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Three-component systems CaO–CoO–MoO3, CoO–Al2O3–MoO3 and CaO–Al2O3–MoO3

are characterized in this work. The results of the research of the subsolidus structure of the

systems under study are given. Diagrams of the systems in the field of the subsolidus are

presented. The calculations of the changes of Gibbs free energy are performed at different

temperatures for the model reactions. The thermodynamic and geometric topological

calculations based on the developed thermodynamic database allow establishing the direction

of solid-phase reactions in the three-component systems CaO–CoO–MoO3,

CoO–Al2O3–MoO3 and CaO–Al2O3–MoO3 with the participation of steadily existing

compounds; as a result, all conodes in these systems have been determined. The main

geometric topological calculations of elementary triangles and phases of systems are

performed. Geometric topological system performance is important for the prediction of

the accuracy of a dosage of components and the duration of their mixing before synthesis

to obtain materials with the specified phase composition. The data on subsolidus structure

of the considered three-component systems are essential for further forecasting phase

structure of the aluminate cements fabricated with the use of the waste of cobalt catalysts

that additionally contain molybdenum oxide.
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Introduction

The cement industry is one of the leading
sectors in the production of building materials.
Among various construction materials and special-
purpose products, a large group of them is produced
using alumina-containing raw materials. This group
includes high-alumina products, corundum and
alumina-mullite ceramics, aluminates and expanding
cements. Aluminum oxide, depending on the purpose
of the material, ensures refractoriness, considerable
strength and durability in aggressive environments.
Technical alumina or natural bauxite are most often
used as starting alumina-containing materials.
However, the scarcity of raw materials and high-
energy intensity of technology restrain wide
production and consumption of these high-quality
materials.

At the same time, catalysts based on alumina
are used in many processes of the chemical and
petrochemical industry. There is a serious problem
of reuse of the spent catalysts. The recuperation of

the spent catalysts allows reducing the consumption
of natural resources, significantly decreasing the cost
of cement production and improving the
environmental safety due to the waste disposal.

Results and discussion

It is possible to use a catalyst waste containing
86.8% Al2O3, 2.5% CoO, 10.7% MoO3 instead of
alumina in the composition of the raw mix for
alumina cement. However, the use of molybdenum-
containing wastes requires the investigation of the
structure of three-component systems containing
molybdenum oxide, CaO–CoO–MoO3,
CoO–Al2O3–MoO3 and CaO–Al2O3–MoO3, to
create the physicochemical basis for the development
of aluminous cement compositions based on the
abovementioned waste.

It is advisable to conduct a thermodynamic
analysis of the processes that take place, which is
possible only if the initial thermodynamic constants
are known. We failed to find in the literature all
thermodynamic constants concerning cobalt
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molybdate (CoMoO4) and calcium molybdate
(CàMoO4). Therefore, the calculation of the initial
thermodynamic values (the coefficients in the
equations of heat capacity) was carried out by using
the methods described elsewhere [1]. The results of
the calculation of the initial thermodynamic data
are shown in Table 1.

The CaO–CoO–MoO3 system is poorly
investigated, and there is practically no data in the
literature on the full subsolidus structure of this
system. The binary systems that make up this three-
component system, CaO–CoO, CaO–MoO3 and
CoO–MoO3 are examined in refs. [6,7]. In the CaO–
MoO3 system, there is one stable binary compound
CaMoO4. CaMoO4 crystallizes in the scheelite
structure, in which the central ion is coordinated by
eight simply connected molybdate groups. The form
of CaMoO4 crystals is a tetragonal bipyramid, the
lattice parameters are as follows: a=5.221 Å and
c=11.425 Å [6]. Calcium molybdate melts
congruently at 14450Ñ.

The CoO–MoO3 system implies the formation
of CoMoO4, which exists in two polymorphic
modifications. Reversible transformation  is
observed at the temperature of 4000C; -CoMoO4

melts congruently at 11800C. The parameters of the
crystal lattice of a low-temperature modification,
-CoMoO4, are as follows: a=9.671 Å, b=8.852 Å
and c=7.764 Å. The parameters of the crystal lattice
of a high-temperature modification, -CoMoO4, are
as follows: a=10.21 Å, b=9.32 Å and c=7.01 Å [8].

To determine the subsolidus structure of the
CaO–CoO–MoO3 system, the thermodynamic data
given in Table 1 were used. The presence of only
two binary compounds, calcium and cobalt
molybdates, in the CaO–CoO–MoO3 system
suggests the following single exchange solid-phase
reaction:

CaO+CoMoO4=CoO+CaMoO4.

The thermodynamic evaluation of the change
in Gibbs energy values was performed for the
temperature range of 800–1400 K.

Because the calculated values of the function
G vs. T, shown in Table 2, have positive values,
one can assert that the coexistence of the starting
compounds is thermodynamically preferable, which
ensures the presence of CaO–CoMoO4 conodes in
the subsolidus structure of this system.

Table  2

Results of the calculation of the change in the Gibbs free
energy for the reaction in the CaO–CoO–MoO3 system

Temperature, К Gibbs free energy, kJ/mol 
800 327.33 
900 314.36 

1000 300.01 
1100 284.39 
1200 267.61 
1300 249.75 
1400 230.87 

 
Based on the result of the triangulation of the

three-component CaO–CoO–MoO3 system, it was
established that it is divided into 3 elementary
triangles (Fig. 1), which corresponds to the Kurnakov
rule [9].

Thermodynamic data presented in Table 1 were
used for the analysis of the exchange reactions in
the system CoO–Al2O3–MoO3. The presence of two
binary compounds in the three-component CoO–
Al2O3–MoO3 system and the absence of any ternary
compounds predetermine its splitting according to
the results of the calculation of the direction of the
following reaction:

Al2O3+CoMoO4=MoO3+CoAl2O4.

To establish the probable pairs of coexisting
phases, the values of the change in the Gibbs energy

Ср=а+bТ+сТ–2, J/molК 
Compound 

–Н0
298, 

kJ/mol 
S0

298, 
J/molК а b103 –с10–5 

Temperature 
range, K Ref. 

MoO3 745.6 77.74 86.73 21.67 17.49 298–1068 [2] 

-Al2O3 1675.6 50.92 114.77 12.8 35.44 298–2323 [3] 
CaO 635.55 39.75 48.83 4.52 6.53 298–2000 [3] 
CoO 238.9 52.97 48.28 8.535 –1.67 298–2000 [2] 
CaMoO4 1542.2 122.6 133.47 29.2 22.3 298–1718 [4] 
-CoMoO4 1031.8 133.9 35.27 4.26 0 298–1453 [2; *] 
CoAl2O4 1948.9 101.7 154.716 22.343 36.905 298–2233 [5] 

 

Table  1

Initial thermodynamics data

Note: * – calculated values.
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vs. the temperature were calculated (Table 3).
Table  3

Results of the calculation of the change in the Gibbs free
energy for the reaction in the CoO–Al2O3–MoO3 system

Temperature, К Gibbs free energy, kJ/mol 
800 1475.36 
900 1463.91 
1000 1451.14 
1100 1437.16 
1200 1422.08 
1300 1405.94 
1400 1388.83 

 
When analyzing this reaction, the coexistence

of MoO3 and CoAl2O4 is less thermodynamically
advantageous than of Al2O3 and CoMoO4 as follows
from the positive values of G. The closure of the
Al2O3–CoMoO4 conode leads to the existence of
the CoMoO4–CoAl2O4 conodes without any
alternatives from the geometric-topological principles
of the closure of triangles.

The results of the thermodynamic study allow
performing the triangulation of the three-component
CoO–Al2O3–MoO3 system, the subsolidus structure
of which is shown in Fig. 2.

Thus, it was found that the three-component
CoO–Al2O3–MoO3 system is divided by two stable
conodes into 3 elementary triangles, which
corresponds to the Kurnakov rule.

Despite some available information about the
binary subsystems that make up the three-component
system CaO–Al2O3–MoO3, there is no information
about their full structures. In this regard, the issue
of studying the structure of the CaO–Al2O3–MoO3

system in the field of subsolidus is very important.
For the of the subsolidus structure of this system,
the thermodynamic data given in Table 1 were used.

The thermodynamic analysis of the subsolidus
structure of the three-component system under study
was carried out by analyzing the changes in the Gibbs
energy for the temperature range of 800 K to the
temperatures of phase transition of the compounds
involved in the reactions according to the procedure
described in ref. [3] for the following model exchange
reactions:

1. ÑaAl12O19+MoO3=CaMoO4+6Al2O3

2. ÑaAl4O7+MoO3=CaMoO4+2Al2O3

3. 3ÑaAl4O7+2MoO3=2CaMoO4+ÑaAl12O19

4. ÑaAl2O4+MoO3=CaMoO4+Al2O3

5. 6ÑaAl2O4+5MoO3=5CaMoO4+ÑaAl12O19

6. 2ÑaAl2O4+MoO3=CaMoO4+ÑaAl4O7

7. Ña12Al14O33+12MoO3=12CaMoO4+7Al2O3

8. 6Ña12Al14O33+65MoO3=
   =65CaMoO4+7ÑaAl12O19

9. 2Ña12Al14O33+17MoO3=
   =17CaMoO4+7ÑaAl4O7

10. Ña12Al14O33+5MoO3=5CaMoO4+7ÑaAl2O4

11. Ña3Al2O6+3MoO3=3CaMoO4+Al2O3

12. 6Ña3Al2O6+17MoO3=
     =17CaMoO4+ÑaAl12O19

13. 2Ña3Al2O6+5MoO3=5CaMoO4+ÑaAl4O7

14. Ña3Al2O6+2MoO3=2CaMoO4+ÑaAl2O4

15. 7Ña3Al2O6+9MoO3=9CaMoO4+Ña12Al14O33

The results of calculation are given in Table 4.
Analysis of the obtained data shows that the

CaMoO4 and Al2O3 phases coexist in the system
(reaction (1)), which determines the presence of this
conode in the system under consideration. Analysis

Fig. 1. The structure of the three-component

CaO–CoO–MoO3 system in the subsolidus region
Fig. 2. Subsolidus structure of the CoO–Al2O3–MoO3 system



271

Triangulation and characterization of the subsolidus structure in the systems CaO–CoO–MoO3,
CoO–Al2O3–MoO3 and CaO–Al2O3–MoO3

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 6, pp. 268-274

of the reactions (2) and (3) reveals the closure of the
CaMoO4 conodes, ÑaAl12O19. In connection with
the established stability, the CaMoO4–CaAl12O19

conodes in the analyzed system determine the
existence of the following conodes: CaAl4O7–
CaMoO4, CaAl2O4–CaMoO4, Ca12Al14O33–CaMoO4

and Ca3Al2O6–CaMoO4 (from the geometric-
topological principles of triangulation). The
subsolidus structure of the CaO–Al2O3–MoO3 system
is depicted in Fig. 3.

Thus, it was stated that the three-component

system CaO–Al2O3–MoO3 is divided by six stable
compounds into seven elementary triangles, which
corresponds to the Kurnakov rule.

The geometrical-topological characteristics of
the CaO–CoO–MoO3, CoO–Al2O3–MoO3 and
CaO–Al2O3–MoO3 systems (i.e. the length of tie
lines, the area of elementary triangles and the
probability of existence of phases) were determined
by the procedure given in ref. [9] (Tables 5–7).

In the CaO–CoO–MoO3 and CoO–Al2O3–

Table  4

Results of the calculation of the Gibbs energy change for the corresponding model reactions
in the CaO–Al2O3–MoO3 system

Gibbs free energy, kJ/mol 
No. 

800 K 1000 K 1200 K 1400 K 1600 K 1700 K 

1 –195.58 –186.13 –172.47 –155.01 –134.04 –122.30 

2 –120.02 –115.09 –110.56 –106.44 –102.73 –101.02 

3 –164.47 –159.14 –159.22 –164.32 –174.14 –180.76 

4 –132,05 –128.87 –125.29 –121.24 –116.66 –114.15 

5 –596,72 –587.08 –579.29 –572.44 –565.90 –562.59 

6 –144.08 –142.65 –140.02 –136.04 –130.59 –127.28 

7 –1784.41 –1772.78 –1761.75 –1750.52 –1738.53 – 

8 –9337.43 –9333.78 –9363.20 –9418.02 –9492.91 – 

9 –2728.72 –2739.94 –2749.56 –2755.94 –2757.97 – 

10 –860.07 –879.71 –884.70 –901.82 –921.94 – 

11 –489.20 –485.86 –482.94 –480.49 –478.52 –477.73 

12 –2739.60 –2729.03 –2725.19 –2727.92 –2737.10 –2744.08 

13 –858.38 –856.63 –855.32 –854.53 –854.32 –854.44 

14 –357.15 –356.99 –357.65 –359.25 –361.87 –363.58 

15 –1639.96 –1628.24 –1618.86 –1612.90 –1611.13 – 

 

Fig. 3. Subsolidus structure of the CaO–Al2O3–MoO3 system

No. Length of tie lines L, relative units 
CaO–CoO–MoO3 

1 CoMoO4–CaO 0.88032 

2 CoMoO4–CaMoO4 0.315601 
CoO–Al2O3–MoO3 

1 Al2O3–CoMoO4 0.88032 
2 CoMoO4–CoAl2O4 0.6212 

CаO–Al2O3–MoO3 
1 Ca3Al2O6–CaMoO4 0.6238 
2 Ca12Al14O33–CaMoO4 0.6424 
3 CaAl2O4–CaMoO4 0.6857 
4 CaAl4O7–CaMoO4 0.7542 
5 CaAl12O19–CaMoO4 0.8354 
6 Al2O3–CaMoO4 0.8935 

 

Table  5

Lengths of tie lines in the systems CaO–CoO–MoO3,
CoO–Al2O3–MoO3 and CaO–Al2O3–MoO3
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MoO3 systems, the presence of only two tie lines
automatically determines the longest and shortest
tie lines. For the CaO–Al2O3–MoO3 system, the
Al2O3–CaMoO4 (0.8935 rel. units) has the greatest
length, while Ca3Al2O6–CaMoO4 (0.623 rel. units)
has the shortest length.

It can be seen from the obtained results that
the elemental area of existence has the largest CaO–
CoMoO4–CoO triangle (0.658 rel. units) in the
CaO–CoO–MoO3 system, whereas the CoMoO4–
CaMoO4–MoO3 triangle is the smallest one (0.0958
rel. units). When analyzing the degree of asymmetry
of triangles, it was established that the elementary
triangle CoMoO4–CaMoO4–MoO3 is distinguished
by the least degree of asymmetry in the system.
CoMoO4 (0.3333 rel. units), CaO (0.3015 rel. units)
and CoO (0.2193 rel. units), which are the parts of
the triangle with the largest area, have the highest
probability of existence in this system.

In the CoO–Al2O3–MoO3 three-component
system, the CoO–CoAl2O4–CoMoO4 triangle
(0.3793 rel. units) has a maximum area, while the
CoAl2O4–CoMoO4–Al2O3 triangle (0.2787 rel. units)

has a minimum area. The CoMoO4 phase (0.3333
rel. units) has the highest probability of existence,
and the MoO3 phase has the lowest one (0.114 rel.
units).

In the CaO–Al2O3–MoO3 system, the largest
area is occupied by the triangle CaMoO4–Al2O3–
MoO3 (0.28 rel. units), whereas the smallest area is
occupied by the triangle CaAl12O19–Al2O3 – CaMoO4

(0.0605 rel. units). The greatest degree of asymmetry
shows the triangle CaAl12O19–Al2O3–CaMoO4

(10.64), the smallest degree of asymmetry is revealed
for the triangle CaO–Ca3Al2O6–CaMoO4 (1.91). The
highest probability of existence is determined for
CaMoO4 (0.3333 rel. units), while the smallest one
is observed for CaAl12O19 (0.0518 rel. units).

Conclusions

According to the results of the thermodynamic
and geometrical-topological analysis of the three-
component systems, it was established that the
molybdenum compounds, CaMoO4 and CoMoO4,
have the highest probabilities of the formation, and
therefore they are characterized by the highest
thermodynamic stability. The coexistence of these

Table  6

Characteristics of elementary triangles in the systems CaO–CoO–MoO3, CoO–Al2O3–MoO3

and CàO–Al2O3–MoO3

No. Elementary triangle Area, rel. units Degree of asymmetry 
CaO–CoO–MoO3 

1 CaO–CoMoO4–CoO 0.6580 1.52 
2 CaO–CoMoO4–CaMoO4 0.2462 2.79 
3 CoMoO4–CaMoO4–MoO3 0.0958 1.08 

Total 1.0000 – 
Max 0.6580 2.79 
Min 

 
0.0958 1.08 

CoO–Al2O3–MoO3 
1 CoO–CoAl2O4–CoMoO4 0.3793 1.14 
2 CoAl2O4–CoMoO4–Al2O3 0.2787 2.08 
3 Al2O3–CoMoO4–MoO3 0.3420 2.92 

Total 1.0000 – 
Max 0.3793 2.92 
Min 

 
0.2787 1.14 

CаO–Al2O3–MoO3 
1 CаO–Ca3Al2O6–CaMoO4 0.2717 1.91 
2 Ca3Al2O6–Ca12Al14O33–CaMoO4 0.0989 4.68 
3 Ca12Al14O33–CaAl2O4–CaMoO4 0.0940 5.25 
4 CaAl2O4–CaAl4O7–CaMoO4 0.1001 5.42 
5 CaAl4O7–CaAl12O19–CaMoO4 0.0948 6.34 
6 CaAl12O19–Al2O3–CaMoO4 0.0605 10.64 
7 CaMoO4–Al2O3–MoO3 0.2800 3.57 

Total 1.0000 – 
Max 0.2800 10.64 
Min 

 
0.2787 1.91 
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compounds with refractory cobalt spinel (CoAl2O4)
and calcium aluminates (Ca3Al2O6, Ca12Al14O33 and
CaAl2O4) allows fabricating refractory cements based
on spent cobalt-molybdenum catalysts and creating
resource-saving technologies for their production.

The determination of the subsolidus structure
of the considered three-component systems is
important for the further prediction of the phase
composition of aluminate cements obtained using
waste cobalt catalysts that additionally contain
molybdenum oxide.
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ÒÐ²ÀÍÃÓËßÖ²ß ² ÕÀÐÀÊÒÅÐÈÑÒÈÊÀ
ÑÓÁÑÎË²ÄÓÑÍÎ¯ ÁÓÄÎÂÈ ÑÈÑÒÅÌ
CaO–CoO–MoO

3
, CoO–Al

2
O

3
–MoO

3
 ÒÀ CàO–Al

2
O

3
–MoO

3

Ã.Ì. Øàáàíîâà, À.Ì. Êîðîãîäñüêà, C.Â. Ëåâàäíà,

Î.Î. Ãàìîâà

Ó ñòàòò³ íàâåäåí³ õàðàêòåðèñòèêè òðèêîìïîíåíòíèõ
ñèñòåì CaO–CoO–MoO3, CoO–Al2O3–MoO3 òà CàO–Al2O3–MoO3.
Íàäàí³ ðåçóëüòàòè äîñë³äæåííÿ ñóáñîë³äóñíî¿ áóäîâè öèõ ñèñ-
òåì. Ðîçðîáëåí³ ãðàô³÷í³ çîáðàæåííÿ ñèñòåì â îáëàñò³ ñóáñîë³-
äóñà. Íàâåäåíî ðåçóëüòàòè ðîçðàõóíêó çì³íè â³ëüíî¿ åíåðã³¿ Ã³ááñà
ïðè ð³çíèõ òåìïåðàòóðàõ äëÿ ìîäåëüíèõ ðåàêö³é. Â ðåçóëüòàò³
âèêîíàíèõ òåðìîäèíàì³÷íèõ ³ ãåîìåòðî-òîïîëîã³÷íèõ ðîçðà-
õóíê³â íà îñíîâ³ ñôîðìîâàíî¿ òåðìîäèíàì³÷íî¿ áàçè äàíèõ âñòà-
íîâëåíà ñïðÿìîâàí³ñòü ïðîò³êàííÿ òâåðäîôàçíèõ ðåàêö³é â
òðèêîìïîíåíòíèõ ñèñòåìàõ CaO–CoO–MoO3, CoO–Al2O3–MoO3,
CàO–Al2O3–MoO3 çà ó÷àñòþ ñòàá³ëüíî ³ñíóþ÷èõ ñïîëóê, ùî
äîçâîëèëî âèçíà÷èòè âñ³ êîíîäè äàíèõ ñèñòåì. Ðîçðàõîâàí³ îñ-
íîâí³ ãåîìåòðî-òîïîëîã³÷í³ õàðàêòåðèñòèêè åëåìåíòàðíèõ
òðèêóòíèê³â ³ ôàç ñèñòåì. Ãåîìåòðî-òîïîëîã³÷í³ õàðàêòåðèñ-
òèêè ñèñòåìè âàæëèâ³ äëÿ ïðîãíîçóâàííÿ ñòóïåíÿ òî÷íîñò³
äîçóâàííÿ êîìïîíåíò³â, à òàêîæ íåîáõ³äíîãî ÷àñó ¿õ çì³øó-
âàííÿ ïåðåä ñèíòåçîì ìàòåð³àë³â ³ç çàäàíèì ôàçîâèì ñêëàäîì.
Ñóáñîë³äóñíà áóäîâà ðîçãëÿíóòèõ òðèêîìïîíåíòíèõ ñèñòåì ìàº
çíà÷åííÿ äëÿ ïîäàëüøîãî ïðîãíîçóâàííÿ ôàçîâîãî ñêëàäó àëþì³-
íàòíèõ öåìåíò³â, ÿê³ îäåðæóþòü ç âèêîðèñòàííÿì â³äõîä³â
êîáàëüòîâèõ êàòàë³çàòîð³â, ùî ì³ñòÿòü äîäàòêîâî îêñèä ìî-
ë³áäåíó.

Êëþ÷îâ³ ñëîâà: åíåðã³ÿ Ã³ááñà, òåðìîäèíàì³÷íà
ñòàá³ëüí³ñòü, êîìá³íàö³ÿ ôàç, òð³àíãóëÿö³ÿ, ñóáñîë³äóñíà
áóäîâà, ãåîìåòðî-òîïîëîã³÷í³ õàðàêòåðèñòèêè.
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Three-component systems CaO–CoO–MoO3, CoO–Al2O3–
MoO3 and CaO–Al2O3–MoO3 are characterized in this work. The
results of the research of the subsolidus structure of the systems
under study are given. Diagrams of the systems in the field of the
subsolidus are presented. The calculations of the changes of Gibbs
free energy are performed at different temperatures for the model
reactions. The thermodynamic and geometric topological calculations
based on the developed thermodynamic database allow establishing
the direction of solid-phase reactions in the three-component systems
CaO–CoO–MoO3, CoO–Al2O3–MoO3 and CaO–Al2O3–MoO3

with the participation of steadily existing compounds; as a result, all
conodes in these systems have been determined. The main geometric
topological calculations of elementary triangles and phases of systems
are performed. Geometric topological system performance is important
for the prediction of the accuracy of a dosage of components and the
duration of their mixing before synthesis to obtain materials with the
specified phase composition. The data on subsolidus structure of the
considered three-component systems are essential for further
forecasting phase structure of the aluminate cements fabricated with
the use of the waste of cobalt catalysts that additionally contain
molybdenum oxide.

Keywords: Gibbs energy; thermodynamic stability;
combination of phases; triangulation; subsolidus structure;
geometric topological calculations.
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