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ABSTRACT 

This study presents a simple colorimetric assay that was used to develop gold nanoparticles 

(AuNPs) enabled optical sensor. The sensor was fabricated using 3-(p-tolyl)-2,3-

dihydropyrazolo[3,4-b] indole-1(4H)-carbothioamide (TRPIDA_CH3) complex synthesized 

through one pot reaction of toluidine, thio-semi-carbazide and indole in the presence of indium 

chloride as a catalyst under reflux. The attained product was then characterized fully by Fourier 

Transform Infrared (FT-IR), 1H and 13C Nuclear Magnetic Resonance (NMR), Time of flight 

(Mass Spectroscopy (TOF-MS) and elemental analysis for selective detection of hexavalent 

chromium (Cr(VI)). Two well-separated Surface Plasmon Resonance (SPR) peaks were 

observed in the spectra at 520 nm and 645 nm, respectively. The introduction of Cr(VI) into 

TRPIDA_CH3-AuNPs solution resulted in a decrease of SPR intensity at 520 nm with an 

increase of the peak at 645 nm. ImageJ software version 1.8.0_172 was used to measure the 

colour dynamics between the reaction of TRPIDA_CH3-AuNPs and Cr(VI) for image 

processing. The CIE L*a*b* colour system was utilized to analyse the digital images obtained 

which were converted to CIE Yxy chromaticity diagram.  The chromaticity diagram of gold 

nanoparticle TRPIDA_CH3 complex was in agreement with colour change as observed from 

RGB values after addition of different concentration of the chromium standards.  The obtained 

recoveries for both tap and river water which was spiked with chromium ranged from 72 to 

101 % with a limit of detection (LOD) and limit of quantification (LOQ) of 0.14 and 0.47 µM, 

respectively.  Nine possible interfering ions (Cr, Cu, Fe, Ni, Zn, Pb and Mn) were investigated 

and showed low detection, thus, indicating low interference with the analyte of choice. 

Additionally, a significant feature of this method is that it involves a simple technique 

exhibiting high selectivity to Cr(VI) over other heavy metal ions that were tested. 

The application of CIE L*a*b*/Yxy colour space based on the TRPIDA_CH3-AuNPs 

aggregation to quantify Cr(VI) in wastewater effluent was studied. The colorimetric sensor 

showed an excellent linear range of 0.01-100.0 µM (R2=0.9856). Additionally, the residual plot 

showed that residual errors were randomly distributed, meaning we should accept the results 

of a linear regression. The wastewater effluent samples were collected over a period of 10 days 

and each sample was analysed in triplicate for statistical purposes. The concentration in the 

collected wastewater effluent samples were in the range of 0.5-25.0 µM. Furthermore, the 

measured concentrations of Cr(VI) in wastewater effluent samples using the proposed 

colorimetric method agreed with those obtained when using the traditional 1,5-diphenyl 
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carbazide (DPC) method. The DPC method also showed an excellent linear range of 10.0-100.0 

µg/L (R2=0.9955) with a residual plot showing random distribution of residual errors. The RGB 

colour coordinates of the TRPIDA_CH3-AuNPs with wastewater effluent were compared with 

one without TRPIDA_CH3-AuNPs to determine the effect of the TRPIDA_CH3-AuNPs on the 

water samples.   

Development of a Smartphone and spectrophotometric based systems for colorimetric 

detection of Cr(VI) using functionalized AuNPs supported by CIEL*a*b*/Yxy colour space 

and molecular dynamics was also conducted in this study. This demonstrated the comparative 

study of the application of smartphone as well as spectrophotometer as tools to detect colour 

variation of functionalized DPC-AuNPs. These tools were demonstrated for their potential use 

as a colorimetric device for detecting Cr(VI) in wastewater.  Color Grab 3.6.1 app was used to 

capture and recognize colours from samples containing gold nanoparticles with different 

concentrations of chromium standards.  The RGB values obtained were compared with those 

obtained from spectrophotometer.  It was observed that DPC-AuNPs aggregated in the 

presence of Cr(VI), with clear colour change from pink to blue due SPR of AuNPs. This 

resulted in a decrease in the intensity of the SPR band at 520 nm and the formation of a new 

red-shifted band at 670 nm and a colour change from red to blue from UV-Visible spectra. The 

R colour coordinates decreased as Cr(VI) concentration was increased to 16 µM then a rapid 

decreased was noted between 18–25 µM and G and B colour coordinates followed the same 

trend. Colour difference (∆E) increased significantly as the Cr(VI) concentration was 

increased. A rapid decrease was noticed in hue angle between 16-25 µM while chroma 

decreased significantly as the Cr(VI) concentration increased. Molecular dynamics using gold 

cluster was used to simulate the aggregation process. The radial distribution [g(r)] was 

calculated from cluster models. The radial distribution of Cr-DPC complex was more than two-

fold than for Cr-AuNPs. This was associated with the aggregation of AuNPs leading to the 

appearance of blue colour of AuNPs solution which was also supported by the intensity 

obtained from Color Grab. 

The other case study presented herein is on the development of a simple and facile colorimetric 

method for the detection of lead (Pb(II)) ions using silver nanoparticles (AgNPs) functionalized 

with 1-methyl-6-phenyl-6, 7-dihydro-5H-indolo [3, 2-c] [1, 8] naphthyridine (TRPIDB_H) 

ligand. The synthesized AgNPs were characterized by UV-Vis, TEM and Dynamic Light 

Scattering (DLS). The UV–Vis spectrum displayed a local surface Plasmon resonance (LSPR) 

absorption with a peak maximum at 410 nm and TEM results image showed that the 
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synthesised AgNPs were well dispersed in aqueous solution. The TRPIDB_H complex was 

synthesized through Povarov reaction [4+2] cycloaddition and yielded 80% of the product 

which was characterized by FT-IR, 1H and 13C NMR, TOF-MS. The Pb(II) ions induced 

aggregation of the TRPIDB_H-AgNPs in solution from 60-100 mg/L. This resulted in a colour 

change from yellow to reddish brown which was accompanied by the appearance of the second 

surface plasmon absorption peak at 505 nm.  

Moreover, further study reported herein focus on the development of a rapid and efficient 

colorimetric method for the detection of Mn(II) with high selectivity and sensitivity using 3-

(4-hydroxy-3-methoxyphenyl)-2, 3-dihydropyrazolo [3, 4-b] indole-1(4H)-carbothioamide 

(TRPIDA_V) modified gold nanoparticles (TRPIDA_V-AuNPs). The TRPIDA_V-AuNPs 

aggregated upon the introduction of 2 mg/L, this led to a change in colour of the dispersed 

TRPIDA_V-AuNPs from red to blue and a decrease of the surface plasmon absorption intensity 

at 520 nm. The TRPIDA_V-AuNPs aggregated between 2-10 mg/L resulting in the formation 

of a second peak at 655 nm. The colorimetric detection showed high selectivity to Mn(II) ions 

and was not selective to other investigated metal ions as there was no aggregation induced upon 

addition of 2 mg/L of other metal ions. Furthermore, only Mn(II) ion resulted in colour change 

from wine red to blue and forming a second absorption peak at 655 nm. Additionally, the 

colorimetric detection system yielded a detection limit of 0.00691 mg/L showing excellent 

sensitivity towards Mn(II). The results obtained on the spiked river and tap water samples 

further confirmed that the TRPIDA_V-AuNPs colorimetric detection system is applicable for 

Mn(II). 
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Background 

Currently the world is faced with wastewater management challenges and the associated impact 

in the ecosystem (Hong et al. 2017; Odinga 2018),  which is due to a gradual increase in the 

heavy industrialization processes (Akpor and Muchie, 2010). The demand for potable water 

and environmental degradation could easily be moderated by the reuse of wastewater mainly 

in the developing countries where quantity rather than quality is preferred (Sheng et al. 2010; 

Jhansi and Mishra 2013). 

Wastewater from municipalities and industries is composed predominantly of organic and 

inorganic and biological components including viruses, bacteria and metal ions (Odinga 2018). 

Beyond allowable limits in treated wastewater some of these components are probable to cause 

adverse effects on human and aquatic life (Dunn et al. 2014). Normally wastewater is 

discharged into small and large water bodies, then interacts with the biotic and abiotic factors 

leading to various forms of environmental changes . Skillful management of water resources 

is certain in order to sustainably use water for purposes such as crop irrigation, industrial and 

domestic supply, recreation and commercial fisheries waste disposal (OB, Muchie and Essays 

2010; Baysal et al. 2013). 

Municipal wastewater has been treated using conventional treatment systems over the years. 

However, some of these systems are not designed to remove pollutants such as heavy metals, 

pathogens and nitrogenous compounds (Abira 2008; Odinga 2018). These methods are also 

labour intensive, expensive to manage, prone to system failure and are probable to increase 

pollution by the generation of sludge as a by-product (Baysal et al. 2013; Hamadeh et al. 2014; 

Odinga 2018). The overall treatment efficiency is eventually lowered by the conventional 

systems retaining large amounts of suspended solids and environmentally toxic agents such as 

some algae (Hamadeh et al. 2014). Proficient disposal of wastewater, reuse and management 

of treatment systems remains one of the major challenges facing South Africa today (Dungeni 

and Momba 2010; Odinga 2018). 
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Heavy metal ions are usually toxic and have harmful effect on human health and welfare. They 

are considered as environmental pollutants and are recognised with potential life-threatening 

hazards. Usually these are metals in group 2, 3, 4, and 6 in the periodic table (Odinga 2018). 

Toxic metals are also naturally occurring elements that are potentially hazardous to both 

terrestrial and aquatic environments when present above tolerable limits (Krishna, Fulekar and 

Patakg 2012). According to (Parmar, Thakur and sciences) main sources of metals pollution in 

the environment arised from mining activities, battery factories, e-waste smelting activities, 

and automobile emissions (Parmar, Thakur and sciences 2013). Traces of heavy metals usually 

occur in water where some get immobilized in the sediment and form complexes with oxides 

and hydroxides of Iron (Fe) and other particulate matter. High concentration of Lead (Pb), 

Mercury (Hg), Arsenic (As) and Cadmium (Cd) are known to cause cancer, renal and liver 

damage and even affects the central nervous system (Chai et al. 2010; Guo et al. 2011; Qi, 

Shang and Wu 2012). It is, therefore, necessary to effectively treat wastewater suspected of 

having metal concentration beyond acceptable limits.  Therefore, excessive and improper 

disposal of these heavy metals is a major concern as it is hazardous and affects the normal 

functioning of ecosystem. 

The estimation of these metal contaminants in drinking water and the delay in detection has 

been the cause of several health issues in humans. Heavy metals enter subsistent wastewater in 

enormous quantities through various methods leading to a direct or indirect harm to the 

environment and human because of its wide application in modern industries. When discharged 

in wastewater they can ultimately have an adverse biological and ecological effects on fauna, 

flora and humans. Sensitive and selective detection of heavy metal ions in environmental 

waters has become crucial for controlling the quality of discharged water. Heavy metals such 

as cobalt, lead, copper, zinc, nickel, iron, chromium, mercury and cadmium are non-

biodegradable (Xin et al. 2012).  
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1.2 Gold and Silver Nanoparticles as a colorimetric sensor 

Gold nanoparticles (AuNPs) are one of the known effective colorimetric nano-probes for the 

detection of ions (Wu, Chen and Sung 2011; Tripathy, Woo and Han 2013; Wang et al. 2013; 

Sung and Wu 2014; Zhou et al. 2014), drugs (Kong et al. 2011; Zheng, Wang and Yang 2011) 

and biomolecules (Hemmateenejad, Shakerizadeh-shirazi and Samari 2014; Imene et al. 2014; 

Hosseini et al. 2015; Shamsipur et al. 2016) due to their extremely high extinction coefficient 

at visible region and strong surface plasmon resonance (SPR) absorption properties 

(Shahrivari, Faridbod and Ganjali 2018). The SPR absorption of AuNPs can be affected by the 

distance between particles shape, size, dielectric constant of the environment and presence of 

other species in the solution (Daniel and Astruc 2004; Chen et al. 2013; Oliveira et al. 2015).   

Turkevich established the first systematic method to synthesize gold and silver nanoparticles 

(Turkevich 1985). The method involves the reaction of boiling gold (III) chloride tri-hydrate 

solution with small volume of warm sodium tri-citrate solution under thorough stirring that 

lead to a series of colour change from light yellow (to purple or black which faded in seconds 

in solution) and finally changed to wine red. The main principle was that the gold ions (Au(III)) 

of chloroauric acid in solution were reduced to gold atoms (Au0) by the reducing agent tri-

sodium citrate leading to the formation of well-dispersed spherical nanoparticles (Lin et al. 

2016). The mechanism for stepwise formation of AuNPs was reported to be based on three 

stages after citrate reduction: Nucleation, gold adsorption growth and aggregation as can be 

observed in Figure 1.1 (Doyen, Bartik and Bruylants 2013; Kim et al. 2017). This by far is the 

most used method to produce highly stable mono dispersed nanoparticles ranging from 5-30 

nm in average diameter in the aqueous phase (Sivaraman, Kumar and Santhanam 2011). This 

method has an advantage of flexibility to modify the concentration ranges for the reagents used 

in the synthesis to produce even bigger stable nanoparticles without changing the spherical 

morphology of the particles. Figure 1.1 shows the preparation of metal nanoparticles by the 

Turkevich method. 
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Figure 1.1: Schematic representation of the synthesis of citrate-stabilized AuNPs by Turkevich method (Shiraishi 

et al. 2017). 

A search for environmentally sustainable synthetic process of silver nanoparticles has led to a 

few biomimetic approaches (Liang et al. 2014). This approach must be evaluated based on a 

green chemistry perspective which includes (i) selection of a suitable solvent medium, (ii) 

selection of environmentally benign reducing and capping agent which comprises extracts from 

plants or bio organisms or a combination of biomolecules found in these extracts such as 

enzymes/proteins amino acids, polysaccharides, and vitamins and (iii) selection of non-toxic 

substances to stabilize the particles (Xing et al. 2011). The surface plasmon resonance 

properties of AgNPs have recently been examined for agglomeration, uptake and interaction in 

a variety of live cells with a high illumination system (Xing et al. 2011). Silver is safe for 

human cells in small concentrations but lethal for the majority of bacteria and viruses and hence 

it was widely used in disinfection of water and food in everyday life and in the infection control 

in medicine (Lee and El-Sayed 2006). Optical properties of AgNPs have also received much 

attention due to their potential in advanced photonic and sensor applications (Liang et al. 2014).  

Numerous methods for the synthesis of AgNPs have been reported which includes chemical 

reduction (Balavigneswaran et al. 2014), thermal decomposition (Campbell and Compton 

2010), laser ablation (Sharif et al. 2015), and sonochemical synthesis (Welch and Compton 

2006). Chemical reduction method and laser ablation method are the most employed synthetic 

methods. The chemical reduction method involved the reduction of metal salt like silver nitrate 

in an appropriate medium using various reducing agents like citrate, borohydride, etc. to 

produce colloidal suspensions integrated by NPs (Turkevich 1985). Lee and Meisel reported 

citrate reduction method where silver nitrate (90 mg) was dissolved in 500 mL of distilled water 
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Figure 1.3: Electromagnetic spectrum (Shen 2003) 

Table 1.1: Colour appearance and corresponding wavelengths (Shen 2003)  

Colour Appearance Wavelength (nm) 

Violet ≥450 

Blue 450-480 

Blue-Green 480-510 

Green 510-550 

Yellow-Green 550-570 

Yellow 570-590 

Orange 590-630 

Red ≤630 
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1.4 Colorimetric Assays 

The simplest physical property of a reaction to visualize directly is perhaps by colour or to 

quantify using a camera or UV-Vis spectrometer. However, colour is underexploited as a 

molecular method for determining local sequence, structure, and base composition. 

Colorimetry is a favourable detection method because it involves simple apparatus that can be 

used for qualitative and quantitative experimental measurements. A wide array of situations 

where the visual, qualitative determination of colour change is the sole determinant of a 

colorimetric assay’s results has been reported (Wyszecki and Stiles 1982; Shen 2003; Sharma 

2018).  Vaitukaitis reported tests for pregnancy (Vaitukaitis 2004), system for measuring pH 

was reported by (Myers 2009), whereas determination of soil and water components was 

reported by (Cenens and Schoonheydt 1988) and lastly (Maunder 1974) reported narcotics, to 

name a few. 

Colorimetric assays have characteristically used UV-Vis spectroscopy to quantify the 

reflectance, transmittance, or relative irradiance of colour generated from a chromophore. 

These colorimetric measurements produce accurate and precise data on the intensity of 

reflection or transmission of a light source as a function of a specific wavelength to quantify 

colour change. However, spectroscopy analysis has been widely used in colorimetric assays, 

the technique does not typically output a numerical representation of a sample colour (Sharma, 

Wu and Dalal 2005).  

Colour grab is a typical colour picker that is used to select and adjust colour values. It is a 

simple method for measuring the different colour intensities produced when colours are mixed 

(Montangero 2015). Colour grab version 3.6.1 is used for images or to practically measure 

colour variation. For solution evaluation, colours are selected via an interface with a visual 

representation of a colour pre-arranged with perception relevant to lightness and saturation of 

objects (Hossain et al. 2015). Colour appearance depends on comparison of neighbouring 

colours, therefore, many interfaces attempt to clarify the intensity relationship between colours 

prior red green blue (RGB) colour model. 

The RGB colour model is used for sensing representation and display of images in an electronic 

system (Ford and Roberts 1998). A comparison is done between computer colour space using 

appropriate applications and software (i.e. ImageJ) which are based on naked eye perception 

(Kumar and Verma 2010). The RGB values can be used as a colour reference in the fabrication 

of colorimetric sensors. These RGB values produce clear colour relations to the optimised 
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standard ranges. RGB colour model is easy to use with the reliability to produce highly efficient 

colorimetric schemes. RGB measurements from metal nanoparticle colorimetric assays are 

used to interpret the distinguishable colour signals given by that particular metal nanoparticle 

in reaction solutions (Cheng et al. 2014). 

There are numerous choices of colour-space models that can be utilized to quantify colours, 

including CIELAB, CMYK, RGB, HSL and XYZ, among others (Sharma, Wu and Dalal 

2005). CIELAB colour space has the following advantages: i) it is simple to understand, ii) it 

is simple to determine result from images, iii) the data obtained through different methods can 

be directly compared, iv) it is the standard colour space model used in colour industries like 

paints and textiles, v) it is simple to calculate and compare changes in colour (ΔE) and vi) the 

colour change equations are continually being easily improved (Sharma, Wu and Dalal 2005). 

Colours are numerically identified by a set of 3-dimensions in the CIELAB colour space model, 

relating lightness (L*), red verses green (a*), and yellow verses blue (b*), which defines a 

colour space in Figure 1.4. In 1976 CIE created L*, a*, b* colour space. CIELAB was based 

on a system introduced by Richard Hunter in 1942 using L, a, b values prior to this (Sharma 

2018). The L, a, b coordinates are based on a square root transformation of colour whereas L*, 

a*, b* coordinates are based on a cube root transformation of the colour data (Maunder 1974). 

Additionally, L*, a*, b* describes all colours visible to the human eye and was created to serve 

as a device independent model (Choudhury and Chatterjee 1996). The three components of 

CIELAB are L*, which is the lightness of colour (L = 0 black whereas L = 100 is white), a*, 

which is the position between red and green (a* negative values is green and positive values is 

red), and b*, which is the position between yellow and blue (b* negative values indicate blue 

whereas positive values indicate yellow) in Figure 1.4. 
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Figure 1.4: The three-dimensional colour space defined by lightness (L), red versus green (a*) and yellow versus 

blue (b*) (Choudhury and Chatterjee 1996). 

The CMY(K) colour space are commonly used for production printer colour and has a 

disadvantage of the components are pigments or inks not colours. Meanwhile, the RGB colour 

model has the disadvantages of (i) difficult to determine specific colour, (ii) non useful for 

objects specification and recognition of colours and (iii) reflects the use of cathode-ray tube 

(CRT’s) since it is hardware-oriented system. Lastly, the disadvantages of the HSL colour 

space are not uniform, does not supply with insight for colour manipulation and undefined 

chromatic hue points are sensitive to value deviation of RGB (Cenens and Schoonheydt 1988). 

The International Commission on Illumination known as CIE in 1931 referred to the studied 

human colour perception and developed a standard that is still widely used today (Cenens and 

Schoonheydt 1988). The CIE colour systems utilize three coordinates to locate colour in a 

colour space. The spaces include: CIE XYZ, CIE L*a*b* and CIE L*C*h*. The CIE 

commissioned work in 1931 and 1964 to derive the concept of a standard observer, which is 

based on the average human response to wavelengths of light in Figure 1.5. Briefly, the 

standard observer represents how an average person sees colour across the visible spectrum.   
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Figure 1.5: CIE 2° and 10° Standard observers (Sharma 2018) 

Chromaticity values are tristimulus values, with limited use as colour specifications because 

they correlate poorly with visual attributes. While Y relates to value (lightness), X and Z do 

not correlate to hue and chroma. As a result, when the 1931 CIE standard observer was 

established, the commission recommended using the chromaticity coordinates xyz. These 

coordinates are used to form the chromaticity diagram in Figure 1.6 (a). The notation Yxy 

specifies colours by identifying value (Y) and the colour as viewed in the chromaticity diagram 

(x,y). Hue is represented at all points around the perimeter of the chromaticity diagram in 

Figure 1.6 (b). Chroma, or saturation, is represented by a movement from the central white 

(neutral) area out toward the diagram’s perimeter, where 100% saturation equals pure hue. 
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Figure 1.6: (a) CIE 1931 (x,y) chromaticity diagram and (b) Chromaticity diagram (Sharma 2018). 

1.5 Problem Statement 

Nowadays, chromium has been progressively used in a number of industrial processes 

including chrome plating, dye and pigment fabrication, leather tanning, and wood preserving 

and it commonly exists as Cr(III) or (VI) oxidation states (Xin et al. 2012).  Cr(III) is an 

essential trace element for mammals considered to have low toxicity while Cr(VI) is 

approximately 100 times more toxic and is considered a human carcinogen with hostile impact 

on human skin, stomachs, lung, liver and kidneys (Kotaś and Stasicka 2000; Gomez and Callao 

2006; Rakhunde, Deshpande and Juneja 2012; Zhang et al. 2013). Cr(VI) ions are abundant in 

the environment because of their large-scale use in various industries can even be detected in 

natural water. Based on the growing attention on chromium pollution, the United States 

Environmental Protection Agency (US-EPA) suggests that the Cr(VI) concentration in 

drinking water should be under 100 ppb also the World Health Organization (WHO) proposes 

a guideline value of 50 ppb for total chromium and 16 ppb for Cr(VI) in drinking water 

(Hashemi and Daryanavard 2012; Zhang et al. 2012; Zhang et al. 2013). Effluents or slags 

containing chromium are discharged into the environment immoderately with the global 

expansion of industrial factories utilizing chromium extensively in industrial processes (Guo 

et al. 2016). Due to the increasing threat of chromium exposure in the environment, there has 

been a growing interest in the development of highly sensitive and selective assay methods for 

the determination of chromium over the past few years (Xin et al. 2012). 

(a) (b)
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Lead ion (Pb(II)) is considered a major environmental pollutant and a dangerous abundant 

heavy metal (Ratnarathorn, Chailapakul and Dungchai 2015). Pb(II) is a potent neurotoxin and 

bio-accumulative that cause potential damage to normal cellular functions, gene expression, 

affects signal transduction, and calcium mediated cellular processes (Milosevic and Maier 

2000; Barciszewska et al. 2005; Yoosaf et al. 2007). Pb(II) is ranked second in the list of toxic 

substances that cause renal malfunction and damage to the brain and kidneys (Ratnarathorn, 

Chailapakul and Dungchai 2015).  A number of anthropogenic and industrial activities such as 

smelting, use of pesticides, battery production, landfill leaching have significantly contributed 

towards Pb(II) contamination in the environment, in the last decade (Yoosaf et al. 2007). Food 

and drinking water are often contaminated with detrimental substances for humans, either as 

part of the production process natural or caused by the additives added to it (Priyadarshini and 

Pradhan 2017b). Moreover, Pb(II) has been classified as carcinogenic agents by the WHO and 

International Agency for Research on Cancer and the long-term exposure to low concentrations 

of Pb(II) causes hostile health effects. The maximum acceptable limit of Pb(II) is 0.05–0.10 

mg/L in wastewater. Nevertheless, Pb(II) is becoming a major environmental concern as a 250 

mg/L concentration has been reported in industrial wastewater (Saǧ, Özer and Kutsal 1995). 

Therefore, there is a massive demand for developing a rapid assay method that would allow 

detection of Pb (II) ions.  

Manganese ion (Mn(II)) plays an important role in the bone and other tissues formations, 

normal reproductive functions, carbohydrate and lipid metabolism under the normal condition 

and is considered as one of the essential microelements in human body (Gao et al. 2013).  

Mn(II) deficiency in human body is related to delayed blood coagulation and 

hypercholesterolemia. Yet, uptake of high concentration of Mn(II) is detrimental. Severe 

psychiatric abnormalities manifested in the form of hyperirritability, violent acts and 

hallucinations are signs of toxicity. A permanent crippling neurological disorder of the 

extrapyramidal system with morphological lesions similar to those of Parkinson disease 

appears as the diseases progresses (Organization 1996). Mn(II) is well known to exist in water 

steadily compared to other valence states of Mn. Therefore, low concentrations in samples 

(such as food stuffs, water and beverages) with high sensitivity and excellent selectivity has 

attracted much more attention to develop methods for detecting Mn(II) (Gao et al. 2013). 

Additionally, it is necessary to develop methods for detecting it at low concentrations in 

samples with great precision and accuracy (Zhou et al. 2012).  
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The AuNP-based colorimetric sensors capitalizes on the colour change that arises from the 

inter-particle plasmon coupling upon the aggregation of AuNPs (colour change from red to 

purple or blue) (Ly and Joo 2015; Ly, Oh and Joo 2015; Shahrivari, Faridbod and Ganjali 

2018). Such phenomenon has been used by many researchers to make sensitive chemical 

probes for some inorganic cations (Wu, Chen and Sung 2011; Tripathy, Woo and Han 2013; 

Wang et al. 2013; Sung and Wu 2014; Zhou et al. 2014) and chromium ions (Cr(III and VI)) 

(Dang et al. 2009; Chen et al. 2013; Lo et al. 2015; Ly, Oh and Joo 2015; Shahrivari, Faridbod 

and Ganjali 2018). 

Within the laboratory a diode-array instrument or a UV-Vis scanning instrument have been 

used traditionally for colour analysis. Diode-array instruments take a snapshot of the entire 

spectrum in less than one second while UV-Vis instruments typically take 20-60 second to 

perform the same analysis. These spectrophotometers provide necessary colour analysis but 

are relatively expensive and not always accessible for use outside of the laboratory setting. In 

contrast, other low cost techniques are available that exploit colour imaging and colour space 

analysis to measure subtle changes in colour that are more representative of human colour 

perception (Margulis 2005).  

Image processing was conducted using instrument dependent RGB colour coordinates and 

instrument independent CIE L*a*b*/Yxy which has never been reported in literature using 

functionalized gold and silver nanoparticles for the colorimetric detection of Cr(VI), Pb(II) and 

Mn(II) ions. An extensive literature survey revealed that modified and unmodified gold and 

silver nanoparticles based colorimetric assays are widely used for the colorimetric detection of 

Cr(VI), Pb(II) and Mn(II) ions. However, in our knowledge no reports were published where 

they synthesized the capping ligands and employed the RGB colour coordinates and CIE 

L*a*b* colour space to measure the colour dynamics between the ligands, gold and silver 

nanoparticles.  The results emanating from this work are presented in a case-study method 

ranging from potential papers for publication. 

1.6 Motivation 

This study provides the development of a simple, selective, sensitive and rapid colorimetric 

sensors for the detection of Cr(VI), Pb(II) and Mn(II) using functionalized gold and silver 

nanoparticles. Synthesis of complex ligands for the functionalization of gold and silver 

nanoparticles is of utmost importance as there are no studies reported in literature based on our 
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knowledge that reported the colorimetric detection of these heavy metals using synthesis 

ligands. The optical sensors developed herein presents a cost-effective tool for monitoring 

Cr(VI), Pb(II) and Mn(II) in environmental water samples. Due to the increasing threat of 

chromium exposure in the environment, there has been a growing interest in the development 

of highly sensitive and selective assay methods for the determination of chromium over the 

past few years (Xin et al. 2012). The importance of monitoring the toxic metal ions in the 

aquatic ecosystems remains an issue due to the hostile effects on ecological environment and 

human health by means of the food chain (Wang et al. 2015). Sensitive and selective detection 

of heavy metal ions in environmental waters has become crucial for controlling the quality of 

discharged water.  

Various techniques for determination of Cr(III), Cr(VI), Pb(II) and Mn(II) have been developed 

over the past decades, including High-Performance Liquid Chromatography (HPLC) (Wang et 

al. 2010), Electro-Thermal Atomic Absorption Spectroscopy (ETAAS) (Chen et al. 2010; 

Zhang et al. 2012), ICP-MS (Guerrero et al. 2012), SPE (Ma, Yang and Byrne 2012), 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) (Meeravali, Madhavi 

and Kumar 2011; Cheng et al. 2012) and AAS (Milosevic and Maier 2000; Barciszewska et 

al. 2005; Yoosaf et al. 2007), ICP-MS (Saǧ, Özer and Kutsal 1995; Priyadarshini and Pradhan 

2017b), ICP-AES (Yu et al. 2017), and XRF spectrometry(Liu, Jiang and Liu 1999). However, 

these methods involve sample pre-treatment procedures, are time consuming and can only 

directly detect one valence state. Additionally, instruments such as ICP-OES and ICP-MS are 

bulky and expensive with high operating cost. Therefore, developing simple methods for 

selective and sensitive determination of Cr(III) and Cr(VI) is still a great challenge (Zhang et 

al. 2013). The development of a simple and practical method for the determination of Cr(VI) 

is of significant importance (Guo et al. 2016).  While, these methods can detect Pb(II) 

sensitively and accurately, but there are limits in their complicated sample preparation 

processes, expensive, and required any specialized as well as sophisticated instrumentation 

(Ratnarathorn, Chailapakul and Dungchai 2015). (Chai et al.) reported a viable colorimetric 

detection of Pb(II) ions using glutathione conjugated AuNPs showing a MDL of 100 nM (Chai 

et al. 2010; Priyadarshini and Pradhan 2017a). High affinity of GSH to bind to Pb(II) ions was 

suggested by a negative result yielded by a control sets treated with other metal cations. 

Moreover, many dynamic methods have been reported for Mn(II) determination based on its 

catalytic effect on the oxidation of organic compounds. Although some of these methods have 
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extremely low detection limitation, most of them lack sufficient sensitivity for detecting Mn(II) 

and are cockamamie or uneconomical (Mutaftchiev 2001; Wei et al. 2003; Gao et al. 2013).  

1.7 Aim and Objectives 

This project is based on the development of CIELAB colour system for the detection of Cr(VI), 

Pb(II) and Mn(II) using functionalized gold and silver nanoparticles.  

Objectives are: 

• To synthesize citrate capped AuNPs and AgNPs optical enabled sensors. 

• To synthesize 3-(p-tolyl)-2,3-dihydropyrazolo[3,4-b] indole-1(4H)-carbothioamide 

(TRPIDA_CH3) complex, 1-methyl-6-phenyl-6, 7-dihydro-5H-indolo [3, 2-c] [1, 8] 

naphthyridine (TRPIDB_H) complex and 3-(4-hydroxy-3-methoxyphenyl)-2, 3-

dihydropyrazolo [3, 4-b] indole-1(4H)-carbothioamide (TRPIDA_V) complex. 

• To characterize citrate capped AuNPs and AgNPs using UV-Vis, TEM and DLS. 

• To characterize fully the synthesized TRPIDA_CH3, TRPIDB_H and TRPIDA_V 

complexes using FT-IR, 1H and 13C NMR, TOF-MS and elemental analysis. 

• To fabricate the AuNPs with TRPIDA_CH3, DPC and TRPIDA_V complexes for the 

selective detection of Cr(VI) and Mn(II), respectively. 

• To fabricate AgNPs with TRPIDB_H complex for the selective detection of Pb(II). 

• To optimize RGB colour coordinates and CIE L*a*b*/Yxy colour system using Cr(VI), 

Pb(II) and Mn(II) standard solutions. 

•  To quantify Cr(VI) in wastewater effluent using TRPIDA_CH3 functionalized AuNPs 

spectrophotometrically and optimized RGB colour coordinates and CIE L*a*b*/Yxy 

colour system. 

• To spectrophotometrically analyse the DPC-AuNPs and image processing of Cr(VI) 

standard solutions. 

• To analyse intensity of colours using a smartphone. 

• To study computationally, the adsorption of Cr(VI) on the surface of DPC-AuNPs. 

1.8 Research Hypothesis 

This study is aimed at presenting the development of affordable, sensitive, specific, user-

friendly, reliable and instrument free colorimetric assays to detect heavy metals in 
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environmental water samples using functionalized metal nanoparticles. The presence of these 

environmental pollutants poses a great threat to humans and the development of highly 

selective and sensitive colorimetric methods poses a challenge. Synthesis of complex ligands 

for the modification of AuNPs and AgNPs is important and according to our knowledge no 

studies have been reported in literature. The developed optical enabled colorimetric sensors are 

a suitable alternative quantification tool for detecting trace levels of Cr(VI), Pb(II) and Mn(II). 

1.9 Thesis Outline 

The outcome of this research study is outlined in seven chapters as presented below: 

Chapter 1 provides a detailed general introductory background information, problem 

statement, motivation, aims and objectives of this study.  

Chapter 2 reports an in-depth literature review of the metal nanoparticles preparation, 

functionalization of metal nanoparticles, detection of heavy metals using functionalized 

AuNPs, colorimetric detection of target metals and reports on limits of detection and 

quantification of target metals which are namely: Cr(VI), Pb(II) and Mn(II). 

Chapter 3 describes the chemicals and reagents used in this study. Additionally, the 

experimental methodologies for all studies are also reported which are the synthesis of the 

citrate capped AuNPs and AgNPs, synthesis of TRPIDA_CH3, TRPIDB_H, and TRPIDA_V 

complexes, characterization of functionalization ligand complexes and the functionalization of 

citrate capped AuNPs and AgNPs. Furthermore, preparation of metal ion standard solutions 

and their treatment with AuNPs and AgNPs and selectivity studies are described. The 

experimental and computational methodologies for all the case studies are also defined.  

Chapter 4 – Case Study I – results of the synthesis and characterization of 3-(p-tolyl)-2,3-

dihydropyrazolo [3,4-b] indole-1 (4H)-carbothioamide functionalized gold nanoparticles for 

the CIE L*a*b*/Yxy colorimetric detection of Cr(VI) are presented and discussed in this 

chapter. 

Chapter 5 – Case Study II – this chapter discusses the results of the development of a 

smartphone and spectrophotometric based systems for colorimetric detection of Cr(VI) using 

1,5-diphenylcarbazide functionalized gold nanoparticles supported by CIE L*a*b*/Yxy colour 

space and molecular dynamics. 
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Chapter 6 – Case Study III – this chapter elaborates the results of understanding interaction 

between 1-methyl-6-phenyl-6, 7-dihydro-5H-indolo [3, 2-c] [1, 8] naphthyridine complex with 

silver nanoparticles and Pb(II): a CIE Lab/Yxy and RGB colour coordinates study. 

Chapter 7 – Case Study III – the colorimetric detection of Mn(II) using 3-(4-hydroxy-3-

methoxyphenyl)-2, 3-dihydropyrazolo [3, 4-b] indole-1(4H)-carbothioamide capped gold 

nanoparticles: A CIE L*a*b*/Yxy colour space study results and discussion are presented in 

this chapter. 

Chapter 8- Conclusions- this chapter discussed the conclusions based on the work conducted 

for this dissertation. 
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CHAPTER TWO 

2.0 LITERATURE REVIEW  

2.1 Heavy metals of interest 

Effluents or slags containing chromium are discharged into the environment immoderately with 

the global expansion of industrial factories utilizing chromium extensively in industrial 

processes (Guo et al. 2016). Due to the increasing threat of chromium exposure in the 

environment, there has been a growing interest in the development of highly sensitive and 

selective assay methods for the determination of chromium over the past few years (Xin et al. 

2012). The importance of monitoring the toxic metal ions in the aquatic ecosystems remains 

an issue due to the hostile effects on ecological environment and human health by means of the 

food chain (Wang et al. 2015). Sensitive and selective detection of heavy metal ions in 

environmental waters has become crucial for controlling the quality of discharged water. 

Chromium has been increasingly used in a number of industrial processes nowadays including 

chrome plating, dye and pigment fabrication, leather tanning, and wood preserving and it 

commonly exists in chromium(III) and (VI) oxidation states (Xin et al. 2012). 

 

Various strategies have been reported previously to detect Cr(VI), those reports include 

methods based on large equipment’s such as Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS) (Wen, Shan and Lian 2002), Atomic Absorption Spectroscopy (AAS) 

(Chwastowska et al. 2005), X-ray Fluorescence (XRF) and Solid Phase Extraction  (SPE) 

(Tsuyumoto and Maruyama 2011; Ma, Yang and Byrne 2012). Additionally, those large 

equipment-based methods usually have superior accuracy and stability. However, they usually 

suffer from disadvantages such as sophisticated pre-treatment, requirement of professional 

operation and also high cost, which render them unsuitable for real-time field monitoring. 

While, colorimetric assay based on metal nanoparticles have attracted increasing attentions in 

recent years because they require no complex instrumentations and signal recognition can be 

achieved by just naked eye in the form of colour change (Chen et al. 2015; Ratnarathorn, 

Chailapakul and Dungchai 2015; Wang et al. 2015).  
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Gold nanoparticles (AuNPs) are those of particular interest, as they have strong surface 

plasmon resonance (SPR) absorption with extremely high extinction coefficients (108−1010 

M−1 cm−1) in the visible region (Guo et al. 2016). Various techniques for determination of 

Cr(III) and Cr(VI) have been developed over the past decades, including High-Performance 

Liquid Chromatography (HPLC) (Wang et al. 2010), Electro-Thermal Atomic Absorption 

Spectroscopy (ETAAS) (Chen et al. 2010; Zhang et al. 2012), ICP-MS (Guerrero et al. 2012), 

SPE (Ma, Yang and Byrne 2012) and Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) (Meeravali, Madhavi and Kumar 2011; Cheng et al. 2012). However, 

these methods involve sample pre-treatment procedures, are time consuming and can only 

directly detect one valence state. Additionally, instruments such as ICP-OES and ICP-MS are 

bulky and expensive with high operating cost. Therefore, developing simple methods for 

selective and sensitive determination of Cr(III) and Cr(VI) is still a great challenge (Zhang et 

al. 2013). The development of a simple and practical method for the determination of Cr (VI) 

is of significant importance (Guo et al. 2016).   

 

Even a low concentration of Cr(VI) exposure might generally cause haemolysis, renal and liver 

failure and even various types of cancer (Guo et al. 2016). Cr(III) is a vital mineral which has 

been shown to lower oxidative stress, maintaining normal physiological function and improves 

metabolism by activating certain enzymes  (Guo et al. 2016; Shaikh et al. 2017). Trivalent 

chromium ion, Cr(III), is considered an essential transition metal ion that regulates insulin 

action on the control of blood sugar in humans (Lo et al. 2015; Guo et al. 2016; Shaikh et al. 

2017). Deficiency of chromium has been linked to insulin resistance or glucose intolerance. 

However, overload of chromium ion would induce oxidative damage to some cellular 

components, such as lipids, proteins, and Deoxyribonucleic Acid (DNA) (Lo et al. 2015; Guo 

et al. 2016). Unfortunately, Cr(VI) is widely distributed in wastewater all over the world, which 

was a persistent great threat to the environment and human health (Dang et al. 2009; Lo et al. 

2015). Cr(VI) may be easily reduced to Cr(III) with the formation of reactive free radicals 

within the cell, leading to the inhibition of the metallo-enzyme system (Kotaś and Stasicka 

2000; Jin, Wu and Chen 2014). Furthermore, Cr(VI) compounds are highly soluble and mobile 

in both biological and natural ambient systems (Lee and El-Sayed 2006). As specified by World 

Health Organization (WHO), US Environmental Protection Agency (EPA) standard and 

European Community (EC), the MAL (maximum allowable level) of Cr(III) in drinking water 

are 50 μg/L, 100 μg/L, and 50 μg/L, respectively (Chen et al. 2014; Shiraishi et al. 2017). The 
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two oxidation states, Cr(VI) and Cr(III) are exchangeable. Thus, there is a pressing need to 

explore an accurate and reliable method for the detection and monitor of chromium ions. 

 

Numerous methods have been used for the detection of Pb(II) such as AAS (Milosevic and 

Maier 2000; Barciszewska et al. 2005; Yoosaf et al. 2007), ICP-MS (Saǧ, Özer and Kutsal 

1995; Priyadarshini and Pradhan 2017b), ICP-AES (Yu et al. 2017), electrochemical method 

(Jian-feng et al. 2016) and XRF spectrometry(Liu, Jiang and Liu 1999). While, these methods 

can detect Pb(II) sensitively and accurately, but there are limits in their complicated sample 

preparation processes, expensive, and required any specialized as well as sophisticated 

instrumentation (Ratnarathorn, Chailapakul and Dungchai 2015). (Chai et al. 2010) reported a 

viable colorimetric detection of Pb(II) ions using glutathione conjugated AuNPs showing a 

MDL of 100 nM (Chai et al. 2010; Priyadarshini and Pradhan 2017a). High affinity of GSH to 

bind to Pb(II) ions was suggested by a negative result yielded by a control sets treated with 

other metal cations.  

In recent years, various methods have been reported for Mn(II) detection, including atomic 

absorption spectrometry (AAS) (Nascentes et al. 2005), inductively coupled plasma mass 

spectroscopy (ICP-MS) (Beauchemin and Berman 1989), and inductively coupled plasma-

atomic emission spectrometry (ICP-AES) (Dahlquist and Knoll 1978). However, these 

methods need costly instruments or complicated procedures, making them inconvenient and 

time consuming. Moreover, many dynamic methods have been reported for Mn(II) 

determination based on its catalytic effect on the oxidation of organic compounds. Although 

some of these methods have extremely low detection limitation, most of them lack sufficient 

sensitivity for detecting Mn(II) and are cockamamie or uneconomical (Mutaftchiev 2001; Wei 

et al. 2003; Gao et al. 2013). Recently, many colorimetric assay methods have been reported 

for detection of heavy metal ions based on gold or silver nanoparticles due to their high 

extinction coefficient and strong surface plasmon resonance properties (Boisselier and Astruc 

2009; Tolaymat et al. 2010; Liu, Wang and Jiang 2011; Gao et al. 2013).  Various methods for 

the determination of manganese have been reported, including electron spectroscopy (Zaw and 

Chiswell 1999). Diphenylphosphine (DPP) (Luther III, Nuzzio and Wu 1994), chemical 

modifer-Electrothermal Atomic Absorption Spectrometry (ETAAS) (Zhou et al. 2012) and 

crosslinked chitosan-Flame Atomic Absorption Spectrometry (FAAS) (Kargosha and 

Noroozifar 2000). (Soto-Neira, Zhu and Aller) proposed a spectrophotometric method to 

quantify dissolved manganese in marine pore waters, using Cadmium(II) meso-Tetrakis(4-



 

21 
 

sulfophenyl)porphyrin (Cd-TSPP) complex as an indicator (Soto-Neira, Zhu and Aller 2011). 

However, most of these techniques need costly instruments or complex procedures, making 

them in convenient and time-consuming (Zhou et al. 2012). 

Pyrazoles are five-membered aromatic heterocycles containing two nitrogen atoms adjacent to 

each other. This skeleton is an important template for designing and developing diverse 

therapeutic drugs (Kale, Pawar and Kale 2016; Makhanya 2019) since they display several 

biological properties such as analgesic, antipyretic, anti-hyperglycemic, anti-inflammatory, 

antibacterial, hypoglycemic and sedative-hypnotic activities (Dadiboyena and Nefzi 2011; 

Makhanya 2019).  While pyrazoles are available from natural sources, the synthetic molecules 

dominate the pharmaceutical industry because they can be synthesized from simple substrates 

although different methodologies are described. Obtaining pyrazoles from living organisms 

poses a problem because of their limited ability to metabolize molecules which possess two 

nitrogen atoms next to each other (Makhanya 2019). Researchers are focusing on increasing 

the library of pyrazoles due to the lack of sufficient natural products by designing new synthetic 

routes to produce novel molecules which have potential bio-activity (Kumar et al. 2013; Tewari 

et al. 2014; Makhanya 2019). The chemistry of fused pyrazoles have attracted massive 

attention because of their pharmacological significance in treating various health issues.  

2.2 Gold and Silver Nanoparticles as an optical sensor for 

2.2.1 Chromium 

Although a number of analytical methods support chromium ions estimation, recently AuNPs 

based colorimetric sensors have been widely investigated for the detection of chromium in real 

environmental samples. The basis of these sensors is formed by the chromium induced cross-

linking of functionalized AuNPs or chelation reaction. (Zhao et al. 2012) reported the 

development a highly sensitive probe for Cr(III) ions based on a chelation reaction. The AuNPs 

functionalized with dithiocarbamate-modified N-benzyl-4-(pyridin-4-ylmethyl) aniline (BP-

DTC) ligand was used in their study. The ligand molecule binds to AuNPs via carbodithioate 

(CS2) group while the free pyridine group of ligand binds to Cr(III) ions. In these assay 

methods, the introduction of ligands onto the surfaces of AuNPs not only stabilize AuNPs in 

solution, but also can interact with metal ions through a coordination reaction. Furthermore, 

analyte-triggered aggregation of these functionalized AuNPs leads to a red shift in the SPR 

absorption band resulting in a red-to-gray colour change. Above all, the distance-dependent 
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SPR absorption of AuNPs has become a useful tool for the development of colorimetric sensing  

with various analytes (Xin et al. 2012). Table 2.1 shows the preparation of gold nanoparticles 

by the Turkevich method. Functionalization is the process of modifying the surface of metal 

NPs. The use of AuNPs and AgNPs as colorimetric probes requires a modification step where 

they are conjugated with target specific ligand molecules that facilitate specific binding to the 

target analyte of interest. The metal NPs surface are conjugated with functionalizing molecule 

such that it chemically anchors to surface while the other end remains free. The free functional 

groups of the molecule can thus bind to or interact with the target molecule of interest 

(Priyadarshini and Pradhan 2017a).  

2.2.2 Lead 

A report by (Kim et al.) employed mercaptoundecanoic acid (MUA) functionalized AuNPs as 

an effective colorimetric probe to detect Pb (II) ions. They established that the Pb(II) ions bind 

to the free acidic groups of MUA resulting in aggregation and change in colour of assay 

solution from red to blue (Kim et al. 2017). A red shift in SPR peak with decreasing intensity 

was observed with increasing Pb(II) ion concentration. Additionally, they proposed the reaction 

was reversible since the addition of EDTA resulted in chelation of Pb(II) ions and successive 

disassembly of AuNPs and restoration of original red colour of AuNPs (Ratnarathorn, 

Chailapakul and Dungchai 2015). The Minimum detection limit (MDL) of the assay was 0.5 

µg/L by naked eye and was also used for Pb(II) detection in real water samples (Wei et al. 

2003). An observation was made that the AuNPs aggregates formed by hydrogen bonds 

between carboxylic acid residues in methanol/water system get disrupted in presence of Pb(II) 

ions leading to electronic repulsion among AuNPs which results in colour change from initial 

blue to red  (Wang et al. 2013). Another unique feature of the sensor was ease of varying the 

detection range and hence allows accurate quantification of analytes. (Wang, Lee and Lu 2008; 

Wei et al. 2008) studied the fact that single-stranded Deoxyribonucleic Acid (ssDNA) can bind 

to and efficiently stabilize citrate capped AuNPs while anti-double stranded Deoxyribonucleic 

Acid (dsDNA) could not. They used a high specific Deoxyribozyme (DNAzyme) containing 

eight bases substrate strand at 5’end and eight complimentary bases at the 3’ end that 

constituted the enzyme strand. In presence of Pb (II) ion, cleavage of the hybridized 

complimentary strand occurs resulting in release of single-stranded Deoxyribonucleic Acid 

(ssDNA) strands. The generated single-stranded Deoxyribonucleic Acid (ssDNA) strands bind 

to AuNP surface stabilizing them. Though, in absence of Pb(II) ions cleavage does not occur 
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leading to destabilization and aggregation of AuNPs and resultant change in colour from red 

to purple to blue colour (Wang, Lee and Lu 2008). On the contrary, (Wei et al. 2008)carried 

out substrate specific cleavage by 17E Deoxyribozyme (DNAzyme) leading to release of 

single-stranded Deoxyribonucleic Acid (ssDNA) which attach to AuNP surface preventing 

their aggregation in a high salt concentration. In absence of Pb(II) ion, anti-double stranded 

Deoxyribonucleic Acid (dsDNA) structure formed cannot stabilize AuNPs leading to 

aggregation and change in colour from red to blue. The results therefore suggest that the 

biochemistry of Deoxyribozyme (DNAzyme) structure and nanoparticle size play an integral 

role in development of a superior quality colorimetric sensor. 

2.2.3 Manganese 

Colorimetric sensors have attracted increasing consideration for their convenience of visual 

observation and simple operations in recent years (Luther III, Nuzzio and Wu 1994; Cao et al. 

2005; Zhou et al. 2012). Compared with other assays, they allow direct and on-site analysis of 

the samples with the naked eye. Among colorimetric sensors, silver nanoparticles-based 

colorimetric sensors have many advantages over gold nanoparticles-based ones, such as higher 

extinction coefficients and lower prices, allowing detection with minimal material 

consumption (Lee and El-Sayed 2006). A small number of researchers have been starting to 

explore Mn(II) detection method based on gold or silver nanoparticles (Huang et al. 2007). 

However, some of them used organic reagents as the functional selective reagents, which are 

instability and easily oxidized. (Zhou et al.) proposed a new facile and rapid colorimetric 

detection method of Mn(II) with high sensitivity and excellent selectivity using 

tripolyphosphate stabilized silver nanoparticles (P3O10
5−–AgNPs) (Zhou et al. 2012). The 

sodium polyphosphate is inorganic reagent which is stability, non-toxic and biocompatible. 

The P3O10
5−–AgNPs aggregate quickly in the presence of Mn(II), which leads to colour change 

of the nanoparticle dispersion from yellow to reddish brown and decrease of the surface 

plasmon absorption intensity. The Mn(II) is attracted to the surrounding of P3O10
5−–AgNPs via 

the electrostatic interaction and then can form a six-coordinated structure with P3O10
5− coating 

on the AgNPs, which leads to formation of large particles aggregation. Due to the aggregation 

mechanism, this P3O10
5−–AgNPs detection system is very sensitive for Mn(II) detection (Gao 

et al. 2013).  (Ratnarathorn, Chailapakul and Dungchai) reported AgNPs modified with 4-

mercaptobenzoic acid and melamine as selective colorimetric sensors for Mn(II). Seemingly, 

both –SH of 4-Mercaptobenzoicacid and –NH2 of melamine can interact with AgNPs and the 
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–COOH group of 4-Mercaptobenzoicacid and –NH2 of melamine were modified on the surface 

of AgNPs together as a result. Both 4-MBA and MA have been reported to have strong affinity 

to metal ions (Ratnarathorn, Chailapakul and Dungchai 2015).  

Table 2.1 shows chromium, lead and manganese sensing based on gold and silver nanoparticles 

aggregation functionalized with different capping ligands. However, the process of 

functionalization is associated with disadvantages of protracted and costly two-step procedure 

of synthesis and conjugation of target specific ligand molecule which sometimes affects the 

inherent reactivity of metal nanoparticles. Furthermore, AuNPs synthesized by the classical 

Turkevich citrate reduction method show a high affinity for positively charged metal ions as 

the AuNP surface is negatively charged because of the citrate molecule.
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Table 2.1: Showing the preparation of AuNPs by Turkevich method 

Capping Ligand Preparation Reference 
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Table 2.2: Showing chromium, lead and manganese sensing based on AuNPs aggregation using different capping ligands.  

Capping ligand Aggregation References 
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2.3 Detection of chromium using functionalized AuNPs 

Photographs images of chromium, lead and manganese standards previously reported in 

literature were analysed using ImageJ software (National Institute of Health USA, 

http://imagej.nih.gov./ij) as shown in Table 2.3. The pictures were processed by firstly 

eliminating the background light effect to highlight the actual colours of solutions. The RGB 

values output were measured for each colour and recorded. The RGB values were then 

transferred into the “More fill” colour tab on the computer for further processing. Image 

processing was done in triplicate for mean RGB values. The RGB colour model values for each 

photograph were converted to L, a* and b* (Yxy) values using website conversions 

(http://colormine.org/convert/rgb-to-hunterlab). The obtained L, a* and b* values were then 

used to calculate the colour difference (∆E), hue angle and chroma using the following 

equations. 

∆𝐸 =  √(∆𝐿)2 + (∆𝑎)2 + (∆𝑏)2      Equation 2-1  

where: ∆L is the difference in lightness/darkness value, ∆a is the difference on the red/green 

axis and ∆b is the difference of the yellow/blue axis. Colour differences based on (ΔE) 

calculations for a standard observer can be quantified as follows, when: 

• 0 < ΔE < 1 - observer does not notice the difference,  

• 1 < ΔE < 2 - only experienced observer can notice the difference,  

• 2< ΔE < 3:5 - unexperienced observer also notices the difference,  

• 3:5 < ΔE < 5 - clear difference in colour is noticed,  

• 5 < ΔE - observer notices two different colours. 

 

chroma: 𝐶∗ =  √(𝑎∗)2 +  (𝑏∗)2      Equation 2-2 

Chromaticity increases as a colour becomes more intense and decreases as colour becomes 

dull. Chroma is the vividness or saturation of colour. 

hue angle: ℎ =  𝑡𝑎𝑛−1(
𝑏∗

𝑎∗
)       Equation 2-3 
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Hue angle is the basic unit of colour. Hue is represented by the angle around the vertical axis, 

with starting red at 0⁰, then yellow, green, cyan, blue, and magenta respectively, each interval 

is 60⁰. Any two colours with 180⁰ difference are complementary colours.  

In graph (a) it was observed that the DPC-AuNPs dispersion turned from wine red to gray upon 

the addition of 10 and 20 µM Cr(VI) standard solution. Meanwhile, the colour difference graph 

(a) red line increased as the Cr(VI) standards concentration increased and the hue angle graph 

(a) blue line increased from the blank to 1 µM followed by a rapid decrease from 5-10 µM. 

Chroma increased from 0.5-5 µM then decreased from 5-10 µM. In Photograph image (b) the 

synthesized colloidal AgNPs were yellow in colour. However, upon interaction with Cr(VI) 

standard solution the particles immediately aggregated with an intense colour change from 

yellow to purple as shown in Photograph image (b). A rapid decrease in colour difference graph 

(b) red line of AgNPs in the presence of Cr(VI) was observed from (1×10-3)-(1×10-9) M, a 

significant decrease in hue angle graph (b) blue line was observed as the Cr(VI) concentration 

increased followed by an increase from (1×10-5)-(1×10-9) and no significant trend was observed 

in chroma graph (a). Silver nanoparticles functionalized with iminodiacetic acid (IDA-AgNPs) 

in photograph (c) changed colour from yellow to green on exposure to Pb(II) which was 

assumed to result from the aggregation of IDA-AgNPs induced by Pb(II). The colour difference 

increased as the Pb(II) concentration increased in graph (c) red line, a significant increase was 

observed in hue angle 6×10-6 M Pb(II) in blue line and chroma decreased significantly as the 

Pb(II) concentration increased. In photograph image (d) silver nanoparticles functionalized 

with tripolyphosphate (P3O10
5--AgNPs) aggregated in the presence of Mn(II) which led to 

colour change from yellow to reddish brown. The colour difference red line increased 

significantly in as the Mn(II) concentration increased, no significant trend was observed in hue 

angle blue line and a rapid decrease in chroma was observed from 0.5-20 µM. In Photograph 

image (e) silver nanoparticles co-functionalized with 4-mercaptobenzoic acid (4-MBA) and 

melamine (MA) (4-MBA-MA-AgNPs) aggregated in the presence of Mn(II) through 

cooperative metal-ligand interaction resulting in colour change from bright yellow to purple. 

The colour difference red line increased significantly in as the Mn(II) concentration increased, 

no significant trend was observed in hue angle blue line and a rapid decrease in chroma was 

observed from (5×10-6)-(2.5×10-6) M.



 

31 
 

Table 2.3: Showing the image analysis of standard solutions for the detection of Cr(VI), Pb(II) and Mn(II). 

Photograph images References 

Image analysis 

∆E and hue vs concentration 

graphs 

Chroma vs concentration 

graphs 

(a) 

 

 

 

 

 

 

(Liu, Leng 

and Lin 

2016) 

(a) 

 
 

(a) 

 
 

(b) 

 

 
 

 

 

 

 

 

(Ravindran 

et al. 2012) 

(b) 

 

(b) 
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(c) 

 

 
 

 

 

 

 

 

(Qi, Shang 

and Wu 

2012) 

(c) 

 

(c)

 
(d) 

 

 
 

 

 

 

 

(Gao et al. 

2013) 

(d)

 
 

 

(d) 
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(e) 

 

 
 

 

 

 

 

 

(Zhou et al. 

2012) 

(e)

 
 

(e)
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2.4 Selectivity studies of Cr(VI), Pb(II) and Mn(II) using CIE L*a*b*/Yxy 

chromaticity analysis. 

Chromaticity values depend only on dominant wavelength and saturation and are independent 

of the amount of luminous energy. The CIE chromaticity diagram is a horseshoe-shaped 

diagram that can be drawn using x and y values for all visible colours. The center point of the 

diagram represents a standard white light which estimates sunlight. The chromaticity diagram 

is useful for comparing colour gamut for different sets of primaries, determining the dominant 

wavelength and purity of a given colour and identifying complementary colours. The red, green 

and blue primaries can only generate colours inside or on the bounding edges of the triangle in 

a CIE chromaticity diagram. The CIE chromaticity diagram can never be filled by a single 

triangle which completely fills. That is why no set of three primaries can be additively 

combined to generate all visible colours. Colorimetric detection using gold nanoparticles for 

the detection of Cr(VI) and Pb(II) is presented in photographic image (a) and (e), respectively. 

The AuNPs solutions changed from wine-red to blue upon addition of Cr(VI) and Pb(II) in 

both photographic images (a) and (e) and the chromaticity diagrams corresponded to the 

colours depicted in the photographic images and the points representing Cr(V) and Pb(VI) were 

observed in the blue region. Meanwhile, the RGB curves followed the same trend with for all 

the investigated metal ions with GB curves almost identical. The investigated metal ions in 

photographic image (b) yielded yellow coloured AgNPs and the AgNPs solution changed to 

orange-brown after the addition of Cr(III) and (VI). No significant changes were observed were 

observed in the chromaticity diagram. No apparent trend was observed in the RGB curves. A 

reddish brown and blue colours were observed upon addition of Cr(VI) and Mn(II) in AgNPs 

yellow solutions in photographic images (c) and (d), respectively.     This was further confirmed 

by the corresponding shift to the red region for the Cr(VI) point in the chromaticity diagram , 

while all the other points were observed in the yellow region in chromaticity diagram (c). The 

blue coloured solution observed in photographic image (d) yielded a point in the blue region 

corresponding to Mn(II) in chromaticity diagram (d). Additionally, a  rapid decrease in the R 

and G curves was observed in photographic images (c) and (d) for Cr(VI) and Mn(II), 

respectively. 
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Table 2.4: Showing the CIE L*a*b* chromaticity and RGB colour models of interfering ions for the detection of Cr(VI), Pb(II) and Mn(II). 

Photograph images Ref 
Chromaticity analysis 

CIELab Chromaticity RGB colour model graphs 

(a) 

 

 
 

 

 

 

 

 

(Liu, Leng and Lin 

2016) 

 

 

 

 

(b) 

 

 
 

 

 

 

(Wu et al. 2013) 
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(c) 

 

 
 

 

 

 

 

 

(Ravindran et al. 

2012) 

 

 
 

 
 

(d) 

 

 
 

 

 

 

(Zhou et al. 2012) 
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(e) 

 

 
 

 

 

 

 

 

(Ratnarathorn, 

Chailapakul and 

Dungchai 2015) 
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2.5 Detection limits of Cr(VI), Pb(II) and Mn(II) 

The detection limits of citrate capped gold and silver nanoparticles, functionalized gold and 

silver nanoparticles for the colorimetric detection of Cr(VI), Pb(II) and Mn(II) reported in 

literature are represented below in Table 2.5. 

Table 2.5: Showing reported LOD’s of functionalized AuNPs and AgNPs for the detection of 

Cr(VI), Pb(VI) and Mn(II). 

Analyte Capping ligand LOD Reference 

 

Cr(VI) 

 

Na+

Na+

Na+

HO

O

O-

O O-

O

-O

sodium citrate  
 

0.4 nM 
(Kanagaraj et al. 

2017) 

 

NHHN

O

HN

NH

1,5-diphenylcarbazide  
 

0.3 µM 
(Liu, Leng and Lin 

2016) 

 

O

HO

N+

O

-O

S

5-thio-(2-nitrobenzoic acid) 

1 µM 
(Lai and Tseng 

2011) 

 

S

S

O

OH

N+

O

O-O

HO

N+

O

-O

5,5-dithiobis(2-nitrobenzoic acid)  

25 ppt 
(Hughes et al. 

2013) 
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Mn(II)  

 

0.1 µM (Gao et al. 2013) 

Mn(II) 

 

 
 

and  

 

 
 

5×10-8 M (Zhou et al. 2012) 

Pb(II) 

 

 

13 nM 
(Qi, Shang and Wu 

2012) 

 

Na+

Na+Na+

Na+

Na+

P

O

O-

-O

O

P

O

-O

OP

O

-O

O-

sodium triphosphate

O

HO

SH

4-mercaptobenzoic acid

N

H2N

N

NH2

N

NH2

melamine

H
N

O

OH

O

HO

iminodiacetic acid
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CHAPTER THREE 

3.0 MATERIALS AND METHODS 

3.1 Experimental 

3.1.1 Chemicals and Reagents 

Gold chloride trihydrate (>99.9%) (AuCl4H7O) was purchased from Leap Chem (Hangzhou, 

China) through DLD Scientific (Durban, South Africa). Tri-sodium citrate dihydrate (>99%) 

(Na3C6H5O7) was purchased from Merck (Pty) Ltd (Durban, South Africa) and Potassium 

dichromate (K2Cr2O7) from Associated Chemical Enterprises (Johannesburg, South Africa). 

All solutions were prepared using deionized water (18.2 MΩcm specific resistance). All 

chemicals that were used for synthesis of functionalization ligand complexes were purchased 

from Sigma-Aldrich and Merck (St. Louis, Missouri United States) and used without further 

purification. Solvents used were of synthesis grade.  

3.1.2 Characterization of AuNPs, AgNPs and ligand complexes 

UV-Vis spectrophotometer Cary UV 50 from Varian was used to investigate the optical 

properties. All spectra were recorded from 350 to 800 nm. Particles size and shape were 

investigated using Transmission Electron Microscope (TEM) carried out on a TEM CM 120 

model from Philips operated at an acceleration voltage of 120kv.  The melting point was 

determined by Stuart SMP 10. The IR spectra were recorded on Varian Scimitar 1000 FT-IR 

using KBr pellets and the absorption frequencies were expressed in reciprocal centimeters (cm-

1). The NMR spectra were recorded on a BRUKER 400 MHz spectrometer. The chemical shifts 

values were recorded on δ scale and the coupling constants (J) in Hertz. A TOF-MS analyzer 

for mass measurement was used. The progress of the reaction was monitored by TLC using 

aluminium plates with silica gel. The elemental analysis (C, H, N) were obtained from a Perkin 

Elmer (Waltham, Massachusetts, United States) precisely 2400 analyzer.  Dynamic light 

scattering (DLS) measurements of the AgNPs solution were measured using a Malvern 

Zetasizer Nano instrument (Zetasize Nano S90). 
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3.1.3 Synthesis of gold and silver nanoparticles.  

3.1.3.1 Synthesis of citrate capped gold nanoparticles 

The standard method, reported in literature (Turkevich, Stevenson and Hillier 1951) was 

adopted for the synthesis of AuNPs with slight modifications. Prior to synthesis, stock solutions 

of trisodium citrate dihydrate (1 g in 100 mL deionized water) and HAuCl4.3H2O (1.14 g in 

100 mL deionized water) were prepared separately. In a typical reaction, 961 mL deionized 

water was transferred in a conical flask and heated to boil. While stirring at 1200 rpm, 10 ml 

of HAuCl4.3H2O stock solution was added and the solution was allowed to boil, followed by 

the quick addition of 28.9 mL tri-sodium citrate dehydrate solution. The solution turned grey 

in 1 - 2 min, and then dark purple to red, and finally reddish-orange. To maintain the size and 

shape of the particles already formed, and making sure that the reaction is complete, the flask 

was then removed from the hot plate and transferred to another plate where stirring was 

continued for 2 h at room temperature. 

3.1.3.2 Synthesis of silver nanoparticles 

A standard method reported in literature (Balavigneswaran et al. 2014) was adopted and 

slightly adjusted. sodium citrate was used as a modifier and NaBH4 as a reducing agent for the 

preparation of citrate-capped silver nanoparticles. Briefly, 2.0 mL of sodium citrate (58.80 

mM) solution was added into the reaction flask that contained 78.0 mL of AgNO3 (2.04 mM) 

solution under vigorous stirring. After 20 min, 20 mL of NaBH4 (2.65 mM) was added into the 

above solution at room temperature and stirred for 1 h. The dark colloidal solution colour then 

changed to bright yellow, confirming that the formation of citrate-capped AgNPs. The citrate-

capped AgNPs solution was stored in the dark at 4.0 ± 2.0 oC to remain stable for several weeks. 
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3.1.4 Synthesis of functionalization complex ligands 

3.1.4.1 Synthesis of 3-(p-tolyl)-2,3-dihydropyrazolo[3,4-b] indole-

1(4H)-carbothioamide (TRPIDA_CH3) 

Compound (4) scheme 3.1 was prepared by adding toluidine (1), thio-semi-carbazide (2), and 

indole (3), in the presence of indium chloride as catalyst, with acetonitrile acting as a solvent. 

The reaction was refluxed for 12 hours at room temperature. Upon reaction completion, column 

chromatography was employed for product purification. Finally, 80% yield of pure red-brown 

solid was obtained.  

+

NH3

+
Acetonitrile

Indium Chloride
N
H

Reflux
12 hrs

2 3 4

N
H

NH2

S

H2N

N
H

N

NH

S

H2N

CH3

H3C

1

 

Scheme 3.1: Outline synthesis of TRPIDA_CH3 complex  

3.1.4.2 Synthesis of 1-methyl-6-phenyl-6, 7-dihydro-5H-indolo [3, 2-c] 

[1, 8] naphthyridine (TRPIDB_H) 

The synthesis of TRPIDB_H compound iv was successfully prepared through the Povarov 

reaction by [4+2] cycloaddition. In this reaction, an electron-rich dienophile i reacted with a 

diene (N-aryl aldimines) which was produced by a reaction between 2-amino-4-picoline ii with 

benzaldehyde iii. Indium chloride was used as a catalyst for this reaction to produce the target 

compound TRPIDB_H iv Scheme 1 as shown in Scheme 3.3. The reaction produced a yield of 

88 %. 

+

O

+
Acetonitrile

Indium ChlorideN
H Reflux

12 hrsii iii

NN
R

i

CH3

N
H R

HN

iv

H2N

 

Scheme 3.2: Outline synthesis of TRPIDB_H  
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3.1.4.3 Synthesis of 3-(4-hydroxy-3-methoxyphenyl)-2, 3-

dihydropyrazolo [3, 4-b] indole-1(4H)-carbothioamide  

Preparation of TRPIDA_V (d) in Scheme 3.3 was conducted by adding a mixture of 

benzaldehyde derivative (a) (1 mmol), thio-semicarbazide derivative (b) (1 mmol) and indole 

(c) (1 mmol) in acetonitrile (20 mL), was refluxed for 12 hours. The reaction product was 

poured into an ice-bath and the precipitate was collected by filtration, washed with deionized 

water and dried. The resulting crude product was purified by column chromatography using a 

solvent system of hexane: ethyl acetate (88:12) to isolate a reddish-brown compound (d) with 

a yield of 88 %. 

+

O

+
Acetonitrile

Indium Chloride
N
H

Reflux
12 hrsb c d

N
H

NH2

S

H2N

N
H

N

NH

S

H2N
CH3

H3C

OH

OH

a  

Scheme 3.3: Outline synthesis of TRPIDA_V complex. 

3.1.5 Fabrication of AuNPs and AgNPs with complex ligands 

3.1.5.1 Fabrication of gold nanoparticles with TRPIDA_CH3 complex 

Initially, a 2.0 mM TRPIDA_CH3 solution was prepared by dissolving 0.0031 g in 10% 

dimethyl sulfoxide (DMSO). To a solution of 50 mL AuNPs, 500 μL of TRPIDA_CH3 solution 

was added and stirred at room temperature for 90 min. The mechanistic assay showing the 

dispersion of AuNPs with TRPIDA_CH3 ligand is shown in Scheme 3.4 forming 

TRPIDA_CH3-AuNPs. 
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3.1.6 Preparation of working standards 

3.1.6.1  Preparation of Cr(VI) standard solutions and their treatment 

with gold nanoparticles (Case study I) 

For the UV-Vis spectrophotometric analysis and image processing, stock solution of 1000 µM 

of Cr(VI) was prepared from 1000 mg/L stock solution and made to mark (50 mL) with 

deionised water. The working standard solutions were prepared by dilution of the stock solution 

with deionised water to get a concentration range of 0.5 to 100 µM. To separate cuvettes 

containing 700 µL TRPIDA_CH3 capped AuNPs solution and 300 μL of each Cr(VI) standard 

solution was added.  

3.1.6.2 Preparation of Cr(VI) standard solutions and their treatment 

with gold nanoparticles (Case study II) 

A stock solution of 1000 µM of Cr(VI) was prepared from 1000 mg/L stock solution and made 

to mark in 50 mL with deionised water. The working standard solutions were prepared by 

dilution of the stock solution with deionised water to get a concentration range of 0.5 to 50 µM. 

In a 600 µL AuNPs solution, 100 μL HEPES buffer (50 mM, pH 7) and 300 μL of each Cr(VI) 

standard solution was added. 

3.1.6.3 Preparation of Pb(II) standard solutions and their treatment 

with gold nanoparticles (Case Study III) 

The working standards of Pb(II) were prepared from a 1000 mg/L stock solution and made to 

mark in 50 mL with deionised water. The working standard solutions were prepared by dilution 

of the stock solution with deionised water to get a concentration range of 1 to 100 mg/L. In a 

700 µL AuNPs solution, 300 μL of each Pb(II) standard solution was added. 
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3.1.6.4 Preparation of Mn(II) standard solutions and their treatment 

with gold nanoparticles (Case Study IV) 

The working standards of Mn(II) were prepared from a 1000 mg/L stock solution and made to 

mark in 50 mL with deionised water. The working standard solutions were prepared by dilution 

of the stock solution with deionised water to get a concentration range of 0.5 to 10 mg/L. In a 

800 µL AuNPs solution, 200 μL of each Mn(II) standard solution was added.  

3.1.7 Selectivity Studies 

In case of selectivity studies, all samples were prepared in the similar way, under the same 

optimized conditions. We investigated the selectivity of our methods for our target metal over 

other metal ions, i.e. Cr(III), Cu(II), Cd(II), Fe(III), Ni(II), Zn(II), Pb(II), Mn(II) and Mn (mixed 

ions)  

3.1.8 Analysis of the intensity of colours using a smartphone 

A Mobicel R6 smartphone was used to capture the intensity of each gold standard.  The Color 

Grab app version 3.8.1 developed by Loomatix Ltd was installed and used to analyse the 

intensity of gold nanoparticles. The RBG values that were obtained from Color Grab app were 

converted to XYZ chromaticity diagram.  

3.1.9 Computational simulations 

The relative surface-to-molecule orientation on gold nanoclusters were modelled following our 

published work with minor alteration (Harris, Mlambo and Mdluli 2016). In this case AuNPs 

with diameters of 0.5 nm (cluster sizes Au43) were constructed and surfactant adsorption was 

simulated (via a simulated annealing Monte Carlo scheme) and surfactants were allowed to be 

adsorbed onto the AuNP surfaces. Since a trade-off exists between simulation accuracy and 

computational time it becomes increasingly more difficult to accurately execute molecular 

mechanics and dynamics calculations on large gold clusters. Therefore, the aforementioned 

nanocluster sizes were selected and simulated to reduce simulating cost and time. It was found 

that for the largest nanocluster, the computational time (wall-clock time) became too large to 

continue with even larger sizes. However, although these simulated nanocluster sizes were not 

having the same size as those used in experimental investigation because of the cost of 
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calculation, the same trends can still be observed as discussed below. Molecular mechanics 

were used to determine the optimum geometries for each of the resulting DPC, DPC–AuNP 

systems, and molecular dynamics simulations were performed on each of the systems to arrive 

at the energy-optimized configurations. The molecular dynamics simulation in canonical 

ensemble (constant atom number, volume and temperature (NVT)) was utilized to fully 

understand the adsorption of PVP on the surface of three silver crystal facets i.e. Ag(100) , 

Ag(110) and Ag(111).  The interaction energies between PVP and silver crystal facets were 

calculated. All simulations were executed using the Accelrys Discovery Moduleof Materials 

Studio (version 7.01.100) [Accelrys: Materials Studio is a Software Environment for Molecular 

Modelling (Version 7.01.100). Accelrys Inc. (2013)].  The COMPASS force field was used to 

calculate the intermolecular potential energy of DPC-AuNP complexes.  The models indicating 

the absorption of DPC were generated using absorption locator of Material Studio using 

COMPASS force field.  All systems were subjected to energy minimization for geometry 

optimization before molecular dynamics simulations were conducted.  The molecular dynamic 

simulation using NVT lasted for 50 ps with a time step of 1 fs and all atomic density profiles 

were collected in the last 50 ps simulated molecular dynamics results for each model.  

3.1.10 Conversion of RGB colour coordinates to XYZ and CIE L*a*b* 

colour space 

The RGB and CMYK colour models are viewer/device dependent because the range (gamut) 

of each is dependent on the colour capturing or rendering capabilities of the respective viewer 

or device. The CIE models/systems are unambiguous, absolute, and device independent-i.e., 

not tied to, influenced by, or dependent on, the characteristics or capabilities of any colour 

capturing or rendering device. RGB values were estimated using frequency histogram tool in 

ImageJ software. The solution to convert digital images from the RGB space to the CIE XYZ 

colour space is as follows (Zhang and Wandell 1996): 

  X= 0,4303R + 0,3416G + 0,1784B 

Y= 0,2219R + 0,7068G + 0,0713B   Equation 3-1  

Z= 0,0202R + 0,1296G + 0,9393B 

The CIE L*a*b* colour space is based on the so-called opponent colour model which are 

colours lying opposite each other on both sides of the plane (along L) and on the a*b* plane 

cannot be seen simultaneously. This means that either dark or bright is seen, either red or green 
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absorptions (cm -1) at 3456-3383, 1009-1100, 1334 and 726, due to secondary amine N-H 

stretching, C=S stretching, C-N stretching and secondary amine N-H out of plane bend, 

respectively. The numbers for peripheral atoms depicted in Figure 4.2 (b) were used to facilitate 

the assigning of proton and carbon for NMR spectral interpretation.  

 

Figure 4.2: (a) IR spectrum of TRPIDA_CH3 and (b) numbers for peripheral atoms of TRPIDA_CH3 

 

The 1H NMR spectrum Figure 4.3 (a) displayed a well distinct signals at δ 10.9 for overlapping 

secondary amine of indole and pyrazole whilst at δ 2.0 exhibited signal for thio-amide. The 

aromatic protons at δ 7.50 (1H, d, J = 7.6 Hz, H-5), 7.40 (1H, d, J = 7.6 Hz, H-8), 7.11 (1H, t, 

J = 7.6 Hz, H-6) and 6.92 (1H, t, J = 8.0 Hz, H-7) corresponded to indole –CH. The aliphatic 

singlets at δ 5.80 (s, H-11) exhibited the presence of –CH (sp3) proton which indorse the 

formation of a new pyrazole ring. The phenyl ring exhibited protons as doublets at δ 7.30 (2H, 

d, J = 7.6 Hz, H-3’ & H-5’) whilst another doublets appeared at δ 7.10 (2H, d, J = 7.6 Hz, H-

2’& H-6’) and an aliphatic broad singlets for methyl group resonated at δ 2.3 (s, CH3) ppm. 

The 13C NMR Figure 4.3 (b) displayed the presence of ten CH carbons at δ 39.7 (C11), 111.1 

(C5), 118.1 (C7), 120.9 (C6), 123.6 (C8), 125.8 (4’), 126.7 (C2’ & C6’) and 128.0 (3’ & C5’). 

Whilst six quaternary carbons resonated at δ 118.2 (C10a), 119.2 (C9a), 136.7 (C3a & C4a), 

144.9 (C1’) and 170.4 (C12). 
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4.1.3 Optimization of RGB colour coordinates and CIE L*a*b* colour system 

A major contributor of systematic errors during the application of colorimetric devices is the 

limited observation of colours using our eyes. Hence, such limitations can be reduced by using 

CIE L*a*b*/Yxy. ImageJ software was used to measure the colour dynamics between the 

reaction of TRPIDA_CH3-AuNPs and Cr(VI) for image processing. A photograph of standards 

Figure 4.5 was uploaded to the ImageJ application software to properly expose the colour 

shades and their corresponding intensities visually in the form of RGB values. Each of the three 

colours, i.e. red, green and the blue region are represented by the whole numbers in the standard 

RGB scale ranging from 0 to 255 in the computer desktop colour application (More fill).  

 

Figure 4.5:  Photograph of the TRPIDA_CH3-AuNPs in the presence of Cr(VI), the volume ratio of 

TRPIDA_CH3-AuNPs and Cr(VI) was 700 µL:300 µL.  

 

The colorimetric method of detection of Cr(VI) has constantly been upgraded, retested and 

renewed to allow the exploitation of the most accurate method  (Nxumalo 2019). This allows 

subjective studies (information which depends on perception and understanding) and 

quantitative analysis (information which can be estimated numerically) to be explored 

(Gonzalez and Woods 2002). The use of digital results allows a numerical value to be 

calculated from the results. It is of great importance to seek for a practical method that is 

sensitive and efficient for the quantification of Cr(VI) in wastewater effluent. The CIE L*a*b* 

approach was analysed by the addition of TRPIDA_CH3-AuNPs and Cr(VI) standards. The 

reaction resulted in the change of colour which was captured by a Samsung A71 smartphone 

then transferred to a computer for image analysis using ImageJ software. The change in colour 

was observed upon the addition of Cr(VI) at 20-100 µM. The intensity of the colour is directly 
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proportional to the Cr(VI) concentration in the sample (Bower and Holm-Hansen 1980). The 

colour intensity was obtained by drawing a 10 mm circle in each cuvette clear spot and measure 

analysis was selected from ImageJ toolbar to get the intensity value. The colour grayscale or 

intensity gave the amount of Cr(VI) on the basis of the relationship between the colour 

information and the Cr(VI) concentration. The data obtained was transferred to Origin Pro 8 to 

interpret the results obtained graphically. The results obtained for the colour intensity are 

shown in Figure 4.6 (a) and a linear regression fitted to the standard concentration. 

Furthermore, the obtained intensity results were then converted to absorbance using Equation 

4-1  

𝐴 = −𝑙𝑜𝑔 (
𝐼

𝐼0
)        Equation 4-1 

 

Where I is the intensity of light transmitted through the Cr(VI) standard and Io is the intensity 

of light transmitted through a blank (TRPIDA_CH3-AuNPs). This was conducted to quantify 

the amount of Cr(VI) in the standards using Beer’s Law analysis a cell phone camera. The plot 

of absorbance of Cr(VI) standards vs concentration yielded a straight line relationship Figure 

4.6 (b).  

 

Figure 4.6: (a) Graph of intensity vs. concentration of Cr(VI) TRPIDA_CH3-AuNPs (blank) 0.01-100 µM and 

(b) representative plots of absorbance vs concentration of Cr(VI) TRPIDA_CH3-AuNPs (blank) 0.01-100 µM. 

 

 

 

(a) (b)
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The colour scheme represented by the photograph image in Figure 4.5 was created by 

incorporating the resultant mean RGB values recorded for each calibration standard into the 

colour developer using the computer desktop colour application. The created colour pattern for 

the Cr(VI) calibration standards matched the colours of the solutions. The mean RGB values 

of the colour insert were measured in ImageJ by analysing each solid colour square separately 

to get the red, green and blue colour coordinates, the table of all data are provided in Table 4.1.  
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Table 4.1: Showing RGB values, CIE L*a*b/Yxy colour space, colour difference, hue angle and chroma of Cr(VI) standards  

Concentration 

(µM) 
R G B x Y L a* b* ΔELab Hue Chroma 

0 161 91 108 0.40 0.30 47.16 30.73 2.94 0.00 0.10 30.87 

0.1 159 92 110 0.39 0.30 47.17 29.69 1.72 1.60 0.06 29.74 

0.5 155 99 116 0.37 0.30 48.45 25.09 -0.09 6.53 0.00 25.09 

1 151 104 121 0.36 0.30 49.33 21.48 -1.85 10.64 -0.09 21.56 

5 151 104 127 0.35 0.29 49.51 22.48 -5.15 11.79 -0.23 23.06 

10 151 106 128 0.35 0.29 50.03 21.50 -4.97 12.49 -0.23 22.07 

15 146 108 138 0.33 0.28 50.30 20.30 -1.56 17.34 -0.48 22.89 

20 135 108 139 0.31 0.25 49.18 16.52 -12.95 21.42 -0.67 20.99 

40 133 126 141 0.31 0.30 53.85 5.66 -7.14 27.84 -0.90 9.11 

60 126 130 142 0.30 0.31 54.40 1.06 -6.97 32.11 -0.92 7.04 

80 118 134 147 0.29 0.32 55.09 -2.86 -8.91 36.49 -1.26 9.36 

100 116 138 148 0.28 0.31 55.98 -6.21 -8.91 39.78 -1.42 10.86 
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The green and blue colours of the colour model combined at different concentration levels are 

almost parallel to each other to form various strong blue shades which were depending on the 

intensity of the solution for accurate determination of colour. An observation was noted in 

Figure 4.7 (a) that the green and blue curves followed the same trend suggesting that the colour 

changed to blue as the Cr(VI) concentration increased. The obtained RGB values were 

converted to Yxy values using the (http://colormine.org/convert/rgb-to-Yxy). Additional 

analysis of CIE chromaticity was investigated as shown in Figure 4.7 (b) and were calculated 

using CIE coordinates using the GoCIE software (Magubane et al. 2019). This analysis was 

based on defining the three standard primary colours X, Y and Z which were combined to 

produce possible perceived colours and were referred to as imaginary colours (Wyszecki and 

Stiles 1982). The horseshoe-shaped CIEL Yxy shown in Figure 4.7 (a) confirmed the 

aggregation of gold nanoparticles by shifting from wine-red colour of gold nanoparticles to 

blue. The chromaticity diagram colour representations were in agreement with colours 

observed in Figure 4.5 where the wine-red colours from 0-10 µM represented by the blue 

symbols in Figure 4.7 (b) are on the red region and the blue colours from 40-100 µM 

represented by red symbols are on the blue region.  

 

Figure 4.7: (a) Illustration of the R, G, and B colour combination dynamics for the corresponding to Cr(VI) 

concentration and (b) chromaticity diagram of TRPIDA_CH3-AuNPs and Cr(VI) standards 0-100 µM. 

 

 

 

(a) (b)
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The images were converted from the RGB colour space to the CIE L*a*b* colour space for 

measurement of CIE L*a*b* colour system coordinates. Based on the results obtained in Figure 

4.8 (a) it was observed that L curve followed the same trend as curve G in Figure 4.7 (b). This 

is an indication that the standards changed from darkness to lightness, hence, the increasing 

values. Curve a* followed the same trend as curve R, indicating that standards changed from 

red to green region (changing from +a to -a), explaining the phenomenon of decrease in a* 

values. Curve b* is in agreement with what was observed in photograph image Figure 4.5, 

showing that the standards changed from red to blue as the Cr(VI) concentration increased. 

This is witnessed by the -b* values from 20 to 100 µM. Colour difference was calculated using 

Equations 2-1.  

The values obtained from the colour difference analysis Figure 4.8 (b) increased as the 

concentration of Cr(VI) increased indicating that colour difference is directly proportional to 

the concentration of analyte. Hue angle and chroma were calculated using equation 2-3 and 2-

4, respectively. Both hue angle and chroma decreased as the concentration increased Figure 

4.8 (c), suggesting that they are inversely proportional to concentration of Cr(VI). The chroma 

suggested that the standards moved from vivid to dull. Hence, the decrease in values, depicting 

that as chromaticity increases, colour becomes more intense.  
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Figure 4.8: (a) Plots of L*a*b* values against concentration, (b) plot of colour difference against concentration 

and (c) plot of chroma and hue angle vs. concentration. 

(a)

(b)

(c)
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4.1.4 Colorimetric sensing of Cr(VI) 

A clear and significant peak due to the successful formation of AuNPs functionalized with 

TRPIDA_CH3 was observed around 520 nm, represented as blank in Figure 4.9 (a). No 

significant change was observed upon addition of Cr(VI) solutions to TRPIDA_CH3-AuNPs 

solutions, when the concentration range was 0.01-20 µM. Upon increasing the Cr(VI) solution 

concentration to 40, 60, 80 and 100 µM, a new broad peak appearing at approximately 645 nm 

was observed, in addition to the one at 520 nm. The addition of Cr(VI) solutions at different 

concentrations into TRPIDA_CH3-AuNPs solutions resulted in a decrease of SPR intensity at 

520 nm, whilst the peak intensity at 645 nm increased Figure 4.9 (a). It was also clear that the 

peak at 520 nm became broader as the concentration of Cr(VI) solution was increased. A 

significant shift to higher wavelength was also observed as the concentration increased. This 

was due to the aggregation of AuNPs functionalized with TRPIDA_CH3 that occurred during 

the addition of Cr(VI) solutions at higher concentrations. The addition of Cr(VI) induced 

changes to the surface of the TRPIDA_CH3-AuNPs causing alterations of particle SPR 

properties resulting in the red shift from 520 nm to 645 nm. The UV-Vis spectra correlated 

with the colorimetric assay given in Scheme 4.1. The colour of TRPIDA_CH3-AuNPs solution 

changed from wine red to blue, hence the SPR peak shifted to longer wavelengths. 

Furthermore, it was observed that when Cr(VI) concentration was around 75 µM the variance 

to the intensity started to reach maximum, indicating aggregation of TRPIDA_CH3-AuNPs 

Figure 4.9 (b). This transformation behaviour of TRPIDA_CH3-AuNPs, demonstrated by 

LSPR absorption peaks displayed in Figure 4.9 (a), showed that the developed sensor works 

efficiently in the concentration range of 0.01-100.0 µM. Also, the red colour decreased as 

Cr(VI) concentration increased suggesting a shift of the LSPR peak of the TRPIDA_CH3-

AuNPs to longer wavelengths due to aggregation. 
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Figure 4.9: (a) UV-Vis spectra of the TRPIDA_CH3-AuNPs (blank) and after addition of different concentrations 

of Cr(VI) ranging from 0.01 to 100.0 µM, (b) UV-Vis analysis resultant plot for the evaluation of ionic strength 

on the performance of TRPIDA_CH3-AuNPs as efficient sensors for the detection of Cr(VI), measured at 520 nm 

and 645 nm. 

(a)

(b)
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Scheme 4.1: Pathway for colorimetric colour change of TRPIDA_CH3 AuNPs upon the addition of chromium(VI) (Muthwa et al. 2020). 
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Due to the availability of the functional groups that can bind to the surface of AuNPs, the water 

soluble TRPIDA_CH3 was synthesized and used in functionalization. TRPIDA_CH3 is a ligand 

comprising a thio-amide groups which creates a high affinity for its reactivity with metal. In 

Figure 4.9, the synthesized AuNPs are first capped with citrate molecules via the electrostatic 

attraction of the positive AuNPs surface with the negative end of citrate to create a stable layer 

thus preventing aggregation. However, the citrate can easily be replaced on the surface of 

AuNPs by a thio-amide group of the TRPIDA_CH3 ligand as shown in Scheme 4.1. Though 

the TRPIDA_CH3-AuNPs are very stable at room temperature, upon the addition of highly 

labile Cr(VI), TRPIDA_CH3 is picked up by chromium cation leaving less capping on the 

surface of AuNPs, leading to aggregation. The change in UV-Vis spectra of the TRPIDA_CH3-

AuNPs upon addition of different concentrations of Cr(VI) solutions ranging from 0.01 to 

100.0 µM are depicted in Scheme 4.1. 

4.1.5  Selectivity and sensitivity of the sensor 

4.1.5.1 The CIE approach 

Nine possible interfering ions (Cr, Cu, Fe, Ni, Zn, Pb and Mn) were investigated. Other metal 

ions were tested using the same optimal conditions to understand the selectivity of the 

colorimetric method toward Cr(VI). The investigated interfering metal ions with the 

concentration of 40 µM did not interfere with the detection process as shown in Figure 4.10 (a 

and b). An apparent change in colour occurred for Cr(VI) detection. All the metal ions could 

not induce the aggregation of TRPIDA_CH3-AuNPs except for Cr(VI), meaning that the sensor 

is only selective to Cr(VI). In the presence of all the metal ions (mixed ions, as seen in Figure 

4.10 (a and b) TRPIDA_CH3-AuNPs remained stable. However, significant change was 

observed when 40 µM was added to a solution of TRPIDA_CH3-AuNP. Therefore, a 

conclusion was drawn that even at high concentration of 40 µM, the metal ions had no 

interference on the detection of Cr(VI).  
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Figure 4.10: (a) Photograph image of colorimetric response of interfering metal ions and Cr(VI) at different 

concentrations and (b) chromaticity image of interfering metals and Cr(VI). 

(a)

(b)
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4.1.5.2 The Spectrophotometric approach 

An apparent change in the absorption peak was observed for Cr(VI) detection system as shown 

in Figure 4.11 (a). The investigated interfering metal ions did could not induce the aggregation 

of TRPIDA_CH3-AuNPs except for Cr(VI), meaning that the sensor is only selective to Cr(VI) 

hence only a single absorption peak at 520 nm was observed for the interfering metal ions. A 

peak at 645 nm wavelength was observed when 40 µM Cr(VI) was added to the TRPIDA_CH3-

AuNPs representing the aggregation of the TRPIDA_CH3-AuNPs. Furthermore, the 

absorbances recorded at 520 and 645 nm wavelength for each metal ion was represented 

graphically Figure 4.11 (b) to compare the selectivity of the TRPIDA_CH3-AuNPs sensor. A 

conclusion was drawn that the sensor is only selective to Cr(VI) due to the high absorbance 

observed only on Cr(VI).  

 

Figure 4.11: (a) UV-Vis spectra of the blank of the proposed sensor in the presence of interfering metal ions and 

Cr(VI) and (b) bar graph showing responses of interfering metal ions. 

(a)

(b)



 

66 
 

 Over the range of 0.01-100 µM a satisfying linear relationship y = 0.0111 x + 0.1748 with the 

correlation coefficient of 0.987 was obtained Figure 4.12 (a). The limit of detection was 0.1423 

µM, calculated by 3σ/S (where σ= standard deviation of the response; S= slope of the 

calibration curve). This confirmed that the sensor had excellent sensitivity. Based on the results 

above, it is apparent that the employed colorimetric method exhibited satisfying results in the 

selectivity of Cr(VI). Additionally, a comparison between the spectrophotometric approach and 

a CIE approach was conducted to validate if the CIE approach is reliable. The measured 

absorbances obtained were used to calculate the exact molarity of each Cr(VI) standard using 

the linear equations. The exact molarity was then represented graphically against the prepared 

concentration of Cr(VI) Figure 4.12 (b). A slight difference was noted for each method 

approach, but they were almost the same. Therefore, a conclusion was drawn that both method 

approaches are sensitive on the detection of Cr(VI). 

 

Figure 4.12: (a) Graph of absorbance at 645/520 nm wavelength vs. concentration of Cr(VI) TRPIDA_CH3-

AuNPs (blank) 0.01-100 µM and (b) representative plots of exact concentration vs prepared concentration of 

Cr(VI) TRPIDA_CH3-AuNPs (blank) 0.01-100 µM. 

 

 

 

 

(a) (b)
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4.1.6 Practical application 

4.1.6.1 The CIE approach 

The image processing was conducted for the recovery studies with real water samples. The 

colours presented in Figure 4.13 (a) are corresponding with chromaticity results studied at 

Figure 4.13 (b). At 20 µM a blue colour is observed from the photograph image in Figure 4.13 

(a) which is also observed in the chromaticity diagram at the blue region at this particular 

concentration, thus, a blue colour is noticed in the photograph image at 100 µM for the standard 

as well as the real water samples, hence, all the points are on the blue region in Figure 4.13 (b).  

 

Figure 4.13: (a) Colorimetric scheme with corresponding calculated mean RGB values, (b) chromaticity image 

of Cr(VI) standards and real water samples  

(a)

(b)



 

68 
 

4.1.6.2 The Spectrophotometric approach 

The domination of the blue colour at 20 µM standard and 100 µM standard and spiked water 

samples is depicted by the red shift at 645 nm wavelength in Figure 4.14. Meanwhile, no colour 

change was observed at the 1 µM standard and spiked water samples and at 20 µM spiked 

water samples. Hence, a peak absorption at 520 nm. Overall, the results in Figure 4.14 validated 

the created colorimetric scheme using RGB colour coordinates reported in Figure 4.13 (a and 

b).  

 

Figure 4.14: UV-Vis spectra of Cr(VI) standards and real water samples. 

 

The method was further tested on tap and river water to evaluate its practical applications. The 

recovery values of spiked tap water samples with different concentrations, shown in Table 4.2, 

were in the range of 72.63-100.09 %, with a much lower recovery for the 20 µM spiked sample. 

Recovery values of 72.13-99.86 % with RSD values of 0.1-0.3 % were obtained for spiked 

river water samples with three different concentrations of Cr(VI) as presented in Table 4.2. 

These results clearly demonstrated that the developed colorimetric method was potentially 

applicable for the detection of Cr(VI) in real water samples. 
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Table 4.2: Showing recovery values of spiked Cr(VI) in tap and river water samples and the 

relative standard deviation (RSD) values of each sample (n=3)   

 

Sample Spiked (µM) Detected Recovery (%) RSD (%) 

Tap water 

1 1.0009 100.09 0.02 

20 14.5262 72.63 0.01 

100 99.9158 99.92 0.01 

River water 

1 0.9918 99.18 0.02 

20 14.4266 73.13 0.03 

100 99.8602 99.86 0.02 

 

4.1.7 Application of optimized conditions in wastewater effluent samples 

4.1.7.1 The CIE application 

The collected wastewater effluent samples photographic images were analyzed for the 

detection of Cr(VI). The filtered effluent samples and the effluent samples with TRPIDA_CH3-

AuNPs images were analyzed using ImageJ software and the obtained RGB values were used 

to make the Fills corresponding the colours in Figure 4.15 (a) and (b), respectively. A change 

in colour from red to blue was observed on day 1,5, 7, 9 and 10 in Figure 4.15 (b).  All the 

colorimetric data obtained is presented below in Table 4.3 and 4.4, respectively. Furthermore, 

a quantitative analysis of was conducted using the optimized spectrophotometric method to 

quantify the Cr(VI) content present in each wastewater effluent sample. 
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Figure 4.15: (a) Photograph image of filtered wastewater effluent samples from Day 1-10 and (b) photograph 

image of wastewater effluent from Day 1-10 and TRPIDA_CH3-AuNPs (700:300 µL) as blank. 

4.1.7.2 The spectrophotometric approach (TRPIDA_CH3-AuNPs method) 

Colorimetric assay based on the colour properties of TRPIDA_CH3-AuNPs was conducted for 

Cr(VI) in the concentration range of 0.01–100 µM. An observation was made that wine red 

colour of the TRPIDA_CH3-AuNPs started to diminish as the Cr(VI) increased in Figure 4.16 

(a). A sharp and significant peak due to the successful formation of AuNPs functionalized with 

TRPIDA_CH3 was observed at 520 nm, represented as blank in Figure 4.16 (b). A significant 

change was observed upon addition of 20,40, 60, 80 and 100 µM Cr(VI) solutions to 

TRPIDA_CH3-AuNPs solutions. An additional broad peak appeared at 645 nm. The 

colorimetric assay in Figure 4.16 (a) and the UV–Vis spectra in Figure 4.16 (b) were in 

corresponding.  

blank Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10

(a)

(b)
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Figure 4.16: a) Photograph images of the TRPIDA_CH3-AuNPs in the presence of different concentrations of 

Cr(VI) in the range of 0.01-100 µM and (b) UV–Vis spectra of the TRPIDA_CH3-AuNPs after the addition of 

different concentrations of Cr(VI) in the range of 0.01-100 µM. 

 

 

 

 

 

(a)

(b)

0 µM 0,01 µM 0,5 µM 1 µM 5 µM 10 µM 15 µM 20 µM 40 µM 60 µM 80 µM 100 µM
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The calibration curve of the absorbances ratio recorded at 520 and 645 nm gave a linear 

equation y = 0.01047x + 0.10119 and R2 = 0.94942 in Figure 4.17 (a). A linear regression 

analysis was conducted to evaluate the validity of the calibration results using a residual error 

Figure 4.17 (b). It is evident that the residual errors are randomly distributed with no apparent 

trend toward either smaller or larger residual errors, suggesting that a weighted straight-line 

regression is more appropriate. The LSPR absorption bands demonstrated by the 

transformation behaviour of TRPIDA_CH3-AuNPs and calibration curve displayed that the 

developed sensor is efficient in the concentration range of 0.01-100 µM. This equation was 

then used to calculate the concentration of the collected effluent wastewater samples.  

 

Figure 4.17: (a) Plot of absorbance @ 645/520 nm versus the concentrations of Cr(VI) in the range of 0.01–100 

µM and (b) residual plot of absorbance against concentration  

4.1.7.3 The Spectrophotometric approach (DPC method) 

Colorimetric sensing of hexavalent chromium with DPC produced a pale reddish-violet colour 

in acidic solutions in Figure 4.18 (a) and the absorbance was measured in triplicate at 540 nm 

using a UV-Vis Spectrophotometer. Plot of absorbance at 540 nm against concentration in the 

range of 10-100 µg/L yielded a straight calibration curve with a linear regression equation y = 

0.0013x – 0.005 and R2 = 0.9955 in Figure 4.18 (b). The residual errors are randomly 

distributed in Figure 4.19 (c) and the effluent samples will be treated likewise. The 

concentration of Cr(VI) will be calculated using the linear regression equation. 

(a) (b)
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Figure 4.18: (a) Photographs of DPC in the presence of different concentrations of Cr(VI) in the range of 10-100 

µg/L, (b) Plot of 540 nm vs the concentrations of Cr(VI) in the range of 10–100 µg/L and (c) residual plot of 

absorbance against concentration.  

100 µg/L 80 µg/L 60 µg/L 40 µg/L 20 µg/L 10 µg/L

(b)

(c)

(a)
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4.1.8 Colorimetric sensing of wastewater effluent samples 

The colorimetric detection of Cr(VI) represented by the photographic image in Figure 4.15 (b) 

shows that there was a wine red colour of the TRPIDA_CH3-AuNPs which is the blank to a 

blue colour for effluent sample Day 1, 5, 7, 9 and 10, respectively. Meanwhile, no apparent 

colour change was observed on sample Day 3, 4, 6 and 8, respectively. However, a deep red 

colour was observed only on sample Day 2. Additionally, the photograph image of the real 

wastewater effluent sample is presented in Figure 4.14 (a) for a clear indication of how the 

samples were before they were added to the TRPIDA_CH3-AuNPs colorimetric sensor for 

further analysis. Furthermore, the above-mentioned results were supported by the UV-Vis 

LSPR spectra and colorimetric assay detection of Cr(VI) in the samples by TRPIDA_CH3-

AuNPs as presented in Figure 4.19. An intense peak was observed at 520 nm on Day 2 sample 

which was even higher than the peak intensity of the blank sample in Figure 20. This could be 

due to the deep intense colour observed in Figure 4.15 (b). A decrease in intensity of LSPR 

peaks were observed on Day 1, 5, 8 and 9 at 520 nm wavelength and a formation of the new 

LSPR peaks appeared at 645 nm wavelength.  

 

Figure 4.19: UV–Vis absorption spectra of TRPIDA_CH3-AuNPs after the addition of wastewater effluent 

samples from Day 1-10.  
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4.1.9 Application of CIEL*a*b* to wastewater effluent samples 

The RGB values for the colorimetric image of Cr(VI) detected in wastewater effluent using 

TRPIDA_CH3-AuNPs colorimetric sensor in Table 4.3 were analysed using ImageJ software. 

The R values decreased in Table 4.3 for the blue coloured samples in Figure 4.16 (a) and almost 

constant at Day 2, 3 and 4, respectively. The G and B values followed the same trend for almost 

all the samples with B values higher that G values except for the blank and Day 4 and they 

were the same value at Day 8.   
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Table 4.3: Showing colorimetric data obtained from photographic images of effluent wastewater samples.  

Days 
Actual wastewater 

R G B x y L a* b* Hue Chroma 

1 221 215 207 0.32 0.34 86.25 0.67 4.66 1.15 4.71 

2 181 54 81 0.50 0.30 42.85 52.69 13.85 3.72 54.48 

3 226 217 210 0.32 0.34 87.22 1.88 4.53 -1.12 4.90 

4 231 224 214 0.32 0.34 89.47 0.67 5.73 -0.87 5.76 

5 233 229 222 0.32 0.34 91.07 0.14 2.87 -0.43 2.88 

6 217 192 181 0.32 0.34 7.9 7.08 8.77 0.34 11.27 

7 213 216 207 0.32 0.34 85.89 -2.62 4.07 -0.02 4.84 

8 174 202 233 0.27 0.29 80.25 -2.59 -18.43 0.90 18.61 

9 214 206 203 0.32 0.33 83.31 2.24 2.46 0.51 3.33 

10 221 214 208 0.32 0.34 86.02 1.36 3.80 -2.82 4.04 
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Table 4.4: Showing colorimetric data obtained from photographic images of effluent wastewater samples and TRPIDA_CH3-AuNPs as a blank 

Days 
Wastewater samples + TRPIDA_CH3 

R G B x Y L a* b* ΔELab Hue Chroma 

blank 193 121 115 0.41 0.34 58.27 27.42 15.12 0.00 1.63 31.31 

1 127 136 156 0.31 0.29 56.61 1.12 -11.75 37.64 -0.55 11.80 

2 185 93 105 0.43 0.31 50.88 38.26 10.50 13.92 3.55 39.68 

3 181 122 127 0.48 0.32 57.34 23.72 6.68 9.26 3.46 24.64 

4 184 129 121 0.39 0.34 59.23 20.18 12.85 7.64 1.35 23.92 

5 124 129 150 0.29 0.29 54.23 2.74 -11.89 36.81 -0.40 12.20 

6 182 126 136 0.37 0.32 58.64 32.16 3.37 12.68 9.51 32.33 

7 144 141 168 0.29 0.29 59.71 6.72 -13.80 35.60 0.53 15.35 

8 179 169 168 0.39 0.34 70.03 3.41 1.79 29.87 1.72 3.85 

9 141 137 169 0.29 0.28 58.43 8.23 -16.34 36.85 0.44 18.29 

10 145 147 181 0.28 0.28 61.85 6.59 -17.94 39.24 2.25 19.11 
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4.1.10 Analysis of wastewater effluent samples 

The developed TRPIDA_CH3-AuNPs colorimetric sensor by Muthwa et al. (2020) was applied 

in the detection of Cr(VI) in wastewater effluent samples. The TRPIDA_CH3-AuNPs sensor 

was calibrated for the analysis with Cr(VI) standards in the concentration range of 0.01-100 

µM displayed in Figure 4.16 (a). Additionally, all the effluent water samples were analysed 

without any further dilution. Effluent samples were collected from ETP for ten operational 

working days and were labelled Day 1 – 10. The results obtained using the TRPIDA_CH3-

AuNPs colorimetric sensor were compared with the results obtained using a DPC conventional 

method to double check the efficiency of the colorimetric sensor. Average absorbances and 

concentration (n=3) of Cr(VI) detected using both methods are displayed in Table 4.5. Traces 

of Cr(VI) were detected for both methods on Day 1, 5 and 9 and were 0.8987, 0.5662 and 

0.6341, respectively. Furthermore, higher amounts of Cr(VI) were detected for both methods 

on Day 2, 4 and 6 and were 24.3270, 15.8444 and 21.5934, respectively.  were detected in the 

ETP dam samples in ppb concentrations, from Day 1 to Day 10, these concentrations were 

found to be 35, 8, 6, 38, 22, 15, 44, 43, 55 and 18 ppb, respectively. The concentration of Cr(VI) 

obtained using both methods are presented in a bar graph Figure 4.20 and both methods almost 

displayed similar results.  
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Table 4.5: Showing TRPIDA_CH3-AuNPs and DPC method results the detection of Cr(VI) in wastewater effluent samples.  

Days 

TRPIDA_CH3 method DPC-method 

Absorbance 

(@645/520 nm) 

Concentration (µM) Absorbance (@ 540 

nm) 

Concentration 

(µg/L) 

Concentration (µM) 

blank 0.0000 0.0000 0.0000 0.0000 0.0000 

1 0.1847 0.8956 0.0484 41.2564 0.7935 

2 0.4448 24.3268 1.4681 1133.3077 21.7960 

3 0.2398 5.8560 0.2915 228.2051 4.3889 

4 0.3507 15.8440 1.3216 1020.5897 19.6282 

5 0.1811 0.5659 0.0089 10.8718 0.2091 

6 0.4145 21.5920 1.5138 1168.4359 22.4716 

7 0.2200 4.0710 0.3405 265.9487 5.1148 

8 0.2453 6.3518 0.4376 340.5897 6.5503 

9 0.1818 0.6316 0.0274 25.1026 0.4828 

10 0.2292 4.8971 0.2782 217.9744 4.1921 
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Figure 4.20: Bar graph showing exact concentration of Cr(VI) detected in wastewater effluent using the 

TRPIDA_CH3-AuNPs and DPC method over a period of 10 days.  

4.1.11 Statistical analysis or wastewater effluent samples 

The obtained colorimetric detection results of Cr(VI) presented in Table 4.5 were statistically 

analysed to ensure there was no significant difference between the results from the 

TRPIDA_CH3-AuNPs sensor method and the conventional DPC method.  This was achieved 

by using a paired student’s t-test, which outlines there was no significant difference between 

the two methods in Table 4.6 as texp < tcrit. The F-Test Two Sample for Variance results 

displayed in Table 4.7 obtained suggested that, we reject the null hypothesis and accept the 

alternative hypothesis since Fexp > Fcrit. This suggested that there was a difference between the 

two methods variances. 
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Table 4.6: t-Test: Paired Two Sample for Means  

 

  TRPIDA_CH
3
-AuNPs Method DPC Method 

Mean 9.349316337 9.272117719 

Variance 79.79835084 83.98059689 

Observations 9 9 

Pearson Correlation 0.980955948  

Hypothesized Mean Difference 0  

Df 8  

t Stat 0.130048372  

P(T<=t) one-tail 0.449869341  

t Critical one-tail 1.859548038  

P(T<=t) two-tail 0.899738683  

t Critical two-tail 2.306004135   
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Table 4.7: F-Test Two-Sample for Variances  

  TRPIDA_CH
3
-AuNPs Method DPC Method 

Mean 9.349316337 9.272117719 

Variance 79.79835084 83.98059689 

Observations 9 9 

df 8 8 

F 0.950199853  

P(F<=f) one-tail 0.472088293  

F Critical one-tail 0.290858219   
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CHAPTER FIVE 

CASE STUDY II 

5.1 Development of a Smartphone and spectrophotometric based systems for 

colorimetric detection of hexavalent chromium using 1,5-diphenylcarbazide 

functionalized gold nanoparticles supported by CIE L*a*b*/Yxy colour space and 

molecular dynamics. 

5.1.1 Sensitivity of the response of DPC-AuNPs to Cr(VI) 

The digital image from Color Grab and the change in the colours of the DPC-AuNPs upon the 

addition of Cr(VI) standards solutions in the concentration range of 0.5-50.0 µM is presented 

in Table 5.1 and Figure 5.1 (a). The colour change of the DPC-AuNPs induced by Cr(VI) was 

monitored using the smartphone Color Grab App and UV–Vis spectrophotometry.  This 

observation was further confirmed with UV spectrophotometer which showed two well 

separated peaks at 520 and 670 nm as shown in Figure 5.1 (b). The colour scheme represented 

by the photograph image in Figure 5.1 (a) was created by incorporating the resultant mean 

RGB values recorded for each calibration standard into the colour developer using the 

computer desktop colour application. The created colour pattern for the Cr(VI) standards 

matched the colours of the solutions. ImageJ software was used to analyse the colour 

coordinates between the reaction of DPC-AuNPs and Cr(VI) for image processing. A 

photograph image Figure 5.1 (a) was uploaded to the ImageJ application software to properly 

expose the colour shades and their corresponding intensities in the form of RGB values. TEM 

results image in Figure 5.1 (c) showed that the synthesised gold nanoparticles were 

monodispersed with a diameter of around 14 nm. 
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Figure 5.1: (a) Photograph image of the DPC-AuNPs blank and different concentrations of Cr(VI) in the range 

of 0.5-50.0 µM, (b) concentration-dependent extinction spectra of the DPC-AuNPs blank and different 

concentrations of Cr(VI) in the range of 0.5-50.0 µM and (c) TEM image of AuNPs sample at 20 nm scale 

Results obtained from the Color Grab as shown in Table 5.1, indicated that upon the addition 

of different concentration of Cr onto DPC-AuNPs, there was a change in colour from red to 

blueish which is associated with the change of the dielectric environment of the surface of gold 

nanoparticles. A Further observation of the change upon increasing the concentration of Cr(VI) 

was observed from the UV-Vis spectra that the addition of 20 µM Cr(VI) led to a slight red 

shift to 670 nm wavelength and this is confirmed in Table 5.1 with the immediate change in 

colour which is again confirmed by the increased of the green from the RBG obtained to 187. 

The result of the Color Grab for 20 µM Cr(VI) was converted into an observable colour using 

the RGB values, this generated a clear violet colour which confirmed that an increase in the 

Cr(VI) concentration over 20 µM led to a second peak at 670 nm wavelength and a parallel 

decrease in the intensity of the SPR peak at 520 nm was observed as shown in Figure 5.1 (b). 

(a)

(b) (c)
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Thus, the colour of the DPC-AuNPs changed from wine-red to blue as the Cr(VI) concentration 

increased Figure 5.1 (a). 

Table 5.1: Showing photograph images of the DPC-AuNPs blank and different concentrations 

of Cr(VI) in the range of 0.5-50.0 µM, captured by smartphone using Color Grab. 

Cr (VI) 

concentrations on 

DPC-AuNPs (µM) 

Color Grab image 

RBG Values 
Colour 

from RBG R B G 

0 

 

214 123 103 

 

0.5  

 

225 158 155 

 

2  

 

219 155 150 

 

4 

 

218 151 145 
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6 

 

217 152 148 

 

16 

 

215 153 150 

 

20 

 

184 163 187 

 

25 

 

174 178 192 

 

30 

 

151 162 177 
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40 

 

146 130 152 

 

50 

 

123 124 134 

 

 

5.1.2 Image analysis using RGB colour coordinates and CIE La*b*/Yxy colour 

system. 

A scale ranges from 0-255 in the standard RGB which represented each of the three colour 

coordinates for the red, green and the blue region were obtained from Color Grab as shown in 

Table 5.1. The RBG values from Color Grab analysis and from UV spectrophotometer were 

plotted as shown in Figure 5.2 (a) and Figure 5.2 (b), respectively. A significant decrease for 

red colour component was observed in both curves though these degrees were slightly 

prominent from UV spectrophotometer curve.   These trends were mainly predominant as a 

result of increasing the Cr(VI) concentration. Meanwhile, the green and blue curves followed 

the same trend where a gradual increase was observed from 0-16 µM and a significant decrease 

from 18-50 µM to lower values of green and blue, respectively as shown in Figure 5.2 (a) and 

Figure 5.2 (b).  
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Figure 5.2: (a) RBG colour plot against the corresponding Cr(VI) concentration (Color Grab) and (b) RBG colour 

plot against the corresponding Cr(VI) concentration (UV spectrophotometer) 

The RGB colour coordinates were then converted to the CIE L*a*b* colour space for 

measurement of CIE L*a*b* colour system coordinates which were used to create the 

chromaticity diagram. The results that are shown in Figure 5.3 (a) represent the L curve of the 

data that was obtained from Color Grab. It was noted that there was a gradually increase of the 

L values observed from 0-20 µM followed by a significant decrease from 18-50 µM suggesting 

the standards changed from lightness (red) to darkness (blue). Whereas, a* curve significantly 

decreased demonstrating that standards changed from red region (+a) to green region (–a). In 

a b* curve, from 0-16 µM the curve was almost constant then a significant decrease was 

observed from 18-20 µM indicating the colour change from red to blue, these results were in 

agreement with the data obtained from the UV spectrophotometer which are presented in 

Figure 5.3 (b). 

 

Figure 5.3: (a) Plots of L*a*b* against Cr(VI) concentration (Color Grab) and (b) plots of L*a*b* against Cr 

(VI) concentration (UV spectrophotometer). 

(a) (b)

(a) (b)
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5.1.3 Qualitative and quantitative analysis of the response of DPC-AuNPs to Cr 

(VI)  

The colour difference (ΔE) was calculated using Equation 2-1 with the values of ∆L, ∆a* and 

∆b* obtained from the colour produced on the calibration standards shown in Figure 5.1 (a) 

and Table 5.1. Figure 5.4 (a) and (b) show that the ΔE value increased significantly with 

increasing Cr(VI) concentration which confirmed high assay reproducibility, this incremental 

demonstrated by colour change is very instrumental in understanding the design of the 

Lovibond colour filters for detecting chromium in water. These colour changes which were 

measured are associated with the modulus of the distance vector between the initial colour 

values and the actual colour coordinates.  

 

Figure 5.4: (a) Plot of colour difference against Cr(VI) concentration (Colour Grab) and (b) plot of colour 

difference against Cr(VI) concentration (UV spectrophotometer). 

Chroma (C*) was also used as the quantitative attribute of colourfulness to determine the 

degree of difference of a hue in comparison to a grey colour with the same lightness. The higher 

chroma values were associated with high colour intensity of samples perceived by human eyes. 

Chroma was calculated using Equation 2-2. The chroma decreased significantly with the 

increase in Cr(VI) concentration up to 25 µM with a dullness of 4.260 and vividness of 35.908 

in Figure 5.5 (a) and Figure 5.5 (b) for Color Grab and UV spectrophotometer data, 

respectively. Total colour difference and chroma was considered as the most sensitive 

parameter for the measurement of colour. Hue angle (h*) was considered the qualitative 

attribute of colour. It was used to define the difference of a certain colour with reference to 

grey colour with the same lightness. This attribute was related to the differences in absorbance 

(a) (b)
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at different wavelengths. Hue was calculated using Equation 2-3 and the obtained values were 

plotted against concentration in Figure 5.5 (a) and Figure 5.5 (b) for Color Grab and UV 

spectrophotometer data, respectively. A significant decrease was observed for concentration of 

chromium ranging from 18-25 µM.   

 

Figure 5.5: (a) Plots of hue angle and chroma values against Cr(VI) concentration (Color Grab) and (b) Plots of 

hue angle and chroma values against Cr(VI) concentration (UV spectrophotometer). 

The final horseshoe chromaticity diagram is shown Figure 5.6 (a) for data obtained from the 

smartphone as well in Figure 5.6 (b) for UV spectrophotometric data.  It was clearly visible 

from the plotted RBG point in chromaticity diagram that the increased concentration of 

chromium contributed to colour change from red to blue which is due to gold nanoparticle 

aggregation, this was explained by the colour that were shifted toward the blue region. In Figure 

5.6 (a), it was noted that as the concentration of chromium was increased, the xy coordinates 

obtained from RBG coordinates occupied the blue region of the chromaticity diagram model, 

further evidence of this trend was also observed in Figure 5.6 (b) from UV spectrophotometric 

data. 

(a) (b)
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Figure 5.6: (a) Chromaticity image of calibration standards of Cr(VI) (colour Grab) and (b) chromaticity image 

of calibration standards of Cr(VI) (UV spectrophotometer). 

5.1.4 Molecular simulation of DPC-AuNPs to Cr (VI) 

The model depicting aggregation of DPC-AuNPs upon the addition of Cr(VI) is shown in 

Figure 5.7 (a). The charges of Cr(VI) were balanced with oxygen as shown with the red dots 

in Figure 5.7 (b).  This figure demonstrated that upon the addition of hexavalent chromium, the 

aggregation was induced which could be clearly seen in Figure 5.7 (b) as compared to Figure 

5.7 (a) where gold clusters are separated.  The mechanism of aggregation was discussed in our 

published work (Magubane et al. 2019; Muthwa et al. 2020). The mechanism is due to the 

interaction of Cr(VI) with the capping DPC which is introduced by replacing citrate, the 

capping agent used during the synthesis of AuNPs.   This results into the formation of Cr-DPC 

complex, thus leaving gold nanoparticle uncapped as result aggregation is induced as shown in 

Figure 5.7 (b). 

(a) (b)
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Figure 5.7: Model for simulation DPC-AuNPs and Cr (VI) (a) DPC-AuNPs and (b) Cr-DPC-AuNPs. 

The simulated radial distribution functions (RDF) for different selected atoms of DPC-AuNPs 

and Cr(VI) were calculated to quantify interactions among the DPC groups, AuNPs, and Cr 

ions. The RDF provided the information regarding the intermolecular interaction among the 

three components (AuNPs, Cr and DPC).  The peak height and the position were used for 

structural analysis of these interactions. The RDF of DPC-AuNPs is shown in Figure 5.8 (a). 

In this case, the simulation was done by interacting AuNPs with the carbonyl end of the DPC. 

In Figure 5.8 (b), it can be noted that the r (Å) at 3 Å is associated with RDF [g(r)] of 3.4 r, 

this is an indication of strong interaction with the surface of gold nanoparticles, where most of 

the DPC molecules are within 3 Å from the surface of gold nanoparticles. Further molecular 

simulation was done to depict the formation of new Cr-DPC complex.  The formation Cr-DPC 

complex was simulated by looking at the bonds between Cr-N and Cr-AuNP bond formation 

using the radial distribution as shown in Figure 5.8 (a) and (b).  A clear evident of the formation 

of strong Cr-N bond, leading to formation of Cr-DPC complex is evident from the radial 

distance from 3 Å. The height of the g(r) for Cr-AuNPs is 3.4 r at the radial distribution of 3 

Å. Notable so, the radial distance at 3 Å for Cr-DPC bond is 8.4 r. It is very obvious from 

Figure 5.8 (c) that the radial distribution for Cr-DPC was increased by more than two folds 

when it is compared with the radial distribution of Cr-AuNPs.  This demonstrated a clear 

evidence of the formation Cr-DPC complex. The formation of this complex was very crucial 

in understating the aggregation process of gold nanoparticles.  The mechanism of this can be 

explained by the process that is similar to molecule exchange process, in this case gold 

nanoparticle are stabilized by DPC which covers the surface thus preventing aggregation. 

However, upon the addition of hexavalent chromium ions into the system they interact with 

( )

(a) (b)
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DPC leaving uncapped AuNPs which are likely to aggregate as attested with the simulated 

radial distribution functions in Figure 5.8 (a).  

 

Figure 5.8: Radial distribution function for DPC-AuNPs and Cr(VI) (a) DPC-AuNPs, (b) Cr-AuNPs and (c) Cr-

DPC. 

 

(b)(a)

(c)
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6.1.2 Characterization of 1- methyl-6-phenyl-6, 6a, 7, 11b-tetrahydro-5H-

indolo [3, 2 - c] [1, 8] naphthyridine. 

The characteristic absorption band in the FT-IR spectrum presented in Figure 6.2 (a) showed 

stretching absorptions (cm -1) at 3390-3271 due to the secondary amine N-H stretch, C-H (sp3) 

stretch at 2854, C=C stretch and N-H bend at 1675- 1618, C-N stretch at 1479 and N-H out of 

plane bend at 744 cm -1. The mass spectrum in Figure 6.1 (b) with a molecular ion peak at m/z 

311.2 [M+] corresponded to molecular formula C21H17N3. Moreover, elemental analysis also 

confirmed the structure of TRPIDB_H compound as 1- methyl-6-phenyl-6, 6a, 7, 11b-

tetrahydro-5H-indolo [3, 2 - c] [1, 8] naphthyridine. 

 

Figure 6.2: (a) IR spectrum and (b) TOF-MS spectrum for TRPIDB_H 

Well distinct signal at δ 10.80 for overlapping NH-13 indole and NH-1 naphthyridine were 

observed in Figure 6.3 (a) in the 1H NMR spectrum. The formation of a new ring was confirmed 

(a)

(b)
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by the aromatic protons at δ 7.39 (1H, d, J = 8.1 Hz, H-15) and 6.85 (1H, d, J = 8.1 Hz, H-14) 

corresponded to naphthyridine –CH whilst a signal at δ 5.87 (s, H-2) exhibited the presence of 

–CH (sp3). The indole –CH was assigned by the 2 doublet at δ 7.37 (2H, d, J = 8.1 Hz, H-5 & 

H-8) and the 2 triplets at δ 7.07 (1H, t, J = 7.8 Hz, H-7) and 6.89 (1H, t, J = 7.8 Hz, H-6) were 

assigned to indole –CH, respectively. The phenyl ring exhibited five protons: 1 proton was 

triplets at δ 7.17 (1H, t, J = 8.2 Hz, H-4’) and other 4 protons were doublets at δ 7.32 (2H, d, J 

= 8.1 Hz, H-2’& H-6’) and δ 7.29 (2H, d, J = 7.4 Hz, H-3’ & H-5’) as shown in Figure 6.3 (a). 

The 13C NMR in Figure 6.3 (b) spectrum showed the presence of 12 CH carbons at δ 39.7 (C2), 

111.1 (C8), 118.0 (C14), 118.2 (C6), 120.9 (C7), 123.5 (C5), 125.8 (C4’), 127.9 (C2’ & C6’), 

128.4 (3’ & C5’) and 138.4 (C15). While, 8 quaternary carbons resonated at δ 111.4 (C3a), 

119.1 (C12a), 128.2 (C4a), 131.0 (C11a), 136.6 (C9a), 138.4 (C1’) and 144.9 (C13 & C16a).  

 

Figure 6.3: 1H NMR spectrum and (b) 13C NMR spectrum for TRPIDB_H 

6.1.3 Characterization of TRPIDB_H-AgNPs aggregation 

The photographic image and UV-Vis spectra of silver nanoparticles functionalized with 1- 

methyl-6-phenyl-6, 6a, 7, 11b-tetrahydro-5H-indolo [3, 2 - c] [1, 8] naphthyridine incubated 

with various concentrations Pb(II) standard solutions in the range of 1-100 mg/L are shown in 

Figure 6.4 (a) and (b), respectively. As observed in Figure 6.4 (a) the TRPIDB_H-AgNPs 

dispersion solution colour changed from yellow to reddish brown with increasing concentration 

from 60-100 mg/L. The absorption peak at 520 nm decreased and a new absorption peak 

emerged at 505 as the Pb(II) concentration increased as shown in Figure 6.4 (b) from the 

corresponding UV-Vis spectra which originated from the aggregation of AgNPs. 

(a) (b)
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Figure 6.4: (a) Photographic image of TRPIDB_H-AuNPs (blank) in the presence of Pb(II) and (b) UV-Vis 

spectra of TRPIDB_H-AuNPs in the presence of Pb(II) concentration in the range of 1-100 mg/L.  

Amines with electron-rich nitrogen are reported to easily attach onto the electron deficient 

surface of metal nanoparticles through the coordinating interaction (Li, Du and Zhang 2014). 

Additionally, the nitrogen atom of amines has strong affinity to AgNPs. 1- methyl-6-phenyl-6, 

6a, 7, 11b-tetrahydro-5H-indolo [3, 2 - c] [1, 8] naphthyridine (TRPIDB_H) can easily induce 

aggregation of AgNPs due to crosslinking effect and results in colour change of AgNPs 

dispersion. Hence, when the TRPIDB_H-AgNPs were well dispersed in solution, the colloid 

exhibited a yellow colour with an absorption peak at 410 nm in Scheme 6.1 stage 4. However, 

the colour changes from yellow to reddish brown as the Pb(II) concentration increased resulting 

in a shift of the surface plasmon absorption to 505 nm due to the aggregation of AgNPs. Scheme 

6.1 illustrates the mechanism for detection of Pb(II).  

(a)

(b)
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6.1.4 RGB colour coordinates measurements 

The RGB colour coordinates are a preservative colour space and are mainly used through 

computer graphics as colour displays usually apply red, green and blue to create anticipated 

colours (Connolly and Fleiss 1997; Nxumalo 2019). The main purpose for the development of 

RGB colour space was the replication of human visual system. This colour model festers the 

colour of a photographic image into three RGB colour components which were used to create 

colour fills inserted in Figure 6.4 (a) to validate the obtained RGB values with the naked eye 

colorimetric colours. The RGB colour intensity analysis was conducted by using the captured 

photographic image in Figure 6.4 (a) snapshots of the colour histograms for each Pb(II) 

standard solution. A significant decrease in the red and green line was observed in Figure 6.5 

with an increase in in Pb(II) concentration. Meanwhile, the blue line increased rapidly with an 

increase in Pb(II) concentration as shown in Figure 6.5. 

 

Figure 6.5: Plot of RGB colour coordinates vs concentration of Pb(II) in the range of 1-100 mg/L.  
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6.1.5 Optimization of CIE L*a*b* colour space 

The CIE L*a*b* colour space is the first clear relationship between colours visualized by the 

human eye and the electromagnetic spectrum (Tauler et al. 1994; Nxumalo 2019). CIE L*a*b* 

colour space was adopted internationally on the 1970’s for the main purpose of colour 

acceptability decision making from colour measurements by spectrophotometers and 

colorimeters. The colour device dependent RGB colour coordinates were converted to a 

standard device independent CIE L*a*b* colour space. The RGB values were then converted 

to L*a*b* values using Hunterlab (http://colormine.org/convert/rgb-lab/hunterlab) to obtain 

the corresponding L*a*b* values. A significant decrease in the L line was observed in Figure 

6.6 as the Pb(II) concentration increase, indicating that the Pb(II) standard solutions lightness 

decreased with increasing Pb(II) concentration. Additionally, another significant decrease in 

the b* line was observed as the Pb(II) concentration increased in Figure 6.6 which was due to 

the yellow colour of the TRPIDB_H-AgNPs. Finally, a rapid decrease in a* values was noticed 

in Figure 6.6 from the blank (TRPIDB_H-AgNPs) to 40 mg/L yielding -a* indicating that these 

solutions were yellow in the presence of Pb(II) concentration. This was followed by a rapid 

increase in a* values yielding +a* values indicating that the solution changed colour from 60-

100 mg/L to reddish brown.  

 

Figure 6.6: Plot of CIEL*a*b* values vs concentration of Pb(II) in the range of 1-100 mg/L. 
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6.1.6 Intensity and colour difference analysis 

Further to the abovementioned analysis the photographic image was processed for the intensity. 

The colour intensity was obtained drawing a rectangle to the cuvette. The measure, analysis 

tabs were selected from the ImageJ software application toolbars. The obtained results for the 

colour intensity are shown Figure 6.7 (black line). The intensity increased from the blank to 20 

mg/L followed by a rapid decrease from 40-100 mg/L in Figure 6.7 (black line). The total 

colour difference between the two colours is given in terms of L, a* and b* by the CIE 1976 

formula (Hill, Roger and Vorhagen 1997; Mokrzycki and Tatol 2011) Equation 2-1. It was 

noticed that the colour difference gradually increased from the blank to 40 mg/L in Figure 6.7 

(blue line) followed by a rapid increase from 60-100 mg/L. 

 

Figure 6.7: Plot of colour intensity vs concentration of Pb(II) *black line and plot of colour difference vs 

concentration of Pb(II) (blue line) 
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6.1.7 Hue and chroma evaluations 

Hue angle is the basic unit of colour and was used to outline the difference of a certain colour 

with reference to gray colour with the same lightness. Hue angle was considered the qualitative 

characteristic of colour and was related to the differences in absorbance at different 

wavelengths. Hue was calculated using Equation 2-3 and the obtained values were plotted 

against concentration in Figure 6.8 (black line). No specific trend was observed for the hue in 

Figure 6.8 (black line). However, a significant decrease was observed from 1-10 mg/L and 

from 40-60 mg/L, respectively, as the Pb(II) concentration increases. This was followed by an 

increase in hue from 60-100 mg/L as the Pb(II) concentration increased. Moreover, chroma 

was used to determine the degree of difference of a hue in comparison to a gray colour with 

the same lightness as the quantitative attribute of colourfulness. Chroma was calculated using 

Equation 2-2. The higher chroma values were associated with high colour intensity of samples 

perceived by human eyes. The chroma decreased significantly with the increase in Pb(II) 

concentration, hence, the TRPIDB_H-AuNPs in the presence of Pb(II) standard solutions 

changed from vivid to dull as the concentration of Pb(II) standard solution increased in Figure 

6.8 (blue line).  

 

Figure 6.8: Plot of hue vs concentration of Pb(II) (black line) and plot of chroma vs concentration of Pb(II) (blue 

line) 
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6.1.8 Chromaticity system 

The CIE system (Nxumalo 2019) is the most recognized method in which colour is represented 

by parameters x and y determining chromaticity of a colour and Y parameter representing 

luminance (brightness) of a colour. The colour space is then represented in a 2-D chromaticity 

diagram and can be used to predict outcome of colour mixtures (Hill, Roger and Vorhagen 

1997). The chromaticity diagram for the colorimetric detection of Pb(II) using the TRPIDB_H-

AuNPs is shown in Figure 6.9. From the chromaticity diagram it was noticed that the yellow-

coloured solutions from the photographic image in Figure 6.4 (a) are situated in the yellow 

region of the chromaticity diagram. These are the blue coloured points in the chromaticity 

diagram labelled at blank, 1, 5, 10, 20 and 40 mg/L respectively. Meanwhile, the reddish 

brown-coloured samples are situated red region of the chromaticity diagram. These are red 

coloured points in the chromaticity diagram labelled 60, 80 and 100 mg/L, respectively. The 

results validated the RGB colour coordinates and CIE L*a*b* colour space as efficient and 

accurate colorimetric tool as they replicated the same colours as the photographic image. 

 

Figure 6.9: Chromaticity diagram of TRPIDB_H-AgNPs in the presence of Pb(II) concentration in the range of 

1-100 mg/L.     
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CHAPTER SEVEN 

7.0 CASE STUDY FOUR 

7.1 Colorimetric detection of Mn(II) using 3-(4-hydroxy-3-methoxyphenyl)-2, 3-

dihydropyrazolo [3, 4-b] indole-1(4H)-carbothioamide capped gold nanoparticles: 

A CIE L*a*b*/Yxy colour space study. 

7.1.1 Characterization of TRPIDA_V complex 

The FT-IR spectrum in Figure 7.1 (a) exhibited stretching absorption (cm -1) at 3388, 1504, 

1333, 734 and out of plane bend at 734 cm -1 which were assigned to secondary N-H, C=S, C-

N, C-O and N-H, respectively. Furthermore, the mass spectrum in Figure 7.1 (b) TOF-MS 

showed 340.4 [M+] for the molecular ion confirming compound TRPIDA_V as 3-(4-hydroxy-

3-methoxyphenyl)-2, 3-dihydropyrazolo [3, 4-b] indole-1(4H)-carbothioamide. 

 

Figure 7.1: (a) IR spectrum and (b) TOF-MS spectrum for TRPIDA_V  

(a)

(b)
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The 1H NMR spectrum in Figure 7.2 (a) exhibited signals at δ 10.9 for overlapping N-H indole 

and thioamide while at 2.0 exhibited signal for N-H pyrazole. Aromatic protons at 8.7 (s, OH), 

7.4 (1H, d, J = 7.6 Hz), 7.3 (1H, d, J = 7.6 Hz), 7.1 (1H, t, J = 8.0 Hz), 7.0 (1H, d, J = 8.0 Hz), 

6.9 (1H, s), 6.8 (1H, d, J = 7.6 Hz), 6.7 (1H, t, J = 8.0 Hz), 5.8 (1H, s), 3.7 (s, OCH3) ppm. The 

13C NMR spectrum in Figure 7.2 (b) exhibited the presence of CH carbons at δ 39.8, 55.6, 

111.4, 112.8, 115.0, 118.0, 118.6, 119.2, 120.5, 120.8, 123.4, 135.9, 136.6, 144.5, 147.2, 170.3 

ppm. 

 

Figure 7.2: 1H NMR spectrum and (b) 13C NMR spectrum for TRPIDA_V  

7.1.2 Optimization of TRPIDA_V-AuNPs colorimetric sensor  

UV–Vis spectrophotometry was used for qualitative measurements of Mn(II) using 

TRPIDA_V-AuNPs to monitor the colour change induced the presence of Mn(II) as shown in 

Figure 7.3. The UV-Vis results presented in Figure 7.3 confirmed it by depicting two well 

separated peaks at 520 and 655 nm, respectively. A change upon increasing the concentration 

of Mn(II) was observed from the UV-Vis spectra upon the addition of 2 mg/L Mn(II) that led 

to a slight red shift to 655 nm wavelength.  

(a) (b)



 

106 
 

 

Figure 7.3: UV-Vis spectra of TRPIDA_V-AuNPs (blank) and different concentrations of Mn(II) in the range of 

0.5-10.0 mg/L.  

Both dispersed and aggregated forms of functionalized TRPIDA_V-AuNPs have strong 

extinction coefficients to enable colorimetric determinations even by naked eyes (Takatsuji, 

Ikeno and Haruyama 2012). The wine red colour of the functionalized TRPIDA_V-AuNPs 

turned to blue when the TRPIDA_V-AuNPs aggregate in solution in the presence of Mn(II) 

solution (Qi, Shang and Wu 2012) due to the alterations of SPR properties of the particles. In 

this work the use of Mn(II) standard solutions reacted with the TRPIDA_V-AuNPs to induce 

aggregation of the TRPIDA_V-AuNPs. The various colour changes produced from the 

colorimetric assay are shown in Scheme 7.1
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7.1.3 Selectivity and sensitivity of Mn(II) 

The selectivity of the proposed colorimetric detection method was tested using 2 mg/L of eight 

metal ions namely; Cu(II), NO3
-, Zn(II), Pb(II), NO2

-, Cr(VI), Ni(II) and Mn(II). These metal 

ions were added into the TRPIDA_V-AuNPs. The photographic image and UV- Vis spectra of 

the TRPIDA_V-AuNPs in the presence of 2 mg/L metal ions are shown in Figure 7.4 (a) and 

(b), respectively. The TRPIDA_V-AuNPs remained wine red in colour after the addition of 

different metal ions at 2 mg/L except for Mn(II) which changed from wine red to blue as shown 

in Figure 7.4 (a). Additionally, the SPR absorption decreased rapidly with the addition of 

Mn(II) depicting a second peak at 655 nm. Plot of absorbance at 655/520 nm vs meal ions at 2 

mg/L concentration is presented as a bar graph in Figure 7.4 (c) to display the selectivity of 

Mn(II). Therefore, these results confirmed that the selectivity of TRPIDA_V-AuNPs 

colorimetric detection system is excellent compared to other investigated interfering metal 

ions.  

 

Figure 7.4: (a) Photographic image and (b) UV–Vis spectra of the TRPIDA_V-AuNPs in the presence of different 

metal ions at 2mg/L  

Cu (II) NO3
- Zn (II) Pb (II) NO2

- Cr (VI) Ni (II) Mn (II)

(a)

(b) (c)
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The sensitivity of our proposed colorimetric detection method to Mn(II) under the optimized 

experimental conditions was recorded by the colour change of the TRPIDA_V-AuNPs 

solution. UV-Vis spectra of the TRPIDA_V-AuNPs containing different Mn (II) 

concentrations is shown in Figure 7.3. An observation was made that with the increasing 

concentration of Mn(II) from 2-10 mg/L the SPR absorption peak at 520 nm decreased and a 

second peak at 655 nm appeared. Moreover, the UV-Vis spectra of the TRPIDA_V-AuNPs 

with Mn (II) concentration in the range of 0.5-10 mg/L were for the quantitative analysis. Plot 

of absorbance at 655/520 nm against Mn(II) concentration in the range of 0.5-10 mg/L is shown 

in Figure 7.5 (a) gave a good linear relationship (R2 = 0.97636) with a limit of detection and 

quantification of 0.006991 and 0.00233 mg/L, respectively. LOD and LOQ were calculated as 

3×S/m and 10×S/m, respectively, where S is the standard deviation of the response factor and 

m is the slope of the calibration curve. Additionally, standards were analysed in triplicate. Plot 

of residual absorbance against Mn(II) concentration depicted that the plots are randomly 

distributed in Figure 7.5 (b).  

 

Figure 7.5: (a) Plot of absorbance (@655/520 nm) vs concentration and (b) plot of residual absorbance vs 

concentration of Mn(II)in the range of 0,10 mg/L.  

 

 

 

(a) (b)
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7.1.4 Image processing 

The captured photograph image was analysed using ImageJ Software Application histograms 

to obtain the RGB colour coordinates of the TRPIDA_V AuNPs (blank) and Mn(II) standard 

solutions in the concentration range of 0.5-10 mg/Lin Figure 7.6 (a). The obtained RGB values 

were then inserted to a Microsoft PowerPoint Shape Fill tab under More Fills colour model and 

the corresponding RGB values were inserted to obtain the presented block colour presented in 

Figure 7.6 (b). The obtained colour fills (insert below photographic image) agreed with the 

captured photograph image of the TRPIDA_V-AuNPs with different Mn(II) concentration. 

Additionally, the RGB colour coordinates were presented graphically in Figure 7.6 (b) to better 

understand the trend of each colour coordinate as the Mn(II) concentration increases. The red 

values decreased significantly with an increase in Mn(II) concentration. Whilst the green and 

blue values followed the same trend and rapidly increased with an increase in Mn(II) 

concentration. Indicating that the red colour changed to blue with an increase of Mn(II) 

concentration. The obtained RGB values were then converted to XYZ values using Equation 

3-1. 

 

Figure 7.6: (a) Photographic image of TRPIDA_V-AuNPs and Mn(II) and (b) plot of RGB values vs Mn(II) 

concentration in the range of 0-10 mg/L. 

(a)

(b)



 

111 
 

The obtained XYZ values displayed similar trends as the RGB values where a rapid decrease 

in the X values was observed in Figure 7.7 (a) from 1-2 mg/L. The Y values increased from 0-

1 mg/L and decreased significantly at 2 mg/L followed by an increase from 3-10 mg/L. The Z 

values increased rapid from 0-4 mg/L then a decrease at 5 mg/L was observed followed by a 

rapid increase from 6-10 mg/L/ Based on trends presented from the XYZ values it is safe to 

say that the obtained results agreed with the CIE 2° and 10° Standard Observers (Sharma 2018) 

in Figure 1.4. This phenomenon confirms that the proposed colorimetric sensor is efficient and 

can be further applied in the detection of Mn(II).  The XYZ values were then converted to 

L*a*b* values using Equation 3-2 and the obtained results are shown in Figure 7.7 (b). It was 

observed that the X and L values trends are almost identical. The rapid decrease in the L values 

from 1-2 mg/L indicated that Mn(II) standard solution change from lightness to darkness. Thus, 

obtaining positive a* and b* values confirmed that the samples were red and blue, respectively.  

 

Figure 7.7: (a) Plot of XYZ values vs Mn(II) concentration and (b) plot of L*a*b* values vs Mn(II) concentration 

in the range of 0-10 mg/L. 

(a)

(b)
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The colour difference was calculated using Equation 2-1 using the obtained L*a*b* values 

from Equation 3-2. The results of the colour differences obtained from the colorimetric assay 

of the Mn(II) standard solution in the range of 0,5-10 mg/L are shown in Figure 7.8 (a) (black 

line) with TRPIDA_V-AuNPs as the blank. It was observed that the colour difference values 

increased with increasing Mn(II) standard concentration in Figure 7.8 (a). The colour intensity 

was obtained by using ImageJ software application. A 10 mm circle was drawn in each spot in 

the photographic image and a measure analysis was selected from toolbar. The colour intensity 

decreased as the Mn(II) standard solutions concentration increased as shown in Figure 7.8 (a) 

(blue line). The intensity of the colour was inversely proportional to the Mn(II) standard 

solution concentration. The hue decreased as the Mn(II) concentration increased in Figure 7.8 

(b) (black line). Hue and the intensity followed the same trend. Meanwhile, the chroma 

decrease significantly in Figure 7.8 (b) (blue line) from 1-2 mg/L indicating the TRPIDA_V-

AuNPs in the presence of Mn(II) standards solutions changed from vivid to dull as the Mn(II) 

increases (as they changed from wine red to blue). 

 

Figure 7.8: (a) Plot of colour difference (black line) and plot of colour intensity (blue line) vs Mn(II) concentration 

and (b) plot of hue (black line) and vs Mn(II) concentration.  

(a)

(b)
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7.1.5 Detection of river and tap water samples 

UV-Vis results of TRPIDA_V-AuNPs spiked with 0.5, 2, 4, 6, and 10 river and tap water 

Mn(II) standard solutions are presented in Table 7.1. The %Recovery and %RSD of river water 

sample was between 90.42-102.45% and 0.02-0.58%, respectively. While the %Recovery and 

%RSD for tap water samples was between 98.06-104.87% and 0.01-0.34%, respectively. These 

results proved the proposed colorimetric sensor to be highly robust and efficient for both river 

and tap water samples.  

Table 7.1: Showing the %Recovery and %RSD of the proposed colorimetric sensor for the 

detection of Mn(II) 

Sample Spiked 

(mg/L) 

Absorbance 

(@655/520 nm) 

Actual 

(mg/L) 

Theoretical 

(mg/L) 

Recovery 

(%) 

RSD 

(%) 

River 

Water 

0.5 0.104013863 0.6595 0.6382 96.78 0.04 

2 0.176048678 1.2467 1.1273 90.42 0.12 

4 0.623805987 4.0673 4.1670 102.45 0.58 

6 0.934418346 6.5653 6.2758 95.59 0.02 

10 1.339143214 9.3769 9.0234 96.23 0.25 

Tap Water 

0.5 0.105257958 0.6595 0.6467 98.06 0.34 

2 0.20112389 1.2467 1.2975 104.07 0.05 

4 0.637302778 4.0673 4.2587 104.71 0.05 

6 1.023714681 6.5653 6.8820 104.82 0.01 

10 1.4141926 9.3769 9.5329 101.66 0.02 

 

 

 

 

 

 

 

 



 

114 
 

CHAPTER EIGHT 

8.0 CONCLUSIONS  
 

This study presents an innovative, simple, sensitive, selective, cost-efficient colorimetric 

sensors that were developed using functionalized gold and silver nanoparticles. The innovation 

part played a massive role in this study as three of the four functionalization ligands were 

synthesized in our laboratories and only one was commercially bought. A simple colorimetric 

method based on the aggregation TRPIDA_CH3-AuNPs of was successfully developed for 

highly sensitive and selective detection Cr(VI). This colorimetric assay allowed the detection 

of Cr(VI) by simple UV–Vis spectroscopy as well as CEIL*a*b*/Yxy colour systems. Thus, 

the synthesized colorimetric sensor proved to be highly sensitive to Cr(VI) in aqueous solutions 

and also demonstrated pleasing selectivity over the investigated metal ions. Additionally, this 

method provided a great potential application in real water samples. 

This study demonstrated a simple concentration measurement by a colorimetric method based 

on the detection of hexavalent chromium using CIEL*a*b* colour system and RGB colour 

coordinates. The use of colour difference (ΔE) was appropriate for a colorimetric concentration 

measurement based on the multiple colour changes due to the DPC-AuNPs aggregation. The 

combination of the DPC-AuNPs and image analysis based on ΔE enabled quantitative analysis 

for multiple colour changes as expected. The present method will accelerate applications to 

point of care testing and in resource limited settings. The aggregation of gold nanoparticles was 

further proved using molecular dynamics simulation. 

The sensitive and rapid colorimetric detection sensor of Pb(II) ions based on the fact that the 

Pb(II) ions induced aggregation of the TRPIDB_H-AgNPs was successfully developed. The 

colour of the TRPIDB_H-AgNPs solution changed from yellow to reddish brown and was 

monitored by UV-Vis spectroscopy, RGB colour coordinates and CIE L*a*b*/Yxy colour 

space. The RGB colour coordinates and CIE L*a*b*/Yxy colour space measurements depicted 

colour dynamics that corresponded with the captured photographic image of TRPIDB_H-

AgNPs in the presence of different Pb(II) standard concentration. Furthermore, no special 

additives or complex instrumentation were involved in this study. 

A simple, rapid and efficient colorimetric detection system using TRPIDA_V-AuNPs was 

successfully developed for the selective and sensitive determination of Mn(II).  The synthesis 

and functionalization of colorimetric detection system showed good sensitivity with a detection 
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limit of 0.00691 mg/L. The colorimetric proved to be highly selective only to Mn(II) ion 

compared to other investigated metal ions as there was no colour change on all the metal ions 

except for Mn(II). The UV-Vis spectra also validated the selectivity of the colorimetric 

detection system as there was one SPR peak at 520 nm for all the metal ions that were 

investigated and only Mn(II) showed two well separated peaks and 520 nm and 655 nm. Image 

processing using ImageJ software application yielded RGB values that matched the naked eye 

colorimetric response of the Mn(II) calibration standard solutions. The conversion of RGB 

values to XYZ values and conversion of XYZ values to L*a*b* values was a success as this 

was confirmed by the values matching the colours obtained in the captured photographic 

image. Furthermore, the L*a*b* values yielded a colour difference which was directly 

proportional to Mn(II) concentration as the colour difference increased as the Mn(II) 

concentration increased. The CIE L*a*b* colour system confirmed the intensity colour 

variation for the chroma and hue of the Mn(II) standards solutions. Finally, the colorimetric 

detection system yielded high %Recoveries and very low %RSD on the spiked river and tap 

water samples.   
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