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# ACTIVITIES, HEATS, AND ENTROPIES OF MIXING IN SOLID SOLU-
TIONS
# NiFe2O4—Fe3O4

G. P. Popov and Corresponding Member of the Academy of Sciences
of the USSR G. I. Chufarov

Chemistry

The equilibrium conditions of solid solutions NiFe2O4—Fe3O4 during the reduc-
tion of nickel ferrite by hydrogen were investigated under equilibrium conditions
at various temperatures. A weighed portion of NiFe2O4 was placed in a closed
vacuum apparatus in which a mixture of H2 +H2O circulated. The water-vapor
pressure corresponded to the saturated vapor pressure at 0∘C. Equilibrium was
attained both from the reduction side and from the oxidation side, and the aver-
age hydrogen-pressure values were taken as equilibrium values 𝑃H2

. These data
are given in Table 1. From the values of the equilibrium hydrogen pressures,
the equilibrium constants of the reduction reaction were calculated:

𝐾𝑝 =
𝑃H2O

𝑃H2

.

(Figure: Fig. 1. Change in the activities of ferrite and magnetite in the
NiFe2O4—Fe3O4 system as a function of composition: 1 —900∘; 2 —800∘; 3
—700∘; 4 —600∘)

Fig. 1. Change in the activities of ferrite and magnetite in the
NiFe2O4—Fe3O4 system as a function of composition:
1 —900∘; 2 —800∘; 3 —700∘; 4 —600∘

X-ray structural analysis of the reaction products showed that, upon reduc-
tion of NiFe2O4, metallic Ni with an admixture of Fe and the solid solution
NiFe2O4—Fe3O4 are formed. On the basis of the change in the lattice parame-
ter of the metallic phase and the data of work (1), the mole fractions of NiFe2O4
and Fe3O4 in the solid solutions were calculated (Table 1). Knowledge of the
mole fraction of ferrite 𝑁𝜙 and magnetite 𝑁m and of the equilibrium constants
made it possible to calculate the activities of ferrite 𝑎𝜙 and magnetite 𝑎m in
solid solutions of variable composition. Ferrite reduced by 0.1% was taken as
the standard state. The activity of ferrite was determined as

𝑎𝜙 =
𝐾𝑝𝑖

𝐾𝑝0

,

and the activity coefficient—from the equation
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𝑎𝜙 = 𝛾𝜙𝑁𝜙.

The activities of Fe3O4 were calculated by graphical integration of the Gibbs–
Duhem equation:

ln 𝑎𝜙 = − ∫ 1 − 𝑁𝜙
𝑁𝜙

𝑑 ln 𝑎m.

Table 1

Activities of the components of solid solutions of the system
NiFe2O4—Fe3O4

𝑁𝜙 900°C800°C700°C600°C
𝑃H2,
mm
Hg

𝑎𝜙 𝑎M 𝛾𝜙 𝛾M 𝑃H2,
mm
Hg

𝑎𝜙 𝑎M 𝛾𝜙 𝛾M 𝑃H2,
mm
Hg

𝑎𝜙 𝑎M 𝛾𝜙 𝛾M 𝑃H2,
mm
Hg

𝑎𝜙 𝑎M 𝛾𝜙 𝛾M

0.1600.0311.0000.0001.0000.0000.0411.0000.0001.0000.0000.0461.0000.0001.0000.0000.0481.0000.0001.0000.000
0.8500.0350.9030.0071.0550.0500.0460.8920.0061.0420.0400.0520.8830.0021.0300.0170.0580.8160.00050.9520.003
0.7170.0400.7710.0901.0780.3180.0540.7640.0821.0680.2900.0640.7210.0530.9930.1870.0810.5970.0260.8350.092
0.4350.0570.5300.3731.2200.6610.0810.5050.3601.1600.6380.1090.4200.3090.9650.5470.1410.3050.2440.7000.432
0.1790.1070.2810.6651.5700.8100.1420.2890.6651.6200.8100.1900.2410.6361.3450.7750.3200.1500.6130.8390.748
0.0200.1890.1590.9537.9400.9700.2950.1380.9536.9000.9700.4440.1030.9465.1500.9650.6100.0780.9373.9100.955

The activity coefficient of Fe3O4 was determined as

𝛾M = 𝑎M
1 − 𝑁𝜙

.

These data are given in Table 1. The change in activities is shown in Fig. 1.

The partial free energies of mixing were calculated by the formula Δ𝐹𝑖 =
𝑅𝑇 ln 𝑎𝑖, and the total free energy of mixing from the expression

Δ𝐹p𝑖 = Δ𝐹 𝜙𝑖
⋅ 𝑁𝜙𝑖

+ Δ𝐹 M𝑖 ⋅ 𝑁M𝑖.

Since the temperature dependence of these functions is very weak, their values
were averaged, and these data are presented in Fig. 2.

Applying the theory of regular solutions (2) to solid solutions of ferrites, we find
the partial enthalpy of mixing from the formula:

4.575 lg 𝛾𝑖 = Δ𝐻𝑖
1
𝑇 + const,
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and the total enthalpies of mixing from the expression

Δ𝐻p𝑖 = Δ𝐻𝜙𝑖
⋅ 𝑁𝜙𝑖

+ Δ𝐻M𝑖 ⋅ 𝑁M𝑖.

The partial entropies were calculated similarly to how this was done in work (3),
from the expression

Δ𝑆𝑖 = Δ𝐻𝑖 − Δ𝐹 𝑖
𝑇 ,

and the total entropy was calculated by the formula

Δ𝑆p𝑖 = Δ𝑆𝜙𝑖
⋅ 𝑁𝜙𝑖

+ Δ𝑆M𝑖 ⋅ 𝑁M𝑖.

Since the dependence of the entropies on temperature is very weak, averaged
values were calculated and are presented in Fig. 3.

The excess entropies of mixing were calculated similarly to how this was done
in work (4), from the expression

Δ𝑆𝑖 excess = Δ𝑆𝑖 − Δ𝑆𝑖 ideal.

From the theory of regular solutions it follows (5) that Δ𝑆𝑖 ideal = −𝑅 ln 𝑁𝑖.
Excess entropies of mixing usually have a complex dependence on composi-

value. For the compositions studied at 900∘C, this dependence is represented
by the curves shown in Fig. 3. The excess entropies characterize the degree of
ordering of the solid solutions. As a first approximation one may

(Figure: Fig. 2)

Fig. 2. Change in the partial free energies and enthalpies of mixing in solid
solutions of the system NiFe2O4—Fe3O4:
1—Δ𝐻𝜙, 2—Δ𝐹 𝜙, 3—Δ𝐹 𝑛, 4—Δ𝐻𝑛, 5—Δ𝐹 M, 6—Δ𝐻M.

(Figure: Fig. 3)

Fig. 3. Change in the entropies of mixing in solid solutions of the system
NiFe2O4—Fe3O4 as a function of composition:
1—Δ𝑆𝜙, 2—Δ𝑆𝜙 excess, 3—Δ𝑆𝑛, 4—Δ𝑆𝑛 excess, 5—Δ𝑆M, 6—Δ𝑆M excess.

assume that the degree of ordering in the NiFe2O4—Fe3O4 system changes for
NiFe2O4 according to curve 2, for Fe3O4 according to curve 6, and, overall, for
the solid solution according to curve 4.
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