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Abstract − Synthesis of a reaction cluster is required when the yield of a desired product from a single chemical reaction is

too low for practical application. For a desired overall reaction, there may be a large number of industrially operable clusters,

and it is our goal to find the optimal one among these. In this paper, a lexicographic search algorithm is proposed, which iden-

tifies all potential clusters that satisfy user specified conditions for a given set of chemical species. As a case study, this algo-

rithm is applied to synthesis of reaction clusters for the decomposition of water to its constitutive elements. Successful

execution of this reaction will provide us with sustainable clean energy. As a result of this study, various potential clusters have

been synthesized at relatively low operation temperatures. These clusters can be more thoroughly investigated for potential side
reactions, kinetics, and other concerns. This methodology can be applied to any desired overall reaction. Therefore, it is

expected to contribute to design of economic, safe, and environmentally benign chemical processes.
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�� �� ���  !"� #�$ � %&. �'( ����� ���

) �* +�( #,� -	
 ./ 01� 234 5� 67, 89�

01� :( ��; ./ <=� >?5� @A� 8B� C4 D&.

E +�) 89� FGH 01� :( ��; ./ <=� >?5� @

A� IJ �	 ./ 8=� K�	 (&. IJ �	 ./ 8=�� L

M; <=[1], NO� P/� �QR� <=[2], FSTU; VW=[3],

:��; VW=[4, 5], X� YZ(integer programming) VW=[6] [�

�&.

-	
 IJ �	� ./� \:( ]� �� IJ ^_ `ab c.

� �4) �� �d� � eN� 4G
 6�&. FGH �.0� f

�� gh), IJ� ijR� IJ0 k l/0� f�� gh), ET

S IJ� �m� ]n Y� op� �q) �'( �d� �� r�R

� �&. E's �� FGH �� IJM3� tuv w e �x;y
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	 zX( op 5�)� �d� �� ET {| }y~ ��� ���

8�	L L�qw 2R&S l��&.

1-2. �� �� � �	

4� �� IJy	#� �4|� l/0� ��� ��;y	 JQ

C8� �� �� e IJ �'��� ./� �A�&. � @A� �

;� 0 ,q IJ� :Rj c� ��( j' �| �'��3� O�

�y	� �3 + ��RS ��( c��) c�� ��( Rsv �

�Rj �O/ �� �X� f�$ � �L� L�� �� � �&. �

v pRj � @A��) �W f�Rj 0 ,q IJ� ;QRS ��

��; �� FSTU(lexicographic search algorithm)[7, 8]�  :	 �

�� ¡�� k �� c�� ¢*� £Rj ¤& �� �L�) c�

��( �'��3� >?¥y	� FSTU� ¦�/7 ¦7;� 0

,q IJ� ��/� :q) F?¤S` (&. �e c� �� j#�

8§� ¨§ Gibbs ̀ © ��|	#� YªC� «t ¬�	 R­&.

gh), IJ ®¯°U�s IJ ±L� ^( �²� SGR| }S ³

´µ IJ� ¶·�;y	 ��(� 2� ¸³R­&.

2. ��� ��

2-1. IJ �'��

�;R� IJ� &"7 ¹� �4º&S R`.

A+B»C+D (1)

� IJ� &¼ IJ3	 �m4H IJ �	v 23 � ���, E ½

�� ¾ �|� 9�(&. ¶¿ �	(open pathway)b ÀÁ �	(closed

pathway)� EÂ�&.

ÃÄ &" ¾ IJ� 
Å¤`.

A+B»D+E (2)

A+E»C+F (3)

� IJM3� £RÆ, dT� ÇR� l/0 Cb Dv �� � �&. R

|2, � IJ� £Rj ÇR| }� l/0 Fv Y±q) 234 5

È (&. �É� IJ �	v £q) ./( IJ� �;R� l/0

� �� � �|2, -	
 IJ0� Ê K�RËs #�;y	 lª

C� l/0� sÌ� [� IJ �	v ¶¿ �	h (&.

�O &" ¾ IJM� :q) l�q ¤`.

A+F»C+E (4)

B+E»D+F (5)

� ¾ IJM� ÍÎ IJ� IJM (1)7 6Ï(&. �É� #�; l

ª0� sÌ| }� IJ �	v ÀÁ �	h R~, IJ �'��

(reaction cluster)hSL (&.

2-2. 
��
� ��


��;y	 �QC� ��IJ� ÐÑ6¬�) 64s� �d� �

y~, � �d l/0� �n ��� YªRGÆ ��«t7 ¬«t�

Ò�� SGqÈ (&[9]. Óv 34 4� IJ8 5�) aA(l)+bB(s)

»cC(l)+dD(g)b ¹� IJ� 64Ô&S R`. � IJ� «t� LÕ

Ö� e, d× ¬«t� sØ5� M� &"7 ¹&.

(6)

j8�) fi
j� i 01� j ¬�)� ���Ùv Ú(&. ��«t� I

J� «t¬�v sØ5� &" My	 X��&.

(7)

26 p M� �¬; Û.0� ;Q�&Æ, ���Ù Ü� fi/f i
o :Ý

Þ³( ß�v �Q$ � �&. Óv 34 8à6 �d ,á Pi(atm)v

�Q$ � �S, âà6 �d ai xi�ã	 ä,�� �Q$ � �&.

å �Qâ ¬u�)� äæL Ci(mol/L)v, ́ �( âàs Sà� �d

�� 1� �Q(&.

�4H IJ ��ç� :Rj 1è k ��| �|M, ¬«tM (6),

ETS ��«tM (7)� �é êÆ l/0� �� k c� ��/ j

#v ¸ë$ � �&. � ìN�)� �b ¹� ¬í( <= :Ý �Q

$ � �� Þ³( ìT; VW=� O�(&.

2-3. �
�� ��

«t¬�� &"7 ¹� ̈ § Gibbs ̀ © ��|	#� A$ � �&.

(8)

j8) ¨§ Gibbs ̀ © ��| ∆Go(T)� «t ¬�b �Lb� ^Y

v sØ5� &" My	#� A$ � �&[10].

(9)

� M� &"7 ¹� îj1 � �&.

(10)

p M� ]ß� T� :q) ;,Rj XTRÆ,

(11)

� �&. j8�) �ã	,

p M� :ïRS ]ß� −RTv ðRj XTRÆ &"7 ¹� �&.

 + (12)

∆Go(To) = ∆Ho(To)−To∆So(To)�ã	, p M� :ïRj XTRÆ, &"

7 ¹� �&.

(13)

� M� ∆Go(T) = ∆Ho(T)−T∆So(T)	#� �� �L �y~, ∆Go(T)v

∆Ho(To), ∆So(To)ñ k Cp
o (T) ���	#� A$ � �&.

3. 	
� �


3-1. ��

&"7 ¹� IJ� :q) l�q ¤`.

f i
g f i

l f i
s f i   i A B C D, , ,=,= = =

K T( )

fC

fC
o

----
 
 
 c fD

fD
o
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 
 
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fA

fA
o

----
 
 
 a fB

fB
o

----
 
 
 b

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

≅

K T( ) e
G

o∆
RT
---------–

=

d ln K
dT

--------------- Ho∆
RT2
----------=

d ln K
dT

---------------
Ho∆ To( ) Cp

o∆
To

T

∫ dT+

RT2
--------------------------------------------------=

 K(T)ln  K To( )ln
Ho∆ To( )

R
-------------------- 1

T
--- 1

To

-----– 
 –=

1
RT
------- CP

o Td∆
To

T

∫ 1
R
----

Cp
o∆

T
--------- Td

To

T

∫+–

 K(T)ln
Go T( )∆
RT

------------------–  K To( )ln
Go To( )∆
RTo

--------------------–=,=

Go T( )∆ RT
RTo

---------- Go To( )∆ Ho∆ To( ) 1 T
To

-----– 
 +=

Cp
o Td∆

To

T

∫ T–
Cp

o∆
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--------- Td
To

T

∫

Go T( )∆ Ho∆ To( ) Cp
o∆ Td

To

T

∫ T So∆ To( )
Cp

o∆
T

--------- Td
To

T

∫+–+=
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A+B»C+D (14)

p IJ�) ÇR� ��� �� � �� «t ¬�� ñ� ez�h RÆ,

©¦( «t ¬�� op� &"7 ¹&.

K(T)òez (15)

p� M� M (8)� :ïRj XTRÆ

∆Go(T)+zRTó0 (16)

� �&. p M� ÇR� ��	 IJ�ô � ��| ¸ë$ � ��

õL� �&.

c� ��( �L op R(� TL�S, ¬(� TUh $ e, TLóTó

TU�) IJ (14)� c� (16)� 2ö�÷| ø(&S �XR`. �e

&" ¾ IJM� l�q ¤`.

A+E»C+F (17)

B+F»D+E (18)

p ¾ IJ� ÍÎ IJ� (14)� IJ7 ¹"� F � �&. å(, �

3 ¾ IJ� :Rj �� �� �Lb ù� �L�) ∆Go(T)+zRT ñ

� 0¤& ú� op� 9�(&Æ, dT� (17)� IJ� �� �L o

p�), (18)� IJ� ù� �L op�) �� IJ�û (14)� IJ

� ÇR� ��	 �ü4 ý � �&. �v ¨�( Eþ� Fig. 1�&.

3-2. �� �� ��

� @A�)� 4� IJ� c� �� j# ¸ë 8§y	� ÇR�

��� qÿR� «t¬� ñ ez0� �Q(&. �,

(19)

å�, 

(20)

E's, l/0 + ;4L Rs �¬� 01� &¼ ¬y	 l/C4

IJ7 Ò�� ,T� ��R&Æ, IJ� Y± X<�y	 H��ô

� �yã	 «t¬�� ú&RÊhL ��;y	 �Q$ � �&. �

�d ;Q� zñ� Ê ú� ñ� �Q$ � �&. �,

(21)

å�, 

(22)

j8), z1� z0¤& ú� ¬��&. ³, ,T� l/0� ´�( âà

s Sà6 �d «t¬u� ��� �Ï| }yã	 XIJ� ©L$

� %&. gh), � @A�)� r�� �( ,T2� SG(&.

6I;y	 c�� ��( ¬( �Lv TUh RS R( �Lv TL�

h RS c� �Lv Th RÆ, �3� ^YM� &"7 ¹� �&.

(23)

� c��) &"� ,q IJ� 64sS, � e l/0 Cb D� ,

q �L(decomposition temperature)v �� Td
C, Td

Dh R`.

A»C+D (24)

p IJ� £Rj l/0 Cb Dv �8 pq)� c� �L op�

I�� l/0 Cb D� ,q �L �R�) ú�qÈ (&. gh),

c� �� �L� ¬( ñ� &"7 ¹� � zXC4È (&.

(25)

å(, &"7 ¹� IJ� �m4 1 e� :q) F?¤`.

A+B»C+D (26)

p IJ�) IJ0 A, Bb l/0 C, D� ,q �Lv �� Td
A, Td

B ,

Td
C, Td

Dh R`. c�� £Rj ÇR� l/0 C, Dv �8 pq)�

IJ07 l/0� IJ + ,qC| }?È Rã	, c� �L� ¬

(� pb ���|	 &"7 ¹� � zXC4È (&.

(27)

26, IJ� â¬�) �m4|~, l/0 + Rs �¬� 8¬y	

IJ7 Ò�� ,T�&Æ, �� ,T ��/ 8§� 2öR� IJ�

&. � �d IJ� â¬�) 64s~, l/0 + ;4L Rs �¬�

8¬y	 9�qÈ (&. �e IJ Û.0� �¬;�hS �XRÆ,

c� �L� l/0� �� � + �* ú� ñ¤& ù?È R~, IJ

0� �� � + �* ú� ñ¤& �?È (&. gh), �L� op�

&"7 ¹� 	� F � �&.

(28)

p M� ,T ��/ 8§� ;Q
 e �QC41 c� �Lopv

�My	 ¨�( Â� �&.

|��| z
( IJ k ,T ��/ 8§� ½.RÆ &"7 ¹�

��$ � �&.

IJ2 SG( 8§:

(29)

IJ k ,T ��/� SG( 8§:

(30)

3-3. ��� �� � �!

��; �� FSTU(lexicographic search algorithm)[7, 8]� �4H

��� ¡��� �� ��01� :q �Q`� X( op 5�) A

/ ��( �� �d� I�(�� å� Ì¼�) IJ3� c.Rj �

3� Ç�A/� 8§y	 ��;y	 X�( � c� ��( �à I

J3	 �m4H �'��3� ��R� FSTU�&. ��; X�	

�� � �� ��� Ç�A/� ¹� I� IJ T2 �à IJ� �

� � �S �3� ²¬ �� 5�) @±;y	 Rs� �· 5� 9

�R8 eN� ��� opv �� � �&� ��&.

K T( ) ez0≥

Go T( )∆ z0RT 0≤+

K T( ) ez1≥

Go T( )∆ z1RT 0≤+

TL T TU≤ ≤

TU
* min TU Td

C Td
D, ,( )=

TU
* min TU Td

A Td
B Td

C Td
D, , , ,( )=

max TL min Tb
C Tb

D,( ),( ) T min TU
* Tb

A Tb
B, ,( )≤ ≤

TL T TU
*≤ ≤ K T( ) ez0≥,

max Tb products,
min TL,( ) T min TU

* Tb reac tstan,
min,( )≤ K T( ) ez1≥,≤

Fig. 1. A thermodynamically feasible reaction cluster.
���� �40� �4� 2002� 8�
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NA�| Ç`3	 A/� NSf� 01� �H ��� ¡��v �Q

Rj, �� �: NRf� IJ3	 A/� �'��3� ./(&S R

`. �e I� IJ� �m� IJ0 å� l/0� �: f�� σ�~,

]n Y�(]� X�)� �:ñ� ξ� c��) A/ ��( �n; I

� IJ� f�� &"7 ¹&.

(31)

� I� IJ� Ç�A/� � Ç�ë Ç`�v sØ5� NAf� "

� ?� X� �¶	 sØý � �y~ �Â� ��; ���  :� �&.

NR=36 e� :( FSTU� &"7 ¹&.

(1) ��� ¡��v �QRj ��( �� I� IJ� c.RS, Ç

�A/� 8§y	 ��;y	 X�(&.

(2) Ç�A/� ¹� op 5�) ��7 d�� I� IJ� c.R

j �à IJM� 23S, �3 + c� �� 8§� 2öR� IJ3

� �.� Wh (&.

(3) �;R� �à IJM t� IJ0 + Rs �¬� �� I� IJ

� ��RS �� �à IJM� �¾ >? E �.� L�h (&.

(4) �;R� �à IJM t� l/0 + Rs �¬� Ì¼� I� I

J� ��RS �� �à IJM� �¾ >? E �.� R�h (&.

(5) �� l�L7 r�R� c.� :q) d=t−l−r	 ¨�C� IJ� X

�(&.

(6) 26 d=0�Æ, l7 r ¾ f� IJy	 �m4H �'��v ��&.

(7) 26 d�W�Æ, l, r, d í f� IJy	 �m4H �'��v ��&.

4. �� ��

4-1. " #$ %&

|A� 70% �¬� 0	  j �&. �'( 0� �QRj Ä!( Ü

Qy	 ��b ª�v �4 ý � �&Æ, "X ��|Ç� ¢¤�� 0

n, �O/ Æ�)L # �$� �� � �&. 0 ,q� IJM� &"

7 ¹&.

2 H2O(l or g)»2 H2(g)+O2(g) (32)

� IJ� «t¬�v F?¤8 pRj á%� 18á6 e �4H �

L�) 9�R� ¬� :( IJ0 k l/0� ¨§ Gibbs ̀ © ��

|v &"� 8�$ ��� ¡��	#� A( � M (8)� &4 Yª

RÆ K(300K)=3.20'10−83 k K(1,250 K)=1.17'10−15� ñ� �� �

�&. �É( 0� ¬��)� 0n�S S��)L )� ,qC| }

� P/� �|S �&.

�� @ACS �� 0 ,q <=y	� *+v �QR� <=, S�

�) x�R� ¶,q <=, ETS �8,q <= [� �&. �+�)

,V;� ¶,q <=� 4%� ���� �8 pq) 2,000oC �¬�

S�� K�RS, �8,q <=� ´�R� ª�b ��v �458

p( <=y	� ���| �O/� %&. &2 -*+v �QR� <

=� �O;� Æ�) 8:C4 .�µ @ACS �&.

 &"� IJ ���� �QR� <=y	), :¨;� Ó	 Yokohama

Mark VII cycle�h ÐT� &"7 ¹� 3�| ½�� IJy	 �m

4H �'��� �&[11].

2 Fe3(PO4)2+3 I2+2 H3PO4»6 FePO4+6 HI

6 HI»3 H2+3 I2
6 FePO4+3 H2O»2 Fe3(PO4)2+2 H3PO4+3/2 O2

� +�) / 01 IJ� -�� IJ�S, ¾ 01 IJ� ¶,q

IJ�~, í 01 IJ� �8,q IJ�&. p í IJ� �¾ u

]¶�) ��|v �23? IJ� 64sL� C4 �y~, ���

¦�� �� Ây	 ¤SCS �&. � @A� pb ¹� d4; <

=y	 0� ,qR� �'��3� 5) z
( FSTUy	 ./

Rj, Ê ��( c�7 ù� ��� �|� �'��v >�� L�

� �S` (&.

NH Cnξn
NS

n 1=

σ

∑=

Table 1. Species in the database

Al Al 2O3 Al2SiO5 Al4C3 B B2H6 B2O3 B5H9

Ba(OH)2 Ba BaCl2 BaO Be(OH)2 Be Be2C Be2SiO4

BeAl2O4 BeO Br2 C C2Cl2O C2Cl4 C2H2 C2H2Cl2
C2H2O C2H3Cl3 C2H4 C2H5Cl C2H5OH C2H6 C3H6O C3H8

C2N2 C3O2 CCl4 CH2O CH3CHO CH3Cl CH3COOH CH3OH
CH4 CO CO2 COCl2 COS CS2 Ca(OH)2 CaBr2
CaCl2 Ca CaO Cl2 Cd Co Co3O4 CoO
Cr Cr2O3 Cs Cs2O CsOH Cu Cu2O CuO
F2 FeCl3 Fe(CO)5 Fe Fe2O3 Fe3O4 H2 H2O
H2O2 H2S H2SO4 HBr HCl HCN HF HI
HNO3 Hg HgBr2 HgCl2 I2 K K2B4O7 K2CO3

K2O K2O2 K2SiO3 KBH4 KBO2 KH KO2 KOH
Li Li 2C2 Li2O Li2SiO3 LiAlH 4 LiAlO 2 LiBH4 LiBO2

LiBr LiCl LiF LiH LiOH Mg Mg 2Si Mg2SiO4 

Mg3(PO4)2 MgB4 BgCl2 MgCO3 MgO MgSiO3 MgWO4 Mn
Mo MoCl3 MoO2 N2 NH3 N2H4 N2O N2O3

N2O5 NO NOBr NOCl NO2 Na Na2B4O7 Na2CO3

Na2O Na2Si2O5 Na2SiO3 Na2WO4 NaAlO2 NaBH4 NaBO2 NaH
NaOH Nb Nb2O5 NbO NbO2 Ni(CO)4 Ni O2

O3 P4 P4O10 P4O6 Pb(BO2)2 Pb Pb3O4 PbBr2
PbCl2 PbO PbSiO3 S SO SO2 SO3 Si
Si2H6 Si3H8 SiC SiC4H12 SiH4 SiO2 Sr SrO
Ta Ta2O5 TaC TaO2 Ti Ti2O3 TiB2 TiC
TiO TiO2 V V2O3 V2O4 V2O5 W WO2

WO3 Zn ZnSO4 Zr ZrB2 ZrC
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4-2. '() *(+ � �� �,

� �6 @A� �Q� ��� ¡��� 41½� Ç`(NA=41)	 �m

4H 198f� 01(NS=198)	 A/C4ºy~, E 01 ½�� Table 1

� ¨�R­&. 7��, ���, ,q�L [� 8�9[12]� iS	 Rj

ú/C:&. «t¬� Yª� K�( ¨§ Gibbs ̀ ©��| ∆Go

(T)=∆Ho(T)−∆So(T)�) ∆Ho(T) k ∆So(T)� ñ� JANAF(joint army-

navy-air force) ��� ¡��v �QRj &" My	 AR­&.

(33)

(34)

�� L+ «t ¬�v X¢µ YªRGÆ �4H c� �L op 5

�) 9� ��( �� ¬� :Rj ¨§ Gibbs ̀ © ��|v A$ �

�4È (&. E's, �4H 01 198f �¾� :q) JANAF ���

¡���) Sà, âà, 8à� �� ¬� :( `av �� � %yã

	, ̀ a� %� ¬� :q)� &¼ ¬� `av :àRj �QR­&.

gh), ;7 ,<� X¢( `a� �QC:�|L � qÈ (&. å

( JANAF ��� ¡��� 6I;y	 1,000 Kv 8§y	 Ä� k

S� op� :( `a3� g	 �|S �ys 6# 01� :q)

M (33) k (34)�) =( Ð@±/� ��C4 � @A�)� Ä� o

p� :( `a2 �QR­&. gh) 1,000 K¤& >? ù� �L�

)� ;7� #X¢$ � �&.

c� �L op� R( TL=300 K�) ¬( TU=1,250 K	 R­&. c

��� 8§y	� IJ2 SG( �d z0=0(Kò1), ,T ��/� �

é SG( �d z1=−4.6(Kò0.01)y	 R­&. å( I� IJ� ij

$ � �� IJ0 å� l/0� �: f�� σ=2, �: ]n Y��

ξ=6, �'��v A/R� IJ� �: f�� NR=3y	 R­&. IJ

á%� 18áy	 �X(&.

4-3. �� -�

5) z
( c� R�) ��( ;7� #�y	 x:&. O�� F

STU� � ³Yë ;7� &"7 ¹&.

(1) c. ��( I� IJ� f�� 703,296f­&.

(2) � I� IJ3	 c. ��( �à IJ� f�� 57,126f­&.

�3 + IJ2 SG( c� �� c� z0=0(Kò1)� 2öR� �à I

J� 31,575f­&. ,T ��/� �é SG( c� z1=−4.6(Kò0.01)

� ;QRÆ c� �� �à IJ� 107f� r�Rj Í 31,682f�

�&.

(3) �3 + 0� IJ0	) i�R� �àIJ� 751f­&.

(4) å l/0	) �� å� ª�v ��RS �� �àIJ� 2,962

f­&.

(5) gh) Í 751'2,962=2,224,462 �|� �d� �� :Rj �

'�� /@j#v ¸XqÈ (&.

(6) 2f� IJy	 �m4H �'��� %:&.

(7) 3f� IJy	 �m4H �'��� Í 15f­&. j8) IJ2

SG( c� �� c�� 2öR� �'��� 14f­y~ �3 + :

¨;� 3fv Table 2� ¨�R­&. ,T ��/� �é SG( c��

�Rj A�� 1f� �'��� Table 3� ëL	 sØ5:&.

4-4.  .

Table 2� s� �'��3� ¤`. l/� �'��� ln K ñ� 


Å¤Æ, �'��v �m� �� IJ� :q) S�7 Ä�� �· +

;4L Rs� Kò1� 2öR� ]��&. � �L�·�) ÇR� �

� �¬y	 IJ� H��ô � �&. E's �'�� ./7X�)

IJ±Lb #IJ� ©� [� SGR| }B&. Pµ #IJ� 64

sÆ «tc�� Õh|ã	, xO �X� ;QR8 �� �v ��R

jÈ (&.

Table 2� 10 �'��v 
Å¤`. � �'��� IJ� ijR�

013� C��� Y¶� �.0� �v �mS �y~ c� R( �

L� 300 K �¬�) 0� OD( �� 01� 8¬y	 9�R� I

J�&. � �'��� :q) 01� ¬7 c� �Lv sØ5L� I

JM� &� ú/RÆ &"7 ¹&.

6 C2H6(g)→6 C2H4(g)+6 H2(g)
1,250K

6 C2H4(g)+2 H2O(l)→2 C2H2O(g)+4 C2H6(g)
300K

2 C2H2O(g)+4 H2(g)→2 C2H6(g)+O2(g)
300K

�=C� #IJy	� / 01 IJ�) �C� S��) �EF7

��v l/RÆ) ?íEFL ¹� l/R� IJ� �=�&.

Table 2� 70 �'��� ijR� 013� 1� ª�0 å� 1�

��0�&. �Lb ¬� SGRj IJM� &� ú/RÆ &"7 ¹&.

4 NH3(g)+2 O2(g) →6 H2(g)+4 NO(g)
1,250K

2 H2O(g)+2 N2H4(g) →4 NH3(g)+O2(g)
  1,250K

4 H2(g) + 4 NO(g) →2 N2H4(l)+2 O2(g)
300K

#IJy	� G�°?b ª�� IJ$ e 0 k �ª�1�L l/

C� Â� �=q w � �&. �b ¹� #IJ3� ¶·�; ��/

� �� 7X�) 234H c� �� �à IJ T�Hv ¤Æ ¢�

Ho T( )
RT

-------------- a1

a2

2
----T

a3

3
----T2 a4

4
----T3 a5

5
----T4 a6

6
----+ + + + +=

So T( )
R

------------- a1 Tln a2T
a3

2
----T2 a4

3
----T3 a5

4
----T4 a7+ + + + +=

Table 2. Clusters synthesized by the reaction criterion

No. T(K) ln K

1 6 C2H6→6 C2H4+6 H2

6 C2H4+2 H2O→2 C2H2O+4 C2H6

2 C2H2O+4 H2→2 C2H6+O2

300.0
1250.0
300.0

1250.0
300.0

1250.0

−2.4099E+02
1.4293E+01
1.0167E+01

−2.2900E+01
4.0877E+01

−2.5778E+01
3 2 CO+6 CoO→2 C+2 Co3O4

2 C+2 H2O→2 CO+2 H2

2 Co3O4→6 CoO+O2

300.0
1173.0
300.0

1250.0
300.0

1250.0

1.1075E+01
−4.3051E+00
−7.9435E+01
8.4758E+00

−1.2159E+02
1.2774E+00

7 4 NH3+2 O2→6 H2+4 NO

2 H2O+2 N2H4→4 NH3+O2

4 H2+4 NO→2 N2H4+2 O2

300.0
1250.0
300.0

1250.0
300.0

1250.0

−1.6466E+02
6.4035E+00

−3.5994E+01
3.2643E+00
1.0709E+01

−4.4052E+01

Table 3. A cluster synthesized by the reaction/separation criterion

No. T(K) ln K

11 3 H2O2+N2H4→4 H2+2 HNO3

2 H2O+2 HNO3→3 H2O2+2 NO

2 H2+2 NO→N2H4+O2

300.0
386.7
300.0

1250.0
300.0

1250.0

−3.6115E+00
−8.3078E+01
−1.9169E+02
1.1204E+00
5.3545E+00

−2.2026E+01
���� �40� �4� 2002� 8�
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$ � �&.

l/� IJ �'��3� 
Å¤Æ �L op� B8� zX( 300 K

-1,250 Kb &¼ 2f� 9�R��, �v ,<q w K�� �&. � +

Table 2� 30 �'��� �d l/07 IJ0� ,q �L	 �Rj

c� �L ¬(×� �?H �d�&. Co3O4 01� ,q �L� 1,173 K�

&. gh), � 01� l/0	 �4|� / 01 IJ� 1,173 K �2

�) IJ� �m4IÈ (&. � 01� IJ0� �d, ,q IJ�

?°hÆ ���|	 IJ �L� 1,173 K �2�4È R|2, í 01

IJ� Co3O4 01� ,qRj CoO k O2v l/R� IJ�ã	 �

�d� ÓD� �&.

sJ| &¼ Rs� �'��� Table 3� 110 �'���&. j8

)� ,T ��/ c�� �L op� ;QC:&. ,T ��/� ;Q

CGÆ â¬�) IJRj 8¬� l/0� ,TC4 sbÈ Rã	,

�� IJ0� âà å� Sà ¬y	 9�RjÈ (&. IÆ, l/0

+�) ;4L (�| �¬� 01� 8¬y	 9�RjÈ (&. � c

�� 2öR8 pRj R��hH(N2H4)� ���� 386.65 K	 110

�'��� / 01 IJ� �L ¬(�� KL Â�&.

300 K-1,250 K� �L c�y	 ��� ( ;7 &]( �'��v

l/$ � �:S, �+ 6# �'��3� IJ� ÜM; # «t¬�

ñ� �|S �:&. gh), Ê �� �L c�y	 ��� x�Rj

¤B&. E �D� c�� ��7 �¾ Ò6R� zXR­&. �N6�

��� �L c�� ¬(� 600 K�| �O � �:S, �e l/� �

'��� 2f� sD&. �3� Table 4� sØ5:&.

5) PQ(� �� 01� :q) ��� ¬� :( `av �¾ �

� � %yã	, �'��� ijR� 01� ¬� :( `a� O:	

�QC:�| ��$ K�� �&. �QC4H ��� ¡��v ,<q

� ;7 Table 4� ¤jH ¾ �'�� + 10 �'��� ijR� 0

1� N2H4� âà k 8à� :q) ¹� `a� �QC:"� ¢�R

­&. å(, 20 �'��� ijR� 01+ N2O3� 8à� `a2 9

�R­&. E's, N2O3� ijR� ¾ IJ �¾ c� �L� 600 K

�~, � �L�) N2O3� 8à�ã	 YªC4H ;7� ÝR$ � �

&. �4H �à �L op�) X¢( ;7v �8 pq)� 013�

� ¬� S� X¢( `av ¢¤R� Â� ×�C4È (&.

5. � �

���b ��� ¡��v �Q( ��; �� 8=� 0 ,q IJ

� ;QRj ÜM; �� �L�) ¶·�;y	 ��(, � IJ k ,

T ��/ 8§� 2öR� &]( �'��3� ./R­&. � �'

��3� �=C� #IJ, IJ ±L [� :Rj Ê =L�� STC

4È (&. 5y	 U Ê �S X¢( ¶·�; `a3� ¢¤CÆ, �

O/ �� 0 ,q �X f�� ��/� ÊV ù6 � �� Ây	 l

��&. å(, #IJ, IJ ®¯°U k ±Ln; �`3� ��Rj

��R� FSTU� f�CÆ xO �X� K	 ;Q$ � �� Aà

;�S X¢( IJ �'�� ./� ��$ Ây	 8:�&. ÊÐ4

� @A�) �Q� 8=� 0 ,q IJ D�L ÇR� 4W( ÍÎI

J�L ;Q ��Rã	 �O;�S ��RS X� Y�;� �X f

�� 8j$ � �� Ây	 8:�&.

APPENDIX
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Enter Maxcoef, Tlo, Thi, z0, and z1: Maxcoef = 6

Tlo =  300.000000 Thi  = 1250.000000

z0 = 0.000000E+00 z1 = −4.600000

Nspec = 198 Nelem = 41

Number of half reactions = 703296

Overall reaction  Index: 0   T(K)     ln K000

2 H2O -> 2 H2 + O2 0300.00 −1.8995E+02

1250.00 −3.4384E+01

Number of feasible whole reactions = 31682

nlcan = 751 nrcan = 2962

nclus2 = 0 nclus3 = 15

Pause - Please enter a blank line (to continue) or a DOS command.

Pause - Please enter a blank line (to continue) or a DOS command.

3R Cluster   1 T(K)     ln K000

6 C2H6 -> 6 C2H4 + 6 H2 0300.00 −2.4099E+02

Table 4. Clusters synthesized at lower operation temperatures

No. T(K) ln K

1 2 H2+4 HNO3→2 N2H4+6 O2

2 N2H4+5 O2→4 H2+2 N2O5

2 H2O+2 N2O5→4 HNO3

300.0
600.0
300.0
600.0
300.0
600.0

−2.4603E+02
7.6259E+00
3.2854E+01
6.4897E−01
2.3228E+01

−9.4090E+01
2 4 HNO3+N2O3→2 H2+3 N2O5

2 H2O+2 N2O5→4 HNO3

N2O5→N2O3+O2

300.0
600.0
300.0
600.0
300.0
600.0

−2.0467E+02
2.6524E+00
2.3228E+01

−9.4090E+01
−8.5087E+00

5.6225E+00
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1250.00  1.4293E+01

 6 C2H4 + 2 H2O -> 2 C2H2O + 4 C2H6 0300.00  1.0167E+01

1250.00 −2.2900E+01

 2 C2H2O + 4 H2 -> 2 C2H6 + O2 0300.00  4.0877E+01

1250.00 −2.5778E+01

3R Cluster   2   T(K)     ln K000

3 C2H6 -> 3 C2H2 + 6 H2 0300.00 −2.8962E+02

1250.00  2.3969E+00

 3 C2H2 + 2 H2O -> 2 C2H2O + C2H6 0300.00  5.8801E+01

1250.00 −1.1003E+01

 2 C2H2O + 4 H2 -> 2 C2H6 + O2 0300.00  4.0877E+01

1250.00 −2.5778E+01

3R Cluster    3   T(K)     ln K000

 2 CO + 6 CoO -> 2 C + 2 Co3O4  300.00  1.1075E+01

1173.00 −4.3051E+01

 2 C + 2 H2O -> 2 CO + 2 H2 0300.00 −7.9435E+01

1250.00  8.4758E+00

 2 Co3O4 -> 6 CoO + O2 0300.00 −1.2159E+02

1250.00  1.2774E+00

3R Cluster    4   T(K)     ln K000

 4 H2O + 4 HNO3 -> 6 H2O2 + 4 NO 0300.00 −3.8338E+02

 1250.00  2.2407E+00

 4 H2O2 + 4 NO -> 2 H2 + 4 HNO3 0300.00  8.7903E+01

1250.00 −7.0940E+01

 2 H2O2 -> 2 H2O + O2 0300.00  1.0553E+02

1250.00  3.4316E+01

3R Cluster    5   T(K)     ln K000

 4 NH3 + 3 N2O5 -> 6 H2 + 5 N2O3 0300.00 −1.6364E+02

1250.00  1.0882E+01

 2 H2O  + 2 N2H4 -> 4 NH3 + O2 0300.00 −3.5994E+01

1250.00  3.2643E+00

 4 H2 + 5 N2O3 -> 2 N2H4 + 3 N2O5 0300.00  9.6898E+00

1250.00 −4.8530E+01

3R Cluster  6   T(K)     ln K000

 4 NH3 + 6 O2 -> 4 H2 + 4 HNO3 0300.00  9.2075E+01

1250.00 −6.4400E+01

 2 H2O + 2 N2H4 -> 4 NH3 + O2 0300.00 −3.5994E+01

1250.00  3.2643E+00

 2 H2 + 4 HNO3 -> 2 N2H4 + 6 O2 0300.00 −2.4603E+02

1250.00  2.6752E+01

3R Cluster   7   T(K)     ln K000

 4 NH3 + 2 O2 -> 6 H2 + 4 NO 0300.00 −1.6466E+02

1250.00  6.4035E+00

 2 H2O  + 2 N2H4 -> 4 NH3 + O2 0300.00 −3.5994E+01

1250.00  3.2643E+00

 4 H2 + 4 NO -> 2 N2H4 + 2 O2  300.00  1.0709E+01

1250.00 −4.4052E+01
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3R Cluster    8   T(K) ln K000

 2 H2O + 2 N2H4 -> 6 H2 + 2 N2O 0300.00 −1.4554E+02

1250.00  4.7126E+00

 4 H2 + 4 NO -> 2 N2H4 + 2 O2 0300.00  1.0709E+01

1250.00 −4.4052E+01

 2 N2O + O2 -> 4 NO 0300.00 −5.5113E+01

1250.00  4.9553E+00

3R Cluster    9   T(K)     ln K000

 2 H2O + 2 N2H4 -> 6 H2 + 2 N2O 0300.00 −1.4554E+02

1250.00  4.7126E+00

 4 H2 + 5 N2O3 -> 2 N2H4 + 3 N2O5 0300.00  9.6898E+00

1250.00 −4.8530E+01

 2 N2O + 3 N2O5 -> 5 N2O3 + O2 0300.00 −5.4094E+01

1250.00  9.4337E+00

3R Cluster   10   T(K)     ln K000

 2 H2O + 4 HNO3 -> 4 H2O2 + 2 N2O3 0300.00 −2.5130E+02

1250.00  3.6682E+00

 4 H2O2 + 4 NO -> 2 H2 + 4 HNO3 0300.00  8.7903E+01

1250.00 −7.0940E+01

 2 N2O3  -> 4 NO + O2 0300.00 −2.6545E+01

1250.00  3.2888E+01

3R Cluster   11    T(K)     ln K000

 3 H2O2 + N2H4 -> 4 H2 + 2 HNO3 0300.00 −3.6115E+00

0386.65 −8.3078E+01

 2 H2O + 2 HNO3 -> 3 H2O2 + 2 NO 0300.00 −1.9169E+02

1250.00  1.1204E+00

 2 H2 + 2 NO -> N2H4  + O2 0300.00  5.3545E+00

1250.00 −2.2026E+01

3R Cluster   12   T(K)     ln K000

 2 H2O + 4 N2O3 -> 4 HNO3 + 2 N2O 0300.00  6.8813E+01

 1250.00 −4.4367E+01

 4 HNO3 + N2O3 -> 2 H2 + 3 N2O5 0300.00 −2.0467E+02

1250.00  5.4882E−01

 2 N2O + 3 N2O5 -> 5 N2O3 + O2 0300.00 −5.4094E+01

1250.00  9.4337E+00

3R Cluster  13   T(K)     ln K000

 2 H2 + 4 HNO3 -> 2 N2H4 + 6 O2 0300.00 −2.4603E+02

1250.00  2.6752E+01

 2 N2H4 + 5 O2 -> 4 H2  + 2 N2O5 0300.00  3.2854E+01

1250.00 −1.3747E+01

 2 H2O + 2 N2O5 -> 4 HNO3 0300.00  2.3228E+01

1250.00 −4.7388E+01

3R Cluster  14   T(K)     ln K000

 4 HNO3 + N2O3 -> 2 H2 + 3 N2O5 0300.00 −2.0467E+02

1250.00  5.4882E−01

 2 H2O + 2 N2O5 -> 4 HNO3 0300.00  2.3228E+01

1250.00 −4.7388E+01

 N2O5 -> N2O3 + O2 0300.00 −8.5087E+00

1250.00 1.2456E+01
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cal
3R Cluster  15   T(K)     ln K000

 2 H2O + 2 O3 -> 2 H2 + 4 O2 0300.00 −5.8824E+01

1250.00  9.7148E+00

 6 O2 + 6 SO2 -> 2 O3 + 6 SO3 0300.00  3.9388E+01

1250.00 −5.4247E+01

 6 SO3 -> 3 O2 + 6 SO2 0300.00 −1.7051E+02

1250.00  1.0148E+01

����
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	 3 C2H6 -> 3 C2H2 + 6 H2 0300.00 -2.8962E+02
	1250.00 2.3969E+00
	3 C2H2 + 2 H2O -> 2 C2H2O + C2H6 0300.00 5.8801E+01
	1250.00 -1.1003E+01
	2 C2H2O + 4 H2 -> 2 C2H6 + O2 0300.00 4.0877E+01
	1250.00 -2.5778E+01
	3R Cluster � 3 T(K) ln K000
	2 CO + 6 CoO -> 2 C + 2 Co3O4 300.00 1.1075E+01
	1173.00 -4.3051E+01
	2 C + 2 H2O -> 2 CO + 2 H2 0300.00 -7.9435E+01
	1250.00 8.4758E+00
	2 Co3O4 -> 6 CoO + O2 0300.00 -1.2159E+02
	1250.00 1.2774E+00
	3R Cluster � 4 T(K) ln K000
	4 H2O + 4 HNO3 -> 6 H2O2 + 4 NO 0300.00 -3.8338E+02
	1250.00 2.2407E+00
	4 H2O2 + 4 NO -> 2 H2 + 4 HNO3 0300.00 8.7903E+01
	1250.00 -7.0940E+01
	2 H2O2 -> 2 H2O + O2 0300.00 1.0553E+02
	1250.00 3.4316E+01
	3R Cluster � 5 T(K) ln K000
	4 NH3 + 3 N2O5 -> 6 H2 + 5 N2O3 0300.00 -1.6364E+02
	1250.00 1.0882E+01
	2 H2O + 2 N2H4 -> 4 NH3 + O2 0300.00 -3.5994E+01
	1250.00 3.2643E+00
	4 H2 + 5 N2O3 -> 2 N2H4 + 3 N2O5 0300.00 9.6898E+00
	1250.00 -4.8530E+01
	3R Cluster � 6 T(K) ln K000
	4 NH3 + 6 O2 -> 4 H2 + 4 HNO3 0300.00 9.2075E+01
	1250.00 -6.4400E+01
	2 H2O + 2 N2H4 -> 4 NH3 + O2 0300.00 -3.5994E+01
	1250.00 3.2643E+00
	2 H2 + 4 HNO3 -> 2 N2H4 + 6 O2 0300.00 -2.4603E+02
	1250.00 2.6752E+01
	3R Cluster � 7 T(K) ln K000
	4 NH3 + 2 O2 -> 6 H2 + 4 NO 0300.00 -1.6466E+02
	1250.00 6.4035E+00
	2 H2O + 2 N2H4 -> 4 NH3 + O2 0300.00 -3.5994E+01
	1250.00 3.2643E+00
	4 H2 + 4 NO -> 2 N2H4 + 2 O2 300.00 1.0709E+01
	1250.00 -4.4052E+01
	3R Cluster � 8 T(K) ln K000
	2 H2O + 2 N2H4 -> 6 H2 + 2 N2O 0300.00 -1.4554E+02
	1250.00 4.7126E+00
	4 H2 + 4 NO -> 2 N2H4 + 2 O2 0300.00 1.0709E+01
	1250.00 -4.4052E+01
	2 N2O + O2 -> 4 NO 0300.00 -5.5113E+01
	1250.00 4.9553E+00
	3R Cluster � 9 T(K) ln K000
	2 H2O + 2 N2H4 -> 6 H2 + 2 N2O 0300.00 -1.4554E+02
	1250.00 4.7126E+00
	4 H2 + 5 N2O3 -> 2 N2H4 + 3 N2O5 0300.00 9.6898E+00
	1250.00 -4.8530E+01
	2 N2O + 3 N2O5 -> 5 N2O3 + O2 0300.00 -5.4094E+01
	1250.00 9.4337E+00
	3R Cluster � 10 T(K) ln K000
	2 H2O + 4 HNO3 -> 4 H2O2 + 2 N2O3 0300.00 -2.5130E+02
	1250.00 3.6682E+00
	4 H2O2 + 4 NO -> 2 H2 + 4 HNO3 0300.00 8.7903E+01
	1250.00 -7.0940E+01
	2 N2O3 -> 4 NO + O2 0300.00 -2.6545E+01
	1250.00 3.2888E+01
	3R Cluster � 11 T(K) ln K000
	3 H2O2 + N2H4 -> 4 H2 + 2 HNO3 0300.00 -3.6115E+00
	0386.65 -8.3078E+01
	2 H2O + 2 HNO3 -> 3 H2O2 + 2 NO 0300.00 -1.9169E+02
	1250.00 1.1204E+00
	2 H2 + 2 NO -> N2H4 + O2 0300.00 5.3545E+00
	1250.00 -2.2026E+01
	3R Cluster � 12 T(K) ln K000
	2 H2O + 4 N2O3 -> 4 HNO3 + 2 N2O 0300.00 6.8813E+01
	1250.00 -4.4367E+01
	4 HNO3 + N2O3 -> 2 H2 + 3 N2O5 0300.00 -2.0467E+02
	1250.00 5.4882E-01
	2 N2O + 3 N2O5 -> 5 N2O3 + O2 0300.00 -5.4094E+01
	1250.00 9.4337E+00
	3R Cluster � 13 T(K) ln K000
	2 H2 + 4 HNO3 -> 2 N2H4 + 6 O2 0300.00 -2.4603E+02
	1250.00 2.6752E+01
	2 N2H4 + 5 O2 -> 4 H2 + 2 N2O5 0300.00 3.2854E+01
	1250.00 -1.3747E+01
	2 H2O + 2 N2O5 -> 4 HNO3 0300.00 2.3228E+01
	1250.00 -4.7388E+01
	3R Cluster � 14 T(K) ln K000
	4 HNO3 + N2O3 -> 2 H2 + 3 N2O5 0300.00 -2.0467E+02
	1250.00 5.4882E-01
	2 H2O + 2 N2O5 -> 4 HNO3 0300.00 2.3228E+01
	1250.00 -4.7388E+01
	  N2O5 -> N2O3 + O2 0300.00 -8.5087E+00
	1250.00 1.2456E+01
	3R Cluster � 15 T(K) ln K000
	2 H2O + 2 O3 -> 2 H2 + 4 O2 0300.00 -5.8824E+01
	1250.00 9.7148E+00
	6 O2 + 6 SO2 -> 2 O3 + 6 SO3 0300.00 3.9388E+01
	1250.00 -5.4247E+01
	6 SO3 -> 3 O2 + 6 SO2 0300.00 -1.7051E+02
	1250.00 1.0148E+01
	참고문헌


