
Japan Advanced Institute of Science and Technology

JAIST Repository
https://dspace.jaist.ac.jp/

Title
液体電極プラズマ発光分光分析法を用いた長期間測定

のための方法

Author(s) Ruengpirasiri, Prasongporn

Citation

Issue Date 2019-09

Type Thesis or Dissertation

Text version ETD

URL http://hdl.handle.net/10119/16191

Rights

Description Supervisor:高村　禅, 先端科学技術研究科, 博士



 
 

 

 

Methods for Long Time Monitoring Using 

Liquid Electrode Plasma 

Optical Emission Spectrometry 

 

 

 

 

 

 

 

 

 

 

Prasongporn RUENGPIRASIRI 
 

Japan Advanced Institute of Science and Technology 

  



 
 

Doctoral Dissertation 

 

Methods for Long Time Monitoring Using 

Liquid Electrode Plasma 

Optical Emission Spectrometry 

 

 

 

Prasongporn RUENGPIRASIRI 

 

 

 

 

 

Supervisor: Professor Yuzuru Takamura 
 

Graduate School of Advanced Science and Technology 

Japan Advanced Institute of Science and Technology 

Materials Science 
 

September 2019



I 
 

Abstract 

Liquid electrode plasma (LEP) driven by alternating current (AC) is used as an 

excitation source for elemental analysis. LEP forms in a vapor bubble generated inside a 

narrow-center microchannel by using high-voltage power. This technique can detect metals 

with high sensitivity and high selectivity. More recently, we found the better conditions to 

generate LEP by alternating current with higher stability and significantly low damages on 

microchannel, called the new method as AC-LEP. In this plasma, an air bubble remained in the 

LEP channel during plasma generation by AC power source. The bubble is expected to affect 

plasma generation strongly. In order to investigate in detail the effect of the bubbles, we 

fabricated a microfluidic system to introduce different kinds of gas bubbles intentionally into 

the LEP channel. 

In AC-LEP, significantly less channel damage (1/3000) was reported compared to 

direct current LEP (DC-LEP). However, the mechanism has not been clear. In this paper, the 

effects of external gas introduction into AC-LEP and DC-LEP were studied. The results 

showed that the external gas bubbles facilitated stable and highly sensitive plasma generation 

with lower power, reducing channel damage and increasing the lifetime of the analysis chip. 

These effects are significant in Ar introduction and AC-LEP cases. The facts suggest that the 

lower damage in conventional AC-LEP without gas introduction is attributed to H2/O2 bubbles 

generated by hydrolysis at electrodes and consequently introduced into the LEP from outside 

of narrow channel. 

In order to increase detection efficiency, electrochemistry is one of an attractive method 

for preconcentration of heavy metal. Depending on the nature of analytes and sample matrix, 

electrochemical detection (ECD) is very sensitive and can be detected in the femtomole/L 

(10-15 M) range. In this work, the combination of two techniques for heavy metal detection was 

studied. A more chemical-specific detection condition can be acquired by selecting the suitable 

applied voltage for the oxidation and reduction potential and working electrode materials. 

Target compounds (analytes) are separated using a specific voltage in reduction reaction 

process. After separation, the compounds present at working electrode will be directly 

desorption and detection by using LEP. 

 

Keywords: Liquid electrode plasma, Electrodeposition, Elemental analysis 
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CHAPTER I 

GENERAL INFORMATION 

 

1.1 Introduction of plasma and liquid plasma source for elemental analysis 

Irving Langmuir (1928) first introduced the term “plasma” to describe a state that 

contains balanced charges of ions and electrons that make it electro-conductive. Plasma can be 

considered as one of the four fundamental states of matter, together with liquids, solids, and 

gases. Plasma is a state of matter where gas phase is activated until electrons inside atom are 

no longer connected with any particular atomic nucleus. Plasmas consisted of positively 

charged ions and unbound electrons. Plasma can be generated by heating gas until it ionized or 

by subjecting it to a concentrated high electromagnetic field. Plasma is rarely encountered in 

daily life, while the other three states of matter are common. 

The plasma is commonly found on earth, for example, lightning stroke and polar wind. 

It can exist shortly in the Earth’s atmosphere and can be generated artificially in laboratory and 

in industry. The applications of laboratory-generated plasma are electronics, lasers, fluorescent 

lamps, and many others. The main features that attracted many researchers for applications in 

physics and chemistry are high temperature compared with conventional chemical technique, 

generation of high energetic and chemically active species (e.g., electrons, ions, and radicals), 

and providing extremely high concentrations of the chemically active species while keeping 

bulk temperature as low as room temperature [1]. 

Electrical discharges in liquids generated plasmas are finding wide applicability in a 

number of modern technology areas. Many of researchers found that plasmas in liquids produce 

strongly non-equilibrium plasmas, where the electron temperatures are much larger than the 
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vapor temperature and the liquid temperature [2]. For elemental analysis in laboratory, plasma 

is often generated through electrical discharges, including glow discharges, non-thermal 

atmospheric pressure discharges, arc discharges, and other types of micro-discharges. In the 

elemental analysis area, the standard laboratory techniques are inductively coupled plasma 

optical emission spectrometry (ICP OES), inductively coupled plasma mass spectrometry (ICP 

MS), and atomic absorption spectrometry (AAS). However, these techniques are not feasible 

for on-site analysis because they require a high power supplier and supporting equipment 

(especially a nebulizer and carrier gas). Besides, these methods usually require relatively high 

cost of maintenance and operation, which is not frugality for continuous environmental 

monitoring. Therefore, the demand of miniaturized plasma sources, which are more adaptable 

in ion generation, require lower power, and are adequate for on-site administration, is 

developed. To serve this goal, liquid discharge micro-plasma becomes a good nominee. 

Overall, this study has mainly discussed on plasma that is generated by the electrical 

liquid discharge and is performed as an excitation source for optical detection of heavy metal 

ions. The generated plasmas are found in a narrow area between a sample solution and an 

electrode or in between two liquid electrodes by an application of a high and concentrated 

voltage at the atmospheric pressure. With power from discharge plasmas, the atomic lines of 

heavy metal ions in the sample solution are obtained in the emission spectrum. Thus, the 

analyte ions in the solution can be detected qualitatively and quantitatively. The principle of 

emission spectrum appearance is illustrated in Fig 1.1. Electrons with different energy levels 

surround a nucleus. Without any external energy, electrons are at ground state of each orbit. 

Once photons or external electrons through applied energy excite an atom, electrons are moved 

to the higher energy level, so called excited state. After that, the excited electrons return to the 

initial state (relaxation), characteristic wavelengths of photons are emitted. The emission light 

intensity is directly proportional to the amount of the excited atoms thus it is corresponding to 
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concentration of the analyzed target ions. The fundamental of optical emission spectrometry 

has been extensively employed for qualitative detection by characteristic wavelengths and 

quantitative detection by emission spectrum intensity. 

 

 

Figure 1.1 Mechanism of photon generation of specific wavelength in optical emission 

spectrometry. 

 

Various paper reviews [3-5] have also summed up the design of different discharge 

structures with characteristics and principle processes. Next, some example of typical liquid 

electrode discharge sources are summarized. 

 

1.1.1 Electrolyte cathode discharge atomic emission spectrometry (ELCAD-AES) 

To begin with, electrolyte cathode discharge atomic emission spectrometry, ELCAD-

AES, has become an analytical approach for elementals determination in sample solution, 
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though no commercial instrument was available at that time [6]. Since then, many efforts have 

been made for the development and studies of mechanism of glow discharge electrolysis [7-9]. 

The phenomenon of electrolysis with metal cathode and glow-plasma anode, the so-called glow 

discharge electrolysis (GDE) [10]. Cserfalvi et al. investigated that the glow discharge could 

be appeared between liquid sample surfaces in atmosphere and a metal cathode surfaces; thus, 

the plasma spectrum incorporated the atomic lines of the metals presented in the sample [11]. 

 

 

Figure 1.2 Schematic connection and separation of the GDE and the ELCAD concepts. 

[Introduced by Mezei et al. ref. 10]. 
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1.1.2 Liquid cathode glow discharge (LCGD) 

Recently, a simultaneous detection of trace Cu, Co and Ni in aqueous solution by a 

liquid cathode glow discharge (LCGD), as a micro-plasma excitation source of atomic emission 

spectrometry (AES), was established. The detection limit (LOD) of Cu, Co and Ni are 0.380, 

0.080, and 0.740 mg L−1, respectively, which are consistent with electrolyte cathode 

atmospheric glow discharge (ELCAD). Compared with ICP-AES, the LCGD-AES is compact 

in size, small power consumption, no inert gas requirement and relatively cheap in set-up. This 

showed a feasibility method as a portable instrument for on-site and real-time monitoring of 

elemental in sample solutions, as shown in Fig 1.3 [12]. 

 

 

Figure 1.3 Schematic diagram of the experiment setup for LCGD-AES system ((a): the 

experiment setup for LCGD-AES, (b): the photograph of glow discharge plasma at 640 V, 

(c): the photograph of graphite tube). [Introduced by Yu et al. ref. 12] 
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1.1.3 Solution-cathode glow discharge (SCGD) 

Webb et al. early introduced the simplified ELCAD design, which they called as 

solution-cathode glow discharge (SCGD) [13, 14]. In the solution cathode discharge system, 

solution is the cathode while a metal electrode is served as the anode. Gas is ionized when a 

high voltage is applied between the two electrodes, then plasmas appear. After that, 

volatilization of sample solution take place and the dissolved elements in solution will enter 

the plasma, followed by atomization and excitation of ions. Thus, the characteristic emission 

spectrum is finally collected. Under the optimized parameters and conditions, the limit of 

detection (LOD) was 0.032 mg L-1 calculated by 3SDBLANK/k (n = 11) [15]. Another 

advantage of SCGD is that it can be operated in an atmospheric pressure with relatively good 

performance and detection system. Other reported that detection limits for elemental species 

found in the range of 0.1 to 4 ppb. The linear dynamic range spanned more than 4 orders and 

the precision varied between 5 and 16% of relative standard deviation [16]. 

 

Figure 1.4 The configuration of the SCGD-atomic emission spectrometry device. [Introduced 

by Zu et al. ref. 15] 
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1.1.4 Dielectric barrier discharge (DBD) 

Dielectric barrier discharge (DBD) is a common non-thermal plasma, which was first 

introduced by Miclea et al. [17]. The electrical discharge progressed due to high voltage in the 

narrow area between two electrodes, and at least one of them is covered with a dielectric. 

Typical planar DBD configurations are illustrated in Fig. 1.5. Because of the presence of at 

least one dielectric barrier, these discharges require alternating voltages for their operation [18]. 

Other reports of DBD can be found in the ref. [5, 19, 20]. 

 

 

Figure 1.5 Basic dielectric-barrier discharge configurations. [Introduced by Kogelschatz et 

al. ref. 18] 

 

Liquid electrode discharge micro plasma provides a low-cost, compact platform for 

quick and direct scrutiny of metal ions in aqueous samples because of no carrier gases required 

for plasma generation. The integration of liquid electrode discharge to other microfluidics 

systems has been realized. 
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1.2 Introduction of liquid electrode plasma (LEP) optical emission spectrometry and 

principle of LEP 

Liquid electrode plasma (LEP) has a short history from its study to applications when 

compared with the other micro plasma sources for elemental analysis. This novel method 

allows miniaturizing plasma excitation source, and requires neither high power source nor 

carrier gas. Therefore, device using LEP can be made compact and portable. Iiduka et al. first 

introduced LEP-AES in 2004 [21]. LEP has been utilized as an alternative excitation source 

for the qualitative and quantitative analysis of various elements through their atomic emission 

spectrometry (AES). The channel of microchip is made narrower in between its two ends and 

contains electrolyte solution. When a voltage pulse is applied to two electrodes at both ends of 

the micro channel, concentrated electric current generates Joules heating and then water vapor 

bubble is formed. Inside of generated bubble, micro plasma is appeared from the electrical 

discharge. Elements in sample solution enter the plasma and emit their specific spectra that are 

recorded by spectrometer. The principle of LEP is presented in Fig. 1.6. LEP is as sensitive as 

conventional AES methods [22] and requires no plasma gas, low power source, and very small 

sample usage. Thus, it is useful not only for elemental analysis but also for other high sensitive 

applications by using specific element as a label [23]. 
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Figure 1.6 Principle of LEP-AES. A water bubble is generated at the center (a). Subsequently, 

plasma occurs in the bubble (b). Elements in sample solution enter the plasma and emit their 

specific spectra (c). Using an Atomic emission spectrometer, elements can be detected 

(qualitatively and quantitatively). [Introduced by Khoai et al. ref. [24]] 

 

From our reported research [24-26], some advantages of the method are proven: high 

sensitivity, no trained personnel required, low background and small sample amount [27] (40 

μL for a single measurement). Importantly, LEP-AES does not require supportive gas or 

nebulizer and it can be battery-operated. The last two specifications enable the LEP-based 

handheld device. Fig. 1.7 illustrates an ultra-compact elemental analyzer MH-5000 that has 

been developed by Micro Emission Ltd with some features. 
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Figure 1.7 An ultra-compact elemental analyzer MH-5000. (Source: http://www.micro-

emission.com/) 

 

In previous works, LEP was driven by a direct current (DC) source, where the width of 

narrow channel after the number of repeated measurements was apparently larger than that 

before the measurements by approximately 1.5 times [22]. This is due to plasma damage. 

Currently, the channel damage is a big issue that makes short chip lifetime and increase cost of 

operation, especially for continuous elemental analysis. For DC–LEP, the water bubble size is 

increased and then bubble interfered the electric flow, lastly the plasma stops [28]. In contrast, 

the video recorded by high-speed camera also showed that an gas bubble remained in the liquid 

narrow channel during plasma generation by alternating current (AC) power source. Because 

of applied voltage, the bubble expands and plasma appears inside the bubble, after that bubble 

returned to shrink form. From these above observations, alternating current-LEP (AC-LEP) 

looks to relieve channel damage very much [28], but the factors and mechanism of this 
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improvement is not clear. Therefore, it becomes more interesting to investigate in detail about 

the generated bubbles of plasma generation with AC power source. 

To sum up, LEP-OES is a novel liquid discharge based analytical technique 

extraordinarily sensitive with metals. Advantages of LEP-OES are low power consumed, 

portable, small sample usage and ease of operation. In addition, the sensitivity of the method 

can be improved by integration with other preconcentration technique, for instance, electro 

deposition. With this approach, concentration of target analyte was sufficiently high to be 

measurable. Finally, the sensitivity of LEP integrated method was improved. 

 

1.3 Introduction of heavy metal contamination 

Heavy metals contamination in nature is the main problem in many countries. The 

major threats to human health from heavy metals, such as lead, cadmium, copper and mercury, 

are associated with exposure to them. Consumption of the trace amount of heavy metals in 

water could cause a detrimental risk to human health. These metals have been widely studied 

and their effects on human health have been regularly reviewed by international organizations 

such as the World Health Organization (WHO). Keeping heavy metal concentration under 

control should be considered in order to propose techniques with suitable limit of detection, 

according to Guideline. Table 1.1 presents Guideline in drinking water by the World Health 

Organization (WHO) [29]. Therefore, it is essential to search for a rapid, sensitive, and simple 

method for detection and monitoring of these contaminants in water. 
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Table 1.1 Guideline values for chemicals that are of health significance in drinking water. 

Chemical 
Guideline 

Remarks 
μg L-1 (ppb) 

Arsenic (As) 10  

Chromium (Cr) 50 For total chromium 

Selenium (Se) 40  

Cadmium (Cd) 3  

Mercury (Hg) 6 For inorganic mercury 

Lead (Pb) 10  

 

There are various conventional techniques to analyze heavy metal contaminated in 

water, for instance, atomic absorption spectrometry [30-32], inductively coupled plasma 

optical emission spectrometry [33-35], and inductively coupled plasma mass spectrometry [36, 

37]. However, these spectrometric instruments still have some drawbacks which are bulky, 

expensive, low sensitive and not suitable for on-site analysis [38, 39]. To overcome these 

disadvantages, the electrochemical techniques became an alternative technique to 

preconcentration heavy metal ions due to high sensitivity, high precision, relatively low cost, 

and portability [40]. 

 

1.4 Introduction of electrochemistry and its applications 

The electrochemical techniques provide information on the processes taking place 

when an electric potential is applied to the system under study. Electrochemistry can be used 

to investigate the release of electrons (called oxidation) or receiving of electrons (reduction) 

that experienced by an electrode material during electrical incentive. Redox reaction are 
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consisted of oxidation and reduction reactions. The information about the reaction mechanisms, 

concentration, intermediate, dynamic, and other nature of a species in sample solution can be 

examined in virtue of redox reaction. Generally, there are two kinds of electrochemical cells, 

which are galvanic cell and electrolytic cell. Galvanic cell produces an electric current from 

energy released by a spontaneous redox reaction. On the other hand, electrolytic cell requires 

an external source of electrical energy to induce a chemical reaction. Electrolytic method have 

many advantages, for instance, high sensitivity with a wide linear dynamic range of 

concentration for both inorganic and organic species, simplicity, rapid analysis time and 

simultaneous detection of various target analytes. The selection of the electrochemical 

techniques depends on the nature of ions or compounds of interest and its interferences in 

surrounding environment. The following details in this section will focus on the 

electrochemical techniques that were used in this work. 

Voltammetry is an electrochemical technique, which is based on the application of a 

potential to an electrode surrounded with an electrolyte containing electro-active species and 

measuring the signal as a current flowing through that electrode. Voltammetric electrochemical 

cell consists of three electrodes, which are working electrode (WE), counter electrode (CE), 

and reference electrode (RE). Each electrode have their specific characteristics. Working 

electrode is the most important electrode of electrochemical cell because the interested reaction 

will occur at the surface of this electrode. Next, counter electrode or auxiliary electrode is an 

electrode used in a three-electrode electrochemical cell for voltammetric analysis or other 

reactions in which an electric current is expected to flow. This electrode will make the potential 

of reference electrode remain constant since no electron flow through. Lastly, the reference 

electrode is an electrode with a steady and recognized electrode potential. Using buffered or 

saturated concentration of interested target species in the redox reaction solution, electrode 
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potential will be generally accomplished high stability. Occasionally, the potential that applied 

in the system changed as a function of time was controlled. 

In this work, deposition step involves the electrolytic deposition of a small part of the 

target metal ions in the solution on the working electrode for the preconcentration of analytes. 

For metal ions deposition, preconcentration step is performed by cathodic deposition (negative 

potential) as a controlled time and applied potential. The deposition potential is more negative 

than standard potential (E0) to completely and easily reduce the metal ions in solution. The 

metal ions reach the working electrode by diffusion and convection. 

 

1.5 Purpose and outlines 

In this plasma of AC-LEP, an air bubble remained in the LEP channel during plasma 

generation by AC power source. The bubble is expected to affect plasma generation strongly. 

In order to investigate in detail the effect of the bubbles, we fabricated a microfluidic system 

to introduce different kinds of gas bubbles intentionally into the LEP channel. After that, 

optimization of all experimental parameters will be done to improve gas bubble generation. 

Next, preliminary experiment results revealed that less channel damage was observed when 

using AC-LEP compared to DC-LEP. However, the effect of gas intorduction is still unclear. 

In this study, we will study the effect of various type of gas by introduction of bubble and 

detailed comparison with DC-LEP. Finally, this technique can be used as a metal in real sample. 

To wider the application of AC-LEP, the integration of two techniques for heavy metal 

detection was studied. A more chemical-specific determination conditions can be achieved by 

choosing the reasonable applied voltage for the oxidation / reduction potential and working 

electrode material. Target compounds (analytes) are separated using a specific voltage in 
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reduction reaction process. After separation, the compounds present at working electrode will 

be directly desorption and detection by using LEP. 

 

1.6 Dissertation organization 

Chapter I presents a general introduction to plasma, some development of discharge 

plasmas with versatile configurations and their applications to heavy metal ions detection. In 

this part, many research about LEP also summarized. Besides, detail explanation of heavy 

metal contamination and electrochemical method that will be combined with LEP. Finally, the 

objectives of dissertation is pointed out. 

Chapter II presents a study of effect of gas bubble to the micro plasma of LEP. The 

microchip configuration is proposed in order to generate stable and continuous gas bubbles. 

The effect of flow rate, size of both gas and liquid channel, and type of gas on the plasma is 

presented. This gas generation part will be integrated to plasma generation to observe the 

contribution of gas. 

Chapter III presents the effect study of gas onto AC-LEP and DC-LEP. The integration 

of gas bubble generation part to plasma generation zone revealed the contribution of plasma 

generation of introduced gases in both cases, AC-LEP and DC-LEP. Because low channel 

damage is found in case of AC-LEP, we assume that the presence of gas and plasma generation 

process might be different from DC-LEP.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

Chapter IV shows a feasibility of integrated techniques, which are electrodeposition 

and LEP-OES for improvement of heavy metal detection. Some experimental parameters are 

characterized. Chip design, measurement protocol, data acquisition and processing are 

proposed to be suitable with the combination of the novel LEP with electrodeposition. This 
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part is also presenting the application of the novel integrated chip for the quantitative detection 

of lead. 

Chapter V gives some general conclusions and notable points throughout the 

dissertation. 
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CHAPTER II 

DEVELOPMENT OF THE LIQUID ELECTRODE PLASMA 

(LEP) CHIP WITH GAS INTRODUCTION 

 

2.1 Introduction 

The main purpose of this study is to investigate the mechanism of low channel damage 

of alternating current liquid electrode plasma (AC-LEP). From previous work, direct current 

liquid electrode plasma (DC-LEP) was used as excitation source for elemental analysis. 

However, severe channel damage was found after using for short time [1]. After that, we found 

the better conditions to generate LEP by alternating current with higher stability and 

significantly low damages on micro channel, called the new method as AC-LEP [2]. The videos 

recorded by a high-speed camera showed that gas bubbles remained in the liquid micro channel 

during plasma generation by the AC power source. Under the applied voltage, the bubbles 

expand and plasma appeared inside the bubbles, after which the bubbles began to shrink. Hence, 

a suitable flow was required to maintain bubbles inside the narrow channel, which was a clearly 

different mechanism than in DC-LEP. In order to understand the effect of bubble in AC-LEP 

system, new chip was designed to continuously introduce into LEP system. 

The new chip design was adapted from droplet-based microfluidic systems. Droplets of 

one fluid in a second immiscible fluid are useful in a wide range of applications. Moreover, 

miniature gas sensor devices for gas compositions determination have attracted increasing 

interest due and use the similar channel configuration [3]. In order to understand the effect of 

bubble to the plasma generation, stable and controllable bubble generation from outside 

microchannel was required. A promising approach is to use microfluidic systems, which 
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consist of networks of channels of normally 10–100 μm diameter [4]. For controllable 

applications of microbubbles, their generation mechanisms indifferent micro-fluidic devices 

are very necessary. Many relevant studies have been reported in literatures involving the T-

junction [5], Y-junction [6], cross-junction [7], flow-focusing [8] and some other kinds of 

microfluidic devices [9, 10], as shown in Fig. 2.1. 

 

 

Figure 2.1 Some common microfluidic devices used for microbubble and micro droplet 

generations. (a) T-junction microchannel; (b) Y-junction microchannel; (c) cross-junction 

microchannel; (d) flow focusing microfluidic device; (e) co-flowing microfluidic device. [11] 

 

From many designs of bubble generation system, flow focusing microfluidic device 

was selected because of simplicity and ease of parameters adjustment. In addition, flow 

focusing microfluidic device was combined with bubble-based gas sensing [3]. The bubble-

based gas sensor comprises gas and liquid channels along with a nozzle to produce gas bubbles 

through a micro-structure. The results showed the stable bubble generation and was simple in 

structure and fabrication. 
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In this part of study, the gas flow channel introduces the gas stream between the two 

liquid flows that are provided by the liquid flow channels. The two immiscible phases flow 

down the inlet channels (one central channel for gas, and the two outer channels for liquid) and 

meet at the junction of these channels upstream of the transition position before entering to 

next part of the chip. The chip dimension was fabricated in different length and width to 

evaluate the stability of bubble generation. Moreover, this bubble generation part will connect 

to LEP to observe the effect of bubble to plasma stability and signal intensity. 

 

2.2 Fabrication of new microchip design including gas channel 

All reagents used in this study were analytical reagent grade and were used without 

further purification. The PDMS layer is attached onto a glass slide that is a substrate for the 

chip. The channel is carved on the PDMS sheet by a photolithographic technique. There are 

two inlets, liquid inlet and gas inlet, and one outlet on the chip. The width of the channel is 50 

μm and the depth of the channel on PDMS sheet is around 100 μm and is determined by the 

height of photoresist patterned on silicon wafer. Two 2-mm diameter holes were punched at 

each end of the LEP channel. Finally, the PDMS layer and the substrate are bound together by 

oxygen plasma. Both liquid and gas were pushed by syringe pump with same speed and then 

observed with microscope in Fig. 2.2. Types of selected gases in this work are Ar gas, nitrogen 

gas, oxygen gas and air. 
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Figure 2.2 Experimental setup 

 

Pattern design for microchip 

The film mask was design with computer software (Adobe Illustrator) according to the 

previous publications that observe bubble generation in various phase, for example, water-in-

oil droplet and gas-in-oil droplet. Fig. 2.3 is illustrated the design of microchip pattern. The 

dimension of this pattern are inlet and outlet diameter is 2 mm, width of channel is varied from 

50, 100, and 150 µm, and overall size is 0.5 × 2 cm. After that, bubble generation part was 

integrated to plasma generation region to further investigate the effect of presence of bubble 

before, during and after plasma generation. 

 

 

Figure 2.3 Film Mask Pattern 
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Fabrication of PDMS mold and chip 

The PDMS layer was made by molding and lithographic methods. The fabrication 

process is shown in Fig. 2.4. First, a silicon wafer was sequentially cleaned with acetone, 

ethanol, and then deionized (DI) water. Permanent epoxy negative photoresist SU-8 3050 was 

poured on a silicon wafer and spin coated at 1000 rpm for 30 s, then soft baked on a hotplate 

at 95ºC for 45 min, exposed to UV light for 30 s, and finally post-baked on a hot plate at 65ºC 

for 1 min and then 95ºC for 5 min. The silicon wafer was then cooled to room temperature and 

the channel pattern was developed with SU-8 developer, followed by rinsing with isopropanol. 

A PDMS monomer mixed with 10 wt. % curing catalyst was poured onto the fabricated mold 

and cured at 75ºC for 90 min. The PDMS replica layer was peeled off and punched to make 2-

mm-diameter holes for the inlet and outlet. The obtained PDMS layer was bonded with the 

glass substrate by oxygen plasma bonding (75 W for 10 s). Finally, the as-fabricated chip was 

connected to tubes and connected to two platinum electrodes (0.3 mm diameter, 5 cm length). 

The final microchip configuration was shown in Fig 2.5. 

 

Figure 2.4 Schematic flow of chip fabrication. Negative photolithography was utilized for 

mold fabrication. After putting silicone tubes, all connection points were sealed by PDMS to 

prevent leakage. 
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Figure 2.5 Ready-to-use PDMS chip 

 

Next, Fig. 2.6 illustrated that the microchips were investigated under microscope and 

shown well fabricated channel which was ready for the next step of experiment. The channel 

dimension was same as the dimension of mold. 

 

 

Figure 2.6 Shape of finished PDMS chip under microscope 
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Observation of bubble generation process 

After that, all channels were filled with Milli Q and gas to observe bubbles with the 

speed of 30 μL min-1 as of optimized flow rate in plasma generation process. The pictures and 

videos from microscope confirmed that by using this system, we could generate bubbles, as 

shown in Fig. 2.7. The bubble was formed after passing through the intersection which was 

matched with previous studied. However, many experimental parameters need to optimize to 

obtain the stable and reproducible bubble generation. 

 

 

Figure 2.7 Picture of generated bubbles inside channel 
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2.3 Optimization of experimental parameters 

2.3.1 Liquid and gas channel size 

The results of different size of channel were summarized in Fig.2.8, which divided into 

three groups, liquid channel size is bigger than gas channel size (in left column), liquid channel 

size is the same size as gas channel size (in the center column), and liquid channel size is 

smaller than gas channel size (in the right column). Most of the chips showed a stable bubble 

generation especially 50–50 µm and 50–100 µm that had a very stable, not too large bubble 

size and not too slow generation. For smaller gas channel size, the gas was hard to divide into 

small bubbles. On the other hand, when gas channel size was bigger, it became quite hard to 

push out the gas especially with small liquid channel size. Because of the pressure of gas and 

liquid inside of channel was different, the flow rate of gas and liquid must be optimized to 

achieve the suitable pressure condition for reproducible bubble generation. 

 

 

Figure 2.8 . Summary of different channel size of bubble generation 

 

2.3.2 Gas flow rate 

The investigation of the bubble generation with different size of channel revealed that 

the size of bubble depended on flow rate and size of channel. Then, the different flow rate of 
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gas was studied. In this part, 100-50 µm, 50-50 µm and 50-100 µm chips were selected because 

they all gave the most stable bubble generation and not big bubble size. The flow rate of gas 

were set at 10 μL min-1, 30 μL min-1, 50 μL min-1,and 100 μL min-1, respectively. On the other 

hand, the solution flow rate was fixed at 30 μL min-1 as an optimized value of solution flow 

rate. The results showed that too high gas flow rate was not suitable for bubble generation; 

however, most of the chip could generate stable bubble with different speed and size, as 

concluded in Fig.2.9. 

 

 

N/A: No bubble generated 

Figure 2.9 Summary of different channel size of bubble generation and different gas flow 

rate. 

 

Then, nitrogen gas was introduced to this generation system for investigation of bubble 

behavior. The 50-50 µm and 50-100 µm chips were selected because they all gave the most 

stable and bubble generation and not big bubble size. Besides, the flow rate of gas were set at 

10 μL min-1, 30 μL min-1, and 50 μL min-1. The results illustrated that there were no obvious 

different between air and nitrogen gas during bubble generation process. However, for the 

plasma generation, there must be different between air and nitrogen gas due to different 
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composition and different energy for generate plasma. In Fig.2.10 is a summary of nitrogen 

gas generation. 

 

 

Figure 2.10 Photos of generated bubbles inside channel 

 

The photos from camera in Fig. 2.11 confirmed that by using this system, we could 

generate bubble. It can be seen that the size of bubble was varied because of very high flow 

rate of gas; therefore, it was very difficult to control the size and position. To get more precise 

controlled size and positon of bubble, gas flow rate must be lower. The slowest flow rate of 

gas can be set at 0.03 μL min-1 as the lowest speed value of syringe pump. With lower gas flow 

rate, number of bubble was significantly reduced which might better than of interruption by 

many bubbles. After that, the bubble generation system was combined to plasma generation 

system on the same chip. For argon gas bubble, there was no obvious different behavior of gas 

compare to nitrogen gas or air. Next, with continuous flow of gas bubble in liquid, plasma was 

generated. Plasma was quite stable inside the center part of channel and the damage was slowly 

graduated observed. However, severe damage to channel was detected when there was absent 

of either solution or gas. Thus, optimization of both gas and liquid flow is necessary in order 
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to get the improved channel damage. In addition, even the size of channel before expected 

plasma generation zone was smaller, plasma still generated at the desired position. 

 

 

Figure 2.11 Generated Bubbles inside channel 

 

2.3.3 Types of gases 

To compare the effect of type of introduced gas, Ar gas, nitrogen gas, oxygen gas, and 

air were selected. Oxygen gas was selected because it is a product of hydrolysis of water at Pt 

electrode [2] but we would not use hydrogen gas due to safety procedure. Nitrogen gas was 

representative of inert and diatomic molecule and might found from vaporization of nitric acid, 

which is used as solvent in this system. Air was selected due to the abundance of availability 

in environment and ease of use. Lastly, Ar gas was an inert gas that normally use in ICP system 

as an carrier gas therefore it might facilitate the plasma generation. Moreover, Ar gas is a 

monoatomic molecule which is easy to ionize and transfer excess energy to other species in the 

surrounding area. In order to investigate the effect of gas bubble upon plasma generation, the 

integrated system was implemented to detect 20 ppm and 50 ppm Pb in 0.1 M HNO3. The 

generated plasma was shown in Fig 2.12(A) and (B). This light will be transferred through fiber 

optics and spectrum was achieved in Fig 2.12(C). Two of left and right based line were selected 
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to draw based line of desired peak of Pb, which is at 405.78 nm. The peak area is corresponding 

to amount of Pb in sample solution, therefore higher peak area will be represented higher Pb 

ions in sample solution. 

 

Figure 2.12 Photos of experimental setup with plasma and bubble generation system (A) and 

plasma inside narrow channel (B). The peak area is calculated by software at desired peak 

location (C). 

 

The result was shown in Fig. 2.13. The peak area is directly proportional to analyte 

concentration. At the same analyte concentration, Air introduction system shown the relatively 

high peak area with low standard deviation (small error bar). While, without gas introduction 

(original system) shown lower peak area with relatively satisfy standard deviation. This is one 

of benefits of AC–LEP usually provide stable and reproducible signal intensity.  
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Figure 2.13 Comparison of peak area of different gas introduction system of Pb solution 

 

Time required for plasma generation in case of without gas took around more than 15 

seconds, on the other hand, with gas introduction case took less than 3 seconds. We could 

conclude that without gas introduction, inside narrow was required some time to wait for 

generated bubble came from electrode and then plasma would generate inside of that bubble. 

In the contrary, when gas bubble was introduced to the narrow channel externally, plasma took 

less time to generate inside of presence bubble. From these results, we can confirm that this 

bubble generation system was successfully facilitate plasma generation and revealed lower 

channel damage. Moreover, these results suggested that the mechanism of plasma generation 

in AC–LEP might different from previous DC–LEP. Then, plasma was generated continuously 

for one hour and photos were taken by time pass. Argon gas system showed the longest chip 

using lifetime. Finally, the 50 ppm lead concentration were also detected for one hour, as shown 

in Fig 2.14. 
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Figure 2.14 Photos of chip before and after used continuously for 1 hour 

 

2.4 Conclusion 

In this chapter, the gas bubble generation was successfully fabricated. The optimized 

conditions of microchip dimension is 50–50 μm of liquid and gas channel. Moreover, the flow 

rate is also important factor that was 30 μL min -1 of liquid flow rate and 0.03 μL min-1 of gas 

flow rate. Then, this bubble generation platform was integrated with plasma generation zone. 

On the new integrated microchip, plasma can be generated with different kinds of gas at 

different initial time because of different properties of gases. With gas introduction shown that 

gas bubble was needed to reduce channel damage and should be further study the mechanism 

of AC–LEP.  
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CHAPTER III 

STUDY ON EFFECT OF INTRODUCED GAS BUBBLES FOR 

THE LOW CHANNEL DAMAGE IN DIRECT AND 

ALTERNATING CURRENT LIQUID ELECTRODE PLASMA 

ATOMIC EMISSION SPECTROMETRY 

 

3.1 Introduction 

Heavy metals are found naturally in the Earth’s crust, and become concentrated because 

of human activities. In developing countries with high population density and insufficient funds 

available for environmental restoration, low-cost and ecologically sustainable remedial options 

are required to monitor environment contamination in order to reduce associated health risks 

and make land available for agricultural production (to improve food security). Recently, many 

research groups have been developed to investigate miniaturized atmospheric pressure glow 

discharges (APGD) [1-4], dielectric barrier discharge (DBD) [5, 6], atmospheric pressure 

liquid discharge [7, 8], liquid electrode plasma (LEP) [9-11] as excitation sources for optical 

emission spectrometry (OES) of dissolved analytes in liquids for analytical chemistry purposes. 

The standard methods for elemental analysis, such as inductively coupled plasma (ICP) optical 

emission spectrometry (OES), atomic absorption spectrometry (AAS), and ICP mass 

spectrometry (ICP MS) are effective for chemical analysis of aqueous samples and are widely 

used for routine monitoring of personal exposure because of their high sensitivity, accuracy, 

and precision. However, these methods require large sample volume and are labor and time 

intensive. Low-cost, portable, real-time instruments for elemental analysis are needed to avoid 

these limitations. 
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Liquid electrode plasma atomic emission spectrometry (LEP-AES) was first introduced 

by Iiduka et al. in 2004.[12] This emission spectrometry method uses microplasma as an 

excitation source and is suitable for various applications.[13-17] Moreover, the use of LEP-

AES in protein sensing studies employing Ag nanoparticle labeling was performed. The 

proposed technique has various promising applications in metal-nanoparticle-labeled 

biomolecule detection.[11] This novel technique allows the plasma source to be miniaturized, 

as no plasma gas or high-power source is required, resulting in compact and portable systems. 

The device is inexpensive compared with the standard technologies mentioned above and 

requires minimal training to operate. The channel of microchip is made narrower in between 

its two ends and contains electrolyte solution. When a voltage pulse is applied to two electrodes 

at both ends of the micro channel, concentrated electric current generates Joules heating and 

then water vapor bubble is formed. Inside of generated bubble, micro plasma is appeared from 

the electrical discharge. Elements in sample solution enter the plasma and emit their specific 

spectra that are recorded by spectrometer. The principle of LEP is presented in Figure 3.1. LEP 

is as sensitive as conventional AES methods and requires no plasma gas, low power source, 

and very small sample usage. Thus, it is useful not only for elemental analysis but also for other 

high sensitive applications by using specific element as a label [11]. 
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Figure 3.1 Mechanism of liquid electrode plasma optical emission spectrometry. A: Side 

view of a LEP chip. B: Plan view of LEP channel and mechanism of plasma generation and 

optical emission. (a) A water vapor bubble generates because of Joule heating when a voltage 

is applied. (b) Liquid electrode plasma appears in the bubble. (c) Elements in solution enter 

the plasma and emit their characteristic optical emission lines for quantitative analysis. 

 

In previous studies, LEP systems were developed that were driven by a direct current 

(DC) source; after repeated measurements, the narrow channel at the center of microchip was 

clearly deformed due to plasma damage, resulting in a channel width around 1.5 times larger 

than that in a new microchip [13]. In LEP, high sensitivity and high accuracy are achieved by 

number of accumulation so that there is a tradeoff between sensitivity/accuracy and lifetime 
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[13]. Currently, such channel damage limits not only chip lifetime but also sensitivity and 

accuracy for repeated measurements.  

Recently, we demonstrated generation of LEP using alternating current (AC) in a new 

method called AC-LEP, which showed higher stability and significantly lower microchannel 

damage (1/3000) than DC-LEP [18]. The plasma was continuously generated in a 

poly(dimethylsiloxane) (PDMS) chip for about 10 min without severe channel damage or 

expansion. These observations indicated that AC-LEP showed great potential for reducing 

channel damage, although the mechanism of this improvement was not clear. In conventional 

LEP, the plasma gas is generated from the sample solution itself by evaporation due to Joule 

heating at narrow channel. So, no external gas is required which is the one of the most merits 

of LEP. In AC-LEP, however, we observed amount of accumulated gas bubbles at both 

electrodes. High-frequency AC electrolysis of water can occur if the current density is 

sufficiently high. Thus, it is considerable that the 20 kHz AC signal caused the electrolysis of 

water, forming a gas product at the two electrodes. In AC-LEP, the accumulated bubbles at the 

electrode in upper stream flow into LEP and may affect the plasma generation. Therefore, in 

this study, various types of gases were introduced intentionally from outside into the AC- and 

DC- LEP and their effects on plasma generation and channel damage were investigated. For 

that purpose, a new chip design for the introducing gas into the channel was developed. 

Channel damage was compared in both DC-LEP and AC-LEP with and without gas 

introduction. 
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3.2 Optimization of experimental condition for fair comparison of channel 

expansion 

The substrate of the chip was a glass slide, which was coated with a PDMS layer 

containing a microchannel. The pattern of the LEP chip set up for gas introduction consisted 

of two liquid inlets, one gas inlet, and one outlet. The plasma generation zone on the LEP chip 

was 100 μm in both depth and width at the narrowest part of the channel. In the case of the chip 

without gas introduction, the design described in our previous study was used. The fabrication 

process is explained in previous chapter. 

For LEP determination, the chip was fixed in the experimental setup shown in Fig. 3.2. 

Both platinum electrodes were connected to either a DC or AC power source. Syringe pumps 

were used to introduce sample solutions and gas. AC-LEP was generated using a specially 

designed power-controllable AC power source (maximum voltage of 3 kV, frequency of 20 

kHz, Plasma Concept Tokyo Inc., Japan). A DC power supply (Nissei-Giken, Japan) was used 

for DC-LEP. The plasma was observed with an optical microscope and a UV-VIS 

spectrophotometer (USB2000, Ocean Optics, USA). The chip dimension was observed using 

a digital microscope (Keyence VHX-900F and high-magnification zoom lens VH-Z450). For 

fair comparison of channel damage, both AC-LEP and DC-LEP conditions were optimized to 

give the same signal intensity (limit of detection, LOD) for Pb in 0.1 M nitric acid. For AC-

LEP, a liquid flow rate of 30 μL min-1 and Ar gas flow rate of 0.03 μL min-1 come together 

with carrier liquid flow rate of 30 μL min-1 (in case of gas introduction) were used. Meanwhile, 

for DC-LEP, a liquid flow rate of 100 μL min-1 was introduced and 1400 V of applied voltage 

with 3 ms on-time and 2 ms off-time were applied. Emission spectra were acquired using the 

USB2000 spectrometer (Ocean Optics, USA) and the obtained spectra were analyzed with 

software (IGOR Pro version 6.3.7.2, WaveMetrics) to calculate the corresponding peak areas. 

To obtain same LOD in all cases, the optimized conditions were used, and channel damage was 
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evaluated as a function of plasma duration. Microscopy images were obtained from after first 

applied voltage for 10 measurements (interval time of 10 s) and then the channel width was 

measured and compared. 

 

 

Figure 3.2 Experimental setup 

In order to ensure the fair comparison, all of parameters of AC-LEP and DC-LEP were 

optimized. We confirmed that same signal intensity level (same LOD) is obtained in all cases, 

as shown in Figure 3.3. Signal intensity can be further improved by increasing applied voltage, 

however, DC-LEP with high voltage showed huge damage to microchip. Therefore, suitable 

and reproducible signal intensity should be considered and optimized. 

 



44 
 

 

Figure 3.3 Calibration curve of 0 – 100 ppm of lead in 0.1 M nitric acid at optimized 

conditions from (A) DC-LEP and (B) AC-LEP. 

 

3.3 Channel damage comparison 

Channel damage during LEP is the main factor limiting the physical lifetime of PDMS-

based chips and measurement reliability, because it decreases the reproducibility of emission 

signals. We showed in our previous study that the novel AC-LEP significantly reduced channel 

damage. The microscopy images of a channel before and after AC-LEP (Fig. 3.4A) showed 

less channel damage compared to the DC-LEP sample (Fig. 3.4B). The channel width increased 

over the duration of chip usage, resulting in a decrease in the signal intensity due to the higher 

channel volume. Moreover, remaining bubbles were observed in AC-LEP only, which could 

be related to the minimal channel damage; therefore, further investigation of these gas bubbles 

was undertaken. 
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Figure 3.4 Optical microscopy images of channel destruction. LEP channels before and after 

(A) 300 s of AC-LEP, and (B) 30 s of DC-LEP generation with a voltage of 1400 V. 

 

From the observation of a seed bubble (a very small bubble that nucleates larger 

bubbles) inside of a narrow channel, chips with a new design were fabricated to allow bubbles 

generated outside the channel to be introduced into the channel. One of the advantages of LEP 

is that no plasma gas is required. Hence, in this part of the study, gas was intentionally 

introduced only to study the mechanism of channel damage, as shown in Figure 3.5. The gas 

flow rate was optimized to facilitate plasma generation; high flow rates were avoided to prevent 

the introduced bubbles from disturbing plasma generation. Air and argon gases were selected 

because argon is often used as a carrier gas to facilitate plasma generation, while air is the 

easiest gas to use and store. 
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Figure 3.5 Optical microscopy images of narrow channel in every experimental steps. LEP 

channels (A) before bubble generation, (B) after bubble generation, and (C) during plasma 

generation. 

 

Figure 3.6 compares channel damage when different gases were introduced during DC-

LEP and AC-LEP. The DC-LEP samples (Fig. 3.6A and B) showed less channel damage when 

gas was introduced. As before, the AC-LEP (Fig. 3.6C and D) samples showed much less 

channel damage than the DC-LEP ones, where the least damage was observed when argon gas 

was introduced. Figure 3.6E summarizes the volume percentage of channel expansion with and 

without gas introduction. There was an obvious difference between the huge channel expansion 

of the DC-LEP sample (69.1%) and small channel expansion of the AC-LEP sample (3.32%), 

with Ar gas introduced. In addition, DC-LEP samples showed no observable difference in the 

damage between air and Ar gas introduction. The different damage behavior could be attributed 

to different plasma generation mechanisms in the DC-LEP and AC-LEP processes. In the case 

of DC-LEP, the plasma generated after Joule heating creates vapor bubbles and some time is 

required to remove remaining products from previous plasma generation; the pulses of the 

applied DC power may not correspond with the times when the introduced bubbles are present. 
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Synchronization of applied voltage and bubble generation will allow lower power (lower 

applied voltage) to generate plasma than in case of bubble generation from Joule heating. 

Therefore, the channel damage did not reduce significantly in the case of DC-LEP with gas 

introduction. In contrast, the AC power source can be applied continuously for a longer period 

compared to the DC source; hence, the generated bubbles are expected to remain inside the 

narrow channel for a longer period, stabilizing the plasma. Hence, introduction of bubbles 

could greatly facilitate plasma generation. 

 

 

Figure 3.6 Optical microscopy images of chips used under different condition. (A) DC-LEP 

with air, (B) DC-LEP with Ar, (C) AC-LEP with air, and (D) AC-LEP with Ar. (E) 

Comparison of channel expansion in DC-LEP and AC-LEP during the different experiments. 

 

3.4 Investigation of effects of gas introduction 

Typically, AC-LEP without gas introduction requires an incubation time before bubbles 

(and therefore, plasma) is generated from outside of narrow channel. To clarify the effect and 

importance of the incubation time, gas was intentionally introduced during LEP experiments. 
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Nitrogen and oxygen gas were selected as two further candidates for generation of bubbles; 

nitrogen gas can be produced from atomization of the nitric acid solvent, while oxygen is a 

product of the hydrolysis of water. In the case where no gas was introduced, the first plasma 

generation was observed after 15 s. On the contrary, plasma was generated almost immediately 

after turning on the power source when air or nitrogen was introduced, and after 1 s or 2 s when 

Ar or oxygen gas was used. In addition, for AC-LEP without gas introduction, adequate range 

of solution flow rate is narrow and low which is 30 μL min-1.[18] In contrast, DC-LEP shows 

better result at higher flow rate that is 100-1000 μL min-1.[13] From these results, we concluded 

that the externally introduced bubble is important factor for plasma generation in the AC-LEP 

system, where hydrolysis of water occurs during the incubation time and the bubbles 

accumulate and move to the narrow channel with adequate flow rate. Here, the gas acts as seed 

bubble, AC-LEP is generated by lower powers. These results suggest that the lower damage in 

conventional AC-LEP without gas introduction also attributes to H2/O2 bubbles generated by 

hydrolysis at electrodes and consequently introduced into the LEP from outside of narrow 

channel. 
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Figure 3.7 Comparison of voltage dependence. Emission spectra measured during DC-LEP 

(A) without gas introduction, (B) with air, (C) with Ar. 

 

As reduced channel damage was observed when introducing gas during AC-LEP, we 

proposed that it might have a similar effect during DC-LEP with gas introduction. Therefore, 

air and argon were introduced during DC-LEP and the voltage dependence of the signal 

intensity was investigated. Fig. 3.7. Illustrated the emission spectra in all cases. 
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Figure 3.8 Comparison of voltage dependence. Calculated peak areas as a function of voltage 

for all cases. 

 

Fig. 3.8 shows that the intensity of the Pb signal was higher when gases were introduced 

compared to the case of no gas at the same applied voltage, but no obvious difference between 

air and Ar was observed. This indicates that it is possible to apply a lower voltage (100–200 V 

lower) and obtain a comparable signal intensity when gas is introduced, which should reduce 

channel damage. These facts also suggest that the voltage required for bubble generation by 

homogeneous nucleation in the narrow channel is higher than that required for plasma 

generation. In conventional DC-LEP, a high-applied power is applied to generate bubbles, then 

the identical and constant voltage still applied for following plasma generation, which some 

part of applied power is an excess power for plasma generation resulting the higher damage in 

conventional DC-LEP. Under AC power conditions, the plasma appeared in the bubble grown 

from the externally introduced seed bubble. This enables bubble formation with lower applied 
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power, where plasma can be generated under milder conditions. Considering all of the 

experimental results, the proposed mechanism of low channel damage in AC-LEP is shown in 

Fig 3.9. It can be seen that a gas bubble produced at an electrode or by the external gas 

generation system reaches the narrow channel. Next, liquid electrode plasma appears inside of 

the gas bubble as a result of the applied voltage. Finally, the elements in solution enter the 

plasma and emit their characteristic optical emission lines for quantitative analysis. 

 

 

Figure 3.9 Schematic diagram showing the proposed mechanism of liquid electrode plasma. 

(A) Side view of a LEP chip. (B) Top view of LEP channel and mechanism of plasma 

generation and optical emission. (i) A gas bubble reaches the narrow channel. (ii) Liquid 

electrode plasma appears within the gas bubble. (iii) Elements in solution enter the plasma 

and emit their characteristic optical emission lines for quantitative analysis.  
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3.5 Long time stability of AC-LEP emission signal with various gases 

Long time stability of emission signals is one of the important factors for developing 

reliable elemental analysis methods. Hence, we introduced different gases during AC-LEP 

while monitoring the emission signal over time. Fig. 3.10 shows that, with gas introduction, 

the plasma could be generated over a longer time. Without gas introduction, after continuously 

applying a voltage to the narrow channel, the emission signal disappeared after around 40 min. 

When Ar gas was introduced, the emission signal showed the most stable average signal 

intensity. When other gases were used, we observed signals for up to 1 h, although the signal 

stability was lower than for Ar. This indicates that gas introduction reduces channel damage, 

leading to longer chip lifetimes. Interestingly, when air was introduced, the emission signal 

seemed to disappear around 10 min, and from 26 to 40 min, and showed huge fluctuations 

thereafter. 

 

Figure 3.10 Spectroscopy peak areas for detecting Pb as a function of time and the type of 

gas introduced during AC-LEP  
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3.6 Measurement of excitation temperature and effects of introduced gases on 

excitation temperature 

In this part, 50 mg L-1 Fe in 0.1 M HCl with PDMS chip was analyzed. Applied voltage 

at 800 V was used with various types of gas introduction. Emission light at the center part was 

transferred to spectrometer (Andor Shamrock SR303i, focal length 0.303 m, diffraction grating 

of lines 2400 lines mm-1) through optical fiber. Spectrum range of selected Fe(I) lines (Table 

3.1) was from 362.2 to 389.5 nm. Spectroscopic data was obtained from the National Institute 

of Standards and Technology (NIST) Atomic Spectra Database. 

 

Table 3.1 Spectroscopic data of the atomic Fe emission lines used in this work. 

Line Wavelength 
(nm) 

Statistical 
weight 

Transition probability 
(107 s-1) 

Excitation energy 
(10-19 J) 

a 371.99 11 1.620 5.348 

b 373.49 11 9.020 6.705 

c 373.71 9 1.420 5.406 

d 374.95 9 7.640 6.774 

e 375.82 7 6.340 6.831 

f 376.38 5 5.440 6.875 

g 381.58 7 13.000 7.597 
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Figure 3.11 illustrated the observed spectrum and emission line (a-g) used 

corresponding to the spectroscopic data in Table 3.1. Typically, the excitation temperature was 

calculated from the slope of the linear fitting of a Boltzmann plot [19, 20].  

 

 

Figure 3. 11 Emission spectra of 50 mg L-1 Fe in 0.1 M HCl of AC-LEP with oxygen gas 

introduction. 

 

The Boltzmann plot relation is 

ln #$%
&$'$%

= 	− +$
,-
+ C ,     (1) 

where I is the measured intensity, λ is the transition wavelength (nm), n denotes the 

lower level, m denotes the upper level, g is the statistical weight, A is the transition probability 
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(s-1), E is the energy (eV) of the upper level, k is Boltzmann’s constant (eV K-1), T is the 

excitation temperature (K), and C is constant. 

 

 

Figure 3.12 (A) Boltzmann plot obtained from AC-LEP spectrum and (B) effects of voltage 

applied and type of introduced gas on excitation temperature 

 

Figure 3.12A illustrates a Boltzmann plot plotted based on Fig. 3.11. There is a satisfied 

correlation between (Iλ/gA) and the excitation energy E (eV), which is correlation coefficient 

range from 0.9002 to 0.9644. Consequently, the excitation temperature calculated from the 

graph was in the range of 8000 – 9000 K, in average. For AC–LEP, in case of argon gas 

introduction showed the lowest excitation temperature and without gas introduction case 

showed highest temperature with huge standard deviation. These results suggested that when 

gas was introduced, plasma could be generated easily compared to the case of without gas 

introduction. Small standard deviation suggested that with argon gas introduction, plasma was 
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stably generated. On the other hand, for DC–LEP, bubbles are generated from high power and 

no obvious difference in plasma temperature, as shown in Fig. 3.13. In the initial stage, only 

introduced gas case showed a main contribution for seed bubble and plasma generation. After 

that, water vapor will mix with introduced gas and bubble is generated. Thus, the effect of 

introduced gas was reduced because of mixture of gas and water vapor. 

 

 

Figure 3.13 (A) Boltzmann plot obtained from DC-LEP spectrum and (B) effects of voltage 

applied and type of introduced gas on excitation temperature 

 

These results of excitation temperature indicates that LEP as a light source of emission 

spectrometers provides sufficient power for elemental analysis. In fact, the excitation 

temperatures have been recorded to be 6000–8000K in ICP [21]. 
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3.7 Analytical performance of AC-LEP 

The analytical performance of AC-LEP with the introduction of different gases was 

studied using Pb as a model heavy metal analyte. Pb concentrations of 0–100 ppm in 0.1 M 

nitric acid were investigated. Fig. 3.14 shows the analyzed peak area as a function of Pb 

concentration, where the linear part of the curve for samples without gas introduction was 

shorter and become non-linear at Pb concentrations above 25 ppm. The slope of the calibration 

curve can be used to represent the detection sensitivity. The introduction of Ar gas resulted in 

the highest detection sensitivity, with a relatively low deviation and high coefficient of linear 

regression (R2). Hence, we conclude that the introduction of gas bubbles facilitated the stability 

of plasma generation, while allowing the applied power to be reduced. Even though one of the 

advantages of LEP is that a gas does not need to be supplied, introduction of gas allowed us to 

elucidate some parts of the LEP mechanism and more clearly understand aspects of this novel 

plasma source for future applications. 

 

Figure 3.14 Analytical performance of AC-LEP with the introduction of different gases.  
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3.8 Conclusion 

The effects of external gas introduction into AC-LEP and DC-LEP were studied. In 

AC-LEP, the introduction of gas into the channel resulted in the plasma starting almost 

immediately after the voltage was applied, while it started after several seconds without gas 

introduction. In both case of AC-LEP and DC-LEP, the external gas bubbles facilitated stable 

and high sensitive plasma generation with lower power, which result in reducing channel 

damage and increasing the lifetime of the analysis chip. These effects are significant in Ar 

introduction and AC-LEP cases. The power for homogeneous nucleation of bubble in 

conventional DC-LEP is higher than that required for plasma generation, resulting in high 

channel damage. Those facts suggest that the lower damage in conventional AC-LEP without 

gas introduction is attributed to H2/O2 bubbles generated by hydrolysis at electrodes and 

consequently introduced into the LEP from outside of narrow channel. 
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CHAPTER IV 

METHOD DEVELOPMENT OF HEAVY METAL 

DETECTION BY ELECTRODEPOSITION 

COUPLED WITH LEP-OES 

 

4.1 Introduction 

Human have been widely used heavy metals for a long time ago, for example, metal 

plating plant, batteries, lead based paint, oilrig and sewage from steel mill. Although several 

adverse health effects of heavy metals have been known for a long time, exposure to heavy 

metals continues. Some of the heavy metal ions cause important environmental problems. The 

major threats to human health from heavy metals, such as lead, copper, cadmium, and mercury, 

are connected with exposure to them and accumulated in human body. Especially, a large 

amount of these toxic compounds are present in some surface and tap water due to the misuse 

of industrial wastes. World Health Organization (WHO) also concerned about this problems 

and studied their effects to human recently. Thus, it is important to look for a rapid, selective, 

sensitive, low-cost and simple technique for detection and monitoring all of these polluted 

substances in water. 

In the past few years, the sensitive and selective detection of trace and ultra-trace levels 

heavy metal ions (HMIs) usually depended on traditional spectral methods, including, atomic 

absorption spectroscopy [1-3], inductively coupled plasma optical emission spectrometry [4-

6], inductively coupled plasma mass spectrometry [7, 8], and total reflection X-ray 

fluorescence (TXRF) [9-11]. However, these spectrometric instruments still have some 

drawbacks, which are bulky, expensive, low sensitive and not suitable for on-site analysis [12, 
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13]. Although these spectrometry techniques have the advantages of high sensitivity and 

selectivity, it is still challenge to achieve determination in real environments that exhibit low 

concentration of HMIs.  

Electrochemical detection (ECD) is very sensitive and capable of detecting in 

femtomole L-1 (10-15 M) range depending on the analyte and sample matrix. General 

experimental setup for electrochemical detection of HMIs normally comprises of an 

electrochemical cell consisting of an ionic conductor (an electrolyte) and an electronic 

conductor (an electrode). In this case, an aqueous solution consisting of HMIs serves as the 

electrolyte. The potential of electrochemical cell is measured at the interface of the electrode 

and electrolyte solution. The combination of electrochemical methods with spectral methods is 

reported to be competent of the determination of trace HMIs with high selectively and 

sensitivity. Obviously, electrochemical spectral methods united the benefit of both 

electrochemistry and spectrometry [14]. Before the detection of specific heavy metals, sample 

solution to be measured can be separated and enriched by electrochemical methods, which 

tremendously improves the sensitivity and limit of detection of individual spectral methods. At 

the same time, comparing electrochemical methods solely, electrochemical spectral techniques 

overcome severe interference of coexist metals in the contaminants. There is a possibility that 

the costs of required equipment used in electrochemical spectral method increased, which may 

limit it usable range. However, LEP detector is relatively affordable price and portable size that 

will be unique advantage in facing of on-site and upcountry area monitoring and complex 

samples, and it may achieve simultaneous detection of coexisted heavy metals. Therefore, it is 

quiet important to give an overview of electrochemical spectral methods. In this part, the 

combination of two techniques for heavy metal detection was studied. With the aid of deciding 

on the excellent utilized voltage for the oxidation/reduction potential and properties of the 

working electrode, an extra selectivity of detecting condition can be acquired. Target 
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compounds (analytes) are separated using a specific voltage in reduction reaction process. After 

separation, the compounds present at working electrode will be directly desorption and 

detection by using LEP. 

 

4.2 Design of microchip for new detection system 

The reaction chamber was fabricated by PDMS and glass substrate. After PDMS sheet 

fabrication, 3-mm diameter hole was punched on 1 cm2 PDMS sheet. Glass substrate was 

cleaned with ethanol prior bonding with PDMS. Then, oxygen plasma treatment was used for 

bonding PDMS with hole onto substrate and covered with other PDMS layer. Working 

electrode and counter electrode are platinum wire with 0.3 mm diameter. For working electrode, 

PDMS was coated except for the area that will use for analyte deposition. After baking in the 

oven for 1.5 hr, the tip of electrode was cut to ensure clear electrode surface and to increase 

fabrication reproducibility. For efficiency comparison, Au wire was selected to be working 

electrode with same fabrication and usage. The reaction chamber is shown in Fig. 4.1. Below 

the chamber, fiber optic was applied to obtain the detection signal after electrodeposition. In 

the LEP detection step, DC-LEP with 200-1500 V of applied voltage with 0.5 msec on-time 

and 2 msec off-time was applied for 20 cycles. Analyte model in this study is 50 ppm Pb in 

nitric acid and HMImBr. For the characterization of electrodeposition of target heavy mental, 

Energy Dispersive Spectrometer (EDS) (Tabletop Microscope TM3030, Hitachi, Japan) 

attachment for scanning electron microscope for chemical analysis was performed. 

Electrodeposition was achieved by using Potentiostat (Metrohm Autolab, Netherlands). 
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Figure 4.1 Reaction chamber and experimental setup for heavy metal detection by 

electrodeposition coupled with LEP-OES 

 

4.3 Characterization of electrodeposition coupled with LEP-OES 

From previous study, solution system and some experimental conditions were used as 

starting conditions. The solution flow rate of 100 μL min-1 and 0.1 M HNO3 as solvent were 

applied in the first attempt of this new combination techniques. In the electrodeposition 

technique, -1 V was used as applied voltage constantly for 20 minutes. Figure 4.2 showed the 

EDS images of working electrode and elemental mapping of Pt and Pb. The preliminary results 

showed that with these Pb was successfully deposited onto the working electrode. 
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Figure 4.2 EDS imaged of (A) Pt working electrode after Pb deposition and elemental 

mapping of (B) Pt and (C) Pb 

 

After that, LEP was performed to check the dissolution of Pb on the electrode. Figure 

4.3 was illustrated the emission spectra of LEP after electrodeposition. Unfortunately, the 

emission peak of Pb at around 405 nm was not found. There might came from not enough 

amount of Pb deposited on the electrode, LEP dissolution step was not successful or the 

concentration of Pb dissolution to solution was lower than LOD. Moreover, there was also a 

possibility that HNO3 itself was re-dissolved deposited Pb back to solution before LEP, 

therefore the optimization of experimental conditions was performed to improve detection 

sensitivity. 
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Figure 4.3 Emission spectrum of LEP after Pb deposition (n = 3). Experimental conditions: 

solution flow rate of 100 μL min-1, solvent of 0.1M HNO3, applied voltage of 900 V, on-time 

of 3 msec, off-time of 2 msec, and 50 cycles for one pulse (20 times repetition for one 

spectra) 

 

4.4 Optimization of experimental conditions 

This new HMIs detection platform still required many parameters to obtain optimized 

condition. First of all, from previous problem of solvent solution, polar aprotic solution without 

interference from spectra of cation of metal salt might be a better candidate for solvent in both 

electrodeposition and LEP. One of the interesting chemical was ionic liquids (ILs) water 

solution. Because of salt properties in the liquid state, ILs shows good intrinsic conductivity, 

low volatility, wide electrochemical windows, and high chemical and thermal stability [15-17]. 

In this work, 1-hydroxyethyl-3-methyl imidazolium bromide (HMImBr) was selected as 

solvent. The structure of HMImBr was shown in Fig. 4.4 
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Figure 4.4 Chemical structure of 1-hexyl-3-methylimidazolium bromide (HMImBr) 

 

Next, HMImBr was used to prepared Pb standard solution and tested with of DC-LEP 

with previous chip design. The result was shown that, with new solvent system, Pb emission 

peak was found at the expected position, as shown in Fig. 4.5. This can confirm that HMImBr 

can be used as solvent for Pb determination with DC-LEP. 
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Figure 4.5 Emission spectra of standard Pb solution with concentration of 0 – 100 ppm in  

0.1 M HMIMBr. Inset was zoom in at the peak position of 400-425 nm. Experimental 

conditions: solution flow rate of 100 μL min-1, applied voltage of 1500 V, on-time of 3 msec, 

off-time of 2 msec, and 20 cycles for one pulse (50 times repetition for one spectra) 

 

Then, HMImBr solvent was used in deposition step to examine Pb deposition on 

working electrode. Fig. 4.6 showed that this solution system exhibited the feasibility of Pb 

deposition, however the deposition efficiency still not good. From direct DC-LEP and 

deposition results, HMImBr can be used as solvent for both deposition and LEP. However, the 

performance of this new detection system is needed to improve by further optimization. 
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Figure 4.6 EDS images of Pt working electrode (above row) before Pb deposition and (below 

row) after Pb deposition. Experimental conditions: standard solution of 50 ppm Pb in 0.1 M 

HMImBr, solution flow rate of 100 μL min-1, and deposition potential of -1 V for 20 min. 

 

In order to increase signal intensity, the experimental conditions must be investigated 

to achieve optimal conditions. To start with, deposition potential, the effect of deposition 

potential was evaluated from -1.5 V to -0.5 V with solution flow rate of 100 μL min-1 and 

deposition time of 20 minutes. Moreover, solvent type also studied in this experiment, which 

are 0.1 M HNO3, 0.1 M HMImBr, and 0.01 M HMImBr. From Fig.4.7 showed that with 

increasing applied potential, the amount of Pb was increase because of higher electrons was 

introduced to system and higher number of Pb ions can gain electron to form Pb0 on the 

electrode surface. However, too high negative voltage can also caused hydrogen evolution that 

can interrupt smooth metal deposition. Thus, two more solutions also investigate in the same 

approach with this result. 
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Figure 4.7 EDS images of Pt working electrode before and after Pb deposition and the 

elemental mapping of Pt (as working electrode) and Pb. Graph shown percentage of found 

deposited Pb on electrode surface at different deposition potential for 20 minutes. Sample 

solution is 50 ppm Pb in 0.1 M HNO3. 

 

Next, HMImBr was used as solvent. Other experimental condition was same as 

previous results with different applied potential. As shown in Fig. 4.8, it is clearly seen that the 

increasing of amount of deposited Pb was directly proportional to more negative applied 

potential. In addition, the EDS image of -1.5V as deposition potential revealed obvious 

deposited Pb on electrode surface which the amount found even higher than that of 0.1 M 

HNO3. 
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Figure 4.8 EDS images of Pt working electrode before and after Pb deposition and the 

elemental mapping of Pt (as working electrode) and Pb. Graph shown percentage of found 

deposited Pb on electrode surface at different deposition potential for 20 minutes. Sample 

solution is 50 ppm Pb in 0.1 M HMImBr. 

 

Lastly, we also performed the comparison HMImBr concentration, that was 0.01 m 

HMImBr, because ionic liquid is a high viscosity solution therefore it might be some hindrance 

from too viscous solution. The experiment was performed with same condition rather than the 

HMImBr concentration. The results was consistent with previous results and the best 

deposition potential in this system also -1.5V, as shown in Fig. 4.9. The lower amount of 

deposited Pb may results of lower conductivity of solution due to low number of cations and 

anion in solution. Thus, the concentration of HMImBr also affect to deposition efficiency. With 

all three different solution system, 0.1 M HMImBr exhibited the highest amount of deposited 
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Pb. From these results, we can conclude that using 0.1 M HMImBr as solvent for Pb deposition 

is better than 0.1 M HNO3 and 0.01 M HMImBr. Thus, 0.1 M HMImBr was selected as 

optimum solution in the next optimization. 

 

 

Figure 4.9 EDS images of Pt working electrode before and after Pb deposition and the 

elemental mapping of Pt (as working electrode) and Pb. Graph shown percentage of found 

deposited Pb on electrode surface at different deposition potential for 20 minutes. Sample 

solution is 50 ppm Pb in 0.01 M HMImBr. 

 

Next, Au wire was carried out to compare the performance with Pt electrode. Generally, 

carbon-based electrode [18, 19] or metal nanoparticles [20-22] are used to modify working 

electrode for better determination performances. Gold electrode also one of the good materials 
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that used for metal detection because of wide potential window and robust materials. Thus, the 

working electrode was fabricated in the same procedure but used Au wire instead of Pt wire. 

The results showed that Au wire working electrode also showed same tendency with Pt wire 

working electrode, as shown in Fig. 4.10. These results suggest that Au wire can be used as 

working electrode as well as Pt wire with same experimental conditions (-1.5 V as deposition 

potential and 0.1 M HMImBr as solvent). 

 

 

Figure 4.10 EDS images of Au working electrode before and after Pb deposition and the 

elemental mapping of Au (as working electrode) and Pb. Graph shown percentage of found 

deposited Pb on electrode surface at different deposition potential for 20 minutes. Sample 

solution is 50 ppm Pb in 0.1 M HMImBr. 
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After these preliminary results, the best experimental conditions of each working 

electrode was tested for LEP dissolution. From Fig. 4.11, we could clearly see that no Pb was 

found on working electrode surface after LEP applied to the detection system. This result can 

assure that LEP could directly remove deposited Pb from electrode surface. Then, the spectrum 

of LEP from this system was investigated, as shown in Fig. 4.12. From emission spectrum, Pb 

peak at 405.782 nm was not found. The reason may come from not enough amount of Pb of 

the dissolute Pb concentration was lower than LOD of LEP. In addition, the dissolution 

mechanism may different from assumption, which is not generated directly from working 

electrode surface, therefore the desired Pb peak was not appeared. 

 

 

Figure 4.11 EDS images of Pt working electrode before, after Pb deposition, and after LEP 

dissolution and the elemental mapping of Pt (as working electrode) and Pb. 

 



76 
 

 

Figure 4.12 Emission spectra of deposited Pb on Pt working electrode with 0.1 M HMIMBr 

(flowing solution). Inset was zoom in at the peak position of 400-410 nm. Experimental 

conditions: solution flow rate of 100 μL min-1, applied voltage of 500 V, on-time of 0.5 msec, 

off-time of 2 msec, and 20 cycles for one pulse (50 times repetition for one spectra) 

 

Likewise, Au wire working electrode was performed the same experiment as Pt wire 

working electrode. From Fig. 4.13, we could clearly observe that no Pb was found on working 

electrode surface after LEP applied to the detection system. This result can confirm that LEP 

could directly remove deposited Pb from electrode surface. Then, the spectrum of LEP from 

this system was also investigated, as shown in Fig. 4.14. From emission spectrum, Pb peak at 

405.782 nm was found with relatively high signal. These results assured our assumption of the 

possibility of combination techniques. However, there is still not clear why Pb peak was not 

found in LEP. Thus, Au wire working electrode with previous optimized conditions will be 

used for further optimization. 
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Figure 4.13 EDS images of Au working electrode before, after Pb deposition, and after LEP 

dissolution and the elemental mapping of Au (as working electrode) and Pb. 
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Figure 4.14 Emission spectra of deposited Pb on Au working electrode with 0.1 M HMIMBr 

(flowing solution). Inset was zoom in at the peak position of 400-410 nm. Experimental 

conditions: solution flow rate of 100 μL min-1, applied voltage of 500 V, on-time of 0.5 msec, 

off-time of 2 msec, and 20 cycles for one pulse (50 times repetition for one spectra) 

 

Next, deposition time was investigated in range of 0 – 30 minutes. Longer deposition 

time will provide higher time of reduction of analyte on the working electrode. From Fig. 4.15, 

the amount of deposited Pb was increase when deposition time is increase. At 30 minutes of 

deposition time showed the highest amount of deposited Pb. After that, LEP was performed to 

observe the dissolution of Pb from electrode. The result showed the consistent tendency with 

the found Pb on electrode, as shown in Fig. 4.16. The highest peak area came from the electrode 

that found highest Pb. We can conclude that the optimum condition for these couple technique 

are Au wire as working electrode and solution was prepared from 0.1 M HMImBr.  
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Figure 4.15 EDS images of Au working electrode before and after Pb deposition and the 

elemental mapping of Au (as working electrode) and Pb. Graph shown percentage of found 

deposited Pb on electrode surface at deposition potential of -1.5V with different deposition 

time. Sample solution is 50 ppm Pb in 0.1 M HMImBr. 
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Figure 4.16 Effect of deposition time in range of 0 to 30 minutes. Experimental conditions: 50 

ppm Pb in 0.1 M HMImBr solution flow rate of 100 μL min-1, applied voltage of 500 V, on-

time of 0.5 msec, off-time of 2 msec, and 20 cycles for one pulse (50 times repetition for one 

spectra) 

 

After some experimental parameters optimization, calibration curve and limit of 

detection was fabricated and calculated, as shown in Fig 4.17. The result shown that peak area 

was increasing with increasing of lead concentration, however, at very high concentration, it 

reached signal saturation. Due to the limitation of electrode surface area, after some 

concentration will not be able to deposit onto surface. Thus, the linear dynamic range from this 

calibration curve is 0 – 10 ppm of lead concentration. Within linear range, peak area is directly 

proportional to the lead concentration and illustrates satisfied linear regression (R2 = 0.9992). 

The detection limit (LOD) of this system is 0.0279 ppm of lead, which was calculated from 

3×SD of blank/slope of calibration curve. In addition, there are still many parameters that needs 
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to be optimized to achieve the best situation for long time monitoring of heavy metal in real 

water sample. 

 

 

Figure 4.17 Analytical performance of electrodeposition coupled with LEP-OES of 0 – 100 

ppm of lead in 0.1 M HMImBr. Experimental conditions: solution flow rate of 100 μL min-1, 

applied voltage of 500 V, on-time of 0.5 msec, off-time of 2 msec, 20 cycles for one pulse 

(50 times repetition for one spectra), and 3 times measurement for one data point. 

 

4.6 Conclusion 

In this part, we proposed new combination technique for long time environmental 

monitoring by using electrodeposition coupled with LEP-OES. By applied constant voltage, 

the analytes were deposited on electrode and after that, LEP would implement for direct plasma 

generation to detect deposited target analytes. EDS images confirmed our assumption and the 

feasibility of these new detection system. Next, some important experimental parameters were 
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optimized. Au wire was a better candidate for using as working electrode. The suitable solution 

is prepared from 0.1 M HMImBr, which is ionic liquid. Other experimental conditions are -1.5 

V as deposition potential, 30 minutes as deposition time, 100 mL min-1 as solution flow rate, 

applied voltage of 500 V, on-time of 0.5 msec, off-time of 2 msec, and 20 cycles for one pulse 

(50 times repetition for one spectra). With optimized condition, calibration curve was 

fabricated with the linear dynamic range of 0-10 ppm of lead and the calculated LOD is 0.3953 

ppm. However, further optimization of experimental parameter and validation of this technique 

still need to be done in order to use for on-site analysis. 
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CHAPTER V 

GENERAL CONCLUSION 

 

In this study, an elemental analyzer based on liquid electrode plasma optical emission 

spectrometry (LEP-OES) for long time environmental monitoring has been successfully 

investigated. Mechanism of decreasing channel damage by plasma discharge in microchannel 

of LEP for continuous elemental analysis was studies by gas introduction. 

In order to study the effect of gas, new gas introduction system was designed and 

fabricated. The shape of micro channel was adapted from water-in-oil droplet generation. After 

the optimization of experimental parameters, the gas bubble can be stable generated and 

connected to plasma generation system. The types of gas was not shown much different 

properties from each other. This conclusion will be used for further mechanism investigation. 

The effects of external gas introduction into AC-LEP and DC-LEP were studied. In 

AC-LEP, the introduction of gas into the channel resulted in the plasma starting almost 

immediately after the voltage was applied, while it started after several seconds without gas 

introduction. In both case of AC-LEP and DC-LEP, the external gas bubbles facilitated stable 

and high sensitive plasma generation with lower power, which result in reducing channel 

damage and increasing the lifetime of the analysis chip. These effects are significant in Ar 

introduction and AC-LEP cases. The power for homogeneous nucleation of bubble in 

conventional DC-LEP is higher than that required for plasma generation, resulting in high 

channel damage. Those facts suggest that the lower damage in conventional AC-LEP without 

gas introduction is attributed to H2/O2 bubbles generated by hydrolysis at electrodes and 

consequently introduced into the LEP from outside of narrow channel. 
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The new combination of techniques for elemental analyzer is proposed. To overcome 

of drawbacks of both method, an elemental analysis based on electrodeposition integration with 

LEP-OES has been realized. A novel configuration of reaction chamber for both 

electrochemical deposition and LEP detection has been developed. We investigated suitable 

deposition potential, solution system and working electrode materials could maintain more 

stable plasma and improve the intensity of deposited heavy metal ions. This system is allowed 

to monitoring heavy metal for a long time and continuously. 

For future work, the coupled technique showed better approach for elemental analysis. 

We expected that this work would improve the detection sensitivity and selectivity, after further 

optimization. Moreover, this work might be able to detect heavy metal complex by extract 

metal onto working electrode, which may reduce effect from matrix, and then LEP will be used 

as detector. 
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