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Abstract 

Carbonaceous materials have shown undisputable promise as catalysts in various 

applications. The ability to tune key features such as specific surface area and 

functionality to improve their activity represents a key advantage. This requires the 

development of general, facile and cost-effective synthetic methods to deliver these 

multifunctional materials for efficiency, reproduceability and affordability purpose. 

This work describes the fabrication of a series of graphene-chromophore (dye) 

systems, fabrication of graphene-chitosan (two-component), graphene-

chromophore-chitosan (three-component), as well as the application of graphene-

chromophore hybrids using physisorption and photocatalytic activity studies. Two 

photochemical methods involving 2-step procedure; diazonium salt formation, 

isolation and storage, followed with functionalization of graphene using with 

diazonium salt. Other method is in-situ production of diazonium salt and subsequent 

functionalization of graphene in one-pot reaction mixture was employed in the 

fabrication of the graphene-chromophore. It was found that the two-step procedure is 

limited by the stability of the diazonium salts and thus has a limited application. The 

one-pot method allows preparation of a wide range of different composites in an 

easy and inexpensive manner. To compare the the grafting rate and performance 

efficiency of the catalysts, functionalisation of graphene-chromophore-chitosan was 

conducted in one-pot and 2-step covalent radical procedure, while fabrication of 

graphene-chitosan was conducted through one-pot covalent and non-covalent 

pathways. Synthesised samples were characterised by a range of methods including 

electron microscopy and optical analysis such as, X-ray diffraction, gas adsorption, 

infra-red, UV-Vis and fluorescence spectroscopy. Optical analysis of the UV-vis 

absorption spectra shows substantial alteration through both bathochromic (red) and 

hypsochromic (blue) shifts due to introduced functionalities proving successful 

surface modification. Changes in a peak pattern have been observed in the FTIR 

spectra of the modified graphene. Further analyses using PXRD, BET and TGA 

shows evidence of functionalised graphene surface. Lorentz peak fitting and BET 

surface analysis show about 12-38% increase in the FWHM values and up to 65% 

decrease in the surface area of the graphene-chromophores compared to 
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unmodified graphene. TEM analysis reveals an ordered array of chromophores on 

the surface of the graphene nanoplatelets. Adsorption experiments of the modified 

graphene using two most common basic dyes (cationic) and one most common 

weak acidic (anionic) dye as model dyes: methyl blue (MB), rhodamine B (RhB) and 

methyl orange (MO) were used and showed different range of adsorption capacities: 

GP-Chr; (38.3 mg/g, 58.19 mg/g and 21.40 mg/g), GP-Acr; (47.9 mg/g, 63.0 mg/g 

and 33.50 mg/g), GP-Acn; (30.0 mg/g, 61.77mg/g and 16.19 mg/g), GP-Pnz; (32.6 

mg/g, 33.15 mg/g and 9.97 mg/g), GP-Fsc; (49.6 mg/g, 63.5 mg/g and 24.75 mg/g) 

and GP-Thio; (43.5 mg/g, 45.05 mg/g and 14.79 mg/g). Kinetics studies of materials 

using the same dye models (MB, RhB and MO) were conducted under dark and light 

illuminations. Performance efficiency of all the catalysts was higher using RhB and 

MB than MO, this is because the structure of MO is not flat and therefore not 

favourable for efficient electrostatic interactions such as π-π stacking. However, 

some catalysts manifested higher removal rate with illumination than in the dark due 

to photocatalytic activity. 
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CHAPTER 1 

1.0 Introduction to Research 

Industrial growth and its environmental implications, especially to water sources, has 

become an overwhelming problem of the world and a challenge for researchers to come 

up with a viable solution. Water is the most essential natural resource on Earth, vital for 

animal and plant life. Although 70% of Earth is covered by water, only 3% of it is 

freshwater suitable for our consumption and the mismanagement of this scarce 

commodity by human actions is alarming 38. Worldwide, rapid growth in human population 

brought about industrial revolution as well as the development of new technologies to 

reinforce the natural resources of livelihood. While this might be a relief for survival however, 

its implications such as climate change, water pollution and consequently, drought 37 

becomes life threatening and a source of concern. According to the United Nation World 

Water Development (UNWWD) report, about 440 million people in the world do not have 

access to quality water, and the industrial demand of water will rise to 400% by 2050 39. A 

more recent report by the UNWWD (2019) shows that by the year 2050, more than 5 billion 

people in the world will be affected by the shortages of water due to climate change, 

consumption, and pollution. 

Industrial effluents, oil spillage, mining activities, agricultural practices, Lead-Acid battery 

recycling etc. are known to be the main causes of water pollution 91. Organic pollutants 

resulting from polymer, colorant, leather, textile, drug, food industries, and phenolic 

contents of crude oil, pesticides have been the major threat to the aquatic environment, as 

well as human health. Synthetic dyes are usually designed for specific function or 

application and therefore, have Improved properties and more advantageous than the 
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natural ones, however, their increased stability to light, temperature, chemical and 

microbial degradation are major threat for aquatic life and human health. 37, 270-271 

Dye industries together with other nine industries such as used lead acid battery (ULAB), 

mining and ore processing, lead smelting, tanneries, artisanal small-scale gold mining 

(ASGM), industrial dumpsites, industrial estates, chemical manufacturing, and product 

manufacturing, have been identified as the top 10 industries responsible for endangering 

the lives of about 200 million people in low- and middle-income countries 91. The major 

source of dyestuff waste discharged into the environment comes from textile industries 

and constitutes a significant percentage (17-20%) of industrial effluents worldwide of about 

200,000 tons annually. 91, 271-272 

Because of the complexity of the synthetic organic pollutants, the traditional processes 

such as adsorption, chlorination, ozonation and flocculation are insufficient options to treat 

these effluents 1-2 to total mineralization.  Other factors reducing quality of water also 

include high alkalinity, biological oxygen demand (BOD), chemical oxygen demand (COD) 

and total dissolved solids (TDS) 1, 37, 93. A more economic, and efficient method for the 

treatment of these pollutants have been discovered, among which heterogeneous 

photocatalysis (see chapter 4) is prominent for its potential in water treatment.1-2, 25, 29, 37. 
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1.1 Graphene 

Graphene is a single monolayer of sp2 hybridized carbon atoms in a densely ordered 

honey-comb crystal lattice, from which carbon-based materials of various dimensions, e.g., 

fullerenes (0D), nanotubes (1D), and graphitic materials (2D and 3D), can be built up 4,31. 

(figure 1.1) It is considered as a new member of the carbon materials family, exhibiting 

unique properties such as significant carrier mobility (200,000 cm2v-1s-1) at room 

temperature, large surface area (2630 m2g-1), Young modulus (~1.0 Tpa), along with 

superior thermal conductivity (~5000 W m-1k-1), high optical transparency (~97.79%), and 

good electrical conductivity. 4, 34, 59, 273. These extraordinary properties make graphene a 

highly applicable and important component in areas of catalysis, optical electronics, 

photovoltaic systems, and  

 

Figure 1.1: Graphene monolayer structure copied from (Ref. 299) 

 

multifunctional composites 36, 58, 201. Electron transported on to the graphene surface  

will be transported faster to the reactive oxidizing species thereby minimizing rate of 

recombination. Large surface area in pristine graphene will provide avenue for high 

degree of functionalization. 
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1.2 Key Properties of Graphene 

High Surface Area. One of the most interesting properties graphene exhibited is a large 

theoretical surface area of about 2630 m2 g-1,
 

which is twice the size of the SWCNT.60 

However, aggregation may occur between the exfoliated single sheets of graphene in the 

samples through π- π stacking facilitated by Van der Waals forces if the sheets are not 

well separated from each other by surface modification or functionalization 53, 61. 

Modification or functionalization can be carried out on the basal plane and or edges 50, 51, 53, 

55. During heterogeneous catalysis, the adsorption and the catalytic degradation occur on 

the surface 42, 43, 44, 46, 47. Because graphene sheet is an extended conjugated system that 

is 100 to 1000 times larger than the size of a typical organic molecule, therefore the 

surface provides an opportunity for the creation of the active sites producing a new 

catalytic material with enhanced characteristics 35. Graphene has also shown good 

„foldability‟, recovering its electrical properties after bending and unbending150. (Figure 1.2) 

 

Figure 1.2: Surface area and multi-functionality of graphene-based composites 
photocatalyst (Ref. 300) 
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Intrinsic mobility and the zero-band gap. One of the unique properties of graphene, is 

exhibiting a zero-band gap 31, 54, 58, 59. This was explained by the overlapping of the 

valence and conduction band in a single point in K space, referred as Dirac point (Brillouin 

zone with two non-equivalent points‟ k and k‟). The dispersion relation of the electrons by 

the Dirac point (k-k‟) was achieved by the nearest band interaction. For this reason, 

graphene is referred as a zero- band gap semiconductor, and the density of states at the 

honeycomb lattice in direct space but rotated 90oC. 

 

Figure 1.3: Graphene energy band dispersion in momentum space within simple tight-
binding (FMO) theory; Copied from (Ref. 54). 

 

Experimental observation of the cyclotron mass dependence on the square root of the 

electronic density in graphene was pointed as evidence for the existence of massless 

Dirac quasi particles in graphene 65, 67. As a zero-band gap semiconductor, graphene 

displays an ambipolar electric field effect and charge carriers can be tuned continuously 

between electrons and holes in concentrations as high as 1013 cm-2, with room 

temperature mobility of up to 15,000 cm2 V-1 s-1 64. Similarly, minimizing the impurities in 

graphene suspension and controlling its room temperature, maintained the ultra-high 

mobility value of around 200,000 cm2 V-1 s-1 even in high densities of both chemically and 
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electrically doped devices 66. 

 

Thermal Conductivity. Graphene as 2D material, has little or no phonon scattering. The 

low-energy phonons in the system are involved in heat transfer, therefore providing higher 

thermal conductivity 31. In general, the thermal conductivity of graphene is dominated by 

phonon transport, characterized as diffusive conduction at high temperature and ballistic 

conduction at sufficiently low temperature 59. The thermal conductivity has proven to be 

very sensitive to the isotopic disorder, with percentage in the low disorder region having 

more than 40% reduction in thermal conductivity than isotopic disorder percentage by less 

than 5%; while for higher disorder percentage, the thermal conductivity keeps almost 

unchanged70. 

 

Mechanical Properties. The mechanical properties of monolayer graphene including the 

Young‟s modulus and fracture strength have been investigated by molecular dynamics 59. 

In continuum mechanics, the relations between load and deformation have been 

developed before making a solution. Homogeneous and isotropic materials can be 

represented by two independent constants: Young‟s modulus and Poisson‟s ratio 69. The 

Young modulus of graphene has been experimentally measured to be 1.0 Tpa ± 0.1 using 

atomic force microscopy (AFM) through introducing external strain on graphene and 

record the force displacement relation 70, 71. If the external strain is applied on graphene, 

the internal force or potential can be calculated in different approaches such as 

interatomic potentials 71 etc. Other factors such as temperature, size of the particles, 

isotopic disorder can alter the value of the Young‟s modulus of graphene59. 
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Optical Properties: Graphene has experimentally proven to be 97.7 % optically 

transparent in the visible range, whereby its transparency linearly decreases with 

increasing the layers of graphene59. Many of the electronic properties of graphene with its 

linear dispersion near the Fermi level, can be attributed in terms of massless Dirac 

fermions. In this view, the predicted conductivity can be viewed as an intrinsic property of 

two-dimensional massless fermions. This universal optical conductivity may be viewed as 

the high frequency counterpart of the minimal conductivity of graphene, an interesting area 

of investigation72. 

1.3 Synthesis of Graphene 

Since after the successful isolation of graphene in 2004 by Geim and Novoselov, after 

several attempts in many years, graphene synthesis and its applications became a point of 

interest in the materials science31, 35, 52. However, the production of single layer graphene 

for commercial applications faces some challenges, especially, in the improvement of its 

quality, scale and size36. Several efforts were, and still being made to develop efficient 

techniques of producing best quality graphene, as well as large production76. (Figure 1.4) 
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Figure 1.4: Schematic illustration of various graphene synthesis techniques. (a) Graphene 
flake synthesis by mechanical exfoliation form HOPG. (b) Epitaxial graphene growth on 
metal single crystals. (c) Epitaxial growth of graphene on carbide wafers by graphitization 
or deposition. (d) CVD synthesis of large area graphene on metal (Ni or Cu) foils. (e) 
Chemical synthesis of graphene from graphite oxide, copied from Ref (205) 
 

Production of graphene can be carried out by two main approaches: top-down 

(destruction) and bottom-up (construction) methods149. (Figure 1.5) The top-down 

approach such as micromechanical cleavage, arc discharge, oxidative exfoliation-

reduction, liquid-phase exfoliation (LPE), involves separating stacked layers of graphite to 

produce single graphene sheets, while bottom-up approach involves synthesising 

graphene from alternative carbon sources150. Top-down method involves de-stacking of 

the sheets, meaning that van der Waals forces that hold the layers together must be 

overcome, which is difficult considering the relatively low interlayer bonding energy149, 150. 

Generally, some top-down methods are highly scalable and produce high quality 

products.149 But, some challenges such as effectively separating the layers without 
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damaging the sheets and preventing re-agglomeration of the sheets once the layers have 

been exfoliated150 still exist. The setback for the top-down approaches generally includes 

low yields, multiple steps, dependency on finite graphene precursors and inconsistency in 

their properties149, 150. For bottom-up methods, high levels of graphitisation must be 

promoted to produce a good quality material, so these methods generally require high 

temperatures. The processes involved are usually simple, although the material produced 

can contain higher levels of defects than that observed for top-down methods. In addition, 

the bottom-up approach can utilise other carbon sources apart from graphite and atomic-

sized precursors. The methods include chemical vapor deposition (CVD), epitaxial growth, 

total organic synthesis, template route and substrate-free gas-phase synthesis (SFGP) 

 

 

Figure 1.5: Bottom-up and Top-down approaches of graphene synthesis copied from (Ref. 
155) 

1.4 Bottom-up Approach 

Chemical Vapour Deposition (CVD). This is the most promising method of synthesizing 

single-layer graphene amongst others, proven to be and capable of producing high quality 

products 5, 52, 77. It can be described as the deposition of gaseous reactants onto a 

substrate by combination of gaseous precursors in a reaction chamber under favourable 

condition. (Figure 1.6) A film is formed on a substrate surface support, when gas interacts 

with the surface in the reaction chamber, releasing the unutilised gases. However, 



10 
 

 

throughout the deposition process the coating on the substrate is prepared in microns and 

at a very low speed75. Hydrocarbon gases such as methane (CH4), acetylene (C2H2), 

ethylene (C2H4) and hexane (C6H14) and other biomass materials can be used to grow 

graphene sheet on metallic catalysts such as Cu and Ni films at elevated temperatures 

(650–1000 °C).180-181 On landing at the hot surface of metal catalyst, the carbon precursor 

dissociates into free carbon and hydrogen atoms. The carbon atom then diffuses through 

the surface and the bulk of metal catalyst, and subsequently forms graphene sheet on the 

metal surface upon reaching the carbon solubility limit149, 174-177 

Depending on the metal type, CVD graphene growth can either be surface catalysed or be 

achieved by segregation methods. For surface catalysed reactions the decomposition of 

the carbon containing species and graphene formation occur at the metal surface, and 

growth can be described as “self-limiting” to monolayer graphene as the surface is 

mollified once covered. In segregation process, graphene forms via the diffusion of carbon 

dissolved in the bulk metal on the metal surface, which generally occurs upon cooling due 

to the reduced solubility of carbon in metals at lower temperatures149-150, 174-179. The 

number of graphene layers produced by segregation depends on various factors including 

the amount of carbon dissolved and the rate of cooling. 150 
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Figure 1.6: Schematic illustration of chemical vapour deposition (CVD) copied from ref. 

301. 

 

Epitaxial Growth. Graphene can also be epitaxially grown on single crystal of silicon 

carbide (SiC) by vacuum graphitization at high temperature78, 149-150. High temperature 

treatment causes silicon (Si) to sublimate at melting temperature of Si ca. 1100 °C, leaving 

excessive C atoms to aggregate and form a sp2 hybridized network which induces 

graphene growth149, 182.  Growth in argon atmospheres183-184 or in the presence of small 

quantities of disilane185-186 have shown to reduce the rate of silicon sublimation, allowing 

higher temperatures to be used which results in higher quality graphene. Preferential Si 

sublimation can also be induced by pulsed electron irradiation187-188. The number of 

epitaxial graphene layers can be controlled, and the quality of such graphene is good. 

However, the carrier scattering at epitaxial graphene on SiC is induced by geometry. This 

method prepares graphene of larger sample size, but it is costly because it requires high 

reaction temperature and the expensive SiC wafers. In addition, the prepared graphene is 
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inferior to the mechanical exfoliated graphene in quality and crystallite size77. 

1.5 Top-down Approach 

Micromechanical Cleavage (Scotch tape). This method involves the exfoliation of 

graphite using adhesive tape to cleave the layers apart or peel-off and was the first 

method used to experimentally isolate graphene150, 151. Repeated cleavage yields mono, 

bi, and few-layer graphene which are identified by optical microscopy over specially 

prepared SiO2(300 nm)/Si substrates, taking advantage of the change in refractive index 

between graphene and 300 nm thick silicon dioxide. 

The sheets are of high quality because of the limited graphite processing required, but the 

method is slow and labour intensive, so the material produced is often reserved for study 

of the fundamental properties of graphene rather than use in commercial applications150, 

151. Mechanical exfoliation can be classified based on directional routes such as normal 

force and shear force vectors. One of the recent studies on the normal force synthesis 

route is the peeling of graphite using advanced machinery of ultra-sharp single crystal 

diamond wedge 153. This method is time and cost effective and replaces the need for 

manual operation. Shear force-based methods such as ball milling and fluid dynamic 

methods have been gaining much attention recently. Ball milling, which is commonly used 

in grinding minerals, ceramic, cement and fertilizer, utilizes balls to generate the 

mechanical force via impact and attrition, exfoliating graphite to form graphene flakes 149. 

This technique facilitates exfoliation and fragmentation of graphite to graphene of nano-

size thickness154. 

 

Arc Discharge. A technology to pass a direct current between high purity graphite 

electrodes has been widely used in the synthesis of carbon nanomaterials including 
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fullerenes and nanotubes149, 150, 152. The reaction chamber consists of an anode (carbon 

precursor) and a cathode (graphite rod) which are submerged either in a gas or a liquid 

medium. The applied electrical current dissociates the medium to generate high 

temperature plasma reaching up to 3727–5727 °C, sufficient to sublime the precursor. The 

synthesis of graphene has been investigated under different inert gas conditions which is 

generally expensive due to the use of vacuum equipment149. A few-layer graphene has 

been recently synthesized in different buffer gases using arc discharge. The hydrogen gas 

in the buffer was important for termination of the dangling carbon bonds inhibiting the 

rolling-up and closing of graphitic sheets.156-162 A mixture of helium and hydrogen gas was 

found to produce the highest crystallinity material from a number of different buffer gases 

studied150. 

 

Oxidative-Exfoliation-Reduction. The most popular method of producing graphene is 

exfoliation of graphite oxide into graphene oxide (GO), followed by reduction of GO to 

produce graphene149-152. The synthesis of graphite oxide involves the use of concentrated 

acids and strong oxidants as done in the past by Straudenmaier 149, 165, Brodie 149, 166 

methods, and Hummers methods58, 149, 150, 164, 167, 206 which is still the most widely used 

method today150. The structure of graphene oxide has been described by a number of 

different models, namely the Hofmann, Ruess, Scholz-Boehm, Nakajima-Matsuo, Lerf-

Klinowski and Szabo models168-169. The widely accepted model is the Lerf–Klinowski 

model149-150, 171-172 which describes it as a layered structure with hydroxy and epoxy 

groups on the basal planes and carboxylic and carbonyl groups at the sheet edges. These 

oxygen containing groups make graphene oxide hydrophilic, and the presence of 

functional groups between layers also results in graphene oxide having a larger interlayer 

spacing (6–12 Å) depending on the amount of intercalated water) than graphite (3.4 Å) 150. 
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(Figure 1.7) 

 

 

Figure 1.7: Different synthesis methods of graphene from oxidation of graphite (starting 
material)  to epoxiliation of graphite oxide through; chemical, thermal and electrochemical 
reduction of graphene oxide, sourced from Ref. (206) 

1.6 Reactivity of Graphene 

Considering the chemical behaviour of graphene, a number of structural and electronic 

properties have been found useful in understanding its reactivity as a chemical substrate54, 

96. Graphene chemistry resembles that of the fullerenes and carbon nanotubes, except 

their strain role in promoting addition chemistry35, 54. Absence of functional groups in 

graphene makes direct chemical modification on the basal plane impossible for normal 
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aromatic substitution reactions. 

 

Figure 1.8: Origin of chemical reactivity of graphene. (A) Intrinsic reactivity arising from the 
delocalized π-bonding system. (B) Zigzag and armchair edges. (C) Monovacancy. (D) 
bending/curved graphene consisting of the dangling bonds, copied from Ref (208) 

 

However, it has already been described that the atomically flat surface of graphene 

provides an opportunity to create sp3-hybridized carbon centres from sp2 carbons in the 

honeycomb lattice of graphene resulting from the application of aryl or alkyl molecules 

through carbon-carbon bond formation54, 81, 97. Figure 1.8 Depicts the reactivity positions of 

the 2D-graphene as follows; blue coloured point (A), represents the intrinsic/planer 

reactivity of the graphene through a covalent interaction of –sp2 carbon atom in graphene 

and a substituent group forming sp2-sp3 hybridization, electrostatic π-π interaction 

between the graphene and aromatic ring of the substituent and also ionic interaction 

between the negatively charged electrons in graphene and positively charged ions of the 
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bonding molecules. In covalent bonding, an unpaired electron which is created at the site 

adjacent to the point of bonding, enhances the reactivity at that point, leading to a chain 

reaction from the point of initial attack and unzipping of the conjugated tracks35. Bold 

portion (B) of graphene structure in figure 1.8, represent the two different forms of 

graphene edges; arm chair and zig-zag tracks respectively. Due to the two-dimensional 

nature of graphene sheets, the edge regions play an important role in the electronic 

structure of the molecules35, 54 which was further discussed in figure 1.9. Red coloured 

portion (C) of the structure represents the monovacancy position of graphene reactivity 

while the purple coloured portion (D) shows the bending/ curved position of graphene  

reactivity. Figure 1.10 explained reactivity of graphene from dangling bond. 

 

Figure 1. shows the orientation of the edge along the honeycomb structure, resulting from 

bonds breakage between adjacent carbon atoms of the π-conjugation network. In the zig-

zag edges, the realisation of aromatic sextets is frustrated in the majority of the rings, 

hence such a structure is thermodynamically unstable compared to the armchair edges. It 

can be expected that the zig-zag edges will display higher reactivity as compared to the 

armchair edges35, 63, 118. Naturally, an edge does not grow along a unique crystallographic 

direction and leads to more complex geometries, often with alternated zig-zag and 

armchair segments known as a “chiral edge”118. Comparable insights into the graphene 

reactivity can be obtained from graphene-like polyaromatic hydrocarbons where stable 

zig-zag edged molecules are more challenging to synthesize than the arm-chaired ones35. 
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Figure 1.9: a) Illustration of graphene edges b) armchair track and c) zig-zag track and 
their respective reactivity strength below copied from (Ref. 296) and (Ref. 297) 
respectively. 

 

Dangling bonds (Figure 1.10) can develop during the edge formation, and are the most 

reactive sites54, 96, 118 within basal plane. Thus, the energetically favourable processes 

involve the chemisorption of functional groups in different sub-lattices, rather than on the 

same sub-lattice35, 54, which can lead to a geometric strain. 

 

Figure 1.10: (left) Structures of HGO containing the dangling bonds copied from Ref (202). 
(right) Schematic illustration bending in graphene (strain) copied from Ref. (203) 
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Moreover, the principle of minimization of geometric strain may direct the reactivity to 

attain relaxation of the strained areas and flow through re-hybridization17, 35, 54. Strain 

engineering on the surface lattice of graphene in a periodic manner can control the 

reactivity and degree of functionalization of graphene. 

1.7 Functionalisation of Carbon Materials by Electron Transfer Chemistry 

Despite the unique properties of graphene and its potential applications, it is important to 

note that the inertness of graphene to chemical reaction and its zero-band gap, limits the 

potential of graphene in many fields including, but not limited to, semiconductors, sensors, 

catalysis55, 98. For this purpose, and by virtue of its great advantage of large surface area, 

the limitation in graphene can be addressed by chemical modification or functionalisation 

with organic and inorganic materials through covalent and non-covalent interaction53-58. 

(Figure 1.1). Covalent functionalization of graphene can be achieved in two routes; i. free-

radical and dienophile functionalization of pristine graphene, and ii. Covalent 

functionalization of GO with organic functional groups. While the non-covalent 

functionalization can be achieved through π- π interaction, ionic interaction, π-Ligand 

interaction etc. 
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Figure 1.11: Overview of the various structures of graphene-based nanomaterials (GNs) 
and the illustration of their covalent and non-covalent functionalisation, copied from Ref. 
(207) 

 

Functionalisation of pristine graphene sheets with organic functional groups has been 

developed for different purposes, the major being to improve dispersibility of graphene in 

common organic solvents55 as it has a limited solubility in most organic solvents other than 

strong ones such as N-methyl pyrrolidone and 1,2-dichlorobenzene53. Functionalisation of 

graphene by either physisorption of surfactants or polymers, or chemisorption (chemical 

modification) with organic molecules improves solubility/ dispersibility of graphene in many 

solvents including water 68. This is due to hybridization of sp2 (C=C) to sp3 (C-C) in 

covalent bonding, and the Individual graphene sheets can easily aggregate due to the van 

der Waals forces inducing the π-π stacking interactions between graphene layers73 in 

non-covalent interaction. Functionalisation of graphene provides stabilisation in their 

composite by lowering the surface energy of the material 68, 74. 

Previous studies on electron transfer chemistry proved to be successful on various 
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materials such as conductors e.g. stainless steel141, semiconductors142-143 e.g. TiO2, 

MOS2, ZnO and nanomaterials136-140,144 e.g. nanotubes, fullerenes, nanohorns when 

utilising aryl diazonium salts in photochemical, thermal, and electrochemical methods. 

Raman and UV–Vis–NIR spectroscopies have been used to study the functionalisation 

products derived from aryl diazonium precursors reacting with SWNTs140. Another method 

utilizing arenediazonium salts in a solvent-free and aqueous-based media used GC–MS 

thermolysis and XPS analysis to confirm the arene group as the only functionality on 

single wall carbon nanotubes. The mechanism revealed a direct aryl radical addition to the 

SWNT or electron injection from the nanotube to the arene diazonium species, reaction of 

the SWNT-radical cation with an aryl radical, followed by an electron transfer to the 

nanotube137. A sophisticated tool of electrochemical functionalization of CNT in a selective 

and controlled manner has been developed136. This originated from the superior 

electrocatalytic properties of the CNTs and their high surface-to-volume ratio, as 

compared to other carbon materials139. A constant potential or a constant current is 

applied to a CNT electrode immersed in a solution containing a suitable reagent. A highly 

reactive radical molecule is generated through electron transfer between the CNT and the 

reagent. Organic radical species may have the tendency to self-polymerize, leading to a 

covalent or non-covalent layer of polymer on the sidewalls of the tubes, or even react with 

the starting reagent136. These examples demonstrate a great potential of electron transfer 

chemistry and its adaptation to graphene modification, because CNT was derived from 

graphene (roll-up graphene), hence are both allotropes of carbon in 1 and 2 dimensional 

structures.  

1.8 Covalent Functionalisation of the Graphitic Surface 

The primary purpose for the functionalisation of pristine graphene is to achieve dispersion 
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in many common organic solvents, by tuning its solubility, making it a suitable system for 

composites formation35, 55. Covalent functionalisation of pristine graphene typically 

requires reactive species that can form covalent adducts with the sp2 carbon structures in 

graphene53. Functionalisation can occur on the surface, at the edges and at the defect 

sites99.  (Figure 1.12) 

 

Figure 1.12: Illustration of covalent radical modification of graphene by diazo chemistry 
copied from (Ref. 298). 

 

Covalent functionalisation of graphene affects its extended aromatic structure from sp2 to 

sp3 thereby changing the properties of the graphene e.g., tuneability in electrical 

conductivity, optical and photovoltaic properties53, 55. Covalent functionalisation reactions 

of graphene involve two important approaches: Very reactive species such as free radicals 

and dienophiles interaction with C=C bonds of pristine graphene and the formation of 

covalent bond of organic functional groups via addition and condensation reactions, 

nucleophilic and electrophilic substitutions.68, 99, 116-120 

Radical covalent functionalisation can be initiated through benzoyls peroxides53, 

styrenes53, however the most common method is using diazonium salt56, 110. Theoretical 
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study of the electronic and magnetic properties of the radically functionalised graphene at 

single carbon centres has shown a possibility of generating a band gap and under certain 

conditions may lead to ferro- (ferri-) magnetism81. Apart from diazonium chemistry 

reaction, dienophiles also react with sp2 carbons of graphene53. One of the most common 

dienophiles successfully applied in the functionalisation of carbon nanostructures e.g. 

fullerenes, nanotubes, nanohorns etc, is azomethine ylide employed in 1,3-dipolar 

cycloaddition. (Figure 1.13) 

 

Figure 1.13: Diels-Alder addition to graphite copied from Ref (210) 

 

Nitrene chemistry became a useful technique for the chemical modification of carbon 

nanotubes and fullerenes121-124 and consequently was successfully adapted to graphene53, 

121, 125-129. When light or heat is applied, the azide functionality dissociates into molecular 

nitrogen and a highly reactive singlet nitrene species125-129. The potential of singlet nitrene, 

especially the aromatic ones such as phenyl nitrene, has been explored over a long period 

of time130-135. Diazirines are three-membered heterocyclic rings that have a sp3 carbon 

atom bonded to an azo group. Similar to azides, diazirines decompose upon heating or 

irradiation to release molecular nitrogen and give the electron-deficient carbene species. 

The highly reactive carbene is capable of undergoing insertion reaction to C-H bonds and 

[1+2] cycloaddition reaction to C=C bonds in high yield, if there is no competing reaction 

pathways53. Cycloaddition, CH insertion and click reaction exhibit regioselective reactions 
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based on zig-zag, armchair conjugated tracks on the graphene plane. However, the 

detailed reactivity of graphene in terms of possibility of stoichiometric control, size and 

shape are still under study35. 

Other form of covalent modification of graphene involves the reactions of the oxygenated 

groups on the graphene edges. However, the abundance of these functionalities is rather 

low. This can be rectified by oxidizing graphite into graphene oxide (GO) by Hammer 

method. (Figure 1.14)  

 

Figure 1.14: Covalent functionalisation of graphite and GO by Hummer‟s method, copied 
from Ref. (211) 

 

GO can be characterised as a single graphitic monolayer with randomly distributed 

aromatic regions, sp2 carbon atoms, the sp3 carbon atoms and oxygenated aliphatic 

regions. The presence of oxygen groups on the surface of GO provides a remarkable 

hydrophilic character and a similar chemical activity55. (Figure 1.14) GO contains many 

such groups e.g. carboxylic at the edge, and epoxy, hydroxyl, along with C=C groups in 

the basal plane.115, 126 Carboxylic acid functional groups of GO which mainly found at the 

edges, can form a covalent bond with amines, alcohols and phenols to form amides and 
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esters respectively. Hydoryl groups on the core plane of GO can form silanization145-146 

and etherification147 reactions respectively with silane and hydroxy group. While the epoxy 

groups on the basal plane can be functionalised with amine-terminated molecules or 

sodium azide through a nucleophilic ring-opening reaction. The opening of the epoxy ring 

is mainly performed with amino moieties. The major setback in GO is the presence of 

oxygenated groups on graphene which makes π-conjugation difficult, and therefore GO 

becomes an insulator35. Another set-back is the risk of secondary and mild reaction 

because of its instability56.  GO is non-stoichiometric in nature due to a random distribution 

of oxygenated groups from the oxidation process; this leads to imbalance in the GO 

density resulting in a non-stoichiometric functionalisation of GO. 

1.9 Introduction to Polymers 

The term polymer refers to substances forming building blocks from many repetitive units 

called monomers usually connected by covalent bonds. The prefixes „poly‟ and „mono‟ are 

Greek words referred to „many‟ and „one‟ or „single‟ respectively, while the suffix „meros‟ 

shortened as „mer‟, means „parts‟ or „units‟. Polymer can be a naturally occurring or a 

synthetic with linear, branched, or crosslinking geometry. In the synthesis of many 

polymers monomers are linked together in the same manner to form a single chain 

consisting of covalently connected repeating units246, 247, 249. Among various branches of 

chemistry polymer science is relatively new and multidimensional area, and its 

classification was originally done in 1929 by Carothers into addition and condensation 

polymers based on the compositional difference between the polymer and the monomer(s) 

originated249. Condensation polymers are types of polymers that were formed from at least 

a bifunctional248 or polyfunctional monomers by the various condensation reactions using 

organic chemistry with the elimination of some small molecule such as water249. Different 
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applications of natural polymers have been identified and documented since immemorial 

time246. 

Early proof of the existence of large organic molecules was provided by Roult‟s (1882) and 

Vant‟s Hoff (1887), they carried out a cryoscopic molecular weight determinations on 

rubber, starch, and cellulose nitrate. Through the formulation of solution laws, and their 

methods, a molecular weight of 10,000 to 40,000 were demonstrated247. However, this 

great discovery received a major setback by the scientists of that time, for the fact that the 

work was unable to differentiate macromolecules from colloidal substances that could be 

obtained in low molecular weight. In the end of 18th and beginning of 19th centuries, the 

idea of molecular complexes was generally accepted and was used to explain polymer 

structures in terms of physical aggregates of small organic molecules246, 247. Only the 

pioneering work of the late Hermann Staudinger (1926), a Nobel laureate, in the 1920s 

provided the basis for a systematic understanding of this class of materials246, 247, 248. In 

the decades since then, polymer science has developed to become both technically 

demanding and industrially extremely important. Because of its technologically relevant 

macromolecules based on a carbon backbone, macromolecules used in classical 

materials, great applications in medical technologies, highly specialised applications, such 

as artificial heart valves, eye lenses, or materials for medical devices and many other 

important applications including crucial biological areas. Polymers are considered an 

interdisciplinary in nature246, 248. Without a doubt, the most important polymer in the world, 

without which human existence would have been impossible, is the DNA246. 

1.10 Naturally Occurring Polymers 

There are many naturally occurring polymeric materials of which many are complex and 

has been randomly classified and divided into six main categories 247: 
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i. Polysaccharides, e.g., starch, cellulose, chitin, pectin, natural gums etc. 

ii. Proteins or naturally occurring polyamides found in animal and vegetable sources. 

iii. Polynucleotides include all the deoxyribonucleic acid (DNAs) and all the ribonucleic 

acids (RNAs) found in all living organisms. 

iv. Polyisoprenes or natural rubbers and similar materials that are isolated from saps of 

plants. 

v. Lignin or polymeric materials of coniferyl alcohol and related substances. 

vi. Naturally occurring miscellaneous polymers e.g., shellac, a resin secreted by the Lac 

insect. 

1.10.1  Chitin 

Chitin is a nitrogen containing polysaccharide, which can be deacetylated to yield an 

amine group bearing polysaccharide247, 250, 251. It resembles cellulose except that the OH 

at C–2 atom is replaced by an acetamido group (CH3CONH)250, 252 (figure 2.1). Chitin is 

the main component of the hard external covering (exoskeleton) of crustaceans such as 

lobsters, crabs, and shrimp 247,249. Like cellulose, the processing of chitin into polymeric 

products is limited by its insolubility (due to hydrophorbic property of acetyl group) and 

decomposition without melting. The availability in huge quantities has encouraged many 

attempts to find commercial applications of chitin, but very few have been found to be 

economically feasible249. 
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Scheme 1.1: Structure of Chitin 

1.10.2  Chitosan 

Chitosan is a linear polymer of α (1-4) linked 2-amino-2-deoxy-β-D-glucopyranose, derived 

from partial deacetylation of chitin250-252. It is the second most abundant polysaccharide 

after cellulose, extracted from crustaceans, insects and certain fungi250, 251. Ordinarily, 

chitosan is insoluble in water or organic solvents, but in acidic pH, when the free amino 

groups are protonated, chitosan becomes a soluble cationic polymer with high-charge 

density250. Owing to its many attractive properties; hydrophobicity, biocompatibility, 

biodegradability, non-toxicity and the presence of functionality, a very reactive amino (–

NH2), secondary and primary hydroxyl (–OH) groups in its backbone, makes chitosan an 

effective adsorbent material for the removal of wastewater pollutants251. Other applications 

of chitosan include food and cosmetics industry as well as the biomedical field in relation 

to tissue engineering, and the pharmaceutical industry associated to drug delivery250. 

The main advantage of chitosan over other polysaccharides (cellulose or starch) is their 

chemical structure that allows specific modifications to design the polymer for selected 

applications251. In addition, chitosan can be grafted with other molecules through covalent 

bonding. The amino groups can be used for acetylation, quaternization, reactions with 

aldehydes and ketones, chelation of metals etc. The hydroxyl groups can lead to o-

acetylation, H-bonding with polar atoms etc. Primary derivatization followed by grafting 
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improves the solubility, antibacterial, antioxidant, chelating, complexing, bacteriostatic and 

adsorbing properties while maintaining its mucoadhesive, biodegradability and 

biocompatibility. Functionalities can also be used for interaction of chitosan with ions250. 

 

Scheme1.2: Production of Chitosan from Chitin 

1.11  Justification for Research 

Unfortunately, materials with a large band gap e.g TiO2
 require a limited source of energy 

(UV) to be activated. 2 Nanomaterials may have zero or little band gaps e.g, graphene 31, 

54, 58, 59, graphene oxide (GO), reduced GO (RGO). 1, 84
 By virtue of its, large surface area, 

graphene has great advantage in the construction of catalysts.  

Covalent functionalisation of graphene surface with diazonium salt (strong electrophile) via 

electron transfer, is the most common and promising routes to modify pristine graphene 

surface, especially the basal plane which has very poor reactivity (inert). Organic dye 
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(chromophores) modification of graphene and other carbon nanomaterials is one of the 

new strategies of extending light absorption zone of the photocatalysts and enhancing 

their activity. 

Incorporation of light harvesting molecules on semiconductor photocatalysts becomes an 

alternative approach to extend photon absorption in the region of visible light for 

photocatalysis6. However, the challenges are to develop a system with a good stability, 

intensive visible light harvesting capability and efficient photocatalytic activity. To achieve 

these goals, certain parameters must be accounted for such as nature of the reactants 

(dye), type of light to apply, and the type of linkage between the photosensitisers and the 

nanoparticles. 

In this system, an electron will be excited through absorbing light of UV or visible region of 

the solar spectrum by the covalently bonded molecule on the semiconductor surface. A 

high-energy electron (photon) will generate from the valence band (HOMO) of the dye, creating a 

hole (h+), and get excited to the conduction band (LUMO) of a dye. The photon is quickly 

transferred on to the graphene surface (a good electron acceptor and transporter)3, 25, 30, 

106, 107, and then scavenged by reactive oxygen species (ROS) on the surface. This action 

prevents electron recombination, and the dye hole reacts with other species in the reaction 

mixture. Details of this will be discussed under chapter 4. 

1.12  Aim and Objectives 

This work aimed to develop  series of methodologies to modify graphene surface with a 

range of organic molecules (light harvesting chromophores) through covalent radical 

functionalisation in two different methods; 2-step and in-situ methods, called methods A 

and B respectively.. To improve adsorption capabilities of the catalysts and produce a 

multi-functional composites, covalent and non-covalent modification of graphene with 
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polymer (chitosan) were developed. Characterization of the modified materials through 

range range of techniques, such as UV-vis absorption, SEM, TEM, BET, FTIR, PXRD and 

TGA was necessary to confirm the success of the fabrication and to understand the nature 

of the bonding between graphene and organic entity. 

The validation of composites as potential materials for pollutant removal can be tested by 

assessing their (photo)activity and adsorption ability. This can be tested through removal 

of three known hazardous dyes such methylene blue (MB), rhodamine B (RhB) and 

methyl orange (MO) using UV-vis spectrophotometry. Desorption experiments to separate 

degradation from physisorption processes during the dye removal are also can be studied. 

Objectives of the project were:  

 To synthesise diazonium salts of six different organic chromophores; 

Aminochromone, Aminoacridine, Aminoanthraquinone, Aminophenazine, 

Aminoflouresceneimine and Aminothionine, to modify the surface of graphene; 

 To develop a one-pot procedure, which can be utilized unstable diazonium salts;  

 To improve adsorption and dispersion capabilities of graphene by employing 

chitosan using covalent and non-covalent approaches and to modify graphene with 

chitosan and organic molecules (three-component system); 

 To characterise the modified materials by spectroscopic and microscopic 

techniques such as UV-Vis and fluorescence spectroscopy, FTIR, PXRD, BET, 

SEM, TEM, and TGA; 

 To test the efficiency of the synthesized materials to remove organic pollutants 

employing UV-vis spectrophotometry. 
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Chapter two 

Covalent radical modification of graphitic surface with organic 

chromophores 

2.1  Abstract 

Modification of graphene with different light harvesting chromophores; 7-Amino-2-

methylchromone, 9-Aminoacridine, 1-Amino-4-hydroxyanthraquinone, 3-Amino-7-

dimethylamino-2-methylphenazine hydrochoride, 6-Aminoflourescein and 3-7-

diaminophenothiazin-5-ium chloride have been successful. Modification of Gr-phenazine 

was used as templete using two different synthetic methods; 2-steps and one-pot. 

However, the one-pot method (method B) was adopted for the fabrication of all other 

composites which involve several steps: i) in-situ generation of diazonium salts of a range 

of organic dyes, ii) the photoactivation and release of active radicals, and ii) the 

modification of the graphitic surfaces through electron transfer chemistry. The success of 

this functionalisation was probed by a variety of spectroscopic and microscopic techniques 

including FTIR, PXRD, BET, SEM, TEM, TGA, UV-Vis absorption and fluorescence 

spectroscopy. 

2.2 Introduction 

Environmental pollution with organic compounds, known as emerging contaminants, is 

one of leading causes for concern as conventional water treatment plants do not remove 

these contaminants efficiently.274 Adsorption remains a promising process to remove 

these pollutants since it provides low initial costs, a simple design and a choice of 

adsorbents.274, 275 Moreover, the emergence of multi-functional carbonaceous materials 

(adsorption and catalytic oxidation)  such as biochar,276, 277 reduced graphene oxide,278 



32 
 

 

carbon nanotubes,279 g-C3N4
280 proved to be potential alternatives.275, 281 Their ability to 

remove pollutants through (non-) radical pathways276 is driven by the availability of 

reactive groups. Graphene is well suited to remove emerging contaminants, which are 

present at low concentrations and generate a hazard to the environment.282 Graphene 

also has distinct advantages over composites of transition metals because it is relatively 

inexpensive, environmentally friendly, non-toxic and produces no secondary pollution.283 

However, it is highly hydrophobic and has a tendency to aggregate. Moreover, a lack of 

functionalities limits graphene‟s adsorption capability to π-π interactions, and irreversible 

trapping of pollutants is difficult to achieve. Although graphene-based materials have 

emerged as highly promising candidates for a variety of applications284 including strong 

potential in processes such as photoreduction of CO2,
285 Fischer-

Tropsch synthesis,286 water splitting,287 and water treatment288, the materials involved in 

these transformations normally contain metal-based active centres,289 whereby graphene 

plays a role of support. This is partially due to pristine graphene having a low density of 

(electronic) states (DOS) near the Fermi level, and therefore, the activity is driven by the 

intrinsic characteristics of the non-graphene component of the system.290 Consequently, in 

order to create truly metal-free systems based on graphene manipulation of electronic 

properties through the tuning of its band structure291 is required. This can be achieved by 

the functionalisation of  graphene basal plane via chemisorption, physisorption or doping 

with heteroatoms.21, 56, 282, 292, 293 These approaches can be used to create defects and 

active sites on the graphene surface,282, 293  and significantly expanding its potential as a 

catalyst. Moreover, its dispersibility in common organic solvents and water can also be 

improved through a lowering of the surface energy282. Covalent functionalisation is a more 

suitable pathway to fabricate materials for environmental remediation, because it leads to 

more prominent changes in the electronic properties due to the disruption of the crystal 
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lattice17, this in turn helps to create active sites for catalysis and efficient adsorption. Thus, 

significant efforts aimed at covalent functionalisation of the graphene surface in order to 

tune the band gap and modulate its doping level have been undertaken.294 Due to the inert 

nature of the sp2-hybridised lattice of the pristine graphene basal plane, covalent 

modification involves reaction with reactive radicals or dienophiles.293, 295 Our group have 

previously reported a two-step photochemical method using radical grafting induced by 

white light to produce a graphene-phenazine hybrid with improved solubility and a 

modified band gap.20 The report, was for the first time, a general photochemical 

methodology that can be applied to a wide range of structurally different molecules to 

fabricate a diverse family of graphene-chromophore systems in an easy and cost-effective 

manner. It has also evaluated their ability as new materials for dye removal using a 

combined adsorption and photocatalytic strategy. 

2.3 Diazonium Chemistry in Graphitic Surface Modification 

Diazonium chemistry is the most common method used to covalently functionalise 

conducting and semiconducting materials53. It is a wet chemistry technique employed to 

modify a variety of surfaces, including polymers48 and carbon materials47. Diazonium 

compounds e.g. diazonium salts are a group of organic molecules sharing a common 

functional group R-N≡N+ X- where R can be any organic residue such as alkyl or aryl 

organic moieties, while X- is an inorganic or organic counter-anion. The process of forming 

diazonium compounds is called „„diazotization‟‟51. The reaction was first reported by Griess 

in 1858, who subsequently discovered several reactions of this new class of compounds51. 

One of the most popular approaches for the generation of aryl radicals involves the 

spontaneous reduction of the corresponding diazonium salts. However, a major drawback 

of diazonium chemistry is the limited covalent grafting density in combination with 
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multilayer formation or dendritic growth.110 Due to the absence of functional groups on the 

planar surface of the graphene nanosheets, a more sophisticated method of 

functionalizing the surface with the electron transfer chemistry has been considered. 

Covalent functionalisation of the graphene using diazonium chemistry proved to be 

successful with a high yield.17 (Figure 2.1) 

 

Figure 2.1: Schematic representation of Photo-induced surface functionalisation via 
electron transfer copied from Ref (19) 

 

Significant effort was focused on covalently functionalising graphene to achieve band gap 

tuning and modulation of its doping level for various optoelectronic and sensing 

applications and for interfacing graphene with other materials. Covalent functionalisation is 

more robust than non-covalent (weak and fragile) one and changes the electronic 

properties more strongly due to the disruption of the graphene‟s crystal lattice18. The 

stability of the extended delocalized π-system ensures that the basal plane of graphene is 

fairly chemically stable19. The atomically flat surface of graphene creates a chance to form 

carbon-carbon bond, forming chemical reactions to facilitate the electronic mobility of 

graphene. Covalent functionalisation of the basal plane or the edge of graphene ribbons 

provides a novel design that can control the energy band gap, affect electron scattering, 

and direct current flow by producing dielectric regions in a graphene wafer 73. 

Pinson and co-workers described in their pioneering paper on aryl diazonium salt, the 
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reaction mechanism for the modification of carbon electrodes.111 This opens door of 

further investigation, fundamentals and applied aspects of the surface chemistry of aryl 

diazonium salts.112. Aryl radical covalent addition on graphene was first reported by Tour 

and co-workers55, 99 with several techniques for aryl radical generation reported. However, 

the diazonium salts reduction gives the simplest route for the functionalisation, large 

choice of reactive functional groups, high reactivity and strong aryl–surface covalent 

bonding 19, 53-54, 82-83. ( 

Figure 2.2) 

  

Figure 2.2: Illustration of electron grafting of aryl diazonium salt copied from Ref. (111) 

 

In acidic environments, the diazonium salt is ionic and undergoes a polar reaction which 

results in an aryl cation. While under neutral or basic conditions, the reaction mechanism 

goes through a free radical step. Either way leads to a release of N2 gas from the 

diazonium salts117.  Successive reaction between aryl radical and graphene surface takes 

place 51, 55, 110-113. The addition of aryl radicals to graphene 27, 38, 49-52 leads to the creation 

of carbon-carbon (C-C) bonds between graphene and organic chromophores (aryl 

moieties), and consequently accompanied by the formation of sp3 centres protruding 

outside the plane99 to replace the sp2 hybridized carbons in the graphene honeycomb 

lattice. 
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Huddon et al17 reported the first successful functionalisation of graphene with para-

nitrobenzene via diazonium chemistry. They demonstrated with a help of Raman and STM 

analysis the degree of surface functionalisation and densities that have been produced by 

the chemical derivatization of epitaxial graphene as well as the related changes in the 

electronic and magnetic properties of the graphene surface layer. Englert and co-

workers21 used thermogravimetric analysis and mass spectroscopy (TGA/MS) to prove that 

4-tert-butylphenyldiazonium tetrafluoroborate (4-TBD) functionalised graphene loses mass 

in two steps; small portion (1 %) at 210°C due to a removal of physiosorbed molecules 

and a large portion (12%) at a higher temperature 480°C due to the cleavage of the 

covalently bonded molecules, as compared to the standard which remained unchanged. 

Hossain et al, 22 reported STM and STS study on epitaxial graphene functionalised with 4-

nitrophenyldiazonium tetrafluoroborate (4-NPD). STM images of the chemically modified 

graphene after annealing at ∼500 °C in UHV showed that the adsorbed layer is covalently 

bound to the surface and contains a significant fraction of aryl oligomers. STS 

measurements reveal that the physiosorbed portions of the aryl oligomers do not 

significantly perturb the electronic structure of the underlying graphene and provide 

information about the band gap tuning, suggesting that high density organic covalent 

modification system can be used to tune the bulk electronic structure of graphene. Koehler 

et al 23, demonstrated how Raman spectroscopy can be used to differentiate between the 

physisorption and chemisorption. By exposing single layer graphene to a concentrated 4-

nitrobenzyldiazonium tetrafluoroborate (4-NBD) solution as well as to the corresponding 

pure nitrobenzene, the authors observed a strong increase in the value of the integrated 

peak intensity ratio (ID/IG) initially and later detected an upshift of the G-peak position and a 

decrease of the 2D/G intensity ratio (I2D/IG), both confirmed doping24. Under many reaction 

conditions, a combination of either covalent binding or chemisorption (increased ID/IG) and 
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non-covalent doping or physisorption (shifts in the G and 2D peak, as well as decreased 

I2D/IG) is present.26, 27 

Noteworthy, electron transfer chemistries depend on the Fermi energy level of graphene 

and the density of states of the reagents. Moreover, the reaction rate depends on the 

number of graphene layers, nature of edge, atomic structure, defects, and the electrostatic 

environment 100. Raman spectroscopy can be conveniently employed to track the progress 

of reactions, and to estimate the differences in the reactivity between single layer 

graphene, bi-layer graphene, few layer graphene, tri-layer graphene and highly oriented 

pyrolytic graphene.53, 148 The pioneering work published by Strano and co-workers53 

provided a detailed study on the reactivity of graphene of different layers (single and 

multilayers graphene sheets) using electron transfer chemistry. The sheets were prepared 

by mechanical exfoliation of bulk graphite on silicon wafers followed by annealing, and 

subsequent treatment with a diazonium salt to allow only the top layer and the edges of 

graphene sheets to react. They found the single layer graphene to be 10 times more 

reactive than the bilayer or multilayer materials using the Raman D/G ratio as a measure 

of the degree of functionalisation. Contributions from the edges were determined by 

examining the D peak intensity before and after diazonium functionalisation, this is 

because the intensity of the disorder (D peak) for graphene edges is polarization 

dependent. The authors observed at least two-time higher reactivity of the edge than the 

bulk for single-layer graphene53-54, 110. 

2.4 Covalent Radical Functionalisation Using Visible Light Chromophores 

Incorporating dyes or chromospheres to pristine graphene with zero band gap, does not 

only tune the graphene or shift the photo-response of the composite towards the visible 

region of the spectrum, but can also improve its photocatalytic efficiency 2, 6. 
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Our group reported two powerful photochemical and covalent radical grafting method that 

offers a graphene modification using photoactive dye (phenazine) induced by white light to 

produce the of graphene/phenazine composite with improved solubility and tuned band 

gap of 1.95 eV and 0.8 eV respectively. The first functionalisation method was conducted 

using multi-layer graphene nanoplatelets and they have shown to produce a new type of 

3D-graphene hybrid20, using Raman, PXRD, FTIR and UV-Vis and Fluorescence 

spectroscopy characterisation methods. While the second method was reported on 

graphene grown on technologically important cubic silicon carbide (SiC). Result 

demonstrated a self-limited growth of one monolayer of the phenazine molecules that are 

standing up on the graphene surface and exhibit a short-range order with a rectangular unit 

cell. Density Functional theory (DFT) calculations based on scanning tunnelling 

microscopy (STM) results revealed the model for the phenazine over- layer and show the 

covalent attachment to every eighth carbon atom of the individual graphene. Based on the 

STS analysis and total DOS calculations of their findings, phenazine-graphene hybrid 

exhibited band gap of 0.8eV28. Dmitri et al98 reported a high yield, simple and stable 

covalent functionalisation of phenazine over a single layer graphene grown on β-SiC (001) 

wafer via diazonium chemistry. Stability of the composite was measured using x-ray 

photoelectron spectroscopy (XPS) after sonication and annealing under ultra-high voltage 

(UHV).  Orientation of the molecules on the graphene/SiC wafer was identified using near 

edge x-ray absorption fine structure (NEXAFS) and scanning tunnelling microscopy 

(STM). STS measurements and secondary electron cut-off revealed a modification of the 

electronic structure during the functionalization, which results in the emergence of a 

bandgap in the DOS of the phenazine dye/graphene system in some cases exceeding 2 

eV and a change of the work function. 
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2.5 Materials and Methods 

Materials. High purity (99%) graphene nanoplatelets (GP) were obtained from Sigma-

Aldrich. Organic dyes (7-Amino-2-methylchromone, 9-Aminoacridine, 1-Amino-4-

hydroxyanthraquinone, 3-Amino-7-dimethylamino-2-methylphenazine hydrochoride, 6-

Aminoflourescein and 3-7-diaminophenothiazin-5-ium chloride),  50% tetrafluoroborate, 

sodium nitrate, , LMW and HMW chitosan,   were obtained from Sigma-Aldrich and Acros 

Organics and used as received. All reactions were stirred with a magnetic stirrer unless 

otherwise stated. 

Materials Characterisation. Infrared spectra (IR) were recorded from the solid phases 

using a Bruker Alpha Platinum ATR FTIR spectrometer with vibrational frequencies given 

in cm-1. The electronic absorption spectra were recorded using a Cary 100 UV-Vis 

scanning spectrophotometer. Spectrophotometric experiments to assess the 

photocatalytic and adsorption abilities of the materials were carried out using a Cary 50 

UV-Vis spectrophotometer controlled at 20oC by a single cell Peltier accessory, while 

Mercury and Xenon lamps were employed as the source of visible and UV lights, 

respectively. X-Ray diffraction (XRD) of the materials were recorded on Bruker D2-Phaser 

diffractometer using Cu Kα radiation, with a step size of θ = 0.01013°. To calculate the 

lattice spacings Bragg‟s law was used and Lorentzian fitting was used to measure the full 

width at half maximum (FWHM) of the diffraction peaks, and number of layers was 

calculated using the formula: (NL-1) x d002 =   
                  

⁄ , where λ is the 

power source wavelength, k is constant based on the shape of the crystallite, Scharer 

equation D = Kλ/βcosθ,  was used to determine the crystallize size of the materials. 

Brunauer-Emmett-Teller (BET) surface area measurements were performed using a 

Micromeritics TriStar 3000 instrument. The samples were degassed in N2 at 110 °C for 3 h 

before analysis and N2 adsorption and desorption isotherms were measured at 77 K. 
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Transmission electron microscopic (TEM) analysis was carried out using the FEI Titan 

Themis Cubed operated at 80 kV. Samples were prepared by dispersing the powders in 

IPA, sonicating and then drop casting onto holey carbon TEM grids. Bright field TEM 

images were collected on a Gatan Oneview 16Megapixel CMOS detector. TGA analysis 

was carried out on a TGA SDT Q600 V.2.09 build 20, under air condition with a heating 

rate of 5oC/min from room temperature to 900oC, to identify the purity of graphene, thermal 

property of graphene, its composites, and relative weight loss resulting from heat flow. 

2.5.1 General procedure to fabricate graphene-dye systems. Method A.20  

In brief, an appropriate amino compound (5.04 mmol) was dissolved in HBF4 (7 mL; 50 % 

w/w H2O) and stirred. Then, sodium nitrite (5.04 mmol, 0.35 g) in 2 mL of H2O was added 

dropwise and the reaction was left stirring for 2 hours. A small volume of diethyl ether (5 

mL) was added and the diazonium salt was collected by vacuum filtration.  Graphene (50 

mg) was suspended in EtOH (100 mL) and sonicated for 30 min. A solution of the 

diazonium salt (0.262 mmol) was added to the graphene suspension, and the mixture was 

illuminated with white LED light (2,000 lumen) for 2 hours under stirring. The resulting dark 

blue coloured solution was washed several times with distilled water and ethanol, 

centrifuged at 6000rpm until no colour was observed in the supernatant. The materials 

were dried in an oven dryer overnight at 50oC and collected as black powder. 

2.5.2 General procedure to fabricate graphene-dye systems. Method B. 

Typically, 80 mg of an appropriate amino compound was dissolved in 100 mL of ethanol in 

a 250 mL conical flask. 8 mL of 50 % HBF4 was added to the solution, followed by 40 mg 

of NaNO2 at 0oC and stirred for 40 minutes to generate the diazonium salt. 100 mg of 

graphene nanoplatelets suspended in EtOH were added directly (in situ) to the generated 

diazonium salt. The resulting mixture was illuminated with white light (LED >2,000 lm) for 
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two hours under stirring. The resultant dark blue coloured solution was washed several 

times with distilled water and ethanol and centrifuged at 6000rpm until no colour was 

observed in the supernatant. The materials were dried in an oven dryer overnight at 50oC 

and collected as black powder. 

2.6 Results and Discussion 

Our group have previously reported a method for graphene modification with phenazine 

dyes, which can be carried out on both multi-layer graphene (nanoplatelets, ca. 10 

layers)20 and quasi free-standing (graphene/SiC(001))28. This method (Method A, Figure 

2.3) is a two-step process and relies on the production of diazonium salt from the 

corresponding amine of the organic compound. Firstly, a stable diazonium salt is 

generated and isolated followed by a second step, which involves the photochemical 

reaction between graphene and the diazonium salt. Here, we demonstrate that this 

method provides access to a series of graphene-chromophore systems containing 

acridine, phenazine, hydroanthraquinone and thionine. 

 

Figure 2.3: General strategies for fabricating graphene-dye composites: Method A (two-
step procedure) and Method B (in situ one-pot). 
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However, this approach requires prior preparation, isolation and storage of the diazonium 

salt which may exhibit instability at room temperature, especially the aliphatic diazonium 

salts that lacks resonation and some para-aryl diazonium salts, which greatly limits the 

applicability of the method. Moreover, the tedious process of purification of the diazonium 

salt prior to the second step limits its overall efficiency. To overcome these issues, we 

have developed an alternative synthetic methodology (Method B, figure 2.3), which can be 

applied to a variety of different amines and requires no prior isolation of the corresponding 

diazonium salts. In Method B, the fabrication of graphene-chromophore system is carried 

out as one-pot procedure. Here, the diazonium salt is generated in situ avoiding 

unnecessary isolation by stirring NaNO2 and the corresponding amine for 40 minutes at 

low temperature. Then, graphene nanoplatelets are added directly to the mixture; and 

illumination with white light initiates the reaction between graphene and the diazonium 

salt. Importantly, both methods require illumination with white light for modification of the 

graphene surface, including those chromophores which have no absorption in visible 

region. This observation further confirms our suggestion that hot electrons in graphene are 

responsible for the initial step of electron transfer from the occupied states of graphene to 

unoccupied states of diazonium salt, releasing nitrogen gas and generating a 

chromophore based radical. 

2.6.1 Analysis by Fourier Transform Infrared Spectroscopy (FTIR) 

 

 Figure 2.4 (a-f) shows FTIR spectra between 4000 and 750 cm-1 for the series, which are 

notably different from unmodified GP as the GP spectrum is almost featureless. All 

materials; Yellow, Orange, blue, green, olive and violet representing GP-Chr, GP-Acr, GP-

Acn, GP-Pnz, GP-Fsc and GP-Thio respectively, have enhanced and new bands between 
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1900-1500 cm-1 region corresponding to C=C, C=O (conjugated), C=N stretches. The 

fingerprint region (1500-750 cm-1) shows a range of C-O (aromatic) and C–N (aromatic) 

stretches, N-H and O-H bending modes and a range of C=C and =C–H bending modes 

(out-of-plane), as well as the ring torsion bending vibrations. 
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 Figure 2.4: Normalised FTIR spectra (absorbance mode) of the graphene and graphene 

materials; a) The black spectra present  in all the graphs represents pristine graphene, 

and yellow spectrum represents GP-Chr composite, b) Orange spectrum, represents GP-

Acr composite, c) Blue spectrum represents GP-Acn composite, d) Green spectrum 

represents GP-Pnz composite, e) Olive spectrum, represents GP-Fsc composite and f) 

Violet spectrum represents, GP-Thio composite. 

2.6.2 Analysis by UV-Visible Absorption Spectroscopy 

Optical properties of the modified graphene samples were substantially altered compared 

to unmodified GP, which shows a typical absorption band at 270 nm. UV-vis spectra of the 

materials shown in  
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Figure 2.5, demonstrate that the modified materials containing a white light absorbing 

chromophore e.g. GP-Pnz (green, λvis 461 nm), GP-Acr (orange, λvis 403 nm, 428 nm), 

GP-Fsc (olive λvis 455 nm, 488 nm), GP-Thio (violet, λvis 601 nm, 652 nm) have additional 

bands in the visible region, which matches the optical behaviour of the chromophore itself. 

Also, GP-Chr (yellow) and GP-AnOH (blue) have significant broadening of the UV-band 

between 300-400 nm, which is attributed to π-π* transitions of the chromophores, which 

are efficient UV-absorbers. In addition, UV spectrum of GP-AnOH tails of into visible 

region, although no specific bands can be detected. 
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Figure 2.5: UV-Vis Absorption spectra of the organic chromophores, graphene and its 
composites;  The black and red coloured spectra appeared  in all the graphs (a-f) 
represents pristine graphene and dye chromophores respectively. a) GP-Chr (yellow), b) 
GP-Acr (orange), c) GP-Acn (blue), d) GP-Pnz (green), e) GP-Fsc (Olive), and f) GP-
Thio (Violet). 
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2.6.3 Analysis by Fluorescence Spectroscopy 

The emission spectra for the samples were collected at the excitation wavelength of 

350nm. A single emission band is observed in the visible region for Gr-Ch, Gr-Acr, Gr-

Acn, Gr-Pnz, and Gr-Thio at 437, 425, 420, 416, 425nm, respectively. However, Gr-Fsc 

showed two peaks at 425 and 512nm. The band at 512nm is likely due to fluorescein, 

which is a product of degradation of the corresponding diazonium salt. 
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Figure 2.6: Fluorescence spectra of the graphene composites collected with the excitation 
wavelength of 350 nm. The coloured  lines spectra representing GP-Chr (yellow),  GP-Acr 
(orange), GP-Acn (blue), GP-Pnz (green), GP-Fsc (olive), GP-Thio (violet). 

 

2.6.4 Analysis by Powder X-Ray Diffraction (PXRD)  

 

Figure 2.7 shows XRD patterns recorded for non-modified and modified samples. The 

diffraction peaks at 26.8o (002), 44.2o (101) and 55.0o (004) are typical for graphene 

nanoplatelets. 
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Figure 2.7: Normalised PXRD stack spectra (intensity count) of the graphene and its 
composites; a) The black spectra present  in all the graphs represents pristine graphene, 
and orange spectrum represents GP-Acr composite, b) Blue spectrum, represents GP-Acn 
composite, c) Green spectrum represents GP-Pnz composite, d) Olive spectrum 
represents GP-Fsc composite, e) Violet spectrum, represents GP-Thio composite and f) 
Yellow spectrum represents, GP-Thio composite. 
 

Additional peaks were observed in f-yellow;  Gr-Chr (36.0o), b-orange; Gr-Acn (34.0o) and 

e-violet; Gr-Thio (37.0o). Lorentz peak fitting of the (002) peak provided FWHM (°) and d002 

(Å) data which are summarised in Table 2.1. No significant changes to the structure of the 

nano flakes were observed upon modification; the FWHM values for the modified samples 

increase by only 12-38 % as compared to the unmodified GPs and the d002-spacings do 

not show any significant variation from the unmodified sample. This indicates that no 

residual chemical species is present in the interlayer space as d002 = 3.32-3.33Å is too 

small to contain entities as large as an epoxy group (1.25Å) or a water molecule (2.75Å).26 

This confirms that the chemical signatures observed in IR spectra are on the surface of 
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the GP. XRD data has also been employed to estimate the number of graphene layers 

produced by layer-by-layer stacking using the method reported by S. H. Huh27. With 

increasing average number of layers, the sharpness of the (002) peak more closely 

resembles that of the graphite lattice as shown in Table 2.1. 

Table 2.1: Summary of XRD data of the (002) peak and BET data for GP and the modified 
samples. 

 2 Theta 

(o) 

FWHM 

(o) 

d002 

(Å) 

SSA 

(m2/g) 

Relative 

decrease 

of SSA (%) 

D(nm) 

GP 26.77 0.615 3.33 430 0 164.15 

GP-Chr 26.79 0.730 3.33 229 47 159.22 

GP-Acr 26.78 0.745 3.33 301 30 155.17 

GP-Pnz 26.75 0.694 3.33 152 65 164.81 

GP-Fsc 26.78 0.729 3.33 271 37 158.58 

GP-Can 26.79 0.790 3.33 224 48 147.13 

GP-Thio 26.82 0.847 3.32 232 46 139.53 

2.6.5 Analysis by Brunauer-Emmett-Teller (BET) 

This analysis reveals a stark reduction in the specific surface area (SSA) of the modified 

GP samples as compared to original GP (430 m2/g). The data summarised in Table 2.1, 

shows that the surface area has been reduced by 65% for GP-Pnz closely followed by 

GP-Acn, Gr-Chr and GP-Thio, when compared to unmodified GP. The apparent SSA 

reduction indicates successful modification of the graphene surface by chromophore 

moieties considering the changes in the crystallite sizes of the materials. Although, some 

change in SSA could be attributed to an increased aggregation of the modified platelets 

(compared to pure GP) partially restricting nitrogen access to the GP surface populated by 

chromophore units. Still, such an increase in aggregation reflects modification of the 
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surface. These results along with the analysis of XRD data for (002) peak, strongly 

suggest that the GP surface has been successfully functionalised by organic molecules. 

The crystallite size of the composites decreased from 3-15% compared to the unmodified 

graphene; GP-Chr (3%), GP-Acr (5%), GP-Acn (3%), GP-Fsc (10%) and GP-Thio (15%) 

may be due to defect. However, the crystallite size of GP-Pnz slightly increased by 0.4%, 

which corresponds with hignest reduction rate (65%) of the graphene surface area, 

probably due to high rate of functionalization 

2.6.7 Analysis by Transmission Electron Microscopy (TEM) 

To understand the arrangement of the molecules on the graphene surface TEM analysis 

of selected samples such as GP, GP-Pnz, GP-Fsc, GP-Chr and GP-Thio was performed. 

Figure 2.8 shows TEM bright field phase contrast images and their corresponding Fast 

Fourier Transformation (FFT) power spectra for graphene nanoplatelets modified with 

phenazine, chromone and fluorescein molecules, respectively. In all cases TEM shows a 

rather smooth surface (2.8 a-d), however the individual molecules cannot be resolved due 

to instrumental limitation. Important findings emerge by analysing the FFTs of the images, 

which are equivalent to electron diffraction patterns. Each FFT in Figure 2.8e-h, shows 

several sets of symmetrical spots relative to the central spot. Since FFT power spectra 

represent reciprocal space, larger distances from the central spot correspond to smaller 

distances in real space. For the GP-Pnz sample there are two sets of spots, denoted by 

blue and white circles that form two hexagonal patterns (Figure 2.8e). These two patterns 

are slightly rotated relative to each other corresponding to two different overlapping 

graphene nanoplatelets, which are randomly oriented on the imaging support. The other 

two sets of spots, denoted by green and red circles, form two rectangular patterns and 

correspond to two different domains of an attached phenazine layer. It is noted that the 
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patterns for the phenazine domains are rotated relative to each other by the same angle 

as for the graphene patterns. 

 

Figure 2.8: TEM images and their Fast Fourier Transformations (FFTs) for the samples: 
(a) GP-Pnz TEM image; (b) GP-Chr TEM image; (c) GP-Fsc TEM image; (d) GP-Thio 
TEM image; (e) GP-Pnz FFT image; (f) GP-Chr FFT image; (g) GP-Fsc FFT image; (h) 
GP-Thio FFT image. The areas used to calculate FFT images (e-g) are indicated by a red 
square in the corresponding TEM images (a-d). 

 

Therefore, it is concluded that each graphene nanoplatelet is covered by a single well-

ordered phenazine domain. Comparing the distances between individual spots from the 

phenazine domain and considering the graphene lattice parameter, the rectangular unit 

cell parameters of the phenazine layer are calculated to be 0.52 nm and 0.38 nm, in good 

agreement with a previous study of covalent modification of surface-supported graphene 

grown on cubic-SiC(001) by phenazine molecules.25 The results therefore show that this 

modification method works well for the covalent attachment of phenazine molecules to 

graphene surfaces and the formation of ordered domains. 
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Similar results are observed for the FFT of the image of the GP-Chr sample (Figure 2.8f), 

where two rectangular patterns (denoted by green and red circles respectively), rotated 

relative to each other by the same angle as for the graphene patterns, represent two 

different domains of the attached chromone layer. Therefore, it is concluded that each 

graphene nanoplatelet is covered by a single well-ordered Chr-domain. The unit cell 

parameters of the chromone layer are calculated to be 0.48 nm and 0.30 nm. The 

similarity of the FFT patterns obtained for GP-Pnz and GP-Chr samples is unsurprising 

since the molecules both attach to the graphene surface via C-C bonding of the fused 

aromatic ring system (Scheme 2.1, represented by a dashed line). Therefore, Pnz and Chr 

chromophores are both standing up on the surface25 resulting in a comparable molecular 

layer pattern on graphene. 

For the GP-Fsc and GP-Thio samples (Figure 2.8g and h), there is one hexagonal pattern 

(spots denoted by white circles) that corresponds to a single graphene nanoplatelet. For 

both samples, one set of spots (denoted by red circles) forming an oblique unit cell, has 

been identified for the layer created by attached chromophore units. Hence, it is concluded 

that in each case graphene nanoplatelets are covered by a single well-ordered domain of 

the corresponding chromophore moieties. The calculated unit cell parameters are 0.63 nm 

and 0.32 nm for fluorescein layer and 0.91 nm and 0.44 nm for thionine layer. 

Overall, the TEM/FFT results for the samples presented in Figure 2.8 provide strong 

evidence that the modification methods described in this work lead to formation of quite 

ordered domains of organic molecules bonded to the graphene surface. Due to defects of 

the graphene surface and non-uniform nature of nanoplatelets, some disordered regions 

have also been observed. 
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2.6.8 Thermogravimetric Analysis (TGA) 

Like PXRD, TGA has been employed to identify the extent of functionalisation of graphene 

by various chromophoric groups. Graphene and functionalised graphene samples were 

exposed to a gradual temperature increase between 0-900oC over a certain period of time 

and the mass loss has been recorded in percentages.  

Figure 1.9 shows the thermal degradation for the individual dyes, modified and unmodified 

graphene, while figure 1.10 represents normalised TGA 1st derivatives of the composites 

and their respective starting dyes. Initial mass loss due to moisture and adsorbed air is 

observed between 0-42oC for all graphene samples. A complete pyrolysis of unmodified 

graphene is achieved by 710oC, which corresponds to 99.4% of the total mass loss. This 

total %mass loss can be used as a purity check of the material. The starting dyes have 

two key degradation regions between 170-370oC and 370-620oC, while the pyrolysis of the 

functionalised materials occurs within 570-820oC range. The total %mass loss and the 

inflection temperatures of (Ti) for the graphene composites and their corresponding 

starting dyes is summarised in  

Table 1.2. The total mass loss varies between 97.5% and 100% indicating a high purity of 

the materials in terms of graphitic content. 
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Figure 1.9: TGA thermograms for percentage mass loss of graphene, chromophores and 
the composites; The black and red coloured spectra appeared  in all the graphs (a-f) 
represents pristine graphene and dye chromophores respectively.  a) GP-Pnz (green), b) 
GP-Thio (violet), c) GP-Acn (blue), d) GP-Acr (Orange), e) GP-Chr (yellow) and f) GP-Fsc 
(olive). 

 

Table 1.2: The total %mass loss and the inflection temperatures of (Ti) for the graphene 
composites and their corresponding starting dyes. (f=fast; s=slow process) 

Gr-sample Ti, 
o
C Total mass 

loss, % 

Starting dye-

NH2 

Ti, 
o
C Total mass 

loss, % 

Graphene 637 99.4 - - - 

Gr-Chr 620, 744 99.4 Chromone 269f, 462s 92.3 

Gr-Acr 613, 670 100 Acridine 315f, 413s, 508s 99.8 

Gr-Acn  590, 710 97.5 Anthraquinone 304f, 475s 100 

Gr-Pnz 632, 764 97.6 Phenazine 302s, 533f, 809s 97.3 

Gr-Fsc 595,721 99.7 Fluorescein 278s, 493f 98.8 

Gr-Thio 620f, 737s 97.8 Thionine 268s, 456f, 555s 100 
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The inflection temperatures were attained from the first derivative analysis (Figure 3.10) 

and show distinct differences between starting materials and the modified graphene 

samples. After the initial loss of moisture and adsorbed air, the first derivative of 

unmodified graphene shows only one significant region with the inflection temperature of 

637oC.  
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Figure 1.10: TGA 1st Derivatives for (a) starting dyes; Chr (black), Acr (red), Acn (blue), 
Pnz (green), Fsc (purple) and Thio (orange), (b) graphene (black) and graphene 
composites; Gr (black), Gr-Chr (red), Gr-Acr (blue), Gr-Acn (green), Gr-Pnz (purple), Gr-
Fsc (orange) and Gr-Thio (cyan) 
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Initial amines of chromone, acridine and anthraquinone show a fast degradation process 

within 269-315 oC followed by a slow process at much high temperature (462-508oC), 

while the fast process for phenazine, fluorescein and thionine occurs at a higher 

temperature range (493-555oC). 

The degradation pattern of the modified graphene samples prepared by radical method 

shows two key regions with the inflection temperatures ranges 590-632oC and 670-764oC. 

These high temperatures exclude the adsorption of the dyes by graphene surface. Both 

ranges show a comparable rate suggesting that the first range with the lowest (Ti) is likely 

due to the degradation of the defected graphene (due to radical functionalisation). While 

the second stage with higher temperature of graphene pyrolysis can be justified by an 

aggregation leading to a more graphite like materials. 

2.7 Summary 

Six different organic dyes with both UV and visible light absorption capabilities have been 

used to modify graphene nanoplatelets through radical functionalisation method (electron 

transfer) in one-pot reaction instead of previously reported 2-step method which was found 

to be more difficult and unapplicable to less stable diazonium salts. Samples were 

analysed using different characterisation methods to observe whether the dyes have been 

chemically (chemisorbed) or physically (physiosorbed) attached to the surface and in-

between graphene layers. IR was used to identify differences in the functionality of the 

materials before and after functionalisation. UV-Vis absorption and fluorescence 

spectroscopy provided insight on optical properties of the samples. PXRD, TGA, and BET 

were used to observe the extent of graphene functionalisation. While TEM and FFT give 
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information about surface morphology of the samples and orientation of the organic 

molecules on the graphene surface. 

2.8 Conclusion 

The in-situ covalent radical functionalisation using simple and straight forward method was 

successful. FTIR analysis revealed enhanced and new bands in 1900-1500 cm-1 region 

corresponding to C=C, C=O conjugation and C=N stretches. Optical properties of all the 

samples demonstrated a significant improvement in the visible region of the 

electromagnetic spectrum between 400nm to 652nm compared to the original UV region 

(270nm) of graphene. Similarly, all samples revealed emission bands in the visible region 

from 416nm to 437nm with 350nm excitation. Substantial alterations were observed in the 

graphitic surface of the modified graphene using PXRD, BET and TGA analyses. FWHM 

data obtained by Lorentz peak fitting showed ca. 12-38% increase compared with 

unmodified graphene, this was supported by the SSA results of the BET analysis which 

showed a dramatic decrease in the surface area between 30-65%: Gr (0%), Gr-Chr (53%), 

Gr-Acr (30%), Gr-Acn-OH (43%), Gr-Pnz (65%), Gr-Fsc (37%) and Gr-Thio (46). TGA 

results showed two distinct regions in all the modified samples while graphene showed 

only one significant inflection point. In the first region, a lower temperature marked the 

oxidation initiation process of defected graphene, while higher temperature of pyrolysis 

can be explained by higher aggregation of graphene sheets leading to a graphite-like 

materials. TEM and FFT results provided significant information about changes on the 

surface morphology of the modified samples as well as the orientation of the organic 

molecules on it. 
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CHAPTER 3 

Covalent and Non-covalent Functionalisation of Graphitic Surface by 

Chitosan: Two- and Three Component Systems 

3.1 Abstract 

Chitosan has many attractive properties such as biocompatibility, biodegradability, non-

toxicity and the presence of functionality, a very reactive amino (–NH2), secondary and 

primary hydroxy (–OH) groups in its backbone, makes chitosan an effective adsorbent 

material for the removal of wastewater pollutants. This chapter focuses on synthesising 

two component system containing graphene and chitosan, through ultrasonication and 

radical grafting and three component system, graphene with chitosan and chromophores, 

using one-pot and two-step radical grafting methods, respectively. Analysis of the surface 

properties (SEM, BET) and other characterisations (FTIR, UV, XRD, TGA) show 

successful modification of graphene surface. 

3.2 Non-Covalent Functionalisation of Graphitic Surfaces 

Non-covalent interactions primarily involve, van der Waals, electrostatic forces and 

hydrophobic that requires a physical adsorption of suitable molecules on the graphene 

surface. This can be achieved by polymer enfolding, adsorption of surfactants or small 

aromatic molecules, and interaction with porphyrins or biomolecules such as 

deoxyribonucleic acid (DNA) and peptides. Noncovalent functionalisation is a well-known 

technique for the surface modification of carbon-based nanomaterials. This technique has 

been previously employed extensively in the surface modification of the sp2 networks of 

CNTs68,99. The non-covalent functionalisation is essential for the immobilisation of 
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proteins, enzymes, drugs and DNA, mostly as background of devices, which little 

alteration in the electronic characteristics of the π system can lead to a total change in the 

structure and properties of the system56. The advantage of non-covalent functionalisation 

is that it does not disrupt the extended π-conjugation on the graphene surface, unlike 

covalent functionalisation which creates defects on the graphene sheet. However, the fact 

that its bonding is not strong  like covalent, makes it disadvantageous. Both graphene and 

GO can undergo π-π stacking and different schemes have been developed to form hybrid 

organic–graphene systems based on these interactions35. 

3.3 Materials and Methods 

3.3.1 Two-Component System 

One-pot radical transfer method: 80mg of low molecular weight (LMW) chitosan was 

added into a beaker containing 50mL of 1% AcOH/H2O and stirred for 1hr for complete 

solubility followed with addition of 5mL HBF4 and 5 min stirring. 40mg NaNO2 was added 

at 0oC and stirred for 30 minutes to obtain the chitosan salt. To this solution, 100mg 

graphene nanoplatelets was added and stirred under white light (LED; >2,500LM) 

illumination for 2hrs, followed by washing the hybrids with deionised water severally and 

dried under vacuum at 50oC, 3mbar overnight. 

 

Physical Mixture Method: 50mg of GNP was sonicated in 30mL DMF for 30 min. 30 mL 

of 1% acetic acid was added to the dispersion and further sonicated for 15 mins, followed 

by 100mg of Chitosan and sonicated for 1hr. The hybrid was centrifuged at 3500 rpm for 30 

mins, then washed with deionised water and dried under vacuum at 50oC, 3mbar 

overnight to remove the acetic acid from the hybrid. 
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3.3.2 Three-Component System 

One-pot Radical Transfer Method: To synthesize a catalyst with multifunctional 

properties, 40mg each of dyes (chromone, acridine) were added separately into 50mL 

ethanol in a beaker and stirred for 15 min, to these solutions, 40mg chitosan dissolved in 

50mL 1% AcOH/H2O were added and continue to stir for 10 min. 8mL HBF4 was 

introduced into these mixtures and stirred further for 5 min. The solution temperature was 

cooled to 0oC, followed with 40mg NaNO2 addition and 30 min stirring to obtain diazonium 

salts of dye and chitosan. 100mg graphene nanoplatelets was added to this mixture and 

stirred for 2 hours under white light (LED; >2,500LM) illumination for 2hrs, followed by 

washing the hybrids with deionised water severally and dried in an oven dryer at 50oC, 

3mbar overnight. 

Two-step method: 80mg of aminobenzoic acid was dissolved in 100mL ethanol followed 

by adding 5mL HBF4 and stirred for 5 minutes. 40mg NaNO2 was added to the solution at 

0oC and 30 min stirring to obtain diazonium salt. 100mg graphene nanoparticles was 

added to the salt solution and stirred under white light (LED >2,000LM) for 2 hrs, followed 

by washing the hybrids with deionised water severally and dried under vacuum at 50oC, 3 

mbar overnight. Then, 100mg Gr-ArCOOH was dispersed in 50mL deionised water and 

sonicated for 5 min. 80mg chitosan dissolved in 50mL of 1% AcOH/H2O was transferred to 

the dispersion and stirred for 3 hrs at 80oC. The hybrid was washed several times with 

deionised water and dried in a vacuum at 50oC, 3 mbar overnight. 
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3.4 Results and Discussion 

3.4.1 Two-component system - Graphene-Chitosan 

The two-component systems consisting of graphene and chitosan were synthesised 

according to the method described in Chapter 2 (covalent modification) and physical 

mixture method (non-covalent modification). 

3.4.1.1 Analysis by Fourier Transform Infrared Spectroscopy (FTIR) and UV-Vis 

Absorption Spectroscopy 

Figures 3.1 (a) summarise the changes in the samples prepared via two different synthetic 

procedures. The key features in chitosan show typical bands at 3360 (O-H), 2870 (C-H), 

1640 (C=O), 1580 (N-H), 1422 (CH2-OH), 1366 cm-1 and a broad one 1160-960 cm-1 (O-

C-O) corresponding to the carbohydrate moiety.  

Figure 3.1(b) represents 3 spectra: Graphene spectrum (Black) shows typical bands at 

1559 cm-1 and 1973 cm-1 (C=C=C) of cyclic alkene, 1040 cm-1 (C=C=O), functional groups 

at the edges of basal plane in the nanoplatelets. 
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Figure 3.1: (a) FTIR spectra of chitosan. (b) FTIR spectra of graphene (Gr, black), 
Graphene-Chitosan physical mixture (Gr-Cht-PM, red) and Graphene-Chitosan covalent 
mixture (Gr-Cht-CM, blue) 

 

Gr-Chitosan (blue) prepared via radical transfer method shows broad band at 1042 cm-1 

due to sp3-sp3 (-C-C-) bonding from radical functionalisation of graphene by chitosan. Gr-

Chitosan (Red) prepared by ultrasonication of graphene and chitosan mixture show more 

bands at 2933, 2850, 1608, 1368, 1255 and 1111 cm-1 suggesting higher concentration of 

carbohydrates in the sample. 

 

UV-Vis absorption spectra of graphene and the functionalised graphene samples are 

shown in Figure 3.2 below. The absence of a defined absorption band but an increase in 

steep at 272 nm in the unmodified graphene used for this research was due to scattering 

of light by the platelets and their low dispersibility. 
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Figure 3.2: UV-Vis spectra of graphene (GP, black), Graphene-Chitosan physical mixture 
(GP-Cht-PM, red), Graphene-Chitosan covalent mixture (GP-Cht-CM, blue). 

 

However, an absorption band was recorded at the same band position 272 nm for GP-

Chit-PM (red). This band represents π-π transitions attributed to the graphitic surface as 

the work function of graphene and graphite are 4.42 eV and 4.7-4.8 eV, respectively. 

Clearly, the functionalisation leads to an increase in the dispersibility of the graphene 

platelets modified by ultrasonication (physical mixture method). In contrast, the spectrum 

of GP-Chit-CM resembles unmodified graphene platelets due to low modification degree, 

which is a disadvantage of the covalent modification. 

3.4.1.2 Analysis by Powder X-Ray Diffraction (PXRD) and Scanning Electron 

Microscopy (SEM) 

XRD patterns in  

Figure 3.3 are presented for non-modified and modified samples showing diffraction peaks 

at 26.8o (002), and 44.2o (004), which are typical for graphitic materials. The green 
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spectrum represents XRD pattern of chitosan with diffraction peaks centred at 10.8o (002), 

20.40o (110) and a broad shoulder between 30-40°. This peak (110) was observed at 

21.0o in red spectrum, signifying the presence of chitosan in the physical mixture. 
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Figure 3.3: PXRD spectra of graphene (GP, black), Graphene-Chitosan physical mixture 
(GP-Cht-PM, red), Graphene-Chitosan covalent mixture (GP-Cht-CM, blue) and Chitosan 
(Chit, green). 

 

A slight shift in strong band position, 20.30o of chitosan to a very weak band 21.05o in red 

was probably due ultrasonication of the mixture. Moreover, the crystallinity of graphene 

samples was observed to diminish in red due to amorphous nature of the chitosan present 

in the mixture. No additional peaks or much change were observed in the crystallinity of 

graphene in the spectra (blue) representing the modified graphene with chitosan by radical 

transfer. 

This section describes the analysis of graphene and chitosan hybrids by scanning electron 
microscopy (SEM).  
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Figure 3.4 displays SEM images of untreated graphene nanoplatelets showing their fluffy 

structure due to amorphous carbon present.  

 
 

  
 

Figure 3.4: SEM Images of graphene samples: (top) graphene platelets (copied from Ref 
245), (left) GP-Cht prepared by sonication, and (right) by radical chemistry. 

 

The images for GP-Cht-PM (bottom-left) prepared by ultrasonication method showed grey 

clustered solids, which are partially covered by smaller clusters. (Bottom-right) show SEM 

images of GP-Cht functionalised by a radical method. The image displays a fused material 

(rock-like solid) with denser packing than that of the material prepared through a 

sonication route. The differences in packing and the flakes size can be a direct result of 

the covalent modification. 
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3.4.1.3 Thermogravimetric Analysis (TGA) 

The thermal stability of graphene, freestanding and functionalised graphene-chitosan was 

tested by thermogravimetric analysis by exposing the samples to various temperatures up 

to 900oC over certain period of time and the mass loss have been recorded in 

percentages. 
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Figure 3.5 (left) represents TGA thermograms for graphene and modified graphene with 

chitosan. Normalised 1st derivatives of TGA for the composites and the respective 

graphene are shown in Figure 3.16 (left) in the appendix. A mass loss of 2.3% was 

observed in graphene (black) and the graphene composites between 0-42oC due to 

removal of water. A complete pyrolysis is achieved by 710oC for unmodified graphene. 

Initial loss due to moisture between 0-42oC was also observed for both modified graphene 

samples. In the case of GP-Chit-PM, 5.7%, 6.0%, 51.4% and 33.3% losses were observed 

between 42-183oC, 183-357oC, 357-638oC and 638-764oC, respectively. While 5.7%, 

3.1%, 11.3%, 21.9% and 56.6% mass loss occurred between 0-75oC, 75-201oC, 201-

392oC, 392-616oC and 616-848oC, respectively, for the modified graphene with chitosan 

via radical transfer (blue). 
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Figure 3.17 (right) in the appendix shows the first derivative analysis where three distinct 

regions of chitosan with the inflection temperatures of (Ti) of 275 °C, 475 °C and 597 °C 

can be observed. The first temperature is attributed to the main degradation of chitosan, 

while the consecutive steps relate to the carbonisation process270-271. 

After the initial loss of moisture and adsorbed air, the first derivative of unmodified 

graphene shows only one significant region with the inflection temperature of 637oC. The 

degradation of the modified graphene prepared by physical mixture method (blue) has four 

regions with (Ti) of 100oC, 274oC, 574oC and 667oC, which can be attributed to a volatile 

residual, weakly bound chitosan, carbonisation of chitosan and pyrolysis of graphene 

itself, respectively. For the graphene-chitosan prepared by radical transfer method (red), 

the following inflection temperatures were recorded: 216oC, 626oC, and 772oC. Lowest (Ti) 

is likely the initial degradation of chitosan functionalities followed by its carbonisation and 

finally pyrolysis of graphene. A higher temperature of graphene pyrolysis can be justified 

by a high degree of aggregation due to a lower presence of chitosan as opposed to the 

physical mixture. This aligns well with the observations found in UV-vis spectroscopic 

analysis, whereas graphene physical mixture has a better dispersibility. 
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Figure 3.5: (a) Weight loss (%) against temperature and (b) normalized 1st derivatives 
thermogravimetric analysis of graphene (black), GP-Cht composite prepared by physical 
mixture (blue) and GP-Cht composite prepared by diazonium chemistry (red) 
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The Table 3.1 below provided a summary of the thermogravimetric analysis and BET 

values to understand the degree of surface modification. This data shows the thermal 

activity of the samples in the two key regions of the greatest change of the weight loss 

with the inflection temperatures above 550oC corresponding to the pyrolysis of graphene 

matrix. 

Table 3.1: Summary of BET data of two-component system and TGA values recorded at 
two key regions with inflection temperatures T1 and T2. 

Sample SSA (m2/g) T1 (
oC) 

Weight loss 

(%) at T1 
T2 (

oC) 
Weight loss 

(%) at T2 

Graphene 430.16   637 96.9 

GP-Cht (PM) 287.68 637 66.7 764 33.3 

GP-Cht (CM) 167.50 616 42 84 56.6 

GP-ArCOOH 373.21 605 34.9 788 65 

 

These two temperatures can represent two distinct stages of the pyrolysis: 

low T1 – temperature and associated weight loss can be attributed to the defected 

graphene sheets, for examples, containing sp3-hybridised C-atoms due to covalent 

modification. Also, for chitosan samples, this region can be associated with final 

decomposition of this polymer. Thus, this region indicates possible modification of 

graphene through covalent and non-covalent means. Here, the degradation of the 

modified graphene samples occurred between the low temperature (T1) ranges (0-637oC) 

and the weight losses were recorded as follows: GP-Cht (PM) 66.7%, GP-Cht (CM) 42%, 

GP-ArCOOH 34.9%. GP-Cht (CM) recorded highest weight loss due to presence of 

physiosorbed chitosan on the graphene surface. Lower weight loss values of 34.9% and 

42% for GP-ArCOOH and GP-Cht (CM) respectively, confirms the covalent modification of 

the graphene surface. 
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high T2 – temperature and associated weight loss can be attributed to aggregation of 

graphene sheets; thus, forming more graphite like composites requiring higher 

temperature to degrade115, 204. 

3.4.2 Three-component system: Graphene-Chitosan-Chromophore 

The construction of the three components system has been achieved in two different 

ways, in-situ and two-step procedure as described in the experimental section (3.5.2). The 

in-situ method is similar to two-component method described in chapter 1, except that, two 

different radical salts (dye, polymer) were introduced here. The hybrids were characterised 

using the standard set of techniques. 

3.4.2.1 Analysis by Fourier Transform Infrared Spectroscopy (FTIR) and UV-Vis 

Absorption Spectroscopy 

Figure 3.6, graphene spectrum (Black) shows typical bands at 1559 cm-1 and 1973 cm-1 

(C=C=C) of cyclic alkene, 1040 cm-1 (C=C=O), functional groups at the edges of basal 

plane in the nanoplatelets. All spectra (Red, blue and green): Gr-Chr-Cht, Gr-Acr-Cht, Gr-

Gnn-Cht respectively showed broad bands between 1032-1052 cm-1 due to sp3-sp3 (-C-C-) 

bonding from radical functionalisation of graphene by chromophores and chitosan. This is 



69 
 

 

similar to the pattern observed in the two-component GP-Cht-CM (blue spectra, 
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Figure 3.1) and GP-chromophores ( 

 Figure 2.4 in chapter 2). Additional peaks were observed between 1700-1720 cm-1 for 

GP-Gnn-Cht and GP-Chr-Cht respectively, probably due to keto group of chromone, other 

peaks were identified between 1233-1236cm-1 for GP-Acr-Cht and GP-Gnn-Cht due to C-

N stretching absorption of 3o amine in acridine and guanine molecules, 756cm-1 for GP-

Gnn-Cht due 2o amine in the guanine molecule. 
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Figure 3.6: FTIR analysis of Graphene (black), Gr-Chr-Cht (red), , Gr-Acr-Cht (blue) and 
Gr-Gnn-Cht (green) 

Similar to  

Figure 2.5 in chapter 2, the optical properties of the modified graphene samples have 

significantly changed compared with unmodified graphene with typical absorption band at 

270 nm.  

Figure 3.7 shows UV-Vis absorption spectra of the modified graphene in three component 

systems;GP-Chr-Cht (red), GP-Acr-Cht (blue) and Gr-Gnn-Cht (green). Blue shift 

(hipsochromic shift) was observed at 385, 405 and 428nm in the GP-Acr-Cht from 389, 

409 and 432nm (figure 2.5b) in the dye respectively, signifying functionalization of the dye 

and polymer. A blue shift was seen in the GP-Chr-Cht at 271 and 306nm from 291 and 

323nm (figure 2.5a) in the dye spectrum with broadening of shoulder between 300-400nm 

as seen in the GP-Chr in  
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Figure 2.5 in chapter 2, attributed to π-π* transitions of the chromophores, which are 

efficient UV-absorbers. A disappearance of band at 319nm was observed in the GP-Gnn-

Cht compared with its corresponding dye (see appendix; figure 3.18) confirming radical 

functionalisation of the graphene. 
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Figure 3.7: UV-Vis absorption spectroscopic analysis of Gr, Chr, Gr-Chr-Cht, Gr, Acr, Gr-

Acr-Cht (top) and Gr, Gnn, Gr-Gnn-Cht (bottom) 

3.4.2.2 Analysis by Powder X-Ray Diffraction (PXRD) and Scanning Electron 

Microscopy (SEM) 

XRD patterns of un-modified graphene and chitosan, respectively, are shown in Figure 3.8 

with diffraction peaks at 26.8o (002), 44.2o (004), and 10.8o (002), 20.40o (110) with a 

broad shoulder between 30-40o. Characteristic peaks of chitosan (weak) were observed at 

18.3o for GP-Chr-Cht (blue), 9.7o and 19.1o for GP-Acr-Cht (green) and 18.5o for GP-Gnn-

Cht (purple) confirming presence of chitosan in the hybrid. Only one additional peak at 

9.5o in GP-Gnn-Cht was observed, probably due to presence of guanine (chromophore). 
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Figure 3.8: PXRD spectra of chitosan (red), graphene (black), Gr-Chr-Cht (blue), Gr-Acr-
Cht (green) and Gr-Gnn-Cht (violet) composites 

 

Figure 3.9 (left) displays SEM images of Gr-Chr-Cht prepared by one-pot method, it shows 

a dense packing of the material comparing to a fluffier graphene (Figure 3.4). The flakes of 

graphene are visible and evenly covered by chitosan. This may be due to the covalent 

interaction of the two reacting components on the graphene surface, and/or may be due to 

interfacial reaction between the anionic chromone and cationic chitosan. 

Figure 3.9 (right) shows SEM images of Gr-Acr-Cht produced in one-pot reaction with a 

lump like solid structure. The images show similarity with Gr-Chr-Cht samples (Figure 3.9 

left) regarding a distribution of the solid material covering graphene flakes.  Figure 3.9 

(bottom) shows a lump-like structure of the material with a denser packing than the 

pristine graphene. The graphene flakes are visible, but they are smaller compared to 

those of Gr-Chr- Cht and Gr-Acr-Cht. The image shows less distribution of smaller solid 

particles covering the flakes. This may be due to a repulsive force between the positively 
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charged chitosan and guanine molecules. 

   

 

Figure 3.9: SEM Images of (top left) GP-Chr-Cht, (top right) GP-Acr-Cht and (bottom) GP-
Gnn-Cht prepared by radical chemistry 

 

3.4.2.3 Thermogravimetric Analysis (TGA) 

Figure 3.10 (left) represents TGA thermograms for graphene and modified graphene in 

three component system. Figure 3.10 (right) displays normalized 1st derivatives of TGA for 

the composites and the respective graphene. In both modified and unmodified graphene 

samples, the initial loss of 2-5.5% is due to a loss of moisture between 0-48oC. A complete 

pyrolysis is achieved by 637oC for unmodified graphene. In the GP-Chr-Cht, a mass loss 

of 4.9%, 33.9% and 60.5% have been recorded between 0-42oC, 42-612oC, 612-800oC, 

respectively. GP-Acr-Cht has a mass loss of 5.5%, 63.9%, 10% and 20.1% between 0-
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91oC, 91-594oC, 594-646oC and 646-800oC, respectively. While 5.5% and 92.6% mass 

loss were observed between 0-91oC and 91-663oC for GP-Gnn-Cht sample. 
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Figure 3.10: (a) Weight loss (%) against temperature and (b) normalized 1st derivatives 
thermogravimetric analysis of graphene (black), GP-Chr-Cht composite (red), GP-Acr-Cht 
composite (blue) and GP-Gnn-Cht (green) 
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After the initial loss of moisture and adsorbed air between 0-50oC, the first derivative of 

unmodified graphene shows only one significant region with the inflection temperature of 

637oC. The degradation pattern of the two modified graphene GP-Chr-Cht (red) and GP-

Acr-Cht (blue) prepared by radical functionalisation is similar. Three-component systems 

have two key regions at (Ti) 637 oC (both samples), which is similar to graphene. The 

second peak is observed at 738 oC for GP-Chr-Cht and 758 oC for GP-Acr-Cht; they can 

be attributed to further pyrolysis of graphene stacks and organic residue. GP-Gnn-Cht 

(green) has a peak at (Ti) 270 oC, 350 oC and 456 oC and shoulder at (Ti) 587oC. This can 

indicate that the modification led to a high number of the defected graphene sheets, which 

degrade at lower temperature than graphene itself; additionally, an increased dispersibility 

due to synergistic effect of both chitosan and guanine prevents agglomeration of graphene 

sheets into larger stacks (graphite), which also lowers the overall temperature of 

degradation. Table 3.2 provides the summary of the TGA and BET results. 

Table 3.2: Summary of BET data of two-component system and TGA values recorded at 
two key temperatures (T1 and T2) regions. 

Sample SSA (m2/g) T1 (
oC) 

Weight loss 

(%) at T1 
T2 (

oC) 
Weight loss 

(%) at T2 

Graphene 430.16 - - 710 96.86 

GP-Chr-Cht 135.66 612 38.8 800 60.5 

GP-Acr-Cht 148.11 646 79.4 800 20.1 

GP-Gnn-Cht 188.18 - - 663 98.1 

GP-ArCO-NHCht 230.01 630 58.1 726 41.0 

 



76 
 

 

3.4.3 Three-component system: Graphene-Linker-Chitosan (Gr-ArCO-Cht) 

An alternative method for chitosan attachment to the graphene surface through 

condensation (amidation and esterification) reaction was studied. Here, two step method 

was developed: (1) the incorporation of the linker bearing carboxylic group by radical 

chemistry and (2) amidation, and esterification reactions between -NH2 and -OH groups of 

chitosan and carboxylic acid of graphene. (Figure 3.11). This method was designed to 

replace the use of GO which is expensive. 

The reactivity order of the three functional groups contained in the chitosan are as follows: 

-NH2 > secondary OH > primary OH. Therefore, two types of reactions might be expected 

to happen: amidation and esterification reactions to yield graphene-benzamyl-chitosan or 

graphene-benzoyl-chitosan or both. 
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Figure 3.11: Preparation of graphene-benzamyl-chitosan and graphene-benzoyl-chitosan 
material via two step approach 

3.4.3.1 Analysis by Fourier Transform Infrared Spectroscopy (FTIR) and UV-Vis 

Absorption Spectroscopy 

Figure 3.12 represents the spectra of pristine graphene (black) and modified graphene 

with aryl carboxylic acid (red). A band at 1669cm-1 (C-O bending in acid) was observed in 

the modified graphene, which is stronger peak than in the unmodified graphene. Key 

peaks indicating successful modification between the linker and chitosan include: 1170cm-

1 as C-O stretching in ester and 3638cm-1 as O-H and N-H stretching. Also, characteristic 

peaks (weak) of chitosan were observed at 1670cm-1 (N-H bending in amine), 1424cm-1 
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(O-H bending in alcohol and C-H bending in alkane), and 1097 cm-1 (C-O stretching of 

primary alcohol). These bands can also indicate a post-modification product: 1670cm-1 as 

C=O stretching of primary amide, indicating the presence of both bending and stretching 

vibrations C=O due to amide group presence. 

4000 3500 3000 2500 2000 1500 1000

45

40

35

30

25

20

15

10

In
te

n
s
it
y

Wavenumber (cm-1)

 sm-GP sm-GP-ArCOOH  sm-GP-ArCO-NHCht

3214
29583636

1670

1424

1170 1097

1041

1669

3753

 

Figure 3.12: FTIR spectra of pristine graphene (black), GP-ArCOOH (red) and GP-ArCO-
NHCht (blue). 

 

Optical properties of the GP, GP-ArCOOH and GP-ArCO-NHCht are summarised in 

Figure 3.13. UV-Vis spectra show significant improvement in the modified graphene with 

stronger absorption bands at 270 nm compared to unmodified graphene, confirming 

functionalisation. A high background absorption was observed in the red spectra (GP-

ArCOOH) which is likely due to scattering of light by the large chunks of graphene 

platelets due to low dispersibility, while a lower absorption background was observed in 

the blue spectra due a stabilisation caused by the chitosan incorporation. A new 
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absorption band (weak) was observed at 340 nm of the blue spectra probably due to the 

introduction of chitosan. 
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Figure 3.13: UV-Vis spectra of pristine graphene (black), GP-ArCOOH (red) and GP- 
ArCO-NHCht (blue) 

3.4.3.2 Analysis by Powder X-Ray Diffraction (PXRD) and Scanning Electron 

Microscopy (SEM) 

Figure 3.14 below represents the XRD spectra of pristine graphene (black) and the 

modified graphene with benzoic acid by electron transfer (red). Additional peaks were 

observed at 18.3o and 87.4o in the modified graphene, a characteristic of the benzoic acid. 

A characteristic peak of chitosan was observed at 21.21o in the blue spectra, representing 

GP-ArCO-NHCht. 
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Figure 3.14: PXRD spectra of pristine graphene (black), GP-ArCOOH (red) and GP- 
ArCO-NHCht (blue) 

 

Figure 3.15 show SEM images of the modified graphene with ArCOOH (left) and GP-

ArCO-NHCht (right). The images indicate no visual changes in the material upon 

modification with chitosan. 

    

Figure 3.15: SEM images of GP-ArCOOH (left) and GP-ArCO-NHCht (right). 
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3.4.2.3 Thermogravimetric Analysis (TGA) 

 

Figure 3.16 (left) represents TGA thermograms for graphene and modified graphene in 

two and three component system via covalent bonding and through a linking group.  

Figure 3.16 (right) is normalized 1st derivatives of TGA for the composites and the 

respective graphene. Like other samples, the initial weight loss of 2-5% due to moisture 

between 0-48oC was observed for modified graphene samples. A complete pyrolysis is 

achieved by 710oC for unmodified graphene. A mass loss of 4.9%, 30%, 39.3% and 

25.7% have been recorded between 0-45oC, 45-605oC, 605-727oC and 727-788oC 

respectively for the GP-ArCOOH. In GP-ArCO-Cht sample, the mass loss of 2.2%, 10.6%, 

45.3% and 41.0% was recorded for 0-45oC, 45-377oC, 377-630oC and 630-726oC 

respective regions. 
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Figure 3.16: (a) Weight loss (%) against temperature and (b) normalized 1st derivatives 
thermogravimetric analysis of graphene (black), Gr-ArCOOH composite (red), Gr-ArCO-
cht composite (blue)  

 

Further analysis based on the 1st derivative of TGA shows only one significant region for 

graphene with the inflection temperature of 637oC. The degradation of the modified 

graphene GP-ArCOOH (red) has two significant temperatures: (Ti) 610oC (due to defected 

graphene) and (Ti) 760oC (due to aggregated graphene). Similarly, GP-ArCO-NHCht 

(blue) prepared in a two-step process reveals a broad peak at (Ti) 303oC due to chitosan, 

a peak at (Ti) 603oC due to residual chitosan and defected graphene and a peak at (Ti) 

668oC (aggregated graphene). A slight shift towards lower temperature from 610oC in GP-

ArCOOH to 603oC for the pyrolysis of GP-ArCO-NHCht is likely due to the overlap 

between the processes of carbonisation of chitosan and pyrolysis of graphene, which 

occur in the similar temperature range. A lower temperature of the final stage (668oC) as 

opposed to 760oC in GP-ArCOOH is due to an improved dispersibility of graphene 

platelets and a reduced aggregation leading to smaller stacks. This is also confirmed in 



83 
 

 

directly by UV-Vis spectroscopy where a low background absorption is recorded indicating 

better dispersibility of the material in the solution. 

3.5 Summary 

Polymer (chitosan) and three different organic chromophores (acridine, chromone and 

guanine) have been used to modify graphitic surface. The chitosan was used in two and 

three component system in one pot and two-step methods. The in-situ method was done 

through physical mixture (ultrasonication) of graphene and chitosan, and covalent radical 

functionalisation of graphene with chitosan and graphene with chitosan and dyes. The 

two-step method involved covalent functionalisation of graphene with ArCOOH followed by 

dispersing chitosan into the solution of Gr-ArCOOH and heated to 80oC for 3hrs under 

stirring. FTIR was used to identify differences in the functionality of the materials before 

and after functionalisation. UV-Vis absorption and fluorescence spectroscopy analyses 

provided details about optical properties of the samples. PXRD, TGA, and BET were used 

to observe the extent of graphene functionalisation.  

3.6 Conclusions 

Two and three component systems were successfully synthesised via in-situ method of 

covalent radical functionalisation and non-covalent reaction method with graphene to 

enhance the adsorption capabilities of both graphene and chitosan as composite in two 

component system and also create multifunctionality in three component system leverage 

on the adsorption properties of graphene and chitosan and light harvesting property of the 

dyes. Different functionalization methods have been designed to create a simple and most 

effective catalysts for the removal of organic waste.  FTIR analysis of all samples modified 

using radical functionalisation show enhanced signals corresponding to the product 

formation. Other additional characteristic peaks of chitosan and linking groups in both 
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covalent and non-covalent reaction products have been identified. Optical properties of the 

samples demonstrated a change in their absorption capacity and improved solution 

stability as a result of chitosan incorporation. All samples revealed shift towards UV 

region, only GP-Acr- Cht has absorption in visible region of the spectrum at 405 and 428 

nm. 

Important changes were detected in the graphitic surface of the modified graphene using 

PXRD, BET and TGA analysis. In the case of three component systems, PXRD analysis 

shows additional peaks between 9-22o due to chitosan and chromophore molecules. BET 

results support the substantial alteration of the graphitic surface as the values differ 

between the samples indicating a various degree of modification within the new products 

with the three-component systems having lower values. The decreasing order of BET 

surface is as follows: GP-ArCOOH > GP-Cht (PM) > GP-Cht (CM) > GP-Gnn-Cht > GP-

Acr-Cht > GP-Chr-Cht. The TGA analysis of the two and three component system shows a 

substantial alteration in the modified samples. Results show the complete pyrolysis of 

unmodified graphene at 637oC. All modified samples except GP-Gnn-Cht, have two key 

regions of the greatest change of the weight loss with the inflection temperatures above 

550oC corresponding to the pyrolysis of graphene matrix. The low temperature region can 

be associated with the weight loss attributed to the defected graphene, which contains 

sp3-hybridised carbon defects due to covalent modification. The high temperature region is 

associated with the pyrolysis of aggregated graphene sheets as seen in graphite. The 

results in GP-Gnn-Cht sample indicate a substantial number of graphene layers have 

been successfully functionalised by one-pot radical covalent method producing larger 

number of defected graphene lowering the temperature of pyrolysis. Additionally, a better 

dispersibility is achieved preventing aggregation of graphene sheets in a stack. 
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Covalent modification of GO with chitosan have been reported by researchers, but to the 

best of our knowledge, no work was reported on the covalent radical functionalisation of 

chitosan on graphene.  
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CHAPTER 4 

4.0 Physisorption and Photocatalytic Study 

4.1 Abstract 

Scarcity of clean and safe drinking water due to industrial and environmental pollution is a 

major source of concern, and its adverse effects on human health and aquatic life cannot 

be overemphasised. Dye industries are part of the major contributors to water pollution 

globally, and some of the dyestuffs which are being channelled directly to the water 

sources untreated, are carcinogenic, toxic and non-biodegradable. These contaminants 

affect the quality of water by changing these parameters: chemical oxygen demand 

(COD), biochemical oxygen demand (BOD), pH, colour and salinity. Hence, the need to 

develop a green, cost-effective and efficient technology that has the capability of removing 

dyestuff from wastewater. 

This chapter aims at evaluating traditional and advance methods such as adsorption, 

photodegradation respectively to study the dye removal using three model dyes: 

Methylene Blue (MB) as a cationic dye, Methyl Orange (MO) as a basic dye and 

Rhodamine B (RhB) as a photostable cationic dye.  

Objectives of this research are to determine the optimal mass concentration of the 

catalysts and the dye models, and to conduct adsorption-desorption (physisorption) 

experiment, kinetics studies of the catalysts using the three model dyes under dark and 

light illumination for 120 min and neutral condition. And finally to conduct mechanistic 

study of the photodegradation process. 
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4.2 Heterogeneous Photocatalysis 

Catalysts are substances used to accelerate the kinetics of a chemical reaction by a 

physical, chemical or biological means. Catalysis refers to the process of accelerating the 

chemical reaction by the catalyst. Photocatalysis is a branch of catalysis, and a process 

by which light (photo) ignites a chemical reaction. To degrade organic pollutants efficiently 

(including toxic compounds with low biodegradability) under ambient conditions, photon, 

rather than thermal energy is best source of renewable energy to be employed 2, 30. The 

main supply of energy on the surface of the Earth, which by far, is larger than any source 

of energy is solar energy (about 25,000 – 75,000/hectare/day) 41. Solar energy is a form of 

renewable energy that has not been widely utilized for human consumption 30, 41. 

Utilization of sunlight to initiate chemical reaction of organic pollutants requires a 

photochemical system through which the energy enters by the absorption of light with a 

certain wavelength of one of the components; organic species and the photocatalyst 2. 

Heterogeneous photocatalysis has become an interesting area of research in the past 

decades due its applicability in various media, i.e, gas phase, aqueous solution and pure 

organic liquid phase 29, and their great applications in areas, including water and air 

treatments, cancer therapy, heat transfer and heat dissipation, anticorrosion, solar 

chemicals production to name a few 3, 30. Photocatalytic degradation is an important 

advanced oxidation process (AOP) technology that can degrade organic pollutants 29, 37, 42. 

It is a sophisticated method for the mineralization of highly stable organic compounds such 

as pesticides, phenolic wastes, dyes, pigments and some inorganic pollutants which are 

difficult to degrade 37. Photon energy activates the catalyst through absorption of light of a 

specific wavelength by the material 2. A resulted electron–hole pair can promote a 

formation of the reactive oxygen species (ROS) in the aerated system or directly interact 

with an organic substrate2, 43 ,44 in the (photo)-chemical processes to create or degrade 
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specific compounds 3. Processes involved in heterogeneous (photo)catalysis can be 

broken down into five stages: (1) transfer of reactants from mobile phase (liquid or gas) to 

the surface, (2) adsorption of at least one reactant by the surface, (3) photoreaction in the 

adsorbed phase, (4) desorption of the products from the surface, (5) removal of the 

products from the interface region2,3,29. 

Unlike other conventional methods of water and air purifications that utilize e.g. chlorine 

and its derivatives, ozone, hydrogen peroxide, perozone, potassium permanganate, 

Fenton‟s reagents, chemical oxidations which may yield toxic side- products and be 

expensive 45, 46. In contrast, the photocatalytic products such as CO2, H2O and NH3 were 

proved to be non-toxic and cost effective 37. However, despite the efficiency of some 

photocatalysts, the kinetics for their photochemical reaction is influenced by some 

physical parameters, including mass of the catalyst, temperature, pH, wavelength, initial 

concentration, aeration. 

4.3 Examples of Multicomponent Heterogeneous Photocatalytic Systems 

Rajamanickam and Shanthi 85 reported the degradation of 4-nitrophenol by ZnO assisted 

photocatalysis in aqueous dispersion under solar light irradiation. Adsorption of the 

organic pollutant on ZnO at pH 5, was found to be favourable by the Langmuir approach. 

However, a steady increase in the initial concentration of the catalyst decreased the 

degradation rate, while enhanced degradation was only achieved at optimum 

concentrations of the oxidants such as H2O2, K2S203 and KBrO3. Raizada et al 46 reported 

a successful grafting of ZnO-activated carbon (ZnO-AC) and ZnO-brick grain particle 

(ZnO-BGC) photocatalysts and tested to have superior photocatalytic activity on Malachite 

Green (MG) and Congo Red (CR) due to improved adsorption capability. Rate of 

decolorization was higher during simultaneous adsorption and photoactivity process. ZnO-
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AC/A+P process, was found to be most efficient for the photodegradation of MG and CR. 

Dariani et al 86 reported the photodegradation activity of nano TiO2 of various particle sizes 

on MB in aqueous solution under UV illumination. UV Irradiated amorphous TiO2 

(UVA/TiO2) activity was found to be technically feasible under adequate and proper 

experimental conditions. Degradation of up to 90% was achieved in 1 hour with 10nm TiO2 

nanoparticles. Lin et al 87 reported the fabrication of ZnO-SnO nanocomposites using 

simple coprecipitation method. The composite was formed by co-precipitation method. 

The composite was found to exhibit a superior photocatalytic property than the 

corresponding ZnO. Results showed 40% of the full degradation of MB and oxidizing the 

remaining 60% to smaller molecular weight compounds such as malonic and propionic 

acids. The efficiency of the composite was proven to be high after several treatments. 

Tammina et al 88 made a first ever report on the ascorbic acid mediated synthesis of SnO2 

nanoparticles with three different sizes and their catalytic activity on MB dye. All three 

nano catalysts vary in particle sizes and band gap energies and have shown promising 

photocatalytic activity under UV irradiation, although they exhibited varied degradation 

rates. Khatee et al 47 reported on the influence of chemical structure of organic dyes on 

the photocatalytic degradation efficiency of TiO2 nanoparticles. Results showed that the 

photodegradation rate of monoazo dyes is higher than those with anthraquinone structure. 

Chloro and methyl groups in the dyes slightly decrease efficiency, while nitro group in the 

dye enhances photodegradation efficiency. The presence of multiple sulfonic groups slows 

down the process, while hydroxy groups intensify the resonance of electrons in the 

molecule and increase photodegradation rate. Similarly, side groups such as alkyls 

decrease the solubility of the molecules in the aqueous media and the degradation 

process is not favoured. 
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4.4 Physisorption and Chemisorption 

Adsorption plays a key role in heterogeneous (photo)catalysis as it is an essential step of 

the interaction between the catalyst and the reactant. There are two adsorption processes, 

which are based on weak (physisorption) and strong (chemisorption) interactions between 

the components. 

Physisorption can be referred as the physical adhesion or adsorption of a substance 

(adsorbate) on the surface of a material (adsorbent) through van der Waal‟s forces, which 

are weak electrostatic interactions e.g. dipole-dipole, induced dipole-dipole and London 

forces. Typical energy gain for these interaction lies 3-10 kcal/mol. 

 

In contrast, chemisorption is defined by strong electronic interactions between the 

adsorbate and adsorbent leading to the formation of chemical bonding. Energies of 

chemisorption lie within 20-100 kcal/mol. There are two types of chemisorption, namely, 

molecular adsorption (adsorbate remains intact) and dissociation adsorption (one or more 

bonds in adsorbate break upon adsorption). 

Fractional coverage (q) is a definition to describe the extend of surface coverage, and is 

expressed as follows: 

  
                                   

                                    
                 

 

  
 

Fractional coverage can also be calculated based on adsorbate adsorbed, where V is the 

volume of adsorbate and V is the volume corresponding to adsorbate‟s complete 

monolayer. 
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4.5 Models of Adsorption and Adsorption Isotherms 

To study properties of adsorbent (surface), semi-empirical adsorption isotherm is usually 

employed. It describes the variation of fractional coverage with pressure, when 

considering interaction of molecules with the surface in gas phase. Adsorption isotherm 

model is based on the following assumptions: 

 the surface is considered homogeneous (or binding is to only one type of reactive 

site) 

 all reactive sites are energetically equivalent, and the energy of adsorption is the 

same across the surface 

 adsorption is limited to monolayer coverage (only one molecule per site) 

 there is no interaction between adsorbed molecules meaning the adsorption is 

independent from adjacent occupied sites. 

These assumptions form the basis of the Langmuir Isotherm. However, co-adsorption 

can take place, when initially adsorbed molecular layer can act as a new surface 

(adsorbent). In this case, adsorption isotherm will not level up but will continue to rise 

indefinitely. Brunauer-Emmett-Teller (BET) Isotherm is most popular model, which deals 

with multilayer adsorption. Here, the surface is covered by randomised reactive sites, 

which are empty or occupied with mono or multilayer adsorbed molecules. 

4.6 Adsorption Kinetics to Study Dye Removal 

The adsorption capacity (qt) or loading of adsorbate (dye) on the adsorbent (surface) is 

calculated as follows: 
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Where V is the solution volume (L), C0 is the initial adsorbate concentration (M or mg per 

L), Ct is the dye concentration in the solution at any given time (t) (M or mg per L), and m 

is the adsorbent mass (g). Alternatively, Cs is the concentration of adsorbent (g per L). 

Langmuir isotherm is assumed being a reversible process between surface (adsorbent) 

and molecules (adsorbate) 260.Thus typically, the adsorption kinetics is studied through 

either the pseudo-first order 89 or pseudo-second order 90 equations as they can fit a wide 

range of adsorption systems. 

The varied reaction order of adsorption proposed by Liu and Shen 261 can be expressed 

as follows: 

   

  
                     

  

                                   
  

 
                          

where qmax is the maximum adsorption capacity of the adsorbent, ka and kd are the 

corresponding adsorption and desorption rate constants and X is the adsorbent dosage. 

In the case of qe = k1/k2, first order kinetics can be used to describe the process, if this 

condition cannot be met, second order rate expression is considered. 

Pseudo-First-Order Kinetics equations can be expressed as follows: 

  

  
                        

     

Number of molecules adsorbed (qt) at any given time (t) is calculated as follows: 

                              
        

 
 

where V is the volume of dye solution, C0 is the initial dye concentration, Ct is the dye 

concentration in the solution at a given time (t), and m is the adsorbent mass, k1 is a rate 
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constant and  e is the amount of dye adsorbed at equilibrium. 

 

Pseudo-second-order kinetics is described through the following equations: 

  

  
       

           
 

  
 

 

  
      

Thus, the number of molecules adsorbed (qt) at any given time (t) is calculated as follows: 

     (
     

     
)   

     

       
                  

   

  
           

  

Although these are popular and well-studied models, which can fit a variety of adsorbent-

adsorbate systems, they have some implications and pitfalls. 260 

 

4.7 Organic Dyes as Colorants 

Unlike most organic compounds, dyes possess colour because they absorb light in Theory 

of colour and its chemical constituents dated back to 1868 by Graebe and Liebermanm 

who stated that colour was associated with unsaturation because, all known dyes 

decolourised on reduction. In 1876, Witt expanded this postulation by stating that all 

coloured organic compounds must possess a group which is responsible for imparting 

colour i.e. chromophores. This theory plays a significant role in the synthesis of organic 

dyes that resulted in the discovery of thousands of them and the promising ones been 

manufactured. This discovery had opened the door for many other theories to emerge, but 

none of them had explained how colour generates in organic compounds. The discovery 

of the interaction between electromagnetic radiation in the UV and visible regions with 

organic compounds provides an explanation about colour formation in organic 

compounds. When photon is absorbed by the ground state of the compound its energy is 

causing one or more electrons promoted to the next available orbital called the excited 

state through a transition between the two energy states103-105. 
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4.7.1 Dyes as Model Systems to Study Environmental Pollution 

Colorants are considered robust organic pollutants that are difficult to degrade. Therefore, 

they are employed as environmental models to study appropriate removal methods 

through kinetics of their degradability. Most common and challenging contaminants 

include basic, cationic and photostable dyes. The strategy to remove such chemicals can 

include both adsorption, which is based on appropriate electrostatic interactions (based on 

their charge) and mineralisation process e.g. (photo)catalysis. In this chapter, methylene 

blue (MB), methyl orange (MO) and rhodamine B were chosen as model compounds as 

they represent dyes that can also be mineralise through photocatalysis 29. 

 

Methylene Blue. Methylene blue (MB, Figure 4.1) or methyl thioninium chloride is an 

aromatic heterocyclic dye215,216 with a molecular weight of 319.85 g mol−1 218, 219, molecular 

formula, C16H18N3ClS and IUPAC name [3,7-bis(dimethylamino) phenothiazin-5-ium 

chloride] 212, 221,223. 

 

Figure 4.1: The model and structure methylene blue (MB) copied from Ref. (214) 

 

It is a blue cationic and primary thiazine dye which absorbs light in both visible and 

ultraviolet regions with the wavelength of maximum absorption (λmax) at 664 nm and 292 

nm213,216,243, respectively. It is classified under polymethine dye with an amino auxochrome 
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unit and is a positively charged compound. It consists of three mesomeric structures with 

positive charge on either nitrogen atom (amine group) or on sulphur atom. The reduced 

forms of MB, leuco-methylene blue (λmax 256 nm and 322 nm) and MBH2
+ (λmax 232 nm) 

are colourless and stable in aqueous solution 216. MB is blue in oxidized state 220 and 

transformed to leuco / colourless forms by reducing agents. 

It was first synthesised by a German chemist Heinrich Caro in 1876 and used for the 

treatment malaria. This opened door for its application in medical, biological and 

pharmaceutical areas. It‟s a readily soluble in water and other organic solvents such as 

methanol, 2-propanol, ethanol, acetone and ethyl acetate, and can be used as a redox 

indicator. Methylene blue is a versatile compound which has wide range of applications225 

in textiles, paper, food, medical, chemical, pharmaceutical and aquacultural sectors etc. 

The commercial demand of MB is enormous, as all these important industries hugely rely 

on it increasing the rate of its production. It is considered one of the most popular clothing 

colourants226 and the most common dye in the textile industry227. However, the 

carcinogenic nature of MB vis a vis it‟s non-biodegradability in water is a source of 

concern. 

MB is often employed in photodegradation and adsorption studies as model compound. 

The spectrophotometric analysis provides key information including the form of the dye 

and its stability in the medium. The absorption spectrum of the MB shows the most intense 

absorption peak at around 664 nm associated with an MB monomer, with a shoulder peak 

at about 612 nm attributed to MB dimer. An additional two bands appear in the ultraviolet 

region with peaks around 292 nm and 245 nm associated with substituted benzene rings 

which gradually decrease as the photodegradation reaction proceeds212. 
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Toxicity of Methylene Blue. MB discharged into water bodies above a certain 

concentration is harmful to human health due to its substantial toxicity 212, 228-229   and 

significant threat for water aesthetic. The no-observed-adverse-effect level (NOAEL) for 

the MB in rats was found to be 25 mg kg−1, 238. MB is toxic, carcinogenic, non-

biodegradable and can cause a serious threat to human health and destructive effects on 

the environment212-231. Several health complications such as respiratory distress, mental, 

abdominal, blindness, and digestive disorders, cyanosis, shock, gastritis, jaundice, 

methemoglobinemia, nausea, diarrhoea, vomiting, tissue necrosis, and increased heart 

rate have been attributed to MB232-237. Presence of MB in water sources, even at low 

concentration, decreases light transmittance due to high molar absorption coefficient (~8.4 

× 104 mol−1 cm−1 at 664 nm), decreases oxygen solubility, affects the photosynthetic 

activity of aquatic life, thus affects the food supply chain of the microorganisms and 

decreases the diversity and aesthetics of the biological community239-240. 

 

Figure 4.2: The model and structure Rhodamine B (RhB) copied from Ref. (262) 

 

Rhodamine B. Rhodamine B (RhB, Figure 4.2) (C28H31N2O3Cl), mol. wt. 479264, IUPAC 

name (9-(2-Carboxyphenyl)-6-(diethylamino)-N,N-diethyl-3H-xanthen-3-iminium 

chloride)262-265 is known to be a brilliant pink synthetic azo-dye which has been broadly 

used in various industries such as cosmetics, foods, paints, textiles and leather 262 It‟s a 

highly water-soluble basic dye of the xanthene class263 and has been extensively used for 

fluorescent labelling and food colouring due to its fastness, low cost, and stability. 265 
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Toxicity of Rhodamine B. RhB has potential toxic effects and is an allergen affecting the 

human respiratory system, skin, and brain264. Both dermatological and toxicological 

investigations shows that long term exposure of Rhodamine B may cause several 

potential disorders in human beings such as cancer, birth deficiency, and irritation to eyes 

and skin262. The carcinogenicity, reproductive and developmental toxicity, neurotoxicity 

and chronic toxicity towards humans and animals have been experimentally proven.263 

4.8 Materials and Methods 

4.8.1 Preparation of the Stock Solutions of Dyes (pollutants) and Hybrids 

Model Dyes: The stock solution of Methylene blue (M 319.85, 9.48 × 10-4 M) was 

prepared by dissolving 0.91 mg of the dye in 3 mL of deionised water. The stock solution 

of Methyl Orange (M 327.3, 9.37 × 10-4 M) was prepared by dissolving 0.92 mg of the dye 

in 3 mL of deionised water. The stock solution of Rhodamine B (M 479.02, 9.78 × 10-4 M) 

was prepared by dissolving 1.40 mg of the dye in 3 mL of deionised water. 

Hybrids: Stock solutions of graphene and hybrids were prepared by dispersing 1 mg of a 

sample in a vial containing 1 mL of distilled water. The resulted dispersions were 

sonicated for 3 min to homogenise the hybrids in the solution. 

4.8.2 Spectrophotometric Experiments 

All spectrophotometric experiments to assess the photocatalytic and adsorption abilities of 

the materials were carried out using a Cary 50 UV-Vis spectrophotometer controlled at 

20oC by a single cell Peltier accessory, while mercury and xenon lamps were employed as 

the source of visible and UV light sources. Illumination of the samples was carried by 

Xenon lamp with adjustable radiation flux (0-150W). The spectral range of the lamp was 
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regulated by using appropriate cut-off optical filters for visible light. The electronic 

absorption spectra were recorded using a either Cary 50 or Carry 100 UV-vis scanning 

spectrophotometer. 

4.8.3 Spectrophotometric Study of Dye Photostability 

Two kinetic experiments were conducted under visible light with different irradiation times 

of 30 min and 120 min to determine the photostability of the dyes. The 30 min kinetics 

tests were carried out under basic, neutral and acidic conditions with 5 min intervals 

between scans; the 120 min kinetics tests were done under neutral conditions with 20 min 

intervals between scans. Figure 4.7 (a-c) in the appendix and Figure 4.5 (a) shows the plot 

of the aqueous solutions of 10% trifluoroacetic acid (TFA) and 1M NaOH prepared for 

acidic and basic conditions, respectively for the 30 min kinetics. 

In brief, 3 quartz cuvettes containing 3 mL of distilled water were labelled A, B and N, 

indicating acidic, basic or neutral pH. And pH of the solutions was adjusted by adding 6 µL 

of 10 % TFA (acidic pH) and 15 µL of 1M NaOH (basic pH). Then, 0.05 mL of the stock 

solution of an appropriate dye was added into each quartz cuvette of an appropriate pH to 

ensure that optical transmission falls within acceptable range (0.7-1.0 Abs a.u.). The 

resulted dye solution was scanned immediately before being illuminated with visible light 

(using 420 nm cut-off filter) using tungsten lamp (75W). For the 120 min kinetics test, to a 

cuvette containing 3 mL water 0.05 mL of the stock solution of an appropriate dye was 

added, stirred and scanned the first minute before irradiating with visible light. 

4.8.4 Preparation of Standardisation curve 

Appropriate stock solutions of MB, MO and RhB were used for this experiment. A baseline 

scan of plastic cuvette containing 3 mL of distilled water was recorded in a UV-vis 
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spectrophotometer. This was followed by the addition of 10 µL of an appropriate dye and 

subsequent recording of the UV-vis spectrum; the 10 µL addition steps followed by a scan 

were repeated up until the total added dye volume reached 100 µL. 

4.8.5 Determination of Optimal Loading of the Hybrids using MB as Dye Model 

A range of aliquots of the hybrid stock solution (0.05, 0.075, 0.100, 0.125, 0.150, 0.175, 

0.200 mL) was added into cuvettes containing 3 mL of distilled water. 20 min dark reaction 

was performed for all the samples using MB dye starting with the base line scan, followed 

by the addition of 30µL dye with continuous stirring and recording UV-vis spectrum at 5 

min intervals. A uniform concentration of 0.1 mg/mL has been selected as optimal 

loadings for all the samples throughout the experiments. 

4.8.6 Initial Catalyst Loading 

0.100 µg/µL of each sample was added to cuvette containing 3 mL distilled water, followed 

by sequential addition of 10-100 µL MB, RhB, MO with continuous stirring to attain 

equilibrium. UV-Vis scan was recorded after addition of each 10 µL dyes in the sample. 

4.8.7 Kinetic Study 

 

Figure 4.3: Illustration of (photo)degradation of dye models 
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Light and dark experiments (photoactivity and adsorption). Figure 4.3 illustrates a set-

up used in this study to assess the removal of organic pollutants. Typically, 0.03 mL of a 

dye stock solution was added into a quartz cuvette containing 3 mL of distilled water to 

ensure that optical transmission falls within acceptable range (0.7-1.0 Abs a.u.) prior 

adding graphene materials. The solution was stirred to achieve homogeneity, and a UV-

vis absorption spectrum was recorded and used as 0 min value (A0). To the quartz 

cuvettes containing 0.1 mL of the appropriate catalyst (stock 1 mg/mL) in 3 mL of water, 

0.05 mL of a dye stock solution was added and stirred for 1 min prior the first scan. A 

kinetics experiment was carried out for 120 min, by recording UV-vis spectra at 1 min, 20 

min, 40 min, 60 min, 80 min, 100 min and 120 min. Dye removal efficiency was 

determined by plotting a graph of %RE against time (minute) using the formula below. The 

experiments were performed in triplicate and the mean values are reported. 

%Dye Removal = ((Co – C) / Co ) × 100 

Where A0 and At are the absorbances at 664 nm at t0 = 0 min, and at various time points t 

= 1 min, 20 min, 40 min, 60 min, 80 min, 100 min and 120 min. 

 

Desorption Study. After both the light and dark experiments, desorption study was 

conducted to determine the amount of physiosorbed dyes on the adsorbent. In addition to 

dilution factor (DF) was experimentally determined for MB. 

 

Dilution Experiment. Deionized water (3 mL) was added to a cuvette to record a 

baseline. Then, 0.05 mL of MB (stock 0.08 mM) was added followed by a scan in the 

visible region 400-750 nm, and the absorbance of 0.84 a.u (AMB) was recorded at λmax 665 

nm. 1 mL of EtOH, a good desorbing agent, was added to the cuvette containing the MB 
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solution and stirred for up to 5 minutes. Absorbance of 0.71 a.u (AMB+EtOH) was recorded. 

The difference between the initial AMB and final (AMB+EtOH) absorbance was referred to as 

the dilution factor (DF = AMB – AMB+EtOH). The difference of 0.13 equates to 15 % of dye 

loss. Thus, for each desorption experiment, 0.13 or 15% was considered as the dilution 

value, and the desorption values were corrected, accordingly. 

 

Desorption Experiments. To a cuvette containing an appropriate sample from the dye 

removal study, 1 mL of EtOH was added. The solution was stirred for 5 min, and the 

absorbance (ADesorbed Dye) was recorded. The desorption values were then corrected, 

accordingly with the dilution factor DF and total values were calculated: Total desorbed 

Dye = ADesorbed Dye + DF 
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4.9 Results and Discussion 

To understand the behaviour of the hybrid materials and assess their efficiency as 

potential absorbent for the dye removal, the spectrophotometric studies have been carried 

using methylene blue (MB), methyl orange (MO) and rhodamine B (RhB) as the model 

compounds. 

Outcomes of such experiments are influenced by many factors including intrinsic 

properties of dyes and hybrid as well as experimental settings such light exposure (light 

flux and duration), concentration range, pH and time. Firstly, light transmittance through 

solution depends on the material‟s optical properties (e.g. molar absorptivity co-efficient), 

its concentration (Beer-Lambert Law) and dispersibility (undesirable scattering by 

particles). Secondly, the adsorbent/ photocatalyst active surface determines the rate of 

adsorption-desorption, and finally, photostability of the dyes on their own can lead to over 

or underestimation of the results. Thus, it is essential to determine an optimal 

concentration of dyes and optimal loading of the adsorbent within the optimal window of 

transmission (T = 20-60%) 265 prior conducting kinetics experiments. 

4.9.1 Determination of Optimal Concentrations of the Model Dyes: Standardisation 

Curve 

To identify accurate concentrations of the model dyes for further dye removal experiments, 

the standardization curves of MB, RhB and MO have been established. Stock solutions 

with the following concentrations were prepared for MB (9.48 × 10-4 M, recording at λmax 

664 nm), MO (9.37 × 10-4 M, recording at λmax 464 nm), and RhB (9.74 × 10-4 M recording 

at λmax 553 nm) and the absorption values at λmax for every 10 µL addition of the dye stock 

solution were recorded. A calibration curve of absorbance against the dye added volume 

and concentrations are displayed in Figure 4.4. The experimental data for RhB, MB and 
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MO can be linearly fitted; and high regression coefficient values (R2 = 0.999, 0.997 and 

0.999, respectively) indicate a very good fit for all dyes even at high absorbances. This 

translates that the molar absorptivity is constant over the concentrations and therefore, the 

concentrations of all dyes can be determined with a good precision. 
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Figure 4.4: (a) Standardisation curves prepared by adding 0.01 mL of the corresponding 
dye stock solution (MB, MO, RhB; 9.44 × 10-4 M); (b) Standardisation curves of RhB, MB 
and MO presented as a function of the dye concentration (M) 

 

Experimentally found molar absorptivity co-efficient, e (M cm)-1, for the maximum 

wavelength of visible light absorption in water are displayed in the Table 4.1. 

Table 4.1: Summary of experimental molar absorptivity co-efficient (e), optimal 
concentrations (OC), and the transmittance (T) of dye solution at OC. 

 RhB, lmax 553 nm MB, lmax 664 nm MO, lmax 464 nm 

e, M-1 cm-1 in water 125,609 ± 602 83,150 ± 1260 33,536 ± 293 

OC range, M 1.24 × 10-5 1.54 × 10-5 2.43 × 10-5 

 

%T (A) at OC 20% (0.72) – 60% (0.22) 

 

A wide variation in the molar absorptivity values for the dyes, indicates that MO colour 
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intensity is the weakest, while even miniscule amount of RhB can produce coloured 

solutions. Based on these observations, it was decided to use the following optimal 

concentration range 10-50µL based on the solution transmittance for the initial studies to 

determine the photostability of dyes. (Table 4.1). 

4.9.2 Photostability of the Model Dyes Under Different Illumination and pH 

Conditions 

Dyes are prone to (photo)-degradation under sunlight, which comprises of ca. 3-5 % of 

UV, 42-43 % visible and 52-55 % of IR components. Thus, the visible light will have a 

greater impact on the potential self-degradation. Moreover, the dye‟s stability can be 

affected by the pH of a medium, they are in. To establish working conditions and minimise 

potential errors that can arise due to self-degradation accelerated by light intensity (flux) 

and pH, the photostability studies have been carried on MB at optimal concentration of 

1.54   10-5 M.  

Previous studies show that MB in wastewater is relatively stable to solar radiation241, with 

about 8 % of degradation after 10 hr under irradiation242. Figure 4.5 (a) and Figure 4.11(a-

c) in the appendix summarises self-degradation of MB in acidic, neutral and basic pH 

under irradiation with visible light for 30 minutes. Under visible light radiation, MB shows 

up to 20 % of self-degradation (or bleaching) under basic condition, while 4% of colour 

removal was observed in both acidic and neutral conditions after 30 minutes irradiation. 

The difference in the colour removal rate under basic pH could be due to the conversation 

of MB (coloured) into its leuco form (colourless); however, this process is slowly reversible. 
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Figure 4.5: (a) Photostability of MB under visible light, in neutral, basic, and acidic pH 
illuminated by Xenon lamp @75W for 30 min, (b) Self-degradation (photolysis) of MB 
under neutral and 75W and 150W visible illumination for 120 min. 
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It has been shown that both acidic and neutral conditions yield lower degradation than 

under basic pH. Acidic pH shows most stability, this highly due to protonation and 

stabilisation of MB preventing further degradation. Therefore, further study was conducted 

under only neutral pH with different visible light intensities; 75W and 150W at longer 

exposure time of 2hr. As shown in the plot of % of dye remaining against time (min) in 

Figure 4.5 (b), 15% and 36% of decolouration were observed under 75W and 150W, 

respectively. Hence, neutral and 75W visible conditions have been adopted for this 

research. 

4.9.3 Determination of Optimal Mass Loading of Graphene-Based Materials 

In initial stages of heterogeneous reactions such as adsorption or photocatalysis, the rate 

of the process is directly proportionate to the mass of the adsorbent or photocatalyst; 

however, as the reaction time progresses, the process becomes independent of the 

adsorbent (photocatalyst) mass. Second potential pitfall is that excess of the catalyst leads 

to a decrease of the light transmission through the medium, which in turn reduces the 

photon uptake by the photocatalyst (screening effect). Excess of the freely dispersed 

catalyst can also lead to unwished aggregation, which greatly reduces adsorption capacity 

of the material. Thus, optimal mass of the adsorbent must be chosen to maximise reaction 

rate and to avoid unnecessary excess or lack of catalyst. 

4.9.4 Optimal Loadings of the Catalysts Using MB as the Dye Standard 

Both graphene and its composites have adsorption capacity primarily due to a relatively 

large surface. It is therefore important to examine the loading capacity of each catalyst, to 

identify the most suitable concentration for the spectrophotometric analysis, MB was used 

as a model dye due to a relative easiness of detection of its signal in the red region of the 

visible spectrum. A stock solution of 1mg/mL of catalysts was used to prepare a range of 
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concentrations (0.0164, 0.0244, 0.0323, 0.0400, 0.0476, 0.0551 and 0.0625 g/L) 

equivalent to 0.05, 0.075, 0.100, 0.125, 0.150, 0.175- and 0.200-mL of the respective 

stock solution of catalysts. These were added in to different cuvette containing a solution 

of 3 mL DI water and 0.05mL MB. UV-vis absorption spectra of MB were recorded at 5 

min intervals during 20 min experiment; the absorption intensity at 650 nm against the 

volume of catalyst added were plotted and shown in  

Figure 4.6. 
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Figure 4.6: (a-f) Plots of MB absorption intensity at 650 nm against the volume of added 
catalyst stock solution (50 - 200µL or 0.05 - 0.2 mL) for 20 min at time interval of 5 min: a) 
GP-Chr (AM1), b) GP-Acr (AM2), c) GP-Acn (AM15), d) GP-Pnz (AM16), e) GP-Fsc 
(AM21), f) GP-Thio (AM22). 

 

Table 4.2: Calculated q(t) values in mg/g for the range of concentrations (g/L) of the hybrid 
materials recorded at 5 min, 10 min, 15 min and 20 min for the MB adsorption. 

 GP-Chr (AM1), 229 m
2
/g GP-Acr (AM2) 301 m

2
/g 

g/L q(5) q(10) q(15) q(20) q(5) q(10) q(15) q(20) 

0.0164 2.35 4.69 7.04 7.04 9.39 11.73 14.08 16.43 

0.0244 14.19 15.77 18.93 22.08 9.46 12.62 15.77 17.35 

0.0323 25.04 27.43 29.81 32.20 27.43 29.81 32.20 33.39 

0.0400 25.00 26.93 29.81 30.77 33.66 35.58 37.50 38.47 

0.0476 22.62 25.04 25.85 27.47 29.08 30.70 31.50 32.31 

0.0551 23.73 25.82 27.22 27.92 29.31 29.31 30.01 30.01 

0.0625 19.08 20.31 21.54 22.16 26.47 27.08 27.70 28.31 

Median    27.47    30.01 

 

 

GP-Acn (AM15) 224 m
2
/g 

 

GP-Pnz (AM16) 152 m
2
/g 

0.0164 2.35 4.69 7.04 11.73 7.04 9.39 11.73 14.08 

0.0244 31.54 34.70 37.85 39.43 18.93 22.08 23.66 26.81 

10.0323 34.58 36.97 38.16 38.16 20.27 22.66 23.85 26.23 

0.0400 28.85 29.81 30.77 33.66 24.04 26.93 27.89 29.81 

0.0476 29.08 31.50 32.31 33.12 24.23 26.66 28.27 29.08 

0.0551 34.20 35.59 36.99 36.99 24.43 25.82 27.92 28.61 

0.0625 33.85 35.08 36.31 36.93 23.39 25.85 27.08 28.31 

Median    36.93    28.31 
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GP-Fsc (AM21) 271 m
2
/g 

 

GP-Thio (AM22) 232 m
2
/g 

0.0164 7.04 11.73 16.43 18.77 4.69 9.39 11.73 14.08 

0.0244 61.51 64.66 67.82 69.39 47.31 50.47 52.05 55.20 

0.0323 50.08 52.47 54.85 56.05 39.35 42.93 45.31 46.51 

0.0400 45.20 48.08 50.01 51.93 43.27 45.20 47.12 48.08 

0.0476 42.01 44.43 45.24 46.85 41.20 43.62 45.24 46.04 

0.0551 40.48 42.57 43.27 44.67 37.69 40.48 42.57 43.27 

0.0625 38.16 39.39 40.01 40.62 35.70 37.54 38.77 40.01 

Median    46.85    46.04 

 

The adsorption capacity (qt) or loading of adsorbate (dye) on the adsorbent surface was 

calculated using the following equation: 

    
       

  
   

       

      
 

Where Co and Ct can be devised from Lambert-Beer Law (l=1cm, e in L/mg cm), and Cs is 

the concentration of catalysts in g/L. 

As expected, MB adsorption on GP-Chr (AM1) increases with increasing the catalyst 

loading; and the concentration range between 0.075-0.15 mL of added catalyst falls within 

the transparency window of 0.2-0.7 (Abs) ( 

Figure 4.6). The adsorption capacity q(t) of GP-Chr (AM1) at 20 min varies between 7.0-

32.2 mg/g signifying a moderate adsorption of the catalyst with the maximum adsorption 

capacities of 32.2 mg/g and 30.8 mg/g at 0.323 g/L and 0.4 g/L of the catalyst loading, 

respectively. (Table 4.2) 

Adsorption capacity of GP-Acr (AM2) was found to be slightly better than that of GP-Chr 

(AM1) with the q(t) range between 16.4-38.5 mg/g at 20 min. There is a rapid increase in 

MB adsorption indicated by a drop in the MB intensity at 650 nm at 0.1 mL and 0.125 mL 

corresponding to 0.323 g/L and 0.4 g/L of the catalyst loading. The data in Figure 4.3(b) 
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shows stagnation to absorb MB efficiently for higher loadings pointing at the limited 

capacity of the material. Although 0.4 g/L (0.125 mL) of the catalyst loading has the 

highest q(t) of 38.5 mg/g, only 0.05-0.1 mL corresponding to 0.0165-0.0323 g/L of catalyst 

loadings fall within the transparency window. 

There is an improvement in the adsorption capacity for GP-Acn (AM15); a drop in the 

intensity of MB absorption at 650 nm is rapid for the two data points at 0.75 mL and 0.1 

mL giving q(t) values of 39.4 mg/g and 38.2 mg/g, respectively. However, the adsorption 

capacity reduces for 0.125-0.15 mL of the catalyst, which is evident by a decrease in q(t) 

values. Noteworthy, the adsorption capacity recovers at higher catalysts loadings (0.055 

g/L and 0.063 g/L) to 36.99 mg/g and 36.93 mg/g, respectively. However, it is still lower 

than that at lower concentration. This unexpected increase could be due to a secondary 

adsorption at the surface of the catalyst. 

The performance of GP-Pnz (AM16) is comparable to GP-Chr (AM1) and GP-Acr (AM2); 

although it shows higher adsorption capacity than GP-Chr (AM1) reaching 28.1 mg/g and 

28.8 mg/g, it requires a higher catalyst loading of 0.4 g/L and 0.476 g/L, respectively. 

A massive improvement in the adsorption capacity was observed in both GP-Fsc (AM21) 

and GP-Thio (AM22). Both materials show best q(t) values at lower concentrations (0.075 

mL and 0.1 mL) which slowly decrease with the increase of the catalysts loading; these 

catalysts concentrations are within the optical window for optimal measurements. For both 

materials, best q(t) values are obtained at 0.075 mL (0.024 g/L) and are 69.4 mg/g for GP-

Fsc (AM21) and 55.2 mg/g for GP-Thio (AM22). 

To rate overall performance of the materials, „median‟ value can be used instead of 

„average‟ or „maximum‟ value as the former represents the middle of the data distribution 

separating the higher half from the lower half values of the data set. 
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The data in Table 4.2 shows that the optimal catalysts loading varies between the samples 

and is in the range of 0.0244-0.0476 g/L. Taking into the account the accurate 

transmission window, it was decided to take 0.0323 g/L as the final optimal concentration 

for all materials. 

4.9.5 Adjusting the Optimal Concentration of MB, RhB and MO Dyes for the 

Optimised Catalyst Loading 

It is important to identify a suitable concentration of the system (catalyst and dye) 

acceptable within the transparency window, which affects attainable accuracy of the 

photometric experiment. Light transmission/ absorption of dyes is altered by the large 

loadings of graphene sheets dispersion resulting to deviation from Beer-Lambert law. 

Similarly, a very low concentration of catalyst in relation to dye concentration can affect 

the adsorption rate of dye on the catalyst surface; therefore, it is necessary to identify a 

suitable mass loading for individual catalysts. Factors responsible for the extent of dye 

adsorption on the catalysts includes a) π-π interaction between graphene and functional 

groups on its surface and the dye molecules (adsorbate), b) surface area of the catalysts, 

and c) other electrostatic interactions (including potential ionic interactions) between the 

adsorbate and the catalysts. 
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Figure 4.7: Average adsorption intensities of the adsorbates: (a) Mass loading of 
Methylene blue (MB),(b)  Mass loading of Rhodamine B (RhB) and (c) Mass loading of 
Methyl Orange (MO), 0.01-0.1mL against constant concentration (0.0323 g/L) of the 
catalyst 

 

Figure 4.7 shows plots of average light absorption of adsorbate: MB (intensity at lmax 664 

nm), RhB (intensity at lmax 554 nm) and MO (intensity at lmax 450 nm) against their loadings 

in the presence of the individual catalysts (constant concentration of 0.0323 g/L): GP, GP-

Chr, GP-Acr, GP-Acn, GP-Pnz, GP-Fsc and GP-Thio. ML-MB series shows the range of 

the suitable concentrations (yellow band). However, Figure 4.11 in the appendix shows 

UV-vis spectra of various catalysts with MB, where a red shift from 664 nm (monomer) is 

observed. This is explained in literature243 by showing that the formation of MB dimer 

begins in the concentration range between 1 × 10-5 and 1 × 10-4 M and matches the 

concentrations where dimer begins to form in all ML-MB samples (>3.1x10-5 M). 

Similarly, Figure 4.12 in the appendix shows UV-vis spectra of various catalysts on RhB. A 

strong absorption peak at 553 nm which is characteristic of the π-π* electronic transition of 

the RhB dye monomer was observed, while the shoulder peak at 515 nm is attributed to 

the RhB dimers244 in ML-RhB series. The concentration range for the dimer formation 

starts at 1.55 x 10-5 M. 
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4.9.6 Kinetics Study 

Kinetics studies have been carried using the following conditions in all kinetics 

experiments: the concentration of the catalysts was 0.0323 g/L; the stock concentrations 

of dyes (adsorbents) were 9.48 x 10-4 M for MB, 9.37 x 10-4 M for MO and 9.74 x 10-4 M for 

RhB. The adsorption study was carried out under neutral pH in the dark; UV-vis absorption 

spectra were recorded every 20 min during 120 min experiment. The photochemical 

activity study (light reaction) was carried out under the illumination with white light 

produced by xenon lamp (75W, optical cut-off filter >420nm) under neutral pH during 120 

min experiments. Similarly, the UV-vis absorption spectra were recorded every 20 min. 

4.9.7 Adsorption Study of the Dye Models 

The results of the adsorption experiments carried out in the dark to determine 

physisorption capacity of the catalysts are summarised in the  

Figure 4.8. It is important to note for further discussion that MB and RhB are cationic dyes, 

while MO is a basic dye. Therefore, it is expected that the trend in the adsorption capacity 

of the individual catalysts toward MB and RhB can be similar. 
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Figure 4.8: a,c and e right) are summary of adsorption capabilities of MB, MO and RhB  
dyes for GP modified samples (0.0323 g/L) studied by spectrophotometric method 
monitoring absorbance decreases at 464 nm (MO), 664 nm (MB) and 553 nm (RhB) over 
120 min. (b, d and f left) are linear adjustment of pseudo-second order kinetic model.(a-f) 
colours represents the following composites; GP-Chr (red), GP-Acr (blue), GP-AcnOH 
(green), GP-Pnz (purple), GP-Fsc (orange) and GP-Thio (cyan). 

 

The adsorption capacity of MB in  

Figure 4.8 (a) is highest for GP-Fsc (49.6 mg/g), GP-Acr (47.9 mg/g) and GP-Thio (43.5 

mg/g). They are trailed by GP-Chr (38.3 mg/g), which is followed by GP-Pnz and GP-Acn 

with a relatively similar adsorption rate of 32.6 mg/g and 30.0 mg/g, respectively. These 

results for the first three materials are very encouraging; especially when the loading can 

be improved by optimising the concentration of the catalysts (Table 4.2). They are in line 

with other examples from the literature for MB adsorption: zeolites (47.3, 22.0, and 5.6 

mg/g), mesoporous activated carbon/zeolite composites (15.49, 47.95 mg/g), activated 

carbon from biomass waste, chitosan-zeolites 267-269. 
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Lower adsorption capacity of Gr-Chr could be due to i) mild electrostatic interactions 

between OH and C=O groups of the methyl chromone and nitrogen and sulphur 

containing groups of the MB (0.638 and -32mV) and ii) poor π-π interaction between GP-

Chr and MB due to the presence of bulky Me groups in both. Although the surface area in 

GP-Pnz is smaller than that of GP-Acn, however, its adsorption capacity is higher because 

of the preferential π-π stacking between phenazine `molecules and MB. Higher adsorption 

capacity of GP-Acr compared to other catalysts is due to i) good π-π interaction between 

the hybrid and MB and ii) great electrostatic attraction between the two opposite charges 

of Gr-Acr and MB (0.68 and -3.0 mV) with relatively close charge strength. 

 

Figure 4.8 (b) shows a plot of average adsorption capacity of RhB for the series. Overall 

performance of the materials against RhB is better. A similar adsorption pattern to one 

observed for MB, is evident for GP-Fsc (63.35 mg/g) and GP-Acr (63.00 mg/g), which is 

closely followed by GP-Acn (61.77 mg/g). Other materials also show higher adsorption 

capacity with GP-Chr, GP-Thio and GP-Pnz being 58.19 mg/g, 45.08 mg/g and 33.15 

mg/g, respectively. 

 

Figure 4.8 (c) shows kinetic plots of MO adsorption by various catalysts revealing much 

weaker adsorption of MO. GP-Acr (33.50 mg/g) and GP-Fsc (24.75 mg/g) which is closely 

followed by GP-Chr (21.40 mg/g). Other materials; GP-Acn, GP-Thio and GP-Pnz shows 

lower adsorption capacity with plateau graphs at16.19 mg/g, 14.79 mg/g and 9.97 mg/g, 

respectively. The structure of MO is not flat and therefore not favourable for efficient 

electrostatic interactions such as π-π stacking. Figure 4.8 (b, d and f) represents the linear 
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fittings of the catalysts adsorption of MB, RhB and MO respectively, all showing great 

fittings (R2 > 0.99) using pseudo-second order kinetics 

Figure 4.9 summarises the total dye removal of the three model dyes. The removal of RhB 

is the most efficient with all the catalysts used followed by MB and MO. Modified graphene 

with acridine dye (GP-Acr) manifested the highest removal capacity for all three dyes 

among the series showing MB – 85%, RhB – 99% and MO – 45%. It was closely followed 

by GP-Fsc removing MB – 83%, RhB – 90% and MO – 40%. The materials based on 

oxygen containing chromophore (GP-Acn and GP-Chr) demonstrated similar activity for 

MB between 50-60%, RhB – 80-90% and MO between 30-35%. Total removal employing 

GP-Thio was 58% for MB, which is similar to GP-Chr, RhB – 70% and MO – 25%. GP-Pnz 

was the least effective one only removing MB – 40%, RhB – 58% and MO – 23%. 
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Figure 4.9: (a-f) Average dye removal calculated for MB (blue), MO (orange) and RhB 
(red) monitored over 120 min in the dark in the presence of the catalyst (0.0323 g/L). and 
desorption of the dye upon addition of EtOH (D-Dyes). Graphs (a-f) represents dark 
activities of; a) GP-Chr, b) GP-Acr, c) GP-Acn, d) GP-Pnz, e) GP-Fsc, f) GP-Thio.  

 

4.9.8 Photodegradation of Model Dyes: MO, RhB and MB 

Since all the catalysts manifested the capacity to adsorb the different types of dye models 

used under dark, atmospheric and neutral conditions. It is imperative to conduct an 

experiment under the same condition and in the presence of white light to check whether 

or not, the modified catalysts possess photoactivity and to what degree. GP-Acr, GP-Fsc, 
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GP-Pnz and GP-Thio all have a pronounced band in the visible spectrum, which originates 

from the chromophore moiety ( 

Figure 2.5 in Chapter 2). Thus, they may have potential photocatalytic activity under 

visible light illumination, which can assist in overall dye removal.  

Figure 4.10 (a-g) summarises the dye removal for the graphene-based composites. As 

with the adsorption experiments (dark reaction), the overall removal of MO under light is 

the lowest, while RhB is highest. The individual percentage removal of the dyes, has GP-

Fsc with the highest (99%) removal with MB, followed by GP-Acn, GP-Acr and GP 

(unmodified), with (85-91%), Gr-Thio and GP-Pnz (75-77%), while GP-Chr has the lowest 

removal rate (50%). GP-Acr manifest highest removal rate of (100%) with RhB, followed 

by GP with (99%), GP-Fsc with (95%) and GP-Chr, GP-Acn with (85%), GP-Thio with 

(79%) and GP-Pnz with the lowest (58%). MO with the least adsorption rate, has (33-51%) 

percentage removal with GP-Thio, GP-Chr, GP-Acr and GP. GP-Fsc and GP-Acn with 

(29-31%) and GP-Pnz with (15%). 

54.5

25.5

20

15.5
13 10.5

9

82.5

62.5

54
52 51.5 50 50.5 49

81.5

34

10.5
8

6.5
3.5

2 1

70

1 20 40 60 80 100 120 D-Dyes

0

20

40

60

80

100

A
v
.D

y
e

 R
e
m

a
in

in
g
/D

e
s
o
rb

e
d

Time (min)

 Light-Gr-MB  Light-Gr-MO  Light-Gr-RhBa)

 

68.5

60.5

57

55
54

51.5 50

59

74

69
67.5 66 65

65
63.5

76.5

39.5

22.5

19.5 18
16 15.5 14.5

68.5

1 20 40 60 80 100 120 D-Dyes

0

10

20

30

40

50

60

70

80

90

A
v
.D

y
e
 R

e
m

a
in

in
g
/D

e
s
o
rb

e
d

Time (min)

 Light-AM1-MB  Light-AM1-MO  Light-AM1-RhBb)

 



119 
 

 

47

26

22
18.5

15

13 11.5

33

71

64.5
64.5

64.5

62 61.5 62

75

35.5

8

5

2 1.5
1 0

47.5

1 20 40 60 80 100 120 D-Dyes

0

10

20

30

40

50

60

70

80

90
A

v
.D

y
e

 R
e
m

a
in

in
g
/D

e
s
o
rb

e
d

Time (min)

 Light-AM2-MB  Light-AM2-MO  Light-AM2-RhBc)

 

44.5

29
25

22
19.5 17

15

34

75

71.5 71 70.5 71 70
69

86

33.5

20 18.5 18
16.5 15 15

53.5

1 20 40 60 80 100 120 D-Dyes

0

20

40

60

80

100

A
v
.D

y
e

 R
e
m

a
in

in
g
/D

e
s
o
rb

e
d

Time (min)

 Light-AM15-MB  Light-AM15-MO  Light-AM15-RhBd)

 

54

42

36.5

31.5 29

25 22.5

40.5

96

91 88.5 87 86 85.5 84.5

94

64

51.5

48
45.5

43 42.5 42

75.5

1 20 40 60 80 100 120 D-Dyes

0

20

40

60

80

100

A
v
.D

y
e

 R
e
m

a
in

in
g
/D

e
s
o
rb

e
d

Time (min)

 Light-AM16-MB  Light-AM16-MO  Light-AM16-RhBe)

 

30.5

8.5

3 2.5
1 0.5 0.5

21

73.5

66
64 63

61.5 61.5 61

92.5

32.5

14

10 8
7 6 5

42

1 20 40 60 80 100 120 D-Dyes

0

20

40

60

80

100

A
v
.D

y
e

 R
e
m

a
in

in
g
/D

e
s
o
rb

e
d

Time (min)

 Light-AM21-MB  Light-AM21-MO  Light-AM21-RhBf)

 

59.5

46

40.5

35
32

27.5
25

45

77
70 69 68.5

67 65.5 66.5

80.5

49

29
25.5

23.5
23 21.5 20.5

62.5

1 20 40 60 80 100 120 D-Dyes

0

10

20

30

40

50

60

70

80

90

A
v
.D

y
e

 R
e
m

a
in

in
g
/D

e
s
o
rb

e
d

Time (min)

 Light-AM22-MB  Light-AM22-MO  Light-AM22-RhBg)

 

Figure 4.10: Photoinduced removal of MB (blue), MO (orange) and RhB (red) by the 
composites monitored during 120 min under white light illumination. Plots of average 
remaining dye against time; and desorption of the dye upon addition of EtOH (D-Dyes). 
Graphs (a-g) represents Light activities of; a) GP, b) GP-Chr, c) GP-Acr, d) GP-Acn, e) 
GP-Pnz, f) GP-Fsc, g) GP-Thio.  
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To better understand the mechanism of dye-removal, desorption experiments were carried 

out at the end of 120 min runs adding EtOH and leaving the mixture to stir for 5 min prior 

the scan. The data was corrected by the dilution factor and average values were 

calculated (column labelled: D-Dyes). (Figure 4.10, Table 2.1) Adding EtOH to the mixture 

of graphene and MB revealed that 71% of MB can be desorbed confirming that graphene 

has no noticeable ability to trap the contaminants.  

Table 4.3: Summary of MB removal-desorption studies for GP and the modified samples 
under light (L) and dark (D) conditions. 

 Adsorbed (%) 

L / D 

Desorbed (%) 

L / D 

Trapped (%) 

L / D 

MB    

GP 92 / 76 83 / 71 9 / 5 

GP-Chr 50 / 77 59 / 44 0 / 33 

GP-Acr 88 / 94 33 / 43 55 / 51 

GP-Can 85 / 85 34 / 48 51 /37 

GP-Pnz 77 / 41 41 /70 36 / 0 

GP-Fsc 99 / 99 21 / 24 78 / 75 

GP-Thio 75 / 50 45 / 59 30 / 0 

RhB    

GP 99/100 70/63 29/37 

GP-Chr 85/88 69/72 16/16 

GP-Acr 100/99 48/57 52/42 

GP-Can 85/86 54/78 31/8 

GP-Pnz 58/60 76/69 0/0 

GP-Fsc 95/90 42/63 53/27 

GP-Thio 79/70 63/65 16/5 
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MO 

   

GP 51/47 82/60 0/0 

GP-Chr 36/37 64/63 0/0 

GP-Acr 38/47 72/63 0/0 

GP-Can 31/32 86/75 0/0 

GP-Pnz 15/25 94/83 0/0 

GP-Fsc 29/41 93/64 0/0 

GP-Thio 33/28 81/75 0/0 

 

These removal-desorption results are influenced by multiple factors, and the mechanism 

of removal involves electrostatic interactions between the surface units and the dye 

molecules. Binding of molecules on surfaces is influenced by the dipole moments of the 

surface and adsorbent, which can be permanent, induced or fluctuating.29 It is likely that 

the orientation of the dye (adsorbent) on the surface of graphene is influenced by pi-pi 

stacking; thus, a larger surface area should be a rate determining factor at the start. The 

surface area decreases in the following order Graphene > GP-Acr > GP-Fsc > GP-Thio > 

GP-Chr > GP-Can > GP-Pnz, but it cannot account alone for the activity observed. 

The low MO removal can be attributed to unfavourable electrostatic interactions (mainly 

repulsion) between MO and the functionalities on the graphene surface. This shows that 

pi-pi interactions between aromatic system of MO and graphene hybrids are not sufficient 

to successfully remove the dye. In contrast the removal of MB and RhB are mostly 

successful with a few exceptions. The low dye removal efficiencies of GP-Pnz and GP-

Thio manifest from a lower surface area, but also to the presence of similar functional 

groups (-NR2), which can cause electrostatic repulsion. The presence of a -CO2H group 
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on GP-Fsc allows efficient binding of cationic dyes leading to the formation of GP-Fsc*MB 

or GP-Fsc*RhB salt, which can explain both the good adsorption and retention abilities. 

Although GP-Acn and GP-Chr have a surface area almost twice as small as unmodified 

graphene, they can bind the cationic dyes through the presence of >C=O functional 

groups. Similar retention rates of these two hybrids confirm this hypothesis. GP-Acr has 

the largest surface area of hybrids, and the presence of an imine function (-N=) allows 

favourable dipole interactions with MB and RhB, and it performs much better than 

unmodified graphene in terms of dye removal. 

4.10 Summary 

1mg/mL and 0.3mg/mL stock solutions of the catalysts and dye models; MB, MO and RhB 

(9.48 × 10-4 M, 9.37 × 10-4 M, 9.78 × 10-4 M) have been prepared. Spectroscopic study to 

determine the photostability of the MB dye was carried out under visible light illuminations 

at 75W for 30 min initially and later at extended time for 120 min under 75W and 150W, 

illuminations. Removals of 4% was observed under 75W illumination and 30 min, while 

12% and 36% respectively have been recorded under 75W and 150W illuminations 

respectively for 120 min. Optimal concentration for all the catalysts was observed to be 

0.0323g/L, while 4.97×10-3g/L, 7.97×10-3g/L and 4.62×10-3g/L optimal concentrations of 

the dye models; MB, MO and RhB have been identified and recorded. Kinetics studies of 

both dark and light conditions were carried out under neutral and 120 min conditions for all 

the catalysts. Adsorption experiments were carried out on all the catalysts using the three 

model dyes and their capacities were recorded. And finally, kinetics studies were also 

conducted under both dark and light conditions for 120 min with all the catalysts using the 

three model dyes. Desorption study was done using ethanol to differentiate between 

physisorption and photoactivity of the materials.  
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4.11 Conclusions 

Adsorption studies revealed that most graphene-chromophore hybrids can successfully 

remove MB and RhB from aqueous media and have superior performance to that of 

unmodified graphene. 

The best results have been achieved for RhB removal, which is consistent with the 

conclusions described for the adsorption experiments: GP-Acr > GP > GP-Fsc > GP-Chr ~ 

GP-Acn > GP-Thio > GP-Pnz, followed by the removal of cationic dye MB in the following 

order: GP-Fsc > GP-Acr > GP-Acn > GP-Thio ~ GP-Pnz > GP-Chr. 

The photocatalytic efficiency of the dye removal was studied on the samples which contain 

visible light chromophores (GP-Acr, GP-Fsc, GP-Pnz and GP-Thio) under visible light 

illumination, and the following order of increasing efficiency was observed: GP-Fsc ~ GP-

Acr > GP-Chr > GP-Thio > GP-Acn > GP-Pnz, which is similar to what was observed for 

the adsorption studies. The photodegradation performance/efficiency was calculated by 

taking differences of the trapped dyes after adding EtOH (desorption) in all experiments 

under both dark and light conditions. The following order was observed in all the dyes; 

GP-Pnz > GP-Thio > GP-Acn > GP-Acr > GP-Fsc for MB. The synergistic effect of 

adsorption and light-assisted degradation was efficiently demonstrated by GP-Pnz and 

GP-Thio, where a dramatic increase in MB and RhB removal were observed. Although, 

GP-Pnz has the lowest surface area (152 m2/g) and low adsorption capacity of 77% but it 

has the highest photocatalytic capacity of 36%. 
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5 Thesis Conclusion and Future Work 

Covalent radical modification of graphene nanoplatelets with six different organic dyes 

(chromophores) have been successful using a facile one-pot functionalization method. To 

enhance the adsorption capabilities of both graphene and chitosan as composite in two 

and three component system, covalent radical and non-covalent functionalization methods 

were designed and successfully synthesized using a simple reaction conditions.  Both the 

two and three component systems were synthesized in-situ. However, another 

modification method of the three component system has been introduced using simple 

organic molecules (H2N-ArCOOH) as a linker to graphene and chitosan. This method 

replaces the use of expensive GO or RGO for other covalent modifications. Fabrication of 

three component system aim at leveraging on the advantages of high surface area of 

graphene, adsorption property of the chitosan and light harvesting property of the dyes to 

create a multifunctional catalyst. Finally, a physical mixture of graphene with chitosan was 

established through one-pot method assisted by ultrasonication. A range of 

characterisation techniques such as FTIR, PXRD, SEM, BET, TGA, UV-Vis and fluoresce 

spectroscopy were used to confirm the successful modification  of the graphene surface. 

 

FWHM values obtained from XRD data for the modified samples in chapter 1, revealed an 

increase of 12-38 % as compared to the unmodified graphene, while d002-spacings did not 

show any significant variation from the unmodified sample (3.33Å). This indicates that all 

the modification took place on the basal plane and probably the edges of the graphene 

rather the interlayer (sandwich), because d002  spacing of 3.32-3.33Å is too small to 

contain entities as large as an epoxy group (1.25Å) or a water molecule (2.75Å).26  

. 
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Adsorption and photocatalytic activities of the modified samples (graphene-chromophore) 

have been tested and results show that most hybrids can successfully remove MB and 

RhB from aqueous media showing a superior performance to that of unmodified graphene. 

Future work will therefore review the methodology of the covalent radical functionalisation 

of the graphene by de-stacking the graphene layers using ultrasonication and further 

characterization methods such as XPS and or Raman spectroscopic analysis will be 

conducted. 

Catalyst recyclability and mechanistic study are two essential aspects that are missing in 

chapter 4 of this research which need to be captured in our future work.  

Also, work to be conducted in the future will include fabrication of graphene-composites in 

the form of sponges, aero- and hydro- gels. Photocatalytic activities of other organic waste 

pollutants, membrane filtration and desalination tests of the graphene-polymer hybrids can 

be carried out. 
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Appendix 

      

Figure 3.16: PXRD spectra of pristine graphene and Graphene-Guanine 

Figure 3.17: TGA analysis (left) Weight loss (%) and (right) Normalized 1st Derivatives of 

Graphene and Chitosan 



147 
 

 

300 400 500 600

0.2

0.4

0.6

0.8

1.0

1.2
A

b
s
o
rb

a
n
c
e
 (

a
.u

)

Wavelength (nm)

 Guanine

 

Figure 3.18: UV-Vis spectrum of guanine dye 

 

 

Figure 2.16: PXRD spectra of pristine graphene and Graphene-Guanine 
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Figure 4.11. Photostability of MB under acidic, basic and Neutral condition with 75W for 

30min 

 

Figure 4.12. Photostability of MB under 75W and 150W light source 
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Figure 4.13. Photostability of MB under 75W and 150W light source 

  

Figure 4.14: Plot of Adsorption/desorption of MB on Graphene under light (75W) and 

neutral condition for 120min (2 runs) 

Mass loading MB 
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Figure 4.14: Plots of mass loadings of MB on different catalysts 

Mass loading (RhB) 
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Figure 4.15: Plots of mass loadings of RhB on different catalysts 

 

 

 

 

 

 

 

 


