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CHAPTER |

INTRODUCTION

1.1  Statement of purpose

Mercury is a heavy metal that is widely used in many applications such as in
thermometer, tooth amalgam fillings, electrical switches, electronic and
petrochemicalindustry. The release of mercury from its products and inappropriate
treatment of industrial waste would cause environmental pollution problem due to
mercury contamination. Human could be exposed to mercury by touching, eating and
inhaling, which the mercury can be accumulated inside the body and has adverse
effects on human health in both acute and chronic poisoning. The symptoms of
mercury poisoning include brain damage and it could be the cause of death [1].
Because of the extreme toxicity of mercury thus the monitoring of Hg(ll) in the
environment is important.

Generally, high efficiency technigues such as the cold vapor atomic absorption
spectroscopy and inductively coupled plasma mass spectroscopy are used for Hg(ll)
determination [2,3]. However, these instruments are rather expensive and
complicated. Thus, the development of a simple and inexpensive method is still a
challenge. Colorimetric method have attached favourable attention for environmental
monitoring, biological and industrial samples recently due to its simplicity, rapidity,
good precision and the use of basic equipment [4-6].

Recently, gold nanoparticles are a great deal for using as colorimetric Hg(II)
sensor owing to its optical properties and its surface plasmon resonance (SPR) that
changes depending on the size, shape, the surrounding media and the interaction with
neighbouring particles [7,8]. The SPR spectra are related with colour of AuNPs
solution. For example, AuNPs in the size range of 5-20 nm would appear ruby red [9]
and the color of larger particles or aggregates of smaller particles are purple or blue.
AuUNPs modified with chelating ligands can be induced to the aggregation in the

presence of metal ions, resulting in the change in solution colour. Thus, it can be used



as the colorimetric sensor of metal ions. Many researchers reported the use of AuNPs
functionalized with biomolecules for mercury detection such as papain [10], L-
cysteine [11], peptide [12] and DNA [13]. Their colorimetric sensors were
successfully used to detect and quantify mercury in nanomolar level. In this study, 2-
mercaptobenzothiazole (MBT) is chosen to be a chelating ligand for gold
nanoparticles modification due to the presence of thiol group in its molecule that is
capable of forming complex with mercury [14,15]. In addition, it seems to be more
stable than biomolecules which was previously evaluated in the literature.

In this research, a simple and sensitive method for mercury determination is
developed using gold nanoparticles modified with 2-mercaptobenzothiazole and UV-

Vis spectrophotometer detection.

1.2  Objectives

1. To develop a method for Hg(ll) determination and optimize the parameters
that affect the Hg(l1) determination.
2. To apply the devloped method to determine Hg(ll) in real water samples.

1.3 Scopes of this research

Gold nanoparticles were firstly prepared by citrate reduction of HAuCl,. Then,
the obtained gold nanoparticles and 2-mercaptobenzothiazole was used as a media to
study the suitable condition for Hg(ll) determination. AuUNPs aggregation is followed
by UV-Visible spectrophotometry and transmission electron microscopy (TEM).
Various parameters such as concentration of gold nanoparticles, size of nanoparticles,
concentration of 2-mercaptobenzothiazole, reaction time, pH and co-existing ions
were investigated. Finally, the optimized condition would be evaluated the

performance of this method.



1.4 The benefit of this research

A simple and high precision method to quantify Hg(ll) content in water

sample at sub micromolar level was developed.



CHAPTER II

THEORY AND LITERATURE REVIEW

2.1  Mercury measurement

According to the high toxicity even through low concentration of mercury,
the monitoring and measurement of mercury is important. There are several sensitive
methods for mercury measurement. Generally, the spectrometry method has been
used to measure mercury ions concentration in many sources [2, 3]. In some cases, the
concentration of mercury in samples is lower than the detection limit of instruments.
Therefore, sample preparation or preconcentration techniques are required to improve
the sensitivity of mercury determination. Herein, the methods for determination of
mercury are reviewed.

Wu et al. [16] proposed a method to improve the sensitivity of mercury
determination by chemical vapor generation techniques coupled to inductively
coupled plasma mass spectrometry (CVG-ICP-MS). They reported the use of
stannous chloride (SnCl,), potassium tetrahydroborate (KBH,;) and formic acid
(HCOOH) as reducing agent for reduction of Hg(Il) to Hg(0) in chemical vapor
generation. They found that the sensitivity and detection limit of CVG-ICP-MS was
as low as 0.001 pgl/L.

Mousavi et al. [17] developed a sensitive and efficient method for
determination of trace mercury in water sample. Mercury was preconcentrated by
solid phase extraction (SPE). It was trapped with silver by amalgamation inside SPE
column. Then, mercury was released by resistance heating before determination with
cold vapor atomic absorption spectrometry. The detection limit of this method was 3
ng/L.

In addition, the combination of chromatographic and spectrometric method
gives the researchers the ability to perform speciation and determination of trace

mercury ions.



Souza et al. [18] developed a simple method for mercury speciation in hair
sample using high-performance liquid chromatography coupled to inductively
coupled plasma mass spectrometry. The detection limit of this method was 15 ng/g,
10ng/g and 38 ng/g for inorganic mercury, methyl mercury and methyl mercury,
respectively.

Silva et al. [19] developed a sensitive method for mercury determination at
low concentration levels in rice sample. The sample was digested by microwave
assisted digestion and analyzed by cold vapor atomic fluorescence spectrometry. The
detection limit of this method was 0.9 ng/g.

Krupp et al. [20] developed a technique for separation and molecular
identification of mercury and their compounds in plants using electrospray mass
spectrometry equipped with ion trap. This technique included mercury separation by
high-performance liquid chromatography and simultaneous detection by inductively
coupled plasma mass spectrometry (LC-ICP/MS) and electrospray mass spectrometry
(LC/MS).

From previous research, there are several techniques to determine mercury
consisting of direct measurement and combination of measurement techniques.
Mostly, they used sample preparation techniques for trace level of mercury sample
before measurement by analytical instrument. The use of their techniques was
complicated, time-consuming and high cost. Therefore, other techniques were
developed to overcome these limitations. The spectrophotometric and colorimetric
methods have been proposed. These methods follow the appearance or change of
absorption/emission intensities and also the solution color change when analytes
interact with ligand molecules. Ligand molecules that cause the solution color change
after the complexation with the target analytes are so-called colorimetric sensors. For
example, Yuan et al. [4] developed a colorimetric and fluorometric sensor probe for
mercury ion detection. The sensor molecule was highly selective to Hg(II) ions,
resulting in the solution color change from purple to red-pink and enhancement in
fluorescence signal. Their probe can be used for naked-eye detection and
determination of Hg(II) by fluorescent spectrometry.

Furthermore, the chelating molecules could be attached onto solid support to

fabricate colorimetric sensors. Lee et al. [21] developed the colorimetric and



spectrophotometric sensor for determination of Hg(II) in water sample using azo-
coupled macro-cyclic immobilized on silica nanotube (SNT). Hg(II) ions selectively
reacted with SNT resulting in color change from yellow to violet. This colorimetric
sensor could show the color change at the mercury concentration as low as 0.1 mM.
Moreover, this chemosensor can be used as portable kit for on-site analysis by
changing the support to glass substrate instead of silica nanotube and the color change
remained the same. The test-kit sensor also showed response as violet color at
mercury concentration of 0.1 mM.

Recently, nanoparticles were popular as colorimetric sensor such as silver

nanoparticles and gold nanoparticles [22].

2.2  Gold nanoparticles

Gold nanoparticles are in form of colloidal gold of particles size in the range
of 1-100 nanometers. The physical properties of gold in nanoscale are different form
bulk gold. For example, the melting point of bulk gold is 1064 °C but the melting
point of nanoscale gold particles is about 300-500 °C depending on their size [23].
Regarding the optical properties of gold nanoparticles, the small scale of gold has red
color instead of the observed yellow color as in the bulk one. The observed color of
gold nanoparticles depends on their size, for example the color of 13 nm, 32 nm and
55 nm nanoparticles are red, pinkish red and pink, respectively [24]. The change of

optical properties can be explained by the phenomena of surface plasmon resonance.

2.2.1 Surface plasmon resonance

The surface plasmon resonance is a phenomenon describing the optical
properties of nanoparticles resulted from a resonance of free electron on the metal
surface. When gold nanoparticles are exposed with incident light, the electromagnetic
field of light induces corrective oscillation of free electrons on the surface of metal
nanoparticles. The electron oscillation around the surface causes the charge separation
with respect to ionic core of nanoparticles, resulting to the resonance along the

electric field direction (Fig 2.1). The coherent oscillation of metal free electron with



electromagnetic field is called surface plasmon resonance (SPR) [8, 25-26]. SPR
adsorption band of metal nanoparticles with the size larger than 2 nm is strong and
broad in UV-Vis range. The wavelength and intensities of SPR band of nanoparticles
can be different owing to size, shape, composition and the dielectric constant of
surrounding media [7, 8]. In case of gold nanospheres, the resonance occurs in visible
region at approximately 520 nm wavelength and the particles appear in red color. For
the gold nanorods, the oscillation of free electrons occurs both long and short nanorod
axis, resulting the strong SPR band in the near infrared region and weak band in
visible region [27]. The increase in the particle size induces red shift of SPR

wavelength and increase of the absorption intensity.

Electronic cloud

I cationic network

Figure 2.1 Scheme of oscillation of free electrons of nanoparticles along with
electromagnetic field of incident light [8].

In addition, when nanoparticles are exposed to the light, the energy loss of
incident light (extinction energy) can occur via absorption and scattering process of
the particles. These optical properties including the light absorption, fluorescence,
Mie scattering and surface enhance raman scattering are useful in many applications
[26].



2.2.2 Aggregation of gold nanoparticles

Gold nanoparticles in diameter of 5-20 nm display a red color with the surface
plasmon resonance band around 520 nm. The aggregation of gold nanoparticles leads
to the shift of absorption spectra to longer wavelength and change the color of
solution to purple. These principles have been applied to detect various analytes such
as DNA, protein and metal ions [28]. The aggregation of gold nanoparticles is
probably occurs when the target analyte is adsorbed on the gold nanoparticles leading
to the decrease the inter-particle distance. In addition, the use of a cross-linking agent
can induce the aggregation. The suitable cross-linking agent can bind with gold
nanoparticles and target analyte. The interparticles bond such as hydrogen bonding,
electrostatic attraction and metal-ligand coordination can overcome the electrostatic

or steric repulsion.

2.2.3 Application

From the unique properties of gold nanoparticles, they have attracted interest
in many applications including biological, biomedical and environmental application.
In biomedical application, gold nanoparticles are useful in disease therapy because the
gold nanoparticles are stable, non-toxic, non-degradable. The transport of gold
nanoparticles can be followed by monitoring its optical property [29].The example of
biomedical application includes drug delivery [30] and cancer therapy [31, 32].

Furthermore, the gold nanoparticles chemosensor is recently gaining interested
in biological molecules detection and analysis of target analytes in environmental
samples because it is simple and uncomplicated method. Many researchers reported
the use of gold nanoparticle colorimetric sensor for target analyte detection by
following the aggregation of gold nanoparticles as the change of solution color such
as use for detection of acetamiprid in vegetables sample [33] and as colorimetric
probe for cysteine determination [34]. Besides the biological analyte, there are also
the applications as colorimetric sensors for metal ions detection in environmental

samples. The examples include colorimetric detection of heavy metal using gold



nanoparticles with alkanethiols [35] and determination of Ca(ll) in serum by

colorimetric detection of gold nanoparticles immobilized with triethanolamine [36].

2.3 Chemical preparation of gold nanoparticles

Gold nanoparticles can be simply prepared by chemical reduction. The redox
reaction between gold salts and reducing agent changes the oxidation state of gold
from 3 to 0. The reducing agents commonly used for gold nanoparticles preparation
include sodium citrate [37], sodium borohydride [38], ascorbic acid [39], glucose [40]

and mixture of tannic acid and sodium citrate [41].
2.3.1 Citrate reduction method

The simple and commonly used method for preparation of nanoparticles is
chemical reduction of chloroaurate ions solution by sodium citrate [37]. The citrate
reduction method produces spherical shaped gold nanoparticles. Citrate ions are
adsorbed onto the gold nanoparticles surface and prevent the particles from
aggregation, thus citrate ions act as both reducing agent and stabilizer. The gold
nanoparticles with various particle sizes can be prepared by controlling the ratio of
gold and citrate amount. The size of gold nanoparticles increased with increasing the

content of citrate [24]. The overall mechanism of citrate reaction can be presented as

i 7 7
2 AuCl; + 3(-OCCH,),C(OH)CO—>2Au? + 3(-OCCH2)>C=0 + 6CI- + 3H* +3CO,

Figure 2.2 The overall mechanism of citrate reduction [42].
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2.4 Literature review

The gold nanoparticles have been utilized extensively in many applications
due to its unique properties. Many researchers demonstrated the use of gold
nanoparticles as colorimetric sensor to determine mercury ion concentration. They
would follow the aggregation of gold nanoparticles by observing the change of color
solution color change and analysis by UV-Vis spectrometer. Thus, the results and the
detection are easily monitored by both naked eye detection and spectrophotometry.
There are many reports on gold nanoparticles sensor development including the
improvement of detection limit by using the selective ligands toward the target
metals.

Guo et al. [10] developed the detection system using gold nanoparticles
modified with papain (P-AuNPs) for Hg(II), Pb(II), Cu(II) ion detection. Papain is a
protein that contains cystein residues selective with these metals ions. When metals
ions solutions were added into P-AuNPs system, the solution color turned from red to
blue due to metal ions induced gold nanoparticles-papain aggregation. The detection
system could detect these metal ions at concentration as low as 200 nM.

Chai et al. [11] proposed the use of L-cysteine functionalized gold
nanoparticles (Cys-GNPs) as colorimetric sensor for Hg(Il) detection. This research
reported that Cys-GNPs aggregation was induced by Hg(ll). The detection of Hg(ll)
at low concentration (0.1-10 uM) could be achieved by ultraviolet radiation. The
sensor could be used to determine Hg(ll) concentration in a linear range of 100 nM-2
UM (r’=0.9747). This sensor could detect Hg(Il) with naked eye at minimum
detectable concentration of 100 nM.

Huang et al. [43] developed a highly selective sensor for Hg(II) ion
determination using 3-mercaptopropionic functionalized gold nanoparticles (MPA-
AuNPs) in 2,6-pyridinedicarboxylic acid (PDCA). In the presence of Hg(Il) ions, the
solution color changed from red to purple and UV-Vis absorption wavelength
displayed a red shift. This sensor is selective with Hg(II) at solution pH 9 controlled
by Tris-borate buffer and the method provided a linear range between 250-500 nM

with correlation coefficient of (r?) 0.95 and a detection limit of 100 nM.
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Wu et al. [13] designed a colorimetric probe for Hg(Il) by using mercury-
specific-DNA functionalized AuNPs (Au-MSD). The Au-MSD could interact with
Hg(1l) ions and formed thymine-Hg(II)-thymine complex. The Au-MSD aggregated
rapidly in solution containing MgCl, salt. On the other hand, Hg(II) could stabilize
Au-MSD and their aggregation was inhibited. Thus, the solution color of Au-MSD-
Hg(II) are still red. This probe was used to determine Hg(ll) in the concentration
range of 0.1-10 uM Hg(II). The detection limit of 60 nM was obtained.

Yang et al. [44] developed a simple, cheap and sensitive sensor for
colorimetric detection of Hg(Il). The 4-mercaptopyrridine molecule bound to AuNPs
through nitrogen atom and induced the aggregation of the AuNPs. The aggregation of
4-mercaptopyrridine-AuNPs was inhibited by Hg(Il) and the degree of non-
aggregation was represented by the color change from blue to purple or red depending
on Hg(Il) content. The response of the sensor was linearly dependent on Hg(Il)
concentration in the range of 0.15-3.00 pM. The detection limit was 55 nM.

Regarding 2-mercaptobenzothiazole (MBT) ligand, it is mostly used as
coagulant for metal ions in flotation collector. It is a heterocyclic thiamide compound
containing nitrogen and sulfur atom which can form complex with metal ions. MBT
and its derivatives have been used as chemosensor in metal ions detection. Freg et al.
[45] developed a highly sensitive fluorescence chemosensor which was 2-
mercaptobenzothiazole benzoate for Cd(11), Hg(ll) and Zn(ll). This sensor was highly
sensitive and selective fluorescence enhancement for Zn(Il) ions.

Song.et al. [46] studied the preparation of novel raman probe for SERs-based
immunoassay by using 2-mercaptobenzothiazole (MBT) modified AuNPs. MBT
solution was dropped into colloidal gold solution under vigorous stirring. The
aggregation of AuNPs-MBT occurred when the negatively charged citrate ions was
replaced by MBT molecules. The formation of aggregates was monitored by UV-
visible spectrophotometer. The SER-based immunoassay was successfully performed
in real sample.

As shown in the previous researches, 2-mercaptobenzothiazole can bind with
Hg(II) ions and also can be modified on gold nanoparticles and used as colorimetric
sensor. In this work, we are interested in producing a colorimetric method by using

gold nanoparticles with 2-mercaptobenzothiazole for determination of Hg(II).



CHAPTER 111

EXPERIMENTAL

3.1 Instruments

3.1.1 UV-Visible spectrophotometer

The absorption spectra of gold nanoparticles solution were recorded by UV-
Visible spectrophotometer model HP 8435 using quartz cuvette in the wavelength
range of 400 to 800 nm.

3.1.2 Cold vapor atomic absorption spectrometer (CVAAS)

The determination of Hg(II) concentration was performed by cold vapor
atomic absorption spectrometer from Perkin Elmer (FIAS 100 coupled to AA Analyst
100). For Hg(0) vapor generation, 1% SnCl, in 3% HCI solution and 3% HCI solution
were used as a reducing agent and carrier solution, respectively.

3.1.3 Transmission electron microscopy (TEM)

Transmission electron microscope model JEM-2100 was used to observe the
particles size of gold nanoparticles. A drop of sample solution was placed onto carbon
grids and dried before insertion to TEM operation system.

3.14 pH meter

A pH of sample solution was measured by pH meter model S220 (Mettler
Toledo).



13

3.2 Chemicals

All chemicals used in this research are shown in table 3.1.

Table 3.1 Chemicals list

Chemicals Supplier

Gold (I11) chloride trihydrate (99.9%) Sigma-Aldrich
Trisodium citrate dihydrate Fisher chemicals
Mercaptobenzothiazole (99.0%) Fluka
Dimethylsulfoxide (99.9%) Sigma-Aldrich
Metal standard solutions (1000 ppm) Merck

Nitric acid (65% wi/w) Merck

Sodium hydroxide Merck

Ethylenediaminetetraacetic acid

disodium salt Merck

3.3  Preparation of solutions

Gold (1) solutions

Gold (111) chloride trihydrate solution (1.0 mM) was prepared by dissolving an
appropriate amount of gold (l11) chloride trihydrate in de-ionized water and used for
gold nanoparticles preparation.

Citrate solution

Citrate solution (0.5% wi/v) was prepared by dissolving an appropriate amount

of trisodium citrate dihydrate in de-ionized water and used for gold nanoparticles

preparation.
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2-Mercaptobenzothiazole solution

2-Mercaptobenzothiazole solution was prepared by dissolving MBT in
dimethyl sulfoxide and used to prepare the MBT solution of desired concentrations in
the range of 0.1-10 uM for investigating the suitable MBT concentration in gold

nanoparticles modification.

Nitric acid solutions

Nitric acid solutions (1% v/v) was prepared by diluting the concentrated nitric

solution (65% wi/w) with de-ionized water and used for pH adjustment.

Sodium hydroxide solutions

Sodium hydroxide solutions (1% w/v) was prepared by dissolving an
appropriate amount of sodium hydroxide in de-ionized water and used for pH

adjustment.

3.4 Preparation and characterization of gold nanoparticles

The gold nanoparticles (AuNPs) solutions were prepared by using the citrate
reduction of HAuCl, solution. The 10 mL of HAuCl, solution (1.0 mM) was mixed
with 10 mL of DI water in an Erlenmeyer flask. The mixture was stirred continuously
and heated in a water bath until the temperature reached 85°C. The 2 mL of citrate
solution (0.5% wi/v) was subsequently added rapidly into the solution of HAuCl, and
the yellow color of gold solution finally turned to red within 15 minutes. The colloidal
solution was allowed to cool to room temperature and kept in a glass bottle until use.
The absorption spectra and the particles size of the obtained AuNPs were measured
by UV-Visible spectrophotometer and transmission electron microscopy (TEM),

respectively.
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3.5 Optimization of Hg(II) determination method

3.5.1 Procedure of Hg(ll) determination

The starting AuNPs solution used in the experiment was obtained by the
dilution of 0.5 mM AuNPs (0.5 mL) with de-ionized water (0.5 mL). For
determination of Hg(ll) concentration, 1.0 mL of 0.25 mM AuNPs solution and 1.0
mL of MBT in dimethylsufoxide (DMSO) were mixed in a test tube under vigorous
stirring for a desired period of time (reaction time 1). Then, 1.0 mL of Hg(ll) aqueous
solution was added to the AuNPs-MBT solution and the mixture was stirred for a
desired time interval (reaction time Il) before the analysis. The absorption spectra of
AuNPs-MBT and  AuNPs-MBT-Hg(ll) were recorded by UV-Visible
spectrophotometer in the wavelength range of 400 to 800 nm and their aggregation
profiles were observed by TEM. The parameters including AuNPs concentration,

MBT concentration, reaction time | and Il were optimized.

3.5.2 Effect of the AuUNPs concentration

Gold nanoparticles solution in the concentration range of 0.25, 0.30, 0.40 and
0.50 mM were prepared by diluting 0.50 mM AuNPs solution with the appropriate
amount of deionized water. Meanwhile, the concentration of MBT was maintained at
1 uM. The reaction time 1 and Il was 1 and 2 minutes, respectively.

3.5.3 Effect of MBT concentration

In order to evaluate the influence of MBT concentration on Hg(ll)
determination, the MBT solution of different concentrations ranging from 0.1 to 10
MM was prepared and used. The concentration of AUNPs was maintained at 0.25 mM.

The reaction time I and Il was 1 and 2 minutes, respectively.
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3.5.4 Effect of the AuNPs size

To investigate the effect of AuUNPs size, solutions containing AuNPs of 13 and
20 nm in diameter were prepared by the reduction method with citrate solution (0.5%)
of varied volume. Meanwhile, the concentration of AuNPs and MBT were maintained
at 0.25 mM and 5.0 pM, respectively. The reaction time I and 1l was 1 and 2 minutes,

respectively.

3.5.5 Effect of reaction time

The reaction time for AuNPs-MBT to aggregate in the presence of Hg(ll) ions
was studied using 20 and 100 pg/L Hg(ll) as sample solution. The reaction time was
divided into 2 ranges in this experiment. First, the reaction time between AuNPs and
MBT (reaction time 1) were varied from 1 to 10 minutes. The aggregation of AuNPs
with MBT was monitored by UV-Vis spectrometer. Then, using suitable reaction time
l, the reaction time between AuNPs-MBT and Hg(lI1) ions were studied in the range of
1 to 30 minutes. The concentration of AuNPs and MBT were maintained at 0.25 mM

and 5.0 uM, respectively.

3.5.6 Effect of pH

A solution containing 60 pg/L Hg(ll) was used as a sample to study the effect
of pH. The solution pH was adjusted by 1% HNO3 and/or 1% NaOH to a value in the
range of 1 to 7. In addition, blank solutions containing no Hg(ll) ions, adjusted the pH
to the studied values with 1% HNOg3 and/or 1% NaOH were used as samples to
compare the effect of pH on AuNPs-MBT particles aggregation. The concentration of
AUNPs and MBT were maintained at 0.25 mM and 5.0 uM, respectively. The reaction

time I and Il was 1 and 2 minutes, respectively.
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3.5.7 Effect of co-existing ions

The effect of co-existing ions was individually investigated by adding 0.12
pmole of Ag(I), Cu(Il), Pb(II), Cd(II), Co(II), Mn(II), Ni(II), Cr(VI), As(III), Zn(II),
Fe(I1I) or Mg(II) to AuNPs-MBT solution, compared to the solution containing 0.12
pmole of Hg(II) ion. The solution color was observed after adding each individual
metal ion. MBT and AuNPs solution concentration was fixed to 5 uM and 0.25 mM,

respectively. The reaction time I and Il was 1 and 2 min.
3.6  Evaluation of method performance

In this section, the method performance was evaluated by using standard
Hg(II) ions solution at various concentration levels. The analysis was repeated 3 times
for each concentration under optimal conditions. The calibration curve was
constructed between absorbance ratio at 680 and 530 nm against the concentration in
the range of 20 to 100 pg/L Hg(II). The signal of the concentration that is the limit of
detection (S;,op) was calculated by Eq. 3.1 [48];

SLOD = SBl + 3SDBl (31)

where Sg; and SDg, represent the blank solution signal and the standard deviation of
the blank solution signal, respectively. In this study, SDg; was substituted by the term
of S, /x, which is the statistic value estimating the random errors in the y-direction or
in this case, the errors in absorbance ratio for the analysis of each point of calibration
(EQ. 3.2). Then, the limit of detection (LOD) was calculated by comparing Sy op to the

calibration curve.

(v —N 2
2ii—9) (32)
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The accuracy and precision of this method were presented as the percentage of
recovery (Eq.3.3) and the relative standard deviation, respectively. For evaluating the
method accuracy, 60 pg/L of Hg(ll) ions solution were spiked into two brands of
drinking water samples and one brand of mineral drinking water sample. The Hg(ll)
detection procedure were done according to section 3.5.1 under optimum condition.
The amount of Hg(ll) ions in spiked and non-spiked samples were calculated from the
linear equation of the linear curve constructed between the absorbance ratio of
680/530 and the concentration of Hg(Il) in the range of 20 to 100 pg/L.

% recovery = (XLSXb)X 100 (3.3)

where Xs = the mass of Hg(I1) found in the spiked sample (ug)
Xb = the mass of Hg(ll) found in the non-spiked sample (jg)
S =the mass of Hg(ll) spiked in the sample (ug)



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Characterization of gold nanoparticles (AuNPs) and 2-

mercaptobenzothiazole modified gold nanoparticles

In this research, gold nanoparticles were prepared by citrate reduction method.
The observed color of gold nanoparticles solution was wine red and the UV-Vis
spectrum of this solution showed the absorption maxima at approximately 520 nm,
corresponding to the UV-Vis absorption of the particles of 13 nm in diameter
according to the previous research [24]. The colloidal AuNPs solution was stable over
14 days due to the colloids stabilization by citrate anions covered on AuNPs. After the
addition of 2-mercaptobenzothiazole into AuNPs solution, the solution color changed
from red to pink. In the presence of Hg(II) ions, the color of solution turned from pink
to purple depending on Hg(ll) ions concentration. This phenomena allow the
determination of Hg(ll) concentration.

The change in AuNPs solution was monitored by UV-visible
spectrophotometry and transmission electron microscopy (TEM). Figure 4.1 shows
the UV-Vis spectrum of the red color colloidal gold solution that has absorption
maxima in visible region at about 520 nm. After adding MBT, the absorption maxima
shifted to longer wavelength (526-530 nm). In the presence of Hg(II), the intensity of

absorption at 530 nm decreased while a band around 600-800 nm appeared.
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Figure 4.1 The color and UV-Vis absorption spectra of (a) AuNPs, (b) AUNPs-MBT
and (c) AuNPs-MBT with 60 pg/L Hg(Il); AuNPs 0.25mM, MBT 5.0 pM, total

analysis time 3 min.

The particles dispersion and aggregation of AuNPs, AuNPs-MBT before and
after the addition of Hg(II) ions were observed by TEM (Fig. 4.2). TEM image of
AuUNPs solution shows spherical AuNPs with mean diameter of 13 nm. In the
presence of MBT, the inter-particles distance between AuNPs decreased, leading to
particles aggregation. Finally, the degree of aggregation of AuUNPs-MBT remarkably

increased after adding Hg(Il) ions, resulting in large cluster of particles.
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Figure 4.2 TEM images of (a) AuNPs, (b) AuNPs-MBT and (c) AuNPs-MBT with
60 ng/L Hg(ID).

4.1.1. Mechanism of nanoparticles aggregation

By the results obtained, a mechanism was proposed as described in the
following part. In pure AuNPs solution, AuNPs dispersed well in solution due to the
presence of citrate anions on particles surface resulting in electrostatic repulsion of
negatively charged nanoparticles. After the addition of MBT, MBT molecules that
contain sulfur and nitrogen atom would bind with the metallic nanoparticles through

covalent Au-S bond [46, 49, 50] and the aggregation of AuNPs occurred. Finally,
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higher degree of aggregation observed in the presence of Hg(II) is believed to be due
to the binding of Hg(ll) ions with MBT ligand that induced the AUNPs-MBT particles
to get close to each other and form larger cluster.

4.2  Optimization of Hg(II) determination

Herein, a procedure in Hg(II) detection by following the solution color
change and UV-Vis absorption spectra is propose (scheme 4.1). A solution of MBT
was mixed with AuNPs solution under stirring for a desired time (reaction time 1),
then Hg(II) was added into AuNPs-MBT solution. The color was observed and the
UV-Vis spectrum was recorded at few minutes after Hg(I) addition (reaction time II).
The effect of AuNPs solution concentration, MBT concentration, reaction time | and
Il was investigated. The solutions of 10-150 pg/L Hg(Il) were used. The amount of
Hg(1l) was quantified by cold-vapor atomic absorption spectrometer before use. As
shown in Fig. 4.1, the absorption spectra of AuNPs-MBT and AuNPs-MBT-Hg
displayed a red shift with absorption maxima at approximately 530 and 680 nm,
respectively. Hence, the determination of Hg(II) ion can be evaluated from calibration

curve using absorbance ratio at 680 and 530 nm (Absorbance 680/530).

MBT 1.0 mL Hg(II) 1.0 mL

reaction time I reaction time II

Analysis by UV-Vis

— spectrometer
— !

AuNPs 1.0 mL

)

Scheme 4.1 The steps of Hg (II) determination.
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4.2.1 Effect of gold nanoparticles concentration

The concentration of gold nanoparticles would affect the sensitivity, linear
range of developed colorimetric method, and in particular the color change of
solutions. Thus, the effect of starting AuUNPs concentration was studied using fixed
concentration of MBT (1 uM). The concentration of Hg(II) was in the range of 20 to
100 pg/L and reaction time | and Il was kept to 1 and 2 min, respectively. Figure 4.3
shows the calibration curves of Hg(II) obtained by using 0.25, 0.30, 0.40 and 0.50
mM AuNPs.

It was found that the method with AuNPs concentration of higher than 0.30
mM had low sensitivity as there was no significant change in absorbance ratio and
solution color in the presence of different Hg(ll) concentration, except at 100 pg/L
Hg(ll). It could be explained that in solution containing high concentration of AuNPs,
the amount of AuNPs was much higher than the amount of MBT and Hg(II) and some
part of AuNPs remained individually dispersed in solution. Hg(II) ions could not
induce AuNPs-MBT to aggregate by the time that the solution was analyzed.
Although the method with 0.30 mM AuNPs showed the highest sensitivity of all but
the linear range was narrower than the method with 0.25 mM AuNPs. Therefore, the
AuUNPs concentration of 0.25 mM was chosen as starting AuNPs solution and the
solution color change observed was in agreement with the change in Hg(ll)

concentration. It turned from pink to purple when increased Hg(ll) concentration.
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Figure 4.3 The calibration curves of Hg(ll) determination (20-100 pg/L) using

different concentration of starting AuUNPs solution.

4.2.2 Effect of the concentration of 2-mercaptobenzothiazole

Because MBT was used as a ligand that can bind both AuNPs and Hg(II) ion
strongly, the concentration of MBT would affect the aggregation of AuNPs when
AuUNPs-MBT form and hence further affect the aggregation of AuNPs-MBT after
adding Hg(ll) ions. The solution color would also change accordingly. Therefore, it is
necessary to find a suitable MBT concentration for the determination of Hg(1I).

The concentration of MBT was varied in the range of 0.1 to 10.0 uM for the
modification of 0.25 mM AuNPs and the detection of 20 to 100 pg/L Hg(II). Figure
4.4 shows the calibration curve of Hg(Il) using each of different MBT concentration
to prepare AuNPs-MBT. When MBT concentration higher than 5.0 uM was used,
AuNPs-MBT solution aggregated quickly and the solution color turned from red to
purple. When Hg(IT) ion was further added into this AuUNPs-MBT solution, the color
of solution turned to deep blue or gray. The precipitation of AuNPs-MBT-Hg
particles were observed when solution of high Hg(Il) concentration was analyzed (5.0
UM). The absorption spectrum shifted to longer wavelength (600-700) and linear
relation between signal and mercury concentration was narrow (20-60 pg/L). In
addition, the MBT concentration is lower than 5.0 uM did not provide a good
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sensitivity. Under the condition of using low MBT concentration, the color of AuNPs
solution after adding MBT changed from red to pink and the spectra maxima shifted
to 530 nm. However, after the adding of Hg(ll) ions, the color of solution was not
visibly change and the change in absorbance ratio was not observed, indicating that
the AUNPs-MBT aggregation was not induced by the presence of Hg(ll) ions in the
studied concentration range. Therefore, the concentration of 5.0 uM MBT was chosen

because it provided a good sensitivity and linear range.
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Figure 4.4 The calibration curves of Hg(ll) determination (20-100 pg/L) using
AuNPs (0.25 mM) modified with different MBT concentrations.

4.2.3 Effect of gold nanoparticles size

AuNPs of different sizes were employed to investigate the effect on the
aggregation behavior and performance in Hg(Il) determination. The particles size can
be controlled by varying the volume of 0.5% citrate solution used in AuNPs
preparation while the concentration of starting Au(lll) ions is fixed. Figure 4.5 shows
that the synthesized gold nanoparticles solutions have absorption maxima at 520 and
526 nm, corresponding to the absorption of the particles with diameter of 13 nm and
20 nm, respectively [24]. TEM image of 13 nm and 20 nm AuNPs are shown in Fig.
4.6. These nanoparticles (0.25 mM AuNPs) were modified with 5.0 uM MBT and
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used for Hg(ll) determination. The reaction time between AuNPs and MBT was 1 min
before adding the Hg(ll) ions. The mixture was analyzed by UV-Vis
spectrophotometer at 2 min after the Hg(ll) addition (Fig. 4.7).

The 20 nm AuNPs aggregated rapidly with MBT and the solution color turned
from red to deep purple. There was no difference in color of both solutions and
absorption spectra when solutions of various Hg(II) concentration were added. On the
other hand, the degree of aggregation of 13 nm AuNPs increased in increasing Hg(II)

concentration. Therfore, the 13 nm AuNPs was chosen for Hg(Il) determination.
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Figure 4.5 UV-vis absorption spectra of solution of gold nanoparticles with diameter
of (a) 13 nm (b) and 20 nm.
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(b)

Figure 4.6 TEM images of gold nanoparticles of average diameter of (a) 13 nm and
(b) 20 nm.
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Figure 4.7 The calibration curve of Hg(II) using AuNPs (0.25 mM) with diameter of
13 and 20 nm modified with MBT (5.0 uM).

4.2.4 Effect of reaction time

In the preliminary study, it was observed that the degree of particles

aggregation was likely to depend on certain parameters including AuNPs
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concentration, MBT concentration, Hg(ll) concentration and reaction time.
Therefore, the reaction time between AuNPs and MBT (reaction time I, scheme 4.1)
and between AuNPs-MBT and Hg(ll) ions (reaction time II, scheme 4.1) are
important factors that may improve the linear range and limit of detection. In this
study, we divided the experiments into two parts: the studies of the effect of reaction
time | and the reaction time Il on the aggregation of AuNPs-MBT before and after
adding of Hg(ll) .

The reaction time between AuNPs and MBT was varied between 1 to 10
minutes using 0.25 mM AuNPs and 5.0 pM MBT. Figure 4.8 shows the evolution of
absorbance ratio as reaction time increased. The absorbance ratio did not clearly
change during the first two minutes, but gradually increased from 2 to 10 minutes,
revealing that the aggregation of AuNPs induced by MBT continuously occurred.
This result is in agreement with the report of the previous research [46]. To shorten
analysis time, we fixed the reaction time between AuNPs-MBT at 1 min.

In order to investigate the effect of reaction time I, 20 and 100 pg/L Hg(II)
solution were used. Reaction time 1l was varied from 1 to 30 minutes and the results
are shown in Fig. 4.9. Obviously, the degree of AUNPs-MBT-Hg(II) aggregation was
related with time and the rate of aggregation depended strongly on Hg(ll)
concentration. Absorbance of AuNPs-MBT-Hg(II) at 680 nm increased with time and
the color turned from pink to blue. In solution containing high Hg(ll) concentration,
AuNPs-MBT aggregation induced by Hg(ll) ions occurred rapidly and reached a
constant degree of aggregation in a short time. The absorbance ratio remained
constant after 15 minute, revealing that the highest degree of aggregation under such
condition was attained.

According to this observation, the change of solution color and absorbance
could be detected immediately after the adding Hg(II) ions to AUNPs-MBT solution.
To shorten the total analysis time, the reaction time of 2 minutes was selected for all
subsequent experiments and the total analysis time was 3 minute. Nevertheless, when
increased the reaction time Il to 4 minute, the linear range covered 10 pg/L Hg(ll)
ions as shown in Fig. 4.10 with the total analysis time of 5 minute. Therefore, longer

reaction time Il could also be used depending on purpose of the use.



0.40 -

Absorbance 680/530

0.00

0.30 -

0.20 -

0.10 -

0.80
o

20.60
£0.40
wv
5020
0.00

400 500 600 700 800
wavelength(nm)

[
!
i

Time (min)

Figure 4.8 The degree of AUNPs-MBT aggregation in the absence of Hg(II) ion,

inset: UV-Vis spectrum of AUNPs-MBT solution at different reaction time.
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Figure 4.9 The degree of AUNPs-MBT aggregation in the presence of Hg(II) 20 and

100pug/L in function of reaction time.
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Figure 4.10 The calibration curves of Hg(ll) (10-100 pg/L) using (m) 4 min of

reaction time Il and (&) 2 min of reaction time Il.

4.25 Effect of pH

The sample solution pH may affect the aggregation of AUNPs and the complex
formation between Hg(Il) and ligand. In this study, the effect of pH was studied. A
solution of 60 pg/L Hg(II) was used as sample solution. The pH of Hg(II) solution
was adjusted to a range of 1-7 using 1% HNO3 and/or 1% NaOH solution. The results
are shown in Fig 4.11. At pH 1-3 of Hg(Il) solutions, AuNPs-MBT aggregated
immediately after adding sample solution. The solution color turned to blue or purple
and the spectra shifted to longer wavelength. At pH 4-5, the color of solution was
purple. On the other hand, the aggregation was not observed at pH 6-7 and the
solution color remained pink. To compare the effect of pH solution, the blank solution
containing no Hg(II) ions at pH 1-7 was used. It was found that the absorption spectra
shifted to a longer wavelength at pH 1-3 and the solution color changed from pink to
blue or purple. Meanwhile, the AUNPs-MBT absorption spectra and color of solution
did not change when blank solution of pH 4 to 7 was added.

In strong acid solution without Hg(ll) ions, the aggregation of AuNPs-MBT

observed could be explained by the protonation of citrate anions covered on AuNPs-
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MBT particles surface (pK, citrate = 6.39, [43]). As a result, the net charge on
AuNPs-MBT particles would decrease and these colloidal particles became less stable
and aggregated with each other. When Hg(Il) solutions having pH 1-3 were analyzed,
the aggregation occurred would probably the result from the effect of citrate
protonation and/or the effect of Hg(ll) ions. The change in absorbance ratio that was
the result from Hg(Il) ions was not clearly seen, compared to the change observed in
blank solution of the same pH (Fig. 4.11).

On the other hand, AuNPs-MBT aggregated more slowly when Hg(II)
solution having pH value of 4 or 5 was added. The aggregation of nanoparticles
solution was not observed in the presence of Hg(II) solution at pH 6-7 during the
chosen reaction time. It is possible that the complexation between MBT and Hg(ll)
species did not occur at pH 6-7. The Hg(ll) ions are present in different species in
solution depending on the solution pH. Hg(ll) in solution of pH higher than 6 exist as
Hg(OH), species [51, 52]. These neutral molecules may not interact with the MBT
molecule at pH 6-7 and hence did not induce AuNPs-MBT aggregation. Therefore,
the suitable pH in the Hg(Il) determination was 4-5.
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Figure 4.11 Effect of solution pH on the aggregation of AuNPs-MBT with Hg(ll)
ions (60 pg/L) and without Hg(ll) ions (Blank).
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4.2.6 The effect of co-existing ions

To investigate the effect of co-existing ions on Hg(II) detection, the reaction
of AuNPs-MBT with potential interfering heavy metal ions was studied. An
individual metal ions solution (0.12 pmole) of Ag(I), Cu(Il), Pb(II), Cd(1I), Co(II),
Mn(IT), Ni(IT), Cr(VI), As(III), Zn(II), Fe(IIT) or Mg(II) was used as sample solution.
The solution of AuNPs (0.25 mM) modified with MBT (5 pM) was used for this
study. Figure 4.12 shows the solution color in the presence of each metal ions. It was
found that the presence of Ag(I), Pb(II) and Cu(II) ions strongly induce with the
aggregation of AuNPs-MBT particles. This result could be explained by hard- soft
acids and base theory, the MBT molecule contains sulfur and nitrogen atom that can
strongly bind with soft and borderline acid metal ions [45]. The use of masking agent
to form complexes with interfering ions such as Ag(l), Pb(Il) and Cu(ll) in sample
prior to Hg(Il) detection is recommended. Masking agents should bind strongly with

these interfering ions.

Aw - 3 A A A .
Pb () Ni(Il) AsdID) Cr(VI) Cd(II) Co(I) Fe(Il) Mn(Il) Cu(ll) Mgl Zn(I)

Hg(D) Ag®
Figure 4.12 Solution of AuUNPs-MBT in the presence of various heavy metal ions.

4.3 Evaluation of method performance

After the optimum condition of the developed method was obtained, the

method was validated as described in the following part.
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Calibration curve and linearity

Under the optimum conditions, the calibration curve was constructed using the

concentration of Hg(II) ion in the range of 20 to 100 pg/L. As shown in Fig. 4.13, the

linear regression equation was y = 0.0084x + 0.1435. The absorption spectra of Hg(II)

were shown in Fig. 4.14. The change in absorption spectra related with the solution

color that changed from pink to purple in the presence of different concentration of

Hg(ll) ions (Fig. 4.15).
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Figure 4.13 The calibration curve of Hg(ll) ions obtained under optimum condition.
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Figure 4.14 UV-Vis absorption spectra of AuNPs-MBT solution containing different

Hg(Il) ions concentration.

0 20 40 60 80 100 pg/LHg(ID)

Figure 4.15 AuNPs-MBT solution color after the adding 20 to 100 pg/L Hg(II) ions.

Limit of detection

The limit of detection of this method was calculated using the Eqg. 3.1
according to Section 3.6. It was found that the limit of Hg(II) ion detection by
spectrophotometry was as low as 5 pg/L (25 nM) and the change of solution color
was observed at 40 pg/L (0.2 uM) Hg(ll).

Table 4.1 shows the performance of methods using different ligands to modify
AuUNPs for Hg(Il) ions detection. Comparing between the LOD obtained in this study
and the LOD values reported in the literatures, it was found that this developed

method has the detection limit lower than the other previously proposed methods.
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Table 4.1 Comparison of the limit of detection

References Ligand Linear range Limit of
(uUM) detection (nM)

Guo et al.[10] Papain 1.00-40.00 200

Chai et al. [11] L-cysteine 0.10-2.00 100

Wu et al. [13] DNA 0.10-10.00 60

Yang et al. [44] 4-mercaptopyridine 0.15-3.00 55

This method 2-mercaptobenzothiazole 0.10-5.00 25

Reproducibility

The reproducibility of this method were investigated by performing the
analysis of 20 and 100 pg/L Hg(II) solutions. It was found that the Intra-day
percentage of relative standard derivation of signal ratio of 20 pg/L and 100 pg/L
Hg(Il) solution was 3-13 % and 3-4% (n=3), respectively. The Inter-day percentage of
relative standard derivation of signal ratio of 20 pg/L and 100 pg/L Hg(ll) solution
was 20 % and 10 % (n=9), respectively. These results reveal an acceptable precision
for the analysis at this concentration level [53]. The relative standard deviation of the
calibration slope was 5 % (n = 3) over 3 days.

Accuracy

The accuracy of the method was evaluated by spiking known amount of Hg(ll)
ions into drinking water samples. The percentage of recovery (%recovery) was then
determined. A solution of 60 pg/L Hg(Il) was spiked into two brands of drinking
water and one brand of mineral drinking water sample. Unfortunately, the
aggregation of AuNPs-MBT was observed during un-spiked samples analysis, in
particular mineral drinking water sample caused a high degree of aggregation. The

results reveal that the other ions in samples also induced the aggregation of AuNPs-
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MBT. Nevertheless, higher degree of aggregation was achieved when samples spiked
with Hg(ll) ions were analyzed, compared to un-spiked samples. The accurate

recovery could not be obtained in this case and the accuracy of this method has not

yet evaluated. More study is required.



CHAPTER V

CONCLUSION

5.1 Conclusion

A method for mercury (II) ions detection was developed by using 2-
mercaptobenzothiazole (MBT) with gold nanoparticles (MBT-AuNPs) as media. The
aggregation induced by MBT caused the change in solution color from red to pink
after adding the ligand. In the presence of Hg(II) ions, AUNPs-MBT aggregates was
induced to form larger clusters and the color of solution turned from pink to purple
depending on Hg(ll) ions concentration. This phenomena allow the determination of
Hg(Il) concentration. The solution was then analyzed by UV-VIS spectrophotometer.
The particles aggregation was confirmed by TEM.

The effects of gold nanoparticles concentration, MBT concentration, size of
gold nanoparticles and reaction time were investigated. The concentration of gold
nanoparticles and MBT solution was studied in the range of 0.25 to 0.50 mM and 0.1
to 10 puM, respectively. The concentration of 0.25 mM of gold nanoparticles and 5
UM of MBT solution was chosen to prepare AUNPS-MBT solution. The particles sizes
of gold nanoparticles affected the determination of Hg(II). Gold nanoparticles with
the size of 20 nm did not produce linear response with respect to Hg(II) concentration.
Thus, the gold nanoparticles size of 13 nm in diameter was chosen for the
determination. The effects of reaction times were studied and the reaction times of 1
and 2 minutes were chosen for the reaction between AuNPs and MBT and between
AuUNPs-MBT and Hg(II), respectively.

The suitable pH for Hg(Il) determination was pH 4 to 5. A good linearity (R?
=0.99) was observed for the determination of Hg(ll) in the concentration range of 20
to 100 pg/L. The limit of Hg(II) ion detection by spectrophotometry was as low as 5
pg/L and the change in color solution was observed at 40 pg/L Hg(ll). The results
from the study of co-existing ions effect indicating that Ag(I), Cu(IT) and Pb(ll) ions
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were the potential interfering ions in Hg(II) determination. The use of masking agents

was suggested.

5.2 Suggestion of future work

- The method sensitivity should be improved in order to be able to
determine trace Hg(Il) in the real sample.

- The effect of co-existing ion should be minimized to improve the accuracy
of the method in Hg(ll) determination.
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