
 

  
I.  INTRODUCTION 

 

 A detergent used for laundry contains surfactant and 
its exhaust water is released into rivers. The toxicity and 
environmental persistence of the recalcitrant surfactants 
are emerging concerns. The surfactant decomposition 
should be necessary to maintain the water quality. Linear 
alkylbenzene sulfonate (LAS) is a well-known anionic 
surfactant and one of the main ingredients in synthetic 
detergent. In sewage processing, an injection of ozone is 
widely used. However, the ozone alone does not 
effectively decompose the recalcitrant surfactant such as 
LAS. Therefore, the processes called advanced oxidation 
processes (AOPs) have been studied to enhance the 
treatment efficiency for the removal of pollutants in 
water [1]. Especially, hydroxyl (OH) radicals produced 
by AOPs play an important role for the degradation of 
persistent substances. In recent years, plasma technology 
has been received much attention in the field of water 
treatment [2, 3]. The degradation of several organic 
compounds dissolved in water has been carried out not 
only including dyes [4-6], phenol [7-9], acetic acid [10], 
but also including surfactant such as LAS [11-13] and 
sodium lauryl sulfate (SLS) [14].  
 In this study, we proposed a novel AOP method to 
produce OH radicals by superposition of pulsed 
discharge on the water surface and ozone injection 
through the discharging needle electrode. Taking into 
account the nature of the surfactant, which exists mainly 
on the interface between water and air, the surface 
discharge mode was adopted. The degradation of LAS by 
this method was investigated in comparison with the 
cases of discharge only or ozone injection. 
 

 
II.  EXPERIMENTAL 

 
Fig. 1 shows a schematic diagram of the experimental 

setup. A commercially available separable flask (85 mm 
in inner diameter, 110 mm in height) was used as a 
reactor. A hollow metal needle (1.5 mm outer diameter, 
1.0 mm inner diameter) was used as the stressed 
electrode and the tip of the electrode was set 1 mm above 
the water surface. While a ring electrode (50 mm in inner 
diameter, 8 mm in thickness) was submerged in the 
solution as the grounded electrode. As a test liquid, an 
aqueous solution of sodium linear alkylbenzene sulfonate 
(Wako Pure Chemical Industries, Ltd., 195-07682) was 
used.  The chemical structure of LAS is shown in Fig. 2. 
The initial concentration of LAS was 5 mg/L. The 
volume of the solution in the reactor was 90 mL. The 
initial solution conductivity and pH were 1.91 S/cm and 
6.13, respectively. LAS concentration was measured by 
high performance liquid chromatography (HPLC) with 
fluorescence detection (Shimadzu, Prominence UFLC 
system with RF-20Axs). LAS was analyzed on a Shim-
pack XR-ODS column using 45 : 55 acetonitrile : water 
containing 0.1 mol/L sodium perchlorate as a mobile 
phase at 1 mL/min and column temperature of 40oC. The 
sample volume was 8 L and detection was achieved 
with fluorescence detector operating at an excitation 
wavelength of 221 nm and an emission wavelength of 
284 nm. 

A pulsed high voltage circuit based on a Blumlein 
line was used to generate streamers on the water surface. 
The energy stored in the Blumlein line is transferred to 
the discharging area by means of a spark gap switch. As 
the length of each coaxial cable is 10 m, the pulsed high 
voltage with its width of 100 ns is available. Voltage and 
current waveforms were recorded on a digital 
oscilloscope (Tektronix, TDS 5104) using a high-voltage 
probe (Iwatsu, HV-P06) and a current monitor (Pearson, 
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4100), respectively. The digital camera (Nikon, D90) was 
used to capture the streamer images. 

During the discharge, ozone injection was performed 
through the needle electrode. Ozone was generated from 
dry air by means of a homemade ozonizer and the flow 
rate of gas injection was 1 L/min.  Ozone concentration 
for the injection was ca. 200 ppm. 
 
 

III.  RESULTS AND DISCUSSION 
 
Typical voltage and current waveforms of the pulsed 

discharge with ozone injection are shown in Fig. 3. The 
maximum output voltage and peak discharge current are 
24 kV and about 40 A, respectively. The pulse repetition 
rate was 12 pps. The energy per pulse was 15.7 mJ. The 
average power dissipated in the discharge was about 
0.19 W. 

Fig. 4 shows the typical time integrated images of 
the discharges without and with gas (dry air) injection, 
respectively. The streamer discharge is initiated at a tip 
of the needle electrode and propagates along the water 
surface with a filamentary structure. In the case of 
superposition of the discharge and gas injection as shown 
in Fig. 4 (b), the dip is created underneath the needle 
electrode due to the gas injection and streamers intrude 
into the dip through the interface between air and water. 
Fig. 5 shows the flow pattern in the liquid volume 
captured by a planar Mie scattering technique. A light 

scattered by small particles (cross-linked 
polymethylmethacrylate, mean diameter = 50 m, 
specific gravity = 1.2) from He-Ne laser light sheet 
illumination was observed and recorded by the digital 
camera. The liquid-phase electrohydrodynamic (EHD) 
flow formed vortexes, which cause the liquid mixing as 
shown in Fig. 5 (a). The ionic wind progressed from the 
stressed electrode along the air-liquid interface, resulting 
in the motion of the liquid.  In addition to this effect, 
more complicated flow structure was generated when the 
gas was injected through the needle electrode (Fig. 5(b)). 
These liquid-phase EHD flows might be affected to the 
water treatment efficiency. 

Fig. 6 shows the typical chromatograms of the LAS 
solution. Fig. 6 (a) shows the chromatogram before 
treatment, while Fig. 6 (b) shows the chromatogram of 
the solution after 15 min treatment performed by 
superimposition of pulsed discharge on the solution and 
ozone injection.  Test aqueous solution consists of LAS 
homologues (C10, C11, C12 and C13) as shown in Fig. 
6(a). Each peak area for the LAS homologue decreased 
with increasing the treatment time, indicating the 
decomposition of the LAS homologue. Quantification 

 
Fig. 1.  Schematic diagram of experimental setup. 

(R1 = 10 M, R2 = 200 , R3 = 300 ) 
 

 
 

Fig. 2.  Chemical structure of linear alkylbenzene sulfonate (LAS), 
where x plus y equals 7 to 11 depending on the length of the alkyl 
chain. 
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Fig. 3.  Applied voltage and current waveforms for pulsed discharge 

on the water surface. 

22 International Journal of Plasma Environmental Science & Technology, Vol.7, No.1, MARCH 2013



 

 

was performed by comparing the ratios of peak areas for 
the LAS homologues in test solution to those of standard 
solutions. In Fig. 6 (b), the degradation rate of LAS 
homologues of C10, C11, C12, C13, and total-LAS are 
25%, 24.8%, 31.5%, 37.2%, and 29.5%, respectively. 
Fig. 7 shows the degradation rate of LAS as a function of 
treatment time. All LAS homologues were decomposed 
as the time elapsed. Approximately 90% of LAS can be 
degraded in 40 min by means of proposed superposition 
technique. In this case, the energy efficiency is 28 g/kWh. 

Fig. 8 shows compares the degradation rate of LAS 
after 15 min treatment among the three different methods 
under the present condition. The superposition technique 
based on the simultaneous use of the discharge and ozone 
is much more effective than singularity use of discharge 

or ozone to remove LAS. From the results obtained in 
our experiment, it is found that the degradation rate of 
LAS by ozone alone is not significant under the present 
experimental condition. In the filament of the streamers 
OH   radicals   are   effectively   produced, because   
large amounts of water vapor are available both over the 
solution surface due to the discharge-induced 

(a) 
 

(b) 
 

Fig. 4.  Typical discharge images of (a) without gas injection and (b) 
with gas injection (applied voltage: 24 kV, exposure time of the 
digital camera: 10 s). 

 

(a) 
 

(b) 
 

Fig. 5.  Typical liquid flow pattern observed by the Mie scattering 
technique of (a) without gas injection and (b) with gas injection 
(applied voltage: 24 kV, exposure time of the digital camera: 8 s). 

(a) 

(b) 
 

Fig. 6.  HPLC chromatograms of LAS, (a) before treatment and (b) 
after 15 min discharge with ozone treatment. 
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Fig. 7.  Degradation rate of LAS as a function of treatment time by 
means of superposition of pulsed discharge and ozone injection. 
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vaporization of water and on the solution surface. We 
have observed OH radicals on the water surface by laser-
induced fluorescence [15, 16]. The principal reaction for 
the OH radical formation is as follows: 

 
e  + H2O → H + OH + e                     (1) 

 
Besides this process, other reactions of OH radical 
formation are thought to be important and are 
summarized in [16, 17]. 

Although the ozone production is suppressed by the 
existence of large amounts of water vapor in the surface 
discharge system, under our experimental condition 
ozone is intentionally introduced in the discharge region 
by means of gas injection. If ozone is present in the 
discharge area, ozone is easily decomposed (the 
dissociation energy of O3 is 1.04 eV): 

 
e  + O3 → O(1D) + O2 + e                      (2) 

 
And OH radicals are produced through the following 
reaction: 

 
O(1D) + H2O → 2OH(X)                      (3) 

 
Note that this process is also one of the main production 
mechanisms of OH radical in the discharge induced 
plasmas.  In the presence of hydroperoxyl radicals (HO2) 
in the plasma, OH radical is formed directly by the 
reaction with ozone [10]: 

 
       HO2 + O3 → OH + 2O2                        (4) 

 
In addition to the above OH production processes, the 
subsequent reaction occurs at pH values above 5 [18]: 

 
      O3(aq) + H2O2 → OH + HO2 + O2               (5) 

 
Since OH radical is responsibility for LAS degradation 
[19], increasing the concentration of OH radicals would 
contribute to the degradation of LAS. In fact, we 

measured the amount of OH radicals trapped by radical 
scavenger. As a result, the concentration of OH in 
aqueous solution under the superposition of the discharge 
and ozone injection was higher compared to those of 
discharge only or discharge with air injection.  

The synergistic effect of superposition of pulsed 
discharge plasma and ozone injection was also confirmed 
in the treatment of dye solution. We have observed that 
the decolorization of indigo solution was accelerated [20]. 

Finally, we will consider the degradation pathway of 
LAS. In biological degradation of LAS [21], the 
formation of sulfo phenyl carboxylates (SPCs) has been 
reported as a result of an oxidation of the methyl groups 
followed by stepwise shortening of the alkyl chain via 
cleavage of C2 fragments. In next step, SPCs aromatic 
ring cleavage occurs, leading to CO2, H2O, SO4

2- and 
biomass as final byproducts. On the other hand, in 
photo(UV)-oxidative process the aromatic ring is primary 
attacked due to the molecular structure of LAS (Fig. 2) 
[22]. In the case of discharge-induced plasma treatment 
including the reactions due to OH radicals, it is expected 
that the aromatic ring cleavage takes place as well as the 
shortening of the alkyl chain, which is similar reaction 
pathway with the case of decomposition for chemical 
compounds including the aromatic ring such as phenol 
[13, 14, 18]. Especially, it is considered that OH radical 
reactions are the main route of LAS degradation [19]: 

 
LAS + OH → intermediates → 

final products  (CO2, SO4
2-, H2O)         (6) 

 
This simple reaction pathway indicates that LAS 
degradation is dominantly due to the OH radicals 
produced by present AOP because the ring opening of 
LAS is caused by the OH radical attack. However, the 
information of intermediates is also an important to 
understand the degradation kinetics. The measurement of 
liquid phase total organic carbon (TOC) content is now 
underway. TOC is useful in assessing the extent of total 
oxidation of LAS to carbon dioxide that had occurred.  
TOC is also an indicative factor to estimate the residual 
amount of intermediates. 
 
 

IV.  CONCLUSIONS 

 
From the present study, the degradation of LAS is 

enhanced by superposition of pulsed discharge on the 
water and ozone injection. OH radicals play an important 
role of LAS degradation such as aromatic ring cleavage. 
The gas injection through the needle electrode made a 
deformation of water surface, resulting in the increase of 
the contact area between the streamers and liquid. Under 
the combination of the discharge-induced plasma and 
ozone injection, approximately 90% of LAS with the 
density 5 mg/L can be degraded within 40 min at the 
energy efficiency of 28 g/kWh. 

 
 
 

Fig. 8.  Comparison of three types of LAS solution treatments in 
terms of LAS degradation rate. 
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