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ABSTRACT. Complete thermodynamic analysis of reduction of CoO, NiO, CuO, FeO by methane is presented.
Initial structures have  been chosen on the basis of the following reactions: 1. CoO (cd) + CH4(gas); 2. NiO(cd) +
CH4(gas); 3. 4CuO(cd) + CH4(gas);  4. 4FeO(cd) + CH4(gas); 5. 4FeO(cd) + 2CH4(gas).

The calculations are performed at atmospheric pressure in the temperature range  300-1500 K  with applica-
tion of computer program ASTRA-4.

The basic results are presented in the form of diagrams (dependence of the contents of components on tempera-
ture). © 2010 Bull. Georg. Natl. Acad. Sci.
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Complete thermodynamic analysis (CTA) of  the re-
duction of CoO, NiO, CuO, FeO by methane is accom-
plished. We have not found any data on CTA of these
systems in the literature.

The thermodynamic modelling was performed on
computer by application of ASTRA-4 programme [1]   at
the general atmospheric pressure (101 kPa) and the tem-
perature range of 350-1500K.

Initial structures are chosen on the basis of the fol-
lowing reactions:

1. CoO(cd) + CH4(gas);
2. NiO(cd) + CH4(gas);
3. 4CuO(cd) + CH4(gas);
4. 4FeO(cd) + CH4(gas);
5. 4FeO(cd) + 2CH4(gas).
H2O, C, Co, CoO, Co3O4, Co(OH)2, Ni, NiO, Ni(OH)2,

Cu, CuO, Cu2O, CuCO3, Cu2O3, Cu(OH)2,  Fe,  FeO,
Fe2O3,  Fe3O4, Fe(OH)2, Fe(OH)3,  Fe3C  have been con-
sidered among the probable condensed components.
Gaseous: O, O2, O3, H2, OH, HO2, H2O2, H2O, C, C2, C3,
C4, C5, CO,CO2, C2O, C3O2, CH, CH2, CH3, CH4 (Be-

cause of the great number of  gaseous connections of
the C-H-O system only some of them are specified) Co,
CoO, Co(OH)2, CoH, Ni, NiO, Ni(OH)2, NiH, Cu, CuH,
Cu(OH)2, Fe, FeO, FeOH, FeO2.

The basic results of the complete thermodynamic
analysis (CTA) are presented in diagrams.

Fig.1 shows the dependence of the component’s
contents  (concentration) in the system  on the tempera-
ture for reaction 1. It is obvious that the process of
reduction begins below 350 K and this reaction ends
completely at 450 K  (cobalt is completely restored).

In 350-1500K temperature range  a change of the
quantity of components is observed in the gas  phase.
It is clear from the diagram  that below 350 K the system
contains Co, unrestored  CoO and gaseous components
(CH4 and H2). At this point to eduction  of condensed
carbon also starts. A preliminary thermodynamic analy-
sis of dissociation of methane (CH4) has shown that
below 400 K there takes place its partial dissociation
with release of H2, and above 400 K - of condensed
carbon. It is most likely that these components (H2 and
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C) restore CoO and  formation of  H2O and CO2  takes
place in the system. The quantity of H2O sharply in-
creases up to 450K (the end of the reduction process)
and that of  CO2 – up  to 800 K. Above these tempera-
tures the quantity of H2O and CO2 in the system de-
creases and at 1150 K these connections disappear com-
pletely. H2 and CO in the gas phase appear at ~ 600K
and ~700 K  respectively. With the rise of  temperature
the quantity of  H2 smoothly increases up to ~1050 K,
and the quantity of CO sharply increases up to ~1150 K.
With an increase of temperature  the concentration of
CH4   decreases and at ~1150K disappears completely.

The thermodynamic analysis has shown that above
1150K the basic reaction proceeds with release of metal
Co and gaseous CO and  H2, which is in good agree-
ment with [2]:

CoO(cd) + CH4(gas) = Co(cd) + CO(gas) + 2H2(gas);

A similar picture is observed at reduction of NiO by
methane (Fig. 2). Comparing the results of the thermo-
dynamic analysis of the reduction of NiO and CoO it is
possible to conclude that restoration process of  NiO
comes to an end at lower temperatures  (~ 400K)  than in
the case of CoO. Above 1150K the basic reaction of
reduction of NiO  also proceeds with release of  metal Ni
and gaseous CO and  H2:

NiO(cd) + CH4 (gas) = N (cd) + CO (293) + 2H2 (gas);

Complete thermodynamic analysis (CTA) of the re-
duction of copper oxide (CuO) by methane (CH4) for
reaction 3  has been carried out.

Fig. 3 shows the dependence of the components
contents  (concentration) in the system  on the tempera-

ture for reaction 3. It is seen that the process of reduc-
tion  proceeds and completely ends  below 300 K. In the
form of  gas phase only  CO2 and  H2O are educed and
their quantity in 400-1500 K temperature range does not
change. The basic reaction proceeds with the formation
of  metal Cu and gaseous -  CO2 and H2O:

4CuO + CH4 = 4Cu + CO2 + 2 H2O

According to the experimental data, the reduction
process of copper oxide proceeds at 100ºC.

Fig.4 shows the dependence of the components
contents  (concentration) in the system  on the tempera-
ture for  reaction 4. The reduction process here pro-
ceeds below 400 K, with educed  Fe, whose quantities
reduce  to ~750 K; further, it rises up to ~1300 K and
achieves a maximum  (43mass. %). FeO in the system is
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Fig.1. Dependence of the components contents  (concentra-
tion) in system on the temperature for reaction 1:

1-C, 2-Co, 3-CoO, 4-H2, 5-H2O, 6-CO, 7-CO2, 8-CH4.
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Fig.2. Dependence of the components contents (concentra-
tion) in system on the temperature for reaction 2:

1-Ni, 2-NiO, 3-C, 4-H2, 5-H2O, 6-CO, 7-CO2, 8-CH4

Fig. 3.  Dependence of the components contents  (concentra-
tion) in system  on the temperature for reaction 3:

1-Cu; 2-CO2; 3-H2O
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educed below 450 K, quantity of which  rises, achieving
~ 40mass.%.  Fe3O4  in the system  decreases and fully
disappears below ~1250 K. Iron carbide is in a narrow
temperature range (~750 – 1100 K). It is seen from the
diagram  that the reduction process does not occur up
to the end - probably because of the shortage of a re-
ducer.

The structure of the gas phase changes at 400-1500K

temperature range. It is clear from the diagram, that be-
low and above 400 K gaseous  CH4  is educed in the
system,   completely disappears at ~850 K. Above ~800K
CO, CO2, H2O, H2 are educed in the gas phase.

A similar picture is observed at reduction of iron in
accordance with reaction 5. The only difference here is
that the reduction process comes to an end at ~1200 K
(or iron is reduced completely) (Fig. 5).
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Fig.4. Dependence of the components contents  (concentra-
tion) in system  on the temperature for reaction 4:

1-Fe, 2-CH4, 3-Fe3O4, 4-H2, 5-H2O, 6-Fe3C, 7-CO2, 8-CO,
9-FeO

Fig. 5. Dependence of the components contents  (concentra-
tion) in system  on the temperature for reaction 5:

1-Fe, 2-CH4, 3-Fe3O4, 4-H2, 5-Fe3C, 6-H2O, 7-CO, 8-CO2,
9-FeO, 10-C
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fizikuri qimia

CoO, NiO, CuO, FeO-s meTanTan urTierTqmedebis
Termodinamikuri analizi

j. baRdavaZe*, a. kandelaki*, q. ukleba*, z. wiqariZe*

* f. TavaZis metalurgiisa da masalaTmcodneobis instituti, Tbilisi

naSromSi warmodgenilia CoO, NiO, CuO, FeO-s meTaniT aRdgenis sruli Termodinamikuri
analizi Semdegi reaqciebisaTvis: 1. CoO(k) + CH4(airi);  2. NiO(k) + CH4(airi);  3. CuO(k) + CH4(airi);
4. 4FeO(k ) + CH4(airi); 5. 4FeO(k) + 2CH4(airi).
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angariSi Sesrulebulia atmosferul wnevaze 300-1500 K temperaturul SualedSi ASTRA-4
kompiuteruli programis gamoyenebiT.

miRebuli Sedegebi warmodgenilia diagramebis saxiT (komponentebis Sedgenilobis

temperaturasTan damokidebuleba).
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