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!10! "#$%&'()*$+)'  

! De Donder, T. (1872-1957),-./%&'0affinity1$23456789$:

;<=>?@ABCDEFGHIJKLMNO'MPQR1$STU;VWXYX6

?@AB$:UFG789$O'M,5Z=XCZ[\5;]$\6!9$^_

\5`];YabWXYX6%&'5HBM"#$cd'PUefV/O'M

g(Xh6789$O'M\CiAj`\k/W%&'$234U`]/(6

!l$^_5CGmXno,;/$\6pp\qrV/W 

 

1) BM"#cd'(Xh$%&'stuvwx\y/uz  

! {)u;|$tuUwx\y/}~U��,Xh6�$BM"#U23/W 

!              

! 

"
A
A + "

B
B = "

C
C + "

D
D! !                       (1) 

A, B 5"#� C, D5���UeVW

! 

"
A
,  "

B
,  "

C
,  "

D
 5p�<BM�$BMg_

��\6V�h�$��\k/W�Wp$"#v�Y,��Xh6A5

! 

dn
A
(< 0)

�J���mXb(V/W(1)56 

               

! 

A +
"
B

"
A

B =
"
C

"
A

C +
"
D

"
A

D 

(C��/Y<6Bv

! 

dn
B
�J���mV/(V��, 

! 

dn
B

= ("
B
/"

A
)dn

A
< 0  \;

���;<;]W�Y<6 

! ! ! ! ! ! !

! 

"
dn

A

#
A

= "
dn

B

#
B

> 0                                 (2) 

 \k/Wp$�,6C5

! 

dn
C
�J6D5

! 

dn
D
�J����V/(V��6 

!         

! 

dn
C

= ("
C
/"

A
)(#dn

A
) ,  

! 

dn
D

= ("
D
/"

A
)(#dn

A
)  

\k/$\6 

! ! ! ! !

! 

dn
C

"
C

=
(#dn

A
)

"
A

> 0,    
dn

D

"
D

=
(#dn

A
)

"
A

> 0                     (3) 

(;/W(2), (3)\5

! 

(1/"
A
)(#dn

A
) > 0v��\k/Y<6p�U����

! 

d"(X

h6 

! ! ! ! !

! 

d" # $
dn

A

%
A

= $
dn

B

%
B

=

! 

dn
C

"
C

=
dn

D

"
D

                         (4) 
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(ef\y/Wp$

! 

"56"#��(Y"#���  (extent of reaction)(���

/W��6�' ¡$¢\56(1)$ Gibbs free energy $AB dG56ABXb�

J�(BM£¤¥¦§J$¨$&\©3<�/Y<6 

              

! 

dG = µ
A
dn

A
+ µ

B
dn

B
+ µ

C
dn

C
+ µ

D
dn

D
!  

              !  

! 

= ("#
A
µ
A
"#

B
µ
B

+ #
C
µ
C

+ #
D
µ
D
)d$ % 0! ! ! ! !    (5)   

(;/Wª«$>¬­56O'M$® 6®¯°±,²/W

! 

dG = 0v78$}~

\k/W(5) $¬­6>¬­$³´Uµ¢\¶_V/W 

 

·O'M$® 6®¯°±6¸¥¹º»L��¼�½ 

! pp\6"#9¾¿5ÀÁ9(closed system)\k/p(,Â³Xh6(5) $¬

­(>¬­$³´U23²GWÀÁ9(5tÃ($OÄÅÆ$ÇE(E5k/

v6�È$ÇEDE5w]p(UÉGWp$9$ Gibbs Free Energy0G156 

! ! ! ! ! ! !

! 

G =U + PV "TS = H "TS   

(¡ÊË�/O'MÌ�\kE6O'M$® 6®¯°±,²/(6 G5¬�Ä

¬�}~\$O'M£¤¥¦§J6ÍÎ6

! 

dG " 0\k/WG$¾ÏÐ56 

! ! ! ! !

! 

dG = d(U + PV "TS) = dU + PdV +VdP "TdS " SdT  

\k/v6¬�Ä¬�}~0dT!"#dP!"1\56p$¾ÏÐ56 

! ! ! !      !

! 

dG = dU + PdV "TdS! ! ! ! ! ! ! ! ! ! ! ! ! !  (6) 

(;/WÀÁ9,ÑV/O'M$® °±56ÀÁ9vÒbO¸ÓJKÔU

! 

"Q6

ÀÁ9vÒb'MÕÅÆU

! 

"PdV(V/(0¿¨ABvÖ\k/�,695�$

'MÕÅÆUÒ/(×ØXh]/16 

! ! ! ! ! ! !

! 

dU = "Q# PdV ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  ! (7) 

\k/Wp�U(6),ÙÚXh6 

              

! 

dG = "Q#TdS                                      (8) 

(;/W 46O'M$®¯°±56ÀÁ9,Û<= Ü,6 

! ! ! ! ! ! ! !

! 

dS " #Q /T0¬Ý5?@AB1!                    (9) 

(efË�/(Clausius $>¬­1Wp�5 

! 

"Q#TdS $ 0\k/Y<6(8),ÙÚX

h6¬�Ä¬�AB$ dG\56(5) $>¬­

! 

dG " 0 v�ÞV/W 

! ?@;ß{ÕAB$:;<=>?@ABCDEFGO'MQR1\56ÀÁ9
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,ÑV/®¯°±  U�$à,efV/W 

              

! 

dS = deS + diS,      deS = "Q/T,     diS # 0                 (11) 

®¯°±$ Clausius ef(10-9)U

! 

dS "#Q /T $ 0(�yáXh6

! 

 deS = "Q/T(â¡

V/(6ãEÐv

! 

 d
i
S " 0(;/(äoV��å]W

! 

 deS = "Q/T56tÃ(ÀÁ

9$æ\$Oçè,éG¸¥¹º»LAB6¸¥¹º»Lêë(C���/W 

! 

d
i
S5>?@AB,éGìíO,îïX6¸¥¹º»L��(���/W

! 

d
i
S = 0v78ðñ$}~\k/WìíO(ÉG(ÇÇòóX]v6¦ô¥õL

ö$÷øU»ø¹¥\�ùV/uz\C6»ø¹¥(¦ô¥õLú($æ\û

üO5�ýhX.GWþÿ!$"#$,H%&Ú�P\�ù%&U'ÚV/(6

H%&Ú�Pþ¿vO(;/Wp$²G;ûüOU23��å]W)*+,+

ø(Clausius, R., 1822~1888)v-q.O(�/�C$\6tÕÅÆ$ 0v>?1

Õ,ìíO02-q.O1(;/(äoX6®¯°±$>¬­U(11)$²G,2

3/W 

! ÀÁ9,ÑV/® °±(7)U3G(6 

! ! ! ! ! ! ! !

! 

deS = "Q/T = (dU + pdV ) /T                        (12) 

\k/Wp�U (8)$

! 

dG = "Q#TdS,ÙÚXh6 

! ! ! ! ! ! ! !

! 

dG = "Q#TdS = "Q#TdeS #TdiS = #TdiS $ 0!        (13)                               

(;/W(11)$

! 

 d
i
S " 0,Ñ#Xh]/p(v4/W 

 

·ÀÁ9(5Þ96679 ½ 

! tÃ($¸ÓJKÔÇ�È$8ÚEv;]5Þ9 (isolated system)5, 

! 

"Q = 0\

k/9:;ÀÁ9\k/W ®¯°±5 (11)\

! 

deS = "Q /T = 0(XbC$(;/W 

    ! ! ! ! !

! 

dS = d
i
S " 0           ! ! ! ! ! ! ! ! ! ! ! ! !  (14) 

p�5678ðñ,;V/.\¸¥¹º»L5�iV/($H¸¥¹º»L�

i$°±P$ef(;/W 

!  46tÃ($O(ÅÆ$¸ÓJKÔ$ÇEDE��\5;(6�È$ÇED

EC+p/$v679(open system)\k/W679$® °±\ 56ÀÁ9$

uz$ dU,6�È<d,éGÅÆ ,!

! 

µ
k

k

" dn
k
,! v�=/W 
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! ! ! !   ! !

! 

dU = "Q+

! 

("PdV + µ
k

k

# dn
k
)                         (15) 

�Èg$8ÚE dnk,ÑXhC6?@;�È<d(>?@$�È<d$¯>,p

�UÐ?Xh6 

! ! ! ! ! ! !

! 

dn
k

= d
e
n
k

+ d
i
n
k
                                  (16) 

(23/W@Ap$²G,23/Y56BM"#U23/(4EB]W9ö0

\$"#,²ah�È$¶C�v+p��6�Èg$��v+pEG/Wp�

v

! 

d
i
n
k
\k/(23��å]WtÃ($ÇEDEÐv

! 

d
e
n
k
\k/W 

             

! 

µ
k

k

" dn
k

= µ
k

k

" (d
e
n
k

+ d
e
n
i
) = µ

k

k

" d
e
n
k

+ µ
k

k

" d
i
n
k
 

Dah6

! 

d
e
S,EFV/tÃ($¸ÓJKÔ0ÅÆ(O1(�Èçè,éG¸¥

¹º»LAB56 

! ! ! !      

! 

 d
e
S = {dU + PdV " µ

k
d
e
n
k

k

# }/T                       (17) 

\kE6>?@GH$¸¥¹º»L��56 

              

! 

d
i
S = "( µ

k

k

# d
i
n
k
) /T $ 0                             (18) 

\k/Wp�v679,ÑV/®¯°±$ef (;/W 

! IJU�3/(6 

  ! ! ! ! !   

! 

dS = d
e
S + d

i
S = {dU + PdV " µ

k
dn

k

k

# }/T                  

\k/Y<6 

! ! ! ! ! ! !

! 

dU = TdS " PdV + µ
k
dn

k

k

#                          (18) 

\k/Wp�Y<6

! 

dU + PdV "TdS = dG
(P ,T const )\k/(10-6)UK/(6 

              

! 

dU + PdV "TdS = dG
(P ,T const )

= µ
k
dn

k

k

#                (19) 

(;E6(5)$® $¬­,;ah]/Wp$¬­5678ðñv�ÞXh]/

YLY,wÌ�,M,�ÞXh]/WÍÎ6>?@AB\C�ÞXh]/p(

,'³Ë�b]W 
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·BM"#9s¾¿5ÀÁ9�v9ö"#\�Èg5ABV/½ 

! (15)5BM� A, B, C, D$æ$BM"#\kE6¾¿5ÀÁ9\k/Wb�

X6ÀÁ9ö0\$"#5�ÈgUABËN/O�Y<6(18)U23P�;<;

]WÍÎ69\$¸¥¹º»L��vk/Wp$QviAR[\k/W (16)

$

! 

dn
k

= d
e
n
k

+ d
i
n
k
 \É3�6tÃ($�Èçè,YY=/�ÈgAB5;]$

\6 

! 

d
e
n
k

= 06\k/W¾h$�Èg$AB59ö0\$"#,²/ Y<6

! 

dn
k

= d
i
n
k
 (;/W A,6(18)vS`Ë�6 

! ! !        

! 

d
i
S = "( µ

k

k

# d
i
n
k
) /T = "( µ

k

k

# dn
k
) /T $ 0                 (20)                         

\k/Wp�,(19)UTzV/(6 

! ! ! ! ! !  

! 

d
i
S = "( µ

k

k

# dn
k
) /T = "dG

(P ,T const.)
/T $ 0                 (21) 

(;/Wp�²E6(10-5)$>¬­vÒ<�/p(v4/W 

! ! ! ! ! ! ! !

! 

dG
(P ,T const.)

" 0! ! ! ! ! ! ! ! ! ! ! ! ! ! !      (22) 

U,6(5)$®¯$¬­ 

! ! ! ! ! !

! 

dG
(P ,T const.)

= ("#
A
µ
A
"#

B
µ
B

+ #
C
µ
C

+ #
D
µ
D

)d$ % 0! ! !  

$³´Cn<Y,;/Wp�56 

! ! ! ! ! !

! 

dG
(P ,T const.)

= "#
#

$ µ#d% & 0 

(�(p(v8ï/Wb�X6BMg_��56"#�5ÖVÝ6���5�

VÝ(V/Wp�U(21),ÙÚV��6 

! ! ! ! ! !

! 

d
i
S = "( #$

$

% µ$d&) /T ' 0                              (23) 

(;/Wpp\6%&' AU�$²G,¡ÊV/W 

          

! 

A " #( $%
%

& µ% ) =

! 

"
A
µ
A

+ "
B
µ
B
#"

C
µ
C
#"

D
µ
D
! ! ! ! ! ! ! ! (24) 

(23)$

! 

d
i
S5   

           

! 

d
i
S = (A /T)d" # 0                                     (25) 

(;/Wp$IWU dt\?ah6¸¥¹º»L��¼�$ef,(V/(6!  

! ! ! ! !

! 

d
i
S

dt
= (A /T)

d"

dt
# 0!                                   (26) 
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(;/W¸¥¹º»L��¼�2Xv78ðñ\k/W! p�56IJKLM

NQR1$>?@GH,ÑV/YZÕ2346 

! ! ! H¸¥¹º»L��¼�P2Hcd'P !H[�$¼�P  

,Ñ#Xh]/WO$[�6)�$[�0)[16�È\�$[�6v]^V/

(p_\56`$[�$cd'v]^X6¸¥¹º»L��v�ýh]/ QR1W

BM"#\56

! 

A /TvBM"#$cd'\6

! 

(d" /dt)5"#$���$�æÏ

Ð\"#¼�\k/WBM"#$78ðñ(56"#,a�/¸¥¹º»L�

�¼�2X$ðñ\k/W 

! (24)5b $"#v+pah]/uz\k/Wc�$"#vd�,+pah

]/uz56̀ �e�$"#,ÑXh%&' Ak(`$"#��� "k!U23P

�;<;]W(25)$ A56�$à, ÜBË�/W 

! ! ! ! ! !

! 

d
i
S =

A
k

T
k

" d#
k
$ 0! ! ! ! ! ! ! ! ! ! ! ! ! ! !      (27)  

Dah6(26)C�$à,;/W 

! ! ! ! ! !

! 

d
i
S

dt
=

A
k

T

d"
k

dt
k

# $ 0                          ! !     (28) 

(24)Y<4/²G,6fY,6BM"#9$ G,@VÝUg�bO'Mgv%&

' A,;ah]/WXYX6%&' A56De DondervBM"#U>?@ÕO

'MÕAB(Xh2hV/;Y\�+Xbij\kE6Zï56kM$lmÕ

°±\k/O'M$®¯°±$>¬­,Yn((26), (28)Y<äoV�y\k/W

�Y<6b,AU#G\oyè3��å](V/��$pn5Sq\5;]QR1W 
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!"!#$%&'()*+,-./01234!

! 5-./0123467895:;<8!5=>,678?@ABCDEFG$

HCIJ=FJK,=>+HLMN,=>O:;BC,FJPQ+HCI

RSTMJ=?=>CNUFM-./0123467?V+F%WNUOXY

ZM&'()*UZ[,-./01234O3\CI]TS^_`ab+F%

WIcd+FMefg,J=Ohijk'(jl^=BNURmOnopIq

pMJrsJ<,tuFMvwJxUJPOyLz{|CNU+MJ=O}~

j^=�%Wab+��NUO��pIN>TF�[_`abO}~j^��

BCp�+H�pIJ=,��FM��,���U��,���Onop�^

��BCI!

!

��,�;�����!

! �,�;F�7Q^:;�>CI� �� � FM¡¢,£¤kw¥lST%C¦

§¨©w+,���^ª�-./01234Onop«,+HCI!

!

 

 

 

 

 

 

 

 

 

¡¢,w¥k£¤¬U£¤!l,­>®>+FM�7?¯°^u±+²C«,

UBCI³´Mµ¶_`O·¸UBCI¹�!º¹»U¼uZ[WC,+MA½M£¤

¬ST£¤!¾,�,�;?sNLM¿Àj^FMÁ£¤,�7?ÂÃ,ab

k_`l?}DBCFÄ+HCI�;BC�FM¹�!º¹» UZ[WC,+M"ÅÆ�Ç

ÅÆ»ÇÅÆ!º!�! +HCI¨��,-./01234F!

T1  (>T2) T2 

Åq 

� �� �È! ¡¢,w¥k£¤¬U!lST%C¦§¨©w+

,���IvwÉFÊ�É+HLMw¥OË[C©wÉFÌ

�ÉUBCI¨��F¦§¨R?M©w+,�,�;FÍ�

>CI"ÅÆ�ÇÅÆ»ÇÅÆ! ?4§BCÈ!

£¤¬ £¤! 
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! ! ! ! ! !

! 

diS = "#q
1
/T
1
+ #q

2
/T
2

= (1/T
2
"1/T

1
)#q $ 0! ! ! ! ! ! ! ! (29)!

!"#$%&'()* +,!-+.&/01234#56(14)&7891:4#;<=

>1?@ABC#$DEFGHIJ dtKLMN6!

! ! ! ! ! !

! 

diS

dt
= (1/T

2
"1/T

1
)
#q

dt
=
(T
1
"T

2
)

T
1
T
2

$
#q

dt
% 0!!!!!!!!!!!!!!!!!(30)!!!

!"#$OPQRK* +,!S+.!"#$9T&UV'WXFYZ4#[\1]^

VIJ5_%`6OPQRK*UV'WX*YZaMBC#$U&bcdefU

ghi*!

! 

Jq " #q /dtKjklM#56Umn&op=>1[MN6Ugh*qe

r1stA$

! 

Jq ="(T
1
#T

2
)! Ku`6stvwx*UmneKu#$!

! ! ! !

! 

diS

dt
= (1/T

2
"1/T

1
)Jq = (1/T

2
"1/T

1
)#(T

1
"T

2
) =# $

(T
1
"T

2
)
2

T
1
T
2

% 0!!!!(31)!

UghfU&gdi&ycz*

! 

(1/T
2
"1/T

1
)Ku#$!

!

{|}~�&bc����!

! |}bcFyc4#�&*��z5jk#J�������&rKu#$|

}~�f�i5��x�l���1bc4#%!*6��JA��H��F�k

N6<�x!��l"#J���9K&�� � &bc!��1"# ¡,¢£.¤$ 

 

 

 

 

 

 

 

 

 

 

 

¥¦6��&[\1! k
(!)
"k

(#)
 !§¨#&K6%M1:�AB6k&x�6��

©K&~�wIJF

! 

dn
k

(" )6

! 

dn
k

(" )!4#!6 

x � 

k 

¡ 10-2. |}~�fki5��x�l���1bc4#%!

F6��F��JAB6ª`?\«�K¬k#$­M*6<

�x!��l"#J���9K~�k5x��l��1bc

4#%!!��Ku#$  

�H�� x 

«�® «�¯ 
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  ! ! ! ! !

! 

"dn
k

(# )
= dn

k

($ )
= d%!! !

! 

A = µ
k

(" ) #µ
k

($ )
! ! !  ! ! ! ! ! (32)  

 "#$! (25) % 

! 

d
i
S = (A /T)d" # 0  &'%((#)*(+,-./01234

*5467$%894:;"<=+>?!@ABC-*54DE"FGHI+J

KLMN,(7!-.OPQRS*TUQ"#+>?(17)* 

! ! ! ! !

! 

 d
e
S = {dU + PdV " µ

k
d
e
n
k

k

# }/T = {dU + PdV}/T   

KV$!

! 

d
i
S = "( µ

k
d
e
n
k

k

# ) /T = (A /T)d$   "#+>?!  

! ! ! ! !

! 

dS = d
e
S + d

i
S = {dU + PdV}/T + (A /T)d"   ! ! ! ! ! ! !  

KV+, WX@AYkZ&[\]>?^$_`[\aLbcd+JKLefg

dK!

! 

dU = 0,  dV = 0  "#Ih!   

! ! ! ! !  

! 

dS = d
i
S = (A /T)d" = #

[µ
k

($ ) #µ
k

(% )
]

T
d" & 0                (33) 

KV+,J%ij*!         

!  

! 

µ
k

(" ) > µ
k

(# ) V?h!

! 

dn
k

(" )
= #dn

k

($ )
= #d% > 0  kL!@A*a>?]Lbc! 

!  

! 

µ
k

(" ) < µ
k

(# ) V?h!

! 

dn
k

(" )
= #dn

k

($ )
= #d% < 0  kL!@A*]>?aLbc! 

!  

! 

µ
k

(" ) = µ
k

(# ) V?h!

! 

dn
k

(" )
= #dn

k

($ )
= #d% = 0  kL!@Abc*lJ?Vm, 

@A*-./01234%nom[\Yp4Z>?qHm[\Yp4ZLbc

d+,rs!tuvwx>?yuv%wxL@A%z{&lJ+JKfN|d

+,} 10-2 %~`L!^$_`p4f��)!p4>?p4�%@A%bcf

��"o+,(33)*�����K�)%WXz{��"%81������

fF�)m+, 

! } 10-2*!����f�{-�7[_"#+&!����f���B x"F

Gd+[_f�=~`Y} 10-3Z,! E� x L��+81�����vf s(x)

f�=+!} 10-3* 1��"#+%"!�=+�o s(x)*DE�H67$%8

1�����v"#+,} 10-3% �(x, x+!x)"%R81����*!¡�&

!x"#+>?!s(x)!xKV+,@A k%bc%¢c£"#+¤¥£*!(33)>?

�=Ih¦m%"! 

    

! 

A
k

= µ
k
(x) "µ

k
(x + #x) = µ

k
(x) "{µ

k
(x) +

$µ
k
(x)

$x
#x} = "

$µ
k
(x)

$x
#x        (34) 
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!"#$ 

 

 

 

 

 

 

 

 

 

! %&'(10-33) (

! 

dS = d
i
S = (A /T)d")*+,#$%(- 

! ! ! ! ! !

! 

dS = d(s " #x) = ds " #x + s " d(#x) $ ds " #x  

./#01234(56789:;<=>?#$%(@A92B=(CDEF

GH789CDEFGHIJ./#012

! 

ds = d
i
s.KL

! 

dS = d
i
S./#$MN 

! ! !    

! 

dS = d
i
S = d

i
s " #x = (A

k
/T)d$ = %

1

T

&µ
k
(x)

&x
#xd$  

./#$OP,#!2 

! ! ! !  

! 

d
i
s " #x = $

1

T

%µ
k
(x)

%x
#xd& !  

!"#Q2RS(

! 

"x'TU<=2

! 

dt.V&W2CDEFGHIJXY(Z[ 

! ! ! !

! 

d
i
s

dt
= "

1

T

#µ
k
(x)

#x
$
d%

dt
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (35) 

Q\1&#$] 10-2 .^_<`ab)2%(@A(

! 

d" /dt92cd-ef)g

hij)kl,#mn k(o./#(.2

! 

d" /dt9pqrcd.(mnos-et

(4u'vN2mnwx!yz%!Q.{#$%(mnwx' 

! 

J
nk
" d# /dt  !

|}!2 

         

! 

d
i
s

dt
= "

1

T

#µ
k
(x)

#x
$ J

nk
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (36) 

./#$%&9cd~��`�.(mn k (w&)a#CDEFGHIJ

XY'Z[<=�#$����)����ij.92wx9�l�)��,# 

(.2�'���o!<=2 

k 

] 10-3. ��mn�k�(kl'���"�e��.>?#$

��8<`��'���"��)�<=>?&W��$  

�e��! ! ! ! x! ! ! ! ! ! x+!x 
! 

µ
k
(x)  

! 

µ
k
(x + "x)  
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! 

J
nk

= "# $
1

T

%µ
k

%x
                                  (37) 

!"#$%&'()*+"),-./012-3456(Fick)78&09:;

<=>?@ 

 AB k7CDEFGHIJ

! 

µ
k
KL7ABMN7OP

! 

a
k
QRS2-'T 

!        

! 

µ
k

= µ
k

0 + RT lna
k

= µ
k

0 + RT ln("
k
# X

k
)! ! ! ! !            (38)! !  

'U-@

! 

µ
k

0#VWCDEFGHIJTOP

! 

a
k
#

! 

"
k
# X

k
7OPXY'ZJN[7\

QRSQ]-'2-@CDEFGHIJ

! 

µ
k
KOP

! 

a
k
QRS2-^_#T`a'

2-bc0de)RS#fgQ#U,@hiTjkTlkTmnTmcUo0

dpT

! 

µ
k

0'qrsY7tu8vwU-vT!!Q#(38)Kxu2-@ 

! qrsY0yz-ZJN[

! 

X
k
#{|}V x 71Y'~���U+U,@ZJ

N[

! 

X
k
#, AB k 7ABY�r

! 

n
k
K�ABY�r

! 

n
total
Q�ez���P7�

`qrQT

! 

X
k

= n
k
/n

total
Q�-@�AB�r

! 

n
total
#T��K~�),U,7QT

{|0de)sC(U,'Q]-@�zTOPXY

! 

"
k
#qrsY0��()�

�,vT!!Q#OPXY

! 

"
k

=1Q�-��mjKxu(d�@

! 

µ
k

0#OP�='

lu�"z�7CDEFGHIJQ�-@!7^_#

! 

X
k

=1TAB k���+U

-�bc7�Q�-�+T{|}V x71YQ#U,@�e)T 

!

! 

"µ
k

"x
=
"

"x
{µ

k

0 + RT ln(#
k
$ X

k
)} = RT

" lnX
k

"x
= RT

" lnX
k

"X
k

"X
k

"x
=
RT

X
k

"X
k

"x
    (39) 

'U-@

! 

X
k

= n
k
/n

total
K��()T�ABY�r

! 

n
total
#{|sY0de)sC(

U,!'�+T 

! ! !

! 

"µ
k

"x
=
RT

X
k

"X
k

"x
= RT

n
total

n
k

"(n
k
/n

total
)

"x
=
RT

n
k

"n
k

"x
     ! ! ! ! ! ! ! (40)  

'U-@!"K(10-37)0�+0��2"�T 

! ! !

! 

J
nk

= "# $
1

T

%µ
k

%x
= "# $

1

T

RT

n
k

%n
k

%x
= "# $

R

n
k

$
%n

k

%x
! ! ! ! ! ! ! ! ! (41) 

'U-@AB��7 ]�#AB k 7ABY�r

! 

n
k
7¡¢0£¤2-@£¤X

Y7¥¦§#TAB��7¨]#ABY�r7©,ªN�+«,ªN0¨��

!'K¬­(),-@®¯TAB./012-$%& Fick78&#T 
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! !      !

! 

J
nk

= "D
k
#
$n

k

$x
                                      (42)  

!"#$%, 

! 

D
k
&'()*!+,%-./0(10-41)1)*

! 

" # R /n
k
23%456

7/3!28/0 

 

3) 9:;<=!>-1?@ABC?D!EFG1HI  

! J?K1LMNOBPQRS7/?TUVWU?D4X.-9:;<=1Y

Z[\]^_/0$`ab1c 10-3 1deMfghijk$lgmM1nT k

1D%o

! 

J
nk
p4q/rstuvFwxyz{ 

         

! 

d
i
s

dt
= (A

k
/T)

d"
k

dt
= #

1

T

$µ
k
(x)

$x
% J

nk
! ! ! ! ! ! !          (43) 

1"#MUnT k1|[}~s���

! 

µ
k
(x)QU?T1?@|[}~s���

! 

˜ µ 
e
(x)4�`�_%,�.. ��Z&?@|[}~s���M"#$%/1

MU3%Q

! 

˜ A 
e
!��0nT k 1D%o

! 

J
nk
p&h��ijM1RSnT*��

�{M�/\]U33M1?T1D%U?T1D�o

! 

J
e
p&h��ijM1R

S?T*���{!�/0��-U�?nT1?T4X.-U 

! ! ! !

! 

d
i
s

dt
= ( ˜ A 

e
/T)

d"
e

dt
= #

1

T

$ ˜ µ 
e
(x)

$x
% J

e
! ! ! ! ! ! !           (44) 

!�/0?T1D�o

! 

J
e
p&h��ijM1RS?T*���{M�/\]U

��1?D�h�?��(C)���{4��7/4&U?T���1?��!F

oFaraday�*4��Q��g�1p�7/ ¡2�/0 

! ! ! !  

! 

I = "FJ
e

= F("J
e
)                                    (45) 

3%&?D&?TD�1¢`!£5M�/3!�"#>-./0?D&?T

D�1¤¥Q�_- Faraday�*�7/!^_-��.0 

! ¦§U�?nT1?@|[}~s���&U¨4©9Mª«gq¬4U|[}

~s���!J?}~s���1�M�mU

! 

˜ µ 
k

= µ
k

+ z
k
F"M�/0?TM&U

! 

˜ µ 
e

= µ
e
" F#! !�/0

! 

µ
e
! &BPNO­P1®¯!>-°±1²M�/3!&

¨4©9Mª«g0j��*1³*M&�.0>\>U?j

! 

"&j�1³*M�

/\]U 
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! ! ! !

! 

" ˜ µ 
e
(x)

"x
=
"

"x
(µ

e
# F$) = #F

"$

"x
= FE                 ! !   (46) 

!"#$%&'()*!'(

! 

E = "(#$ /#x)  &+,-./0123,4(45), (45)

/(44)5678,.( 

! ! !

! 

d
i
s

dt
= ( ˜ A 

e
/T)

d"
e

dt
= #

1

T

$ ˜ µ 
e
(x)

$x
% J

e
= #

1

T
FE % (#

I

F
) =

EI

T
         (47) 

-#9:';<=>?@AB&#)C#DEF

! 

J
e
G5H,IJKLMNOPQ

RS&+,4T:5')*UV+B()*'

! 

E = "(#$ /#x)+,WX()*U/Y

Z[\#>? L5]12^_8E`)=a V.b,4-E5HB(9:c x"#

WX x"L #^_.b,#&(dIJKLMNOP'

! 

d
i
S.bB(e#fgVh

XE,4 

! ! !   

! 

d
i
S

dt
= (

d
i
s

dt
)dx

x= 0

L

" =
EI

T
dx =

x= 0

L

"
I

T
Edx =

I

T
[#
$%

$x
]dx

x= 0

L

"
x= 0

L

" ! !    

            

! 

=
I

T
"#(x)

x= 0

L

=
I

T
{#(0) "#(L)} =

VI

T
                   (48) 

)=a V'(

! 

V " #(0) $#(L)&+,-.5ij4

! 

"(0) > "(L)#k' V>0&+,W

X()D$'lWX L5DE(mn#opq5DE,#& I >0&+,4

! 

"(0) < "(L)

bX V<0&()D$' LWXl5DE(mn#rpq5DE,#& I < 0&+,4

stX#*u&c VI > 0&+,4 

! v6-6&wxAHy5()=a#<=z{K V'

! 

V = [ J/C] =  [N "m /(A " s)]! &

+B()D I '[)|}~k�]=[C~s]#e�/��WX()=a.)D#^ VI

'([J~s]#e�/�t(<=k�@AB#��}(�N��(&+,4-E'!

! 

VI = dQ /dt! .��-.V��,#&( 

       !

! 

diS

dt
= (
V

T
) " I =

1

T

dQ

dt
# 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (49) 

.b,4)CVYZ[\�/DE,��'�����&+B()�I�{�N

'���.b,4IJKLMNOPQR'(<=k�&#���F�N��G

�O}/�R&�1Ac#5$�34 

! (49)')D#���VFV/TG&+,-./��23,4� ¡¢5£¤�A

�����&'(¥¦5(DE'���5§¨8,4-E'©ª«¬#§¨­
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!"#$%&'()*+,-./012/345+678/9:/34;<

/=>4?@*$AB%C!DEFGHI&JK/LMD5N(@*$IO,

P/34?Q%&RSTU/JKDVV!TWFXYZ%![A5\/XY]^

_`!Z%! 

! ! ! ! !

! 

I = "(V /T) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !        ! (50) 

aQ%&XY]^`D5 

! ! ! ! !

! 

" = I /(V /T)                                         (51)!  

aQ%&bc5=>4![A/O,P/34D5de_ R![A 

! ! ! ! !

! 

V = R " I! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (52) 

aQ%)*5 

! ! ! !

! 

" = T /R                                             (53) 

aQ%&f)*5O,P/34DV50W!ghC!_ij[AB%&! !                       
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4) !"#$%&'()*+,-'./012345617  

! /01(!)+8(9:6;0<=(k)9>)*?@A9 B@CD+!"EFGH

IJK0L!"EFGHIJ9MN)*OP)QR 

! ! ! ! ! !   

! 

˜ µ 
k
" µ

k
+ z

k
F#                                 (A9-3) 

STBUV)Q#$  

! ! ! ! ! ! !

! 

"
A
A + "

B
B = "

C
C + "

D
D! ! ! ! ! ! ! ! ! ! ! ! ! (1) 

9>56,-' A@ 

        

! 

A " #( $%
%

& µ% ) =

! 

"
A
µ
A

+ "
B
µ
B
#"

C
µ
C
#"

D
µ
D
! ! ! ! ! ! !  (24) 

8@0L!"EFGHIJKWX60L!"#$Y+,-'

! 

˜ A KWX*OP5

Z[\XR 

! ! ! !

! 

˜ A " #( $%
%

& ˜ µ % ) =

! 

"
A

˜ µ 
A

+ "
B

˜ µ 
B
#"

C
˜ µ 
C
#"

D
˜ µ 
D
! ! ! ! ! ! !  (54) 

CD+!"EFGHIJK0L!"EFGHIJB]^_`6a(B@0L!

"#$Y+,-'

! 

˜ A (b6RCD+!"cPde+fg?@#$hireactantsj

Bklm@nohiproductsjBpB:6R(54)+qr+stuv+!

! 

"#! ?a

Z9wx*X6R)y)@z{9klm2:6+B@,-'B?CD+!"c

Pde+lm+fgK|956RCD+,-'B80L!"Y+,-'B8

a+}?~�B:6R 

           

! 

dS
i

dt
=

˜ A 

T

d"

dt
= #

1

T
$% ˜ µ %

d"

dt
& 0

%

'                       (55) 

����?

! 

˜ A = 0B:6R (27)B��Q��9@�e+#$2~�9�ax

*X617?@�Z�Z+#$9>)*,-' Ak(�+#$��� "k!K�`

6+B@0L!"EFGHIJ9�6,-'B8~�B:6R(27)((28)+A?@

�+�+��9

! 

˜ A 
k
9]^_�6R 

! ! ! ! ! !

! 

d
i
S =

˜ A 
k

T
k

" d#
k
$ 0! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (56)! !  

! ! ! ! ! !

! 

d
i
S

dt
=

˜ A 
k

T

d"
k

dt
k

# $ 0                          ! ! (57)     
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!Daniel "#$%&'()*"#+,"-. 

! /0+1234, Daniel "#$%&5675)*"#+89$:;<=> 

! ! ! ! ! ! ! ! ! A
(1)|Zn|ZnSO4|CuSO4|Cu|A(2)

! ! !  

?&@9ABC'(<=&5"D(1), (2)A+"E+FGHIJ5 

! ! "D(1)KL)HIMN! ! Zn  =  Zn
+2

  +  2e-   !   

! ! "D(2)KOPHIMN! ! Cu
2+

  +  2e-  = Cu   

AQR>Zn DAJL)HI5Cu DAJOPHIAQR> L)+HI+"S)

*TUV-$

! 

˜ A (oxd)5OPHI+"S)*TUV-$ 

! 

˜ A (red)WXRW5YZ+

V[\HI+"S)*TUV-

! 

˜ A W]R> 

! ! !

! 

˜ A (oxd) = ˜ µ 
Zn

(1) " ˜ µ 
Zn

2+

(1S ) " ˜ µ 
e

(1) = µ
Zn

(1) " (µ
Zn

2+

(1S ) + 2F# (1S )
) " 2(µ

e

(1) " F# (1)
)!      (58) 

Zn ^_J`aAQR34"S)*bcdefgJ5hi+)*bcdefg&

j'k>lm&5Cu"DA+HI&n'op5 

! ! !

! 

˜ A (red) = ˜ µ 
Cu

2+

(2S ) + ˜ µ 
e

(2) " ˜ µ 
Cu

(2) = (µ
Cu

2+

(2S ) + 2F# (2S )
) + 2(µ

e

(2) " F# (2)
) "µ

Cu

(2)      (59) 

W]q5\HI&nXR"S)*TUV-J5 

   

! 

˜ A = ˜ A (oxd) + ˜ A (red)

! 

= ˜ µ 
Zn

(1)
" ˜ µ 

Zn
2+

(1S )
" 2 ˜ µ 

e

(1) + ˜ µ 
Cu

2+

(2S ) + 2 ˜ µ 
e

(2)
" ˜ µ 

Cu

(2) 

     

! 

= µ
Zn

(1) " (µ
Zn

2+

(1S ) + 2F# (1S )) " 2(µ
e

(1) " F# (1)) + (µ
Cu

2+

(2S ) + 2F# (2S )) + 2(µ
e

(2) " F# (2)) "µ
Cu

(2) 

     

! 

= (µ
Zn

(1) "µ
Zn

2+

(1S )
) + (µ

Cu
2+

(2S ) "µ
Cu

(2)
) " 2(µ

e

(1) "µ
e

(2)
) + 2F(# (1) "# (2)) " 2F(# (1S ) "# (2S ))  

W]R>"DrE(1), (2)Jls+^_tu A AvwokR+A5A A+"E+

)*bcdefgJlxAQR345

! 

(µ
e

(1)
"µ

e

(2)
) = 0  AQR>y(5z{+"|

}~��+��"��J�W:;R+A5

! 

(" (1S ) #" (2S )) = 0AQR>��o5 

! !   

! 

˜ A = ˜ A (oxd) + ˜ A (red)

! 

= (µ
Zn

(1) "µ
Zn

2+

(1S )
) + (µ

Cu
2+

(2S ) "µ
Cu

(2)
) + 2F(# (1) "# (2))!    (60) 

W]R> 

 

!����.! ����J

! 

˜ A = 0AQR345 

! ! ! !  

! 

" (2) #" (1) = #
1

2F
(µ

Cu

(2) #µ
Cu

2+

(2S ) + µ
Zn

2+

(1S ) #µ
Zn

(1)
) 

                 

! 

= "
1

2F
(µ

Zn
2+

(1S ) + µ
Cu

(2)
"µ

Zn

(1)
"µ

Cu
2+

(2S )
) =

"#G

2F
              (61) 

���&��R)*bcdefg+VJ50�+�"#HI+VA��g+"



 145 

!"#$%&'()*+,-./01Zn2Cu
2+

 = Zn
+22Cu 34%&5G36

78*&9:.;<=.#$>?+@!.<=AB1FaradayCA.DAEF

8GHF8*&9:.I.JK.

! 

(" (2) #" (1))B1@L(2).@L(1)34%&#4

@MN(O&9PQRSB@TUT?6*RS(O&VW1@LX!(1)E(2)U

YZ([Z>?8*6*\]^_`.RSEab&:EU(c&9dB1[Z

F+\e^_`.RS(ab&E1@fg@h

! 

(" (2) #" (1))"ijk%lm@n

"op+@TUT?6*RS3q+&9 

! (61)Br9(.[s(r9-35)Etuv3wx[s(O&9(61).5GB;<=.

@!"#$%&,-./0340%&.( FaradayCA.DA3;UGy9F

VF1(r9-35)Bz<=.@!"#$%&,-./034%&5G"{*8*

&.( FaradayCA.DABzE678*&9(r9-35).5GB(61).5G. 1/2

(O&VW(r9-35)E(61)Btuv3wx(O&9 

! (r9-35)"|+}~B1�.��3�ab&:EU��&9�/034%&@

���v��h

! 

˜ A "ab81PQ.��

! 

˜ A = 0"��E1 

        

! 

˜ A = ˜ A (oxd) + ˜ A (red)

! 

= ˜ µ 
Zn

(1)
" ˜ µ 

Zn
2+

(1S )
" 2 ˜ µ 

e

(1) + ˜ µ 
Cu

2+

(2S ) + 2 ˜ µ 
e

(2)
" ˜ µ 

Cu

(2) = 0  

(O&9::(

! 

( ˜ µ 
e

(2)
" ˜ µ 

e

(1)
)"�&E1!  

! ! ! ! !

! 

˜ µ 
e

(2)
" ˜ µ 

e

(1) =
1

2
( ˜ µ 

Zn
2+

(1S )
" ˜ µ 

Zn

(1) + ˜ µ 
Cu

(2)
" ˜ µ 

Cu
2+

(2S )
)  

                  

! 

=
1

2
(µ

Zn
2+

(1S )
"µ

Zn

(1) + µ
Cu

(2)
"µ

Cu
2+

(2S )
) = #G(9"35)            (62) 

(O&9��.��(B1��.@�u���.��@MNB�Eab&.(1

! 

(" (1S ) #" (2S )) = 0(O&:E1��B��(O&:E1"�78*&9(r9-35).! !

5G 3�F*9JK�B1@L�.@!.@����� ¡¢=.N(O&9

£¤6@LX!��.���� ¡¢=B�F*.(1@M.N¥pU¦§1 

! ! ! ! !

! 

˜ µ 
e

(2) " ˜ µ 
e

(1) = µ
e

(2) " F# (2) " (µ
e

(1) " F# (1)
) = "F(# (2) "# (1)

)          (63) 

E6&9

! 

( ˜ µ 
e

(2)
" ˜ µ 

e

(1)
) "£¤3F8(10-62)E(10-63)"¨©3ªE«?¬1 

    

! 

"F(# (2) "# (1)
) = ˜ µ 

e

(2) " ˜ µ 
e

(1) =
1

2
(µ

Zn
2+

(1S ) "µ
Zn

(1) + µ
Cu

(2) "µ
Cu

2+

(2S )
) = $G(9"35)      (64) 

E6&9­-F®(¯78@MN()p¬1 
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! !

! 

(" (2) #" (1)
) = #

( ˜ µ 
e

(2) # ˜ µ 
e

(1)
)

F
= #

1

2F
(µ

Zn
2+

(1S ) #µ
Zn

(1) + µ
Cu

(2) #µ
Cu

2+

(2S )
) = #

$G(9#35)

F
   (65) 

!"#$%&' ((9-35))*"+",$ 

! -./01)234567/89:/;<=>1!3?/@ABC/D3:

'EFGHI)JKLM#$(N/OPL'2QR3ST/@AUV'3456

WXYZ[\]^_)`+abcLd#e!/fgh=ijk234567/

89:/fgh'l)mn",oLpqr$s/Utuvvwxyq%kn]

z{|#. 

 

}~@ABC�! 3�]��|#^�)�,�'2

! 

˜ A = ˜ A (oxd) + ˜ A (red)  )�|

#(60)=2�Y��������!89:2����/���(10-49)2�Y��

������!3��23�/���(55)!��|&��,$ 

!     !

! 

diS

dt
= (
V

T
) " I =

1

T

dQ

dt
> 0! ! ! ! ! ! ! ! ! ! ! ! ! !   (49) 

        

! 

dS
i

dt
=

˜ A 

T

d"

dt
> 0                                     (55) 

3�

! 

(I)!����

! 

(d" /dt)/�)'�/��]d#.! �����\]��|#

�2n�\/3T/v ¡ D%#^�'23�

! 

(I)' 

        

! 

I = nF
d"

dt
                                         (66) 

Ld#$(43)~( 45)2(47)~(48)L¢£r01)23T/�&!3�'¤¥]��

L23�

! 

(I)/¤¥'3��

! 

(V )/¤¥)`�|#$¦§/¨/¤¥'

! 

VI > 0Ld

#01)fg#$%&=(55))©ªk�2(49)!«¬|#! 

! ! ! !

! 

dS
i

dt
=

˜ A 

T
"

I

nF
= (

V

T
) " I > 0                              (67) 

!"#­+2 

! ! ! !

! 

V =
˜ A 

nF
                                           (68) 

Ld#$

! 

VI > 0Ld#01)fg#%!'2®)

! 

˜ A I > 0!k�fg#%!)"#$

%%)

! 

˜ A = ˜ A (oxd) + ˜ A (red)  )�|#(60)=©ª|&��,$ Daniel 3?/^�

L' n=2Ld#­+2 
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! ! ! !

! 

V =
1

2F
{(µ

Zn

(1) "µ
Zn

2+

(1S )
) + (µ

Cu
2+

(2S ) "µ
Cu

(2)
)}+ (# (1) "# (2))           (69) 

!"#$%&'()*+",-./012345&6789:$;

! 

" (1)9

! 

" (2)<

=$;9,8#+:>#?@#A$B V<:

! 

I = nF(d" /dt) = 2F(d" /dt)#C+D

E8>9F,G: 

! ! ! !

! 

V =
1

2F
{(µ

Zn

(1)
"µ

Zn
2+

(1S )
) + (µ

Cu
2+

(2S )
"µ

Cu

(2)
)} 

! ! ! ! !

! 

= "
1

2F
(µ

Zn
2+

(1S )
"µ

Zn

(1) + µ
Cu

(2)
"µ

Cu
2+

(2S )
)! ! ! ! ! ! ! ! ! !  (70) 

+H8IJK<:$L#MNOPQGRSTU#OP#VWX-#+:TUY

Z<

! 

(d" /dt)#CF[O\]:A$B< (70)9,8I>]</0'^#

! 

I = 2F(d" /dt)W%_`a\-?@#A$B#bcd+H8#+:efgFhi#

?@(65)#jkF=1-I1l1:/012345&mno]pqr#$sW

tu8#+vhiwxFMyo8I 


