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To improve the energy efficiency in dye degradation, a circulatory airtight reactor system was developed.
Experiments were conducted to estimate the effects of various parameters on the degradation of methyl
orange (MO). It was found that MO degradation depended on the initial concentration and total volume of
the compound, being slower for higher concentrations and larger volumes. There existed a maximal MO
decoloration efficiency with the change of oxygen velocity. This reactor had better performance of the
conductivity resistance on MO degradation. Relatively high or low pH of the solution was adverse for
MO removal. After 20 min plasma treatment, 92% removal of MO was achieved and the corresponding
energy efficiency was 11.68 g/kW h with gas velocity of 0.08 m3/h and the input energy of 5.67 W.
Besides, compared with three other reactor systems, this gas discharge reactor system expressed prom-
inent energy efficiency and supreme reaction rate constant. Lastly, bond dissociation energies (BDEs) the-
ory was applied to propose the degradation mechanism of MO.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The wastewaters generated by the textile industry contain con-
siderable amounts of azo dyes. Many dyes are toxic, biologically
rather resistant and apt to cause genetic mutations, which cannot
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be recognized and degraded easily by the natural environment
[1,2]. Therefore, development of effective wastewater treatment
technologies is one of the most critical and urgent tasks for
researchers.

Considerable attention has been paid to so-called advanced oxi-
dation processes (AOPs), such as Photocatalysis [3], Fenton pro-
cesses [4], and UV/H2O2 [5], based on in situ generation of strong
oxygen-based oxidizers, especially hydroxyl radical, which is
among the strongest oxidizers and reacts non-selectively with
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various types of pollutants [6]. The non-thermal plasma technol-
ogy, as one of the AOPs, leads to various physical and chemical ef-
fects, such as pyrolysis, UV photolysis, electrohydraulic cavitation,
as well as formation of oxidizing species: radicals (H�,O�,OH�) and
molecules (H2O2, O3, etc.) [7,8]. This technology utilized in waste-
water treatment attracts particular interest due to its excellent
performance of attacking organic pollutant and having no second-
ary pollution [6,8].

As a typical electrical discharge model, compared with liquid
discharge, gas discharge owns many advantages such as more ac-
tive species generated, lower discharge inception voltage as well
as larger discharge zone [9,10]. However, the plasma species can
only reach the substrate by diffusion, and the formed oxide layer
is generally thin, typically less than 10 nm in gas discharge process
[11]. So the efficiency of this process generally suffers from gas–
liquid interphase mass transfer resistance, which greatly limits
the application of this discharge system. In order to improve the
pollutant degradation efficiency, a flowing film reactor has been
designed and studied for either liquid-phase or gas-phase treat-
ment [6,12]. Nevertheless, the energy efficiency has limited
improvement. There is yet great space of improvement with
designing more effective reactor system.

In the present work, a gas discharge circulatory airtight reactor
system (GDC) was developed over needles–plate electrode system
and methyl orange (MO) was selected as a model pollutant dye.
Experimental measurements were carried out to determine the ef-
fect of initial concentration, total volume, gas velocity, solution
conductivity and solution pH on decoloration efficiency of the
dye. Besides, the concentrations of hydrogen peroxide and ozone
produced in different conditions were determined. At last, this
study compared the efficacy of four different reactor systems for
MO degradation.
2. Experimental

2.1. Materials and reaction system

All chemicals used in this study were purchased from Sinop-
harm Chemical Reagent Co., Ltd., Shanghai, China and their CAS
numbers are given in Table S1 (Supporting Information). Distilled
water with conductivity of less than 5 lS/cm was used to prepare
all solutions.

The experimental apparatus consisted of a pulse power supply
and a non-thermal plasma-based water treatment reactor system
(Fig. 1a and b). Voltage and pulse repetition rate range of the pulse
power supply (DMG-60) were 0–60 kV and 0–320 pulses per sec-
ond (pps), respectively. Output capacitance was 67 pF and pulse
rise time was less than 100 ns. And the reactor was mainly made
up of high voltage pin-electrodes, stainless steel ground electrode,
rubber tube, peristaltic pump (ATP-3200), sampling pipe and two
plexiglas cylinders (Ø(reactor) = 65 mm, Ø(reservoir) = 30 mm) con-
nected in series. The high-voltage electrode (discharging electrode)
was vertically placed above the surface of the liquid. The distance
between the needles electrode and water surface can be adjusted,
and 5 mm distance was selected to minimize the sparking voltage
within the reactor. The ground electrode was submerged in the li-
quid with a distance of 15 mm under gas–liquid interface. The de-
tails of needles electrode and ground electrode were depicted in
Fig. 1c. MO solution was pumped into reactor by a peristaltic pump
at 60 mL/min, flew as a film on the upside of the earthed electrode
and finally returned to the solution reservoir. Oxygen gas was com-
pressed into the reactor through an air inlet tube, and passed by a
side of the ground electrode into the discharge region. After passing
through the discharge zone, plasma gas existed through the tube
with the liquid and bubbled through the liquid in the reservoir.
2.2. Experimental methods and analysis

Hydrochloric acid and sodium hydroxide were used to adjust
solution pH value. Sodium chloride was used to modify solution
conductivity. The conductivity and pH of the solution were mea-
sured by conductivity meter (DDS-11A) and pH meter (pHSJ-3F),
respectively. The production of hydrogen peroxide in aqueous
solution was determined colorimetrically using reaction of H2O2

with titanyl ions [13]. The concentration of dissolved ozone was
determined by the Indigo method [14]. The concentrations of MO
solution were calculated by measuring the absorbencies of the
solution at 465 nm wavelength using Hach DR-2500 Spectropho-
tometer. The chemical oxygen demand (COD) was measured with
a CM-02 COD analyzer (Beijing Shuanghui Corp., China). NO�3 and
SO2�

4 were detected using Ion chromatography (ICS-3000). All
experiments were conducted in triplicate at the input power of
5.67 W (46 kV, 80 pps) and gave reproducibility of within 5%. Typ-
ically, 2 mL samples were taken from the reactor vessel at fixed
intervals during each run.

The decoloration efficiency g can be calculated as:

g ð%Þ ¼ C0 � C
C0

� 100 ð1Þ

where C0 and C are the initial and the final concentration of MO
solution, respectively.

The COD removal was calculated using the following equation:

COD ð%Þ ¼ COD0 � COD
COD0

� 100 ð2Þ

where COD0 is the chemical oxygen demand of initial solution and
COD is the chemical oxygen demand at time t.

MO removal rates could be described by first-order kinetics
with good correlation coefficient values (>0.96):

Ln
C
C0

� �
¼ �kt ð3Þ

The efficiency of MO degradation, the dissolved O3 and H2O2

generated was illustrated by the energy yield and defined as
follows:

GðMOÞ ½g=kW h� ¼ C0Vgð%Þ
100Pt

ð4Þ

GðO3Þ ½g=kW h� ¼ CO3 V
Pt

ð5Þ

GðH2O2Þ ½g=kW h� ¼ CH2O2 V
Pt

ð6Þ

CO3 and CH2O2 are the concentrations of O3 and H2O2, respectively at
the end of treatment. V is total solution volume. P is input power
and t is discharge time.

3. Results and discussion

3.1. Effect of initial concentrations and total volumes on MO
degradation

The decoloration efficiency (g) as a function of treatment time is
presented in Fig. 2a. It is seen that g decreased with the increase of
initial solution concentration and the total volumes. For example,
after 20 min plasma treatment, the decoloration efficiency was
95.6% for 300 mL MO solution and reduced to 87.6% for 600 mL.
Since under steady discharge, the active species produced in pulse
discharge were maintained at specific concentration levels leading
to a maximum degradation capability. Fig. 2b compares the energy
yield (GMO) as a function of g with different initial solution



Fig. 1. (a) Detailed schematic of a circulatory airtight reactor, (b) needles electrode, and (c) ground electrode (d = 31 mm – radius of ground electrode; D = 15 mm – needle
spacing).

Fig. 2. Effect of initial concentrations on MO degradation (conditions: input energy
5.67 W; gas flow rate 0.06 m3/h; treatment time 20 min; temperature: 283 K).
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concentrations and the total volumes. For the initial 5 min of plas-
ma treatment, GMO increased but g decreased with increasing the
initial concentration of MO. Fig. 2b also shows that GMO reduced
significantly with treatment time extending due to less dye mole-
cules residual in liquid for decomposition.

Table S2 (Supporting Information) shows decoloration effi-
ciency and energy yield of MO using non-thermal plasma technol-
ogy with different plasma reactors. The obtained result presents
that gas discharge in GDC was capable of removing up to 92% of
MO in 20 min corresponding to a removal yield of 11.68 g/kW h.
In GDC process, the plasma originating from the high-voltage elec-
trode directly attacked the MO molecules and decomposed water
molecules into hydroxyl radicals which then destructed the bonds
of organic in gas–liquid interface zone. At the same time, there is
always fresh solution exposure to plasma due to liquid circulating,
which compensated mass transfer resistance to some extent. Be-
sides, large number of reactive gas species not diffusing into the li-
quid flew into the reservoir with secondary comprehensive
utilization. Thus, compared with these previous reactor systems,
higher decoloration efficiency and better energy efficiency can be
both obtained with lower energy input in GDC.

As compared with AOPs, some conventional approaches, such as
biological treatment [15], ultrafiltration [16,17], adsorption [18,19]
coagulation–flocculation [20], are non-destructive or slow rates of
destruction. For example, biological degradation requires high
reaction volume as well as long treatment time and high specific-
ity. Some other AOPs were also used for dyes degradation besides
plasma technology, e.g. Photocatalytic oxidation [3], Wet oxidation
[21], Radiolysis [22], Fenton processes [4], UV/H2O2 [5], UV/Fenton
[23], etc. These technology need radiation sources or chemicals
addition, which are high energy consumption and environmentally
hazardous. For example, for the decomposition of MO (solution
volume: 80 mL, initial concentration 5 mg/L) by nanocrystalline
mesoporous-assembled TiO2 photocatalysis, Jantawasu et al. [3]
used a low-pressure mercury lamp and obtained about 78% con-
version after 4 h treatment. The energy cost was rather high as
compared to non-thermal plasma, where the power involved was
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3 orders of magnitude lower. As compared to other common AOPs,
the primary benefit of plasma is the ability to generate UV light
and oxidizing species, ozone, hydroxyl radicals, etc. without chem-
ical addition or the use of UV lamps [7,8].
3.2. Effect of gas velocity

Various gas velocities were applied to study their effects on the
degradation of MO. As shown in Fig. 3, it is observed that increas-
ing the gas velocity from 0.02 m3/h to 0.12 m3/h improved the deg-
radation of MO with treatment time of 20 min. The highest
decoloration efficiency of MO reached 93.7% at a gas velocity of
0.12 m3/h, which was about 6.4% more than the decoloration effi-
ciency obtained at a gas velocity of 0.02 m3/h. The possible expla-
nation for this phenomenon is that the destruction of ozone may
happen and reduce the mass flux of ozone downstream in the plas-
ma region at low gas velocities with fixed energy input [24]. This
perspective can be validated by the experiment data that more
O3 was generated with the increase of gas velocity at a fixed energy
input in Fig. 4. With the increase of gas velocity, more gas mole-
cules passed through the discharge zone and were broken down
by energetic electrons within the same time span, and hence more
reactive species were generated resulting in more degradation
Fig. 3. Effect of gas velocities on MO degradation (conditions: input energy 5.67 W;
total volume 400 mL; initial concentration 60 mg/L; treatment time 20 min;
temperature: 283 K).

Fig. 4. Effect of gas velocities on concentrations of H2O2 and O3 (conditions: input
energy 5.67 W; total volume 400 mL; initial concentration 60 mg/L; treatment time
20 min; temperature: 283 K).
reactions [25]. On the other hand, larger flow rate led to turbulent
flow of liquid, which made reaction more intensive in the interface
and more active gas diffuse into the liquid. However with the fur-
ther increase of gas velocity over 0.12 m3/h, the residence time of
gas in reservoir was shortened, accordingly, the utilization effi-
ciency of reactive species was decreased. Therefore, the decolor-
ation efficiency for gas velocity of 0.14 m3/h began to reduce.
Fig. 4 presents that compared with that in MO solution, the yield
of O3 significantly reduced after 20 min plasma treatment in dis-
tilled water with the velocity of 0.06 m3/h. And it can be concluded
that compared with H2O2, O3 denoted more important for MO deg-
radation due to its relative high oxidation potential.

In the plasma reaction, a large amount of atomic oxygen can be
formed through electron impact dissociation of oxygen, which re-
sulted in a larger generation of ozone. H2O2 can also be produced
with electron dissociating H2O after a series of reactions. At the
same time, generated O3 and H2O2 were decomposed by some
elections and radials and consumed for organic degradation. Thus,
the formation and consumption of ozone and hydrogen peroxide
appeared synchronously. Related formulas describing the genera-
tion reactions of O3 and H2O2 were exhibited as follows [7,24]:

e� þ O2 ! Oþ Oþ e� ð7Þ

Oþ O2 ! O3 ð8Þ

e� þ O2 ! O�2 þ e� ð9Þ

O�2 þ O2 ! O3 þ O ð10Þ

e� þ O3 ! Oþ O2 þ e� ð11Þ

e� þH2O! OH� þH� ð12Þ

OH� þ OH� ! H2O2 ð13Þ

OþH2O! OH� þ OH� ð14Þ

H2O2 þ OH� ! H2OþHO�2 ð15Þ
3.3. Effect of conductivity

Initial solution conductivity is an important factor that affects
the decoloration efficiency of the plasma processes [26]. In this
Fig. 5. Effect of conductivities on MO degradation (conditions: input energy
5.67 W; total volume 400 mL; initial concentration 60 mg/L; gas velocity rate
0.06 m3/h; treatment time 20 min; virgin conductivity 17.4 lS/cm; temperature:
283 K).



Fig. 6. Effect of solution pH on MO degradation (conditions: input energy 5.67 W;
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system, with increasing the conductivity, the decoloration effi-
ciency and rate constant both had descending trend (see Fig. 5).
For example, the rate constant for virgin solution was
0.05612 min�1 and it was only 0.04721 min�1 for the solution with
conductivity of 5.53 mS/cm. The possible reason is that higher con-
ductivity led to larger discharge current, more intensive UV light
and stronger acoustic waves. Compared with contribution of active
radials for organic degradation, these physical phenomena ex-
pressed less importance for organic degradation but favored heat-
ing of solution [8]. And stronger physical phenomenon consumed
more energy with increasing the conductivity of solution. As a re-
sult, less energy was utilized to destruct organic pollutant and gen-
erate H2O2 and O3 (as shown in Fig. S1). Table S3 shows that the
conductivity of solution got a little increment after 20 min treat-
ment owing to more charged fractions generated in solution. Com-
pared with liquid discharge, different initial solution conductivities
with the span of 17.4 lS/cm to 5.53 mS/cm expressed little effect
on the decoloration of azo dye in this study [26].
total volume 400 mL; initial concentration 60 mg/L; gas velocity rate 0.06 m3/h;
treatment time 20 min; virgin pH 6.10).

Fig. 7. Effect of temperature on MO degradation (conditions: input energy 5.67 W;
total volume 400 mL; initial concentration 60 mg/L; gas velocity rate 0.06 m3/h;
treatment time 20 min).
3.4. Effect of initial pH

It is well known that the pH of the wastewater varies in a large
span and the oxidation processes are very sensitive to the pH of the
aqueous solutions [27]. The decoloration efficiency of aqueous MO
with different initial pH was obtained and shown in Fig. 6. It is
clear that when the solution pH was modified to 11.22, decolor-
ation efficiency evidently dropped to 89.8%. The possible explana-
tion for this result is that hydroxyl radicals can be scavenged by
hydroxide ions [28]. The reaction between hydroxyl radicals and
hydroxide ions is given as:

OH� þ OH� ! O��H2O k ¼ 1:3� 1010ðMsÞ�1 ð16Þ

Plasma contains lots of active species such O�3 , OH�,O�,O3, Which
have high oxidation potential in acid solution as represented in
Table S4. Thus, by lowering the pH to 5.01 with hydrochloric acid,
the efficiency was optimally 92.2%. Whereas, at pH 3.4 only 88.9%
of the MO was removed. The possible reason is that the pH of MO
solution not only affected the activity of some species contained
in the liquid, but also affected the characteristics of the dye micelle.
It is known that MO is an acid–base indicator and its color alter
interval is pH 3.1–4.4 [29]. MO molecules can be partially mono-
protonated to quinoid at pH 3.4, depicted in Eq. (17), which is more
stable than azo form [30]. Therefore, the strong acidic condition
blocked MO degradation.
H

SO3
-(CH3)2N

OH

-
N-N(CH3)2N

+ N=N
H+SO3

-

red (quinoid) yellow (azo)

ð17Þ
3.5. Effect of temperature

High temperature favored the dissociation of H2O, which im-
plies that more oxidative species can be produced and organic re-
moval efficiently may rise with temperature increasing within a
certain range [31,32]. However, in this case as presented in
Fig. 7, the decoloration efficiency and rate constant reduced from
91% to 79% and from 0.119 min�1 to 0.075 min�1, respectively, at
the temperature from 283 K to 303 K. Gao et al. [33] proposed that
the concentration and the live time of radicals were two main fac-
tors influencing the decoloration efficiency. And high temperature
led to quenching hydroxyl radical and shortening life span of rad-
ical. Above, we may conclude that the negative effect of tempera-
ture on MO degradation was higher than the positive effect, thus
increasing temperature caused a decreasing degradation rate. The
activation energy (Ea) of the reactions is obtained from the Arrhe-
nius equation followed as:

k ¼ k0 exp
�Ea

RT

� �
ð18Þ



Table 1
Comparison of energy efficiency and rate constant for the four electrical discharge
processes.

Reactor
system

Rate constant
(�10�2 min�1)

G(MO)
(g/kW h)

G(H2O2)
(g/kW h)

G(O3)
(�10�3 g/kW h)

GDC 13.4 11.59 1.71 28.3
OLC 7.7 7.65 0.61 15.7
BR 2.6 3.86 0.57 4.8
GL 8.8 4.06 – –

B. Jiang et al. / Chemical Engineering Journal 204–206 (2012) 32–39 37
Lnk ¼ Lnk0 �
Ea

RT
ð19Þ

where k0 and k are the frequency factor and reaction rate constant,
respectively. T and R denote the absolute temperature and ideal gas
constant (8.314 J/(mol K)), respectively. The function plot is dis-
played in Fig. S2 and the measured activation energy values for
the degradation of MO was 16.42 kJ/mol (R = 0.975).

3.6. Efficiency comparison of different reactor system

To evaluate the energy efficiency improvement capacity of GDC,
the efficiency of other three reactor systems were also tested in
oxygen atmosphere in this study. The first prototype was designed
as a batch reactor (BR) with needle–plate electrodes to generate
spark discharge above the water reservoir. The second prototype
was only liquid circulating system (OLC) with gas directly flowing
outside from discharge reactor. Besides, experiment data of hybrid
gas–liquid electrical discharge (GL) was from previous study [34].
The obtained results are shown in Fig. 8a, suggesting that their re-
moval processes followed pseudo-first-order kinetics. As shown in
Table 1, after plasma treatment, the rate constant for MO degrada-
tion in GDC (13.4 � 10�2 min�1) was larger than the values ob-
tained in OLC (7.7 � 10�2 min�1) and in BR (2.6 � 10�2 min�1).
Furthermore, compared with OLC and BR, the energy efficiency of
Fig. 8. (a) Rate constant comparison of different reactor systems, (b) COD removal
comparison of different reactor systems (GDC, OLC and BR conditions: input energy
5.67 W; total volume 400 mL; initial concentration 60 mg/L; gas velocity rate
0.06 m3/h; GL condition: input energy 7.09 W; total volume 200 mL; initial
concentration 60 mg/L; gas velocity rate 0.12 m3/h; temperature: 283 K).
GDC enhanced 51.5% and 200.3%, respectively. In BR system, there
was only plasma exerting influence on the surface of bulk solution
with few active species diffusing into the bulk solution. However,
with the liquid circulating designed into BR system, the rate con-
stant got sharply increment from 2.6 � 10�2 to 7.7 � 10�2 min�1.
This can be ascribed to that much more fresh solution was directly
exposure to plasma and more active species diffused into the solu-
tion as presented in Table 1. From the experiment data, the conclu-
sion can be withdrawn that in GDC process, liquid circulating only
contributed 57.5% for the MO degradation and the left can be as-
signed to the gas circulating. It has been proposed that hybrid
gas–liquid electrical discharge (GL) displays better decoloration
efficiency than gas discharge and liquid discharge [35]. However,
the experimental data in Table 1 shows that GDC performed con-
siderably much better than the GL degrading MO. It is confirmed
that ozone and hydroxyl radicals are formed in the gas and hydro-
gen peroxide is produced in the liquid with high-voltage electrodes
over the water surface and ground electrodes in the water [36–38].
Moreover, in GDC process, the hydroxyl radicals were produced di-
rectly by dissociation of water molecules and indirectly from
ozone, water and UV photons and its production efficiency was
high compared to GL with high-voltage electrode placed in the li-
quid-phase [39,40]. Above, compared with GL, synergistic effect
of active gas circulating, liquid circulating and high productivity
of active species were responsible for high MO removal efficiency
in GDC process. Fig. 8b illustrates that for the four reactor systems
(GDC, OLC, GL and BR), the COD removal increased to 67%, 58%, 39%
and 58%, respectively.
3.7. Presumption of degradation mechanism of MO

It has been well demonstrated that hydroxyl radical and O3, etc.
have high oxidation potential and efficiently attack the dye pollu-
tants [41,42]. Therefore, in this reactor where the major degrada-
tion mechanism was likely hydroxyl radical and O3, etc. attack.
Based on bond dissociation energies (BDEs) theory, proposed path-
ways for the oxidation of MO by hydroxyl radical and ozone in GDC
are represented in Fig. 9. When MO dissolved in aqueous solution,
the weakest electrovalent bond (O3SANa) immediately dissoci-
ated. According to Table 2, the dissociation energies of CAS bonds
in the groups HOSO2ACH3, H3CSO2ACH3, and H3CSO2AC6H5 are
about 77.5, 66.8, and 82.3 kcal/mol, respectively. It illustrates that
compared with H3CSO2AC6H5, the intensity of CAS bonds is
strengthened in HOSO2AC6H5 and hence above 82.3 kcal/mol.
Thus, the CANAC bond dissociation energies is the lowest and
the easiest to dissociate resulting in two demethylation reactions
firstly taking place with plasma treatment. As presented in Table 2,
bond energy for HN@NH double bonds is about 119.7 kcal/mol and
larger than C6H5AN2C6H5. Thus, CAN bond in the intermediate
group (C6H5AN2C6H5) is weak enough and can be easily cleaved
by high-reactive species (O3, OH�) produced by gas phase dis-
charge. After treating for 30 min, the MO solution was analyzed
by ion chromatography (as shown in Fig. S3). The ions SO2�

4 and
NO�3 were found, indicating that MO molecules and intermediate



Fig. 9. Proposed pathways for the degradation of MO using non-thermal plasma.

Table 2
Datasheet of chemical bond dissociation energies [48].

Molecule bonds Bond energy (kcal/mol)

C6H5AN(CH3)2 93.2 ± 2.5
CH3AN(CH3)C6H5 70.8
C6H5AN2C6H5 82.3 ± 1.2
C6H5ANHCH3 100.6 ± 2.5
HN@NH 119.7
HOSO2ACH3 77.5 ± 3
H3CSO2ACH3 66.8
C6H5NHACH3 71.4 ± 2
H3CSO2AC6H5 82.3 ± 2
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products were mineralized into CO2, H2O, SO2�
4 and NO�3 during the

plasma treatment process as depicted in Fig. 9.
In the realm of advanced oxidation processes (AOPs), some ac-

tive species (i.e. O3, OH�, etc.) as well as some physical effects
(i.e. UV, ultrasonic, electrohydraulic cavitation, etc.) are responsi-
ble for organic degradation and can efficiently mineralized the or-
ganic molecules into harmless species [43–45]. In different
systems for MO degradation, every mechanism proposed was spe-
cific due to different experiment systems and analytical methods.
However, it was found that some analogous intermediates were
detected in different degradation processes [46,47]. For example,
the species of m/z 276 (after two demethylation reactions) and
other intermediate products were found in photocatalytic degrada-
tion process, which were proposed in degradation mechanism in
Fig. 9 based on bond dissociation energies (BDEs) theory [46].
4. Conclusions

GDC can effectively mineralize organic in aqueous solution and
is a viable alternative for the treatment of refractory organic pollu-
tants in view of fast removal rate and environmental friendliness.
The degradation of MO by GDC followed pseudo-first order laws.
In the experimental system, gas velocity, solution conductivity,
temperature and pH of MO solution were all important factors
for decoloration efficiency. The rise of initial concentration, volume
and temperature caused the decrease of the apparent rate con-
stant. And as gas velocity increased, more ozone was formed to re-
act with MO in the reaction system. Besides, acceptable efficiency
can be achieved in relatively large conductivity scale. Relatively
high MO removal efficiency was obtained at medium pH solution.
GDC process can efficiently mineralize the organic pollutant with
67% COD removal after 20 min treatment.
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