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��� K#%� �	�L� ��� :�, MNO ���) PQ����� RST8 U

V) �	�L� ��W% CX *+�, YV" � �	� Z[ 
��� \]8^2 EFJ�.

Abstract − A catalytic fixed-bed recycle reactor was proposed to increase the level of reaction conversion in conducting the

hydrogenation of CO2. The hydrogenation of CO2 was carried out over Fe-K/Al2O3 catalyst. The conversion of carbon dioxide

(XCO2
) increased with increasing reaction temperature and modified residence time (τmod) in the fixed bed single reactor. In

series reactors, the XCO2
 increased up to the level of 68.5% (T=300oC, P=1.0 MPa, H2/CO2=3 and SV=1,000 ml/gcat.hr) in

comparison with the level of 40.8% in the fixed bed single reactor at the same conditions. The XCO2
 increased with increasing

recycle ratio(R) and exhibited a maximum value with increasing total space velocity (SVT). The maximum XCO2
 was the level

of 75.6% (T=300oC, P=1.0 MPa, H2/CO2=3, R=6 and SVT=4,000 ml/gcat.hr) in the recycle reactor when the SVT was 5,000 ml/

gcat.hr. From the results of this study, it was found that the recycle ratio of reactant gas, effective separation of water vapor and

liquid hydrocarbon, modified residence time and equilibrium conversion level of the reaction were important factors to deter-

mine the conversion level of the hydrogenation of carbon dioxide.
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� �� %&! '� �(� )*+

�� �,-�. /�. �0 ������ %& )* 1 �23 45

67
� 89: �	� ;�� 67� 
�� �����: <=>

; /# ?�3� 67@ AB CDE �����: .FGGH� �

2$�I JK��� 45> ; /# LM� <=67
� NOP /

�[1-4]. QR�# S$ .T� 
� UOV WGKX
� �YZ [\

G]I ^�G]�F_ JK��� `a )*! �4bc) '� ��

V de- ������ fg	� W	� ��$
� hi� jk� l

C�. /�[5-8].

������ ;�� mn� 2op� mn
� qrs#t u v o

p# CO2�w CO� 45s# x ;\G] 45mn(reverse water gas

shift reaction)
� y (1)� z
{ |} op# 45~ COG FT

(Fischer-Tropsch) mn
� y (2)�w<� ��;�� 45s# mn


� IL� ; /�[4-6].

CO2+H2�CO+H2O ∆HR
0
300oC=38 kJ/mol (1)

CO+2H2�−CH2
− +H2O ∆HR

0
300oC= −166 kJ/mol (2)
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������ ;�� ��! �� ��;�� [\� )�� FT [

\ ��� W�� ��
� ��3
� �p� ; /) ��� �# 5

�3 FT(EFT, Environmental Fischer-Tropsch) [\�E > ; /�. �

��� ������ ;��� j� ��# "� FT mn�w �	s

-� 890! ��
� ��G �,-P �
{ �0 89 1 N,�

I: �� ��� Fe-K 89G .FGGH� �2$�I JK ��;

�� 45Y)� G� 3[� 89� �. s. /�[9-12]. u�I �

����� ;��# ;�)� �\� �� xmn�I %� �	 �

�x23� `�
� �� �� 45�! IL . /- �� +¡!

�� ������ mn 45�! ¢�# £� b¤� M¥ �`E >

; /�.

FT [\ ��� �U mn¦� 45�� .FGGH ��;�� ¡

§\! ¢�) '� �� +�� ¨4 a©�I mn) ªp� 
� «

�� �(� �� +�� �,-P �
{ mn¦� 45�� ��\

! ¢�# ��
� �mn G]� f¬5 ��� LM� £
� NO

P /�[13-17]. ­Ew ® ���w# ������ mn 45�! ¢

�) 'YZ � 45~ mnG]: ¯= <=YZ f¬5bc# f¬

5 mnp: .°Y±
{ � mnp�w ������ ;�� mn h

\! .²Y±�. ³�, Fe-K/Al2O3 89: �	� ´´� µ¶a©�

w ¨4«;G mn 45� · �\¦� ¡§\� �H# � ! ¸¹

Y±�.

2. � �

2-1. ��� ��

® µ¶� �	~ Fe-K/Al2O3 89# º»� �YZ `aY±�. Fe-

K/Al 2O3� a\� ¼�� �	~ γ-Al2O3� 
� Fe� 20 wt%� ¼�

s�½ Y±. a89� K: ¾GYZ 89 a\ Fe : K : Al2O3G

20 : 7 : 100 wt%G s�½ Y±�. `a¿À# º»a� γ-Al2O3,

Fe(NO3)3Á9H2OV K2CO3 ;	J! Â�! a�YZ Ã. Ämbc¥

w 80oC, &Å(650 mmHg) ̄ ')� 	9: ��bÆ Ç KÈG s�

½ Y±�. Ç KÈ� 89: 110oC�w 24bÉ ©a bÊ Ë 500oC�w

6bÉ �\Y±�. �\~ 89# CIP(Cold Isostatic Pressure, Fluitron

Inc.)� ÅÌ \�YZ Í� Î'G 355-850 µm� £! �	Y±�. 8

9� 5$� 450oC, KÅY�w 24bÉ Ï° 300 ml/min� ;�: Ð

O 5$bÊ Ë �	Y±�. 89� a\� h\� Table 1� IL Ñ�.

2-2. ���	

µ¶� �	~ .�Ò f¬5 mn)p(1.6 cm-IDÓ60 cm-High)� �

H�# Fig. 1� z�t mn�H# mn G] �¤FV .�Ò mn),

G] ¬5F, �\¦ ¯= �H u=. �\¦ ̄ � �H� �\s- /

�. µ¶� 21 g� 89: mn)� ÔÍ� Ë mnG](CO2, H2):

MFC(Mass Flow Controller, Brooks Instrument, 5850E)� W�! a¿

YZ H2/CO2� Â�! 3� s�½ Y±
{ ¬; $� G]� �ÉÕ

�(SVF, Space Velocity of Fresh feed gas)# 300-4,000 ml/gcat.hrG s

�½ Y±�. � mn¦� f¬5! '� mn)�w �\~ ¦� ��

;G 5�K� JK �\¦� )/J ¯=) · �Ä5)V nÌ): �

	YZ G]0� ¯=s�½ Y±�. �Ö, nÌs� ×� CO2, CO,

CH4 u=. C2-C4 G]0� G] ÅÌ)(gas booster, Burbank CA,

Haskel)� ÅÌYZ MFC: �	YZ f¬5 G]� �ÉÕ�(SVR,

space velocity of recycle gas): a¿YZ Ø �ÉÕ�(SVT, space

velocity of total gas)G 570-7,000 ml/gcat.hr(89: 21 g, H2/CO2=3)G s

�½ YZ mn! ;rY±�. mn ��# 3-zoneÙ_: mn)� Ú

Û� ªHY. �4Ü� PID ��a¿): �	YZ 250-350oC� ��

: ̀ -Y±�. mn ÅÝ� 1 MPa�w ̈ 4Y±
{ BPR(Back Pressure

Regulator, Tescom Co.): �	YZ mn)� ÅÝ! a¿Y±�.

)�K �\¦� G] Þ�ß¹uàá(GC, Younglin Instrument Co.,

M600D): �	YZ �E�
� ¯�Y±�. GC ̄ �� â�:  F

ãä(internal standard) ¦â� YZ GC-TCD�w, CO u=. CH4!

�� ¯�Y±. ��;� �\¦� GC-TCD�w å-q CH4� (!

)ä
� YZ GC-FID�w ¯�Y±�.

3. �� 	 
�

)�� FT mn� "-q -æ ��Î'�wI 100%� �� 45�

! IL # m¥, ������ ;�� mn� Fig. 2�w �# �V

z� a\ A(H2, CO2, CO, H2O)� �U p�~ �� 45�� ���

�G� ­E �GYZ 450oC�w 45%� 45�! IL {, ��;�

� �\! .O� a\ B(H2, CO2, CO, H2O, CH4, C3H8)� �U�#

75%��� �� 45�! IL # £
� �. sÑ�[5]. �# ��

���� ;�� mn� �x23� `�! G�. /ç! ��Y#t,

CO2V H2 mn¦� ¯Å&�V mn �\¦� ;�)� �� mn�

è`s- �� XCO2! IL . /�. > ; /�.

® µ¶�w ������ 45�(XCO2) u=. CO� ;�(YCO)�

��;�� ;�(YHC)� �ç y0�F_ é�Y±�.

  (3)

(4)

XCO2

moles  of  CO2  reacted

moles  of  CO2  fed
--------------------------------------------------------- 100×=

moles  of  CO2  fed moles  of  CO2  unreacted–

moles  of  CO2  fed
-------------------------------------------------------------------------------------------------------------------- 100×=

YCO
moles  of CO  formed
moles  of  CO2  fed

----------------------------------------------------- 100×=

Fig. 1. Experimental apparatus.
 1. Mass flow controller  2. Fixed bed 1st reactor

  3. Fixed bed 2nd reactor   4. Electric heater
  5. Gas-liquid separator   6. Condenser
  7. Heat exchanger   8. Back pressure regulator
  9. Gas compressor 10. Buffer tank
11. Pressure regulator 12. Wet gas meter

Table 1. Composition and properties of Fe-K based catalysts

Catalyst
Composition

[wt%]
BET surface area

[m2/g]
CO2 uptake
[µmol/g]

H2 uptake
[µmol/g]

Fe-K/Al2O3
Fe : K : Al2O3 

(20 : 7 : 100)
92 514 20
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YHC=XCO2
−YCO (5)

������ ;�� mn 45�� .�Ò mn)�w �êbÉ� �

G� ­E �GYë s#t, � �êbÉ� �G� ­ì mn 45�

(XCO2)� ��;�� ;�(YHC) u=. 1É�� @����(YCO)� ;

�! Fig. 3� IL Ñ�. mn¦� �êbÉ� 89 (� 
� mnG

]� �êbÉ
� �çy� z� ;�~ �êbÉ(τmod)
� ãíY±�.

(6)

Fig. 3�w τmod� �G� ­E XCO2V YHC# �GY±. YCO# &

�Y±�. �# τmod� �G� ­E 89K�w mn¦ É� �8bÉ

� �G� ­ì «�� ªî> ; /�. u�I �êbÉ� 6.2 gcat.s/

ml�K�w# τmod� �GYZ� �x2 ��� �� XCO2� ï� «

�Y� ×# £! N ; /�.

�Ö, �\¦� ¡§\(selectivity)� 1É�� CO: ðº� �\¦ 4

�� 
� ´ \¯� mol% Â� IL Ñ
{ ����� ;�� mn

� �\¦� ��;�# F�¦� ñ�(CH4), ��Î'G C2-C4� )K

�\¦ u=. ���� C5 �K� JK �\¦� �¯Y±�. �0 �

\¦� ¡§\� τmod� ò� Î'(τmod=3 �Y)�w# �êbÉ� «�

� ­E � ! ó# £
� ILô�B �êbÉ� �Gº� ­E �\

¦� ¡§\� õ � ! ó� ×# £
� ILô�(Fig. 4).

������ mn 45�! ¢�) '� ��
� 2+� .�Ò m

n): �ö� �éYZ ������ ;�� mn! ;rYZ u é

�: Table 2� IL Ñ�. �ö mn)�w XCO2� 45�� 68.5%

� o@ mn)�w� 40.8 %�� ¢� ÷! IL Ñ�. �# v ø}

mn)(1st reactor)�w �\~ ¦� JK ��;�: ¯=Y±
ù�

ú ø} mn)(2nd reactor)�w �0 \¯� �� mn� %��	�

τmod
mcat amounts  of  catalyst, gcat.( )

V f volumetric  flow  rate  of  feed  gas,  ml/s( )
----------------------------------------------------------------------------------------------------------------=

Fig. 2. Effects of temperature on XCO2
 in a fixed bed reactor without

recycle (P=1 MPa, H2/CO2=3, present study: SV=2,000 ml/gcat.hr,
a: SV=168 ml/gcat.hr, A components: H2, CO2, CO and H2O, B:
components: H2, CO2, CO, H2O, CH4 and C3H8, FT synthesis:
H2, CO and H2O).

Fig. 3. Effects of ττττmod on the XCO2
, YHC and YCO in a fixed bed reactor

without recycle (T=300°C, P=1 MPa, H2/CO2=3).

Table 2. Carbon dioxide conversion and product selectivity

Operation
mode

XCO2
[C-mol%]

CO Sel.
[C-mol%]

Hydrocarbon distribution [C-mol%]
O/O+P

ratio [%]C1

Sel.
C2

=

Sel.
C2

Sel.
C3

=

Sel.
C3

Sel.
C4

=

Sel.
C4

Sel.
>C5

Sel.

Single reactor 40.8 11.1 17.4 5.8 1.4 9.6 1.1 7.0 0.9 55.7 86.8
Series reactors 68.5 13.7 10.1 4.9 2.4 6.5 1.1 3.4 0.8 57.1 77.5
Recycle reactor 75.6 12.2 17.3 3.8 2.2 7.4 1.2 3.8 0.8 71.3 78.1

(T=300oC, P=1.0 MPa, H2/CO2 =3, Single reactor: SV=1,000 ml/gcat.hr, Series reactors: SV=1,000 ml/gcat.hr, Recycle reactor: R=6, SVT=4,000 ml/gcat.hr).

Fig. 4. Effects of ττττmod on the hydrocarbon selectivity in a fixed bed reac-
tor without recycle (T=300oC, P=1 MPa, H2/CO2=3).
���� �40� �5� 2002� 10�
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&�Y±
{, ú ø} mn)� �¤s# G](� &�� �� mn

)�� �êbÉ �G� ��> ; /�. �V z� é�� ® ���

w# ������ 45�! ¢�) '� ��
� o@ mn)� �

45 mn¦! f¬5Y# mn ��! �ÍY±�. f¬5 mn���

w �	~ �ÉÕ�(SV, space velocity)V f¬5 Â(R, recycle ratio)

u=. Ø �ÉÕ�(SVT, total space velocity)# ´´ y (7), (8) · (9)

� z�.

(7)

(8)

(9)

f¬5 mn)� f¬5s# G]# �45 mn G]� CO2, H2 u

=. 1É�� CO �Ñ
{, JK
� ¯=s� ×� ñ�� G] �

\¦(C2-C4)� f¬5Y±�. @�� SVT�w f¬5 Â�� �G� ­

ì XCO2V YHC u=. YCO� «�: Fig. 5� IL Ñ�. Fig. 5�w

XCO2# f¬5 Â(R)� �G� ­E �GY±�. �# @À3
� ;�

)V JK ��;�� ¯=� �� mn %��	� &�sÑ) ��


� ��~�. ³�, @�� SVT�w f¬5 Â�� �G# SVR Â�

� �G: GPV �� ­ì mn)� �¤s# G]� a\� 1É�

� CO AB CDE ñ�� G] �\¦(C2-C4) û�� �G� )��

�x23� �� 45�� �GY# £� ������ mn 45�!

¢�#t )Z� £
� üo~�.

@�� SVF�w f¬5 Â�! �GbÆ SVT� �G� ­ì XCO2

V YHC u=. YCO� «�: Fig. 6� IL Ñ�. Fig. 6�w XCO2

V YHC# SVT� �G� ­E Q
÷! IL . &�Y# � ! I

L Ñ�. � uý�w XCO2� �G# þ�w� ÿ¤Y±�� SVR�

�G� ­E mn)� �¤s# mnG]� a\«�� �x23� �

�� XCO2� �G� W=Yë �	Y±
{ ¦� JK ��;�� `

ïV de- ¡�WÕ� �G� �� ?�3� mn�� `ï� )�

� £
� ��> ; /�. Fe-K 89 Âg\�� "��S# 89 g

\�� ��� »3� $�
� NOP /
{[18] ® µ¶�w SVTG

5,000 ml/gcat.hr �K� �U� XCO2� &� $�� SVR� �G� �

� ��� ��;�� �¤
� K
3
� 89 g\�� �� »3

� �G� )�� £
� ªî> ; /�. ³�, �ÉÕ�� �G� ­

ì XCO2� &�# mn¦� �êbÉ &�� )�� £
�� üo~

�. ­Ew SVTG 5,000 ml/gcat.hr R<G f¬5 mn)�w XCO2!

¢@ ; /# SVT� Q3 a©�E > ; /�.

f¬5 mn)�w XCO2V YHC u=. YCO� 
� �êbÉ(τmod)

� � ! Fig. 7� IL Ñ�. XCO2V YHC# τmod� �G� ­E �

GY±. YCO# �À &�Y±�. �# mnG]V 89É� �8bÉ

� �G� ªî> ; /
{ Fig. 3� o@ mn)� ÂYZ ò� �ê

bÉ(τmod=2)� ¢� 45�! �Z ". /�. ³�, τmod� �G� ­

ì ��;�� ¡§\(Fig. 8)� ñ�(CH4)� )K �\¦(C2-C4) u=

SV
V f hourly  volumetric  flow  rate  of  feed  gas, ml/hr( )

mcat amounts  of  catalyst, gcat.( )
-----------------------------------------------------------------------------------------------------------------------------------=

R
SVR space  velocity  of  recycle  feed  gas,  ml/gcat.hr( )
SVF space  velocity  of  fresh  feed  gas,  ml/gcat.hr( )

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

SVT total  space  velocity( ) SVR SVF+=

Fig. 5. Effects of R on the XCO2
, YHC and YCO in a fixed bed recycle reactor

(T=300oC, P = 1 MPa, H2/CO2=3).
Fig. 6. Effects of SVT on the XCO2, YHC and YCO in a fixed bed recycle

reactor(T=300oC, P=1 MPa, H2/CO2=3).

Fig. 7. Effects of ττττmod on the XCO2, YHC and YCO in a fixed bed recycle
reactor(T=300oC, P=1 MPa, H2/CO2=3, R=2).
HWAHAK KONGHAK Vol. 40, No. 5, October, 2002
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.

, K.

nd

.:

 K.

d

. JK �\¦(C5 �K) lúG �êbÉ(τmod)� �G� ­E �GY

Z °�~ ÷! IL�
{ ��� ¡§\(O/O+P, Olefin/Olefin+

Paraffin)� τmod� �G� ­E �É &�Y# � ! IL Ñ�. �0

é�# o@ mn)(Fig. 4)V W�� h\! IL Ñ�.

�K� µ¶é�� ����� ;���w .�Ò o@ mn)��

�ö mn)I f¬5 mn): �	> �U XCO2! ¢�)� W=Y

±. �ö mn)�w 	�¨ mn)� ªH: '� 
G3� Â	�

89 M ��\� %Y �� �`�! .O> �U f¬5 mn)G L

M� 
� ���! �� > ; /Ñ�.

4. � �

Fe-K/Al2O3 89: �	� ����� ;�� mn�w �����

� 45�(XCO2)! �Gbc) 'YZ f¬5 mn ��! �ÍYZ µ

¶� é� �ç� z� é
! åÑ�.

(1) o@ .�Ò mn)�w XCO2# mn��V �êbÉ(τmod)� �

G� ­E �GY±
{ �ö .�Ò mn)�w XCO2# 68.5%

(T=300oC, P=1.0 MPa, H2/CO2=3 and SV=1,000 ml/gcat.hr)� Ï@a

©� o@ .�Ò mn)�w� 40.8% �� Þë �GY±�.

(2) f¬5 .�Ò mn)�w XCO2# f¬5 Â�(R)� �G� ­E

�GY±., Ø �ÉÕ�(SVT)� �G� ­E SVTG 5,000 ml/gcat.hr F

R�w Q
÷! IL Ñ
{ �êbÉ(τmod)� �G� ­E �GY±

�. Q
 mn 45�� 75.6%(T=300oC, P=1.0 MPa, H2/CO2=3, R=6

and SVT=4,000 ml/gcat.hr)� ILô�.

(3) ������ ;�� mn 45�� é��# mnG]� f¬5

Â�, �\~ ;�)V JK ��;�� ?�3� ¯= · mnG]�

89�� 
� �êbÉ u=. � mn� �� 45�� "��S�

ILô�.

��
�

mcat. : amounts of catalyst [gcat.]

P : pressure [MPa]

R : recycle ratio [−]

SVT : space velocity of total gas [ml/gcat. hr]

SVF : space velocity of fresh feed gas [ml/gcat. hr]

SVR : space velocity of recycle gas [ml/gcat. hr]

T : temperature [oC]

Vf : volumetric flow rate of feed gas [ml/s]

XCO2 : CO2 conversion

YCO : CO yield

YHC : total hydrocarbon yield

τmod : modified residence time [gcat.s/ml]
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