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Abstract − We analyzed the plasma chemistry, particle formation and growth in the pulsed corona discharge process(PCDP)

to remove NOx and investigated the effects of several process variables (initial concentrations of NO, NH3 and H2O and elec-

tron concentration). In the PCDP, most of NO is converted into NO2 and, later, into HNO3 which reacts with NH3 to form

NH4NO3 particles. As the initial NO concentration increases or as the initial H2O concentration and the electron concentration

decrease, it takes longer reactor length to remove the NOx. With the increase of initial NO concentration, more NH3 is con-

sumed to remove the NO initially supplied and NH3 disappears more quickly in the PCDP. In the beginning of the reactor, the

particle concentration and the standard deviation of particle size distribution increase quickly because of fast particle formation

from the NO initially supplied. The particle concentration and the standard deviation decrease in the PCDP where the NO ini-

tially supplied is all consumed. Later, the particle concentration decreases slowly by the balance of disappearance rate of par-

ticles by coagulation and generation rate from the NO newly formed and the NO2 by N2O5 decomposition reaction. New
particle formation stops after the NH3 is all consumed and the particle concentration and the standard deviation drop quickly by

coagulation between particles, but the average particle diameter grows quickly. The predicted particle diameter was in close

agreement with the published experimental result. The information on the particle characteristics can be the basic raw materi-

als to develop more efficient PCDP and particle collection equipments.

Key words : NO Removal, Pulse Corona Discharge Process, Plasma Chemistry, Particle Formation and Growth, Particle Charac-

teristics
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���� ��� NOx� SO2, CO2 	 
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 �� �� �� �

� �����, ���, ���, � �, �!"# �$% &'(� )

*+, -./, !012�, �34 567 89 :; �� <�= >

(?@ A&. BC :;��<�D EFG� HIJ� �KL$ MN

��� OP$ �Q R0D S�T 
U+@ A(V WT NOx� SO2

7 �� ���� 	 -./X �Y Z�(� [\]@ A, )*^\

�_` aa b c�+@ A&. MN% ;�. 	 $d! ef.g @

hQ ��� �i#j k� 	 ljD m0+V no NOx �i$ J

\+@ A� "pq$� �� "�7 RrX BG st/= `\]u

R�v?� wx, yz "p� {|} ~�x, ��G �� :Zx�

��G /�� :Zx �` A&. �3X NOx �i "pq9 �i e

f` �9 �� l/X ���D ,�@ �} �p$% 2� ����

` ��]� �ag D!@ A, BC$� �� 	 �� "p(�%

;�G`@ @efG� O1 �N��= `\]� R0D S�T 
U

+@ A&[1-8].

 O1 �N��= `\]� "p$� �� ��G w� "p� ��

� "p �` A(V ��G w� "p9 �� ��� w�, ���

w�w�, ��w�, c���04 �(� ��, 
&[6-10]. ��G

w� "p � �� ��� w� "p9 &� ��w� "pq �&

>� �� �  D� �}$ G\+@ A(V no� NOx �i "p

(�% S�Q R0D 
U+@ A&. �� ��� w� "p9 (1) ¡

z "p(�% ¢��}7 89 2� �}D £m ¤@ (2) �- ¥¦

§� 89 
-�` �.+V (3) lj�G 	 ¨� ©�/\` G,

�3 -ªl/$ R« ljD \`]&� #aqg D!@ A, ¬\

.` ­ ®(� ��+@ A&. ¯Q NOx �i `°$± ²�. ��

�(VOC), ³´, &`µ¶ �X � D� �}$± �� ��� w�

"p9 e�G(� S\· � A&[10-15].

Urashima�[10]9 injector= ¸  ��� w� �¹�$ NH3/CH4

= ºD]»g ;¼ NH37 CH4D NOx �i$ ½j� ¾¿g R0]

»(V �D �À` ÁDÂ�Ã, NH3� CH4X ºD/f` ÁDÂ�Ã

NOxX �ief` ÁDLg HÄ]»&. Amirov �[16]9 �Å}Æ

��� �¹� Ç$% �.Y NÈ|q` NO� SO2 �i$ ½j�

¾¿g `ÉG/¬ÊG(� R0]»(V NO� �� OH, O3, N ��

X �¹$ X  �i+Ë(V SO2� OH, O3
−�X �¹$ X  �i

+� ®(� �@]»&. Lowke7 Morrow[17]� �� ���= J\

Q �� Ì
� Ç$% NOx7 SO2X �i ÍÎÏÐ$ �  `ÉG(

� R0]»(V ��, -�, �Á� �� 89 �m �ÑÒX � �

¹$ �Q Ó±Ô�= ��#$ MN F-]»&. Õ �[18, 19]� �

�[20]9 �� ��� w� �¹�$% �¹ Ó±É$ CiQ NO �

i ¦Ög �×]»(V NO �if` �Fc±, �}vØ, �� �5

�7 NOx ¨�Ù±$ X3�g ¬ÊG(� HÄ]»&.

�� ��� w�g `\Q NOx �i R0� `½ Ú` �U+,

Û(� NOx �iv 
-�� �.+� Ü�qX �. 	 .#g �N

�� �Ñ�¹� «tvÝ �FG(� ��Q R0� Þß ½/Q Ô

à$ A(V �� ��� w� "p$ XQ NOx� SO2 �g e�G

(� �i]� á %� �¹� Ç$%X �N�� �Ñ� Ü� ��

Ñ$ �Q ` D �¼ �m]&. â R0$%� "pã� ã�D �

� ��� w� �¹� Ç$% �N�� �Ñ 	 Ü� �.� .#$

½j� ¾¿g ¦Özg ̀ \]u `ÉG(� ��]»&.

2. � �

NOx�ivX �N�� �Ñ 	 Ü� �.� .#$ �Q R0= á

  â R0$% J\Q �� ��� w� �¹�� cylinder-wire �

[10, 11](�% ¬äb Ç;9 5 cm� Dp]»&. �� ��� w� "p

$% Table 1� 2$ �åæ �¹qg @hÂ ;¼ p.G(� çè+�

NOx �ivX �ÑÒ Ù± ã� 	 Ü�Ô ��X �.� .# �p

9 Fig. 1X éê� 8` këG(� �åì � A&. �¹� �Ø$

ájQ ß;` Þ� [9 �í�î� �` ��� �� �ï(� J\

+V ð!ï(�� ¬äb H Ç�$ ljY �(sieve) �àX �ñî

� ò` J\Y&. â R0$%� NOx �i$ �m]� Hó+� ®

(� ô,!� 54kX �N�� �Ñ�¹� 23kX �ÑÒg @h]u

�� ��� w� "p$%X �N�� �Ñ 	 Ü� �.� .#g

��]»&. ��� w� "p$%� ��À Ôà$% w� �ï$ �

DY @�À$ X  �ï �ã$ �9 ��#` �.Y&. ��� w

�(� �.Y ��q9 ��#$ X  DÓ+, �9 $d!= D!

� +� �� �'` õ `1� ��q9 DÓ+! öÞ ÷9 $d!

= D!� +ø� O1 �N��D ��]� Y&. ��q9 Fig. 1$

%X Phase I$% �¹� Ç� "ù+� ��q� úû]u �¹.`

cQ NÈ|q[H, N, O, O3, OH, HO2, O('D) �]� 2� ��qg �.

]� Y&. Table 1$� �¹�� N2, O2, H2O, NH3= J\Â ;¼ NOx

�i$ �m]� Hu]� NÈ|qX �m �.�¹g �åü&. ��

� w� �¹� Ç$%X �N�� �Ñ$ X  �.Y NÈ|q9 -

�. NÈ|(O, O3, OH, HO2)� :Z. NÈ|(NH, NH2, N, H)� 0�

· � A&. cQ S.g D
 NÈ|q9 &� NÈ|`� ��q�

�¹]� +V Table 2� �� ��� w� "p �$% NOx �iv

Table 1. The main plasma reactions to generate radicals and their rate
constants[1, 4, 12, 18, 19]
(Note: Unit of rate constant: cm3 molecules−1 s−1 for two body
reactions, cm6 molecules−2 s−1 for three body reactions. M is the
molecules and T is the gas temperature)

Reactions Rate constant

O2+e→O+O+e k1=1�10−9 R1
O2+e→O+O('D)+e k2=5.2�10−9 R2
N2+e→N+N+e k3=2.0�10−11 R3
H2O+e→OH+H+e k4=3.3�10−10 R4
NH3+e→NH+H2+e k5=9.3�10−11 R5
NH3+e→NH2+H+e k6=3.2�10−10 R6
H+O2+M→HO2+M k7=1.0�10−32(T/1000)−1.42 R7
O+O2+M→O3+M k8=5.6�10−34(T/300)−2.23 R8
HO+NH3→H2O+NH2 k9=3.5�10−12exp(−925/T) R9
OH+O3→HO2+O2 k10=1.3�10−12exp(−956/T) R10
O('D)+H2O→OH+OH k11=2.2�10−10 R11
O('D)+H2O→O+H2O k12=1.2�10−11 R12
O('D)+N2→O+N2 k13=2.6�10−11 R13
O('D)+O2→O+O2 k14=4.0�10−11 R14
OH+H2→H2O+H k15=7.7�10−12exp(−2100/T) R15
H+O3→HO+O2 k16=1.4�10−10exp(−480/T) R16
H+HO2→2OH k17=3.0�10−10exp(−500/T) R17
OH+OH→H2O+O k18=1.0�10−11exp(−500/T) R18
OH+HO2→H2O+O2 k19=4.8�10−11exp(250/T) R19
N+N+M→N2+M k20=4.4�10−33[M] R20
H+HO2→H2+O2 k21=5.6�10−12 R21
H+HO2→H2O+O k22=2.4�10−12 R22
O+O+M→O2+M k23=2.76�10−31T−1 R23
O+HO2→OH+O2 k24=2.9�10−11exp(200/T) R24
O+OH→H+O2 k25=2.3�10−11exp(110/T) R25
O+O3→2O2 k26=8.0�10−12exp(−2060/T) R26
HO2+O3→OH+2O2 k27=1.4�10−14exp(−600/T) R27
���� �38� �5� 2000� 10�
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>,�� �mQ NÈ|qX -� 	 :Z �¹qg �åü&. ��

��� w� �¹� Ç$% NOx� NÈ|q�X �¹$ X  N2, N2O,

N2O5	 �-(HNO3, HNO2)�(� �:Y&(Fig. 1X Phase II). HNO3
7 HNO2� NH37 �¹]u ¥¦§�� 89 Ü�Ô ��g �.]

� Y&(Fig. 1X Phase III).

Fig. 2$%� Tables 1� 2$ A� �¹qg ý�� ��� w� "p

$ XQ NOx �i �¹ �0= këG(� �åü&. NO� :Z.

NÈ|q� �¹]u N2 D�� �:+i� -�. NÈ|q�X �¹

$ X  HNO2þ9 NO2� �:Y&. NO2� OH� HO2 NÈ|� �

¹]u HNO3� �:+V HNO2� HNO39 NH37 �¹]u @�Ü

�� ¥¦§�(NH4NO2, NH4NO3)(� �:Y&. NOx �i "p �

$� Fig. 2$ �åæ �¹;� (1)$ X  NOD ÿ�` �.· � A

(V Table 2$ NO �.�¹(R52-R54)g �åü&.

�� ��� w� �¹� Ç$% "pã� ã�D �� NOx �i

"p$ ½j� ¾¿g ��]� á  �¹� Ç ��= plug ��(�

Dp]@ NOx �i$ �mQ 54kX �¹g @h]u �ÑÒ 23k$

�Q ���!zg &�� 8` �n]»&.

(1)

z (1)$% u� ��� w� �¹� Ç$%X �� �Óg �åÇV

x� �¹� �`= �åÇ@ Ni� �ÑÒ i$ �Q Ù±= �åæ&.

αij� �ÑÒ i$ �Q j�� �Ñ�¹$%X �Ñ'É F�= �åÇV

(RXN)j� j�� �Ñ�¹X �¹Ó±= �åæ&. z (1)$% �ã �

9 �� �	X ¾¿g �åÇV ¼ã �9 �N�� �Ñ�¹(R1-

R54)$ XQ �ÑÒqX �. 	 �
X ¾¿g �åæ&.

�¹� Ç$% Ü�q9 �	 	 úû$ X  Ü� ��7 Ù±�

ã]� +ø� �� ��� �¹� Ç$% Ü�q(NH4NO2, NH4NO3)

X �. 	 .#g ��]� á  z (2)7 89 $,�� ��Ñzg

@h]»&.

(2)

u
dNi

dx
-------- αij

j 1=

54

∑ RXN( )j    i 1-23=( )=

udn
dx
------ RXN( )pδ v v0–( )Nav

1
2
---+ β

v0

v

∫ v v, v'–( )n v x,( )n v v' x,–( )dv'=

β
v0

∞
∫– v v',( )n v x,( )n v' x,( )dv'

Table 2. The main radical reactions to remove NOx and their rate
constants[1, 4, 12, 18, 19]
(Note: Unit of rate constant: cm3 molecules�1 s�1 for two body
reactions, cm6 molecules�2 s�1 for three body reactions. M is the
molecules and T is the gas temperature)

NO+NH→N2+OH k28=4.7�10�11 R28
NO+NH2→N2+H2O k29=2.1�10�11 R29
NO+N→N2+O k30=3.1�10�11 R30
NO+O3→NO2+O2 k31=2.3�10�12exp(−1450/T) R31
NO+HO2→NO2+OH k32=3.7�10�12exp(240/T) R32
NO+O+M→NO2+M k33=5.0�10�33exp(900/T) R33
NO2+O→NO+O2 k34=1.7�10�11exp(−300/T) R34
NO2+H→NO+OH k35=1.1�10�10 R35
NO+OH+N2→HNO2+N2 k36=7.4�10�31(T/300)�2.4 R36
NO2+OH+N2→HNO3+N2 k37=2.6�10�30(T/300)�2.7 R37
NO2+HO2+N2→HNO3+O+N2 k38=1.8�10�31(T/300)�3.2 R38
NO2+N→N2O+O k39=3.0�10�12 R39
NO2+O+M→NO3+M k40=9.0�10�32(T/300)�2.0 R40
NO2+O3→NO3+O2 k41=1.4�10�13exp(−2470/T) R41
NO+NO3→2NO2 k42=1.8�10�11exp(110/T) R42
NO3+O→NO2+O2 k43=1.0�10�11 R43
NO3+OH→NO2+HO2 k44=2.3�10�11 R44
NO3+HO2→HNO3+O2 k45=4.0�10�12 R45
NO3+HO2→NO2+OH+O2 k46=4.0�10�12 R46
NO2+NO3+M→N2O5+M k47=2.7�10�30(T/300)�3.4 R47
N2O5+M→NO2+NO3+M k48=1.6�10�19 R48
N2O+O('D)→N2+O2 k49=4.4�10�11 R49
HNO2+NH3→NH4NO2 k50=1.0�10�7 R50
HNO3+NH3→NH4NO3 k51=1.0�10�7 R51
N+OH→NO+H k52=4.9�10�11 R52
N+O2→NO+O k53=8.9�10�17 R53
N+O+N2→NO+N2 k54=1.0�10�32 R54

Fig. 1. The schematic of pulsed corona discharge reactor.

I: Radical Production
II: Oxidation and Reduction Reactions
III: Particle Generation Reactions

Fig. 2. The schematic of plasma reaction mechanisms for NOx reduction.
1. N+O+N2, N+OH, N+O2 17. +O, O3 12. Decompose
2. +N, NH, NH2 18. +HO2, O, OH, NO 13. Decompose
3. +O, O3, HO2 19. +OH, HO2 14. +NO22
4. +O, H 10. +NH3 15. +HO2

5. +OH 11. +NH3 16. O(D)
6. +N
HWAHAK KONGHAK Vol. 38, No. 5, October, 2000
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z (2)$% n9 Ü± �� ��= �åÇV Ü�

(v, v')7 �¹�

�`(x)X ��� �nY&. v0� �.+� ¨� Ü� 

= �åÇ

V â R0$%� K Ü�Ô��(NH4NO2, NH4NO3)X 

= �åæ

&. Nav� avogardo Ô�= �åÇV β� Ü� úû �± ���% ú

û]� K Ü�qX 

X ��� �nY&[21]. z (2)$% �ã �9

�� �	$ XQ Ü� �
X ¾¿g �åÇV ¼ãX � �� �9

Ü� �.�¹[R(50), R(51)]$ XQ Ü� �.X ¾¿g �åæ&. ¼

ãX K �� �� E �� �9 ��� w� �¹� Ç$% Ü� ú

û$ XQ Ü± �� ��X �.� �
X ¾¿g �åæ&. F-X

ef.g á  $,�� Ü± ���% >�G Ü� .#$ ¬ÊG(

� Ú` ÜÁY log-normal ��zg Dp]u z (2)= ¦�Åxg J

\]u 0�, 1�, 2� ¦�Å$ �Q �!z(� �:Q � Ü� Ù±

7 �� Ü� 

 	 �_�� �$ �Q p�= F-]�� J\]

»&[22-25]. �¹� Ç$% "pã� ã�$ M� �ÑÒqX Ù± �

�7 Ü� W.(Ü� Ù±, �� Ü� 

, �_��)g F-]� á 

z (1)� (2)X 0�, 1�, 2� ¦�Åzg Ô½� wpz solver�

DGEAR subroutine(IMSL library)g `\]u �Ë&.

3. �� � 	


�� ��� w� "p$% "pã� ã�D �ÑÒq Ù± �� 	

Ü� �.� .#$ ½j� ¾¿g ��]� á  "pã��% ¨�

NOÙ±([NO]0), ¨� H2O Ù±([H2O]0), �� Ù±(Ne) �g ã�v

�&. [NO]0, [H2O]0$ �Q �_ �¡(� 300 ppm, 3%g J\]»&.

NOx�i= á  �� ��� w�g J\Â ;¼ ��7 corona dis-

charge kinetic$ �Q �zG �J= J\]u� Q&. â R0$%�

Table 1X R1-R6g >(?� áQ �� Ù±= vØG "ØG(� �

�Q �g J\]»&.vØ 	 "Ø$ � % ��Q �� Ù±� Ar-

mirov �[16]$ X  F-Y streamer$%X �� Ù± ���
� �

�� 100 Hz, streamerX filling �±� 10−2� ]»g � � 1.1 106

cm−3� F-+Ë(V â R0$%� NOx �ivX �N�� �Ñ 	

½!� W. ��g á  ��X �_ Ù±= 106 cm−3� Dp]»&.

[NO]0� 200-500 ppm, [H2O]0� 1-5%, Ne� 5 105-1 106cm−3� ã�

v�&.¨� NH3Ù±([NH3]0)� 300 ppm(� ]»@ O2 Ù±� 20%

D +±Ã ]»(V N2� "#� D�� J\]»&. �� �� �'9

12 l/min� ]»(V �¹� Ç ��qX 1±� 300 K= J\]»&.

Fig. 3$%� ¨� NO Ù± ã�$ M� NO, NO2 	 N2O5X Ù±

��= �¹� �`$ MN �åü&. �¹� ¨�
$%� Fig. 2$%

X �¹;� (2)7 (3) 	 (5)$ XQ NOX �¦Ó±D �¹;� (1)

$ XQ �.Ó±�& $% &'ø� NO Ù±D ù(]� P�]@

A(V [NO]0=300 ppm� ;¼ �¹� �`D � 5 cm$% ¨�$ "

ùY NOD iX ¦K �¦Y ®g �`@ A&. NO� �� ���

w� �¹� Ç$% Table 2$%X NÈ| �¹(R52-R54)$ X  FÓ

 % �.+� �.+��� NO2, HNO2 	 N2� �:+ø� ¨�$

"ùY NOD ¦K �¦Y � NO Ù±� �¼ ÷� �å�@ A&.

NO2X ;¼ �¹� ¨�
$%� Fig. 2$%X �¹;� (3)$ XQ

NO2 �.Ó±D HNO3, NO3 	 N2O�X �¦Ó±�& )N NO2

Ù±� ÁD]@ A&. NO Ù±D P��$ MN NO2 �.Ó±� P

�]� +@ �9 NO2 Ù±$ XQ NO2 �¦Ó±� ÁD]� +ø

� NO2 Ù±� P�]@ A&. N2O5X ;¼ �¹� ¨�$ Fig. 2$

%X �¹;� (14)$ XQ N2O5 �.Ó±D � �¹[�¹;� (12)7

(13)]$ XQ N2O5 �¦Ó±�& $% &'ø� N2O5 Ù±� ÁD]

@ A&. NO2 Ù±D P��$ MN N2O5X �.Ó±± P�]� +

, N2O5 Ù±D P�]@ A&. ¯Q N2O5X � �¹(R48) Ó±�

NO� NO2X �.Ó± 	 �¦Ó±�& *h N2O5 Ù±D *}� P

�]@ A&. ¨� NO Ù±D ÁD�$ MN ¨�$ "ùY NOD

�¦+� áQ �¹� �`� ÁD]@ A&. ¯Q ¨� NO Ù±D

ÁD�$ MN NO27 N2O5X �.Ó±� ÁD]� +ø� NO27

N2O5 Ù±� ÁD]@ A(V NO27 N2O5X �¦�¹9 %%T 


U+@ A&.

Fig. 4$%� ¨� H2O Ù± ã�$ M� NO2 	 N2O5X Ù± ã

�= �¹� �`$ MN �åü&. â R0$%X ¨� H2O Ù± +

á Ç$%� ¨� H2O Ù± ã�D NO Ù± �� ã�$ õ ¾¿

g ½jÏ ,]� ®(� ��+Ë&. NO27 N2O5 Ù±� Fig. 3$%

Fig. 3. The NO, NO2 and N2O5 concentration profiles for various initial
NO concentrations along the reactor length([NH3]0=300 ppm,
[H2O]0=3%, Ne=1�106 cm−−−−3).

Fig. 4. The NO2 and N2O5 concentration profiles for various initial H2O
concentrations along the reactor length([NO]0=300 ppm, [NH3]0

=300 ppm, Ne=1�106 cm−−−−3).
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Fig. 5. The NO, NO2 and N2O5 concentration profiles for various elec-
tron concentrations along the reactor length([NO]0=300 ppm,
[NH3]0=300 ppm, [H2O]0=3%).

Fig. 6. The accumulated amounts of reaction paths comparing the ini-
tial NO concentration along the reactor length([NO]0=300 ppm).

Fig. 7. The NH3 concentration profiles for various initial NO concentra-
tions along the reactor length([NH3]0=300 ppm, [H2O]0=3%, Ne=
1�106 cm−−−−3).
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Fig. 8. The particle concentration profiles for various initial NO concen-
trations along the reactor length([NH3]0=300 ppm, [H2O]0=3%,
Ne=1�106 cm−−−−3).

Fig. 9. The particle diameter profiles for various initial NO concentra-
tions along the reactor length[NH3]0=300 ppm, [H2O]0=3%, Ne

=1�106 cm−−−−3).
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