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Phase equilibria in the Ce—O system at 1000, 1100, 1153, 1200, 1249, 1310, and 1330°C and those in the
Ce-Fe-0 system at 1000, 1100, and 1200°C were established. The former system has CeQ, with a
fluorite type, Ce;Os with a C-type rare-earth oxide, and Ce,O; with a A-type rare-earth oxide. CeQ,
and Ce;Os have nonstoichiometric compositions, but the stoichiometry of Ce,0; was confirmed at
1200, 1249, and 1310°C. In the latter system, only the one ternary compound CeFeQ; was confirmed
under present experimental conditions. On the basis of the established phase diagrams, the standard
Gibbs energies of the reactions: (1) # Ce,0; + } 0, = Ce;Os, (2) 4 Ce;05 + 3 O, = Ce0,, (3) 3 Fe;,0, +
CeO; = CeFeO, + % Oy, and (4) Fe + CeO, + { O, = CeFeQ,, were determined at various tempera-
tures. Also relationships between AG® and the temperatures of the same reactions were determined

within the experimental temperature range.

Many reports (1-9), have been published
for the Ce — O system, especially about
Ce,0;-Ce0,. Bevan (1) presented the or-
dered intermediate phases in the CeO,-
Ce,0; and indicated the formation of a
number of ordered phases; Ce;Oss,
Ce,057, and Ceg03; having a rhombohe-
dral structure, and a phase having the C-
type rare-earth structure with a composi-
tion range extending between the
approximate Ce30s; and Ce;;0s4. Also he
reported that the solid solution range of the
CeO,-phase was narrow, and that the A-
type rare-earth Ce,0;-phase appears to
have a solid solution range between CeO; 5o
and CeO,s;. Systematic measurements of
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the oxygen dissociation pressure in the sys-
tem of the cerium oxides from CeQO, to
Ce,0; were reported in the temperature
ranges from 600 to 1050°C by Brauer et al.
(2) using a dynamic method with appropri-
ate hydrogen—water-vapor mixtures. In ad-
dition, samples of cerium oxides with the
composition from CeQO, 4 to CeO, 73 were
examined by the high-temperature X-ray
diffraction method between 20 and 1000°C
by Brauer and Gingerich (3). From these
experiments the phase reiationship in this
region was fully explained for the first time;
a homogenous series of mixed crystals with
the cubic fluorite structure exists at a higher
temperature than 685°C, as had been pre-
dicted for the system. Kuznetsov et al. (4)
reported on the oxygen dissociation pres-
sures in the Ce,0;-CeO, system for the tem-
perature range from 694 to 1014°C, by using
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emf measurements; and they established
the phase relationships for these oxides.
Thermodynamic studies for CeO;s to
Ce0; and the nonstoichiometric cerium ox-
ide were performed by Bevan and Kordis
(5), Compserveux and Gerdanian (6),
Panlener et al. (7), and Iwasaki and Kat-
sura (8). Bevan and Kordis (5) have deter-
mined the oxygen pressures in equilibrium
with the cerium oxides by the equilibration
with CO/CO, or H,/H,O mixtures in the
temperature range from 636 to 1169°C, and
partial and integral free energies, enthal-
pies, and entropies have been calculated.
They also constructed the cerium—oxygen
phase diagram at these temperatures be-
tween the compositions CeO, s and CeO,,.
According to calorimetric measurements
(6) of the partial molar enthalpy of solution
of O, in cerium oxides at 1353 K, a two-
phase area appears in the region r = 1.50—
1.65, a one-phase area in the region r =
1.65-1.70, a two-phase area in the region r
= 1.70-1.72, and a one-phase area in the
region r = 1.72-2.00. Here, r is oxygen to
metal ratio, O/Ce. Panlener et al. (7) re-
ported that the ordered phases observed by
Bevan and Kordis between CeO; and
CeO;70 have not been observed in their
study at temperatures between 1300 and
1500°C. Iwasaki and Katsura (8) investi-
gated the thermodynamic properties of the
nonstoichiometric ceric oxides at tempera-
tures ranging from 900 to 1300°C, using a
thermobalance and calculated the activities
of Ce,O; and CeO, in the solid solutions,
and relative partial enthalpies and entropies
of the Ce,0; and CeO,. Partial molar ther-
modynamic quantities for oxygen in non-
stoichiometric cerium oxides were also de-
termined by thermogravimetric analysis in
CO/CO, mixtures in the temperature range
900-1400°C (9). The results showed that
the a'-phase in the phase diagram, previ-
ously described as a grossly nonstoi-
chiometric phase, can be divided into sev-
eral subregions each consisting of an

apparent nonstoichiometric single phase.

In view of the uncertainty on this system
arising from these results in the literature,
further investigations seemed desirable and
the present experiment will present addi-
tional data.

Phase equilibria in the Fe~Fe;03-Ln;O;
system has been established at 1200°C by us
(10-16). 1t has been elucidated that these
systems could be classified into four groups
with respect to the assemblage of the ter-
nary compounds. According to this pro-
posal, the Fe-Fe,0;—(La and Nd),0; sys-
tems belong to the A-type in which only
one ternary compound LnFeQs is stable,
the Fe-Fe,0;—(Sm, Eu, Gd, Tb, and
Dy),0; systems belong to the B-type with
two ternary compounds, LnFeO; and
LniFesO,,, the Fe-Fe,O;—(Ho, Er, and
Tm),0; systems belong to the C-type with
three ternary compounds, LnFeO;,
Ln;FesO,,, and LnFe,O4, while the Fe-
Fe,0;—(Yb and Lu),0; systems belong to
the D-type with four compounds, LnFeO;,
Ln3Fe5012, LnFezO4, and anFe3O7. Tan-
nieres (I17) also investigated the phase equi-
libria in Fe-Fe;,03—(Tm, Yb, and Lu),0,
over the temperature range 900-1200°C.
The system with cerium oxide can be ex-
pected to form another type of phase dia-
gram because of the various types of ox-
ides; that is, CeO, is a typical fluorite type
oxides, the tetravalent Ce,O; (I) is of the
rare-earth C-type oxide structure, and the
trivalent Ce,0; is of the rare-earth A-type
oxide structure.

Only one ternary compound CeFeO,
with a perovskite structure has been found
in the reports (18, 19) in the Fe—-Ce-O sys-
tem. On the contrary, Tretyakov et al. (20)
reported that a compound Ce,Fe,O; with a
pyrochlore structure is formed upon heat-
ing a mixture of hematite and cerium diox-
ide, containing 40-70% of the latter in the
air. Recently Tretyakov ez al. (20) investi-
gated the phase equilibria and the thermo-
dynamics of coexisting phases in the Ce-
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Fe-O system at 1300 K, and showed that
only the ternary compound CeFeO; with
the perovskite structure occurs.

The purpose of the present investigations
are: (1) to establish the precise phase equi-
libria in the Ce-0O and Ce-Fe~O systems in
the temperature ranges 1000 to 1330°C for
the former system and at 1000, 1100, and
1200°C for the latter system by changing the
oxygen partial pressure, and (2), to deter-
mine the standard Gibbs energies of the re-
actions at each temperature which are
shown in the established phase diagrams.

Experimental

Analytical grade of Fe,O; (99.9%) and
Ce0; (99.9%), which were dried at 1000°C
overnight, were used as the starting materi-
als. The desired ratios of CeO, to Fe,04
were obtained by mixing thoroughly in an
agate motar under ethyl alcohol. The mix-
tures thus obtained and CeQO, in the case of
Ce-0O system were treated by the proce-
dures described in the previous report (10).
The apparatus and procedures for control-
ling the oxygen partial pressures and keep-
ing a constant temperature, the method of
thermogravimetry, the method of the actual
oxygen partial pressure measurement, and
the method of chemical analysis are the
same as those reported in the previous pa-
pers (12, 13, 26-29). Gas mixtures of CO,
and CO were used in the temperature range
lower than 1150°C; gas mixtures of CO, and
O, were used in oxygen partial pressure
range higher than 10~* atm (1 atm = 1.013
x 10° Pa). In Fig. 1 the relationship be-
tween the calculated oxygen partial pres-
sure (23) and the oxygen partial pressure
measured by the CaO-stabilized ZrO, cell at
1000°C is shown as an example. Both val-
ues are in good agreement.

One atmosphere oxygen pressure was
chosen as the reference state; the sample
weight at the oxygen partial pressure of 1
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F1G. 1. The relationship between the calculated oxy-
gen partial pressure and the oxygen partial pressure
measured by CaO-stabilized ZrO, cell at 1000°C.

atm was chosen as the reference weight
throughout the present experiment.

Results and Discussions

(1) Phase Equilibria

(a) The Ce—O system. To check the sys-
tem of the apparatus used, the Fe—Fe,;0;
system was first checked with the same
procedures and apparatus. The results ob-
tained were in good agreement with those
of Darken and Gurry (21, 22) and Smiltens
(23).

Before the study of Ce-Fe-O system
was started, the Ce—O system was investi-
gated at 1000, 1100, 1153, 1200, 1249, 1310,
and 1330°C. The relationships between
—log P, and the composition of cerium ox-
ide are shown in Fig. 2a at temperatures
1000, 1100, and 1200°C, together with some
previous data. Here, the composition of ox-
ide was indicated with x in CeO, in ordi-
nate. The present values are in good agree-
ment with those of Panlener et al. (7) and
Iwasaki and Katsura (8) except for two
points in the latter at 1000°C. The results at
temperatures 1153, 1200, 1249, 1310, and
1330°C in the range of 1.8 = x = 1.5 are
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F16. 2. The relationship between the oxygen partial pressure and the composition of cerium oxide.
(a) 1000, 1100, and 1200°C; (b) 1153, 1200, 1249, 1310, and 1330°C.

shown separately in Fig. 2b to avoid confu-
sion. From the thermogravimetric results,
the results of the phase identification by the
quench method, and the information from
the literature described above, CeO, with
the fluorite type, Ce;O5 with the rare-earth
C-type oxide, and Ce,0; with the rare-earth
A-type oxide were found to be stable under
the present experimental conditions. Both
CeO; and Ce,0; phases were easily con-
firmed by X-ray powder diffractometer us-
ing the quenched samples, but Ce;0s had
not been confirmed because of the instabil-
ity of the phase. We attempted to synthe-
size Ce;0s in log Po, = —16.50 at 1200°C by
the quench method but the quenched sam-
ples usually burned on the weighing paper
and oxidized to CeO, in air as soon as the
samples had been pulled out from the bot-
tom of the furnace. According to Bevan (1)
and Bevan and Kordis (5), Ce;0s should be
the rare-earth C-type oxide although they
called it tetravalent Ce,O; as described
above. Sgrensen (9) found the monoclinic
phase, being isostructural with Pr¢Oy;, in
the system by high-temperature X-ray dif-

fraction studies, at high temperatures be-
tween 790 and 855°C. Unfortunately, high-
temperature X-ray apparatus was not
available to us. The patterns of quenched
samples of present studies in log Py, =
—10.00 to —15.00 usually were those of
CeO; and of other compounds. The peaks
of the other compound shifted to the lower
angle side relative to those of CeO, and
these seemed to be satellite peaks of CeO,.
Besides, 26 values of CeO, (Table III) and
of the other seemed not to change with Py, .
The shifted peaks may have originated from
CeO, with monoclinic structure; but, the X-
ray powder pattern of CeO,, being origi-
nally similar to that of PrsO;,, made it diffi-
cult to identify these peaks. Hence, we
could not confirm the new phase by the
quench method. We theorize that 26 values
of CeO, at lower oxygen partial pressures
may be shifted to lower 26 values but this is
not quenchable; the phase seems subdi-
vided into two phases as if the ex-solution
had occurred. The above inference would
be supported by thermogravimetric data if
no abrupt weight change would be found



PHASE STUDIES IN Ce-Fe-O SYSTEMS 5

under the present experimental conditions
and techniques.

As is shown in Fig. 2, for example, at
1200°C, the CeQ; phase with a composition
CeOy 5, is in equilibrium with Ce;Os with a
composition CeO; 7(Ce30s19) having an
equilibrium oxygen partial pressure —16.27
atm in log Po,. With further reduction, the
Ce;0;5 phase changes composition with ox-
ygen partial pressure to CeQq ¢5(Ces0495);
lastly, the phase changes to Ce,O; phase at
—16.70 atm. Under the present experimen-
tal conditions, Ce,0; is stoichiometric
above 1200°C as was confirmed by Bevan
and Kordis (5) in the temperature range be-
low 1150°C. In the one-phase areas of CeO,
and Ce;0s, the weight decreases while de-
creasing the oxygen partial pressure, and
these weight changes are reversible. This
means the oxygen sublattices of these two
might be defective in the nonstoichiometric
oxides, as has been confirmed by means of
the X-ray diffraction method by Faber ez al.
(30) for ceria.

In Table 1 the compositions of com-
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FI1G. 3. The phase diagram of Ce,0,—-CeO; system.

pounds, the stability ranges of the com-
pounds in terms of log Po,, the symbols of
the compounds, and the activities of the
components in the solid solutions are tabu-
lated at each temperature. Activities of the
components in the solid solutions were cal-
culated with Gibbs—-Duhem equation using
the thermogravimetric results of No/Ny vs
log Po, relation. Here, No and Ny are the
mole fraction of oxygen and the component
Y. The relationship between the composi-
tion of Ce;Os and log Po, was represented
by a linear equation, No/Nce,05 = a log Po,
+ b, from the thermogravimetric results.
The constants a and b at various tempera-
tures are shown in Table II. The method of
the calculation of the activity will be shown
in brief considering CeQ; solid solution as
an example. Taking the oxygen atom and
CeO, as the component in this case, the
Gibbs—Duhem equation is represented as

log Poy(ID)
log aceo, = -3 jlog Poy(D) (NO/NCeOz) d lOg P02
log Po,(II)
— 1 —
_ f. o ross - o2~ D log Po,.

Log Po)(x = 2) was taken as the standard
state; that is, the activity of CeO, at x = 2
was chosen as unity. In order to calculate
the activity of CeO, of the composition F;
at 1200°C, for example, log Po, = —2.7 and
—16.27 were used as log Po,(x = 2) and log
Po,(I1), respectively. In the case of the
CeO, solid solution, the integration was
carried out graphically.

The CeyO;—CeO, phase diagram under
the present experimental conditions is
shown in Fig. 3. The abscissa in the compo-
sition of cerium oxide was represented by x
in CeO,. The dotted line in the figure indi-
cate the iso-oxygen partial pressure line
and figures on the lines represent the oxy-
gen partial pressure in —log Po,. The sym-
bols, F, C, and A indicate the same mean-
ings as those in Table I. The outstanding
features are that two-phase areas, F + C
and A + C, do not change their width of
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TABLE I

ComMPoUNDS: ITs COMPOSITIONS, SYMBGLS, STABILITY RANGES IN OXYGEN PARTIAL
PRESSURES, AND ACTIVITIES OF COMPONENTS IN THE SOLID SOLUTIONS

Temp. log Po,
(W] Component Composition Symbol (atm) log a;
1000 CeO, CeOz0 F 0—~4.0¢ 0
CeO,.9 F, 10.72 0.010
CeO, 57 F, 15.68 0.101
CeZO; CezOm) R 0
CeFeO,3 CeFeO;.0 P 10.72-15.68 0
1100 CeO, CeO2.00 F 0—~3.2¢ 0
CCOL” F1 8.63 0.013
CeOl_“ F, 13.96 0.162
Ce;O; C3203_m R 0
CeFeO; CeFeO; 00 P 8.63-13.96 0
1153 CeO, CeOr0 F 0-~3.0¢ 0
CeO;_n F3 16.91 0.563
CC305 CC305.10 Cl 16.91 —0.0108
CC;O4_96 C 17.65 0
Ce203 Ce203_00 R 17.65~ 0
1200 CeO, CeO,00 F 0~~2.72 0
Ce01.99 F1 7.25 0.0134
CeOy 54 F; 12.48 0.191
CeO, » F; 16.27 0.600
Ce;Os C6305_09 C1 16.27 —0.0054
Ce304_% C 16.70 0
Ce203 Cez();m R 16.70- 0
CeFeO, CeFeO; 9 P 7.25-12.48 0
1249 CeO, CeO,0 F 0—~2.57 0
CeOy 7 F; 15.55 0.637
CC305 CC305A07 C] 15.55 0.0029
CC;O4,95 C 16.00 0
CCzO; C6203_w R 16.00- 0
1310 CeO, CeOz.00 F 0-~2.52 0
CeOy 7 Fy 14.87 0.654
Ce;O; CejosAOS C] 14.87 -0.0002
Ce;0495 C 15.10 0
C6203 Cezo;_m R 15.10- 0
1330 CeO; CeOzm F 0—~2.32 0
CCO]'gg F3 14.57 0.703
Ce;O, Ce;O,,m Cl 14.57 -0.00234
C6304.94 C 14.83 0
CCzO; CCzO;m R 14.83- 0

2 These values were obtained by means of the extrapolation using the results of the
thermogravimetry.
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TABLE 11

THE CONSTANTS @ AND b IN THE
EQUATION OF Ngo/Ny = a log
P,, + b oF THE Ce;0s SoLip

SOLUTION AT VARIOUS

TEMPERATURES
°C a b
1153 0.191 3.32
1200 0.321 5.32
1249 0.267 4.22
1310 0.417 6.25
1330 0.312 4,56

composition with the change in tempera-
ture; on the other hand, the width of one-
phase area of C become narrower with the
temperature increase as if it could compen-
sate the increase of the width of the F
phase.

(b) The Ce—Fe—0O system. Fe,0O; and
CeO, are stable in the atmosphere of 1 atm
oxygen. Five samples with CeQO,/FeO s
mole ratios 3/1, 65/35, 1, 1/2, and 1/4 were
prepared for use in the thermogravimetric
experiments. The thermogravimetric results
of the two samples, 65/35 and 1/2, are
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shown in Fig. 4 as representative of the set.
In the figures the abscissa represents the
oxygen partial pressure in log Po, in atmo-
spheres and the ordinate R indicates the
mole ratio of oxygen to metal, no/(nc. +
nge). Here, ng, nc., and ng. mean the mole
number of the respective elements repre-
sented by the subscripts.

The identification of the phases was per-
formed with quenched samples by using the
powder X-ray diffractometer with FeKa ra-
diation. The following phase combinations
were found: CeQ, + Fe,;0;, CeO, + Fe;0,,
Ce0O, + CeFe0;, CeO, + a-Fe, CeFeO; +
Fe;04, CeFeO; + ““Fe0,”” and CeFeO; +
a-Fe.

Based upon the results of the thermo-
gravimetry and the identification of the
phases, a phase diagram with apices Ce,0;,
Fe, and oxygen was drawn and its diagram
at 1200°C is shown in Fig. 5 as representa-
tive. Figures in the three-phase areas in
Fig. 5 are the equilibrium oxygen partial
pressure in —log Po,. As can be observed in
Fig. 5, only one ternary compound Ce
FeO;(P) is stable under the present condi-
tions. It is very easy to explain Fig. 5: If the

| 1 i
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-log(Pozla!m)

FIG. 4. The relationship between log Po, and the composition at 1200°C. (a) Ce/Fe = 65/35, (b) Ce/Fe

= 1/2.
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=30

Fi1G. 5. The phase equilibia in the Ce;0y-Fe-O sys-
tem at 1200°C. Numerical values in the three solid
phases regions are the equilibrium oxygen partial pres-
sure in —log Po,. Symbols are the same as those in
Table 1.

mixture of composition a were reduced, the
composition would change along the dotted
line originated from apex 0. The mixture of
CeO; and Fe,0; with the composition a is
stable in the oxygen partial pressure from
zero to —2.94 atm in log Po,. In the Py,
range log Po, < —2.94, the composition a
changes to the composition b with two
phases, Fe;04(M;) + CeOy(F), on decom-
posing Fe,03 to Fe;0y4. In the oxygen par-
tial pressure between —2.94 and —7.25 in
log Po,, the total composition changes from
b to ¢ with changing cerium oxide composi-
tion from F to F, and the iron oxide compo-
sition from M; to M. In the oxygen partial
pressure range log Po, < —7.25, the total
composition reaches CeFeO;(P) from c.
CeFeO0; is stable in the oxygen partial pres-
sure from 7.25 to 12.48 in —log Po,. At log
Po, = —7.25 three phases, CeFeO; +
Fe;04M) + Ce-oxide(F)) and at log Py, =
—12.48 three phases, CeFeO; + a-Fe + Ce-
oxide(F,), coexist in equilibrium. After the
total composition reached d, the weight de-
creases to e with a change in cerium oxide
composition from F, to F; and while keep-
ing a-Fe composition constant. At this

point three-phase area, F; + C; + «-Fe,
appears in equilibrium with the oxygen par-
tial pressure log Po, = —16.27. In the oxy-
gen partial pressure between —16.27 and
—16.70 in log Po,, a two-phase region ap-
pears, the composition of a-Fe being con-
stant and that of Ce;05 changing from C; to
C. At this juncture the total composition
changes from g to A, which is a two-phase
area, a-Fe + Ce,0s, in the oxygen partial
pressure less than log Po, = —16.70.

The phase diagrams at 1000 and 1100°C
showed the same pattern as that of 1200°C.
The compositions of each compound and
activities of each component are shown in
Table 1, together with those of 1200°C.

As the previous reports have shown, the
other lanthanoid perovskites are stable in
the air, but CeFeOs; is unstable in the air as
described above.

CeFeO; seems to have a slightly nonstoi-
chiometric compositions in the temperature
range from 1000 to 1200°C, as has already
been pointed out by Tretyakov et al. (20).
The composition is CeFeQ,q; at 1000°C,
CeFeO,93 at 1100°C, and CeFeO,9 at
1200°C by thermogravimetry.

The present phase diagram pattern in a
sense belongs to A-type on account of the
presence of one ternary compound, but
strictly speaking, it does not belong to the
A-type as CeFeO; is unstable in the air.

The equilibrium phase diagram of Ce-
Fe-0O system at 1300 K has been reported
by Tretyakov er al. (20). The difference in
the pattern between the present one and
Tretyakov’s has arisen in the three- and
two-phase regions. The regions VIII and X
called by Tretyakov et al. have three
phases, CeQ, + Fe;04 + CeFeQ; and CeO,
+ CeO,_, + CeFeO;, respectively. As is
shown in Fig. 5, the present diagram also
has a three-phase region of Ce-oxide(F,;) +
Fe;04 + CeFeO;. But Ce-oxide(F,) is non-
stoichiometric in the present case. There is
no such three-phase region in the present
results as region X in the Tretyakov’s. Ac-
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cording to the present results of the Ce-O
system, the CeQO, phase has the wide range
of solid solution. So it must be a two-phase
region, CeQ, solid solution + CeFeQs, in
which CeO; solid solution varies its compo-
sition from F, to F, changing with the oxy-
gen partial pressure. There are other two-
phase regions: the Fe;0, solid solution (M,
to M) + CeQ, solid solution (F to F,), and
the a-Fe + CeO; solid solution (F; to F3), in
the present phase diagram which was not
found in the diagram of Tretyakov er al.
These discrepancies principally resulted
from the Ce-oxide solid solution range.
The measured unit-cell parameters of the
compounds, CeO,, Fe,0,, Fe;04, and Ce
FeO; are shown in Table III, together with
the values in the previous reports. Com-
pounds in the third column are the coexist-
ing phases with the oxides listed in the first
column. Values obtained are in good agree-
ment with each other. It seems to be that
the coexisting phases do not affect the lat-
tice parameters of these oxides, and that
CeO;, Fe;0;, and Fe;04 might be stoi-
chiometric toward the Fe,0;, CeO,, and

CeO; side, respectively. The lattice param-
eters of CeFeO; are not affected by the oxy-
gen partial pressure.

(2) Calculation of the Standard Gibbs
Energies of Reaction

On the basis of the established phase dia-
grams, the standard Gibbs energies of reac-
tions can be calculated by an equation AG°
= —RT In K. Here, the R is the gas con-
stant, the T the absolute temperature, and
the K the equilibrium constant of each reac-
tion. Activities of the components in the
solid solutions which are necessary for the
calculation are tabulated in Table I. The ac-
tivity of the CeO, component at the compo-
sition F, that of Ce;05 the component at the
composition C, that of the Ce,O; compo-
nent at the composition R, and that of the
CeFeQ; at the composition P are chosen as
unity in the present report, as is shown in
Table I. The reactions in the present phase
diagrams, the equilibrium oxygen partial
pressures, and the AG° values obtained are
shown in Table IV. As for the equilibrium
oxygen partial pressure of the reaction (3)

TABLE 111
UNiT CELL DIMENSIONS OF THE COMPOUNDS PREPARED AT 1200°C

—log Py, Other a b c 1%

Compound (atm) phases A) A) (A) (A Ref.
CeO, 0.68 5.406 = 0.001 158.0 + 0.1 Present
0.68 Fe,0;, 5.408 = 0.001 Present
12.50 5.409 = 0.001 158.2 + 0.1 Present

5.4110 = 0.0005 (5

5.4110 = 0.0003 9)
Fe,0; 0.68 5.034 = 0.001 13.741 = 0.001 Present
0.68 CeO, 5.034 + 0.001 13.735 + 0.002 Present

5.0317 13.737 (32)
Fe;0, 7.00 8.395 + 0.002 Present
7.00 CeO, 8.394 * 0.001 Present

8.3963 (33)
CeFeO, 7.80 5.515 = 0.001 5.570 = 0.001 7.815 £ 0.001 -240.1 = 0.1 Present
12.30 5.515 = 0.002 5.569 * 0.001 7.817 = 0.001 240.1 = 0.1 Present

5.520 5.539 7.820 239.1 (20)

5.541 5.577 7.809 241.3 3

5.519 5.536 7.819 238.9 (18)
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TABLE IV
THE STANDARD GiBBS ENERGIES OF REACTIONS

103.7

Temp. —log Py, -AG®  —AG°*
Reaction “C) (atm) (kJ) (kJ)
1153 17.65 120.5
1200 16.70 117.7
(1) ¥ CeyO5 + 1 0, = CeyOs 1249 16.00 116.6
1310 15.10 114.4
1330 14.83 113.8
1153 16.91 61.7
1200 16.27 59.6
(2) $ Ce;05 + 0, = CeO, 1249 15.55 57.0
1310 14.87 55.3
1330 14.57 54.5
1000 10.72 —43.3 —41.5
(3) *FC304 + CeOz = CCFCO; + *Oz 1100 8.63 -36.3 -37.0
1200 7.25 -33.7 -32.4
1000 15.68 193.5 190.8
(4) CeO, + Fe + 4 O, = CeFeO, 1100 13.96 187.7 183.2
1200 12.48 181.4 175.6
* From Tretyakov et al.
and (4), Tretyakov et al. have presenied References
general equations, log Pol(atm) =14.23 - 1. D. J. M. BEvaN, J. Inorg. Nucl. Chem. 1, 49
(31,085/T) and log Po,(atm) = 8.02 - (1955).
(30,150/T), respectively. AG® values calcu- 2. G. Brauer, K. A. GINGERICH, AND U.
lated from these equations are also shown HoLtzscuMIDT, J. Inorg. Nucl. Chem. 16, 77
in the last column in Table IV. These values (1960).
. . . 3. G. BrRauer anND K. A. GINGERICH, J. Inorg.
are in fairly good agreement with ours. Nucl. Chem. 16, 87 (1960)
. . ) . . 16, .

The standard Gibbs energies of areaction 4 f. A. KuzNETsov, V. I. BELIY, AND T. N. RE-
(5) 1 Ce,05 + $ O, = Ce0,, those of a reac- ZUKHINA, Dokl. Akad. Nauk SSSR, Ser. Fiz.
tion (6) % C6203 + Fe + 302 = CeFeO;, and Khim. 139, 1405 (1961).
those of a reaction (7} C6203 +4 F6203 — 5. D. J. M. BEVAN AND J. KoRrpIS, J. Inorg. Nucl.
CeFeQ; can be calculated from the val Chem. 26, 1509 (1964).

3 € ValuesS ¢ j CAMPSERVEUX AND P. GERDANIAN, J. Chem.
of reactions (1) and (2), from those of reac- Thermodyn. 6, 795 (1974).
tions (4) and (5), and from those of reac- 7. R.J. PANELNER, R. N. BLUMENTHAL, AND J. E.
tions (6) and 2Fe + -302 = Fe203. The rela- GARNIER, J. Phys. Chem. Solid 36, 1213
tionship between AG° and T was found to s gwlf:,' T K Bull. Chem. S
be linear. AG°(1) = —171.4 + 0.0360T ;- "S5 A0 |- BATSURS, Sull, Chem. Soc.
(1.0 kJ, 1153-1330°C), AG°(2) = —119.9 9 0. Torr SgRENSEN, J. Solid State Chem. 18, 217
+ 0.04037 (*1.0 kJ, 1153-1330°C), AG°(3) (1976).
— 0.04807 (x1.5 kJ, 1000- 10. N. Kimizuka aND T. KATSURA, Bull. Chem. Soc.
lzmoc , and AG° 4 = — . + . Jpn. 47, 1801 (1974)
(+1.5 l)(J 1000 12(0())°C 270 6bt 00§0f57 11. K. KitaAYAMA AND T. KATSURA, Bull. Chem.
= -0 RS, TOUUE -) were obtained for Soc. Jpn. 49, 998 (1976).
the respective reactions by the least- 2 T. SuciHara, N. KiMizuka, anp T. KATSURA,

squares method.

Bull. Chem. Soc. Jpn. 48, 1806 (1975).
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