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A novel method has been proposed to realize the visual and colorimetric 

detection of Hg(II) ions based on direct reduction of Au(III) solution to gold 

nanoparticle (AuNPs). Three dithia-diaza ligands: 3-AEPE, 4-AEBE and 5-AEPE, were 

synthesized and used as a stabilizer for preventing the aggregation of gold nanoparticles 

in the absence of Hg(II) ion, showing a rose-red color. In the presence of Hg(II) ion, 

gold nanoparticle stabilized by dithia-diaza ligand solution became purple and blue 

immediately when addition of reducing agent NaBH4.  For spectrometric and naked eye 

detection, the suitable concentration of Au(III) solution, 3-AEPE, NaBH4 and Triton  

X-100 was 125 M, 0.3 mM, 0.6 mM and 0.1%(v/v), respectively. The suitable pH of     

3-AEPE-stabilized gold nanoparticles was 1.4. By comparing with other metal ions, 

only Hg(II) ion can induce the aggregation of gold nanoparticles, resulting solution 

turns to blue rapidly. By measuring at a wavelength of 680 nm, absorbance values 

increased linearly as three levels of concentration of Hg(II) ion range of 0 - 1.25 M 
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observation time. 
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CHAPTER I 

 

INTRODUCTION 

 

1.1 Statement of the problem 

Currently, the contamination of toxic heavy metals in the environment causes 

highly serious environmental and human health problems. Among the toxic trace 

metals, mercury (Hg) is one of the most hazardous environmental pollutants affecting 

both human health and the degradation of the environment. The three most important 

chemical forms of mercury in the environment are (i) elemental mercury (Hg
0
), which 

has a high vapor pressure and relatively low solubility in water and is primarily 

present in the atmosphere; (ii) inorganic mercury in the form of mercurous (Hg2
2+

) 

and mercuric (Hg
2+

) cations and their salts, which can be far more soluble and have a 

strong affinity for many inorganic and organic ligands, especially those containing 

sulfur; and (iii) organic mercury, including methylmercury (CH3Hg
+
), 

dimethylmercury (CH3HgCH3) and organometallic compounds having one or two 

alkyl-/aryl-substituents bound to the mercury atom [1-3].  

All mercury species are toxic, with organic mercury compounds generally 

being more toxic than inorganic species, especially methylmercury that is the most 

toxic of all forms to living systems [4]. Depending on environmental conditions, 

mercury species may transform among the different forms in atmospheric and aquatic 

environments through biogeochemical processes. The distribution of inorganic 

mercury is mainly found in water and sediments and depends on pH of the solution. 

The toxic effects of mercury depend on its chemical form and the route of exposure. 

Nevertheless, mercury may affect the central neurological and renal systems, damage 

of chromosome, kidney and other organs and can result in long-term health disorders. 

Nervous system disorders include impaired vision, impairment of pulmonary function 

and physical impairments. The toxicity of mercury can cause irreversible damage 

areas of the brain and may ultimately cause death [5].  
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Due to their high toxicity even at low concentrations, the monitoring and 

measurement of mercury(II) is very important in many fields, such as environmental 

monitoring, waste management, food toxicity and clinical or biomedical diagnosis. 

Considering the extreme toxicity of mercury(II), the US Environmental Protection 

Agency (EPA) standard for the maximum allowable level of inorganic mercury in 

drinking water is 2 µg L
-1

 (10 nM). A wide variety of analytical methods have been 

recommended for determination of trace mercury, such as spectrophotometry [6-9], 

cold-vapor atomic absorption spectroscopy (CV-AAS) [10-12], atomic fluorescence 

spectroscopy (AFS) [13, 14] and inductively coupled plasma–mass spectrometry 

(ICP-MS) [15]. Despite numerous advantages in many parts, such as simplicity, high 

sensitivity and precision, high speed and powerful performance, these methods are 

limited in several applications. The drawbacks of these methods are high cost of 

operation, expensive equipment, amount of time consumed, complicated sample 

preparation and non-portability.  

Over the past years, the specifically mercury(II) chemosensors, such as 

chromogenic [16-21], fluorogenic [22-25], biosensors [26] and optodes [27, 28], have 

been designed and developed to detect trace mercury(II) levels. Among these 

methods, colorimetric sensors have become widely popular, due in part to their 

simplicity, rapidity, precision and the common uses of this basic equipment in 

laboratory and field, including applications based upon easy visual detection by the 

naked eye without resorting to any expensive instruments. Recently, the development 

of a colorimetric sensor based on the gold nanoparticles (AuNPs) has attracted much 

attention to selective and sensitive sensors to monitor and determine trace mercury(II) 

levels in real-time from biological and environmental samples because of its high 

extinction coefficient in the visible region and color changing effect depending on the 

interparticle distance.  

 

1.2 Objectives of the thesis 

 The aims of this research were focused on the development of mercury(II) 

analysis using gold nanoparticles stabilized with dithia–diaza ligands. Thus, the 

objectives of this research are (i) to synthesize and characterize the dithia–diaza 
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ligands, including 2-[3-(2-amino-ethylsulfanyl)-propylsulfanyl]-ethylamine (3-

AEPE), 2-[4-(2-amino-ethylsulfanyl)-butylsulfanyl]-ethylamine (4-AEBE) and 2-[5-

(2-amino-ethylsulfanyl)-pentylsulfanyl]-ethylamine (5-AEPE), (ii) to optimize the 

gold nanoparticle stabilization in the presence of dithia–diaza ligands, (iii) to compare 

stabilization efficiency of gold nanoparticles stabilized by three dithia-diaza ligands 

and (iv) to develop the method for the determination of mercury(II) ions in water 

sample.  

 

1.3 Scope of the thesis 

In this work, simple reduction of gold(III) ions with sodium borohydride to 

form gold nanoparticles in the presence of dithia-diaza ligands was a novel 

development. Dithia-diaza ligands (3-AEPE, 4-AEBE and 5-AEPE) were used as 

stabilizer for dispersing gold nanoparticles against aggregation or degradation and at 

the same time to be a selective ligand for mercury(II) ions in aqueous media. The 

gold(III) precursor solution (in HAuCl4 form) in the presence of dithia-diaza ligands 

was directly reduced by sodium borohydride to form dithia-diaza- gold nanoparticles 

(D-AuNPs), showing a red color. On the other hand, the color of the system 

containing mercury(II) appeared blue in coloration immediately after reduction. The 

color of aggregated gold nanoparticles could be observed by UV-vis 

spectrophotometer and naked eye. The effect of stability parameters on the surface 

plasmon resonance (SPR) of gold nanoparticle, such as the concentration of gold(III) 

solution, dithia-diaza ligands, sodium borohydride and co-stabilizer, pH, reaction time 

and interfering effects were investigated. In addition, the proposed method was 

validated and also applied for bottled drinking water samples. 

 

1.4 The benefit of this research 

A novel, simple, rapid and reliable sensing based on direct formation of gold 

nanoparticle for determination of mercury(II) levels using UV-vis spectrophotometer 

and naked eyes was obtained.  
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CHAPTER II 

 

THEORY AND LITERATURE REVIEWS 

 

2.1 Mercury measurement 

A wide variety of analytical methods have been developed to detect trace 

levels of mercury(II) ions in human and environmental samples. Cold vapor-atomic 

absorption spectrometry (CV-AAS) is one of the most famous methods for 

determination of mercury and it offers several advantages, such as good precision, 

accuracy and low cost of operation. However, the lack of sensitivity is a major 

concern. In order to improve sensitivity, the sample preparation, separation and/or 

preconcentration processes have been required, especially when mercury 

concentrations in the sample are too low to be determined directly by CV-AAS. For 

example, Rio Segade and Tyson [12] reported the determination of inorganic mercury 

and total mercury by developing the flow injection CV-AAS using sodium 

borohydride as reducing agent. The limit of detection of inorganic mercury and total 

mercury were found in the range of 1.2 - 19 ng g
-1

 (6 - 95 nM) and 6.6 - 18 ng g
-1

 (33 

- 95 nM), respectively. Tavallali and NoroziKhah [29] designed the cold vapor system 

coupled with atomic absorption spectrometry (AAS) for determining mercury in 

waste water with the lowest detection limit of 51 ng L
-1

 (0.255 nM). Martinis et al. 

[30] developed the determination of trace mercury by flow injection CV-AAS after 

preconcentration with ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate, 

[C4mim][PF6]. The limit of detection was as low as 2.3 ng L
−1

. 

Atomic fluorescence spectroscopy (AFS) and inductively coupled plasma-

mass spectrometry (ICP-MS) have been alternatively used for the determination of 

mercury due to their high sensitivity, high selectivity, and high sample throughput and 

they often provide direct and quantitative information about mercury concentration. 

However, they have several disadvantages, such as high cost of instrumentation, 

requiring specialist operation, being time-consuming, complicated sample preparation 

and they are not easily applied to on-filed applications or non-portable equipment. 
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Optical detection with a chemosensor, including fluorescence and 

colorimetric (or naked eye) assays have been widely developed based on the 

interaction of metal ions with the -electron system of chromophore and/or 

fluorophore in the molecular-level host–guest concept in solution, resulting in 

complexation. The selectivity of receptors relies on the design of binding ligand with 

predominant recognition of guest or specific metal ions by binding-induced changes 

in spectroscopic or electrochemical properties. Thus, the design and synthesis of 

specific recognition receptors for metal ions is an extremely important subject in the 

application of sensing devices. For example, Cheng et al. [31] synthesized an 

azobenzene derivative for rapid naked eye detection of mercury(II). The lowest 

concentration of 20 M mercury(II) led to color change from yellow to deep-red. Tan 

and Yan [17] synthesized a 4-(4-fluoro-2,1,3-benzoxadiazol-7-ylthio)-7-mercapto-

2,1,3-benzoxadiazole chromogenic sensor for determination of mercury(II) and 

copper(II) ions with the limit of detection of 0.34 M and 2.9 M, respectively. 

Cheng et al. [32] synthesized an azo derivative 5-(4-methylaminophenylazo)-2-

methylquinolin-8-yl benzoate as a colorimetric and naked eye method for detection of 

mercury(II). Yang et al. [16] reported the synthesis of an anthraquinone derivative 

having two thiourea groups, exploited as a selective sensor to both UV-vis and 

colorimetric methods for mercury(II) and silver(I) ions. According to hard and soft 

acid and bases (HSAB) theory, thiourea and its derivatives containing sulfur and two 

nitrogen atoms were used as a sensitive receptor for the detection of mercury(II) ions 

by using colorimetric and fluorescence devices through the mercury-desulfurization 

reaction [33-36]. Yu et al. [22] synthesized a water-soluble fluoroionophore, p-

dimethylaminobenzaldehyde thiosemicarbazone, for mercury(II) with the limit of 

detection of 0.77 M.  

Colorimetric sensors have become extensively popular because of rapid 

detection and easy observation of the color change by naked eye. However, most of 

the chemosensor molecules have some disadvantages, such as the lack of water 

solubility, requiring the use of organic solvent mixtures, being cross-sensitive toward 

other metal ions and having complicated synthesis routes. Recently, the development 

of colorimetric sensors based on the aggregation of gold nanoparticles have become 
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popular as sensitive and selective sensors to determine mercury(II) levels in real-time 

from biological and environmental samples. Because of their unique optical 

properties, gold nanoparticles have been used as colorimetric nanoparticle sensor in 

rapid detection assays for several reasons. First, gold nanoparticles exhibit unique and 

tunable optical properties owing to the phenomenon of surface plasmon resonance 

(SPR); its SPR is an intense absorption band in the visible region. Second, gold 

nanoparticle has an extremely high molar absorptivity ( > 10
8
 M

-1
cm

-1
) that is higher 

than organic molecules by about 3 - 5 orders. Thus, this property will increase the 

inherent limit of detection of the colorimetric method based on a measureable change 

in optical properties. Third, colloidal gold nanoparticle has a surface for easy 

modification by a variety of ligands in order to increase selectivity toward target 

analytes. Finally, the SPR depends on several parameters, such as size, shape, ligand 

capping, medium and interparticle distance; therefore, the change of any parameter 

leads to the color change that can be rapidly monitored via either UV-vis 

spectroscopy or naked eye. Mulvaney [37] overviewed theoretical and experimental 

studies by the use of optical measurements to monitor chemosorption, metal 

deposition and alloy formation of nanoparticles. It was indicated that the deposition of 

electropositive metal layers on the surface of nanoparticles resulted in a blue-shift to a 

longer wavelength of the SPR band. 

 

2.2 Surface plasmon resonance in metallic nanoparticles 

Plasmon resonance is a prominent spectroscopic feature of noble metal 

nanoparticles that provide a sharp and intense absorption band in the visible region 

spectrum. The physical origin of the absorption is the coherent oscillation of the free 

conduction electrons at the surface of the particle with respect to the ionic core of the 

nanoparticle when nanoparticles are exposed to light radiation. The electric field of an 

incoming light which contains oscillating electronic and magnetic waves induces 

polarization of the electron at the surface of a spherical nanoparticle (6s electrons of 

the conduction band of gold nanoparticle), causing the collective oscillation of free 

conduction electrons [38]. The coherent oscillation of the metallic free electrons in 

resonance with the frequency of the electromagnetic field is called surface plasmon 
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resonance (SPR). The SPR of nanoparticles has a strong absorption band in the visible 

region and results in the origin of the observed color effect [39]. The plasmon 

resonance of the noble metals, such as copper (Cu), silver (Ag) and gold (Au) displays 

uniquely strong absorption bands in the visible region. Meanwhile, the plasmon 

frequency of other transition metals, such as lead (Pb), mercury (Hg), tin (Sn) and 

cadmium (Cd) appear in the UV region, but do not exhibit strong color effects and 

show a board, low-intensity absorption band. The potential for achieving optical 

effects using strong SPR leads to the most important of the enhancement of light 

scattering and absorption cross-section of gold nanoparticle. As shown in Figure 2.1, 

the SPR of gold nanoparticle can relate to other applications, such as fluorescence and 

surface enhance raman scattering spectroscopy (SERS). 

 

Figure 2.1 Optical properties of gold nanoparticle interaction with light, resulting in 

the strong enhancement of the electric field, light absorption and scattering and 

surface enhancement luminescence [40]. 

 

A schematic presentation of the creation of SPR of metallic nanoparticles is 

depicted in Figure 2.2. The positive charges in the nanoparticles are assumed to be 

immobile while the negative charges (conduction electrons) move under the influence 

of external fields. A displacement of the negative charges from the positive charges 

occurs when the metallic nanoparticle is placed in an electric field. A dipolar 

oscillation of the electrons is created with respect to a particular time period. The 

collective oscillation of the electrons is also sometimes denoted as the “dipole particle 

plasmon resonance” [38, 41]. 

 

Fluorescence 

Mie scattering 

SERS 

Absorption 
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Figure 2.2 Schematic of plasmon oscillation for spherical nanoparticle, showing the 

displacement of the conduction electron charge cloud relative to the nuclei [42]. 

 

The SPR effect of nanoparticles was first described quantitatively by 

classical Mie theory in 1908, by solving Maxwell’s equation with appropriate 

boundary conditions for a small (< 100 nm) spherical nanoparticle. A spherical 

nanoparticle that is much smaller than the wavelength of the incident light (2R << , 

2R < 25 nm of gold), only the dipole oscillation term contributes significantly to the 

light nanoparticle interaction, called extinction cross-section (ext) which includes 

both the light of absorption and scattering. For very small particles (R << ), the 

scattering cross-section is negligible and the extinction cross-section mainly 

dominated by absorption. The extinction cross-section from Mie theory then reduces 

to the following expression (dipole approximation) [38, 43, 44]. 

 

        
      

   

 

       

 [  ( )    ]
        

     ……… (2.1) 

 

Where, V = is the spherical particle volume (V = 4/3)R3
), R is the radius of 

the particle,  is the angular frequency of the exciting electromagnetic radiation, c is 

the speed of light, m is the dielectric functions of the surrounding medium and 1() 

and 2() are the real and imaginary parts of the material dielectric function, 

respectively [44]. As can be seen from Eq. 2.1, the extinction cross-section (ext) of a 

particle depends on the dielectric function (m) of the metal. The maximum value of 

ext, or the SPR band, will occur when the denominator of the right-hand side of the 

equation becomes minimal, or in other word, when 1() = -2 m, and 2() is small or 

only weakly dependent on the frequency.  
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2.3 Gold nanoparticle 

2.3.1 Properties of gold nanoparticle 

One of the unique optical properties of gold nanoparticle is its SPR 

absorption or localized surface plasmon resonance (LSPR) band in the visible region 

(< 50 nm in diameter). The SPR absorption wavelength is strongly dependent on the 

particle’s size, shape/geometry, refractive index of medium or environment and 

aggregation state in solution. Therefore, any change in these parameters allows 

changes of both the plasmon resonance frequency affecting the color as well as the 

strength of the plasmonic enhancement affecting the intensity [45]. For example, if 

the size or shape of nanoparticle changes, the surface geometry also changes, causing 

a shift in the electric field density on the surface and changing the oscillation 

frequency of the electrons. It leads to different cross-section optical properties. The 

color change effect is the result of the coupling of the SPR between particles in close 

proximity. When the distance between particles decreases, the effect of plasmonic 

coupling increases, thus resulting in a red shift of the plasmon band in the visible 

region and change in solution color [44]. The excitation of the SPR of gold 

nanoparticle results in the enhancement of the photophysical properties. 

 

Size-dependent optical properties 

It is well-known that the plasmon resonance of metal nanoparticles is 

strongly sensitive to their nanoparticle size, shape and the dielectric properties of the 

surrounding medium. Thus, optical properties of gold nanoparticle can be readily 

tuned by varying their size and shape. As the nanoparticle size increases, the number 

of electrons also increases in direct proportion to the volume, because of which the 

extinction of particles increases with volume (Eq. 2.1). For example, colloidal gold 

nanoparticle with diameters of 14 nm in aqueous solution displays a centered 

maximum absorption band in the visible region at an approximate 520 nm and 

exhibits a clear deep-red color. In aqueous media, the SPR is absent for gold 

nanoparticle with core diameter of less than 2 nm, as well as for bulk gold. A solution 

of smaller individual gold nanoparticle (5 - 20 nm) appears deep-red, while those of 
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larger particles or aggregates of smaller particles appear as purple to deep-blue [46]. 

For gold nanoparticles with mean diameter of 8.9, 14.8, 21.7, 48.3, and 99.3 nm, the 

maximum SPR absorption bands (spr) were observed at 517, 520, 521, 533 and 575 

nm, respectively [43, 47]. The extinction spectra of gold nanoparticles of different 

sizes are shown in Figure 2.3. The plasmon resonance band is clearly visible and its 

center maximum absorption band shifts to longer wavelength with increasing particle 

diameter (D). 

 

Figure 2.3 SPR absorption band of spherical gold nanoparticles in different diameter 

sizes [43]. 

 

Effect of solvent medium 

From the expression of the Mie extinction cross-section (Eq. 2.1), medium or 

dielectric constant of the surrounding medium plays a predominant role in affecting 

the plasmon peak position and intensity of gold nanoparticle [37, 44, 48]. Changing 

the medium surrounding the nanoparticle another medium having a markedly different 

refractive index strongly alters the plasmon behavior of the nanoparticle due to the 

varying ability of the surface to accommodate electron charge density from 

nanoparticles. Underwood and Mulvaney [49] demonstrated the different color of the 

colloidal gold nanoparticles (16 nm in diameter) prepared in different solvent 

mediums, such as water and in mixtures of butyl acetate and carbon disulfide with 

different ratios, by using in a series of solvents with a refractive index from 1.30 to 

Wavelength /nm 

A
b
so

rb
an

ce
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1.60. As shown in Figure 2.4, the colloidal gold nanoparticles appeared in different 

colors and their SPR bands were variable in the range of 520 to 545 nm. 

 

 

Figure 2.4 The color of colloidal gold nanoparticles in a varied solvent refractive 

index. Refractive indices of the solutions (from left to right) are 1.336, 1.407, 1.481, 

1.525 and 1.583 [49]. 

 

Molar extinction coefficient of gold nanoparticle 

The main advantage of colorimetric sensor based on gold nanoparticles is 

their extremely high extinction coefficient,  (M
-1

 cm
-1

) which is called molar 

absorptivity in classical UV-visible spectroscopy. The  of gold nanoparticle is higher 

than the magnitude of conventional organic chromophores or dyes by about 3 - 5 

orders. For example, the extinction coefficients of 13 and 50 nm diameter gold 

nanoparticles are 2.7 x 10
8
 and 1.5 x 10

10
 M

-1
cm

-1
 (at  520 nm), respectively [44]. 

UV-vis absorption spectroscopy and transmission electron microscopy (TEM) have 

been used to determine the extinction coefficient of gold nanoparticles with different 

sizes and different capping ligand monolayers. The extinction coefficient is an 

important parameter that can be used to calculate the nanoparticle concentration or 

estimate nanoparticle sizes. The extinction coefficient of gold nanoparticles was 

determined according to the Beer-Lambert law. Jain et al. [50] reported a theoretical 

calculation of the extinction coefficient of gold nanoparticles and its dependence on 

nanoparticle size. Gold nanoparticle with diameter of 40 nm provided the molar 

absorption coefficient of 7.66 x 10
9
 M

-1
cm

-1
 at a plasmon resonance wavelength 

maximum (max) of 528 nm. This value is higher than other strongly absorbing dyes, 

such as an indocyanine green ( = 1.08 x 10
4
 M

-1
cm

-1
), rhodamine-6G ( = 1.16 x 10

5
 

M
-1

cm
-1

) and malachite green (  = 1.49 x 10
5
 M

-1
cm

-1
). 
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Liu et al. [51] reported a theoretical calculation of molar extinction 

coefficients of citrate-capped gold nanoparticle with different sizes by comparing 

extinction coefficients of well-known dyes. The different core sizes (D) of citrate 

capped- gold nanoparticles (4.61 ± 0.48, 8.55 ± 0.79, 20.60 ± 1.62, 25.67 ± 5.62 and 

34.46 ± 4.34 nm in diameter) in water display high molar extinction coefficients in the 

range of 10
6
 to 10

9
 M

-1
cm

-1
. The increase in core diameter of gold nanoparticles 

provided dramatic and continuous increase in the extinction coefficient. For example, 

the extinction coefficient of 35 nm of citrate-capped gold nanoparticle is more 

increasingly than 4 nm by about three times. Maye et al. [52] demonstrated 

spectroscopic determination of extinction coefficient or molar absorptivity of gold 

nanoparticles (1.9 and 5.6 nm in diameter) capped with decanethiol and 13.4 nm of 

citrate-capped gold nanoparticles by calculating, with linear regression, that the  of 

1.9 and 5.6 nm gold nanoparticles capped with decanethiol is 4.43 x 10
5
 and 1.1 x 10

7
 

M
-1

cm
-1

, respectively. For 13.4 nm of citrate-capped gold nanoparticle, the extinction 

coefficient is 2.01 x 10
8
 M

-1
cm

-1
. Thus, gold nanoparticle in nanomolar concentration 

can be easily observed by visual naked eye, allowing sensitive detection with minimal 

consumption of reagents. 

 

Aggregation of gold nanoparticles 

Generally, a colloidal solution of gold nanoparticles with diameters of 5 - 20 

nm exhibits a red color. Aggregation of gold nanoparticles leads to a shift of the 

absorption peak to longer wavelength and changes the color of the colloidal solution 

to purple or blue. The concept of gold nanoparticle aggregation has been applied to 

various target analytes, such as DNA, heavy metal ions, proteins, HIV and others. The 

aggregation mechanism may be mainly divided into two approaches [53, 54]. The first 

is interparticle crosslinking aggregation that occurs based on interparticle bonding 

formation, either by using crosslinker molecules to bind with the receptor ligand on 

gold nanoparticle, or without crosslinker (direct interaction between receptor modified 

gold nanoparticle and non-receptor gold nanoparticle). The possibility of interparticle 

bond formation, such as hydrogen bonding, electrostatic attraction, hydrophobic 

interaction and metal-ligand coordination can overcome the interparticle repulsive 
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forces (electrostatic and/or steric repulsion) of gold nanoparticles [55]. The other 

approach is non-crosslinking aggregation or destabilization-induced aggregation. This 

approach occurs by losing the electrostatic, steric, or electrosteric stabilization without 

the formation of interparticle bonds.  

 

Colorimetric measurement of gold nanoparticle 

Within colorimetric analysis, the aggregation of gold nanoparticle is the main 

mechanism in gold nanoparticle, leading to a change in their SPR (color and 

absorbance). Using this concept, color changes of gold nanoparticles via analyte-

induced aggregation have been widely developed for the detection of metal ions. The 

color change can be easily observed by colorimetric and naked eye methods that do 

not require sophisticated instruments for qualitative analysis. For quantitative 

analysis, the absorption spectra are usually recorded with the ratio of absorbance at 

520 nm, which corresponds to dispersed particles, and a longer wavelength, 

corresponding to aggregated particles. Typically, the detection limit of gold 

nanoparticle-based colorimetric assays without signal amplification steps is in the 

range of nM to µM, depending on both the design of the system and the binding 

affinity of the biomolecule receptors. However, the sensitivity and selectivity of gold 

nanoparticle-based sensors also depends on several factors, such as the gold 

nanoparticle size, capping ligands, pH, ionic strength, medium and temperature [54, 

56]. 

 

2.3.2 Preparation of gold nanoparticle 

The most commonly used method for the synthesis of gold nanoparticle is 

the chemical reduction of gold(III) salt to gold(0), yielding gold nanoparticle colloids. 

This method requires a reducing agent in the presence of a capping agent that can 

allow chemisorption and/or physicsorption on the surface of gold nanoparticle to 

avoid their aggregation [45]. The reduction of HAuCl4 with tri-sodium citrate solution 

in water at boiling point is a well-known method for the synthesis of gold nanoparticle 

called as as-prepared gold nanoparticle, which was introduced by Turkevitch in 1951. 

The reduction reaction was done at high temperature until the solution changed from 
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yellow to red color, resulting in gold nanoparticle production approximately 20 nm in 

diameter [57]. The mechanism of this method occurs as a multi-step process [58]. The 

size of such nanoparticles is controlled by varying the reducing/stabilizing agent (tri-

sodium citrate) to gold ratio from 5.0 to 0.5, to obtain the core size from 10 to 150 

nm. 

Brust et al. [59, 60] developed the two phase method, which is the most 

widely used for thiols stabilized gold nanoparticles in organic solvents. A solution of 

HAuCl4 was transferred into toluene containing tetraoctylammonium bromide 

(TOAB) and/or thiolalkanes or aminoalkanes as phase transfer agent. The toluene 

solution is thoroughly stirred with an aqueous solution of sodium borohydride, to 

obtain particle sizes in the range of 1 - 30 nm. The surface of gold nanoparticle was 

functionalized with specific functionalities of ligands by place-exchange reactions. 

Although tri-sodium citrate is the most common reducing agent, spherical 

gold nanoparticles can also be synthesized by the use of borohydride and other 

reducing agents, such as ascorbic acid, hydroxylamine hydrochloride, monosodium 

glutamate, gallic acid and others [61]. While citrate is able to reduce gold(III) to 

gold(0) at high temperatures, sodium borohydride is a more powerful reducing agent 

with the capability to reduce gold(III) ions at room temperature [62]. Apart from 

chemical reduction methods, alternative methods for synthesizing gold nanoparticle 

were approached, such as microemulsion, reversed micelles, seeding growth and 

physical methods (photochemistry, sonochemistry, radiolysis, thermolysis etc.) [45]. 

 

2.3.3 Stabilization of gold nanoparticle 

The stability of gold nanoparticle can be related to its ability to prevent the 

aggregation or degradation of gold nanoparticles. There are several important factors 

that can influence the stability of colloidal gold nanoparticle, such as particle sizes, 

concentration, capping agent and local environment. Therefore, different capping 

agents have been developed for protecting gold nanoparticles from aggregation. They 

also display dual roles of effective reducing agents and stabilizing properties. The 

different types of reducing/capping agents have been investigated, such as those from 
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microorganisms and bacteria, plant extracts and physiological molecules, inorganic 

reagents and metal complexes, organic molecules, organic acids and salts, liposomes 

and polymers [61]. 

Gold nanoparticle prepared by the citrate reduction method is generally 

stabilized by charged citrate ions [54]. Citrate ions not only reduce gold(III) ions to 

form gold nanoparticles but also act as capping agents that stabilize gold nanoparticles 

by forming a negatively charged layer on its spherical surface. The repulsion force 

between the nanoparticles keeps them stable in suspension for long time without 

serious aggregation. Citrate species can stabilize gold nanoparticle; however, they are 

readily replaced by other desired ligands that form stronger interactions with the gold 

nanoparticle surface, especially thiols [63, 64].  

Due to high surface susceptibility to displacement by various molecules, 

citrate-stabilized gold nanoparticle is simply exchanged by ligands. The possibility of 

using thiols of different lengths as stabilizers for gold nanoparticles was first reported 

by Mulvaney and Giersig [65]. However, the limitation of citrate reduction is particle 

size of gold nanoparticle obtained in the range over 15 nm. Yonezawa and Kunitake 

[66] demonstrated a ligand stabilization for preparing gold nanoparticle with diameter 

of 2.0 nm by adding sodium 3-mercaptopropionate during the refluxing citrate 

reduction reaction. Under these conditions, smaller particles were formed because of 

the stronger coordination of thiols to the nascent gold nanoparticle surface. While the 

citrate species is able to chemically reduce the gold(III) to gold(0), the thiol moieties 

will preferentially bind to the newly formed gold surface over the excess citrate to 

produce the diminished particles. Other chemical functional groups, such as amine, 

phosphine, alcohol and carboxylate have demonstrated the ability to bind onto the 

surface of gold nanoparticles [45, 67]. 

Common mechanisms of colloidal stabilizers stabilizing gold nanoparticle 

colloids are electrostatic, steric and electrosteric (a combination of electrostatic and 

steric) interactions. As shown in Figure 2.5, for example, electrostatic stabilization or 

charge stabilizing related to surface charges and the counter ions in the medium to 

produce a repulsive electric double layer that stabilizes colloids against van der Waals 
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attractive forces [11]. For charge stabilized particles, the zeta potential is a measure of 

the stability of the particle. Typically, nanoparticles with zeta potentials greater than 

20 mV or less than -20 mV have sufficient electrostatic repulsion to remain stable in 

solution. 

 

(A)           (B)           (C)  

Figure 2.5 Schematic representation of colloidal stabilization through, (A) small 

charged molecules on the gold nanoparticle surface (electrostatic stabilization), (B) 

surface steric stabilization and (C) surface electrosteric stabilization [54]. 

 

2.3.4 Functionalization of gold nanoparticle 

The main objective of the functionalization of gold nanoparticle (or so-called 

modified-gold nanoparticles) is to preserve the stability, functionality and optical 

properties of gold nanoparticle. Gold nanoparticle should be able to retain its unique 

properties, such as strong plasmon absorption band and light scattering, whereas 

functionalized ligands should be stable and able to retain their specific recognition 

properties toward target analyte. The function of ligand modified on the surface of 

nanoparticle may be divided into two strategies. One strategy is stabilization of the 

dispersed gold nanoparticle against aggregation or degradation. The other is to 

increase the ability of gold nanoparticle to have high selectivity toward target analyte 

of interest. In both cases, recognition ligands will be also exchanged and capped on 

the surface of as prepared-gold nanoparticle fabrication via physico-chemical 

interactions [63, 68].  

Generally, citrate ions are only weakly bound to the surface of gold 

nanoparticle; therefore, they can be easily replaced by substituting ligands through 

chemical interaction between the sensitive ligand molecules and nanoparticle surface. 
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Using this concept, various biological and non-biological molecules have effectively 

functionalized as both complete and partial surface substituents on the surface of gold 

nanoparticle through physical interactions (electrostatic and hydrophobic), covalent 

coupling bonds and specific recognition interactions [56]. 

 

2.3.4.1 Functionalization with biological molecules 

Several ways have been exploited to attract biological molecules, especially 

DNA, to gold nanoparticle. The electrostatic interaction between gold nanoparticles 

and various biological molecules is one of the easiest ways to functionalize and 

stabilize gold nanoparticle. The positive charges of gold nanoparticles can bind to 

negatively charged and nucleophilic moieties with stable ionic interactions. Biological 

molecules containing simultaneous acidic and basic groups, such as DNA, 

oligonucleotides and proteins are efficient for functionalizing/stabilizing gold 

nanoparticles. Generally, the functionalization of gold nanoparticles by biological 

molecules occurs through passive adsorption of their ligands on the surface of gold 

nanoparticles by electrostatic and hydrophobic interactions. In the case of citrate-

capped gold nanoparticle, a strong negative charge on the citrate-stabilized gold 

nanoparticle surface provides an opportunity for Coulombic interaction with amine 

(NH2) groups of biological ligands adsorbed on the nanoparticle surface. Meanwhile, 

thiolated biomolecules can be directly bound to the gold nanoparticle surface via 

thiol-gold affinity interactions [68].  

DNA-functionalized gold nanoparticles (DNA-AuNPs) have been widely 

exploited as colorimetric sensors for monitoring mercury(II) ion based on high 

affinity of mercury(II) ion and thymine-thymine (T-T) base pairs in DNA duplex to 

from a thymine-mercury(II)-thymine (T–Hg
2+
–T) coordination [69, 70]. When 

mercury(II) ions interact with the thymine units of the DNA molecules, the 

formations of these DNA molecules also change from linear to hairpin structures, 

resulting in DNA molecule release from the surface of gold nanoparticles and then 

reducing the aggregation of gold nanoparticle. The colorimetric detection of 

mercury(II) in aqueous media based on DNA/DNAzyme-functionalized gold 

nanoparticle has been widely developed [71-80]. Apart from DNA or DNAzymes, 
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other biological ligands, such as oligonucleotides [74, 81-83], chitosan [84] and 

protein [85] have been recently reported. 

 

2.3.4.2 Functionalization with non-biological molecules 

Ligands containing one or more functional groups, such as thiolate, amines, 

carboxylates and sulfide can be functionalized on the surface of gold nanoparticle 

similar to DNA through a strong bonding of gold-sulfur (Au-S) and gold-nitrogen 

(Au-N). For example, recognition ligands containing at least a thiol group can be 

generally modified on the surface of gold nanoparticle as mercury(II) detection 

proves, such as 3-mercaptopropionic acid [86-88], 11-mercaptoundecaoic acid [89], 

cysteine [90, 91], dithioerythritol [92], (11-mercapto-undecyl)-trimethyl ammonium 

[93], triethylene glycol thiol [94], 4-mercaptobutanol [95] and glutathione [96]. 

Thiolate groups can be strongly bound onto the surface of gold nanoparticle via strong 

gold-sulfur covalent bonds, while their positive and/or negative charges act as 

stabilizers by electrostatic repulsion. Apart from thiolates, other functional groups or 

molecules, such as Tween-20 [97], peptides [98], amine [99], thymine derivative 

[100, 101] and nitrotriazole [102] were alternatively developed as colorimetric 

mercury(II) sensors. 

 

2.3.5 Characterization techniques 

2.3.5.1 Characterization of gold nanoparticle 

UV-visible spectroscopy 

UV-vis spectroscopy (UV-vis) is a very useful and simple technique for 

characterizing the optical properties and electronic structure of gold nanoparticle by 

absorption band. This method has been widely used to estimate size, concentration, 

and aggregation level of gold nanoparticles based on peak position and peak intensity. 

The extinction spectra of gold nanoparticle are related to the diameter and aspect ratio 

of gold nanoparticle. A solution of spherical gold nanoparticle displays a distinctive 

red color [103-105]. In the case of non-spherical nanoparticles, there is typically more 
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than one plasmon resonance peak due to asymmetry, allowing for assessment of shape 

as well. According to Beer’s law, the absorbance of dilute gold nanoparticle 

dispersion is proportional to the number of nanoparticles per unit volume of 

dispersion [37]. 

       
      
     

    ……… (2.2) 

Where, A is the absorbance, N is the number of nanoparticles per unit volume 

of dispersion, d is the path length (usually 1 cm) and Cext is the extinction cross-

section of a single particle. As seen in Eq. 2.2, when the other factors are identical, the 

number of gold nanoparticle per unit volume can be measured by absorbance of the 

dispersion based on the Beer’s law. By using UV-vis technique, both theoretical and 

experimental calculation, Haiss et al. [106] demonstrated the determination of size 

and concentration of gold nanoparticles in the range of 3 - 120 nm in diameter. The 

optical method is well in agreement for gold nanoparticles with diameter of 5 to 100 

nm, with the SPR peak appearing in the range between 520 to 580 nm.  

 

Transmission electron microscopy 

The most common characterization technique of gold nanoparticle is 

transmission electron microscopy (TEM), which obtains a photograph of gold core, 

size and shape of the gold nanoparticle. TEM operates on the same basic principles as 

the light microscope but uses electrons instead of light as a "light source" and their 

much lower wavelength makes it possible to get a resolution one thousand times 

higher than with a light microscope. In principle, the electrons are emitted by an 

electron gun, commonly fitted with a tungsten filament cathode as the electron source. 

The electron beam is accelerated through a vacuum in the column of the microscope 

by an anode typically at +100 keV (40 to 400 keV). The electromagnetic lenses are 

focused into a very thin electron beam. The electron beam then transmits through the 

specimen that is in part transparent to electrons and in part scatters them out of the 

beam, depending on the density of the material components. The electron beam 

carries information about the structure of the specimen that is magnified by the 

objective lens system of the microscope. The spatial variation in this information (the 
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"image") is viewed by projecting the magnified electron image onto a fluorescent 

viewing screen coated with a phosphor or scintillator material such as zinc sulfide. 

The image can be photographically recorded by exposing a photographic film or plate 

directly to the electron beam, or a high-resolution phosphor may be coupled by means 

of a lens optical system or a fiber optic light-guide to the sensor of a CCD (charge-

coupled device) camera. 

 

2.3.5.2 Characterization of stabilizing ligands 

Fourier transforms infrared spectroscopy 

Fourier transforms infrared (FT-IR) spectroscopy is a powerful technique, 

popularly used in the characterization of the structure of both organic and inorganic 

molecules based on functional groups or chemical bonds. A suitable prepared sample, 

which could be a solid, liquid or gas, is placed in the path of an infrared radiation 

source and its absorption of different infrared frequencies is measured. The infrared 

photon energies, in a range of 4000 cm
-1

 to 400 cm
-1

, are insufficient to excite 

electrons to higher electronic energy states, but cause transitions in vibrational energy 

states. These states are associated with molecular bonds, and consequently each 

molecule has its own unique signatures. 

 

Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is a research technique 

that exploits the magnetic properties of certain atomic nuclei to determine physical 

and chemical properties of atoms or molecules in which they are contained. It relies 

on the phenomenon of nuclear magnetic resonance and can provide detailed 

information about the structure, dynamics, reaction state, and chemical environment 

of molecules. NMR spectroscopy is commonly used to investigate the properties of 

organic molecules, though it is applicable to any nucleus possessing spin. When 

placed in a strong magnetic field, certain nuclei resonate at a characteristic frequency 

in the radio frequency range of the electromagnetic spectrum. Slight variations in this 



 21 

resonant frequency provide detailed information about the molecular structure in 

which the atom resides. 

 

2.4 Dithia-diaza ligands 

Specific recognition of ligand toward the target analyte is one of most 

significant concerns for the application of gold nanoparticle based-colorimetric 

sensors. Sensor mechanisms based theorically on the interaction between electron 

donor atoms and electron acceptor metals by covalent or coordination bonds. The 

electron donor atoms are molecules capable of binding to metal ions by donating a 

pair of electrons. Some elements are classified as donor atoms, such as Group VB 

(nitrogen and phosphorus) and Group VIB (oxygen and sulfur). Several functional 

groups usually contain one or more donor atoms, such as amine, urea, thiourea, imine, 

thiol, thiocarbamate, carboxylic, phenolic etc. According to the hard and soft acids 

and bases theory (HSAB), metal ions can be divided into three groups [107, 108]. 

Group 1)  Hard acid: the characteristic of the cations in this group is small 

in size and low charge polarizability. This group includes alkali and alkaline-earth 

metals. 

Group 2)  Borderline acid: cations in this group have an intermediate 

character in both size and charge (polarizability), such as iron(II), cobalt(II), 

nickel(II), copper(II), zinc(II), lead(II) and manganese(II). They possess affinity for 

both hard and soft ligands and have suitable geometry for complex formation. 

Group 3)  Soft acid: the characteristics of this group are large in size and 

high charge polarizability. These tend to form covalent bonds with the donor ligand. 

Hence, cadmium(II) and mercury(II) ions possess strong affinity for intermediate 

(nitrogen) and soft (sulfur) ligands. 

 

Similarly, Lewis bases are also classified in the same manner as acids. The 

order of donor atom affinity for a soft acid is observed as O < N< S. A reversed order 

can be applied for hard acids. In the case of bidentate chelating ligands which contain 

two donor sites, there are various levels of the softness. The coupling of the donor site 

makes the selectivity of the chelating ligand better than monodentate ligands. The 
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softness of the bidentate donor site is (O, O) < (O, N) < (N, N) < (N, S). Basically, the 

competition between Group 1 and Group 2 metals is observed in the case of O donor 

sites. With metal ions in Group 2 and Group 3, competition is always present in the 

case of N and S donor sites. However, the competition between Group 1 and Group 3 

is weak. This principle can be applied to the ligand design for specific analytes in the 

different cases. 

Dithia-diaza ligands containing two sulfur (2S) and two nitrogen (2N) atoms 

as electron donor atoms are classified as soft base ligands. According to HSAB 

principles, soft acid metal ions, such as silver(I) and mercury(II) ions display great 

affinities binding to soft base ligands which contain sulfur and/or nitrogen atoms. In 

past years, a dithia-diaza ligand, especially 2-[3-(2-amino-ethylsulfanyl)-

propylsulfanyl]-ethylamine (3-AEPE) as shown in Figure 2.6, was reported as a 

chelating ligand used in solid phase extraction for mercury(II) ion by grafting on 

effective materials, such as silica gel/MCM-41 [109] and organo-clay minerals [110]. 

Additionally, 3-AEPE was also coated on polystyrene magnetic particles for 

extraction of gold(III) and silver(I) in wastewater [111]. Nutthanara et al. [112] 

synthesized cyclic dithia-diaza with dual Schiff-base linkage functionalized 

polystyrene-divinylbenzene (PS-DVB) resins for adsorption of lead(II), copper(II), 

cadmium(II), zinc(II), nickel(II), cobalt(II) and chromium(III) ions in aqueous 

solution. Moreover, 3-AEPE was used as a functional subunit group to prepare 

ionophore as dual optical chemosensor for detecting mercury(II) ions [20, 113]. 

Nevertheless, dithia-diaza ligands have not been reported as a stabilizer for preventing 

the aggregation of gold nanoparticles.  

 

Figure 2.6 Structure of 2-[3-(2-amino-ethylsulfanyl)-propylsulfanyl]-ethylamine (3-

AEPE) 
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2.5 Ionic liquids 

Room temperature ionic liquids (RTILs) are organic salts consisting of an 

organic cation with delocalized charge and organic or inorganic anions that are liquid 

at low temperature [114, 115]. Ionic liquids are widely considered as alternative 

organic solvents and have been applied in many fields, such as organic synthesis, 

liquid phase extraction and catalysis for clean technology. The unique properties of 

ionic liquids, such as water immiscibility, low vapor pressure under ambient 

conditions, miniscule volatility, tunable viscosity and non-flammability, mainly 

depend on their special structures [116]. Currently, ionic liquids have many uses as 

well as possessing great potential in many industrial applications with further 

research. Ionic liquids have the advantage of both homogenous and heterogeneous 

catalysts because they can be immiscible with reactants and products but dissolve the 

catalyst. They can also be used as an alternative to traditional organic and inorganic 

solvents. Recently, ionic liquids have been found to be able to remove metal ions such 

as cadmium and mercury from contaminated water because ionic liquids are insoluble 

in water making the two liquid phases being easy to separate. The biphasic system 

was shaken to ensure that it was fully mixed and then centrifuged to separate the two 

phases after extraction. Then, the upper aqueous phase was taken out and measured 

with spectroscopy techniques to determine the concentration of metal ions that was 

left in the aqueous phase. An extraction efficiency (EE) of metal ions with ionic 

liquids is calculated by [117]; 

EE( )   
(  )aq- (  )aq

(  )aq
 x 100  ……… (2.3) 

where (Ci)aq and (Cf)aq are the concentration of metal ions in aqueous phase before 

and after extraction, respectively. 

An ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate, 

[C4mim][PF6], is considered as alternative organic solvent and has been attractively 

used as medium for extraction and preconcentration of mercury(II) ions [114, 118]. It 

is hydrophobic and immiscible in water. This makes the substance ideal for liquid-

liquid extractions. If the solute is also hydrophobic, it easily dissolves into the ionic 

liquid upon contact with the solution. The classical ionic liquids ([Cnmim][PF6], n = 
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4, 6, 8) were reported as extractant for mercury(II) ions. Thus, all ionic liquids could 

extract mercury(II) ions from aqueous phase, but the extraction ability of them 

depended on their structure, extraction time and temperature [118]. The distribution 

ratio of mercury(II) ions between [C4mim][PF6] and aqueous phase is 0.84 [119, 120]. 

Therefore, coordinator or complexing agents, such as dithizone [117], 2-(5-bromo-2-

pyridylazo)-5-diethylaminophenol (5-Br-PADAP) [30], o-carboxyphenyl diazoamino 

p-azobenzene (CDDA) [121], 2-mercaptobenzothiazole (2-MBT) [122], 1-(2-

pyridylazo)-2-naphthol (PAN) [115, 123] were used to form with mercury(II) ions in 

order to improve the extraction efficiency. 

 

2.6 Cold-vapor atomic absorption spectrometry 

Cold vapor-atomic absorption spectrometry (CV-AAS) is traditionally the 

most widely used technique for mercury determination. Mercury in a liquid sample is 

reduced, normally with tin(II) chloride (SnCl2) or sodium borohydride, to elemental 

mercury. With an inert gas the mercury vapor is purged out of the solution and 

transported to an AAS where absorption at 253.7 or 185 nm is measured. A typical 

absorption cell for mercury determination with CV-AAS is made of quartz, is 25 cm 

long and has an inner diameter of about 0.5 cm. This method provides sensitivities 

approximately four orders of magnitude better than flame AAS. Tsalev et al. [124] 

reported the on-line treatment of liquid samples in a microwave oven digestion 

coupled with CV-AAS with the limits of detection of 0.01 and 0.2 µg L
–1

 for mercury, 

with and without amalgamation, respectively. Limit of detection (LOD) of the 

developed sample preparation methods coupled with CV-AAS were reported as low 

as part per thousand (ppt) or ng L
-1

 levels in water samples. The range of CV-AAS 

method is 0.2 - 10 µg L
-1

 [29]. The range may be extended above or below the normal 

range by increasing or decreasing sample size. However, the actual method detection 

limit and linear working range are dependent on the sample matrix, type of 

instrumentation configuration, and selected operating conditions. 
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2.7 Methodology in spectrochemical analysis 

Calibration is a very acceptable part in analytical procedures, using methods 

including external standard and standard addition calibration curves. External 

standard calibration curve is basically performed in analytical methods to calibrate 

instruments and procedures having no interference effect and matrices. Standard 

addition calibration curve is one alternative method for minimizing errors from matrix 

effect. 

 

2.7.1 External standard method 

An external standard curve between analytical signal S and known analyte 

concentration Cs is fitted, resulting in acceptable mathematical function using the 

least-squares method. Then, S obtained from the sample is used to determine 

unknown analyte concentration Cx from the calibration curve. However, the basic 

assumption of the external standard is that a standard and a sample with the same 

analyte concentration will yield the same analytical signal. After applying the 

appropriate sample preparation factors, the analyte concentration in sample can be 

found [125, 126]. 

 

2.7.2 Standard addition method 

A standard addition method (often referred to as “spiking” the sample) is 

suitable for analyzing samples in which matrix effects are present. The addition of a 

known amount of analyte to the sample is done in order to determine the relative 

response of the detector to an analyte within the sample matrix. The relative response 

is then used to assess either an operative matrix effect or the sample analyte 

concentration. The procedure for going through the standard addition method is as 

follows: (1) several aliquots Vx of unknown with a concentration Cx of sample are 

transferred to a series of volumetric flasks having a volume Vt; (2) a small volume of 

standard Vs with known concentration Cs is spiked in a series in another aliquot of 

analytical samples; (3) suitable reagents are added, and each solution is adjusted to the 
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marked volume; (4) each of the solutions is measured to yield a signal S (Eq. 2.4) 

[125, 126], 

    
    

  
  

    

  
    ………(2.4) 

Plotting between S and Vs, the slope    
  

  
 and intercept    

    

  
 can be 

found from the graph, and Cx can be obtained from Eq. 2.5 - 2.6. 

 

 
  

    

  
   

  

  
    ………(2.5) 

    
   

   
     ………(2.6) 

When the straight line is extrapolated to the x-axis, as shown in Figure 2.7, 

the difference between added standard volume at the origin and the volume at the 

intersection or x-intercept (Vs)0 is the volume of standard reagent equivalent to the 

amount of analyte in the sample. Besides, the x-intercept corresponds to null 

instrument response. Cx can also be obtained from Eq. 2.6 - 2.8 [125]. 

    
    

  
 
    

  
    0   ………(2.7) 

     - 
       

  
    ………(2.8) 

 

Figure 2.7 Linear calibration graph for standard addition method. 
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2.7.3 Validation of spectroanalytical method 

For developed methods, the consistent, reliable and accurate data are 

extremely considered. Method validation is the process used to assure that the 

developed analytical technique or procedure applied for analysis is appropriate. 

Results from validation of the method are used to judge the consistency, reliability 

and accuracy of analytical results.  

 

Accuracy 

The accuracy of an analytical method is the extent to which test results 

generated by the method and the true value agree [127]. Accuracy can also be 

described as the closeness of agreement between the value that is adopted, either as a 

conventional, true or accepted reference value and the value found. The true value for 

accuracy assessment can be obtained in several ways. Firstly, the results of the 

method and an established reference method are compared. Secondly, accuracy can be 

assessed by analyzing a sample with known concentration (e.g., a control sample or 

certified reference material) and comparing the measured value with the true value as 

supplied with the material. Finally, a blank sample matrix of interest can be spiked 

with a known concentration before calculating the recovery. Table 2.1 shows the 

range of acceptable recovery for different concentrations of the analyte. 

 

Precision 

The precision of a method is the extent to which the individual test results of 

multiple experiments of a series of standards agree [127]. The measured standard 

deviation can be sub-divided into 3 categories: repeatability, intermediate precision 

and reproducibility. Repeatability is obtained when the analysis is carried out in a 

laboratory at least 6 determinations of 3 different matrices at 2 or 3 different 

concentrations. Intermediate precision is a term that has been defined as the long-term 

variability of the measurement process. It is determined by comparing the results of a 

method run within a single laboratory over a number of weeks. A method’s 

intermediate precision may reflect discrepancies in results obtained. Reproducibility 
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represents the precision obtained between different laboratories. The objective is to 

verify that the method will provide the same results in different laboratories. The 

reproducibility of an analytical method is determined by analyzing aliquots from 

homogeneous lots in different laboratories with different analysts, and by using 

operational and environmental conditions that may differ from, but are still within, the 

specified parameters of the method. Validation of reproducibility is important if the 

method is to be used in different laboratories. The precision can be expressed as the 

standard deviation (SD) and relative standard deviation (RSD). The smaller the value 

of the relative standard deviation provides the greater the precision of an analysis. 

Table 2.1 shows the relationship between analyte concentrations and the acceptable 

relative standard deviation values. 

 

Table 2.1 Analyte recovery and precision at different concentrations [127]  

Analyte 

(%) 

Analyte 

Ratio 
Unit 

Mean Recovery 

(%) 

RSD 

(%) 

100 1 100% 98-102 1.3 

10 10
-1

 10% 98-102 2.8 

1 10
-2

 1 % 97-103 2.7 

0.1 10
-3

 0.1% 95-105 3.7 

0.01 10
-4

 100 ppm 90-107 5.3 

0.001 10
-5

 10 ppm 80-110 7.3 

0.0001 10
-6

 1 ppm 80-110 11 

0.00001 10
-7

 100 ppb 80-110 15 

0.000001 10
-8

 10 ppb 60-115 21 

0.0000001 10
-9

 1 ppb 40-120 30 

 

Limit of detection and limit of quantitation 

The limit of detection (LOD) is the point at which a measured value is larger 

than the uncertainty associated with it. It is the lowest concentration of analyte in a 

sample that can be detected but not necessarily quantified [127]. The limit of 

detection is frequently confused with the sensitivity of the method. The sensitivity of 
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an analytical method is the capability of the method to discriminate small differences 

in concentration or mass of the test analyte. In practical terms, sensitivity is the slope 

of the calibration curve that is obtained by plotting the response against the analyte 

concentration. The limit of detection of visual inspection is determined by the analysis 

of samples with known concentrations of analyte and by establishing the minimum 

level at which the analyte can be reliably detected. The limit of quantitation (LOQ) is 

a minimum amount that can be detected with acceptable precision. In general, the 

limit of detection and the limit of quantitation are estimated by 3 and 10 times, 

respectively, of blank signal or standard deviation of blank signal. 

 

Method detection limit 

Method detection limit (MDL) is the lowest concentration of an analyte in a 

sample that can be identified, measured, and reported with 99% confidence that the 

analyte concentration is greater than zero. 

 

Linearity and range 

The linearity of an analytical method is its ability to elicit test results that are 

directly proportional to the concentration of analytes in samples within a given range 

or proportional by means of well-defined mathematical transformations. It is 

determined by a series of 3 to 6 experiments of 5 or more standard solutions. A linear 

regression equation applied to the results should have an intercept not significantly 

different from zero. The linearity is generally evaluated as graphical relationship or as 

mathematical evaluation. The evaluation is made by visually inspecting a plot of 

signal responses as a function of analyte concentration as shown in Figure 2.8.  

The range of an analytical method is the interval between the upper and 

lower levels (including these levels) that have been demonstrated to be determined 

with precision, accuracy and linearity using the method as written. The range is 

normally expressed in the same units as the test results (e.g., percentage, parts per 

million) obtained by the analytical method. 
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Figure 2.8 Definition terms of linearity, range, limit of quantitation and limit of 

detection [127]. 

 

2.8 Literature review 

Over past years, many publications of chemosensor (fluorescence and 

colorimetric sensors) used with gold nanoparticles for the detection of mercury(II) 

ions have been extensively reported. Colorimetric sensor use with gold nanoparticle 

may be divided into two strategies: chemical preparation and ligand modification. 

First, functionalized gold nanoparticle is as-prepared gold nanoparticle in which 

modified by ligand or receptor molecules on the surface of gold nanoparticle through 

gold-sulfur (Au-S) and/or gold-nitrogen (Au-N) bonds in order to increasingly 

recognize to the target analyte. Second, unmodified gold nanoparticle is as-prepared 

gold nanoparticle that can be exploited without ligand capping. However, in both 

strategies, the synthesis of as-prepared gold nanoparticle is first required. Herein, we 

summarize previous reports of colorimetric methods based on gold nanoparticles for 

determination of mercury(II) ions in various samples.  

 

Colorimetric methods based on functionalized gold nanoparticle 

As described in section 2.3.4, the function of ligands in modifying the 

surface of gold nanoparticle has led many researchers to develop colorimetric 

detection methods for the determination of mercury(II) ions. 
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Huang and Chang [86] reported the 3-mercaptopropionic acid-functionalized 

gold nanoparticle (MPA-AuNPs) as chromophore-optical sensing for mercury(II) ions 

in the presence of 2,6-pyridinedicarboxylic acid (PDCA) acting as masking agent. 

The dispersed MPA-AuNPs in Tris-borate buffer pH 9.0 displayed an extinction 

absorption band at a wavelength of 520 nm. Following the addition of mercury(II) 

ions, the absorption underwent a red-shift with decreased extinction, while the 

intensity at a wavelength of 650 nm increased due to the aggregation of gold 

nanoparticle. Mercury(II)-induced aggregation of the MPA-AuNPs reached 

completion within 1 hour. The limit of detection of this method was 100 nM. In order 

to reduce the MPA-AuNPs aggregation in high-salt solutions, an adenosine 

monophosphate (AMP) was capped on the MPA-AuNPs as MPA/AMP-AuNPs [87]. 

MPA/AMP-AuNPs can disperse in high-salt concentration, while MPA-AuNPs can 

be aggregated. Following the addition of mercury(II) ions, the coordination between 

the carboxylic sub-unit of MPA and mercury(II) results in the aggregation of gold 

nanoparticle via bridging of neighboring nanoparticles. When using solutions 

containing phosphate buffer (pH 7.4) and without any masking agents, the lowest 

detectable concentration of mercury(II) was 500 nM by using colorimetric 

measurement of the ratio of absorption at 620 nm to 520 nm.  

Hirayama et al. [94] reported colorimetric probe used to detect mercury(II) 

ion based on functionalizing a triethylene glycol thiol (HS-EG3) on the surface of gold 

nanoparticle (Au-S-EG3). The mercury(II)-induced color change of the dispersing Au-

S-EG3 changed from red to blue-shifted absorption band of UV-vis spectrum within 1 

hour of the addition of mercury(II) ion. Mercury(II) played an important role in 

breaking the Au-S bonds prior to the aggregation process of gold nanoparticle. The 

kinetic behavior of Au-S-EG3 aggregation appeared slowly due to the fact that the 

aggregation of Au-S-EG3 with mercury(II) proceeded through several steps. 

Kim et al. [92] developed a colorimetric sensor for mercury(II) ion in 

aqueous media based on the gold nanoparticle modified with dithioerythritol (DTET-

AuNPs). Due to the fact that mercury(II)-induced processes through a specific S-

Hg
2+

-S interaction, the colorimetric response of DTET-AuNPs changed from red (525 

nm) to purple (670 nm). The mercury(II)-induced aggregation of the DTET-AuNPs 
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reached its completion within 10 minutes. To improve the selectivity toward 

mercury(II) ion, EDTA was added to remove interfering ions, such as lead(II) , 

cadmium(II) and copper(II). The detection limit was 100 nM and the relative standard 

deviation (%RSD) was 1.2. 

Lin et al. [97] synthesized the citrate-capped gold nanoparticle (13 ± 1 nm) 

by chemical reduction and then modified with Tween 20 (Tween 20-AuNPs) as a 

colorimetric sensor for mercury(II) and silver(I) ions. A neutral Tween 20 coating 

only shields around the surface of citrate-caped gold nanoparticles in order to protect 

against the aggregation of gold nanoparticles in high ionic strength conditions. 

Meanwhile, the citrate ions capped on the surface of Tween 20-AuNPs could still act 

as a reducing agent. In the presence of 10 mM phosphate buffer with pH 12.0 and a 

masking agent, mercury(II) and silver(I) ions were reduced to form mercury-gold 

alloy (Hg-Au) and silver(0) within 5 min. After the reducing process on the surface of 

the gold nanoparticles, Tween 20 molecules were also desorbed from the gold 

nanoparticles leading the aggregation of gold nanoparticles under high ionic strength. 

In the presence of sodium chloride (NaCl) and EDTA utilized as masking agent, the 

method showed the limit of detection for mercury(II) and silver(I) ions of 100 nM. 

Similarly, in order to reduce incubation time and limit of detection, Lou et al. 

[128] used the same procedure reported by Lin et al. [97], but ascorbic acid was 

added into the system. With free metal ions, Tween 20-AuNPs could aggregate 

immediately following the addition of N-acetyl-L-cysteine ligand through a mercapto 

ligand self-assembly, resulting in color changes from red to blue. By contrast, 

mercury(II) and silver(I) ions could be increasingly reduced with the aid of ascorbic 

acid to form mercury-gold alloy (Hg-Au) or silver(0) coated on the surface of gold 

nanoparticles. The aggregation did not occur because both metal ions coated on the 

surface could block the ligand-induced aggregation. Thus, the color of gold 

nanoparticle turned from blue to red. This method could detect mercury(II) and 

silver(I) ions as low as 5 nM and 10 nM, respectively. 

Liu et al. [93] reported a quaternary ammonium capped-gold nanoparticle 

(QA-AuNPs) as a selective mercury(II) ion sensor without the addition of any other 
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masking agents. A hydrophilic (11-mercapto-undecyl)-trimethylammonium (MTA) 

containing quaternary ammonium terminated thiol group was capped on the surface of 

gold nanoparticle via Au-S bonds. The quaternary ammonium group-terminated thiols 

can stabilize the dispersed gold nanoparticle only in acidic aqueous solution due to the 

electrostatic repulsion between the quaternary ammonium cations and the positively 

charged protons (H
+
). On the other hand, the QA-AuNPs aggregate rapidly in basic 

conditions because the quaternary ammonium cations on surface of gold nanoparticle 

can bind with hydroxide ion (OH
-
), which decrease the electrostatic repulsion among 

gold nanoparticles and, thus, cause aggregation, resulting in color change from red to 

blue immediately along with the appearance of the new absorption band at 600 nm. 

The aggregation of QA-AuNPs immediately appeared after the addition of 

mercury(II) in acidic solution because mercury(II) can abstract thiolates chemisorbed 

on gold nanoparticle surface, leading to the aggregation of gold nanoparticles and 

change of the color from red to blue within a minute. The lowest detectable 

concentration of mercury(II) by naked eye was 1 M. With the assistance of solar 

light irradiation for 30 seconds to improve sensitivity, the lowest detectable amount of 

this assay was lowered to 30 nM.  

Si et al. [98] reported the discovery of carboxylated peptide (NH2-Leu-Aib-

Tyr-OMe) modified on the surface of gold nanoparticle (peptide-AuNPs). The 

peptide-AuNPs with a diameter of 20 nm showed a sharp SPR band at 527 nm. The 

assembly of peptide-AuNPs resulted in a change of color of the suspension from red 

to purple to blue. This color change is due to the development of a new SPR band at 

670 nm. 

Xiangjun et al. [100] reported a highly selective mercury(II) sensor based on 

thymine acetamidoethanethiol (T-SH) as a recognition unit to functionalize the 

surface of gold nanoparticles (T-S-AuNPs). Under conditions containing sodium 

borate buffer (pH 9.0) and incubation at 45-50 C for10 minutes, the dispersed T-SH 

modified gold nanoparticle displayed still red color, relating to the centered maximum 

absorption band at 520 nm. Upon the addition of mercury(II), the T-S-AuNPs were 

induced to aggregate via the formation of a stable T-Hg
2+

-T complex, resulting in a 

color changed from red to blue-gray. The limit of detection using naked eye was as 
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low as 500 nM. By similarly aggregation concept, Chen et al. [101] synthesized N-1-

(2-mercaptoethyl)thymine as T-S-AuNPs for mercury(II) ion with a limit of detection 

as low as 2.8 nM. 

Chai et al. [91] reported the selectively detectable probe for mercury(II) ions 

based on the presence of modified L-cysteine on gold nanoparticles (Cys-AuNPs). 

The stabilized Cys-AuNPs in diameter of 16 nm appeared pink-red in color, 

displaying the SPR band at 518 nm. L-cysteine adsorbed on the surface of gold 

nanoparticles could prevent the aggregation of gold nanoparticles under high salt 

conditions. In addition of mercury(II) ions (> 20 M), the Cys-AuNPs solution 

changes to blue-gray immediately due to the aggregation of gold nanoparticle through 

the interaction of mercury(II) and L-cysteine. The kinetic of aggregated gold 

nanoparticles was slowly displayed when the concentration of mercury(II) ions less 

than 20 M. The lowest detectable concentration of mercury(II) by naked eye was 15 

M. With the assistance of UV radiation to improve sensitivity, the detectable 

minimum concentration was lowered to 100 nM. 

 

Colorimetric methods based on unmodified gold nanoparticle 

Due to some drawbacks of functionalized gold nanoparticle, such as 

requiring a surface modification step, separating and removing residual ligands and 

some limitations of ligands, unmodified gold nanoparticle or sometimes so-called 

“citrate-capped gold nanoparticle” (for citrate reduction preparation) as colorimetric 

assays have recently attracted more and more attention for many applications. 

Unmodified gold nanoparticles are gold nanoparticle prepared by anyway, but their 

surfaces were not modified with ligand molecules. Sometimes, this type was called 

as-prepared gold nanoparticles or bare gold nanoparticles. This strategy also relies on 

the target-triggered, interparticle distance dependent coloration similar to 

functionalized gold nanoparticle, but its aggregation is induced by removing 

protection from nanoparticles rather than by crosslinking.  

Based on high affinity between mercury(II) ions and thymine through stable 

thymidine-mercury(II)-thymidine (T-Hg
2+

-T) coordination, Xu et al. [129] reported 
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the combination of unmodified gold nanoparticles (13 nm in diameter) and DNA 

oligonucleotides as a colorimetric method for mercury(II) ion with limit of detection 

of 500 nM. Li et al. [130] demonstrated that unmodified gold nanoparticle interacted 

differently with short single-strand DNA (ssDNA) and double-strand DNA (dsDNA). 

The limit of detection was as low as 0.6 nM. Wang et al. [131] demonstrated the 

citrate-capped gold nanoparticle (13.1 ± 4.0 nm) as a colorimetric probe for 

mercury(II) and lead(II) ions. An oligonucleotide of 15-mer thrombin binding 

aptamer (TBA), was used as a selective sensing element. TBA consists of 6 thymidine 

and 9 guanosine units, which are highly selective with mercury(II) and lead(II) ions to 

form hairpin-like or a quadruplex structure. TBA could be absorbed onto the citrate-

capped gold nanoparticle and could also protect from the aggregation of gold 

nanoparticle under high salt condition. In the presence of Tris-HAc buffer (10 mM, 

pH 7.2) and 1 M NaCl, adding mercury(II) and lead(II) ions caused the structural 

forms of TBA to change, leading to the aggregation of gold nanoparticles. In order to 

avoid the interference of lead(II) and the need to use PDCA as masking agent, 

quantitative measurement was also measured at a wavelength of 800 nm, where the 

colorimetric response of TBA-AuNPs with lead(II) was negligible. The limit of 

detection was 200 nM and the linear dynamic range of mercury(II) concentration was 

in the range of 0.39 - 8.89 µM. 

Yang et al. [132] demonstrated a mercury(II)-inhibited aggregation 

mechanism of unmodified gold nanoparticle from pyridine-induced aggregation. The 

degree of inhibited aggregation was displayed by color progression change from blue 

to purple and then red, associating with mercury(II) concentration. The ratio value 

(E525/E700) of the extinction increased linearly over the mercury(II) concentration 

range of 0.15 - 3.00 µM with the limit of detection of 55 nM.  

 

Formation of gold nanoparticle by direct reduction 

Apart from both strategies of functionalize and unmodified gold 

nanoparticles, a novel strategy has been recently discovered and demonstrated by 

focusing on the direct formation of gold nanoparticle via simple reaction. This novel 

strategy has some advantages, such as its simple and rapid reaction, uncomplicated 
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experiments and very rapid detection with both spectrophotometry and visual naked 

eye assays. For example, Fan et al. [133] recently reported the direct formation of 

gold nanoparticle using a reduction reaction of HAuCl4 solution with NH2OHHCl in 

the presence of Mops buffer pH 7.0 and Tween 20 stabilizer. In the absence of 

mercury(II), the color of the solution turned slowly to red after forming gold 

nanoparticles and exhibited a broadening absorption band at a wavelength of 492 nm. 

The speed of color change increased obviously with increasing mercury(II) 

concentration and it could be measured at a wavelength of 580 nm within 15 - 20 

minutes. It was found that only 30 - 40% of mercury(II) was reduced and 

encapsulated inside or bound outside of the formed gold nanoparticles. This method 

provided to have a high sensitivity to mercury(II) with the detection limit of 10 nM 

and the recoveries were 106%, 94.7% and 66.8% for 20, 100 and 500 mM, 

respectively. 

Properties and possibilities of functionalized and unmodified gold 

nanoparticle assays use as sensors for determination of mercury(II) ion in various 

samples are summarized in Table 2.2 and Table 2.3. 
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Table 2.2  Method comparison based on functionalized gold nanoparticle assays for determination of mercury(II) ions 

Modified AuNPs
(a) 

As-prepared 

AuNPs 

Methods
(b)

 Masking 

agent
(c)

 

LOD
(d) 

(nM) 

LDR 

(nM) 

Time 

(min) 

Co-

stabilizer
(e)

 

Buffer
(f)

 / 

pH 

Real 

sample 

Ref. 

CHD-AuNPs Require UV-vis - NA 0-3.4 M 10 SDS - - [36] 

dTTPs-AuNPs Require UV-vis - 50 0.2-6.0 M 10 - 
Tris-HCl / 

pH 7.2 

Tab and 

river 

water 

[80] 

Chitosan-AuNPs Require UV-vis - 50 
50 nM-0.5 

mM 
- - - - [84] 

MPA-AuNPs Require UV-vis PDCA 100 250-500 60 - 
Tris-borate 

pH 9 
- [86] 

MPA/AMP-AuNPs Require UV-vis - 500 0.5-3.5 M 30 - 
PBS / pH 

7.4 
- [87] 

R6G/MPA/AMP-

AuNPs 
Require FRET - 50 50-1000 30 - 

PBS / pH 

7.4 
Urine [87] 

MPA-HCys-

PDCA-AuNPs 
Require HRS PDCA 25 - 6-7 - - - [88] 

Cys-AuNPs Require UV-vis - 100 0.1-2 M 4-6 - - - [91] 

DTET-AuNPs Require UV-vis EDTA 100 100-600 10 - 
Na3PO4 / 

pH 6.6 
- [92] 

QA-AuNPs Require UV-vis - 
1000

d1 

30
d2

 

30 nM -

0.01 M 
1 - pH 1.0 

Drinking 

water 
[93] 

Au-S-EG3 Require UV-vis - NA NA 60 - 
HEPES / 

pH 7.2 
- [94] 

 3
7
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Table 2.2 Method comparison based on functionalized gold nanoparticle assays for determination of mercury(II) ions (continued) 

Modified AuNPs
(a) 

As-prepared 

AuNPs 

Methods
(b)

 Masking 

agent
(c)

 

LOD
(d) 

(nM) 

LDR 

(nM) 

Time 

(min) 

Co-

stabilizer
(e)

 

Buffer
(f)

 / 

pH 

Real 

sample 

Ref. 

4-MB-AuNPs Require UV-vis - 500 1.0-7.5 M 120 - pH 10 Water  [95] 

Peptide-AuNPs Require UV-vis EDTA 20000 2-9 ppm 10 PVA - - [98] 

Tween 20-AuNPs Require UV-vis NaCl 100 0.2 -0.6 M 5 Tween 20 
Na3PO4 / 

pH 7.9 

Drinking 

water 
[97] 

AP-AuNPs Require UV-vis - 50 0.05-0.5  NA - pH 3.2 - [99] 

T-AuNPs Require UV-vis - 
500

d1
 

148
d2

 
0.1-1.0 

10  

(50C) 
- - Tap [100] 

NTA-AuNPs Require UV-vis PDCA 7 10-500 - - Tris pH 8.0 
Lake 

water 
[102] 

Tween 20-AuNPs Require UV-vis - 5 0.5 -10 M 30 AA PBS/pH 7.2 

Tap and 

drinking 

water 

[128] 

TBA-AuNPs Require UV-vis - 200 0.39-8.89  10 - 
Tris-HAc / 

pH 7.2 

Lake 

water 
[131] 

PDDA-AuNPs
1
 Require UV-vis - 25 

50 nM-10 

M 
- - pH 5.0 

Drinking 

water 
[134] 

MET-AuNPs Require UV-vis - 5.6 5-1000 nM 5 - pH 7.4 Tap water [135] 

T33-AuNPs Require UV-vis - 10 10-30 nM 5 - PBS/pH 7.4 Pond water [83] 

CA-AuNPs
1
 Require UV-vis - - 1.6-16 µM 5 - pH 7.4 - [136] 

3
8
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Table 2.2 Method comparison based on functionalized gold nanoparticle assays for determination of mercury(II) ions (continued) 

Modified AuNPs
(a) 

As-prepared 

AuNPs 

Methods
(b)

 Masking 

agent
(c)

 

LOD
(d) 

(nM) 

LDR 

(nM) 

Time 

(min) 

Co-

stabilizer
(e)

 

Buffer
(f)

 / 

pH 

Real 

sample 

Ref. 

P-AuNPs Require UV-vis - 200 - - - pH 7 
Lake and 

tap water 
[85] 

DNA-AuNPs Require UV-vis - 60 0.1-1.0 µM 10 - pH 7 - [79] 

a
CHD; chemodosimeter, dTTPs; deoxythymidine triphosphates, MPA; 3-mercaptopropinic acid, HCys; homocysteine, R6G; rhodamine 6G, 4-MB; 4-

mercaptobutanol, QA; quaternary ammonium, S-EG3; triethylene glycol thiol,  DTET; dithioerythritol, AP; aminopyrazole, T; thymine, Cys; 

cysteine, NTA; 3-nitro-1H-1,2,4-triazole, PDDA; poly(diallyldimetylammonium) chloride, MET; N-1-(2-mercaptoethyl)thymine, CA; cyanuric 

acid, T33; polythymine oligonucleotide, P; protien. 

b
Colorimetric (UV-vis and naked eye), HRS; hyper-Rayleigh scattering, FRET; fluorescence resonance energy transfer. 

c
PDCA; pyridine-2,6-dicarboxylic acid. 

d1
naked-eye and UV-Vis, 

d2
solar light radiation assistance. 

e
SDS; sodium dodecyl sulfate, AA; ascorbic acid. 

f
HEPES; 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, PBS; phosphate buffer silane, MOPS; 3-(N-morpholino)propanesulfonic acid. 

3
9
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Table 2.3  Method comparison based on unmodified gold nanoparticle assays for mercury(II) ion detection 

As-prepared 

AuNPs
a 

Ligand/ 

reducing  

Methods
(b)

 Masking 

agent
(c)

 

LOD
(d) 

(nM) 

LDR 

(nM) 

Time 

(min) 

Co-

stabilizer
(e)

 

Buffer
(f)

 / 

pH 

Real 

sample 

Ref. 

AuNPs DNA UV-vis - 500 0-5 M 30 - 
HEPES / 

pH 7.4 
no [129] 

AuNPs DNA UV-vis - 0.6 
0.1 mM - 

1.0 nM 
10 - 

Tris-HCl/ 

pH 8 

Tap and 

lake water 
[137] 

AuNPs
1
 Pyridine UV-vis - 55 0.15-3.0 10 - - 

Drinking 

water 
[138] 

AuNPs H2S UV-vis - 0.485 
10 nM-80 

M 
90 CTAB pH 3.57 Pond water [139] 

AuNPs DNA UV-vis - 250 
0.75-1.5 

M 
20 - 

Tris-AOc/ 

pH 7.4 

Artificial 

water 
[140] 

AuNPs
1
 Thymine UV-vis - 2 2-12 M 10 - 

Tris-HCl/ 

pH 8 
Tap water [141] 

HAuCl4 NH2OHHCl UV-vis - 10 10-1000 20 Tween 20 
MOPs / 

pH 7 
Lake water [133] 

Au(III) 
AEPE/ 

NaBH4 
UV-vis - 35 0.5-10 M 1 

Triton X-

100 
pH 1.4 

Drinking 

water 
[142] 

 

a
AuNPs

1
; anti-aggregation AuNPs assay  

4
0
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CHAPTER III 

 

EXPERIMENTAL SECTION 

 

3.1 Apparatus 

3.1.1 UV-visible spectrophotometer 

A UV-visible spectrophotometer (UV-vis) model UV-1700 (Shimadzu, 

Japan) over the wavelength range of 400 to 900 nm was used to characterize and to 

measure the SPR band of gold nanoparticles stabilized by dithia-diaza ligands and the 

aggregated gold nanoparticles. 

 

3.1.2 Cold-vapor atomic absorption spectrometer 

An atomic absorption spectrometer (AAS) (model AAnalyst 100; 

PerkinElmer, USA) coupled with a flow injection analysis system (FIAS 100) was 

used to determine mercury using cold vapor (CV) technique. A mercury hallow 

cathode lamp (HCL, PerkinElmer, USA) operated at a current of 6 mA and a 

wavelength of 253.7 nm with a spectral band pass 0.7 nm were employed. 

Experimental conditions of CV-AAS analysis were performed as follows: 0.2% (w/v) 

NaBH4 (in 0.05% (w/v) NaOH) or 8% (w/v) SnCl2 at a flow rate of 5 mL min
-1

, 3% 

(v/v) HCl at a flow rate of 8 mL min
-1

, and argon gas (99.9%) as a carrier gas and 500 

µL of injection volume of sample solution. 

 

3.1.3 Fourier transforms infrared spectrometer 

A Fourier transforms infrared (FT-IR) spectrometer (model Nicolet 6700; 

Thermo, USA) was used to characterize dithia-diaza ligands. 

 

3.1.4 Ultra-pure water 

Ultra-pure water (Milli-Q) was produced using a model TKA, Germany. 
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3.1.5 Nuclear magnetic resonance spectrometer 

A characterization of dithia-diaza ligands was carried out by a nuclear 

magnetic resonance spectrometer (NMR) (model mercury 400; Varian, Germany). All 

chemical shifts were reported in part per million (ppm) using the residual photon in 

deuterated solvent as internal reference. 

 

3.1.6 pH meter 

The pH of solution was measured by pH meter (model Lab 860; Schott 

Germany). 

 

3.1.7 Inductively coupled plasma optical emission spectrometer 

An inductively coupled plasma optical emission spectrometer (ICP-OES) 

(model iCAP 6000 series; Thermo, USA) was used to determine mercury(II) ions in 

real samples. 

 

3.1.8 Transmission electron microscopy 

The morphology and size of the anhydrous nanoparticles were photographed 

by transmission electron microscopy (TEM) (model JEM-2100; JEOL, Japan). 

 

3.1.9 Mixer 

A vertex mixer (model VM-300, USA) was employed. 
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3.2 Chemicals 

 All chemicals used in this research are listed in Table 3.1. 

 

Table 3.1 List of chemicals 

Chemicals Supplier / grade 

Gold standard solution (1000 mg L
-1

) Merck / AR 

Mercury standard solution (1000 mg L
-1

) BDH / spectrosol 

Silver standard solution (1000 mg L
-1

) Merck / AR 

Other metal solution (1000 mg L
-1

) Merck / AR 

Cysteamine hydrochloride Fluka / purum > 97% 

1,3-Dibromopropane Merck / for analysis 

Sodium hydroxide Merck / for analysis 

Dichloromethane Fisher Chemicals / AR 

Sodium sulfate anhydrous  Fisher Chemicals / AR 

1,4-Dibromobutane Aldrich / AR 

1,5-Dibromopentane Fluka (India) / AR 

Ethanol Merck / for analysis 

Chloroform D1 Merck / 99.8% for NMR spectroscopy 

Nitric acid Merck / for analysis 

Hydrochloric acid Merck / for analysis 

Sodium borohydride Merck / for analysis 

Triton X-100 

1-Butyl-3-methylimidazolium chloride 

Hexafluorophosphoric acid  

Tin(II) chloride dehydrate 

Sodium metal 

Fluka / AR 

Fluka / AR 

Aldrich / AR 

Merck / for analysis 

RDH / lab 
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3.3 Preparation of chemicals  

 All chemicals and organic solvents were of analytical grade and used without 

further purification. All solutions were prepared by using ultra-pure water (Milli-Q). 

 

Gold(III) ion solution 

A 100 mg L
-1

 gold(III) standard solution was prepared by dilution of 1000 

mg L
-1

 with ultra-pure water. 

 

Metal ions of standard solutions 

All metal ion solutions were prepared by dilution of 1000 mg L
-1

 stock 

standard solution to desired concentrations with ultra-pure water. 

 

Triton X-100 solution 

Triton X-100 solution (5 % v/v) was prepared daily by dissolving 5 mL of 

Triton X-100 in 100 mL of ultra-pure water. 

 

Sodium borohydride solution 

Sodium borohydride solution (8 mM) was daily prepared by dissolving 7.6 

mg of NaBH4 in 25 mL of 0.01 M NaOH solution. The reagent was used as reducing 

agent for gold nanoparticle formation.  

 

Hydrochloric carrier  

Hydrochloric acid solution (3 % v/v) was prepared by dilution of conc. HCl 

with ultra-pure water. The acid carrier was used for mercury analysis by flow 

injection CV-AAS. 
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Tin(II) chloride solution 

Tin(II) chloride solution was prepared daily by dissolving 80 g of SnCl2 in 

200 mL of conc. HCl. Then, the volume was adjusted to 1000 mL using deionized 

water. The solution was used to determine mercury(II) ions by flow injection CV-

AAS. 

 

Dithia-diaza ligands 

Dithia-diaza ligands (3-AEPE, 4-AEBE and 5-AEPE) were dissolved in 

absolute ethanol to desired concentrations. 

 

3.4 Synthesis of dithia–diaza ligands 

3.4.1 Synthesis of 3-AEPE 

The synthesis procedure of 2-[3-(2-aminoethylsulfanyl)-propylsulfanyl]-

ethylamine (3-AEPE) was adapted from the previously reported procedure by 

Choudhury et al. [143] as shown in Scheme 3.1. 

 

         3-AEPE 

Scheme 3.1 Synthesis of 3-AEPE. 

 

Sodium metal (1 g, 42.9 mmol) was dissolved in 20 mL of absolute ethanol 

in a 150 mL two-necked round bottom flask and the solution was kept at 10-20 C. 

Cysteamine hydrochloride (2.3 g, 20 mmol) was added to the solution. The mixture 

was stirred for 15 minutes under nitrogen atmosphere. Then, 1,3-dibromopropane (1 

mL, 9.8 mmol) was slowly added using additional funnel and stirred for an additional 

4 hours at 40 C. Afterward the solvent was removed by a rotary vacuum evaporator, 

sodium hydroxide (5 g in 15 mL of deionized water) was added to the residue and the 

resulting mixture was stored in a refrigerator overnight. Then, the mixture was 
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transferred into a separatory funnel and extracted with dichloromethane (3 x 20 mL). 

The dichloromethane phase was washed twice with 20 mL of deionized water and 

then dried over anhydrous Na2SO4. After removing and drying in vacuum to give a 

quantitative yield of 80%, the yellow oil product was used without further 

purification. The 3-AEPE was characterized by FT-IR, 
1
H-NMR and 

13
C-NMR. 

 

3.4.2 Synthesis of 4-AEBE 

The synthesis procedure of 2-[4-(2-aminoethylsulfanyl)-butylsulfanyl]-

ethylamine (4-AEBE) as shown in Scheme 3.2 was performed by the same synthesis 

steps as 3-AEPE, but 1,3-dibromopropane was replaced with 1,4-dibromobutane with 

the mole ratio of cysteamine hydrochloride and 1,4-dibromobutane equal to 2 : 1. A 

quantitative yield of 68 % was achieved and the yellow oil product was used without 

further purification. The 4-AEBE was characterized by 
1
H-NMR and 

13
C-NMR. 

 

         4-AEBE 

Scheme 3.2 Synthesis of 4-AEBE. 

 

3.4.3 Synthesis of 5-AEPE 

The synthesis procedure of 2-[5-(2-aminoethylsulfanyl)-pentylsulfanyl]-

ethylamine (5-AEPE) as shown in Scheme 3.3 was performed by the same synthesis 

steps as 3-AEPE, but 1,3-dibromopropane was replaced with 1,5-dibromopentane 

with the mole ratio of cysteamine hydrochloride and 1,5-dibromopentane equal to 2 : 

1. After attaining a quantitative yield of 65 %, the yellow oil product was used 

without further purification. The 5-AEPE was characterized by 
1
H-NMR and 

13
C-

NMR. 
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            5-AEPE 

Scheme 3.3 Synthesis of 5-AEPE. 

  

3.4.4 Synthesis of ionic liquid 1-butyl-3-methylimidazolium 

hexafluorophosphate ([C4mim][PF6]) 

The synthesis of an ionic liquid [C4mim][PF6] was adapted from the previous 

reports [83, 144]. Briefly, hexafluorophosphoric acid (65% (w/v) HPF6, 1.3 mol) was 

slowly added to a solution of 1-butyl-3-methylimidazolium chloride (1.0 mol) in 500 

mL of water. After stirring for 4 hours at room temperature, the upper acidic aqueous 

layer was decanted and the lower ionic liquid portion was washed with deionized 

water (5 x 400 mL) until chloride ions were wiped off completely using silver nitrate 

test. The collected ionic liquid was then heated under vacuum at 70 C to remove any 

excess water. After removing and drying in vacuum to give a quantitative yield of 

65%, the viscous and colorless product was used without further purification. The 

synthesis of ionic liquid [C4mim][PF6] is presented in Scheme 3.4. 

 

       [C4mim]Cl      [C4mim][PF6] 

Scheme 3.4 Synthesis of an ionic liquid [C4mim][PF6]. 
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3.5 Optimization of gold nanoparticle stabilized by dithia-diaza ligands 

3.5.1 Gold nanoparticle stabilized by 3-AEPE 

In a typical experiment, 0.5 mM gold(III) 
 
precursor solution, 4 mM 3-AEPE 

and 5% (v/v) Triton X-100 were mixed and transferred to a test tube. Next, an 

appropriate volume of ultra-pure water was added in order to correct the volume to 

4.00 mL, but this is before adding NaBH4 reducing agent. Finally, a freshly prepared 

8 mM NaBH4 solution in 0.01 M NaOH was slowly added into the solution. After 

adding the NaBH4 reducing agent, the color of the solution changed immediately from 

colorless to red within a few second. The absorption spectra of gold nanoparticle 

formation were measured by UV-vis in the wavelength range of 400 - 900 nm. The 

measurement of absorption spectra of gold nanoparticle stabilized by 3-AEPE was 

performed within a minute after reduction with NaBH4. The red coloration of gold 

nanoparticles can be easily observed by naked eye and their images were also 

recorded using a digital camera (SONY, DSC-W50).  

 

3.5.1.1 Effect of the concentration of gold(III) solution 

The effect of the concentration of gold(III) was investigated by monitoring 

the absorption characteristic of the SPR band of gold nanoparticle stabilized by 3-

AEPE. The different volumes of 0.5 mM gold(III) solution were varied in the range of 

0.1 - 1.5 mL (25 - 200 µM), while maintaining a constant 3-AEPE, Triton X-100 and 

NaBH4 concentration of 0.3 mM, 0.1% (v/v) and 0.6 mM, respectively. 

 

3.5.1.2 Effect of the concentration of 3-AEPE solution 

The effect of the concentration of 3-AEPE on the SPR of gold nanoparticle 

formation stabilized by 3-AEPE was investigated. The different volumes of 4 mM 3-

AEPE solution were varied in the range of 0.1 - 1.0 mL (0.1 - 1.0 mM) while 

maintaining a constant gold(III), Triton X-100 and NaBH4 concentrations of 125 µM, 

0.1% (v/v) and 0.6 mM, respectively. 
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3.5.1.3 Effect of the pH 

The effect of pH on the SPR of gold nanoparticle formation stabilized by 3-

AEPE was studied by varying the pH in the range of 1 - 8. The pH of the solution was 

adjusted by adding different volumes of 5%(v/v) HNO3 or 5%(w/v) NaOH. The pH of 

the solution was measured immediately after adding the reducing agent to form gold 

nanoparticle. Meanwhile, the concentration of gold(III), 3-AEPE, Triton X-100 and 

NaBH4 were maintained at 125 µM, 0.3 mM, 0.1% (v/v) and 0.6 mM, respectively. 

 

3.5.1.4 Effect of the concentration of NaBH4 

The effect of the concentration of NaBH4 on the SPR of gold nanoparticle 

formation stabilized by 3-AEPE was studied. The different volumes of 8 mM NaBH4 

in 0.01 M NaOH were used in the range of 0.1 - 1.0 mL, with the final concentration 

of 0.1 - 1.0 mM, while maintaining constant gold(III), 3-AEPE and Triton X-100 

concentrations of 125 µM, 0.4 mM and 0.1% (v/v), respectively. 

 

3.5.1.5 Effect of the concentration of Triton X-100 solution 

The effect of the concentration of Triton X-100 co-stabilizer on the SPR of 

dispersed gold nanoparticle formation stabilized by 3-AEPE was studied. The 

different volumes of 5%(v/v) Triton X-100 solution was used in the range of 0.1 - 1.0 

mL with the final concentration of 0.1 - 1.2 % (v/v), while maintaining constant 

gold(III), 3-AEPE and NaBH4 concentrations of 125 µM, 0.3 mM and 0.6 mM, 

respectively. 

 

3.5.1.6 Effect of reaction time 

An influence of reaction time on the formation of gold nanoparticle 

stabilized by 3-AEPE was studied by varying the allotted reaction time from 1 - 60 

minutes. After a minute of reduction, gold nanoparticle stabilized by 3-AEPE in the 

absence of mercury(II) ion was monitored at a wavelength of 517 nm, while the 

solution with mercury(II) ion was measured at a wavelength of 680 nm. 
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3.5.1.7 Effect of interfering metal ions 

The effect of interfering metal ions was individually investigated under 

identical conditions of mercury(II) ion (2.5 µM), by the addition of 250 µM of metal 

ions, including Pb(II), Cd(II), Cu(II) Co(II), Zn(II), Mn(II), Ni(II), Fe(III), Cr(III), 

Al(III), Mg(II), Ca(II), K(I) and Na(I). After a minute of reduction, gold nanoparticle 

stabilized by 3-AEPE in the presence of interfering metal ions, the absorption spectra 

were also recorded within the wavelength of 400 - 800 nm. 

 

3.5.2 Gold nanoparticle stabilized by 4-AEBE 

3.5.2.1 Effect of the concentration of gold(III) solution 

The effect of the concentration of gold(III) was investigated by monitoring 

the absorption characteristic of the SPR band of gold nanoparticle stabilized by 4-

AEBE. The experiments were performed by the same procedure as 3-AEPE (Section 

3.5.1.1), but 3-AEPE was replaced with 4-AEBE. 

 

3.5.2.2 Effect of the concentration of 4-AEBE solution 

The effect of the concentration of 4-AEBE on the SPR of the formation gold 

nanoparticle stabilized by 4-AEBE was investigated by the same procedure as 3-

AEPE (Section 3.5.1.2), but 3-AEPE was replaced with 4-AEBE. 

 

3.5.2.3 Effect of the concentration of NaBH4 

The effect of the concentration of NaBH4 on the SPR of the formation gold 

nanoparticle stabilized by 4-AEBE was studied by the same procedure as 3-AEPE 

(Section 3.5.1.4), but 3-AEPE was replaced with 4-AEBE. 
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3.5.3 Gold nanoparticle stabilized by 5-AEPE 

3.5.3.1 Effect of the concentration of gold(III) solution 

The effect of the concentration of gold(III) was investigated by monitoring 

the absorption characteristic of the SPR band of gold nanoparticle stabilized by 5-

AEPE. The experiments were performed by the same procedure as 3-AEPE (Section 

3.5.1.1), but 3-AEPE was replaced with 5-AEPE. 

 

3.5.3.2 Effect of the concentration of 5-AEPE solution 

The effect of the concentration of 5-AEPE on the SPR of gold nanoparticle 

formation stabilized by 5-AEPE was investigated by the same procedure as 3-AEPE 

(Section 3.5.1.2), but 3-AEPE was replaced with 5-AEPE. 

 

3.5.1.4 Effect of the concentration of NaBH4 

The effect of the concentration of NaBH4 on the SPR of gold nanoparticle 

formation stabilized by 5-AEPE was studied by the same procedure as 3-AEPE 

(Section 3.5.1.4), but 3-AEPE was replaced with 5-AEPE. 

 

3.5.4 Gold nanoparticle stabilized by cysteamine hydrochloride 

Cysteamine hydrochloride salt (HSCH2CH2NH2HCl) is a precursor reagent 

to synthesize the three dithia-diaza ligands (3-AEPE, 4-AEBE, 5-AEPE). As it 

contains amine and thiol groups, it may be able to bind on the gold nanoparticle 

surface. Moreover, it may also stabilized and prevent the gold nanoparticles from the 

aggregation. 

 

3.5.4.1 Effect of the concentration of gold(III) solution 

The effect of the concentration of gold(III) was investigated by monitoring 

the absorption characteristic of the SPR band of gold nanoparticle stabilized by 

cysteamine hydrochloride. The experiments were performed by the same procedure as 
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described in Section 3.5.1.1, but 3-AEPE was replaced with cysteamine 

hydrochloride. 

 

3.5.4.2 Effect of the concentration of cysteamine hydrochloride 

Effect of concentration of cysteamine hydrochloride on the SPR of gold 

nanoparticle formation stabilized by 3-AEPE was investigated. Different volumes of 4 

mM cysteamine hydrochloride solution was varied in the range of 0.1 - 1.0 mL (0.1 - 

1.0 mM) while maintaining a constant gold(III), Triton X-100 and NaBH4 

concentration of 125 µM, 0.1% (v/v) and 0.6 mM, respectively. 

 

3.6 Method validation 

In this part, this protocol was validated by using standard mercury(II) ions at 

variuos concentration levels. The analysis was repeated 11 times for each 

concentration level under optimal conditions. The calibration curve was obtained by 

analyzing 0, 0.75, 1.25, 2.25, 3.00, 3.75, 5.25, 6.00, 7.50 and 9.00 µM. Standard 

addition method was performed by spiking a series of mercury(II) standard into the 

real sample. The accuracy and the precision were presented as the percentage of 

recovery and the percentage of relative standard deviation, respectively. The limit of 

detection was calculated from standard deviation of 3 measurements of a reagent 

blank.  

 

3.7 Application to drinking water analysis 

To demonstrate the performance of developed colorimetric method based on 

gold nanoparticle stabilized by 3-AEPE, real drinking water samples were spiked with 

mercury(II)
 
concentrations over the range of 2 - 6 µM. Then, bottled drinking water 

and spiked samples were investigated as proposed protocol. An aliquot of 2.30 mL of 

sample was added into a test tube containing the mixture of 1000 µL of 0.5 mM gold 

(III), 300 µL of 4 mM 3-AEPE and 100 µL of 5% (v/v) Triton X-100. The solution 

was mixed thoroughly and then added slowly with 300 µL 8 mM NaBH4 in 0.01 M 

NaOH. The color of 3-AEPE-stabilized gold nanoparticle solution developed 



 53 

suddenly and the extinction absorbance at a wavelength of 680 nm was measured 

within a minute.  

 

3.8 Determination of mercury(II) using ICP-OES 

To determine total content of mercury in drinking water samples, an 

inductively coupled plasma-optical emission spectrometer was operated in order to 

compare with the proposed method. The sample was filtered by membrane filter of 

0.22 m. A series of standard mercury(II) over the range of 2 - 120 µg L
-1

 was 

prepared using ultra-pure water.  

 

3.9 Extraction of mercury(II) ions by ionic liquid 

In this part, an ionic liquid [C4mim][PF6] was used to extract mercury(II) 

ions from aqueous phase. The initial concentration mercury(II) ion was 100 µg L
-1

. 

Under a constant stirring rate at room temperature, the extraction efficiency of 

mercury(II) using ionic liquid [C4mim][PF6] was investigated. The effects of volume 

of ionic liquid [C4mim][PF6], pH, the concentration of 3-AEPE and extraction time 

were studied. Generally, the ionic liquid [C4mim][PF6] and mercury(II) ion solution 

was stirred thoroughly for 30 minutes with a constant stirring rate by means of a 

magnetic stirrer. After centrifugation for 5 minutes at 2500 rpm, the aqueous solution 

was collected by a dropper and then determined the residual mercury(II) ions using 

flow injection-cold vapor atomic absorption spectrophotometer (FI-CV-AAS). 
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CHAPTER IV 

 

RESULTS AND DISSCUSION 

 

4.1 Synthesis and characterization of dithia–diaza ligands 

Three dithia–diaza ligands, 2-[3-(2-amino-ethylsulfanyl)-propylsulfanyl]-

ethylamine (3-AEPE), 2-[4-(2-amino-ethylsulfanyl)-butylsulfanyl]-ethylamine (4-

AEBE) and 2-[5-(2-amino-ethylsulfanyl)-pentylsulfanyl]-ethylamine (5-AEPE) were 

synthesized via nucleophilic substitution reaction. These ligands differ in the number 

of carbon atoms between adjacent sulfur atoms. The synthesis of dithia-diaza ligands 

is shown in Scheme 4.1.  

 

 

Scheme 4.1 General schematic of synthesis of dithia-diaza ligands (n = 3, 4 and 5 for 

3-AEPE, 4-AEBE and 5-AEPE, respectively) [143]. 

 

2-[3-(2-Amino-ethylsulfanyl)-propylsulfanyl]-ethylamine (3-AEPE) 

3-AEPE was synthesized by the alkylation of cysteamine hydrochloride and 

1,3-dibromopropane. The synthesis of 3-AEPE is shown in Scheme 4.1. The 

nucleophile was generated by ethoxide that abstracted the proton of -SH and then 

reacted with 1,3-dibromopropane, which has bromide as leaving groups. The 

synthesis of 3-AEPE was done at a mole ratio of cysteamine hydrochloride : 1,3-

dibromopropane equal to 2 : 1. The product was obtained as yellow oil. The yield of 

3-AEPE was 80%. 

The 
1
H-NMR spectrum of 3-AEPE was recorded in CDCl3. 

1
H-NMR 

spectrum of the aliphatic proton region showed three multiplets due to the 

symmetrical structure of dithia-diaza ligand as follows:  (ppm) 1.78 (2H, t, 
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CH2CH2CH2, J = 7.02 Hz), 2.53 (8H, t, SCH2, J = 6.24 Hz) and 2.78 (4H, t, CH2NH2, 

J = 6.24 Hz). The 
1
H-NMR spectrum of 3-AEPE is presented in Figure 4.1. 

The 
13

C-NMR spectrum of 3-AEPE was recorded in CDCl3 and was obtained 

with chemical shifts as follows:  (ppm) 27.57 (CH2CH2CH2), 30.18 (SCH2CH2NH2), 

34.87 (CH2SCH2CH2NH2) and 39.87 (SCH2CH2NH2). The 
13

C-NMR spectrum of 3-

AEPE is depicted in Figure 4.2. 

The FT-IR spectrum of 3-AEPE showed absorption bands or primary amine 

N-H stretching at 3354 - 3280 cm
-1

, primary amine N-H bending at 1592 cm
-1

, 

primary amine C-N stretching at 1069 cm
-1

, aliphatic C-H stretching at 2856 - 2915 

cm
-1

, aliphatic C-H stretching at 1069 cm
-1

. The FT-IR spectrum of 3-AEPE is 

illustrated in Appendices (see in Figure A.1). 

These results indicated that 3-AEPE was successfully synthesized. 

 

Figure 4.1 The 
1
H-NMR spectrum of 3-AEPE in CDCl3. 

 

c  

a 

b 

a 

b 

b    c 
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Figure 4.2 The 
13

C-NMR spectrum of 3-AEPE in CDCl3. 

 

2-[4-(2-Amino-ethylsulfanyl)-butylsulfanyl]-ethylamine (4-AEBE)  

Preparation of 4-AEBE was done using the same methodology as 3-AEPE, 

but 1,3-dibromopropane was replaced with 1,4-dibromobutane with a mole ratio of 

cysteamine hydrochloride : 1,4-dibromobutane equal to 2 : 1. The product was 

obtained as yellow oil. The yield of 4-AEBE was 70%. 

The 
1
H-NMR spectrum of 4-AEBE was recorded in CDCl3. 

1
H-NMR 

spectrum of the aliphatic proton region showed four multiplets due to the symmetrical 

structure of 4-AEBE ligand as follows:  (ppm) 1.56 - 1.60 (4H, m, CH2CH2CH2), 

2.40 - 2.43 (4H, m, SCH2CH2), 2.43 - 2.54 (4H, m, SCH2CH2NH2) and 2.71 - 2.80 

(4H, m, CH2CH2NH2). The 
1
H-NMR spectrum of 4-AEBE is presented in Figure 4.3. 

The 
13

C-NMR spectrum of 4-AEBE was recorded in CDCl3 and was 

obtained with chemical shifts as follows:  (ppm) 28.40 (CH2CH2CH2), 31.04 

(SCH2CH2NH2), 35.89 (CH2SCH2CH2NH2) and 40.72 (SCH2CH2NH2). The 
13

C-

NMR spectrum of 4-AEBE is presented in Figure 4.4. 

These results indicated that 4-AEBE was successfully synthesized. 
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Figure 4.3 The 
1
H-NMR spectrum of 4-AEBE in CDCl3. 

 

 

Figure 4.4 The 
13

C-NMR spectrum of 4-AEBE in CDCl3. 
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2-[5-(2-Amino-ethylsulfanyl)-pentylsulfanyl]-ethylamine (5-AEPE) 

The preparation of 5-AEPE was achieved using the same methodology as 3-

AEPE, but 1,3-dibromopropane was replaced with 1,5-dibromopentane with a mole 

ratio of cysteamine hydrochloride : 1,5-dibromopentane equal to 2 : 1. The product 

was obtained as yellow oil. The yield of 5-AEPE was 70%. 

The 
1
H-NMR spectrum of 5-AEPE was recorded in CDCl3. 

1
H-NMR 

spectrum of the aliphatic proton region showed five multiplets due to the symmetrical 

structure of 5-AEPE ligand as follows:  (ppm) 1.33 - 1.37 (2H, m, CH2CH2CH2), 

1.41 - 1.47 (4H, m, SCH2CH2NH2), 2.34 - 2.37 (4H, m, CH2CH2CH2S), 2.46 (4H, t, 

CH2CH2S, J = 6.30 Hz), and 2.71 (4H, t, CH2NH2, J = 6.30 Hz). The 
1
H-NMR 

spectrum of 5-AEPE is presented in Figure 4.5. 

The 
13

C-NMR spectrum of 5-AEPE was recorded in CDCl3 and was obtained 

with chemical shifts as follows:  (ppm) 27.61 (CH2CH2CH2), 28.96 (CH2CH2NH2S), 

31.27 (SCH2CH2), 35.89 (CH2CH2S) and 40.64 (SCH2CH2NH2). The 
13

C-NMR 

spectrum of 5-AEPE is presented in Figure 4.6. 

The results indicated that 5-AEPE was successfully synthesized. 

 

Figure 4.5 The 
1
H-NMR spectrum of 5-AEPE in CDCl3. 
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Figure 4.6 The 
13

C-NMR spectrum of 5-AEPE in CDCl3. 

 

4.2 Stabilization of the gold nanoparticles with dithia-diaza ligands 

Generally, gold nanoparticles obtained from direct reduction using the 

reducing agents, such as NH2OHHCl and NaBH4 can easy aggregate rapidly, 

resulting in the change of SPR and coloration. Therefore, in this work, dithia-diaza 

ligands (3-AEPE, 4-AEBE and 5-AEPE) were used to stabilize gold nanoparticles 

preventing aggregation in the absence of mercury(II) ion.  

4.2.1 Gold nanoparticles stabilized by 3-AEPE 

4.2.1.1 Effect of the concentration of gold(III) solution 

Because the SPR characteristic of gold nanoparticles depends on gold(III) 

ion precursor solution, the concentration of gold(III) ion solution was first studied 

with a constant concentration of 0.3 mM 3-AEPE, 0.6 mM NaBH4 and 0.1%(v/v) 

Triton X-100. The mole ratio of sodium borohydride and gold(III) ion is shown in 

Table 4.1. By using a constant 2.4 µmol sodium borohydride amount, gold(III) ion 

concentrations were varied  in the range of 25 - 200 M. The result of the SPR 

absorption band of gold nanoparticles stabilized by 3-AEPE as a function of different 
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concentrations of gold(III) ion is shown in Figure 4.7. The UV-vis absorption bands 

can be used to confirm the formation of gold nanoparticles stabilized by 3-AEPE by 

showing the maximum absorption band at around 520 nm. It was found that the 

concentration of gold(III) ion at 25 M did not show the characteristic SPR band, 

indicating average particle size less than 2 nm [37, 51, 145]. Because of the high mole 

ratio between sodium borohydride and gold(III) ion (with 24 : 1), gold(III) ions can be 

reduced to colloidal gold instead of gold nanoparticles.  

When the concentration of gold(III) was increased from 50 - 125 M (mole 

ratio of NaBH4 to gold(III) ion by 12 - 4.8 orders),  a board plasmon resonance band 

(517 nm) of gold nanoparticles appeared and also increased with increasing gold(III) 

ion concentrations. This resulted in an immediate change in the coloration of solution, 

becoming an obvious red color. These results also indicated that the formation of gold 

nanoparticles in the presence of 3-AEPE increased with increasing gold(III) ion 

concentrations. The optimum concentration of gold(III) ion was 125 M (mole ratio 

of gold(III) : NaBH4  was 0.2) because gold nanoparticle remained red in coloration. 

This implies that 3-AEPE can stabilize gold nanoparticles well. Corresponding with 

previous reports of reducing with NaBH4 [146] and hydroxylamine hydrochloride 

[133], the formation of gold nanoparticles was greatly dependent on the initial 

concentration of HAuCl4. The gold nanoparticles also appeared when the lowest 

concentration of HAuCl4 was 1.5 mM (with a mole ratio of NaBH4 and gold(III) ion 

was 12:1). In the case of NH2OH, the lowest concentration of HAuCl4 to form gold 

nanoparticles was 1 mM with a mole ratio of 4.5 relative to HAuCl4 [130, 133, 147]. 

In contrast, the color of the solution turned to blue rapidly, and the 

precipitation occurred with gold(III) ion concentrations over 125 M (mole ratio of 

NaBH4 to gold(III) ion less than 4.8). These results revealed that the concentration of 

gold(III) was too high, thus the aggregation could rapidly occur. The gold 

nanoparticles might occur at large nanoparticle sizes (>100 nm), causing them 

aggregate easily. It was reasoned that the aggregated gold nanoparticles obtained from 

gold(III) ion concentrations over 150 M (0.6 mol) appeared rapidly because 3-
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AEPE could not prevent the aggregation mechanism. Thus, the optimum 

concentration of gold(III) ion was 125 M.  

 

Table 4.1 Mole ratio of sodium borohydride and gold(III) ion 

Au
3+

 

(µM) 

Au
3+

 

(µmol)  

NaBH4 

(mM)  

NaBH4 

(µmol) 

Mole ratio 

Au
3+

:NaBH4 

25 0.1 0.6 2.4 0.04 

50 0.2 0.6 2.4 0.08 

75 0.3 0.6 2.4 0.12 

100 0.4 0.6 2.4 0.16 

125 0.5 0.6 2.4 0.20 

150 0.6 0.6 2.4 0.25 

175 0.7 0.6 2.4 0.30 

200 0.8 0.6 2.4 0.34 

 

 

Figure 4.7 Effect of the concentration of gold(III) solution on the formation of gold 

nanoparticle stabilized by 3-AEPE. 
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4.2.1.2 Effect of 3-AEPE concentration 

In this work, 3-AEPE displays a dual role; (i) it was used as a stabilizer to 

prevent the aggregation of gold nanoparticles and (ii) it offers a high selectivity 

towards mercury(II) by coordination with mercury(II) ions over other metal ions as 

previously reported [20, 109, 110, 113]. We first investigated the ability of 3-AEPE to 

stabilize gold nanoparticles by comparing the SPR band of the conditions with and 

without 3-AEPE ligand. It was found that the coloration of gold nanoparticle solution 

without 3-AEPE immediately changed to purple or blue after addition of the reducing 

agent due to the aggregation of the gold nanoparticles. On the other hand, the color of 

gold nanoparticle solution containing 3-AEPE quickly became rose-red.  

Table 4.2 summarized the mole ratio of gold(III) ion and 3-AEPE (range of 

0.1 - 1.0 mM) in the presence of a constant 125 µM gold(III), 0.1% (v/v) Triton X-

100 and 0.6 mM NaBH4. The absorption spectra of the gold nanoparticle stabilized by 

3-AEPE solution obtained from using different 3-AEPE concentrations are shown in 

Figure 4.8. It was found that the absorption values at a wavelength of 517 nm 

increased with increasing concentrations of 3-AEPE. However, the color of solution 

rapidly changed from red to light blue and then changed to a more intense blue when 

concentration of 3-AEPE was below 0.3 mM. It could be assumed that concentrations 

of 0.1 - 0.2 mM 3-AEPE (mole ratio of gold(III) : 3-AEPE range of 12.5 - 3.19) could 

not protect against the aggregation of gold nanoparticles. On the other hand, the 

solution slowly changed from red to pale purple color when the 3-AEPE 

concentration was increased to 0.6 mM and higher (mole ratio of gold(III) : 3-AEPE 

less than 0.78). By visual observation, 0.3 mM of 3-AEPE exhibited a clearly red 

color that could be observed more easily than the other concentrations. Hence, 0.3 

mM 3-AEPE was selected for further studies, which with 125 µM gold(III) yields a 

1.39 : 1 mole ratio of gold(III) : 3-AEPE. 
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Table 4.2 Mole ratio of gold(III) ion and 3-AEPE 

Au
3+

  

(µM) 

Au
3+

 

(µmol) 

3-AEPE 

(mM) 

3-AEPE 

(µmol) 

Mole ratio  

Au
3+

: 3-AEPE 

125 0.5 0.1 0.04 12.5 

125 0.5 0.2 0.16 3.13 

125 0.5 0.3 0.36 1.39 

125 0.5 0.4 0.64 0.78 

125 0.5 0.6 1.44 0.35 

125 0.5 0.8 2.56 0.20 

125 0.5 1.0 4.00 0.13 

 

 

Figure 4.8 Effect of the concentration of 3-AEPE ligand on the formation of gold 

nanoparticle stabilized by 3-AEPE. 

 

4.2.1.3 Effect of the pH 

In this section, the pH of gold nanoparticle stabilized by 3-AEPE solution 

obtained after addition of the reducing agent was measured within a minute using a 

pH meter. It was found that the pH of gold nanoparticle stabilized by 3-AEPE 

solution with constant concentrations of 125 µM gold(III), 0.3 mM 3-AEPE, 0.1% 

(v/v) Triton X-100 and 0.6 mM NaBH4 was about 1.4. The most acidic solution 
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detained from gold(III) standard precursor solution contained HAuCl4 at a 

concentration 0.5 mM, with a pH of 1. To investigate the effect of pH on the SPR 

band of gold nanoparticles stabilized by 3-AEPE, different pH values were added into 

the solution. The absorption spectra of gold nanoparticles stabilized by 3-AEPE in 

different volumes of 5%(w/v) HNO3 and 0.1 M NaOH are shown in Figure 4.9 and 

Figure 4.10, respectively. It was found that the SPR band shifted to a longer 

wavelength when the pH of the solution decreased comparing to the original solution 

without addition of acid and base (un-adjusted solution). The color of solution 

changed immediately to purple or deep-blue with a pH less than 1.14. This implied 

that protonated ammonium and positively charged hydrogen ions (H
+
) in acidic 

aqueous solution can be electrostatic repulsion; meanwhile, coordination could form 

through gold-sulfur (Au-S) bonds. 

Oppositely, the pH values of solutions containing different volumes of 

NaOH (0.1 - 0.5 mL) were in the range of 1.4 - 10. These results showed that the 

color of the solution did not change when its pH value remained in the range of 1.38 - 

2.02, but the color of the solution immediately changed from red to purple or deep-

blue when the pH values of the solution increased up to the range of 2.52 to 7.02. In 

basic conditions (pH 9 - 10), the color of gold nanoparticles stabilized by 3-AEPE 

solution became pale-yellow shortly after the addition of reducing agent. Shortly 

afterward, the solutions appeared colorless because of precipitation in agreement with 

the previous report [135]. In basic conditions, 3-AEPE-stabilized gold nanoparticle 

aggregated rapidly because the amine groups on the surface of gold nanoparticle can 

bind with hydroxide ions (OH
-
) via dipole-dipole interaction [93].  

The result indicated that 3-AEPE-stabilized gold nanoparticle could be stable 

in a narrow pH range of 1.4 to 2. Furthermore, the pH of un-adjusted solution of 3-

AEPE-stabilized gold nanoparticles was about 1.4. Thus, the pH at 1.4 was selected 

for further investigations.    
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Figure 4.9 Effect of the pH on the formation of gold nanoparticle stabilized by 3-

AEPE by addition of HNO3. 

 

 

Figure 4.10 Effect of the pH on the formation of gold nanoparticle stabilized by 3-

AEPE by addition of 0.1 M NaOH. 

 

4.2.1.4 Effect of reducing agents 

Sodium borohydride (NaBH4) is well known as a strong reducing agent. The 

standard reduction potential (E
0
) is -1.24 V in alkaline solutions and -0.48 V in acidic 

solutions. Sodium borohydride has been used to reduce many inorganic metal ions 
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such as cesium(IV), mercury(II), silver(I), copper(II) and gold(III) [148, 149]. Small 

spherical sizes (2 - 38 nm in diameters) of gold nanoparticles have been usually 

prepared by reducing tetrachloroauric acid with tri-sodium citrate and NaBH4. A 

small number of NaBH4 concentrations were used to control gold nanoparticle size. 

However, influence on the SPR of gold nanoparticles depends mainly on the initial 

concentration of tetrachloroauric acid [101, 150]. Sodium borohydride changes 

optical and chemical properties with high efficiency by utilizing electron transfer into 

the nanoparticles. However, unsuitable concentrations of NaBH4 can greatly induce 

the aggregation of gold nanoparticles also [151].  

The influence of NaBH4 concentration on gold nanoparticles was 

investigated by varying its concentration in the range of 0 - 2.0 mM (mole ratio of 

NaBH4 : gold(III) to be 0 - 16) with a constant concentration of 125 M gold(III), 0.3 

mM 3-AEPE and 0.1%(v/v) Triton X-100, as seen in Table 4.3. The effect of the 

concentration of NaBH4 on the formation of gold nanoparticles stabilized by 3-AEPE 

is shown in Figure 4.11. It was found that the absorbance values increase sharply at 

the beginning with increasing NaBH4 concentration, and they show the highest 

absorption at the concentration of NaBH4 of 0.6 mM (mole ratio of NaBH4 : gold(III) 

of 4.8). At concentrations over 0.6 mM (mole ratio of NaBH4 : gold(III) more than 

4.8), the absorption decreased slightly, then remained constant. Furthermore, the 

coloration changed from red to blue with increased reaction time. This result indicated 

that gold nanoparticle formation rate and gold nanoparticle aggregation or seed 

growth nucleation greatly depend on the concentration of NaBH4 [151, 152]. Thus, 

0.6 mM NaBH4 was selected for further use. 

 

 

 

 

 

 

 

 



 67 

Table 4.3 Mole ratio of sodium borohydride and gold(III) ion 

Au
3+

 

(µM) 

Au
3+

 

(µmol) 

NaBH4 

(mM) 

NaBH4 

(µmol) 

Mole ratio 

NaBH4:Au
3+

 

125 0.5 0.2 0.8 1.60 

125 0.5 0.4 1.6 3.20 

125 0.5 0.6 2.4 4.80 

125 0.5 0.8 3.2 6.40 

125 0.5 1.0 4 8.00 

125 0.5 1.2 4.8 9.60 

125 0.5 1.4 5.6 11.20 

125 0.5 1.6 6.4 12.80 

125 0.5 1.8 7.2 14.40 

125 0.5 2.0 8 16.00 

 

 

Figure 4.11 Effect of the concentration of NaBH4 on the formation of gold 

nanoparticle stabilized by 3-AEPE.  

 

The reducibility of NaBH4 toward gold(III) ions to form gold nanoparticles 

was compared with hydroxylamine hydrochloride (NH2OHHCl) and ascorbic acid. 
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metal ions, but the reduction reaction rate is very slow. Fan et al. [133] reported 4.5 

mM NH2OHHCl (molar ratio of NH2OHHCl : gold(III) equal to 4.5) as providing 

the highest absorption of gold nanoparticles achieved from the direct reduction of 

HAuCl4 to gold nanoparticle forms. Reaction time virtually took 16 minutes for 50 µg 

L
-1

 mercury(II) ion, but reaction completed too long if its concentration lower than 50 

µg L
-1

.  

The absorption spectra of gold nanoparticles stabilized by 3-AEPE reduced 

by the various reducing agents is shown in Figure 4.12. The concentration of NaBH4 

(0.6 mM) is less than NH2OHHCl (72 mM) and ascorbic acid (71 mM) by about 100 

times. The result showed that the solution reduced by NaBH4 immediately appeared 

rose-red in coloration, but it did not appear rose-red in color when reducing with 

NH2OHHCl and ascorbic acid, even when increasing the reaction time to more than 

60 minutes. Apparently, NH2OHHCl and ascorbic acid are not suitable reducing 

agents for this protocol. The mechanism of the formation of gold nanoparticles greatly 

depended on the reducing power of NaBH4 according to the standard reduction 

potential of gold(III)/gold(0) (+1.50 V), NaBH4 (-1.24 V), NH2OHHCl (-0.4 V vs 

SHE) [153] and ascorbic acid (+0.13 V vs NHE) [101]. This indicated that ascorbic 

acid is too weak to reduce gold(III) to gold(0), in agreement with the previous report 

[101]. Nevertheless, both NH2OHHCl and ascorbic acid can be used together with 

the citrate-reduction method for seeding growth of gold nanoparticles [153-156]. It 

was reported that NH2OHHCl can also reduce gold(III) ions to bulk gold metal, 

though the reaction rate was low. For example, the SPR of gold nanoparticle formed 

using direct reduction as much lower in intensity and its coloration appeared an 

obvious pale-red (SPR band 580 nm), completing reaction time to more than 25 - 30 

minutes for 2 - 20 µg L
-1

 mercury(II) ions [133].  

The absorbance of gold nanoparticles stabilized by 3-AEPE measured at a 

wavelength of 517 nm is shown in Figure 4.13. This result confirmed that NaBH4 is 

the most capable reducing agent. Its absorbance is higher than NH2OHHCl and 

ascorbic acid by about 9 and 150-fold, respectively. 
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Figure 4.12 Effect of different reducing agents on producing gold nanoparticles 

stabilized by 3-AEPE with 0.6 mM NaBH4, 72 mM NH2OHHCl and 71 mM ascorbic 

acid. Experimental conditions: 125 µM gold(III), 0.3 mM 3-AEPE and 0.1% (v/v) 

Triton X-100. 

 

 

Figure 4.13 Comparison of reducing agents on the formation of gold nanoparticles 

stabilized by 3-AEPE. Experimental conditions: 125 µM gold(III), 0.3 mM 3-AEPE, 

0.1% (v/v) Triton X-100, 0.6 mM NaBH4, 72 mM NH2OHHCl and 71 mM ascorbic 

acid. 
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4.2.1.5 Effect of co-stabilizer concentration  

Due to the instability and tendency of gold nanoparticles to aggregate, co-

stabilizer has been used to prevent aggregation and to maintain the stability of gold 

nanoparticles. Non-ionic surfactants, such as Triton X-100, Tween 20 and Tween 80 

were reported to enhance absorbance and be superior anionic and cationic surfactants 

for the direct reduction of gold nanoparticles [97, 133]. Non-ionic micelle forms are 

also known to increasingly produce fluorescent enhancements of metal-chelate 

complexes [157]. With this aspect, micelle solution might enhance the absorption by 

UV-vis too. Thus, Triton X-100 was selected for investigation. 

The effect of co-stabilizer on the stability of gold nanoparticles against their 

aggregation was evaluated. By comparing absorption of gold nanoparticle stabilized 

by 3-AEPE and its coloration, Triton X-100 was used as a non-selective analyte co-

stabilizer. The result showed that gold nanoparticles stabilized by 3-AEPE containing 

0.1% (v/v) Triton X-100 revealed the highest absorption (~ 0.319) and remained 

slightly lower absorbance at increasing concentrations of 0.2 to 1.2% (v/v), as shown 

in Figure 4.14. However, the absorption of 3-AEPE-stabilized gold nanoparticles 

without Triton X-100 is as low as 0.115. It was indicated that the use of surfactant 

media can also enhance absorptibility in the spectra of 3-AEPE-stabilized gold 

nanoparticles by about 3 orders. This concentration of 0.1% (v/v) Triton X-100 is 1.5 

mM, which is higher than its critical micelle concentration (CMC) of 0.22 - 0.24 mM 

by about 6 orders. At concentrations above CMC, non-ionic surfactant micelles are 

formed. This implied that 3-AEPE-stabilized gold nanoparticles are more soluble in 

solution and more intensive gold nanoparticles can distribute inside the micelle, 

leading to sensitivity enhancement. With concentrations of Triton X-100 in the range 

of 0.2 - 1.2 % (v/v) (3.09 - 18.5 mM), the absorption values at a wavelength of 517 

nm decreased slightly and then remained constant. Thus, 0.1% (v/v) of Triton X-100 

was selected as a co-stabilizer for all further work. 



 71 

 

Figure 4.14 Effect of Triton X-100 concentration on producing gold nanoparticles 

stabilized by 3-AEPE. Experimental conditions: 125 µM gold(III), 0.3 mM 3-AEPE 

and 0.6 mM NaBH4. 

 

In this work, Triton X-100 was not only used to enhance sensitivity, but also 

acted as a co-stabilizer for maintaining the stability of 3-AEPE-stabilized gold 

nanoparticles in aqueous solution. Figure 4.15 shows different spectra of 3-AEPE-

stabilized gold nanoparticles with and without 0.1% (v/v) of Triton X-100. Their 

absorption spectra in the absence of Triton X-100 (Figure 4.15 (a)) showed a red-shift 

to a longer wavelength quickly during the first minute, corresponding the solution 

color rapidly changed from red to purple, then deep-blue with increasing reaction 

times. However, the absorption spectra of 3-AEPE-stabilized gold nanoparticles with 

Triton X-100 did not significantly change in the red-shift region despite increasing 

reaction time up to 30 minutes (Figure 4.15 (b)). Therefore, the solution color 

remained rose-red. This indicated that Triton X-100 used as a co-stabilizer did not 

only reduce the aggregation degree of 3-AEPE-stabilized gold nanoparticles, but also 

enhanced the sensitivity. Accordingly, it was reasoned that micelle non-ionic 

surfactant has an important role in the distribution of 3-AEPE-stabilized gold 

nanoparticle in solution against aggregation. The rose-red color of 3-AEPE-stabilized 

gold nanoparticle solution is stable within 12 hours at room temperature.  
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Figure 4.15 The aggregation degree of 3-AEPE-stabilized gold nanoparticles without 

(a) and with (b) the inclusion of 0.1% (v/v) Triton X-100. Experimental conditions: 

125 µM gold(III), 0.3 mM 3-AEPE and 0.6 mM NaBH4. 

 

4.2.1.6 Effect of reaction times 

An important factor to be controlled the formation of gold nanoparticles is 

the reaction time. By maintaining constant concentrations of 125 µM gold(III), 0.3 

mM 3-AEPE, 0.1% (v/v) Triton X-100 and 0.6 mM NaBH4, the reaction of 3-AEPE-

stabilized gold nanoparticle without any mercury(II) ions (blank solution) but with 

NaBH4 occurred quickly within a few seconds after adding NaBH4, resulting in a 

rose-red in coloration mentioned earlier. The absorption of blank solution was 
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occurred after direct reduction as shown in Figure 4.16 (transparent square, ), 
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triangle, ). It was reasoned that gold nanoparticle stabilized by 3-AEPE in the 

presence of Triton X-100 remained stable in these conditions.  

 

Figure 4.16 The stability of 3-AEPE-stabilized gold nanoparticles without any 

mercury(II) ions ( 517 nm and  680 nm). Experimental conditions: 125 µM 

gold(III), 0.3 mM 3-AEPE, 0.1% (v/v) Triton X-100 and 0.6 mM NaBH4. 

 

The reaction time was studied by monitoring the absorption of 3-AEPE-

stabilized gold nanoparticles in the presence of different concentrations of mercury(II) 

ions (0.5 - 5.0 µM). Figure 4.17 shows the absorbance of 3-AEPE-stabilized gold 

nanoparticles with various concentrations of mercury(II) ions when the reaction time 

increased from 1 to 30 minutes. It was indicated that the aggregation degree of 3-

AEPE-stabilized gold nanoparticles slowly occurred when the concentration of 

mercury(II) ions was low (< 0.5 M). Meanwhile, the reaction could occur 

immediately at higher concentrations of mercury(II) ions (> 1.25 M). This result 

showed that the absorbance values obtained at a wavelength of 680 nm increased with 

also increase mercury(II) ions because the reduced Hg(l) could likely deposit directly 

on the surface of gold nanoparticles to form an amalgam (Hg-Au alloys). Regardless, 

the reaction rate increased with increasing mercury(II) ions. As shown in Figure 4.18, 

the absorbance at a wavelength of 680 nm of 3-AEPE-stabilized gold nanoparticles 

increased within 5 - 10 minutes with the concentration of mercury(II) ions at less than 
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1.25 µM, corresponding to a slow visual color change from red to purple, whereas 

their concentrations
 
above 1.25 µM, the increase  occurred within a few seconds. 

 

Figure 4.17 Reaction times of 3-AEPE-stabilized gold nanoparticles in the presence 

of different concentrations of mercury(II) ions. Experimental conditions; 125 µM 

gold(III), 0.3 mM 3-AEPE, 0.1% (v/v) Triton X-100 and 0.6 mM NaBH4.  

 

 

Figure 4.18 Absorbance at 680 nm versus reaction times of 3-AEPE-stabilized gold 

nanoparticles in the presence of different concentrations of mercury(II) ions. 

Experimental conditions; 125 µM gold(III), 0.3 mM 3-AEPE, 0.1% (v/v) Triton X-

100 and 0.6 mM NaBH4. 
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The optimum conditions for gold nanoparticle stabilization by 3-AEPE based 

colorimetric assays for monitoring mercury(II) ions are summarized in Table 4.4. 

 

Table 4.4 Optimum conditions of 3-AEPE-stabilized gold nanoparticle 

Parameters Conditions 

Gold(III) ion 125 µM 

3-AEPE 0.3 mM 

NaBH4 0.6 mM 

Triton X-100 0.1%(v/v) 

pH 1.2 - 2.0 

Detection time 1 minute 

 

4.2.1.7 Characterization of 3-AEPE-stabilized gold 

nanoparticles 

The physical SPR property of gold nanoparticles and their interaction with 

mercury(II) ion can be investigated with a variety tools, such as UV-vis spectroscopy, 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), laser 

light scattering (LLS), dynamic light scattering (DLS), electrochemical methods, ICP-

MS and others. UV-vis is the most widely used technique to characterize the optical 

properties of gold nanoparticles due to simple operation and common availability in 

laboratory. It is well known that gold nanoparticles display a maximum absorption 

band in the visible region at ~520 nm and so exhibit a rose-red color. For gold 

nanoparticles with mean diameters of 9, 15, 22, 48 and 99 nm, the SPR maximum 

bands, max, were observed at 517, 520, 521, 533 and 575 nm, respectively [45]. In 

this work, UV-vis spectroscopy was used to characterize the 3-AEPE-stabilized gold 

nanoparticles before and after the addition of mercury(II) ions, as shown in Figure 

4.19.  

The characteristic SPR band of 3-AEPE-stabilized gold nanoparticles was 

observed in the spectrum at approximately 517 nm, corresponding to the observed 

rose-red color of the solution (Figure 4.19 (a)). It was also confirmed that gold 
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nanoparticles were formed. This was attributed to 3-AEPE-stabilized gold 

nanoparticle without mercury(II) ions preventing aggregation due to an electric field 

interaction between the gold nanoparticles and 3-AEPE ligand. To ensure the role of 

3-AEPE ligand in the stability of gold nanoparticles, gold(III) ion was reduced by 

NaBH4 under the same conditions, but 3-AEPE was not added. It was found that the 

rose-red color of gold nanoparticles disappeared and the solution color turned deep-

blue rapidly before precipitating. Therefore, 3-AEPE ligand is also indispensable in 

the formation and stabilization of gold nanoparticles that were direct reduced by 

NaBH4. In agreement with a previous report [105], the gold nanoparticle spectra  

which were reduced by NaBH4 in the presence of polyethylene glycol (PEG) 

displayed a broadening band of 508 and 514 nm for 3 and 4 nm in diameter, 

respectively. The SPR band was distinctively observed with an average particle size 

of 9 nm. 

On the other hand, the spectrum of 3-AEPE-stabilized gold nanoparticle in 

the presence of mercury(II) ion (5 µM) is shown in Figure 4.19 (b). The color of the 

solution changed from colorless to blue immediately. This also displayed a red-shift 

and broadening of the SPR band. 

  
Figure 4.19 UV-vis absorption spectra of 3-AEPE stabilized-gold nanoparticles in the 

(a) absence and (b) presence of 5 µM mercury(II) ion.  
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In order to know both the shape and size of the gold nanoparticles, TEM was 

used to characterize the 3-AEPE-stabilized gold nanoparticles before and after the 

addition of mercury(II) ions. Figure 4.19 shows the TEM images of 3-AEPE- 

stabilized gold nanoparticles in the absence and presence of mercury(II) ions. The 

TEM image of 3-AEPE-stabilized gold nanoparticle without any mercury(II) ions is 

shown in Figure 4.19 (a) and displays typical shapes of regular and almost individual 

spherical particles with mean dispersed particle sizes of 9 ± 2 nm in diameter. The 

average particle size was obtained by manual evaluation as shown in Figure 4.20. 

Thus, the average particle size of 3-AEPE-stabilized gold nanoparticles (9 nm) is 

consistent with the SPR maximum band of 517 nm, as mentioned in the previous 

reports [45, 105]. The nanoparticles were not clearly observed as individual particles 

presented in the as-prepared gold nanoparticles because the reduction of gold(III) ions 

to gold nanoparticles with 3-AEPE ligand coordinated on the gold nanoparticle 

surfaces occurred simultaneously after the addition of NaBH4. It was implied that 

gold nanoparticles were formed rapidly in solution. Although, most nanoparticles 

were capped by 3-AEPE ligand, some nanoparticles may not have been encapsulated 

on their surface. Nevertheless, we can summarize that 3-AEPE stabilized-gold 

nanoparticle was virtually formed under optimum conditions. 

Figure 4.19 (b) shows the color of the 3-AEPE-stabilized gold nanoparticle 

solution in the presence of mercury(II) ions to be purple or blue due to aggregation 

and size increases of individual gold nanoparticle particles. It was indicated that 

mercury(II) ions can induce the 3-AEPE-stabilized gold nanoparticles to aggregate, as 

shown in Figure 4.20 (b). The 3-AEPE-stabilized gold nanoparticle was unstable with 

inclusion of mercury(II) ions because liquid mercury could be accelerated to join with 

gold nanoparticles as mercury-gold alloys. In addition, it is well known that both 

mercury(II) and liquid mercury exhibit tendencies to bind with a strong affinity to the 

surface of gold nanoparticles through amalgamation or nucleation [97, 133, 147, 149, 

158]. Thus, after reduction of mercury(II) and gold(III) with NaBH4, the reduced 

liquid mercury is directly deposited onto the surface of gold nanoparticles to form an 

amalgam. However, 3-AEPE ligand cannot perform the role of stabilization and 

aggregation prevention in these conditions. 
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Figure 4.20 TEM images (450,000 x magnification) of the 3-AEPE-stabilized gold 

nanoparticle solution in the (a) absence and (b) presence of 5 µM mercury(II) ion.  

 

 

Figure 4.21 Size distributions and (insert) typical TEM image of 3-AEPE-stabilized 

gold nanoparticle with average diameter of 9 ± 2 nm.  

 

The mechanism of 3-AEPE-stabilized gold nanoparticle was described for 

both in the absence (blank) and presence of mercury(II) ion. It was reasoned that 3-

AEPE molecules display the indispensable role of stabilization and preventing the 
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that 3-AEPE molecules could greatly stabilize gold nanoparticles from aggregation as 
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evidenced by the SPR band at 517 nm and the rose-red appearance of the solution 

(Figure 4.19 (a)). The possible mechanism explaining such behavior is that 3-AEPE 

molecules only shield around gold nanoparticles by electrostatic repulsion between 

protonated ammonium and positively charged hydrogen ions (H
+
) in acidic aqueous 

solution; meanwhile, coordination could form through gold-sulfur (Au-S) bonds. 3-

AEPE-stabilized gold nanoparticle formation is depicted in Figure 4.22. As previously 

demonstrated by Liu et al. [93], terminated quaternary ammonium displays a 

stabilizing role in acidic solutions and terminated thiol group was also capped onto 

the surface of the gold nanoparticles. 

The reduction of gold(III) ions to gold(0) and mercury(II) ions to liquid 

mercury by NaBH4 is detailed in Eq. 4.1 - 4.3. It is apparent from equation (4.1) and 

(4.2) that 2.82 moles of trivalent gold can be reduced to metallic gold nanoparticles 

with one mole of NaBH4. 

                    NaBH4(aq) + 2H2O(l)    NaBO2(aq) + 8H
+
(aq) + 8e

-
             (4.1) 

   Au
3+

(aq) + 3e
-
    Au

0
(s)             (4.2) 

Hg
2+

(aq) + 2NaBH4(aq) + 6H2O(l)  Hg(l) + 7H2(g) + 2B(OH)3(aq) + 2Na
+
(aq) (4.3) 

Conversely, in the presence of mercury(II) ions, the solution turned blue 

rapidly after addition of NaBH4 due to the reduced liquid mercury likely to be directly 

combined onto the surface of gold nanoparticles through the formation of solid 

amalgam (Au-Hg alloys). The reaction of gold-mercury alloy is described in Eq. 4.4 

and 4.5 [133, 147, 158].  

        Hg(l)  +  3Au(s)    Au3Hg(l)           (4.4) 

         2Hg(l) +  Au(s)    AuHg2(l)           (4.5) 

This phenomenon was confirmed by analysis of the 3-AEPE-stabilized gold 

nanoparticles containing mercury (Au-Hg alloys) particles collected on a membrane 

using a laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS), 

which revealed that gold (197 amu Au) and mercury (202 amu Hg) were found on the 

membrane, and that the higher the mercury(II) concentration in the solution, the 

greater the mercury content found in the 3-AEPE-stabilized gold nanoparticles on the 
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(a) 

 

 

 

 

 

 

 

 

(b) 

membrane (see in Figure A.4). From this, the mechanism of 3-AEPE-stabilized gold 

nanoparticles for the detection of mercury(II) ions can be depicted in Figure 4.23. 

 

Figure 4.22 The possibility of forming of 3-AEPE-stabilized gold nanoparticles under 

conditions of 125 µM gold(III), 0.3 mM 3-AEPE, 0.1% (v/v) Triton X-100 and 0.6 

mM NaBH4. 

 

Figure 4.23 The proposed mechanism of 3-AEPE-stabilized gold nanoparticle 

formation in the (a) absence and (b) presence of mercury(II) ions, under conditions of 

125 µM gold(III), 0.3 mM 3-AEPE, 0.1% (v/v) Triton X-100 and 0.6 mM NaBH4. 
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4.2.1.8 Selectivity and sensitivity 

After obtaining optimum conditions, the selectivity of 3-AEPE-stabilized 

gold nanoparticles toward mercury(II) ions over other metal ions was evaluated. 

Selectivity for the target analyte is an extremely important aspect for a colorimetric 

sensor, especially in heavy metal analysis. The colorimetric response of the 3-AEPE 

stabilized-gold nanoparticles in the presence of various environmentally relevant and 

potentially competing ions, such as lead(II), cadmium(II), copper(II), cobalt(II), 

zinc(II), manganese(II), nickel(II), chromium(III), iron(III), aluminium(III), 

magnesium(II), calcium(II), potassium(I) and sodium(I), each at a concentration of 

250 µM, 100 times greater than that of the mercury(II) ions, was individually 

evaluated under identical conditions.  

The absorption spectra of 3-AEPE-stabilized gold nanoparticles with all 

competing cations did not show any significant shift to a longer wavelength as shown 

in Figure 4.24 and their solutions did not exhibit any detectable colorimetric response 

upon the addition of the other tested cation salts on their own, except for a weakly 

positive response by cadmium(II) ion as depicted in Figure 4.24 (inset). This implied 

that only mercury(II) ions caused the aggregation of  3-AEPE stabilized-gold 

nanoparticles, resulting in a color change to blue within a few seconds, although 

cadmium(II) and copper(II) ions showed a pale-purple in color indicating a very slight 

interfering effect. However, it remained easy to distinguish mercury(II) ions from 

other metal ions by naked-eye observation. Figure 4.25 shows the absorbance at 680 

nm of 3-AEPE-stabilized gold nanoparticles in the absence (blank) and presence of all 

competing metal ions at concentrations higher than mercury(II) ion by about 100 

times. Selectivity can be described in two possible aspects;  

(i) According to the hard and soft acids and bases (HSAB) theory [107], 3-

AEPE has two sulfur atoms (dithia) and two –NH2 groups (diaza) that can provide a 

hydrophilic interface and display great binding affinities toward mercury(II) ions 

which are soft acid metal ions.  
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(ii) According to the formation of gold-mercury alloys, only reduced 

mercury could combine; meanwhile, other metallic ions did not interact on the surface 

of gold nanoparticles unlike reduced liquid mercury [97, 133]. 

 

 

Figure 4.24 Absorption spectra of 3-AEPE-stabilized gold nanoparticles in the 

presence of various metal ions (250 µM) or 2.5 µM mercury(II) and (inset) the 

corresponding photo images, under conditions of 125 µM gold(III), 0.3 mM 3-AEPE, 

0.1% (v/v) Triton X-100 and 0.6 mM NaBH4.  

  

Figure 4.25 Absorbance at 680 nm of 3-AEPE-stabilized gold nanoparticles in the 

presence of various metal ions (250 µM) or 2.5 µM mercury(II) (n=3), under 

conditions of 125 µM gold(III), 0.3 mM 3-AEPE, 0.1% (v/v) Triton X-100 and 0.6 

mM NaBH4.  
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4.2.1.9 Calibration curve for mercury(II) ions 

According to above-mentioned procedures, the colorimetric response of 3-

AEPE-stabilized gold nanoparticles in the absence of mercury(II) ions was to appear 

rose-red in color immediately. The calibration curve was done using different 

concentrations of mercury(II) ions in the range of 0 - 10.0 µM. As shown in Figure 

4.26, colorimetric responses became to be purple and blue with increase 

concentrations of mercury(II) ions. It was implied that the color of solution revealed 

from the aggregation of 3-AEPE-stabilized gold nanoparticles is proportionally 

related to concentrations of mercury(II) ions. Above 1.25 µM mercury(II), the color 

of 3-AEPE-stabilized gold nanoparticle solution were immediately observed by naked 

eye to change to blue in coloration within a few seconds, while the faint-purple color 

of solution slowly appeared for concentrations of mercury(II) ions lower than 1.25 

µM. On the other hand, at higher concentrations of mercury(II) (>10 µM), the 

solution became almost transparent rapidly due to the precipitation of the aggregated 

gold nanoparticles, in agreement with a previous report [92]. The absorption spectra 

of 3-AEPE-stabilized gold nanoparticles with different mercury(II) ions are depicted 

in Figure 4.27.  

 

       0    0.75  1.25  2.25   3.0  3.75  5.25   6.0  7.50   9.0 µM Hg
2+

 

Figure 4.26 Colorimetric responses of 3-AEPE-stabilized gold nanoparticle solution 

upon the addition of various concentration of mercury(II) ion. 
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Figure 4.27 Absorption spectra of 3-AEPE-stabilized gold nanoparticle solution upon 

the addition of various concentrations of mercury(II) ions. 

The calibration curves of 3-AEPE-stabilized gold nanoparticles with 

different concentrations of mercury(II) ions (0 - 10.0 µM) were also plotted using the 

relationship between mercury(II) concentrations and their absorbance at wavelengths 

of 650, 660, 670, 680, 690 and 700 nm, as shown in Figure 4.27. This indicated that 

their curves obtained from each wavelength were similar. The absorption of 3-AEPE-

stabilized gold nanoparticles with concentrations of mercury(II) ions of 0 - 1.25 µM 

and 5.25 - 10.0 µM showed a little proportionally increased, while its absorbance at 

1.25 - 5.25 µM mercury(II) ions showed linearity with better slope values as shown in 

Table 4.5. Therefore, calibration curve of 3-AEPE-stabilized gold nanoparticles can 

be divided into three levels of mercury(II) concentrations, including low (0 - 1.25 

µM), medium (1.25 - 5.25 µM) and high (5.25 - 10.0 µM). Due to the aggregation of 

3-AEPE-stabilized gold nanoparticles depending on the concentrations of mercury(II) 

ions, at low concentrations (< 1.25 µM) could slow induce gold nanoparticle 

aggregation in agreement with previous report [133]. By comparing any wavelength, 

a wavelength at 680 nm provided the acceptable linearity, especially medium and 

high levels providing both better sensitivity and linearity. Thus, calibration curve of 

this protocol was also constructed at a wavelength of 680 nm as shown in Figure 4.29 
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and linearity curve of different mercury(II) concentration levels is depicted in Figure 

4.30.  

 

Figure 4.28 The relationship between the concentrations of mercury(II) ions and their 

absorptions of 3-AEPE-stabilized gold nanoparticles at different wavelengths.  

 

Table 4.5 Linearity ranges of different mercury(II) concentration levels at different 

measuring wavelengths 

 

(nm) 

0 - 1.25 M Hg
2+

 1.25 - 5.25 M Hg
2+

 5.25 - 10.0 M Hg
2+

 

Linear Eq. R
2
 Linear Eq. R

2
 Linear Eq. R

2
 

650 0.02x + 0.068 0.999 0.0841x + 0.103 0.991 0.0328x + 0.351 0.974 

660 0.0193x + 0.059 0.999 0.0844x + 0.094 0.993 0.0337x + 0.343 0.978 

670 0.0173x + 0.053 0.992 0.0845x + 0.084 0.993 0.0335x + 0.336 0.984 

680 0.0167x + 0.0475 0.995 0.0864x + 0.075 0.996 0.032x + 0.339 0.99 

690 0.0147x + 0.041 0.997 0.0844x + 0.067 0.995 0.0316x + 0.321 0.971 

700 0.0133x + 0.336 0.997 0.084x + 0.058 0.995 0.0372x + 0.332 0.975 
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Figure 4.29 Absorption values of 3-AEPE-stabilized gold nanoparticles at a 

wavelength of 680 nm versus mercury(II) concentrations.  

 

 

Figure 4.30 Three levels of calibration curves of 3-AEPE-stabilized gold 

nanoparticles. 
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concentration of Triton X-100 was fixed at 0.1 %(v/v). Other experimental conditions, 

such as pH, mixing time and rate, measurement time and pattern of the addition of the 

reducing agent were done with the same procedure as gold nanoparticles stabilized by 

3-AEPE (Section 4.2.1). 

 

4.2.2.1 Effect of gold(III) concentration  

The investigation of concentrations of gold(III) ion solution affecting the 

formation of gold nanoparticles was done by the same procedure as 3-AEPE, but 3-

AEPE was replaced with a constant 0.3 mM 4-AEBE. The concentrations of NaBH4 

and Triton X-100 were 0.6 mM and 0.1%(v/v), respectively. It was found that 

concentration of gold(III) ions at 125 M (mole ratio of gold(III) ions : NaBH4 equal 

to 0.2) displayed characteristic SPR band greatly and its coloration became rose-red 

immediately as shown in Figure 4.31. This result was the same as 3-AEPE-stabilized 

gold nanoparticles. Thus, concentration of gold(III) ions of 125 M was great 

optimum condition. 

  

Figure 4.31 Effect of the concentration of gold(III) solution on the formation of gold 

nanoparticle stabilized by 4-AEBE. 
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4.2.2.2 Effects of 4-AEBE concentration  

The mole ratio of gold(III) ions and 4-AEBE (range of 0.1 - 1.0 mM) is 

shown in Table 4.6, while the concentrations of 125 µM gold(III), 0.1% (v/v) Triton 

X-100 and 0.6 mM NaBH4 were constant. The absorption spectra of 4-AEBE-

stabilized gold nanoparticle solution achieved using various concentrations of 4-

AEBE are showed in Figure 4.32. Although, the absorbance at a wavelength of 517 

nm increased when increasing 4-AEBE concentrations, their solution color changed 

from rose-red to purple, except at 0.4 mM. The coloration of its solution could be 

obviously observed comparing to other concentrations. Thus, 0.4 mM 4-AEBE was 

selected for further studies, which with 125 µM gold(III) yields a 0.78 : 1 mole ratio 

of gold(III) : 4-AEBE. 

 

Table 4.6 Mole ratio of gold(III) ion and 4-AEBE  

Au
3+

  

(µM) 

Au
3+

 

(µmol) 

4-AEBE 

(mM) 

4-AEBE 

(µmol) 

Mole ratio 

Au
3+

:4-AEBE 

125 0.5 0.1 0.04 12.5 

125 0.5 0.2 0.16 3.13 

125 0.5 0.3 0.36 1.39 

125 0.5 0.4 0.64 0.78 

125 0.5 0.6 1.44 0.35 

125 0.5 0.8 2.56 0.20 

125 0.5 1.0 4.00 0.13 
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Figure 4.32 Effect of the concentration of 4-AEBE ligand on the formation of gold 

nanoparticle stabilized by 4-AEBE. 

 

4.2.2.3 Effect of NaBH4 concentration 

The influence of NaBH4 concentration was performed by the same procedure 

as 3-AEPE, as mentioned in Table 4.3 as described in Section 4.2.1.4. Figure 4.33 

shows the absorbance of 4-AEBE-stabilized gold nanoparticles at a wavelength of 

517 nm with various the concentrations of NaBH4. It was found that the results of this 

experiment were similar to the one of 3-AEPE. Thus, the concentration of NaBH4 on 

the formation of 4-AEBE-stabilized gold nanoparticles was 0.6 mM (mole ratio of 

NaBH4 : gold(III) of 4.8). The concentration of NaBH4 was similar to 3-AEPE-

stabilized gold nanoparticles. 
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Figure 4.33 Effect of the concentration of NaBH4 on the formation of gold 

nanoparticle stabilized by 4-AEBE.  

After optimization of 4-AEBE-stabilized gold nanoparticles, we obtained the 

suitable concentrations of gold(III) ions, 4-AEBE and NaBH4. The optimum condition 

of 4-AEBE-stabilized gold nanoparticles is summarized in Table 4.7. 

 

Table 4.7 Optimum conditions of 4-AEBE-stabilized gold nanoparticles 

Parameters Conditions 

Gold(III) ion 125 µM 

4-AEBE 0.4 mM 

NaBH4 0.6 mM 

Triton X-100 0.1%(v/v) 

pH 1.2 - 2.0 

Detection time 1 minute 

 

 

 

 

 

 

0.00

0.10

0.20

0.30

0.40

0.00 0.40 0.80 1.20 1.60 2.00

A
b

so
rb

a
n

ce
 a

t 
5
1
7
 n

m
 

NaBH4 (mM) 



 91 

4.2.2.4 Characterization of 4-AEBE-stabilized gold 

nanoparticles 

After obtained optimum conditions as shown in Table 4.7, 125 M gold(III) 

ions, 0.4 mM 4-AEBE, 0.6 mM NaBH4 and 0.1%(v/v) Triton X-100, 4-AEBE-

stabilized gold nanoparticle was characterized using UV-vis and TEM techniques 

with the absence and presence of mercury(II) ions. This result showed that 4-AEBE-

stabilized gold nanoparticle solution in the absence of mercury(II) ions (blank) 

appeared rose-red in coloration obviously, while its coloration became deep-blue 

rapidly with the presence of mercury(II) ions. This implied that 4-AEBE can be a 

stabilizer to prevent the aggregation of gold nanoparticles, similar to 3–AEPE. TEM 

images of 4-AEBE-stabilized gold nanoparticles in the absence and presence of 

mercury(II) ion are shown in Figure 4.34. This result showed that 4-AEBE-stabilized 

gold nanoparticles without mercury(II) ions displayed typical shapes of regular and 

almost individual spherical particles with mean dispersed particle sizes of  9 nm in 

diameter, which is consistent with the SPR maximum band of 517 nm, similar to 3-

AEPE-stabilized gold nanoparticles, but interparticular distances could be observed, 

while the distanced observed from the 3-AEPE system were closer apparently. 

   

Figure 4.34 TEM images (450,000x magnification) of 4-AEBE-stabilized gold 

nanoparticle solution in the (a) absence and (b) presence of 5 µM mercury(II) ion.  

 

 

(a)                                (b) 
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4.2.2.5 Calibration of 4-AEBE-stabilized gold nanoparticles 

The calibration curve of 4-AEBE-stabilized gold nanoparticles was done 

using different concentrations of mercury(II) ions in the range of 0 - 10.0 M. The 

coloration became purple and deep-blue when the concentrations of mercury(II) ions 

increased, similar to 3-AEPE-stabilized gold nanoparticles as described in Section 

4.2.1.9. Similarly, Figure 4.35 shows the linearity of 4-AEBE-stabilized gold 

nanoparticles with three levels of mercury(II) concentrations, including low (0 - 2.5 

µM), medium (2.5 - 6.0 µM) and high (6.0 - 10.0 µM) levels. The calibration curves 

of gold nanoparticles stabilized by 3-AEPE and 4-AEBE were constructed to compare 

with intra-day. These results showed that 3-AEPE-stabilized gold nanoparticles 

revealed much more sensitive than 4-AEBE-stabilized gold nanoparticles, by 

considering from their slopes of each mercury(II) concentration levels, as shown in 

Table 4.8. Sensitivities of three concentration levels of mercury(II) ions between 3-

AEPE-stabilized gold nanoparticle and 4-AEBE-stabilized gold nanoparticle were 

compared by their slopes. It was found that the slope of 3-AEPE was higher than 4-

AEBE by about 6, 7.5 and 8 orders for low, medium and high concentration levels.  

 

Figure 4.35 The calibration curve of 4-AEBE-stabilized gold nanoparticles. 
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Table 4.8 Linearity ranges of different mercury concentration levels of gold 

nanoparticles stabilized by 3-AEPE and 4-AEBE  

Ligands 
0 - 1.25 M Hg

2+
 1.25 - 5.25 M Hg

2+
 5.25 - 12.0 M Hg

2+
 

Linear Eq. R
2
 Linear Eq. R

2
 Linear Eq. R

2
 

3-AEPE 0.0905x + 0.050   0.996 0.3432x + 0.007  0.994 0.1028x + 0.227  0.997 

4-AEBE 0.0149x + 0.043   0.990 0.046x + 0.008  0.993 0.0129x + 0.168  0.994 

 

4.2.3 Gold nanoparticles stabilized by 5-AEPE 

Apart from 4-AEBE ligand, 5-AEPE was used instead of 3-AEPE in order to 

be a stabilizer for gold nanoparticles. Only the effects of concentrations of gold(III) 

ions, 5-AEPE and NaBH4 were investigated by varying their concentrations. 

Meanwhile, the concentration of Triton X-100 was maintained at 0.1 %(v/v). Other 

experimental conditions, such as pH, mixing time and rate, measurement time and the 

pattern of the addition of the reducing agent were done using the same procedure as 3-

AEPE-stabilized gold nanoparticles as described in Section 4.2.1. 

 

4.2.3.1 Effect of gold(III) concentration 

The effect of the concentration of gold(III) ion solution was done by the 

same procedure as 3-AEPE, but 3-AEPE was replaced with 5-AEPE. The 

concentration of gold(III) ion solution was investigated with a constant concentration 

of 0.6 mM 5-AEPE, 0.8 mM NaBH4 and 0.1%(v/v) Triton X-100. As shown in Figure 

4.36, the concentration of gold(III) ions at 125 M (mole ratio of gold(III) ions : 

NaBH4 was 0.15) displayed the characteristic of SPR band greatly and its coloration 

became rose-red immediately, exhibiting the same result as 3-AEPE-stabilized gold 

nanoparticles. 
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Figure 4.36 Effect of the concentration of gold(III) solution on the formation of gold 

nanoparticle stabilized by 5-AEPE. 

 

4.2.3.2 Effects of 5-AEPE concentration  

The mole ratio of gold(III) ions and 5-AEPE (ranging from 0.1 to 1.0 mM) is 

shown in Table 4.9, while the concentrations of 125 µM gold(III), 0.1% (v/v) Triton 

X-100 and 0.6 mM NaBH4 were constant. The absorption spectra of 5-AEPE-

stabilized gold nanoparticle solution achieved from 0.6 mM 5-AEPE concentrations 

showed the highest absorbance at a wavelength of 517 nm (Figure 4.37) and the 

solution showed rose-red color. The coloration of its solution could be obviously 

observed comparing to other concentrations. Thus, 0.6 mM 5-AEPE was selected for 

further studies, which with 125 µM gold(III) yields a 0.35 : 1 mole ratio of gold(III) : 

5-AEPE. 
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Table 4.9 Mole ratio of gold(III) ion and 5-AEPE  

Au
3+

  

(µM) 

Au
3+

 

(µmol) 

5-AEPE 

(mM) 

5-AEPE 

(µmol) 

Mole ratio 

Au
3+

:5-AEPE 

125 0.5 0.1 0.04 12.5 

125 0.5 0.2 0.16 3.13 

125 0.5 0.3 0.36 1.39 

125 0.5 0.4 0.64 0.78 

125 0.5 0.6 1.44 0.35 

125 0.5 0.8 2.56 0.20 

125 0.5 1.0 4.00 0.13 

 

 

Figure 4.37 Effect of the concentration of 5-AEPE ligand on the formation of gold 

nanoparticle stabilized by 5-AEPE. 

 

4.2.3.3 Effect of NaBH4 concentration  

The influence of NaBH4 concentration was studied by the same procedure as 

that of 3-AEPE, as mentioned in Table 4.3 (Section 4.2.1.4). It was found that the 

results of this experiment are shown in Figure 4.38. Thus, the concentration of NaBH4 

on the formation of 5-AEPE-stabilized gold nanoparticles was 0.8 mM (mole ratio of 

NaBH4 : gold(III) of 6.4).  
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Figure 4.38 Effect of the concentration of NaBH4 on the formation of gold 

nanoparticle stabilized by 5-AEPE.  

After optimization of 5-AEPE-stabilized gold nanoparticles, we obtained the 

suitable concentrations of gold(III) ions, 5-AEPE and NaBH4. The optimum condition 

of 4-AEBE-stabilized gold nanoparticles is summarized in Table 4.10. 

 

Table 4.10 Optimum conditions of 5-AEPE-stabilized gold nanoparticles 

Parameters Conditions 

Gold(III) ion 125 µM 

5-AEPE 0.6 mM 

NaBH4 0.8 mM 

Triton X-100 0.1%(v/v) 

pH 1.2-2.0 

Detection time 1 minute 
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characterized using UV-vis and TEM techniques with the absence and presence of 

0.00

0.10

0.20

0.30

0.40

0.00 0.40 0.80 1.20 1.60 2.00

A
b

so
rb

a
n

ce
 a

t 
5
1
7
 n

m
 

NaBH4 (mM) 



 97 

mercury(II) ions. This result showed that 5-AEPE-stabilized gold nanoparticle 

solution in the absence of mercury(II) ions (blank) appeared rose-red in coloration, 

while its coloration became deep-blue rapidly with the presence of mercury(II) ions. 

This implied that 5-AEPE could be a good stabilizer to prevent the aggregation of 

gold nanoparticles, similar to 3-AEPE and 4-AEBE ligands. TEM images of 5-AEPE-

stabilized gold nanoparticles in the absence and presence of mercury(II) ion are 

shown in Figure 4.39, showing typical shapes of regular and almost individual 

spherical particles, in case of without mercury(II) ion (Figure 4.39 (a)). This result is 

consistent with those 3-AEPE and 4-AEBE. On the other hand, the aggregated gold 

nanoparticles was obviously observed with the presence of 5 µM mercury(II) ions.  

   

Figure 4.39 TEM images (450,000x magnification) of the 5-AEPE-stabilized gold 

nanoparticle solution in the (a) absence and (b) presence of 5 µM mercury(II) ion.  

 

4.2.3.5 Calibration of 5-AEPE-stabilized gold nanoparticle 

The calibration curve of 5-AEPE-stabilized gold nanoparticles was done 

using different concentrations of mercury(II) ions in the range of 0 - 15.0 M. The 

coloration became purple and deep-blue with increasing the concentrations of 

mercury(II) ions, similar to 3-AEPE-stabilized gold nanoparticles as described in 

Section 4.2.1.9. Similarly, Figure 4.40 shows the linearity of 5-AEPE-stabilized gold 

nanoparticles with two levels of mercury(II) concentrations with low (0 - 2.5 µM) and 

high levels (2.5 - 15.0 µM). Although, each level of 5-AEPE-stabilized gold 

(a)                                                                  (b) 
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nanoparticles showed low sensitivity, their levels give wilder linear dynamic ranges 

(LDR) comparing linearity of 3-AEPE-stabilized gold nanoparticles and 4-AEBE-

stabilized gold nanoparticles. This result indicated that 5-AEPE ligand was able to 

stabilize gold nanoparticles superior to 3-AEPE and 4-AEBE ligands. It was implied 

that the length of dithia-diaza ligand chain affected the stabilization of gold 

nanoparticles. The longer ligand chain, the more effective stabilization ability toward 

gold nanoparticles. 

 

Figure 4.40 The calibration curve of 5-AEPE-stabilized gold nanoparticles. 

 

4.2.4 Gold nanoparticles stabilized by cysteamine hydrochloride 

Apart from three dithia-diaza ligands (3-AEPE, 4-AEBE and 5-AEPE), 

cysteamine hydrochloride was studied for stabilizing gold nanoparticles. Liu et al. 

[100] used a cysteamine hydrochloride as a precursor reagent to prepare a thymine 

acetamidoethanethiol ligand. The terminated thiol group of ligand was functionalized 

on the surface of gold nanoparticles.  

The concentration of gold(III) ion solution, NaBH4 and Triton X-100 was 

fixed at 125 M (1000 L of 0.5 mM), 0.6 mM (300 L of 4 mM) and 0.1%(v/v), 

respectively. The concentration of cysteamine hydrochloride was varied in the range 

of 0.125 - 1.25 mM. (100 L - 1000 L of 5.0 mM). It was found that the coloration 

of all solutions turned blue rapidly after the addition of reducing agent. This implied 
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that cysteamine hydrochloride could not stabilize gold nanoparticles, unlike three 

dithia-diaza ligands. 

 

4.3 Method validation 

After obtaining optimum conditions for this proposed method, the method 

was validated by establishing the performance characteristics related to the accuracy 

and precision, which was reported in term of percentage of recovery and percentage 

of relative standard deviation (%RSD), respectively. The lowest detectable 

concentration was represented in term of the limit of detection (LOD). Among three 

dithia-diaza ligands, 3-AEPE was used to validate analytical method because 3-

AEPE-stabilized gold nanoparticles provided the highest sensitivity. 

 

Limit of detection 

Under optimum conditions, the limit of detection was estimated using three 

times of the standard deviation (3) of blank (3-AEPE-stabilized gold nanoparticles 

in the absence of mercury(II) ions). It was found that the lowest detectable 

concentration of mercury(II) ion is as low as 35 nM (7 µg L
-1

), whilst the limit of 

detection with naked eye method under observation within a minute is 1.25 µM (250 

µg L
-1

). With the naked eye assay, when the concentration of mercury(II) ions is 

lower than 1.25 µM, no apparent color changes occurred during the reaction time of 1 

- 10 minutes. However, when the reaction proceeded over 10 minutes, the solution 

color could be observed a significant difference in coloration between 3-AEPE-

stabilized gold nanoparticle solution in the presence of 0.5 µM (100 µg L
-1

) 

mercury(II) ion and blank solution. Thus, the lowest detectable concentration of 

mercury(II) was suggested at 0.5 µM by naked eye detection.  

 

Reproducibility 

3-AEPE-stabilized gold nanoparticle solution in the presence of mercury(II) 

ion of 2.5 µM (0.5 mg L
-1

) was done repeatedly with the same condition. It was found 

that although the coloration of each experiment appeared no significant difference 
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using naked eye observation, but their absorption spectra obtained from UV-vis 

showed the significant difference. We also discovered that the factors that lead to 

effect on absorption spectrum were the addition rate of the reducing agent, mixing 

time and measurement time. First, three patterns of the addition of the reducing agent 

were investigated among from rapid or sudden, normal (drop-by-drop) and slow 

dropping. We found that the sudden adding pattern led to deep-blue color in solution. 

On the other hand, both later patterns caused purple in color, but the color of 3-AEPE-

stabilized gold nanoparticle solution using drop-by-drop could easily be observe and 

also provided higher absorption values. Thus, the drop-by-drop pattern of addition of 

reducing agent was done for all experiments in this work.  

Second, the degree of aggregation depending on reaction time, mixing time 

and measurement time were directly influenced to the formation of gold nanoparticle 

and its stabilization. We found that the suitable mixing time is 30 seconds and 

measurement time was recorded within 60 seconds after the addition of reducing 

agent. Then, reproducibility was performed by repeating 11 times under optimum 

conditions. The result showed that the percentage of relative standard deviation was 

less than 2%. Consequently, the proposed method for the detection of mercury(II) ion 

displays high precision, being consistent with the recommended from the literature 

(see Table 2.1). 

 

Accuracy 

In this part, the accuracy of this proposed colorimetric method was 

represented as the percentage of recovery. The different concentrations of mercury(II) 

ions of 0.45, 0.60, 1.05, and 1.25 mg L
-1

 were used to evaluate the recovery. We 

found that the recovery was found in the range of 90.7 - 106.7%. The results showed 

that the accuracy of this proposed method in mercury(II) ion detection were 

acceptable, according to the widely used criteria of analyte recovery in different 

concentration levels (see Table 2.1). 
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Matrix-matched calibration 

A series of the concentrations of mercury(II) ion was spiked into real 

drinking water sample. Then, the procedure was done using the same calibration 

curve. Figure 4.41 shows the comparison of linearity of calibration (solid shapes) and 

spiked standard (transparent shapes) curves. It indicated that the relative response was 

not significantly different. It could imply that an operative matrix in sample had no 

effect for the detection of mercury(II) ions in real samples (bottled drinking water). 

 

Figure 4.41 Standard addition curve (solid and transparent shapes represent the 

calibration and matrix-matched curves, respectively) 

 

4.4 Application in real drinking water 

The proposed method was applied to determine mercury(II) ions in real 

samples (bottled drinking water). It was found that the color of 3-AEPE-stabilized 

gold nanoparticle solution remains red in color, indicating that mercury(II) ions 

concentration in samples was below the limit of detection. This result was consistent 

with the result obtained from inductively coupled plasma-optical emission 

spectrophotometer (ICP-OES). The total concentration of mercury did not detect with 

a detection limit of 2 µg L
-1
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To obtain the accuracy of this proposed method, the samples were also 

spiked by the different concentrations of mercury(II) ions. The spiked sample was 

then performed by the procedure of the proposed method. The results are shown in 

Table 4.11. The recoveries of mercury(II) ions from spiked samples at different 

concentration levels were acceptable. Thus, the proposed method can be used to 

determine mercury(II) ions in bottled drinking water samples. 

 

Table 4.11 Determination of mercury(II) ions in real samples 

Sample Added conc. 

(mg L
-1

) 

Found conc. 

(mg L
-1

) 

Recovery 

(%) 

Bottled drinking  - n.d. - 

water 1 0.45 0.46 (±0.004) 101.3  

 0.60 0.60 (±0.025) 100.3  

 1.05 1.04 (±0.019) 98.7  

 1.25 1.09 (±0.052) 90.7  

Bottled drinking  - n.d. - 

water 2 0.45 0.42 (±0.016) 92.7  

 0.60 0.64 (±0.030) 107.7  

 1.05 1.08 (±0.020) 102.9 

 1.25 1.22 (±0.030) 101.6 

 - n.d. - 

Bottled drinking 0.45 0.52 (±0.45) 90.8  

water 3 0.60 0.71 (±0.3) 99.5  

 1.05 1.18 (±0.35) 101.3 

 1.25 1.39 (±0.20) 106.7 
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4.5 Extraction of mercury(II) ions by ionic liquid 

4.5.1 Synthesis and characterization of ionic liquid 

An ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate, also 

known as [C4mim][PF6] or Bmim-PF6, was synthesized by alkylation of 1-butyl-3-

methylimidazolium chloride and hexafluorophosphoric acid. As the ionic liquid, 

[C4mim][PF6] is viscous, colorless, hydrophobic and non-water soluble. The 
1
H-NMR 

spectrum of [C4mim][PF6] recorded in CDCl3 is depicted in Figure 4.42. The 
1
H-

NMR spectrum was obtained in chemical shifts as follows :  (ppm) 0.85 (t, 3H, J = 

7.2), 1.22 (sept, 2H, J = 7.5), 1.81 (pen, 2H, J = 7.6), 3.84 (s, 3H), 4.04 (t, 2H, J = 

4.0), 7.21 (t, J = 1.8), 7.32 (t, 1H, J = 1.8) and 8.25 (s, 1H). This result showed that 

the ionic liquid [C4mim][PF6] was successfully synthesized. 

 

Figure 4.42 The 
1
H-NMR spectrum of an ionic liquid [C4mim][PF6] in CDCl3. 
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4.5.2 Optimization of the extraction of mercury(II) ions by ionic liquid  

For all experiments in this section, deionized water-saturated with ionic 

liquid [C4mim][PF6] (sat. DI water) was used instead of deionized water. Deionized 

water saturated with ionic liquid [C4mim][PF6] was prepared by stirring ionic liquid 

[C4mim][PF6] in deionized water until it saturated.  

4.5.2.1 Effect of the volume of ionic liquid 

The effects of an ionic liquid [C4mim][PF6] on the extraction of mercury(II) 

ions was investigated by varying volume in the range of 1 - 5 mL. A 20 mL of 100 g 

L
-1

 mercury(II) ions and ionic liquid [C4mim][PF6] were stirred thoroughly for 20 

minutes. After centrifuging for 5 minutes at 2500 rpm, the solution was collected and 

then measured using CV-AAS. It was found that the percentages of extraction 

efficiency (%EE) were very low within the range of 15 - 25%. This result was 

consistent with the previous reports [121, 159] stated that the extraction efficiency of 

mercury(II) ions was very low due to its relatively high water solubility when the 

volume of ionic liquid [C4mim][PF6] was smaller than 25 mL. Thus, organic chelators 

were used to complex with mercury(II) ion before extraction using ionic liquids. In 

this work, 3-AEPE was employed as a chelating agent to form a complex with 

mercury(II) ion. The solution was stirred for 5 minutes before extraction with ionic 

liquid [C4mim][PF6]. However, the result revealed low extraction efficiency in the 

range of 19 - 26%. This result implied that low concentrations of mercury(II) ions 

were transfer into ionic liquid [C4mim][PF6] phase because the initial concentration of 

mercury(II) ion was very low 10 times lower than that was used in the literature [121, 

159] leading to low concentration gradient that is a main driving force for the 

extraction.  
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Figure 4.43 Effect of ionic liquid volumes on the extraction efficiency of mercury(II) 

ions using ionic liquid [C4mim][PF6] in the absence and presence of 3-AEPE. 

 

4.5.2.2 Effect of pH 

The influence of the pH value on the extraction of mercury(II) ions was 

investigated by varying 2 to 10 by using 5% (v/v) HNO3 and 0.1 M NaOH as pH 

adjusting agents. Similarly, 20 mL of 100 g L
-1

 mercury(II) ions and 1 mL of ionic 

liquid [C4mim][PF6] was performed until the upper aqueous phase was obtained. The 

extraction efficiencies were compared between the extraction in the absence and 

presence of 1 mL of 1 mM 3-AEPE as shown in Figure 4.44. Both experimental 

conditions showed similar behavior, with extraction efficiencies in the pH ranges of 4 

- 7 in the range of 30 - 32% and 34 - 40 % for the absence and presence of 3-AEPE, 

respectively. Meanwhile, extraction efficiencies were lower than 20 % when the pH 

of solution was less than 7 due to mercury(II) ion precipitation in alkaline solution. 
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Figure 4.44 Effect of pH on the extraction efficiency of mercury(II) ions using ionic 

liquid [C4mim][PF6] in the absence and presence of 3-AEPE. 

 

4.5.2.3 Effect of the concentration of 3-AEPE 

The concentration of 3-AEPE was varied in the range of 0 - 222 mM, while 

maintaining the concentration of mercury(II) ions at 446 mM and 1 mL of ionic liquid 

[C4mim][PF6]. The result is shown in Figure 4.45. It was found that the highest 

extraction efficiency of mercury(II) ions were the ratio of 3-AEPE and mercury(II) 

ions over 0.8.  

 

Figure 4.45 Effect of the concentration of 3-AEPE on the extraction efficiency of 

mercury(II) ions using ionic liquid [C4mim][PF6]. 
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4.5.2.4 Effects of extraction times 

The extraction time was varied in the range of 15 - 120 minutes. While 

maintaining constant volume of 1 mL of ionic liquid [C4mim][PF6] and 1 mL of 1 

mM 3-AEPE, 20 mL of 100 g L
-1

 mercury(II) ions at pH 4 were added and allowed 

to react until the upper aqueous phase was obtained. In both cases, the results showed 

that extraction efficiencies increased slightly and then remained constant with 

extraction time over 30 minutes as shown in Figure 4.46. The extraction efficiency of 

mercury(II) ions in the absence and presence of 3-AEPE was slightly different. 

 

Figure 4.46 Effect of extraction time on the extraction efficiency of mercury(II) ions 

using ionic liquid [C4mim][PF6] in the absence and presence of 3-AEPE. 

 

In this work, the extraction efficiency of mercury(II) ions using an ionic 

liquid [C4mim][PF6] in the absence and presence of 3-AEPE was low (less than 40 

%). It was indicated that a small concentration of mercury(II) ions and a neutral 

complex of mercury(II)-3-AEPE was distributed in ionic liquid phase. This result is 

consistent with a previous report by Germani et al. [118]. The distribution ratio of 

mercury(II) ions in an ionic liquid [C4mim][PF6] was 0.84. Under stirring at a 

constant temperature of 60 C, mercury(II) ions did not transfer instantaneously into 

an ionic liquid [C4mim][PF6] in the absence of any chelating agent. However, the 

transfer of mercury(II) ions into an ionic liquid phase can occur completely if the 
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extraction time was extended over 30 hours. This equilibrium time is too long for 

analytical purposes. However, a neutral mercury(II)-3-AEPE complex was trial to 

form by mixing mercury(II) ions with 3-AEPE ligand prior to be extracted by the 

ionic liquid, the high extraction efficiency was expected. Unfortunately in this work, 

3-AEPE-Hg(II) complex could be low extracted into the ionic liquid [C4mim][PF6] at 

room temperature. This unsatisfied results could be attributed to high water solubility 

of the ligand and the complex, thus they preferred to be solvated by water molecules 

in the aqueous phase rather than moving to the ionic liquid phase.   
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CHAPTER V 

 

CONCLUSION  

 

Dithia-diaza ligands (3-AEPE, 4-AEBE and 5-AEPE) were synthesized and 

used as a stabilizer for preventing aggregation of gold nanoparticles obtained from 

direct reduction by NaBH4. Gold(III) ion (HAuCl form) containing dithia-diaza 

ligands and non-ionic-surfacetant was reduced to form gold nanoparticles and 

simultaneously stabilized by dithia-diaza ligands.  

Without mercury(II) ions, 3-AEPE-stabilized gold nanoparticle in the 

presence of Triton X-100 appeared a rose-red in coloration upon addition of NaBH4, 

showing the SPR absorption band at 517 nm. The average sizes of 3-AEPE-stabilized 

gold nanoparticles obtained from TEM displayed individual particles in diameter of 9 

nm. The results obtained from UV-vis and TEM techniques confirmed that 3-AEPE 

can stabilize gold nanoparticles by direct reduction using NaBH4 against their 

aggregation. While, 3-AEPE-stabilized gold nanoparticle solution in the presence of 

mercury(II) became purple and blue immediately when addition of the reducing agent 

within a few second. The optimum conditions of the concentrations of gold(III) ions, 

3-AEPE, Triton X-100 and NaBH4 were 125 M, 0.3 mM, 0.1%(v/v) and 0.6 mM, 

respectively. For quantitative colorimetric analysis by UV-vis, 3-AEPE-stabilized 

gold nanoparticle solution in the presence of mercury(II) was measured at a 

wavelength of 680 nm. By comparing with other metal ions that concentration higher 

than mercury(II) ion by about 100 times, only mercury(II) ion can induce to aggregate 

of gold nanoparticles, resulting solution turns to blue, while the solution containing 

other metal ions remained rose-red in coloration. The calibration curve was 

constructed at a wavelength of 680 nm with various concentrations of mercury(II) 

ions. The linearity depended on the concentrations of mercury(II) ion was divided into 

three levels of, including low (0 - 1.25 M), medium (1.25 - 5.25 M) and high (5.25 

- 10.0 M). The limit of detection was estimated to be 35 nM (7 g L
-1

), with a 

relative standard deviation of 1.3% (n = 11). The acceptable recoveries of spiked 

samples were found in the range of 90.7 - 106.7%. 
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Similarly, 4-AEBE and 5-AEPE ligands were able to stabilize gold 

nanoparticles from aggregation. The coloration of gold nanoparticle stabilized by 4-

AEBE and 5-AEPE was rose-red and purple color with the absence and presence of 

mercury(II) ions, respectively. The optimum conditions of 4-AEBE-stabilized gold 

nanoparticle was the same as 3-AEPE, except the concentration of 4-AEBE of 0.4 

mM. The calibration curve was divided into three levels similar to 3-AEPE, but their 

sensitivities were lower than 3-AEPE with 6, 7.5 and 8 orders for low, medium and 

high levels, respectively. For 5-AEPE-stabilized gold nanoparticle, the optimal 

concentrations of 5-AEPE and NaBH4 were 0.6 mM and 0.8 mM, respectively. The 

calibration curve was divided into two levels, including low (0 - 2.5 µM) and high 

(2.5 - 15.0 µM).  

3-AEPE ligand displays a stabilizer to protect gold nanoparticles from 

aggregation and at the same time to be highly selective recognition to mercury(II) ion 

over other metal ions. This method offers advantages of simplicity, rapidity, cost 

effectiveness and no requirement of any sophisticated instruments and it is 

alternatively possible method for mercury(II) monitoring in drinking water. 

Moreover, this method has several potential advantages as optical sensor, especially 

no as-prepared gold nanoparticles synthesis and shorter observation time. 

The extraction efficiencies of mercury(II) ions using the ionic liquid 

[C4mim][PF6] in the absence and presence of 3-AEPE were less than 40%. Thus, the 

extraction using ionic liquid [C4mim][PF6] was not appropriate for mercury(II) ions.  

 

Suggestion for further works 

Although, this proposed method is a novel colorimetric and naked eye 

methods for detection of mercury(II) ions in bottled drinking water, limit of detection 

of this protocol is higher than that recommended acceptable value of mercury(II) in 

drinking water (2 µg L
-1

). Thus, preconcentration steps have required improving 

sensitivity of this proposed method. 
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Figure A.1 FT-IR spectra of three dithia-diaza ligands (a) 3-AEPE, (b) 4-AEBE and 

(c) 5-AEPE. 
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Figure A.2 Calibration curve of mercury from ICP-OES. 

 

 

Figure A.3 Calibration curve of mercury from flow injection CV-AAS. 
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Figure A.4 Pictures of blue solutions and membranes (0.22 M) after the filtration 

and mercury (202 amu) and gold (197 amu) contents from LA-ICP-MS of 3-AEPE-

stabilized gold nanoparticles with different concentration of mercury(II) ions.
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