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In this thesis presents an unmodified silver nanoparticles (AgNPs) as colorimetric
sensor prepared by green and facile method for determination of Hg(II) ions in
aqueous samples which is developed using UV-Vis spectrophotometry. Abrupt change
in absorbance of the AgNPs is observed, which progressively decreased and slightly
shifted to the blue wavelength as the concentration of Hg(II) increased. It appears that
the AgNPs were oxidized by Hg(II), resulting in disintegration of the AgNPs and
Hg(0). Deposition of Hg(0) on the surface of AgNPs also occurred, resulting in
amalgam particles of mercury (Hg-Ag). Interestingly, the developed approach showed
a significant enhancement in the Hg(II) analytical sensitivity when formic acid was
doped

onto

the

AgNPs,

with

the

linearity range

of

0.01-10

mg

L-1

(r2 = 0.999) providing the quantitative detection limit of 0.007 mg L-1 (3SD
blank/slope of the calibration curve). Greater selectivity toward Hg(II) over other ions
and color dyes was also observed, likely a result of stabilization by
polyvinylpyrrolidone (PVP), which kept the AgNPs well-stabilized and dispersed in
the bulk aqueous environment making them resistant to ionic matrix. Under using a
96-well microplate and a smartphone equipped with homemade application as a

V
colorimetric analyzer under controlled lighting, high sample throughput (128 sample
h-1) was achieved, establishing its potential for practical analysis. The percentage
recoveries of spiked aqueous samples obtained from the microplate-based system were
in acceptable range, in agreement with the values obtained from the UV-Vis
spectrophotometry-based system. The proposed colorimetric sensor has been
demonstrated to provide a rapid, simple, sensitive and selective detection of Hg(II)
ions in various aqueous samples.
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CHAPTER 1
INTRODUCTION
1.1 The importance and origin of this research
Environmental pollution caused by heavy metals, especially mercury, is a cause for
concern around the world. Mercury has been shown to pollute soil, food and even water,
originating from diverse sources including increasing human activities, rapid
industrialization of cosmetics as well as pharmaceutical and battery manufacturing
[1-2]. The toxic effects of Hg(II) greatly harm the digestive, nervous and immune
systems as well as organs like kidneys, skin and eyes, and lungs [3]. Mercury exists in
various forms which are all toxic to the environment and human beings. Inorganic
mercury is one of the most stable and commonly used forms due to its high solubility,
existing mostly in water and living systems (mercuric ion, Hg(II)). The World Health
Organization (WHO) and US Environmental Protection Agency (USEPA) guidelines
recommend that the total maximum mercury content in drinking water should be less
than 0.006 mg L-1 and 0.002 mg L-1, respectively [2]. Therefore, it is of necessity to
have a highly selective and rapid method to monitor Hg(II) levels in various samples
under aqueous conditions.
There are various conventional analytical approaches to estimate Hg(II)
concentration in aqueous samples including cold vapor atomic absorption spectrometry
(CVAAS) and inductively coupled plasma mass spectrometry (ICP-MS) [4-5]. Despite
having high selectivity, these methods are costly and time-consuming, and require
advanced instruments. Recently, portable instrumentation has attracted considerable
research attention whereby detection of an analyte can be done with high simplicity,
rapidity, reliability and precision. One of the most simple methods successfully applied
to the detection of Hg(II) takes advantage of the color change upon the interaction of
nanoparticles and the target analytes. Gold nanoparticles (AuNPs) and silver
nanoparticles (AgNPs) have been developed as colorimetric sensors for Hg(II)
determination due to their optical and high extinction coefficients of their surface
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plasmon resonance (SPR) absorption band [6]. AgNPs, in particular, are more favorable
because of their low cost and higher extinction coefficients of their surface plasmon
resonance (SPR) absorption band (approximately 100-fold) compared to those of gold
nanoparticles (AuNPs) of the same size [7].
Up to now, most nanoparticles-based colorimetric sensors for analyte ions detection
rely on the interaction between surface modification of AuNPs or AgNPs and the analyte
ions inducing “non-cross linking aggregation” or “interparticles crosslinking
aggregation” of nanoparticles giving characteristic colorimetric responses [6]. Although
these sensors can be used to successfully detect metal ions with high sensitivity, Hg(II)
included, their syntheses involve expensive and complicated procedures to modify the
surface with recognition molecules such as thymine [8], oligonucleotides [9], L-cysteine
[10], protein and DNA [11]. Despite their high sensitivity, the modified NPs lose their
superior optical properties through surface modification due to the effects of adsorbed
species or capping on the wavelength position and intensity of the SPR band [12].
In this thesis, we reported the use of unmodified silver nanoparticles (AgNPs)
prepared by green and facile method as colorimetric sensor for sensitive and high sample
throughput determination of Hg(II) ions in aqueous samples. The AgNPs were stabilized
with polyvinylpyrrolidone (PVP) leading to good stabilization and dispersion of the
nanoparticles in the bulk aqueous environment making them resistant to the influence
of ionic suppression, without any need for toxic and hazardous reducing agents like
sodium borohydride (NaBH4). Moreover, the effect of formic acid as a catalytic
enhancer was investigated with a first view to enhance Hg(II) detection sensitivity based
on UV-Vis spectrophotometry. In addition, high sample throughput of Hg(II)
determination based on 96-well microplate using a smartphone as a colorimetric
analyzer with our homemade application under a housing light controlling system was
successfully applied to analyze Hg(II) ions in various real samples.
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1.2 Objectives
1.2.1. To use of an unmodified silver nanoparticles (AgNPs) synthesized by green
and facile method as colorimetric Hg(II) sensor for a new approach to sensitive
determination of Hg(II) under high influence of ionic matrix based on UV-Vis
spectrophotometry.
1.2.2. To develop an analysis of Hg(II) in various real samples using a smartphone
colorimetric analyzer on 96-well microplate with our homemade application (CAnal)
under a housing light controlling system.

1.3 Research scope
1.3.1 Characterizations and stability of PVP-stabilized AgNPs
1.3.2 Optimization of experimental conditions for colorimetric detection of Hg(II)
(based on UV-Vis spectrophotometry system) using unmodified silver nanoparticles
(AgNPs) as colorimetric probe
1.3.3 Optimization of experimental conditions for colorimetric detection of Hg(II)
(based on smartphone as a colorimetric analyzer using developed CAnal application)
using unmodified silver nanoparticles (AgNPs) as colorimetric probe
1.3.4 The analytical characteristics of the Hg(II) sensor (based on UV-Vis
spectrophotometry and smartphone as a colorimetric analyzer)
1.3.5 Selectivity study of the Hg(II) sensor (based on UV-Vis spectrophotometry)
1.3.6 The determination of Hg(II) in various real samples (based on UV-Vis
spectrophotometry and smartphone as a colorimetric analyzer)

1.4 Research site
Department of Chemistry, Faculty of Science, Ubon Ratchathani University, Ubon
Ratchathani, Thailand.

CHAPTER 2
LITERATURE REVIEWS
2.1 The colorimetric method for the Hg(II) detection based on unmodified AgNPs
Development of new analytical methods from alternative techniques with
simplicity, rapidity, cost-effectiveness is thus considered to be a key target in this thesis.
To date, colorimetry is well known, and commonly used for routine analysis without
requirement of any complicated instrumentation. Lately, colorimetric sensors providing
the rapid optical reaction have been greatly attended being excellent candidates for such
simple, economic and high performance analytical methods.
Successful use of unmodified silver nanoparticles (AgNPs)-based sensors for
monitoring the level of mercury has been reported [13-15]. A research group led by
Huang reported a colorimetric detection method for mercury ions in aqueous medium
using graphene oxide (GO)-modified AgNPs [13]. GO was found to be an excellent
stabilizer for AgNPs and the invented sensors provided a LOD for Hg(II) of
0.068 mg L-1. However, their synthesis involved the use of sodium borohydride
(NaBH4), a toxic agent to reduce GO and Ag(I). In their other publication, they proposed
a greener method whereby (GO)-modified AgNPs were prepared by the horn sonication
method [14]. Through this method, the LOD for Hg(II) was 0.12 mg L-1. Although no
hazardous agents were involved, the green method was time-consuming and
complicated. In another study, Mehdinia et al. used AgNPs capped with a
biomolecule for determination of inorganic mercury in environmental aqueous media
and the LOD of the developed sensor was found to be 0.54 mg L-1 [15], Farhadi et al.
used soap-root plant as a stabilizing agent for AgNPs to achieve a LOD of 0.44 mg L-1
[16] and Gao et al. reported the use of a yogurt-mediated silver nanostructure for
label-free and colorimetric mercury ions detection with a LOD as low as 0.002 mg L-1
[17] and reported works as demonstrated in Table 2.1 [18-19]. Although highly
sensitive, the synthesized biomolecule-linked nanoparticles needed to be freshly
prepared and the preparation of these biomolecules was often a complicated and
expensive process. Despite their high stability and sensitivity, in general the unmodified
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AgNPs as mentioned above were difficult to prepare as their synthesis usually involved
a complicated process. In 2015, our recent work reported a selective colorimetric sensor
based on unmodified AgNPs to detect Hg(II) using tri-sodium citrate as a stabilizing
agent, which achieved a LOD of 0.008 mg L-1 using Cu(II) as sensitivity enhancer [20].
However, our previous method involved the use of sodium borohydride (NaBH4)
[21-23] and hydrazine [24], a toxic reducing agent. There is also another drawback
associated with the aforementioned work in that the unmodified AgNPs may fail in their
application on real samples because of the negative incidence of the ionic strength and
the presence of exchangeable ligands [12]. Comparison of the sensing performance of
reported unmodified AgNPs for Hg(II) detection was summarized in Table 2.1. The goal
therefore has been to develop a colorimetric sensor based on “unmodified AgNPs” for
Hg(II) detection through a simple and cost-effective method.
To solve that problems, in this thesis, an unmodified AgNPs as colorimetric sensor
for sensitive and high sample throughput determination of Hg(II) ions in aqueous
samples was proposed. The AgNPs stabilized with polyvinylpyrrolidone (PVP) were
synthesized by green and facile method leading to good stabilization and dispersion of
the nanoparticles in the bulk aqueous environment making them resistant to the
influence of ionic suppression, without any need for toxic and hazardous reducing
agents like sodium borohydride (NaBH4). Moreover, the effect of formic acid as a
catalytic enhancer was investigated with a first view to enhancing Hg(II) detection
sensitivity based on UV-Vis spectrophotometry. In addition, high sample throughput of
Hg(II) determination based on 96-well microplate using a smartphone as a colorimetric
analyzer with our homemade application (using chromatic analysis based on RGB color
system) under a housing light controlling system was successfully applied to analyzing
Hg(II) ions in various real samples.
Recently, the chromatic analysis based on RGB color system has attracted interest
as an alternative method due to its rapidity, simplicity, low cost and practicality in
on-site analysis and high sample throughput. The chromatic analysis based on RGB
color system is now obtained increasing.
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2.2 Chromatic analysis based on RGB color system
The chromatic analysis is described based on the light spectrum theory, any visible
light colors in the RGB system consist of three primary components being red (R), green
(G) and blue (B) as illustrated in Figure 2.1a. The combination of primary light colors
generates a new color depending on a RGB intensity ratio. For the RGB system applied
in 8-bitdigital images, there are 256 different levels of colors (0-255). Each color of a
pixel in a digital image is described by the intensity of each primary color represented
by the (R, G, B) coordinate which is reported by image analysis software (Figure 2.1b).
The coordinates of white and black light colors are (255, 255, 255) and (0, 0, 0),
respectively. The total color intensity (V) is calculated from the equation R + 255G +
2552B [25-26]. The gray scale system is the two tone system of white and black colors
which can be calculated from a RGB coordinate by using a white filter (255, 255, 255).
Each RGB coordinate is projected on to the direction of a line passing through the black
and white coordinates. This results in a new coordinate with the same RGB intensity
values (R = G = B) and the gray scale also contains 256 levels within the range of
0 - 255 of the 8-bitimage as that in the RGB system. The ideal average grayscale is
calculated by (R + G + B)/3. However, this is not the true value in the grayscale system.
In addition, actual luminosity and human perception of each light color are different.
Humans perceive red and green light being brighter than blue light. Luminance factors
are thus added in to the grayscale (grayscale with luminosity) calculation for each light
color as 0.299R + 0.587G + 0.114B. Moreover, a RGB color must be converted in to
the grayscale in each color channel before use for calculation of the ideal average
grayscale and grayscale with luminosity [27]. Image J, image processing software based
on the RGB system, was applied to analyze the light color of detection zones through
the grayscale system. Thus, all of the color intensities were investigated in the grayscale
with different channels being red (GR), green (GG) and blue (GB). Application of
Image J allows all colors to be converted into the grayscale for the chromatic analysis
(Figure 2.1b). It should be noted that the colors obtained from the three channels (RGB)
are subtractive colors and selectively absorb certain wavelengths of light (i.e. blue, green
and red light as the wavelength ranges of 400–500, 500–580 and 580–700 nm,
respectively), thus affecting the observed colors [28–34]. Humans perceive the converse
of the color component that is primarily absorbed [33] such as the bright yellow were
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expected to reflect red and green light (slight alter) and absorb blue light (significant
alter) [35]. The relationship between the subtractive color and wavelength selectivity to
light absorption was explained in the previous studies [28-30].

Figure 2.1 RGB color model (a) combination of primary light colors generates the
new color depending on RGB ratio (b) [35].

The chromatic analysis based on RGB color system is now obtained increasing for
the determination of the various analytes which provide simplicity, rapidity and
inexpensive method, example of the reported works [25, 28-30] are as following.
In 2003, Birch et al. [28] reported the use of a desktop scanner for data acquisition
in a colorimetric assay. The color scanners typically use charge-coupled device (CCD)
arrays to register reflected light intensities for wavelengths corresponding to red (R),
green (G) and blue (B) segments of the visible electromagnetic spectrum. They
investigated whether a desktop scanner could be used as a data collection device for a
quantitative, colorimetric assay. They demonstrate a specific example in which ‘‘RGB’’
data from a color scanner image was used to produce a standard curve for protein
concentration using the biuret reagent assay. Biuret reagent turns from light blue to deep
purple in relation to protein concentration by binding of cupric ions to peptide bonds,
with an absorbance peak at 550 nm (green color). Aliquots of the reaction mixtures were
dropped into a 96-well plate and place on the scanner with visual basic program as an
image processor based on RGB color system. The calibration curve was plotted between
green color intensity against concentration of protein, and the transformed scanner data
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were correlated with measurements of change in absorbance at 550 nm are shown in
Figure 2.2.

Figure 2.2 G intensity (0 – 255) vs. protein concentration [P]. Data are from
triplicate intra-assay measurements. Dashed line: G =G0exp (-k[P]), k
= 0.0993 dl/g, where G0 is the average G intensity for the 0% protein
standard. Inset: Transformed data, V = log(G0/G) vs. [P]. By leastsquares linear regression: V = 0.043[P]/(g/dl) 0.0059, r = 0.997.

In 2011, Chooduma and Niamh Nic Daeid [25] proposed a rapid and
semi-quantitative presumptive tests for opiate drugs. They used of the Adobe Photoshop
software for color analysis to obtain analytical data in the form of a Red Green Blue
(RGB) value. The proposed method were successfully applied to seize heroin samples
to demonstrate the application of the technique in a forensic case context. The result
shows good agreement with gas chromatographic quantification results was obtained
for the illicit samples analysed with a wide linear range and low detection limit for all
drugs under test facilitated the application to illicit samples.
In 2012, Choodum et al. [29] reported a rapid quantitative colorimetric test for the
determination of 2,4,6-trinitrotoluene (TNT) in soil by using an innovative application
of photography where the relationship between the Red Green Blue (RGB) value and
concentration of colorimetric product, respectively. The proposed method provides a
wide linear range (1–50 mg L-1) and low detection limit (0.73 ± 0.01 mg L-1 to 3.5 ± 0.4

9

mg L-1) achieved was comparable with spectrophotometric quantification methods. The
proposed method is providing the accurate, rapid, portable and economically viable
quantitative test for the analysis of TNT in soil.
In 2014, Choodum et al. [30] reported the real time quantitative colorimetric test
for methamphetamine detection using digital and mobile phone technology.
The application for the determination of methamphetamine was installed onto the
mobile phone and the relationship profile between RGB intensity, including other
calculated values, and the colorimetric product, respectively. The proposed method
provided a wide linear range (0.1–2.5 mg mL-1) and a low detection limit
(0.0110±0.0001– 0.044±0.002 mg mL-1). The results obtained from the analysis of illicit
methamphetamine tablets were comparable to values obtained from gas chromatographflame ionization detector (GC-FID) analysis. Method validation indicated good intraand inter-day precision (2.27–4.49 %RSD and 2.65–5.62 %RSD, respectively). The
results shows that this is a powerful real-time mobile method with the potential to be
applied in field tests.

Fig. 2.3 Real time on-mobile color analysis system for methamphetamine detection
[30].

Table 2.1 Comparison of the sensing performance of reported unmodified AgNPs for Hg(II) detection
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Table 2.1 Comparison of the sensing performance of reported unmodified AgNPs for Hg(II) detection (continued)
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CHAPTER 3
EXPERIMENTAL

3.1 Instrumentation
The instrumentations used in this thesis were shown in Table 3.1

Table 3.1 The instrumentations
Instruments

Model

Company

UV-Vis spectrophotometer

UV-2600

Shimadzu, Japan

JEM-2010

JEOL, Japan

JSM-6335F

JEOL, Japan

nanoZs
9000F Mark ll

Malvel, UK

Galaxy J7

Samsung

Brand plates

Wertheim, DE

Transmission Electron
Microscope, TEM
Scanning Electron
Microscopy with Energy
Dispersive Spectroscopy,
SEM-EDS
Zetasizer nanoZ
Scanner
Smartphone
Microtiter plate

Canon

3.2 Chemicals and materials
All chemicals used in this thesis were of analytical grade which were shown in
Table 3.2
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Table 3.2 Chemicals and materials
Chemical

Formula

Supplier

CH2O2

Fisher Scientific, UK

(C6H9NO)n

Sigma-Aldrich, US

Silver nitrate

AgNO3

Bendosen, Malaysia

Mercury(II) chloride

HgCl2

Carlo Erba, IT

Calcium nitrate

Ca(NO3)2

Carlo Erba, IT

Sodium chloride

NaCl

Carlo Erba, IT

KF

Carlo Erba, IT

NaNO3

Carlo Erba, IT

Copper(II) sulfate pentahydrate

CuSO4·5H2O

Carlo Erba, IT

Manganese sulfate monohydrate

MnSO4·H2O

Carlo Erba, IT

Na2SO4·7H2O

Carlo Erba, IT

NaHS

Carlo Erba, IT

Iron(II) sulfate heptahydrate

FeSO4·7H2O

Carlo Erba, IT

Zinc sulfate heptahydrate

ZnSO4·7H2O

Carlo Erba, IT

Magnesium sulfate heptahydrate

MgSO4.7H2O

Carlo Erba, IT

NiSO4

Carlo Erba, IT

Cd(NO3)2·4H2O

Carlo Erba, IT

Barium nitrate

Ba(NO3)2

Carlo Erba, IT

Lead nitrate

Pb(NO3)2

Carlo Erba, IT

Methylene blue (MB)

C16H18ClN3S

SUVCHEM, India

Methyl orange (MO)

C14H14N3NaO3S

SUVCHEM, India

C15H17ClN4

SUVCHEM, India

Formic acid (98%)
Polyvinylpyrrolidone (PVP)

Potassium fluoride
Sodium nitrate

Sodium sulfate heptahydrate
Sodium hydrogen sulfide

Nickel(II) sulfate
Cadmium nitrate tetrahydrate

Neutral red (NR)
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Table 3.2 Chemicals and materials (continued)
Material

Details

Supplier

Standard reference material

Certified value of

National institute of

(SRM) of mercury in water

mercury 1.56 ± 0.02

standards and

(1641d)

mg kg-1

technology, NIST, US

The plasma from human blood

Contained 4% trisodium citrate

Sigma-Aldrich, USA

3.3 Synthesis of PVP-stabilized AgNPs
AgNPs were synthesized using the methods developed by our collaboration
(Muniandy, Sasidharan & Lee, 2019) [36]. AgNPs were easily synthesized based on
the hydrothermal method in the presence of PVP, used as a reducing and stabilizing
agent. Briefly, a preparation of one molar ratio, R= 1 was done by mixing 0.612 g
of AgNO3 and 0.4 g of PVP in 20 mL of distilled water separately at room
temperature. The molar ratio, R between the repeating unit of PVP and AgNO 3 in this
study however was fixed at R = 5. The solutions were then added dropwise into
another 50 mL of distilled water. The total solution (90 mL) was stirred for 15 min and
the entire mixture was transferred into a Teflon vessel (capacity = 100 mL). The
reaction vessel was then put in a stainless steel hydrothermal reactor and placed in the
oven at 160 °C for 24 h. Finally, a yellowish-brown color solution of AgNPs stabilized
by PVP was obtained as shown in Figure 3.1. The absorption spectrum was observed
with a UV-Vis spectrophotometer. The particle size characterization of AgNPs was
also confirmed by TEM.
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Figure 3.1 The process of unmodified AgNPs synthesis [36].

3.4 Characterizations of PVP-stabilized AgNPs
The absorbance spectrum of the AgNPs was collected using a double beam,
UV- 2600 UV-Vis spectrophotometer (Shimadzu, Japan) in the spectral range of
200-800 nm. The morphology and size of the AgNPs were examined by a JEM-2010
transmission electron microscope (TEM; JEOL, Japan) at 200 kV using 200-mesh
Cu grids coated with carbon film. Energy dispersive X-ray spectroscopy (EDS)
analysis of the formation of various amalgam particles (Hg-Ag) was carried out using
a JSM-6335F scanning electron microscope (SEM; JEOL, Japan) equipped with INCA
energy dispersive X-ray spectroscopy detector (EDS; JEOL, Japan), operated at an
acceleration voltage of 15 kV. The zetasizer nanoZS (Malvern, UK) was used to
observe the effect of different concentrations of Hg(II) on the hydrodynamic size and
zeta potential of the synthesized AgNPs in the presence and absence of formic acid.
All pictures were recorded by a smart phone camera (Samsung Galaxy J7)
and microtiter plate (Brand plates® made in Germany).
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Table 3.3 The operating conditions of UV-Vis spectrophotometer, TEM, SEMEDS and Zetasizer parameter
UV-Vis spectrophotometer operating conditions
Slit width (nm)

1.0

Scan range (nm)

200-800

Scan speed

medium

Sample interval (nm)

0.5

TEM operating conditions
Acceleration voltage (kV)

200

Working distance (nm)

10

Time scan (s)

300

Temperature (ºC)

25

Zetasizer operating conditions
Temperature (ºC)

25

Refractive Index

1.4969

Viscosity

0.5580

Dielectric Constant

2.4

SEM-EDS operating conditions
Acceleration voltage (kV)

15

Acquisition time (s)

60

Process time (s)

5

Table 3.4 The specification of the smartphone camera
Specification of the smartphone
Type
Display
Size

Details
Super AMOLED capacitive touchscreen,
16 M colors
5.5 inches, 83.4 cm2 (~69.6%
screen-to-body ratio)
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Table 3.4 The specification of the smartphone camera (continued)
Specification of the smartphone
Display

Resolution

Main camera

Single
OS

Platform

Chipset

Details
720 x 1280 pixels, 16:9 ratio (~267 ppi
density)
13 MP, f/1.9, 28mm (wide), AF
Android 5.1 (Lollipop), upgradable to
6.0.1 (Marshmallow)
Qualcomm MSM8939 Snapdragon 615
(28 nm)
Octa-core (4x1.4 GHz Cortex-A53 &

CPU

4x1.0 GHz Cortex-A53)
Octa-core 1.5 GHz Cortex-A53

3.5 Optimization of experimental conditions for colorimetric detection of Hg(II)
(based

on

UV-Vis

spectrophotometry

system)

using

unmodified

silver

nanoparticles (AgNPs) as colorimetric probe
3.5.1 Optimization of the volume of AgNPs
To investigate the optimized conditions in which AgNPs-based colorimetric
sensor can effectively detect Hg(II), it was essential to study the various parameters
affecting Hg(II) detection. The volume of AgNPs was first optimized without Hg(II)
by studying the UV-Vis spectra of AgNPs at volumes of 50, 75 and 100 µL,
respectively. Briefly, 50, 75 and 100 µL of freshly prepared AgNPs were transferred to
a volumetric flask and the final volume of 5 mL was adjusted by DI water as shown in
Figure 3.2. Subsequently, the absorption spectra were investigated by UV-Vis
spectrophotometer.
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Figure 3.2 The volume of AgNPs solution at 50, 75 and 100 µL.

3.5.2 Study the effect of enchancer on the reduction of mercury
To study the effect of enchancer on the reduction of mercury, formic acid
was dropped into the AgNP solution. The different concentrations of formic acid and
pH values were investigated in this study. The concentration range of 0.0 to 2.0 M and
pH range of 1.0 to 6.0 were optimized. Firstly, 50 μL of the AgNPs was added into a
volumetric flask. Then, Hg(II) at different volumes of 50 mg L-1 Hg(II) stock was
added to a solution containing AgNPs. In addition, formic acid solution was added and
the final volume of 5 mL was adjusted by DI water after which the solution was
subjected to vigorous shake. Finally, the color of the solution changed from yellowish
brown to light yellow. The surface plasmon resonance (SPR) was monitored by
UV-Vis spectrophotometer at wavelengths of around 424-433 nm.

3.6 Optimization of experimental conditions for colorimetric detection of Hg(II)
(based on smartphone as a colorimetric analyzer) using unmodified silver
nanoparticles (AgNPs) as colorimetric probe
3.6.1 Optimization of the volume of AgNPs
Volume optimizing of the AgNPs was firstly performed in the well platebased system in the presence of Hg(II) at concentrations of 0.10 and 1.0 mg L-1. Based
on RGB intensity calculated by ImageJ, performance of the system using the
smartphone as an analytical device was compared to that with a scanner. The volume
of the AgNP solution was varied from 5.0 to 50 µL. Briefly, the different volume of
AgNPs solution was added into a well plate. Then, Hg(II) was added to a solution
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containing AgNPs to carry out the final concentration of Hg(II) at 0.10 and 1.0 mg L-1
in 200 µL of final volume which was adjusted by DI water. The solution was
subjected to vigorous shake. Finally, the color of the solution changed from yellowish
brown to light yellow. The comparison between smartphone and scanner based
colorimetric sensor were performed (Figure 3.3).

Figure 3.3 The process of the optimization volume of AgNPs solution in the
present of Hg(II) concentration at 0.1 and 1.0 mg L-1, respectively.

3.6.2 Optimization of the color intensity in the RGB system
To optimize the color intensity in the RGB system using our developed
smartphone-based sensor in the presence of Hg(II). Briefly, 30 μL of the AgNPs was
firstly added to a well plate, followed by Hg(II) at different volumes of 50 mg L-1
Hg(II) stock, with the final volume in each well of 200 μL achieved by adjustment
with DI water. Then, the well plate was covered with black cover before
photographing to prevent effect of luminosity from environmental light. The cover of
the well plate was modified from a lid that came with the well plate upon purchase.
Laser was used to punch holes on the lid in a way that every hole on the lid spatially
matched its corresponding hole of the well plate. Then the punctured cover was
color-sprayed black to prevent environmental light from disturbing the measurement.
The well plate together with its modified lid was placed in a control light box and the
smartphone was attached at the lid of the box directly above the well plate as
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explained in our previous work [37]. The intensity of the color was determined by
ImageJ (https:Imagej.net/Downloads) and the calibration curve was plotted in
Microsoft Excel; a calibration graph was constructed by measuring the change
between the intensity of the color upon the sensor reacting with different
concentrations of standard Hg(II) and that of a blank.

3.7 Colorimetric detection of Hg(II) using AgNPs as a probe in the presence of
formic acid
3.7.1 UV-Vis spectrophotometry
Colorimetric detection of Hg(II) can be measured using AgNPs as a probe
in the presence of 0.5 M formic acid. Firstly, 50 μL of the AgNPs was added into a
volumetric flask. Then, Hg(II) at different volumes of 50 mg L-1 Hg(II) stock was
added to a solution containing AgNPs. In addition, 500 μL of 0.5 M formic acid
solution was added and the final volume of 5 mL was adjusted by DI water after which
the solution was subjected to vigorous shake. Finally, the color of the solution changed
from yellowish brown to light yellow are shown in Figure 3.4a. The surface plasmon
resonance (SPR) was monitored by UV-Vis spectrophotometer at wavelengths of
around 424-433 nm. The Hg(II) concentration reported in mg L-1 unit was determined
by establishment of calibration curve (plotted between A0/A and Hg(II) concentration
(mg L-1)). The results were compared to those obtained by the condition without
formic acid as demonstrated in Figure 3.4b.
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Figure 3.4 The instant change of visible color of unmodified AgNPs in the
presence of Hg(II) concentration from 0.005 to 10.0 mg L-1: presence
of 0.5 M formic acid a) and absence of 0.5 M formic acid b).

3.7.2 Use of smartphone as a colorimetric analyzer (developed CAnal
application) in the absence of formic acid
To measure Hg(II) using our developed smartphone-based sensor, 30 μL of
the AgNPs was firstly added to a well plate, followed by Hg(II) at different volumes of
50 mg L-1 Hg(II) stock, with the final volume in each well of 200 μL achieved by
adjustment with DI water. Then, the well plate was covered with black cover before
photographing to prevent effect of luminosity from environmental light. Steps
concerning the determination of Hg(II) using a smartphone as a colorimetric analyzer
were demonstrated in Figure 3.5. The results were also compared to those obtained by
the condition with formic acid.
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Figure 3.5 Determination of Hg(II) using a smartphone equipped with software
application CAnal as a colorimetric analyzer on a well plate-based
system in the control light box.

The analytical program for Hg(II) analyzer was developed. The application
program used for the detection of Hg(II) is called CAnal (version 5.0) developed from
[37] which is suitable for solution based analysis. It was developed on an Eclipse code
[38] on the Java platform and compiled to run on the Android operating system. To
operate the application, a number of steps are followed (Figure 3.6). Prior to each
measurement of the samples, a calibration graph was constructed by measuring the
change between the intensity of the green color upon the sensor reacting with different
concentrations of standard Hg(II) (G) and that of a blank (G0). The intensity of the
color of the reaction was determined by ImageJ (https://Imagej.net/Downloads) and a
4-point calibration curve was plotted in Microsoft Excel; difference in green intensity
(G0-G) was plotted against concentration in mg L-1 of Hg(II). After the calibration
curve has been established, Hg(II) concentrations can be measured following the steps
shown in Figure 3.7. First, open the application, in the setting, choose color “green”
and unit “mg L-1”, and then input the calibration curve. After that, import the image of
the well plate, or use the application to take an image, then set blank by placing the
square pointer at the detection zone of the blank and the program then reads a
G0 value. Finally, move the square pointer to the sample zone and then the value G is
given. The difference between the intensity of the green color of the blank and that of
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the sample is then used to compute the concentration of Hg(II) in the sample, the unit
of which is mg L-1 as chosen earlier in the setting.
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Main display

Start

Main display

Select menu

Capture

Select
picture

Import

Setting

Select picture

Select color

Add unit

Display the picture

Select condition

Select detection area

Add calibration
Set blank?

No

Set blank

Yes

Save

Cancel

Calculated

Show RGB

End

Figure 3.6 Flowchart of CAnal application processing.

End
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Screenshots of smartphone application CAnal detailing the processes of Hg(II)
detection

1

Icon of CAnal application as
appeared on the Android-based
smartphone

2

After starting the application,
go to setting

3

4

Choose the unit (for our work
mg L-1 is chosen)

Choose the color intensity
used for the analysis (green)

Figure 3.7 Screenshots of smartphone application CAnal detailing the processes
of Hg(II) detection.
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Screenshots of smartphone application CAnal detailing the processes of Hg(II)
detection (continued)

5

6

Input values for the calibration curve
(calculated beforehand with ImageJ and
then plotted in Microsoft Excel)
8

Import image for the analysis
or capture image through the
app
7

Square pointer

Sample zone
Blank zone

Place the square pointer on the detection
zone of the sample. The program
computes the concentration of Hg(II) by
inputting into the calibration curve the
difference between the intensity of the
green color of the blank and that of the
sample.

Place the square pointer on the
detection zone of the blank.
The program will then
evaluate the intensity of the
green color within the
detection zone, then press set
blank.

Figure 3.7 Screenshots of smartphone application CAnal detailing the processes
of Hg(II) detection.
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3.8 The analytical characteristic of the Hg(II) sensor (based on UV-Vis
spectrophotometry and smartphone as a colorimetric analyzer)
The limits of detection (LOD) and quantitation (LOQ) were calculated as
3SDblank/slope and 10SDblank/slope, respectively, where SDblank is the standard
deviation of the blank signals (n=10) and slope is the slope of calibration curve
obtained in each system.

3.9 Study of selectivity of the Hg(II) sensor based on UV-Vis spectrophotometry
To evaluate the selectivity of our developed sensors, Hg(II) ions were determined
in the presence of 15 foreign ions, each with a concentration of 10 mg L-1, including
10 cations (Ba(II), Ca(II), Cd(II), Cu(II), Fe(II), Mg(II), Mn(II), Pb(II), Zn(II) and
Ni(II)) and 5 anions (chloride, fluoride, nitrate, sulfate and sulfide). Briefly, 50 µL of
freshly prepared AgNPs were transferred to a volumetric flask, containing Hg(II) with
a fixed final concentration of 0.1 mg L-1 in the presence of 0.5 M formic acid. The
15 foreign ions at 10 mg L-1 were then added into the volumetric flask and the final
volume of 5 mL was adjusted by DI water. Subsequently, the absorption spectra were
recorded by UV-Vis spectrophotometer. Moreover, to compare the selectivity of our
developed PVP-stabilized AgNP sensor with that of our previous report where the
nanoparticles were decorated with citrate molecule [20], the same foreign ions were
added into the solution containing the citrate-based AgNPs. Briefly, 1500 µL of
freshly prepared AgNPs were transferred to a volumetric flask, containing Hg(II) with
a fixed final concentration of 0.1 mg L-1. The 15 foreign ions at 10 mg L-1 were then
added into the volumetric flask and the final volume of 5 mL was adjusted by DI
water.

Subsequently,

the

absorption

spectra

were

recorded

by

UV-Vis

spectrophotometer, respectively.
In waste water, organic dyes constitute a large group of pollutants especially
pollutants originated from the textiles industries. Their presence in waste water may
interfere with the detection of mercuric ions. The sensitivity of our sensor was
therefore evaluated in the presence of these pollutants. Positively charged methylene
blue was firstly investigated. The concentration of methylene blue was performed in
the range from 1.0 to 6.0 mg L-1. Briefly, 50 µL of freshly prepared AgNPs were
transferred to a volumetric flask. After that, the methylene blue solution from
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1.0 to 6.0 mg L-1were then added into the volumetric flask and the final volume of
5 mL was adjusted by DI water. Moreover, Methyl orange (MO) and neutral red (NR)
are negatively and neutral charged, respectively were also investigated with similar
method of MB detection as mentioned above. Subsequently, the absorption spectra
were recorded by UV-Vis spectrophotometer.

3.10 Real sample preparation
Drinking and mineral water samples were obtained from a convenience store and
a tap water sample was collected from the water supplied to the Faculty of Science,
Ubon Ratchathani University. Chlorine in the tap water was removed by letting the
water run through the open tap for 30 min at room temperature prior to further
procedure. The sample was then heated at 100 °C for 15 min. Pond water samples
were obtained from the water supply of Ubon Ratchathani University. The plasma
from human blood contained 4% trisodium citrate as anticoagulant was purchased
from Sigma-Aldrich, USA. The standard reference material (SRM) 1641d was
provided by the National Institute of Standards and Technology. It contained a
certified mercury value of 1.56 ± 0.02 mg kg-1. Recovery was determined by spiking
aqueous samples with standard Hg(II) at 0.05, 0.10 and 0.25 mg L-1.

3.11 Study of stability of unmodified AgNPs as a probe for the Hg(II) sensor
The stability of unmodified AgNPs is an important parameter for the
determination of Hg(II). Briefly, 50 µL of freshly prepared AgNPs were transferred to
a volumetric flask and the final volume of 5 mL was adjusted by DI water.
Subsequently, the absorption spectra were recorded by UV-Vis spectrophotometer
once a week during 3 months by comparison with 4 different batches of unmodified
AgNPs.

CHAPTER 4
RESULTS AND DISCUSSION
4.1 Synthesis and their mechanism of PVP-stabilized AgNPs
Silver nanoparticles were synthesized based on a hydrothermal method using
polyvinylpyrrolidone (PVP) as a stabilizing and reducing agent. The possible
formation of PVP-stabilized AgNPs has been explained in detailed by our
collaboration (Muniandy, Sasidharan & Lee, 2019) [36]. PVP is frequently used as a
capping agent, which is used as reducing agent for the formation of AgNPs, and also
stabilizes the resultant AgNPs via steric repulsion.
According to this thesis, it is suggested that the electron could be strongly partial
to the oxygen in the polar carbonyl group (C=O), leaving a negative charge localized
at the oxygen atom and a positive charge localized at the nitrogen atom as shown in
Figure 4.1a [39]. The interaction between the PVP as the capping agent and the ions
(Ag+) is strong by way of ionic bonds between the Ag ions and the amide group via
oxygen in the PVP chain. The PVP stabilized the silver nitrate by means of the amide
group steric and electrostatic stabilization [40].

Figure 4.1a Partial electron donation of nitrogen to oxygen [36].
Therefore, the formation of PVP-stabilized AgNPs by chemical reduction may
occur between the PVP and metal ions by a process in which metal ions could receive
electrons from C=O and form atomic metal as demonstrated in Figure 4.1b. After this
reduction occurs, the bonding between the oxygen in the carbonyl group and the silver
remained stable. Both factors would provide an ability to generate active reducing and
binding sites and the polymer will promote the formation of nanoparticles [40].
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Figure 4.1b Reduction and bond between Ag+ ions and PVP molecules [40].
This could be easily prepared and the resulted sensor was highly stable.
Moreover, the mass concentration and number concentration of AgNPs were
3.81 mg mL-1 and 1.27×1014 NPs mL-1, respectively. The calculation of the number of
atoms and number of AgNPs/mL was demonstrated as follows;
Number of atoms
For example, the estimated diameter of a single silver nanoparticle is
21.76 ± 0.22 nm nanoparticle (approximately 22 nm based on our synthesis of the
AgNP sensor). Assume that each silver atom occupies the volume of cube with an
edge of 0.3 nm (Volume of a sphere = 4/3r3).
-Radius of AgNPs

= 11 nm

-Diameter of Ag atom = 0.288 nm  0.3 nm
-Volume of Ag atom = (Diameter of Ag atom)3 = 0.027 nm3  0.03 nm3
Therefore; Number of atoms =

4
3

𝜋𝑟 3 𝑛𝑚3

(𝑉𝑜𝑙𝑢𝑚𝑒𝐴𝑔 𝑎𝑡𝑜𝑚 )𝑛𝑚3

=

4
3

𝜋(11)3 𝑛𝑚3

~ 185,843 𝑎𝑡𝑜𝑚𝑠

0.03 𝑛𝑚3

- Number of AgNPs/mL
For example, assume that all the silver ions are reduced for the
estimation of the number of 22-nm AgNPs produced in this method using fixed mass
concentration of Ag (0.0392 M Ag in 90 mL (Ag 3.81 mg mL-1) prepared from 0.6 g
AgNO3 in 100 mL
- Number of AgNPs
=

𝐶𝑜𝑛𝑐.𝑚𝑜𝑙 𝐴𝑔+
1𝐿

× 0.090𝐿 ×

6.02×1023 𝐴𝑔+
1 𝑚𝑜𝑙 𝐴𝑔+

×

1 𝐴𝑔0
1 𝐴𝑔+

×

1 𝐴𝑔𝑁𝑃
𝑁𝑜.𝑜𝑓 𝑎𝑡𝑜𝑚
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=

0.0392 𝐴𝑔+
1𝐿

× 0.090𝐿 ×

6.02×1023 𝐴𝑔+
1 𝑚𝑜𝑙 𝐴𝑔+

1 𝐴𝑔0

1 𝐴𝑔𝑁𝑃

× 1 𝐴𝑔+ × 185,843 𝑎𝑡𝑜𝑚

= 1.14 × 1016 𝑁𝑃𝑠/90𝑚𝐿
= 1.27 × 1014 𝑁𝑃𝑠/𝑚𝐿
Note; for the other sizes, calculation of the number of AgNPs/mL can be done in the
same manner as the above estimation.

4.2 Characterizations and their mechanism of PVP-stabilized AgNPs as a probe
for colorimetric detection of Hg(II) ions
The color of the aqueous solution of the PVP-based nanoparticles was
yellowish-brown (insert of Figure 4.2) and also provided a good reproducibility of
synthesis. The maximum absorbance of these AgNPs occurred at roughly 424-433 nm
(Figure 4.2) due to its surface plasmon resonance (SPR) of AgNPs [12].

Figure 4.2 UV-Vis absorption spectrum of unmodified AgNPs stabilized with
PVP solution was recorded by adding of 50 µL of AgNPs into 5 mL
of volumetric flask and final volume was adjusted at 5 mL by DI
water. Inset: Photograph of unmodified AgNPs stabilized with PVP
solution.
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The morphology of PVP-stabilized AgNPs, PVP-stabilized AgNPs after addition
of 5 mg L-1 Hg(II) and PVP-stabilized AgNPs after addition of 5 mg L-1 Hg(II) in the
presence of 0.5 M formic acid were studied by recording the TEM coupled EDS.
According to TEM study, the average diameter of AgNPs was 21.76 ± 0.22 nm shown
in Figure 4.3b. The TEM result was clearly shown that unmodified AgNPs were well
dispersed in aqueous solution. Furthermore, the particle sizes after the addition of
Hg(II) to an unmodified AgNPs was found to be increased when compared with the
TEM image of an original of unmodified AgNPs, resulting that the amalgam particles
gradually became larger upon adding Hg(II) (Figure 4.3c). Due to the AgNPs being
oxidized by Hg(II), resulting in the disintegration of the AgNPs into smaller particles
and Hg(0). Deposition of Hg(0) on the surface of AgNPs also occurred, resulting in
amalgam particles of mercury (Hg-Ag) [41]. Strong interaction between the Hg(II) and
AgNPs is related to the lower redox potential of Ag(I)/Ag (0.799V) than that of
Hg(II)/Hg (0.851V) [42-43]. In addition, the TEM image (Figure 4.3d) also indicated
that after adding 0.5 M formic acid, the better amalgamation was observed. These
phenomenon could be ascribed that formic acid is small molecules that can be easily
adsorbed onto the surface of AgNPs, the acid [44], indicating that increase in the
reduction efficiency and fast reduction from Hg(II) to Hg(0), and that molecules of the
acid were easily adsorbed onto the surface of AgNPs enabling better reaction between
Hg and AgNPs, which resulted in better Hg-Ag amalgamation.
In addition, the EDS spectra of the control stub (substrate) and stub doped with
PVP-stabilized AgNPs were shown in Figure 4.3a and b, respectively. The Ag and N
elements (%weight) only were observed in the Figure 4.3b when compared to
Figure 4.3a due to its composition of PVP-stabilized AgNPs. After that, the solution
containing 5.0 mg L-1 of Hg(II) solution was doped into the PVP-stabilized AgNPs
and PVP-stabilized AgNPs after addition of 5 mg L-1 Hg(II) in the presence of 0.5 M
formic acid were shown in Figure 4.3c and d, respectively. The results showed that the
Ag element (%weight) were decreased whereas the Hg element (%weight) were
increased when compared to Figure 4.3b.
In addition, hydrodynamic size and zeta potential of the PVP-stabilized AgNPs,
PVP-stabilized AgNPs in the presence of 0.5 mg L-1 Hg(II) and PVP-stabilized AgNPs
in the presence of 0.5 mg L-1 Hg(II) and 0.5 M formic acid were investigated and
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shown in Table 4.1. The results also confirmed these phenomena, in good agreement
in the results obtained from TEM coupled EDS. Moreover, zeta potential of the
synthesized AgNPs with various conditions (Table 4.1.) indicates no charge
surrounding the AgNPs, suggesting strong stabilization of AgNPs by PVP.
(a)

(b)

(c)

(d)

Figure 4.3 EDS spectrum of the sample stub (a), TEM images and EDS spectra of
the dispersion of PVP-stabilized AgNPs (b), PVP-stabilized AgNPs
after addition of 5 mg L-1 Hg(II) (c), and PVP-stabilized AgNPs after
addition of 5 mg L-1 Hg(II) and 0.5 M formic acid (d).

Table 4.1 Effect of hydrodynamic size and zeta potential of the PVP-stabilized
AgNPs, PVP-stabilized AgNPs in the presence of 0.5 mg L-1 Hg(II) and
PVP-stabilized AgNPs in the presence of 0.5 mg L-1 Hg(II) and 0.5 M
formic acid
Name
AgNPs
AgNPs+ Hg (II) 0.5 mg L-1
AgNPs+ Hg (II) 0.5 mg L-1 + 0.5 M
formic acid

Particles size (nm)
± SD (n=3)
188.00 ± 0.42
403.20 ± 16.05

Zeta potential (mV)
± SD (n=3)
0.50 ± 23.28
-0.20 ± 31.20

440.30 ± 81.81

-0.30 ± 27.90
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4.3 Optimization of experimental conditions for colorimetric detection of Hg(II)
(based on UV-Vis spectrophotometry system)
4.3.1 Optimization of the volume of AgNPs
To investigate the optimized conditions in which AgNPs-based colorimetric
sensor can effectively detect Hg(II), it was essential to study the various parameters
affecting Hg(II) detection. The volume of AgNPs was firstly optimized without Hg(II)
by studying the UV-Vis spectra of AgNPs at volumes of 50, 75 and 100 µL
(Figure 4.4a). The optimum condition was achieved with 50 µL of AgNPs, which was
the volume to be used for the following experiments. At this volume, the absorbance
value of AgNPs was lower than 1.0 following the Beer-Lambert law, whereas volumes
of 75 and 100 µL showed the absorbance value of over 1.0, indicating deviation from
the Beer-Lambert law. Moreover, we studied the volume of AgNPs in the presence of
Hg(II) ions in the linear range of 0.1 to 5.0 mg L-1 (Figure 4.4b). The results showed
that the AgNPs volume of 50 µL demonstrated a good linear correlation between the
different concentrations of Hg(II) and absorbance ratio (A0/A), where A0 is the
absorbance of bare AgNPs at 424 nm and A is the absorbance of AgNPs at the same
wavelength after reaction with Hg(II). The volume used in this work was a fraction
that needed for the sensor of our previous work [20]. For detailed comparison between
the PVP-based AgNPs developed in this work and the citrate-based AgNPs in the
previous work [20] see also in Table 4.2.
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(a)

Figure 4.4 Optimization of the volume of AgNPs (50, 75 and 100 µL) using UVVis spectrophotometer: (a) spectra of AgNPs at different volumes.

(b)

Figure 4.4 Optimization of the volume of AgNPs (50, 75 and 100 µL) using
UV-Vis spectrophotometer: (b) comparison of the calibration curves
comparing different volumes of AgNPs (50, 75 and 100 µL) with A0/A
plotted against the different concentrations of Hg(II) ions.
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Table 4.2 Comparison between the performance of the current sensor for Hg(II)
detection and that of our previous work

No

1

2

Parameters

The volume
of AgNPs
(µL) in total
volume of 5
mL
Enhancer

3

Reducing
agent
/Stabilizing
agent

4

Sample
matrix

5
6

Working pH
Linearity
range/LOD
(mg L-1)

Our previous
work

Present study
Portable
UV-Vis
colorimetry by
spectrophotometer
smartphone
detection

1500

50

30 (total
volume of 200
µL)

Cu(II)
Using strong
NaBH4 as
reducing agent and
citrate as
stabilizing agent

Formic acid

No

Tolerance of
Hg(II) to 7 cation
species

PVP (reducing and stabilizing agent)

Tolerance of Hg(II) to 10 cations and
5 anions (100 fold by fixing Hg(II)
concentration at 0.1 mg L-1)

>4

>1

>1

0.5-2.5/0.008

0.01-10/0.007

0.05-0.5/0.011

7

Detection
system

UV-Vis
spectrophotometer

8

Application

Tap and drinking
water

9

Sample
throughput

No report

Portable
colorimetry by
UV-Vis
smartphone
spectrophotometer
detection/green
synthesis
Water, blood and dye organic
samples
128 sample h-1,
~15 min for
No report
eight samples
analysis (n=4)

4.3.2 Study the effect of enhancer on the reduction of mercury
To study the effect of enhancer on the reduction of mercury, organic formic
acid was dropped into the AgNP solution. Having small molecules that can be easily
adsorbed onto the surface of AgNPs, the acid has been shown to significantly enhance
Hg(II) analytical sensitivity [44]. The efficiency for the reduction of Hg(II) however
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depended on its concentration. Hence, different concentrations of formic acid and pH
values were investigated in this study. The concentration range of 0.0 to 2.0 M and pH
range of 1.0 to 6.0 were optimized. The results presented in Figure 4.5 and Table 4.3
showed that Hg(II) analytical sensitivity progressively increased with increasing
concentration of formic acid in the Hg(II) concentration range of 0.01 to 2.0 mg L -1.
The optimal value for the concentration of formic acid was 0.5 M (with wide working
pH range of >1 Table 4.2), indicating an increase in reduction efficiency and fast
reduction from Hg(II) to Hg(0), and that molecules of the acid were easily adsorbed
onto the surface of AgNPs enabling better reaction between Hg and AgNPs, which
resulted in better amalgamation (Figure 4.3d and Table 4.1). However, higher
concentrations of the acid (pH 1; at concentrations of 1.0-2.0 M) led to a decrease in
Hg(II) analytical sensitivity.

Figure 4.5 Calibration curves showing the effect of different concentrations (0-2.0
M) of formic acid used as a enhancer reagent for reduction of
mercury.

Absorbance

ratios

are

concentrations of Hg(II) (0.01-2.0 mg L-1).

plotted

against

various
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Table 4.3 pH values of the solution containing various concentrations of formic
acid and their corresponding maximum wavelength values of in the
presence of Hg(II) in the range 0.05 to 2.0 mg L-1
Concentration
of Hg (II)
mg L-1
0.0
0.0
0.1
0.5
1.0
2.0

Formic
acid 0
M
426.0 6
425.0 6
425.0 6
424.5 6
424.5 6
425.8 6

Formic
acid
0.05 M
423.8 3
423.5 3
424.0 3
422.5 3
422.3 3
422.5 3

λmax (nm); pH
Formic Formic
acid 0.1 acid 0.5
M
M
423.5 2 424.0 2
423.5 2 424.3 2
423.5 2 422.8 2
421.8 2 422.8 2
421.8 2 422.0 2
422.5 2 420.8 2

Formic
acid 1
M
425.3 1
426.3 1
425.0 1
422.8 1
422.5 1
424.3 1

Formic
acid 2
M
428.8 1
429.3 1
429.0 1
427.8 1
425.3 1
428.3 1

4.4 Optimization of experimental conditions for colorimetric detection of Hg(II)
(based on smartphone as a colorimetric analyzer)
4.4.1 Optimization of the volume of AgNPs
Volume optimizing of the AgNPs was firstly performed in the well platebased system in the presence of Hg(II) at concentrations of 0.10 and 1.0 mg L-1. Based
on RGB intensity calculated by ImageJ, performance of the system using the
smartphone as an analytical device was compared to that with a scanner. The volume
of the AgNP solution was varied from 5.0 to 50 µL and the optimal volume of AgNPs
was found to be 30 µL (Figure 4.6), an excellent 50-fold reduction in volume of the
sensor compared to the previous work [20] and a significant reduction in comparison
to the UV-Vis spectrophotometric system based on the same PVP-stabilized AgNP
sensor (Table 4.2). We found that the smartphone was more sensitive to color change,
sensing better gray intensity, than the scanner, which perceived the detected solution
as being too white than it actually was. Prior to this experiment, the effect of formic
acid on the sensitivity of our colorimetric detection of Hg(II) was evaluated.
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Figure 4.6 Optimal volume of AgNPs studied in the range of 5-50 µL for detecting
Hg(II) under different devices (smart phone and scanner) in the
presence of Hg(II) in the range of 0.10 to 1.0 mg L-1.

4.4.2 Optimization of the color intensity in the RGB system
To measure the concentration of Hg(II) ions, we first had to determine
which color intensity in the RGB system was the most sensitive to change occurring
upon interaction of the PVP-stabilized AgNPs with Hg(II). Among the five
components in the RGB system (R (red), G (green), B (blue), average gray calculated
from (R + G + B)/3, and gray with a luminosity which is equal to 0.299R + 0.587G +
0.114B), it was found that green was the most sensitive to the color change from
yellowish-brown in samples without Hg(II) to progressively paler yellow with a tint of
orange with increasing concentrations of Hg (II) (Figure 4.7) [37]; hence, intensity of
the green color is used in the determination of Hg(II). Prior to each measurement of
the samples, a calibration graph was constructed by measuring the change between the
intensity of the green color upon the sensor reacting with different concentrations of
standard Hg(II) (G) and that of a blank (G0). The intensity of the color of the reaction
was determined by ImageJ (https://Imagej.net/Downloads) and a 4-point calibration
curve was plotted in Microsoft Excel; difference in green intensity (G 0-G) was plotted
against concentration in mg L-1 of Hg(II). After the calibration curve has been
established, Hg(II) concentrations can be measured following the steps shown in
Figure 3.7.
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Figure 4.7 Calibration curve showing optimization of different colors based on
the RGB system, R (red), G (green), B (blue), (R + G + B)/3
for average gray and (0.299R + 0.587G + 0.114B) for gray with
luminosity.

4.5 Using optimized condition for colorimetric detection of Hg(II) using AgNPs
as a probe
4.5.1 UV-Vis spectrophotometry (in the presence of formic acid)
The colorimetric sensing for Hg(II) was performed. After addition of Hg(II)
solution to freshly prepared AgNPs, instant color change from brownish yellow to
orange was observed and it changed gradually with increasing concentration of Hg(II)
ions, corresponding to the absorption spectra in Figure 4.8a which show a slight blue
shift of the maximum absorption wavelength. The absorption intensity of the UV-Vis
spectra progressively decreased with increasing concentrations of Hg(II). Such
phenomena were also described previously [45-46]. The decrease in the absorption
intensity of the SPR band with a blue shift could be due to the AgNPs being oxidized
by Hg(II), resulting in the disintegration of the AgNPs into smaller particles and
Hg(0). Deposition of Hg(0) on the surface of AgNPs also occurred, resulting in
amalgam particles of mercury (Hg-Ag) [41]. Strong interaction between the Hg(II) and
AgNPs is related to the lower redox potential of Ag(I)/Ag (0.799V) than that of
Hg(II)/Hg (0.851V) [42-43]. Our result indicated that the PVP-stabilized AgNPs can
be used as a promising colorimetric sensor for the detection of Hg(II).
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Sensitivity of the sensor to detect Hg(II) was also investigated. Figure 4.8a
shows the UV-Vis spectra upon adding various concentrations of Hg(II). When the
concentration of Hg(II) was increased from 0.005 to 10 mg L-1, the absorption
intensity progressively decreased correlating well with the observed color change,
which indicated gradually increasing aggregation of AgNPs (Figure 4.8a, inset). The
result showed a linear correlation (r2 = 0.988) was observed between the different
concentrations of Hg(II) and absorbance ratio (A0/A), where A0 is the absorbance of
AgNPs at 424 nm for control and A is the absorbance of AgNPs at 424 nm after
reaction with Hg(II). It was found that the calibration curve, with the measurements
carried out in triplicates, was in the range of 1.0 to 10.0 mg L-1 (r2 = 0.988) with the
limit of detection (LOD) of 0.03 mg L-1. Generally, when the concentration of Hg(II)
is increased to higher than 2.0 mg L-1, it is expected that the characteristic peak will
red shift and broaden. However, blue shift in the absorption wavelength was observed
in this experiment due to the use of 0.5 M formic acid as a catalytic organic
compound.
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(a)

Figure 4.8a UV-Vis absorption spectra of the unmodified AgNPs solution upon
addition of different concentrations of Hg(II) in the absence of 0.5 M
formic acid, inset: the calibration curve of the A0/A versus the
concentration of Hg(II). Where, A0 and A represent the absorption
intensity of AgNPs roughly occurred at 424-433 nm before and after
reaction with different concentrations of Hg(II), respectively.

Interestingly, addition of 0.5 M formic acid is necessary to enhance the
reduction efficiency of mercury, indicating that the re-oxidation of Hg(II) to Hg(0)
occurs easily under strong acidic conditions. Under optimized detection conditions,
500 µL (0.5 M) of formic acid was added to a mixture of AgNPs (50 µL) and Hg(II) at
different concentrations before final adjustment to a volume of 5 mL was achieved
using DI water. When the concentration of Hg(II) was increased from
0.005 to 10 mg L-1, the absorbance value at 424 nm progressively decreased,
correlating well with the observed color change of the solution (brownish yellow
becoming paler, Figure 4.8b), and the absorption spectra exhibited a blue shift with
decreasing absorbance indicating gradually increasing amalgamation of the AgNPs
(Figure 4.8b) [12,20,41-43,45-46]. The absorbance of the AgNPs progressively
decreased and slightly shifted to the blue wavelength with increasing concentrations of
Hg(II) ions (in the range 0.01-10 mg L-1). The absorption peak of the detection in the
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presence of 0.5 M formic acid occurred at a different wavelength when the enhancer
was absent. In addition, the analytical sensitivity of the method was improved in the
presence of 0.5 M formic acid (Figure 4.8b, inset). Significant sensitivity enhancement
was observed with an addition of the enhancer compared to without formic acid. The
calibration curve obtained from the presence of 0.5 M formic acid shows two linearity
ranges: a low linearity range between 0.01 and 1.0 mg L-1, and a high linearity range
between 1.0 and 10 mg L-1. The calibration curve of A0/A value versus the
concentration of Hg(II) shows significant enhancement in the Hg(II) analytical
sensitivity upon addition of 0.5 M formic acid onto the AgNPs, leading to
improvement of quantitative detection limit (Figure 4.8c).

(b)

Figure 4.8b UV-Vis absorption spectra of the unmodified AgNPs solution upon
addition of different concentrations of Hg(II) in the presence of 0.5
M formic acid, inset: the two calibration curves of the A0/A versus
the concentration of Hg(II) (high and low linearity) (b).
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(c)

Figure 4.8c UV-Vis absorption spectra of the unmodified AgNPs solution upon
addition of different concentrations of Hg(II), and the calibration
curve of A0/A value versus the concentration of Hg(II) before and
after the addition 0.5 M formic acid (c) Where, A0 and A represent
the absorption intensity of AgNPs roughly occurred at 424-433 nm
before and after reaction with different concentrations of Hg(II),
respectively.

The limit of detection (LOD) of the sensor in the presence of 0.5 M formic acid
was reduced to 0.007 mg L-1 with a good precision (%RSD is less than 4.83) of the
calibration curve observed in three different synthesis batches of AgNPs at various
concentration of Hg(II) (1.0, 5.0 and 7.0 mg L-1) (Table 4.4).
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Table 4.4 Precision (%RSD) of the calibration curve of the developed AgNPs
observed in three different synthesis batches of AgNPs at various
concentration of Hg(II)
Three
different
synthesis
batches of
AgNPs
1
2
3
Average
SD
% RSD

Absorption A0/A value of an unmodified AgNPs at various
concentration of Hg(II) ions
Concentration of Hg(II), mg L-1 ± SD (n=3)
1.0

5.0

7.0

1.11 ± 0.01
1.10 ± 0.00
1.13 ± 0.00
1.11
0.01
1.12

1.34 ± 0.01
1.23 ± 0.01
1.31 ± 0.01
1.29
0.06
4.50

1.43 ± 0.00
1.30 ± 0.01
1.38 ± 0.03
1.37
0.07
4.83

4.5.2 Use of smartphone as a colorimetric analyzer established CAnal
application (in the absence of formic acid)
Under the optimum conditions as mentioned above, use of smartphone as a
colorimetric analyzer established CAnal application for Hg(II) was evaluated the
effect of formic acid on the sensitivity. The results demonstrated that the addition of
the formic acid was unnecessary, considering the slope of calibration as shown in
Figure 4.9 and comparison of the results as demonstrated in Table 4.5, respectively.
Moreover, the addition of 0.5 M formic acid is complicated and time-consuming
processes of Hg(II) detection.
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Figure 4.9 Calibration curve of AgNPs-based colorimetric sensor for Hg(II)
detection by using green intensity (Image processing, ImageJ) at
different conditions ( with formic acid and without formic acid).

Table 4.5 Comparison of the results of AgNPs-based colorimetric sensor for
Hg(II) detection by using green intensity (Image processing, ImageJ) at
different conditions (with formic acid and without formic acid)
Without 0.5 M formic acid
Concentration
of Hg (II)
Found (mg LG0
G0-G 1
-1
mg L
) ± SD (n=3)
0.05
161.14 6.24
0.05 ± 0.02
0.1
154.89 12.49
0.10 ± 0.00
0.25
137.17 30.21
0.25 ± 0.01

With 0.5 M formic acid
Found (mg LG0
G0-G 1
)± SD (n=3)
167.93 7.07
0.05 ± 0.00
162.06 12.94
0.09 ± 0.01
138.11 36.90
0.25 ± 0.02

Note: Where, G0 and G represent the green intensity of AgNPs before and after
reaction with different concentrations of Hg(II), respectively.

Analytical characteristics of the smartphone-based colorimetric analyzer for
Hg(II) was examined. Under the optimized detection condition, the sensor sensitivity
was investigated. In three replicates, a series of standard Hg(II) (0.05-0.5 mg L-1) was
measured and the calibration curve shows a good linear correlation (r 2 = 0.993) with
the linear range from 0.05 to 0.5 mg L-1 (4-point calibration curve) existing between
the intensity differences (G0-G) and the concentrations of Hg(II), where G0 and G
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represent the green intensity of AgNPs before and after reaction with different
concentrations of Hg(II), respectively (Figure 4.10). The calibration equation obtained
was retained by the developed program (slope = 47.38, r2 = 0.993) with a detection
limit of 0.011 mg L-1, indicating that the colorimetric sensor holds a promising
potential for quantitative determination of Hg(II) ions in real sample application. High
sample throughput for the analysis could be achieved through our developed method;
approximately eight samples (n=4, totaling 32 wells) could be measured in 15 min
corresponding to about 32 samples (128 wells) per hour.

Figure 4.10 Calibration curve of the smartphone-based colorimetric analyzer
where differences in the green color intensity (G0-G) are plotted
against difference concentrations of Hg(II) (0.05-0.5 mg L-1).

4.6 Study of selectivity of the Hg(II) sensor based on UV-Vis spectrophotometry
In order to evaluate the selectivity of the colorimetric sensor over commonly
known interference species in aqueous samples, Hg(II) ions were examined in the
presence of ten cations and five anions, each with a concentration of 10.0 mg L-1. As
has already been established, upon adding Hg(II) ions at 0.1 mg L-1, 1.0 mg L-1 and
10.0 mg L-1 into the unmodified AgNPs solution in the presence of 0.5 M formic acid
(without the presence of any foreign ions), the color solution visibly changed from
brownish yellow to pale yellow, and the absorption intensity of the unmodified AgNPs
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roughly occurred at 424 nm. When the foreign ions were present in the solution
containing 0.1 mg L-1 of Hg(II) in the presence of 0.5 M formic acid, it did not
significantly alter the absorbance with less than ±5% change in the absorbance values
(Figure 4.11a). To compare the selectivity of our developed PVP-stabilized AgNP
sensor with that of our previous one where the nanoparticles were decorated with
citrate, the same foreign ions were added into the solution containing the citrate-based
AgNPs. It was found that the newly developed sensor fared much better in terms of
selectivity compared to the citrate-based AgNPs (Figure 4.11b and Table 4.2), likely a
result of better stabilization (by PVP) of the AgNPs.

(a)

Figure 4.11 Comparison between the selectivity of the newly developed sensor
(PVP-stabilized AgNPs) (a) and that of our previous work (citratebased AgNPs) (b); AgNPs + 0.1 mg L-1 Hg(II) (A), AgNPs + 1 mg L-1
Hg(II) (B), AgNPs + 10 mg L-1 Hg(II) (C), AgNPs + 0.1 mg L-1 Hg(II)
+ 10 mg L-1 anions (D-H; chloride, fluoride, nitrate, sulfate, sulfide,
respectively) and cations (I-R; Ba(II), Ca(II), Cd(II), Cu(II), Fe(II),
Mg(II), Mn(II), Pb(II), Zn(II), Ni(II), respectively).
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(b)

Figure 4.11 Comparison between the selectivity of the newly developed sensor
(PVP-stabilized AgNPs) (a) and that of our previous work (citratebased AgNPs) (b); AgNPs + 0.1 mg L-1 Hg(II) (A), AgNPs + 1 mg L-1
Hg(II) (B), AgNPs + 10 mg L-1 Hg(II) (C), AgNPs + 0.1 mg L-1 Hg(II)
+ 10 mg L-1 anions (D-H; chloride, fluoride, nitrate, sulfate, sulfide,
respectively) and cations (I-R; Ba(II), Ca(II), Cd(II), Cu(II), Fe(II),
Mg(II), Mn(II), Pb(II), Zn(II), Ni(II), respectively).

In waste water, organic dyes constitute a large group of pollutants especially
pollutants originated from the textiles industries. Their presence in waste water may
interfere with the detection of mercuric ions. The selectivity of our sensor was
therefore evaluated in the presence of these pollutants. Positively charged methylene
blue was firstly investigated. Figure 4.12a and b showed the evolution of UV-Vis
spectra after adding different concentrations of methylene blue (MB). When the
concentration of methylene blue was increased from 1.0 to 6.0 mg L-1, the visible
wavelength of the maximum absorption of the AgNPs and methylene blue roughly
occurred at 424 nm and 665 nm, respectively. The absorbance value of methylene blue
at 665 nm increased with increasing concentrations of methylene blue associated with
color change of the AgNPs solution from yellowish-brown to blue with constant
424 nm of AgNPs. The result shows that the developed approach provides high
selectivity of Hg(II) detection even when there is a presence of methylene blue

50

(Table 4.6). In addition, the studies with presence of neutral red and methyl orange as
neutral and anionic dyes, respectively were also evaluated. The experimental data
shown in Figure 4.13a and b indicate that the visible wavelength of the maximum
absorption of neutral red and methyl orange occurred where AgNPs absorption took
place. As such, their presence show interference occurred with the detection of Hg(II)
using our current developed method. The obtained results will serve as good
information for our future work.

(a)

(b)

Figure 4.12 UV-Vis absorption spectra (a) showing the effect of organic dye
(methylene blue) on the maximum absorption wavelength of AgNPs,
the absorbance versus the concentration of MB (mg L-1) (b).
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Table 4.6 Percentages of recovery for Hg(II) determination in the presence of
methylene blue
Name
AgNPs +Hg(II) 0.1 mg L-1
AgNPs +Hg(II) 0.1 mg L-1 + with
MB 6 mg L-1
AgNPs +Hg(II) 1 mg L-1
AgNPs +Hg(II) 1 mg L-1 + with MB
6 mg L-1
AgNPs +Hg(II) 2 mg L-1
AgNPs +Hg(II) 2 mg L-1 + with MB
6 mg L-1

Wavelength
(nm)
425.5

Absorbance

%
recovery

0.79876

427.8

0.83624

423.8

0.72879

423.5

0.70093

422.5

0.70203

423.8

0.69475

104.7

96.2

99.0

(a)

(b)

Figure 4.13 UV-Vis spectra showing the effect of organic dyes on the absorption
intensity of AgNPs: (a) methyl orange (MO) and (b) neutral red (NR).
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4.7 Real sample application
Potential of the developed approach for determination of Hg(II) in various
samples was evaluated with a strong emphasis on its efficiency for environmental
analysis. The samples included drinking water, mineral water, tap water, pond water,
pond water in the presence of methylene blue as a matrix, synthetic human plasma and
a standard reference material (SRM) 1641d with the certified value of mercury in
water being 1.56 ± 0.02 mg kg-1. The samples were spiked with Hg(II) at three
different concentrations of 0.05, 0.10 and 0.25 mg L-1. The recoveries for the three
spiked concentrations were found to be satisfactory, 93.6-104.0% for water samples,
97.6-112.0% for blood samples and 98.0% for SRM. The samples were measured for
their Hg(II) content using our developed colorimetric analyzer with the results
compared with those of the batch spectrophotometric method. Each measurement was
repeated

three

times

and

the

average

values

were

presented

in

Table 4.7. Statistical analysis (pair t-test) reveals that there was no significant
difference between the two methods (tobserved = -0.83, tcritical =1.67, 95% confidence),
confirming the potential use of the smartphone-based colorimetric analyzer in
selective Hg(II) determination in the real environmental analysis [47].
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Table 4.7 Determination of Hg(II) concentration in real aqueous samples
application and Standard Reference Material (SRM) 1641d using the
UV-Vis spectrophotometry system and smartphone as colorimetric
sensor (n=3)

Name

D
D + 0.05 mg L-1
D + 0.10 mg L-1
D + 0.25 mg L-1
M
M + 0.05 mg L-1
M + 0.10 mg L-1
M + 0.25 mg L-1
T
T + 0.05 mg L-1
T + 0.10 mg L-1
T + 0.25 mg L-1
P
P + 0.05 mg L-1
P + 0.10 mg L-1
P + 0.25 mg L-1
P added MB
P added MB + 0.05 mg L-1
P added MB +0.10 mg L-1
SP
SP + 0.05 mg L-1
SP + 0.10 mg L-1
SP + 0.25 mg L-1
Standard Reference
Material (1614d)

UV-Vis
spectrophotometry
system (n=3)
Hg(II),
%
-1
mg L
recovery
ND*
0.05 ± 0.00
96.0
0.10 ± 0.00
104.7
0.27 ± 0.01
106.6
ND*
0.05 ± 0.02
108.1
0.10 ± 0.02
97.7
0.24 ± 0.01
95.1
ND*
0.06 ± 0.03
112.2
0.12 ± 0.02
116.1
0.23 ± 0.02
93.4
ND*
0.05 ± 0.00
106.3
0.10 ± 0.00
96.8
0.24 ±0.02
95.0
ND*
0.05 ± 0.01
100.0
0.11 ± 0.03
106.2
ND*
0.05 ± 0.02
103.8
0.09 ± 0.01
93.4
0.25 ± 0.06
101.2
1.53 ± 0.01

98.1

Smartphone as
colorimetric sensor (n=3)
Hg(II),
mg L-1
ND*
0.05 ± 0.01
0.11 ± 0.02
0.26 ± 0.01
ND*
0.05 ± 0.01
0.09 ± 0.01
0.23 ± 0.01
ND*
0.05 ± 0.01
0.10 ± 0.01
0.25 ± 0.01
ND*
0.05 ± 0.01
0.10 ± 0.01
0.26 ± 0.01
ND*
0.05 ± 0.01
0.09 ± 0.01
ND*
0.05 ± 0.01
0.10 ± 0.01
0.25 ± 0.01

%
recovery

1.53 ± 0.02

98.1

96.0
108.0
102.4
104.0
94.0
93.6
96.0
102.0
98.4
104.0
102.0
102.4
100.0
94.0
108.0
100.0
100.8

D = Drinking water, M = Mineral water, T = Tap water, P = Pond water, SP =
Synthetic human plasma
ND* Defined as “Not Determined”
The t-test at the 95 % confidence limit level, the experiment t-stat value is -0.83,
which was less than the critical t-values of 1.67.
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4.8 The stability of PVP-stabilized AgNPs
The sensor was found to be stable for at least three months without significant
changes occurring in the SPR band position and the band intensity are shown in
Table 4.8 and considering from precision (%RSD) of the calibration curve of the
developed AgNPs observed in three different synthesis batches of AgNPs at various
concentration of Hg(II) as demonstrated in Table 4.4.

Table 4.8 Stability of the AgNPs at room temperature observed on three
replicates. Four different batches of the nanoparticles were
synthesized. The maximum absorption of AgNPs roughly occurred at
424-433 nm for all synthesis batches, suggesting that our synthesis
method provided a good reproducibility. The nanoparticles were also
stable at room temperature for several months despite being stored in
a transparent vial
Week

Absorbance

1
2
3
4
5
6
7
1
2
3
1
2
3
4
5
6
7
8
9
10

0.94900
1.34012
1.37320
0.89698
1.33156
1.11427
1.22291
1.16859
0.85272
0.85858
0.82969
0.80813
0.81417
0.82817
0.82091
0.82025
0.81619
0.83807
0.84075
0.82599

Wavelength
(nm)
426.0
425.5
425.7
426.0
425.5
425.3
425.5
428.0
428.0
427.8
424.0
424.5
425.3
424.8
425.0
424.5
425.3
425.0
424.5
425.0

Batch

Batch 1

Batch 2

Batch 3
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Table 4.8 Stability of the AgNPs at room temperature observed on three
replicates. Four different batches of the nanoparticles were
synthesized. The maximum absorption of AgNPs roughly occurred at
424-433 nm for all synthesis batches, suggesting that our synthesis
method provided a good reproducibility. The nanoparticles were also
stable at room temperature for several months despite being stored in
a transparent vial (continued)
Week

Absorbance

1
2
3
4
5
6
7
8
9

1.03554
1.01684
1.00415
0.98284
1.01641
0.96791
1.02905
0.98196
1.06848

Wavelength
(nm)
433.5
433.5
433.5
433.3
433.0
433.5
434.1
433.9
433.4

Batch

Batch 4

CHAPTER 5
CONCLUSION
The proposed method using smartphone as colorimetric sensor based on
unmodified AgNPs stabilized by PVP has been successfully applied for determination
of Hg(II) in various aqueous samples including water, blood and organic dye samples.
The present study reports a use of unmodified AgNPs stabilized by PVP that was
synthesized by simple and green approach based on a hydrothermal method. The PVPstabilized AgNPs were successfully characterized by UV-Vis absorption spectra, TEM
coupled with EDS, DLS and zeta potential analyses. Under the optimal condition, the
developed colorimetric sensor shows magnificent sensitivity and greater selectivity
towards Hg(II) over potential ions and a color dye matrix. Moreover, our sensor could
be used in a wide pH range due to strong stabilizing effect of PVP in the AgNPs
making the sensor resistant to the influence of ionic suppression which in turn would
reduce failure upon their application on real samples. The results have demonstrated
that our proposed colorimetric sensor provides a simple, rapid (with high sample
throughput of 128 h-1), sensitive, selective and cost-effective Hg(II) determination. Its
successful application in real samples has also been established. These advantages
allow it to be used by relatively unskilled end users for effective analysis of Hg(II) at
resource-limited setting. The comparison between our developed method and others
techniques used in Hg(II) detection as detailed in Table 5.1 and Table 4.2 clearly
demonstrates the advantages of our sensor. In comparison to other existing sensors,
ours, synthesized by a simple hydrothermal method, provides a fast and reliable
detection of mercuric ions using only a small amount of AgNP solution for each
measurement without any enhancer needed. The AgNP solution was also found to be
stable for at least three months. In addition, by not using any toxic reducing agents like
sodium borohydride (NaBH4) or adding weak stabilizing agents like trisodium citrate
(Na3C6H5O7), the synthesis of proposed PVP-based AgNPs poses no risk arising from
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exposure to toxic and hazardous chemicals, providing a greener and safer alternative
in the determination of mercuric ions in aqueous samples.

Table 5.1 Comparison of the sensing performance of reported unmodified AgNPs for Hg(II) detection
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Table 5.1 Comparison of the sensing performance of reported unmodified AgNPs for Hg(II) detection (continued)
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