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.

,

, , , -

, ,  [1].

-

,

, , , , -

, , , -

. -

, , -

- , -

 ( .1). [2-6]

 1 

1 2 
-  Cd(OH )2

CdSe, CdS
Cd(BF4)2, CdI2, CdO,CdSO4C•8/3H2O
CdO, Cd(C12H22O2)2, Cd(C18H36O2)2

 ( ) Cd, Al, Si
Cd, Cu, Zn  Ag
0.1÷1.5% Cd
(C2H5)2Cd, (C6H5)2Cd, CdCO3C•1/2H2O,
CdWO4, Cd(H2PO4)2

 Cd(NO3)2, CdO
 (CH3)2Cd

, ,
.

Cd(NO3)2, CdO, CdSe, CdS,
Cd(CH3COO)2•nH2O

 CdF2

14% max. Cd  CdO
 Cd(BF4)2, CdI2, CdO, CdSO4•8/3H2O

2Cd•B2O3•WO3•18H2O
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. . 8
1 2 

 CdF2

 nCdO•mB2O3, CdF2, CdO, Cd3(PO4)2,
Cd(PO3)2, Cd2SiO4, CdCl2•5H2O, CdWO4 , 
CdS, CdSe, CdTe
CdSe, CdS

 CdAs, CdI2, CdSe, Cd xHg(1-x)Te
 CdSe

CdWO4

CdSb, CdAs, Cd3P2, CdSe
CdTe, Cd2SeTe, CdxHg(1-x)Te
Cd

( )
CdSO4•8/3H2O

CdAs, Cd xHg(1-x)Te
 CdSb 

, ,

,

,

. , , ,

-

 [7-10].

-

,  2000 -

 19000 ,

  ( . 2). 

 2 

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

20.3 20.0 17.8 18.4 18.6 20.1 19.9 19.4 19.6 18.8 

(  60 %),  (  20 %),  (10 %)

( . 3).

 (  4.5 %  2009 .). -

,  200 ,

 10-30  – , .
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 3 

 ( / )
 /  2004 2005 2006 2007 2008 2009

 2800 4080 3790 4210 4300 4300
,  2362 2582 3320 2846 2900 2300

 1900 2000 2000 2100 2100 2100
 2233 2297 2287 1933 2116 1990
 1615 1653 1401 1617 1605 1580

 1880 1727 2090 1388 1300 1150
 532 621 690 810 800 840
 489 409 457 583 599 700

1480 1470 723 735 777 700
 493 494 524 495 530 530

 356 319 363 459 460 460
 640 640 640 400 400 400

 356 408 373 421 420 410
 141 153 125 269 178 260
 347 358 329 351 330 330

 532 481 416 347 371 275
 187 200 141 200 200 200

 257 208 231 236 214 275
 18600 20100 19900 19400 19600 18800

( . 4), -

. ,

, , -

, -

-

.

 4 

(  % )
2000 2003 2007
75.1 77.9 83.0

8.0 8.1 8.0
12.0 12.1 7.0

3.7 1.5 1.2
0.9 0.6 0.8

-
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: - , - -

-  ( . 5).

 5

 ( . )

,
- -

-
-

-

,2000 21600 2160 1080 1890 270

,2010 23850 4950 13000 2250 450

,

 2007  43 . -

-

.

,

 ( -

- ) - -

, ,

 ( . 6),  2003 ,

-

 ( . . 1).

-

-  (

- , , , -

, .).

, , ,

 [1]. , -

,

, . -

-

 ( ) ,

.
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 6 

Ni / Cd Ni / MH Li-  Li-
. $ . $ . $ . $ 

1985 500 12500       
1986 650 16250       
1987 850 21250       
1988 1100 27500       
1989 1150 28750       
1990 1350 33750       
1991 1600 40000 50 417     
1992 1700 42500 100 833     
1993 2000 50000 300 2500     
1994 2000 50000 800 6667 150 250
1995 2000 50000 1000 8333 400 667
1996 1900 47500 900 7500 1400 2333
1997 1800 45000 950 7917 1800 3000
1998 1850 46250 1000 8333 2200 3667
1999 1650 41250 1180 9833 2500 4167 100 100
2000 1500 37500 1200 10000 2900 4833 200 200
2001 1360 34000 950 7917 2140 3567 220 220
2002 1200 30000 900 7500 2400 4000 300 300
2003 1100 27500 900 7500 3000 5000 350 350
2004 1100 27500 850 7083 3700 6167 500 500
2005 1080 27000 900 7500 4000 6667 600 600
2006 1050 26250 900 7500 4200 7000 700 700
2007 1050 26250 950 7917 4400 7333 820 820
2008 1080 27000 980 8167 4500 7500 950 950

0

10000

20000

30000

40000

50000

60000

1985 1990 1995 2000 2005 2010

,
Li-
Li-
Ni / MH
Ni / Cd

. 1. 

.
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 USSG [10] -

 2007  80 %,  5 

21 %. ,

 20 % -  ( .2),

,

 30 %. 

, -

-

,

, -

-

-

-

-

 [10-19]. 

,  90- -

, -

,

,

 [10].

,

. ,

, ,  2007

27 % ( . 7).

 (%):  – 

59,  – 55,  – 44,  – 39,  -32,  – 16.

, -

, -

, , -

. ,

. , ,  2012 ,

59%

-

26%

-

15%

. 2. -
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 25 %,  2016 -

 45 %. 

 7 

, -
-

-
, -

-

1996 3800 390 1600 1800 
1997 3800 400 1600 1800 
1998 3300 470 1300 1500 
1999 3400 480 1400 1500 
2000 3500 510 1400 1600 
2001 3400 520 1400 1500 
2002 3600 560 1500 1500 
2003 3800 700 1500 1600 
2004 3900 700 1600 1600 
2005 3500 720 1400 1400 
2006 3100 770 1000 1300 
2007 3100 840 960 1300

-

, , -

, ,

-

.

, ,

 (

80 %),  85 % . -

,  13 . ,

,  0.03 %, -

 30 %, -

.

, -

-

, -

. -

 2008 , -

: RBRC – , Battery Association –

, CollectNiCad – .



12

. , . -

, , -

 1 -  [2].

 35 %

.

,

, , -

-

, .

, ,

, -

, -

, ,

,  [19], -

.

, -

.

- -

,

-

, , -

-  [20]. 

, ,  2008 -

: BYDCo., Ltd. ( ), Matsushita

Electric Industrial Co., Ltd. ( ) (  Panasonic Corp.)  Sanyo Electric Co., 

Ltd. ( ), , -

: GP

Batteries Int. Ltd., VARTA, GAZ, KONNOC, METABO, EMM, Advanced Battery 

Factory, Panasonic/Matsushita Electric Industrial, ANSMANN, SAFT, La Crosse,

Duracell, Maxell, Toshiba, Philips, SONY, HW, Rabliks, Sinter, Avalanche, Golden

Power, VIPOW, TDK, , , , .

 ( . 8),
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, -

.

 8 

-
,

- ,
mAh

-
,

1 2 3 4 5 
1/3AAA 60 10.1 15.0 4
1/3AAA 70 10.1 15.0 5
2/3AAA 200 10.5 29.0 6
2/3AAA 250 10.5 29.0 6

AAA 250 10.1 43.1 11
AAA 300 10.1 43.1 12
AAA 350 10.1 43.1 13

1/2AA 300 13.9 24.5 10
1/3AA 150 14.0 16.0 10
1/3AA 160 14.0 16.0 10
1/3AA 180 14.0 16.0 8
2/3AA 300 14.0 28.5 11
2/3AA 350 14.0 28.5 11
2/3AA 400 14.0 28.5 11
2/3AA 450 14.0 28.5 11
4/3AA 1200 14.0 65.0 31
4/5AA 600 14.0 42.0 20
4/5AA 700 14.0 42.0 20
7/5AA 1200 14.0 65.0 20

AA 500 14.0 48.5 18
AA 600 14.0 48.5 20
AA 650 14.0 48.5 20
AA 700 14.0 48.5 21
AA 750 14.0 48.5 21
AA 800 14.0 48.5 23
AA 900 14.0 48.5 24
AA 1000 14.0 48.5 24

1/2A 500 16.5 28.0 19
1/2A 550 16.5 28.0 20
2/3A 600 16.5 28.0 20
2/3A 700 16.5 28.0 20
2/3A 750 16.5 28.0 20
4/3A 1800 16.5 66.5 45
4/5A 1000 16.5 42.5 27
4/5A 1100 16.5 42.5 27
4/5A 1200 16.5 42.5 27

A 1000 16.5 50.0 33



14

. . 8
1 2 3 4 5 
A 1200 16.5 50.0 32
A 1400 16.5 50.0 32
C 1500 25.2 48.5 56
C 1800 25.2 48.5 63
C 2400 25.2 48.5 70
C 2500 25.2 48.5 70
C 2800 25.2 48.5 75
C 3000 25.2 48.5 80

4/5SC 1100 21.9 33.5 40
4/5SC 1200 21.9 33.5 40

SC 1200 22.1 42.5 40
SC 1300 22.1 42.5 42
SC 1400 22.1 42.5 42
SC 1500 22.1 42.5 49
SC 1700 22.1 42.5 49
SC 1800 22.1 42.5 48
SC 1900 22.1 42.5 50
SC 2000 22.1 42.5 50
SC 2200 22.1 42.5 50
SC 2300 22.1 42.5 52
SC 2400 22.1 42.5 52

4/3SC 2200 22.0 49.5 56
4/3SC 2300 22.0 49.5 60
4/3SC 2400 22.0 49.5 62
4/3SC 2800 22.0 49.5 70
1/2D 2200 32.2 36.0 75
1/2D 2300 32.2 36.0 77
1/2D 2400 32.2 36.0 100
1/2D 2500 32.2 36.0 100

D 1400 32.2 58.5 70
D 2500 32.2 59.0 110
D 3000 32.2 59.0 120
D 4000 32.2 59.0 130
D 4500 32.2 59.0 130
D 5000 32.2 59.0 145

4/3D 9000 32.2 88.5 210
F 7000 32.2 90.0 195
F 7500 32.2 90.0 200
F 8000 32.2 90.0 200

, , -

, -

, -

-

. , -
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,

, -

- -

.

,

, . -

-

-

, -

.

-

, .

, -

, - -

: , -

.

-

- ,

-  ( . 3) [21].

,

, , . .

[22, 23], - -

. -

.  – -

 [24].

-

.

. -

.

-

 [25]. 
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,  –  [25, 26]. 

, -

 – 

.

--

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•

•
•

•

•
•

•
•

•
•

•
•

•
•

•

•
•

•

. 3 .

,

,

-  [27], 

,

 – 

-

- .

-

[28], 
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,  [31,

32].  363

.

 [33] -

, -

. -

, .

.

 [34], -

,  873 , -

. -

.

,

- .

 [35] -

, . -

. -

.

, -

-

,

.

-

- -

 1173 . -

, , . -

-

 [36, 37].  

 [38],

. ,  1273

 10-100  1-10
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,

.

 [39] ,

. ,

 12 %  773 . -

 1173 -

.

 [40] - -

, -

, .

. ,

. ,

,

Fe(CH3COO)2OH,  [41,

42]. 

[43] , -

 [44 – 47].  

,

-

,

. , -

-

,

. -

-

.

-

 [26, 48, 49].

,
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 [50], -

 [51 – 55]  [56 – 60]. 

 [51] -

, ,

, -

. , , -

,

.

 [52] - -

=0,5 – 2.

 [54], -

, , ,

- -

. -

,  4,5-5,0; -

 2- - -

. -

.

, , -

 [55] , -

.

 [56 – 58] -

, -

. , -

.

 [59] -

,

. ,

. -

.

,

, .

 [60]. -
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 773  873 -

-

 -423 -

 [61]. -

, ,  – 

,

.

,

,

. ,

, -

,

. -

, .

. , -

, ,

 [62]. , , , -

: , , -

.

-

. , , -

. -

 [63]. -

.

.

, , ,

. -

. [64].

 [65]
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, , , ,

.

, -

, , -

, -

, ,

.

 [66] -

, -

. , ,

1/1000  1/10000 .

=1 – 4 .

 [67] -

. , , , ,

: - -

-

. , -

.

 [68] .

, , ,

, -

. -

, -

- , -

, .

,

.

,

, -

 3,5- -

 [69], -  [70], 

 [71], - -

 [72], -

[73].  
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, ,

- -

, ,

.

, , -

,

,

.
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-

,

 – - -

 [74].

- -

-

.

, , -

- .

-

- , -

,

.

, -

-  GP, 

Panasonik, Filips, , -

, , ,

( . 8, . 3).

-

, , .

,

 0.2-0.25 ,

 ( . 4). -

, -

,

, .



24

. 3. - , -

. 4 - .
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, -

, , ,

, -

.

.

-

 ( , , )

,

- .

, -

- -

-

- .

- ,

, .

- ,

, .

, -

.

- , ,

,

-

.

- , -

, , -

-

,

- .

-

, -

,  [75].
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-

, , -

.

- -

, , ,

1-2 % ( . 5).

0

20

40

60

80

100

120

140

160

180

200

10 15 20 25 30 35 40 45 50 55 60 65 70 75

,

,

Fe

. 5. - .

, -

 (  2-6 ) , -

.

-

.

 0.3-0.7 -

.

 ( . 6)

, -

, , ,

.

, -

 5-15 % , -

- . -

1 % ( . 7). 
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. 6. 

0

20

40

60

80

100

120

140

160

180

200

10 15 20 25 30 35 40 45 50 55 60 65 70 75

,

,

Ni

. 7. .

, , -

,  (  7 %),

 ( ) .

 95 % ± 3 %  5 %±3 %

.

 ( . 8).
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0

20

40

60

80

100

120

140

160

180

200

10 15 20 25 30 35 40 45 50 55 60 65 70 75

,

,

Cd(OH)2

. 8. .

 JSM-800

, -

 K/Cd=0.2 / .

, -

, ,

( . 9).

 9

,

 Fe Ni Cd K O

% . - 3 73 6 18

-

, -

 (  2-5%)

- .

, -

-

. , , , -

, -

 ( . 9). 
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. 9. .

-

, , -

 (96 % )

( ), ,

-

.

,

,

,

( . 10).

-

, -

, -

 ( .10, 11).

 10

,

 Fe Ni Cd K O

% . - 58 4 6 29
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0

20

40

60

80

100

120

140

160

180

200

10 15 20 25 30 35 40 45 50 55 60 65 70 75

,

,

Ni(OH)2

. 10. .

0

20

40

60

80

100

120

140

160

180

200

10 15 20 25 30 35 40 45 50 55 60 65 70 75

,

,

Ni

. 11. .

, ,

, -

, -

.

, -

- -

 3-5  0.2 %. 

, ,

 (  1 %)

( . 11), -

-

,

.
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 11 

-
, % , % , % 

100 - -

 47,222 51,027 1,751

4,215 85,213 10,572 

 - 6,581 93,419

, - -

, -

-

, - -

-

,

.
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,

, -

 – , .

,

,  [76, 77]. , -

, ,

 [78]. -

, -

 [79, 80]. 

,

 [81, 82]. 

,  d- ,

 [83].

 [84], -

,

 [85]. -

.

,

 [88, 89], ,

-

.

-

.

 – ,  CdS (77,6 % Cd) [76, 90]. 

-

,  [91]. 

 (  2-5 %)

, ,

 5 % Cd,  [91, 92].

 –  – , ,
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 [93]. :  – CdO

(87,5 % Cd),  - CdCO3 (65,3 % Cd) – CdSe (47,00 % Cd) [94

– 97]. , , ,

 50  [96, 98]. 

 1·10-6 – 6·10-5 %  [96].

-

n·10-3 % ,  [97,

99]. 

 0,01 – 0,05 %. 

, , . [92].

 – ,

: , -

- , - -

,  [100]. -

-

 [92, 99]. 

 – - , -

-  [101]. -

 0  9,65 / 3;

 8,604,  – 8,690 / 3,

 – 8,37 / 3 [92, 102].  

,

.

α- . -

,  [92, 102]. 

 2,0;

6,93·1011 / 2.  353 -

.

, -

.

-  [103]. -

,  [102]. -

 [104]. 

, -
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 Me3Cd  MeCd13. -

 «  II » [102, 105].

. -

,

.

. -

.

.  [92].

 [103].

.

, , . -

.

, -

,

.

 CdO –

 ( =0,46918 , z=4) - -

. , 2 ,

 – . -

, , .  CdO -

,  Cd(OH)2  CdCO3. ,

, -

, . ,  0,1 / 3.

 CdS  - - -

,  ( =0,41368 ,

=0,67163 , z=2). , -

. , -

, .

 Cd  S,  H2S

Na2S, - . -

.  – 

, -

, , , , -

, . ,  0,1 / 3.



35

 CdCl2 – -

 ( =0,385 , =1,746 , z=3). -

, , .

. .

. -

.

.  – -

, , -

, . -

,  0,2 / 3.

 – Cd(NO3)2 – , .

,  573  CdO, NO2  O2. -

.  12.

 12 

,  273 298 373

,  100  122,7 158,4 681,2 

 – . -

 332  ( ) ,

.

,

.

, , -

, -

.

 – CdSO4 – , -

.

1073 . -

 CdSO4·
8

3H2O,

-

.

 – CdCO3 – . -
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-

 Cd2(OH)2CO3. ,

.

 NaHCO3 , .

. -

 773  CdO  CO2. -

,  [106].

-

 – .

,

,  773 , -

 [107].  – ,

.

, -

 – . -

, ,

. , -

.

,

. : NiH, NiH2, NiH4 [108].

: NiO, NiO2, Ni3O4 [109] -

 Ni(OH)2, Ni(OH)3.
– NiO – - , -

.

. -

. ,  ( -

, , .) . -

,  BaNiO2.

 (II) -

 1273 

.

 – NiO2 – , -

. ,
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. -

 ( ),

 [110].

Ni3O4 – - .

,  – 

.

: Ni(OH)2, Ni(OH)3.

(II) – Ni(OH)2 – , -

 473  NiO  H2O [111].  NH4OH

.  Ni(OH)2

 (II)

.  Ni(OH)2 -

-

- .

 (II)  ( , )

(III) - Ni(OH)3. -

 (III)  NixOy(OH)z [109]. 

: 1) - .

,

Ni3O2(OH)4. 2) - . -

,

. -

-

 [112]. -

.

 Ni(NO3)2 – . -

 Ni(NO2)2,  NiO.

 13.

 13

,  273 298 323 348

,  100  79,2 100 139,2 180,1 

,
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, .

 – NiCl2, NiF2, NiBr2 – -

,  NiO.  – 

, , -

, , .

, , .

, -

 [113]. 

 – NiSO4 – , -

 NiO  SO3. -

 14.

,  –  NiSO4·7H2O

[114]. α-

 323 ,  353  – - .  353 , -

 NiSO4·H2O,  573

.

 14

,  273 303 323 372
,  100  21,4 29,94 33,39 43,42 

, -

. -

,

 [113].

. - -

. , -

. :

 Ni3(PO4)2·8H2O, -  NH4NiPO4·2H2O,

-   (NH4)2Ni(P2O6)2·4H2O.

 – NiCO3 – ,  (  4390 / 3)

 (  4360 / 3). -

.  573 . ,

, , -
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. ,

.

.  NaHCO3  NaCl2 -

 12  CO2  523  ( ),  473

( ), -

 30 2  673 ,

[115].  

 –  [116].

-

 6.

 [Ni(NH3)6]
2+  [Ni(NH3)4(H2O)2]

2+. -

, -

, -

. -

 [117].

-

 – .

300 .  – 

Fe3O4,  Fe2O3,  Fe2O3·H2O,  FeCO3,  FeTiO3.

, , .

, , , , ,

, , , , , ,

. , -

 Fe2N [118].

. ,

.

,

, , -

.  [119]. -

 [120].

, , -

 FeCl3. -

 FeCl2  Cl2.  373 -

 FeCl2 , . -
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, , , .

FeOCl.  [Fe(NH3)6]Cl3 .

 I  II  – Na[FeCl4].

.

FeCl3  Cl2  Fe  773

 Fe2O3  773 ,  FeCl3  FeCl2.

,

, -

.

 – FeCl2 – , -

. , , . .

.

,  343  – -

,  – ,  393 .

FeCl2  FeCl3  FeOCl.

573 .  FeCl2 -

 FeCl3 . FeCl2 -

 FeCl3  [121].  

 FeO , ,

. , , -

.

.  Fe2O3  CO 

 2FeC2O4·3H2O.  (II) -

,

.

 Fe2O3 : α - 

, ,  – δ -

.  (III) , -

.

Fe3O4 –  (II, III). , -

.

 Fe(II)  Fe(III).  1473 ,

.

Fe2O3. , -
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 Fe2O3,  FeO. Fe3O4

, -

.

 Fe(OH)2

 (II),  FeO(OH). , -

, . Fe(OH)2 -

.

Fe(OH)3 – , .  Fe(OH)3

 H2FeO4 – . Fe(OH)3 -

,

.

 FeS – ,

  [122]. , -

 H2S. -

 FeSO4. .

FeS  873 ,  H2S

 Fe2O3 .

H2S.

 FeS2 – , -

.  [122]. 

, . -

 Fe2O3  SO2.

FeCl3 .

, , ,  [123].

 (II) FeSO4 – , , .

, ,

. -

 (II)  FeS2, -

. -

. FeSO4

,

 [124].

 (III) Fe2(SO4)3 – , -
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 [113]. , . .

: -

, , .   Fe2(SO4)3

Fe2(SO4)3·12NH3,  – 

M1Fe(SO4)2·12H2O,  M1
3[Fe(SO4)3]·3H2O.

, ,

 –   Fe2(SO4)3,  873  Fe2O3  SO3.

 (III)  FeS2 c NaCl ,

  Fe2(SO4)3  Fe2O3  80 % .

Fe2(SO4)3 ,

,  Fe2O3,

.

 (II) Fe3(PO4)2 – ,

. Fe3(PO4)2

 FeSO4 -

. Fe3(PO4)2 -

 Fe3(PO4)2·8H2O,

 Fe3(PO4)2·4H2O  453 .

(II)  (III). 

Fe3(PO4)2 .

 (III) FePO4 – , -

, . -

 FePO4·2H2O,  533 .

 ( ) -

 ( ). FePO4  NaH2PO4 -

 (III).

 (II)  (III), -

.  Fe(NO3)2·6H2O – . -

  Fe(NO3)3·9H2O – , -

, . .

Fe(NO3)3·6H2O – , . -

, , , .

 (III) 

 Fe2(SO4)3  Ba(NO3)2 . -
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,

.

, -

- , , .

 [125], -

,

.

-

.

, -

, -

, , -

 ( ),

 ( ),  ( ), -

, -

,

.

, , -

 [76, 78, 63], 

.

, -

,

, ,  [22, 23, 25, 26, 

28, 30, 31]. ,

-

-

, .

,

.

,
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,  323 –

333 ,

.

-

,

. , -

, ,

.

,

, -

,

, .

. ,

-

.

-

,

. , -

,

.

-

,

.

 ( . 15),

, -

 (20 % ., 353 K)

.

, -

, -

,

-

.
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, , , -

.

, -

.

 15

 353 .

 20 % .
, ,

H2SO4 310 1650

H3PO4 200 840

HCl 50 200

HNO3 15 40

, -

,

-

, -

 [22 – 25, 27, 28, 29].

,

-

, , -

-

 ( , , , , ),

 [125].

, , , -

[85, 86, 87]. 

,

, -

.
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 16 

,

-

1 2 

,

,

,  – , -

, -

. -

.

,

,

,  – -

, -

.

.

 ( -

)

,

,

 10,

, -

 – 

. .

-

.

 (

)

,

, -

 10, -

,  – 

.

. -

.
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. . 8

1 2 

 ( -

)

-

-

,  11, -

,

, -

.  – 

, .

.

.

( )

,

.

,

,

.

 16,

, -

, -

, , , -

.
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,

.

, ,

,

-

.

 [127, 128], 

, -

,

.

-

 [129, 130]

ΔG  = ΔG0  + RT⋅νi⋅ln(ai) (1)

 293

373 , .

, . - , -

 ( ), , -

, - -

, -

 [130 – 138], 

 5 – 7

/ ,  100 – 200 /

[127, 133, 139].
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, -

 [132, 134, 140]

( )ii xTRSTHG ln⋅⋅⋅+Δ⋅−Δ=Δ ν  (2) 

dTCHH p ⋅Δ+Δ=Δ 0
298  (3) 

dT
T

C
SS p

⋅
Δ

+Δ=Δ 0
298  (4) 

Δ⋅=Δ 0
,298

0
298 ii HH ν  (5) 

⋅=Δ 0
,298

0
298 ii SS ν  (6) 

⋅=Δ ipip CC ,ν  (7) 

ΔG – , / ;

ΔH – , / ;

ΔS – , /( ⋅ );

T – , ;

R – , / ;

νi – ;

xi – , / ;

ΔCp – , /( ⋅ );

ΔH0
298 – , / ;

ΔS0
298 – , /( ⋅ );

ΔH0
298,i –  i- , / ;

S0
298,i –  i- , /( ⋅ );

ΔCp,i –  i- , /( ⋅ ).

-

 [135, 136, 138, 141] -

.

, , ,

, [134, 142 – 144] -

.

, -
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 [145].

 [146, 147].

, -

 [148, 149].

,

[150]. 

-

,

.

, -

, -

- , -

.

- -

, -

:

 [151]. -

,

, -

.

,

, , -

 –  ( -

),  –  ( -

). -

, .

,
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.

-

 [131, 145] , -

-

. -

,

 ( . 17).

 (17), ,

,

.

 17 

-  1 /

-  0.1 /

ΔΗ ,298 ΔS ,298 ΔG

⋅ ⋅

1 2 3 4 5 6 
1 NO3

-+H2=NO2
-+H2O -180421 -61.4 -166932

2 NO3
-+Fe=NO2

-+FeO -161540 27.7 -175918
3 NO3

-+Cd=NO2
-+CdO -155396 -2.3 -160407

4 NO3
-+Ni=NO2

-+NiO -136296 1.8 -142573
5 NO3

-+2FeO=NO2
-+Fe2O3 -190401 -37.9 -184246

6 2NO3
-+2H+=N2O5+H2O 156751 179.8 101033

7 2NO3
-+Fe2+=N2O5+FeO 241491 226.4 171161

8 2NO3
-+Cd2+=N2O5+CdO 257141 233.4 184631

9 2NO3
-+Ni2+=N2O5+NiO 253061 265.8 170418

 2-

10 NO3
-+H+=HNO3 43429 40.9 0

11 2HNO3+H2=N2O4+2H2O -216539 -0.2 -156088
12 2HNO3+Fe=N2O4+Fe(OH)2 -221293 43.1 -174405
13 2HNO3+Cd=N2O4+Cd(OH)2 -208458 25.1 -155930
14 2HNO3+Ni=N2O4+Ni(OH)2 -177294 39.4 -129249

 2- ,

15 2HNO3=H2O+N2O5 49942 156.0 63311
16 NO2

-+H+=HNO2 -13424 -0.8 0
17 HNO3+HNO2=H2O+2NO2 78725 278.0 13822
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. . 17 
1 2 3 4 5 6 

18 2NO2
-+2H+=N2O3+H2O 22811 153.4 -13223

19 2NO2
-+Fe2+=N2O3+FeO 128530 270.5 55850

20 2NO2
-+Cd2+=N2O3+CdO 123201 207.1 70376

21 2NO2
-+Ni2+=N2O3+NiO 119121 239.4 56162

22 H2+2HNO2=2NO+2H2O -136430 214.0 -221362

 2-

23 Fe+2HNO2=Fe(OH)2+2NO -141075 257.7 -239683
24 Cd+2HNO2=Cd(OH)2+2NO -127703 238.1 -212959
25 Ni+2HNO2=Ni(OH)2+2NO -97180 253.7 -194521

 2- ,

26 2HNO2=H2O+N2O3 49945 156.0 -13216
27 N2O3=NO+NO2 40450 141.9 -6671
28 2NO2

-+2H+=N2O3+H2O 63261 295.3 -19894
29 2NO2

-+Fe2+=N2O3+FeO 168980 412.4 49179
30 2NO2

-+Cd2+=N2O3+CdO 163651 349.0 63704
31 2NO2

-+Ni2+=N2O3+NiO 159571 381.3 49491

 2-

32 2HNO2=NO+NO2+H2O 90392 297.9 -19887
33 N2O5+H2=N2O4+H2O -286765 -98.5 -257726 3 :  - .-
 34 N2O5+Fe=N2O4+FeO -267775 -9.0 -266749
35 N2O5+Cd=N2O4+CdO -261619 -39.2 -251166
36 N2O5+Ni=N2O4+NiO -242391 -35.0 -233237

3 : - .- ,

37 N2O4+H2=N2O3+H2O -210504 -51.2 -192661 3 :  - .-
38 N2O4+Fe=N2O3+FeO -191511 38.3 -201684
39 N2O4+Cd=N2O3+CdO -187420 -6.0 -183751
40 N2O4+Ni=N2O3+NiO -166130 12.3 -168172

3 : - .- ,

41 N2O3+H2=2NO+H2O -186372 58.0 -208146 3 :  - .-
42 N2O3+Fe=2NO+FeO -167379 147.5 -217170
43 N2O3+Cd=2NO+CdO -161226 117.4 -201587
44 N2O3+Ni=2NO+NiO -141999 121.6 -183657

3 : - .- ,

45 2NO+H2=N2O+H2O -382980 -257.6 -298756 3 :  - .-
46 2NO+Fe=N2O+FeO -363991 -168.1 -307781
47 2NO+Cd=N2O+CdO -357834 -198.2 -292197
48 2NO+Ni=N2O+NiO -338606 -194.0 -274267

3 : - .- ,

49 N2O+H2=N2+H2O -366194 -83.4 -340102 3 :  - .-
50 N2O+Fe=N2+FeO -347201 6.1 -349125
51 N2O+Cd=N2+CdO -341044 -24.0 -333541
52 N2O+Ni=N2+NiO -321816 -19.8 -315612

3 : - .- ,

53 2HNO2=N2+H2O+1.5O2 -32756 347.2 -133586

,

. , - ,

, - ,

, , ,

, - -
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, .

, -

, , -

,

–  – .

-

, ,

, -

.

, -

.

,

-

.

,

, -

-  [152, 153]

Fe + NO3
- = FeO + NO2

- (8)

2FeO + NO3
- = Fe2O3 + NO2

- (9) 

Ni + NO3- = NiO + NO2
- (10) 

Cd + NO3- = CdO + NO2
- (11) 

-

-

.

-

,

- - . ,

- ,

-

 H2 + NO3
- = H2O + NO2

- (12) 

-

-
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 NO3
-+H+=HNO3 (13) 

 2HNO3=H2O+N2O5 (14) 

 NO2
-+H+=HNO2 (15) 

 HNO3+HNO2=H2O+2NO2 (16) 

 2HNO2=H2O+N2O3 (17) 

 2HNO2=H2O+N2+1.5O2 (18) 

, -

. -

.

,  (III) -

,  (17) -

 (IV) 

 N2O3=NO+NO2 (19) 

 2HNO2=NO+NO2+H2O (20)

, -

, -

-  ( . 18).

 18

, -

T,  pH lg[HNO2] lg[NO2
-] lg[HNO3] lg[NO3

-]
303 -1.00 -0.22 -3.49 -3.35 1.00

 -0.50 -0.22 -2.99 -4.35 0.50
 0.00 -0.22 -2.49 -5.35 0.00
 1.00 -0.22 -1.49 -7.35 -1.00 
 1.25 -0.22 -1.24 -7.85 -1.25 

363 -1.00 -1.51 -4.39 -2.11 1.00
 -0.50 -1.51 -3.89 -3.11 0.50
 0.00 -1.51 -3.39 -4.11 0.00
 1.00 -1.51 -2.39 -6.11 -1.00 
 1.69 -1.51 -1.70 -7.49 -1.69 

 ( ) -

,
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- , , -

. , -

,

-

- .

- -

,  (  %), 

 ( . 19).

, ,

, - -

.

 19 

,

T,  pH lg[HNO2] lg[NO2
-] lg[HNO3] lg[NO3

-] % .
303 -1.00 -0.21 -3.48 -3.35 1.00 0.0033

-0.50 -0.21 -2.98 -4.35 0.50 0.033
 0.00 -0.21 -2.48 -5.35 0.00 0.33 
 0.50 -0.21 -1.98 -6.36 -0.51 3.3
 0.70 -0.21 -1.78 -6.79 -0.74 8.25
 0.85 -0.21 -1.63 -7.13 -0.93 16.5
 1.00 -0.21 -1.48 -7.52 -1.17 33
 1.15 -0.21 -1.33 -8.12 -1.62 66
 1.24 -0.21 -1.24 -9.83 -3.24 99

363 -1.00 -1.50 -4.39 -2.11 1.00 0.00041
-0.50 -1.50 -3.89 -3.11 0.50 0.0041

 0.00 -1.50 -3.39 -4.11 0.00 0.041
 1.00 -1.50 -2.39 -6.13 -1.02 4.1
 1.20 -1.50 -2.19 -6.56 -1.25 10.25
 1.35 -1.50 -2.04 -6.91 -1.45 20.5
 1.50 -1.50 -1.89 -7.34 -1.73 41
 1.65 -1.50 -1.74 -8.16 -2.39 82
 1.69 -1.50 -1.69 -9.49 -3.69 99

, -

 1 , ,

- ,
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,

 0.01  0.1 %

. , -

, -

( . 12).

, -

-

, -

.

-

- ,

-

-

.

-

, -

- ,

.

 1 /

 343 -

, -

.

, ,

, - , -

,

0

5

10

15

20

25

30

35

40

303 313 323 333 343 353 363 373

,

, %
pNOx>1

pNOx<10-3

. 12.

.
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, ,

, . -

,

 [155]. 

-

,

,  ( , )

 [155].

- , -

, -

, .

-

, -

, -

, .

,

 Fe+H2O=FeO+H2 (21) 

 FeO+H2O=Fe(OH)2 (22) 

 FeO+OH-=HFeO- (23) 

 FeO+H+=FeOH+ (24) 

 Fe(OH)2+OH-=HFeO-+H2O (25)

 Fe(OH)2+H+=FeOH++H2O (26)

 FeOH++H+=Fe2++H2O (27)

 HFeO-+OH-= FeO2-+H2O (28)

 Fe+NO3
-=FeO+NO2

- (29) 

:

 2FeO+H2O=Fe2O3+H2 (30) 

2FeO+NO3
- = Fe2O3+NO2

- (31) 

Fe2O3+H2O= 2FeOOH (32)

 FeOOH +H2O=Fe(OH)3 (33) 
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:

 Fe(OH)3+H+=Fe(OH)2
++H2O (34)

 Fe(OH)2
++ H+= FeOH2++H2O (35)

 FeOH2++ H+= Fe3++H2O (36)

 Fe(OH)2+
+ Fe(OH)2+

= Fe2(OH)2
4+ (37) 

, -

 Fe3O4:

 Fe2O3+FeOH+ =Fe3O4+H+ (38) 

 Fe2O3+HFeO2
- =Fe3O4+OH- (39) 

 Fe2(OH)2
4++Fe(OH)2=Fe3O4+4H+ (40) 

 Fe2(OH)2
4++HFeO2

-=Fe3O4+3H+ (41) 

 Fe2(OH)2
4++FeO2

2-=Fe3O4+2H+ (42) 

, -

, -

 Fe2+, -

 4.5  FeOH+  10 %,  pH=6

( . 20, 21).

.

, -

, , -

 1.5-2

.

 20 

 303
pH Fe2+ FeOH+ HFeO2

- FeO2
2- Fe3+ FeOH2+ Fe2(OH)2

4+ Fe(OH)2
+

0 1.0 2.5⋅10-7 2.5⋅10-49 2.0⋅10-63 1.0 1.0⋅10-2 2.0⋅10-1 7.9⋅10-23

1 1.0 2.5⋅10-6 2.5⋅10-46 2.0⋅10-59 4.5⋅10-2 4.5⋅10-3 8.9⋅10-2 3.5⋅10-22

2 1.0 2.5⋅10-5 2.5⋅10-43 2.0⋅10-55 4.5⋅10-5 4.5⋅10-5 8.9⋅10-4 3.5⋅10-23

3 1.0 2.5⋅10-4 2.5⋅10-40 2.0⋅10-51 4.5⋅10-8 4.5⋅10-7 8.9⋅10-6 3.5⋅10-24

4 1.0 2.5⋅10-3 2.5⋅10-37 2.0⋅10-47 4.5⋅10-11 4.5⋅10-9 8.9⋅10-8 3.5⋅10-25

5 1.0 2.5⋅10-1 2.5⋅10-31 2.0⋅10-39 4.5⋅10-17 4.5⋅10-13 8.9⋅10-12 3.5⋅10-27

6 1.1⋅10-2 2.8⋅10-2 2.8⋅10-30 2.2⋅10-37 4.5⋅10-20 4.5⋅10-15 8.9⋅10-14 3.5⋅10-28
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-

, -

-

.

 21 

 363
pH Fe2+ FeOH+ HFeO2

- FeO2
2- Fe3+ FeOH2+ Fe2(OH)2

4+ Fe(OH)2
+

0 1.0 6.0⋅10-6 1.5⋅10-41 2.7⋅10-53 5.0⋅10-1 6.9⋅10-2 1.3⋅10-1 3.5⋅10-18

1 1.0 6.0⋅10-5 1.5⋅10-38 2.7⋅10-49 5.6⋅10-4 7.8⋅10-4 1.5⋅10-3 3.9⋅10-19

2 1.0 6.0⋅10-4 1.5⋅10-35 2.7⋅10-45 5.6⋅10-7 7.8⋅10-6 1.5⋅10-5 3.9⋅10-20

3 1.0 6.0⋅10-3 1.5⋅10-32 2.7⋅10-41 5.6⋅10-10 7.8⋅10-8 1.5⋅10-7 3.9⋅10-21

4 1.0 6.0⋅10-2 1.5⋅10-29 2.7⋅10-37 5.6⋅10-13 7.8⋅10-10 1.5⋅10-9 3.9⋅10-22

5 1.2⋅10-1 7.2⋅10-2 1.8⋅10-27 3.3⋅10-34 5.6⋅10-16 7.8⋅10-12 1.5⋅10-11 3.9⋅10-23

6 1.2⋅10-3 7.2⋅10-3 1.8⋅10-26 3.3⋅10-32 5.6⋅10-19 7.8⋅10-14 1.5⋅10-13 3.9⋅10-24

 [152] ( . 22,

23) , -

 1 /

=5.2 (  303 ) =4 (  363

).

(II), -

.

=6 (T=303 ) =4.5 (T=363 ) -

, -

, .

-

- .

, -

 (II) 

 (III). , -

. -

-

,

. -

,

,
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 Fe2O3.

 22 

-

 363  Fe2+=1 /
pH 0 0.6 3.85 5.2 6.03

lg[Fe3+] 0 0 -9.9 -13.95 -19.35

ΔΗ ,298 ΔS ,298 ΔG ,T

⋅

Fe+H2O=FeO+ H2 18990 89.5 -8129 -8129 -8129 -8129 -8129

FeO+ H2O=Fe(OH)2 -23637 -45.8 -9756 -9756 -9756 -9756 -9756

FeO+H+=FeOH+ -56974 -83.1 -70076 -63115 -25412 -9750 0

FeO+OH-=HFeO2
- 120140 -39.2 -70076 -63115 -25412 -9750 0

Fe(OH)2+H+=FeOH++H2O -33472 -37.6 -60377 -53417 -15713 0 9577

Fe(OH)2+OH-=HFeO2
-+H2O 143726 6.6 -60377 -53417 -15713 0 9577

FeOH++H+=Fe2++H2O -48783 -34.1 0 0 0 0 0

HFeO2
-+OH-=FeO22-+H2O 35032 109.0 0 0 0 0 0

FeOH++OH-=HFeO2
-+H+ 177199 44 0 0 0 0 0

2FeO+H2O=Fe2O3+H2 -10022 24 -34564 -34564 -34564 -34564 -34564

Fe2O3+H2O=Fe2O3 H2O -6845 -41 5439 5439 5439 5439 5439

Fe2O3⋅H2O+2H2O=2Fe(OH)3 19280 -67 39492 39492 39492 39492 39492

FeOH2++H+=Fe3++H2O -40286 -94 0 0 0 0 0

Fe(OH)2
++H+=FeOH2++H2O -133043 -54 0 0 0 0 0

2Fe(OH)2
+=Fe2(OH)2

4+ -35736 -93 0 0 0 0 0

Fe(OH)3+H+=Fe(OH)2
++H2O 106759 -39 -9541 900 0 0 0

Fe2O3+FeOH+=Fe3O4+H+ 31210 82 44768 37808 0 -15557 -25186

Fe2O3+HFeO2
-=Fe3O4+OH- -146214 37 44768 37808 0 -15557 -25186

Fe2(OH)2
4++Fe(OH)2=Fe3O4+4H+ 73547 431 -52890 -70291 -107125 -122786 -132357

Fe2(OH)2
4++HFeO2

-=Fe3O4+3H+ -117237 533 7205 -17157 -91694 -123017 -142217

Fe2(OH)2
4++FeO2

2-=Fe3O4+2H+ -199337 533 7205 -17157 -91694 -123017 -142217

NO3
-+Fe=NO2

-+FeO -161540 28 -285935 -285935 -285935 -285935 -285935

NO3
-+2FeO=NO2

-+Fe2O3 -190401 -38 -294919 -294919 -294919 -294919 -294919

, -

. -
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 (III), -

.

 23 

-

 363  Fe2+=1 /
pH -0.5 0.0 2.73 4.04 4.54

 lg[Fe3+] 0 -3.3 -8.44 -12.38 -13.87

ΔΗ ,298 ΔS ,298 ΔG ,T

⋅

Fe+H2O=FeO+ H2 18990 89.5 -13499 -13499 -13499 -13499 -13499

FeO+ H2O=Fe(OH)2 -23637 -45.8 -7007 -7007 -7007 -7007 -7007

FeO+H+=FeOH+ -56974 -83.1 -70030 -63081 -25138 -6932 0

FeO+OH-=HFeO2
- 120140 -39.2 -70030 -63081 -25138 -6932 0

Fe(OH)2+H+=FeOH++H2O -33472 -37.6 -63064 -56115 -18173 0 6983

Fe(OH)2+OH-=HFeO2
-+H2O 143726 6.6 -63064 -56115 -18173 0 6983

FeOH++H+=Fe2++H2O -48783 -34.1 -141 0 0 0 0

HFeO2
-+OH-=FeO22-+H2O 35032 109.0 56 0 0 0 0

FeOH++OH-=HFeO2
-+H+ 177199 44 -59 0 0 0 0

2FeO+H2O=Fe2O3+H2 -10022 24 -39424 -39424 -39424 -39424 -39424

Fe2O3+H2O=Fe2O3⋅H2O -6845 -41 7871 7871 7871 7871 7871

Fe2O3⋅H2O+2H2O=2Fe(OH)3 19280 -67 43494 43494 43494 43494 43494

FeOH2++H+=Fe3++H2O -40286 -94 0 0 0 0 0

Fe(OH)2
++H+=FeOH2++H2O -133043 -54 0 0 0 0 0

2Fe(OH)2
+=Fe2(OH)2

4+ -35736 -93 0 0 0 0 0

Fe(OH)3+H+=Fe(OH)2
++H2O 106759 -39 -8680 -341 0 0 0

Fe2O3+FeOH+=Fe3O4+H+ 31210 82 44813 37863 0 -18286 -25235

Fe2O3+HFeO2
-=Fe3O4+OH- -146214 37 44813 37863 0 -18286 -25235

Fe2(OH)2
4++Fe(OH)2=Fe3O4+4H+ 73547 431 -61388 -76676 -114966 -133173 -140122

Fe2(OH)2
4++HFeO2

-=Fe3O4+3H+ -117237 533 1286 -20951 -97183 -133597 -147495

Fe2(OH)2
4++FeO2

2-=Fe3O4+2H+ -199337 533 1286 -20951 -97183 -133597 -147495

NO3
-+Fe=NO2

-+FeO -161540 28 -192432 -192432 -192432 -192432 -192432

NO3
-+2FeO=NO2

-+Fe2O3 -190401 -38 -176632 -176632 -176632 -176632 -176632

, , ,

-

:



62

 Cd+H2O=CdO+H2 (43) 

 CdO+H2O=Cd(OH)2 (44) 

 CdO+OH-=HCdO- (45) 

 CdO+H+=CdOH+ (46) 

 Cd(OH)2+OH-=HCdO-+H2O (47)

 Cd(OH)2+H+=CdOH++H2O (48)

 CdOH++H+=Cd2++H2O (49)

 HCdO-+OH-= CdO2-+H2O (50)

 ( . 24).

,

 1 /  ( ).

 24 

pH T=303 K =363

 Cd2+ CdOH+ HCdO2
- CdO2

2- Cd2+ CdOH+ HCdO2
- HCdO2

2-

0 1.0 5.0⋅10-15 6.3⋅10-45 4.0⋅10-56 1.0 7.9⋅10-18 6.3⋅10-53 2.0⋅10-66

1 1.0 5.0⋅10-14 6.3⋅10-42 4.0⋅10-52 1.0 7.9⋅10-17 6.3⋅10-50 2.0⋅10-62

2 1.0 5.0⋅10-13 6.3⋅10-39 4.0⋅10-48 1.0 7.9⋅10-16 6.3⋅10-47 2.0⋅10-58

3 1.0 5.0⋅10-12 6.3⋅10-36 4.0⋅10-44 1.0 7.9⋅10-15 6.3⋅10-44 2.0⋅10-54

4 1.0 5.0⋅10-11 6.3⋅10-33 4.0⋅10-40 1.0 7.9⋅10-14 6.3⋅10-41 2.0⋅10-50

5 1.0 5.0⋅10-10 6.3⋅10-30 4.0⋅10-36 1.0 7.9⋅10-13 6.3⋅10-38 2.0⋅10-46

6 4.0⋅10-1 2.0⋅10-9 2.5⋅10-27 4.0⋅10-33 1.0 7.9⋅10-12 6.3⋅10-35 2.0⋅10-42

7 2.5⋅10-3 1.3⋅10-10 1.6⋅10-26 1.6⋅10-32 1.0 7.9⋅10-11 6.3⋅10-32 2.0⋅10-38

 6, -

.

 – .

 5.8-7.3 (  363  303 , )

,

 ( .25),

, -

.
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,

.

, -  ( )

 Ni+H2O=NiO+H2 (51) 

 NiO+H2O=Ni(OH)2 (52) 

 NiO+H+=NiOH+ (53) 

 NiOH++H+=Ni2++H2O (54)

 NiO+OH-=HNiO- (55) 

- ,

 Ni(OH)2+H+=NiOH++H2O (56)

 Ni(OH)2+OH-=HNiO-+H2O (57)

-

, -

.

 25 

-

ΔΗ ,298 ΔS ,298 ΔG ,T, /

=363K T=303K 

⋅ pH=0 pH=5.8 pH=0 pH=7.3 

Cd+H2O=CdO+H2 25149 59.4 3590 3590 7153 7153
CdO+H2O=Cd(OH)2 -16971 -33.9 -4671 -4671 -6704 -6704

CdO+H+=CdOH+ -3723 -61.5 -80786 0 -84372 0
CdO+OH-=HcdO2

- 128245 -33.4 -80786 0 -84372 0
Cd(OH)2+H+=CdOH++H2O 13257 -27.6 -76928 4671 -77576 6704

Cd(OH)2+OH-=HCdO2
-+H2O 145225 0.5 -75928 4671 -77576 6704

CdOH++H+=Cd2++H2O -96639 7.9 0 0 0 0
HcdO2

-+OH-=CdO2
2-+H2O 31614 109.0 0 0 0 0

NO3
-+Cd=NO2

-+CdO -155396 -2.3 -293560 -293560 -270723 -270723

,

-

 ( . 26).
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 26 

pH T=303 K =363

 Ni2+ NiOH+ HNiO2
- Ni2+ NiOH+ HNiO2

-

0 1.00 3.4⋅10-10 8.3⋅10-31 1.0 9.8⋅10-9 3.9⋅10-25

1 1.00 3.4⋅10-9 8.3⋅10-28 1.0 9.8⋅10-8 3.9⋅10-22

2 1.00 3.4⋅10-8 8.3⋅10-25 1.0 9.8⋅10-7 3.9⋅10-19

3 1.00 3.4⋅10-7 8.3⋅10-22 1.0 9.8⋅10-6 3.9⋅10-16

4 1.00 3.4⋅10-6 8.3⋅10-19 1.0 9.8⋅10-5 3.9⋅10-13

5 1.00 3.4⋅10-5 8.3⋅10-16 2.34⋅10-1 2.3⋅10-4 9.1⋅10-11

6 1.00 3.4⋅10-4 8.3⋅10-13 2.29⋅10-3 2.2⋅10-5 8.9⋅10-10

7 1.3⋅10-2 4.3⋅10-5 1.1⋅10-11 2.29⋅10-5 2.2⋅10-6 8.9⋅10-9

, -

 NiOH+  Ni2+,

,

,

 Ni+2H+=Ni2++H2 (58) 

- -

,

 Ni+NO3
-=NiO+NO2

- (59) 

,

 ( . 27). -

.

,

,  5 (

 363 ). ,

.

, -

, -

, ,

,
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.

-

,

, .

-

, -

, -

-

.

 27 

-

ΔΗ ,298 ΔS ,298 ΔG ,T, /

=363K T=303K 

⋅ pH=0 pH=4.94 pH=0 pH=6.24 

1 2 3 4 5 6 7 
Ni+H2O=NiO+H2 44097 63.1 21207 21207 24990 24990

NiO+H2O=Ni(OH)2 -5118 -23.8 -43877 24781 -45255 27136
 NiO+H+=NiOH+ -44961 -97.9 3525 3525 2097 2097

NiO+OH-=HNiO2
- 53467 96.7 -65092 3565 -70257 2134

Ni(OH)2+H+=NiOH++H2O -39852 -74.1 -65092 3565 -70257 2134
Ni(OH)2+OH-=HNiO2

-+H2O 58613 120.6 -68627 0 -72363 0
NiOH++H+=Ni2++H2O -51415 11.7 -68627 0 -72363 0
NO3

-+Ni=NO2
-+NiO -136296 1.8 -275928 -275928 -252849 -252849

, -

, , , -

,

, -

, , -

 – , . -

-

, ,

, .

, -

-
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, -

 – .

-

, -

.

,

-

, -

, .

- - . ,

, - , -

- , -

-

 1-3 .

, -

- . - -

- -

.  – 

- - -

.

-

-

- - ,

,

- - -

.

, -

, -

, ,

 1  9.

, -

,
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.

,

, ,

. -

-

, .

 28 

ΔΗ ,298 ΔS ,298 ΔG ,T, /

=303K T=363K

⋅ pH=0 pH=1.94 pH=0 pH=1.88

FeO+ H2O=Fe(OH)2 -23637 -45.8 -9756 -9756 -7007 -7007
FeO+H+=FeOH+ -56974 -83.1 -58475 -47570 -49182 -36952
FeO+OH-=HFeO2

- 120140 -39.2 -58475 -47349 -49182 -37027
Fe(OH)2+H+=FeOH++H2O -33472 -37.6 -48776 -37871 -42217 -29986
Fe(OH)2+OH-=HFeO2

-+H2O 143726 6.6 -48776 -37622 -42217 -30045
FeOH++H+=Fe2++H2O -48783 -34.1 0 0 0 0
HFeO2

-+OH-=FeO22-+H2O 35032 109.0 0 0 0 0
FeOH++OH-=HFeO2

-+H+ 177199 44.1 0 0 0 0
FeOH2++H+=Fe3++H2O -40286 -94.3 0 0 0 0
 Fe(OH)2

++H+=FeOH2++H2O -133043 -54.4 0 0 0 0
2Fe(OH)2

+=Fe2(OH)2
4+ -35736 -93.0 0 0 0 0

Fe(OH)3+H+=Fe(OH)2
++H2O 106759 -39.2 7860 -84832 22591 -102910

Fe2O3+FeOH+=Fe3O4+H+ 31210 81.6 33167 22262 23965 11735
Fe2O3+HFeO2

-=Fe3O4+OH- -146214 36.7 33167 22262 23965 11735
Fe2(OH)2

4++Fe(OH)2=Fe3O4+4H+ 73547 430.7 -81893 0 -113506 0
Fe2(OH)2

4++HfeO2
-=Fe3O4+3H+ -117237 533.1 -33364 37519 -71217 29824

Fe2(OH)2
4++FeO2

2-=Fe3O4+2H+ -199337 533.1 -33364 37519 -71217 29824
FeO+HCO3

- =FeCO3+OH- -36500 -76.7 -47678 -47678 -37062 -37062
Fe(OH)2+HCO3

- =FeCO3+OH-+H2O -12862 -30.9 -37923 -37923 -30055 -30055
Fe2++HCO3

-=FeCO3+H+ 22256 149.6 10973 0 12262 0
FeOH++HCO3

-=FeCO3+H2O -26528 115.6 10973 0 12262 0
HFeO2

-+HCO3
-=FeCO3+2OH- -156589 -37.5 10973 0 12262 0

Fe(OH)2+CO3
2- =FeCO3+2OH- 34943 59.5 -37923 -37923 -30055 -30055

Fe2++CO3
2-=FeCO3 23059 349.2 10973 0 12262 0

FeOH++CO3
2-=FeCO3+OH- 21277 205.9 10973 0 12262 0

HCO3
-+H+=CO2+H2O 17822 209.5 0 0 0 0

H++CO3
2-=HCO3

- 804 199.5 0 0 0 0
H++OH-=H2O -47001 109.2 0 0 0 0

, - - ,
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=4.5,

=2.5. -

-

(II). -

, .

, ,

,

- - .

 FeO+HCO3
- =FeCO3+OH- (60)

,

=1.88÷1.94, -

 ( . 28).

, , -

-

=4

 ( . 29).

 29 

- -
pH Fe2+ FeOH+ HFeO2

- FeO2
2- Fe3+ FeOH2+ Fe2(OH)2

4+ Fe(OH)2
+

1 1.0 2.5⋅10-6 2.5⋅10-46 1.9⋅10-59 7.6⋅10-15 7.6⋅10-16 1.5⋅10-14 6.0⋅10-35

2 7.8⋅10-1 1.9⋅10-5 1.9⋅10-43 1.5⋅10-55 7.1⋅10-20 7.1⋅10-20 1.4⋅10-18 5.6⋅10-38

3 7.9⋅10-3 2.0⋅10-6 2.0⋅10-42 1.5⋅10-53 7.6⋅10-25 7.6⋅10-24 1.5⋅10-22 6.0⋅10-41

4 7.8⋅10-5 1.9⋅10-7 1.9⋅10-41 1.5⋅10-51 7.6⋅10-30 7.6⋅10-28 1.5⋅10-26 6.0⋅10-44

5 7.8⋅10-7 1.9⋅10-8 1.9⋅10-40 1.5⋅10-49 7.6⋅10-35 7.6⋅10-32 1.5⋅10-30 6.0⋅10-47

6 7.8⋅10-9 1.9⋅10-9 1.9⋅10-39 1.5⋅10-47 7.6⋅10-40 7.6⋅10-36 1.5⋅10-34 6.0⋅10-50

7 7.8⋅10-11 1.9⋅10-10 1.9⋅10-38 1.5⋅10-45 7.6⋅10-45 7.6⋅10-40 1.5⋅10-38 6.0⋅10-53

8 7.8⋅10-15 1.9⋅10-12 1.9⋅10-36 1.5⋅10-41 7.6⋅10-55 7.6⋅10-48 1.5⋅10-46 6.0⋅10-59

,  Fe2+

 Fe2++HCO3
- =FeCO3+H+ (61)

- -
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 HCO3
- + H+ = CO2+H2O (62)

, , -

- . , -

,

, .

, ,

 10-2 /

, =1.9

=5.

, , -

,

, - -

- , -

, -

.

,

-

.

,

=5.8÷7.3.

.

- - .

,

 ( =3.32÷3.35) ( . 30)  

,

 ( . 31).

, ,

,

.

-

, -

,
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,

 ( . 32).

 30

-

ΔΗ ,298 ΔS ,298 ΔG ,T, /

=303K T=363K

⋅ pH=-1 pH=3.35 pH=0 pH=3.32

CdO+H2O=Cd(OH)2 -16971 -33.9 -6704 -6704 -4671 -4671
CdO+H+=CdOH+ -3723 -61.5 -72689 -45461 -66749 -34574
CdO+OH-=HCdO2

- 128245 -33.4 -72689 -45461 -66749 -34574
Cd(OH)2+H+=CdOH++H2O 13257 -27.6 -65975 -38747 -62068 -29893
Cd(OH)2+OH-=HCdO2

-+H2O 145225 0.5 -65975 -38747 -62068 -29893
CdOH++H+=Cd2++H2O -96639 7.9 0 0 0 0
HCdO2

-+OH-=CdO2
2-+H2O 31614 109.0 0 0 0 0

CdOH++OH-=HCdO2
-+H+ 131968 28.0 0 0 0 0

CdO+HCO3
- =CdCO3+OH- -33390 -74.3 -45310 -45310 -34841 -34841

Cd(OH)2+HCO3
- =CdCO3+OH-+H2O 54512 197.6 -39796 -39796 -34841 -34841

Cd2++HCO3
-=CdCO3+H+ 19971 88.5 27225 0 31909 0

CdOH++HCO3
-=CdCO3+H2O -76669 96.4 27225 0 31909 0

HcdO2
-+HCO3-=CdCO3+2OH- -161635 -40.8 27225 0 31909 0

Cd(OH)2+CO3
2- =CdCO3+2OH- 102317 288.0 -39797 -39797 -45640 -45640

Cd2++CO3
2-=CdCO3 20774 288.0 27224 0 32187 0

CdOH++CO3
2-=CdCO3+OH- -28863 186.7 27224 0 32187 0

 31 

-
pH T=303 K =363

 Cd2+ CdOH+ HCdO2
- CdO2

2- Cd2+ CdOH+ HCdO2
- HCdO2

2-

1 1.0 7.9⋅10-17 6.2⋅10-50 1.5⋅10-62 1.0 5.2⋅10-14 5.4⋅10-42 2.7⋅10-52

2 1.0 7.9⋅10-16 6.2⋅10-47 1.5⋅10-58 1.0 5.2⋅10-13 5.4⋅10-39 2.7⋅10-48

3 1.0 7.9⋅10-15 6.2⋅10-44 1.5⋅10-54 1.0 5.2⋅10-12 5.4⋅10-36 2.7⋅10-44

4 5.0⋅10-2 3.9⋅10-15 3.1⋅10-42 7.6⋅10-52 4.3⋅10-2 2.2⋅10-12 2.3⋅10-34 1.1⋅10-41

5 5.0⋅10-4 3.9⋅10-16 3.1⋅10-41 7.6⋅10-50 4.3⋅10-4 2.2⋅10-13 2.3⋅10-33 1.1⋅10-39

6 5.0⋅10-6 3.9⋅10-17 3.1⋅10-40 7.6⋅10-48 4.3⋅10-6 2.2⋅10-14 2.3⋅10-32 1.1⋅10-37

7 5.0⋅10-8 3.9⋅10-18 3.1⋅10-39 7.6⋅10-46 4.3⋅10-8 2.2⋅10-15 2.3⋅10-31 1.1⋅10-35

9 5.0⋅10-10 3.9⋅10-20 3.1⋅10-35 7.6⋅10-40 4.3⋅10-12 2.2⋅10-17 2.3⋅10-29 1.1⋅10-31
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 32 

-

ΔΗ ,298 ΔS ,298 ΔG ,T, /

=303K T=363K

⋅ pH=0 pH=6.06 pH=0 pH=4.68

NiO+H2O=Ni(OH)2 -5118 -23.8 2097 2097 3525 3525
NiO+H+=NiOH+ -44961 -97.9 -58656 0 -51194 0
NiO+OH-=HniO2

- 53467 96.7 -58664 0 -51194 0
Ni(OH)2+H+=NiOH++H2O -39852 -74.1 -60762 -2061 -54729 -3583
Ni(OH)2+OH-=HNiO2

-+H2O 58613 120.6 -60761 -2060 -54729 -3583
 NiOH++H+=Ni2++H2O -51415 11.7 0 0 0 0
NiOH++OH-=HNiO2

-+H+ 98465 194.6 0 0 0 0
NiO+HCO3

- =NiCO3+OH- 19402 -62.5 3918 3918 13681 13681
Ni(OH)2+HCO3

- =NiCO3+OH-+H2O 24521 -38.7 1821 1821 10156 10156
Ni2++HCO3

-=NiCO3+H+ 68777 132.9 62571 3869 64865 13719
NiOH++HCO3

-=NiCO3+H2O 17362 144.6 62571 3869 64865 13719
HNiO2

-+HCO3
-=NiCO3+2OH- 86139 277.5 62571 3869 64865 13719

Ni(OH)2+CO3
2- =NiCO3+2OH- 72326 51.7 1821 1821 10156 10156

Ni2++CO3
2-=NiCO3 69581 332.4 62571 3869 64865 13719

NiOH++CO3
2-=NiCO3+OH- 65167 234.9 62571 3869 64865 13719

NiOH++OH-=HNiO2
-+H+ -5118 -23.8 2097 2097 3525 3525

, -

, ,

. -

-

- - , -

, , 2 - -

.

, -

, .

,

- .

,

, -

, -
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, , -

),  (  8-10%)

.

, -

,

, . -

, -

.

,

, -

 ( .13). ,

, -

. -

± 274 ,

, -

.

,

, -

 - ,

,

.

, -

, -

,

,

. ,

, , , -

, , -
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. ,

,

. , , -

- , -

.

, -

- ,

 [156 – 158], -

- . -

, -

. .

 [159 –

162], ,

 1 / .

, -

 0  14  [163, 164]. 

,  [135, 136, 165, 166]. 

, , -

, -

 [167 – 169], 

 0.5

 -1 [80, 137, 170].

,

,

 [171, 172].

-

, ,

, -

 « -

- , -

» - .

 150,
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 PH2600 -

.

. 14,

-

.

-2

-1

0

1

2

3

-3 -2 -1 0 1 2

lg(C )

.
pH-2603 ( -10601)
pH-2603
pH-2603 ( -10301)
SG78

-74

. 14. 

.

 [173 – 175] -

 0.1 / ,  0.4 .

. , -

,

.

, ,

 [126]

,

. -

 0.15 . -

 10 / , , -

 0.05 .
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-

.

,

. ,

, , ,

.

-

-

-

 [29]. 

, -

 ( ),  ( -

) -

.

-

, -

, -

,

.

-

, , - ,

-

.

 5 ,  60 ,

-

.

, -

, -

.

 298 – 303 , -

, -

-
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.

, -

 20, 10, 7.1   3.6 %. -

-

,

, -

.

, , -

, , , -

, ,

 ( . 33 – 36) [126]. 

 33 

% . / % . /  % . / % . /
0

20 3.175 10 1.587 7.125 1.131 3.56 0.565

m0
13.379 0.239 8.964 0.160 7.103 0.127 8.846 0.158 

m
8.546 0.153 4.016 0.072 2.317 0.041 1.365 0.024 

,  pH  pH  pH  pH 

0 -0.55 300 -0.19 248 0.00 89 0.27 -85

5 -0.59 297 -0.14 -104 0.00 -70 0.25 -195

10 -1.29 220 -0.66 212 -0.02 -779 0.29 -150

15 -1.02 213 -0.82 214 -0.06 -18 0.23 -92

20 -0.80 220 -0.52 170 -0.21 104 0.14 -52

25 -0.69 222 -0.40 158 -0.18 155 0.16 6

30 -0.52 216 -0.23 155 -0.07 123 0.15 37

35 -0.38 211 -0.12 144 0.00 116 0.25 48

40 -0.35 203 -0.01 120 0.07 106 0.30 48

45 -0.30 192 0.04 101 0.10 95 0.31 55

50 -0.22 178 0.09 87 0.15 95 0.37 60

55 -0.16 177 0.14 76 0.20 76 0.37 62

60 -0.10 163 0.18 62 0.20 78 0.35 64
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 34 

% . / % . /  % . /
%

.
/

0

20 3.175 10 1.587 7.125 1.131 3.56 0.565

m0
10.46 0.075 5.71 0.041 3.01 0.021 2.37 0.017

m
9.70 0.164 5.63 0.040 2.12 0.015 0.26 0.002

,  pH  pH  pH  pH 

0 -0.55 300 -0.19 270 -0.10 250 0.24 222

5 -0.39 320 -0.29 277 0.01 255 0.19 216 

10 -1.16 251 -0.52 230 -0.23 174 0.13 132

15 -0.93 183 -0.71 150 -0.31 118 0.11 100

20 -0.63 170 -0.59 153 -0.24 124 0.12 105

25 -0.64 175 -0.52 158 -0.22 128 0.14 115

30 -0.45 192 -0.39 167 -0.15 140 0.19 116

35 -0.37 195 -0.27 178 -0.06 144 0.16 116

40 -0.33 205 -0.20 178 -0.05 148 0.15 122

45 -0.20 209 -0.10 179 0.06 143 0.22 123 

50 -0.20 208 0.00 179 0.10 146 0.20 123 

55 -0.09 205 0.07 173 0.09 144 0.19 123 

60 -0.01 201 0.11 173 0.17 143 0.19 124 

. -

-

. -

- , -

:

,  – 

-  -1000

 ( . 15).
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 35 

% . / % . /  % . / % . /
0

20.0 3.18 10.00 1.59 7.13 1.13 3.56 0.57 

m0 15.90 0.11 12.38 0.09 8.16 0.06 4.19 0.03 

m
15.31 0.11 11.32 0.08 6.27 0.04 3.89 0.03 

,  pH  pH  pH  pH 

0 -0.55 300 -0.19 248 -0.05 40 0.21 80
5 -0.64 288 -0.39 253 -0.07 260 0.17 215

10 -0.90 282 -0.59 268 -0.15 260 0.17 235
15 -0.87 295 -0.65 251 -0.26 258 0.14 267
20 -0.77 276 -0.46 244 -0.18 229 0.13 237
25 -0.62 270 -0.37 237 -0.16 198 0.13 230
30 -0.49 267 -0.26 220 -0.09 198 0.18 208
35 -0.39 275 -0.17 216 -0.03 183 0.19 192
40 -0.29 275 -0.15 202 -0.01 164 0.19 173
45 -0.22 272 -0.10 174 0.00 140 0.18 171
50 -0.15 274 0.00 170 0.01 125 0.19 162
55 -0.10 270 0.06 169 0.04 125 0.21 158
60 -0.07 267 0.04 147 0.08 115 0.19 137

,

.

-

-

.

- ,

: -

,  – -

-  -1000  ( . 15).

 (

) -

, ,

. 16.
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.

 36 

% . / % . /  % . / % . /0

20.00 3.18 10.00 1.59 7.13 1.13 3.56 0.57 
m0

10.56 0.17 5.52 0.09 4.98 0.08 5.53 0.09 
m

8.99 0.14 3.61 0.06 3.36 0.05 2.63 0.04 
,  pH  pH  pH  pH 

0 -0.50 307 -0.11 244 0.02 40 0.27 -85
5 -0.48 353 -0.10 268 0.01 71 0.29 169

10 -0.53 582 -0.10 489 -0.03 425 0.30 549
15 -0.52 620 -0.13 540 -0.07 460 0.21 591
20 -0.46 656 -0.13 580 -0.06 486 0.18 633
25 -0.43 690 -0.09 594 -0.04 513 0.21 655
30 -0.40 691 -0.10 613 -0.06 531 0.18 666
35 -0.34 695 -0.09 625 -0.04 549 0.19 672
40 -0.33 710 -0.07 629 -0.02 559 0.22 690
45 -0.28 714 -0.04 644 -0.05 568 0.19 693
50 -0.23 720 -0.05 648 -0.01 581 0.23 695
55 -0.22 720 -0.02 664 -0.02 590 0.21 704
60 -0.16 720 0.02 664 0.00 590 0.20 705

, -

.
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-

 [177 – 181],

, :

+

−⋅

+

+

+

−= +++

5.3

,2
1

5.3

,2
1

5.2

0,2
1

0

1

1
1

1

1

1

1
1

τ

τ

τ

τ

τ

τ
II

IHHH  (63) 

, -

.

,
+ .

-

 ( . 37).

 37

 4.5

pH0 0H , /
0,2

1τ , IH , /
I,2

1τ ,

-0.5 3.17 5.73 5.39 20.5 
-0.2 1.58 8.38 0.76 27.9 

-0.04 1.11 16.5 0.05 38.8 
0.32 0.47 31.1 0.01 46.9 

,

-

, , -

-

.

,

, -

. ,

-

 –  3,1

/  18,5
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, -

,
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.
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,

.
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. ,
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,

, -
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.

, -

 5-7 , -

. -

, , -
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, .
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,

, .

,

. -

 5⋅10-3  ( . 20).
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, .

,  10-15 ,

.

,  ( -

) , ,

, ,

.

-

.

,

, -

.

 (pH<0) -

, ,

-

,

-  NO.

 Fe+H2O=FeO+H2 ( ) (64)

 FeO+H+=FeOH+ (65) 

 FeOH+ + H+= Fe2++H2O (66)

-

,  Fe2+.

, -

.

 Fe+H2O=FeO+H2 ( ) (67) 

 FeO+H2O=Fe(OH)2 (68) 

 Fe(OH)2 + H+=FeOH+ + H2O (69)

 FeOH+ + H+= Fe2++H2O (70)

-

, -
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 (II)  (III). 

.

 Fe+H2O=FeO+H2 ( ) (71) 

 2FeO+H2O=Fe2O3+H2 (72) 

 FeO+H+=FeOH+ (73) 

 Fe2O3+FeOH+=Fe3O4+H+ (74) 

,

, -

,

,

 Ni+H2O=NiO+H2 ( ) (75) 

 NiO+H+=NiOH+ (76) 

 NiOH+ + H+= Ni2++H2O (77)

-

, -

 Ni+H2O=NiO+H2 ( ) (78) 

 NiO+H2O= Ni(OH)2 (79) 

 Ni(OH)2 + H+=NiOH+ + H2O (80)

 NiO+H+=NiOH+ (81) 

-

-

,

,

-

 Ni(OH)2 + H+=NiOH+ + H2O (82)

 NiO+H+=NiOH+ (83) 

 NiOH+ + H+= Ni2++H2O (84)

, -
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,

 Cd(OH)2 + H+=CdOH+ + H2O (85)

 CdOH+ + H+= Cd2++H2O (86)

,

,

.

 Cd(OH)2 + H+=CdOH+ + H2O (87)

, ,

, ,

.

-

, -

.

, -

 ( ).

.

, -

,

.

-

, -

.

, -

, , ,

.

, -

-

- .

- , -

, - , -

-
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, -

 [184], 

 [185, 186]. , -

.

, -

, , ,

. , -

,

,

, -

.

,

. , , -

-

,  2. -

nRT

E

ceA
Sd

dn
r ⋅⋅−=

⋅
=

τ
 (88) 

, r – , /( 2⋅ ); dn –

 ( )  dτ; S – -

, 2; A – ,

( / )-n·c-1;  – , / ; R – ,

/ · ;  – , ; c – -

, / , n – .

-

Sd

dm

S

m
r

⋅
≈

⋅

Δ
=

ττ
     (89)

, Δm –  ( ) -



94

τ; S – , 2.

,

, -

 (n)  (0 – 4) -

:

( ) ( ) ( )0lnlnln cn
RT

E
Ar ⋅+−=  (90) 

,  – , 1/( / )n;  – -

, / .

. , , -

.

, -

,

, -

.

 (4.28)

-

:

−
−

−−
⋅⋅

=
−−

−n

nn

n

n ccn

c

c

c

m

m

cSk 1
11

0

1
00 11

1
lnln

1
τ  (91) 

τ – , ; S  – 

, 2/ ; m0 – , ; m –

, ; 0 – -

, / ;  – , / ;  – -

, / .

 ( . 38, 39),

, -

 ( . 23, 24). 

, -
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, -

 (90 / ) .
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 20 /  (II). , ,

,
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 (III).
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. 24. 
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. 23. 
:

 - 20%;  – 10%;  – 7.12%;  – 3.56%;  – 1.52%;  – 0.76%;
I, II, III – .
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 38 

m0 m 0,

 %, /

,

343 0.66 0.011786 0.22 0.003929 3.04 0.48254 900 

363 0.44 0.007857 0.17 0.003036 3.04 0.48254 300 

372 0.27 0.004821 0.08 0.001429 3.04 0.48254 100 

343 0.60 0.010714 0.07 0.00125 1.52 0.24127 1200

363 0.53 0.009464 0.10 0.001786 1.52 0.24127 600 

372 0.43 0.007679 0.11 0.001964 1.52 0.24127 300 

363 0.60 0.010714 0.05 0.000893 0.76 0.120635 900

372 0.55 0.009821 0.11 0.001964 0.76 0.120635 600

293 8.38 0.149643 6.34 0.113214 20 3.174603 300

323 9.50 0.169643 7.39 0.131964 20 3.174603 150

343 3.49 0.062321 2.55 0.045536 20 3.174603 60

363 3.41 0.060893 1.95 0.034821 20 3.174603 30

293 8.20 0.146429 3.16 0.056429 10 1.587302 600

323 1.81 0.032321 0.32 0.005714 10 1.587302 120

343 1.79 0.031964 0.43 0.007679 10 1.587302 90

363 1.70 0.030357 0.93 0.016607 10 1.587302 60

293 6.94 0.123929 1.77 0.031607 7.125 1.130952 900

323 0.99 0.017679 0.10 0.001786 7.125 1.130952 300

343 0.79 0.014107 0.26 0.004643 7.125 1.130952 240

363 1.53 0.027321 0.34 0.006071 7.125 1.130952 90

293 5.72 0.102143 0.67 0.011964 3.56 0.565079 1200

323 1.62 0.028929 0.09 0.001607 3.56 0.565079 300

343 2.09 0.037321 0.28 0.005 3.56 0.565079 300

363 1.03 0.018393 0.13 0.002321 3.56 0.565079 240
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 39 

T, K , / , c ,  r0,
/( ⋅ 2)

n Ln(A) E, 
/

343 0.48254 900 1075 0.006633 2 25.3 82.9 
363 0.48254 300 261 0.023961 2 25.3 82.9 
372 0.48254 100 96 0.051698 2 25.3 82.9 
343 0.24127 1200 1310 0.001521 2 25.3 82.9 
363 0.24127 600 447 0.005130 2 25.3 82.9 
 372 0.24127 300 325 0.014500 2 25.3 82.9 
363 0.12064 900 743 0.001423 2 25.3 82.9 
372 0.12064 600 993 0.005482 2 25.3 82.9 
343 3.17460 300 282 0.098175 1 4.3 18.8
363 3.17460 150 160 0.227786 1 4.3 18.8
372 3.17460 60 68 0.361888 1 4.3 18.8
293 3.17460 30 29 0.451879 1 4.3 18.8
323 1.58730 600 947 0.022508 2 2.7 19.3
343 1.58730 120 101 0.025003 2 2.7 19.3
363 1.58730 90 95 0.047916 2 2.7 19.3
293 1.58730 60 54 0.209955 1 4.3 18.8
323 1.13095 900 938 0.007551 2 2.7 19.3
343 1.13095 300 106 0.005327 2 2.7 19.3
363 1.13095 240 270 0.025871 2 2.7 19.3
293 1.13095 90 119 0.044146 2 2.7 19.3
323 0.56508 1200 1387 0.002089 2 2.7 19.3
343 0.56508 300 231 0.002906 2 2.7 19.3
363 0.56508 300 416 0.007950 2 2.7 19.3
293 0.56508 240 252 0.008725 2 2.7 19.3

, -

, , -

 (65 / ) -

,  ( .

40, 41; . 25, 26). -

,  3-  2-

-

, -

. , -

,

.



98

-12

-10

-8

-6

-4

-2

0

2

2.6 2.8 3.0 3.2 3.4

1/T 103

ln
(r

)
II

I

. 25.
:

 - 20%;  – 10%;  – 7.12%;  – 3.56%
I, II – .

-12

-10

-8

-6

-4

-2

0

2

4

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
ln(c0)

ln
(r

)

II

I

. 26.

:

 – 293 ;  – 323 ;  – 343 ;  – 363 .

I, II – .



99

 40 

m0 m 0,
 %, /

,

293 1.96 0.03500 1.44 0.02571 20 3.17460 300 
323 0.33 0.00589 0.17 0.00304 20 3.17460 60
343 0.34 0.00607 0.28 0.00500 20 3.17460 30
363 0.30 0.00536 0.29 0.00518 20 3.17460 10
293 1.25 0.02232 0.2 0.00357 10 1.58730 600 
323 0.36 0.00643 0.02 0.00036 10 1.58730 150 
343 0.34 0.00607 0.17 0.00304 10 1.58730 120 
363 0.31 0.00554 0.24 0.00429 10 1.58730 60
293 0.35 0.00625 0.02 0.00036 7.125 1.13095 600 
323 0.35 0.00625 0.02 0.00036 7.125 1.13095 180 
343 0.35 0.00625 0.11 0.00196 7.125 1.13095 60
363 0.24 0.00429 0.1 0.00179 7.125 1.13095 40
293 0.34 0.00607 0.005 0.00009 3.56 0.56508 900 
323 0.32 0.00571 0.02 0.00036 3.56 0.56508 360 
343 0.33 0.00589 0.12 0.00214 3.56 0.56508 300 
363 0.35 0.00625 0.16 0.00286 3.56 0.56508 180 

 41 

T, K , / , c ,  r0,
/( ⋅ 2)

n ln(A) E,
/

293 3.17460 600 695 0.02690 3 19.09 65.8
323 3.17460 60 82 0.06114 2 19.09 65.8
343 3.17460 30 47 0.29653 2 19.09 65.8
363 3.17460 10 26 1.75330 2 19.09 65.8
293 1.58730 600 627 0.00152 3 19.09 65.8
323 1.58730 150 26 0.00191 2 19.09 65.8
343 1.58730 120 76 0.02967 2 19.09 65.8
363 1.58730 60 46 0.12940 2 19.09 65.8
293 1.13095 600 563 0.00049 3 19.09 65.8
323 1.13095 180 52 0.00164 2 19.09 65.8
343 1.13095 60 81 0.03218 2 19.09 65.8
363 1.13095 40 32 0.06885 2 19.09 65.8
293 0.56508 900 1134 0.00008 3 19.09 65.8
323 0.56508 360 406 0.00091 3 19.09 65.8
343 0.56508 300 728 0.00815 3 19.09 65.8
363 0.56508 180 155 0.01823 2 19.09 65.8
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I, II – .

 42 

M0 m 0,

 %, /

,

293 1.77 0.0316 1.34 0.0239 20 3.17460 60

323 3.54 0.0632 3.35 0.0598 20 3.17460 60

343 2.32 0.0414 2.12 0.0379 20 3.17460 60

363 2.24 0.0400 2.15 0.0384 20 3.17460 60

293 1.82 0.0325 1.12 0.0200 10 1.58730 90

323 2.90 0.0518 2.08 0.0371 10 1.58730 90

343 2.34 0.0418 1.98 0.0354 10 1.58730 90

363 2.66 0.0475 2.36 0.0421 10 1.58730 60

293 1.57 0.0280 0.84 0.0150 7.125 1.13095 150 

323 3.13 0.0559 2.18 0.0389 7.125 1.13095 120 

343 2.30 0.0411 1.81 0.0323 7.125 1.13095 90

363 2.22 0.0396 1.12 0.0200 7.125 1.13095 30

293 1.27 0.0227 0.47 0.0084 3.56 0.56508 240 

323 2.84 0.0507 0.84 0.0150 3.56 0.56508 120 

343 2.42 0.0432 1.06 0.0189 3.56 0.56508 120 

363 2.15 0.0384 0.93 0.0166 3.56 0.56508 90
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 43 

T, K , / , c ,  r0,
/( ⋅ 2)

N ln(A) E,
/

293 3.17460 60 60 0.07828 1 1.74 13.2 
323 3.17460 60 85 0.18419 1 1.74 13.2 
343 3.17460 60 49 0.14249 1 1.74 13.2 
363 3.17460 60 50 0.18858 1 1.74 13.2 
293 1.58730 90 79 0.04045 2 5.55 23.3 
323 1.58730 90 74 0.05378 1 1.74 13.2 
343 1.58730 90 83 0.07998 1 1.74 13.2 
363 1.58730 60 79 0.14803 1 1.74 13.2 
293 1.13095 150 125 0.01957 2 5.55 23.3 
323 1.13095 120 128 0.06079 2 5.55 23.3 
343 1.13095 90 89 0.09325 2 5.55 23.3 
363 1.13095 30 31 0.08387 1 1.74 13.2 
293 0.56508 240 308 0.00751 2 5.55 23.3 
323 0.56508 120 118 0.01399 2 5.55 23.3 
343 0.56508 120 139 0.02718 2 5.55 23.3 
363 0.56508 90 79 0.03246 2 5.55 23.3 

, -

-

 ( . 44, 45; . 29, 30). -

-

,

.

 1,  – 13 / ,

.

, - -

, -

 [184]. 

, -

-

, , , -

.
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 44 

m0 m 0,
 %, /

,

293 1.95 0.03482 0.36 0.00643 20 3.17460 60
323 3.95 0.07054 1.62 0.02893 20 3.17460 120 
343 3.66 0.06536 2.38 0.04250 20 3.17460 120 
363 3.51 0.06268 2.24 0.04000 20 3.17460 60
293 1.75 0.03125 0.32 0.00571 10 1.58730 90
323 3.65 0.06518 1.27 0.02268 10 1.58730 120 
343 3.99 0.07125 1.51 0.02696 10 1.58730 120 
363 3.37 0.06018 1.56 0.02786 10 1.58730 120 
293 1.26 0.02250 0.27 0.00482 7.125 1.13095 120 
323 3.16 0.05643 1.55 0.02768 7.125 1.13095 240 
343 3.94 0.07036 2.24 0.04000 7.125 1.13095 240 
363 3.45 0.06161 1.63 0.02911 7.125 1.13095 120 
293 2.00 0.03571 0.50 0.00893 3.56 0.56508 300
323 3.69 0.06589 1.21 0.02161 3.56 0.56508 240
343 3.62 0.06464 1.16 0.02071 3.56 0.56508 240
363 3.57 0.06375 0.54 0.00964 3.56 0.56508 120

 45 

T, K , / , c ,  r0,
/( ⋅ 2)

n ln(A) E,
/

293 3.17460 60 42 0.06047 1 1.82 13.2 
323 3.17460 120 69 0.08237 1 1.82 13.2 
343 3.17460 120 108 0.17077 1 1.82 13.2 
363 3.17460 60 80 0.32812 1 1.82 13.2 
293 1.58730 90 84 0.04031 1 1.82 13.2 
323 1.58730 120 117 0.06935 1 1.82 13.2 
343 1.58730 120 100 0.07889 1 1.82 13.2 
363 1.58730 120 102 0.10391 1 1.82 13.2 
293 1.13095 120 142 0.03627 1 1.82 13.2 
323 1.13095 240 284 0.06006 1 1.82 13.2 
343 1.13095 240 300 0.08447 1 1.82 13.2 
363 1.13095 120 158 0.11517 1 1.82 13.2 
 293 0.56508 300 369 0.01884 1 1.82 13.2 
323 0.56508 240 382 0.04036 1 1.82 13.2 
343 0.56508 240 274 0.03852 1 1.82 13.2 
363 0.56508 120 74 0.02706 1 1.82 13.2 
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