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The gas-liquid mixed phase plasma generated by a nanoseconds-pulsed discharge in bubbles was used for
degradation of acetic acid in water. A Shirasu porous glass (SPG) membrane tube was adopted as micro-bubble
generator and part of a discharge reactor. A large number of tiny bubbles are generated from dense micro-pores
(average diameter of ¢50 um) of the SPG wall and a discharge through SPG membrane was initiated between
high voltage electrode and bubble surface. Comparing with a resin tube reactor which has six mechanical holes
(diameter of ¢1 mm), the surface area of bubbles increased with the same gas flow rate. The hydrogen peroxide
(H20,) concentration in treated water using SPG membrane reactor increased by about 71% compared with that
using the resin tube reactor, and the degradation amount of acetic acid was also promoted by about 82% when
Ar gas was used with the flow rate of 2 L/min. Meanwhile the H,O, production and degradation of acetic acid
proportionally increased with the growth of gas flow rate in the SPG membrane reactor.
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1. Introduction

Water pollution caused by persistent organic pollu-
tants (POPs) has been one of the serious environmental
issues. As one of advanced oxidation processes (AOPs),
non-thermal plasma has excellent performance in terms
of organic degradation [1]. There have been reported
some experiments in degradation of organic pollutant, such
as methylene blue for dyeing, phenol for pharmaceutical
manufacture. As the advantages of structure and energy
efficiency, discharge in bubble and with short pulsed volt-
age have been applied in some researches [2—6].

In the process of plasma reaction in liquid, various ac-
tive species such as oxygen radicals (- O), hydroxyl radi-
cals (- OH), and ozone (O3) are generated to react with or-
ganic pollutants and to initiate degradation processes. Es-
pecially, OH radicals play the key role on the degradation
process because of its very high oxidation potential (2.8 V)
which is higher than most of chemical bonding energy in
organic pollutants. Therefore, OH radicals could decom-
pose POPs into CO;or the other inorganics [7].

In the previous researches we found that the interfa-
cial area of plasma and water was one of the key macro-
scopic parameters for the generation of OH radicals, and
this was the reason why a bubble discharge had a better
performance on degradation of organic than a water sur-
face discharge [8]. When the gas flow rate and reactor vol-
ume is fixed due to cost considerations in practical appli-
cations, a larger interfacial surface area is feasible and can
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be obtained by generating more and smaller bubbles [9].

The SPG (Shirasu Porous Glass) membrane is a kind
of new material which has dense holes of uniform micron
size (50 nm ~ 50 um). These pores are much smaller than
those used in the previous gas-liquid mixing devices [10].
Actually, a SPG membrane has already used for the wa-
ter purification as a micro-bubble generator [11, 12]. In
this research an SPG membrane tube was adopted as bub-
ble generating structure to produce more and smaller bub-
bles, and it also played as a part of discharge reactor. Dur-
ing the bubbles generation, 360-degrees discharge plasma
was initiated. Plasma diffused along the surface of bub-
bles through the SPG membrane. Through the dependence
of H,O, generation and organic degradation efficiency on
bubble generating structure and gas flow rate, we discussed
the advantage of adopting SPG in raising organics degra-
dation efficiency and reducing gas consumption.

2. Experimental Apparatus and

Methods

A nanosecond pulsed high voltage which is conducive
to the non-thermal plasma generation was employed to
produce a non-thermal plasma in this organic degrada-
tion reactor [13]. The schematic diagram of a pulse high-
voltage circuit is shown in Fig. 1. When a charging volt-
age and pulsed repetition frequency were set to 11kV and
30 Hz, respectively, a pulsed high voltage (peak voltage
~—-20kV, pulse width ~ 40 ns) were generated. This kind
of nanosecond high-voltage pulse power source was devel-
oped in [14]. A 1kQ parallel resistor was used to stabilize
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Fig. 1 Schematic diagram of the pulse power supply.
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Fig. 2 Typical time evolutions of pulse discharge voltage and
current.

the output voltage. Typical temporal evolution of an output
voltage and a discharge current are shown in Fig.2 and it
is considered that resistive current is the main component
of discharge current.

A Schematic of the gas-liquid mixed phase plasma re-
actor is shown in Fig. 3. A cylindrical tube, where an SPG
membrane or a resin tube is used, is immersed in liquid so-
lution and various species introduced into the tube. A high
voltage wire electrode (tungsten wire of ¢1 mm in diame-
ter) placed in its center axis position. A mesh grounded
(GND) electrode was immersed in the solution as well.
Figures 4 (a) and (b) show an SPG membrane tube and nor-
mal resin tube (six holes of ¢1 mm in diameter), respec-
tively. Figure 4 (c) shows a photo of discharge occurred
at the six holes in the resin tube. Figure 5 shows a SEM
image of the SPG membrane which has porous structure,
where each hole diameter is around ¢S50 um. Argon gas
was injected into liquid via the holes, and a number of bub-
bles were formed in the liquid phase. By applying pulsed
high voltage, streamer-like discharge was occurred in the
tube and also appeared in the bubbles through the holes as
shown in Fig. 4 (c).

Acetic acid has a C-C bond which has a relatively high
binding energy (2.4 V). This binding energy was higher
than the oxidation potential of usual active species in
conventional water treatment method such as chlorine or
ozone [15]. Then, acetic acid is hardly degradated into
inorganics. As OH radicals has higher oxidation poten-
tial, a gas-liquid plasma can be used for the degradation of
acetic acid, that is substitute of POPs in this experiment.
Acetic acid solution of 100 mL with the concenration of
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Fig. 3 Schematic of a gas-liquid mixed plasma reactor.
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Fig. 4 Photographs of bubble generation structures using (a) an
SPG membrane and (b) a resin tube, and (c) a discharge
photo taken in the resin tube (exposure time 0.3 s).
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Fig. 5 SEM image of SPG membrane (¢50 wm) used in this ex-
periment.

10 mgroc/L was used as the treatment target, the initia con-
ductivity and pH were about 70 uS/cm and 3.5, repectiv-
ityly. Argon gas was fed to the bubble generating structure
with various flow rates.

Due to the extremely short lifetime of OH radicals in
water, the production of H,O, was currently used to evalu-
ate the generation of OH radicals as described in the reac-
tion (1). H,O, are widely used as an indicator of OH rad-
ical production because the recombination reaction of OH
radical into H,O; is a main quenching reaction [16]. OH
radicals could react with acetic acid and decompose it to
CO; as described in the reaction (2) [17]. We evaluated the
degradation effect of acetic acid by the TOC (total organic
carbon) measurement. The H,O, concentration of the so-
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lution was measured with H,O, test kits (Kyoritsu WAK-
H,0,) and the TOC concentration was measured with TOC
analyzer (Shimadazu TOC-L).

.OH + -OH — H,0,, )
CH;COOH + -OH — CH3CO; + H,O
— CO, 7 ++CH; + H,0. (2)

3. Experimental Results and Discus-
sion

When gas was injected to the SPG membrane tube, the
surface was covered by tiny bubbles. The number of bub-
bles decreased with the decrease of gas flow rate (2 L/min,
1.5L/min and 1.0L/min) as shown in Fig.6. Assuming
that bubbles are formed uniformly on the SPG surface and
its shape is sphere, about 300 bubbles can be appeared on
the SPG surface within a circle of Imm in diameter with
2 L/min Ar.

The number of bubbles generated by the SPG mem-
brane tube was estimate by counting bubbles generated on
the surface of SPG membrane in the high-speed photogra-
phy (exposure time 1 ms). The equivalent volume of one
second was about 30 mL close to the measured gas flow
rate (33 mL). The gas-liquid interface area almost doubled
by using the SPG membrane compared with that by using
the resin tube at the same gas flow rate.

The concentration of H,O, produced in the solution
with the SPG membrane was higher than that with the
resin tube in the same discharge frequency (30 Hz), charg-
ing voltage (11kV) and gas flow rate (2L/min) as shown
in Fig.7. The concentration of TOC was also measured
as a function of the treated time as shown in Fig. 8. The
H,0O, production rates, acetic acid degradation rate and
acetic acid degradation efficiency were shown in Table 1.
It was considered that SPG membrane reactor had a better
performance than the resin tube.

The discharge power was calculated by equation (3).

P:fV~Idt~f. 3)

Where P is discharge power (W), V and I are pulsed volt-
age and current, fis discharge frequency (Hz). Though the
output voltage was maintained at about —20kV, the current
(peak value —40 A) in resin tube reactor was larger than
that (peak value —25 A) in SPG membrane reactor. There-
fore the discharge power (0.45 W) of the resin tube reactor
was higher than that (0.38 W) of SPG membrane reactor.

When the gas flowrate was changed, the H,O, concen-
tration and TOC concentration were measured as a func-
tion of treated time and are shown in Figs.9 and 10, re-
spectively. These treatment efficiencies are summarized in
Table 2. The production of H,O,, degradation amount and
degradation efficiency were approximately in direct pro-
portion to the gas flow rate.

The discharge power did not obviously change with
the variation of gas flow rate. As the inside of SPG mem-

Fig. 6 Photographs of bubble generation using the SPG mem-
brane tube with various gas flow rate. (a) 2L/min, (b)
1.5L/min and (c) 1 L/min.
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Fig. 7 H,0, concentration as a function of treated time in the
SPG membrane and the resin tube.
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Fig. 8 TOC concentrations of acetic acid solution as a function
of treated time in the SPG membrane and resin tube.

brane tube was filled with Ar gas and the outside was wa-
ter, there was a large relative dielectric permittivity gap be-
tween the two phase regions (1 in Ar gas and 80 in water).
Also the resistance of the solution was low. The high volt-
age was mainly applied inside of the tube and the discharge
type in the SPG membrane reactor was considered to be a
wire-cylinder.

DBD discharge. As the electric-field was strong in the
vicinity of H.V. wire electrode, electric power was mainly
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Table 1 Numerical results of resin tube reactor and SPG membrane reactor with 2 L/min Ar.

H,0, production rate Acetic acid degradation | Acetic acid degradation
(UM/min) rates (Ugroc/L-min) efficiency (groc/kW-h)
Resin tube reactor 1.4 37.8 0.5
SPG membrane reactor 2.4 68.9 1.1

Table 2 Numerical results of SPG membrane reactor with various Ar flow rates.

Gas flow rate H,0, production rate Acetic acid degradation Acetic acid degradation

(L/min) (UM/min) rates (Ugroc/L-min) efficiency (groc/kW-h)

1.0 1.3 35.5 0.6

1.5 1.9 50.7 0.9

2.0 2.4 68.9 1.1
7 4. Conclusion
E’ 25| | Ca g opmn A | The gas-liquid mixed phase plasma utilizing pulsed
p .| —¢— 1 Objmin Ar | high voltage was used for degradation of acetic acid in wa-
-% ter. The influence of bubble generating structure and gas
£ 15} 1 flow rate were discussed. By using SPG membrane in-
§ 1L 1 stead of normal resin tube with ¢1 mm mechanical holes,
SNO sl | the gas-liquid interfacial area was enlarged and both OH
2~ . radical generation and degradation of acetic acid were en-
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Fig. 9 H,0, concentration as a function of treated time with var-
ious gas flow rate in the SPG reactor.
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Fig. 10 TOC concentrations of acetic acid solution as a function
of treated time with various gas flow rate in the SPG re-
actor.

consumed here. Plasma was generated near the surface
of the wire electrode and expanded toward the wall as a
filament-like streamer [18]. A part of plasma streamer dif-
fused into the bubbles via the holes and creeping discharge
occurred on the surface of the bubbles. OH radicals were
produced near the interface surface between gas and liquid
and degradation reaction of organic was occurred. There-
fore, the more bubbles were generated on the surface, the
more production of OH and degradation of POPs were oc-
curred.

hanced. The productions of OH radical and degradation
amount of acetic acid were approximately proportional to
the gas flow rate in the SPG membrane reactor. The degra-
dation efficiency of 1 L/min Ar using SPG membrane was
almost equal to that of 2L/min Ar with resin tube. The
SPG membrane tube worked as an admirable bubble gener-
ating structure to provide larger gas-liquid interfacial area
in a plasma degradation device. It could effectively im-
prove the organic degradation and reduce gas consump-
tion.
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