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Abstract

High performance liquid chromatography (HPLC) analysis was performed for distilled water irradiated with
an atmospheric-pressure argon (Ar) plasma jet. Three peaks were observed in the chromatogram of the
distilled water irradiated with the plasma jet. These peaks corresponded to hydrogen peroxide (H,0,), nitrate
ions (NO;3’), and nitrite ions (NO,"). Therefore, we found that H,O,, nitric acid (HNO;), and nitrous acid
(HNO,) were generated in distilled water irradiated with an Ar plasma jet. After 30 min of irradiation, the
H,0,, NOj;", and NO, concentrations were 84.0, 59.8, and 4.0 mg/L, respectively. The H,O, and NO;’
concentrations in distilled water increased proportionally with the plasma irradiation time, whereas the NO,"
concentration was almost unchanged. We conclude that the H,0,, NO;", and NO,  concentrations can be

simultaneously determined by HPLC, thus confirming its effectiveness.
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1. Introduction

The decomposition of harmful organic compounds in
wastewater using on-water discharges and plasmas is a
popular area of research. For example, researchers have
reported the decomposition of phenol ¥, organic dyes such

4,5)

as indigo carmine * ¥, and acetic acid ©® as model persistent

organic substances using on-water pulse discharge, as well as

"% using on-water

the decomposition of methylene blue dye
atmospheric-pressure plasma.

Previously, we reported the decomposition of methylene
blue in an aqueous solution using an atmospheric-pressure

9. In that study, we carried out

argon (Ar) plasma jet
measurements by absorption spectroscopy and capillary
electrophoresis and found that (1) nitric acid (HNO;) was
generated in distilled water irradiated with an Ar plasma jet,
(2) the generated nitrate ion (NOj") contributed to a peak at a
wavelength of approximately 200 nm in the absorbance
spectrum, and (3) the NO;™ concentration increased with the

10)

plasma irradiation time Moreover, we measured the

NO;  and nitrite ion (NO,;) concentrations by
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semiquantitative determination using NO;  and NO, test
strips and flow injection analysis (FIA) based on absorption
spectrophotometry using a Cu-Cd reduction column and
naphthylethylenediamine. =~ We found that nitrous acid
(HNO,), in addition to HNO;, was generated in distilled
water irradiated with a plasma jet and that the NOj”
concentration increased proportionally with the plasma
irradiation time, whereas the NO, concentration was almost

' We also reported that hydrogen peroxide

unchanged
(H,0,) was generated in distilled water irradiated with an Ar
plasma jet and that the H,O, concentration in distilled water
increased with plasma irradiation time, as determined by
semiquantitative determination using H,0, test strips and by

FIA with fluorescence detection 2.

As explained above,
the detection method for H,O, was different from that for
NO;™ and NO;’, and their concentrations were individually
determined.

In this study, we report that H,O,, NO3, and NO, in
distilled water irradiated with an atmospheric-pressure Ar
plasma jet can be simultaneously detected by high
performance liquid chromatography (HPLC). In addition,
we quantify their concentrations by developing calibration
curves and show the dependence of each concentration on the

plasma irradiation time.
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2. Experimental

Figure 1 shows a schematic of the experimental setup used
in this study. A copper tube (inner diameter, 4 mm; outer
diameter, 6 mm), used as a discharge electrode, is inserted
into a dielectric quartz tube (length, 50 mm; inner diameter, 6
mm; outer diameter, 8 mm), around which copper foil
(thickness, 0.05 mm; width, 10 mm) is wrapped as a

grounding electrode '

When a high AC voltage is applied,
a dielectric barrier discharge is induced in the quartz tube
between these electrodes, and the inflowing argon gas is
excited to form a plasma that is then released into the
atmosphere.

A plasma jet was generated at an Ar gas flow rate of 10
L/min using a high-voltage power source (LHV-10AC, Logy
Electric Co., Ltd.) with a frequency of 10 kHz and an applied
voltage of 10 kV. Under these conditions, the plasma jet
extended approximately 30 mm from the end of the quartz
tube and its maximum diameter was approximately 6 mm '
Ten milliliters of distilled water (Wako Pure Chemical
Industries, Ltd.) in a 60-mm-diameter glass Petri dish was
directly irradiated with an atmospheric-pressure Ar plasma
jet for 1—30 min. The distance between the end of the
quartz tube and the surface of the distilled water was

approximately 15 mm.

Copper tube

Flowmeter

Current

Quartz tube

Hiqhmlraqel High voltage ——

probe power sgurce AC 100V

Fig. 1 Schematic of experimental setup.

Fig. 2 Plasma jet irradiated onto distilled water.

For the HPLC analysis, a HPLC pump (PU-2080 Plus,
JASCO Corporation), a UV detector (UV-2075 Plus, JASCO
Corporation), and a column (Hydrosphere C18, YMC Co.,
Ltd.) were used. The mobile phase was 0.05% phosphoric
acid aqueous solution and its flow rate was 1.0 mL/min.
The wavelength of UV light at the detection unit was 210 nm.
The volume of the sample solution used for the measurement

was 20 pL.
3. Results
Figure 2 shows a plasma jet irradiated onto distilled water.

Streamer discharges are generated in the plasma jet and

appear to reach the surface of the distilled water. These
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Fig. 3 Chromatograms of distilled water irradiated with

plasma jet: (1) before irradiation, (2) after 1 min of
irradiation (inset, magnified view of peak B), and (3) after 30

min of irradiation.
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Fig. 4 Chromatogram of H,0O, aqueous solution.

) ) ) ) | ) ) ) ) | ) ) ) )
=
S
g
8
>
‘0
C
o)
£

.L;-I.. PO TS T R 1

0 5 10 15
Retention time (min)
Fig. 5 Chromatogram of NaNO, aqueous solution.
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Fig. 6 Chromatogram of NaNO; aqueous solution.
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Fig. 7 Dependences of H;0,, NOj3, and NOj

concentrations in distilled water on plasma irradiation time.
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streamer discharges may be flows of electrons. In that case,
the electrons in the plasma are considered to reach the surface
of the distilled water.

Figure 3 shows chromatograms of distilled water irradiated
with a plasma jet. No peak was observed for the distilled
water before plasma jet irradiation in Fig. 3-(1). For the
distilled water irradiated with a plasma jet for 1 min in Fig.
3-(2), peaks were observed at 3.3, 5.5, and 8.5 min, and are
denoted as A, B, and C, respectively. These results indicate
that three different substances were generated in the distilled
water upon plasma jet irradiation. For the distilled water
irradiated with a plasma jet for 30 min in Fig. 3-(3), no peaks
other than the above three were observed, but the intensities
of the three peaks were increased.

Our previous studies showed that H,O,, NO3", and NO,™ are
present in distilled water irradiated with a plasma jet '*'?.
In this study, a H,O, aqueous solution was first analyzed by
HPLC. Figure 4 shows a chromatogram of the H,0,
aqueous solution. A peak corresponding to H,O, was
observed at 3.3 min, which is in agreement with peak A in Fig.
3-(2). Therefore, peak A was identified to be that of H,0,.

Next, sodium nitrite (NaNO,) aqueous solution, which
contained NO,", was analyzed by HPLC. Figure 5 shows a
chromatogram of the NaNO, aqueous solution. A peak was
observed at 5.5 min, which is in agreement with peak B in
Fig. 3-(2) in terms of both position and shape. Therefore,
peak B was identified to be that of NO;".

Finally, sodium nitrate (NaNOj) aqueous solution, which
contained NO5", was analyzed by HPLC. Figure 6 shows a
chromatogram of the NaNO; aqueous solution. A peak was
observed at 8.5 min, which is in agreement with peak C in
Fig. 3-(2). Therefore, peak C was identified to be that of
NO;". Thus, HPLC was successfully used to simultaneously
detect H,O,, NO;", and NO, generated in distilled water by
plasma jet irradiation.

Figure 7 shows the dependences of the H,0,, NO;", and
NO,  concentrations in distilled water on the plasma
irradiation time. Each concentration was determined from
the calibration curves developed for each peak intensity in
the HPLC chromatograms. The H,0, concentration was 0
mg/L  before plasma jet irradiation and increased
proportionally with the plasma irradiation time: it was 6.1
mg/L after 1 min of irradiation, 13.4 mg/L after 3 min of
irradiation, 20.0 mg/L after 5 min of irradiation, 32.5 mg/L
after 10 min of irradiation, 49.9 mg/L after 15 min of
irradiation, 57.8 mg/L after 20 min of irradiation, and 84.0
mg/L after 30 min of irradiation. The NO;  concentration
was 0 mg/L before plasma jet irradiation and increased
proportionally with the plasma irradiation time: it was 2.6

mg/L after 1 min of irradiation, 6.6 mg/L after 3 min of
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irradiation, 14.3 mg/L after 5 min of irradiation, 20.6 mg/L
after 10 min of irradiation, 34.0 mg/L after 15 min of
irradiation, 40.8 mg/L after 20 min of irradiation, and 59.8
mg/L after 30 min of irradiation. The NO, concentration
was almost unchanged even when the plasma irradiation time
increased; it was 0 mg/L before plasma jet irradiation, 2.0
mg/L after 1 min of irradiation, 4.0 mg/L after 3 min of
irradiation, 7.1 mg/L after 5 min of irradiation, 5.6 mg/L after
10 min of irradiation, 6.4 mg/L after 15 min of irradiation,
5.0 mg/L after 20 min of irradiation, and 4.0 mg/L after 30
min of irradiation. The reason why the NO,  concentration
negligibly increased with the plasma irradiation time is
considered to be that NO, is converted to NO; through
binding to the O in the distilled water. O is generated by the
dissociation of O, dissolved in the distilled water. These
results were in good agreement with the results obtained in

our previous studies ' 1%,

4. Discussion

4.1 Generation of NO;” and NO,”

During atmospheric discharge, the reactions below occur
1317 Electrons (e) collide with nitrogen molecules (N,) and
oxygen molecules (O,) in air to generate nitrogen (N) and
oxygen (O) atoms, respectively. The O atoms react with O,
to generate ozone (O3). Through these reactions, nitrogen
oxide (N,O,) is generated. Dinitrogen pentoxide (N,Os) and
dinitrogen trioxide (N,O3) react with water molecules (H,O)
in air to generate HNO3; and HNO,, respectively. In the
following equations, M is called the third body and absorbs
the internal energy of the generated molecules to stabilize

them and prevent their dissociation.

e+t N, > 2N +e (R1)
e+0,—>20+e¢ (R2)
0+0,+M— 0;+M (R3)
N+0, > NO+O0 (R4)
NO + O — NO, (R5)
NO + O3 —» NO, + O, (R6)
NO, +N - N,0 + O (R7)
NO, + O — NO; (R8)
NO, + 03 — NO; + 0, (R9)
NO, + NO — N,0, (R10)
NO,+ NO; + M — N,05 + M (R11)
N,Os + H,0 — 2HNO; (R12)
N,O; + H,0 — 2HNO, (R13)
HNO; —» H" + NO;y (R14)
HNO, — H" + NO,’ (R15)

Braun et al. experimentally confirmed that O3, N,O, N,Os,

and HNO; were generated in air by atmospheric discharge .

Using a gas detector, Miyazaki et al. found that O3, NO, and

NO, were generated in a N,-O, gas mixture upon pulse
discharge '¥. Chen et al. reported that O3, NO, and NO,
were generated in air by atmospheric dielectric-barrier
discharge '”.  They also reported that the NO, concentration
increased with the discharge time, whereas the NO
concentration was almost unchanged.

Similar reactions were considered to occur during
atmospheric-pressure plasma jet irradiation. In addition to
the reactions with H,O in air, a reaction with H,O at the
surface of distilled water may have occurred in our
experiment. Therefore, we considered that HNO3 and HNO,
were generated in distilled water and were ionized to H" and
NO;™ and to H" and NO,", respectively. As a result, NO3’
and NO, were considered to be generated in distilled water
irradiated with a plasma jet.

Watanabe performed ion chromatography measurements of
the concentration of negative ions generated in pure water

subjected to a silent discharge 2*.

According to their report,
NO;™ was present but little NO,” was present in pure water
after the discharge. Morecover, the NO;  concentration
increased linearly with discharge time. He stated that little
NO, was present because nitric oxide (NO) and nitrogen
dioxide (NO,) generated by discharge rapidly became HNOs;.
However, the estimated NO; concentrations were not
reported. Huang et al. performed ion chromatography and
reported that NO;™ was generated in pure water subjected to
dielectric-barrier discharge and that the NO;™ concentration
increased with discharge time ®. They considered that NO
and NO, were generated during dielectric-barrier discharge
and that NO, reacted with H,O to form NO5;". However, no
estimates of NO;3™ concentrations were reported. lkawa et al.
reported that NO;™ and NO,™ were generated in distilled water
irradiated with an atmospheric-pressure helium (He) plasma
jet and that the NO;* + NO, concentration increased
proportionally with plasma irradiation time, on the basis of
the results of ion chromatography 2.  However, they neither
determined the NO;™ and NO," concentrations independently

nor stated the reason for the generation of NO3™ and NO,".

4.2 Generation of H,0,

The generation mechanism of H,O, is considered to be as
follows. Electrons (e) 7?2, metastable excited Ar atoms
(Ar*) *, and metastable excited N, (N,*) ** 29 collide with
H,0 at the surface of distilled water to generate hydroxyl

(OH) radicals and hydrogen (H) atoms in the distilled water.

et+H,O—->OH+H+e (R16)
Ar* + H)O - OH + H (R17)
N,* + H,0 — OH + H (R18)
The generated OH radicals bond with each other to

generate H,0, 26-28)
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OH + OH — H,0, (R19)
Miichi reported that 25 mg/L H,O, was generated in
distilled water subjected to gas-phase creeping discharge for

30 min .

Ochmigen et al. reported that H,O, was
generated in distilled water irradiated with on-water
atmospheric-pressure plasma and that the H,O, concentration
increased with the plasma irradiation time to reach

approximately 20 mg/L after 30 min of irradiation **.

5. Conclusions

Distilled water irradiated with an atmospheric-pressure Ar

plasma jet was analyzed by HPLC.

° In the chromatogram of the distilled water irradiated
with an Ar plasma jet, three peaks were observed at
3.3, 5.5, and 8.5 min, which corresponded to H,O,,
NO,, and NOjs’, respectively.

° The H,0, and NOj™ concentrations in distilled water
increased proportionally with the plasma irradiation
time, whereas the NO, concentration was almost
unchanged.

° H,0,, HNO;, and HNO, were generated in distilled
water irradiated with an Ar plasma jet.

° HPLC can be used to simultaneously detect H,0,,
NOj5", and NO, generated in distilled water by plasma

jet irradiation.
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