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Radiation sources employed for optical emission spectrom-
etry include inductively coupled plasma,[1, 2] microwave
plasma,[3–5] laser-induced plasma,[6] and glow discharge.[7–9]

The miniaturization of atomic spectrometric systems cur-
rently attracts much attention,[10] and studies have focused on
the development of portable systems with high degrees of
automation and robustness. A series of microradiation
sources have been used for optical emission, for example,
microfabricated inductively coupled plasma,[11] direct-current
glow discharge,[12] solution-cathode glow discharge,[13] capaci-
tively coupled microplasma,[14] and microwave microstrip
plasma.[15, 16] Dielectric-barrier discharge (DBD) generates
low-temperature plasma at atmospheric pressure,[17, 18] which
is suitable for the atomization of volatile species.[19–21] It has
also served as an ionization source for mass spectrometry[22,23]

and ion mobility spectrometry.[24] In this respect, DBD
provides a new approach for exploiting miniaturized atomic
spectrometric systems.

In this work, an atmospheric-pressure DBD microplasma
was used for the first time as a radiation source for a
miniaturized optical emission spectrometric system. The
portable system consists of a sample introduction unit, a
DBD chamber, and a charge-coupled device (CCD) spec-
trometer as detector (Figure 1).

Sample introduction was achieved with mercury cold
vapor generation by a microsequential injection unit (FIAlab
Instruments, USA), furnished with two syringe pumps of
2.5 mL and 1.0 mL and a six-port selection valve. Two quartz
plates (50 8 15 8 1.2 mm3) and two glass plates (50 8 5 8
1 mm3) form a gas channel (50 8 5 8 1 mm3) that serves as a
radiation source. Two pieces of aluminum foil (5 8 30 mm2)
were attached onto the outer surface of the quartz plates to
serve as electrodes for igniting and maintaining DBD micro-
plasma by a 35 kHz high-frequency discharge generated by an
ENT-106B neon power supply (Guangzhou Xinxing Neon
Light Supply, China) at input voltages of 55–75 V at 50 Hz.
The aluminum foils were placed 5 mm away from the brim of
the exit of the radiation source. Cold mercury vapor was

excited in the DBD chamber, and the emission spectra were
recorded by a QE65000 CCD spectrometer (Ocean Optics,
USA), with a slit width of 200 mm and an integrated HC1–QE
composite blaze with a grating of 300 lines, which gives a
resolution of approximately 8 nm. An integration time of
50 ms, an average of three scans, and a boxcar width of one
were set for the CCD to ensure a reasonable signal-to-noise
ratio and a proper spectral resolution.

The performance of the optical emission spectrometer is
determined by the formation of microplasma and its excita-
tion of mercury vapor, which is related to the discharge
voltage and discharge electrode area. No plasma was obtained
at a discharge voltage of less than 1.1 kV, whereas stable and
homogeneous microplasma was observed at 1.20–1.80 kV.
The power variations cause obvious changes in the optical
emission of mercury recorded at 253 nm (Figure 2). A notable
increase in emission was achieved by increasing the power
from 1.20 to 1.35 kV, as higher voltage creates more high-
energy electrons in the DBD which collide with argon and
mercury vapor in the radiation source and thus promote the
excitation of mercury and its subsequent emission. In
subsequent experiments, a discharge power of 1.50 kV was
employed. Moreover, a significant improvement in emission
intensity was observed upon increasing the electrode area
from 5 8 10 to 5 8 30 mm2 (Figure 2), attributed to the
excitation of an increased number of mercury atoms. For
the ensuing investigations, a discharge electrode area of 5 8
30 mm2 was used.

To examine the optical emission of mercury in the DBD
radiation source, it is important to select an emission line with

Figure 1. Schematic of the miniature DBD–OES system. SP1, SP2:
syringe pumps; SV: six-port selection valve; HC: holding coil; RC:
reaction coil; GLS: gas–liquid separator; HV: discharge power; E:
discharge electrode; Q: quartz; G: glass; P: plasma; S: sample; W:
waste. The inset illustrates the cross-sectional configuration of the
DBD chamber.
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favorable sensitivity while minimizing interfering effects.
Thus, a blank emission spectrum of the argon DBD micro-
plasma and one recorded in the presence of cold mercury
vapor were studied (Figure 3). The emission line of mercury
at 253.65 nm was clearly isolated from the blank emission
spectra, and was adopted for quantification. The other strong
atomic emission lines of mercury in the range of 296.73 nm to
435.84 nm were obscured by the blank emission, and the use
of these lines for analysis is not feasible with the present
system.

Figure 4 shows the responses of the CCD to blank
emission of the DBD microplasma and the 253.65 nm
mercury atomic line radiated from an HG-1 mercury argon
calibration source (Ocean Optics, USA). The sharp radiation

peak at 253.65 nm is observed as a relatively broad spectrum
because of the insufficient resolution of the CCD. Never-
theless, a maximum intensity was recorded at 253 nm, and the
CCD was set at this wavelength for further measurements.

The introduction of mercury vapor into the radiation
source alters the microplasma, and the instability of the input
and discharge power contributes an additional source of
variation, resulting in large fluctuations in the emission of the
DBD blank. This variation significantly deteriorates the
accuracy, precision, and detection limit of the entire system.
Investigations showed that fluctuations of blank emissions at
two neighboring wavelengths (i.e., 245 nm and 253 nm)
follow exactly a same trend; the emission at 245 nm is
around 92 % of that at 253 nm (Figure 4). Thus, a blank
correction procedure was performed by first recording the
optical emission simultaneously at 253 nm and 245 nm, and
then a net emission spectrum at 253 nm was derived by
subtracting the corresponding blank data at 245 nm. The
CCD response at 245 nm for the 253 nm atomic line
corresponds to less than 2% of the peak emission at
253 nm, which minimizes the error of the correction process.
Figure 5 illustrates the significant improvement of the emis-
sion spectra after blank correction.

Cold mercury vapor generation is critical for its subse-
quent excitation and optical emission. Figure 6 shows the
effects of argon flow rate, sample loading time, and concen-
tration of SnCl2 as reducing reagent. In our experiments,
1.0% v/v HCl was used for preparing the sample solutions
and to generate the vapor, an argon flow rate of 100 mL min�1

was adopted, and a sample loading time of 5 s was employed
for 500 mL of sample and 400 mL of SnCl2 (3 % m/v) solution.

The system tolerates a saline matrix of up to 5 % m/v
NaCl. No interference was found within a 5% error range for
5 mgL�1 of Cd2+, Fe3+, Cu2+, Zn2+, Cr3+, Ni2+, Pb2+, Sb3+,
AsO2

� , and SeO3
2�. A detection limit of 0.2 mgL�1 was

derived, which is comparable to those obtained by some other
OES systems (Table 1). The system also offers a favorable
sampling frequency of 90 h�1 and a relative standard deviation
(RSD) value of 2.1% at 10.0 mgL�1 Hg2+. Figure 7 shows the

Figure 2. The dependence of mercury atomic optical emission at
253 nm on the discharge voltage and discharge electrode area. 500 mL
of sample (10.0 mgL�1 Hg2+) in HCl (1.0% v/v) and 400 mL of SnCl2
solution (3.0% m/v) were used; sample loading time: 5 s.

Figure 3. Optical emission spectra of the argon DBD microplasma
recorded in the radiation source: A) in the presence of cold mercury
vapor generated by 500 mL of sample solution (40 mgL�1 Hg2+),
showing clear isolation of the emission line at 253.65 nm from the
blank spectra; B) blank emission spectra of the DBD microplasma.

Figure 4. The CCD responses to blank emission of the DBD micro-
plasma and the 253.65 nm mercury atomic line radiated from an HG-1
mercury argon calibration source.
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recorded spectral peaks and the calibration graph for
0.0–50.0 mg L�1 Hg2+ with a 500 mL sample solution.

The miniaturized portable optical emission spectrometric
system was validated by analyzing mercury in certified

reference materials of CRM 176 (trace elements in a city
waste incineration ash), NASS-5 (seawater), and SLRS-4
(riverine water). A reasonable agreement was achieved
between the certified and the obtained values for CRM 176
(Table 2). As no mercury content was certified for NASS-5
and SLRS-4, the samples were spiked with mercury and
satisfactory results were achieved.

Experimental Section
An argon stream at 100 mLmin�1 was directed through the system
prior to the operation. Meanwhile, the CCD was actuated to record
the spectra. On changing samples, 200 mL sample solution was
aspirated from port 5 and then dispensed through port 4 followed
by 200 mL of carrier to clean the channels and eliminate residues from
the previous sample. For each analysis, syringe pump SP1 was set to
aspirate 500 mL of sample solution via port 5, while 400 mL of SnCl2

solution was aspirated into SP2. Then, the sample solution followed
by 500 mL carrier was successively dispensed by SP1 through port 3 at
12 mLmin�1 to meet the SnCl2 solution directed by SP2 at
4.8 mLmin�1. Upon confluencing, the reaction mixture was swept
by an argon stream through the gas–liquid separator, where the cold
mercury vapor was isolated and directed to the radiation source for
optical emission and spectra recording.
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Figure 5. Blank correction for the emission spectra of mercury at
253 nm with respect to the blank emission of DBD microplasma
obtained at 245 nm. A) The raw spectra recorded at 253 nm for
10 mgL�1 Hg2+; B) the blank emission; C) the net emission spectra
after performing blank correction.

Figure 6. The dependence of mercury emission intensity on argon flow
rate, sample/reagent loading time, and SnCl2 concentration. 500 mL of
sample solution (with 10.0 mgL�1 Hg2+) in hydrochloric acid
(1.0% v/v) was used; discharge voltage: 1.50 kV; discharge electrode
area: 5M30 mm2.

Table 1: Comparison of the detection limit (LOD) and precision (RSD) of
the present system with those of other optical emission spectrometric
systems for the determination of mercury.

Procedure LOD [mgL�1] RSD [%] Ref.

Inductively coupled plasma 0.21 1.7 (100)[a] [1]
Solution-cathode glow dis-
charge

22 1.9 (500)[a] [13]

Microwave micro-strip plasma 0.11 5 (50)[a] [15,16]
Radiofrequency glow discharge 0.2 4 (100)[a] [25]
Radiofrequency discharge 0.1 [26]
Dielectric barrier discharge 0.2 2.1 (10)[a] This

method

[a] Concentration levels (mgL�1) at which RSD values were obtained.

Figure 7. The recorded peak shapes and the calibration graph for
0.0–50.0 mgL�1 Hg2+. 500 mL of sample solution in hydrochloric acid
(1.0% v/v) and 400 mL of SnCl2 solution (3.0% m/v) were used;
discharge voltage: 1.50 kV; discharge electrode area: 5M30 mm2;
sample loading time: 5 s.

Table 2: Determination of mercury in certified reference materials
CRM 176, NASS-5, and SLRS-4 (n =3) by the present system.

Sample Certified
[mgg�1]

Found
[mgg�1]

Spiked
[mgL�1]

Found
[mgL�1]

Recovered
[%]

CRM 176 31.4�1.1 30.2�2.1
NASS-5 n.d.[a] 10.0 9.9�0.4 99
SLRS-4 n.d.[a] 10.0 9.7�0.2 97

[a] n.d.=not detected.
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