for 24 h to ensure complete dehydration of the sample (Figure 35 

(c), appendix 4). Figure 10 (a) is a schematic illustration of the process. The yield of the 

synthesised MNC ascertained was 28.6 g.  

3.3.1.2. Optimisation of calcination temperature and synthesis of magnetically 

decorated boron nitride nanosheet (BNNS@Fe3O4) 

i. Thermogravimetric analysis (TGA) 

To determine calcination stability temperature of the precursor BNNS for BNNS@Fe3O4 

synthesis, TGA was conducted. Thermogravimetric measurement of the mixed boric acid and 

urea, using a thermogravimetric analyzer (METTLER TOLEDO TGA-1) from 25 to 1000 °C, 

with a heating rate of 5 °C/min and a flow rate of 50 cc/min, under nitrogen atmosphere was 

performed. The thermograph generated was utilized to calculate the thermal degradation of the 

loadings of boric acid-urea mixture. The Broido technique was used to determine the 

activation-energy (Ea) of the degradation process as well as other kinetic parameters such as 

stability temperature.  
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ii. Synthesis of boron nitride nanosheet (BNNS) 

Following the determination of the calcination temperature, boric acid and urea (precursors of 

BNNS synthesis) were combined at a fixed molar ratio of 1:48, 1:30, 1:15 and 1:5 boric acid : 

urea, after being ground using a mortar and pestle. This was done in the presence of methanol 

and without methanol (methanol was utilised as a quencher). Different fixed molar ratios were 

utilised since this affects the specific surface area of the MNC. Thereafter each of the mixtures 

were transferred to a crucible with a cover and heated up to the temperature ascertained from 

TGA for 8 h for calcination. Upon chemical reaction completion, the crucibles were transferred 

to the desiccator to cool to room temperature gradually yielding white (Figure 35 (f), appendix 

4) BNNS48, BNNS30, BNNS15, BNNS5 and BNNS48M, BNNS30M, BNNS15M (with 

methanol). BNNS5 with methanol was not performed. This was done to optimise the surface 

area. The ratio with the highest surface area was selected for the scale-up.  

iii. Synthesis of BNNS@Fe3O4 MNC 

The methodology of Bangari et al. (2019) and Rosa et al. (2021) were used as a guide with 

several modifications in this dual-purpose step (synthesis and surface optimisation). Briefly, of 

each of the aforementioned BNNS samples, 600 mg was added separately in 86.4 mL of DI 

Milli-Q water. Thereafter the samples were subjected to ultrasonication at 55 °C in an 

ultrasound bath for 45 min. Consequently, 35 mg of FeCl2•4H2O and 92 mg of FeCl3•6H2O 

was solubilised in 1 mL Milli-Q water.  The solution was retained in the water bath whilst the 

temperature was increased to 80 °C under a high sonicating frequency. Thereafter, the iron (II)-

iron (III) solvent was added. The entire mixture then underwent sonication at 80 °C for 30 min. 

Afterward, the mixture was transferred to a magnetic stirrer plate (temperature 80 °C) with a 

burette system set up. NH4OH (3mL) was titrated in a dropwise manner to reach pH 8 since 

this is critical for the synthesis of magnetic nanoparticles. The system was maintained at 80 °C 

for an additional 3.5 h with agitation. Upon reaction completion, the solution was transferred 
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to the muffle furnace in crucibles with lids. Thereafter, the furnace was heated to 175 °C for 

12 h, after which it was transferred to the desiccator to reach room temperature gradually. The 

black powder was washed with Milli-Q water, then acetone and then dried at 65 °C. The dried 

powder underwent heating at 300 °C for 2 h in a muffle furnace (Figure 35 (g), appendix 4). 

This was done to enhance the binding of the Fe3O4 nanoparticles (Bangari et al. 2019). Figure 

10 (b) is a schematic illustration of the process. The yield of the synthesised MNC ascertained 

was 34.8 g. 
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*UPW- Ultrapure water (Milli-Q water) 

Figure 10: Illustration summation of the synthesis of (a) g-C3N4@Fe3O4 and (b) BNNS@Fe3O4 

(a) 

(b) 
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3.4. MNC physicochemical characterisation, instrumentation, and measurements  

3.4.1. Brunauer-Emmett-Teller (BET) 

The Brunauer-Emmett-Teller (BET) specific surface area (SBET), total pore volume (Vpore) and 

average pore diameter (dpore) of synthesised g-C3N4@Fe3O4 and BNNS@Fe3O4 were measured 

(Micromeritics’ Tristar II 2030) by employing nitrogen adsorption/desorption technique at -

196 °C. To eliminate moisture and atmospheric contaminants, the samples was degassed in a 

vacuum chamber for 12 h at 350 °C in preparation for BET analysis. The BET 

adsorption/desorption isotherm was represented graphically by plotting the BET sorption 

isotherm model. The plot consists of “amount adsorbed” vs “relative pressure” (𝑃/𝑃0). The 

model provides the quantity of adsorption at a constant temperature relative to the quantity in 

a single monolayer using equation 1: 

Ƞ𝑎

Ƞ𝑚
=

𝐶𝑃/𝑃0

(1−
𝑃

𝑃0
)(1+(𝐶−1)𝑃/𝑃0

                       (1) 

where Ƞ𝑎 is the amount adsorbed, Ƞ𝑚 is the monolayer coverage, 𝑃 is the pressure of the 

adsorbtive, 𝑃0 represents its saturated vapor pressure at the constant experimental temperature 

and 𝐶 is a parameter that links the liquid adsorbate's enthalpy of vaporization to the initial 

layer's adsorption strength. Sample mass utilised was 1 g.  

3.4.2. Fourier transform infrared spectroscopy (FTIR) 

The functional groups in the MNCs were analysed utilising an FTIR spectrometer (Agilent 

Cary 630 FTIR Spectrometer with diamond ATR sampling module) over the spectral ranges 

of 4000–400 cm−1. The OPUS software was utilised. Approximately 100 mg powder of each 

sample (g-C3N4@Fe3O4 and BNNS@Fe3O4) was employed.   
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3.4.3. X-ray diffraction (XRD) 

The crystalline phases of the synthesised MNCs were evaluated via XRD system (Bruker D2 

Phaser Diffractometer with Bragg−Brentano geometry, Germany) with Cu Kα radiation (λ = 

1.5418 Å) at 30 kV and 10 mA. The intensity data was captured with a Lynxeye detector with 

2θ scans performed in the range 4−90° with a 0.020° step size at 0.5 s per step. Samples were 

spun at 30 rpm. By using PANanalytical Xpert Pro high score software to compare the JCPDS-

ICDD library database, the crystallographic structure and phase were detected. The average 

crystal size of synthesised g-C3N4@Fe3O4 and BNNS@Fe3O4 were determined by Debye–

Scherrer equation (D = kλ/ßcosθ), where k is the Scherrer constant (0.89), λ is the X-ray 

wavelength and ß is the full width at half maxima (FWHM) of the diffraction peak.   

3.4.4. Zeta potential (ζ) 

Zeta potential (ζ) was conducted using the Malvern Panalytical PN3702 Zetasizer Nano ZS to 

determine the point of zero charge (PZC)/ isoelectric point (IEP) for the optimisation of g-

C3N4@Fe3O4/BNNS@Fe3O4 – MPs surface interaction.  The electric field was applied across 

the sample, resulting in particle electrophoretic mobility. This movement was measured by 

observing the light scattering of the particles. The zeta potential, ζ, was then calculated utilising 

the Henry equation (equation 2): 

Ue =
2𝜖𝜁𝑓(𝜅𝑎)

3𝜂
                          (2) 

where Ue  represents the electrophoretic mobility, ϵ is the dielectric constant, η is the absolute 

zero-shear viscosity of the medium, f (κa) is the Henry function, and κa is a parameter that 

measures the ratio of the particle radius to the Debye length (Clogston and Vermilya 2005). 

Samples were prepared in medium with low ionic strength (10 mM NaCl). Samples were 

prepared from pH 2 – 12, in increments of 2. Before sample preparation, the suspending 

medium was filtered through a membrane with a pore size of 0.2 µM. A luer-lock tipped 
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syringe was employed to load 750 µL into the zeta cells and all bubbles were dislodged. Both 

ports were capped, and the zeta cell was placed into the instrument in contact with the 

electrodes. Prior to beginning the measurements, a 2 min equilibration time was performed. 

Thereafter, the samples were processed.  

3.4.5. Thermogravimetric analysis 

The TGA was done as previously described in section 3.3.1.2. (i).  

3.4.6. Field emission scanning electron microscopy (FE-SEM) with EDX 

To ascertain the surface morphology and elemental composition of the MNCs, SEM-EDX 

analysis was performed using a Zeiss MERLIN field emission scanning electron microscope 

(Carl Zeiss Microscopy, Munchen, Germany). A Zeiss InLens Secondary Electron (SE), and 

Backscattered Electron (BSE) Detector and Zeiss Smart SEM software were used to generate 

images. The samples were chemically quantified by qualitative Energy Dispersive X-Ray 

Spectrometry (EDS) using an Oxford Instruments® X-Max 20 mm2 detector and Oxford Aztec 

software (Oxford Instruments, Oxfordshire OX13 5QX, United Kingdom). Images were 

captured at a very low pressure and 20 kV.  

3.4.7. Transmission electron microscopy (TEM) 

Using a TEM (FEI Tecnai G2 20 S-Twin), the interior morphology of synthesised g-

C3N4@Fe3O4 and BNNS@Fe3O4 equipped with an EELS detector and EDAX were examined. 

A small quantity of the MNC material (~100 mg) was combined with ethanol and sonicated 

for 15 minutes prior to analysis. After the resultant solution dried, it was put onto the carbon-

coated copper TEM grid (200 mesh) for analysis. 
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3.4.8. X-ray photoelectron spectroscopy (XPS) 

Using a 100 µm diameter monochromatic Al-Ka (1486 eV) anode operating at 15 kV and 25 

W as the X-ray source, X-ray photoelectron spectroscopy (PHI 5000 Scanning ESCA 

Microprobe) was used to evaluate the surface composition and electronic state of the 

components of g-C3N4@Fe3O4 and BNNS@Fe3O4 by analysing different binding energy 

peaks. With a pass energy set to 2.95 eV, the analyser achieves a resolution of  ≤ 0.5 eV. Survey 

scan spectra characterisation parameters were 187 eV Pass energy, 1 eV/step, 100 ms/step, 3 

cycles, UHV Base Pressure 7.2E-9 Torr with 1x1 mm raster sputter rate of approximately 12 

nm/min. Using the multipack tool (Multiscience GmbH Software Ltd., Germany), the XPS 

spectral peaks were deconvoluted, identifying chemical compounds and their electronic states 

using Gaussian–Lorentz fits. To minimize surface charging, an argon ion gun with low energy 

monatomic argon ions (Ar+) and a low energy neutralizer electron gun were employed. The 

binding energy calibration is conducted using the high energy peak of Cu 2p3 at 932.62 eV and 

the low energy peak of Au 4f7 at 83.96 eV, maintaining a constant difference of 848.66 eV. 

The analyser’s work function is set to 3.7 eV to position the Ag3d5 peak at 368.27 ± 0.1 eV. 

The elimination of Kα3,4, Kα5,6, and Kβ X-ray lines, as well as the Al Bremsstrahlung 

radiation background, while narrowing the Al Kα1,2 line to approximately 0.26 eV FWHM 

was ensured. This narrow line width allows for high energy resolution in both core and valence 

band spectra, preventing overlaps caused by X-ray satellite-induced photoemission peaks.  
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3.5. Results and Discussion 

3.5.1. Synthesis and surface area optimisation of g-C3N4@Fe3O4 and BNNS@Fe3O4 

3.5.1.1. Thermogravimetric analysis 

The first step was to determine the temperature at which calcination of BNNS@Fe3O4 would 

occur. Herein, TGA was utilised to evaluate the thermal stability of BNNS@Fe3O4 conferring 

a calcination temperature (Ebnesajjad 2011; Wang et al. 2015; El-Azazy et al. 2021). TGA was 

conducted on the dried BNNS precursor (boric acid and urea mixture) attained prior to 

calcination as exhibited in Figure 37 (e), (appendix 4). The sample underwent heating to 1000 

°C at a rate of 5 °C/min. From the thermograph (Figure 11), it was observed that the initial 

weight loss phase transpired below 115 °C and is attributed to the removal of physically 

adsorbed moisture (Kumar and Prasad 2020). Subsequently, a second weight loss phase 

occurred between 115 and 315 °C, followed by a third weight loss phase between 315 and 490 

°C. These latter phases likely correspond to the oxidation and combustion of –NH2 groups 

present in the sample. Almost complete weight loss of the sample was achieved at 

approximately 400 °C. Consequently, a calcination temperature of 400 °C was selected for the 

precursor’s transformations into their final configurations. Once the calcination temperature 

had been determined, the next step involves the synthesis and surface optimization of the 

nanosheets. This dual-purpose step (synthesis and optimisation) is critical as it ensures that the 

BNNS@Fe3O4 possess the desired surface characteristics, enhancing their functional 

properties for downstream applications.  
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Figure 11: TGA thermograph of BNNS@Fe3O4 

 

3.5.1.2. Surface area (SBET) optimisation by varying calcination temperature for 

g-C3N4@Fe3O4 and calcination ratio for BNNS@Fe3O4 

Several different temperature values and boric-acid : urea ratios were utilised to optimise the 

specific surface area (SBET) of g-C3N4@Fe3O4 and BNNS@Fe3O4, respectively (Table 5 and 6, 

respectively). The parameters that produced the largest surface area were further selected for 

large scale synthesis of the respective MNCs for the experiments. For g-C3N4@Fe3O4, at 500, 

550 and 600 °C, a specific surface area of 37.72, 38.42 and 66.88 m2/g was ascertained (Table 

5). Author Rosa et al. (2021) synthesised g-C3N4@Fe3O4 via two different methods: 

conventional coprecipitation and homogenous coprecipitation and reported a surface area of 

52.7 m2/g and 42.9 m2/g, respectively. In this study, conventional coprecipitation was used and 

after optimization, a maximum surface area of 66.88 m2/g was observed. This is in good 

agreement with literature since the surface area reported in this study is similar to the results 

reported by the previous study.  Herein, the largest surface area was obtained at 600 °C, 
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therefore, this was selected as the optimum calcination temperature for g-C3N4@Fe3O4 

synthesis. In the case of BNNS@Fe3O4, different boric-acid : urea ratios were investigated, 

with and without methanol (Table 6). The results showed that using methanol with ratios of 

1:48, 1:30, and 1:15, the specific surface areas obtained were as follows: 43.04 m²/g, 53.03 

m²/g and 79.08 m²/g, respectively. In addition, without using methanol the specific surface 

areas observed were 48.03 m²/g, 68.5 m²/g, 87.04 m²/g and 100.54 m²/g, for ratios 1:48, 1:30, 

1:15 and 1:5, respectively. Herein, it was observed that the inclusion of methanol during the 

synthesis of BNNS@Fe3O4 resulted in a decrease in specific surface area. This phenomenon 

can be attributed to methanol's role as a quenching agent, which can lead to rapid termination 

of particle growth during the formation of nanomaterials. Such abrupt cessation can cause 

premature aggregation of particles, thereby reducing the overall surface area. Additionally, 

methanol may influence the solubility and dispersion of precursors, further affecting the 

nucleation and growth processes, ultimately leading to denser structures with diminished 

porosity and surface area. Thus, methanol's quenching effect likely interfered with the 

formation of optimal porous structures in BNNS@Fe3O4, contributing to the observed decrease 

in surface area. Without methanol, the synthesis proceeded with fewer disruptions, allowing 

for higher specific surface area and better structural integrity which is consistent with the 

experimental results (Schreuders et al. 2005; Chen et al. 2015). Herein, the largest specific 

surface area was attained at ratio 1:5. Hence, this was chosen as the optimum calcination ratio 

for BNNS@Fe3O4 synthesis. The surface area of ratio 1:5 (methanol) was not investigated due 

to the data indicating that the larger surface areas were obtained without methanol. A study by 

Bangari et al. (2019) synthesised BNNS@Fe3O4, with similar methodology to the current 

study. Herein they reported a surface area of 119 m2/g utilizing a single ratio of 1:48, whereas 

in the present study, various ratios were explored. In this study, after optimization, the 
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maximum surface area was noticed to be 100.54 m2/g for ratio 1:5, as results shown in table 6, 

which is similar to the reported literature.  

Table 5: Surface area optimisation for g-C3N4@Fe3O4 MNC 

Temperature g-C3N4@Fe3O4 (m2/g) 

500 °C 37.72 

550 °C 38. 42 

600 °C 66.88 

 

Table 6: Surface area optimisation for BNNS@Fe3O4 MNCs 

Boric acid : urea ratio BNNS@Fe3O4 (m2/g) 

1:48 (methanol) 43.04 

1:48 48.03 

1:30 (methanol) 53.03 

1:30 68.5 

1:15 (methanol) 79.08 

1:15 87.04 

1:5 100.54 

 

3.5.2. Characterisation of the synthesized MNCs 

 3.5.2.1. X-ray Diffraction (XRD) 

The crystalline phases and structure of both fresh and used g-C3N4@Fe3O4 and BNNS@Fe3O4 

MNCs were examined by recording XRD patterns in the range of 5°- 90°. The diffraction 

patterns positioned near 2θ values 41.51°, 74.23°, 35.12°, 50.53°, 35.29°, 74.49°, 67.41°, 

67.26° and 21.26° index to plane (103), (224), (112), (004), (200), (400), (321), (231) and 

(011), respectively, exhibited common phase with orthorhombic crystalline structure of g-

C3N4@Fe3O4 (Figure 12 (a)) and excellent accord with JCPDS PDF #01-075-1609, space 
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group – 74/Imma, from JCPDS database analysed by Xpert high score software.  MNC 

BNNS@Fe3O4 (Figure 12 (b)) exhibited a similar diffraction pattern for Fe3O4 phase, 

crystalline structure and JCPDS PDF # as g-C3N4@Fe3O4 with only 2θ value peak intensity 

percentages being different. This similarity between g-C3N4@Fe3O4 and BNNS@Fe3O4 is 

attributed to the Fe3O4 nanoparticle formation, whilst the difference could be ascribed the 

supporting material. Similar results have been reported by previous researchers for g-

C3N4@Fe3O4 and BNNS@Fe3O4 MNCs (Bangari et al. 2019; Rosa et al. 2021; Dawn et al. 

2022). In addition, g-C3N4@Fe3O4 and BNNS@Fe3O4 crystalline structure are in strong 

agreement with the TEM crystallographic shape (orthorhombic) in Figure 16 (e-f) and in Figure 

43-44, appendix 8. Moreover, the XRD patterns of the used MNCs closely resembled those of 

the fresh MNCs. No discernible structural alterations or additional peaks were noted in the 

patterns; however, an increase in pattern intensity was observed in the case of both MNCs. 

Hence, both MNCs showed excellent chemical stability and can be recycled for the purification 

of MPs in wastewater. 
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Figure 12: XRD spectra of (a) fresh and used g-C3N4@Fe3O4, (b) fresh and used 

BNNS@Fe3O4 

 

 

(b) 

(a) 
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3.5.2.2. Fourier-Transform Infrared (FTIR) Spectroscopy  

FTIR spectroscopy was employed to capture the distinct vibrational patterns of the functional 

groups (Eid 2022) present on the fresh and used MNCs within the range of 4000-400 cm-1 as 

depicted in Figure 13 corresponding to g-C3N4@Fe3O4 and BNNS@Fe3O4.  In Figure 13 (a), 

the spectra vibration modes assigned to the g-C3N4 and Fe3O4 phases are identified. The 

spectral band at 576 cm–1 is ascribed to the Fe-O group in the tetrahedral and octahedral sites 

(Wang et al. 2018) whilst the band at 807 cm–1 is associated with the Fe-O-Fe group. This 

suggests that the iron oxide nanoparticles were integrated into the carbon nitride structure. The 

band at 890 cm–1 corresponds to tris-s-triazine (Praus et al. 2017) heptazine ring and displays 

out-of-plane bending vibration, which demonstrates that the graphitic carbon nitride is a 

nanosheet 2D material (Chouhan et al. 2023). The spectral band at 1250 cm–1 represents -CH3 

group whilst the high intensity bands from 1280 cm–1  to 1700 cm–1 depicts CN heterocycles 

vibration in graphitic carbon nitride (Lin et al. 2017). The C=C stretching vibration is 

designated to the spectral band 1586 cm–1. Band 3082 cm–1  and 3243 cm–1  represents residual 

N-H stretching vibration that is attributed to primary and secondary amines (Tian et al. 2020). 

The moisture band of 3433 cm–1  exhibits stretching of hydroxyl (OH) group which indicates 

that strong hydrogen bonds are present (Kumari et al. 2015). The bands maintained high 

intensity in the fresh and used sample, indicating that the structural configuration of the g-

C3N4@Fe3O4 remained unchanged.   Similar results have been reported by Rosa et al. (2021). 

In Figure 13 (b), the Fe profile (Fe-O, Fe-OH, Fe-O-Fe) of BNNS@Fe3O4 was identified. The 

vibration band at around 440 cm-1 (Fekri Aval et al. 2016) and between 583-636 cm-1 illustrates 

symmetrical stretching vibration of Fe-O (Xia et al. 2009). The spectral band at 857 cm–1 

indicates stretching vibration of Fe-O-Fe (Du et al. 2013) whilst the structural vibration of Fe-

OH corresponds to band 1030 cm–1 (Lunge et al. 2014). The spectral band at 1400 cm–1 is 

attributed to the in-plane vibration of sp2-bonded B-N bonds (Kumari et al. 2015), whilst the 
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band at 782 cm–1 is designated to the out-of-plane vibration of the B-N-B bond (Bangari et al. 

2019). The degree and intensity of out-of-plane vibration in B–N–B bonds are correlated with 

the arrangement of BNNSs layers i.e., its stacking order (Bangari et al. 2020). Herein, the 

stacking order is similar to BNNS@Fe3O4 synthesized by Bangari and team indicating a 2D 

MNC (Bangari et al. 2020). The band at 1638 cm–1 indicates bending vibration of water vapour 

(H-O-H) adsorbed on the MNCs surface (Kumari et al. 2015). The low-intensity bands at 2857 

cm–1 and 2923 cm–1 are ascribed to the -BNH2 group which forms at the edges (Liu et al. 2015). 

Lastly, the broad band at 3429 cm–1 represents the stretching of hydroxyl (B-OH) which 

represents the moisture, and the broadness of the spectral band indicates the presence of strong 

hydrogen bonding (Kumar et al. 2023a). The bands maintained high intensity in the fresh and 

used sample, indicating that the structural configuration of the BNNS@Fe3O4 remained 

unchanged.  Similar results have been reported by Bangari et al. (2019). 
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Figure 13: FTIR spectra of (a) fresh and used g-C3N4@Fe3O4, (b) fresh and used 

BNNS@Fe3O4 
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 3.5.2.3. Zeta (ζ) potential 

Zeta potential was utilised to measure the reactivity of the surface (Ferraris et al. 2018) of g-

C3N4@Fe3O4 and BNNS@Fe3O4 and ascertain the point of zero charge (pHpzc)/ isoelectric 

point as shown in Figure 14. For g-C3N4@Fe3O4, the zeta potential is almost zero in acidic 

conditions (pH ~3) and progressively decreased with an increasing in pH (-36.3 mV at pH ~11). 

This was attributed to the substitution of ≡C–NH2 groups on the g-C3N4 surface with ≡C–OH 

groups, leading to its heightened deprotonation (≡C–O–) in aqueous solutions at elevated pH 

levels (Zhu et al. 2015). For BNNS@Fe3O4, the zeta potential followed a similar pattern to g-

C3N4@Fe3O4, wherein the zeta potential progressively decreased with an increase in pH (-44.1 

mV at pH ~11). Similarly, this is designated to the protonation of the hydroxyl functional group 

on the BNNS@Fe3O4 particle surface (Wang et al. 2021b). Herein, the pHpzc was established 

to be 4.3. The heightened negativity of the zeta potential above pH 7 and pH 8 for g-

C3N4@Fe3O4 and BNNS@Fe3O4, respectively, can be attributed to the incorporation of Fe3O4 

on the supporting material g-C3N4 and BNNS surface (Rosa et al. 2021). These magnetic 

nanoparticles act as a diprotic acid, resulting in deprotonation with the formation of three 

distinct surface sites, primarily ≡Fe(OH2)
+, ≡FeOH and ≡Fe(O)– in strongly acidic, neutral and 

alkaline conditions, respectively, for both for g-C3N4@Fe3O4 and BNNS@Fe3O4 (Campos et 

al. 2017; Wang et al. 2021b).  
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Figure 14: Zeta potential of g-C3N4@Fe3O4 and BNNS@Fe3O4 

3.5.2.4. Surface morphology of fresh and used g-C3N4@Fe3O4 and BNNS@Fe3O4 

MNCs 

The surface morphology of fresh and used g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs were 

analysed by FESEM as shown in Figure 15 (a-d), and their elemental composition was analysed 

by EDX, as shown in Figure 16 (a-d). The FESEM micrograph (Figure 15 (a-b)) of fresh g-

C3N4@Fe3O4 and BNNS@Fe3O4 exhibited a granular-like porous structure with 

interconnected agglomerated particles. Additionally, they exhibited a more compact sheet-like 

structure. The similar morphology of g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs have been 

reported by various researchers (Bangari et al. 2019; Bangari et al. 2020; Sahoo et al. 2020). 

After treatment, a small change in morphology of used g-C3N4@Fe3O4 and BNNS@Fe3O4, 

were noticed such as irregular and roughing of the surface and a decrease in the porosity as 

shown in Figure 15 (c-d). This might be caused by intermediate compounds formed during the 

reaction accumulating inside the pore as well as reduction of the active sites due to leaching 
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(Kumar et al. 2021a), Additionally, the MPs can block or cover the surface pores thereby 

altering the smoothness of the surface, creating a more irregular or uneven surface. The 

decrease in porosity may potentially be attributed to the aggregation of MNCs resulting in the 

formation of larger clusters which leads to changes in the overall particle size and surface 

structure. The originally dispersed MNC may now appear as aggregated masses with reduced 

surface area and porosity (Kumar et al. 2021b).  Furthermore, both NMs displayed closely 

packed spherical-like nonuniform particles with smooth surface as shown in Figure 15 (a-b). 

After treatment, large, lumped particles in the size of few micrometres were observed as 

depicted in Figure 15 (c-d). This is similar observation to previously reported work for g-

C3N4@Fe3O4 and BNNS@Fe3O4  (Bangari et al. 2020; Rosa et al. 2021). In addition, the 

elemental mapping of fresh g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs were done to ascertain 

the elemental content and its distribution on the surface. Based on the elemental mapping, the 

metal ions and oxygen are homogeneously distributed on the adsorbent surface for both MNCs 

as shown in Figure 16 (a-b). Furthermore, EDX spectra of fresh g-C3N4@Fe3O4 and 

BNNS@Fe3O4 adsorbent showed an intense signal of elements Fe and O indicating that these 

are the major components on the MNCs. The elemental composition (wt.%) was almost close 

to stoichiometric composition in MNC sample as inserted table in EDX micrographs in Figure 

16 (c-d).  
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Figure 15: SEM micrograph of fresh (a) g-C3N4@Fe3O4, (b) BNNS@Fe3O4, used (c) g-

C3N4@Fe3O4, (d) BNNS@Fe3O4, TEM micrograph of (e) g-C3N4@Fe3O4, (f) BNNS@Fe3O4 

and Histogram plot of (g) g-C3N4@Fe3O4 and (h) BNNS@Fe3O4 

dAVG = 

11.66nm 

DAVG = 

7nm 

(a) (b) 

(c) 
(d) 

 

(e) (g) 

(f) (h)
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The internal morphology and crystalline characteristics of the g-C3N4@Fe3O4 and 

BNNS@Fe3O4 MNCs were investigated using TEM micrographs, as depicted in Fig. 2. The 

micrographs, captured at scales of 50 and 100 nm as displayed in Fig. 2(e-g) for g-C3N4@Fe3O4 

and BNNS@Fe3O4, respectively, revealed spherical o-sized particles arranged in agglomerated 

and interconnected configurations, forming a complex network structure with irregular 

dimensions and uniformly dispersed particles. These particles were in orthorhombic shape 

(Fig. S2 (e-f)), consistent with JCPDS PDF #01–075-1609, space group – Imma/74, aligning 

well with the XRD findings and confirming the Fe3O4 phase functionalized with g-

C3N4@Fe3O4 and BNNS@Fe3O4. Notably, Fig. 2(e) clearly illustrates the presence of granular 

g-C3N4 sheets with iron oxide evenly distributed across them, while in Fig. 2(g), BNNS is 

observed with iron oxide uniformly dispersed. Furthermore, the mean average particle sizes, 

as depicted in histogram plot Fig. 2(f-h), were determined using image processing software 

(Image J Software). As depicted in the histogram plots shown in Fig. 2(f) and (h), the dAVG 

values were 11.66 and 7 nm for g-C3N4@Fe3O4 and BNNS@Fe3O4, respectively. This is 

consistent with the BET data since the surface area and particle size are inversely related (Singh 

and Nalwa 2007). Therefore, the smaller the nanoparticle, the larger the surface area. The BET 

results confer that BNNS@Fe3O4 has the larger surface area which is in good agreement with 

it having the smaller nanoparticle size of 7 nm as indicated by the histogram plot.  
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c-d 

  

Figure 16: EDX micrographs of (a) g-C3N4@Fe3O4, (b) BNNS@Fe3O4, Elemental weight 

percentage composition of (c) g-C3N4@Fe3O4, (d) BNNS@Fe3O4 and TEM micrographs of (e) 

g-C3N4@Fe3O4, (f) BNNS@Fe3O4 

 

(a) (b) 

(d) (c) 

(f) (e) 
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 3.5.2.5. Textural properties analysis: Brunauer-Emmett-Teller (BET) 

The textural characteristics, such as porosity and specific surface area of g-C3N4@Fe3O4 and 

BNNS@Fe3O4 were assessed via N2 physical adsorption–desorption method. Both samples 

revealed type IV hysteresis loop isotherms as shown in Figure 37, appendix 6, which indicate 

that the structures are mesoporous with a high adsorption capacity in the higher relative 

pressure region (P/P0 > 0.8) (Tian et al. 2020; Rosa et al. 2021; Goel et al. 2022). The calculated 

BET surface areas (SBET) were determined by computing the area under the adsorption branch 

of the isotherm within the linear region (P/P0: 0.06–0.2 for g-C3N4@Fe3O4; P/P0: 0.05-0.18 for 

BNNS@Fe3O4).   

The texture properties of fresh g-C3N4@Fe3O4 were observed SBET (54 m2/g), Vpore (0.21 

cm3/g), and dpore (170 Å); and for BNNS@Fe3O4 were observed SBET (96 m2/g), Vpore (0.19 

cm3/g), and dpore (106 Å), respectively, as presented in Table 7. Several other studies have been 

reported similar ranges of SBET and Vpore for g-C3N4@Fe3O4 and BNNS@Fe3O4 (Bangari et al. 

2019; Bangari et al. 2020; Rosa et al. 2021). The inclusion of finer particles is believed to 

induce the exfoliation of g-C3N4 and BNNS sheets, resulting in increased SBET and Vpore, as 

suggested by Yang and team (Yang et al. 2016). It's crucial to note that larger surface areas can 

offer more active sites for sorption, thereby enhancing performance and facilitating the 

adsorption, desorption, and diffusion of reactants and products (Wang and Yang 2017; Dee et 

al. 2023). Therefore, besides being manipulable through magnetic field application, the 

integration of magnetic nanoparticles can also contribute to improved efficiency in pollutant 

removal. Remarkably, following the adsorption of MPs, there was a notable reduction in the 

surface area and cavity characteristics (Vpore, and dpore) of g-C3N4@Fe3O4 and BNNS@Fe3O4. 

The SBET, Vpore, and dpore of g-C3N4@Fe3O4 decreased to 32.28 m2/g, 0.14 cm3/g, and 155 Å, 

respectively, whilst BNNS@Fe3O4 properties decreased to 71.97 m2/g, 0.18 cm3/g, and 76 Å 

for SBET, Vpore, and dpore, respectively. Several factors may lead to the decrease in the SBET, 
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Vpore, and dpore of the used MNCs after treatment. These factors encompass: (a) the deposition 

of carbon impurity within the MNC pores, appearing as intermediate compounds produced 

during the reaction, and (b) the collapse of the MNC pores (Parvas et al. 2019; Kumar et al. 

2023a).  

Table 7: Textural properties analysis of fresh and used g-C3N4@Fe3O4 and 

BNNS@Fe3O4 

MNC SBET (m2/g) Vpore (cm3/g), dpore (Å) 

Fresh g-C3N4-Fe3O4  54 0.21 170 

Used g-C3N4-Fe3O4 32.28 0.14 155 

Fresh BNNS-Fe3O4 96 0.19 106 

Used BNNS-Fe3O4 71.97 0.18 76 

 

3.5.2.6. X-ray Photoelectron Spectroscopy (XPS) 

The surface composition, valance state, and oxygen vacancies of MNCs were investigated 

using XPS analysis (Kumar et al. 2020b). The survey scan spectrum before and after treatment 

(physiosorption), as displayed in Figure 17 (a-b) exhibited intense signals of Fe2p, B1s, O1s, 

C1s, N1s, in BNNS@Fe3O4 and Fe2p, O1s, C1s, N1s in g-C3N4@Fe3O4, which confirms the 

presence of elements in the respective samples. The Fe2p core-level XPS spectra of 

BNNS@Fe3O4, exhibited in Figure 18 (a) was deconvoluted into four characteristic bands of 

Fe species located near binding energies ~724.3 eV, ~711.1 eV, ~721.2 eV and ~708 eV. The 

bands at ~721.2 eV and ~724.3 eV correspond to Fe2p1/2 Fe3+ and Fe2+ oxidation states. The 

bands at ~711.1 and ~708 eV correspond to Fe2p3/2 Fe2+ and Fe3+ oxidation states (An et al. 

2014; Nene et al. 2016). After treatment, there is no significant change noticed at bands located 

at Fe2p3/2 corresponding to binding energy ~711.1 and ~708 eV (Fe2+ and Fe3+ oxidation 

states). For Fe2p1/2, spectral band located at ~724.3 eV exhibited no change in binding energy, 
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however, a decrease in peak intensity was observed whilst spectral band located at ~721.2 eV 

shifted towards the higher binding energy of ~721.8 eV. This might be due to an alteration in 

the relative composition of Fe3+ and Fe2+ phase on the MNC surface. Similarly, in the case of 

NM g-C3N4@Fe3O4, the Fe2p core-level XPS spectra (Figure 18 (b)) deconvoluted into four 

characteristic bands. Two characteristic spectral bands positioned at ~720.9 eV and ~724.1 eV 

can be attributed to Fe2p1/2 Fe3+ and Fe2+ oxidation states whilst the bands at ~707.7 eV and 

~711.2 eV can be attributed to Fe2p3/2 Fe3+ and Fe2+ oxidation states, respectively. After 

treatment, no significant changes were observed in the spectral peak intensity and there was no 

observable shift in the binding energy of both Fe2p1/2 and Fe2p3/2. The bands in the Fe2p1/2 and 

Fe2p3/2 states indicate the presence of Fe3+ and Fe2+ ions thereby confirming the existence of 

Fe3O4 particles (Zhao et al. 2017). Numerous studies have reported similar results for both 

MNCs (BNNS@Fe3O4 and g-C3N4@Fe3O4) (Ai et al. 2019; Zhong et al. 2020; Li et al. 2022). 

The C1s spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4 were each deconvoluted into three 

characteristic peaks as displayed in Figure 19 (a-b), respectively. For BNNS@Fe3O4, the bulk 

of the carbon atoms in the MNC maintained their hexagonal crystalline structure (2D), as 

evidenced by the primary component band, which is located at ~284.1 eV and correlated to the 

graphitic C–C bonds (Matsoso et al. 2017). The creation of boron carbide bonds, either as BC3 

or B4C, is attributed to the component band at lower binding energy (~282.8 eV) (Uddin et al. 

2005). Moreover, the last band, which is positioned at a higher binding energy of ~287 eV, is 

ascribed to oxygenated C atoms (C=O and N–C=O/O–C=O) near the domain boundaries and/or 

defect sites (Lin et al. 2012). After treatment, there is a decrease in peak intensity of C–C bonds 

with a shift towards a higher binding energy of ~284.8 eV, whilst a minute shift towards higher 

binding energy of ~287.1 eV is observed for oxygenated C atoms (C=O and N–C=O/O–C=O), 

with a decrease in peak intensity. The band correlating to BC3 or B4C (sp2 hybridised C) was 

enhanced with the band shifting slightly towards a higher binding energy of ~283 eV. This may 
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be attributed to the formation of some intermediates during the reaction due to the cleavage of 

the MP polymer chain that is adsorbed on the surface. In Figure 19 (b), in the case of g-

C3N4@Fe3O4, the intense spectral bands located near binding energy of ~283.4 eV and ~284.8 

eV and ~287.1 eV can be attributed to sp2 C–C bonding, C–N– group bonding configurations, 

and sp3 hybridised carbon atoms (C−NHx), respectively (Lin et al. 2012). The sp2 C–C bonding 

matches the sp2 hybridized carbon of triazine ring (N=C−N) (Xing et al. 2022). After treatment, 

band corresponding to C–N– group bonding configurations was enhanced with a shift towards 

the higher binding energy of ~285.1 eV whilst no change in the binding energy of the sp2 C–C 

bonding was observed, with a decrease in band intensity, indicating no deformation in the 

structure of the g-C3N4@Fe3O4 NM. A decrease in band intensity was also noticed for C−NHx 

which could be attributed to the adsorption of MPs on the surface of NM. Furthermore, 

deconvoluted O1s spectrum produced three spectral bands for BNNS@Fe3O4 and g-

C3N4@Fe3O4 as shown in Figure 20 (a-b), respectively. For BNNS@Fe3O4, corresponding to 

the bonds O=C/O-C (lattice oxygen), Fe-O (surface adsorbed oxygen) bonding configuration 

and O-H/O–B (carbonated oxygen) bonds is spectral band ~529.2 eV, ~531.1 eV and ~532.3 

eV, respectively (Matsoso et al. 2017; Rosa et al. 2021). After treatment, the surface adsorbed 

oxygen and carbonated oxygen displayed no significant changes in the binding energy, 

however peak intensity for carbonated oxygen decreased. The areas of fitted peaks represents 

the oxygen species composition (Kumar et al. 2021a). Therefore the decrease in the 

composition of carbonated oxygen indicates the consumption of oxidative oxygen species 

(Kumar et al. 2021a). The lattice oxygen peak intensity increased and shifted towards a higher 

binding energy of ~529.5 from ~529.2 eV. This may be due to potential structural alteration as 

a result of the physiosorption of the MPs in the lattice spacing. It's interesting to note that O-N 

bonds could also be responsible for the component band at ~529.2 eV (Matsoso et al. 2017). 

Regarding the O1s XPS core spectra for g-C3N4@Fe3O4, the Fe-O (surface adsorbed oxygen) 
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bonds correspond to spectral band located at ~531.2 eV, whereas the O-H (carbonated oxygen) 

group corresponds to the spectral band positioned at ~532 eV (Tang et al. 2016; Zhao et al. 

2019). The final spectral band at ~527.5 eV can be attributed to lattice oxygen (Figure 20 (b)). 

After treatment, no change in binding energy was noticed for carbonated oxygen, however the 

peak intensity decreased. The surface adsorbed oxygens peak intensity decreased in the 

chemisorption reaction and the binding energy was shifted toward a lower binding energy 

whilst the lattice oxygen peak intensity was increased and shifted towards a higher binding 

energy corresponding to ~528.1 eV. This could potentially be attributed to structural alteration 

due to the physiosorption of MPs. It is important to note that in the O1s spectra of both g-

C3N4@Fe3O4 and BNNS@Fe3O4, the highest bands present correspond to Fe-O bonding 

configuration. This indicates that majority of the O atoms are bonded to Fe atoms. Two 

component bands that corresponded to sp2-N–B (~398.0 eV) and N–C (~399.2 eV) were 

generated by deconvolution of the N1s signal for BNNS@Fe3O4 exhibited in Figure 21 (a). 

This MNC has sections of pyrrolic domains, as shown by the presence of N–C bonding 

topologies. Furthermore, the comparatively high and pronounced sp2-N-B peaks demonstrated 

the great affinity of nitrogen for boron atoms, strongly suggesting the existence of h-BN 

domains (Matsoso et al. 2017), indicating the existence of sheets. There were no significant 

changes noticed in the band intensity and binding energy of the deconvoluted bands in the N1s 

spectra after treatment. Similarly, N1s spectrum of g-C3N4@Fe3O4 was deconvoluted in to two 

characteristic bands as depicted in Figure 21 (b). Spectral bands ~398.2 eV and ~399.1 eV 

corresponds to sp2 hybridisation N (C–N=C) and tertiary nitrogen bonding to carbon atoms in 

the arrangement of (N–(C)3) (Li et al. 2022). After treatment, there were no significant changes 

observed in the binding energy of the deconvoluted bands in the N1s spectra. However, a 

decrease in (N–(C)3) band intensity was noticed whilst an enhancement of band correlating to 

sp2 hybridisation N (C–N=C) was noticed. Therefore, only a change in composition was 
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observed. In addition, the B1s spectra of BNNS@Fe3O4 (Figure 22) was deconvoluted into 

three bands where atomic bonding of sp2–B–N, B–O and B–Fe bonding configuration 

corresponds to binding energy ~189.4 eV, ~194.2 eV and ~196 eV, respectively.  The intense 

spectral band located at ~196 eV indicates that B atoms are strongly bonded with Fe. After 

treatment, bands corresponding to sp2–B–N and B–Fe bonding configuration displayed a 

minute shift towards a higher binding energy from ~189.4 eV to ~189.5 eV and ~196 eV to 

~196.2 eV, respectively, with both bands exhibiting a decrease in intensity. Band 

corresponding to B–O revealed no significant alteration in band intensity and binding energy. 

Similar results have been reported for all XPS spectrum signals for BNNS@Fe3O4 (Matsoso et 

al. 2017; Dee et al. 2023) and for g-C3N4@Fe3O4  (Rosa et al. 2021; Li et al. 2022), 

respectively.   

 

  

 

Figure 17: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: survey scan spectra of (a) fresh 

and used BNNS@Fe3O4, (b) fresh and used g-C3N4@Fe3O4 

(a) (b) 
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Figure 18: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: Fe2p spectra of (a) fresh and 

used BNNS@Fe3O4, (b) fresh and used g-C3N4@Fe3O4 

 

 

 

 

 

(b) (a) 
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Figure 19: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: C1s spectra of (a) used and 

fresh BNNS@Fe3O4, (b) used and fresh g-C3N4@Fe3O4 

 

(a) (b) 
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Figure 20: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: O1s spectra of (a) used and 

fresh BNNS@Fe3O4, (b) used and fresh g-C3N4@Fe3O4 

(a) (b) 
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Figure 21: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: N1s spectra of (a) used and 

fresh BNNS@Fe3O4, (b) used and fresh g-C3N4@Fe3O4 

 

 

 

 

 

 

(a) (b) 
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Figure 22: XPS spectra of BNNS@Fe3O4 and g-C3N4@Fe3O4: B1s spectra of used and fresh 

BNNS@Fe3O4 
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3.6. Conclusions 

In conclusion, the comprehensive characterization of the synthesized g-C3N4@Fe3O4 and 

BNNS@Fe3O4 MNCs through various analytical techniques, including XRD, FTIR, zeta 

potential, FESEM, TEM, BET, TGA, and XPS, revealed detailed insights into their structural, 

morphological, and textural properties. The highest specific surface area was attained at ratio 

1:5 (boric acid : urea) for BNNS@Fe3O4,  while the largest surface area was obtained at 600 

°C for g-C3N4@Fe3O4. The surface area for g-C3N4@Fe3O4 and BNNS@Fe3O4 was 54 and 96 

m2/g, respectively. The XRD patterns confirmed the orthorhombic crystalline structure of both 

MNCs, with excellent chemical stability observed in used samples. FTIR spectra identified key 

functional groups, indicating robust integration of iron oxide nanoparticles into the g-C3N4 and 

BNNS matrices. Zeta potential measurements highlighted the surface reactivity and point of 

zero charge/ isoelectric point, while FESEM and TEM analyses elucidated the granular, porous 

morphology and homogeneous distribution of Fe3O4 on the surface. In addition, BET analysis 

determined the specific surface area and pore-cavity characteristics of the MNCs, revealing 

that g-C3N4@Fe3O4 had larger pore-cavity characteristics, leading to more active sites being 

present which enhances their adsorption capabilities. Moreover, XPS provided detailed 

information of surface composition and oxidation states. The MNCs were confirmed to be 2D 

structures making them most suitable for application in water matrices. Overall, the MNCs 

demonstrated a porous morphology, excellent structural integrity and chemical stability, 

making them strong candidates for sustainable drinking water and wastewater treatment for 

MP removal. 
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CHAPTER FOUR: Optimization of operational parameters magnetic 

nanocomposite dose, pH, time and MP dose for microplastic removal 

4.1. Introduction  

The presence of hazardous MPs in aquatic environments poses significant health risks to biota, 

motivating researchers to develop effective methods for removing these pollutants from 

drinking water and wastewater. To achieve maximum removal efficiencies and sorption 

capacities of contaminants on sorbent materials, it is essential to optimize the purification 

technology by fine-tuning the independent process variables to their optimal values (Bayuo et 

al. 2022). Several treatment methods have been investigated to remove contaminants from both 

synthetic and real wastewaters, such as filtration, ion exchange, chemical precipitation, 

electrocoagulation, bioremediation, and adsorption (Mahmoud et al. 2021). However, except 

for the adsorption process, these methods often have significant drawbacks, including high 

costs, the generation of large volumes of waste, and failure to meet international standards 

(Egirani et al. 2021).  

The effectiveness of the adsorption process (sorption capacities of potential adsorbents) is 

influenced by various factors (Nazari et al. 2021). Research has shown that the 

physicochemical properties of the solutions—such as presence of interfering ions, temperature, 

pH, agitation/shaking speed and time, initial contaminant concentration (dose), and particle 

size—significantly affect the performance of any adsorbent. To examine the interactions 

among these independent factors, a significant amount of sorption studies have been conducted 

(Bayuo et al. 2022). With regards to determining interactive behaviour between the 

independent variables during the adsorption process, the conventional experimental techniques 

typically dictate that by varying one variable at a time, the influence of operating factors on the 

adsorption of pollutants (MPs) onto NMs can be assessed (Bayuo et al. 2022).  
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Numerous studies on NMs have been conducted to date in an effort to develop applications for 

pollutant abatement in water treatments, and they exhibit remarkable promise as an 

indispensable means of adsorbing pollutants from wastewater due to optimising various 

operating parameters (Hanafiah et al. 2018). For example, PS MPs were eliminated using ZIF-

67, wherein investigations were conducted into the effects of multiple factors, including ZIF-

67 dose, MPs concentration, sample pH, temperature, and contact time. Under optimised 

operating parameters, ZIF-67 eliminated roughly 92.1% of PS MPs (Wan et al. 2022), 

displaying noteworthy removal. In a different study, PS-NPs were extracted from water using 

a bimetallic carbon composite (CuNi@C). There were variations in the operating parameters 

pH, time, and CuNi@C dose. Maximum PS-NP elimination was determined to be 99.18% at 

optimised parameters of CuNi@C dose: 0.3 g/L, pH:4 and reaction time: 11 h (Zhou et al. 

2022). In a study by Zheng et al. (2022), the very effective polydopamine enhanced magnetic 

chitosan (PDA-MCS) aerogels were created to adsorb PET MPs. Herein, pH, time, PDA-MCS 

dose, and temperature were the variable operational parameters for the MP removal 

experiments. A remarkable removal efficiency of 91.6% was reported (Zheng et al. 2022).  

In the case of chemically modified NMs, the greater surface area also offers more reactive 

surfaces. Therefore, it is beneficial to apply chemically modified/ functionalised NMs for 

pollutant removal from water matrices. It is still unknown what interaction mechanisms allow 

contaminants such as MPs to be removed from aqueous solutions (Mathur et al. 2022). Sorption 

is one of the forefront techniques for extracting pollutants from tainted water because of the 

chemical interactions that occur between NMs and pollutant (MPs) (Xiong et al. 2015). NMs 

with large adsorptive surfaces, entraps pollutants via functional groups that include physical 

and chemical interactions in the adsorption mechanism. The interaction mechanisms between 

pollutants (MPs) and NMs are highly specific, influenced by the unique properties of both the 

NM used and the target pollutant (Menéndez-Pedriza and Jaumot 2020). Factors such as 
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surface charge, specific functional groups, and size of the NM may influence the nature of the 

interactions. Additionally, the MPs chemical structure, size, available surface area, and 

crystallinity significantly affect how it binds or interacts with the NM to remove the pollutant 

from wastewater (Menéndez-Pedriza and Jaumot 2020). NM-based adsorption in wastewater 

treatment may be divided into three fundamental categories (Saleh and Gupta 2014) based on 

the kind of NM used: nano-adsorbents, nanomembranes, and nano-catalysts (Palani et al. 

2021). Herein, this chapter focuses on the optimisation of nano-adsorbents g-C3N4@Fe3O4 and 

BNNS@Fe3O4 for the removal of MPs from drinking water and wastewater. Once optimized, 

the MNCs are evaluated for their efficacy in the application removal of different size and types 

of MPs from Milli-Q water as well as MPs removal from wastewater and drinking water. 

Lastly, this chapter investigates the mechanistic interactions between the MPs and MNCs based 

on quantum chemistry calculations in literature as well as the XPS results.  

4.2. Materials  

PE powder (avg. particle size 125 µM CAS # 9002-88-4), PP (3 mm SKU# GF28090122), high 

density PE (HDPE, 5 mm, SKU# GF21422900), low density PE (LDPE, 5mm, SKU# 

GF93085308), acetone EMPLURA® ((≥99.0 purity/assay, CAS# 67-64-1) and sodium 

hydroxide pellets EMSURE® (≥99% purity/assay CAS# 1310-73-2) were purchased from 

Merck. Steel mesh sieves (25, 180 and 500 µM) were designed by and purchased from Yaksha 

Scientific. Liquid nitrogen was purchased from Afrox (Linde Company). Neodymium fishing 

magnet with stainless steel hook (75mm diameter, pulling force 250kg) was obtained from 

Lichro Chemical and Laboratory Supplies C. All aforementioned chemicals were utilised as 

received unless otherwise stated. All solutions were prepared with ultrapure deionized Milli-Q 

water (18.2 MΩ cm), acquired from a Millipore water purification system in the laboratory. 

 

https://www.sigmaaldrich.com/ZA/en/product/aldrich/gf21422900
https://www.sigmaaldrich.com/ZA/en/product/aldrich/gf93085308
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4.2.1.  Preparation of PS-MPs 

 In this study, plastic cups were used a source of PS MPs. The plastic cups were broken into 

equal pieces and transferred to a coffee grinder (200W, 240V). Thereafter, approximately 160 

mL of liquid nitrogen was added to the coffee grinder and ground for ~1 min 30 sec with a 

break of 20 sec (to prevent overheating). This was done for several rounds until the PS 

exhibited a fine powder consistency. The PS powder was then passed through different size 

sieves (500 µM, 180 µM and 25 µM) to obtain MPs particles with similar size range for the 

following experiments. This resulted in the collection of 2 sets of PS-MPs viz., PS (180-500 

µM) and PS (25-180 µM). 

4.3. Experimental procedure 

4.3.1. Adsorption experiments for optimisation of parameters  

4.3.1.1. Determination of optimum adsorbent dose 

A combination of two different MP types, PS and PE (PE=125 µM, PS = 25-180 µM) were 

spiked into separate flasks containing 250 mL Milli-Q water, each at a MP concentration of 0.5 

g/L (Shi et al. 2022b). For the appropriate dosage of MNC needed, a concentration gradient 

experiment was conducted. Five different groups of MNC were set at 0.3, 0.6, 0.9, 1.2 and 1.5 

g/L, respectively. Three parallel experiments were performed for each of the concentration 

groups to ensure that the experiment is conducted in triplicate. After the addition of the MNC, 

the flasks were agitated using a shaking incubator at 25 °C at 150 rpm (Shi et al. 2022b) for 

five hours. Thereafter the MPs-MNC complex was removed via the application of a magnet 

with magnetic force: ~250 Kg. Subsequently, the MPs-MNC complex was separated from the 

magnetic surface and collected in a beaker using ultra-pure water. This was then subjected to 

filtering utilising a vacuum filter apparatus with a 0.22 µM filter paper. Subsequently, the 

samples were dried at 50 °C for 10 min. The MPs-MNC complex underwent MNC regeneration 
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wherein the MPs and MNC was separated from each other according to section 4.3.3. The MPs 

were then weighed. Following this, the removal efficiency was calculated using Eq. (3) (section 

4.3.4.) (Shi et al. 2022b). It is important to note that these experiments were performed 

separately for BNNS@Fe3O4 and g-C3N4@Fe3O4 MNC to assess their individual efficiency. 

4.3.1.2. Determination of optimal pH 

A series of experiments were conducted, wherein six different pH groups (2, 3, 4, 5, 7 and 9) 

were set up to determine the optimal pH for both BNNS@Fe3O4 and g-C3N4@Fe3O4 MNCs 

separately, for the removal of PS and PE MPs (PE=125 µM, PS = 25-180 µM). Three parallel 

experiments were performed for each of the groups to ensure that the experiment was 

conducted in triplicate and the average was taken. To each pH group, the same concentration 

of MNC was added (optimum adsorbent dose). The treatment duration was conducted at a fixed 

time. After treatment, the MPs-MNC complex underwent MNC regeneration (section 4.3.3.) 

to ensure their complete separation and the estimation of MPs removal efficacy, according to 

section 4.3.4., was calculated to establish an optimal pH (Shi et al. 2022b).  

4.3.1.3. Determination of optimal treatment time 

The experiments were conducted for 2, 3, 4, 5, 6, 8 and 10 hours for g-C3N4@Fe3O4 whilst 

treatment hours 2, 3, 4, 5, 6, 8, 10, 12, 14 were employed for BNNS@Fe3O4. All the 

experiments were done in triplicate. To each set of triplicate experiments, the same 

concentration of MNC was added (optimum adsorbent dose) whilst the pH was adjusted to the 

optimum values, respectively. After treatment, the MPs-MNC complex underwent MNC 

regeneration (section 4.3.3.) to ensure their complete separation and the estimation of MPs 

removal efficacy according to section 4.3.4. (Shi et al. 2022b).  
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4.3.1.4. Determination of optimal MPs dose 

All aforementioned studies were conducted utilising a standard of 0.5 g. L-1 (Shi et al. 2022b). 

A gradient experiment was conducted wherein four different MP groups (0.25, 0.5, 0.75 and 1 

g/L) were set to determine the optimum MPs (PE=125 µM, PS = 25-180 µM) dose for both 

BNNS@Fe3O4 and g-C3N4@Fe3O4 MNC separately. The MPs were added in a 1:1 ratio of 

PE:PS (0.25 g/L: 0.25 g/L). All experiments were conducted in triplicate. The optimum 

adsorbent dose, optimum treatment time and optimum pH parameters were used. After 

treatment analysis was the same as above (Shi et al. 2022b). Figure 23 is a schematic depiction 

of the optimisation of the operational parameters for the removal of MPs.  

 

 

Figure 23: Schematic depiction of the optimisation of operational parameters for the removal 

of MPs 
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4.3.2. Application of optimised parameters for MP removal from wastewater and 

drinking water 

4.3.2.1. Removal of different size and types of MPs using the optimal conditions 

The efficiency of the MNCs on different types and sizes of MPs was assessed via the use of a 

range of MPs (PE (125 µM), PS (25-180 µM), PE+PS combo (PE=125 µM, PS = 25-180 µM), 

PS (180-500 µM), PP (3 mm), LDPE (5 mm) and HDPE (5 mm)) in Milli-Q water. Milli-Q 

water flasks were spiked with different sets of MPs, followed by dosing of the MNCs 

separately. The optimum operating parameters were employed, and all experiments were 

performed as described above (section 4.3.1.1., 4.3.3. and 4.3.4.) and in triplicate to ensure 

validity of the data. The residual MNC in Milli-Q water was recovered employing a strong 

magnet with magnetic force: ~250 Kg post-removal treatment. This was done to eliminate 

potential secondary treatment (Shi et al. 2022b).  

4.3.2.2. Removal of MPs from drinking water and treated wastewater  

A combination of two different types of MPs (PE=125 µM, PS = 25-180 µM) were spiked into 

different water matrices (final treated effluent and drinking water). All wastewater was 

ascertained from a domestic WWTP whilst the drinking water was sourced from the tap. A 

combination of MPs was utilised to simulate the confines/parameters of wastewater and 

drinking water. The optimum operating parameters were utilised. Since the optimum MP dose 

was 0.5 g/L, PE (125 µM) and PS (25-180 µM) were each added in a 1:1 ratio (0.25 g/L: 0.25 

g/L) and the experiment was performed in triplicate. Oscillation treatment was conducted at 

180 rpm at 25 °C (Shi et al. 2022b). After treatment, the MPs-MNC complex was subjected to 

the same process mentioned in section 4.3.3 and 4.3.4. The filtrate from the drinking water 

experiments were collected and stored for subsequent experiments. 
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4.3.3. Regeneration of the MNCs  

The adsorption capacity of BNNS@Fe3O4 decreases with an increase in pH (Bangari et al. 

2019). Therefore, in order to regenerate the MNC and dislodge the MPs from it, the used 

adsorbent (BNNS@Fe3O4) was added into 1.0 M NaOH for 24 h at an oscillation treatment of 

180 rpm (Bangari et al. 2019). The same was performed for the g-C3N4@Fe3O4 MNC.  

4.3.4. MPs Removal calculation 

After MNC regeneration, the MNCs and the removed MPs were separated into 2 beakers using 

a magnet. These MPs were then weighed and denoted as MP final. The removal efficiency of 

MPs was calculated according to MPs mass via simulative experiments. Each component in 

the subsequent formula can be understood as follows: 

ⴄ = 
𝑊0−𝑊𝑓

𝑊0
 x 100 %    (3) 

where, ⴄ is defined as the MPs removal (%); W0 is the initial mass of the MPs (g); Wf is the 

final mass of the MPs (g). All  experiments were performed separately for BNNS@Fe3O4 and 

g-C3N4@Fe3O4 MNC to assess their individual efficiency (Shi et al. 2022b).  

4.4. Results and Discussion 

4.4.1. Reaction parameter influence on MPs removal  

 4.4.1.1. MNC dose 

MNC dosage is a critical factor and serves as a primary source of active sites for initiating MPs 

removal. A high MNC dose could increase the expenses associated with the treatment process 

and potentially generate secondary pollution by producing a significant volume of leachate 

containing heavy metal (Fe) ions (Singh and Lo 2017; Kumar et al. 2021a). Therefore, it is 

essential to optimize the MNC dose for MPs removal. The g-C3N4@Fe3O4 and BNNS@Fe3O4 

MNC dose was optimized for the removal of MPs by varying dosage of MNC within the range 
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0.3-1.5 g/L as shown in Figure 24. The MPs removal gradually increased from 22.76 to 67.91% 

and 33.69 to 65.15% for g-C3N4@Fe3O4 and BNNS@Fe3O4, respectively, with an increase in 

adsorbent dose from 0.3 to 1.2 g/L and 0.3 to 0.9 g/L for g-C3N4@Fe3O4 and BNNS@Fe3O4 

respectively at the reaction conditions (i.e., MPs dose: 0.5 g/L; natural pH: 7.3; reaction 

temperature: 25 °C and reaction time: 5 h (for g-C3N4@Fe3O4), and 10 h (for BNNS@Fe3O4)). 

The removal efficiencies of MPs significantly improved with an increase in MNC dose up to 

1.2 g/L (g-C3N4@Fe3O4) and 0.9 g/L (BNNS@Fe3O4), mainly due to the greater availability 

of surface area and adsorption sites (Rosa et al. 2021). However, further increasing the MNC 

dosage beyond 1.2 g/L (g-C3N4@Fe3O4) and 0.9 g/L (BNNS@Fe3O4), resulted in a decrease 

in MPs removal. Hence, 1.2 g/L (g-C3N4@Fe3O4) and 0.9 g/L (BNNS@ Fe3O4) were chosen 

the optimal MNC dose and used in subsequent experiments. This decrease could be attributed 

to MNC overdose. An elevated dosage of adsorbent creates additional active sites for binding, 

typically resulting in an increase in the adsorption efficiency. However, when the adsorbent 

dosage becomes excessively high, it can lead to the formation of aggregates, consequently 

resulting in a decreased number of available active sites and thereby, a reduction in adsorption 

(Padmavathy et al. 2016; Pfeifer and Skerget 2020). A similar trend wherein a decrease is 

observed after the optimum adsorbent dose has been reported by Bangari and team (Bangari et 

al. 2019). 
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Figure 24: Optimisation of MNC dose (g/L) for g-C3N4@Fe3O4 and BNNS@Fe3O4  

 

4.4.1.2. Influence of initial pH 

Previous studies have documented that the surface charge of the adsorbent is altered in response 

to the initial pH of the solution and has a strong effect on surface binding sites (Ates and Oymak 

2020; Adegoke et al. 2023; Mohrazi and Ghasemi-Fasaei 2023; Tatarchuk et al. 2023).  The 

effects of pH on MPs removal were explored with a wide pH range (2-9) for g-C3N4@Fe3O4 

and BNNS@Fe3O4. As illustrated in Figure 25, the removal efficiency of MPs increased from 

pH 2 (41.80%) to pH 4 (96.06%) for g-C3N4@Fe3O4. This can be correlated to the pH and zeta 

potential. As the pH increases from 2 to 4, the zeta potential continuously decreases, causing 

the surface charge of the MNC to shift from negative at pH 2 to positive at pH 4.This results 

in the g-C3N4@Fe3O4becoming positively charged at  pH 4, facilitating strong interaction of 

negatively charged MPs with active sites as a result of electrostatic interaction and Van Der 

Waals forces  (Subbaramaiah et al. 2013; Singh and Lo 2017; Kumar et al. 2020b). MPs often 

possess negative charges due to functional groups such as carboxyl (-COOH), hydroxyl (-OH) 
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and Carbonyl (-C=O) groups present on their surface, which confer a negative surface charge. 

Additionally, in wastewaters or experimental solutions, negatively charged ions (e.g., Cl⁻, 

SO₄²⁻, NO₃⁻) can adsorb onto the MP surfaces, imparting a negative charge. These groups 

dissociate in aqueous environments, imparting a negative charge to the MPs. Ultimately, 

allowing them to adsorb to the positively charged MNC. Thereafter, removal efficiency begins 

to decrease continuously from pH 5 (82%) to 9 (15.10%) at reaction conditions (i.e., g-

C3N4@Fe3O4 dose 1.2 g/L, MPs dose 0.5 g/L, temperature 25 °C and time 5 h). This can be 

attributed to the increasingly negative values of zeta potential in alkaline medium, which 

reduces the electrostatic interactions between the negatively charged MPs and the negatively 

charged sites of the MNC, resulting in decreased adsorption of MPs (Rosa et al. 2021). The 

steady reduction in removal efficiency is ascribed to the gradual decline in protonation in strong 

acidic medium. In the case of BNNS@Fe3O4, as can be deduced from Figure 25, MPs removal 

efficiency improved as pH increased from pH 2 (36.07%) to pH 3 (82.58%). The removal 

efficiency diminished as pH increases, with pH 5 having the lowest MPs removal efficiency 

(18.79%), whilst pH 7 and 9 exhibited no removal. Therefore, the electrostatic repulsion is 

enhanced with a stepwise increase in pH, resulting in decreased adsorption until there is no 

adsorption. This can be correlated to the pHpzc. At pH values below the pHpzc, the surface active 

sites of the BNNS@Fe3O4 become positively charged as a result of H+ ion reactions. This leads 

to significant electrostatic attraction and Van Der Waals forces between the BNNS@Fe3O4 and 

negatively charged MPs species, facilitating high adsorption. Conversely, when the pH exceeds 

the pHpzc, the surface charge of the MNC becomes negative due to the adsorption of OH– ions. 

This results in the repulsion of negatively charged MPs species (Bangari et al. 2019). Herein 

the pHpzc for BNNS@Fe3O4 is pH 4.3, whilst the optimum pH was observed to be pH 3 owing 

to the aforementioned described interaction. A large decrease is observed in removal efficiency 

between pH 3 (82.58%) and pH 4 (31.92%) (approaching deprotonation). Since pH 4.3 exhibits 
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a surface charge of 0, surface active sites on BNNS@Fe3O4 at pH 4 are still positively charged 

allowing MPs removal, however it is a weaker acid than pH 3 and is weakly protonated due to 

fewer H+ ions, hence the lower removal efficiency.  At pH 5, the removal efficiency is 18.79% 

due to the scarce H+ ions which impart a weak positive charge to the active sites of 

BNNS@Fe3O4, permitting limited removal. At pH 7 and 9, 0% removal of MPs is facilitated 

as a result of the strongly negatively charged BNNS@Fe3O4 surface active sites due to the 

abundance of OH– ions present in the strong alkaline medium which displays strong 

electrostatic repulsion to negatively charged MPs.  

 

Figure 25: Optimisation of pH for g-C3N4@Fe3O4 and BNNS@Fe3O4 

4.4.1.3. Influence of sorption time 

The sorption time of MPs removal with g-C3N4@Fe3O4 and BNNS@Fe3O4 MNC were 

optimized within the range of 2- 14 h, as shown in Figure 26. Initially, both experiments were 

conducted with identical durations; however, it was observed that the removal efficiency 

continued to increase for BNNS@Fe3O4. Consequently, the experiment was extended until a 

plateau was reached to fully capture the removal efficiency dynamics of BNNS@Fe3O4. The 
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MPs removal efficiency gradually increased with time from 2 h (59.87%) to 5 h (94.89%) for 

g-C3N4@Fe3O4 and from 2 h (9.78%) to 12 h (88.28%) for BNNS@Fe3O4, respectively at 

reaction conditions (i.e., g-C3N4@Fe3O4 dose 1.2 g/L, MPs dose 0.5 g/L, pH0 4, and 

temperature 25 °C; and BNNS@Fe3O4 dose 0.9 g/L, MPs dose 0.5 g/L, pH0 3, and temperature 

25 °C). This increase is due to the availability of more surface binding sites on the MNCs 

surface (Sahoo et al. 2020), allowing electrostatic interaction and Van Der Waals forces to 

form (Ray et al. 2020). In the case of BNNS@Fe3O4 there was a decrease from 12 h (88.28%) 

to 14 h (82.14%). This is due to insufficient surface binding sites on the MNC (Sahoo et al. 

2020). This phenomenon may be caused by the formation of nanoparticle aggregates or 

possibly flocs which may have blocked the active sites of the MNC resulting in a reduced 

number of available active sites  (Tu et al. 2006; Yadav and Srivastava 2017; Kumar et al. 

2020b). In the case of g-C3N4@Fe3O4, a decrease was observed from 5 h (94.89%) to 8 h 

(87.4%), followed by a slight increase at 10 h (88.81%). This decrease can also be attributed 

to the formation of MNC aggregates (Tu et al. 2006; Yadav and Srivastava 2017; Kumar et al. 

2020b). However, the slight increase may be ascribed to the nanoparticle floc formation 

breaking during the prolonged oscillation treatment, resulting in a slight increase in the 

availability of available active sites. A similar trend wherein a decrease is observed after the 

optimum time has been reported (Bangari et al. 2019). According to the SBET, BNNS@Fe3O4 

should be the better-performer since it has a larger surface area. Yet, the results clearly 

showcase g-C3N4@Fe3O4 as the better-performing MNC. This is due to the larger Vpore, dpore, 

and σpore of g-C3N4@Fe3O4. Typically, a larger surface area equates to more available active 

sites that can interact with the reactant molecule (Worstell 2014). However, this usually means 

that the Vpore, dpore, and σpore has increased accordingly. The higher pore volume, pore diameter 

and pore width indicate larger pore-volume cavities present in the g-C3N4@Fe3O4, leading to 

more active sites being present (Goel et al. 2022), (Vpore is significantly greater, whilst dpore is 
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more than 2x greater and σpore is almost 2x greater than BNNS@Fe3O4), thereby facilitating a 

higher removal efficiency. Moreover, the textural properties also suggest that g-C3N4@Fe3O4 

is a more porous MNC, due to  the presence of more pore-volume cavities (Goel et al. 2022).   

 

Figure 26: Optimisation of time for g-C3N4@Fe3O4 and BNNS@Fe3O4 

4.4.1.4. Influence of initial dose of MPs 

The contaminant dose (MPs) is essential since it provides the MPs removal limit/capacity per 

adsorbent dose. The MPs utilised for all optimization experiments are a combination of PE+PS 

MPs (PE=125 µM, PS = 25-180 µM). Using a combination of two types of MPs for 

optimization provides a more comprehensive assessment of the removal process by accounting 

for variations in size and composition, and better simulates real-world conditions where 

multiple MP types are present. This approach enhances the generalizability and effectiveness 

of the removal method, ensuring it performs robustly across diverse scenarios.  The effects of 

different doses of MPs were evaluated within the ranges 0.25-1 g/L, as displayed in Figure 27. 

The removal efficiency gradually decreased from 95.56% (0.25 g/L) to 41.17% (1.0 g/L) for 

g-C3N4@Fe3O4 and 89.05% (0.25 g/L) to 36.4% (1.0 g/L) for BNNS@Fe3O4, at the reaction 
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conditions (g-C3N4@Fe3O4 dose 1.2 g/L, pH0 4, temperature 25 °C, time 5 h; BNNS@Fe3O4 

dose 0.9 g/L, pH0 3, temperature 25 °C, time 12 h ). Interestingly, as the MPs dose 

concentration increased, the removal efficiency significantly decreased. This could be ascribed 

to an increase of the MPs resulting in insufficient availability of active sites, causing the 

remainder of MPs to remain behind in solution. A slight reduction in the removal efficiency 

were noticed from MPs dose 0.25 g/L (95.56%) to 0.5 g/L (94.89%) for g-C3N4@Fe3O4, and 

0.25 g/L (89.05%) to 0.5 g/L (87.14%) for BNNS@Fe3O4, respectively. This minimal 

reduction indicates the abundance of active sites present on both adsorbents surface, i.e. the 

saturation limit was not reached at 0.25 g/L. Hence, 0.5 g/L was chosen as the optimum MPs 

dose. However, a significant reduction MPs were noticed while further increasing the initial 

dose of MPs from 0.5 g/L (94.89% and 87.14%) to 0.75 g/L (72.2% and 66.39%) for g-

C3N4@Fe3O4 and BNNS@Fe3O4, respectively, revealing that beyond 0.5 g/L, the saturation 

capacity was reached, with any MPs dose beyond this being unfavourable. Similar trend have 

been observed by Shi and team for MPs removal (Shi et al. 2022b). 

 

Figure 27: Optimisation of MP dose (g/L) (PE+PS (PE=125 µM, PS = 25-180 µM)) for g-

C3N4@Fe3O4 and BNNS@Fe3O4 
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4.4.2. Application of optimized key parameters for MPs removal  

 4.4.2.1. Removal of different size and types of MPs from Milli-Q water  

In this study, different size and types of MPs were utilised to assess the efficacy of g-

C3N4@Fe3O4 and BNNS@Fe3O4 as displayed in Figure 36, appendix 5. The maximum removal 

of PE (96.16%, size 125 µM), PS1 (92.5% , size 25-180 µM), PE+PS combo  (94.89%, size 

PE=125 µM and 25-180 µM), PS2 (45.62%, size 180-500 µM), PP (0%, size 3 mm), LDPE 

(0%, size 5 mm) and HDPE (0%, size 5 mm) were noticed with MNC g-C3N4@Fe3O4 under 

optimum operating conditions (g-C3N4@Fe3O4 dose 1.2 g/L, pH0 4, MPs dose 0.5 g/L, 

temperature 25 °C, time 5 h) from Milli-Q water. Similarly, the maximum removal efficiency 

of PE (94.44%, size 125 µM), PS (85.96%, size 25-180 µM), PE+PS combo (88.28% , size 

PE=125 µM and 25-180 µM), PS (38.77%, size 180-500 µM), PP (0%, size 3 mm), LDPE 

(0%, size 5 mm) and HDPE (0%, size 5 mm) were observed with MNC BNNS@Fe3O4 under 

optimum operating conditions (BNNS@Fe3O4 dose 0.9 g/L, MPs dose 0.5 g/L, pH0 3, and 

temperature 25 °C) from Milli-Q water (Figure 28). Similar results have been reported for PS 

and PE MPs in a study by Shi et al. (2022), wherein they examined the removal of PS, PE and 

PP MPs from pure water (Milli-Q water) by NM Fe3O4. There were three size-different 

groupings for each type of MP: approximately 900, 500, and 200 µM. The removal efficiency 

of PE, PP and PS MPs was 79–94%, 80–90% and 81–93%, respectively (Shi et al. 2022b). 

Evidenced by literature, size of MPs strongly influences their removal efficacy, which is 

consistent with the results from the present study. A decrease in removal efficiency as MPs 

size increases was observed. This indicates that the MNCs, at optimised operating conditions, 

are ineffective at removing large MPs, potentially due to weak hydrogen bonding and Van Der 

Waals forces. As a result of the large MPs size (PP, LDPE and HDPE), the magnet (magnetic 

force: ~250 kg) was unable to remove the MPs from solution. This could be due to the lack of 

intermolecular Van Der Waals force and weak H-bonding between the MPs and MNCs 
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(Szalewicz et al. 2003; Horiuchi et al. 2022). The results clearly dictate that size plays a crucial 

role in MPs removal efficiency. This is consistent with the literature. For example a study 

investigated the removal of different MPs (PS, PP and PE) and found that small MPs (~200 

µM) and large MPs (~900 µM) was always greater than medium MPs (~500 µM) (Shi et al. 

2022b). Both MNC g-C3N4@Fe3O4 and BNNS@Fe3O4, exhibited the highest removal 

efficiency of PE due to its smaller size (125 µM), enabling maximum interaction between 

active sites and MPs. However, the PS (25-180 µM) removal displayed a lower removal 

efficiency than the PE+PS combo (size PE=125 µM and 25-180 µM) for both MNCs, albeit 

consisting of MPs with size > 25 µM. This can be ascribed to the PS range containing more 

MPs of the size >125 µM, resulting in a slightly reduced removal efficiency than the PE (125 

µM). This is due to the reduced interaction between the surface available active sites and the 

slightly larger MPs. Based on the aforementioned, it is plausible to postulate that smaller sized 

MPs (MPs < 125 µM) and NPs will exhibit a higher removal efficiency. Furthermore, both g-

C3N4@Fe3O4 and BNNS@Fe3O4 MNCs have proven to be efficient for the removal of different 

polymer types.    
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Figure 28: Application of optimised parameters for g-C3N4@Fe3O4 and BNNS@Fe3O4: 

Removal of different size and types of MPs (PS1- 25-180; PS2- 180-500 µM) 

4.4.2.2. Removal of MPs from drinking water and treated domestic wastewater 

It is imperative that the MNCs be evaluated for their removal efficiencies in real wastewater 

effluent. Herein, samples of domestic final treated wastewater effluent were collected from a 

wastewater treatment plant, located in Durban, South Africa. The investigation of MPs removal 

efficiency in different water matrices yielded 93.7 and 86.56% from drinking water via g-

C3N4@Fe3O4 and BNNS@Fe3O4, respectively. The removal efficiency of MPs from Milli-Q 

water to drinking water is similar, there is only a slight decrease. The slight reduction could be 

due to the presence of an extremely low concentration of total dissolved solids (Shah et al. 

2023) which could physically block the active sites on the MNCs surface preventing access of 

those active sites to the MPs. Furthermore, it may be attributed to the low concentration of 

ionic impurities such as cadmium, chlorine, fluoride, nitrate and nitrite which is commonly 

present in drinking water (Shah et al. 2023), which bond to the active sites further impeding 

the MPs removal efficiency. Similar results have been reported by Elmaci, 2020 where MNC 
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C@Fe3O4 was utilised as an adsorbent for the removal of PS beads (3 µM) from drinking water. 

This study was done as a proof of concept to determine the viability of applying magnetic NMs 

for MPs removal from drinking water. Using an external magnet, the MPs were successfully 

extracted from the drinking water after adhering to the composite surface (Elmacı 2020). The 

domestic wastewater effluent was subjected to filtering with a 0.22 µM filter. This was done 

to remove any bacteria present since the surface of the bacterial outer membrane is net 

negatively charged, due to the carboxyl groups and ionized phosphate that are concentrated on 

the bacterial surface, with rare exceptions (Wilhelm et al. 2021). Due to its bacterial surface, 

electrostatic interactions allow metal NMs to bind to bacterial cells (Makabenta et al. 2021; 

Jiang et al. 2024). Therefore, eliminating the presence of negatively charged bacteria eliminates 

its competition with the negatively charged MPs to occupy active sites on the MNCs surface. 

A removal efficiency of 91.91 and 83.78% was observed from domestic wastewater effluent 

filtered with a 0.22 µM filter for g-C3N4@Fe3O4 and BNNS@Fe3O4, respectively, whilst a 

removal efficiency of 90.28 and 82.23% was observed from the same domestic wastewater 

effluent (unfiltered) for g-C3N4@Fe3O4 and BNNS@Fe3O4, respectively (Figure 29). Authors 

Grbic et al. (2019) have reported the similar results wherein they developed a technique that 

uses the hydrophobic surface of plastics to magnetize and extract them magnetically. They 

produced plastic-binding, hydrophobic Fe nanoparticles that enable magnetic recovery. A 

recovery of 92% of 10−20 µM PE and PS beads and 93% of >1 mm MPs (PE, PET, PS, PU, 

PVC, PP) from saltwater was observed. Additionally, 84% of MPs (PE, PS, PU, PVC, PP) 

from freshwater, with sizes ranging from 200 µM to 1 mm (Grbic et al. 2019). The results for 

filtered and unfiltered domestic wastewater effluent were almost similar with the filtered 

sample exhibiting a slightly higher removal efficiency. Moreover, filtering reduces the TDS 

which reduces the ionic effect in the filtered sample. Therefore, filtering may aid in improving 

MP removal efficiencies in complex substrates such as wastewater. The decrease in removal 
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efficiency between the drinking water and the domestic wastewater effluent was expected and 

could be attributed to various ions present in the wastewater effluent. A few of the anionic 

species (SO4
2–, HCO3

–, Cl– and NO3
–ions) that are frequently found in wastewater significantly 

affects the performance of the adsorption process by multitudinous ways such as altering the 

pH levels and competing for available active sites on the MNC surface area (Kumar et al. 

2023b). Both MNCs, g-C₃N₄@Fe₃O₄ and BNNS@Fe₃O₄, exhibited acidic properties, 

performing optimally in acidic media due to protonation of their surface-active sites, which 

facilitated strong electrostatic interactions with negatively charged MPs.  

 

Figure 29: Application of optimised parameters for g-C3N4@Fe3O4 and BNNS@Fe3O4: 

Removal of MPs from different water matrices (Milli-Q water, WWE: Final treated wastewater 

effluent, WWEfiltered: Final treated wastewater effluent filtered with 0.22 µM)  

4.4.3. Plausible mechanism of action/Mechanistic insights 

Understanding the surface chemistry of the PS/PE MPs interacting with g-C3N4@Fe3O4 and 

BNNS@Fe3O4, would assist in postulating the adsorbent-adsorbate mechanism of action as 



 
 

116 
 

displayed in Figure 30. To the best of our knowledge, the removal of MPs by g-C3N4@Fe3O4 

(Figure 30 (a)) and BNNS@Fe3O4 (Figure 30 (b)) has not yet been reported. Therefore, this 

section discusses the potential removal mechanism of MPs via these MNCs. During the 

adsorption process, the adsorbate molecules may adhere to the surface of adsorbents through 

various interactions, which are contingent upon the properties of both the adsorbent material 

and the adsorbate species. These interactions may include hydrophobic, Van Der Waals forces, 

hydrogen bonding, π-π electron interactions and electrostatic forces, among others (Islam et al. 

2018; Sahoo et al. 2020). Calculations using quantum chemistry have demonstrated that π-

electrons are present on the surface of h-BN (Liu et al. 2022); π electrons have also been 

confirmed on the surface of g-C3N4 (Sahoo et al. 2020). The PS-MPs are aromatic molecules 

that have π electrons. Therefore, π-π electron interactions mostly favours the adsorption of PS-

MPs onto g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs.  

Hydrogen dipole-dipole bonding occurs between hydrogen on –(C8H8)n–/ –(C2H4)n–(PS/PE 

MPs) and an electronegative atom with a lone pair of electrons on the MNCs. Moreover, weak 

hydrogen bonds involve less polar X-H groups acting as proton donors, such as C-H bonds 

(Trefil 2001; Szalewicz et al. 2003; Hage 2013; Horiuchi et al. 2022). For BNNS@Fe3O4, H-

bonding could occur with O or N atoms from C=O, N–C=O/O–C=O, O–C,  Fe–O, O–B, O–H, 

sp2–B–N whereas for g-C3N4@Fe3O4, H-bonding could transpire with O or N atoms from 

tertiary nitrogen bonding to carbon atoms in the arrangement of (N–(C)3), C–N–, Fe–O, O–H. 

These specific elemental compositions, along with the chemical and electronic states of the 

atoms within the MNCs have been ascertained from the XPS spectra (Figure 18-22). Moreover, 

both MNCs possess a porous structure and wide surface area with primary/secondary/tertiary 

and a fraction of sp2π-conjugated amines which improves its chemiosorptive and 

physiosorptive adsorbent-adsorbate affinity (Oh et al. 2018). Herein, the N atom in the sp2π-

conjugated amines has an electron lone pair thus facilitating additional H-bonding with PS/PE 
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MPs. Lastly, H-bonding can occur where X-H attaches to a π bond. Thus, H-bonding may 

involve the interaction of electronegative atoms on MNCs (e.g., O or N) with H atoms on 

functional groups of PS/PE MPs, but direct H-bonding with the aromatic protons of PS MPs 

may be unlikely due to their limited polarization. Therefore, while these protons are indeed 

weakly polar, hydrogen bonding in this context is less likely to occur directly with aromatic 

protons. Instead, the hydrogen bonding interactions described in the discussion are more 

plausibly associated with functional groups present on the MNCs and MPs, such as N–(C)3 

and C=O groups on the MNCs and –CH2– or oxygen-containing groups (e.g., –C=O) on the 

MPs. These interactions are supported by the lone pair electrons on nitrogen or oxygen atoms 

within the MNCs, which act as hydrogen bond acceptors (Trefil 2001; Szalewicz et al. 2003; 

Hage 2013; Horiuchi et al. 2022). 

Further interactions may occur between the MNCs and PS/PE MPs. PS/PE MPs are anionic 

polymers. From the pH adsorption experiments of PS/PE MPs, maximum adsorption transpired 

at pH0 4 and pH0 3 for g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs, respectively. At a lower pH, 

the MNC surfaces become protonated due to H+ ions binding to functional groups, leading to 

a net positive charge. This facilitates the attraction of negatively charged PS/PE MPs through 

strong electrostatic interactions, in addition to weak Van Der Waals forces (Ray et al. 2020). 

This occurs through the protonation of the surface (the H+ ions contributing a positive charge 

to the MNCs) since the e- lone pairs behave as proton acceptors. However, at a higher pH, the 

OH– ions in the alkaline solution compete with the negatively charged PS/PE MPs to adsorb 

onto the MNCs surface. This surface then becomes negatively charged and thus repels the 

negatively charged PS/PE MPs through electrostatic repulsion therefore exhibiting decreased 

affinity to PS/PE MPs adsorption (Ray et al. 2020). In the case of g-C3N4@Fe3O4, this was 

ascribed to the replacement of ≡C–NH2 groups on the surface of g-C3N4 with ≡C–OH groups, 

resulting in increased deprotonation (≡C–O–) when exposed to aqueous solutions with higher 
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pH levels (Zhu et al. 2015). Furthermore, the Fe3O4 that is functionalised onto each of the 

supporting materials (g-C3N4 and BNNS) dissociates into Fe2+ and Fe3+ ions which are 

abundantly and homogeneously distributed on the supporting materials surface, therein, 

increasing the surfaces’ positive charge, enabling a stronger electrostatic interaction between 

MNCs and PS/PE MPs. 

Based on the preceding explanation, the adsorption of PS/PE MPs onto g-C3N4@Fe3O4 and 

BNNS@Fe3O4 MNCS could be attributed to four potential interactions: electrostatic 

interaction, π-π interaction, Van Der Waals forces and hydrogen bonding as illustrated in Fig. 

7(a-b). It is important to note that in Figure 30, Fe3O4 is functionalized onto the supporting 

materials (g-C3N4 and BNNS) and is not chemically part of the aromatic structure. This 

functionalization enhances the magnetic properties and positive charge on the MNC surfaces, 

facilitating interactions such as electrostatic forces. The schematic is intended to highlight the 

potential mechanisms rather than represent exact molecular configurations.  
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Figure 30: Interaction mechanistic insights between PS/PE MPs and (a) g-C3N4@Fe3O4, (b) 

BNNS@Fe3O4 MNCs 

 

(a) 

(b) 
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4.5.  Conclusions 

In conclusion, the optimization of MNC dosage is crucial for effective MPs removal, with g-

C3N4@Fe3O4 and BNNS@Fe3O4 demonstrating optimal performance at 1.2 g/L and 0.9 g/L, 

respectively. pH also found to significantly influence MPs removal, with the best performance 

observed at acidic conditions (pH 4 for g-C3N4@Fe3O4 and pH 3 for BNNS@Fe3O4). The 

sorption time required for maximum MPs removal was identified as 5 hours for g-C3N4@Fe3O4 

and 12 hours for BNNS@Fe3O4, with further increases leading to decreased efficiency due to 

nanoparticle aggregation, obstructing active sites.  The initial dose of MPs also played a crucial 

role, with optimal removal efficiencies observed at an MPs dose of 0.5 g/L. Application of the 

optimized parameters to real water matrices demonstrated the efficacy of g-C3N4@Fe3O4 and 

BNNS@Fe3O4 in removing different sizes and types of MPs from Milli-Q water, drinking 

water, and treated domestic wastewater. g-C3N4@Fe3O4 consistently outperformed 

BNNS@Fe3O4, likely due to its superior textural properties, including higher pore volume, 

diameter, and width, which facilitated greater active site availability. Optimal conditions for g-

C3N4@Fe3O4 achieved remarkable removal efficiency of up to 96.16% removal of PE (125 

µm), while BNNS@Fe3O4 reached 94.44%. The removal of different combinations of MPs 

(size and types) followed the same pattern, with smaller MPs demonstrating significantly 

higher removal efficiencies due to enhanced interaction with the active sites on the MNC 

surfaces. Thus, both g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs have proven to be efficient for 

the removal of different polymer types as well as various polymer sizes. Larger MPs (PP, 

LDPE, HDPE, size 3 mm, 5 mm and 5 mm, respectively) showed no removal, likely due to 

weak intermolecular forces and hydrogen bonding. Additionally, the study found comparable 

removal efficiencies for drinking water and domestic wastewater. In practical applications, 

both MNCs showed high removal efficiencies in various water matrices, with minor decreases 
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in efficiency in more complex water compositions, underscoring the robustness and practical 

applicability of these MNCs for MPs removal. 
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CHAPTER FIVE: Comprehensive analysis of magnetic nanocomposite 

performance: reusability, magnetic stability (VSM), phytotoxicity, and cost evaluation 

5.1. Introduction  

Performance analysis of MNCs is critical since it directly influences their removal efficiency, 

reliability, and applicability in diverse fields such as wastewater treatment. This is particularly 

relevant in adsorption-based methods, where high-performance MNCs can significantly 

enhance efficacy. While the adsorption method is not yet commercially available, it has the 

potential to eliminate most pollutants in a reversible and economical way (Rasheed 2022). 

Coalescing adsorption approaches with additional features such as magnetism leads to a more 

efficient and commercially feasible purification technology (Mironyuk et al. 2019). Numerous 

studies have demonstrated the feasibility of MNCs for removing a wide range of water 

contaminants, including heavy metals, pharmaceuticals, emerging organic pollutants, chemical 

wastes, dyes, radionuclides, and pathogens (Wang et al. 2021e). This demonstrates their 

versatility in pollutant removal, making them promising candidates for the removal of MPs 

from water and wastewater. Additionally, the extensive benefits of MNCs include large-scale 

production capability, customizable properties, facile functionalization, recyclability, 

biocompatibility, targetability, easy separation, high adsorption rate, and low toxicity. These 

properties make MNCs highly valuable for environmental applications (Du et al. 2020). As a 

result,  MNCs have become a significant focus of recent research (Wang et al. 2021e), 

particularly in the removal of emerging contaminants such as MPs (Baresel et al. 2019). For 

example, core-shell superparamagnetic artificial nano-melanin NMs can magnetically remove 

PS spheres (950 nm) through hydrophobic, electrostatic, and Van Der Waals interactions with 

an average removal efficiency of  89.3% (Chen et al. 2022a). Numerous additional MNCs have 

been examined for MP removal such as  Mg/Zn modified magnetic biochars (Singh et al. 
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2021b; Wang et al. 2021d), magnetic polyoxometalate-supported ionic liquid phases 

(magPOM-SILPs) (Misra et al. 2020), and  magnetic CNTs (Tang et al. 2021). 

However, the potential toxicity of MNCs have not been thoroughly investigated (Rasheed 

2022). Typically, MNCs have varying impacts on plants, ranging from neutral to hazardous, 

contingent on their environmental circumstances, exposure methods, application durations, 

doses, sizes, types and targeted plant species (Kah et al. 2018; Kolbert et al. 2022). MNCs are 

able to penetrate cells via cell membranes with ease due to their active surfaces and nano size. 

Once within the cell, they can cause toxicity by interacting with different intracellular proteins. 

In addition to potentially affecting nutrient absorption, MNCs that accumulate in plants can 

also adversely control cellular activities through interactions with different cellular structures 

(Muzammil et al. 2023). This interaction may lead to phytotoxicity linked with MNCs (Lee et 

al. 2008; El‐Temsah and Joner 2012; Li et al. 2015; Muzammil et al. 2023). Hence, it is critical 

that more studies be performed to assess the phytotoxicity of different NMs since each NM 

will confer different phytotoxic effects.  

Additionally, NMs have been extensively researched as adsorbents to develop a process-based, 

frugal and straightforward separation method. The reduction of capital expenses is due to the 

aforementioned recyclability and regeneration properties of NMs (Rasheed 2022). 

Furthermore, the need for on-site remediation development, pilot-scale operation, and 

economic feasibility necessitates an economic assessment of the method (Rasheed 2022). 

Therefore, this chapter focuses on a rough economic assessment of the MNCs synthesis and 

adsorption treatment process using the best-performing MNC. Additionally, it includes 

recyclability studies on the MNCs. This chapter also assesses the magnetic stability of the 

MNCs. Finally, it covers phytotoxicity studies related to the MNCs 
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5.2.  Materials  

This investigation utilised the same materials that were employed in Section 4.2. of Chapter 4, 

ensuring the reliability and validity of the experimental results. 

5.3. Experimental procedure 

5.3.1. MNC recyclability/reusability study 

5.3.1.1. Regeneration of the MNCs  

The experiments outlined in this reusability study were meticulously conducted in strict 

accordance with the detailed methodology described in Section 4.3.3 of Chapter 4.  

5.3.1.2. MPs Removal calculation and reusability assessment 

The experiments detailed in this study were carried out with precision, strictly following the 

comprehensive procedure outlined in Section 4.3.4 of Chapter 4. Once the removal efficiency 

was calculated, the recovered MNCs then underwent the experiment again in the second cycle. 

This was done for 5 cycles. Figure 31 is a diagram illustrating g-C3N4@Fe3O4 and 

BNNS@Fe3O4 MNCs recyclability. It is important to note that these experiments were 

performed separately for BNNS@Fe3O4 and g-C3N4@Fe3O4 MNC to assess their individual 

efficiency (Shi et al. 2022b).    
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Figure 31: Schematic illustration of recovery and recyclability of g-C3N4@Fe3O4 and 

BNNS@Fe3O4 MNCs  

5.3.2. Magnetic stability assessment via vibrating magnetometer sample (VSM) 

Each MNC underwent VSM characterisation of fresh and used MNC. Utilizing a commercial 

Vibrating Sample Magnetometer from Cryogenic Limited (9T-2T-2T VECTOR SYSTEM 

WITH VIBRATING SAMPLE MAGNETOMETER), temperature-dependent and field-

dependent magnetic characterizations were performed at 300 K, with samples in isolated static 

gas chamber. Vibration amplitude and frequency were set at 2 mm and 20 Hz, respectively. 

The noise base was set at 1 x 10-6 emu and 10 sec integration time while the noise level was at 

2 x 10-6. A 20-bit superconducting magnetic power supply was utilised. The dynamic range 
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utilised was standard (108). The central field homogeneity for VSM was 0.01% over 3cm x Ø 

1 cm cylinder at field centre.  

5.3.3. Phytotoxicity study  

Phytotoxicity studies were performed to assess the toxicity of MPs-containing wastewater and 

the MNCs on three different plant species: Vigna radiatus L. (moong), Cicer arietinum 

(chickpea) and Hordeum vulgare L. (barley), respectively. Seven different experiments were 

conducted per crop: tap water (control), untreated wastewater (raw wastewater influent), 

treated (chlorinated) wastewater (final treated effluent), BNNS@Fe3O4, g-C3N4@Fe3O4, 

BNNS@Fe3O4 filtrate and g-C3N4@Fe3O4 filtrate, to evaluate the seed germination indices 

(G.I.). The filtrate are the samples collected during the drinking water filtration. Prior to 

phytotoxicity assessment, 10 seeds of each species underwent sterilisation by soaking for 2 min 

in 3% H2O2 solution. This was followed by 5 rounds of washing with Milli-Q water (Ravindran 

et al. 2016). All experiments were performed in triplicate with the mean average data reported. 

The germination index G.I. (%) was calculated after 10 days of seed germination via the 

equation 4:  

𝐺. 𝐼. (%) =
𝐺𝑠

𝐺𝑐
 x 

𝐿𝑠

𝐿𝑐
 x 100                       (4) 

Where Ls and Lc represent the value of root elongation (radical length) in the sample water 

and control sample, respectively, whilst Gs and Gc are given as the number of seeds that 

germinated in the sample water and control sample (tap water) (Kumar et al. 2023a). 

5.3.4. Cost Assessment  

The implementation of any research project at the full scale requires careful consideration of 

treatment cost estimation. Typically, the total cost of any treatment is the product of the 

investment, operating, and capital costs. An approximate economic evaluation of the running 
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expenses for treating wastewater containing MPs by best-performing NM was conducted. The 

cost of chemical reagents for NM synthesis, the cost of reagents for the physiosorption process, 

and the cost of energy were all included in the operation cost (in $/m3 wastewater) that was 

computed. It is important to remember that this study is only a rough tool and that the values 

were only found through experimentation. The formula utilised is as follows (equation 5): 

Operating cost (R) = Unit price x Machine power x time 

Operating cost (R) =
Rand

kW/h
 x kW x h                   (5) 

The price per 1 unit electricity was R1.84 kWh and the reagents used for synthesis were 

melamine, urea ferric chloride hexahydrate, ammonium hydroxide, iron(II) chloride 

tetrahydrate. The MNC cost was calculated for the optimum dose whilst total operating cost 

was calculated per L of treated MP-NMs solution.  

5.4. Results and Discussion 

5.4.1. Recyclability of MNCs 

Recyclability and economic feasibility of the MNCs stand as a pivotal element for the practical 

implementation in industrial settings. The recyclability assessment was performed for five 

consecutive cycles under optimum operating conditions (g-C3N4@Fe3O4 dose1.2 g/L, pH0 4, 

MPs dose 0.5 g/L, temperature 25 °C and time 5 h; BNNS@Fe3O4 dose 0.9 g/L, pH0 3, MPs 

dose 0.5 g/L, temperature 25 °C and time 12 h), as illustrated in Figure 32. In the first cycle, 

MPs removal was observed to be 94.89% and 88.28% for g-C3N4@Fe3O4 and BNNS@Fe3O4, 

respectively. Following each experimental cycle, the used catalyst was recovered by magnetic 

separation, followed by multiple rinses with Milli-Q water, and subsequently dried at 120 °C 

for 12 h. To ensure all MPs were removed from the MNC surface, the MNC underwent catalyst 

regeneration as described in Section 4.3.3 of Chapter 4. To gather a sufficient quantity of MNC 

for the subsequent cycle, numerous parallel runs were conducted. The regenerated MNCs were 
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then reused under the same optimal operating conditions, resulting in slight losses of MPs 

removal efficiency in each cycle. The MPs removal efficiency gradually decreased from 

94.89% (1st), to 91.85%, 79.74%, 67.14%, and 56.38% in 2nd, 3rd, 4th and 5th cycle, respectively 

for g-C3N4@Fe3O4. For BNNS@Fe3O4 removal of MPs, a reduction of 88.28% (1st) to 77.53%, 

69.18%, 58.5% and 51.22% for the 2nd, 3rd, 4th and 5th cycle, respectively was observed.  In our 

study a loss of 16% and 19% efficiency was observed for g-C3N4@Fe3O4 and BNNS@Fe3O4, 

respectively, after 3 cycles. Similar results were reported by Rosa and team wherein they 

exhibited a loss of 18% activity after 3 successive runs for g-C3N4@Fe3O4 (Rosa et al. 2021). 

This may be ascribed to possible leaching of iron ions resulting in suppressed active sites 

(Fe2+/Fe3+) on the MNCs surface (Hammouda et al. 2017; Qin et al. 2018; Kumar et al. 2021a).  

 

Figure 32: g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs recyclability over 5 cycles of MPs 

removal 
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5.4.2.  Magnetic stability assessment via VSM 

The vibrating sample magnetometer is the most often used technique to measure magnetic 

characteristics of MNCs in relation to temperature, time, and magnetic field (Yadav et al. 

2020). Furthermore, the VSM analysis provides an indication of whether the magnetization is 

parallel or perpendicular to the substrate-defined plane (Shirsath and Shirivastava 2015). In the 

current finding, magnetization saturation (MS) was detected at a pressure range of 0–30 000 

gauss (0–3 Tesla) for BNNS@Fe3O4 and g-C3N4@Fe3O4 before adsorption (MSb) and after 

(MSa) adsorption. The MSb and MSa for BNNS@Fe3O4 was determined to be 61.94 and 51.83 

emu/g, respectively (Figure 33 (a)), while for g-C3N4@Fe3O4 (Figure 33 (b)) the MSb was 

16.52 and MSa was 13.44 emu/g. These results indicate that MNC magnetization increases as 

the strength of the applied magnetic field increases, until the saturation point is reached. Before 

and after treatment curves for BNNS@Fe3O4 display superparamagnetic behaviour since no 

hysteresis, remanence (Mr) and coercivity (Hc) were found (Ahmad et al. 2019a). A similar 

result is reported for g-C3N4@Fe3O4 since the curves also exhibit superparamagnetic 

behaviour. Herein, the MSb for both MNCs are high in comparison to a study by Prasad et al. 

(2017), which revealed the MSb for Fe3O4@rGO and Fe3O4 to be 12.6 and 15.3 emu/g, 

respectively (Prasad et al. 2017). The MSb for both MNCs are higher than the MSb for Fe3O4 

which is excellent since generally, the addition of the supporting material decreases the MS 

considerably. Additionally, a study by Wang et al. (2017), investigated the VSM of 

BNNS@Fe3O4 wherein the MSb was found to be 6 emu/g (Wang et al. 2017a). In contrast, in 

this study, the observed VSM value was 61.94 emu/g, indicating an enhanced magnetic 

moment and thus superior magnetic properties of the synthesised BNNS@Fe3O4 MNC over 

the reported MNC in literature. This improvement in the magnetic characteristics makes the 

current synthesised BNNS@Fe3O4 a more desirable MNC. Furthermore, Wang et al. (2017) 

reported that the BNNS@Fe3O4 MNCs exhibit a negligible hysteresis curve, suggesting that 
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they function as superparamagnets. This behaviour is in line with the observation that each 

Fe3O4 nanoparticle scattered on BN nanospheres has an average diameter of approximately 10 

nm and is single-domain, meaning that it comprises a single magnetic domain (Wang et al. 

2017a). This is similar and consistent with the results obtained from the present investigation 

for BNNS@Fe3O4. Several studies have reported the VSM for g-C3N4@Fe3O4 functionalised 

to an additional supporting material/nanoparticles (Mousavi and Habibi-Yangjeh 2016, 2018a, 

2018b). Mousavi and Habibi-Yangjeh, 2016 investigated the VSM of g-C3N4@Fe3O4-BiOI. In 

their study, the MSb was 8.7 emu/g (Mousavi and Habibi-Yangjeh 2016). Similarly, a study 

conducted by Mousavi and Habibi-Yangjeh utilized VSM to determine the MSb of g-

C3N4@Fe3O4-CoWO4. In this study, they reported a MSb of 7.04 emu/g, (Mousavi and Habibi-

Yangjeh 2018a) while in another study, they reported a MSb of 6 emu/g for g-C3N4@Fe3O4-

NiWO4 (Mousavi and Habibi-Yangjeh 2018b). All those studies revealed the S-shape curve 

with no hysteresis indicating that these MNCs are superparamagnetic (Mousavi and Habibi-

Yangjeh 2016, 2018a, 2018b). This is also consistent and similar to the results ascertained in 

the present study. In addition, the MSb obtained in the present study is more than double that 

reported in previous studies. This is indicative of a higher magnetic moment, and therefore a 

superior magnetic MNC, offering great potential in a variety of applications. The size of the 

particles has a significant impact on their magnetic characteristics. A mean diameter of less 

than 20 nm is required for nanoparticles to be considered superparamagnetic (Namanga et al. 

2013). Therefore, the VSM results for both MNCs are in good agreement with the TEM results 

since BNNS@Fe3O4 average particle size is 7 nm and g-C3N4@Fe3O4 average particle size is 

11.66 nm. Additionally, both MNCs have a single magnetic domain. This is advantageous since 

all their magnetic moments are aligned in the same direction, thus the application of an external 

magnetic field results in the largest possible magnetization for that specific MNC (March 

2014). This indicates that both MNCs have excellent magnetic properties enabling them to be 
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applied in practical applications (Shirsath and Shirivastava 2015). The results after treatment 

for both BNNS@Fe3O4 and g-C3N4@Fe3O4 MNCs exhibit a decrease in MS. This can be 

attributed to the adsorption of MPs to the MNCs. The adsorbed MPs cause a decrease in 

magnetization due to their weight contribution (Ahmad et al. 2019a). However, the 

superparamagnetic properties of the MNCs are still retained  since they were sufficient enough 

to perform effective magnetic separation via external field application (Ahmad et al. 2019a). 

After shaking for a minute, the MNCs were found to evenly distributed throughout the aqueous 

solution when the applied magnetic field was withdrawn. This demonstrates the high levels of 

magnetic stability and redispersibility, making them effective adsorbents for real-world uses in 

low-magnetization environments (Santhosh et al. 2017).  
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Figure 33: Magnetization curves before (fresh) and after (used) adsorption of MPs by (a) 

BNNS@Fe3O4 and (b) g-C3N4@Fe3O4 by VSM 
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5.4.3.  Phytotoxicity study 

Understanding the effects of MNCs on plants, is crucial in the field of biotechnology when 

assessing the safety of MNCs in agricultural and environmental applications. Beyond direct 

plant effects, understanding phytotoxicity helps in assessing ecotoxicity and broader ecological 

impacts. Several studies revealed that industrial and domestic wastewater effluent contain high 

concentrations of MPs (Gies et al. 2018; Kazour et al. 2019; Naji et al. 2021; Van Do et al. 

2022) which are toxic and pose a threat to common agricultural crops’ growth either by 

delaying seed germination or impeding crop growth through nutrient absorption inhibition 

(Mészáros et al. 2023). Additionally, there have been reports of adverse effects of MNCs on 

plant growth, such as interference in plant roots, decreased photosynthesis, and suppression of 

seed germination (Gao et al. 2023). Similarly, numerous researchers have reported the toxicity 

of wastewater on a range of agricultural crops, including black chickpea (Kumar et al. 2021a), 

mustard (Mazhar et al. 2019), wheat, moong (Singh et al. 2013; Kumar et al. 2021a; Kumar et 

al. 2023a), and some vegetable crops (such as tomato, chili, onion, and cucumber)(Ramana et 

al. 2002). There is however a lack of technical data (insufficient studies) available on MNCs 

toxicity on agricultural crops  (Indhur et al. 2023). Therefore, in this study the phytotoxicity 

effects of the domestic raw wastewater influent and final treated effluent, and the effects of g-

C3N4@Fe3O4 and BNNS@Fe3O4 MNCs were assessed to determine their effect on 3 different 

common plant species, i.e., Hordeum vulgare L. (barley wheat), Cicer arietinum (black 

chickpea) and Vigna radiatus L. (moong) in conjunction with seed germination indices as 

depicted in Figure 34 (a). These crops were chosen since they exhibit a range of sensitivities to 

environmental stressors, making them effective indicators of phytotoxic effects. Additionally, 

since they are common cultivated crops, they have significant agronomic value. Thus, studying 

these crops helps in assessing the potential impact of pollutants on important food sources and 

agricultural systems. Lastly, these three crops exhibit diverse growth conditions, therefore 
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testing multiple species provides a broader understanding of how pollutants affect these crops. 

From the results, the toxicity indicator based on the G.I.%. The G.I.% for barley was observed 

to be 63.15% (raw wastewater influent), 84.24% (final treated effluent), 24.6% (g-

C3N4@Fe3O4), 71.06% (g-C3N4@Fe3O4 filtrate), 30.1% (BNNS@Fe3O4) and 82.32% 

(BNNS@Fe3O4 filtrate) (Figure 34 (b). For moong, the G.I.% was determined to be 38.48% 

(raw wastewater influent), 69.81% (final treated effluent), 22.8% (g-C3N4@Fe3O4), 67.19% 

(g-C3N4@Fe3O4 filtrate), 39.85% (BNNS@Fe3O4) and 81.73% (BNNS@Fe3O4 filtrate). For 

black chickpea, the G.I.% was calculated to be 34.99% (raw wastewater influent), 67.02% 

(final treated effluent), 28.6% (g-C3N4@Fe3O4), 77.3% (g-C3N4@Fe3O4 filtrate), 37% 

(BNNS@Fe3O4) and 84% (BNNS@Fe3O4 filtrate) (Figure 34 (b)). A G.I. (%) value less than 

50% indicates a high level of phytotoxicity, a value between 50-80% indicates a moderate level 

of phytotoxicity, and a value greater than 80% indicates that the substance is not naturally 

poisonous to plant species. It is observed that the impact of domestic raw wastewater influent 

showed mild toxicity and final treated effluent showed non-toxicity on barley, whilst domestic 

raw wastewater influent is toxic and final treated effluent is mildly-toxic for the moong and 

black chickpea species. This is probably due to the abiotic stress tolerance genes in barley, 

enabling the plant to flourish in a variety of environmental circumstances (Abdelghany et al. 

2024). The effects of the g-C3N4@Fe3O4 and BNNS@Fe3O4 MNC powder was also examined 

and used as a control for the filtrate samples. The results indicated that these MNCs have a 

toxic effect on all 3 crops based on their low G.I.% values (Figure 34 (b)). This may be 

attributed to the accumulation of nanoparticles around the crop root, interfering with nutrient 

assimilation and root growth (Thiruvengadam et al. 2024). It is important to note that during 

the experimental procedure all MNCs powder and residual MNCs powder are recovered during 

the filtering step, ensuring complete retrieval of MNCs powder. Therefore, there is no 

circumstance in which MNCs powder will be discharged; it was simply utilised as a control for 
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the filtrate samples. It is critical to remove MNCs after treatment to prevent their subsequent 

discharge into the environment and mitigate potential ecological and health hazards. A study 

by Lee et al. (2010), scrutinised the effects of Fe3O4 (~50 nm) nanoparticles at 3 different 

concentrations (4000, 2000 and 400 mg/L) on Arabidopsis thaliana (Mouse-ear cress). They 

reported no significant effect of Fe3O4 nanoparticles on seed germination (Lee et al. 2010), 

whereas in contrast, the present study utilised 500 mg/L and reports significant inhibition on 

seed germination for both g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs. Due to the selective 

permeability of seed coat pores, interactions between solid or particulate matter and the crop 

are restricted until the radicles appear and make direct contact with the growth medium 

(Wierzbicka and Obidzińska 1998). However, intracellular spaces within the seed coat 

parenchyma, which are less than ~10 µm in size, can be filled with aqueous media, allowing 

for the passage of tiny particles and soluble nutrients to the developing embryo (Van Dongen 

et al. 2003). This mechanism may explain the significant inhibition caused by the smaller, 

monodisperse g-C3N4@Fe3O4 (average particle size = ~11 nm) and BNNS@Fe3O4 (average 

particle size = 7 nm) MNCs.  A study by Konate et al. (2018) examined the effects of bulk and 

nano-Fe3O4 on cucumbers (2000, 500 and 50 mg/L). Herein, it was observed that the high bulk-

Fe3O4 concentration (500 and 2000 mg/L) caused phytotoxicity regarding enzyme activity and 

biomass. For nano-Fe3O4, the phytotoxicity depended on the particle properties (primarily 

aggregation and size), since significant biomass inhibition was observed at 50 mg/L while for 

bulk-Fe3O4, it was dependent on the concentration (Konate et al. 2018). When assessing the 

exposure of MNCs and their harmful consequences in the environment, it is necessary to take 

into account the particle size as a significant component that can affect the bioavailability of 

MNCs. It is important to note that there is limited reports on the phytotoxicity of iron MNCs 

(Konate et al. 2018). According to Zhu et al.'s (2008) investigation into the uptake and 

accumulation of engineered iron nanoparticles by pumpkin plants, Fe3O4 nanoparticles were 
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found to be transported and stored in plant tissues (Zhu et al. 2008). However, Wang et al. 

(2011) demonstrated that ryegrass and pumpkin plants did not accumulate magnetic 

nanoparticles (Wang et al. 2011). Noteworthy is the suggestion made by Zhu et al. (2008) that 

varying plant species react differently to the effects of nanoparticles. According to 

Bystrzejewska-Piotrowska et al. (2012), Lepidium sativum and Pisum sativum L. may 

accumulate Fe3O4. Bystrzejewska-Piotrowska et al. (2012) proposed that the growth solution 

and other media exhibited dose-dependent accumulation of magnetite nanoparticles 

(Bystrzejewska-Piotrowska et al. 2012). According to some earlier research, Fe3O4 

nanoparticles, may have favorable, negative, or no effects on plant development, root 

elongation, and seed germination (Konate et al. 2018) and is dependent on the synthesised 

Fe3O4 size as well as crop species. Therefore, the results presented in this study is consistent 

with literature. Additionally, the g-C3N4@Fe3O4 filtrate and BNNS@Fe3O4 filtrate exhibited 

mild toxicity (almost non-toxic) and non-toxicity, respectively. This suggests that use and 

recovery of the MNCs render it safe for application. It is also possible that g-C3N4@Fe3O4 is 

mildly toxic (almost non-toxic) because it has a greater number of ferric ions (Fe2+/Fe3+) that 

can leach out, enabling a slightly higher degree of leaching than in BNNS@Fe3O4. Ultimately, 

this indicates that the proper use of MNCs via filtering of the MNC solution not only ensures 

recovery but greatly diminishes the environmental impact of these MNCs, rendering them 

appropriate for usage.  
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Figure 34: Phytotoxicity asssessment of (a) Hordeum vulgare L, Vigna radiatus L. and Cicer 

arietinum (TW: Tap water (control), UWW: untreated wastewater, TWW: treated wastewater, 

GCN: g-C3N4@Fe3O4, GCNF: g-C3N4@Fe3O4 filtrate BNNS: BNNS@Fe3O4, BNNSF: 

Hordeum vulgare L. 

 

Vigna radiatus L. 

Cicer arietinum 

(a) 

(b) 
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BNNS@Fe3O4 filtrate) and (b) Toxicity indicator: red (toxic), blue (mild toxicity), green (non-

toxicity) 

5.4.4.  Economic assessment  

A crucial component of carrying out research at the plant size is estimating the treatment 

process's running costs. Therefore, the operating cost of implementing optimal g-C3N4@Fe3O4 

MNC for MPs removal in domestic wastewater effluent was estimated. The overall MPs 

removal cost comprises of the chemical reagent cost and energy cost as assessed by previous 

literature (Kumar et al. 2021b; GadelHak et al. 2023; Kumar et al. 2023a). Thus, an 

approximate economic study of the running expenses of the adsorption process was conducted 

as shown in table 8, wherein the treatment process's total running costs were calculated to be 

41.09$/m3 of domestic wastewater in lab scale. Thus far, there are currently no economic 

assessment studies available for comparison for MP removal using different NMs in the 

adsorption process.  This treatment cost (41.09$/m3) however can be significantly decreased 

when treating domestic wastewater at a large scale, in addition to the adsorbent being utilised 

for multiple cycles. In a previous study by Kumar and team, wherein they utilised NM 

LaCuxFe1-xO3 series perovskite-like catalyst for ABS resin wastewater treatment, a cost of 

75.60$/m3 was reported (Kumar et al. 2021a). The treatment cost of catalytic wet peroxidation 

process for the degradation of pyridine with catalysts GAC and nFe/GAC were reported to be 

248$/m3 (Subbaramaiah et al. 2013) and 99.62$/m3 (Gosu et al. 2018), respectively. Similarly, 

another study evaluated the removal of dye from wastewater via Fe/ZnO catalyst via the same 

process. Herein they reported a total operating cost of 332$/m3 (Priyanka and Srivastava 2013). 

Moreover, two different studies were performed utilising a Fenton-like oxidation process 

(UV/O3/H2O2/Fe+2) for the degradation of atrazine and 2-propanol. The reported estimated cost 

was 248$/m3 (González et al. 2020) and 94$/m3 (Canizares et al. 2009), respectively. 

Furthermore, additional cost estimations have been reported by various authors for the 

remediation of industrial wastewater. Cosmetic industry wastewater, sugar industry wastewater 
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and highly acidic wastewater, all revealed a cost estimation of 217.36$/m3 (Patidar and 

Srivastava 2022), 248$/m3 (Sahu et al. 2015) and 436$/m3 (Goyal and Srivastava 2017), 

respectively, for their treatment. Therefore, the above results indicate that the overall operating 

cost of g-C3N4@Fe3O4 adsorption of MPs from domestic wastewater is a cost-effective process 

in comparison with the reported literature.  

Table 8: Operating cost of best-performing MNC g-C3N4@Fe3O4 for MPs removal from 

wastewater effluent 

Reagent Reagent and running cost for g-C3N4@Fe3O4 synthesis 

Cost per unit Price per g/unit 

Ferric chloride hexahydrate  R 102/kg 0.102 

Iron(II) chloride tetrahydrate  R 119/kg 0.119 

Ammonium hydroxide R 106/L 0.106 

Urea R 32/kg 0.032 

Melamine R 124/kg 0.124 

Catalyst cost per g  R 0.483 

*MNC cost per optimum dose   R 0.579 

 Running cost of adsorption process 

 Cost per unit Price for a single run Price per L 

Power consumption R 1.84/kWh 0.276 R0.184 

Total operating cost per L solution   R0.763 

Total operating cost per m3 solution   R763 (41.09$) 

Note: 1$ = 18.56 South African Rand in May 2024. *MNC cost at optimum dose of 1.2 g/L. 

5.5.  Conclusions 

This study investigated the sustainability of g-C3N4@Fe3O4 and BNNS@Fe3O4 through 

recyclability, magnetic stability, phytotoxicity and economic feasibility for the removal of 

MPs. The recyclability tests revealed a gradual decline in MPs removal efficiency over five 

consecutive cycles. For g-C3N4@Fe3O4, the efficiency decreased from 94.89% in the first cycle 
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to 56.38% in the fifth cycle, while for BNNS@Fe3O4, it dropped from 88.28 to 51.22%. The 

VSM data displayed that both MNCs possess superparamagnetic behaviour and are in 

accordance with the TEM data. It further demonstrated that both MNCs retained their 

superparamagnetic properties after adsorption to MPs, enabling effective magnetic separation. 

This indicates that they have the potential to be applied in industrial applications.  Phytotoxicity 

assessments indicated that the positive controls in which the MNCs were exposed directly to 

the crops, were toxic to barley, black chickpea, and moong, whereas their filtrates exhibited 

reduced toxicity and no toxicity. These findings underscore the importance of proper use and 

recovery (filtering) of the MNCs to mitigate their environmental impact, making them safer for 

agricultural applications. Economically, the operating cost of MPs removal using g-

C3N4@Fe3O4 was estimated at $41.09/m3 of domestic wastewater effluent at a lab scale, which 

is significantly lower compared to other reported methods, such as catalytic wet peroxidation 

and Fenton-like oxidation processes. This cost-effectiveness, combined with the ability to reuse 

MNCs, highlights the practical viability of g-C3N4@Fe3O4 for large-scale wastewater treatment 

applications. Further research is recommended to enhance the stability and recyclability of 

these MNCs and to explore their long-term environmental impacts. 
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CHAPTER SIX: Overall Conclusions and Recommendations 

This study aimed to investigate 2D g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs for the removal 

of MPs from drinking water and treated wastewater.  

6.1.  Major conclusions/ Significant findings based on the objectives of the study 

•  This study offered a novel, cutting-edge approach for eliminating PE/PS MPs by g-

C3N4@Fe3O4 and BNNS@Fe3O4 from drinking water and domestic wastewater 

effluent, which has application potential to reduce the amount of MP pollution. 

• The comprehensive characterization of g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs 

revealed their chemical and structural properties. Analytical techniques such as XRD, 

FTIR, zeta potential, FESEM-EDX, TEM and XPS confirmed the MNCs crystalline 

structure, size and morphology, surface composition, valance state, oxygen vacancies 

and robust integration of iron oxide nanoparticles. TGA confirmed the thermal stability 

and BET confirmed the surface area for optimization and textural properties. The 

MNCs were confirmed to be 2D structures making them most suitable for application 

of MP removal in water matrices. Additionally, the MNCs demonstrated a porous 

morphology, excellent structural integrity and chemical stability, making them strong 

candidates for sustainable drinking water and wastewater treatment for MP removal. 

• In this study, both g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCs have shown to be 

remarkably efficient for the removal of different polymer types as well as various 

polymer sizes from Milli-Q water. The maximum removal of PE (96.16%, size 125 

µM), PS (92.5% , size 25-180 µM), PE+PS combo  (94.89%, size PE=125 µM and 25-

180 µM), PS (45.62%, size 5180-500 µM), PP (0%, size 3 mm), LDPE (0%, size 5 mm) 

and HDPE (0%, size 5 mm) were noticed with catalyst g-C3N4@Fe3O4 under optimum 

operating conditions ([pH]= 4; time= 5 h; [MNC]= 1.2 g/L; [MP]= 0.5 g/L) from Milli-
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Q water.  The maximum removal efficiency of PE (94.44%, size 125 µM), PS (85.96%, 

size 25-180 µM), PE+PS combo (88.28% , size PE=125 µM and 25-180 µM), PS 

(38.77%, size 180-500 µM), PP (0%, size 3 mm), LDPE (0%, size 5 mm) and HDPE 

(0%, size 5 mm) were observed with catalyst BNNS@Fe3O4 under optimum operating 

conditions ([pH] = 3; time= 12 h; [MNC]= 0.9 g/L; [MP] = 0.5 g/L) from Milli-Q water.  

• Both MNCs, g-C3N4@Fe3O4 and BNNS@Fe3O4 were successfully utilised in the 

removal of MPs from drinking water and domestic wastewater effluent. The 

performance of MNCs in different water matrices yielded varying results. A removal 

efficiency of 93.7 and 86.56% from drinking water via g-C3N4@Fe3O4 and 

BNNS@Fe3O4, respectively, was achieved. A removal efficiency of 91.91 and 83.78% 

was observed from domestic wastewater effluent filtered with a 0.22 µM filter for g-

C3N4@Fe3O4 and BNNS@Fe3O4, respectively, whilst a removal efficiency of 90.28 

and 82.23% was observed from the same domestic wastewater effluent (unfiltered) for 

g-C3N4@Fe3O4 and BNNS@Fe3O4, respectively.  

• The reusability study revealed that both MNCs retained a removal efficiency of more 

than 50% after 5 cycles whilst g-C3N4@Fe3O4 retained a removal efficiency of almost 

80% after 3 cycles. This suggests that both MNCs can be utilized for multiple cycles 

before disposal. Their sustained performance underscores their cost-effectiveness and 

potential to support a circular economy, offering significant financial benefits for 

industrial applications. The reusability study further shows that both MNCs exhibit high 

stability and retain satisfactory performance even after the fifth cycle. 

• In this study, MS was observed for BNNS@Fe3O4 and g-C3N4@Fe3O4 within a 

pressure range of 0–30,000 gauss. The results showed that both MNCs exhibited 

superparamagnetic behaviour, with no hysteresis, remanence, or coercivity. The 

findings further aligned with TEM results, indicating that both BNNS@Fe3O4 and g-
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C3N4@Fe3O4 have excellent magnetic properties, enabling their application in practical 

settings. Despite a decrease in MS after treatment due to the adsorption of non-magnetic 

MPs, the materials retained their superparamagnetic properties, allowing for effective 

magnetic separation. 

• The study assessed the phytotoxicity of raw wastewater influent, final treated 

wastewater effluent, g-C3N4@Fe3O4, BNNS@Fe3O4, on barley, black chickpea and 

moong crops. While final treated wastewater effluent showed mild to no toxicity, the 

raw influent had toxic effects, particularly on moong and black chickpea. The MNCs 

in powder form exhibited significant toxicity across all crops, but their filtrates were 

much less harmful, with BNNS@Fe3O4 filtrate showing no toxicity. This suggests that 

while MNCs pose environmental risks if not properly filtered, their appropriate 

recovery significantly mitigates their impact, making them feasible for use in 

wastewater treatment. 

• Interaction mechanistic insights between PS/PE MPs and MNCs were proposed based 

on the chemical structure of the PS/PE MPs, surface composition, valance state, oxygen 

vacancies analysed by XPS analysis, as well as quantum chemistry literature. The 

physio-sorption of PS/PE MPs onto g-C3N4@Fe3O4 and BNNS@Fe3O4 MNCS were 

attributed to four potential interactions: electrostatic interaction, π-π interaction, Van 

Der Waals forces and hydrogen bonding.  

• A rough economic assessment of the process revealed that the total operating cost for 

the adsorption process is approximately 41.09$/m3 of domestic wastewater effluent at 

the lab scale. This cost is expected to decrease when treating larger volumes of domestic 

wastewater, along with the recycling of the MNC for multiple cycles. Consequently, 

the overall operating cost for g-C3N4@Fe3O4 adsorption removal of MPs from domestic 

wastewater can be considered as cost-effective compared to reported literature 



 
 

144 
 

confirming its viability as an economical solution for domestic wastewater treatment, 

making it a promising candidate for commercial use. 

6.2.  Limitations of the study 

The study, while providing valuable insights into the removal of MPs using MNCs, is not 

without certain limitations. These limitations highlight areas where further research and 

exploration are necessary to improve the applicability and generalizability of the findings. 

• This study focused on a specific subset of MP types (PE, PS, PP) and sizes, which does 

not represent the full spectrum of MPs found in water environments. Smaller particle 

sizes were not included, thereby reducing the generalizability of the findings. 

Furthermore, the sizes of the PP, LDPE, and HDPE MPs used in this study were 

significantly larger (in the mm range) compared to the PS and PE MPs (in the µM 

range). This discrepancy was due to the commercial unavailability of smaller LDPE, 

HDPE, and PP MPs, which also poses a limitation in the assessment of MNC 

performance. The reduced variation in LDPE, HDPE and PP MP sizes presents a 

notable limitation of this study, as the removal efficiency may differ significantly for 

smaller-sized MPs.  

6.3. Recommendations and Future research 

Based on the findings of the current study, several areas have been identified as deserving 

further investigation to strengthen the development of the technology for industrial-scale 

implementation. The following recommendations are proposed for future research: 

• The MNCs g-C3N4@Fe3O4 and BNNS@Fe3O4 demonstrated remarkable efficiencies 

for MPs removal, displaying a discernible relationship between the removal efficiency 

and the size of the MPs (the smaller the MPs, the higher the removal efficiency). 



 
 

145 
 

Therefore, there is a prospect for enhanced efficacy by targeting nanoplastics for 

removal. 

• Multiple types of wastewaters from various geographical locations should be 

investigated for comprehensive analysis. 

• MNCs g-C3N4@Fe3O4 and BNNS@Fe3O4 could be activated by various advanced 

oxidation processes for MPs degradation. Additionally, the intermediate products of 

MPs can be identified, and based on that, degradation pathways can be proposed. 

•  The method used for synthesizing catalysts significantly impacts their physicochemical 

properties. Therefore, it would be beneficial to investigate alternative synthesis 

methods, such as metal impregnation, the hydrothermal method or surface templating 

method, to maintain high activity and stability for the removal of MPs from wastewater. 

• Future studies should be done to verify leaching of iron, employing analysis such as 

inductively coupled plasma mass spectrometry (ICP-MS) or atomic absorption 

spectroscopy (AAS) can be employed to quantify the amount of iron in the solution 

after the adsorption cycles. 

• While this study has provided valuable insights into the effects of MNCs on plants, 

including their potential toxicity and impact on plant growth, a comprehensive 

assessment of the environmental fate of these MNCs is necessary to fully address their 

long-term ecological risks. Future studies should focus on developing bioremediation 

strategies to completely remove or neutralize any residual MNCs from agricultural 

environments. This could involve the use of specific plants or microorganisms capable 

of degrading, accumulating, or transforming MNCs into less harmful by-products, 

thereby mitigating the risk of ecological and health hazards.  

• Future studies should incorporate extrapolating from lab scale to pilot scale since the 

developed system is efficient and can be scaled up. 
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Appendix 2 
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Appendix 3 
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Appendix 4 

 

Figure 35: The nanomaterials at different stages of synthesis, (a) g-C3N4 before calcination, 

(b) g-C3N4 after calcination, (c) g-C3N4@Fe3O4 after synthesis, (d) g-C3N4@Fe3O4 with 

magnetic field applied, (e) BNNS before calcination, (f) BNNS after calcination, (g) 

BNNS@Fe3O4 after synthesis and (h) BNNS-Fe3O4 with magnetic field applied 
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Appendix 5 

 

Application of optimised parameters on different sizes and types of MPS 

 

Size g-C3N4-Fe3O4         BNNS- Fe3O4 

 

PE only (125 µM) 

  

PS only (180 µM) 

  

PE+PS (125 and 180 µM) 

 

  

PS only (500 µM) 

 

  



 
 

185 
 

PP only (3 mm) 

  

LDPE only (5 mm) 

  

HDPE only (5 mm) 

  

 

Figure 36: Flasks containing different MP types and sizes after adsorption experiments using 

optimum operating parameters  
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Appendix 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37: Plot of adsorption-desorption isotherm for (a) fresh g-C3N4@Fe3O4 (sample 1) and 

BNNS@Fe3O4 (sample 2), (b) used BNNS@Fe3O4 (sample 1) and g-C3N4@Fe3O4 (sample 2) 
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Appendix 7 

  

  

 

Figure 38: SEM micrograph of fresh g-C3N4@Fe3O4 
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Figure 39: SEM micrograph of fresh BNNS@Fe3O4 

  

 

Figure 40: SEM micrograph of used (a) g-C3N4@Fe3O4, (b) BNNS@Fe3O4 showing MP 

adsorption 
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Appendix 8 

  

 

Figure 41: TEM micrograph of fresh BNNS@Fe3O4 

  

 

Figure 42: TEM micrograph of fresh g-C3N4@Fe3O4 
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Appendix 9 

  

 

Figure 43: Images of used (a) g-C3N4@Fe3O4, (b) BNNS@Fe3O4 showing the adsorption of 

MPs onto the MNCs after treatment 

 

 




