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-

, ,  

 d/n, . -
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,  

.  
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   .  

,  

, -

, -

.  

, . , -
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,  

,  ,  Fe,   

Si  Al. -

, .  

-

.  

-

,  

.  

, : -
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2.6.3. . 

. -

-

 001,  0,715 . -

, -

 3500, , -

 5500,  

 ( . 2.3, . 2.14).  
 2.3. 

 
 ( )  

  

 
Mg2+, -

 

 
Mg2+, -

 
-

 

 
Mg2+, 

 
 3500 

 
Mg2+, 

 
 5500 

 
K+, -

 

 0,71 (001) 

0,35 (002) 

0,71 (001) 

0,35 (002) 

0,71 (001) 

0,35 (002) 

 
-

 

-
 

-
-
-

 

1,00 (001) 

0,33 (003) 

 

1,00 (001) 

0,33 (003) 

 

1,00 (001) 

0,50 (003) 

 

1,00 (001) 

0,50 (003) 

 

 

-
-

-
 

1,44 (001) 

0,72 (002) 

0,48 (003) 

0,36 (004) 

1,44 (001) 

0,72 (002) 

0,48 (003) 

0,36 (004) 

1,00 (001) 

0,50 (002) 

0,33 (003) 

 

1,00 (001) 

0,50 (002) 

0,33 (003) 

 

1,00 (001) 

0,50 (002) 

0,33 (003) 

 

-
 

-
 

1,44 (001) 

0,72 (002) 

0,47 (003) 

0,36 (004) 

1,77 (001) 

0,88 (002) 

0,45 (004) 

 

1,00 (001) 

0,50 (002) 

0,33 (004) 

 

0,96 (001) 

0,48 (002) 

0,32 (004) 

*) 

 
-

-
 

1,44 (001) 

0,72 (002) 

0,48 (003) 

0,36 (004) 

1,44 (001) 

0,72 (002) 

0,48 (003) 

0,36 (004) 

1,44 (001) 

0,72 (002) 

0,48 (003) 

0,36 (004) 

1,44 (001) 

0,72 (002) 

0,48 (003) 

0,36 (004) 

-
 

-
-

 

1,44 (001) 

0,72 (002) 

0,48 (003) 

0,36 (004) 

1,44 (001) 

0,72 (002) 

0,48 (003) 

0,36 (004) 

1,0-1,4 
(001) 

>1,0 (001) >1,0 

*)  1,0 -
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.2.14   Mg -

: I- , II- , III – -
, IY – , Y – , YI – , YII – , 

YIII – , a – ,  – ,  – -
 3500,  –  5500,    -  

.  

, -

,  -

 1,0  0,33 .  

 ( . 2.3. .2.14),  

-

.  ( ) 

  -

.  

 

-

.  
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- -

 1-  2- -

.  

 2, -

 2- , -

.   

. -

g- -

, -

 1,44  

 4-  5- ,  0,36  0,288 .  

 

Mg- .  3500  5500  

 c  1,0  

 ( .2.14, . 2.3).  

-

  K+  NH4
+. -

 

1,0 . 

. -

-

. -

.  

.  

 Mg2+ -

,  

 1,50 .  c 

Na+  1,24 ,   

Ca2+ – 1,55 .  -
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 Mg-  1,77 ,  

, .  

 

,  

 0,96-0,97 -

.  001 -

 ( .2.14, . 2.3). 

 ( -

)  + , -

- .  

 001 +  1,0 ,  

.  

 1,24-1,25 , -

. 

. -

 

1,44 . -

. , , 

 001, 003  005  – 002  004. 

-

,  

-

 ( .2.14, . 2.3). -

 d001 -

 1,36-1,38 -

.  001,  

.  

 

. 
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 1,44 -

. -

 -
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-

-

. -

-

 1,0 . -

,  3500,  

 > 1,0 < 1,4 .  

5500   ( . 

2.14, . 2.3). 

 
2.7. .   

 
 

2.7.1.  
 

,  

 ( )  ( -

) .  

-

.  

, -

, ,  

   – , . 

 

. 
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, -

-

,    

.  

. 

-

, : -

 ( , );  ( -

, );  ( ); -

. 

 

,    

. 

-

 ( ).  1899 .  

, -

, , -

,  

, . 

-

, . 

 

, . -

 – ,  

 ( ) . -

   

, -

.  

)  
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. , -

, . 

-

, . -

 

,  

 

.2.15).  

.  

, ,  

. -

, -

. , -

. 

,  

, -

, -

. ,  

, . 

-

 ( .2.15. ). 

 (–) ,  

 (+) – .  

 (± ) . 

, -  

-

. -

, -

.  
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. 4.2.  ( ): 1 – ; 2 –   ; 3 - -

; 4 – .  ( ) : 1 – -
; 2 – ; ( - ) – ; ( + ) – . 

 

–  

, -

 T, 
0  

 

0 

(+

(-) 

1 

2 
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. -

, -

.  

  Fe  Al -

, -

.  

 CO2.  

 

, . 

 

, -

,    ( . 2.16.).  

 
. 4.4.  ( )  

. 1 – ; 2 - ; 

m1 – m2 –  

 

. -

 

 dm/dt  ( .2.17). 
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 4.5.  ( ) -

  .  
 
 
 

-

 ( )  

. -

. -

,  

. -

 

,  

. ,  

.   -

 , -

, .  -

-

.  

,  

, . 

 Q-1500 D. ,  

 

,   -

, ,   -
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.  Paulik-

Paulik-Erdey  Q-1500 D  2.18.  

 (4)  

 (3) .  

, , -

.  

(1),  (2). 

: -

. -

-

. -

, , -

. ,  

 – . -

,  

. 

-

. -

.  
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. 2.18.  Q-1500 D. 1 –  

; 2 – ; 3 - ; 4 – ; 5 – -
; 6 – ; 7 – . 

 

-

 (5), ,  

. . 

,  

. ,  

.  ( -

) ,  (  

),    ( -

), .  

-

 ( -

). -
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. , -

,  

. -

. 

,  

 (6)  (7). -

  .  

,  

. , -

, . 

, -

-

. ,  

 ( )  

 ( ) ,  ( )  

 ( ) ( .2.19).  

. 

 2.19. . -

, -

, . -

,  

-

. -

.  . 

-

. 
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.  2.19.  

 
 2.4. - -

, -

. 

.   

.  -

   20 – 200 0 -

, -

.  

,  

, -

,  

.  550 – 650 0 -

, -

. -

 . .  

 10 
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%.  950 – 1000 0 -

-

, .  

, -

 Al4(OH)8[Si4O10] . 4H2O,  

.  140 – 160 0  

, . -

,  9 – 

10 % . -

 560 – 590 0 .  10 – 11 % . -

,  

 930 – 960 0 . 

.  

 

 20 – 250 0 , , -

.                                                                                                          

,   -

 

, -

. ,  

,  11 - 16 % -

 6 – 9 % , ,  

 55 %. 

-

 

. -

 

.  



 68

  2.4.  DTA, -

 ( ) 

 



 69

,  

 700  900 0 .  ( -

) -

 

– 550  850 0 . , -

, -

.  

-

.  

-

, .    -

, -

 5 – 6 %   .  

-

. -

-

 (  1 %) -

. 

. , -

, .  

-

.  

. 

,  

, . 

-

 

 550 – 700 0 , -

.  8 % . ,  
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 780  820 0 . , 

 3 – 4 % . , -

,  

 820 – 840 0 . -

, .  
 

 

3. -

. , ,  

 

 

,  

 – . ,  

   

, . ,  

 

.  

  , -

, -

   

 –  Fe  Al. 

 

3.1.  
.   

-

, -

. -

. -



 71

   Fe . 

  : 

nSiO2 mAl2O3 pH2O.  Al2SiO3(OH)4.  

,  Si   

 Al, , -

. -

, , -

, , -

. -

  Si/Al  Al ,   

.  

 1916  

, -

,   . -

 (« »). -

-

 ( . 2.11. ). -

. -

,  – -

.  

 
. 2.11. -

 ( )  ( ) . 
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 1962 -

.   -

 ( .2.11. ),  

 2  – .  

, -

,  

 O3SiOH ,   -

 ( .2.12.).  

 (Schultze, 2002). 

 70- -

   ( ., 1976, 1977)  -

» -

, .  -

-

, , , , -

 

. 
 

 
 

. 2.12. .    

 ( )  ( ).  Dixon, 1989. 

 

.  

, 
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,  1000 2 . 

,  

, -

 Si  Al -

.  

  , , -

-

, 

  -

: 

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

 Al(OH) ( )  AlO- ) + + ) 

 Si(OH) ( )  SiO- ) + + ) 

-

, 

  -

, . -

. 

-

, ,  

: 

 Al(OH) ( ) + m+ )  AlOMm-1 ) + + ) 

 Si(OH) ( ) + m+ )  SiO Mm-1 ( ) + + ) 

-

 L , 

: 

X( AlOH)2
+ ( ) + yL- ( )  (AlL)xLy-x ) + xH2O 

.  
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 Si  Al. -

-

 ( ) , -

. 

-

, -

,  

 Si  Al  

.  

.  

-

.  

, , -

 – . 

  ,  

,  

  ,  

,  

, . 

 

-

, -

, ,  

. -

-

,  

-

  -

.  
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-

, 

. -

 

.  

,  

. 

  

3.2.  Al  Fe 

 
 Al  Fe -

, -

, .  

 Al -

, . ,  

 Al, , , -

, -

 

.  

 Fe -

: ,   .  

 

, , , -

-

.  

  .  

 – )  Al(OH)3 .  

 

,  2/3 . 

, -
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,  –  

 Al  ( . 2.13 ).  

 ( ) -

 ( ) 

.  

 
.  ( )  ( ). 

.  Dixon, 1989. 

 

-

 

.   AlOOH. ,  

,  

.  

  ,  

 2 , -

   ( .13. ).  

.  

  -FeOOH.   Fe3+  

, -

. -

.  Fe3+ , 

 c, -



 77

,  

.2.14). -

 

.  

 
. 2.14. .  

.  Dixon, 1989. 

 

 -

-FeOOH. -

, -

, -

,  

 ( .2.15). -

, ,  -

. 

 Fe5HO8 4H2O -

,  

 2  6 .  
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. 2.15. . -

. ,  

. 2.14.  Dixon, 1989. 

 

.  

  Al  

 600 2 ;  

. -

 Al , -

  .  

Al ,  

.  

, : 

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

 Al(OH) ( )  AlO- ) + + ) 

  ( )  

9,5  10,  Al – 8,5 .  

    -
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, , -

. 

 Fe -

 – -

 

100  700 2 .  Al  Fe 

-

,  

,  OH-  

: 

                      +H+ 

>Fe-OH]-0,5         >Fe-OH2]+0,5 

                     +OH- 

 Fe  7  9.  

.  Fe -

-

,  

  -

. 

-

 

.  

, 

 Al, -

. , -

 

;   

Fe2+  Fe3+   . -

 Fe ,    Fe3+  

. 
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 Fe2+  

. -

 ( ) . -

, 

-

.  

. ,  

 Al  Fe -

,  

, -

 

. -

-

, -

 

.  

 Al  Fe  

, -

. ,  

   

:  

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

Ba2+ > Sr2+ > Ca2+ > Mg2+ 

: 

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

-

 Fe  Al  Cu2+, -

. -

-

 – .   
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 Fe  Al  

,  

. ,    

, , , -

. -

 Fe  Al  –  

. -

 Fe  Al , , -

,  

.  

 Cl-   NO3
- -

-

. -

. -

, , -

   Fe  Al,  

   

.   

, -

 

.   Fe  Al  

. , -

-

 « »  

.  
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4.  – -

 
 

4.1. . 

. 

, .  
-

, . -

-

. -

, ,  

.  -

.  

 

,  ,  -

 

. 

,  

, 

 – -

 – , , -

.  . 

-

, -

.  

 ( , ,    

) ,  

, ,   
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.  

 

,  -

 – , , , -

, . , , 

,  

,  

,  ( -

) .  

-

 .  

 

. 

-

, . -

 

: , , , , 

, , , , , 2-

, . -

 ,  

 – -

. , 

.  

-

   – -

. 

 

, -
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, -

. 

-

  – .  

,  

,   -

-

  . ,  

-

, , , -

.  

-

  – -

. -

 Fe -

.  

Fe3+,  

.  

-

 Fe, ,  – -

. 

-

 

: 

1.   – -

;  

 – : 

5Fe2O3 + 9H2O =  Fe10O15·9H2O 
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2.  , ,  

-

;  

-
+ - :  

KAlSi3O8 + H2O = HAlSi3O8 + K+ + OH- 
 

 

3. , -

; 

: 

CaSO4·2H2O + 2H2O = Ca2+ + SO4
2- + 4H2O 

 
 
4.  ,  

, -

,  – ;  

 Fe2+:  

4FeO + O2 + 2H2O = 4FeOOH 
     
 (II)      (  (III)) 

 
5.  ,  

-

 Al : 

2KAl2(OH)2[AlSi3O10] + 6H2C2O4 + 8H2O = 2K+ + 8OH- + 6C2O4Al +  
                           

                                             
+ 6Si(OH)4

o  
 

-

,  

.  

 

 –  
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. -

. 

 

4.2.  

 –   

.  

 
4.2.1.  

  

-

, -

.  

.  

1. : -

 (   ).  

 – -

 

. 

, -

,  

 « » , -

 Si  Al.  

 

, . 

,  

-

,  

 

.  
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2. , -

:  (  

) . ,  

, , . 

. -

-

;  . -

, , . 

3.  -

. -

 2.5.6, -

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

.  

-

, -

 Al  

 « » -

.  

,  « -

»  

.  

 

4.2.2. .  

 

, , -

 -

, .  

 -

, -

. -
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 – ,  

.  

, , -

, , , -

. ,   -

, . 

 in situ , -

.  

-

 (Stumm, 1992)  

, -

-

-

. -

,  

. 

, -

 ( ), -

 ( ) 

.  

, 

, -

 

, -

, -

 

 ( ) .  

. 4.1– , -

 Al  Al  

Al   F-.  ,  
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. 

, , 

 

, ,  

.      

 

 
. 4.1.  Al (1)  Al  F  

 Al. 
 

 

, ,  , -

, -

. 

 

 :  

 – , , -

, . -

-
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-

, ,  

. 

 (  

)  ( , -

, ). ,  

,  

.  

, -

. -

, , -

 ( ) , . -

, -

. , 

.  

,  

,    

Si . , , -

. -

-

.  

 Al- , , 

 Si-O; , -

 Al,  Si 

 Si -

 – .   Al  Fe  

-

, .  

 Al  Fe , 

  –  Si  
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 Al  Fe,    

, ).  

-

 

, -

.    

4.2.3.  

, -

-

.  

  Si  Al.  

 

, -

. 

  -   -

,  

 

.  

-

-

, . -

.  , , -

, ,  

 Al    

, . , 

, -

. 

 H4SiO4 -

, -
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 Al -

 – .  H4SiO4  Mg2+ -

, -
+  – . 

. 4.2. -

. 

 (K-

spar),  (Vm)  

(Sm).  ( )  (Q) -

 (Sm). , -

. 

 

. 4.2.  ( -
 N.C.Brady “The Nature and Properties of Soils”, 1990),   

 

 

, -

, . -

 

.  

t -

,  Bm ,  -

-

,  
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 ( ., 2005). , -

-

, ,  

. 

,    -

, . -

, -

, , .  

. ,  

, , -

, , -

, -

-

. 

-

 

,  

 H4SiO4  Al ,  -

. -

. -

 Al -

, , 

.  

Si  Al, -

.  

4.3.  
 

 

.  
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-

, -

.  

 1938 ,  

 (  

Essington, 2004): 
 

 

 

 

 

 

-

 

- 

  -

  

- 

 

 

 

 

 

 

 

  

 

  

 

 

 

-  

, Na-

 

Na, - -

 

Na-  

 

 

 

 

 

 

 

 

 

 

 

- 

-

 

 

,  

, .  -

,  

. -

, ,  

  .  

 

: -Na-  < Na- -

 <  <   <  .  

-

. 

-

, -
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, , 

  . -

   

,  

:  < -

 < -

 (Jackson, 1968).  

-

.  

, ,  

. , -

, , 

, , ,  

, .  

 

4.4.  
 

,  

: , -

, -

 – . . 

,  

, . , -

-

.  

 Si, Al  Fe, -

 .    Si  Al -

-

 – .  

. 
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 SiO2/Al2O3 -

 

. , . -

,   , 

, . Si  

– . , . -

 Si -

 Al  Fe  

 Si. -

 Si -

. 

-

, , -

-

 Al  Fe – , . , -

, -

 – .  

 4.1  

  . , -

  -

-

, -

. 

 4.1. -
,  

 %. 
 SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O 

-
 

60 16 7 5 4 3 4 

 
 

26 49 20 0,3 0,7 0,1 0,3 
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, , -

 

. ,  

, -

  in situ  

.  « » 

, . 

 

 –  

.  

 

, -

,  –  

-

.  

, , -

. 

  ,  

,  

. , 

-

,  

.  

, ,  

.  
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4.5.  

 
, -

  , -

. -

-

-

. 

 

,  

, ,   . -

-

. -

, ,   

 

, . -

  .  

,  

,  

, , -

. -

 

 

. 

, , -

,  -

, -

,  

. 
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4.5.1.  

 

.  , -

.  

 – ,  

 ( , ).  

-

 ( , , ).  – -

, ,  

 

.  

 : 

F = C + 2 + P – N                         (4.1) 

 

F = C + P – N                              (4.2) 

 F – , -

,  –  

,  –  

, N – ,  

.  – , -

, . 

-

  (Dixon, Weed, 1989)   -

 SiO2 : 

Al2Si2O5 (OH)4 )  + H2O ( .) = 2Al(OH)3 ( .) + 2SiO2 ( .) 

 = 4  ( , , 

, SiO2 ),   = 3 ( ,   -
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)  N = 1 ( ). ,  

: 

F = 4  – 3 – 1 = 0   

 0, , -

 

, .  SiO2  

. 

, .  

.  

,  – . 

,  

 

.  – -

,  . 

 – -

,  .  

 

 ( ) -

, -

, . ,   

,  

. -

.  

-

 

, , ,  

 

.     -



 101

  -

S.  

-

 ( G): 

     G =  – T S                               (4.3)                                           

, , -

-

, S,    –  -

. , -

. 

, G < 0, 

. . -

-

, G  0. G = 0,  

, -

. 

 

. -

, ,   

. , 

 = 250  (298,15 )  

 = 0,101   (1 .). 

 ( G0) 

 

  -

  

G0  = G0   – G0
   (4.4)                   

 (4.3):           
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G0  = ( 0
 
  – 0 ) –  

– S0  - S0 )                  (4.5)           

-

: 

G0  = – RT lnK .                                                                    (4.6) 

 R – ,  8,314 /( ),  

–  (2980 ), . – . -

G0 ,  

: 

log K . = (- G0 )/5,708                                                           (4.7) 

   

, -

G :  

G  = G0   + RTlnQ                                                           (4.8) 

 Q -  -

.  (4.7)  (4.8) :  

G  = – RTlnK + RTln Q  G  =  RTln,          (4.9) 

G  = 0,  (4.8) :  

G0  = RTlnQ,  Q . . 

 Q/ . > 1,  G  > 0,  

, .  

.  Q/ . < 1, G  < 0,  

, . -

.  Q/ .   

. 

G0, 0 S0  

, -
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-

.  

4.5.2.  

 

, -

,  SiO2, ,   -

 (Karathanasis, 2002, .  Dixon, Schultze, 2002): 

1. SiO2 ( ) + 2 2  = 4Si 4
0

) 

2. SiO2 ( .) + 2 2  = 4Si 4
0

) 

3. Al(OH)3( ) + 3 + = Al3+
) + 3H2O 

4. Al2Si2O5(OH)4 + 6H+ = 2Al3+
) + 2H4SiO4

0
) + H2O 

 

 4.2. G0  

 (Rai, Kittrick,  Dixon, Weed, 1989,  SiO2  – 

Karathanasis,  Dixon, Schultze,2002) 

2  

) 

SiO2 

) 

SiO2 

.) 

H4SiO4
0 

) 

Al3+ 

) 

Al(OH)3 

) 

Al2Si2O5(OH)4 

) 

-237,1 -856,9 -849,5 -1308,3 -490,8 -1153,3 -3789,6 

 

. 4.2  

, -

 

 (4.4)  log K   (4.7). 

1.   

   SiO2 ( ) + 2 2  = 4Si 4
0

) 

G0  = (-1308,3 ) – (-856,9 ) – 2(-

237,1 ) = 22,8 ;  
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log  = -(22.8)/(5,708) = -4,00;  

,    1, 

 (  –  

): 

 = ( 4Si 4
0);  log K = log ( 4Si 4

0) = (-4,0)                (4.14) 

2.   

SiO2 ( .) + 2 2  = 4Si 4
0

) 

G0  = (-1308,3 ) – (-849,5 ) – 2(-

237,1 ) = (15,4) ;  

log  = -(15,4)/(5,708) = (-2,70) 

,  SiO2  

 1,  (  – -

): 

 = ( 4Si 4
0);  log K = log ( 4Si 4

0) = (-2,70)                    (4.15) 

3.   

Al(OH)3( ) + 3 + = Al3+
) + 3H2O 

G0  = (-490,8 ) + 3(-237,1 ) – (-1156,3 

) = -45,8 ; 

log  = -(-45,6)/(5,708) = (+8,04) 

,  1, 

 (  –  

): 

(Al3+)/( +)3 = ;    

 log (Al3+) – 3log (H+) = log K = 8,04;  

 3 , -

: 
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pH + 1/3 log (Al3+) = 2,68.                      (4.16) 

4. : 

Al2Si2O5(OH)4 + 6H+ = 2Al3+
) + 2H4SiO4

0
) + H2O 

G0  = 2(-490,8 ) + 2(-1308,3 ) + (-237,1) – (-

3789,6 ) = -45,7 ; 

log K = -(-45,7)/(5,708) = (+8,00). 

,  1, 

 (  –  

): 

 = [(Al3+)2(H4SiO4)2]/(H+)6;  

2log(Al3+) + 2log(H4SiO4
0)  + 6pH = logK = (+8,00);                                              

 6 , -

: 

pH + 1/3log(Al3+)  = -1/3log(H4SiO4) + 1,33                         (4.17) 

 (4.14),  (4.15),  (4.16)   (4.17)  

, :  

 – (pH + 1/3log(Al3+)),  – log(H4SiO4).   

. 4.3.   -

,  SiO2,  

.  -

 SiO2  , -

 Al3+  

, .  

 (H4SiO4
0), . Si -

, .  

,    + 1/3log (Al3+) > 2,68  

, . -
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 ( ),  + 1/3log (Al3+) < 2,68 – 

, .  (  

).  + 1/3log (Al3+)  = 2,68  

, -

.  

, , 

, -

.  

 (pH + 1/3log(Al3+)) > 2,68  log (H4SiO4) > (-4,00) -

.  

-

, ,  

,  – .   = 2980  (25 )  = 0,101 

  (1 .). -

-

 

,  (4.6).  

 
. 4.3. ,  SiO2, , -

 (  + l/3 log Al3+)   log  H4SiO4
0. (  Karathanasis, 

2002).   
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4.6.  

 

 

 

. 

 

-

. ,  

,  

, 

, . , 

 Fe  Al, 

, -

  Fe  Al.  

,  

. 

 –  

– -

. ,  

, -

 

-

. -

-

,  

.  

 Ca, Mg, K  Na -

, .  

-
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. -

 

. 

 

 Fe  Al -

, -

. , -

 Fe  Al -

-

. 

-

, .  

, -

,  

, , -

.  
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