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� ����� ��	
(acetic acid)� ��
(ethanol)� ���� ������	(ethyl acetate)� �(water)� ����

�������(esterification)� �� � � ! " �#� ��� $% & #' ()! *+�� #,�-.. $% & #'

()/ 0123 45(distillate rate), 678! 9:, ; <, => holdup ?� 23! @A� B;C� DE ��" 0 �

F� G:� HI� JKLM.. �� DE $% & #'()� ��! 4N, OP67! NQ & " �#� RS T G:

� HI� .�U VWX.. Y A+B=C+D� DE �� NQ�� ���! 1�Z[A\ ]^�_ `E ab, Y 1�Z[

A @�� ���c ,�� 23� def� ab, 8g 67] ab� B;CE 0123 45� ���� *+h� ij,

; <� �� *+h� L�kl.. mn 67] ab�� 0123 45� ; <� �� *+h� L�kl.. �o� �

��! 1�Z[A\ ]^p ab�� *+h� i� qr/ VWX.. sp ���� mn 67t ab, .u �#c� <

� �� DE ()c! (�� �� v wxp q� y ) fl.. z{9p |,} ~�� *���] j@A 23� �E

B;C� �� 9p *+#'#�� ��"  �#� �p _�� 2��-..

Abstract − In this study, we have searched optimized design and operating conditions of three reactive distillation structure

for the esterification of acetic acid with ethanol to produce ethyl acetate and water. Effects of the distillate rate, feed location of

the reactants, reflux ratio, and liquid holdup as design and operation variables on the performance of the reactive distillation

were examined. Design and operation variables like these had different effects on the performance according to reaction type,

feed location of the reactant, and distillation configuration. In the reaction type of A+B=C+D, when the reactants were not

adjacent to middle components in relative volatility, conversion had an optimum point for distillate rate and reflux ratio. How-

ever, there was no optimum point in conversion when reactants were adjacent middle components. When the reactant was fed

by split mode, the performance was less sensitive to the change of these variables than the other schemes. We here present
guidelines for the optimum operating condition and the best scheme for the reactive distillation process.
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1. � �

�� ������	
� �� �
� ���� ���� ��� �

� ���� � . !"� #$�% &' (��
� )* #$�%+

,, �-�
% �&,
 #$�� ./0�1 2+3�4 56 789

� :� ; � < �
	 �3 #$�� �=>� ��	 �3 ��3

?�1@ ",� AB	
 �
C ��� D �E FG� HI	 ;J

"< KLM�C N7M�� OPQ RS ; �T U [1]. VW
, �


��� 7X0Y �
 Z ���[� \]"^ _3 ��	 `6 a

b� c� � [2, 3].

�
 ��� Md% Mef ���� ��	 g�"T h� ; � .

% ij ���� k$ $�>� Md% 
1 Me"l ��1 ��"

^ &m^ no	 23� �=� p�"l ���� �q $�C �


Ir Md� s� t #$�� 4>& ��	 �f ��� �%" . V

W
, 56 789C �uv 2w� :^ _f �
�� kF(scheme)

� x7% Oy )zf C21 2I�� � [4]. Bock {[5]� .k	

�"<, �
|	 };|� .~��1@ 789% ��"�, �uv 2

w� :� ; �� . ���, �[� �0�"� �6 &' �0 �;

� �	 V� 2�F�>� �E� % �0 �;� �\�"� �0�

F�F�� �� �% .

L .k	
� ����(acetic acid, %" AA1 ��)C 	��
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(ethanol, %" ETOH1 ��)% �
"l 	����%�(ethyl acetate,

%" EA1 ��)� �(water, %" H2O1 ��)� #$"� 	���

�(esterification) �
% �&,� �� �
 ��|	
� �� ��C

����Y ij�  � ",� ��|� .~f (����[(complex

distillation process) ��� IJ"l, l� �E �;>� ��� ��

� �¡, �¢�£Y �uv 2wC 56 789� :^ _"l �0

� o2� k$"¤�¡ %� ¥¦�1 �0F�F�� k"¤ . �[

� ��� [§§¨ �[ ©1�ªY ASPEN PLUS(Version 10.1)� �

�"l ��"¤ .

2. �� ��

	���� �
«(esterification)6  ¬C ­ [6-9].

l^
 R6 ^]§;(1.987 cal/mol K), T� ®\¯v(K), k1C k2�

�
/v§;, C� F$°v(gmol/l)% . %n �
/v�  ¬C ­%

±&² .

r=k1CAACETOH− k2CEACH2O

%n EA� �A PMd%�,  ¬ ETOH, H2O, AAu%³1 |§�

1 ±1 EA� ETOH%, |P1 H2O� AA� #$U .

Bock {[7]6 % �
	
 ´ $�>� µ¶·;� ­�, ¸f �¹

$�>� �
 /v� ­^ no	 [�
C -�
6 2sW� "¤ .

¸f, Ismail {[10]v º»�E1 	���� �
6 ¼½, 2s �-�


%� ±1 ¾§	
 �&¿ � "¤ .

3. 	 


3-1. �� ��

	���� �
	 \"l, � �E À¨� ���[� ÁÂ"�, %

> �[>� $Ã� MÄ Å�"¤ . l^	
 |§2w g/(distillate

rate, %" D1 ��), ���, 8�M, holdup� ��	 V� 2w� u

v� 789	 \3 Æ��  .

3-1-1. �� ��|� �� ��

L .k	
� jÁ 7X0Y �
 ��|	
 �� ��(single feed)

	\3 ��� "¤ . Fig. 1(a)� 7X0Y �
 ��|	 !Ç� ��

��"� È«% .

3-1-2. �� ��|� �� ��

Fig. 1(b)� 7X0Y �
 ��|	 !Ç� �� ��f ij% . %

n f ���6 AA4� É�f ���%�,  � ",� ETOH� H2O

� É�f ���% .

3-1-3. (� ��|

¸  � ",� Fig. 1(c)	 ,ÊË �C ­% ^Ì� �
 ��|	

 � ",� ��|� .~f �% . Í, Î ÏÐ |(%" B11 ��)	


 ,¯ sidedraw(stream2, %" S21 ��)� D ÏÐ |(%" B21 �

�)� ���1 >&��, B2� |P q�	
 ,¯ ÑÒ6 u8�&

B11 ��U . %� ­6 (� ��|6 	���� �
� q#$�

Y �� Ó90�1 2+"l �
�� $Ã� 5� ; ��E� F�

"�K "¤ . B2� �;� 10��1 "¤ . ́  ��kF� ��F�

6 Table 1	 ,ÊÔ� .

� ¢�� ��kF �D Î ÏÐ |� �;� |§�1qÕ 
Ö^

� 1��1, yM^� 15��1 "¤ . �[ ��� ASPEN PLUS�

��"¤�¡ ��U �×6 WØ� ÙÚ� %�f SYSOP0% . %n

��U �[>6  ¬C ­ .

- ^/¾ ÅÀ

- ^] holdup ÛI

- ´ ��1 >&Ü� ,�� ^]� ¾]� Ý7 ��

- �
6 �¹ �	
 �&Þ

- �
	 �f ½ ÓC(heat effect) ÛI

- ßq1� ½ àá(heat losses) ÛI

3-2. �� � �	

3-2-1. |§2w g/� ��

�� ��|	
 �� ��� � ij, Fig. 2	 ,Êâã% |§2w

g/(D)% ���;ä H2O� 7 �-	 åæ Eç0%T U . Í D�

��	 VW H2O °v ©1è% | "q	
 §q1 %H"T U . V

W
 éê0�1 |§2w	
� H2O� °v� ��� ë �ìW, �

C2H5OH CH3COOH+ CH3COOC2H5 H2O+⇔

k1 4.85 102 14300– RT⁄( )exp mol 1– s 1–×=

k2 1.23 102 14300– RT⁄( )exp mol 1– s 1–×=

Fig. 1. Reactive distillation flowsheet: (a) single feed; (b) split feed; (c)
complex column.
���� �40� �2� 2002� 4�



�	
���
 ���� ��� ��� 161

�-	
 �� °v ��	 V� -�
 ��1 Y3 789% íî

f . Í ����� ij, D� ��	 VW �
 Z �� ÓC� �D

íî"� �� Æ ; � .

�� ��Y ij	� �� ��� ij�� ï�, Fig. 3	 ,Ê¿ ¥

� ­% D� ��	 VW H2O� 7�-	
 Eç0�1 ,Ê,E ð

� �� ñ ; � . ÜQò ETOH� | §qó�1 %H��1@ |

"q1 çS�� ETOHô% õ� �
�-	
 ETOH� �  Eç0

�1 �& [�
% ö��� �� ñ ; � . �÷E4 |§2w	 ­

% çS�� ETOHô6 ��"T U . VW
 D� ��� 789�

��� �øÜ, |§2w� uv� ù&² . ¸f D� E,ú ��

� ETOH� |Ô ]�ô� íî� �ø� 789v íî"T U . Í

7896 D� ��	 \3 �0d� û� . %� ­6 i�6 Fig. 4

	
 ��ñ ; � .

D �� ÈÙ	 V� s%� �� ��� ij D �
�% ­% �

��� |Ô	
 % �
�6 
1 ���& ETOH6 |§ ó�1, AA

� |Pó�1 %H"T �³1 !Ç� �ü	
 D �
�� °v�

Table 1. Ethyl acetate column simulation input

 13 trays including the reboiler and a total condenser
 Reflux ratio  10
 Pressure(feed, column)  1 atm
 Feed temperature  351 K

 Single feed, Complex column  
 Feed rate  0.1076 mol/min 
 Feed composition(AA/ETOH/H2O/EA)  0.4963/0.4808/0.0229/0.0

 Split feed  
 Feed 1 rate(AA)  0.0534 mol/min
 Feed 2 rate(ETOH/H2O)  0.0517/0.0025 mol/min

 Holdup(reflux drum/reactive plate/reboiler)  0.4/0.4/1 m3 
 Feed stage(single/split/complex)  8/2, 8(14), 8(feed), 4(recycle feed)

Fig. 2. Mole fraction profiles with different distillate rate(single feed, single column): (a) D=0.00665(lbmol/hr); (b) D=0.0073(lbmol/hr); (c) D=0.0075
(lbmol/hr); (d) D=0.0077(lbmol/hr).
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2� 5� VW
 % �-	
 ±1 �
% �&,T U . ´ �=>

6 |§	
qÕ EA, ETOH, H2O, AA u�1 �É"T �¡, D� �

�"� ij, ́  °v ©1è% |§ ó�1 %H"¡ VW
 !Ç� �

ü	
� �
� °v� íî"l 789% ù&ET U . ��, �

� ��� ij |� +� 7 �-	
 �
% �&Þ	 VW D� �

�"lv #$U H2O� ��| "q	 ýÛ�T U . D ij� �


©1è� Fig. 5	 ,ÊÔ� .

2w� uv� 789� ��I�^ _3
 �
 ��|	  � ",

� ��|(sidestripper)� .~"� (���kF� #´3 ñ ; � .

% ij	v þ§�� ¥� ­% D� ��	 VW 2w EA� uv�

íî", yu8U !Ç� ÿ !Ç� ���& ���³1 7896 �

�" � íî"�, Í �\d� û� ��1 ,Êâ . Fig. 6, 7	
 �

ã% (� ��|6 �� ��C �� ��� )*0Y i�� �l�

 . Fig. 86 ´ ��kF	
 |§2w g/ ��	 V� ´ $�� |

§2wô� �%� ,ÊÔ� .

3-2-2. !Ç ���� Á[

���� 0®f Á[6 �
�-	
 �
�� °v� 5T gE�

vä "� ad	
 %�&ø� f . �
�% I��	
 �A �x

$% t $�%< �
�6 �
�-� |P q��1 ���&� f

 . 56 §\ �xv� �
�% ��| §qó�1 %H"vä "�

VW
 �
�-	
 �
�� °v� 5�E� ÓC� � . º»�E

��1 2w% �
�	 M3 �x$% �< �
�6 �
�-� |§

q��1 ���&� f . �
�>� �xv� �j  � ij	� �


�-	
 �
�� ��µ¶M� gE�vä ��0Y ��% zkU

 . Í �
 ���� �� ��"l !Ç ���� ÑÒ6 �
�-	


�
�� °v� �\� �vä �
�-	 éê ��% �&� f [11].

Fig. 3. Mole fraction profiles with different distillate rate(split feed, single column): (a) D=0.00665(lbmol/hr); (b) D=0.0073 (lbmol/hr); (c) D=0.0075
(lbmol/hr); (d) D=0.0077(lbmol/hr).

Fig. 4. Effect of distillate rate on the product EA purity and the reac-
tion conversion(split feed).
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�
�>� �xv� �j  �^ no	 �� ��� ij� \§I

��	
 �
�-� �
�� ��µ¶M� 	S ; 
^ no	 �

� ��% ���&� f . �� ��� ij $�>� °v ©1è�

�< PMdY ETOH6 |§ q�	
, �MdY AA� |P q�	


j�" . VW
 [�
% j�"T "^ _3 ETOH� |P1, AA

� |§�1 ��"¤� ij, | 7]	
 �� �
% ²J% �& 2

w EA� °v� 72.3%, 7896 70.3%1 �� ��	 M3 ��"¤

 . Fig. 9� ���� ��	 V� ´ $�>� °v ©1è� ,ÊÔ

� . �� ��% |7]	 åæ ��T �
% ²J% �vä "¡ �

Q �
�) ETOH� ��| "��1 ��U ij �A �6 $Ã�

�
� Æ ; � .

3-2-3. 8�M� ��

�
 ��|	
 8�� ��� ö�I� ë4 �ìW �
�-	


78�E ð6 �
�� yu8Ir �
% �$��vä f . ��,

8�M� ��	 �f � �E� -ÓC� ���& � [12]. Í

- �q 2w� °v ��	 V� �
�-	
� [�
� íî

- 7] ]�I*� íî

- ´ �� ¯v íî

- yM^� ½î�ô �� 

�� ��� ij	 8�M� ��	 V� 2w EA� uv� 789

6 �\�% Ìy"¤ . Í, 8�M� 5� 6 �%	
 789C uv

Z #�ô% �A 5T ,Êâ . 8�M� R6 ij� ��� � �

��, 8�M� t ij� ��� � �� �� ñ ; �� . ��,

�
� ij� ÜQò ��� � ��� ij� �  789% 56 �

�1 ,Êâ . %� 8�M� 5� ��� � �;ä |Ô� ´ $�

% 
1 ���& �
% � �&,E ð� ��1 �ÇU . Í, L \

§·	
� �
�Y |Ô� °v ©1è	
 ñ ; �ã% ETOH�

AA�%	 H2O� Ìy"� � 8�M� 5�;ä % H2O� ETOH�

AA�%	 �°v1 _B"l �
% P3�^ no% . ETOH� 8

�M� 5��	 VW |Ô� °v� 5�E, \§ �
�=Y AA�

|P1 ��T �&, ETOH� °v� 56 �-6 AA� °v� R�

AA� °v� 56 �-6 ETOH� °v� RT �	 VW �
/v�

ù&ET U . 56 8�M� ��� ö�Ir #$U EA� |§�1

`% çS�T ",, �
� ij� �
�=*� ê�� P3"l �


#$/v� ù&��� Æ ; � . %� ­% D �
 �=% §\

�xv u	
 )Md �=1 Yê"E ð�< 8�M� �08�M�

û� .

�
�=% 
1 Yêf )* Md� �E� �� ij� 8�M �

�	 VW �
 ÓC� �� ÓC� HI	 ���	 VW 2w� uv

Z 789% ��f [11]. %�f I��� þ1� ���(CH3OH)C

%îq�[(CH3)2C=CH2]% �
"l methyl tert-butyl ether[(CH3)COCH3]

� #$"� �
 ��% [13, 14]. º»�E1 8�M� R6 ij�

Fig. 5. Reaction rate profile(split feed): (a) D=0.00665 lbmol/hr(single feed); (b) D=0.0075 lbmol/hr(single feed); (c) D=0.00665 lbmol/hr(split feed); (d)
D=0.0075 lbmol/hr(split feed).
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t ij� MÄ"¤ . % ij	� 8�M� �;ä �
 789C u

v� ��"¤ . Í, �0 8�M� Ìy"E ð¬� Æ ; � .

�� ��� ij 8�M� ��	 \f 2w EA� uv� 789�

Æ��  . % ij	v �� ��Y ij� º»�E1 uv� 78

9	 �0d% Ìy�� Æ ; � . Fig. 106 R6 8�M� 56 8

�M� ij	 |Ô� °v ©1èC �
#$ /v©1è� ,ÊË �

% .  
 �� ��	
 !�U ¥� ­% 8�M� R6 ij ��

� � ��& 2w uv� R�, 8�M� t ij	� �
�>% 


1 ���& -�
% �&, �
 #$ /v� R�² . ��, ��

��Y ij	� 8�M	 V� �
� �� O§% �E ð� �� �

�	 M3 �0d %" 2w� uv, 789, 2wô �D� Ý4f í

î O§� �Y . Í, �� ��Y ij� 8�M	 \3 EA uv�

789% # $í"¤ . Fig. 11	 |§2w� uv� 789	 \f

8�M� ��� ,ÊÔ� . (� ���[� ij	v ÿ1N !Ç�

yu8U !Ç� �� ���� �%^ no	 º»�E1 �0d� û

� �� %Y� ; �� .

3-2-4. Holdup� ��

�� ��C �� ��Y ij� holdup� ��	 V� 2w EA�

uv� 789� Æ��  . % ij �D holdup% ���;ä uv

� 7896 ��"¤ . Bock[5] {	 �"<, 	���� �
C ­

6 &' �
	
� ]�I*% ���	 VW, Í, holdup% �;ä %

� ­6 &' �
� 789� ��I��� �Ã" � E0"¤ .

% ~C1qÕ Æ ; �ã% L \§·	
� holdup% ���;ä 2

w� uv� 789 �D ���� Æ ; � . Í, �0�6 Ìy"E

ð� .

Fig. 6. Mole fraction profiles with different distillate rates(complex column): (a) D=0.00665(lbmol/hr); (b) D=0.0073(lbmol/hr); (c) D=0.0075(lbmol/hr); (d)
D=0.0077(lbmol/hr).

Fig. 7. Effect of distillate rate on the product EA purity and the reac-
tion conversion(complex column).
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4. ��
 ��� ��

��0Y ���[	
� �;� �� ¸� 8�M� ��Ir
 2

w� uv Z #�ô� ��I� ; � . ��,, �
��� ij  

	
 !�U ¥� ­% 789%, uv	 \3 l� �;>% �0d

� �E³1 %�f �;>	 \3 EA |§2wô� �0�;1 "l

�0� o2� k$"¤ .

�0� Æ��(�1 ASPEN PLUS	 ÔAU SQP(Successive Quadratic

Programming)� Complex ÈÙ� ��"¤ . SQP ÈÙ6 �-)*

(quasi-Newton) MÁÀ ©1�ª Æ��(%�, +, ÑÒ(tear stream)

C {«-q{« 2�F�� ;.� ; ��, �E � Ï� �(Ù	

�3 ;.f . Complex ÈÙ6 IGd� �Ãf �-	 ÛG_1 �

�Ir �0d� k� ; �vä ;[U ÈÙ� ��f . % ij	�

;."�� `6 �(·�% èz"E4, Ü/ ^*H� \q�� �0

� 
���	 �� ���� ��, �0 ;.	 \f 0�4f ÈÙ�

2�f [15, 16].

4-1. 
� �
�� 
� ��

% ij	 �0�;� |§�1 ,Ü� 2w EA� 2wô(DEA)�1

"¤ . ���, �0� �;1� 8�M(RR)� |§2wg/(D)� �

�I1 . Í, �0� o2�  ¬C ­% k$"¤ .

Maximize DEA

Subject to 22RR215

0.006652D20.0077

%n, ���� _B� 7] |� �;� �["T gEI1 .

Fig. 8. Production rate for distillate rate variation: (a) single feed; (b)
split feed; (c) complex column.

Fig. 9. Mole fraction profiles with different feed stage(split feed, sin-
gle column): (a) NFETOH=8; (b) NFETOH=14.
HWAHAK KONGHAK Vol. 40, No. 2, April, 2002
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4-2. 
� �
�� �� ��

�� ��� ij� ­6 �0 �;, �0��;, �0� ÈÙ�1 �

�"¤ .

Maximize DEA

Subject to 32RR215

0.006652D20.0077

4-3. �� � �	

�� ��C �� ��	 \3 �0�Ù� 0�"l ��f ~C�

Table 2	 ,ÊÔ� . �� ��Y ij, SQPÈÙ� %�f ij	�

8�M 5.41, |§2wô 0.00666 lbmol/hr� n EA� |§2wô6

0.00375895 lbmol/hr, ComplexÈÙ� %�f ij	� 8�M 5.0, |§

2wô 0.006662 lbmol/hr� n 0.00375748 lbmol/hr1 ,Êâ . �� �

�Y ij, SQPÈÙ� %�f ij	� 8�M 6.7, |§2wô 0.0077lbmol/
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Fig. 10. Comparison of low reflux ratio and high reflux ratio(split feed, single column): (a) low reflux ratio; (b) high reflux ratio.

Fig. 11. Effect of reflux ratio on the product EA purity and the reac-
tion conversion(split feed).
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C : concentration of component [gmol/l]

D : distillate rate [lbmol/hr]

NF : number of feed stage [-]

k : reaction constant [ mol−s−]

 Table 2. Optimization results

Case of split feed
- SQP method -

Initial values
RR 10 5 13 10

D 0.0077 0.007 0.0066 0.00665

Results

RR 5.40959908 5.11972336 5.48492934 4.96339496

D 0.00666 0.00666 0.00666096 0.00666

DEA 0.003758950 0.00375882 0.00375817 0.00375711

-Complex method- 

Initial values
RR 10 5 13 10

D 0.0077 0.007 0.0066 0.00665

Results

RR 5.00489078 4.72771516 3.58946422 3.86670449

D 0.00666171 0.00666593 0.00677639 0.00668707

DEA 0.00375748 0.00375106 0.00365794 0.00369133

Case of split feed
- SQP method -

Initial values
RR 12 5 13 10

D 0.00665 0.007 0.0075 0.00665

Results

RR 6.81414221 6.71171123 6.63005406 6.70691057

D 0.0077 0.0077 0.0077 0.0077

DEA 0.00473257 0.00473267 0.00473239 0.00473266

-Complex method-

Initial values
RR 12 5 13 10

D 0.00665 0.007 0.0075 0.00665

Results

RR 8.70288793 6.05477103 8.68418157 8.04366997

D 0.00765058 0.00768741 0.00763417 0.00764489

DEA 0.00465624 0.00471603 0.00465614 0.00468943
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N : number of stage [-]

R : gas constant [cal/mol · K]

RR : reflux ratio [-]

T : temperature [K]

X : mole fraction in a liquid mixture [-]
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