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We have constructed a pulsed corona discharge system for the removal of air pollutants, such as NOx, SOx and
volatile organic compounds (VOCSs), in which an emission spectrometry is employed to characterize the gen-
eration of excited species by the corona discharge process. Special attention has been paid to overcome noise
problems from high voltage power supply, which hampers the measurement of emission light, by using sepa-
rate ground and trigger modules for emission spectrometry. The emission spectra between dry and humid gas
mixtures have shown remarkable differences in the region of 305-309 nm wavelength, corresponding with
OH(A%z") emission to its ground state. This result implies that the OH emission spectra generated by the corona
discharge can be used to monitor the chemical reaction of OH radical responsible for the removal of air pollut-
ants.

Introduction The influence of water molecules on the removal of NOx
is of interest in the non-thermal plasma processes. The pres-
Recently the use of the non-thermal plasma process ha&nce of water species in flue gas enhances the removal effi-
been considered a viable option to treat flue gas because itégency of NOx through the formation of ionic cluster of NOx
very suitable for producing reactive radicals, which can bavith water molecule$!° In addition, the water molecule is
used to remove trace contaminants effectively without heatbelieved to be a significant source of OH radical in flue gas,
ing all the species comprising the systenm the non-ther-  formed by the electron impact dissociation of watdt. is
mal process, a number of the chemically active speciesonsidered that OH radical is prominently involved in the
(CAS), including radicals, ions and highly excited mole- simultaneous removal of NOx and SOx by non-thermal
cules, are initially generated by the corona discharge. CAplasma as follows;
reacts with pollutants, NOx, SOx and volatile organic com-

pounds (VOCSs), to form final stable products such as nitric SQ+ OH — HSGs 1)
acid, sulfuric acid and GO HSG; + O -~ SO + HO, 2

In general, it is well accepted that air pollutants is removed NO + HG, - NO; + OH (3)
by the reaction with N, O, OH, H@nd ozone species in the SQ; + HO - H.SQ, 4)
plasma’? Under the condition of dry air and room tempera- NO, + OH - HNO; (5)

ture, however, there have been many experimental results
showing that the main processes responsible for removingherefore, the presence of SOx is found to enhance the
the pollutants depend on the reaction gft@cause the life- removal greatly compared with NOx aldié;**where it is
time of ozone generated by non-thermal plasma is very longyoteworthy that the OH radical plays an important role in
effectively taking part in these proces$éBut, the effi-  oxidation of NOx and SOx.
ciency of the ozone formation is hampered significantly by There have been experimental studies detecting OH con-
the presence of waté?.Since the great majority of flue gas centration in corona discharge systems through spectro-
contains some water vapor, it is believed that OH radicascopic methods:!” These studies were facilitated by the
generated by corona discharge serve as an important speciggvenience of getting information on the concentration of
to remove pollutants in these processeésRecently, for  radical species having short life times. Most recently, Hibert
example, Weschler and Shields have shown the importan@nd coworkerS have shown that an average OFTX con-
of the OH radical’s role in the removal of VOCs, where thecentration can be measured by the resonant absorption spec-
OH-mediated pathways for the oxidation of saturated organtroscopic method, where two serial corona reactors are used:
ics proceed 2-5 orders of magnitude faster than some procesne used as a ultraviolet (UV) pulse source for spectroscopic
sor for Q pathways. This is due to the fact that the rate investigation, the other as a real reactor. However, a large
constant for the reaction of VOCs with OH radical is morebody of experiments has been performed in argon- and
than five orders of magnitude higher compared wigh O helium-water mixtures, or using the very complicated spec-
troscopic tools such as laser-induced fluorescence tt1F).
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of Industrial Science and Technology, Japan. corona discharge.
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In the present study, an attempt is made to elaborate on a E =315 E;THOBO&] )
simple experimental method to obtain information on the ¢ Jor O
electronically excited species generated by the corona dis- V.=E.rIn(R/T) ®)

charge at atmospheric pressure. We made a positive pulsed
corona discharge system since it is one of the efficient metiHere,dis the density ratio of the used gas mixture to air at 1
ods for CAS productioi:*® The main scope of this study is atm and 300 K. For the present experimental conditions, the
the construction of a the corona discharge system having aninimum values are on the order of 100 kV/cm and 10 kV,
optical emission spectrometer and, then, the examination @éspectively. Therefore, the stable generation of corona dis-
the optical emission from the electronically excited speciegharge can occur at an applied voltage of more than 10 kV.
such as NC®M, or Bg), O(D) and OH(X>") generated The electric circuit for supplying electric power into the
by corona discharge. The possibility of using the emissioneactor is also shown in Figure 1. The high-voltage D.C.
spectra of the OH radical to monitor the chemical reactiorpower source (Glassman ER60N5) was connected directly
involved in the removal of air pollutants is also discussed. to the charging capacitor, which is triggered by a spark gab
switch (EG&G GP-41B). Pulse frequency was varied up to
Experimental Section 50 Hz with a trigger module (EG&G TM11A). The present
power system generated positive high voltage pulses reach-
The experimental illustration, shown in Figure 1, consistdng maximum 34 kV. The discharge characteristic curves
mainly of three parts: (A) corona discharge reactor andvere recorded with both voltage and current probes con-
power supply, (B) optical emission measurement and (C) gasected to a transient digitizer (Hewlett Packard HP54510A).
handling manipulator. (B) Optical Emission Measurement Figure 2 shows
(A) Corona Discharge Reactor and Power Supply schematically the optical emission system. The emission
The outer electrode, made of stainless steel tube (SUS 304)om the corona is focused on the input slit of monochroma-
has a tubular shape with a 34 mm inner diameter and a 4@6r (Jovin Yvon HR320 with a 1800 grs/mm grating)
cn? discharge volume. Inside is a 0.5 mm diameter tungsteaquipped with a Hamamatsu R955 photomultiplier tube
wire centered on the tube axis. Two quartz windows attache@PMT). Signals from the PMT are analyzed with BOXCAR
to both ends along the outer electrode allow longitudinalntegrator (Stanford Research SR250). To improve the sig-
observation of the optical emission from the corona disnal to noise ratio, the optical emission measurement system
charge. The capacitance of the present reactor can be charagas synchronized with the high-voltage pulse power source.
terized by the geometry of the reattor
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Figure 1. Schematic diagram of corona discharge experimental system.
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To avoid noise originating from the high voltage pulse 80 -
source, the ground of the optical emission part was separat 70
from the ground of the pulse source with an optical coupler ©0)
In addition, the trigger module was used to adjust the puls
duration and width getting BOXCAR to overcome the mal-
functing of BOXCAR due to the discharge noise. The emis:
sion spectra were recorded by scanning monochromatc
which was stepped in 0.1 nm increment under the control ¢
a PC. The signals were accumulated for 20 pulses.

(C) Gas Manipulator and Chemicals In this study, the or (mf
intensity of OH emission was measured as a function o s
water concentration within Ngas. Mass flow controllers
(MKS 1479) were used to control flow rate of the gases ) o ) )
When water was added to the gas mixture, a pugasiwas Figure 3. Typical N> emission spectrum showing the firstiiG

X . - e - B®Mgy) and the second B4 — A%%,") positive transitions in tt
directed through a reservoir containing distilled water held arange of 200-800 nm wavelength. (v")\designates vibratior

room temperature. This saturategldds was mixed with the  gyantum nembers for higher and lower electronic states, respe
other gases within the mixing chamber, where are attache.

temperature and humidity sensors, and, then, the mixed g&H radical is mainly produced through the following two
was introduced in the discharge reactor. Thus, the watgrathways
vapor concentration can be changed by controlling rate of
the N flow rate bubbling through the water reservoir. In this eotgb? ;"g * ';&_?H 1(3)
experiment, M (99.99% Deasung Sanso) (99.99% Dea- (D) +HO ~ (10)
sung Sanso) and distilled water were used without furthewheree represents an electron and@)(is an O atom gen-
purification. erated by the electron impact dissociation efn@lecule.
The main pathway leading to OH radical by corona dis-
Results and Discussion charge is thought to result in the direct dissociation of water
molecules by electron impact through (9). Recently, how-
In the non-thermal corona discharge processes, it is wellver, Ono and Oda have reported that the generation of OH
known that the energized electrons dissociate and ionize thadical increases as the concentration of r@olecule
background gas molecules within a very short time, fol-increases, which indicates that the reaction channel (10) also
lowed by the chemical reaction of pollutants with CAS gen-takes part in generating OH radié4l.
erated by plasmaConsidering that the common composi-  In the corona discharge process, the majority of tHe O(
tion of the flue gas consists of kmore than 70%), HH.O  or D) atom production comes from the direct dissociation of
and CQ species, it is not surprising that the probability of O, molecules by electron impact. According to the calcula-
getting energy from electron collision on jas molecules tion by Penetrantet al,! the calculated G-values (number of
would be much larger than for other gases. Therefore, it ispecies per 100 eV of input energy) for the formation of the
important to study Blemission spectrum from corona dis- O(*D) atom is nearly half that for %) atom in dry air mix-
charge to differentiate emission of CAS from @ission  ture. In this study, however, no emission spectrum originated
spectra. from excited @ and O species was observed in the air mix-
In this study N emission was always observed to have ature. When the corona discharge was made in puigag)
strong intensity in the region of 200-800 nm. Figure 3 showsnly the weak emission of O atom corresponding to the tran-
a typical N emission spectrum, where the first and the secsition of O¢D) to OfP) states was only observed , as shown
ond positive bands corresponding to the transitions between
BNy and A%, and between ¥, and BTy electronic
states, respectivef.A%z,*, By and Cr, electronic states
are lying at 5.5, 7.4 and 11.0 eV above the ground electron
state, respectiveR}. The electron mean energy within the
non-thermal plasma depends on the experimental conditior
such as gas composition and applied voltages. According t
a simple analytic calculation the electron mean energy i
estimated to be about 2-5 eV, which is sufficient to excite the
electronic states of the background molecules by high

energy electrons in the tail part of Boltzmann distribution. oo r
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As shown in Figure 3, a large number of iINolecules are 4000 5000 6000 7000 8000
excited in the plasma, giving strong emission spectra in th: Wavelength(A)
wavelength region around 340 nm. Figure 4. Observed emission spectrum for the transition 4D§

For the non-thermal processes, it has been considered ttto OCP) states generated from puredas.
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in Figure 4. In this study, the possible reason for the absenames not warrant a detailed quantization of the OH radical.
in air or the weak emission in pure oxygen ofl)(species  Since it is well known that OH radical provides the domi-
generated by corona discharge is not clearly elucidatechant path for the removal of a variety of atmospheric pollut-
While the life time of the radiationless collisional quenchingants, the simultaneous observations of OH emission and
with background gases is relatively short not as long as teefficient removal of trace air pollutants are currently under
ns, the radiative decay time of'DJ into its ground state is investigation, focusing on their chemical reactions in the
reported to be about 15G%Therefore, it is thought that the removal of air pollutants within the pulsed high voltage
initially generated GD) would either be easily deactivated corona discharge processing.

to its ground state, @), by the radiationless collision pro-

cess between background gases paihd Q or react with Conclusion
H>O molecule to give OH radical, before the radiational
decay of OfD) species to its ground state proceeds. We have constructed a pulsed corona discharge system

As mentioned previously, the major source of OH radicalcapable of measuring the emitted light from plasma by
is through reaction pathway (9), where it is well known thatmeans of emission spectrometry. To avoid noise originating
the generation of OH radical in electronically ground state igrom the high voltage pulse generator and to increase the sig-
the dominant process. In addition, there is the possibility ohal to noise ratios, separate ground and trigger modules for
the formation of OH radical in the first electronic excited the emission spectrometry were used in this system. The
state, OH(AX"). optical emission spectra from excited, D(D) and OH

The results on emission spectra of dry and humid gases afa?s*) species have been observed successfully.
shown in Figure 5. A comparison with both emission spec- In this study, it is observed that the dominant emission
tra, shows a marked change in the range of 305-309 nmegion of OH(X>") radical does not overlap with the emis-
wavelength region. This difference is attributed to the facsion of the N species and that the intensity of the OFEA
that the transition of the first electronically excited OFEA radical depends strongly on the water concentration in the
radical to its ground state is dependent on the concentratigyas mixture. These experimental results suggest the possibil-
of water within the gas mixture. As mentioned previously,ity that the OH radical emission spectra can be used to mon-
this strongly suggests that there is the formation of thetor chemical reactions related to OH radical involved in the
OH(A?X") radical in addition to the electronic ground OH removal of air pollutants. In further studies, the relationship
radical by corona discharge. between the intensity of OH radical emissions and the

The influence of water concentration on OH emission alsaemoval efficiency of the air pollutants has to be investigated
has been investigated as displayed in Figure 6. The OH radis explore the chemical processes in the presence of water or
cal intensity taken at 308 nm largely increases when thél,O)/water mixture within the corona discharge process.
water concentration reaches 20%, then slowly increases upAcknowledgment This research was supported by Korean
to 50%, and, after which it is constant regardless of wateMinistry of Science and Technology under the project num-
concentration because there are not enough electrons to dizer 99-0609-100.
sociate water molecules. As mentioned, fortunately the dom-
inant emission region of the OHA) radical is does not References
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