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SUMMARY

Removal of nitrogen oxides (NOy) using non-thermal
plasma-assisted selective catalytic reduction(SCR) was experimentally
investigated. A coaxial dielectric-packed bed reactor was used as the
plasma reactor, which was combined with catalyst. Two different
commercial monolithic catalysts such as V20s/TiOz and Crz03/TiO2 were
compared with respect to the removal characteristic of NOx. It is well
known that the performance of SCR largely depends on the ratio of
NO2 to NO, and thus, the oxidation of NO to NOg in the plasma
reactor was separately studied first before combining it with catalyst.

The plasma reactor was able to readily oxidize NO to NOz at room
temperature. As the; reaction temperature increased, however, the rate
of the NO oxidation greatly decreased. Although the presence of water
vapor somewhat improved the oxidation of NO at high temperatures in the
range of 100 to 2007, the use of a chemical additive such as ethylene was
necessary for the effective oxidation at this temperature range. In the
presence of small amount of ethylene, NO was found to be easily oxidized
to NOz while the sum of NO and NO: was almost kept constant. The
plasma reactor can be operated by either AC or pulse voltage. Comparison
of AC with pulse voltage in terms of the energy efficiency for the NO
oxidation was made, and almost no difference between the two voltage
types was observed.

In the combined system, the main role of the plasma reactor is to
simply oxidize NO to NOg, but it should be noted that the increase in the
fraction of NOg leads to an enhancement in NOx removal. Without plasma
discharge, the NOx removal efficiency obtained with V205/TiO2 catalyst
was around 50% at 150C and that with Crz0s/TiO2 was around 10%.

- vii -



However, more than 80% of NOy with V205/TiO2 and 40% of NOy with
Cr203/TiO2 were removed when plasma was generated. Changes in the
oxygen content from 5 to 20%(v/v) did not significantly affect the results
either from the plasma or the catalytic reactor. High concentration of NOx
up to 400 ppm was successfully treated in the present plasma-—catalytic
system. The change in the content of water vapor from 3 to 5%(v/v) had
little influence on the removal of NOx. At an identical discharge power,
higher flow rate resulted in lower NOy removal efficiency because the
oxidation of NO to NOg in the plasma reactor decreased and the residence
time in the catalytic reactor decreased. However, though a higher flow
rate required more discharge power, about 60% of NOx removal efficiency
was achieved at a space velocity as large as 40,000/h, because the
catalytic activity was largely improved by the plasma discharge.

The present combined process allowed high NOy removal efficiency,
but the formation of harmful byproducts due to the use of ethylene should
be importantly considered. |The ethylene-related chemical reactions
suggest that the' major byproducts are formaldehyde and carbon
monoxide. Besides, according to the gas chromatogram obtained by using
the flame ionization detector, no noticeable peaks other than ethylene
were observed, implying that the formation of any other organic species
from ethylene is negligible. While the emission of formaldehyde from the
plasma reactor was significant, it was completely removed on the catalyst
surface, i.e., the concentration of formaldehyde at the outlet of the
combined process was always zero. But, the concentration of CO at the
outlet of the combined process was much higher than that at the outlet of
the plasma reactor. Such increase in the concentration of CO at the outlet
of the combined process is understood to have arisen from the
decomposition of formaldehyde on the catalyst. In real situations, similar
problem is anticipated because real exhaust gases contain some amount of
unburned hydrocarbons, and further studies are required to bring down

the CO level to allowable limit for practical application of this system.
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Fig. 1. Conventional non-thermal plasma process.
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Fig. 2. Principle of non-thermal plasma discharge.
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2 Eobxul 29717 @A EAT, E2dAow A A Aot

A2 Teol 7h2=2% Ty7b 24 &8 v 3y Fg=vuh A

(non-equilibrium plasma)°l™ T/Ty7} ¢F 10~100 A% Ao =, FAH7t~

ool &xrt £ KU uwf HAxpe e of 10'~10° KO]B]'.
%]

I
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Fig. 3. Schematic of the streamer corona discharge.
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7HHES 7HAa Atk AR Eek=vp 4o A E= F8 i Zod= N
O, OH, HO; s°] lem, o5 &z FolA 4bspAd v z<l O, OH, HO.
S} 2E(0y)e] Zhk=vp REgol Fag Js I olE dHEe "t
o FE 9 AT 290 H7] Wil olF VA= WYVt 28 T T8
g AAE AT A Febzvke A RS o Ao 9, A=
EGe wkerle] A ol wel v tFd TR 7he et eh(Fig. 4).

A Zvhzrte BAdYE FEEE ARy g4 ddeEs X

of\

F2Y " H(pulsed corona discharge)® #dA A (dielectric barrier
discharge) &°] Aot B2~ m2Y WAE HA-H A (wire-plate) =& A-9F

(wire-cylinder) A= Aol w$ &2 1A% F(high voltage pulse)E 17}
ato] a1 olygx] Ax L 2l Z(radicals)o] S A HES EAlEE Zeh vl
FEHE PAste] tYer vtad 2dEZS AASE 7ol tH(Civitano,
1993; Sathiamoorthy & 1999). A W2 H3d A= Alolo] Megtd] =
Freleh 2 FHAAE Adste]l 1At w{FAC) EE F2E QAVFoRA
44 FZo ZEd 2y WA (corona discharge)S WA st HH
o] t}(Rajanikanth & Ravi, 2001; Dorai & Kushner, 1999).

A2 ZetzvlE ghshik-$-(chemical reactions)S F33tE 7|5 9]
gy Fefe] 5= g vhgol gk A9 (selectivity)o] 1]
A BEAS o]3}(jonization) Al 7] AY £ 3l (decomposition)3Fi=

ZEtan it whebA g Eokel M= #ald RS Eeliske]l AP Au

o
o

r
ol

olr

| P R 1)
o

fu

=

2
Colel #E Age A, YAalol, olHE, HEd=
E2 IqFgM=  u$  Fdsd(Mizuno 5 0 1995;  Civitano, 1993;
Sathiamoorthy & 1999; Dorai & Kushner, 1999; Mok & Nam, 1999; Jang
S 2001; Song % 1996; Hoard, 2001; Broer & Hammer, 2000; Yoon %
2002; Yan 5 1999; van Veldhuizen 5 1998).
A Fdbznt Vs ks @8 g okl A 85 9% Vs i

o] 7bd &rsto] diqtRe] A3 FAE A7 AaH A Qv 2 fJel =, 7}
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AQ) 1

2 (e

Dielectric barrier discharge reactor Dielectric-packed bed reactor
Pulsed highvoltage
T 1

-

Pulsed corona discharge reactor (wire-plate) | | Pulsed corona discharge reactor (wire-cylinder)

Fig. 4. Classification of non-thermal plasma reactors.
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~
[>
Lo

= 32A F7]3%E(volatile organic compounds; VOCs)& &3t
A, 9FH(odor) Mz, FAHE EH oz AMEEE 57129 AY Sl
7l #1871 A7 A 9o, HF(wastewater) 9 7=
g 7wk e Aok

oo
ofo
ol
ol

A
Ll

2.12. 348t ®bG-7]T

AL Fetzvt FH(ZEY A BEEHe 24 SHEAEN RS
O, OH, HO,, 033} #2 4bshAd A&7 N gpr)Z3 2o skl Aol

v 7] 7k 2= 9] NO+= olelgh QRS ofeff vb&& &3 AAHHNOy), ©likstd
42 (NOy) 522 A3k "@u(Civitano, 1993).

NO + O — NO, (1)
NO+ HO, — NO,+ OH 2)
NO+0;— NO,y+ 0, (3)
NO+ OH — HNO, (4)
HNO, + OH — NO,+ H,0 5)
NO,+ OH — HNO, ©6)
NO+N— N,+0 (7
N+ OH->NO+ H ®)
N+ HO ,~NO+ OH 9)
N+ 0,->NO+ 0 (10)

wj 7] 7k el R Y oHNH)7F
(ammonium nitrate) ? 2 A =4S
A7 o3 JH7)el o8] 2F
FEU FHOZHE 2 (D~®) 93] AAEE NO; & 4+ 4 (6)
3} o] OH vz wrgslo] Aoz H3e T ¢krjolo] olg) F3hy
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P
i
4z
rlr
ofy
i
rE
oo
o
i
oo
&
i
rlo
ey
i
e
N
oz
rE

oo
3
lo,
2
o2
td

r

ol
filo
o

Ao FF W& veR 2E i g Foltk(Mearns &

Ofosu-Asiedu, 1984a, 1984h).

2NO ,= N, O, (12)
N,0, + H,0—HNO,+ HNO, (13)
HNO 3+ NH ;= NH ;NO , (14)
HNO ,+ NH ;= NH ,NO (15)
NH ,NO ,= Ny+2H ,0 (16)

HAHHNOy) ¥ o} ZAHHNO) 2t o] a7 =

=
£

HNO;+ HNO ,—2NO, + H,0 a7
2HNO ,—NO+ NO,+ H, O (18)

21 (1) (159 s dEYole] sxd wgl F7kst== HNO,
o} HNOBA o= dEyole] Hrtel upel AldkE)

Hejd EvjgEe Sv) seld NH; CO, Bt 59 #9438 A
gokel NOE No# ABA7)E 71%olth SCRES @AZAA A%
q
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|

SCRE < & o435 NOy Ag7les Fvs =
o} Zeolite® THE™, A we} ghshgA vEgH I o
2 JEE
w5 AstE Sejd AR H= 552 ARERIETLH

Fe, W, Cu, Mo, Mn, Ce, Ni, Sn o] St} =3 5% £+ 1 3= 2
sl E Y] HESA 2 Pt, MeOs;, CuO, FexOs, Cro0s Co203 MoOs, NiO,
WOs, Ag:0, ZrOz, AlOs, SiOs;, PhOF=O & wkgAlo] vrobzith F&Atel s &
= AAEsE ) iAo e S5 1 3FES 2 7HA o]dE &
stol  Abgsted,  ARSHIEZE 2 FulEsE VOs/ALO;  FHvl,
V205-Si02/Ti02 Zull, Pt &1, WO3/TiO: &1, Fe:03/TiO2 &1, CuO/TiO:
Zn), CuO/ALOs =7 So] At} Zeolite &mlE= Y& Zeolite Zw, Mordenite
ml, ZSM-5 Fu] ol vk Fwje] FEl= AHE $HAol wel 7 F, mHAt

H
fr

e

d, WA F(plate type), ¥, 9 & T3 JHE zton, HTod= EHE
oz HZH Ae7t o] FAAEE 3 U (honeycomb type)o] FE A&

sha qlek.

SCREIM BAAZ ABAA GRS ARSI LY, A2 To
g AHgdtel NOE ARA7IE 7160 dFpedn ek Gruols §4
Az ALgsu

ANO+ 4NH, + O, — 4N, + 6 H,0 (19)
6NO+ 4NH, — 5N, + 6 H,0 (20)
ANO+ NO,+ 2NH, — 2N, + 3H,0 (21)
6NO, + 8 NH, — TN, + 12H,0 (22)

HEg- 0 2 NOF No& A3k,
aely Fuje] B85 =ol7] fEAE Fuib aske ALY 2=
€]

il

frAstelof ok AvbH o QAR = w7 7o) SR E1HA
B AT SAQ 2RdeE Suld A9A Ede TR w04 2
EAATE e dE ANE dastA Ao

EE 2o Aoy AdE NO e N0 AASH NHy7b Abzof



Rbgate] dAaw HBHE AR=E S dozith
ANO+ 4NH;+ 30,—4N,0+ 6 H,O (23)

gebd wia § gEe) ag wss At #dd weeng
FAAZ1717F o2l 9], NoOE BAAIZIA ¥ Pd, CuO, CriOszs 7]EAA =
she Euh Awsdc Tt ARFgel Aol It BHE HgAAk
sl A7 A w o gl

Hetras fUAR ALgEH
8NO+4C, H,+ (4m+ n—4)0y—>4N,+ 4mCO, + 2nH, 0 (27)
8NO,+4C H,+ (4m+ n—8)O0s—>4N, +4mCO, + 2nH,0 (28)
(2m+ 8n)NO,+ 8C, H,— (m+ 4n)N,+ 8nCO, + 4mH,0 (29)

a9y BaFAE FUAZ AMEsE SCREE B9d stz st
Ta7b O B H0% whested COu A=

o
o

¢, + H,0— C.H,0+ 1H,0 (32)

B3l as F3AAE stE SCRS #H 2o

e =2 A<l
g2 mEFety, NOy AlA&EES =vh 28y 919 J%*ﬁ‘oﬂ/ﬂ@r ol Aka e
ol mE Fuksolu H00l o Fuks NOx AARES-o WaLs el
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= wAdES Zta vk

gt ars SAA R ARESE SCRY A HO0l o3 Fubg-59] €49l
o] oA FASHA W EA @i, EES APAIIE Fubgo] disjA Rt &
A= vt

45 el g4

ob2 Baa iFwel olFolAA e glort, SO0l oF Fule &go
5 gEUelE HUAZ s duuel MW wEFAE HAAD s
Wald weel ATt Aolzh hehh ghEue} NG AT SO0 F
Fol FusolE £48 Fuje sl FRHA Fou), wars W
A EAE Fole S0 Fitel FREW Fulis 279 #How U

1 T Vo0s/AlOs Fu9F VoO0s5/TiOy Fulj 7} 7Hg wel A8t Vi0s/TiO:
Zvjo] kg NHy7b NH4 2 ®ate] Vo0sol F&E 1 NH;HEl 2+ AlOsol
FHEt. NOsE= NOBHl 2 F3Eo] NHyEE NHz9b vH$-3te] Nogt H,O
2 Hdgte

Vo0s/AlOs Sl AFabig-o] g &o] o1} 350T ool NHy7b
NOZ #gho] #rh V.05/TiO, Fuli= ob3abrhzel dial] =& WS zte
u}, 300C o] aloll A= Abs}uk-go] wropxit),

g yols #AUAZ ALEEE SCRoIA AAaAbslE e Azta o] Hj7
Zbzeo] gHE SO; HO 9ol kAol wj7)7hse] 2o wel wWalsid
Vo05/TiOz ZFvlE AFart gl dHdA = NOE AAS Y, Zeolitedh thE
TE&atsE Sl Fakh A AE NOTE A3 AAEA FE

PtZuj A27b fEol gled 200Te] L= %= 90% NOF A7

o ke el 260TC el el Hofok 90%9] AIARES etk £F
w7 oW NHy7b NOSF #Eg-3te] NHUNOsE A4 shar, SO.9F whe-
sto] (NH)2SO047F B €t

SCRYS dA7HA A2 ES ARA7|= dEzAHA 7

3

sl
ZS|
o & Jhgo] gz wAel o] W2 FofolA AL AHAFE e bdd MR

oy
o
K
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7F=s 1 9tk et SCR 349 AAoAE <& s (pressure drop) 9t &
uj o] FZ7HEE(catalyst space velocity)’} 23 Al e HTh, o dkg-7] ol A
et Suutsrle g4 5 #3¥(plate type)olyt &Y F 3 (honeycomb
type)oll &l£stH, oF 5~7 mbar(¢fF 2~3 in. H:0) AEZ HuFHI Yt}
(Mori & shimuzu, 1989). ¥7+4% 2200~7,000 h'olA NOx AA &S 60~
80% Ao, g&EEE § AT 7| 7bae] By RE&s Suje] ®a R
3] (bulk volume)® Wi #oZ AHY. SCR FgoNA ZFvj7 2AsF= H]
ol A7 wol AAAQ FHAA Thed Ho FrEEAAA A=
o] uhekz it}
SCR 7]%& NOsol
oA 1970 H-E 7]
A

gl 43 AT MEAENES AT Qo
3l

Mg steurd s So] AR die] A A
B s Aulgere] oF 67%¢) 8000 MWel tis] Ax e} gow Ag

2 ™
Ha = Frje] tiFEe dEolA HEE VoOy/TiOA &2 Zvfoltt.

o w9lo] 7 obaA WA A selud Aulge] o

TH
60261 27,000 MWel s SCR AHlE AAsta ot Fule T2 diE A
NEE VoOs/TiOA T A Zdol A s AEHo|EA FujE AHE3S
L Adrk W= A f-el= SCR 71 JidollA dE 3 fHo] Hls

3 9o 19904 Clean Air ActZ} 7% o]$=2 SCR 71+ MY 2 &4

Al
A A

o
on,
o
2

E F%38 Fetar 9l

AA7EA NOLol AE s 72 A94 Zusd(SCR), F4H
(wet scrubbing), A= ¥ A (electron beam irradiation process) % T3k
7140] o] grvh(Kawamura & Shui, 1984; Westerberg % 2002;
Mizuno & 1995). o] 3g 7|&E9 P&

of A3g 71Eely, SCRE nHLFGY 2 9

A @ Y (stationary sources)

:ﬂ— —1l

= ¢ A9 (mobile sources) EF
o

e

:Lm

dutdoe® SCR Fvl= 300~350C ®elolA HH 2A4S Yeds Aoz
o g

u, MiE7EAe 227 o] Bu WE Fad eddEe] ol
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gt odE =9, A-A 2ZAFA(iron-ore sintering plant)d] ¢ #lE7F~
2%7F 150C Weloln t)A(diesel) M7 wiE7F~9] A9+ 200C A< A
o8 HiHI glo] 71Ee] FWi(SCR) 7S & A& H &t d ofegol
9l Rajanikanth & Ravi, 2001; Mok & Nam, 1999).

SCR 7ol dA7HA 7Wdd wizks 2d7s & 7 e 4 shE o

HaFEe A, nedd ARAL 9F F9 AA A 3
24 Py Sol Ytk B@ AR W 24 divt 9EY F iRy
g AANI A% A Wy 717}z

.

H

¥ v AdA Z=n)3d W (selective non-catalytic reduction; SNCR)o] ¢l.oH
o] T Mg ZujFddol 7 A AR 7E=2 AMEEHI )

Aeld ZufsAd R (SCR)S AR ALdAoA B E w77k E

e AaAE(NOYS U] diyol, 82 (urea) L= ©3f5as &

(Westerberg % 2002; Luck & Roiron, 1989). SCR Zw|7]|&2 th7lo = ¢
st B Ao dlgste] dAEAME AR ES MY =2 8 gl

= =2 ok
T AE A VR Frpda 9k SCR FujoA dojus F8 W E
& ven 2y
ANO+ ANH; + Oy AN, + 6H,0 (33)
NO+ NO, + 2NH, — 2N, + 3H,0 (35)

of 4L GEUckt HaurhE $HHOE NOSH vt HeH @
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BE ElebE A4S (TiO) 3 vhubg AFsh=(V05)9 &9

L
.

Hojr] Z)

s

ol

M
o))
ol
o

g NOx Al

gl 9l

o] &

3t
o] 9, dEYot FAdF, £7] NOx 5% H

o] &

=
=

A A4

fu
L.

Aol

CERESE e

=
=

o A 80~90%¢]

e

N

7

= [e]
AA R, A A

e
do

X

3

of ol

Hy

=9

A ghof

7)1 7t~ A @ =

ol -29)

|

0

)& ARE Foh(Fig. 5).

9/]

A}

[S]

Y& (honeycomb)

AR ghEUole] o] A H ol
A2 dEYol tal 8 a(urea)?] AHES AESIAL Qltt

2l

A v

2

sheel @

ol A= 2

p=2
[e)

A& =} 3] ALl General Motors

el

o))

=t
M

x
B

M= Set=olan =SEaE

3,

2,

AA NOE 4tshA] 7]

= NOE

Z

J

ezl 34 2

A &

]

ol 7}

._OL

)

—
1o

]

e 4

=
=

ol SCR

ko3
T

g

gl

=
=

z o
=

Aol b & Aol
A w71 7rme) L E7h 250~

oL
[€)

Z 2 =v}/SCR

wj7F
Al/¢kE Yol SCR 34 A= 100CAME 70% ]2 NOx A

=
=

350C 78 =l A

8% vt

Eas

Uetll= Aoz 4 3l

91 el A

= O_ 0O
SE=

ks

90 % o]’ NOx A

R
.

Wy, 160TC ol A

60~150TC

e

o}

Sozutol A A E 7FaE NOR9 Hl&o] EotAug whe 204k SCR
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Fig. 5. Schematic of selective catalytic reduction process.
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NO NO+N
= e

H/C SCR
NH,-SCR
Urea-SCR

Concentration

p Gas flow

Fig. 6. Basic concept of non-thermal plasma process combined with

selective catalytic reduction(SCR).
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Fig. 62 A& Z#=wte} SCR 53 345
a9 Zol A2 Fgpzvh whgTldAE NO9| stshirg oz Qs NO< &
L #Fastal NOo &= S7Fste] A= NO»/NO Hl&©] Fopxlth NO;
o] v go] EolAFE SCR Fu| w&7|oAe] NOx AAEE] T7HstE =
SCR ¥+8715 S8t Ui NO9H NO, BF @& FFow "ojxA o,

Yaks syl 9

jui vy
iy
o
frt
ko
>
>
ot
POy
o
o

B ME Zetzet WA o Asans

A7 Zu] whgrIwke BEo s Algate] AaAEE A AES At
oh Zu) wkgr|uke gEoz AL S wiE NO% N0 FEugg <9
Hoz zd3te] NOx AR EET NOYNO v &9 Fa#A=S 2AEAL o
d oo s Zujutgrlel %S WA AR g& Zehzul ukgr)sh Zu)
HS71E At EFFTAANM NO, A% 7Hes Avugt g34o=
= mHode] A9 Zuje] FUAR dEUolr} AbgEoof & Aow W
g WA g8sa SCRY 7HsAS AR
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Im. 4 9

=
3.1, LEER W ue
AL Febzvt gbg7]ef St 2 A A 5 v Tl
g7 Fig. 701 AAIEA ot 55 98383 FdA S wkg717F A2 &
gzl dS7]2 ARREen o] WkgY)= HA EE wF aAQte] 9
WAs doflitg A2 ZFEvl 93U F2lF(pyrex, WH: 258 mm; ¢
Z: 302 mm), =4S #AESE 3895 mm) 2H A 7P (stainless

steel rod) 2 el 7€ TIERAZE 5 mmE FAH ATk FEH 2 K
£ FAAY 9L sy, Y= Fad s BF EE d2 aHgte]

A7beATh FEl#el 9= w31 cm 9UE FvE U2 AAA HAH

of Jom, dFuE IR IHA Ue

discharge)o] dojub= f &4 o|(effective length)2} & 4 gtk wkg7) ¢

A (ground or earth)Alolo] AA=Z 1.0 pF A (capacitor)= WA A

(discharge power)S Z73}7] 913 AoZ FHo| Awd Aol

Fopzv WP E ARG WL

F&o] Zgt=vl WA (plasma

lo,
Ho
B
il
Ao
2
to
rle
=

X
o
2
K

EAL 7)1 7b o] 27 A2 o] S =g ¢ s v AT
o v AAE 22 el & 3] Fol ESkth AL wir|rbze] FAHELS A
2t Aaglow, ols Vh2o FERE fFEREgx
Model 1179A, MKS Instruments, Inc.)E&
(5.0%(v/v), AaWH ) NOy 7F=(2.0%(v/v), A

AR YeH5.0%((v/v), AAaWA~) = MFCE 4, A4 3 Akae)

Egsch
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Plasna I—NAC Vanable
transformer transformer
{ 020V)
Catalyst Digital
| oscilloscope

1 YF

M
O O 0] O O

NONO-NOK| - Gas No| INHY [CH|[N,| |0,

analyzer chromatograph

Fig. 7. Schematic of the experimental setup.
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nF 2AGTH B2 aEge] s 93 Fig. 8% 22 nHAY Hx~ g
22 (high voltage pulse generator)E AFE3tAth ZF A LAAFH
(Korea Switching Co.)7} 20 k% A3-S T3] MA@ AIE Cp(396 pF)E =3t
A H™ Hgtel Fsstw 29x® #Eot= 23 A (spark gap)e] H<dut
3 gt E%??}E}. ojw 233 A A7 Ao R whEE o] A A E
o FHE W A7 wEA 7|2 AddE e, ojuf A Mt
o] wEEG. weld WEE dAdE AZd kS 22y AF7 58

|
Hg7lel webgls BARE 2RAES e 48
J %

oA < gth =93 A
o DA 544, 27t Have o b2 Ao 9y 2 AR/ 43S
et R 2 oF 100070 7He] 59 93-S Ftste] olyA Alikel o] &5t
Aok A A O = AAAEHE AR 23 kVE FHEAeH, H2
& (pulse repetition rate)< 5~30 Hz(pulses/s) W ¢l oA W3z ot

dwrxow ~EYY FIRZuE S ZAF Alele] Hr H7|FAYI
7F 5~10 kV/em Az ¢ x7] wigo] 29aw odgd 7hsde] Erh
2~39aE Ao Aste B8 7179 E4S fFEstnz wreA] 9o g
FAA §EE71E AMESHE BSdds aTark AdH o AAE

o
2y BdE 277 A8 e &S B2 psec olshe] AR

A= 1A BAE AA H o]

SHA ¥ &=, ¥ 22 (pulse width 4]

N A7} FaE] A7 g&o] Wolx A Hr}
X

A A2 W

v
o
N

)
o
ol
é (

=)

Aol Azde) 5 &

7ol
U

= 324 7fA] A (corona onset Voltage)o] E o}l

golth, mat AN Ade AAALT A

_I.\.z
L
N
N
N
W >

Ir
=2
v
>
N
N

>~I

kA o] A2
Al 7k (statistical lag time) Atoll ol& AR H ). o213 F 71x] d&hn|
HES vbg7] 343 7t~ 24 wel Wske 20~

7}k
H/\
oo mZzu RA A At AeAlzte]l MEsE oA, ¥2 AR



VMWW i H.V.
20 kQ 396 pF pulse
- I
Power O e
Supply Y Spark Gap 4kQ | @
- J 2

Fig. 8. Schematic of the pulse generation circuit.
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GoAA AGe 9 e A4S B4 A9 oluA, & Axe] 2

=
E =4 ey wElbd "2x9] A5 A ZHrising time)o] FHEFE AR

NO9 NO:¢| sxi 33 I3RS o] 88k= NO-NONOy #4]7]
(Model 42C HR, Thermo Environmental Instruments, Inc.)E& A}-&3to] F=2
EAEJL, dRYoE FYIF A= NO, &4 olefgo] ol Fo&
i 7] 7k~ #A7)(flue gas analyzer, GreenLine MK2-9.007, Eurotron)& A}-&

vk v mES =R i, olEdle] Fe A= dAsEAa(COst 2

c
é
o
=
N
N
N
>
T
%
N
il
>
>,
(o

Lo} ‘%3‘40} 5
L FAol= AA W (Gastech)S AREsth WA= 7bH = Ao 54
of+= 1000 : 1 A T2 B (PVM-4, North Star Research, Corp.)¢ tA €
AR 252 (TDS 3032, Tektronix)7} A& Atk Eebz=nt wh-&7] ok A AL
olo] AA® 1.0 pF ANIAE Fee] HAASAHAE= 10 @ 1 A" Z22
(Tektronix P6139A)7F AR&H AT Eek=rp w&7]¢ dHd=HS OAd A
# 7 (Yokogawa WT 20005 ol-&3te] SAHsATE B2 A7 S ARE
H A& WH7](Pearson Electronics)$1 2.7, 025 V/A &2 AFsE W
goto] eHRAFIE V| FHES st 98-S gk
AR AL Hebz=np wbE719F bR Yol SCR Fuiwrgrl2 4" Wk
FA= A AAIGE Fig. 73 2k o714 AREE Ful= 48 SCR S ¢
kel Vo05/Ti0x(20 cells per in)Qa Zmle] V.05 32 5%(w/w)olth.
& U7 (honeycomb)Z ] o] 7)== 1.8x1.8x9.7 cm™™ Z R 7] H3= 31 cm’o]
o VoOy/TiO: Fujeke] SA4uus 9] Cr0y/TiO: Fwi:= ARSIt
Cr0y/TiO; Zvle] Z7]%= 1.8x1.8x9.7 cm’™ #w7] %3+ 31 cm’ol9, A
WA 100 cellel Atk A2 Eeb=nl/FHuf A= dA
o FAE 98 L& (dry oven)oll X8ttt

_rm W77bes) Fo gRe Axs wagov, olE e FIe #

h

ro

o]-&3sto] =AUt NO 7}—’:(5.0%(\7/\7), éli W), ]‘3311(100%)
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Table 1. Experimental conditions(V20s/TiOz2)

Gas flow rate (L/min)

25 ~ 20.0

(at room temperature)

Oxygen content (%(v/v))

0~ 20

Nitrogen content (%(v/v)) balanced
Reaction temperature (C) 100, 150, 200
NOy concentration (ppm) 200 ~ 400

C-Hs concentration (ppm) 750

NH;3 concentration (ppm) 200 ~ 400
Space velocity at 150C (h™") 6,800 ~ 54,600
Voltage range (kV) 4 ~ 16 (AC)

Peak voltage (kV) 25 (pulse)

Pulse repetition rate (Hz)

5 ~ 30 (pulse)
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R dEYHG.0%((v/v), Ao z)o] faF = MFCe 98] 4w glon,
ol Aa 2L Aiet EEHAT B Ao A AFFHLS Table 19
f oFx o] %E}. TAL B 7] 7h 2 H

sy gon, AadEe 0~20%(v/v), NOx &% 200~400

Ak AL Zz=nr FAY WS A g@iraRE YA AMEEY A
FEE MFCOl 98] 750 ppme 2 245tk SCR EviolA NO«2 g
AR A dEYoF o FEE 200~400 ppm©

100°C ~200C <] ® 9ol A 50C 7&74 o7 raim J'%, A Ee

?9
i)
=
H oo
rlo
(N H
fr
N

=
=

F /A EHE ZAE2 250 loma 1.0 pF 7H3A
of A% At 2ok B A4 1.0 uF(10 °F)

uF A e oA A3 A9t v ol 3k o & yeldtl Fig. 9 (b)+

Fig. 9 (a)ol 433l #A3}-4A % = (charge-voltage plot)°]t}. Fig. 9 (b)ell A
HAtA g o] AAe wiF g F7] & Aoy Ad sdet, P WA

BE @ 7 g gAAUAe] wF FR560 HOE Fekel ANT -
k. B Aol A, AS-AYES 2@ Folo] T AgsTE A

stol ejxe] & Ay FAAWPY AL wagozn FYAAI



15 2
@)
10 4
r1
T 0 R 0\ Y £\ Y £\ N /2
2 / / / / / g
& o 2 N /A /A / \ 03
s \ \ \ \ g
> \ @)
s\ y L v, Y,
-
-10
-15 ‘ w w 2
-40 20 0 20 40
Time (ms)
Fig. 9 (a). Voltage waveforms measured at the discharging

electrode and 1.0 WF capacitor.
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Voltage (kV)
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Fig. 9 (b). Charge-voltage plot(Q-V plot) corresponding to
Fig. 9 (a).
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Fig. 10. Typical pulse voltage and current waveforms.

_35_

Current (A)



| S AL A THMok s 2002).

B DAL LT A Fig 100 AR AT AR 27 £44
wgr)el wASs AAFNN S48 Aotk W= A(peak voltage)F I

L
i

El (peak current)= THEF 26 kVe 60 A on At AsA7 & HA
Z(full width at half maximum) Zt7} 11 ns®t 200 nsAch A A Fgh=
op wES-7]el FdE U A= Fig. 109 At A7 P ozfE vhg Aol
ofaff AAF = ATk

E,= | viar (36)
0

714 Epe E2 F g Tld B AuA A Ay, Ve H2H
I "HAdF 29t HAZ(pulse width)S YeERTE 2] (36)00] 9] &)
A= 86.7 mJ/pulse?] Ao g EFOoW ol 7)o H b
wald HhA A 2 (discharge power)o] ot}

42
-
i}
e
>
oft
=
L

o

S (pulse repetition rate
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IV. 49 23 3 22

4.1 @2A=0p P72 =

41.1. B

G
Fig. 112 ZZF2AFH 200C 744 =¥z Z43 4= = (nput
power)¥} HA A (discharge power)3#¢] #AE vetlck 28] velbd wv)
o o]l WHHHEE 2o Frhd wet Srbete AFE WEth Fig. 11
o] FHES 9A(extrapolation)ste] & ®bx I Al % 9t (discharge ignition
A2 (room temperature), 100, 150, 200ColA z}z+ 74, 6.7, 55, 4
kVel Aow yeiwrh & Aol ARSE Fohz=wh whg7] o] A= Apole] b
Aol 0.8 cmeo|B& o5 ot Hit M7 FA7IZ FAketw b7 9.3, 84,
6.9, 5 kV/cmell slg gttt &alol ot wddEg e dA 2=AE 2
uel mgAew Frisidrt AdAE vl =5 3
AtH(Meeks & Craggs, 1978). W dge] HAE Yel= 25 A= 7H

ol 1 mmd wl o 700 K @A, 45770 F7H85% AdAE v
W eEst 44 Eobdth mebd, o714 AR Behzeh wesle A
A%t 4Y eEWANAE Sxo) me Aol Frhse Aol Bysrim

=

st = 9t} Fig. 119 Wddd dolgHE HoA oydx] H%Z(energy
density) & A7) fg Vo2 AR HAT AdUAEEE W dEs )
717V o R U o g AoEw H]l oYX (specific energy)dtiix &
e AL Sg=v A de AHEH = gehv]H o] tH(Civitano, 1993;
Mok & Nam, 1999).

Lo we R Ho] FrkskE olf = A7 Al 7] (reduced
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Fig. 11. Influences of applied voltage and temperature on discharge

power.
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electric field)®] W3tz a4 4+ At FAHA7]FH(E/M; E: electric field; n
gas number density)2 7]A 9 WE7} ZrAshdE Erleith dA S (P
M 2X7b Srbet ol B7IAl e A A olsE 4 Slel 714
WE7E 2 Z1Ae] Bl A= 54T Em gh(eF 120 TdolA Lot
o] E/n gko] 7IAle]l Wl 3 vA= T8 vt S o 2
Lo F7be wEl Hdge] Frkste Ae ddsitha & 4 Qv E gE
HHol A Aord dd
ojufof sz, 7]Ae o
A7l A 7k U7y SrtetEg, 7|A o] Wl ASaE JdA)
434 (mean free path)o] Zolx =
g oA 29 Frbe VAY HMEE AT

A=Y

o m
b
o
i
i
raf,
P
rlo
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Lo,
of,
=l
=2
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N
rlr

4.1.2. NO Ar3hdtk-$

AqUAL =] 52 b NO9 NO(NO+NO) 9 5 %=7} Fig. 126 A
Aol dnk oldel AFZA Tl ot Aol = EH‘TT’:Q/] NO7F 7
NO.2 Ag¥Evn Biuxol ¢l oy (Sathiamoorthy 5 1999; Mok & Nam,
1999, Song % 1996), Fig. 12914 & < glxo] ¥ Ao A& 2 (100~20
0C)ol A= NO9 3-8 (conversion efﬁclency)ol AHor Axstga, E
HAgkgo]l AA AstE At o] A= NOSH O v Z-e]

P 2=e wet Zadts Ay 25 Frbd mEk 2E9] AJA o]
Al Aos F 7HA o= A & dvk NO9| Abstel vhddd F8 vk
&3} 2o (Mitzing, 1991).

ol
rlo
k1
A
dr
o
&
mj

£
oo
4
H
N

Mo 22

k=1.8x10 Zexp(—1370/T) cm’/s
NO+ O — NO, (38)

k=1.0x10""1(300/ DS [N,] em®/s
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Fig. 12. NO concentrations at the plasma reactor outlet as a

function of energy density at different temperatures.
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0+ 0,— 0, (39)
k=5.6x10"%(300/ D)*3[N,]  cm’/s
0+ 0;— 20, (40)
k=8.0x10 " 2exp(—2060/7) cm’/s

09 Abshnkgol QlojA 2F°] J&o] vl
T3 Aoz dHA Jdh(Mok & Nam, 1999; Mitzing, 1991). 13}, 4
39k (40)ell A & & Aol L2olM= & Aol & dojubx] @, &=
- w2 A 0.2 HIHEE Ax 24 (37)7 22 wEgo] Abshukge] 7)o s}
A B A "ok mepA], 8%k 92 2 (38)e] H&=dH 100~200T HH 9 el
A NO Abshukgo] =gx= AL 24 (38)9 we&Hrt ko weh 7HAst
7] wj&oltk. ¢, Fig. 1200 AAISHAE F%AT NO© F&=E NO° Ahs)
g AAglel A dATA FAHA=H, ol NOZF ©A NO&=9+ A4t
stE vk AS 9wl gtk Fig. 12004 NOs& NO9| 5% #o]= NO; 5%
of sigst, FHoll dBaAAR ey Fehz=et W os) wstE NO.2t
NO &%= Hl&o we gd Zaje] 75 8 Aol GaAA A
el A Ao EAF] =S &
SEHEEE ME2A 5] fdte] dEds W&
NO<9| Atguts& E3ses 98% g}”4(Sathlamoorthy % 1999; Dorai &
Kushner, 1999; Mok & Nam, 1999; Jang & 2001; Song & 1996), A& A 2]
A w77 zol e ] vhske vt 23hEo] o Al A w77t
ol %= 700 ppm A BstgATE EiHEo] glom e odadll HIkel AR
s g AoE oA "Hrh(Sathiamoorthy % 1999; Dorai & Kushner,
1999).

Fig. 132 ol€&l =4 stell A oyx=rke] mE NOS NOx k=9 W
st& vEtdith 2o & 5 Qo] o'l Hrbel wel NO9O| Hd$H&ol
A Eok oW Fig. 12014 ¢F mpz7bA 2 NOLo| A17He 719 gldth 1y
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Fig. 13. Variations of NO and NOy at the plasma reactor outlet in
the presence of ethylene (CoHg: 750 ppm).
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Zt}(Sathiamoorthy %

S5 AA NO9 Atshit&& X 4 =d &
S 1999; Mok & Nam, 1999).

CH3+ OZHCHngQ (41)

DA E CHiOxv= CHOZ Sl = WA ofgfjel ol

CH302 +NO_>CH30+ NOz

5 Al (methoxy) 2} ZH(CH;0)2 4t
= 23, Ho= NOZ AsiAZ + 9

HO,+ NO — OH+ NO, (44)

4 (@) s LA
T =g ¥

aL, =3 vt o] x5

HCHO+ OH — HCO+ H,0

2 (45)el €13
T E HO &=

HCO+ 0,— CO+ HO,

4 (o)l <3 AR Cow v
gokel COo2 AFd & vk ol"dd By =
=

OH cegfrjzo] wkgato]l  JhAl 5]



(Sathiamoorthy % 1999).

C2H4 + OH — C2H4OH (47)
C,H,OH+ 20, + 2NO — 2HCHO+ 2NO, + 20H (48)

A2 NO9 4bshurg-& X8 = Ut} Fig. 13914 NOL2t
AAFAA R F

=
=
g4 Fvle Aol

:‘é
N
)
ih)
i)
o)
iEZ
f.:
oﬁ
rﬁi
;g
R
]

T E
Al &xo] wE NO¢ 4hahuksS é}i%i‘?i Fig. 1201]/\19} u}{w}x]i
2 A doyez 22 2EdA 22 9y
A 7l dQ3 Ao L}E} .3 o2 NO9 NOyw7F 5 E(equimolar)©]
4 w744, & NO%H NOH ®5 150 ppme] 8 W7k 285t JuAs
100°C, 150C, 200°Cel Al z+zF 4.2, 9.7, 125 Wh/m’Sl Ao =2 vrERyt),

i
2
>
3
o~
)
i
oo
o,
Ir
&

4.1.3. FAkE A

Fig. 14% Fig. 137 43 Az S4¢ v wg oo 5=
& debdt 2ol vebd whet L01 SRt EeaE v WS Hl oE
Ao w27t STk Seh=mt
OH, 03¢ 2 &Adddel o3 ¢
Nam, 1999; Song % 2000), ©] 23
o3l H Hj7|7}ze] fEo] gloemg O

g, dlgdllz O Bz E&EEs x5 wEl HasE R Fig. 14004 9
2ol 257 =& w wEH = oldde FX7F v (Sathiamoorthy &
1999). #3H o E#:-S CH30, HO, C.HOHS 722 F
NO9| Abshub-g& ZXIAIZ 4 9L, 7] ¥vhg FHE wiEs = d
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Fig. 14. Ethylene concentrations at the plasma reactor outlet as a

function of energy density.
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CO concentration (ppm)

Energy density (WHm)

Fig. 15. CO concentrations at the plasma reactor outlet as a

function of energy density.
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Fig. 16. HCHO concentrations at the plasma reactor outlet as a

function of energy density.
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o] FujgkgTlolA ddE& 9 FAAR o] &d 4 rh(Sathiamoorthy &
1999; Mok & Nam, 1999).
Fohz=np ghg7 oA dedle] EHdS W TAHE Fo il A
& datsteaet LEdEs| =y, o] dEEe] w7t Fig. 159 Fig. 16
of AAIE ] Qdtt oS o AT TN =S AA AFHew @i
st R A, 7A AEntEag 98] FID dE7]0A oldall o] 9]
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=

e gart HEHA Fe Aor wFo] odilld BF XESHE =
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o] Zai¥™ He OH zttjzo] A, OH #uzL vhg3d 22 29A v
Al

SO 2 NOE NOZ 43l A7t}
NO+ OH —HNO, (49)
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Fig. 17. Effect of water vapor on the oxidation of NO
(H2O: 3%(v/v); T: 200°C).
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Fig. 18. Effect of oxygen content on the concentrations of
NO and NO; (5 L/min).
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ol

o wmolme o MR MAFEES WAL AL NOO Asurge 2
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Fig. 19. Comparison of AC high voltage with pulse in terms of

NO conversion efficiency (5 L/min).
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a
[e)

AT BACL grka @ £ Ak et wRE A
%
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(discrepancy)= 10 ppm 7Folglal, o]E NO, As&x irstw ¢ 3%7})
#rh(z7] NOx &%= 300 ppm).
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Wol, NOpol A5 28le Be exeld 1 vwsh vt Fdel ot
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Fig. 20 (a). Effect of energy density on the concentrations of NO
and NO; in the plasma-catalyst combination system (CoHa: 750
ppm; NHs: 300 ppm; O 10%(v/v), HxO: 0%(v/v); SV:
13,600/h).
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Fig. 20 (b). Effect of energy density on the removal of NOx in
the plasma-catalyst combination system (CoHi: 750 ppmy
NHs: 300 ppm; Oz 10%(v/v); HO: 0%(v/v); SV: 13,600/h).
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oy gt Fetznl WHe] Aeade MRV AT E s Fyls
o, o] 23%= AL EE}ZU} TR FuE AgstH ALoANE dgH F
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Table 2. Quantified synergistic effect at different temperatures
(SV: 13,600/h)

Reaction Plasma | Catalyst |Summation| Combined | Synergy
temperature| only @ | only @ D+@ |system @ |@-(D+®)
75T < 10% 20% < 30% 75% 45%
100°C < 10% 40% < 50% 80% 30%
200C < 10% 70% < 80% 83% 3%
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Fig. 21. Effect of energy density on the concentrations of CO in the
plasma-catalyst combination system (CHs: 750 ppm; NHs: 300

ppm).
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Fig. 23. Effect of the space velocity on the NO. removal efficiency
(initial NOyx: 300 ppm; CHg 750 ppm; oxygen content:
20%(v/v);, HO: 0%(v/v); temperature: 150°C; catalyst:
V205/TiOy).
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Table 3. Quantified synergistic effect at different space
velocities (150C)

Space Plasma | Catalyst |Summation| Combined | Synergy
velocity | only @ | only @ DO+®@ | system @ | @-(D+®2)
13,600/h | < 10% 47% <51% 90% 32%
20,500/h | < 5% 46% < 51% 1% 26%
40,900/h | < 5% 37% < 42% 66% 24%
54,600/h | < 5% 23% < 28% 56% 28%
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Fig. 24. Effect of the initial NOs concentration on the conversion of
NO in the plasma reactor (a), and on the removal of NO and
NO; in the plasma-catalytic reactor (b) (flow rate: 5 L/min;
initial NO./CHy: 0.4; oxygen content: 10%(v/v); temperature:
150°C; catalyst: V,0s/TiOy).
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Fig. 25. Effect of the initial NOx concentration on the conversion of
NO in the plasma reactor (a), and on the removal of NO and
NO; in the plasma-catalytic reactor (b) (flow rate: 5 L/min;
SV: 13,600/h; initial NO./CHs: 04; O 10%(v/v), HO:
0%(v/v); temperature: 150°C; catalyst: V,05/TiO).

_67_



4.2.

=~

Ferel o

Mo
oot
ot

2~
T

Fig. 26& NO.o AA] WA= F&(humidity)®] &S HeEbATh
SR 150CE FASR L FEFFS 0~5%((v/v) U2 WA Zth BA
B 7] 7k 2ol o]l EAEA FE WlE NO:o A&l 90%E 3]st
gy FEe] FEe] S7HESFE NOx A&l "ol 3%((v/v)e] A=

oA 78%¢] NOx Azt& Z12]al 5%(v/v)e]l ddlg=olA 76%°] NOx A&

T
oo

-

of thebskth o]sh o] Fio] £AIG W NO, AEe] WolA: AL F¥
o AW Ao AW & vk Adaysel vl HwelA W] 9

Z=u SIS 95 Thsd A9 NOw A& 10% o= wjg- 2k
=4, o= "i7]7F2=9] Al F A Hresidence time: 042 s)o] 7] wlEo]t},

o7 AF&3 ZujE= A8 SCR 919 sFubel Vo0s5/Ti02(20 cells per
)% Zve] V,05 FF 5%(w/w)olth sy e A7) 1.8x1.8x9.7 cm’
ojm HH7| TJJ_ 31 cm’olth. V,05/Ti0; Zujete] EAHLE ¢ 3
Cr:0y/TiO: ZW %= A& E A th Cr0y/Ti0; Z1je] 27 1.8x1.8x9.7 cm’e]
] ZH7) 29E 31 cm’el L Cr0:9] e 10%(w/w)olth A2 Zeh=w}
TR SCR EFM(V,05/TiOy) T AN AaatslEo] Aol W& Ata
FeFo] 9ddko] Fig. 270 AIAE o] gtk Abagake 0~20%(v/v) W= 7}
wEdoen, NOg NO; 5&& ﬁa‘rm} R S Hu) wrg ] Fo
A BE ZAEAY Zekzvl kgl Tl 48 NO9 NO, &+
oke] Fig. 18] A|AlHo] gtk oA L Ert A Z(zero)d W =, 7to] <l
7FE A ks WE Sz S8 A 02 NO« xﬂﬂfﬂﬂ—% eSS on s

t}. Fig. 27914 BE vHle Zo] A4V & v Zuje & Ado] mfj$¢ gk

at

N

_68_



Fig.

100

—~ 80+

R

& Plasma-catalyst

S g o Hy0:0%

e v HyO:3%

% B HO: 5%

3

g 40\ Plasma only

[

= Catalyst only O HO:0%

g v H0:3%
21 O Hy0:5%

0 5 10 15 20

Energy density (\Nh/m3)

26. NOy removal efficiency as a function of energy density at
different humidity (flow rate: 5 L/min; initial NOs: 300 ppm;
CHy: 750 ppm; temperature: 150°C; oxygen content: 10%(v/v);
SV: 13,600/h; catalyst: V205/TiOy).
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Fig. 27. NOy removal efficiency as a function of energy density at
different oxygen contents (flow rate: 5 L/min; initial NO,: 300
ppm; CHi 750 ppm; temperature: 150°C; oxygen content:
10%(v/v); catalyst: V,05/TiOy).

_71_



0,- 0%
0,- 5%
0,- 10%

<4 4 O @

NOx removal efficiency (%)

0 T T T
0 5 10 15

Energy density (V\/h/m3)

Fig. 28. NOy removal efficiency as a function of energy density at
different oxygen contents (flow rate: 5 L/min; initial NO,: 300
ppm; CHi 750 ppm; temperature: 150°C; oxygen content:
10%(v/v); catalyst: CrOs/TiO»).
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Fig. 29. Comparison of V>05/TiO> with Cr;Os/TiO, catalyst (flow
rate: 5 L/min; initial NOx 300 ppm; CHi 750 ppm; oxygen
content: 10%(v/v); temperature: 150°C).
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Fig. 30. Concentrations of CO, CO, and HCHO at the outlet of the
plasma reactor (a), and at the outlet of the plasma-catalytic
reactor (b) (flow rate: 5 L/min; initial NO,: 300 ppm; CpHa:
750 ppm; oxygen content: 10%(v/v); temperature: 150°C;
catalyst: V,05/TiOy).
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