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This research aimed to develop a microfluidic analytical device for determination of
heavy metals, which can be divided into 3 parts. The first part is the development of microfluidic
paper-based colorimetric device using thiosulfate catalytic etching of silver nanoplates for
determination of copper. This device offers high sensitivity and selectivity for determination of
copper over other metal ions. The color change can be monitored by the naked eye. The limit
of detection was found to be 0.3 ng mL™ and the relevant calibration curves was linear in the range
of 0.5 - 200.0 ng mL™ by ImageJ analysis. The second part is simultaneous determination of lead,
cadmium and copper using microfluidic paper-based analytical device with dual electrochemical
and colorimetric detection. Electrochemical detection was applied for determination of lead and
cadmium using a bismuth film modified boron-doped diamond electrodes (Bi-BDDE). For the
copper assay, the concentration of copper was measured by colorimetric detection based on the
catalytic etching of silver nanoplates by thiosulfate. Under optimized conditions, the linear range
obtained was found to be 0.5 - 70 ng mL™ for lead and cadmium, 10 - 350 ng mL" for copper, and
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working electrode used in a microfluidic analytical device for determination of heavy metals in the
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CHAPTER |

INTRODUCTION

1.1 Introduction

The contamination caused by toxic heavy metals such as copper (Cu(ll)), lead
(Pb(I)), cadmium (Cd(II)), and zinc (Zn(ll)) has drawn extensive attention worldwide. A
small concentrations of toxic heavy metal ions can cause serious health problems and
damage ecosystem. Actually, an increasing number of regulations such as those set
by the US Environmental Protection Agency (EPA), the World Health Organization
(WHO), and the pollutant control department of Thailand, include heavy metals in the
list of priority substances which are examined [1-4]. In addition, maximum
concentration levels, guideline values or acceptable concentrations in water have to
be set in order to control the environmental quality following the requirement of
environmental quality standards (EQS). Therefore, it is necessary to develop highly
sensitive, rapid, and simple methods for the detection of these contaminants. Various
techniques have been developed for determination of heavy metals, such as
colorimetric analysis [5], UV-vis spectrometry [6], surface enhanced raman
spectrometry (SERS) [7], atomic absorption spectrometry (AAS) [8], atomic fluorescence
spectrometry [9], ion chromatography [10], inductively coupled plasma mass
spectrometry (ICP-MS) [11] and inductively coupled plasma optical emission
spectrometry (ICP-OES) [12], but these methods are still expensive and require
complicated instrumentation, large sample volume and can generally perform only in

the laboratory.

To overcome these problems, microfluidic systems have been utilized for
determination of heavy metals [13]. Utilizing the benefits from micron-scale systems,
microfluidic devices offer a number of advantages including requirement of small

samples and reagents volume, fast analysis time, high analytical performance,



portability and possibility for high-throughput analysis [13, 14]. Recently, the
microfluidic paper-based analytical devices (UPADs) have been first developed for the
application in biological assays [15]. pPADs are very attractive due to their portability,

ease of use, small sample volume requirement, and inexpensiveness [16].

Normally, Colorimetry [17], electrochemical [18], fluorescence [19],
chemiluminescence [20], electrochemiluminescence [21] and electrical methods [22]
were proposed as the detectors of pPADs. In this research, colorimetric and
electrochemical detection were developed for determination of heavy metal ions.
Colorimetric sensor provides a high selectivity, rapidity and simplicity, and can produce
semi-quantitative [23]. Moreover, electrochemical technique has attracted extensive
attention for determination of heavy metals. It acts as an alternative choice to
spectroscopic techniques because it offers advantages of high sensitivity, fast analysis,

and simple equipment [24, 25].

In this work, pPADs combined with colorimetric and/or electrochemical
detection were successfully used for sensitive and selective determination of heavy
metals. The development of pPADs in this research consists of 2 parts which are; 1.)
Highly selective and sensitive paper-based colorimetric sensor using thiosulfate
catalytic etching of silver nanoplates for trace determination of copper ions, and 2.)
High sensitivity and specificity for simultaneous determination of lead, cadmium and

copper using PAD with dual electrochemical and colorimetric detection.

In addition, the last past is the development of electrochemical sensors using
a nafion/ionic liquid/graphene composite modified screen-printed carbon electrode.
This sensor developed was successfully applied to sensitively simultaneous
determination of zinc, cadmium and lead. In this part, it demonstrated that the
proposed electrode is a new sensor which can be combined to microfluidic analytical

system for simultaneous determination of heavy metal ions in the future.

These developed sensors were used to determine heavy metals with high
sensitivity and selectivity. Under the optimal condition, it showed the excellent

analytical performance. In addition, the developed sensors displayed a good



repeatability and reproducibility. Finally, this research had demonstrated the ability
of these proposed assays for determination of target analytes in real samples (e.g.

food, environmental and clinical samples).

1.2 Objectives of the research
This research consists of three goals for development and improvement:

1. To develop microfluidic analytical device for determination of heavy metal

jons.

2. To develop the highly sensitive and selective sensors for determination of

heavy metal ions.

3. To apply the developed microfluidic analytical devices and/or developed

sensors for determination of heavy metal ions in food or environment.

1.3 Scope of the research

The microfluidic analytical devices were designed to obtain the suitable
platform for the determination of heavy metal ions (Cu(ll), Pb(ll), Cd(Il) and Zn(ll)). The
influences of experimental variables on the sensitivity of the proposed method were
investigated. Under the optimal conditions, the analytical performance of the
proposed methods were studied, including range of linearity, limits of detection and
quantification, repeatability and reproducibility. The selectivity for the determination
of heavy metal ions was studied using various interfering species. Finally, the proposed
methods were applied to detect heavy metal ions contaminated in food or

environment with high sensitivity, accuracy and precision.
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2.1 Heavy metals

Heavy metals are assigned as metallic elements that have a high atomic weight,
rather high density and are toxic at low concentrations. Heavy metal contamination
in natural environments is an urgent problem due to the increasing industrial activities.
Normally, metal ions can be separated into essential and nonessential ions.
Nonessential heavy metals, such as cadmium (Cd(ll)), mercury (Hg(lll)), arsenic (As(lIN)
and lead (Pb(ll)), even at trace amount exposure, are highly toxic and carcinogenic [26,
27]. Although essential metals (copper (Cu(ll)) and zinc (Zn(ll)) are required to support
biological activities. However, these essential metals are toxic when their presence in
excess. Furthermore, both of them can pose a severe threat to human health and
environment due to their non-biodegradable nature and accumulation in the food
chain [28]. Therefore, it is necessary to quantify not only essential but also

nonessential heavey metals at trace level in the environment, food and drinking water.

In this dissertation, copper (Cu(ll)) cadmium (Cd(I1)), lead (Pb(ll)) and zinc (Zn(ll)
were selected as represent ions for essential and nonessential ions in order to develop
the high performance method to determine them in the environment, food and clinical

samples at trace level amount.

2.2 Microfluidic analytical system

Microfluidics deal with the flow of liquid inside micrometer size channels. At
least one dimension of the channel is in the order of a micrometer or tens of
micrometers in order to consider it as microfluidics. First publication concerning the

construction of microfluidic separation device based on miniaturized gas



chromatography and integrated circuit processing technology was first published in
1975 [29]. It consisted of a 5-cm-diameter silicon wafer with an open-tubular capillary
column, two sample injection valves and a thermal conductivity detector. This
separation device was able to separate a simple mixture of compounds in a matter of
seconds [29, 30]. Then, No. further research on given miniaturized gas chromatography
was developed continuously until the 1990s. The first response of the scientific
community to this was silicon chip device. It may be concerned the lack of
technological experience and the most research work focused on the fabrication of
the key components such as micropumps, microvalves and chemical sensors [31]. In
1990, Manz and co-workers described a miniaturized open-tubular liquid
chromatograph using silicon chip technology [32]. Manz also proposed the concept
of “miniaturized total chemical analysis system” or UTAS [33]. In his article, he
proposed the use of silicon chip analyzers incorporating sample pretreatment,
separation, and detection and also disclosed the ideas of integrating a capillary
electrophoresis setting onto a chip. Thus, in the last two decades, the development
of new microfabrication techniques and materials as well as separation and detection
methods used in UTAS devices are grown very fast and it was widely used in various

applications [34, 35].

2.3 Microfluidic paper-based analytical device

Microfluidic paper-based analytical device (UPAD), as a growing research field
with its beginning in 2007 [15], provides a novel system for fluid handling and fluid
analysis for a variety of applications including food analysis, environmental monitoring,
and clinical diagnosis. This sensor shows various advantages including ease of use,
high throughput analysis, portability, small sample and reagent requirement, and
inexpensiveness.  The hydrophilic microchannel inside uPADs was fabricated by

creating the hydrophobic wall using photolithography [15, 36, 37].
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Figure 2.1 Design of the YPAD for determination of two analytes and schematic of

the photolithography method for fabricating yPAD [15].

2.3.1 Fabrication method

In fabricating pPAD, the criteria for selection the methods and materials
depended on low cost, simplicity and efficient production process. There are several
techniques and processes involving chemical modification and/or physical deposition
that could be used to adjust the properties of the paper such that it becomes available
for further modification or direct usage in a range of applications [38]. Various
techniques were proposed to fabricate these devices, include photolithography,
analogue plotting, screen printing, plasma treatment, paper cutting, ink jet etching, ink
jet printing, flexography printing, laser treatment, and wax printing. The advantages

and limitations of each fabrication system are exhibited in Table 2.1 [39].



fabrication methods of uPAD

Table 2.1 Comparison of the main advantages and disadvantages for different

Fabrication methods

Advantages

Disadvantages

Photolithography -

Plotting -

Ink jet etching -

Plasma treatment -

Ink jet printing -

Flexography printing -

Screen printing -

High resolution

PDMS is inexpensive

Sensors are flexible

Involves only a single

printing machine

Agent (AKD) and the

material are very cheap

Uses very cheap AKD
Fast and simply

Allows direct roll-to-roll
production in present
printing houses

Escapes the heat
treatment of printed
patterns

Simple for creation

process

Requires high cost tools
Requires an further
washing step to eliminate

uncross-linked polymer

Cannot be used to high
throughput production

Difficult for customization

of the printer

Uses different masks for

creating different pPAD

Requires an very heating
step for melt AKD
Requires modified ink jet

printers

Requires two prints of
polystyrene solution
Requires different printing
plates

Low resolution
Requires different printing
screens for creating

different patterns




Table 2.1 Comparison of the main advantages and disadvantages for different

fabrication methods of pPAD (continuous)

Fabrication methods Advantages Disadvantages
Screen printing - Simple for creation - Low resolution
process - Requires different printing

screens for creating

different patterns

Laser treatment - High resolution - Microfluidic channels do
not allow lateral flow of
fluids

- Requires extra coating for

liquid flow
Wax printing - Simple and reduce - Requires expensive wax
time for fabrication printers;
procedure - Requires heating to wax at
all times

In this research, wax printing was chosen for fabrication of uPADs because this
method is low cost, fast, simple, and no mask required, while it needs only computer-
designed pattern. Solid wax patterns can be printed onto the surface of paper
followed by the use of heat source such as an oven, hot plate or heat gun to melt
the wax as shown in Figure 2.2. This method is also better for the fabrication of large
quantities of sensors because less steps are involved in forming the hydrophobic wall
compared to other methods. The heating process allows wax to penetrate within the
paper medium. Dispersion of the wax vertically through the paper will effectively
confine the solution flow to the desired regions of the paper. However, due to the
nature of the fiber matrix, the paper tends to align the wax in a horizontal rather than
vertical direction [40]. The wax spreads faster in the horizontal direction causing a

wider line compared to the original width of the applied wax [40]. Therefore, the



reproducibility of the fabrication method is highly dependent on the width of the wax
line and the heating temperature. pPADs offer the possibility for users to produce a

simple and mass-scalable devices at an affordable cost.

A 1. design layout 2. print devices 3. reflow wax

Figure 2.2 Wax printing techniques for the fabrication of uPAD [40].

2.3.2 Detectors for yPAD

As mentioned, pPAD offer the opportunity for users to produce a simple, mass-
scalable devices at an affordable cost. However, in order to create an analytical
device, suitable transduction methods are necessary which may require the additional
reagents, materials and instrumentation leading to the further cost and complexity.
There are five most commonly reported techniques used for quantitative analysis on
paper including colorimetric [41], electrochemical [18, 42], fluorescent [43],

chemiluminescence [44, 45], electrochemiluminescence [46] and electrical
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conductivity [47]. However, in order to maintain simplicity, affordability and portability,
low power techniques such as optical and electrochemical methods are well suited
as transducers on pPADs. Therefore, in this dissertation, two of these techniques are

focused on the use as detector for uPADs.
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Figure 2.3 Illustrations of difference detectors for uPAD. (A, B) Colorimetric detection,
(C) Dual electrochemical/colorimetric determination, (D) Electrochemical
detection, (E, F) Antibody conjugated gold nanoparticle detection, (G)
electrochemiluminescence detection (H) chemiluminescence detection and

(1) Fluorescent detection.
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2.3.3.1 Electrochemical method

Electrochemical method has been widely used in uPAD because of its fast
sensor response, lower detection limits, quantitative results, and ability for external
electronics to be miniaturized [48]. The most significant electrochemical techniques
are divided into five major groups: potentiometry, voltammetry, coulometry,
conductometry, and dielectrometry [49]. In this research, voltammetry was utilized as
an electrochemical detection technique, especially cyclic voltammetry and stripping

square-wave voltammetry are in focus.

2.3.3.1.1 Voltammetry

Voltammetry is a collection of techniques in which rely on the relation
between current and potential.  The current observed during electrochemical
processes are based on the applied potential. The plot between current and working
electrode potential is called a voltammogram. Voltammetry can be applied to
examine the electrochemical property of electroactive species that can be oxidized or
reduced at the working electrode [50]. For example, the voltammosgram in Figure 2.4
shows a graph of current versus working electrode potential for a mixture of
ferricyanide (Fe(CN)s>) and ferrocyanide (Fe(CN)¢*). The diffusion current for oxidation

of Fe(CN)s* is observed at a potential about +0.5 V (vs SCE.) [51].

Fe(CN)g* — FelCN)g” + - ... eq. 2.1

In this region, current is governed by the rate at which Fe(CN)s* diffuses to the
electrode. Figure 2.4 shows that this current is proportional to concentration of
Fe(CN)* in bulk solution. Below 0 V, there is another plateau corresponding to the
diffusion current for reduction of Fe(CN)s> whose concentration is constant in all the

solutions. The voltammetric techniques including cyclic voltammetry and stripping
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square-wave voltammetry were used in this research for characterization the

electrochemical property and quantity of target analyte.
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Figure 2.4 (A) Voltammogram for mixture of ferricyanide (Fe(CN)s>) and (B) ferrocyanide

(Fe(CN)*) and Plot of current density of mixture vs concentration of mixture

from the curves in Figure 2.4 A [51].
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2.3.3.1.2 Cyclic voltammetry

Cyclic voltammetry (CV) has become an important and widely used
electrochemical technique in many areas of chemistry to characterize the
electrochemical property of target analyte. In cyclic voltammetry, Figure 2.5 shows
the triangular waveform applied to the working electrode. After the application of a
linear voltage slope between times t, and t;, the slope is reversed to bring the
potential back to its initial value at time t,. The cycle can be repeated many times

(52].

Cathodic potential

time

v

Figure 2.5 Cyclic voltammetry waveform

The initial portion of the cyclic voltammogram as shown in Figure 2.6, beginning
at displays a cathodic wave. Instead of leveling off at the top of the wave, current
decreases at more negative potential because analyte becomes depleted near the
electrode. Diffusion is too slow to replenish analyte near the electrode. At the time
of peak potential (t;) in the Figure, the cathodic current has decayed to a small value.
After t; the potential is reversed and, eventually, reduced product near the electrode
is oxidized, thereby giving rise to an anodic wave. Finally, as the reduced product is

depleted, the anodic current decays back toward its initial value at t,.
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Figure 2.6 demonstrates a reversible reaction that is fast enough to maintain

equilibrium concentrations of reactant and product at the electrode surface. The

anodic peak and cathodic peak currents have equal magnitudes in a reversible process,

and

Where:

Epa — Eoc = 22.2RF/nF = 57.0/n (mV)  (at 25 °C).......... eq. 2.2

pa

pc

peak anodic currents

peak cathodic currents

number of electrons transferred in the redox event
(usually 1)

gas constant in VC K™ mol™

temperature in K

faraday constant in 96487 C mol™
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Current

E

pa

Potential

Figure 2.6 Typical cyclic voltammogram where |, and I, show the peak cathodic and

anodic current respectively for a reversible reaction.

For a reversible reaction, the peak current for the forward scan of the first cycle

is proportional to the concentration of analyte and the square root of scan rate.

loc = (2.69 x 10°) N ACDY* V........... eq. 2.3
Where:

loc = current maximum in amps

n = number of electrons transferred in the redox event
(usually 1)

A = area of the working electrode in m?

C = concentration in mol L™

D = the diffusion coefficient of the electroactive species in
m? s

Y = scan rate in V s
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The use of faster scan rate, the greater of the current are obtained during the
reaction remains reversible. If the electroactive species is adsorbed on the electrode,

the peak current is proportional to V rather than the square root of V.

For an irreversible reaction, the cathodic and anodic peaks are drawn out and
more separated. At the limit of irreversibility, where the oxidation is very slow, no

anodic peak is noticed as shown in Figure 2.7.

- cathodic peaks

Current

_/ —

N\

anodic peaks

Potential

Figure 2.7 Typical cyclic voltammogram show the peak cathodic and anodic current

respectively for an irreversible reaction.

2.3.3.1.3 Square-wave anodic stripping voltammetry

Square-wave anodic stripping voltammetry is a very sensitive method for
quantitative determination of electroactive species. This method combines the
advantages of square-wave voltammetry and anodic stripping voltamsmmetry. Square-
wave voltammetric method have proved to be a very sensitive for the direct
evaluation of concentrations. It can be widely used and popular for the trace analysis.
The waveform of square wave voltammetry was showed in Figure 2.8. It can be
observed that a square wave was applied on a staircase. During each cathodic pulse,

there is a rush of analyte to be reduced at the electrode surface. During the anodic
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pulse, analyte that was just reduced is reoxidized. The square wave voltammogram is
the difference in current intervals of cathodic and anodic measurement. The two
currents have opposite signs, their difference is larger than either current alone. When
the difference in current is plotted, the shape of the square wave volrammogram is
obtained as shown in Figure 2.9 which is essentially derivative of the sample current
voltammogram. Therefore, the square wave voltammetric method offered the

advantages in term of high sensitivity for the trace analysis [53].

cathodic puLse\

‘ anodic pulse

square wave staircase wave

Figure 2.8 Waveform for square wave voltammetry,
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square wave

Current

Sampled current

0 Potential -1

Figure 2.9 Comparison between (a) sample current voltammogram and (b) square

wave voltammogram.

For stripping mode of square wave voltammetric analysis. Normally, anodic
stripping voltammetry consists of two steps [54]. The first step, the target analyte from
a dilute solution is deposited onto the electrode surface; usually by electroreduction

at an appropriately cathodic potential. For example, the deposition reaction of M** is
M?* + 2e- —» M° (onto surface electrode)........ (eg. 2.3)

After the deposition time, the accumulated species is then stripped from the
electrode surface by reversing the direction of the square-wave potential sweep.

Monitoring the current through the stripping step provides the peak shaped

voltammogram, as shown in Figure 2.10. Hence, this method offers a very high

sensitivity for the analysis of trace and ultra-trace concentrations of target analyte in

real sample.
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Figure 2.10 Potential waveform for square-wave anodic stripping voltammetry

2.2.3.2 Colorimetric method

Presently, colorimetric detection coupled with pPAD has been widely used for
the qualitative analysis of multiplex analytes in target samples. This detection can be
examined by visually observing the change in color, intensity, or brightness caused by
the presence of the analyte. The quantify changes in color was monitored by digital
camera or scanners or by measuring the amount of light reflected from a surface where

an assay has occurred. In 2008, Martinez et al. [15] first proposed the colorimetric
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detection coupled with pYPADs for determination of glucose and protein. The
investigation is based on a change color from chemical reaction between reagents and
analytes. The signal of photograph of the color product were detected by Adobe

Photoshop software to obtain the calibration curve for glucose and protein

Glucose NG Protein
1.dip device into sample
2.image results
>y
- >
3.convertimage 3.convertimage to
to grayscale CMYK color

M M

-
4.select test
zone
&» : ; ""‘-;
.. L s 1
' ol m-—-i

5.record mean intensity 5.record mean intensity
in grayscale channel in cyan channel

Figure 2.11 Procedure for quantifying the levels of glucose and protein in urine using

image Adobe Photoshop software [15].
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CHAPTER IlI

DEVELOPMENT OF MICROFLUIDIC PAPER-BASED ANALYTICAL DEVICES
FOR TRACE DETERMINATION OF HEAVY METALS

There are two parts for this chapter. Past | presents highly selective and
sensitive paper-based colorimetric microfluidic sensor using of silver nanoplates with
thiosulfate for trace determination of copper. Past Il reports high sensitivity and
specificity simultaneous determination of lead, cadmium and copper using microfluidic

paper-based device with dual electrochemical and colorimetric detection.
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Abstract

A novel, highly selective and sensitive paper-based colorimetric sensor for trace
determination of copper (Cu(ll)) ions was developed. The measurement is based on
the catalytic etching of silver nanoplates (AgNPls) by thiosulfate (S,05”). Upon the
addition of Cu(ll) to the ammonium buffer at pH 11, the absorption peak intensity of
AUNPLs/S,05> at 522 nm decreased and the pinkish violet AUNPLs became clear in color
as visible to the naked eye. This assay provides highly sensitive and selective detection
of Cu(ll) over other metal ions (K", Cr**, Cd?", Zn?*, As**, Mn?* Co?", Pb?*, A, Ni**, Fe®*,
Mg®*, Hg®* and Bi**). A paper-based colorimetric sensor was then developed for the
simple and rapid determination of Cu(ll) using the catalytic etching of AgNPls. Under
optimized conditions, the modified AgNPls coated at the test zone of the devices
immediately changes in color in the presence of Cu(ll). The limit of detection (LOD)
was found to be 1.0 ng mL™ by visual detection. For semi-quantitative measurement
with image processing, the method detected Cu(ll) in the range of 0.5-200 ng mL
'(R=0.9974) with an LOD of 0.3 ng mL™". The proposed method was successfully
applied to detect Cu(ll) in the wide range of real samples including water, food, and
blood. The results were in good agreement according to a paired t-test with results

from inductively coupled plasma-optical emission spectrometry (ICP-OES).

Keywords: copper ions, colorimetric detection, paper-based sensor, silver nanoplates,

thiosulfate



24

3.1 Introduction

Copper ions (Cu(ll) are an essential trace element for life. Cupric ions play an
important role in many body functions as an enzyme co-factor and are involved in the
formation of red blood cells [55]. However, an excessive uptake of Cu(ll) can cause
serious health problems, including ischemic heart disease, kidney disease,
neurodegenerative disease, anemia and bone disorders [56]. Because of their toxicity,
the maximum contamination value of Cu(ll) in the environment and in food was set
by several organizations throughout the world to protect human health. For example,
the United States Environmental Protection Agency (USEPA) issued the maximum
contamination level of Cu(ll) in drinking water at 1.30 mg L [1]. In Thailand, the
pollutant control organization permitted a Cu(ll) concentration of 2.00 mg L™ in surface
water [3]. In addition, the concentration limit of Cu(ll) for exposure from foods is in
the range of 1.2-4.2 mg copper/day as set by The European Food Safety Authority
(EFSA) [57]. Therefore, the monitoring of Cu(ll) contaminants in water, food and the

environment is necessary.

Conventional methods for the measurement of Cu(ll) include atomic
absorption spectrometry (AAS) [58], inductively coupled plasma atomic emission
spectrometry (ICP-AES) [59], inductively coupled plasma mass spectrometry (ICP-MS)
[60], voltammetry [61] and fluorescence spectrometry [62]. Although these methods
provide high sensitivity and selectivity, they require expensive instrumentation,
laboratory setup, and high operating cost, which makes these methods unsuitable for
field monitoring. Therefore, there is an increasing interest in the development of
simple and low-cost sensors for the highly sensitive and selective detection of Cu(ll)

that can allow reliable on-site real time detection.

Recently, colorimetric sensors based on noble metal nanoparticles such as
gold nanoparticles (AuNPs) [63] or silver nanoparticles (AgNPs) [64] for the visual
determination of Cu(ll) have gained increased attention. AgNPs is particularly of interest
because it has a higher extinction coefficient compared to AuNPs of the same size and
a lower cost compared to AuNPs [65]. Zhou and coworkers reported on the

colorimetric detection of Cu(ll) by using 4-mercaptobenzoic acid (4-MBA) modified
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AgNPs.  The measurement was based on the aggregation of 4-MBA-AgNPs in the
presence of Cu(ll) via ion-templated chelation [64]. Miao and coworkers proposed a
colorimetric detection method of Cu(ll) with high sensitivity and selectivity by utilizing
the redox reaction between starch-stabilized AgNPs and Cu(ll) [66]. Ratnarathorn and
coworkers presented the colorimetric measurement on pPAD by using the
homocysteine (Hcy) and dithiothreitol (DTT) modified AgNP surface that is able to
induce the aggregation of AgNPs in the presence of Cu(ll) [67]. In addition, a sensitive
and selective colorimetric method was developed based on catalytic thiosulfate
leaching of nanoparticles including silver coated gold nanoparticles (Ag/Au NPs) [68] or
AuNPs  [69] by Cu(ll). Cu(ll) can accelerate the leaching rate of NPs and leads to a
dramatic decrease in its surface plasmon resonance (SPR) absorption because the
nanoparticles size is decreased. Although these assays provided high sensitivity, they

are time-consuming (25-60 min) and large volumes of solution are required.

A paper-based sensor or microfluidic paper-based analytical devices (UPADs)
are a new alternative methodology of a micro total analytical system (UTAS) applied
to food analysis, environmental monitoring, and clinical diagnosis. They provide
several advantages such as ease of use, high throughput, disposability, low sample and
reagents consumption, low expense, and portability [18, 70, 71]. The uPADs were first
introduced by Whitesides and coworkers, where the hydrophilic microchannels on
devices were fabricated by creating a hydrophobic wall using photolithography [15].
To date, several methods were proposed to fabricate these devices, including inkjet-
printing [72], plotting [73], wax-printing [40], plasma treatment [74], and screen printing
[75]. Herein, the wax printing method, which is easy and is a quick fabrication process,
was applied to create paper-based devices. This paper-based colorimetric sensor is
based on the catalytic etching of silver nanoplates (AgNPLs) with thiosulfate (5205%")

and is developed for the highly selective and sensitive detection of trace Cul(ll).
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3.2 Experimental
3.2.1 Chemicals and materials

Copper sulfate (CuSO4) and ammonium hydroxide (NH,OH) were purchased
from BDH (England). Sodium thiosulfate, hexadecyltrimethylammonium bromide
(CTAB), magnesium sulfate (MgSO,4), manganese chloride (MnCl,) and ammonium
dichromate (NH,),Cr,O;) were obtained from Sigma-Aldrich (Missouri).  Ammonium
chloride (NH,Cl) was obtained from Ajax (NSW, Australia). Standard solutions of 1000
ue mL-1 Hg(ll), Billl), As(ll), Pb(ll), Co(ll), Cd(Il) and Zn(ll) were purchased from Spectrosol
(Poole, UK), and standard solutions of 1000 pg mL Ni(ll) and AWl were purchased
from Merck (Darmstadt, Germany). The following chemicals were used as received:
iron chloride hexahydrate (FeCl;.6H,0) (Merck, Darmstadt, Germany) and potassium
chloride (KCL) (Univar, Redmond, WA). All chemicals were analytical-grade. All reagents
were prepared with 18 MQ.cm resistance in deionized water (obtained from a Millipore

Milli-Q purification system)

3.2.2 Instrumentation

The absorbance measurement was carried out by a UV-visible
spectrophotometer (HP HEWLETT PACKARD 8453, UK) using a 1.0 cm path length quartz
cell. The modified surface morphology of the paper-based device was characterized
by scanning electron microscopy (SEM) (JEOL, Ltd., Japan). Transmission electron
microscopy (TEM) was recorded by a H-7650 transmission electron microscope (Hitachi
Model, Japan). The levels of Cu(ll) in real samples were analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES) (CAP 6000 series ICP-OES,
Thermo Scientific, USA).

3.2.3 Synthesis of the modified AgNPLls

AgNPLls [76] were obtained from the Sensor Research Unit at the Department

of Chemistry, Faculty of Science, Chulalongkorn University. Briefly, the AgNPls were
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synthesized by reduction of AgNO; using NaBH4 and the shape transformation using a
30% H,0O, solution [76]. First, the NaBH,; was added into the AgNO; under vigorously
magnetic stirring.  The solution turned light yellow, indicating the formation of NPs.
The shape transformation reaction was done by an injection of the 30% H,0O, solution
at the rate of 13.45 mL min™ into AgNs. After the complete addition of the H,0,
solution, the colloid was further stirred for 10 min to complete the shape conversation
process. The solution turned color from light yellow to the blue of AgNPLls. For the
modification of AgNPls, hexadecyltrimethylammonium bromide (CTAB) capped AgNPLls
were prepared by the dilution of AgNPls to 200 pg mL™ in a total final volume of 1000
pL with a 0.1 M ammonia buffer at pH 11. Then, 10 pL of 0.1 M CTAB was added to
produce the CTAB-capped AgNPls. Sequentially, 5 pL of 1.0 M Na,5S,05; was added to
the CTAB-capped AgNPls followed by incubation of the mixture for 5 min at room

temperature.

3.2.4 Device design and fabrication

In order to obtain highly reproducible measurements, the dendritic hydrophilic
channel terminated in the eight detection zone to enable repeating eight
measurements at the same time, and in the four circular area of the control zone that
was designed on the paper-based sensor using Adobe illustrator CS4. The wax printing
method was used to pattern the resulting design. The fabrication process includes
two steps: 1. printing of the wax pattern on the surface of the filter paper (Whatman
no. 1) by using the wax printer (Xerox Color Qube 8570, Japan) and 2; melting the
wax-printed paper on a hot plate at 175 °C for 40 s. The wax covered area was
hydrophobic, while the area without wax was hydrophilic. These processes can be

finished within 2 minutes.

3.2.5 Colorimetric assay of Cu(ll) on paper based devices

The modified AgNPls at 0.8 uL were dropped onto the detection zone and

control zone, and allowed to dry. For Cu(ll) measurement, 20 pL of the
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standard/sample solutions was added to the sample application zone and then the
solution flowed into the detection zone. The color change at the test zone can be
observed within 2 mins. For quantitative analysis, the photograph of the results on
the paper-based sensor was recorded by a digital camera (Cannon EOS 1000 D1, Japan)
in a light control box. Then, color intensity of the testing area on the device was
measured using ImageJ 1.45s (National Institutes of Health, USA). Finally, the color

intensity values were used to obtain a calibration curve.

3.2.6 Analysis of Cu(ll) in real world samples
3.2.6.1 Mineral water and groundwater

The mineral water samples were purchased from a local supermarket. The
groundwater samples were obtained from the paddy field of the Suphanburi province,
Thailand. All of the water samples were filtered using 0.45 um member filters before

testing.

3.2.6.2 Tomato juices

The tomato juices were purchased from a local supermarket. A 1.5 mL aliquot
of the juices was centrifuged for 40 min at 6000 rpm [77]. The centrifuged juice

samples were then filtered using cotton and a 0.45 pm membrane filter.

3.2.6.3 Rice

The rice sample was obtained from a Surin Provincial source, Thailand. The
samples were digested by an acid digestion method [78]. A 0.5 g of rice sample was
added in the mixing between concentrated nitric acid and concentrated perchloric
acid in the ratio 1:1 (v/v) and heated to 150 °C and stirred for 4 h. The solution was
evaporated to less than 2 mL of volume. Sequentially, the concentrated hydrogen

peroxide was added dropwise under heating until the solution was colorless after the
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solution was evaporated. Finally, the sample solution was filtered through a 0.45 um

membrane filter.

3.2.6.4 Blood

The leftover blood samples were obtained from the local hospital. The whole
blood samples (1 mL) were added to 4 mL of the mixture solution of concentrated
nitric acid and concentrated perchloric acid (3:1 v/v) [79] and heated to near dryness.

The sample solution was then filtered using a 0.45 pm member filter.

For all cases, the filtered solution was diluted with 0.1 M ammonia buffer at
pH 11 before measurement. Fortunately, after preparation of the real samples, the
solution obtained was colorless. Therefore, there was no interference effect from

color of sample.

3.3 Results and discussion

3.3.1 UV-visible absorption spectra and mechanism of AgNPls the

presence of Cu(ll)

To understand the mechanism of the catalytic etching of AgNPls by S,05°" for
the measurement of Cu(ll), the SPR absorption was investigated as shown in Figure 3.1.
The CTAB/AgNPLs in 0.1 M ammonia buffer at pH 11 exhibited an absorption maximum
(Amax) of 563 nm (curve a). After the addition of 1 M Na,S,05 at 1.5 pL in 3 mL of
CTAB/AgNPLs, the Amax of the CTAB/AgNPls was decreased (curve b) and blue shifted
to 522 nm. This is due to the decreased AuNPLs size through oxidation of AgNPLls with
oxygen (O,). By the addition of Cu(ll), the color of the solutions changed from violet-
red to colorless within 5 min. The absorbance peak at 522 nm decreased with an
increase in concentration of Cu(ll) from 50 to 200 ng mL™ (curve ¢, d and e). The insets
of Figure 3.1 show the color change of CTAB/AgNPls caused by the catalytic etching of
CTAB/AgNPLs by S,05°" in the presence of Cu(ll).
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Figure 3.1 The absorption spectra of AgNPLs (a) CTAB/AgNPLs (max = 563 nm, A = 0.827);
(b) 5,052 /CTAB/AgNPls (Amax = 522 nm, A = 0.749); (c) 5,05>/CTAB/AgNPLs
+ 50 ng mL™" of Cu(ll) (A = 0.473); (d) S,05°/CTAB/AgNPls + 100 ng mL™" of
Cu(ll) (A = 0.284); (e) S,05* /CTAB/AgNPLs + 200 ng mL™ of Cu(ll) (A = 0.174).
The experiment was carried out at room temperature in 0.1 M ammonia
buffer pH 11, The UV-vis spectra was investigated after 5 min. (Inset: The
color product of the catalytic etching of modified CTAB/AgNPLs with S,05*

for measurement of Cu(ll)).

Upon the addition of S,05%" ions to CTAB/AgNPLs, the AgNPls can be oxidized
by dissolved O, leading to reduction of the particle size of AgNPls (Figure 3.2).
However, it was found that this reaction is very slow because the Ag(S,05),>” complexes
immediately generated a passive layer on the surface AgNPls. By adding Cu(ll), the
Cu(ll) in the 0.1 M ammonia buffer at pH 11 forms the Cu(NH;),** complex and the

standard potential of Cu(NH),**/Cu(ll) in the presence of S,05% was increased (eq.
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3.2). The Cu(ll) could accelerate the etching rate of the AgNPls by forming Cu(S,05)5>
and the complexes could also be oxidized to Cu(ll) by dissolved oxygen (eq. 3.3). The
etching of $,0,>/CTAB/AgNPLs increased with increasing concentration of Cu(ll). As a
result, the color solution changes from violet-red to colorless. Therefore, the
colorimetric detection based on the catalytic etching of modified AgNPls provides a

simple and sensitive method for the measurement of trace Cu(ll)

B Na.S.O. Cu _w,. . Concentration
o ( TA B ° .': \‘\_ time increase
— — A

@ /O =AgNPis - CTAB

Figure 3.2 The catalytic etching mechanism of the CTAB/AgNPLs by S,05°" for Cu(ll)

measurement
Ag(S,05),> + e ———> A’ + 25,05% E°= 001V  (3.1)
CUu(NH5)?" + 26" ———>  CU® + 4NH; E°=-0.04V (3.2)
CuNH3) %" + 35,052 + & ————> Cu(S,05)7 + aNH; E°= 022V  (3.3)
A + 55,05 + Cu(ll) ————>  Cu(5,05)5° + Ag(S,05),>

O,

3.3.2 Paper-based sensor for tract determination of Cu(ll)

To improve the colorimetric determination of Cu(ll) for rapid on-site screening
applications, the developed approach using a paper-based sensor was applied. The
S,057/CTAB/AgNPls was pre-prepared with the test zone and control zone on the

paper-based sensor as fabricated by wax printing method (Figure 3.3a). For Cu(ll)
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measurement, the sample solution at 20 pL was applied at the sample zone and then
the solution flowed outward via capillary forces to the eight detection zones. In the
absence of Cu(ll), the color results at the detection zone were not changed (Figure
3.1.3b). However, in the presence of Cu(ll), the color at the detection zones changed
from violet-red to colorless with increasing Cu(ll) concentration, which can be
monitored by the naked eye after 120 s (Figure 3.3c and d). The SEM image of the
paper based-sensor at the detection zone was shown in Figure 3.3 both (e) without
and (f) with AgNPLs, and (g) AgNPLs in the presence of Cu(ll). The results indicated that
the modified AgNPls were etched by Cu(ll). Additionally, the TEM image (Figure 3.3h)
clearly shows that the S,05*/CTAB/AgNPls was well dispersed in the aqueous solution.
The average size of S,05°"/CTAB/AgNPls was approximately 30 nm. After the addition
of Cu(ll) (Figure 3.3i), the S,05°/CTAB/AgNPls would be catalytically oxidized and
etched into the solution. The average size of S,05°/CTAB/AgNPls were decreased

after incubation for 5 min at room temperature.
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Figure 3.3 Paper-based colorimetric sensor based on the catalytic etching mechanism
of the CTAB/AgNPls with S,05” for measurement of Cu(ll) at (a) image of
paper-based deviecs; image of paper-based devices after measurement of
Cul) (b) 0 ng mL?, (c) 50 ng mL™ and (d) 100 ng mL™" of Cu(ll); the SEM
images of paper-based sensor at the detection zone (e) without CTAB/AgNPLs
(f) with CTAB/AgNPLs (g) CTAB/AgNPLs in the presence of 100 ng mL™ Cu(ll);
the TEM images of S,05°/CTAB/AgNPls without Cu(ll) (h) and with 100 ng
mL™" of Cull ().
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3.3.3 Optimization of the detection conditions

The sensitivity of the paper-based colorimetric sensors containing the modified
AgNPLs for Cu(ll) detection is related to various factors including, pH of buffer solutions,
concentrations of AgNPls and S,05* and incubation time. Therefore, these parameters
were optimized by using 100 ng mL™" of Cu(ll). The difference in the color intensity
values of the AgNPLs before and after the addition of Cu(ll) ( Al = Igmpie = lbank) Was

determined.

3.3.3.1 Effect of the pH of the ammonia buffer

The influence of the pH on this system was investigated in pH range of 6.0-11.0
(Figure 3.4a). At pH lower than 8, the Al decreased because the S,05* was not stable
and broke down into sulfate, sulfide, sulfite tetrathionate, trithionate, polythionates
and polysulfides [80]. However, in the pH range of 9-12, the complex Cu(NH,),**
concentration increased with increasing NH; concentration, enabling the oxidation of
AgNPls by Cu(NHs),**. The intensity color of modified AgNPls was almost constant
above pH 11 in the presence Cu(ll). Therefore, pH 11 was selected as the optimal

value for all experiment.

3.3.3.2 Effect of the concentration of AgNPls

The effect of AgNPls concentration was investigated in the range of 40-360 pg
mL?.  As the results show in Figure 3.db, Al increased with increasing AgNPls
concentration and tends to be stable above 200 pg mL™*. Therefore, 0.8 pL of 200 pg
mL" AgNPLs was used to prepare the detection and control zone on the paper-based

sensor in future experiments.
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3.3.3.3 Effect of the concentration of S,0,> and the incubation

time

The concentration of S,05* and the incubation time have influences on the
detection of Cu(ll). The effect of the S,05* concentration was examined in range of
1.0-9.0 mM (Figure 3.4c). The Al value increased with increasing S,05° concentration
and slightly decreased above 5.0 mM. Therefore, the concentration of 5.0 mM S,05*
was selected as the optimized concentration. Furthermore, the effect of incubation
time on the Cu(ll) detection was studied. The Al increased with increasing incubation
time and remains constant above 120 sec (Figure 3.4d). This indicated that the

developed method provides a rapid measurement of Cu(ll).
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Figure 3.4 Effect of experimental conditions for Cu(ll) measurement on paper-based
sensor; (@) pH of ammonia buffer, (b) concentration of AgNPls, (c)

concentration of $,05% and (d) incubation time.
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3.3.4 Selectivity of the modified AgNPLls for the determination of Cu(ll)

In order to evaluate the selectivity of the colorimetric assay for the
determination of Cu(ll), the other environmentally relevant metallic ions including K,
Cr*, Cd?, zZn®, As™, Mn?", Co®, Pb®, A**, Ni**, Fe®, Mg*, Hg** and Bi** were
investigated under optimized conditions. The metal ions were prepared in 0.1 M
ammonia buffer at pH 11 at concentration of 100 times higher than Cu(ll). The plots
of the mean color intensity as determined by NIH ImageJ analysis of the results image
versus the concentration of metal ions are shown in Figure 3.5. As a result, only Cu(ll)
can oxidize modified AgNPls, causing the color change of the modified AgNPls from

violet-red to colorless, and this change can be monitored by the naked eye.
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Figure 3.5 The mean color intensity values of the modified AgNPls on paper-based
sensor after addition of different metal ions at concentration of 100 ng mL™
Cu(lland 10 pg mL™ others metals. Inset: The photographic images results of
colorimetric determination of metal ions (a) in solution (b) on paper-based

devices.
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In order to study the influence of other ions on the catalytic etching of AgNPls
induced by Cu(ll), competitive experiments were carried out in the presence of 100 ng
mL? Cu(l and 10 pg mL? of other metal ions including K*, Cr**, Cd*", Zn?*, As>*, Mn?*
Co?, P, A**, Ni¥*, Fe®, Mg®*, Hg?*, Bi**, SO,%, NO* and Cl. The results obtained by
measurement of the mixture solution of Cu(ll) and a common ion were not different
from Cu(ll) alone (Figure 3.6). This indicates that the proposed method offers a high

selectivity for the determination of Cu(ll).
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Figure 3.6 Effect of other common ions (10 pg mL™) on the determination of 100 ng
mL™" Cu(ll). Inset: corresponding photographs of the paper-based sensor at

the detection zone after addition of Cu(ll) and Cu(ll) with various other

common ions.

3.3.5 Analytical performance

The performance of the developed method was evaluated for the quantitative
detection of Cu(ll). Under the optimized conditions, the color intensity values of
modified AuNPls at the detection zone on paper-based devices were examined at

room temperature in the presence of Cu(ll) in rage of 0-350 ng mL™. The pinkest of
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the violet colors at the test zone changed to colorless after adding Cu(ll) to over 0.1
ng mL, and these results can easily be distinguished by the naked eye as shown in
Figure 3.7a. The plots of the mean intensity and concentration of Cu(ll) show a
reasonable linearity in the range of 0.5-200 ng mL™ (R? = 0.9974), with a LOD and LOQ
of 0.35 and 1.16 ng mL’", respectively (Figure 3.7b), which is lower than that obtained
from the other nanoparticles. (Table 3.1). The obtained LOQ values are lower than
the maximum allowable levels of 1.30 ug mL™ in the United States for drinking water

(3], and ~2.00 ug mL™" in Thailand for surface water (4]
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Figure 3.7 (a) Corresponding photographs of the paper-based sensor at detection zone
for detection of Cu(ll)at various concentrations. (b) The plot of the mean
intensity of the AgNPls color determined by photograph analysis using NIH
ImageJ vs. Cu(ll) concentration (0-350 ng mLY). Inset: linear regression

analysis and best fit line in the concentration range of 0.5-200 ng mL™ Cu(ll).
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3.3.6 Semi-quantitative determination of Cu(ll) in real samples

To demonstrate the utility of our approach, the developed devices were evaluated for
detecting Cu(ll) in real samples, including mineral water, groundwater, tomato, rice and
blood samples. Cu(ll) was spiked into the samples at concentration levels of 10, 50
and 100 ng mL""and was measured using the developed devices. The recovery results
are shown in Table 3.2, the recoveries and %RSDs of Cu(ll) were found in the range of
92.60-119.01 % and 0.87-9.16 %, respectively, which suggests that this method is
reliable. In addition, the unknown samples were then determined by both the
developed method and the standard method, i.e., inductively coupled plasma optical
emission spectrometry (ICP — OES) (Table 3.3). The results from the developed method
were in good agreement with those from the ICP — OES method (paired t-test at the
95% confidence level gave tecuated (1.346) below t i at t = 2.776 with 4 degrees of
freedom). These results indicate that the developed paper-based colorimetric sensor
that is based on the thiosulfate catalytic etching of AgNPls is applicable for Cu(ll)

detection in real samples.
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Table 3.3 Determination of Cu(ll) in real samples using paper-based b colorimetric

sensor based on thiosulfate catalytic etching of AgNPls at room temperature

Sample Proposed method (n=38) Standard method © (n=3)
Drinking water 14.26 + 0.92 ng mL™* 13.75 + 0.39 ng mL™
Groundwater 30.93 + 1.56 ng mL™ 29.48 + 0.18 ng mL™
Blood 34.27 + 1.72 ng mL™ 27.10 £ 0.08 ng mL™
Tomato 2.10 + 0.47 ng mg™ 2.18 + 0.14 ng mg™
Rice 4.37 + 1.08 ng mg™ 4.13 + 0.09 ng mg™

? Inductively coupled plasma optical emission spectrometry (ICP-OES)

3.4 Conclusion

A paper-based device with a highly sensitive and selective colorimetric assay
that is based on the catalytic etching of modified AgNPLls by thiosulfate was developed
for the rapid detection of Cu(ll). The developed sensor was easily fabricated by a wax
screen printing method. In the presence of Cu(ll), the color of modified AgNPls changed
from pinkish-violet to colorless at the detection zone and the change can be easily
detected by the naked eye. The approach demonstrated good selectivity for Cu(ll)
against other metal ions. For semi-quantitative analysis, the color intensity values of
the paper-based sensor photograph were digitized by NIH ImageJ software to obtain
the calibration curve. The color intensity values are linear with the concentration of
Cu(ll) ranging from 0.5-200 ng mL™ with a coefficient of 0.9974, and shows good
sensitivity with a LOD = 0.35 ng mL™. Furthermore, this method was successfully used
for the determination of Cu(ll) in real samples (mineral water, groundwater, tomato,
rice and blood). The developed paper-based colorimetric sensor that is based on the
thiosulfate etching of silver nanoplates has great potential for the low-cost, rapid,

simple, portable, highly sensitive and selective determination of Cu(ll) levels.
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Abstract

A bismuth-modified electrode can increase the sensitivity of lead and cadmium
detection. However, use of a bismuth-modified electrode in the detection of copper
remains limited because the bismuth signal overlaps with the signal for copper. In this
study, a new microfluidic paper-based analytical device (UPAD) coupled with dual
electrochemical and colorimetric detection was developed to obtain high sensitivity
and specificity for the simultaneous determination of lead, cadmium and copper. The
UPAD is divided into two parts. The first part is electrochemical detection for the
determination of lead and cadmium using a bismuth-modified, boron-doped diamond
electrode (Bi-BDDE). The limit of detection was 0.1 ng mL™ (for both metals). The
second part is colorimetric detection for the determination of copper based on the
catalytic etching of silver nanoplates (AgNPLs) by thiosulfate (S,05%). The color of
AgNPLs on UPAD changed from pinkish violet to colorless after the addition of copper;
this change can be monitored by naked eyes and its detection limit was 5.0 ng mL™
by the Image J analysis. The proposed method was applied for the simultaneous
determination of these three metals in real samples and no significant differences in

accuracy and precision were observed compared to the standard method.

Keywords: lead, cadmium, copper, microfluidic paper-based analytical device, dual

detection
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3.5 Introduction

Heavy metal ions are hazardous pollutants to living organisms that can
accumulate in the human body via the food chain and cause adverse effects on the
immune, central nervous and reproductive systems [85]. Metal ions such as lead
(Pb(I)), cadmium (Cd(I1)), copper (Cu(ll)), mercury (Hg(ll)), and zinc (Zn(ll)) are serious
hazards that cannot be degraded in the environment. Therefore, a rapid, sensitive,
and simple method for the determination of these trace heavy metal ions is critically
important.

Several techniques for the determination of trace heavy metal ions, including
atomic absorption spectroscopy (AAS) [86], inductively coupled plasma-mass
spectrometry (ICP-MS) [87] and inductively coupled plasma optical emission
spectrometry (ICP-OES) [88], are available. However, these techniques have some
drawbacks; they are time-consuming, costly and require complex and expensive
instrumentation.  Therefore, they are unsuitable for field analysis.  Currently,
electrochemical detection has attracted extensive attention due to their intrinsic
advantages of simplicity, portability, low cost, high sensitivity, and excellent selectivity
[89]. Early electroanalytical methods were frequently conducted with hanging mercury
drop electrodes [90] and mercury-film working electrodes [91]. However, the toxicity
of mercury and mercury salt for humans and the environment has significantly
hindered the use of this electrode. Currently, the bismuth-modified electrode has
attracted considerable interest because its behavior is similar to the behavior of a
mercury-film electrode and presents significantly low toxicity [92]. Bismuth film
electrodes, formed by electrochemical deposition on substrates, including glassy
carbon electrodes [93], screen-printed carbon electrodes (SPCEs) [94], carbon paste
electrode (CPEs) [95] and boron doped diamond electrodes (BDDEs) [96]. Among these
electrode substrates, the BDDEs offers the most favorable electroanalytical properties.
These beneficial properties include a wide potential window, a low backeround
current, chemical inertness, and the readily renewable surface of the BDDEs [97].
Therefore, the BDDEs is a potentially ideal substrate electrode for the application of a

bismuth- modified electrode.
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Cu(ll) is commonly detected in environmental samples, which poses a problem
for the environmental analysis of a trace heavy metal. The use of a bismuth-modified
electrode for the detection of Cu(ll) remains limited because the signal of stripping
bismuth overlaps with the signal of Cu(ll) [98, 99]. Therefore, the simultaneous
determination of Cu(ll) in samples with other trace heavy metals is important and
challenging. Based on this problem, the development of a simple colorimetric
detection to the simultaneous determination of Cu(ll) with trace heavy metals (Pb(ll)
and the detection of Cd(ll)) using a bismuth-modified boron doped diamond electrode
(Bi-BDDE) is our primary objective.

In 2007, the concept of a microfluidic paper-based analytical device (UPAD) was
developed by the Whitesides group [15]. The YPAD is a new alternative device that
can be applied to food analysis, environmental monitoring, and clinical diagnosis due
to their advantages of simplicity, high throughput, disposability, low sample and
reagent consumption, low cost, and portability [18, 20, 41, 100]. Several detectors of
WPADs are proposed: for example, colorimetry [41], electrochemical [18],
chemiluminescence [100], electrochemiluminescence [20] and electrical [47] methods.
These techniques have advantages and disadvantages in terms of sensitivity, simplicity
and cost-effectiveness. Recently, an interesting sensing approach for yPADs involved
the realization of a dual-detection device. The first hybrid paper-based device, which
consisted of colorimetric and electrochemical detection, was proposed for the
simultaneous detection of Au(lll) and Fe(lll) in industrial waste solutions [71]. Although
hybrid detection instruments are a feasible alternative to single-type sensing assays,
they require multiple readout mechanisms.

The objective of this study is to develop pPADs combined with dual
electrochemical and colorimetric detection for high sensitivity, specificity, rapidity,
simplicity, portability, and the simultaneous determination of Pb(ll), Cd(Il) and Cu(ll).
Electrochemical detection with bismuth-modified boron doped diamond electrodes
(Bi-BDDEs) was employed to measure Pb(ll) and Cd(ll), whereas colorimetric detection
for the determination of Cu(ll) based on the catalytic etching of silver nanoplates
(AgNPLs) by thiosulfate (S,05%7) [101] was proposed. In the presence of Cull), the

catalytic etching system induced a distinct decrease in the size of the AgNPls and
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concomitantly produced a red-shift with a pinkish violet to colorless change. The
proposed devices were successfully applied to the simultaneous determination of

Pb(ll), Cd(I) and Cu(ll) in real samples.

3.6 Experimental
3.6.1 Reagents and apparatus

Standard solutions of 1000 ug mL™ Pb(l), Cd(l), Hedl), Bidll), As(ll), Co(ll) and
Zn(ll) were purchased from Spectrosol (Poole, UK), and standard solutions of 1000 ug
mL Ni(ll) and Al(Ill) were purchased from Merck (Darmstadt, Germany). Copper sulfate
(CuSQq4, BDH, UK), ammonium hydroxide (NH,OH, BDH, England), sodium thiosulfate
(Na,S,0s, Sigma-Aldrich, Missouri), hexadecyltrimethylammonium bromide (CTAB,
Sigma-Aldrich, Missouri), magnesium sulfate (MgSQO,4, Sigma-Aldrich, Missouri),
manganese chloride (MnCl,, Sigma-Aldrich, Missouri), ammonium dichromate
((NH4),Cr,05, Sigma-Aldrich, Missouri), ammonium chloride (NH,Cl, Ajax, Australia), iron
chloride hexahydrate (FeCl;.6H,0, Merck, Germany), sodium chloride (NaCl, Univar,
Redmond, WA) and potassium chloride (KCl, Univar, Redmond, WA) were used as
received. All chemicals were analytical-grade chemicals. Ultrapure water (resistivity >
18.2 MQ.cm at 25 °C) was used to prepare all aqueous solutions (obtained from a
Millipore Milli-Q purification system).

Electrochemical measurements were performed using a model—the PGSTAT
101 Autolab Electrochemical System—controlled with the NOVA software package
(Kanaalweg 29-G 3526 KM Utrecht, The Netherlands). A three-electrode system, in
which a silver/silver chloride paste 70/30 (Gwent Electronic Materials Ltd., UK) served
as the reference electrode, a carbon ink (Acheson, California, USA) served as the
auxiliary electrode and BDDE served as working electrode, was employed. The screen-
printed block was fabricated by Chaiyaboon Co. Ltd. (Bangkok, Thailand). The
absorbance measurement was conducted by a UV-visible spectrophotometer (HP
HEWLETT PACKARD 8453, UK) using a 1.0 cm path length quartz cell. Transmission
electron microscopy (TEM) was recorded by an H-7650 transmission electron

microscope (Hitachi Model, Japan).
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3.6.2 Design and fabrication of the yPAD

The design of the wax-patterned paper, including the electrochemical
detection zone (cycle, diameter = 1 cm), the colorimetric detection zone (cycle,
diameter = 3 mm), the channel connection among the electrochemical detection
zone, the colorimetric detection zone (channel, 1 x 1 mm) and the reference color
zone (cycle, diameter = 3 mm), as defined in Figure 3.8a, was created using Adobe
Illustrator software (Adobe Systems, Inc.). The wax-pattern was printed onto Whatman
grade 1 filter paper using a solid-wax printer (Xerox Color Qube 8570, Japan). After
printing the wax pattern, the printed paper is placed on a hot plate and the wax on
the filter paper is melted and spread throughout the thickness of the filter paper. The
wax-covered area was hydrophobic, whereas the area without wax was hydrophilic.
For the electrochemical detection zone, the two electrodes were fabricated on wax-
patterned paper using the screen-printing method, carbon ink served as the counter
electrode and silver/silver chloride ink served as the reference electrode (Figure 3.8a).
After each printing step, the wax-patterned paper was cured in the oven at 65 °C for
30 min. The finished product is shown in Figure 3.8a. To complete the device, a BDD
electrode was attached to the wax-patterned paper using 8 mm-punched double-
sided adhesive tape, and the modified AgNPls at 0.8 uL were dropped onto the
colorimetric detection zone and the reference color zone. All fabrication procedures

of the pPAD are shown in Figure 3.8b.
3.6.3 Electrochemical detection of Pb(Il) and Cd(ll)

Anodic stripping voltammetry (ASV) was chosen for the determination of trace
heavy metals due to its high sensitivity, simplicity, speed, low cost and low detection
limits [102]. ASV measurements were performed with in situ bismuth film preparation.
For the analytical procedures, 50 pL of the mixture between 2 pg mL™ Bi(lll) and
appropriate amounts of Pb(ll) and Cd(ll) in 0.2 M NaCl solutions (pH 6.0) was added to
the electrochemical detection zone of UPAD, which caused the solution flows through
the channels to the colorimetric detection zones, whereas the solution covered the
three electrodes. A preconcentration was performed at -1.2 V for 120 s, where Bi(lll)

and the target metals were simultaneously deposited on the surface of the electrode.
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After the accumulation time, the voltammogram was recorded between -1.2 V and 0.2

V (Figure 3.8c). All experiments were conducted at room temperature (25 °C).

A. Wax-pattered paper

Colorimetric detection zone

/
"4

y o Reference color zone

o

#= Electrochemical
detection zone

= Counter clectrode

e 3 o0

Reference electrode

B. Fabrication procedure for the PAD

Wax-patterned paper %

8 mm- punched
double-sided

adhesive tape
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(Boron-doped

diamond electrode)

The microfluidic paper-
based analytical dev ‘v

Drop reagent onto v
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C. Analytical procedure for metal assays
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Drop 50 uL of sample onto \.J
electrochemical le%

g

Electrochemical detection of Pb(I1) and Cd(1I)

Colorimetric detection of Cu(Il)

Figure 3.8 Drawings of uPAD coupled the dual electrochemical/colorimetric detection
Schematics of the fabrication procedure for a uPAD (b). Analytical

(a).

procedures for the simultaneous determination of Pb(ll), Cd(ll) and Cu(ll) (c).
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3.6.4 Colorimetric detection of Cu(ll)

AgNPls were synthesized by the reported procedure using the chemical
reduction process [76]. Sodium borohydride and methyl cellulose solution served as
the reducing agent and the stabilizer, respectively, and the shape transformation was
achieved using a 30% H,0O, solution. AgNPLls solutions were obtained from the Sensor
Research Unit at the Department of Chemistry, Faculty of Science, Chulalongkorn
University. For the modification of AgNPLs, 200 ug mL™ AgNPLs solution was prepared
from the dilution of 1000 ug mL™" AgNPls stock solution with 0.1 M ammonia buffer at
pH 11. Subsequently, 10 pL of 0.1 M CTAB was added to 1 mL of 200 ug mL™* AgNPLs.
Sequentially, 5 pL of 1.0 M Na,S,05 were added to the CTAB-capped AgNPLs followed
by incubation of the mixture for 5 min at room temperature. To complete the
measurement, 0.8 pyL of modified AgNPls solution was added to the colorimetric
detection zone, and 50 pL of standard/sample solution were added to the
electrochemical detection zone of UPAD; the solution flowed into the colorimetric
detection zone by capillary force. The color change in the test zone was observed
within 120 s. A digital camera (Cannon EOS 1000 D1, Japan) was used to record a uPAD
image of the colorimetric measurements. All experiments of colorimetric detection
were performed in a light control box. For the quantitative analysis, the color intensity
of the colorimetric detection area on a PYPAD was measured using Imagel) 1.45s

(National Institutes of Health, USA).

3.6.5 Simultaneous determination of Pb(ll), Cd(Il) and Cu(ll) in real

samples
3.6.5.1 Stream water and groundwater

Stream water (collected in Saen Saep stream, Bangkok, Thailand) and
groundwater (collected in Suphanburi, Thailand) were filtered through a 0.45 pm
membrane filter to remove suspended particles. Subsequently, 2 mL of each sample

solution was transferred to a volumetric flask and diluted to 10 mL with 0.2 M NaCl.
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The pH of the sample solutions was adjusted to pH 6.0 by the addition of NaOH

solution prior to analysis using the proposed devices.

3.6.5.2 Rice and fish

The commercial rice and fish samples were purchased from a local market.
The treatment process was performed according to published literature with slight
modifications [103]. The sample (rice or fish) was grinded by a blender machine into
a fine powder for the rice sample or small pieces for the fish sample. Subsequently,
0.2 g of the sample (rice or fish) was digested with 3 mL of the mixture of HNO5 and
HClO, (1:1). The samples were heated at 100 °C for 4 h to digest the samples and
evaporate the solvent. Then, 10 mL of 0.2 M NaCl was added and heated until a clear
solution was formed (~1 h). The residue was adjusted to 10 mL with 0.2 M NaCl (pH
6.0), and the resulting mixture was filtered through a membrane with a pore size of
0.45 pum. Prior to measurement, the pH of the digest solutions was adjusted to pH =

6.0 by adding an appropriate amount of NaOH solution.

3.7 Results and discussion

3.7.1 Comparison of the electrochemical response between Bi-BDDEs and

Bi-SPCEs

In previous study, the authors discussed the attractive stripping behavior of
bismuth-coated electrodes for trace measurements of Pb(ll) and Cd(ll). Figure 3.9
shows the ASV analytical characteristics from use of a screen printing carbon electrode
(SPCE) and a BDDE by in situ plating bismuth film on paper devices. The stripping
voltammograms were recorded using 0.2 M NaCl (pH = 6.0), which contained 50 ng mL
! Pb(l) and Cd(Il) and 2 pg mL™" Bi(lll). The stripping peaks were observed at -0.85 V
and -0.58 V for Cd(Il) and Pb(ll), respectively, at both bismuth-modified SPCE and BDDE.
The bismuth-modified electrodes exhibited superior voltammetric performance, and
yielded well-defined, sharp and separated stripping peaks for both Pb(ll) and Cd(ll).

The improved stripping responses at the bismuth-modified electrodes can be



52

attributed to the fact that bismuth can form “fused” alloys with Pb(ll) and Cd(ll), which
renders them ready to be reduced [104, 105]. However, the stripping peaks at the Bi-
BDDE (solid line) were significantly higher than the stripping peak current that was
observed on the Bi-SPCE (dotted line) by four-fold and five-fold for Pb(ll) and Cd(ll),
respectively. This suggests that the use of a BDD electrode can enhance the sensitivity

for the determination of Pb(ll) and Cd(ll) with the proposed uPAD.

Bi(I1I)
100 1

——-SPCE
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oD —— BDDE

80 1
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Potential (V) vs Ag/AgCl

Figure 3.9 Anodic stripping voltammograms of 50 ng mL-1 for both Pb(ll) and Cd(ll) in
0.2 M NaCl (pH = 6.0) on Bi-SPCE (dotted line) and Bi-BDDE (solid line). The

accumulation potential was -1.2 V, and the accumulation time was 120 s.

3.7.2 Colorimetric detection of Cu(ll)

For the determination of Cu(ll) in parallel to the electrochemical measurement,
a highly selective and sensitive colorimetric sensor based on the catalytic etching of
silver nanoplates (AgNPLs) with thiosulfate (S,05°7) was developed. As shown in Figure
3.10a, the addition of Cu(ll) and S,05*" to AgNPls caused a reduction in the sizes of the

AgNPLs and a distinct change of color from pinkish violet to colorless after the addition
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of Cu(ll). These results explain that S,05°" can be strongly adsorbed to the surfaces of
the AgNPLs to form the Ag(S,05),” complexes in the presence of dissolved oxygen and
the complexes immediately generated a passive layer on the surface of AgNPls. For
this reason, the etching reaction slowly occurred because the surfaces of the AgNPls
was blocked by the passive layer. In the presence of Cu(ll), the etching rate of this
reaction can be accelerated by forming Cu(S,05);”, and the complexes can also be
oxidized to Cu(ll) by dissolved oxygen (eq. 3.2.1). To understand the role of Cu(ll) in
the catalytic etching of AgNPLls, the absorption spectra of AgNPls was monitored for
the conditions of varying Cu(ll) concentrations, as shown in Figure 3.10b. The CTAB-
stabilized AuNPLs (CTAB/AuUNPLs) in ammonia buffer exhibited the absorption spectra
located at 563 nm (curve a). For the addition of S,05* solution, the absorption spectra
of CTAB/AUNPLs are blue-shifted (A = 522 nm) and absorbance-decreased (curve b);
therefore, the color of the CTAB/AUNPLs solutions changed from blue to pinkish violet.
In the presence of Cu(ll), the absorbance at 522 nm decreased when the concentration
of Cu(ll) increased (curves c and d). The color of the solutions gradually changed from
pinkish violet to colorless. For the detection of Cu(ll) on uPAD, 0.8 pL of the modified
AgNPls was added to the colorimetric detection zone. The sample solution at 50 pL
was subsequently dropped on the electrochemical detection zone and the solution
flowed outward via capillary forces to the colorimetric detection zones. The color at
the colorimetric detection zones changed from pinkish violet to colorless as the
concentration of Cu(ll) increased, which could be monitored by the naked eye after

120 s.

A + 55,05 + Cu* —————>  Cu(S,05)5" + Ag(S,05),> eq3.4

1 |

O,

As shown in the TEM images, the size of the initial AgNPls was ~30 nm (Figure
3.10c). The size of the AgNPls reduced to ~15 nm with the addition of Cu(ll) after

incubation for 5 min at room temperature (Figure 3.10d), which indicates that Cu(ll) can
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accelerate the etching rate of the AgNPls. The morphology and size changes of AgNPls

effectively proved the sensing mechanism.
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Figure 3.10 Schematic mechanism of sensing Cu(ll) based on catalytic etching of silver

nanoplates (AgNPLs) with thiosulfate (5,057 (a). The absorption spectra of
AgNPls CTAB/AgNPLs (a), S,05°/CTAB/AgNPLs (b), S,05* /CTAB/AgNPLs + 50
ng mL" of Cu? (curve c) and S,05”/CTAB/AgNPls + 200 ng mL™" of Cu*
(curve d) (b). The experiment was performed at room temperature, and

the UV-vis spectra was investigated after 5 min. The TEM images of S,05°

/CTAB/AgNPLs without Cu(ll) (c) and with 100 ng mL™ of Cu(ll) (d).
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To investigate the selectivity of the modified AgNPls toward Cu(ll), different
common metal ions, including 10 pg mL™ of K(1), Cr(lll), Cd(Il), Zn(I1), As(I1), Mn(l1), Co(ll),
Pb(), AU, Nin, Fedln), Mg, Hglll) and Bi(lll), were tested by this method (the
concentration at 10 pg mL! are excess amount of metal found in the environment).
As shown in Figure 3.11, only Cu(ll) (100 ng mL™) can etch the modified AgNPls and
cause the color change of modified AgNPls from pinkish violet to colorless, which

suggests that this detection system exhibited a high selectivity for Cu(ll) [68, 69].
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Figure 3.11 Mean color intensity values of the modified AgNPls on pPAD after the
addition of different common metal ions at the concentration of 100 ng
mL" Cu(ll) and 10 ug mL™ common metals. Inset: photographic images of

the colorimetric determination of metal ions on paper-based devices.
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3.7.3 Optimization of operation conditions

3.7.3.1 Optimization of the parameters for the electrochemical

detection of Pb(ll) and Cd(ll) levels

The operating conditions and parameters of electrochemical detection,
including supporting electrolyte, accumulation potential, accumulation time and
concentration of Bi(lll), were subsequently investigated. The supporting electrolyte can
affect both the electrochemical sensor and the colorimetric sensor. The preliminary
experiments were conducted with aqueous solution, including HCL, NaCl and ammonia
buffer that served as the supporting electrolyte. From the results, 0.1 M HCl (pH = 2.0)
provided a high sensitivity for Pb(ll) and Cd(ll) detection because the acidic chloride
ions are a better ligand for metal ions compared with other ions [92] (as shown in
Figure 3.12). Conversely, the intensity of detecting Cu(ll) by colorimetry was attributed
to its low sensitivity because the S,05% was not stable and broke down to form sulfate,
sulfide, sulfite, tetrathionate, trithionate, polythionates and polysulfides [80]. For the
results of ammonia buffer (pH = 9.0), the detection of Cu(ll) using a colorimetric sensor
provided a high-intensity color change. However, the sensitivity of Pb(ll) and Cd(ll)
detection decreased because the OH may be complexed with Pb(ll) or Cd(Il) by forming
Pb(OH), or Cd(OH), [106]. Thus, 0.2 M NaCl (pH = 6.0) was used throughout this study
to optimize simultaneous electrochemical and colorimetric detection using the same
solution because this supporting electrolyte provided not only high sensitivity of Pb(ll)

and Cd(ll) using electrochemistry but also a high intensity of Cu(ll) by colorimetry.
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Figure 3.12 Effect of supporting electrolyte for simultaneous determination of Pb(ll),

Cd(ll) and Cu(ll).

The effect of accumulation potential on the stripping peaks current for Pb(ll)
and Cd(ll) was individually examined over the potential range of -0.6 to -1.4 V vs
Ag/AgCl. The accumulation potential of -1.2 V vs. Ag/AgCl was optimal because it
yielded the highest stripping peak currents (Figure 3.13a). The effect of the
accumulation potential on both electrochemical detection and colorimetric detection
was examined in the range of 0-180 s. Figure 3.13b indicated that the stripping peak
currents of Pb(ll) and Cd(ll) increased with an increase in the accumulation time.
Therefore, an accumulation time of 120 s was used throughout this study. In addition,
this accumulation time provides not only high sensitivity but also a short analysis time.

Next, the effect of the bismuth film was optimized by varying the concentration
of the Bi(lll) plating solution in the range of 0.5 to 3 ug mL™. As shown in Figure 3.13c,
the stripping peak currents of the Pb(ll) and Cd(ll) increased with an increase in
concentration of Bi(lll) from 0 to 2 pyg mL™ and subsequently decreased at 2.5 - 3 ug
mL" Bi(lll) concentrations, which is probably due to the fact that the thick bismuth
film might hinder the mass transfer of both metal ions during the stripping step [107].
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Therefore, the Bi(lll) plating solution concentration of 2 ug mL™ was chosen for the

determinations of Pb(ll) and Cd(ll).

— PX(II)

PH(I) 1 cd(m

g

PI(II)

Current (pA)
Current (uA)
Current (pA)

Potential (V) vs Ag/AgCl Time (s) Concentration of Bi(Ill) (ug mL'")

Figure 3.13 Effect of experimental conditions for Pb(ll) and Cd(ll) measurement on
microfluidic  paper-based sensor; (a) accumulation potential, (b)

accumulation time and (c)concentration of Bi(lll).

3.7.3.2 Optimization of the parameters for the colorimetric

detection of Cu(ll) levels

For the system that contains 100 ng mL™" of Cu(ll), a number of parameters,
including the concentrations of the AgNPLs, concentration of S,05” and incubation time
were investigated. The difference in the color intensity values before and after the
addition of Cu(ll) (Al = lgmpe - lban) Was considered for determining the optimal
conditions. For the effect of AgNPl concentration, different concentrations of AgNPls
in the range of 100 to 900 ug mL" was investigated. The best Al was determined at
500 pg mL(Figure 3.14a). Thus, 500 pg mL™" was used in the subsequent experiments.
Then, the influence of S,0;%concentration on Al is examined and illustrated in Figure
3.14b. The Al increased with an increase in the concentration of S,05% and slightly
decreased above 5.0 mM. Therefore, the concentration at 5.0 mM S,05> was selected
as the optimized concentration. The effect of incubation time was investigated in the
range of 0 to 210 s as shown in Figure 3.14c. The Al increased linearly with an increase
in incubation time. Then, 120 s was selected as the optimum reaction time to obtain

a distinct color difference in our paper devices. Table 3.4 summarized all optimum
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experimental conditions for the simultaneous determination of Pb(ll), Cd(ll) and Cu(ll)

using the proposed pPAD.
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Figure 3.14 Effect of experimental conditions for Cu(ll) measurement on microfluidic

paper-based sensor; (a) concentration of AgNPLs, (b) concentration of S,05*

and (c) incubation time.

Table 3.4 Operating conditions and parameters for the simultaneous determination of

Pb(Il), Cd(l) and Cull).

Optimization parameter Range of study Selected

Supporting electrolyte HCL, NaCl, Ammonia NaCl
buffer pH 9

Deposition potential -0.6 to-1.4V -1.2V

Deposition time or 0to 180 s 120 s

incubation time

Concentration of Bi(lll) 0.5t0 3 pgmL™* 2 pg mLt

Concentration of AgNPls 100 to 900 g mL™* 500 pg mL™

Concentration of Na,S,05 1to 10 mM 5mM

3.7.4 Interferences

For electrochemical detection, the interference study was performed by adding
common metal ions into a standard solution that contains 50 ng L™! Pb(Il) and Cd(ll).

Using +5.0% tolerance ratios (Figure 3.15a), the results indicated that the 1000-fold
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(green-column) K(1), Mg(ll), Mn(ll), Al(lIl), 500-fold (light green-column) As(lll), Fe(lll), Cr(lll),
400-fold (yellow-column) Zn(ll), Hg(ll), Co(ll), Ni(ll) and 200-fold (red-column) Cu(ll) had
no significant effect on the signals of Pb(ll) and Cd(ll). For colorimetric detection, the
concentration of common metal ions was investigated at more than 100 times the
Cu(ll) concentration (100 ng L™t of Cu(ll) and 10 ug mLt of K1), Cr(lI), Cd(ll), Zn(Il), As(lIT),
Mn(I1), Co(ll), P, AL, Nidl), Fe(lin, Mg(ll), He(ll) and Bi(lll)). The results indicated that
the color of solution did not change to colorless after the addition of these common
metal ions, as shown in Figure 3.15b. This finding indicates that these common metal
ions did not interfere in the determination of Cu(ll) based on the catalytic etching of

AgNPLs with S,05%" using UPAD.
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Figure 3.15 Tolerance ratio of interfering ions in the electrochemical determination of
50 ng mL" of Pb(ll) and Cd(ll) (). Effect of common metal ions (10 pug mL’
Y in the colorimetric determination of 100 ng mL™* of Cu(ll) (b). Inset (b):
corresponding photographs of the paper-based sensor at the colorimetric

detection zone after the addition of Cu(ll) with various common metal ions.
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3.7.5 Analytical performance of WPAD coupled dual electrochemical and

colorimetric detection

Calibration curves for the simultaneous determination of Pb(ll), Cd(ll) and Cu(ll)
were achieved by pPAD with dual electrochemical and colorimetric detection in
optimal conditions. For electrochemical detection, the anodic stripping voltammetry
(ASV) of the different concentrations of Pb(ll) and Cd(ll) are shown in Figure 3.16. The
resulting calibration plots are linear over the concentration range from 0.5 to 70 ng
mL"! for both Pb(ll) and Cd(ll). The detection limit of Pb(l) and Cd(l), which was
calculated based on three times the signal of the background noise (3S/N), were 0.1
ng L (Pb(I1)=0.48 nM and Cd(I)=0.89 nM) for both target metals. The relative standard
deviation (RSD) for the electrochemical detection was 4.13% and 4.22% for Pb(ll) and
Cd(ll), respectively. For colorimetric detection, the increasing concentrations of Cu(ll)
in the range of 0 - 450 ng mL™, the color of the modified AuNPls on LPADs gradually
changed from pinkish violet to colorless (Figure 3.17). A linear correlation between Al
and the concentration of Cu(ll) was observed in the range from 10 to 350 ng mL™ (as
shown in inset). The method can probably discriminate the concentration of Cu(ll)
using the naked eye compared with the reference color zone. The detection limit of
the colorimetric detection was calculated based on 3sd/slope, where sd is the
standard deviation of the blank samples and the slope was obtained from the standard
correlation curve between the intensity of the signals and the concentration of Cu(ll).
The statistical analysis revealed that the detection limit of Cu(ll) was 4.12 ng mL™" or
64.8 nM, which is significantly lower than the maximum allowable levels of ~20 uM

in the United States, ~30 pM in the European Union, and ~31 pM in Thailand [108].
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Figure 3.16 Anodic stripping voltammograms and respective calibration curves or
increasing concentration of Pb(ll) and Cd(ll) (0.5 to 70 ng mL™) in 0.2 M NaCl
solution at Bi-BDDE.
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Figure 3.17 Photographs of the paper-based sensor at the colorimetric detection zone
for the detection of Cu(ll) at various concentrations (a). The plot of the
mean intensity of the color of the AgNPls determined by photograph
analysis using NIH ImageJ vs. Cu(ll) concentration (0-450 ng mL™)(b). Inset:
linear regression analysis and best-fit line in the concentration range of 10

to 350 ng mL™.
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3.7.6 Analytical application

A pPAD was successfully applied for the simultaneous determination of Ph(ll),
Cd(ll) and Cu(ll) in several samples, such as groundwater, stream water, fish and rice
samples. The results are summarized in Table 3.5; the % recovery of the spiked Pb(ll),
Cd(l) and Cu(ll) were 82.2-102.6%, 81.6-102.9% and 71.7-96.9%, respectively. The
excellent average recoveries suggest that the proposed method offers benefits for
various samples that contain Pb(ll), Cd(Il) and Cu(ll). To validate the accuracy of this
method, the results from UPAD were compared with the results obtained by
inductively coupled plasma optical emission spectrometry (ICP — OES). A paired t-test
at the 95% confidence level was performed; the statistics revealed that the t,cuated OF
Pb(ll) and Cd(l) were below tgiia (4.30), which suggests no significant difference
between the two methods and indicates the applicability and reliability of the

proposed method.
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3.8 Conclusions

A new microfluidic paper-based analytical device that combines
electrochemical and colorimetric detection was developed for the simultaneous
determination of Pb(ll), Cd(ll) and Cu(ll). The bismuth-modified boron doped diamond
electrode was employed as a working electrode for the highly sensitive determination
of Pb(ll) and Cd(ll). The specific determination of Cu(ll) is based on colorimetric
detection using the catalytic etching of silver nanoplates by thiosulfate. In optimal
conditions, the minimum detection limits of 0.1 ng L for both Pb(ll) and Cd(ll) were
achieved by electrochemical detection, and the minimum detection limits of 4.12 ng
mL! of Cu(ll) were achieved by colorimetric detection. The ability of the microfluidic
paper-based analytical device for the simultaneous determination of Pb(ll), Cd(ll) and
Cu(ll) in several samples was demonstrated. The results were validated using the ICP-
OES method, which confirmed the accuracy and reliability of the approach. Therefore,
the benefits of these devices are cost-effective and simple for the simultaneous
determination of Pb(ll), Cd(ll) and Cu(ll) without the need for complicated

instrumentation, which could be very useful for food and environmental analysis.
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CHAPTER IV

DEVELOPMENT OF ELECTROCHEMICAL SENSORS FOR HEAVY METAL
DETECTION

This Chapter is the development of electrochemical sensors using a
nafion/ionic liquid/graphene composite modified screen-printed carbon electrode for

the simultaneous determination of heavy metals.
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Abstract

A simple, low cost, and highly sensitive electrochemical sensor, based on a
Nafion/ionic liquid/graphene composite modified screen-printed carbon electrode
(N/IL/G/SPCE) was developed to determine zinc (Zn(ll)), cadmium (Cd(ll)), and lead
(Pb(ll)) simultaneously. This disposable electrode shows excellent conductivity and
fast electron transfer kinetics. By in situ plating with a bismuth film (BiF), the developed
electrode exhibited well-defined and separate peaks for Zn(ll), Cd(ll), and Pb(ll) by
square wave anodic stripping voltammetry (SWASV). Analytical characteristics of the
BiF/N/IL/G/SPCE were explored with calibration curves which were found to be linear
for Zn(ll), Cd(I), and Pb(ll) concentrations over the range from 0.1 to 100.0 ng mL™.
With an accumulation period of 120 s detection limits of 0.09 ng mL™, 0.06 ng mL™
and 0.08 ng mL? were obtained for Zn(ll), Cd(Il) and Pb(ll), respectively, using the
BiF/N/IL/G/SPCE sensor, calculated as 30 value of the blank. In addition, the
developed electrode displayed a good repeatability and reproducibility.  The
interference from other common ions associated with Zn(ll), Cd(ll) and Pb(ll) detection
could be effectively avoided. Finally, the proposed analytical procedure was applied
to detect the trace metal ions in drinking water samples with satisfactory results which
demonstrates the suitability of the BiF/N/IL/G/SPCE to detect heavy metals in water
samples and the results agreed well with those obtained by inductively coupled

plasma mass spectrometry.

Keywords: nafion/ionic liquid/sraphene composite, screen-printed carbon electrode,

bismuth film, zinc, cadmium, lead
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4.1 Introduction

Trace and toxic elements, such as zinc (Zn(l1)), cadmium (Cd(Il)) and lead (Pb(ll))
in various matrices, like environmental, food and biological samples have been of great
interest due to several hazardous effects that these elements could provide to
humans [109, 110]. Therefore, the determination of heavy metals in environmental,
food and biological samples has drawn significant attention due to the toxic and
nutritional effects of these elements [111]. Several analytical techniques such as
atomic absorption spectrometry (AAS) [17], inductively coupled plasma atomic
emission spectrometry (ICP-AES) [112] and inductively coupled plasma mass
spectrometry (ICP-MS) [113] are available for the determination of trace heavy metals
with sufficient sensitivity for most of applications. Usually, these methods are more

expensive and time-consuming as compared to electrochemical methods.

Electrochemical methods, especially electrochemical stripping analysis, have
been widely recognized as a powerful tool for determination of heavy metals due to
its low cost, easy operation, good specificity, excellent stability, high sensitivity and
low limit of detection [114, 115]. Mercury-based electrodes, such as mercury film
electrodes (MFE) [116, 117] and hanging mercury drop electrodes (HMDE) [118], have
traditionally been used in stripping techniques because of their advantages, like high
sensitivity, reproducibility, purity of the surface, high hydrogen overpotential, and
possibility of amalgam formation [116-118]. However, the toxicity of mercury restricts
the use of these electrodes in today's ecologically oriented analysis [119]. Numerous
attempts have consequently been made to replace mercury electrodes by alternative
electrode materials with good analytical performance and environment friendly
characteristics. The bismuth-film electrode (BiFE) was introduced around the year 2000
as an alternative to mercury electrodes due to its stripping behaviors similar to those
of mercury electrodes and the environmentally friendly nature of bismuth [120]. The
ability of bismuth to form intermetallic alloys with heavy metals, as well as its
insensitivity towards dissolved oxygen are just some of remarkable electrochemical
features of bismuth-based electrodes that stay behind their widespread use [121, 122].

The bismuth film can be constructed by electrodeposition on substrates including
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glassy carbon electrodes (GCE) [123], carbon paste electrodes (CPE) [124], boron doped
diamond electrode (BDDE) [96] and screen-printed carbon electrodes (SPCE) [92, 94].
SPCE was chosen as the electrode material in this research because screen printed
technology is a rapid and cost-reducing way to fabricate robust and solid electrodes.
It offers several advantages, among which the versatility of the design, reproducibility
in the sensor preparation and low cost production are notable, which permits the

sensors to be disposed after a single use [125, 126].

Graphene (G) has attracted attention among researchers for its properties like
extremely high thermal conductivity, sood mechanical strength, high mobility of charge
carriers, large specific surface area and outstanding electrical properties [127, 128].
lonic liquid (IL) is a promising material adopted in the field of electrochemistry. Due
to the high ionic conductivity and wide electrochemical window, it has been widely
used as electrochemical solvents and electrode modifiers for the fabrication of sensors
[129, 130]. Recently, a synergistic effect of G and IL composite modified SPCE can
enable a sensitive determination of heavy metals [131, 132]. To enhance the detection
sensitivity towards heavy metals, Nafion (N), a perfluorinated sulphonated cation
exchanger with properties of excellent antifouling capacity, chemical inertness, and
high permeability to cations, has been extensively employed as an electrode modifier
for organic molecules [103, 133]. The integration of G, IL and N could elicit synergistic
effects in the electrochemical applications. Thus, G, IL and N composite could be
used as a kind of robust and advanced electrode material for the determination of

heavy metals.

In the present work, a graphene, ionic liquid (1-butyl-2, 3-dimethylimidazolium
tetrafluoroborate) (IL) and Nafion composite and bismuth film-modified screen-printed
carbon electrode, was developed. Tetrafluoroborates usually show good combined
properties of high electric conductivity and electrochemical stability; for this reason 1-
butyl-2,3-dimethylimidazolium tetrafluoroborate was chosen as a proper candidate for
our studies whose moderate lipophilic properties should cope well with graphene
[134]. After in situ deposition of the bismuth film, the sensor was applied to determine

traces of Zn(ll), Cd(ll) and Pb(ll) by square wave anodic stripping voltammetry (SWASV).
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Finally, this highly sensitive, simple and low-cost sensor was applied to the

determination of Zn(ll), Cd(ll) and Pb(ll) in drinking water samples.

4.2 Experimental
4.2.1 Apparatus

Voltammetric experiments were performed using an Autolab electrochemical
system with a potentiostat PGSTAT 128 (EcoChemie, Utrecht, Netherlands) controlled
by the NOVA 10.1 software. The three-electrode system consisted of a Nafion/ionic
liquid/graphene/screen-printed carbon electrode (N/IL/G/SPCE) as the working
electrode, an Ag/AgCl/sat.KCl electrode as the reference and a platinum wire as the

auxiliary electrode.

4.2.2 Reagents

Industrial-quality graphene was obtained from ACS Material, LLC (Medford,
USA). The ionic liquid 1-butyl-2, 3-dimethylimidazolium tetrafluoroborate, Nafion (5 %
in lower alcohols), N,N-dimethylformamide (DMF) and sodium acetate (CH;COONa)
were purchased from Sigma-Aldrich (Buchs, Switzerland). Stock solutions of Zn(ll),
Cd(l), Pb(ll), phosphate (PO,”), chloride (Cl), sulphate (SO4%), fluoride (F), calcium
(Call)), potassium (K(1)) , magnesium (Mg(I1), iron (Fe(lll)), arsenic (As(lI)), mercury (Hg(ll),
copper (Cull)), cobalt (Co(ll)), and nickel (Ni(ll)) in concentrations 1000 mg L were
purchased from Carl Roth GmbH + Co. KG (Austria). The stock solutions of bismuth
(Bi(ll)) and manganese (Mn(Il)) (1000 mg L) were obtained from CPI International (USA).
Acetic acid was purchased from Merck (Darmstadt, Germany). All reagents were of
analytical grade, and were used without further purification. All solutions were
prepared using ultra-purified water (>18 MQ cm) refined by a cartridge purification

system (Millipore, UK).
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4.2.3 Preparation of the N/IL/G casting solution and fabrication of the

modified electrode

To prepare the N/IL/G composite, 1.0 mg of the graphene was dispersed in 1.0
mL of DMF by ultrasonic agitation for about 2 h. Next, 0.5 % (m:v) of the ionic liquid
and 0.1 % (v:v) of the Nafion solution were added to the graphene dispersion and
sonicated for further 30 min. The N/G composite and the IL/G composite were
prepared under the same experimental conditions but without adding the IL and N,

respectively.

SPCEs were prepared by printing carbon ink (Acheson, USA) onto a ceramic
substrate (Coors Ceramic, Chattanooga, TN, USA). The printed electrode was allowed
to dry in an oven at 55 °C for 1 h. After that, 5 mm diameter-punched adhesive tape
was attached to the working electrode for the fit surface area of sensor (area = 0.196
cm?) (Figure 5.1). For the electrode modification by drop-casting, 1.0 pL of the N/IL/G
composite solution was dropped onto the working electrode and allowed to dry

completely at room temperature for approximately 10 min.

5 mm diameter-punched
adhesive tape

N/IL/G composite solution

Fit surface area Attaching Drop-casting modification

Figure 4.1 Schematic drawing of the electrochemical sensor fabrication and drop-

casting modification

4.2.4 Electrochemical measurements

Cyclic voltammetry (CV) and square wave anodic stripping voltammetry
(SWASV) were carried out in a 10 mL electrochemical cell. For the determination of
Zn(ll), Cd(II) and Pb(ll) square wave voltammograms were recorded in 0.1 M acetate

buffer solutions pH 4.5 in the presence of 200.0 ng mL™ Bi(lll). Standard solutions of
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Zn(ll), Cd(I) and Pb(ll) were added to the cell and the mixed solution was stirred at a
potential of -1.4 V for 120 s. Following the preconcentration step, the stirring was
stopped. After 5 s of quiescence time, square wave stripping voltammetric
measurement was performed by a potential scan from -1.4 V to +0.2 V with a
frequency 25 Hz, a pulse amplitude 20 mV and a potential step of 5 mV. To obtain
reproducible results the electrode was regenerated by polarizing the electrode at +0.3

V for 60 s prior to the next cycle.

4.2.5 Sample preparation

Drinking water samples were bought from a local supermarket (Graz, Austria).
These samples were filtered through a 0.45 pm filter. Generally, 2.0 mL of drinking
water sample was mixed with 8.0 mL of 0.1 M acetate buffer (pH 4.5) and then analysed
by the optimized square wave anodic stripping voltammetry (SWASV) method.

4.3 Results and discussion
4.3.1 SEM characterization of the prepared electrodes

The scanning electron microscopy (SEM) of SPCE, G/SPCE and N/IL/G/SPCE are
shown in Figure 4.2. The surface of the SPCE was predominated by isolated and
irregularly shaped graphite flakes and separated layers were seen (Figure 4.2a).
Therefore, the charges could not be transferred along the vertical direction of planes
because of the block of non-conductive binder. The SEM image of N/IL/G/SPCE
showed more uniform surface (Figure 4.2b). As a liquid with good conductivity and
high viscosity, IL and N are capable of better dispersing the G in the paste than the
conditional paraffin, thus, could better bridge the G sheets together. Thus, the
conductive performance of the N/IL/G/SPCE was notably improved due to a mixed

carbon-ionic contribution.
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Figure 4.2 SEM images of surface morphologies of SPCE (b) and N/IL/G/SPCE (b)

4.3.2 Electrochemical characterization of the prepared electrodes

Cyclic voltammetry can provide interface information of the electrode surface
in dependence of the modification process. The cyclic voltammetric behaviors of 1.0
mM Ks(Fe(CN)¢] containing 0.1 M KCl at different electrodes were studied at a potential
scan rate of 100 V s (Figure 4.3a). On the bare SPCE (curve a), a pair of weak redox
peaks with the peak-to-peak separation (AEp) of 0.31 V was observed, indicating the
lethargic electron transfer rate at the interface. On the G/SPCE (curve b), a pair of well-
defined peaks appeared with a peak potential separation AEp of 0.28 V. On the
N/G/CPE (curve c), a higher peak current than that on both SPCE and G/SPCE was
observed, but AEp extended to 0.39 V which is due to the presence of a membrane
which deteriorates the diffusion process. The presence of the ionic liquid in IL/G/SPCE

(curve d) causes well-defined and enhanced redox peaks with a small AEp of 0.22 V,
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which could be ascribed to the high ionic conductivity and maybe an electrocatalytic
activity of the IL. After N was added to the IL/G/SPCE, the anodic and cathodic peaks
current even improved showing a AEp of 0.20 V, indicating that the ionic liquid slightly
overcompensates and synergically improves the otherwise negative influence of the

Nafion membrane in the N/IL/G/SPCE (curve e).

The relative peak separations, Y = (Epa~Epc)/0.058, and anodic to cathodic peak
current density ratios (l,,/Io) are given in Table 4.1. The theoretical Xo—values for this

redox reaction is 1. The closer the Xo—values are to the theoretical value, the faster
the electron transfer kinetics on the electrode [135, 136]. The N/IL/G/SPCE electrodes
showed a value of 3.45, which is closer to the theoretical value and much smaller

than 5.34 for the bare SPCE.

The effective surface area of the N/IL/G/SPCE was evaluated using Ks(Fe(CN)]
as a probe based on the Randles-Sevcik equation. The experiment was performed
with a 1.0 mM K5(Fe(CN)4] solution at various scan rates (Figure 4.3b). For a reversible

process, the following equation can be utilized [137]:

he=2.69 x 10° x (Dy) - A-V? . n?? . C, eq. 4.1

where I, is the reduction peak current, D, is the diffusion coefficient of Ks(Fe(CN)4]
(cm? s1), A is the apparent electrode area (cm?), V is the scan rate (V s, n is the
electron transfer number and C, is the concentration for Ks(Fe(CN)s] (mol cm™), in
consequence, the calculated effective surface area of the modified electrode is
estimated as 0.648 cm?. This surface is about 2.9 times that of the bare SPCE assuming

that the diffusion coefficient is unaltered by the ionic liquid and the membrane.



Table 4.1 Influence of the modifiers on the characteristics of the electrode

Electrode AEp V) XO loa/lpc
SPCE 0.31 5.34 1.12
G/SPCE 0.28 4.83 1.17
N/G/SPCE 0.39 6.72 1.28
IL/G/SPCE 0.22 3.79 1.15
N/IL/G/SPCE 0.20 3.45 1.08

14

Figure 4.3b shows the cyclic voltammogram of the N/IL/G modified SPCE at

different scan rates (20-200 mV s™). The oxidation and reduction peak current increases

with the increasing scan rates. Further, the oxidation and reduction peak current

exhibits a linear dependence on the square root of the scan rate (Figure 4.3b inset) in

the range of 20-200 mV s™. The result suggests that the kinetics of the overall process

is mainly controlled by diffusion.
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Figure 4.3 Cyclic voltammograms for 2 mM Ks(Fe(CN)s] in 0.1 M KCl (a) obtained with
a (curve a) bare SPCE, (curve b) G/SPCE, (curve ¢) IL/G/SPCE, (curve d) N/G/SPCE and
(curve e) N/IL/G/SPCE with a scan rate of 100 mV s % (b) at scan rates of 20 to 200 mV
s on a N/IL/G/SPCE. Inset: dependence of the peak current on the square root of the

scan rate.
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4.3.3 Electrochemical detection of Zn(ll), Cd(ll), and Pb(ll)

Figure 4.4 shows the square wave anodic stripping voltammograms (SWASVs)
of 50 ng L™* zn(ll), Cd(I) and Pb(ll) at the bare SPCE, bare bismuth film-modified SPCE
(BiF/SPCE), N/IL/G/SPCE and bismuth film-modified N/IL/G/SPCE (BiF/N/IL/G/SPCE) in
0.1 M acetate buffer solution pH 4.5. As shown, relatively small stripping current
responses are observed on the bare SPCE (curve a) due to the difficulty to deposit
target metals onto the bare SPCE surface. The BiF/SPCE (curve b) yielded peak currents
higher than those obtained with the bare SPCE, which is due to the bismuth providing
an increased surface and facilitating a better deposition due to the formation of
“fused” alloys with lead, cadmium and zinc. If graphene, Nafion or the ionic liquid
were individually spread on the electrode surface only slight increases of the signal
could be observed (not shown). An obvious increase in stripping currents could be
detected upon casting Nafion, graphene and the ionic liquid to the bare electrode
surface. (N/IL/G/SPCE, curve ¢); the improvement can be attributed to the high ionic
conductivity and ion exchange properties of the polymer and IL as well as to the
surface area increase and electric conductivity of graphene. If this electrode was
combined with in situ bismuth fil formation, the highest stripping peaks were observed
(BiF/N/IL/G/SPCE, curve d). The stripping voltammograms clearly demonstrate that the
bismuth film in combination with the N/IL/G composite possesses very attractive
electrochemical characteristics with highest sensitivity, compared with other

electrodes studied in this work.
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Figure 4.4 SWASVs of 50 ng mL? Zn(l), Cd(1) and Pb(ll) in 0.1 M acetate buffer solution
(pH 4.5) on the (a) bare SPCE, (b) Bi(ll) film-modified SPCE, (c) N/IL/G/SPCE

and (d) Bi(lll) film-modified N/IL/G/SPCE. Deposition time: 120 s. Deposition

potential: -1.4 V. Concentration of Bi(lll): 200 ng mL™.

4.3.4 Optimization of experimental parameters

4.3.4.1 Effect of concentration of G, IL and N

Different concentrations of G, IL and N that benefited the electrochemical

performance of Zn(ll), Cd(ll) and Pb(ll) were dropped on the surface of SPCE, leading to

various electrocatalytic actions. Figure 4.5 shows the stripping currents variations of

50.0 ng mL™* Zn(l), Cd(l) and Pb(Il)

with 1 pL of casting solution at different

concentrations. The stripping currents of Zn(ll), Cd(Il) and Pb(ll) first gradually increased

with rising concentration of G, IL and N casting-solution from 0.1 to 1.0 mg mL™, 0.05

to 0.5 % (m:m) and 0.01 to 0.1 % (m:v), respectively, and decreased thereafter. The

film formed by N/IL/G composite, if too thick, probably weakens the plane structure

of the N/IL/G composite and reduces the electrical conductivity. Taking all these into
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consideration, 1.0 mg mL? of G, 0.5 % of IL and 0.1 % of N composites were used to
modify the surface of SPCE. Concerning the cast volume one microliter per 0.2 cm?

seemed optimal.
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Figure 4.5 Effects of (a) concentration of graphene, (b) concentration of ionic liquid
and (c) concentration of Nafion on the stripping peaks current of 50 ng mL"
b Zn(I), Cd(IN) and Pb(ll) in 0.1 M acetate buffer solution (pH 4.5). Error bar:
n=3.
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4.3.4.2 Effect of pH, deposition potential, deposition time and

concentration of Bi(lll)

SWASV was used to study the effect of pH of the supporting electrolyte,
deposition potential, deposition time and concentration of Bi(lll) on the stripping peak
current of 50.0 ng mL™ Zn(Il), Cd(ll) and Pb(ll) (Figure 5.6). Different pH of 0.1 M acetate
buffer were tested in the range of 2.5 to 6.5. It was found that a pH of 4.5 produced
the highest stripping currents (Figure 4.6a). Thus, for further studies, 0.1 M acetate
buffer at pH 4.5 was chosen as the supporting electrolyte. A pH of 4.5 seems to be
an optimum for the deposition of bismuth and is in accordance with other literature

data [132, 138].

The effect of deposition potential on the stripping peak current of Zn(ll), Cd(Il)
and Pb(ll) was evaluated over the potential range from -1.0 to -1.6 V (Figure 4.6b). As
can be seen, the current increased by applying the potential from -1.0 to -1.4 V (vs.
Ag/AgCl), and then dramatically decreased due to hydrogen formation. Therefore, a
deposition potential of -1.4 V was choden to record the voltammograms. The
deposition time is other important parameters in stripping procedures that has a
pronounced effect on both sensitivity and the dynamic range. The results showed
that Zn(ll), Cd(Il) and Pb(ll) were accumulated on the modified electrode surface within
120 s and further time did not improve the peak current (Figure 4.6¢). In order to
achieve high sensitivity within relatively short analysis time, a deposition time of 120 s

was chosen.

The stripping peaks are affected by the thickness of the bismuth film, which
can be controlled by varying the concentration of Bi(lll) in the plating solution. The
effect of the concentration of the Bi(lll) was examined in the range from 10 to 1000 ng
mL" (Figure 4.6d). The results show that even at very low concentrations of bismuth,
the response of the modified electrode towards Zn(ll), Cd(ll) and Pb(ll) was very
sensitive. As the Bi(lll) concentration increased, the stripping peaks became more
prominent, and the stripping peak currents of Zn(ll), Cd(ll) and Pb(ll) increased only

slightly when increasing the concentration above 200 ng mL™ Bi(lll). Therefore, the
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Bi(lll) concentration of 200 ng mL™" was chosen for the simultaneous determinations of

Zn(ll), Cd(I) and Pb(l).
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Figure 4.6 Effects of (a) pH, (b) deposition potential, (c) deposition time and (d)
concentration of Bi(lll) on the stripping peaks current of 50 ng mL™" Zn(ll),

Cd(l) and Pb(ll). Error bar; n = 3.

4.3.5 Analytical performance of BiF/N/IL/G/SPCE

The analytical performance of the BiF/N/IL/G/SPCE for the determination of
Zn(I, Cd(ll), and Pb(ll) was evaluated with SWASV under the optimized experimental
conditions, and the results are shown in Figure 4.7. It can be seen that an increase in
target metals concentration is accompanied by an increase in stripping peak current.
The sensor exhibits excellent linear concentration ranges of 0.1 to 100 ng mL™ for
Zn(I, Cd(ll) and Pb(ll). Beyond these concentrations the graphs level off. The limits
of detection based on 3G value of the blank are 0.09 ng mL™, 0.06 ng mL-! and 0.08
ng mL™ for Zn(ll), Cd(ll) and Pb(Il), respectively. The obtained detection limits are very
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low and more sensitive than for the previously reported methods. Table 4.2
summarizes the linear range and the detection limits of Zn(ll), Cd(Il) and Pb(ll) by various
modified electrodes. The detection limit and linear range of the proposed electrode
are comparable with and even better than those obtained by other modified

electrodes.

The repeatability estimated in terms of the relative standard deviation (RSD %)
for ten repetitive measurements of 5.0, 30.0 and 60.0 ng mL™" of Zn(ll), Cd(Il) and Pb(ll)
were less than 8.0 %. The reproducibility with different BiF/N/IL/G/SPCE (n = 10
sensorswas always lower than 12%. These results indicate that this sensor can be
successfully applied to the simultaneous determination of heavy metal ions with

excellent sensitivity and repeatability.

80 1 100.0 ngmL-! 25 4
90.0 ng mL*!
80.0 ng mL+! ~ 201 Zn(II)
70.0 ng mL-! Cd(Im) §
70 1 60.0 ng mL! = B
5 B o
50.0 ngmL: Pb(II) £ 10
;gg ng ml]:'l © . y=02137x - 0.2278
J 0ngmL- 5 - s 2
60 o e R? =0.9963
10.0 ng mL-! 0 T T T T -
Sy i 0 20 40 60 80 100
2 50 1 1.0ng mL! 60 1
=B 0.5ngmL" ~ 50 4
\.: 0.1 ngmL-! < Cd(Il)
= g | 2 40 4
E 407 I 5 30
o} Zn(ID) ; 3 20
I y=05189x +1.9925
o i\ i\ 10 R?=0.995
i A\ | 0
‘ il 0 20 40 60 8 100
20 1 ", \| | /) "J‘ \ 40 -
/\ A\ / AN _ »{ Pb(l)
108 /\ = =
S S 5 %
E
o 104 ¥ =0.3508x + 1.0659
0 r T : : . : : . : : ) R =0.9964
-3 -12  -11 -1 -09 -08 -07 -06 -05 -04 -03 -02 0

0 20 40 60 80 100
Concentration of metal ions (ng mL")

Potential (V) vs Ag/AgCl

Figure 4.7 SWASVs of Zn(ll), Cd(ll) and Pb(ll); concentrations of Zn(ll), Cd(ll) and Pb(ll)
0.1, 0.5, 1.0, 5.0, 10.0, 20.0, 40.0, 60.0, 80.0 and 100.0 ng mL™. Other
conditions are the same as in Figure 4.3. The insets show the calibration

curves.
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4.3.6 Interference study

The effect of some possible interferents was investigated by adding them to a
solution containing 50.0 ng mL™ of Zn(ll), Cd(ll) and Pb(ll) in 0.1 M acetate butter pH
4.5. The tolerance limit is estimated to be less than 5 % of the error. The experimental
results reveal that 1000-fold mass ratios of PO,”, CU, SO,%, F, Ca?*, K*, Mg** and Mn**;
500-fold mass ratios of Fe**, As®* and Hg”* 200-fold mass ratio of Zn**, Cd** and Pb**
and 10-fold mass ratios of Cu®*, Co®* and Ni?*did not interfere with the analysis of
Zn(l), Cd(ll) and Pb(ll) (Table 4.3). Hence determination of Zn(ll), Cd(l) and Pb(ll) was
not considerably affected by common interfering species, which shows that the

method is more selective toward three target metals.

Table 4.3 Tolerance ratio of interfering ions in the electrochemical determination of

50 ng mL™" of Zn(ll), Cd(ll) and Pb(ll) on BiF/N/IL/G/SPCE.

5 % tolerance ratio (Wions/Wharget metals)

Common ions Zn(ll) cdn Pb(Il)
PO,”, Cl, SO/, F, Ca®*, K*, Mg, Mn?* >1000 >1000 >1000
Fe®*, As>*, Hg®* 500 500 500
Cu®, Co*", Ni?* Vi3 25 25
Pb?* 200 200 -
Cd** 200 - 200
Zn? - 200 200

4.3.7 Sample analysis

The BiF/N/IL/G/SPCE sensor was applied on treated drinking water samples
using the standard addition method. Recovery studies were carried out by spiking

Zn(ll), Cd(Il) and Pb(ll) to the drinking water samples (with analyte concentrations below
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the detection limit) at three concentration levels of 5.0, 30.0 and 60.0 ng mL. The
obtained recoveries of Zn(ll), Cd(ll) and Pb(ll) were in the range of 90.3 - 112.5 % (Table
5.4). The recoveries were satisfactory reasonable, which indicated the capability of the
method for determination of Zn(ll), Cd(ll) and Pb(ll) in such samples. Commercially
available drinking waters were analyzed, the results obtained by BiF/N/IL/G/SPCE were
compared with those from inductively coupled plasma-mass spectrometry (ICP-MS)
(Table 5.5). The applicability of the method to natural water matrices was additionally
confirmed with the analysis of a reference material (NIST standard reference material
1640 a, “Trace Elements in Natural Water”). The significance of the developed method
was also tested. The results thus obtained clearly reveal that the concentrations of
Zn(l), Cd(l) and Pb(ll) in the drinking samples obtained by the proposed stripping
voltammetry are in satisfactory agreement with those determined by ICP-MS and the
proposed stripping sensor has promising feasibility for trace-level determination of

Zn(I), Cd(I) and Pb(l) in even more complex samples.
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4.4 Conclusions

In this study, a Nafion/ionic liquid/graphene composite and bismuth film-
modified screen-printed carbon electrode (BiF/N/IL/G/SPCE) was developed and used
for the simultaneous determination of Zn(ll), Cd(ll) and Pb(ll) by square wave anodic
stripping voltammetry (SWASV). To the best of our knowledge, such a multiple
composite - bismuth film electrode was used for the first time as a working electrode.
The modified electrode exhibited greatly improved stripping performance for the
determination of Zn(ll), Cd(Il) and Pb(ll). This was attributed to the increased surface
area, improved conductivity and mass transfer on the electrode surface due to the
incorporation of Nafion, ionic liquid and graphene. Under optimized conditions, the
relevant calibration curves were linear in the range of 0.1 to 100 ng mL™ for three
metal ions, with a detection limit of 0.09 ng mL™, 0.06 ng mL-' and 0.08 ng mL" for
Zn(l), Cd(l) and Pb(ll), respectively, with 120 s deposition time. Good repeatability and
reproducibility of the voltammetric responses was achieved. Compared to approaches
with carbon nanotubes (21] the new type of sensor shows significantly lower detection
limits, improved baseline and signal characteristics particularly for zinc, but also for the
other analytes, and may be used simply in batch stripping analysis without sequential
injection at very low concentration levels which will favor its application to matrices
with low contents of the analytes, such as rain water. The reason for this drastic
improvement can be found in many characteristics of graphene which are superior to

CNTs, such as electric conductivity and surface area [146-149].

Furthermore, the utility of the proposed method was successfully tested by
the determination of heavy metals in drinking water samples and the results were in
satisfactory agreement with ICP-MS determination. This sensor can be used as an
excellent alternative to more expensive spectroscopic methods for the determination

of heavy metals in real sample.
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CHAPTER V

CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

The main aim of this research is to develop microfluidic analytical device
combined with colorimetric and/or electrochemical detection for determination of
heavy metals in food, environmental and clinical applications. The conclusion of this

study has been separated into 3 parts as follows:

Part I: Highly selective and sensitive paper-based colorimetric sensor using
thiosulfate catalytic etching of silver nanoplates for trace determination of

copper ions

Novel uPADs were developed for the determination of copper based on the
catalytic etching of silver nanoplates by thiosulfate. This device shows highly sensitive
and selective detection of copper in the presence of common interfering ions. Under
optimized conditions, the limit of detection was found to be 1.0 ng mL™ by visual
detection, and the sensor was exhibited an acceptable linear range of 0.5-200 ng mL"
" with detection limits of 0.3 ng mL™ by image processing. Lastly, the proposed method
was successfully applied for the quantitative determination of copper in food, water

and blood samples.

Part Il: High sensitivity and specificity simultaneous determination of lead,
cadmium and copper using JPAD with dual electrochemical and colorimetric

detection

New uPAD coupled with dual electrochemical and colorimetric detection were
developed high sensitivity and specificity for the determination of heavy metal ions.

Electrochemical detection on YPAD was applied for the determination of lead and
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cadmium using a bismuth-modified boron-doped diamond electrode (Bi-BDDE). The
limit of detection was 0.1 ng mL™ for lead and cadmium. For determination of copper,
colorimetric detection was uesd for the determination of copper based on the catalytic
etching of silver nanoplates by thiosulfate. The color of AgNPls on uPAD changed from
pinkish violet to colorless after the addition of copper. 5 ng mL™' is the limits of
detection of copper by naked eyes. This device showed simplicity, high sensitivity,
good specificity and excellent reproducibility for simultaneous determination of these
three metals in real samples. The obtained results are promising and corresponding

to results obtained from standard methods.

Part lll: Electrochemical sensors for the simultaneous determination of zinc,
cadmium and lead using a nafion/ionic liquid/graphene composite modified

screen-printed carbon electrode

The bismuth film on nafion/ionic liquid/graphene composite modified screen-
printed carbon electrode (BiF/N/IL/G/SPCE) was developed for determination of heavy
metal ions. This method exhibited a simple, low cost, and highly sensitive for
simultaneous of zinc, cadmium and lead. The linear calibration curves ranged from
0.1 to 100 ng mL™" for zinc, cadmium and lead. The detection limits were 0.09 ng mL’
! for zinc, 0.06 ng mL™ for cadmium and 0.08 ng mL™ for lead. Additionally, the results
showed a highly reproducible procedure having a relative standard deviation of 8.0 %
for 10 replicate measurements. Furthermore, the method was successfully applied to
determine these heavy metal ions in various real samples. The results were in a good
agreement with those obtained by inductively coupled plasma mass spectrometry. In
future works, the proposed sensors can be applied to be a detector for microfluidic

analytical system to obtain the portable device for field analysis.

5.2 Future works

The proposed sensors in part Il of this research is very interesting for

microfluidic analytical device because it exhibited high sensitivity and low limits of



94

detection for determination of heavy metal ions. Therefore, future works is the
combination it to microfluidic analytical device for simultaneous determination of zinc,
cadmium and lead due to high sensitivity and selectivity to obtain portability, ease of

use, small samples volume requirement, and inexpensiveness assay.
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