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ABSTRACT 

Presence of a broad range of co-existing water pollutants including heavy metals, 

organic dyes, organic solvents and oils remains an unresolved environmental 

challenge. Majority of the existing water purification technologies are expensive, 

energy-intensive and ineffective, particularly for the removal of ultra- low 

concentration of heavy metals. This calls for the development of novel sorbent 

materials and new effective water purification technologies. 

 

This thesis consolidates the development of multifunctional graphene-based 

composites to achieve highly efficient removal of a broad range of water pollutants. 

Three key aspects are addressed in this thesis: First, mastery of tailoring the 

multifunctional surface chemistry properties of graphene-based composites is 

underpinned through the simultaneous binary-heteroatom doping and reduction of 

graphene oxide (GO), followed by a thiol-ene click reaction using amino-terminated 

thiol molecules to create multifunctional graphene-based materials with tunable 

surface chemistry.  

 

Second, based on four functionalization strategies (hydrothermal, chemical 

reduction, thermal and photoinitiated thiol-ene click), multifunctional groups are 

covalently attached to the GO to address the limitations of commercial adsorbent, 

activated carbon (AC). Precursors enriched with oxygen- (alginate), nitrogen- 

(hydrazine and mixed polyamine blend), sulfur- (pentaerythritol tetrakis-

mercaptopropionate) as well as combined nitrogen- and sulfur- groups (cysteamine) 

are used to demonstrate these chemical functionalization concepts for higher 
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mechanical strength, stability, better dispersion in water and enhanced sorption of 

diverse classes of water pollutants. Magnetic iron oxide nanoparticles are also 

incorporated to the graphene-based composites for easy separation after the 

sorption process besides improving the sorption capacity of water pollutants. The 

developed modification strategies are versatile, low cost, scalable, energy-efficient 

and eco-friendly compared to highly-energy-intensive activation process of AC.  

 

Third, sorption performance of the developed graphene-based composites is studied 

in terms of the sorption isotherms, kinetics, selectivity, regenerability and real sample 

analysis. Both hydrothermally- and chemically- reduced polyamine-modified rGO 

composites follow the Freundlich isotherm models with a maximum sorption capacity 

of 63.80 mg/g and 59.90 mg/g, respectively, achieved towards Hg2+ ions. Langmuir 

isotherm model is used to describe the interaction of graphene-based composites 

with their respective contaminants studied and maximum sorption capacity attained 

as the following: cysteamine-modified partially rGO (169.00 mg/g for Hg2+ ions), 

multithiol functionalized graphene bio-sponge (101.01 mg/g for Pb2+ ions and 102.99 

mg/g for Cd2+ ions) and multifunctional graphene biopolymer foam (789.70 mg/g for 

methylene blue, 107.00 mg/g for Hg2+ ions and 73.50 mg/g for Cu2+ ions). Meanwhile, 

all the graphene-based composites developed are well-fitted using the pseudo-

second order kinetic models. Positive evaluation outcomes suggest that all the 

developed graphene-based composites outperformed AC and some sorbents 

reported in the literature in single and simultaneous pollutant removal studies using 

milli-Q, river and sea water. Different innovative functionalization approaches are 

demonstrated herein to engineer graphene-based composites with unique 
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multifunctional properties, which promise realistic water purification technology 

solutions for efficient uptake of diverse classes of water pollutants.  

 

Research studies completed in this thesis integrate the fundamental understanding 

and application of knowledge on the surface, structural, chemical and thermal 

characteristics of functionalized graphene-based composites to address the most 

concerning water pollution challenges using cutting-edge and scalable water 

purification technologies. 
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1. INTRODUCTION 

 
1.1. Background 

 
“You never miss the water, till the well runs dry”. Recent water shortages have 

reminded us that water is an indispensable fundamental component for life, including 

food and energy supplies.1 The demand for this precious, yet finite natural resource 

continues to rise as a result of deteriorating water supply due to immense 

industrialization and urbanization. About 70 % of our planet is water-covered, yet 

one out of three people worldwide is still struggling to have access to safe drinking 

water. This is because 96.5 % of water on the earth is made up of ocean that is 

oversaturated with salt, thus undrinkable. Only about 1 % of the accessible surface 

fresh water that exists as atmospheric water, lakes, rivers, ice and snow (Figure 1) 

is currently thriving to make up for the global water demand, as a result of over-

growing population, global climate change and water pollution.2-3 Ocean desalination 

seems to be promising to help curbing water shortages worldwide, however, this 

technology comes with many pitfalls including large amount of energy consumption, 

high carbon footprint, high cost, disruption of the marine ecosystem, and the creation 

of water pollution apart from releasing harmful chemicals into the drinking water 

supply.4 Hence, the focus of the worsening water crisis has to be adjusted to 

recovery of freshwaters from pollution rather than ocean desalination to maintain a 

sustainable, clean and safe water supply globally. 

 

Figure 1. Distribution of Earth’s water including total global water, fresh water, 

surface and other fresh water.2-3 
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Water pollutants vary in terms of their concentrations and types ranging from 

biological pollutants and organic contaminants to inorganic pollutants, which co-exist 

in waterways worldwide. Biological pollutants (e.g. bacteria, viruses, molds and 

mildew) found in wastewaters often originate from faecal contamination and soil 

pollution.5 Nearly 30 % of water pollutants in sewage water are inorganic pollutants 

including heavy metals and polyatomic compounds, which are often discharged from 

electronic, pulp and steel manufacturing, mining, petroleum and agricultural 

industries. Although heavy metals are not the main constituent that make up the 

pollution in water, they are one of most concerning pollutants due to their high toxicity 

even at low concentration, bioaccumulation and biomagnification in the food chain, 

leaving long-term negative impact to the environment and human health.5-6 While, 

organic pollutants such as dyes, spilled oil, volatile organic compounds, pesticides, 

pharmaceuticals and personal care products make up about 70 % in sewage waters, 

they are introduced mainly from textile, printing, pharmaceutical and agricultural 

industries.5 Despite that majority of the organic pollutants are organic compounds, 

which are biodegradable, with no serious health risks linked to their exposure at low 

concentrations, their removal is still crucial to prevent implications associated with 

our endocrine hormones and mutagenocity.5 Effluents from manufacturing factories, 

agricultural farms and sewage water treatment plants containing these water 

pollutants, not only dwindles the clean water supply in terms of quantity, but also its 

quality that trigger alarming public health issues and deaths.5, 7-8  

 

It is vital to highlight that water pollutants do not present as a single entity, 

rather these multi-pollutants co-exist in the water bodies, which makes the water 

purification process a more complex and challenging task in reality. Critical 

challenges as summarized in Figure 2 have been identified in water purification 

including simultaneous removal of co-existing pollutants from different classes using 

a single sorbent material and ineffective removal of heavy metals using existing 

water purification technology. It should be highlighted that heavy metals are usually 

present in trace levels (ppb range to less than 10 ppm) in various natural water 

matrices.9  Apparently, more stringent permissible limits especially for heavy metals 

(Table 1) have been imposed by international organizations to regulate the standard 
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of drinking water since exposure to these pollutants even at trace levels can 

adversely jeopardize our health.10-12 

 

 

Figure 2. Current challenges identified in water purification. 

 

Table 1. Permissible limits of selected heavy metals in drinking water.10, 12 

Heavy 

Metals 

Permissible Limit (mg/L) 

US EPA* WHO* EC* Australia 

Lead 0.015 0.01 0.5 0.05 

Mercury 0.002 0.001 0.001 0.001 

Arsenic 0.01 0.01 0.01 0.007 

Cadmium 0.005 0.003 0.005 0.002 

Copper 1.3 2.0 2.0 2.0 

*US EPA: United States Environment Protection Agency, WHO: World Health 

Organization; EC: European Community. 

 

 Current water purification technologies such as oxidation, precipitation, ion 

exchange, photocatalysis, electrochemical treatment, capacitive deionization and 

membrane filtration are only able to meet more than 99 % efficiency under ideal 

operating parameters (pH, temperature and concentration of pollutants). Majority of 
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these technologies are high cost, energy-intensive, low removal efficiency and often 

generate secondary pollution.13 Among them, adsorption still appears as a highly-

desirable water purification technology owing to myriads advantages including cost-

effectiveness, versatility in field operation, less energy- and labor-demanding.13-14  

 

To date, a wide array of adsorbents such as metal oxides, metal sulfides, 

metal organic framework (MOF), clay minerals, silica, biopolymers, synthetic 

polymers, activated carbon (AC), carbon nanotubes (CNTs), graphene and its 

derivatives have been studied with some of them demonstrating promising water 

purification capability.14-15 Among the adsorbents, AC has long been established as 

a commercial adsorbent owing to its low cost, large specific surface area and high 

porosity. However, it still suffers from some setbacks including energy-intensive 

activation process, inconsistent quality due to the use of a broad range of raw 

sources, high tendency to pore blockage and inefficient removal of water pollutants 

at low concentrations.16-17 Although nanomaterials such as metal oxides have 

demonstrated their superior adsorption performance to remove water pollutants, 

drawbacks including poor recovery after the adsorption process and potential risk to 

induce water security issues due to the remaining nanomaterials in treated waters 

still present.15, 18-19 These limitations (Figure 3) have compelled researchers to 

develop new-generation adsorbents using a sustainable raw source to tackle the 

technical issues encountered in the engineering of adsorbents.    
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Figure 3. Current challenges identified in existing adsorbents. 

 

 Extracted from graphite, graphene is an atom-thick planar sheet 2D material 

consisting of sp2 hybridized carbon atoms arranged in a honeycomb lattice. It has 

recently emerged as a new-generation adsorbent for removing noxious pollutants 

from contaminated water bodies. Benefited from its cheap raw source (graphite), 

graphene with its high specific surface area, remarkable mechanical strength and 

tailorble surface chemistry appears as a promising candidate for new-generation 

water purification technology. Nevertheless, graphene is bounded by several 

limitations including its poor dispersion in water due to π-π stacking, which inhibits 

the exposure of conjugated π region of graphene that can potentially attract aromatic 

pollutants in water.20 The lack of functional groups on the graphene surface also 

restricts its interaction with charged pollutants such as heavy metals and dyes in the 

water.20 Meanwhile, graphene oxide (GO) and reduced graphene oxide (rGO) are 

well-known derivatives of graphene, appear to have ovecome the water dispersion 

issue faced by graphene. Depending on the degree of oxidation, GO and rGO are 

grafted with certain levels of oxygen-containing groups (epoxides, carboxyl and 
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hydroxyl groups) that can enhance their dispersion in water apart from attracting 

pollutants in water.20 However, GO nanosheets may not be ideal to be practically 

applied in water treatment owing to its high dispersion in water that leads to strong 

colloidal stability in aqueous systems, which poses difficulty in separation after the 

sorption process. This results in poor material recovery and potential risk with 

remaining nanomaterial in treated water that may trigger water security issue.21 

Furthermore, oxygen functionalities found on the surface of GO are inadequate to 

selectively and effectively remove heavy metals that are often present at low 

concentration in water matrices.  

Hence, to address these limitations, in this work, a comprehensive scope of 

research gaps and strategies are delivered as illustrated in Figure 4.  Key research 

gaps are identified to address several critical challenges in water purification and 

existing adsorbents, as well as the limitations in pristine graphene and its derivative 

(GO) towards the formation of ultra-active, selective and high performing graphene-

based adsorbents. Rational material design approaches are strategized to focus on 

the critical challenges as described in the following: 

1. Dispersion: grafting of ionizable groups onto the graphene structure to 

resolve the agglomeration issue of graphene in water 

2. Activity: tailoring the surface and interface of graphene with functional 

groups that can enhance the binding activity of modified adsorbents with the 

water pollutants 

3. Water security: engineering of 2D nanomaterials (graphene and GO 

nanosheets) to 3D microstructure foam to minimize the water security risk 

due to potential leaching of nanosheets in the treated water after the sorption 

process 

4. Recovery: tuning the hydrophilicity and hydrophobicity of a sorbent material 

to reduce the colloidal stability of GO in water for greater separation after the 

sorption process. Magnetic nanoparticles were also introduced into the 

graphene composites for magnetic separation apart from its heavy metal ions 

uptake capability. 
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5. Selectivity: tailoring the surface and interface of graphene with functional 

groups that can improve the selectivity towards specific classes of water 

pollutants 

 

To attain the desired surface, interfacial and structural properties of 

adsorbents, functionalizing agents such as cysteamine, pentaerythritol tetrakis-

mercaptopropionate and polyamine blend (main constituents: multi-type of amino 

groups including polyethylenepolyamine, triethyelenpolyamine and 

tetraethylenepentamine) were introduced to functionalize GO with multifunctional 

binding chemistry for trapping different classes of water pollutants. Ultimately, the 

devised material design strategies pave a promising pathway with plethora of 

benefits including scalable production, economical-feasibility, environmentally 

sustainability, time- and energy-efficiency to prepare new-generation multifunctional 

graphene adsorbents with high activity, selectivity and improved recovery that 

outperform the commercial adsorbent (AC). 

 

 

Figure 4. Schematic diagram to address intrinsic limitations of graphene and GO 

through material design strategies to tackle global water pollution challenges. 
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1.2. Aim and Objectives 

 

The aim of this PhD work is to explore new directions for the preparation, chemical 

modifications and applications of advanced graphene-based composites with goals 

of demonstrating their capability, for the development of ultra-active adsorbents to 

remove water pollutants in providing sustainable clean water worldwide.  

The detailed objectives are as the following: 

❖ Objective 1: To identify limitations and research gaps of graphene-based 

adsorbents with the commercial adsorbent for water purification 

❖ Objective 2: To establish fundamental understanding on the surface 

engineering and structural design of functionalized graphene-based materials 

❖ Objective 3: To devise new, environmentally friendly, cost- and energy-

efficient methodologies for the preparation of advanced graphene-based 

composites  

❖ Objective 4: To evaluate the sorption performance of advanced graphene-

based composites towards the removal of water pollutants  

 

1.3. Thesis Outline 

 

This thesis compiles the comprehensive outcomes of my PhD research structured 

in the form of journal publications and summarized in the following chapters: 

 

Chapter 1 presents a general overview of the challenges encountered in current 

water pollution and existing adsorbents as well as strategies for water purification 

through the engineering of graphene and GO. Key aim and objectives involved in 
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this research work are also elaborated with detailed contents of each chapter 

summarized in accordance with the listed objectives.   

 

Chapter 2 reviews the recent progress of advanced graphene-based composites as 

emerging sorbents for removing myriad classes of pollutants from water. This 

chapter addresses Objective 1 with its corresponding outcomes as a review article 

accepted for publication: Yap, P. L., Md J. N., Hassan, K., Tung, T. T., Tran, D. N., 

& Losic, D. (2020). Graphene-based sorbents for multipollutants removal in water: a 

review of recent progress. Advanced Functional Materials. 

 

Figure 5. Graphical abstract of “Graphene-based Sorbents for Multipollutants 

Removal in Water: A Review of Recent Progress”. Reproduced with permission.25 

Copyright (2020) Wiley-VCH. 
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Chapter 3 underpins the fundamental understanding on surface engineering and 

structural design of functionalized graphene materials through combined 

modifications of chemical doping, reduction and thiol-ene click reaction. Findings 

from this chapter fulfil Objective 2 and are consolidated in a published peer-reviewed 

research article: Yap, P. L., Kabiri, S., Auyoong, Y. L., Tran, D. N. H., & Losic, D. 

(2019). Tuning the multifunctional surface chemistry of reduced graphene oxide via 

combined elemental doping and chemical modifications. ACS Omega, 4(22), 19787-

19798. doi: 10.1021/acsomega.9b02642 

 

 

Figure 6. Graphical abstract of “Tuning the multifunctional surface chemistry of 

reduced graphene oxide via combined elemental doping and chemical 

modifications”. Reproduced with permission.22 Copyright (2019) American Chemical 

Society. 

 

Chapter 4 reports the development of advanced graphene composites (polyamine-

rGO) through hydrothermal and chemical modification approaches with high 

adsorption rate, remarkable working pH range and good selectivity towards mercury 

(II) ions. This work achieves Objectives 3 and 4 with the related results combined in 

a published peer-reviewed research article: Yap, P. L., Tung, T. T., Kabiri, S., 

Matulick, N., Tran, D. N. H., & Losic, D. (2020). Polyamine-modified reduced 
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graphene oxide: a new and cost-effective adsorbent for efficient removal of mercury 

in waters. Separation and Purification Technology, 238, 116441. doi: 

https://doi.org/10.1016/j.seppur.2019.116441 

 

Figure 7. Graphical abstract of “Polyamine-modified reduced graphene oxide: a 

new and cost-effective adsorbent for efficient removal of mercury in waters”. 

Reproduced with permission.23 Copyright (2019) Elsevier. 

 

Chapter 5 describes the rational design of advanced graphene composites 

(cysteamine-clicked partially rGO) with multiple binding fuctionalities through an 

optimized thermal thiol-ene click modification approach to achieve outstanding 

adsorption capacity, good selectivity, high adsorption rate and regeneration ability 

towards mercury (II) ions. The investigations in this chapter meet Objectives 3 and 

4 with the corresponding discoveries summarized in a published peer-reviewed 

research article: Yap, P. L., Kabiri, S., Tran, D. N. H., & Losic, D. (2019). 

Multifunctional binding chemistry on modified graphene composite for selective and 

highly efficient adsorption of mercury. ACS Applied Materials & Interfaces, 11(6), 

6350-6362. doi: 10.1021/acsami.8b17131. 
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Figure 8. Graphical abstract of “Multifunctional binding chemistry on modified 

graphene composite for selective and highly efficient adsorption of mercury”. 

Reproduced with permission.14 Copyright (2019) American Chemical Society. 

 

Chapter 6 explores the assembly of advanced graphene composites by combining 

GO, alginate, tetrathiol precursor and magnetic nanoparticles through a 

photoinitiated thiol-ene click modification approach for efficient trapping of multi-

pollutants in water, including heavy metal ions, spilled oils and organic dyes. 

Scientific discoveries from this chapter address Objectives 3 and 4 that generated 

two published peer-reviewed articles as the following. 

Yap, P. L., Auyoong, Y. L., Hassan, K., Farivar, F., Tran, D. N. H., Ma, J., & Losic, 

D. (2020). Multithiol functionalized graphene bio-sponge via photoinitiated thiol-ene 

click chemistry for efficient heavy metal ions adsorption. Chemical Engineering 

Journal, 395, 124965. doi: 10.1016/j.cej.2020.124965  
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Figure 9. Graphical abstract of “Multithiol functionalized graphene bio-sponge via 

photoinitiated thiol-ene click chemistry for efficient heavy metal ions adsorption”. 

Reproduced with permission.19 Copyright (2020) Elsevier. 

 

Yap, P. L., Hassan, K., Auyoong, Y. L., Mansouri, N., Farivar, F., Tran, D. N., & 

Losic, D. (2020). All‐in‐one bioinspired multifunctional graphene biopolymer foam for 

simultaneous removal of multiple water pollutants. Advanced Materials Interfaces, 

2000664. doi: 10.1002/admi.202000664 

 

 

 

Figure 10. Graphical abstract of “All-in-one bioinspired multifunctional graphene-

biopolymer foam for simultaneous removal of multiple water pollutants”. Reproduced 

with permission.24 Copyright (2020) Wiley-VCH.  
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Chapter 7 summarizes the development of advanced graphene composites in this 

thesis and provides the futuristic direction of advanced graphene-based composites 

as an emerging water purification technology. 
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2. LITERATURE REVIEW 

 

2.1. Overview and Significance of Work 

 

In line with Objective 1, this chapter focuses on the recent progress of advanced 

graphene composites as emerging sorbents for removing myriad classes of 

pollutants from water. The rational design of advanced graphene sorbents is first 

discussed based on different functionalization approaches, followed by a strategic 

roadmap to unleash the underlying interaction mechanism between advanced 

graphene sorbents with different classes of water pollutants. A structure-function-

performance relationship between the advanced graphene sorbents with the multi-

pollutants in the water is also established to understand the fundamental relation 

between the adsorption properties (surface area, pore size, type of functional groups, 

C/O, C/N and C/S atomic ratio) of advanced graphene sorbents with the sorption 

performance of diverse pollutants in water. Finally, the reality, challenges and 

opportunities of advanced graphene materials as emerging sorbents for sustainable 

water purification technology are also discussed.  
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2.2. Statement of Authorship 
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2.3. Accepted Work for Publication 

This section is presented as a review article as Pei Lay Yap, Md. J. Nine, Kamrul 

Hassan, Tung Tran, Diana N. H. Tran and Dusan Losic, Graphene-based sorbents 

for multipollutants removal in water: a review of recent progress in Advanced 

Functional Materials, 2020. Reproduced with permission.25 Copyright (2020) Wiley-

VCH. 

 

Figure 11. Graphical abstract of “Graphene-based sorbents for multipollutants 

removal in water: a review of recent progress”. Reproduced with permission.25 

Copyright (2020) Wiley-VCH. 
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3. FUNDAMENTAL UNDERSTANDING ON SURFACE ENGINEERING OF 

FUNCTIONALIZED GRAPHENE MATERIALS 

 

3.1. Overview and Significance of Work 

 

Chapter 3 highlights the fundamental understanding on surface engineering and 

structural design of functionalized graphene materials through the combined 

modifications of chemical doping, reduction and thiol-ene click reaction. Resulting 

derivatives from the combined modifications with varying levels and configurations 

of oxygen, nitrogen and sufur within the graphene framework are comprehensively 

studied using a series of characterization techniques (UV-Vis, Raman, XRD, TGA-

DTG, FTIR and XPS analyses). Fundamental mastery of functionalized graphene 

materials with tailorable doping levels, functional groups and interfacial properties at 

varied oxidation levels is developed. Findings from this chapter fulfil Objective 2 and 

are consolidated in a published peer-reviewed research article. 
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3.2. Statement of Authorship 
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3.3. Published work 

 

This section is presented as a published article as Yap, P. L., Kabiri, S., Auyoong, 

Y. L., Tran, D. N. H., & Losic, D. (2019). Tuning the multifunctional surface chemistry 

of reduced graphene oxide via combined elemental doping and chemical 

modifications. ACS Omega, 4(22), 19787-19798. Reproduced with permission.22 

Copyright (2019) American Chemical Society. 

 

 

Figure 12. Graphical abstract of “Tuning the multifunctional surface chemistry of 

reduced graphene oxide via combined elemental doping and chemical 

modifications”. Reproduced with permission.22 Copyright (2019) American Chemical 

Society. 

 
 



CHAPTER 3 
 

 

52 
 

 



CHAPTER 3 
 

 

53 
 

 



CHAPTER 3 
 

 

54 
 

 



CHAPTER 3 
 

 

55 
 

 



CHAPTER 3 
 

 

56 
 

 



CHAPTER 3 
 

 

57 
 

 



CHAPTER 3 
 

 

58 
 

 



CHAPTER 3 
 

 

59 
 

 



CHAPTER 3 
 

 

60 
 



CHAPTER 3 
 

 

61 
 



CHAPTER 3 
 

 

62 
 



CHAPTER 3 
 

 

63 
 

 

 



CHAPTER 3 
 

 

64 
 

 



CHAPTER 3 
 

 

65 
 

 



CHAPTER 3 
 

 

66 
 

 



CHAPTER 3 
 

 

67 
 

 



CHAPTER 3 
 

 

68 
 

 



CHAPTER 3 
 

 

69 
 

 



CHAPTER 3 
 

 

70 
 

 



CHAPTER 3 
 

 

71 
 

 



CHAPTER 3 
 

 

72 
 



CHAPTER 4 
  

73 
 

 

CHAPTER 4 
 
 

 

 

FUNCTIONALIZED GRAPHENE 

COMPOSITES THROUGH 

HYDROTHERMAL AND 

CHEMICAL REDUCTION 

APPROACHES FOR WATER 

PURIFICATION 
 

 

 

 

 

 

 

 

 



CHAPTER 4 
  

74 
 

4. FUNCTIONALIZED GRAPHENE COMPOSITES VIA HYDROTHERMAL AND 

CHEMICAL REDUCTION APPROACHES FOR WATER PURIFICATION 

 

4.1. Overview and Significance of Work 

 

Chapter 4 addresses several key issues of the commercial adsorbent (AC) including 

its high energy consumption for the activation process and ineffectiveness in 

removing heavy metals, especially mercury ions at low concentration in water. In this 

work, functionalized graphene composites are demonstrated using a mixed 

polyamine precursor (nitrogen-containing group) through hydrothermal and 

chemical reduction approaches. This work aims to: 

• develop a low cost, low energy, environmentally friendly and scalable 

production method for an adsorbent, and 

• design adsorbents with a fast adsorption rate, high affinity and selectivity 

towards removing low concentrations of mercury in water 

Findings from this chapter achieved Objectives 3 and 4, which are combined in a 

published peer-reviewed research article. 

 

 

 

 

 

 

 



CHAPTER 4 
  

75 
 

4.2. Statement of Authorship 
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4.3. Published work 

 

This section is presented as a published review article as Yap, P. L., Tung, T. T., 

Kabiri, S., Matulick, N., Tran, D. N. H., & Losic, D. (2020). Polyamine-modified 

reduced graphene oxide: a new and cost-effective adsorbent for efficient removal of 

mercury in waters. Separation and Purification Technology, 238, 116441. 

Reproduced with permission.23 Copyright (2019) Elsevier. 

 

 

Figure 13. Graphical abstract of “Polyamine-modified reduced graphene oxide: a 

new and cost-effective adsorbent for efficient removal of mercury in waters”. 

Reproduced with permission.23 Copyright (2019) Elsevier. 
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5. FUNCTIONALIZED GRAPHENE COMPOSITES VIA THERMAL THIOL-ENE 

CLICK APPROACH FOR WATER PURIFICATION 

 

5.1. Overview and Significance of Work 

Production process of the commercial adsorbent (AC) is energy-intensive and 

inefficient to remove residual mercury at low concentration in water systems even 

after conventional water treatment. Engineering of functionalized graphene 

composites is demonstrated using cysteamine (sulfur- and nitrogen-containing 

precursor) through a thermal thiol-ene click approach. This work targets to: 

• develop a mild, low energy, environmentally friendly and scalable production 

method for an adsorbent, and 

• design an adsorbent with a fast adsorption rate, high affinity and selectivity 

towards removing low concentrations of mercury in water 

Findings from this work accomplished Objectives 3 and 4, which are colligated in a 

published peer-reviewed research article. 
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5.2. Statement of Authorship 
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5.3. Published work 

 

This section is presented as a published article as Yap, P. L., Kabiri, S., Tran, D. N. 

H., & Losic, D. (2019). Multifunctional binding chemistry on modified graphene 

composite for selective and highly efficient adsorption of mercury. ACS Applied 

Materials & Interfaces, 11(6), 6350-6362. Reproduced with permission.14 Copyright 

(2019) American Chemical Society. 

 

 

Figure 14. Graphical abstract of “Multifunctional binding chemistry on modified 

graphene composite for selective and highly efficient adsorption of mercury”. 

Reproduced with permission.14 Copyright (2019) American Chemical Society. 
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6. FUNCTIONALIZED GRAPHENE COMPOSITES VIA PHOTOINITIATED 

THIOL-ENE CLICK APPROACH FOR WATER PURIFICATION 

 

6.1. Overview and Significance of Work 

 

Efficient and sustainable water purification technologies are still highly sought-after 

due to uncontrollable widespread of multi-pollutants in water bodies. This section 

describes the design of three-dimentional (3D) sulfur-functionalized porous 

graphene aerogels through a green and scalable UV thiol-ene click approach. This 

work aims to: 

• devise an energy-efficient, environmentally friendly, and scalable 

modification method for preparing robust graphene sorbents 

• design robust bio-polymer sorbents with strong affinity and high 

regenerability to tackle multi water pollutants 

Outcomes from this work fulfilled Objectives 3 and 4, which are consolidated in two 

published peer-reviewed research articles. 
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6.2. Statement of Authorship 
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6.3. Published work 

 

This section is presented as a published peer-reviewed article:  

1. Yap, P. L., Auyoong, Y. L., Hassan, K., Farivar, F., Tran, D. N. H., Ma, J., & 

Losic, D. (2020). Multithiol functionalized graphene bio-sponge via 

photoinitiated thiol-ene click chemistry for efficient heavy metal ions 

adsorption. Chemical Engineering Journal, 395, 124965. Reproduced with 

permission.19 Copyright (2020) Elsevier. 

 

 

Figure 15. Graphical abstract of “Multithiol functionalized graphene bio-sponge via 

photoinitiated thiol-ene click chemistry for efficient heavy metal ions adsorption”. 

Reproduced with permission.19 Copyright (2020) Elsevier. 
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6.4. Statement of Authorship 
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Figure 16. Graphical abstract of “All-in-one bioinspired multifunctional graphene-

biopolymer foam for simultaneous removal of multiple water pollutants”. Reproduced 

with permission.24 Copyright (2020) Wiley-VCH.  
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7. CONCLUSIONS AND PERSPECTIVES 

 

7.1. Conclusions 

 

This thesis contributes to the development of advanced graphene-based composites 

using novel functionalization methodologies towards providing technological 

solutions for water purification and addressing the rising water pollution issues 

worldwide. This comprehensive study aims to address specific challenges faced by 

the conventional adsorbent (AC) for remediation of water pollutants. In essence, this 

thesis is devoted to the development of new generation water purification 

technologies based on the surface and structural engineering of graphene 

derivatives with exploration on different modification approaches using several 

functionalization agents. Three main concepts can be summarized based on the 

research outcomes in this thesis:  

1. Fundamental insights on surface engineering and structural design of 

advanced graphene composites (Objective 2):  Controllable modulation of 

surface functionalities on graphene composites was achieved through 

simultaneous chemical reduction and nitrogen doping of GO, followed by a 

thermal thiol-ene click reaction.  By varying the amount of reducing agent, a 

series of N-doped rGO with different levels of oxygen groups were prepared 

for subsequent attachment of amino-terminated thiol molecules through the 

thiol-ene click reaction. A correlation was established between different 

reduction degree of N doped-GO with new tunable functionalities including 
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nitrogen (-NH2) and sulfur (C-S-C, C=S, S-O) groups on functionalized 

graphene composites. Fundamental insights on the structural, chemical and 

thermal properties of functionalized graphene materials with tailorable doping 

levels, functional groups and interfacial properties at varied oxidation levels 

were acquired. Outcomes from this research study provide basic 

understanding on the structural, chemical and thermal properties of doped- 

and thiol-ene functionalized graphene materials for subsequent studies in this 

thesis. Resulting graphene derivatives from this combined modification paves 

a practical design pathway for novel advanced graphene materials with 

potential applications in polymer composites, supercapacitors, 

electrocatalysts, adsorbents and sensors.   

2. Design and engineering of advanced graphene composites (Objective 

3): Four novel modification strategies were explored to engineer graphene in 

addressing the key challenges faced by AC including its energy-intensive 

preparation approach and less effective immobilization of residual heavy 

metal ions at low concentrations detected in effluents after a typical water 

treatment process. Essentially, the surface and interface of graphene were 

tailored to graft multifunctional groups to achieve better dispersibility, material 

robustness and stability in water for trapping myriads of pollutants in water.  

Structural, chemical and thermal properties of the advanced graphene 

composites fabricated herein, were prudently investigated to understand their 

corresponding formation mechanisms. To target for a low cost, low energy, 

environmentally friendly and scalable modification approach, hydrothermal 

and chemical reduction were adopted to covalently graft polyamine precursor 
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on the epoxides and carboxyls groups on GO. Formation of rich and multiple 

type of nitrogen containing groups on rGO through ring opening nucleophilic 

and amidation was proposed based on detailed XPS and FTIR analyses. Both 

polyamine modified rGO exhibited 8.28 and 5.74 atomic % nitrogen content 

with high surface area (270 ±10 m2/g and 63 ±8 m2/g) respectively, achieved 

from the chemical reduction and hydrothermal approaches.  

Meanwhile, engineering of multifunctional graphene-based composite was 

explored to introduce cysteamine, a precursor bearing sulfur and amino 

functional groups onto GO through a thermal thiol-ene click method. 

Benefited from the advantages of a modular, catalysts-free and mild reaction 

condition, this multifunctional graphene composite was successfully 

functionalized with thiol groups (cysteamine) attached to the sp2 carbon (GO). 

The high surface area (672 m2/g), multifunctional partially reduced GO 

composite was confirmed with almost equal amount of nitrogen (1.59 atomic 

%) and sulfur (1.66 atomic %) detected on its surface.  

On the other hand, a facile, energy-efficient, and environmentally friendly (use 

of non-toxic solvent with no emission of harmful organic compounds) 

photoinitiated thiol-ene click approach was applied to design multithiol 

functionalized graphene-based aerogels. By varying the UV irradiation time 

using pentaerythritol tetrakis-mercaptopropionate as a thiol-precursor, 

optimization of this UV-directed modification strategy successfully created 

multifunctional graphene aerogels with two different types of sulfur chemistry. 

Both SH-graphene bio-sponge and Alg-Fe3O4-rGO-4S bio-polymer foam 

exhibited high surface area and high density of sulfur-containing groups 
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(115.0 and 125.1 m2/g; 10.2 atomic % S and 8.86 atomic % S, respectively). 

In these graphene-based composites, alginate biopolymer was added to 

mechanically strengthen the graphene aerogel, while magnetic nanoparticles 

(Fe3O4) were introduced to facilitate separation after the sorption process 

besides enhancing the uptake of water pollutants.  

3. Sorption performance of advanced graphene composites (Objective 4): 

Evaluation of pollutant sorption using the developed advanced graphene-

based composites was performed on different types of water pollutants 

including heavy metal ions, organic dyes, organic solvents and oil. Heavy 

metal ions are the most studied pollutant in this work owing to their inherent 

properties including their toxicity even exposure at very low concentration, 

almost invisible and persistence in water that make them difficult to be 

removed compared to other contaminants. Interaction mechanisms between 

the developed adsorbents and pollutants were investigated through pH, 

kinetics and isotherms studies, which were fitted into kinetics models 

(pseudo-first- and pseudo-second-order models) as well as isotherms models 

(Langmuir and Freundlich models). Performance testings on the aspects of 

selectivity, regeneration, real sample analysis and simultaneous pollutants 

removal were also explored to assess the potential application of the 

developed adsorbents in real water systems. In summary, the adsorbents 

developed through green, scalable, cost-, and energy- efficient methods 

hereby exhibit excellent activity, outstanding selectivity and good 

regenerability than the commercial adsorbent towards water purification.  
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7.2. Future Work Recommendations  

 

This research study marked an exciting journey with novel discovery that 

underpinned the mastery on functionalization of graphene derivatives through 

different chemical modification strategies, engineering of new graphene-based 

composites and advancing their performance for sorption of broad range of 

pollutants that open many new frontiers that require further explorations.  For future 

direction, several key aspects highlighted as the following are recommended to fully 

unlock the potential of functionalized graphene-based materials in advanced water 

purification technology:  

1. Extension of thiol-ene click concept to pristine graphene, other 2D 

materials and their hybrids: Although several examples of graphene-based 

composites with remarkable water purfication performance have been 

successfully demonstrated to functionalize GO through thiol-ene click 

approach in this thesis, this modification approach is still at its infancy 

especially with its great potential to modify pristine graphene directly. Owing 

to the abundance of sp2 carbon (‘ene’) in the graphene newtwork, the thiol-

ene click modification approach is expected to give rise to extraordinary 

properties such as high electrical conductivity with enhanced dispersion in 

water if this modification strategy is systematically studied to functionalize 

pristine graphene. Thorough understanding of this concept at the atomic level 

of the fabricated materials is necessary because it is beneficial not only for 

environmental applications (e.g. environmental sensors), but also for other 

promising applications such as energy storage and biomedical devices.  



CHAPTER 7 

 

 

199 
 

2. Optimization of the robustness and structural properties of 

functionalized graphene-based materials: Exploration on the optimization 

of the functionalization parameters for fine-tuning the mechanical and 

structural properties of graphene-based composites to achieve robust, 

flexible, free-standing nanoporous graphene in different forms (paper, films, 

sponge and membrane) is still highly desirable. These properties are critical 

to improve the durability, recyclability and sustainability of the functionalized 

graphene materials for enhanced removal of water pollutants. In fact, majority 

solutions to global challenges are just around us. By exploring biomimetic 

design, desirable nanostructural properties of materials can be achieved to 

create nature-inspiring technology for water purification. For example, water 

repellency property of a material can be developed by biomimicking the 

structure of the superhydrophobic leaves of a lotus flower to achieve 

enhanced removal of spilled oils in water. 

3. Design of less hazardous and sustainable synthesis: It is recommended 

that the synthetic methods should be devised to use chemicals that pose little 

or no toxicity to human health and the environment as emphasized in The 

Twelve Principles of Green Chemistry.26 Alternative of biodegradable and 

sustainable raw materials should be considered to substitute the use of 

hazardous synthetic feedstock. For example, natural bacterial iron-oxide with 

magnetic property recovered from the biofilm waste in the groundwater 

pumping system can be used as an alternative of raw material to replace 

corrosive chemicals including base (ammonia solution) as well as iron (II) and 

(III) salts required to synthesize magnetic iron oxide nanoparticles in the 
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future work. Apart from achieving the sustainability goal by using the natural 

recycled raw materials, this strategy can give rise to magnetic separation after 

the sorption process and reduce the cost of production of graphene-based 

materials for removal of water pollutants.  

4. Expansion of pollutants removal studies to emerging water 

contaminants (micro- and nanoplastics) using advanced graphene-

based materials: Emergence of highly persistent micro- and nanoplastics 

contaminants (per-and polyfluoroalkyl substances e.g. perfluorooctanoic 

acid-PFOA and polyfluoroalkyl substances-PFAS) from consumer products 

(e.g. non-stick coatings on cookware, food packaging, electronics, fuel 

additives and fire retardants) since the 1940s has recently stirred 

environmental and human health concerns. These emerging contaminants 

are associated with cancer, reproductive, liver and immune systems failures 

that trigger public urgency to contain them from entering our water supply and 

food chain.  Owing to the hydrophobic interactions between the micro- and 

nanoplastics structure with the conjugated systems of neat graphene, 

graphene-based materials can potentially be a solution to tackle this 

environmental crisis. Therefore, future research work should be expanded to 

cover specific tailoring surface chemistry for efficient removal of these non-

degradable plastic debris by applying advanced graphene-based composites.    

5. Cost reduction of graphene-based composites for full-scale water 

purification: Development of cost-effective, scalable and sustainable 

graphene functionalization strategies is still highly in demand to meet the 

competitive low-cost AC for remediation of water pollutants. As demonstrated 
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in this thesis, performance of numerous functionalized graphene composites 

surpassed AC in all the testing aspects, yet nearly none of them has been 

fully adopted in water treatment processes at a commercial level. This is 

because cost is the major constraint given that the market price of graphene 

at present is ca. USD $ 100 per kilogram, which is still far away from the ideal 

price of ca. USD $ 6.81 per kilogram for AC (buyactivatedcharcoal.com) in 

the market. With the emerging of graphene producers in the market and the 

ever rapid-growing graphene research, it is optimistic that the market price of 

graphene can achieve that of AC. More research focus should be given to the 

development of economical-viable large-scale processing of graphene 

methods since graphene is derived from a cheap raw source, graphite, ca. 

USD $ 7.70 per kilogram (Saint Jean Carbon, Inc.). Furthermore, the material 

cost can also be lowered by using natural recycled raw materials (e.g. 

magnetic biofilm waste as discussed above) for enhanced contaminants 

removal from water. 

6.  Integration of advanced graphene-based sorbents with other water 

purification and water generation technologies: Apart from using 

graphene-based materials in the adsorption process, assimilation of the 

developed graphene-based materials into other water purification techniques 

(filtration, photocatalysis, capacitive deionization, etc.) and water generation 

technologies (solar steam generation, fog harvesting, desalination, etc.) are 

also critical to effectively address the clean water shortage worldwide.  

7. Translation of laboratory innovations into graphene-enabled 

commercialization products: graphene-based materials developed herein 
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which are proven to successfully remove various water pollutants can be 

turned into real advanced water purification system. For instance, by 

integrating 3D printing technology in the future work, these graphene-based 

materials can be potentially printed into water filtration catridges that can be 

prospectively used in the water purification system.   

8. Investigating the safety and environmental risk of developed graphene-

based composites: Concern arises on the use of nanomaterials including 

graphene and its derivatives in water treatment due to possible remaining 

nanomaterials still trapped in the water that may trigger water security issue. 

Cytotoxicity experiments on the material stability and degradation (i.e. shelf-

life) should be performed on the developed graphene-based composites in 

water to understand its long-term effect to the aquatic life and its presence in 

the water supply.    

Despite various challenges associated with the use of graphene-related materials, 

their prospect in water purification is still optimistic provided that there is continuous 

injection of research funding to support the research development in this area for 

sustainable global supply of clean water. Inputs and advice on the feasibility of the 

developed materials from industry experts are important to ensure the successful 

translation of the lab scale water purification technology into field operations. 

Furthermore, this implementation will not be possible without the continuous support 

from the policy makers to set out comprehensive environmental regulations and 

guidelines over the water quality besides creating public awareness about the global 

water crisis. In summary, active collaborative engagement among the policy makers, 

industry experts and researchers is critical to optimize the socio-techno-economic 
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assessment of the developed graphene-based technological solutions in addressing 

the global water crisis.    
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Appendix A: News article featured by NewsRx  
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Appendix B 

 

Video links for 3 Minute Thesis (3MT) 

Video Link 1 : 

https://www.youtube.com/watch?v=TXgntAFBhJk&feature=youtu.be 

Video Link 2 : https://www.adelaide.edu.au/3mt/finals 

 

Video link for Visualize Your Thesis: 

https://www.youtube.com/watch?v=kPWOKvDJhRk#action=share  
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