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Abstract: In conventional depth sewage treatment 

processes, COD concentration can only be decreased from 

1064 mg/L ~ 1280 mg/L to 100 mg/L ~ 150 mg/L, which 

can not meet the requirement of COD concentration (≤50 

mg/L) in the sewage reuse criterion. Therefore, the paper 

describes that active oxygen species (O2
+
, O3) produced by 

strong ionization dielectric barrier discharge were injected 

into the sewage to quickly and non-selectively degrade 

COD into CO2 and H2O. The COD concentration after 

conventional depth sewage treatment can be degraded 

from 132 mg/L to 28.2 mg/L using active oxygen species 

within 3 min plasma reaction time. The COD 

concentration of 28.2 mg/L can meet the sewage reuse 

criterion. Compared with conventional sewage treatment 

methods, the present method has lower initial investment, 

operating costs, and simple processes. 
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1.  Introduction 

A conventional sewage treatment process is constituted of 

a primary and depth sewage treatment method. The 

primary sewage treatment method with a coagulation- 

sedimentation-filtration has been commonly used for the 

removal of suspended solids in sewage. The depth sewage 

treatment method can further remove colloidal and 

dissolved organic pollutants (COD) in sewage, including 

Fenton（Chamarro et al., 2001）, Fenton-like technology

（Yang et al., 2009） , ozone（Andreozzi et al.,2005; 

Hostachy et al., 1997）supercritical water oxidation(Zou 

et al., 2014; Nugroho et al., 2014), photocatalytic 

(Grzechulska et al., 2000; Bessa et al., 2001), membrane 

separation(Baheri et al., 2015; Zhou et al., 2013), 

biochemical methods(Barak et al., 2015), electro-catalytic 

oxidation (Comninellis et al., 1994; Li et al., 2003)and the 

combined process（Tony et al., 2009; De et al., 1994; Shu 

et al., 1995). The COD concentration after the primary and 

depth sewage treatment can decreased from 1064 mg/L ~ 

1280 mg/L to 100 mg/L ~ 150 mg/L, which still does not 

meet the requirement of COD concentration (≤50 mg/L) 

in sewage reuse criterion. How to continue to degrade 

COD concentration has become a research focus.  

The paper described that active oxygen species (O2
+
 and 

O3) produced by strong ionization dielectric barrier 

discharge were injected into the sewage to rapidly and 

non-selectively oxidize COD from the sewage to form 

CO2 and H2O based on hydroxyl radicals (·OH radicals) 

solution with the reaction rate of 2.2 × 10
6 

L/mol·s and 

oxidization potential of 2.80 V( Poyatos et al., 2010; 

Mental et al., 2010). The sewage purified by active 

oxygen species could meet the criterion for sewage reuse. 

The plasma chemistry reaction for degradation COD by 

the active oxygen species is introduced. The effects of the 

molar ratios between the active oxygen species (O2
+
, O3) 

and COD in the sewage, energy consumption and plasma 

reaction time on COD removal are investigated. 

2. Experimental section 

An experimental setup for degradation COD by active 

oxygen species is shown in Fig. 1. The active oxygen 

species (O2
+
, O3) generated in a active oxygen species 

generator were transferred into the bottom of the plasma 

reaction tower (3.2 cm diameter × 1.4 m height) through 

the pipe. In the plasma reaction tower, a large number of 

active oxygen species bubbles were formed by active 

oxygen species through nozzle into the sewage, and 

oxidized COD to CO2 and H2O. In whole experiment 

process, the sewage treated by conventional primary and 

depth sewage treatment compose of 8.16 pH, 132 mg/L 

COD, 31.4 mg/L BOD, 411.1 mg/L HCO3
－

, 95.3 mg/L 

Ca
2+

, 29.8 mg/L Mg
2+

, 254.9 mg/L Cl
－ 

and 478.9 mg/L 

SO4
2－

. The temperature of the sewage were 22 ℃. The 

quantity of active oxygen species was adjusted by a valve 

and a flow meter. The concentrations of O2
+
 and O3 were 

detected by a ball probe (Ø6 mm) Bai et al., 2009; Sun et 

al., 2006）and ozone concentration detector (BMT964, 

BMT Messtechnik GmbH, Stahnsdorf, Germany), 

respectively. The concentration of COD in the sewage was 

analyzed by a dichromate titration method. 

Active oxygen species generator（Bai et al., 2008） is an 

important equipment for degradation COD by active 

oxygen species. The rectangular active oxygen species 

generator (L×W×H, 280×50×220) contained discharge 

electrodes, grounding electrodes, spacers, and dielectric 

layers, with a discharge gas spacing of 0.1 mm between 

the discharge and grounding electrodes, as shown in Fig.2. 

A high-voltage, high-frequency discharge output from the 

high-voltage, high-frequency power supply was applied to 
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the discharge electrodes, and the peak voltage (6 kV), 

current (100 mA) and waveform (11.5 kHz) were 

measured by an oscilloscope (TDS3032, Tektronix, 

Beaverton, OR), as shown in Fig. 3. The effective reduced 

electric field strength E/n (Eliasson et al., 1986) in 

Townsend (1 Td=10
-17 

V·cm
2
, E=electric field intensity, 

n=concentration of neutral particles) was increased from 

original 150 Td to existing 350 Td, according the mean 

electron energy was increased to 8.6 eV in the discharge 

gaps of 0.1 mm (Penetrante et al., 1997). Therefore, the 

dielectric barrier discharge (DBD) in active oxygen 

species generator is strong ionization discharge (SID) 

based on Xu et al (Xu et al., 1996). whose report stated 

SID formation at mean dielectric energy above 8.6 eV. 

The strong ionization discharge could create substantial 

high energy electron (≥8.4 eV) which can dissociate or 

ionize O2 into active oxygen species (O2
+
, O3). 

3.  Results and discussions 

3.1 Effect of molar ratio between active oxygen species 

and COD on COD concentration 

The substantial high energy electrons in discharge gap of 

the active oxygen species generator can dissociate or 

ionize O2 into oxygen plasma such as O2
+
, O3, O, O

+
, O

－
, 

O2
－

, O(
1
D) and O2(a

1
∆g) (equation of 1-10). The lifetimes 

of O, O
+
, O

－
, O(

1
D) and O2(a

1
∆g) are approximately 10 

ns, they pass through a series of plasma reactions to from 

long-lived active oxygen species (O2
+
, O3) (equation of 

11-16). The plasma chemistry reactions and their rate 

coefficients are presented（Lowke et al., 1995）. 

O2
+
 reacts with H2O (g) to form water cluster ions, 

O2
+
·H2O, and then these dissociated to form ·OH 

radicals(Person et al., 1988).O3 is decomposed to the ·OH 

radical solution in the water under the action of H2O· 

initiator produced by ·OH radical reacting with O3 

(Staehelin et al., 1985;  Tomiyasu et al., 1985).  

In order to verify the plasma chemistry mechanism for 

degradation COD by the active oxygen species, the effect 

of molar ratios between the active oxygen species and 

COD from the sewage on COD concentration was 

researched. The experimental result is shown in Fig.4. 

When the molar ratio increased from 0 to 4.5, the 

concentration of COD rapidly decreased from 132 mg/L to 

27.3 mg/L. The molar ratio further increased to 6.0, COD 

concentration slowly decreased to 22.6 mg/L, which is 

only 4.7 mg/L higher than molar ratio of 4.5. The molar 

ratio finally increased to 7.5, COD concentration was 

almost no charge. The optimal molar ration was selected 

at the rang of 4.5 ~ 6.0 in degradation COD by active 

oxygen species. 

In addition, the effect of energy consumption rate on COD 

removal efficiency was researched, and the result is shown 

in Fig.5. The energy consumption rate is defined where 1 

L sewage treated by active oxygen species consumes 

electric energy Wh of active oxygen species generator. 

The energy consumption rate were 6.9 Wh/L, 10.5 Wh/L, 

12.5 Wh/L, 13.2 Wh/L and 15.6 Wh/L, the COD removal 

efficiency were 46.1%, 68.6%, 78.3%, 82.9% and 83.8%, 

respectively. When the energy consumption rate increased 

from 0 to 12.5 Wh/L, COD removal efficiency quickly 

increased from 0 to 78.3% in a liner manner. The energy 

consumption rate continues to increase to 13.2 Wh/L, 

COD removal efficiency slowly increased to 82.9%. The 

consumption rate finally increased to 15.6 Wh/L, COD 

removal efficiency was almost unchanged. The optimal 

energy consumption rate was selected at the range of 12.5 

Wh/L ~ 13.2 Wh/L in degradation COD by active oxygen 

species. 

3.2 Effect of Plasma reaction time on COD concentration 

The effects of plasma reaction time of active oxygen 

species reacting with COD in the plasma reaction tower 

(in Fig. 1) on COD concentration were researched. The 

results are shown in Fig. 6. When the plasma reaction time 

increased from 0 to 3 min, the COD concentration quickly 

decreased from 132.0 mg/L to 28.2 mg/L. When the 

plasma reaction time increased from 3 min to 5 min, the 

COD concentration was almost no charge. Experimental 

results was clearly observed that COD concentration 

decreased from 132.0 mg/L to 28.2 mg/L within plasma 

reaction time of 3 min, and according COD concentration 

decreases rapidly by 34.6 mg/L per minute. 

However, long reaction time is required in the 

conventional depth sewage treatment, such as Fenton 

reaction time of 6.5h (2.9 mg/L·min), biochemical 

reaction time of 16.8 h (1.1 mg/L·min), electrocatalytic 

reaction time of 2.5 h (7.7 mg/L·min), acidification-

microelectrolysi-fenton combined processes reaction time 

of 5.5 h (3.5 mg/L·min). The degradation rate of COD per 

minute by active oxygen species is  5 more times faster 

than the present conventional method. This is mainly 

because the active oxygen species (O2
+
, O3) produced by 

strong ionization dielectric barrier discharge was injected 

into the sewage to form ·OH radicals solution radicals. 

Therefore, the reaction rate coefficient and oxidization 

potential of ·OH radicals were about 2.2 × 10
6 
L/mol·s and 

2.80 V, respectively, the ·OH radicals solution could 

rapidly and non-selectively oxidize COD to CO2 and H2O. 

4.  Conclusion 

High concentration ·OH radical solution generated by 

active oxygen species (O2
+
, O3) of strong ionization 

discharge can quickly and non-selectively oxidize COD to 

the harmless substance of CO2 and H2O. The result shows 

that the COD concentration after conventional depth 

sewage treatment, can be decreased from 132 mg/L to 

28.2 mg/L and removal efficiency is 78.6%. The purified 

sewage by active oxygen species can meet the sewage 

reuse criterion. This paper can provide an economical, 

efficient, and simple process for realization sewage reuse. 
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F igure 1. Experimental setup for degradation COD by active oxygen species 
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Figure 2. Structure diagram of active oxygen species generator 
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Figure 3. Voltage, current and waveform output from 

high-voltage high-frequency power supply 
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Figure 4. Effect of the molar ratio between active 

oxygen species and COD on COD concentration 
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Figure 5. Effect of energy consumption rate 

on COD removal efficiency 
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