
  
 

Development of quantum dot fluorescence sensors for detection of 

targeted pesticides & polycyclic aromatic hydrocarbons 

 

by 

 

Sifiso Albert Nsibande 

 

 

Submitted in partial fulfilment of the requirements for the degree 

 

Doctor of Philosophy in Chemistry 

 

 

In the Faculty of Natural & Agricultural Sciences 

University of Pretoria 

 

March 2020 

Supervisor: Prof PBC Forbes 

Sifiso Nsibande 
[Date] 



i 
 

   



ii 
 

Declaration 

 

I, Sifiso Albert Nsibande, declare that this thesis, which I hereby submit for the degree Doctor 

of Philosophy (Chemistry) at the University of Pretoria, is my own work and has not previously 

been submitted by me for a degree at this or any other tertiary institution. 

 

 

                                                           

Signature: …………………………………. 

Date: 31 March 2020 

  



iii 
 

Acknowledgements 

What an incredible journey this has been! I am excited to finally be able to document this work 

to serve as my small contribution to the scientific body of knowledge.  

I first want to thank my supervisor and mentor, Professor Patricia Forbes, for the opportunity 

to do my PhD studies with her research group. Words may not adequately express my 

gratitude, but I thank you Prof for your wise counsel and for your patience with me while I was 

finding my way around this field. I deeply appreciate your support and general mentorship in 

shaping my career and equipping me with both scientific and professional skills. For that, I will 

forever be grateful.  

I also want to express my gratitude to my family for all the love and support throughout this 

journey. Lutsandvo lwenu ngilo belungikhutsata ngisenta lolucwaningo. Ngiyabonga kini 

nonkhe boGoje, boMdlanyoka boPhangelakhulu, boNdzenge loncama. Ngiyanitsandza 

nonkhe boPhangela. 

My colleagues became my second family during my stay at the University of Pretoria. Sharing 

the office and laboratory spaces with them have made this journey a pleasant experience filled 

with mutual respect and the drive to see each other succeed. A special thanks to ALL of you! 

I want to specifically thank Dr Oluwasesan Adegoke and Dr Hanieh Montaseri for their 

valuable technical advice and inputs as I was working on this project.  

Finally, I want to thank the National Research Foundation (NRF), Water Research 

Commission (WRC), Photonics Initiative of South Africa (PISA) and the University of Pretoria 

for providing financial support for this project.  



iv 
 

Abstract 

Pesticides and polycyclic aromatic hydrocarbons (PAHs) are environmental pollutants that 

continue to be of great concern due to their potential toxic and human health effects. Human 

activities play a significant role in the release of these compounds into the environment. The 

occurrence of these pollutants in low concentration and the need for their continuous 

monitoring presents a challenge for the environmental analytical chemist. Sensitive analytical 

techniques that can selectively detect these compounds without being affected by the 

environmental matrix are required. Advances in nanotechnology have allowed for the design 

of sensitive and selective nanomaterials which provide alternative analytical tools for such 

challenges.  

In this work, therefore, extensive reviews on the current application of quantum dots (QDs) 

and nanoparticles in designing probes for detection of pesticides and PAHs were conducted. 

Through these reviews, the current status on the application of QDs sensors for these 

compounds was assessed. Knowledge gaps were identified where it was noted that there 

were no QD-based sensors for atrazine and graphene quantum dots (GQD) sensors for PAHs. 

The reviews further assessed the advantages and challenges for coupling QDs to various 

analyte receptors to enhance selectivity and how these impact on the scaling of such sensors 

for routine applications.  

QDs are highly fluorescent nanoparticles with interesting optical and structural properties that 

could be explored for designing sensitive fluorescence probes. Thus, QD-based fluorescence 

probes were designed for the detection of targeted pesticides and PAHs in water samples. 

Atrazine and pyrene were chosen as representative pesticide and PAH compounds, 

respectively. The structure and properties of the QD probes were studied using a range of 

techniques including fluorescence, UV-vis, Fourier transform infrared spectroscopy (FTIR), 

high-resolution transmission electron microscopy (HRTEM), Raman, and powered X-ray 

diffraction (XRD). 
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A quantum dot coupled to molecularly imprinted polymer (QD@MIP) sensor for atrazine 

detection was developed and optimized. Under optimal conditions, the sensor showed 

excellent sensitivity and selectivity for atrazine due to the size and shape specificity of the 

molecularly imprinted polymer as a receptor. The developed sensor showed excellent 

sensitivity and could detect atrazine down to 0.80 × 10–7 mol L–1 which is below the World 

Health Organization (WHO) guideline for atrazine in water (4.6 × 10–7 mol L–1). 

A GQD based sensor was also developed for the detection of PAHs in water samples. GQDs 

offer a safer alternative to cadmium-based QDs in designing fluorescence probes. In this work, 

GQDs were synthesized using bottom-up and top-down approaches and a fluorescence “turn-

off-on” strategy that uses GQDs with ferric ions was developed and used for rapid detection 

of PAHs in water, using pyrene as a case study. The probe showed a linear response to 

pyrene concentration within the 2 – 10 × 10–6 mol L–1 range and was able to detect pyrene 

down to 0.325 × 10–6 mol L–1 and 0.242 × 10–6 mol L–1 for GO-GQDs and CA-GQDs, 

respectively. The potential application of the developed probe was tested using real 

environmental water samples spiked with known pyrene concentrations, and recoveries 

between 97 – 107% were obtained. This part of the thesis demonstrated, for the first time, the 

promising application of GQDs for environmental monitoring of PAHs in water samples. 

This work demonstrated how nanotechnology advances could be harnessed and used to solve 

environmental challenges. The main objectives were achieved and future research 

recommendations to enhance the robustness of the developed sensors were proposed. These 

recommendations include (i) immobilizing the QD sensor materials on solid supports and 

investigating their re-usability, (ii) further optimization of the GQD sensor for PAHs to improve 

its sensitivity, (iii) exploring the possibility of using such sensors for multi-analyte detection, 

and lastly (iii) standardizing the QD-based sensing methods as analytical protocols that could 

be used in by regulators in environmental monitoring. 
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 Background 

This chapter presents the problem statement which is the bases for embarking on this 

project. This is then followed by the research aims and objectives, and thesis layout. 

---------------------------------------------------------------------------------------------------------------- 

1.1  Problem statement 

Environmental pollution is one of the global challenges facing environmental regulators around 

the world as it threatens human health, aquatic life, and the general ecosystem. Human 

activities through industrialization and agriculture over the years have largely contributed to 

the release of pollutants with unintended consequences to the environment. Most of these 

activities are necessitated by advances in industrial development and agriculture with the aim 

to meet the ever-increasing population demands. It is therefore not surprising that 

industrialization and agriculture have become the backbone for most economies around the 

world. The agricultural sector, for example, is required to increase production in order to meet 

population demand, and to achieve this, the use of pesticides becomes necessary.   

These human activities have led to the release of emerging chemical pollutants (ECPs) which 

are a group of chemical pollutants with no clear environmental legislative status and/or are not 

included in regulatory monitoring programmes [1]. The environmental fate and biological 

impacts of such compounds are often poorly understood [2, 3]. Some pesticides and polycyclic 

aromatic hydrocarbons (PAHs) form part of ECPs that are continuously released into 

environmental compartments by human activities. These compounds are of great 

environmental importance as they can have a negative impact  on human health and the 

ecosystem in general [4]. For example, several chemical pollutants have been shown to have 

mutagenic and carcinogenic effects on exposed organisms, including humans [5-7].  

The monitoring of ECPs in the environment is therefore very important in understanding the 

exposure risks that are associated with them. Current conventional chromatography-based 

analytical techniques are widely used as the ‘gold standard’ for environmental monitoring of 
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these compounds [8]. The challenge, however, with these techniques is the relatively high 

costs that are associated with them, especially where routine monitoring is required. Advances 

in the nanotechnology field in recent years have seen the development of highly sensitive and 

selective sensors that could be used in the environmental monitoring of ECPs [9]. The use of 

fluorescence nanomaterials based on quantum dots (QDs) in environmental sensing is a 

growing area of research due to their attractive properties (these are discussed in detail in 

Chapter 2).  

This project, therefore, sought to develop QD-based fluorescence sensors or probes that could 

be used as alternative analytical methods for the detection of targeted pesticides and PAHs 

in environmental water samples. 

Pesticides are widely used in agriculture for controlling pests and weeds in order to maximize 

production. Although these compounds are highly regulated, their extensive use can lead to 

non-target contamination of surrounding resources like water bodies through various 

pathways like spray drift, leaching and runoff. The serious potential negative effects of 

pesticides on the environment and human health warrants research attention on this class of 

compounds.  

PAHs are a class of organic compounds with fused benzene rings which are equally of 

environmental concern because of their negative health effects. PAHs are produced from a 

wide variety of sources and hence they are one of the classes of pollutants which are of global 

concern [10, 11]. These compounds can be introduced into environmental water systems 

through various ways (like leaching and runoff) after wet or dry deposition from the 

atmosphere. Some of the sources of PAHs include industrial combustion activities, biomass 

burning, and vehicular emissions. 
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1.2  Aims and objectives 

In addressing the above-stated challenge, the broad aims of this project were to develop 

quantum dot-based fluorescence probes and to evaluate their potential use in the detection of 

selected pesticides and polycyclic aromatic compounds in water samples.  

The specific objectives were to: 

1. Synthesize semiconductor quantum dots (QDs), through modification of existing high 

temperature inorganic synthetic strategies, for detection of the pesticide atrazine. 

1.1. Tailor the QDs towards specific recognition of targeted compounds by making use of 

molecularly imprinted polymers. 

1.2. Fully characterize the materials with techniques including TEM, XRD, UV-Vis, FTIR, 

and fluorescence spectrophotometry. 

1.3. Test the application of the developed probe in the detection of atrazine in real 

environmental water samples. 

 

2. Synthesize graphene quantum dots (GQDs) for compound-class detection of polycyclic 

aromatic hydrocarbons (PAHs). 

2.1. Investigate bottom-up and top-down synthesis routes. 

2.2. Fully characterize the developed GQDs with techniques including TEM, Raman, UV-

Vis, FTIR, and fluorescence spectrophotometry. 

2.3. Test the application of the developed probe in the detection of PAHs in real 

environmental water samples. 

 

3. Compare the performance of these sensors to other sensing methods. 
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1.3  Thesis layout 

Chapter 2 presents a general background to QDs, their synthesis, characterization, and the 

basis for their application in fluorescence sensing. It also introduces the target analytes and 

highlights their environmental significance. Chapters 3 and 4 review the application of 

fluorescence sensors for pesticide and PAH detection, respectively. In Chapters 5 and 6 the 

fluorescence sensors that were developed in this work are presented. Finally, an overall 

conclusion is presented in Chapter 7, and future work is highlighted. The chapters where the 

work has been published are presented in journal article format, i.e. as published.  
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 Introduction 

The first part of this chapter provides a general background to quantum dots, their 

properties, the different synthesis approaches, and the characterization techniques that are 

often used regarding these materials. Special emphasis is on the QDs that were used in this 

work. The last part of the chapter gives an overview of the target analytes and places their 

environmental significance into context.  

--------------------------------------------------------------------------------------------------------------------------- 

2.1 Semiconductor quantum dots 

2.1.1  Introduction 

Quantum dots (QDs), are small crystalline nanoparticles whose physical size is smaller than 

their exciton Bohr radius. As such, the movement of excitons (electron-hole pairs) within the 

crystal lattices of QDs is physically confined to discrete energy levels which are analogous to 

those in molecules as shown in Figure 1 QDs therefore exhibit quantum confinement effects, 

which is to say their optical and electronic properties are affected by their particle size as 

shown in Figure 2. This interesting feature of QDs allows for tailoring of QD-based materials 

with desired optical properties by simply controlling the particle size during synthesis. Other 

unique and attractive electronic and optical properties of QDs include high photoluminescence 

quantum yields, photostability, narrow emission spectra, wide and continuous UV-vis 

absorption and versatile surface chemistry [1]. These properties have led to their application 

in cells [2], as biological labels [3], in microelectronics [4] and in electrochemical [5] and optical 

sensing.  

The most popular type of QDs is semiconductor QDs, which are often made by alloying of 

atoms from groups IIB and VIA elements (known as II-VI semiconductors) or atoms from 

groups IIIA and VA elements (known as III-V semiconductors). Examples of II-VI type QDs 

include ZnO, ZnS, CdS, CdSe and CdTe while the III-V type includes GaN, GaP, InP and InAs. 
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Other oxides like TiO2 and WO3 also exhibit semiconductor properties and have been used to 

make quantum dots.  

A relatively new class of QDs are the graphene quantum dots (GQDs) which are made from 

carbonaceous materials and they have gained popularity due to their low toxicity. A separate 

discussion on GQDs is presented in Section 2.2. 

 

Figure 1 Comparison of the energy level diagram for a bulk semiconductor and its analogue molecular 
semiconductor with that of a quantum dot. (Ev = valence band; Ec = conduction band; Eg = band gap);Adapted from 

[6] 

 

 

Figure 2 Schematic illustration of the effect of increasing QD particle size on the emission wavelength. 
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2.1.2  Synthesis techniques of semiconductor QDs 

Crystalline semiconductor QDs nanoparticles can be prepared using different approaches that 

are well documented in literature [6-8]. The synthesis techniques can broadly be grouped into 

two main categories: 

(i) Colloidal chemistry or “bottom-up” approach which involves injecting precursors in 

hot organic solutions under vigorous stirring and allowing nucleation to occur 

thereby producing the QDs as colloids. 

(ii) Epitaxial growth or nanoscale patterning “top-down” approach where QDs are 

produced lithographically or chemically from semiconductor substrates. 

Of these synthesis approaches, colloidal chemistry is the most preferred route because of its 

simplicity and the quality of QDs produced. Another advantage of this route is that the metal 

precursors can be mixed in a single flask, hence it is sometimes referred to as a “one-pot” 

synthesis, and reaction time and temperature variables are monitored to allow for nucleation. 

When this is carried out in low-temperature polar solvents like water and methanol, it is 

generally referred as ‘wet chemistry’ and if non-polar organic solvents like trioctylphosphine 

oxide (TOPO) are used it is typically referred to as ‘organometallic synthesis’. Hot 

organometallic synthesis is usually preferred as it yields more stable QDs with higher quantum 

yields. Variables like precursor concentration, temperature and reaction time can be optimized 

and varied in order to obtain the desired QD nanoparticles. The size of the QDs has a 

significant effect on their fluorescence properties and this can be easily controlled by the 

reaction time. The obtained QDs are hydrophobic and can be surface functionalized with the 

desired ligands to obtain hydrophilic particles through ligand exchange reactions [9]. 

Depending on the choice of ligand used, these can have stabilization effects on the QD surface 

and offer more functionalities which can be explored for application. 
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2.2  Graphene quantum dots 

2.2.1  Introduction 

Graphene quantum dots (GQDs) consist of small (<100 nm) crystalline sp2 hybridized carbon 

lattices which are typically less than 10 carbon layers thick [10]. They have unique optical and 

fluorescence properties which arise from the radiative recombination of electron-hole (e–h) 

pairs within the sp2 aromatic lattice. Since graphene has an infinitely large Bohr radius 

(distance between e–h electron and hole), when it has a finite size less than the Bohr radius, 

as is the case with GQDs, it exhibits quantum confinement [11, 12]. This is to say the π-π* 

electronic transitions within the sp2 lattice become discrete and confined because of the size 

of the material. Thus, just like with semiconductor QDs, the optical properties of GQDs can be 

modulated by controlling the size during synthesis and the surface and edge functionalities, 

making them attractive for various applications. 

GQDs have certain advantageous properties over semi-conductor QDs including low toxicity, 

excellent solubility, biocompatibility, large surface area, and better surface grafting using π-π 

conjugation and surface groups [13-15]. The low toxicity of GQDs has allowed for their 

biological applications including in bioimaging, biosensing, drug delivery and in antimicrobial 

materials [16, 17]. Environmental application of GQDs has also been on the rise owing to their 

excellent optical properties and low toxicity [13, 18-20]. Most of the environmental studies, 

however, have been towards sensing of pollutant metal ions [21] and a few studies have been 

reported for detection of organic pollutants, like pentachlorophenol [22], trinitrotoluene [23] 

and the pesticide tributyltin [24]. 

Despite the attractive optical properties of GQDs, they have some drawbacks that still need to 

be addressed in order to extend their areas of application. For example, most of the reported 

GQDs emit only in the blue to yellow regions of the visible spectrum, and this can limit their 

application [10]. Also, reproducible synthesis of GQDs with the exact size is still a challenge 

due to agglomeration and formation of large sizes [25]. Lastly, the fluorescence quantum 

yields of most report GQDs are still relatively lower than those of semiconductor QDs [26]. 
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While various strategies, including doping, have been proposed for producing high quantum 

yield GQDs, but this was beyond the scope of this thesis and was not explored. 

2.2.2  Synthesis methods for GQDs 

GQDs can be prepared using two approaches, namely the ‘top-down’ approach or the ‘bottom-

up’ approach and these are summarized in Table 1 The top-down approach involves cutting 

of large macroscopic carbon materials (e.g. graphite, carbon fibers, graphene oxide, metal-

organic frameworks, etc.) into small GQDs pieces, usually through harsh oxidation treatments. 

On the other hand, the bottom-up approach involves formation of GQDs from molecular or 

atomic carbon precursors (e.g. chlorobenzene, acetic acid, glucose, and even from PAHs) 

through controlled reactions to obtain desired GQD sizes [13, 19].  

 

Table 1 Comparison of advantages and disadvantages of the synthesis strategies for GQDs (Adapted from [27]). 

 Method Advantages Disadvantages 

T
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Oxidative 

cleavage 

• It is the most widely used 

method 

• Can achieve mass production 

because it is simple and 

effective 

• Uses oxidizers which may cause burning or 

explosions 

• The post-processing process to remove 

excess salts can be complicated 

Hydrothermal/ 

solvothermal 

• It is a simple and rapid 

method  

• Environmentally friendly 

• The carbon materials need to be treated 

through strong oxidation before the reactions 

happen 

Microwave-

assisted/ 

ultrasonic-

assisted 

• Uses shorter reaction time 

• Has higher product yield 

• High cost of the microwave/ultrasonic reactor 

• The volume is limited in industrial production 

Electrochemical 

oxidation 

• The GQDs obtained by this 

method show high levels of 

stability 

• Size distribution is uniform 

• Pretreatment of raw materials and the 

purification of GQD products take a long time  

• Low product yield, therefore not suitable for 

mass production 



12 
 

B
o

tt
o

m
-u

p
 s

y
n

th
e
s
is

 Controllable 

synthesis 

• The as-prepared GQDs have 

an accurate number of carbon 

atoms, uniform size and 

shape 

• The preparation process includes multi-step 

complicated chemical reactions, which are 

time consuming 

• Low yield 

Carbonization 

from simple 

carbon sources  

• It is an environmentally 

friendly and facile method 

• GQDs with polydispersity are obtained 

because the size and structure are difficult to 

precisely control. 

 

2.3 Characterization techniques for QDs 

A variety of complementary techniques are used to characterize QDs in order to get in-depth 

information on their nature. In this section, a brief overview of the common techniques is given, 

with a focus on those used in this thesis. 

2.3.1  Optical characterization 

The optical properties of QDs are usually studied using UV-vis and fluorescence spectroscopy. 

Both techniques can be used to derive valuable information on the surface electronic ground 

and transition states of QDs.  

UV-vis absorption spectroscopy is based on focusing incident light (with wavelengths in the 

UV-visible region) on the sample to induce excitation of electrons in specific orbitals (or 

bands), into excited states. These electronic transitions occur without significant change in the 

nuclei (Franck-Condon principle) [28]. This technique is therefore widely used to study the 

electronic states and estimate the bandgap of QDs.  

The principles of fluorescence spectroscopy are best explained by studying the Jablonski 

electronic transition diagram [28]. Briefly, a monochromatic light beam is directed towards the 

sample to induce excitation of electrons from singlet ground state, S0, to an excited state Sn 

(n>1). The excited electrons can therefore return to the ground state, S0, via different 

processes including (a) via the lowest excited S1 states (known as internal conversion), (b) 

through radiative emission of a photon (fluorescence) (c) collisional quenching or (d) via 
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excited triplet states with energies lower than S1 states (inter-system crossing). In 

fluorescence sensing an appreciation of these transitions is essential in elucidating 

fluorescence sensing mechanisms. 

Fluorescence and UV-vis spectroscopy are also used to derive secondary information like 

estimating the photoluminescence quantum yields (QY) of the QDs. The QY is the ratio of 

photons absorbed to photons emitted through fluorescence [29]. It is often used to indicate 

the quality of QDs and is largely influenced by the synthesis method. The QY can be improved 

through various synthetic strategies including choosing a shell material that has a wider 

bandgap than the core [30]. QY can be determined either through relative means with 

reference to a standard (e.g. Rhodamine 6G) or by absolute methods by making use of an 

integrating sphere. 

 

2.3.2  Structural and morphological characterization 

To study the structural composition and nature of QDs, imaging and spectroscopic techniques 

can be used and here a very brief summary of the commonly used techniques is provided. 

Transmission electron microscopy (TEM) or high-resolution transmission microscopy 

(HRTEM) involves the illumination of a sample with a beam of short wavelength electrons 

under vacuum. Part of the beam gets transmitted through the sample and is focused onto a 

charge coupled device camera to obtain images that can be used to study the morphology 

and size distribution of QDs. HRTEM can also be used to visualize lattice fringes of 

nanomaterials thereby allowing for information on their phase and crystal axes to be deduced 

[31].  

X-ray diffraction (XRD) spectroscopy involves irradiating a sample with an X-ray beam to 

obtain diffraction patterns which reveal information on the crystalline phases, lattice 

parameters, and for estimating the crystalline grain size of a sample. This technique can also 

be used to infer the composition of the material by making reference to standard references 
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(International Centre for Diffraction Data) [32]. The crystal packing in semiconductor QDs is 

usually either centred cubic (zinc blende) or hexagonal (wurtzite) [8].  

Fourier-transform infrared (FTIR) spectroscopy is used as a powerful technique to study the 

surface chemistry of QDs. This technique is based on the absorption of light in the infra-red 

region (4000 – 400 cm–1) by a sample which modifies its dipole. The FITR spectrum gives 

information on the nature of bonds and functional groups that are present in a sample, and 

standard FTIR tables are normally used to infer this information [33]. In QDs this is a useful 

technique to confirm any modifications of their surface chemistry. 

Raman spectroscopy is widely used for characterization of nanomaterials, including QDs, to 

study their structure, phase, crystallinity and molecular interactions. The technique is based 

on the scattering of an incident monochromatic laser beam by the material at a different 

wavelength from that of the incident beam. The intensity and wavelength positions of the 

scattered light (Raman spectrum) gives fingerprint information on the collective vibrational, 

rotational, and other low-frequency transitions that are present in the sample [34]. 

2.4  The principle of QD fluorescence sensing 

In order to understand how fluorescence sensing works, it is important to understand how the 

fluorescence emission arises. The emission is due to radiative recombination of electron-hole 

pairs following absorption of photons. If there are any surface defects or adsorbates (or 

analytes) that are present on the QD surface they introduce ‘trap’ states through which the 

excited photons may fall [6]. The lowest unoccupied molecular orbitals of the adsorbates may 

then interact with the trap states in a donor-acceptor fashion which then affects the radiative 

recombination of the photoexcited electron-hole [6, 35]. These electron transfer processes can 

spectroscopically be observed as fluorescence quenching [36] and it forms the basis for QD 

sensing.  

When the interaction of analytes with QDs involves long-range dipole-dipole interactions in a 

donor-acceptor fashion, Förster resonance energy transfer (FRET) between the donor and 
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acceptor may occur [37, 38]. Such interactions may result in either fluorescence quenching or 

enhancement thus allowing for quantitative analyte detection. The selectivity of QD sensors 

can be achieved through various surface modification strategies which are discussed in 

Chapter 3. 

  

2.5 Target compounds 

2.5.1  Atrazine 

2.5.1.1 Sources and occurrence of atrazine in the environment 

Atrazine (6-chloro-4-N-ethyl-2-N-propan-2-yl-1,3,5-triazine-2,4-diamine), shown in Figure 3, 

is a widely used herbicide for controlling annual broad-leaved weeds and grasses in pre- or 

post-emergent crops like maize, sorghum and sugar cane. Some of the physical and chemical 

properties of atrazine are presented in Table 2 Its mode of action involves inhibiting the 

photosynthetic electron transport of the weeds, while the target crop is tolerant to atrazine 

because of rapid detoxification [39]. 

 

Figure 3 (a) Schematic illustration of different pathways through which pesticides can contaminate non-targeted 
environmental resources and (b) the chemical structure of atrazine. 
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Table 2 Physiochemical properties of atrazine (adapted from [39, 40]). 

Property Value 

Molecular weight 215.7 g mol–1 

Molecular formula C8H14ClN5 

Form Colourless powder 

Melting point 175.8 °C 

Boiling point (at 101 kPa) 205.0 °C  

Vapour pressure (at 25 °C) 3.85×10–2 mPa  

Kow log P 2.5 (25 °C) 

Henry’s constant 1.5×10–4 Pa m3 mol–1  

Density (at 22 °C) 1.23 g cm–3 

Solubility: in water (at 22 °C, pH 7) 33 mg L–1 

Kd 2.60 

Log KSA 7.18 

KSA: volatilization potential from soil to air 

Kd : distribution coefficient from soil and soil-water partitioning 

Kow: octanol-water partition coefficient 

 

Because of its high annual use in agriculture, atrazine has been one of the most frequently 

detected pesticides in freshwater systems in many parts of the world. For example, Gilliom 

[41] found that atrazine was the most frequently detected pesticide in the USA surface and 

groundwater systems. A similar assertion has been made for European groundwater [42]. In 

South Africa, atrazine has also been shown to have the largest number of seasonal 

occurrences [43] as shown in Table 3. A study by Dabrowski, et al. [44] dealing with the 

prioritization of pesticides that are used in South Africa, featured atrazine as the highest-

ranked pesticide among 25 priority pesticides. The ranking and prioritization was based on a 

weighted hazard potential (WHP) – a prioritization index which is directly proportional to the 
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pesticide’s toxicity potential (TP) and the total quantity of use. Several studies have found 

atrazine in South African freshwater systems [45-47] due to its high use.  

Table 3 Concentration (µg L–1) of atrazine sampled over four seasons in drinking water in selected areas across 

South Africa. Average concentrations are indicated (n=3) [43]. 

Sampling site Summer Autumn Winter Spring 

Bloemfontein North tap  0.02 0.15 0.01 0.02 

Bloemfontein South tap 0.01 0.19 0.02 0.15 

Bloemfontein 0.02 0.02 0.01 0.01 

Cape Town 0.00 0.00 0.00 0.00 

Durban 0.02 0.02 0.00 0.01 

Johannesburg 0.03 0.15 0.11 0.12 

Pietermaritzburg 0.02 0.02 0.02 0.02 

Port Elizabeth 0.01 0.00 0.00 0.00 

Pretoria 0.04 0.16 0.00 0.01 

2.5.1.2 Toxicity of atrazine 

Atrazine in water systems has been reported to have harmful effects on aquatic organisms, 

including causing endocrine disrupting effects [48-50]. Some studies have also shown that it 

also has endocrine disruption effects in human cells [51, 52]. Moreover, atrazine can be quite 

persistent in water, as a study of Lake Superior in Canada suggested that the half-life of 

atrazine in lakes was over 10 years [53]. This stability can lead to prolonged negative effects 

on aquatic organisms.  

For example, a study by Hayes, et al. [54] showed that atrazine exposure demasculinized 

(chemically castrated) male African clawed frogs (Xenopus laevis) leading to suppressed 

mating behaviours and reduced spermatogenesis. Studies by Santos and Martinez [55] 

showed that exposure to 2 – 10 µg L–1 of atrazine resulted in biochemical changes and DNA 

damage on Neotropical fish species (Prochilodus lineatus). Ingestion of 100 g of atrazine by 

fish was observed to have catastrophic results. Such exposure may lead to coma, heart and 
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peripheral vessel damage, and renal failure, resulting in death [56, 57]. Other delayed, fatal 

consequences include leukaemia and brain cancer [58].  

Exposure to atrazine has been linked to carcinogenic risks. Tumours of the reproductive 

organs and lymph cancer were related to atrazine exposure [57, 58]. Alarmingly, one study by 

Van Leeuwen, et al. [59] showed an association between stomach cancer and atrazine 

exposure in the range 50 – 649 ng L–1, which is well below the maximum contaminant level 

(MCL) of 3 µg L–1 for drinking water as set by the US EPA. Other critical effects revolve around 

vulnerabilities of women during pregnancy and on the foetus or infants. These effects include 

foetal development aberrations like growth retardation, a decrease in gestation age, and 

gastroschisis [60-63]. Lower birth weight was also directly associated with perinatal mortality 

in the USA [64]. 

Moderate effects of exposure to atrazine include a decrease in sperm concentration and 

motility, known as oligospermia [65]. Minor side effects of exposure included fatigue, 

dizziness, nausea, and skin irritations [56, 57]. 

2.5.1.3 Legal limits for atrazine in water 

The World Health Organization (WHO) has derived guideline values for atrazine and its 

metabolites and these are shown in Table 4. Typical atrazine concentrations rarely exceed 2 

µg L–1 and are commonly well below the 0.1 µg L–1 guideline limit for atrazine in drinking water. 

Higher concentrations can however be expected around agricultural areas where it is 

extensively used. The acceptable daily intake for atrazine and its chloro-s-triazine metabolites 

is between 0 – 0.02 mg kg–1 bodyweight based on luteinizing hormone surge suppression and 

subsequent disruption of the oestrous cycle seen at 3.6 mg kg–1 body weight per day in a 6-

month study in rats [66]. 
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Table 4 Guideline value for atrazine in drinking water [66] 

Compound 
Guideline Value  

(mg L–1) 
Acceptable daily intake Guideline value derivation 

Atrazine 0.1 

0–0.02 mg kg–1 body 

weight based on the 

NOAEL for atrazine of 1.8 

mg kg–1 body weight per 

day. 

Allocation to water:  20% of 

upper limit of ADI 

Bodyweight:  60 kg adult 

Consumption:  2 L per day 

ADI = acceptable daily intake  

NOAEL = non-observed adverse effect level 

 

2.5.2  Polycyclic aromatic compounds 

2.5.2.1 Sources and occurrence of PAHs 

PAHs are produced from a wide variety of sources and hence they are one of the pollutant 

classes which are of global concern [67, 68]. Table 5 illustrates the classification of the various 

sources of PAH compounds.  

Table 5 Natural and anthropogenic sources of polycyclic aromatic hydrocarbons (PAHs). 

Natural sources Anthropogenic sources 

• Vegetative Decay 

• Plant Synthesis 

• Fires 

• Volcanic Eruptions 

• Petroleum Spills 

• Pesticide Formulations 

• Sewage Sludge 

• PAH-contaminated Media 

• Road Dust 

• Vehicles (Internal combustion) 

• Jet Aircrafts 

• Incineration 

• Wood Burning 

• Cigarette Smoke 

• Cooking  

• Other Industries/Processes 
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PAHs can be introduced into environmental water systems through various ways after wet or 

dry deposition from the atmosphere after their release from sources including industrial 

combustion activities, biomass burning, and vehicular emissions. A comprehensive review on 

the occurrence and typical concentration ranges of PAHs in South African water systems was 

carried out by Chimuka, et al. [69] where it was shown that PAH levels in water can have 

seasonal variations ranging from  30.0 ng L–1 in summer to as high as 60.8 L–1 in winter. 

Clearly, these compounds occur at low concentrations in runoff and river water, but continuous 

exposure may pose human health effects.  

Generally, PAHs have low solubility in water and typically those with higher molecular weight, 

like benzo[a]pyrene, have the least solubility (0.0057 mg L–1 at 25 ºC) while lower molecular 

weight naphthalene has the highest solubility (31.69 mg L–1 at 25 ºC) as shown in Table 6. 

Removal of PAHs in water systems can be achieved either by using traditional methods like 

destructive oxidation with ozone or by using adsorption technology with adsorbents like 

activated carbon [70].  

Table 6 Chemical structures and physical properties of the 16 PAHs listed as US EPA priority pollutants [67]. (in 

order of increasing molecular weight) 

PAH Structure 
Vapor pressure 

at 20 ºC (Torr) 

Solubility in water 

(mg L–1) 
Kow 

Naphthalene 
 

0.0492 32 2300 

Acenaphthylene 

 

10–3 – 10–2 3.93 12000 

Acenaphthene 

 

10–3 – 10–2 3.4 at 25 ºC 21000 

Fluorene 
 

10–3 – 10–2 1.9 15000 

Anthracene 
 

2 × 10–4 0.05 – 0.07 at 25 ºC 28000 

Phenanthrene 

 

6.8 × 10–4 1.0 – 1.3 at 25 ºC 29000 

Fluoranthene 

 

10–6 – 10–4 0.26 at 25 ºC 340000 
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Pyrene 

 

6.9 × 10–9 0.14 at 25 ºC 2 × 105 

Chrysene 

 

10–11 – 10–6 0.002 at 25 ºC 4 × 105 

Benzo[a]anthracene 

 

5 × 10–9 0.01 at 25 ºC 4 × 105 

Benzo[b]fluoranthene 

 

10–11 – 10–6 – 4 × 106 

Benzo[a]pyrene 

 

5 × 10–9 0.0038 at 25 ºC 1 × 106 

Benzo[ghi]perylene 

 

~10–10 0.00026 at 25 ºC 1 × 107 

Benzo[a]pyrene 

 

5 × 10–9 0.0038 at 25 ºC 1 × 106 

Dibenzo[a,h]anthracene 

 

~10–10 0.0005 at 25 ºC 1 × 106 

Indeno[1,2,3-cd]pyrene 

 

~10–10 – 5 × 107 

 

2.5.2.2 Toxicity of PAHs 

The exposure to various PAH compounds can lead to serious toxic effects to both humans 

and aquatic organisms. In order to qualitatively assess the potential health risk of each of the 

PAHs, a study by Nisbet and LaGoy [71] assigned toxic equivalency factors (TEFs) to each of 

the PAHs which are a measure of their carcinogenicity relative to that of benzo[a]pyrene 

(Table 7).  

Table 7 PAHs and their toxic equivalency factors (TEFs) expressed relative to benzo[a]pyrene [71]. 

PAH compounds TEF 

Benzo[a]pyrene 1 

Benzo[a]anthracene 0.1 

Benzo[b]fluoranthene 0.1 

Phenanthrene 0.001 

Indeno[1,2,3-cd]pyrene 0.1 

Anthracene 0.01 
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Benzo[ghi]perylene 0.01 

Chrysene 0.01 

Acenaphthene 0.001 

Acenaphthylene 0.001 

Fluoranthene 0.001 

Fluorene 0.001 

Pyrene 0.001 

Naphthalene 0.01 

Dibenzo[ah]anthracene 5 

 

It is also important to note that PAHs rarely occur as single compound in environmental water 

systems. A study by Engraff, et al. [72] demonstrated the importance of considering PAH 

mixtures when studying their toxicity in aquatic systems. Thus, the use of single PAH 

compound concentrations for risk assessment purposes can lead to an underestimation of the 

risk since the effect of a mixture of compounds can be additive or synergistic. 

The toxicity of PAHs to aquatic organisms can further be enhanced by their metabolism and 

photooxidation into more toxic derivative compounds. Natural UV light and other 

environmental factors can facilitate their derivatization [73]. PAHs can also be directly 

absorbed by animals through dermal contact, inhalation and injection pathways, and once in 

their system, they can cause adverse effects like tumours and can affect reproduction, 

development and immunity [73].  

Ikenaka, et al. [74] conducted exposure experiments to investigate the acute toxicity of 

benzo[a]pyrene on Cladocera species (Ceriodaphnia reticulata and Daphnia magna) and its 

impact on zooplankton communities. They found the LC50 to be 4.3 and 4.7 µg L–1 for C. 

reticulate and D. magma respectively. The study further showed that benzo[a]pyrene induced 

a decrease in zooplankton abundance when environmentally relevant concentrations (5 and 

10 µg L–1) were used with <4 days residence time. 

The potential of harmful effects of PAHs on humans is equally concerning. Some studies 

reported that PAHs can have possible carcinogenic effects not only to aquatic animals but 
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also to humans [75]. PAHs can affect the hematopoietic and immune systems and can 

produce reproductive, neurologic, and developmental effects [76, 77]. 

 

2.5.2.3 Legal limits 

Some guideline values for PAHs in water have been drafted by the US EPA [78] and these 

are shown in Table 8. For drinking water, only benzo(a)pyrene, which is a known carcinogen, 

has a maximum contentment level value of <0.2 µg L–1 and not values have been determined 

for the other PAHs. There are no regulatory guideline values for PAHs in South African 

drinking water, and this remains a challenge for local environmental regulation. 

Table 8 Water quality standards for PAHs in water [78]. 

Parameter (µg L–1) WQC (µg L–1) WQC (µg L–1) DWMCL/MCLG 

 HHWO HHOO  

Napthalene - -  

Fluorene  1100 5300  

Benzo(a)anthracene  0.0038 0.018  

Benzo(a) pyrene  0.0038 0.018 0.2/zero 

Benzo(a) fluoranthene  0.0038 0.018  

Benzo(k) fluoranthene  0.0038 0.018  

Chrysene  0.0038 0.018  

Dibenzo(a,h) anthracene  0.0038 0.018  

Indeno(1,2,3-cd) pyrene  0.0038 0.018  

Acenaphthene  670 990  

Acenaphthylene  - -  

Anthracene  8300 40000  

Benzo(ghi) perylene  - -  

Fluoranthene  130 140  

Phenanthrene  - -  

Pyrene  830 4000  

DWMCL:  EPA Drinking Water MCLs/Other Standard, EPA 822-R-02-038, summer 2002 

HHOO: Human Health Organism Only Values 

HHWO: Human Health Water + Organism Values 

MCLG: Maximum Contaminant Level Goal  

WQC: EPA National Recommended Water Quality Criteria, EPA-822-R-02-047, November 2002 
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2.6 Conclusion 

This chapter has introduced QDs and their properties that make them attractive for designing 

fluoresce sensors. The established synthesis and characterisation techniques for QDs have 

been reviewed. For semiconductor QDs, the hot organometallic synthesis method was used 

in this work because of its advantages in producing stable QDs. For the synthesis of graphene 

quantum dots, however, both bottom-up and top-down approaches were explored and 

compared.  

The principles of the main characterization techniques that are used to study the structural 

and optical properties of QDs were highlighted. It is important to stress that these techniques 

are complementary to one another and a combination thereof is used to gain in-depth 

understanding of the nanomaterial being investigated. 

Lastly, a brief background to the target analytes (PAHs and atrazine) was provided in order to 

highlight their environmental importance and relevance. From this background, it is apparent 

that the occurrence of these compounds in water systems is almost inevitable, especially in 

an agriculturally intensive country like South Africa. The lack of local regulatory guidelines 

clearly indicates that these are ECPs of concern that require ongoing environmental 

monitoring. 
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 Application of quantum dots for detection of pesticides – A 

review 

 

This chapter presents a literature review on quantum dots and their application for detection 

of pesticides. The review is presented as published in Analytica Chimica Acta. 

 

Paper 

S.A. Nsibande, P.B.C. Forbes, Fluorescence detection of pesticides using quantum dot 

materials – A review, Analytica Chimica Acta, 945 (2016) 9-22.  

DOI: http://dx.doi.org/10.1016/j.aca.2016.10.002  
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 Advances in the application of nanomaterial-based sensors 

for detection PAHs in aquatic systems 

This chapter consist of a review on the application of nanomaterials in designing a sensor for 

PAHs. A variety of detection techniques, including fluorescence, were reviewed. The work in 

this chapter has been published in Trends in Analytical Chemistry. 

 

Paper 

S.A. Nsibande, H. Montaseri, P.B.C. Forbes, Advances in the application of nanomaterial-

based sensors for detection of polycyclic aromatic hydrocarbons in aquatic systems, TrAC, 

Trends Anal. Chem., 115 (2019) 52 - 69. 

DOI:  https://doi.org/10.1016/j.trac.2019.03.029  

--------------------------------------------------------------------------------------------------------------------------- 
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 Development of a quantum dot molecularly imprinted 

polymer sensor for fluorescence detection of atrazine 

 

This chapter deals with the development and application of a quantum dot-based sensor for 

detection of atrazine in water. The format is as published in Luminescence. 

 

Paper 

S.A. Nsibande, P.B.C. Forbes, Development of a quantum dot molecularly imprinted polymer 

sensor for fluorescence detection of atrazine, Luminescence, 34 (2019) 1 - 9. 

DOI: https://doi.org/10.1002/bio.3620  

--------------------------------------------------------------------------------------------------------------------------- 
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Supporting information 

 

Figure S4 Tauc plots used for estimating the band gap (eV) of CdSeTe QDs, CdSeTe/ZnS 

QDs and CdSeTe/ZnS@MIP.  
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 Development of a turn-on graphene quantum dot-based 

fluorescence probe for sensing of pyrene in water 

 

In this chapter a detection strategy that uses GQDs and ferric ions was developed for 

detection of pyrene in water samples. The format is as published in RSC Advances.  

Paper 

S.A. Nsibande, P.B.C. Forbes, Development of a turn-on graphene quantum dot-based 

fluorescence probe for sensing of pyrene in water, RSC Advances, 10 (2020)12119 – 12128. 

DOI: https://doi.org/10.1039/c9ra10153e  

-------------------------------------------------------------------------------------------------------------------------- 
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Supplementary information  

Purification of GQDs: 

Following the oxidation of GO through ultra-sonication in with MnO4, a brown mixture was 

obtained indicating complete oxidation (Figure S1 A). This mixture was then filtered using a 

0.45 µm PTFE filter (Figure S1 B) and the filtrate was further filtered using a 0.22 µm PTFE 

filter to obtain a pale yellow GQDs solution (Figure S1 C). Using the 0.22 µm PTFE was shown 

to improve the PL by up to 20% as shown in Figure S2. 

 

Figure S1 (A) raw unfiltered GQDs after oxidation of GO. (B) Orange-yellowish GQDs solution after filtering through 

0.45 µm PTFE filter, (C) pale yellow GQDs solution after filtering through a 0.22 µm PTFE filter. 
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Figure S5 Effect of filtering on the PL intensity during the purification step. 

 

HRSEM of graphite and graphene oxide: 

High resolution scanning electron microscopy (HRSEM) was used to study the morphology of 

the graphene oxide from exfoliation of graphite precursors. The HRSEM images show that the 

graphite had characteristic flat carbon sheets stacked into layers (Figure S3-A) and after 

exfoliation to graphene oxide the sheets become folded into crumpled silk waves (Figure S3-

B). This transformation is due to the harsh oxidation conditions which the graphite was 

subjected to in order to produce graphene oxide. 
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Figure S3 (A) HRSEM image of graphite showing flat shiny carbon sheets staked in layers. (B) Graphene oxide 

sheets folded into crumpled silk waves following oxidation. 
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Table S1 ICP scan results showing background elemental composition (mg L–1) of the lake water sample. 

Ag Al As Au B Ba Be Bi Ca Cd Ce Co 

< 0.010 < 0.100 < 0.010 < 0.010 0,095 0,066 < 0.010 < 0.010 28 < 0.010 < 0.010 < 0.010 
            

Cr Cs Cu Dy Er Eu Fe Ga Gd Ge Hf Hg 

< 0.010 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 0,070 0,010 < 0.010 < 0.010 < 0.010 < 0.010 

            

In Ir K La Li Lu Mg Mn Mo Na  Nb Nd 

< 0.010 < 0.010 6,1 < 0.010 < 0.010 < 0.010 10 < 0.025 < 0.010 13 < 0.010 < 0.010 
            

Ni Os P Pb Pd Pr Pt Rb Rh Ru Sb Sc 

< 0.010 < 0.010 0,047 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 
            

Se Si  Sm Sn Sr Ta Tb Te Th Ti Tl Tm 

< 0.010 0,3 < 0.010 < 0.010 0,040 < 0.010 < 0.010 < 0.010 < 0.010 0,011 < 0.010 < 0.010 

            

U V W Y Yb Zn Zr  

    
< 0.010 < 0.010 < 0.010 < 0.010 < 0.010 0,030 < 0.010  
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 Conclusions and future work 

This chapter summarizes the whole project and presents some proposals that can be 

considered for future work. 

------------------------------------------------------------------------------------------------------------------------------ 

7.1 Conclusions 

Pesticides and polycyclic aromatic hydrocarbons (PAHs) are environmental pollutants that 

continue to be of great concern due to their potential toxic effects for both humans and aquatic 

organisms. Prolonged exposure to these pollutants has been linked with serious endocrine 

disruption and carcinogenic effects. Human activities play a significant role in the release of these 

compounds into the environment. Their occurrence at low concentrations and the need for their 

ongoing monitoring presents a challenge to the environmental analytical chemist. Sensitive 

analytical techniques that can selectively detect these compounds without being affected by the 

environmental matrix are required.  

This work therefore sought to address this challenge by using nanotechnology to design sensitive 

quantum dot (QD) fluorescence probes for the detection of pesticides and PAHs in water.  As 

such, extensive reviews were first conducted on the current application of QDs and nanoparticles 

in designing probes for the detection of these analytes. Quantum dot-based fluorescence probes 

were then designed for targeted detection of the pesticide atrazine and PAHs in environmental 

water samples.  

CdSeTe/ZnS QDs were fabricated via a one-pot organometallic hot injection approach and were 

functionalized with molecularly imprinted polymers (MIPs) for selective fluorescence detection of 

atrazine. Various techniques were used to characterize and confirm the optical and structural 

properties of the QD@MIP sensor material. The QD@MIP sensor demonstrated excellent 

selectivity due to the size and shape specificity of the molecularly imprinted polymers as a 
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receptor. The developed sensor showed excellent sensitivity and could detect atrazine down to 

0.80 × 10–7 mol L–1 which is below the World Health Organization (WHO) guideline for atrazine in 

water (4.6 × 10–7 mol L–1). The developed sensor has potential application in real environmental 

water samples with minimal sample preparation. It was able to detect atrazine in spiked 

environmental water samples and provided recoveries of 92–118%. This shows that it was 

selective enough not be affected by the sample matrix and this was attributed to both the intrinsic 

excellent optical properties of the QDs and the analyte specificity provided by the MIPs. The 

sensor had a quick detection response time (5 min), making it suitable for routine high throughput 

analysis of environmental samples.  

Graphene quantum dots (GQDs) were explored for the detection of pyrene in water samples. 

GQDs were attractive because of their ability to pre-concentrate planar molecules like PAHs on 

their surface and offered a safer alternative to the cadmium based QDs. As such, GQDs were 

synthesized using bottom-up and top-down approaches to produce GQDs from citric acid (CA-

GQDs) and from graphene oxide (GO-GQDs), respectively. A fluorescence “turn-off-on” strategy 

that incorporated ferric ions into the GQD sensor solution was developed for rapid detection of 

pyrene in water. The ferric ions quenched the fluorescence intensity of the GQDs and when 

increasing concentrations of pyrene were added, the fluorescence was switched back on. The 

sensor had a linear response to pyrene concentrations within the 2 – 10 × 10–6 mol L–1 range. 

Using this approach, pyrene could be detected down to 0.325 × 10–6 mol L–1 and 0.242 × 10–6 mol 

L–1 for GO-GQDs and CA-GQDs, respectively. The potential application of the developed probe 

was tested using real environmental water samples spiked with known pyrene concentration, and 

recoveries between 97 – 107% were obtained. This part of the thesis demonstrated, for the first 

time, the promising application of GQDs for environmental monitoring of PAHs in water. 

In conclusion, this work has demonstrated QD fluorescence probes offer a viable alternative to 

conventional analytical methods for detection and monitoring of emerging chemical pollutants like 
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pesticides and PAHs in environmental water samples. The sensitivity of these sensor materials 

was found to be relevant for the typical environmental concentrations of these compounds. 

Furthermore, the fast response times makes them suitable candidates for routine environmental 

monitoring campaigns and for semi-quantitative screening of pollutants. 

 

7.2 Future work 

• The QD@MIP-based sensor that was developed in this work showed excellent sensitivity, 

selectivity and a quick response time, making it a potential candidate for field monitoring 

of atrazine in water samples. Therefore, future work needs to focus on the immobilization 

of the nanomaterials on solid support materials that could be used with portable 

spectrometers. Since MIPs are theoretically re-usable, immobilizing this sensor on a 

support material could allow for re-usability of the sensor. 

• The GQD sensor for the detection of PAHs showed promising applications for compound 

class screening of PAHs in water. Future work can still be done to further optimize the 

sensor for targeted PAHs and to improve its sensitivity. For example, modifying the GQDs 

through doping heteroatoms like nitrogen, phosphorus, or boron could be investigated to 

improve the photoluminescence of the GQDs and thereby their sensitivity. Strategies to 

immobilize the GQDs on solid support materials can also be investigated with the view of 

developing portable reusable sensing devices for field screening of PAHs. 

• The detection of multiple analytes with QD fluorescence sensors is a research niche that 

still needs to be explored. This is important because an environmental chemist often has 

to monitor more than one pollutant. While chromatographic methods are well established 

in this regard, there is a need for alternative methods for multiple analyte screening. For 

example, QDs could be functionalized with MIPs containing various target analyte cavities 

and such materials could be potential candidates for this purpose.  
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• Lastly, reproducible synthetic methods for developing QD fluorescence sensors needs to 

be investigated in order provide better standardization. From a regulatory perspective, this 

is important in order to come up with standard screening protocols that could be used for 

enforcement of pollutant regulatory limits. This would open doors for the development of 

commercial fluorescence sensing devices that could be used in routine environmental 

monitoring, particularly in developing countries where conventional techniques are not 

affordable. 
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APPENDICES 

Co-authored paper 1: Fluorescence sensor for PAHs detection 

 

O. Adegoke, H. Montaseri, S.A. Nsibande*, P.B. Forbes, Alloyed quaternary/binary core/shell 

quantum dot-graphene oxide nanocomposite: Preparation, characterization and application 

as a fluorescence “switch ON” probe for environmental pollutants, Journal of Alloys and 

Compounds, 720 (2017) 70 - 78. DOI: https://doi.org/10.1016/j.jallcom.2017.05.242 

 

*Contributions by S.A. Nsibande:  

• Conjugation of CdSeTe/ZnS QDs to graphene oxide (Section 2.5) 

• Sensor optimization, specifically, investigating the effects of incubation time and 

nanocomposite concentration (Section 3.9) 

• Manuscript review 
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97 
 



 

98 
 



 

99 
 



 

100 
 



 

101 
 



 

102 
 



 

103 
 



 

104 
 



 

105 
 

 



 

106 
 

Co-authored paper 2: Synthesis & characterization of CdS/AgZnSe QDs 

O. Adegoke, H. Montaseri, S.A. Nsibande*, P.B.C. Forbes, Passivating effect of ternary 

alloyed AgZnSe shell layer on the structural and luminescent properties of CdS quantum dots, 

Materials Science in Semiconductor Processing, 90 (2019) 162-170.  

DOI: https://doi.org/10.1016/j.mssp.2018.10.025  

 

*Contributions by S.A. Nsibande:  

• Assisted the main author in the synthesis of CdS/AgZnSe QDs (Section 2.4 and 2.5) 

• TEM characterization (Section 3.2.1) 

• XRD characterization (Section 3.2.2) 

• Manuscript review 
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