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Abstract 

Liquid electrode plasma atomic emission spectrometry (LEP-AES) is a new elemental analysis method 

that uses microplasma. LEP forms in a vapor bubble generated inside a narrow-center microchannel by 

using high-voltage DC pulse power. In this study, we used a novel hourglass microchannel having a 

3-dimensionally and axisymmetrically narrowed shape, which caused a bright emission roughly 200 

times that of the flat microchannel used in our previous study. We observed the spatial distribution of 

atomic emission and determined the limit of detection (LoD) by utilizing the confirmed spatial 

distribution. We found that the spatial distribution of atomic emission for 41 elements in our 

experiments could be classified into three patterns in accordance with maximum emission point: anode 

side, narrow-center, and cathode side. Atomic emission was measured at the maximum emission point 

and the calibration curve for each element was made to determine LoD. The LoD of 25 tested elements 

in our experimental ranged from 1 µg/L for Li to 306 µg/L for V.   

 

Introduction 

Elemental analysis is a fundamental component of analytical chemistry and is used for a variety of 

applications. In the analysis of liquid samples, reliable methods such as atomic absorption spectrometry 

(AAS), inductively coupled plasma atomic emission spectrometry (ICP-AES), and inductively coupled 

plasma mass spectrometry (ICP-MS) are widely used, and many studies have been conducted. However, 

the need for a gas increases the analytical cost, and the complex instruments require frequent 

maintenance, which makes these methods difficult to apply in the field and in real-time analysis.  

One method that overcomes these issues is the use of microplasma sources especially for liquid 

sample analysis
1-5
. There are a miniaturized atmospheric-pressure thermal plasma jet source

6
, 

electrolyte-cathode discharge (ELCAD), which is an atmospheric glow discharge in the air gap between 

a flow-through electrolyte solution cathode and a metal anode
7-12

, liquid-sampling atmospheric-pressure 
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glow discharge (LS-APGD) uses a conductive tube to deliver the sample
13-14 

and so on. The other 

reported method using both electrodes consisting of solutions is discharge on boiling in a channel
15-17

. 

Also, nanoscale corona discharge in liquids for optical emission spectrometry is reported
18
. 

Liquid electrode plasma atomic emission spectroscopy (LEP-AES) was first presented by Takamura’s 

group
19
. The working principle of LEP-AES is as follows. A liquid sample with electrolytes is filled 

inside a microchannel having a narrow center and then high-voltage DC pulse power is applied with 

electrodes on both sides of the microchannel. As a bubble generated by Joule heating at the 

narrow-center part expands, the bubble-liquid interfaces work as liquid electrodes for discharge inside 

the bubble. Compared to conventional ICP-AES, LEP-AES uses very small plasma without gas, 

resulting in lower analytical cost, less maintenance, and smaller instrument size, which makes it easy to 

be applied in the field and in real-time analysis. 

Several studies using LEP-APS have been conducted
20-30

. In these works, microchannels made of 

Polydimethylsiloxane, resin, and silica were used, and with salts or nitric acid as typical solutions, 800 

to 2500 V was applied for the emission. In our previous work
31
, we studied the characteristics of LEP in 

flat microchannels, using Pb, and obtained LoD as low as the µg/L order.   

In the present study, we used a novel hourglass microchannel having a 3-dimensionally and 

axisymmetrically narrowed shape, which caused a much brighter emission compared with our previous 

work. We observed the spatial distribution of atomic emission for 41 elements, and found that the 

emission profiles could be classified into three patterns.  We also determined a detection limit of 25 

elements in our experimental, which ranged from the µg/L to hundreds µg/L order.   

 

Experimental 

Instrumentation and experimental conditions 
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The instrumentation we used is shown in Fig. 1. The hourglass microchannel (Fig. 1A) was made by 

drilling a square fused silica capillary. The length of the microchannel was 9 mm and the diameter of 

the main channel was 1.6 mm. The narrow-center was 0.6 mm long and 50 µm wide. Both ends were 

connected with Teflon
TM

 connectors equipped with Pt electrodes (φ0.5 mm) and tubing.   

Schematic diagrams of the instruments are shown in Fig. 1B and C. In both, the hourglass 

microchannel is connected to the DC power supply, syringe pump, and optical measurement system 

described in our previous study
31
. For experiments investigating voltage and pulse width dependence in 

LEP, the instruments illustrated in Fig. 1B were used. A fiber bundle was set just below the 

microchannel and the other end was connected to a spectrograph with an intensified CCD camera, as 

described in our previous study
31
. For spatial distribution observation and derivation of LoD, the 

instruments shown in Fig. 1C were used. The emission image was focused by achromatic lens (No. 

47-613, UV to NIR corrected triplet lens, f = 45 mm, Edmund, USA) to the slit plane of a spectrograph 

(SP-2558, Acton Research, USA). A cooled CCD camera (PIXUS-256E, Roper Scientific, USA) was 

used as the detector of the spectrograph. The microchannel was vertically set with the cathode upside 

and the solutions were set to flow vertically upward in the microchannel. For the spatial distribution 

observation, the slit width of the spectrograph was set as wide as 3 mm, and for the sensitivity 

investigation, the slit width was set to 50 µm. For the LoD estimation, only the data from best location 

were used. As the microchannel and the slit of the spectrograph aligned, we could select the emission 

light only from the best location by just assigning the corresponding pixels on CCD camera. The LoD 

for each element was estimated using LoD = 3 σ/m, where σ is the standard deviation of the blank 

solution measurement data and m is the slope of the calibration curve.  

The sample solution used in the spatial distribution studies basically consisted of 100 mg/L of each 

element in 0.1 N nitric acid, with exceptions detailed in the Results and discussion section. Solutions for 

calibration curve experiments were prepared by diluting the solution with 0.1 N nitric acid. Standard 
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solutions were all purchased from Kanto Chemical, Japan. Conditions for each experiment are given in 

the Results and discussion section. 

 

Results and discussion 

Spatial distribution of atomic emission in LEP using an hourglass microchannel 

In our previous study
31
, we used a flat 80-µm depth narrow-center microchannel, but the atomic 

emission was not strong enough for a detailed spatial distribution analysis. To increase the net intensity 

of the emission, in this work we used a novel hourglass microchannel having a 3-dimensionally and 

axisymmetrically narrowed shape (Fig. 1A). We investigated the effect of voltage and pulse width to the 

emission intensity of Pb (405.7 nm), shown in electric supplementary Fig. E1. Compared to the typical 

emission intensity value of Pb in our previous study (flat microchannel, 2.5kV-0.8msec), the emission 

intensity increased by about 200 times (hourglass microchannel, 1.6kV-20msec).  

We observed the spatial distribution of atomic emissions in LEP by using a spectrograph with a CCD 

camera. We chose an atomic emission relatively large and well-separated from other emissions so that 

we could clearly obtain a focused image of atomic emission at a wide-opened slit plane without a 

bandpass interference filter. Contrary to our simple preliminary prediction that the atomic emission 

mainly occurs at the narrow center of the microchannel, where the electric field is greatly focused, the 

maximum emission point differed between elements. 

We found that the atomic emission in LEP can be classified into three typical spatial-distribution 

patterns, shown in Fig 2. Before each measurement, an image of the microchannel that had been 

illuminated only for this purpose by a light source was observed using zero order light (Fig. 2A). It is 

clearly shown that narrow center was set in the middle of the image. The three typical patterns had 

maximum emission intensity at the anode side of the narrow center, at the narrow center itself, and at 

the cathode side of the narrow center. Pb was a typical element having anode side emission (Fig. 2B). 
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This emission corresponded to the axis of the conical part at the anode side. Cd was a typical element 

having its maximum emission at the narrow center (Fig. 2C). K was a typical element having cathode 

side emission (Fig. 2D). This emission corresponded to the conical part at the cathode side. Emission 

profiles of cathode side emission were slightly different to the anode side ones in that they emit all over 

the conical part, and not just around its axis.  

The spatial distributions and the maximum intensity of atomic emission in LEP in 41 elements were 

observed and mapped with colors to the periodic table, as shown in Fig. 3A and 3B, respectively. 

Experimental conditions were the same as those in Fig. 2. A large and distinguishable emission wave 

length was selected for each element and all classification was confirmed with electrode inversion 

experiments. For the spatial distribution shown in Fig 3A, alkali metals and Co, Ni, and B emitted at the 

anode side. Neighbor elements, Ga, In, Tl, and Pb, and also Sr, Ba, Fe, and Ag, emitted at the cathode 

side. The rest of the elements emitted at the narrow center. The reason for this distribution was not yet 

explained. At the very least, for the purpose of achieving more sensitive detection of the elements in 

LEP-AES, this knowledge is a key in terms of setting the proper viewpoint for the measurements.  

The same data were mapped with colors depending on the maximum intensity to the periodic table 

Fig. 3B. The maximum intensity ranged from 125 to 410,000, which were about three logs. The basic 

trend of the emission was similar to that revealed by other atomic emission spectrometry such as 

ICP-AES. The emission of alkali metals and alkali earth metals was relatively large. The emission of 

transition metals was relatively small, especially for refractory metals such as V, Nb, Mo, and W. 

However, group 11 elements had relatively large emission intensity. Also, metals from groups 12–14 

had relatively large emission intensity, while the rest of the metalloids and nonmetals emitted weakly.  

A comparison of Figs. 3A and 3B shows that, with some exceptions, the metal elements emitting at 

the cathode and anode sides tend to have a relatively larger emission and that the metal elements having 

weak emission tend to have a narrow-center emission. This correlation can be explained by the fact that 

the emission requiring lower excitation energy can emit at relatively weak electrical field regions while 
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the one requiring higher exciting energy can emit only in the strong electrical field, which is at the 

narrow center.   

 

Calibration curve and detection limit in LEP 

We determined the best viewpoint for each element for elemental analysis by studying the spatial 

distribution. As an example, the calibration curve of Pb is shown in electric supplement Fig. E2. A 

linear dynamics range of at least three logs was shown and LoD was estimated as 3 µg/L, which is 

better than our previous study
32
, 4 µg/L. The cause of the only small increase in sensitivity is not well 

examined yet, but the fluctuation of background emission could be the one. In total, calibration curves 

of 25 elements were made and LoD in our experimental was estimated, as shown in Fig. 4. LoD of 

tested elements in our experimental ranged from 1 µg/L for Li to 306 µg/L for V, which is similar to the 

results of the flame atomic absorption spectrometry. 

 

Conclusion  

We applied a new hourglass microchannel in LEP-AES to increase the emission intensity and stability 

and studied the spatial distribution of atomic emission. We found that emission profiles can be classified 

into three patterns that can then be used to set the best viewpoint for each element in an LoD experiment. 

LoD in our experimental ranged from the µg/L to hundreds µg/L order, which is as good as that of 

flame atomic absorption spectrometry. With observed sensitivity and a simple configuration requiring 

neither gas nor light sources, LEP-AES is promising for in-field elemental analysis and real-time 

elements monitoring in a flow-through manner.  
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Figure 1. Instrumentations for LEP experiment. (A) Hourglass microchannel. (B) Schematic diagrams of 
instruments for voltage and pulse width experiment and bubble observation. (C) Schematic diagrams of 

instruments for spatial distribution observation and derivation of limit of detection.  
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Figure 2. Three patterns of spatial distribution of atomic emission in LEP. (A) Image of microchannel 
obtained under zero light. (B) Pb (405.7 nm): Typical example of anode side emission. (C) Cd (228.8 nm): 
Typical example of narrow-centered emission. (D) K (766.4 nm): Example of cathode side emission. All 

images are flipped vertically from real position because of the lens configuration. Concentration of each 
element was 100 mg/L and solution was 0.1 N acetic acid. The electrical condition was 2.0kV-20msec. 

Emission images were all accumulated through 20 pulses.  
190x254mm (96 x 96 DPI)  
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Figure 3. Atomic emission in LEP for 41 elements. (A)Spatial distribution: Red: anode side. Yellow: narrow-
center. Blue: cathode side.(B)Maximum intensity values: Colors indicate the intensity, where >10000: Red 
and <100: Blue. Middle intensities are shown in log gradation. Concentration of each element was 100 

mg/L, excluding the elements written below, and solution was 0.1 N acetic acid. The electrical condition was 
2.0kV-20msec. Emission images were all accumulated through 20 pulses. Large and distinguishable 

emission wave lengths were chosen as follows: Li(670.7 nm), B(249.7 nm), Na(588.9 nm), Mg(279.5 nm), 
Al(396.1 nm, 500 mg/L), P(253.2 nm), K(766.4 nm), Ca(422.6 nm), Sc(391.1 nm), V(437.9 nm, 250 

mg/L), Cr(357.8 nm, 1000 mg/L), Mn(257.5 nm), Fe(248.3 nm), Co(241.1 nm), Ni(232.5 nm,1000 mg/L), 
Cu(324.7 nm), Zn(213.8 nm), Ga(417.2 nm,500 mg/L), As(228.8 nm, 1000 mg/L), Se(203.9 nm), 

Rb(780.0 nm), Sr(496.2 nm, 1000 mg/L), Nb(405.8 nm), Mo(277.7 nm, 500 mg/L), Ru(373.0 nm,10 mg/L), 
Rh(343.4 nm, 1 mg/L), Pd(340.4 nm), Ag(328.0 nm), Cd(228.8 nm), In(451.1 nm 500 mg/L), Sb(259.8 
nm), Te(214.2 nm), Ba(455.4 nm, 1000 mg/L), W(400.1 nm), Ir(212.7 nm, 10 mg/L), Pt(249.0 nm), 

Au(267.5 nm), Hg(253.9 nm, 1 mg/L), Tl(377.5 nm), Pb(405.7 nm), Bi(223.0 nm, 200 mg/L).  
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Figure 4. Limit of detection (LoD) in LEP for 25 elements. A calibration curve was made for each element 
and LoD was estimated. The electrical condition was 1.6kV-20msec. Emission intensity was accumulated for 

200 pulses. N = 3 for each concentration.  
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