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!12! "#$%&'()&*+,-."/'()01  

  NaCl 23&456"#$789:;<=>?-9@AB*+,-CDEFG

.HIBFJ;K;=LM&NO'()&*+,-C>?PKQRSDEFG

.HTU2VJ4WX%Y&Z[\]^=_`'()CabcdFe9H=f

gh:ij&'()&ab\klJmn<=o&'()-CpD;<=qD&

'()-CabcdFG.HIB2V&I=NO'()&r,st)uvwxy

z{w-|C}EFG.HTU2VJ;K;=!11 9~;��l9=

Nernst(1864-1941)&��=���"/4�&NO4�4�C�.1��F�C�

����=NO'()&yz{w-&�:PC>?PKQDEFG.\IBFJ

G�H="/'()01C���='()&*+,-C�^�le&01x�

�X1�|92n<VF 

 

�|"#$%&NO'()&*+,-  

! Nernst(1864-1941)H=��"/4�(SHE)& NO4�4�C�.D��FG.

C��;<VFJ!11 I��;��l9=�.�.=NO4�4�H�DTU

2V&�KQ=��H� 2VHgI]FJ��\� F¡¢HNO9£¤�

��¥VxG&�l2¦§H=G&¨&©ª9«¬�F|J 

! ��"/4�xSHE|&4�4�C�.�FG.H=&�l2*+,X01

.2FJ 

®3&�l2¯°9±V<�=1W²&H2(g)KQ³´Q�FHµ'()&¶°\=

·¸¹ºKQ»¼;<_�½-{w¶°x1 {w& Hµ'()¾1kg &"|I]

F¿=À&���Áyz{w GibbsÂÃÄÅwÆÇH 0I]F.1��FÈ 
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I]FJÉÊ= 

! ! !

! 

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

+
(aq) + e :!

! 

"G f
0
(H

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

G&hË&ÌGÍ�.1��FJ3&�l2¯°I�.&Z[\]^= 

! ! !

! 

"

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

2
,  
"#G

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

I]FKQ=! !  

! ! !

! 

"H f
0
(H

+
,  aq) # 0,  "S f

0
(H

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

�Î¿91�;<VFG.92FJG�H"/'()01 (hydrogen ion 

convention).���=#Ï'()&*+,-C�^�le&1�I]FJ 

! "/&Ð/_8KQ"/'()CÑFhË\(1)I]FKQ=

! 

"G f
0
(H

+
,  aq) # 0

H"Ò"/'()&���Á GibbsÂÃÄÅwÆÇH�.1�;<VFJ�VK

2F¯°I��.&Z[\ÓV<VF&I=(3)& 

           

! 

"H f
0
(H

+
,  aq) # 0,  "S f

0
(H

+
,  aq) # 0  

"Ò

! 

H
+
(aq)'()&���ÁÄ)ÔwÕÇ=���ÁÄ)Ö×ÕÇ��.1�

�FG.92FJ"9#Ï�F'()HØÙ6IH2´=À&ÚÁHÛÜI]

F&I=LÝ9H�yz{w-&�.&ÞßàC³áâ�2Q2VJ�ãÓBä

Ç�\G�Cå�J;K;=�yz{w-&�HæVçè92F&Iéê�FG

.�]FJë�

! 

H
+
(aq)&��ìíH=�·¸¹ºKQîï#$#6&Y6CðD

;<»¼;�_�½-{w¶°�.ñDc�<VFJG&G.Hò9!11 Ió

ô�J 

! ! ! µ
i
= µi

!
+ RT ln(a

i
) = µi

!
+ RT ln("

i
m
i
)! ! ! ! ! ! ! ! !     (4) 

��ìíH#6¶°�áIH2´=7² P=¯° T�ñD;2á��2Q2V=
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õöIH=PÍ1W²=TÍ298.15KC÷�9�F\=øùX9H=µi
!
(P,T ).;

<úû&²+=¯°CñD;<�¥VJ 

! õã&"/'()019�^=NO'()&yz{w-�:PC>?PKQ

DEFG.\IBFJG�CõöIüý;�lJ 

 

(1-1)! #Ï'()&���Áyz{wÄ)ÔwÕÇ  

!

! 

H
+
(aq) +  Cl

"
(aq)C§9;<þÿFJÐ/_8KQÀ&r,!C³´FhË&

hË*\���ÁÄ)ÔwÕÇ&øùXD�I]FJG&¡¢H=ðïX2·

¸¹º#$I&_�¶°#$CþÿFKQ=���Á"yz{w#Ä)ÔwÕ

Ç.�$G.92FJG�CÐ/_8KQÑFhËH 

! !

! 

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

"
(aq) :            #H1! ! ! ! ! ! ! (5) 

I]F\=G�H&%³&hË&ÒI]F& 

!

! 

(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  

G&%³&hË*H>?X9'FG.\IBFJ()&PH 298.15K=1W²I

&hË*I]FJª*H·¸¹º9±áF#5*I]FJ¹º�F"&-C+

;g³a,cd<#5*C}E<-´¿=#5*\"&-9.Ï;2´2F¿

&P.;<�·¸¹º9±áF#5*�\}ëFJ"&-\a,�F9mn<=

Hµ'()/H Cl0'()&129H39"z4&5\6Tc�F�l92F

I]7lJHµ'()."z4�á&�8Ñ�= Cl0'()."z4�á&�8

Ñ��á\·¸¹º&#5ìíC}EFKQI]FJ9:&

! 

nH
2
O(l)H·¸¹º

&�&;-&"Cå<�J 

! 

nH
2
O(l)&=<^9_9(aq).>V�^�FJ(:&
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! 

H
+
(aq) + Cl

"
(aq)9±áF(aq)H'()&·¸¹ºìíCñD;<VFJ?9

! 

nH
2
O(l)@(aq)Céê;<�ìíÜrH�üI]FJ

! 

{    }HG&ìACûB�FJ 

!

! 

 "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)  

! ! !

! 

= "H f
0
(H

+
,aq) + "H f

0
(Cl

#
,aq) = #167.16   kJ /mol ! ! ! ! ! ! ! ! ! (6) 

.2FJÐ/_8&���ÁÄ)ÔwÕÇHD�KQ�I]^=K³="/'

()01KQ

! 

"H f
0
(H

+
,  aq) # 0I]F&I=(6)H 

! !

! 

"H f
0
(Cl

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

.2FJG�H

! 

"H f ,298

0
(Cl

#
,aq) = #167.16   kJ / mol&ûBI]FJ"ÒC/'()

&���ÁÄ)ÔwÕÇ�:P\}ëFJÀGI=9 

! !

! 

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

"
(aq) :            #H2  

CþÿFJG�HCrÙ NaCl9D�F&%³&hË&ÒI]F& 

! !

! 

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

0
(NaCl,c)  

! !

! 

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

"
(aq) :            #Hs

0
(NaCl,c)  

Vg�&hË*��DIBFKQ= 

! !

! 

"H
2

= "H f

0
(NaCl,c) + "Hs

0
(NaCl,c)

! 

= "H f
0
(Na

+
,aq) + "H f

0
(Cl

#
,aq)! ! !  (7)!  

I]FJG�KQ

! 

"H f
0
(Na

+
,aq)\}ëFJG&�l9;<'()(i)&

! 

"H f
0
(i,aq)&

�:P\E9}EQ�FJF8X2PH=ª&å9GH<]FJ 

 

(1-2)! #Ï'()&���Áyz{w GibbsÂÃÄÅwÆÇ  

!

! 

H
+
(aq) + Cl

"
(aq)C³´FhË= 

  

! 

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

"
(aq) :       #G1 = "131.2  kJ /mol ! !  (5’) 



 161 

&ÌGx25I=1 W²|H4JhË&K4+KQ>��FG.\IB= -131.2!

kJ/molI]F(G&PH!11&L0&åCMNc��V)J?9= 

! !

! 

 "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)  

! ! ! !

! 

= "G f
0
(H

+
,aq) + "G f

0
(Cl

#
,aq) = #131.2  kJ / mol! ! ! ! ! ! ! ! ! (7) 

Ð/_8&���Á GibbsÂÃÄÅwÆÇH�I]^="/'()01KQ 

! 

"G f
0
(H

+
,  aq) # 0I]FJ?9= 

! ! !

! 

"G f
0
(Cl

#
,aq) = #131.2  kJ / mol! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (8) 

.À&�:P\}ëFJ 

! ! !

! 

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

"
(aq) :            #G2  

H= 

! ! ! ! ! !

! 

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

0
(NaCl,c)  

! ! ! ! ! ! !

! 

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

"
(aq) :            #Gs

0
(NaCl,c)  

&ÒI]^=Vg��hË*.O*=#5°23KQ}EQ�F>?-]FJ

mn<= 

! !

! 

"G
2

= "Gf

0
(NaCl,c) + "Gs

0
(NaCl,c)

! 

= "G f
0
(Na

+
,aq) + "G f

0
(Cl

#
,aq) ! ! !  (9) 

.2^=G�KQ

! 

"G f
0
(Na

+
,aq)\}ëFJG&�l9;<'()(i)&

! 

"G f
0
(i,aq)&

�:P\}EQ�FJª&å9F8X2PCP;<]FJ 

 

(1-3)! #Ï'()&���Áyz{wÄ)Ö×ÕÇ

! 

"S f
0

.��yz{wÄ

)Ö×ÕÇ

! 

S 
0

 

! Ä)Ö×ÕÇ9H*+,3QRS\]F&I=���ÁÄ)Ö×ÕÇ

! 

"S f
0

CT
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n<�=��Ä)Ö×ÕÇ

! 

S
0

CTn<�=hË&ÌSCþÿF¡¢HÎ I]F

G.=��Ä)Ö×ÕÇ

! 

S
0

KQhË&ÌSCRSþÿ�U\_Ø�5I]FJ 

! ëg=���Áyz{wÄ)Ö×ÕÇ

! 

"S f
0

KQþÿFJ#Ï'()(i)& 

 

! 

"H f
0
(i,aq).

! 

"G f
0
(i,aq)Cò9D�;�&I=���Áyz{wÄ)Ö×ÕÇ

! 

"S f
0
(i,aq)H=

! 

"G = "H # T"SKQ= 

! ! ! ! ! !

! 

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

0
(i,aq) # "G f

0
(i,aq)]/T ! ! ! ! ! ! ! ! ! !  (10) 

.ÂVX9}ëFJ 

! ! ! !

! 

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

"
(aq) :    #S1! ! ! ! ! ! !   (5”) 

9:;<þÿ��=(6).(7)KQ 

! ! ! !

! 

"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  

I]n�KQ= 

! ! ! !

! 

"S
1

= ("H
1
#"G

1
)/T = S f

0
(H

+
,aq) + "S f

0
(Cl

#
,aq)! ! ! ! ! ! ! !  (11) 

! ! ! ! ! !

! 

= "120.6  (J /mol /K)  

I]FJ"/'()01KQ

! 

"S f
0
(H

+
,aq) # 0I]FKQ= 

! ! ! !

! 

"S f
0
(Cl

#
,aq) = #120.6  (J /mol /K )! ! ! ! ! ! ! ! ! ! ! ! !    (12) 

.2FJ 

! G&�l9=

! 

"H f
0
(i,aq).

! 

"G f
0
(i,aq)\}ën<V��

! 

"S f
0
(i,aq)HÂVX9}ë

n<;ël&I=

! 

"S f
0
(i,aq)C]ÿ<GHFîÃHq92VJWX.;<��y

z{wÄ)Ö×ÕÇ

! 

S 
0

&U\�´T<�FJ 

! ��xyz{w|Ä)Ö×ÕÇC�V<(5”)&Ä)Ö×ÕÇÜrC>á�= 

     

! 

"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)! !  (13) 
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I]FJÐ/_8YZ&Ä)Ö×ÕÇH 

        

! 

S298

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

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

I]F&I= 

       

! 

S 298

0
(H

+
,aq) + S 298

0
(Cl

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

.2FJNO'()&

! 

S 
0

H}EFG.\IB2V&I= 

! ! ! !

! 

S 
298

0
(H

+
,aq) " 0=øù9H=

! 

S 
0
(H

+
,aq) " 0! ! ! ! ! ! ! ! !   (14) 

C1��F(Lewis, Randall, Pitzer and Brewer, 1961) JG�9�^= 

! ! ! !

! 

S 298

0
(Cl

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

.2FJG&P\=x

! 

S 
0
(H

+
,aq) " 0.1�;�¡¢&|NO'()&��yz{

wÄ)Ö×ÕÇ

! 

S 
0

xconventional partial molar entropy) “! I]FJ

! 

S 
0
(H

+
,aq) " 0.

�F.=

! 

C p
0
(H

+
,aq) " 0.2FG.9�[ûJ 

 

 õã&019�^=NO'()9:�F\]&*+,^ÇÔH= 

1) "/'()01[

! 

"G f
0
(H

+
,  aq) # 0=

! 

"H f
0
(H

+
,  aq) # 0,  "S f

0
(H

+
,  aq) # 0 ]9�

F

! 

"G f ,298

0
,  "H f ,298

0
&P=. 

2) 

! 

S 
0
(H

+
,aq) " 0.1�;�¡¢&

! 

S 
298

0
&P 

KQ2FJ_&å&PH=Nordstorm and Munoz (1994)KQ`�;��&I]

FJG&å&PH=a%I~;�

! 

"H f , 298

0
(Cl

#
,aq)=

! 

"G f , 298

0
(Cl

#
,aq)=

! 

S 
298

0
(Cl

"
,aq)&

bP.cK9dl\=G�HÀ&e°&>?fg\hi;<VFG.CûB�

FJG&�l201x1�|9�^="#$%&NO'()9³V<��:X

2��yz{w-CDEFG.\IBFJ#Ï'()\Dj�Fr,hË&ÌG=

ÌH=ÌSCþÿF¡¢9kl.2FJ 
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%|

! 

S 
0
(H

+
,aq) " 0&01H"/'()01.mn;2VKo  

! "/'()01H

! 

"S f
0
(H

+
,  aq) # S 

0
(H

+
,  aq) $ (1/2)S 

0
(H

2
,  g) # 0Cpq&I=

! 

S 
0
(H

+
,  aq) = (1/2)S 

0
(H

2
,  g) " 0 CûB�FJ TÍ 25r C IH

! 

S 
298

0
(H

+
,  aq) =  

! 

(1/2)S 
298

0
(H

2
,  g)

! 

= 65.3(J /mol /K ) " 0 I]FJG�H'()&

! 

S 
0

9:�F

! 

S 
0
(H

+
,aq) " 0&01.�QK9mn;<VFJ;K;=hË&ÌSC"/'()

01s.

! 

S 
0
(H

+
,aq) " 0&01sItE�WXHøu;mnH2VJ! hË&ÌS

IHg�á\��.2F&I=0&@�\v01sIwøuI]n<���H�

 2VJ 

 

��ìí9±áF"#$%&NO'()*+,-xNordstorm and Munoz=1994|J 

 !H f ,298
0

 

! 

"G f ,298
0

 

! 

S 
298

0
  !H f ,298

0
 

! 

"G f ,298
0

 

! 

S 
298

0
 

'() kJ/mol kJ/mol J/mol/K '() kJ/mol kJ/mol J/mol/K 

Hµ(aq) x0 x0 x0 OH-(aq) -230.01 -157.2 -10.9 

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

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

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

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

Csµ(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     

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

! 

S 
0
(H

+
,aq) " 0&01&�.I}ëF

! 

S 
0

PH=]9ÌS 9�FyITlJÀ&

¸^IH=z³&01\{�c�<�À&mnHå|r;2VJG&}C¥´

î5;<±´G.\;~J 

 

Q|'()&*+,^ÇÔCl��F§�  

! 01C÷�9;�NO'()9:�F*+,^ÇÔC�V<="#$%&'

()\Dj��Fr,hË&��C��IBFJ"#$%&'()H�4�4

�KQJ4Wr,st)uvwCT<â�2Q2V.�V�qf�H2VJ\

]&"#$H4WX%YI]^=Îø"#$IH4�&dVCþÿFf�H2

VJ�KQ="#$%&'()�%Y&r,!.Î �l9r,st)uvw

CþÿF�áI¥V�l9=*+,01\÷�92n<VFJõö&§�I=

NO'()9:�F*+,^ÇÔC3&�l9Tl&KCî5;<�;VJ 

 

§� 1Jå9jÿ�'()&*+,^ÇÔ

! 

"G f ,298
0
KQ=7² PÍ1W²=TÍ 

! ! ! ! 25rCI=½��'()\"/'().��'()95��FhË 

! ! ! ! ! ! ! ! ! HCO3

!
(aq) =H

+
(aq) + CO3

2!
(aq)  

! ! ! ! &��DbCtE�JG&��DbH=½��'()&5�Db 

! ! ! ! .���FJ 

(5) 

hËÝ9:Ë�Fr,st)uvw&�ÝH= 

! ! ! ! µ(HCO3

!
,  aq) = µ(H

+
, aq ) + µ(CO3

2!
,aq )  

I]FJ�r,!&r,st)uvwH µ
i
= µi

!
+ RT ln(a

i
)I]FKQ=G�
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Cã&Ý9=�;=��r,st)uvw.�-Cz��FJ 

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 )

]  

G�H=!"G
r

0
= RT lnK ! &G.I]FJ 

! !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 )  

! ! ! Í0! ! ! ! ! +(-527.9)! ! ! 0 x0 586.8|! Í+58.9xkJ/mol| 

��ìí&r,!�{wC³´FG.H+!G f ,298
0
I=�´G.H!"G f ,298

0
I]

FKQ=��r,st)uvw&=bÒH����Á GibbsÂÃÄÅwÆÇ 

x!G f ,298
0
|�&=bÒ92FJ]�:b9R�.logK = !"G

r

0
/(2.303RT)I]FJ 

! ! RÍ8.31451! (J/mol//K)=TÍ298.15K=RT=2.47897(kJ/mol) 

! !  logK = !"G
r

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

-10.32
! I]FJ 

 

§� 2.! ���\�Y#$.hË;<�(��'ÖC� FhËH= 

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

+
(aq)  

! ! I]FJ7²Í1W²=TÍ25rCIG&hË&��\Á�;<VF¿=À 

! ! &�Y#$& pH. K'()¶°H3&�l2D�\Á�;<VFKo 

! ! ��;=�Y#$H�z¹�2"#$I]F.�FJë�=���= 

! ! �(��'Ö="&!Gf ,298

0
Hõö&PCTV=K'()&!G f ,298

0
Hå& 

! ! P=0 282.5! (kJ/mol)C�VFJ 
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! ! ! ! ! ! ! ! ! ! ! ���! ! �(��'Ö! ! "! ! !  

! ! !Gf ,298

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

 

(5)!  

! ! !"G
r

0
= RT lnK ! CRÊ9tEFJ 

! ! !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) 

"/'()01KQ!Gf ,298

0
(H

+
,aq) = 0I]FG.CTn<VFJ��Db KH 

! ! 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
 

3z&�jIH=���=�(��'Ö="HØÙ6.;<�-Í�.TUF

G.CTn<VFJ?9=!  

! ! logK = !"G
r

0
/(2.303RT) = +8.81527  

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

+
)] = +4.40764  

pH&D�H! pH ! " log[a(H
+
)]! I]FKQ= 

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

(K + )
]  

3z&�jIH=¹�#$&ðDKQ=log[a(K
+
)] = log[!

(K + )
"m

( K+ )
] = log[m

( K+ )
].

;<VFJK'()¶°H pH&DbI]F�l9>á�= 

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

I]FJpH\�Ve=K'()¶°H�VJ 
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§� 3.! YZr,!&r,st)uvw&å�UR9³V<óô�Jë�= 

! ! ! ! ;W%&��\Z&8�¶°H 350ppmI]F\=G�Cz²P 

! ! ! ! P(CO2, g)9R�.V´Q92FKJcQ9=G&z²PC�V< 25I= 

! ! ! ! 1W²&;W9±áF��YZ&r,st)uvwCå�d�J 

 

x5|  

! ëgH=YZr,!&r,st)uvw&� JYZr,!&r,st)u

vwHîïW8&r,st)uvw&yÝC�V<= 

! ! ! ! ! ! ! ! !
µi(g) = µi

*
(T ,P =1 atm) + RT ln fi

fi = ! i "Pi
 

.å��FJ��r,st)uvwH7²\ 1atmI]FÀ&Ø¡YZ(i) 1{w

& G I]FJ¢Yu£ÇH¢Yu£Ç�b.z²P&�I]F\=P
i
! 0&.

BîïW8.2F&I=!
i
"1I]FJ;W&7²H 1W²I]FKQ=3&;

WÁzYZ9³V<�=P
i
! 0&Z[\Á�;= fi = PiI]FJP

i
! 0&Z[\

¤¢;2V¡¢H=À&�>YZ\îïW8KQ¥��á¦�n<VFKC>

?X9§ô=À&>?PKQ¢Yu£Ç�bC}EFJ 

;W%&��\Z&8�¶°H 350ppmI]FKQ=îïW8.;<�V=À

&z²PH P(CO2, g)=350x10
-6

(atm/atm)Í3.5x10
-4I]FJ 25I=1 W²&;W

9±áF��YZ&r,st)uvwH=µ
*

CO
2
C 25I=1 W²&��YZ&{

w¨^& G.;<= 
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! ! ! µCO2 (g) = µ
*
CO2 + RT lnPCO2=! PCO2=3.5x10

-4
 

I]FJ 

! z²9Hfg_�\]F\=z²PH��&bPI]FJ:b&`b.2F

¿Hfg_�\�©c�<VFG.9[ûJ�©c�F_�H=���r,st

)uvwH7²\ 1atmI]FÀ&Ø¡YZ�.&D�&%9]FJ�KQz²

&_�H�W²xatm|�I]FJ 
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!"#$%&'()*%&'+#,-'./01 

! 2345+%&'6#789:;<=>*?#@A8BCD=E#,%&'

*F>6?G+HIJ?

! 

M
z+KL%&'?

! 

X
z"KM%&'*NO?

! 

z+,   z "KP=

Q=+RS*NO?TU+VWXYZ[Y\>]!

! ! !  !    

! 

M
z+
(gas) = M

z+
(aq),     

! 

X
z"
(gas) = X

z"
(aq)! ! ! ! ! ! (15) 

^_?%&'J2345`a+#7+#,%&'*F>b6cdef>]G+

`gF%&'+h23%&'i#,%&'j+45ke8lWf>mnop!

qrH?rG?rS"J?stuvwxyz/{|+}duK~����>G*

Y��>G*J��>]N{N?234+%&'+`g8#,458JF�%

&'K�g+Y?h#,%&'8�f>()j��YJl�Y\F����K�

�Y�>]%&'+#,-'./01qrH"K��`g*f>*?#$%&

'+#,-'./01+uK��8��>K�F�]�+`gF�Y��8

F>{K?L%&'*M%&'+#,-'./01Y���8�O�`g] 

 

! �L%&'+#,-'./01�  

! Ln��q�R�'.� "%&'K¡8NO?¢£458¤�>L%&'+#

,-'./01K¥¦>]! Ln§¨K©Yª{N?Ln
3+

(aq)K«>VW? 

! !

! 

Ln(c) + 3H
+
(aq) = Ln

3+
(aq) + (3/2)H

2
(g) :        "Hf

0
(Ln

3+
,aq) ! !   ! (16) 

J?Ln
3+

(aq)+¢£¬q®@y/"-'./01

! 

"H f
0

Kd¯f>VWY?G+

uJmp°d8`ast�8±dY\>]<E?#$²£³´8lf>µ¶³

C{|

! 

"G f
0

6±<a?P+·¸¹º»

! 

"(#G f
0
/T )"T = $#H f

0
/T

2
{|?

! 

"H f
0

K��

>*w¼NO½¾�q¿ÀJÁÂ®@y/pKZ�fÃÄ\Å1KÆÇf>"]
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!"#$%Ln&'()*"+,-*./0123456"789"#$",:;

<:=>? 

! ! ! ! !

! 

Ln(c) = Ln (g)                        :  "H
f

0
(Ln,g)! ! ! ! !   ! !  (17) 

! ! ! ! !

! 

Ln(g) = Ln
3+

(g) + 3e             :  Ii
i=1

3

" (Ln)  !   ! ! ! ! !   ! (18) 

! ! ! ! !

! 

Ln
3+

(g) = Ln
3+

(aq)              :   "Hhyd (Ln
3+

)               !  (19) 

! ! ! ! !

! 

3H
+
(aq) = 3H

+
(g)              :  - 3"Hhyd (H

+
)              !  (20) 

! ! ! ! !

! 

3H
+
(g) + 3e = 3H (g)           :"3I(H )  !  !  ! ! ! ! ! ! !  (21) 

! ! '@!

! 

3H (g) = (3/2)H
2
(g)             :"3#Hf

0
(H,g)  ! ! ! ! ! !   ! (22)!  

 

! !   

! 

Ln(c) + 3H
+
(aq) = Ln

3+
(aq) + (3/2)H

2
(g) :"H f

0
(Ln

3+
,aq)          (23) 

(17)A(22)2BCDEFGH%(23)IJKL(16)IMNOCP>Q 

 (17)%R*.STUVWR*.STXYZ[IJ>#$:LZ\]"^_#$

:`KLR*.STXYZ["abcd-*./01:e`>QXYZ[f"

ghijk2lm>!n:!"opq%rst>Q (18)%R*.STuXYZ

[@W Ln&'()*IJ>v:"()*w-x/y1",:`>Q!ts%z{

|}/"~1.nOCrst>Q (19)% Ln&'()*"+,-*./01"^_

#$:`>Q()*�zW+���"�j()*nJ>#$:`>Q��IL(20)

% H'()*"+,-*./01"^_#$"�#$:`>Q(21)%XY� H(g)

"()*w"�#$L(22)%+�XY"abcd-*./01:+��Y"XY

�"��#$"�#$e`>Q��CL���:`>-*./01�w:%L 

!       

! 

"H f

0
(Ln

3+
,aq) = "Hv(Ln) + I i

i =1

3

# (Ln) + "Hhyd (Ln
3+
)  
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! ! ! ! ! ! ! ! ! !

! 

"3#Hhyd (H
+
) " 3I(H ) " 3#$ f

0
(H ,g) ! !         (24) 

!"#$%&'()*+,-./Ln01234567849:;<= H12345

67849:;<5>?/ 

! !

! 

"Hhyd (Ln
3+
) # 3"Hhyd (H

+
) = "H f

0
(Ln

3+
,aq) # "Hv (Ln) # Ii

i=1

3

$ (Ln)!  

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

! 

+3I(H ) + 3"H f

0
(H,g)! !      !     (25) 

=@A&BC@5?/DEF?GHIJKLMA5'=LMA&NOH/ 

! 

"Hhyd (Ln
3+
) # 3"Hhyd (H

+
)5P)IJPQRSTA'=!L+A&UV5WX? 

! ! !

! 

I(H) =1312.0(kJ/mol) ,! !

! 

 2"Hf

0
(H,g) = D(H2) = 432.1

! 

(kJ/mol)  

LMA&

! 

I(H) + "Hf

0
(H,g) =

! 

1528.0(kJ/mol)=@A& 

!

! 

"Hhyd (Ln
3+
) # 3"Hhyd (H

+
)?/ Ln 0 1234YZ5[\]^_`abA

cconventionald67849:;<e

! 

"Hconv. hyd (Ln
3+

)=f.(A&gh/ 

! ! ! ! ! !

! 

"Hconv. hyd (Ln
3+

) # "Hhyd (Ln
3+

) $ 3"Hhyd (H
+
)! ! ! ! ! ! (26) 

LMA&'(aij

! 

"Hhyd (Ln
3+

),  "Hhyd (H
+
)?/_`=?klm5[ni^@

(absolute)67849:;<eLMA5L/'()opqArTa/ 

! ! ! ! ! !

! 

"Habs. hyd (Ln
3+

), "Habs. hyd (H
+
) 

=stqA'=uMA& 

! [\]^_`5cconventionald67849:;<e=[ni^@(absolute)6

7849:;<e5W%5vw!xy(Az{?/(16)5IJP

! 

"H f

0
(Ln

3+
,aq)a

MA&

! 

"H f

0
(Ln

3+
,aq))|}qA~a/ 

! ! [�Q@A��Lu/

! 

"Gf

0
(H

+
,aq) # 0=`�j/'5��/ 

! ! !

! 

"H f

0
(H

+
,aq) # 0, "Sf

0
(H

+
,aq) # 0u`�jr'=a@A&e 
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!"#$%&'()*+,-.'(/01232456784(912-1):;<=

>"?"@AB&'(!CDE784:F5FGHI&JK"L(56MN,

-."#$%O0;<&PQRST4U!@VW784:>"XTG ;<=

! 

"H f

0
(Ln

3+
,aq)"YZ842@[Z0(16)"\]P55^4_`",-.Pa"

bcPdef45P`23@GAB&(ghijk4lmh84: (25)G(26)

@U"bcnop0q^F324:?FGdefePDk4rsntuv@;

<"wxh84"n6GU"bcnAB&(g@yz{hG|"}@C2: 

! Ln~�,-.@�,-.78�XhG�,-."*��.����?��PF

3�T4U!h7�4: Cl� ,-.0�Pk��G 

! ! ! ! ! ! ! ! ! !

! 

(1/2)Cl
2
(g) = Cl(g) ! ! ! ! !

! 

: (1/2)D(Cl
2
)  

! ! ! ! ! ! ! ! ! !

! 

Cl(g)  +  e  = Cl
"
(g) ! ! ! !

! 

:  EA(Cl)  

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

! 

Cl
"
(g) = Cl

"
(aq) ! ! ! !

! 

:  "H hyd (Cl
#
)  

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

! 

H
+
(g) =H

+
(aq)         

! 

:"Hhyd (H
+
)  

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

! 

H(g) = H
+
(g)  + e   !

! 

:   I(H)                

! ! ! ! ! ! ! �/! !

! 

(1/2)H
2
(g) =H (g)      !   

! 

:  "H f

0
(H,g)  

! ! !  

! ! ! !

! 

(1/2)Cl
2
(g) + (1/2)H

2
(g) = Cl

"
(aq) +H

+
(aq)      :#H f

0
(Cl

"
,aq)  

784:��3G 

! !

! 

"Hhyd (Cl#) + "H hyd (H +) = "Hf

0 (Cl#,aq) # (1/2)D(Cl2) # EA(Cl)

                                          # I(H ) # "H f

0(H,g)
! ! ! ! (27) 

784: 

! 

"Hhyd (Cl
#) + "Hhyd (H

+)h Cl� ,-."���&'(")conventional/

*��.�����78eG(27)"��"�;<=56S�4:���P
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! 

+ "Hhyd (H
+
)!"#$%&'()*#+,-Ln./01234

! 

"3#Hhyd (H
+
)356

+- 

! 789:;4<=9>012?@0129ABCDEF9GconventionalHI

JK2LMNOP

! 

"Hconv. hyd (M
Z+

),   "Hconv. hyd (X
Z#

)&AQRDGabsolute)IJK2

LMNOP

! 

"H
 hyd (M

Z +
),   "H

. hyd (X
Z#

)9ST'UV3W? 

! ! ! ! !

! 

"Hconv. hyd (MZ+) # "Hhyd (MZ+) $ Z"Hhyd (H +)

"Hconv. hyd (XZ$) # "Hhyd (XZ$) + Z"Hhyd (H +)
! ! ! ! ! ! ! (28) 

&X$-

! 

  "Hhyd (H
+
) # "Habs. hyd (H

+
)9Y!Z[\X,&?<=0129QRDI

JK2LMNO4Z[\X,- 

 

! 

  "Hhyd (H
+
) # "Habs. hyd (H

+
)9Y4? -1,100 kJ/mol]^&_`*#a,$!?_

`bc'd6a 15 kJ/mol]^4eX$-fgh? 

     Morris (1968):  

! 

  "Hhyd (H
+
) # "Habs. hyd (H

+
) = $(1103±13) kJ /mol  

     Marcus (1977): 

! 

  "Hhyd (H
+
) # "Habs. hyd (H

+
) = $(1100 ± 6) kJ /mol  

     Morss(1994):   

! 

  "Hhyd (H
+
) # "Habs. hyd (H

+
) = $1114 kJ /mol  ? 

9di'?jk'd6aeX$Y!_l*#a,$-%#4Im0129IJ

K2LMNO!noD'pqrD'pst'Z`3WX,uvwxyza,$- 


