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A novel wastewater treatment technique using 8 W low-pressure mercury lamps in the presence of
uniform-sized microbubbles (diameter=5.79 wm) was investigated for the decomposition of methyl
orange as a model compound in aqueous solution. Photodegradation experiments were conducted
with a BLB black light blue lamp (365nm), a UV-C germicidal lamp (254nm) and an ozone lamp
(185 nm+254nm) both with and without oxygen microbubbles. The results show that the oxygen
microbubbles accelerated the decolorization rate of methyl orange under 185+ 254 nm irradiation. In
contrast, the microbubbles under 365 and 254 nm irradiation were unaffected on the decolorization of
methyl orange. It was found that the pseudo-zero order decolorization reaction constant in microbub-
ble system is 2.1 times higher than that in conventional large bubble system. Total organic carbon (TOC)
reduction rate of methyl orange was greatly enhanced by oxygen microbubble under 185 + 254 nm irradia-
tion, however, TOC reduction rate by nitrogen microbubble was much slower than that with 185 +254 nm
irradiation only. Possible reaction mechanisms for the decolorization and mineralization of methyl orange
both with oxygen and nitrogen mirobubbles were proposed in this study.
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1. Introduction

The removal of organic pollutants from surface and groundwa-
ter is a demanding task because organic pollutants persist in the
environment, bioaccumulate through the food web, and pose a risk
of causing adverse effects to human health and the environment.
Several methods have been developed such as photo-assisted Fen-
ton, O3/H,0,, UV/solid catalyst, UV/TiO, and H,0,/UV reactions
that provide high formation rates of hydroxyl radicals (OH*) for the
degradation of organic pollutants [1-3]. These methods are gen-
erally referred to as advanced oxidation processes (AOP) and are
well-established techniques to remove pollutants in various water
treatment applications [4-8].

Among AOP, the photolysis of water using vacuum ultravio-
let light (VUV, wavelength <200 nm), which represents a powerful
method of OH* radical production, has been investigated recently
[9,10]. Under irradiation with VUV light, water itself is homolyzed
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into a hydrogen atom and hydroxyl radicals, and other oxidative
species such as hydrogen peroxide could be formed simultane-
ously. This process has been paid much attention as it has resulted
in a more rapid rate of mineralization and faster formation of
biodegradable compounds than afforded by conventional UV treat-
ments without addition of any chemical additives, e.g. hydrogen
peroxide, Fenton or ozone [11]. Nevertheless, Heit and Braun [12]
reported that the rate of total organic carbon (TOC) reduction
under VUV irradiation is limited by a deficit in oxygen in small
VUV-irradiated reaction sites, because carbon-centered radical is
immediately scavenged by the dissolved molecular oxygen through
the formation of peroxyl radical. Oppenldnder et al. [13] studied
the efficiency of oxygen gas injection from ceramic air stone on
the degradation rate of organic compounds using a xenon excimer
source (Xe,* lamp, 172 nm). Their results show that the oxygen gas
input enhanced the transfer of dissolved molecular oxygen into the
VUV-irradiated reaction site leading to an increased rate of min-
eralization of organic model compounds such as 1-heptanol and
benzoic acid. A similar study conducted by Han at al. [14] demon-
strated that injecting oxygen gas from sintered porous glass plate
increased efficiently the mineralization rate of p-chlorobenzoic
acid under TiO,/VUV (185 + 254 nm) irradiation.
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Fig. 1. Chemical structure of methyl orange.

Recently, Takahashi at al. has investigated the decomposition of
phenol in aqueous solution with air microbubbles in the absence
of a dynamic stimulus (e.g. UV irradiation and incident ultrasonic
wave) [15]. Their study shows that air microbubbles are performed
to remove small amount of organic compounds due to the free-
radical generation from the collapse of microbubbles. Microbubbles
are defined as bubbles with diameter of less than several tens
of microns. Compared to conventional bubbles with diameters
of several mm, microbubbles exhibit excellent gas-dissolution
abilities such as a very large gas/liquid interfacial area, long stag-
nation, and pressurized interior gas due to surface tension [16].
It can be expected that the formation of microbubbles increases
the efficiency of gas-liquid contact devices, for example, bubble
columns, chemical reactors, gas absorbents and fermentors. Thus,
microbubbles have potential to apply a broad range of advanced
applications, in particular water and wastewater treatment tech-
nologies. Recently, a novel method for generating uniform-sized
microbubbles using Shirasu porous glass (SPG) membranes as the
gas-liquid dispersion medium was recently developed in our lab-
oratory [17]. The advantage of this technique is that the resultant
bubble size can be controlled by varying the pore size of the mem-
brane, indicating that bubble size can be optimized for a large-scale
application. It was thus of interest in the present work to investi-
gate the degradation of organic compound in aqueous solution by
microbubbles and UV irradiations as a novel wastewater treatment
technique.

The objective of this study is to determine the feasibility of using
microbubbles and short-wavelength wavelength UV irradiation

(k)

technique for the photodegradation of organic compound. Methyl
orange, with reflectively high toxic, complex structure and non-
biodegradability, is chosen as the model compound because it can
be classified as both acid and azo dyestuffs, which are widely used
in the textile industry. In this article, we examined the different
experimental conditions such as UV wavelength, initial dissolved
oxygen concentration, gas flow rate, initial pH and type of bubbling
gases, and their effects on the decolorization and mineralization of
methyl orange.

2. Experimental
2.1. Reagents and materials

Methyl orange (Ci4H14N3SO3Na, molecular weight=
327gmol~!, maximum absorption wavelength=465nm) was
purchased from Wako Pure Chemical. Ind. Ltd., chosen as the target
compound and its chemical structure is shown in Fig. 1. Sodium
dodecyl sulfate (Wako Pure Chemical. Ind. Ltd., purity =95.0%)
was used as a water soluble surfactant to form uniform-sized
microbubbles [18]. De-ionized water supplied by a purification
unit (SW AC-520, Shimadzu Co., Ltd., Japan) was used for the prepa-
ration and dilution of solutions. The SPG membranes (125.0 mm
length x 5.0 mm outer diameter x 0.5mm wall thickness) with
mean pore diameter of 0.5 pum were purchased from SPG Technol-
ogy Co., Ltd., Japan. The membrane was prepared by leaching of
phase-separated glass in the Na,O-CaO-MgO-Al,03-B,03-Si0,
(Shirasu) system. The details for preparation procedures of the
membrane were described elsewhere [18,19].

2.2. Experimental set-up

The reactor system used in this study is represented in Fig. 2 [20].
The system consists of a UV lamp, SPG module and photoreactor.
Photodegradation experiments were carried out with the following
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Fig. 2. Schematic diagram of the experimental apparatus. (a) UV power, (b) 8 W low-pressure mercury lamp, (c) photoreactor, (d) SPG membrane module, (e) flow meter, (f)
circulation pump, (g) gaseous phase, (h) SPG membrane, (i) water phase, (j) gas cylinder, (k) pH meter and DO meter.
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low-pressure mercury UV lamps: a BLB black light blue lamp with a
maximum light intensity output at 365 nm (model FL8BLB, Sankyo
Denki Co., Ltd., Japan), a UV-C germicidal lamp with a maximum at
254 nm (model GL8, Sankyo Denki Co., Ltd., Japan), and ozone lamp
with a maximum at 254 nm and a smaller (<5%) emission at 185 nm
(model GL8ZH, Sankyo Denki Co., Ltd., Japan). The electronic power
consumption of all UV lamps was identical (8.0 W). The lamp was
placed in the center of the photoreactor with quartz tube protection
(external diameter 15 mm); the distance from the inner wall of the
photoreactor to the external wall of the quartz tube was 17 mm.
An aqueous solution was prepared by 10 mg/L concentration of
methyl orange containing 0.05wt.% SDS adjusted to pH 7.0 with
HCl and NaOH. The photodegradation experiments were conducted
in a semi-batch mode. Industrial grade oxygen and nitrogen gases
were pressed through the SPG membrane into a flowing continuous
aqueous solution at a transmembrane/capillary pressure ratio of 1.1.
The generated microbubbles were bubbled into the photoreactor
through a SPG membrane module at a gas flow rate of 0-20 mL/min.
The aqueous solution of 350 mL was circulated with a circulation
pump (MDG-H2KA100A, Iwaki Co., Ltd., Japan) at a flow rate of
500 mL/min. The aqueous solution was thermostated at 293 +£ 0.1 K
(Advantec Co., Ltd., Japan). The concentration of dissolved oxygen
and ozone in aqueous solution were constantly measured with aDO
meter (DO-24P, DKK-TOA Co., Ltd., Japan) and Ozone meter (OZ-
20, DKK-TOA Co., Ltd., Japan), respectively. A pH meter (HM-30R,
DKK-TOA Co., Ltd., Japan) was used for the pH measurements. To
determine the time course of methyl orange concentration, 5.0 mL
of sample was taken at preselected time intervals. The concentra-
tion of methyl orange was determined with a UV-vis spectrometer
(V-560, JASCO Co., Ltd., Japan). The concentration of methyl orange
was calculated from the absorbance at the wavelength of 465 nm
by using a calibration curve. Total organic carbon was measured
with a TOC analyzer (TOC-Vpy, Shimadzu Co., Ltd., Japan). TOC was
calculated from the differences between the total carbon (TC) and
inorganic carbon (IC).

2.3. Bubble size measurement

Diameter distribution of the generated bubbles was measured
according to our previous study [17]. Bubble size measurement
was carried out similarly to the degradation experiment outlined
above. The only difference is that the aqueous solution in the former
was prepared without methyl orange. The generated bubbles were
measured by a laser diffraction particle size analyzer (SALD2100,
Shimadzu Co. Ltd., Kyoto, Japan). The diameter distribution of the
bubbles generated from the SPG membrane with a mean pore diam-
eter of 0.5 wm is depicted in Fig. 3. The uniform-sized microbubbles
with a mean diameter of 5.79 wum were generated from the SPG
membrane.

3. Results and discussion

3.1. Effects of the UV light wavelength on the decolorization of
methyl orange both with and without oxygen microbubbles

The time course of concentration of methyl orange using the BLB
blacklight blue lamp (365 nm), UV-C germicidal lamp (254 nm) and
ozone lamp (185+254 nm) with and without oxygen microbub-
bles is demonstrated in Fig. 4(a). The results suggest that there
was no decolorization of methyl orange under 365 nm and 254 nm
irradiation either with or without oxygen microbubbles. Oxygen
microbubbles without UV irradiation had little effect on the decol-
orization of methyl orange as shown in Fig. 4(a). However, it can
be clearly seen that the concentration of methyl orange decreased
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Fig. 3. Diameter distribution of microbubbles generated from the SPG membrane
with a mean pore diameter of 0.5 pm.

with irradiation time using an ozone lamp which emits both 185
and 254 nm light. These findings indicate that 185 nm VUV light
irradiation plays a major role in the decolorization of methyl
orange in aqueous solution. It is also interesting to note that the
oxygen microbubbles under 185 + 254 nm irradiation further accel-
erated the decolorization rate of methyl orange. There was a 94.1%
decolorization efficiency with oxygen microbubble after 20 min
VUV irradiation, whereas there was 90.8% decolorization efficiency
without oxygen microbubble after 40 min VUV irradiation. The
plots of the concentration of methyl orange versus irradiation
time in Fig. 4(a) afford a straight line, indicating that the decol-
orization reaction of methyl orange under 185 + 254 nm irradiation
is a pseudo-zero order reaction. The pseudo-zero order decol-
orization rate constants, kg (non-bubbling)=0.256 mg/Lmin and
k1 (oxygen microbubbling)=0.515 mg/L min were obtained from
the experimental results, respectively. It was found that value of
zero-order decolorization rate constant for oxygen microbubbles
under 185 + 254 nm irradiation was about two or three times higher
than those previously reported in the degradation study of methyl
orange on the UV/photocatalysts process [21]. Fig. 4(b) shows the
comparison between microbubble and large bubble systems for
the decolorization of methyl orange under 185 + 254 nmirradiation.
Photodegradation experiment in conventional large bubble system
was carried out using porous air stone to provide polydispersed
large bubbles. Size of polydispersed bubbles was measured by opti-
cal microscopy with a calibrated lens and polydispersed bubbles
with a mean diameter of 562 pum were generated in conventional
large bubble system. The result obtained in Fig. 4(b) indicates
that the rate of decolorization of methyl orange in microbub-
ble system is much faster than that in conventional large bubble
system, suggesting that the size of bubbles would largely affects
the rate of decolorization of methyl orange. It was also observed
that the pseudo-zero order decolorization rate constant by oxygen
microbubbles is 2.1 times higher than that by polydispersed large
oxygen bubbles.

3.2. UV-vis spectrometry of photodegraded methyl orange
It is well known that the color of azo dyes such as methyl orange

is characterized by the azo bonds (-N=N-) and their associated
chromophores and auxochromes [22]. Fig. 5 shows that the UV-vis
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Fig.4. (a) Time course of methyl orange concentration using the BLB black light blue
lamp (365 nm), UV-C germicidal lamp (254 nm) and ozone lamp (185 nm +254 nm)
with and without oxygen microbubble. (b) Comparison between microbubble and
large bubble systems for the decolorization of methyl orange under 185 +254 nm
irradiation. pH 7.0, gas flow rate =10 mL/min.

spectra of methyl orange at different irradiation times vary with
oxygen microbubbles. The absorptions of the visible bands at 270
and 465nm decreased with 185+254 nm irradiation time. This
result indicated that the aromatic rings at 270 nm and azo bonds at
465 nm of methyl orange degraded under 185 + 254 nm irradiation.

3.3. Concentration of dissolved ozone and dissolved oxygen in
aqueous solution under 185 +254 nm irradiation

Fig. 6(a) shows the time course of dissolved ozone (DO) in
methyl orange solution with 185 +254 nm irradiation time under
oxygen microbubbling and non-bubbling conditions. Dissolved
ozone was undetected both in oxygen microbubbling and non-
bubbling conditions under 185 + 254 nm irradiation. These results
suggested that ozone generated from 185 nm light was immedi-
ately decomposed under irradiation with 254 nm light to form
hydroxyl radicals and then, generated hydroxyl radicals oxidize

Absorbance (-)

Wavelength (nm)

Fig. 5. The UV-vis spectra of methyl orange at different time course under
185+254nm irradiation under oxygen microbubbling condition: (a) Omin; (b)
4 min; (c) 8 min; (d) 12 min; (e) 15 min; (f) 20 min; (g) 30 min; (h) 60 min.

azo molecule. The hydroxyl radicals are more powerful (E0 =2.85V)
than ozone (E=2.07 V), indicating that the VUV process oxidizes
organic compounds more efficiently than the conventional ozone
method [23,24]. Moreover, the VUV process is cost effective because
there is no treatment, such as the removal of the residual ozone or
hydrogen peroxide, and minimization of the toxic ozone gas release
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Fig. 6. Time course of ozone (a) and dissolved oxygen (b) concentration in 10 mg/L
methyl orange solution under 185+ 254 nm irradiation with and without oxygen
microbubbling.
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Fig. 7. Effect of initial concentration of dissolved oxygen on the decolorization rate
of methyl orange without bubbling under 185 + 254 nm irradiation.

into the atmosphere. Yang et al. [25] observed that the operating
costs of the VUV process for degradation of gaseous formalde-
hyde was 10 times smaller than that of the UV/TiO, process. The
time course of dissolved oxygen (DOy) with 185 +254 nm irradia-
tion time in oxygen microbubbling and non-bubbling conditions
is depicted in Fig. 6(b). The concentration of DOy under the non-
bubbling condition decreased with 185 +254 nm irradiation time.
This is because dissolved oxygen in aqueous solution was con-
sumed by the production of ozone at 185 nm light, as previously
reported [26]. However, DOy under oxygen microbubbles condition
remained constant due to the constant supply of oxygen gas from
the SPG membrane into the VUV irradiated reaction site.

3.4. Effect of the initial DOy on the decolorization rate of methyl
orange without bubbling condition

In order to examine the effect of oxygen microbubbles on the
decolorization rate of methyl orange under 185 +254 nm irradia-
tion, photodegradation experiments were carried out with methyl
orange solution at different initial DOy (1.0, 7.2 and 27.5 mg/L) with-
out bubbling. The different initial DOy in 10 mg/L methyl orange
solution were prepared by nitrogen and oxygen gas bubbling prior
to 185 +254 nm irradiation. Fig. 7 shows the effect of the initial DOy
on the decolorization rate of methyl orange under 185+254 nm
irradiation without bubbling. It was found that the decoloriza-
tion rate of methyl orange was independent of the initial DOy in
methyl orange solution under 185 +254 nm irradiation. This find-
ing indicates that the role of oxygen microbubbling for the supply
of dissolved oxygen had little effect on the enhancement of the
decolorization rate of methyl orange. In a previous study, Shirayama
et al. [27] reported that photodegradation in the presence of dis-
solved oxygen resulted in the formation of O3 and hydroxyl radicals.
The 185 nm wavelength is a well-known source of ozone, and dis-
solved oxygen is converted into ozone under Hg emission at 185 nm
produced by low-pressure mercury arcs as follows [28,29]

3 hv

30 0 1

302 > O3 (M
The ozone provides a high absorption cross-section at 254 nm.

As a result, a two-step process has been proposed involving the

light-induced homolysis of O3 and the subsequent production of

hydroxyl radicals (OH*) by the reaction of O('D) with water as

follows [30]:

0; ™ 0,+0('D) 2)
254 nm

o('D) + H,0 — 20H* (3)

Alternatively, photodegradation in the absence of dissolved oxy-
gen resulted in the formation of hydroxyl radicals generated by the
VUV photolysis of water (H,O-VUV). Then, hydroxyl radicals oxi-
dize methyl orange to convert to the intermediate products such as
carbon dye radicals (Dye*) according to Egs. (4) and (5) [31]

H,0 ™ H* 4 OH® (4)
185nm
OH* + Dye — Dye* + H,0 — Degradation products (5)

These reactions suggest that the VUV processes are much more
efficient than UV (i.e. 254 and 354 nm) processes. As seen in Fig. 7,
the initial DOy in aqueous solution was unaffected by the decol-
orization rate of methyl orange, probably because highly reactive
hydroxyl radicals can be produced by different ways according to
Egs. (1)-(5) in the presence and absence of dissolved oxygen in
aqueous solution.

3.5. Effect of type of microbubbles and flow rate of oxygen
microbubbles on the decolorization rate of methyl orange

The effect of the type of microbubbles on the decolorization
rate of methyl orange under 185 +254 nm irradiation is shown in
Fig. 8. The result indicates that the decolorization rate of methyl
orange with nitrogen microbubbles was the same as that with
oxygen microbubbles. This is due to the fact that the decoloriza-
tion rate of methyl orange was unaffected with the concentration
of dissolved oxygen in aqueous solution as discussed above. The
effect of flow rate of oxygen microbubbles on the decolorization
of methyl orange is depicted in Fig. 9. The results shows that the
decolorization rate of methyl orange increases with an increase of
flow rate of oxygen microbubbles. It was reported that microbub-
bles have unique characteristics compared with large bubbles: a
very large gas/liquid interfacial area; high gas-dissolution rate; and
bubble-stability [32-34]. Furthermore, Khinast et al. [35] suggested
recently that microbubbles caused hydrodynamic effects in the
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Fig. 8. Effect of type of microbubbling gases on the decolorization rate of methyl
orange under 185 + 254 nm irradiation. Dye concentration = 10 mg/L, pH 7.0, gas flow
rate =10 mL/min.
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bubble column reactor during the degradation studies of cyclo-
hexane. Taking account of the results obtained in Figs. 8 and 9,
the hydrodynamic effect caused by microbubbles enhanced the
mass transfer rate of substrate from bulk solution in and out of
the VUV-irradiated reaction site, leading to a significantly high rate
of decolorization of methyl orange in aqueous solution. In addi-
tion, it is possible that the enhancement of the decolorization rate
of methyl orange could be attributed to the scattering of the VUV
light by microbubble particles [36]. The incident path of the 185 nm
light penetrating into water is very short due to its high absorp-
tion coefficients (1.8 cm~1! at 298 K) [ 14,37]. The intensity of 185 nm
VUV light would be decreased to nearly 90% in 5mm thickness
of water [14]. Thus, the substrate could be better irradiated by
185 nm light due to the scattering effect caused by microbubble
particles.

3.6. Effect of initial pH on the mineralization rate of methyl
orange with oxygen microbubbles under 185 +254 nm irradiation

The total organic carbon concentration is very important
because it is one of the best observations to conclude the exact
point in time when methyl orange has been entirely degraded and
the complete mineralization has been achieved. The mineralization
experiments were carried out with 10 mg/L methyl orange solution
without a surfactant from the practical point of view. The amount of
hydroxyl radicals produced by UV irradiation is greatly affected by
the pH and as a result effective dye decomposition is highly depen-
dant on the pH of the solution. The time course of pH with oxygen
microbubbles at different initial pHs and the effect of initial pH on
the mineralization rate of methyl orange with oxygen microbub-
bles under 185 + 254 nm irradiation are shown in Fig. 10(a) and (b),
respectively. The initial pHs at higher than 4.0 decreases with irra-
diation time, while pHs in the solution remained almost constants
at initial pH 2.9 and 4.0 as indicated in Fig. 10(a). This result indi-
cates that methyl orange could be converted to organic acids such
as formic acid and oxalic acid [38], thereby reducing the neutral
and alkaline solution pH. As demonstrated in Fig. 10(b), the miner-
alization rate of methyl orange sharply increased with increasing
pH from 2.9 to 6.9. This is largely attributed to hydroxyl radicals that
are formed from ozone decomposition at high pH, whereas molec-
ular ozone remains the dominant oxidant at low pH [23]. However,
slower mineralization rate was noted when the initial pH increase

1 T 1 T T 1
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= 0.6 | &
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=
o 04 N
0.2 =
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0 10 20 30 40 50 60
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Fig. 9. Effect of flow rate of oxygen microbubbles on the decolorization rate of
methyl orange under 185 +254 nm irradiation. Dye concentration =10 mg/L, pH 7.0.
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Fig. 10. (a) Time course of pH with oxygen microbubbles at different initial pHs
under 185+254 nm irradiation. (b) Effect of initial pH on the mineralization rate
of methyl orange with oxygen microbubbles under 185 +254 nm irradiation. Dye
concentration = 10 mg/L, gas flow rate = 10 mL/min.

from 6.9 to 10.8. Staehelln and Hoigné [39] proposed a mechanism
of OH* hydroxyl radicals generation, in which the dissolved ozone
reacts with OH™ to produce HO,* and O,°*~ free radicals. According
to this mechanism, OH~ ions can promote the production of 0,°*~
free radicals and H* ions can accelerate the formation of HO3* free
radicals, both ions enhance for the complete generation of OH* free
hydroxyl radicals. Shu and Huang [40] also remarked that dissolved
ozone would tend to react with azo dyes rather than free radicals in
UV enhanced ozonation process. Thus, optimal pH for the degrada-
tion could be required. To verify this point, further study would be
needed to determine the degradation mechanism involving ozone
and hydroxyl radicals in VUV and microbubble system in the future
work.

3.7. Effect of initial DOx on the mineralization rate of methyl
orange under 185 +254 nm irradiation without bubbling condition

Fig. 11 shows the effect of the initial DOy on the mineraliza-
tion rate of methyl orange under 185+ 254 nm irradiation without
bubbling condition. Contrary to the result obtained in Fig. 7, it can
be seen from Fig. 11 that the mineralization rate of methyl orange
increases with an increase of DOy in aqueous solution. It is consid-
ered that methyl orange can be degraded into final products such
as H,0 and CO, by different ways in the presence and absence of
dissolved oxygen in aqueous solution [41].
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Fig. 11. Effect of concentration of dissolved oxygen on the mineralization rate of
methyl orange without bubbling under 185 +254 nm irradiation. Dye concentra-
tion=10 mg/L, pH 7.0, gas flow rate = 10 mL/min.

3.8. The effect of kind of microbubbles on the mineralization rate
of methyl orange under 185 + 254 nm irradiation

The time course of TOC concentration of methyl orange under
oxygen, nitrogen microbubbling and non-bubbling condition is
shown in Fig. 12. The result indicates that the mineralization rate
of methyl orange by oxygen microbubbles is much faster than that
by nitrogen microbubbles and UV irradiation directly. There was
a 96.9% mineralization efficiency of methyl orange with oxygen
microbubble after 240 min irradiation. This finding seems to reflect
the different radical reaction mechanisms between predominantly
peroxyl radical chemistry for oxygen bubbling and carbon radi-
cal chemistry for nitrogen bubbling. In previous studies, Stefan et
al. [42] and Zhang et al. [43] suggested that short-lived hydrogen
and carbon radical were scavenged by dissolved molecular oxygen,
resulting in the formation of longer-lived peroxyl radicals. The per-
oxyl radicals are key intermediate in the mineralization of methyl
orange solution. The recombination of carbon-centered radicals is
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Fig. 12. Effect of type of microbubbling gases on the mineralization rate of methyl
orange under 185 +254 nm irradiation. Dye concentration =10 mg/L, pH 7.0.

possible to form under the condition of oxygen deficiency [9,13].
This assumption agrees with the experimental results showing that
the mineralization of methyl orange takes place slowly under nitro-
gen microbubbling and non-bubbling condition as shown in Fig. 12.
It is likely that the oxygen deficit could be diminished by oxygen
microbubbles, leading to the enhancement of TOC reduction due
to the formation of peroxyl radical. The possible decolorization and
mineralization of methyl orange pathways in microbubbling and
non-bubbling conditions were described by the following reactions
[44]:

¢ Oxygen microbubbles under 185 +254 nm irradiation:
Oxygen microbubbles — Dissolved oxygen15£—v> Ozono(03)
nm

(production of ozone) (6)

Ozone(03)25:—v> o('D) + H,0

nm
— 20H* (formation of hydroxyl radicals) (7)
H2018’;—U> H* + OH* (formation of hydroxyl radical) (4)
nm

Dye + OH* — Dye* + H,0O(decolorization of methyl orange)

(5)

Dye* + 30, — Dye-0,* (formation of peroxyl radicals) (8)
0, Fi . o

Dye-0,* — it FEJHZO + CO, (mineralization) (9)

e Nitrogen microbubbles and non-bubbling under 185+254 nm
irradiation:

H2018:—V> H* + OH* (formation of hydroxyl radical) (4)
nm

Dye + OH* — Dye® + H,0(decolorization of methyl orange)

(5)

Dye* + Dye* — Dye-Dye
(recombination of carbon-centered radicals) (10)
Dye* + OH®* — — — H,0 + CO, (mineralization) (11)

On the basis of results obtained in this study, it can be concluded
that oxygen microbubbles with 185 nm VUV light was crucial for the
enhancement of the decolorization and mineralization of methyl
orange in aqueous solution.

4. Conclusions

Microbubbles with VUV irradiation (185 +254 nm) were com-
bined to enhance the decolorization rate of methyl orange in
aqueous solution. However, microbubbles under 365 and 254 nm
irradiation had little effect on the decolorization rate of methyl
orange. The pseudo-zero order decolorization rate with oxygen
microbubbles under 185 + 254 nm irradiation was about two times
higher than that without bubbling. These findings suggest that the
microbubbles with 185 nm VUV light play an important role in the
enhancement of the decolorization rate of methyl orange.
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The initial dissolved oxygen concentration and type of
microbubbles were found not to significantly affect the decoloriza-
tion rate of methyl orange. On the other hand, the mineralization
rate of methyl orange under oxygen microbubbling condition
was much faster than that for nitrogen microbubbling. In oxygen
microbubbling condition, peroxyl radical is generated from the car-
bon radical scavenged by dissolved molecular oxygen, leading to an
increased rate of mineralization of methyl orange. It was demon-
strated that microbubble system using 185 nm VUV light provide a
potential wastewater treatment for the degradation of organic com-
pounds in terms of not only the kinetic rate, but also the operation
costs as well. For practical use, SPG membranes could guarantee
optimum sizes of gas molecules and gas inputs at low-pressure
losses. The results discussed above are encouraging and further
studies regarding the degradation of various organic compounds
in a wide range of sizes of gas molecules are currently in progress.
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