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ТЕРМОДИНАМИКА ВОССТАНОВЛЕНИЯ ЖЕЛЕЗА  

ИЗ ОКСИДОВ МОНООКСИДОМ УГЛЕРОДА  

В СМЕСИ С ДИОКСИДОМ УГЛЕРОДА  

ПРИ ПОСТОЯННОМ СОДЕРЖАНИИ КИСЛОРОДА В СИСТЕМЕ 

А̄˷̂˿˾ ̄˷̊̎̄̅̀ ̂˿̉˼̇˷̉̊̇̒ ̆̅ ̉˼̇̃̅˻˿̄˷̃˿́˼ ̆̇̅̍˼̈̈̅˹ ̅́˿̈̂˼̄˿̖ ̃˼̉˷̂̂̅˹ ˿ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ 

˿̌ ̅́̈˿˻̅˹ ̈˹˿˻˼̉˼̂̓̈̉˹̊˼̉ ̅ ̉̅̃, ̎̉̅ ̇˼˾̊̂̓̉˷̉̒ ̉˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̌ ̇˷̈̎ё̉̅˹ ˾˷˹˿̖̈̉ ̅̉ ˾˷̆˿̈˿ 

̊̇˷˹̄˼̄˿̀ ̌˿̃˿̎˼̈́˿̌ ̇˼˷́̍˿̀. ˤ˷˿˸̅̂˼˼ ̎˷̈̉̅ ˹̈̉̇˼̎˷˼̖̉̈ ˾˷̆˿̈̓ ̇˼˷́̍˿̀ ̄˷ ̃̅̂̓ ́˿̈̂̅̇̅˻˷ 
˿̂˿ ̄˷ ̃̅̂̓ ˻˿̅́̈˿˻˷ ̊˺̂˼̇̅˻˷; ̆̇˿ ̔̉̅̃ ̇˷̈̈̎˿̉̒˹˷̉̕ ́̅̄̈̉˷̄̉̊ ̇˷˹̄̅˹˼̈˿̖ ˿ ̅̆̇˼˻˼̖̂̉̕ ̇˷˹-

̄̅˹˼̈̄̒̀ ̈̅̈̉˷˹ ˺˷˾̅˹̅̀ ̋˷˾̒. ˧˷̈̈̎˿̉˷̄̄̒˼ ˹˼̂˿̎˿̄̒ ̈̉˷̄˻˷̇̉̄̒̌ ̔̄˼̇˺˿̀ ˚˿˸˸̈˷ ˿̃˼̉̕ ˹ ̔̉̅̃ 

̈̂̊̎˷˼ ˹̈̆̅̃̅˺˷̉˼̂̓̄̅˼ ˾̄˷̎˼̄˿˼. ˤ˷̃˿ ̇˷̄˼˼ ˸̒̂̅ ̆̅́˷˾˷̄̅, ̎̉̅ ̇˷̈̎ё̉ ˿ ̈̇˷˹̄˼̄˿˼ ˿˾̃˼̄˼̄˿̖ 

̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ ̇˷˾̂˿̎̄̒̌ ̇˼˷́̍˿̀ ˹̅˾̃̅˽˼̄ ̉̅̂̓́̅ ̉̅˺˻˷, ́̅˺˻˷ ̇˼˷́̍˿˿ ˾˷̆˿̈˷̄̒ 

̄˷ ̃̅̂̓ ˷̉̅̃̅˹ ˿̈̌̅˻̄̒̌ ˹˼̐˼̈̉˹ (̄˷ ̃̅̂̓ ̈˿̈̉˼̃̒). ˩̅̂̓́̅ ˹ ̔̉̅̃ ̈̂̊̎˷˼ ˹̅˾̃̅˽̄̅ ̅˸̅̈̄̅˹˷̄-

̄̅˼ ̆̇˼˻̆̅̎̉˼̄˿˼ ́˷́̅̀-̂˿˸̅ ̇˼˷́̍˿˿. В ̇˷˸̅̉˼ ̄˷ ̆̇˿̃˼̇˼ ̇˼˷́̍˿̀ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ ˽˼̂˼˾˷ ˿˾ 
̅́̈˿˻̅˹ ̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˹ ̈̃˼̈˿ ̈ ˻˿̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ ̈̅˻˼̇˽˷̄˿˿ ́˿̈̂̅-

̇̅˻˷ ˹ ̈˿̈̉˼̃˼ ̆̅́˷˾˷̄˷ ̍˼̂˼̈̅̅˸̇˷˾̄̅̈̉̓ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̆̇˼˻̂˷˺˷˼̃̅˺̅ ̃˼̉̅˻˷ ̇˷̈̎ё̉˷. ˧˷̈̈̃˷̉-
̇˿˹˷˼̃̒˼ ̇˼˷́̍˿˿ ˿̃˼̉̕ ˹˷˽̄̅˼ ̆̇˷́̉˿̎˼̈́̅˼ ˾̄˷̎˼̄˿˼ ˻̖̂ ̃˼̉˷̂̂̊̇˺˿̎˼̈́̅̀ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿. 
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THERMODYNAMICS OF REDUCTION OF IRON OXIDES  

BY CARBON MONOXIDE MIXED WITH CARBON DIOXIDE  

AT CONSTANT OXYGEN CONTENT IN THE SYSTEM 

Analysis of scientific literature on the thermodynamics of the processes of oxidation of metals and reduction 

of their oxides indicates that results of thermodynamic calculations depend on the formulation of equations 

of chemical reactions. Chemical reactions are usually written per mole of oxygen or per mole of carbon di-

oxide, with the equilibrium constant and equilibrium composition of the gas phase calculated. The calculat-

ed values of standard Gibbs energies are used for reference only in this case. It was shown in our previous ar-

ticles that calculation and comparison of standard Gibbs energies of various reactions is only possible if re-

actions are written per mole of atoms of the initial substances (per mole of the system). In this paper, the 

proposed method of calculation is shown using the example of reactions of reduction of iron oxides by car-

bon monoxide mixed with carbon dioxide at constant oxygen content in the system. 
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Металлургия и материаловедение

ВǤǧǦǧǯǪǧ 
˥̆̇˼˻˼̂˼̄˿˼ ̇˷˹̄̅˹˼̈̄̅˺̅ ̈̅̈̉˷˹˷ ˺˷˾̅˹̅̀ 

̋˷˾̒ ̆̇˿ ˹̅̈̈̉˷̄̅˹̂˼̄˿˿ ˽˼̂˼˾˷ ˿˾ ̅́̈˿˻̅˹ 

̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ – ̆̇˼˻̃˼̉ ̃̄̅˺̅̎˿̈-
̂˼̄̄̒̌ ̉˼̅̇˼̉˿̎˼̈́˿̌ ˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ 

˿̈̈̂˼˻̅˹˷̄˿̀ [1–8]. 

В ̇˷˸̅̉˷̌ [9, 10] ̃̒ ̆̇˿˹˼̂˿ ̇˷̈̎˼̉ ˿˾̃˼-
̄˼̄˿̀ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ ̇˼˷́̍˿̀ 

˹̅̈̈̉˷̄̅˹̂˼̄˿̖ ˽˼̂˼˾˷ ˿˾ ̅́̈˿˻̅˹ ˺̇˷̋˿̉̅̃ ˿ ̈ 
˹̅˻̅̇̅˻̅̃ ˹ ˿̄̉˼̇˹˷̂˼ ̉˼̃̆˼̇˷̉̊̇ 900–1600 K, 

̖̊̎̉ ˿˾̃˼̄˼̄˿˼ ̈ ̉˼̃̆˼̇˷̉̊̇̅̀ ̈̅̈̉˷˹˷ ˹̈̉̕˿-

̉˷ ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ ̅̉̄̅̏˼̄˿˿ ˽˼̂˼˾˷ ́ ́˿̈-
̂̅̇̅˻̊. 

˥̆̇˼˻˼̂˼̄̄̒̀ ˿̄̉˼̇˼̈ ̆̇˼˻̈̉˷˹̖̂˼̉ ̇˷-
̈̎ё̉ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ 

̇˼˷́̍˿̀ ˹˾˷˿̃̅˻˼̀̈̉˹˿̖ ̅́̈˿˻̅˹ ˽˼̂˼˾˷ ̈ ̃̅-

̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷, ̄˷̌̅˻̖̐˿̖̃̈ ˹ ̈̃˼̈˿ ̈ 

˻˿̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷, ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ ̈̅˻˼̇-

˽˷̄˿˿ ́˿̈̂̅̇̅˻˷ ˹ ̈˿̈̉˼̃˼. 

ǎǧǴоǦǪǬǢ ǲǢǳǹǧǴǢ 

А̄˷̂̅˺˿̎̄̅ ̉̅̃̊, ́˷́ ̔̉̅ ˸̒̂̅ ̈˻˼̂˷̄̅ ˹ 

̇˷˸̅̉˷̌ [9, 10], ˿˾̊̎˼̄̄̒˼ ̈̅̈̉˷˹̒ ̅̉̃˼̎˼̄̒ 

̉̅̎́˷̃˿ ̄˷ ̆̅̂˼ ́̅̄̍˼̄̉̇˷̍˿̅̄̄̅˺̅ ̉̇˼̊˺̅̂̓-
̄˿́˷ ˚˿˸˸̈˷ — ˧̅˾˼̄˸̅̃˷ ˻̖̂ ̉̇˼̌́̅̃̆̅̄˼̄̉-
̄̅̀ ̈˿̈̉˼̃̒ Fe–O–C (̈̃. ̇˿̈̊̄̅́). ˨̅̈̉˷˹̒ 

̈˿̈̉˼̃̒ Fe–O–C, ̅̉˹˼̎˷̐̕˿˼ ̆̇˿˹˼˻˼̄̄̒̃ 

˻˷̂˼˼ ̇˼˷́̍˿̖̃ (1)–(10), ̊́˷˾˷̄̒ ˹ ̉˷˸̂. 1.  

˩˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̀ ̇˷̈̎ё̉ ̇˼˷́̍˿̀ ˹̅̈-

̈̉˷̄̅˹̂˼̄˿̖ ̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˽˼̂˼˾˷ ˿˾ 
̅́̈˿˻̅˹ ̆̇̅˹̅˻˿̂˿ ̆̇˿ ˿˾̃˼̄˼̄˿˿ ̈̅̈̉˷˹̅˹ 

̆̅ ̈˼̎˼̄˿̖̃ ́̅̄̍˼̄̉̇˷̍˿̅̄̄̅˺̅ ̉̇˼̊˺̅̂̓̄˿-

́˷: ̅̉ ̈̅̈̉˷˹̅˹, ̈̅̅̉˹˼̉̈̉˹̊̐̕˿̌ ̅́̈˿˻˷̃ ˽˼-
̂˼˾˷, ˻̅ ̈̅̈̉˷˹̅˹ ̄˷ ̈̉̅̇̅̄˼ C–O; ̆̇˿ ̔̉̅̃ ˹ 

́˷˽˻̅̃ ̈˼̎˼̄˿˿ ̈̅˻˼̇˽˷̄˿˼ ́˿̈̂̅̇̅˻˷ ̅̈̉˷-
˹˷̂̅̈̓ ̖̆̅̈̉̅̄̄̒̃. 

˧˷̈̎ё̉ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ 

˚˿˸˸̈˷ ̇˼˷́̍˿̀ ̆̇̅˹̅˻˿̂˿ ̄˷ 1 ̃̅̂̓ ˷̉̅̃̅˹ 

˿̈̌̅˻̄̒̌ ˹˼̐˼̈̉˹, ́˷́ ̔̉̅ ˸̒̂̅ ˹̒̆̅̂̄˼̄̅ ˹ 

̇˷˸̅̉˷̌ [11, 12]. 

˟̈̌̅˻̄̒˼ ˻˷̄̄̒˼ ˻̖̂ ̇˷̈̎ё̉̅˹ ˹˾̖̉̒ ˿˾ 
̈̆̇˷˹̅̎̄˿́̅˹ [13, 14]. ˞̄˷̎˼̄˿̖ ̋̊̄́̍˿˿ G ˻̖̂ 

˹̈̉̕˿̉˷, ̄˷̌̅˻̖̐˼˺̖̅̈ ˹ ̇˷˹̄̅˹˼̈˿˿ ̈ ̃˷˺̄˼̉˿-

̉̅̃ (FeO(1+x)) ˿̂˿ ̈ ˽˼̂˼˾̅̃ (FeO(1+x)), c ̊̎˼-
̉̅̃ ˿˾̃˼̖̄̐̕˼˺̖̅̈ ̈ ̉˼̃̆˼̇˷̉̊̇̅̀ ̈̅̈̉˷˹˷ 
˹̈̉̕˿̉˷ ˹˾̖̉̒ ˿˾ ̇˷˸̅̉ [9, 10, 15]. 

 

   4  7         3  2      1

   9   10          6  5          8

 
 

˧˿̈. К̅̄̍˼̄̉̇˷̍˿̅̄̄̒̀ ̉̇˼̊˺̅̂̓̄˿́ Fe–O–C ̈ ̈̅̈̉˷˹˷̃˿, ̅̉˹˼̎˷̐̕˿̃˿ ̇˼˷́̍˿̖̃ (1)–(10) 

Fig. Fe–O–C concentration triangle with compositions corresponding to reactions (1)–(10) 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǓоǳǴǢǤǽ ǳǪǳǴǧмǽ, оǴǤǧǹǢȀǻǪǧ ǲǧǢǬǸǪȁм (1)–(10), ǯǢ ǬоǯǸǧǯǴǲǢǸǪоǯǯом ǴǲǧǵǥоǭǾǯǪǬǧ Fe–O–C 

T a b l e  1  

Compositions of the system corresponding to reactions (1)–(10) on the Fe–O–C concentration triangle 

ˤ˷˿̃˼̄̅˹˷̄˿˼ 
̔̂˼̃˼̄̉˷ 

˨̅˻˼̇˽˷̄˿˼ ̔̂˼̃˼̄̉˷, %, ˹ ˻˼̖̈̉˿ ̇˷˾̄̒̌ ̇˼˷́̍˿̖̌ 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

T = 900 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

21,68 

18,32 

60,00 

21,15 

18,85 

60,00 

10,00 

30,00 

57,14 

30,98 

11,88 

57,14 

30,21 

12,65 

57,14 

14,29 

28,57 

51,87 

46,93 

1,20 

51,87 

22,20 

25,93 

51,32 

23,02 

25,66 

T = 1000 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

22,22 

17,78 

60,00 

21,06 

18,94 

60,00 

10,00 

30,00 

57,14 

31,75 

11,11 

57,14 

30,09 

12,77 

57,14 

14,29 

28,57 

52,38 

45,13 

2,49 

52,38 

21,43 

26,19 

51,23 

23,16 

25,61 

T = 1100 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

22,63 

17,37 

60,00 

21,03 

18,97 

60,00 

10,00 

30,00 

57,14 

32,34 

10,52 

57,14 

30,04 

12,82 

57,14 

14,29 

28,57 

52,75 

43,89 

3,36 

52,75 

20,88 

26,37 

51,19 

23,21 

25,60 

T = 1200 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

23,00 

17,00 

60,00 

21,02 

18,98 

60,00 

10,00 

30,00 

57,14 

32,85 

10,01 

57,14 

30,02 

12,84 

57,14 

14,29 

28,57 

53,06 

42,90 

4,04 

53,06 

20,41 

26,53 

51,18 

23,23 

25,59 

T = 1300 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

23,34 

16,66 

60,00 

21,02 

18,98 

60,00 

10,00 

30,00 

57,14 

33,34 

9,51 

57,14 

30,02 

12,84 

57,14 

14,29 

28,57 

53,34 

42,01 

4,65 

53,34 

19,99 

26,67 

51,18 

23,23 

25,59 

T = 1400 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

23,67 

16,33 

60,00 

21,02 

18,98 

60,00 

10,00 

30,00 

57,14 

33,82 

9,04 

57,14 

30,02 

12,84 

57,14 

14,29 

28,57 

53,60 

41,19 

5,21 

53,60 

19,60 

26,80 

51,18 

23,23 

25,59 

T = 1500 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

24,04 

15,96 

60,00 

21,03 

18,97 

60,00 

10,00 

30,00 

57,14 

34,35 

8,51 

57,14 

30,05 

12,81 

57,14 

14,29 

28,57 

53,88 

40,35 

5,77 

53,88 

19,18 

26,94 

51,20 

23,20 

25,60 

T = 1600 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

24,51 

15,49 

60,00 

21,07 

18,93 

60,00 

10,00 

30,00 

57,14 

35,01 

7,85 

57,14 

30,11 

12,75 

57,14 

14,29 

28,57 

54,21 

39,37 

6,42 

54,21 

18,68 

27,11 

51,24 

23,14 

25,62 
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ǒǢǳǹǧǴǯǽǧ ǲǧǩǵǭǾǴǢǴǽ 

˪̇˷˹̄˼̄˿̖ ̇˼˷́̍˿̀ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ ̅́̈˿-

˻˷ ˽˼̂˼˾˷ (III) ̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˹ ̈̃˼̈˿ ̈ 
˻˿̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ̃̅˺̊̉ ˸̒̉̓ ˾˷̆˿̈˷̄̒ ̈̂˼-
˻̊̐̕˿̃ ̅˸̇˷˾̅̃: 

 (3Fe2O3 + (CO + CO2))/20 =  

 = (2Fe3O4 + 2CO2)/20;  (1) 

 (Fe2O3 + (1–2x)(CO + CO2))/(10–10x) =  

 = (2FeO(1+x) + (2–4x)CO2)/(10–10x);  (2) 

 (Fe2O3 + (1–2x)(CO + CO2))/(10–10x) =  

 = (2FeO(1+x) + (2–4x)CO2/(10–10x); (3) 

 (Fe2O3 + 3(CO + CO2))/20 = (2Fe + 6CO2)/20. (4) 

˛̖̂ ̇˼˷́̍˿̀ (1)–(4) ̈̅˻˼̇˽˷̄˿˼ ́˿̈̂̅̇̅˻˷ 

˹ ̈˿̈̉˼̃˼ ̈̅̈̉˷˹̖̂˼̉ 60 %. ˦̇˿ ̇˷̈̎ё̉˷̌ ̄˼ 
̊̎˿̉̒˹˷̂˿ ˹́̂˷˻ ˹ ˹˼̂˿̎˿̄̊ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄-

˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ ̉˼̌ ˿˾̃˼̄˼̄˿̀, ́̅̉̅-

̇̒˼ ̈˹̖˾˷̄̒ ̈ ̅˸̇˷˾̅˹˷̄˿˼̃ ˿˻˼˷̂̓̄̅̀ ˺˷˾̅-

˹̅̀ ̈̃˼̈˿ ̃̅̄̅̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ̈ ˻˿̅́̈˿˻̅̃ 

̊˺̂˼̇̅˻˷, ̉˷́ ́˷́ ̔̉̅̉ ˹́̂˷˻ ̆̇˿ ̉˼̃̆˼̇˷̉̊̇˷̌ 
900–1600 K ̄˼˹˼̂˿́ [15]. 

К˷́ ˹˿˻̄̅ ˿˾ ̉˷˸̂. 2, ˹ ̊́˷˾˷̄̄̅̃ ˿̄̉˼̇˹˷-
̂˼ ̉˼̃̆˼̇˷̉̊̇ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ 

˚˿˸˸̈˷ ̇˼˷́̍˿̀ (1)–(4) ̅̉̇˿̍˷̉˼̂̓̄̒, ̈̂˼˻̅-

˹˷̉˼̂̓̄̅, ̇˷˹̄̅˹˼̈˿˼ ̇˼˷́̍˿̀ ̈˻˹˿̄̊̉̅ ˹ ̈̉̅-

̇̅̄̊ ̅˸̇˷˾̅˹˷̄˿̖ ̆̇̅˻̊́̉̅˹ ̇˼˷́̍˿̀. ˟˾̃˼-
̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ ̇˼˷́̍˿˿ 

(2) ̈̉˷̄̅˹̖̖̉̈ ˸̅̂˼˼ ̅̉̇˿̍˷̉˼̂̓̄̒̃˿ ̆̅ ̈̇˷˹-

̄˼̄˿̕ ̈ ̇˼˷́̍˿˼̀ (1) ̆̇˿ ̉˼̃̆˼̇˷̉̊̇˷̌ ˹̒̏˼ 
1500 K. ˟˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸-

˸̈˷ ̇˼˷́̍˿˿ (3) ̈̉˷̄̅˹̖̖̉̈ ˸̅̂˼˼ ̅̉̇˿̍˷̉˼̂̓-

̄̒̃˿ ̆̇˿ ̊˹˼̂˿̎˼̄˿˿ ̉˼̃̆˼̇˷̉̊̇̒ ̅̉ 900 ˻̅ 

1600 K, ˷ ̊ ̇˼˷́̍˿˿ (4) ̊̃˼̄̓̏˷̖̉̈̕ ̆̅ ˷˸̈̅-

̂̉̄̅̃̊̕ ˾̄˷̎˼̄˿̕ ̆̇˿ ̆̅˹̒̏˼̄˿˿ ̉˼̃̆˼̇˷-
̉̊̇̒. ˧˷̈̎ё̉̒ ̆̅́˷˾̒˹˷̉̕, ̎̉̅ ̆̇˿ ̅̆̇˼˻˼-
̂ё̄̄̅̃ ̈̅̅̉̄̅̏˼̄˿˿ ̅́̈˿˻˷ ˽˼̂˼˾˷ (III) ˿ 

̈̃˼̈˿ ̃̅̄̅̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ˿ ˻˿̅́̈˿˻˷ ̊˺̂˼-
̇̅˻˷ ˹̅˾̃̅˽̄̅ ˹̅̈̈̉˷̄̅˹̂˼̄˿˼ ̅́̈˿˻˷ ˽˼̂˼˾˷ 
(III) ˻̅ ˽˼̂˼˾˷. 

˪̇˷˹̄˼̄˿̖ ̇˼˷́̍˿̀ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ ̅́̈˿-

˻˷ ˽˼̂˼˾˷ (III, II) ̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˹ 

̈̃˼̈˿ ̈ ˻˿̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ̆̇˿˹˼˻˼̄̒ ̄˿˽˼: 

 (2Fe3O4 + (1–3x)(2CO + CO2))/ (21–21x) =  

 = (6FeO(1+x) + (3–9x)CO2)/(21–21x);  (5) 

 (2Fe3O4 + (1–3x)(2CO + CO2))/(21–21x) =  

 = (6FeO(1+x) + (3–9x)CO2)/(21–21x);  (6) 

(Fe3O4 + 2(2CO + CO2))/21 = (3Fe + 6CO2)/21.  (7) 

˦̇˿ ̇˷˹̄̅˹˼̈˿˿ ̇˼˷́̍˿̀ (5)–(7) ̈̅˻˼̇˽˷-

̄˿˼ ́˿̈̂̅̇̅˻˷ ̈̅̈̉˷˹̖̂˼̉ 57,14 %. 

 
˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ИǩмǧǯǧǯǪȁ ǳǴǢǯǦǢǲǴǯоǫ ǿǯǧǲǥǪǪ ǅǪббǳǢ Ǧǭȁ ǲǧǢǬǸǪǫ (1)–(4) Ǥ ǪǯǴǧǲǤǢǭǧ ǴǧмǱǧǲǢǴǵǲ 900–1600 K 

T a b l e  2  

Standard Gibbs free energy changes of reactions (1)–(4) in the temperature range 900–1600 K 

T, K 1 + x 1 + x ΔG°(1), ́˛˽/̃̅̂̓ ΔG°(2), ́˛˽/̃̅̂̓ ΔG°(3), ́˛˽/̃̅̂̓ ΔG°(4), ́˛˽/̃̅̂̓

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1,0542 

1,0504 

1,0488 

1,0483 

1,0483 

1,0483 

1,0492 

1,0509 

1,0777 

1,1000 

1,1164 

1,1303 

1,1431 

1,1551 

1,1682 

1,1839 

–4,29 

–4,55 

–4,78 

–5,00 

–5,23 

–5,46 

–5,68 

–5,91 

–3,24 

–3,66 

–4,08 

–4,43 

–4,86 

–5,25 

–5,64 

–6,02 

–3,04 

–3,38 

–3,71 

–4,11 

–4,44 

–4,75 

–5,06 

–5,37 

–1,32 

–1,24 

–1,17 

–1,11 

–1,05 

–0,99 

–0,93 

–0,87 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  3  

ИǩмǧǯǧǯǪȁ ǳǴǢǯǦǢǲǴǯоǫ ǿǯǧǲǥǪǪ ǅǪббǳǢ Ǧǭȁ ǲǧǢǬǸǪǫ (5)–(10) Ǥ ǪǯǴǧǲǤǢǭǧ ǴǧмǱǧǲǢǴǵǲ 900–1600 K 

T a b l e  3  

Standard Gibbs free energy changes of reactions (5)–(10) in the temperature range 900–1600 K 

T, K 
ΔG°(5), 

́˛˽/̃̅̂̓ 

ΔG°(6), 

́˛˽/̃̅̂̓ 

ΔG°(7), 

́˛˽/̃̅̂̓ 

ΔG°(8), 

́˛˽/̃̅̂̓ 

ΔG°(9), 

́˛˽/̃̅̂̓ 

ΔG°(10), 

́˛˽/̃̅̂̓ 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

–0,20 

–0,42 

–0,68 

–0,85 

–1,13 

–1,34 

–1,55 

–1,71 

–0,02 

–0,27 

–0,51 

–0,86 

–1,10 

–1,32 

–1,54 

–1,75 

0,16 

0,39 

0,61 

0,80 

0,99 

1,18 

1,37 

1,57 

0,27 

0,19 

0,18 

–0,12 

–0,11 

–0,18 

–0,25 

–0,36 

0,39 

0,87 

1,33 

1,67 

2,06 

2,40 

2,71 

2,97 

0,27 

0,85 

1,38 

1,97 

2,46 

2,95 

3,42 

3,88 

 

К˷́ ˹˿˻̄̅ ˿˾ ̉˷˸̂. 3, ˹ ̊́˷˾˷̄̄̅̃ ˿̄̉˼̇˹˷-
̂˼ ̉˼̃̆˼̇˷̉̊̇ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ 

˚˿˸˸̈˷ ̇˼˷́̍˿̀ (5) ˿ (6) ̅̉̇˿̍˷̉˼̂̓̄̒, ̈̂˼˻̅-

˹˷̉˼̂̓̄̅, ̇˷˹̄̅˹˼̈˿˼ ̇˼˷́̍˿˿ ̈˻˹˿̄̊̉̅ ˹ ̈̉̅-

̇̅̄̊ ̅˸̇˷˾̅˹˷̄˿̖ ̆̇̅˻̊́̉̅˹ ̇˼˷́̍˿̀. ˞̄˷̎˼-
̄˿̖ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ 
̇˼˷́̍˿˿ (6) ̈̉˷̄̅˹̖̖̉̈ ˸̅̂˼˼ ̅̉̇˿̍˷̉˼̂̓̄̒-

̃˿, ̎˼̃ ˻̖̂ ̇˼˷́̍˿˿ (5) ̆̇˿ ̉˼̃̆˼̇˷̉̊̇˷̌ ˹̒-

̏˼ 1500 K. ˟˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ 

˚˿˸˸̈˷ ̇˼˷́̍˿˿ (7) ˹ ̊́˷˾˷̄̄̅̃ ˿̄̉˼̇˹˷̂˼ 
̉˼̃̆˼̇˷̉̊̇ ̆̅̂̅˽˿̉˼̂̓̄̒, ̈̂˼˻̅˹˷̉˼̂̓̄̅, 

̇˷˹̄̅˹˼̈˿˼ ̇˼˷́̍˿˿ ̈˻˹˿̄̊̉̅ ˹ ̈̉̅̇̅̄̊ ˿̈-
̌̅˻̄̒̌ ˹˼̐˼̈̉˹. ˥́̈˿˻ ˽˼̂˼˾˷ (III, II) ˹ ̊́˷-
˾˷̄̄̅̃ ˿̄̉˼̇˹˷̂˼ ̉˼̃̆˼̇˷̉̊̇ ̄˼ ̃̅˽˼̉ ˸̒̉̓ 
˹̅̈̈̉˷̄̅˹̂˼̄ ˻̅ ˽˼̂˼˾˷ ̈̃˼̈̓̕ ̃̅̄̅̅́̈˿˻˷ 

̊˺̂˼̇̅˻˷ ̈ ˻˿̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ̆̇˿ ̖̆̅̈̉̅̄-

̄̅̃ ̈̅˻˼̇˽˷̄˿˿ ́˿̈̂̅̇̅˻˷ ˹ ̈˿̈̉˼̃˼. 
˪̇˷˹̄˼̄˿̖ ̇˼˷́̍˿̀ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ 

˹̈̉̕˿̉˷ ̄˷ ˺̇˷̄˿̍˼ ̈ ̅́̈˿˻̅̃ ˽˼̂˼˾˷ (III, II) 

(FeO1+x'') ˿ ˹̈̉̕˿̉˷ ̄˷ ˺̇˷̄˿̍˼ ̈ ˽˼̂˼˾̅̃ 

(FeO1+x') ̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˹ ̈̃˼̈˿ ̈ ˻˿-

̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ̈̂˼˻̊̐̕˿˼: 


                

1+ 2

(1 )(2 )
FeO + ((1 )CO + CO ) / =

1 (1 )
x

x x x x
x x

x x
 

 
               

1+ 2

(1 )(2 )
FeO + CO / ;

1 (1 )
x

x x x x

x x
 (8) 

 

1+ 2

2

1 4 2
FeO +   ((1 )CO + CO ) / =

1 1

1 4 2
 Fe + CO / ;

1 1

x

x x
x x

x x

x x

x x


              

             

 (9) 

 

1+ ' 2

2

1 4 2
FeO + ((1 )CO + CO ) / = 

1 1

1 4 2
Fe + CO / .

1 1

x

x x
x x

x x

x x

x x

              

             

 (10) 

В ̊̇˷˹̄˼̄˿̖̌ ̇˼˷́̍˿̀ (8)–(10) ̈̅˻˼̇˽˷̄˿˼ 
́˿̈̂̅̇̅˻˷ ̄˼˾̄˷̎˿̉˼̂̓̄̅ ˿˾̃˼̖̄˼̖̉̈ ̈ ̊˹˼̂˿-

̎˼̄˿˼̃ ̉˼̃̆˼̇˷̉̊̇̒ (̉˷˸̂. 2). К˷́ ˹˿˻̄̅ ˿˾ 
̉˷˸̂. 3, ̇˷˹̄̅˹˼̈˿˼ ̇˼˷́̍˿˿ (8) ˹̅̈̈̉˷̄̅˹̂˼-
̄˿̖ ˹̈̉̕˿̉˷ (FeO1+x'') ̈˻˹˿˺˷˼̖̉̈ ˹ ̈̉̅̇̅̄̊ ̅˸-

̇˷˾̅˹˷̄˿̖ ̆̇̅˻̊́̉̅˹ ̇˼˷́̍˿˿ ̆̇˿ ̉˼̃̆˼̇˷̉̊-

̇˷̌ ˹̒̏˼ 1100 K. ˟˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ 

̔̄˼̇˺˿˿ ˚˿˸˸̈˷ ̇˼˷́̍˿̀ (9) ˿ (10) ˹ ̊́˷˾˷̄̄̅̃ 

˿̄̉˼̇˹˷̂˼ ̉˼̃̆˼̇˷̉̊̇ ̆̅̂̅˽˿̉˼̂̓̄̒ ˿ ̊˹˼̂˿-

̎˿˹˷̖̉̈̕ ̈ ̆̅˹̒̏˼̄˿˼̃ ̉˼̃̆˼̇˷̉̊̇̒, ̈̂˼˻̅-

˹˷̉˼̂̓̄̅, ̇˷˹̄̅˹˼̈˿˼ ̇˼˷́̍˿̀ ̈˻˹˿˺˷˼̖̉̈ ˹ 

̈̉̅̇̅̄̊ ˿̈̌̅˻̄̒̌ ˹˼̐˼̈̉˹. ˩˷́˿̃ ̅˸̇˷˾̅̃, 

̇˼˾̊̂̓̉˷̉̒ ̇˷̈̎ё̉̅˹ ̈˹˿˻˼̉˼̂̓̈̉˹̊̉̕ ̅ ̉̅̃, 

̎̉̅ ˹̈̉̕˿̉ ̄˼̂̓˾̖ ˹̅̈̈̉˷̄̅˹˿̉̓ ̈̃˼̈̓̕ ̃̅̄̅-

̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ˿ ˻˿̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ˻̅ ̃˼̉˷̂-

̂˷ ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ ̈̅˻˼̇˽˷̄˿˿ ́˿̈̂̅̇̅˻˷ ˹ 

̈˿̈̉˼̃˼. 
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ВǽǤоǦǽ 

˩˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̀ ˷̄˷̂˿˾ ̇˼˷́̍˿̀ ˹̅̈-

̈̉˷̄̅˹̂˼̄˿̖ ˽˼̂˼˾˷ ˿˾ ̅́̈˿˻̅˹ ˽˼̂˼˾˷ ̃̅̄̅-

̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˹ ̈̃˼̈˿ ̈ ˻˿̅́̈˿˻̅̃ ̊˺̂˼-

̇̅˻˷ ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ ̈̅˻˼̇˽˷̄˿˿ ́˿̈̂̅̇̅˻˷ 

˹ ̈˿̈̉˼̃˼ ̆̅́˷˾˷̂, ̎̉̅ ˹ ̔̉˿̌ ̊̈̂̅˹˿̖̌ ˹̅˾-
̃̅˽̄̅ ̉̅̂̓́̅ ˹̅̈̈̉˷̄̅˹̂˼̄˿˼ ˽˼̂˼˾˷ ˿˾ ̅́-

̈˿˻˷ ˽˼̂˼˾˷ (III), ˹ ̉̅ ˹̇˼̖̃ ́˷́ ̅́̈˿˻ ˽˼̂˼˾˷ 

(III, II) ˿ ˹̈̉̕˿̉ ̄˼̂̓˾̖ ˹̅̈̈̉˷̄̅˹˿̉̓ ˻̅ ̃˼-
̉˷̂̂˷. 
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