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ABSTRACT  

In this study, colorimetric assay was used to develop a gold nanoparticle enabled 

optical sensor for the analysis of sodium chloride in seawater. Sodium chloride has a 

major effect in the seawater’s salinity level, thus, this has led to the design of a 

colorimetric device that is selective to sodium chloride, which can be used for both 

seawater and the nearby estuarine water. Flocculation assay based on gold 

nanoparticles was used to optimise the colorimetric response of the selected sodium 

chloride concentration range (5-40 ppT) for the developed kit. Polydispersed and 

stable gold nanoparticles were synthesized via the Turkevich method using tri-sodium 

citrate as a reducing and capping agent. The optical properties of the as-synthesized 

gold nanoparticles were characterized by Ultra-Violet- Visible spectroscopy where the 

existence of the Surface Plasmon Resonance (SPR) absorption peak was observed 

at 525 nm. Transmission Electron Microscopy (TEM) image revealed the morphology 

of the gold nanoparticles to be isotropic/ spherical with a calculated average size of 

gold nanoparticles which was found to be 7 nm. The introduction of sodium chloride 

to gold nanoparticles solution resulted in aggregation which was indicated by the 

change of colour from red to blue.  

Scanning Electron Microscopy (SEM) images confirmed the spherical morphology of 

the gold nanoparticles.  The gold nanoparticles with sodium chloride image showed 

crystals of the salt covering the aggregated gold nanoparticles inferring that the tri-

sodium citrate barrier on the surface of the nanoparticles had been broken. In the 

Fourier-transform Infrared Spectroscopy spectrum (FTIR), the existence of hydroxyl 

was observed in the gold nanoparticles solution at 3540 cm-1 due to the deionised 

water used in preparation of all solutions. The carbonyl groups observed at 1782 cm−1, 

1520 cm-1 and 1290 cm-1 in the gold nanoparticles spectrum were due to the citrate 

capping the nanoparticles. Ultraviolet-Visible Spectroscopy (UV-Vis) spectroscopy 

was also used to validate the colorimetric method as the application of gold 

nanoparticles is based on solution colour convergence from wine red to blue upon 

analyte introduction. The colorimetric assay of the sodium chloride concentration 

range gave distinguishable colour shades which were visually observed.  The intensity 

of the colour in standard solutions increased as the concentration of NaCl was 
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increased. A red shift was observed in the UV-Vis spectrum due to the increase in 

sodium chloride concentration. A decrease in the 525 nm SPR peak was observed 

with an increase of another SPR peak at longer wavelengths around 660 nm. Images 

of the colorimetric assay were analysed using the Colorgrab application.  Results of 

this analysis showed that the colour intensities in the Greyscale percentages were 

decreasing with increasing sodium chloride concentration and were in the range of 

42.33-57.66%. The red green blue (RGB) colour model analysed by ImageJ software 

revealed that the red colour of the gold nanoparticles gradually disappeared with the 

development of the blue colour as the concentration of sodium chloride was increased 

in solution. Commission Internationale d’Eclairage (CIE) Lab colour management 

method validated the colour similarities and differences of the sodium chloride 

colorimetric assay. The sodium chloride quantification colour wheel/disk was then 

fabricated using the RBG colour model values. 

The developed colorimetric device was applied to screen the level of salinity along the 

coastal seawater and estuaries of Durban in KwaZulu-Natal. Results of this 

colorimetric method had a linearity value of 0.9980, a detection and quantification 

limits of 1.18 ppT and 3.57 ppT, respectively. The concentrations of NaCl in the tested 

seawater and estuary samples were in the ranges of 30-35 ppT and 5-30 ppT, 

respectively. The measured concentrations of sodium chloride in water samples using 

the proposed colorimetric method were in agreement with those observed when using 

the traditional methods such as ion chromatography and titration. Overall, gold 

nanoparticles based colorimetric sensor used for the analysis of sodium chloride in 

seawater and estuarine water was rapid, cost effective, accurate, precise, sensitive, 

and selective.
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Chapter 1: Introduction  

1.1. General introduction  

Different coastal activities provide important economic and ecological facilities to 

humanity (Kildow et al. 2014; Sutton-Grier, Wowk and Bamford 2015). The ocean 

economy allows society to harness the functions of ecosystems and the services they 

provide (van Wyk 2015). This has caused an expansion in coastal populations, 

economic activity and coastal settlement growth in South Africa (Petersen et al. 2012).  

As a result, the South African government has invested approximately R24,569 billion 

to support and further improve the ocean economy through state development projects 

(Zuma 2014; Dorrington et al. 2018). Operation Phakisa a project that deals with ocean 

economy and aquaculture transformation has created thousands of job opportunities 

in various sectors for low and lower middle-income households in coastal areas of 

South Africa, through trading different edible fish species, abalone, mussels, shrimp, 

oysters etc. (van Wyk 2015; Sink 2016).  

The coastal areas are at the forefront of climate change leading to the vulnerability of 

the poor populations living in the low-elevation coastal region. The coastal areas of 

KwaZulu-Natal, Western Cape and Eastern Cape in South Africa have been reported 

to be experiencing sea floods (Hoogendoorn, Grant and Fitchett 2016). This was 

assumed to be due to climate change elevating sea level rise, which in turn caused 

unusual height of tidal water (Bornman et al. 2016; Yang and Chui 2017).  Salinity the 

composition of seawater (usually expressed as sodium chloride/Chloride 

concentration in the water) was reported to influence evaporation rates which 

contributed to sea level rise (Vineis, Chan and Khan 2011; Girjatowicz and Świątek 

2016). Long-term climatic changes with adverse impacts, such as sea-level rise, saline 

intrusion and erosion also lead to the disappearance or degradation of the coastal and 

near-shore ecosystems (Rasmussen et al. 2013; Yang and Chui 2017) . These include 

estuaries, mangroves, marsh, coral reefs, oyster reefs, seagrass beds and barrier 

islands (Bornman et al. 2016). For example, mangroves provide an important natural 

barrier that protect against hazardous events from sea floods (Wells and Ravilious 

2006). In many remote and rural coastal areas, they may be the only form of protection 

against storms/floods available for the poor (Wells and Ravilious 2006). The rise of 
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sea levels will likely pose the risk of the further penetration of salt water with more 

severe intensity in coastal areas (Rasmussen et al. 2013).  As sea level rise gradually, 

it will likely pose the risk of the further penetration of salt water with more severe 

intensity in coastal areas (Yang and Chui 2017), therefore, salinity becomes an 

important parameter to measure in seawater due to its negative effects on the 

environment. Highly saline water from sea floods is responsible for the deterioration 

of groundwater quality in numerous coastal rivers worldwide and create a serious 

threat to local groundwater resources, as well as to the provincial economy of coastal 

areas (Han, Post and Song 2015a; Knüppe and Meissner 2016). Developing countries 

like South Africa are facing challenges in producing enough clean drinking water for 

its residents, therefore, to assist alleviate these negative effects associated with 

seawater intrusion, a well-designed method for assessing and monitoring could be 

implemented. The implementation of the method is associated with substantial 

benefits for the environment and the local economy. In this perspective, the present 

study develops a gold nanoparticle based colorimetric sensor for the analysis of 

sodium chloride which represents salinity levels in seawater. The device can be used 

to assess any indicative changes in salinity prior to seawater flooding. 

1.2. Description of sodium chloride and its analysis 

NaCl makes up about 86% of seawater salinity level, as a result, any fluctuations in its 

concentration was reported to change the salinity of seawater (Pawlowicz 2012). A 

report by Castro and Huber had a pie graph which is shown in Figure 1.1, it illustrated 

the percentage distribution of all ions involved in the composition of seawater salinity 

(Castro and Huber 2005). The pie graph in their work showed that there was a high 

salinity compared to river or tap water due to high salt content in the water (Han, Post 

and Song 2015b). Changes in sodium chloride concentration in seawater has been 

reported to have a potential of promoting seawater flooding through sea level rise 

(Hoggart et al. 2014). As a major component of salinity, NaCl was perceived to play a 

significant role in the sea level rise, as a result, it was  responsible for high tide waves 

that could lead to flooding (Buchori et al. 2018). Fluctuation in NaCl levels within the 

seawater environment has been showed to affect certain marine species and it was 

as well demonstrated that it could limit their life span in the water (Bielmyer-Fraser et 

al. 2018). Apart from these challenges, removal of NaCl in seawater is currently one 
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of the augmented processes to produce fresh drinking water for many countries 

situated along the coastal areas of the oceans (Wu et al. 2018). 

Desalination techniques however are complicated as they involve removal of high 

quantities of NaCl in water and the use of expensive membranes (Meng et al. 2018; 

Wu et al. 2018). Efficient removal of NaCl from water needs to be monitored using 

suitable analytical methods. A report by Robaina has showed that NaCl could be 

quantified with relation to the concentration of chloride ion. Thereafter, the 

concentration of the ion could be used to calculate the concentration of the whole 

compound (Robaina et al. 2016). There are other reported methods that are based on 

titration and ion chromatography (IC) for analysis and quantification of NaCl (Silveira, 

de Caland and Tubino 2014; Robaina et al. 2016; Asakai 2018). These methods, 

however involves long complex calculations not to mention the toxic waste generated 

from titration and the technical personnel required for IC operation along with its high 

maintenance and time-consuming analyses. In this study, the colorimetric method was 

developed. The developed method involved the synthesis and application of gold 

nanoparticles (AuNPs) as colour enhancers and detecting sensors for different sodium 

chloride concentrations in seawater. This was a better approach for identification and 

quantification of NaCl as it offered the overall concentration of NaCl in water. 

Furthermore, human and systematic errors were limited and the analysis method did 

not use any toxic chemicals. 

 

Figure 1. 1 : Pie graph of the distribution of ions for salinity composition in seawater (Castro 
and Huber 2005).
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1.3. Gold nanoparticles and their selection in colorimetric assays 

Nanoparticles are nanomaterial that are reduced to nanometer size range of less than 

100 nm. Nanoparticles have improved physical, chemical and optical properties 

compared to that of the material in its bulk state. The application of nanoparticles in 

scientific research have received great attention in vast technological applications in 

chemical industry, medicine, food industry, etc. (Alim et al. 2018; Chen, Zhou and 

Zhao 2018). Nanoparticles are renowned in the chemical industry for providing easy 

and practical solutions for complex analysis. They have been applied as colorimetric 

detecting sensors for different organic and inorganic compounds (Lazarus and Fedder 

2014; Lai, Chang and Wang 2017). They have provided a solution for simple, rapid, 

reliable and cost-effective analysis. Due to less-toxic nature of gold and its inert core, 

gold nanoparticles have been the environmental cautious choice amongst other 

nanoparticles, as a result they have been used to various studies such as drug 

delivery, catalytic studies, biological and chemical sensors etc. (Martínez-Barrera et 

al. 2018; Thambiraj, Hema and Ravi Shankaran 2018).  

The solution of gold nanoparticles is red in colour due to the Surface Plasmon 

Resonance (SPR) as it scatters light in visible and near IR region. For this reason, 

gold nanoparticles have been deemed to be an ideal candidates in the colorimetric 

assay development (Aldewachi et al. 2017). The characteristic change of the 

aggregation of gold nanoparticles was observed with the red-shift of the Localised 

Surface Plasmon Resonance (LSPR) peak to longer wavelengths in the spectrum 

(Bonyár et al. 2018). Li and co-workers have shown that in order to have an improved 

application of the gold nanoparticles, it was desirable that the majority of the 

nanoparticles are in the same size and shape in solution. This was to ensure that the 

strength and nature of interactions between nanoparticles and the target compound 

are unaltered (Li et al. 2018).  

1.4. Characterization of gold nanoparticles 

Gold nanoparticles of different morphology, size and chemical properties can be 

synthesized by the use of chemical reduction method. Apart from the size and radius 

of the metal nanoparticles, there are many other factors such as chemical condition of 
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environment and temperature of system which were reported to alter the size and 

shape of the nanoparticles produced (Dube et al. 2018; Kusumawati, Nishio-Hamane 

and Sasaki 2018). Therefore, it is important to determine the size and shape of the 

gold nanoparticles to assess the effect of the above-mentioned conditions, to confirm 

a successful synthesis and the applicability of the nanoparticles in the study. Different 

techniques can be used to characterize the synthesized gold nanoparticles, these 

involve Ultraviolet-Visible Spectroscopy, Fourier-transformer Infrared Spectroscopy, 

Scanning Electron Microscope and Transmission Electron Microscope. These 

techniques were applied in this study. 

1.5. Analytical methods for quantifying sodium chloride 

Array-based sensors featuring AuNPs provides ideal platform for inorganic 

compounds detection in environmental samples. Optical sensor for detection of NaCl 

has been developed and demonstrated by variation of the concentration (Fang et al. 

2017). AuNPs and NaCl reactions have been demonstrated to effect the ionic strength 

in the detection of various chemical compounds (Kusumawati, Nishio-Hamane and 

Sasaki 2018). The array sensor  was evaluated to show a distinctive colour pattern of 

each analyte due to the analyte interaction on the surface of AuNPs, leading to 

distinguishable identification of diverse analytes (Wei et al. 2017). The aggregation of 

the nanoparticles in solution is an indicator of a loss of dielectric environment on the 

surface of AuNPs, thus, resulting in a total colour change of solution from red to blue.  

Das and co-workers observed that the red-shift of the SPR absorption peak of AuNPs 

in the UV-Vis spectrum was increasing with increasing the optical density (Das et al. 

2012; Seh et al. 2012). Currently, our literature survey found that there are limited 

published reports for the determination of NaCl in environmental seawater samples 

using AuNPs as colorimetric sensors, normally intensive laboratory-based procedures 

such as chromatographic and titration techniques are used. 

In ion chromatography, the chloride or sodium ion is separated in the chromatographic 

column and quantified using the conductivity detector (Paull 2004). This analysis can 

be costly due to the expensive ion chromatographic parts such as the column. 

Precipitation titration is also used for the analysis of NaCl. In precipitation titration, 

sodium chloride content is measured by titrating and precipitating chloride with silver 
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ions (Ellwood, Hunter and Cunninghame 2003). In addition, both ion chromatographic 

and precipitation titration methods are time-consuming and require strong labour. 

AuNPs sensing, however, offer the advantages of simplicity, rapidness, cost 

effectiveness, reliable, and short analysis times. Moreover, analyte recovery in water 

samples is high even in the presence of interfering ionic species. 

1.6. Problem statement 

Sodium chloride is the fresh water-contaminating compound as it is the major 

constituent of seawater salinity (Li et al. 2017a; Gupta 2018). Changes in salinity 

contribute to sea level rise that cause high tidal waves. Sea level rise causes floods 

that penetrate the land and fresh water systems through estuaries, resulting into 

affecting the seawater and estuary ecosystem (Velez et al. 2016; Yang and Chui 2017; 

Senner et al. 2018). This may affect the country’s economy as a result of the cost that 

government would incur in the rehabilitation process of the affected areas. It has been 

reported that salt intrusion by strong tidal waves into river systems could lead to 

mortality of different fresh water species as most of them are not used to high saline 

waters and the degradation of the estuary (Kijewska et al. 2016; Santos, Ramos and 

Bonecker 2017; Senner et al. 2018; Souid et al. 2018). Forbes and Demetriades 

(2008) have shown that the degraded estuaries had no balance in their ecosystem 

which resulted in the decline of ecotourism (Forbes and Demetriades 2008).  

The importance of monitoring sodium chloride levels in seawater includes giving an 

indication whether there are any potential threats building up in the seawater (Al-

Shammiri 2002; Millero et al. 2008; Girjatowicz and Świątek 2016). The lack of 

frequent monitoring of the seawater environmental parameters at field level and the 

devices associated with the evaluation processes is another major problem. 

Therefore, this raises a need for devices and convenient techniques that are 

applicable at a point-of-need, which are easy to use and interpret. Such methods are 

very vital for onsite detection of the salinity levels, especially during the desalination 

processes. The desalination process is vital in producing potable water to relieve the 

stress of the Southern African countries to meeting the demand for drinking water 

(Schoeman and Steyn 2003).  
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1.7. Justification 

Various Laboratory-based analytical approaches have been reported for NaCl 

determination in seawater, these include ion chromatography and titration as the most 

popular analysis (Laux, Hemminger and Finlayson‐Pitts 1994; Laikhtman, Riviello and 

Rohrer 1998). Prior to the analysis in ion chromatography, sample pre-treatment is 

required for isolation of target compound. IC technique is based on the separation of 

chloride through a low capacity ion-exchange stationery phase and a conductivity 

detector for continuous monitoring of the eluted ion (Robaina et al. 2016).  Silver nitrate 

is used to quantify NaCl by relating the mole ratio of Ag+ to that of Cl- in solution at 

equivalence point of the precipitation titration (Ellwood, Hunter and Cunninghame 

2003; Asakai 2018). The main disadvantages of this method are; the use of large 

volumes of highly toxic, expensive reagent (AgNO3) which can lead to unmanageable 

and expensive waste disposal. Reports has shown that this method maybe subjected 

to human error leading to inaccurate results (Silveira, de Caland and Tubino 2014; 

Asakai 2018).  

Therefore, development of a simple calorimetric device that is easy to use for the 

detection of sodium chloride in seawater is reported in this study. Such device had to 

meet certain expectations including high accuracy and precision, cost-effective, 

sensitivity, reliability, portability, robustness and shorter analysis times. In addition, the 

colorimetric technique is easy to use, does not require highly skilled personnel to 

perform analysis and the interpretation of results, and the visual colour indicator of the 

detected samples can be visually observed without the use of the sophisticated 

equipment. Moreover, the samples do not require any pre-treatment or dilution of 

water matrix. The Lovibond colorimetric device fabricated in this study is not limited to 

measure sodium chloride concentration in seawater only but it is applicable in 

estuarine and river water analysis as well. Additionally, the proposed procedure could 

play a vital role in environmental monitoring and management. It could assist in the 

collection of satellite reports and data modelling information for prediction of potential 

seawater disasters and identify the extent of salt intrusion into estuaries. 

 



8 

 

1.8. Aim: 

This research is aimed at developing a colorimetric kit based on gold nanoparticles for 

the detection of sodium chloride in seawater and estuarine water. 

1.9. Objectives: 

• To synthesize gold nanoparticles using the Turkevich method and perform 

characterization using SEM, TEM, FTIR and UV-Vis spectrophotometer. 

• To develop and fabricate a colour scheme disk that changes the colour 

intensity of the gold solution as the concentration of sodium chloride varies. 

• To determine the concentrations of NaCl in seawater and estuaries using a 

fabricated disk alongside the traditional methods such as ion 

chromatography and precipitation titration. 

1.10. Dissertation outline 

This dissertation is presented in five chapters as described below: 

Chapter 1 

This chapter covers the introduction, problem statement, justification, aims and 

objectives of this study. 

Chapter 2 

This chapter outlines a literature review of the relevant reports that informs this study. 

Detailed literature related to sodium chloride and its analysis, gold nanoparticles and 

their different synthetic methods, sampling and sample preparation techniques. This 

chapter also include the background information of the characterization techniques 

used in this study. 
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Chapter 3 

The detailed experimental procedures for the synthesis of gold nanoparticles, 

characterization techniques of the synthesized nanoparticles and the evaluation of 

sodium chloride in seawater as well as estuary water are outlined.  

Chapter 4 

This chapter outlines the results and discussion obtained from this study. These range 

from synthesis of gold nanoparticles and their characterization together with their 

application for the determination of sodium chloride in seawater as well as estuary 

water samples. The results on characterization of the synthesized gold nanoparticles, 

optimization of the optical measurements, that uses gold nanoparticles as sensors, 

selectivity, validation of the method and quantitatively determination of sodium chloride 

in water samples and statistical validation of gold nanoparticles are presented and 

discussed in this chapter.  

Chapter 5 

In this chapter the conclusions from the study was drawn, furthermore the 

recommendations are outlined as well. 
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Chapter 2: Literature review 

2.1. Environmental concerns 

A risk factor such as climate change is not only placing more people at risk of disasters, 

but the number of events giving rise to disasters are also increasing. Global statistics 

showed that the number of geophysical and hydrological events occurring each year 

continue to fluctuate within a relative narrow band (Jonkman 2005; Wei et al. 2018). 

Ocean related floods globally, and indeed in South Africa have been on the rise 

recently posing a threat to both society and the environment. The coastal areas of 

South Africa have been experiencing seawater flooding due to high sea-level rise 

which causes uncontrollable high tides that have penetrated into the land and nearby 

estuarine water outlets (Cooper 2001). Sea level rise has been suspected to be 

aggravated by changes in temperature and salinity levels. As sea level continues to 

rise due to fluctuations in key water parameters such as salinity, seawater-flooding 

events are expected to occur more frequently (Hoggart et al. 2014; Gingerich, Voss 

and Johnson 2017). 

Previous studies conducted on the transience of different significant species in 

different estuaries proved that seawater is the primary source of sodium chloride 

contaminants, as a result, there is an extinction of some species (Velez et al. 2016; 

Zhang et al. 2016). Few reports have shown that in some instances the communities 

are affected by seawater flooding of the coastal surface, the freshwater supply can be 

rendered temporarily non-potable for a several months elevating the scarcity of water 

(Hoggart et al. 2014; Gingerich, Voss and Johnson 2017). These adversities prompted 

salinity to become an important factor to be monitored as it affects key quality 

parameters of water.  

2.2. Effects of salinity  

Salinity includes many different ions; however, relatively few ions make up most of its 

composition in seawater. The most common ions in seawater are chloride, sodium, 

calcium, magnesium, and sulfate (Mondal, Singh and Saxena 2010; Little, Wood and 

Elliott 2017; Lv et al. 2018). The concentration of other trace ions (bicarbonate, boron, 

bromide etc.) in seawater can be rendered insignificant. The ocean depth is hundreds 
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of feet and ocean water has a very high salinity (35 ppT), while water in rivers can 

have low salinity of about 0.2 ppT (Agency 2006). Salinity of the sea is of great 

importance for the marine ecosystem. Some marine species require certain levels of 

salinity during their life stages. Studies conducted on cod eggs have revealed that, 

these eggs need a minimum salinity of 11.5 ppT to survive (Hinrichsen et al. 2016; 

Kijewska et al. 2016). Moorman et. al. (2014) have investigated the effects of salinity 

on tilapia species in the Mozambique Sea. They found that the species could not 

survive at salinity levels above 5 ppT, as osmoregulation of the respiratory system is 

affected (Moorman et al. 2014). Saltwater intrusion can also change the species 

abundance, diversity of terrestrials and estuarine aquatic ecosystem, due to a loss of 

suitable habitat for them (Zhang et al. 2013; Mazzei and Biber 2015; Pereira et al. 

2015). 

Seawater intrusion has been widely recognized as a widespread environmental 

problem which greatly affects the groundwater reserves of numerous coastal areas 

throughout the world. A study conducted by Perera et. al. (2018) in Bentota river of Sri 

Lanka showed that the penetration of high tides from the nearby sea into the river had 

subsequently rose up from 0.6 to 1 m above the sea level. This was the highest 

seawater intrusion noticed in the area with a total distance of 25 km affected 

lengthways in the river from Bentota estuary. The total annual economic loss in the 

coastal community was estimated to be 7 million USD per year and was directly due 

to the seawater intrusion, which affected agriculture, fishing, tourism and quality of 

drinking water sources of surrounding areas (Perera et al. 2018). Oceanic landmasses 

such as islands have freshwater rivers that lead to estuaries which connect to the sea. 

However, such places are subjected to long-term salinization from seawater flooding. 

Often, the freshwater is the sole-source water supply for inhabitants. Terry and 

Falkland (2010) monitored the water recovery in the Northern Cook Islands after 

seawater flooding. Their results showed that the saline contamination rendered the 

freshwater river non-portable for nearly a year (Terry and Falkland 2010). 

The poor rural coastal populations are highly affected by sea-level rise and coastal 

hazards, such as salt-water intrusion (Roberts 2008). Since they lack resources to 

help them either to adapt or protect themselves against these disasters, the losses 
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caused by coastal floods impact directly on livelihoods of many rural coastal 

households which depend mostly on agriculture and fishing to survive (Fisher et al. 

2017). Many of the operation wells, as the critical water supply sources in these 

communities become salinized causing a challenge to accessibility of drinking water 

(Park et al. 2005; Gopinath et al. 2016). This leads to poor health as there is not 

enough food or clean drinking water to sustain these communities. A study conducted 

by Barbier (2015) showed that in most developing countries millions of people in the 

low elevation coastal zones lived in areas with high infant mortality and malnourished 

children due to climate change effects such as sea level rise resulting in inland salt 

intrusion (Barbier 2015). 

Intrusion of sea water is known to cause barriers and restraints for existing agricultural 

practices for most coastal communities. Nhung et. al. (2019) reported that the 

projection of saline simulation on nearby farms showed that sea level rise will facilitate 

for increasing salt concentration and making salinity boundaries move further up the 

Hau river in Vietnam, which will cause damage for freshwater agricultural activities, 

such as rice farming (Nhung et al. 2019). When salinity is beyond the salt tolerance of 

crops, the growth of plants is affected, the yield becomes very low (Katerji et al. 2003). 

The main impact of salinity when it exceeds the tolerance of plants results in the 

increasing of osmotic pressure of the soil solution causing a reduction in both the rate 

of water absorption by the plants and the soil water availability resulting in plant wilting 

(Sadak, Abdelhamid and Schmidhalter 2015). The reduction in size of the produce; 

change in colour and appearance; and change in the composition of the produce are 

all problems associated with salt intrusion from sea floods (Ventura et al. 2011). 

With all these problems associated with salinization affecting human health, 

agriculture, marine and estuarine ecosystem alterations and portable water, 

assessment and long-term monitoring methods for salinity levels are significant. To 

measure salinity variations in seawater along the seacoast areas, weather satellite 

tracking is typically used and data can be found mostly in monographic treatments on 

hydrological and meteorological conditions (Salman and Al-Shammiri 2007; 

Hinrichsen et al. 2016; Wiegman et al. 2018). This method is very expensive and 

requires the use of highly sophisticated machinery and is based on theoretical climate-
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change and seawater-flooding scenarios (Gingerich, Voss and Johnson 2017). This 

study reports on the development of a device for basic understanding of salinization 

through on-site monitoring of sodium chloride concentration levels as a representative 

of salinity in the water.  

2.3. Sodium chloride as the compound of interest 

Seawater has a high electrical conductivity due to conducting ions such as Na+ and 

Cl- which function as electrolytes. NaCl can have adverse effects on the environment 

should the compound exist in excess in seawater and estuarine water. High 

concentrations of NaCl in water can affect marine plants growth, estuarine ecosystem 

upstream and sometimes degrade drinking water resources (Gossett, Millhollon and 

Lucas 1994; Khan, Singha and Panda 2002). Excess NaCl in ground water can be 

persistent and uneasy to be naturally reduced. Reports has shown that the economic 

impact of increased NaCl in groundwater can result in environmental issues such as 

famine of fresh water species and human beings (Kennish 2002; Wolanski et al. 2006). 

The California State Water Resources Control Board (SWRCB) is a board that is 

responsible for the establishment of NaCl concentration secondary maximum 

contaminant level (SMCL) in drinking water standards for public water supplies. 

SMCLs range set by SWRCB for salinity/sodium chloride is 500 mg/L (recommended) 

and the upper SMCL is 1,000 mg/L (Pereira et al. 1996). According to literature, the 

1937 standard indicated that, chloride was the only variable with the ability to describe 

the salt concentration in seawater as a result of the other ions associated with salinity 

being too small in composition (Pawlowicz 2015).  

2.4. Gold nanoparticles as colorimetric sensors 

In the past twenty years, gold nanoparticles (AuNPs) based colorimetric sensors have 

attracted more attention as an excellent platform for colorimetric assays which offer 

naked eye-distinguishable signals, simplicity, rapidness, convenience and 

inexpensive way for determination of analytes (Liu et al. 2012; Zohora et al. 2017). 

Therefore, gold nanoparticles have been applied as a detection tool for inorganic 

compounds in various samples. Chemical colorimetric sensors for the detection of 

inorganic compounds such as hydrogen peroxide and hydrogen sulfide amongst 
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others in environmental samples have been developed based on AuNPs (Rivero et al. 

2017; Zhang et al. 2017). For anion detection, Fang et. al. (2017) reported the 

determination of harmful anion (F-), toxic contaminants (CN- and AsO33- /AsO43-) and 

anionic fluoro-surfactants in water samples using AuNPs-based optical sensor (Fang 

et al. 2017). Similarly, modified AuNPs have been widely used in colorimetric sensors 

to determine heavy metal ions.  

Recently, Du et. al. (2018) reported a colorimetric detection of silver cation (Ag+) using 

a Plasmonic AuNPs sensor based on synergistic coordination of two biomolecules 

with Ag+ on AuNPs surface (Du et al. 2018). Report by Li et. al. (2011) designed a gold 

nanorods based colorimetric probe which could be applied for chromium (VI) detection 

in lake water sample with a detection limit of 8.8 ×10−8 M (Li et al. 2011). AuNPs were 

able to detect chromium (VI) in solution by giving individual colour intensity 

corresponding to the prepared concentration ranges (Liu et al. 2012). AuNPs in their 

application has surpassed the existing traditional analytical methods by providing 

enhanced sensitivity and selectivity of the target compound even in the presence of 

interfering ions (Sivaraman, Kumar and Santhanam 2011; Qin et al. 2018). This is due 

to gold nanoparticles feature, a phenomenon called Surface Plasmon Resonance 

(SPR) (Esfahani et al. 2016; Khodaveisi et al. 2017).  

This phenomenon occurs when the conductive electrons in the metal nanostructures 

collectively oscillate due to their interaction with an incident electro-magnetic radiation 

(Rivero et al. 2017; Nirala, Saxena and Srivastava 2018). The report by Doyen and 

co-worker showed that resonance condition was satisfied at visible wavelengths, thus, 

this was attributed as a contributor of AuNPs intense red colour (Doyen, Bartik and 

Bruylants 2013). The change in the red colour to blue upon analyte introduction can 

be easily identified upon the change of surface properties of AuNPs. Herein, a 

colorimetric sensor based on AuNPs for the detection of NaCl in seawater is 

developed. Apart from the expensive, time consuming and toxic waste generating 

analytical methods such as ion chromatography (IC) and precipitation titrations to 

quantify NaCl, silver nanoparticles have been applied as colorimetric sensors for the 

chloride ion in water samples (Ellwood, Hunter and Cunninghame 2003; Gros 2013; 

Yakoh et al. 2018). Although this was a simpler and less costly procedure in 
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comparison to IC and titration methods, synthesis of the desired shape of silver 

nanoprisms is cumbersome. Another disadvantage is the toxicity levels of silver 

nanoparticles compared to the less-toxic and inert AuNPs (Ray, Yu and Fu 2011; 

Starnes et al. 2015). In this study, the synthesis of AuNPs was based on chemical 

reduction of gold (III) chloride trihydrate salt using tri-sodium citrate that act as 

stabilizing and capping agent. The colorimetric assay array to quantify NaCl based on 

AuNPs is illustrated in Figure 2.1. Figure 2.1 is a schematic illustration of a 

flocculation-based assay for increasing concentration of sodium chloride for the 

AuNPs sensor. Citrate capped gold nanoparticle solutions are unstable with respect 

to precipitation and flocculate rapidly upon addition of electrolytes (Xie et al. 2003). 

The chemical reaction between the cation and AuNPs leads to aggregation of particles 

that causes the appearing of the blue colour  patterns for each NaCl concentration (Liu 

and Lu 2004). 

 

Figure 2. 1: Schematic illustration of the gold nanomaterial enabled colorimetric sensor. 
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2.5. Turkevich method for synthesis of gold nanoparticles 

This method was the first and moderately systematic method to synthesize AuNPs 

and was established by Turkevich et. al. in 1951 (Turkevich, Stevenson and Hillier 

1951). The method involves the reaction of boiling gold (III) chloride trihydrate solution 

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

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

in solution) and finally to wine red. The main principle is that the gold ions (Au3+) of 

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

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

et al. 2004). The mechanism for stepwise formation of AuNPs was reported to be 

based on three stages after citrate reduction: nucleation, gold adsorption growth and 

aggregation as can be observed in Figure 2.2 (Doyen, Bartik and Bruylants 2013; Kim 

et al. 2017). This by far is the most used method to produce highly stable 

monodispersed nanoparticles ranging from 5-30 nm in average diameter in the 

aqueous phase (Sivaraman, Kumar and Santhanam 2011). This method has an 

advantage of flexibility to modify the concentration ranges for the reagents used in the 

synthesis to produce even bigger stable nanoparticles without changing the spherical 

morphology of the particles.  

 

Figure 2. 2: A schematic representation of the synthesis of citrate-stabilized gold 
nanoparticles by Turkevich method (Shiraishi et al. 2017).  

2.6. Analysis of sodium chloride in seawater 

Small gold nanoparticles in both dispersed and aggregated forms have strong 

extinction coefficients to facilitate colorimetric determinations even by naked eyes 

(Takatsuji, Ikeno and Haruyama 2012). Due to the alterations of SPR properties of the 

particles, the red colour of gold nanoparticle turned from wine red to blue when the 
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nanoparticles aggregate in solution (Qin et al. 2017). These aggregation processes 

are induced by the changes of solution compositions or particle surface properties to 

minimize the electro static or hydrogen bonding interactions between the nanoparticles 

and their surroundings (Khezri, Bahram and Samadi 2018). In this study the use of an 

electrolyte sodium chloride to react with the gold nanoparticles induces aggregation of 

the nanoparticles. The subsequent various colour changes produced from the 

colorimetric assay were used to fabricate the Lovibond comparator device. This acted 

as the concentration level guide for the quantitative determination of NaCl levels in 

seawater as shown in Figure 2.3. The visual colour of the analysed sample was 

compared with the optimised NaCl concentrations range engraved on the colorimetric 

disk. 

 

Figure 2. 3:Schematic illustration of the gold nanoparticle based colorimetric response of the 
fabricated device for the analysis of NaCl concentration. 

 

2.7. Characterization of gold nanoparticles 

2.7.1. Ultra Violet-Visible spectroscopy 

The SPR absorption peak was reported to depend on the following factors: particle 

size, shape and the dielectric constant of the surrounding medium affecting the 

electron charge density of the nanoparticle (Daniel and Astruc 2004b). A weak peak 

(transverse peak) corresponding to gold nanoparticles can be observed in the visible 

region and a strong absorption peak (longitudinal peak) in the near IR region 

corresponding to electron oscillations along the long axis in the spectrum (Nehl, Liao 

and Hafner 2006; Nehl and Hafner 2008). The SPR peak was applied as an indication 
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of nanoparticles size and stability. Spherical gold nanoparticles were reported to have 

a SPR peak ranging from 520 nm to 550 nm, these nanoparticles were typically in the 

range of >5 – 60 nm in size (Habib, Tabata and Wu 2005). Tan and co-workers showed 

that gold nanoparticles with rod or cubic shape usually had a SPR peak from 600 nm 

– 800 nm, these were in the range of 80 –100 nm in diameter (Tan et al. 2016). The 

optical properties of AuNPs is the main fixture that has prompted their various 

applications in the field of portable colorimetric sensors (Takatsuji, Ikeno and 

Haruyama 2012). 

2.7.2. Transmission Electron Microscopy 

Transmission Electron Microscopy is a technique where an electron beam interacts 

and passes through a sample. The electrons that are elastically scattered consist of 

the transmitted beams, which pass through the objective lens form the image in the 

microscope (Mohanraj and Chen 2006). The formed image is shown either on a 

fluorescent screen or in a monitor. Through a sequence of buttons, adjustments of 

focus and brightness of the beam morphology of the sample can be obtained. TEM is 

widely employed for AuNPs morphology and size illustrations in samples (Welch and 

Compton 2006). 

2.7.3. Scanning Electron Microscopy 

Scanning Electron Microscopy is used to image and characterize materials. The 

working principle of SEM involves the acceleration of electrons by the potential 

difference between cathode and anode (Mohanraj and Chen 2006). The accelerated 

electrons penetrate into the sample within a small depth,  for proper surface topology 

and imaging (Hondow et al. 2012). SEM is also used for chemical composition of the 

sample’s surface since the brightness of the image formed by backscattered electrons 

is increasing with the atomic number of the elements. SEM is a good microscopic 

technique for characterization of AuNPs where different morphologies and sizes in can 

be observed. 

2.7.4. Fourier-Transform Infrared Spectroscopy 

Spectroscopic methods are used to provide information on a large variety of chemical 

processes in solids or liquids (Wulandari et al. 2008). Infrared spectrum contains large 
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number of bands, the possibility of the two compounds to have the same infrared 

spectrum is extremely small (Gene Chong et al. 2018). FTIR is an effective tool in 

detecting the relationship between the nanoparticles and its capping agent. The 

functional groups of the capping agent are compared with the synthesized 

nanoparticles spectrum for any resonance and confirmation of the encapsulation of 

the AuNPs with the capping agent. 

2.8. Image processing  

The colour is a psychophysical quantity, acting as an impression during the stimulation 

of our visual system (Livingstone and Hubel 1988). The dependence on external 

factors like lighting, background and individual human characteristics have a 

significant influence on the perception and comparison of colour experiences (Kandel 

et al. 2000). With the aid of smartphone applications, computer software’s and 

mathematical models, the description of colours is accurately and precisely defined by 

fixed values which are easy to interpret (Cox 1996; Celik 2010).  

2.8.1. Colorgrab analysis 

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

a simple method for measuring the different colour intensities produced when colours 

are mixed (Montangero 2015). Colorgrab is used for images or to practically measure 

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

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

and saturation of objects (Hossain et al. 2015). Colour appearance depends on 

comparison of neighboring colours, therefore, many interfaces attempt to clarify the 

intensity relationship between colours prior red green blue (RGB) colour model. 

2.8.2. Red Green Blue colour model  

The (RGB) colour model is used for sensing representation and display of images in 

an electronic system. A comparison is done between computer colour space using 

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

perception (Kumar and Verma 2010). The RGB values can be used as a colour 

reference in the fabrication of colorimetric sensors. These RGB values produce clear 
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colour relations to the optimised standard ranges. RGB colour model is easy to use 

with the reliability to produce highly efficient colorimetric schemes. RGB 

measurements from AuNPs colorimetric assays are used to interpret the 

distinguishable colour signals given by AuNPs in reaction solutions (Cheng et al. 

2014).  

2.8.3. CIELab colour system 

In 1931, the Vienna based international standards body, the International Commission 

on Illumination (CIE: Commission Internationale d’Eclairage), developed a 

mathematical model for the purpose of numerically describing all colour differences 

(delta E) using the calculated *L*a*b values (Leon et al. 2006). The *L is for the 

lightness, *a and *b for the green–red and blue–yellow colour components. CIELab 

became the basis of several successive refined colorimetric systems for the 

measurement and specification of colour. CIELab is the reference colour model used 

by the paper making and graphic arts industries (Kuehni 1990; Žiljak et al. 2012). 

Figure 2.4. illustrates the CIELab colour management system, solutions with lower 

intensity values (moving towards the 0) are more intense in colour compared to 

solutions with high intensity values (moving towards 100) in their respective colours 

(Ajlouni et al. 2018). The CIELab system is the universally accepted colorimetric 

reference system for quantifying and communicating colours (Gong et al. 2005).  

 

Figure 2. 4: Schematic representation of colour distribution along the x and y axis with 
lighter colours moving towards 100 and darker towards 0 (Sappi 2013). 
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Chapter 3: Research methodology 

3.1. Chemicals 

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

through DLD Scientific (Durban, South Africa). Other chemicals used were tri-sodium 

citrate dehydrate (>99%) from Merck (Pty) Ltd (Durban, South Africa) and NaCl from 

Associated Chemical Enterprises (Johannesburg, South Africa). Inorganic salts 

(CaCl2, KNO3, MgSO4, NaOH and KCrO4) were purchased from Merck (Pty) Ltd and 

Na2SO4 was purchased from Associated Chemical Enterprises. AgNO3 (≥99.0%), 

HPLC grade acetone (≥99.9%) and phthalic acid (≥99.5%) were purchased from 

Sigma-Aldrich (Johannesburg, South Africa). HCl was purchased from Laboratory 

Supplies (Durban, South Africa). 

3.2. Synthesis of gold nanoparticles 

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

was used for the synthesis of gold nanoparticles with slight modification. For the 

synthesis of tri-sodium citrate capped AuNPs, gold chloride trihydrate solution was 

prepared by dissolving 0.02 g of the salt in 100 mL deionized water to give a 

concentration of 0.01 mM. This solution was placed on a hot plate and vigorously 

stirred using Teflon-coated magnetic bar. The solution was allowed to boil under 

constant stirring until it reached the temperature of 96-98 ºC. Thereafter, 5 mL of 0.04 

mM warm tri-sodium citrate solution was rapidly added into the boiling solution. A 

noticeable colour change from pale yellow to wine red was observed within 20 minutes 

which indicated the formation of AuNPs. The reaction flask was then removed from 

the hot plate to allow the reaction solution to cool at room temperature.    

3.3. Characterization of gold nanoparticles 

3.3.1. UV-Vis spectrophotometer 

A UV-Vis spectrophotometer Cary UV 50 from Varian (Cape Town, South Africa) was 

used to perform the measurements. All LSPR spectra were recorded from 400 to 800 

nm and experimental absorbance measured at 525 and 660 nm on the UV-Vis at room 
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temperature. Baseline correction of the spectrophotometer was carried out by using 

deionised water as a blank reference. 

3.3.2. Transmission Electron Microscopy  

Transmission electron microscopy was used to characterize the morphology and size 

distribution of the gold nanoparticles. Samples for TEM imaging were prepared by 

drop-casting the AuNPs solution onto the carbon coated copper grid. TEM 

observations were carried out with a TEM CM 120 model from Philips (Johannesburg, 

South Africa).  A Leica microtome was used to place a drop of gold nanoparticles 

samples on top of the 400 Mesh copper grid. The TEM was operated and images 

processed at 120kV under room temperature environment. The particle size 

distribution of AuNPs were analysed using ImageJ software (National Institute of 

Health USA, http://imagej.nih.gov./ij). This was done by selecting sufficient number 

(100) of spherical nanoparticles from the TEM image (Hondow et al. 2012). 

3.3.3. Scanning Electron Microscopy  

SEM was carried out with an EVO 15 HD from Carl Zeiss (Durban, South Africa) 

accessed at Durban University of Technology and an S-3000N-Carl Zeiss (Durban, 

South Africa) from University of KwaZulu-Natal to characterize the nanoparticles 

morphology using a solid gold nanoparticles sample. The solid samples were obtained 

by centrifuging the AuNPs containing solutions for 20 minutes at 10000 rpms using a 

Hettich Universal II (model D72) centrifuge machine. The colloidal gold settled at the 

bottom of the centrifuge tube. The liquid part was then discarded and the AuNPs were 

deposited onto the filter paper and dried at room temperature. A double-sided carbon 

tape was used to transfer the AuNPs onto the SEM sample holder for analysis. The 

measurements for the respective SEM instruments were performed at 20.00 KX and 

49.64 KX magnification resolution power under electrical signal of 3.00 kV and 20.00 

kV.  

3.3.4. Fourier-Transform Infrared Spectroscopy  

To study the structural resonances between the synthesized gold nanoparticles and 

capping agent, a FTIR spectrometer equipped with attenuated total reflection (ATR) 
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from Perkin Elmer (Johannesburg, South Africa) was used. The synthesized AuNPs 

and tri-sodium citrate salt were placed in the ATR crystal and characterized. For the 

liquid sample, two drops of the solution were dropped onto a secured ATR and the 

transmittance of the solution was measured. The solid sample was analysed by 

depositing a small amount of the salt onto the ATR crystal and pressing with the knob 

to secure the solid material and the transmittance was measured. Spectra of the 

reagents were recorded in the range of 400-4000 cm-1. 

3.4. Preparation of sodium chloride standard solutions and their 
treatment with gold nanoparticles  

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

100 ppT of sodium chloride was prepared by dissolving 10 g of the salt in 100 mL 

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

solution with deionised water to get a concentration range of 5 to 40 ppT. In a 2 mL 

AuNPs solution, 400 µL of each NaCl standard solution was added. The collected 

water samples were treated likewise. 

3.5. Fabrication of Wax-patterned paper 

Circular areas with a diameter of 0.7 cm were designed by Adobe illustrator CS4 

software (Adobe Systems, Inc.). The wax printing method was used for the fabrication 

of microfluidic paper analytical device (µPAD). The black wax colour was to be used 

as a complementary to the colorimetric reaction. The process to fabricate µPAD 

consisted of two steps: (1) printing the wax pattern on the surface of normal white 

printing paper by a commercial wax printer (Xerox Colour Qube 8570, Japan) and (2) 

melting the wax printed paper at 175 °C for about 60 seconds on a hot plate. The 

printed wax can penetrate the paper and generate complete hydrophobic barrier and 

hydrophilic channels within the paper. Figure 3.1 shows the schematic diagram for 

the preparation of the uPAD.  
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Figure 3. 1: Schematic diagram of fabrication step for wax screen-printing method (Kang 
and Kim 2018). 

3.6. Analytical procedure and image processing 

 For colorimetric assay of NaCl, 80 μL of the AuNPs was firstly added onto the 

hydrophilic test zone on the µPAD. This was followed by adding 20 μL of either sample 

solution or NaCl standard solution onto the test zone. The colour change of AuNPs 

was rapidly visualized after 2 minutes through the naked eye. After that, the test zone 

of µPAD was captured with a smartphone (Blackberry Z10 model with 8 mega pixels’ 

rear camera) under normal laboratory in-house lighting. The JPEG format image was 

then imported to ImageJ software (National Institute of Health, USA) for measurement 

of the mean colour intensity. The image colour threshold was set to remove the light 

background colour by adjusting the hue. The colour signal of each zone was measured 

as the mean RGB colour intensity and then imported into a computer software (Lenovo 

G400 model) for analysis. 

3.6.1. Colorgrab intensity measurements 

The intensity of the NaCl calibration standards was measured using a smartphone 

(Samsung J1 smartphone, Samsung Electronics Co., Korea) and analysed by the 

Colorgrab intensity-processing mobile application (app) developed using the 

Greyscale percentage platform. Upon clicking on the ‘capture’ button, the smartphone 
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camera measures the intensity of each solution. Triplicate measurements were taken 

for each point. 

3.6.2. RGB colour analysis 

Photograph of the NaCl calibration ranging from 5-40 ppT was analysed using ImageJ 

software (National Institute of Health USA, http://imagej.nih.gov./ij). The picture was 

processed by firstly eliminating the background light effect to highlight the actual 

colours of solutions in the cuvettes. The RGB values output was measured for each 

colour and recorded. The RGB values were then transferred into the “More fill” colour 

tab on the computer for further processing. The resultant colour hues were used to 

create the circular colour patterns on the fabricated Lovibond device colour wheel. 

Image processing was done in triplicate for mean RGB values. 

3.6.3. CIELab colour analysis 

Quantified colour differences are computed as the relative distance between two 

reference points (between two mathematically specified colours) within a colour space 

(CIELab). This difference is typically expressed as delta E (ΔE) and is calculated by 

comparing reference and sample *L*a*b values to pinpoint how far apart two colours 

reside within a colour space. In case of the *L*a*b space, ΔE difference between two 

colours is calculated by the following formula: 

∆𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿 = �(∆𝐿𝐿)2 + (∆𝑎𝑎)2 + (∆𝑏𝑏)2              (Robertson 1977) 

Colour differences based on (ΔE) calculations for a standard observer can be 

quantified as follows, when: 

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

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

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

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

• 5 < ΔE - observer notices two different colours.
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3.7. Fabrication of Lovibond comparator disk 

The Lovibond device was fabricated using transparent plastic slide with 210 x 297 mm 

dimension using the Xerox Colour Qube 8570, Japan printer. The device was cut into 

a wheel shape and had an overall size of 88 mm in diameter, containing 9 round colour 

channels with dimensions of 17 mm in diameter. The colour channel patterns had the 

optimised colorimetric response from the NaCl calibration standards in the range of 5-

40 ppT. The device was then mounted inside a black box with a square shape with an 

open right-hand side space allowing for easy rotation of the colour wheel to match the 

optimised concentration of NaCl. Near the bottom of the black box there was an open 

gap where the corresponding concentration of the matched colour can be observed at 

90 degrees angle from each other as shown in Figure 3.2 below. 

 

Figure 3. 2: Summary of the fabrication steps involved in the fabrication of the Lovibond 
colorimetric device. 

3.8. Method validation 

The proposed method was validated using linearity, precision, accuracy, repeatability, 

robustness as well as limits of detection (LOD) and quantification (LOQ). The linearity 

was determined by plotting concentration of NaCl against the corresponding 

absorbance. The calibration curve was constructed by plotting absorbance versus the 

concentration of NaCl standard solutions (5-40 ppT). 
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3.8.1. Limit of detection and limit of quantification 

LOD and LOQ were calculated from the data obtained from the slope linear calibration 

studies. LODs and LOQs were calculated using equations (1) and (2), respectively 

(Martins and Mainardes 2017): 

𝐿𝐿𝐿𝐿𝐿𝐿 = σ
𝑆𝑆

 𝑥𝑥 3           (1) 

𝐿𝐿𝐿𝐿𝐿𝐿 = σ
𝑆𝑆

 𝑥𝑥 10           (2) 

Where σ = standard deviation of the response; S = slope of the calibration curve. 

3.8.2. Statistical evaluation of AuNPs 

A one-way analysis of variance (ANOVA) was used to compare the concentration of 

NaCl in the samples using SPSS statistical tool (IBM SPSS Statistics v23; IBM Corp). 

Significant main effects of NaCl concentration were followed up by the Tukey and 

Bonferroni multiple comparison test (α=0.05). Data was expressed as means ± SD.  

3.8.3. The effect of interferences on the analysis of sodium chloride  

The selectivity of AuNPs was investigated by spiking seawater with the interfering ions 

such as, Ca2+ (0.15-0.35 ppT), K+ (0.15-0.35 ppT), Mg2+ (0.125-1.5 ppT) and SO42- (1-

3 ppT), all these ions co-exist with NaCl in seawater. This was done by spiking the in-

house simulated seawater sample containing sodium chloride (30 ppT) and other ions 

that included Ca2+ (0.35 ppT), K+ (0.35 ppT), Mg2+ (1.5 ppT) and SO42- (3 ppT).  

Thereafter, the method used for the analysis of NaCl in collected water samples was 

applied for the evaluation of AuNPs selectivity towards the analyte in spiked seawater.  

3.8.4. Recovery studies 

Accuracy of the proposed method was evaluated based on the recovery studies from 

the standard addition method. The recovery study was conducted on two laboratory 

prepared seawater different in composition which were prepared by adding accurately 

weighed amount of NaCl (3 g) dissolved in 100 mL deionized water.  A mass of 3.5 g 

of iodated table salt dissolved in 100 mL of tap water for a more complex matrix 

(Tsolaki, Pitta and Diamadopoulos 2010) along with a set of NaCl spiked deionized 
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water with a concentration of 10, 20 and 30 ppT was added as well. The percentage 

recoveries were calculated for AuNPs sensor device, titration and ion chromatography 

methods. To determine the precision of the method the relative standard deviation 

percentage (%RSD) was calculated. 

3.9. Sample collection and treatment 

The GPS co-ordinates for the different sampling locations are provided in Tables 3.1 
& 3.2 which is the coastal part of Durban and Amanzimtoti. The samples were 

collected on the same day using a grab sampling approach. Prior to the analysis, 

samples were filtered for removal of any suspended materials using a 

Whatman qualitative filter paper, Grade 1 (diameter of 70 mm, pore size 11 µm). For 

on-site detection of NaCl, samples were analysed with Lovibond device without any 

pre-treatment step. The physicochemical properties (pH, conductivity, dissolved 

oxygen (DO), total dissolved solids (TDS), oxidation-reduction potential (ORP), salinity 

and resistivity of all collected samples were measured by the multi-channel portable 

apparatus (Bante 900P). 

Table 3. 1: Sampling No.1 (March 2018) GPS co-ordinates. 

Sample Location GPS Co-ordinate 

Blue Lagoon Beach Durban, South Africa 29◦48’45.6” S 31◦02’27.9” E  

Suncoast Beach Durban, South Africa 29◦50’09.3” S 31◦02’15.5” E  

Umgeni estuary  Durban, South Africa 29◦48’44.3” S 31◦02’27.2” E  

Umgeni estuary 405 m 

upstream  

Durban, South Africa 29◦48’41.6” S 31◦02’12.6” E 

Amanzimtoti estuary Amanzimtoti, South Africa 30◦03’35.8” S 30◦53’01.1” E  

Amanzimtoti estuary 253 m 

upstream  

 

 

 

Amanzimtoti, South Africa 30◦03’35.8” S 30◦53’01.1” E 
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Table 3. 2: Sampling No. 2 (August 2018) GPS co-ordinates. 

Sample GPS Co-ordinate 

Blue Lagoon Beach 29◦48’49.7” S 31◦02’21.1” E 

Suncoast Beach 29◦50’09.1” S 31◦02’16.5” E  

Durban South Beach 29◦51’15.8” S 31◦02’28.6” E 

Harbour Sample 1 29◦51’47.7” S 31◦01’42.5” E 

Harbour Sample 2 29◦51’45.8” S 31◦01’18.0” E 

Umgeni estuary  29◦48’44.4” S 31◦02’25.5” E 

Umgeni estuary 100 m upstream  29◦48’44.3” S 31◦02’21.9” E 

Umgeni estuary 200 m upstream  29◦48’42.0” S 31◦02’19.1” E 

Umgeni estuary 300 m upstream  29◦48’41.6” S 31◦02’15.5” E 

Umgeni estuary 400 m upstream  29◦48’41.6” S 31◦02’11.7” E 

 

3.10. Analysis of sodium chloride in water samples 

3.10.1. On-site Lovibond device detection 

The untreated water samples were analysed on-site using the AuNPs, deionized water 

as a reference and the fabricated Lovibond disk. 2 mL of AuNPs solution was added 

to the tube and 400 µL of samples was added to the AuNPs. The tube was shaken to 

thoroughly agitate AuNPs and then it was placed in the sample holder of the Lovibond 

device. After 1 minute the resultant colour of the sample was compared with the 

optimized colours engraved on the Lovibond disk. The best matching colour and 

concentration were recorded. All analysis was performed in triplicate for the detection 

of sodium chloride concentration. Figure 3.3 illustrates the steps involved in the 

quantification of sodium chloride in seawater and estuarine water using the fabricated 

Lovibond device. 
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Figure 3. 3: Schematic representation of how the AuNPs colorimetric kit is used to quantify 
sodium chloride. 

3.10.2. Titration (Mohr method) 

AgNO3 solution (0.1 M) was prepared by weighing 17g in 1000 mL deionized water. 

This solution was standardized before use by accurately weighing 0.25 g of NaCl salt 

and diluting in a 100 mL with deionized water. Each NaCl solution was titrated against 

the prepared AgNO3 standard and the final concentration of the standardized AgNO3 

was 0.1008 M. The seawater samples were prepared by pipetting 20 mL of each 

sample and diluting to the mark with deionised water in a 100 mL volumetric flask 

(dilution factor of 5). From these solutions, 10 mL aliquots were pipetted into a conical 

flask containing 50 mL of deionized water and about 4 drops of indicator (5% 

potassium chromate) were added. The sample solutions were titrated against the 

standardized AgNO3 solution. Calculations of NaCl were based on the reaction 

between chloride ions and AgNO3 which resulted into a formation of a white precipitate 

of AgCl as follows: 

AgNO3 + NaCl → AgCl(s) + NaNO3(aq)           (1) 

Cl- + AgNO3 → AgCl(s) + NO3-(aq)                   (2) 

AgCl(s) → Ag+(aq) + Cl-(aq)                                               (3) 

Insert colour filter 
disk into comparator.

Fill  sample test tubes A with 
400 µL of potable water and 
B with 2 ml of gold  
nanoparticles

Add 50 µL (5 
drops) of test 
solution to sample 
test tube B. 

Close and swirl 
gently. Place tube A 
and B in the outer 
compartment. 

Turn the disk unit until 
the colours match.

6) Read off 
results within 
1 minute.

(1) (2) (3) (4)

(5) (6)

6

A B
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Ratio 1:1  

Therefore, moles of Ag+ = moles of Cl-/NaCl 

The initial and final volume of AgNO3 were recorded and the concentration of Cl-/NaCl 

was calculate using the equation:  

[NaCl (mg/L] = (A x N x 35.45 g.mol-1) x1000/Vsample 

where A= volume of titrant used, N is the normality of silver nitrate and Vsample is 

volume of sample used. Blank average volume was found to be 0.1 mL. 

3.10.3. Ion Chromatography 

A stock solution of 1000 ppm was prepared by dissolving accurately weighed 0.1684 

g of NaCl in a 100 mL volumetric flask with deionized water. NaCl standard solutions 

ranging from 5 to 50 ppm were prepared by dispensing (0.5, 1, 2, 3, 4 and 5 mL) of 

the stock solution from a burette and diluting with deionized water in a 100 mL 

volumetric flask. The collected samples were diluted by pipetting 10 µL into 10 mL 

using deionized water. The mobile phase for Cl- analysis was prepared by accurately 

weighing 0.3333 g of phthalic acid, this mass was transferred into a 1000 mL beaker 

and 700 mL deionized water was added. The solution was placed on a hot plate at low 

heat (70 °C) and stirred until all the phthalic acid had dissolved, the solution was 

allowed to cool to room temperature and the pH of the solution was adjusted to 5.03 

with 6 M NaOH. Analysis was carried out using an ion chromatography instrument, 

Waters Division of Millipore, model 430 Liquid chromatograph, pump model 590 with 

a conductivity detector operating at 196 µS. The column was a Hamilton PRP-X100 

anion separator (Bischoff chromatograph). A stable base line was obtained within 1 

hour of start-up of the instrument. The injected sample size was 20 μL and the flow 

rate of the mobile phase was set at 2 mL/min.  
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Chapter 4: Results and discussion 

4.1. Synthesis and Characterization of synthesized gold 
nanoparticles 

4.1.1. Synthesis 

The experimental results show that gold nanoparticles were successfully synthesized 

following the chemical reduction method with tri-sodium citrate as a capping and 

reducing agent. The final wine-red colour of the synthesized AuNPs solution confirmed 

the presence of the metal nanoparticles in solution. This colour was due to the 

reduction of gold (III) from the gold (III) chloride trihydrate to metallic gold (0) (Doyen, 

Bartik and Bruylants 2013; Nirala, Saxena and Srivastava 2018). Figure 4.1 shows 

the colour of the synthesized AuNPs solution. 

 

Figure 4. 1: Image of the synthesized AuNPs solution through Turkevich method. 

4.1.2. UV-Vis spectroscopy 

The result of the synthesized AuNPs using UV-Vis spectrophotometer for SPR peak 

location is shown in Figure 4.2.  Figure 4.2, showed the existence of a SPR peak at 

a well-defined wavelength position of 525 nm which was associated with spherical 

AuNPs (Mdluli et al. 2009; Li et al. 2017b; Shrivas, Maji and Dewangan 2017). The 

SPR absorption peak at 525 nm was due to collective oscillation of the surface 

electrons of AuNPs due to their interaction with electromagnetic radiation (Doyen, 

Bartik and Bruylants 2013; Rivero et al. 2017; Shi et al. 2017). The result is in 

agreement with the previous studies where synthesized AuNPs gave the SPR peak at 
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525 nm for spherical nanoparticles (Mdluli et al. 2009; Li et al. 2017b). The observed 

SPR peak at 525 nm where a red-shift can be observed, suggests that the size of the 

synthesized spherical nanoparticles is in the range of <3.5 nm - 20 nm (Shi et al. 2017). 

Furthermore, a study conducted by Daniel et. al. (2004) showed that the mobile 

electrons trapped within the gold metal colloids had a characteristic collective 

oscillation frequency giving rise to SPR peak observed near 530 nm were in the range 

of 5 - 20 nm diameter range (Daniel and Astruc 2004a). 

 

Figure 4. 2: The UV-Vis absorbance spectrum of the synthesized AuNPs and the 
corresponding image of the colour of the analysed AuNPs solution. 

4.1.3. Transmission Electron Microscopy  

In the present study, the shape of AuNPs was evaluated using TEM. As shown in 
Figure 4.3a, the TEM image revealed the presence of isotropic AuNPs. The isotropic 

AuNPs are commonly synthesized using Turkevich method (Sivaraman, Kumar and 

Santhanam 2011; Doyen, Bartik and Bruylants 2013; Shi et al. 2017). In Figure 4.3a 

image 100 random particles were used to assess the size of the synthesized AuNPs 

and the average particle sizes was calculated to be around 7 nm as shown in the 

particle size distribution histogram in Figure 4.3b. The 7 nm synthesized AuNPs are 

within the nanomaterial range (>2 nm), that do not suffer from quantum effect in 

solution (Daniel and Astruc 2004a).  The TEM image in Figure 4.3c showed the size 

distribution of AuNPs in the presence of NaCl. It can be observed that gold 

nanoparticles have extremely aggregated in solution upon the introduction of the 
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electrolyte solution, implying the formation of larger particles as compared to Figure 
4.3a. This is due to a reduction in the electrostatic repulsion of the citrate capped 

AuNPs in the presence of NaCl solution, as a result, the surface charge of nanoparticle 

is decreased and high aggregation of nanoparticles was observed. Similarly, a study 

conducted by Yuan et. al. (2015) to evaluate the effect of NaCl on colloidal gold 

revealed that when gold nanoparticles are mixed with a highly concentrated NaCl 

solution, this action led to Na+ and Cl− ions attacking the surface electric potential of 

the AuNPs. As a result, the nanoparticles lose their mutual repulsion and agglomerate 

(Yuan et al. 2015). The majority of the nanoparticles in the presence of NaCl had an 

average diameter of 13 nm as can be observed in Figure 4.3d in the particle size 

distribution histogram. The increase in the size of the nanoclusters was consistent with 

previous studies conducted for the reactions of AuNPs with different inorganic 

compounds as conjugates (Tang 2016; Zhang et al. 2017).  

 

Figure 4. 3: TEM image of; (a) the synthesized AuNPs. (b) the average particle size histogram 
from analysing several nanoparticles from the TEM image in Figure 4.3a. (c) the AuNPs in the 
presence of 30 ppT NaCl. (d) the average particle size histogram from analysing several 
nanoparticles from the TEM image in Figure 4.3c.



35 

 

4.1.4. Scanning Electron Microscopy  

The synthesized gold nanoparticles were analysed for their morphology and 

interaction of particles with sodium chloride using SEM. The resulting image of the 

AuNPs solid sample revealed a lot of agglomeration as observed in Figure 4.4. 

However, it was observed that the morphology of the nanoparticles is spherical in 

shape with some of the particles taking other shapes as observed in the image in 

Figure 4.4. In this study, the agglomeration of the nanoparticles did not affect the 

objective of the developed colorimetric sensor as its application is based on 

flocculation of the nanoparticles and alteration of the SPR. From Figure 4.5, it can be 

observed that the AuNPs are closely packed due to aggregation of nanoparticles in 

the presence of NaCl. The presence of NaCl decreases the steric hindrance around 

the AuNPs hence, breaking the capping agent barrier and attaching to the surface of 

the AuNPs. NaCl, which is whitish crystals, can be observed covering the surface of 

the aggregated solid AuNPs denoting adsorption on the surface of gold nanoparticles. 

 

Figure 4. 4: SEM image of the synthesized AuNPs in solid form. 
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Figure 4. 5: SEM image of the AuNPs in the presence of 30 ppT NaCl in solid form. 

4.1.5. Spectroscopic analysis 

Figure 4.6 shows FTIR spectra of citrate capped AuNPs taken in the wavelength 

range of 4000 cm-1 - 400 cm-1. Generally, in the synthesis of AuNPs, ligands bind on 

their surface then stabilize the nuclei and large nanoparticles against aggregation by 

electrostatic repulsive force (Sapsford, Berti and Medintz 2006). Hence, FTIR was 

used to confirm a successful synthesis of the stable citrate capped AuNPs in solution 

by comparing with the FTIR spectrum of tri-sodium citrate salt (Figure 4.6a), the 

synthesized AuNPs solution (Figure 4.6b) and AuNPs with NaCl (Figure 4.6c). In the 

region of 3700-3100 cm-1 in both spectrums, the peak at ≈3540 cm-1 is mainly due to 

O-H stretching absorption of COOH and water molecules present in the sample (Gene 

Chong et al. 2018). In the fingerprint region, the characteristic peak at 1782 cm-1 is for 

the carbonyl stretch in carboxylic-acid dimers (Gene Chong et al. 2018). The sharp 

band at ≈1614 cm−1 in the citrate spectrum that slightly shifted to ≈1520 cm-1 in the 

AuNPs spectrum was assigned to the stretching vibrations of ν(C=OO–) from the 
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carboxylate group in citrate (Park and Shumaker-Parry 2014). Citrate 

symmetric/asymmetric carboxylate COO- stretching are characteristics vibrations 

when bonded with AuNPs surface (Wulandari et al. 2008; Park and Shumaker-Parry 

2014) . The peak at ≈1290 cm−1 in both spectrums was assigned to the C–OH 

stretching vibration frequency from the carboxylic acid group in citrate (Gene Chong 

et al. 2018). The peak resonances found in both spectrums indicate that the citrate 

molecules are bound to the surface of the synthesized gold nanoparticles. In Figure 

4.6c, the peak observed ≈1520 cm-1 where stretching vibrations of ν(C=OO–) occur 

might be due to traces of tri-sodium citrate in solution. The differences in the three 

spectrums showed the encapsulation of AuNPs with citrate molecules was achieved 

(Figure 4.6b) and the reaction of AuNPs with NaCl (Figure 4.6c) broke the capping 

agent barrier during ligand exchange and the Na+ ions attached themselves on the 

surface of the AuNPs in solution.  

 

Figure 4. 6: FTIR spectra of (a) solid tri-sodium citrate, (b) synthesized AuNPs solution and 
(c) a solution of AuNPs with NaCl. 

4.2. Effect of AuNPs-NaCl volume ratio   

The absorbance of AuNPs solution was recorded after the addition of different 

volumes of AuNPs into NaCl solution to establish a suitable ratio where maximum 

aggregation can be observed. The volume ratio of AuNPs to NaCl had to produce a 

clear colorimetric response and provide adequate volume that fits in the sample holder 

colour viewer of the developed AuNPs colorimetric kit. Figure 4.7a, displays the effect 
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of AuNPs volume on the sensor and from the results it was observed that the 

absorbance increased sharply with the increase of AuNPs volume from 500 to 3000 

μL. When AuNPs volume was higher than 2000 μL, the absorbance approached a 

stable condition. Thus, 2000 μL was selected as the optimum volume of AuNPs for 

the on-site detection of NaCl. Figure 4.7b, shows the curve of absorbance vs the 

volume of NaCl added to 2 mL AuNPs solution. It was observed that the absorbance 

increased upon the addition of NaCl from 100 to 400 µL, after 400 µL, the trend of the 

curve became slowly stable. Therefore, 400 µL was selected as the optimum volume 

of NaCl added to the 2 mL AuNPs solution. 

 

Figure 4. 7: The effect of AuNPs and NaCl amount in the analysis of the developed 
and fabricated sensor was tested using different volumes of (a) AuNPs and (b) NaCl. 

4.3. The effect of ionic strength 

It can be observed in Figure 4.8a and 4.8b that the critical point of the stability of 

AuNPs was achieved with 30 ppT NaCl concentration which was the point of 

intersection at the flocculation study. The citrate capped AuNPs were able to interact 

with a cation of the analyte (NaCl), thereby resulting in destabilization of the negative 

surface charge of AuNPs. This interaction of the cation with the AuNPs led to 

flocculation, which depends on the concentration of NaCl. The addition of NaCl 

induced changes to the surface of the gold nanoparticles causing alterations of particle 

surface Plasmon resonance properties. The gradually increased NaCl concentration 

induced aggregation of the nanoparticles, resulting in the red shifting of a peak at 525 

nm to a longer wavelength to 660 nm (Rivero et al. 2017; Zhang et al. 2017). 
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Figure 4. 8: UV-Vis analysis resultant plot for the evaluation of ionic strength on the 
performance of AuNPs as efficient sensors for the detection of NaCl concentration measured 
at (a) 525 nm and (b) 660 nm. 

4.4. Optical measurements  

Colorimetric assay based on the colour properties of gold nanoparticles was 

conducted for NaCl in the concentration range of 5-40 ppT.  As shown in Figure 4.9, 

the introduction of various standards of NaCl into AuNPs resulted in a colour change 

from wine red to blue. It was observed that the colour (wine red) of AuNPs started to 

fade as trace amounts of NaCl were added. As the concentration of NaCl was 

increased, the blue colour started to appear. Therefore, each colour corresponded to 

the amount of NaCl added, a shift was seen as the colour moves from the deep red of 

AuNPs to light red for the lower concentration (5-10 ppT), then to purple for the 

intermediate concentration (15-25 ppT) and finally to blue for the highest concentration 

range (30-40 ppT). This change was due to the flocculation of AuNPs in solution by 

aggregation that facilitated optical changes that was visually observed (Rivero et al. 

2017; Zhang et al. 2017). These results agreed with study conducted by Liu and co-

workers (2012) where a similar colour trend was observed in a colorimetric assay 

using AuNPs with increasing NaCl concentration (Liu et al. 2012). 

 

a)

b)
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Figure 4. 9: Photograph of the AuNPs in the presence of 5-40 ppT NaCl range, the volume 
ratio of AuNPs and NaCl within each hydrophobic circle barrier of the µPAD is 80 µL: 20 µL. 

4.5. UV-Vis spectroscopy analysis 

The change in UV-Vis spectra of the AuNPs upon the addition of NaCl solutions in the 

concentration range of 5-40 ppT was recorded in Figure 4.10. Two well-separated 

SPR peaks were observed in the spectra. The introduction of NaCl into AuNPs solution 

resulted in a decrease of SPR intensity at 525 nm with an increase of the peak 660 

nm. This was due to the aggregation of AuNPs that occurred during the addition of 

NaCl solutions. This resulted in the red shift of the maximum absorption of AuNPs. 

The UV-Vis spectra were in agreement with the colorimetric assay array given in 

Figure 4.9. The colour of AuNPs solution changed from wine red to blue, hence the 

SPR peak shifted to longer wavelengths.  

Furthermore, it was observed that when NaCl concentration was 30 ppT, the variance 

to the intensity was starting to reach maximum indicating that aggregation of AuNPs. 

This transformation behaviour of AuNPs demonstrated by LSPR absorption bands 

displayed in Figure 4.10, showed that the developed sensor works efficiently in the 

concentration range of 5-40 ppT. This was an indication that the developed sensor 

could be applied in the quantitative determination of NaCl in seawater and estuaries 

where the typical NaCl levels are expected to be in the ranges of 28-33 ppT (Strickland 

and Parsons 1972; Kolesar et al. 2018; Papaslioti et al. 2018) and 0.5-10 ppT (Meade 

2003; Feng et al. 2017), respectively. 

50 40 ppT
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Figure 4. 10: UV–Vis spectra of the AuNPs after the addition of different concentrations of 
NaCl in the range of 5-40 ppT. 

4.6. Effect of sample pH  

The pH of water is an essential factor in environmental water samples. For practical 

application, the developed AuNPs sensor must possess the ability to adapt in different 

pH levels of the tested water samples. The evaluation of pH effect on the detection of 

NaCl was done using NaCl spiked solutions in the range of 10-30 ppT (Figure 4.11). 

The initial pH of the spiked solutions with 10, 20 and 30 ppT of NaCl was found to be 

9.14, 8.27 and 7.32 respectively. The pH was then adjusted to 3, 6 and 9 where 

necessary with 6M NaOH or 6M HCl. The pH range represented both alkali and acidic 

forms that may be encountered in real samples. For 10 ppT the recoveries were 

103.2%, 104.9% and 99.7%, for 20 ppT were 100.6%, 101.8% and 99.15%, for 30 ppT 

were 100.3%, 99.7% and 101.3% for pH 3, 6 and 9 respectively. The calculated 

recoveries of NaCl in the studied pH range indicated that there was no change in the 

behaviour of the AuNPs upon exposure to these various pH levels and that the 

developed colorimetric sensor was not affected by the acidity or alkalinity of the 

system. These results are similar to the behaviour of AuNPs in this pH range reported 

for other colorimetric sensors (Li et al. 2017b). 
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Figure 4. 11: Recoveries of NaCl in various pH levels (3, 6 and 9), for spike solutions with 
NaCl concentration of 10, 20 and 30 ppT. 

4.7. AuNPs contact time 

The relationship between mean intensity and analysis time ranging up to 24 minutes 

was studied using 30 ppT NaCl solution. As shown in Figure 4.12, the experimental 

results showed that the mean colour intensity in greyscale percentage remained 

constant from 0 to 6 minutes and gradually increased from 8-14 minutes, after 14 

minutes the colour intensity increased at a faster rate until it reached 24 minutes. The 

results suggested that the aggregation of the AuNPs was highest between 0 to 6 

minutes and gone under completion in this period hence the darker colorimetric 

intensity response of solutions. The intensity percentage increased as the solution 

colour was fading over longer exposure time. In Figure 4.12 picture insert, the blue 

colour response began to fade after 6 minutes, indicating less aggregation of AuNPs 

from this point forward hence, the high greyscale percentages. Therefore, the 

response time for the colorimetric sensor can be taken from 1 to 6 minutes, where 

aggregation of the nanoparticles is highest thus producing visual colorimetric 

responses. This time is enough to the technician when conducting field samples to 

process the results by comparing the right sample colour with the corresponding 

concentration in the Lovibond device before colour fading occurs. The mean RGB 

values of the solution at each time interval were analysed and can be seen in Table 
3, it was observed that the B values are larger than the R and G values in each row.  
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In the RGB colour model when one component increases, the colour will go more 

towards that component and become lighter, hence the lighter the blue colour as time 

increased. 

 

Figure 4. 12: Bar graph of the mean intensity measured for a 30 ppT NaCl solution at different 
time intervals to evaluate the effect of response time for AuNPs, insert is the corresponding 
image of the analysis. 

Table 4. 1:Mean RGB values with corresponding intensity of the 30 ppT NaCl solution 
at different time intervals to study the response time of AuNPs (N=3). 

Time (min) Mean R Mean G Mean B Mean 
 

 
 

2 38 40 53 53 

4 39 43 54 53 

6 37 46 53 54 

8 42 53 57 57 

10 39 48 58 63 

12 45 56 62 67 

14 43 50 68 69 

16 58 67 72 69 

18 54 59 76 74 

20 65 75 79 76 

22 75 86 90 77 

24 66 73 92 80 
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4.8. Negative control  

Negative control experiments were conducted using egg white albumin (EWA), a 

protein. The AuNPs solution was added to the EWA and to EWA containing NaCl in 

the concentration range of 5-40 ppT. As can be observed in the UV-Vis spectra in 

Figure 4.13a, the absorbance of the AuNPs solutions showed no obvious decrease in 

all different concentrations of NaCl concentrations added and all the mixtures had the 

SPR peak at 525 nm along with that of the AuNPs solution. This was due to the EWA 

stabilizing the AuNPs preventing functionalization of all active sites on the metallic 

surface hence preventing any possible alterations to the SPR and aggregation of the 

AuNPs in the mixtures (Wei et al. 2017). The EWA also lowers the affinity of NaCl to 

the AuNPs as a result the NaCl ions remain suspended outside the EWA layer (Lai, 

Chang and Wang 2017). The image in Figure 4.13b revealed that there was no 

change in colour of the mixtures, this was also evident in the UV-Vis spectra results. 

The environmental samples analysed in this study (estuarine and seawater) do not 

contain any protein like EWA, therefore, the AuNPs will be able to detect the NaCl 

levels in the water with no apparent difficulty. 

 

Figure 4. 13: (a) Negative control test results of UV-Vis analysis of the mixtures. (b) 
Corresponding image for the AuNPs colorimetric assay for the mixtures.

a)

b)
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4.9. Colorgrab intensity measurements 

Light can affect the colour of solutions, too much light can make solution appear paler 

than usual while the absence of light makes solutions appear more intense in colour 

(Langer 2001). Using the smartphone-based intensity detection, the colour change 

can be monitor by recording the greyscale % values. To perform the analysis, the 

mobile App (Colorgrab) was downloaded online in the Samsung J1 and the change in 

intensity values of the cuvettes containing AuNPs solutions in the presence of different 

concentrations of NaCl were measured by using the back camera. This colorimetric 

analysis by smartphone provides a simple solution to measure variations in intensity 

by providing % values of each AuNPs-NaCl reaction even when the naked-eye 

observation is not sufficient for further analysis. 

 Advantages of using this App include rapidness and the ability to compensate for 

background under or over lighting (Abbasi-Moayed, Golmohammadi and Hormozi-

Nezhad 2018; Yusufu and Mills 2018). Figure 4.14a demonstrates how this App was 

applied using a smart phone camera to measure the intensity. The intensities of the 

calibration standards from 5-10 ppT increased. This was due to the solution of AuNPs 

(0 NaCl added) becoming paler as the intermediate colour (purple/violet) appeared 

from 15-25 ppT. From the 15 ppT concentration, the intensity gradually decreased. 

This was due to the increased aggregation of AuNPs in solution leaning towards the 

blue colour conversion as the NaCl concentration continued to increase.  The mean 

intensity was in the range of (42.33-57.66%) in Greyscale percentages. Therefore, the 

results of the measured intensity using Colorgrab were substantial to save time by 

confirming the differences in colour intensity before ImageJ colour processing. Figure 
4.14b, shows the bar graph of the measured mean intensity, insert: photograph of a 

smart phone equipped with Colorgrab application measuring the intensity in the NaCl 

calibration standards. 
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Figure 4. 14: (a) Mobile smartphone equipped with Colorgrab application for intensity 
measurements (b) Bar graph of the mean intensity of the NaCl calibration standards, insert 
images of the colorimetric assay of NaCl standard solutions using AuNPs. 

4.10. Image processing  

ImageJ software was used to measure the colour dynamics between the reaction of 

NaCl and AuNPs. A photograph of standards was uploaded to the ImageJ application 

software as observed in Figure 4.15a. This action properly exposed the colour shades 

and their corresponding intensities visually in the form of RGB values. Figure 4.15b, 

shows the picture of the calibration standards, the background effect was eliminated 

revealing the true uncompromised colour hues of solutions. The resultant colours in 

the processed image in Figure 4.15b, were duplicated to produce solid colours as 

shown in Figure 4.15c. 



47 

 

 

Figure 4. 15: Colour formation using ImageJ image processing. (a) Actual image uploaded 
to ImageJ. (b) Image with background separation mode. (c) Resultant duplicated colours for 
RGB analysis. 

To apply the color change of AuNPs in the presence of NaCl for on-site detection 

application, the changes in RGB values when the wine red color of AuNPs changes to 

blue upon addition of NaCl must be established. The standard RGB scale is 

represented by whole-number value system for each of the three colors, the red, green 

and blue from 0 to 255. In that scale, the number [255,255,255] corresponds to pure 

white whereas [0,0,0] to absolute black (Leon et al. 2006). The mean RGB values of 

the solid colours in Figure 4.15c were measured in ImageJ by analysing each solid 

colour square separately to get the Red, Green and Blue value for each colour. The 

colour scheme for the Lovibond comparator disk was created by incoporating the 

resultant mean RGB values recorded for each calibration standard into the colour 

developer using the computer desktop colour application (More fill). Figure 4.16 

illustrates the developed colorimetric scheme along with corresponding mean RGB 

values for the analysis of NaCl. The created colour pattern for the NaCl calibration 

standards range matched the colours of the solutions and those processed by imageJ, 

hence, the Lovibond colorimetric device was fabricated using this colour scheme. 

a)

c)

b)
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Figure 4. 16: Colorimetric scheme with corresponding calculated mean RGB values. 

Figure 4.17 shows the graph of colour development dynamics using the mean R, G, 

and B values that combine to produce visually stable colour hues that ware easily 

identified. In Figure 4.17, it is clear that the red component varies most significantly 

as the value of the concentration of NaCl is increased from 10 to 40 ppT, whilst, in 

contrast, the blue component slowly builds up at all concentration values.  

The green and blue colours of the colour model combined at different levels almost 

parallel to each other to form various strong blue shades which were depending on 

the intensity of the solution for accurate determination of colour. It was observed in the 

graph that, at the 30 ppT NaCl concentration the value of B was highest as compared 

to other points for this colour. The red and blue curves followed the same trend as the 

graphs in Figure 4.8 for ionic strength evaluation suggesting a shift of the LSPR peak 

of the AuNPs to longer wavelengths due aggregation. The domination of the blue 

colour at this concentration was in agreement with the colorimetric assay in Figure 4.9 
and the UV-Vis LSPR peaks in Figure 4.10 where maximum aggregation of AuNPs 

was at its highest. Overall, these results in Figure 4.17 validated the created 

colorimetric scheme using RGB colour model values. 
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Figure 4. 17: Graph illustrating the R, G, and B colour combination dynamics for the 
formulation of new colour hues corresponding to NaCl concentration. 

4.11. CIELab colour analysis  

Delta E was calculated using the CIELab 1976 standard equation (McLaren 1976; 

Robertson 1977). Table 4:2 and 4:3 shows the results of the colour differences from 

the colorimetric assay of the NaCl standard calibration range 5-40 ppT with AuNPs 

(Figure 4.18) Set 1 composes the difference between Line 1 and Line 2, whereas set 

2 has the difference between Line 1 and Line 3. The RGB colour model values for 

each standard colour were converted to L, a and b values using website conversions 

(http://colormine.org/convert/rgb-to-hunterlab) (McLaren 1976; Yusufu and Mills 

2018). The values obtained from the colour difference analysis for set 1 and set 2 gave 

delta E values which are less than 1 but greater than 0. These results indicated that 

between each set, there were no significant differences observed in the produced 

colour patterns for each standard triplicate analysis (McLaren 1976; Robertson 1977; 

Pointer 1981). The triplicate colour variation test for NaCl produced similar colour 

pallets for each line for the same NaCl standard, which was a good indication of the 

stability of the AuNPs used in the developed colorimetric sensor kit. Therefore, CIELab 

colour management analysis validated colour stability in the presence of the analyte. 
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Figure 4. 18: AuNPs colorimetric assay, triplicate analysis used to calculate delta E for colour 
variations in the NaCl calibration range 5-40 ppT (total volume per sample 100 µL), the volume 
ratio of AuNPs to NaCl within each hydrophobic circle barrier of the µPAD is 80 µL: 20 µL. 
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Table 4. 2: Set 1 calculated colour differences (delta E) between the triplicate colorimetric assay of NaCl calibration range 5-40 ppT 
with AuNPs (N=3). 

SET 1 

Concentration 
(ppT) 

*L1 *a1 *b1  *(L1)2 *(a1)2 *(b1)2 ∆E ∆E status Comment 

0 -0.33 -0.12 -0.03 0.11 0.01 0.001 0.12 ± 0.32 0 <∆E< 1 Observer does not notice the 
difference 

5 -0.45 0.07 -0.22 0.20 0.01 0.05 0.26 ± 0.05 0 <∆E< 1 Observer does not notice the 
difference 

10 0.4 -0.06 0.11 0.16 0.004 0.01 0.18 ± 0.39 0 <∆E< 1 Observer does not notice the 
difference 

15 0.24 -0.35 0.21 0.06 0.12 0.04 0.22 ± 0.02 0 <∆E< 1 Observer does not notice the 
difference 

20 -0.43 0.48 -0.2 0.18 0.23 0.04 0.46 ± 0.31 0 <∆E< 1 Observer does not notice the 
difference 

25 0.36 -0.55 0.21 0.13 0.30 0.04 0.48 ± 0. 33 0 <∆E< 1 Observer does not notice the 
difference 

30 0.05 0.14 0.71 0.003 0.02 0.50 0.53 ± 0.10 0 <∆E< 1 Observer does not notice the 
difference 

35 -0.48 -0.24 -0.07 0.23 0.06 0.01 0.29 ± 0.71  0 <∆E< 1 Observer does not notice the 
difference 

Line 1 in photograph (Figure 4.18) used as a reference to calculate the colour difference. * and ∆=delta notation.
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Table 4. 3: Set 2 calculated colour difference colour (delta E) for NaCl concentration range (5-40 ppT) (N=3). 

SET 2 

 
Concentration 
(ppT) 

*L2 *a2 *b2  (*L2)2 (*a2)2 (*b2)2 ∆E ± SD ∆E status Comment  

0 -0.49 -0.19 -0.52 0.24 0.04 0.27 0.55 ± 0.03 0 <∆E< 1 Observer does not notice the 
difference 

5 0.1 0.06 -0.4 0.01 0.004 0.16 0.17 ± 0.06 0 <∆E< 1 Observer does not notice the 
difference 

10 0.24 -0.84 -0.14 0.06 0.71 0.02 0.78 ± 0.43 0 <∆E< 1 Observer does not notice the 
difference 

15 0.06 0.1 0.41 0.004 0.01 0.17 0.18 ± 0.03 0 <∆E< 1 Observer does not notice the 
difference 

20 0.02 0.01 0.06 0.0004 1E-04 0.004 0.004 ± 0.31 0 <∆E< 1 Observer does not notice the 
difference 

25 0.01 0 0 1x10-4 0 0 1x10-4 ± 
0.34 

0 <∆E< 1 Observer does not notice the 
difference 

30 0.56 -0.27 -0.03 0.31 0.07 0.0009 0.39 ± 0.09 0 <∆E< 1 Observer does not notice the 
difference 

35 -0.25 -0.4 -0.44 0.06 0.16 0.19 0.42 ± 0.06 0 <∆E< 1 Observer does not notice the 
difference 

40 -0.46 0.02 -0.08 0.21 0.0004 0.006 0.22 ± 0.10 0 <∆E< 1 Observer does not notice the 
difference 

Line 1 in photograph (Figure 4.18) used as a reference to calculate the colour difference. * and ∆=delta notation.
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To further evaluate the resultant colour pattern variations in the optimized NaCl 

calibration range, CIELab was used to measure the differences between the series of 

colours developed for the Lovibond device. In order for the colorimetric device to fully 

function for its intended use which is on-site detection of NaCl in seawater, the 

engraved optimised NaCl concentrations on the device must be distinguishable by the 

naked eye for easy comparison with the sample analysed. Table 4.4, shows the ∆E 

calculations of the gold nanoparticles and the NaCl calibration standards (5-40 ppT) 

with AuNPs. The calculations were based on the mean (*L)2, (*a)2 and (*b)2 values for 

Line 1, 2 and 3. From the results, the calculated ∆E was found to be above 5 for all 

colour difference measurements, each calibration standard had a noticeable colour 

difference as the concentration was increased. These differences did not discriminate 

towards the unexperienced observer but represent every observer, meaning that 

everyone could use the developed colorimetric sensor kit and quantify NaCl without 

any difficulties in comparing the sample colour to the optimized colours on the 

Lovibond device. Therefore, the AuNPs colorimetric sensor for the analysis of NaCl in 

seawater was used for on-site detection in real samples. 

Table 4. 4: Colour difference measurements between two colours of the increasing 
NaCl concentration colorimetric assay with AuNPs (N=3).  

Concentration 
 

Delta E ± SD ∆E status Comments 

0-5 10.11 ± 4.96 

 

∆E > 5 

 

Observer notices two different colours 

 5-10 9.99 ± 2.25 

 

∆E > 5 Observer notices two different colours 

 10-15 19.75 ± 2.29 

 

∆E > 5 Observer notices two different colours 

 15-20 8.27 ± 2.90 

 

∆E > 5 Observer notices two different colours 

 20-25 5.53 ± 1.28 

 

∆E > 5 Observer notices two different colours 

 25-30 25.81 ± 0.40 

 

∆E > 5 Observer notices two different colours 

 30-35 18.37 ± 0.20 

 

∆E > 5 Observer notices two different colours 

 35-40 5.44 ± 0.13 

 

∆E > 5 Observer notices two different colours 
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4.12. Fabrication of Lovibond comparator device 

The colour hues obtained from the mean RGB values were used to fabricate the 

Lovibond comparator disk for quantification of NaCl in environmental samples. Each 

colour was incorporated into a circular shape design at right angles (90 degrees) to 

the engraved corresponding optimized concentration on the disk. This was done to 

allow the Lovibond disk to rotate at 90 degrees to match the colour of the analysed 

sample with that of the calibrated NaCl concentration. Figure 4.19 shows the design 

of the Lovibond device used for the quantification of NaCl in estuarine and seawater. 

The fabricated Lovibond device was used to measure the concentration of the NaCl 

calibration standards (5-40 ppT) and the results of the analysis can be seen in 

Annexure A. The concentration of each standard matched the conforming optimized 

colour on the Lovibond disk estimating the NaCl concentration. The Lovibond device 

was then used to quantify real samples from the estuary and seawater. 

  

Figure 4. 19: Optimized colorimetric scheme used to fabricate the Lovibond comparative 
device used for the quantification of NaCl. Colour shade of test strip reveals respective NaCl 
concentration presence in samples when match with colour wheel. 
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4.13. Method validation 

Validation is essential to determine whether developed methods for the fabricated 

sensor device are fully appropriate for the aim and objectives designed, or whether 

the objectives cannot be met with that particular chosen method.  

4.13.1. Linearity, detection and quantification limits 

The calibration curve given in Figure 4.20, shows that the ratio of absorbance 

recorded at 525 and 660 nm increased linearly (R2 = 0.998) as the concentration of 

NaCl was increased in the range of 5-40 ppT. The ratio of the absorbance in two 

different wavelengths was used for the calibration curve and quantification of NaCl as 

two separate bands at different absorption wavelength maxima were observed in 

Figure 4.10. This suggested the different physical and chemical changes that the gold 

nanoparticles would have been undergone in the reaction; therefore, those changes 

had to be accounted for in the calibration curve for accurate determination of NaCl 

concentration. In addition, the LOD and LOQ for the developed sensor were calculated 

based on 3 and 10 times the standard deviation at the minimum NaCl concentration, 

respectively. LOD and LOQ found for the analysis of NaCl using the proposed method 

were 1.18 ppT and 3.57 ppT, respectively. The value 3.57 ppT represents the lower 

LOQ and 40 ppT being the highest calibration standard represents the upper LOQ. 

 

Figure 4. 20: Plot of absorbance ratio at 660 nm/525 nm versus the concentrations of NaCl in 
the range 5–40 ppT. 
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4.13.2. Accuracy and precision 

The accuracy of the method used to develop AuNPs sensor was determined by 

calculating the percentage relative error (Bias %) between the mean calculated 

concentrations and the actual spiked concentrations for the same concentration of 

NaCl (10, 20 and 30 ppT). The calculated concentration values of the spiked NaCl in 

Table 4.5 are in good agreement with the actual values of the spiked concentrations. 

The results shown in Table 4.5 for intra-day, the accuracy was between -2.40 to -

3.50%, demonstrating high accuracy. The precision test results obtained under 

optimum conditions for NaCl range of 10, 20 and 30 ppT were analysed and repeated 

for 5 consecutive days (inter-day) from three measurements of each spiked sample. 

Additionally, an intra-assay precision value in %RSD was calculated in Table 4.5 

which represented a repeatability test. Repeatability is expressed as the precision 

under the same operating conditions over a short period of time, usually within a day 

or within-run (Peters, Drummer and Musshoff 2007). The %RSD was found to be in 

the range of 0.01-0.03% for the spiked samples. In Table 4.6, for inter-day analysis, 

the precision of the method evaluated by %RSD values was found to be in the range 

of 0.04-0.06%. The results displayed high precision of the AuNPs based colorimetric 

sensor method. 

Table 4. 5: Accuracy test of the AuNPs for intra-day evaluation. SD = Standard 
Deviation, SE= Standard Error, % RSD = Relative Standard Deviation, Accuracy 
bias = [(Calculated - Added) / Added] x 100, (N=9).  

Intra-day (same day) 

Added concentration 
(ppT) 

10 20 30 

Mean absorbance 0.22 0.36 0.49 

Calculated 
concentration 

9.65 19.63 29.29 

Recovery (%) 96.53 98.17 97.63 

SD 0.01 0.05 0.01 

Precision %RSD 0.03 0.13 0.01 

Accuracy bias (%) -3.50 -1.85 -2.40 

SE of intercept 0.003 
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Table 4. 6: Precision test analysis of the AuNPs for inter-day (5 days) evaluation. SD 
= standard deviation, SE= Standard Error, % RSD = Relative Standard Deviation. 
(N=45). 

 

4.13.3. Robustness 

The robustness of the method was examined by varying the absorption wavelength of 

AuNPs to 530 nm and 550 nm. Gold nanoparticles of different spherical sizes in 

solution had a capacity to absorb at different wavelength regions in the spectrum 

(Daniel and Astruc 2004b). This effect had to be accounted for in the developed AuNPs 

colorimetric sensor to study any variations in the results that could arise due to size 

effect. Three sets of spiked NaCl concentration of 10, 20 and 30 ppT were analysed 

and the results of the analysis are presented in Table 4.7. The recoveries of the spiked 

samples were in the range 96.05-101.17% for the 530 nm concentration range and 

were in the range of 98.63-105.57% for the 550 nm. The %RSD for the 530 and 550 

nm wavelengths analysis were 0.004-0.10% and 0.04-0.06% respectively, proving the 

developed sensor to be highly robust and efficient even at longer absorption 

wavelengths than 525 nm of the synthesized AuNPs in this study. Therefore, from the 

results obtained changing the absorption wavelength variables did not affect the 

colorimetric response of AuNPs. 

Inter-day (5 days) 

 
Added concentration (ppT) 10 20 30 

Mean absorbance 0.28 0.36 0.48 

Calculated concentration 10.67 18.60 30.63 

Recovery (%) 106.67 93.02 102.10 

SD 0.01 0.02 0.02 

%RSD 0.04 0.06 0.04 

SE of intercept 0.025 
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Table 4. 7: Robustness test of the developed method (N=9). 

Wavelength 530 nm 550 nm 

Added 
concentration (ppT) 

10 20 30 10 20 30 

Mean Absorbance 0.2789 0.3689 0.4603 0.2819 0.3856 0.4478 

Calculated 
 

10.12 19.40 28.81 10.42 21.11 29.59 

Recovery (%) 101.17 96.99 96.05 104.23 105.57 98.63 

SD 0.009 0.002 0.05 0.01 0.03 0.03 

%RSD 0.034 0.004 0.10 0.04 0.06 0.05 

SE of intercept 0.0008 0.014 

SD of intercept 0.0024 0.041 

SD = Standard Deviation, SE= Standard Error, %RSD = Relative Standard Deviation. 

4.13.4. The effect of interferences on the analysis of sodium chloride 

The UV-Vis and colorimetric assay response of AuNPs in the presence of various 

cations (Ca2+, K+, Mg2+) and anion (SO42-) was measured to test the selectivity of 

AuNPs sensor. These ions were selected as possible competitors as they are known 

to be present in seawater (Lv et al. 2018; Souid et al. 2018). The concentrations of 

Ca2+, K+, Mg2+ and SO42- in seawater varies between locations in both abundance and 

concentration due to salinization. Their concentration ranges are reported to be 

typically from 0.15-0.35 ppT for Ca2+ and K+, 0.125-1.5 ppT for Mg2+ and 1-3 ppT for 

SO42-  (Nielsen et al. 2003; Nicolini, Ferraz and Borges 2017; Telahigue et al. 2018). 

In this study, the effect of these ions in the detection of NaCl was investigated where 

aqueous solutions were spiked with individual ions at levels that are within the 

concentration ranges usually found in seawater. The spiked concentrations for Ca2+, 

K+, Mg2+ and SO42- were in ranges of 0.15-0.35 ppT, 0.15-0.35 ppT, 0.125-1.5 ppT and 

1-3 ppT, respectively. The results are depicted in Figure 4.21 (1-4).  
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The results showed that the addition of these ions into AuNPs gave rise to single LSPR 

peaks at 525 nm. This is the maximum wavelength (525 nm) for the absorption of 

AuNPs. This implied that the investigated ions at the aforementioned concentrations 

did not have the ability to induce aggregation of nanoparticles and shifted the LSPR 

band of the AuNPs to longer wavelengths to give a resultant colour change from wine 

red. The results were further corroborated by the accompanying optical images from 

the colorimetric assay results in Figure 4.21 (A, B, C & D), where the wine-red colour 

of the AuNPs remained in solution when the AuNPs interacted with the cations and 

anion solutions.  

 

 

1)

B

B
2)

A

A
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Figure 4. 21: (1-4) The LSPR peaks of AuNPs in presence of interfering ions with different 
concentrations of (A: Ca2+ B: K+ C: Mg2+ and D: SO4

2-). Corresponding images of the AuNPs 
in the presence of different concentrations of (A: Ca2+ B: K+ C: Mg2+ and D: SO4

2-). 

The same ions were added into the 30 ppT NaCl solution. Resulting solutions were 

introduced into AuNPs solutions in order to further investigate their effect on detection 

of NaCl. As presented in Figure 4.22 (1-4) and 4.22 (A, B, C & D), there was a 

significant shift in the LSPR absorption band of the AuNPs which was accompanied 

by colour conversion of AuNPs solution from wine red to blue. It was observed that 

NaCl was capable of inducing the aggregation of AuNPs, regardless of the presence 

of trace amounts of other ions in solution. Therefore, these results proved that AuNPs 

exhibited good selectivity for NaCl in the presence of Ca2+, Mg2+, K+ and SO42- which 

are known to exist in seawater (Lv et al. 2018; Souid et al. 2018). 

3)

C

DC
4)

D
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Figure 4. 22: (1-4) The LSPR peaks of AuNPs in presence of interfering ions with different 
concentrations of (A: Ca2+ B: K+ C: Mg2+ and D: SO4

2-) spiked with 30 ppT NaCl. Corresponding 
images of the AuNPs in the presence of different concentrations of (A: Ca2+ B: K+ C: Mg2+ and 
D: SO4

2-) spiked with 30 ppT NaCl. 
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The selectivity of AuNPs towards NaCl (30 ppT) in the presence of various ions was 

further studied by comparing the absorbance ratio 660nm/525nm of AuNPs with 

interference ions Ca2+ (0.35 ppT), K+ (0.35 ppT), Mg2+ (1.5 ppT) and SO42- (3 ppT) as 

observed in Figure 4.23 and Figure 4.24. It was observed that the presence of NaCl 

increased the value of the absorbance ratio 660 nm/525 nm nearly 5 times greater 

than that of AuNPs with interfering ions which proved that the AuNPs exhibited good 

selectivity towards NaCl concentration. In order to test the accuracy and precision of 

the proposed AuNPs sensor towards the determination of NaCl in the presence of 

interfering ions, the recovered amount of the spiked NaCl concentration in solution 

was calculated.   

 

Figure 4. 23: The absorbance ratio (660 nm/525 nm) bar graph of the AuNPs in the presence 
of interference ions and mixed ions solution, interference ions Ca2+ 0.35 ppT, K+ 0.35 ppT, 
Mg2+ 1.5 ppT and SO4 2- 3 ppT, 30 ppT NaCl and a mixed ions solution (Ca2+ 0.35 ppT, K+ 0.35 
ppT, Mg2+ 1.5 ppT and SO4 2- 3 ppT). 
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Figure 4. 24: The absorbance ratio (660 nm/525 nm) bar graph of the AuNPs in the presence 
of interference ions Ca2+ 0.35 ppT, K+ 0.35 ppT, Mg2+ 1.5 ppT and SO4 2- 3 ppT spiked with 30 
ppT NaCl and mixed ions solution (Ca2+ 0.35 ppT, K+ 0.35 ppT, Mg2+ 1.5 ppT and SO4 2- 3 ppT) 
spiked with 30 ppT NaCl vs bar graph of Ca2+ 0.35 ppT, K+ 0.35 ppT, Mg2+ 1.5 ppT and SO4 2- 
3 ppT and mixed ions solution (Ca2+ 0.35 ppT, K+ 0.35 ppT, Mg2+ 1.5 ppT and SO4 2- 3 ppT). 

In Table 4.8, the results of calculated mean, recovery (%) and relative standard 

deviation (%) of the spiked NaCl concentration (30 ppT) into Ca2+, K+, Mg2+ and SO42- 

standard solutions in the ranges of 0.15-0.35 ppT, 0.15-0.35 ppT, 0.125-1.5 ppT and 

1-3 ppT, respectively, are presented. The mean concentration of NaCl in spiked 

solutions was found to be in the range of 29.23-30.30 ppT, which was an indication 

that the proposed method was accurate for quantification of NaCl in the presence of 

foreign species. The presence of NaCl in the ionic solutions was easily detected by 

the AuNPs resulting in the overall recovery of 97-100%. The relative standard 

deviations were in the range of 1.36-4.71%, which indicated good precision. Therefore, 

the proposed AuNPs sensor could be employed to detect NaCl without interference 

from co-existing ions in seawater. 

2+ 2++ 2-
4
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Table 4. 8: Validation of AuNPs sensor method for the analysis of NaCl in seawater 
in the presence of various concentrations of interfering ions (N=3). 

Interfering ions Concentration range 

 

Measured 

 

 

Mean 

 

 

%RSD 

Ca2+ 0.15-0.35 29.23 97 4.71 

K+ 0.15-0.35 30.17 100 1.36 

Mg2+ 0.125-1.5 30.30 100 2.65 

SO42- 1-3 29.42 98 5.63 

Simulated 

  

0.35 (Ca2+), 

   

   

29.78 98 2.30 

 

4.13.5. Recoveries for the three tested methods 

Table 4.9 shows the results of measured concentration, mean recovery (%) and 

relative standard deviation (%) of the spiked NaCl concentration (30 ppT) in simulated 

seawater. Simulated seawater using tap water (35 ppT) and spiked deionized water 

(10, 20 and 30 ppT) for AuNPs sensor, titration and IC method are presented. The 

mean concentration of NaCl in spiked solutions for AuNPs sensor using the Lovibond 

device was quite accurate in its quantification for NaCl. The presence of NaCl in the 

solutions was easily detected by the AuNPs, resulting in the overall recovery of 100% 

for three replicate measurements showing high accuracy and reliability of the present 

AuNPs sensor. The relative standard deviations for AuNPs was 0% which indicated 

high precision to further confirmed that the sensing platform had great potential for the 

determination of NaCl. For titration and IC relative standard deviations were in the 

range of 0.33-2.59% and 1.84-4.47% respectively, the precision was good for the other 

methods but the AuNPs colorimetric analysis was more consistent in its determination 

for NaCl concentration. Therefore, the proposed AuNPs sensor along with the 

Lovibond comparator device could be employed to detect NaCl in real samples without 

deceptive exertion. 
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Table 4. 9: Validation of AuNPs sensor method for the analysis of NaCl in estuarine and seawater against conventional analytical 
techniques (N=3). 

 

 

 

 

 

  
 

                                                       Method  

   Lovibond device Titration IC 

Sample  Concentration 
range (ppT) 

Measured 
conc. 
(ppT) 

Mean 
Recovery 
(%) 

%RSD Measured 
conc. 
(ppT) 

Mean 
Recovery 

 

%RSD Measured 
conc. 
(ppT) 

Mean 
Recovery 
(%)  

%RSD 

Simulated 
seawater  

NaCl (3g) 

0.35 (Ca2+), 
0.35(K+), 1.5 
(Mg2+) and 3 
(SO4

2-) 

30 100 0 30.56 101.88 0.33 26.15 87.15 3.31 

Tap water 
seawater 
NaCl (3.5g) 

0.35 (Ca2+), 
0.35(K+), 1.5 
(Mg2+) and 3 
(SO4

2-) 

35 100 0 33.21 94.89 0.46 33.85 96.72 1.84 

NaCl std1 10  10 100 0 11.01 110.07 2.40 10.35 103.53 4.47 

NaCl std2 20  20 100 0 20.08 94.17 2.45 18.82 94.12 2.68 

NaCl std3 30  30 100 0 29.53 100.39 2.59 26.04 86.81 3.46 

Conc. = Concentration, std= Standard.
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4.14 Physico-chemical properties of water samples 

Physico-chemical parameters results for the tested seawater and estuary water 

samples in the two different sampling locations are presented in Table 4.10 for the 

month of March and in Table 4.11 for the month of August. The pH values of the overall 

samples ranged from 8.10 to 8.39 (slightly alkaline). Electrical conductivity varied from 

1.29 to 20.80 mS/cm, with high conductivity experienced in seawater (Blue lagoon, 

Suncoast beach, Umgeni and Amanzimtoti estuary) and estuary water while samples 

from upstream in the estuaries (Umgeni estuary and Amanzimtoti estuary) had low 

conductivity. The EC of the tested samples corresponded to the salinity percentage of 

the samples, where low salinity percentages of 0.54% and 0.56% were observed in 

the Umgeni and Amanzimtoti estuaries upstream samples, respectively. 

 Low salinity values are an indicating of low NaCl concentration in the water samples. 

Total dissolved solids were in the range of 501-10540000 parts per trillion (ppt) being 

lowest for estuaries upstream and highest at the estuary and seawater, this might be 

due to solids carried by revolving sea waves. Dissolved oxygen values of all samples 

laid between 4.30-5.53 mg/L which is within the normal required oxygen range for 

bottom feeder animals like crabs, oysters and worms in the water (Milstein et al. 2006). 

For sampling No. 2 samples in Table 4.11, the highest pH value (8.92) was observed 

in the Umgeni estuary 400 m upstream sample and highest EC value (26.67 mS/cm) 

recorded for the Blue lagoon beach sample.  

The lowest pH value of 8.01 was observed in the Durban harbour S1 sample and 

lowest EC value (4.25 mS/cm) was found in the Umgeni estuary 400 m upstream 

sample, these samples points are far away from the estuary and the sea hence the 

low levels in pH and EC. Moreover, these values suggested the effect of salinity had 

been reduced with the distance away from the beach and estuary area. The TDS for 

the tested samples were ranging between 489-10360000 ppt being high in the 

samples that were obtained from the sea coastline area and low in estuaries upstream 

and Durban harbour. The World Health organization (WHO) standards state that, 

when the TDS value of river water is higher than 600mg/L that water becomes slightly 

saline whereas moderately saline limit is 1500 – 7000 mg/L (Ngoye and Machiwa 

2004; Edition 2011). Therefore, the sample at Umgeni upstream implied that the NaCl 
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concentration in the water was very low and the water was free from salt intrusion from 

the sea. The samples at the Durban harbour S1 and S2 were expected to be less or 

moderately saline as their TDS values were found to be 879-1057 mg/L. These 

physico-chemical properties for the samples in Table 4.11 revealed that there was an 

effect of salinity in the harbour S1 and near to the estuary area with reference to the 

electrical conductivity, total dissolved solids and salinity % values. The Durban 

Harbour S2 sample high TDS might be due to the dirt or pollution caused by the boats 

fuel emission into the water as they depot in this area. 

Table 4. 10: Sampling No 1: Physico-chemical parameters of the collected Seawater 
and Estuary water samples.  

Sample pH Conductivit

y (mS/cm) 

DO 

(mg/L) 
TDS (ppt) ORP 

(mV) 

Salinity 

(%) 

Resistivit

y(Ὡ) 

Blue lagoon 

Beach 

8.26 20.50 5.45 10300000  828 12.27 48.7 

Suncoast 

Beach 

8.12 20.80  5.40 10540000  844.3 13.11 48.1 

Umgeni 

estuary 

8.39 15.88  4.89 7820000  1009 9.29 62 

Umgeni 

estuary 405.23 

m upstream 

8.13 1.26  5.53 501 1029 0.54 960  

Amanzimtoti 

estuary 

8.36 19.07 4.30 9590000  946.9 11.42 52 

Amanzimtoti 

Estuary   

253.05 m 

upstream 

8.10 1.29  5.33 566 879.3 0.56 860  
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Table 4. 11: Sampling No. 2: Physico-chemical parameters of the collected Seawater, Harbour and Estuary water samples.  

Sample pH Conductivity 

(mS/cm) 

DO 

(mg/L) 

TDS (ppt) ORP 

(mV) 

Salinity (%) Resistivity (Ὡ) 

Blue lagoon Beach 8.26 26.67 6.21 10140000 1062.0 14.23 47.4 

Suncoast Beach 8.47 24.32 9.95 10360000 1088.5 11.11 49.3 

Durban South Beach 8.56 20.58 6.11 9030000 1032.2 10.02 47.0 

Durban Harbour S1 8.01 17.10 6.29 879 808.1 1.77 882 

Durban Harbour S2 8.18 5.43 6.33 1057 739.6 0.66 996 

Umgeni estuary 8.38 19.67 6.02 8930000 896.1 9.29 48.1 

Umgeni estuary 100 m 

upstream 
8.54 19.24 6.73 7505000 883.7 2.74 48.6 

Umgeni estuary 200 m 

upstream 
8.76 19.01 6.22 5530000 900.4 1.44 99 

Umgeni Estuary 300 m 

upstream 
8.89 17.06 6.31 487000 901.3 1.02 525 

Umgeni estuary 400 m 

upstream 
8.92 4.25 6.40 489 856.0 0.58 978 

S1 represents sample 1 and S2 represents sample 2.
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4.15. NaCl detection by AuNPs through UV-Vis spectroscopy 

The developed AuNPs sensor was applied in the detection of NaCl in water samples 

collected from estuaries and sea around the city of Durban. The AuNPs sensor was 

calibrated for NaCl analysis in the concentration range of 5-40 ppT, therefore, all water 

samples collected were analysed without any further dilution. These water samples 

were expected to contain high amount of NaCl. The source of NaCl in the estuary is 

known to be due to high tidal waves of the sea that result in salt intrusion (Perera et 

al. 2018; Souid et al. 2018). In this study, the concentration of NaCl in two estuaries 

(Umgeni and Amanzimtoti river mouth) was evaluated. Similar concentrations of 29.63 

ppT and 30.42 ppT were found in Umgeni and Amanzimtoti river mouth, respectively 

(Table 4.12). Further to this, in the same rivers the NaCl concentrations found 

upstream were less than those in the estuary. This meant that the seawater had a 

direct influence on the salinity of the river water closer to the sea due to salt intrusion. 

As shown in Table 4.12, the mean concentration of NaCl detected in the seawater 

samples; Blue Lagoon and Suncoast beaches were 31.68 ppT and 28.43 ppT, 

respectively. These concentrations were in close agreement with the expected value 

of 30 ppT NaCl in normal seawater conditions (Millero et al. 2008; Papaslioti et al. 

2018). The slight variations in these two seawater samples could be due to different 

activities from one point to another by the marine ecosystem or environmental factors.  

The above-mentioned results were supported by the UV-Vis LSPR spectra and 

colorimetric assay detection of NaCl in the samples by AuNPs as shown in Figure 
4.25a and 4.25b. In Figure 4.25a, the intensity of LSPR peaks of Blue lagoon beach, 

Suncoast beach, Umgeni and Amanzimtoti estuaries showed a decrease in a 

wavelength of 525 nm. The corresponding LSPR peaks began to emerge in the 

wavelength of 660 nm, which demonstrated similar LSPR peaks of the optimized NaCl 

concentration range (5-40 ppT). This observation indicated the aggregation of the 

AuNPs in the presence of different concentrations of NaCl as discussed for Figure 
4.10. Umgeni and Amanzimtoti samples collected upstream had a single LSPR peak 

at 525 nm which corresponded to the LSPR peak of AuNPs. This observation showed 

minimum aggregation of AuNPs in these samples due to low concentrations of NaCl 

in the water. The corresponding colorimetric image shown in Figure 4.25b, was in line 

with the analysis of LSPR in the UV-Vis spectra, the blue colour can be observed for 



70 

 

the Blue lagoon beach, Suncoast beach, Umgeni and Amanzimtoti estuaries. The pale 

red colour was observed for Umgeni and Amanzimtoti samples which were collected 

from the upstream of respective estuaries.  

Table 4. 12: Concentration of water samples by UV-Vis analysis using AuNPs as 
colorimetric sensors. 

Water Samples Mean concentration ± SD 

Sun Coast Beach 28.43 ± 1.36 

Blue Lagoon Beach 31.68 ± 0.44 

Umgeni estuary  29.63 ± 0.87 

Umgeni estuary 405.23 m upstream 10.37 ± 0.03 

Amanzimtoti estuary  30.42 ± 0.86 

Amanzimtoti estuary 253.05 m upstream 13.15 ± 0.13 

 

 

Figure 4. 25: (a) UV–Vis absorption spectra of AuNPs after the addition of seawater and 
estuary water samples. (b) Images of colorimetric detection of NaCl concentration by AuNPs 
in seawater and estuary water samples. (BLB-Blue lagoon beach, SCB-Suncoast beach, UE-
Umgeni estuary, UEU-Umgeni estuary upstream, AE-Amanzimtoti estuary, AEU-Amanzimtoti 
estuary upstream).

a)

b)
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4.16. Statistical analysis 

Statistical evaluation of AuNPs based colorimetric assay for the detection of NaCl in 

the collected samples was done by ANOVA at 95% confidence interval and the results 

are presented in Table 4.13. The ANOVA results showed that the observed data was 

significant in the entire sample group (P<0.001). In Figure 4.26, the Post Hoc test 

further demonstrated the mean differences in amount of NaCl detected in each sample 

groups. It was observed that the mean amount of NaCl detected in Blue lagoon beach, 

Suncoast beach, Umgeni estuary and Amanzimtoti estuary were not statistical 

different (P >0.05). Significant differences were, however, detected in the NaCl content 

found in Umgeni and Amanzimtoti estuary and upstream samples (P>0.001) due to 

the salinization of the estuary by the upward flow of seawater. Overall, the 

experimental and statistical results authenticated that AuNPs was an excellent 

detecting sensor for NaCl concentration fluctuations in seawater. AuNPs presented 

high selectivity, accuracy and precision in determining the NaCl concentration in 

different samples without limitations to the sample type (estuaries or river water). 

Table 4. 13: ANOVA results based on sample group analysis (N = 3). 

Sampling 
location 

Mean 

Concentration 
(ppT) 

Standard 
deviation 

Standard 
error 

95% Confidence Interval 

Lower 
Bound 

Upper 
Bound 

Blue Lagoon 
Beach 

31.68 0.44 0.25 30.59 32.76 

Suncoast 
Beach 

28.43 1.36 0.79 25.04 31.81 

Umgeni 
Estuary  

29.63 0.87 0.50 27.48 31.78 

Umgeni 
Estuary 

  
 

10.37 0.03 0.02 10.30 10.44 

Amanzimtoti 
Estuary  

30.42 0.86 0.49 28.30 32.55 

Amanzimtoti 
253.05 m 

 

13.15 0.13 0.07 12.8321 13.46 
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Figure 4. 26: Bar graph of the Post Hoc comparison test using the Bonferroni procedure with 
corresponding P values shown for the detection of NaCl concentration based on AuNPs. 

4.17. Quantification of NaCl in samples 

In this study, comparative examination of three different methods was done, namely 

AuNPs based colorimetric method, titration (Mohr method) and IC method that can be 

easily applicable for the NaCl/Cl- analysis in environmental samples. This was done 

to validate the developed AuNPs colorimetric sensor against the popular traditional 

analytical methods for quantification of NaCl in water samples. The NaCl concentration 

results for all methods can be observed in Table 4.14. High concentrations of NaCl in 

estuaries and other still water outlets like in harbours are known to be due to salt 

intrusion by high tidal waves from the sea (Perera et al. 2018; Souid et al. 2018; 

Telahigue et al. 2018). 

 In this study, an on-site detection of NaCl levels was conducted using the fabricated 

Lovibond device and the colorimetric responses for the quantification of NaCl in 

samples are shown in Annexure A. The concentration of NaCl determined by the 

proposed sensor device agreed well with that obtained by titration and IC methods. 

The seawater in Blue lagoon beach had high concentration of NaCl, 35 ppT, as 

compared to other seawater, with Suncoast beach and Durban South beach at a level 

of 30 ppT (Table 4.14). These results are comparable with the results from titration 
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and ion chromatography (typical analysis chromatograms can be observed in 

Annexure B) methods in Table 4.14. For titration the Blue lagoon seawater had a 

NaCl concentration of 32.27 ppT and surprising this sample in IC had a lower 

concentration of NaCl as compared to the other two methods. This might be due to 

instrumental error causing a problem with analogue simulator convergence and 

sometimes resulting in inaccurate results. For the two Durban Harbour samples, as 

expected they had low NaCl concentration with S1 at 15 ppT and S2 at 10 ppT. The 

water in these areas was still, dirty and had been infected with algae and maybe to 

some extent by the boats and ships that depot and travel there on daily basis.  

The results for these samples using the traditional methods also revealed low salt 

concentration in the water. Umgeni estuary which connects to the Blue lagoon sea 

had a NaCl concentration >30 ppT. There was a possibility that the range of NaCl 

could be from 30-35 ppT as the sea water its connected to is 35 ppT. Since the device 

was not calibrated for the values between 30 and 35 ppT, the colour wheel results in 

the Lovibond were assessed using titration and IC. The value of NaCl in titration for 

Umgeni estuary was 32.42 ppT and in IC was 30.49 ppT, apart from the slight 

variations in these analytical methods the results suggests that this water outlet is 

within the 30-35 ppT NaCl range.  

In order to further assess the impact of the tides from the sea in the estuary, samples 

were taken and tested from four different points moving in an upstream direction which 

are 100 m apart. In the first 100 m from the estuary the water had a 30 ppT 

concentration of NaCl and also in the 200 m distance, the concentration was 30 ppT 

measured by Lovibond device. The Lovibond device was clear in its determination in 

these areas, for titration a NaCl concentration (30.85 ppT) and IC (29.96 ppT) results 

also agreed with the device for 100 m. At 200 m titration (30.28 ppT) and IC (29.41 

ppT) results were in agreement with the Lovibond results.  

From the 300 m range the salt concentration seemed to be decreasing with a NaCl 

concentration of 25 ppT and at 400 m the concentration was 5 ppT, this might be due 

to the tides not having enough wind force to penetrate through this region. The titration 

and IC results further confirmed the decrease in salt in these zones in the water as 
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can be seen in Table 4.14. The quantification results of the three methods employed 

in this study agreed with the physico-chemicals properties predictions for NaCl levels 

in the water based on electrical conductivity, total dissolved solids and salinity. Overall 

the results on the analysis of NaCl also suggested that environmental water conditions 

vary with the seasons, and salinity levels was the reflection of those variations. During 

rainy weather periods in spring and summer, more fresh water enters the estuary, so 

salinity is lower at these times, while for dry weather periods less fresh water enters 

the estuary, higher salinity levels may be found through the influence of seawater 

mixing with fresh water by high tidal waves. Therefore, the results from the tested 

areas for NaCl concentration as a representative of salinity in the water especially in 

estuaries, as they are mostly affected by the sea salinity, urges frequent monitoring of 

NaCl/salinity with the use of simple, rapid and competent devices similar to the one 

developed and applied in this study.  

Table 4. 14: Concentration of NaCl in water samples collected in the city of Durban 
measured by Lovibond device, titration and IC method for quantification. 

 

  

Lovibond device 
   

IC 

  

Titration 

   Blue Lagoon Beach 35 28.94 

 

32.27 

Suncoast Beach 30 28.98 31.70 

Durban South Beach 30 28.27 

 

30.28 

Durban Harbour S1 15 14.32 17.24 

Durban Harbour S2 10 7.45 8.93 

Umgeni estuary >30 30.49 32.42 

Umgeni estuary 100 m upstream  30 29.96 30.85 

Umgeni estuary 200 m upstream  30 29.41 30.28 

Umgeni estuary 300 m upstream  25 25.65 26.81 

Umgeni estuary 400 m upstream  5 5.20 5.06 

Analyses were done in triplicate in all tested samples (N=3). 



75 

 

4.18. Cost of analysis and comparison with other chloride testing 
kits 

Chloride test kits based on colorimetric method from Hach Company 1454200 

Chlorine free and total test kit Model CN-70 currently costs R3035. LaMotte 3308-01 

Model SL-26 Dpd free total and combined Chlorine individual test kit 0.2 0.4 0.6 0.8 

1.0 1.5 2.0 3.0 ppm Cl range currently costs R2540. The test kits contain reagents to 

perform approximately 110 tests for concentration range 0-1 ppT 

(https://hannainst.com/hi3815-chloride-test-kit.html). Chloride ion test kit from Sigma 

Aldrich (South Africa) sufficient for 100 colorimetric tests (R4720), tests for 

concentration range of 0-0.1 ppT. Chloride ion test kit from Sigma Aldrich sufficient for 

100 colorimetric tests (R4720), tests for concentration range of 0-0.1 ppT.  

The cost of the present developed colorimeter sensor is cost effective compared to 

the other chloride test kits. Moreover, it gave both qualitative and quantitative 

information about NaCl. The current cost of chemicals used in the colorimetric kit for 

NaCl determination for gold (III) chloride trihydrate 1 g ≈ R1200 (DLD Scientific, South 

Africa) and 500 g tri-sodium citrate ≈ R540 (Sigma Aldrich, South Africa).  A mass of 

0.4 g of gold (III) chloride trihydrate salt ≈1 L of AuNPs solution (concentrated).  A 

maximum volume of 2 mL AuNPs solution used in experiments ≈ 500 samples 

analysed. Prices are based on the 2018 year and are subjected to change. 

 

 

 

 

 

 

 

 

https://hannainst.com/hi3815-chloride-test-kit.html
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Chapter 5: Conclusion and recommendations 

5.1. Conclusion  

In conclusion, an interesting colorimetric AuNPs based sensor was successfully 

constructed for the sensitive and selective determination of sodium chloride in water. 

The AuNPs were prepared by a simple reduction method in which full advantage of 

the reducing and protective characteristics of tri-sodium citrate were adopted. The 

synthesis of materials and the fabricating of the sensors were simple, inexpensive. 

NaCl flocculation and SPR alteration ability of the AuNPs attributed to the increasing 

particle size, which endowed the sensor with high selectivity and satisfying 

interference rejection of about 5 times over other species. The LOQ and LOD of the 

developed AuNPs were found to be 1.18 ppT and 3.57 ppT respectively. The sensor 

can reliably identify and quantify the lowest concentration of sodium chloride in water. 

Statistical validation of the AuNPs using ANOVA confirmed the efficiency and 

accuracy of the sensor by being able to differentiate between the different NaCl levels 

(high and low) in the tested samples. 

 A colour wheel for the Lovibond device fabricated using ImageJ software processing 

and the RGB values matched the naked eye colorimetric response of the calibration 

standards. Colorgrab and CIELab colour system confirmed the variation in colour 

intensities of the colour hues for the Lovibond device. The fabricated device is highly 

accurate, precise and robust. Furthermore, The AuNPs device worked efficiently in 

analysis of real seawater samples that are known for its complex matrix. NaCl was 

successfully detected in real seawater and estuarine water samples for the two city 

locations in South Africa, Durban and Amanzimtoti, with satisfactory recoveries, both 

for the AuNPs-UV-Vis detection and the fabricated Lovibond device.  

In August, Umgeni estuarine water experienced salt intrusion up to a distance of 300 

m upstream. The current study suggested that NaCl concentrations was substantially 

increasing in dry seasons in estuaries due to salt intrusion from seawater. Therefore, 

a simple, competent, rapid and cost-effective colorimetric method for the detection of 

sodium chloride based on gold nanoparticles system in seawater is required for 

monitoring of this fluctuation of the salinity level. Another advantage of the AuNPs 
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colorimetric sensor was that it provided an effective platform for practical analysis of 

NaCl in seawater by overcoming the application of traditional techniques and 

complicated instrumentation that require highly skilled personnel. Based on these 

striking properties, the work described herein will open up new avenues for the further 

design and application of AuNPs along with other noble metals nanoparticles in many 

fields. Moreover, the developed AuNPs sensor will be a helpful initiative among 

chemists, nature conservationists, biologists and even to simple people like the life 

guards at the beaches, it will make a useful tool for field measurements that greatly 

impacts the environment. 

5.2. Recommendations   

Highly sophisticated instrumentations such as X-ray photoelectron spectroscopy and 

Field Flow Fractionation- Zeta nanosizer ZSP for further detailed characterization of 

the synthesized AuNPs will be necessary for understanding the binding mechanism of 

NaCl to AuNPs surface, molecular weight and oxidation state of AuNPs confirmation. 

Studies involving the determination of favourable conditions e.g. weather, seasons 

etc. for salt generation and the amount of salinization associated with these conditions 

for different types of environmental waters are recommended.  
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Annexures 

Annexure A: Lovibond results for the quantification of NaCl in standard solutions and samples. 
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Annexure B: Typical ion chromatograms for NaCl standard 40 ppm, seawater sample and estuarine water sample. 
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Annexure C: Map and sampling locations 

(a) Map of South Africa with sampling locations. (b) Satellite map showing sampling points in Durban and Amanzimtoti along the sea coast 
areas (c) Umgeni estuary, upstream (405 m away from mouth) and Blue lagoon beach sampling points. (d) Amanzimtoti estuary and 
upstream (205 m away from mouth) sampling points. (e) Suncoast beach sample point. (The red diamond shape represents the actual 
sampling position on site).  
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Annexure D: Sampling No. 2; map of sample locations in Durban city in South Africa. 

 

1. Umgeni estuary 2. Umgeni estuary 3. Blue lagoon beach 4. 
Suncoast beach 5. Durban south beach 6. Durban Harbour
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