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Abstract OveM1 examination was made Oll the removal of NO and SO2 by pulsed corona discharge process. The 
mechanism for the removal of NO was found to largely depend on the gas composition. In the absence of oxygen, most 
of the NO removed was reduced to N2; on the other hand, oxidation of NO to NO2 was dominant in the presence of 
oxygen even when the content was low. Water vapor was an important ingredient for the oxidation of NO2 to nitric acid 
rather than that of NO to N02. The removal of NO oifly slightly increased with the concentration of ammonia wlfile 
the effect of ammonia on the removal of SO2 was very significant. The energy density (power delivered/feed gas flow 
rate) can be a measure for the degree of removal of NO. Regardless &the applied voltage and the flow rate &the feed 
gas streanl, the amount of NO removed was identical at the same energy density. The production of N2O increased 
with the pulse repetition rate, and the presence of NH3 and $02 eullanced it. Byproduct~s generated fi-om propene used 
as additive were identified and analyzed. The main byproducts other than carbon oxides were found to be ethane and 
formaldehyde, but their concentrations were negligibly small. 
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I N T R O D U C T I O N  

Non-themM plasma process induced by pulsed corona dischmge 
canbe used for the removal of  various air pollutants and the con- 
version of nanttal gas to higher hydrocarbons [Dinelli et al., 1990; 
Mizuno et al., 1995; Song et al., 1996; Jeong et al., 2001]. Removal 
of NO and S02 as an applicatic~i has been one of file major concerns 
in this field of pulsed corona discharge. Many studies have reported 
that chemical reactions caused by corona dischage are an effective 
method for the removal of such pollutants [Dinelli et al., 1990; Mi- 
zuno et al., 1995; Song et al., 19%]. The crucial role of corona dis- 
charge in the removal of NO and $02 is blOWn by the oxidation of 
NO to NO2 [Civitano, 1993; Oda et al., 1998]. Once N Q  is formed 
by the corona discharge, it can be removed by several methods such 
as het~ogeneous chemical reactic~i [Song et al., 1996], catalyst [Oda 
et al., 1998] or wet scmbbing [Shimizu et al., 1997]. A part of NO2 
can of course be fui~ler oxidized to nibic acid, which can be neutral- 
ized by a basic compound. It has been shown that S Q  is easily re- 
moved when ammonia is added to the flue gas [Civitaio, 1993; van 
Veldhuizen et al., 1998]. 

The removal of NO results from the reactions with the reactive 
components such as O, OH, H02, 03, N, etc. [Lowke and Morrow, 
1995; Mok et al., 1998a; Tas et al., 1997]. These components ori- 
ginate frc~n wat~- valx~- , oxygen and ifitrogen, and thus the compo- 
sition of feed gas stream is a very important factor affecting the re- 
moval. As well, the dominant reactions for the removal may de- 
pend on the gas composition because it affects the concenn'ation of 
each radical producec[ Meanwhile, the removal of NO can be pro- 
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moted by using hydi-oearbon a&litive [Ham et al., 1999; Mizuno 
et al., 1995; Oda et al., 1998; Song et al., 1996]. Although the favor- 
able effect of hy&ocarbon on the removal of NO was experimen- 
tally proved elsewhere, the mechanism of hy&ocartxxi-involved 
reactions and the formation of byproducts have not been fitly under- 
stood yet Therefore, analyzing the byproducts and understanding 
the related mechanism can be a matter of interest 

In this study, the composition of feed gas stream, the operating 
variables such as peak voltage and flow rate were varied to exam- 
ine the quantitative effects on the removal of N�9 and $02, to under- 
stand wkich reactions control the process, and to find an integrated 
elecbical txtrameter related to the removal of NO. The hydrocar- 
bon additive used to promote the removal of NO was propene. The 
reaction byproducts fcmled fi-om propene were identified and an- 
alyze4 The amount of ifitrous oxide (N~O) generated in ff~ pro- 
cess was measured at several conditions. 

EXPERIMENTAL 

1. Experimental  Apparatus 
The schematic diagram of the coaxial type corona reactor is shown 

in Fig. 1. The central electrode (dianleter: 0.5 mm) and the outer 
cylinder (inner diameter: 70 ram) are anode and cathode, respec- 
tively. Positive high voltage pulse was applied to the central wire 
with the outer cylinder grounded. The effective length of the reac- 
tor, i.e., the region that corona discharge covers, is 3 m. Fig. 2 shows 
the circuit of the homemade high voltage pulse generator. The neg- 
ative dc high voltage power supply (Glassmann High Voltage Inc.) 
charges the capacitor Cp (791 pF) until the voltage on the capacitor 
reaches the Slc~rk-over voltage of the spark gap electrode acting as 
switch. When the spark gap switch is closed as a result of spark- 



Removal of NO and SO2 by Pulsed Corona Disch~ge Process 309 

High voltage bushing 

.~.,~,0,5 mm 

/ o . . a  

<  oooo  '1 

Fig. 1. Schematic of the corona reactor with wire-cylinder electrode 
combination. 

rate are 500 MHz and 2.5 GS/s. For ctarent measurement, a current 
transformer (Tektronix CT-4), a current probe (Tektronix A6302) 
and a carrent amplifier (Tektto,s162 AM503B) were usec[ The A6302 
cun-e~t probe covers fi-equencies up to 50 MHz. The CT-4 is a high 
current transformer that extends the measurement capability of the 
cun-ent pvabe. The cun-ent probe was conaected to the cun-ent ampli- 
tier, which amplifies the current sensed by the current probe and 
converts it to a propartional voltage that is displayed on the osciUo- 
scope. 

The pulse energy delivered to the corona reactor was calculated 
with the voltage and current waveforms measured: 

pF 

Spark Gap 

Corona reactor 

I0 ks 

Fig. 2. Circuit of the high voltage pulse generator. 

over, the energy stored m the capacitor i s  delivered to the corona 
reactor, producing narrow high voltage pulse. 

For voltage measurement a high voltage probe (Tektva,s162 P6015) 
having DC attenuation of 1,000 : 1+3% was used with a digital os- 
ciUoscope (Tektrc~s162 21)S 620]3) of whidt bmtdwidth and sample 

Eu=~Vldt ' (1) 

where Ep is the energy delivered per pulse, V is the pulse voltage, I 
is the pulse current and t is the pulse width. Due to the chaz-acteiis- 
tics of the spark gap pulse generator used here, each pulsing pro- 
duces slightly different waveforms. Therefore, at least one thou- 
sand wavefolms acquired were averaged for the calculation of the 
energy. 
2. M e t h o d s  

Feed gas stream composed of N> O> HzO, NO, SO2 mid NH~ 
enters the inlet of the corona reactor, as sho~m in Fig. 3. The total 
flow rate of the ms gas was 10 l/min. The contents of N2 and 
O2 that were major constituents of the gas stream were adjusted by 
flow meters with keeping the total flow rate unchanged, and the 
conce,]b-ations of NO, SQ and NH3 were controlled by a mass flow 
controller (Model 1179, MKS Instruments, Inc.). The content of 
H p  was varied by using its vatxx pressure, i.e., by changing the 
temperature of the water bath m which a bottle contaitmg water 
was immersed The concentration of propene utilized as an addi- 
tive was adjusted by a mass flow cc~]troller (Model 1179, MKS lzl- 
st~ne~lts, Inc.). Typical charging voltage of pulse-fcmtmg capaci- 
tor (C~) was 25 kV, mtd the pulse repetitic~] rate was dtmged fi-ont 

[~ " [:X" :aigh ~lltae~ x.. . \ .  tall I,~: i~.~-ra-J'r 
\% %. rl~l',~l,.'T "IUZ'IIt I, �9 .. 

j ~q  "% 
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11[ .kiLl 
Fig. 3. Experimental  apparatus for the removal  of NO and SO2 using corona discharge. 
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Table 1. Exper imenta l  condit ions 

Variable, unit Typical value Range 

250 

Flow rate, t/min 10 5-10 ~, 2oo 

[NO~]0 ([NO]0+[NO2]0), ppnff 211 (165+46) 211 (165+46) ~,_, 
H20 content, % (v/v) 2 0-5 �9 

Z 150 
O2 content, % (v/v) 20 0-20 
[SO2]0, ppm ~ 254 254 
[NH3]0, ppm ~ 0 0-575 "~ 100 

Pulse repetition rate, Hz (pulses/s) 10-38 10-38 
[C3H~]J[NO~]0 0 0-0.85 o 

50 Capacitor-charging voltage, kV 25 15-25 
Temperature, ~ 25 25-40 

"ppm: parts per million, volumetric. 

10 to 38 Hz (pulses/s). Table 1 strnmarizes tile detailed experimen- 
tal conditions of this study. 

Tile concem-ations of NO and NO2 were analyzed at tile reactor 
outlet before and after pulsed corona discharge by a chemilumines- 
cence N O - N O : N Q  analyzer (Model 42H, Themlo Envirolmlental 
/zastuznent Inc.). For the analysis of SQ conceim-ation, a pulsed 
fluorescent SQ analyzer (Model 43C, Thermo Enviroumeutal In- 
sbq.anenI, Inc.)was employed Byproducts generated fi-om propene 
were identified by a gas chromatogl-aph-mass speclroscope (Plaffcml 
lg Micromass UK, Ltd) and a DB-5 capillary coltrnn (50 m• ram 
• btm) of J&W Scientific. Tile concem'ations of tile identified 
components were analyzed by a gas chromatograph (Hewle~ Pack- 
ard 58~0) equipped with flame ionization detector (FID) and tllennal 
conductivity detector (TCD). A staiuless steel colunm (6 ff long and 
1/8" in diameter) packed with Porapak N (All Tech) was used for 
tile analyses ofbypr(xlucts including C2I~, CM~ and HCHO. Chro- 
mosorb 101 (All Tech) was used as the packing material for N20 
analysis. For the analyses of C2H~, CM~ and HCHO, FID was em- 
ployed and the oven temperature of the gas chromatography was 
maintained at 313 K for 5 minutes and increased to 454 K with a 
linear romping rate of 20 Y, Jnlin. N20 was analyzed by using TCD 
at isothennal condition of 318 K during tile course of tile experi- 
mel t .  

R E S U L T S  A N D  D I S C U S S I O N  

1. F e e d  G a s  C o m p o s i t i o n  

1-1. Effect of  Oxygen Content 
NO was removed under vaxious oxygen content with tile other 

vm-iables kept constant as in Table 1. Fig. 4 and Fig. 5 show the ef- 
fect of oxygen content on tile removal of NO. Tile removal of NO 
can be explained as competition between oxi~Iion and reductioi: 
The main radicals responsible for the removal of NO may be O, 
OH, HO2, N and 03. As presented m Table 2, O, OH, HO2 and 03 
formed fi-onl 02 and HzO are related to tile oxidation of NO, and N 
radical is concerned with the reduction. Note that the production of 
N radical is more difficult than that of O or OH because the bond 
dissociation energy of N2 (9.8 eV) is larger than th~ of Q (5.1 eV) 
or H20 (5.2 eV) [Miztmo et al., 1986]. 

As the oxygen content was decreased up to 2% (v/v), the remov- 
al of the NO decreased because the production of the oxidation rad- 

Q 0 %(v/v) 02 
O 2 %(v/v) 02 
�9 5 %(v/v) 02 
V 6.5 %(v/v) 02 
�9 10 %(v/v) 02 

i 

0 I 0 20 30 

Pulse repetition rate (Hz) 

Fig. 4. Effect of oxygen content  on the removal  of  NO. 
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Fig. 5. Effect of oxygen content on file oxidation of NO (a) and re- 
duction Co). 

icals gradually decreased with it Considerable amount of N radical 
can also be produced m flais system, and NO can be reduced to N2 
according to reaction (2) in Table 2. However, NO can be gener- 
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Table 2. React ions  for the removal  of  nilric oxide 

Reactions 

N + N O ~ N 2 + O  (2) 
N+OH---~NO+H (3) 
N+O2--+NO+O (4) 
NO+OH ~ HNO2 (5) 
HNO2 + OH ---' NO2 + H20 (6) 
NO+O---~NO2 (7) 
N O + H Q ~ N O 2 + O H  (8) 
NO+O2---" N02+02 (9) 
NO2+OH---~HNO3 (10) 

ated by reactions (3) and (4) when oxygen is present. Due to such 
counteractic~l, raost of NO removed was oxidized to NO> as shown 
in Fig. 5(a). hi other words, the reduction of NO to N2 by N rad- 
ical almost offset the generation of NO, and thus the net effect of 
N radical on the reduction of NO is minor. As can be seen in Fig. 
5(b), the removal of NO by reduction path ([NOJ0-[NO]-[NQ]) 
was very snraU when the oxygen content was even decreased to 
2% (v/v). 

Inthe absence of oxygen, as an extreme case, the degree of NO 
removal was higher than in the presence of oxygen of 2.0 to 6.5% 
(v/v) (see Fig. 4). Tt~ result is because the generation of NO was 
restricted, and thus net reduction of NO by N radical increased, as 
shown in Fig. 5('0). Because there is no source for O and O2, the 
production of a small amount of N Q  in the absence of oxygen must 
have res~ted fi-oln OH radical txoduced by the dissociaticn of water 
vapor as the reactions (5) mM (6) in Table 2. Consequently, we cml 
say that the main reactions for the removal of NO are the oxidation 
at oxygen-rich conditicn while reduction prevails in the opposite 
condition. 

Table 3 reports the enmgy delivered to the corona reactor cal- 
culated by Eq. (1) at different oxygen contents. Accordkg to the 
variations of oxygen content, pulse properties such as peak current, 
pulse width mM voltage rising time change. These changes eventu- 
aUy affect the discharge energy delivered to the corona reactor. Nitro- 
gen has relatively large ionization potential (15.5 eV), compared 
with O2 (12.1 eV) and H20 (12.6 eV) [Mizuno et al., 1986]. Due 
to the large ionization potential of nitrogen, the energy delivered to 
the reactor in the absence of oxygen was less than that in the pres- 
ence of 2% (v/v) oxygmx However, further increases in the oxy- 
gen content rather decreased the energy delivered The decrease in 
the energy with the increase in the oxygen content can be explained 
by large electron attactmlent coefficient of oxygen [@allinlberti, 
1988]. Since the eledaon attadmlent process reduces the number 
of elecbons, the pulse CtnTent decreases with the oxygen ccntent. 

Table 3. Energy delivered to the reactor at  different 02 contents 

02 content, % (v/v) Energy/pulse, mJ 

0 110.5 
2 130.2 
6.5 122.9 

10 114.8 
20 90.4 

180 

O 0 ~/4v/v) H20 1 60 

"-" 120 �9 
Z 

i00 
0 

80 

~0 40 

20 

0 . . . . .  i ' 

0 I 0 20 30 40 

Pulse repetition rate (Hz) 

Fig. 6. Effect of  water  vapor  content on the removal  of  NO. 

The decrease in the current surely decreases the energy delivered 
to the reactol: Nevertheless, the increase in the oxygen content in- 
creased the removal of NO, as shown in Fig. 4. This result indi- 
cates that the oxidation radicals mentioned above mainly cause the 
removal of NO when oxygen is contained in the gas stream. 
1-2. Effect of Water Vapor Content 

The dependency of the removal of NO on the HzO content is pre- 
sented in Fig. 6. The water vapor provides OH and HO2 radicals 
capable of oxidizing NO to NO> and thus it was expected that the 
increase in H~O content would increase the oxidation rate unless 
the other conditions were changed When the H20 content was in- 
creased, howevel, the rate of the oxidation acted coim-ary to the ex- 
pectation. It cml be explained fionl two aspects that the rate of the 
oxidation decreased despite the increase in the H20 content. Firm, 
OH radical produced ficnl HeO can deplete ozone as follows [At- 
kinson et al., 1992]: 

OH+O3 ~HO2+O 2 (11) 

According to our previous study, ozone produced during corona 
discharge is the most impol~ant species for the oxidation of NO [Ham 
et al., 1999; Mok et al., 1998a]. The increase in the H20 content 
gives rise to the increase in the production of OH radical. Tt~  in- 
crease in the concenWation of OH radical hampers the formation 
of ozone, which results in the decrease in the oxidation of NO. As 
shown in Fig. 7, nibic oxide cml be converted to NO2 even in the 
absence of water vapai; which may serve as evidence that ozone 
plays an important role in the oxidaticn chemisby. Second, the en- 
ergy delivered to the corona reactor per pulse little by little decreases 
with the increase in the H20 cor~nt. The energy deliv~:ed per pulse 
was 102, 90.el and 84 raJ at 0% (v/v), 2% (v/v) mM 5% (v/v) of the 
H20 content, respectively. Dissociative attachment (e+HzO--+OH+ 
H-) can explain the decrease in the pulse current, i.e., the energy 
delivered [Gallimberti, 1988; Lowke and Morrow, 1995]. There- 
fore, although the pulse repetition rate is identical, the power deliv- 
ery (P) expressed as Eq. (12) below decreases. 

p m~ 02) 
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Fig. 7. Concentration of NO: at file reactor outlet as a function of 
water vapor eontenL 

Here, f is the pulse repetition rate. The concentrations of the l-adicals 
produced are proportional to tile power delivery, and as a result the 
decrease in the power delivery decreases the rate of the oxidatiort 
In the mean time, the concentration of NO2 was lower when the 
H20 content was higher, as depicted in Fig. 7. The OH radical causes 
the fiaNaer oxidation of N Q  to nitric acid as in reaction (10), which 
may explain why the increase in H20 content gives rise to the in- 
crease in the conversion of N Q .  
1-3. Effect of Ammonia Concentration 

Pulsed corona discharge process generally uses ammouia to foml 
ammonium salts as the final products of S Q  andNO, removal. The 
effect of ammonia on the removal of NO and S Q  was examined 

and the results are prese,lted in Figs. 8 and 9. In this expermler~ the 
conce,lti-ation of ammonia was varied up to 575 ppln, correspond- 
ing to 0.8 of stoichiometric equivalence. Here, the stoichiolnetric 
equivalence of NH 3 refers to two moles of NH 3 per one mole of 
SO2 plus one mole of NH3 per one mole of N Q .  

As shovm in Fig. 8, the relnoval of NO was observed to increase 

200 

180 

160 

~. t40 
�9 
Z 120 
O 

= 100 

r 40 

20 

�9 [NH3]0:0ppm 
N A  0 [NH3]0:144 ppm 

V [NH3]0: 288ppm 
V ['NH3]0:431 ppm 

f i 

O 5 I 0 15 20 25 30 35 40 

Pulse repetition rate (Hz) 

Fig. 8. Effect of ammonia concentration on the removal of NO. 
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Fig. 9. Effect of ammonia concentration on the removal of SO:. 

with the concenlration of ammonia although it was not significant. 
The use of ammonia was mainly aimed to form ammonium salts 
such as ammonium sulfate and ammonium niU-ate, but it can disso- 
ciate to generate NH2 radical capable of reducing NO to N2. The 
reduction of NO by NH 2 radical canbe expressed as follows [Chang, 
1989; Urashima et al., 1998]: 

NH~+NO ~- H~O+N~ (13) 

Due to this reaction, the removal of NO slightly increased with the 
ammonia concent~-atiort 

While the removal of NO was not largely affected by the amount 
of ammonia added, the removal of SO2 was strongly clependent on 
it. as shown in Fig. 9. Although the corona discharge pronloted the 
removal a little, considerable amount of SO2 was removed even 
without corona discharge when sufficient amount of ammonia was 
a&ted. The chemical reactions between SO2 and NH3 in the pres- 
ence of oxygen and water vapor can be expressed as [Hartley, Jr. 
and Malteson, 1975] 

NH3+ SO2 ~-NH3SO 2 (14) 

NH~ SO2+NH~ ~ (NH~)~ SO2 (15) 

(NH3)2SO2 +}O2 ~ NESQNH2(s)  (16) 

NH4 SO3NH~+ H~O--+ (NH4)2SQ(s) (17) 

As a result of ttlese reactions, SO2 can be relnoved even without 
corona discharge. As shown in a previous study, however; a vari- 
ety of products canbe formed when corona discharge does not occur 
[Mok et al., 1998b]. On tile contrary, most of S Q  removed under 
corona discharge condition is converted into ammonium sulfate that 
can be used as a fertilizer. Therefore, the corona discharge is still 
impcrtait to obtain ammonionl sulfate as a product of S Q  removal. 
1-4. Effect of Additive Concentration 

The effect of propene used as additive onthe removal of NO is 
presented in Fig. 10. The injection ratio of propene to initial N Q  
was varied from 0 to 0.85 with the increment of 0.17. The higher 
the injection ratio of propene was, the higher the removal of NO 
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Fig. 10. Effect of propene concentration on the removal  of  NO.  
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Fig. 11. Effect of charging voltage of C~ on the removal  of  NO. 

Table 4. Oxidation of nitric oxide by alkyl, acyl  and a lkoxy radi- 
cals 

Reactions Rate constants ~ at 298 K 

CH~ + O ~ C H 3 0  2 

CH~O 2 +NO ~ CH~O+NO 2 

CH~O+O2 ---~ HCHO+HO2 

HCHO + OH ~ HCO + H~O 

HCO+O 2 ~ C O + H O  2 

CH~CHO+ OH---' CHACO +H20 

CH~CO+O~---~CH~CO~ 

CH~CO~+NO ---~ CH~+CO2+NO2 

8.0xl 0-~[M] (18) 
7.6x10 -n (19) 

1.9x10 ~ (20) 
1.1Xl0 -n (21) 
5.6x10 -n (22) 

1.6xl 0 n (23) 

5.0x10 -n (24) 

1.4xl 0 n (25) 

"cited ~om At!dnson et al. [1992]; unit: emS/molecules~s; M: three- 
body reaction partner 

was observed at the same pulse repetition rate. The important rad- 
icals fonned fi-oln propene may be alkyl, alkoxy and acyl radicals 
such as CH3, CH~O and CH3CO [Hanl et al., 1999; Mok andNanl, 
1999; Seinfeld, 1975]. The formations of such radicals are initiated 
by the reactic~as with OH, O and 03 [Seitffek~ 1975]. It is Faatural 
that the amounts of CH3, CH30 and CH3CO should increase with 
the conceam-atic~l ofprotzene. The promotion of the lemoval wit1 the 
concentration of propene can be explained by the increased amounts 
of these components. Table 4 shows the probable oxidation scheme 
of nitric oxide facilitated by CH3, CH30 and CH3CO. For e,~mnple, 
CH3 and CH~O react with oxygen as the reactions (18) and (20) in 
Table 4. The CH302 pr~]uced by reaction (18) oxidizes nitric oxide 
by changing its oxidation state as reaction (19). The H Q  radical 
formed from reaction (20) is an oxidative radical capable of oxidiz- 
ing NO according to reaction (8). HCO produced by reaction (21) 
can also genea-ate HO2 radical as reaction (22). CH3CHO ffaat is a 
decomposition product of propene oxidizes NO to NO2 by way of 
reactions (23) to (25), producing CO~ and CH~. Methyl radical may 
be recycled as in reactions (18)-(22). 
2. O p e r a t i n g  P a r a m e t e r s  

Fig. 11 represents the concentrations of NO and NO~ measured 
at the reactor outlet according to the variations of charging voltage 

of the capacitor Cp. As can be seen, the degree of oxidation was 
highea- at higher ct~algmg voltage. Increase in the charging voltage 
causes an increase in the energy delivered to the reactol: W]leal the 
charging voltage was 15, 20 and 25 kV, the energy delivered to the 
reactor was 17, 48 0zKt 90.4mJ per pulse. This increase in the en- 
ergy delivery with the charging voltage results in an increase in the 
oxidation of NO. We can r~traw Fig. 11 in terms of energy density 
defined as the ratio of the delivered power (P) to the flow rate of 
the gas stream (Q). When the horizontal axis was converted to the 
energy density as Fig. 12, the expel~lental data fell into the same 
curve reg0zdless of file voltage level. This result means that the en- 
ergy utilization efficiency for the removal of NO is independent of 
the voltage. Therefore, it can be concluded that the mlportant ttmag 
in the removal of NO is not the voltage itself, but the amount of 
energy delivered. 

Similar results carl be obtained when the flow Fate of the feed 
gas stream is change& The flow rate was varied from 5//min to 
10 l/rain. It is a correct result tint the removal rate of NO decreases 

250 

150 ~ 
.~ ~ c _ ~  I:] V NO (20kV) 

~ �9 No ~skv) 
,oo / c~  o .02 o5 kv) 

~ ~ l  V NO2 (20 kV) 
! "~1~ rl NO~(25kV~ 

5O 

0 
0 2 4 6 8 10 12 

P/Q (Wh/m 3) 

Fig. 12. Coneenlrations of  NO anti NO2 at the reactor outlet ver- 
sus energy density  (P/Q). 
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Fig. 13. Effect of flow rate of the feed gas stream on the removal 
of  NO. 
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Fig. 14. Evolution of  n i l ~ u s  oxide as a function of pulse repetition 
rate. 

as the flow rate is increased. However, in terlns of the energy den- 
sity, tile amount of NO iemoved was identical regardless of the flow 
rate, as sho~m in Fig. 13. This figure emphasizes once again that 
the energy density is an important measure in the removal of NO. 
3. B y p r o d u c t  C h a r a c t e r i z a t i o n  

Fig. 14 represents tile evolution of N20 as a function of pulse 
repetition rate. The byproduct N20 not only acts as a greenhouse 
effect gas, but also corffibutes to deplete ozone when it is trans- 
parted vertically to the stt-atospheie. Therefore, its fcmmtic~l should 
be considered m this process. The main reactic~l related to the for- 
marion of N20 is that of N with NO2 [Lowke and Morrow, 1995; 
Mfitzing, 1991 ]: 

N+NO2 ~N20+O (26) 

Since tile concei~-ations of N and NO2 are a function of pulse re- 
petition rate, the formation of N20 gradually increased with it, but 

the concentt-ation was very low. When small anlount of NH3 (170 
ppm) was added, slightly more N20 was produced. During corona 
disdlazge, some NH3 can produce NH2 radical as mentic~led above. 
The most prominent characteristic of this NHz z-adical is its reducing 
property. Thus, it readily reduces NO2 to N20 as follows [Matzing, 
1991]: 

NH~+NO2--+N20+H20 (27) 

Reaction (27) may account for the increased N20 production in the 
presence of NH3. Since SO2 often coexists in most flue gases, the 
effect of SO2 on N20 generation was also exanlinec[ As shown in 
Fig. 14, NzO fonnation was more significazlt when both NH~ (170 
ppm) and SO2 (254 ppm) were addec[ The conversion of SO2 into 
H2SO4 in the corona discharge process is well known. According 
to the literature [MNzing, 1991], a part of ammonium nitrate formed 
may decompose at the surface of H2SO4 as follows: 

H2SO4 
NIi~NO3(s) ~ N~O+2H~O (2S) 

Accordingly, the presence of SO2 ent~lces the generation of N20. 
Although propene ei~kqnces the oxidation z-ate of NO as shown 

in Fig. 10, it may generate some undesirable byproducts. Fig. 15 
presents tile fonnation of byproducts as a function of pulse repeti- 
tion rate when 143 ppm of propene was initially added to the feed 
gas stream. Complete oxidation to CO and C Q  is a desirable mode 
of propene arklitic~l In this expalimental conditic~a, however, it was 
not completely decomposed, and small amounts of C2Hs and HCHO 
were detected at the reactor outlet. The sum of CO and CO 2 con- 
centt-ations was detemlined by a material balance, i.e., the initial 
concentration of propene minus the remaining concentration ofpro- 
pene and tile conceim-ations of HCHO and C2Hs produced. Among 
them, C2Hs was speculated to result from the recombination of CH3 
radicals, and the generation of HCHO can be inteipreted by using 
Table 4. As m reaction (20), HCHO can be produced by the reac- 
tion between CH30 and 02. Provided that sufficient energy is de- 
livered to tile corona reactor, HCHO may eventually be converted 
to CO according to reactions (21) and (22). C Q  can be generated 
fiom the further oxidation of CO or by reaction (25). Although it 
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Fig. 15. Decomposition products of  propene as a function of pulse 
repetition rate. 
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was not fully discussed here, a variety of minor reactions ca t  also 
be possible because many intermediates can he produced from the 
propene in t t~ systera. However, judging fi-c~n the byproducts iden- 
lifted, the leadmg reactions related may be the ones in Table 4. 

CONCLUSIONS 

Tiffs study was aimed at exaraining the effects of several impor- 
tant variables quantitatively on the removal of nitric oxide and the 
formation of byproducts. The removal of nitric oxide is competi- 
tion between oxidatic~i and reduction, and the mechmtism is domi- 
nated by gas compositioi1 In the absence of oxygen, most of NO 
removed was reduced to N2 while it was oxidized to NO2 even at low 
oxygen content, 2o/0 (v/v). Wtien there was no water vapor, corona 
discharge was able to oxidize NO to NQ.  But. fr~her oxidation of 
NO2 to ititiic acid was alIained oifly in the presence of water vapor. 
The concentration of amraoma did not largely affect the removal 
of nitric oxide; however, it had a great influence on the removal of 
SO> The increase in the charging voltage increased the removal of 
nitric oxide, but the amount of nitric oxide that can he removed at a 
givm energy density was indel=endent of the voltage level. Like- 
wise, the rentoval of NO in temts of the energy density was identical 
regardless of the flow rate of the feed gas stream. The production 
of ifitrous oxide was a strong function of the pulse repetilic~i rate, 
and the presence of NH3 and SOl also affected the production of 
N20. The addition of propene largely increased the oxidation of 
nitiic oxide. Propene was found to genes-ate ethane and formalde- 
hyde as bypreducts, but their concentrations were very low. 
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NOMENCLATURE 

% 

f 
I 
P 
Q 

t 
V 

: pulse-fomfing capacitor [pF] 
: enmgy delivered to the corona reactor per pulse [J] 
: pulse repetition rate [Hz] 
: pulse current [A] 
: power delivered to the corona reactor [W] 
: flow rate of feed gas stream [1/rain] 
: time [s] 
: pulse voltage [kV] 
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