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 1.   
.  

 
 

1.1.  
 

 

-

.  (IV .) 

-

. -

 (I .): 

 

, , 

». 

 XV -

-

 – , -

 ( , 1981). 

 

 XIX  

, . (1)  
+, Na+, NH4

+ -

; (2)  Cl-, NO3
-, SO4

2-; (3)  

; (4)  

; (5) 

 

; (6) -

; (7) -

; (8) -

.  
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, -

 – -

,  

.  

 1859  

 « » ( . , 1997). -

,  Ca2+, Mg2+, K+, Na+.  

-

 –  

.  XX -

,  

 ( . , 1992).  

 

 –  

,  1922  « -

».    5  
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. 

 30-40  
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-

 

.  

 Ca Na  

  -

 

.  

-

 1932 . 

 40-50  

-

. -

-

, .  

 1947 .   «  

», -

. -

, -

, -
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.  
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,  

 

. -
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 (1937), 

 (1963),  (1980)  (1974, 1990 

.).  

   (1963, 1974, 1978),  (1972, 

1978 .),  (1976 .),  (1991 .).  

 

 

 (Schnitzer, 1978),  (Stevenson, 1994) -

. -

-

 (Jackson, 1965, 1968 .). -

 2002 

 «Soil Mineralogy with Environmental Application» 

 (Dixon, Schultze, 2002). 

 

,   

.  

 

 – -

, -

,  

.  

 (Sposito, 1984, 1989, 1996 .) -

-

 

,  – 

-

, -

.  

, , ,  



 13

, , -

.  

 (Sparks, 1989, 1999 .) -

, -

 

. -
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 – ,  ,  

, -

.  

-

,  

.  

  (Stumm, Morgan, 1981, Stumm, 1992 .) -

. -

-

. -

,  

 

 – .  

, -

-

.  

 

,  

,  

, . -
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, -
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 (1990). -

 

. 

 
1.2. ,  

.  
 

,  30-  

 

, -

, -

 ( .  3  4).  

 

. , ,  

, , ,  

,  

. 

   ( ) -

,  

, -

. -

,  

. -
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, .  < 1  

 < 2 , -

 ( , 2005). 

 ( )  – ,  

. 

 Ca2+, Mg2+, Na+,  K+. -

, , , , -

 H+, Al3+,  Al  Mn2+.     

 -

 ) . , 

  -

, , ,  

.  

, -

, , -

.   ,  

  , -

-

. , 

.  ( , 1998). 

. 

   

,   6,5 ( , 1998). -

-
2+,  BaCl2,  6,5. -

,  

, , ., -

, -

.  
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   ( ) -

, , -

 

. , -

 BaCl2, -

, . 

. -

, ,  6,5  8,2  

.  

,  8,2, , 

 6,5, -

, .  1,7. ,   

, ,  

, -

, , . -

,  

 

-

. 

-

  8,2.  

,  

3 . 

 

1.3.    
 

, 

-

. , 
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, -

:  40-120 /100  

 2,5  150-370 /100  8 ( , 1992).  

, , 

, , -

. ,  Al,  -

, . Al  

, 2+  

 BaCl2. 

, -

:  

 – -

 120-180  80-120 /100 , -

 – /100 . -

 –  

/100  ( , 1978, ., 2005).  

 

 Fe  Al, ,  

, -

 Fe  Al , 

,  . 

 Fe  Al -

, -

, -

 

.  

, -

-

.  
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 1.1.  ( -
: «  …», 1989, «  

…», 1978, « …», 1978, , 1990, , 1983, , 
1989, ., 1986) 
 

,   ,  
,  

,  
 

,   AO       (6-12) 46,1 
ABg     (12-17) 13,0 
Ghx1    (18-28) 11,2 
Ghx2     (29-39)  10,4 
BCgh     (45-55) 12,09 

, -
  

         (0-4) 35,6 
      (4-6) 10,0 

         (6-14)                    5,5 
      (14-25) 6,5 
’    (25-36) 14,6 

1      (40-50)     23,7 
2t      (65-75) 26,6 
3       (90-100) 27,0 

      (130-140) 27,8 
, -

 
1      (0-2) 64,71 
2      (2-3) 66,31 
         (3-7) 7,06 
f1     (7-15) 6,03 
f2     (30-40) 5,60 

      (90-100) 4,68 
,          (0-2) 154,7 

      (2-7) 50,9 
1      (7-14) 39,7 

      (16-24) 25,2 
1      (45-67) 34,8 

, 
  

  (0-20) 34,0 
1       (32-42) 27,0 

   (54-64)         22,0 
2      (68-78) 18,0 
3      (95-105) 19,0 

     (150-160) 18,0 
,  1      (0-22)     53,5 

1’     (22-50)     54,4 
      (80-104) 52,3 

       (100-130) 49,5 
, , -

 
    (0-10) 17,4 

      (20-30) 15,7 
    (40-50) 11,4 

, -
 

   (0-10) 19,5 
1t     (11-28) 44,23 

    (35-45) 38,41 
      (90-100) 24,51 
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. 1.1, -

, -

. -

. 

. 1.1 , , -

 

 – .   ,  

»  « » -

, .  

-

. , -

,   -

, .  

 

 

,  ABg  Ghx2 -

.  

, -

, -

2t. -

-

-

   

.  

, ,  

1, , -

1. -

-

. -
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, .  

-

, -
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 2. .  
-

  
 

  

 

, , -

. -

,  – , -

,  ( )  ( ).  

, , :   -

 – , -

. 

: (1) 

 – . -

, (2)  Fe, Al  Mn, (3) -

 (4) -

. -

, -

 (< 1 )  (< 0,1 ) . -

, , -

,  

, ,  

.  

 

,  

-

,  

.  

-

. , -
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-

.  

,  

, ,  

, -

.  

 
2.1.  

»  « » . -

 – ,  

-

. 

 – ,  

,  

. 

-

 

-

. -

. -

.  

 (Pearson, 1963, 

1968)  « »  « » -

 ( ). « »  – -

, , -

, . « » -

 – , -

, .   

»  – -

,   , -



 23

, . « » -

 – , -

, , -

.  

 2.1 ,  

 « », « » -

 ( , . 2, 1990).  
 

. 2.1. « », « »  
 « »  2, 1990  Essington, 2004) 

 
» » » 

 
H+, Li+, Na+,  K+, Rb+, Cs+, 
Be2+, Mg2+, Ca2+, Sr2+, Mn2+, 
Mn7+, Al3+, Fe3+, Ga3+, Cr3+, 
Ln3+, Si4+, Ti4+, Zr4+, Th4+, 
BF3, AlCl3, AlH3,  C6H5

+, 
RCO+, CO2  

Fe2+, Co2+, Ni2+, Cu2+, Zn2+, 
Pb2+, Sn2+, NO+, R3C+, C6H5

+ 
CH3Hg+, Cu+, Ag+, Au+, Hg+, 
Pt2+, Pt4+, BH3, Ga(CH3)3,  R+, 
RSe+, RTe+, RO+, I2, Br2, ICN, 

, , 
 

 
F-, OH-,  H2O, NH3, RNH2, 
ROH, RO, R2O, CH3COO-, 
CO3

2-, NO3
-, PO4

3-, SO4
2-, O2-, 

Cl- 
 

C6H5NH2,  C5H5N,  N3, NO2
-, 

SO3
2-, Br-  

 

C2H4,  C6H6,  R3P, (RO3)P, 
R3As, RSH, S2O3

2-, S2-, I-, RS, 
SCN, R 
 

 
 « »  « » -

 2 .  (Pearson, 1963, 1968)  

 (Parr and Pearson, 1983)  « » -

: 

 = ½( IA - ),                                                                   (2.1) 

 IA – ,  – .  

 (Misono et al., 1967)  « -

» : 

S,M = ( M
2 + M + 2XM In

0,5)/10                                   (2.2) 

M – ,   In – . 

 

,  
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  , -

 – . -

-

 ( ) . -

 

.  

 (Ca2+, Mg2+,  K+, 

Na+, Al3+ )  ( 2 ,   

3
2-, 3

-, NO3
-, SO4

2-, 4
2-, 2 4

-).  

 – , -

-

. -

, ,  

, .  

-

, -

.  

.  

 – F-,  

. 

 

2.2.   
 

 

 – -

. , .  

, , -

.  

-

-



 25

 –  Si 

 Al  ( )  Al  Mg  

.   -

, -

,  (–). -

 1  

 0,8-0,9 , 0,7-0,6  0,3-0,5  

 ( ., 2005, Dixon, Weed, 1989, Dixon Schulze, 

2002).  

 

 18  

,  ( . 2.1. ). 

, -

, ,  

. 

 

 3  

. 2.1. ). 

, 

, ,  

,  

. -

.  

 ( -

) ,  

. -

 

. 
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-

, . -

, -

,  (1  0,5 -

).  

-

, -

, , -

.  

-

, ,  

 ( . 2.2).  
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, , , 

, -

.   

 Fe, Al, Mn, Si – -

 ( ) .  -

 Fe, Al, Mn, Si    -

,  

 – SiO2.  

-

, -

, .  

 Al -

 – Al(OH)3, -

 ( , , 1992). -

 Al  

 ( -Al2O3). 

 Fe  

 ( -FeOOH),  ( -FeOOH),  ( -FeOOH), 

 Fe2O3 2FeOOH 2,5 2 .  Fe  ( -

Fe2O3),  (Fe3O4)  ( -Fe2O3) ( , 1982, , 

2003).  Mn  ( -

MnO2).  



 28

 Fe, Al, Mn  Si  

,  

,  (+). , -

 Fe3+  Ti4+  Fe -

 Fe2O3 –  FeTiO3 ( -

, , 1998, Tessens, Zanyah, 1982).  

, , ,  

,  

.  

  Fe, Al  Mn  

, , , -

, .  Fe, Al, Si 

 Mn ,  

, . .  

 

, -

, -

, .  

: 

 
 

,  

 (+),  

, -

. -

 ( .  3.2).  
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 (1934)   -

.   -

 
2 

. 2.2). 
 

. 2.2. -
 (  Sparks, 1999) 

 
 -

 1 2 
-FeOOH 2,6-16,8 
-Fe2O3 5-22 
- Al(OH)3 2-12 
-Al2O3 2-12 

SiO2 (am) 4,5-12 
 

 

-

. . 2.3 ,  3 -

:  ( ) –  

 Fe3+,  –  

 –  Fe3+.  

-

. 

-

 (Essington, 2004).  

 

  

. , -

  :  

FeOH0 + H+ FeOH2
+                           (2.3) 

FeOH0 FeO- + H+                                (2.4) 

 



 30

 
 (2.3)  ( +),  106,2, 

,  ( + 

= 1/ s,1). ,  6,2 FeOH2
+ FeOH0 

).  

, -

  ,  K- = 1/Ks,2 = 10-11,8. -

,  11,8  FeO- FeOH0. 

 

,    : 

FeOH2
+0,5 FeOH-0,5 + +                                     (2.5) 

s,H = 10-8,5, .  8,5  FeOH2
+0,5  

FeOH-0,5. 

 pKS,1, pKS,2  pKS,H  Si, 

Fe, Al  Mn , -

, .  – -

 (SM-O),  ( . 

2.3).  ( -

) , -



 31

 (ENM), -

. 
 

 2.3.  pKS,1, pKS,2  pKS,H   
Si, Al  Mn (  Essington, 2004) 
  

 - 
 

SM-O S/rM-OH M ENM pKS,1 pKS,2 pKS,H
 

 SiO2 IV +1 3,818 3,38 1,90 -1,2 7,2 3,0 
-MnO2 IV +2/3 2,300 3,72 1,55 0,16 7,36 3,76 

 Al2O3 III +1/2 1,711 2,77 1,61 6,1 11,8 8,95 
 

, , -

, ,  S/rM-OH ( , -

 M-OH  ( M).  Si  

, -

, SiOH0 -

 Al(OH)2
+0,5. SiOH2

+, -

,  

. 

 

,  AlOH2
+0,5  FeO 2

+0,5,  

,   Al+0,5
2

     

 Fe+0,5
2, -

, . ,  

              -

  : 

 

             OH2     +                                           OH2      – 

Al                        + SO4
2-        Al                           + OH2 

             OH2                                                SO4 
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2.3.   

 
 

   

-

. ,    

, -

,  

, 1990, 1992, Stevenson, 1982, Perdue, 1985, Hayes, 1986, Sposito, 1989  

.).  

  

,  

 

 

.  

,  

, , , -

.  

  

 – 3, -

 –  –  ( . 2.4). 

  ( . 2.5). 

  -

: 

 ( ,  = 3,8),  ( 3 ,  = 4,8),  

, 1 = 1.3),  ( )- , 1 = 

2,89),  ( 2- 2 , 1 = 3,1) ;  

, .  



 33

 

 
 



 34

 , -

,  

 ( ) .  

 

  COOHCR
H

NH 2
.  -

: 

: COOHHC
NH

H

2
   

: COOHCCH
NH

H

2
3  

: HOOC –CH2-
2NH

CH -COOH  

: COOHCCHCHHCCO
NH

H

2
22   

: 
2

2222
NH

NH
COOHCHCHCHCHNHCNH   

: 
2

22222
NH
COOHCHCHCHCHCHNH  

 
,  

 –  NH2 -

. -

, ,  

,  . -

  ( , ) – , -

,  NH2-

,  ( , ) – -

, ,    ( , ) –  

, .  

 – -

,  

 –  – .  

, -

, , . 

 



 35

 

, 

.  

-

, , , 

,  (  - NH), -

 (  - ), , 

 SH- , -

 ( . 2.6). -

 (C= ),  ( )  ( , 1990, Stevenson, 

1994).  

 

(Sposito, 1989). 

 2.4, -

-

, ,  

, -

.  

 

, , –  

.  
 

. 2.4.  ( )  
 (  Stevenson, 1994) 

 
 

 
  

-
 

 -
 

 

 360 150-570 820 520-1120 
 390 210-570 300 30-570 
 260 20-490 610 260-950 
 290 10-560 270 120-420 
 60 30-80 80 30-120 
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, , –  

.  

 

– , . 

2.6.  

 
. 2.6.  –  

 (  Essington, 2004) 
 

-

, -

.  

-

 



 37

.  

,  

, , 

 Al  ( -

, 1990, Sposito, Holtsclaw, 1977 .).   

-

 

 ( , 1990, Perdue, 1985, Hayes, 1987, Senesi, Loffredo, 1998) -

,  

 4-5,  –  

 10  11.  

 

, , , 

,  ,  

.  

,  

,   8  

.   

 

-

.  

, -

. , , 

-, -

. , -

, .  

 

:  

SH2 (s) + Ca2+ (aq) = SCa (s) + 2H+ (aq)                               (2.6) 

2SH (s) + Ca2+ (aq) = S2Ca (s) + 2H+ (aq)                              (2.7), 



 38

   (s)  (aq) -

.    

-

. -

, .  

 SH2 (s)  SCa (s)   , 

-

 (Sposito, 

1989).  
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 3.   
 

 
, , -

  , -

,   

 (Stumm, 1992).  

-

, -

,  2. 

   

  (« ») ,  – 

, , -

, . -

,  

 

, .  

 

-

 

.  

-

, , -

, -

 

. -

 

. -

, -

. 



 40

: -

,   -

 

  -

.  

 

3.1.  
 

  -

 –   . 3.1).  

 

  , -

, .  

 

.  

, .  

-

,  « » , -

,  

, Na+, Ca2+, Mg2+),  – « » -

 ( , Cl-, NO3
-).  

. 3.1 -

  Na+   Cl-, -

-

. 

 

 ( ),  -

. -

-

. 



 41

 

 

 

 
-

. , -

 

.  

.   

-

,  

.  

. 3.1 -

; 

  -



 42

 Cu+, , 

 F-, -

.  

  , -

 – . ,  

.  

,  

,  

 « » ( , Ni2+, Cu2+, Zn2+, Pb2+),  

» ( , Hg2+, Cd2+)  (Essington, 2004). 

 – ,  K+  

Cs+ , -

-

.  

-

.  

,  

, , -

,  

,  4 -

.    ( -

 Stumm, 1992, S , 

 ): 

(1) : 

S–OH + H+         S–OH2
+         

S–OH + OH-       S–O- + (H2O) 

(2) : 

S–OH + MZ+       S–OM(z-1)+ + H+  

S–OH + MZ+     (S–O)2M(z-2)+  + 2H+  

S–OH + MZ+ + H2O      S–OMOH(z-2)+  + 2H+  



 43

(3) : 

S–OH + L-           S–L +  OH- 

S–OH  + L-        S2–L+ +  2OH-    

(4) -

 

S–OH + L- + MZ+     S–L–MZ+  + OH-      

S–OH + L- + MZ+     S–OM–L (Z-2)+  + H+   

-

, .  

.  

.     

,   -

-

. 

 
3.2.    

.  
. 

 
 

   

, -

-

 – .  (Sposito, 

1989, Stumm, 1992, Sparks, 1998, Essington, 2004). , -

 

,  – -

.  

, -

,  

  , -



 44

 

,  ( . 3.2).  

 

 

 
, -

. ,  

 – ,  -

,  ( .  

2.1,  2). ,  (–) -

0.  

: 



 45

0 = 
S

F                                                                             (3.1) 

 – , F – -

 (96485 ), S – 2 .  

,  140 ,  

 650 000 2 , : 

               0 = 2/208,0
650000

9648501,0/140  

,  

,  

. ,  

,  

,  

 

.  

,  ( .  3.3). 

 
, -

. ,  3.2  S-

, -

 – ,  

 

 ( .  2.1,  2). -

 s,   

, , -

.  

, -

,  s, -

.  

 –  –

 ,  



 46

-

-

. 

,  S -

: 

H = 
S

qqF OHH                                                                           (3.2) 

 qH
+  qOH

_ – , 

S – .  

-

 ( )    -

.  
 (Stumm, 1992) -

-FeOOH  (10-1  

NaClO4),  6 ,    120 2 , -

, FeOHTOT,  

10-4  ( ). 

 HCl  NaOH,     – -

,  -

. 

-

 : 

FeOH2
+ FeOH + H+ 

FeOH FeO- + H+   

  FeOH2
+,  FeOH FeO-  

, ,  

, . 

Ka1
s = 

}{
][}{

2FeOH
HFeOH                                                                         (3.3) 

 Ka2
s = = 

}{
][}{

FeOH
HFeO                                                                       (3.4) 

 (3.3)  (3.4)  

,  – . , 



 47

, , -

 1. 

 

: 

FeOFeOHHOHCBA 2 ,  

    –  ,  

;  + - -

 FeOH2
+   FeO-   ,   

.  

, , .  -

 

. . 3.3    ( .3.3. ) -

-

 Q,  ( . 3.3. ).  

,  7,9  0, . -

: 

FeOH2
+ = FeO- 

  (  

 3)  

  (  pHPZNCP).  

 s  

   

: 

H = Q·F·s-1,                                                                                      (3.5) 

 Q – , F – , s – . 

, -

:  

Q  { FeOH2
+}  < ;  Q  { FeO-}  >  

-

: 

FeOHTOT  =  ( FeOH2
+ + FeOH + FeO-) 

 (3.3)  (3.4) : 

Ka1
s  = 

Q
HQFeOHTOT       <                 (3.6) 



 48

Ka2
s = 

QFeOHTOT
HQ    >                            (3.7) 

                                                         

 
.3.3.  ( ),  

,  
 ( )  ( ), - 

 (3.6)  (3.7).  Stumm, 1992 
 

 (3.6)  (3.7)  

. . 3.3. ,  

,    ,  -

.  

,  

-

. 1
s  pKa2

s c  

6,4  9,2 . 



 49

 , -

 (3.3)  (3.4),  ,  , -

: 

 lg Ka1
s + lg Ka2

s = 

= lg{ FeOH} + lg[H+] – lg{ FeOH2
+} +lg { FeO-} + lg [H+] – lg{ FeOH} 

, ,  

 { FeOH2
+} = { FeO-}, : 

lg Ka1
s + lg Ka2

s = 2 lg [H+]   : 

 = ½(  Ka1
s +  Ka2

s)                                                                (3.8) 
 

:  

  = ½(6,4 + 9,2) = 7,8 

 

 3.1. 

 
 3.1. -

,  
 Sahai, Sverjensky, 1997) 

 
 s

a1 pKs
a2 

  SiO2 -1,2 7,2 
  SiO2 n H2O -0,7 7,7 

-Fe2O3 5,7 11,3 
-FeOOH 8,50 9,70 

 
 

 

 ( 0 + ) -

, -
+ -.   – ,  

, . -

-

 .  

 

, ,  
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.  

. 

 

, is,  

,   is  3.2. -

, . , -

-

, -

 - -

 ( . . 3.1). ,   

, . . 

 
, os, -

,  os . 3.2.  

.  

, ,  os -

   Ca2+, Na+, Mg2+, .  

-

 ~ 0,3 . 

, p   

:  

p = 0 + H + is + os. 

 

, ,  

,  d . 3.2.  

, -

, , -  

. , -

.  

   > 0,6 . 



 51

, 

, 

, :  p  + d = 0 

 

3.3.  
 

 

,  3.2, -

, -

,  

, . 3.2 (Sposito, 1981, 1984, 1989, Essing-

ton, 2004).  

   

pHZPC) – , -

 0, . p = 0,  –  

 0. ,  

, . 3.2.  

 
. 3.2.       

 Sverjensky and Sahai, 1996  Sahai and Sverjensky, 1997) 
 

  
  SiO2 2,9 

  SiO2 n H2O 3,5 
 Al4(OH)8Si4O10 4,7 
 Fe3O4 6,9 
 KAl2(OH)2[AlSi3O10] 7,5 
-Fe2O3 8,5 

 Al(OH)3 8,9 
-FeOOH 9,0 

 
 –  

. ,  

, , -

, ,  

 ( ),  
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. , , 

, ,  

 SiO2 n H2O ( )  

.  

,  

 

,  

.  

,  

.   

  -

 – pHPZNPC) – ,  s-

,    

, . qH =  qOH , , qH –  qOH = 0.  pH  

. ,  =   

  - -

.  

 ( IEP) –  

, , 

, . 3.2. ,   0 

= H = is = os = d = 0. 

 (  

pHPZNC) – , -

, .  –  = 0, , , -

,  

, . os + d = 0. -

, ,    is + 

os + d = 0. ,  = os = 0 
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  (  

pHPZSE) ,  

,  

, . d H/dI = 0. -

-

 

 ( . 3.4).   

, ,  

 (  

 3.4. ). 

 
, . 3.4, -

.  

, -

, -

.  , -

, -
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,    

. ,  

, -

. -

 3.4 ,  

-

, , -

. 

 0  

 = ,    (  

-

),  

-

, , 

. . ,  

, -

, .  

.  

 ( ) -

 ,  – -

,  

.  

, -

 

 I1  I2, 

, -

 (Sposito, 1981).  

  

0 + H + is + os + d)1 = ( 0 + H + is + os + d)2 = 0  

: 



 55

H + is + os)1 = ( H + is + os)2,  

  01 = 02 (  

) d1 = d2 (  

).  

,  

 

-, . -

 

.  , 

: 

H + os)1 = ( H + os)2 

, ,  

, : 1)  

,  

; 2) -

-

, -

. -

 NaCl  NaNO3,  

-

 – . . -

, os1 = os2 , -

, H1 = H2,   , -

, . 

1 = 2 ( . 3.5 ), .   =  = . 

, -

,  ( H 

+  os)1 = ( H +  os)2 , -

.  

, -
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, , , 

 ( .  3.5 ).  

 
, . -

,  

. , -

,   

,  

:  
0 + Cu2+ MeOCu+ + H+ 

-

, -

. 

, . -

-

: 
0 + SO4

2- Me SO4
- + OH- 
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-

, -

.   

  

 
3.4.   

    
 

 
 – -

 –  

, ,  

,  

.   

 – -

. ,  

0 = 0, -

. 

,   

,  

,  

 ( ,  EDL, -

). -

, . 

0 -

-

: 

0 = 298)(059,0)(10ln pHpHpHpH
F

RT                  (3.9), 

.  

  (Essington, 2004).  ( . 3.6) -

-
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HO,  -

 

isH, -

. -

0  

, .  

 
 ( ,  

)  

.  

, 

, -

 

. -

: 

 =                                                                       (3.10) 
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-

   – , -

, -

,  ( . 

. 3.7).  

, 

,  

, .  

, -

 

. -

 

.  

 x 

: 

(x)  = (d)  = 0 exp(-  x)                                          (3.11) 

(x)  = (d)  –  x ,   – 

, , -

;  

: 

 = 
5,0

0

3102
RT

IZF                                                        (3.12) 

 
 Z – , F –  (96487 ), I –  

 ( ),   –  (  2980   = 

78,54 2 -1 -1),  0 –  (8,854*10-12 

2 -1 -1), R –  (8,314 -1 -1).  

,  

,   , : 
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-1 = 
ZI

)10(042,3 10

                                                        (3.13) 

-1 ,   

» .  

 

: 

RT
ZFC d

Bx exp                                                     (3.14) 

 cx –  x , cB – -

. 

 (3.11)  (3.13)  (3.14), : 

3

95,0
0

104788,2
10287,3exp

exp
xZIZF

Bx                           (3.15) 

-

: 

 = 
RT

zFRTC
2

sinh2 00                                                   (3.16) 

-

: 0 – , sinh –  

(
2

)sinh(
yy eey ).  (3.9)  (3.15) ,  

, ,  (3.9)  0, 

, ,  (3.15) , . 

,  0 -

.  

-

, -

   

.  

, ,  

. 3.5. .     
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. 3.8   

,  (3.15)  

.  

, -1 -

 (3.12)  (3.13) -

 

. ,  
-1  

,  

100    10 .   



 62

 

 
 

 

 ( . 3.9) -

. -

 

, -

. . 

,  

,  

.  
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. 3.9.  (  Essington, 2004) 

 



 64

 4.  
 

4.1.  
 

 

.  -

,      

.  

-

: (1)    , -

; (2)  

; (3)  

 (Is-

raelashvili, 1985, . , 1997).  

,   -

,  

, -

. -

,  

,  

.  

-

 .  

,  

,  

. -

-

. 

 

 –    
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,  

.  

-

 

, , -

 – -

.  

,  

 – -

. 

-

,  –  

.  

  

 ( , 1992, Sposito, 1984, 1989, Stumm, 1992, 

Sparks, 1998, Essington, 2004 .).  

-

-

 (2005).  

,  

-

, ,  

-

.  

 – -

 (Sparks, 1999, Essington, 2004).  

 

, -

,  



 66

 ( )  

. , ,  

, -

, 

, -

.  

 

,  

-

. 

-

-

,  – -

 –  (Sutton, Rivers, 1999), , -

,  

 (Teo, 1986). -

 

 (2005, 2007). 

,  – -

, -

 

.  

 (Stumm, 1992): 

pTiaRT
i

,ln
1                                                             (4.1) 

i –  i  ( 2),  – 

 ( 2), i –  i-

.  

 (4.1) , ,  

 ( 0ln ia ), . -



 67

, ,  

,  

, .  

-

,  –  

,  

 – .  – -

-

 ( )  

.  

   

. -

, , ,  

, , -

 

, .  

 

(Parks, 1984,  .  Stumm, 1992) , , -

.  

-

. ,  

 

. ,   , 

 .  -

  – ,  

, .  

 -

, -

, .  

.  
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, -

,   .  

  ( ),  

 –  , , -

 –  .  

,  

, -

, – . .  

 

4.2.  
 

, -

,   

 Kd, -

 q ( -1 -1) -

 ceq  ( -1 -1). -

-

, , : 

eq
d c

qK                                                              (4.2) 

,  – -

.  

-

, -

 

, ,   

.  -

, . 



 69

 ( ., 1987, Giles et al., 1974)  

 

, -

 ( . 4.1).  

 
S-  ( . 4.1. ) -

; -

. . 4.1.  

 Cu2+ , , -

  Cu2+, .  Cu2+  

-

, .    Cu2+ , -

. -

.  
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-

 Cu2+ -

,  

. S- , -

, , -

,  

. 

L-  ( . 4.1. ), -

; -

, -

.  

 

 – -

. . 4.1.   L- -

.  

 L- ,  

,  

.  

 

. . 4.1.  

 Cd2+  

 Cd2+ .  

,  

,  

.  

. . 

4.1.  (C10H14 NO5PS)  

.  

 

-
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,  

, , .  

 

 L- , -

 

: 

– ; 

– ; 

– ,  

-

; 

–   ; 

– ; 

– ; 

– . 

 

  ,  

, -

, . -

: 

eqL

eqL

K
bK

q
1

                                                       (4.3) 

 b  KL .  

 ( . 4.2).  b -

,  q; 

 KL , -

,  – . -

, ;  b·KL – 

 q  0.  
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-

, -

. H2O(ad) – -

,  M(aq)- -

, . -

-

 (Essington, 2004): 

H2O(ad) + M(aq) = (ad) + 2 (liq) 

-

 (  

): 

))((
))((

2

2

MOHS
OHMSKex                                              (4.4) 

,  

 N -

, : 

))((
))((

2

2

MOHS

MS
ex CN

OHNK                                                (4.5) 

, ,  

,  (4.5) : 
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))(1(
))(( 2

MMS

MS
ex CN

OHNK                                              (4.6) 

 N S-M: 

N S-M = 

)(
1

)(

2

2

OH
CK

OH
CK

Mex

Mex

                                               (4.7) 

, , : 

N S-M = 
Mex

Mex

CK
CK

1
                                                (4.8) 

 N -

 nM,  

 n  S, . N = nM / n  S,  (4.8) : 

nM = 
Mex

SMex

CK
nCK

1
                                                     (4.9) 

 (4.9)  

m, : 

q  
Mex

Mex

CK
CbK

1
                                                   (4.10),  

  b -   (n S/m), q –  

, M – 

 ceq, Kex = KL. 

, -

. ,  (4.10) : 

q + qKL eq = bKL eq                                                    (4.11) 

 (4.11) eq; -

: 

q eq = bKL – qKL                                                         (4.12) 

 (4.2) ,  (4.12)  

 Kd , .  

Kd = bKL – qKL                                                             (4.13) 
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, -

 Kd  q,  

. -

 KL,  –  bKL;  

, -

.  
 

 (1)  4.  

,  

,  

, ,  

. -

-

   

 ( , 1997): 

i

i
i bp

paq                                                         (4.14) 

 ai  bi –  

 i  (  b  Kex  

KL  (4.5) – (4.13)),   –  ( eq  

). ,  

 (4.14) : 

q = dS
bp

ap

i

                                             (4.15), 

 S – . , -

 

 b ( , 1984, . , 

1997). 

-

, 

, .  
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,  

 b  KL. , -

: 

q  
eqL

eqL

CK
CKb

1

11

1
+ 

eqL

eqL

CK
CKb

2

22

1
                                                (4.16), 

 1  2 -

.  Kd  q,  

, , -

 

. . 

 

,  

 4.3), -

,   

 

.  

-

-

,  

. , 

 

, -

,  – , -

.  

 

 

.   

, , -

,  
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,  Fe  Al , -

.  

 

 

-

.   

 

-

, ,  

.  

 

 S-, H- - .  

: 

q = KFCeq
N                                                                    (4.17) 

 q –  

, KF – , Ceq - -

, N – ,  

 0  1.  KF  N – , ,    

(Sposito, 1980),  N -

 –  0 -

 1 . 

 

: 

log q = log KF + NlogCeq                                                     (4.18) 

,  N  

,  log KF – . 

 

 ( -

- ) , -
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 (Stumm, 1992). -

: 

][)2exp(
1

ABa                                                              (4.19), 

 B – , [A] – ,  – 

,  – -

, . 

,    

 (4.6) -

,    = 0 . 

,  > 0, -

,  < 0.  

. 4.3  -

 ( 7 15 )  

 4. -

, . , -

).  

. 4.3. , -

 (4.6) , . 4.3.  

,  

 ,  1. 

,  [
10ln

2
1

log a ]  log C -

, ,  

.  
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-

: 

eqpCKq                                                                                   (4.20) 

 (4.2) -

 Kd,  (4.20)  K  

 – K , .  

 « » ,  

» (  – «partition», -

 K ).  « » -

 « »  (Sawhney, 

Brown, 1989). ,  (4.20)  

,  N = 1.    

. 
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4.3.    
 

 

-

-

.  

,   

, -

-

. , -

, -

 

. -

-

 

  ( , 1990, Stevenson, 1994 .).  

, -

-

. ,  

, , -

,  

. ,  

, , 

. -

 

,  

. -

 

, , . 
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-

, -

. ,  

, -

. 

-

,  

 ( )  – 

.  

 

. -

 

. ,  

,  

Kp. -

,  

,  Fe 

 Al -

. , -

 (« » )  

. ,  

, . 

. 4.4  

  -

 

, . -

,  

.  
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-

 Kp  

, -

, -

 KOC: 

OM

p
OC f

K
K                                                         (4.21) 

 fOM – .  

 

      

. 4.4.  log   
 

,   
. . (  Stumm, 1992) 

 

-

 –  (SW) -

 (KOW),  SW -
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,  KOW – .   KOW -

-

   ( 8 17 ) Coctanol  

 Cwater: 

water

oloc
OW C

CK tan                                                           (4.22) 

,  KOW  

,  

.  

: 

WOW SdaK loglog                                            (4.23) 

  d – , -

. . 4.5  187 -

.  

 
  -

.  –  

, 

.  
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  -

. . 4.6, -

 ( 11 23 )  ( 7 15 ) -

-

 

, .  

. 

.  4 -

,  

 9 , . 

 

 

 Na+. -

. 

 
, , -

 –   , . -

, , , -

.  . 4.7 ,  -
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 KOW, ( -

) -

. ,  

. -

,  B,  -

 

 nc  (Stumm, 1992): 

Gads = –RTln B = 0,7 – 3,1nC    ( )                    (4.24) 

. 4.7 .   

. 4.7 -

. ,  

, -

, -

, , 

. -

. 

-

,  

. . 4.7. ,  

-

,  

-

. -

Gads,  

,  ( . 4.7. ) , 

 8.  

, Gads  

. 
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,  « » -

-

, , -

 

.  
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, ,  

 

,  L-

.   

 

.  2,   

-

  ( . 2.5).  

 

,  

 (Essington, 2004).  

 

- , ) -

-

: 

R-NH3
+ (aq) + [Na+ -X(s)]  [R-NH3

+ -X(s)] +Na+(aq), 

 R-NH3
+ (aq) – , -

, [Na+ -X(s)] – , -

 (–X) , . 

. 4.8  ( -

), - .  

-

 (~ 100 ). -

, -

,  

.  

-

.  
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, -

. 

 
, , -

: 

RCOO-(aq) + [Cl-  +X(s)]  [RCOO-  +X(s)] +Cl- (aq), 

 (aq)  (s) -

. -

-

,  

. 

 Fe  Al -

 

.  

 2,  

, -

.  

-

: 
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R-NH2
0 (aq) + [ SOH2

+(s)]  [ SOH2
+ NH2-R](s) 

R-COO-(aq) + [ SOH2
+(s)]  [ SOH2

+  -OOC-R] (s) 

-

,   

.  

 

, -

, -, -

 

: 

R-COO-(aq) + [ SO- (H2O)  M2+(H2O)n](s)   

 [ SO- (H2O)  M2+ (H2O)n  -OOC  R](s) 

, , -

,  

,  -

:  

R-COO-(aq) + [ SO- (H2O)  M2+(H2O)n](s)   

 [ SO- (H2O)  M2+  -OOC  R(H2O)n-1](s) 

 

 (  > ), -

 Fe  Al  (  

 < ). -

: 

R-COO-(aq) + [ SO 2
+](s)  [ SOOC-R](s) + 2  (aq) 

 

 

 

,  Fe  Al.  

, , -

 



 89

. 

: , , -

, -

, -

. 

 

.  

-

,  

.  

-

, , , ,  

.  

-

, .  

 2  ( .  2.3),  

-

. -

-

 

, -

-

.  

-

: -

 

,  (Pignatello, 

Xing, 1996, Xing, Pignatello, 1996, Xia, Pignatello, 2001).  

 « » ,  –  « -
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»  (  Xia, Pig-

natello, 2001).  

, ,   

.  

,  

» ,  

 

, -

.  

,  

  

, , , -

. -

  L-

, , ,  

; -

, . 

 

, , , 5- -1,3-  

 « » ( , , 

)  « » ( -2,6- )  

, -

,  1,4% (Xing et al., 1996).  

 « » -

,  

 N  1. -

 

.  

, -
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-

. , -

 ( . 4.9), -

-

: 

Cb
CbSCKS

i

ii

i

n

p 11
                                               (4.25) 

 S – . -

- 

 « » .  S° - 

, bi – ,  – . 

-

.  

. 4.9 ,  (4.25)  

-

, -

.  

 

. 

 ( ), 

, ,  

,  S, N , -

.  

, -

  .  

,  

-

, ,  

. 
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 93

 

, -

, -

,  

. 

      

 

0,  – -

, 0 – . -

 

, 0 = 1. -

-

 (  

7,7%),  ( ., 2003). -

 ( 8 18, -

9 20, 10 22), 10 18 -

 – .  

. 4.10 , -

: 0 0,4-0,5 -

 L- , . ,  

,  S- . , -

 

. -

,  

-

.   

, -

0   ( , 2005): 
1

000

111
P
P

P
P

CV
C

CVP
PV

mm
s                                            (4.26),  
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 Vs – , , Vm –  

,  - , -

.  

 4.10  4.10.  

,  (4.26) -

 Vm  . -

 

0 . 

 

 
. 4.10. : -

-

, , -

 

, .  



 95

-

-

, .  

,  

0 = 0,4 -

,   

 ( . 4.1.). 

:  

,  

. 4.11, . 4.1) 0. ,  
 

. 4.1. -
 ( ., 2003) 

 
  Vm, 

 
 Vs,  

0 = 
0,4) 

 
  7,0 52 11,4 

 8,2 47 13,2 
 7,9 54 12,8 
 11,0 29 17,5 
 6,7 13 10,0 

  24 13 35 
 76 4,4 48 
 62 8 43 
 5% 

  1,4 5 1,8 

-  1,7 8 2,4 
 2,8 0,9 1,8 

  22 0,8 13,1 
 

,  5%, -

,  33% – . -

 

 – ,  

.   
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 97

 
-

, -

-

,  

  .  

, -

  , -

 S- , ( ., 2008),  -

. 

. 4.12 ,   , -

 L- . - 

 



 98

,  

 

.  

 370  

 667  2278 ,  

.  

-

2 2 . -

, -

 ( . 4.12).  

, -

. 

, -

  ,  

. -

-

 « » 

. 

-

 –  ( -

. 7,1%), -

 ( ., 2008). , -

, , ,   

, : , 

  , -

 ( . 4.13). ,  

-

,  

 

.  



 99

 L-  

 ( . 4.14),  

-

.  ,  

 –  

, -

, -

. ,  S- .  -

, -

,  

 – -

. 

 

 



 100

 
, , -

, ,  

 S-

.  

 L- , , -

 

.  

, , , ,  

.   

 
4.4.  

 
, .  

  ,  

:  (  

),  ( -

) .  3, ,  

 3.1 -

. . 4.15 , -

-

  ,  – ,  

. .  



 101

-

,  

. -

,  

,  –  

.   -

-

,   

 (Sposito, 1989).  

 5. 

-

, -

.  

 

: 

 <   < -

.  

  , - 
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-

,  , ,  

.  

, .  

.  

, , -

, . , 

-

. 

 

. -

. , -

-

 Z/R , , .  

-
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. ,  

 

, .  

 

: 

Cs+ > Rb+ > K+ > Na+ > Li+ 

Ba2+ > Sr2+ > Ca2+ > Mg2+ 

Hg >2+ Cd2+ > Zn2+ 

 

,  

, -

 (Sposito, 1989): 

Cu2+ > Ni2+ > Co2+ > Fe2+ > Mn2+ 

 

,  « » -

 ( .  2).  < 0,25  

» , -

 

.  

 « »   0,32,  

 

 ( . . 4.16).  
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. 4.16 , , -

,  

» .  

,  

. 

 

  , -

   

. -

 « » 

   « -

»  ( .4.2).  
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. 4.2.  
 (  Sposito, 1989) 

 
  

 Hg > Cu > Cd > Fe > Cr > Zn > Co > Mn 
 Hg > Pb > Cu > Cd > Ni > Zn 

 Ag > Hg > Cu > Cd > Cr > Ni > Pb > Co > Zn > Fe 
 Hg > Cu > Cd > Zn > Pb 

 
 

. ,  

, -

-

.  

 

 Fe  Al ( . 

 3) – .  

-

-

 ( . 4.17). , -

50 – ,  

.  

. 

 

 

. ,  Al3+  

 Al(OH)2+  Al(OH)2
+  

.  

, ,    

 Al3+;  Al -

 

 

. ,  Al , -

,  Fe -
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. -

,  

. 

 

 
 

 

 

,  

.  4.2   4.1,  

 Cu , -

.  ,  S- ,  

-

. ,  

-

,  Cu -

. -

, . . -
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, , , -

.  

 

-

.  

-

,  

. , -

, ,  

, -

. 

-

-

 Fe  Al,  

.  

, -

G0
ads  

 – G0  ( G0
int) G0 -

 ( G0
coul): 

G0
ads = G0

int + G0
coul                                                                                 (4.27) 

G0
coul  

,  

. -

,  

: 

Kads = Kint Kcoul                                                                  (4.28) 

-

: 

G0
coul = F 0                                                               (4.29) 
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 F – , Z – , 0  - 

. ,  

: 

Kcoul   = 
RT

ZF
RT
G coul 0

0

expexp                       (4.30) 

-

  .  -

  -

 

 (Stumm, 1992) . ,  

,  Fe  Al, -

 

. 

 S–OH,  
2+  , -

: 

S–OH2
+                                S–OH     +    +                      log KS

1    (1) 

S–OH                                   S–O-       +     +                     log KS
2    (2) 

S–OH  + Me+                       S–OMe+ +    H+                      logKM
S    (3) 

S–O     + HA                        S–A         +   H2O                    log KL
S       (4) 

HA     H+   + A-                                                                         logKHA     (5) 

 2 -

.  – -

 

,  KM
S  KL

S  

 S  surface – ).  

– . 

, -

   S–OHTOT -

: 
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S–OHTOT = [ S–OH2
+] + [ S–OH] + [ S–O] +[ S–OMe+] 

 

 (1) – (4): 

S–OHTOT = 
][

][][
][
][]][[ 2

2

1 H
MeKOHS

H
KOHS

K
HOHS S

M
S

S  

: 

][
][

][
1][][

2
2

1 H
MeK

H
K

K
HOHSOHS

S
M

S

STOT             (4.31) 

 MeTOT  

: 
[MeTOT] = [Me2+]  + S–OMe+]   

 

 (3), : 

][
]][[][][

2
2

H
KOHSMeMeMe

S
M

TOT  

: 

][
][1][][ 2

H
OHSKMeMe

S
M

TOT                                                 (4.32) 

,   

, -

    (4.31)  (4.32)   

   – [Me2+] ( . -

)  S-OH] ( .  

).  

, -

,  

: 
S–OHTOT = [ S–OH2

+] + [ S–OH] + [ S–O] +[ S- ] 

ATOT = [HA] + [A-] + [ S- ] 
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. 4.18  4.19 ,  

: log K1
S = – 4; log 

K1
S = – 9; log KM

S =  –1;  log KL
S = 5, log KHA = –5;  

 10-4 ; -

 10-7 . . 

 
 4.18 ,    

, ,  

. , -

 ( . 4.19) . 

 
 

 2  4  

 Pb  Al, -

  ,  

(Essington, 2004). 
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4.5.  
 

,  

, , .  

 

,  

.  

 

-

,    

 ( , 1941, ., 1963, 1964 .), -

-, - . -

-

,  –  ( -

 …, 2006). 

, , 

 

,    

, .  

-

, ,  (  

 …, 1999).  

-

. 

 

, -

 

.  

-

. ,  
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 Al 

   

 –  Al  (Robarge, 1999). , -

-

 (Nordstrom 1982, Nordstrom,  Ball, 

1986 .). ,    -

, .  

,  -

-

, , . -

 

, .  

 

    -

-

. , -  

. 

 3.1  3 -

). 

, : 

  -

,  – .  

, , ,  Cl-  NO3
-, -

 ( .  2), -

 

.  

,  Cl-,  « -

» – -

, . -

,  – -
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. , -

, . 

, l- -

, .  

   

   « »  « » -

, , -

-

. , , , ,  

,  

-

- . 

 

: Cl- < NO3
- < 

SO4
2- << PO4

2- < SiO4
4- ( , 1997). -

, -

:  Cl-  NO3
-   

, -

;  PO4
2-  <  SiO4

4-   

-

;  

  , -  

.   

 

.  

 Fe  Al  

 

. . 4.20  3   -

 Al (Rajan, 1978).  
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(1) , -

,  

 ( .,  – ) -

 Al.  

(2)    

.  

(3) -

, -

 Al . 

, -

-

, , , -

  . -

, . 

.  

-

.  

-

.  

 

, -

,  Fe  Al  

.  4.3.  

-

 (1830  8 

).  
. 4.3.  

 (  Gillman, Fox, 1980) 

 
,  ,  ,  

 1830   1830  
0-10 10,9 14,4 7,5 8,2 
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10-20 6,8 6,8 4,2 5,6 
20-30 4,2 5,2 3,0 3,0 

 

 

 

 
 

.    

,  

.  

. 
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4.21, , -

,  

.  

, -

 ( . 4.22), .  

 

. 
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. 4.22 ,  F- -

 ~ 4,   –  ~ 8-9. -

   

.  

,  > , -

, -

 ( . 4.23). 

 
 

, -

 –  

. , -

 Fe  Al, -

. . . 4.24    

, -

, . , -
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 ~ 4, -

, , -

 Al.  

 
.  

-

 , , –  

. -

-

-

.  

, ,  

 

 Fe  Al, . . 4.25 -

 

 Fe  Al, ,  
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-

,  

 ( , 2006).  

, -

.  (Rajan, 1978)  Al -

 800 . 

 
 Fe  Al,   -

.   <  

 

,  

. , .  

 –  – -

.  

,  

,  

 

.  

  ,  
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-

.  

 , 

.  

 (Singh, 1984)  

 

. , , -

  -

 ( , 

2004). , -

, , ., ,  

-

.  

 

. -

,  

.  

-

, -

. . 4.26  -

,  

 P/S  

 (Pigna, Violante, 2003). , -

.   

-

  -

.  (Karltun, 1998) -

 

-

. ,  < 7 -



 121

.  

 

. 
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 5.  
 

5.1.   
 

 

,  

.  

-

, . -

 – -

, . 

,  

,  – , -

, -

, . 

  –  -

, -

 .  

  – , 

, . -

.  

. , -

, ,  

.  

, -

,   -

, -

, , -

, -

. 



 123

, 

 ( -

) , , -

  , .  

 

-

, -

 (Sposito, 1984, 1989, Essington, 2004). -

 

.  

. 

-

, -

: 

                                 2r
qqF                                                             (5.1) 

 F – ,  q+  q- –  

,  – , r 

– .  

-

  ,  

 – , .  

. ,  

 

  

.  

 

 (  – -

): 

Li+(0,059) < Na+(0,102) < K+(0,138) < Rb+(0,152) < Cs+ (0,167)   
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Mg2+(0,072) < Ca2+(0,100) < Sr2+(0,118) < Ba2+(0,135) 

   (  , .  

) -

.  

,  

 

, . -

 3 , ,   K+  Cs+, -

-

. -

 

, . .  

, , -

 

. -

  (KS), -

 

-

 (  – ) -

.  

-

,  

. -

,  

.  -

. 

(1) , -

,  – -

, -

, -
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, -

. 

(2) -

-

, .  

, , 

 

.  

(3) ,  

, -

 ( ) , -

.  

, -

-

,  

. , ,  ,  

 

 Al3+, Al(OH)2+, Al(OH)2
+ ( , 1947, Reuss, Johnson, 1986 .). 

 

. 

(4) -

,  

. , -

, ,  

: 

Na2X(s) + a2+(aq)  CaX(s) + 2Na+(aq)                                           (5.2 ) 

2 NaX(s) + a2+(aq)  CaX2(s) + 2Na+(aq)                                         (5.2 )  

NaX(s) + 0,5 a2+(aq)  Ca0,5X(s) + Na+(aq)                                      (5.2 ), 

  – ,   (s)  (aq)  

. 
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,  

:  

))((
))((
2

2

2

CaXNa
NaCaXK S                                                                      (5.3 ) 

 
)()(

))((
22

2

2
2

CaXNa
NaCaXK S                                                                   (5.3 ) 

5,02

5,0

))((
)()(

CaNaX
NaCaXK S                                                                    (5.3 ), 

. 

-

.   

  

 5.4  

) .  

, , , -

, , -

, 

. ,  

 

.  

-

-

 » ( ., 1986), -

 

.  

. : 

CaX(s) + 2Na+(aq)   Na2X(s) + a2+(aq)                                          (5.4) 

: 

2

2
2

]}[{
]}[{

NaCaX
CaXNaK S                   

}{
}{

][
][ 2

2

2

CaX
XNa

Ca
NaK S      (5.5) 
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.  

   1 , , ,  

, , : 

                   
}{
}{ 2

CaX
NaK S                                        (5.6) 

 (5.5) : 

 
}{
}{

]1,0[
]1,0[ 2

2

CaX
NaK S                                      (5.7) 

, -
2+  Na+ -

+. -

, .  

   -

» («ratio law»),  (Schofield, 1947).  

-

 

, , -

, 2 3,   – 

-

 ( . , 1988).     

, ,  

. ,  Ca2+  Na+  Mg2+  Na+, 

 

 Na+, -

. ,  
2+ ,  

2+   ( ., 1980). 

-

, -

, 
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,  (United States Salinity Laboratory…, 1954) 

 (Reuss, Johnson, 

1986). 

-

.  

, , -

.  

-

. -

 ( -

) .  

 

. -

.  

  , 

 

 ( , 1992, , 1997, Sposito, 1984, 

1989, Sparks, 1999, Essington, 2004 .).  

, -

, . -

-

 – . -

.  

 
5.2.  

 
 

  -

,  4.2 .  

 

(1997) -
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 ( . 5.1.). ,  

. (I) ,  

 

. (II) , 

-

,  

; -

). (III) -

, , -

,  

, .  

 3 . 

 (I), .  L- -

 

.  1  2 –  

   K+  Na+  Ca  Mg . 

  (I) .    

. -

-

. . 5.1  Ca2+ Mg2+ 

.  

 (I) .  

 S-  

. 

 Ca2+  Na+  

 1)  (  2),  NH4
+  K+ -

 (  3). 

 (II) . , -

,  

,  
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L . ,  

, -

.  
2+  Pb2+  (  1),  (  

2)  (  3). 

 (II) .  

. , -

. -

,  

 Fe . -

 Ca  Cd  

 1)  (  2) 2+  Pb2+  

 (  3). 

 (II) . ,   S- -

,  

.  Ca2+  Pb2+  

 (  1  2) -

 (  3). -

, .  

  (III) .  

   S-

. -

. -

 Ca2+  Cd2+  

 (  1 . III ),  Ca2+  Cu2+ -

 (  2  3 . III ) -

 Ca  Mg  

 1  3 . III ). -

, -

.  



 131

 (III), . ,  

.  

 Ca2+  Cu2+ a 

.  

, -

, , , -

 ( ) . 

-

 . 

,  

 ( )  

 ( ) -

. ,  

, .  

. 
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 – ,  450  

. -

 Ca  Mg. 

MgX(s) + a2+(aq)  MgX(s) + C 2+(aq)                                      (5.8), 

 X(s)  (aq)  ( -

) .  

,  

: 

KS = 
][
][

][
][

2

2

Mg
Ca

CaX
MgX                                                                  (5.9) 

 (5.9) ,  KS = 1  ([MgX]/[CaX]) 

 ([Ca2+]/[Mg2+]) , -
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 450 , . . 

. 5.1.  

-

. -

-
2+ + (Essington, 2004). 

aX2(ex) + 2K+(aq)   2K(ex) + Ca2+(aq)                                   (5.10) 

 ( Ca)  ( )  

 1, -

:  

][][
][2~

2

2

CaK
                                                                    (5.11) 

][][
][~

2CaK
KEK                                                                       (5.12),  

. 

 (NCa)  (N ) -

 1,  

: 

][][
][

2

2

CaXKX
CaXNCa                                                                     (5.13) 

][][
][

2CaXKX
KXNK                                                                      (5.14), 

 

. 

   

 1,  ( )  

: 

KCa

Ca
Ca NN

NE
2

2                                                                         (5.15) 

KCa

K
K NN

NE
2

                                                                         (5.16) 
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 (KV), -

 (  

).  

: 

KV = 1= 
][

][
22

22

CaN
KN

K

KCa                                                                                 (5.17), 

 – ,  

.  (5.15)  (5.16) -

: 

Ca

Ca
Ca E

EN
2

                                                                               (5.18) 

K

K
K E

EN
1
2                                                                                  (5.19) 

 (5.18) -

: 

K

K
Ca E

EN
1
1                                                                                 (5.20) 

 (5.20)  (5.17) -

, : 

][
][

1
4

2

2

2

2

Ca
K

E
E

K

K ,       = 
Ca

K
2

                                              (5.21) 

: 

2

2

2 ][
][411

K
Ca

EK

                                                                        (5.22) 

 

 (5.22) : 

22

222

2 ])[][2(
])[][2(

][
][411

KCa
KCa

K
Ca

EK

                                              (5.23) 

 (5.11)  (5.12)   (5.23) : 
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1
])[][2(~2

~4
11

222 KCaE
E

E K

Ca

K

 
])[][2(~2

)~1(
22 KCaE

E

K

K         (5.24) 

-

 NT = 2[Ca2+] + [K+],  (5.24) : 

2

1

KE
1+ 

TK

K

NE
E
2~2

)~1(4                                                                   (5.25) 

 (5.25)  : 
5,0

2 ~
1

~
121

KKT
K EEN

E                                                       (5.26) 

 (5.26)  

,  (  

) ,  ( ) – -

  

 1  5). , -

 ( ), -

 ( ). 

 NT, .  

, , -

  . -

, -

,    

, -

. ,  

, -

: 
5,0

2 1~
4

~
321

KK
K EEI

E                                                   (5.27) 

-

. 5.2. ,  
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-

, .  – . 

 

 
 5.3 -

 

 Mg  K .  

, -

 ( ,  

 5.27),  

. -

 

. . 5.4 -

 (2004) 2+ + 

 I =0,05 . 
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. 5.4. , -

 – -

, -

 5.27 ( ).  

  

5.3.   
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, -

, , -

 

. -

 

. -

, -

 ( , 1997, Sposito, 1989, Essington, 2004, .). 

 

  30- -

 (1932, 1934 .).  

, -

,  – , -

: 

 KX(ex) + Na+(aq)   Na(ex) + K+(aq)                                   (5.28) 

KX(ex) + 0,5Ca2+(aq)  0,5X(ex) + K+(aq)                              (5.29) 

-

:  

]][[
]][[

NaKX
KNaXKG                                                                    (5.30) 

5,02
5,0

]][[
]][[

CaKX
KXCa

KG                                                                 (5.31) 

-

,  – -

. , -

, . ,  

-

.  
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, , . 

-

 (N) (  

). , -

,  – , -

.  

: 

)(
)(

NaN
KNK

K

Na
G                                                                       (5.32) 

5,02 )(
)(

CaE
KEK

K

Ca
G                                                                    (5.33) 

. 

-

-

 (Ca2+ +  Mg2+)  

Na+, ,  Ca2+  Mg2+ -

. -

: 

Na+(aq) + (Ca + Mg)0,5X(ex)  NaX(ex) + 0,5(Ca2+ + Mg2+) (aq)    (5.33)  

]][)[(
]][[
2

5,0

5,022

NaXMgCa
MgCaNaXKG                                                        (5.34) 

 [NaX] : [(Ca + Mg0,5) X]  ESR (exchangeable 

sodium ratio),  [Na+] :  [Ca2+ +  Mg2+]0,5   SAR (sodium adsorption 

ratio), -

 Ca2+  Na+: 

  
SAR
ESRKG                                                                                (5.35) 

 

 SAR  (  
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),  Na , .  

.   

 

 1934 .  

: 

ijji Z
i

i

Z
j

j

Z
j

j

Z
i

i

Me
z

Me
z

Me
z

Me
z

1)(11)(1                    (5.36), 

 ( ) -

,  – ; zi  zj –  ( -

, ). 

: 

ZjZji

ZiZii

Zii

Zjj
N

C

C

N

N
K 11

11

1

1

                                                         (5.37), 

 Ni   Nj – /100 , 

Ci  j – , i  j –  

. 

,  ( , 

K  Na)    

: 

(K+) + Na+   (Na) + K+                                              (5.38) 

Na

K

K

Na
N a

a
N
NK                                                             (5.39) 

,  

. ,  

, ,  

 Ca2+  Na+: 

22

2
1)()(

2
1 CaNaNaa                                          (5.40) 

NaNa

CaCa

Ca

Na
N C

C

N

NK
2
1

2
1

2
1                                                         (5.41) 
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 (5.33)  (5.41) , -

 

, -

.  

 

 (Vanselow, 1932, .   Essington, 2004) -

-

. ,  Na 

   

: 

)]([
)]([

KNaX
NaKXKV                                                           (5.42) 

 

. -

,  

, , -

.  

, . , 

 

,  KX(ex)  CaX2(ex). -

  -

. 

, -

, -

-

, . -

, , -

, -

  .  
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, -

, ,  
+ 2+ : 

2KX(ex) + Ca(aq) = CaX2(ex) + 2K+                                (5.43) 

: 

)(
)(
22

2

CaN
KNK

K

Ca
V                                                             (5.44) 

 NCa  NK – ,  

.  

. 

 

 (Gaines, Thomas, 1953, .  Essington, 

2004) , 

,   

, . -

  : 

)(
)(
22

2

CaE
KEK

K

Ca
GT                                                              (5.45) 

,  ( -

,  1) -

 

, . 

-

   

,  

, . -

.  

. 
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 (Rothmund und Kornfeld, 1918, . 

, 1997) ,  

.   , ,  

: 

}2{
}{

}{
}2{ 2

2
2

Ca
K

KX
CaXk                                                    (5.46), 

, 

 k  . -

   N, -

, -

 ( .  4.2  4).  

-

 

(Essington, 2004). :   

2
1

1

2

2

)()(
)(

K

Ca
RK

E

E
Ca
KK                                                    (5.47) 

 

2
1

2

2

2

)()(
)(

K

Ca
RK

E

E
Ca
KK                                                    (5.48) 

 (5.46)  (5.47),  

, -

.  

 (5.47) (  

 2 )/( 2))  : 

K

Ca
RK

E
E

2

22

)(
)(

                                                     (5.49) 

, . 

: 



 144

2

2

)(
)(logloglog2

K
CaK

E
E

RK
K

Ca                                            (5.50) 

 

 log  log( 2+)/( +)2. , -

 , , -

,  , –  

. 

 

5.4.   
.  

 
 

, -

 

 

, .  

-

. -

,  

, -

, . , .  

 

, -

. -

-

,  

. -

, -

, -

. 
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. 5.5.  

, -

 ( -

). , , 

,  

.  

 
 

, -

-

.  

. 5.1  Ca Na  

1 . , -

, , -

, -

 Na , ,  

 Na (  0,46  0,65). 

 

, -

 

, -

 ( , -
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)  

.  
.  5.1.     Ca   Na  ,   

 Ca  Na 1 -
 ( , 2004) 

  
 

  
G -Na  V -Na  

Na   Na   Na   
0,33 0,67 0,30 0,70 0,46 0,54 4,21 38,27 
0,80 0,20 0,34 0,66 0,50 0,50 1,00 1,98 
0,93 0,07 0,39 0,61 0,56 0,44 0,61 0,66 
0,97 0,03 0,43 0,57 0,60 0,40 0,47 0,36 
0,98 0,02 0,43 0,57 0,60 0,40 0,35 0,20 

0,991 0,009 0,43 0,57 0,60 0,40 0,24 0,09 
0,995 0,005 0,45 0,55 0,62 0,38 0,19 0,06 
0,997 0,003 0,46 0,54 0,63 0,37 0,16 0,04 
0,9991 0,0009 0,46 0,54 0,63 0,37 0,08 0,01 
0,9996 0,0004 0,48 0,52 0,65 0,35 0,06 0,005 
0,9997 0,0003 0,48 0,52 0,65 0,35 0,05 0,003 

 
,  

 

, ,  

,  

, 1997, Essington, 2004): 

][
][
222

2

2 CaNf
KNfK

CaKK

KCaCa
ex                                                (5.51), 

 fCa   fK – ,  

 – 2+ + , NCa  NK –  

,  [K+]  [Ca2+] – . 

,  

 1.   (5.44) : 

V
K

Ca
ex K

f
fK 2                                                                (5.52) 

: 

ln Kex = ln KV + ln fCa – 2 ln fK                                               (5.53) 



 147

, ,  ln  Kex  

, : 

dln Kex = 0 = d ln KV + d ln fCa – 2d ln fK                               (5.54) 

: 

d ln KV  = 2d ln fK   –  d ln fCa                                           (5.55) 

, ,  

:  

),  

. -

  : 

0CaCaKK dmdm                                                    (5.56), 

 mK  mCa – ,     –  

, : 

 =  + RTln(KX)                                                                       (5.57) 

Ca = Ca + RTln(CaX2)                                                                    (5.58) 

 (5.57)  (5.58)  (5.56) -

 (mK + mCa), : 

0)]ln([)]ln([ 2
00 CaXRTd

mm
mKXRTd

mm
m

Ca

CaK

Ca
K

CaK

K        (5.59) 

 
CaK

K

mm
m  

CaK

Ca

mm
m  

;  d 0
K   d 0

Ca  

, -

.  

(5.59)  RT : 

NK dln (KX) + NCa dln(CaX2) = 0                                                 (5.60) 

 (KX) = fKNK  aX2) = fCaNCa,  (5.60) : 

NK dln (fKNK) + NCa dln(fCaNCa) = 0                                              (5.61) 

,  

-
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, , . dNK 

= - dNCa.  (5.61) :   

 

NK dlnfK + NCa dlnfCa = 0                                                          (5.62) 

   (5.62)   dlnfCa: 

K
Ca

K
Ca fd

N
Nfd lnln                                                                (5.63) 

 (5.55): 

K
Ca

K
VK fd

N
NKdfd lnlnln2                                                      (5.64) 

 (5.64)  2dlnfK: 

V
KCa

Ca
K Kd

NN
Nfd ln

2
2

ln2                                                     (5.65) 

, , -

, : 

VCaK KdEfd lnln2                                                                   (5.66) 

 

-

, .  EK = 1  f K = 1(ln fK = 0);  = 0.  

 (5.66) -

:   

V

f E

CaK KdEfd
K Ca

lnln2
ln

0 0

                                                      (5.67) 

, : 
CaE

CaVVCaK dEKKEf
0

lnlnln2                                              (5.68) 

-

: 
1

lnln)1(ln
CaE

CaVVCaCa dEKKEf                                       (5.69) 
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 fK   fCa  (5.53), -

: 
1

0

lnln CaVex dEKK                                                        (5.70)                                                   

 (5.70) -

 ln KV   ECa, .   

 ln KV   

ECa , . : 

mECabKVln                                                                    (5.71), 

  m – ,  b – . 

 (5.71)    (5.70), -

: 
1

0

][ln CaCaex dEmEbK                                                         (5.72) 

-

 )2/( 2xxdx    : 

 

22
ln

1

0

2 mbEmbEK CaCaex                                            (5.73) 

 (5.71)  (5.73) , ln Kex = ln KV   = 0,5.   

 (5.71)  (5.68)  (5.69), -

  : 

CaK Emf 2

4
ln                                                             (5.74) 

KCaCa EmEmf 22

2
)1(

2
ln                                         (5.75) 

 (5.64)-(5.75)  2  5). 

 

.  
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(1) -

-

,  

 0,5.  

 

. ,  

,  0,5,  

, , . 

-

. . 5.6  

 Ca  Cd ( , 1997). , -

 0,3, .  1,35. 

 
(2)  (5.73).  

-

 (Essington, 2004). . 5.2 -

,  

. . 5.7  -

,  

:  

CaV EK 109,5526,0ln                                                            (5.76), 
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 0,526  5,109  b  m  (5.71).  

 
 (5.73), ,  ln  Kex =  –

2,03, .  0,132. -

 ( . 5.2) , -

 0,099  0,169.   

 
 

 

-

, -

 0,078  0,926.  
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(3).  

-

. 

. 5.8   ln KV  

, , , 

-

.  

 
 

 
1

0

lnln CaVex dEKK  (5.70)), , -

 ln Kex -

 ln  KV =  0. ,  

,  ln  Kex.  

. 5.3. , , . ln Kex, -

 (–2,017). ,  0,133, 

, . 
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-

:  

exex KG log708,50                                                 (5.77) 

 0
exG  

 KX 2  8,79  7,21   

 0,015  0,15. 
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 (1)  4. 
  

. 

 

H2O(ad) – -

,   M(aq) – , .  

 

 (Essington, 

2004): 

H2O(ad) + M(aq) = (ad) + 2 (liq)                                          (1) 

 ( -

): 

))((
))((

2

2

MOHS
OHMSKex                                                                         (2)                                         

,  

 N -

, : 

))((
))((

2

2

MOHS

MS
ex CN

OHNK                                                                            (3) 

, , ,  

,  1,  (3) : 

))(1(
)(

MMS

MS
ex CN

NK                 MSMMSex NCNK )1(               (4) 

  MSMMSex NCKNK      MSMSMexMex NNCKCK            (5)                                                         

 N S-M: 

N S-M = 
Mex

Mex

CK
CK

1
                                                                               (6) 

 N -

 nM,  n  S, . N = nM / 

n  S,  (6) : 

N S-M  = 
S

M

n
n = 

Mex

Mex

CK
CK

1
                                                                   (7) 
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,  

nM = 
Mex

SMex

CK
nCK

1
                                                                                   (8) 

 (8)  m,  

: 

q  
Mex

Mex

CK
CbK

1
                                                                                (9) 

  q –  

, b = n S/m, . , M – -

 ceq, Kex = KL. 

, -

. ,  (9) : 

q + qKL eq = bKL eq                                                                                (10) 

 (10) eq; -

: 

eqC
q = bKL – qKL                                                                                       (11) 

 (4.2) ,  (4.12)  

 Kd , .  

Kd = bKL – qKL                                                                                          (12) 

 Kd  q, 

.  

 KL,  – 

 bKL; , -

.  

 

 

 (2)  4. 
  Pb2+  Al(OH)3  

  . 

 

   Pb2+  Al(OH)3  

 Pb,  1,4·10-5  0,1  NaNO3 

 4  7 , -

,  Al ( . 
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 2, . 2.3). -

2 = 10-8,87. ,  

 8 -2,  3,5 
2  0,1  30 , .  

 3,33 .   , , -

 1,55·10-4 .  

: 

N

AS
T A

San
S

**10* 18

= 4
23

18

10*55,1
10*022,6

5,3*33,3*10*8
   (1)(4.33)                                 

 ST – ,  nS – -

 1 2, a – , SA 

– 2 , 1018 – -

, AN – . 

, -

, , -

 Pb .  

: 

HAlOHAlOH 5,05,0
2                                          

5,0
2

5,0
87,8

2,1
)(10

AlOH
HAlOHK                                     (2)(4,34) 

,  < 8,87 -

.  (+0,5) -

:  2 -

,  0,5  Al,  

 (  Al -

. . 3:6 - = 0,5). ,   

(+2,5);  (–

2),  (+0,5).  

 Pb : 

HAlOPbOHOHPbAlOH 25,0
2

25,0                             (3)(4.35) 

25,0

25,0 )(
PbAlOH

HAlOPbOHKPb                                                               (4)(4.36) 



 157

, ,  

 [ AlOPbOH-0,5] -

 [ AlOPbOH-0,5] . 

,  Pb2+: 

Pb2+ + 2O  Pb(OH)+ + H+                                                             (5)(4.37) 

)(
))((10 2

7,7

Pb
HPbOHK PbOH                                                           (6)(4.38) 

,  

 Pb  PbT  ST -

: 

PbT = [Pb2+] + [Pb(OH)+] + [ AlOPbOH-0,5] = 1,4·10-5 M               (7)(4.39) 

ST = [ AlOH2
+0,5] + [AlOH2

-0,5] +  [ AlOPbOH-0,5] = 1,55·10-4 M    (8)(4.40) 

 (1) – (8) -

, ,  

-

.  

 (4), (5)  (6) : 

)(10 5,087,85,0
2 HAlOHAlOH                                                        (9)(4.41) 

2

25,0
5,0

)(
][

][
H

PbAlOHKAlOPbOH Pb                                                (10)(4.42) 

)(
)(10)(

27,7

H
PbPbOH                                                                              (11)(4.43) 

 Pb -

: 

2

25,027,7
2

)(
]][[

)(
][10][

H
PbALOHK

H
PbPbPb Pb

T                               (12)(4.44) 

 (8) , . -

.  

 (8) :  

ST = [ AlOH2
+0,5] + [AlOH-0,5]                                                                   (13) (4.45) 

  AlOH2
+0,5]  (9), : 

 ST = 108,87 AlOH-0,5](H+) + [ AlOH-0,5]                                                   (14)(4.46) 

: 

[AlOH-0,5] =
)](101[ 87,8 H

ST                                                                          (15) (4.47) 
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 [AlOH-0,5]  (15)  (12) -

 Pb, : 

)](101[)(
][

)(
][10][ 87,82

227,7
2

HH
SPbK

H
PbPbPb TPb

T                                        (16)(4.48) 

 (10)  (15), : 

)](101[)(
][

][ 87,82

2
5,0

HH
SPbKAlOPbOH TPb                                                         (17)(4.49) 

 (16)  (17) : 

TPb
AlOPbOH ][ 5,0

 
})](101)[(10)](101[){( 87,87,787,82

TPb

TPb

SKHHHH
SK  

                                                                                                         (18) (4.50) 

 (16)  KPb -

b .  

{[ AlOPbOH-0,5]/PbT}  ( . 4.19),  (18), -

 > 50.  

 
 

, , -

 (4.28).    
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 (1)  5 
 

 ( +)  ( 2+) 

 

 (Essington, 2004)  

 
+ 2+.  

:  

2KX (ex) + Ca2+(aq)   CaX2(ex) + 2K+(aq)                                  
 ( Ca)   ( )  

 1, -

:  

][][
][2~

2

2

CaK
                                                                                           (1) 

][][
][~

2CaK
KEK                                                                                             (2)  

. 

 (NCa)   (N ) -

 1, : 

][][
][

2

2

CaXKX
CaXNCa                                                                                           (3) 

][][
][

2CaXKX
KXNK                                                                                            (4) 

 

. 

   1,   

 ( ) -

,  2  

: 

 

KCa

Ca
Ca NN

NE
2

2                                                                                       (5)  

KCa

K
K NN

NE
2

                                                                                       (6)  
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 (KV), 

-

 ( -

).  

, : 

KV = 1= 
][

][
22

22

CaN
KN

K

KCa                                                                                           (7) 

 –  ,   

.  (5)  (6) : 

KCa

Ca
Ca NN

N
E

2
2

Ca

Ca

CaCa

Ca

N
N

NN
N

1
2

)1(2
2

 

)2(2
;2

CaCaCaCaCaCa

CaCaCaCa

ENNENE
NNEE

 

Ca

Ca
Ca E

EN
2

                                                                                                       (8) 

KCa

K
K NN

NE
2

=
kK

K

NN
N

)1(2 K

K

N
N

2
 

 

)1(2
2

KKK

KKKK

ENE
NENE

 

K

K
K E

EN
1
2                                                                                                            (9) 

 (8) : 

Ca

Ca
Ca E

EN
2

=
K

K

K

K

E
E

E
E

1
1

)1(2
1

 

K

K
Ca E

EN
1
1                                                                                                            (10) 

 (9)    (10)   (7)  -

, : 

KV = 1=
][

][
22

22

CaN
KN

K

KCa

)1(
)1(

K

K

E
E

2

2

)2(
)1(

K

K

E
E

][
][

2

22

Ca
KK = 2

2

4
1

K

K

E
E

][
][

2

2

Ca
K ,     = 

Ca

K
2

 

              

: 
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][
][

2

2

Ca
K

2

2

1
4

K

K

E
E

                                                                                     (11) 

: 

222

2

1
4

][
][

KK ECaE
K  

)1(
][

][4 2
22

K
K E

K
CaE

 

11
][
][4

2

2

KEK
Ca  

2

2

2 ][
][411

K
Ca

EK

                                                                                            (12) 

 

(12) : 

22

22

2

2

2 ])[][2(
])[][2(

][
][411

KCa
KCa

K
Ca

EK

                                                           (13) 

 (1)  (2)   (13) : 

1
])[][2(~2

~4
11

222 KCaE
E

E K

Ca

K

 
])[][2(~

)~1(2
22 KCaE
E

K

K                  (14) 

-

 NT = 2[Ca2+] + [K+],  (5.24) : 

2

1

KE
1+ 

TK

K

NE
E
2~2

)~1(4                                                                                        (15) 

 (15)  : 

2

1

KE
1+ 

TK

K

NE
E
2~2

)~1(4 = 1+= 1+
TK

K

TK NE
E

NE 22 ~2

~4
~2

4   

5,0

2 ~
1

~
121

KKT
K EEN

E                                                                        (16) 

 (16)  

,   ( )  ,   

) – . ,  

 ( ), -

 ( )   , 
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. -

. 

 NT, .  

, ,    

. , -

, -

  ,  

. ,  

, : 
5,0

2 1~
4

~
321

KK
K EEI

E                                                   (17) 

  

 

 (2)  5. 

 
 

-

, .  

 

 (1997)  (Essington, 2004) -

.  :  

2KX (ex) + Ca2+(aq)   CaX2(ex) + 2K+(aq)                                  
,   -

 : 

][
][
222

2

2 CaNf
KNfK

CaKK

KCaCa
ex                                                                                  (1) 

 fCa   fK – ,   – -
2+ + , NCa  NK – , 

[K+]  [Ca2+] – .  

 1.   

, -

: 

V
K

Ca
ex K

f
fK 2                                                                                                        (2)  
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: 

ln Kex = ln KV + ln fCa – 2 ln fK                                                                               (3)   

, ,  ln Kex , 

: 

dln Kex = 0 = d ln KV + d ln fCa – 2d ln fK                                                              (4) 

: 

d ln KV  = 2d ln fK   –  d ln fCa                                                                                 (5) 

, ,  

:  (  

),  

.   

: 

0CaCaKK dmdm                                                                                            (6) 

 mK  mCa – ,     – -

, : 

 =  + RTln(KX)                                                                                               (7) 

Ca = Ca + RTln(CaX2)                                                                                         (8) 

 (7)   (8)   (6)   

 (mK + mCa), : 

0)]ln([)]ln([ 2
00 CaXRTd

mm
mKXRTd

mm
m

Ca

CaK

Ca
K

CaK

K                  (9) 

 
CaK

K

mm
m  

CaK

Ca

mm
m  

;  d 0
K   d 0

Ca , -

-

.  (9)  RT -

: 

NK dln (KX) + NCa dln(CaX2) = 0                                                                                (10) 

 (KX) = fKNK  aX2) = fCaNCa,  (10) : 

NK dln (fKNK) + NCa dln(fCaNCa) = 0                                                                           (11) 

, -

-

, , . dNK =  -  dNCa.  (11) 

:   
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NK dlnfK + NCa dlnfCa = 0                                                                                      (12) 

   (12)   dlnfCa: 

K
Ca

K
Ca fd

N
Nfd lnln                                                                                           (13) 

 (5): 

K
Ca

K
VK fd

N
NKdfd lnlnln2                                                                              (14) 

 (14)  2dlnfK: 

K

Ca
VKv

Ca

K
K

V
Ca

K
KVK

Ca

K
K

N
N

KdfdKd
N

Nfd

Kd
N
N

fdKdfd
N
N

fd

2
lnln;ln

2
ln

;ln2ln;lnlnln2

 

V
KCa

Ca
K Kd

NN
Nfd ln

2
2

ln2                                                                        (15)  

, , -

, : 

VCaK KdEfd lnln2                                                                                               (16)  

 (Gains,Thomas,1953) -

, 

.  EK = 1  f K = 1(ln fK = 0);  = 0.  

 (16) -

:   

V

f E

CaK KdEfd
K Ca

lnln2
ln

0 0

                                                                                       (17)  

 « » ( vduuvudv ), : 

CaE

CaVVCaK dEKKEf
0

lnlnln2                                                                              (18)  

-

.  (13) -

 NCa,  (  (8)  1  5) 

,  ,    

 d ln fK   (16):   
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K
Ca

K
Ca fd

N
Nfd lnln K

Ca

Ca

Ca

Ca

K
Ca

Ca fd

E
E

E
E

fd
N

N
ln

2

2
1

ln
)1(

= 

VcaVCa
CaCa

Caca KdEKdE
EE

EE
ln)1(ln

2
1

)2(
)2)(22(

 

: 

dlnfCa = (1– ECa ) lnKV  

  -

: 
1

lnln)1(ln
CaE

CaVVCaCa dEKKEf                                                                     (19) 

 fK   fCa  (3),  

: 

 

ln Kex = ln KV + ln fCa – 2 ln fK 

Vex KK lnln
1

lnln)1(
CaE

CaVVCa dEKKE –
CaE

CaVVCa dEKKE
0

lnln  

CaVVVex EKKKK lnlnlnln
1

ln
CaE

CaV dEK –
CaE

CaVVCa dEKKE
0

lnln  

1

0

lnln CaVex dEKK                                                                                                (20)                                                                        

 (20)  ln  KV   

ECa, .   -

 ln KV   ECa  

, . : 

mECabKVln                                                                                                    (21) 

  m – ,  b – . 

 (21)    (20), : 
1

0

][ln CaCaex dEmEbK                                                                                          (22) 

 

)2/( 2xxdx ,    (22) : 
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1

0

][ln CaCaex dEmEbK
1

0

)()( CaCaCaCa mEbdEEmEb  

1

0

2
2

1

0

2

2
ln Ca

CaCacaCaCaCaex
mE

mEbEdEEmEbEK  

  0  1 ,  

, : 

22
ln

1

0

2 mbEmbEK CaCaex                                                            (23)  

 (21)  (23) , ln Kex = ln KV   = 0,5.   

 (21)  (18)  (19), -

   (( vduuvudv )  )2/( 2xxdx : 

CaE

CaVVCaK dEKKEf
0

lnlnln2 =
CaE

CaCaCaCa dEmEbmEbE
0

)()(  

E

CaCaCaCaCaCaK mEbdEmEbEmEbEf
0

)()()(ln2  

2
ln2

2
Ca

K
mE

f  

CaK Emf 2

4
ln                                                                                                     (24)         

 
1

lnln)1(ln
CaE

CaVVCaCa dEKKEf  

ca
E

CaCaCaCa dEmEbmEbEf
Ca

)())(1(ln
1

 

)12(
2

2222

2
ln

2

2

2

2

12
2

CaCa

Ca
CaCa

CaCaCaCa

E

Ca
CaCaCaCaCa

EEm

mmE
mEmE

bEmbmEmEbbE

E
mbEmEmEbbEf

Ca

 

 

KCaCa EmEmf 22

2
)1(

2
ln                                                                          (25) 
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