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��� NO� ����� �� �� ! NO2" #$%&' ()*+ ,

- ./� 01*+ ,*2, 34� ��50� +6- ��+ �78� �� NO2 �9� :;! 2< �= >�?@� A

B� CDEFG. H IJ�� >�?@' K�- LM @NOP, 6+ NO2 Q0, ���0 RST ���� Q0�U, VV

� >�?@� W- %� X," Y�*ZG. NO2" #[%&' ()*+ ,��! \+�]� @NOP� 4-6%(v/v) �^

M  _` *�, @NOP� a b�cd! LM e �f� g! L&' �hiG. 6+ NO2 Q0� 100 ppm �*' j�

k! l*! ()#[ m�� no- pqcr� stu b�*U, ���0! v�@w NO2 ()� xS- L&' �hi

G. NO2 �9 50! ����� Q0� yz �{*= |! L&' }� ~G.

Abstract − This study reports a simple reactor modeling utilizing chemical kinetic data of the gas phase reaction between

nitrogen dioxide, ammonia and water vapor in order to estimate the influences of several operating variables on the removal of

NO2 which is generated from NO by the oxidation process in a non-thermal plasma reactor or an electron-beam irradiation

reactor. The operating variables chosen are water vapor content, initial concentration of NO2, reaction temperature and ammo-

nia concentration and the appropriate ranges of such variables were suggested. The gas phase reaction for the removal of NO2

takes place effectively at the water vapor content higher than 4-6%(v/v), but further increase in the water vapor content does

not significantly enhance the removal. The residence time required to achieve a desired removal efficiency of NO2 was found

to rapidly increase when the initial concentration of NO2 is less than 100 ppm. Since the removal rate of NO2 is in inverse pro-
portion to the reaction temperature, lower temperature is favorable to promote the reactions. The effect of ammonia concen-

tration on the removal of NO2 was estimated to be negligible. 
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1. � �

�� �� ���, 	
�� �
 ��� ������ ���� �

����
 ����� � ! �"#$ %& '()* +,- .�.

������ ���� ���

��$ /01
 2����(NO)34 ����$ /01
 3���

(SO2)3�. 56 7!, 3���� �����8 9:� 	;<= >�

=?* �@A ��(electron beam irradiation process)� B*C D�� =

E� FG HIJK ��(non-thermal plasma process)� /� �LM N

OP�� Q�<R ST�! U�[1-7]. 37 ��$ /01
 VWXY

Z [\]M	* ^_<4 .)`, �=Ma$ 3���� �����

8 bb ��#c( ��VWd� ��VWd)* �e:f�. 3��

�
 VWXY�$ [\"3 gh iY �@A3C B*C D� j3

k !l �k 	;�� m)* +,- .)` no 90% 3p$ 	;q

r3 s!tC, NO$ uh� VWXY� [\<t vY, NO$ 	;Z

>w�� �@A8 x^<;C B*C D�8 2)y� m3 zS{3

�[5, 8-9].

�@A ��3C FG HIJK ���� |"�� %& Q"}
 O,

OH, HO2, N� �
 I~�, �� ��4 3G "173 .)`, 3�

�� ��" I~�( O, OH, HO2� ��3 NO$ 	;[\� �&�

��8 ��[10-12]. 37 ���� NOM 	;�� [\=LZ ��n

� ��� ��. NO� O, OH, HO2 � ��� $w #�{ �R NO2

* ���`[11-13], NO2� �=Ma� %��� VWXY� S1� $

w ��VWd)* �e��[5]. � �� ��VWd |" u*� NO2

M OH I~�� $w ��(HNO3))* ��� �� VWXY� [\

<� u*(�, NO2Z ��)* ��:y= >w�� �
 ��3 �

W�4 [\k ��R 2!Ct v��[11]. �I� |"�� VWd�


 ;$ NO2, S1, VWXY$ [\� $� m3I � S .)`, �

=��t$ % ��
 NOZ NO2* ��:y� m3I � S .�[5].

FG HIJK ��3C �@A ���� �� [\8 ow NOM

NO2* �R ���tIk NOx(NO+NO2)$ F�8 >w�� NO2 	

;M zS{3�. ��� n4 � �� $<�, NO2, NH3, S1�$ [

\3 l�= ��� [\8  ¡:y= ><¢ £�¤ ¥h�� �


�@p ��8 �=Ma� %�<=k <4, ¢�¦Z [\= §¨�

©ª<=k ��[4-5, 14-15]. �@p ��3C ¢�¦Z ��� «M¬8

�$ ­®
 NO2, NH3, S1 ^3$ [\� 3_� S .� 4¯ °�

3 	��!  ±2 �²[\(heterogeneous phase chemical reaction)3

³k��� m3�. �´C 3� �
  ±2 �²[\8 µ¶·�k

 L<4 /01$ FG HIJK ��3C �@A ��$ NOx

(NO+NO2) F�qr
 50-70%Z ¸t ¹��[5, 8, 15-17]. �� ¢�

¦ �� 1¡8 ��� «M<� m
 �
 �	Z º= :» S .�

[4, 14]. 5} |"�( ��VWd� ��VWd
 ¼½"3 ¾� ¿"

3 .��, /01$ �=Ma� �À$ S18 ·³<4 .)Á* ¢

�¦$ ÂÃÄ Åp3 CÆÇ S .4, �=Ma� (>{)* �@p

��8 ]M<� m
 �&� /=����( 1¡ÈkZ ÉM:y�

Ê�M �Á* Ë¡ ©#$ 0Ì8 M�:yR ��.

3p�� ��Í �� �3, FG HIJK ��3C �@A ���

� NOx$ F�qr8 i3= >w�� NO2$ 	;qr8 i3� m

3 ÎÏ3`, 3Z >w�� NO2 	; [\� /� �Ð� 4Ñ3 z

&<�. NO2 	; [\Òk� ÓÔ8 Õ S .� ÖS*� �=Ma G

k, ½k, NO2 Èk, NH3 Èk ×8 7 S .�. ÅØÙt� �L$ D

Ô3 %* [\= � �=�Ú­ª ©Û ��4 NO ��[\� �®

8 Ü! U= ���, 37 ÖSM NO2$ 	;[\� !Ý� ÓÔ8 %

�t� /� �À{( �LM Þ¼� £�3�. Í �L��� 3ß{

( à6Dá8 o<¢ Gk, S1, E= NO2 Èk, VWXY Èk ×�

�
 ÖSM NO2$ 	;[\� !Ý� ÓÔ8 %�t ��n4@ < ,̀

qr{( NO2 	;[\ xÏ8 >� ��ÖS$ =â8 	�<� m3

ã°3�.

2. ��� ��

NO2, H2O, NH3$ �²[\� /� Òkß{ 4Ñ8 ><¢ 37 �

��$ =p [\8 �[\(elementary reaction))* L1<� ���

��[18, 19].

(1)

(2)

ä (2)� $w |"� HNO3� VWXY� [\<¢ ��VWd

(NH4NO3))* �e� S .)`, NH2NO� �� [\� $w ���

S1)* 1w�� m)* +,- .�[18, 19].

(3)

Wå �=Ma�� S13 �Ø<Á* 3����(NO2)$ �&� 	

;u*� ��� �
 S1�$ [\3�.

(4)

ä (4)� $w |"� HNO2� Yæ� �3 NO� NO2* 1w � S

.�.

(5)

�´C �=Ma� VWXYM �Ø<R �� ä (5) çè$ [\


	��4, /é HNO2� VWXY� ��� �3 [\��.

(6)

[\ä (6)� $w |"� NH4NO2�  ê�� ��*� ��� S1

)* 1w��.

(7)

>$ [\��8 &ë<� Fig. 1� ��. FG HIJK ��3C �

@A ��$ �&� ­®�$ <C� ³w� �����*0ì ³í�

#c"1( ��VWd8 s8 S .�� m3�[2, 5]. �´C ä (1)�

� (7)$ [\=L� $<�, 	;�� NO2$ �0M ��VWd)*

�e�t v��� m8 + S .�. ä (2)� (4)� $w |"� ��


VWXY� [\<¢ ��VWd)* �e�tî, ä (2)� $w |"�

NH2NO� ä (6)� $w |"� NH4NO2� bb ä (3)� (7)� $w �

�� �* 1w ��. ï +,¡ �� �3, ä (2)� (4)� $w |"�

��
 VWXY� [\<¢ ��VWd)* �e�=� <tî, ð�

²{)* ��n� |"�� ��3 ñ�<R VWd�)* �e��

m
 YX4, ��
 VWXY� ð�²{ òçpèZ 3ó4 .�[20].

2NO2 N2O4=

N2O4 NH3+ HNO3 NH2NO+=

NH2NO N2 H2O+=

N2O4 H2O+ HNO3 HNO2+=

2HNO2 NO NO2 H2O+ +=

HNO2 NH3+ NH4NO2 s( )=

NH4NO2 s( ) N2 2H2O+=

Fig. 1. Reaction mechanism of NO2 removal in gas phase.
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108 �������������������
�´C /ô{( ��StZ õön= ><¢ |"� ��3 �0 �

�VWd)* �e��4 M�<�, ä (1)�� ä (7)$ [\8 ow 	

;� NO2� 50%M ��VWd)* C÷t 50%� ��* �e���

m8 + S .�.

ä (2)�� ä (7)3 2!C= >� ø:[\
 ä (1)� �)` $^

�ppè(pseudo-steady state)Z M�<�, NO2 Èk� N2O4 Èk^3

$ ÎÛZ òçpS$ Î®�� ��� �3 °Å� S .�.

(8)

¢=� Keq� [\ä (1)$ òçpSZ CÆù�.

>�� ��Í �� �3 NO2, H2O, NH3M ��<� :aú�� 5

}{( |"�
 ��VWd, ��, S13 �`, NO2$ F� Òk�

�� ä� $w °Å� S .�.

(9)

ä (8)
 N2O4 Èk Î®�� Yæ� �3 �: °Å� S .�.

(10)

ä (10)8 ä (9)� /�<� ��� �
 ä3 s!¡�.

(11)

ä (11)�� pS78 �ô� :y� ��� ��.

(12)

¢=� ÒkpS� wû<� k1� k2� ük(@(frequency factor)�

Q"���t(activation energy)Z 3_<¢ ��� �3 °Å� S .�.

(13)

(14)

ä (13)� ä (14)�� A1� A2� ük(@(frequency factor), E1� E2

� Q"���t(activation energy), R
 =¯pS, T� ý/ GkZ C

Æù�. [\ÒkpS k1� k2� /� ük(@� Q"���t� Table

1� &ë�! .��[18, 19], Q"���tM �S* °Å�! .� m


 37 [\$ [\��§ þÿ� Ö�M 0n� �R �
 uh� w

û��. Table 1� ��� N2O4� NH3$ [\ÒkM N2O4� H2O$

[\Òkn� �� l��4 � S .�.

ä (12)-(14)� �3 °Å�� [\ Òkä� ÒkpS78 3_<¢

�� NO2 F�ÒkZ Û�� SM .�. �DÔ 	
(axial dispersion)

8 �:<4, [\=��$ �
8 H´� �
(plug flow)3I4 M�

8 <� ��� �
 ä3 s!¡�.

(15)

¢=� u0� Ma$ ò± ³Ò(linear velocity), z� �3 DÔ)* �

$$ >ª, RNO2� ä (12)* °Å�� NO2$ F�ÒkZ CÆù�. �

$$ >ªÙt ÷�� :� τ� z/u0� �)` ä (15)� ��� �3

Öç� S .�.

(16)

ä (16)� ä (12)Z /�<�,

(17)

ä (17)8 ¯�:�$ Ö�(³À �� [\= 0�$ Ö�), E= NO2

� NH3 Èk$ Ö� S1·À$ Ö�� �
 ��� xÏ� /w Û

�� S .�. �� ä (13)� ä (14)�� + S .�3, [\ÒkpS

k1� k2� Gk$ ·S3Á* ��� Gk��$ NO2 F�qr8 ò

M� S .�.

ä (17)8 ��'�8 k�<¢ �: °Å<� ��� ��.

(18)

¢=�

(19)

(20)

ä (20)�� τL
 �=MaM [\=� ÷�� � ¯�:�(residence

time)3�.

ä (1)-(7)8 3_<¢ VWXY� /� ��StZ õh�, [\ §

�Y.� VWXY$ Èk[NH3]� E= NH3 Èk�� j!¡ NO2 È

kZ �%� ��. �, [NH3]� ��� �
 ä)* °Å� S .�.

(21)

�I� ä (18)
 ��� �3 Öç� S .�.

(22)

¢=� CR
 E= NO2 Èk� /� VWXY$ %�#(injection ratio)

*� �$�`, ��� ��.

(23)

��, �� 20$ S13 [\� $w �W�=� <C, £	* S1

$ ÈkÖ�� ;$ j)Á* ä (22)�� yH2O� pS* �%� S .

�. ä (22)Z ��<¢ �: �� ��� ��.

(24)

ä (24)� �
 Þ1D�ä8 �= ><¢ ÖSZ 1�<�,

(25)

ä (25)� �
 çè$ Þ1D�ä$ w�w(analytical solution)� �

�� ��.

(26)

¢=� pS C1
 ��� �
 pS7$ 
3�.

(27)

Keq

N2O4[ ]

NO2[ ]2
-----------------=

RNO2
k1′ N2O4[ ] NH3[ ] k2′ N2O4[ ] H2O[ ]+=

N2O4[ ] Ked NO2[ ]2=

RNO2
k1′ Keq NO2[ ]2 NH3[ ] k2′ Keq NO2[ ]2 H2O[ ]+=

RNO2
k1 NO2[ ]2 NH3[ ] k2 NO2[ ]2 H2O[ ]+=

k1 A1 E1– RT⁄( )exp=

k2 A2 E2– RT⁄( )exp=

u0

d NO2[ ]
dz

------------------– RNO2
=

d NO2[ ]
dτ

------------------– RNO2
=

d NO2[ ]
dτ

------------------– k1 NO2[ ]2 NH3[ ] k2 NO2[ ]2 H2O[ ]+=

dyNO2

dχ
-------------– χ1yNO2

y2
NH3

χ2yNO2
y2

H2O+=

yNO2

NO2[ ]
NO2[ ]0

-----------------=   yNH3

NH3[ ]
NO2[ ]0

-----------------=   yH2O

H2O[ ]
NO2[ ]0

-----------------=, ,

χ τ
τL

-----   χ1 k1τL NO2[ ]0
2   χ2 k2τL NO2[ ]0

2=,=,=

NH3[ ] NH3[ ]0 NO2[ ]0 NO2[ ]–( )–=

dyNO2

dχ
-------------– χ1yNO2

2 CR yNO2
1–+( ) χ2yNO2

2yH2O+=

CR

NH3[ ]0

NO2[ ]0

-----------------=

dyNO2

dχ
-------------– χ1yNO2

3 χ1 CR 1–( ) χ2y+ H2O[ ]yNO2

2
+=

dyNO2

yNO2

3 CR χ2 χ1⁄ yH2O 1–⋅+[ ]yNO2

2+
--------------------------------------------------------------------------------- χ1dχ=–

1
C1yNO2

---------------- 1

C1
2

------
C1 yNO2

+
yNO2

---------------------ln–
1

yNO
2

χ1 χ[ ]0
1=

C1 CR

χ2

χ1

-----yH2O2
1–+=

Table 1. Kinetic data for the reaction of NO2 with NH 3 or H2O

Frequency factor 
(m6 kmol-2 s-1)

Activation energy 
(kJ mol-1)

k1 with NH3 1.534 −45±2
k2 with H2O 9.656×102 −24.2±0.8
���� �41� �1� 2003� 2�
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ä (26)8 ��<¢ �: �� ��� ��.

(28)

ä (28)
 �R Û�� S .)`, 3 ä8 3_<¢ ��� xÏ� /

w ��' NO2 Èk� ̄ �:�$ ÎÛZ òM� S .�. ä (20)$ �

�'�7
 E= NO2 Èk, ¯�:� � Gk$ ·S( [\ÒkpS

Z ¦·<4 .4, ä (27)
 E= NO2 Èk� /� VWXY$ %�#

(CR) � S1·À(yH2O)8 ¦·<4 .)Á*, ÊN ä (28)� $w ¢´

Mt ÖS(E= NO2 Èk, S1·À, [\Gk, E= NH3 Èk)$ ÓÔ

3 Û���. ä (28)$ �à{( Û� Ê�� yNO2� χ1$ ÎÛ3tî,

ä (20)�� + S .�3 χ1
 ¯�:�)* �e� S .)Á* yNO2

� ¯�:�$ ÎÛM s!¡�.

3. 	
 � �


3-1. ����� NO2 ���	

Fig. 2� NO2 	;qr� /� ¯�:�$ pÎÎÛZ k:� m3�.

ä (28)� $w ¯�:�� �� ��' NO2 Èk(yNO2)M Û��Á*,

	;qr
 (1−yNO2)×100(%)� �
 ä8 3_<¢ �R s!¡�. F

G HIJK ��3C �@A ���� NOM NO2* ���� [\


%* ���� ��� $�<tî, NO2M S1 � VWXY�$ [\

8 ow 	;�! VWd�8 ç"<= >w�� 2�� [\:�(̄ �

:�)3 z&<�. Fig. 2M $Þ<� m
 FG HIJK ��3C �

@A ���� NOZ NO2* ��:�  !8 �, ̄ �:�� �I NO2

	;qr3 "KC ÓÔ8 #�M <� m3�. Fig. 2$ Û�
 �@A

��3C FG HIJK ��$ �ç{( $�xÏ( 343 K�� ST

�%��, �&�� n� �� �3 '"<4@ <� NO2 	;qr3

i8S( z&� ¯�:�3 Ú)� ÉM<4 .�. NO2 	;qr�

�I z&� ¯�:�3 tS{)* ÉM<� 3³� [\Òk$ ��

* w�� S .�. ä (12)�� + S .�3 [\Òk� NO2$ Èk

� #*<��, 	;qr3 ÉM�S( NO2 ÈkM ���! [\Òk

M +!tR ��. �, '<� NO2 	;qr3 ÉM�S( �� i
 ¯

�:�3 ,n�!º ��. -Z 7!, NO2$ 30%Z =p[\8 ow 	

;<= >w�� ë 7.2E$ ¯�:�3 z&<tî, 2�( 60%$ 	;

qr8 s= >w�� ë 3.5�$ ¯�:�( 25EMÀ3 z&<�.

3-2. 
� �
��� ��� ��

Fig. 3(a)� ä (28)� $w Û�� ��' NO2 Èk� ¯�:�$ Î

ÛZ E= NO2 Èk$ ·S* °Å� m34, Fig. 3(b)� '<� NO2

	;qr8 '"<= ><¢ &L�� ̄ �:�3 E= NO2 Èk� �

I !.R Ö���MZ CÆù m3�. 3 Û���� E= NO2 Èk

� E= NH3 ÈkZ /R, �, ä (23)$ CR8 1.0)* Ü4 Û�8 S

T<0�. 1� 2Ú� �� �3, NO2 	;[\Òk� NO2$ E=È

kM 3S( ��Á*, NO2 E=ÈkM i8S( 92� ¯�:���

	;qr3 iY¡�. Fig. 3(a)$ Ê�� $<� ¯�:�3 �8 ��

1
C1yNO2

---------------- 1
C1

------– 1

C1
2

------–
C1 yNO2

+

C1 1+
---------------------ln 1

yNO2

---------- χ1=

Fig. 2. Residence time required to achieve a given NO2 removal effi-
ciency([NO2]0: 200 ppm; [NH3]0: 200 ppm; humidity: 5.0%(v/v);
temperature: 343 K).

Fig. 3. Dimensionless concentration profile of NO2 at different initial NO 2

concentrations (a), and residence time required to achieve a given
removal efficiency (b). (CR=1.0; humidity: 5.0%(v/v); reaction tem-
perature: 343 K).
HWAHAK KONGHAK Vol. 41, No. 1, February, 2003



110 �������������������
NO2 F�r3 gh Fx�� [w, ��� n4 � FG HIJK NOx

	; £4��� 10EÞî$ 5
 ̄ �:��k  L<4 /ô 50-70%

MÀ$ ����� F�qr3 s!t� m)* n4 �4 .�[5, 8,15-17],

3´� �3� 1� 2Ú� ¢�¦ °� �� �@p ��$ °���

2!C�  ±2 �²[\ ��)* w���. ��, �=Ma� �Ø

<� 1¡k  ±2 �²[\8 >� 4¯°�)* 3_� S .� m

)* n(�. 1¡3 ¦·�! .� £	 �=MaZ ^_� Jang ×

[17]$ £4��� ¢�¦Z [\= §¨� ©ª<t vYk 60% 3p

$ NOx F�qr3 '"� S .�8 n¢%4 .�. �´C 3� �


  ±2 �²[\3 2!Ç S j� xÏ��$ £4Ê�� gh F

x� NOx F�qr8 n¢%4 .�[11].

Fig. 3(b)�� 50-80%$ NO2 	;qr8 '"<= ><¢ &L��

¯�:�8 #�wn�, E= NO2 ÈkM 6Y�S( z&� ¯�:�

3 ÉM<� m)* n3`, ¿� E= NO2 ÈkM 100 ppm 3<M �

� z&� ¯�:�3 Ú)� ÉM��� m8 + S .�. -Z 7!,

E= NO2 ÈkM 300 ppm2 �� 50%Z 	;:y,� 11E MÀ$

¯�:�3 z&<C E= NO2 ÈkM 50 ppm2 �� �, 68E 3p

$ ¯�:�3 z&<�. �, E= NO2 ÈkM 300 ppm2 �� 70%$

NO2Z 	;:y= >w ë 26E$ ¯�:�3 z&<C E= NO2 È

kM 50 ppm2 �� 158E$ ¯�:�3 z&<�. 3� �3 E=È

k� �I z&� ¯�:�3 Ú)� ÉM<4 .)`, 	;qr Î®

�� Í�� 6
 Èk$ NO2Z 3� �3 [\8 ow 7�<� m


#qr{3�. Fig. 5(b)�� ��n� =p[\8 ow 7�� S .�

{ý� NO2 Èk� 100 ppm 3p( m)* n(�.

3-3. ����� ��

Fig. 4(a)� S1$ ·À8 2.0-12.0%(v/v)* Ö�:y` ä (28)8 3

_<¢ Û�� NO2 	;qr8 CÆù�. Fig. 4(a)�� ÎÑ�� m7

8, NO2 	;qr
 S1·À� �I #*{)* ÉM<� uÔ8 C

ÆO`, 3´� Ê�� [\�$ <C* �_<� S1$ Èk ÉMM

NO2 	;[\ÒkZ ÉM:y= ��3�. 19 �L��k S1·À

8 2%(v/v)�� 5%(v/v)* ÉM::8 � NO2 ÈkM �R ����

Ê�Z s
 � .�[12]. �´C Fig. 4(a)�� n� m78, S1·À

� �� NO2 	;qr ÉM �k� S1·À3 ÉM�S( ®� ;�

��� m8 + S .�. ¿�, S1·À3 6%(v/v)Z ¸!�� NO2 	

;qr ÉM� Þª� S1·À$ ÓÔ3 �t v�. �I� S1·À

3 6%(v/v) 3p( �=Ma$ uh� NO2 	;qr8 ÉM:y= >

w (>{)* S18 ]M<� m3 < $ÞM j�4 � S .4, S

1·À3 6
 NOx ��ø�� /w�� S1$ ]MM z&� m)

* =¨��.

Fig. 4(b)� 50%�� 80%$ NO2Z 	;<= ><¢ &L�� ¯�

:�8 S1·À$ ·S* °Å� m3�. �&� CÆ> �� �3 S

1·À3 �8S( gh ? ̄ �:�8 &L<4 .��, 3 Ê�� NO2

M NH3 � H2O� =p[\8 <�� .!�, S13 [\Òk� < Ó

Ô8 %= ��3�. Table 1� 	:�! .� [\ÒkpSZ ��n

�, NO2� S1$ [\ÒkpSM NO2� VWXY$ [\Òkn� ë

60� MÀ @8 + S .��, 3m
 S1·À3 [\Òk� .!� V

WXY Èkn� �&� ��8 $Þ��. ¿�, S1·À3 4-6%(v/v)

3<* +!t� '<� 	;qr8 '"<= >w z&� ¯�:�3

Ú)� ÉM��. NO2 	;qr 50%Z =â)* ��n�, S13

6.0%(v/v)2 �� 14E$ ¯�:�3 �&�C, S13 2.0%2 �� 3

� MÀ$ ¯�:�( 42EM z&<�.

3-4. ����� ��

Fig. 5(a)� ��� [\Gk�� ä (28)� $w Û�� ��' NO2

Èk� ¯�:�$ ÎÛZ n¢%4 .)`, Fig. 5(b)� 50%�� 80%

$ NO2 	;qr8 '"<= ><¢ &L�� ¯�:�8 [\Gk$

·S* CÆù m3�. Fig. 5(a)�� n�, NO2$ 	;Òk� Gk$

ÉM� �I #*{)* ��<4 .�. 2[{( [\ÒkpS� Q"

���tM �S3Á*, Gk$ ÉM� �I [\ÒkpSM ÉM��.

�´C NO2� VWXY ��4 NO2� S1$ [\��� Table 1�

	:� �� �3 Q"���tM �S* °Å�Á*, Gk$ ÉM�

[\ÒkZ ��:yR ��. [\Gk$ ÉMM NO2 F�qr8 ��

:f�� m
 ��� �=Ma$ GkM op{)* 4G3I� ®8

|b<� pû�  �� 	�xÏ3�. AB<�, GkZ +!C�= >

w�� ð�e=Z ©ªwº<�� ©##D î YXI ð�e=$ $

�#_k gh i= ��3�. ��, FG HIJK�  g E
 :aú

��� Gk$ ÉM� �I ����� F�qr3 ÉM<� m)* n

4 �4 .��[21, 22], 3m
  g$ Q"3 Gk� �I ÉM<� Å

Fig. 4. Dimensionless concentration profile of NO2 at different humidi-
ties (a), and residence time required to achieve a given removal effi-
ciency (b). ([NO2]0: 200 ppm; [NH3]0: 200 ppm; temperature: 343 K).
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p)*�, [\u*M ��Á* Í �L�� �ó4 .� [\�� Î

ÛM j�8 FG;�.

Gk$ ÉM� �� [\Òk ��� '<� NO2 	;qr8 '"<

�� z&� ̄ �:�8 ÉM:f�. Fig. 5(b)� $<� NO2Z 50% 	

;<= >w�� pG(300 K)�� ë 3.8E$ #�{ 5
 ¯�:�3

� H1<C, GkM 23 Kî ÉM�!k 2� 3p$ ¯�:�( 8.8E

MÀ3 z&<�. �, [\8 >� ��3 2� 3p I-º <;C �=

Ma ³À8 ý[ 3<* Õ¢º ��. ��, Fig. 5(b)�� '<� NO2

	;qr3 i8S( bb J9$ =K=M ®® � It��, 3 Ê��

'<� 	;qr3 i8 � Gk$ ÉM� ��  �� [\xÏ3 ��

� m8 $Þ��. �I� 4qr$ NOx 	;Z >w�� [L: �=M

a GkZ ��:�º � z&"3 .�. ��, /01$ �=Ma� �

����� 3���3 ��<4 .! {�� [\Gk$ Ê��� 3�

��$ 	;qrk 9:� 4,wº ��. ��� $<� 3��� 	;

[\
 333-343 K 67M {�� m)* n4 ���[2, 4, 14, 23], 3�

��� �����8 9:� 7�<= >w�� 5�� [\ GkZ 3

GkM> 3<* ³t:y� m3 �N�<�4 � S .�.

3-5. ���  ��� ��

Fig. 6
 E= VWXY ÈkM NO2 F�r� Þª� ÓÔ8 ä (28)

8 3_<¢ Û�� Ê�3�. ä (28)$ Ê�� ���, VWXY$

Èk� NO2 F�r� ;$ ÓÔ8 %t ¹<4 .��, 3 3³�

NO2� S1$ [\ÒkpSM NO2� VWXY$ [\Òk� #w

gh �= ��3�. �´C VWXY ÈkM NO2 F�Òk� ÓÔ

8 %t� ¹�tIk, �@A ��3C FG HIJK ��$ 5}

{( ã°M #c"1( VWd�8 |":y� m3Á* VWXY$

^_
 ��$ zS xÏ3�[24]. ä (1)-(7)�� + S .�3, 	;

�� NO2 1Oû VWXY 1O3 �&�Á*, Þ[\ VWXY$ �

�8 Dt<= >� �N�� VWXY ^_À
 NO2 F�À� �Y

º ��. 3���� �����3 ��<� Û��� 3��� 1O

3 VWXY 2O� [\��� m8 9:� 4,<¢ VWXY ^_

À8 Ê�wº ��.

4. 	 �

Í �L��� NO2, S1 ��4 VWXY$ [\� /� Òkß{

à68 o<¢, {�M>$ E= NO2 Èk, S1·À, VWXY Èk,

[\Gk� /� =â8 	:<0�. �=Ma$ S1·À3 4-6%(v/v)

3p
 �!º NO2 	;Z >� [\3 qr{)* 2!C4, S1·

À8 � ÉM:y� m
 z&� ¯�:� � NO2 F�r P��� <

3Q3 j�. E= NO2 ÈkM 100 ppm 3<* �8 �, '<� 	;

qr '"� z&� ̄ �:�3 Ú)� ÉM<Á* 6
 Èk$ NO2Z

4qr* 	;<� m3 #qr{3I � S .�. [\Gk� 68S

( NO2 	;� ³�� m)* CÆR)`, 3���8 9:� 	;<

= >w�� 5�� 333-343 K 3<* �=Ma GkZ 6«!º ��.

#c "1$ |"8 >w�� VWXY$ ̂ _3 zS{3C, VWXY

$ Èk� NO2 F� Òk� �R ÓÔ8 %t ¹<� m)* CÆR�.

Fig. 5. Dimensionless concentration profile of NO2 at different reaction
temperatures (a), and residence time required to achieve a given
removal efficiency (b). ([NO2]0: 200 ppm; [NH3]0: 200 ppm; humidity:
5%(v/v)).

Fig. 6. Dimensionless concentration profile of NO2 at different initial
ammonia concentrations.
HWAHAK KONGHAK Vol. 41, No. 1, February, 2003



112 �������������������

mal

er-

n

a-

trial

e

nd

cts

nd

on-

na

O

rge

ki,

on-

90

Gas

l of

of

ing

res-

an,

.

w

er

n

-

m-

o-

i-

H.,

r

Í �L�  ±2 �²[\8 4,<t v!4, N2O4� S1 ��4

N2O4� VWXY$ [\8 �S)* [\=LZ ¨T�::= ���

£	 FG HIJK ��3C �@A ���� 2!C� NO2 F�¿"
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�&<R 3_� S .8 m)* =¨��.
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A1 : frequency factor defined in Eq. (13) [m6 kmol−2 s−1] 

A2 : frequency factor defined in Eq. (14) [m6 kmol−2 s−1] 

CR : concentration ratio of NH3 to NO2 at initial condition [−] 

E1 : activation energy defined in Eq. (13) [kJ mol−1]

E2 : activation energy defined in Eq. (14) [kJ mol−1] 

k1 : reaction rate constant of NO2 with ammonia(k1=k1
' Keq)

[m6 kmol−2 s−1] 

k2 : reaction rate constant of NO2 with water vapor(k2=k2
' Keq)

[m6 kmol−2 s−1]

k1
' : reaction rate constant of N2O4 with ammonia [m3 kmol−1 s−1] 

k2
' : reaction rate constant of N2O4 with water vapor [m3 kmol−1 s−1] 

Keq : equilibrium constant between NO2 and N2O4 [m
3 kmol−1]

RNO2 : removal rate of nitrogen dioxide [kmol m−3 s−1]

u0 : linear velocity of the gas stream [m s−1]

y : dimensionless concentration of any component [−] 

z : axial distance [m] 

[ ] : concentration [kmol m−3]

!"�# $%

χ1 : dimensionless reaction rate constant defined in Eq. (20) [−] 

χ2 : dimensionless reaction rate constant defined in Eq. (20) [−]

τ : residence time up to any position, z/u0 [s] 

τL : total residence time [s] 

χ : dimensionless residence time, τ/τL [−]

 &'%

0 : initial condition 

H2O : water vapor 

NH3 : ammonia

NO2 : nitrogen dioxide

����
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