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ABSTRACT  

 

This study was conducted to develop and validate a straightforward, selective, and efficient 

colorimetric optical sensor that relies on gold nanoparticles for the detection and quantification 

of Pb(II) in wastewater systems. 

Gold nanoparticles were synthesized by chemical reduction of gold(III) chloride trihydrate, 

with trisodium citrate as a stabilizing agent to prevent aggregation. The synthesized AuNPs 

were characterized by ultraviolet-visible (UV-Vis) spectroscopy and transmission electron 

microscopy (TEM), confirming a spherical morphology with an average diameter of 

approximately 20 nm and a characteristic surface plasmon resonance (SPR) peak at 520 nm. 

The detection mechanism was based on Pb(II)-induced nanoparticle aggregation, resulting in 

a visible color change from red to blue. Quantitative analysis was conducted using both UV-

Vis spectroscopy and digital image processing in ImageJ. The method was further validated 

using spiked river and tap water samples across a concentration range of 0.1–20 mg/L. 

Selectivity was assessed in the presence of potential interfering ions, while colorimetric 

response was analysed using the CIE Lab* color space. 

The presence of Pb(II) resulted in a red shift in the UV-Vis spectra, with the identification of 

two distinct SPR peaks at 520 nm and 680 nm, confirming nanoparticle aggregation. The 

colorimetric sensor demonstrated a strong linear response over the concentration range of 0.05–

20.0 mg/L (R² = 0.9901), with a detection limit of 0.01 mg/L. The recovery studies yielded 

values of 93%-99% for the ImageJ method and 88%-98% for the UV-Vis method. The Analysis 

of wastewater samples revealed Pb(II) concentrations ranging from 0.0 to 0.0379 mg/L. Then, 

minimal interference from other metal ions (Cr, Cu, Fe, Ni, Zn, Mn) was observed, indicating 

high selectivity. Colour analysis showed a systematic transition from red to green in the CIE 

Lab* space, with increasing Pb(II) concentration strongly correlating with measurable colour 

variation. 

The colorimetric sensor based on AuNPs developed provides a swift, cost-efficient, and 

exceptionally selective means for detecting Pb(II) in wastewater. The robust alignment 

between ImageJ and UV-Vis results indicates that smartphone image analysis can serve as a 

reliable alternative to standard spectrophotometric techniques. This strategy holds significant 

potential for on-site environmental assessments and in settings with limited resources.  
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CHAPTER 1:  INTRODUCTION 

 

1.1 Background  

 

The importance of clean water as a resource is profound, as it is essential for human well-being 

and the maintenance of biological systems (Connor 2015; Allan, Castillo and Capps 2021; 

Abdelfatah, Ali and Abdelbary 2022). Water is often deemed the most valuable natural 

resource on Earth, as life cannot exist without it (Chinhoga 2016). The demand for water 

availability is rising globally due to population growth, industrialization, urbanization, and 

changes in consumption patterns (Choi et al. 2017). It is crucial to continuously monitor water 

quality to maintain the aquatic environment. (Ngandjui et al. 2024). Assessing the quality 

condition of aquatic ecosystems involves evaluating water pollution levels and the potential 

impacts on the organisms living in the water bodies (Yan, Shen and Zhou 2022). The practice 

of discharging untreated wastewater into rivers is a significant contributor to water pollution. 

It has been documented that surface water across the globe shows substantial levels of heavy 

metals, primarily resulting from the effluents of wastewater treatment plants (Peters, Wallace 

and Asiedu 2024). 

 

The presence of heavy metal ions is often associated with toxicity, leading to detrimental 

effects on human health and overall well-being (Pandey et al. 2021).  Heavy metal ions are 

known to pose serious health risks and contribute significantly to environmental pollution 

(Abdelfatah, Ali and Abdelbary 2022). A range of industries, including surface finishing, 

metallurgy, mining, battery manufacturing, electroplating, and chemical production, are known 

to produce effluents that significantly contribute to heavy metal pollution (Avelé 2021; 

Velusamy et al. 2021; Harsha Vardhan, Kumar and Panda 2022). The presence of heavy metals 

such as lead (Pb), mercury (Hg), arsenic (As), and cadmium (Cd) at high levels poses serious 

health risks, including cancer, damage to renal and hepatic functions, and adverse effects on 

the central nervous system (Balali-Mood et al. 2021; Kamarajah and Alexander 2024). 

 

Lead (Pb), classified as a heavy metal ion, is found naturally on the surface of the Earth and 

exists in two oxidation states: Pb(IV) and Pb(II) (Abdoli et al. 2021). Among heavy metals, 

Pb(II) is particularly noted for its toxic properties and harmful effects (Poudel et al. 2023). 

Over the last decade, various human and industrial activities, including smelting, pesticide use, 



2 
 

battery production, and landfill erosion, have significantly exacerbated environmental 

contamination with Pb(II) (Yao et al. 2021). This toxic chemical is known to affect the kidneys, 

brain, and nervous system adversely (Phoonsawat et al. 2021). The detection of metal 

contaminants, particularly Pb(II), in drinking water has been significantly delayed, contributing 

to various health problems in humans. Heavy metals are introduced into wastewater in 

substantial quantities through multiple pathways, leading to both direct and indirect adverse 

effects on the environment and human health, primarily due to their widespread use in modern 

industries. Studies on monitoring have reported several techniques for lead detection in water, 

such as inductively coupled plasma spectrometry, gas chromatography, and graphite furnace 

atomic absorption spectrometry, in addition to conventional atomic absorption methods. 

Nonetheless, there are reservations about the feasibility of these techniques in the future, 

primarily due to their significant operational and maintenance expenses, protracted sample 

preparation processes, and the need for specialized technical skills (Wilkins et al. 2023). 

Additionally, these methods are responsible for pre-analytical errors resulting from storage, 

handling, and sample transportation (Nataraj, Chen and Krishnan 2022). The practical and 

selective detection of heavy metal ions in environmental water systems has become imperative 

for maintaining the quality standards of discharged water. This study elaborates on the 

development of a cost-efficient, accurate, and reproducible method for quantifying Pb(II) in 

wastewater, which uses the ImageJ platform and gold nanoparticles as a sensor. 

 

1.1.1 The selection criteria and application of gold nanoparticles in colorimetric assays 

 

Gold nanoparticles (AuNPs) are minuscule particles of gold, usually found within the size 

range of 1 to 100 nanometres (Verma, Kalra and Verma 2024). Their exceptional properties, 

influenced by their size, shape, and surface characteristics, contribute to their significant utility 

in various applications (Wang et al. 2024). These applications encompass biosensing, drug 

delivery, imaging, and the colorimetric detection of metal ions, including lead (Pb(II)) (Khan 

2024). The optical properties and surface chemistry of these nanoparticles are particularly 

relevant for their application in detecting metal ions (Herzog et al. 2024).  

 

AuNPs are highly regarded in the chemical industry for their ability to provide accessible, 

practical solutions to complex analytical tasks (Wekalao et al. 2024). They have been utilized 

as colorimetric sensors for the detection of various organic and inorganic compounds (Dhar et 
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al. 2024; Zeng, Lai and Zheng 2024). Their use has led to the development of analytical 

methods that are simple, rapid, reliable, and cost-effective (Manousi et al. 2023). The relatively 

low toxicity of gold, combined with its inert core, positions gold nanoparticles as a more 

environmentally friendly alternative to other nanoparticles (Duman et al. 2024). As a result, 

they have been incorporated into numerous studies, including those focused on drug delivery, 

catalytic applications, and the development of biological and chemical sensors (Haq Khan et 

al. 2023; Monsalve, Cruz-Pacheco and Orozco 2024; Sadiq et al. 2024). This makes AuNPs an 

ideal choice for the development of colorimetric assays (Feng et al. 2025). Furthermore, the 

aggregation characteristic of gold nanoparticles has been shown to exhibit a distinct change, 

highlighted by a red shift of the Localised Surface Plasmon Resonance (LSPR) peak to longer 

wavelengths (Guo et al. 2023). The research conducted by Li and collaborators indicates that, 

to optimize the application of gold nanoparticles, most particles should be uniform in size and 

shape within the solution (Liu et al. 2024). This consistency is critical to ensure that the 

interactions between the nanoparticles and the target compound remain unchanged (Das 2023).  

 

1.1.2 The characterization of gold nanoparticles 

 

Gold nanoparticles of varying morphology, size, and chemical properties can be synthesized 

using the chemical reduction approach (Hammami and Alabdallah 2021). In addition to the 

dimensions and radius of the metal nanoparticles, a variety of other factors, including the 

chemical conditions of the environment and the temperature of the system, have been reported 

to impact the size and shape of the nanoparticles produced (Ulusoy 2023). It is essential to 

ascertain the dimensions and morphology of the gold nanoparticles to evaluate the influence of 

the conditions, thereby validating the success of the synthesis and the potential utility of the 

nanoparticles in the research (Hossain et al. 2024). The characterization of synthesized gold 

nanoparticles can be achieved through various techniques, including ultraviolet-visible (UV-

Vis) spectroscopy and transmission electron microscopy (TEM). These methods were utilized 

in the current research. 

 

 

 

 



4 
 

1.1.3 Techniques for the quantitative analysis of Pb(II) ions 

 

The utilization of array-based sensors with gold AuNPs presents an excellent platform for 

identifying inorganic compounds within environmental samples (Li et al. 2023). The 

development and demonstration of an optical sensor for Pb(II) detection have been achieved 

by varying the concentration (Singh et al. 2021b). The interactions between AuNPs and Pb(II) 

ions have been shown to influence ionic strength in the detection of a range of chemical 

substances (Rizvi et al. 2023). The array sensor was analysed and found to exhibit a unique 

colour pattern corresponding to each analyte, stemming from the interaction of the analytes 

with the surface of AuNPs (Hemmateenejad, Bordbar and Shojaeifard 2023). This property 

allows for the practical identification of different analytes (Gao et al. 2023). The formation of 

aggregates among the nanoparticles in the solution serves as a marker for the degradation of 

the dielectric environment on the surface of AuNPs, consequently causing the solution to shift 

in colour from red to dark blue (Farrell and Pradhan 2022). According to Das and associates, 

there was a notable increase in the red shift of the SPR absorption peak of AuNPs within the 

UV-Vis spectrum as the optical density increased (Das, Ghosh and Avasthe 2021). The 

literature findings indicated a limited number of published reports on the use of gold 

nanoparticles as colorimetric sensors for detecting Pb(II) in wastewater samples. Typically, the 

determination of Pb(II) has been carried out using sophisticated laboratory methods, including 

X-ray fluorescence (XRF), cyclic voltammetry (CV), inductively coupled plasma atomic 

emission spectrometry (ICP-AES), graphite furnace atomic absorption spectrometry (GF-

AAS), and ultraviolet-visible (UV-Vis) spectroscopy (Inobeme et al. 2023). On the other hand, 

these traditional analytical techniques exhibit several limitations. These include complex pre-

treatment requirements, high operational costs, instability, insufficient sensitivity and 

selectivity, rendering them inadequate for real-time monitoring in field conditions (Burtt 2023). 

The use of AuNPs for sensing applications offers several advantages, including simplicity, 

speed, cost-effectiveness, reliability, and reduced analysis time. Additionally, the recovery of 

analytes from water samples remains high, even when interfering ionic species are present. 
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1.1.4 The development of an ImageJ application for lead detection 

 

The primary objective of this study is to develop a custom smartphone application designed to 

analyse images from gold nanoparticle-based colorimetric assays (ImageJ) for detecting lead 

(Pb) contamination in wastewater. This application aims to precisely analyse and quantify 

colour variations arising from the aggregation of AuNPs, induced by lead-binding interactions 

(Singh et al. 2021b). By automating image analysis, the tool aims to enhance the accuracy, 

reproducibility, and efficiency of lead detection, making it an asset for environmental 

monitoring and public health safety (Mu et al. 2024). 

 

Several studies have explored the use of ImageJ for analysing images from gold nanoparticle-

based colorimetric assays, particularly for detecting lead ions in environmental samples 

(Srinivasan et al. 2023; Bhattacharyya and Hossain 2024). These studies highlight the 

integration of ImageJ in processing and quantifying colorimetric changes, enhancing the 

accuracy and efficiency of heavy metal detection (Hua et al. 2023; Nadumane, Biswas and 

Mazumder 2024). A recent study utilized ImageJ to analyze colorimetric responses of coated 

AuNPs when exposed to lead ions in water samples (Suhaidi et al. 2023). Again, another study 

employed ImageJ to measure the intensity of colour changes, facilitating the quantification of 

lead concentrations with improved sensitivity (Tan et al. 2022; Mazur et al. 2024). These two 

approaches demonstrated the potential of combining AuNP-based assays with ImageJ analysis 

for environmental monitoring of lead contamination. In a study on anti-aggregation 

colorimetric sensing of cysteine using silver nanoparticles in the presence of Pb(II)  (Mao et 

al. 2024). The authors designed a colorimetric assay in which the interaction of lead ions with 

AuNPs induced a visible colour change due to nanoparticle aggregation. The solution's colour 

changed from yellow to purple and eventually to blue green. In another study, ImageJ was 

employed to analyze these colorimetric shifts, providing a quantitative measure of lead 

concentration (Kim et al. 2025). This method underscored the utility of ImageJ in interpreting 

results from nanoparticle-based sensors. 

 

A paper-based sensor fabricated using various methods, namely inkjet printing, wax printing, 

screen printing, dip coating, and photolithography, and incorporating nanomaterials, was 

reported (Malik et al. 2024). The cellulose paper-based AuNPs sensor was reported to produce 

distinct colour changes upon interaction with target ions, providing a straightforward, easily 

interpretable means of analysis. The analysis can be further complemented by the application 
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of software such as ImageJ, which processes images and enables precise quantification of 

colour intensity corresponding to varying concentrations of the analyte. (Markus et al. 2024).  

Hence, the combination of AuNPs and colorimetric assays enables accurate, efficient, and user-

friendly analysis of heavy metal ion contamination in environmental samples, offering 

significant advantages for public health and environmental monitoring. 

 

1.2 Problem Statement 

 

The discharge of Pb(II) ions in wastewater is a significant challenge to the aquatic and soil 

environments, which harms human health and the ecosystem as a whole (Yu et al. 2017; Ali et 

al. 2021; Karri, Ravindran and Dehghani 2021). At low concentrations, Pb(II) supports 

biological processes, but at threshold levels, it becomes toxic (Rahman and Singh 2019). In the 

list of toxins that harm the kidneys, brain, and cause renal dysfunction, the permitted range for 

Pb(II) in the wastewater is 0.05 to 0.30 mg/L (Krithiga et al. 2022). Pb(II) has become a 

significant environmental issue due to high concentrations, 5 mg/L, reported in industrial 

effluent (Miśkowiec 2022). This is due to limitations of traditional techniques such as XRF, 

CV, ICP-AES, GF-AAS, and UV-Vis spectroscopy, which are expensive, not portable, lack 

stability, are time-consuming, have no selectivity or sensitivity to other elements, and are 

tedious for sample preparation (Al Mamun et al. 2021; De Faria et al. 2021)These limitations 

delay the quantification and detection of Pb(II) in wastewater. 

 

1.3 Aim 

  

To develop a smartphone application that is simple, inexpensive, reliable, user-friendly, and 

selective for the colorimetric detection of Pb(II) in wastewater using gold nanoparticles.  

 

1.4 Objectives were to  

 

• Synthesize citrate-capped AuNPs from auric chloride /using the Turkevich method. 

• Characterize citrate-capped AuNPs using ultraviolet-visible (UV-Vis) spectroscopy 

and transmission electron microscopy (TEM). 

• Optimize CIELAB colour system (RGB, L*a*b*, ΔE, hue, chroma, and XYZ) using a 

smartphone and ImageJ application. 
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• Apply the CIELAB colour system to quantify Pb (II) in wastewater effluent. 

• Validate the CIELAB colour system using UV-Vis spectroscopy, a smartphone, and 

the ImageJ application. 

 

1.5 Rationale  of the study  

 

Various traditional analytical techniques have been employed, including X-ray fluorescence 

(XRF), cyclic voltammetry (CV), inductively coupled plasma atomic emission spectrometry 

(ICP-AES), graphite furnace atomic absorption spectrometry (GF-AAS), and ultraviolet-

visible (UV-Vis) spectroscopy, which have been reported for the determination of Pb(II) in a 

variety of samples (Shrivas et al. 2019; Awual et al. 2020; Ali et al. 2022). According to reports 

in the literature, these conventional methods have drawbacks such as sophisticated pre-

treatment, expensive operation, instability, and a lack of sensitivity and selectivity, making 

them unsuitable for real-time field monitoring (Tang et al. 2020; Zhang et al. 2021). The 

primary goal of this study is to quantify and detect lead ions in wastewater effluent using 

AuNPs. The reason this study concentrates on Pb(II) in wastewater is that numerous studies 

have demonstrated that Pb(II) is poisonous and poses a serious threat to both human and 

environmental health (Pawar et al. 2017; Alengebawy et al. 2021; Prasad et al. 2021). Globally, 

heavy metal ions like Pb(II) have become a great concern to the environment, and it is toxic, 

very common, and harmful in small amounts (Çelebi, Gök and Gök 2020; Maftouh et al. 2023; 

Narayanan, Ali and El-Sheekh 2023; Noor et al. 2023). There have been several health 

problems in humans because of the delay in quantification and detection of Pb(II) in drinking 

water (Rehman et al. 2021; Witkowska, Słowik and Chilicka 2021; Priya et al. 2022). On the 

other hand, the limitations of traditional methods used to detect and quantify Pb(II) in 

wastewater are found to be expensive, not portable, time-consuming, lacking stability, not 

sensitive, and selective to other elements, as well as tedious for sample preparation (Mthembu 

et al. 2020; Khalid and Ganjo 2021). Therefore, it is pivotal to develop a smartphone 

application and colorimetric method (ImageJ) that is simple, inexpensive, reliable, user-

friendly, and selective for the colorimetric detection of Pb(II) in wastewater using gold 

nanoparticles. 
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1.6  Dissertation Outline 

 

This dissertation is divided into six chapters: 

 

Chapter :1 Outlines the introduction, the utilization of gold nanoparticles and their selection 

criteria in colorimetric assays, the characterization of gold nanoparticles, techniques for the 

quantitative analysis of Pb(II) ions, the development of an ImageJ application for lead 

detection, problem statement, aim, objectives, and rationale of the study. 

 

Chapter 2: Presents a comprehensive review of the existing literature relevant to the reports 

that underpin this research. The examination encompassed a comprehensive overview of lead 

as a significant element of interest, colorimetric method, nanoparticles, gold nanoparticles as 

colorimetric sensor, characterization of gold nanoparticles, ultraviolet-visible spectroscopy in 

characterisation of gold nanoparticles, transmission electron microscopy in characterisation of 

gold nanoparticles, image analysis in colorimetric assays, colour space models, red, green blue 

colour model, CIELAB colour system and conclusion. 

 

Chapter 3: ImageJ analysis for the quantification of lead ion in environmental water using 

gold nanoparticles as a colorimetric probe. 

 

Chapter 4: Exploration of the CIELAB colour system for the colorimetric detection of lead 

ion in environmental water using gold nanoparticles. 

 

Chapter 5: Quantification of Pb(II) in industrial wastewater effluent using gold nanoparticles 

as a sensor: A CIELAB/Yxy colour space study. 

 

Chapter 6:   Conclusions for each study objective and provide recommendations.  
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CHAPTER 2:  LITERATURE REVIEW 

 

2.1 Lead (Pb): An Element of Interest 

 

In recent years, there has been growing attention toward developing highly sensitive and 

selective analytical methods for detecting lead contamination, driven by increasing concerns 

over environmental lead exposure (Wang et al. 2021b). Due to the negative impacts on the 

ecological environment and human health via the food chain, the significance of monitoring 

toxic metal ions like lead in aquatic environments is still a problem (Lv et al. 2021). Hence, 

regulating the quality of discharged water, as well as the sensitivity and selectivity of lead ion 

monitoring in environmental water, becomes essential. Lead commonly exists in the Pb(II) and 

Pb(VI) oxidation states and is widely used in various industrial applications, such as steel 

coating, dye and pigment manufacturing, leather tanning, and wood preservation (Dongre 

2021). The limitations of traditional methods, such as their expense, lack of portability, time-

consuming nature, instability, insensitivity, and lack of selectivity towards other elements, 

underscore the need for a more effective method. The ImageJ technique addresses these 

limitations by being cost-effective, quick, selective, and sensitive.  

 

2.2 Colorimetric method 

 

Colorimetric analysis is used to determine the concentration of coloured substances in a 

solution  (Rastogi et al. 2022; Prukjareonchook et al. 2023). This method employs a device 

called a colourimeter, which measures how much light is absorbed by the solution at a specific 

wavelength (Dangkulwanich et al. 2023; James and Honeychurch 2023). Colour evaluation 

offers a reliable approach for quantifying substances that are either naturally coloured or 

capable of forming a coloured compound through chemical reactions  (Ruedt, Gibis and Weiss 

2023; Zhang et al. 2024). The technique is based on the principle that the intensity of the colour 

is directly proportional to the concentration of the coloured species  (Alawsi et al. 2021; Fay 

and Wu 2024). As a result, colorimetric analysis determines the amount of a target substance 

by comparing the light absorbed by the sample to that absorbed by a reference solution of 

known concentration  (Meelapsom et al. 2022; Lu et al. 2023).  
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In colorimetric testing, the intensity of the colour produced by a reaction is expected to be 

directly proportional to the concentration of the target analyte (Chunta et al. 2024). A 

colourimeter is generally defined as any device that objectively assesses the colour 

characteristics of a sample (Occhipinti et al. 2021). In chemical analysis, a colourimeter 

measures explicitly the absorbance of a solution at a selected wavelength within the visible 

light spectrum  (Karuppaiah et al. 2023). This allows for the quantification of a known solute, 

as its concentration is directly related to the absorbance of the solution (Samanta 2022). Most 

water colourimeters function by directing a coloured light beam through an optical filter, which 

isolates specific wavelengths before the light reaches a photodetector for measurement (Roales 

et al. 2023).  

 

2.3 Nanoparticles  

 

Nanoparticles are tiny entities that operate as a single unit concerning their transport and 

inherent properties (Szczyglewska, Feliczak-Guzik and Nowak 2023). The characteristics of 

materials are contingent upon their size, and the properties observed at the nanoscale can have 

profound effects in numerous fields (Gavilán et al. 2021). Nanoparticles exhibit distinct 

characteristics compared to atomic particles, nanoclusters, and bulk materials (Qiao et al. 

2023). They can be defined as structures ranging from 1 to 10 nm in size, composed of one or 

multiple types of atoms (Swisher et al. 2022). The properties of nanoparticles can change 

depending on their size, similar to the behaviour observed in fine particles (Deepa, Sridhar and 

Panda 2023). Key factors that determine the unique characteristics of nanoparticles include 

their composition, size and size distribution, shape and structure, surface area, surface charge, 

and any chemical modifications made to their surface (Ngouangna et al. 2022). One of the most 

important optical properties of noble metal nanoparticles is Surface Plasmon Resonance (SPR), 

which allows for the detection of changes in the refractive index of thin material layers on 

metal surfaces  (Gaur et al. 2021). When light strikes the metal surface at a specific angle, part 

of its energy interacts with the metal’s free electrons, causing a decrease in the intensity of the 

reflected light (Sabbah et al. 2022). In recent years, anisotropic gold nanoparticles have 

emerged as promising nanostructures owing to their unique localized SPR properties that can 

be tuned by varying their aspect ratios 
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2.3.1 Gold nanoparticles as colorimetric sensor 

 

To contextualise the application of gold nanoparticles in colorimetric sensing, it is important 

to acknowledge that a wide range of nanoparticles have been explored for similar analytical 

purposes. Among these, silver nanoparticles (AgNPs) are extensively used due to their strong 

surface plasmon resonance (SPR) properties and high sensitivity to environmental changes, 

making them suitable for detecting ions such as chloride and mercury (Sayed et al. 2023; Singh 

et al. 2023). However, their practical application is often limited by issues related to chemical 

instability and higher toxicity (Nie, Zhao and Xu 2023).  

 

Similarly, quantum dots (QDs), particularly semiconductor nanoparticles such as CdSe and 

CdTe, have been widely investigated for sensing applications due to their size-tunable 

fluorescence properties and high photostability (Loskutova et al. 2025). These nanoparticles 

are especially advantageous in fluorescence-based detection systems; however, concerns 

regarding their toxicity and environmental impact, particularly due to heavy metal content, 

restrict their widespread use in environmental monitoring (Sinha and Sinha 2022). In addition, 

magnetic nanoparticles, such as iron oxide (Fe₃O₄), have been utilised in sensing platforms 

owing to their ease of separation and functionalisation. These nanoparticles are particularly 

beneficial in biosensing and environmental remediation applications, where rapid recovery and 

reusability are required (Nguyen et al. 2021; Zhang et al. 2025b).  

 

Other nanomaterials, including silica nanoparticles and carbon-based nanomaterials (e.g., 

graphene oxide and carbon dots), have also demonstrated significant potential in sensing 

applications due to their high surface area, chemical stability, and ease of functionalisation 

(Bagheri et al. 2021; Ornelas-Hernández, Garduno-Robles and Zepeda-Moreno 2022). Despite 

these advantages, many of these systems require complex instrumentation or lack the simplicity 

associated with visual detection methods. Against this backdrop, gold nanoparticles have 

emerged as particularly attractive candidates for colorimetric sensing due to their exceptional 

optical properties, chemical stability, biocompatibility, and ability to produce rapid and visible 

colour changes without the need for sophisticated instrumentation. 

 

Recently, there has been a surge of interest in gold nanoparticle-based colorimetric assays, 

primarily because they eliminate the need for costly instrumentation and can provide detectable 

signals through simple visible colour changes (Majdinasab, Ben Aissa, and Marty 2020; Qin 
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et al. 2021). Over the last twenty years, colorimetric sensors that utilize AuNPs have gained 

traction, offering a reliable platform for colorimetric assays characterized by easily 

distinguishable signals, and advantages such as simplicity, rapid execution, convenience, and 

low-cost analyte quantification (Vines et al. 2019; Bansal et al. 2020; Siddique and Chow 

2020; Gu et al. 2021). As a result, gold nanoparticles have become valuable tools for defecting 

of inorganic compounds in diverse sample matrices. The application of gold nanoparticles has 

outperformed traditional analytical methods, demonstrating superior sensitivity and selectivity 

for target analytes, even in the presence of interfering ions (Doyen, Bartik, and Bruylants 

2013). 

 

Colorimetric sensors based on chemical reactions have been developed to detect various 

inorganic substances, such as hydrogen peroxide and hydrogen sulphide, in environmental 

samples, with gold nanoparticles (AuNPs) playing a central role (Bataller et al. 2022; Yang et 

al. 2022). For anion detection, AuNP-based optical sensors were demonstrated to effectively 

identify harmful anions like fluoride (F⁻), as well as toxic pollutants including cyanide (CN⁻) 

and arsenite/arsenate (AsO₃³⁻/AsO₄³⁻), along with anionic fluoro-surfactants in water samples 

(Yu et al. 2021). Additionally, functionalized AuNPs have been widely utilized in colorimetric 

sensing systems for the detection and quantification of heavy metal ions. 

 

In their study, Singh et al (2021) studied the effectiveness of gold and silver nanoparticles (Au-

Ag NPs) metal-based nanozymes for the detection of Pb(II) ions (Singh et al. (2021a) . They 

reported that the interaction of Au-Ag NPs with Pb(II) ions resulted in colour changes due to 

interparticle interactions (aggregation) and changes in surface modification, accompanied by a 

visible colour shift in the solution from red to blue. In the investigation of colorimetric 

detection of lead using maleic acid functionalized gold nanoparticles, the colour change was 

accompanied by a red shift in the SPR peak, which decreased in its intensity in the presence of 

Pb(II), as observed from the UV-vis results (Ratnarathorn, Chailapakul and Dungchai 2015; 

Putri et al. 2024).  

 

Du et al. (2018) demonstrated a colorimetric method for detecting silver cations (Ag+) utilizing 

a Plasmonic sensor composed of gold nanoparticles (Du et al. (2018). This sensor operates 

through the synergistic coordination of two biomolecules with Ag+ on the surface of the 

AuNPs. In a separate study, Zhao et al. (2021)  developed an electrochemical sensor array 

based on gold–silver nanoparticles for the simultaneous detection of Cr(III) and Cr(VI) in 
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wastewater samples, achieving a detection limit of 0.1 ppb for both species  (Zhao et al. (2021) 

Furthermore, Karn-Orachai, Wattanasin and Ngamaroonchote (2024)  developed a 

colorimetric sensor for detecting chromium (VI) in tap water using a combination of gold and 

silver nanoparticles, achieving a detection limit of 22.9 ppb with a spectrophotometer and 50 

ppb by visual observation (Karn-Orachai, Wattanasin and Ngamaroonchote (2024). The 

application of AuNPs has outperformed traditional analytical techniques by offering improved 

sensitivity and selectivity for the target analyte, even in the presence of interfering ions 

(Mbambo et al. 2019). This enhanced performance is attributed to the unique properties of gold 

nanoparticles, particularly the phenomenon known as Surface Plasmon Resonance (SPR) 

(Zheng et al. 2021b). 

 

This phenomenon arises from the collective oscillation of conductive electrons within metal 

nanostructures, which occurs because of their interaction with incident electromagnetic 

radiation (Khurgin, Bykov and Zayats 2024). The study conducted by Pluchery, Prado and 

Watkins (2023) demonstrated that the resonance condition is met at visible wavelengths, which 

has been identified as a factor contributing to the intense red colouration of gold nanoparticles 

Pluchery, Prado and Watkins (2023). The transition from red to blue upon the introduction of 

an analyte can be readily observed, reflecting alterations in the surface properties of AuNPs 

(Mbambo et al. 2019). In this context, a colorimetric sensor utilizing AuNPs has been 

developed for the detection of Pb(II) in wastewater (Kubheka et al. 2025). This approach offers 

a viable alternative to traditional analytical methods, such as inductively coupled plasma 

atomic emission spectroscopy (ICP AES) and portable X-ray fluorescence (XRF), which are 

often costly, time-consuming, and generate toxic waste. Additionally, silver nanoparticles have 

been employed as colorimetric sensors for detecting chloride ions in water samples 

(Phoonsawat et al. 2018; Franco et al. 2022).  

 

Although this method is less complex and more economical than the ICP-AES and XRF 

approaches, the process of synthesizing silver nano-prisms in the desired shape is quite labour-

intensive. Furthermore, silver nanoparticles are associated with higher toxicity than the less 

harmful and inert gold nanoparticles (Buledi et al. 2024). In the present study, AuNPs were 

synthesized by chemical reduction of gold(III) chloride trihydrate using trisodium citrate, 

which serves as both a stabilizing and capping agent. Figure 2.1 illustrates the colorimetric 

assay array utilized for quantifying Pb(II) based on AuNPs. This Figure presents a schematic 

of a flocculation-based assay that highlights the impact of increasing sodium chloride 
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concentrations on the AuNPs sensor. Citrate-capped gold nanoparticle solutions are inherently 

unstable and tend to flocculate rapidly upon the addition of electrolytes (Almagro-Gómez et 

al. 2023). The chemical interaction between the cation and AuNPs induces particle 

aggregation, resulting in the appearance of blue colour patterns for each concentration as the    

concentration increases  (Polavarapu et al. 2014) .  

 

 
Figure 2.1 Schematic diagram depicting the detection of Pb(II) ions through the 

clustering of capped gold nanoparticles (AuNPs).  

 

2.4 Characterization of gold nanoparticles 

 

The distinctive properties of gold nanoparticles, which are contingent upon their size and shape, 

have attracted significant scholarly attention in numerous fields, including nanomedicine, 

catalysis, sensing, and materials science (Georgeous et al. 2024). It is imperative to understand 

the structural, optical, and morphological characteristics of AuNPs to tailor their performance 

for various applications effectively (Jeong et al. 2019). A wide range of analytical techniques 

has been employed to characterize gold nanoparticles and obtain comprehensive information 

on their physicochemical properties.  

 

Commonly used methods include Dynamic Light Scattering (DLS), which is widely applied to 

determine the hydrodynamic size and size distribution of nanoparticles in colloidal 

suspensions, as well as their dispersion behaviour (Fagúndez et al. 2021).  X-ray Diffraction 

(XRD) is frequently used to analyse crystallinity, lattice structure, and phase composition of 

nanoparticles, providing insights into their structural organisation at the atomic level (Kaur, 

Kaur and Gupta 2024; Albahri et al. 2025). In addition, Fourier Transform Infrared 

Spectroscopy (FTIR) is employed to identify surface functional groups, chemical bonding, and 
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stabilising agents attached to nanoparticle surfaces (Khan et al. 2022; Kaur, Kaur and Gupta 

2024; Albahri et al. 2025).  

Morphological characterization is often conducted using Scanning Electron Microscopy 

(SEM), which provides detailed information on surface topology and particle shape, while 

Energy Dispersive X-ray Spectroscopy (EDS/EDX) enables elemental composition analysis 

and confirmation of nanoparticle formation (Kresnik et al. 2025). Furthermore, zeta potential 

analysis is critical for evaluating surface charge and colloidal stability, offering insight into 

nanoparticle dispersion and aggregation behaviour in solution (Patel et al. 2023; Kresnik et al. 

2025).  

 

Collectively, these techniques provide complementary information regarding the size, 

structure, morphology, surface chemistry, and stability of gold nanoparticles. However, the 

selection of specific characterization methods is often dictated by the objectives of the study 

and the level of structural and chemical detail required. In this study, the characterization of 

gold nanoparticles utilized two techniques: UV-Vis and TEM. The application of these 

methods offers additional perspectives on the optical attributes and morphological aspects of 

AuNPs, which are vital for their synthesis, functionalization, and implementation in a range of 

studies (Gul et al. 2025) 

 

2.4.1 Ultraviolet-visible (UV-Vis) spectrophotometry for the characterization of gold 

nanoparticles  

 

The characterization of gold nanoparticles frequently relies on UV-Vis spectroscopy, a widely 

used analytical technique (Patil et al. 2023). The primary tenet of UV-Vis spectroscopy is the 

evaluation of a substance’s light absorption characteristics of a substance across the ultraviolet 

and visible wavelengths of the electromagnetic spectrum (Khalid, Ishak, and Chowdhury 

2024). The absorption peak of SPR is influenced by several factors, including the size and 

shape of the particles, as well as the dielectric constant of the medium in which they are 

situated, all of which impact the electron charge density of the nanoparticles (Mekuye 2023). 

A minor peak, referred to as the transverse peak, is observed in the visible spectrum and is 

associated with gold nanoparticles. Conversely, a strong absorption peak, identified as the 

longitudinal peak, appears in the near-infrared region, corresponding to the oscillation of 

electrons along the long axis of the nanoparticles (ul Ain et al. 2024).  It has been observed that 

spherical gold nanoparticles exhibit a SPR peak between 520 nm and 550 nm, with typical 
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dimensions ranging from 5 nm to 60 nm (Paramelle et al. 2014). The optical characteristics of 

AuNPs are the key factor that has inspired their numerous applications within portable 

colorimetric sensor technology (Kusuma et al. 2023).   

 

2.4.2  Transmission Electron Microscopy in the characterization of gold nanoparticles 

 

The technique known as Transmission Electron Microscopy (TEM) utilizes an electron beam 

that interacts with a specimen, enabling the electrons to traverse the sample and yield high-

resolution images. The image in the microscope is formed by the transmitted beams, which 

consist of electrons that have been elastically scattered and have passed through the objective 

lens. The generated image is displayed on either a fluorescent screen or a monitor. By utilizing 

a series of buttons, one can adjust the focus and brightness of the beam, thereby altering the 

morphology of the sample (Kirchweger et al. 2023). 

 

The integration of UV-Vis spectroscopy with TEM facilitates a holistic approach to the 

characterization of gold nanoparticles. UV-Vis spectroscopy is instrumental for elucidating 

optical properties, particularly surface plasmon resonance (SPR) characteristics, which are 

influenced by nanoparticles' size, shape, and aggregation state. On the other hand, TEM 

supplies high-resolution images that reveal detailed morphological and structural attributes, 

including size, shape, crystallinity, and aggregation behaviour. The combination of these 

techniques is crucial for the deliberate design and application of gold nanoparticles in various 

scientific and technological contexts. 

 

2.5 Image Analysis in colorimetric assays 

 

Image analysis is a crucial tool in scientific research, enabling quantitative data extraction from 

images, particularly in assays such as colorimetric detection (Ko and Liao 2023). The principle 

of colorimetric assays is founded on the observable shifts in colour that correlate with specific 

chemical reactions or interactions, including the aggregation of gold nanoparticles (Beyer, 

Hladun, and Bou-Abdallah 2024). Traditionally, the methodology of colorimetric analysis has 

included visual inspection or manual quantification, both of which are prone to subjective 

interpretation and often time-intensive (Ali et al. 2024). The ImageJ software, known for its 

advanced capabilities in image processing and analysis, provides a practical, automated 
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solution for analyzing colorimetric assays, enabling conversion of visual data into measurable 

quantities (Tandey et al. 2024). 

 

Visonà et al. (2025) employed Fiji, an advanced distribution of ImageJ, to quantitatively 

analyse cytotoxicity-related imaging data in their investigation of substrate-dependent 

nanoparticle toxicity (Visonà et al. (2025). Their study examined the impact of substrate 

stiffness on the cytotoxic effects of gold-coated magnetic micro discs on glioblastoma and 

fibroblast cell lines. Fiji was used to process confocal image stacks, quantify fibronectin 

coating intensity, and analyse cellular motility. ImageJ-based tools such as Cell Pose and 

TrackMate were integrated to segment nuclei and track cell movements, thereby providing 

precise, reproducible measurements of cell behaviour. The use of Fiji enabled high-throughput, 

consistent evaluation of cytotoxicity parameters, highlighting the software’s utility in 

nanotoxicology research under physiologically relevant mechanical conditions. 

 

 Aryal, Indrianingsih and Henry (2024) utilized a smartphone for the rapid colorimetric 

detection and quantification of Fe (III) in water, providing results in seconds (Aryal and Henry 

2024). This technique effectively measures Fe (III) concentrations ranging from 50 to 800 

mg/L, with detection limits of 43 mg/L using ImageJ software and 55 mg/L through the 

smartphone application. The environmentally friendly sensor shows promise for monitoring 

groundwater with high Fe(III) content. Moreover, this platform serves as an educational tool 

in chemistry, facilitating the understanding of concepts such as acid-base reactions, base 

strength, ionic equilibrium, and metal complexation via an accessible microfluidic system. 

 

A paper-based sensor utilizing silver nanoparticles  was developed, which is functionalized 

with chitosan, glutaraldehyde, and polyethyleneimine, enabling smartphone-based colorimetric 

detection of Cu(II) ions in water  (Gomeceria et al. (2024) .The system exhibited a strong linear 

relationship between colorimetric response (measured via Euclidean distance) and Cu(II) 

concentration, with a dynamic range from 2 mM to 28 mM and an R² value of 0.99789. The 

method demonstrated limits of detection and quantification at 94.94 ppm and 316.48 ppm, 

respectively. The sensor also demonstrated good selectivity against common interfering ions, 

confirming its potential for rapid, low-cost, and on-site detection of Cu(II) in industrial 

wastewater. 
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The development of a dual colorimetric-electrochemical microfluidic paper-based analytical 

device  aims to enable point-of-care testing for ischemic strokes by measuring transferrin 

saturation (Dortez et al. (2024). The transferrin saturation was calculated from colorimetric 

detection of transferrin-bound iron and electrochemical detection of total iron-binding 

capacity. The smartly engineered microfluidic paper-based analytical device integrated both 

detection modalities within a single device, allowing reagent-free operation and simultaneous 

measurements. The device demonstrated high accuracy (Er ≤ 5%) and precision (RSD ≤ 2%) 

when tested with certified reference material. Validation against the urea-PAGE method 

showed strong correlation (r = 0.96, p < 0.05), confirming its suitability for analysing complex 

serum samples. With only 90 μL of sample and a 90-minute turnaround time, the microfluidic 

paper-based analytical device offers a rapid, accurate alternative to traditional methods for 

diagnosing ischemic stroke. 

 

The study conducted by  Yang et al. (2024) reported on a hinge-like dual-channel 3D 

microfluidic paper-based analytical device (that facilitates the simultaneous visual detection of 

two pesticide residues—carbaryl and glyphosate—without relying on enzymes ( Yang et al. 

(2024).  The system utilized a ratio metric fluorescent detection strategy based on the inner-

filter effect between green-emission carbon dots (Em. 510 nm) and two analyte-specific 

fluorophores: blue-emission 1-naphthol (Em. 470 nm) for carbaryl and yellow-emission 2,3-

diaminophenazine (Em. 570 nm) for glyphosate. The device enabled clear visual colour 

changes from green-blue for carbaryl to yellow-green for glyphosate over wide concentration 

ranges without signal interference. The detection limits were impressively low at 1.11 μM for 

carbaryl and 0.63 μM for glyphosate. The device demonstrated high recovery rates (91.00–

107.2%) and precision (RSD ≤ 8.43%), making it a promising on-site tool for monitoring food 

and herbal product safety. 

 

The research conducted by Chunta, Phongthai, and Jarujamrus (2023) used ImageJ software to 

analyse colour intensity, thereby negating the need for a spectrophotometer (Chunta, 

Phongthai, and Jarujamrus 2023). They determined that the grey intensity within the red 

channel of the RGB spectrum was the most reliable parameter for analysis. The colorimetric 

assay demonstrated a detection range for arsenic standards of 0.003-1 mg/L, consistent with 

the World Health Organization (WHO) guideline, which limits arsenic in drinking water to 

below 0.01 mg/L. The method demonstrated recovery rates ranging from 97% to 108% at a 

95% confidence interval and precision values between 4% and 9%. Arsenic concentrations 
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measured in spiked drinking water, tap water, and pond water samples using this approach 

closely matched those obtained through conventional inductively coupled plasma optical 

emission spectrometry. 

 

Hermansyah et al. (2023) reported the development of microfluidic paper-based analytical 

devices (µPADs) equipped with dual electrochemical and colorimetric detection systems for 

the analysis of Cd(II), Pb(II), and Cu(II) ions in mineral water (Hermansyah et al. 2023). The 

µPADs were fabricated using hot embossing and screen-printing techniques. Electrochemical 

detection was enhanced by bismuth deposition on the working electrode for Pb(II) and Cd(II) 

analysis via square wave anodic stripping voltammetry (SWAS), while the colourimetric 

detection of Cu(II) relied on gold nanoparticles modified with thioctic acid and 

dansylhydrazine (Au-DNS). Detection was achieved by measuring red, green, and blue (RGB) 

colour intensities using a miniaturized reader. The colorimetric sensor exhibited a limit of 

detection (LOD) of 8.51 ppb and a limit of quantification (LOQ) of 28.36 ppb for Cu(II), with 

a high linearity (R2 = 0.41%), demonstrating the potential of our microfluidic paper-based 

analytical device for reliable and rapid heavy metal screening in water quality assessments. 

 

The synthesis method for Cu@Ag core-shell nanoparticles, developed  by Shrivas et al (2020), 

was intended for the on-site detection of the pesticide dimethoate in food samples (Shrivas et 

al. 2020). When dimethoate was introduced onto paper embedded with these nanoparticles, a 

colour change occurred, attributed to the pesticide’s strong affinity to displace citrate ions from 

the nanoparticle’s core-shell structure. This interaction primarily involved bonding between 

the sulphur or oxygen atoms in dimethoate and the silver component of the nanoparticles. 

Various concentrations of the pesticide (100-2000 µg/L) were applied to the paper, and the 

resulting changes in colour intensity were quantified using ImageJ.  

 

A particular study demonstrated that Ag/AgCl nanoparticles synthesized without labels from 

Syzygium cumini extract showed high selectivity in aqueous solutions: colour changes were 

induced only by Fe(III) and Hg(II), while the other metal ions evaluated showed negligible 

interference (Ebrahimi et al. 2022). They explored the binding and sensing mechanism for 

Zn(II) ions using Fourier transform infrared spectroscopy, UV-visible spectroscopy, and 

transmission electron microscopy. To prevent AgNPs aggregation in the presence of Zn(II), 

polyvinyl alcohol was applied as a protective coating. Zn(II) ions coordinated with BH₄⁻ groups 

on the AgNPs through a six-dentate triangular structure, inducing aggregation in solution. The 
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sensor was optimized using 6.0 M sodium dodecylbenzene sulfonate and 0.23 mM AgNPs at 

pH 6. A linear correlation was found between the absorbance ratio (A₆₃₅/A₃₉₀) and Zn(II) 

concentrations ranging from 0 to 7.6 × 10⁻⁶ mol/L. This cost-effective sensor provides rapid 

and simple detection of Zn(II) in biological, nutritional, and environmental samples. 

 

The TRPIDA_CH3-AuNPs colorimetric sensor, developed by Shange (2021), was utilized for 

detecting Cr(VI) in wastewater effluent samples (Shange 2021). This sensor was calibrated for 

analysis using Cr(VI) standards within a concentration range of 0.01 to 100 µM. Furthermore, 

all effluent water samples were examined without any additional dilution. Samples were 

collected from the effluent treatment plant over 10 operational working days. The results from 

the TRPIDA_CH3-AuNPs colorimetric sensor were compared to those obtained using the 

conventional diphenyl carbazide method to validate the sensor's effectiveness. TRPIDA_CH3-

AuNPs 

 

Mbambo et al. (2019) developed a colorimetric method for detecting sodium chloride (NaCl) 

in seawater. A colour wheel for the Lovibond device was created through ImageJ software 

processing, with RGB values aligning with the colorimetric response perceived by the naked 

eye in the calibration standards (Mbambo et al. 2019). The Colour Grab and CIEL*a*b* colour 

systems confirmed differences in hue intensity for the Lovibond device. The fabricated device 

exhibited high accuracy, precision, and robustness. Moreover, the AuNP device operated 

effectively in analysing real seawater samples, which are known for their complex matrix. NaCl 

was successfully detected in real seawater and estuarine water samples from the Durban region 

in South Africa. Overall, the AuNP colorimetric sensor provided an efficient platform for the 

practical analysis of NaCl in seawater, overcoming the challenges posed by traditional 

techniques and complex instrumentation that require highly skilled personnel 

 

2.6 Colour space models  

 

There are various colour-space models available for colour quantification, such as CIELAB, 

CMYK, RGB, HSL, and XYZ (Yang et al. 2021). The effectiveness of the colour system model 

has been evaluated in this study using RGB, XZY, and CIELAB colour spaces (Burambekova 

and Shamoi 2024). The RGB colour model is user-friendly and dependable, enabling the 

creation of highly effective colorimetric systems (Giusti, Gordillo, and González-Miret 2024). 

CIELAB is a versatile and widely adopted colour space that facilitates colour management, 
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ensuring accurate and consistent colour representation across different devices and media 

(Mazur et al. 2024). 

 

2.6.1 Red, Green Blue (RGB) colour model 

 

The RGB colour model is integral to the processes of sensing, representing, and displaying 

images in electronic systems (Mazur et al. 2024). The intensity of the red, green, and blue 

components in each pixel of an image is represented by its RGB values (Gonzalez and Woods 

2018). The researchers quantify the colour changes resulting from an assay by analysing these 

values (Kant et al. 2023). An examination is performed to compare computer colour spaces by 

employing appropriate applications and software, like ImageJ, that are informed by human 

visual perception (Renoult, Kelber and Schaefer 2017). 

 

In their  study, Firdaus et al. (2022) developed a smartphone-based digital image colorimetry 

method integrated with a paper-based sensor using gold nanoparticles (AuNPs) for non-

enzymatic glucose detection. Exploiting the plasmonic colour change properties of AuNPs, the 

system detected glucose via a shift in colour from violet-blue to violet-red, corresponding to 

increasing glucose concentrations. These colorimetric changes were captured using a 

smartphone camera and analysed through an installed application that utilized the RGB colour 

model. The method demonstrated high accuracy (recovery 99.5–103%) and strong correlation 

with UV–vis spectrophotometry results, with a detection limit of 0.043 μM and a linear range 

of 0–40 μM. This approach proved to be a rapid, cost-effective, and reliable alternative for 

glucose monitoring in clinical urine samples. 

 

Karakuş et al. (2022)explored the use of copper oxide nanoparticles stabilized with Camellia 

sinensis polyphenols (CuO-PPS NPs) for a portable, paper-based colorimetric sensor to detect 

ammonia (NH₃). They created a smartphone-enabled sensing approach by applying CuO-PPS 

NPs onto paper strips, which were then dried. When exposed to ammonia, the strips exhibited 

a noticeable colour change, which was captured with a smartphone camera, enabling 

quantitative analysis via RGB value extraction. This research underscores the promise of 

CuNPs for affordable and adaptable RGB-based colorimetric detection. However, CuNPs' 

tendency to oxidize poses challenges, underscoring the need for more effective stabilization 

methods. Nonetheless, their effective functionalization for specific targets, such as ions and 

molecules, highlights their versatile potential for developing colorimetric sensors. 
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Kahandal et al. (2023)  developed a sensitive, smartphone-based image analysis method for 

detecting mercury ions (Hg(II)) using green-synthesized silver nanoparticles. The silver 

nanoparticles were synthesized using Acacia nilotica flower extract and exhibited a colour 

change upon exposure to varying concentrations of Hg(II), due to alterations in their surface 

plasmon resonance. This colorimetric shift was captured using a smartphone camera, and 

quantitative analysis was performed using the RGB colour model. The method showed high 

selectivity for Hg²⁺ among twelve coexisting heavy metal ions and demonstrated strong 

agreement with UV–vis spectrophotometric results, displaying piecewise linearity in the 50–

450 µM range. This approach offers a simple, cost-effective, and portable alternative for on-

site mercury monitoring, minimizing reliance on bulky laboratory instrumentation. 

 

The research conducted by  Chandran et al. (2022) resulted in the development of a colorimetric 

sensor on paper for sodium ion (Na⁺) detection, employing copper-curcumin nanoparticles 

(CuCNPs) to create a point-of-care diagnostic platform.  The CuCNPs were synthesized via 

chemical reduction using NaBH₄, with curcumin acting as both a stabilizer and a sensing agent. 

Upon binding with Na⁺, the nanoparticles aggregated via curcumin-metal coordination, 

resulting in a visible colour change from pale yellow to dark yellow. The sensor exhibited high 

selectivity for Na⁺ over interfering ions, including K⁺, Mg(II), and Zn(II). The colorimetric 

response was captured with a smartphone camera, and quantitative RGB analysis was 

performed in ImageJ. The fabricated sensor strips demonstrated accurate detection of Na⁺ 

across the physiological range in both blood serum and urine, providing a low-cost, portable 

tool for clinical diagnostics. 

 

Silva and Rocha (2020) devised a novel colorimetric technique to detect protein adulteration 

in milk. The approach is based on the precipitation of proteins by Cu(II), and the formation of 

a blue Cu–EDTA complex from unbound copper ions. The intensity of the blue colour captured 

with a smartphone and analysed using RGB values correlates inversely with the amount of 

protein adulteration: more adulterated (diluted) protein leads to less Cu binding and therefore 

a stronger Cu–EDTA blue colour. 

 

Lima et al. (2020)  developed a rapid and portable method for detecting hydrogen peroxide 

(H₂O₂) as a milk adulterant using a colorimetric spot test combined with smartphone-based 

digital image colourimetry  (Lima et al. (2020). The method relies on the oxidation of Fe(II) to 

Fe(III) by H₂O₂, followed by the formation of a red-coloured Fe(III)–thiocyanate complex in 
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an acidic medium. This medium also facilitates protein precipitation, simplifying the sample 

matrix. Colour intensity changes were recorded directly in disposable microtubes using a 

smartphone under controlled lighting conditions. Quantification was performed using RGB 

analysis, yielding a linear response over the 2.5–25.0 mg/L range and a detection limit of 1.7 

mg/L. The procedure was fast (∼2 minutes), highly sensitive, required no sample pre-

treatment, and generated minimal waste, making it suitable for on-site milk quality testing 

across production chains. 

 

2.6.2 CIELAB colour system 

 

In 1931, the Vienna-based International Commission on Illumination (CIE: Commission 

Internationale d’Eclairage) formulated a mathematical model intended to provide a numerical 

representation of all colour differences (delta E) based on the calculated *L*a*b (Mbambo 

2019). In the CIEL*a*b colour space, *L denotes lightness, whereas *a and *b indicate the 

green–red and blue–yellow colour components (Durmus 2020) . This model has laid the 

groundwork for various subsequent refined colorimetric systems used for colour measurement 

and specification (Rich 2023).CIE*L*a*b *serves as the standard colour model utilized within 

the paper manufacturing and graphic arts sectors (Hoffstadt 2014).  In the CIEL*a*b colour 

management system, solutions exhibiting lower intensity values, approaching 0, demonstrate  

greater vibrancy in colour when contrasted with those possessing higher intensity values, 

nearing 100, within their respective colour categories (Wyszecki and Stiles 2000) . 

 

(Rodriguez-Pardo and Sharma 2019) outlined several advantages of the CIELAB colour space, 

including its ease of understanding, simplicity in image analysis, and the ability to compare 

data from different methods directly. It is widely used as the standard colour model in industries 

such as paint and textiles and supports straightforward calculation and comparison of colour 

differences (ΔE), with ongoing refinement of its formulas. The CIE colour systems define 

colours using three coordinates, represented in models such as CIE XYZ, CIE *L*a*b*, and 

CIE *L*Ch*. In 1931 and 1964, the CIE introduced the concept of the standard observer—

based on the average human visual response to different wavelengths of light—to standardize 

colour perception across the visible spectrum. 
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Figure 2.2 CIE 2° and 10° Standard observers Source: (Sharma 2018). 
 

Chromaticity values represent tristimulus values; however, their application as colour 

specifications is restricted due to their weak correlation with visual characteristics (Schanda 

2007). Y represents lightness (value), whereas X and Z do not directly correspond to hue or 

chroma. Consequently, when the 1931 CIE standard observer was introduced, the commission 

recommended using the chromaticity coordinates x, y, z. These coordinates are used to generate 

the chromaticity diagram shown in Figure 2.3(a). In this context, the Yxy model describes 

colour by combining the luminance component (Y) with the chromaticity coordinates (x, y) 

shown in the diagram. As depicted in Figure 2.3(b), hue is identified along the outer edge of 

the diagram, while chroma—or saturation—is represented by the progression from the central 

white (neutral) area outward. At the boundary, chroma reaches 100%, indicating a fully 

saturated (pure) hue. 
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Figure 2.3 (a) CIE 1931 (x,y) chromaticity diagram and (b) Chromaticity diagram Source: 

(Sharma 2018).  

 

2.7 Summary 

 

In summary, this chapter has clearly emphasized the significance of quantifying Pb(II) in 

wastewater. Furthermore, it has elaborated on the role of gold nanoparticles as foundational 

materials in the design and development of the ImageJ colorimetric sensor. Additionally, the 

chapter introduces the CIEL*a*b*/Yxy colour system as a novel approach for optimizing the 

colorimetric device. The subsequent chapter will outline the research methodology. 
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CHAPTER 3:  IMAGEJ ANALYSIS FOR QUANTIFYING OF LEAD 

ION IN ENVIRONMENTAL WATER USING GOLD 

NANOPARTICLES AS A COLOURIMETRIC PROBE. 
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Abstract 

 

This research presents a novel colorimetric approach, supported by ImageJ (a software 

application), for quantifying lead(II) (Pb(II)) levels in environmental water using gold 

nanoparticles (AuNPs) as the colorimetric probe. AuNPs were synthesized by chemically 

reducing gold (III) chloride trihydrate with trisodium citrate as a modifying agent to prevent 

particle aggregation, resulting in wine-red AuNPs suspensions. Transmission electron 

microscopy (TEM) and Ultraviolet–Visible spectroscopy (UV–Vis) were utilized to 

characterize the synthesized AuNPs. ImageJ software was used for colorimetric quantification 

of Pb(II), and the color intensity increased proportionally with increasing Pb(II) concentration. 

The Pb(II) analytical performance was linear over 0.1-20 mg/L, with a detection limit of 0.01 

mg/L. The developed colorimetric probe showed excellent selectivity for Pb(II) over other 

competing cations, including zinc(II), copper(II), manganese(II), chromium(VI), nickel(II), 

and iron(II). Furthermore, river and tap water samples were spiked with 0.5, 10, 60, and 100 

mg/L and yielded % recoveries of 93–99% and 88–98% for the ImageJ and UV–Vis methods, 

respectively. The validity and accuracy of this ImageJ method were supported by the 

conventional UV–Vis spectrophotometric method, which gave a detection limit of 0.12 mg/L 

over a linear range of 0.1–20 mg/L. 

 

Keywords: Pb(II), ImageJ, gold nanoparticles, wastewater, quantification 
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3.1 Introduction 

 

The presence of heavy metal contaminants in the environment raises serious concerns due to 

their detrimental effects on human health (Chen et al. 2012). Among these contaminants, lead 

ion (Pb(II)) is particularly hazardous, as it is non-biodegradable and poses significant risks to 

human health and ecological systems. Its enduring presence in the environment results in toxic 

consequences for both flora and fauna (Kim et al. 2012). High levels of Pb(II) consumption are 

linked to neurotoxic effects that can trigger chronic inflammation in the kidneys and heart, 

impair brain growth, and reduce the speed of nerve conduction in the human body (Zocche et 

al. 2010). Thus, assessing metal ions such as Pb(II) in wastewater is critical, as they pose 

significant risks to both the ecological environment and human health via the food chain (Wang 

et al. 2015; Wang et al. 2020). The selective and sensitive detection of heavy metal ions in 

environmental water has become increasingly important for monitoring the levels of metal ions 

released in wastewater (Muthwa et al. 2020). Various analytical techniques have been 

established for measuring Pb(II) concentrations in wastewater, such as graphite furnace atomic 

absorption spectrometry (GFAAS), polarography, atomic absorption spectrometry (AAS), 

inductively coupled plasma optical emission spectrometry (ICP-OES), and inductively coupled 

mass spectrometry (ICP-MS) (Minichiello et al. 2021). Nonetheless, these methods are 

associated with certain drawbacks, including high operational costs, maintenance challenges, 

significant expenses, lengthy sample preparation times, and the requirement for specialized 

technical skills (Bowins and McNutt 1994; Feldman et al. 1994; Yang and Saavedra 1995; 

Span and Wagner 1996; Liu, Lam and Fang 2001; Zudans et al. 2004; Ghaedi, Ahmadi and 

Shokrollahi 2007; Galloway et al. 2008; Sutton et al. 2008; Casas and Sordo 2011). In recent 

years, colorimetric assays using metal nanoparticles have attracted considerable attention, 

primarily because they eliminate the need for complex instrumentation (Fernandez-Maloigne, 

Robert-Inacio, and Macaire 2023). Signal detection can be performed visually, as evidenced 

by a noticeable change in colour (Xin et al. 2012). At present, colorimetric methods have 

attracted increased interest because they allow direct visual observation of colour changes, 

eliminating the need for costly instruments (Daniel et al. 2009). Gold nanoparticles (AuNPs) 

are known for their high sensitivity in detecting metal ions, owing to their surface plasmon 

resonance absorption, which is influenced by size, inter-particle distance, and shape (Wang, 

Chen, and Chen 2014). ImageJ, an established open-source software for image processing, 

specializes in analysing colour intensity in images (Schroeder et al. 2021). This software 

provides a robust framework for quantifying colour differences, thus enabling the measurement 
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of Pb(II) concentrations through the colorimetric response of AuNPs (Patra, Golder, and 

Uppaluri 2023). Moreover, ImageJ enables quantitative data extraction from images, which is 

critical for precise assessment of analyte concentrations (Hamedpour et al. 2020). 

 

The application of ImageJ in conjunction with gold AuNP-based colorimetric assays has been 

thoroughly examined in various research endeavours (Osman et al. 2021). ImageJ can 

effectively assess colour changes in AuNP-based sensors that target a range of metal ions 

(Zhang et al. 2021). This software was instrumental in translating colorimetric responses into 

quantitative measurements, thus enabling a detailed analysis of lead(II) concentrations (Wang 

et al. 2020). The fusion of AuNPs with ImageJ offers numerous advantages for the 

environmental evaluation of lead ions (Pb(II)), as highlighted by (Zannotti et al. 2024). ImageJ 

offers a cost-effective and non-invasive method for assessing colorimetric changes, which is 

particularly beneficial for field applications (Pineda et al. 2022). Additionally, the software's 

ability to rapidly process and analyse many images makes it well-suited for high-throughput 

screening and monitoring activities (Aldewachi et al. 2021). Moreover, the use of gold 

nanoparticles for colorimetric analysis is exemplified in the detection of lead in river water.  

 

In this study, AuNPs were synthesized from a gold chloride trihydrate solution and stabilized 

with trisodium citrate. Colorimetric techniques, combined with ImageJ, were used to quantify 

Pb(II) in environmental water samples. The novelty of this study is the colorimetric detection 

of Pb(II) based on the change in signal intensity of AuNPs after deposition of a Pb(II) standard 

using a smartphone, followed by processing in ImageJ software. This is then followed by the 

validation of the detected Pb(II) concentration using the conventional UV-Vis method. 

 

3.2 Experimental 

 

3.2.1 Chemicals and Materials 

 

Gold chloride (HAuCl4) was bought from Leap Chem (Hangzhou, China) through DLD 

Scientific, based in Durban, South Africa. Trisodium citrate (Na3C6H5O7) was purchased from 

Merck (Pty) Ltd, Durban, South Africa. All chemicals were of analytical grade and utilized 

without further purification. 
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3.2.2 Instrumentation 

 

3.2.2.1 ImageJ analysis (intensity measurements) 

 

A HUAWEI NOVA Y9a smartphone was used to take images of the observed colour change 

in quartz cuvettes. The images were then transferred to a LENOVO laptop for analysis using 

ImageJ software. The mean intensity (grayscale) of each standard concentration was measured 

by drawing a rectangle around each clear spot in the cuvette, and the Measure tool was selected 

from the ImageJ toolbar. The mean grayscale value obtained was used to estimate Pb(II) 

concentration based on the relationship between colour information and Pb(II) concentration 

(Soldat, Barak, and Lepore 2009; Sahu et al. 2021). The analysis was conducted in triplicate (n 

= 3) for statistical purposes. The river and tap water samples were treated likewise. 

 

3.2.2.2 UV–Vis determinations 

 

A UV–Vis spectrophotometer (Cary UV-50) was used to measure the optical properties. All 

SPR (spectra) were reported from 400 to 800 nm, and experimental absorbance was measured 

at 520 and 680 nm. 

 

3.2.3 TEM measurements 

 

THE TEM CM 120 model from Philips, operated at an acceleration voltage of 120 kV, was 

utilized to study the shape and particle size of the synthesized AuNPs suspensions before and 

after the addition of the Pb(II) standard. 

 

3.3 Preparation of citrate-capped AuNPs 

 

All glassware was cleaned in aqua regia for several hours, then rinsed thoroughly with 

deionized water prior to the experimental preparation. The monodispersed AuNPs were 

prepared by citrate reduction reaction following the procedure reported in the literature (Jin et 

al., 2020). Where 0.04 g of tetrahydrate chloroauric was added to 100 mL of deionized water 

heated to a boil on a hot plate and stirred vigorously with a magnetic bar coated with Teflon at 

a temperature of 96–98 oC. This was followed by the addition of 10 mL of a tri-sodium citrate 
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solution (0.04 mM). The solution was boiled for an additional 30 min, then cooled to room 

temperature. A wine-red-colloidal solution was obtained, indicating the formation of gold 

nanoparticles. 

 

3.4 Preparation of Pb(II) working standards from 1000 mg/L stock solution 

 

Working standard solutions were prepared by diluting the 1000 mg/L stock solution with 

deionized water to obtain a concentration range of 0.5–100 mg/L in a 50 mL volumetric flask. 

In a separate cuvette, 800 µL of AuNPs solution was added, followed by the addition of 200 

µL of each Pb(II) standard solution (Pb(II) concentration range of 0.1–20 mg/L in 1 mL 

solution). The river and tap water samples were treated likewise for the recovery studies. 

 

3.5 Preparation of interfering metal ions for selectivity studies 

 

All samples were prepared under the same optimized conditions. The selectivity of the 

colorimetric probe for Pb(II) was investigated against competing cations, including 

chromium(VI), copper(II), iron(II), zinc(II), and manganese(II). 800 µL of AuNPs were added, 

and 200 µL of 4 mg/L of each metal ion. 

 

3.6 Results and discussion 

 

3.6.1 Characterization of gold nanoparticles 

 

UV–Vis was explored to confirm the formation of AuNPs, and the spectra of AuNPs in the 

absence and presence of Pb(II) are shown in Figure 1a. A strong absorption peak at 520 nm 

(grey line) was observed, due to surface plasmon resonance (SPR), confirming the formation 

of AuNPs (Zhang, Wang, and Yang 2012; Gunupuru et al. 2022).   
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Figure 3.1: Characterization of AuNPs data includes: (a) UV-Vis absorption spectra showing 

AuNPs alone (grey line) and AuNPs with 20 mg/L Pb(II), (b) TEM image of AuNPs, and (c) TEM 

image of AuNPs combined with 20 mg/L Pb(II). 

 

Upon the addition of 4 mg/L Pb(II), a significant decrease in the absorption peak was observed 

at 520 nm with the formation of the second peak at a longer wavelength (blue region) 680 nm 

(red line) corresponding with the observed colour change on the photograph image in Figure 

3.3a from wine-red to blue due to the aggregation of the gold nanoparticles (Guo et al. 2011; 

Ratnarathorn, Chailapakul and Dungchai 2015). TEM analysis was conducted to measure the 

particle size of AuNPs in the absence and presence of Pb(II) in Figure 3.1b and c. The TEM 

image in Figure 3.1b indicates the presence of spherical and monodisperse nanoparticles with 

an average diameter of 20 ± 0.9 nm in the absence of Pb(II). The aggregation of AuNPs upon 

the addition of 4 mg/L Pb(II) was also confirmed by the TEM (Figure 3.1c), where the binding 

of the citrate with Pb(II) was observed. 
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3.7 Selectivity studies of AuNPs to various cations 

 

A photograph image of AuNPs in the presence of 4 mg/L of various metals, namely, zinc(II), 

copper(II), manganese(II), chromium(VI), nickel(II), and iron(II), was measured using ImageJ 

software as shown in Figure 3.2a.  

 

 
Figure 3.2: (a) Photograph image of AuNPs with 20 mg/L interfering metal and (b) bar graph of 

corrected intensity vs interfering metal ion. 

 

The measured intensity of each metal was further corrected against the intensity of AuNPs 

(blank) to study the selectivity of the developed colorimetric probe towards the target metal 

Pb(II) and other competing metals that might be present in water. An observation from the 

image in Figure 3.2a showed that the colorimetric sensor was selective for Pb(II), as there was 

a colour change from wine red to blue. Further analysis was conducted using a bar graph of 

corrected measured intensity against interfering metal ions, and a significant increase in 

intensity was observed for Pb(II) compared with the competing metals, which showed 

significantly lower intensities (Figure 3.2b). This observation indicated that the colorimetric 

probe was selective only towards Pb(II) in the presence of interfering metal ions. 
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The mechanism for the selective detection of Pb(II) is displayed in Scheme 1. The AuNPs were 

monodispersed in the presence of interfering metals investigated and only aggregated upon the 

addition of Pb(II), changing colour from red to blue. This indicates that the AuNPs were highly 

selective for Pb(II). The quantitative assessment of colorimetric detection was achieved by 

comparing the absorption ratio at 680 and 528 nm (A680/520). This ratio is significant for 

determining the degree of aggregation, which depicts the relative quantity of aggregated and 

dispersed nanoparticles in the assay (Zhang et al. 2011; Tripathi et al. 2019). The comparative 

ratio A680/520 of studied heavy metals indicates that the Pb(II) ions were in the highest 

aggregation state; meanwhile, the other metals had a ratio like that of the blank in Figure 3.2a. 

Therefore, AuNPs obtained by the Turkevich method are better candidates for highly selective 

Pb(II) detection. 

 

 
Figure 3.3: Scheme 1- Mechanism for selective detection of Pb(II) based on aggregation. 
 

Additionally, UV-Vis was also conducted to validate the accuracy of our developed ImageJ 

method. The UV-Vis spectra of the investigated metals shown in Figure 3.3a displayed a trend 

that corresponds with the photographed image in Figure 3.2a where all the other metals were 

wine-red and exhibited an SPR peak at 520 nm while only Pb(II) had a rapid decrease in the 

SPR peak and a second peak forming at 680 nm indicating that the AuNPs solution changed 

colour from wine red to blue in the presence of 20 mg/L. Moreover, the bar graph of the 

corrected absorbance at 680/520 nm (absorbance ratio at 680/520 nm wavelength of metal ion 

minus absorbance ratio of blank (AuNPs) at the same wavelength is shown in Figure 3.3b 



53 
 

displayed a rapid increase in the absorbance with a value of 0.71 for Pb(II) meanwhile the other 

interfering metal ions had significantly low absorbances at the same absorbance ratio. 

 

 
Figure 3.3: (a) UV-Vis absorbance spectra at 680/520 nm for 20 mg/L of various interfering 

metals, and (b) a bar chart displaying the corrected absorbance ratios at 680/520 nm for different 

interfering metal ions. 

 

3.8 Calibration 

 

Different concentrations of Pb(II) in the range of 0.1–20 mg/L (200 µL) were added to 800 µL 

of AuNPs. The photographed image in Figure 3.4a shows the different concentrations of Pb(II) 

where the wine-red colour of AuNPs changed upon the introduction of 4–20 mg/L. The change 

in colour to blue at concentrations ranging from 4-20 mg/L is due to the aggregation (binding) 

of AuNPs induced by Pb(II). The intensity of each standard was measured and corrected, and 

a calibration plot was constructed, yielding a linear relationship between the corrected intensity 

and the concentration of Pb(II) over 0.1–20 mg/L, as shown in Figure 3.4b. The limit of 

detection was 0.01 mg/L for the ImageJ method (calculated using the lowest standard 0.1 

mg/L), the analysis was conducted in triplicate and a standard deviation was calculated and a 

slope was taken from the calibration plot, and the LOD was calculated as follows: LOD = 

3*SD/M, where SD: standard deviation and M: the slope of the calibration graph. 
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Figure 3.4: (a) Photographic image showing AuNPs with varying Pb(II) concentrations ranging 

from 0.1 to 20 mg/L, and (b) a calibration curve plotting corrected intensity against Pb(II) 

concentration in mg/L 

 

A surface plasmon resonance peak was observed at 520 nm for AuNPs and Pb(II) concentration 

standards in the range of 0.1–2 mg/L and a decrease in the SPR peak was noted from 4-20 

mg/L with a second peak forming in the blue region at 680 nm in Figure 3.5a, corresponding 

to the photographed image in Figure 3.4a indicating the aggregation of the synthesized AuNPs. 

The agreement of the obtained results validated the accuracy of the developed ImageJ method. 

A linear response was obtained in the calibration plot in Figure 3.5b with a correlation 

coefficient (R2) of 0.99901 and a limit of detection (LOD) of 0.12 mg/L for the UV–Vis 

method. The limit of detection was calculated using a 0.1 mg/L standard. The analysis was 

conducted in triplicate, and the absorbance was measured at 680/520 nm. The standard 

deviation was calculated, and the LOD was calculated using the formula stated in 3.8. 

Furthermore, the LOD obtained was compared with those reported in several colorimetric 

studies to verify the sensitivity of the proposed colorimetric probe, as shown in Table 3.1. The 

literature studies depicted in Table 3.1 reported on functionalized colorimetric probes such as 

N-decanoyltromethanie AuNPs (Sengan, Kamlekar and Veerappan 2020), Glycylglycine 
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AuNPs (Gunupuru et al. 2022), Magnetite AuNPs (Chen et al. 2020), Thiazoline-2-thiol 

AuNPs (Chadha et al. 2021), Ethyl glycol AuNPs (Wang et al. 2021), and Graphene 

AuNPs(Chen et al. 2012b).  

 

Table 3.1 Colorimetric-based optical assays designed for Pb(II) detection. 

Colorimetric probe Linear range 

(mg/L) 
LOD 

(mg/L) Reference 

N-decanoyltromethanie 

AuNPs 0 – 45 2.5 (Guo et al. 2011) 

Glycylglycine AuNPs 0 – 60 0.1 (Jin et al. 2020) 
Magnetite AuNPs 25 – 200 0.5 (Tripathi et al. 2019) 
Thiazoline-2-thiol AuNPs 0 – 100 0.01 (Zhang et al. 2011) 

Ethyl glycol AuNPs 0.5 – 50 0.2 (Sengan, Kamlekar and Veerappan 

2020) 
Graphene AuNPs 0.5 – 80 0.01 (Chen et al. 2020) 
AuNPs (Image J) 0.5 – 100 0.01 

Present work 
AuNPs (UV-vis) 0.5 – 100 0.12 

 

 
Figure 3.5: (a) UV-Vis absorption spectra of AuNPs exposed to varying Pb(II) concentrations, 

and (b) calibration curve showing the relationship between absorbance ratio at 680/520 nm and 

Pb(II) concentration in mg/L. 
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3.9 Analytical application 

 

The applicability of the proposed ImageJ colorimetric method to wastewater samples was 

investigated by spiking the river and tap water with,0.1,0.2,1,2,4,8, 12, 16, and 20 mg/L Pb(II) 

standards as shown in the photographed image in Figure 3.4a. This was followed by measuring 

the intensity and determining the actual concentrations of river and tap water samples, as shown 

in Table 3.2. The obtained concentrations were used to calculate the % recovery for each spiked 

concentration using the ImageJ methods. The spiked river and tap water samples yielded 

%recoveries between 93–99% for the ImageJ method and were validated using the UV-Vis 

method, which yielded %recoveries between 88-98%. This demonstrates the efficiency of the 

ImageJ method for wastewater remediation as a substitute for a UV-Vis spectrophotometer. 

 

Table 3.2 Displaying the percentage recoveries of Pb(II) in spiked river and tap water 
samples 

Water 

sample 

Spiked concentration 

(mg/L) 

ImageJ UV-Vis 

Detected 

concentration 

(mg/L) 

Recovery 

(%) 

Detected 

concentration 

(mg/L) 

Recovery 

(%) 

River 

0.1 0.47 93 0.45 90 

2 9.50 95 9.32 93 

12 57.6 96 52.8 88 

20 98.2 98 97.4 97 

Tap 

0.1 0.50 99 0.48 97 

2 9.84 98 9.41 94 

12 58.8 98 57.3 95 

20 99.1 99 98.0 98 
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Figure 3.4: Photographic image displaying Pb(II) standards alongside spiked river and tap water 

samples at various Pb(II) concentrations: (1) 20 mg/L standard, (2) 20 mg/L river water, (3) 20 

mg/L tap water, (4) 12 mg/L standard, (5) 12 mg/L river water, (6) 12 mg/L tap water, (7) 2 mg/L 

standard, (8) 2 mg/L river water, (9) 2 mg/L tap water, (10) 0.1 mg/L standard, (11) 0.1 mg/L 

river water, and (12) 0.1 mg/L tap water. 

 

3.10 Conclusion 

 

The gold nanoparticles colorimetric probe was successfully synthesized, yielding a distinctive 

SPR peak at 520 nm, confirming the formation of AuNPs. The TEM image also confirmed that 

the synthesized AuNPs were monodispersed with an average diameter of around 20 nm. The 

reported interfering metals did not change the wine-red colour of the AuNPs upon the addition 

of 4 mg/L of individual metal ions. A colour change was only observed upon the addition of 4 

mg/L Pb(II), which induced aggregation of AuNPs. This observation indicated that 

the colorimetric probe was only selective for Pb(II). The proposed colorimetric probe yielded 

a detection limit of 0.01 mg/L, which was lower than those reported in the literature, 

demonstrating its efficiency. The proposed colorimetric probe yielded % recoveries of 90–

100%, similar to those obtained with the UV-Vis spectrophotometer, in river and tap water 

samples spiked with varying Pb(II) concentrations. The results demonstrate the efficiency of 

the ImageJ method for wastewater remediation and validate its use as a substitute for a 

conventional UV-Vis spectrophotometer. The proposed ImageJ method proved to be effective, 

simple, selective, sensitive, and reliable for the determination of Pb(II) in wastewater analysis.  
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Abstract  

 

This study demonstrates the application of gold nanoparticles in a colorimetric CIELAB system 

for detecting lead ions (Pb(II)) in wastewater. The limited capacity of human vision to 

accurately perceive colour poses a significant challenge for the use of colorimetric devices. The 

technique relies on image processing in conjunction with spectrophotometric tools to determine 

the source of colour changes observed when gold nanoparticles interact with Pb(II). As the 

concentration rises, the R values decrease while the G and B values increase. The RGB values 

are converted to the CIE L*a*b* colour space to determine the colour system coordinates. The 

concentration of standards experienced an increase, resulting in a shift in R values from red to 

green. Simultaneously, the L values indicated a shift from darkness to brightness in the 

standards. A similar trend was observed in curves R and a*, indicating a decrease in a* values 

as the Pb(II) concentration increases. This revealed that the standards transitioned from the red 

zone (+a) to the green zone (-a). The colour variation intensified with increasing Pb(II) 

concentration, indicating a clear correlation between analyte concentration and the observed 

colour difference. The results were confirmed using spectrophotometric analysis (UV-Visible), 

which highlighted the emergence of a novel surface Plasmon resonance peak at 680 nm. 

Notably, the strength of this new surface Plasmon resonance (SPR) peak at 680 nm decreased 

significantly as the concentration of Pb(II) increased. 

Keywords: Gold nanoparticles, RGB, CIELAB system, Pb(II), ImageJ, gold nanoparticles  
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4.1 Introduction 

 

The analysis of lead in wastewater and diverse environmental samples using UV–Visible 

spectroscopy is a validated technique (Cheng et al. 2022; Wu et al. 2023). Nevertheless, the 

utilisation of gold nanoparticles (AuNPs) for metal ion detection has witnessed a significant 

surge due to the progress made in nanotechnology and nanoscience (Yaqoob et al. 2020; Hassan 

et al. 2022; Manjubaashini and Thangadurai 2023). Several detection systems, including 

colorimetric methods, are capable of being visualised using portable smartphones or digital 

cameras due to their adaptability for integrated smartphone applications (Banik et al. 2021; 

Amani, Badak-Kerti and Mousavi Khaneghah 2022; Soares, Fernandes and Rocha 2023).  

Several studies have indicated that digital image analysis, carried out using a digital camera or 

smartphone, can facilitate quantitative colour analysis by extracting colour data, with a 

particular emphasis on the red, green, and blue (RGB) values within the detection area (Ni et 

al. 2020). The analyte concentration was determined by analysing the RGB values obtained 

from the RGB channel or the grey-scale value. This allowed for the calculation of the analyte 

concentration using the corresponding grey scale values (Abdullah 2021). Furthermore, there 

has been a notable surge in the advancement of various mobile applications designed 

specifically for image analysis (Minichiello et al. 2021; Chai et al. 2022). 

 

The suitability of these systems for use in point-of-care scenarios and environments with 

limited resources has been confirmed through conducted studies (Sutton et al. 2020; Wang et 

al. 2021a) and (Zhang et al. 2022). The quantitative analysis of grayscale measurement is 

limited due to the temporal variation of colour (Srivastava, Gogia and Rohith 2023). Hence, it 

is highly recommended to optimise the time for image analysis before sending these detection 

systems to an external validation laboratory (Wang et al., 2020). The device's functionalities 

are frequently utilised and user-friendly due to their simplicity and ease of use (De and Dwivedi 

2023). These techniques do not require any specialised equipment. But all you would need is a 

smartphone or a digital camera (Jorquera et al. 2022).  

 

Primarily, colour information is obtained from individual RGB values or grayscale, and analyte 

quantity is measured based on the correlation between colour data and analyte concentration 

(de Carvalho Oliveira et al. 2022). Quantitative analysis may be conducted by extracting colour 

data from the RGB or CMY(K) values of the identified region in a digital image (Richards and 

Richards 2022). There are a multitude of software applications available for conducting image 
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analysis through the use of a smartphone (Hunt, Ruiz and Pogue 2021). The frequency 

histogram tool in ImageJ software was employed to estimate the RGB values. 

 

To convert digital images from the RGB colour space to the CIE XYZ colour space, Equation 

4.1 was used (Zandi and Khanh 2023). 

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

                                          Y = 0,2219R + 0,7068G + 0,0713B  Equation 4.1 

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

 

To improve the colour system's grey-scale value, herein we report a novel, simple colorimetric 

sensor based on citrate-capped gold nanoparticles (AuNPs) for the detection of lead ions 

(Pb(II)) in wastewater in the CIE L*a*b* colour space.  The development of a novel 

colorimetric sensor to enhance the colour of targeted metal ions is necessary for the 

identification of metal-organic complexes, which are required for their removal. Hence, various 

colorimetric sensors, such as Ag-citrate-PVPNPs (Swetha et al. 2023),  and Ag/Co-PVP (Janani 

et al. 2020a) for the detection of Cr(III), tween-80 and citrate functionalized-Ag NPs for the 

detection of Cr(III) and Hg (II) (Sruthi et al. 2023) , and Ag NPs for the detection of Hg(II) 

(Janani et al. 2020b)  have been investigated for the identification of metal-organic complexes. 

In addition, gold and silver NPs exhibit a strong surface plasma resonance due to their unique 

electronic properties (Janani et al. 2020b; Balasurya et al. 2023; Sruthi et al. 2023; Swetha et 

al. 2023).  

 

Colorimetric techniques employing image analysis of digital photographs. In 1931, the 

International Commission on Illumination (known as CIE) studied human colour perception 

and developed a standard that is still widely used today (Royer 2022). 1976 CIE created an L*, 

a*, b* colour space. The L* coordinate indicates darkness or lightness of colour and ranges 

from 0 (black) to 100 (white). The CIE L*a*b* colour space is a mathematical conversion of 

the CIE XYZ space, which is delineated in Equation 4.2 (Kurki et al. 2023). 

 

 L*= 116 (Y/Y0)1/3 -16 

 b*= 200 ((Y/Y0)1/3 – (Z/Z0)1/3)   Equation 4.2 

 a*= 500 ((X/X0)1/3 – (Y/Y0)1/3) 
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where X, Y, Z, X0, Y0, and Z0 are the coordinates in the CIE XYZ colour space, with X0, Y0, 

and Z0 representing the reference values of AuNPs. The CIE LAB system serves as a simplified 

mathematical model of a uniform colour space that accounts for perceived colour variations. 

The perceived lightness L* of a standard observer is thought to be associated with the intensity 

of a colour stimulus based on a cubic root law [CIE 1986a]. Equation 4.3 was used to calculate 

a single ∆E value from the L*, a*, b* data for each sample, to compare colour differences (∆E) 

between the two samples. 

 

 ∆𝐸𝐸 =  �(∆𝐿𝐿)2 +  (∆𝑎𝑎)2 +  (∆𝑏𝑏)2  Equation 4.3 

 

The objective and reference are represented by x and 0, respectively. The colour directions are 

indicated by the coordinates a* and b*: +a* represents the red direction, -a* represents the 

green direction, +b* represents the yellow direction, and -b* represents the blue direction. 

Chroma refers to the intensity or saturation of colour. As the colour becomes more vibrant, the 

chromaticity increases, while it decreases as the colour becomes less vibrant. The hue angle 

serves as the fundamental measure of colour. Both the hue and chroma are obtained from the 

a* and b* values using Equations 4.4 and 4.5. 

 

 Hue angle: h =  𝑡𝑡𝑡𝑡𝑡𝑡−1(𝑏𝑏
∗

𝑎𝑎∗
)   Equation 4.4 

 Chroma: 𝐶𝐶∗ =  �(𝑎𝑎)2 +  (𝑏𝑏)2   Equation 4.5 

 

This work aims to showcase the enhancement of a basic colorimetric technique for the 

identification of Pb(II) in water by employing the CIE L*a*b*/Yxy colour system with the 

assistance of gold nanoparticles.  

 

4.2 Experimental 

 

4.2.1 Chemicals and Materials  

 

Gold chloride (HAuCl4) was bought from Leap Chem (Hangzhou, China) through DLD 

Scientific, based in Durban, South Africa. Trisodium citrate (Na3C6H5O7) was purchased from 

Merck (Pty) Ltd, Durban, South Africa. All chemicals were of analytical grade and used 

without further purification.  
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4.2.2 Synthesis of citrate-capped gold nanoparticles 

 

The AuNPs were synthesized using a method previously reported by Kubheka 2025, (Kubheka 

et al. 2025). The synthetic method is as follows: The preparation of the dispersed AuNPs is 

illustrated in Scheme 2.1, where 0.04 g of gold chloride trihydrate was dissolved in 100 mL of 

deionised water, yielding a concentration of 0.01 mM. This was followed by placing the 

mixture on a hot plate and stirring with a magnetic bar coated with Teflon at 97 ºC. 

Furthermore, 5 mL of warm tri-sodium citrate solution (0.04 mM) was added to the boiling 

solution. A distinct colour shift from pale yellow to wine red was observed within 20 minutes, 

indicating the formation of AuNPs. Finally, the reaction solution was allowed to cool to room 

temperature by removing the reaction flask from the hot plate. The characterisations of the 

synthesised AuNPs were reported  (Kubheka et al. 2025). 

 

 
Figure 4.1: Schematic illustration of the gold nanoparticle-enabled colorimetric sensor. 

 

4.3 Characterization 

 

4.3.1 ImageJ analysis (intensity measurements) 

 

The colour shift in quartz cuvettes was captured with a Huawei NOVA Y9a smartphone. 

ImageJ (National Institute of Health, USA, http://imagej.nih.gov./ij) software was then used to 

+ heat

97 oC

= HAuCℓ4.3H2O  

= Citrate ca  
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analyse the images on a LENOVO laptop. Measure analysis was chosen from the ImageJ 

toolbar, and the mean intensity (grayscale) of each standard concentration was calculated by 

drawing a rectangle in each clear spot of the cuvette. Based on the correlation between colour 

information and Pb(II) concentration, the mean grayscale value indicated the amount of Pb(II) 

(Soldat, Barak, and Lepore 2009; Sahu et al. 2021). For statistical reasons, the analysis was 

carried out in triplicate (n=3). The samples of tap and river water were handled similarly. 

 

4.3.2 ImageJ analysis (RGB measurements) 

 

Photograph images of the AuNPs and different Pb(II) concentrations, ranging from 0.1-20 

mg/L, interfering metal ions, and spiked water samples were analysed using ImageJ software. 

Initially, the images were processed by removing background light to highlight the true colour 

of the solutions in the cuvettes. This was followed by analysing the histogram of the RGB 

image, and the obtained RGB values for each cuvette were recorded. Additionally, the obtained 

RGB values were transferred to the “More fill” colour tab in MS PowerPoint for further 

processing. The resultant colour hues were used to create rectangular colour patterns, which 

were placed under the photographs of the obtained colours in the cuvettes. Image processing 

was performed in triplicate to obtain mean RGB values, and the standard deviation was 

determined. 

 

4.3.3 Chromaticity measurements 

 

The obtained RGB values were used to calculate the Yxy coordinates using 

https://colourmine.org/convert/rgb-to-yxy. The obtained Yxy values were then used to plot the 

chromaticity diagrams from the photograph images of the AuNPs and different Pb(II) 

concentrations ranging from 0.1-20 mg/L, interfering metal ions, and spiked water samples.   

4.3.4  XYZ measurements 

 

The obtained RGB values were then used to calculate the XYZ values using Equation 4.1 for 

the photograph images of the AuNPs and different Pb(II) concentrations (0.1-20 mg/L), 

interfering metal ions, and spiked water samples. XYZ measurements were conducted in 

triplicate to determine the mean XYZ values and calculate the standard deviation. 
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4.3.5 L*a*b* measurements 

 

The calculated XYZ values were then utilised to calculate the L*a*b* values using Equation 

4.2 from the photograph images of the AuNPs and different Pb(II) concentrations, ranging from 

0.1-20 mg/L, interfering metal ions, and spiked water samples. L*a*b* measurements were 

conducted in triplicate for mean L*a*b* values, and the standard deviation was calculated. 

 

4.3.6 Colour difference measurements 

 

The calculated L*a*b* values were then used to calculate the ΔE values using Equation 4.3 for 

AuNPs at different Pb(II) concentrations (0.1-20 mg/L) and in the presence of interfering metal 

ions. ΔE measurements were conducted in triplicate for mean ΔE values and the calculation of 

standard deviation for error bars 

 

4.3.7 Hue angle measurements 

 

Hue angle measurements of the AuNPs and different Pb(II) concentrations, ranging from 0.1-

20 mg/L, and interfering metal ions were calculated using Equation 1.4. Hue angle 

measurements were conducted in triplicate for mean hue angle values and the calculation of 

standard deviation for error bars. 

 

4.3.8 Chroma measurements 

 

Chroma measurements of the AuNPs and different Pb(II) concentrations, ranging from 0.1-20 

mg/L, and interfering metal ions were calculated using Equation 4.5. Chroma measurements 

were conducted in triplicate to determine the mean chroma values and calculate the standard 

deviation for error bars. 
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4.4 Results and discussion 

  

4.4.1 Optimisation of CIE L*a*b* colour system 

 

The colour configuration shown in Figure 4.2a was created by using the average RGB (red, 

green, and blue) values documented for each calibration standard in the desktop colour 

application used for colour development. The colour scheme developed for the Pb(II) 

calibration standards matched the hues of the solutions. The average RGB values of the colour 

insert were determined in ImageJ, with each solid-colour square analysed separately to obtain 

the red, green, and blue colour coordinates. The combination of RGB components at varying 

concentrations reveals nearly parallel characteristics, resulting in a spectrum of vibrant blue 

colours that depend on the solution's intensity for precise colour identification. Figure 4.2b 

illustrates that the green and blue curves exhibit a similar trend, indicating a transition to blue 

as the Pb(II) concentration increases. Furthermore, the intensity of the red colour decreases 

with increasing Pb(II) concentration, suggesting a shift in the localised surface plasmon 

resonance (LSPR) peak of the gold nanoparticles (AuNPs) towards longer wavelengths due to 

aggregation. As depicted in Figure 4.2c, the horseshoe-shaped CIE/Yxy confirms the clustering 

of gold nanoparticles, which is evident in the colour transition from wine-red to blue. The 

colour representations in the chromaticity diagram are consistent with those illustrated in 

Figure 4.2a. The wine-red colours, which range from 0 to 4 mg/L, represented by red symbols 

in Figure 4.2c, are found in the red section, while the blue colours from 8 to 20 mg/L, also 

indicated by red symbols, are placed in the blue section. 
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Figure 4.2: (a) Photographic image of AuNPs and Pb(II concentrations, (b) plot of RGB values vs 

Pb(II) concentrations (0-20 mg/L), and (c) chromaticity image of interfering metals and Pb(II). 

 

The RGB values obtained were subsequently transformed into XYZ values using Equations 

4.1 and 4.2. The resulting XYZ values exhibited trends analogous to those of the RGB values, 

as evidenced by a swift decline in the X values illustrated by the XYZ graph (Figure 4.3a), 

which increased from 0 to 3 mg/L and decreased from 4 mg/L to 20 mg/L. The Y values 

increased from 0 to 3 mg/L, then dropped at 5 mg/L, and then increased from 8 to 20 mg/L. 

Conversely, the Z values increased sharply from 0 to 3 mg/L, then rose rapidly from 4 to 20 

mg/L. Based on the trends observed from the XYZ values, it is reasonable to assert that the 

results obtained align with the CIE 2° and 10° Standard Observers depicted in Figure 4.3b. This 

finding substantiates the efficacy of the proposed colorimetric sensor, which may be further 

employed for Pb(II) detection. The XYZ values were subsequently converted into L*a*b* 

values through the application of Equations 4.2 and 4.2, with the results illustrated in Figure 

4.3c. It was found that the trends for Y and L values are almost indistinguishable. The rapid 

reduction in L values from 3 to 4 mg/L indicates that the Pb(II) standard solution transitions 

from light to dark. Thus, the a* and b* values decreased (from +a* and +b* to -a* and b*) to 
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confirm that the standard solutions changed from red to green and yellow to blue, respectively. 

The obtained results confirmed the colours reported by Chatterjee, Choudhury, and Poulos in 

Figure 3.2d in the colour wheel (Chatterjee, Choudhury, and Poulos 2015). 

 

 

Figure 4.3: (a) Plot of XYZ values vs Pb(II) concentration, (b) CIE 2° and 10° Standard observer 

(Sharma 2018), (c) plot of L*a*b* values vs Pb(II) concentration in the range of 0-20mg/L, and: 

(d) the three-dimensional colour space defined by lightness (L), red versus green (a*), and yellow 

versus blue (Chatterjee, Choudhury and Poulos 2015).   

 

The assessment of colour difference was performed using Equations 4.1-4.3, based on the 

L*a*b* values obtained from Equations 4.1 and 4.2. The findings regarding the colour 

differences obtained from colorimetric analysis of Pb(II) standard solutions (0.5–20 mg/L) are 

depicted in Figure 4.4a, with AuNPs used as the baseline. It was noted that the colour difference 

values increased as the concentration of the Pb(II) standard rose (Figure 4.4a). The hue and 

chroma were determined using Equations 4.4 and 4.5, respectively. The hue increased 

significantly as the Pb(II) concentration increased. The chroma in Figure 4.4b (blue line) 

a) b)

c) d)
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increased rapidly from 2 to 20 mg/L, suggesting that the AuNPs in the presence of Pb(II) 

standard solutions changed from a vivid to a dull state as the Pb(II) concentration increased (as 

they transitioned from wine red to blue).  

 

 

Figure 4.4. (a) Plot of colour difference vs different concentration of Pb(II), and (b) plot of hue 

angle (red line) and chroma (blue line) vs different concentration of Pb(II). 

 

4.4.2 Selectivity and sensitivity of Pb(II) 

 

The images captured in the cuvettes showed distinct visual variations, with Cu(II), Cr(II), 

Mn(II), Fe(II), and Ni(II) retaining the typical pink/red shade of dispersed AuNPs (Figure 4.5). 

In contrast, Pb(II) appeared greyish purple, indicating a strong aggregation of AuNPs. The 

developed probe displayed outstanding selectivity towards Pb(II), as none of the cations and 

anions tested induced aggregation. Moreover, the effects of potential interfering cations and 

anions that could impact Pb(II) detection in real samples were also analysed, using 800 µL of 

AuNPs, 100 µL of Pb(II) (4 mg/L), and 100 µL of various cations and anions. 
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Figure 4.5: Photograph image of the colorimetric response of interfering metal ions at different 

Pb(II) concentrations. 

 

Furthermore, the pollutant and other ions were tested together to determine whether they 

interfere with the detection process.  This was conducted by the addition of 800 µL AuNPs, 

which served as a blank Figure 4.6a (cuvette #1), 800 µL AuNPs and 20 µL of 4 mg/L (Cu(II), 

Ni(II), Mn(II), Zn(II) and  Fe(II)) Figure 3.4a (cuvette #2), 800 µL AuNPs and 20 µL of 4 mg/L 

(Cu(II), Ni(II), Mn(II), Zn(II), Fe(II) and Pb(II)) Figure 4.6a (cuvette #3) and 800 µL AuNPs 

and 100 µL of 4 mg/L Pb(II) Figure 4.6a (cuvette #4).  The obtained results were also expressed 

in a bar graph to show the absorbance of each solution, and no significant change was noted in 

the absorbance of the AuNPs and the AuNPs with the presence of interfering metals, excluding 

Pb(II), and a significant increase in absorbance was noted in the presence of Pb(II) in Figure 

4.6b. The addition of 4 mg/L of different interfering metals (20 µL) to a solution of AuNPs did 

not result in any colour change. Indicating that the presence of the investigated interfering 

metals does not prompt any response from the developed sensor. The developed sensor showed 

excellent selectivity towards Pb(II), as all the investigated cations and anions did not induce 

aggregation.  
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Fig. 4.6 (a) Photograph image of the Selectivity of AuNPs colorimetric sensor in the absence and 

presence of 4 mg/L Pb(II), and (b) response from the mixture of AuNPs and interfering metals in 

the absence and presence of 4 mg/L Pb(II). 

 

Minimal changes in the R values are observed in Figure 4.7a for the following metal ions: 

Ni(II), Fe(II), Cu(II), Mn(II), Cr(II), and Zn(II). This indicates a lack of aggregation between 

the AuNPs and the interfering metal ions, as evidenced by the absence of observable colour 

changes in the solutions. In contrast, a colour change was observed between Pb(II) and AuNPs, 

suggesting aggregation or strong binding, leading to a decrease in the R value for Pb(II) (Figure 

4.7a). The G values analysis indicates an increase for the metal ions Zn(II), Cu(II), Mn(II), and 

Cr(II), while Ni(II) and Fe(II) showed a significant decrease (Figure 4.7a). A substantial 

b)
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increase in Pb(II) indicates that aggregation was induced, resulting in a colour change that 

demonstrates the selectivity of AuNPs toward Pb(II) over other metal interferences. In Figure 

4.7b, the X values show an increase in metal ions like Zn(II), Cu(II), Mn(II), and Cr(II), which 

exhibit high values, while Ni(II) and Fe(II) began to decline, including Pb(II), indicating 

binding. The YZ values follow the same trend as the GB values. In Figure 4.7c, the L values 

associated with Zn(II) and Fe(II) are low, in contrast to the higher values of the other metal 

ions when compared to Zn(II) and Fe(II). The presence of Pb(II) led to a marked decrease in L 

values, indicating a darker appearance. In the chromaticity diagram, most ions are concentrated 

in a similar area, with Fe(II) and Pb(II) showing significant deviations in Figure 4.7d, as 

evidenced by strong interference and induced colour shifts. 

 

 
Figure 4.7 (a) Plot of RGB values vs metal interference ions, (b) XYZ plot vs metal interference 

ions, (c) L*a*b* plot vs metal interference ions, and (d) chromaticity diagram of interference 

metal ions.  
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The highest ΔE was observed with Pb(II), indicating the strongest interference with AuNPs. In 

comparison, Zn(II), Cu(II), Cr(VI), Fe(II), and Ni(II) produced lower ΔE values, which implies 

weaker interactions, as illustrated in Figure 4.7a. The hue angle values varied significantly, 

with Cr(II) and Pb(II) exhibiting the largest shifts in Figure 4.7b. Chroma was maximised in 

Pb(II), corresponding to the most significant change in colour intensity in Figure 4.7b.  

 

 
Figure 4.8 (a) Plot of colour difference vs metal interference ions, and (b) chroma and hue angle 

plot vs metal interference ions. 

 

4.4.3 Practical application: The CIE approach 

 

The captured images were analysed using ImageJ Software histograms to extract the RGB 

colour coordinates of the AuNPs (blank) and Pb(II) standard solutions, as well as spiked tap 

water and river water, over a concentration range of 0.1–20 mg/L. Subsequently, the RGB 

values obtained were entered into the Microsoft PowerPoint Shape Fill tab under the More Fills 

colour model, allowing the corresponding RGB values to be utilised to generate the block 

colour, as depicted in Figure 4.9. To facilitate a clearer understanding of the trend in each colour 

coordinate as the concentration of Pb(II) increases, the RGB colour coordinates were 

graphically represented in the form of a histogram in Figure 4.10a, b, and c. 

 

 

 



75 
 

 
Figure 4.9: Colorimetric scheme with corresponding calculated mean RGB values. 

 

In Figure 4.10a, the data reveal that at higher concentrations of Pb(II), specifically 12 and 20 

mg/L, the R values experienced a notable decline, particularly in river and tap water. This 

reduction indicates a decrease in red intensity due to AuNP aggregation. In contrast, the G 

values increased with increasing Pb(II) concentration across all media, with the highest values 

observed in the standards shown in Figure 4.10b. Additionally, the B values displayed an 

upward trend, more pronounced in river and tap water, indicating spectral broadening caused 

by colloid destabilisation, as illustrated in Figure 4.10c. 
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Figure 4.10: The histogram plot of (a) R, (b) G, and (c) B values against spiked Pb(II) 

concentrations. 

 

As depicted in Figure 3.8a, higher Pb(II) concentrations lead to a gradual decrease in X values, 

particularly in tap water, characterised by reductions in the red and yellow components. The Y 

values show a rapid decline at elevated concentrations, especially in river water, indicating a 

decrease in brightness as illustrated in Figure 3.8b. Meanwhile, the Z values increase sharply 

with rising Pb(II) concentrations, particularly in the standard, due to an increase in the blue 

component resulting from particle aggregation, as shown in Figure 4.11c. 
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Figure 4.11: (a) The histogram plots of (a) X, (b) Y, and (c) Z values against spiked Pb(II) 

concentrations. 

 

4.5 Conclusion  
 
A straightforward, quick, and effective colorimetric detection system utilising AuNPs was 

successfully developed for the selective and sensitive measurement of Pb(II). Image processing 

conducted with the ImageJ software application produced RGB values that corresponded to the 

colorimetric response observed by the naked eye for the Pb(II) calibration standard solutions. 

The successful conversion of RGB values to XYZ values, followed by the transformation of 

XYZ values to L*a*b*, was validated by aligning the resulting L*a*b* values with the colours 

captured in the photographic images. Moreover, the L*a*b* values indicated a colour 

difference that was directly proportional to Pb(II) concentration, as the colour difference 

increased with increasing Pb(II) concentration. The CIE L*a*b* colour system validated the 

colour variation concerning the chroma and hue of the Pb(II) standard solutions. The developed 

colorimetric sensor demonstrated a high sensitivity toward Pb(II) in aqueous environments and 
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exhibited commendable selectivity against the examined interference metal ions. Furthermore, 

this method holds significant potential for application in real water samples. 
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Abstract  

 

This investigation aims to establish and assess the effectiveness of a smartphone using the 

ImageJ technique and spectrophotometric systems for the identification of lead ion Pb(II) using 

gold nanoparticles (AuNPs), underpinned by the CIEL*a*b*/Yxy colour space. This 

highlighted a comparative examination of smartphones and a spectrophotometer as tools for 

identifying color changes in AuNPs. These tools were used for their potential as colorimetric 

devices for detecting Pb(II) in wastewater. It was discovered that AuNPs aggregated upon the 

addition of Pb(II), resulting in a significant change from pink to dark blue, attributed to the 

surface plasmon resonance (SPR) of the AuNPs. This aggregation resulted in a decrease in the 

intensity of the SPR band at 520 nm and the development of a new red-shifted band at 680 nm, 

as well as a color change from red to blue in the Ultraviolet Visible (UV-UV) spectra. The 

lowest Pb(II) detection was confirmed by both methods on Days 3, 4, 6, 7, and 8, with the 

following concentrations: 0.006, 0.003, 0.00, 0.00, and 0.00 mg/L, respectively. A high 

concentration of Pb(II) was detected in these days by both methods, with values of 2, 5, 9, 10, 

and 1, corresponding to concentrations of 0.037, 0.024, 0.022, 0.013, and 0.012 mg/L, 

respectively. This study indicated that ImageJ was successfully used to quantify the 

concentration of lead ions in wastewater effluent. 

 Keywords: ImageJ, gold nanoparticles, wastewater, RGB, Pb(II) 

 

 

 

 



87 
 

5.1 Introduction 

 

Lead (Pb) is a widely distributed and highly hazardous heavy metal contaminant, known for its 

severe health implications when found in aquatic systems and within the human body 

(Organization 2023). In recent years, environmental lead pollution has escalated due to 

intensified anthropogenic and industrial activities such as smelting, pesticide application, 

battery production, and leaching from landfills (Gottesfeld et al. 2018). Pb(II), in particular, is 

a neurotoxic metal that accumulates in biological tissues and disrupts essential cellular 

functions by interfering with signal transmission, gene regulation, and calcium-mediated 

processes (Tamagno and Freeman 2025). Human exposure primarily occurs through ingestion 

or inhalation of contaminated soil, food, dust, consumer items, or occupational (Smith III 

2004). In industrial settings, inhalation remains the primary mode of lead uptake, although 

gastrointestinal absorption also contributes (Shukla, Srivastava and Mishra 2024) . Although 

regulatory limits set the acceptable Pb(II) concentration in wastewater at 0.05–0.10 mg/L, 

levels as high as 5 mg/L have been detected in industrial discharges, highlighting an urgent 

environmental threat  (Agoro et al. 2020). This underscores the critical demand for rapid and 

reliable detection techniques for Pb(II) monitoring (Mohan et al. 2023). 

 

Various analytical methods have been employed for the detection of Pb(II), including 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS), Atomic Absorption Spectroscopy 

(AAS), X-ray Fluorescence (XRF), and Solid Phase Extraction techniques (SPE) (Pyle et al. 

1995). While these instrument-based techniques are known for their high precision and 

dependability, they typically involve intricate sample preparation, demand trained personnel, 

and incur significant costs—factors that limit their suitability for real-time, on-site monitoring 

(Muthwa et al. 2020). In contrast, colorimetric assays using metal nanoparticles have gained 

popularity due to their simplicity, eliminating the need for complicated equipment, and 

allowing for visual detection through observable colour changes (Ratnarathorn, Chailapakul 

and Dungchai 2015). Among these, gold nanoparticles (AuNPs) are especially notable because 

of their pronounced surface plasmon resonance (SPR) properties (Bothra and Sahoo 2022). 

Gold nanoparticles have garnered significant interest due to their pronounced surface plasmon 

resonance (SPR) absorption, characterized by extremely high extinction coefficients in the 

range of 10⁸ to 10¹⁰ M⁻¹ cm⁻¹ in the visible light region (Dahan et al. 2023). Their unique SPR 

properties, which depend heavily on factors such as particle size, shape, and interparticle 
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spacing, primarily drive their applications (Zhang et al. 2025a). Colorimetric sensors based on 

gold nanoparticles (AuNPs) are especially prized for their ability to detect changes through 

visible colour shifts resulting from inter-particle plasmon coupling during nanoparticle 

aggregation, which typically causes the solution’s colour to transition from red to blue or purple 

(Bothra, Kumar and Sahoo 2015). 

 

Colorimetric techniques that utilize image analysis of digital device images are widely 

favoured due to their simplicity and user-friendliness (Ali et al. 2024). These methods require 

no specialized equipment, relying only on a smartphone or digital camera (Hernández‐Neuta 

et al. 2019). Quantitative assessment can be performed by extracting colour information—such 

as red, green, and blue (RGB) values or cyan, magenta, yellow, and black (CMY(K)) values—

from the specific area of interest within a digital image (Lukac and Plataniotis 2018) . Usually, 

these values are acquired as separate RGB components or grayscale intensities, which 

correspond to the analyte concentration, reflecting the direct relationship between colour 

intensity and the amount of analyte present (de Carvalho Oliveira et al. 2022). 

 

Several smartphone applications have been developed for image analysis in colorimetric (Meng 

et al. 2024) . The most commonly used metric in image-based colorimetric analysis is 

grayscale, which represents the average of the RGB values (Šafranko et al. 2019) . Analyte 

concentration is determined by analysing RGB values extracted either from the individual RGB 

channels or the grayscale data (Sirisathitkul et al. 2025) . This enabled the determination of 

analyte concentration based on the associated grayscale values (Kusuma et al. 2023).. Research 

by (Strohmaier-Nguyen 2025) has validated the effectiveness of these systems for point-of-

care testing and use in resource-limited settings. However, the accuracy of grayscale-based 

quantification can be affected by changes in colour over time (Zheng et al. 2021a). Therefore, 

it is strongly advised to optimize the timing of image acquisition before submitting these 

detection tools for external laboratory validation (Tong and Hutcheson 2021). 

 

The ImageJ revolution has further enhanced the potential for environmental monitoring. The 

widespread availability of smartphones and their built-in sensors, combined with the 

development of applications that utilize smartphone cameras for real-time detection of 

pollutants, presents an exciting frontier. By integrating AuNP-based sensing technology with 

mobile applications, we can create a tool that empowers users to monitor on-site Pb(II) levels 

in wastewater, promoting better environmental stewardship. 
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In this context, the development of the ImageJ application aims to provide an accessible 

platform for quantifying Pb(II) ions in industrial wastewater using AuNPs as a sensing 

mechanism. This application utilizes the colorimetric change that occurs upon interaction 

between AuNPs and Pb(II) ions, allowing users to visualize and quantify heavy metal 

concentrations directly through smartphone cameras. In the current study, Pb(II) ions induced 

the aggregation of gold nanoparticles, as determined by UV-Vis spectral analysis and image 

analysis. ImageJ was also used to analyse Pb(II) in wastewater, with support from the 

spectrophotometer. 

 

5.2 Experimental 

5.2.1   Materials and methods  

 

Gold chloride (HAuCl4) was procured from Leap Chem (Hangzhou, China) through DLD 

Scientific, based in Durban, South Africa. Trisodium citrate (Na₃C₆H₅O₇) was supplied by 

Merck (Pty) Ltd, also located in Durban. All reagents used in the study were of analytical grade 

and used as received, without further purification.  

 

5.2.2 Instrumentation 

 

A photograph of quartz cuvettes with filtered wastewater was taken with a Samsung A30 

smartphone, and a colour change was observed after treatment with gold nanoparticles. The 

filtered effluent samples, along with those containing gold nanoparticles and Pb(II), were 

analysed using ImageJ software to extract RGB values, which were then used to generate 

corresponding colour fills. The optical characteristics of the samples were analysed using a 

Cary UV-50 UV-Visible spectrophotometer, with surface plasmon resonance (SPR) spectra 

collected over 400-800 nm. Absorbance readings were specifically taken at 520 nm and 680 

nm. To further examine the morphology and particle size of the synthesized (AuNPs), both 

before and after exposure to Pb(II) standards, a Philips TEM CM 120 TEM was employed, 

operating at an accelerating voltage of 120 kV. 
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5.2.3 Preparation of citrate-capped AuNPs 

 

The preparation of citrate-capped AuNPs started with washing the glassware with distilled 

water to remove any impurities, after which the glassware was soaked in aqua regia for several 

hours to remove any metal residue. Lastly, the glassware was rinsed with distilled water 

multiple times. After completing the cleaning procedure, a stock solution of gold(III) trihydrate 

(HAuCl4·3H₂O) was prepared by dissolving 0.04 g of the compound in 100 mL of distilled 

water to yield a 0.01 M solution. From this, 50 mL was poured into a clean 100 mL beaker, 

which was placed on a magnetic stirrer and heated to 97 °C. Simultaneously, a sodium citrate 

solution was made by dissolving 0.3 g of sodium citrate dihydrate in 10 mL of distilled water. 

Once the gold solution reached boiling, the sodium citrate solution was quickly added while 

maintaining vigorous stirring. The addition of citrate induced a colour change from pale yellow 

to deep red or purple, indicating the formation of AuNPs. The solution was stirred for an 

additional 10-15 minutes before being removed from the heat and cooled to room temperature. 

To confirm the successful synthesis of AuNPs, an aliquot of the solution was analysed by UV-

Vis spectroscopy, which revealed a characteristic absorption peak between 520 and 540 nm. 

Finally, the citrate-capped AuNP solution was stored in a dark glass vial at 4 °C to prevent 

aggregation and ensure stability for subsequent applications. 

 

5.2.4 Preparation of Pb(II) calibration standards and interaction with AuNPs 

 

A set of Pb(II) standard solutions was prepared in 50 mL volumetric flasks by diluting a 1000 

mg/L stock solution with deionized water. To achieve the desired concentration range of 0.5 to 

20 mg/L, appropriate volumes of the stock solution were measured and diluted accordingly. 

The standards were treated by adding 800 µL of AuNPs solution to 200 µL of each Pb(II) 

standard. The wastewater samples underwent identical treatment procedures for Pb(II) 

quantification. 

 

5.3 Results and discussion  

5.3.1 Implementation of optimized conditions for wastewater effluent analysis 

 

The wastewater effluent samples collected were analysed for the presence of Pb(II). Both the 

filtered effluent samples (untreated) and those treated with AuNPs were evaluated using 
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ImageJ software. The RGB values that were extracted were then used to create fills that 

correspond to the colours illustrated in Figure 5.1b, with panels (a) and (b) indicating a 

transition in colour from red to blue on Days 1, 7, 5, 10, and 9, while Days 3, 6, 8, and 4 showed 

no change in colour. A significant peak was detected at 520 nm in the Day 2 sample, surpassing 

the peak intensity of the blank sample illustrated in Figure 5.4. This phenomenon may be 

attributed to the pronounced deep colour depicted in Figure 5.2b. The addition of gold 

nanoparticles led to changes in the effluent wastewater samples, marked by a reduction in the 

intensity of the LSPR peak at 520 nm and the emergence of a new LSPR peak at 680 nm, as 

shown in Figure 5.4. Furthermore, the photograph of the raw wastewater effluent sample is 

shown in Figure 5.1a, providing a clear depiction of the sample prior to incorporation into the 

AuNPs colorimetric sensor for subsequent analysis. 

 

 

Figure 5.1: (a) Images of the filtered wastewater effluent samples, and (b) photographs of cuvettes 

with wastewater samples and AuNPs from day 1 to 10, and analysed using the ImageJ application 

 

5.3.2 The CIE application calibration 

 

The different concentrations of Pb(II) within the range of 0.1–20 mg/L (200 µL) were mixed 

with 800 µL of AuNPs. The image shown in Figure 5.2a reveals the various concentrations of 
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Pb(II), where the wine-red colour of AuNPs altered with the introduction of 4–20 mg/L. The 

colour shift to blue at concentrations from 4 to 20 mg/L is a result of the aggregation of AuNPs 

induced by Pb(II). The intensity of each standard was assessed and adjusted, resulting in a 

calibration plot that showed a linear relationship between the adjusted intensity and Pb(II) 

concentration over 0.1–20 mg/L, as illustrated in Figure 5.2b. The detection limit for the 

ImageJ method was determined to be 0.01 mg/L, based on the lowest standard of 0.1 mg/L. 

The analysis was performed three times, and a standard deviation was computed. The 

absorbance-ratio calibration curve obtained at 520 and 680 nm yielded a linear equation, y = 

0.1588x + 0.16592, with an R² value of 0.99923, as depicted in Figure 5.2a. Pb(II) 

quantification will be performed using a linear regression equation. 

 

 

Figure 5.1: (a) The visual depiction of gold nanoparticles (AuNPs) combined with varying lead 

(Pb(II)) concentrations ranging between 0.1 and 20 mg/L, (b) a calibration curve plotting 

corrected intensity against Pb(II) concentration in mg/L 

 

5.3.3 The Spectrometer application calibration 

 

A surface plasmon resonance peak at 520 nm was observed for AuNPs and Pb(II) concentration 

standards over the range of 0.1 to 2 mg/L. Furthermore, a decline in the SPR peak was observed 

from 4 to 20 mg/L, with a secondary peak appearing in the blue region at 680 nm in Figure 
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5.3a, which aligns with the image in Figure 5.2a and suggests aggregation of the synthesized 

AuNPs. The agreement among the results acquired substantiated the reliability of the ImageJ 

method that was developed. The calibration plot depicted in Figure 5.3b, reveals a linear 

response, with a correlation coefficient (R2) of 0.99901 and a limit of detection (LOD) of 0.01 

mg/L for the UV–Vis method. 

 

 

Figure 5.3: (a) UV-Vis absorption spectra of AuNPs subjected to different concentrations of 

Pb(II), and (b) a calibration curve illustrating the correlation between the absorbance ratio at 

680/520 nm and the concentration of Pb(II) in mg/L. 

 

5.3.4 Application of the Spectrophotometric method to wastewater effluent sample 

 

A colorimetric assay using AuNPs was performed to detect Pb(II) concentrations ranging from 

0.1 to 20 mg/L. As shown in Figure 5.2a, the characteristic wine-red colour of the AuNPs 

gradually faded with increasing Pb(II) levels. A sharp and distinct absorption peak at 520 nm, 

indicating the successful synthesis of AuNPs, was observed and is labelled as the blank in 

Figure 5.3a. The photographic image in Figure 5.1b illustrates the colorimetric response of 

AuNPs to Pb(II) in effluent samples collected on days 1, 5, 7, 9, and 10, where the colour 

shifted from wine red to blue. The addition of gold nanoparticles led to changes in the effluent 

wastewater samples, marked by a reduction in the intensity of the LSPR peak at 520 nm and 

the emergence of a new LSPR peak at 680 nm, as shown in Figure 5.4. In contrast, samples 

from days 3, 4, 6, and 8 showed no noticeable colour change. Interestingly, only the sample 

from day 2 exhibited a vivid red colour, as depicted in Figure 5.2b and again which cause a 

surpassing the peak intensity of the blank sample illustrated in Figure 5.4 
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Figure 5.4:  The AuNPs' UV-Vis absorption spectra following the addition of wastewater 

effluent samples from day 1 to 10  

 

5.3.5 Application of CIEl*a*b* on wastewater analysis (untreated and treated with 

AuNPs) 

 

For the blue-coloured samples in Figure 5.1b, the R values in Figure 5.5a declined and 

remained nearly constant on Days 2, 3, and 4. Apart from the blank and Day 4, when the R, G, 

and B values were equal at Day 8, the R, G, and B values showed a similar pattern across nearly 

all samples. In untreated wastewater, R values are consistently higher than those in samples 

treated with gold nanoparticles in Figure 5.5a. The samples treated with AuNPs show variable 

but consistently reduced R values, indicating a substantial effect of gold nanoparticles on the 

intensity of red colouration in Figure 5.5a. The graph for the untreated samples on day two 

shows a decrease, which is consistent with their physical appearance, as shown in Figure 5.1a. 

The untreated wastewater samples exhibit greater variability in their G values. In contrast, the 

wastewater samples treated with AuNPs display more stable, lower G values, indicating a 

reduction in green intensity (Figure 5.5b). The AuNP-treated samples show clear increases in 

B values, and it's easy to see the data and trends. Because of interactions between the 

nanoparticles, the AuNP-treated samples initially have lower B values but gradually increase; 

in contrast, the untreated samples retain a high blue intensity with only slight variations (Figure 

5.5c).  
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Figure 5.5: The graphical representation of RGB values vs the number of days sampled in a, b, 

and c  

 

5.3.6 Examining sample wastewater effluent 

 

Pb(II) standards in the concentration range of 0.1-20 mg/L were used to calibrate the AuNPs 

sensor for analysis, as shown in Figure 5.2b. Furthermore, without any additional dilution, all 

the effluent water samples were analysed. Over 10 operational working days, wastewater 

samples were collected from the effluent treatment plant and labelled Day 1 through Day 10. 

To validate the efficiency of the colorimetric sensor, results obtained with the AuNPs sensor 

were compared with those from the traditional spectrophotometer method. Table 5.1 presents 

the average absorbance and concentration of Pb(II) (n = 3) measured using the two techniques. 

Table 5.2 presents the Pb(II) concentrations acquired using two different techniques, all of 

which produced values that were almost. In the subsequent days, specifically on days 1, 2, 5, 

9, and 10, Pb(II) was detected in water samples collected from the effluent treatment plant dam, 

measured in milligrams per liter (mg/L). Conversely, on days 6, 7, and 8, no detectable levels 
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of Pb(II) and 3 and 4 low levels of Pb(II) were found in the water. The levels of Pb(II) achieved 

using both techniques are shown in the bar graph in Figure 5.6a. The absorbances of both 

methods, as shown in Figure 5.6b, are nearly identical. The limit of Pb(II) ion in wastewater is 

0.01 from WHO, and this study presents high detection of Pb(II) concentration, which exhibits 

the efficiency of the sensor  

 

 
Figure 5.6: (a) A bar graph depicting the levels of Pb(II) measured in wastewater effluent utilizing 

the ImageJ and UV-Visible technique across a duration of 10 days, and (b) a graph of absorbance 

measurements of ImageJ and UV-Visible of wastewater effluent in 10 days  
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CHAPTER 6:  CONCLUSION AND RECOMMENDATIONS 

 

6.1 Conclusion 

 

In conclusion, a new colorimetric sensor based on gold nanoparticles (AuNPs) was successfully 

developed for the sensitive and selective detection of lead ions (Pb(II)) in water samples. The 

AuNPs were produced via a simple reduction method that leveraged tri-sodium citrate's dual 

roles as both a reducing agent and a stabilizer. Both the nanoparticle synthesis and sensor 

fabrication processes were straightforward and economical. The sensor’s enhanced selectivity 

was attributed to Pb(II)-induced aggregation (flocculation) of AuNPs, which altered their 

surface plasmon resonance (SPR) properties by increasing particle size. 

 

The limits of quantification (LOQ) and detection (LOD) for the synthesized gold nanoparticles 

(AuNPs) were determined to be 0.01 mg/L and 0.12 mg/L, respectively. This sensor can 

accurately detect and measure the minimum concentration of lead (II) ions (Pb(II)) in aqueous 

solutions. The sensor can reliably detect and quantify the lowest concentrations of Pb(II) in 

water. NOVA was employed for the statistical validation of the AuNPs, confirming the sensor's 

efficiency and accuracy in distinguishing between different Pb(II) concentrations (both high 

and low) in the samples examined. Using ImageJ for image analysis yielded RGB values that 

closely matched the colour changes visible to the naked eye in the Pb(II) calibration standards. 

The accurate conversion of RGB values to XYZ and, subsequently, to Lab* values was 

confirmed by their consistency with the colours observed in the photographic images. 

Additionally, the L*a*b* values indicated that colour differences increased proportionally with 

increasing Pb(II) concentration. The CIEL*a*b* colour system effectively validated the 

variations in chroma and hue intensity across the Pb(II) standards. Overall, the colorimetric 

detection method exhibited high recovery rates, especially in spiked river and tap water 

samples. 
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6.2 Conclusion Established on Objectives 

 

6.2.1 Objective 1: To synthesize AuNPs from Auric Chloride utilizing the Turkevich 

method 

 

The Turkevich method was successfully used to synthesize gold nanoparticles by reducing 

chloroauric acid (HAuCl3) with trisodium citrate. The resulting colloidal solution displayed a 

characteristic ruby-red hue, indicating the formation of spherical AuNPs with a size range of 

10–20 nm. This method demonstrated efficiency, reproducibility, and cost-effectiveness in 

generating stable, citrate-capped AuNPs suitable for subsequent analytical applications. 

 

6.2.2 Objective 2: To examine citrate-capped AuNPs utilizing UV-Vis and TEM 

techniques. 

 

The synthesized nanoparticles were extensively characterized by: 

• UV-Vis Spectroscopy: A significant surface plasmon resonance (SPR) peak was noted 

around 520–530 nm, affirming the synthesis of spherical AuNPs. This optical property 

is sensitive to particle size and aggregation, making it vital for tracking interactions 

with Pb(II). 

• TEM: TEM images illustrated monodispersed spherical particles with a consistent 

morphology and size distribution. The capping by citrate ions was visually confirmed 

by well-separated particles, indicating strong colloidal stability and the prevention of 

premature aggregation. 

 

6.2.3 Objective 3: To enhance the CIELAB colour system via the ImageJ application 

The RGB values from digital images of AuNP solutions were extracted and converted to the 

CIELAB colour space using ImageJ. The CIELAB system, known for its perceptual 

uniformity, enabled more sensitive detection of colour variations than direct RGB or visual 

assessments. The optimization process included: 

• Standardizing the image acquisition parameters (lighting, background, camera angle) 

• Calibration with colour standards 

• Creating a controlled environment to mitigate external variability 
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This optimization improved the precision and consistency of colorimetric data, laying the 

groundwork for the quantitative analysis of Pb(II). 

 

6.2.4 Objective 4: To utilize the CIELAB colour system for the quantification of Pb(II) in 

wastewater effluent. 

 

When AuNPs interacted with Pb(II), they aggregated, resulting in a significant colour shift 

from red to blue/purple. The CIELAB values, notably ΔE, which indicates the total colour 

difference, showed a linear relationship with Pb(II) concentration at lower ppm levels. This 

enabled the formulation of a colorimetric calibration curve, making the method semi-

quantitative and applicable for field analysis. In tests using real wastewater effluent, the system 

successfully detected Pb(II) with reasonable accuracy, demonstrating its potential for rapid, 

economical environmental monitoring without the need for expensive laboratory instruments. 

 

6.2.5 Objective 5: To verify the CIELAB colour system, UV-visible spectroscopy, and the 

ImageJ application. 

 

The validation process involved a cross-comparison of results obtained from: 

• CIELAB ImageJ Analysis 

• UV-Visible Spectroscopy 

 

The statistical analysis revealed a strong agreement between the two methods, as the calculated 

F-value was smaller than the critical F-value, indicating no significant difference between these 

two techniques. The ΔE values from the CIELAB system corresponded to the absorbance shifts 

observed in UV-Vis spectroscopy. This confirmed that the image-based method could reliably 

approximate results from more advanced laboratory instruments. Additionally, the ImageJ-

CIELAB approach was validated for its repeatability and reproducibility, making it a suitable 

tool for distributed monitoring. 

 

6.3 Limitations of the Research 

 

Although there are notable successes and potential applications, the research is accompanied 

by several limitations: 
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6.3.1 Selectivity and Metal Interference 

 

• The aggregation of AuNPs is not limited to Pb(II) alone. Other heavy metals, such as 

Hg(II) and Cd(II), can also trigger similar optical responses. 

• A thorough investigation into interference with competing ions was not executed, 

which constrains the method's application in complex real-world samples. 

 

6.3.2 Detection Sensitivity 

 

• While the method demonstrates effectiveness within the ppm range, it does not possess 

the ultra-trace sensitivity (ppb) found in more sophisticated techniques such as ICP-MS 

or AAS. 

• Consequently, this limitation confines its application to environments where regulatory 

standards necessitate detection at reduced thresholds. 

 

6.3.3 Standardization of Image Analysis 

 

• The effectiveness of image-based colorimetric detection is closely tied to consistent 

lighting, background, and camera settings. 

• Differences in ambient lighting or variations among camera sensors can influence RGB 

and derived CIELAB values, possibly introducing inaccuracies in uncontrolled field 

environments. 

 

6.3.4 Nanoparticle Stability Assessment 

 

• The stability of AuNPs over time has not been extensively studied. Citrate-capped 

AuNPs tend to aggregate or degrade gradually in the presence of salts, extreme pH 

conditions, or during extended storage periods. 

• This phenomenon may limit both the shelf-life and the consistency of the sensing 

reagent from one batch to another. 
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6.3.5 Sample Matrix Effects 

 

• The organic matter, changing ionic strength, and suspended particles found in real 

wastewater can interfere with the stability of nanoparticles and the detection of colour. 

• This work did not provide a comprehensive analysis or correction for these matrix 

effects. 

 

6.4 Proposals for Future Investigations 

 

To address the shortcomings and increase the applicability of this technique, the following 

suggestions are put forth. 

• Execute a thorough investigation into metal interference with a more extensive array of 

ions. 

• Explore the surface modification of nanoparticles to achieve better selectivity for 

Pb(II). 

• Design a smartphone-based detection system featuring a controlled imaging box for 

field applications. 

• To analyse the long-term stability and shelf-life of synthesized AuNPs in different 

storage environments. 

• Test the methodology across various real wastewater sources and confirm its accuracy 

against certified reference techniques like ICP-MS. 

 

6.5 Concluding Observations 

 

This research illustrates the practicality of employing synthesized gold nanoparticles in 

conjunction with the CIEL*a*b* colour space for economical, accessible, and reasonably 

precise detection of lead in water. The combination of digital image processing (utilizing 

ImageJ) with traditional UV-Vis spectroscopy creates a hybrid framework that harmonizes ease 

of use with scientific integrity. With further advancements, this system can be modified for 

broader environmental monitoring purposes, particularly in settings with limited resources. 

 





