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� �

MDEA� piperazine� ��� ���	 
� � ��
�(wetted-sphere apparatus)	 ���� ������� ���

�	 ���� ��� �  ! MDEA, piperazine ""� #�� $% � & '()*+. MDEA ��,� -. /0

� #�� 1�2� 34 5)6 78�� 9�� 1��:;< piperazine� ��� MDEA ��,� MDEA #� 1

�� 34 5)6 78�� 9�� =�>+. 5)6 78�� 9�? piperazine #� 1�� 34 1��? - & <

@A+. piperazine ��B MDEA ��,� 78�� CD EF	 G�6 HIJ? MDEA� #� 1�� 34 piper-

azine� �� #�	 1�KL MNO %+. 5)6 78���  9� piperazineF MDEA� #� P	 Q�KR;BS

T�? U& V& � W+.

Abstract − The kinetics of CO2 with aqueous MDEA(N-methyldiethanolamine) and piperazine added aqueous MDEA solu-

tions were investigated. A wetted-sphere absorption apparatus was used to measure the absorption rate. The apparent reaction

rate constant increases with increasing MDEA concentration without piperazine. But the apparent reaction rate constant

decreases with increasing MDEA concentration with piperazine. The apparent reaction rate constant strongly increases with

increasing piperazine concentration. The highly concentrated MDEA solution needs more piperazine to activate reaction rate.

The activation of reaction rate depends on the mole ratio of piperazine and MDEA.
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��, ���� �
��� ����  !"#$%. &'( ���


� )* +,- ./ ������ �01	 234( ��� �5

#6 $%[1]. 789 :;�
4 �< =>:?� @�� AB/C

4 &' :;�
 D�E� �#� FG1H "IJ ������ �

� K�1L .< ��� 2D� MN1H "I%.

O���P QP CO2 K�RS TUV� W1X K�Y CO2� Z

V� QP �[� \�9 K�4 FG< 4]= ��� ^P _� @

��%. `a ^� �!"	 bcd�efg O��	 MEA, DEA,

DIPA, MDEA h�%. � i MEA	 jk lmnV� �==o lm

g� p( O�� a�4]=� qJ rV� Q�s �t uv h�

@�� w�xJ, MDEA	 MEAy% lm�� z�( lmgP {

�9 lmnV� |} ~�%. �8< bcd�e�� ��- y�1

L .< ����9 ����  !< O�� �>� yJ"J \%[2].

MDEA� ������� lmnV�(kinetics)P Barth h[3]� �

��� yJ1�J Blauwhoff h[4]4 �/ DonaldsonS Nguyen[5]

� �M< �-�| �S� MDEA4(V �!� � \�� ��"I

%. ������ MDEA �!��� lmnV ��- .1X Tomcej

� Otto[6]	 �w > O��t� � -w�-lm �p��-  !1

�%.

Appl h[7]P MDEA� ���� piperazine-  !1��� L�

���y% �S�w � \�- yJ1�%. Xu h[8]P MDEA �!

�4 ��Y piperazine� lmnV�S lmnVv- �M< � \%.

� �>4(	 4]= ��E� {P O�� 2D- ./ lmg�

{P MDEA4 piperazine� ��Y O��� �P > O��t(wetted-

sphere apparatus)�  !1X lmnV� ��1J :V� MDEA,

piperazine BB� rV4 �< �+- �����  piperazine ��

� MDEA �!�� lmnV4 #¡ �+- ¢	= J£1�%.†E-mail : whhong@hanbit.kaist.ac.kr
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2. Theoretical Background

2-1. MDEA ���� ����	
� �
 ����

MDEA� ¤P 3�(tertiary) �eP ������ �e 7¥S ¦§

��� lm1= ¨1	 _�� b©6 \%. DonaldsonS Nguyen[5]

P �!�,� 3� �eS ������ lm- ��1��� �� �

-�| ���/lm(base-catalyzed hydration)�' 1�%. ��� ��

< �-�| ���/lm� lmvS lmnVv- %�4 9ª«I%.

CO2+R3N+H2O� R3NH++HCO3
− (1)

RCO2
=k2[R3N][CO2] (2)

.4( �MY lm �p��4( MDEA �¬4 �< ��¬� ­

®� 3� �e� lm- =¯°- b � \%. Versteeg� van Swa-

aij[9]	 �!�� �± b²³ !�,� MDEA4 ������ O�

M´ µ	 ��� O�o� w#?%J yJ1�%.

2-2. Piperazine� ��� MDEA  ���� ����	
� �


����

Xu h[8]P piperazine� ��Y MDEA �!�S �������

lm �p��- %�S ¤� 9ª«I%.

R'(NH)2+2CO2¶ R'(NHCOO)2 (3)

R'(NHCOO)2+2H2O� R'(NH2
+)2+2HCO3

− (4)

R'(NHCOO)2+2R3N� R'(NH)2+2R3NCOO  (5)

Xu h[8]4 �1s MDEA� ������ ¦§ lm1	 _� �

�' piperazine� o·	 i��*W R'(NHCOO)2� lm<%. MDEA

� ������� lmnV� v (3)� lmy% ~�¸� lmnV

+,� w#?%.

.� lm4( CO2� MDEA� ¹º�= »�s ¬¼ piperazine

P ��"# ½¾ _�%. 789 v (5)� lm� |} j¿¸�

piperazineP �À ��"= »J ÁÂÃ- y�H Y%. �4 &'

Xu h[8]P lmv �Ä- À 2� ÁÅ1H ÆÅ"	 �­�W �

  1� lm�� �¢1�%. ��4 &¿s piperazine� ���

MDEA� g�� Ç�"J ��È4 �< uvV� zÉ	 �S� y

W%J yJ"I%[8].

2-3. �
�� ��

DavidsonS Cullen[10]P >� �ÊË� Ìf�uÍ ÎP ÏÐ Ñ

�(small depth of penetration)4( O�nV Ìfv- �M1�J,

Wild� Porter[11]	 ��S ¤P 1� lm� �l"	 LÒ O��

>4( w#9	 Ó}� /� %�S ¤� �M1�%.

L-� §�M�S �  1� lmnV,�� Ô Ó}(kÕtC>25)� �

t /	 %�S ¤� 9ª?%.

(6)

XL(

(7)

�%.

>� Á�T(equator)4( ÓÖ À×	

(8)

�¸�, L-� §�M�P %�S ¤%.

(9)

. v-  !1X 1� lm� w#9	 f4( ØyL lmnV,

�	 �Ò¼E- ÙÚ1� O�nV� ��°��  >® � \%.

ØyL lmnV,�� >1L ./ FG< ��P O��� ÛV,

[V, O��4 �< ������ !/V, Ü�f� h�%. � �>

4( MDEA �!�4 ��"	 piperazine� rV� {�¸� MDEA

�!�� ��- ¦§  !1�%. MDEA �!�� ÛV, [V�

MDEA �!�4 �< ������ !/V� Ü�f�	 Al-Ghawas

h[12]� @Ý Ã-  !1�%.

3. � �

������ O�nV ��P Park h[14]S Lee h[15]4 �/

yJY � \%. � �>4( O�nV	 �P > O��t(wetted-

sphere apparatus)�  !1X ��1�%. Fig. 14 �t� 2ÞV�

9ª«I%. l=ß 3.27 cm� >�  !1�J O�� ÆÅ"	 à

� uá	 3,140 cm3�I%. O�à4	 âã0) ¼Ef� uä1�

J ¼Ef å�4 500 cm æ�� çè� �é1�%. O���uÍ

�� êD1	 _- ë=1L ./ L, ¢ìu4 �êL í��t

(saturator)� uä1�%. ;î4  !Y �eP 99% rV� Acros 

� �)-  !1�%. O��� ï©y«L ð4 ÒñM�� %ò¯

�V� lm!L4 ������ ï© lm!L «� ó� LÒ� �

01�%. O�� ÆÅ� µ� ¼n ô.	 50-150 cm3/min �V�%.

lm!L «� :V	 õ0.5oC �V� ö�� y�%. M
÷� �,

G

LCA
* Ψ

--------------------- 1.428 ktc=

Ψ
2.24πrs

2DA

L∆
-------------------------=

∆ 3νL
2πrsg
------------- 

 1 3⁄
=

tc 3.44πrs
2 3ν

2πrsg
------------- 

 1 3⁄
L

−2 3⁄
=

Fig. 1. Wetted-sphere apparatus.
1. Cooling water 6. Manometer
2. From gas supply 7. Soap bubble meter
3. Saturator 8. To fume hood
4. From liquid feed tank 9. Liquid level controller
5. Rotameter 10. To drainage
���� �37� �4� 1999� 8�
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,ø4 Vù1s �,�NP 7�� ¼=1s( L,�N- i=<%.

�µ �M½� �.� ú�1¸� �. ÙÚL� Q�� ÙÚ1X �

M½ �.� ¼=Mû%. ¯ü> ý Ì «� LÒ� O�4 �/ O

��t ��� ­ñ1H Y%. ­ñ nV	 âã0) ¼Ef� ��

1�%. ������ �þP í��êLþS 'ÿ� ��(Raoult's

law)-  !1X f�1�%. ­ñnV	 10K �,- �n ��1X

Á�Ã- ��%. L,¼E ��Ã� ö�	 uá L� ¼E4 �/

õ3 %�%. �
;��� 
	
t� �Ò� ¼E- ���%. �Ò

¼EP 3K ���� Á�Ã- ��%.

4. �� 	 
�

4-1. MDEA ��� �� ��

MDEA4 piperazine- ��< �!�� lmnV +,4 �/ b

�yL ./ MDEA 10, 20, 30 wt% �!�S �� �!�4 piper-

azine 0.11, 0.5, 1, 2.5 wt%� ��< ���4 �< ØyL lmn

V ,�(kapp)� >�%. Fig. 24 298 K4( MDEA� piperazine� r

V ú�4 &k ØyL lmnV ,�ú�� 9ª�%. Fig. 24(

MDEA ���� �Ù< �!�� Ó} MDEA� rV� ê�°4

&' ØyL lmnV ,�� ê�1��9 piperazine� �E�'V

��Y MDEA �!�P MDEA rV ê�4 &' ØyL lmnV

,�� 
��%. piperazine- 0.1 wt% ��< Ó} MDEA rV�

2.5 kmol/m3 �,4( piperazine- ��1= »P ¤P rV� MDEA

�!�y% {P ØyL lmnV� 9ª�%. piperazine- 0.5 wt%

�, ��1s MDEA ��� �!�4 â/ `�< ØyL lmn

V ,� ê�� \I%. �8< `,P Xu h[8]V yJ< � \�

� ��P MDEA rV ê�4 &' CO2� ��,�� Ü�f��

�#·	 _�� �8< `,� �¼� ��1�%. 789 MDEA

rV ê�4 &' Ü�f�	 
�1=o ��,�	 ê�1¸� �

�� ��P �ð1= ¨°- b � \%.

Fig. 34 303 K4( ��< MDEA �!�S piperazine� ��Y

MDEA �!�� ØyL lmnV ,�� 9ª�%. O�nV ��

:V� ê�°4 &' ØyL lmnV ,�� piperazine �� Xu

4 Ìf�� ê�1�J �	 313 K� ØyL lmnV ,�� 9ª

� Fig. 44(V ÜW® � \I%.

;î�t� ë�� ���- ÜW1L ./ v (2)�uÍ MDEA�

CO2 �� �lmnV ,� k2� >1J Fig. 54 ���}
(Arrhen-

ius) v� Âø� 9ª«I%.

(10)

Fig. 54 yW �� ¤� Xu h[8]� �lmnV ,� y% {P

k2 5.515 10
5 3351–

T
--------------- 

 exp×=

Fig. 2. Apparent reaction rate constants for the reaction of CO2 into
aqueous MDEA and MDEA/Piperazine solutions at 298 K.
� MDEA, � MDEA+Piperazine 0.1 wt%, � MDEA+Piperazine
0.5 wt%, � MDEA+Piperazine 1 wt%, � MDEA+Piperazine 2.5
wt%

Fig. 3. Apparent reaction rate constants for the reaction of CO2 into
aqueous MDEA and MDEA/Piperazine solutions at 303 K.
� MDEA, � MDEA+Piperazine 0.1 wt%, � MDEA+Piperazine
0.5 wt%, � MDEA+Piperazine 1.0 wt%, � MDEA+Piperazine 2.5
wt%

Fig. 4. Apparent reaction rate constants for the reaction CO2 into
aqueous MDEA and MDEA/Piperazine solutions at 313 K.
� MDEA, � MDEA+Piperazine 0.1 wt%, � MDEA+Piperazine
0.5 wt%, � MDEA+Piperazine 1.0 wt%, � MDEA+Piperazine 2.5
wt%
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Ã- 9ª«I%. Versteeg� van Swaaij[9]� yJ� Rinker h[13]

� yJ	 (� â�< �lmnV ,�Ã- �M1�	� ��� y

J< Ãy%	 Ô �lmnV ,�� �I%. Yu h[16]S Haimour

h[17], Pani h[18]� @Ýt�S� â�4( � �>4(  !< ;

îë�S ØyL lmnV ,�� f�� ��°- b � \I%.

4-3. Piperazine ��� �� ��

MDEA 10 wt% �!�4( piperazine rV4 &k ØyL lmn

V ,�(kapp)� ú�� Fig. 64 9ª«I%. MDEA rV� J�"s

piperazine ��E4 &' ØyL lmnV ,�� ê�1	 Ó+- y

�%. MDEA 10 wt% �!�P ��Y piperazine� rV� 0.05 kmol/

m3 �,4( ØyL lmnV ,�� `�< ê�� w#�%. Øy

L lmnV	 :V ê�4 &' ê�1�%. Fig. 74 MDEA 20

wt% �!�4 piperazine ��M ØyL lmnV ,�� ú�� 9

ª«I%. MDEA rV� 10 wt%4( 20 wt%� ê�1s ¤P rV

� piperazine ��4V ØyL lmnV� ê� �V� 
�1�%. �

8< `,P MDEA 30 wt% �!�4 piperazine rV� ú�Mx�

ØyL lmnV� ��< éSW Fig. 84(V 9ª�%. Fig. 6-84(

MDEA rV� �#��� ØyL lmnV ,� ê�� `�/=L

M{1	 piperazine� rVÃ� �a°- b � \I%. &'(

piperazine ��� MDEA �!�� lmnV �� �S� Q�L .

/(	 MDEA4 rV ê�4 &' piperazine� �� rV� ê�M

� ¢#� <%. �8<  ;- ÜW1L ./ piperazineS MDEA�

� rV â� piperazine� ��Y Ó}� ��"= »P Ó} MDEA

�!�� ØyL lmnV â�� Ìf� Fig. 94 9ª«I%. ØyL

lmnV +,P piperazineS MDEA� rV â� ú�M ��  !

1	 Ã- �- � \%.

5. � �

MDEA �!�4 piperazine ��M ������ O���� Øy

Fig. 5. Arrhenius plot for k 2.

Fig. 6. Apparant rate constant vs concentration of piperazine in 10
wt% MDEA solutions at various temperature.

Fig. 7. Apparant rate constant vs concentration of piperazine in 20
wt% MDEA solutions at various temperature.

Fig. 8. Apparant rate constant vs concentration of piperazine in 30
wt% MDEA solutions at various temperature.
���� �37� �4� 1999� 8�
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8)

nd

all,

.: 
L lmnV ú�� ��1�%. MDEA ��� �!�P MDEA r

V ê�4 â"1X ØyL lmnV ,�� ê�1��9 piperazine

� ��Y MDEA �!�P MDEA rVê�4 &' ØyL lmn

V ,�� 
�1�%. piperazine rV4 &k ØyL lmnV ,�

� ú�4( MDEA �!�,4 ��Y piperazine� �������

lm4( lmnV +,- y�©s w� rV �,� ��"#� °

- b � \IJ lmnV� +, �V	 piperazineS MDEA� r

V â� ÙÚ ® � \�- b � \I%.

� 


� �>	 #��$u %�4]=L&2DS�� 4]=Ì���S

<'4]=L&�>�� =!�� �Å"I�� �4 
 ·(�%.


���

MDEA: N-methyldiethanolamine

R3N : representative of tertiary alkanolamine

CA
* : concentration of gas A at the gas-liquid interface [mol/l]

DA : diffusion coefficient of gas A in amine solution [cm2/s]

g : acceleration due to gravity 981 [cm/s2]

G : molar gas absorption rate [mol/s]

k : pseudo-first-order reaction rate constant [1/s]

k2 : forward second order reaction rate constant [cm3Õmol−1Õs−1]

kapp : apparent reaction rate constant [1/s]

L : liquid flow rate [cm3/s]

RCO2
: reaction rate of CO2 [molÕcm−3Õs−1]

rs : radius of sphere [cm]

tc : gas-liquid contact time [s]

���  !"

∆ : liquid film thickness at the equator of the sphere in Eq. (

[cm]

ν : kinematic viscosity [cm2/s]

Ψ : defined in Eq. (7)

#�"

A : carbon dioxide

�
��
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