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THERMODYNAMIC PROPERTIES OF THE
SOLID SOLUTION MnO-FeO

The information available in the literature (1-?) on the thermodynamics of the
MnO—-FeO solid solution is contradictory. On the basis of the concentration
dependence of the equilibrium oxygen pressure, it is asserted (!, 2) that the
solution is ideal, whereas according to measurements of the e.m.f. of a galvanic
cell () the activity of wiistite shows a positive deviation from ideality.

The authors’ investigations of phase equilibria during the reduction of man-
ganese ferrochromites and ferroaluminates (*) made it possible to establish the
following analytical dependences of the equilibrium composition of the gas phase
(Pu,0/Pu,) on the concentration of wiistite in the oxide solution MnO—FeO for
900, 1000, and 1100° C, respectively:

lg(Pu,0/Pu,) = —0.6594 + 0.4590 Cyo, , s

lg(PHzo/PHZ) = —0.5847 + 0.4394 Cpco, .-

1g(Py, 0/ Pu,) = —0.4910 + 0.3804 Croo, (1)

where Cgoo, . IS the mole fraction of wiistite in the solid solution. The com-
position of the hypothetical wiistite FeO, 4,5 was found from the value of the
parameter of its crystal lattice (4.321 +0.003 A) (*) from data (°) extrapolated
toward stoichiometric FeO.

It is assumed that the indicated defectiveness of wiistite changes insignificantly
with a change in the composition of the solid solution.

Reduction of the MnO—FeO solution is reduced to the reaction

(FeO, 18)som + 1.018H, 2 Fe + 1.018H,0, (2)
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the equilibrium constant of which is

(PHQO/PHQ)I'O18

AFe0,; 418

K =

(3)

In the general case, upon reduction of an oxide solid solution, a metallic alloy
is formed. But for the solution under consideration the concentration of man-
ganese at the indicated temperatures is negligible. Therefore the activity of iron
in equation (3) has been taken as equal to unity.

The data given were used to calculate the concentration dependence of the
activities of the components of the MnO—FeO solid solution from the statistical
equation

a; = C’iea/(l_ci)Z, (4)

where a; and C; are the activity and concentration of the i-th component (MnO
or FeO), and o’ is an energy parameter. Combining (3) and (4), we obtain

Py.o ,
lg K = 1.0181g <PH> —1gCreo, ,,, — 043430/ (1 = Creo, )% (5)
2

Substituting (1) into (5), the solution of the system of two equations (for mole
fractions of wiistite equal to 0.3 and 0.5) gives the values of the equilibrium con-
stant K and of the energy parameter o’ at 900, 1000, and 1100°: Kyy, = 0.537,
ad’ gg0r = 1.234, Kqpgp- = 0.619, aa’ygq0- = 1.272, Kq190- = 0.700, aa’q19p =
1.387.

The equilibrium constants found in this way correspond to their values for the
reduction reaction of pure wistite (7): Kgoo = 0.590, K g0- = 0.638, K;100c =
0.751.

The activities of the components of the solid solution were obtained from the
expressions:

o 2 o 2 o 2
a0 = 0161'234“*01‘) ’ 1000 :Oi61.272(1fci) 7 all00 — Ci61.387(1fci) .
(6)

The concentration dependence of the activities of MnO and FeO, presented in
the form of an “activity—composition of the solid solution” plot, indicates the
presence in the solution under study of a significant positive deviation from
ideality and agrees with the data of the investigation (3).
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In order to check the reliability of the results obtained, the activities of wiistite
and manganous oxide were calculated by an essentially different method, de-
scribed in detail in work (7). In this case the activity of MnO was calculated
from the Gibbs—Duhem equation, using graphical integration for its solution.

Comparison of the activity values of the components of the solid solution (Table
1), obtained by two independent methods, gives sufficiently satisfactory agree-
ment.

The maximum possible error in determining the activities of the solution com-
ponents was estimated in accordance with (4) from the equation

Aaja = etAa/(1-CFe0y 015)* _ 1 (7)

The value of Ac’ required for this was calculated, on the basis of (5), from the
equation

A« :Algcp+2 AC

’ lg o 1—CFeOq g15° (8)

(07

where

The error in the value Py o/Py, is, in total, 9.5%. The value of K has the
same error. Hence the maximum relative error in determining the activities of
wiistite and manganous oxide in the solid solution does not exceed 20%.

Since the change in the activity coefficient v in the temperature interval 900-
1100° investigated lies within the error of determining v (A~y/y ~ 20%), accord-
ing to the equation

lg, = AH,/4.574T + J,, (9)

obtained by integration

dln~, /0T = —AH,/RT?, (10)

the partial molar enthalpy of mixing AH, of the components of the binary
solution was taken to be zero. By graphical solution of equation (9) using the
limiting values of v, the region in which the values of the integral enthalpy of
mixing AH,, lie was estimated to be (+0.1) + (—0.7) kcal/mole. The partial
molar free energy

Table 1
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Thermodynamic characteristics of the solid solution MnO—FeO

AS,,AS, AS, ASFASFASE,

AF,,AF,,AF, cal/degl/degt/deat/degl/degl/deg -

Ape0 OFeO OFe0 IMno%NnOotnotal/ nald ntaly motde mole mole mole mole mole
Cre0900° 1000°1100°900° 1000°1100°900° 1000°1100°900° 1000°1100°900° 1000°1100°

0
0

05
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
0,95
1,0

0 0 0 1,0 10 1,0

0 0 0 1,0 1,0 ,
0,15220,15750,17470,95280,95300,9532

0,11750,14030,16250,95040,95920,9610

0,27150,28000,30730,91110,91140,9124

o o o o o o0 o0 o0 O

32674349;5362(R2788,274@,2636-0,116@,1260,1309

0,21160,24860,28200,90810,92040,9252
0,44030,45120,48590,84070,84180,8464

0,36160,41060,45380,84080,86000,8680
0.54910,55940.,59300,78210,78480.7930

0,47190,52020,56160,78050,80710,8253
0,61380,63220,65890,73080,73530,7489

0,55800,59840,63440,73020,76400,7890
0,68080,68710,70710.68080,68710.,7071

0,65000,66300,69200,68850,70950,7515
0.73080.73530.,74890.61380.63220.6589

0,72840,73480,74690,62400,64300,6808
0,78210,78480,79300,54910,55940,5930

0,76070,77590,78910,54330,56030,5934
0,84070,84180,84670,44030,45120.,4859

0,83030,83700,84330,43560,44120,4756
0,91110,91140,91240,27150,28000,3073

0,90820,91010,91200,26060,28800,3049
0.,95280,95300,95320,15220,15750.1747

0,95170,95210,95280,14860,16400,1739
0 10 10 b 0 0

1, 1

o

o

0 10 0 0 0

498:95330546(34256,4188,3978-0,2200,2270,2481
705:8750,9756006018,5890,5514-0,3920,4040,4427
820,0869;6870(26980,6830,6337-0,5148,5304,5797
893,3922:6028047610,7308,6762-0,5750,6050,6605
89651949,1945(R7640,7456,6884-0,6 1:30,6310,6884
893,3922:6028047610,7308,6762-0,5750,6050,6605
820,0869;6870(26980,6830,6337-0,5148,5304,5797
705:8750,9756(06018,5890,5514-0,3920,404Q,4427
498.9533,0546(34256,4188,3978-0,2200,2270,2481
326;4349,5362(22786,2740,2636-0,1160,1260,1309

o o o o o o0 o0 o0 O

Note. Above the line are activity values calculated according to the statistical
formula; below the line are activity values calculated by the method set forth
in work (7).

of mixing AF; was calculated from the relation

AF, = RTIna,, (11)

and the integral free energy of mixing AF, (Table 1) is equal to

AF‘p = C’FeOAFFeO + (1 - CFeO)AFMnOv (12)

with the relative error averaging 30%.

The partial molar entropy of mixing AS; of the components was found from the
equation

AS,;

_AH,—AF, AF

! T

T

L= —Rlna; (for AH,=0), (13)

and the integral entropy of mixing AS, (Table 1), analogously to (12),
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AS, =Y C/AS,. (14)

Using the limiting values of the range of existence of AH,,, the interval of val-
ues of AS was calculated for various concentrations of the solid solution; in
particular, at Cpoo = 0.5 and ¢ = 1000° it is 0.2 + 0.8 cal/deg * mol.

The excess integral entropy of mixing ASS* of the solution components (Table
1) is the difference

AS = AS, — ASi9, (15)

where ASli)d is the integral entropy of mixing of an ideal solution.

In accordance with the interval of values of AS,, the quantity ASF* at Cp.q =
0.5 and ¢t = 1000° lies within the limits (—0.6) + (—1.2) cal/mol - deg. The
negative sign of the excess integral entropy of mixing gives grounds to suppose
that in MnO—FeO solid solutions there is some ordering. Apparently, this is

due to elements of short-range order or to submicroinhomogeneities with ions

of one kind, which have been found in a number of oxides (8,%).
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