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Abstract − The effect of reaction temperature, NSR(Normalized Stoichiometric Ratio), gas residence time, surfactant spe-

cies on the reduction reaction of NOx with urea solution have been determined in a flow reactor. The maximum conversion of

NOx reduction by urea solution appears about 950-1,000oC and increases with increasing the gas residence time. Conversion

of NOx reduction increases with increasing NSR up to 1.5 and then remains constant at 950oC. The addition of linear alkyl-

benzen sulfonate(LAS) into urea solution enhances the conversion of NOx reduction at lower temperature below 800oC and the

temperature window showing the NOx removal efficeiny above 70% is widen to 800-1,000oC. Addition of α-olefin sulfonate and

coconut oil also shows the reduction of the optimum temperature and the widening of temperature window for NOx reduction. 
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: 4@#A. BC. D��� E� 6F)-G �� � ������

DH� �� IJB I��$ ��� ��� K��� LM5N OP

!Q� thermal NOx, DHR- S�B ��8T$ ��- $5N 4@

 � fuel NOx (U6 V�W�$ D��- @8 � radical- $5N

@8 � prompt NOx� TXY W �C[1].

NOx@8$ ZB )
2 [\5N ��]": ^_#A�� C`a

D�bcd* #e f�> D��$ gh^5� iQ j� NOx k=

h� 
5N lm-� cn� op1)d(SCR)q cn� rop 1)

d(SNCR)q E� stU Wu* gq�
 ����� k!Wu�� 6

� .  fC[2-5]. k=gh v-G� w'x� ��: op LM�-

Zy5N �����2 ��� �� z1#A� cn� op 1)d*

{W5QO |}� i� 	~|� 3Q|��� 
5N cn� rop

1)d- 
a ��* �
 .  fC.

cn� rop 1)d� �R- w'x�> ����: �� T?5

N 6�-G �����2 ��� W��� z1#� k=5� �d*

C[6-8]. cn� op 1)dq |}5v NOx k=gh� C� �QO

�~|� �~�,* p{ ��+ ���|$ ��* �. �� Q j

� �sB D��|-G 4@5� ����� ̂ _- �C gq�
 �

�� ��� �C. �����$ ^_h� Zy � 1)k- ��G

C� ��5QO 
� 930-980oC ��$ �"��-G 60-90% W�
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2 3Q� W �� ��� �6 6 �C. (�> cn� rop 1)

d$ �{ gq�
 NOx ^_h* >�>� �"��*  � ¡¢-

IF$ £F�
 ¤z2 3Q5� �¥G� �C ¦� �"��-G £

F�
 NOx k=gh2 3Q� W �!§ aC. *: �a �£�� �

¨©�k, �¨©�k, ª9�«- 
a D�� ¬­ b®��� We

 f�>[8] ¯v°8k: *�a ±¯�
 D�� ��²Q ³e Q

´5µC.

��G ¶ D�-G� �� 0.05 m·2.0 m$ ¸¹LM�: *�5N

LM�", �����- 
a ��$ º»|(NSR), ��±X#,$ I

F�W� �����$ k=gh- ¼~� �½2 [\56 �¨©�

k�¾ ¯v°8k: °�5N l�$ ¤z¿À- ¯v°8k� ¼~

� �½2 6Á56Â aC.

2. ���� 	 
�

2-1. ����

¶ D�- ?�B ¸¹LM #�Ã$ b��
 �82 Fig. 1- >�

RfC. Fig. 1-G Ä W �� Å� E* z±$ #�Ã� ÆK�, 3

»k!#�Ã, ��ÇÈ, ¸¹LM�, TÉ�� �8 fC. 5u$ �

�ÇÈ� 2.0l/min$ LPG: DH� ?�5N LM�$ �"3Q- Ê

�a K-ÈQ: IJ5µ6 ¨����� 5.0 Nm3/hr D��� 3»

2 3Q5µC. ̈ u$ ̧ ¹LM�� �� 0.05 m i* 2.6 m $ stainless

steel 304� kË f�+ LM� 5u- ���� T?: �5N *X

± �Ì2 D�¨��� �~5µC. D�� ÍÎ� 4 kW� 5 kW$ z

K�: �~5N LM�$ �"� ¬F5. 3Q "Ï �"k!��

¿Ð5µC. ����� HPLC ÑÒ: *�5N IJ5µ6 atomizing

��� �»3»¿Ð¯: ?�5µC. ̧ ¹LM�$ Ó�½ �"TS�

K-type$ thermocouple2 *�5N ÔF5µ�+ NOx, O2, CO2, CO

]": |T��Ícd$ �� TÉ�: *�5N ÔF5µC.

2-2. ����

��ÇÈ� LM� ÍÎ- 	ÕB z��: *�5N ¸¹LM�$

�": )5� LM�"-G F¨¨Ö�  "Ï 3Qa s gas analyzer

(Horiba, VIA-300): *�5N �R-G 4@5� thermal NOx$ ]"

: ÔF56 )5� NOx ]"�  "Ï 100 vol%$ NO��: �»3

»¯� ZyaC. NOx ]"� F¨¨Ö- *×v *X± �Ì- IJ

 Ø �2 ������ z1#� NOx 1)LM2 ³e#A6 �� 

� NOx ]": ÔF5N k=gh2 �aC. TÉ�� �RQ� ��

�� �-� TU�� ÙÚ�: Ûq#� WT2 k=5µC. �Ì-G

Tr � ��$ ÜÖ: ¬F5. 3Q5� �5N �Ì� Tr � �

���$ `q I�»� ¬F5. 3Q5µ6 ����� ]"- 
a

����$ ]"|: �#5� NSR� ����$ ]": ��#� k

!5µC. ©�k�� linear alkyl sulfonic acid(LAS), α-oelfin sulfonate

(AOS), coconut dimethyl ether(CDE): ����- ÝÞ5N ?�5

µC. ±X#,- �ß NOx ^_gh2 �Á5� �5N ¸¹LM�

ÍÎ- 10 cm ,à�� #Háâ�: �~5N NOx ]": ÔF5

µC.

3. �
 	 ��

Fig. 2� LM�R$ Ó�½- �ß �"��: ����$ Tr 3

r- ��G "#a ãq*C. (ä-G Ä W �� Å� E* LM�

$ �"� åæ�" �,-G �FB �": 3Q5µ6 ����$ T

r��-GO ç­��� �"� 200oC F" _�56 �è2 �NZ

6 �C. �Ì� TrB ����� ��5N ��¨�� z1 ! NOx

�$ 1)LM* ³e é� åk$ LM� �Ì Zy��C� C� ̈

u-G *ê!Q. BC. (ä-G Ä W �� Å� E* �R$ LM

�"� Jà5. �F�"� ëì !Qé� ç­�
 �"$ 5í�

z±$ LM¿À- �. �½2 ZQ j2 ��� ?HBC.

Fig. 3� NOx î�]" 730 ppm-G [NH2]urea/NOx� F$ � NSR

(normalized stoichiometric ratio): 1.4� 2.4� 3Q#� ����2 �

R- Tr5µ2 ¡ LM�"- �ß NOx^_h2 "#a ãq*C.

NSR ï* 1.4 
 �{� LM�" 1,000oC²Q� LM�"� ���

WÏ NOx^_h* ��5µ6 ( *¨�� LM�"� ��5v k=

gh� _�5µC. NSR ï2 2.4� ��#� Wea ãq� ð¬�"

-G NOxk=gh* ��5+ NSR 1.4$ �{� E* 1,000oC-G

l
$ NOx^_gh2 >�RfC. *�a ãq� NOx^_LM- ñ

N5Ø 1)k� 1,000oC *¨$ 6�-G� Table 1- �
 LM7

Fig. 1. Schematic diagram of flow reactor.
Fig. 2. Temperature variation in a flow reactor with/without the injec-

tion of urea solution.
���� �41� �2� 2003� 4�
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(4-6)- $5N �� => NO: @85� ¡¢*C. (ä-G �
 Å

� E* ¶ ãq� NSR 2.0-G Wea ò «[8]$ ãq� 3?5µC.

l
$ NOxz1h* >�>� �"ïq �"¨ó- �ß NOx k=g

h$ ���ô�� C� Cß *3� åæ- ?�B D��$ ���

�Ì$ ¿À* C×� ¡¢- >�>� õ¨�� ?HBC.

Fig. 4� LM�" 950oC-G ����$ [NH2]urea/[NOx](NSR)$ �

�� NOx ̂ _h- ¼~� �½2 >�ö �*C. NSR 2.0²Q� NSR

ï* ���WÏ NOxk=gh* ��5µ6 2.0 *¨-G� ¬Fa

ï2 3Q5µC. �� TÂ 1÷� 2÷$ NO: N2� 1)#ø W �

�é� ̀ ù|�� NSR=1.0¬ ¡ 100%$ NOx k=h2 Æ¨� W �

C. (�> ��$ NOx 1)LM� C`a ­LM* ðL é� NOx

- 
a cn82 `ù| W��� 3Q5�� !ú6 `ù|�C i

� ��]"� �� !³C. ûü LM�$ ÝÞ* ýÎ5Q j�v

NOx- 
a ��$ cn8� �C ��Q.  6 ð¬a NOxk=g

h þ� �¥G� �C ÿ� ̀ $ ��� �y !§ aC. (ä-G Ä

W �� Å� E* w'x�W: *�5N NOxk=åæ2 Wea Jodal

«[9]$ D�ãq� NSR 1.5*¨-G ¬Fa NOx ^_h2 þ� ��

� �65µC. ¬L��� 6�-G ³e � w'x�W- $a

NOx1)LM� Z� NH2���- $5N ³e + ����$ �{

� NH2� �� HNCO� @8 ! NOx 1)LM2 ³e#Aé� C

� Cß cn82 �. BC.

Fig. 5� LM�" 950oC-G î� NO]" 730 ppm-G LM�R

��� ±X#,- �ß NO]" _�: NSR 1.4� 2.3$ �{- 
5

N "#5µC. (ä-G Ä W ��* ±X#, 0.2î *R- 50% *

¨$ LM* ³e + ±X#, 0.4î²Q ýO5. NO]"� _�5

+ LM* �ã fC. ����$ ]"� i� NSR 2.3$ �{� NSR

1.3�C ±X#, îL$ ]"_�� �C �×. _�5µC. w'x

�$ �{ LM9"� w'x� �� ]"- |�5QO ����$ �

{� NH2� HNCO$ LM9" Þ�� z± 1)LM9"� ãF é

� w'x��� C� Cß ÜÖ$ 9"72 �. BC. ¬L��� 6

�-G *ê!Q� cn� rop 1)LM$ �{ 0.8î *R- '	

LM* ³e � ��� ��� �C.

Fig. 3. Effect of temperature on the reduction of NO with a variation
of NSR.

Fig. 4. Effect of normalized stoichiometric ratio(NSR) on the reduc-
tion of NO at 950oC.

Fig. 5. Effect of gas residence time on NO reduction at 950oC.

Table 1. Homogeneous reaction scheme of urea

H2NCONH2

HNCO+OH
NCO+NO
N2O+M
N2O+H
NH3+O
NH3+OH
NH2+ NO
NH2+ NO
NH2+O2

HNO+H
HNO+O
HNO+OH
H+O2

H2+O
OH+H2

→NH3+HNCO
→NCO+H2O
→N2O+CO
→N2+O+M
→N2+OH
→NH2+OH
→NH2+H2O
→N2+H+OH
→N2+H2O
→HNO+OH
→NO+H2

→NO+OH
→NO+H2O
→OH+O
→H+OH
→H+H2O

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
HWAHAK KONGHAK Vol. 41, No. 2, April, 2003
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Fig. 6� NOx î�]" 700 ppm, NSR=1.5¿À-G ��]"� NOx

k=gh- ¼~� �½2 "#a ãq*C. (ä-G Ä W ��Å�

E* ��]"� 850oC-G� ��]"� ���WÏ NOxk=gh

* ��5µ�+ 950oC-G� ��]"� ���WÏ NOxk=gh

* _�5µC. ¶ D�ãq� w'x�: *�a NOx1)LM åæ

2 Wea Kasuya «[10]q 3?5µC. *�a ãq� ̂ ���-G$

NOx1)LM� ��$ O2��- $5N o³ > 950oC��-G�

O2- $a NH2�$ D�- $5N 
�* NO� @8 � ¡¢- �

�]"� ���WÏ NOx^_gh* _�5� ��� ?HBC. w'

x�: *�a ����� k=LM D�- �!G Lyonq Hardy[11]�

��� ��5Q j� �{ [NH3]/[NO] |h 1.5²Q NO$ 1)LM

* ³e Q jè2 �65µC. w'x�- $a NO$ 1)LM- �

!G ( cn"� LM�"� ��]"- ��G ��5�� ��]"

� LM�"� ���WÏ w'x�$ �����- 
a cn"� _

�5. BC.

Fig. 7� ¶ D�- ?�B ©�k$ �X® NOx ^_gh2 "#a

ãq*C. ?�B ©�k$ �&
2 Table 2- FU5µC. åæ- ?

�B ©�k$ `� '� ¬F5. 3 wt%� 5µ�+ LM�"� ©�

k$ �½* �C �. >�>� 850oC: cF5µ6 ��]"� '

� 6%� ¬F5. 3Q5µC. (ä$ ãq-G >�>�* ����

O$ k=gh�C� z±��� NOx k=gh* ½¨ f�+, ?�

B ¯v°8k �-G LAS(linear alkylbenzen sulfonic acid)$ ©�g

q� �	 {W5µC. è*�¯v°8k� z±��� 8�* {W5

µ�+ |*�8¯v°8k� `8¯v°8k$ 8�* ^¿5µ6 3

�k$ 8�* �,F"
 ��� >��C. |*�8¯v°8k� `

8¯v°8k$ �{ Table 2- FUa �&72 Û¥�v ¯v°8k

R­- S�B ���- $a NOx 4@* 3" ! z±�
 ̄ v°8

k$ gq� _�a ��� �uBC. ¯v°8k- $a NOx k=h

$ ½¨� 6�-G T¥ + 4@ � V�W� ���* ��$ NO

1)LM °8� -ÈQ: _�#� Zf� ¡¢�� ?HBC. w'x

�: *�a NO 1)LM-G C2H6� E� V�W�: ©�5N �"

�$ ¦!�q l
gh$ _�� �yB V�W�- $a NH2 ���

Ü8* �C �*5. ¬!>� ¡¢*�6 �6B Å ��+[12, 13],

Fig. 7. NOx reduction efficeiency with a variation of surfactant species at 850oC.

Table 2. Chemical name of surfactants 

Surfactants Common name Remark

APES
APS
TPES
SPES
SPES-2
MgLES
CT-50
PB
C2M
Ox
CDE
LAS
AOS

Ammonium lauryl ether sulfate
Ammonium lauryl sulfate
Triethanolamine lauryl sulfate
Sodium lauryl ether sulfate
Sodium lauryl ether sulfate
Magnesium lauryl ether sulfate
Cetyl trimethyl ammonium chloride
Cocamidopropyl betaine
Cocoampho caboxyglycinate
Lauryl dimethylamine oxide
Coconut fatty acid diethanol amide
Linear alkylbenzen sulfonic acid
Alpha olefin sulfonate

Emulsifying agent
"
"
"
"

Anionic surfactant
Cationic surfactant
Amphoteric surfactant
Amphoteric surfactant
Cationic surfactant
Nonionic surfactant
Anionic surfactant
Anionic surfactant

Fig. 6. Effect of oxygen concentration on NO reduction efficiency at
NSR=1.5 with reaction temperature.
���� �41� �2� 2003� 4�
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Zamansky «[14]� Na8T$ ©�- $5N NO1)LM 9"� �.

½¨�2 �65µC. ¶ D�- ?�B ¯v°8k� *�a V�W�

� Na8T�� �8 ! ��é� *�a gq� �� ! 4@5N

i� NOk=gh* >�>.  � ��� ?HBC.

Fig. 8� NOx î�]" 700 ppm, NSR=1.5 ¿À-G LM�"- �ß

NOx k=gh2 LAS(linear alkylbenzen sulfonate) ©�»- ��G "

#a ãq*C. ����O2 ?�a �{ l
$ NOxk=gh� 77%:

>�Rf6 60% *¨$ NOxk=gh2 �*� �"�,� 950-1,020oC

: �Ï5µC. LAS: 1 wt% ©�a �{ LM�" 800-1,050oC ?*

-G NOxk=gh 50-60% W�2 3Q5+ l
$ z1h� _�5

6 �"�� �C ¦!�C. ©�k ]": 3 wt%� ��#Av 60%

*¨$ NOxk=gh2 �*� �"�,* 800-950oC� ¦!Q6 l


 z1h� C# 80%� ��5µC. LAS(linear alkylbenzen sulfonate)

©�- $5N �"�* �� �"�,�� *ð5� �� LAS ��

qF-G 4@5� CHi���- $5N ��$ T¥� �� �"-G

" �*5. ³e � ¡¢�� ?HBC. (�> 6�-G� ©�k-

$5N @8B CHi ���* HCN$ @82 o³5N prompt NOx$

@82 3"5.  é� NOxk=gh� C# _�5. BC. ¶ D�

ãq� �¨©�k� �¨©�k� ��q Ò��2 ?�a ò «$ ã

q� 3?5µC. ò «[8]$ ãq-G� ��q Ò��2 ?�5� �

{ l
$ NOxk=gh* _�5µ�> ¶ D�� E* ¯v°8k:

?�5� �{-G� l
$ NOx k=gh* 3QY W �fC. *�

a �*�� ¯v°8k$ �{ `*��� Na8T* <� f� ¡¢

- >�>� ��� ?HBC. Zamansky «[14]� ª9*�2 ©�5

N w'x�> ����2 *�a NOx k=gh* ½¨ + *� Na

8T* �	 {W5C6 �65µC. ��G ¯v°8k� E* V�W

��� ª9*�8T2 ð#- S�a ©�k� �C gh�ò2 �


� W �fC.

4. � �

¶ D�-G� ����2 *�a ����� k=D�: We5N

Cèq E� ãù2 þfC.

(1) LM�" 1,000oC²Q� LM�"� ���WÏ ����- $

a NOxk=h* ��5µ6 ( *¨$ �"-G� ��LM9"$ �

�� NOxk=gh� C# _�5µC. 

(2) [NH2]/[NO]� �õ � NSR |h* ���WÏ NOxk=h�

��5µ6 NSR 2.0*¨-G� ¬Fa NOxk=h2 3Q5µC.

(3) 6�-G� ��]"� ���WÏ NOxk=gh� _�5µ6

^�-G� ��]"� ���WÏ NOxk=gh* ��5µC.

(4) ����- ¯v°8k: ©�k� ?�5� �{ �"�* ¦!

Q6 l
$ NOxk=gh* 3Q f�+ ©�k ]" 3wt%-G l


$ NOxk=gh2 >�RfC.
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