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     .   

      ,     

   82 . %   [1,2].  

     ,    

  +3:    Al3+  [AlO4]
5–.    

    :     

 ,    [SiO4]
4–    

[2]. 

        

  ( 550).      

  ,      

.      

     .  –  

   . 

       

     –  .  

       

     , ,  

    .    

   . 

 Al 3+,   ,       

  , ,      

  ,       

    [2,3,4].    

         

.  

           

 .       

   ,  
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,      . 

        

      . 

        

   ( , , ) –   

 .  
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1   
1.1     

       

          

    .   

  ,      ,  

       [5]. 

,       . 

   :  – ,   –    

 – ,        .  

     

      . 

         

 3,2 %,     ,    

 ,  84,3 %.      

    (  , , 

, ),   , , , 

  ,      

,   ,    

  [6,7]. 

         

        

[7].         

   ,     .  

        

      .  ,  

     . 

     ,  

     .  ,  
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  ,        

  7  10    [7,8].  

         

   .    ,   

      ,  

,       .   

       

.      [8]. 

          

,      ( - , 

, , )     

,     [8].    

    .      

  l   ;   

 ;   -  , , 

. 

    [9]: 

K2SO4·Al 2(SO4)3·4Al(OH)3  Al 3+ + SO4
2– + 2OH– + K+,   (1) 

Al 4SO4(OH)10 2H2O  Al3+ + SO4
2– + OH–,      (2) 

Al(OH)SO4 5H2O  Al3+ + SO4
2– + OH–,      (3) 

Al (OH)3  Al3+ + 3OH– .         (4) 

,        

  (  2):  

:                       ,   (5) 

:               (6) 

:                –     (7) 

 Al(OH)3:       (8) 
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. ,      [8]. 

         

   .     , 

,   .    

   [Al2O3]   ,  

    .       

4-11.   :      . 

      – Al 2O3 H2O (  85 % 

Al 2O3),  ( ) – Al 2O3 3H2O (65,4),  KNa3[AlSiO4]4 

(34%),  – K[AlSi 2O6] (23,5%)   – KAl 3[SiO4]2(OH)6 (37 % Al2O3) 

[10]. 

  12 3      , 

      .  

       ,   r, 

n, F , i    ,    . 

        

: , ,   . .    , , 

, , .        

 ,       

. 

      (  ) – 1( )3, 

       

.       12 3 3 2 . 

        , 

    .  l( )3   

  .       

-      , 

,      .     

     – γ- lO    α- l  (  
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l 2).         

  . 

        

 - ,  .    

      .  

      1(S 4)2 12 2 . 

         

    l3(S 4)2( )6.    

   Na3 1F6.     , 

    (  0,03 %),    ,  , 

  ,     ,  

    . 

       

       .   

        , 

        

      , 

     , 

  ,    , 

    .   

        

.          

,        .    

       

      

. 

       

 ,       

.         

   , . .       
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.         37 .  , 

  ,  48 .    ,  12 .    

 370 .   [11]. 

       

 .         

,    « »,  « »,  « »,  

«   » [12].  

          1.2 Т ч   
    ,   ,    

 [5,6].  ( )     

 ,      , 

  .        

,      – . 

     ,    

  .    

   :  , 

    ,      

;    ,   

 , -  ; 

   .    

     ,    

  . 

    -   (  

,    .),      

,      . 

 ,         

     [14].  ,  

   ,   ,    

    , ,     

       .  
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  ,        

 .  

    61-12000  :   – 0,6 

/ ;   –  20 ;   – 10 ;   – 1 ;  

   ,  ,    

  [8,15].      2,45-

45,0 .  -    45-135 ,   

 2-3 /  (    ) [8].  

  – 200 .   – 5-7 /    

[15].       [8].  

        

 (2,0-20,0 / )   (200-2000 / ) . 

       ( / .): 

   20,  30,  20 [8,16].   

,       50 / , 

  –   1,5-2,0 /  [8].  

        

     .   

       ( / ): 

:  4,25,  5,7,  8,4,   5,7, 

 8,6,   4,5,  4,0,  3,2; :  6,5, 

 3,6,  1,1,  3,8; :   14,5,  

15,7,  16,7,  19,7,  9,1,  15,4,  11,8,  4,4,  

6,4.     :  135,  82,  2,6,  8,8, 

 10,4,  73,  63,  7,8,  13,  20,  7,2, 

 15 [8,17].        

   Al     2 .  

      .  

       2 .  

   Al   5 . Al  P  
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   .       

 (P:Al=28)  Al   .   

           

  .      

 .  -   Al –  , 

  .    ,  ,  

 , ,   ,     

  . 

,   :   

(  ) –      ; 

    ; -  ; 

 ;   ;   

;  ;  ;   

; ; ; .    

(  )     

  [8,18].    : 

      , 

    ;    , 

 Al;   ;   F 

     (  F  Al      

  ,  F  Ca   ) [14,18]. 

       

 (     );  

 ,       

     ,  

  ,    ,   

    [15].      

       [12-17,19], 

   [12,13,20].     , 
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 [12,21]. 

1.3       
     : , , 

, , -   . 

        

    . 

Б  ы       

         

 ( , , ,   . .).   

        

 , ,  ,    , 

 ,  ,   .    . 

        

[22]. 

Г  ы     

       

   ,   .   

  : , , ,  

,    [23]. 

Э  ы      

      , 

, . ,     , 

       . 

       

  ,       .  

     ,   

 –   [24]. 

Х     ,    

    ,      
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       .  

       ,  

    ,    

    [25].       

        

      . 

 ( ) ,   ( ), 

 ( ),   ( ),   

( )      [26]: 

Al 3+ + PO4
3+ = AlPO4.                                               (9) 

Г  ы,    ,  

        . 

       

(     ).    

   ,     

        -  

         

 [23].  ,     

   ,    

     ,  

    :  

Al 3+ + 3OH– = Al(OH)3.                                                                   (10) 

,        

        10-11.  

С ы  ы       

     .   

       , 

         

    [1,14].  
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        -

 .       

,       

( ).     , 

     .     

  .     

  [27]: 

    ; 

  ; 

       ,   

    ,    

    ; 

  ,      

  ,    ; 

        , 

         ; 

     . 

М        

,       .   

       

.        

    –     -

    [28].  

  1       

   . 

 

 

 

 

 



20 
 

 

 

 

 

 1 –      

-
 
 

 
 

 , 
/  

-
 
, % 

 -
  

-  
, /  

 
 

, /  

Al(+3) 5 50 0,5 0,04 

Fe (+3) 5 65 0,3 0,1 

Mn (+2) 30 65 0,1 0,01 

Cu(+2) 0,5 65 1,0 0,001 

Ni(+2) 0,5 40 0,1 0,01 

Hg(+1) 0,005 50 0,0005 . 

Pb(+2) 0,1 40 0,03 0,1 

Cr (+3) 2,5 65 0,5 0,07 

Cr (+6) 0,1 50 0,05 0,02 

Zn(+2) 1,0 60 1,0 0,01 

 

   1,      

 , ,  10    , 

  ,   65%.     

 ,     , 

 , ,     

.         

       ( , ), 

   ( , , ) [23].   

    .  
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       ,  

        [23,29].  

 

 

1.4       
        

,         

(  –   CO2).      

  : , ,   . 

      

   [30]: 

CaCO3 + 2HCl  = CaCl2 + CO2↑ + H2O.     (11) 

       : 

CaCO3 + 2NaOH = Na2CO3 + Ca(OH)2 .     (12) 

      ,  

     : 

CaCO3 + 2NH4Cl  = CaCl2 + 2NH3↑ + CO2↑ + H2O.   (13) 

    : 

CaCO3 = CaO + CO2↑.         (14) 

        

    –  : 

CaCO3 + CO2 + H2O  Ca(HCO3)2.      (15) 

     ,   

  (   Ca(OH)2)    

(   H2CO3) [30].     . 

   .      . 

 -       [3,30]. 

CaCO3  Ca2+ +CO3
2–,        (16) 

Ca2+ +CO3
2- + HOH  HCO3

– + OH– + Ca2+,    (17) 

CaCO3 + HOH  Ca(HCO3)2 + Ca(OH)2 .      (18)  
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     ( , 

, )        

    (  ,   

  ) [3].  

       

  19        

   [3,29]. 

CaCO3 + 2+  CO3 + Ca2+.                                                               (19) 

       

   , 2+  2+  

 .        

    .    

  , ,       

,     .  

       70% [29]. 

            

  .    50 /   

    ,      10 /  

  .       . 

   ,    

      , 

   .      

  –  (Zn5(CO3)2(OH)6).   

-        

   .      

     50%.      

     . -  

      - : 

Zn2+ + CaCO3 + H2O  Zn2(OH)2CO3 + Ca2+.                                           (20) 
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,        pH  [20]. 

      .  

  99%     .  

     0,1-0,4 /    

 1,5  [1,21].      

      . 

,   ( u2+)      

 ( )      (  

( u2(O )2 O3),   ( u3(O )2( O3)2)).   

       

  .        

 .       

 ,     –  

(CuSO4(OH)6 H2O).  ,      

        

  ( , ) (  2) [22].  

Cu3+ + SO4
2- + OH-  Cu4SO4(OH)6  .                                                                   (21) 

      

     ,     

    .   

      

  0,1-1 /       30-34% [22, 

23]. 

        

          

   .  ,   

  ,      

       [23]. 

  ,        
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,        

8,5,      2+   ,  

 Ni2+ (16%) [8,30].  

        

       . 

      

      (    

).      

        

 ,     

   -    [29]. 

        

         

        

    ,     

    . 

         

     ( )  

       .  

       .   

    -  

.       

     . 
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2   

2.1  

     18-  

(Al (SO4)2 18H2O),  .  

   ( )    

 100% –100     ( ).  

      

 . 

2.2    

1)   

   
  

 
 1 –  ( )    ( )   

2)                                

 

 

 2 –  ( )    ( )    
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3)  -2 

 

 3 –   -2 

4)  –100  

 

 4 –   

5) -   AAnalyst 400 (PerkinElmer, 

) 

 

 5 - -   AAnalyst 400 
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6)    (Hitachi TM3000, ) 

 

 6 –    Hitachi TM3000  

7)   (Proto AXRD, ) 

 

 7 -  PROTO AXRD  

8)     Direct-Q3 

 

 8 -  Direct-Q3 
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9)   OHAUS 

 

 9 –   OHAUS 

10)  Sartorius (1-10 ) 

 

 10 –  Sartorius 

11) pH-  Combo 
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 11 – pH-  Combo 

 

2.3 М   
2.3.1   

         

 (100%  -100 ).       

( .1)   -5 .      

 ( .2)   -1 .     

       

( .3).      (d=100 ) ( .4)  

.  

     (Al(SO4)2 18H2O)  

       ( . 9).  
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2.3.2    х  
         

  ,  ( . 12)    

    1 .   ,   

,  0,7 .      

 (CAl, /  = 100, 200, 500)    ( ,  = 1, 3, 5). 

      2-3 .  

 

 
1 – ; 2 –  ; 3 – ; 4 –  .  

 12 –    

        

  pH  .    

   .     

   10    ( .10)  

  (τ, . = 0,5, 1, 2, 5, 7,5, 10, 15, 20, 30, 45, 60, 75, 90). 

   1,5 .      pH  

 pH-  ( .11).     

 .      «  » 

 .        

  -   ( .5).    
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      ( .7)  

-   ( .6).   90  

  (~300 )  ,    

.  
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3   
      

     2.   

   ,    

     ( aCO3, JCPDS, 47-1743)  

   (SiO2, JCPDS, 5-490). 

 2 –    ,   
     

 
 , % 

 

CaO MgO SiO2 Al 2O3 P2O5 Fe2O3 

50,2 1,4 3,97 0,4 0,5 0,17 

SO3 K2O MnO Ni Cu Zn 

0,0017 0,057 0,017 0,001 0,0018 0,0012 

       

   .     

 ,       , 

  pH 4,25    Al3+.  

  13      

    200 /     1 . 

     1,5   .  

  , , 100 / .   pH   

 4,25  4,45.          90 . 

    98% ( .14).  .15  

      , 

  - .    

      4,6,   pH 

    5,1.     

       

  . 
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 13 –      ( =200 / , 

=1 ) 

 

 
 14 –      ( =200 / , 

=2 ) 
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 15 –       

  ( =200 / , =2 ). 
 

 
 16 –      . 

 =200 / , =5 ) 
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     5     

   0,5-1 . ( .16).        

   4,6       6,5. 

    3 .     

 -  . 

      , 

    CAl=200 /    2   

( .17)    ( )  

(CaCO3, d=3,03; 3,28; 1,875 Å, JCPDS, 47-1743),   , 

    Ca2+  -

 (CaSO4 2H2O, d=7,61; 4,3; 2,89 Å, JCPDS, 33-311).   

 ,      

 –  (Al4SO4(OH)10 2H2O, d=9,31; 7,13; 4,73 Å, JCPDS, 

42-556).     (SiO2, d=3,35; 1,813 Å, JCPDS, 5-

490),       .  

      . 

 
 –  (CaCO3),  –  (CaSO4 2H2O), ▲ –  (Al 4SO4(OH)10 2H2O),  

 –  (SiO2) 
 17 –       
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    ( )   

   .   ,   

.       

 ( .18).     ,    

 ,     . 

 

 –  (CaCO3),  –  (CaSO4 2H2O), ▲ –  (Al4SO4(OH)10 2H2O) 

 18 –         

        

  ,    

   ,      

 .     

 ,     

 ( .19).      

   ,    ( .19-20).  

 



37 
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 21 –         

       5 

 ( .21).     . 

   ,    

       ( .21-

22). 
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