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Abstract
A process capable of simultaneously oxidizing NO, SO2, and Hg0 was proposed, using a high-voltage and short-duration positive

pulsed corona discharge. By focusing on NO, SO2, and Hg0 oxidation efficiencies, the influences of pulse peak voltage, pulse frequency,
initial concentration, electrode number, residence time and water vapor addition were investigated. The results indicate that NO, SO2

and Hg0 oxidation efficiencies depend primarily on the radicals (OH, HO2, O) and the active species (O3, H2O2, etc.) produced by
the pulsed corona discharge. The NO, SO2 and Hg0 oxidation efficiencies could be improved as pulse peak voltage, pulse frequency,
electrode number and residence time increased, but they were reduced with increasing initial concentrations. By adding water vapor,
the SO2 oxidation efficiency was improved remarkably, while the NO oxidation efficiency decreased slightly. In our experiments, the
simultaneous NO, SO2, and Hg0 oxidation efficiencies reached to 40%, 98%, and 55% with the initial concentrations 479 mg/m3, 1040
mg/m3, and 15.0 µg/m3, respectively.
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Introduction

Various air pollutants are emitted into atmospheric from
power plants. NO and SO2 are the most abundant, which
could cause acid rain. Besides, trace heavy metals are also
considered as hazardous air pollutants, in which mercury
is concerned most. Therefore, how to control NO, SO2,
and mercury emission from flue gas is becoming hotspot
(Man et al., 2005; Wu et al., 1998; Streets et al., 2005). Up
to now, wet flue gas desulfurization (WFGD) technology
is still the most effective and widely used method for
SO2 removal (Cheng et al., 2003), and SCR is considered
as the most effective method for NOx reduction (Wendt
et al., 2001). For mercury control, many technologies,
including the injection of sorbets such as active carbon,
were developed and investigated. However, the individual
treatments result in expensive investment and operating
cost. Researchers focused on developing new technology
for simultaneous removal of NO, SO2 and mercury from
flue gas.

It is known that NO is insoluble in water and difficult
to remove, in contrast NO2 can react with water forming
acid species which can be efficiently removed by WFGD.
Mercury in the flue gas usually exists in the forms of
elemental mercury (Hg0) and oxidized mercury (Hg2+),
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WFGD technology can remove nearly 90% of Hg2+ but
none of Hg0. Therefore, converting NO and Hg0 to NO2
and Hg2+ can control NO and mercury emission. As a
result, pre-oxidation was put forward. PPCP, a new method
for SO2 removal in flue gas has been introduced and the
fact that O, OH, O3 radicals can efficiently oxidize NO to
NO2, Hg0 to Hg2+ has been reported (Masuda et al., 1987;
Onda et al., 1997; Wu et al., 2003). Therefore, it is possible
for simultaneous removal of NO, SO2 and mercury in one
washing tower by pre-oxidation of NO, SO2 and Hg0.

Pulsed corona discharge is considered an effective
method to oxidize the air pollutants (Liang et al., 2002;
Wang et al., 2005; Ighigeanu et al., 2005). High-voltage
and short-duration positive pulsed corona discharge have
been found to generate high-energy electrons, which can
efficiently dissociate, excite, and ionize N2, O2 and H2O
into reactive radicals (OH, HO2, O, N, H, etc.) and active
species (O3, H2O2, etc.). These radicals and active species
such as O, OH, HO2, O3 play important roles in NO, SO2
and Hg0 oxidation from combustion flue gas. This article
presented the detailed investigations on the oxidation of
NO, SO2 and Hg0 by pulsed corona discharge. A wire-
plate electrode configuration was designed to investigate
the effects of pulse peak voltage, pulse frequency, initial
concentration, electrode number, residence time, and water
vapor addition on oxidation efficiencies.
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1 Oxidation mechanisms

The process of simultaneous oxidation of NO, SO2 and
Hg0 in flue gas is divided into two periods. The first period
is the generation of oxygenated radicals and active species.
During pulsed corona discharge, more electrical energy
input goes into the production of energetic electrons than
gas heating. High-energy electrons (the energy is in range
of 5–20 eV) produced by pulsed corona discharge collide
with the background molecules and efficiently dissociate,
excite, and ionize N2, O2 and H2O into oxygenated radicals
and active species (Dong and Zhang, 2006; Wang et al.,
2006).

The second period is radicals and active species utiliza-
tion for pollutants oxidation reaction. There were variety of
complex chemical reactions occurred in the reactor (Mok
and Nam, 2002; Wang et al., 2007; Byun et al., 2007).
During this period, NO and SO2 were oxidized to NO2,
SO3 and corresponding acid mist; while Hg0 is oxidized to
Hg2+ by pulsed corona discharge.

2 Experimental setup and method

2.1 Experimental setup

The experimental setup is illustrated schematically in
Fig. 1. It is mainly composed of a simulated flue gas gener-
ator, a pulsed corona discharge reactor, a pulse waveform
measurement system, an on-line gas analysis system, and
a tail gas treatment system.

The pulse power supply is of type NM0.75-60 (Sichuan
Jiuhuan, China), which is designed to produce high voltage
pulse with a rising time of about 300 ns, duration of
about 500 ns and an adjustable repetition frequency of
7–300 Hz. The maximum pulse peak voltage is 60 kV
and the mean output power is 500 W. The pulsed corona
discharge voltage is measured with a 1000:1 high-voltage
probe (P6015A, Tektronix, USA) and a digital oscilloscope
(TDS3034B, Tektronix, USA). Four sample waveforms for
the positive pulses of different peak voltages (25, 38, 48,
and 53 kV) are shown in Fig. 2.

Fig. 1 Experimental setup for simultaneous oxidation of NO, SO2, and
Hg0. (1) N2; (2) Hg0; (3) SO2; (4) NO; (5) water vapor addition; (6)
mixing tank; (7) reactor; (8) electrode; (9) pulse power supply; (10)
oscilloscope; (11) gas analyzer; (12) mercury analyzer; (13) tail gas
treatment; (14) exhauster.

Fig. 2 Oscillogram of positive impulse with different peak voltages.

A detailed drawing of the pulsed corona discharge
reactor is illustrated in Fig. 3. The reactor is of wire-
plate structure, which mainly consists of two polished
stainless steel plates as the cathodes and four line discharge
electrodes in middle as the anodes. The diameter of the
discharging wire is 1.0 mm with an effective discharge
length of 200 mm. The distance between wire and plate
is 60 mm, and the wires are placed at intervals of 100 mm.
The two plates are grounded. The pulsed corona discharge
is induced by the application of fast-rising narrow positive
high voltage pulse to the wire-plate geometry. It develops
by forming a number of streamers, the starting points
of which are distributed over the surface of discharging
wires (Mok and Nam, 2002). The concentrations of NO
and SO2 were measured using a gas analyzer (NGA2000,
Rosemount, Germany); and the concentrations of Hg0

and Hg2+ were measured with MS-1A/DM-6A (Nippon
Instrument Corporation, Japan).

2.2 Experimental method

To obtain the oxidation efficiencies, the initial concen-
trations of NO, SO2 and Hg0 at the reactor inlet and
their concentrations at the reactor outlet were measured
respectively, before and after the pulsed corona discharge
applied to the discharge electrodes. In this study, the mean
concentrations in 2 min were determined for oxidation

Fig. 3 Schematic diagram of pulsed corona discharge reactor.
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efficiencies calculation by Eqs. (1)–(3).

ηNO =
CNO-inlet −CNO-outlet

CNO-outlet
× 100% (1)

ηSO2 =
CSO2-inlet −CSO2-outlet

CSO2-inlet
× 100% (2)

ηHg0 =
CHg0-inlet −CHg0-outlet

CHg0-inlet
× 100% (3)

where, CNO-inlet, CSO2-inlet and CHg0-inlet, and CNO-outlet,
CSO2-outlet and CHg0-outlet are the concentrations of NO, SO2

and Hg0 at the reactor inlet and outlet, respectively.

3 Results and discussion

3.1 Effects of pulse peak voltage and frequency on NO,
SO2, Hg0 oxidation efficiency

The initial NO, SO2 and Hg0 concentrations were kept
at 479 mg/m3, 1040 mg/m3, and 23.1 µg/m3, respectively,
with 4 discharge electrodes and residence time 6 s. The
water vapor volume ratio was set at 1%. The experimental
pulse peak voltages were 25, 38, 48, and 53 kV, and the
pulse frequency were controlled at 50, 100, 150, 200, 250,
and 300 Hz.

As shown in Fig. 4a, at lowest peak voltage 25 kV, NO
and SO2 oxidation efficiencies are only about 10%, but
they increase rapidly with the increasing of peak voltage,
especially for SO2. The oxidation efficiency of SO2 can
reach near 80% at the highest peak voltage 53 kV. This
effect could be explained by that the electric-field intensity
increases at the higher peak voltage, and the corona
discharge ability is strengthened. Hence, the amount of
radicals (OH, HO2, O) and active species (O3, H2O2,
etc.) increases as well. Because the oxidation efficiencies
of NO, SO2 and Hg0 depend primarily on the radicals
and active species. As a result, the oxidation efficiencies
are enhanced at a high peak voltage, and could reach to
the maximum value at a voltage which is just lower the
sparking discharge voltage.

As shown in Fig. 4b, the oxidation efficiencies are
increased almost linearly with an increasing of pulse
frequency. One possible explanation for this phenomenon
is that with high pulse frequency, the input power in unit

time are increased and the production of those radicals
and active species are correspondingly increased. Hence,
the collision probability of radicals and active species
with pollutants such as NO, SO2, Hg0 are increased,
thus enhancing the oxidation efficiencies. In this study,
at 53 kV and 300 Hz, the NO, SO2, and Hg0 oxidation
efficiencies reach about 43%, 80%, and 51%, respectively.
Therefore, to improve the oxidation efficiencies, a high
pulse frequency and the critical voltage which is just under
the sparking discharge voltage are favorable.

3.2 Effect of initial concentration on NO, SO2, Hg0

oxidation efficiency

The following experiments were performed at 53 kV
and 300 Hz, with 4 discharge electrodes and residence
time 6 s, the water vapor volume ratio 1%. The initial NO
concentrations were 131, 197, 344, 479, and 599 mg/m3.
The initial SO2 concentrations were 300, 586, 1040, 1177,
and 1494 mg/m3. The initial Hg0 concentrations were 4.6,
8.9, 15.0, 23.1, and 28.7 µg/m3.

The NO, SO2, and Hg0 oxidation efficiencies were all
reduced as the initial concentrations increase (Fig. 5). For
NO, the oxidation efficiency drops from 90% to 20%
when the initial concentration increases from 131 to 599
mg/m3. For the highest initial SO2 concentration (1494
mg/m3), the oxidation efficiency is about 50%. When SO2
concentrations were less than 600 mg/m3, the oxidation
efficiency can nearly reach to 100%. For Hg0, the trend is
quite similar. Because the number of high-energy electrons
produced by pulsed corona discharges remained the same
under the given conditions. When the initial NO, SO2
and Hg0 concentrations increase, there are more NO, SO2
and Hg0 molecules in the gas phase, thereby the radical
and active species concentrations available for pollutants
oxidation become relatively low. Hence, it results in insuf-
ficient oxidation for high concentration pollutants. In brief,
the oxidation efficiencies are diminished when the initial
concentrations are increased.

3.3 Effects of electrode number and residence time on
NO, SO2, Hg0 oxidation efficiency

The effects of electrode number and residence time on
NO, SO2 and Hg0 oxidation efficiency were investigated at

Fig. 4 Effects of pulse peak voltage (a) and frequency (b) on NO, SO2 and Hg0 oxidation efficiency.
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Fig. 5 Effect of initial concentration on NO, SO2, and Hg0 oxidation efficiency.

53 kV and 300 Hz, by changing the electrode number and
residence time which obtained through varying flow rate.
The initial NO, SO2 and Hg0 concentrations were kept at
479 mg/m3, 1040 mg/m3 and 15.0 µg/m3, respectively. The
water vapor volume ratio was set at 1%.

As shown in Fig. 6a, the oxidation efficiencies increase
approximately linearly with increasing electrode number.
We hypothesize that when the electrode number was
increased, the length of pulsed corona discharge area was
extended and more high-energy electrons were produced
in the reactor, thus providing more chances for radical and
active species formation. Hence, the collision probability
between radicals and active species with pollutants is
increased and the oxidation efficiency increased corre-
spondingly. For the same number electrodes, SO2 has
the highest oxidation efficiency and NO has the lowest.
From Fig. 6b, we find that the oxidation efficiencies are
improved with an increase residence time, especially when
the residence time is below 6 s. After that, the oxidation
efficiencies increase slowly with the time prolonged. The
results suggest that 6 s is the optimum residence time for
oxidation process, where the oxidation reach to maximum.

3.4 Effect of water vapor addition on NO and SO2
oxidation efficiency

Experiments have also been carried out to investigate the

effect of water vapor addition on NO and SO2 oxidation
efficiency. The initial NO and SO2 concentrations were
kept at 479 and 1040 mg/m3, respectively, with 4 discharge
electrodes and residence time 6 s. The water vapor volume
ratio increased from 1% to 2% with varying pulse peak
voltage. The pulse frequency was kept at 300 Hz.

As shown in Fig. 7, with the water vapor addition, SO2
oxidation efficiency was improved greatly. This observed
phenomenon can possibly be explained as follows. As
more H2O molecules added into the reactor the SO2 gas
dissolved in water became easily and the production of OH
and HO2 radicals was enhanced. Those two comprehensive
factors improve SO2 oxidation efficiency eventually.

In contrast, NO oxidation efficiency was slightly de-
creased with water vapor addition. The reason was that
with more water vapor addition, there are more H2O
molecules, which could capture large numbers of electrons
and thus decrease the density of high-energy electrons
(Wang et al., 2005). It reduced the densities of O and
O3 radicals, which were considered to be important in
NO oxidation. As a result, an increase in water vapor
addition can reduce NO oxidation efficiency by pulsed
corona discharge. It was also found that under the same
conditions, the oxidation efficiencies increase with the
increasing pulse peak voltage. The result agreed well with
the experiments performed before.

Fig. 6 Effects of electrode number (a) and residence time (b) on NO, SO2 and Hg0 oxidation efficiency.
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Fig. 7 Effect of water vapor addition on NO and SO2 oxidation
efficiency.

4 Conclusions

In this study, the simultaneous oxidations of NO, SO2
and Hg0 by positive pulsed corona discharge with wire-
plate electrode at atmospheric pressure were successfully
performed. Our results suggest that positive pulsed corona
discharge had important implications for NO, SO2 and
Hg0 oxidation, and the oxidation efficiencies are primarily
dependent on the radicals (OH, HO2, O) and the active
species (O3, H2O2), etc.
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