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!1"! #$%&'()  

! *+$',-./!50123456#$%&'()789:;</=>?0

@;'06A1BC7DD0EF:;G! #$HIJKLMN/O'PQRS

'06DT5#$%&'()'890O'PQ<UVT;W<XYZ[\;G

]^0/_X'`a7bcZ6#$%&'()7de`089:;G 

 

13-1fghR#$%&ijN#$k'lgm  

! ghR#$%&5@;G`-n6opJ5qr:;se%&/t'PQ<u

v0w;G 

            

! 

CH
4
(g) + 2O

2
(g) = CO

2
(g) + 2H

2
O(g)                    (1-1) 

x46yzN{zW|}J~�}5��;%&/6 

! ! ! ! ! !

! 

1

2
N
2
(g) +

3

2
H
2
(g) = NH

3
(g)                            (1-2) 

0@;G 

! 

(g)/�#$k5se0@;DN7�:G(1-1)'%&0/6��'%

&��reactantfS��'����productfS6�k�'#$kW|R;56(1-2)

0���/��k0@;G��</6%&�����'#$k/��0@�Z

S�Y56%&�'��0�z<�:;���7�4��nR|RYG  

! ��' `/Y¡TSse%&0@;56DT¢£'p¤¥'%&/¦h@

;G`-n6(2-1)/§¨©MKª«'*?¬%&06­e®se%&G(2-2)/6

¯°±'²—³ �́µ.¶·f5¸°±¹®³´(º.¶·)<j»¼:;%&06

­e®­e%&0@;G 

! 

(s)/½'#$k5­e0@;DN7�:6!  

! ! ! ! !

! 

CaCO
3
(s) = CaO(s) + CO

2
(g)                          !  (2-1) 

! ! ! ! !

! 

" # SiO
2
(s) = $ # SiO

2
(s)                             !   (2-2) 
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t'(3-1)/§¨©MKª«5{<¾¬:;%&06­e®{¾¿%&0@;G 

! ! ! ! !

! 

CaCO
3
(s) = Ca

2+
(aq.) + CO

3

2"
(aq.)                      (3-1) 

(aq.)/½'#$k5{¾¿'¾�#$k0@;DN7�:Gt'`(3-2)/6{¾

¿'¾�#$kÀ'%&06 

         

! 

Ca
2+
(aq.) + EDTA

4"
(aq.) = Ca " EDTA

2"
(aq.)                (3-2) 

{¾¿Á'ÂÃ¤ÄJ(Ca2+6aq)56lÅÆÇÈ(ÉÊËÌÆÇÈ)'Íu0@;

EDTA�ÎÏÊJÐ}ÑJÒÓ¨¤ÄJfNÔiÔ0ÕÖXYZ6Ca-EDTA×e

7Ø;%&0@;G  

! %&(1-1)6(1-2)/6Ùe5�X'ÚÛRsj�a homogeneous gas phasef'

Á0ÜD;G! %&(3-2)S6�X'ÚÛR{¾¿ (a homogeneous aqueous 

solution)0Ü�ZÝÞ6DT|ÚÛRsj6{¾¿j</ßà'#$k5á�3

ZY;W|6DT|/l�?Ú�·(multi-component homogeneous system)'%&

N,-;DN5��;G%&�(3-2)/¾ÛÀ'%&06¾âN3Z'{/%&

�</ãäå<uv�TZYRYG3W36{¾¿  (aqueous solution) æe/ç¾

Ûè¾â({)é7êë:;'06¾Ûìí5î0/RYïÞ6l�?Ú�·0@

;G 

! �X'ÚÛRsj/6���?'ðñòó'ôõNßà�?òó'çöõò

ó�gas mixturefé'ôõ5,-|T;G%&(1-1)6(1-2)0,-�nR|RY/

çöõòóé'.0@;G�X'ÚÛR{¾¿/ç¾Ûè¾â({)é'DN÷

W|6öõòóNøg<öõùú<@;S'N3Z*+$0/ûVT;GÚ�

j0öõùú<@;�?/6ð�Ûùú<ü\;N6A¡çöõ'ÎJÌýþ

Ëé7ÿXDN<!ê3PQG!  
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! %&(2-1) 6(3-1)! 0/6­eNòó6­eN{¾¿'PQ<ßà'j5á�

36·Ùe/�X'ÚÛj0/RYG! (2-1)0/6"?·0@;ÚÛR{¾¿

5ßà'#$k#$'06 l � ? (= Ú � )l j · (multi-component 

inhomogeneous multi-phase system)N3Z,-;G! �.6%&(2-2)0/6#$%

�/ø�06Õ¶&''(5)R; k'³´W|R;·7,-;'06DT

/��?(=Ú�)lj·(single component inhomogeneous system)N*-;G��

?·</Ú�Röõùú/+,3ZYRYW|6Ú�öõej'�?5ÿXçö

õ'ÎJÌýþËé/,-R-ZS�Y�.3-/!13-60[\;fG 

! O'PQRj�phasef'#$k0@;W/6(s), (g), (aq.)RO'�/7S0Y

Z½'1í2�:;GDT</(l), (ss)'�/SUVT;G (l)/¿e�liquidf7

êë36`-n6¿e'{/

! 

H
2
O(l)Nu�:;G (ss)'�//,! ð�Û­e0

/R-6­¾e(solid solution) '��?0@;DN7�:3<UQG`-n6

! 

Mg
2
SiO

4

! 

( fosterite)N

! 

Fe
2
SiO

4

! 

( fayalite)/©J4J³ (Olivine)­¾e7R:.! 5

6'7ê8'öõ�W|Ú�j

! 

(Mg,Fe)
2
SiO

4
7Ø;DN5��;G

! 

Fe
2
SiO

4
(ss)

/6­¾e

! 

(Mg,Fe)
2
SiO

4
'��?N3Z'

! 

Fe
2
SiO

4
7u:G�.6

! 

Fe
2
SiO

4
(s)/

%�­9'ð�Û­eN3Z'

! 

Fe
2
SiO

4

! 

( fayalite)7êë:;G

! 

Fe
2
SiO

4
(ss)N

! 

Fe
2
SiO

4
(s)/6,-;\wj5)R;'0*+$å</:;�T;#$k0@;G 

!

! 

Fe
2
SiO

4
(s)5�<:;%&N3Z6 

! ! !     

! 

3Fe
2
SiO

4
(s) + O

2
(g) = 2Fe

3
O
4
(s) + 3SiO

2
(s)                (4) 

          

! 

fayalite             magnetite    quartz 

5@;G

! 

Fe " Si "O·0'¨z?=7>?­9�bufferf:;�X'%&0@Þ6

%&@�'ABCW|

! 

FMQ%&NDnTZY;GµX'@�/½TET;'ð
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�Ûj7R36�X'sj�¨z?ÈòófNá�:;G(4)'%&·/l�?

=Ú�lj·0@;G3W36S36©J4J³­¾e

! 

(Mg,Fe)
2
SiO

4
'��?

N3Z'

! 

Fe
2
SiO

4
5(4)<�F:;%&<�G3ZY;ôõ/6 

! ! !     

! 

3Fe
2
SiO

4
(ss) + O

2
(g) = 2Fe

3
O
4
(s) + 3SiO

2
(s)                 (4’) 

          

! 

olivine            magnetite    quartz 

Nu�:;'5HI0@;GD'%&/JKL"0'¨z?=M7NÆ:;O

1R#$%&'�X0@;GJKL"0/6

! 

Fe
2
SiO

4
/�Pj0/R-6©J4

J³­¾e

! 

(Mg,Fe)
2
SiO

4
'��?N3Z�Q:;W|0@;GD'PQ<6R

S</6#$k7T9:;N/6O'j<½'#$k5�Q:;W<XYZS

ø3<T9:;A15@;G3W36U-Z2�:;x0SRYôõSlYG D

D0*V34#$%&'l-/6!13-10-50ç#$%&'()é'`aN3Z

W,:;G 

 

13-2f#$%&'()XYN#$HIJKLM  

! ¢�'PQ<ghR#$%&5@;56DT|/��<  

! ! !

! 

"
A
# A + "

B
# B +  #  #  # = "

X
# X + "

Y
#Y +  #  #  #          ! ! !   (5) 

Nuv��;G

! 

A,  B,  "  "  ",  X,  Y,  "  "  "  /%&�N���'#$k7u36

! 

"
A
,  "

B
,  #  #  #, 

! 

 "
X
,  "

Y
,   #  #  #  /6DT|#$k'#$89<à0@;GO'P

QRj�phasef0,-;#$k0@;W/6(s), (g), (aq.), (l), (ss) RO'�/7

ZYZ½'1í2�:\w0@;56!13-1f0[\4PQ<ghRj5,-

|T;'0(5)0/[\3ZY;G 

! ()·'*+$Ô"6]^f<PTn6��å<uv34#$%&(5)<_:;()



 341 

XY/6·'°í TN=+ P5�90@;36*+$'`�6` a�W|6  

! ! !

! 

"G
r

= (#
X
$ µ

X
+ #

Y
$ µ

Y
+  $  $  $) % (#

A
$ µ

A
+ #

B
$ µ

B
+  $  $  $) = 0!  (6) 

0@;G

! 

µ j/%&<�G:;#$k j'#$HIJKLM(chemical potential)0

@;�!5-4fG! (5)��'��·0'#$89<àSbë34#$HIJKL

M'cW|(5)��'%&·'øgR#$HIJKLM'cN'd7ØTn6½

T/îNR;GDT5#$%&'()XY0@;G 

! DT/¢e'PQ<,-Tnf¬��;6!5®(4-19-3)W| 

! ! ! ! ! ! ! ! !

! 

dG(T,P,n
i
) = "SdT + VdP + µ

i
dn

i

i

#   

0@Þ6()0/��< 

! 

dG(T,P,n
i
) = 00@;G(5)'#$%&/°í TN=+ P

5�9'SN0()7,-;W|6gh/  

! 

dG(T,P,n
i
) = µ

i
dn

i

i

" = 0  0@;G!

�.6 (5)'i%&5

! 

d" ÷jkl:;Nw6#$km'nÈà'o#/

! 

dn
A

= "#
A
d$N:;N6%&/#$89<à7�F:;p0k$W|6 

! !

! 

dn
A

= "#
A
d$6

! 

dn
B

= "#
B
d$6…. 6

! 

dn
X

= +"
X
d#6

! 

dn
Y

= "#
Y
d$6GGGG 

5�q3RjTnR|RYG`-n6

! 

d" = +1# dn
A

= $%
A
0@;G

! 

"/%&'k

líNDnT;56

! 

dn
A
/d" = #$

A
! 0@Þ6�Ç'%&klí<_:;#$k

'nÈào#5D'#$59<à<rR|RYG4÷36%&�/st/6�

��</it/7+jZ,-;GD'�<7

! 

dG(T,P,n
i
) = µ

i
dn

i

i

" = 0<Íu:;

N6 

  

! 

dG(T,P,n
i
) = µ

i
dn

i

i

"  

           

! 

= [("
X
# µ

X
+ "

Y
# µ

Y
+  #  #  #) $ ("

A
# µ

A
+ "

B
# µ

B
+  #  #  #)]d% = 0  
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NR;GO'PQR

! 

d"0@�ZSîN/6½'<à5vwå<î0@;DN7

êë:;W|6(6)5�q:;G 

! ½D06#$k j'#$HIJKLM

! 

µ j  5 t'p 

  ! !              

! 

µ j = µ j

0
(T,P) + RT lna j! ! ! ! ! ! ! ! ! ! ! ! (7) 

0uv��;N:;G�xD'PQRp0#$HIJKLM

! 

µ j  5uv��;W

/]<y2:;N3Z6NÞ@-¡/6

! 

a j/#$k j 'z8�activityfNDn

T6#$k j<_:;ç{t�'*+$åìíé7u:Nf¬3ZÝDQG{t

�'ìí0@;W|6(8)'PQ<6~M?|(

! 

x j )0uv34ìí<ü`:;S

'7,-Tn�YG~M?| (

! 

x j )<+-ü`<à

! 

" j/z8<à (activity 

coefficient)NDnT;G 

                   

! 

a j = " j # x j                                  (8) 

(7)6(8)7}juTTn6~M?|(

! 

x j)~Ô'�ï/6ð�Û j NR;'06D

'XY0

! 

a j~ÔN,-; G��Z6~M?|(

! 

x j)~Ô0/

! 

" j~10@Þ6WX6

! 

µ j

0
(T,P)/6#$k j 'z8

! 

a j�Ô�ð�Ûf0'#$HIJKLM

! 

µ j'�;

RMNR;G

! 

µ j

0
(T,P)/��#$HIJKL M�standard chemical potentialfN

DnT;G! (7)0

! 

x j�ÔN3Zð�Û j7,-6D'XY0

! 

a j = 1N:;DN/6

! 

µ j = µ j

0
(T,P)79�:;DN0S@;GDT/ð�Û j 'çÔ~M�4Þ'��

�óæ�Î�M�Ëé'DN0@;W|6(7)'p�5HI0@;ïÞ6

! 

µ j

0</

7êm/R-6T6P 0'½'ð�Û j 'çÔ~M�4Þ'���óæ�Î�M

�ËéN9x;G 

! 3W3R5|6(7)6(8)<��YZÙZ'#$k'#$HIJKLM

! 

µ j5�Þ

ûVT;�0/RYG��R5|6_�NR;'/��¬Û'Ú�¿j�­¾
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e'#$k'ôõ<ï|T;G4÷36{¾¿'¾Û#$k0/6ìí/çO

8~Mìíé5UVT6f���¾¿7�93Z��#$HIJKLM7��

;�0/)R;S''6(7)'p�/Ù-ø�PQ<�Z�T;Göõòó0/6 

! 

a j~

! 

Pj  (?=M)6

! 

f j (�òKI�Ë)< w¡-4p0ûVT6��#$HIJ

KLM79�:;h</;'XY5¢u�T;�!13®6, 7, 8fG 

! ghRvg�Û7ûQ*+$0/6_��Û<P�Z½'_&.a5)R;G

DT/�£:;N¤�m<¥j;PQ£-;56vg�Û7ûY¦YPQ<,

-4Õ§N3Z¨¬:\w0@;G]0y2:;PQ< (7)'p�/f�öõs

e<��36DT7�©<6@|ª;k�'ÚÛjöõ�7ûQ*+$'«¬

/­o�®3ZY;Ô"6]^fG 

! ¢�'PQRf�W|6(7)6(8)7¯°N:;¢e'89/6��¬Û¾¿�

­¾e'#$k<Hõ36p�å</{¾¿'¾Û#$k<S�q:;N,-

Z�YG! (7)'

! 

µ j7(6)<Íu3Z6��#$HIJKLM

! 

µ j

0Nz8

! 

RT lna j'C

7��<?±:;N6 

      

! 

RT ln[
(a

A
)
"
A # (a

B
)
"
B #  #  

(a
X

)
"
X # (a

Y
)
"
Y #  #

] = ("
X
µ
X

0 + "
Y
µ
Y

0 + #  #) $ ("
A
µ
A

0 + "
B
µ
B

0 + #  #)  

NR;G5�<®17²jTn 

     

! 

RT ln[
(a

X
)
"
X # (a

Y
)
"
Y #  #  

(a
A
)
"
A # (a

B
)
"
B #  #  

] = ${("
X
µ
X

0 + "
Y
µ
Y

0 + # #) $ ("
A
µ
A

0 + "
B
µ
B

0 + # #)}! (9) 

NR;G½D06 

! ! !

! 

(a
X

)
"
X # (a

Y
)
"
Y #  #  

(a
A
)
"
A # (a

B
)
"
B #  #

$ K                                        (10) 

N -N6K5()9à�equilibrium constantf0@;G%&�'������

·f<_:;z8'³´'µ7?È< w6%&�'���%&�·f'øg
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Rµ7?¶<Ý-G�.6(9)��·' 

! !    

! 

("
X
µ
X

0 + "
Y
µ
Y

0 + #  #) $ ("
A
µ
A

0 + "
B
µ
B

0 + #  #) % &G
r

0                    (11) 

/6%&'��#$HIJKLM �

! 

"G
r

0fNDnT;G%&<�G:;#$

k'��#$HIJKLM7¸¹º�4S'0@;G%&'

! 

"G
r

0/6#$89

<àSbë34��#$HIJKLM'c<XYZ6���·N%&�·0d

7��4S'0@;G(11)0/6���·'#$89<à/½'xx06%&�

·'#$89<à</st/7+j;N*�ZS�YG��#$HIJKLM

/6ð�Û#$k'çÔ~M�4Þ'���óæ�Î�M�Ëé0@;W|6

D'M/%�N/{�<06°íN=+7T9:Tn6½'#$k<­»'M

5�x;GDT|7¸¹º�4Õ§5(11)'

! 

"G
r

00@;W|6

! 

"G
r

0/%&'°í

TN=+ P÷j0�x;'06

! 

"G
r

0/

! 

"G
r

0
(T,P)Nuv0w;G(10)N(11)7UQ

N6#$%&'()'XY/6 

! ! ! !

! 

RT lnK = "#G
r

0
(T,P)   x4/!  

! 

"G
r

0
(T,P) = #RT lnK           (12) 

N6��Z¼�R�NR;G 

! x46%&�N���7�z�eW|Ø;%&<x0½�Z��#$HIJ

KLM

! 

µ
i

07,-;N6 

        

! 

"G
r

0 = (#
X
µ
X

0 + #
Y
µ
Y

0 + $ $) % (#
A
µ
A

0 + #
B
µ
B

0 + $ $) 

            

! 

= ("X#G f ,X

0
+ "Y#G f ,Y

0
+ $  $) % ("A#G f ,A

0
+ "B#G f ,B

0
+ $  $)! ! ! (12’) 

NR;G

! 

"G f ,i
0 /6��ùú<@;Ô~M'#$k i 7�z�eW|Ø;%&'

Gibbsæ�Î�M�Ëo#7uv3ZY;G�z�e'#$HIJKLM/6�

z<�:;Û8���5%&'%&�N���'À0�q:;DNW|6Õ§

å</ÉLJ¾M�T6

! 

"G
r

0
(T,P)</�|RYG%&�N���'

! 

"G f ,i
0 ÷j5



 345 

(12’)'p0�;G

! 

"G
r

0
(T,P)/��#$HIJKLM

! 

µ
i

07

! 

"G f ,i
0 0 w¡-4p<

R;GDT7%&(1®1)N(1®2)'`0¿À3PQG 

! %&'%&�����5�z�e0@;ôõ6`-n6 

! ! ! ! ! !

! 

(1/2)N
2
(g) + (3/2)H

2
(g) = NH

3
(g)                    (1-2) 

0/6%&�'yzòóN{zòó/6�z NN H'T9�T4�z�e0@

;W|6

! 

"G f ,i
0 /�z�eW|½'�z�e7Ø;%&' Gibbs æ�Î�M�Ë

o#0@;W|6yzòóN{zòó<_3Z/

! 

"G f ,i
0

= 00@;G(12’)0/

! 

"G f ,i
0

= 0N:Tn�YG;'uv7:Tn6(1-2)�/}J~�}?È7T9�T

4�z�eW|Ø;ç}J~�}?È'��%&é0@;G÷W|6��ùú

0(1-2)'%&7,-4ôõ6

! 

"Gr

0
(T,P) = "Gf ,NH3

0
(T,P)0@;GÁC f/ç�z�

eW|'½'#$k7Ø;��%&(formation from the elements)é7êë:;G

��z0T9�T;�z�e/6Â�z0/Ã°Ã=0Ä9R ÅÈ?Èòó6

ÂÃ�z0/Ã°Ã=0Ä9RÂÃ�e5T9�T;G§z'ôõ/Æ4�Ç

¤Ì5T9�T;G 

 D'Èa7opJ'qr%&0,-;G 

            

! 

CH
4
(g) + 2O

2
(g) = CO

2
(g) + 2H

2
O(g)                    (1-1) 

'%&'%&�7T9�T4�z�eW|Ø;��%&/6 

 

! 

C(s) + 2H
2
O(g) = CH

4
(g)  :

! 

"G f
0
(CH

4
,g) = µ0

(CH
4
,g) # µ0

(C,s) # 2µ0
(H

2
,g)  

         

! 

O
2
(g) = O

2
(g)   : 

! 

"G f
0
(O

2
,g) = µ0

(O
2
,g) # µ0

(O
2
,g)  

0@;G�.6���7T9�T4�z�eW|X-;��%&/6 

! !

! 

C(s) + O
2
(g) = CO

2
(g)  : 

! 

"G f
0
(CO

2
,g) = µ0

(CO
2
,g) # µ0

(C,s) # µ0
(O

2
,g) 

  

! 

2H
2
(g) + O

2
(g) = 2H

2
O(g)  : 

! 

2"G f
0
(H

2
O,g) = 2µ0

(H
2
O,g) # µ0

(O
2
,g) # 2µ0

(H
2
,g) 
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0@;G¢�'ÒX'w�06(���·)É(%&�·)7Ø;N6 

! ! ! ! !

! 

"G f
0
(CO

2
,g) = µ0

(CO
2
,g) # µ0

(C,s) # µ0
(O

2
,g) 

! ! ! !

! 

2"G f
0
(H

2
O,g) = 2µ0

(H
2
O,g) # µ0

(O
2
,g) # 2µ0

(H
2
,g) 

! ! Êf!

! 

"G f
0
(CH

4
,g) = µ0

(CH
4
,g) # µ0

(C,s) # 2µ0
(H

2
,g)  

! ! ®f!

! 

"G f
0
(O

2
,g) = µ0

(O
2
,g) # µ0

(O
2
,g)(= 0) 

   

! 

"G f
0
(CO

2
,g) + 2"G f

0
(H

2
O,g) # {"G f

0
(CH

4
,g) + "G f

0
(O

2
,g)} 

             

! 

= µ0
(CO

2
,g) " µ0

(C,s) " µ0
(O

2
,g)

! 

+2µ0
(H

2
O,g) " µ0

(O
2
,g) " 2µ0

(H
2
,g) 

               

! 

"µ0
(CH

4
,g) + µ0

(C,s) + 2µ0
(H

2
,g)  

            

! 

= µ0
(CO

2
,g) + 2µ0

(H
2
O,g) " {µ0

(CH
4
,g) + 2µ0

(O
2
,g)}  

           

! 

= "G
r

0 

NR;G���N%&�'��#$HIJKLM

! 

µ0÷j5�Þ6DT|/

! 

"G f
00

 w¡-;DN50w;G§z6{z'�e'

! 

µ0/jË�TZ�|RY� O

eÌfG¨zòó/D'%&'%&�'�X÷W|6¨zòó'

! 

µ0/�;G3W

36¨zòó/T9�T4¨z�e06½'��ùú0'��%&÷W|6

! 

"G f
0
(O

2
,g) = 0NRÞ6

! 

"G f
0'c0/Í-;G

! 

"G
r

0
(T,P)  7

! 

µ00,-ZS�Y36

DT|7

! 

"G f
00 w¡-Z,-ZS�YGO0|0,-ZS�YG!  

! #$%&'()9à5Èa<R;'/6·Ùe5l�?Ú�·0@;ôõ6

·'�"5l�?Ú�j0@;ôõ6RO0@;G3W36 (2-2)'PQ<��

?'ð�Û·0'%&6 

! ! ! ! !

! 

" # SiO
2
(s) = $ # SiO

2
(s)                             !   (2-2) 

'ôõ/6��N��'5#$kNSð�Û÷W|

! 

a j = 10@Þ6K�ÔR'06
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(12)'()XY/!

! 

"G
r

0
(T,P) = 0  NRÞ6()9à/vTRYG��?'ð�

Û·0/�?'#$HIJKLM<çöõ'ÎJÌýþËé5vTRYDN<

_&:;G()9à K<ÕÖX-

! 

RT lnK/6ÚÛöõj�?'#$HIJKL

M0'çöõ'ÎJÌýþËéC7¸¹º�4S'NS*-;GDT7f¬36

x46(7)'

! 

µ j = µ j

0 + RT lna j7ZY;f�Sf¬:;Î</6#$HIJKLM

N½'�ÏBC<XYZSQÐ3q0u�4895A1NR;G 

  

13-3fÑ"?~M8ÒN3Z' #$HIJKLM  

! #$HIJKLM/6l�?·'#$%&7,-;�0=Ó¥RÔ�0@;G

3W36!50[\4ÕÖ7SQÐ3×YØÙW|,-;A15@;G½'Õ§6

#$HIJKLM/6ç"?~M8 �partial molar quantityféNDnT;�Ú'

*+$8'�X06çøt�à<_:; Euler '9féW|6½'mÛ5f¬

3¦-R;G½3Z6#$HIJKLM'%�oà/~M?|0RjTnR|

YDNSæÛ<f¬��;G 

 

13-3-1. "?~M8 �partial molar quantityfN~M8�molar quantityf 

! l�?

! 

(n1,n2,"  "  nk )W|R;�98'�Û'���óæ�Î�M�Ë7,-

;G

! 

(n1,n2,"  "  nk )/~Mà0uv34�Û8N:;G`-n6½'�Û5Ô~M

'©J4J³­¾e

! 

Mg1.75Fe0.25SiO4 (s)N:Tn6 

! !

! 

(n1,n2,"  "  nk )# (nMg ,nFe,  nSi,  nO) = (1.75, 0.25, 1.00, 4.00) 

N,-Z3xQ56 Si N O /­9�TZY;G��'©J4J³­¾e/6

! 

Mg
2
SiO

4
(s)N

! 

Fe
2
SiO

4
(s)7Ü�?N:;��?·­¾e0656'�Û87
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! 

(n
1
,n

2
)N3Z6�Û8

! 

(n
1
,n

2
)/7ê'M7�;N,-�nR|RYG 

! 

G 'Pqoà7

! 

(T,P,n1,n2,"  "  ,nk )<�;DN50w;DN/!5 0[\4.��

?�Û8

! 

n j7�Ý<Þß:;N6DT/ G½'S'7Þß34'Nø�0@;G 

! ! !

! 

G(T,P,"n1,"n2,# #  ,"nk ) = "G(T,P,n1,n2,# #  ,nk )! ! ! ! ! ! !   (13) 

DT/, Gæe5�8ùú8�extensive variablef÷W|0@;GT6P/�ào

à(intensive  variable)0@;W|6D'PQR89_�N/R|RYG(13)'5

�7Þ0á?:;N6 

! ! ! ! !

! 

"G

"(#n j )
$
"(#n j )

"#
j=1

k

% = G                      ! ! ! ! !  (14) 

(14)0

! 

" = 1:Tn6 

! ! ! ! !

! 

"G

"n j

# n j

j=1

k

$ = G! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (15) 

DT7âwã¹n6 

! ! ! !

! 

G = n j " (
#G

#n jj=1

k

$ )T ,P ,i(% j ) = n j " µ j

j=1

k

$                         (16) 

NR;Gã�8ùú8 G/6�?�Û8(

! 

n j)N 

! 

(
"G

"n j

)T ,P ,i(# j ) = µ jR;�8ùú8 G

'�?�Û8(

! 

n j)<P;äá?'µ'åc<w3YæN'Õ9<R;G 

ç�8ùú8 G '�?�Û8(

! 

n j)<P;äá?éN/#$HIJKLM

! 

µ j<r

R|RYG 

! øg'Õ§/6G¢£'�8ùú8 0S�q:;'/ã<f¬��;G 

! !  !

! 

V = n j " (
#V

#n jj=1

k

$ )T ,P ,i(% j )ç  !

! 

(
"V

"n j

)T ,P ,i(# j ) $ V j ! ! ! ! ! ! !  (17) 

! 

V j/6"?~Meµ�partial molar volumefNDnT;G 
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! 

H = n j " (
#H

#n jj=1

k

$ )T ,P ,i(% j )  :       

! 

(
"H

"n j

)T ,P ,i(# j ) = H j            (18) 

! 

H j/6"?~MèÎJpMþË�partial molar enthalpyf0@;G 

      

! 

S = n j " (
#S

#n jj=1

k

$ )T ,P ,i(% j ) :        

! 

(
"S

"n j

)T ,P ,i(# j ) = S j              (19) 

! 

S j/6"?~MèÎJÌýþË�partial molar entropyfNDnT;GD'PQ<6

#$HIJKLM

! 

µ j/6

! 

µ j = G j0@Þ6

! 

V j ,   H j ,   S j  Nø�'"?~M8 0@

;DN5é;GS36

! 

V j ,   H j ,   S jNø�u�a7U-n6

! 

µ j = G j! 0@;56

! 

µ j

/­oêV3ZY;�/÷W|6D'u�a/ëÃ/UVRYG"?~M8

! 

V j ,   H j ,   S j/6 

! 

v j ,   h j ,   s jNìBC7U�Zu��T;DNSlYG 

! ¢�/l�?·'�Û'ôõ@;56DT7��?·' n ~M'ð�Û<S

@Z/�Z(;G Y77ê'�8ùú8N:;N6 

!   ! !

! 

Y j = (
"Y

"n j

)T ,P ,i(# j ) =
Y

n
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (20) 

NR;DN5é;Gð�Û'"?~M8/6�ÛÔ~M�4Þ'�8ùú8

�molar quantityf0@Þ6ð�Û'#$HIJKLM/6ç½'�ÛÔ~M�4

Þ' Gé<w3-6

! 

µ j = µ = G /n  0@;G 

! D'PQ<6ð�Û'��?·0/6ç�?Ô~M�4Þ'�8ùú8é/�

<½'*+$87½'�Û80í�4M0@;G3W36l�?W|R;�Û

06ç@;�?Ô~M�4Þ'�8ùú8é7,-;ôõ/6OQ3ZSçr'

�?/�9<3Z6èèèèéN'äá?',-.7îZ¹ï;7ðRYGl�

?W|R;�Û7ûQ</6#$HIJKLM7/��6(17)6(18)6(19)'"

?~M87UV�nR|RYf�0@;G 
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13-3-2. !"#$%&'()*Gibbs-Duhem+,-./  

! 05(4123G,4567891:;<=>?@AB,/  

! ! !

! 

dG(T,P,n
i
) = "SdT + VdP + µ

i
dn

i

i

#    ! ! ! ! ! ! ! ! ! 05(4 (4-19-3) 

=3C,DEF67,GHIIJK>LMNOP3>QRSQ G ,TBUVQ

8WFXYZ[\V1:;]I=^_;I3013-31`aM 

! ! ! !

! 

G = n j " (
#G

#n jj=1

k

$ )T ,P ,i(% j ) = n j " µ j

j=1

k

$ ! ! ! ! ! ! ! ! ! ! ! 013(3 (16) 

TBUVQ,/8b5?;,13@AB,/ITBUVQ,/2c5Ldef

gdhd_Nifj3TBUVQ,/1 G ,@AB=kfg3if2l,/I

OmLdefgdhd_Nno3 

! ! ! !

! 

dG = n j " dµ j

j=1

k

# + dn j " µ j

j=1

k

#

! 

= "SdT + VdP + µ jdn j

j=1

k

#                

1:;N],p/=qr?;I3 

! ! ! !

! 

SdT "VdP + n j # dµ j

j=1

k

$ = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (21) 

Id;N]f23>sRSQ,6W

! 

dT,  dP,  dµ j8tKuv?awxyz{1:

;N],xyz{2!"#$%&'()*Gibbs-Duhem+,-./I|gf;N

WF}~,��=��;GH23TI P2O�I��;,13(21), Gibbs-Duhem

,-./23 

! ! ! ! !

! 

n j " dµ j

j=1

k

# = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (22) 

Id;N�WFXYZ[\V

! 

µ j245K6W?;]I2���3tK(22),O�

�H=uv?;�1L<6W��d_]I=�?N 
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13-3-3. !"#$%&'( Euler)*+  

! ,-./-01)2345-)#678!"#$%&'( Euler)*+9:;

<=>?(0@ABCDEFGHIJK5)LMN$9>?(OP%QRST

(D!"#$078

! 

f (x
1
,  x

2
,  "  "  "  ,  xk )U") (23))VW9XY'(Z8

! 

f (x
1
,  x

2
,  "  "  "  ,  xk )7 n")!"#$0[\D]^<8_7*$ST(` 

! ! ! !

! 

f ("x
1
,  "x

2
,  #  #  #  ,  "xk ) = "n # f (x

1
,  x

2
,  #  #  #  ,  xk )              (23) 

(23))ab9_Sc3'(08 

! ! ! !

! 

{
"f

"(#xi)
$ [
"(#xi)

"#
] j(% i)

i=1

k

& } = n $ #n'1 $ f  

ST(Dd+'(08 

! ! ! !

! 

{xi " [
#f

#($xi)
] j(% i)

i=1

k

& } = n " $n'1 " f                              (24) 

0e(DffS8_gh0'(08 

! ! ! !

! 

[xi " (
#f

#xi
) j($ i)]

i=1

k

% = n " f                                     (25) 

ST(D(25)S! n=1! )0i8jk8

! 

f (x
1
,  x

2
,  "  "  "  ,  xk )U 1")!"#$ST

lm8 

! ! ! !

! 

[xi " (
#f

#xi
) j($ i)]

i=1

k

% = f                                       (26) 

0e(Dfl78n%op]qrF),-./-01)2345-)#6(16), 

(17), (18), (19)ST(DqrF),-./-7s")!"#$ST(0[?(D 

 st8(23))ab9

! 

x
i
Sc3<=u(D 

! ! ! !

! 

f ("x
1
,  "x

2
,  #  #  #  ,  "xk ) = f (#,  "xi,  #)  

0v'f0%'(08 
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! ! !          

! 

"f (#,  $xi,  #)

"($xi)
#
"($xi)

"xi
= $n # (

"f

"xi
)                      (27) 

!"#$ 

              

! 

(
"f

"xi
) # g(x

1
,  x

2
,  $  $  $  ,  xk )                          (28) 

!%&!'(27)()*+,(-./"#$ 

! ! ! ! ! ! !

! 

"f (#,  $xi,  #)

"($xi)
#
"($xi)

"xi
= g($x

1
,  $x

2
,  #  #  #  ,  $xk ) # $  

012'(27)+ 

! ! ! ! !    

! 

g("x
1
,  "x

2
,  #  #  #  ,  "xk ) = "n$1

# g(x
1
,  x

2
,  #  #  #  ,  xk )        (29) 

!"#$34+5n ,(6,78(978+':n;<=,(6,78>?#@3

!ABCD#$(25)!(29)+'6,78/7D# Euler(EF!GH4#$ 

! 3(EFIJD#!'KG"L(MNO(PQRSQ+'TUVWQ(X,(

6,78>?#$YZ2'Y(978>?#[O\]^_`a"L(bUca

Q+ 0,(6,78>"d4H"J"e$f!"#$gTUh(VW/iD#M

NO(PQRSQ+'jTUAXk/lmD4H'PQRSQnoAlmD#

3!/"#$34+np>?#$Xq'bUcaQ+TUVWQ( 0 ,(6,

78>?#IJ'(29)/0e'jTUAXk/lmZ2r'Y4+XklmD#

s!XtZ"d4H"J"e$uv' 

! ! ! ! ! ! !

! 

g("n
1
,  "n

2
,  #  #  #  ,  "nk ) = g(n

1
,  n

2
,  #  #  #  ,  nk )         (30) 

wTxy12e#z{w?#$(28)/-x'

! 

g" µi = (
#G

#ni
)T ,P , j($ i) !Z2'

! 

gA[

O\]^_`a

! 

µ
i
>|}~�#!' 

! ! ! ! !

! 

µ
i
("n

1
,  "n

2
,  #  #  #  ,  "n

k
) = µ

i
(n

1
,  n

2
,  #  #  #  ,  n

k
)! ! ! ! ! ! ! (31) 
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!"#$%&'()*+,-./0123(31)456789:;#<=>"#$ 

! ?@!A(30)B(31)6CD9:AEFG*H2FIJmole fractionK

! 

x
i
 4LM

:N#. 

          

! 

xi =
ni

n j

j

"
=

# $ ni
(# $ n j )

j

"
                                    (32) 

!"#$OPQ)4RS6TU9:VAOEF*H2FI3WX!"#$YZ

:A+,-./012

! 

µ
i
[\*%)'()*]FH2)3A^M_`8 TAP*

VB!AEF*PQ)

! 

(n
1
,  n

2
,  "  "  "  ,  n

k
)*Ca!"#>A@`4bcdef6

EFPQ)*H2FI

! 

(x
1
,  x

2
,  "  "  "  ,  x

k
)4]FH2)*Xa6gh9:ijkA

(30)A (31)*lm356nop67qr`#$+,-./012

! 

µ
i
6s;:VA

@`>t:3u#*!AEF*PQ)

! 

(n
1
,  n

2
,  "  "  "  ,  n

k
)!3[vAEFPQ)

*H2FI

! 

(x
1
,  x

2
,  "  "  "  ,  x

k
)4+,-./012

! 

µ
i
*XaB9:ghw#$ 

! H2FI3xyz)!A?*{|356}J

! 

x
i

i=1

k

" = 1KB[#*!AOH2F

I~>��6X+��#�!3[;@B6��$! H2FI

! 

(x
1
,  x

2
,  "  "  "  ,  x

k
)3A

V3�AEF*PQ)!3[vA�E4��w#Xa!"#$+,-./01

2

! 

µ
i
3%&'()!"#�_@`3n�[��!"#$ 

! ��A+,-./012

! 

µ
i
3 

! ! ! !

! 

µ
i
= µ

i
(T,P,x

1
,  x

2
,  "  "  "  ,  x

k
)                                  (33) 

!"#$�13�2�(7)6CD9:A��)B3xyz*��,p��!AH2FI

(

! 

x j)6��w#V*4LM`k�;�B��8>A@`3(33)6��v$ 
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13-3-4. !"#$%&'()*+,-./012!  

! *+2!,-.2!/345,!"#$%&'(67)08/2!91:;,

<=7)>?@ABCDEFGGibbs-DuhemH)IJK 

! ! ! !

! 

SdT "VdP + n j # dµ j

j=1

k

$ = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (21) 

:LMNOP1)Q,R)STU5VR8W 

 

! <XYZ[\]^)_`> 

  \]^)]^aT n b(c91c,

! 

n j " dµ j

j=1

k

# $ n " dµ cd1:L,(21);!

! 

SdT "VdP + n # dµ = 0! cd1We/ 

       

! 

dµ = "(
S

n
)dT + (

V

n
)dP = "S dT + V dP                           (34) 

Qf1Wgh,

! 

µ =
G

n
=
(H " TS)

n
0i, 

! ! ! !

! 

µ = H " TS ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (35)   

jklYm91W 

! \]^)!"#$%&'()*+2!,-.2!)noTpq1r/,(34)

Q

! 

dP = 0c

! 

dT = 0)st)_`Tpq,*+c-.)Xucsu)vwZJx)

yTz{5|08W(34)Q PX}Q)*+ T/01XuwZ,TX}Q)-. P

Q)XuwZ;, 

! ! !

! 

(
"µ

"T
)

P
= #

S

n
= #S                                          (36-1)   

      

! 

(
"µ

"P
)

T
=

V

n
= V                                            (36-2)   

cd1W}-~�a; 
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! ! !

! 

C
P

= T(
"S

"T
)
P

= (
"H

"T
)
P

> 0                                    (37-1) 

!"#$%&'()*+(36-1), T!-./012#%+ 

     

! 

(
" 2µ

"T
2
)

P
= #

1

n
C

P
/T = #C 

P
/T                                  (38-1) 

!"#3456 S78!+

! 

C
P
9:;8!"#$%<=+>456?@ABCD

EF6G.&H#IJ+KJ601LM7+N&O!"#$%PQ#3$60

1LM6RS<=T6G.U?6VW7X 13-1, A6HY&Z#3 

! :;+[G\]^7 

! ! !

! 

"
T

= #
1

V
(
$V

$P
)
T

> 0                                         (37-2) 

!"#$%&'()*+(36-2) 6_` ,9YI.\a P!/012#%+ 

! ! !

! 

(
" 2µ

"P
2
)

T
=
1

n
(
"V

"P
)

T
= #$

T
%
V

n
= #$

T
%V                         (38-2) 

%Z#3456 V 7b&8+[G\]^98!"#$%<=+?@ABCDE

F6\a&H#IJ01LM78!+KJ01LM7O!"#(X 13-1, B)3 

 

 

 

 

 

 

 

 

T T 

T P 

A (PIc) B (TIc) 

X 13-1. >456?@ABCDEF6G.U?%\aU?6de3 
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<!"#$%&'()*+,-"./$> 

! 0123456789Gibbs-Duhem:.;<=!

! 

SdT "VdP + n j # dµ j

j=1

k

$ = 0! .

S> V?@A+BCD.=(19), (17)&EF(G>@ 

             

! 

( n j " S j
j=1

k

# )dT $ ( n j "V j
j=1

k

# )dP + n j " dµ j

j=1

k

# = 0 

HIGJK@ 

! ! ! ! ! !

! 

n j " [S j
j=1

k

# dT $V jdP + dµ j ] = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! (39) 

HIGL)*+,.!"#$%&'(-"&MNOPGJK@

! 

n jQRS.T&

UVGLWXO@(39)Q@

! 

n j.<YHIG

! 

[S jdT "V jdP + dµ j ]Z[\]HIG^

>&S_(GL 

! 

j = 1, 2, "  "  ",  k  ?`aO@ 

! ! ! !   !    

! 

dµ j = "S jdT + V jdP                                  (40) 

HIGLbc@!

! 

µ j = (
"G

"n j

)T ,P ,ni ( # j ) = (
"(H $ TS)

"n j

)T ,P ,ni (# j )  HIGJK@ 

! ! ! ! ! ! !

! 

µ j = H j " T # S j                                       (41) 

d@defg*h(GL 

! ^.ij?@k-",H.(34), (35)Q@)*+,HQA+BCD.;<>aO

(40),! (41)?lmGLk-",H.(36-1), (36-2)d@)*+,.-"HQ@ 

! ! !

! 

(
"µ j

"T
)P ,ni (# j )

= $S j                                           (42-1)   

      

! 

(
"µ j

"P
)T ,ni (# j )

= V j                                            (42-2)   

>'GL*+ j.A+BC4nopqrs

! 

S j>A+BC[t

! 

V jQ@*+ j.uv

wxoyzC.{|}~�>��}~�JK@�V�V��G^>\��GL 

! djb�.A+BCDHIGA+BC4no�Crs

! 

H jQ@Gibbs-Holmholtz
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!"#$%$&'((41)

! 

µ j = H j " T # S j)*(42-1) 

! 

(
"µ j

"T
)P ,ni (# j )

= $S j+,-.* 

! ! ! ! ! !

! 

µ j = H j " T # S j = H j + T # (
$µ j

$T
)P ,ni (% j )

! ! ! ! ! ! ! ! ! ! ! (43) 

.

! 

µ j.

! 

H j!/01%$&'(2&#$34!/0156'(37+

! 

T
289:;

<=>+?@ABC'.* 

          

! 

"H j /T
2 =

1

T
# (
$µ j

$T
)P ,ni ( % j )

" (1/T
2
) # µ j           

.D'1*E7F

! 

µ j.

! 

(1/T)!G!HIJK

! 

[
"(µ j /T)

"T
]P ,ni ( # j ))LMN#$* 

          

! 

[
"(µ j /T)

"T
]P ,ni ( # j )

= $H j /T
2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (44) 

8O'(PK j!QRSTUVWX!HIYZ[1\&]*^K_X`aUbX

cd

! 

H j1e6'(2!/0F*fPKghij8!! Gibbs-Holmheltz!"* 

! ! ! ! !

! 

[
"(G /T)

"T
]
P

= #H /T
2
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (45) 

)klM;N'((45)!m-)fPKg!hij8PnC'opqrps!/0

F*opqrp+t!opqrp!^K_Xp8uvwx;yzF{PnC'( 

    |}PKg!^K_Xp~! ! ! ! ! |fPKg!opqrp!/0~ 

! ! ! !

! 

µ j = H j " T # S j! ! ! !  !  �! ! ! ! !

! 

G = H " T # S! ! !  ! (46-1) 

! ! ! !

! 

(
"µ j

"T
)P ,ni (# j )

= $S j        !  �       !  

! 

(
"G

"T
)
P

= #S           (46-2) 

! ! ! !

! 

(
"µ j

"P
)T ,ni (# j )

= V j           ! �      !  

! 

(
"G

"P
)
T

= V            (46-3) 

! ! ! !

! 

[
"(µ j /T)

"T
]P ,ni ( # j )

= $H j /T
2  ! �     !  

! 

[
"(G /T)

"T
]
P

= #H /T
2     (46-4) 

��$!g!��y*�7�)

! 

µ j6�F G1O'2.)��( 
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13-4) !"#$ Gibbs%!&  

! !"#$'%()*+,-./01%2!.345.6$678.6$9.

:;<=>?@A5BCDEFGHIJK/01%2!<L$M$NOKP%

2!QRSOTUV-.WX%YZT<:D[\].^_$-`abcde0

1%e]f]-:F$NOgh 13-2iK!

!

!

!

!

!

!

!

h 13-2%TUV-YZTGHOQR.T%UVj.Ukl`abcd.U01

m-nopqOK 

        

! 

V
(" )

+V
(# )

=V = const.,       dV
(" )

+ dV
(# )

= 0                  (47-1) 

        

! 

U
(" )

+U
(# )

=U = const.,       dU
(" )

+ dU
(# )

= 0                 (47-2) 

        

! 

n(" ) + n (# ) = n = const.,       dn(" ) + dn (# ) = 0                   (47-3) 

'D[.("#rsG-.T%U`tuvwdxyz{GW|$:].

! 

dS = dS
(" )

+ dS
(# )

= 0 $:OK()*%}W~�$}2~�<��������

�g�5i-. 

! ! !

! 

dU(S,V ,n
i
) = TdS " PdV + µ

i
dn

i

i

# ! ! ! ! ! ! ! ! ! ! ! �5 (4-19-1) 

L 

M 

HO/01%2!gL$

MiQRSOTUV-.

WX%YZT 

h 13-2K6$678%�J:W��%/01%2!L$

Mx.WX%YZT<:N$NOK 
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!"#$!%&'()%dS*+#,% 

! ! ! ! !

! 

dS =
1

T
dU +

P

T
dV " (

1

T
) µ

i
dn

i

i

#  

!"#()%!

! ! !

! 

dS = dS
(" ) + dS

(# )

    =
dU

(" )

T
(" )

+
P

(" )

T
(" )
dV

(" ) $
µ(" )

T
(" )
dn (" ) +

dU
(# )

T
(# )

+
P

(# )

T
(# )
dV

(# ) $
µ(# )

T
(# )
dn (# )

 

&&!(47-1.-2,-3)*-./0%

! 

dU
(" )

,  dV
(" )

,  dn (" )*123#,% 

! ! ! !

! 

= (
1

T
(" )
#
1

T
($ )
)dU

(" ) + (
P
(" )

T
(" )
#
P
($ )

T
($ )
)dV

(" ) # (
µ(" )

T
(" )
#

µ($ )

T
($ )
)dn (" ) = 0     (48) 

456!7

! 

dU
(" )

,  dV
(" )

,  dn (" )89$:;<=*,>0?%(48)7@A3#()%

&')$BCD8E!"#FGH% 

! ! ! !

! 

(
1

T
(" )
#

1

T
($ )

) = 0,    (
P

(" )

T
(" )
#
P

($ )

T
($ )

) = 0,    (
µ(" )

T
(" )
#

µ($ )

T
($ )

) = 0  

&'7% 

! ! ! !

! 

T
(" ) = T (# )

,     P
(" ) = P

(# )
,      µ(" ) = µ(# )                           (49) 

!"#F&'8IJK$LMN,O856PQ3#RS!"#F 

! (49)$RS!%

! 

T
(" )

= T
(# )

,     P
(" )

= P
(# )7%4TU:VWXT56RS,/0%

Y'Z' T%P,[\]<>0^#,_`#ab7%!  

!       

! 

dG(T,P,n
i
) = "SdT +VdP + µ

i
dn

i

i

#                        c5(4-19-3) 

*d;FY/0%efg7JKhi]j/07kle!"#,$RS%(47-3)!

! 

n(" ) + n (# ) = n = const.,       dn(" ) + dn (# ) = 0! ()% 

! ! ! !

! 

dG = µ(" )dn
(" ) + µ(# )dn

(# ) = (µ(" ) $ µ(# ))dn
(" ) % 0                (50) 

,<#Fmn84WX56]op3#()%

! 

µ(" ) = µ(# )  !"#F&$_`q7%
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!13-2(6)"#$%&'()*+,-./01(50)*23+4567(),809

:,-./01 

   

! 

dn
(" )

> 0    #    µ(" ) < µ($ ) ,  ! ! !  

! 

dn
(" )

< 0    #    µ(" ) > µ($ )          (51) 

;<=*>?"@7AB67&'CDEFGH*IJKLM=7&'CDEF

GH*NOKLPQ7RS/01&'CDEFGH*TUABRS*VSW"

X0YQZ[/1&'CDEFGH*TU\Q]^_()`a"Xb7ABR

S*VSW@\Q]b7cMd*ABRS6ef/01 

! @g7h*iUji" p kXb7l%7m5*i@ji" c k"X0no*

>?*h()*pq67(49)*pqZno&grst^_uK1 

! ! ! !

! 

T
(1)

= T
(2)

= T
(3)

= " "  "  = T
( p )

,     

! ! !

! 

  P
(1)

= P
(2)

= P
(3)

= " "  "  = P
( p ) 

  ! !  

! 

µ
1

(1)
= µ

1

(2)
= µ

1

(3)
= " "  "  = µ

1

( p )
                              (52) 

   ! !

! 

µ
2

(1)
= µ

2

(2)
= µ

2

(3)
= " "  "  = µ

2

( p )
 

          v!

!!!!!!!!!!v!

  ! !

! 

µc

(1)
= µc

(2)
= µc

(3)
= " "  "  = µc

( p )
 

*3+Umbwx13y*i6z4"

! 

(c + 2)(p "1)X01Y^U{|pqi"X

0U7!13-3-2(21)"#$%}~��v��!��Gibbs-Duhem�*��+U

�h"mwg]d^_]=,M=7Y* p k*{|pq@��01{|pq*

�i6

! 

(c + 2)(p "1) + pQ]01nL7�h"��O^0���i*�i67�

]0&'CDEFG~HQ T7PZ�tr

! 

(c + 2)"X01Y^,h*�i pZ�

dr7z�"6

! 

(c + 2)pk�dX01���i*�iM={|pq*�iZ�K
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!"#$%&'()*+,-./01,23("4"056$74%&8.9

:;,< 

        

! 

f = (c + 2)p " [(c + 2)(p "1) + p] 

          

! 

= c + 2 " p                                         (52) 

-;/ Gibbs4=>(Phase rule)05,<?@A?=BC4DE0FG.H,< 

! I.IJKLM/NOP,Q#$R=0 STU$V@A0 WTX05,YZ$!

! ! ! ! !

! 

f = c + 2 " p = 1+ 2 " 2 = 1 

.H,<%&'()[\,23("#X]4^.H,<_`$ab P cXKa

.P,.$%&8#d.H,<ef$g8 T#hi*;$jkkl05,<!

!

13-5mnop4=qr.=BC!

! sg04nophtc$Vi4abuvw:xKamy0z{`|}~:$

ht#��`$�t�.��()P,<�'z{P,.�t#K)`JK�.

��/()P,<-4��H$=4��()#op4����4()056$

V�'=qr�phase change�.��<!(2-2)4sg�(���7)���/�g�

(���7)���'(�,��$

! 

" # SiO
2
(s) = $ # SiO

2
(s)  _$SiO24����4

()05,YZ$h='�~,=qr4��05,. 

! nop/Vi4ab4_.0z{*;|$ht��t�Kt.=()c�-

PQ$�4nop4)� ¡¢£¤¥4()4¦§#$¨ 13-3'2P��'H

,<�©uTmm0#$h=.�=/NOP,YZ

! 

µ(s) = µ(l )0$h=4

! 

µ(s)(T)ª«

.�=4

! 

µ(l )(T)ª«#�©uTmm0¬­P,<¨ 13-3 0#$h=4

! 

µ(s)(T)ª«

c Tm�6�g'®ZY'¯°01$±!$�=4

! 

µ(l )(T)ª«_�©uTmm²y
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!"#$%&'$()*+,-./01/2,3456Tb7$81/9:;<

! 

µ(l )

=>-

! 

µ(g )=>!?@A2,BC$01/2,345DE

! 

µ(l ) = µ(g )DFGH-I

JHAKLM,3  

 

 

 

 

 

 

 

 

 

 

?@5NODEFPQRSTUVW!X1Y!HAZ[D2,3\!BC$F

H]P^_`H$aM,PQRSTUVW=>!?@-./bcM,\-EF

d]efD2,3  

! g 13-4EFhiA PjP’=P+dP-]PM,kl$Fmno!6pqr7Hst

"#-PQRSTUVW=>Au!BC$]PM,'^, vwx$01/1,3 

(36-2) ! 

! 

(
"µ

"P
)

T
=

V

n
= V > 0  '&M,-, hiAyzM{|}!PQRSTU

VWEydM,-~�/�1!DFhi���!_HpFr!PQRSTUV

W=>EF�Y$U������D01/2,3��-./pjr!Hst"

T 

�!

g 13-3. �[hi!9-D!mno!H]P$�

CPQRSTUVW!]P3 

Tm 

�5 

Tb!

45!

! 

µ(s) 

! 

µ(l ) 

! 

µ(g ) 

�HAZ[ 
GHA

Z[ IJHAZ[ 
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!"#$%&' 

 

 

 

 

 

 

 

 

 

 

 

! (34) (! !

! 

dµ = "(
S

n
)dT + (

V

n
)dP = "S dT + V dP ! )*+,-.&/0 

! ! ! ! ! ! ! ! !

! 

dµ(" ) = #S 
(" )

dT + V 
(" )

dP  

                  

! 

dµ(" ) = #S 
(" )

dT + V 
(" )

dP  

12&'3(4)5&/0 

! ! ! ! !

! 

d[µ(" ) # µ($ )] = #[S 
(" ) # S 

($ )
]dT + [V 

(" ) #V 
($ )
]dP                  (53) 

/6&'789(*+:;0<=>?@%&+ABC1D0

! 

µ(" ) = µ(# )12&E

F0(53)(GHDI12&'J,0 

! ! ! ! ! !

! 

[V 
(" ) #V 

($ )
]dP = [S 

(" ) # S 
($ )
]dT  

>KL%&'

! 

V 
(" ) #V 

($ ) % 0  6F0 

T 

M!

N 13-4.! OPQR:PSP’=P+dP=,T&789(+AB

:;U<=V!(QR/RWXYZ[\]^_(QR' 
! 

T
tr
(P)

Ttr 

! 

T
tr
(P ')!

+;>`a 
+<>`a 

! 

µ(" )(P')

 

! 

µ(" )(P') 
! 

P'= P + dP,   dP > 0 

! 

µ(" )(P)  

! 

µ(" )(P') 
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! ! ! ! ! !

! 

dP

dT
=
[S 

(" ) # S 
($ )
]

[V 
(" ) #V 

($ )
]

=
%S

($&" )

%V
($&" )

                              (54) 

!"#$%&'()*+,-./01234561789:;<=>?@A,

B=$CDEFEGHCDIJ4KLClausius-ClapeyronM)NOPQR#$%

&'LSTUM:VWXYZ!"RQ[ 

              

! 

"V
(#$% ) = V 

(% ) &V 
(# ) ' 0 ,                           (55-1) 

              

! 

"S
(#$% ) = S 

(% ) & S 
(# ) ' 0                            (55-2) 

O\]2^_)![CDEFEGHCDIJ4KLClausius-ClapeyronM)N`

VWXYZ)%aZ!bc=#$ 7d1[e2)fgh!!

!!!!!!!!!!!!!!

! 

"V
(#$% ) = V 

(% ) &V 
(# )

> 0 ,                           (56-1)  

              

! 

"S
(#$% ) = S 

(% ) & S 
(# )

> 0                            (56-2) 

Oi>2_#j!`k_lO/mn$opgh)VWXYZ!`(56-1)[(56-2)

:q2`r#:[VW!`(56-1)O`s0)

! 

"V
(#$% ) = V 

(% ) &V 
(# )

< 0  Ok#t:

uvk:wxwR2_#yw!"#$z)VW!`{)t)|}!L~ 13-5M[ 
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! 

V 
(H2O,l ) "V 

(H2O,s) < 0!

! 

S 
(H2O,l ) " S 

(H2O,s) > 0"#$!(54)%&'($)*+, 13.5#

-./01(I)234#5#6789:;&#'(<=>;*+ 

! ?@<!(55-1)A(55-2)#BC<6DE#4FGHAIJKLMNGH9OP

QR:;6GH%!S?T#6DEUfirst-order phase transitionVW2XYZ[*+

\]A^H%?T#6DE$)*+?.!_#6DE$4FAIJKLMN%

`a$%)*9!bcdAbefg"h#ijd96DEk$l`a2"*m

nopqrst[uv*+w[t%SxT#6DEU second-order phase 

transitionVW2yuXYZ[*+z{i|#S}z{4~t�z{4�#DEW

A!��<��*S������DEW%!xT#6DE<XYZ[*+�15#

, 15-9 <!34$���{R:;�He(I)2��34#�He(II)#���Fbcd

#��GHR:;+6DEk$ CV%��R:yl`a$)*+
�He(I)��He(II)

#36$#6DEpxT#6DE<XYZ[*+ 

! ?T2xT2#��#��R!IJKLMNS2��bcd CP$��*2! 

! ! !

! 

(
"G

"T
)
P

= #S,   

! 

C
P

= T(
"S

"T
)
P
  �  

! 

C
P

= "T(
# 2G

#T 2
)
P
 

9��;*#$!IJKLMNS%!Gibbs#��I �¡N#��<B*?T

¢Xd$)*+��I �¡N#?T¢Xd<l`a9)*£�R?T#6D

E2�C+w[<=yy!��bcd CP%!Gibbs #��I �¡N#��<

B*xT#¢Xd$)*~t!w#BC"��I �¡N#xT¢Xd<l`

a9)*£�R!xT#6DE2XY;*+ 

! , 13-6%!¤^�#¥$#¦§¨4#\]#IJm�MNR!\]��<=

yuoL©Kyª«¬$)*+¤^�#¥$#­i|\k��U

! 

T
m
V$%! 
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! 

µ(l ) " µ(s) = 0 = (G( l )
"G

(s)
) /n = [H ( l )

" H
(s)
] /n " T

m
[S

(l )
" S

(s)
] /n  

!"#$

! 

H
(l )
" H

(s)
= T

m
[S

(l )
" S

(s)
]! %&'$()*+',-./012345,

678*9:;<$67=>9:;<,?@ABC$ 

! ! ! ! ! ! ! !

! 

"H
m

= T
m
# "S

m
! ! ! ! ! ! ! ! ! ! ! !    ! (57) 

%&4DE,FGHIJKLM%,FNJ"#OP#Q4DRSTUVWXY

Z[\U3]^_`"#aW,]^_`b,;<%&4"#$(57)Hc%&4D  
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! 

T
m
*+,-#./ 

! ! ! ! ! ! ! !

! 

"H
m
/T

m
= "S

m
 

012/!3#456789:;<=#>?#@()+,-AB 13-6#C7D

6E</

! 

"H
m
/T

m
= "S

m
#FGHI'JKRL.MNOPQOR-A 

! B 13-6#

! 

T
m
S2000K#TUEVW-X2/YZ#!3#456789:;</

[\]^_` (hexagonal or cubic closest packing)#YZ#a*Ibca(body 

centered cubic pacing) _`#YZE@defgEhijAQ(Q/

! 

T
m
k2000K#

YZ.<lm<n1-Aoa/pqIrs#!3#456789:;</YZ

E@d-0(12hijAB 13-6#C7D6</tuvIrs#!3wxEy
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13-6!"#$%&'()*+,-  

! ./+,0123 Euler*456§13-3-3!789"#$%&'()*:;<,

=>)?@A9

! 

µ
i
= µ

i
(T,P,x

1
,  x

2
,  "  "  "  ,  x

k
)AB3CDEFGHI/*JK=C

*+,ELMN0O*7P0QRST3UAB3I5VWMXYZ*"#$%

&'()[\]3^A_*`]Eabc3I§13-2AdKDeH"#f j*"#

$%&'()

! 

µ j  [ 

! 

µ j = µ j

0
(T,P) + RT lna j  *-AQR23JK0g`]bc3I

hT="#ij#Akl2mnopAB3E9CCAgkleqrCPI 

! 5VWMXYZ*"#$%&'()D.st:;uvw[x2yzXYZ=9

{|09}5V~�6ideal solution!�D��c3I;?��E�����95V

XYWMD.s*:;uvw[x2"#$%&'()[��XYZ=9}5V�

�~�6ideal dilute solution!�AB3I�H9�bU05VXYWM*"#$%

&'()D=�t3:;uvw[x2XYZ=9��5V~�6non-ideal 

solution!�AB3I�5V~�*�Yg95V~�Ub��[4�q95VWM

XYZ*"#$%&'()*+,-[-�N0��23I��=9O*7Pt

XYZABGqg95VWMXYZ*"#$%&'()*+,-[�PI_*

-�E!

! 

µ j = µ j

0
(T,P) + RT lna j! AB3I_*��A95VWMXYZ*"#$

%&'()="#ij#* ¡AB3IC*JK=¢£j#*?¤+,[��

3¥�Ub¦13-11Ag\]3I 

 

13-6-1I5VWMXYZ*"#$%&'()  

! §� T9¨© PE{4*ªA9:;{4*5VWM*XYZ[\]9}5VW

MXYZ�AB3CD*«¬[\]3I�lUb­mc�9_c0=®�*«
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9:;.GIHJTS3+012"KLM?'(G+NO"PQ??R4G+1) i

+STUVWX'YZ)[\]X?R46)^9U_`a+bcdeBfg9 

(

! 

µi = ("G /"ni)T ,P , j# i) +hijWkl"mn'(op%qrVst`@u( 

 

(1) )*+,-.*/+0123  

 v* P4viw V41) i+STU.^9k3ni! _X'_4 

! ! ! ! ! ! !

! 

P = ( n
i

i

k

" )RT /V                                  (58-1) 

>?xyzSvi"{|}i+~����[��X'>_[�X(�1)��

x{|}i%&'�Q4yzSvi%�(58-1)"1�X'+x��%&'(1)

i+�"4��%4�� T4iw V+��[��`a�'�V�X*/"41)

i+)*

! 

P
i
%&'( 

! ! ! ! ! ! !

! 

P
i
= n

i
RT /V                                     (58-2) 

(58-1), (58-2)�Q4 

! ! ! ! ! ! !

! 

P = P
i

i

k

"                                        (58-3) 

%&'((58-2)/ (58-3)[�'_4

! 

P
i
/P = n

i
/ n

i

i

k

" = x
i
! ��Q4 

! !         !  

! 

P
i
= x

i
" P                 ! ! ! ! ! ! ! ! ! !  (58-4) 

%&A4

! 

x
i
x^9)�%&'((58-4)%mn')*+�xv*V�`�(�58-3)

x)*+012[NX(!
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(2) !"#$%&'()*+,-.  

! /0%+1234+!"#$%&'

! 

U 56789:;<=64>?@ABC

DA61234EFG+!"#$%&'U5678HIJKLMN6 

! ! ! ! ! !
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«V¬&­�¬L®13-3-48QRGD¯�i:°±i:!
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! ! ! !  

! 

dµ(T,P) = (
"µ

"T
)dT + (

"µ

"P
)dP = #S dT + V dP!

!"#$%&'()

! 

P" P *&*&+,!"#-./!

! ! ! ! !

! 

dµ(T,P) = V dP! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (65-2)!

!"#$%&012

! 

P" P *!345#6/!

! ! ! ! !

! 

µ(T,P*) " µ(T,P) = V dP

P

P*

# =
RT

P
dP = RT ln(

P *

P
)

P

P*

# !

!"#-./78956/!

! ! ! ! !

! 

µ(T,P) = µ(T,P*) + RT ln(
P

P *
)! ! ! ! ! ! ! ! ! ! ! ! ! (65-3) 

6:#$;4 i&<=>?!"#-./%&@A2BCDE/(65-3)2 

! ! ! ! !

! 

µ
i

0
(T,P) = µ

i

0
(T,P*) + RT ln(

P

P *
)! ! ! ! ! ! ! ! ! ! ! ! (65-4) 

6FG5#$%H2(65-1)IJKL/

! 

µ
i

0
(T,P*)!MNOPQRSTUV2WX!

8#YZI+,5#6/ 

! ! ! ! !

! 

µ
i
= µ

i

0
(T,P*) + RT ln(

P

P *
) + RT ln(

P
i

P
)!

! ! ! ! ! !

! 

= µ
i

0
(T,P*) + RT ln(

P
i

P *
)                              (65-5) 

6:#$[\ P )]^_/4\

! 

P
i
`a#$(65-1)!

! 

P" P *6Lb%66cd!

"#$(65-1)& P)ef!"#-./%%!

! 

P" P *6L_ghij!"#$ 

! k%!/MN\l6L_

! 

P *=1 m\(atm)2no5#6/

! 

P
i
/P * !)/\l&

pq)4rs4t!uUSvVDH/wxy&z{&|}~6:#$

! 

P *=1m\

(atm)6L_"#-./z{6L_)

! 

P
i
/P* = P

i
 !hi$�� T, 

! 

P *=1m\(atm)

!WXLbMNOPQRSTUV2/

! 

µ
i

0
(T,P*) = µ

i

0*
(T)6@5%6I5#6/�

�/���(m�&;4 i&OPQRSTUV(65-5))/ 
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! ! ! ! !   

! 

µ
i
= µ

i

0*
(T) + RT ln(P

i
)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (65-6) 

!"#$%&'

! 

P
i
= P

i
/P * ()*$"#+,-*./0$1234.0$5&' 

6789):.;<=>?!+@1(65-6).=>ABCDEFGHIJ&KL1

-*0MN.OOPQ&'RQS1§13!1$TU,VWC.XYZ[1 

! ! ! ! !

! 

CH
4
(g) + 2O

2
(g) = CO

2
(g) + 2H

2
O(g)                    (1-1) 

\]+@16789):.;<=>?!.^_M`@(OaS1!

! ! ! ! !  

! 

K
P

=
P
CO2

" (P
H2O
)
2

P
CH4

" (P
O2
)
2
!

!bc\de_/Gfg&')*$.-*0$"#+,de_/!hijk$

! 

K
P
.li\mn PGog&'pa!]\K&

! 

"G
r

0
= #RT lnK

P
(1!

          

! 

"G
r

0 = µ
CO2

0*
(T) + 2µ

H2O

0*
(T) # µ

CH4

0*
(T) # 2µ

O2

0*
(T)!

$5&'6789;<!+@;<=>?.Z[Gqrsip!M$%aS1d

e_/ K(;<=>?.-*0$tQLa&'de_/ K\(-*0.uvM

#a&M1-*0(234./0$5&wL1uv.34\xyJ&p!(K

h'z{1 

! 

µ
i

0*
(T)wL

! 

"G
r

0M|}~a&'

! 

µ
CO2

0*
(T)�.0(1�=>��W!+

@��W�\��La@h&

! 

"G
0
f , CO2 (g )(T,P = 1atm)K�.0GN.OOIha

S�h' 

! 6789;<!+@.qrshM��Kh�9(1�6789;<!+@s

i'N.�9(1�;D���

! 

fi: fugacity, ������;D���/�

! 

"
i
: fugacity 

coefficient, ����/�G��+1

! 

µ
i
= µ

i

0*
(T) + RT ln(P

i
)G 

! ! ! ! ! !

! 

µi = µi

0*
(T) + RT ln( fi) = µi

0*
(T) + RT ln(" i # Pi)             (65-7) 

$�%�Q&'�;D���

! 

fi���;D���/�

! 

"
i
�(1=>?�.�-�
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!"#$%&'()*+,-./012*340*56789:;11<;=

>?0@ 

 

13!8)! ABCDEFGHIJ80KLMNOPQ!  

! RSTEFUV$ETWX?0KLMNOPQ!W;5ABCDEFGH*

J8Y,5EF$Z![\]^_KL`$[a2;bU0cdeZ!fg mihE

ijkgklmWno,0ET i$Z!pqr*stup27vwx,0@yHK

LMNOPQ!$.z{bU0$<|}*~�<+0@ 

  Ei$[�eIMS2?025t[�$Z![\;5 

!                

! 

x
i
=

m
i

m
i
+ 1000 /M

S

i

"
                          (66-1) 

<+0@ET*�fg<!

! 

m
i
<< 1000 /M

S

i

"  <+,-5 

! ! ! ! ! ! ! !

! 

x
i
" m

i
# (M

S
/1000) = m

i
/(1000 /M

S
)                (66-2) 

25deZ!fg mi;Z![\W��?0@1,I§13!6!6<$�: 

! !    

! 

µ
i
(real) = µ

i

0
(T,P) + RT lna

i

! 

= µ
i

0
(T,P) + RT ln("

i
x
i
)! ! ! ! ! ! (64-1) 

Ww�@Z![\W(66-2)I��?0�W;|}*~�<+0@

! 

m
i
I���e2

7v[�7l�<w�$<5��$��W

! 

m
0

= 1 mol /kg! I����v��@

���$p�27v;5

! 

m
i
/m

0
= m

i
<+0@ 

       

! 

x
i
" m

i
# (M

S
/1000) = (m

i
/m

0
) # (m

0
# M

S
/1000)                (66-3) 

(66-3)I���W(64-1)W��7v5 

!

! 

µ
i
(real)

! 

= [µ
i

0
(T,P) + RT ln("

i
)]+ RT ln(x

i
)! ! ! ! ! !  

        

! 

= [µ
i

0
(T,P) + RT ln("

i
) + RT ln[m0MS

/1000)]+ RT ln(m
i
/m0)! ! (66-4) 
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!"#$%&'()*!!

! 

m
i
<< 1000 /M

S

i

" !"#+,-.%&!%/0123

4567'89!.%&!%&012345-:;<=#+,>?@A#BC.

! 

"
i
# "

i,0
 ,DEFG-HG,I#,JKLM$ 6BC.(66-4)>NOPQR-, 

STUV%W(ideal dilute solution),JKXYZ[\]^_K`ab9'"#$ 

 

! 

µ
i
(ideal dilute sol.)

! 

= [µ
i

0
(T,P) + RT ln("

i0) + RT ln(m0MS
/1000)]+ RT ln(m

i
/m0)!

                

! 

= constant + RT ln(m
i
/m0)

! 

= µ
i

" + RT ln(m
i
/m0)! ! ! ! ! (66-5)!

 

! 

mi /m0
= 1  (mi = 1mol /kg)  1c.

! 

µ
i
(ideal dil. sol.) = µ

i

"  !"d.STUV%We

f>g5JPhi1jfklmnopqr1Hs!"#$(66-5)>tuA#,. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

! 

µ
i
(real sol.) 

! 

ln(mi /m0) = 0

mi = 1 (mol /kg)

 

! 

µ
i

"

 

! 

µ
i
(ideal dilute sol.)  

":vUw 

! 

0" m
i  

RT 

t 13-8$STUV%Wef>g5JPhi1jfklmnopqr$:

vUwxy!z{1klmnopqr,STUV%W1klmnop

qr-|}A#${~!��#UV%Wxy���1��>���JK

�� RT!

! 

ln(m
i
/m0)  >����JP������'.

! 

µ
i
(ideal dilute sol.)  

>�_#$

! 

ln(mi /m0) = 0,  mi = 1 (mol /kg) 1klmnopqr1����

1��'.jfklmnopqr1�

! 

µ
i

"

 >�_#$

! 

µ
i

"

 -

! 

 mi = 1 (mol /kg) 

!1

! 

µ
i
(real sol.) 1z{1�(��),�IOKMK[��IM$ 
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! 13-8"#$%&'()*+%,-'./01234567"8

! 

µ
i

"9:;<+

&8=>?:

! 

µ
i
(real sol.)"@)"8ABCD&EFGHI(

! 

µ
i
(ideal dil. sol.)9

JK&LMNOPQ"R=

! 

µ
i
(real sol.)ST@U'V:NOVWI8%&'AX

"Y?=9&I"9Z[=>'(!!

! X\=: (66-5)"]<JKL^=_`Da./01234567"8

! 

µ
i

"Sb

cF:!

!   

! 

µ
i
= µ

i

" + RT ln(#
i
$ m

i
/m0) = µ

i

" + RT ln(#
i
$ m

i
) = µ

i

" + RT ln(a
i
)  !   (66-6) 

ADFd@DF:eILMNOPQ=

! 

µ
i
(real sol.)ST@U'#$%:fgFh

ijk

! 

"
i
SlmU' . GnopqYJr=9

! 

"
i
#1=>'(! 13-8 ="

! 

µ
i
(ideal dil. sol.)"stA

! 

µ
i
(real sol.))t"uS:(66-6)"

! 

RT ln"
i
=vwU'( 

!

! 

µ
i

""

! 

""x9:yz9! ! ! ! AU{|=:\}9~���7��A��}

'(��4�"��=

! 

"S�IFI'(~���7��9:! 13-8=vwDa

]<JKL^"01234567S�t+% m���7�kg -=�X$DF_

`Da./01234567S�U�%b�}'(��M=_`U'./01

234567A9��V�$\ASw�U'( (64-1)=�{a0123456

7"d@����9:(66-6)A��=>'(D D:./012345679

! 

µ
i

0

A

! 

µ
i

"=9¡&?:hiG

! 

"
i
# x

i
A

! 

"
i
'#m

i
"#$%NO¢kV¡&'(hijkG

£¤V�$"=:\\=9¥¦%§¨5©Sª«a( 

! ¬­ML^="

! 

Na
+

(aq ),  Ca
2+ (aq), Mg2+ (aq), Cl-(aq), CO3

2-
(aq)! &®"LM¯

°4"

! 

µ
i

"9:\"#$&]<JKL^±/=!²��(mol�kg)=_`³}'´

µ�7iADF"¶·1i%¸¹DFI'(º13-3-1 =9:́ µ�7i»partial 

molar quantity¼A�7i»molar quantity¼"�I%ªIF�{a(¬­M½L^



 405 

!"#$%&'+&()*+,-./0123456782/0$ 

    

! 

µi

" = (
#G

#ni
)mi =1,T ,P , j($ i) = (

#H

#ni
)mi =1,T ,P , j($ i) % T(

#S

#ni
)mi =1,T ,P , j($ i)! ! ! ! (66-7) 

7829:,;5<=>#$?@ABCD/0EFAG&HIJKL!MNO

(molPkg)Q7RST*UVFW1X7829(66-7),KTJYZJ[\]2#^

_`a782,7$bEFAG&Hcd7ef*Ugdhijklmn=oKp

gdq4;5<= Gibbs!rst=uv_hw)xyUz7$

! 

"G
r

0,{7 

! ! ! !

! 

µi

"
# $G f ,i

0 = $H f ,i
0
% T$S f ,i

0
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (66-8) 

)|}~�29��i�v��7#

! 

"Gf

0
,  "Hf

0
,  "S f

0���0�+�2�$&'h

i�,;5<=>)*+,

! 

"G f
0
,  "H f

0
,  "S f

0�$��'J�]2

! 

"G f
0
,  "H f

0
,  "S f

0�

��,kv�=J����+�29z�}�v�����+�J

! 

"Gf

0
,  "Hf

0
,  "S f

0

)��2:)�3�9��,hijklmn=,��#��782/0$��

,�� E¡*Uz7$��KTJ¢�£¤�9 

! */*1�0$¥¡'&H7,

! 

Na
+

(aq ),  Ca
2+ (aq), Mg2+ (aq), Cl-(aq), CO3

2-
(aq)!

1¦,§¨,&'©ªl,

! 

µ
i

"1¦,;5<=> «¬WJef]2­J#$®

J¯°2±²1³´��µ*+oL$S�¶�·¸)*+ Nernst ,-¹©ªl

º»�¼½��29:��-&H,§¨©ªl ¾�2­,±²1j©l¿7

829 

!  

13-9) -&H{,§¨©ªl,��i>) Nernst,-¹©ªlº»  

  Àe,ÁÂ ÃÄ NaCl Å AlCl31¦,¥¡'-&HÆ"J�*+#$«¬>

JcÇ}��i> eÈ2:)#7}29*/*$YÉ,§¨©ªlJ�*+$
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!"#$%&'()%*+,-./0123456789:;<=>?@A&

BCDEFGHIJKL*MNOP4QR7GSTUVWX&JKL&MND

YZ<[\]G^&JKL%*_2`]Ga2&JKL%*MNOP46bZ

cd"&efg*01Rhf:;<iRGjkJKL&l)mnLop$q!

"#$%r*s3456789:;656R:4<`.`G5tu&Vv6`

]Gw& Nernst&xyGz{|}~=�&jk=�=�*�6���4�*��

�46GjkJKL&!"#$%&�V-*+,-./23456D��4<

5t7G}~JKL��*��tGjkJKL&'()%*�F�ZQ&��

q��?��rR:\];4<Nernst 7G{|}~=�(Standard Hydrogen 

Electrode)& jk=�=�*�62��456*xy`�DG{|}~=�

qSHEr&=�=�*�6�4567Gw&�Z:'()?��6:4< 

z�&�Z:��R�;]�G1>�&H2(g)./��/t4H�JKL&��DG

� ¡¢./£¤`]H�¥%#$��q1 #$& H�JKL¦1kg &}r�E

4§G¨&{|©ª!"#$ Gibbs«¬­®$¯°7 0�E46���4� 

�E4<±²G 

! ! !

! 

(1/2)H
2
(g,  1 atm) = H

+
(aq) + e

" :!

! 

"G f
0
(H

+
,  aq) # 0! ! ! ! !    (67-1) 

5&U³&´Gµ�6���4<z¶~H·&}~¸¹./}º}~JKL*»

4U³�&{|©ª«¬­®$¯°�E4./Gformation from element! &¼½

� f&¾¿DÀ�<�&�Z:����6&BCDEFG 

! ! !

! 

"

"T
(#G /T) = $#H /T

2
,       

"#G

"T
= $#S! ! ! ! ! ! ! !     !  (67-2) 

�E4./G! !  
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! ! !

! 

"H f
0
(H

+
,  aq) # 0,     "S f

0
(H

+
,  aq) # 0! ! ! ! ! ! !    ! ! !  (67-3) 

!"#$%&'()*+,$-*.+/0123456% (hydrogen ion 

convention),78/9:;345<=>?@ABCDEF<%&GH*. 

! 12<I2JKLM12345AN*OPQ(1)GH*LM9

! 

"G f
0
(H

+
,  aq) # 0

01R12345<STUV GibbsWXYZ[\]0^,%&'()*._)L

-*`aG!b,<cdQe)()*<G9(67-3)< 

           

! 

"H f
0
(H

+
,  aq) # 0,        "S f

0
(H

+
,  aq) # 0 

A%&f*.1R

! 

H
+
(aq)345<STUVY5g[h]9STUVY5ijh

]!^,%&f*+,$-*.1$:;f*3450klmG0-n9o<p

V0qrGH*<G9st$0_uvw[@<b,<xyzA{|}8-M-

)._~e��]bQ+/A�f.'L'9_uvw[@<b0�)��$-*

<G��f*+,!H*.��

! 

H
+
(aq)<ST��09_����LM��:�:

m<�mA��'(��'�J��@w[�ab,���/()*.+<+,

0�$�13-8G���. 

! ! ! µ
i
= µi

!
+ RT ln(a

i
) = µi

!
+ RT ln("

i
m
i
)! ! ! ! ! ! ! ! !     (67-4) 

+<ST��0:m�a |G0-n9¡¢ P9`a T !��'-|/8-M

-).£¤G09P¥1¦¢9T¥298.15KA§¨$f*Q9©ª«$09µi
!
(P,T )

,'(¬­<¢>9`aA��'(!®). 

! £~<123456%$¯C9°±345<uvw[@²³´Aµ¶´LM

�·*+,QG�*.+/A¸$¹º'¯E. 
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13-10)  !"#$%&'(#)*+,-./01  

13-10-12$%&'(#)*+,-./03(4056  

!

! 

H
+
(aq) +  Cl

"
(aq)789:;<=>2?@ABCDE#FGH7IJ>KL#

KLMN)*+,3(4056#OPQRSTU>2V#WXYZ[\Q]^

_`a$bT#Acde$b7<=>CDZ)*+,f-./0g3(405

6hijVh9]>2Vk7?@ABCDl>KLY 

! !

! 

(1/2)H2 (g) + (1/2)Cl2 (g) =H
+
(aq) + Cl

"
(aq) :            #H1! ! ! ! ! ! ! (68-1) 

TU>NZVkYm#nI#KL#oTU>p 

!

! 

(1/2)H2 (g) + (1/2)Cl2 (g) =HCl(g) :                 "H f

0
(HCl,g) = #92.31  kJ /mol  

!

! 

HCl(g) + {nH2O( l)} = H
+
(aq) + Cl

"
(aq) :        #H s

0
(HCl,g) = "74.85  kJ /mol  

V#nI#KLMYqrQ9s>VhNTt>2uv#wY 298.15KZ1xyT

#KLMTU>2z{Y^_`a9|}>$~MTU>2`a�>�#17�

:�I����;$~M7��;�J�Z$~MN�#19�%:]J]>�

#wh:;�^_`a9|}>$~M�N��>2�#1N���>9��;Z

H�&'(�Y Cl�&'(#��9Ym�9�.�#�N���k>��9]>

���2H�&'(h�.��}#� l¡Z Cl�&'(h�.��}#� l

¡�}N^_`a#$~¢£7��>2¤¥#

! 

nH
2
O(l)Y^_`a#¦#§1#

�7¨©�2  

! 

nH
2
O(l) #ª©«9A9 (aq)h¬­®«�>2u¥#

! 

H
+
(aq) + Cl

"
(aq)9|}>(aq)Y&'(#^_`a¢£7¯R:;­>2°9

! 

nH
2
O(l)±(aq)7²³:;´¢£µFY¶·TU>2

! 

{    }YV#¢¸7¹º�>2 

!

! 

 "H
1

= "H f

0
(HCl,g) + "H s

0
(HCl,g)  

! ! !

! 

= "H f
0
(H

+
,aq) + "H f

0
(Cl

#
,aq) # (1/2)"H f

0
(H

2
,g) # (1/2)"H f

0
(Cl

2
,g)  
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! ! !

! 

= "H f
0
(H

+
,aq) + "H f

0
(Cl

#
,aq) = #167.16   kJ /mol ! ! ! ! ! ! ! ! ! (68-2) 

!"#$%&'()*+,-./0123456789:;<=7>=?&@

A/BC78

! 

"H f
0
(H

+
,  aq) # 0:;#):=(68-2)4 

! !

! 

"H f
0
(Cl

#
,aq) = "H1 = #167.16   kJ /mol  

!"#$DE4

! 

"H f ,298

0
(Cl

#
,aq) = #167.16   kJ / mol)FG:;#$?HIJK@A

/)*+,-./0123LMNOPQ#$RD:=ST 

! !

! 

Na(c) + (1/2)Cl2(g) = Na
+
(aq) + Cl

"
(aq) :            #H2  

UVW#$DE4IJK NaClTXY#S)Z>)[\)H:;#] 

! !

! 

Na(c) + (1/2)Cl2(g) = NaCl(c) :            "H f

0
(NaCl,c)  

! !

! 

NaCl(c) = Na
+
(aq) + Cl

"
(aq) :            #Hs

0
(NaCl,c)  

^_E)[\`ab5:c#78= 

! !

! 

"H
2

= "H f

0
(NaCl,c) + "Hs

0
(NaCl,c)

! 

= "H f
0
(Na

+
,aq) + "H f

0
(Cl

#
,aq)! ! !  (68-3)!  

:;#$DE78

! 

"H f
0
(Na

+
,aq)OPQ#$D)deTfg@A/(i))

! 

"H f
0
(i,aq))

LMNOShTPi8E#$j(k"N4=l)m 13-1Tnog;#$ 

 

13-10-2$pq@A/)*+,-rst1 Gibbsuv.w1x3  

!

! 

H
+
(aq) + Cl

"
(aq)U>y#[\= 

  

! 

(1/2)H2 (g) + (1/2)Cl2 (g) =H
+
(aq) + Cl

"
(aq) :       #G1 = "131.2  kJ /mol ! !   (68-4) 

)zG{25|=1 }~�4��[\)���78�bY#D!O:c=-131.2!

kJ/mol:;#$�T= 

! !

! 

 "G
1

= "Gf

0
(HCl,g) + "G s

0
(HCl,g)  

! ! ! !

! 

= "G f
0
(H

+
,aq) + "G f

0
(Cl

#
,aq) # (1/2)"G f

0
(H

2
,g) # (1/2)"G f

0
(Cl

2
,g)  
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! ! ! !

! 

= "G f
0
(H

+
,aq) + "G f

0
(Cl

#
,aq) = #131.2  kJ / mol! ! ! ! ! ! ! ! ! (68-5) 

!"#$%&'() Gibbs*+,-./01234567"89:;<=> 

! 

"G f
0
(H

+
,  aq) # 034?@AB6 

! ! !

! 

"G f
0
(Cl

#
,aq) = #131.2  kJ / mol! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (68-6) 

CD%EFGHIJ?@ 

! ! !

! 

Na(c) + (1/2)Cl2(g) = Na
+
(aq) + Cl

"
(aq) :            #G2  

16! !

! 

Na(c) + (1/2)Cl2(g) = NaCl(c) :            "Gf

0
(NaCl,c)  

! ! ! !

! 

NaCl(c) = Na
+
(aq) + Cl

"
(aq) :            #Gs

0
(NaCl,c)  

%K3456LMNOPQRCRSTUV=>IW>N?XYT4?@Z[\6 

! !

! 

"G
2

= "Gf

0
(NaCl,c) + "Gs

0
(NaCl,c)

! 

= "G f
0
(Na

+
,aq) + "G f

0
(Cl

#
,aq) ! ! !  (68-7) 

CU56]N=>

! 

"G f
0
(Na

+
,aq)HIJ?@]%^_B`\89:(i)%

! 

"G f
0
(i,aq)%

EFGHIW>N?@a%b 13c1Bd$eUGfg`\4?@ 

 

13-10-3@hi89:%&'()jkl.,:mno0

! 

"S f
0

C&'jkl.  

! ! ! ! ,:mno0

! 

S 
0

 

! ,:mno0B1RpqrstuH4?%36&'(),:mno0

! 

"S f
0

fv

[\O6&',:mno0

! 

S
0

fv[\O6PQ%wSfxy?z{1|}34?@

`=`6&',:mno0

! 

S
0

=>PQ%wSf~�xy��H#���34?@ 

! JM6&'()jkl.,:mno0

! 

"S f
0

=>xy?@hi89:(i)% 

 

! 

"H f
0
(i,aq)C

! 

"G f
0
(i,aq)f�B��`�%36&'()jkl.,:mno0

! 

"S f
0
(i,aq)16

! 

"G = "H # T"S=>6 

! ! ! ! ! !

! 

"S f
0
(i,aq) = ["H f

0
(i,aq) # "G f

0
(i,aq)]/T ! ! ! ! ! ! ! ! ! ! (68-8) 
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!"#$%&'() 

! ! ! !

! 

(1/2)H2 (g) + (1/2)Cl2 (g) =H
+
(aq) + Cl

"
(aq) :    #S1! ! ! ! ! ! ! (68-9) 

%*+,-./01(68-2)!(68-4)23 

! ! ! !

! 

"H1 = "H f
0
(H

+
,aq) + "H f

0
(Cl

#
,aq) = #167.16   kJ /mol  

! ! ! !

! 

"G
1

= "G f
0
(H

+
,aq) + "G f

0
(Cl

#
,aq) = #131.2  kJ / mol  

4567231 

! ! ! !

! 

"S
1

= ("H
1
#"G

1
)/T = S f

0
(H

+
,aq) + "S f

0
(Cl

#
,aq)! ! ! ! ! ! ! !  (68-10) 

! ! ! ! ! !

! 

= "120.6  (J /mol /K)  

45()89:;<=>23

! 

"S f
0
(H

+
,aq) # 045(231 

! ! ! !

! 

"S f
0
(Cl

#
,aq) = #120.6  (J /mol /K )! ! ! ! ! ! ! ! ! ! ! ! !    (68-11) 

!?() 

! @ABC%1

! 

"H f
0
(i,aq)!

! 

"G f
0
(i,aq)D&'6,E/0

! 

"S f
0
(i,aq)F"#$%&'

6,+'CA41

! 

"S f
0
(i,aq)G5.,HI(JKFL%?E)MN!+,OPQ

RSTU<VWXY

! 

S 
0

AZDB[\]/() 

! OP^QRST_U<VWXYG`E,(68-4)AU<VWXYabGcd01 

     

! 

"S
1

= S 
298

0
(H

+
,aq) + S 

298

0
(Cl

#
,aq) # (1/2)S

298

0
(H

2
,g) # (1/2)S

298

0
(Cl

2
,g)! !  (68-12) 

45()e9fghiAU<VWXYF 

        

! 

S298

0
(H 2,g) =130.6 (J/mol/K),     S298

0
(Cl2,g) = 223.0  (J/mol/K)  

45(A41 

       

! 

S 298

0
(H

+
,aq) + S 298

0
(Cl

"
,aq) = 56.2  (J/mol/K)  

!?()jk:;<A

! 

S 
0

F&l(@!D4m?EA41 

! ! ! !

! 

S 
298

0
(H

+
,aq) " 01no%F1

! 

S 
0
(H

+
,aq) " 0! ! ! ! ! ! ! ! !   (68-13) 
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!"#$%(Lewis, Randall, Pitzer and Brewer, 1961) &'()*+, 

! ! ! !

! 

S 298

0
(Cl

"
,aq) = 56.2  (J/mol/K)  

-.%&'/01,23

! 

S 
0
(H

+
,aq) " 0-"#4567/89:;<=/>?@A

BCD=EFGH

! 

S 
0

3conventional partial molar entropy8IJK%&

! 

S 
0
(H

+
,aq) " 0

-$%-,

! 

C p
0
(H

+
,aq) " 0-.%'-)LMN& 

 

 OP/Q")*+,9:;<=)R$%ST/UVWXHYZ, 

1) [\;<=Q"[

! 

"G f
0
(H

+
,  aq) # 0,

! 

"H f
0
(H

+
,  aq) # 0,  "S f

0
(H

+
,  aq) # 0 ])*

%

! 

"G f ,298

0
,  "H f ,298

0
/0,- 

2) 

! 

S 
0
(H

+
,aq) " 0-"#4567/

! 

S 
298

0
/0 

]^.%&_`/a 13b1/0Z,Nordstorm and Munoz (1994)
 cd8]^ef45

L/JK%&'/a/0Z,ghJi45

! 

"H f , 298

0
(Cl

#
,aq),

! 

"G f , 298

0
(Cl

#
,aq),

! 

S 
298

0
(Cl

"
,aq)/j0-k])lm1,'(Zn/op/qrst1uv4wx%

'-!Ny$%&'/*m.Q"3"#8)*+,[z{h/9:;<=)|

xwL}R~.>?@ABC�!��%'-1J�%&z�;<=1��$%

�W��/�G,�H,�S!��%67)��-.%& 

 

13-10-4&

! 

S 
0
(H

+
,aq) " 0/Q"Z[\;<=Q"-��4.x]� 

! [\;<=Q"Z

! 

"S f
0
(H

+
,  aq) # S 

0
(H

+
,  aq) $ (1/2)S 

0
(H

2
,  g) # 0!��/J,

! 

S 
0
(H

+
,  aq) = (1/2)S 

0
(H

2
,  g) " 0 !Ny$%& T� 25� C JZ

! 

S 
298

0
(H

+
,  aq) =  

! 

(1/2)S 
298

0
(H

2
,  g)

! 

= 65.3(J /mol /K ) " 0 JK%&'(Z;<=/

! 

S 
0

)R$%

! 

S 
0
(H

+
,aq) " 0/Q"-�^])��4wx%&4]4,��/�S![\;<=
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!"#$

! 

S 
0
(H

+
,aq) " 0%!"#&'()*+,-./01,234! 56%7S

&,89:;<=$2>%&?0%@A;B!"#&C-.&DEFG<=,H

I234 

 

J 13-14KALMNO:>PQRS%TUVWXYZ[\]Nordstorm and Munoz 

(1994) Geochemical Thermodynamics, 2nd. ed., Blackwell Sci. Publ.
 ^_`Na>b 4̀ 

 !H f ,298
0

 

! 

"G f ,298
0

 

! 

S 
298

0
  !H f ,298

0
 

! 

"G f ,298
0

 

! 

S 
298

0
 

VWX kJ/mol kJ/mol J/mol/K VWX kJ/mol kJ/mol J/mol/K 

Hc(aq) d0 d0 d0 OH-(aq) -230.01 -157.2 -10.9 

Lic(aq) -278.47 -292.92 12.24 F-(aq) -335.35 -281.5 -13.8 

Nac(aq) -240.34 -262.0 58.45 Cl-(aq) -167.1 -131.2 56.6 

Kc(aq) -252.14 -282.5 101.2 Br-(aq) -121.41 -103.9 82.55 

Rbc(aq) -251.12 -284.01 121.75 I-(aq) -56.78 -51.7 106.4 

Csc(aq) -258.0 -291.5 132.1 HS-(aq) -16.3 12.2 67.0 

Mg2+(aq) -467.0 -455.4 -137 SO4
-(aq) -909.3 -744.0 18.5 

Ca2+(aq) -543.0 -552.8 -56.2 HCO3
-(aq) -689.93 -586.8 98.4 

Sr2+(aq) -550.9 -563.86 -31.5 CO3
2-(aq) -675.23 -527.9 -50.0 

Ba2+(aq) -532.5 -555.4 8.4 
Al(OH)4

-(aq

) 
-1478 -1307 127 

Al3+(aq) -540.9 -488.8 -342     

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  

 

!

! 

S 
0
(H

+
,aq) " 0%!"%G$&ef>

! 

S 
0

b,?gN7S Nh>i&jk4l%

mn&,?op%!";qrstFGl%01,Juv/234w%xyz{

|}/FO{w$;~�4 

! �}�QR%|�$6r$/F��h����,?Debye-Hückel |�y,I

(f9��D>;?��h>����?_�?^_`y��/F�{w$N/ak4 
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13-10-5!"#$%&'()*+,-./0123456  

! 7809:;<="#$%&;>34()*+,-02?@ABCDE'$

%&FGH34I*JK'LM0NOPQ4!BCDE'$%&RSTUVW

XY!TZI*[\&]^_0`abc.Y.?de?fghiR.?!jk

'BCDRTZlEmPnoApqBCDPRTr's?0tu4hiR.?!

BCDE'$%&vEm'I*wdpxyz;I*[\&]^_0tu4W{

P|?yz;A()*78F9:;.}@?4!~�'56PA"#$%&;

>34()*+,-./0/'yz;`zX0��<@�<?! 

 

56 1!� 13-1;Hu=$%&'()*+,-

! 

"G f ,298
0
XYA�� P�1Z�A 

! ! ! ! T�25�CPA���$%&FB�$%&d��$%&;��34JK 

! ! ! ! ! ! ! ! ! HCO3

!
(aq) =H

+
(aq) + CO3

2!
(aq)  

! ! ! 'LM��0��y!�'LM��RA���$%&'����d�c 

! ! ! �4! 

 

(�)! ! JK�;>K34I*[\&]^_'��RA 

! ! ! ! µ(HCO3

!
,  aq) = µ(H

+
, aq ) + µ(CO3

2!
,aq )  

Pn4!�I*w'I*[\&]^_R µ
i
= µi

!
+ RT ln(a

i
)Pn4XYA��

0�'�;��<A��I*[\&]^_d��0��34! 

µi

!
(HCO3

"
, aq ) " µi

!
(H

+
,  aq ) " µ i

!
(CO3

2"
,aq ) = RT ln[

a(H+
,  aq ) # a(CO3

2 "
,aq )

a(HCO3

"
, aq )

]  

!{µi

"
(H

+
, aq ) + µi

"
(CO3

2!
,aq ) -µ i

"
(HCO3

!
, aq )} = RT ln[

a(H +
,  aq) # a(CO3

2!
, aq )

a(HCO3

!
,  aq )

]  
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!"#$!"G
r

0
= RT lnK ! %!&'()* 

! !G
r

0
= µi

"
(H

+
, aq ) + µi

"
(CO3

2 #
,aq ) -µ i

"
(HCO3

#
, aq )  

! ! ! = !G f , 298

0
(H

+
, aq ) + !G f ,298

0
(CO3

2"
,aq ) -!G f ,298

0
(HCO3

"
, aq )  

! ! ! +0! ! ! ! ! +(-527.9)! ! ! ,-,586.8.! ++58.9-kJ/mol. 

/0123456'%7689:;<=>?#@ABC'%76DEFGH

? GibbsIJKL?MN

! 

"G f ,298
0 OPQRS"TUV*76WX%89YZH?[

\])!&#+!G f ,298
0
'$^]!&#!"G f ,298

0
'()_`$7689:;<=>

?%abc#d76DEFGH? GibbsIJKL?MN!G f ,298
0
e%abcOf)*

g34%3h%7689:;<=>?#@ABC'%d76DEFGH? Gibbs

IJKL?MNe'()i$jVkl&f)%'$d76DEFGH? GibbsI

JKL?MN!G f ,298
0
e&_$FGH?&%mnopqrst$d76DE Gibbs

IJKL?MN!G f ,298
0
e&uv*wxh%7689:;<=>?OPQy)

! 

"Gf ,298

0 &z{|}O~�TUV* 

��PbO�y&

! 

logK = "#G
r

0 /(2.303RT)'()* 

! ! ! R+8.31451! (J/mol//K)$T+298.15K$RT=2.47897(kJ/mol) 

! !  logK = !"G
r

0
/(2.303RT) = !10.32 ,    K=10

-10.32
! '()* 

 

�� 2*! (3-1)%��!g34�Q%�&s����?=��%3��Q 

! ! ! ! !

! 

CaCO
3
(s) = Ca

2+
(aq.) + CO

3

2"
(aq.)                      (3-1) 

! ! ! O\Vt$25�$1��'%���b[��|*��s$

! 

"G f ,298

0
(Ca

2+
,aq),  

! ! !

! 

"G f ,298
0
(CO

3

2#
,aq)#k 13,1%�[�V$��% CaCO3-�?���.% 

! ! ! �#!

! 

"Gf ,298

0
(CaCO

3
,calcite) = #1128.82 ± 1.4(kJ /mol)&y)* 
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(!)! ! "#$%&'()*G)+,-.

! 

logK = "#G
r

0 /(2.303RT). "#$%- 

! ! ! ! ! K=

! 

=
a(Ca

2+
,aq) " aCO

3

2#
,aq)

a(CaCO
3
,s)

= a(Ca
2+
,aq) " aCO

3

2#
,aq)  

/0123-456789:;.

! 

a(CaCO
3
,s) = 1! 7"#$%:;-<=9>'

()*G-. 

        

! 

"Gr

0 = µ#
(Ca

2+
,aq) + µ#

(CO
3

2$
,aq) $ µ0

(CaCO
3
,calcite)  

! ! ! ! ! !

! 

= "G f ,298

0
(Ca

2+
,aq) + "G f ,298

0
(CO

3

2#
,aq) # "Gf ,298

0
(CaCO

3
,calcite)  

           

! 

= "552.8 " 527.9 + 1128.82 = 48.12(kJ /mol) 

     R?8.31451! (J/mol//K).T?298.15K.RT=2.47897(kJ/mol) @A. 

! ! ! ! ! ! !

! 

logK = "#G
r

0 /(2.303RT) = "8.43 , 

! 

K = 10
"8.43
.  

/0123)B!'() K -.C2DE&F2DE)GH)I789>JKL

M) K-N)@OPQRSTUVWXY> 

 

Z[ 3.! \]^_`LBa&'(bc/Dde23Wfg9'(-. 

! ! ! ! ! 2KAl3Si3O10 (OH)2(c) + 2H
+
(aq) + 3H2O(l) = 3Al2Si2O5(OH)4 (c)+ 2K

+
(aq)  

! ! 789>hi?1ji.T?25kC7N)'()"#_lmbcU9n.o 

! ! )`LBa) pH& K2DEpqP-r)@Os+,_lmbcU9:t 

! ! uvb.`LBa-wxyzs{Ba789&Y9>|u.\]^. 

! ! /Dde23.{)!Gf ,298

0
-}~)VW�U.K2DE)!G f ,298

0
-�) 

! ! V.�282.5! (kJ/mol)W�U9> 
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! ! ! ! ! ! ! ! ! ! ! !"#! ! $%&'()! ! *! ! !  

! ! !Gf ,298

0
(kJ /mol)! +5600.671! ! +3799.364! ! ! +237.141 

 

(,)! ! !"G
r

0
= RT lnK ! -./01234 

! ! !Gr

0
= 3!Gf , 298

0
(kaol.) + 2!Gf ,298

0
(K

+
,aq)  

! ! ! ! ! !{2"Gf ,298

0
(musc.) + 2"Gf , 298

0
(H

+
,aq) + 3"Gf ,298

0
(H

2
O,l)} 

! ! ! ! = !11963.092 +11912.765 = !50.327 (kJ/mol) 

*5(%6789:!Gf ,298

0
(H

+
,aq) = 0;<3=>-?@AB34CDEF KG 

! ! K =
a
3 (kaol.) ! a2(K +)

a
2
(musc.) ! a

2
(H

+
) !a

3
(H

2
O, l)

=
a
2 (K +)

a
2
(H

+
)
= [a(K

+
)/ a(H

+
)]
2
 

HIJKL;GM!"#M$%&'()M*GNOP>QARSTU>VW3

=>-?@AB34X0M!  

! ! logK = !"G
r

0
/(2.303RT) = +8.81527  

! ! ! ! ! ! ! ! ! log[a(K
+
) /a(H

+
)] = +4.40764  

pHJEYG! pH ! " log[a(H
+
)]! ;<39:M 

! ! ! ! ! pH = 4.40764 ! log[a(K
+
)] = 4.40764 ! log[m

(K + )
]  

HIJKL;GMZ[\]J^E9:Mlog[a(K
+
)] = log[!

(K + )
"m

( K+ )
] = log[m

( K+ )
]>

QAB34K(%6_`G pHJaF;<3bc0defM 

! log[m
( K+ )
] = 4.40764 ! pH ! ;<34pHghBiMK(%6_`GjB4 

 

kl 4.! mnopqJoprs6tuvJwxyz0{BA|}b4~�M 

! ! ! ! ���J��gnJ��_`G 350ppm;<3gM=�-��� 
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! ! ! ! P(CO2, g)!"#$%&'!()*+,'!-./01234%5 256- 

! ! ! ! 171/87!9:);<=>/?@ABCDEF3GHIJ+ 

 

KLMNOP-=>?@Q/?@ABCDEF/RS+=>?@Q/?@AB

CDEFPTU7V/?@ABCDEF/WX34%5- 

! ! ! ! ! ! ! ! !

! 

µi(g) = µi

0*
(T,P = 1 atm) + RT ln f i

f i = " i # Pi
 

$GH#)+YZ?@ABCDEFP[1\ 1atm]^)_/`a=>(i) 1bF

/ G ]^)+c=DdePc=Ddefg$012/h]^)\-P
i
! 0/$

iTU7V$()/]-!
i
"1]^)+87/[1P 171]^)*'-j/8

7k0=>!l%5m-P
i
! 0/no\kpq- fi = Pi$q5r%+P

i
! 0/n

o\stq(%utP-_/Hv=>\TU7V*'wxy:z{|5%)*

3v}~!��-_/v}2/Ox*'c=Ddefg3��)+ 

87�/;<\>/Vh��P 350ppm]^)*'-TU7V$q5�%-_

/012P P(CO2, g)=350x10
-6

(atm/atm)�3.5x10
-4]^)+ 256-1 71/87

!9:);<=>/?@ABCDEFP-

! 

µ0*
CO

2
3 256-171/;<=>/b

F��/ G$q5- 

! ! !

! 

µCO2
(g) = µ0*

CO2 + RT lnPCO2-! PCO2=3.5x10
-4

 

]^)+ 

! 01!P�O��\^)\-012P{y/g2]^)+�g/�g$()

�P�O��\��,x5%).$!��+��,x)��P-�YZ?@AB

CDEFP[1\ 1atm]^)_/`a=>�$/��/�!^)+y*'01
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!"#$%&'(atm)*+,-. 

 

/0 5.113-1+23(241)56789:;<=>!?@23 

! ! ! ! ! ! !

! 

CaCO
3
(s) = CaO(s) + CO

2
(g)                          !   

! ! ! ! !ABCD(EF TGH' 1&')5IG!JKLMG 

! ! ! ! !    

! 

P
CO2 = exp("#G

r

0
/RT) (atm)! ! ! ! ! ! ! ! ! ! ! ! ! ! (1) 

! ! ! ! 5N-O5PQR. 

! ! ! ! O!?@23+ST-

! 

CO
2
(g)!?'("#$&')!UCVW$G1100K 

! ! ! ! LM 1500K!EFXY+GZ![+\]^_`a-. 

! ! ! ! !

! 

log10(PCO2 ) = "
11355

T
" 5.388 # log10T + 26.238                 (2) 

        

! 

P
CO

2

= 1  atm5N-EFP89:;<=>!?@EF5b-5GO!  

! ! ! ! (2)[LM?@EF$cF5N-L. 

 

(@)de?!fghij<k;$G!

! ! !!

! 

µ(CaCO3,calcite) = µ0
(CaCO3,calcite) + RT lna(CaCO3,calcite)  

! ! ! ! ! ! ! ! ! !

! 

= µ0
(CaCO

3
,calcite)  

      

! 

µ(CaO,s) = µ0
(CaO,s) + RT lna(CaO,s)  

                   

! 

= µ0
(CaO,s) 

      

! 

µ(CO2,g) = µ0*
(CO2,g) + RT ln("CO2 # fCO2 )  

              

! 

= µ0*
(CO2,g) + RT ln(PCO2 ) 

5\]lm-.

! 

CaCO
3
(s),  CaO(s)$nopqLMrs$t+,-.

! 

CO
2
(g)$u&
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!"#$%&'()

! 

"CO2
= 1,   fCO2

= PCO2
*+,-. 

! 

RT lnK = "#G
r

0#/0123

4) 

! 

K = P
CO

2

,    

! 

"Gr

0 = µ0
(CaO,s) + µ0*

(CO
2
,g) # µ0

(CaCO
3
,calcite)  

+5-.

! 

CO
2
(g)#6789:;<=>?

! 

µ0*
(CO

2
,g)@)AB#CD T)!E@F

G!#HIJKFL?# GibbsMNOP?QR+5-'()

! 

K = P
CO

2

#STUV

@2W1!EX1YZ-.   

! ! ! ! !

! 

P
CO2 = exp("#G

r

0
/RT) (atm)!  

+5-.!

! 

"Gr

0
= "Gf

0
(CaO,s) + "Gf

0
(CO

2
,g) # "Gf

0
(CaCO

3
,calcite)+[\]. 

! ^_CD@)

! 
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! 
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! 

"G
r

0>!

! 
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+ $ $) % (#
A

+ #
B

+ $ $)                       (73-6) 

&)#$*10-2-5 (31-2)+,-./01234+(56789:;<=

! 

E
0
!>#

!(

! 

E
0

= 0!.2?@+A1/(HB UBCD+CEFG2H

! 

E
0
IJKL>#$! !

*10-2-5 (31-2):MN+

! 

(k
B
T)=OJ#! 

          

! 

k
B
T
2
(
d

dT
)lnZ

elec
= k

B
T
2
(
d

dT
)lnZ

elec,0 + E0  

!"#$(73-1):!

! 

Z
i
= exp("E0, i /k

B
T) # $ Z 

i
! &PQRS( 

! ! ! ! !

! 

u = k
B
T

2
(

d

dT
)lnZ

i
= k

B
T

2
(

d

dT
)ln " Z 

i
+ E0, i! ! ! ! ! ! ! ! (73-6) 

&)#$ u'CEFG2H:TU56789&(*10-1&: NEFV:WXY

Z+[>#\],^ Z=_4!(TU56789U' 

!  ! ! !  

! 

U = k
B
T
2
(
" lnZ

"T
)
V ,N

! 

=
3

2
k
B
NT                 ! !   *10-1 (10-1) 

&)`2$%:?@'

! 

E
0

= 0abc!"`/d#ef( 

! ! ! ! !

! 

u =
U

N
= (
1

N
)k

B
T
2
(
" lnZ

"T
)
V ,N =

3

2
k
B
T  

&)#$g`/(

! 

E
0, i
" 0  &)#(73-6)'(hi'WXYZ&)#ef( 

! ! ! !  

! 

u =
3

2
k
B
T + E

0, i
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !   (73-7) 

&)#$%R3H(u'jkl i:CEFG2HTU56789+mG>#. n

o:56789pqr97&'(%:jkl i:st56789'

! 

E
0, i
&)#a( 

! 

E
0, i
'( T = 0 K!.2?@:jkl i:CEFG2HTU56789&)#%

!au#$g`/((73-5):

! 

E
0, i
:Cvw@( 
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! ! ! ! !

! 

"E
0

= (#
X
E

0, X
+ #

Y
E

0, Y
+ $ $  ) % (#

A
E

0, A
+ #

B
E

0, B
+ $ $) !

!"T = 0 K #$%&'()13-2 (5)*+,-./0123456U7*8&9!

! 

H =U + PV =U + Nk
B
T ! :;"T = 0 K*!,-./0123456U7<.=

>0?23456H7!@ABCD"

! 

"E
0
!.=>0?23456H7+EFG

HI9J+:K#"4L'(#MNO&4LP+Q*"RS./012TUV

WXO&<"(73-4)+!

! 

"E
0

= (#
X
E

0, X
+ #

Y
E

0, Y
+ $ $  ) %

! 

("
A
E

0, A
+ "

B
E

0, B
+ #  #)! Y

Z[&9!

! 

"E
0
 !\]^+:K_`a

! 

E
0
b+cdef*8&Y"J[!gT=0 K

#$%&'()13-2 (5)+6U=6Hh<iKjk_EFVHI9 

! lm'(Vno#O&<"J+

! 

"E
0
!"pqVrqlm#psO&'(+./

0125st./0127#uevwi&9 

! !

! 

H2(g) = 2H(g),      HCl(g) = H(g) + Cl(g),       CH4 (g) = C(g) + 4H(g)    (73-8) 

_x+st'(+yz{#Z[&grq|+}~h+��./012V"� 13-11

#�O:K#"RS./012�~�20+�+TU#��w��&<v:K9

� 13-11*!"�rqpq XY+��./012U�V��+��./012U

�5n��7<vw"�JCD"�rqpq*+rqQ�tY���<_&gs

t|�h�*+./01234V��&<"�[Y D�*8&J<V�vwi&9

J+./012�+ D�!�rqpq XY+st./012<��["��p�

L+�2>CD�&J<Y*�&9c�"� 13-11+ D�! ¡=¢£0¤¥+

��-CD¦�§¨f+st./012*"����+./012V©ª9«

¬!!

! ! ! ! !

! 

D
e

= D
0

+ (1/2)h" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(73-9)!

+M­#8&9!
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! !"#$%&'()!

! ! ! ! ! ! ! ! ! XY(g) = X(g)*Y(g)! ! ! ! ! ! ! ! ! ! ! ! (73-10) 

+,-./)0 13-111234)567189:;<1:=>?@ABCD<E

CA1FGHE0=0I4JK+L-1+)(73-5)1

! 

"E
0
4MNO-?@ABCP>)

(73-10)+QR-%) 

         

! 

"E
0

= (E
0, X

+ E
0, Y

) # E
0, XY    

             

! 

= 0 + 0 " ("D
0
) = D

0
                              (73-11) 

+,S)T89U91!"?@ABCDV4W&LXY&)Z[4&'L-#$ 

! ! ! ! ! ! !

! 

"
A
# A + "

B
# B +  #  #  # = "

X
# X + "

Y
#Y +  #  #  #  

\)(73-7)123]T89U91!"#$>^_'`abcde)(73-5)1

! 

"E
0
(

fd/1!"?@ABC

! 

D
0, i
1ghij+`abc-X 

DV 
De 

!
"
#
$
! 

89kl" 
re 

XY(g)! X(g)*Y(g) 

n=0 
  1 
  2 

E0=0 

0 13-11Xm89U91nopqrAst%!"?@ABCXE0=0

()89:;<1:=>?@ABCD<ECA1FGHE0=0I4J

K+L-u%>vOXn=0\Xwx1Vy?@ABCGzX 
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! !"#$#%&'($)*+,-./01234"#$#5607

! 

 CH
4
(g) = C(g) + 4H(g)89(3:%;<=>?@A:B24ACDE*+,-

B%FG.HIJ1K=(3DE*%LMNO,PQ=RSTU1VWXY(

Z[E*9\]^;<=_`J1ab2c1CdW=RSTUeA1VWXY

(

! 

H
2
(g)@%93:%fgLMNO,2hU73"#ijk%il.LMNO

,mkn,N%PQ5E0=08=opq&'BDE*%LMNO,PQ%rs(3

tu=vw1:B29x1Cy?y3zW%RSTU{VWXY|}(3

! 

C(graphite)9c~3

! 

C(g)9(@ACT�=3

! 

C(graphite)" C(g)%LMNO,�

5��D8(3$)*+,-qw?�(���@ACq?�3 

             

! 

C(graphite)+ (1/2)O
2
(g) = CO(g)  

             

! 

CO(g) = C(g) + O(g)    

        +   

! 

O(g) = (1/2)O
2
(g)  

             

! 

C(graphite) = C(g)                                 (73-12) 

B��?%�G.��'��e3

! 

C(graphite) = C(g)% T = 0 K9%��D.��

��7@�@AC�{3D�*+,-(�F 0 �9%�S�9(@A?�3�

GD%��+,-.�����<J1��\abB@1C:%;<=3(73-5)%

! 

"E
0
�.��1:B(3��(3(73-4)%� S¡.��1:BB]^¢�A£

b@��B@1C  JANAF Thermochemical Tables (2nd ed.)¤¥8=;1B3

! 

C(graphite) = C(g)=FJ1 T = 0 K, 1 atm3T = 298.15 K, 1 atm9%¦§D5��

D8%�(3 

! ! ! ! ! !

! 

"Hf , 0

0
(C,g)      = 709.52 ± 1.9(kJ /mol) 

! ! ! ! ! !

! 

"Hf , 298.15

0
(C,g) = 715.00 ± 1.9(kJ /mol)  
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!"#$%&'(.! JANAF Thermochemical Tables (2nd ed.))*+,-./0

1230456789:;:+<=>?@A0BCD&7EF),G./01

HIJK7,-.2LM-.+NOBPQK&7RS/01HTLUKVWX

HYZK&'([\]^5_#$%V]^`aH>b1@c0de+fgHh

Ji(!+,-.+jklmn&7\o+RS/01HpqKVr5LUK&

'(+57LUst5+uvwx'yz7(73-5)+

! 

"E
0
+uv67,-./01

{%|}+~5�l��$%&'([mn&7�+��),-./01���

�#�H�D(�Ul67�+o+uvH��l��i(��6)'[LU$

%V/01+�����#$�67(73-12)+�U56k 2kJ/mol57���)�

5�([BK7�+�w��� '��20 kJ/mol�5�nVz7¡V7�%H

¢£()�¤7¥J$%&'(,G./01+¦§HT�i(¨ 5�©�[ 

! ��#�HMªi(«¬)�7,-./012304HIJi(­w®`5

�([K�K7�;:;¯°�����#�H�D��!i(!7(73-5)+

! 

"E
0
+

±²uvl³´K7Wµ67,-./012304l¶�)¬%¤)�)'[

�+��)·¸w�(�!HNn&¹º�!67LM-.!,-.+»¼°½

H�z¾a�l¿<i(r5B7�ÀÁ�5�([ 
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13!15)! "#$%&'()*+,-./012345  

! 62-4789:;<=>?19@ABC>DEF?GH+.IJKLMNOPQ

RSGH+OTUVW>XYZ[;\]R?NewtonH+S^_`abcdOe

0fg18hijSklmnFopE;\qrOs1.GH+OTUVWSY

tEFuvwxSyzD{|}~ab{?��.?cdOe0fg1`GH+

.��n?��H+OPQR{���F�m�`>Db\�|>��2D�`

.?20 @ADEF��n;/01`��H+O��7�b\��Oe�+O�

�{��H+�GH+`�{b�`>DE;�66�\�O<=>nF?���H

+�GH+�.?5�S�=^_�+O^�e SDa>¡EF¢b\ 

! *+8�O^�e O£¤>¥¢>¦§n?¨©O*+Oªe 8«O¤¬

>­®nF¢b\*+(chemistry).?¯¢°±7²³´(alchemy)Oµ¢¶·2¸

�8¹$º¢7¢b\qr.»¼O½7�{bO7.D¢`¾=\*+.�O

���H+�GH+�O¶·�|¿SÀ½Áb:$ÂÃ=�Ä! «�.�*+

,-8*�58/0123457�b�`¢=Å;ÆÇOÈ3SÉÊËab�

`7.D¢�`Ìr.PQb\«O°±�|?]ÍO�,-O&'(�S��

7ÎÏn;¢\«�.�"#$%&'(��Ð 13-8�7�b\!  

! ¨�| 10Ñ�pÆÇ?Ìr.�O&'(>ÒÓE;\«�.?ÔÕÖ×! Ø?

*�5ÙÚ—�4ÛMJÜ?Ý<Þ!ß¶à0Ü?áâãäå�OUæSçèn?

«O��4ÛMJÜ�OéNêSëEF¢bj7�E;\«�p7>�EF¢

b�µ&'%O&'(���ì&'%&'(�`.íDÆ?�O&'(.�*

+,-./0123457�b��`Sîï>ðñnF¢bò! Ìr.óô¢

Sõl;\/0H+�/0*+Oö�÷7.?Pauli Oøùúû� Schrödinger



 446 

!"#
  

! 

ˆ H "(r,t) = i!
#"(r,t)

#t
$%&'$()$*+,-.$/012345$)6

789:54;<=>+?,@AB-.$/017CDEFGHI54;J>K

7LMN:54;OP7,>$%Q$@RSTU/0VJ$W?,=$)6$

XYZ[6(2>:F\I54;+?]4^_ 

 

 

Newton`B$!=m"^N?,aD,bD7Xc=>2def;^?)6gh]

4<! Schrödinger !"#?ijklm$aD,bD$deF)6I, Newton

`B$!=m"F[%nAIo[$2p;<I^I,
  

! 

ˆ H "(r,t) = i!
#"(r,t)

#t
F[q5 ,

r'sGk2?,tuvw$xD2yf; Schrödinger!"#,!  

W 13-12<z{|}~2r;RSTU/0V��� 
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! ! ! ! ! ! ! ! ! ! !
  

! 

{"
!
2

2m
# +V (r)}$(r) = E$(r)  

!"#$%&'()*"'+,"-./012,3456789:$"%;<=%

>5?@7ABC>DEFGHIJK3LDM/!NOP:QR>S>DET

UT%V#VWXYZ[G\]^_A%`:aO3&'()*A-./012

,3456b7!;cde$I:5EffJK> PauliYghijf Schrödinger

klmYM/"1nAop345b7="qr$stIb7=>5E 


