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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(ll) 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(Il) increased. It appears that
the AgNPs were oxidized by Hg(ll), 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(ll) analytical sensitivity when formic acid was
doped onto the AgNPs, with the linearity range of 0.01-10 mg L*
(r> = 0.999) providing the quantitative detection limit of 0.007 mg L (3SD
blank/slope of the calibration curve). Greater selectivity toward Hg(ll) 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
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colorimetric analyzer under controlled lighting, high sample throughput (128 sample
h'') 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(ll)

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(ll) 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(ll)). 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™ and 0.002 mg L™, respectively [2]. Therefore, it is of necessity to
have a highly selective and rapid method to monitor Hg(ll) levels in various samples
under aqueous conditions.

There are various conventional analytical approaches to estimate Hg(ll)
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(ll) 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(ll)

determination due to their optical and high extinction coefficients of their surface



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(l1)
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(l1) 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 (NaBHs). Moreover, the effect of formic acid as a catalytic
enhancer was investigated with a first view to enhance Hg(Il) detection sensitivity based
on UV-Vis spectrophotometry. In addition, high sample throughput of Hg(ll)
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(Il) ions in various real samples.



1.2 Objectives

1.2.1. To use of an unmodified silver nanoparticles (AgNPs) synthesized by green
and facile method as colorimetric Hg(Il) sensor for a new approach to sensitive
determination of Hg(Il) under high influence of ionic matrix based on UV-Vis
spectrophotometry.

1.2.2. To develop an analysis of Hg(ll) 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(l1)
(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(ll)
(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(Il) sensor (based on UV-Vis
spectrophotometry and smartphone as a colorimetric analyzer)

1.3.5 Selectivity study of the Hg(ll) sensor (based on UV-Vis spectrophotometry)

1.3.6 The determination of Hg(ll) 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(l1) 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(ll) of
0.068 mg L. However, their synthesis involved the use of sodium borohydride
(NaBHea), a toxic agent to reduce GO and Ag(l). 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(ll) was 0.12 mg L. 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 [15], Farhadi et al.
used soap-root plant as a stabilizing agent for AgNPs to achieve a LOD of 0.44 mg L™
[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™
[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



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(Il) using tri-sodium citrate as a stabilizing
agent, which achieved a LOD of 0.008 mg L* using Cu(ll) as sensitivity enhancer [20].
However, our previous method involved the use of sodium borohydride (NaBHa4)
[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(l1) detection was summarized in Table 2.1. The goal
therefore has been to develop a colorimetric sensor based on “unmodified AgNPs” for
Hg(l1) 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(Il) 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(Il) detection
sensitivity based on UV-Vis spectrophotometry. In addition, high sample throughput of
Hg(1l) 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(ll) 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.



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 +
255%B [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 (Gg). Application of
Image J allows all colors to be converted into the grayscale for the chromatic analysis
(Figure 2.1Db). 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



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].

Cyan (0,255,255)

Blue (0,0,255)
b)

Magenta (255,0,255) White (255.255.255/
P

a)

/(; reen (0,255,0)

Red (255,0,0) Yellow (255,255,0)

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



were correlated with measurements of change in absorbance at 550 nm are shown in

Figure 2.2.
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Figure 2.2 G intensity (0 — 255) vs. protein concentration [P]. Data are from
triplicate intra-assay measurements. Dashed line: G =Goexp (-k[P]), k
= 0.0993 dl/g, where Go is the average G intensity for the 0% protein
standard. Inset: Transformed data, V = log(Go/G) vs. [P]. By least-
squares 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) and low detection limit (0.73 £0.01 mg L™ to 3.5 + 0.4



mg L) achieved was comparable with spectrophotometric quantification methods. The
proposed method is providing the accurate, rapid, portable and economically viable
guantitative 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?) and a low detection limit
(0.0110+0.0001— 0.044+0.002 mg mL1). The results obtained from the analysis of illicit
methamphetamine tablets were comparable to values obtained from gas chromatograph-
flame ionization detector (GC-FID) analysis. Method validation indicated good intra-
and 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.

< 5Wlamp

. i

5.5cm |] H @

| ]
'— 1lcm —| \/

Fig. 2.3 Real time on-mobile color analysis system for methamphetamine detection
[30].
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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
Transmission Electron
Microscope, TEM JEM-2010 JEOL, Japan
Scanning Electron
Microscopy with Energy JSM-6335F JEOL, Japan
Dispersive Spectroscopy,

SEM-EDS

Zetasizer nanoZ nanozs Malvel, UK
Scanner 9000F Mark Il Canon
Smartphone Galaxy J7 Samsung
Microtiter plate Brand plates Wertheim, DE

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




Table 3.2 Chemicals and materials
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Chemical Formula Supplier

Formic acid (98%) CH202 Fisher Scientific, UK
Polyvinylpyrrolidone (PVP) (CeHoNO)n Sigma-Aldrich, US
Silver nitrate AgNO3 Bendosen, Malaysia
Mercury(ll) chloride HgCl» Carlo Erba, IT
Calcium nitrate Ca(NO3)2 Carlo Erba, IT
Sodium chloride NaCl Carlo Erba, IT
Potassium fluoride KF Carlo Erba, IT
Sodium nitrate NaNOs Carlo Erba, IT
Copper(ll) sulfate pentahydrate CuSQO4-5H,0 Carlo Erba, IT
Manganese sulfate monohydrate MnSQ4-H20 Carlo Erba, IT
Sodium sulfate heptahydrate Na2S04-7H20 Carlo Erba, IT
Sodium hydrogen sulfide NaHS Carlo Erba, IT
Iron(11) sulfate heptahydrate FeSQO4-7H.0 Carlo Erba, IT
Zinc sulfate heptahydrate ZnS04-7H20 Carlo Erba, IT
Magnesium sulfate heptahydrate MgSQ4.7H.0 Carlo Erba, IT
Nickel(ll) sulfate NiSO4 Carlo Erba, IT
Cadmium nitrate tetrahydrate Cd(NO3)2-4H20 Carlo Erba, IT
Barium nitrate Ba(NO3):2 Carlo Erba, IT
Lead nitrate Pb(NO3)2 Carlo Erba, IT

Methylene blue (MB)

C16H18CINsS

SUVCHEM, India

Methyl orange (MO)

C14H14N3NaO3S

SUVCHEM, India

Neutral red (NR)

C15H17CIN4

SUVCHEM, India
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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* technology, NIST, US
Contained 4% tri- ] _
The plasma from human blood _ _ Sigma-Aldrich, USA
sodium citrate

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 AgNOs 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 AgNOs 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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0.612 g of AgNO; 0.4 g of PVP The total solution (90 mL)
Dissolved in 20 mL of distilled 50 mL of distilled water was stirred for 13 min
water l
A yellowish-brown color solution of . o Teflon vessel
AgNPs stabilized by PVPwas obtained Placedin the oven at 160 °C for 24 h (capacity = 100 mL)

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(ll) on the hydrodynamic size and
zeta potential of the synthesized AgNPs in the presence and absence of formic acid.
All pictures were recorded bya 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, SEM-

EDS 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 (°C) 25
Zetasizer operating conditions
Temperature (°C) 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 Details

Type
Display

Super AMOLED capacitive touchscreen,
16 M colors

Size

5.5 inches, 83.4 cm? (~69.6%

screen-to-body ratio)
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Table 3.4 The specification of the smartphone camera (continued)

Specification of the smartphone Details

_ ) 720 x 1280 pixels, 16:9 ratio (~267 ppi
Display Resolution )
density)
Main camera Single 13 MP, /1.9, 28mm (wide), AF
os Android 5.1 (Lollipop), upgradable to
6.0.1 (Marshmallow)
) Qualcomm MSM8939 Snapdragon 615
Chipset

Platform (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(ll)
(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(ll), it was essential to study the various parameters
affecting Hg(Il) detection. The volume of AgNPs was first optimized without Hg(ll)
by studying the UV-Vis spectra of AgNPs at volumesof 50, 75 and 100 pL,
respectively. Briefly, 50, 75 and 100 pL 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 pL.

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 uL of the AgNPs was added into a
volumetric flask. Then, Hg(ll) at different volumes of 50 mg L™ Hg(ll) 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(ll)
(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 plate-
based system in the presence of Hg(Il) at concentrations of 0.10 and 1.0 mg L. 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 pL. Briefly, the different volume of

AgNPs solution was added into a well plate. Then, Hg(ll) was added to a solution
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containing AgNPs to carry out the final concentration of Hg(ll) at 0.10 and 1.0 mg L
in 200 pL 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).

Volume of AgNPs (uL)

AgNPs
AgNPs with 0.1 mg L! Hg(II)
AgNPs with 1.0 mg L-! Hg(II)

Adjusted to 200 pL
with DI water

Figure 3.3 The process of the optimization volume of AgNPs solution in the

present of Hg(11) concentration at 0.1 and 1.0 mg L, 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 uL of the AgNPs was
firstly added to a well plate, followed by Hg(ll) at different volumes of 50 mg L*
Hg(Il) stock, with the final volume in each well of 200 pL 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(ll) and that of a blank.

3.7 Colorimetric detection of Hg(ll) using AgNPs as a probe in the presence of
formic acid
3.7.1 UV-Vis spectrophotometry

Colorimetric detection of Hg(Il) can be measured using AgNPs as a probe
in the presence of 0.5 M formic acid. Firstly, 50 pL of the AgNPs was added into a
volumetric flask. Then, Hg(ll) at different volumes of 50 mg L Hg(ll) stock was
added to a solution containing AgNPs. In addition, 500 uL 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(lII) concentration reported in mg L™ unit was determined
by establishment of calibration curve (plotted between Ao/A and Hg(ll) concentration
(mg L1)). 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(l1) concentration from 0.005 to 10.0 mg L™: 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(I1) using our developed smartphone-based sensor, 30 pL of
the AgNPs was firstly added to a well plate, followed by Hg(ll) at different volumes of
50 mg L Hg(Il) stock, with the final volume in each well of 200 pL 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(ll) 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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Color analysis

Firstly, 30 pL of the AgNPs was added to  The Black cover of well plate was The picture of detection of

a well plate. Then, Hg (I) at different covered before taking a photo well plate were then

volumes of 50 mg L' Hg(Il) stock were (preventing the effect of luminosity recorded by camera of application (4-point calibration curve

lhen. added to a solution containing from outside). smartphone under control has been established (Gy-G) Vs

AgNPs ‘and final volumo of 200 pL was light box. concentration of Hg(Il)) W‘;lere. Gy

adjusted by DI water. and G represent the green intensity of
AgNPs before and after reaction with
different concentrations of Hg(I),
respectively.

Hg(II) was analyzed and reported in
mg L' unit by software CAnal

Figure 3.5 Determination of Hg(ll) 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(ll) analyzer was developed. The application
program used for the detection of Hg(ll) 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(ll) (G) and that of a blank (Gg). 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
(Go-G) was plotted against concentration in mg L™ of Hg(ll). After the calibration
curve has been established, Hg(ll) 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, 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
Go 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(ll) in the sample, the unit
of which is mg L™ as chosen earlier in the setting.
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Figure 3.6 Flowchart of CAnal application processing.
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Screenshots of smartphone application CAnal detailing the processes of Hg(ll)

detection

1 % 4l 28%8 20,03

ol swda  denay Sumoida  wan

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

Color Analysis

Color Analysis @

Import  Take picture

RGB.Gray: 255,255255,255 Setblank: | 255

Equation (Blank-Green) = (47.383*con) + 2.8151
Sample concentration0.00 mgL*

After starting the application,
go to setting

4
|

Colour Green =

Calibration

(Blank-Colour)jil, 47-383 x Conc + 28151

Save Cancel

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

O

Choose the color intensity
used for the analysis (green)

Figure 3.7 Screenshots of smartphone application CAnal detailing the processes

of Hg(l1) detection.



Screenshots of smartphone application CAnal detailing the processes of Hg(ll)

detection (continued)
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6 Color Analysis st

Import | Take picture
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Color Analysis

Color Analysis  seting

Import  Take picture
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5 22020 2
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Color Analysis
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Import  Take picture
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Place the square pointer on the detection
zone of the sample. The program
computes the concentration of Hg(ll) by
inputting into the calibration curve the
difference between the intensity of the
green color of the blank and that of the
sample.

Figure 3.7 Screenshots of smartphone application CAnal detailing the processes

of Hg(l1) detection.

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.
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3.8 The analytical characteristic of the Hg(ll) sensor (based on UV-Vis
spectrophotometry and smartphone as a colorimetric analyzer)

The limits of detection (LOD) and quantitation (LOQ) were calculated as
3SDbiank/slope and 10SDpiank/slope, respectively, where SDpank 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(ll) sensor based on UV-Vis spectrophotometry

To evaluate the selectivity of our developed sensors, Hg(ll) ions were determined
in the presence of 15 foreign ions, each with a concentration of 10 mg L™, including
10 cations (Ba(ll), Ca(ll), Cd(Il), Cu(ll), Fe(ll), Mg(ll), Mn(ll), Pb(ll), Zn(ll) and
Ni(ll)) and 5 anions (chloride, fluoride, nitrate, sulfate and sulfide). Briefly, 50 pL of
freshly prepared AgNPs were transferred to a volumetric flask, containing Hg(l1) with
a fixed final concentration of 0.1 mg L* in the presence of 0.5 M formic acid. The
15 foreign ions at 10 mg L 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 pL of
freshly prepared AgNPs were transferred to a volumetric flask, containing Hg(ll) with
a fixed final concentration of 0.1 mg L%, The 15 foreign ions at 10 mg L™* 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. Briefly, 50 pL 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 Lwere 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™. Recovery was determined by spiking

aqueous samples with standard Hg(11) at 0.05, 0.10 and 0.25 mg L.

3.11 Study of stability of unmodified AgNPs as a probe for the Hg(ll) sensor

The stability of unmodified AgNPs isan important parameter for the
determination of Hg(ll). Briefly, 50 pL 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=0), 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].

(%

e, — 5

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=0 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* and 1.27x10' NPs mL, 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 -43xr3).

-Radius of AgNPs =11 nm

-Diameter of Ag atom =0.288 nm ~0.3 nm

Volume of Ag atom - (Diameter of Ag atom)®-0.027 nm®~0.03 nm*

4
= nr3nm?

3
(Volumeygg gtom)nm3

Therefore; Number of atoms =

;in(ll)3nm3
= = -~ 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?) prepared from 0.6 g
AgNO3 in 100 mL

- Number of AgNPs

Conc.mol Ag™ 6.02x1023 4g™* 1 Ag° 1 AgNP
= R0 % 0.090L X . g 20—
1L 1mol Ag™* 1Ag* No.of atom
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0.0392 Ag* 6.02x10%3 AgT  1Ag° 1 AgNP
=289 % 0.090L X g g g
1L 1mol Ag* 1Ag* 185,843 atom

~1.14 x 10'NPs/90mL
=1.27 x 10¥*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(ll) 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].
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Figure 4.2 UV-Vis absorption spectrum of unmodified AgNPs stabilized with
PVP solution was recorded by adding of 50 pL 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 L1 Hg(Il) and PVP-stabilized AgNPs after addition of 5 mg L™ Hg(ll) 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(ll) 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(Il) (Figure 4.3c). Due to the AgNPs being
oxidized by Hg(ll), 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(Il) and
AgNPs is related to the lower redox potential of Ag(l)/Ag (0.799V) than that of
Hg(I1)/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(ll) 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 of Hg(Il) solution was doped into the PVP-stabilized AgNPs
and PVP-stabilized AgNPs after addition of 5 mg L Hg(ll) 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™ Hg(I1) and PVP-stabilized AgNPs
in the presence of 0.5 mg L™ Hg(ll) 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.
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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™ Hg(ll) (c), and PVP-stabilized AgNPs after
addition of 5 mg L™ Hg(l1) 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™ Hg(ll) and
PVP-stabilized AgNPs in the presence of 0.5 mg L™ Hg(ll) and 0.5 M

formic acid
Name Particles size (nm) | Zeta potential (mV)
+ SD (n=3) + SD (n=3)
AgNPs 188.00 + 0.42 0.50 + 23.28
AgNPs+ Hg (11) 0.5 mg L* 403.20 + 16.05 -0.20 +31.20
1
AgNPst+ Hg (I) 0.5mg L™ +0.5M 440.30 + 81.81 -0.30 + 27.90
formic acid
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4.3 Optimization of experimental conditions for colorimetric detection of Hg(ll)
(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(ll), it was essential to study the various parameters
affecting Hg(ll) detection. The volume of AgNPs was firstly optimized without Hg(11)
by studying the UV-Vis spectra of AgNPs at volumesof 50, 75 and 100 pL
(Figure 4.4a). The optimum condition was achieved with 50 pL 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 pL 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(ll) ions in the linear range of 0.1 to 5.0 mg L (Figure 4.4b). The results showed
that the AgNPs volume of 50 uL demonstrated a good linear correlation between the
different concentrations of Hg(ll) and absorbance ratio (Ao/A), where Ao is the
absorbance of bare AgNPs at 424 nm and A is the absorbance of AgNPs at the same
wavelength after reaction with Hg(ll). 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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Figure 4.4 Optimization of the volume of AgNPs (50, 75 and 100 pL) using UV-

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

UV-Vis spectrophotometer: (b) comparison of the calibration curves
comparing different volumes of AgNPs (50, 75 and 100 pL) with AdA

plotted against the different concentrations of Hg(l1) ions.
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Table 4.2 Comparison between the performance of the current sensor for Hg(l1)

detection and that of our previous work

Present study
. Portable
No | Parameters Our previous UV-Vis colorimetry by
work
spectrophotometer | smartphone
detection
The volume
of AgNPs 30 (total
1 | (uL) intotal 1500 50 volume of 200
volume of 5 ML)
mL
2 Enhancer Cu(ll) Formic acid No
. Using strong
e | e N
3 /Stabilizin reducing agent and | PVP (reducing and stabilizing agent)
g .
agent citrate as
stabilizing agent
Tolerance of Tolerance of Hg(Il) to 10 cations and
Sample . 5 anions (100 fold by fixing Hg(ll)
4 . Hg(ll) to 7 cation . 1
matrix . concentration at 0.1 mg L™)
species
5 | Working pH >4 >1 >1
Linearity
6 range/LOD 0.5-2.5/0.008 0.01-10/0.007 0.05-0.5/0.011
(mg L)
Portable
; Detection UV-Vis UV-Vis C(;L?,erppeﬁ%sy
system spectrophotometer | spectrophotometer detection/green
synthesis
8 | Application Tap and drinking Water, blood and dye organic
water samples
128 sample h,
Sample ~15 min for
d throughput No report 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(Il) analytical sensitivity [44]. The efficiency for the reduction of Hg(ll) 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(ll) analytical sensitivity progressively increased with increasing
concentration of formic acid in the Hg(ll) concentration range of 0.01 to 2.0 mg L.
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(ll) 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(l1) analytical sensitivity.

formic 0 M formic 0.05 M ¢ formic 0.1 M
1.20 - formic 0.5 M e formic 1 M formic 2 M
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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 plotted against various
concentrations of Hg(I1) (0.01-2.0 mg L™Y).
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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(l1) in the range 0.05t0 2.0 mg L™

c . Amax (nm); pH

oncentration - - - - - -

of Hg (1) Formlc Formlc Fo_rmlc qumlc For_mlc Formlc
mg L! acid 0 acid acid0.1 | acid0.5 | acid1l acid 2

M 0.05 M M M M M

0.0 426.0 |6 | 423.8 (34235 |2|424.0|2|4253 |1 4288 |1
0.0 425.0 |6 (4235 (3423524243 |2 |4263|1|4293 |1
0.1 425.0 |6 (4240 |3 423524228 |2|4250|1|429.0 |1
0.5 4245 |6 | 4225314218 |2 |4228 |2 |4228 |1 (4278 |1
1.0 4245 |6 | 42231342182 |4220 |2 4225 |1 (4253 |1
2.0 4258 | 6| 422534225 |2|4208 |2 |4243 |1 (4283 |1

4.4 Optimization of experimental conditions for colorimetric detection of Hg(l1l)
(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 plate-
based system in the presence of Hg(Il) at concentrations of 0.10 and 1.0 mg L. 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 pL and the optimal volume of AgNPs
was found to be 30 pL (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(ll) was evaluated.
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Figure 4.6 Optimal volume of AgNPs studied in the range of 5-50 uL for detecting
Hg(ll) under different devices (smart phone and scanner) in the

presence of Hg(l1) in the range of 0.10 to 1.0 mg L™

4.4.2 Optimization of the color intensity in the RGB system

To measure the concentration of Hg(Il) 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(ll). 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(Il) to progressively paler yellow with a tint of
orange with increasing concentrations of Hg (I1) (Figure 4.7) [37]; hence, intensity of
the green color is used in the determination of Hg(ll). 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(Il) (G) and that of a blank (Go). 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 (Go-G) was plotted
against concentration in mg L of Hg(ll). After the calibration curve has been
established, Hg(ll) 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), MG (green), ©B (blue), AR + G + B)/3
for average gray and A(0.299R + 0.587G + 0.114B) for gray with

luminosity.

4.5 Using optimized condition for colorimetric detection of Hg(ll) using AgNPs
as a probe
4.5.1 UV-Vis spectrophotometry (in the presence of formic acid)

The colorimetric sensing for Hg(l1) was performed. After addition of Hg(Il)
solution to freshly prepared AgNPs, instant color change from brownish yellow to
orange was observed and it changed gradually with increasing concentration of Hg(ll)
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(Il). 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(ll), 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(Il) and
AgNPs is related to the lower redox potential of Ag(l)/Ag (0.799V) than that of
Hg(11)/Hg (0.851V) [42-43]. Our result indicated that the P\VVP-stabilized AgNPs can
be used as a promising colorimetric sensor for the detection of Hg(l1).
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Sensitivity of the sensor to detect Hg(ll) was also investigated. Figure 4.8a
shows the UV-Vis spectra upon adding various concentrations of Hg(Il). When the
concentration of Hg(ll) was increased from 0.005 to 10 mg L™, 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 (r> = 0.988) was observed between the different
concentrations of Hg(ll) and absorbance ratio (Ad/A), where Ao is the absorbance of
AgNPs at 424 nm for control and A is the absorbance of AgNPs at 424 nm after
reaction with Hg(ll). 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™ (r> = 0.988) with the
limit of detection (LOD) of 0.03 mg L. Generally, when the concentration of Hg(ll)
is increased to higher than 2.0 mg L%, 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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Figure 4.8a UV-Vis absorption spectra of the unmodified AgNPs solution upon
addition of different concentrations of Hg(l1) in the absence of 0.5 M
formic acid, inset: the calibration curve of the Ao/A versus the
concentration of Hg(ll). Where, Ao and A represent the absorption
intensity of AgNPs roughly occurred at 424-433 nm before and after
reaction with different concentrations of Hg(ll), 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(ll) to Hg(0)
occurs easily under strong acidic conditions. Under optimized detection conditions,
500 pL (0.5 M) of formic acid was added to a mixture of AgNPs (50 uL) and Hg(Il) at
different concentrations before final adjustment to a volume of 5 mL was achieved
using DI water. When the concentration of Hg(ll) was increased from
0.005 to 10 mg L, 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(1l) ions (in the range 0.01-10 mg L™). 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™, and a high linearity range
between 1.0 and 10 mg LY The calibration curve of A¢/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 4.8¢c).
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Figure 4.8b UV-Vis absorption spectra of the unmodified AgNPs solution upon
addition of different concentrations of Hg(ll) in the presence of 0.5
M formic acid, inset: the two calibration curves of the Ad/A versus
the concentration of Hg(ll) (high and low linearity) (b).
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Figure 4.8c UV-Vis absorption spectra of the unmodified AgNPs solution upon
addition of different concentrations of Hg(ll), and the calibration
curve of Ao/A value versus the concentration of Hg(ll) before and
after the addition 0.5 M formic acid (c) Where, Ao and A represent
the absorption intensity of AgNPs roughly occurred at 424-433 nm
before and after reaction with different concentrations of Hg(ll),

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 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(ll) (1.0, 5.0 and 7.0 mg L) (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(l1)

Three Absorption Ao/A value of an unmodified AgNPs at various
different concentration of Hg(l1) ions
synthesis Concentration of Hg(11), mg L™ + SD (n=3)
batches of
AgNPs 1.0 5.0 7.0
1 1.11+0.01 1.34£0.01 1.43+£0.00
2 1.10+£0.00 1.23+0.01 1.30+£0.01
3 1.13+0.00 1.31+£0.01 1.38+£0.03
Average 111 1.29 1.37
SD 0.01 0.06 0.07
% RSD 1.12 4.50 4.83

45.2 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(ll) 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(I1) detection.
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Figure 4.9 Calibration curve of AgNPs-based colorimetric sensor for Hg(ll)

detection by using green intensity (Image processing, ImageJ) at

different conditions (4 with formic acid and =without formic acid).

Table 4.5 Comparison of the results of AgNPs-based colorimetric sensor for

Hg(11) detection by using green intensity (Image processing, ImageJ) at

different conditions (with formic acid and without formic acid)

Concentration Without 0.5 M formic acid With 0.5 M formic acid
of Hg (1) i Found (mg L~ _~ | Found (mg L
mg L* Go |GGl yispp=3) | & %G| 115D (n=3)
0.05 161.14 | 6.24 0.05+0.02 167.93 | 7.07 0.05+0.00
0.1 154.89 | 12.49 0.10 +0.00 162.06 | 12.94 | 0.09+£0.01
0.25 137.17 | 30.21 0.25+0.01 138.11 [ 36.90 | 0.25+0.02

Note: Where, Go

and G represent the green intensity of AgNPs before and after

reaction with different concentrations of Hg(I1), respectively.

Analytical characteristics of the smartphone-based colorimetric analyzer for

Hg(ll) was examined. Under the optimized detection condition, the sensor sensitivity

was investigated.

In three replicates, a series of standard Hg(I1) (0.05-0.5 mg L) was

measured and the calibration curve shows a good linear correlation (r? = 0.993) with

the linear range from 0.05 to 0.5 mg L™ (4-point calibration curve) existing between

the intensity differences (Go-G) and the concentrations of Hg(ll), where Go and G
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represent the green intensity of AgNPs before and after reaction with different
concentrations of Hg(ll), respectively (Figure 4.10). The calibration equation obtained
was retained by the developed program (slope = 47.38, r> = 0.993) with a detection
limit of 0.011 mg L7, indicating that the colorimetric sensor holds a promising
potential for quantitative determination of Hg(ll) 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.
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Concentration of Hg(IT), mg L

Figure 4.10 Calibration curve of the smartphone-based colorimetric analyzer
where differences in the green color intensity (Go-G) are plotted

against difference concentrations of Hg(11) (0.05-0.5 mg L™).

4.6 Study of selectivity of the Hg(ll) 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(ll) ions were examined in the
presence of ten cations and five anions, each with a concentration of 10.0 mg L. As
has already been established, upon adding Hg(Il) ions at 0.1 mg L%, 1.0 mg L and
10.0 mg Lt 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™ of Hg(ll) 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.

(@)
145 Interferences

Absorbance

A B C D E F G H I J K L M N O P Q R

Foreign ions

Figure 4.11 Comparison between the selectivity of the newly developed sensor
(PVP-stabilized AgNPs) (a) and that of our previous work (citrate-
based AgNPs) (b); AgNPs + 0.1 mg L™ Hg(I1) (A), AgNPs + 1 mg L
Hg(I1) (B), AgNPs + 10 mg L™ Hg(l1) (C), AgNPs + 0.1 mg L™ Hg(ll)
+ 10 mg L* anions (D-H; chloride, fluoride, nitrate, sulfate, sulfide,
respectively) and cations (I-R; Ba(ll), Ca(ll), Cd(l1), Cu(ll), Fe(ll),
Mg(Il), Mn(11), Pb(l1), Zn(I1), Ni(Il), respectively).
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Figure 4.11 Comparison between the selectivity of the newly developed sensor
(PVP-stabilized AgNPs) (a) and that of our previous work (citrate-
based AgNPs) (b); AgNPs + 0.1 mg L™ Hg(l1) (A), AgNPs + 1 mg L
Hg(I1) (B), AgNPs + 10 mg L™ Hg(l1) (C), AgNPs + 0.1 mg L™ Hg(ll)
+ 10 mg L anions (D-H; chloride, fluoride, nitrate, sulfate, sulfide,
respectively) and cations (I-R; Ba(ll), Ca(ll), Cd(ll), Cu(ll), Fe(ll),
Mg(Il), Mn(11), Pb(l1), Zn(I1), Ni(Il), 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, 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(ll) detection even when there is a presence of methylene blue
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(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(ll)
using our current developed method. The obtained results will serve as good

information for our future work.
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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) (b).
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Table 4.6 Percentages of recovery for Hg(ll) determination in the presence of

methylene blue

0,
Name Wavelength Absorbance Yo
(nm) recovery
AgNPs +Hg(11) 0.1 mg L 425.5 0.79876
AgNPs +Hg(ll) 0.1 mg L + with
MB 6 mg L. 427.8 0.83624 104.7
AgNPs +Hg(ll) 1 mg L* 423.8 0.72879
1 -
AgNPs_Ing(II) 1 mg L™ + with MB 4235 0.70093 96.2
6mgL
AgNPs +Hg(ll) 2 mg L* 422.5 0.70203
AgNPs +Hg(ll) 2 mg L + with MB
6 mg L 423.8 0.69475 99.0
(@) 1.40 -
—— AgNPs
1.20 1 MO 1 mgL
® 1.00 4 MO 2 mg L!
E 0.80 - MO3 mgL™
E 0.60 — MO mgl?
- ——MO 7:mg L!
0.40 1 ——MO 10 mg L!
0.20 \»
0.00 — e
200 300 400 500 600 700 800
‘Wavelength, nm
—— AgNPs
NR 1 mg L
NR2 mg L’!
NR3 mgL!
—NR4 mg !
——NR 5 mg L!
—NR 6 mg L'!
000 T . T T T — T 1
200 300 400 500 600 700 200

wavelength, nm

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(ll) 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?. The samples were spiked with Hg(ll) at three
different concentrations of 0.05, 0.10 and 0.25 mg L. 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(ll) 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 (topserved = -0.83, teriticat =1.67, 95% confidence),
confirming the potential use of the smartphone-based colorimetric analyzer in

selective Hg(ll) determination in the real environmental analysis [47].
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Table 4.7 Determination of Hg(ll) concentration in real agueous samples
application and Standard Reference Material (SRM) 1641d using the

UV-Vis spectrophotometry system and smartphone as colorimetric

sensor (n=3)

UV-Vis
spectrophotometry I _Smarfcphone as _3
Name system (n=3) colorimetric sensor (nN=3)

Hg(I), % Hg(I), %

mg L recovery mg L recovery
D ND* ND*
D+0.05mgL? 0.05+0.00 96.0 0.05+0.01 96.0
D+0.10mgL* 0.10+0.00 104.7 0.11 £0.02 108.0
D+025mgL? 0.27 £0.01 106.6 0.26 £ 0.01 102.4
M ND* ND*
M+ 0.05 mg L 0.05%0.02 108.1 0.05+0.01 104.0
M+ 0.10 mg L? 0.10 £ 0.02 97.7 0.09 £0.01 94.0
M + 0.25 mg Lt 0.24 +£0.01 95.1 0.23+0.01 93.6
T ND* ND*
T+0.05mgL? 0.06 £ 0.03 112.2 0.05+0.01 96.0
T+0.10mg L*? 0.12 £0.02 116.1 0.10+0.01 102.0
T+0.25mg L*? 0.23+£0.02 93.4 0.25+0.01 98.4
P ND* ND*
P+0.05mg L* 0.05+0.00 106.3 0.05+0.01 104.0
P+0.10 mg L 0.10+0.00 96.8 0.10+0.01 102.0
P+0.25mgL* 0.24 +0.02 95.0 0.26 £ 0.01 102.4
P added MB ND* ND*
P added MB + 0.05 mg L™ | 0.05+0.01 100.0 0.05+0.01 100.0
P added MB +0.10 mg L'* | 0.11+0.03 106.2 0.09 £0.01 94.0
SP ND* ND*
SP+0.05mg L* 0.05£0.02 103.8 0.05+0.01 108.0
SP+0.10mg L* 0.09 +£0.01 93.4 0.10+£0.01 100.0
SP+0.25mg L* 0.25+0.06 101.2 0.25+0.01 100.8
ﬁ;g{‘fﬁgf (Figfﬂg;‘ce 1.53 + 0.01 08.1 1.53 + 0.02 08.1

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.




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(l1) as demonstrated in Table 4.4.

Table 4.8 Stability of the AgNPs at room temperature observed on three

replicates.

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

Four different batches of the nanoparticles were

Week | Absorbance Wavelength Batch
(nm)
1 0.94900 426.0
2 1.34012 4255
3 1.37320 425.7
4 0.89698 426.0 Batch 1
5 1.33156 4255
6 1.11427 4253
7 1.22291 4255
1 1.16859 428.0
2 0.85272 428.0 Batch 2
3 0.85858 4278
1 0.82969 424.0
2 0.80813 4245
3 0.81417 4253
4 0.82817 424.8
5 0.82001 425.0
6 0.82025 4245 Batch 3
7 0.81619 4253
8 0.83807 425.0
9 0.84075 4245
10 0.82599 425.0
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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)

Wavelength

Week | Absorbance Batch

(nm)

1 1.03554 433.5

2 1.01684 433.5

3 1.00415 433.5

4 0.98284 433.3

5 1.01641 433.0 Batch 4

6 0.96791 433.5

7 1.02905 434.1

8 0.98196 433.9

9 1.06848 433.4




CHAPTER S
CONCLUSION

The proposed method using smartphone as colorimetric sensor based on
unmodified AgNPs stabilized by PVP has been successfully applied for determination
of Hg(I1) 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 PVP-
stabilized 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(ll) 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'l), sensitive, selective and cost-effective Hg(ll) 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(ll) at
resource-limited setting. The comparison between our developed method and others
techniques used in Hg(ll) 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

(NazCeHs0y7), the synthesis of proposed PVP-based AgNPs poses no risk arising from



exposure to toxic and hazardous chemicals, providing a greener and safer alternative

in the determination of mercuric ions in aqueous samples.
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surface of AgNPs also occurred, resulting in amalgam particles of

mercury (Hg-Ag). Interestingly, the developed approach showed

a significant enhancement in the Hg(ll) analytical sensitivity when

formic acid was doped onto the AgNPs, with the linearity range of

0.01-10 mg L™ (* = 0.999) providing the quantitative detection limit

of 0.007 mg L™" (3SD blank/slope of the calibration curve). Greater

selectivity toward Hg(ll) over other ions and colour 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 suppression.

Under using a 96-well microplate and a smartphone equipped with

homemade application as a colorimetric analyzer under controlled

lighting, high sample throughput (128 sample h™', n = 4) was

achieved, establishing its potential for practical analysis. The percen-

tage recoveries of spiked aqueous samples obtained from the micro-

plate-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 shown to provide a rapid,

simple, sensitive and selective detection of Hg(ll) ions in various

aqueous samples.
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1. Introduction

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(ll) 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(ll)). 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™
and 0.002 mg L™, respectively [2]. Therefore, it is of necessity to have a highly selective
and rapid method to monitor Hg(ll) levels in various samples under agueous conditions.

There are various conventional analytical approaches to estimate Hg(ll) concentra-
tion in aqueous samples including cold vapour 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(ll) takes advantage of the colour change upon the interaction of
nanoparticles and the target analytes. Gold nanoparticles (AuNPs) and silver nanopar-
ticles (AgNPs) have been developed as colorimetric sensors for Hg(ll) determination
due to their optical and high extinction coefficients of their surface plasmon resonance
(SPR) absorption band [6]. AgNPs, in particular, are more favourable 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(ll) 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].

Successful use of modified 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(ll) of 0.068 mg L™'. However, their synthesis
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involved the use of sodium borohydride (NaBH,), a toxic agent to reduce GO and Ag(l). 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(ll) was 0.12 mg L™". Although no hazardous agents were involved, the green method
was time-consuming and complicated. In another study, Mehdinia et al. used AgNPs
modified 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™ [15].
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 modified
AgNPs were difficult to prepare as their synthesis usually involved a complicated process.
The goal, therefore, has been to develop a colorimetric sensor based on ‘unmodified
AgNPs’ for Hg(ll) detection through a simple and cost-effective method.

Recently, a few works have reported the use of unmodified AgNPs as a colorimetric
sensor for Hg(ll) detection [16-18]. Farhadi et al. used soap-root plant as a stabilizing
agent for AgNPs to achieve a LOD of 0.44 mg L' [16]. Gao et al. reported the use of
a yoghurt-mediated silver nanostructure for label-free and colorimetric mercury ions
detection with a LOD as low as 0.002 mg L™ [17]. Although both works achieved low
LODs, their synthesized methods were complicated. In 2015, our recent work reported
a selective colorimetric sensor based on unmodified AgNPs to detect Hg(ll) using
trisodium citrate as a stabilizing agent, which achieved a LOD of 0.008 mg L™ using
Cu(ll) as sensitivity enhancer [19]. However, our previous method involved the use of
sodium borohydride (NaBH,), 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].

Herein, we reported a green and novel facile unmodified silver nanoparticles (AgNPs) as
colorimetric sensor for sensitive and high sample throughput determination of Hg(ll) 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 (NaBH,). Moreover, the effect of
formic acid as a catalytic enhancer was investigated with a first view to enhancing Hg(ll)
detection sensitivity based on UV-Vis spectrophotometry. In addition, high sample
throughput of Hg(ll) 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 analyzing Hg(ll) ions in various real samples.

2. Experimental
2.1. Chemicals and materials

All chemicals used in this study were of analytical grade. All solutions were prepared in
deionized water with 18 MQ resistance (obtained from a Millipore Milli-Q purification
system, Bedford, MA, USA). Chemical reagents, such as formic acid (98%) were
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purchased from Fisher Scientific, UK. The following chemicals were used as received:
polyvinylpyrrolidone (PVP) and silver nitrate (AgNOs), purchased from Sigma-Aldrich
(US) and Bendosen (Malaysia) respectively; mercury(ll) chloride (HgCl,), calcium nitrate
(Ca(NOs3),), sodium chloride (NaCl), potassium fluoride (KF), sodium nitrate (NaNOs),
copper(ll) sulfate pentahydrate (CuSO, 5H,0), manganese sulfate monohydrate
(MnSO,4-H,0), sodium sulfate heptahydrate (Na,SO, 7H,0), sodium hydrogen sulfide
(NaHS), iron(ll) sulfate heptahydrate (FeSO, 7H,0), zinc sulfate heptahydrate (ZnSO,
7H,0), magnesium sulfate heptahydrate (MgSO,.7H,0), nickel(ll) sulfate (NiSO,), cad-
mium nitrate tetrahydrate (Cd(NOs), 4H,0), barium nitrate (Ba(NOs),), lead nitrate
(Pb(NOs),), all from Carlo Erba, IT, methylene blue (MB), methyl orange (MO) and
neutral red (NR) used in the interference study, all from SUVCHEM, India. Standard
reference material (SRM) of mercury in water (1641d) with certified value of mercury
1.56 + 0.02 mg kg~ was purchased from National institute of standards and technol-
ogy (NIST, US).

2.2. Synthesis of PVP-stabilized AgNPs

AgNPs were synthesized using our methods explained by Muniandy et al. [20]. AgNPs
were easily prepared 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 AgNO; 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 AgNOs 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 colour solution of
AgNPs stabilized by PVP was obtained. The absorption spectrum was observed with
a UV-Vis spectrophotometer. The particle size characterization of AgNPs was also
confirmed by TEM.

2.3. Characterizations

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 con-
centrations of Hg(ll) 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 smartphone camera (Samsung Galaxy J7) and microtiter plate (Brand plates® made in
Germany).
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2.4. Colorimetric detection of Hg(ll) using AgNPs as a probe in the presence of
formic acid

2.4.1. UV-Vis spectrophotometry

Colorimetric detection of Hg(ll) can be measured using AgNPs as a probe in the presence of
0.5 M formic acid. Firstly, 50 uL of the AgNPs was added into a volumetric flask. Then, Hg(ll)
at different volumes of 50 mg L™" Hg(ll) stock was added to a solution containing AgNPs. In
addition, 500 pL 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
colour 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. The Hg(ll) concentration reported in mg L™' unit was determined by establish-
ment of calibration curve (plotted between Ay/A and Hg(ll) concentration (mg L™")).

To evaluate the selectivity of our developed sensors, Hg(ll) ions were determined in the
presence of 15 foreign ions, each with a concentration of 10 mg L™', including 10 cations
(Ba(ll), Ca(ll), Cd(In), Cu(l), Fe(ll), Mg(ll), Mn(ll), Pb(ll), Zn(ll) and Ni(ll)) and five anions
(chloride, fluoride, nitrate, sulfate and sulfide). Briefly, 50 pL of freshly prepared AgNPs
were transferred to a volumetric flask, containing Hg(ll) with a fixed final concentration of
0.1 mg L™". The 15 foreign ions at 10 mg L™ 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.

2.4.2. Use of smartphone as a colorimetric analyzer (CAnal application)

To measure Hg(ll) using our developed smartphone-based sensor, 30 uL of the AgNPs
was first added to a well plate, followed by Hg(ll) at different volumes of 50 mg L™ Hg(ll)
stock, with the final volume in each well of 200 pL achieved by adjustment with DI
water. Then, the well plate was covered with its 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 colour-sprayed black to prevent environ-
mental 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 explained in our previous work [21]. Steps concern-
ing the determination of Hg(ll) using a smartphone as a colorimetric analyzer were
demonstrated in Scheme 1.

2.4.3. The analytical program for Hg(ll) analyzer

The application program used for the detection of Hg(ll) is called CAnal (version 5.0)
modified from [22] for solution-based analysis. It was developed on an Eclipse code [23]
on the Java platform and compiled to run on the Android operating system. To operate
the application, a number of steps are followed (Figure S1). However, prior to the
measurement of Hg(ll), we first had to determine which colour intensity in the RGB system
was the most sensitive to changes occurring upon interaction of the PVP-stabilized AgNPs
with Hg(ll). 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
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Scheme 1. Determination of Hg(ll) using a smartphone equipped with software application CAnal as
a colorimetric analyzer on a well plate-based system in the control light box.

0.299R + 0.587G + 0.114B), it was found that green was the most sensitive to the colour
change from yellowish-brown in samples without Hg(ll) to progressively paler yellow with
a tint of orange with increasing concentrations of Hg (Il) (Figure S2) [21]; hence, intensity
of the green colour is used in the determination of Hg(ll). Prior to each measurement of
the samples, a calibration graph was constructed by measuring the change between the
intensity of the green colour upon the sensor reacting with different concentrations of
standard Hg(ll) (G) and that of a blank (Gg). The intensity of the colour of the reaction was
determined by imageJ (https://imagej.net/Downloads) and a four-point calibration curve
was plotted in Microsoft Excel; difference in green intensity (Go-G) was plotted against
concentration in mg L™ of Hg(ll). After the calibration curve has been established, Hg(ll)
concentrations can be measured following the steps shown in Figure S3. First, open the
application, in the setting, choose colour ‘green’ and unit ‘mg L™, 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 G, 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 colour of the blank and that of the sample is then used to compute the concentra-
tion of Hg(ll) in the sample, the unit of which is mg L™" as chosen earlier in the setting.

2.5. 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™". Recovery was
determined by spiking aqueous samples with standard Hg(ll) at 0.05,0.10 and 0.25 mg L™".
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3. Results and discussion
3.1. Synthesis and characterization of PVP-stabilized AgNPs

Silver nanoparticles were synthesized based on a hydrothermal method using polyvi-
nylpyrrolidone (PVP) as a stabilizing and reducing agent. The possible formation of PVP-
stabilized AgNPs has been explained in detailed by Muniandy, Sasidharan & Lee, 2019
[20]. This could be easily prepared and the resulted sensor was highly stable. The colour
of the aqueous solution of the PVP-based nanoparticles was yellowish-brown (insert of
Figure 1). 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 (Table S1). The
maximum absorbance of these AgNPs occurred at roughly 424-433 nm (Figure 1).
According to the TEM study, the average diameter of AgNPs was 21.76 + 0.22 nm
(Figure 2(b)). Dynamic light scattering was used to measure the particle size of the
AgNPs (Table S2), showing good agreement with the TEM result. Zeta potential of the
synthesized AgNPs indicates no charges surrounding the AgNPs, suggesting strong
stabilization of AgNPs by PVP. Moreover, the mass concentration and number concen-
tration of AgNPs were 3.81 mg mL™' and 1.27 x 10" NPs mL™, respectively, as shown
in S1.

3.2. Optimization of experimental conditions for colorimetric detection of Hg(ll)
and their mechanism by using AgNPs as a probe (based on UV-Vis
spectrophotometry system)

To investigate the optimized conditions in which AgNPs-based colorimetric sensor can
effectively detect Hg(ll), it was essential to study the various parameters affecting Hg(ll)
detection. The volume of AgNPs was first optimized without Hg(ll) by studying the UV-
Vis spectra of AgNPs at volumes of 50 pL, 75 pL and 100 uL (Figure S4a). The optimum
condition was achieved with 50 pL of AgNPs, which was the volume to be used for the
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Figure 1. UV-Vis absorption spectrum of unmodified AgNPs stabilized with PVP solution was
recorded by adding of 50 pL 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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Figure 2. 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™ Hg(ll) (c), and PVP-
stabilized AgNPs after addition of 5 mg L' Hg(ll) and 0.5 M formic acid (d).

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 pL 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(ll) ions in the linear range of
0.1-5.0 mg L™ (Figure S4b). The results showed that the AgNPs volume of 50 pL
demonstrated a good linear correlation between the different concentrations of Hg(ll)
and absorbance ratio (Ay/A), where Ay is the absorbance of bare AgNPs at 424 nm and
A is the absorbance of AgNPs at the same wavelength after reaction with Hg(ll). The
volume used in this work was a fraction of that needed for the sensor of our previous
work [19]. For detailed comparison between the PVP-based AgNPs developed in this
work and the citrate-based AgNPs in the previous work [19] see Table S3.

At first, the colorimetric sensing for Hg(ll) was performed. After addition of Hg(ll)
solution to freshly prepared AgNPs, instant colour change from brownish yellow to
orange was observed and it changed gradually with increasing concentration of
Hg(ll) ions, corresponding to the absorption spectra in Figure 3(a) 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(ll). Such phenomena were also described previously [24,25]. The decrease in the
absorption intensity of the SPR band with a blue shift could be due to the AgNPs
being oxidized by Hg(ll), 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) [26]. Strong interaction between
the Hg(ll) and AgNPs is related to the lower redox potential of Ag(l)/Ag (0.799 V)
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Figure 3. UV-Vis absorption spectra of the unmodified AgNPs solution upon addition of different con-
centrations of Hg(ll) in the absence, inset: the calibration curve of the Ao/A versus the concentration of Hg(ll)
(a) and presence of 0.5 M formic acid, inset: the two calibration curves of the Ay/A versus the concentration
of Hg(ll) (high and low linearity) (b) and the calibration curve of Ay/A value versus the concentration of Hg(ll)
before and after the addition 0.5 M formic acid (c) Where Ay and A represent the absorption intensity of
AgNPs roughly occurred at 424-433 nm before and after reaction with different concentrations of Hg(ll),

respectively.
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than that of Hg(ll)/Hg (0.851 V) [27,28]. Our result indicated that the PVP-stabilized
AgNPs can be used as a promising colorimetric sensor for the detection of Hg(ll). To
confirm the formation of amalgam, TEM coupled with EDS was carried out (Figure 2).
The result showed that the amalgam particles gradually became larger upon adding
Hg(ll) (Figure 2(c)). The hydrodynamic size and zeta potential of AgNPs shown in
Table S2 also confirmed these phenomena, in good agreement in the results
obtained from TEM coupled with EDS.

To study the effect of catalyst 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(ll) analytical
sensitivity [29]. The efficiency for the reduction of Hg(ll) however depended on its concen-
tration. Hence, different concentrations of formic acid and pH values were investigated in
this study. The concentration range of 0.0-2.0 M and pH range of 1.0-6.0 were optimized.
The results presented in Figure S5 and Table S4 show that Hg(ll) analytical sensitivity
progressively increased with increasing concentration of formic acid in the Hg(ll) concentra-
tion range of 0.01-2.0 mg L™". The optimal value for the concentration of formic acid was
0.5 M (with wide working pH range of >1, Table S3), indicating an increase in reduction
efficiency and fast reduction from Hg(ll) 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 2(d) and Table S2). However, higher con-
centrations of the acid (pH 1; at concentrations of 1.0-2.0 M) led to a decrease in Hg(ll)
analytical sensitivity.

Sensitivity of the sensor to detect Hg(ll) was also investigated. Figure 3(a) shows the UV-
Vis spectra upon adding various concentrations of Hg(ll). When the concentration of Hg(ll)
was increased from 0.005 to 10 mg L™', the absorption intensity progressively decreased
correlating well with the observed color change, which indicated gradually increa-
sing aggregation of AgNPs (Figure 3(a), inset). The result showed a linear correlation
(r* = 0.988) was observed between the different concentrations of Hg(ll) and absorbance
ratio (Ao/A), where A is the absorbance of AgNPs at 424 nm for control and A is the
absorbance of AgNPs at 424 nm after reaction with Hg(ll). It was found that the calibration
curve, with the measurements carried out in triplicates, was in the range of 1.0-10.0 mg L™
(r* = 0.988) with the limit of detection (LOD) of 0.03 mg L™". Generally, when the concentra-
tion of Hg(ll) is increased to higher than 2.0 mg L™, it is expected that the characteristic peak
will redshift 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.

Interestingly, addition of 0.5 M formic acid is necessary to enhance the reduction
efficiency of mercury, indicating that the re-oxidation of Hg(ll) to Hg(0) occurs easily
under strong acidic conditions. Under optimized detection conditions, 500 pL (0.5 M) of
formic acid was added to a mixture of AgNPs (50 uL) and Hg(ll) at different concentra-
tions before final adjustment to a volume of 5 mL was achieved using DI water. When
the concentration of Hg(ll) was increased from 0.005 to 10 mg L™, the absorbance value
at 424 nm progressively decreased, correlating well with the observed colour change of
the solution (brownish yellow becoming paler, Figure 3(b)), and the absorption spectra
exhibited a blue shift with decreasing absorbance indicating gradually increasing amal-
gamation of the AgNPs (Figure 3(b)). The absorbance of the AgNPs progressively
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decreased and slightly shifted to the blue wavelength with increasing concentrations of
Hg(ll) ions (in the range 0.01-10 mg L™'). The absorption peak of the detection in the
presence of 0.5 M formic acid occurred at a different wavelength when the catalyst was
absent. In addition, the analytical sensitivity of the method was improved in the
presence of 0.5 M formic acid (Figure 3(b), inset). Significant sensitivity enhancement
was observed with an addition of the catalyst 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™, and a high linearity range
between 1.0 and 10 mg L™". The calibration curve of A/A value versus the concentration
of Hg(ll) shows significant enhancement in the Hg(ll) analytical sensitivity upon addition
of 0.5 M formic acid onto the AgNPs, leading to improvement of quantitative detection
limit (Figure 3(c)).

The limit of detection (LOD) of the sensor in the presence of 0.5 M formic acid was
reduced to 0.007 mg L™ with a good precision (%RSD is less than 4.83) of the calibration
curve observed in three different synthesis batches of AgNPs at various concentrations
of Hg(ll) (1.0, 5.0 and 7.0 mg L™") (Table S5).

3.3. Selectivity of the Hg(ll) sensor

In order to evaluate the selectivity of the colorimetric sensor over commonly known
interference species in aqueous samples, Hg(ll) ions were examined in the presence of
10 cations and five anions, each with a concentration of 10.0 mg L™". As has already
been established, upon adding Hg(ll) ions at 0.1 mg L™", 1.0 mg L™ and 10.0 mg L™" into
the unmodified AgNPs solution in the presence of 0.5 M formic acid (without the
presence of any foreign ions), the colour solution visibly changed from brownish yellow
to pale yellow, and the absorption intensity of the unmodified AgNPs roughly occurred
at 424 nm. When the foreign ions were present in the solution containing 0.1 mg L™" of
Hg(ll), it did not significantly alter the absorbance with less than +5% change in the
absorbance values (Figure 4(a)). 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(b) and Table
S3), likely a result of better stabilization (by PVP) of the AgNPs.

In waste water, organic dyes constitute a large group of pollutants especially pollu-
tants 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 first inves-
tigated. Figure 5(a,b) shows 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', the visible wavelength of the maximum absorp-
tion 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 increas-
ing concentrations of methylene blue associated with colour change of the AgNPs
solution from yellowish-brown to blue with constant 424 nm of AgNPs. The result

79



150 (&) S.PUCHUM ET AL.

a)

145

Interferences

1.30
1184

1.00

Absorbance

A B € P E F¥F & H I 3 K Ih M N © P @ R 8

Foreign ions

b) Interferences
1.45 -
1.30 +5%
IRCES BN -2 8 B N B B -
1.00 -
0.85 -

0.70 4

Absorbance

0.55 4

0.40 -

0.25 4

0.10 4
A B €C D B F G H I J K L MN O P QR B8

Foreignions

Figure 4. Comparison between the selectivity of the newly developed sensor (PVP-stabilized
AgNPs) a) and that of our previous work (citrate-based AgNPs) b); AgNPs without Hg(ll) (A),
AgNPs + 0.1 mg L™" Hg(ll) (B), AgNPs + 1 mg L™" Hg(ll) (C), AgNPs + 10 mg L™ Hg(ll) (D), AgNPs +
0.1 mg L™" Hg(ll) + 10 mg L™" anions (E-I; chloride, fluoride, nitrate, sulfate, sulfide, respectively)
and cations (J-S; Ba(ll), Ca(ll), Cd(ll), Cu(ll), Fe(ll), Mg(ll), Mn(ll), Pb(Il), Zn(ll), Ni(ll), respectively).

shows that the developed approach provides high selectivity of Hg(ll) detection even
when there is a presence of methylene blue (Table S6). 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 S6a 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(ll) using our current developed method. The obtained
results will serve as good information for our future work.

80



INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY @ 151

a) 0 1.0 20 30 40 50 6.0 (mgL') b)
1.40
mgL?!
1.20 60 1.40
o 12
1.00 2 s 100
=
£ 0.80 £ 080
2 2 060 y =0.1913x+ 0.0652
$ 0.60 = 2 =0.998
=
= 0.20
0.40 06
0.0 2.0 4.0 6.0 8.0
0.20 Concentration of MB, mg L
0.00 T —

200 300 400 500 600 700 800
Wavelength, nm

Figure 5. 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 methylene
blue (mg L™") b).

3.4. Use of smartphone as a colorimetric analyzer

Volume optimizing of the AgNPs was firstly performed in the well plate-based system in
the presence of Hg(ll) at concentrations of 0.10 and 1.0 mg L™". Based on RGB intensity
calculated by imagel, 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 pL, and the optimal volume of AgNPs was found to be 30 pL
(Figure S7), an excellent 50-fold reduction in volume of the sensor compared to the
previous work [19] and a significant reduction in comparison to the UV-Vis spectro-
photometric system based on the same PVP-stabilized AgNP sensor (Table S3). We found
that the smartphone was more sensitive to colour change, sensing better grey intensity
in the green channel, 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(ll) was evaluated. The result of the
colorimetric analysis (Figure S8 and Table S7) demonstrated that the addition of the
formic acid was unnecessary.

3.5. Analytical characteristics of the smartphone-based colorimetric analyzer

Under the optimized detection condition, the sensor sensitivity was investigated. In
three replicates, a series of standard Hg(ll) (0.05-0.5 mg L™') was measured and the
calibration curve shows a good linear correlation (r* = 0.993) with the linear range from
0.05 to 0.5 mg L™ (four-point calibration curve) existing between the intensity differ-
ences (Go-G) and the concentrations of Hg(ll), where G, and G represent the green
intensity of AgNPs before and after reaction with different concentrations of Hg(ll),
respectively (Figure S9). The calibration equation obtained was retained by the devel-
oped program (slope = 47.38, r* = 0.993) with a detection limit of 0.011 mg L™,
indicating that the colorimetric sensor holds a promising potential for quantitative
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determination of Hg(ll) ions in real sample application. High sample throughput for the
analysis could be achieved through our developed method; approximately eight sam-
ples (n = 4, totalling 32 wells) could be measured in 15 min corresponding to about 32
samples (128 wells) per hour.

3.6. Real samples application

Potential of the developed approach for determination of Hg(ll) 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~'. The samples
were spiked with Hg(ll) at three different concentrations of 0.05 mg L™", 0.10 mg L™' and
0.25 mg L™". 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(ll) content using our developed colorimetric analyzer
with the results compared with those of the batch spectrophotometric method. Each mea-
surement was repeated three times and the average values were presented in Table 1. The

Table 1. Determination of Hg(ll) 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).

UV-Vis spectrophotometry system Smartphone as colorimetric sensor

(n=3) (n=3)

Ha(Il Hg(ll
Name (mg L") % recovery (mg L™ %recovery
D N.D.* N.D.*
D + 0.05 mg = 0.05 + 0.00 96.0 0.05 + 0.01 96.0
D +0.10 mg &= 0.10 + 0.00 104.7 0.11 £ 0.02 108.0
D +0.25 mg (i 0.27 + 0.01 106.6 0.26 + 0.01 102.4
M N.D.* N.D.*
M + 0.05 mg (e 0.05 + 0.02 108.1 0.05 + 0.01 104.0
M + 0.10 mg = 0.10 + 0.02 97.7 0.09 + 0.01 94.0
M + 0.25 mg I 0.24 + 0.01 95.1 0.23 + 0.01 93.6
T N.D.* N.D.*
T+ 0.05 mg L 0.06 + 0.03 112.2 0.05 + 0.01 96.0
T+ 0.10 mg L1 0.12 + 0.02 116.1 0.10 + 0.01 102.0
T+ 025 mg Eg 0.23 + 0.02 93.4 0.25 + 0.01 98.4
P N.D.* N.D.*
P + 0.05 mg (i 0.05 + 0.00 106.3 0.05 + 0.01 104.0
P+ 0.10 mg L 0.10 £ 0.00 96.8 0.10 £ 0.01 102.0
P + 0.25 mg [ 0.24 + 0.02 95.0 0.26 + 0.01 102.4
P added MB N.D.* N.D.*
P added MB + 0.05 mg [ 0.05 + 0.01 100.0 0.05 + 0.01 100.0
P added MB + 0.10 mg L 0.11 £ 0.03 106.2 0.09 + 0.01 94.0
P added MB + 0.25 mg 2 0.23 + 0.01 92.6 0.24 + 0.01 97.6
SP N.D.* N.D.*
SP + 0.05 mg i 0.05 + 0.02 103.8 0.05 + 0.01 108.0
SP + 0.10 mg L 0.09 + 0.01 934 0.10 + 0.01 100.0
SP + 0.25 mg ! 0.25 + 0.06 101.2 0.25 + 0.01 100.8
Standard Reference Material (1614d) 0.15 + 0.01 98.1 1.53 + 0.02 98.0

D = Drinking water, M = Mineral water, T = Tap water, P = Pond water, SP = Synthetic human plasma

ND* Defined as ‘Not Determined’

SRM 1641d = Certified Hg(ll) content in SRM was 1.56 + 0.02 mg kg™’

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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expected values were obtained and there was no significant difference between the two
methods; at 95% confidence, the t-stat value of —0.83 was lower than the critical t-value of
1.67, confirming the potential use of the smartphone-based colorimetric analyzer in selective
Hg(ll) determination in the real environmental analysis.

4, Conclusion

The proposed method using smartphone as colorimetric sensor based on unmodified
AgNPs stabilized by PVP has been successfully applied for determination of Hg(ll) in various
aqueous samples including water, blood and dye organic samples. The present study
reports a simple and green approach for the synthesis of unmodified AgNPs stabilized by
PVP using a hydrothermal method. The unmodified 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(ll) over potential ions and a colour 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™"), sensitive, selective and cost-effective Hg(ll) determination. Its successful applica-
tion in real samples has also been established. These advantages allow it to be used by
relatively unskilled end users for effective analysis of Hg(ll) at resource-limited setting. The
comparison between our developed method and other techniques used in Hg(ll) detection
as detailed in Table 2 and Table S3 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 four months. In addition, by not using any toxic reducing
agents like sodium borohydride (NaBH,4) or adding weak stabilizing agents like trisodium
citrate (NasCgHsO;), the synthesis of our PVP-based AgNPs poses no risk arising from
exposure to toxic and hazardous chemicals, providing a greener and safer alternative in
the determination of mercuric ions in aqueous samples.
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ARTICLE INFO ABSTRACT

Keywords: This work describes analytical approaches based on simple ic and ar; ic ti leading
Magnesium (Mg(I)) to the color change of a novel microfluidic thread-based analytical device (WTAD). The device was fabricated
Chloride solution, providing an easy-t platform for rapid

from a cotton thread (15cm) treated with indi

of analyte ion in aq solution. The thread was immobilized onto a support, being a
polypropylene sheet or box platform, to facilitate loading of liquid samples. Interaction between the deposited
reagents and analytes in the samples then occurred within a few minutes. This resulted in zones of color change
with different lengths along the thread depending on the analyte concentration. The interaction zones can be
analyzed by human eyes based on comparison of the zone lengths with the printed scales which are correlated
with the analyte i C titration using pTADs was initially investigated for Mg(II)
determination in water and rubber latex samples. These devices consisted of two threads which were pretreated
with Eriochrome Black T (EBT) and then treated with ethylenediaminetetraacetic acid (EDTA) in N-cyclohexyl-
3-aminopropanesulfonic acid (CAPS) buffer at pH 10. Both threads were tied together with a central knot before
being attached to the box platform prior to the analysis. Load of sample solution (6 uL) resulted in the length of
red-violet color product on the threads being proportional to the concentration of Mg(ll) in waters and rubber
latex samples with the working concentration range of 25-1000 mgL~". In addition, nTAD with a supporting
polypropylene sheet consisting of several threads treated with AgNO; and K,CrO, indicators was applied for
argentometric titration of chloride ion in water and food seasoning samples. After sample loading (3 uL), the
initially red-brown threads turned into white corresponding to formation of AgCl(s) on the threads with a
working concentration range of 75-600 mg L ™". Greater selectivity towards Mg(ll) and chloride compared with
potential interference ions was also observed. All the developed pTADs were applied for analysis of real samples
which showed results being in agreement with those obtained by classical titrations.

Complexometric titration

Argentometric titration

Microfluidic thread-based analytical device
(WTAD)

1. Introduction consumption of time and use of resources. Recently, novel thread-based

analytical devices (UTADs) have been developed since this platform is

Colorimetric method is a common technique monitoring the color
change of solutions which can be related to concentration of analytes
[1]. The analysis conventionally employs large scale instrumental ap-
proaches in a laboratory which consumes resources and time to transfer
samples in field to the instruments. This leads to development of por-
table platform of analytical devices reducing generation of waste,

capable of transporting aqueous and non-aqueous fluids via capillary
action and possesses desirable properties for manufacturing fluid
transport pathways inside microfluidic devices [2]. The flow within a
strand of thread is effectively confined to one dimension, since the as-
pect ratio (length: diameter) of the thread is high. The lack of lateral
transport, which occurs with alternative approach such as 2D paper-
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based assays, reduces the sample volume uptake and provides the
ability to store reagents in active form within the fiber network [3).
Moreover, thread structure enables fabrication of 3D thread-based mi-
crofluidic devices which encompass several microfluidic channels and
can be manipulated by use of simple processes such as sewing, knitting
and weaving. These techniques could, in principle, be exploited for
mass production of nTADs [3]. Thread can also be sewn onto various
supporting materials to form fluid transport channels without the need
for the patterned hydrophobic barriers, e.g. as that required in paper-
based microfluidic approach [4]. In addition, nTADs are small scale,
portable, low-cost and easy-to-use with the potential to be applied in
many disciplines such as human health diagnostics, environmental
monitoring and food safety analysis [2-5]. Development and applica-
tion of uTADs are thus considered to be a key target.Li et al. [2] and
Reches et al. [3] d rated 3D ive uTADs platforms
for diagnostic assays applying different characteristics of the thread
including “woven array”, “branching” and “sewn array” designs. They
also performed colorimetric assays on these devices for analysis of
protein, nitrite and ketone in artificial urine samples where the thread
colors can be indicative of concentration. In 2011, Ballerini et al. [6]
reported the use of thread for the rapid blood group analysis providing
separation of large particles of agglutinated red blood cells (RBCs) from
plasma within narrow capillary channels inside the thread. The blood
groups of A, B, O and Rh can be successfully determined using only 2 uL
of whole blood from a pricked fingertip within 1 min sampling time
without sample pre-treatment. In 2012, the Ilateral-flow im-
munochromatographic assays for point-of-care screening of infectious
diseases, drugs abuse, and pregnancy were demonstrated by Zhou et al.
[7]. The possibility of multiplexing was further demonstrated using
three knotted threads coated with antibodies against C-reactive protein
(CRP), osteopontin (OPN), and leptin (LEP). Since colorimetric method
is a common technique used for analysis without requirement of com-
plex instr 1 design and impl ion, the approach contributes
to the analytical decentralization of application [8].

In 2016, Gonzalez et al. [9] reported a thread-based uTAD for glu-
cose detection based on a colorimetric assay. Design of this platform is
customizable and mass production could be performed within only
2-3 h. Other design includes a simple and low cost uTAD to assess the
activity of acetylcholinesterase (AChE) [10] with the multiplex design
enabling triplicate simple data collection. n'TADs have great potential to
be employed in a myriad of tests including point-of-care (POC) diag-
nostic devices for resource-challenged settings. In 2017, simple cotton
thread on a paper device with mobile phone detection has been pro-
posed for determination of phenolic content (anti ) in green tea
samples [11]. Recently, Nilghaz et al. [5] described a simple and semi-
quantitative method by measuring the length of color change on in-
dicator treated threads using distance measurement by a ruler. The
length of the color zones correlated with the analyte concentration in
the samples. This approach can be applied to perform simultaneous
assays quantifying the concentrations of different biomarkers present in
the samples without use of electronic devices.

In this work, simple and low-cost uTADs were firstly developed for
two different analytical tasks: 1) determination of Mg(Il) content in
waters and rubber latex (RL) with portable ynTAD based on titration be-
tween Mg(Il) and EDTA without use of any masking agent and 2) de-
termination of chloride ion in water (tap and canal waters) and food
products (fish sauce and seasoning powder) with nTADs based on ar-
gentometric titration (Mohr's approach). The devices were fabricated
from untreated cotton threads (15 cm) treated with indicator solution.
The threads modified with reagents were immobilized onto a support,
being a foam box or polypropylene sheet for tasks 1) and 2), respectively.
The resulting length of the color change on the nTADs were correlated
with the analyte concentrations and analyzed by human eyes. The ana-
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2. Experimental section
2.1. Chemicals and materials

All chemicals used in this study were analytical grade. All solutions
were prepared in deionized water with 18 MQ resistance (obtained
from a Millipore Milli-Q purification system, Bedford, MA, USA).
Different types of commercial threads (mm = S.D., n = 10) including
cotton 80% (0.30 + 0.05), cotton 90% (0.29 =+ 0.01), cotton 100%
(0.30 =+ 0.02) and polyester 100% (0.18 =+ 0.01) were obtained from a
fabric store in Ubon Ratchathani and used as substrate for fabrication of
WTAD. The thread was immobilized onto a support, being a foam box or
polypropylene sheet platform, to be ready for loading of liquid samples
were obtained from a stationery store in Ubon Ratchathani which were
used as holders. All glasswares and plastic bottles were soaked in nitric
acid (dilute 10% with deionized water) before use.

For complexometric analysis, g h hep! drate
(MgS047H,0) and CAPS (CgH;oNO3S) buffer solutlon were purchased
from Panreac. Calcium carbonate (CaCO;), ammonium chloride
(NH4Cl) and ammonium hydroxide (NH,OH) were purchased from
Fluka. Ethylenedi acid  disodi salt dihydrate
(C10H14N2Na,052H,0; EDTA, Fisher Chemical), eriochrome black T
(Ca0H,N30,SNa; EBT, LABCONCO), ethanol 99%, v/v (C,HsOH,
Sigma-Aldrich) were used as reagents in the conventional complexo-
metric titration and our developed uTAD for Mg(Il) identification in
waters and RL samples. The following chemicals were used as received:
calcium nitrate (Ca(NOs3),), potassium sulphate (K,SOs), sodium
chloride (NaCl), copper(Il) sulphate pentahydrate (CuSO45H,0) man-
ganese sulphate monohydrate (MnSO4H,0), sodium sulphate
(Na,SO47H,0), and sodium dihydrogen phosphate dihydrate
(NaH,PO42H,0) which were obtained from Carlo Erba. Iron(Il) sul-
phate heptahydrate (FeSO47H,0, Unilab), zinc sulphate heptahydrate
(ZnSO47H,0, Fluka), and sodium hydroxide (NaOH, Merck) were used
in interference study.

For argentometric method, silver nitrate (AgNO3) was purchased
from Fisher Scientific UK. Potassium chromate (K,CrO4) and sodium
chloride (NaCl) were purchased from Carlo Erba. All chemicals were
used as reag in the col ional arg ric titration and our
developed uTAD for determination of chloride in water samples and
food samples. The following chemicals were used as received: po-
tassium fluoride (KF), sodium nitrate (NaNO,), sodium dihydrogen
phosphate dihydrate (NaH,PO42H,0), potassium bromide (KBr), po-
tassium iodide (KI), mercury(II) sulphate (HgSO,), copper(II) sulphate
pentahydrate (CuSO45H,0), nickel(Il) sulphate (NiSO,), cadmium ni-
trate tetrahydrate (Cd(NO3);4H,0), sodium sulphate anhydrous
(NayS0,4), manganese sulphate monohydrate (MnSO4H,0), potassium
sulphate (K,S0O4) and calcium nitrate (Ca(NOs),) were purchased from
Carlo Erba. Lead(Il) nitrate (Pb(NO3),) and zinc sulphate (ZnSO,) were
purchased from Fluka. Sodium hydrogensulphide (NaHS.xH,0, ACROS
ORGANICS), iron(I) sulphate heptahydrate (FeSO,7H,0, Unilab),
barium nitrate ((Ba(NO3),), BAKER ANALYZED), and magnesium sul-
phate heptahydrate (MgSO47H,0, Panreac) were used in interferences
study.

raacetic

2.2. Instruments

Polarized light microscope (Model Axio Scope Al, Zeiss,) was used
for investigation of the morphology of nTAD. Camera of smartphone
coupled with 20 x microscope lens (CHULA SMARTLENS, LENS AND
SMARTCLASSROOM CO., LTD) was used to collect the images of
lengths of color distance for complexometric reaction (for low range
concentration of Mg(Il) (25-100mgL~") and argentometric reaction
on the uTADs. The images of lengths of the color change for com-

lysis mechanism, optimization of reagents, analytical c} istics,
selectivity towards Mg(Il) and chloride compared with potential inter-
ference ions and method validation were examined and discussed.

229

1 ric reaction for high range concentration of Mg(Il)
(250-1()00 mgL~") were taken by Olympus OMD EM10 mark II digital
camera with Olympus M. Zuiko Digital ED 45 mm f1.8 lens. The length
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Step 1

Step 2

Threads was soaked
into EBT for 10 min
and leave it to dry

(‘ Foam sheet

‘Klot i

TITITTY

Cotton thread ~

15cm

Step 3

Both threads were then tied together with a
central knot before being attached to a box
platform prior to analysis (8.23 mmol L and
30.86 mmol L' of EDTA was vertically and
horizontally aligned, respectively). It was a
last step for as prepared WTAD prior to
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Step 4
Sample solution (6 L) was
then applied to the yTAD

']
The sample analyte was

reacted with indicator
reagents deposited on uTAD
which instantly produced the
length of purple color zone on
WTAD pr i to the
concentration of Mg(Il) in
samples

3 uL of 8.23 mmol L' and 30.86 mol analysis
L' of EDTA in CAPS buffer at pH 10

was applied on two threads,

respectively resulting in regions of

blue color

Fig. 1. F:

of uTAD for

ic titration.

of color change for complexometric and argentometric titrations on
WTAD can be measured with stainless steel metal ruler with 15 ¢cm/0.15.
For comparison purposes (method validation), flame atomic absorption
spectroscopy; FAAS (PinAAcle 900T; Perkin Elmer, US) equipped with
hollow cathode lamps (HCL) of Mg, Ca were exploited to determine Mg
(I and Ca(ll) in RL and water samples. Moreover, an ion chromato-
graphy; IC (Model DIONEX INTEGRION HPIC, Thermo Scientific) was
also used for measurement of chloride ions in water samples and fish
sauce samples. The operating conditions of FAAS and IC were demon-
strated in Table S1.

2.3. Preparation of reagents

2.3.1. Conventional method

Complexometric titration method without use of masking agent was
adapted from ISO 17403: 2014(E) [12] which was applied as a con-
ventional benchmark method based on complexometric titration be-
tween Mg(Il) and EDTA. Briefly, CaCO; (0.500 g) was dissolved in 1 L of
water (5 x 102 molL™') as a primary standard. EDTA (1.86 g) was
dissolved in 1L of water (5 X 10> mol L™"). The equivalent mole ratio
between Mg(II) standard and the EDTA solution is 1:1. pH of the system
was adjusted to be 10 by using 0.06 mol L™' NH4Cl/NH,sOH buffer
solution was prepared by dissolving 67.5g of NH4Cl in 250 mL of DI
water. After that, 25%, w/w NH4OH (570 mL) was added into NH,4CI
solution and further diluted to 1L with DI water. An indicator was
prepared by dissolving EBT (0.1g) in 100 mL of 75%, v/v ethanol in
water (2.16 X 10~ * mol L™ Y).

Argentometric titration was performed as a conventional method
which was based on titration between chloride ion and AgNO; using
KoCrO; as an indicator solution [13]. Shortly, stock solution of
0.01 mol L™ ! NaCl (0.1461 g) was dissolved in water of 250 mL. Stock
solution of 0.01 M AgNOj3 (0.4247 g) was dissolved in water of 250 mL
and store the solution in a brown bottle. Indicator solution was pre-
pared by dissolving K,CrOy4 (5.0 g) in 100 mL of water (5%w/v).

2.3.2. Proposed uTAD based on measurement of the length of color zone
WUTAD was developed based on the complexometric titration. The
optimized procedure was as follows; an indicator was prepared by
dissolving EBT (0.1g) in 100 mL of 75%, v/v ethanol (2.16 x 10~*
mol L™ ") used as pretreated reagents for threads. 0.01 mol L' of CAPS

230

buffer solution was prepared by dissolving CAPS (2.2100 g) in a mixed
solution between 500 mL of DI water and 100 mL of methanol. After
that, the solution was adjusted to pH 10 by using 1 mol L™ ' NaOH and
the total volume was made up to 1000 mL with DI water. Each EDTA
concentration were prepared by dissolving solid EDTA in 25mL of
CAPS buffer at pH 10 (adjusted by 1 molL™" NaOH before making up
the volume to 25 mL). The solution was further deposited on pTAD, as
see also Table S2. Finally, a stock solution of Mg(II) (1000 mg L™ ') was
prepared by dissolving MgSO,7H,0 (2.535 g) in 250 mL of DI water.
The solution was further diluted to 25, 50, 100, 250, 300, 500, 750 and
1000 mg L~ in 100 mL of DI water. Moreover, argentometric titration
based nTAD was developed. The optimized procedure was as follows. A
stock solution of AgNO; (0.1 molL™") was prepared by dissolving
AgNO; (1.6987 g) in 100 mL of DI water and further diluted to 0.010,
0.015, 0.025, 0.035 and 0.045mol L™ ' with water. Secondly, a stock
solution of 10% w/v of K,CrO4 (an indicator) was prepared by dissol-
ving K,CrO4 (5.0000 g) and made up volume to 50 mL with DI water.
The solution was further diluted to 2.5%, 5.0%, 6.5% and 8%w/v in
25 mL water. Finally, a stock solution of chloride ion (1000 mgL")
was prepared by dissolving NaCl (0.4121 g) in 250 mL of DI water. The
solution was diluted to 50, 75, 100, 200, 300, 400, 500, 600, 700, 800,
900 and 1000 mgL ™" in 100 mL of DI water. Threads were modified
with AgNO; and K,CrO,, respectively.

2.4. Preparation of samples

11,

For compl: ic lysis, RL ples were d in Ubon
Ratchathani province. Before analysis with the developed uTAD, a
simple sample preparation of RL was developed by modification of ISO
17403:2014, preparation method for concentrated rubber latex (CRL)
[12]. RL samples were transferred into microcentrifuge tubes and di-
gested in 25% v/v acetic acid. RL serum was obtained in acidic con-
dition at pH 4-5. The serum (100 uL) was adjusted to pH 7 in a micro
centrifuge tube prior to analysis. CAPS buffer solution (500 uL) and
1 mol L™ NaOH (50 uL) were then added, respectively, into the tube as
demonstrated in Fig. S1. The developed sample preparation was also
validated (Table S3). Before analysis of conventional complexometric
titration of RL, the sample preparation step was slightly modified from
our developed uTAD. RL (10.0 g) was transferred into a beaker followed
by addition of 25% v/v acetic acid (1.0 mL). After separation between
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1 Step 1

A r Cotton l;rud
a

with the supporting

Ruler

Step 3

Step 2
WTADwas treated with 3 uL of 0.15 MAgNO;

Fig. 2. F;

Threads was strechy attached

of uTAD for
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Step 4

3 uL of sample containing
chloride was applied to the
WUTAD using micropipette on top,
positioned in the middle of scale
printed on the polypropylene box.

WMTAD was then treated with 3 uL of
5% wiv KyCrO, produced in regions
of red-brown color (as prepared
WTAD) prior to analysis.

Step §
The sample analyte was reacted with indicator
reagents deposited on WTAD which instantly
produced the length of white color zone on pTAD
proportional to the concentration of chloride in
samples

ic titration.

serum and sludge occurred, clear serum of RL (2.4 mL) was obtained at
pH 4-5. Moreover, the sample preparation for FAAS analysis of RL was
performed as our previous reported [14] by transferring RL (0.25g) to a
test tube followed by addition of concentrated HNO; (65% v/v)
(4.0 mL). The solution was heated in an oil bath at 165 °C resulting in a
transparent solution which was then cooled and diluted with HNO3
(2%, v/v) prior to the FAAS analysis.

The tap sample was collected without pretreatment, and drinking
mineral water was obtained from local super market in Ubon
Ratchathani, Warin Chamrap, Thailand. In addition, FAAS analysis, all
water samples were diluted with HNO3 (2%, v/v) prior to the FAAS
analysis.

For argentometric method, all samples were collected at Ubon
Ratchathani University. The c in the ples of canal
water, tap water, fish sauce (diluted 5000 fold before analysis) and
seasoning powder (dissolved in DI water and diluted 2000 fold) were
removed by using filter paper no. 4 followed by 0.45 um PVDF syringe
filter membrane. This was performed for conventional methods (titra-
tion and IC) and the developed pTAD.

2.5. Fabrication and operating procedures of complexometric and
argentometric titration on uTAD

WTADs in all analyses were prepared by using untreated 100%
cotton threads with the diameter of 0.30 = 0.02 mm as substrate ma-
terials which can be wicked by the sample solution according to ca-
pillary action without use of external pumping devices. The threads
were cut by scissors to a length of 15cm. Complexometric analysis
employed a foam sheet holder as the support which was fabricated by
cutting a foam sheet with the dimension of 15cm x 15cm. A milli-
meter scale ruler was also made on the foam sheet. Step 1: threads
(15cm) were initially soaked into EBT (2.16 x 10~ molL™") for
10 min and then dried at room temperature (red wine color was de-
monstrated a whole threads). Step 2: two threads were further modified
by addition of 3 uL of EDTA with different concentrations (one treated
with 8.23mmolL~" of EDTA vertically aligned for detection of low
range of Mg(ll) concentration and the other treated with
30.86 mmol L ™! of EDTA horizontally aligned for the high concentra-
tion range) in CAPS solution at pH 10, which changed the thread color
from red wine to blue (within 1 min) which was presented ~5cm on
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15 cm of red wine threads). Step 3: both threads were tied together with
a central knot before being attached to a box prior to analysis (threads
treated with 8.23 and 30.86 mmol L ™" of EDTA were vertically aligned
for detection of low range of Mg(II) concentration and the other thread
treated with 30.86mmolL™"' of EDTA was horizontally aligned for
detection of high range of Mg(Il) concentration, respectively). Step 4:
the sample (6 uL) can be added onto the crossing threads and the length
of the color change can be measured with a ruler (summation of length
from the central knot: Up and down for detection of low range of Mg(II)
concentration, left and right for detection of high range of Mg(Il)
concentration). The analyte in samples then reacted with indicator re-
agents deposited on pTADs. This instantly produced the length of red-
violet color zone on pTAD being proportional to the concentration of
Mg(II) in samples within 2min (Step 5) as demonstrated in Fig. 1.
(Video related to research article appearing in Talanta)

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.talanta.2018.02.058.

For argentometric analysis, a polypropylene sheet was cut and made
into a three-side box as a support (10 cm x 7.0cm X 5cm). A piece of
paper printed with a ruler scale was fixed onto the base part of the box.
Step 1: threads (15 cm) were stretched with the two ends attached at
the rims of the box. Each thread was applied for different analysis. Step
2: the uTAD was pretreated with 0.15 M AgNO; (3 uL). Step 3: the yTAD
was further treated with 5% w/v K,CrO4 (3 pL) producing regions of
red-brown color within 1min. Step 4: Samples containing chloride
(3 uL) were applied to the prepared pTAD by using micropipette, in the
middle of the scale printed on the polypropylene box. The analyte in the
samples reacted with indicator reagents deposited on nTAD which in-
stantly produced the summation of length of white color zone on the
WUTAD (within 1min) being proportional to the concentration of
chloride in samples (Step 5) (Fig. 2) (Video related to research article
appearing in Talanta). The data of the color change length, which can
be observed with naked eyes (roughly compared with the printed ruler
scales) from both pl ric and arg ric titration, were
then measured with a ruler and transferred to Microsoft Excel to gen-
erate calibration curves and standard scale for determination of Mg(II)
and chloride, respectively.

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.talanta.2018.02.058.
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Fig. 3. Pictures (taken by camera of smartphone coupled with 20 x microscope lens) and morphology (taken by Polarized light microscope) of color distance for complexometric a) and

argentometric titrations on uTAD b).

2.6. Interferences and application of the developed uTADs for practical
sample analysis on uTAD

Selectivity towards Mg(Il) and chloride ion compared with potential
interference ions was investigated. In complexometric analysis of Mg
(I1), the studied foreign cations were Fe(II), Cu(1I), Mn(IT), Zn(II), Ca(I),
K(I), Na(I) and the anions were hydroxide, sulphate, nitrate, phosphate
and chloride. Their tested concentrations were 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 150, 200, 250, 300, 350, 400, 450, 500, 750 and
1000 mg L™, respectively. Each ion solution also contained different
concentration of Mg(Il) (50 and 250 mg L ™' for low and high range of
detection, respectively). Moreover, the determination of Mg(Il) in real
samples (as mentioned 2.4) using proposed nTAD was performed
compared with classical complexometric titration method. RL sample
was spiked with 50 and 100 mg L ! of standard Mg(II) and tap, canal
and mineral water samples were spiked with 100mgL ™" of standard
Mg(II) for recovery study.

In argentometric analysis of chloride ion, cations (Na(I), K(I), Cu(1I),
Ni(II), Fe(1I), Cd(II), Mg(II), Ba(II), Mn(II), Pb(II), Ca(II), Zn(1I), Hg(ID)),
and anions (nitrate, phosphate, sulphate, fluoride, bromide, iodide and
sulphide) were investigated as the potential interferences in tap water,
canal water, fish sauce and seasoning powders. These ions with dif-
ferent amounts (5, 10, 100, 1000, 2500, 5000, 1000 mg L™ were
added to the test solution containing 100mgL ™" of chloride ions.
Determination of chloride in real samples (as mentioned 2.4) using
proposed pTAD was carried out compared with classical compl
metric titration method.

2.7. Method validation (using classical titrations)

The nTAD approaches were validated by comparison with conven-
tional method. For complexometric analysis, water sample (10.0 mL)
was transferred into a conical flask followed by addition of
0.06 mol L.~' NH,CI/NH,OH buffer solution (2.0mL) to control the
solution pH within the range of 10.0-10.5. Next, 2.16 x 10~ * mol L'
EBT indicator (1.0 mL) was dropped into the water solution. The so-
lution was then titrated with the 5 x 10™% mol L™" EDTA standard
solution (which was standardized with 5 x 102 mol L~ CaCOs) until
the red solution vanished and became pure blue [12]. In addition, clear
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serum of RL at pH 4-5 was analyzed according to the similar procedure
mentioned in water sample analysis.

For argentometric titration, sample solutions (10.0mL) were
transferred into a conical flask. After that, 5% w/v K,CrO4 solution
(1.0 mL, indicator) was added to the sample solutions (with pH in the
range of 7-10 which was adjusted by using 1 mol L' CaCOj for basic
solution and 1 mol L™ CH3;COOH for acidic solution. The solutions
were then titrated with the 0.01 mol L~ ' AgNO; standard (standardized
with 0.01 mol L™" NaCl). Although the form of AgCl is a white pre-
cipitate, addition of chromate (CrO,*, indicator) initially resulted in
the cloudy solution with a faint lemon-yellow color. The endpoint of the
titration was identified as the first appearance of a red-brown color of
Ag,Cr0,.

3. Results and discussion
3.1. Study of wicking property of the threads

In this work, four different types of threads with different percen-
tages of cotton (Fig. S2) were tested which were cotton 80%
(0.30 = 0.05), cotton 90% (0.29 = 0.01), cotton 100% (0.30 = 0.02)
and polyester 100% (0.18 + 0.01) (mm + S.D., n = 10, Table S4). The
fibers structures of these threads are different leading to different rates
of fluid transport and penetration inside the threads. The wicking
properties of the threads (untreated or treated with 10mgL~" of
Na,COj;, which was added to remove wax cover on the thread (Fig. $3))
were examined in order to investigate the reproducibility of our results
on UTAD. Note that wax was removed in order to change surface
property affecting fluid wicking rate along the thread. Any surface
heterogeneity will result in uneven rates of wicking. Moreover, natural
cotton thread (un-mercerized) is hydrophobic [2]. To allow the wicking
of aqueous solution on cotton threads, a chemical treatment is required
to remove surface contaminants. Conversely, the synthetic polyester
thread, which is inherently hydrophilic, allows aqueous liquid to wick
by capillary action between fibers. Briefly, red color solution of food
dye (3 uL) was added into central part of each thread (each with the
length of 10 cm) using a micropipette within 1 min. The wicking rate
data (cm/min) of threads before and after treatment measured ac-
cording to a ruler scale were shown in Fig. S4. The wicking rate of 80%
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30.86 mmol L' of EDTA was horlzontally aligned
for high range concentration of Mg(Il)
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Fig. 4. The images illustrate that different concentrations of Mg(Il) produced a color zone of differing length on ped WTAD for ic analysis a) and working range
fi d on ped WTAD of Mg(IT) for low range concentration of Mg(Il) b) and high range concentration of Mg(Il) ¢).

cotton before treatment was very low because of the thread hydro-
phobicity as mentioned above. After treatment, the rate increased.
However, the wicking rates for 90% cotton, 100% cotton and 100%
polyester decreased after treatment. This can be explained by the de-
generation of the fiber structures after treatment. The result showed
that the most suitable thread of wicking rate was 100% cotton thread
due to the good wicking and dyeing properties, which was selected for
UTAD fabrication in this study. Note that 100% polyester showed the
best wicking property but it is difficult to dye which is not suitable for
the measurement of length of color zone on uTAD.

o,

32 0 of reagent and their on uTADs

For complexometric method, the optimized reagent conditions used
in our developed pTADs for determination of Mg(II) were based on the
conventional 1SO 17403: 2014(E) [12] and our previous approaches
[14] using EBT, EDTA and NH4Cl/NH4OH buffer solution. A well-
known reaction mechanism for Mg(II) analysis in aqueous (water and
RL samples) is titration with EDTA and EBT as the indicator after the
samples have been buffered to pH 10. The red complex between Mg and
EBT will form before titration. At the end point, after complexation
between Mg and EDTA is completed, EBT will turn to blue color as an
original form. From preliminary study on pTADs (data not shown), the
evaporation of ammonium buffer on nTADs was the main problem for
the complexometric titration on pTADs. Thus, the ammonium buffer
was replaced by CAPS for titration on pTADs.

To prove the mechanism and function of EDTA in suitable pH
(threads were then tied together for clear observation), threads were
pretreated with EBT. After that, nTAD was then treated with EDTA in
CAPS buffer at pH 10 and EDTA in DI water at pH 6. It is clearly seen
that only condition with EDTA at suitable pH (condition A) resulted in
the length of red-violet color zone in the presence of Mg(Il) (Fig. S5).
Furthermore, effect of EDTA on nTAD based complexometric titration
using the condition B (EDTA in CAPS buffer) was investigated by
comparison between buffers with and without EDTA at pH 10 (Table
S5). It is clearly seen that the length of purple color product generating
on uTAD was proportional to the concentration of Mg(Il) regardless of
the presence or absence of EDTA. For each Mg(Il) concentration, the
length of red-violet color product in the absence of EDTA condition was
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longer. The concentration limit was at 750 mgL ™' Mg(Il) due to no
complexation between Mg(II) and EDTA. This observation can confirm
that EDTA concentration and pH are the key factors affecting the per-
formance of the developed complexometric titration on PTAD. The
studied EDTA concentrations were within the range of
6.17-41.14 mmol L™ ! (see also Table $6). The suitable concentrations
of EDTA were 8.23 and 30.86mmolL~' for detection of low
(25-100mgL~") and high (300-1000mgL~") ranges of Mg(Il) con-
centrations, respectively, since these conditions provided a wide
working range for Mg(II) detection. The box platform of yTAD was also
designed and fabricated as mentioned in Section 2.5 (Fig. 1).

For chloride determination, optimization of reagent conditions was
based on miniaturized argentometric titration using Mohr's method
which was used as the conventional approach for chloride determina-
tion [13]. With sodium chromate as the indicator, chloride ions are
titrated with the silver nitrate in the presence of chromate ions pro-
ducing yellow solution. In general during the titration, Ag(l) (from
AgNOj; solution) is continuously added into the analyte solution con-
taining chromate ion. Ag(l) initially reacts with chloride ion resulting in
white solid of AgCl. The end point of this reaction can then be noticed
when the excess amount of Ag(I) reacts with chromate ion in the so-
lution forming red-brown solid of Ag,CrO4(s). The concentration of the
indicator is important. Ag,CrO; has to start precipitating at the
equivalence point, with a saturated solution of AgCl. This can be ex-
plained according to solubility product (Q) compared to K, where
Q < K, and Q > K, lead to soluble and precipitated products, re-
spectively [15]. Thus, the optimization of AgNO; and K,CrO4 con-
centration for fabrication of argentometric titration on pTAD was car-
ried out, as demonstrated in Fig. S6. The optimum AgNO; and K,CrO,4
concentrations were 0.015mmol L' and 5.0%w/v, respectively, ob-
tained from the highest sensitivity (change of distance of white color on
WuTAD (ecm) with chloride concentration). At 2.5%w/v of K,CrO,, the
formation of insoluble Ag,CrO,4 d in length of red-b: color on
threads. ( Fig. 3)

3.3. Analytical characteristics of nTADs

Working range performed on developed nTAD for complexometric
analysis of Mg(I) was demonstrated in Fig. 4, S7 and Table S7. Two
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Effect of foreign ions on the length of color change of added ions containing 50mgL~' and 250 mg L~ "of Mg(Il) (n = 3).

Foreign ions Compounds Low range of Mg(ll) detection at 50 mgL ' High range of Mg(Il) detection at 250 mgL "
Tolerance concentration (mgL ") Deviation of length (cm) Tolerance concentration (mgL ') Deviation of length(cm)
K(1) K2S04 700 0.02 750 011
Na(n) Na,S04 90 0.05 450 0.10
Fe(Il) FeS0,47H,0 50 0.06 250 0.12
Mn(I1) MnSO4 150 0.02 200 0.05
Ca(In) Ca(NOs)2 20 0.01 500 0.09
Cu(1n) CuSO45H,0 50 0.06 150 0.05
Zn(I) ZnSO4 80 0.01 200 0.03
Hydroxide ion NaOH 10 —0.38 20 0.11
Sulphate ion MgS0,7H,0 140 0.02 150 011
Nitrate ion Ca(NO3); 72 0.01 140 0.05
Phosphate ion NaH,PO42H,0 50 0.01 300 0.14
Chloride ion NaCl 250 0.01 1000 -0.20

*Length of red-violet color measurement of Mg (II) standard at 50mg L~ " and 250 mg L. ~" without foreign ions were 0.71 cm *+ 0.10cm and 2.08cm = 0.20 cm (n = 10), respectively.

threads were treated with two different concentrations of EDTA in
CAPS buffer at pH 10. Sample solution was then applied to the uTAD.
The length of red-violet color in both range on uTAD observed by naked
eyes were proportional to the concentration of Mg(Il) (Fig. 4a and S8a-
b). The linearity ranges of the calibration curves (length of red-violet
color vs concentrations of Mg(II)) for complexometric analysis of Mg(Il)
were found to be 25-200mgL~' (Fig. 4b and S$7a) and
300-1000 mg L~ (Fig. 4¢ and S7b) with good precision of intraday and
interday (%RSD < 6) (Table S8a).

For argentometric analysis, after 3 uL of sample containing chloride
was applied to the prepared pTAD. The analyte in the sample reacted
with deposited red-b: indi on the pTAD which instantly pro-
duced the length of white color zone on uTAD being proportional to the
concentration of chloride in samples. The linearity range of the cali-
bration curve (length of white color zone vs concentration of chloride)
for argentometric analysis was in the range of 75-600 mgL ™" (Fig. 5)
with good precision of intraday and interday (%RSD < 6). The LOQ
was evaluated from lowest concentration of Mg(ll) (25mgL~") and
chloride (75 mg L~ ") which can be observed by naked eyes (Table S8b).

3.4. Interferences study on developed uTADs

For complexometric analysis on thread, effects of foreign ions on the
UTAD performance at low and high range of Mg(II) concentration were

Table 2

Effect of foreign ions on the length of color change of added ions containing 100mgL ™"
of chloride ion (n= 3).

Foreign ions  Compounds Tolerance Deviation of
concentration (mgL ')  length (cm)

Na(l) NazS04 10,000 -0.10
K@ K2S04 10,000 0.10
Cu(In CuSO,5H,0 10,000 0.10
Ni(In) NiSO,4 10,000 0.10
Fe(ll) FeSO47H,0 10,000 0.10
cd(mn Cd(NO3); .4H,0 10,000 0.10
Mg(Il) MgSO,4 10,000 -0.10
Ba(ln) Ba(NO3), 10,000 0.10
Mn(I1) MnSO,4 10,000 0.10
Pb(IT) Pb(NO3), 10,000 -0.10
Ca(I) Ca(NOs)2 10,000 0.10
Zn(11) ZnSO4 10,000 0.10
Hg (1) HgSO, 1 013
Sulphide ion NaHS 1 0.13
Todide ion K1 1 0.13
Bromide ion KBr 1 0.13
Fluoride ion KF 10,000 0.10
Nitrate ion NaNO3 10,000 0.03
Phosphate ion  NaH,PO;2H,0 10,000 -0.03
Sulphate ion MgS0,7H,0 10,000 -0.10

*Length of white color measurement of chloride standard at 100mgL~' was
0.90cm = 0.15¢m (n = 10).
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Table 3
Determination of Mg(ll) in real samples using proposed uTAD p with classical ic titration method and flame atomic absorption spectroscopy (FAAS) (n= 3).
Sample FAAS Complexometric titration” Proposed method'
Concentration of (mg L") % Recovery Concentration of (mg L") % Recovery Length of Concentration of % Recovery
d-violet  Mg(Il) (mg L")
Mg(1n) Ca(in) Mg(I) Ca(l) Mg(1) Ca(in) Mg(I) Ca(l) color (cm)
RL 11.6 £ 0.0014 N.D." - - 17.8 = 0.1 N.D." - - N.D." N.D." -
Spiked 100 mgL ™" 117.7 + 0.0027 N.D." 1055 - 121.9 + 2.0 N.D." 1035 - 1.1+01 109.8 = 6.8 109.8
of Mg(1l)
Tap water 0.3 + 0.0003 7.2 + 0.0003 - - N.D." 9.6 =05 - - N.D." N.D." -
Spiked 100mgL ™" 111.3 £ 0.0057 113.5 £ 0.0015 111.0 1059 100.9 0.7 1255 £ 3.5 1008 1142 1.1 %01 113.7 £ 6.8 1137
of Mg(1l) and
100mgL~" of
Ca(In)
Drinking mineral 5.0 = 0.0011 38.7 £ 0.0018 - - 5503 17.5 = 0.0 - - N.D." N.D." -
water
Spiked 100 mgL~" 104.3 + 0.0028 140.5 + 0.0028 99.3 101.4 916 =*1.4 1142 = 3.0 86.8 972 1.0*0.1 102.0 = 6.8 102.0
of Mg(1l) and
100mgL~" of
Ca(in)
“ N.D.: Defined as “Not detectable”.
® Complexometric titration.
v 3 S v .
Concentration of Mg(ll), mg L~ = o X Amndnrdlz:dl;;mmmnon of EDTA X M.W. of Mg
Concentration of Ca(my, g L OB =Y) X Standardiosd concenirution of EDTA .xe ey o 0

1000

Va = Volume of EDTA used for titration after precipitating out of Ca(Il) by ammonium oxalate

Vb = volume of EDTA used for titration before precipitating out of Ca(II) by ammonium oxalate

M.W. of Mg=243 g atom™ and M.W. of Ca=40.1 g atom™"

© Proposed method.

Concentration of Mg(ll), mg L~ = Distance of sample after precipitating out of Ca(Il) by ammonium oxalate

After that fit to calibration curve of Mg(1l) for low range

investigated. This focuses on deviation of length of red-violet color with
different foreign ions compared with the length obtained from Mg(Il)
standard at 50mgL~" and 250mgL~"' without foreign ions, which
were 0.71cm + 0.10cm and 2.08cm * 0.20cm (n = 10), respec-
tively. It was found that deviation of length of color change of added
ions was less than SD of the Mg(Il) standard measurement without in-
terferences with the results shown in Table 1. This indicates that in-
significant interference from foreign ions except that from by hydroxide
ions (Eq. S1) at low range of Mg(Il) concentration. Such interference
can avoided by pH adjustment before sample applications (the suitable
pH of complexometric titration on developed pTAD was in range of
6-10). However, the concentrations of these ions in the real water
samples and rubber latex are very much lower than the studied con-
centrations (Table S9 and S10).

Moreover, the effect of foreign ions on the length of white color
change of added ions at various concentrations containing 100 mgL ™"
of chloride on uTAD have been studied and demonstrated in Table 2.
According to the observed high tolerance concentrations, it can be
concluded that the investigated ions could not interfere the analysis of
practical water samples. Note that the results revealed relatively low
tolerance concentrations for Hg(Il), sulphide ion, iodide ion, and bro-
mide ion. However, the concentrations of these ions in the real water
samples were much lower than the studied concentrations (Table S9).
The condition of the reagent (AgNO; and K,CrO, indicators) for ar-
gentometric titration on pTAD should be optimized (as mentioned in
Section 3.3). Positive deviation caused by co-precipitation of white
solid of AgCl and white solid formation between Ag(I) and interfering
anions (such as bromide and iodide) were observed (Eq. $2-3) at higher
tolerance concentration of added interfering ions as reported in Table 2.
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(y = 0.0085x + 0.1667).

3.5. Real samples application on the developed uTADs and method
validation

The developed complexometric titration on nTAD was applied for
analysis of Mg(Il) in several samples shown in Table 3. Complexometric
titration with complementary sample preparation (as described in
footnote of Table 3.) was selected as the conventional technique for Mg
(IT) analysis which showed results being in agreement with our uTAD
approach. Moreover, the recoveries of the developed uTAD for spiked
RL and waters sample are good and acceptable. The developed argen-
tometric titration on nTAD was applied for chloride analysis in water
samples (tap and canal waters), fish sauce and seasoning powder

les compared with the ci | analysis based on argento-
metric titration. The result was in agreement with the conventional
method as shown in Table 4.

In order to avoid potential interference in the titration based ap-
proach, such as the presence of Ca(ll) in natural waters which can
competitively bind with EDTA causing errors in Mg(II) analysis on our
developed nTAD, and other complementary techniques were carried
out to further validate the results. FAAS and ion chromatography were
performed to validate the presence of Mg(Il) and chloride ion, respec-
tively. The results were shown in Tables 3, 4, which were also in
agreement with that obtained from our nTAD analysis.

4. Conclusions

Novel low cost, portable and easy-to-use platforms of thread-based
analytical devices (uTADs) for rapid complexometric analysis of Mg(II)
and argentometric analysis of chloride ion in aqueous solutions were
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Table 4
Determination of chloride in real samples using uTAD d method) with classical ic titration method (n= 3) and ion chromatography (IC) (n= 1).
Sample 1c Argentometric titration Proposed method
Concentration of % Recovery Concentration of chloride % Recovery Length of red-  Concentration of chloride % Recovery
chloride ion (mg L™") ion (mg L") violet color ion (mg L™")
(cm)
Tap water 16.91 - 21.27 * 2.50 = 0.00 N.D. =
Spiked 25mgL ™" of 40.22 93.2 47.27 * 2.04 104.0 N.D. -
chloride ions
Spiked 50mgL ™" of 57.15 80.5 70.90 + 3.54 99.3 0.00 N.D. -
chloride ions
Spiked 100mgL " of 114.80 97.9 127.62 + 0.00 105.24 1.00 114.04 + 0.00 114.0
chloride ions
Canal water 30.25 - 36.04 + 1.30 0.00 N.D. -
Spiked 25mgL ™" of 51.85 86.4 61.45 + 2.04 101.6 0.00 N.D. =
chloride ions
Spiked 50mgL ™" of 80.82 101.1 79.41 * 2.04 86.7 0.00 N.D. -
chloride ions
Spiked 100mgL ™" of 134.75 104.5 139.44 £ 5.38 103.4 1.00 114.04 = 0.00 114.0
chloride ions
Fish sauce’ 1490,000 - 1618,900 = 5.82 - 2.27 1812,050 = 0.25 -
Seasoning powder 1" N.D." - 246,740 = 3.88 - 1.00 228,080 = 0.00 -
Seasoning powder 2 N.D." - 242,480 = 1.93 - 1.00 228,080 * 0.00 -
Seasoning powder 1&2 (diluted 2000 fold).
Since matrix p: in powder is very (e.g. organic fatty acid, protein and wax contamination in seasoning powder will be adsorbed on anion-

exchange columns).
“ Note: Fish sauce (diluted 5000 fold).

" Note: Chloride ion in seasoning powder 1, 2 cannot be detected by IC due to the limitation of instrument.

d q : h d stad

ion: g and analytes in
samples produce colored zones of dlﬁ'erent lengths on the threads
within a few minutes. The lengths of the colored zones can be analyzed
by naked eyes compared with the printed ruler scales which can be
correlated with the of the analytes in the ples. The
devices were evaluated with good linearity ranges and limit of detec-
tions with high tolerance limits for the interference ions. The developed
UTADs were successfully applied for analysis of Mg(II) in several waters
and RL samples, and analysis of chloride in tap water, canal waters and
food seasoning powder samples with good precision. The results were in
agreement with conventional titration, as well as other complememary
techniques (FAAS and ion chr graphy). M , our develop
WUTADs with the length measurement are expected to be a pioneer
platform for the development of other interesting analytes with a broad
range of applications, offering a convenient and cost-effective alter-
native to the conventional laboratory-based equipment, as well as be-
coming innovative teaching tools in analytical chemistry.
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CONCEPT EXPERIMENTAL

This work describes analytical based on simple ic titrations leading to the color change
of a novel microfiuidic thread-based analytical device (UTAD: The device was fabricated from a cotton thread :15

occurred within a few minutes This resulted in zones of color change with different lengths along the thread

ing on the analyte ion. The interaction zones can be analyzed by human eyes based on
comparison of the zone lengths withthe printed scales which are correlated with the analyte concentrations.
WTAD with a supperting polypropylene sheet consisting of several threads treated with AgNO; and K,CrO,
indicators was applied for argentometric titration of chloride ion in water and food seasoning samples. After
sample loading, the initially red-brown threads turned into white corresponding to formation of AgCl(s) on the
threads with a working concentration range of 75-600 mg L \. Greater selectivity towards chloride compared
with potential interference ions was also observed. The developed uTADs were applied for analysis of real
samples which showed results being in agreement with classical titrations.

cmitreated with indicator solution, providingan easy-to-use platform for rapid measurement of analyte
concentration in aqueous solution The thread was immobilized onto a support, being a polypropylene sheet, to Zoom in
facilitate loading of liquid samples Interaction between the deposited reagents and analytes in the samples then —

" 3L of K,CrO,
' reagent
ey

Untreated 100% cotton threads
e TE

reagent

RESULTS

Low ‘bem
400 U Working range 75 - 600 mgL* TSmet
0100=75 mgLt
3.50 3 . 100mg 1t
200 .
‘E 20me.L
52% &
§ 200 wome 1t
i i & Y"J-OZU"“K‘D-"‘B‘* Scheme 1. uTADs was prepared by first coating threads with AgNO, as a step 2 and
H R*=0.6902 oot : K,CrO, their produced regions of red brown of precipitation of Ag,CrO, as a step 3.
1. gl e Produced regions of white color of precipitation of AgCl on the threads as a step 4. The
050 = ——— color of length measurement was recorded by ruler scale with the naked eyes as a step 5.
0.00 + High f0mes i,
0 100 200 300 400 SO0 600 700 18! —_— K,, of AgCI <K, of Ag,CrO,

Concentrationof CI (mg L")

Scheme 3. The linearity of the calibration curve (distance change) was found to be 75-600 mg. L
with the linear equation was y = 0.0051x + 0.4184 and correlation coefficient was 0.9992. The limit

of detection of chloride was 75 mg. L*

Table 1. Effect of foreign ions on the distance change of added
ions at various concentrations containing 100 mg L of Chioride.

Table 2. Precision study (n=10)

2Ag*(aq) + Cr0.*{ag) — Amcl;o.nt-)
<10

Tolerance
tons Compounds concentration  Distance error (cm) Sne o Intraday  Interday
) Chioride Ag'faq) + C(aq) ——= AgCs)
cu? CuS0,.5H,0 10000 010 8 =) ol
uS0, . 1
N Ni;o ) i o 6.6 6.3 Scheme 2. Proposed mechanism for the chloride detection by using WTAD (a),
ot FeSO.Jl:l b et it :: Z: images showing the effect of reagent on the threads by using confocal microscopy
Cd* | Cd(NOs);.4H,0 10000 an 1
Mo? MgS0. s e T A g it s ANO, 0 .10,
Na* Na:SO, 10000 010 e N oy
Mn2* " SO. s T Table 3. Determination of chloride in real samples using LTAD method) with classical
", fee titration method {n=3) and lon chromatography {n=1)
Pb?* PB(NOs)z 10000 010
o 10600 010
c-z' Ca(NOs)z lon chromatography Argentomatric titration Proposed method
Zn’ ZnS04 10600 013
NOy NaNO; 10000 00 Sampis
PO NaH:POL 2H:0 10000 0 Concantration of Cancantration of Length of while  Concentration of %
S0 MgS04TH:O 10000 o Chlorideimg L | Recovery | ChioridemgL | Recovery color om Chloridesmg L " Recovery
5 5
F | KF T 10000 IXT) Tap Wator 18.91 - 212742560 - 0.00 ND*
Ba® Ba(NOs); 10000 a1 Spiked 25 Mg L Of Chioride 40.22 93.2 47274204 104.0 ND* -
K" K280, 10600 0.1
Ho? HgSO4 T EXE) Spiked 50 Mg L' Of Chioride 5715 805 70904354 993 0.00 ND* -
r Ki ! 0.13 Canal Water 30.25 - 36.04 £1.30 0.00 N.D*
B‘; KBr 1 13 Spiked 25 Mg L Of Chioride 51.85 864 61452204 1018 0.00 ND*
s NaHS 1 013
Spikod 50 Mg L OF Chiorida 80.82 1014 79.4122.04 8.7 0.00 ND* -
Longth moasuremant of 5td. CF 100 mg L was 0,80 cm £0.15 cm {n = 10)
Splked 100 Mg L Of Chioride 134.75 1045 130.4415.38 1034 1.00 114.04£0.00 1140
ACKNOWLEDGEMENT Fish Sauco 1,490,000 - 1,618,900 5.82 5 227 1,812.0502025 =
‘Seasoning Powder 1 ND* - 246,740+ 388 - 1.00 228,080+ 0.00 -
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_CONCLUSIONS

Novel low cost, portable and easy-to-use platforms of thread-based analytical devices :uTADs: for rapid argentometric analysis of
chloride ion in agueous solutions were demonstrated. Interactions between deposited reagents and analytes in samples produce
colored zones of different lengths on the threads within a few minutes. The lengths of the colored zones can be analyzed by naked
eyes compared with the printed ruler scales which can be correlated with the concentrations of the analytes in the samples. The
devices were evaluated with good linearity ranges and limit of detections with high tolerance limits for the interference ions. The
developed uTADs were successfully applied for analysis of chloride in tap water, canal waters and food seasoning powder samples
with good precision Moreover, our developed UTADs with the length measurement are expected to be a pioneer platform for the
development ol other mxeresung ana!ytes with a broad range of applucatxons, offering a convenient and cost-effective zlternative
to the as well as ive teaching tools in analytical chemistry
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Abstract : e usage of facile synthesized AgNPs as colorimetric sensors for sensitive determination
of Hg(Il) fons in agueous samples were developed using UV-visible spectrophotometry. The abrupt change
in absorbance of the AgNDs was observed which progressively decreased und slightly shifted to the blue
wavelength as the concentration of He(IT) inceeased. Tt appears that the AgNPs are oxidized by He(Il,
resulting in disintegration of the AgNPs into smaller particles and Hg". Deposition of Hg” on the surfice of
AgNPs is also occurred. resulting in amalgam particles of mercury (Hg-Ag). Interostingly, under the
optimized conditions. the developed vach showed a sigmificant enhimce in the Hg(ll) amalytical
<ensitivity when formic acid is doped onto the AgNPs, the linearity range from 0.01 10 10 ppm (12 = 0.9999)
which provides the guantitutive detection limit to 0.007 ppm (3SD blankslope of the calibration curve).
Greater selectivity towards Tlg(lT) compared with potential ions and color dyes mateix were also
investigated. The explunation could be that our facile synthesized AgNPs was stabilized with
polyvinylpyrrolidone (PVP) which provides a strong stabilized and dispersed AgNPs in the bulk aqueous
environment that can be resistint 1o the influence of ionic suppression. In addition, high sumple throughput
determ n of Hg(IT) based on 96 well using a as a colori ic analyzer with our
homemade application under & housing light controlling system for the practical wnalysis were ulso
developed. The percentage recoveries of spiked aqueous samples obtained from 96 well microplate based
system were in accepiuble range which was in agreement with the values obtined from UV-visible
spectrophotometry based system. The proposed colorimetric sensors provides a rapid, simple with high

Synthesis of AgNPs Solution
AgNO; solution

PVP solution 7 =
gy

g=¥

Solution of PVI* and AeNO,
were dis into DI watcr
with continunsly sfimed

—)

AGNO, was
dissalved into DI

|
E -m -7

Ayellowish brown color solution of AgN I
stahilized PVP was obliined

PVP was
dissolved into DI water

Number of AgNivmL

12210 NPwmL.

Mixcd solution wus then put mto Teflon-lined avioclave
(90 mL) und then take 10 the oven at 160 *C for 24 hr

Figure 1. A lile Hydrothermal Method o Synthesize PYP-abilized AgNPs Solufion

sample throughput (96 sample h ', 1 = 4), sensilive and selective detection method for Hg(l ions in various
aqueous samples.

Orocution amalpmeon)

Mechanism

Table 1 ‘Ihe cffect of differcnt concentration of Hg(ll) o the

Proposed method

Froposed methad 1)

e
AGNPs (Ag] + Hg™ —— 20g° + He'

o A
b) <)

hydrodynamic size and zeta potential of synthesized AgNEs in the
alsence and presence of 0.5 M farmic acid.

Zeta potential
i omssom| 0

T LSDaned)

AgNPs 1850=042 25

AENPs= Tl (T 0.5 ppen 4032 1605 | 02 3120

AgNPY- Hg (1) 05 ppm + 05 M el e,

formic aci

Figure
conueabuthon (bl AZNPs stabikiced PV induced by e aldition ol S ppin ol He(Ll) a Ll concenirason cod 0.8 M furmic wid (c)
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Interferences study (*%*)

a) 439 AgNPy smbilized civuie

ANPS stabilized 1Y 1

b 1 LT
Rz 0970

ARCDREFGHIITKLMNOPQRS

gn oo

ABCDELGUIIKLMNOFQRS
Lurenzn s

iy o fevalopud AgNpa ukilae) T s ol
acid (8) ARNPx + 1 pp Hgxl
10 prn anions 171 it P N e, e, rctivy

11 NEIL, rspocinely Tl ol s aused s .y
s + % pprm HgtlL) (D) AeNPs + LU ppm He

1 ASNTS sabiliznd PVT (A1 ANT 1 0.1 ppon
i (D) AZNPx = 0. pom

5 o
Hill) = 0.5 M forric

ol 05 M fowmic xid

NPs + 0.1 ppen Hzil:
e v (K T; BT, ColTT, CA(TR, C o, Fel, Ma(Th, Vini
Sl by Dl vater o).

Table 2. Determination of Hg(Il) concentration in real aqueous samples application and Standard Reference Material
ISRV 1641 d using the conventional L V-visible method and Propased methad (a=31 (*,%*)

samples.

W) 3.0 500 7700 800 S — Conventionul method (n=3) | Proposed method (3=3)
Hy(ID), ppm | % recovery | Ha(ID. ppes | wyrecavery
rinking water ND* Np*
Drinking water  0.05 ppm 0.048 2 0.00 96.0 0.048 £ 0.01 96.0
Mineral water ND* ND*
Mincral water © 0.05 ppm. 0.054 £ 0.02 1081 0052 £ 0.01 1040
= Tap water NO* ND*
Conclusion Tap watce = 0.05 ppu 00562003 | 1122 |o0os8s001| 960
The proposcd s tric sensor using AgNPs stabilized PV with obvious Pond watcr ND* ND*
advantages for on-site determination of Hg(TT) has been successfully developed. Under the optimum {Pord wakcr + 0.0 ppm ey DRI EU, | AGGE |IGOMREN0N | 06D
conditions. the developed colorimenic sensor for selective Hg(11) shows magnificent sensitivily and greater ond water added Methylene Blue(MB) ND® NO*
selectivity towards 112(I) compared with potential ions and color dyes matrix. Furthermore, addition of 0.5 Pord water added MB+ 0.05 ppm 064001 1000, |05 20,08 1600
M formic acid onto the AgNPs offered i significant enhancement in the Hg(11) analytical sensitivity which Bload sanple (B group) ND* ND*
improved the LOD. Finally, the proposed colorimetric sensors provides a rapid, simple with high sample [Blood sample + 0.0 ppm 00562001 | 1107 [ooses001 [ 1120
throughput (96 sample h™, 1 = 4, sensitive and seleetive detcetion method for Hg(ID jons in various aqueous Stundard Reference Muterial (1614d) | 01532001 | s81 | 15302001 | @80

NI Tiefim) SRV

iy LAST & 0.020 g !
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